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ABS'l'RACT

The interaction of twoincompressible turbulent streams

',', was investigated exper1lllentallyin the present work. For this pur-

pose a lowsubsonicwindtunnel of test section, 1.5 ft x 1.5 ft, x

10 ft 8 inches (45.72 an x 45.72 an x 325.12an) wasdesigned,

constJ:ucted, installed and calibrated. Nozzlesof aspect' ratios

4.5 and 3 were set "'Ii' within the test section to produce jets •. /

Theinitial region of the plane turbulent mixing layer was studied

indentifying the exit conditions whichplaya vital role in the

developmentof jets.

Twodifferent tUrbulent boundarylayer velocity profiles

at the nozzle exit were generated to investigate the influence of,

the initial conditions 00, the flow. Thedisplacement thicknesses of

the velocity profile at the exit planes of the twonozzles were

~./~ B 0.128 and 0.137 respectively with c:orrespoo,dingReynolds

5 5numbers,R~ • 1.65 x 10 and 2.27 x 10 • Themeasured velocity

profile within the boundarylayer at the exit plane indicated that

the flow at the exit, wasturbulent.

For each case the meanaxial velocity and the meanstatic

pressure weremeasuredacross the jets, and the experimental results

were canparedwith those of other investigators. Themean velocity

profile ~lithin the mixingregion of two streamswas fOUndto showa

high shear due to the presence of a steep velocity g'radient. This
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velocity gradient gradually decreased with the increase of axial

distance. Thevelocity profile in the mixing region did not show

self-preserving characteristics.

Themaximummeanaxial velocity was observed to decay

linearly except close to the outlet for both the lower jet and

the upper stream. Therate of decay of the maximummeanaxial ve-

loci~y washigher for the faster movingjet comparedto that for

the slower movingupper stream.

Thepressure distribution was fOWldto be uniform across .

the streams except for a small suction in the region of wakeah-

ead of the thin plate whichseparated the two streams.

Thewidth for the maximumvelocity, y , increasedm

linearly along the axial direction. Thewakeformedbetween the

two interacting streams disappeared appreximately at the sameaxi-

al distance, viz x/D '" 7 for both the nozzles.

The centre of the uniform portion of the velocity profile

in the jets deviated from the geometric centre-line of the nozzle.

This maybe clueto the presence of a small step at the bottom of

the nozzle.
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Experiments.were also conductedwith a !mife edged

spli tter in the middle of the inlet duct to study the mixing

in, absence of the wakein the shear layer. Measurements'of

pressure and velocity were taken. The flow characteristics

in the mixing region was found to be similar to those with ~.

wakesbut the mixingprocess was comparativeiy slow. There-

fore, the meanvelocity developmentwasmoregradual.

"
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CHAPTER-I

INTRODUCTION AND LITERATURE REVIEW

1.1 Preview

Most flows which occur in practical applications are turbulent.

Turbulence is a three-dimensional, time-dependent, vortical motion in

which vortex stretching causes velocity fluctuation to spread to all

wavelengths between a minimum (i.e. KOlmogoroff scale) determined by

viscous forces and a maximum (i.e. integral scale) determined by the

geometry of flow. These motions .are so complex that it seems to be

inaccessible to mathematical treatment. Despite efforts of many scien-

tists over the decades, turbulence continues to persist as one of the

least understood arenas of the natural sciences. The Reynolds decom-

position, which treats a turbulent flow as a superposition of a time-

mean (i.e. constant) component and a time-dependent component, produces

the well-known 'turbulence closure problem', arising from the nonlinea-

rity of the governing (Navier-Stokesl equations, to which no universal

solution has either been found or appears likely. The gradient transp-

ort hypotheses, which are tolerably acceptable for some crude enginee-

ring predictions of simple flows, are both conceptually incorrect and

incapable of producing acceptable predictions in complex situations.

These serve as reminders of the inherent complexity of turbulent flows

even in the simplest possible configurations and emphasize the pressing

need for continued and vigorous basic investigations of turbulent flows.

Unfortunately, the nonlinearity of.the governing partial differential

equations have stifled any breakthrough on the theoretical front. In

fact, most significant advances in turbulence have been. made via expe--

rimental investigations, and the primary limitation in the progress of

this field continues to be the physics f turbulence. As such, experi-
,":;: ~t'f.~•.\~-~. ","",_I~,.._'.
'><'r ~ ....."/ ".
~-( O/t ••.•••••.••.•• ~$>

~

. ~I ~'"
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mental studies will continue to play a pivotal role in the advancement

of knowledgein turbulence.

Turbulence research has experienced two revolutions. in the past I,
decade. The first, rather profound, is the discovery of large-scale coh-

erent structures. The second is the integration of the digital computer

as an active (even interactive) componentof the turbulence. research

arsenal (1).

A coherent structure is a connected turbulent fluid mass with a

phase-correlated vorticity over its spatial extent. That is, underlying

the three-dimensional randomvorticity fluctuations, there is an organi-

zed componentof the vorticity which is phase-correlated (i.e. coherent)

over the extent of the structure. This is called coherent vorticity (1).

The profound impact of the coherent structure approach should be evident

from the fact that it is being pursued by essentially every turbulence

researcher in one form or another. While rise and fall of ideas is not

new to turbulence, it must be admitted that the advancementcontinues.

But the closure problem still persists, and obviously more studies are

required for a complete understanding of the problem.

1.2 Wall Jets

Whena fluid is discharged through a nozzle or an orifice from a

container under higher pressure into a region of lower pressure, a jet is

formed. Whenthe jet impinges onto a rigid wall, it is called a wall jet.

The spread of the wall jet is inhibited on one side by the presence of a

solid surface, where the velocity is zero. In most practical examples,

the wall jet will be turbulent. The wall jet comprises of a boundary

layer flow near the wall and a free mixing flow in the outer part.

-«::

, :,.

.\"",
"'''l ,
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1.2a Review of Experimental Investigations

i). Wall Jet in a Stagnant Environment

The earliest knownwork on the plane wall jet was by Forthman (2)

who observed that the wall jet was self-preserving, the boundary .layer

thickness varied linearly with x, and the maximumvelocity, U
J

,variedmax
inversely as the half power of x. The velocity in the inner layer followed

the 1/7th opower law, and the angle of the jet spread was 4.7 •

Sigalla (3) studied a tangential plane wall jet and correlated the C'

existing data on wall jets. In the developed part of the wall jet the

maximumvelocity, UJ ., could be expressed asmax

)- 0.5UJ /UN a 3.45 (x/Dmax max

Schwarz and Cosart (4) measured the mean velocity distributiOn of an

incompressible, turbulent, plane wall jet with a hot-wire. Over the entire

range of the experiment a single velocity scale, U
J

and a single lengthmax,
scale, ~ , seemed to correlate all the velocity data except very close to

the wall. Scatter in the data was appreciable near the wall (a distance of

the order of 0.2 rom,"'[<0.005). Hence the flow very close to the wall

cannot be treated like a turbulent boundary layer. In fact, there are cert-

ain important dissimilarities between the turbulent boundary layer and the

inner layer of the wall jet. The most important difference is in the inter-

mittent nature of the outer part of the turbulent boundary layer. Another

point of difference lies in the modification of the structure of the inner

layer of the wall jet by the turbulence in the outer layer. The square of
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the hyperbolic secant, which satisfactorily represents the meanvelocity

profile of a free mixing layer, does not accurately represent the outer

layer of the wall jet.

Hyers et al.' s (5) data on a two-dimensional plane tangential

wall jet agreed well with the findings of previous investigators (3,4,6).

The velocity profiles exhibited similarity for 24 <x/D <180, and were

independent of the Reynolds number. The maximummeanaxial velocity varied

-0.50
as x as against x-0•555 of Schwarz and Cosart (4).

I. •
Sforza and Herbst (7) carried out an eXperimental investigation ,!1l . :>

of the meanproperties of turbulent, three-dimensional, incompressible

jets of air issuing into a quiescent ambient air tangent to a flat plate.

Subsequent mean flow measurements with a constant current hot-wire

agreed very well with earlier pitot probe measurements.

ii) Wall Jet in a Free Stream

Kruka and Eskinazi (8) conducted experimental investigation in a

plane wall jet blowing tangentially to a semi-inf1rU.te, rigid wall and

under a uniform moving stream with different velocity ratios R. Simil&-

rity was found to exist in both the irmer and the outer layers for mean

as well as turbulent quantities; however, the same scales do not apply to

both the layers. The flow was divided into two regions: at the UJ loc-max

ation for meanmeasurements and at v' u' = 0 location for turbulence

quantities; separation between these two points is small. In the inner .,,
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layer, the maximum velocity and its location were found to reduce the

mean velocity to a similarity form independent of x. The width scale was
1found to vary as x for all values of R. The corresponding boundary

4/5 Q'layer width was proportional to x • In the immediate vicinity of the

wall, a universal boundary layer type similarity exists, though the cae-

fficients have different values. In the outer layer a reduced longitudi-

nal distance, x , was necessary for comparing the results. The charac~, s

ristic width is linear with x for all values of R. In both the inners

and outer layers, the velocity scale varies as xa where 'a' is as

function of R.

Irwin (9) studied a wall jet in a pressure gradient in the

presence of a free stream. The quantities measured with a linearized hot-

wire anemometer were the mean and turbulent velocities which reached

self-preservation. The mean velocity profile close to the wall was found

to be similar to those in boundary layers and pipe flows.

iii) Wall Jet on a Curved Surface

When a wall jet flows over a surface which is curved the rate of

entrainment of surrounding fluid is modified by the curvature. The large

eddy length scale and the lateral turbulence intensity are increased over

a convex surface and thu's the entrainment is increased. The reverse

applies to a concave surface (10).
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1.2b Review of Theoretical Investigations

i) Wall Jet in a Stagnant Environment

The first theory of the wall jet was developed by Glauert (11)

on the basis of a model of flow (as shown in Figure 1.1) involving two

regions divided by the line of maximwn velocity. The flow was assumed

to behave rather like a boundary layer in the inner region and a free

jet in the outer region. He took a constant eddy viscosity, E.oCuJ8
in the outer region and a variable eddy viscosity E: oC U; in the

inner region. It is only the matching of the inner to the outer flows

at the point of maximum velocity that gave rise to some difficulty

since the appropriate similarity forms were in conflict there.

Integral methods for calculating the growth of a two-dimensional,

incompressible, turbulent wall jet in still surroundings have been deve-

loped by Myers et al (5). The problem was solved in two parts: (a) the

'starting length' close to the nozzle exit where the maximum jet velo-

city has not yet begun to decay, and (b) the region downstream where the

maximum velocity decays. The solution for the first part was used as the

initial condition for the second part. They followed the two-layer con-

cept of Glauert (11) for analysing each of these two parts, in addition

to a potential core for the first part. They assumed that the velocity

profile and shear stress in the inner and outer layers, considered sepa-

rately, are the same for the two parts.

ii) Wall Jet in a Free Stream

A theory for wall jets in streaming flow in zero pressure gradient
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was developed by Eichelbrenner and Durnargue (12) following Glauert's

(11) two-layer concept. The point of matching the two solutions occurred

between th",maximum velocity and the inflexion point in.the outer prof-

ile, thereby avoiding Glauert's (11) discontinuity in the eddy viscosity.

Escudier and Nicoll (13) developed integral methods for wall jets

in pressure gradients where the mean velocity profile was built up by the

superposition of a jet component and the logarithmic law of the wall. The

velocity profile at the edge of the flow gave a skin friction law. The

integral momentum equation provided a second equation, and the third,

required to close the solution, was obtained by relating the non-dimensi-

onal rate of entrainment to the profile. The choice of the two-parameter

profile was, however, restrictive near separation since it specified that

the shape of the profile was the same as that of a boundary layer.

A more versatile, but more empirical, metllod using a four-

parameter velocity profile was developed by Gartshore & Newman (14) to

predict separation. The profile could, therefore, change in a manner which
•

was relatively independent of the outer flow and a realistic prediction of

separation could be obtained. The theory was used for non-self-preserving

flows by introducing a time delay based on the estimated life time of a

large eddy.

Harris (15) reported an entirely different approach to the problem

of a wall jet in a moving stream. He used the momentum and energy integral

equations and assumed that the velocity profiles in both the inner and

outer regions were everywhere similar. For t~e evaluation of the integral

•
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J t'.(~~) dy in the energy equation, a skin-friction foJ:lt\ula similar

to the Blasius expression was employed. Pranc1U's mixing-length theory

was applied, and the equations were solved by means of a computer. An

interesting feature of Harris's theory was that an attempt was made to

make some allowance for the fact that the shear stress was not zero at

the velocity maximumin wall jets. This was observed experimentally by

Bradshaw & Gee (6) and Kruka & Eskinazi (8), and would imply that the-

ories based on the gradient transport of turbulence could not strictly

apply. It also suggested that the independence of the inner and outer

regions was not a good assumption.

iii) Wall Jet on a Curved Surface

Coolce(16) theoretically investigated two-dimensional wall jets

on curved' ,surfaces. He introduced the sirnplificatiqn originally due to

Catherall & Mangler (17), whereby a 'displacement body' was supposed to

be known,but the true body was to be determined from the solution,

using the fact that the velocity components vanish an the true body.

External vorticity was not considered but could be included in an ext.-

ension of the method. Similar solutions were obtained, and it turned

out that corresponding first order solutians were the series calculated

',) by Falkner & Skan and Hartree. Earlier calculations by Murphy (18) were

shown to be wrong. Cooke found that on convex surfacps the skin frict-

ion was reduced and the displacement thickness was increased as compa-

red with the first order solutions. The reverse was the case for conc-

ave surfaces. This implies that a convex curvature encourages separation.
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Dvorak (19) developed a calculation method for turbulent boundary

layers and wall jets in which the effects of large longitudinal surface

curvature and the associated normal pressure gradients were included for

the first time. This was achieved by using finite difference techniques

to represent the equations of mean motion in a system 6f curvilinear

orthogonal coordinates. The Reynolds stress terms in the equations of

motion were approximated using an eddy viscosity approach based on the

concept of intermittency. Comparisons between theory and experiment for

boundary layers and wall jets developing over flat or curved surfaces for

a wide variety of pressure distributions showed encouraging agreement.

1.3 Mixing Layers

Contrary to the classical notions of turbulence, recent experimen-

tal observations of Brown & Roshko (20), Dimotakis and Brown (21), Hussain

& Zaman (22) have revealed that turbulence in two-dimensional mixing lay-

ers is far more orderly than previously believed. The turbulence field is

found to be dominanted by large vortex-like structures. Motion pictures

taken by Brown and Roshko (20) indicate that these large structures are

initiated near the trailing edge of the splitter plate which marks the

beginning of the mixing layer. These structures grow in size as they are

convected downstream. To accommodate this growth the spacings between the

neighbouring structures undergo constant changes. Every now and then two

(or three) of these vortex-like structures would coalesce to form a single

larger structure. This process, which was observed to occur more prominen-

tly at low Reynolds number by Winant & Browand (23), is generally referred

to as 'vortex pairing' (or tripling). In high Reynolds number flows the

pairing process once started is usually completed in very short intervals
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,of time. It is believed that the large structures actually constitute

the dominant part of the turbulence field in what was previously known ,as

fully random turbulent mixing layers. Careful flow-visualization studies

have subsequently revealed that the mixing layer is progressively less

organized at higher Reynolds' numbers and the large-scale structure inter-

actions are considerably more complex, involving tearing and fractional

and partial pairings (24,25). Chandrsuda et al. (26) have claimed that

the structures in the plane mixing layer are predominantly three-dimensi-

anal even though there have been convincing claims that these are indeed

two-dimensional (20,27,28). These indicate that many questions remain'

unanswered in the mixing layers.

1.3a Review of Experimental Investigations

The time-average measures of the axisymmetric mixing layer have

been found to be functions of the initial condition, because of the limited

extent of the layer (29). Data suggested similar dependence of the plane

mixing layer (30 - 32). !Oussain (33) speculated that the persisting influe-

nce of the initial condition in these data was due to limited streamwise

length of the flows investigated. With this in mind, a large plane mixing

layer facility was built. It was shown that sufficiently farther downstream

from the origin, the mixing layer does achieve a universal state independe-

nt of the initial condition (34). They also investigated the coherent str-

ucture in the self-preserving region of the mixing layer. In order to elim-

inate any possible effect of the initial instability, the boundary layer was

tripped. Care was taken to ensure that the initial boundary layer satisfied

all the criteria of a fully-turbulent boundary layer of the coherent struc-

tures. The average passage frequency f at any distance x from
m

the tip



-11-

depends on x. These structures are detected for the enUre length of

measurement i.e. for x c 3m or 5000 !le.The Strouhal number Ste (m fm 8/Ue)

remains.,constant (;:0.024) at all x. Here e and e are the local and exite

momentum. thiclmesses and U is the free stream velocity ( 25 mls ). Thee

mixing layer coherent structures have been educed at different stages of

their development via an optimized conditional sampling triggered on the

peaks of a local reference~ - signal obtained from the high-speed edge of

the mixing layer.

Review of Theoretical Investigations

Tam & Chen (35) have proposed a statistical model of turbulence in

fully-developed two-dimensional incompressible mixing layers. The statisti-

~al model of turbulence consists of representing the turbulent fluctuations

by the normal modes of the flow with random amplitudes. The distribution of

the amplitudes is determined by the condition that the turbulent wave spec-

trum at any downstream location could be considered as generated by an

initial spectrum whose kinetic energy has no intrinsic length or time sca-

les, namely, a white noise spectrum. The large stryctures of the mixing

layer which are coupled to each other have been represented by linear

combination of the hydrodynamic stability modes of the flow, given by the

eigensolutions, of the Orr-Sommerfeld equation.

Without taking into account of the internal vortex motion, a

quasi-equilibrium statistical model is suggested in a wave representation

to predict the second order turbulence statistics, both single-point and

two-point space-time correlation functions. It has been found that for a

typical mean velocity profile there is only one-family of unstable eigens-

olutions affecting the flow turbulence. With suitable random amplitude
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function the turbulent velocity and pressure fluctuations in the mixing

layer have been predicted. This formalism has been subsequantly extended

by Plaschko (36).

Some of the important works done on turbulent wall jets and mixing

layers by various authors theoretically and experimentally are shown in

Table I and Table II respectively.

1.4 Initial Condition

The initial formation of coherent structures in a shear flow is a

function of the initial condition i.e. the state of the flow at its ini-
~),tiation point (29,42). Since the instability and roll up of a shear layer

'into structures and the subsequent evolutions and interactions must in

some way depend on the initial condition, careful documentation of the

initial condition is very important. It is very unlikely that two differ-

ent apparatuses can have identical initial conditions. In most previous

investigations, the initial condition was never documented presumably

because either its significance was not recognized or the flow was suffi-

ciently downstream such that it was considered to be independent of the

intial condition.

While the importance of the intial condition in a turbulent shear

'flow is well recognized, there is as yet no consensus on the measures nec-

essary to identify the initial condition (42-46). These measures may inc-

lude the mean velocity profile and its various characteristic thicknesses

(like the boundary layer, displacement and momentum thicknesses) and the

shape factor, the pdf's of the velocity fluctuation and the moments, the

spectra of velocity fluctuations, spectrum and moments of the Reynolds
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TABLE I I RELEVANT ANALYTICAL WORKS ON THE WALL JET.

.~(~.

()

Jet
Authors Surroundings Equations Model Comment

Glauert (1.1.) Stili Integral UJmaxoC xa S1milarity solution

1.956 Surroundings i) Mass achieved. Laminar. turbulent,
11) Manentum b oC x

b
radial and plane jets are

c analysed.
€. oC x

Still Integral a S1milari ty solution achieved.Schwarz & UJmax oC x
Cosart (4) Surroundings i) Mass Wall shear stress obtained

1.961. 11) Manentum Soex by 1Il0000entumintegral equation

E> f (y/b)

Myers et al (5) Still Integral U
Jmax

oC xl!. Regionwise analysis

1963 Surroundings 1) Mass carried out.

11) Manentum 2; OC xb

£ by Prandtl' 8

hypothesis.
I ..



••!:(~.

-14-

TABU: I I (Cont.inlled)

'9

•
Authors Jet Equations Model Comment

Surrounding

Kruka and Parallel Integral U oCa Similarity solution
Jmax x

Eskinazi (8) flow 1) Mass a . (U I )b
achieved. Two-layer

1964
oC smean Jmean concept introduced.

11) Momentum So<: XC

E: by Prandtl' s

hypothesis.

Escudier and Parallel Integral Prediction equation for

Nicoll (13) flow 1) Mass
-ffiG D 0.075 (1-ZE) shape factor, drag coeff-

1966 11) Momentum
icient and momentumthick-

ness are given in terms

. of entrainment function •

n Used four momentum
Gartshore and Parallel Integral U

J
/ UJ g (y/y )max m

Newman(14) flow i) Mass € by Prandtl's
integral equations taken

1969 11) Momentum hypothesis.
from the wall to various

points in the flow. Wall

jet in an arbitrary

pressure gradient

analysed.
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TABLE I: (Continued)

,-r~'.

Authors Jet Equations Model Comment

Surroundings . .

. C ~'Patel (37) Parallel Integral Zero pressure gradient.
smean

1~71 flow i) Continuity U U oC(x-x ) Predicted eddy viscosity
Jma'; smean 0

i1> Homentum
10 DC (x-x )~

Reynolds number.

0
€ = f(x)

. -1
Newman et Still Integral UJmax DC x Three dimensional wall

al (38) Surroundings i) Continuity e:5 oC x
jet originating from a

1972 11) Homentum €=f(Y/fJ)
circular orifice

.

Narayan and Parallel Dimensional 2 Incompressible jet in~lJ= UJD
Narasimha (39) flow analysis still air and in para~

1973
llel flow. Total
momentum flux was used
as. scale•

•

d ~,
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TABLE II: RELE;VANT E:XPERIMENTAL WORKS ON THE WALL JE:T. .

:Yy

<>
-f1'

Authors Nozzle Geometry Jet Reynolds Variables Axial
and Surroundings Number Measured distance
Jet covered.

( x/D )

Sigal18 (3) Still air 5
lJJ,b,~"Rectangular O.23x1.O to 65

1.958 nozzle. Plane O.52x1.05
tangential

jet.

Schwarz and 24"x1" outlet. Still air 5
UJ,2>, C;w 840.22x10 to

Cosart (4) Plane tangential 1.06x105

1961 jet

Nyers et al( 5) 60" x 0.5" outlet. Still air 4
UJ' .?> , "CW 180O.71x 10 to

1963 Plane tangential 45.65 x 10
jet

Kruka and 56" X o.131."ouUet • Parallel 1..3 x 1.04 tiJ, b , ~w 305

Eslt1nazi (8) Plane tangential air flow

1.964 jet

.•..
-0
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TABLEII (Continued)

Authors Nozzle Geometry Jet Reynolds Variables Axial

and
Surroundings Number Measured Distance

jet covered

( x/D )

Newmanet a1<38) Circular orifice Still air 16400 for air uJ,<:5 t P,u' 328 for air

1972 of diameter
3.175 romfor air,

2 nun for water. Still water 2800 for water 760 for water

Irwin (9) Rectangular Parallel air
4 P, t;w,u' 2602.8 x 10 UJ,

1973 nozzle of depth flow

6.73 lTll1l.

,Plane wall jet

Bajura and Rectangular Still water 100 to 600 Visual 960

Catalano (40) nozzle of depth observation,

1975 0.0635 em. u'

Plane wall jet

Rajaratnam and Circular nozzle Parallel' 3000 to 25000 UJ' U 64 and 21
s

Stalker (41) of diameter water, flow

1982 0.25" and 0.75". •
,#
"
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stress, .etc. (29). In view of the sensor resolution problem, one has

to be.mostly content with the measurement of the longitudinal velocity

only. However, care needs to be taken in these measurements to eliminate

the probe-induced shear-layer tone (22).

For the sake of simplicity, the initial condition can be divided

into four groups: laminar, nominally laminar, highly disturbed and fully

turbulent; the first and the last are the two asymptotic limiting states

(1). In the first case, the profile is identical with the Blasius profile

and the rms longitudinal velocity fluctuation u' .decreases monotonically

from the 'free-stream' value to zero at the wall. In the nominally lamin-

ar case, the mean velocity profile agrees with the Blasius profile but

the fluctuation level is comparatively high, typically reaching a peak

value (at y ';;;:~.) significantly higher than the free-stream value. The

disturbed case has a profile significantly different from the Blasius

profile, and typically it denotes a transitional case. The last case rep-

resents a fully-developed turbulent boundary layer and is characterised
+ +by logarithmic and wake regions in the (u , y ) coordinates with the wake

strength and the extent of logarithmic region appropriate for the value

of Ree (47), a profile of u. /U. with its peak value in the ran£e 2.54 +

+ ••••10% and located at y ~ 15 and monotonically decreasing to the free-

stream (48) and a broadband continuous spectrum +u (f) of u (t). It should

be emphasized that the initial condition.data are measured at the end of a

straight (zero pressure gradient) length of about 100 e following thee

contraction. While the fully-turbulent case is easily obtained with an

appropriate trip placed sufficiently upstream, it is especially important

,
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.to document the spectral content of the velocity fluctuations in the

other three cases. In addition, the spectrum and free-stream turbulence

intensity profile at the initial state must also be documented. The free

stream turbulence is not normally the decaying turbulence from the upst-

ream screens but is typically caused by fan blade wake and rotating

stall, tunnel settling chamber cavity resonance, laboratory standing

acoustic waves, feedback from downstream obstructions, shear-layer tone

within and outside of the tunnel, etc. These various disturbances mani-
,t-,- (-fest into a peak in u' (y) at y/O = 1 (49) where 0 is the displace-

ment thickness. If any of these frequencies fall within the unstable

band of the shear layer, the shear layer will be driven at this frequen-

cy. Unless extreme care is undertaken, these free-stream disturbances

will be present and the flow will be driven depending on the frequencies

and amplitudes of these modes. Because of these, all free shear flow~

can be considered to be driven, to some extent (1).

If an adequate straight lip is not added following the contraction,

the boundary layer profile can deviate from the Blasius profile even when

laminar. The use of an appropriate trip is still in the state of an art.

Hussain (33) suggests that the optimum trip is a strip with a linear arr-

ay of teeth aligned spanwise (prepared by cutting a series of notches)

projecting into the flow. These teeth should have their width, spacing,

height, length (along flow) of about 100 9 and placed at least 1000 9e e

upstream from the lip; 9 is the momentum thickness of the exit boundarye
layer in the absence of the trip.
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Hussain & Clark (49) conducted a number of studies on the effects

of the initial condition in a plane jet. They found that evolutions of

all time.-average measures, including the momentum flux, of a plane jet

are strong functions of the initial condition (49). Because of the

universal belief in momentum flux invariance of a jet, this result. was

initially extremely puzzling. Even though complete explanation has not

yet beenpo6sible because of inherently large uncertainties in hot-

wire measurements in jets, the exces6 momentum flux can be attributed

primarily to the negative pressure in the jet supported by the transve.-

rse fluctuations and also to the pressure field induced by the entrain-

ment flow. The time-average measures of the axisymmetric mixing layer

has also been found to be a function of the initial condition (44 - 46)

but not directly of the exit momentum thickness Reynolds number Re~

(42). On the other hand, the plane mixing lay••r has been found to achi-

eve a state independent of the initial condition (34). Controlled exci-

tation can alter the initial region of a mixing layer, but not suffici-

ently farther downstream (50).

1.5 Coherent Structures

A coherent structure results from an instability of one kind
'.~ "i

or another. While the most common kinds are the Kelvin-Helmholtz insta-

bility of free shear layers (mixing layers, jets, wakes) and Tollmien-

Schlichting and Gortler instabilities of wall layers, essentially every

kind of instability is potentially capable of generating coherent

structures (for example, Benard cells due to Benard and ~larangoni inst-

abilities). There are, of course, special cases of coherent structure
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formation like puffs and slugs (51, 52) in pipe and channel flows and

spiral turbulence in circular Couette flow (53 - 55). Perhaps the simp-

lest example of coherent structures are the Taylor cells in the circu-

lar Couette flow. Because the structure size can be made to.remain.

invariant with time and unlike in shear flows.like jets and wakes,

these structures are stationary in the laboratory frame, the Taylor

cells are extremely attractive for coher~1t stnJcture studies (5G, 57)

even though no one has attempted a detailed study from this point of

view. The instability from which coherent structures result does not

have to be of a laminar flow (58,59,~O). Vortex formation from a turbu-

lent wake was demonstrated by Taneda (GO). The instability and roll-up

of an axisymmetric mixing layer originating from a fully-turbulent

boundary layer was first reported by Clark & Hussain (G1) who also

claimed that coherent structures in an initially fully - turbulent ax~s-

~~etric mixing layer were more organized and more compact than when the

mixing layer was initially laminar. For an initially fully-turbulent

plane mixing layer, the formation, evolution and the equilibrium state

of large-scale coherent strustures have been documented by Hussain &

Zaman <33}.

In order to either understand the physics of coherent structures

or be able to include these explicitly in a new (and hopefully viable)

turbulence theory, it is necessary to first experimentally determine the

properties of these structures. The coherent structure is quite periodic

and repeatable in the early stages of formation when these result from

instability of laminar flows. The periodicity can be enhanced via
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controlled excitation. In either case, the structure properties can be

determined via phase-locked measurements (62). However, in the fully-

developed turbulent shear flows, there is a large dispersion in the

shape, size, orientation, strength, and convection velocity of the coh-

erent structures, and the structures pass by at random intervals; the

dispersion increases with increasing distances from the point of struc-

ture formation. These present formidable constraints in the eduction of

coherent structures (63-65). I:;venin periodically induced structures,

the constraints become serious with increasing distances from the point

of periodic formation of structures.

The understanding of coherent structures in turbulent wall layers

and wall jets is considerably much poorer than in free shear flows.

'0' E;ven though the inhibition of transverse wandering of the structures by.'

the presence of the wall is a decided advantage for eduction purposes,

the wall itself is the root of the prohlems. The poorer understanding is

due to the fact that the most significant zone of activity, say y+~ 100,

is too narrow a slice of the boundary layer and too close to the wall to

allow detailed and accurate measurements as well as flow-visualization.

Motion in the boundary layer is expected to be complex. Intuitively, un-

like the free shear flows, the boundary layer is not characterized by a

single length scale and a single time scale. For these very reasons, the

motion in the wall jets are far more complex and have escaped any serious

investigation so far.
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1.6 Motivation and Objectives

al Motivation

The £1"",phenomenon which one can observe in a turbulent wall

jet is theoretically appealing as well as practically useful. Such a

flC7Ylis produced by the downwards-directed jet from a vertical-take-

off and landing (VTOLl aircraft spreading out over the ground. The

impingement of the jet causes .erosion of the ground - - a well known

problem in aviation. Another example of the practical application of

the wall jet is found in jet-flaps. Initially, the jet flap arrange-

ment consisted of a thin jet sheet ejected at the trailing edge of an

aerofoil. This configuration was later modified to include a small

trailing-edge flap over which the jet is blown; the basic principle

is to energise the boundary layer by blowing a high velocity jet into

it and thereby avoid separation. In this way, blowing has been used

.to reduce the take-off and landing speeds of aircrafts.

Another important application of the wall jet is found in air-

cushion vehicles. In such vehicles, an annular jet of air is blown

inwards around the periphery of the wheel to establish the base pre-

ssure which lifts the vehicle off the ground.'

Practical cases of turbulent wall jets are often encountered

in marine hydrodynamics, specially when the jet-propelled vessel ope-

rates in shallow and restricted water where a high-velocity water jet

impinging on the canal bed causes erosion.

(
. '
\ .•..•.
\\
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The flow through a partially opened sluice gate takes the form of

a turbulent wall jet and is important for its scouring effect.

Different schemes are adopted for discharging effluents (after

some degree of treatment) from pulp mills, mines, and municipal sewage

treatment plants into rivers. In one scheme, the effluent.is discharged

from a large pipe (buried in the riverbed) through a series of short

pipes or nozzles, often as coflowing circular wall jets (66). If the

spacing between these jets is small, they merge after some distance, and

the effluent discharge behaves like a plane wall jet in a coflowing str-

eam. If, on the other hand, the spacing of the jets is relatively large,

in the region before they merge, they can be treated as circular wall

'jets in a coflowing stream.

The flow of a jet along a curved wall (popularly known as Coanda

effect) has a great many applications, mostly in the field of aviation

and mechanical engineering. Such a flow,'," "sed in fluid logic devices.

The general principle is based on the facts thnt a jet discharged into a

diverging channel is free to attach itself to either wall and that it

may be forced to separate from one wall and attach to the other. This

attachment can be controlled by some auxiliary jets emerging from holes

on each side'acting as activating signals. The system acts as a relay,

or an amplifier.

Still another application is found in swirl atomisers (16). Air

is blown down in the middle of the nozzle and swirling liquid round the

I '..~
10 • I"
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rounded lip. With a sharp-edged lip, atomization was found to be poor.

With a curved lip, the Coanda effect operated, and atomization was very

good.

An older technology is the jet pump in which a primary jet,

often steam, is used to entrain and, therefore, pump a surrounding see-

ondary flow of air. The existence of the surrounding walls in the reg-

ion of entrainment characterises it as a wall jet.

The theory of wall jet has been applied for solving the problem

of ventilation in auditoria and other buildings to get an optimum air

distribution without appreciable draft. The vortex tube refrigeration

is being understood in a better way with the help of the wall jet

theory.

Since the wall jet flow is used, and can further be used, for

a variety of practical applications, a knowledge of the development of

flow properties is called for. For example, in some applications the

requirement of the wall jet flow may have to be achieved with minimum

energy dissipation whereas in some cases the objective may be dissipa-

? tion of energy itself. Since such extreme demands may be made on the

flow, unless a precise knowledge of the flow development in all its

aspects is acquired, the design of the wall jet is of a hit and trial

type. Although the simple cases of wall jet flows, both laminar and

turbulent, have been investigated theoretically as well as experimen-

tally, some of the more c~plicated cases still remain unexplored.

'0
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The combination flow of .two interacting wall jets is one such unexpl-

ored area. Formulation of a turbulence model for the initial region

of a plane turbulent mixing layer is an extremely difficult task.

Existing theoretical methods are not yet powerful enough to give an

exact or even an approximate solution to this problem. This is why

experimental data must be relied upon to a considerable extent. The

present experimental investigation in the initial region of a plane

turbulent mixing layer was undertaken keeping the above issues in

view.

b) Objectives

The primary objective of the present investigation is to study

the initial region of a plane wall jet which is essentially a mixing

layer. This includes measurements of mean axial velocity and stati~

pressure at the nozzle exit and also at different axial distances.

The exit condition will be identified. in terms of the mean and fluctu-

ating velocity profiles and the Reynolds number, and their effects on

the jet development will be studied. The experimental data will be

used to compute the various flow properties viz., the boundary layer,

displacement and momentum thiCknesses, the shape factor, the Reynolds

number etc. at the exit plane and the geometry of the jet in its motion.

The mean velocity development within the jets along the axial direction

will be determined and interpreted. Finally, the experimental results

will be compared with the available informations in the existing

literature.
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In order to perform the experiments, a subsonic wind tunnel

will be fabricated)installed, commissioned and calibrnted. Then

nozzles of different aspect ratios (i.e. width/depth) will be in-

stalled in turn in the test section to generate two-dimensional

wall jets.-

'I-•
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OIAPTER - II

'!liE EXPERDlENTAL SET-UP ANDEXPERIM£NTS

2.1 Design of the Wind Tunnel

The basic experimental facility used in this work was a 36 ft

(10.973m) long subsonic wind tunnel with. a test section having a

cross section 1.5 ft x 1.5 ft (45.72 em x 45.72 em). The wind tunnel

was originally designed by Islam (67) as a closed - circuit wind tun-

nel. The basic considerations for the design of the wind tunnel can

be summarised as follows.

The design of each component has been carried out keeping in

mind that the energy losses in these parts should be minimum. The

converging section has been designed as a profile of streamline for a

potential flow in the duct. Since air.possesses a low viscosity and

its boundary layer thickness is small compared to the duct dimension,

the assumption of potential flow is quite justified. The test section

has been designed such that a stable, uniform, undisturbed flow is

achieved through it. While designing the diverging duct, special care

was taken to minimise frictional and expansion losses. The angle of

divergence as well as the length of the duct were chosen such that

.separation never occurs in the duct.

The wind tunnel. was redesigned as an open tunnel and necessary

modifications were done keeping the test section dimensions the same

as in the original design.

- 28 -
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2.2 . Construction of the WindTunnel

The schematic diagram of the wind tunnel is shownin

Figure 2.1A. Figures 2.16 and 2.1C show the different views of the

wind tunnel. The principal components of the wind tunnel are the

converging section, the flow straighteners, the test section, the

diverging section and the fan. The particulars of the components

are given in Appendix I.

The wind tunnel has been constructed with locally available

materials in the university workshop. The general arrangements of

the aforesaid components are shownin Figure 2.1 A. The fan is pla-

ced at the exit of the diverging duct downstreamof the test sect-

ion to produce a suction flow through the wind tunnel. This arran-

gement gives a more uniform, stable and undisturbed flow through

the test facility. A wire net strainer was fitted at the inlet of

the converging section in order to prevent the entrance of foreign

solid particles into the wind tunnel. At the exit of the converging

section a flow straightener made of wire net was placed in order to

produce low turbulence uniform flow.

Four consecutive square sections forming the test section

followed the exit of the converging duct. During calibration of the

wind tunnel, the first section to follow the converging duct was

madeof G. I. sheet. The second and the third sections were madeof

perspex sheet while the fourth one was of wood. The individual sec-

tions were coonected to each other by nuts and bolts. But at the
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time of performing experiments with jets, thp.G. I. section follo-

wing the converging duct was replaced by a wooden section incorpora-

ting the test nozzle and the upper channel for producing two jets.

At the exit of the upper channel two flow straighteners were insta-

lled to produce a lower flow velocity than that of the nozzle. £leven

circular holes, each of 0.25 inch (0.635 cm) diameter, were made at

an interval of 6 inches (15.24 em) on the central line of the bottom

of the perspex sections. These permitted the traversing of the Pitot-

static tube across the duct vertically at di.fferent sections of the

tunnel.

All the component parts of the wind tunnel have been mounted

on fourteen pair of stands made of G. I. pipe. The base plate of each

stand was bolted to the floor of the laboratory. Special care was

taken to ensure proper alignment of the ducts so that a horizontal

flow can be achieved in the test section. The central longitudinal

axis of the wind tunnel was maintained at a constant height (viz. 4

ft 2.5 inches) from the floor throughout the length of the tunnel.

Duct surfaces were matched properly at the joints so that the stream-

lines are not disturbed while passing from one duct to another. Rubb-

er pad gaskets were placed between adjacent sections to avoid any

leakage of air.

The motor and the fans were installed on a special foundation

isolated from the remaining floor by an air gap. This ensures the

isolation of mechanical vibration from the remaining components of

the wind tunnel.
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2.3 Calibration of the Wind Tunnel

The installation of the wind tunnel was followed by its

calibration. For this purpose, the Pitot-static tube was traversed

vertically up and down by rack and pinion arrangement over a stand

with vernier to read upto 0.01 inch (0.0254 ern).The United Sensor

Pitot-static tube, one-sixteenth inch (0.159 ern) in outer diameter,

was connected to an inclined draft gauge (manufactured by Ellison

Draft Gauge Company, Chicago, USA) graduated to read 0.02 inch

~) (0.0508 cm) of water gauge. The draft gauge was set horizontally

by the help of the spirit level fixed to the casing of the gauge.

The liquid used in the manometer was petroleum oil of specific

gravity 0.834.

In order to prevent undue vibration of the sensor, the

Pitot-static tube was supported by a brass rod 0.25 inch (0.635effi)

in diameter. The sensing point was 4 inches (10.16 ern)above the

end of the brass rod to avoid any major disturbance in the flow

due to the presence of the brass rod. Before taking the Pitot- st-

atic tube reading at a station care was taken to align it in the

flow direction to give the correct reading. The correct alignment

was found out by trial and error with changing of the horizontal

orientation of the sensor through a small angle.

In order to determine the velocity profile, the pressure

distribution and other related flow properties in the test section,

the velocity heads and the pressure heads were recorded at four
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stations viz., x/DT a 0, 1, 2 and 3 respectively, where x is the

axial distance measured from the inlet of the test section, and DT
is the depth of the test section.

Subsequently, the reproducibility of readings was checked.

For this purpose, the Pitot-static tube waS placed at the .centre of

the test section at x/DT a 2 and the manometer reading was recorded

at a random interval of time. The duration of each experiment was

two hours. Seven such experiments were performed over a period of

one month keeping the Pitot-static tube in the same position. The

reproducibility of the readings was found to be within + 1%.

2.4 Experimental Procedure

2.4a ~lixin9 of Two Turbulent Streams in the Presence of a Wake

After the calibration the G.l. duct placed at the exit of the

converging section was taken out and replaced by the wooden duct

mounted with the nozzle and the upper channel. The main experiments

leading to the investigation of confined turbulent wall jets were

conducted. The nozzle had an exit area of 18" x 6" (45.72 em x 15.24

ern). Air was allowed to flow through the nozzle and through the

upper portion of the duct. A schematic diagram of the experimental

set-up is shown in Figure 2.2A and a pictorial view is shown in

Figure 2.28. At the exit section of the nozzle a 1 inch (2.54 em)

high step was built, and the jet spreaded over the lower plate (i.e.

the test section floor).
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The jet spread on the upper side in the presence of another

jet of air flowing over the nozzle through the upper channel. These

twin jets, confined by the wall of the wind tunnel test section,

were allowed to grow in the downward direction over a perspex floor.

In order to determine the jet growth along t.heaxial direct-

ion, the mean velocity and static pressure were reco"ded at stati-

ons x/D = 0 I 1, 2, 3 • • • • 10, where x is the axial distance

measured from the nozzle exit, and D is the depth of the nozzle. In

the central part of the jet the manometer reading was quite stable,

whereas it fluctuated near the wall over.a narrow range. However,

the values of the velocities or pressures presented in this thesis

are the average of atleast three values obtained at a particular

point.

Then a second converging nozzle with an exit area 18" x 4"

(45.72 em x 10.16 em) was fitted in the test section replacing the

first nozzle. Similar turbulent jet flow was produced in the test

section and all relevant measurements as with the first nozzle were

again taken.

At the beginning and at the end of each experiment, the

room temperature and pressure were taken, and the average of the

two was taken as the recorded data for the experiment.
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:It is a well knownfact that a jet must travel sane

distance from the exit of the nozzle before it attains stability with

the surrounding fluid. The flow is quite unstable in the initial reg-

ioo (close to the exit plane) and hence it is.difficult to take any

measurementwith the Pitot-static tube. :In the present investigation

an attempt was made to determine at what distance from the exit the

flow starts stabilising. Three additional circular holes were made in

the test section floor at distances of 2,3 and 4.5 inches (5.08 em,

7.62 em and 11.43 em) from the exit, and measurements were taken at

each of these stations. Significant fluctuatiCln was observed in the

manometerreading, especially in the region of mixing of the two jets.

The fluctuation in reading was 21%at x/D •• 0.5 and 9%at x/D • 0.75.

2.41> Mixirigof TwoStreams in the Absence of a Wake

A knife edged splitter was placed at the midsection of the

duct. The knife edged splitter was 3 ft. lang and 1.5 ft. wide. The

leading edge was given a parabolic shape to maintain a smooth flow.

The splitter covered the entire width of the duct and the flow was

assumed to be tw<>-dimensional.For this case the two shear layers frau

either side mix without any wake between them. The mixing of the two

shear layers in the initial region was studied experimentally. Finally,

measurementswere also taken by traversing the Pitot-static tube hori-

zontally, .and the meanvelocities were found uniform across the cross

section except the boundary layers close to the walls. This proves that

the flow :-rithin the mixing region is two-dimensional.
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RESULTSANDDlSOlSSION

3.1 General

Asmentionedin the preceding chapter the velocity and

the pressure heads have been measuredat different points in the

flow field with the help of a sensitive Pitot-static tube and an

inclined draft gauge. All these experimental data have been ana-

lysed to produce information regarding the flow and to determine

geometrical characteristics of the jets. All computationsand

data analyses were performedby 'using an IBM370-115/2computer,

and the computerprogramsare given in AppendixIll.

3.2 Calibration of the WindTunnel

For the calibration of the tunnel, the velocity and the

pressure in the test section were measured.The purposewas to

achieve a uniform velocity and zero pressure gradient in the

test section for experiments. The experimental results have been

plotted to comparewith the expected results for calibration.

Figure 3.1 showsthe measuredmeanaxial velocity distribution

in the ,test section at four axial distances, i.e., x/DT• 0, 1,

2 and 3, wherex is the axial distance measuredfrom the inlet

of the test section and DTis the depth of the test section. It

is seen that the velocity profiles are similar at all the four

stations, and the experimental points for all the stations coll-

apse on a single curve. Therefore, it can be noted that there

exists no velocity gradient in the axial direction. Thevelocity

distribution is also found to maintain symmetryabout the cent-

reline as shownin Figure 3.1. Thevelocity profile is flat across

-35 -
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the test section except for a small boundary layer at the top

and bottom walls of the test section. The shape of the velocity

profile is similar to a typical profile for a uniform turbulent

flow between two parallel plates. The area under the velocity

profile was computed by using Simpson's first rule for numeri-

cal integration, and therefrom the mean velocity across the test

section was determined. Reynolds number of the flow was calcula-

ted on the basis of the mean velocity and the test section depth.

The boundary layer thickness was obtained by measuring the dis-

tance, y, from the wall for which UT/UTmax = 0.99. The computed

values of different flow parameters for the test section are

given in Table III.

TABLE _ III I Velocity Profile Characteristics in the Test Section.

Parameters Values

Centre-line Velocity, U 68.155 ft/sec (20.774 m/sec)Tmax

I Mean Velocity, U 67.497 ft/sec (20.573 m/sec)Tmean

Reynolds Number, ReD 5.832 x 105
T

Boundary Layer Thickness, ~ 0.7997 in. (2.031 em)

~/DT 0.04412

The boundary layer thickness is less than 4.5 % of the

depth of the test section which may be assumed to be small to vali-

date the assumption that the velocity profiles in the test section

o.
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are uniform. The Reynolds number for this flow is sufficiently
. 5(ReD as. 832 X 10 ) compared to a typical value for which the

T
in a duct may be assumed to be turbulent.

Figure 3.2 shows the distribution of the pressure

coefficient, C , in the test section at four axial distances,.p

i.e., x/DT a 0, 1, 2 and 3. It is observed that the pressure dis-

tribution is similar at all the four axial locations. The four sets

of experimental points at the four locations fallon a single curve

as shown in Figure 3.2. This implies that tllereexists no pressure

gradient in the axial direction within the test section. The press-

ure distribution at a particular section is found to be uniform

across the depth of the test section. This is justified from the fact

that the boundary layer is very thin.

The reproducibility of the data obtained for the calibration

of the wind tunnel has also been checked. Figure 3.3 depicts the

reproducibility of experimental results for mean axial velocity.

The points in Figure 3.3 represent the mean axial velocity measured

at a particular point, X/DT a 2 and y/DT a 0.5, on the centre-line

of the test section. The tip of the Pitot-static tube was placed at

the location and readings were taken as per procedure already menti-

oned in Chapter II. Seven sets of experiments were performed and

these experimental values are plotted in Figure 3.3. The experimental

points are found to be scattered about a mean value line forming a

small band of 1% variation. Such deviations in readings may be due to
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a variation in voltage, humidity, pressure, temperature and such

other environmental factors. The deviation of readings within! 1 %

shows a satisfactory reproducibility of the experimental results.

Reproducibility was also examined at several other points across the

test section depth, and it was never found to exceed + 1.5% even

close to the walls. Reproducibility of the results for pressure was

also examined, and its variation was found to be less than + 1%.

Such a range of values for reproducibility was also found to be pre-

sent in the jet flows when the nozzles were installed in the test

section of the wind tunnel.

3.3 Mixing of Two Shear Layers in the Presence of a Wake
The nozzle exit condition of the jet was identified by the

exit mean axial velocity and the displacement thickness of the pro-

file. Measured values of mean axial velocity at the exit of the nozz-

'.':> Ie are shown in Figures 3.4 and 3.5 for nozzle depths, D c 4 in.

(10.16 em) and 6 in. (15.24 em) respectively. The velocity profile

is found to be symmetrical about the nozzle centreline. The experi-

mental points were fitted to the equation, UN/UN m (Y/lJ )1/n, and. max
the value of n was computed by the method of least squares. The cur-

. 1/ves corresponding to the equation, UN/UNmax = (Y/b) n are also

given in Figures 3.4 and 3.5. The boundary layer thickness was obta-

ined by plotting the experimental values of mean axial velocity at

different distances from the wall and then measuring the distance for

which UN/UNmax = 0.99. The displacement thickness, it , the momentum

thickneSS, e, and the shape factor, H, of the velocity profile were

calculated by using the equations,

D
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1
UN

b ./0 = J( ) d (y/r5 ),1- UNmax
0

1 UN U
a/b = j (1- N )d(y/i:»,U UNmax Nmax

0

H = b./e

respectively. The area under the velocity profile at the exit

was integrated by using Simpson's first rule and subsequently the

area- average velocity at the exit was computed.

The experimental values of mean axial velocity within

the boundary layer at the exit plane were fitted to the universal

velocity profile at the wall given by the following equation :

+ 1 +U = k lny + A

+ +where U = U/U.' y = yU./» , and k and A are constants. U. is

the shear velocity. In the procedure of fitting by the least square

method the values of k and A were obtained for various values of U.
starting from 1 ft/sec to 10 ft/sec, and the corresponding rms err-

ors of the mean axial velocities were computed. The optimum values

of A, k and U. were selected on the basis of the least rms error

which was within + 3% of the maximum velocity. The best fit line

with k = 1/2.989 and A = 4.395 is shown in Figure 3.6, and the ccns-

tants found are very close. to the values, k = 1/2D5 and A = 4.9 ~~•.f

obtained by Coles (68) in the turbulent wall layer.
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The Reynolds number, ReD' was calculated an the basis of

the area-average axial velocity and the nozzle depth, D. The compu-

ted values of all the parameters which identify the exit conditions

are given in Table IV. Considering these characteristics of the

velocity profile, the boundary layer at tile nozzle exit was assum-

ed to be turbulent. It is worth mentioning in this context that the

growth of the jet investigated here would deviate if the exit condi-

tions are changed. Hussain and Zedan (42,43) investigated the flow

through circular jets identifying the exit conditions. The exit

conditions were identified to be turbulent by considering turbule-

nce, momentum thickness and the hot-wire signal characteristics.at

the exit plane. The characteristics of the jet flow were found to

vary with the variation of the exit conditions. Here also it is

expected that the flow characteristics of the interacting jets wou-
ld vary with the exit conditions. The study of interacting jets or

the plane jets identifying the exit condition practically does not

exist in the literature. Table IV shows some characteristics of the

velocity profile at the exit plane.

The jet issuing from the nozzle is obstructed by the wind

tunnel test section floor on the bottom side and spreads on the top

side where another stream with a relatively lower average velocity

exists. l~e velocity profiles of the stream above the jet are pre-

sented in Figures 3.7 and 3.8 for jets of depth 4 in. (10.16 cm) and

6 in. (15.24 ern) respectively. The velocity profile of the upper

stream is approximately flat with a small boundary layer at the top
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The Nozzle Exit Conditions

Depth of the nozzle, D
Parameter

4 in. (10.16 cm) 6 in. (15.24 em)

82.70 ft/sec 77.19 ft/sec
11eanaxial velocity, UN (25.21 m/sec) (23.53 m/sec)mean

84.16 ft/sec 80.58 ft/sec
Maximum axial velocity, UN (25.65 m/sec) (24.56 m/sec)max

.

Power of the velocity profile, n 6.80 6.29

Boundary layer thickness, b 0.464 in. (1.18 em) 0.618 in.(1.57 em)

Rallo of displacement thickness 0.128 0.137
to boundary layer thickness, 6./<5

Ratio of momentum thickness to 0.099 0.104
boundary layer thickness, a/b

Shape factor, H 1.294 1.318

Reynolds number based on the 5 5
nozzle depth, ReD

1.65 x 10 2.27 x 10

Reynolds number based on the
momentum thickness, Rea 1912 2410

Maximum velocity in the upper 55.50 ft/sec 55.10 ft/sec
stream, U . (16.92 m/sec) (16.79 m/sec)smax

Mean axial velocity in the 54.05 ft/sec 52.24 ft/sec
upper stream, U (16.47 m/secl (15.92 m/sec)smean

Momentum thickness of the boundary
layer in the upper channel, a 0.0067 in.(0.017 em) 0.0278 in.(0.071em)

s .

Depth of the upper channel, D 12.25 in.(31.11 em) 10.25 in.(26.03 cm)s
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and the bottom. The oncoming flow from the nozzle interacts

with the upper stream having profiles given in Figures 3.7 and 3.8.

The mean velocity across the test section has been

measured at different axial distances, viz. at an interval of 6

inches (15.24 em) from the exit plane of the nozzles. This interv-

al corresponds to ~x/D = 1 and 1.5 for D = 6 inches (15.24 em)

and 4 inches (10.16 cm) respectively, where ~x is the axial

distance between the centres of any two consecutive holes. The

experimental results have been presented in Figures 3.9 and 3.10

for the nozzle depths, D = 4 inches (10.16 cm) and 6 inches

(15.24 em) respectively. From the mean velocity profile develop-

ment in Figures 3.9 and 3.10, it appears that the small wake bet-

ween the streams at the start of the jet influences the flow. But

this effect decays with the increase of axial distance as the wake

disappears gradually. The mixing of the jet with the upper stream

is notably slow, as is obvious from the nature of the velocity

profile. This may be due to the presence of low momentum gradient

between the two streams. The velocity profile in the region of

mixing is not self-preserving within the experimental range. But

it is expected to become self-preserving far downstream .from the

.exit. The velocity profile in the region of mixing grows monoto-

nously after the decay of the wake. In this investigation the two

jets emanate from the nozzle exit with different average axial

velocities, i.e., the lower jet having a higher average velocity
,;, than the upper one. The excess mean axial velocity is obtained by
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subtracting the maximum mean axial velocity of the upper stream,

U from the mean axial velocity of the lower jet, UJ. Figuressmax,
3.11 and 3.12 represent the distribution of the measured excess

mean axial velocity at different axial distances for the nozzle

depths, D = 4 inches (10.16 em) and 6 inches (15.24 cm) respecti-

vely. The formation of a wake in the region of mixing of the two

streams is very clearly observed in these figures. The wake is

formed behind the plate of thicl~ess 0.75 inch (1.905 em) and the,
size of the wake is approximately the same as the plate thickness.

The excess velocity in the wake is less than zero which implies

that it would absorb energy from both sides. 1he wake size close

to the nozzle exit is sufficiently big to affect the flow but it

gradually decreases and then disappears at an axial distance of

x/D = 7.5 for D = 4 inches (10.16 ern), and x/D = 7 for D = 6 inc-

hes (15.24 em). It is observed that for both the cases the wake

disappears at an approximately the same axial distance of x/D = 7.

For both the cases the boundary layer thickness at the nozzle exit

is approximately the same as shown in Table IV. It is also obser-

ved that the mean excess velocities at the exit for both the cases

are approximately the same. So the disappearance of the wakes at

the same axial distance, x/D = 7, seems to be quite reasonable,

although the exit Reynolds numbers are different.

The mean static pressure has been measured at different.

axial distances, and subsequently the coefficient of pressure, Cp'

has been computed. The experimental values of the pressure coeffi-

cient across the jet are plotted in Figures 3.13 and 3.14 for
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nozzle depths, 0 = 4 inches (10.16 em) and 6 inches (15.24 cm)

respectively. The distribution of the pressure coefficient is

found to be approximately uniform across the jets at all axial

distances except through the wake but this is not clear from

Figures 3.13 and 3.14 which are drawn to a compressed scale•.

This is, however, clear from Figure 3.15 drawn to an enlarged

scale. _

The maximum mean axial velocity decay: in the downward

direction as shown in Figure 3.16. The velocity is found to de-

cay in a iinear fashion as shown in Figure 3.16 for both the

nozzles. The experimental values are fitted to straight lines

by the least square method and the following equations are obt.-

ained.

UJmax
UNmax

= - 0.016 (x/O) + 0.965

UJmax
UNmax

= - 0.026 (x/O) + 0.971

It may be noted that equations @. ~ and ~.~ correspond

to the experimental values of velocities for nozzle depths,

o = 4 inches (10.16 em) and 6 inches (15.24 em) respectively.

•
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'l'hedecay of the maximum mean axial velocity within the jet

observed by various authors is shown in Table V. These results are

applicable to the developed region, whereas the present study is

in the near region of the jet, and the results differ from e10se

in the aforesaid Table.

Figures 3.17 and 3.18 represent the maximum mean axial

velocity distribution in both the lower jet and the upper stream

along the axial direction for nozzle depths, D a 4 inches (10.16cm)

and 6 inches (15.24 em) respectively. This will help one to get an

idea about the actual range of speeds in which the jet behaviour

has been investigated. It is seen that the maximum mean axial ve-

locity of the lower and the upper streams decreases linearly exc-

ept close to the nozzle. The rate of decay of the lower jet vela-

city is faster than that of the upper stream. This may be attri-

buted to the fact that the lower jet having higher average velocity

imparts momentum to the upper stream having relatively lower aver-

age velocity.

A typical sketch of a jet velocity profile in streaming flow
•

is presented in Figure 3.19d Two tangents AB and CD can be drawn to

the two flat velocity profiles of the faster and the sl~;er streams

respectively. A third line EF is drawn through the experimental

points lying in the region of mixing of the two streams. The angle,

.4'. between AS and EF is the slope of the mixing prOfile. The

value of 4> has been computed at different axial distances and
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plotted in Figure 3.19. It is seen that the slope of the

mixing profile, ep I decreases in a nonlinear fashion along the

downward direction. It should be mentioned illthis context that

as a result of exchange of momentum between the two streams,

the slope of the jet boundary decreases along the axial direc':'

tion. And at some point far away from the nozzle exit it will

reduce to zero.

The mid point of the uniform velocity portion of the jet

is plotted in Figures 3.20 and 3.21 for.nozzle depths, D a 4

inches (10.16 em) and 6 inches (15.24cm) respectively. The exp-

erimental values for the mid points, except those very close to

the exit plane, lie on a straight line obtained by the curve-

fitting principle. These points on the velocity profile fall

below the geometric central line close to the nozzle exit and

then gradually move up to merge with the geometric central line.

This phenomenon indicates that the bottom plate of the nozzle

affects the velocity profile close to the nozzle exit. This is

probably due to the existence of the stagnant eddies at the step

corner beneath the jet. As the eddy growth due to recirculation

gradually disappears in the downstream, the velocity profile

regains its shape with axial distance. The geometric centre-line

and the uniform velocity portion centre-line merge at x/D = 10.5

and 9 for nozzle depths, D = 4 inches (10.16 em) and 6 inches

(15.24 em) respectively.
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A comparison of the present experimental results with

the experimental results of Irwin (9) sl,owsthi1tthe excess mean

axial velocity decay agrees satisfactorily for the nozzle of

depth, D = 4 inches (10.16 cm) but the agreement is not satisfa-

ctory for the nozzle of depth, D = 6 inches (15.24 cm). Figure

") 3.22 shows the variation of mean excess velocity along the axial

direction. Irwin (9) carried out his experiment at a Reynolds
snumber of 2.80 x 10-. l~e depth of the nozzle was 0.265 inch.

Actually IrvJin's (9) results were for the developed portion of

the jet. 50 the present experimental results are likely to diff-

er from Irwin's (9) results.

The minimum distance from the wall at which the maximum

velocity is attained is called the width for maximum velocity,

y , of the jet. The experimental values of the width for maximum
m

velocity were plotted in Figure 3.23. It is seen that the width

for maximum velocity increases linearly along the axial direc-

tion for both the nozzle depth, D = 4 and 6 inches. A straight

line was fitted to the experimental points by the method of

least squares and equations ~.3] and ~.41were obtained for

D m 4 in. (10.16 em) and 6 in. (15.24 cm) respectively.

Y /D = 0.0136 (x/D) + 0.3636
m

y /D = 0.0235 (x/D) + 0.2107
m

The present experimental results are compared with

those of Irwin (9) who has confirmed linear variation of the

width for maximum velocity.
(



TABLE V: Compilation of Half-width Growths and Maximum Mean Axial Velocity Decay for Wall Jets
of Various Geometries. ':,

Type of Investigators Streamwise variation of half- Axial decay of maximum mean

flowfield width growth, ym/2 velocity, UJ .max

Glauert (11) 1.0 -0.583
x x

Two- Sigalla (3) 1.0 -0.50
x x

Dimensional
wall jet. Bradshaw and 0.91 -0.53

Gee (6) x x

Schwarz and 1.0 -0.555
Cosart (4) x x

Bakke (69) 0.94 -1.12
x x

Radial
wall jet Poreh 0.9 -1.1

et al (70) x x

Three - Sforza and 0.78 + 0.07 Characteristic Decay region
x -

Herbst (7) (for all conventional orifices e = 0.025 -0.41
dimensional : x

tested, in both Characteristic e = 0.05 -0.43.
wall jet : x

.

Decay and Radial Type Decay e =- 0.10 -0.16
: x

regions) Radial Decay region
-1.1x

(all conventional orifices tested).

!
CD
I

(I -t '4\'iJ
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The half-width, Ym/2' of a jet is the distance from.

the wall where half of the maximumvelocity is attained in

the outer region of the profile. The variation of the half -

width of the jet in the axial direction is shownin Figure.

3.24. The variation is observed to be nonlinear. These resu-

1ts have been comparedwith those of Irwin (9) who has shown

the variation to be. linear for the developed region. The pre-

sent experimental results are applicable to the initial regi-

on of the jet where the flow is not self-preserving. The gro-

wth of the half-width for wall jets of various geometries

observed by different authors is shownin Table V.

3.4 Mixing of TwoShear Layers in the Absence of a Wake

The exit conditions of the streams on either side of

the splitter were identified by measuring .the exit mean axial

velocity and calculating the displacement thickness of the ve-

locity profiles. Measured values of mean axial velocity at the

exit of the nozzle are shownin Figure 3.25 and 3.26 for the

lower and the upper stream respectively. For each stream the

velocity profile is found to be symmetrical about the nozzle

centreline. The experimental 'points were fitted to the equation,

UN/UNmax•• ( y/o ) 1/n , and the values of n were computed by the

method of least squares to be 6.47 and 6.57 for the lower and

the upper stream respectively. The boundary layer thickness, the

...

momentumthickness, the shape factor, the average axial velocity .~:.".
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and the Reynolds number of the flow were calculated in the

manner des=ihed earlier, and these values are shownin Table

VI. Considering these characteristics of the velocity profile,

the boundary layers were assumed to be turbulent for streams

on either side Of the splitter.

The two shear layers separate from the knife. edge of

the splitter and mixing starts from the exit. The mean vela-

city a=oss the test section has been measured at different

axial distances, viz at an interval of 6 inches (15.24 em) from

the exit plane of the nozzles. The experimental results are

presented in Figure 3.27. Fromthe meanvelocity profile deve-

lopment in Figure 3.27, it appears that the mixing of the two

streams is slow compared to that in presence of a wake. The ve-

locity is uniform in the central portion of the two streams. The

velocity gradients occur at the interacting regions. The gradient

becomesmore gentle as one moves away fran the nozzle to the down-

stream side. This phenomenonindicates that energy is being trans-

ferred from the lower stream to the upper stream.

Figure 3.28 represents the maximummean axial velocity

distribution in both the lower and the upper streams along the axi-

al direction. It is seen that the maximummeanaxial velocities of

both the streams decrease linearly. The rate of decay of the lower

stream is faster than that of the upper stream. The reason is that

the lower stream having higher average velocity imparts manentum

to the upper stream having relatively lower average velocity.

.~, ,
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TABLE VI : Exit Conditions of the Velocity Profile
for the Knife Edged Splitter

•I

Parameter Lower Stream Upper Stream

Depth of the nozzle 9 in (22.86 an) 9 in.(22.86cm)

Average axial velocity 62.62 ft/sec 53.99 ft/sec
(19.09 m/sec) (16.46 m/seC>

. t
Maximum axial velocity 64.815 ft/sec 55.971 ft/sec

(19.76 m/sec) (17.06 m/sec)

Power of the velocity 6.47 6.57
profile, n

Boundary layer thickness, 6 0.581 in. 0.531 in.
(1.476 on) (1.349 em)

Ratio of displacement
thickness to boundary 0.134 0.132
layer thickness, 0./ b

Rat1:oof momen tum thickness
to boundary layer 0.102 0.101
thickness, e/l;

Shape factor, H 1.309 1.304

Reynolds number based on 5 2.37 x 105the nozzle depth, R~
2.74 x 10

Reynolds number based an 1808 1417momentum thickness, Rea
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The meanaxial velocity difference of the two

streams at different axial locations are plotted in Figure

3.29. This velocity difference decreases linearly at a

slow rate compared to that in presence of a wake.

The width for maximumvelocity, y , was calculated
m

at different axial distances and plotted in Figure 3.30.

The values of y increase in the axial direction, and fit
m

to a straight line given by the equation I

~ 0.0074 ( x/D ) + 0.0766

The pressure was measured at different axial

distances, and was found to be uniform across the streams

as shownin Figure 3.31. As this mixing of shear layers takes

place in the absence of a wake, there appears no pressure

drop in the neighbourhood of the exit al though it did exist

in case of mixing in the presence of a wake.

/



QiAPTER- IV

CONCIllSION

The present investigation is on the interaction of two

asymmetric confined turbulent streams. Experimental results are

obtained primarily from the data of the mixing zone of the two

streams and the conclusions drawn are more qualitative than

quantitative.

A wind tunnel of test section 1.5 ft x 1.5 ft x 10 ft

8 inches ( 45.72 em x 45.72 emx 325.12 em ) has been installed

and all its components except the fan have been fabricated with

locally available materials. The wind tunnel was calibrated and

found to showa uniform velocity distribution in the test sectim

with no pressure gradients, and the flow was found to be two-d1m-

ensional. Nozzles were set up within the test section to produce

jets.

The characteristics of mixing of two shear layers depend

upon the exit conditions which were identified here. The displa-

cement thicknesses at the exit plane,s werecS./c5. 0.128 and 0.137

din
. 5 . 5

correspon g to Reynolds numbers R"o • 1.65 x 10 and 2.27 x 10

respectively. The boundary layer was turbulent at the beginning

of the jet flow, and they formed the mixing layers with a wake

between them. A similar flow was generated by using a knife edged

splitter to have the mixing layers without wake.

-53-
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The meanaxial velocity and the meanstatic pressure have

been measured a=OSS the jets, and the experimental results are

comparedwith those of other investigators, and the results are

found to agree satisfactorily except close to the exit. The mean

velocity profile within the mixing region of two streams was fo-

und to showa high shear due to the presence of a high velocity

gradient. This velocity gradient gradually decreases in the down-

ward direction, but the rate of de=ease is not as high as in the

case of free jets. The velocity profile in the mixing region does

not showself-preserving character. This is probably due to the

presence of large eddies and their coalescence and subsequent bre-

ak down.The thin plate between the two streams =eated a wakewh-

ich mayalso be a cause for non-self-preservation of the flow.

The maximummeanaxial velocity was observed to decay

linearly except close to the outlet for both the lower jet and the

upper stream. The rate of decay of the meanaxial velocity was

higher for the faster moving jet comparedto that for the slower

movingupper stream in both the cases, viz. D a 4 inches (10.16 CIlI)

and 6 inches (15.24 on).
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Nopressure gradient was found to exist across the

jets except for a small pressure drop.in the wakeahead of the

thin plate which separates the two streams.

Thewidth for the maximumvelocity, y. increasesm

linearly along the axial direction.

Thewakeformedbetweenthe two interacting streams

disappears approximatelyat the sameaxial distance. x/D. for

both the jets because the excess meanvelocity is approximately

the samein both the cases.

The slope of the mixingprofile decreases alcng the

axial direction in a nonlinear fashion.

Thevelocity and pressure distribution in the mixing

layer in the absence of wakewas found to maintain a trend si-

milar to those with wake. But the velocity 1ri the mixing layer

developedat a comparatively slow rate which was probably

il
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due to the absence of wake. The width for maximumvelocity,

Ym' for this case also varied linearly with the axial dis-

tance. The pressure was found to be uniform across the ..

streams at all axial distances.

- 0 -
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FIG. 2.18. A FRONT VIEW OF THE WIND TUNNELUSED FOR THE EXPERIMENT.
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FIG. 2.1C. A REAR VIEW OF THE WIND 'IUNNE:L USED FOR THE EXPERIMENT.
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FIG. 2. 2B. A VIEW OF THE EXPERIMENTALSET _ UP.
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APPUWIX - I

THE PAitTICULARSOF THl;;'.;INUTUNNJ::L

The Converging Section

Length of the duct 5 ft (152.4 em)

Ratio of contraction 5 : 1

\'1deside dimension 40" x 40" (101.6 em x 101.6 ern)

Contraction side dimension 18" x 18" (45.72 em x 45.72 em)

Haterial Used 15 SWG - Black sheet.

The flow Straighteners

Made of Iron wire net

~ieshsize 16 holes / inch.

The Test Section

Length of the duct

Area of cross section

10 ft 8 inches (325.12 em)

18 in. x 18 in. (45.72 em x 45.72 em)

)

•

~\aterialused Perspex, Wood and G. I.'Sheet •

•106-
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The Diverging section

Length of the duct: 15 ft 6 inches (472.44 em)

Angle of divergence of the duct 60

Material used

The Fan :

15 SwG - black sheet.

Type: Contra _ rotating multistage axial flow fan

Capacity: 330,000 cfm (849.51m / minute)

Head for free delivery: 6 inches (15.24 cm) of water

Two stage L - type aerofoil fan

with pitch angle: 31/ 270

Diameter: 38 in. (96.52 em)

Speed of the rotor 1475 rpm

Electric supply 400/50 Hz /3 ph.

Manufacturer: Woods of Colchester Ltd., England.

Code No.: 38J TE

.Frame Size: AF 4049.

1/



APPENDIX - II

UNCERTAINTY ANALYSIS

i) Uncertainty for Velocity Neasurements

Let an air stream of density e. (slug/ft3) flow with a

velocity Y (n/sec). A pitot-static tube is placed parallel to the

flow, and the

(ft). Let the

3(slug/ft ).

dynamic head is measured by a manometer reading h

densi ty of the liquid used in the manometer be Ii

or,

or,

or,

~ey2 = h Ii g

y2 = 2( Ij / Itt.) hg

V = J 2g(fl/l;,) h

V =/29(WI/Wa)h

( 1)

( 2)

where WI and W
a

are the specific weights (lb/ft3) of the liquid

and air respectively. Suppose the sensing point of the pitot-

static tube is deviated by an angle e from the direction of flow

due to wrong adjustment. Then the measured velocity will be

given by

V

But we )mowthat.

Pa = W RT
a

where Pa, R and T are the pressure, the gas constant and the

absolute temperature of a gas respectively.

_108_

(4)
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From'eqns (3) and (4) we get

V Q
2gx 62.45 sh cos 1'1

(Pa/RT)

(5)

where s is the specific gravity of the li~lid.

or,

or,

V Q j29R x 62.45

2 Rx 62.45
V Q 12

thT--p; cos 9
@y P", cos 9 if the manometer reading

is taken in inches.

V Q C [iil (6)& cos 1'1

where C Q

2gRx 62.45 ( 7)
12

Let us nOl-!differentiate both the sides of eqn (6) with

respect to s,~T,h and 9 respectively.

-~
(~)Pa

hT C ~T-cosec - -
Po. 2 sPa

cos 9 (8)

1
shT ( - :T)

ali:
C j shTcos 9 Q - - ~ cos 9
2 Pa

(9)

sh Ccos 8 Q -2Pa GE:-I TP; cos e ( 10)

C
Q -

2
sT C
I'b< cos 9 Q '2 (if.V lh cos 9

( 11)

~

hT= C -- (-sin 9) = - CPa
I shTPa sin 9 ( 12)
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Let Uv be the lUlce,rtaintyin the result) and Us' UPa' UT' Uh
and U6 be the W1certainties in the 'specific gravity, pressure, tem-

perature, manometer reading and angle of deviation respectively.

Combining eqns (8) to (13) we get

Combining eqns (6) and (14)

(14)

(15)

r-
I \
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Putting

S D 0.834 • 0.025

h = 1.48 in. • 0.01 in.

Fa D 29.85 in. • 0.1 in. of Hg

T D 28°C • 2°C

e = 0° • 3°

Uv
_ D 0.0158 i.e. 1.58%
y

ii) Uncertainty for Pressure Measurements

Let

Pa = atmospheric static pressure

P = static pressure in the stream

Pr = relative static pressure ( = Pa - P )

",.

Now,

or, Pr D W h
1

2cos (90 - el

or,

or,

Pr =

Pr D

. pay2 2
62.4 sh - 2RT9 sin e

if h is measured in inches.

or, Pr =
2sin e



where

_112_

C = ~ = 5 2•"1 "12
("17)

= -
"1 - 4= - 2.9"13 x "10

2 x 53.3 x 32.2
("18 )

Let (19)

Comparing eqns (16) and (19)

P1 = C1 sh

2
. PaY Sill.2 eP =C --2 2 T

Let Up and Up be the uncertainties in p1 and P2 respectively.
1 2

Therefore,

( 20)

( 22)

".



or,

lli-

-11)-

(23)

Putting

+
S m 0.834-.0.025

h m 3.07 in. + 0.01 in.

Pa ~ 29.9 L~. + 0.1 in.

V m 84.16 ft/sec. + 1.33 ft/sec.

( 24)

"

,";'-
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Eqn.(22) gives U'P1c 0.03015

"\

. UP c 0.40145.. 1

Eqn. (23) gives
UP

2- ~ 1.4139
1'2

Eqn. (24) gives UPr m 0.40145

U:r"f.m 0.03015 i.e. 3.01,%
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1t-=(Nrl'YE.::Q.l) (;0 Te ~c.
••RITEIJ.4;)

4 <; FuRMAT ((,'{.' NU.'ltlLR Li HEI GH T GF
----i'C:.S15cbJ --A.\TIiJ- - nA<;TIOl'-"

C:) 2 t!
00 ~ J
002.
002:;
002/:>
C021
002',
')02 j

003 )
00 .; 1
JO J 2
003J
OJ,n
CO j"
CO..JS
OO,J!
00.3,J
00,3'"

0,) I ~
0) I J
CO I'.
CO I ~
00 I"
0) 1 1
001 J
JO I }

OJ ~)
OJ 21

CO" :)
CO 41
OJ 42
00" J
00 •••

~ .
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L

A

( FT

(I"CHI

STATIC

. HEAD

j-J ~[5SUr~t:.

[It.. INCH)

( INCH I

READI f\G

I,. Ch I

'~ANLML TEf.<

liN

RcAul;;-~G H

LL N,; Trl

LJF Tl M'::

(M 1i'"JTt:: I

TIME OF

A I I LN.

tb ~f:Rv-

l~dNLT::') ')

([N l~Che:'j)
"Jf\;./[N.).)

oj 35 EkV-
:JF' •

00,..>
004 •.•

C053
0054

00 '.7
004'.1

-CO-,.<T------ -
0050
0051
0052

'ARlTd::.3)
50 FOI"-1.\T(I~.' CO"ch."AIILi'. PITl,;f Tt-bc

2 " JF Uf- ric IGH I' J
~k(TE'::.51)

~ l F'URMAr{ l.( .• '
3/5ECI "/VC
... GO t iJ ': I

,,2 COf\r (.~v.:
\\H IrE ( .::• :L1 J

S3 FOf.fM~r(l;(.' Nt). lJt=
1 I R - ~p L E J ,~I< rIO' )
~~ lrc(.;. :j,l)

54 FURM4Tii'(,'
2 V~0~0~5-G~----------,.-nI'll: ( -~t :3 -:3"1

0056 ,,5 FO h.,~AT (I (.' A T 1UN •
3 [F 1 / s=: C) ,,/ 'Ie ')

0057 oRIlE(:: • .>3)
0058 56 FOf."1AT I 1_(.'
COSY ':>7 CtJt-TI'iU=:
0060 R E A,)( I ,j il j (N J.~cliOfd 1 I • h£:.I GH Tl [) .H 2A D[ I' ,:; T" T J C ( I ) • r = 1 .N R i: AD I
0061 ::.e FOI<M'\T(£ 1 ) •. $1"10.21

-- ---00 b2 -- .- -F(J'LL-h= ~..:'lG"f (NRI': AU- )-H_I (''ll rn
006J IF(i'\ln.JL~.2,] • .c) FuLLh='17.~O
001>4 IFINH.JL..: • .20.11) I'Ul..Lt.=17.9C
00b5 HALFH=FJL~H/2.
0066 I-ALFh!=rl"LF'-l+HEI GHf( II

- 0067 IFINHJLC:.'::<.l.<!1 HALFH1=-I-AL"H+HEIGHT(II-I;I1<KrLO
0063 DO 60 1= I .NR2AD
0069 TOLE~N=I.OE-4

------0',) 70 EfH~ut<c=.;"TGHfTT) -tl"[~f-"-;l~'----------------
0071 IFIAaSI..:RRORCI-TOL~hNI59.5S.60
00-72 5<; NCENr.;~_'IU-~lj~RI II
0073 GO TG ~I
0,}7" 00 CONTINI.":
0075 I>I htADC,<=dE4i}INCENTHI
0076 CALL f\ Jt<,.>!::"'HrEMPEk,PJ...G.SSh. .• ~PlllA 1M! .'UcNAI.k~
0077 ~EL5~=-(~"~AMUIL'HEAtLh'12.)/DE~AI~-c. --
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-- - ---------

VCENT.~=;) lTlVcL5\.l1
IF (Nr IIC •.oil. II "Cl:.Nll-=40.o/O
IF(NTIN~.~J.JJ GO TL L~
O~PTri="~I~hTi~R~A~I-t~I~H1(1
(lJ 1e c I

I.>2 CU"1 I-I."
------~__oEPT1_i=~::: r:;iiTCN REALl)- Lt::l GHT (I I ~(I • / 16• )'

IF(NH.JL~.,C.<!) 0~""Th=17."'O"1./ b.
IF (;.HJL.i.::::.l1 ) Ol:Plh=17.9C+l./I6.

03 CO~T 1_\.,~
CObt.; l::;;lt,'IIt~~AD
IFINi [1'1,-::.,,;;.01 GiJ H. 0"
o [ ST A _ II ) = He 1GHr 1I ) - H. I" H1 (l »
GO ro 63

-'V'4-CO"'L"C,- - -- -- --- ---
DIS T -\I l[ ).:H" I";HT ( [ )-I.L I..,h 1 (I ).•(1 •/ 32 •)
1;:(,NH.JLi • .i.l.d) fJl::ilAf\.{ IJ==uISfl\'" [)+dAr<. •...LCJ

6= (O"TI';;,=
HI AC r..•I I ).:::> [ j T AN ( I J ILL f- 1 h
V tOt:.S:H =( 2 •• G "'1 0 I L ••Ht A L ( I ) / 12 • ) / ) "" AI "
A I ~V EL ( I J = :.; ,liH ( VEL S", h. 1
"41 10 ( I) = '\ I R 'IE L ( I I /\ l < to- T"

-- ------rf'T;;rrTN"z-;"':"O;-Il- G"T(o(;7-- ------
" R [ 1 to ( J. 6" I NU ,u r::h. ( I ) • I" l:. I G to T ( I ) •. IL AJ ( I ) • 5 r A 1 I C I I I. A ( "''I E L {{ I. R A TI 0 (

1 U .F.1ACr. .• (1)
6 0 •..aRM l\ T l. £+ ,( • I G.•2 x. r 1 O. ~ , .c:. x • F 1). 2 .•3 ( .•F 1 v. 2. 2.( ,I- 1~ .2. • FlO. 2 • J- 10 .2/ )

(0 r a f J
b7 CJN11OlL2

~R IT c ( 3. b J I ."0 '~dE f< I I I • r,L I G •...1 I I ) • .:> I 31 AN ( ( ) • HE ,,0 I I ) • S 1 '"rIc (I ). "'I kV EL
1(1 1."'-\IlJI II

--------o""S' ....•Fu-FfMArr~' .(-;.t4-;-2..;(;-~f\)~:-;-~x;FI"C:"2-,1-:(-, Fl-')."2. l-,('.3F1J ~2/"}---- - -----, -- -- -
09 CONT 1_~2

IF (Nr[1\'~. =~.1) GU n.• b"
JF(NHuL~.l.ir.l) uU Tu 7;:;
AG AP 1= C •. J 5
AGAP2=J.I)

'---------AG"AJT3"=1I7Al'.I'-----
AI"1EK=\,,-\PI

C
CJ7cJ
C07'}
COelD
DC d I
COd2
C.)9J
0,)d"-
0;,) '3.,j
CJt3eco d'7
CO 3',i
CD:l\i
0.) .;)

-- -- CJ91
'.Olf .;z.
0,) " I
0.) 9/.
;;O~;5
CO 9 •..')
0'J97
0) 'J rJ
OJ9 }
010.)-
01,)(

010<
0103
010 .•
010.3

0' __ - _

01'00
0107OLD,:}
01.)\1
o I 10
o I I I
'On2
o I IJ

<.

•
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C

lS='.F8.2)

IF(NHLlL:::.ur.l) GO l"U 'll
,,~!TE( ".-lIJJENAIf~

'Jl FORMATI;!(,'THE u~NSITY OF "'1'1( l.. SLUG5/":UdlC FEET)=' ,,; 12.51
CALL 4[:';:;,)( 1",;'~PER,vISLuSI
~RITE{~,;81 .Iscas

-is FORM4((.!(,<TRE tuEFl-it ("NT OF VI5C&>Dy-{TN "CUG57FJ -~EC1='7ET2;C;-J
RENaL.;=( ')'::NA I~ "VMEAN"UI:.PTH)/ (12. «Ii 15C05)
oR IT E ( ". 7 5 I "E "OLD

75 FoJR>IAT{I.<.' REY,'IULDS NU.ldASED oJN "'EAN Vt:LGLI TV AND DEPTh CF NUZZL
1 E)=" IE 12bc)

'f e cu 1\r (N I.e
KOUNT"=(
!5ELF,"'.(=.H-1VEL( II . _'.. . _

C
0136
0137
0138
C 13}
0140
Ol4[
0142
014..1
0144

0145
0146
.01'+7

C

0114 f\STA~T =1
01 15 ""Ef\O.:r-l.~:.:r\.J 1
01 1(> C '\ LL ",j [',1 311N ( .) I S'T AN , f', 1 h" l L , A 1 NT E ~ , N ST Ai, T f N:: NO ,A RE. A 1
Oll"! AINlcR=-\G:lP2

-" --'-----C'Titf--' --- ..-"f,5TIi:i<T=-n<=:40C---- ... --"--.---.
0119 NENO=",,,.o~,)2
012-) Cf\LL S I '"5lJ,~' .)1 ST ",\N,,\ 11; VLL. Ai NTE,(, r"lSf Af-l. T, Nc""O ,ARf:.A2)
0121 AINTEW=4GAP3
0122 ~STARr=~~E402
0123 NEN0=NR~4D
012..... CALL ;J14juN(Dl STA.N ,Alh.V!:L,AlNTc~ .NST 4f .•T.N=: •..•.u ,AREA:»
0123 lUTAL4=4W~AI+AREA2+A~~A~
012,';--------.-.;l rr~r.,-;-'!',;f,trT.\Ui-----------
0121 10 FOF<.'IAJ'I!,(,'fHE TOTAL AI.~A CUI'IPUfC:u BY 'f.-IE SIM"'';UNS "ULE
012d Ii~EA~=fJTALA/DEPTH
Ol~'} ~f~nc:{.:.711V,"'EAN
013:) II F()f<'\o\r{~(,'T'1E MEAN "E:.LUCITY (IN fl/SlL) IS=',Ff>.2)
0131 72 CONJ'I'IU::
01 32 At{ IT c: ( ::, 7 J I NC E,; H,
0133 13 FURMH{l (,' THE c.£. t-.T1.A L COS.oRVAr [ON NJI'.:JER IS =' oJ 3)_.-, ---0 1'j"~-- - -- ---.;n"'Ec~';"n__r_VC_ENII,"---" .- -.---- ..- - - ,'-_" ,
0135 74 FuR:~Ar(l(,' THE CE:."lf..ALJ£.LOCITY ([,j FT/Si::CI 15='.F7.21

"
.,

"'"

"
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c

II/EXI

~RITEI1.~1JCuFLuL
d 4 1"0 RI~ >1 r II < •• rHE L UC AL L Lf L G 1\ (I I' F T /~ EC I ~ •• FlO. 3)

tse COi'\TINuc
SICP
END

C

015:;;
015b

0157
0158
0159
'ITb<Y
0161
0162
0163
0104

0170
01 7 I
Q.!..U.

CO 77 1=2. tNr-l:EAD
IF(Al.(.;t..:,-'I'.LE.SELf-MX) GI,... TO 17
SELF'~(:~I <~':Ll II
KUUNI~:!

, 7 CO NT! 'H .•.'::
'oR IT..:I J. 'j) KLhJ,'lTII.r- ~,A( I "I KDUN III) • :>E.LF 11,;<.'{AT 10 IKGU I'T III

7"'dFtfRl'n-n 2':(;",1-iF Lcrci'lTI"1:'i\'';;' 'NA"N II JOe iJrF.f'AX-lr.l'UM -VEC'CCTT..-,n,p'. / / I TO-
1.3IS;(.F'3.JII
~RlTcI2.1J)

7", FO p""1i1 I (I' // / / / 2X.' NU"'~l: r- DI ~T '\;~CE. F KACT ION V/S E_ F "'AX
In~AX C'> lXIT-CC S>::Lt--C{, DlSTANO,,'l
!F(L\JC,(.~J.ll EXIIMX"SI::Lt'MJ<
00 8 1 I ~ I • NK lOAlJ
CALL EvLc:"I" fA TI C. SI:.L f MX. GAMOI L. ,>E: M 1~. I .e CEFe,,)
'"SP'S'c:CF\ rr-=-ATIVECI' n75FCF~TX ..
SPE:< IT (I) ~AIRIIEL( II/LXITMX
REX! f( ! I = 1 A! K II~L ( I 1- LLI-L (J'li ) / 1EX ( IM)(- CDFL U ~ I
R5 ELF 1 I) 0: (A I ;lIlEL 1 I )-CGFLliL)/ (SELI=M >- COFLDL)
WR ITE( J. 3)) ,'lUMdER 1 II.DISTANI II.FRAL TN (II. SPSI::Lf 1 I I. SPEX iT l! I. CUEF

9 CN ill. ,'I'::: < ! r ( !) .R 5 I::LI- 1 I ). D I 5T AN II IOlb5 bO FORMATI15.e(Zx.FIO.3)/)
0166 dl CONTINU~--------0107 82 COl'<TII'.fOiO- -- ----, ~ , __

C
0163
016,J

01.41t
0149
0150
CI51
0152

~. 4 01 53
iJ'I--~-'-,.-----

,
..._.:;.

J ,.
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---- --------- - - +-

-------- ---- ---_._-- -- _ .._-

000 I SclBkOJ r [.',2 :; 1M50NI XClh U. YCORO. AI :-ITER .N ST ART. NE"'0."1 PE M
C* ** ** .* 4 .• * .•• * .•*" ** ** ** * ~**** .*,* *'.;; ** ** JOI* * * .•* ..0:***.~*. ** • * .•*" ** ** * * ** .:;,r:~**;0: * * ** *'

--------------'" Til I S:h;l-1~-hJ-F-I- ••E-U5-ES~HoIP.S_C_N.-5_r-{k ST--"tUL-~Fai<-NLJ Mt::I'-I'(;.<\-L_I NTEGRAT-I ul\--*- _"
C TO CJ-~p_Jrc THE AR!:A L"DLI'< lHE .~i"N AXIAL VELlJCITY PROFILE.THE ARE:A ••.
C IS TH"i-~ ')IVIJED BY lLL NuZZLE Oi"lH TlJ OOTAIN Hi!: AkEA-AVEF<AGf;' AXIAL'"
C VElOCI Tf CF 'ThE 'tIALL JLT. ••.
c~** .•• -t:* ** •• *-11:,~*.'*~**$** ****,****:JI!I:c. ** ** **".** ** .=r*** ** ** *~**** ** **** ** ** ** ** ** *0002 DIME",:; UN ,X':0RO( JOO) ,YCLRul300 I

oe03 CDC=C.C
000'> EVEN=J.O

------oe-tl5 M 1-=tvE1'otC-t----------- _
C006 KOUNII=~5fAKT+1
0007 CO 47 J='<JUNTl.'~1.2
coDa EVEN=EII2:N+YCllkD( J I
OOO? 47 CO"T l'Iv2
0010 M2=NENC-2
0011 KUUNTZ=,Sf4l'<T+2
0012 CO 48 I=KOU~T2.~2.2-------.c-o--r.!'----------frJo=oot) •."y.eei"'tu-{-t)- ~~_..~ -- -,
0014 "I: co,,-rlNL.:
00 15 AHEA=( .\I"l fE,,/J. j *1 YLLh LJ( NS TART H',. 0* !:VcN+~ .0 *000 +YCO,,;) (NENC) IOOlb- REIU~N
C017 END

OOJI SUBRuclTI,~'= ..~tEU(TEMPt~"VISCOSI
C.:;t *»..t* .,:(1. ,* • .0:* -+* .jI* .••. -lJ:-* **** **"** ** ** ** .••'** ** ** ** ** ** ** ** ** '.(t* * .•.**- ** ** *** .•** ** ** *-------------€ TH-I-s-s-l>d.~F_i-N_~€-bI!P b 1 E:(; TI.E C-iE-FH€-Ho'-Nr-a-F-V-{-5E-G-&-I--l--Y-fJF-A-lR-I,F-T-HI--E-'O"~ _
c ATMOSPHE,lIC TEMPERATI.f<!: (11'. DEG"/iOES CENTIGRADE) IS SlPPLIED ElY THE ••.C MAIN PhJ~RA~. ••.
C*~**.**•••***~*****.****~*~***********.~***.**************.****.*******~.*OOO~ TEMP1~JE~;>ER~9./~.

0003 FAREN=TC::.'~PI.32.
0004 RANKIN=~AAEN+459.b
0005 FACTOR=I, -JE-8

----~oe.06 IM'S(;ti=-erc'7 .••.(-ftkN!l:-t-N- ••,.-I-.-5-h'+I<A .••I'd,.•.-I.'ii:l.f>-) '_'_ . , ___. . _
0007 VlSCOS~VISCJ*FACTlJR

00013
0009

c
RETUJ;N
ENe

''\r----~:''':=---------------------~*~------------------------------------------------------------- ~-, , ...'> --- - \



•

----------------._---
TIME 12 ••51.53 PAGE Qt-10/02/83DJ;,T'~E l; Lf:. RO"TiS, FOP-TRAN I V .]60N-FO-.'f.79 J-o

-122_--=-~""-'----------------- -----------_._------------- ._--

----....O:O<i_~ _
DC,) j
GO iJ'l-

0-----;--00'.05--
0006

_ <] °_11 .. _

-.-.--OO,l1'------------su.eM.'t):rr-!'~-~T'A;_'f-re_.___vj"_I;._e-e_h;;••,'<\ 51 L~"ffio__roe_eEi"e_m----------_---. . ._
C:;r. ** .:t~n~;;;; :4j* ** ~*= * * *' -'1** *.-;s:.*,* **,*,*-** **_,** ** -** ** ** *~** ** ** ** ** **_**_** ** $* **** ** ** ** *

~~~_~_. __ . C TH r S .:.i lJ.'j,.( Ji.J r INE CUMf-'liTf_S THE PRe '.is URE CiJEF F! (" 1 ENT J F r HE S 11\ Tie HE AO*
e---- 1i;t ;J'=.L071TY "NO IHL-CEt;SI IV Ot-~~~sapPL!t:D GYI"R't:. MAIN~t-<.uG~,~-"i---------------
c* ~o;. ** :;c-* * ~ -* *" :i* *,.;" * -* -~ * ** * *- *~*- 4: ** =9: * "** ;; .• ** ** ** t:* ** ** ** ** ** *'* $.*" ** -* ~ -* * ** ** ** * * *t. *.----D.I.I<;c;:"S .1-1-'1-.$ TAT Ie 13-00-;l-~U££c.uw cu.) __ .__ . . .__.

s r A r;..).~-=! :5 r ~ T l C ( I ) / 12 • ) *GA /lit L I L
DY r... '\;';R -= ) • ':.) ¥l)EN A! k* Vf:l L <.. T -*.J(: 2

-----eO.E-F<:"'i-[I-I.~Sf A-f--/trYti'A.f~ •..••-t-rr.I----- .._...._ __ __ ..._~______ ____
j-),El'jJ:~.\j
eNC

- ---- ._---------- ...-----_.
-------- ---_.-

-. - -------- --------------------_. ------ - ---- --- - "---- "---,-_.

>------_.- ------

-------_._---------------------------

--_._--
PAGE 00012.51.47

- - -----~-------------------------._------------- - ----------- -- --
UO:i FORTi~AN IV J60N-FO-:'7~' J-8 Ai~Dt"N D4T~.: lO/02./ij3 TII>1E

00 J i SD.E1TJv'TTI~ c ,qTK1JET'Trn::-~FER9P'"Rc .:;.~:"'!.;-::JI:r~.......-.::rG'l7iTFn
(..'\1: ** *4" ~ *' **"* *' * *' ,tf * 1): ",'> ~*** * * * * 't-~1,,* ** ** *"* *~#:..;: ** ** ** *.;.: ** ** ** Jt' ~ ** ** ~* ** =** it: * *¥ -* *" ** '*

-----------~-.----~-~-f;2L7~;,<i~~~l~f.;~~~~~~ i~~~L~~,~~Ilr NgFt~~~E~~ r0~~.i';Al N PRCGRAM :

C**4.***4~**~*~*~*******.****.*••*~*.***.~••****.*.*.*.*****.*.****~** ••**.-- -DO-'.)-.::- - ----.----A-d-S.:r-~.'.i--=-,2-7-J-,,_t__:r&~..:.R- . . . _.__ __.. ~ _0003 RCCNST=15~
0004 PRESS;::P_<CSSK*13ob/12011
O'o--O~--'-------- P:::::.SP-"1\-l~.g"Res.s'~------- __ . _
aD 06 GAMA ll{-:::'.) / { t<CONST *ASS lEMJ
0007 DENA.(~=.:ii\'4A[~/32.2G008 ~ETuR~
0009 ENe

.----- - --------- ---------<------_.--. --------------------
_ .. --~-_._----------

.-
----- ---- •• _----- _.~--- <

~
~ ..
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JOt;, FURTK.AN IV JbOI'~-FO-4 7'; J-8 ~,A INPGI' DATe; ,3/02/83 T!I~E 13.1t~24 PAGE 0 C

,- .~..

O;;iJi.
0(' 0 2
0'00 j
OO(H
0005
0000
0007
000:]
0:) ())

0010
0:) ! I
00 l2
0:) 13

00 1{f
00 15
o <J I"
00 I'
0018
00\9
0020
00":: 1
0022
0023
00 2-"
GO 2";
0026
0027
0028
0029
0030
00 J I
00 :J2
003J
0034
0035

C
C* ....*;¥:, ..t--* ~ ~ :.;:« '* *- ~--): -i.* -'dt*4t~ ** ***** *** **.::< .••.** ** ~*** '** **** ** ** **.** ~*** ~* ** ** ** ** ** ** *C SECQNO ?,~aGRAM. •
C THIS .'::'n.):.ii~4-'" CGAPUTES THE. POncR uF THE VELOCITY PRCFILE \;fllHIN THE. :;-
C EOlR .•O-\~'{ ~_4YEq ..\T THl. l'.LZZLt:: t::Xl Ttl THE VELDC{ TY PROf Il E IS OF THE *
C FtJ.K;~ '.j/v:::{'(/l)ELTA)**N <6 1H.: MEr ,H.':0 CF LEJ.\ST SQUARES 15 USED FGR *
( Fl-TTI ~G fliE r=XPtJ~lt-1t.t,TAL VAL", ..E.;;: rc A NONLI"'E4R CURvE. TrE rJEASUPED "*
C. V--.••.•L:JES Jr:: :.4-:::\;'-4 /\XiAL \.:LLLC.lI't' ~f DIFFf:.REN'f HE[GHTS ARc SUPt=:L!ED AS 'i,
C H'1l-PUiT!~ rh:..: PRJG"Ai'ol. "*
(" -{':*** ** :+.**:* i"-~'1***;:*,**l,uO::***,*~~*~~*':tt:.;:~*_?:'4;;-* **'**** ******** **** ***~*******,..,**

G I ME N.> I J -l Y.J iH r ( :)y ) • Lf::- )' f:';A X (~ J) 'J.J ) Y \j t 99 ) , Y ( 9/) ) 'J YU Yi,) EL {9 9 ) , X (0:.;: 9 )
r;.tAl:r( 1~ j) ~;-J.J {f,Jl

t: FU F ~.,~ r ! [':3 )
~r< 1.IE ( :;., :; ) ;'jD.] i NT

9 FGR"<1:Af(t-{,'fHE TUTt\L I\L •• OF ?OI4fS ISI.I5i
READ ( ! , 10 J ( [ , Y8Y rlT ( I ) • Lb Y MAX ( I I , I'" I • NP U 1 N f )

i,e FC~~.l~rtt 1'J,,2FtO ••J)
~H~rTE('::.li,)

1 1: FG R;\-1AT { 1 ',( , • ~;J,'.1tJL::r:: t:l: .. 16i: T l,o/ Vf--\i\X ! )

tJ.R [TEL 3. L~){ i, YBYHT( 1) ,uL?YMAX( Ii, 1 =i t'i-,1PUl,'liT}
1~ FGRMAf{17.2F10.3J

." IT;: ( ;;, 1<,.)
16 f.JRMAT'i.(.'TME aOvi'\jL;;.\f.<.Y LAJ't:.H 1.'ilC;<~.J!t:~S AT" "lHE NOLZLE EXIT [S CALl.
i EO 0 EL J , • t )

~EAO{ t" i 'l 'OELFRA
17 FOF'-IAT(FIJ,31

oR 1 TE ( j. I tl IJ "L FR A
13 FOR.o1AT(l.<,~fHt:: HA1'lU Lf- Dl.:.LT!\ TJ tHE NOZZLE DE.PTH IS-=~ .• FClt~)

DO 1-;~ l~ 1 ,NPOr Nf
l..JOY\! , {)"z.j.-jY",",.<\X!l )/O<@9~
Y(ll=JS(V([1
VtJVllEL( I )=ytJYHT( II/DLLI-RA
Xl I J=YcY )-~L( II

lS CQf\Tl~L::
~ lJ MX :<;: ( •. oJ
SUr;XY=.:C.J
CO 20 i=2.N,-',JINT
SUMX,,=S.J~:<X+"LO<;(X( II )'MLLG(;q I) )
5UM,)(Y=S-.H<Y""LU(,(xl II '''ALeGI YI III

20 (Gt\T!NU~
AN =5 ,",'1 XY / SU'"' xx
PO~ER= 1,/ IN
W;..(ITE(';t~l) PU~lt:~(

21 FOF<\.1Af(1.(.', .•OWE;~ OF 1Hf: VE.LOCIT'( PROFiLE [S 1 OIViDED BY',F7.3)
STU?
Et'- C
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00 V1

G(j J~
C-C ) J
oc 04
CC .)5
J:. J6
OJ Jl
OOOB
01 ,j)
O~ 1 j
Qj II
OJ l2
0013
00 14
GOIo
00 1G
O)I(
00 Ii!
00 I"
0.) 2)
0021
00' 22
00;; 3
OJ 24
0025
0.) 26
0021

c*.* ••**.*.*~¥*+.*.*.**¥**.** ••***.**.*.o******,~.******_.*~ •••*.**********
C TH iRC ;.Jl'~u\JHA.M. *"
C nilS ".~J:;.<"4 FiTS "'E <oXPERIMEt.T"L VALd"S 0= MEJ\N AXI"L VELOCITY "
C ("llrlIN THE .lUJNDARY LAYER "T T.k NOZZLE ,"Xlfl TO THE UNIVERSAL ..•
C VELUC!T'( ."RJFILt: AT ThE WALL GIVEN OY THe: FOLLOwiNG leUATIUN. .•
c uPLu3~1/.<.L,j'J{ Y~LJS)+'P. ,'ilHcK:t: u"]oLuS=;J/uSTi\K.Y •.)LUS:;:(Y~J5lAh )/NEf..lJ, '*
C K AN:> .4 .l,...!:E Cu:-43TANT:;'aLSTAJ:.; (S fHI::. SHEAR '/ELLJCITY •• IN THE Pl-{uCEDUHE *
C OF rlyrl.-~; av THE:. Mi::.lh0U Gf- LEA~r S~lJAi~C:S lHE 'vALLd:S l-;F;< AND A *.
C Ai<E ddl\I.jcu FUR VAklLlIS VAL'Jc$ dr .JSI Ai~ "T"RIING Ff'G"1 0.5 FT/SlC *
C Tll iJ Fr/.>t:.C~AN[) Tt-It: LLRF<:ESPUNJING R;-4S t::R,~Gh5 CF T~t: MEAN 4X{AL *
C VELi.JCI f[2> t\-.(c C.O;"'1PLJ1.i::..D.IHE OPll">4liM VALJE-:i ur A ,K ANO I.;STAR ARE *
C St:LCCfE.J .IN fHE B4SI~ LF THt:: LEAST kMS ER~Cklt *
C THE PRC.i:.t tM 1S WkiTTt:.N BY GAZI MQ. I'~HALt L, ANL> EXEt.UT tC GN THE *
C 10M 370-115/e! CCH4PUTth OF BVET .JHAK". *
C~ -**:;i:# .** ** ~*** *::.: *~':**** ••.***'" ** ** **'*~** ** ** ** ** *-;;r. *.**** *"~.-:::* **- ** ** ** *~*-* ** ~ *

DIMEN.; U. TiTLEI20 l."UI'lOEf< 1100 I. fI NPUT (IO)! ,Ul NPUT( 10J I ,YB1G, 100 l,
lU(:CM~' 10,)) .0PLJS{ Ll.iCi~YPLU~t l('O)I\;~YCLE-=4-
ell 10.) '_ j-..:r<:: 1 f NC YC-LE
Ir-(LJC~.~~.I~v~TAR~~.O
(F(Lv~~.~J.2)UST~k~uo70
[F'LJC~.:~J~3) USTA~=4.C
IF(LuCK~~J.~) USTAR=,ov
K= 0
Ee EO 8-= v"'; r \R
~E AD' 1 , l ) r I fLC:

1 FURMAf(.~J\4J
\\R 1 Tc:( 3,:2'1 {TLE

2 FOPMA.T(///JX,20"4J
READ! 1.1 I; T".<\PER .PRESSk

II FOPMAT(2F 10.;U
~R ITE'::" l.2)TEMPt.:h:.PFLSSR

12 FORM"T!~~.'THE TEMPEhATURE "ND P~ESSUPE A~E='.2FIO.2)
SP'-A fR=o2 ,1.•5
CALL ,l\ l+):::N( TEMPER .PRESSR,5PaA Ht~DENA! R)
"'R IrE( 3. IJ~02NAIR

13 FORMAT(2X,'THE AIR DlNSITY (IN 3LUG/CU8IC FEETl='.EI2.6)
CALL 4E'::,.i(TE.-o1PER ~vI~c..LS)
YiR iTE{.:. l.:j.)V [SCDS

l4 FClRMAf('!.(,'rrli:. Cui:.Ff-!LH:.NT OF 'V'l:.iCCSITY (If\. SLUG/}-r-SCC1=' ,£l2.6)
ANEEu..:~l.'j":OS/Da~AIR •
~RI1E'~~lJ)ANEEU

15 FORM~f(~.<,'K[N"MAl"IC C('EFFICIENT QF VISCOSiTY IS=',EI2.61
CC ec cc cc cceecce c:cccc CCCCCCLCCCCCCCCCCCCC CC CC eccc cecccccCCC cc cccccccc CC CC



C

2 1
~ r-~
23

24
~5
1;) 1

2b

002e
0029
0030
0031
0032
00.33
00,,4
00 Jei
OO..1u
0031
0038
003'4
0040
Oil 41
OQ 42
0,) <>3
0044
0,) 45
0046
0':> 4. r
O:)~i,j
oaCH
0050
0051
0052
005.3
0) ji~
0055
0056
00 :j 7
0058
0059
C060
0061
0062
0063
0064
G06S
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~EAD( 1.21 JNPOI I'<T
FORMAT({jJ
\>IR I T E ( ~. 2 2 I N PL) IN r
FOPMAT(~<,.THE ~UM8~~ LF PLIhTS~i91S)
RE AD ( 1 • .! 3 ) ( ( NU Md <OR( 1 ) , YIN F uT ( I ), J I NP lJT ( I ) } • 1 = 1 .NPL IN T }
FO RM ~ r ( I I j , 2F I O. J)
v.RITE'3.2.(~j
FURM4.T(2.(." SEj-,iAL Dl3T<\-.;C~ Vt:.L.JC[TY"
ViR IT i.: \ .; t 2: -J ) ( U-J U;"1.:.H:::f....{ I J ~ Y ( N Pu T' 1) t U 1 l'\l P\j T { I ) ) , l:= 1 • NP (. l NT
FO Rro1AT { :?.( • IIi), 2F 10. '3 )
CG 26 I=I.NPJINT
yp LU -.5{ I , :: -f I NPU T ( [ ) * tJ S T Ak. / ( 12 ",) l).~,-.,E:. E..J i
Yl.l I G ( I )= <\L OG 'Y I NPli II I ) *u 5 T A,U ( 12 .0 *'\ NE:E0 I l
UP LU S ( i ) = J [j',,H::Ji1,j T { 1 J /U'::" TAt-<.
CONT I"",,:
CALL F [r r "::R{ VB It.,; .UPLv~ "NPL iN f, 41 ,A O}
C=AI
E=AO
~"ITE(.:.27)

2. 7 Fa RMA T 11 :( • • iJ sr AR :~;-<iS 0
SUMSC::::C.J
CO 23 1=I.NP,}!NT
UC OM~ ( I J ~ i l)* YO I Gil J i'- b 4 *lJ 5 1 !lH
oJ IFFEK =( 'J INPUT (11-UCL",PIII )**2
~q IT E ( J • .2..' 0 ) ,JC Jr.1P ( 1 ) • u 1NPL; '1 ( 1 , ,J {r Fe: .•."( t "i..-ILv S ( ! ) HJ ~)LL~ (1 J

,2:'::;'0 FOR ~1AT ( ,j ( r,: 12 .5 ,3 X) J
,SUMSu = SJ 4 cia.u IFF ER

28 ceNT I!'J",
Si\1S=::SQRf( .:..iU.'45lJ)
\It r~I T i:( ] • ..3 ; ) J.; T Ah. , ::)M S • U ,0

30 FORMAr{~'~12.5,2xJ)K=K+I
8B=K
USTA~=dti,ji.Ja"'J. l~uB
IF(K.Lcel) ':;U TO 101

100 CONT (,'We:
STep
END

[l • I
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,,..,,\.

Des FOR-T:~AN [V 36CN-FO-: .•1S j-3 fITTER DA'I :. 2J/02/B::S T I r'n:: 13045 ••C5

i'-,

~-oT-,--

0:001

0-0 O~
000:3
00 CFt.
0005
00 C6
0001
QUCf!
C009
00 l0
OJII
0012
001 J
0014
00 1:5
0016
0017
GO 18
0,) 19

.0.;) 20
0') 2 I
0022
0023
0024
002.:5
0026
0027
CO 28

SiJ£:HCJTI"'~ FlfTe;R(X,'Y .•N .•Al .•AG}
c~*4-.** *'**~.**:;:,; .-",.***-* *l':***~~~. ** ** ** *;, te~.".*::;r **. ** ** ** ** **.** ** *¥ *,'.;. * * ** *k.* ** ** ** .•..
C. THIS 3Uj~J,jfINE U~ES lhc METH8J OF LEA5T -iQUAf-:ES 1'C FIT N NUMOEP •
C CF POL',Ii:i Td .•.••.::>ff-:,AIC,hl L1J'\t::: uF THE f-L;R~ Y:=;.Al •• X i- A). iHE MAIN *
C ~KOGkJ\i'!!! ;,JPPl-iE'::'l THE VALliES GF ~,X 4i\fJ Y. H'{l:~ 5UURGUTI."E CUMPUTES *'
C THE i/4L.J.::.:-; OF .41 r\~D Ai:.. *"
c* .* :t V.*-'!~~*** *'.~*.7-.* * ** *~*' *"* *Jt, *' ~$. *~'*'* '"*- +<'1. ** ** '*4 ** ,;.-* *:'(; ~.>';:** -'I'"_~. ~"u,'\*~*- *' ** ** ** *:* * 'l< ** *OlMEN~I~N XlIOO',Y(lDG)

wHiTEC3.12)
12 FCRMi,r(///iX.' X-CLuRL'I""ATE -(-('Cu!-<u !dArE~)

\l;iR IT 12{ ."1.• l.J) ( x { I } , Y { i ) , j = 1 it 1\:)
I~ FO~MAr"2iFI).3.5X»

SUMX.=J.J
SUMY=i) .J
SUMX ,J(;:;; o. J
SUMXY~O&J
CD 15 i-.::l.,N
SUMX=5U-1.'(tX{ !}
SUMY=';U,",Y •.yt [}
S'.jMXX=SJ-otxXt-,-« I ).::r.x( i J
SUMXV ..=S-J~ ;'(+~<{ I j*Y{ J: J

15 CG"TL'Ilv.;
AN~N /
DENCM=A_~.~UM~X-SuMX.*2
AO=(S~~t •.~U~~~-SUMX*SUMXr)/JE~:~
Al=(A~*Ju~XY-SuNX*SUNY)/D~~O~
'Wt~ITE(:jl i.5~

16 FORM4.f(l<.,a'fHE. c.QUATiCN IL 1M":: -;fRAIGHT LiNE: I,3 Y=Al" •.x+/.o'
ViR ITt' J, 11 )

17 FORM4r(L;(t.THE VALUES LF A1 AI''40 ~\l,) !-\;(E Rt:5PEClIVELyJ)
\tJRITE( 2, i!3)41,A..;

8 FORMAf"Z=IO.31
RETvROl
END
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