NUMERICAL MODEL OF TURBULENT FLOW OVER SAND DUNE

By J. Y. Yoon! and V. C. Patel,>2 Member, ASCE

ABSTRACT: A two-dimensional numerical model, based on solution of the Reynolds-averaged Navier-Stokes
equations and the k-w turbulence model, which takes into account sand-grain roughness, is developed to
describe the flow in a fixed dune-bed channel. The model predicts the velocity and turbulence fields, as well
as the pressure and friction distributions along the dune. The details of the flow in the separation eddy are
calculated. The model predictions are in general agreement with existing detailed experimental data in a
rectangular channel with two-dimensional dunes of typical but regular shape. The calculated pressure and
friction distributions enable determination of the resistance components of the channel without further em-
piricism. However, compared to a well-known and representative semiempirical engineering formula for the
prediction of resistance of natural dune-bed channels, the two-dimensional numerical model predicts signifi-
cantly different contributions of friction and pressure to the total resistance, and a much larger total resistance.
The numerical model is general enough to be used for channels with different bed topography. Its extension
to model the flow in ice-covered channels is in a companion paper.

INTRODUCTION

Among the variety of possible bed forms that may exist on
the bed of an alluvial stream, dunes have been studied the
most. Knowledge of turbulent flow over sand dunes is re-
quired to understand the effect of bed shape on flow resis-
tance and the mechanisms of bed and suspended sediment
load. It is also important to relate channel resistance to flow
conditions and bed-form geometry to develop practical meth-
ods to predict the sediment transport and channel capacity
of natural waterways.

The problem of sediment transport has been investigated
theoretically in many ways. For example, Kennedy (1963),
Engelund (1970), Smith (1970), Fredsoe (1974), Richards
(1980), and Kobayashi and Madsen (1985), among others,
have used linear stability analysis, akin to that used in classical
laminar boundary layers, as a starting point. Such analyses
yield insight into the mechanisms causing the initiation of
ripples and dunes. However, as pointed out by Fredsoe (1982)
and Sumer and Bakioglu (1984), classical stability analysis
neither provides a description of the details, such as the ul-
timate shape of the bed form and flow separation and reat-
tachment over developed bed forms, nor predicts the distri-
bution of pressure and friction over the bed, which determine
the mean friction factor and the interaction between the flow
and the sediment. Indeed, prediction of the evolution of bed
forms following their initiation by instability mechanisms re-
quires a more detailed treatment of the flow, particularly that
near the bed.

The flow over a dune is characterized by a separation eddy,
whose length depends on the dune height, and a long fetch
of attached flow up to the dune crest. The effective surface
roughness depends on the size of the bed material. A detailed
description of the flow over a dune is of fundamental interest
because the pressure and friction (shear-stress) distributions
on the bed determine the total resistance of the channel and
the rates of sediment transport. There have been a number
of attempts to model the flow over a dune, all under the
assumptions of two-dimensionality of geometry and flow and
a fixed bed (no sediment movement). One such model was
described by Haque and Mahmood (1983). They employed
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a finite-element method to solve the equation of rotational
but inviscid flow in the domain outside an assumed separation
eddy of prescribed shape and length, and determined the
pressure resistance for different values of dune steepness and
height. Comparisons with flume, canal, and river data showed
a qualitative agreement with very large scatter. Nelson and
Smith (1989) reported a three-layer viscous-flow model, based
on that of McLean and Smith (1986), to predict the velocity
field and bed shear-stress distributions on a model dune. The
three layers consisted of a boundary layer on the bed, de-
veloping from the reattachment point, which was treated by
a perturbation about a logarithmic velocity profile; an internal
viscous layer, outside the first, which was modeled using the
well-known theory of the wake of an obstacle in a stream;
and a quasi-inviscid layer, extending to the free surface, treated
by a modified potential-flow theory. The separation eddy was
taken into account but its length was prescribed. Although
comparisons of model predictions with measured velocity and
friction distributions showed good agreement, the various as-
sumptions in the model made it incomplete, requiring further
empirical inputs for other types of bed form.

In recent years, methods of computational fluid dynamics
(CFD), which seek to directly solve the Reynolds-averaged
Navier-Stokes equations along with a turbulence model, have
been brought to bear on the problem. For example, Peric
et al. (1988) and Michelassi (1989) considered the flow over
a typical dune employing the well-known &-¢ turbulence model.
The effect of sand-grain roughness was taken into account
with the wall-functions approach, in which velocity-profile
correlations established for rough-wall pipes and boundary
layers are used. In addition, measured velocity distributions
were used to provide the upstream conditions. They were
able to obtain quite realistic predictions of the flow features,
including separation and reattachment. Similar studies were
reported by Mendoza (1986) and Mendoza and Shen (1990),
who also employed the k- model with wall functions but with
an algebraic-stress model in place of the more common eddy-
viscosity assumption. Their predictions compared well with
detailed pressure, velocity, and turbulence data from exper-
iments in open-channel flow with dunes and with experimen-
tal data on total flow resistance. JIohns et al. (1993) presented
a numerical model based on a one-equation turbulence model,
with the turbulence length scale prescribed from an empirical
correlation. Their comparisons with experiments show that
their near-wall velocity and turbulence profiles, particularly
the wall shear stress, are not in as good agreement with data
as achieved by some of the previous (and present) efforts.
This suggests that the turbulence model and careful treatment
of the near-wall region are critical to the accurate represen-

Downloaded 29 Jun 2009 to 128.171.57.189. Redistribution subject to ASCE license or copyright; see http://pubs.asce.org/copyright



tation of the flow. Together, these recent studies have dem-
onstrated the potential of CFD methods.

In this paper, we follow previous studies and consider steady,
turbulent flow over a train of two-dimensional, fixed dunes,
identical in size and shape. The time evolution of bed forms
is considered to be slow enough for the bed geometry to be
regarded as stationary. Alternatively, the problem is treated
in a quasi-steady formulation, in that the time evolution can
be constructed from solutions with different geometry cor-
responding to different times. As in all previous studies, the
simple case of a straight, wide (two-dimensional) channel is
treated, although, in principle, the ideas and models are for-
mulated in such a way that a fully three-dimensional treatment
will be eventually possible. The two-dimensional model may
be applied in conjunction with simple side-wall corrections
or equivalent hydraulic-radius concepts to make engineering
predictions for three-dimensional channels.

The simplicity of the problem just stated is deceptive, how-
ever, because a proper treatment of the essential features of
the flow demands a numerical method that is robust enough
to resolve separating and reattaching flow over a surface of
complex geometry, and a turbulence model that is sufficiently
accurate to describe such flows and take into account sand-
grain roughness. The present research differs from previous
work in several respects. First, it extends the numerical method
of Patel et al. (1991), which solves the Reynolds-averaged
Navier-Stokes equations without wall functions, to consider
flows in which space-periodic boundary conditions may be
used. This makes it possible to resolve the details of the flow
by concentrating the available grid points over a single dune.
Second, following a review and assessment of various ap-
proaches to model the flow near a rough wall (Patel and
Yoon, 1995), the present work employs the k-w turbulence
model of Wilcox (1993), in which the model equations are
the same for smooth and rough boundaries but roughness is
accounted for through a boundary condition. This feature is
important insofar as it avoids the use of wall functions, which
are established only for attached flow with mild pressure gra-
dients. Third, the manner is which the boundary conditions
are applied makes the computations completely predictive;
i.e., only the bed geometry, roughness, and Reynolds number
need to be prescribed. Unlike previous studies, the present
method does not require experimental data to prescribe the
upstream conditions and, therefore, can be readily applied
to other bed forms. Fourth, extensive comparisons are made
with the experiments by Mierlo and de Ruiter (1988) who
used a laser Doppler velocimetry (LD V) to measure the mean
velocities and turbulence in a channel with fixed, two-di-
mensional dunes. Finally, the numerical method is used for
a parametric study of the dependence of the pressure and
friction components of resistance on dune geometry, and to
compare the numerical predictions with a well-known em-
pirical resistance formula for dune-bed channels.

RESISTANCE FORMULA OF ENGELUND

In most empirical resistance formulas, the total resistance,
averaged over the bed, is decomposed into the friction and
pressure components, and empirical correlations are made
for each. The total bed shear stress 7 is written as

T=1 + 1" =S8R + R") = ySR, = ySH, 1)

where 7' and 7" = the frictional and pressure components,
respectively; R = corresponding hydraulic radius; § = av-
erage bed slope; and H, = mean flow depth. Here, R, is set
to H, approximately by assuming a relatively wide channel.
There are many formulas, but all are highly empirical and
often unreliable because they are based on results from lab-

oratory flumes and rivers in which many three-dimensional
features, including three-dimensional bed forms, bank ef-
fects, and secondary currents, are at play.

To compare the results of the numerical model, we have
selected the resistance formula of Engelund (1966, 1967),
which is representative of those available in the literature. It
is well-documented and often quoted. In this formula, R’ is
calculated from a logarithmic resistance correlation obtained
from flume experiments

U, R’
—— =6 + 2.51
VR'S " 2D,

where U, = average velocity, and D.; = a measure of the
size of bed material (65% of particles are smaller than this
diameter). This gives 7" = ySR’. The total stress 7 is obtained
from a correlation of experimental data presented graphically
in the original references. Then H, = 1/gS and R" = H, —
R’. Finally, the friction and pressure resistance coefficients
are

)

T 2SR’
Cr= - = o 3
Tarpu; U3 @)
T” 2gSRII

C = Il = bl 4
Uy U @

and the total channel resistance coefficient is
C,=Cr+ Cp %)

OUTLINE OF NUMERICAL MODEL

The typical flow geometry is shown in Fig. 1. Although the
shape of the dune shown here corresponds to that used in
the experiments of Mierlo and de Ruiter (1988), the numerical
model is not restricted to any particular bed geometry. A
numerical solution of the Reynolds-averaged Navier-Stokes
equations is sought in the domain bounded by the channel
bottom, where the bed materials is known in terms of the
median sand-grain diameter Ds,, the free surface has an inlet
water depth d, and the upstream and downstream sections
are separated by the wave length of the dune A. Fig. 1 also
shows the (x, y) coordinates. (All dimensions in Fig. 1 are in
millimeters.)

The Reynolds-averaged equations of continuity and mo-
mentum, in nondimensional form, can be written in Cartesian
tensor notation as follows:

aU,
=9 6
ox, (6)
au, U, 8P _ 1 8%,

i J —

ox; + R ox;ax; * ox; (1)) )
where ¢t = time, U,(i = 1, 2) and u,(i = 1, 2) = ensemble-
averaged and fluctuating velocity components in x;(i = 1, 2)
directions, respectively; P = piezometric pressure; R = U, d/
v = Reynolds number, in which U, is the bulk velocity in
the channel and v is the kinematic viscosity; and —uu; =
(kinematic) Reynolds-stress tensor. The Reynolds stresses are
related to the mean rates of strain by the eddy-viscosity hy-
pothesis

ot ! ax,

S au, Uy, 2
uu; = v, (éx,- + ax,) -3 3,k 8)

and, in the k-0 model, the eddy viscosity v, is related to the
turbulent mixing energy k and a specific dissipation rate w by
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FIG. 1. Dune Profile of Mierio and de Ruiter (1988); § is Local Dune Slope
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where y* = a constant; and 8;; = Kronecker delta. According
to Wilcox (1993), w is the ratio of the turbulence dissipation
rate ¢ to the turbulent kinetic energy &, and may be regarded
as a characteristic frequency (reciprocal of a characteristic
time scale) of the turbulence. The quantities & and » are
determined from the model equations

ok k [

ak — U,
+ U, — + o*v)— | — wu,— — B*k
ot Tax;  ox v+ o™v) ax] it a; Bk

7 7

(10)
il 0
—m+Ul-a—w=-— (v+(rv,)a—w
ot ax; ax; ax;
+ 2 —u—_u-a—UI - B’
Yo\ T 11)

where the values of the various model constants are B =
3/40; p* = 0.09;y = 5/9,v* = 1,and o = ¢* = 0.5.

From an asymptotic analysis of the foregoing equations in
the neighborhood of the wall, Wilcox (1993) showed that, for
rough surfaces, the wall boundary conditions for the specific
dissipation rate must be

w = uSplv (12)

where u, = friction velocity. For sand-grain roughness of
nondimensional height k} = wu_ k. /v, Wilcox proposed the
following correlations:

Sy = (,f—o) k <25; S, =

100
k-

25 =<k =400 (13a.b)

It is seen that w becomes infinite at a smooth wall but, ac-
cording to Wilcox (1993), specification of a small value of
k;} (<5 say) usually suffices in practice. In a separated flow,
(12) and (13a,b) are used without modification except that
the friction velocity u, is defined by u, = V|, |/p, 7, being
the local wall shear stress.

The numerical method used to solve these equations is a
modified version of the method used by Chen and Patel (1987)
and Patel et al. (1991). The computer program for this version
is listed in Yoon and Patel (1993). For this paper, it suffices
to present an outline of the method.

The equations are solved in the flow domain shown in Fig.
1 in generalized, nonorthogonal, curvilinear coordinates, which
follow the prescribed dune geometry. The numerical grid is
generated by solving two Poisson equations, with a two-step
transformation, following the method of Knight (1982). To
apply the periodic boundary conditions on the upstream and
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FIG. 2. Solution Domain and Grid for Open-Channel Flow over
Dune

downstream boundaries of the domain, the coordinates should
be properly matched at the upstream and downstream sta-
tions. For the particular method adopted here to enforce
periodic boundary conditions, the numerical grids at the first
two upstream stations must be exactly the same as those at
the last two downstream stations. To ensure this, a grid was
generated in a long parallel channel, containing seven dunes
located centrally in the lower boundary, with the required
grid density in the longitudinal and transverse directions. The
grid on the middle (fourth) dune was then selected for the
flow calculations. A typical grid is shown in Fig. 2. It consists
of 82 streamwise points and 69 cross-stream points, with the
first grid point from the bed at a distance of 10~* (normalized
by d) and that from the free surface at 1072, This is an
extremely fine grid and was chosen for the final calculations
after several trials to obtain converged solutions. In fact, the
present grid is much finer than those employed in previous
calculations of flow over wavy but smooth walls (Patel et al.
1991). Extensive tests were performed during the present as
well as previous work to check the grid insensitivity of the
numerical method. Further guidance was available from the
study by Patel and Yoon (1995) where two different turbu-
lence models were evaluated for rough walls. The near-wall
model used here does not claim to resolve the flow over
individual roughness elements. The fact that the grid size, in
the case of large roughness, is finer than the size of the rough-
ness does not imply such resolution. The requirement for a
fine grid stems directly from the increased gradients of all
flow variables near a rough wall.

The version of the numerical method employed in this study
discretizes the momentum and turbulence-model equations
in primitive variables using analytic solutions of the linearized
equations in each numerical cell. The pressure-velocity cou-
pling is made through the continuity equation using a mod-
ified version of the SIMPLER algorithm. Although the nu-
merical method solves the unsteady-flow equations in a time-
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marching scheme, the present work is confined to steady flows;
time is used as an iteration parameter to seek the steady-state
solution.

On the dune bed, the boundary conditions consist of zero
velocity components and turbulence energy, with w pre-
scribed according to (12) and (13). The free surface is treated
as a flat plane of symmetry, and the pressure variation along
itis translated into an elevation assuming hydrostatic pressure
distribution. A more refined treatment of the free surface
would require considerable additional computing effort and
modifications in the turbulence model. As stated, periodic
boundary conditions are enforced at the upstream and down-
stream boundaries of the solution domain. The numerical
implementation of the present approach is shown in Fig. 3.
The flow domain of interest extends from x, to (x, + A), but
the actual solution domain is extended by one more grid line
to (x, + A). This last point has the same position and grid
distribution as those of the second grid line, x,, from the
upstream boundary. To start the solution, any convenient
velocity distribution (say parabolic or power law) with the
desired discharge (or Reynolds number} is specified at the
upstream boundary x,. After each downstream sweep of the
solution goes past the second grid line, the dependent vari-
ables (U, V, k, w, v,) at the most downstream boundary are
replaced by the values of this second grid line and used to
reset the downstream boundary conditions. The upstream
boundary conditions for the dependent variables and turbu-
lence quantities are similarly updated by the values at the
second to last grid line (x, + \) calculated in the earlier global
iteration. Symbolically, this may be stated as

Sxo. y) S blx, + X y); dlx,y)=> dlx, + N\, y)

where & = U, V, k, w, v,, etc. The solution is iterated until
there is no significant change in the values at the upstream
and downstream boundaries.

(14a,b)

MODEL VALIDATION: MIERLO AND DE RUITER
(1988) EXPERIMENT

The numerical model is first validated by comparison with
the experiments by Mierlo and de Ruiter (1988), performed
at the Delft Hydraulics Laboratory, The Netherlands, in a
55-m long, 1.5-meter wide water flume. About 33 identical,
sand-plastered concrete dunes, of wavelength A = 1.6 m and
height # = 0.08 m, were installed on the flume bottom. The
dune profile is shown in Fig. 1. A layer of sand of nearly
uniform size (D5, = 1.6 mm, and standard deviation o, =
1.1) was plastered over the concrete dunes using glue. The
thickness of this layer was reported to be between one and
two times Dy,.

Computational domain

Xy X1+h

X,
o U, V, k, ® Xo+A

FIG. 3. Basic Algorithm for Periodic Boundary Conditions

Experiments were performed with two water depths. The
one with the higher depth (d = 0.292 m, d/Ds, ~ 180), des-
ignated as case T6, was chosen to validate the computational
model. In this case, the channel had a constant longitudinal
slope of 0.00094. For the present two-dimensional-flow cal-
culations, the reference velocity U, was determined by in-
tegration of the measured velocity profile. This reduces the
effect of flow three-dimensionality, which is obviously present
but was not documented, in the experiments. The measure-
ments were made with a two-component LDV at a distance
of 0.38 m from the sidewall of the channel (i.e., not in the
centerplane) at 16 streamwise sections (x = constant) along
the 17th dune. The data include the longitudinal and vertical
components of mean velocity (U, V) and the three (kine-
matic) Reynolds stresses (Vu?, \/v?, uv) associated with the
velocity fluctuations in these directions. These data were then
analyzed to determine the friction velocity (u.), the turbulent
kinetic energy per unit mass (k), and the eddy viscosity (v,).

For case T6, the Reynolds number based on the velocity
U, (0.633 m/s) and depth d (0.292 m) for water at 18°C is
174,640. To elucidate the effect of roughness, calculations
were made with a small roughness height k&, = 0.0375Ds,
(=0.06 mm, k,/d = 0.0002) to realize the hydraulically smooth
regime and the actual roughness k; = Dy, (=1.6 mm, k,/d
= 0.0055).

With the 82 X 69 grid points shown in Fig. 2, and a constant
time step of 0.1, steady-state solutions were obtained in about
95 min of central processing unit (CPU) time on an Apollo
DN10000 for each case. Convergence to a steady-state so-
lution was declared when the maximum residual of all flow
variables (U, V, P, k, ) had dropped to 10-°.

The distribution of friction velocity u, along the dune bed
is shown in Fig. 4. Experimental points, as determined by
Mierlo and de Ruiter (1988), are shown along with those
obtained from a reanalysis of the measured velocity profiles,
following a procedure similar to that of Mierlo and de Ruiter,
but the k;, = Ds,. As this method involves considerable un-
certainty, the results are shown by an error bar. The reanalysis
was abondoned in regions where the uncertainty became un-
acceptable. The recalculated experimental values gave k" less
then 70, indicating a transitional roughness regime over the
entire dune. Also shown in Fig. 4 are the computational re-
sults for a hydrodynamically smooth bed. [In Fig. 4, the dashed
line indicates a smooth bed, the solid line represents a rough
bed with k, = Ds,, range 1 indicates a reevaluation of ex-
periments with k, = Dy,, and the symbols are taken from
Mierlo and de Ruiter (1988) with &k, = 1.6D,.]

It is seen that, in the range 0.3 < x/\ < 0.5, the numerical
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FIG. 4. Distribution of Friction Velocity
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predictions are in better agreement with the recalculated ex-
perimental values, which are larger than those quoted by
Mierlo and de Ruiter (1988). Farther downstream, the re-
calculated values are lower and the numerical predictions lie
in between. Given the uncertainties in the determination of
friction velocity, the present results provide support for the
k-w model and confirm that k;, = Ds, is an appropriate as-
sumption for the sand-grain roughness used in the experi-
ments. Although Mierlo and de Ruiter show data in the sep-
aration zone, the physical basis for their method is no longer
valid.

Fig. 4 shows that the effect of roughness is to slightly shorten
the separation eddy and, as expected, increase the friction
over much of the dune. The points of separation and reat-
tachment can be readily identified from the friction distri-
bution. The sharp changes (kinks) in the calculated friction
velocity at some points along the dune are due to the slope
discontinuities of the bed and are not related to any deficiency
of the numerical solution. The predicted length of the eddy,
with roughness, is about 0.25A, in substantial agreement with
the experiment but considerably smaller than the length of
0.33\ assumed in the model by Haque and Mahmood (1983).

An overview of the flow in the dune-bed channel is pro-
vided by Fig. 5. All calculated results correspond to k, =
Ds,. Fig. 5(a) shows the locations of the 16 streamwise sta-
tions where LDV measurements were made, the calculated
mean streamlines, the eddy, and the points of separation (S)
and reattachment (R). The pressure and friction coefficients
are defined by

1’ - 17ref. Ty

< o = et

v = (12)pUZ (15a,5)

where p,.; and 7, = reference pressure at the downstream

0.30

@)

* = experiment

0.28 0.29
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I = experiment
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FIG. 5. Overview of Flow in Dune-Bed Channei: (a) Dune Shape,
Streamlines, and Measurement Stations; (b) Pressure and Friction
Coefficients; (c) Free-Surface Profile
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boundary and local wall shear stress, respectively, shown in
Fig. 5(b). The friction coefficient, along with the recalculated
experimental values shown, were discussed in connection with
Fig. 4. The bed pressure distribution shows that there is a
steep pressure rise between stations 4 and 9, on either side
of the reattachment point, a favorable pressure gradient from
station 9 to about station 15, and nearly constant pressure
over the top of the dune and in the upstream part of the
separation eddy.

The pressure variation along the assumed flat free surface
can be translated into a free-surface elevation assuming hy-
drostatic variation with depth. These free-surface elevations
are shown at a magnified scale in Fig. 5(c). The bed roughness
has a rather small effect on the free surface, but the effect
of the bed shape and the separation eddy is evident from the
free-surface distortion. 1t is observed that the free surface is
depressed over the crest of the dune and elevated some dis-
tance downstream of the reattachment point. This coupling
between dune shape, the separation eddy, and the free sur-
face would vary with the Froude number (flow depth). Fig.
5(c) also shows the fall in the free surface from upstream to
downstream. This fall, of course, corresponds to the bed slope
in uniform flow. Determination of the bed slope by this means
is, however, inaccurate not only because of the approximate
treatment of the free surface in the numerical model, but also
because it involves a small difference between two large and
nearly equal quantities.

The bed slope can be determined, instead, by application
of the momentum principle to the control volume of the so-
lution domain. This involves integrating the pressure and fric-
tion distributions along the dune and equating the force to
the component of the liquid weight in the direction of flow.
The resulting bed slope for the idealized two-dimensional
channel was found to be 0.00069, considerably smaller than
the experimental value of 0.00094. A simple correction for
friction on the smooth side walls of the channel used in the
experiments (mean depth of 0.332 m, width of 1.5 m, and
friction coefficient of 0.0020, calculated for a smooth-wall
channel at the same flow conditions) leads to a predicted slope
of about 0.00075, still about 20% lower than the experimental
value. This discrepancy may be attributed to a variety of
factors, including flow nonuniformity at the entrance and exit,
secondary motions in the experiments, and the assumptions
made in the numerical model.

Next, it is instructive and useful to integrate the friction
and pressure coefficients of Fig. 5(b) over the length of the
dune to determine their contributions to the total resistance.
The results are presented in Table 1 in terms of the coeffi-
cients defined in (3)-(5). It is observed, perhaps not sur-
prisingly, that roughness affects the frictional resistance much
more than the pressure or form resistance. The relative con-
tributions of the two in the present case are, however, sig-
nificant, with 70% of the resistance attributable to form re-
sistance.

Finally, we examine the detailed characteristics of the flow
over the dune, and the performance of the numerical model.
The calculated distributions, with normal distance from the
bed (y), of the mean velocity components (U and V), the
TABLE 1. Resistance Components in Open-Channel Flow over
Dune

Surface roughness Ce Ce Co Co/Cp
(1) 2) (3) 4 (5)

Smooth (k, = 0.06 mm) | 0.00195 0.00779 0.00974 0.80
k, = D5y, = 1.6 mm 0.00335 0.00790 0.01125 0.70
k, = 1.6Ds, = 2.5 mm 0.00387 0.00793 0.01180 0.67
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FIG. 6. (Continued)

Reynolds stress ( —uv), the turbulent kinetic energy (k ), and
the eddy viscosity (v,), all made dimensionless by d and U,,
as appropriate, are compared with the experimental data in
Fig. 6. In addition, the distribution of the streamwise velocity
is shown in semilogarithmic coordinates (U versus log,,U,y/v),
to examine the possible validity of the law of the wall. The
results at only three representative measurement stations are
presented and, for clarity, only the calculations with a rough
surface are shown.

It is convenient to consider the flow over the dune in three
segments [see Fig. 5(a)]: stations 2—6, where the flow is sep-
arated, exemplified by station 3; stations 7-9, where the flow
recovers following reattachment, exemplified by station §;
and stations 10-16 and station 1, where the flow may be
regarded as well developed, exemplified by station 15. The
boundaries of these regions are not precisely defined, but Fig.
5(a) shows that they are also, approximately, the regions of
increasing pressure (an adverse pressure gradient) along the
bed, nearly constant pressure, and decreasing pressure (a
favorable pressure gradient).

In the first region, Fig. 6(a) indicates flow reversal (U < 0)
near the wall, in the linear as well as the logarithmic plot.
The logarithmic plot reveals excellent agreement between the
measured and calculated velocity distributions in the near-
wall region. This is a rather remarkable achievement by the
turbulence model. The lack of a clearly defined logarithmic
segment in the measured and calculated velocity profiles in-
dicates that use of the law of the wall to infer the friction
velocity (and bed shear), as attempted by Mierlo and de Rui-
ter (1988) (and many others in other contexts), is unjustified.
It also calls into question the use of wall functions in calcu-
lations of flows with separation. The k-w turbulence model
does a rather remarkable job of predicting the shapes of the
Reynolds stress, turbulent kinetic energy, and eddy-viscosity
distributions. The magnitudes are also predicted well except
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in the region of the shear layer that lies over the separation
bubble. Locaily high values of the Reynolds stress and tur-
bulent kinetic energy are observed in this layer in the exper-
iments but they are not reproduced by the calculations. The
fact that the disagreement in the eddy viscosity and the Reyn-
olds stress is significantly smaller than that in the turbulent
kinetic energy suggests that the larger energy level may be
associated with coherent vortex motion in the shear layer.

The flow at station 8, shown in Fig. 6(b), recovers from
the reattachment that takes place between stations 6 and 7.
Here, the calculated mean velocity components are in ex-
cellent agreement with the data, except near the free surface.
In the wall region, a logarithmic segment is observed, sup-
porting the use of the law of the wall in the determination of
the wall shear stress (assuming that the pressure gradients
have a negligible effect). With respect to the three turbulence
quantities, the calculations are found to be in good agreement
with the data except that the layer of high turbulent kinetic
energy persists. The disagreement between the data and the
calculations near the free surface, particularly in the longi-
tudinal velocity and eddy viscosity, was observed in all regions
along the dune, and is related, to some extent, to the lack of
any special free-surface treatment (to account for damping
of the vertical velocity fluctuations and consequent changes
in the eddy viscosity and shear stress) in the turbulence model.
More specifically, the measurements reveal a velocity maxi-
mum below the free surface while the calculations have a
maximum at the free surface (which is treated as a plane of
symmetry). In spite of inherent errors in the determination
of the eddy viscosity, the data indicate a consistent drop near
the free surface while the calculations reach a constant high
value. However, this effect is not entirely due to turbulence,
as the experiments also contain the effects of secondary mo-
tions that are not accounted for in the calculations. Recall
that the measurements were made some distance away from
the channel centerplane so that effects of secondary motion
are obviously present in the data. Be that as it may, it would
be of interest to explore the possibility of incorporating some
modification in the k-w model for the free-surface effect.

In the third and final region, Fig. 6(c) for station 15, there
is agreement between the calculations and data (except near
the free surface) although, near the wall, the predicted ve-
locity tends to be somewhat lower and the Reynolds stress
and turbulent kinetic energy somewhat higher, than the data.

As the smooth-wall calculations also showed the same ten-

dency, this discrepancy could not be attributed to the treat-
ment of roughness in the turbulence model.

The solutions for the flow over a dune in an open channel
and comparisons with the extensive data of Mierlo and
de Ruiter (1988) presented here represent a stringent test of
the numerical method and the turbulence model contained
there. In general, the present results with respect to the ve-
locity and turbulence profiles, particularly in regions of sep-
aration and reattachment, represent a considerable improve-
ment over those of other studies using different numerical
methods, boundary condition treatments, and turbulence
models. In the following section, the numerical model is used
in a parametric study of channel resistance in the presence
of dunes.

PARAMETRIC STUDY OF RESISTANCE
COEFFICIENTS OF DUNE-BED CHANNELS

The problem of calculating depth-discharge relations for
alluvial streams requires knowledge of channel resistance,
which, in turn, depends on the bed forms. From the resistance
formula of Engelund (1966, 1967) outlined earlier, it is clear
that in these and many similar approaches the bed forms are
implicitly assumed to depend on the same factors as the en-
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TABLE 2. Numerical Prediction of Bed Slope, S

h
N (m)
(m) 0.08 0.10 0.12 0.14
(1) 2 (3) 4) (5)
1.6 0.00069 0.00087 0.00099 0.00123
1.4 0.00077 0.00095 0.00108 0.00130
1.2 0.00085 0.00102 0.00121 0.00143
1.0 0.00093 0.00112 0.00132 0.00152
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FIG. 7. Variation of Resistance Coefficient with h/x

ergy gradient, i.e., they attempt to relate the resistance di-
rectly to the average velocity U, flow depth H,,, and channel
slope S. In view of the comparisons made for the particular
dune geometry of Mierlo and de Ruiter (1988), a wider range
of dune shapes should be considered to ascertain whether the
observations made based on that one example have a broader
applicablity. A simple parametric study was conducted for
this purpose.

Numerical simulations were made for a two-dimensional
channel with a fixed dune geometry, and a flow rate for 16
combinations of dune height in the range 0.08 = 4 < 0.14 m
and wave length in the range 1.0 = A = 1.6 m. The dune
shape is as shown in Fig. 1 except that & and A were varied
over the range indicated. Other flow conditions were pre-
scribed as follows:

* Sand-grain roughness (k,) = median grain diameter (Ds,)
= 1.6 mm

* Mean velocity (U,) = 0.633 m/s

» Mean water depth (H,) = 0.332 m

» Density of water (p) = 998 kg/m?

» Kinematic viscosity of water at temperature 18°C (v) =
1.06 x 107° m%/s

+ Acceleration of gravity (g) = 9.807 m/s?

» Geometric standard deviation of sand (o,) = 1.1

* D¢s = 1.65 mm

* Fall velocity (wys) = 0.23 m/s

» Specific gravity of quartz sand (s) = 2.65

The last four conditions are not required in the numerical

Downloaded 29 Jun 2009 to 128.171.57.189. Redistribution subject to ASCE license or copyright; see http://pubs.asce.org/copyright



model, but are needed for comparison with empirical resis-
tance formulas.

With the conditions listed, the Froude number (F = U,/
VgH,) has a constant value of (.35 and the dimensionless
wavelength is in the range 1.3 < 2wHy/A) < 2.1. All 16
combinations were selected such that they lie in the dune
regime according to the correlation of Kennedy (1969). The
channel slope (S) predicted by the numerical model is given
in Table 2, and the resistance coefficients are shown in Fig.
7 as functions of the dune steepness parameter A/\. The nu-
merical model shows a slight decrease in frictional resistance,
but a marked increase in pressure resistance with an increas-
ing dune steepness. These trends are to be expected as the
size of the separation region increases with the dune height
and there is a diminished friction contribution in the presence
of an enlarged backflow region.

Fig. 7 also shows the resistance components calculated with
the formula by Engelund (1966, 1967). The results are rather
surprising. This formula is observed to show a gradual in-
crease in frictional resistance with an increasing dune steep-
ness, but it overestimates the magnitude by as much as a
factor of three. The overprediction of the frictional compo-
nent is most likely due to the use of the pipe-flow-based
logarithmic formula, which ignores the presence of flow sep-
aration and associated regions of negative and low friction.
For the pressure component, Engelund’s formula predicts
much smaller values. The discrepancies in the two compo-
nents counteract, somewhat, to yield an increase of total re-
sistance with dune steepness as indicated by the numerical
model. However, Engelund’s formula underestimates the to-
tal resistance by as much as a factor of two.

The reasons for the differences between the predictions of
the numerical model and those of this well-known semiem-
pirical formula are not clear. The numerical model is based
on an idealized two-dimensional flow over fixed two-dimen-
sional dunes of regular shape, while empirical formulas are
developed from data taken in laboratory flumes and natural
channels, in the presence of sediment and three-dimensional
movable bed forms of varying heights and wavelengths. How-
ever, the observed differences in the magnitudes, and par-
ticularly the trends, of the resistance components with varying
dune steepness are rather large and worthy of further inves-
tigations.

CONCLUSIONS

Based on the results, it was concluded that the numerical
model provides detailed information on the velocity profiles
and turbulence model parameters in agreement with the ex-
periments of Mierlo and de Ruiter (1988), although further
refinements with respect to the treatment of the free surface
are needed. In its present form the model predicts the size
of the separation eddy as well as the effects of bed roughness.
The total resistance of the channel may be calculated from
the predicted distributions of friction and pressure along the
dune. The numerical model also suggested that the semiem-
pirical formula by Engelund (1966, 1967), to determine the
total resistance of dune-bed channels, does not correctly split
the contributions of friction and pressure, and the total re-
sistance is grossly underestimated by the formula. This ob-
servation is also expected to be valid for other such formulas.
The results of a parametric study, varying the dune steepness,
presented here could be employed to test and improve resis-
tance prediction methods for use in engineering. As the nu-
merical method is not restricted to any particular bed-form
geometry, it could be used to study the effect of bed-form
changes, such as secondary ripples; and as it provides details
of the flow in the neighborhood of the bed, it may be used
to study the processes of sediment transport in a way that is

not possible without such information. The extension and use
of this model to flow in ice-covered channels is described in
a companion paper.
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APPENDIX HI.

NOTATION

The following symbols are used in this paper:

Co

Cr, Cp,

Pr ~po
D5U‘ D}S’ Dﬁﬁ
d

F

H()

h

k

k,, k'
P.p

R

R, R", R,
S

s

t

total resistance coefficient;

skin friction coefficient;

pressure or form resistance coefficient;
particle sizes for which 50, 35, and 65%
of the sediment by weight are finer;
inlet water depth;

Froude number (=U,/VgH,);

mean flow depth;

dune height;

turbulent kinetic energy;

equivalent sand-grain roughness, k.. /v;
pressure;

Reynolds number (= Ud/v);

hydraulic radius;

average bed slope;

specific gravity of sand-grain;

time;
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(r’ U*’ B’ B*7 ’Y’ ’y

mean velocity components in x; direc-
tion;

bulk (mean) velocity;

wall friction velocity (=V'1,./p);
Reynolds stresses;

fall velocity of a particle (D,s);
Cartesian coordinates;

Kronecker delta;

dune wavelength;

kinematic viscosity;

turbulent eddy viscosity;

fluid density;

constants in the k-w model;

standard deviation of sand grain;

total and local wall shear stress;
frictional and pressure components of to-
tal shear stress;

transport quantities (U, V, k, w, v, etc.);
and

specific dissipation rate.
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