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ABSTRACT

A structure consisting of quasi-laminar and turbulent re-
gions in a stripe pattern, which can be found in a transitional
plane channel flow, is called ‘turbulent stripe’. In this work,
its formation from a turbulent spot has been investigated using
a direct numerical simulation in a relatively large-scale com-
putational domain of Ly x Ly X L, = 731.48 x 28 x 365.75. We
found that a spot developed into the turbulent stripes, as the spot
split in the spanwise direction and took in the form of V-shape.
Quasi-laminar and turbulent regions coexist inside the spot and
each region became multiple V-shape. Several branching turbu-
lent regions expanded from the edge of the spot and parallel to
each other obliquely to the streamwise direction with an angle of
about 30°. It was also found that the branching turbulent region
gave rise to oblique waves at their edges.

INTRODUCTION

A structure similar to an equilibrium turbulent puff in a tran-
sitional pipe flow was found in a transitional plane channel flow
by Tsukahara et al. [1-3] through a direct numerical simulation
(DNS). The structure was called ‘turbulent stripe’, consisting
of quasi-laminar and turbulent regions in a stripe arrangement.
Tsukahara et al. [1] observed that the turbulent stripe occurred
spontaneously from a turbulent flow field and was an equilibrium
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state, once the Reynolds number was decreased down to Re; (=
u0/v) < 80 with a computational domain of 51.28 x 28 x 22.58.
Here, u; is the friction velocity, § is the channel half width, and
v is the kinematic viscosity. The emergence of this structure was
also verified experimentally by Hashimoto et al. [4] for the bulk
Reynolds number ranging between Re,, (= 2u,,6/v) = 1700 and
2000, where u,, is the bulk mean velocity. The localized tur-
bulent regions were observed to be inclined at angle of 20°-30°
to the streamwise direction and its streamwise wavelength was
to be about 603. In these previous studies, the emergence of the
turbulent stripe has been confirmed only in the case of decreasing
the Reynolds number. In other words, a fully developed turbu-
lent flow field at higher Reynolds number was used as the initial
condition.

One of the well-known observations made in studies of the
transition process from laminar to turbulent state has been that
turbulence first appears in localized regions with a characteristic
shape. This is so-called a turbulent spot, accompanied by streaky
structures. Carlson et al. [5] studied the spot experimentally
by flow visualization in plane (Poiseuille) channel flow and ob-
served strong oblique waves at the front of the arrowhead-shaped
spot as well as trail from the rear tips. Henningson et al. [6] in-
vestigated turbulence characteristics inside the spot in channel
and boundary-layer flow by analyzing a database obtained from
DNS. Recently, Duguet et al. [7] observed the flow-field devel-
opment into the turbulent stripe in a plane Couette flow, which
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Table 1. Computational conditions.

LexLyxL; 731.48x 238 x365.78
Ny X Ny x N, 4096 x 64 x 2048
AxT, Az 10
AV Ay 0.295-3.54
Art 0.0224

was triggered by initial random disturbances. They also used a
turbulent spot as an initial condition and observed that the spot
developed into turbulent stripe for some range of the Reynolds
number.

It can be anticipated that a spot in the plane Poiseuille flow
at a transitional Reynolds number should develop into the tur-
bulent stripes. We have performed a large-scale DNS of growth
of a turbulent spot in the channel flow and examined its growth
process.

NUMERICAL PROCEDURE

The mean flow is driven by a uniform pressure gradient, as
shown in Fig. 1. The periodic boundary condition is imposed in
the horizontal directions and the non-slip condition is applied on
the walls. The coordinates and flow variables are normalized by
ug, v and 8. The fundamental equations are the continuity and
the Navier-Stokes equations:
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where §;; corresponds to the mean pressure gradient and quan-
tities with the superscript of * indicate those normalized by the
outer variables, e.g., x* = x/9, and the superscript of * indicates
the normalization by the inner variables, e.g., u™ = u/u;. For
the spatial discretization, the finite difference method is adopted.
The numerical scheme with the 4th-order accuracy is employed
in the streamwise and spanwise directions, while the one with
the 2nd-order is applied in the wall-normal direction. Time ad-
vancement is executed by a semi-implicit scheme: the 2nd-order
Crank-Nicolson method for the viscous term in the wall-normal
direction and the 2nd-order Adams-Bashforth method for the
other terms. Uniform grid mesh is used in the horizontal direc-
tions, and non-uniform mesh in the wall-normal direction. The

Figure 1. Configuration of channel flow.

DNS has been made for Re; = 56 with a large computational box
size to allow the spot to develop into the turbulent stripe. Other
detail numerical conditions are summarized in Table 1.

A laminar flow field is used as the initial condition. The tur-
bulent spot is triggered by a vortex pair, which has the following
analytical form:

2

y=A (1 fyz)zze_xz_z

u=~0 3)
V=Y,
w=—y,

where A is an amplitude coefficient and chosen such that the
maximum initial wall-normal velocity is the same as the mag-
nitude of center-line streamwise velocity. This simple double
vortices were adapted by Henningson et al. [6] as the initial dis-
turbance. It has been known from experimental investigations
of spots in various types of flows that the spot characteristics
become essentially independent of the initial disturbance if its
magnitude is strong enough to develop.

RESULTS AND DISCUSSION
Instantaneous velocity

Figure 2 shows contours of instantaneous distribution of
wall-normal velocity in the (x,z)-plane at the channel center,
presenting a temporal evolution of the turbulent spot. Although
the vortex pair of the initial disturbance rapidly broke down, it
gives rise to a turbulent spot with propagating downstream: see
Fig. 2(a). In front of the spot, a disturbed but non-turbulent re-
gion (quasi-laminar region) can be found and the turbulent region
appeared in the form of an arrowhead shape. Within the spot,
turbulent eddies were preceded by oblique waves, as shown in
an enlarged view of the figure. Additional oblique waves were
also found at the rear spanwise tips of the spot. These findings
are in consistent with those observed by Carlson et al. [5] and
Henningson et al. [6].

The turbulent region splits in the spanwise direction and
takes in the form of a V-shape, as given in Fig. 2(b). Carlson
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Figure 2. Contours of instantaneous velocity of wall-normal velocity (v+)
in the (x, z)-plane located in the channel-center plane. In (a), also shown
is an enlarged view of the region within the dashed box.
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Figure 3. Turbulent spot nomenclature.

et al. [5] also observed the development of the splitting spot.
The turbulent spot sustains oblique waves at the spanwise in-
terface of the spot. At the center of the spot, turbulence propa-
gates and a new turbulent region emerges, as given in Fig. 2(c).
Quasi-laminar and turbulent regions coexisted in the turbulent
spot (Fig. 2(d)), and each region became multiple V-shape. The
streamwise wavelength A, and the spanwise wavelength A, of a
pair of a quasi-laminar region and a turbulent region are esti-
mated from the figures, and they are 508 and 209, respectively.
Tsukahara et al. [2, 3] observed that A, was 668 and A, was 220
in the fully-developed turbulent stripe. Hence the pattern wave-
length inside the developing turbulent spot is smaller than that of
the developed equilibrium state. However, A, in Fig. 2(e) is about
600, which is comparable to that of the fully-developed turbulent
stripe. Then the turbulent region splits in the streamwise direc-
tion and another quasi-laminar region emerges between the tur-
bulent bands. The inclination angle 0 is an angle of a stripe struc-
ture to the streamwise direction. It can be seen from Fig. 2(d) and
2(e) that 0 is 20°-25°, which agrees well with that of the fully-
developed turbulent stripe.

As growing to the size of O(1003), the turbulent region
started to branch at the edge of the spot, as shown in Figs. 2(d—
f), and several branching turbulent regions developed parallel to
each other obliquely to the streamwise direction with an angle
of 20°-25°: see also Fig. showing how the turbulent region de-
velops and overhangs laminar region at the front and sides of
the spot with accompanied by the several branchs and oblique
waves. This angle corresponds to 0 in the fully-developed tur-
bulent stripe, but the value of A, ranges from 508 to 9038. The
branching turbulent region is wider than a turbulent band of the
turbulent stripe. In Figs. 2(g) and 2(h), the branching turbu-
lent regions split into quasi-laminar and turbulent regions. Their
wavelengths of A, and A, are same with those of the fully devel-
oped turbulent stripe.
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Figure 4. Temporal evolution of the spot. Point x4 is at the front interface,
point xp is at the rear interface, point z4 is at the top interface and point
zp is at the bottom interface of the spot.

Table 2. Propagation velocities of the spot.

Position Propagation Propagation velocity
of the spot velocity By Henningson et al. [8]
xa/ (tuc/d) 0.82 0.80
xg/ (tuc/d) 0.53 0.54
za/ (tuc/9) 0.11 0.12

Spreading of disturbance

The positions of four points on the spot are shown as a func-
tion of time in Fig. 4. Point x4 represents the streamwise velocity
position of the front interface of the spot, point xp the rear inter-
face, point z4 the spanwise top interface and point zp the bottom
interface: cf. Fig. . All points are seen to fall on straight lines,
showing that their respective spot features propagate with con-
stant speeds although turbulent region splits into quasi-laminar
and turbulent regions and branches into three turbulent regions
at the edge of the spot. The propagation velocities of the points
z4 and zp are found to be slightly decreased in 20 < t* < 30.
During this period, the spot splits in the streamwise direction
and quasi-laminar regions emerge between turbulent regions at
20 < t* < 30 Before that, it splits in the spanwise direction and
takes V-shape. Turbulent region branches at the edge of the spot
for t* > 30. Therefore, the propagation (expanding) velocity
in the spanwise direction decreases, while the spot split in the
streamwise direction, but it keeps almost linear correlation with
time.

In Table 2, the obtained propagation velocities are compared
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Figure 5. Mean velocity profile of the streamwise component inside the
spot: (top) in outer units, (bottom) in wall units.

with those obtained by Henningson et al. [8], who also calculated
them for 7u,. /& < 300 at almost the same Reynolds number as our
study but their calculation time was much less than the present
one (tu./d < 3500). Here, u. denotes the mean velocity at the
channel center. The present results are in good agreement with
the results of Henningson et al. [8] and found to remain nearly
unchanged even as the shape of the spot changed dramatically
from the arrowhead shape into the multiple V-shape.

Development of mean velocity profile

Figure 5 shows the vertical profiles of the dimensionless
mean velocities. Here, an averaged statistic is denoted by a over-
line of ﬁ, which means the spatial averaging in the horizon-
tal directions. We obtained the mean value in a finite area of
5098 x 508 inside the spot. The mean velocities are obtained for
40 < t* < 64 because the localized turbulent regions were ob-

served to be larger than the size of 508 x 509 at least for * > 40.

120

00

(a)t* =8.

240

120

80
40

00

(b) t* = 16.

Figure 6. Iso-surfaces of second invariant of deformation tensor (/1" =
u; juj; < —0.025), which equivalent to the vortical position. The di-
rection of the mean flow is from bottom-left to top-right. The visualized
volume is the lower half of the computational box.

As shown in Fig. 5, the mean streamwise velocity is faster than
that of the fully-developed turbulent stripe. It can also be seen
that the mean velocity slightly changes with time. Therefore, the
mean velocity in the spot shows disagreement with that of the
fully-developed turbulent stripe.

Vortex structure
Figure 6 shows the second invariant of deformation tensor:
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at (a) t* = 8 and (b) 16. It can be easily found that vortex cluster
takes a V-shape, not an arrowhead shape. No vortex can be seen
in the downstream of the spot. Elongated vortices at the wing-tip
regions are found, as shown later. In Fig. 6(b), the vortex clus-
ter takes V-shape and no vortex can be seen in the downstream
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Figure 7. Vortical structures around the wing tip regions (IIT =
u; juj; < —0.5). The direction of the mean flow is from top-left to
bottom-right.

as similar to Fig. 6(a). There exist more vortices at the wing tip
region than the other regions. It is also observed that several vor-
tex clusters gives rise to branching turbulent regions and sparse
regions among them.

Figure 7 presents vortical structures with emphasis on the
wing tip region. The visualized volume is of 208 x 28 x 200.
This alignment of vortices induces the oblique waves and make
its wavelength to be about twice of the channel height as reported
by Alavyoon et al. [9]. The vortices observed in Fig. 7(a) are in-
clined at angle of about 30° with respect to the streamwise direc-
tion, while most of vortices in Fig. 7(b) have angle of about 45°.
Therefore, it can be said that the developed turbulent spot should
have oblique waves but its structure is not identical to that of a
well-known arrowhead-shape spot.

CONCLUSIONS

In the present study, we performed DNS of the turbulent spot
developing into the turbulent stripes in a transitional channel flow
at Rer = 56 and investigated the characteristics of the flow.

We observed that, in a first stage, a vortex pair taken as the
initial disturbance broke down and developed into a turbulent
spot as it propagated downstream. The spot split in the spanwise
direction and became V-shape, while it continuously grew by in-

creasing in length in the streamwise direction. Several branch-
ing turbulent regions and quasi-laminar region among them were
observed to coexist in the turbulent spot and each region became
in the form of multiple V-shape. Localized turbulent regions in
the spot seemed to be elongated in oblique directions against the
mean flow at an angle of about 30°, and we found six similar
branches in the developing spot.
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