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Direct numerical simulation (DNS, hereafter) of turbulent channel flow with periodic two-dimensional
slits has been performed in order to investigate the turbulent statistics and the turbulent structures
behind the slits. The Reynolds numbers based on the friction velocity and the channel half width are
10–1500. In the wake region, the mean flow becomes asymmetric with respect to the centerline of the
geometry through the Coanda effect. Large-scale vortices are generated at the height of the slit edges.
These vortices become deformed in various scenarios and break up into disordered small-scale structures
in the shear layers behind the slit. The small-scale vortices are convected toward the channel center. The
budgets of the Reynolds stresses have been computed. The significant differences are found between the
budgets in this study and those in a backward-facing step turbulence. The positive Reynolds shear stress
u0v0 is observed owing to the flow contraction just behind the slit. The wake region was classified into
several categories based upon the budgets of the Reynolds stresses and turbulent structures.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Separation and reattachment of turbulent flows occur in many
practical engineering applications. In the numerical studies of sep-
arated flows, the flow over a backward-facing step (e.g., Friedrich
and Arnal, 1990; Le et al., 1997; Avancha and Pletcher, 2002), the
ribbed channel (e.g., Leonardi et al., 2003; Sewall et al., 2006)
and the roughened channel flow (e.g., Nagano et al., 2004; Krogstad
et al., 2005) are frequently employed. In particular, the flow
through a two-dimensional backward-facing step is the most pop-
ular. Le et al. (1997) performed DNS of a turbulent flow over a
backward-facing step and evaluated several quantities such as
the reattachment length, the Reynolds stresses and the turbulent
kinetic energy budgets. The effect of step height was studied by
Chen et al. (2006). The Kelvin–Helmholtz (K–H) vortices and the
longitudinal vortices were observed behind the step (Neto et al.,
1993). Recently, the simulations for more practical configurations
have been performed, for example, the flow over riblets (Stalio
and Nobile, 2003) or with one wavy wall (Choi and Suzuki, 2005).

On the other hand, DNS of a turbulent flow with slits has never
been performed to the authors’ knowledge. The slits are often used
to control the flow rate and to enhance the mixing in practical
mechanical equipments. In this flow, the separation, the reattach-
ll rights reserved.
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ment and also the contraction occur near and behind the slit.
Therefore, the study of flow field with slits is useful to investigate
the effects of the flow acceleration/contraction in the separated
flow. In this study, the flow acceleration is defined as the positive
streamwise mean velocity gradient (oU/ox > 0) and the flow con-
traction oV/ox 6¼ 0 and/or oV/oy6¼0, where U is the streamwise
mean velocity and V the wall-normal mean velocity.

In the present work, DNS of a laminar and a turbulent channel
flow with periodic two-dimensional slits has been carried out for
Res0 = us0d/m = 10–1500, where us0 is the friction velocity defined
later, d the channel half width and m the kinematic viscosity. The
purposes of this study are to obtain the turbulent statistics for
the development in turbulence modeling and to examine the rela-
tionship between the turbulent structures and turbulent statistics
behind the slit.
2. Numerical procedures

The configuration of the computational domain is shown in
Fig. 1a. A periodically repeating spatial unit with one two-dimen-
sional slit is simulated. The periodic boundary conditions are
employed in the streamwise (x) and spanwise (z) directions. The
no-slip boundary conditions are used on all the walls. The direct
forcing immersed boundary method (Fadlum et al., 2000) is
applied on the plates in each side of the slit. The regular grid is
applied in the streamwise direction to use the FFT (Fast Fourier
Transform) in the solution of pressure-Poisson’s equation. To
ensure the grid resolution even close to the slit wall, a large mesh
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Fig. 1. (a) Configuration of the computational domain; (b) computational mesh.
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number is employed in the streamwise direction (see Table 1). In
the wall-normal direction, the density of the computational mesh
is high at the height of the slit edges and near the walls (see Fig. 1b).

The governing equations are the incompressible continuity and
Navier–Stokes equations:

ou�i
ox�i
¼ 0; ð1Þ

ou�i
ot�
þ

oðu�i u�j Þ
ox�j

¼ � op�

ox�i
þ 1

Res0

o2u�i
ox�j ox�j

� op�

ox�i
di1 þ F�i ; ð2Þ

where u and p denote velocity vector and pressure, respectively. The
quantities with superscript * indicate that they are normalized by
us0 and d. The term �op�=ox�i � di1 is the non-dimensionalized mean
streamwise pressure gradient, which drives the mean flow. The fric-
tion velocity us0 is defined as the one calculated from the given
mean pressure gradient �op=ox in the case of the plane channel
without the slits, i.e.,

us0 ¼
ffiffiffiffiffiffiffi
sw0

q

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j � op=oxj � d

q

s
; ð3Þ

where sw0 is the wall shear stress in the case of the plane channel
flow. The additional F�i in Eq. (2) is the body force term for the im-
mersed boundary method.

The SMAC (simplified marker and cell) method is adopted for
the coupling between the continuity and the Navier–Stokes equa-
tions. The second-order Crank–Nicolson scheme and the compact-
storage third-order Runge–Kutta scheme are employed as the
time-advance algorithm: the former for the vertical viscous term,
the later for the other viscous and the convection terms. The
velocity predictors are calculated by solving TDMA (tri-diagonal
matrix algorithm) in the wall-normal direction. The pressure-
Poisson’s equation is solved with the FFT for the streamwise
and spanwise directions and with the TDMA for the wall-normal
one. The finite difference method is used for the spatial discreti-
zation: the second-order central scheme is employed in all the
directions.

The computational conditions are summarized in Table 1. The
ratio of slit height to channel height b is set to be 0.5, i.e., the



2.5 5 7.5 10 12.5

0.1

0.2

0.3

0.4

0.5

0.6

0

x/δ

Lower wall
 Upper wall

u τ
* slit

<uτ
*>ave

Fig. 2. The non-dimensionalized actual friction velocity profiles for Res0 = 600.
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distance between the wall and slit edge h is 0.5d in this study. The
non-dimensionalized local friction velocity u�sð¼ us=us0Þ for
Res0 = 600 is shown in Fig. 2. The streamwise-averaged friction
velocity husiave/us0 is 0.26 in this case. The spatial resolutions are
calculated from the streamwise-averaged friction velocity husiave

and seen in Table 1. In the DNS of a backward-facing step turbu-
lence, the spatial resolutions are Dx* ’ 10 and Dz* ’ 15, based on
the inlet boundary layer shear velocity (Le et al., 1997). In the pres-
ent calculation, they are 4.8 or less. Therefore, the resolutions in
this study are fine enough to obtain the second-order turbulence
statistics.

3. Results and discussion

3.1. Asymmetry phenomena and mean reattachment length

The streamlines of the mean flow for Res0 = 20, 50, 300, 600, and
1500 are given in Fig. 3. The mean flow is asymmetry behind the
slit in the cases of higher Reynolds numbers, which is similar to
the flow in a sudden expansion (e.g., Cherdron et al., 1978; Fearn
et al., 1990; Durst et al., 1993; Alleborn et al., 1997). These phe-
nomena are referred to as the Coanda effect. The asymmetric direc-
tion depends on the initial flow field. We obtained the flow
attachment to the upper and lower walls nearly with the same
probability. In this study, the mean symmetric flow can be ob-
served in the cases of Res 6 20, i.e., Reb 6 110, and the mean flow
becomes asymmetric in the cases of Res0 P 30 up to Res0 = 1500,
i.e., Reb = 7800.

In addition, we tested also an inlet–outlet boundary condition
case (non-periodic) with a driver section which is a computational
sub part to generate a fully developed turbulent channel flow for
the inlet boundary condition (Inagaki et al., 2005). The convective
boundary condition is applied at the outlet boundary of the main
part. The domain size is 12.8d � 2d � 6.4d and the grid number
256 � 128 � 256 for the driver section. For the main section, the
domain is 16d � 2d � 6.4d and the grid is the 512 � 128 � 256.
The slit is stationed at 4d in the streamwise direction from the con-
necting plane between the sub and main parts. The time-averaged
streamlines in the case of the inlet–outlet boundary condition are
shown in Fig. 4. The mean flow becomes asymmetric as seen in the
of the periodic boundary condition. Therefore, the streamwise
periodicity adds less effect on the asymmetry phenomena.

A large primary bubble is observed from the back-end of the slit
to 9d in the x-direction at the lower wall (Lr1 in Fig. 3). In addition, a
secondary bubble (B in Fig. 3) generates to approximately 7.3d in
the x-direction (see Lr2 in Fig. 3), i.e., 1.8h from the slit for
Res0 = 600. Le et al. (1997) reported that the length of the second-
ary bubble in the x-direction Lr2 is 1.76h for a backward-facing step
flow. Therefore, the length of the secondary bubble is almost same
in both the cases.

The reattachment length Lr1 and the secondary bubble length
Lr2 are shown in Fig. 5 as a function of the bulk Reynolds number.
In this study, the reattachment location is determined by the loca-
tion of oU/oy = 0 at the wall. The length Lr1 is defined as the dis-
tance from the back-end of the slit to the reattachment location.
Because the mean flow is asymmetric, the Lr1 and the Lr2 are ob-
tained as an average of those on the upper and lower computa-
tional domain, i.e., the averaged reattachment point is the
location of 1/2(oU/oyjlower + oU/oyjupper) = 0. In the range of
Reb < 400, the Lr1 increases with increasing the Reynolds number.
On the other hand, in Reb > 400 range, the reattachment length
Lr1 is characterized first by a sharp decrease and subsequently by
a gradual one. These results are similar to those described in the
case of the backward-facing step experiment (Armaly et al.,
1983). One can clearly identify the laminar (Reb < 400), the transi-
tional and the turbulent (400 < Reb < 7800) ranges as implied by
the shape of this profile.

The secondary bubble cannot be observed in the laminar region
(Reb < 400). In the range of 400 < Reb < 550, the secondary bubble
length Lr2 increases with increasing the Reynolds number and it
becomes almost constant in Reb > 550 range. Therefore, the sec-
ondary bubble is generated in the transitional and the turbulent re-
gime. In addition, the reattachment length Lr1 at a higher Reynolds
number (Reb > 2000) is approximately 6h( = 3d) in this study. This
corresponds roughly to the well-known length of 5 � 8h in the case
of the turbulent flow over a backward-facing step (Lesieur, 1997).

3.2. Instantaneous vortex structures behind the slit

The vortex structures for Res0 = 30, 100, and 600 are shown in
Fig. 6. The vortices are identified by the iso-surface of the second
invariant of the velocity-gradient tensor defined as

II� ¼ � ou�i
ox�j

ou�j
ox�i

ð4Þ

The spanwise primary K–H vortices are visible in the shear layers
behind the slit (A in Fig. 6(a-1)(b-1)(c-2)). These K–H vortices devel-
op in different ways for the different Reynolds numbers.

In the case of Res0 = 30, they are distorted in the z-direction and
longitudinal vortices are observed between them (B in Fig. 6
(a-1)(a-2)). A schematic view of these vortices is shown in Fig. 6d.
The longitudinal vortices connect one spanwise K–H vortex with
another one (C in Fig. 6(a-2)). This three-dimensional vortex struc-
ture resembles helical-pairing structure in a mixing layer (Comte
et al., 1992) or in a backward-facing step flow (Neto et al., 1993).

For Res0 = 100, the K–H vortices become deformed more signif-
icantly in the y- and z-direction and break up into disordered
small-scale structures. Fig. 6(b-2) shows the complex three-dimen-
sional vortex structure with a lattice pattern. The similar vortex
pattern is observed in a temporal mixing layer (Comte et al., 1992).

In the case of Res0 = 600, the smaller structures are shown in
Fig. 6(c-1) and (c-2). The spanwise distorted K–H vortices are ob-
served. The pairing or the lattice structure discussed above, how-
ever, is not clearly found because the three-dimensional
perturbation increases more significantly.

3.3. Fundamental turbulent statistics

The streamwise mean velocity and the Reynolds stresses
profiles in both the upstream and downstream sides of the silt
are shown in Fig. 7, where xr is the streamwise distance from the
back-end of the slit. The positive value of xr indicates the
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downstream side and the negative, the upstream one. The fluctua-
tion velocity u0, v0 and w0 are in the streamwise, the wall-normal
and the spanwise directions, respectively. In the upstream region
(xr = � 4, � 3 and � 2), the mean velocity profiles are almost same
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and the slight asymmetry can be observed. Very close to the slit
(xr/d = � 1), the value of the mean velocity on the channel center,
i.e., y/d = 1, becomes larger than those for xr/d = �4, �3, �2 owing
to the flow acceleration. At xr = 0, the mean velocity becomes neg-
ative on top of the slit edges (0.5 < y/d < 0.55 and 1.45 < y/d < 1.5)
because small recirculation regions are generated (cf. the height
of the slit edges are y/d = 0.5 and 1.5). The velocity attains its local
maximum at y/d ’ 0.6 or 1.4, not at near the centerline. This is be-
cause of the flow acceleration/contraction through the slit. The
profiles become asymmetric significantly downstream of the slit.
As for the Reynolds stresses upstream of the slit, they are larger
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than those in the channel center region as compared with those
in plane channel flow (Kawamura et al., 1999). The sharp peaks
can be seen in the u0u0 and v0v0 profiles at xr/d = 0. These peak
regions correspond to the shear layers. The w0w0 exhibits four
peaks, which can be observed in the same region of the channel
with rods (Ashrafian et al., 2004). On the Reynolds shear stress
u0v0 at xr/d = 0, it becomes positive (on the lower side of the chan-
nel) in the shear layer. The details of this issue will be discussed in
the next section.

3.4. Classification of wake region based upon the turbulent structures
and statistics

In this section, the relationship between the turbulent struc-
tures and the turbulent statistics in the case of Res0 = 600 are re-
ported. In Fig. 8, the wake region is classified based upon the
budgets of the Reynolds stresses and the turbulent structures in
this study. The transport equation of the Reynolds stresses non-
dimensionalized by u4

s0=m is expressed as

o

ot
u0�i u0�j ¼ Pij þ Tij þ Dij þPij þ /ij þ �ij þ Cij; ð5Þ

Production term:

Pij ¼ �u0�j u0�k
oU�i
oxþk
� u0�i u0�k

oU�j
oxþk

; ð6Þ

Turbulent diffusion term:

Tij ¼ �
o

oxþk
u0�i u0�j u0�k ; ð7Þ
x
z y

x
z y

flow

I I

(c-1)

(c-2)

xzA y

K-H vortex

90 for Res0 = 30; (a-2) bottom view of the wake region in (a-1); (b-1) II*
6 �250 for

r Res0 = 600; (c-2) enlarged view of the rectangular region I in (c-1); (d) schematic
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Molecular diffusion term:

Dij ¼
o2

oxþ2
k

u0�i u0�j ; ð8Þ

Pressure diffusion term:

Pij ¼ �
o

oxþi
u0�j p0� þ o

oxþj
u0�i p0�

 !
; ð9Þ

Pressure strain term:

/ij ¼ p0�
ou0�j
oxþi
þ p0�

ou0�i
oxþj

; ð10Þ

Dissipation term:

�ij ¼ �2
ou0�i
oxþk

� �
ou0�j
oxþk

� �
; ð11Þ

Convection term:

Cij ¼ �U�k
ou0�i u0�j
oxþk

; ð12Þ

where non-dimensionalized value xþi is xi/(m/us0) with xþ1 ; xþ2 and
xþ3 ¼ xþ; yþ and z+.

The region r is the channel center near the slit. The Reynolds
stresses and the turbulent energy in this region are much smaller
than in other regions as seen in Fig. 7b–d, for instance, the mini-
mum value of the u0u0 near the channel center is about 4.3 of the
maximum value in the shear layer at xr/d = 1.0. Fig. 9a and b show
the streamwise evolutions of the streamwise mean velocity and
the Reynolds stresses, respectively, where U+ is the non-dimen-
sionalized streamwise mean velocity at the channel center and
u0iu

0
i indicates the Reynolds stresses on the centerline. The mean

velocity increases in the streamwise direction in the range of
5.0 < x/d < 7.5 by the flow acceleration through the slit. In the same
region, the values of Reynolds stresses are small; especially, the
u0u0 decreases behind the slit (6.4 < x/d < 7.5). Fig. 9c shows the
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vortices behind the slit. No evident vortices are observed in this re-
gion. Consequently, the flow is close to the potential flow. This po-
tential region is generated by the flow acceleration.

The region s occupies the shear layer just behind the slit.
Fig. 10a shows the budgets of Reynolds stress u0u0 in the range of
0.5 < y/d < 0.7 at xr/d = 0. The production term balances with the
convection one in the shear layers and the negative production
can be observed above the shear layers (y/d > 0.6). The production
term of u0u0 is expressed concretely as

P11 ¼ �2u0u0
oU
ox
� 2u0v0

oU
oy
: ð13Þ

In this region (y/d > 0.6), Reynolds stress u0u0 exhibits the significant
value and the mean velocity gradient oU/ox is positive as shown in
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Fig. 10b and c. This positive oU/ox is caused by the flow acceleration
through the slit. On the second term of the right-hand side in Eq.
(13), the Reynolds shear stress u0v0 and oU/oy are negative for
y/d > 0.6 as seen in Fig. 10b and c. The negative mean velocity gra-
dient oU/oy is caused by the flow contraction (see the former sec-
tion and Fig. 7a). Therefore, the negative production of u0u0 is due
to the flow acceleration/contraction through the slit.

It is interesting to note that the positive Reynolds shear stress
u0v0 is observed in the shear layer in the lower side of the channel
and the negative one in the upper side (see Fig. 7e). In the back-
ward-facing step, u0v0 never becomes positive. On the other hand,
the results of turbulent simulation with the ribs show the negative
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�u0v0 (i.e., the positive u0v0) in the similar region (Ashrafian et al.,
2004). The production of u0v0 becomes positive in the same region
as shown in Fig. 11. The concrete expression for production term of
u0v0 is

P12 ¼ P121 þ P122 þ P123 þ P124

¼ �u0v0
oU
ox
� v0v0

oU
oy
� u0u0

oV
ox
� u0v0

oV
oy
: ð14Þ

Fig. 11 also shows individual terms of the right-hand side in Eq.
(13). The third term, i.e., �u0u0 � oV=ox, is dominant and positive over
all the other terms in this region. This sign is caused by the negative
mean velocity gradient oV/ox. The wall-normal velocity streamwise-
ly decreases owing to the flow contraction, accordingly the oV/ox
becomes negative through the slit. Thus, the Reynolds shear stress
u0v0 becomes positive by the effect of the flow contraction just be-
hind the slit.

Fig. 12a shows the profiles of the pressure strain term in this re-
gion. The redistribution from v0v0 to u0u0 is remarkable, i.e., /11 > 0
and /22 < 0. In the opening of the slit, the direction of the flow is
changed due to the flow contraction (see region A in Fig. 12b).
The transport process of the turbulent energy in the vertical direc-
tion is impeded and the one in the streamwise direction is pro-
moted in this region. This is similar to the so-called splatting
effect observed near the wall of the channel flow although there
is no solid wall in this region. Therefore, the redistribution process
from v0v0 to u0u0 is enhanced through the slit.

The region t indicates the shear layer in the recirculation re-
gion. Fig. 13a shows the terms in the budget of u0u0 at xr/d = 0.5.
These profiles are characterized by the sharp peaks of the produc-
tion and the large negative pressure strain for 0.5 < y/d < 0.75 on
the lower side. The peak production is caused by the large positive
mean velocity gradient oU/oy. In the budgets of u0v0, the oU/oy also
mainly contributes to the negative peak of the production term
(not shown here). Fig. 11b and c display the budget terms of v0v0
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and w0w0 at xr/d = 0.5. In the shear layer, the pressure strain terms
of v0v0 and w0w0 exhibit large positive values. Hence, the redistribu-
tion from u0u0 to v0v0 and w0w0 is the dominant process in this
region.

The maps of u0u0, v0v0 and w0w0 are shown in Fig. 14. In the shear
layer near the slit (6.4 < x/d < 6.8), only u0u0 exhibits large value,
which corresponds to the region of the large positive production
by mean velocity gradient oU/oy noted above. No large values are
seen in v0v0 and w0w0 in the same region. In the range for x/d >
6.8, on the other hand, they exhibit large values as u0u0 does. These
profiles are equivalent for the redistribution from u0u0 to v0v0 and
w0w0 discussed above. It is worth noting that the budgets of the
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Fig. 15. Terms in the budgets of turbulent kinetic energy on the lower side of the
channel for Res0 = 600. (a) xr/d = 1; (b) xr/d = 2; (c) xr/d = 3.
Reynolds stresses and the turbulent kinetic energy in this region
are similar to those of a backward-facing step flow (Le et al.,
1997) and a plane mixing layer (Rogers and Moser, 1993). In addi-
tion, on the turbulent structures in this region, the K–H vortices
caused by the streamwise instability are distorted and break up
into three-dimensional structures discussed in the former section.
This scenario also corresponds to the redistribution process in this
shear layer.

In the region u (x/d > 8 and 0.5 < y/d < 1 on the lower side of the
channel), the turbulent diffusion term plays an important role as
shown in Fig. 15a–c. This term removes the turbulent energy from
the shear layers and transports it to the channel center. The contri-
bution of the turbulent diffusion to the budgets becomes larger
downstream in the center region of the flow (the center of the chan-
nel, i.e., y/d = 1.0, is not equal to the flow center because of the flow
asymmetry). Thus, the turbulent diffusion contributes to the in-
crease of the Reynolds stresses and the turbulent kinetic energy in
the central region. The vortices are also generated in the same re-
gion as shown in Fig. 9c. On the other hand, Le et al. (1997) has re-
ported that the turbulent diffusion term transfers the turbulent
energy to the near wall region in their simulation of a backward-fac-
ing step. In the present study, two symmetric shear layers are gen-
erated closely with each other. Therefore, the turbulent diffusion
adds more effects on the turbulent statistics at the channel center
than in the case of the backward-facing step flow.

The region v is located near the reattachment point (cf. the
time-averaged reattachment length Lr1/d ’ 2.6 on the lower side
for Res0 = 600). Fig. 16 displays the profiles of the pressure strain
term at xr/d = 0.5, 2 and 3.5. Near the region (5 in circle), the pres-
sure 70% of the /33 as shown in Fig. 16b. This is much larger than in
other regions (Fig. 16a and c) or in turbulent plane channel flows
because of the large scale splatting effect due to the flow
reattachment.
4. Conclusion

In the present study, we performed DNS of turbulent channel
flow with the periodic two-dimensional slits in various Reynolds
numbers for 10 < Res0 < 1500 (40 < Reb < 7800) and investigated
the asymmetry phenomena, mean reattachment length, vortex
structures and the relationship between turbulence statistics and
structures.

The mean flow becomes asymmetric behind the slit because of
the Coanda effect. In this study, this asymmetry phenomena can be
observed for 30 < Res0 < 7800, i.e., 180 < Reb < 7800. The Reynolds
number dependence upon the reattachment length is similar to
those described in the case of the backward-facing step experi-
ments (Armaly et al., 1983). The sharp decrease in the reattach-
ment length is observed at Reb ’ 400. This is the transition from
laminar to turbulence. The secondary bubble can be seen in the
turbulent regime. The length becomes constant in the higher Rey-
nolds number range.

The large-scale K–H vortices are generated just behind the slit.
In the lower Reynolds number, the structure similar to the’helical-
pairing structure’ in a mixing layer can be observed. This structure
becomes more complex with the increase of the Reynolds number.
The complex three-dimensional vortex structure with a lattice pat-
tern is generated in the higher Reynolds number regime. This gen-
eration – deformation – breaking up scenario resembles that of
turbulent mixing layer and backward-facing step turbulence.

The budgets of the turbulent kinetic energy and Reynolds stres-
ses were calculated. We classified the wake region into five regions
based upon the budgets of the Reynolds stresses and the turbulent
structures. The several differences are found between the Reynolds
stresses budgets in the present case and those in a backward-fac-
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ing step turbulence. The potential region is generated in the chan-
nel center near the slit. In the shear layers just behind the slit, the
Reynolds shear stress u0v0 becomes positive owing to the effect of
the flow contraction. In addition, the production term of u0u0 exhib-
its negative value near the slit edge. This is because of the flow
acceleration/contraction effects. These behaviors cannot be ob-
served in the backward-facing step turbulence. At the shear layer
in the recirculation region, the redistribution from u0u0 to v0v0 and
w0w0 is the dominant process. In the channel center at the recircu-
lation region, the turbulent diffusion term transfers the turbulent
energy from the shear layer to the channel center. In the wall vicin-
ity of the recirculation region, the redistribution from v0v0 to u0u0 is
promoted by the large scale splatting effect.
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