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Abstract

Flows over wavy surfaces are important for many engineegiplications and environmental problems. Understanding
theirs behaviour is necessary to know the terrain effecftomnresistance, the mechanisms of bed motion and the sedimen
transport. The numerical simulations methods, particlyldihe Direct Numerical Simulation (DNS), are useful toals t
describe the physical behaviour of the flow for differentasgd conditions, providing details of its structure. Irsthiork

we carried out DNS of a two-dimensional incompressible floer @ wavy surface. The surface is represented by the
Virtual Boundary Method and characterized by a sinusoidalkction with amplituded = 1 and wavelength = 10 - A.

A low-storage third-order Runge-Kutta Method is used fa tbmporal discretization of the governing equations and a
sixth-order Compact Finite Differences schemes is apgdledhe spatial discretization. The incompressible caodit

is verified by solution of a Poisson equation for the pressiBeriodic boundary conditions are adopted in streamwise
direction, free-slip condition on top and no-slip conditiat the wavy surface. Reynolds numbers 100 and 500, based on
the amplitude and the mean streamwise velocity over the, @esused. As preliminary results are shown the effects of
the confinement on the flow in function of the height of the duyrtfze influence of the mesh resolution and the behaviour
of the flow over the virtual wavy boundary.

Keywords. Direct Numerical Simulation, Wavy Surfaces, Virtual BoarydViethod
1. Introduction

Flows over complex boundaries as hills and waves are ofdstén a number of environmental and engineering prob-
lems, and there have many studies on this subject (Salvetti, 2001; Henn and Sykes, 1999; Pellegrini and Bodstein,
2004; De Angelis et al., 1997; Tseng and Ferziger, 2004;H&zland Hunt, 1998). The wavy boundary exerts a net drag
on flow over it and has significant effects on the mean flow aeduhbulence statistics (De Angelis et al., 1997). These
flows are subject to the effects of alternating convex andaem curvature and despite its geometrical configuration is
fairly simple, the flows pattern is complicated.

Atmospheric flows are significantly accelerated over thedbpill and to know the height of the maximum wind
speed-up is important in the estimation of wind energy taieffitly site the wind turbines and to calculate the wind foad
on structures on hill tops. The flow over wavy surface, paldidy over hills, increases the drag of the surface on the
large scale atmospheric motion and this effect has to be k@l introduced into numerical weather prediction in order
to led to an important improvement on forecast (Salvetti.e2801; Belcher and Hunt, 1998). Rivers may have periodic
irregularity well-known aded formsand the sediments motion over these rivers bed depends aneitiganic structure
of the flow. There are different kinds of bed forms and manyheftt can be treated as waves or hills. The study of the
behaviour of the flow over bed forms is necessary to know fexes on flow resistance and to understand the mechanisms
of bed motion and of the sediment transport. So, the studigexfe flows contributes to our fundamental understanding
of mechanisms that control distorted flow and helps to anpnastical environmental and engineering questions as the
cited above.

The numerical simulation methods, particularly the Difdaimerical Simulation (DNS), are useful tools to describe
the physical behaviour of the flow for different imposed dtinds being used as complement of experimental and analyt-
ical researches (Moin and Mahesh, 1998). DNS can acurratzdve all spatial and temporal scales present in the flow,
providing details of flows structure that are often difficaltmeasure and offering controlled conditions in which &iert
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aspects of the experimental set up can be varied rapidlyetidetess its application is at present limited to flows at low
and moderate Reynolds numbers due the existent computhtesources.

In numerical simulations of complex flows, one of the primasgues is the ability to handle with complex geometries.
The use of a Cartesian scheme, where the governing equatiekscretized on a regular grid not adjusted to the shape
of the body, simplifies the grid generation but may not allovatljust the grid on the body contour, nor to impose the
boundary condition exactly at the wall. With the use of thed4l Boundary Method the obstacle can be represented in a
Cartesian mesh with the aid of an external force field adde¢deénrmomentum equation. This method can be applicable
to complex geometries while requiring significantly lessipaitation than competing methods without loss of accuracy.
Another advantage is that the re-mesh to accommodate chamggometry is not necessary, since the force term is
independent of the mesh grid.

This work represents the first stage of a numerical simulaifa two-dimensional flow over a virtual wavy boundary
using DNS. Numerical simulations with Reynolds numbersdaf@®500, based on the amplitude and the mean streamwise
velocity over the crest, are used. The purpose of this statgeaxamine the effects of the confinement on the flow field
in function of the height of the domain, the influence of thesimeesolution and the behaviour of the flow for different
forms of application of the forcing term. These informasowill serve as the basis for further investigation of the flow
field over the wavy surface at different Reynolds numberseveamplitudes and wavelengths and for future examination
of the variation of the flow field around dunes of different gedries in forthcoming papers.

2. Numerical Methodology
2.1 Governing equations
In order to model the flow of interest, we use the time-depenithieompressible Navier-Stokes equations

@—l—dixﬂ':—ﬂ—}—l/vzﬁ—ﬁ—f, (1)
ot P

and the continuity equation

—
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wheret is the time,ii(Z, t) is the velocity field@(Z, t) is the vorticity field(@ = V x @), p is the densityy is the kinematic

viscosity,TI(Z, t) is the modified pressure field® + %) and f (£, t) is an external feedback force field applied in the
boundary locations;(is, js) to model the presence of the obstacle.

2.2 Spatial Discretization

In order to provide an improved representation of the ramgdespresent in the flow all the spatial derivatives of
the governing equations are discretized using a sixthraraimpact centred finite-differences scheme proposed by Lel
(1992) and applied on a regular Cartesian grid.

The first and second order derivatives are approximatedjusin

fi+1 - fifl fi+2 - fi72

afi  +fitafl,,=a sAs T AL (3)
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where the sixth-order space accuracy is obtained with trempaters shown in Tab. 1.

Table 1. Parameters, a andb to obtain the sixth-order space accuracy

equation @ a b
3 1/3 14/9 1/9
4 2/11  12/11  3/11

2.3 Virtual Boundary Method

To represent the presence of the immersed boundary in thesar grid, we used the Immersed Boundary Method
proposed by Goldstein et al. (1993), where the no-slip ¢mrdis imposed with the aid of an external force field added
in the momentum equation.
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The method proposed by Goldstein et al. (1993) is an exféieiback forcing method and the forcing term takes the
expression

f(@t) = ¢, (a / t @(Z,, t')dt + Bu(Zs, t’)) , (5)
0

wheret is the time,a and 3 are negative constants having dimensi@hs and7 !, respectively and, (is, js) is the
boundary locations. The constanis used to calibrate the oscillation frequency of the realidlorced flow in the body,
whereass drives the damping process, is a Gaussian distribution used in order to generadmeothsurface than a
step-like surface created by the application of the fordargn only to the grid sites of the rectangular grid where the
no-slip condition is required. So, at each surface poirthe force is defined by the Gaussian distribution

=@ (6)

whereo is a constant used to adjust the smoothings&ad is the vertical distance from the wavy surface to each adjace
grid node.

The obstacle represented in this work is a wavy surface defigea sinusoidal function with amplitudé = 1 and
wavelengthh = 10 - A. A constant* has been adopted to limit the Gaussian influence and to aeatgion where the
no-slip condition is expected. The exact smoothing fumctgonot crucial if sufficient spatial resolution has beenduse
(Goldstein et al., 1993). In the current work the time ingé@f the forcing term is approximated as a Riemann sum.
Figure 1 shows a sketch of a immersed wavy surface discddbiye Cartesian grid and its virtual representation.
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Figure 1. Virtual wavy surface and the computational Caategrid.

The time marching of the forcing term is done with a low-str¢hird-order Runge-Kutta scheme. The stability limit
for the time step is given by

At<AtV:*5*V(§L2“k)\/§ @)

wherek is a problem dependent constant of order akeis the time step of the Runge-Kutta scheme art¢t is the time
step of the virtual boundary method.

2.4 Temporal Discretization

In this study, the time integration is performed with three-sime step applying the low-storage third-order Runge-
Kutta method proposed by Williamson (1980). ConsiderirgftinctionF' (@) = f + vV?2i — & x i, the time integration
of the Eq. (1) fromt,, to ¢,,11 gives

antl —gn B 1 /tn+1 N ﬁHnJrl
At At ;. p

Since the numerical evaluation of the integral presentérfdince term is approximated as a Riemann sum performed
at each sub-time step, the Eq. (8) can be split into two steps
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where; [/ F(@)dt = o, F(ity—1) + B, F (i7,—2) and forp = 1,2, 3 we havei, = " andds = a*.

The incompressibility condition is ensured with this fiantl step method via resolution of a Poisson equation for
the pressure.

Lele (1992) have shown that the stability limit for the Rurgeta scheme used is given by the CFL condition
(Courant-Friedrichs-Lewy which define the maximum time-step

V3Azx

At = Y20
1,980 - Us,’

11)

whereU, is the free-stream velocity.
3. Simulation Results

We use DNS to simulate two-dimensional flow over wavy surfett@nnel. The governing equations are nondimen-
sionalized using the mean streamwise velocity over the ¢tés= 1) and the amplitudéA = 1). In all simulation are
adopted periodic boundary conditions in streamwise dagcfree-slip on top and no-slip at the wavy surface. Asahit
condition we use an uniform profile witl{z, z) = 1 for three simulations presented in this paper and a pa@apuifile
for the others. Both initial condition yield Reynolds numbef about 100 and 500, based drandU.. The parameters
of the simulations are shown in Tab. 2

Table 2. Parameters of the simulations

Simulation Initial Domain Virtual
number condition R, (Ly x L,)/A Grid « I} boundary
| Parabolic 100 106« 10 120x 121 -260 -45 TS
Il Parabolic 100 10« 10 120x 121 -4080 -5 TS
i Parabolic 100 10x 10 120x 121 -1690 -30 TS
v Parabolic 100 10 10 120x 121 -260 -30 TS
\% Parabolic 100 10< 10 120x 121 -260 -15 TS
VI Parabolic 100 10< 10 120x 121 -1040 -90 TS
VII Parabolic 100 10x 10 120x 241 -1040 -90 TS
VI Parabolic 100 10x 10 120x 361 -1040 -90 TS
IX Parabolic 100 10« 10 240x 241 -1040 -90 TS
X Parabolic 100 10< 10 240x 361 -1040 -90 TS
Xl Uniform 100 10x 10 120x 241 -1040 -90 TS
XII Uniform 100 10x 12.5 120x 301 -1040 -90 TS
Xl Parabolic 500 10x 10 180x 361 -10000 -100 SS
XIV Parabolic 500 10x 10 180x 361 -10000 -100 SC
XV Parabolic 500 10« 10 180x 361 -10000 -100 TS

3.1 Application of the Force Field

The force field was applied in three different ways (simolasiX 777, X1V and XV). SimulationX 7/ was con-
ducted to investigate the effect of a solid body on flow fieldenkke, the forcing term was imposed using a Gaussian
distribution only to the grid nodes located into a regioniled bys* = 1.1 - Az, whereAz is the vertical mesh spacing,
above the surfacerirtual boundary named 3Swhile the grid nodes locatadsideof the boundary of the surface receive
the whole forcing effects; = 1). In this case, spatial oscillation in the normal and stiwésa directions develops in the
flow field when the feedback forcing function is applied, gatiag a discontinuity in the vertical profiles of streamevis
velocity (Fig. 3) and an unrealistic perturbations in theriediate vicinity of the surface, as shown in Fig. (2a).

SimulationX I'V differs from the previous one by a circulation region withtieal thickness 10 - Az) just under the
surface where no force is applied and a unphysical flow fieldiraerically allowed to develop insideiftual boundary
named SE This internal flow field operated as a smoothing devicenatig to eliminate the unrealistic perturbations in
the immediate vicinity of the surface and to transfer therthtobottom of the circulating region (Fig. 2b), which is out
of interesting flow field. The recirculation zone that apgaarthe trough due the separating flow downstream of the crest
also contributes to this end and, what is more importargnatites the discontinuity of the vertical profiles of stredse
velocity in the trough (Fig. 3).
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Figure 2. Re =500, t = 237: Vorticity field. (a) solid surfaceSS (b) surface with circulation regior SC (c) thin
surface— TS

In simulation XV the Gaussian distribution is used in order to apply the fay¢erm only into a region limited by
the e* under and above the surfacér{ual boundary named T)Sas sketched in Fig. (1). In this case all unrealistic
perturbations in the immediate vicinity of the surface carebminated (Fig. 2c) and the vertical profiles of streanewis
velocity have a similar behaviour as in simulatid/V'. The results of this simulation clearly allow to obtain thesb
results with a lower perturbation on flow field in comparisoittwthe others. Furthermore, the time distribution of the
l>-norm error of velocities gets the lowest values, showirag the no-slip condition imposed is best attained for théeca
Due this results, in all others simulations conducted heeethin surface®S) is adopted.
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Figure 3. Re =500, t = 237: Closeup at the vicinity of the waunface for the vertical profiles of streamwise velocity.
(@) x=0; (b) x =2.5; (c) x =5. The region between the solid aashddot black lines is the circulation region.

3.2 Virtual Boundary Method Parameters

The Virtual Boundary Method adopted has three parametatsntiust be defineda, 8 ande*. This last one was
fixed on as=* = 1.1 - Az in order to apply the force term at least on three points whiggenesh grid and the surface
are coincidental. In order to define the other two parametersarried out the simulations froito V. Equation (7)
shows that the constantsand 3 are important to determine the time step of the simulaticgcrBasingy and increasing
8 makes the numerical solution more robust and larger timgssiee possible (Von Terzi et al., 2001).4f— —co the
time response of the feedback forcing tends to zero (Lamisahd Silvestrini, 2002) and the no-slip boundary coaditi
is quickly attained.

The use of an explicit scheme for the time integration of ifayaerm presents a drawback for numerical stability
reasons. The constrain (7) can be more severe than the Clelitioorwhen very large values aef and/or/ are used.
According to Lamballais and Silvestrini (2002), the bestiiog treatment can be conditioned by the temporal advance-
ment of the forcing and viscous terms. Since the feedbadifgiis explicitly integrated in time using the same scheme
as for the convective and diffusive terms, in this work theich of the time step is only restricted by the CFL condition,
except for simulatioV I. This choice imposes the use of moderate values of the coaad3, which leads to residual
velocities inside the boundary.

For each combination af and 5 a different forcing function is added to the right-hand side¢he Navier-Stokes
equations, therefore a set of similar but slightly diffeén@sponse in reinforcing the no-slip condition is obtaifeaceach
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of the solution. Also, for each time step limited by Eq. (li$)possible achieve pairs(3) that satisfy the stability limit
giving by Eq. (7), (Fig. 4). The values of these parametessntulations from/ to 717 was chosen in order to attain this
limit and to have the difference between the time-steps ag ab possible.

0.14f B=-5
— p=-15

0.12F B=-30
— PB=-45

0.1 — B=-60

- B=-75
g 0.08f — B=-90
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a

Figure 4.At in function ofa and. The strings fromY to V' refer to the simulations number in Tab. 3.

Table 3 shows the time steps of the simulations and:tm®rm error of the streamwise velocity at the boundary [int
with respect to the no-slip boundary condition, which is ledi as

lo — norm = \l L i(u(ms, )2, (12)

Ms i
wheren is the number of virtual boundary points.

Table 3. Re = 100, t=3628.4: Simulations results for diffiéralues of andg.

Simulation At At

number e I} Eq. (11) Eq. (7) lo-norm
I -260 -45 0.036284 0.036293 1.92-10°°
Il -4080 -5 0.036284 0.036284 1.12-1076
11 -1690 -30 0.036284 0.036303 1.41-1076
v -260 -30 0.036284 0.051181 1.47-1076
\Y, -260 -15 0.036284 0.081904 1.20-10-°

The simulations in Tab. 3 was conducted in order to examiaedlponse of the virtual boundary to different pairs
(a, B). These negative constants are determined by observings¢pense of the velocity field once the forcing term is
applied. The effect of these parameterdgnorm and on the time evolution of the streamwise velocitshiswn in Fig.

(5).

0.36
0.34
X032

0.3

12—norm of error

0.28|

Figure 5. Re = 100. Effects af and parameters. Simulations(red), /I (green),/I1 (blue),IV (cyan),V (black): (a)
closeup at t = 20 of time distribution of tlig-norm of error of the streamwise velocity; (b) closeup at t0-of vertical
profiles of the streamwise velocity at (x=0, z=2.5).
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As we can see in Fig. (5a), keeping apas a constant and increasifghe time response of the virtual boundary
decreases, but the magnitudelginorm are practically the same. On the other hand, keeping ap a constant and
increasinga a lower magnitude of;-norm can be obtained and the oscillation frequency of theastwise velocity
decreases (Fig. 5b), but practically no substantial effeabserved on time response.

Using pairs &, 3) whereAt < Aty and the difference between them is as short as possiblenlgieulations?, 11
and/I1, Fig. (5b) shows that a lower oscillation at the streamwieaity is obtained for the higher value 8f So, these
test cases suggest that higher values of the coefficieots tie method to respond faster to any unsteadiness in the flow
field and act more efficiently in reinforcing the no-slip cdimh. Nonetheless, no substantial difference was fourated
flow field away from the boundary surface.

3.3 Mesh Resolution

In order to analyze the effects of mesh resolution in flow figllcarried out simulations fromi /7 to X. The time
evolution at the positiofiz, z) = (0, 2.5) and thelz-norm of error of the streamwise velocity are shown in Fig. (6

As we expected, the mesh resolution significantly affeadltw field since more large range of scales can be resolved
as much refined the mesh is. Despite the use of the Gaussiaseinto blur the location of the boundary and to generate
a smooth surface, a step-like surface still appears for & mwiegbout1 20 x 121 due to this poor mesh resolution.

Fig. (6a) clearly indicates that the streamwise resolypi@ctically doesn’t affect the virtual boundary represginoh
and the flow field. This observation indicates that the commpral cost can be significantly reduced if a lower mesh
resolution is adopted in this direction than the verticagdiion.

As we can see in Fig. (6b), tHe-norm of the streamwise velocity is of the same order fortadl simulations, what
indicates that the no-slip boundary condition is not affddby the mesh resolution.
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Figure 6. Re = 100. Effects of mesh resolution on streamwéseacity: (a) time evolution at x = 0 and z = 2.5; (b) time
evolution ofl;-norm of error.

3.4 Confinement Effects

In order to verify the effects of different domains heightftow field we carried out the simulatioris/ andV /1.

The mesh resolution is the same in both cases and was chogeciion of the computational cost. The initial condition
used was the uniform profile, which allows a best control &f thean flow, in comparison with the parabolic profile.
The disadvantage of this initial condition is the long timecessary to reach a steady state and the initial pertunbatio
generated on the mean flow, principally close to the surface.

Figure (7a) shows the vertical profiles of streamwise véyaati different location along the wavy surface for 2286.

This figure clearly indicates that decreasing the domaightehe streamwise velocity is accelerated far away from the
surface.

The flow over the wavy surface separates just downstreameo€rdst and an recirculation zone appears. In the
re-attachment region, just downstream of the trough, agb@elerating boundary layer forms due to the decreasirgg€ro
section and lifts away from the surface forming a detachedstayer as it moves over the crest. As shown in Fig. (7b
and 7c¢), the domain height affects this acceleration, winicteases with a decreasing height. The detached sheaidaye
also affected by the domain height and a reduction on thécitgrtield over the crest is observed for the higher domain.

With respect of thd,-norm of error of the velocities, the height of the domain sloet affect its values. This
observation shows that the response of the virtual bounidarginforcing the no-slip condition is not affected by the
domain height.
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12F
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Figure 7. Re =100, t = 2286: Simulations with different domiagight: (a) vertical profiles of streamwise velocity at x =
0,2.5,5,7.5and 10, Lz = 10 (red), Lz = 12.5, (blue); (b) stikkae for Lz = 10; (c) streamline for Lz = 12.5.

4. Conclusions

In this study, DNS of two-dimensional flow over a virtual wastyrface was conducted as a first stage for investigating
the behaviour of this flow. The application of the virtual bdary method to represent a solid surface induced unriealist
perturbation close to the surface, which was drasticattyced with the application of the forcing term only at gridms
which define the boundary. The surface ondulation inducesrating occurrence of favorable and adverse pressure
gradients, periodic changes of the streamline curvatulteancirculating flow region appears near the trough of tHe wa
This recirculating region allows to attenuate the disaurity in the vertical profile of streamwise velocity that apps
exactly at the surface due the forcing field. When the regiricaif the time-step is conditioned by CFL condition, the use
of moderates values of constantand/ is imposed and hence residual velocities at the boundafgcgiare maintained,
but its is considered to be weak enough to mimic realistidhié no-slip condition. The domain height affects the flow
field reducing the vorticity over the crest and accelerativegflow at the top of the channel for large height. The predict
results will be used for the continuity of this work allowiagfurther investigation of the flow field over different wavy
surfaces and future examination of the behaviour of flows bed-forms well-known as dunes.
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