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.ABSTRAC

The present. experimental investigation was on the

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.

Two different plates of thickness, 1.905cm and 0.159 cm

of the plates were 24 and

carried out for Reynolds
5 s3.01x10 and 2.312x10.

286 respectively. Experiments were
5. 5number, R~d = 5.48 x 10 ,4.17x10 ,

for which the flow in a duc,tmay be

assumed to be turbulent. Mean properties of the flow at the

trailing edge and in the wake, downstream from the trailing

edge, were determined experimentally.
. .
Pitot-static tube was used to measure the veolcity

and static pressure heads. The wind tunnel was calibrated

for four different flow parameters. There were negligible

pressure and veloci ty gradienb3 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 incr~se of axial distance.
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CHAPTER - I
INTRODUCTiON

1.1 General

A wake is formed behind a solid body which is being

draged through a fluid at rest or behind a solid body which

has been immersed in a stream of a fluid. The velocities in

a wake are smaller than those in the main stream , and the

loss in the velocity within the wake is amour.tto a loss of

momentum which causes drag in the wake. The difference of
momentum within the wake and the free stream causes an ex-

change of momentum between them, and the wake spreads in the

axial direction. Consequently the difference between the ffiE2n

VElocity in the wake and. that in the main stream become~_s~a-
ller.

The wake behaves likBfree shear flows if it is not

obstructed by the surrounding fixed boundaries. The charac-

teristic features of this flow is important for many prac-

tical Cases, so, it is getting attention of many research
groups.

1.2 Formation and Degeneration of wakes

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 pressure gra-

dient or in.its absence. The shear layer is said to be free
\

shear layer if it is not obstructed by boundaries. After
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separating from the surface the fluid in contact with

the outer boundary of the ~eke folds back into its

surroundings. This folding an9ulfs the surrounding

fluid and forms a ring vortex core which rolls down-

streem~ After one or two revolutions, the vortice,s inte-

l-1]>lract strongly and break down into turbulent edpies _

if they originate from turbulent boundary layers. The

interactions of turbulent eddies causes large scale

vortical motions; small scale vortical motions also

evolVE through breakdown of the large eddies.

The" general picture of the turbulent wake is
d8pi~ted in,.F-ig. 1.1 with a dip in the ve.locity profile.

The width of the wake increase~ with distanceS from the

body, and the dip in the veloci typrofile gradually
levels off.

1. 3. Self preservation of wakes

A large scale vortical motion is formed in the

near region and a small scale vortical motion.; is evol-

ved through breakdown of the large eddies at the far

region of the wake. The small eddies contain less energy

and 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 tne eddies are invarian~.

* Number in the parentheses indicate reference.

i,
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For self-preserving flow, velocify and lers9th scales,
for tWD-dimensionc~l wake may be expressed as follows[ 2J;

U -4:; 1,]

whece A1 and 61 are the constants.

According to the self-preservation hypothesis, the velo-

city defect and the Reynolds stress become invariant

with respect to axial distance if they are'expressed in

terms of the local length and velocity scales.

An analytical solution of the governing equation

may be obtained by using self-preserving laws.The results

may not guarantee the occurrenceof self-pres,ervation in

practice .But it is identified by many authors[2, 3) that

the mean quantities achieve self-preservation earlier 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 limiting case

of an airfoil. The study of wake will be useful for the

design of airfoils. The wake is generated behind any kind
"of structures, such as buildings, towers, bridges etc.

\



for any wind velocity. For high wind velocity the wake

strength becomes ~ligh to daul2ge the structure. Wakes
generated behind .the moving cars and ships cause a loss
of energy. The characteristics of the wakes are useful

for designing structures, cars and ships to minimize the

energy losses associated with wakes. A maneuvering air-

craft or submarine, which is accelerating or decelerating

leaves behind it a momentum defect in the form of a jet

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

required for such operation, the.characteristics of the

wakes should be known.

Longitudinal pressure gradients can occur quite

often, specially in combustors, interactions between shock

waves and shear layers, and separated flow. Very little is

presently known, either 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.



CHAPTER - I I

LITERATURE SURVEY

2.1 General

The term wake is commonly applied to the region of

non-zero vorticity on the down-stream side of a body lmmer-
sed in a flow. In the turbulent wake the .effects of the

molecular viscosity is negligible, and it is turbulent from

the starting if it is generateD by turbulent boundary layer

at thg beginning of the wake. The study of the wake is not

new but. its physical importance in the sense of shear layer
Parameters induces thg researchers to investig8te wake in
more detail. The researchers investigated the Wa~(8 both ex-
p2rimentally and theoretic.ally to make ~ts use more conveni-
ently. Some ~nvestigations of wakes by various authors are
piesented in this chapter with their findings and ~onclusions.

2.2 Experimental Investigation

ChevraY and Kovasznay r4linvestigated two dimensio-
L J

nal wake behind 2 thin flat plate mounted in the low speed

wind tunnel. Measurements were taken with a single channel
constant temperature hot-wire anemometer both for mean velo-

city and fot turbulence. Reynolds number based on boundary

layer thickness,';,was ~ = 1.5 x 104 for all investiga-

tions. The boundary layer thickness and momentum thickness

at the exit were 5.5 em & 0.58cm respectively. Using the

experimental values of mean velocities the author calculated
\
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the corresponding monlsntum thickness and the width of
the wake. TheflDw in the wake was found apprDximately

similar except clDse tD the trailing edge. It is shDwn

that the flDw achieved apprDximate self-preserving at a dist-

ance ~ = 300, and exact self-preservation may occur at a
o

distance where the shape 'factDr, H, wDuld achieve unity.

It is to be nDted here that the trailing edge turbulence

level was nDt mentioned.

Hiroshi and Kuriki [5 J experimentally studied the

mechanism of transitiDn in the wake Df three thin flat

plates of different dimensiDns. The pl?tes were placed

Parallel tD a unifDrm flDW at subsDnic speeds. The maximum

thickness Df the three plates were 0.3 and 3mm respec-

tively and the ReynDlds number based Dn length Df the plates

ranged frDm 6x104 tp 4x105 • FDr the measurement of the

mean velDcity distribution, both fine pi,tDt-tube and hot-

wire anemometer were used. At the trailing edge of the

plate the bDundary layer was laminar. Other trailing edge

cDnditiDns such as boundary layer thickness, displacement

thickness and shape factDr were nDt mentioned by the

authDrs[5J. They classified the transition region into

three subregions viz linear, nDn-linear and three dimen-

siDnal. In the tWD-dimensiDnal(linear and nD-linear)regiDn

the center-line velocity Jlas fDund to vary ,D.:ponentially.

"

./
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In the three dimensional region it was approximately

linsar.trom the velocity distribution curves the aU-

thors showed that until X = 30 to 40 mm, the distribu-

tion varied slowly, while a sharp increase of central

velocity was found from X= 40 to ,60 rom. The experimen-

tal values of the mean velocities were found to fit to

an empirical equation given below:

U uo - c
U o

where, 'a = 0.69315

The theoretical distribution for a fully developed laminar

wake of the above form and the experiment8: data were in
good agreement with each other. However, they did not men-

tionvariation of the momentum thickness and the width

of the wake in the axial direction. As the exit condition

is laminar the development of the wake'is not similar to

that of the result obtained by Chevray and Kovasznay[4].

G:artshore [6 J investigated the two dimensional wak~

of a square ( t inch) rod at adverse pressure gradients and

at the pressure gradient for exact self-preservation. The

velocity ratio (U-uJ/U was maintained approximately cons-

tant after x/d, = 50. The flow through wakes having

Reynolds numbers, 6300 and 7300 , based on trailing edge

thickness, were studied without identifying the characteris-

tics of the trailing edge.
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Mean velocities were m8~sured witt1 a round pitot tube
having round tips together with static taps located in

one of the side walls. A DISA constant temperature hot-
.wire anemometer was also used to obtain measurements
of ths turbulent Quantities. The experimental Values of

mean" velocities showed approximate self-preserving after
X/d1=50, where the half width, y~, and the external velo-

.city Parameter, U-m,(m = 3.16 and 3.2 for Reynolds number

6300 and 7~00 respectively) behaved linear with axial

distances. But in the near region of the wake the half-

width.') Y.l, and external veloei ty ~arameters U1ers non-lin.eare
2

The experimental values or the mean velocities were found to fit
to an empirical equation given below:

u - u ( (Y/Y 1) 2 ) ( 2.2. ;)= exp -aU .- u
C 2

where, a = 1n2.

Similar equ ation was also ob taine d by Hiroshi and Kuriki [5J
for two-dimensional wakes for flat plates.

Keffer [3 J investigated the wake of the two-dimen-

sional cylinders of sizes ~ inch, 5/16 inch and 3/16 inch

with straining the flow. The tunnel speed was held constant.

at 18 ft/sec so that the corresponding Reynolds number based

on cylinder diameters were 4630, 2890 and 1740 for cylinder

diameters ~, 5/16 and 3/16 inch respectively. The mean quan-

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

\
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plotted the wake growth and the decay of the center-line

velocity defect against X. The author found that the wake

width increase exponentially with distance down~tream. The

mean velocity distribution of the wake profiles were in
no way self-preserving. The relationships for the scales

which the author derived are given below:
.1..

u1~~\
where u1 and £1 are characteristic velocity and length

scales for the flow and P1 is the total strain which has

been applied to the wake. However, for a more complete des-

cription, measurements of the turbulent quantities would be

required. It is not clear what kind of mechanism is most

important in the entrainment of external fluid at the wake

edge, a gradient type of diffusion, or the large laterally

directed mixing jets which are significant .in an unstrained

wak e.

Schlichting's [7Jwork, 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 a wind tunnel at a speed of ab~ut 50m/sec.

Reynolds number based on the diameter(d1=10mm) was Re= ~dl
4 .

= 2.38x10 • He found ~hat the half-width of the wake was

varied parabolically and the center-line velocity defect

was varied exponentially. Experimental values of mean velo-

cities were found to fit to an empirical equation given below:



. "Y). YWhere 1-=b ' b is th2 width of the wake and Y is the

10

vertical distance from the wake center line. Schlichting's
experimental results did not indiCate the intitial boundary
layer Parameters. These results agree satisfactorily with
wake generated by a very thin bounmary layer at the begin-
ning, but it may deviate from the results with thick boun-
dary layer at the beglnning. Hall and HisloP[S]investiga-
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 satisfactorily with the empirical equation given by
Schlichting [7Jin eqn. (2.2.4). Swain (9)also obtained in
a similar manner such an expression for the velocity profile
in an Sxially symmetrical wake. The dimensionless profile
of velocity .defect was obtained experimentally by Rehichardt
.[10] in the wake behind a heated wire at a distance of X=100ro

is the radius of the wire) from it. Similar experi-
I

ments were also done by Fage and Falkner [11Jin the wake
behind a heated prismatic rod at a distance of X = 72 ro
from it. The attempt of Goldstein [12J and other students
of Taylor to apply the vorticity transfer theory for deter-
mining the velocity profile in an axially symmetric wake
did not lead to results which agree with experimental data.
The exp~rimental results for wakes behind two dimensional

\
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Cylinder shows ~lose agreement with the results of two-

dimensional wakes ber1ind flat plates. Demetriades and

.Anthony[ 13Jinvestigeted the supersonic axisymmetric wake.

The plot of (1-u /U ) -3/2 ageinst X/D. which the authorsco,
plotted, sho",s a good agreefTJentwith the theoretical results

obtein by prediction method. The predicted axial variation

of Reynolds number is considerably different from that

shown by LJemetriades [ 13J. He showed Reynolds number to

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

2.3 Theoretic"l study

To find the form of the velocity profile in a two-

dimensional wake Schlichting [7 J uSBd mOm antum equation of
the form given below:

d [Y 2 + n2f#?y) 2u v + 6X oC- u dy r. 10 T = 0

in which th~ expression for. tyrbulent shear stress is ~aken

from Prandtl's old theory of turbulence (T/p= LZI~~J' 17 )
and pressure gradient.is neglected. The Prandtlrs mixing

lengt~,(,was defined in terms of the width of flow,
i = cb

The author defined the velocity profile in a conventional

functional form U-u = (U-uc) f ("<P , where 1= Y/b • To

determine the profile, SChlichting[7J used

and

b = KZ{X
nU-uc =~XU

I

(2.Z.7a)

(Z.Z.7b)



12

Using the expression for t and Uc in the momentum equation

(2.2.5) an ordinary differential equation was derived in the

following form:

'lf = "l! I 2
2 -where, 6,1' 2c n/K2

Equation ( 2.2.8a) is subjected to the

condi tions:

( 2.2.8a)

( 2.2.8b)

following boundary

1.

2.

y )At the edge of the wake ('t'b" = 1

U-u = 0 and b( U-u) = 0_.,. i. 8. f = f'=O (2.2.9)
~

Y 0)On the axis of the wake ('l~b" -
6(U~UyYU -u = U-u ,c =O,i.e. f = 1,f' = 0 (2.2.10)

The solution of the equation (2.2.8a) w~th boundary condi-

tions g~ven in equations (2.2.9) and (2.2.10) is;

U - u = f("I) = (1- Yl,3/Z)2
U -u L Lc

The constant, c, involved in the Prandtl's mixing length

expression was determined to be 0.18 (Vb = 0.18). The

values of the constant.K2.~ndn.in equation (2.2.7a) and

(Z.2.7b) can be determined by using SChlichting's[7] equa-

tions in the form, n = 1.4 .Jal and K2= 0.8 N where 8.2

is an empirical constant. For wake behind a two dimensional

cylinder, Schlichting [7Jobtained experimentally the value

of a2 as 1.23.

To find the form of the velocity profile in an

axially symmetric wake Taylor [14Jused momentum equation of



the form given below: ,
1 fx l~(u-u) UY dY + {2( dU) 2 0=
y JY

Here the eX[CTession for shear stress is tak en in accordance

with Prandlt's old theory. The Prandtl's mixing length, l was

defined in terms of the width(wake radius} of the wake, t=cb.

The author used the conventional functional form of velocity

profile given below:

and

b = K3
3

U-u =c

(2.2.13a)

(2.2.13b.)

After transformation he obtained for an Bxially symmetric

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

wake •.

(2.2. 14)

With the same boundary conditions given in equation (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 = . f (Y). )
U-u Lc

Reichardt[10Jused momentum integral equation to find the

form of the velocity profile in a two-dimensional wake. The

author used Prandtl's new formula for shear stress

where,

., -:z5 c.kf - t OY

15 =Xb (U-u )t c

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

= 0

fDrm under constant pressure gradient~
Y

2 AX ( u (U -u ) dY - <\ gu6X oC- dY

velocity profile in the cross-sac"tion of a two-dim en":""

sionel turbulent wake according to Prandtlts new theory
of, turbulence and Reichardt's theDry [10Jis ;

u-u (--=expU-u c
The constant f, for a two dimensional wake was determined
from the experimental resul ts'of Schlichting [7Jand Reichardt
['OJ. They alsD obtained the fDIlDwins form Df the velocity
profile in an axially symmetric wake far fro~ the body,

U-u (= expU-u c
2/3)

2.4 Recent Approach

The shear layers are recently investigated from th~
view point of its structure and eddy sizes. Such flow is
identified to be irregular type with its structure in the
coherent form. A coherent ~tructure is a cDnnected, large-
scale turbulent fluid mass with a phase-cDrrelated vorticity
Dver its spatial ex,tent[15J. This specially phase-cDrrelated
vorticity is called the coherent vorticity. Vortex, rings,
rolls, spirals, etc. are example of coherent structures. The
presence Df large-acale organized motiDns in the turbulent
shear flows, though apparent fDr 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 Meller and

others [17, 18J. Near field coherent structure in wake

was observed by flow visuelization by the authors [19,20J.

A coherent structure is responsible for transports of sig-

nificant mass, heat and momentum without necessarily being

highly energetic i~self. Sophesticated experimentation has

been developed to investioate the coherent structure.
, -

Differential m~thods of calculation is also an use-

ful tool for predicting the turbulent flows in shear layers.

The turbulent model of semi-empirical equations developed

by Launder, et. a1 L21J and others [22, 23J are very' power-

ful method for predicting shear flow.

2.5 Mean Static Pressure

Mean static 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-

tion. If the thickness of the body is large the pressure gra-

dient Can not be ignored. Such pressure gradient within the

wake plays an important role for its developme;t. Gartshore[6J

was the first who investigate the influence of the pressure on

the wake development. Gartshore(6J measured the lateral tur-

bulence intensity distribution for three kinds of wakes viz:

,

(\,
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i) wake at adverse pressure gradient

ii) wake at pressure gradient, required for self-

preservation

iii) wake at zero pressure gradient

The resul ts of wakes at three pressure gradients studied by

Gartshore [6 J showed a considerable variation of flow para-

meters in the near region for varying pressure gradient.

Hiroshi and Kuriki [ 5 J used. alluminium plates for the side

wall of the test section. The plates were adjusted in order

to keep the stream-wise static pressure distribution cons -

tanto The experimental results of Hiroshi and Kuriki[5J show

a significant deviation from the results. obtained by Garishore

[6 J .. Such El devigti,," is due to the increase of .pressure gra-

dient. No pressure measurements w~re made by Chevrey and

Kovasznay [4] because the static pressure within the wake was

quite low(P= 1mm H20) and the wakes generated behind a very

tbin plate(thickness = 0.16 cm).

2.6 Problem and ob.;ectives

The fiow development identifying the initial condition

has not been done much, except lately by Chevray and

Kovasznay [4Jand others. The presen~ experimental investiga-

tion is to be done identifying the initial conditions. The flow

both at the trailing edge of the plate and at the downstream

from the plate will be st~died exp~rimentally. Wakes produced

by two different plates having different velocity profiles

I

''"''\
! J.
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at the trailing edge will be investigated. The exit

Reynolds number based on the average velocity and the

momentum thickness at the trailing edge lJIillbe 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 measured for different initi81 conditions at various

locations from the trailing edge of the plate. The experi-

mental results will be compared with the existing theoreti-

. cal and experimental resul tso The wake geomett'y is to be

determined for various Reynolds numbers. The variation of

drag co-efficient for different Reynolds number is also to

.be calculated.

, "



CHAPTER - III

GOVERNING EUUATIONS

3.1 General

Turbulent motion is governed by the Navier-Stokes

diFFerential equations. The general solution of the non-

linear Navier-Stokes equations is not available.ln order

to apply Navier-Stokes equations to practical cases,hypo-

thesis and €mpirical assumptions have to be introduced to

obtain a closed set of equations with time average depen-

dent variables. Here the conventional order of magnitude

principle is appliad to the general momentumm equation to

obtain the equation in a simpler Form. Later these equa~

tions are used for evaluating the wake properties.

3.2 Fundamental equation For two-dimensional wakes

Applying the order of magnitude principle and usin~

continuity equation, the momentum equation may be written

in the following form [24 ] :

~ (u-U) + fv v(u-U) + tv l:JTiIl = o

The pressure gradient and the effect of molecular viscosity

are neglected in the above equation.

In wakes, u-U vanishes at suFFiciently large values

of Y, and it does so For u'v'. AFter integrating the equa-

tion (3.2.'::1) with respect to Y over the entire flow. The

result is, 0<::

£) u(u-U)~Y = 0
-.c .

i'..," ~



The total momentum defect in a wake is constant, so,
""'-

fJ u (u -u) 6 Y = f"
-.,c

The momentum integral equation( 3.2.3) Can be used to

define a length scale for turbulent wakes. Imagining

that the flow past an obstacle produce a completely

separated, stagnant region of width 2g • Then 2PU29

represents the net momentum defect per unit time and
depth.

Thus, -2(U29 = f"
,

Equatingequation(3.2.3) and (3.2~4) ,we haVe
. c<'-

-Zf'U2
g =/1 u(u-u) d Y

0<- - "'"'

or, g = I IT (1- IT ) ~ Y (3.2.5)
-0

where, g is called the momentum thickness of the wake.

The momentum thickness is related to the drag coefficient

of the obstacle that produces the wake. The drag coeffi-
cient, C dm, is defin ed by.,

°1• -!Cdlll fU2L

where, 01 is the drag per unit depth and L is the charac-

teristic height of the obstacle. The drag, °1, produces

the momentum flux,M. So, equatinQ equations (3.2.4) and

19
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The momentum integral equation for drag on the obstacle

having pressure gradient is given by

20

(3.2.8)

But according to the definition of drag coefficient

Equating equ~tions(3.2.8) and (3.2.9) ,we have,

~CdrUo 2L=Lfj(p 0 +fuo 2)bV-JJp+pu2) 6Y
d' -~ =' .2 .

Cd = Jpu; [~o-P)d\' +2 L}1- ~o2) d Y

3.3 Empi'rical Equatiods

The~ean velocity distribution for self-preserving

wake is given by the following semi-empirical equation

u-u =
U-u c

where, a = .In 2

A semi-empirical relation for half width of the

wake, follows from the measurements of Schlichting and

Reichardt l10J

\



CHAPTER IV'
EXPERIMENTAL SET-UP AND EXPERIMENTS

4.1 General

Many 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-

jecti~e of this investigation is to study the effect of

initial conditions on wakes which involves;

(i) Measurement of mean velocity and pressure dis-

tribution

(ii) Determination of self-preserving characteristics of

velocity within the wakes.

(iii)Study of wake proper~ie~ us~ful in practice.

All these properties are measured experimentally and

compared with the existing'theoretical and experimental

resul ts.

4.2 ~xperimental facilities

To accomplish the objective described In the provious

section flat plates were chosen.to generate wakes. Two

flat plates of different thicknesses were used to form the

wakes. The thickness of the plate-lis taken about 10 times

the thickness of plate-II in order to examine the effect of

thickness or; .ll!ak". These two thicknesses are considered to be

the extream ICases for assuming the flow to be two-dimentional.
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The length and span of both plates were 91.5 cm and 45.7 cm

respectively. Plate-l was made of wood having its leading

edge in the form of a symmetrical wedge ~pto 15.0 cm of the

plate and the remaining part maintained to be the same

thickness, 1.905 cm. until the trailing edge. The surface of

the plate was polished to make it smooth. Plate-II was made

of wood of thickness. 1.27 cm h~ving its leading edge in

the form of a symmetrical wedge upto 15.0 cm of the plate and

the trailing edge tapered linearly down to 0.159 cm over a

length of 10 em. Fine mesh G.I. screens(6 holes/cm) were in-

sertedat 10 cm up-stream from the trailing edge of the plates.

The plates were made in such a way that it fits tightly at the

mid-height of the working, section. A schematic diagram with

pertinent dimensions are shown in Fi~. 4.1.

Fig. 4.2 is a diagram of a straight subsonic ,wind

tunnel of suction type which was used for this' experiment.

The airwas sucked by a f~n( 38 in. dial of capacity 30,000

cfm situated at the downstream side of the working section.

The tunnel illustrated above has a working section of size'

(45.7 cm x 45.7 cm x 3.25m) • The wind tunnel was originally

designed and constructed by 'Islam [25 ] and installed

by Khalil [26]. The mesh G.'L screens were inserted

at the inlet of a large contraction ratio conver9j,ng'duct.

Following the conver~ing duct there were four con-

secutive

I

square cross sectional dLJct~,p,l!'.",h",tm ',in'
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rig~ 4.2. The first duct(45.7 cmx45.7 cmx 96.5 cm) was

made of wood and the plates were placed at the mid-height

of the cross-section within this duct. The second and

third ducts( 45.7 cm x 45.7 cm x 76.2 cm) were made of

perspex sheet while the fourth one(45.7 cm x 45.7 cm x

76.2 cm) was made of wood. Adequate holes were provided

at the bottom of the perspex ducts along the central line

for inserting the pitot-static tube. There was also one

hole at a distance of 15 cm from the inlet of the second

duct, at the mid-height of the side wall for inserting the

pitot~static tube inside the duct.

4.3 Measuring equipment

Pitot-Static tube was used to measure the mean velo-

ci ty of flow. The pitot-static tube was traversed vertically

up and .down by r"lckand pinion arrangement over a vertical

stand with a vernier scale to ~ead 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 to e precision of 0.02 inch(0.05 cm).The

draft gauge was set horizontal with the help of a spirit level.

The liquid used in the manomEter was kerosene oil of specific

gravity 0.81. In order to prevent the vibration of the sensor

the pitot-static tube was supported by a 0.635 cm diameter

brass rod. The sensing point was 10 cm above the top of

the rod. This was dOne to avoid the disturbance in the flow
\
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due to the presence of thebr2ss rod. For inserting

the pitot-tube into the duct 12 holes were provided

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 Fig. 4.3. This experimental technique was also used

by Khalil[26] for investigating turbulent shear layers~

4.4 Calibration of the wind tunnel

For the calibration of the wind tunnel, the velo-

city and the pressure in the tes~ section were measured.

The purpose of calibration was to examine the uniformity

of velocity and pressure within the test section without

using the wake generating plate in the upstream.

In order to determine the velocity and pressUie

heads, in the test section the pitot-static tube was
•

traversed up and down by rack and pinion arr'angemEint

over a stand. From the draft-gauge the velocity heads and

the pressure heads were recorded and the velocity Bod pre-

ssure at different points across the cross-section were

calculated. The velocity heads and the pressure heads

were recorded at two stations, viz X= 5, 122 cm where X
is the distance measured from the inlet of the 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
I



exists no velocity gradient in' the axial direction. The

velocity distribution is also symmetrical about the cen-

ter-line as shown in Fig. 4.4. The velocity profile is

flat across the test section except for a small boundary

layer at the top and bottom walls of the test section.

The area under the velocity profile was computed and

therefrom the average velocity across the test section

was determined. Reynolds number of the flow wescalcula-

ted on the basis of the average velocity and the width

of the test section, such calibrations were performed

for flows with Reynolds numbers used in this investiga-

The boundary layer thickness was obtained by mea-

suring the distance, Y, from the wall .forwhich u/U=0.99.

The wall momentum thickness was calculated by using eqn.

(3.2~5) • The computed .values of different flow parame-

ters for the ~est-section are given below in Table 4.1.

TABLE 4.1
CHARACTERISTICS QF THE VELOCITY PROFILE

IN THE TEST SECTION CALIBRATIONS

25

Average Reynold No.Red Viall momentum Boundary Laye r
Veloci ty thickness thickness
U (m/.>ec) 9 (cm) (cm)av w

17.83 . 5
0.1285.4844x10 1.65

13.56 4.1695x105 0.139 1.90
9.79 3.~102X105 0.144 2.03
7.52 2.3124x105 O.161 2.54
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section" at the axial distance, X = 5, 122 em. The two sets

of experimentsl points show negligible difference as shown

in Fig~4.5_ This implies that there exists negligiDle press-

ure gradient in the axial direction within the test-section.

4.5 Experimental procedure

After the calibration, the duct made of G.l. sheets

was replaced by the wooden duct mounted with the wake genera-

ting flat plate at the mid-height. A schematic diagram of the
experimental set-up is shown in Fig. 4.3.

The thin Lake was allowed to grow in the downward

directipn through the perspex duct. In order to investigate
the wake along the axial direction, the mean velocity and the

static.pressure were recorded at various distances( viz X=5,

7.6, 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

was quite stable except over a narrow range near the wall

where it fluctuated. However, in this region average of

five' observations was taken for a reading at a point.

Simi12rly readings were taken at the trailing edge

of thE p12te, and in the wake for different Reynolds number.

The room temperature and the pressure were taken at

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

of the two was' taken 28 the recorded datJ for the experiment.

\
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4.6 Uncertainty statement

The uncertainty of the measurements of the maan

velocity and pressure are influenced by the variation of

specific gravity of liquid (in draft gauge) which is aSSO-

ciated with the variation of the ambient temperatuee and

p~essure, the accuracy of the angle of inclination of the

pitot static tube to the mean flow direction and the acCu-

racy of the measurements of the draft gauge reading. Un-

certainties presented here were calculated by using the

procedure given in Appendix - I. The uncertainty of mean

velocity, uuAJ was estimated to be less than~1.4%. The

uncertainty of pressure Preu/Pre was estimated to be less

than + 0.6%. The-uncertainty in measuring the linear

,, .

distance was negligible. Temperature and pressure(atmos-

pheric ) variation during the experiments were 1.50F ~nd

0.05 (inch of Hg) respectively.

\



CHAPTER - V
RESULTS AND DISCUSSION

5.1 General

Mean properties of the flow at the trailing edge~~and in

the wake at the downstream of the trailing edge were determined

experimentally. The experiments were performed by varying ini-

tial conditions at the trailing edge. All these experimental data

have been analysed to'obtain some informations regarding the wake

development. This chapter prese~ts comparisons of experimental

and theoretical results of mean flow properties in wakes. All

computations and data analysis were performed by using a desk

talculator Bnd on IBM 370-115/2 computer. The computer programs

are given i~ AppendiX - III.

5.2 Trailing edge conditions

The increase of velocity with ,transverEA distance,Y. from

the plate surface indicates relative movem<entofthe particles in

the boundary layer. A's the boundary layar is thin, the velocity
:~..

gradient in the transverse direction is high. Fig. 5.1a shows

the velocity distributions at the trailing edge of the plate-i

(D = 0.7~ inch) 1.905 cm thick and plate - II ( D= 0.0&3 inch)

0.159 cm thick. The figure shows that the veolcity profiles,

at the trailing edge, contain boundary layers which are

important for the development of the wakes. The boundary

layer velocity profile is shown in figur~ 5. 1b. in a

magnified scale. Momentum thickness af the velocity

profiles are calculated graphically at the trailing edge

.-Trailing edge measurement was at X = -1mm from the end of the
plate
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of both the plates, by using equation ( 3.2.5). ~hich is

found to decrease with the increase of free stream velo-

city. This momentum thickness and the free stream average

veloci ty are used to define the Reynolds number. The cha-

racteristics of the turbulent boundary layer at the trat1

iling edge(~= -l!i;ilt)ofthe plates for different flow para-

meters are shown in Table' 5.1. The experimental values of

velocity within the boundary layer are fitted to the uni-

versal turbulent velocity profile near the wallin the

coordinate £ystem u+ vs y+ • The universal profile near

the wall is,

+ + ( )u = B log Y + A 5.2.1

where, u+= u/u*, y+ = ~ ' and B & A are constants.
+The three constants u, A & B are optimised on the basis

of the least rms errors between experimental values and

equation (5.2.1) which did-not exceed; 1.744224, for any

case. The method of optimisa~ion is given in detail' in

Appendix - II. The constants A & B for different initial

conditions were found close to each other, and the values

are given in T3ble 5.1. The constants ,A & B were determined

experimentally by many authors including Lugwieg. [,27 J,
Klebanoff~{2~ & Sc~ulti[2~.The values of the constants

should very within the range 4.0 to 7.15 forA, and

5.0 to 6.7 for B as reported in ref. [3g. The optimum values

of A & B detetmined by fitting the present exp8rimental

,results with equation (5.2.1) are within the range already



speci fied by r "Duncan ~ 30J •
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F~g. 5.2shows the plotting of

the universal velocity profile g,iven by equation (5.2.1)

for the five initial conditions 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 plDtted
,

Dn the plane with same axes all the experimental pnints

fDr different boundary layers et the trailing e~ge L 11

cDllapse Dn a same line?henc6 it

\

Df fully develDped turbulent bDundary layer. In additiDn,

the values of Reynolds numbers based on momentum thickness

and average velocity given in Table 5.1 are high in compa-

rison to the,typical values necessary for the assumption of.

turbulent boundary layer.

TABLE 5.1

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

Plate Average ~IDmentum Reynolds Boundary Fric CDns- Cons
free- thickness Number layer .tion tant tant
stream g (cm) Rege thick- velo-
velDci ty . ness city B A
U ' (m/sec) ,Hcm) u*av cm/Sec)

I 18.10 .0.OB94 3 0.762 O.B32 5.79 6.042.1Bx10
I 13.49 0.1107 2.01x103 0.B85 0.683 5.73 4.72
I 9.99 0.1422 1.90X103 1.016 0.509 5.42 5.34
I 7.65 O.1651 1.70x103 1.270 0.418 5.22 4.96

Ii 23.81 0.0552 3 1.270 1.199 5.82 6.101.77x10



It is to be noted here that the initial conditions

play an important role for the development of wakes. But

many authors[6, 3]did not identify the initialcondi~ions

for the study of wakes. This was probably due to lhe fact

31

that boundary layer for their cases were very .thio •

Islam. [1) has already identified that the initial condi-

tions have a big influence on the developmenl of shear

layer for jets. As the development Df 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 stream velocity,.U, ~epresents the uni-

I,I .

I
I,
I.

form flat Part of the velocity profile outside the wake

and it is parallel to the X-axis. The free stream velocity

dropsinstanteneously when the boundary layer separates

from the plate to form the wake. Such drop is observed for

thick plate-I upto the axial distance, xl; ~ 50, after

which it achieves a uniform and constant value. Fig. 5.3

shows that the drop of the free stream velocity upto xl;
~ 50 , is not more than 4% for the plate- 1. Such a drop

of .free-stream velocity was not identified in the case of

a thin Plate-II. From the consideration of potential flow

theory, there exists adverse axial pressure gradient at

the beginning of the wake and it achie~es zero axial

\
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pressure gradient after X/V"=50. The drop 'of the uniform

free-stream velocity is due to the increase of flow area

as the profile separates from the plate-I. But for the

Plate-II, the increase in flow ~rea at the beginning of

the wake is not much to decrease the free-stream velocity

significantly. "The free stream velocity does not vary with

the Reynolds number~ ReSe, except close to the plate-I.

But it is independent of Reynolds number for thin plate

as in the case of plate-II. Similar conclusion was also

drawn by Chevray and Kovasznay [4J and tlley considered

flat free-stream velocity profile without considering
pressure gradient.

5.4 _Tunnel wall characteristics

The wake studied here is a two dimensional one

and submersed in an approximately unifor~ fre~stream ve-

locity in the test section of a wind tunnel. The free st-

ream flow Patterri has a boundary layer on the wall of the

test section. Though the free stream velocity is approxi-

mately constant, the boundary layer on the wall 6f the

test section is-presented to eXamine its variation in the
axiel direction.

Fig. 5.4a, 5.4b, 5.4c and 5.4d show the ~elocity profile
with their megnified-boundary layer in Fig~.5.4e",f~g and h on

the-wall for different, Reynolds numbers; The experi-

mental points are fitted to the universal velocity pro-

\
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file on the wall in the fprm given by equation (5.2.1).
The constant A, 8 and u* are optimised (APPENDIX-III )

..for the least value of the rms errors between the experimental
values and the values from equation(5.2.1)at each section. The
optimum values of A & B determined here are found to
fall within the range given by many authors including

. r 1Duncan -t 30 J. For the purpose of fitting, the value
of u* was varied in a step of 0.01 to get the optimum
values of A and B for a minimum rms error~ The values
of rillS erro'r did not exceed 0.89 for any case for the
values of A and 8 reported here in table 5.2. For tur-
bulent boundary layers values of A and B determined by
the authors 27, 28, 191 are w.ithin a range 4.0 to 7.15~ J

for A and 5.0 to 6.7 for B. The universal' velocitypro~
file on the wall at different axial stations are shown
in Fig. 5.5~ From this plot it is evident that the boun-
dary layer on the wall is turbulent. Wall momentum thick-

'ness of the velocity profiles are calculated by using
equation (2.2.5) ~nd given in Table 5.2. The wall mom en-
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 with the~

increase of axial distance. This indicates that the boun-
dary layer on the wall is developed. The wake generated
here is not strong enough to influence the mean paran-
Bters 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.

Friction velocities are also approximately constant with

axial distances from the trailing edge except very close

to the trailing edge. The friction velocities determine

by the curve fitting principle of the universal velocity

profile equation ( 5.2.1) and the experimental values

show a small deviation from its constant value in the

near region. The momentum thickness already mentioned

remain constant with axial distances. Here it is to be

noted that for each ReQe = 2.18x103, 3 32.01x10 , 1.9x10

and 1.7x103, the friction velocities at various axial

distance are approximately constant as shown in Fig.5.6.

5.5 Wake developme~t

5.5.1 Velocity and shape factor

Fig. 5.7a, b, c &d show the variation of mean
3 3velocity distribution in wakes for ReGe = 2.18x10 , 2.01x10 ,

3 31.9x 10 and'1.7x10 respectively. The velocity distribution

in the wake is likely to be complicated in the neighbourhood

of the flat plate because of high velocity gradient. The

vortex shading from the surface of the plate is being con-

vected into the stream direction, and diffused by viscosity.

It follows that ultimately convection is more important than

\
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streamwise diffusion and that streamwise gradient is
small compared with that in the lateral plane at the
downstream plane. As the velocity gradient with the
axial distance gradually decreases, the flDw tends tD
becDme self-preserving with the increase Dfaxial dis-
tance figs' 5.7a, b, c and d shDW the develDpment Df
the wakes with increasing the widths. Such a spread
Df the wake is IDgical, frDm the view pDint Df energy
transfer tDthe wake frDm the surrDunding •.The geDmetri-
cal Parameters Df the wakes will be discussed later.

The mDmentumthickness within the wake ~as calcula-
ted frDm the experimental data by using equatiDn (3.2.5)
at different axial distancesin the dDwn stream of the
wake. The values of momentum thickness for different
ReQe , are shDwn in fig. 5.8. The wake mDmentum thick:"
ness increases with the increase of Reynolds numbesReQe.
But the momentum thickness in the wake fDr a .fixedReQe
is. found to be independent of the axial distance from
the trailing edge. Chevray and Kavasznay [4J also deter-
mined the momentum thickness tD be cDnstant within the
wake. This fact can also be interpreted frDm the momentum
equatiDn neglecting pressure gradient given by ~ equation
(3.2.5) • The momentum thickness within the wake increases
';ith the increase of Reynolds Numb.er, ReQe. for the same
plate. The mDmentum thickness will also depend upDn the

\



plate thickness. For the plate II,'which is v~ry thin,
the value of momentum thickness was calculated to be

. . 30.065 cm for, Rege = 1.77 x 10 •, ,

The Shape factor, H= J*/g , is plotted in Fig •
.5.9 as a function of axial distance. The slope of the
curve for any Reynolds number decreases at a higher
rate inth~ region close to_the trailing Edge and .it
decreases at a slower 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 flow.
The flow willbeabsolutel~ self-preserving when the
shape factor tends to be unity. The shape factor vary
with Reynolds number,Rege , ae shown in Fig. 5.9. A
comparison with the results .of Chevray and Kovasznay[~
',isalsd pr~s~nted to show a satisfactory agreement of
the present results.

5.5.2 Half width and center-line velocity

The half width is an important geometrical dim en-
sion for length scale, generally used ,for explaining the
self-preserving flow. Dimensionless half width(2~/CdmL)
of the wakes are plotted against axial distances, which
are shown in Fig. 5.10. Half width pf the wake which are
calculated from the semi~empirical equation (3.2.13) given
by Schlichting [ 7J for two-dimensiotnal wakes are also
plotted in the same Fig. 5.10 to compare with that of

37
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experimental results for plate - 1 and plaie-II. The axial

variation of half width of the wake near the trailing edge

of the plate deviate from that of semi-empirical results,but

it agrees with empirical results after xjCdm L;50. The deve-

lopment of wake depend upon the initial conditio~s which are

already mentioned. Schlichting's[7] results are valid for a

very thin boundary layer at the beginning. fig. 5.10.e~alsO

present the fact that with the decrease of intial boundary

layer for higher Reynolds number the experimental results

spproach: towards Schlichting's equation (3.2.13). It is

also to be noted that the effect of the initial condition

exists only upto a certain axial distance and then the flow

forgets its state of origin. Similar case is also explained

by Islam [1 ] and Hussain and Zedan[31] for jets. This is pro-

bably due to the nature of energy transfer from large scale

to.small scale eddies which depends on vortex Pairing. The'

spread parameter for the wake is shown in fig. 5.10b which

achieves approximately a constant value "C= O.6'li5at 'Xi9=200 for

the Reynolds numbers studied.

Dimensionless center-line velocity defect is plotted

in fig. 5.11 again8t the dimensionless exial distanc~,

x/CdmL. for the four different Reynolds number, the expe-

rimental value fallon a samB line except close to the

trailing edge. T~e plot in fig. 5.11 also shows e comparison

with the results of Schlichting's experiments • Near the tra-

iling edge of the plate-I velocity defect is less than that. ,

of Schlichting's experimental r'esults.'\Butafter X/Cd L> 40, " m
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the 'experimental velocity defect is gre~ter t~an that

of Schlichting's experimental results. For the thin plate-II

with thin boundary layer at the beginning the present results

come closer to the Schlichting's Values. The center -line
, u

velocity is also plotted in a coordinate system (1~U£ )-2
, 0

vs. x/e in Fig. 5.12, which is a conventional plotting given

by many authors[21, 22, 32J. TheoZletical results of Korst &:

Chow[22J and the experimental results of Chevray and Kovasznay

[4 J are also shown in the s,ame Fig.' 5.12 to .compare the present

experimental results. Near the trailing edge of the plate- I'

the velocity increment at the centre~lin8 of the wake is gre-

ater than that of Chevray and Kovasznay[ ~ and Korst and Chow

[22]. After x/e = 120, the present results lie between Korst

and Chow's [ 22J theo retical resul ts and Chevray and Ko vasznay I s[4J

8xperiment~1 results. Korsl andChow[Z2J calculated the diffe-

rential momentum and continuity equation using Prandtl's model

of shear stress. For all calculations Korst and Chow 122] used

a flat velocity profile at the beginning of the wake. In the

near region Korst and Chow' s{22J resul ts agree satisfactorily

with Chevray and Kovasznay's [4Jresults and it does not agree

in the region after x/e = 100. This is an indication that

the Prandtl's model of shear stress is not applicable in

the region after x/e = 100. The present results with conside-

rable boundary Iaye£ thickness at the beginning shows a devia~ion

from both Korst &: Chow' s[22 J and Chevray and Kovasznay's [4 ]

\
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results. It is already mentioned that the flow forget

its initial condition with the increase of axial dis-

tance due to its transformation to small scale motion.

So, at further downstream region the present wake will

agree with Chevmy and Ko.vaszn,ay's [4JwakB.

5.5.3 Self preservation

Dimensionless velocity distribution for the wakes.

are shown in Fig. 5.13a, 5.13b, 5.13c, 5.13d and 5.13e

corresporrding to the Reynolds number 2.18x103, 2.01 x 103,

1.90X103, 1.70X103 and 1.77x103 respectively to examine

their self-preservation. The heIr wiclth,V1,is used as length

scale in the self-preservation plot. The velocity distribu-'
tion in Fig. 5.13a-e do not show self-preservation, but

it may become similar only at large distance downstream

from £h~ trailing edge of t~~ flat plate. No similarity

of mean velocity is observed near to the trailing edge of

the plate. The semi-empirical equation (3.2.11) derived by

Gar'tshore~6 J and Keffer [3J for similari ty profile are also

shown in Fig. 5.13a, 5.13b, 5.13c, 5.13d and 5.13e for

comparison. Deviation of the experimental results from the

semi-empirical equation(3.2.11)may be expressed in rms ~rror.

This rms error was calculated. and" found to decrease gradually

with the axial distance as shmwn in Table 5.3. The rms errors

for the plate-II ( 0.159 cm thick) were calculated -to be

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



• 41

TABLE 5.3
rms ERRORS AT VARIOUS DISTANCE FROM

THE TRAILING EDGE OF THE PLATE-I

~
16 24 32 48 56

ReGe ~
2.18x103 O.OTI 0.074 0.0'9 0.062 0.058
2.01x103 0.0795 0.078 0.072 0.064 0.060
1.90X103 0.0830 0.081 0.076 0.071 0.068
1.70X103 0.1190 O.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 achieves self-preserva-

tion earlier with the higher Reynolds

rison of Fig. 5.13a ~nd Fig. 5.13d it is
forR" e"e
xlrJJ = 56. The values 0 f

number~ ReG '. From a compa-
e

is clear that the flow

= 2.18x103 thanin Fig. 5.13a

= 1.7x103 atthat in Fig. 5.13d for R
, eGe

nearer to rslf-preservation

rms errors for various Reynolds number)R" , are plotted in Fig.5.14
e"e

'to show that the rms error is less for higher Reynolds number at an

axial distance. So. tha wake velocity profile becomes similar(self-

preserving) earlier for higher Reynolds number. The flow is not

self-preserving'in the range of axial distance covered in this in-

vestigation as the least rms error is of the order of 0.058, which

is considered to b~ high for self-preservation. The semi-empirical

self-presel:ving velocity p,rofile can also be expressed as:

where the. spreading

'U-u
U-u. c

parameter, 6~ replaces 'a' of the equation(Z.Z.Z) •.

The spreading parameter,6',is already shown to be constent after

x/G = 200 for al~ Reynolds numbers studied here. Using the constant

value of 'in equation(5.5~)it is plotted in Figs.5.13a,b.D &_~

to show a comprison with Garts~ore' s[6] " eqU'ation ( 2.ZZ:.) •
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Drag-cD-efficient due to the wake is calculated from

the moment~m thickn~ss equation (3~2.7) obtained-by neglecting

pressure is plotted in fig. 5.15 against Reynolds numbers.

Fig. 5.15 shows that the drag co-efficient increases with the

Reynolds number. Diag co-efficient is also calculated by app-

lying equation (3.2.10) near the trailing edge of the plate

considering the effect of pressure. The result is plotted in

Fig. 5.15 to show a comparison. Drag co-efficient calculated

by the above two methods are in agreement at each point. This-

indicates that the effect of pressure is negligible.

5.5.5 Pressure in waKe

Fig. 5.16 shows the variation of pressure in wakes for
- 3 - -- 3 - - 3 - - 3the Reynolds number 2.18x10 _, 2.01x10 , 1.9x10 and 1.7x10 • In

fig. 5.16 the pressure at the free stream region is nearly 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 ~igher Reynolds number as shown

in fig. 5.16. Pressure drop in Vicinity of thi trailing edge is

also high for thick plate. There i? no pressure 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~ Th~ Same

case was also reported by Ch-evray and Kovasznay [4]'



CHAPTER - VI

CON C L U SID N

The present investigation is on the two-dimensional
turbulent wakes formed behind flet plates in a wind tunnel.
Two flat plates of different thicknesses were used for
generating the wakes at four different
be.rs, i.e. Rege 3 3= 2.18x10, 2.01x10,

exit Reynolds num-
1.9x103 and 1.7x103.

The boundary layers were turbulent at the trailing edge of.
the plate, and the wakes formed with these boundary layer
were assumed to be turbulent from the exit. The initial
boundary layer is identified to be turbulent on the basis
of the experimental values of velocities, which fit to the
universal velocity profile of turbulent bounda_ry layer. The
uniform flow that surrounds the wake is confined by the wall
of the test section. The boundary layer on the test-section
wall is also identified to be turbulent. The wall momentum
thickness decreases with the increase of Reynolds number,
but remains approximately constant wi~h the increase of
axial distance. This indicates that the development of the
wake at the mid o~ the test.section does not influence the
mean Parameter in the wall boundary layer within the axial
distance covered in the experiment.
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For the same Reynolds numer 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. The shape factor of the wake decreases

with the increase of Reynrilds number and with the axial

distance from the trailing edge but it decreases with

decrease of plate thickness. The decrease of the shape

factor to uni ty is 'an indication of self-preservation

of flow. The velocity distribution in the neighbourhood

of the flat plate is unstable due to the presence of high

velocity gradient in the axial direction and it decreases

gradually to make the flow self-preserving. The flow is not

found to be self-preserving in the range of investigation

upto X/f) = 56. The axial variation of half width of the

wake is approxi~ately linear except close to the trailing

edge. But it is determined to be a linear function of axial

distance by many authors, starting from the trailing edge con-

sidering flat velocity profile at the beginning. The present

results agree with the existing results after a certain axial

distance x!CdmL = 50, where the effect of initial conditions

are insignificant. The rate of increase of the central-line

velocity is rapid in the near region of the wake & it becomes

slow with the increase of axial distance. For thinner wake

,
(,
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APPENDIX - I
UfJCERTAINTY ANALYSIS

A- 1 Uncertainty for velocity measurenlents."
Air stream of density, pairCslug/ft3) flows with 2 velocity
U(ft/sec). If B pitot-static tube is placed parallel to the
air-stream,then the velocity bead h'(inch) is measured
from a draft gauge. If the density of monometric fluid is
Pe(SlUg/ft3), then

..
or, u

or, U

= 2(p,.!p)hI9

=/29 (I;'tie) h'

=/29 (ef.gil?a9) h I

If the sensing point of the pitot-stati~ tube is
deviated by an angle _ from the direction of flo~ due to
wrong adjustm~nt, then the measured velocity will be given
by

But we know,

pa = I?a 9 TR

or, ea = Pa/gr"
where p , Rand T are the pressure the gas constant and thea

absol~t8 temperature of the air respectively.

/r--- ..



From equation(A.1~3) and (A 1.4)

u =J29(P19 RT h';) cos ~

Pa
eJe know,

where s is the specific gravity of the liquid.

From equations(A1.5) end (A,1.6)

94

u =J2gx62.4 x s x cos li\

cos ~

or u =j2gx62.4xR sh'T/p cos ~a

or u =y'2gfl x 62.4/ShIT ens .~

Pa
if h' is in inches. -

u = qfhlT
Pa

wh8 r e q = /2 9\ ~ .62.4

1Jow di fferentiate bo th sides of the equation(A. 1.7) with
rasp ee t to s , Pa T, h' and l!\ respectively.

6u sh'T) 1 h'T /h'T= q J" ( -2 II =.9. Q (A-1.9)IS •2
Pa Pa

cos 2 Sp cos
a

bu sh'T)
,

_1_:w: = q .-& ( -2sh'T(- ) cos ~
Pa Pa 2

or, k = .9./ShIT cos ~
~Pa 2 P 3a

6u = .9. ( sh'T 1 sh' .9.jShlbT 2 r2 cos jl = 2 Tp cos rt
Pe Pa a

\

(A-1.10)
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6u .9.( sh'T) ~ sT I! .9./i!: st (A-1.12)1h' = cos = 2 h' cos2 Pa Pa Pa
Ju ftI( -sin ~) fif!i sin ~ (A_1.13)F = q = -qP . Paa
Let u be thG uncertainty for velocity and Su Pau Tu h'uu
and stube the uncertainties in the specific gravity, pressure,
temperature, manometer r8sding and angle of deviation respec-
tively.

Therefore,

substi tuting

(~p )2+d
T

u
c\p a ,u ' 0a.

in the above equation(A-1.14).

tJe have, . ~"

= [~
h'T cos2~ 2 + s.: sh'T +s.:2hu s u 2 Pa3u sPa 4 P 3 cos I! 4 Tp
s.:

a' a
21!T 2. 5T , 21!h'u + s.: sh'T i 2ct ~ ] tx cos I U ,. 4 h'p cos ( 4 p .s_n .• ua a
g.cos~ [hIT 2 sh'T + .sh' T 2+ ~or u = -- s + Pa,u TPa u h'2u 2 sp u Pa3 h'p ua a

sh'T 2 ~u2 J~. •
+ 4 -- tan ~. (A-1.15)Pa

Diving equation(A-1.15) by equation ( A-1.7)

,

h' . 2+ __ u_,
2h

+ 4st 2u

2 J.tan \'0] 2
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Let us assume the following values for the above equation
(A-1.16).

s = 0.81 + 0.005-
h'= 1.06 .::t 0.005

Pa =29.90 ;- 0.050

T 670F 0
= + 1.5 F

<t = 0°+ 50

'Hence from e'luation (A-1.16) we get
uu = 0.013927u = 1.3927%

A-2 Uncert8inty for pressure m8asurements

If the sensing point of the pitot-static tube is
deviated by an angle <t from ,the direction of the flow due
to wrong adjustment, then the mcasuted relative static
ptessure will be given by-

is in inchesif h'

. 2"Sln y.

. 2"Sln ,.

p au4
2
Pau2
2RTg

2P ua
2RTg

P u2R2 a-T-

62.4sh'
12

= 62.4sh'

= R sh'
1

=

or, pre

or, p re

i'.'.'.! ;;



where, R1 = 62.4 = 5.212

R2 = _1_ = 1 = 2.913 1042Rg 2x53.3x 32.2 x

97

Let

. .

.and

p

:::;;p-p
1

= R sh'1

= 5.2x 0.81x 3.36- 14.15232
P 2

p 1= R2 au 2 -4T sin ~=2.1606215x10

Let p
u and P1b be the.uncertainties in P and p,

I

respectively.

Then,

Dr, p =[(R h's )2 + (R sh' )2 r}u 1 u 1 u'

Dr, p = R1h's [ (~)2+h,u )2J iu s ---p)T"

2 1. • Pu =[(~ ) ,+ (h'u )2 r-
P s h' (A-2.5)

and

or,

Dr,

1

( 2~ 2 J2
ta~~)

)2+(.IP1
<IT
'2R2Pa2 sin ~

T

\

Tu)2+(oP1 ~ )2
o ~ u

u )2
u

] ~

] ~

I



. • P1uip = [ ( Pau)2 2 T 2 )2 ]~+ (~Uu) +( u ) +(2fu1 Pa •• IanI'u

= 1.4131529 (A-2.6)

• Pre= P - P1
= 14.15:232 2.160215x 10-4 = 14.1521

~ [( elP """ ,2 ;- ( cI P1_ )2 ] ~• .--:- pu I• . Preu oP 6 P1
Piu

- l£." )2 ) 2 ~
+( tI~ Piu ]or, Preu [dP Pu

tlP1

= [( )2 )2
J (A-2.7)or, Pre Pu + (P1u ] -2

- U

putting tIle following val~es .In the ~bove equatioA(A_2.S)

and (A-2.6)

s = 0.81 .;- 0.005-
h'= 3.36 2:(). 005 (inc h)

P = 29.9 + 0.05 (inch of Hg)a -
or = 670r 2:1.50r,

f = 0°-;- 5°

u = 59.1692: 0.82405(ft/sec)

from eCJuation (A-2.5) , l!Je have

98

Pu 5
= ( 3.81039x10 ;-

P
--3

= 6.34336x 10

Pu = 0.00898582

\



From equation ( A-2.6), we have

99

•. .
P1u = 1.4131529

= 3.05241 x 10-4

From equation (q-"?o.~7-j , we get,
L

Preu.' = (8. 07449x10-3+9. 3147x10-8 J2
= 0.0898581

P - 0.0898581
Tali =Pre 14.1521

0.00634945 i. e. + O. 634~.
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APPENDIX - II

METHODOLOGY FOR DETERMINING A, BAND u* IN UNIVERSAL
VELOCITY PROFILE

The Universal velocity profile near the wall is;

u+ =,B log y+ + A (A-2.1)
'wHere , u+ - u

u* and Yu*
~

Introducing t~~dimensionless co-efficient for local
skin friction in the above equation ( A-2.1);

Shear stress, u* =j;
C =. f

I
rU 22 0

= JCf U2 0

Putting the volue of u* in the above
equation (A-Z.1)

u = B log YUo JCf + A (i\-Z.4).U.JCf/2 1)T

u =elf .~log YUo
10gR}~ AftUo T+ (A-2.5)Z , .22

u JC .' YUo f,j. { B 1 fi. A) (A•.2.6)= B. f 1 +U - og T +"2 og y-o 2 .
The slope of the above equation is used to determine

the shear stress
BIf =

Z m

u* =

velocity.

\

(A-Z.7)
(A-Z.B)



constant A, and the slope B.
u/u* vs.

t

\

g
u* ,.

= B log u* Y + A'l)
u*Y~ curve is plotted to determine the

101
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