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Abstract: The low-Reynolds-number full developed turbulent flow in channels is simulated using large eddy sim-

ulation (LES) method with the preconditioned algorithm and the dynamic subgrid-scale model, with a given dis-

turbance in inlet boundary, after a short development section. The inlet Reynolds number based on momentum

thickness is 670. The computed results show good agreement with direct numerical simulation (DNS), which

include root mean square fluctuated velocity distribution and average velocity distribution. It is also found that

the staggered phenomenon of the coherent structures is caused by sub-harmonic. The results clearly show the

formation and evolution of horseshoe vortex in the turbulent boundary layer, including horseshoe vortex struc-

ture with a pair of streamwise vortexes and one-side leg of horseshoe vortex. Based on the results, the develop-

ment of the horseshoe-shaped coherent structures is analyzed in turbulent boundary layer.
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INTRODUCTION

Near-wall region in the turbulent boundary
layer, coherent structure is the most active large-
scale movement in this area. Many of the fluid
macro-features, such as the generation and main-
tenance of turbulence, the transport and dissipa-
tion of turbulence energy, the resistance decreas-
es, heat transfer and so on, are closely related
with coherent structures in the wall boundary lay-

o,

er Numerical experimental and simulation re-

sults show that the streamwise vortex structure is
the typical feature of the coherent structure in

turbulent boundary layer.

In numerous stream-
wise vortex structures, the horseshoe-shaped vor-
tex (or hairpin vortex), in particular, received
Therefore, studying

widespread attention™*.

evolution of the horseshoe-shaped vortex can pro-
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vide a lot of reasonable explanation for flow phe-
nomena within the turbulent boundary layer, and
help to in-depth understand and resolve problems
encountered in the engineering flow.

In the past, people thought that such the
horseshoe-shaped vortex (or hairpin vortex )
could be represented by using a pair of symmetric

counter-rotating vortexes'™.

However, recent
studies have found™®™ that not only symmetric
vortex pairs, but also asymmetric vortex pairs ex-
ist in the coherent structure in turbulence flow
zone near the wall, and the asymmetric vortex
pair is the vast majority of the streamwise vortex
pairs. Note that the horseshoe and the hairpin can
be connected by a function of Reynolds number,
and the low-Reynolds-number structure is re-
ferred to as the horseshoe-shaped vortex™#. At

present, large eddy simulation (LES) can display
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the details of flow field and transient process, and
the required CPU hours are less than the direct
numerical simulation, so the LES method is used
in this paper.

For the LES turbulence simulations, if the
computation is started from the laminar flow
through the transition to turbulent flow, calcula-
tion turbulent fluid need to attach a great amount
of computational resources. Therefore, a given 3-
D disturbance wave method™'"is used for LES of
turbulent inlet boundary to simulate 3-D turbu-
lent flow in channel. The result of LES is com-
pared with the direct numerical simulation (DNS)
results to verify the effective of the LES method.
On this basis, the horseshoe-shaped vortex struc-

tures in the near-wall turbulence are studied.

1 NUMERICAL METHODS

1.1 Governing equations and discretization

The code is used LES with a preconditioned

L After Faver-average and filter, the

algorithm
Navier-Stokes equation is transformed to a curvi-
linear system of coordinates. The non-dimension-
al vector forms of 3-D large eddy simulation of

compressible flow equations are
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where M = aQ/oq.,q = [p, Uy ity z?S,E]T is the
primitive variable, @ = [0,0 u +0 v spw,p ¢ "
the conservation variables, and I' = diag{1 11 1
B(Mr)} the preconditioning matrix. The precon-
ditioning parameter 3, if Mr < 1.0, B(Mr) =
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K. = dk;/dx;, t,; =p(uu; — w; u;) the subgrid vis-

i

cous stress, and ¢i®® the subgrid heat flux. Jaco-

bian matrix transformation matrix is J =

Nx,y,2)
& |

In this paper, the preconditioned algorithm is

det

used, which can improve low Mach number calcu-
lated method of the near-wall flow on the stability
and convergence behavior. The governing equa-
tions are discreted by the used finite volume
method. Viscous fluxes adopts the second-order
center scheme. Inviscid fluxes adopts the six-or-
der accurate symmetric WENO scheme. The
third-order Runge-Kutta method is used for the

time scheme.
1.2 Dynamic subgrid-scale model

The key of LES is to establish a rational sub-
grid model. The most widely used subgrid-scale

model is the Smagorinsky eddy-viscosity
modelH'*

Tij = p(lfl,\;] - l:; L:]) = ZC;AZ ‘S| S'ij + %&JTM
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the magnitude of large-scale strain-rate tensor, “,
the large-scale velocity, and A the filter width.
Generally, C is taken as a constant 0. 01. In low-
mach flow, the last item of the right side included
in the pressure item does not require simulation,
so subgrid viscosity can be expressed as

15 = Coa?|S | )

The corresponding subgrid heat flux is as fol-

lows
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Pr, dx,

But the Smagorinsky model has obvious
shortcomings, such as the coefficient of C is case
related rather than the constant optimum C value
depending on the actual nature of fluid move-
ment, and the compressible flow model does not
reflect fluid compressibility. Therefore, the dy-

namic subgrid model proposed by Germano is
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used in this paper, and the specific equations are
as follow!?,

The key of dynamic model is to determine a
dynamic subgrid eddy viscosity coefficient C.
There is a hypothesis that the stress of the small-
est pulse on the coarse grid is equal to the subgrid
stress difference between the coarse grid and the
fine grid. On the basis, by using twice filtering to
Navier-Stokes equations and the least square

method, we obtain

L[ ML, >
e ®
where
L, = (b;; ﬁzj/; - I;L;i ﬁj/ o) —
16 - - <~
< 50 ous ou;/ 0 — pui pu;/ 0
Mij = 2(; Az‘ S ‘ E:‘j _IBA2| 3‘ gu)

n

The superscript " ” denotes the filtering of

"

coarse grid, "~" the filtering of fine grid. The
sign "<C >" indicates that the average of both

sides are taken over a plane parallel to the wall.

2 COMPUTATIONAL DOMAIN
AND BOUNDARY CONDITIONS

The boundary layer of the compressible tur-
bulent channel flow is calculated by dimensionless
curvilinear coordinate LES equations. Mach num-
ber is set to 0. 6. Reynolds number at the inflow
is 1 000 based on the displacement thickness ¢
and the free-stream velocity, that is, Reynolds
number is 670 based on the momentum thickness

f.
2.1 Computational domain

Computational domain is shown in Fig. 1.
The displacement thickness 6" of turbulent
boundary layer of inlet is selected as a characteris-
tic length. A uniform grid of 192X 96X 64 is used
to model the computational domain with the di-
mensionless size of 50X 10X 8, respectively. cor-
responding to the streamwise direction X, the
normal direction Y and the spanwise direction Z.
The grid is uniformly distributed in the stream-

wise and spanwise directions and stretched in the

wall-normal direction. In order to facilitate paral-
lel computing, grid is divided into four parts and
each part is calculated on CPU which number se-
quence is from zero to three (Fig.1). MPI is used
to deliver the exchange of information between
the parts.

Flow field is initialized in the Spalding’s tur-
bulent boundary layer mean velocity profile. At
the subsonic outflow, a fixed back pressure is
prescribed. Periodic boundary conditions are used
in the spanwise direction. At the upper surface, a
free-slip boundary condition is applied. At the
lower wall, a no-slip condition is used for the ve-
locity components and an adiabatic wall condition
is prescribed. Therefore, only the half-height
channel domain is given in the direction Y in

Fig. 1.

Lower wall

Fig. 1 Schematic of parallel computational domain

decomposition

2.2 Inlet boundary condition

A given 3-D disturbance wave method in in-
let of the calculation domain is used. This ap-
proach is based on the assumption that the turbu-
lence is a combination of coherent structures,
which is recognized by the researchers. It pro-
duces a set of disturbance waves, including
changes in time and space coherent structures in
the inlet. This method is simpler than the other
current turbulence inlet method and more suitable
in the engineering-oriented.

For the inlet boundary conditions, the key is
to determine the entrance instantaneous velocity.
The inflow instantaneous velocity is given in the
form of ; instantaneous value equals average value
plusing disturbance and random noise. For the
average value, the 2-D Spalding-like turbulent
velocity profile is used. The maximum amplitude
of random noise does not exceed the average free-
flow speed of 1%.
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A given directly 3-D wave can determine the
disturbance u(z,y,2,¢). The method reproduces
the dynamical features of the inner and outer part
of the boundary-layer, including lifted "streaks”
and coherent outer-layer motions. The outer-lay-
er is expressed a 3-D disturbance wavel”" which
is a combination of fundamental wave and sub-
harmonics. Its formulat™ and the selection of pa-
rameters are
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where the spanwise velocity w is derived from a
divergence-free condition. ; stands for forcing
characteristic frequency, (8; the spanwise wave
numbers, and ¢; the phase shifts. Table 1 gives a
summary of the parameters used in the boundary-

layer simulation.

Table 1 Parameters for inflow turbulent fluctuations for
turbulent boundary layer
Region j ¢y C2 w; Bi b e Yo
Inner 0 0.1 —0.0016 1/25 = 0.00 12 —
1 0.2 —0.1200 1/4 0.75% 0.00 — 1
Outer 2 0.2 —0.1200 1/8 0.50m 0.10 — 4
3 0.2 —0.1200 1/16 0.25w 0.15 — 8

3 RESULT ANALYSIS AND DIS-
CUSSION

Turbulent boundary layer structure is 3-D.
The outer edge has a shortcoming of free shear
layer. There is an interaction between the inner
and outer. The inner layer is inhibited by the
wall. So the flowing structure within the turbu-
lent boundary layer is very complex. The calcu-
lated results are compared with the DNS results
to verify the effective of the result. Then the tur-

bulent boundary layer horseshoe-shaped vortex

coherent structures are analyzed. In this paper,
Mach number is set to 0. 6. Reynolds number is
670 based on the momentum thickness #, that is,
Reynolds number at the inflow is 1 000 based on
the displacement thickness 6" and the free-stream
velocity.
3.1 Time-average velocity and surface friction
coefficient
Time- and spanwise-averaged streamwise ve-

locity profiles are shown in Fig. 2(a). The result

accords with the same Reynolds number of the
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(a) Time- and spanwise-averaged streamwise velocity profile

0.14 r
502 [y o Ja?/ U, (Spalart)
o L \ e «/7 /U, (Spalart)
IR 0.10-5% \ ° W/Q (Spalart)
S oostih) #v
2 006t DDOO\O' . s 57 U
I S e L
~ 0.04 r R ¥ ooy,
5 00l SR,
| . - P
: AR
0.00 1 1 1 L J
0 02 04 06 08 1.0 12 14
Y/S
(b) Root mean square of fluctuations veloci
q ty
0.010 -
0.008 ||
& 0.006
0.004 - ——  Laminar flow
""""" = Turbulence
0.002 | S 1ES
1 1 1 1 J
13 14 15 16 17 18
Re /10

(c) Skin-friction coefficient

Fig. 2 Turbulent boundary-layer simulation results
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DNS solution™®! very well. The comparison indi-
cates that the inlet section develops a stable tur-
bulence after the short development.

Time- and spanwise-averaged turbulent fluc-
tuation velocity is displayed in Fig. 2(b). The su-

""" indicates the fluctuation value. U, is

perscript
the streamwise velocity outside the boundary lay-
er. The LES result is compared with Spalart’s
DNS turbulence solution*1, Tt is found that the
results are in good agreement with the DNS solu-
tion in all directions, but the amplitude of the
streamwise fluctuation velocity has some devia-
tions. This reason may that the DNS solution is
incompressible flow calculation results, while the
LES result is the compressible one.

Fig. 2(c) shows the time-average and span-
wise-average surface-friction coefficient Cr. It can
be seen after only a short interim from the en-
trance. When Re, reaches 139 000, C; shows a
good agreement between numerical and experi-
mental results of turbulence. The fluctuation of
C¢ during and after the transition represents the

unsteadiness of turbulent flow.

3.2 Discussion of turbulent boundary layer

horseshoe-shaped coherent structure

The horseshoe-shaped coherent structures
within the boundary layer are analyzed in this sec-
tion. The time showed in the figures in this sec-

tion is the dimensionless value based on a time

m”mmwmm\\\H\\\\n\\\\wwwwwwwwww\\\\\\muuumuummwH\HHHHHHH

units. Since the vortex cores are associated with
strong vorticity and local pressure minima, it can
be readily shown that positive surfaces of the

04 can be used to identify

Laplacian of pressure
coherent structures.
3. 2.1 Oscillating streamwise vortex of process
of vortex formation of horseshoe-shaped
vortex

In the paper, there are many vortex struc-
tures and these streamwise vortex structures are
closely related with low-speed zones. Fig. 3
shows that at the dimensionless time ¢t = 6. 627",
vortex structures are compared with velocity con-
tours in the flow field. It is clear to see that the
streamwise vortex structure corresponds with
low-velocity zones. The streamwise vortex in the
x-z plane is swing, and therefore low-speed
streaks are swing and not beeline. This is the
same conclusion as that in Refs. [7,15].

Fig. 4 shows the generation of the horseshoe-
shaped structures by a pair of streamwise vortex.
As mentioned in Fig. 3, the streamwise vortex
structures swing along the streamwise. In Fig. 4,
when the two streamwise vortexes (the two-leg
vortexes ) close to each other, the head of two
vortex will generate a bridge between the two

leg, and then the two vortexes change into the

horseshoe-shaped vortex structure. There is the

same solution in Ref. [4].

(a) Velocity contours: fuscous expresses low-speed streaks

(b) Coherent structures

‘\\\\\\\\\\\\\\\\\\\\\\\H\\\\\\\\\\\\\\\“\\\\\\\\\\\\!"""‘u"“‘!‘\\\\\\\\\\\\H\\\\‘\‘\"""‘“""v‘“"""""""‘"""""”‘“‘“““““““““

o)

Fig. 3 Top view of coherent structures and low-speed streaks in flow field (+=6.62)
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(b) t=5.91

(©) t=592

Fig. 4 Generation of horseshoe-shaped structures by

pair of streamwise vortex

Two streamwise vortex legs close to each
other will form a larger horseshoe vortex struc-
ture. However, if two vortex legs distance is so
longer, the head of horseshoe vortex structure
will not be closed, and there is the middle of
opening. Eventually, the horseshoe-shaped vor-
tex is generated by the one-side streamwise vor-
tex. The process is shown in Fig. 5 that F; and
F, structures are developed from a tilted vortex
along streamwise to a horseshoe-shaped vortex.
In Fig. 5(a), F, is a streamwise vortex. The vor-
tex head of the streamwise vortex under the ac-
tion of the self-induced upward rises, at the same
time the head tilts to one side of the vortex.
Fig. 5(b) shows that the vortex head that slants
toward spanwise is elongated along spanwise. So
the vortex tube of the part of vortex head is thin-
ner and draws out along spanwise. In Fig. 5 (c,
d), when the spanwise head of the vortex is
stretching, the head comes into being a horseshoe
vortex owing to the effect of the disturbance.

Fig. 5 (d-f) show the forming process that the

(@) t=5.91

(b) t=5.92

(¢) t=593

(d) t=594
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) t=5.96

Fig. 5 Generation of horseshoe-shaped vortex by one-

side streamwise vortex

shorter leg of one-side horseshoe-shaped vortex
evolved. Robinson (1991) described the similar

processt*

that the neck of horseshoe vortex
moved to the wall and the descending neck was
rapidly stretched into an elongated vortex leg. In
Figs. 5(c-f), when the neck is moving, down and
stretching, a slender vortex tube (a;) occurs on
the shorter leg side of the horseshoe vortex and is
an extended vortex leg. The vorticity of the leg is
very weak, so the leg seems broken. In the pa-
per, the inflow boundary conditions are generated
by the flow of counter-rotating vortex pair, so
the one-side generated horseshoe vortex struc-
tures are always in pairs.

Fig. 6 shows the velocity field of the leg of
the horseshoe-shaped coherent structures. Two
streamwise-vortex legs of F'; horseshoe vortex is
counter-rotating. So the upward ejection occurs
between two streamwise-vortex legs, and the

downward sweep occurs on the two vortex legs

F, horseshoe
vortex

Fig. 6  Velocity field of leg of horseshoe-shaped co-

herent structure

lateral. While some broken streamwise vortex al-
so exist between two vortex legs. The fluid has a
similar formation in upward ejection and down-
ward sweep.
3.2.2 Horseshoe-shaped vortex structure under
influence of sub-harmonic

Fig. 7 shows that the coherent structures ex-
ist in the turbulent flow. The calculation results
are expanded along one spanwise width in order
to better observe the spanwise coherent structures
on the boundary. The first 1/4 part of the entire
computational domain is short development sec-
tion (Fig.7(a)). The showed horseshoe vortexes
are after the development segment. There are
many horseshoe-shaped vortexes within the tur-
bulent flow field. But the horseshoe-shaped shape
of the structure is not uniform and is not strict

symmetry. The reason is mainly the unsteady

section
(a) t=6.72

(b) t=7.12

Fig. 7 Unsteady dynamics of coherent structures at

different time instants
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characteristic of turbulence. This conclusion is
the same as that in Refs. [1,5].

Fig. 7 shows two different time points of co-
herent structures. The English capital letter se-
quences denote the pair-vortex generated horse-
shoe-shaped vortex structure under the influence
of the sub-harmonics. As shown in Fig. 7, it is
found that there are several complex horseshoe-
shaped vortexes (such as the identified coherent
structures from C, to E;, the development of C,
is shown in Fig. 4. ) in near-wall region. However
the basic features of the flow expresse a staggered
pattern caused by sub-harmonic instability, i.e. ,
and the spanwise disposition of the former struc-
ture and latter structure is staggered distribution
along the direction z. In addition, it is also found
that there are the one-side generated horseshoe-
shaped vortex structures between two pair-vortex
generated horseshoe-shaped vortex structures in
Fig. 7 (such as the identified coherent structures
from F, to F,, the development of F, is shown
in Fig. 5). At the same time, the non-uniform
long streamwise vortex structures appear between
the two group configuration rows, and the vortex
structure is always swing, rather than simply

move forward along the streamwise.

4 CONCLUSIONS

In this paper, turbulent channel flow is cal-
culated using LES with the preconditioned algo-
rithm and the dynamic subgrid-scale model. The
spatial discretization scheme used high-order sym-
metric WENO scheme of finite volume method.
The time-discrete used the third-order Runge-
Kutta method. A given perturbation method is
used inlet.

(1) The LES calculation results are com-
pared with the DNS solution, which include the
average speed profile, turbulence intensity distri-
bution and skin-friction coefficient. The above
comparison verify the validity of the LES results.

(2) The streamwise vortex structures corre-
spond with the low velocity zones. The stream-
wise vortex in the x-z plane is oscillatory and

side-to-side meandering. Therefore swing low-

speed streaks are not about pure streamwise di-
rection. In addition, the streamwise vortexes are
not only individual evolution but also the interac-
tions in the development process along the down-
stream. The individual evolution is the generation
of the horseshoe-shaped vortex by the one-side
streamwise vortex and the interactions is the gen-
eration of the horseshoe-shaped vortex by a pair
of streamwise vortex.

(3) The LES calculation results demonstrate
the horseshoe-shaped vortex configurations. The
pair-vortex generated horseshoe-shaped vortex
structure under the influence of the sub-harmon-
ics is expressed a staggered pattern. The horse-
shoe-shaped vortex structure is not strict symme-
try.

(4) Downward sweep and upward ejection

are induced by the up-tilt streamwise-vortex legs.
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