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Abstract. A method for performing nested-grid cal cul ationswith aL arge-Eddy Simulation (LES) codeisdescribed.
The grid consists of a coarse mesh and a fine mesh which overlaps the coarse in some region. A standard finite-
volume method is used on both meshes. By means of grid communication, the vel ocity and pressure at both meshes
are matched.

To check that large eddies which are aready resolved on the coarse grid are not affected by the nesting
procedure, asimple two-dimensional mixing layer issimulated. Several simulations of this flow have been carried
out with a different number of grid points on the nested grid. It is found that, without much extra computational
effort, the grid-nesting improves the turbulent statistics with respect to the results found on the coarse mesh. This
improvement occurs first of &l in the region where grid refinement is applied, but better results are also found on
the coarse mesh outside the grid-refinement region. Furthermore, it is shown that the large-scale structures in this
flow are not influenced by the boundary between the coarse and fine grid.
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1. Introduction

Numerical simulation is becoming an increasingly important tool to study turbulent flows.
It is used for instance to investigate fundamental aspects of turbulence, such as coherent
structures, but it can also be applied to generate data which can be used to formulate models,
e.g. closure hypotheses, for a given flow geometry. The most straightforward simulation
technique is Direct Numerical Simulation (DNS) in which al turbulent flow scales, i.e. from
the micro- to the macro-scales, are numerically resolved. However, this approach is limited
to low Reynolds numbers. As a result, it is not suited to compute, for instance, engineering
or atmospheric flows, which occur at large to very large Reynolds numbers. Therefore, an
aternative simulation technique has been developed, namely Large-Eddy Simulation (LES).
In this technique the micro-scales of turbulence are removed by means of afiltering procedure
and the remaining macro-scales are then numerically solved on a grid of which the size is
usually taken proportional to the filter length, see e.g. [1] for areview.

The drawback of LES is that the influence of the filtered micro-scales on the resolved
macro-scales cannot be neglected. In the filtered equations for the resolved motions this
subgrid influence appears as an additional stress term known as the subgrid term. As a
consequence, the solution of the LES equations requires a closure hypothesis which gives
a description of the subgrid stresses in terms of the known, resolved variables. The subgrid
stress is, however, a spatially intermittent and highly fluctuating quantity and its relationship
with local flow variables is poorly known. Fortunately, in many circumstances the effect of
the subgrid stresses on the large-scale resolved motions is negligible. Thisisin particular the
case when the energy of subgrid motionsis small with respect to the total energy of the flow.
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In that case we could use a simple subgrid model, because, in view of large-scale dynamics,
its only purpose is to dissipate energy at a sufficient rate. Such a simple, but at the same time
satisfactory, subgrid closureisthe so-called Smagorinsky model [2] whichisstill widely used.

On the other hand, there are caseswhere asimple subgrid model fails. The most well-know
exampleis turbulent flow near awall. The reason is that, as the wall is approached, the tur-
bulence scales, in particular those normal to the wall, become smaller and, consequently, the
contribution of the subgrid scales to the total energy becomes larger. Various modifications
have been proposed to correct this problem. We may mention here the dynamic model origi-
nally proposed by Germano et al. [3]. In thismodel the constant in the Smagorinsky model is
adjusted as a function of the spatial coordinates resulting in the subgrid model turning itself
off in the neighbourhood of the wall where the flow becomes laminar-like. Another approach
is the use of backscatter [4] in which some of the subgrid energy is injected back into the
resolved scales by means of a stochastic procedure. However, neither of these modifications
isfound to be completely satisfactory in all circumstances.

The most straightforward approach to solve the problem mentioned above would be to
decrease the filter length of the LES when the wall is approached. In this way we could keep
the subgrid energy always small in relation to the resolved energy. A first step toward such a
non-uniform filter length would seem to be the use of a non-uniform grid which decreasesin
sizein adirection normal to the wall. However, it appearsthat in this case the filter length still
remains determined by the large grid size of the interior flow. It seems that the non-uniform
grid resultsonly in abetter representation of the mean profilesasafunction of the wall-normal
coordinate and not in a better resolution of the turbulence (e.g. Nieuwstadt et al. [5] ).

A real reduction of the filter length can only be obtained when the grid size is reduced
in al three coordinate directions. In other words, we need to apply grid refinement. Such a
procedure has been proposed by Sullivan et al. [6] for a LES of the atmospheric boundary
layer. They use a nested grid near the surface which is superposed on and at the same time
is collocated with the original coarse grid. Clearly, thisis an attractive approach because it
alows us to introduce grid refinement at those positions in the flow where the effects of the
subgrid model may be critical. In this way, the influence of the subgrid model on the overall
results can be reduced.

To perform the computation on both a coarse and a fine grid requires a communication
procedure between both grids. An important requirement which such a procedure must satisfy
isthat it should leavethelarge eddieswhich are already resolved on the coarse grid undisturbed.
It is the objective of this paper to verify this requirement for two grid-nesting schemes. In
the first the communication between both grids is carried out by interpolation, whereasin the
second method the procedure proposed by Sullivan et al. [6] is used. We consider a particular
flow problem for our test, namely the two-dimensional mixing layer which is known to
generate large-scale vortex structures. Computation of this mixing layer on both a coarse and
amixed grid, i.e. the combination of afine and a coarse grid, should demonstrate whether the
two communication procedures |eave the large eddies undisturbed.

The lay-out of this article is as follows. In Section 2, the governing equations for LES
will be given and the numerical procedure to solve these equations will be discussed. Next,
in Section 3 the details of the grid-refinement procedure will be treated. Finaly, in Section 4
the simulation of the mixing layer on which the grid-refinement procedure is tested will be
discussed.
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2. Large-eddy simulation model
2.1. GOVERNING EQUATIONS

In LES each flow variable ¢ is decomposed in alarge-scale component ¢ and a subgrid scale
component ¢’ as ¢ = ¢ + ¢' where the large-scale component is obtained by the application
of amoving-filter operation. The resulting equations for the spatially filtered vel ocity, u;, and
pressure, p, then become:

Ujj = 0, (1)
ow; 1_ _
gr @) = = 2P+ Vi + Tig, 2

where p is the density of the fluid. In this equation a new stress term appears, the so-called
subgrid stress 7;;. It is defined as

Tij = —(Wiuj — wig). ©)

We parametrize this subgrid stress here following the Smagorinsky model:

Tij = Zytgij with Vg = (CSA)Z\/ Zglzj, (4)
where S;; is the deformation-rate tensor of the resolved velocity field

- 1fom o

%5 =3 (axj " axi> ' ©

In the equation for v, the A is a representative grid spacing which is defined here as
A = (Az1AzoAz3)Y3, where the Azq, Az, and Az are the grid spacings in the three
coordinate directions. The constant cg is known as the Smagorinsky constant and it can be
interpreted as being proportional to theratio of the filter length to the grid spacing. In general
avaue ~ 0-1...0-2 istaken for ¢cg which implies afilter length of approximately twice the

grid spacing.

2.2. COMPUTATIONAL METHOD

The eguations given in the previous subsection are solved by the following numerical tech-
nigues. The Equations (1)—(2) are discretized with a second-order finite-volume method on a
staggered grid. A second-order Adams-Bashforth [7] method is used for the time integration.
Keeping the Courant number fixed, we adjust the time step dynamically. Mass conservation
is preserved through a pressure-correction method [8]. This leads to the following system of
eguations to be solved consecutively:

wl =l + At (GA(ul) — 3A@IY), ©)

ultt = uf — At Gpn L, ©)
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Here, w7 is the velocity at time nAt and p™ the pressure. The operator A(uf') represents
the discretized viscous and convective terms; D is the discrete divergence operator and G the
discrete gradient operator. The Poisson equation (7) needs to be solved at every time step by an
iterative or direct solver. Here, we have used a direct solver based on Fast-Fourier-Transform
techniques (e.g. [9,10]).

3. Grid-nesting algorithm

D
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Figure 1. A fine grid nested within a coarse grid Figure 2. Interpolation of the tangential velocity

components from the coarse grid to the fine grid.

The purpose of local grid refinement is to obtain a better resolution of turbulence in areas
which can be considered as critical in terms of the total flow problem. The starting point is a
numerical simulation of the whole flow field on a coarse uniform grid. In some parts of the
flow domain, which are considered to be critical, the coarse grid is locally overlaid with a fine
grid. The fine grid is also taken to be uniform. This grid structure is shown in Figure 1. The
coarse grid size is a multiple of the fine grid size, so that each coarse cdll is a union of fine
cells. On both grids the standard staggered velocity representation as discussed above is used.

3.1. COMMUNICATIONFROMTHECOARSETOTHEFINEGRID

An important problem is to know how the interaction between the two grids should be
formulated and various methods can be devised for this. Here, we consider the interaction
imposed through conditions on the boundaries between the fine and the coarse grid. These
boundaries either coincide with a physica boundary or they are embedded in the interior
of the coarse grid. In the former case, the standard boundary conditions, used on a surface,
are applied both on the fine and coarse grid. For the latter case, i.e. the interior boundary,
Dirichlet conditions are applied: i.e. on the boundary of the fine grid velocity components are
prescribed. These boundary conditions need to be adapted every time step. They follow from
interpolation of the velocity computed on the coarse grid.

Let us specify this interpolation procedure in somewhat more detail. For simplicity we shall
consider interpolation in two-dimensions and for a grid refinement factor of two (generali-
sation to three dimensions and to other grid refinement factors is straightforward). Boundary
conditions for the velocity components tangential to the interface are implemented by intro-
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duction of virtual points outside the area of the fine grid, cf. Figure 2. Next, a multi-linear
interpolation® is computed according to

ve = (3v4 +vp)/4, ve = (3vp +ve) /4, vy = (vg +v¢)/2, 9

with v, v, and v, as the velocities on the fine grid and v4,vg, ve and vp as those on the
coarse grid.

B A

Figure 3. Interpolation of the normal velocity components from the coarse grid to the fine grid.

Following Thompson and Ferziger [11], we use for the normal velocity components a
dlightly different procedure to ensure mass conservation. First, preliminary values, denoted
by primes, are computed by multilinear interpolation (Figure 3)

ul, = (3ua +up)/4, up = (ua + 3up)/4, (20)

with the same notation as used above. Next, a correction is applied to ensure that the sum of
the mass flux through the fine-grid cell faces of which the union is a coarse grid-cell face,
equals the original mass flux through this coarse-grid cell face. For the situation depicted in
Figure 3, thisimplies (uy + u.)/2 = up. We achieve this by defining

2U,B ’ ZUB '
Up,y Ue = v T U
b c

Up =
up + ul,

3.2. COMMUNICATION FROM THE FINE TO THE COARSE GRID

Not only do we have to take into account the influence from the coarse grid on the fine grid
by means of the boundary conditions, but we need also an update of the coarse-grid velocity
components by the results obtained on the fine grid. Two possible coupling methods between
the grids which we will consider are:

Method 1

In this method we apply interpolation of the results of the fine grid to the coarse grid. This
interpolation may take place at arbitrary time steps to be determined by the user. In our

1 1t would appear that a second-order interpolation scheme is required in order not to destroy the accuracy of
the numerical solution on the fine grid. However, the subgrid-stress modeling introduces a first-order, local error
and, therefore, we concluded that a first-order interpolation would be sufficient. Indeed, we typically found no
visible influence of thislocal error on the resultsin our simulations (See resultsin Section 4).
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simulations we applied this interpolation at every time step, but we may get by with less
interaction. Interpolation could be applied after the predictor step (u’} — u}), or after the

correction step (u’]%+1 — u*1). Since the latter, which is also known as a so-called post-
insertion method, may violate the conservation of mass on the coarse grid, we prefer to
interpolate after the predictor step.

Toillustratetheinterpolation algorithm, adescription of al stepsisgiveninthe Appendix A.

Method 2

In the paper of Sullivan et al. [6] another method of so-called two-way coupling between the
coarse and the fine grids is proposed. In their case communication from the fine to the coarse
grid is taken care of by modification of the subgrid terms in the coarse-grid equations. These
terms, which appear both in the coarse-grid momentum equations and in the right-hand side
of the Poisson equation for the pressure, are now formulated in terms of the subgrid model on
the fine grid together with an explicit contribution of the scalesin between the large and small
grid. It turns out that this formulation is consistent with the filtering procedure introduced by
Germano et al. [3] in their dynamic model.
To illustrate this algorithm, a description of all stepsis given in Appendix B.

4. Themixing layer
4.1. PROBLEM DESCRIPTION

The LES model including the grid-refinement technique described in the previous section
will be tested for the case of a horizontally homogeneous, two-dimensional mixing layer
which develops as a function of time. This flow is also known as a temporal mixing layer.
One might perhaps object that a two-dimensional flow will not lead to the turbulence that we
usually aim to simulate with LES. However, we have selected this case because of the fact
that, in a two-dimensional temporal mixing layer, the flow as a function of time organizes
itself in large-scale vortex structures. Our purpose isto check with this flow whether our grid-
refinement procedure leaves these large-scal e vortex structures and their devel opment, which
isalready well resolved on the coarse grid, undisturbed. In our opinion, this should be checked
first before we can apply the grid-refinement technique with confidence to three-dimensional
turbulence in order to improve the resolution of small-scale turbulence?.

For the formulation of the tempora mixing-layer problem, we follow Lesieur et al. [12]
who have performed DNS of such a mixing layer at the high resolution of 256 x 256 grid
points, using a streamfunction-vorticity formulation with a hyperviscosity subgrid model.
Here, we consider a two-dimensional mixing layer in the =,y plane at y = 0-5 in a box
0 < z,y < 1. At the upper and lower boundaries, i.e. at y = 0 and y = 1 we apply free-dip

2 |t should be stressed that in this article we primarily concentrate on the behaviour of the large resolved scales
under grid refinement and for this we have selected the two-dimensional mixing layer. The difference between the
two grid-communication methods discussed in Section 3.2 will appear in particular when the subgrid scales play
a more important role in the flow dynamics such as in the case of three-dimensional turbulence. Therefore, we
should be careful in interpreting the results obtai ned with these two grid-communication methods here in terms of
their performance in the three-dimensional case and for the latter we refer to [6].
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boundary conditions. In the z-direction we use periodic boundary conditions. At the initial
time, i.e. t = 0, the velocity field is given by:

2y—1
Uly) = Us, tanh ( v ) , (11)
where § ischosen as:
1 0-8892
28" 16w - (12)

In this case, the wave number of the fastest growing spatial mode «,, is equal to 16x. On the
initial velocity field (11) we superpose a perturbation with components « and v, defined by
means of a stream function according to

o9 __

= S 1
u y’ v o (13)

and, as aresult, the perturbation is divergence-free. The perturbation stream function is given
by

2
1) = 0-1U4 exp l— <y 50 5) ] cos(ax), 14
in which the wave number is 27/\ with a wave length A\. We have taken for the actual
perturbation the sum of two waves with wave lengths 1/4 and 1/10 in terms of the domain
length, respectively. The Reynolds number of this flow is defined as Re = Ud/v where v
is the kinematic viscosity of the fluid. In all simulations Re was taken equal to 250. In the
following, the results shall be presented in terms of non-dimensionalized time, i.e. the time
scaled with § /U

4.2. SIMULATIONS

Six different simulations have been carried out for the flow geometry of the temporal mixing
layer discussed above. In each simulation we have changed the number of grid points and in
anumber of cases we have used our grid-refinement procedure. In the cases 1 to 4, we have
used coupling method 1 and cases 5 and 6 have been cal culated with coupling method 2. The
computational details of all casesare collected in Table 1.

Table 1. Thedifferent grids used in the smulations

a b c d e f
Neoarse 240 x 240 80x80 80x 80 80 x 80 80 x 80 80 x 80
y (fine) - - Tcy<? f<y<? fcy<? f<y<?
Niine - - 160 x 40 240 x 60 160 x 40 240 x 60
Cs 01 01 01 01 01 01

Cpl. meth. — - 1 1 2 2
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Figure 4. The mean velocity profiles after 20 timescales (left). The profiles of the root mean sguare of the
streamwise velocity fluctuations after 20 timescales (right).

The first computation, denoted as case a, uses a grid consisting of 240 x 240 grid points
with no grid refinement. This high-resolution computation is taken as a reference with which
the other computational data are to be compared. In the second case, denoted as case b, a
coarser grid of 80 x 80 has been used and again no grid refinement has been applied. This
case alows us to estimate the improvement of grid refinement on the computational results.
The next two computations, cases ¢ and d, are both computed on the grid of 80 x 80 grid
points in combination with the grid-refinement procedure according to method 1 of Section
3.2. In computation ¢, the grid refinement was applied in the sub domain 0 < z < 1 and
0-375 < y < 0-625, i.e. around the velocity discontinuity. The refinement factor is 2 in both
directions. In computation d the grid refinement has been applied to the same sub domain, but
now with a refinement factor of 3 in both directions. The last two computations ¢ and f use
the same number of grid points as ¢ and d, but the difference lies in the grid-communication
method which is now method 2.

For most applicationsit issufficient to consider statistical quantities, likemean flow profiles,
root mean square profiles and spectra. Therefore, we will restrict ourselves to a comparison
of these variables on the coarse and refined grid with the results obtained for high-resolution
casea.
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Figure 5. The mean velocity profiles after 40 timescales (left). The profiles of the root mean sguare of the
streamwise velocity fluctuations after 40 timescales (right).
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Figure 6. The mean velocity profile after 60 timescales (Ieft). The root mean sgquare profiles of the streamwise
velocity after 60 timescales (right).

In Figure 4 (left) we have plotted the mean velocity profiles obtained from the four
simulations a—d after 20 timescales. In Figure 4 (right) similar results are shown, but now for
theroot mean square (rms) of thevel ocity fluctuationsafter 20 timescales. All four simulations
give aimost identical profiles for the mean velocity but some differences show up for the rms
values. Thefact that the numerical resolution of simulation b islower than for case a isclearly
reflected in the smaller magnitude of the rms for case b. However, the simulations ¢ and d,
which use grid refinement, give rms values comparable with the results of simulation a on the
fine grid.

In Figures 5 and 6 (left and right) we have plotted the mean and rms profiles for the
cases a—d after 40 and 60 timescales, respectively. All four simulations give again identical
mean flow profiles after 40 timescales, and there is reasonabl e agreement for the rms profiles.
After 60 timescales some differences become apparent in the mean profiles. However, it
is clear that in comparison to the high resolution case «, the nested-grid simulations, i.e.
simulations ¢ and d show better agreement than the non-nested coarse simulation 4. Figure
6 (right), which illustrates the rms-profiles after 60 timescales, shows very clearly that the
nested-grid simulations ¢ and d are superior to the coarse-grid simulation b. The interesting
fact, which should be noted here, is that the results improve not only in the region where the
grid refinement has been applied, but also in the regions where the grid has remained coarse.
Furthermore, it is also clear that simulation d gives better results than simulation ¢, i.e. an
increasing value of the grid-refinement factor or aincreasing number of gridpoints on thefine
patch, improves the results. Again, this improvement is found both within and outside the
region of grid refinement.

The results for the cases c—d above have been calculated by coupling method 1 of Section
3.2, i.e. the method with interpolation of the fine grid results to the coarse grid. In Section
3.2 we have also presented another coupling method, indicated as method 2. In this second
method, the fine grid solution is used to calculate the subgrid stresses on the coarse grid in
the nested region. The use of a subgrid model on the coarse grid in the overlap region is thus
avoided. The performance of method 2 is considered in computations e and f which have the
same grid resolution as cases ¢ and d, respectively.

In Figure 7 we show the root-mean-square values of the streamwise velocity at ¢ = 40
and ¢t = 60 for cases ¢ and f. For comparison, we have again plotted in this figure the
fine-grid simulation (a). The agreement between the nested-grid simulations and the fine-grid
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simulation by means of coupling method 2 isfor case f comparable with the results obtained
with coupling method 1 (see Figures 5 and 6). For case e the results with method 2 seem to
be somewhat poorer, which is due to the computation in method 2 of the scales in between
the large and small grid. However, before making any conclusion regarding the performance
of the two coupling methods, we should remind the remarks made in footnote 2.
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Figure 7. The root mean square profiles of the streamwise velocity after 40 and 60 timescales. Calculated with
coupling method 2

4.3. VORTICITY

Another interesting quantity for analysisis the vorticity. In two dimensions only one compo-
nent of the vorticity vector differs from zero. In our casethisisw, defined as
oU +wu) Ov

w, = 3y e (15)

In each of the Figures 8, 9 and 10 we show contour plots of the vorticity for the simulations
a—d after 20, 40 and 60 timescales, respectively. The datafor the casesc and d at 20 timescales
show qualitatively the same behaviour as simulation a given in the same figure. On the other
hand, the vortex pattern for the coarse-grid is clearly different. In fact, the pairing of the
vortices has aready started in this coarse-grid case, caused by a numerical resolution that is
too low which leads to numerical damping that istoo high. After 40 timescal es the agreement
between simulations «, ¢ and d is till good, while simulation b shows a totally different
behaviour. After 60 timescales only an acceptable agreement between simulations ¢ and d
remains.

4.4. SPECTRA

A more detailed comparison between the results obtained on the different grids can be made
with help of the energy spectrum. Since the mixing layer is periodic in the z-direction, we
can calculate one-dimensional spectra along this axis. The one-dimensional energy spectrum
averaged over the y-direction then reads, (e.g. Lesieur et al. [12] Equation 2.5):

1
B(k) = [ fitk.y) Pdy. (19)



Local grid refinement in large-eddy smulations 171
0.9 0.9
0.8 0.8
0.7 700 0.7 800 --
700 --
06 600 -
500 -
05 400 -
200 -- 300 -
04 To0 - 04 200 —
0.3 0.3 100 —
0.2 0.2
0.1 0.1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.9 0.9
0.8 0.8
0.7 800 -- 0.7 700 --
600 --
500 -
400 —
300 -
200 -
100
0.3 100 - 0.3
0.2 0.2
0.1 0.1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Figure 8. Contour lines of the vorticity after 20 timescales
where
1 N
N _ —tkx
U’(kay) — AT Zu(m,y)e ) (17)
N k=0

is the Fourier Transformation of the velocity in the z-direction.

In Figure 11 we show these energy spectra for the cases a—d after 40 timescales. The
spectrum for the the fine grid simulation « given by the solid line, should be again taken as
areference. The spectrum for the coarse grid, case b, clearly fails for the smallest scales, i.e.
the highest wave numbers. The two cases, with grid-refinement, show much better resultsin
comparison with a. Against our expectation the agreement is best for case ¢ which uses a
lower grid-refinement factor than case d. The interpolations from the fine to the coarse patch
probably introduce some noise which increases with the grid-refinement factor. In this figure
we have also plotted alinewith aslope of —4, which isthe behaviour of the spectrum observed
by Lesieur et al. [12]. We seethat all simulations agree more or lesswith such £ ~# behaviour.

5. Concluding remarks

It has been argued that L arge-Eddy Simulation becomes|essreliable near physical boundaries
like walls, where the length scales of the large eddies are reduced and a finer grid is needed
to resolve these eddies. In this paper we have proposed a method which can be used to refine
a grid locally in al three directions, by means of a so-called grid-nesting method. In this



172 B.J. Boersmaet al.

4 09 =4 09
4 08 4 08
700 --- 4 07 800 --
600 --- 700 --
500 - | 06 600 -
400 - f 05 200~
300 --- S 400 -
200 - 300
100 --- 04 200 -
1 03 100 -
4 02 4 02
1 01 4 01
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
4 09 4 09
4 08 4 08
0.7 700 -
600 --
0.6 500 -
400 -
05 3090 -
200 -
: 04 100
4 03 100 - 4 03
4 02 4 02
4 01 4 01
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 9. Contour lines of the vorticity after 40 timescales

method, a coarse grid and one or more fine grids are used which overlap the coarse grid in
some part of the flow domain.

In the present study simulations for a two-dimensional temporal mixing layer have been
carried out with varying resolutions on the fine-mesh. The results from this grid-refinement
procedure have been compared with the results of a high-resolution simulation carried out on
the same flow domain. This particular flow has been selected because it allows us to study
whether the grid-refinement procedure influences large-scale structuresin the flow.

From the results we can conclude that with respect to statistics such as the mean velocity
and the rmsvalues, the nested grid simulations are clearly superior to the results obtained with
a simulation on a coarse grid in the whole flow domain. Contour-line plots of the vorticity
show no visible influence of the boundary between the coarse and fine grids. Also, the one-
dimensional spectra confirm that the results of the refined-grid computations perform better
in comparison with the coarse-grid computations.

Therefore, we venture to conclude that the grid-nesting procedure seemsto meet its objec-
tive, namely alocal increase of resolution. However, we again stress that our comparison here
has been carried out for atwo-dimensional flow. It has still to be checked whether our conclu-
sion also appliesto the three-dimensional case. In this case we expect that the communication
from the fine to the coarse grid will play a more important role than in the present case. This
will be the subject of further study.
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Figure 10. Contour lines of the vorticity after 60 timescales
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Figure 11. The one-dimensional energy spectra as defined by Equation (17)
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Appendix A: Grid-nesting algorithm (1)

1. Initialize w? and u$.
2. Forn =1, nstep do

(a) Calculate the turbulent viscosity v, on the coarse grid.
(b) Apply boundary conditions on the coarse grid for the velocities and the (turbulent)
viscosity.
(c) Apply boundary conditions on the fine grid velocities u'y by interpolating ' to the
bounding box.
(d) uj = uf + At(SAME) — A1)
(e) Calculate the turbulent viscosity v, on the fine grid.
(f) wp = u} + At(3Au)) — 3AWFY).
(9) Interpolate uy to the coarse grid, ie. u} = uy in the overlapping region.
(h) Determine boundary conditions for w.
(i) Solve —Du} = —AtDGpr*L.
() uptt = ug — ALGpptt,
(k) Determine boundary conditions on the fine grid for up by interpolating »”** on the
bounding box.
(I) Solve —Du} = —AtDGp} ™.
(m) u?+1 =uj — AtGp?J“l.

Appendix B: Grid-nesting algorithm (2)

1. Initialize w? and u§.
2. Forn =1, nstep do

(@) Calculate the subgrid stress w;u; — w; uj, using the subgrid model in non-nested
region and the fine grid solution in the nested region.

(b) Apply boundary conditions on the coarse grid for the velocities and subgrid stress.

() Apply boundary conditions on the fine grid velocities v by interpolating u to the
bounding box.

(d) uf = uf + At(GA(uy) — FAu™)).

(e) Calculate the turbulent viscosity v, on the fine grid.

(f) wp = ul} + At(3A(u)) — 3AWFY).

(9) Solve —Du} = —AtDGpP*L.

(h) utt = — AtGpPtL.

(i) Determine boundary conditions on the fine grid for up by interpolating »?** on the
bounding box.

(i) Solve —Du} = —AtDGp’}+l.

n+l __ | x n+1
(k)uf =uj — AGpy T
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