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LARGE EDDY SIMULATION OF OPEN-CHANNEL FLOW
OVER AND THROUGH TWO LAYERS OF SPHERES

Thorsten Stoesser Jochen Frohlich Wolfgang Rodf

ABSTRACT

The paper investigates the role of porosity of angable wall and the interaction between the
interstitial and the outer flow. This situation &nong others, relevant for sediment transport and
bed friction in natural channels. The study empldgtailed large eddy simulations of a prototype
situation, where the wall consists of two layerspheres with the same diameter and their centers
being arranged on a cubic lattice. The domain aeotal of 432 spheres. The recorded time- and
space-resolved data are averaged and comparedceat reneasurements at the University of
Aberdeen finding good agreement. The high porasitthe bed induces considerable momentum
exchange between the outer flow and within the sgghd his generates additional shear stresses and
hence leads to velocity and turbulence intensisyrithutions differing considerably from those over
solid beds. Coherent flow structures, like sweepbkejections are shown to occur and are suggested
to be the driving mechanism of momentum exchangelo the roughness interface, flow
velocities, turbulence intensities and pressuretdiations are damped exponentially which is also in
line with experimental data.

1. INTRODUCTION

Although almost all natural channels have permeaklds such as gravel-bed rivers, very little
research has been undertaken in order to studgfteet of channel bed permeability on the mean
and instantaneous flow. In common practice a pebiedaed has usually been treated analogously
to an impermeable bed and flow resistance coeffisi@nd velocity distributions were derived
irrespective of bed porosity. However, dependingtlma permeability of the subsurface there are
significant interaction processes between the fawve the porous bed and the subsurface area.
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The effects of interaction are a non-zero (sligbery at the permeable boundary (see Figure 1) and
the existence of turbulent exchange of mass andentmm between the two flow regions. These
exchange processes are responsible for additibeal stresses near the boundary (Nezu, 1977). For
instance, Lovera and Kennedy (1969), Zagni and I5(1i®76), and Zippe and Graf (1983) have
shown that the overall friction loss in a flow ovepermeable bed is larger than over an equivalent
impermeable bed. The driving force that is resgaadior the exchange processes between the pore
layer and the upper flow is the presence of locabgure gradients, a mechanism similar to the
interaction between the turbulent boundary layet the viscous sublayer in the flow over a smooth
bed (see Figure 1, taken from Nezu, 1977). Thesal Ipressure gradients are generated by the
dynamics of the turbulent flow over (smooth, roughd permeable) boundaries, where the flow
field is dominated by energetic three-dimensiorrgkaized (coherent), vortical structures. Over 4
decades of experimental work have been dedicatedetadentification of the physical processes
which govern these coherent structures, and munijrgss has been made in recent years due to the
advances in measurement methods and in numericailagion techniques associated with the
growth in speed and capacity of modern supercompuWwhereas the flow physics of coherent
structures over smooth surfaces is understood faiell (see the summary by Robinson, 1991), the
flow over rough impermeable and permeable walkgilsan area of active turbulence research. The
reason is that there exists a wide variety of fbssivall roughness geometries as well as
permeability conditions and recent research endeavave shown that the details of the geometry
influence the flow across the entire turbulent fay@meénez, 2004). As a consequence, the
distribution of mean flow velocities and higher erdurbulent statistics differ considerably from
those over smooth walls in a region usually called “roughness sublayer”, which is a layer
adjacent to the rough (im)permeable bed. There h&en numerous research efforts recently to
guantify the effects of (impermeable) roughnesst@ mean flow statistics (see the most recent
summary by Jimenez, 2004) or to elucidate the tartiunstantaneous flow structures (Stoesser et
al., 2003) over impermeable rough beds. Studieturtiulent flow over permeable beds are very
scarce. There has been few experimental work omtifigation of the friction loss (Kong and
Schetz, 1982, Zagni and Smith, 1976, Zippe and G&8f3), on the determination of the vertical
velocity profile for the flow above the permeablked(Gupta and Paudyal, 1986, Zagni and Smith,
1976, Zippe and Graf 1983, Nakagawa et al., 19&hcBy et al., 2000) as well as on the collection
of pressure and velocity signals within the perntedded (Detert et al., 2004). There are several
numerical studies of flow over and/or through parauedia which use an integral numerical
approach like the Volume Average Navier Stokes (\FAMpproach (Breugem and Boersma, 2005)
or apply adequate slip-conditions (Jiménez eR801), but these methods do not resolve the details
of the interaction between the two layers, hengeomant physical mechanisms may be neglected.
Directly resolving the details of the flow geometrfya porous media is extremely complex and
tremendously expensive especially for natural pabtebeds. To our knowledge there is only one
study that represents the porous media directheyem and Boersma, 2005). Breugem and
Boersma (2005) performed a DNS over and througkren@able bed that consisted of an array of
cubes, with the main objective of validating a poegly developed integral approach.

In this paper we present the results of a LES @neghannel flow over a permeable bed that
consists of two layers of spheres. This is thet filstailed numerical study of the flow over a
permeable bed that has also been investigatediainoaatory experiment. A related simulation with
three layers of spheres will be presented sho8tpdsser et al. 2007). The main purpose of the
present study is to provide further insight int@ tturbulent flow over permeable beds and to
enhance the understanding of the effect of bed @aitity on the mean and instantaneous flow.
Temporal and spatial averaging is used to quathiyeffects on the flow velocities and the three
components of turbulence intensities. We furtheemghow the existence of coherent flow
structures and their effect on the mass and momestichange processes between the flow above
the bed and the subsurface region.
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2. NUMERICAL FRAMEWORK

The LES code MGLET, originally developed at thetitase for Fluid Mechanics at the Technical
University of Munich (Tremblay and Friedrich, 200Mas used to perform the Large Eddy
Simulations. The code solves the filtered Naviexk86 equations discretised with a finite-volume
method on a staggered Cartesian grid. Convectivk diffiusive fluxes are approximated with
central differences of second order accuracy and taidvancement is achieved by a second order,
explicit Adams-Bashford scheme. A Poisson equasi@olved to couple the pressure to the velocity
field. The subgrid-scale stresses appearing infitteeed Navier-Stokes equations are computed
using the dynamic approach of Germanal. (1991). The no-slip boundary condition is applied o
the surface of the spheres where the immersed boyndethod is employed (Verzica al.,
2000). This method is a combination of applyingy&mtces in order to block the cells that are fully
inside the sphere and a Lagrangian interpolatitverse of third order, which is used for the cells
that are intersected by the spheres’ surface tatmiai the no-slip condition (Tremblay and
Friedrich, 2001).

3. SETUP AND BOUNDARY CONDITIONS

The setup and boundary conditions of the Large ESidyulation are selected in analogy to
flume experiments performed by Pokrajac (2005hatWniversity of Aberdeen, where spheres of
D=12mmdiameter were placed in two layers on the flatdyt The flow depth from the roughness
tops to the free surface =41 mmwhich gives a relative submergence ratioHdD=3.42. The
depth-averaged bulk velocity 19=0.43 m/s which yields a Reynolds number Be= UHl =
1760Q Mean flow velocities were measured with a two-gnsional Particle Image Velocimetry
(PIV) system along two longitudinat{) planes above the spheres. These measuremeiniseare
order to validate the results of the LES computetio The computational domain of the surface
flow region span$.3H x 3.5H x H. The subsurface region consists of two layerspbieses of
diameterD=12 mmarranged in a cubic pattern witl® x 12 spheres per layer (Figure 2). In the top
left part of Figure 2a sketch with a part of theupds given indicating planes with maximum (plane
1) and minimum porosity (plane 2). A very high resion grid consisting o720 x 480 x 17points
for the computation domain is employed, which ipragimately60 million grid points in total.
Hence, each sphere is resolved withpoints over the diameter. Based on the global sladlar
stress, the grid spacings in terms of wall units ~ 8 in streamwise direction andy” ~ 8 in
spanwise direction. In the vertical direction thélgspacing is kept at a constant valuedaf=1.0
from the bed to the top of the spheres and iscéteet above the spheres towards the surface. A
longitudinal and a plane view of the grid, wherdyaevery 8" grid line is plotted is given in Figure
3. In the top left part of Figure 3 a sketch witpaat of the domain is given indicating four points
where time-signals are recorded. It has to be nibiddue to the third order interpolation scherine o
the immersed boundary method the touching poinbtsa singular point but an area consistin@ of
x 3 grid points. This is the reason why later on iotplwith maximum porosity a trace of the sphere
is still visible. Periodic boundary conditions aeplied in the streamwise and spanwise directions i
order to simulate an endless channel with fullyedeped flow conditions.

4. RESULTSAND DISCUSSION

41  Mean Flow

Figure 4 shows contours of the time-averagedastwise velocity along a longitudinal
plane with minimum porosity (indicated as planenlthe top left part of Figure 3) for both
experiment (left) and LES. Overall, the match betwsimulation and experiment is very good and
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differences can only be observed near the top efsjpheres, where the LES predicts a slight
acceleration of the flow. Between the roughnesmeitds near the sphere tops small recirculation
regions can be seen, which are caused by sepattitire top of the spheres. This small-scale
behavior could not be measured in the laboratory uthe resolution of the camera. Figure 5
compares the mean-flow velocities between LES atmkrements in a longitudinal plane with
maximum porosity i.e. where the spheres touch e#udr (indicated as plane 2 in the top left part of
Figure 3). Again the agreement between measuredandlated flow velocities is very good. Due
to the relatively large porosity of the setup thésenon-zero flow in the pore region. In the
measurements the plane between spheres cannotdsine@d due to the spheres obstructing the
camera view.

Figure 6 shows a more quantitative comparison oarmstreamwise flow velocities along
several vertical lines along two longitudinal plangith minimum porosity (left) and maximum
porosity (right). As was shown before, the predictiof the mean streamwise velocity is in an
excellent agreement with the observed data ancethee only small differences. The spatial
variation of streamwise velocity profiles along tia® planes can hardly be discerned; this suggests
the existence of only a thin roughness layer,the.layer where the flow “feels” the details of the
roughness geometry. However, the accelerationeofldw on the top of the spheres, recirculation
behind the spheres and a certain amount of floautin the pores can be seen clearly. The flow
velocities in the first pore are slightly smallean in the second pore near the flume bed. This has
also been reported by Prokrajac (2005) and nowirtoeél with the present LES. The reason for this
behavior is that the turbulent exchange proceswdmat the outer flow region and pore region
causes a retardation of the streamwise flow irfiteelayer or in the first pores respectively.

The protrusion of turbulence into the pores cargbantified with streamwise, spanwise and
wall normal turbulence intensities. Figure 7 shothke three spatially-averaged components

normalized with the global shear velocity’«’> Y?u,, <v’ v’> Y2u,, <w’ w'> Y?u;,. It is interesting

to see that the peaks of all components are locatéde top of the permeable bed, i.ez/&t=0.
Unfortunately, for this setup Prokrajac (2005) diok evaluate turbulence intensities and hence a
comparison is made with experimental data obtabe@rass (1972). Though Grass measured flow
and turbulence above one layer of uniform gravaelh(k=9mmand a relative submergence ratio of
H/D=5.5) the normalized profiles are very similar. Gras37@) also observed large peaks in the
streamwise component near the bed as well as ishib&r stress (Figure 7, right). It can be seen tha
considerable turbulence intrudes into the subsertaea and the effect of mass and momentum
exchange becomes obvious from the fairly high \@iewall-normal fluctuations in the first layer
of spheres Z/H=0 to z/H=0.3, which are of similar magnitude as the streamwisgetuations.
Further below, i.e. in the second layer of sphetese is still considerable turbulence left, hoarev
the wall-normal component is not so strong anymore.

41  Instantaneous Flow

Figure 8 shows contours of instantaneous wall-nbrusocities in longitudinal planes with
minimum porosity (upper part) and maximum porogitywer part). The colors (blue indicates
strong downward movement < 0 and red indicates strong upward movement of fluith w > 0)
illustrate the existence of coherent structurescivipirevail over the entire channel depth. Near the
bed the sweeps and ejections seem to occur maega. diin the other hand, as was shown in a
previous paper (Stoesser et al., 2005), vorticew @s they travel towards the free surface.

Figure 9 presents snapshots of the perturbatiotovéeld (’-w’) in two selectec-z planes
with minimum (left) and maximum (right) porosityegpectively. It is apparent from the magnitude
of the perturbation vectors that most of the tuebak occurs in the roughness sublayer just above
the spheres. In the slice with maximum porosity, and outflow scenarios are visible (e.g. at
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x/D=7.8 andx/D = 5.5). In the plane with minimum porosity an ejectiorest (i.e.u’<0 andw’>0,
atx/D=3.5, y/D=0.5) can be observed and a sweep eventyiz® andw’<0) can be spotted in the
plane with maximum porosity afD=6.5, y/D=0.5. These events are comparable to those observed
over smooth beds (as described in Robinson, 198d)augh beds (Stoesser et al. 2003).

The instantaneous data were also analyzed ugjogdrant analysis, similar to Raupach (1981).
The instantaneous values of andw’ are classified into four quadrantswvhich are defined as
outward interactioni€l, whereu>0 andw’>0), ejections iE2, whereu'<0 andw’>0), inward
interaction (=3, whereu’<0 andw’<0) , and sweeps<1, whereu’>0 andw’<0), respectively. At
any point in the flow, the contribution of eventsdifferent strength to the total Reynolds stress
from quadrant can be computed by the formula (Raupach, 1981):

(uw), | :Iimjg U W) 1 (uw) dt

| (u'vv'): 1 if (u',w) isin quadranti and if |u'vv’|2 L|< u'vv>|,
- 0 otherwise

Figure 10 does not show the conditional méanv) — but the probabilityR, :IimJ;T |, (U'w) dt

of events with strength=0, 1, 2,... , 19 Note that by definitionzi R.L=0 = 1This quantity is

shown for the four selected locations in Figure @/kich time-signals were collected over a period
of 10 flow-through times. The dominance of sweeps amdtins is immediately apparent at the
locations 3 and 4, which i8.5D above the bed, a fact that has also been seere atoagh
impermeable beds (Stoesser et al., 2003). This mamoe can as well be observed at location 2,
which is in the centre of the first pore. This lsar evidence that sweeps and ejections are mainly
responsible for mass and momentum exchange pracelssis also evident that these processes
occur during strong events, which is apparent ftbenrelatively flat probability curve showing that
about one third of the events are 19 times larigen the average Reynolds stress. The amount of
strong events seems less pronounced at locatiavhigh is 0.5D above the center of the pore.
However, at that location the mean value<ad'w'> is very high so that the number of extreme
events decreases. Near the bottom wall at locdtivere seems to be no dominating event anymore
and the probability distribution takes a hyperbsh@ape, which indicates isotropic turbulence.

4. CONCLUSIONS

Results were presented of a large eddy simulatioopen channel flow over a permeable bed
consisting of two layers of spheres. In these satmuhs the unsteady flow around and between the
individual spheres was resolved to a very high eegvhich provides an enormous wealth of data.
The calculated mean velocities showed generallydgagreement with the measured data of
Prokrajac (2005). First findings concerning highetter statistics and flow structures were reported.
These are currently extended in ongoing work.
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Figure 2: Setup of the Large-Eddy Simulation ingbudinal (bottom left) and plane view (right) as
well as a sketch (top left) indicating planes okimaum (Plane 1) and minimum (Plane 2) porosity.
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Figure 3: Grid (only every'5grid line is shown) of the Large-Eddy Simulationdngitudinal
(bottom left) and plane view (right) as well askatsh (top left) indicating points (1-4) where time
signals were recorded.
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Figure 4: Contours of time-averaged streamwisecigiau> in a plane with minimum porosity as
measured in the laboratory (left) and predictedh WES (right)
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Figure 5: Contours of time-averaged streamwiseoigigu> in a plane with maximum porosity as
measured in the laboratory (left) and predictedh WES (right)
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planes with maximum (upper) and minimum (lower)qsaty.
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