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Possible universal transitional scenario in a flat plate boundary layer:
Measurement and visualization
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An experimental investigation was undertaken to reveal the characteristic flow structure in the regime of
nonlinear boundary layer instability and onset of turbulence. A controlled Tollmien-Schlichting wave was
introduced into a two-dimensional boundary layer over a flat plate to study the growth and evolution of the
controlled disturbances using both hot film measurements and an improved hydrogen bubble visualization
technique. The results demonstrate that the actual breakdown of the laminar boundary layer and the breakdown
of the A vortices do not imply the immediate onset of turbulence. Rather, the onset occurs later with the
breakdown of the long streaks. Therefore, an alternative transitional scenario was developed.

PACS numbd(s): 47.27.Cn

[. INTRODUCTION spikes. Extremely careful experiments performed by Kacha-
nov et al. [15] revealed the appearance of multiple spikes,

The problem of the onset of turbulence in a flat platewhich are due to high-frequency flow structures, on the ve-
boundary layer has attracted the attention of investigators fdecity oscilloscope tracetee alsd8]).
more than a century. Despite its complexity, interest in the Williams et al. [16] found that a vortex loop forms just
laminar-turbulent transition has increased during the past feRefore the spike formation in the transition. Nishiokeet al.
decades owing to its importance in both fundamental and17] experimentally studied the local secondary instability
applied aspects of classic physics. Boundary-layer flow hadnd co_mpared the obseryanons with Imee_lr calculan_ons. Asal
been a canonical flow. Theoretical and experimental studie@nd Nishioka[18] numerically and experimentally investi-
have been discussed in various books and revigiwsg]. gated the process of the formation of peaks and valleys. They

The first physical study of laminar flow breakdown in the fc;]und al ;hresrlloldhchaEgj:ter for tth%transition inha plane

boundary layer was carried out by Schubauer and Skramstag 2 ne! IOW. Rachanopo] suggested some NEw Nypotneses
. . . concerning the formation of spikes and multiple spikes on

[9]. This work served as the experimental basis for the con;

- o . . the time traces. The structures of the boundary-layer flows
cept of hydrodypam|c |nstab|I!ty and prowdgd the first de'are considered to be composed of toothlike structures in the
tails of the nonlinear mechanisms of transition. The funda

; near-wall region, spike solitons at the external edge of the
mental experiments conducted by Schubzateal. [10] and ) ndary layer, and chaotic flows in the middle of the
Klebanoff et al. [11] laid the foundation for many ideas boundary layer. Very recently, Ldd9—21 and Leeet al.
about the nature of laminar boundary-layer breakdown. Klef22] have proposed a new scenario for transition which in-
banoff et al. [11] studied the mechanisms of laminar flow yglves the formation of both low- and high-frequency vorti-
breakdown in detail and critically evaluated the applicability ces. This paper concentrates on experimental observations in
of a series of theoretical models and hypotheses. Almost sthe later stage of the nonlinear breakdown of the boundary
multaneously, Kovasznayet al. [12] investigated three- layer in controlled transition, and presents direct evidence
dimensional flow velocity and vorticity in the same transi- towards establishing a possible universal transitional sce-
tional region. Hama and Nutafit3] complemented hot-wire nario in boundary layers.
measurements with visual observations using the hydrogen
bubble flow visualization technique. Based on these observa-
tions, White[14] summarized the&K regime (K stands for Il EXPERIMENTAL TECHNIQUES AND FACILITIES
Klebanoff) of boundary-layer transition as the following se- A schematic of the experimental setup is given in Fig. 1.
qguential stages: (i) Stable flows;(ii) unstable Tollmien- The experiments were conducted in a new low-turbulence
Schlichting waves; (iii) formation of three-dimensional level water channel in the State Key Laboratory for Turbu-
waves and vorticesiv) breakdown of vortices{v) forma- lence ResearcfSKLTR) in Peking University at a free
tion of turbulent spots(vi) developed turbulence. stream velocity Uy=17.0cm/s with a turbulence level

The famous experiments of Schubauer and Klebddd@ff around 0.1%. The cross section of the channel is
and Klebanoffet al. [11] showed that the nonlinear wave 600x 400 mnt, and the test section is about 6000 mm long.
development at the later stages further downstream is cha flat plate with a chord length of 1.8 m, a span of 0.8 m,
acterized by the appearance of powerful flashes of disturand a thickness of 15 mm was mounted vertically. Part of the
bances on velocity oscilloscope traces in the form of narrowflat plate is above the water surface because the top of the

channel is open. The leading edge was composed of two 90°
arcs with different radii. The plate was mounted in the test
*Electronic address: cblee@tsinghua.edu.cn section at zero angle of attack. The streamwise and spanwise
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FIG. 2. Visualization techniques.

FIG. 1. Experimental setup.
matic viscosity is 1.0 10 ® m?s and the Reynolds number

pressure gradients were nearly zero far from the Ieadin&er meter of length is 1.710°.

edge. A downstream flap was used to make the flow more
uniform. I1l. MEAN FLOW WITHOUT EXCITATION

The disturbance generatdifollmien-Schlichting wave The velocity profilesu/U, in the undisturbed boundary
generatorwas a spanwise slit in the plate of length 150 mmlayer are shown in Fig. 3, at=300, 400, and 600 mm in the
and width 1 mm on the working side mounted at a distance-peak positions” (z=0). The definition of the “peak posi-

x=200mm from the leading edge of the plate. Water wasjon” was suggested in the classic study of Klebar{dft].
periodically pumped in and out of the slit at a frequency of 2| these results are in excellent agreement with the Blasius
Hz. A water tank was connected to both the slit and twoprofile, which is the necessary condition for controlled tran-
tubes on opposite sides of the plate. A loudspeaker was sgttion. The maximum deviation of the experimental points
on top of a round barrel with the two tubes mounted on thefrom the theoretical curve is less tharl%. The streamwise
outer edge of the barrel's bottom. The instability waves hadlistributions of the boundary-layer displacement thickness
a frequency of 2 Hz and an amplitude of 1.6% of the frees; (Fig. 4) also agree very well with theoretical values.
stream velocityU, as set by the voltage input to the loud- These results also confirm the reliability of studying transi-
speaker. The development of the disturbances in the boundion in the new SKLTR water channel.

ary layer and the structure of the mean flow were investi-

gated with a hot-wire anemometer made by Kanomax IV. EXPERIMENTAL RESULTS

Company. The hot films were made by TSI. The sensitive
part of the probe was less than 2 mm long.

Experimental data were acquired from 248—700 mm. The perturbations distort the mean velocity profile in the
At each measured point, three characteristics were measuredcinity of the “peak positions” ¢=0) (Fig. 5. Outside of
the mean value of the streamwise velodity, and the am- this region ¢=20.7 mm), the mean velocity profiles in the
plitude and phase of the streamwise disturbance velogjty, “initial” section remain very close to the Blasius profile.
filtered at the fundamental frequency. The distributions of The normal to wall profile of the fundamental wave am-
these characteristics were measured along the streamwise fitude measured by the hot-film anemometer at
rection (X), normal to the platéy), and a|ong the Spanwise =250 mm,Z:0 is shown in F|g 6. In the initial section the
direction(2).

Along with these measurements, an improved hydrogen
bubble technique was used to carefully visualize the flow
structures. Complete visualization of the flow structures was
accomplished by placing the hydrogen bubble wire at posi- el
tions from x=250—700 mm in steps of 50 mm and from o8
=0.5-6 mm in steps of 0.25 mm. This technique made its _ ,ﬁdt
possible to clearly visualize the spatial flow structures. As > B
shown in Fig. 2, different sections in the plan view were | jfg
obtained by placing the electrode wire at differgnposi- ' f Blasiue
tions. If the flow was laminar, several hydrogen bubble , # s =302x0 |
planes were obtaine@Fig. 2). Continuous plan views of hy- © X260, 220
drogen bubbles were produced to visualize the flow struc- | | l
tures. 0 0.5 1.0 1.5 20 25 3.0 35 4.0 4.5

The water temperature during the experiments was about o
20 °C. Constant water temperature was obtained by starting FIG. 3. Blasius profiles at differenx positions without
the water channel more th® h before each test. The kine- excitation.

A. Preliminary results with excitation

1.2

dyﬁ‘
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FIG. 6. y profile of the wave amplitudes at=250 mm.
FIG. 4. Boundary-layer displacement thickness variation with
streamwise coordinate without excitation. B. Organized flow structures

disturbances are almost harmonic in time with weak distur- Figure 10 shows théx,2 sectional flow structures at dif-
bances by the second or third frequency harmonics. The prderenty positions from the near-wall region to the outer
files have a shape typical of a nearly two-dimensional lineatayer. If the hydrogen bubble wire is placed very near the
Tollmien-Schlichting wave. However, the disturbance ampli-wall, a low-speed streak appearaf() in the “peak posi-
tude is already so large here that the nonlinearity is quitdion” [see Fig. 108)]. In addition to the low-speed streaks, a
significant. Figure 7 shows the same profilexat400 mm, long streak BT) is present at the “peak positions” and sev-
z=0. The disturbance amplitude is even larger. The amplieral arclike pairs appear on both sides of the long streak
tude distributions along the direction are shown in Fig. 8. (each pair contains two arclike structures which are nearly
PositionsA, B, and C noted in the figure are the different Symmetric on the two sides of the long strgaRlacing the
downstream positions at which detailed observations wer8ydrogen bubble wire close to the wallyat 1 mm reveals a
made, with positionA corresponding to the departure from butterflylike structurdFig. 10b)]. The head of the\ struc-
the linear theory, positioB to the location of the\-vortex  ture disappears and a new “rhombuslike” structuByj is
breakdown, and positiol© to the breakdown of the long present at the center of the “peak position.” When the hy-
streak. The regions from departure to breakdown of she drogen bubble wire is shifted slightly %=1.5 mm, both a
structure and from there to the long streak breakdown are ok structure C7) and a “rhombuslike” structure BT)
principal interest. within the A structure appear, Fig. 1€). The A structure

In the initial region with relatively low local Reynolds [Fig. 10d)] is clearly seen when the wire is at=2.0 mm.
numbers, the instability wavé.e., boundary-layer eigenos- Almost all the structures visualized here appear at the fre-
cillations, usually called a typical Tollmien-Schlichting quency of 2 Hz. In Fig. 1@) the long streak appears nearly
wave and its evolution can be seen from left to right in Fig. at the center of the “butterflylike” structur¢‘peak posi-
9. As the figure clearly shows, the Tollmien-Schlichtiig)  tions” [10]), and part of an arclike structure appears on both
wave develops into & structure and later into several sec- sides of the long streak at a frequency of 2 Hz. The obser-
ondary high-frequency vortices. In this and all the following vations show that thé\ structure cannot induce these kinds
photos the flow is from left to right. This figure shows the of arclike structures. A closed vortex is formed as a result of
typical characteristics of th& regime of boundary-layer two arclike structures connecting with a low-speed streak on
transition as obtained ifL1].
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FIG. 5. Velocity profile with excitation. FIG. 7.y profile of the wave amplitudes at=400 mm.
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FIG. 8. Amplitude distributions in th& direction.

their left-hand side in the near-wall region and connecting
with a A structure on their right-hand side. ThAestructure is
part of the total flow structure. The “rhombuslike” structure
lies at the center of the butterflylike structuiféig. 10. The
“rhombuslike” structure was referred to as solitonlike co-
herent structure€CS solitong in our previous work$19,20.

The time interval must be selected carefully to obtain the
different photos in Fig. 10. Time interval should be de-
creased to as short as possible since all the structures peri-
odically appear and since the distance between two neigh-
boring y positions is short(0.25 mm). At first, we chose
which photos taken at two neighboriggoositions are in the
same period. Then we chose the best-fit two photos with the
smallest time interval from the total of 24 photitse camera
frames per second and the period of the flow structures was
0.5 s, so 12 frames could be obtained per period at gach
position. The minimum time interval was less than 0.04 s. In
addition, the time interval was also related to other informa-
tion to have the desired fundamental wave far from the
“peak position” appear at all stages of the transition. With a
proper time interval, visual observations could be used t0 FiG. 10. Flow structures in differentz plan views(1/3.8 scale
redraw the flow structures as in LEE9]. In Appendix A, the  of the actual photos at equal to 350 mm (a) Low-speed streak
redrawn picture will be given. (A1), long streak BT), and arclike structure§] |) aty=0.5mm.

The side view of similar structures was obtained by Hamab) Butterflylike structure B{) and A structure C1) at y
and Nutant more than 36 years dd@], as discussed in Lee =1.0 mm.(c) Butterflylike structure BT) andA structure C1) at
[19,20. y=1.5mm.(d) A structure CT) aty=2 mm.

C. The CS solitons and their properties
The CS solitons suggested by Lg9,20, which are dif-

. 0. 08
ferent from those observed by Kachan@], are typically X
three-dimensional wave packets, although they have the  0.07 r —X—y-06mm
same frequency as the TS waves. The spanwise distribution: 0.06 | —°—y=;-§ mm
——y-= mm
0.05 | /A\Z\
= L
é 0.04 x x
0.03 | yd N,
0.02 372 .
0.01
O I i L 1 1 1 L
~-10 -5 0 5 10
z (mm)

FIG. 9. TS wave T) and its evolution toA structure CT)
and small scale vorticeAT and B7). The figure is 1/4.3 of the FIG. 11. Amplitudes of disturbances of CS solitons at different
actual size and the flow is from left to right farequal to 250 mm. y positions =400 mm).
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FIG. 12. Oscilloscope traces of velocity disturbances at different

x for y=1.6mm. Curves 1 and 2 are for=248 and 350 mm, T I e W I
respectively. The time scale of one period is 0.5 s.

of the amplitudes of the CS solitons can be seen in Fig. 11 at

different y positions. The graph shows a strong spanwise S e NS o o P NN

localization of the CS soliton, which developed from TS

waves as a result of resonance between two oblique waves. e I
Figure 12 shows the time traces measured=a248 and

350 mm for the samg=1.6 mm. Atx=248 mm, additional e e e e T e T e

spikes are not found because both thestructure and the

low-speed streak have not yet appeared. The fluctuations in e e T e T e )

curve 1 are generated by just the CS solitons. »t

=350 mm, additional spikes are found in both the “peak” e e ]

and the “valley” on the time trace as indicated by the ar-

rows. Additional spikes in the “peak” on the time traces I —>

were generated b vortices and the spikes in the “valley” ) o .

by the low-speed streaks. The main fluctuations in this curve FIG. 13. Oscilloscope traces of velocity disturbances at various
were still generated by the CS solitons called “rhombus-‘fsrf"”ces from the wall at=400 mm. Curves 1,2..,18 fory
like” structures in Fig. 10. The measured resultarve 2 in 5‘2'25' ?'479’50';51'21'0' 5'21% 215'88' 2.21, 3.24, ?'62’ 11.0, ‘25' 4.99,
Fig. 12 and the observations in Fig. 10 agree very well with™; "deél b’ 8'5’0 t'he ’ f;n fit n themf®;ecurves fom 1 to 8 are
each other qualitatively. Figure 13 shows a typical set oid'v' y y ! 19U

oscilloscope traces measured at various distances from the (i) The CS solitons are present not only in the near-wall

v_vaII. Two main features can be sed). The main fluctua- . region but also near the external part of the boundary layer.
tions are present not only in the near-wall region but also in (i) The main features of the CS solitons remain un-

the outer layer.(ii) The phases of these fluctuations .arechanged before their breakdown, which is why they are
nearly the same at all locations. Because the fluctuation called CS solitons

amplitudes in the near-wall regiory£ 3.24 mm) are much
greater than those in the outer layer, the scales of the fluc-
tuations for the first eight positions were reduced so that all
the time traces would fit in the same figure. Referring to The experimental observations show that a chain of ring-
Figs. 10, 12, and 13, the spatial scales of the CS solitons ilike vortices composed of four vortices appears at the same
thex direction are greater than that of the leading edge of thérequency as the TS wave, at the tip of eacktructure(part
A structures at the “peak position.” Since the low-frequencyof the closed vortex The formation process for these ring-
fluctuations have the same frequencies at diffesepbsi-  like vortices is shown in Fig. 15. The first ringlike vortex
tions, the low-frequency, high-amplitude fluctuations in Fig.appears ak=430 mm from the leading edge. The pictures
13 were generated by the CS solitons at diffesepbsitions.  were obtained with the cathode wire positioned parallel to
In fact, the additional spikes in Fig. 13 occurred in curve 2 ofthe wall. The appearance of the first, second, and third vor-
Fig. 12. The reason the spikes are not clearly observed is thétes is clearly seen in Figs. (—15c). The fourth one was
the scale used in the figure is not good for seeing these adeen in the video. This process is a typical breakdowndf a
ditional spikes. Figure 14 shows the evolution of the CSstructure, which represents a periodic change instead of a
solitons from their formation to their later stage beforerandom change.
breakdown. The main shapes of the CS solitons remain prac- Figure 16 shows high-frequency fluctuations associated
tically unchanged further downstream. with the breakdown of & structure and the formation of the

In summary, experimental results show the following. chain of ringlike vortices. The multiple spikes are generated

D. Chain of ringlike vortices
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] o ) FIG. 16. Oscilloscope traces of velocity disturbances at various
FIG. 14. Oscilloscope traces of velocity disturbances at differentyisiances from the wall at=450 mm. Arrows indicate the multiple

xfory=0.6 mm. Curves 1,2 .. ,7 forx=300, 350, 400, 450, 500,  gpikes generated by a chain of ringlike vortices. Curves 1 to 4 for
550, and 600 mm. y=0.61, 1.0, 1.8, and 3.4 mm.

by only the first two vortices in the chain because the third
and fourth vortices do not appear before 450 mm.

In Fig. 17, positive and negative spikes are periodically
induced by the chain of ringlike vortices and the closed vor-
tex. Each ringlike vortex induces one positive spike and one
negative spike, i.e., a spike pair. Five spike pairs appeared,
which is one more than the number of ringlike vortices, im-
plying that the closed vortex generates an extra spike pair.
The spike on the left-hand side of the pair on the measured
time traces is generated by the right-hand side of the part of

FIG. 15. Formation of a chain of ringlike vorticé$ scale from f —
the actual size fox from 420 mm,y=1.0 mm). (a) First ringlike
vortex formation A7) (t="0""s). (b) Second ringlike vortex for- FIG. 17. Oscilloscope traces of velocity disturbances at various

mation B1) (t=0.166 s).(c) Third ringlike vortex formation C1) distances from the wall at=500 mm. Curves 1 to 4 fogy=0.22,
(t=0.2915). 2.1, 3.2, and 8.0 mm.
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the vortex in the visualization figure and vice versa. Because
the plane spanned by a ringlike vortex is inclined at more
than 45° to the wall, the time traces of the velocity at a fixed
y position do not show all the pairs. The inclination angle of
the vortex plane can be seen clearly from the video and
movie taken simultaneously during a test. In the near-wall
region, the spike corresponds to the right side of the time
traces in one period because the local velocity is only af-
fected by the left part of the ringlike vortices. The spike pairs
appear on the time traces in the central lagfeéig. 16 and
KachanoV[8]).

Generally, the main features relevant to the chain of ring-
like vortices are as follows.

(i) The chain of ringlike vortices appears with the same
frequency as the fundamental wave.

(ii) The traces show single, double, or more spikes which
influence the flow in the near-wall region and the flow near
the external part of the boundary layer. These kinds of mul-
tiple spikes are generated by the chain of ringlike vortices
and the closed vortex.

The time interval between the neighboring ringlike vorti-
ces in the chain is equal to that of the neighboring spikes on
the measured time traces. The ringlike vortices separate from
the tip of theA structure and the two legs of the vortex are
reconnected into a closed ringlike vortex by the law of vor-
tex dynamicqFig. 15. This physical process, which is simi-
lar to the self-induction effects observed by Mahal.[23],
was suggested by Kachang®22]. The present experiments
show that a ringlike vortex in the chain is not directly sepa-
rated from the tip of the\ structure during the vortex for-
mation. Figure 18 shows the formation process of a ringlike
vortex, which demonstrates that this structure is directly FIG. 18. Formation of one of the ringlike vortices in a chain of
separated from the border of a CS soliton inside the butterdnglike vortices(1/5.0 scale from the actual siz¢a) Leading edge
flylike structure. Figure 1@) shows the leading edge of the Of the vortex(—1) inside theA structure CT) (t="0"s). (b)
vortex(1—) inside theA structure C1). Figure 18b) shows Thelvortex separat_ed froifi1) selparated from a_ CS solitoB{()
that the head part of the vortex is separated from the bordéf =2 $)- (¢) Vortexis formed {= s). (d) Vortex is clearly shown
of the CS soliton B]) and this structure appears in the (=3 5). (6) Vortex stretched =3 s).
mouth of theA structure. Unfortunately, the photos are not
as clear as the moving process seen in the video. A typical The effect of the formation of the vortex ring along the
vortex shape is formed(1), Fig. 18c), and the vortex is border of the CS soliton in natural transitift9] should also
accelerated by thé\ structure and its rotational speed in- be analyzed. The high-shear layers and the closed vortex
creases. In Figs. 18) and 18e) the vortex (17) moves formation along the borders of the CS solitons occur due to
downstream at a higher convection velocity than that of bothmass conservation and the low convection speed of the CS
the A structure and the CS soliton. The angle between theolitons. On the right-hand side of the CS soliton, the flow
plate and the plane spanned by the vortex incre&s@9°) sweeps down from the free stream to the right side of the CS
as clearly shown in the movie and video. This process apsoliton. The flow upstream of the CS soliton would sweep
pears at a frequency of 2 Hz. The physical mechanism for thdown to the near-wall region on the left-hand side of the CS
formation of the rest of the vortices is not yet clear. Theysoliton. Consequently, the high-shear layer and the closed
probably result from a physical mechanism similar to thevortex form along the border of the CS soliton. As men-
ringlike vortex. However, further experimental evidence istioned by Lee[19], the vortex-ring formation process along
necessary. Thé)-shaped part of the vortex suggested bythe border of the CS soliton can be seen in the work by
Knapp and Roachf24] is the first ringlike vortex observed Hamaet al. [13]. An improved experimental study for un-
here. derstanding the physical process which provided further in-

Falco[25] identified a relatively small-scale coherent mo- formation on the formation of the chain of ringlike vortices
tion, which he labeled a “typical eddy.” He proposed that will be discussed in a later publication.
the eddy was the direct result of a superburst in the outer The mechanism for a vortex to separate from a CS soliton
region of a smoke-filled, turbulent boundary layer. I[28] is not yet clear. The separation may occur because the vortex
found a chain of ringlike vortices in the outer region of the convection velocity is greater than the velocity of the CS
turbulent boundary layer, which are very similar to that insoliton because of a lift-up effect such as the bursting pro-
Fig. 15. cesses in a turbulent boundary-layer flp26]. Additional
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FIG. 20. From a CS solitonA;1) to a part of a long streak
(A,7) (1/3.8 scale from the actual sjzga y=1.0 mm. (b) y
=1.5mm.

FIG. 19. A long streakB1) and its breakdowii) (1/3.8 scale

from the actual size (a) Long streak(b) Breakdown. x component of the velocity increase the streak ler(gily.

14). Therefore, the streak not only has a convection velocity

but also a high-amplitude oscillatory velocif9,20. The

crease of the angle between the flat plate and the vorte?<treak will spread both Pps”ea”_‘ and downstream formlng_a
ong streak. The formation of this streamwise long streak is

plane is currently underway. . ; i
More detailed information is necessary to better under:[yIOICaI of turbulent slugs, as described by Lind@8,29.

stand the present results. Because different parts of a flow
structure and different flow structures appear in different V. DISCUSSION

ways depending on where the hydrogen-bubble wire is A Differences between a CS soliton, a chain of ringlike
mounted, more attention should be paid to check the flow vortices, and a turbulent spot

structures and determine their properties. Several plan-view
sections or side-view sections must be used to produce clear
three-dimensional flow structures. y

evidence is needed to confirm this preliminary explanation
An additional experiment for understanding the rapid in-

The CS solitons observed by Lé&9] differ from those
Borodulin and Kachano}8] and the turbulent spot.

Both the visual results and the experimental measure-
ments demonstrate the existence of the CS solitons from the
initial stage of three-dimensional structure formatior (

A long streak is present in Fig. 19 which was obtained=260 mm) to the later stage of transition and the onset of
with a cathode-wire position ofx=350mm and y turbulence. According to the definition of Kachanov and his
=0.5 mm. The structure is modulated in time with the fun-co-workers[8], the CS solitons they observed are the outer
damental frequency. This kind of long streak has never beepart of the chain of ringlike vortices.
observed experimentally in the two known “normal” re- It is well known that a turbulent spot appears at the later
gimes of the boundary-layer transition, namely kheegime  stage of transitiorf14]. Very recently, Kachanoy8] sug-
or theN regime[8]. The breakdown of the long streak hap- gested a transitional path “without turbulent spot transi-
pens regularly, as shown in Fig. (19. tion.” Some other researchers suggested another path called

The long streakFig. 19 in a transitional boundary layer ‘“direct to turbulent spot transition” or “by-pass transition”
is different from that in a developed turbulent boundary laye{30,31. The controversy has two aspedis. The formation
[26,27] in several aspects. First, the long streaks in a transiprocess for the CS solitons and the vortices has not been
tional boundary layer appear in the near-wall region in theclearly visualized if{19]. (ii) The main differences between
“peak positions.” But the long streaks in the developed tur-the turbulent spot and the CS soliton have not been clearly
bulent boundary layer appear both in the region where théistinguished.
interface between the high-speed streaks and low-speed
streaks often appedR7] and in the near-wall regiofi26].
Second, the long streaks in a transitional boundary layer rep-
resent the features of the CS solitdid®]. Direct evidence
showing the formation of the long streak in the near-wall
region is given in Fig. 20. Arrow&\1 andA2 demonstrate
the evolution of the form of the CS soliton into part of a long
streak, which still has the features of the CS soliton. A com-
plete long streak, Fig. 19, is composed of several partial long
streaks as clearly shown in Fig. 21. The long streak is related
to the features of the CS solitons because in the near-wall FIG. 21. A complete long streak is composed of several CS
region the low-frequency, high-amplitude fluctuations of thesolitons(7) (1/4.0 scale from the actual sjze

E. Long streaks in a transitional boundary layer
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A regular turbulent spot represents the features of local- TABLE I. Number of vortices in one chain associated with a
ized turbulence involving several mushroomlike structuredarge-scale motion.
[32]. The turbulent spot is very similar to several CS solitons

and their bounded vortices at the samposition, but quite Sources Name Turbulent BL  Transitional BL
different from that in “by-pass” or “direct to turbulent spot  F5jco[25] typical eddy 4
transition.” Actually, the turbulent spot suggested in “by- | ee[19] no name 4
pass” or “direct to turbulent spot transition” is the CS soli- jepanoff[11] no name 4
ton observed in this work. Hama[13] no name 4

There was only one “peak position” in the experiment pgorodulin[8] spike solitons 4
conducted by Kachanoet al.[8] but there were four “peak present CRV 4

positions” in the experiment by Klebanoét al.[11]. A real
turbulent spot such as {i82] cannot form, but the CS soli-

tons exi.st(see_F.ig. 30i18)). Thg lack of det.ailed vi.sualized. approach called “phase-locked in” by Wu and Stewja0]
results in the initial stage of this structure in previous publi-ghowed that two-dimensional TS waves have a catalytic ef-
cations has prevented proper interpretation of the CS solitongct on the three-dimensional structure formation. The results
in the early stage of transition. Because of the importance of, Fig. 20 show that the above two effects are quite possible.
this structure in a transitional boundary layer and since itwas Some scientists believed that the CS solitons are second-
found in other flow fields, this structure can be assumed to bary structures generated by thestructures. No direct evi-
one of the coherent structures in transitional and nearly dedence in Figs. 10 and 20 showed that thestructures were
veloped turbulent boundary layers. Furthermore, [£@] formed before the formation of the CS soliton. The motion
proposed that this structure is of a deterministic nature. C®ictures from the video and films show that the CS solitons
solitons appear at conditions called controlled transitionwere formed slightly before tha& structures. This evolution
[8,20], “direct to turbulent spot transition” or by-pass tran- is very similar to the process suggested 18] and[20].
sition[30,31], and natural transitiofil9]. Our recent studies Generally, the CS solitons are proposed to be the direct
[20,21 gave a new physical process for the vortex formationresults of the interaction between two oblique waves and the
along the borders of the CS solitons. In fact, some differtwo-dimensional TS waves are proposed to have a catalytic
ences exist between the regular turbulent spot and the strueffect on their formation.
ture with the same name in some “by-pass transition” or
“direct to turbulent spot transition” observations. C. Similarity between transitional and developed turbulent
boundary layer

B. Physical mechanism for the CS-soliton formation The structural similarity between transitional and devel-

Receptivity is defined as the mechanism by which distur-oped turbulent boundary layers was first briefly discussed by
bances enter the boundary layer and create the initial condBlackwelder[41]. Kachanov[8] discussed the connection
tions for unstable waves. The following discussion considerdetween theK breakdown and developed turbulence. The
which kinds of unstable waves can generate the rhombuslikBow structures in developed turbulence obtained in the
CS solitons in the plan view. works of Fukunishiet al. [42] and Thomaset al. [43] are

The wave resonant concept has been suggé¢8tezh the  very similar to that by Borodulin and Kachang8].
basis of a detailed analysis of experiments by Kachanov and Three kinds of coherent structures exist in a transitional
Levchenko[33] as well as analysis of the theoretical resultsboundary layer: the CS solitons, the closed vortices, and the
by Crack[34], Zelman and Maslennikovi85], Nayfeh and  chains of ringlike vortices. All three structures can also be
Bozetli[36], Herbert[4], and others. The results obtained by found in developed turbulent boundary lay¢t®,20. Sev-
Borodulin and Kachano{8] showed that the system of the eral CS solitons appear in the boundary layer in the form of
parametric subharmonic resonance, postulated within tha long streak in the near-wall region or in the form of a black
framework of the wave resonance concept, is actually obspot in the outer layer. A closed vortex is not easily seen
served in theK regime of boundary-layer breakdown at the because of the angle between the vortex plane and the flat
stage of spike formation. Simulations of oblique wave inter-plate. Therefore, only part of a closed vortex is normally
actions in a Blasius boundary layer were performed by Josligseen using flow visualization. The chain of ringlike vortices,
et al.[37]. The simulations showed that oblique wave inter-which generate high-frequency fluctuations, is often consid-
action generates a strong spanwise-dependent mean-flow dexed to be chaotic flow structures because no one believes
tortion. No two-dimensional TS waves take part in this pro-they have periodic features in a developed turbulent bound-
cess, but CS solitons can generate this kind of strongry layer, including even Falc®5]. The localized periodic
spanwise-dependent mean-flow distortion. The results dfeatures of these structures were found in a few studies
Williamson [38] and Williamson and Prasd®9] reveal a [19,20 but not mentioned clearly at that time, because the
honeycomb pattern that is considered to be a direct result giresent transitional boundary-layer results had not yet been
the interaction between oblique shedding vortices and twoebtained. Table | compares the number of the ringlike vorti-
dimensional large-scale waves that grow in the far wakeces in a chain in transitional and developed turbulent bound-
One possible physical reason is that the CS solitons are geary layers. The number of the vortices in a chain associated
erated by the interaction between two oblique waves. Howwith a large-scale motion is the same for different experi-
ever, in this work, the CS solitons would have to be generiments, indicating this may be a constant. Note that Hama
ated by the two-dimensional TS waves. A theoreticalet al.[13] suggested a fourfold cascading breakdown instead
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of the formation of a chain of ringlike vorticd €RV) sug-
gested in the present paper.

Lee [20] discussed the similarity between the physical
mechanisms for the structure formation in both transitional
and developed turbulent boundary layers. The onset of tur-
bulence in turbulent boundary layers was first considered as
bursts by Klineet al.[26], Kim et al.[44], and Blackwelder
et al. [45]. Their observations showed local and temporary
ejections of low momentum fluid towards the wall, alternat-
ing with local generation of highly unstable instantaneous
velocity distributions, resulting in turbulence bursts, which
show up in the velocity oscilloscope traces as intensive high-
frequency fluctuations. This burst process was also observed
in transitional boundary layefd9,20.

VI. CONCLUSIONS

The present experimental study in a transitional boundary
layer reveals a complete flow structure called the butterfly-
like structure, which consists of a CS soliton, a closed vor-
tex, and a chain of ringlike vortices with small time scales as
the basic “building blocks.” These results provide an im-
proved understanding of the transitional scenario.

The experimental observations show that the multiple
spikes, which were observed over one period of the funda-
mental wave in a transitional flat plate boundary layer, were
generated by a chain of ringlike vortices and a closed vortex.
The A structure is part of the whole butterflylike structure
from the stage of the obvious three-dimensional structure
formation to nearly developed turbulent flow. Inside the but-
terflylike structure, the CS solitons, which were observed by
Lee[19,2Q and referred to as “kinks” by Hama many years
ago[13], are observed here to exist over most of the bound-
ary layer. The observation of the chain of ringlike vortices
during one period of the fundamental wave can be used to
explain the physical process for the formation of the multiple
spikes on the time traces measured by Borodulin and Kacha-
nov.

Streamwise streak breakdown was considered to be a nec-
essary but not sufficient condition for transition to occur in
the oblique wave scenar{@6], which was described by

Oblique waves= streamwise vortices

= streamwise streaks
= streak breakdown

= transition.

The present experimental results suggest a different transi- FIG. 22. Redrawn flow structures and their sectional views at
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A- structure
(b)
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n-structure
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tional path: differenty positions.(a) Sketch of the flow structure in Fig. 1(b)
A-A sectional view, which is similar to Fig. 16). (c) B-B sectional

Oblique waves interaction with TS wave

= CS soliton

closed vortex>chain of ringlike vortices
long streak

= long streak breakdows= transition.

view, which is similar to Fig. 1(). (d) C-C sectional view, which
is similar to Fig. 1@b). (e) D-D sectional view, which is similar to
Fig. 10a).

The universal path to transition in a boundary layer is prob-
ably related to those paths. In general, disturbances are ran-
dom noise instead of regular waves, and the nonlinear nature
of secondary and higher-order instabilities leads to an enor-
mous variety of possible behavidi30]. The mechanisms for
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transition initiated by random noise cannot be easily identidar to a boundary-layer flow. For a Poiseulle flow, the main
fied, but the observation of the regularly shaped CS solitonprocesses of transition are the same as those iK tlegime

in the K transition, the natural transition, the by-pass transi-of the boundary layers. Even in a separated fl@\8], a
tion, and turbulent boundary layers shed some new light omvavelike structure and its bounded vortex were found. All
this issue. A universal mechanism may exist since differenthese experimental facts show that a similar physical process
environmental disturbances generate the same structuresxists for the formation of the wavelike structure, here called
Some studie§38—4(0 have suggested oblique wave interac-the CS soliton.
tion as a simple universal mechanism. The present experi-

mental results and previous experimef&19-21 have

shown that secondary and higher-order instabilities lead to a

universal result which is the formation of the chain of ring- We would like to thank C. Y. Feng, Y. T. Shi, Professor
like vortices. Morkovin[30] thought that no universal evo- Q. D. Wei(SKLTR), and X. T. Du for their help during our
lutionary path to turbulent flow exists even in geometrically experiments. We also thank Professor Z. M. (@hinese
similar mean laminar shear flows. But this assertion had beeNSF) for his very kind encouragement. Lee is grateful to
made before the CS solitons were clearly seen in controlle@rofessor J. T. Stua(ERS, UK), Professor M. GasteFRS,
transitions and were confused with turbulent spots in by-pas¥/K), and Dr. X. Wu (Imperial Collegg for helpful com-
transition. Moreover, the previous hot-wire measurement§nents. The suggestions by Professor J. Z. (e Univer-
such as in Kachandi8] were not sufficiently detailed, so the Sity of Tennessee Space Institute and SKLTere very
flow structures were not clearly visualized and it was impos-yaluable for improving the paper. Professor Wu has helped
sible to determine if the observed structures were induced bghgsaslijtggcr)rtgdcg;/e{ﬁgycﬁx;s:etnzIgnegllglgglﬁtrid-le-zkr]Ié rg':ﬁ\f(t)
secondary or higher-order instabilities. The scenario calle ) ST ) :
“without turbulent spot transition” by Kachanofg] seems 6-001-00001¢Russian Foundation for Basic Researthe

to be insufficient because several key stages of transition,’ C. Wang Foundatlon,. and the Ch.|ef Foundatlpn of the
. . . epartment of Mathematics and Physics of the Chinese NSF
such as the formation of the CS solitons, were missed.

No exceptional examples of boundary-layer flows forfor special support. Part of this work was supported by the

. : . . o Isaac Newton Institute for Mathematical Sciences, Univer-
both different geometric conditions and different initial flow sity of Cambridge.
conditions[26,27,30,47,48 which have some fundamental
conflicts with the present scenario for the onset of turbu-
lence, have been found. Perhaps the bursting process ob- APPENDIX A
served by Klineet al. [26] for the onset of turbulence is the T4 further understand the flow structure in Fig. 10, a re-
real universal transition mechanism for boundary-layer flowsyrawn picture of the sketch of the real three-dimensional
for different conditions. Actually, the present scenario is anflow structure is shown in Fig. 22, which was given previ-
improved version or an interpretation of the bursting processeusly in[19]. This figure also gives several sectional plane

This scenario can be applied to other flows. The flowyiews, which are very similar to the real plan-view flow
structure referred to as a spotlike vortex by William¢86]  structures in Fig. 10.

in a cylinder wake is similar to the CS solitons suggested The side view of the CS solitons and their bounded vor-
here, which indicates that a wake flow is in some ways simitices were clearly described jA9].
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