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This paper serves as a summary of new discoveries by DNS for late stages of flow transition in a boundary layer. The widely spread
concept “vortex breakdown” is found theoretically impossible and never happened in practice. The ring-like vortex is found the
only form existing inside the flow field. The ring-like vortex formation is the result of the interaction between two pairs of counter-
rotating primary and secondary streamwise vortices. Following the first Helmholtz vortex conservation law, the primary vortex
tube rolls up and is stretched due to the velocity gradient. In order to maintain vorticity conservation, a bridge must be formed to
link two A-vortex legs. The bridge finally develops as a new ring. This process keeps going on to form a multiple ring structure. The
U-shaped vortices are not new but existing coherent vortex structure. Actually, the U-shaped vortex, which is a third level vortex,
serves as a second neck to supply vorticity to the multiple rings. The small vortices can be found on the bottom of the boundary
layer near the wall surface. It is believed that the small vortices, and thus turbulence, are generated by the interaction of positive
spikes and other higher level vortices with the solid wall. The mechanism of formation of secondary vortex, second sweep, positive
spike, high shear distribution, downdraft and updraft motion, and multiple ring-circle overlapping is also investigated.

1. Introduction

The transition process from laminar to turbulent flow in
boundary layers is a basic scientific problem in modern fluid
mechanics and has been the subject of study for over a
century. Many different concepts for the explanation of the
mechanisms involved have been developed based on numer-
ous experimental, theoretical, and numerical investigations.
After over a century study on the turbulence, the linear and
early weakly nonlinear stages of flow transition are pretty well
understood. However, for late non-linear transition stages,
there are still many questions remaining for research [1-5].
Ring-like vortices play a key role in the flow transition.
They generate rapid downward jets (second sweep) which
induce the positive spike and bring the high energy to the
boundary layer and work together with the upward jets
(ejection) to mix the boundary layer. In other words, the
ring-like vortex formation and development are a key topic
for late flow transition in boundary layer. It appears that

there is no turbulence without ring-like vortices. It is natural
to give comprehensive study on the ring formation and
development.

1.1. Ring-Like Vortex Formation. Hama and Nutant [6]
described the process of formation of “Q-shaped vortex”
in the vicinity of the A-vortex tip. They found that “...a
simplified numerical analysis indicates that the hyperbolic
vortex filament deforms by its own induction into a milk-bottle
shape (the “Q-vortex”) and lifts up its tip...”. Later, Moin et al.
[7] used numerical method with the Biot-Savart law and
concluded that the ring is formed through a mechanism of
self-induction and the multiple ring formation is a result
of first ring “pinching off.” They believe that the solution
of Navier-Stokes equation does not change the mechanism
but may delay the ring “pinching off”. However, they may be
somewhat right, but what they discussed is not relevant to the
boundary layer transition since the ring-like vortex is formed
in a boundary layer and viscosity and full 3D time-dependent
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FIGURE 2: The domain decomposition along streamwise direction
in the computational space.

Navier-Stokes equations must be considered. In addition,
our new DNS results show, the ring is a perfect circle not
a deformed shape, the ring stands perpendicularly with 90
degree not 45 degree, and, more important, “ring pinch off.”
is never found. The ring-like vortex has its own coherent
structure as we show below, which is quite different from
what Moin et al. have shown [7].

1.2. Multiple Ring Formation. Crow theory [8] has been
considered as the mechanism of multiple ring formation [2].
They pointed out that “the formation of a set of vortex rings
from two counter-rotating vortices is usually called “Crow
instability.” This instability could be involved at the stage of
formation of the ring-like vortices due to interaction of the
A-vortex legs.” However, there is no evidence to prove such a
mechanism. We cannot find any links between Crow theory
and multiple ring formation. Apparently, Crow theory is not
related to multiple ring formation in a boundary layer.

1.3. Vortex Breakdown. “Vortex Breakdown” has been widely
spread in many research papers and textbooks [5, 9-11].
However, our analysis found that “Vortex Breakdown” is the-
oretically impossible. In practice, “Vortex Breakdown” can
never happen. It is found that “Vortex Breakdown” described
by exiting publications [5, 9, 10] is either misinterpreted by
2D visualization or by using the pressure center as the vortex
center.

1.4. U-Shaped Vortex. U-shaped vortex [9] or barrel-shaped
wave [5] is still a mystery and thought as a newly formed
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secondary vortex or waves. However, it is found by our new
DNS that the U-shaped vortex was an original coherent
structure and it is a tertiary (not secondary) vortex with same
vorticity sign as the ring legs. The U-shaped vortices serve as
a second neck to supply vorticity to the rings and keep the
leading ring alive.

1.5. High Shear Distribution. The high shear (HS) distribu-
tion can be found in the paper by Bake et al. [3], but it is
questionable why the HS disappears near the neck where the
flow is very active. However, our new DNS found that there is
no normal direction velocity component and then no sweeps
and ejections in that area.

Anyway, there are many questions, which are related
to late flow transition, that have not been answered or
misinterpreted. In order to get deep understanding on
the late flow transition in a boundary layer, we recently
conducted a large grid high-order DNS with 1920 x 241 X
128 gird points and about 600,000 time steps to study the
mechanism of the late stages of flow transition in a boundary
layer. Many new findings are made, and new mechanisms are
revealed. Here, we use the A, criterion [12] for visualization.

The paper is organized in the following way: Section 2
presents the governing Navier-Stokes equations and numer-
ical approaches; Section 3 shows the code verification and
validation to make sure that the DNS code is correct;
Section 4 provides the new DNS results and summarizes
the new discoveries and new mechanism of formation and
further development of ring-like vortices. A number of
conclusions are made in Section 5.
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TABLE 1: Flow parameters.
M, Re Xin Lx Ly Lz, T, Te
0.5 1000 300.796;, 798.030;, 220 400; 273.15K 273.15K
2. Governing Equations and 0
Numerical Methods Txxllx T Tyxlly + Texl]z
1
The governing equations we used are the three-dimensional F, = 7 Taytx + Tyytly + Teylz |,
c.ompressibl.e Navier—St.okes equatior.ls in generalized curvi- Teollx + Tyelly + Tezllz
linear coordinates and in a conservative form:
Axtx T qyty + 4z
10 JdE-E J(F — F, J(H - H,
10Q  AE-E) (AF-F) H-H)_, .
J ot o0& on o¢
Txx(x +7 x( + sz(z
The vector of conserved quantities Q, inviscid flux vector 1 g
(E, F, G), and viscous flux vector (E,, F,, G,) are defined as H, = 7 Tyl + TyyCy + 72y |,
U Too Qo + Tyz(y + 7
P P
o ol + pt 9xCe + 4, ¢y + q:C;
X
1 (2)
Q=1pv| E:T pvU +péy |, . ) ) )
w wU + pE where | is the Jacobian of the coordinate transformation
P P psz between the curvilinear (&,7,{) and Cartesian (x,y,z)
e U(e+p) frames and &, &), &, 11x, 11y» 1z, C> §y» (; are coordinate trans-
formation metrics. The contravariant velocity components
pV pwW U, V, W are defined as U = ué, + v, + w&,, V. = un, +
puV + piy puW + pl; vy + wig, W= 'u(x +v(, + w(;; e is the total energy. The
P 1 oV 4 H- 1 YW+ pC components of viscous stress and heat flux are denoted by
T P pny | T P Py | Tax> Tyys Teo> Tays Tazs Tyz> A0d g, 4, Gz, Tespectively.
pwV + py;, pwW + p(, In the dimensionless form of (1), the reference values
Vie+p) Wie+p) for length, density, velocities, temperature, and pressure are
p p Oin> Poo> Usor Teor and poo U2, respectively. The Mach number
0 and Reynolds number are expressed as

Toxlx + Tyxgy + Tk,
1
E, = f Txygx + Tyyfy + szgz >
Tulx + Tyzfy + T2,

q:cfx + nyy + QZfz

o 00 Uoo Oin
JyA— Re = PeYx0n

JRTS peo

where R is the ideal gas constant, y the ratio of specific heats,
Oin the inflow displacement thickness, and p. the viscosity.

3)
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(c)t=64T (d)t=7.0T

FIGURE 5: (A) The evolution of vortex structures at the late stage of transition (where T is period of T-S wave). (B) Evolution of type ring-like
vortices chain by experiment [13].
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F1GURE 6: Sketch of secondary vortex and third level vorticity formation.
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FIGURE 7: DNS results of secondary vortex and third level vorticity formation.
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F1GURE 8: Pressure distributions in the evolution of vortex structure
(t=6.2T)

A sixth-order compact scheme [14] is used for the spatial
discretization in the streamwise and wall normal directions.
For internal points j = 3,...,N — 2, the sixth-order compact
scheme is as follows:

1 ’ ’ 1 ’
It fit3fa

1/ 1 7 @

7 1
= (36f g i + 5.

where f; is the derivative at point j. The fourth order
compact scheme is used at points j = 2, N — 1, and the third
order one-sided compact scheme is used at the boundary
points j = 1, N.

In the spanwise direction where periodical conditions
are applied, the pseudospectral method is used. In order
to eliminate the spurious numerical oscillations caused by
central difference schemes, a high-order spatial scheme is
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F1GURE 9: Sketch of the relationship of ring-like vortices and streamwise vortices
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F1Gure 10: Formation process of ring-like vortices.

FIGURE 11: Four-vortex tube and ring-like vortices from three different view angles. Ring like vortex given by our DNS.
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FIGURE 12: The position of ring-like vortices in boundary layer (z = 3.56, U = 0.99U,)
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F1GURE 13: Crow theory about vortex ring chain formation (provided by Dr. Kachanov at FTT09 Short Course).

used instead of artificial dissipation. An implicit sixth-order
compact scheme for space filtering is applied to the primitive
variables u, v, w, p, p after a specified number of time steps.

The governing equations are solved explicitly by a 3rd-
order TVD Runge-Kutta scheme [15]:

Q”=q,
Q(l) — Q(O) + AtR(O),

3 1 1 (5)
@ 200 4 Lom 4 ZARD
Q 4Q 4Q 2 tR'Y,
1 2 2
ntl — Z00) 4 202 4 ZAR®?)
Q 3Q 3Q 3 )

CFL < 1 is required to ensure the stability.
The adiabatic and the nonslipping conditions are
enforced at the wall boundary on the flat plate. On the

far field and the outflow boundaries, the nonreflecting
boundary conditions [16] are applied.

The inflow is given in the form of
q = qlam + Aqu;dei(azdxfwt) + A3dq;d5i<a3dx + ﬁyfwt)’ (6)

where g represents u, v, w, p, and T, while gi.m is the Blasius
solution for a two-dimensional laminar flat plate boundary
layer. The streamwise wavenumber, spanwise wavenumber,
frequency, and amplitude are

a2d = 0.29919 — i5.09586 x 1077, B = +0.5712,

(7)

w = 0.114027, Ajyg = 0.03, Aszqg = 0.01,

respectively. The T-S wave parameters are obtained by solv-
ing the compressible boundary layer stability equations [17].
The computational domain is displayed in Figure 1. The
grid level is 1920 x 128 x 241, representing the number
of grids in streamwise (x), spanwise (y), and wall normal
(z) directions. The grid is stretched in the normal direction
and uniform in the streamwise and spanwise directions. The
length of the first grid interval in the normal direction at the
entrance is found to be 0.43 in wall unit (Y = 0.43).
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FIGURE 15: U-shaped vortex [9].

The parallel computation is accomplished through the
Message Passing Interface (MPI) together with domain
decomposition in the streamwise direction. The computa-
tional domain is partitioned into N equally sized subdomains
along the streamwise direction (Figures 1 and 2). N is the
number of processors used in the parallel computation. The
flow parameters, including Mach number, Reynolds number
are listed in Table 1.

F1Gure 16: Our new DNS with a different A-value.

3. Verification and Validation

The skin friction coefficient calculated for the time- and
spanwise-averaged profile is displayed in Figure 3. The spatial
evolution of skin friction coefficients of laminar flow is also
plotted out for comparison. It is observed from these figures
that the sharp growth of the skin-friction coefficient occurs
after x ~ 4508;,, which is defined as the “onset point”. The
skin friction coefficient after transition is in good agreement
with the flat-plate theory of turbulent boundary layer by
Cousteix in 1989 [18].
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FIGURE 17: View of young turbulence spot head from different directions (¢ = 8.8T).
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F1GuUrk 18: 3D angle view and 2D top view of the young turbulence spot (¢ = 8.8T).

Time- and spanwise- averaged streamwise velocity pro-
files for various streamwise locations in two different grid
levels are shown in Figure 4. The inflow velocity profiles at
x = 300.798i, is a typical laminar flow velocity profile. At x =
632.336i,, the mean velocity profile approaches a turbulent
flow velocity profile (Log law). Note that there are quite few
publications (e.g., Figure 4(c)) which have large discrepancy
in velocity profile with Log law.

A vortex identification method introduced by Jeong and
Hussain [12] is applied to visualize the vortex structures
by using an iso-surface of a A,-eigenvalue. The vortex cores
are found by the location of the inflection points of the
pressure in a plane perpendicular to the vortex tube axis. The
pressure inflection points surround the pressure minimum
that occurs in the vicinity of the vortex core. By this
visualization method, the vortex structures shaped by the
nonlinear evolution of T-S waves in the transition process are
shown in Figure 5(A). The evolution details are studied in
our previous papers [19-23], and the formation of ring-like
vortices chains is consistent with the experimental work
(see [13], Figure 5(B)) and previous numerical simulation
by Bake et al. [3].

4. New Discoveries and Mechanisms
Revealed by Our DNS

4.1. Mechanism on Secondary Streamwise Vortex Formation.
As shown in Figure 6(a), the primary vortex induces a back-
ward velocity which generates negative vorticity by the wall
surface due to the zero velocity on the wall surface. However,
negative vorticity generation does not mean formation of the
secondary vortex tube. The secondary vortex tube must be
generated by the flow separation. This means that the flow
direction near the wall must change the sign from backward
to forward (Figure 6(b)). This process is directly shown by
the DNS results in Figures 7(a) and 7(b). The separation can
only be done by pressure gradients. The question is where the
pressure gradients come from. From Figure 8, we can clearly
find that the streamwise vortex center is the low pressure
center and the pressure outside the primary vortex tube is
much higher than the center of the primary vortex center.
Also from Figure 8, it is shown that the prime vortex changes
the streamwise pressure gradient. These pressure gradients
change the flow direction from backward to forward, and the
secondary vortex tube forms, separates from the wall surface,
and rises up.
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(d) t=85

(e) t =8.8T

FIGURE 19: Small length scale vortex generation at different time steps (view up from bottom): small length scale vortices are generated by

the solid wall near the ring necks from the beginning to the end.

4.2. Mechanism of First Ring Formation. Ring-like vortices
play a vital role in the transition process of wall boundary
layer flow. Based on our numerical simulation, the gen-
eration of ring-like vortices is the product of the interac-
tion between the prime streamwise vortices and secondary
streamwise vortices. A ring is the consequence when the
interaction between prime and secondary streamwise vortex
becomes strong enough. The formation details are shown in
Figure 9. The prime streamwise vortices are inside the ring,
while the secondary streamwise vortices are outside the ring.
According to the velocity vector trace, the prime streamwise
vortices push flow outward, and the secondary streamwise
vortices pull flow in from underneath (Figure 10). These
movements bend and stretch the hairpin vortices and then
generate a narrow neck. Finally a ring is formed at the
tip of the A-vortices. For comparison, the ring-like vortex
shape given by Moin et al. [7] is taken as a reference. The
detail structure of four vortex tubes and ring-like vortices is
depicted in Figure 11 from three different view angles. They
are quite different.

Apparently, our new DNS results show that the ring is a
perfect circle (Figure 11(b)) not a deformed shape as shown
by Moin et al. [7], the ring stands perpendicularly with 90
degrees not 45 degrees as shown by Moin et al. [7], and, more

important, “ring pinch off” given by Moin et al. [7] is never
found. The ring-like vortex has its own coherent structure as
we show in Figure 11.

The profile in Figure 12 is a spanwise and time average
streamwise velocity profile at location x = 486 (the location
of first ring-like vortices). As shown in Figure 12, the ring-
like vortices are located outside the boundary layer or in
other words located in the inviscid zone (z = 3.56, U =
0.99U,). Because the leading rings are in the inviscid zone
where the flow is almost uniform and isotropic, the shape
of the ring is almost perfectly circular. It is believed that the
velocity in normal direction is almost zero in the inviscid
zone and the ring stands almost perpendicularly.

4.3. Mechanism of Multiple Ring Formation. Crow theory
[8] has been considered as the mechanism of multiple
ring formation [2]. Figure 13 shows a typical vortex chain
formation by Crow theory. However, there is no evidence to
prove such a mechanism for flow transition. According to
our DNS, Figure 14(a) gives a schematic about the process
of a single ring and multiple ring formation. Following the
first Helmholtz vorticity conservation law, when the vortex
tube is stretched and rolls up, the tube is narrowed, and
an additional bridge is developed across the two legs of the
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prime vortex tube to maintain the vorticity conservation.
Consequently, the second, third, and so forth. rings are
formed. Figure 14(b) shows that the multiple rings (over 8
rings) are formed and the first heading ring (right) is skewed
and sloped (not perpendicular any more). From our new
DN, the so-called “spike” is nothing but formation of multi-
ring (bridge) vortex structure which is quite stable. The mul-
tiple rings were generated one by one but not simultaneously
like Crow theory, and the rings are perpendicular to the
wall not parallel to the wall like Crow theory. Apparently,
we cannot find any links between the Crow theory and the
multiple ring formation.

4.4. U-Shaped Vortex Development. A description of the
development of the U-shaped vortex can be found in the
paper by Singer and Joslin [9]. Figure 15 has a 2D top view
and uses low pressure contour to represent the vortex tube,
which could lead to a misinterpretation that the secondary
vortex is broken in to smaller pieces. Figure 16 is a 2D top
view given by our new DNS with a different A,-value which
gives a similar structure to Figure 15. However, there is no
evidence that the secondary vortex breaks down. Let us look
at the head of the so-called “turbulence spot” from different
directions of view (Figure 17). The large vortex structure
of the leading head of the turbulence spot is stable and is
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FI1GURE 21: Vortex cycle overlapping and boundary layer thickening.
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FIGURE 22: Ring cycle overlapping, but never mixing.

still there. It travels for a long distance and never breaks
down. We found that the head shape looks U-shaped, but
the basic vortex structure really does not change and the
heading hairpin vortex never breaks down. The real situation
is that the heading primary ring is still there but skewed and
sloped, which leads to a disappearance of the second sweep.

The consequences are that no more energy is transported
down to the boundary sublayer by the second sweep which
is weakened in the area near the head of the spot. The small
length-scale-structures located near the laminar bottom
damped, and the originally existing U-shaped vortex is rising
and becomes clearly. It was thought [9] that the U-shaped
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respectively.

vortex is a newly formed secondary vortex. However it
really exists for some time. The reason that the U-shaped
vortex is not clearly visible at previous times is that the
U-shaped vortex is surrounded by many small length scale
structures. When the heading primary ring is perpendicular,
it will generate a strong second sweep which brings a lot of
energy from the inviscid area to the bottom of the boundary
layer and makes that area very active. However, when the
heading primary ring is no longer perpendicular, skewed and
sloped, the second sweep disappears. The small length scale
structures rapidly damp and the originally existing U-shaped
vortex becomes clear since they are part of the large scale
structure. Different from Singer and Joslin [9], the U-shaped
vortex is found not a secondary, but tertiary vortex with same
sign of vorticity of the corresponding ring leg. Actually, the

U-shaped vortex is a second neck to supply vorticity to the
ring (Figures 17(b) and 17(c)).

Due to the increase of the ring (bridge) number and
vorticity conservation, the leading rings will become weaker
and weaker until they cannot be detected, but they never
break down (see Figure 17). The multiring structure is pretty
stable and the rings can travel for long distances (Figure 18)
because they are located in an inviscid area and the U-shaped
neck provides more vorticity.

4.5. Mechanism of Small Length Scale Generation. Itis natural
that one question will be raised. The question is where the
small vortex length scales come from? We believe that these
small length scale vortices are generated by the interaction
of secondary and third level vortices with the wall surface.
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(b) x =464. 10 contour levels —0.698~1.202

FiGure 24: Contours of spanwise component of the vorticity disturbance in the (y, z)-plane at t = 6.6T. Light shades of gray correspond to

high values.
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0 |
445 450 455 460 465 470

(b) y =4.4.10 contour levels —0.698~1.202

FiGure 25: Contours of spanwise component of the vorticity disturbance in the (x, z)-plane at t = 6.6T. Light shades of gray correspond to

high values.

As we know, the vorticity can only be given or generated
in boundaries, but it cannot be generated inside the flow
field. Actually, the wall surface is the sole source of the
vorticity generation for boundary later. Our new DNS gives
the preliminary answer that the small length scale vortices
are generated by the wall surface and near the wall surface
as they are generated by second sweep instead of hairpin
vortex breakdown. Actually, vortex breakdown is theoreti-
cally impossible and practically never found. The animations
of our DNS results give details of flow transition at every
stage and new mechanisms of small length scale vortex
generation. We provide some snap shots here (Figure 19).
Since we believe that the small vortices are generated by the
wall surface and near wall region, we take snap shots in the
direction of view from the bottom to top. It is easily found
that the small length scale structures first appear on the wall
near the ring neck area in the streamwise direction.

All evidences provided by our new DNS confirm that
the small length scale vortices are generated near the bottom
(Figures 19 and 20) by secondary vortices or third level
vortices, especially by the positive spike caused by strong
second sweeps which bring high streamwise velocity from
inviscid area to sublayer.

4.6. Vortex Cycle Overlapping. As we discussed before, the
ring head is located in the inviscid area and has much higher
moving speed than the ring legs which are located near the
bottom of the boundary layer. It is the reason that the hairpin
vortex is stretched and multiple rings are generated. This
will lead to an overlapping of second ring cycle upside of
the first ring cycle. However, no mixing of two cycles is
observed by our new DNS (Figures 21 and 22). The second
ring is separated from first ring cycle by a secondary group
of rings which are generated by the wall surface, separated
from wall, and convected to downstream. This is the reason
why the transitional boundary layer becomes thicker and
thicker.

4.7. High Shear Distribution. The (v, w)-velocity distur-
bance vectors and the u-velocity contours are presented
in Figure 23 in the (), z)-plane. The projection of the
approximate location of the first vortex ring onto this (3 z)-
plane is indicated in Figure 23 with semitransparent circles.
It is seen that there are two strong downdraft jets produced
by the first vortex ring behind it at two sides of the structure
centerline. The existence of these jets was called “sweep 2”
events [5, 24].
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15

L

0
445 450 455 460 465 470

X

(b) y = 4.4. ten contour levels —0.332~0.340

FIGURE 26: Contours of streamwise velocity disturbance u in the (x, z)-plane at t = 6.6T. Light shades of gray correspond to high values.

Formation of a low speed region between the A-vortex
legs and appearance of an HS-layer slightly above and inside
of the A-vortex can be found in Figures 24, 25, and 26.
It is found (based on comparison of instantaneous fields
calculated for various time instants) that the low-speed
streaks and high-shear layers associated with the ejection
2 events seem to become weaker when the ring-like vortex
propagates downstream and finally disappears. This result is
consistent with observations by Bake et al. [3]. They believe
that low-speed streaks and high-shear layers become weak
and finally disappear because the “tail vortices” connecting
the ring- like vortices move towards the wall. Based on our
new DNS results, it shows that the main reason for the above
phenomena is that in the middle between the two positive
spikes near the ring neck, there is an area where the normal
velocity component is almost zero (see Figures 23(a) and
23(¢)).

5. Conclusions

Based on our new DNS study, the following conclusions can
be made.

(1) Vorticity is generated by the wall. The secondary
vortex can be developed only through flow separation
which is caused by the adverse pressure gradient.

(2) A vortex tube inside the flow field cannot have ends,
and thus vortex ring is the only form existing inside
the flow field because the ring has no ends, head, or
tail.

(3) There are four streamwise vorticity lines around the
A-shaped vortex, two primary inside and two sec-
ondary outside. The inside two primary streamwise
vorticity lines pull out the A-shaped vortex to form
the ring, but the outside two secondary vorticity
lines push the A-shaped vortex to form the neck.
Therefore, the formation of a ring-like vortex is
the interaction between the primary and secondary
streamwise vorticity lines.

(4) The leading ring-vortices are almost perfectly circular
and stand almost perpendicularly. The so-called “ring
pinch off” is not found.

(5) The stretched vortex tube will be narrowed with
stronger vorticity along with faster rotation as a result

of narrowing. According to the first Helmoholtz vor-
ticity conservation law, this will lead to development
of a bridge and further become a second ring, and
so on.

(6) U-shaped vortex is a coherent structure and serves as
second neck to supply the rings.

(7) Since the head of the hairpin vortex, that is, rings, is
located in the inviscid area and the U-shaped vortex
supplies vorticity to the ring, the consequent multiple
ring-like vortex structure can travel for long distance
in the flow field. The hairpin vortex will become weak
until being nondetectable, but never breaks down.

(8) The small length scales are generated by the wall
surface and near the wall region, but not by the
hairpin vortex breakdown.

(9) The ring head speed is faster than the ring legs, which
leads to ring cycle overlapping. Multiple ring cycle
overlapping will lead to thickening of the transitional
boundary layer. The multiple rings overlap, but never
mix. They are separated by secondary rings which are
generated by the wall surface, separated from the wall,
and convected to downstream.

(10) The updraft motion leads to the A-shaped high-
speed streaks and an HS-layer near the wall outside
the A-vortex legs. However, the HS-layer disappears
near the ring neck because the normal velocity in the
near neck area is almost zero.

Nomenclature

My: Mach number

Re: Reynolds number

Oin:  Inflow displacement thickness
T,: Wall temperature

Tw: Free stream temperature

Lziy: Height at inflow boundary

Lx: Length of computational domain along x
direction

Ly: Length of computational domain along y
direction

xin: Distance between leading edge of flat plate and
upstream boundary of computational domain
Asz: Amplitude of 2D inlet disturbance
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Asg: Amplitude of 3D inlet disturbance

w: Frequency of inlet disturbance

ar4: Streamwise wave number of inlet disturbance
B: Spanwise wave number of inlet disturbance
R:  Ideal gas constant

y:  Ratio of specific heats

Ueot  Viscosity

wy: Streamwise vorticity

Ay Const representing vortex tube surface.
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