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Large-eddy simulation of fully-developed turbulent open-channel flow has been conducted
allowing motion of the free surface. The shape of the free surface, and hence flow domain, is
filitered along with the flow field itself. Filtering of the free surface position introduces extra subgrid-
scale (SGS) terms. Two different models for these new SGS terms are proposed and incorporated

in actual LES calculations.

Calculations with and without the free-surface SGS terms indicate

that the effects of these terms may not be overwhelmingly large in subcritical flows, but they make
some differences in the mean-velocity profile near the free surface and in the Reynolds stresses.
The effects can be much wore in spatially or temporally varying flows at higher Reynolds and

Froude nmunbers.
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1. INTRODUCTION

Large-eddy simulation (LES) is now considered
to be one of the most promising methods of
turbulent-flow calculation in various applications
including hydraulic engineering. Like other meth-
ods of turbulent-flow analysis, it has been bet-
ter verified for internal flows with fixed bound-
aries. Flows encountered in hydraulic engineer-
ing often involve the free surface and its rep-
resentation and effects on the rest of the flow
must be taken into account when methods de-
veloped for internal flows are applied. Large-
eddy simulations of open-channel flows have been
conducted by several workers including Thomas
et al.”, Kawamura®) . Hodges & Street®) | Dimas
& Fialkowski?, Shen & Yue®, Kawahara® and
Ouitsuka & Nezu”. Each of these authors treats
the free surface differently with varying degrees of
erphasis placed on its importance. Kawamura?)
Kawahara®) and Onitsuka & Nezu”) assume no
deformation of the free surface and apply the
rigid-slip surface condition so that the methods
for internal flows are applied with minor changes.
Shen & Yue? assumed small surface fluctuations
and applied the lincarized boundary conditions.
Thomas et al.!) considered larger fluctuation

and used the Volume of Fluid (VOF) method on
rectangular grid to track the moving boundary.
Hodges & Street?) also allowed a large surface
deformation but used the boundary-conforming
general coordinates. Thomas et al.!) ignored the
filtering effects of the deforming free surface, but
Hodges & Street®, Dimas & Fialkowski?) and
Shen & Yue® recognize that when the free sur-
face is allowed to move, filtering of the free-
surface shape and the boundary conditions in-
troduces the additional subgrid-scale (SGS) terms
that need to be modeled. They have not, how-
ever, made detailed evaluation of the role of the
free-surface SGS terms.

The main purpose of the present paper is
to present the results of LES calculation of
fully-developed open-channel flow considering the
movement of the free surface and the effects
of its filtering. Only subcritical Froude num-
bers are considered so that the amplitude of the
free surface fluctuations are small. The present
authors® have conducted the direct numerical
simulation (DNS) of such flows and the LES re-
sults will be evaluated by comparing with these
data. From the DNS calculation assuming that
the deviation of the instantaneous and local posi-
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tion of the free surface is small compared with the
average depth, it has been found that a contin-
uous function of horizontal position to represent
the local and instantaneous position of the free
surface is adequate, and the boundary condition
may be linearized to be applied at the mean po-
sition. In this method of small-amplitude wave
approximation, the filtering effects of the free-
surface shape appears in the kinematic bound-
ary condition as extra flux-like correlation terms.
Details of modeling of this equation and the mod-
eling of the extra SGS correlation terms are dis-
cussed in a separate paper‘(’). Here actual cal-
culations are performed with and without these
terms aud their effects and importance are stud-
ied. Other aspects of the LES are kept close to
standard as much as possible so that the effects
of the free-surface motion and filtering are iso-
lated and studied. The other issues of the free-
surface offects such as those on the damping and
anisotropy effects of the SGS stresses are not ad-
dressed.

2. LES METHOD

(1) Governing equations

We cousider a fully-developed turbulent flow of
mean depth H in a two-dimensional open channel
shown in Fig. 1. with x the streamwise direction
along the channel bed which is inclined by angle
@ from the horizontal direction, zo the direction
normal to the bed and positive upward and z3 the
transverse direction. The governing equations for
the filtered velocity components (u;) are

9 {ui)
i Dl A=y o' 1
D{ui) _ 9(P) 0 3 y
Dt oz, + g101; + 81:]( Tij + 2V<Szj>)>

(2)

where g; = gsinf, gy = —gcosd and g3 = 0 are
the components of the gravitational acceleration
in the zy, 2y and z3 directions, respectively,

(P) = (p) + g2(H — z2), (3)
0wy O(uy)
(Sij) = 5 (*ax—] + —aj) (4)

is the rate of deformation of the filtered flow, and

Tij = (wiwg) — (wi){uy) (5)

is the conventional SGS stress.

Fig.1 Configuration of open-channel flow with moving

free surface.

(2) Subgrid-scale stress model

In order not to complicate the procedures and
the method of interpretation, and to emphasize
the effects of the free-surface fluctuation, we use
the most-widely used Smagorinsky eddy-viscosity
model. This allows direct comparison with the re-
sults of Kawamura® and Kawahara®. The eddy
viscosity model reads

2
Tij = gksc;s%’ — 2v5Gs{Si;), (6)
VsGs
ksgs = ———, 7
SC (Ck,A)Z ( )

vsas = (CsA)*1/2(Si;)(Si;). (8)

We use the standard values recommended by
Deardorff'® for the model constants Cs = 0.1,
C = 0.094 and A = Az AzoAxs. If these are
substituted in Eq. (2), we obtain

D<u1> 5] 2
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0
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(3) Representation of the boundary condi-
tions on the free surface
In flows with subcritical Froude numbers, rep-
resentation of the free surface is most conve-
niently done by using a continuous function defin-
ing the instantaneous position of the free surface
as explained earlier. If h(zq, z3,t) is the instanta-
neous vertical position of the free surface at hori-
zontal position (z1,23) and time ¢, the kinematic
condition is
oh

o +ualg

0

a—%il:’l,LQ\~

3 (10)

where the repeated Greek subscript follows the
usual summation convention but takes the hori-
gontal directions 1 and 3 only, and ( )ih means

the quantity at xzo = h = H + h. The dynamic
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conditions are that the instantaneous normal and
shear stresses on xo = h vanish.

We first apply the small-amplitude wave the-
ory, which allows the above exact equations to
be written in terms of the quantities at the mean
position zy = H. Then we perform the filtering
operation to obtain the following equations for
LES.

8<h> 0 OTha

e + 5}/’;(<ua>‘}1<h>) = <u2>|H - EE (11)
where
Tha = <hua‘H> - <h> <uoz>‘Ha (12)
and
(l/ —+ ’/SGS)<SIQ>‘H =0, (13)
(v + vsas)(Saa) |y = 0, (14)
(0}, = —g2(h) +2(v + vsas)(Sa2)| - (15)

(4) Free-surface subgrid-scale model

The new SGS term 7, must now be mod-
cled. As pointed out by the present authors®, one
method of modeling this term is to apply the gra-
dient type modeling used for the SGS correlation
between velocity and a passive scalar. Therefore,
the first model is

d(h)
Tha = —Ch1VsGs P
Loy

(16)

where Cpy is a model constant and we use the
value Cpq = 5.0 which is the value implied by the
DNS data”.

The second model is to apply the scale-
similarity model of Bardina et al.'') According
to this the SGS term 7, is written as

Tha = Cp(((h)(ua)) — ((h)){{ua))),

where Cp is a model constant, for which we use
the value of Cp = 2.3, again taken from the
DNS data analysis. The scale-similarity model
has been found to correlate the DNS data very
well. It has also been known that it works well
for the SGS stress as well, but it does not dis-
sipate sufficient energy and is usually used with
the dissipative eddy-viscosity model. In case of
the present modeling of the free-surface fluctua-
tion, it may be used by itself since there is no
term corresponding to the viscous terms in the
equation of the kinematic boundary condition.

(17)

(5) Numerical methods and computational
cases

The numerical method of solution is the same
as that used for the DNS® and is a finite dif-
ference technique based on the SMAC method
on a Cartesian staggered grid. The spatial
derivatives are discretized using the second-
order conservative ditference scheme and time
advancing is done by the second-order Adams-
Bashforth method. The position of the free
surface (h) is solved by descretizing the spatial
derivative terms in Eq. (11) using the fifth-order
upstream-shifted interpolation (USI) scheme of
Kajishima!'? and time advancing by the third-
order Adams-Bashforth method.  The Pois-
son equation for pressure is solved by Fourier-
transforming the equations in the horizontal di-
rections and the resulting equation is solved by
the tri-diagonal algorithm.

The calculations were conducted for the
Reynolds number Re., based on the friction veloc-
ity u, and the mean flow depth H of 180, and for
the Froude number Fr based on the bulk average
velocity and the mean depth H of 0.3, 0.6 and
0.9, which are the same as the present authors
earlier DNS calculations®). The number of grid
points is 32% compared with 128% for the DNS®).
The ratio of the grid size of the LES calculation
and that of the DNS is about 4. We have found
that the subgrid-scale contribution at this reso-
lution is not very large but the effects should be
recognizable.

With a time increment of Att = 0.09, about
200,000 time steps are used to obtain the well-
converged turbulence quantities averaged over
space and time. The superscript * refers to the
nondimensionalized quantities by u, and v.

In order to verify the entire numerical proce-
dures, we have run the present computational
code for an open-channel flow with rigid free-slip
boundary at the mean free-surface position. The
results of these calculations were then compared
with the LES by Kawamura® and it was con-
firmed that the results were practically identical.
Then nine simulations have been conducted al-
together: three runs for three different Froude
numbers using the two free-surface SGS models
and without the free-surface SGS model at all.

3. RESULTS AND DISCUSSION

(1) Mean velocity and Reynolds stress dis-
tributions

Figs. 2 through 4 show the distributious of the
mean velocity, Reynolds shear stress and the tur-
bulence intensities, for Fr = 0.3. 0.6 and 0.9,
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Fig.2 LES calculation results of open-channel flow for
Fr =0.3.

respectively, of the runs without the free-surface
SGS terms and with the free-surface SGS terms
modeled by the gradient diffusion and the scale-
similarity models. The corresponding DNS® re-
sults are also plotted for comparison. The mean
velocity, Reynolds shear stress and the turbu-
lence intensities normalized by u,, are denoted by
U 1* , 7'152 and (™) b respectively. To be strict,
the time averages of the LES results should be
compared with the filtered time average of the
DNS. Here the DNS mican velocity is the straight
time average. In the plot of the shear stress, the
contributions from the SGS stress riesas = T2
and the total of the contributions from the re-
solved motion rioas = (ur)(u2) — (wr) (u2) and
the averages of the SGS stress are shown sepa-
ratelv. Tn the actual caleulation the time averages
indicated by the overbar were evaluated by tak-
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Fig.3 LES calculation results of open-channel flow for

Fr=0.6.

ing the average over time and over the horizontal
plane. It is seen that for all models and for all
Froude numbers for which calculations are made,
the SGS contributions account for about 20 per-
cent of the total stress at about xz' = 12 where
the SGS contribution is maximum, but they are
less than 10 percent where the total Reynolds
shear stress is maximum. The trends of the
LES results of all these quantities are seen to be
consistent with similar LES computations done
for closed-channel flows (e.g. Morinishi et al.'3))
and open-channel flows (Kawamura?)). In other
words, the mean velocity is over-estimated in
the logarithmic region, the streamwise intensity
is over-estimated across the whole channel and
the normal and transverse intensities are under-
estimated.
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Fig.4 LES calculation results of open-channel flow for
Fr=09.

The differences among different models for the
free-surface SGS terms are small, but the results
without the free-surface SGS terms are seen to
do poorest for the Froude number of 0.3 and 0.9,
indicating the importance of the filtering effects
of the free surface. The scale-similarity model
is seen to be slightly better than the gradient
model. Since the gradient model is diffusive, it
has an effect of attenuating the free-surface fluc-
tuations. However, the governing equation for
the free-surface elevation, which is the kinematic
boundary condition, does not have a term corre-
sponding to diffusion. Therefore, the model for
the free-surface SGS is preferred to be one that
does not have the diffusive nature. The scale-
similarity model may be a better choice for this
reason, as well.
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Fig.5 RMS free-surface fluctuation and vertical inten-

sity on the free surface.

(2) Free surface fluctuation and vertical ve-
locity fluctuation at the free surface

In order to see the effects on the motion of
the free surface more directly, the results of the
RMS amplitudes of the free-surface fluctuation
h™™¢ and the vertical velocity fluctuation on the
free surface are plotted in Fig. 5 and compared
with the DNS?. The difference among all LES
calculations are small, but definite difference is
seen between the LES and DNSY results. The
‘differenice in h™™? is considered to be due to the
free-surface SGS contribution, 7, = <h2> — (h)2,
which is not included in this plot. The results
suggest a model

9(h) 6(h)

Oz, Oy

Thi, = (ChaA)® (18)

with the value of the constant Cpy of the or-
der of 0.1, is a good representation. The DNS
results?) indicated that the length scale of the
free-surface fluctuation is larger than the viscous
scales. Since nearly 80 percent of the total stress
near the bottom is resolved, it is expected much
better percentage of the free surface fluctuation
is resolved. That is the main reason for small
differences among different models.
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4. CONCLUSIONS

Large-eddy simulation of fully-developed turbu-
lent open-channel flow has been conducted al-
lowing motion of the free surface. The shape of
the free surface, and hence flow domain, is fil-
tered along with the flow field itself. Filtering
of the free surface position introduces extra SGS
terms. Two models for these SGS terms have
been formulated and incorporated in the calcu-
lations. Their importance has been examined
by conducting calculations with these SGS terms
and without them. The results indicate that the
effects of these terms may not be overwhelmingly
important in subcritical flows at low Reynolds
number examined here, but some differences are
secn in the mean-velocity profile near the free sur-
face and in the turbulent stresses. Their role in
more practical case at higher Reynolds number
and Froude number and in spatially varying flows
can be important and should be examined.
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