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Abstract

The idea of applying direct numerical simulation (DNS), a theoretical mode of coherent structures in the wall region of a turbulent
boundary layer, has been discussed in the literature. The various aspects of the formation mechanism of the coherent structures agree
well with both DNS and experimental results. In addition, a close relationship has been found between the evolutional characteristics and
factors such as the magnitude and structural distribution of the wall local impulse disturbance, and the amount of energy a local distur-
bance introduces into the wall region. Moreover, these parameters play key roles in the formation of coherent structures near the wall
region of a turbulent boundary layer. Therefore, the wall local impulse disturbance provides a theoretical model for triggering the for-
mation of coherent structures in the wall region of a turbulent boundary layer.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Since turbulence is universal in nature, understanding its
behaviour is central to the theory of hydrodynamics and
for being able to solve practical engineering problems. In
the 1960s, Kline et al. [1] discovered flow structures (e.g.
slow-speed streaks, high-speed streaks and bursts), over-
throwing the commonly held belief that turbulence is a
totally anomalous and stochastic motion. In recent times,
there has been much interest in the formation mechanism
and nonlinear evolutional characteristics of the coherent
structures in the wall region of a turbulent boundary layer.
Many recent investigations into direct numerical simula-
tion (DNS) have shown that there is significant commonal-

ity between many aspects of the coherent structures in the
wall region of a turbulent boundary layer and those of
unstable waves in laminar boundary layer transition. As
a result, the coherent structures of turbulence can be
described using an unstable wave of hydrodynamic stabil-
ity. Jang et al. [2] applied a quasi-laminar model and direct
resonance theory to calculate the selective wave numbers of
a disturbance wave and came to the conclusion that the
spacing between streaks is about 90 viscous units. In Ref.
[3], some significant results were found by making use of
resonance three-wave theory to study numerically the ori-
gin and nature of the coherent structures in the wall region
of a turbulent boundary layer. In Ref. [4], a period of res-
onance three-wave model was applied numerically as a the-
oretical model of individual coherent structures in order to
study its evolution. It was found that some characteristics
are consistent with experimental observation. However,

1002-0071/$ - see front matter � 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited

and Science in China Press. All rights reserved.

doi:10.1016/j.pnsc.2008.10.011

* Corresponding author. Tel.: +86 25 86204028; fax: +86 25 58699941.
E-mail address: lu678q@163.com (C. Lu).

www.elsevier.com/locate/pnsc

Available online at www.sciencedirect.com

Progress in Natural Science 19 (2009) 1119–1124



all these theoretical investigations used hydrodynamic sta-
bility theory to describe the nature of unstable waves so
that it was not possible to identify the exact locations of
their origins, let alone a perfect model of the interrelated
structure. In order to overcome this limitation, some stud-
ies were carried out on the formation mechanism of the
coherent structures induced by the local disturbance on
the outskirt of the wall region of a turbulent boundary
layer [5]. Although there is some argument for this
approach, it does not completely explain the reason for
the appearance of outskirt disturbances. Thus, its contribu-
tion is limited to a physical mechanism for explaining the
formation of the coherent structure. Taking all these into
account, together with the observations of the phenome-
non revealed in Reynolds’s experiment that some small
local disturbances on the wall of a pipe can accelerate the
instability of the flow in the transition of flow from laminar
to turbulent, we may conclude that local disturbances
which existed on the wall can also produce coherent struc-
tures. However, it does not help to reveal the underlying
inducing mechanisms. The extent of our understanding of
this will determine the quality of the theoretical model of
the coherent structures in the wall region of a turbulent
layer. It is necessary to understand turbulent formation
and the transmission of momentum and energy of the tur-
bulence in this process so that ultimately an accurate model
of turbulence can be established.

2. Basic equations and numerical methods

The basic equations are the Navier–Stokes (N–S) equa-
tion and the continuity equation:

ou=ot þ ðu � rÞu ¼ �rp þ ð1=ReÞr2u ð1Þ
r � u ¼ 0 ð2Þ

where u is the velocity, p the pressure, Re the Reynolds
number, $ the gradient operator, and $2 the Laplace
operator.

For our purpose, the velocity and pressure are decom-
posed as follows: u = U + u0; p = P + p0, where U is a com-
plex velocity of the basic flow, u0 is the disturbance velocity
of the coherent structure, P the pressure of the basic flow,
and p0 the disturbance pressure of the coherent structure. If
the basic flow is known, the solution can be obtained by
solving the N–S equation. This is presented in Ref. [4] in
detail and therefore not repeated here. Since the region of
interest is the region very close to the wall (limited to 100
viscous lengths from the wall), the small-scale turbulence
there is very weak. This assertion is supported by several
arguments, but the most direct evidence can be found in
a figure of Ref. [6], obtained by direct numerical simula-
tion, in which the velocity field in a normal cross-section
at the location where a coherent structure existed was
shown. Apart from the large eddies of the size of coherent
structures, there is no obvious small-scale motion. There-
fore, the quasi-laminar-flow assumption is adopted in this

paper. The numerical method for solving Eq. (1) is shown
in detail in Ref. [7].

3. Calculation region and boundary condition

The calculation region is defined as follows:
The streamwise: 0 6 x 6 33; the vertical: 0 6 y 6 0.88;

the spanwise: �6 6 z 6 6.
The calculation grids: {x, y, z} = {200, 200, 32}.
Inlet boundary condition: x = 0, u

0
= 0, p0 = 0

Outlet boundary condition:

x ¼ 33; u0 ¼ 0; op0=ox ¼ 0

Boundary condition at the upper boundary:

y ¼ 0:88; ou0=oy þ au0 ¼ 0; op=oy ¼ 0

The boundary condition at the wall boundary: y = 0, the
non-dimensional initial impulsive time t 6 10, and
v = A0 sin[p(x � 2.6)/1.3] cos[pz/3], which are distributed
in the streamwise grid (1.33 < x < 4.0), and in the spanwise
grid (�1.5 < z < 1.5) where A0 is the initial amplitude of the
local disturbance, and the rest of the grids are u

0
= 0, op0/

ox = 0. The impulse at the wall is removed when t > 10,
and all the grids are u0 = 0. Fig. 1(a) shows the symmetrical
structure. The magnitude and distribution of the nonsym-
metrical structure is identical to that of the symmetrical
case; only the symmetrical structure is shifted by 60� to
the x-axis. Fig. 1(b) shows the corresponding nonsymmet-
rical structure.

The Reynolds number, Re, in this case, equals 50,000. In
this case, Re represents U0d/m, where U0 is the free stream-
wise velocity, d the nominal thickness of the Blasius profile

Fig. 1. Contour distribution of the initial local disturbance velocity in the
normal direction.
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which is compressed in the y direction such that a part of it
can join smoothly the turbulent flow profile (y+ = 100) at
the inflow location. The time step (Dt) equals 0.02. The ini-
tial value of the disturbing velocity u

0
is 0.

4. Results and analyses

For all the cases, we assume that the initial amplitudes
(A0) are 0.050, 0.048, 0.045, and 0.042. The amplitude of
the coherent structures, A, is given by:

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
juj2max þ jmj

2
max þ jwj

2
max

q
ð3Þ

We have proved that the coherent structures in the wall
region of a turbulent boundary layer induced by the wall
initial local disturbance can exist as a symmetrical or non-
symmetrical structure in the z direction. But the latter can
be triggered and grow far more easily. Then, the evolution
of the amplitudes for the cases is shown in Fig. 2, from
which an initial increase in amplitudes can be seen, fol-
lowed by a transient decline when t P 10, and then, recov-
ery but a very slow growth before a final jump. Throughout
the evolution, the growth rates of both the symmetrical and
nonsymmetrical coherent structures in the wall region of a
turbulent boundary layer show an accelerative tendency. In
the case of symmetrical coherent structures, initially, it is
always slightly larger than that of the nonsymmetrical
one. However, after a certain degree of evolution, it
remains far below the level of its counterpart induced by
wall initial local disturbances.

Fig. 3 shows the velocity projection on the three
planes normal to the streamwise direction for a faster
growing case (A0 = 0.048). The first plane is at the loca-
tion where the spanwise velocity takes its maximum
value, from which we can clearly see its nonsymmetrical
and symmetrical streamwise eddies. As time goes by,
the structural intensity of the streamwise eddies strength-
ens and the center of the streamwise eddies rise up grad-
ually. However, the strength of the nonsymmetrical
streamwise eddies is much higher than that of the sym-
metrical ones. Fig. 3 shows that the evolution of the sym-
metrical and nonsymmetrical streamwise eddies we
observed are similar to those of the modeling of individ-
ual coherent structures in the wall region of the turbulent
boundary layers in Ref. [4].

Fig. 2. The evolution of the amplitudes.

Fig. 3. Nonsymmetrical streamwise eddies (a) and symmetrical streamwise eddies (b) in the y–z plane.
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Fig. 4 shows the variation in the spanwise velocity pro-
files at the maximal location at different times (A0 = 0.048).
As shown in Fig. 4, the differences are very small in magni-
tude, position and distribution of the maximal spanwise
velocity at the same time at the beginning stage between
the symmetrical and nonsymmetrical coherent structures.
However, during the subsequent nonlinear evolution, the
effect of the nonsymmetrical coherent structures gradually
becomes obvious. When t = 55, the absolute value of the
maximal spanwise velocity of the nonsymmetrical coherent
structures surpasses that of the symmetrical ones at the
large scale. At the moment, there is a significant difference
between their distribution of spanwise velocity profiles,
that is, the three-dimensional characteristics of the non-
symmetrical coherent structures are greatly strengthened,
which favors the rapid formation and development of
structures of streamwise eddies, accelerating the produc-
tion of ‘‘bursting”.

Fig. 5 shows the variation in the mean velocity profiles
at t = 15, 35, and 55, where the complex velocity profile
and the velocity profile of the low- and high-speed streaks
are represented by broken lines, real lines and dotted lines,
respectively. Fig. 6 shows the contour distribution of the
maximal streamwise disturbance velocity at different times
(A0 = 0.048), with intervals of about 0.02. Under the effect
of a nonsymmetrical local disturbance, the coherent struc-
ture in the wall region of the turbulent boundary layer
appears and moves downstream. The structure of the

high-speed streaks and that of the low-speed streaks stag-
ger each other and are completely nonsymmetrical. Specif-
ically, they gradually strengthen as time goes by. In
essence, throughout the process, the incidence of the indi-
vidual coherent structure is totally limited to a certain local
area, and powerful shear layers in some local positions are
formed. Moreover, the flow begins to become unstable.
Thus, an inflexion point and twisting may appear in the
mean velocity profile, leading to strong oscillations and a
big impulse, namely ‘‘bursting”.

Fig. 4. Spanwise velocity with y at the maximal location: (a) nonsym-
metrical structure and (b) symmetrical structure.

Fig. 5. Change in the mean velocity profile over time.

Fig. 6. Iso-contour for u0 in a plane for t = 15, 35, and 55. Solid line
u0 > 0; broken line u0 < 0.
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We can also calculate the propagation speed of the
coherent structures. As the shape of the coherent structure
does not remain constant, we cannot define a clear out
propagation speed. However, we can focus on the position
where the positive or negative u0 component of the distur-
bance speed takes on its maximum value. Then, from the
distance, it travels during a fixed time period, we can calcu-
late its mean speed, and the mean of the positive and neg-
ative u

0
component of the disturbance speed can be seen as

the propagation speed of the structure. We have calculated
the propagation speed for all coherent structures, and the
average speed of propagation is found to be 9.9u+, where
u+ is the friction velocity. Compared with the value
10.0u+, which is estimated from DNS for a turbulent chan-
nel flow, the result is satisfactory.

Fig. 7 shows the evolution of the amplitudes for different
features and the energy of the coherent structures in the
wall region of a turbulent boundary layer induced by the
wall local initial disturbance (A0 = 0.048), where curves 1
and 2 in the figure represent the evolution of the amplitudes
of the symmetrical and nonsymmetrical coherent struc-
tures. In addition, curves 3, 4, and 5 represent those of
the coherent structures in the wall region of a turbulent
boundary layer induced by the wall local initial nonsym-
metrical even rhombic distribution disturbance, whose
energy equals 1.0, 0.7, and 0.54 times the energy of the wall
local initial nonsymmetrical disturbance, respectively. It is
clear that the coherent structure in the wall region of a tur-
bulent boundary layer, which is induced by the larger
energy of the wall local initial disturbance, is formed rather
more easily. In contrast, when the energy of the wall local
initial disturbance, which is introduced into the wall region,
is less, it becomes more difficult (and sometimes impossi-
ble) to trigger the production of coherent structures in
the wall region of a turbulent boundary layer. Although
the wall local initial disturbance energy is identical, the
growth rate of the coherent structure can be different,
due to the different structure or distribution of the wall
local initial disturbance. The coherent structures in the wall
region of a turbulent boundary layer were induced by the
nonsymmetrical, even rhombic, initial wall local distur-
bance trigger comparatively easily. This is followed by
the nonsymmetrical initial wall local disturbances in the

structures and the symmetrical ones. As a result, the
formation mechanism of the coherent structure in the wall
region lies in the initial disturbance energy, the nature of
the characteristic, the initial disturbance structure and the
distribution.

Fig. 8 shows the Reynolds stress profiles (A0 = 0.048),
where the representations of curves 1, 2, 3, 4, and 5 are
the same as those in Fig. 7. As time goes on, the nonlinear
reaction of the coherent structures become stronger and
stronger, triggering the rapid growth in the Reynolds stress
of the coherent structures in the wall region. As shown in
Fig. 8, the more initial energy introduced into the near-wall
region, the more drastic the change in the Reynolds stress.
In contrast, when the initial energy, which is introduced
into the near-wall region of a turbulent boundary layer,
is less than a certain threshold, there will not be any coher-
ent structures formed in the wall region of a turbulent
boundary layer. Therefore, the Reynolds stress will
increase slowly or tend to attenuate.

In Fig. 9, three groups of curves, namely a1 and a2, b1
and b2, c1 and c2, demonstrate the evolution law of the
amplitudes of the coherent structures in the wall region
of a turbulent boundary layer, with the former of each
set induced by a nonsymmetrical local disturbance and
the latter by a symmetrical one, when the loading initial
time stands at 15, 10, and 5, respectively (A0 = 0.048).

Fig. 7. Under different conditions, the evolution of the amplitudes.

Fig. 8. Maximum in the Reynolds stress over time.

Fig. 9. The evolution of the amplitudes under loading times of the
different initial local disturbance.
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When the loading time of the initial local disturbance
goes up, the growth rate of the amplitudes increases
gradually. Under the loading time of the same local ini-
tial disturbance, the nonsymmetrical cases are always
triggered more easily than the symmetrical ones. When
the loading time of the local initial disturbance is
decreased to a certain threshold, the symmetrical and
nonsymmetrical coherent structures in the wall region
of a turbulent boundary layer cannot be induced to
increase, but tend to attenuate because of the decrease
in the loading time of the local initial disturbance and
the initial energy introduced into the near-wall region
of a turbulent boundary layer.

Considering the change in the disturbing area in the x

direction alone, three groups of curves in Fig. 10, namely
a1 and a2, b1 and b2 and c1 and c2, illustrate the evolution
of the amplitudes of the coherent structures in the wall
region of a turbulent boundary layer, with the former of
each set induced by the nonsymmetrical local disturbing
area and the latter by the symmetrical one, when the corre-
sponding disturbing areas of each are 1.15A, A and 0.5A,
respectively (A0 = 0.048). While the local initial disturbing
area increases gradually, in most cases, the coherent struc-
tures in the wall region of a turbulent boundary layer will
increase rapidly, and also the nonsymmetrical structures
are always triggered more easily than the symmetrical ones.
If the initial local disturbing area is relatively smaller, the
ability to trigger the coherent structures in the wall region
is comparatively weaker and may result in no excitation or
formation at all. Generally speaking, in order to inspire the
coherent structures in the wall region, the area affected by
the initial local disturbance should be sufficiently large to
insure that the energy introduced into the near-wall region
is sufficient to trigger the coherent structure; otherwise the
coherent structures in the wall region will not be able to
form.

5. Conclusions

The numerical results have shown that a local distur-
bance at a certain location is able to trigger nonsymmetrical
and symmetrical coherent structures in the wall region of a
turbulent boundary layer. It appears that there are many
plausible kinds of theoretical models to explain the forma-
tion mechanism of the coherent structures in the wall region
of a turbulent boundary layer. One such model is presented
here. The magnitude of the initial disturbing amplitude, of
the loading time, of the influencing area, of the energy intro-
duced into the wall region of a turbulent boundary layer,
and the distributing formation of the initial local distur-
bance are vital for revealing the origin and nature of the
coherent structures in the wall region of a turbulent bound-
ary layer. Therefore, the coherent structures are localized
and have vertical features. In addition, the propagation
speed is close to that found in DNS. This provides evidence
to suggest that the model is reasonably good. Therefore, the
research presented in this paper on the triggering mecha-
nism for coherent structures in the wall region of a turbulent
boundary layer provides a relatively integrated insight into
the mechanism involved in the production and maintenance
of turbulence in the wall region.
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