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To simulate the effect of free st ream turbu lence on turbu lent spot format ion,Abstract
experiments were conducted on the interaction of localized three-dimensional disturbances with
the harmonic waves in a laminar boundary layer on a flat plate. Experiments conducted in
three-dimensional diverging flow (but zero pressure gradient) show, while individually the
disturbances decay downstream, their interaction leads to amplificat ion of three-dimensional
distu rbance leading to formation of the turbu lent spot. Also flow divergence show the least
effect in the interaction process.
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INTRODUCTION

It is believed that out of various possible routes
to laminar-turbulent t ransit ion of boundary
layer, the hydrodynamic stability approach and
Emmons' s theory of transit ion give the best
justification for transition phenomenon.
Schubauer and Skramstad [1] convincingly

con firmed t he e xist e nce o f lin e a r wave s
post u lated by linea r stabilit y th eory of the
boundary layer on a flat plate . When a small
disturbance is applied to a laminar flow for
which the Reynolds number exceeds a crit ical
va lu e , in i t i a l ly t h e d ist u r b a n ce gr ows
e xp o n e n t ia l ly wit h t ime . A t t h e sma ll
disturbance the Reynolds stre ss generated by
the disturbance is negligibly small. However, as
amplitude of the disturbance increases the finite

ve locit y fluctuat ions t ran sport appreciable
momentum and the associated Reynolds stress
modifies the mean flow so that the transport of
energy from the mean flow to the disturbance is
modified and the disturbance growth rate is
affected.
A second effect of the modification of the

rate of transfer of energy to disturbance by the
Reynolds stress is the extremely rapid increase
in disturbance energy which initiates a turbulent
spot . Emmons [2] reported the existence of
t u rbu le n t spo t s and subse quen t wo rk by
Dhawan and Narasimha [3] established a good
phenomenological theory of a transition zone.
E mmo n s ' t h e o r y i s b a se d o n fo u r

assumpt ions: 1) point like break down, 2) a
sharp boundary between the turbulent fluid of a
spot and the surrounding laminar flow, 3) a
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Figure 1. Schematic view of 3-D duct.

un ifo rm r a t e o f spo t growt h , an d 4) no
in te raction be tween spots. These ideas were
e xpe r imen t a lly inve st iga te d in de t a ils by
Schubauer and Klebanoff [4]. Emmons theory
ba sica lly de a ls wit h t h e f lu id be havio r
subsequent to break down while hydrodynamic
stability approach throws some light on init ial
stages of transition prior to break down.
The word break down implies that the spot

originates from a small volume and suggests the
impo r t a n ce o f t h e d ist u r ba n ce p r e se n t
immediately before break down to occur. I t is
important to note that it may be unjustified to
neglect the character of flow far upstream of
the break down point . The ro le of upstream
flow is to produce and amplify disturbances
which satisfy certain local conditions that cause
break down to turbulence.
T h e de t a il e d a n a lysi s o f n o n l in e a r

breakdown of a laminar boundary laye r had
b e e n ca r r ie d o u t in t h e fu n d ame n t a l
experimental investigation of Klebanoff, P.S. et
al. [5]. It is concluded that the actual breakdown
o f t h e wave mo t ion in t o t u rbu le nce is a
consequence of a new instability which arises in
the 3-D wave motion (a strong amplification of
three - dimensionality, a sudden appearance of
"spikes" and high frequency oscillations etc.).
It is indeed the aim of this paper to highlight

the effect of the interaction of unstable wave

and localized 3-D disturbance on break down of
lamina r flow to t u rbu le nce p r io r t o spo t
fo rma t io n (wh ich is a n a lo go u s t o t h a t
introduced by the free-stream turbulence) based
on aforementioned experiments performed by
Klebanoff and his co-workers. A pre liminary
results of this work has already been published,
see Dey et al. [6].

EXPERIMENTALSET-UP

The 3-D low turbulence (freestream turbulence
was less than 0.05%) wind tunnel (see Figure 1
and for details refer to Jahanmiri et al. [7] with
ze r o p re ssu r e gr a die n t a t t h e D e p t . o f
Aerospace Engg., Indian Institute of Science,
Bangalore) was used for this investigation. The
x-z coordinate system is shown in Figure 1 with
y-axis perpendicular to the surface of the flat
plate . The free stream ve locity was chosen in
some part of the expe r iments to be 10m/s to
study the behavior and growth of T-S wave and
later lowered down to 5m/s to invest igate the
effect of T-S wave on 3-D localized disturbance
( ve lo cit y va r ia t ion a long t he st r e amwise
direct ion was about 2% ). The alumium flat
plate with elliptic leading edge was mounted in
the cente r of the tunne l and spanned fu lly
across the wind tunnel test section.
To excite boundary layer oscillation, a ribbon

of 2.5mm wide, 0.05mm thick, 306mm long was
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installed at 200mm from leading edge of the flat
plate . At a distance of 60mm from each side of
the tunnel wall, two spacers were laid to keep a
height of 0.2mm from the surface. Also a strip
of scotch cellulose were laid on the surface on
either end for insulation and another strip of
tape was then laid on the r ibbon to hold it
firmly.
To establish the resonant frequency and for

t he stabilit y pu rpo se a ce r t ain amoun t o f
tension is applied to the ribbon.
The 186mm long ribbon at the center was

driven in and out from the surface by passing
through it a small amount of current (0.6 amp.)
of the desired frequency by a power oscillator
(SI-28) , gene rat ing a sinusoidal wave in the
presence of a strong permanent magnetic field
installed on the opposite side of the plate. The
input frequency to the ribbon was chosen to be
94Hz primarily to study the behavior of T-S
waves and then lowered to 72Hz in interaction
mode with puff.
An art ificia l localized three -dimensional

disturbance ( turbulent spot or a puff) was
in t roduce d by a loud spe ake r dr ive n by a
rectangular pulse gene rator through a 1mm
static hole at a distance 100mm from the leading
edge of the plate at a frequency of 1Hz. The
Reynolds number based on the displacement
th ickness at the localized disturbance source
was 318.
Measurements were made using constan t

t emp e r a t u r e h o t wir e a n emome t e r fo r
measur ing fluctuat ion and mean st reamwise
ve locity component with the he lp of 0.0005
inches P t -R d silve r coat ed wire e tche d to
desired resistance of 1.8 Ohms and overheat
ratio of 2.8 and soldered to the pronges of the
probe facing to the flow and mounted on an
indigenous three coordinate moving traverse.
B&K signal analyser was used for ensemble

ave raging of the signal on t ime enhancement

mode, which was t rigge rd by e ithe r the loud
speaker pulse or power oscillator signal during
the experiment.
A du a l be am o sci l lo sco p e a lso wa s

incorporated to monitor the signal traces. This
instrument also triggered by either loud speaker
pulse or power oscillator signal.
The development of the disturbances was

studied individually as well as in the interacting
mode. Ensemble averaging was carried out to
enhance and measure the signal characteristics.
Experimental conditions were chosen such that
t h e de ve lopmen t o f t h e two -dimensiona l
(hydrodynamic) wave as well as the localized
three-dimensional wave from the puff were such
that theywere eventuallydamped downstream,
individually.

RESULTS AND DISCUSSION

Mean ve locit y p ro file s at x= 550mm amd
z= 150mm fo r t h r e e d iffe r e n t ca se s o f
in t roduct ion o f distu rbance s are shown in
Figure 2. There is a similarity in these profiles,
which implies that nonlinearity is not st rong
enough to distort the mean profiles.
Figure 3 illustrates the spanwise variation of

mean flow ve locity inside and outside of the
boundary laye r for two cases of both with and
without T-S wave . As can be seen, there is no
appreciable e ffect of T-S wave on the mean
flow along z-direction. The distribution is almost
constant (specially outside the boundary layer)
along the span. Within the boundary layer (at
y= 1mm) in the cent ral region o f fla t p late
(be tween z= 100 and 200mm) where most of
measurements was carried out except for small
irregularit ies (due to the noise in the system),
the constancy of varia t ion is sensible within
me a su r eme n t a ccu r a cy. T h is f igu r e is
comparable to figure 1 of Klebanoff et al.
Figure 4 shows the spanwise distribution (up

t o z= 200mm from the st ra igh t wa ll since
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Figure 2. Mean velocity profiles.

Figure 3. Spanwise variation of mean flow velocity.

beyond this point due to divergent wall effect
the turbulence leve l was quite h igh) of the
phase sh ift o f t he propagat ing waves (T -S
waves) at different streamwise direction (x=550,

Figure 4. Spanwise variation of time phase.

Figure 5. Lines of constant phase.

600mm) and y=1mm normal to the flat plate. It
is se e n t ha t t h e spanwise ph ase sh ift o f
propagating waves at any of these streamwise
locations is almost constant. This implies that
the T-S waves propagate without any distortion,
i.e . same as 2-D flow, and it is obvious to say
t ha t T -S wave s a re no t pe rpe ndicu la r t o
streamlines. The position of constant time phase
of T-S waves are found at two flow conditions
as shown in F igure 5 by moving the hot-wire
probe at x-z plane.
Similar experiments were performed when
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Figure 6. Streamwise variation of time phase.

there was an artificial turbulent spot. From the
o scilloscope t races, it was found ou t t ha t
contrary to T-S waves, which are propagating in
2-D manner, the turbulent spot was turn ing
along the streamlines. Though the turbulent
spot was not at a constant angle , ( also re fe r
Jahanmiri, et al. [7]) it followed different paths
with respect to T-S waves.
It was found out that the turbulent spot was

pu lled towards the inne r side o f t he bend

because of the influence of T-S wave and no
effect on leading and trailing edge velocity of
turbulent spot was noticed. However, there was
a difference on spot amplitude with and without
T-S wave.
St reamwise dist r ibut ion of t ime phase at

z=140mm, y=2.5mm and freestream velocity of
10m/s are seen in Figure 6. The curve shows a
linear trend, slope of which gives phase velocity
of the propagating waves , and is found to be
0.8 times of freestream velocity. This is almost
the same as the speed of the leading edge of the
turbulent spot (see Jahanmiri et al [7]). Hence
it implies that the interaction of T-S wave and
puff could be the cause for incept ion of the
turbulent spot.
D ist r ibution of in tensity of u-fluctuat ion

acro ss boun da ry laye r a t t h r e e diffe r e n t
x- lo ca t io n s a nd z= 150mm fo r two wave
propagation conditions are shown in Figure 7.
These curves are quite similar to those in Figure
5 of Kle banoff fo r 2-D flows. The re is an
apparen t in crease in the in te nsit y of puff
magn it ude due to t he e ffe ct o f T-S wave
interaction across the boundary layer where the
maximum value is seen at about y=1.5mm.
The posit ion s o f t h e maximum in t he

in tensity dist r ibut ion curve give n by linear

Amplitude (non-dimensional)

Figure 7. Distribution of intensity of u-fluctuation across boundary layer.
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t h e o r y i s a t 0 .2 t ime s t h e b o u n d a r y
layerthickness, but in the non-linear range, is at
a spanwise locat ion which corre sponds to a
p e a kmovin g awa y fr om t h e su r fa ce a s
breakdown is approached, and at breakdown it
is about 0.4times the boundary layer thickness
which is consisten t with present result s ( i.e
y=1.5mm).
Keeping y= 1.5mm (posit ion of maximum

pu ff amp lit ude ) con st an t , a t st r e amwise
locations x=400mm, x=500mm, x=600mm, and
x= 700mm th e amp lit u de va r ia t io n wa s
me asu r e d a long sp anwise dir e ct io n ( se e
Figure 8) and again it was found out that due
t o in t e r act ion o f pu ff an d T -S wave t h e
amplitude magnitude of wave quite extensively
increased and t he t re nd was p rogre ssive ly
enhanced along the streamwise direction.
St r e amwise va r ia t io n o f in t e n sit y o f

u-fluctuation is shown in Figure 9. As seen from
the spanwise dist ribu t ion , the unstable T-S
waves and the puff have tendency to decay in
x-d ir e ct io n . H owe ve r , T -S wave , wh e n
propagat ing independent ly, seems to grow
towards t h e la st me a su r ing st a t ion . The
interaction of these two types of disturbances is
found to cause a large amplit ude , which is
in creasing in downst r e am dir e ct ion . I t is
perceived that this process could finally end up
with the production of turbulent spot.

CONCLUSION

These experiments indicate that interaction of
harmonic waves and localized three dimensional
disturbances may lead to the formation of the
turbulent spot as seen in 2-D flows (see also
Dey et al [6] ). These results could be used for
modelling the boundary layer transitional flow
region.
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Figure 9. streamwise variation of intensity of u-fluctuation.
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