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ABSTRACT

Subgrid scale (SGS) modelling and grid res-
olution in large eddy simulation (LES) are ad-
dressed for computing turbulent buoyant flow
in a confined cavity with two differentially
heated side walls. The SGS models compared
are all based on the eddy viscosity concept
but are subject to variation in formulating the
buoyancy effect. It is shown that energetic
flow structures enhanced by buoyancy in the
boundary layer along the heated/cooled ver-
tical wall exist in the outer layer neighboring
the nearly stagnant core region of the cavity.
A k=3 buoyancy subrange is identified in large
wavenumbers to appear in both the turbulent
dynamic and thermal energy spectra next to
the k~5/3 subrange.

INTRODUCTION

The buoyancy in turbulent natural convec-
tion flows interferes significantly with the evo-
lution of turbulence and consequently affects
the flow structure and transport process. Mod-
elling the effect of buoyancy on turbulence re-
mains a notable challenge. In large eddy simu-
lation, the subgrid-scale stress tensor and heat
flux vector nestled in the filtered governing
equations represent the energy drain between
the resolved large-scale eddies and the subgrid-
scale eddies. Their modelling is essential to the
success of a LES.

Although a variety of SGS models has been
developed, models based on SGS eddy viscos-
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ity, 14, remain in common use. The Smagorin-
sky model formulates 14 solely with the large-
scale flow strain. For turbulent thermal flows,
the Eidson model (Eidson 1985) includes a
buoyancy-related term in the 14 formulation.
To observe how the buoyancy imposes its effect
on subgrid scales via SGS viscosity, a compara-
tive study of models as such may provide some
modelling implications, particularly for flows
with strong thermal stratification. Moreover,
a refined grid is required in LES to resolve
the near-wall, small sized, yet rather energetic
flow structures. A part of this work is also
devoted to an investigation of the effect of com-
putational grid associated with the resolution
of flow structures for a wall-bounded, thermal
buoyant flow.

MODELLING APPROACHES

The model employed in this work includes
the Smagorinsky model and the Eidson model.
They can be written in a general form in terms
of the reciprocal of SGS time scaling, 2,4, viz.
vy = CA*Qgq5, where A is the filter size. In the
Smagorinsky model, Q,4; = |S|. The influence
of buoyancy is explicitly accounted for in the
Eidson model, which reads
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To avoid non-real solutions in situations where
extensive the_rrglal stratification exists and
%%5‘%52]- > | S|, this model is modified using

|S| to weight the buoyancy-related term (Peng



and Davidson 1998), which yields
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The SGS thermal diffusivity is computed by
a; = Cy/C = v/ Pry. For base models with
constant coefficients, we set C = 0.0441 and
Pr; = 0.4 in the computation, as suggested
by Eidson (1985). In addition, a damping
function, f, = [1 —exp(—y*/25)]%, is used.
In computations with the dynamic model, the
same constant is used for the SGS Prantdl
number, i.e. Pr; = 0.4, albeit that C' and Cy
are dynamically determined.

The differential governing equations are dis-
cretized using the finite volume method with
the second-order central differencing scheme
in space and the Crank-Nicolson scheme for
the temporal discretization. The equation sys-
tem is solved using an implicit, fractional-step,
time-advancement method. The buoyant flow
was measured in a confined cavity with the di-
mensions of L; X Ly x L, = 0.75 X 0.75 x 1.5
by Tian and Karayiannis (2000). The temper-
ature difference between the vertical hot wall
(Ohw, at z = 0) and cold wall (0., at z = L)
is AT = 40K, giving Ra = 1.58 x 10°. The
top and bottom walls are conducting bound-
aries, for which measured temperature distri-
butions are available. The measurement con-
firmed that the mean flow in the spanwise (z-
direction) midsection was not affected by the
end walls and is essentially two-dimensional.
In the computation, the periodic boundary
condition is assumed and a uniform grid is em-
ployed in this direction. Four cases with differ-
ent arrangements of the computational domain
and mesh are investigated, as specified in Table
1. In all cases, the same mesh (with 96 cells) is
used in the vertical direction with a stretching
grid near the horizontal walls, and 96 cells are
employed in the z-direction.

ngs = |S| (2)

Case L, zmesh zF Az}, Ayt Ozt
A 0.75 32 0.18 73 42 64
B 0.75 64 0.18 73 42 32
C 0.75 64 0.72 78 42 32
D 0.5 64 0.72 78 42 21

Table 1: Specification of the computational domain and spacing
resolution. Note: The mesh in the z direction is clustered only
near the wall in Cases A and B, but is readjusted in Cases C
and D to refine the mesh in the outer region of the boundary
layer as well; The mesh spacing is normalized using the friction
velocity at y = L, /2.

RESULTS AND DISCUSSION
In the model comparison, the computation
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was based on Case C and the dynamic model
refers to the dynamic Smagorinsky model. It
is noted here that, where applied, ( ) is used to
denote the averaged quantities over time and
the homogeneous spanwise space. Figures 1
and 2 show a comparison for some resolved
mean flow quantities and turbulence statistics
in the boundary layer near the cold wall, where
the buoyant velocity, Uy V9BATL,, has
been used for normalization. Different SGS
models trigger no significant variation in the
mean resolved velocity and temperature, al-
though the dynamic model gives slightly better
predictions in the outer part of the boundary
layer as compared with the measured data.
For the resolved turbulence statistics, the
base models with constant coefficients repro-
duce very similar distributions in a large near-
wall part of the boundary layer, while the re-
solved turbulence in the outer part and the
core region of the cavity is apparently over-
estimated by the modified base model (Fig.
2). Although not shown here, it is noted
that this model also overpredicts other re-
solved turbulence quantities (except (u'v') and
(v'8")). In regions near the horizontal walls,
the Smagorinsky model and the Eidson model,
by contrast, underestimate these quantities.
In the core region of the cavity, the recircu-
lating fluid motion is rather weak for this rela-
tively low Rayleigh number (Peng and David-
son 2000), whereas the vertical thermal gradi-
ent is generally positive. This suggests that the

buoyancy-related term, %%g—z, is larger than
the strain term, |S|%, in the core region. By
contrast, the strain term is the dominant one
in the near-wall boundary layer.

Figure 3 (a) shows a comparison of (€gs).
The SGS viscosity is also shown in Figure 3
(b). Near the wall, where the influence of flow
strain is much greater than that of buoyancy,
the three base models reproduce similar distri-
butions for (Qs,) and (v¢). Note that the dip
in the (1) distributions for Case C is caused
by the grid stretching done in the outer part of
the boundary layer, by which the filter size, A,
and consequently v; are reduced. Neighboring
the core region and in it (z/L, < 0.93), the
modified model allows negative €245 (and thus
negative ;) provided that the total viscosity
retains positive values for numerical stability.
With the Eidson model, such negative values
have been artificially clipped to zero to avoid
non-real solutions. The Smagoringsky model,
on the other hand, does not include the buoy-
ant effect in the v; formulation, always giving



1
e = Hot wall data
0.5f===== 0. -.2:-202 + Cold wall data
D oa
o ~ 0.6
3 S
/E\ S 03 =
= I 0 o Experimental Data =04
> Dynamic Model
= oall Modified Model 0.2
| IR Eidson Model
i . - Smagorinsky Model o B
—0'25.9 092 094 096 0.98 1 8.9 092 094 096 098 0 50 100 150
z/Lg z/Ly (Nu)

(a) Resolved vertical velocity

(b) Resolved temperature

(c) Nusselt number along hot wall

Figure 1: Model comparison: Resolved mean flow and thermal quantities at y = L, /2 near the cold wall (with Case C).
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Figure 2: Model comparison: Resolved turbulence statistics at y = Ly /2 near the cold wall (with Case C).

vy > 0. One of the intentions in the modified
model is to accommodate the energy backscat-
ter with a negative ;. The results in this
simulation show that the weighting using |S |2
in Eq. (2) is physically inappropriate, how-
ever. The negative 14 causes some unphysical
backscatter overflow of energy in the core re-
gion. As a result, the resolved dynamic and
thermal fluctuations are unreasonably ampli-
fied as shown in Figures 2 (a) and (b).

The SGS viscosity is readjusted by using the
dynamic approach to the modified model, as
shown in Figure 3 (c) where Cases A, B and D
are computed. For comparison, the dynamic
Smagorinsky model (for Case B) is also in-
cluded, which produces v, in the outer region
of the boundary layer larger than that given
by the dynamic modified model. Although the
dynamic modified model gives a negative coef-
ficient, C, in a region of /L, = 0.85—0.95 (not
shown here), the SGS viscosity is preserved be-
ing positive due to the negative {154, and thus
retaining a forward energy drain.

Moreover, it is seen that the resolved tur-
bulence level is somewhat underpredicted in
the outer shearing layer (see, e.g. Fig. 2 (a)).
This is partly associated with an overestima-
tion in ¢, which dampens too much energy in
the resolved scales. Figure 3 (c) shows that the

457

dynamic modified model yields v; in the outer
part smaller than that given by the dynamic
Smagorinsky model in Case B. Consequently,
the level of resolved turbulence fluctuations
may be enhanced, as desired. In the study of
grid resolution, we focus hereafter on the sim-
ulation by the dynamic modified model.

Figures 4 and 5 compare the results for four
different grid specifications (see Table 1). With
Case B, the prediction is greatly improved over
Case A by doubling the mesh in the spanwise
direction. Using the same number of cells as
in Case B, the results are further enhanced in
Case C by clustering the mesh in the outer re-
gion of the boundary layer. Among the four
cases, Case D yields the best prediction, in
which the computational domain size is re-
duced by one-third in the spanwise direction
and, consequently, the spanwise grid spacing is
further refined with Az ~ 21 as compared to
AzT =~ 32 used in Case C. The thermal field
(Figures 4 (b) and 5 (b)) is relatively less sen-
sitive to the grid resolution but the resolved
thermal flunctuation is appreciably overpre-
dicted in all cases. This overprediction may be
largely attributed to the use of a constant Pry.
For this flow, Pr; = 0.4 used in Eqgs (1) or (2)
is too small to sufficiently dampen the resolved
thermal fluctuation. Indeed, a dynamic deter-
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Figure 3: Comparison of time-averaged SGS quantities at y = Ly /2 near the cold wall. Note that (a) and (b) are plotted for
models with constant coefficients from Case C, and the results in (c) are computed with dynamic models.

mination of Pr; as done in Peng and Davidson
(1998) should be applied.

In LES the size of the smallest resolved
structures is set by the grid resolution. In
previous work (Peng and Davidson 2000), en-
ergetic structures were identified close to the
wall in the boundary layer. Figure 6 shows
that such structures actually penetrate over
the whole inner part and extend further to the
outer shearing layer next to the core region
of the cavity (Fig. 6 (c)). The longitudi-
nal structures, contoured with instantaneous
vertical velocity fluctuations, v', become elon-
gated up to the top horizontal wall. They
emerge alternatingly in the spanwise direction
with much smaller extension, and generally
AzT 2 65 — 105.

Figure 7 plots the contours for instanta-
neous fluctuations near the hot wall in an zz-
plane (y/L, ~ 0.6). As is seen, the high-speed
structures penetrate nearly over the whole
boundary layer. In contrast to the behavior of
near-wall streaky structures observed in forced
convection boundary layers, the accelerating
fluid elements in the vertical direction (v' > 0
in Figure 7 (a)) in this flow correspond in gen-
eral to fluid moving away from the wall (v’ > 0
in Figure 7 (b)). Unlike the forced convection
boundary layer with high freestream momen-
tum, the fluid momentum in the neighboring
ambient of the buoyant boundary layer is of-
ten negligibly small. The fluid moving to the
wall (v’ < 0 near the hot wall) has very low
momentum. As a result, the fluid elements
in the boundary layer receiving such ”sweep
events” are decelerated, corresponding to the
v < 0 contours, as shown in Figures 7 (a)
and (b). The streamwise accelerating fluid is
actually associated with the ”ejection event”
characterized by fluid streams moving away
from the wall, where g% < 0 in the outer shear-
ing region of the boundary layer. Figure 7 (c)
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furthermore shows that the region with pos-
itive thermal fluctuations corresponds to the
positive v’ contours. This suggests that the
buoyancy significantly interacts with the high-
speed vertical fluid streams.

Figure 8 (a) illustrates the spanwise two-
point correlation functions for the fluctuations
of vertical velocity and temperature at loca-
tion (z/Lg,y/Ly,2z/L,) ~ (0.028,0.5,0.492).
The rapid decay of both R, and Ryy indicates
that the spanwise extent of turbulence struc-
tures are rather small, as shown in Figure 6
(b) at the same location. Figures 8 (b) and (c)
present the one-dimensional energy spectra for
v' and @, both of which exhibit a k;3 buoy-
ancy subrange in large wavenumbers next to

the k5 %/ inertial subrange. This is consistent
with Lumley’s assertion for stably stratified
fluid (Lumley 1964).

CONCLUSIONS

The base models studied with constant co-
efficients show similar performance in a large
near-wall part of the boundary layer, where the
effect of flow strain dominates over the influ-
ence of buoyancy. For the outer shearing layer
and in the core region of the cavity, where the
buoyancy effect overwhelms the flow strain, the
Smagorinsky model is probably more appro-
priate although it does not explicitly account
for the buoyancy effect in the vy formulation.
Where the buoyancy effect is significant and
with a large, positive thermal gradient, the Ei-
dson model artificially eliminates SGS turbu-
lence for numerical manipulation, whereas the
choice of | S| as the weighting factor in the mod-
ified model does not either seem appropriate as
it introduces excess backscatter energy into the
resolved turbulence. Its dynamic variant, how-
ever, is able to readjust the SGS viscosity and
reproduce reasonable results. In this case, it is
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Figure 4: Effect of grid resolution: Resolved mean quantities with the dynamic modified model at y = Ly /2 near the cold wall.
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Figure 5: Effect of grid resolution: Resolved turbulent statistics with dynamic modified model at y = Ly /2 near the cold wall.
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also justified to have the Pr; number dynami-
cally determined.

Using a refined mesh in the outer shear-

AzT = 20 should be appropriate to resolve the
energetic, coherent structures in the bound-
ary layer, which become longitudinally elon-

ing region of the boundary layer, as well as
in the spanwise direction, may greatly improve
the prediction. A spanwise mesh spacing of
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gated in the streamwise direction but have a
much smaller spanwise extent. Accompanied
with flow shearing, such structures exist across
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Figure 8: Spanwise two-point correlation and one-dimensional energy spectra for vertical velocity and temperature (at z/L, ~
0.028, y/Ly ~ 0.5 and z/L, = 0.492, with Case D).

nearly the whole boundary layer. Moreover, Peng, S.-H. and L. Davidson (1998). Com-
the simulation recovered a k=3 buoyancy sub- parison of subgrid-scale models in LES
range in large wavenumbers. for turbulent convection flow with heat
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