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The present.experiméntal investigatiaﬁzﬁésron ths
mean flow parameters of the wakes, identifying the initial
conditions. The experiment was done in a subsonic wind-
tunnel of test section size ; 45.72 cm x 45.72cm x3.25Cm.
Tuo different plates of thickness, 1.905cm and 0,159 cm
respectively_at'the‘tréiling edge, were used to generate
the wakes. The aspect retios (widtﬁ of the wind tunnel/
plate thickness at the trailing edge) at the trailing edge
of the'platés:mere 24 and.288 respectively. Experiments were
carried Dﬁt for Reynolds number, Réd = 5,48 X% 105;4.17x105,

-"‘3.01x105 and 2.312x105 for which the flow i a duct may be
aésumed to be turbulenf.'Meén properties of the flow at the
'tfailing edge and in the wake, downstream from the trailing

edge, were determined experimentally.

Piﬁot—static tube was used to;measyre the veolcity

and static pressure heads. The wind tunnel was calibrated

for four different flow parameters. There were-negligibl;
pressure aﬁd velocity gredients in the axial direction

within the test-section.
Within the wake, near the trailing edge of the

plate the transverse velocity gradient was . high. The velo=-

city gradient decreases with increse of axial distance.
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 and the average velocity.
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T | absolute temperature

U . free-stream velocity

u ' " axial velocity

u* Shear velocity
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u', v! fluctuating velocity in X & Y direction

Y& half width of the wake
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INTRGOUCTION
te1 Gzneral
R weke is formed behind = solid body which is being

draged through s fluid at rest or behind a sclid body which
has been immersed in 2 stream of a fluid. The velocities in
é wake are smazller than those in the méin stréam , and the
loss in the velocity within the wake is mmountto s loss of
momentum which causes drag in the wake. The difference  of
momentum within the wake ang the free stream causes an ex-
chenoe of momentum between them, and the wake spr836§ in the
axial direction. Consegquently the differsnce between the mezn

velocity in the wake and that in the main siream becomeg_sing=-

ller,.

The wake behaves like free shear flows if it is not
obstructed by the surrounding Fixed.boundaries. fhe charac~
teristic fasatures of this flow is important for many prace-.
tical cases, so, it is getting attention Dflmany reséarch

groups.

12  Formation and Degeneration of wakes

‘When a fluid in motion sepsrates from a surface and
Qhears with another fluid having lower uelocify forms tuwo
layers of different momentum. Such difference Causes an
exchange of momentum tu form a shear layer, ‘The
flow in the shear layer may be in presence of preséure gra-
dient or in'its absence., The shear layer is said to be free

\
shear layer if it is not obstructed by boundazries. After




separating from the surface the fluid in contact with
the outer boundarv of the weke folds back into its
surroundings. This folding engulfs the surrounding
fluid and forms a ringo vortex core which rolls down-
stream. After one or two revolutions, thz vortices inte-
' - %
ract strongly and bresak down into turbulent eddiss L1]
if they originate from turbulent boundary layers. lhe
interactions of turbulent eddies causes large scale
vortical motions; small scele vortical motions also

evolue thrbugh breskdown of .the larcge eddies.

The oeneral picture of the turbulent wake is
depicted in-Fig. 1.1 with & dip in the veilocity profile.
The width of the maké increases with distances from the
body, aﬁd the dip in the velocity profile gradually

7 ieﬁeis.DFF.‘

1.3. -S5elf preservation of wakes

A large scele vortical motion is formed in the
. mear region and a small scale vorfical motion. is evol-
ved through breakdouwn of the larée eddies at the far
region of the wake. The small eddies contain leés energy
aﬁd they are invariant to mean and turbulent stresses
in the field, From the physical view point the flow is

said to be self-preserving when the eddies are invariant.

* Number in the parentheses indicate reference.
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for self-preserving flow., velocity and ilennth scales,
p g b 2

for two-dimensional wake may Dz expressed as ?allows[gﬁ

1.

oy
I
o
1]
=
»¢
r:.‘:»
-y
<
1]
w
M
N

- where R1 and 51 are the. constants.

fccording to the self-preservailon hypothesis, the velo-
city defect eand the Reynolds stress become invariant
with respect to axiel distance if they are expressed in

terms of the local length and velocity scales.

An'analytical solution of the governing equation
may be obtzined by using self-preserving lauws.The résultS 
may not guarantee the occurrenceof self;presgrvation in
practice .But it is identified by many authors{2, 3] that

the mean quantities achieve self-preservation sarlier than

turbulent quantities. Experimental results of Keffer | 3]

shows that all measured turbulent and mean Quantities

within wakes are fully self-preserving beyond X/d=500.

1.4 Application of wakes

The flow near the trailing edge of an airfoil is
of considerable interest from the view point of its appli-
cation; and the wake of a flat plate is a limitiné case
of ah airfoil. The study of wake will be useful for the
design of airfoils. The wake is generated behind any king

!
of structures, such as buildings, towers, bridges etc.



far any wind velocity, Forp Digh winog velocity the wake
strengih beacomes high to damage the structure. Wakes
generated behind the moving cars and ships cesuse a loss

of energy. The characisristics of the wekes are useful

for desioning structures,-cars and ships to minimize the
energy Jlossss assoeiated with wakes. A maneuvering air-
craft or.submarine, which i1s accelerating mr.decelerating
lezves behind it a momentuh defect in the form of a jet

or wake when it changes speed. To destermine the power loss

required for such operation, the characteristics of the

wakes should be knowne . -

Lonéitudinal pressure gpradients can occur duite
cften, specially in combustors, ;ateractidns between.shock
waves and shear layers, and se@arated flouw. Uery little is
.presently knowné.eithef experimentally or theoretically;
concerning the influence of longitudinal pressure gradi-
ents on turbulent free mixing. Detailed data are necessary

in this case for designing combustor and so forth.



LITZRATURL SURVEY

241 General

The term wake is commonly applied toc the region of
non=zEro vorticity on the domnrstr?am side of a body immer-
sed in a flpow. In the turbulent waké the effects of the
molecular viscosity is n=gligible, and 1t is turbulent from
the starfing if it is generated by turbulent boundary layer
at ths beginniﬁg of the wake. The study of the wake is not
new but. its physiczsl dimpeortance in the sense of shear leyer
paramelers inGuCes the researchers to investigate wakes 1In

more detail. The ressarchers investigated the waske both ex-

perimentzlly and theorsticelly to meke its use more conveni-
ently. Some investigations of wakes by various authors are

presented in this chapter with their findings and conclusions.

8

262 Experimental Inhestigation

Cheuréy and Kowasznay [ajinuestigated two dimensio-
nzl wake bshind z thin flat plate mounted in the low speed
wind tunnel. lieasurements were taken with a single Chanﬁel
constant temperature hot~wire anemoﬁeter both qu mean‘uelo—
city and for turbulence. Reynolds number based on boundary
layer thickﬁess,awas é% = 1.5 x-%o4 for all investiga-
tions. The boundary léYer thickness and momentum thickness
at the exit @ere 5.5 cm &-G.SBCm respactively. Using the
experimental values dF mean velocities the author calculated

\



the correzspending momentum thickness and the width Uf

the wake. The:Flow in the wake was found approximately
similar except close to the trailing edge. It is shqmn

thet the flow achieved approximate self-pressrving at a dist-

X - . - L. s
ance é— = 300, and exact self-preservation mey occur at a

s}
distance where the shape factor, H, woulc achieve unity..
it is to be noted here thet the trailing edge turbulence

lzvel was not mentioned.

-

i experimentally studied - the

-

Hiroshi and Kuriki | 5
mechanism of transition in the wake of three thin flat
plates of different cimensions. The plztes were placéd
pvarallel to- =z uniform flow ai subsonic speeds. The maxihum
thidkness of the three plates were | G.3 and 3mm respec-
tively and the Reynolds number based on length-bf'the plates .
ranged from 6x104 to 4x10% , For the measurement of £he
mean velecity distribution, both fine ﬁitot—tube ana hot-
wire anemameter were used. At the trailing edgé of the
plate the boundary léyer was laminar. Cther tréiling_edge
conditions such as boundary layer thickhsss, displacement
thickness and shape factor were not mentioned by the
authorsis]. They classified thertransitiqh recion into
thrée subregions viz linear, non-linear aﬁd three Bimen—
sional. In the twq—dimensidnal(linear and no—liﬁear)region

the center-~line veleocity was found to very exponentially.



In the three dimensional region it was approximately
linsgar. - from the veiocity distribution curves the au-
thors showed that until X = 30 to 40 mm, the distribu-
tion varied slouwly, while a sharp increase of‘centrai
velocity was found from X= 40 to 60 mm. The experimen-
tal values of the mean velpcities were found td fit to

an empirical egueation given bDelouw:

woo Uy v 2 -
U=1 -—g— exp(a(Y/Y%) ) (2.2.1)
' o

-where; ‘a % 0,69315

The.theqretiéél distribution_FDr a fully dsveloped laminar
wake of the ascve form and the experimental data were in
gdud agréement with each other. Howsver, they did not men-
ti0n QariatiDn of the momentum thickness anﬂ the width
of the wake in the axial direﬁtion. As fhe exit condition
is laminar the development of the wake'is not similar to

that of ths result ocbtained by CHeuray and Kbuasznay[&].

Gartshore [6']inuestigated the two dimensional wakg
of a square { % inch) rod at adverse pressure gradients and
at the pressure gradient fDrAEXaCt self-presarvation. The
velocity ratio (U—ug/u was maintained approxiﬁately cons-
tant after x/d1 - 5O;-The flow through wakes having
ﬁeynolds'numbers, 6300 and 7300 , baszd on trailing edge
thickness, were studied without identifying the charécteris-

tics of the trailing edge.



Mean veleccities were mezasured with a round pitot tube

h

ino round tios togethszr with static teps located in

m
[
U3

on

[ty

of ths side wells. A PISA constent temperature hoi-
swire znemomziter was also used to obtain measurementis

of ths turbulent Quantities. The experimental values of
mean velocliiles showed approximeste self-pressrving aFter.
x/d;=50, where the half width, Y., and the external velo-
.clty parameter, U_m,(m = 3.16 and 3.2 for Reynolds number
6300 and 7300 respectively} behaved linear with axial
distancas. But in the near region of the wake the half-

=

width .» Yi, and external velocity Rarameters were non-linear.

I\

The experimental values of the mean velocities were found te fit

to an empirical eguation given below:

T _.Sc = exp ( -3 (Y/Y%)z) ( 2e2.7)

where, a = 1nZ.
Similar equation was also obtained by Hiroshi and Kuriki[é]
for tuo-dimensional wakes for flat plztes.

Keffer [3] investigated the wake of the two-dimen-
sional cylinders of sizes % inch, 5/46 inch and 3/16 inch
with straining the flow. The tunnel speed was héld constant .
at 18 ft/sgc s0 that.tﬁe corresponding Reynolds number based
on cylinder diameters were 4630, 2890 and 1740 for cylinder
diameters %, 5/16 and 3/16 inch respectiueiy. The mean quan-

tities were measured with a pitot static tube. Keffer [3]



plotted the waske growth and the decay of the center-line
velocity defect =gainst X. The author Foﬁnd that the wake
width increase exponentially with distance downstream. The

mean velocity distribution of the wake profiles were iR

no wéy self-preserving. The relztionships for the sceales

which the autﬁor derived are given below! ‘

T
u~BS L ~RF | (2.2.3)

where u, and f1 are characteristic velocity and lenéth

scales for the flow and f, is the total strain which has

been applied éo the wake. Howeﬁer, for a more complete des-
cription, measurements of the turbuient quantitiss would be
reQuired; 1t is not clear what kind of mechanism is ﬁost
important in the-entrainhent 0} externzl fluid at the weke
edge, a gfadient type Ofldiffusian, or the large laterally
directed mixing jets-whichjare significant -in an unstfained
wake. |

Schlichting's [fjmork, which is mentioned in this

_section is devoted to an experimental investigation of the
flow in the wake of a two-dimensional body. The experiments
were conducted within & wind tunnel at a speed of abbut 50m/sec.
Reynolds number based on the diameter(d1=10mm3 was Re= Qél._
= 2.38x104. He found ﬁhat the half=-width of the wake was
varied parabolicallyland the center-line veleocity de%ect
was varied exponentially, Experimental Uaiues of mean Qelo-
cities were found to fit to an empirical equation given below:

U - u .(1—-»23/2)2 (2.2.4)

U =y
c
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‘Where]= ¥ » D is the width of the waske and Y is the
vertical distance from the wake center lins. SChlichtingfs
experimental results oid not indicate the intitial boundary
layer paramsters. These results agree satisfactorily with
wake generatedlﬁy.e very thin boundary layer at the beqgin-
ningy but it may deviate From the results with thick boun-
dary layer st the beginning. Hall and Hislop[B]inuestiga-
ted the velocity and temperature distributions in the tur-
bulent wake behind a heated body of revolution. They also
found that the experimental values of the mean velocities
fitted satisiazctorily with the empirical eguation given by
Schlichting f ] in eqn. (2.2.4). Swain {Q]also obtained 'in
a similar manner such an expression far the velocity profile

'in an gxially symmetrical wake. The dimensionless profile
of velocity defect was obtained experimentally by Rehichardt

.[101 in the wake behind a heated wire at a distance of X=100fn

'(ro _ is the radius of the wire) from it. Similar experi-

-ments were also done by fage and falkner [11]1n the wake

bahind hﬂated prismatic rod at a distance of X = 72 r,

from ite The attempt of Goldstein [12} and other students

of Taylor to anply the vorticity transfer theory for deter-
mining the velocity profile in an axially symmétric wake

did not lead to results which agree with experimental data.

The experimental results for wakes behind two dimensiocnal
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Cylinder shows =lcse agreement with the results of tuwo-
dimensionai wakes behind flat plates. Demetriades and
'Anthony[13]inuestigated the supersonitc axisymmetric wake.
The plot of (1‘UC/UO) -3/2 agzinst X/D,which the authors
piotted,shows a gocg agreement with the theoretical results
obtain by prediction method. The Dredicied axial variation
of FReynolds number is cansiderabiy different fram that
shown by UYemetriades [13}. He showed Reynolds number to

be nearly constant for X/D greater than- about 30.

2.3 Theorstical study

To Fihd the form of the uelbcity profile in éitwo—
dimensional wake Schlichting[?] uséd momentum ejuaticn of
-the form given below: | _

uv + é%jjcuzdy + Z%é%)z =0 ' ‘  ( 2.2.5)
in which the éxpression for. turbulent shear stress 1s taken.
Fromlprandtl's old theory DF‘tUrbuleﬁce (T/e = £2l3$ ]; g% ).
and pressurs gradient.;s neglected. Thé Prandtl's mixing
lengthyf,was defihed in terms pfvthe width éf flow,

f =co | o (2.2.6)
Ths author defined the velacity ﬁrofiie in'a conventlional
functional form U-u = (U~u0) F (11) . whe%e YL=- Y/b . Te.
determine the profile, 5chlichting[?] ﬁsed'

b = KX . |  (2.2.7a)

and  U-u_ =J§ U :  (2.2.77b)
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Using the expression for { and u_ in the momentum egGuation
(2.2,5) an ordinsry differentisl equaiion was derived in the

following form:

YL.F — j'U:lz ( 2 2.88)
where, Af:zc Zn/K2 : ' ( 2.2.8b)
Equation ( 2.2.8a) is SUﬁj?CLEd toc the following boundary

conditions:

1. At the edge of the wake (q;% =1 ) ‘
U"'U = O aﬂd é(_.lééL_YJ') =O, ioeo F = F‘ZO (20 209)
2. On the axis of the wake (ﬂf% = 0)

e ) '
(U 3) =0 ,i.e. F = 1,F' =0 {2.2.10)

U_Li. = U~u Il
- »
The soluticn of the equetion { 2.2.8a) w:th boundary condi-

tions given 1in eduations (2,2.93 and (2.2.10).is;

‘ﬁ:uz =r(P = (- qf/z)?\ - (2.2.11)
‘The constant, c, involved in fhe Prandtl's mixing lenoth

. expression was determihéd to be 0.18 (/b = 0.18). Tﬁe

_ values of the constantgkzﬁznd'n,in equation (2.2.7a) and
(2.2.?b) can be determined by using 50hlichting‘s[7] equa-
tions in the.fDrm s N = 1.4 AQE;E and K2= 0.8 azL where a,
is an empiricél constant. fFor waké behind a two dimensional
cylinder, Schlichting [?]obtéined experimentally the value
,Df a; as 1e23. u

Te find the form of the velocity profile in an

axially symmetric wake Taylor [14}uaed momentum equation Of
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the form given below: - ,

1 ji Y o(u-u) uy ay + 1% %%) 2 =g (2.2.12)

Y X ).
Here the exfression for shear stress is taken in accordance
with Prandlt's old theory . The Prandtl's mixing lemgth, U was
defined in terms of the width(wake radius) of the wake, l=cb.
The author used the conventional functional form of velocity

profile given below:

3

B =K 3/X | (2.2.13a)

and U-uC =n UX_2/3

; (2.2.13b)

After transformatiaon he obtained for an axialil symmetric
Y

wake, the same differential equation as for a two-~dimensional

LUakB-
' 2 . 2 . :
F “iz F (202.14)

With the same boundary conditions given in edquation (2.2.9)
and (2.2.10),equation ( 2.2.14)may be integrated to give the

same velocity profile as in a two-dimensional wake:

U=-u

Gog = 1) = (- p3/2) 2 (2.2.16)

|

_Reichérdt[10]uéed momentum integral egquation to find the
form of the velocity profile in & two-dimensional uwske.The

avthor used Prandtl's new formulae for shear stress

S

t Ay
where, "ﬁt =:KD(U"UC)

If Prandtl's new formula for sh%ar is used, the momentum
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equation for a two-dimensional waks takes the following

form under constant pressure gradientt

: Re
2 Sé LC U(U-u)d¥= v, %% =0 . (2.2.147)

The velocity profile in the cross=-section of a two-dimen-
sional turbulent wake asccording to Frandil's new theory
of turbulence and Reichardt's thzory [10]is

-
-u

C

exp ( 5 gk YZ) | (2.2.18)

C

c
The cowstant 5 for 2 tuc dimensional wake wags cetermined

from the experlmenual results’ DF Schiichting ?]and Reichardt

[10] They also obuglned the following form of the veloc1ty

profils in an axially svmmetric wake far Trom the body,

U=y
U=y

= oxp( /) - o (2.2.19)

c 2. EX
2.4 Recent RPProaqh:

The sheér'l;yers ETEITBCEﬁtly investigated Froﬁ the
view point of its‘strucﬁure and eddy.sizes. Such flow is
identifisd to be irregular type with its structure in the
coherent Form.'A'coherent étrﬁcture is g connected, large-
scale turbulent fluid mass with a phase—correlatéd vorticity
gver its-spatial gx@ent[ﬁ5]. fhis specially phaSEfborrelated
vorticity is called the coherent vorticity. Uort;x, rings,
rolls, spirals, etic. aré example of caoherent structures. The
presence of large-scale organized motioﬁs in the turbulent

shear flouws, though appasrent for a long time and implied by
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the mixing length hypothesis was suggested first by
Townsend [16] and investigated in detail by Maller and
others [17, 18]. Near field coherent structure in wake

was Observed by flow visuglizetion by the aqthors [19,2@ .
A coherent structure is responsible for transports of sig-
nificant mass, heat and’momentum without necessarily being
highly energetic itself. Sophesticateo ex@erihentation‘has

been developed to investigate the coherent structure.

Differential methods of calculastion is also an use-
ful tool for predicting the turbulent flows in shear layers.
Thé tgrbulant model of semi-smpirical esquations deueioped
by Launder , st. al Lﬁ?]and others [22, Zj]are very power-

ful method for predicting shear flouw.

2.5 Mean Static Pressurse

Mean staiic pressure in.wakes behind the body depends
upon the size of the body. when.the thickness of the body is
small there is negligible pressure. gradient in the axial direc-
tioﬁ. If the thickness of the body is large the pressure gra-
dient tan not be ignored. Such pressure gradient within the
wake plays an important role for its deuelopmeﬁt. Gértshore[é]

- was tha first who investigate the influence of {he pressure on
the wake development, Gartshofe[s] measured the lateral tur-

bulence intensity distribution for three kinds of wakes viz:



i) wake at adverse pressure gradient
ii) wake at pressure gradient, required for self-
preservation

iii) wake at zero pressure gradient

The results of wakes at three pressure gradients studied by
Gartshore [6] showed a considerable variation of flouw para-
meters in the nesr region for va;‘ying pressurs gradient.
Hiroshi and Kuriki[ 5] used alluminium platss for the sidé
wall of the test section. Ths plates were adjusted in order

to keep the stream-wise static p:eésure distributioﬁ cons -
tant. The experimsntal results of Hiroshi and_Kuriki[S] ﬁhow

a significant deviation from the resulﬁs,bbtained by‘Garﬁshore
_[6 ] . Such a deviation is due to the .i‘ncrease- Df"pre,l.ssure gra-
dient. No pressure measurements were made by thaVray- and
Kouasznay[:4] because .the static p:essu:e withih the wake was
quite low(P= 1mm H20) and the makeg geherafed behind a VETY

thin plate(thickness = 0.16 cm).

2.6 Problem and obiectives

The flow development identifying Ehe initial condition
has not been done .mﬁch, except.lafely byVChauray and
Kovasznay [d]and others; The present experimental inuestiga;
tion is to be done identifying the initial conditiuns. The flow
both at the trailing edge of the plate and at thae downstream
from the plate will be stddied experimentally., Wakes produced

by two different plates having different velocity profiles

\

-{"‘«



17

at the trailing edge will be investigated. The exit
Reynold5 number baéed on the average velocity and the
momentum thickness at the tresiling edge will be varied

in order to investigate the effect of exit Reynolds number on

the wake development,

The mean.velocity and pressure within the wake are
to be meésured for different initial. conditions at various
locations from ths trailing edge of the plate. The experi-
mental results will be compared with the existing theoreti-
‘cal and experimental results. The wake gecmetry is to be
determined Fbr various fAeynolds numbers. The variation of
dfag'co~efficient for different Reynolds number is also to

-be calculzted.



CHAPTER ~ I1II

GOVERNING EUUATIONS

Ganeral

W
]
——

Turbulent motion is ovovernsd by the Ngvier-Stokes
differential equations. The general suiution cf the non-
linear Navier-Stokes equations is not avallable.In orcer
to apply Navier-Stokes equations to practical cases,hypﬁ—
thesis and empirical assumptions have Ea be introduced to
cbtain a clused sat of equations with time aueraée depan=-
dent variables. Hare the conventicnal order of magnitude
principle is applied to the general momentumm aq&ation to
" obtain the edUatiDn in a simplsr form. Léter fhese equé—

tions are used for evaluating the wake properties.

32 Fundamental equation for two-dimensicnal makes

Applying the order of magﬁitude principle and Qsihg
continuity equation, the momentum equation may be written

in the following form ;}A ] .

—B%U(u—u) + f% v{u=U) + é% utv' = O '(3.2;1)

The pressure gradient and-tha'effect of moleculsar viscosity

are neglected in the above equaztion.

In wakes, wu-U vanishes at sufficiently large values
of Y, and it does so for GTuT. After integrating the egua-
tion (B.Z:j) with respect tolY over the entire flow. The
result is, e

= | u(u-u) Sy = o0 ; : ‘(3.2.2)
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The total momentum defect in a wake is constant, so,

[ .
Flulu-ujdy = | : (3.2.3)
= . R
The momentum integrzsl eguation( 3.2.3} can be used to
d;?ine a ledgth scale for turbulent wakes. Imagining
that the flow past an obstacle produce = completely
separated, staonant region of width 29 . Then ZPUZQ

represents the net momentum defect per unit time and

depth.

Thus, =2fU% =w- (3.2.4)
Equating equation(3.2.3) and (3.2.4) , we have
o120 2 (T
-2¢U%e = £ f u(u-u) 4y
- o

or, e=lP%(1-ﬁ 3 &Y K | (3.2.5)

where, € is Called the mmﬁentum thickness of the waks.
The momentgm,th;ckhess‘is-related to the drag coefﬁicient.
of the obstacle that produces the wakes. The drag coeffi-
cient, Cdm, i; defiaed by, ' _

‘01- ~3Cgm PUSL o | (3.2.6)
where, D, is the drag per unit depth and L is the charac-
teristic height of the obstacle. The drag, D1, pfoduces
the momentlm Flux,M. So, equating equations (3.2.4) and
(3.2.6), |

2U%0 = 3Can PUPL or Cn= 22 (3.2.7)



The momentum integral equation for drag on the obstacle

having pressure gradient is given by
4ﬂ{fip-+ﬁu 2y $y- [ “(p+Pu?) &Y } (3.2.8)

But according to the definition ef drag coefficient

D, = 4% Ca PU_%L

; (3.2.9)
Equating equations(3.2.8) and (3.2.9) , we have,
edfu ZL-Li[(P +fU_ )5v Jf(p+eu2) Sy
1 AY + 2 ' :
Cd = %?U /Zp -P [- (1- 02)CSY (3.2.10)
3.3 . Empirical Equatic.s

The..mean velocity distribution for self-preserving

wake is given by the following semi-empirical eguation

o . exp&r(.%gz) ; (3.2.11)

C

whers, a = In2 (3.2.12)

A sami-empirical relation for half width of the

wake, follous from the measurements of Schlichting and

‘Reichardt [ 10]

Y3 = 0,35 /X JCqnL - (3.2.13)

20



CHAPTER - IV

EXPERIMENTAL SET-UP AND EXPERIMENTS

4.1 rGenerél

Miany experimental investigations on wake flows have
Been published, but onl§ a few have identified the exit.
conditions at the trailing edge of the plate. The main ob-
jective of this investigation is to study the effect of

initial conditions on wakes which involves;

(i) Meazsurement of mean velocity and pressure dis-
tribution
(ii) Determination of self-preserving characteristics ef

velocity within the wakes.
(iii)Study of wake properties useful in practice.
Rll these properties are measured experimentally and

compared with the existing theoretical and experimental

resﬁlts.

4.2 Experimental facilities

To accomplish the objective described ih the previous
section flat plates were chosen. to genérate wakes. Two
flat blates of different thicknesses were used to form the
‘wakes. The thickness of the plate—lis taken about 10 times
the thickness of plate-I1 in Drdér to examing the effect of
thickness on wake. These twé thicknesses are considered to be

the extream \cases for assuming the flow to be two-dimentional.
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The length and span of both plates wers 91.5 cm end 45.7 cm
.raspectively. Plate-1 was made of mundrhauing its leading

edgé in the form 0% 2 symmetrical -wedgse upto 15.0 cm of the
plate and the remaining part maintaiqed to be - the sams
thickness,1.905 cm; until the trailing edgsa. The surface of
the plate was polished toc make it smooth. Plafe-II was made

of wood of thicknéss, 1.27 cm having its lsading edge  inm
the form of a symmetrical wsdge upto 15;0 cm of the plate and
the trailing edge tapered linearly douwn to 0.15% cm over a
lengﬁh of 10 cm. Fine mesh G.I. screens(6 holes/cm) were in-
serted at 10 cm qp-stream from the trailiﬁg edge of the plates.
~The ﬁlates were made in suéh a.may that‘it Fits tightly at the
mid-height of the working_sectioﬁ. A schematic diagram ~with

pertinent dimensions are shown in Flge 4.1,

Fig. 4.2 is a diagram of a straight subsanic .wind
tunnel of suction type which was uséd for this'experiment.
The éirmag sucked by a fén( 38 in. dia) of Capacit§ 30,000'
cfm sitdated at thé downstream side of the working septioh.
The tunnel illuétrated above has a working section of size-
(45,7 cm x 45.7 em x 3.25m3 . The wind tunnel was originaily
designed and constructed by Islam {25] and installed
by Khalil [26] « The mesﬁ G. I. . screens wuwere iﬁserted."
at the inlet‘of a large contraction ratio cﬁnverging”ducﬁ.
Fellouwing thé conuerginé duct theré were four EQn-

secutive sQuare cross - sectional duciz. es shoewn ‘in
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Fige 4.2. The first duct(45.7 cmx45.7 cmx 96.5 cm) was
_ ﬁade of wood anc the plates were ﬁlaced at the mid—height
of the cvross-section within this duct . The second and
third ducts{ 45.7 em x 45.7 cm x 76.2 cm) were made of
perspex sheet while the fourth Dne(&S.? cm X 45.7 cm X
76.2 cm) was made of wDOd. Adegquate holes were provided
at the bottom of the perspex ducts along the central line
for inserting the.pitot~static tube. There was élso one
hole at z distance of.15 cm from the inlet of the second
‘duﬁt, at the mid-height of £he side wall for inserting the

pitot-static tube inside the duct.

4.3 } Measﬁring equipment

“ Pitbt—Static tube was used to measure the mean velo-
city of flow. The pitotfstatic tube was traversed vertically
'up and down by rack and pinion arraﬁgement gver a vertical

_ sfand with & vernier scale to fead upto 0,01 inch{0.0254 cm).
The outer diameter at the end of the pitot-tube was one six-
teenth of an inch (0.159 cm}) . The pitot-static tube was
connected to an inclined draft gauge. The scale of the draft
gauge was graduated ta B precision of 0.02 inch{0.05 cm).The
draft gauge was set hDrizuntal with the help of a‘spirit level.
The liquid used in the manometer was kerosene oil of specific
gravity O.Bj. In order te prevent the vibration of the sensor
the pitot-static tube was supported by a 0.635%5 cm diameter
brass rod. The sensing point was 10 cm above £he top of

the rod. This was done to avoid the disturbance in the flou
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due to the presence of the .bress rod. For inserting
the pitotltube into the dﬁct 12 holes werse prDuided‘
along the central line of the bottom of the duct.Sta-
tic pressure was measured by means of static tube. A
schematic diagram of the experimental set-up is shown
in Fige &.3. Thié experimental technique was.also used

Dy Khalil[261 for investigating turbulent shear layeré;.

4.4 Calibratidn of the wind tunnel

For the CalibTationKDF the wind tunnei, the velo-
city aend the‘pressure in the test section were measured.
The purpose of Calibrétian was to examiﬁe the uni?ﬁrmity
of velocity and pressure within the fest sectiDhA withoﬁt

using the wake generating plate in the upstream.

In order to determine the uelncitylaﬁdlpfeésﬁfé
heads. in the test section the pitot—étatic tub% was
traversed up and down by rack and pinion arrangement
over a stand. From the drafit-gauge the velocity Beads‘ana
the pressure heads were recorded and the uelocity.aﬁd‘pre*
ssure at different points across the cross-section were
calculated. The velocity heads and the pressure heads
were recorded at two sta£ions, viz X= 5, 122 cm where X
is the distance measured from the inlet DFlthe test sec-
tion. It is seen that the velocity profiles are similar
at the two sections, and the experimental points for the

two sections collapse on ‘a single curve and hence there



existe nc velocity gradient in' the axial direction. The
velocity distribution is slso symmetrical about the cen-
ter-1line =zs shqwn in Fig.'a.a. The'velocity profile 1is
flat across the test section except for a small boundary
lafer at the taop and bottom wells of the testlséction.
The area under the velocity profile was computed and
therefrom the average velocity across the test section .
was determined.'ﬁeynolds number of the flow wgs calcula-
ted on the basis of the average velocity and the width
of the test secticn, such calibrations were performed
for flows with Reynolds numbers used in-this'investiga—
‘tiDn} 

The boundary laysr thickness was obtained by mea=-
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suring the'distance; V, from the wail for ‘which u/U=0, 99A'

The wall momentum thlckness was calculated by using egn.
(3 2 5) The computed values of dlfFerent flow parame-

ters for the test-section are given below in Table &4.1.

TABLE 4.1

CHARACTERISTICS OF THE VELOCITY PROFILE
IN THE TEST SECTION CALIBRATIGNS

Average Reynold No.Red Wall momentum Boundary Layer
Velocity ' thickness thickness
u, (m/3ecJ : : Gw(Cm) ~ (cm)
17.83 5.4844x10° 0.128 1.65
13.56 4.1695x10° 0.139 . 1.90
9.79 3,0102%10° 0. 144 2,03
5

7.52 2.3124x10° 0. 161 2.54
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Fig.l.5. This implies theit there exists negligiole press-

ure gradient in the axial direction within the testi-ssction.

4,5 Experimentel procedurs

After the'calibraiion, fhe duct mace of 6.1, sheets
wzs replaced by the wcoden duct mounted with the wake genera-
ting flat plate at the mid-height. A schematic diagram of the

experimentsl set-up is shown in fFig. 4.3.

The thin vake wass silowed to crow in the douwnuwsrd
direction through the perspex duct. In order to investigate
thé wake along the axiél direction, the mean velocity and the
static.presshre'wera recorded at various distanceé( viz X=5,
7uby 11.4, 30,5, 45.7, 61, 91.5, 106.7, 122, 137 cm)  from
the trailing edge of the flat plate. The manometer reading
waé quite.stable except over g narrow range near the wall
where it fluctuated. nowevery in this region average of

five observations was teken for a resding at a point.

S5imilzrly readings were taken at the trailing edge
of the plsie, and in the wake for different Reynolds number.
The room tempersture and the pressure were taken at

the beginning and at the end of each experimasnt. The average

of the two was taken zs th

]

recorded detl for the experiment.



27

4.6 Uncertainty statement

The uncertainty of the measurements of the mean

velocity and pressure are influenced by the variation of
specific gravity of lgquid (in draft gaﬁge) which is asso-
ciated wlith the VE;iation of the ambient temperatuee and
pressure, the accuracy of the angle of inclination of the
pitot static tube to the mean flow directian aﬁd the accu-
racy ‘of the méasurements of the draft gauge reasding. Un-
certainties presented here were Calculatéd by uéing. the
procedbre piven in Appendix = I. The uncertaintg of mean
velocity, UUAJ was estimated toc be less thanf?.#%."The

uncertainty of pressure P /pre was .2stimated to be less

reu

than + 0.6%, The uncertainty in measuring the linear
distance was nenligible. Temperature and pressure{atmos-
pheric )'uariation‘during the'experiménté'were 1.50F and

0,05 (inch of Hg) respectiﬁely.



CHAPTER =~ V

RESULTS AND DISCUSSION

5.1 . General '
| Mean pfoperties of the flow at the trailing edge®®and in
the wake at the downstrsam of the trail;ﬁg edge wers detsrmined
experimentally. Tﬁe experiments were psrformed by varying ini-
tial condiﬁions at the trailing edge. All thess experimental data
have.bean analysed to’ obtain some informations regarding the wake
development. This chapter presents comparisons of exparimental
and theoretical resulté of mean flow properties in wakes. All"
computations and data analysis were performed by using a desk

’ Calpulatdr and nq_IBﬂ 37¢~115/2'computar. The computer programs
are given in- Appendix - IIl. .
5.2 - Trailiﬁg adge cdﬁditions

) . The increase of velocity witﬁ jranéverée distance,Y, from

ftﬁe plate surface indicates relative movementof the'pérticles in

ths boundary layer. As the boundary layer is thin, the velocity

-
For

gradient in the transverse dirsction is high. Fig. 5.12 shows
_tha‘velocity distribhtions ét the ‘trailing edge of the plate-f
(0D = 0,75 inch ) 1.905 cm thick and plste — II ( D= 0,063 inch)
0.159 cm thick. .Tha figure shows that the wveolcity profiles,
at the trailing edge, contain. boundary layers which are
important for the developmant ofhthe- wakes. The bounhary
layer veloéity profile is -shown in Figure 5. 1b. in a
magnified scals. Momentum thickness of the velocity

profiles are'calculated graphically at the trailing edge

¥*Trailing sdge measurement was at X = ~imm from the end of the
plate '
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of both the plates, by using equation { 3.2.5J). which is
found to decrsase with the increasé'of free stream velo-
city. This momentum thickness and the free stream average
velocity are used to define the Reynolds number. The cha-
racigristics of the turbulent boundary layer = at the trawm
- iling edge(x="fmmﬁof ihe plates for different flow palra-
meters are shown in Table 5.1. The expsrimental values of
velocity within. the boundary layer are-fitted te the uni-
‘versal turbulent velocity profile near the wall 'in the
coordinate éystem ut+ vs y+ . The universal pro?ile near
the wall is,
u+ = B log y++ A : _(S.Z;ﬁJ
whére, u+? u/u*, Y+ = "le s and B & A are constants.
The -three constants'u+, A & B are optimised on the basis
of the least rms errors between experimental values aad
aquation {5.2.1) which didnot exceed, 1.744224, fdr”éﬁy‘
case. The method of optimisation is given in detail in |
_Appendix - II1, The constants A& B for different initial
cahditions wers f{ound ciose to:each other, and the values
are given in Table 5.1. The coenstants . A & Buwere determined
experimentally by many authofs including .Lugmieg.,{.'2'713
KLebanoff,{28] & Schultz[2§.The values of the constants
should very within the raﬁge a.O:to 7.15 for A4, and
5.0 to 6.7 for B as reported in reF.E?@. The optimum values

of A & B dete:mined by fitting the present experimental -

results with egquation (5.2.1) are within the range already
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specified by ° Dunmcan | 30] - Fig. 5.2shows the plotting of
the universal velocity profile g;ven by eguation {5.2.1)

for the five initiai tonditions already mentioned. The
values of constants A and B , and the nature of curves’

in Fig, 5.2 are typical representation of turbulent boundary
‘layer on the wall. If the profiles in Fig. 5.2 are plotted
on the plane with same axes all the experimental points
for differant boundary leyers at the trailing ecge v 11

(3

collapse on a same llne?henca it ig @ tvpical roprasentaztion

3]

of fully aeyeloped turbulént boundary layeri In addition,
the valﬁes of Reynolds numbefs.based on momentum thickness
andraveraga vélacity inen in Table 5.1 are high in compa-
rison to thé,typical Valueé'necessafy for the assumptidn of
turbulent boundary layef.

. TABLE .5.1

CHARACTERISTICS GF THE VELOCITY PROFILE
AT THE TRAILING EDGE OF THE PLATES

Plate Average Momentum Reynolds Boundery Fric Cons- Cons

free- thickness Number layer -tion tant tant

stream : thick- velo=—

velocity ¢ (om) Rede '~ ness city. B

Uav(m/sec) ' S(cm) u¥*

- cin/Sec)

I 18.10 0.0894 © 2,18x10° 0,762  0.832 5.79 6.04
1 13,49 0.1107 ~ 2.01x10° 0.885 0,683 5.73 4.72
I 9.99 0.1422 1.90x10° 1.016 0,509 5.42 5,34
1 7465 0.1651 1.70x10° 1,270  0.418 5.22 4.96
il 23,81 0.0552  1.77x10° 1.270 1,199 5.82 6.10
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It is to be noted hers that the initial conditions
play an important role for the development of wakes. But
many authufs[é, 3]did not identify the initial 'cnnditions
for the study of wakes. This was probably due to the fact
that boundary layer Fof their cases were very ‘thin.
Islam. [1]‘has already ideﬁtifiéd that the inifial condi=-
.tions have a big influence an the develbphen% of . shear
layer for jets. As the development of wake is ‘similar to
that of jet flows, the effect of initial conditions is

worthy to note down for wake flows.

5.3 Free-Stream Flow

The free étraam velocity, .U, nepreéents the uni- -‘ B
Fo}m flat part of the uelqcity profile ouﬁs;dg the wake
and it is'parallel to the K-axis. The free stream velocity
droﬁslinstantaneously -when the boundary layer separates
from the plate to form the waké. Such dgop is observed for
thick plate—l‘upta the axial distance, X/Q = 50, after
which it achieves a uniform and constant value. Fig. 5.3
shows that the dfop of the free stream velocity upto X/@
= 50 , is not more than 4% for the plate - I. Such a drop
oF.Freestreamuelocit; was not identified in the case of
a thin‘péafe-li; From thé consideration of poténtial glow
theory, there exists adverse axiél prgssure gradient at

the beginning of the wake and it achieves zero axial
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pressure gradient:af£gr X/@ﬂ=50. The drop’af the uniform
free-stream velocity ié due to the increase of flouw area
as the profile separates from the plate-I . But for the
Plate-II, the increase in flouw area at the beginning of
the wake is not much to decrease the free-stream velocity
significantly. The free straeam velocity daes not vary with
the Reynolds’numbef) Rede, except close to the plate-I .
But.it is ifdependent of Reynolds number for thin plate’
as in the case of plate-Il. Similar conclusion was  also
drawn by Chevray and Kovasznay [4]énd they considéred
flat free-stream uelncify ﬁrafile without considering

pregssure gradient.

5.4 ~Tunnel wall characteristics

The wake studied here is a two diﬁensional’ one
and submersed in an aoprokimately unifdrﬁﬂfrEE'stréém ve~
locity in the test section of =z.wind tunnel. The Free st-
ream flow pattern has a boundary layer on the wall of the
test section. Though the free stream velocity is aﬁproxi-
mately cénstant, the boundsry layer on thé wall of the
test section is.presented to examine its variation in £he

axizl direction.

7 Fig. 5.4a, 5.4b, S5.4c and 5.4d show the velocity profile
with their megnifisd boundary layer in Figs}S.ae,,F;g and h on

the wall  for different: Reynolos numberc The experi-

mental points zre fitted to the universal velocity pro-
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file on the wall in the form given by equation {5.2.1).
The constant A, B and u* are optimised (APPENDIX-I111 )

for tﬁe least -value of the rms errors between the experimental
values and the values from equation(5.2.1)at each sectinn.The
ocptimum values of A & B determined here‘are found to

fall within the range given by many authors including
Duncan'.{ 30 }, . For the purpose of fitting, the value

- of u¥ was.uariéd in a step of 0,01 to get the optimum

values of A and B for a minimum rms error. The values

of rms error did not exceed 0.89 for any case for the

values of A and B repo:%ed here in table 5;2. ?Dr tur-
buleﬁt boundary layers values of A and B determined by

the authors :2?, 25, 39] are within a range 4.0 to 7.15

for A and 5.0 to 6.7 for B. The-uhiversal'velocity'pro4

file on the wall at different axial stations are shown

in Figs 5.5, From this plot it isevident that the boun-

dary la}er‘oﬁ the.mall ié turbulent. Wall momentum thick-
‘ness of the velocity profiles are calculsted by using

| eqﬁation (2.2.5) and given in Table 5.2. The wall momen-

tum thickness in Table 5.2 shows an increase with the
decrease of Reynolds number. for a Reynolds number the
momentum tHickness maintain’its constant value wiﬁh the
increase of axial distance. This indiéates that the boun=-
dary layer on the wall is developed. The wake generated

here is not strohg enough to influence the mean pardn-

eters in the wall boundary layer within the axial distance
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covered in the experiments. Fig. 5.6 shows the variation
of friction velocity on the wall with axial distances.
Frictian Uelocities-are also approximately constant with
axial distances fram'the trailing edge except very close
to the trailing edoge. The Friétion velocities determine
by the curve fitting principle of the universal velocity
profile eguation {( 5.2.1) and thé experiﬁental values.
show a smali-deuiation f.rom its,consfant value in the
near region. fhe momentum thickness already mentioned

remain constant with axiel distances. Here it is to be
2

noted that for ‘each Re®e = 2.18x10°, 2.01x10

and 1.?x103, the friction velocities a2t various axial

’ ’1,9x103
disfande are approximately constznt as shown in Fig.5.6.

5.5 Wake dévélopmept

 5.5.1 Velocity and shape factor

Fig; 5;?-3, b, c &d show the uariatioﬁ of mean

velocity distfibution in wakes for Re®e = 2.18x103, 2.01x103,
f.?x 103 am_j"l.7><103 respectively. The velocity distribution
in the wake is likely to be complicated in the neighbourhood
of th; flat plate becasuse ﬁf high velocity gradient. The
vortex shadiné from the surface of the plate is belng con-
vected into the stresm direction, and diffused by viscosity.

It follows that ultimately convection is more important than
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streamwise diffusion and that Qtreamwiss gradiént is
small compared with that in the lateral plane at the
downstréam plane. As the velocity grédient with the
axial distance gradually decreases, the flow tends to
become seif—preseruing with the increase of axial dis~
tance Figs- 5..7a, b, Cc and d show the development of
the ‘wakes with incfeasing the widths. Such a spread

of the weke is logical, from the view point Df'energy
transfer to the wake from the suerunding.:The gceometri-

cal parameiers of the wzkes will be discussed later.

The momentum  thickness within-the_Make was,célbulé—'

ted from the experimental data by using eguation (3.2.5)
at different axial distancesin the down stream of ther
wake. The values of momentum thickness Fﬁr different

Ra®e , are shown in Fig. 5.8. The wakg @Dﬁehtﬁm thick?.
ness increaseé with the increase of Reynolds nuﬁbef,ﬂeeef
But the momentum thickness in the wake for a fixed Rebe
isg found tﬁ be independent of the axial distance from
the trailing edge. Chevray and Kavasznay [4] aléd detepﬂ-
mined'the momentuh thickness to be conéﬁant within the
wake. This fact can also be interpreted from the momentum
equation neglecting pressure gradient given by . equation
(3.2.5) . The momentum thickness within the wake incréaseé
with the increase Df Reynoids Number, Reée, for the sams

plate. The momentum thickness will alsc depend upon the

\ | L



plate thickness., for the plate II1, which is vaery thin,
the value of momentum thickness was calculated to be

0.065 cm,Fbr, Re®a‘=.1.77 X 103.

The Shape factor, H= 4*/6 , is plotted in Fig.
549 as a function of axial distance. The slopé of the
curve for any Reynolds‘number decreases et a higher
rate in the region close to _the trailing edge and it
decreases at a siower rate with the increase of axial
distance. This trend of the shape factor curve in Fig.
5.9 shows an indication of self-~preservation of flou.
"The Flow will.be.abéolutely self-preserving when the
shapé*faétqr tendg to Ee uﬂitY{ThE shape factor vary

with Raynolds humber,ReGe s @88 shown in Fig. 5.9. A

. comparison with the results of Chevray and Kouasznayﬂ@

fisfalsd,pfésénted to show a satisfactory agreement of

the present results.

5.5.2 .Half width and center-line velocity

The half width is an important geometricel dimen-
sion for length scalse, generally used for explaining the
self~preserving flow. Dimensionless half wi'dth(:Z\%'/CdmL)
of the Qakes are. plotted against axial distances, which

are shown in Fig. 5.10. Half width of the wake which are

37

calculated from the semi-empirical equation (3.2.13) given

by Schlichting [7] for two-dimensiotnal wakes are also

plotted in the same Fig. 5.10 to compare with that_ of
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experimental results for plate - 1 and plaiafII. The axial
variation of helf width of the wake near the trailing edge

of ths plate deviate from that of sami-ampirical.results,but
it agrees with empirical results afterjx/Cdm L=50, The deve-
lopment of wake depend upon the initial conditions which are
already mentionsd. Schlichting'si?] results are valid For.a
very thin boundary layer at the beginning. Fig. 5.10a: also
-presaﬁt the fact thét with the decrease of intial boundaty
layer for higher Reynolds number the expepimantal fasults
approach: towards Schlichting's equation (3.2.13). It is
also to be noted that the effect of the initial conditinh _
exists only upto a certain axial distance and than the flow
forgets its state of urigin; Similar case is also explained
by Isiah'[1 Jand Hussain and stan[31] for jets. This is pro-
bably due to the nature of energy transfgr from largs scale
to. small scale eddies which depends on vartex pairing. The'
spread paramster Fﬁr the wake is shouwn in Fige 5.10b which
achisves approximately a constant value , 6= O.BES'at'£f9=206 for

the Reynolds numbers.studisd.

Dimensionless center-line ualocitf defect'is plottad
in Fige 5.11 against the dimsnsionléss axial distance,
X/CdmL. Fof the four different Reynolds number, the expe~
rimental wvalue !Fall on a same line except close to ther
- trailing edge. The plot'in Fige 5411 also shouws arcomparisup
with the results of Schlichting's experiments , Near the tra-
iliﬁg gedge of the plate-1 velocity defect is less than tha£

of Schlichting's experimental results. But after X/CdmL$>a0
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the -~ experimental velocity defect is greater than that

of Schlichting's experimental rasults. For the thin plate-II
with thin boundary layer at the beginning the present results
come closer to the Schlichting's ‘ualues. The center -line

U
velocity is also plotted in a2 coordinate system (1fug J 2

s}

vs. X/® in Fig. 5.12, which is a conventional plotting given

by many auﬁhors[21, 22, 32] . Theozetical results of Korst &
Chow[zzj and the experimental results of Chevray and Kovasznay
[4] are also shown in the same Fige 5.12 to compare the present
experimental results. Near the trailing edge of the plate- I -
the velocity increment at the centre-line of the wake is gre-
ater than'that of Chevray and.Kuﬁasznay[ ﬂ and Korst and Chow
[22 ]. After X/G = 120, the present :esuits'lie betweén'KDrst
and Chouw's [22]theareticai results and Chevfay and KouﬁSznay's[&]
experimental results. Kofé%'ahd'ﬁhbm[ZZJ éalcylated the ﬁiFFe—
rential momentﬁm and cantinuity eduation using Prandtl's model
of shear stress. For all calculations Kofst and Chow-[22] used

a flat velocity profile at the bgginniné of the wake. In ths
near region ' Korst and Chom‘s[?Z]results agrea satisFactbrily
with Chevray and Kovasznay's [4]results and it does not agree

in the region after X/ = 100, This is an indicatinh that

the Prandtl’'s model of shear stress is _hot applicable in

the region after X/ = 100, The present results with conside-
rable boundary layer thickness at the beginning shows a deviation

From both Korst & Chow's[?Z} and Chevray and Kovasznay's [4]

\
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results. It is already mentioned thet the flow forget
its inifial condition with the increase 0f axial dis-
~tance due to its transformation to small scale motion.
Sa, at further downstream region the present waks will

agree with Chevray ahd Kohaszn;y's.[&]waks.

5:5.3 Self pressrvation
Dimensionless velocity distribution for the wakes
are shown in Fige 5.13a, 54136, 5.13c, 5.13d and 5. 13e

3 3

corresponding to the Reynoldé number 2,18x107, 2,07 x 107,

1.9Ox103, 1.70x103 and 1.77x’103 respectively to examine

their-seif~greseruation. The healf width,Y%,is used as length
sceale ;n.thé self-preservation plot. The'uelocity Gistribu--
'tinﬁ in Fig. 5.13g=-2 .do not show self-preservation, but
it‘may become similar only zt large distance downstream

from the trailing edge of the flat plate; No similarity

of meén velocity is observed naar to‘the trailing edge of
the plate. The semi-empirical equation (3.2.11) derived by
GaftshOré:éj and Keffer [j]?or similarity profile are also
shown in Fig. 5.13a, 5.13b,_5.13c; 5.13d and 5}139 for
compafison.Deuiation af fhe'experimental results from the
semi-empirical équatioh(B.Z.??)may be expressed in rms érrdr.
This rms error was calcuiated,and"Found to decrease:graddélly
mitH the axial distance as shown in Table 5.3. The rms errors
fﬁr the plate-I1I { 0,159 cm thick) were calculated ito be

0.07% at X/D=16 and 0.057 at X/D =56. The least rms error is an



TABLE 5.3

rms ERRORS AT VARIOUS DISTANCE FROM
THE TRAILING EDGE OF THE PLATE=-I -

ffg,jifif’l‘ 16 24 | 32 48 56

Re@g

2.18x10° 0,077 '} 0,074 0. 069 0,062 | 0,058
2.01x10° 0.0795 | 0.078 - 0.072 0.064 | 0,040
11.90x10° 0.0830 | 0,081 0.076 0.071 | 0.068
1.70%x10° 0.1190 0.110 . 0,099 0.098 0. 096

an indication of self-preservation. Examining the rms error in
Table 5.3 it can be concluded that the flow achisves self~-presesrva-

tion earlier with the highar Reynolds numbsr , R ‘e From a compa-

ee
. : e
rison of Figse 5.132 and Fig. 5.13d it is clear that.the flouw is
nearer to cslf-preservetion in fFig. 5.13a for'RegE = 2.185(103 than

3

that in Fig. 5.13d for RBge = 1.7x10° at x/D = 56, The values of

rms errors for various Reynolds nuﬁber)ﬁeg s are plotted in Fig.5.14

: €%
‘to show that the rms error is less for higher Reynolds number at an

axial distance. S0, the wake velocity profile becomes similar(éalf—r
preserving) earlier'Fof'higher Reynolds number. The flow is not
self-pressrving 'in the range of axial distance covsered in this in;
‘'vastigation as the least rms arrér is aof the ordér of 0.058, which
is considered to be high for self-preservation. The semi-ampirical

self-preserving velocity profile can also be expressed gs @

) 2 ‘ )
: o 3 : (5.5.1)
-3_:‘15;: = exp(f"(Y/Y%) ) ‘

where the.spreading parameter, 6, replaces '@’ of the equation(2.22)..
The spfsading paramater’{,is alreasdy shown to be constznt after

x/8 =.209 for ald Rayﬁolds numbers studied hare.VUsing the constant
value of ¢ in eQUation(§;53)it is pléttad in Figs.S.?B_a}b,u'&Lﬁ |

to show a comprison with Gartshore's[G]; éﬁugtion (2.22.) .
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5.5.4 . Weke drag

Drag-co~sfficient due to the wake is calculated from
the momentum thickneéss eguation (3.2.7) obtained by neglecting
pressure is plotted in Fig. 5.15 ageinst Reynolds. numbers.
Fig. 5.15 shows that the drag co-efficient increases with the
Reynolds number. Drag co-efficient is also calculéted by app-
_lying equation (3.2.10) near the trailing édge of the plate
considering the effect of pressure. The result is élottgd in
Fig.'5.15 to sha@ a comparison; Drag Co—efficient balculated
by the above tyo méthods-are in agreement st each point. This-

indicztes that the effect of pressure is negligible.

5.2.5 Pressure in wakse
Fige 5.16 shouws tﬁe variation DF-pressure in wakes for
the Reynolds number 2.18xf0%, 2}01xﬂ03, 1;9X103 and 1.72103. In

Fige 5.16 the pressure at the free stream region is hearly cons-

tant, -and it varies only near the trailing edge of the plate-I.

and within a very small region about the center-line of the wake.

Drop of pressure is higher for higher Reynolds number as sﬁown
in fig. 5.16. Pressure drop in vicinity of the'trailing édge is
also high for thick plate. There is no preséure gradient in the
transverse direction near the trailing edge of the plate, if.the
-plate thickness is very small as shown in Fig. 5.17. The same

Case was also reported by Chevray and Kouasznay[&],

o
e



CHAPTER ~ VI

CONCLUGSTIODN

The present investigation is on the two-dimensional
turbulont wakes formed behind flzst plabes in a wind-tunnel.
Tuo flat plates of different thlcknesses were used ' for
generatlng the wakes at four different exit Reynoids num=
bers, i.e. Rebe = 2.18x103, 2.01x103, 1.9X103 and 1y7x103.
The boundary layers were turbulent at the trailing edge of.
the pléte, and the wakes Tormed with these boundary layer
were‘assuﬁed to oe turbulent from the éxit. The initial
‘boundary layef'iS'identiFied to be turbulent on the basis
Df Lhe experlmental values of velecities, which fit to the
unluersal velocity profile oF turbulent boundary layer.The
unlform flow that surrounds the wake is confined by the wall
of the test section.'The‘boundary layer on the' test-section
wall isralso identified ‘to be furbulent. The wall momentum
thickness decreases with the increase of Reynolds numﬁer,
but remains approximately constant with the increase of
axial distance. This indicates ﬁhat the development OF‘the
wake at the mid of the test section does not influence the
meén Parameter in the wall boundary layer within the axial

‘distance covered in the experiment.
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Far the same Reynolds aumer the wake momentum
thickness is found to be constant with the axial distan-
cas, but it increases with the increase of Reynolds number
and plate thickness. Tha shape factor of the wake decreases
with the increase of Reynolds Aumber and with the axial
distanée f rom the trailing edge but it dscreaseé “with
decrease of piate thickness. The decrease of fhe shape
factor to unity is ‘an indication of self~-preservation
of flow. The velecity distribution in the neighbourﬁood
of the flat plate is unstable due t6 the presence of high
velocity gradient in the axial diréction aﬁd it deqreasas
graduall} to make the flou selFQpreserving. The Fldw“is not
.foaund to be self-preserving in the range of inusstig?tion_
gptu x/op = 56.'The axial wvariation QF 'ﬁalf width o? tﬁe
wake is approximately linear except closse to the trailing
edge. But it is determined to be a linsear function of axial
distance by many authors, starting from the traiiing edge con--
sidering flat veluéity profile at the beginning. The.present
results agree with the existing results after a certain axial
distance x/C L =50, where the effect of initial condltlons
are insignificant.'The rate of increase of the central-ling
velocity is rapid in the near region of the wake & it bacomes

slow with the increase of axial " distance. For thinner ﬁake
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generating plate, the central line velocity incregse

at a higher rate with the axial distancen The flow within
the wake does not show completerself-preseruing within the
axial distance covered in fhe investigation, But for
higher Reynolds number it tends to becom= self-preserving
earlief for -the same plate thickness at the beginning.If
the wake generating body is thinner it also tends to
become self—préseruing eariier. It is observed a small
Pressure gradient in transvefse direction near the trailing
. edge of the thick‘piate, but it is nbt observed Fdr thin

nlate.
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APPENDIX - 1

UNCERTAINTY ANALYSIS

A= 1 Uncertainty for velocity measurements;
"Air stream of density, pair(slug/ftB} flows with =z Uelobity
U(ft/sec). IF a pitot-static tube is placed parallel to the
air—stream;then the velocity . head h' {inch) is measured
‘from a draft gesuce. If the density of monometric fluid is

.pe(slug/rt3}, then

;Pau9 = htelg. ‘ . '- : (A-1.1)

_-]- w2 = 2(92/9E§h'9

ors U =/2aleg/p)h’

or, u -fyég(ezg/Pagjht,_. _ | (A-1.2)

If ths sénsing point of the pitot-static tube is
deviated by an angle ¢ .from the direction of flow due to
mrbng adjustmcnt; then the measured Qelocity will be given
by

Ty = 29(?1/Pa’h cos 8 : (A-1.3)

But we knouw,

I

pa

B,9TR o .. (8-1.4)
OTy ea = pa/QTF\’
where Pgs R and T are the pressure the gas Constanf and the

absolute temperature of the zir respectively.



o4

From EQUatiGn(R,1}3) and (A 1.&)

u =J29(plg RT h') cos & (A~1.5) +
P

ve know, .
Pig = 62,4 x s ' (A-1.6)

where s is the specific gravity of the liquid.

From equatiuns(ﬂ_1.5> and (A.1.6)

u =J@gx62.4 X 5 X RTh'/pa cos &

or u ﬁ/@gXéZ.de sh'T/pa _ cos @

or o xvégﬂ X 62.4V/gh'T_ cos #

Pa

if K" is in inches.’

- T — 1 . ' -
o U =1a WQD—I cos & ) . (A~1.7)
Pa
where @ ﬂ\/bqﬁ X 62,4 © (A=1.8)
12

Now differentiate both sides of the equation{A.1.7) with

respect to s, Pa T, h' and € respectively,

du sh'Ty ~5 h'T .
T = q ( 2 G :5- g A___ .9
s 5 o ) Pa cos > Spa Cas (A-1.9)
-‘%_ = ( Sh T) 2 th(_ p12 ) cos g

a a
oT, U = H 3 cos & (A=1.10)
a
6U = g ( SF‘I'T ___ Rt q sh' o .
Y P ) cos & = 75 TE cos ¢ (Af1.11>
_ 2 a a |
\
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' ;; T :
%ﬁr = %( Eg__) 2 gl- cos ¢ = % §Tp cos ¢ (A=1.12)
1 t »
%%— = g fga:fj( —sin #) = -q [2RIT oin g (Ae1.13)
Pa | P
Let u, be the uncertainty for velocity and s, pau Tu h'u

and ¢u be the uncerteinties in the specific gravity, pressure,
temperaturs, monegmeter reading and angle of deviation respec-

tively.

Therefore,

=]. .‘S_U \2 _él_.l__ 2.4. .‘h:]..
UU . [( éS Su} + (épa'p 3 (6T TU} '
L8u L yeq 3 , . - (&a~1.14)
du

substituting the velues of %ﬁ . éEH . .
a Sa .

)
a,-U'

in the above équation(A—1.1&).

We have, . , e e

2 .
- g h'T 2, 2 + 2. .,
U [ Z cos ¢ s u ga sh'T 2¢ p

sp
P
2,7 2. 9% ST 2, vy . G5 sh'T.. 2 1
x cos“¢gTu“+ —r ©0s“¢ h'u + sin‘d. ¢ 2
4 P, 4 0 u

ar u

_ Q.coséf h'T 2 . sh'T p +A;—~
U 2 [ ‘ TP

S a,u
Py v P : a
sh'T

a

N ?,
+ 4 tan’g. ¢u2]2. | (A=1.15)

Diving equatiaon(A=1.15) by equation ( A—i.?)
e have,

u 2 p 2 - h'' 2 . 2
u sy . Ta,u +t T
—_ = [ _ + 3 + 'U, + a¢u2 tan ¢]

5 (A-1.16)

N~

u



Let us assume the following values for the above eQuation
‘ (A_1-16>-

s = 0,81 + 0.005

h'= 1.06 £ 0.005

P,=29.%0 % 5,050
T = 67°F + 1.5°F
¢ = 0%+ 5°

‘Hence .from enuation (A1.16) we net

U
U

= = 0.013927 = 1,3927%

© A=2 * lUncertainty for pressure mezasurements

If the sensing point of the piteot-static tube. is

. deviated by an angle ¢ from the direction of the flow due

to wrahg adjusimeni, then the measured relative static

pressure will be-giuen by-

Prg = pgoh' - Pagz _cosz( 90%-¢)
0Ty P = ngh‘ - Pau2 Slﬂ2 ¢
5
= Pa 2
DI‘: pre - 62048h‘ .- __2§¥.g. . Sin ¢
62.45h! 2
oI, P = A an-- 2 ' .
? Tre - 12 - 2RTg sin“¢ if h' is in inches
p U2
OTy PLg = R1sh' - R2 ? sin?¢ - (A-2.1)

96
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where, R1 = é%éﬁ = 5,2
I 1 - e
Ry = 2Rg = 2x53.3x 32.2 2713 x 10
tet p,., = PP, (A=2.2) _
LC.p =R, sh _ (R-2.3)
= 5,2x 0.81x 3.36 = 14.,15232 -
and p,= R pa-u2 - z =4
A 17 2 =f=—— sin“¢=2.1606215x10 (A-2.4)
Let p, and Py be the uncertzinties in p and‘pq
respectively.,
. L - X ~ 7 '.;:.
Then_, puzl.(ig_ SU )2 + ( é%' h|U)h ] :
or, P, [(R1h su) (R1sh . }
or, p =R h'syr (Pu 32 2.8
u 1 L ee— ) +h'u
. CLs e )]
- p 1 .
. . P _r,s )2 % ( ' }2 =
U = U . htu
and  pq, =[¢21 2 . ($P1 4 24(8P4 Tu)24(8P, 4 32 1%
0 ==L ) 7P v, DH(9Tn Tuw)H(%a ¢ ) ]
dp, ~au §u S ¥ 3¢

.2
U92+( R2pa2 an ¢ uu)z.

2 .. 2
:[ Ru™ sin™¢ Py

i 2 . 2 | 3
v (TRoPY Tan ak )2+(R2pauz2Sin ¢ cos ¢ ¢U)Z ]*
- .2, T
Ropau? sin “¢ ,
‘ 2
oT, Pou = T [( Pau )2+(EEE )+ 1 )2

U Pg T T

N
In
[
N
N
[
[Vie
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| S|
(SIS

Plufe = | ( ga_”)z -}'(ﬂfﬂ;g )2ty )

a Fang
. ) \
= 1.4131529 - (A-2.6)
T« Pre=P - P, _ |
| = 14,15232 - 2.160215x10°% = 14,1521
‘. p é'[( dBp, 3%+ (8P P )2 ] :
* * “rey &P . Sp, "du :
. 1
40 L2
_rdR 32 Lo 4P, P )
= -+
or, preu [ép DU) ( 351 iu ]
1 ) .
_ 2 . 32 3 (A-2.7)
GT, preg —[( Py ) 4 (D1u ) ~ ] : _ _

putting the following values in the above équatioh(A-2_5)
and (A=2.6) |
& = o0.81 0.505’- _
‘hﬁm 3.36 +9.005(inch)
p_= 25.9 * 0.05(inch of Hg)
T = 67%F +1.5°F |
¢ = 0%+ 5°

>

u = 59,169 + 0,82405(ft/sec)
from efGuation (A—Z.S) » wWe have

>+ 2.21442x100 )2

p
EH ( 3.81039x10

3

I

6.34336%x 10

p,, = 0.00898582
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rrom equation ( 9-2.6), we haue.

Py = 14131529

. _ -4

From EQUation(h_ggi} r we get .

Cal
Shea
I3

; - ] _3 -8
ooy = [8:07645x107749.3147x7070 ]
=" 0,0898581
Prog ®P - P = 14,1521
PLg . - 0.0898581 ' 3
ey : = 6.34945 x 10
o 14,1521 _
or, reu ’ o
=E——— = 0.00634945 i.g. + 0.634%.

re



APPENDIX -~ II

METHODOLOGY FOR DETERMIWING A, B AND u* IN UNIVERSAL
' VELDCITY PROFILE ’

The Universal velocity profile near the wall is ;

ut+t =.B log Y+ . & ' C(A=2.1)

e U '
‘where , ut = — and y+ _ Yus*

Y
Introducing tﬁéjdimensionless co-gfficient for local

skin friction in the above eguation ( 9—2.1){

LT w2 _ | _ _ : (A-2.2
T 7 Cr
Shear stress, u% = ?T = 5 U0 '(R-Z.B)

Putting the volue of u¥* in the above
equation (A=2.1)

u YU o | R
———— = B log - f +a . (A=2.4)
'U'JCF/Z ) 3 27 .

=afc. {' log YUo c. [T, o
0 jﬁf T * otegfLrealzl (ae2.s)

CIC

C YU C C L
- 5. [C¢ 0 ./__f.{a [Tt } :
R jg“ 199‘ ;;— + 2 ng 2 + A (Afzaé)

The glope of the above equation is used to determine

cﬂc

the shear stress velocity.
= m ) (A-2'7)

. .E - .
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u u* Y : \
— - . + -7
u¥ B log N} A (A-2.9)

»* ,
u/u* VS. %FY curve is plotted to determine the

constant A, and the slope B.
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