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1 Introduction

In the present study, hybrid LES-RANS is used to sim-
ulate fully developed channel flow. Four different res-
olutions are used. The resolutions are analyzed using
two-point correlations (streamwise and spanwise direc-
tions), the corresponding spectra, the spectra of the SGS
dissipation and by presenting the wave number at which
the maximum spectral SGS dissipation takes place. The
issue of overly large resolved kinetic energies on coarse
grids is discussed.

2 Numerical details

2.1 The Momentum Equations

The Navier-Stokes equations with an added turbu-
lent/SGS viscosity read
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where vr = 14 (v; denotes the turbulent RANS viscos-
ity) close to the wall for y < y,,;, otherwise vr = v,;.
The turbulent viscosity, vr, is computed from an alge-
braic turbulent length scale, see Table 1, and a transport
equation is solved for kr, see below. The density is set
to one in all simulations. A driving constant pressure
gradient, d;;, is included in the streamwise momentum
equation.

2.2 Hybrid LES—-RANS
A one-equation model is employed in both the URANS
region and the LES region and reads
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Case Ax | Az | N, | N,
Baseline | 0.1 | 0.05 | 64 64
2Azx 02 |005| 32 | 64
2Az 0.1 | 0.1 64 | 32
4Ax 04 |005| 16 | 64

Table 2: Test cases.
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Figure 1: U velocities. — : Baseline; - - - : 2Ax; - - :
2Az; 0: 4Az; +: UT = (Iny+)/0.4 + 5.2

where vy = ck'/2¢. The location at which the switch is
made from URANS to LES is called the interface and
is located at y.,; from each wall. In the inner region
(y < ymi) kr corresponds to RANS turbulent kinetic
energy, k; in the outer region (y > yn,;) it corresponds
to subgrid-scale kinetic turbulent energy, ksgs. The co-
efficients are different in the two regions, see Table 1.
No special treatment is applied in the equations at the
matching plane except that the form of the turbulent
viscosity and the turbulent length scale are different in
the two regions. kr = 0 at the walls. Greater detail is
given in [1].

2.3 The Numerical Method

URANS region

LES region

An incompressible, finite volume code is used [2]. For

¢ 2.5n[1 — exp(—0.2k'2n/v)]
vr | 0.09-2.5kY2n[1 — exp(—0.014k'/?n /v)]
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space discretization, central differencing is used for all
terms except for the convection term in the kr equa-
tion for which the hybrid central /upwind scheme is em-

Table 1: Turbulent viscosities and turbulent length
scales in the URANS and LES regions. n denotes the
distance to the nearest wall. A = (§V)'/3

ployed. The Crank-Nicolson scheme is used for time
discretization of all equations. The numerical proce-
dure is based on an implicit, fractional step technique
with a multigrid pressure Poisson solver [3] and a non-
staggered grid arrangement.
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Figure 2: Resolved fluctuations in the streamwise direc-
tion. See caption in Fig. 1.
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Figure 3: Resolved fluctuations in the wall-normal di-
rection. See caption in Fig. 1.

3 Results

The flow was computed for Reynolds number Re, =
u;0/v = 4000 (6 denotes the half width of the chan-
nel) and four different computational grids are used, see
Table 2. The extent of the computational domain is
Tomaz = 6.2 and 2,4 = 3.2 for all cases. The number of
cells in the y direction is 80 with a constant geometric
stretching of 15%. The gives a smallest and largest cell
height of Ay, = 2.2 and Ay}, = 520, respectively.
The grid spacing in the wall-parallel plane in viscous
units is (Az™, Az1)=(400-1600,200-400). The match-
ing line is chosen along a fixed grid line at y™ = 125
(y = 0.0313) so that 16 cells are located in the URANS
region at each wall.

The velocity profiles are presented in Fig. 1. It can
be seen that the Baseline case and Case 2Ax give almost
the same results, whereas coarse spanwise spacing (Case
2Az) gives much poorer results. The coarsest stream-
wise grid spacing (4Az) also yields poor agreement.

Figures 2 and 3 present the resolved fluctuations in
the streamwise and wall-normal direction. As can be
seen, u2, . increases as the grid is coarsened, while v2,,,
decreases as the grid is coarsened in the streamwise di-
rection and increases upon coarsening in the spanwise
direction; however, their product increases in all cases
compared to the Baseline case. This can be explained
as follows. The driving force term in the streamwise
momentum equation must be balanced by the sum of
the resolved, viscous and modelled shear stress. When
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Figure 4: Resolved shear stress. See caption in Fig. 1.
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Figure &: Resolved fluctuations in the spanwise direc-
tion. See caption in Fig. 1.

integrating the streamwise momentum equation, Eq. 1,
in x, z, and ¢, we get

0=1y—{(u'0")

y+<(”+”T)g_Z>‘[1 )

-~

Ttot

where the terms represent the prescribed driving pres-
sure gradient, the resolved turbulent shear stress at y,
the viscous and modelled turbulent shear stress at y,
and the wall shear stress, respectively. We obtain the
usual result: the total stress must behave as

Teot =1 —y (3)

When the grid is coarsened, the non-linear interaction
is weakened so that the correlation between the stream-
wise and wall-normal resolved fluctuations is dimin-
ished. This results in too small a resolved shear stress.
The equations respond by increasing the resolved fluc-
tuations by increasing the bulk velocity and hence the
velocity gradient, 0u/dy, which is the main agent for
producing resolved turbulence. The bulk velocity, and
hence the resolved fluctuations, are increased until the
resolved shear stress is large enough to satisfy Eq. 3.
This phenomena also occurs for under-resolved DNS, see
[1]. When the total turbulent (i.e. resolved plus mod-
elled) kinetic energy is over-predicted in hybrid LES-
RANS, as in the present simulations, it is often referred
to as double-counting, meaning that the turbulent ki-
netic energy is accounted for twice, both by resolved
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Figure 6: Two-point correlation By, (%). y = 0.083.
See caption in Fig. 1. Markers on the lines show the
resolution.

Figure 7: Two-point correlation By, (%) See caption in
Fig. 1. Markers on the lines show the resolution.

and modelled fluctuations. However, as explained above
the reason is the prescribed driving pressure gradient in
Eqg. 1 along with the requirement in Eq. 3.

Figure 4 shows that the resolved shear stresses are
essentially independent of grid resolution.

It should be stressed that the process of increasing
the resolved fluctuations until the total shear stress sat-
isfies Eq. 3 will not occur in a general flow case with
an inlet and outlet (i.e. a flow case with no prescribed
driving pressure gradient). In a general flow case, the
resolved shear stresses will simply remain too small and
the result will be underpredicted resolved shear stresses.

The spanwise resolved fluctuations are affected by
grid coarsening in the same manner as the wall-normal
ones: streamwise and spanwise coarsening cause a de-
crease and an increase, respectively, see Fig.5.

Figures 6 and 7 present the streamwise and spanwise
two-point correlations, which are defined as By, (&) =
(W' (z)u' (x — )Yzt and By (2) = (W' (2)w'(z — 2))eat,
respectively (subscript zzt is added here to emphasize
that two-point correlations are averaged over z, z and
t). The two-point correlations are all presented for
yT ~ 330 (y = 0.083); the integration length scale de-
creases slightly closer to the wall and increases further
away from the wall. Here we have chosen not to nor-
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Figure 8: Energy spectrum Ey,(kz). Thick dashed line
shows —3/3 slope. y = 0.083. See caption in Fig. 1.
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Figure 9: Spectrum of resolved streamuwise fluctuations,
v = (Byuu(ks)Akg)Y?. y = 0.083. See caption in
Fig. 1.

respectively. When normalized, the comparison of the
two-point correlations is very different, but the reason
for the difference is primarily different levels of the re-
solved fluctuations. We can see from the two-point cor-
relations that there are oscillations in B, (Z) for Cases
2Az and 4Az. The two-point correlations also give an
idea of how many grid cells are used to resolve the large
scales. The large scales in the streamwise direction are
resolved by 2 (Case 4Az) to 10 (Baseline case) cells
whereas the large scales in the spanwise direction are
covered by only 1 (Case 2Az) to 5 (Baseline case) cells.
Thus, Figs. 6 and 7 indicate that all cases except the
Baseline case have insufficient resolution.

Figure 8 presents the one-dimensional spectra
Eyu(kz). The thick dashed line shows the —3/3 slope.
The spectra are computed by taking the Fourier trans-
form of the two-point correlation, By, (%), in Fig. 6. The
spectra are all presented for y* ~ 330 (y = 0.083) but,
when plotted in log-log as in Fig. 6, they show the same
behaviour across the channel, the main difference be-
ing that they are shifted along the E,, axis as u2,
varies across the channel. The smallest wavenumber is
Kg,min = 27 /Zmqez. The largest wavenumber included
in the plots is Kg,mez = 27/2Az, where we have as-
sumed that two cells are required to resolve a wave-
length. For the Baseline case, for example, this gives
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Figure 10: Energy spectra Eyw(k,). The thick dashed
line shows —5/3 slope. y = 0.083. See caption in Fig. 1.
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Figure 11: Ratio of SGS dissipation in the wall-parallel
plane and in the y direction. €5GS.e+: = €sasa1 +
€5GS,33 + €5as,13. See caption in Fig. 1.

Kz,min = 27/6.4 = 0.98 and Kz mee = 7/0.1 = 31. Tt
can be seen in Fig. 8 that the spectra in all cases have
a —1 slope, which indicates that the mesh resolution for
these cases is too low. There is a pile-up of energy in the
small streamwise scales for Cases 2Ax and 4Az. This
phenomenon is present across the channel. In DNS and
LES this phenomenon is usually attributed to too low a
dissipation, which indicates too a low resolution. Here,
it means that SGS dissipation

ou; 0u;
623j 8.’L'j

) (4)

esas = (vt

is too small. This may be because the grid is too coarse
or that the turbulent viscosity, vy, is too low. Note
however that it is not necessarily the time-averaged SGS
viscosity that is too low; the SGS dissipation may also
be too small because the correlation between vy and
(0u;/0z;)(0u;/0x;) is too small. A SGS turbulence
model with larger correlation between the instantaneous
SGS viscosity and the small-scale resolved velocity gra-
dients would perhaps work better in this case. Fil-
tered SGS models [4] or variational multi-scale meth-
ods [5, 6, 7] might be an alternative since the SGS vis-
cosity in these methods is computed using small-scale
resolved fluctuations.

As noted above there are oscillations in the two-point
correlation for Cases 2Az and 4Az (Fig. 6). If these
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Figure 12: Spectra of approximated esgsi1 and

€5Gs,33- Yy = 0.083. See caption in Fig. 1.

oscillations are smoothed out, the resulting spectra for
Case 2Az take a form similar to that of the spectra in
Fig. 10. Hence the pile-up of energy in the small scales
for Cases 2Az and 4Az is not a result of the oscillations
in the two-point correlations.

For high wavenumbers (k; > 10), the streamwise
spectra for the Baseline case and Case 2Az exhibit
a clear “dissipation” range (i.e. a steeper slope than
—5/3). If the spectra had been obtained from DNS
or experiments it would indeed have been a dissipation
range, but in the present case we are using a turbulence
model and hence what is seen in the spectra is a SGS
dissipation range.

Apart from energy spectra E,,(k;)Akg, it is illus-
trative to plot the streamwise, resolved, spectral fluctu-
ation, u'(k,), see Fig. 9. Recall that (for details, see [8])

nk

k=1

where nk = 64 (Baseline case) denotes number of cells
in the spanwise direction and hence

U (Kg) = (Byy (ko) Akig)/?

The largest fluctuations in Fig. 9 can be compared with
Urms at yT = 330, which is equal to 3 for, for example,
the Baseline case (see Fig. 2). Figure 2 shows that when
the mesh is coarsened in the streamwise direction, the
resolved fluctuations increase. Figures 8 and 9 show
that it is the amplitudes of the fluctuations with the
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Figure 13: Mazima of modelled energy dissipation spec-
tra. See caption in Fig. 1.

mid-range length scales (1.8 < k, < 10 or 2x/10 =
0.62 = 3.1Az < £ < 2w/1.8 = 3.5 = 17.5Ax) that are
enhanced for Case 2Axz when the mesh is coarsened in
the streamwise direction, whereas the amplitudes are
increased for all length scales for Case 4Ax. Coarsening
the grid in the spanwise direction (Case 2Az) results
in a small increase in the amplitudes of the mid-range
length scales and a larger increase in the intensity of the
small scales (k; > 10).

Figure 10 shows the spanwise spectra of the spanwise
fluctuations. Here we actually find some tendency of the
spectra of the Baseline case and Case 2Azx to exhibit a
—5/3-slope. The spectra for all cases show a pile-up
of energy in the small scales. This indicates that the
spanwise resolution is too low.

The SGS dissipation, or the production of SGS tur-
bulence, Py sas, is given in Eq. 4. If we assume that

ou; Ou;
ESGS,approz = <VT><6.CL‘ or. (6)
J J

we obtain the streamwise and spanwise components of
the spectral SGS dissipation as [9]

E(K/z‘)ll,SGS,approz = /ii <2VT)Euu ("%)A'ﬂz

(7)
5("52)33,SGS,approw =~ "iz <2VT>Eww (K/Z)AK:Z

How important are these components of the SGS dis-
sipation compared to the components involving the wall-
normal direction, and especially that including 0u/0y?
Figure 11 shows the ratio of the SGS dissipation in

b)

Figure 14: Wavenumber at which mazima in Fig. 13
occur. See caption in Fig. 1.
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Figure 15: SGS dissipation. — €sqg (right scale);
---:esas (left scale); - - - : €5qg (left scale).

the wall-parallel plane to the total SGS dissipation. At
y+ ~ 330, for which location all the spectra above have
been presented, the contribution of €55 ¢+, to esgs is
close to 25% for all cases except Case 2Az. Thus it is rel-
evant to look at the spectral content of esgs,11(ky) and
€5Gs,33(k;) presented in Fig. 12. For the Baseline case,
the peak of esgs.11(k;) is located at Kk, ~ 0.3K4 maq, S€€
Fig. 12a. When the mesh is coarsened in the streamwise
direction (Cases 2Ax and 4Az), the peak moves, as ex-
pected, to even lower wavenumbers. For Case 2Az a
peak also appears at the maximum wavenumber; it re-
flects the pile-up of energy at the highest wavenumbers
in Fig. 10. The behavior of esgs 33(k.) in Fig. 12b for



the Baseline Case and Cases 2Az and 2Az shows that
the SGS dissipation in the spanwise direction takes place
in the smallest resolved scales. Both Cases exhibit a re-
gion (10 < k, < 30) where the SGS dissipation is con-
stant. Cases 2Az and 4Az both exhibit a peculiar form
of es¢s,33(k2), indicating that the resolution and/or the
SGS model is inappropriate; no region of constant SGS
dissipation is found in the former case, but it increases
monotonically up to 0.12 (not visible in Fig. 12b). In the
latter case the peak of eggs 33(k.) occurs at k, ~ 10.
Above we have presented the spectra at y = 0.083.
Figure 13 shows the maximum spectral dissipation
across the channel, and Fig. 14 presents the correspond-
ing wavenumber. For example, the maximum spectral
esas11(ky) = 0.02 at y = 0.083 occurs at k, = 10 (see
Fig. 12a). This can also be seen in Fig. 13a; at y = 0.083
we see that vr(y) - max {K2Eyw(k:)Ak;} ~0.02 and in

Fig. 14a it can be seen that at y = 0.083, k3 maee =~ 10.
Figure 13 shows that the maximum spectral SGS dissi-
pation takes place in the URANS region, both for the
streamwise and the spanwise components. In the LES
region the spectral SGS dissipation decreases monoton-
ically for increasing wall distance. Figure 14a shows
that, for the Baseline case, the maximum SGS dissipa-
tion moves towards lower wavenumbers (larger scales)
for increasing wall distance. In both Cases 2Az and
4Az the maximum SGS dissipation takes place at the
highest wavenumbers (smallest resolved scales) across
the channel.

Figure 14b presents the wavenumber at which the
spanwise component of the spectral SGS dissipation at-
tains its maximum. In the inner region (y < 0.4) the
maximum SGS dissipation takes place at the highest

wavenumbers for the Baseline case and Cases 2Ax and
2Az.

The spectra of the components of the SGS dissipa-
tion in Fig. 12 indicate that, when the grid is coarsened
too much in one direction, this is exhibited as a mono-
tonic increase of SGS spectral dissipation for increas-
ing wavenumbers (without any region of constant SGS
dissipation). This occurs for both Case 4Az and Case
2Az. It seems that, for the streamwise component, this
is close to taking place for Case 2Ax as well (double
peak in Fig. 12a). Figure 14 shows that, when it occurs,
it takes place across almost the entire channel.

Figure 15 presents the SGS dissipation, €ggs, see
Eq. 4. As can be seen, it increases strongly near the
wall in the URANS region, where it attains values 1000
times larger than those in the LES region. Figure 12
shows the streamwise and spanwise spectral components
of the SGS dissipation. The SGS dissipation in Fig. 12
is due to the instantaneous total strain rates, Ou;/0z;.
In Fig. 15 the SGS dissipation due to the fluctuating
resolved strain rates
)\’

( )) (8)

E€sgs = €sGs — {vr) (6—y

is also included. As can be seen, egGS and eggs do
not differ a great deal for y© > 200. However, in the
URANS region (i.e. for y7 < 125), the difference is very
large. As the wall is approached, esgs increases rapidly
because of an increasing 0(a)/0dy, whereas the increase
in €5 ¢ is much smaller. If, as mentioned above, new hy-
brid models based on the variational multi-scale meth-
ods are to be developed, this fact must be kept in mind.
The turbulence viscosity in the URANS region should

probably not be computed with test-filtered strain rates,
0u}/0x; (4 = G4; —G; where 7 denotes test filtering). In-
stead the instantaneous resolved strain rate, 0u;/0x;,

should be used.

4 Conclusions

Four different grid resolutions have been investigated:
Baseline (Azx, Az), two cases with coarsened grid in the
streamwise direction (2Az,Az and 4Az,Az) and one
case with coarsened grid in the streamwise direction
(Az,2Az). Tt is found that poor streamwise resolution
results in oscillating streamwise two-point correlation.
Poor spanwise resolution yields almost zero two-point
correlation at separation of one cell. The energy spec-
tra of u2,,, exhibit a —1 slope for all cases. For Cases
2Az and 4Ax, there is a pile-up of energy at the small-
est resolved scales. The energy spectra of w2, for the
Baseline case and Case 2Az exhibit a —5/3 range. The
spectra of the components of the approximated SGS dis-
sipation shows a reasonable form for the Baseline case

and Case 2Azx.

The conclusion of the summary above is that the
resolution for the Baseline case and Case 2Ax seems to
be reasonable when looking at all quantities except the
energy spectra of u2,,.
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