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ABSTRACT

In the present paper large-eddy simulations
of a turbulent channel flow with longitudinal,
large-amplitude ridges are carried out. This
flow exhibits large secondary flows over the
ridge that need to be properly simulated in
order to evaluate with enough accuracy the
spanwise distribution of the primary as well as
the secondary wall stress. The DNS avalaible
data at a low Reynolds number as well as the
data from an experimental study at a moder-
ate Reynolds number are matched. Our LES
results agree satisfactorily with the DNS data
at Re; = 140, and with the experimental
data at Re, = 582. The present investigation
shows that the intensity and topology of the
secondary flow is dependent on the Reynolds
number of the flow. The results have also
shown the presence of near-wall, small and
intense re-circulations which may produce lo-
calized secondary wall stresses.

INTRODUCTION

The analysis of turbulent flow over longi-
tudinally ridged walls is relevant in hydraulic
engineering, since this geometry is prototyp-
ical of sand ridges, longitudinal stripes often
observed in rivers. The presence of longitudi-
nal ridges is associated to secondary large-scale
flows and secondary wall stresses.

Most past investigations have been devoted
to the understanding of the primary mecha-
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nism that leads to the formation of sand ridges.
Several causes have been found to contribute
to the loss of stability of a erodible bed. They
may be summarize as follows:

e The presence of lateral walls causes the ap-
pearance of a corner secondary flow char-
acterized by streamwise vorticity. This
large structure is confined in the corner
area and does not propagate toward the
center of the channel unless the bed is
erodible. In the latter case, the secondary
flow may produce a local trough that en-
hances the streamwise vorticity and gener-
ate new secondary currents. This is an un-
stable mechanism that, once started, may
produce dramatic variations of the bed
morphology (Nezu & Nakagawa, 1984);

Non-uniform bed roughness along the
spanwise direction, may produce unbal-
ance in the normal turbulent stresses and,
hence, the appearance of secondary flows
that, if strong enough, can cause the loss of
stability of the bed configuration and the
generation of ridges (Muller, 1979; Tomi-
naga & Nezu, 1991)

When the free surface is present, the linear
analysis of the fluid-bed system (Colom-
bini, 1993) has shown the system to be
unstable when the Froude number of the
current exceeds a critical value for a wave



length of the spanwise perturbation of the
same order of the flow depth.

Whatever the primary cause for the forma-
tion of a sand ridges is, its existence is always
associated to the presence of a secondary flow,
since, as addressed by Colombini (1993), the
appearance of a sand ridge is the result of a
delicate balance between the stabilizing effect
of the gravitational field and the effect of the
secondary shear stress which acts in the oppo-
site direction.

Since the intensity of the secondary current
is always a small percentage of the streamwise
velocity, (tipically smaller than 5%) if a general
criterion for the generation of the sand ridges
has to be formulated, proper turbulence mod-
els are required, able to simulate accurately the
secondary currents.

Standard k£ — € models, used in conjunc-
tion with the Reynolds averaged Navier-Stokes
equations (RANS), have been proven to fail
in the evaluation of secondary flows character-
ized by streamwise vorticity. Reynolds-stress
as well as non-linear k — ¢ models may be more
accurate, nevertheless their performances are
strongly dependent on the proper choice of em-
pirical constants.

Recently, Large Eddy simulation (LES) has
shown to be able to overcome the drawbacks
associated with the use of RANS-based meth-
ods. It has proved to supply accurate results
in both equilibrium and non-equilibrium wall-
bounded flows, in flows over complex geometry
as well as in flows characterized by the presence
of secondary currents (Liu et al., 1996).

In the present paper the investigation of the
turbulent flow over a channel with longitudi-
nal ridges is carried out using LES. The scope
of the present work is to supply an accurate
estimation of the secondary flows that is of pri-
mary importance for the successive evaluation
of the associated shear stress.

MATHEMATICAL FORMULATION

In LES, the large scale, energy carrying,
structures are resolved, whereas the more
isotropic, small scales, are modelled by the use
of a subgrid-scale (SGS) closure. In the present
work, we use the curvilinear form of the fil-
tered, incompressible Navier-Stokes equations.
A dynamic mixed SGS model is used for the
closure of the turbulent stresses. The model
is composed by the scale similar part of Bar-
dina et al. (1980) and an eddy-viscosity one
(Smagorinsky, 1963). The model is treated
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dynamically and the constant is localized em-
ploying the Lagrangian technique of Meneveau
et al. (1996). The model is then recast in a
contravariant form in order to be used in curvi-
linear coordinates.

The governing equations are solved using
the finite-difference fractional-step method of
Zang et al. (1994). The algorithm is 2nd-order
accurate both in time and in space. Central
differences are used for the discretization of the
space-derivatives.

The flow is driven by a constant mean pres-
sure gradient. Periodic boundary conditions
are used in the streamwise as well as in the
spanwise direction, whereas no-slip conditions
are applied at the solid walls. The model has
been extensively validated either on orthogonal
and on strongly distorted grids, always supply-
ing accurate results. A detailed description of
the model and of the validation tests is in Ar-
menio & Piomelli (2000).

NUMERICAL RESULTS

Two main investigations have been per-
formed in the past, that studied the flow over
a large amplitude ridge, namely the experi-
mental study of Nezu and Nakagawa (1984)
(hereafter referred to as NN84), and the very
recent direct numerical simulation (DNS) of
Kawamura and Sumori (1999) (hereafter re-
ferred to as KS99). In spite of the fact that
somewhat similar flow fields were obtained in
these studies, remarkable differences appear in
the distribution of the wall primary stress, and
in the topology of the mean secondary flows,
which, in turn, affect the secondary stress over
the wall.

In the present paper we show that the differ-
ences are mainly due to the fact that the DNS
is carried out at a Reynolds number as small
as three time that of the experiment, indeed as
reported in the following, the secondary cur-
rent is quite sensitive to the Reynolds number
of the flow.

Hence, we first match the DNS results of
KS99 and then the experimental ones of NN84.
Then we discuss the flow field modifications
with the Reynolds number.

LES against DNS

A simulation has been first carried out to
match the results of the DNS simulation of
KS99 at Re; = 140 based on the spanwise-
averaged friction velocity.

KS99 have considered a symmetrical chan-
nel equipped with a longitudinal trapezoidal



ridge over each wall. In wall-units, it is 17.5
height, 73 wide at the bottom and 36 wide
at the top. KS99 accumulated the statistics
over a non-dimensional time t,g = 250000 /u2
whereas, due to the computational efforts re-
quired, we have ran our computation for a non-
dimensional time as large as t,g = 7000 v /u2
which corresponds to tu,/é ~ 45. The compu-
tational domain of the DNS of KS99 is 1.2574
long, 0.3757§ wide and 24 height, with a res-
olution Az™ 12.3, Azt 49, 0.19 <
Ayt < 4.9 (48 x 96 x 36 grid points). In our
LES we have used the same computational do-
main, and a coarser resolution: Azt = 25,
Azt =551 < Ayt < 10 (24 x 64 x 32 grid
points). The statistics have been accumulated
in time, averaged over the streamwise direction
of homogeneity over the two halves of the chan-
nel, and over half ridge. Our LES results com-
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Figure 1: Spanwise distribution of the primary wall-stress
evaluated with our LES and the DNS of KS99 at Rer = 140.
< uy > denotes the spanwise-averaged friction velocity.

pared with the DNS data satisfactorily. Fig-
ure 1 shows a comparison between the spanwise
distribution of the friction velocity ur(z) =
(vd(u(z))/On)/? (with n the normal coordi-
nate to the wall surface), obtained by KS99 and
with our LES. It appears that the local fric-
tion velocity (and consequently the wall stress)
is very well predicted. The spanwise distri-
bution of the friction velocity suggests that
the presence of the ridge causes the primary
wall stress to decrease at the bottom-corner
(2/6 = 0.33), whereas a rapid increase occurs
in the up-slope wall, reaching the maximum
value at the top-corner. There, the friction
velocity exceeds the averaged value by about
25%. According to the experimental analy-
sis of NN84, simulations predict a large-scale
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Figure 2: Contour-plot of stream-tracers of the secondary
flow obtained with LES at Re, = 140.

secondary flow (Fig. 2). The secondary flow
obtained with LES is centered at y = 0.330,
z = 0.34 (according to the frame of refer-
ence of Fig. 2), in excellent agreement with the
DNS of KS99. Figure 3 shows the distribution
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Figure 3: Contour-plot of the streamwise mean vorticity
(made dimensionless with §/Ujpaz) obtained with LES at
Re, = 140.

of the mean dimensionless streamwise vortic-
ity. It is well predicted both in magnitude and
in the space-distribution by our LES computa-
tion: the maximum value reaches 0.28, against
0.32 of the DNS. The position of the peak of
vorticity (y = 0.285, z = 0.375) doesn’t coin-
cide with the center of the secondary flow, but
it is slightly shifted toward the ridge (Fig. 3).
Large negative (positive) vorticity is observed
in the up-slope (down-slope) wall along the
ridge, that is indicative of the distortion under-
gone by the streamlines near the inclined walls.



The distortion is such to change the sign of the
curvature of the streamlines (and consequently
the sign of vorticity) compared to that in the
core of the secondary flow (see also Fig. 2).
The distribution of the mean velocity com-
ponents as well as of the turbulent intensities
(both not reported here) showed the LES re-
sults to fit very satisfactorily the DNS data.

LES against experiments

In the present section we show the com-
parison between our LES results and the
NN84’s data considering the same geometry
as in “Case I” of NN84 and the same friction
Reynolds number (Re, = 582). In “Case I”
the ridge spacing is a = §, the ridge is wide
0.50 and 0.256 at the bottom and at the top
respectively and it is 0.1254 height.

The streamwise and spanwise extension of
the domain has been chosen according to the
spatial integral scales reported in the DNS
database of Moser et al. (1999). Specifi-
cally, it has been observed that a 1.257¢ long,
and 26 wide domain is enough to simulate the
flow accurately. We consider two ridges equi-
spaced over each solid wall, thus considering
four ridges put inside the channel.

In the present case the statisticts have been
accumulated in time, averaged over the z-
direction, over the four ridges and finally over
half ridge, thus using all the possible simme-
tries of the mean flow field .

The number of grid points used is 48 x96 x 64
in the z, y and 2z directions respectively, that
give Azt ~ 48, Azt ~ 18 and 1 < Ayt < 25.

At Re, = 582, the trapezoidal ridge, in wall-
units, is 72 height, 291 wide at bottom and 145
wide at the top. After that a turbulent steady
state had been reached, the computation has
been carried out for tu,/d ~ 15.

As in the low-Reynolds number case, the
presence of a large-scale secondary flow has
been detected as well. The LES predicts the
center of the vortex located at y = 0.254,
z = 0.250, that is the same as that mea-
sured in the experiments. According to NN84,
the contour-plot of the mean streamwise veloc-
ity (Fig. 4) shows that the obstacle produces
mean low-speed zones at the top of the ridge,
whereas a high-speed zone is detected over the
trough. The vertical distribution of spanwise
(w) and vertical (v) velocity components at dif-
ferent spanwise locations are reported in Fig. 5
and in Fig. 6. The maximum spanwise ve-
locity is Wmag ~ 0.018Upqz at z/d = 0.296,
y/é = 0.12, whereas NN84 measured a value
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Figure 4: Contour-plot of the mean streamwise velocity
(made dimensionless with Upnqz) in the cross-stream section
(Rer = 582)
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Figure 5: Wall-normal distribution of the spanwise mean
velocity component w at several spanwise locations (Re, =
582).

wmam(NNM) ~ 002]—Umaz‘ at 2/5 = 0.250,
y/d = 0.11; The maximum vertical velocity is
Vmaz ~ 0.02Uneg at 2/0 = 0.390, y/§ = 0.21,
whereas in NN84 vpo5nnga) ~ 0.015Up0, is
measured at z/d = 0.5, y/d = 0.32. The above
differences indicate that although the center
of the secondary flow is the same as in the
experiments, a different shape is obtained in
our computation. The main cause of such dis-
crepance migth be that the our computational
domain doesn’t fit completely the experimen-
tal setup. Indeed we consider an infinite ar-
ray of ridges (enforced by periodicity in the
spanwise direction) whereas NN84 have con-
sidered a small aspect-ratio rectangular duct
(2maz /20 = 2.25) with four ridges over each
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Figure 6: Wall-normal distribution of the vertical mean ve-
208c21;y component v at several spanwise locations (Rer =
wall. In such duct the secondary currents that
develop over the ridge interact with those gen-
erated by the lateral walls, thus resulting in
altered space-distribution of the mean stream-
wise vorticity.

The vertical distribution of the spanwise ve-
locity component attains a maximum (mini-
mum) near the wall in the trough (top) of the
ridge, then it increases (decreases) and finally
gets negative (positive); this behaviour is the
signature of the secondary flow. A closer look
at Fig. 6, shows that in most of the spanwise
locations, the vertical velocity changes its sign
when approaching the wall, thus indicating
the presence of additional small re-circulation
zones. This flow pattern has not appeared in
the low Reynolds number case. The matter
will be highlighted in the next section.

Finally, previous numerical and experimen-
tal studies have emphasized the role of the vari-
ation of t}ég(réogrqal stresses in the cross-stream
section (<Y "(i,;az <v'w>)), since they con-
tribute to the production of the mean stream-
wise vorticity. In Fig. 7 the contour-plot of
< ww > - < v'v' > is shown. It can
be noticed that the spanwise variation of the
differences of the cross-stream normal stresses
is negligible either over the ridge and in the
trough, whereas it is significant over the in-
clined walls, indicating that this is the zone
where a significant production of streamwise
vorticity occurs.

DISCUSSION AND CONCLUDING RE-
MARKS

As above shown, LES results are in good
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Figure 7: Contour-plot of the difference between the cross-
stream resolved normal Reynolds stresses < w'w’ > — <
v'v' > made dimensionless with U2, at Re; = 582.

agreement with either the DNS data at Re, =
140 and with the experimental ones at a
Reynolds number as large as three times the
previous one. The remarkable differences be-
tween the DNS results and the experimen-
tal data can be attributed to the different
Reynolds numbers of the flow. Indeed, it has to
be noticed that the height of the ridge is differ-
ent in the two cases if expressed in wall-units:
in the low Reynolds number case, the ridge is

17.5 wall-units height, thus being completely
located within the buffer layer; conversely, in
the other case the ridge is 72 wall-units height,
hence it is fully exposed in the log-layer. This
causes the change of the position and of the in-
tensity of the secondary current. Furthermore,

Figure 8: Mean stream-tracers in the cross-stream plane at
Rer =582

in the high Reynolds number case only, ad-



ditional near-wall, small, secondary flows ap-
pear togheter with the large-scale one which
has a diameter ~ O(d). These additional re-

circulations are promoted by the (a%zg - 3%27) <

v'w’ > production term of the mean stream-
wise vorticity equation. They are respectively
located over the ridge and at the bottom cor-
ner (Fig. 8). In spite of their small extension,
mean vorticity is large there, and comparable
with that in the main secondary flow (Fig. 9).
The smallness of these near-wall re-circulations
togheter with their large intensity may pro-
duce large localized secondary shear stresses
that may enhance phenomena of local erosion.
The presence of the small re-circulations had
been argued in previously works. In fact, NN84
noticed the existence of a near-wall zone with
vorticity that changes sign along the spanwise
direction, that is the signature of a possible
re-circulation zone. Further, Colombini (1993)
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Figure 9: Mean dimensionless streamwise vorticity in the
cross-stream plane at Re, = 582

has found a similar re-circulation in the trough,
but only in a case characterized by a ridge spac-
ing as large as twice that investigated in the
present work.

Finally, as in NN84 and in the low-Reynolds
number case, the location where the vorticity
peaks doesn’t coincide with the center of the
large secondary flow, rather it appears shifted
toward the wall. This has to be associated
to the sharp increase of vorticity due to the
presence of the wall.

The present research has been jointly sup-
ported by S.I.O.T. S.p.A., by the “Prefettura
di Trieste” and by the “Istituto Nazionale di
Oceanografia e di Geofisica Sperimentale, Tri-
este”.
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