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Abstract

Flowfields around bluff bodies are characterized by complex distributions of
the strain-rate tensor. Such flowfields can be analyzed with various turbulence models.
The shortcoming of the eddy viscosity modelling in the k—& model is scrutinized
in comparison with the results of ASM. The accuracy of the algebraic approximation
adopted in ASM is examined using the numerical data given from LES. A new LES
model with variable Smagorinsky constant is then presented.

1. INTRODUCTION

Various turbulence models have been proposed as the field of CFD developed,
supported by the improvement of CPU hardware. The engineering applications of
CFD have also advanced with the development of various turbulence models, e,g.
the k—& two equation model (k—¢), the algebraic second-moment closure model (ASM),
the differential second-moment closure model (DSM) and Large Eddy Simulation (LES)
etc. The high efficiency and accuracy of these models has been clearly confirmed
when applied to such simple flowfields as channel or pipe flows. However their
performance is not well established for application to complex turbulent flowfields
despite the number of studies made up to the present [1, 2, 3, 4, 5, 6, 7, 10].

Here, three turbulence models, k—g, ASM and LES, are applied to the flowfield
around a bluff body, and thus their relative performances are examined.
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Fig. 1 Flowfield around a cube
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2. CHARACTERISTICS OF FLOWFIELD AROUND A BLUFF BODY

The flowfield around a bluff body like a cube placed within the surface
boundary is very complicated since it is defined by stagnation, separation,
reattachment, circulation and Karman's vortex street etc, as is shown in Fig.1.

Compared to the flowfields traditionally treated in the field of CFD, where
rather simple flowfields such as channel or pipe flows were usually dealt with,
this is much complicated. The k—& turbulence model has attained great success
when applied to such simple flowfields, but fails to predict accurately the complex
flowfields around bluff bodies such as a cube.

The most distinctive feature of such a complex flowfield is the distribution

o<u> e . . .

az:i which is highly anisotropic and changes significantly
. . L. ey o<u>
depending on the relative position over the bluff body. The distribution ofw—

i

is shown in Fig. 2. There exist various sharp velocity gradients in the streamwise
direction as well as in the vertical direction. A simple boundary layer has only one
<u,>
0z,
stress <u,u,> is closely related to the strain-rate tensor, the turbulence characteristics

around a bluff body become highly complicated because of the complicated

of the strain-rate tensor
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component . Since the production of turbulence statistics such as Reynolds
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E™ , as is explained later in detail.
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3. COMPARISON OF MEAN VELOCITY VECTOR FIELD

The mean flowfields around a cube given by wind tunnel testing, k-e [11],
ASM [15, 16, 18] and LES [13, 14] are compared in terms of mean velocity vectors
in Fig. 3. The vertical distributions of velocity behind the model are also shown
in Fig. 4. The basic equations for turbulence models are shown in Appendixes 1
~3. Numerical methods and boundary conditions are described in Notes 1 and 2.
Numerical methods and boundary conditions used for the three simulations are made
as identical as possible. As shown in Figs. 3 and 4, the correspondences between
the experiment and the simulation results given by three turbulence models are
fairly good, although small differences are observed in some areas, for example,
in the reproduction of separation at the frontal corner. Although each turbulence
model seems to give good results for the mean velocity vector field, various
discrepancies, including both serious and non-serious ones, are often observed in
the results of simulations when we compare the distributions of surface pressure
and turbulence statistics in detail, as will be analyzed hereafter.
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4. DISCREPANCY
DISTRIBUTION

IN  SURFACE PRESSURE

The surface pressure distribution for a cube
is compared in Fig. 5 [8]. The most important
position to be hoted is the frontal corner where

in a
distribution peculiar to k-g. We often get such
inaccurate pressure distribution when k-¢ ig applied
to a bluff body. This s caused by the failure to

in the results of the experiment, ASM and LES, but
not in the result of k—e. [t should be noted again
that the conditions of the numerics including
boundary conditions are made as identical ag
possible for the simulations of all three turbulence
Models (cf. Note 2).

case of k-, which gives rise to a large eddy
viscosity y, Hence, the excessive mixing effect
produced by this v [8] eliminates the reverse
flow on the roof, as is shown in Fig. 8.

5. COMPARISON OF k-¢ AND ASM ;
modelfing of turbulence energy production
term (P, )

5.1 Overestimation of turbulence energy k \
given by k-¢
One of the most distinct differences

between k—¢ and ASM (and LES), is the

modelling of the production  term of
s a O<u>

turbulence energy P, (=-<uu> i ). P,

on eddy vijscosity
modelling  (EvM) (cf. €gs.(1.5) and (1.8)
in Appendix 1) and that given by ASM js
calculated according to the exact expression
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of P. (cf. eq.(2.9) in Appendix 2).

The distributions of % given by k—e and ASM are illustrated for the flowfield
around a 2D square rib in Fig. 7. The k—¢ model greatly overestimates the value
of k around the frontal corner. The result of ASM agrees very well with that of
the wind tunnel test.

The mechanism of overestimation of k by k—e is scrutinized here. P, is
composed of P.. and P.. as is shown in Fig. 8, where P.. means the turbulence
production by diagonal components of the strain-rate tensor and P, is that given
by off-diagonal elements.

In general, the magnitude of P.. does not become so large in the cases of
ASM or LES, since P.. is calculated using the exact form of eq.(1) in Fig. 8, which
is expressed as the subtraction of <u,”> and <u;”>. On the other hand, the
turbulence production due to <u,”> and <u,”> is simply added in the case ofk—e

FEVM.as expressed by eq.(2)
in Fig. 8 and thereby the
value of P,, becomes very P (norma) | | Pu.ishear)
large . This erroneous T Fu
Ppon =—<u'{>=—— Pps =—<u'.u',)%'

expression is the fallacy given a;.1 IT' s
by eddy viscosity modelling Lf*.,,f--m'b% Pk.,;=—<u',u'.>§§,:’>
[9, 20]. T i

This overestimation of e e
k caused by the diagonal (< ) R e (1) - =<uiug >(TEEHTEE) 4 - @)
elements of the strain-rate .4.,,("‘(;;?)' (ee)@ .,,la_gz'_>+3;+«>)' () e+ (4)
tensor is the fundamental
shortcoming of EVM when it Fig. 8 Calculation of P» by k-¢ and ASM (for 2D)

is applied to a flowfield

involving impinging where
o<u >

o0x;
exist, as is shown in Fig. 2.

The analysis of the

usually large values of

- o<u> .
distribution of ae= is thus
o0x;

very important since it
controls the values of
production of Reynolds
stresses. The overestimation
of P.. also occurs in the case
of k—e EVM. The mechanism
of overestimation can be
shown easily by the same
manner as P,, as is shown
in Fig. 8.

The distributions of P,
P.. and P.. are shown in Fig. 9 Comparison of Py, Pwn and Pu. for k—e and ASM
(for 2D square rib, © indicates area with negative value)

(5) Py, by ASM
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o<uy>
fllustrated in Fig. 2. In the case of ASM, the values of P,, and P.. show negative
values in some areas, and they are subtracted from each other in those areas,
e.g. in the area around the frontal corner. Thus the value of P, given by ASM
does not become so large as that given by k—e. However the fallacy given by
EVM always gives a positive value for P.. and P.. in the case of k~-¢, as is shown
in Fig. 8, and thereby the value of %k is overestimated.

Fig. 9. These distributions are closely correlated with the distribution of

5.2 Interaction between each component of P, and <u/u,>

A comparison between <u,u,> and P, is shown in Fig. 10. The distributions
of the two values correspond very well with each other, for example, the
correspondence of positive zone and negative zone etc. This is a natural result
when the physical relation between the two is considered. Such a close relation
is also given for the cases of other components. i.e. <u,”>and P, , <u,”> and P,

Thus, the distributions of Reynolds stresses <u,u,> are well controlled by
the distributions of P,. Thus it is very important to know the distribution of P,
in order to analyze the turbulent properties around a bluff body. Here we propose
a new zoning of the flowfield around a bluff body based on the property of P,,
as is shown in Fig.11. This zoning is greatly different from the traditional zoning

of the flowfield around a cube, as is shown in Fig. 1. The sign of each term of

. 3 o E o<u> L
P; changes according to the signs of <u,u’> and ——=. The distributions of

Reynolds stress <u,u,’> can be well comprehended with ‘the aid of this zoning.
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Fig. 11 New zoning of flowfield
based on the property of Py (for 2D)
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Furthermore, components of <u/u,> interact with each other through Py An
interaction diagram is shown in Fig. 12. For example, <u,”> and <u,"> contribute

) ) yp 0<U> b O<U> .

to the production of <u,u;> through P,3=—<uf>——’——<u§>—a—'—. The production
T v O<U> L, o<u>, . " L3 -

of <w'’> (ie P,=—-2<u'f>-——-2<u'u’s> ) is contributed from <u,”> itself and

<u/u;>. The k—e model is very poor at reproducing the anisotropic property of
each component of <uu> since it is based on isotropic eddy viscosity modelling.

6. COMPARISON OF ASM AND LES ; modelling of convection and diffusion terms

6.1 Discrepancies observed in the distributions of <u,”>/2k given by ASM

The reproduction of the anisotropic property of each component of normal
stress <u,®> is examined in Figs. 13~15, where distributions of <u/*>/2k are
presented as a measure by which to judge the anisotropy of turbulence.
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The results of the wind tunnel experiment illustrate that the value of <u,'*>
dominates in the area on the roof and in the downstream free shear layer (Fig.
13). In the recirculation region behind the cube, <u,”>/2k has a large value where
Karman's vortex shedding appears (Fig. 14). The value of <u,”>/2k is the smallest
in general, except for the region in the vicinity of the windward face where <u,”>
is the largest component (Fig.15).

The anisotropic features given by each component of <u;>/2k in LES
correspond very well with those of the experiment (Figs.13 ~15),

The results of ASM show serious discrepancies in the area above the frontal
corner in comparison with both the experiment and LES. In this area, the results
of ASM show abnormal maximum and minimum peaks in the distributions of <u,™>/2k
and <u,”>/2k respectively (cf. Figs. 13, 15, 16), as is identically observed in the
results of k—e EVM. These peaks do not appear in the results of the experiment
and LES. The cause of these discrepancies is examined below.

6.2 Inaccuracy in the algebraic approximation used in ASM
In the formulation of ASM, the convection term C, and diffusion term Dy
of the transport equation of <u/u,”> is approximated by algebraic expression, e.g.

—(Cy—Dy) is substituted by —<u,'u,-’>(P"k_E), as is shown in eq.(2.8) in Appendix 2.
It is well known that this algebraic expression is most effective when the

<u}f£ are almost con'st'a>nt across the flowfield. However, Figs.13 ~16
indicate that the values of Sl are not constant. <u,u,> and k vary in very
different manners in the flowﬁelc’f around the cube, particularly in the area around
the frontal corner. Thus, the results from ASM are unavoidably inaccurate because
o* the algebraic approximation used for —(Cy=Dy) in this area. The inaccuracy in
ASM is clearly observed near the

values of

O : original exact expression for —(Cx—Ds) :

frontal corner in the horizontal _ QS O <us'ul>~2<Pus>8),
distributions of <u5'2>/2k (Flg16) X:algebra?i.approximation 23 —ACo=Dw) :

Lastly, the balance of production -%iw.--s) -1 0 o
term Py and convection and diffusion APy N 0 05
terms' ~(Ca=D3) zm. the' transpo'rt l‘_nlonmo i %//// o
equation for <u,* is discussed in o gty
order to examine the large difference
observed in the distributions of 005 OO Q...0. o
<u;,”>/2k in the results of ASM and A DD, © 0o
LES. In this area the velocity gradient oA A-ALLLD D AC'“ Ay L
a;zf has a large negative value, since ~'105'9"('?"9‘9"'(2'@'0'{5'09'
a large positive value of <u,> s
produced related to the impinging at -0 Jm”‘m"‘m

) ) -08 -04 0 04 1, 08
windward wall and decreases in the

vertical direction as is illustrated in Fig.17 Distributions of —(Csx—Ds) and Pa

Figsa<2 a>nd 3. This large negative value above the roof estimated using

of 3  makes the value of P, very numerical data given from LES
L3
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large in comparison with those of P, and Pz which do not include the term
<usz>

- 0 . . .
containing . Consequently the anisotropic property of turbulence is strongly
influenced by the value of Ps in this area. Fig. 17 shows a comparison between
the value of P; and two types of —(C:—Ds). One —(Cy—Ds) is estimated from the
original exact expression and the other is given by the algebraic expression introduced
in ASM, both using numerical data from LES. It is found that —(Cu—Ds) estimated
from the original exact expression has a large negative value in the area where
the distribution of P indicates a maximum peak, so the increase of <u,?> caused
by the positive value of Py is restrained by the effect of —(Cyu—D3s). This means
that <u,?> increased by Py is efficiently convected and diffused to the downstream
and upper sides of the flowfield, so that the distribution of <u,;?>/2k does not
have a sharp peak in the area in front of the windward corner in the experiment
and LES (Figs. 15, 16, 17). As is clearly shown in Fig. 17, the approximation adopted
in ASM cannot reproduce this strong effect of convection and diffusion, which
should decrease <u,”> in this area. This inaccurate estimation of —(Cuw—Ds) causes
an overly large value of <u;”> in the case of ASM. This error is a fundamental

shortcoming of ASM, and is likely to become clear in areas where the distribution

o<u> . . 5 .
of a—r' is very complicated and significantly large values of C, and D, exist non-
i

uniformly.
7. IMPROVEMENT OF LES ; new SGS model with variable Smagorinsky constant

In the formulation of LES, the Smagorinsky
subgrid-scale (SGS) model is adopted here, as is shown
in Appendix 3. The Smagorinsky SGS model is a kind
of eddy viscosity model with Smagorinsky constant C.
Here we would like to explore an improvement of that
model. In the usual LES simulation, the Smagorinsky
constant Cs is set to be constant with time and space.
Here, Cs is set to be 0.12. However, the value of Cs
should be changed according to the property of the
flowfield. An optimized value of Cs is proposed for
various flowfields, e.g. Cs=0.1 for channel flow and
C=023 for isotropic decay flow.

00—

i o2 0
(3) with variable Cs

Fig. 18 Distribution of Smagorinsky constant <Cs> Fig. 19 Distributions of k
(by LES with new model) (by LES)
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Since the flow property around a bluff body changes greatly as was describe
in detail above, the value of Cs should be changed according to the flow propert
Peculiar to the relative Position over the bluff body. The optimum value of C; ma
be as follows ; C;=0.1 in the upwind area apart from the mode| ( optimized valy
for channe! flow ). Cs=0.16 in the recirculating region behind the model ( optimize
value for room airflow ) and Cs=0.12~0.15 in the downstream free shear layer
cf. Fig. 1).

In the new model for Smagorinsky constant, C; [22, 23] is given for eacl
position and for each time step, according to the flow property following eq.(3
8) in Appendix 3.

the flow Property changes so greatly,

Thus in the new model presented here, the assumption of local equilibrium
is not adopted and C;s is derived based on the transport equation of kss, as is
shown in Appendix 4, where the effects of advection and diffusion are incorporated.

The optimized value of Cs around a cubic model is illustrated in Fig. 18, based
on the new model. Estimated value of Cs in each area corresponds well to the
various values of C; previously optimized (ie. 0.1 for channel flow, 0.16 for room
airflow etc), reflecting the characteristics of the flowfield through the value of

1 (0u;  Ouae
Sl 3T,

A comparison of turbulence energy % is shown in Fig. 19. |n the case of
the traditional model using a constant Cs, the value of % is overestimated in the
downstream free shear layer, as js shown in Fig. 19 (2). This is caused by an
inadequate value of Cs. Cs is set 0.12 throughout the space for the case shown
in Fig. 19 (2), However C, should naturally take g larger value in the free shear
layer. In the case of variable Cs, the overestimation of % in the free shear layer
tends to be rectified, as shown in Fig.19 (3). The value of Cs at this area is about
0.14 as is shown in Fig. 18. This value is more adequate than 0.12 for this region.

8. COMPARISON OF DIFFERENT TURBULENCE MODELS FOR
VARIOUS FLOWFIELDS

There exist various types of flow in the field of building engineering, e.g.
with and without Curvature effect, buoyant (isothermal) or non-buoyant (non-
isothermal), stable and unstable etc. The flowfield around a bluff body is
characterized by a strong Curvature effect which is caused by impinging and
separation. The diffusion of smoke from a stack is a buoyant flow, The heat loss .
due to wind exposure is a phenomenon of heat transfer.

No turbulence model can be entirely free from some type of shortcoming
caused by the modelling Procedure, whether it be serious or non-serious. The

shortcomings caused by EVM for k—¢ and algebraic approximation for ASM have
been described above,
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Table 1 Relative comparison of various turbulence models for practical
modelling of flowfields related building engineering

Standard |Low-Re. No.| Standard Low-Re. No,
Turbulence mode E
odel k—& k-¢ osmt asw| osm cas)| 1 : Les
wall boundary condition wall function| non-siip wall function| non-slip wall function| non-slip
1. Simple flows (channal flow, pipe flow, ote)
(local equilibrium is_valid) © S © B Q e
2. Flow with streamling curvature
1) weak curvature O O O o] O o]
2) strong curvature X, A X, A O O O
(flow argund blutl body)
3. Impinging flow X, A X, A 5,0 MO O o]
4. Flowfield with low Reynolds No. X, A AO X, A A,O o] o
5. Non — isothermal flow
1) weak stratification O O O o] O O
2) strong stratification X, A XA O o] o] O
6. Convective heat transfer at wall X.A O X, A o] X, A O
7. Unsteady flow, unsteady diffusion
1) highly unsteady X X X X o] @]
2) vortex shedding X A ] O o] O
8. Jet :
1) normal Q O ] O O o]
2) swirl X X O O O O
O : functions well A+ insufficiently functional X 1 functions poorly

Therefore, when analyzing a specific problem, we should select the proper
turbulence model. An improvement in prediction accuracy is usually followed by
an increase of CPU time and calculation instability. Thus a strategy for selecting
a turbulence model may be proposed according to the purpose of the analysis
and the accuracy required. The relative abilities of various turbulence models are
compared in Table 1. The well-known k—& model is most widely used for the analysis
of mean flowfields. When a flowfield is highly anisotropic, DSM or ASM are applied
successfully. For an analysis of unsteady flowfiela, LES can be used.

The flow pattern around a biuff body can be predicted by k—¢ with a certain
accuracy. However, for reproducing surface pressure and turbulence statistics such
as <u’u’,>, analysis by ASM (or DSM) or LES is effective. LES provides greater
estimation accuracy than the other turbulence models but requires much more CPU
time.

9. CONCLUSION

1. The flowfield around a bluff body is characterized by the complex distribution

around it. Therefore the distributions of surface

of strain-rate tensor
pressure, Reynolds stress ’and production terms are also very complicated.

2. The flowfield around a cube as predicted by LES, ASM and k—¢ EVM are compared
precisely with the experimental data, and the accuracy of each model is examined.
The shortcomings included in k-¢ EVM and ASM are thus clarified.

3. A new model of LES with variable Smagorinsky constant is presented.




32

ACKNOWLEDGEMENTS
The numerical studies using the k—e model, ASM and LES were carried out in cooperatio
with Dr. A. Mochida and Mr. Y. Tominaga (I.LS., Univ. of Tokyo). This paper was written with th

NOMENCLATURE

I; :three components of spatial cocrdinate (i=1,2,3: streamwise, lateral, vertical)
<S> :time-averaged value of f

F :filtered value of f s

S' : deviation from <f>, F=f=<f> (In LES, f'=f-<f>)

f" : deviation from S fr=f-f

Hy : height of cube

u; : three components of velocity vector

4y tu; value at inflow of computational domain at height H,
b :pressure

vy :eddy viscosity

Vsgs: subgrid scale eddy viscosity

k: turbulent kinetic energy, k=14 < uiu >

kes : subgrid component of k, kws=Ysu"u"

0<u>  d<up> _ -
ot e ) S=IsE 1)

Sy :strain rate tensor, S.,=(
Py : production of k

e :dissipation rate of k
<eiu > : Reynolds stress
Py : production of <uguf >
&;; : dissipation rate of <uju >

Cy :convection term of <wujy >,

D, : diffusion term of <ujuf >, D,i=a(—<ui'ul'uk'>—<p’u,'>6,~,,—<,t>’u,-’>6,,,)

Pi; : pressure-strain correlation term (consists of @y, Gy, D5y and DZ,)
h; :mesh interval in z; direction

h i mesh scale, h=(h hshy)"

hp :mesh interval adjacent to solid wall

(u,)p:tangential component of velocity vector at the near-wall node

kp :k value at the near-wall node

€p :¢& value at the near-wall node

Tw :wall shear stress

h¥ 1 vertical distance from the w-th wall

Re : Reynolds number (<up>H,ly = 8.4 x 10%)

Values are made dimensionless by <u,> H, and air density po.

Note 1 Model equations and numerical methods

The standard formulation for k-&¢ EVM [11, 12] was adopted (Appendix 1). The model equations
for ASM are shown in Appendix 2. The commonly adopted form for ASM was used, following the
methods of Rodi,W.[15], Gibson,M.M. and Launder,B.E.[16] except for the treatment of the wall
reflection term &;, (17, 20]. The values of the numerical constants in ASM follow those proposed by
Launder,B.E.Reece,G.J, and Rodi,W.[18] and Launder,B.E,[19] In LES, the Smagorinsky subgrid model (13,

A staggered grid was adopted, A second-order upwind scheme (the QUICK scheme) was applied
for the convection terms in the cases of k-¢ EVM and ASM. A second-order centered difference
scheme was adopted for the other spatial derivatives. The Adams-Bashforth scheme was used for time
marching,

Note 2 Mesh arrangements and boundary conditions
The computational domain covered 15.7 (z, direction), 9.7 (z, direction) and 5.2 (z, direction). This
domain was discretized into 50 () x 49 (r) x28 (1,) meshes for the cases of k—¢ EVM and ASM,



Boundary conditions are
summarized in Table @®. For the
inflow boundary of LES, time history
of u) in a fully developed channel
flow predicted by LES was utilized.
The profiles of <u,)> and kix) in
the boundary layer of the channel
given by LES correspond well to
those of the experiment [20].For the
boundary conditions at the solid
walls, the generalized logarithmic
law expressed by eq.® [12] was
employed in order to estimate the
time-averaged wall shear stress<z,>
for the cases of three models.
Furthermore, eq.@ was used to
specify the instantaneous wall shear
stress 1, for the case of LES. As
shown in Table @, almost the same
boundary conditions were imposed
for the calculations of the all three
models so far as the time averaged
flowfields were concerned
Therefore, it can be concluded that
the differences observed in the
results from these three models are
mainly caused by the differences in
turbulence modellings.

Table @ Boundary conditions
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k—-e EVM, ASM

LES

<uizy)> 1 <ufrd> 5
{measured profile in wind tunne!)
<uza)> =0, <uslzy>=0
k(zxs) : predicted distribution in plane channel
by LES (this distribution corresponds well to

uiD), wld), uld) :
time history of
velocity in boundary
layer of plane
channel predicted by

inflow
that measured in the exporiment [20]) LES.
vi{zs) = B(xy)"z,), s(z,) C Rtz <u\(To)> 5T
Ui = (C,,k(ra))"'(a ) ! (Pylzs) = £lzo) <ur>=0
<u)i(r)>= %k(,r,) <uyfry>=0
outflow <u,>, <uy>, <us>, k, €: free slip (4/6x,=0) U, Uy, U : free slip

upper face of
computationel

<uy> =0,

=0,
14, Uz : free slip

domain <uy><up>, k, €: free slip (3/0rs=0)

side faces of |<y,> =, u; =0,

compulational . . — — 1

domain <u\>,<us>, k, € : free slip (3/6z.=0) by, Uy : free slip
The time averaged wall shear stress <te> is given ("_()P
by equation ®. The volume averaged value of £ |~ T * <(upp>
at the near — wall grid used for transport equation
of k is expressed by equation®, and defined as &. ) o @
The value of & at the near — wall node used for <t">_'s estimated by
transport equation of € is defined by equation @. :auatnor{@. <b(u!)P>' '

solid wall » are given by using

<(upp> €. )l,z_ (E YahplCy '""P)m_) e @ |the results of the
<Tp> u P

- CYhp
T in

Eh C"‘k e
= P(_:P_) @

Cperp?
e = Vakhp

@ k : free slip
(1=04,C,=0.09,£=9.0)

foregoing time steps.

Appendix 1 Mode! equations for k—¢ EVM

a<u> 8<u; ><u> _O<p> 8 G<u;> a<u, _ a<u,> 6<u,> 2

61‘ g oz, az; 'a.r;l)( oz, + ) (1.1 <uu>= Vr( —) 6ilk (1.5)
a< >4 k2

e (12)  veC/o (1.8)

<y

O Ge<up 0 (wudky,, QU2 FU2JN2 18)  Cu:008, 04310, 0,: 13,

o’ or, dz, o.ﬁz, ar, P C.:190

i3 6e<u,> 0 v 0 Ca:1.44, Cpt 1.

6t 61,- ~or; 0.01;

a<u> 6<u,> 6<u,>_
FCwCEIA TN Ca)  (14)

Appendix 2 Model equations for ASM (DSM)

O<u> F<u><u> a<ui'uy> ., 0<up> L O<up>

a’f_ ; uér, u; a;£i> 1;;]1, 2.1) Py=—<uuy> 6xi —<ujuy> ax; (2.11)
‘3‘;” 2.0 (2.2) e,,-=%o5,je (2.12)

ok A w
f;: ;:‘ =DitPye (2.3) ‘DU:(D-'l(n+¢mz)+@i'fm+¢mz) (2.13)
') 2

gig 6£<;:__D +—(CyPi—Co8) (2.4) Dijy=— C. % (<u /> (5.,k) (2.14)

<uu s ﬂ<u >< o 2

——n a I-—LéLl’—uL“—Dii+P,,+d),,—E|i (25) .;(z)—_cz(Plj 3 I)Pkl (2.15)
Pee)HY> p 1@ 6., (incase of ASM) (26) i,~(.,=zc,3(<u,,um>-n£”’-n,‘x’-o,.,-

a vk OR Do w3 10 ¢ 4y (01
D.=a—(C.~<u=u. >-?-—) 2.7 —?<uk ‘u/>enen ’—?<u,a u/>eon i en e h“"’e ———(2.16)
(C Sunu)e —‘—) (2.8) ¢,—,"-’(z,=wX=:IC'2(¢M(2,'n,, Yen gy,
P.——<u,u,' 6‘;{;.> (2.9) —%@um'ﬂé‘”"ﬂf“”’-%anm'"r‘«"’"ni("") W 217
WLy - &
D5 (C.-:u,.u;)-f 6(‘%") (210)  C,:0.09, 0,: 1.0, 9,: 1.2, C,: 1.8, C;: 0.6, C/’: 05,
[4

;' 105, C:0.22, C.:0.16, Cy : 144 C;z 192, C;: 25
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Appendix 3 Mode| equations for LES

1) Traditional model 2) New model with variable Smagarinsky constant
on, fun  on % O (cf. Appendix 4)

v n 2y VeeCahrs @37
ar, ' GCs_ I-C DS/Dt) (3.8)
Vies=(Cw h)'S (3.3 e Y ’
h=(h.!lzhaﬂ‘ (3.4) Ci=18, Co=016

_ Ou; du; du, e CsmnSCsSCy s, Csmn=0.10, Cs,po =027
S~ {35 Gt g (35)

Co:0.12 (3.6)

Appendix 4 Derivation of new model of LES with variable Smagorinsky Constant [22]

The transport equation of gy, is expressed as follows,
Bt =Dwt P (4.1)
Eq.(4.1) is transformed ag follows,

L,
e=Pu.[1~ %“%], “.2)
where P, :production term of kys, pesS? (4.3)
D, : diffusion term of ke sas, A (@%) (4.4)
p e ) % \ O, Oz,
S= [?(Sﬁ)’] » Sy is a strain rate tensor (4.5)
Ora=1
Dimensional analysis gives the followings,
Vsos=C 4% ¢ ™ (4.6)
ksss=C,4% e 4.7
here 4 means SGS length scale,
Eq.(42) is expressed as eq.(4.8) in terms of €gs.(4.3) ~ (4.7).
e=C a1~ %c;'cm*“e-“s*%f + 3 Cuameng ) (4.8)

e=C*428’ (4.9
The effects of advection and diffusion of ksws are thus not included in the traditional model,
Traditional Smagorinsky model is given from eq.(4.6) and (4.9) as follows,

Vo= @C4)'S = (Cor S (4.10)

here Cy =20

After evaluating the second and third terms in the bracket of €4.(4.8) by means of 24q.(4.9), eq.(4.1 1;
is given by eliminating e with the aid of €q.(4.6)

- yely 12 »2@ 2 —J_(l -;Q-E "
vass= 203 {1-2¢;7c,s Dr +8C.C.a’s {m[s ax,)} 4f's (4.11)
When the part underlined is expressed as C; ,
Vsos=(Cs4)*S (4.12)

This expression is an original form of g,
Here ¢, is defined as a function of time and space as follows,
Gom(1-2cimc, 5408 wecas L S (4.13)
here Cm"—'chf
This is the definition of the model with variable Smagorinsky constant.
Eq.(4.13) js transformed as eq.(4.14),
a 68)

Cs g DS, o s as
I-C.S 524 Coa's E—(S‘

Css i, Gz, (4.14)



scale DIA,

1
here C,=35-C;"C,, C,=2C,C,
The values of th§ constant are given by A, Yoshizawa by means of statistical theory of a two-

C,%0.035, C,=0.67, (4.15)
here 4 is set to be 2h.
Thus, C,,CsCsx in eq.(4.14) are given as follows,
Ci=18, C,=0047,Cs=0.16 (4.18)
in this paper we neglect the diffusion term since its effect seems to be small, thus (3.8) in

Appendix 3 is given. Furthermore the maximum and minimum values of C, are imposed as follows, for
the convenience of calculation stability [21).

Csne=0.27, Csrn=0.10 417
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