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Dynamic subgrid-scale scalar-flux model based on the exact rate
of production of turbulent fluxes
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A dynamic subgrid-scale (SGS) scalar-flux model, based on the exact rate of production
of turbulent scalar fluxes, is proposed. The model is derived from an assumption that
the pressure-scalar correlation in the equation for turbulent scalar flux is a vector that
is approximately aligned with the scalar flux itself. The formulation then yields a tensor
diffusivity which allows nonalignment of the SGS scalar fluxes with respect to the resolved
scalar gradient. In contrast to eddy diffusivity models and to general gradient diffusion
hypothesis models, for which the diffusivity tensor is symmetric, the present formulation
produces an asymmetric diffusion tensor; for theoretical and experimental reasons, that
tensor is known to be very asymmetric. The model contains a single coefficient, which is
determined dynamically. The model is validated in fully developed turbulent channel flow
and in separated and reattaching flow over a backstep.
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I. INTRODUCTION

Passive scalar transport is important in many flows of practical interest: the rate of mixing in
reacting flows, transport of contaminants, and dispersion of internal energy driven by small tem-
perature variations are some examples where modeling the passive scalar fields plays an important
role.

Advances in scientific computing have made large eddy simulation (LES) a preferred approach
to simulate the underlying physics of hydrodynamic and scalar fields, at a relatively lower cost
than direct numerical simulations (DNS). To effect that efficiency, LES requires closure formu-
lations to replace unresolved quantities, that arise from filtering the governing equations. It is
imperative to model these unresolved quantities, as they are representative of turbulent dispersion
at scales smaller than the filter width. In a sense, the predictive power of an LES depends to a
significant extent upon how effective the subgrid model is in parameterize the physics of small
scales.

Closures for the subgrid scale (SGS) scalar flux follow those that have been devised for Reynolds
averaged modeling, the simplest being a simple gradient diffusion hypothesis (SGDH). This invokes
a scalar subgrid diffusivity, often equated to the subgrid viscosity divided by a turbulent Prandtl
number. The dynamic procedure of Germano [1] was employed by Moin et al. [2] to evaluate
the subgrid diffusivity directly, which provides the dynamic eddy diffusivity model (Dyn-EDM).
A method to determine the subgrid Prandtl number dynamically, without invoking the Germano
identity, was developed by Yin and Durbin [3], and found to be more accurate than Dyn-EDM.
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By invoking an isotropic turbulent diffusivity, the SGDH assumes alignment of the instantaneous
SGS scalar flux and resolved scalar gradient,

]’l?gDM = —ur 85/8)6,‘,

and thus fails to represent the anisotropic effects encountered in complex 3D flows. That error may
have a small influence on the predictions of the average scalar concentration profile, because only
the wall normal flux contributes to the mean flux divergence [4], but the fluctuating fluxes will be
inaccurate. Thus there is cause to consider a more physically justified subgrid closure.

It has been noted in several studies [5] that the turbulent diffusivity is not independent of orien-
tation of the mean scalar gradient. Numerical investigations of homogenously sheared turbulence
[6] have revealed that the turbulent Prandtl number is significantly smaller than 0.9 [7] when the
applied mean scalar gradient is orthogonal to the mean shear. Thus, in such situations, the scalar
turbulent diffusivity is grossly in error, thereby questioning the physical relevance of scalar turbulent
diffusivity models. Such considerations argue for the turbulent diffusivity to be represented by a
tensor, 1.€.,

h,’g = —OlTiiag/an,

where ar;, is asymmetric [4]. Models with tensor diffusivity rotate the SGS flux vector with respect
to the resolved scalar gradient, and yield scalar fluxes in directions other than that of the imposed
mean scalar gradient—hence the name generalized gradient diffusion hypothesis (GGDH). Daly
and Harlow [8] suggested a constitutive relation
36
hGGDH = —C, 91’,“—
i0 Go P X

based on the Reynolds stress tensor, 7;;. Wang et al. [9], and Peng and Davidson [10] extended it
to LES for active and passive scalars by using the deviatoric part of the SGS stress tensor in place
of 7;;, and adopted the dynamic method [1] to compute the model coefficient locally. This will be
referred to as Dyn-GGDH hereinafter.

Wang et al. [9] extended the original GGDH approach to incorporate a full linear as well
as a quadratic tensor diffusivity, derived according to the theory of tensor polynomial functions.
Invoking tensor representations, Wang et al. [11] have also expressed the SGS scalar-flux vector as
a function of resolved strain rate and rotation rate tensors and the resolved scalar gradient. Note,
however, that these models with higher order nonlinear tensor diffusivity are not derived from
the transport equation of the SGS scalar fluxes. Moreover, computing the additional terms arising
in the zeroth-order, linear, and quadratic tensorial polynomial components requires additional
numerical operations and adds expense and stiffness. In addition to the various functional forms,
many structural modeling recipes have been prescribed for the SGS scalar fluxes. One example
would be the extension of scale similarity models for SGS stresses [12] to SGS scalar fluxes. As a
consequence of relating the SGS closure directly to the smallest resolved scales, these models are
generally better at predicting the structure of the SGS fluxes, but deal inadequately with the transfer
of scalar energy between the resolved and the subgrid scales. To remedy their underdissipative
character, scale-similar models must be supplemented with a dissipative term [13], resulting in a
mixed model. Salvetti and Banerjee [14] proposed a dynamic mixed model for the SGS scalar-flux
vector, in which the scale similarity term is added to the simple eddy diffusivity model. To avoid the
problems associated with functional models, some studies [15] have also proposed regularization of
the gradient model to avoid the backscatter of scalar variance. Their idea is to neglect the stretching
effect in the model formulation by considering the part of the filtered strain rate tensor built only
with the negative eigenvalues. Other approaches include modulated gradient model [16], which
computes the structure of the subgrid flux based on the normalized gradient vector, derived from the
Taylor expansion of the exact subgrid flux. The magnitude of the flux is computed from the relevant
subgrid scales which are estimated based on the local-equilibrium hypothesis.
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In light of these considerations, we propose herein a dynamic SGS scalar-flux model based on
the exact rate of production of turbulent fluxes and a semiequilibrium scalar-flux assumption. The
semiequilibrium approximation consists of ignoring the transport and nonhomogeneous terms. It
is not a consistent equilibrium approximation, because the fluxes are not scaled [17]; rather it is
seen as a route to devise an algebraic model. In this work, we advance this idea, taken from the
RANS literature, to the framework of SGS modeling. The focus of the present work is on the
development of a robust and inexpensive tensor diffusivity SGS scalar-flux model, having an explicit
dependence on the SGS stress tensor and on the resolved shear rate. The shear is the cause of a7,
being asymmetric.

II. MATHEMATICAL FORMULATION
A. Governing equations

The filtered, LES, continuity, momentum, and passive scalar transport equations are

8ﬁi 8ﬁi _ aﬁ,- 1 3? azﬁi 3‘[,'j
=Y, a. Uj— = . V—/— — PSR
ox; ot J 0x; P 0X; 0x;0x; 0x;
0 9 %0 dhje
+ — 0) = - (D)

ot 0x;

where @ is the filtered passive scalar, « is the molecular diffusion coefficient, /¢ is the SGS scalar-
flux vector which needs to be parameterized, and the remaining symbols have their usual meanings.
In the following subsection, the derivation and the implementation of the proposed SGS scalar-flux
model are described.

axjaxj 8)(]'

B. SGS scalar-flux model
1. Model derivation

The most general expression for the transport equation of the SGS scalar flux, hjy = u;60 — w0,
is [13]
D

D; rPSGS ESGS SGS + DiseGs’ )
where
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The terms on the right of Eq. (2) represent production, dissipation, pressure-scalar correlation,
and molecular and turbulent diffusion, respectively. The angled bracket operation represents the
Germano notation [1] for a typical LES filter.

Assuming local equilibrium, we conveniently drop the transport and nonhomogeneous terms and
invoke the small-scale isotropy assumption, that £ & 0. This leaves the pressure-scalar correlation
to be modeled. For homogeneous shear and Reynolds averaged equations, Rogers et al. [6] have
shown that both the pressure-scalar correlation term and the time change of scalar flux are approx-
imately aligned with the scalar flux itself. Hence, for filtered fields, we adopt a simple, relaxation
model,

sas _ _ Mo
i0 ng’

where .7 is a timescale for relaxation and C, a dimensionless constant.
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FIG. 1. Rapid variation in the scalar field calculated by Eq. (6) in plane channel flow.

Along with these assumptions, keeping the production term and the time derivative, Eq. (2)
becomes
Ohie 00 ou; 1
— =—Tj— —hjp— — ——=hip. 3
ot Tox;  ox; 7" )

As the resulting system is implicit in scalar fluxes, for ease of numerical implementation, at any
time level, n, we follow RANS numerics [4] by treating the second and third term on the right-hand
side (RHS) of Eq. (3) explicitly and implicitly, respectively,

A 0 o 1

Ti— —h, — — ——Hh,. 4
At / BXj o ax.,- ng i @)
This was tested as a method to update the SGS scalar flux at each time step. The results differed
little from the simplified version that we finally adopted. The SGS scalar fluxes are dominated by
length scales of the order of the filter width [18], and the corresponding time scales are 5—10 times
larger than the time step [19]. Based on these observations, the model is simplified by dropping the
time derivative and, finally, written as
a6 ;
Wy =—CoT | wj— +hy' — ). 5
6 0 <Tjaxj + jo 3x]> ( )
For RANS, Rogers et al. [6] solved the steady state version of Eq. (3) via a matrix inversion,
O'=U+Cy.TVu)!,
1

Tpj—-
0x;
J

hig = —Cy T 03, (6)
However, as those authors report, this approach has been observed to produce a stiff matrix 0;;
for some values of the model coefficient Cy, leading to a rapid variation in the solution as shown in
Fig. 1. Younis ez al. [20] pointed out a more serious problem of Eq. (6) becoming singular in the case
of plane strain. Singular, or near singular, behavior indicates that the equilibrium approximation is
not valid.
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It is to circumvent these numerical issues and to extend the applicability of the model to SGS
modeling that we have proposed a simple explicit approach, as described above in Eq. (5). Using
the basic representation of a tensor diffusivity,

90
hip = —or. —, @)
! ax_,-
in Eq. (5), that equation can be expressed as
ou;
a;’-’j = C9<7<Tij - Ol;kj 8_xk)’ (3)

with ot}kj = oz'TZl. The scalar gradient has been evaluated at time » and removed. This equation
depends only on properties of the turbulence, and not on the scalar field, as a turbulent diffusion
coefficient should. The subgrid stress tensor is given by

) _
Tij = §5ijksgs - 2ngSSij7

with the Smagorinsky eddy viscosity and with (A3) for the isotropic stress kgss. Equations (7) and
(8) are the basis of the SGS scalar-flux model. The switch from (5) to the gradient diffusion form
(7) allows the flux to be implemented numerically as an implicit diffusion term, in the temperature
equation. Also, a more formal equilibrium assumption [17] requires that approximation to be applied
to a diffusion tensor, independent of the scalar gradient.

Equation (8) together with (7) represent the model forms. The results obtained by this approxi-
mation are reasonably accurate, reduce the number of operations, and increase the robustness. No
attempt was made to use a higher-order approximation for az;. This approximation also makes the
dynamic evaluation of Cy straightforward.

2. Model implementation

To close Eq. (8), the coefficient Cy(x,?) is computed by minimizing the error norm of the
Germano identity as follows. At grid-filter level, ( ), the SGS scalar-flux vector is

— om; \ 00
hg =—-Co T |1, —ar — |—. 9
6 0 (tj aT}q 8xk) 8)CJ ( )
At test-filter level, (A) the SGS scalar-flux vector is
= . 9\ 90
Hy=-CI(T;—a;, — |—, 10
6 0 < J an‘] 8xk> axj ( )

where 7;; and T;; represent the full SGS stress tensors at grid and test filter levels, respectively. The
deviatoric parts of 7;; and T;; are evaluated using the dynamic Smagorinsky model [21], while the
isotropic parts are computed by invoking the assumption of a local balance between the SGS energy
production and dissipation; see (A3) in the Appendix.

The characteristic timescale at both filter levels is evaluated by using the norm of the resolved
strain rate tensor, .7 = 1/|S|. Since |S]| is a feature of length scales of the order of the filter width,
and as the SGS scalar flux is dominated by those scales, the timescale derived from it gives a
consistent magnitude of the flux [18].

We define vectors Ny and My at grid-filter and test-filter levels, respectively,

1 I AN 1 ~ O\ 00
Nig = = Tij — O = |7 My = = Ti'—an ol et (11)
IS| T 0x ) 0x; IS| T 0x ) 0x;
With these, Eqgs. (9) and (10) become
hig = —CoNig, Hijp = —CyMq. (12)
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We invoke the Germano identity for scalar fluxes,

o~

Fg = Hjg — hjg, (13)

where

Fy = w0 — 0

is a scalar flux, directly computable from the resolved turbulence, and substitute the model (12) into
Eq. (13),

Fg = —Cy(Mig — Nig) = —CyGig, (14)

where Gy = (M;9 — ]’\7,-9) is a differential vector. Equation (14) is regarded as a method to prescribe
Cy. As this is overdetermined, the solution will be prescribed as the least-squares minimization. In
the interest of robustness, the minimization is carried out after summing over all cell faces, treating
Cy as a constant:

min Z(Fie + CoGip)*.

faces
Then

Co=— (GigFig) ’ (15)
(GigGin)
where ( - ) denotes the local average of the quantity over the cell faces. This value of Cy is used on
the right side of (8) to update arz;,.
In the following sections predictions are compared to the Dyn-EDM and Dyn-GGDH models.
For reference, the model forms of Dyn-EDM and Dyn-GGDH are

2 30
Dyn-EDM: KEPM — —CE9A2|S|T, (16)
Tij 8§

Dyn-GGDH: #SCSPH — _ gy 2L — |

a7
where Cgy and Cgy are dynamically computed model coefficients and the remaining symbols have
their usual meanings.

The variation of model coefficients across a turbulent channel flow, for all the three models, is
shown in Fig. 2. From Figs. 2(a) and 2(b), it is observed that the model coefficient of the proposed
model is much different from the other two. The coefficient of the proposed model is larger than
those of Dyn-EDM and Dyn-GGDH, throughout the channel. In the core of the channel, away from
the walls, the coefficient of all models remains approximately constant. Figure 3 compares Cy at
Re; = 395, 640, and 1020. Inner and outer regions are seen at all Reynolds numbers.

The ratio of the Smagorinksy coefficient for the Dyn-EDM, to the SGS flux model coefficient,
gives the turbulent Prandtl number Pry. No such interpretation of this ratio exists for models with
tensor diffusivities. In our simulations, the negative values of the model coefficients were not
clipped; hence, in Fig. 2(c), the instantaneous values of the model coefficient of some of the models
may be negative. In the case of the proposed model, negative values are sometimes observed very
near the wall, but not in the case shown in the plots. Contours of model coefficients at y* = 5 are
provided in Fig. 4. They are elongated in the direction of shear, as expected. Cgg and Cgy show
negative patches, while Cy is entirely positive.

In the EDM model, for the SGS heat flux to go to zero at the walls, the model coefficient must
go to zero. However, this is not a requirement for the present model. Since the SGS stress tensor
is the nonhomogeneous term in Eq. (8), the modeled SGS heat flux tends to zero by virtue of the
stress tensor going to zero. To construct the eddy diffusivity tensor, we have used the full SGS stress

114609-6



DYNAMIC SUBGRID-SCALE SCALAR-FLUX MODEL BASED ...

——C) : Present Model ]
- - -Cgp : Dyn-GGDH
----------- 30Cgp : Dyn-EDM |4

——Cy : Present Model ]
-- —ng : Dyn—GGDH
---------- 30Cgy : Dyn-EDM |

o
o
T

o
=)
T

=3
'S
T

Averaged model coefficient
Averaged model coefficient

02t ,7 4 0.2} -

T -

] -7

1 PRg

0 Lo L L N N 0 b= = T . N
0 0.2 0.4 0.6 0.8 1 10° 10t 102

y/é y*
(a) (b)

——C : Present Model |
i -- —ng : Dyn—GGDH
1F S (— 30Cgg : Dyn-EDM |-

Instantaneous model coefficient

0 0.2 0.4 0.6 0.8 1

FIG. 2. Averaged model coefficients in fully developed turbulent channel flow at Re, = 395 for different
models: in outer scaling (a), in inner scaling (b), and their instantaneous values at x/L, = z/L, = 0.5 in outer
scaling (c).

tensor consisting of the dynamic Smagorinsky closure for the deviatoric part, and the subgrid kinetic
energy, computed by the dynamic procedure, for the isotropic part.

The near wall scaling of the dynamic Smagorinsky model is incorrect except for 7, and 13,
which are the critical components. Furthermore, it is reported in the literature that dynamic models
can be very sensitive to the test filtering procedure and the stabilization method. Indeed, we have
observed this same effect (incorrect near-wall scaling of the SGS stress tensor) in our channel flow
simulations. The modeled heat flux tensor inherits its scaling from near-wall behavior of the stress
tensor. Hence it becomes small, but not with the theoretical y,. scaling. However, it has been verified
that the eddy diffusivity becomes orders of magnitude less than the molecular diffusivity in the
near-wall region (y+ < 5), as shown in Fig. 5. Incorrect scaling is not desirable, but it has a small
effect, as long as the eddy diffusivity becomes small where it should.

III. NUMERICS, TEST CASES, AND RESULTS

The proposed model was tested after implementing it in the open source code OpenFOAM
[22,23]. Gaussian finite volume integration, with a second order accurate, central differencing
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FIG. 3. Averaged model coefficients in fully developed turbulent channel flow at various Re,.

scheme was used for spatial discretization of the gradient and divergence terms in the governing
equations. For convection of the passive scalar, the third order accurate flux interpolation scheme,
QUICK, was chosen. A second order accurate, implicit scheme was chosen for temporal discretiza-
tion. The pressure and momentum equations were solved by the generalized geometric-algebraic
multigrid method and the symmetric Gauss-Seidel method, respectively. The PISO algorithm was
used to solve the pressure and momentum equation correctors two times in each step.

A. Turbulent Poiseuille flow

An incompressible, pressure-driven, fully developed turbulent channel flow is considered for
validation of the proposed model. The geometry of the computational domain which has dimensions
(Ly, Ly, L;) = (6.46, 25, 3.25) is shown in Fig. 6. The Reynolds number of the flow is Re; =
u.6/v = 395 and the molecular Prandtl number is chosen as Pr = 0.71. Here, § is the half-channel
width and u, represents the wall-friction velocity. Two coarse grids, G1 and G2, with resolutions
sufficient for a feasible LES have been used to validate the model and to examine the importance
of SGS effects. The grids are uniformly spaced in the streamwise and spanwise directions, and
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FIG. 4. Contours of instantaneous model coefficient at y* = 5 for present model (a), Dyn-GGDH (b), and
Dyn-EDM (c). The results are shown for fully developed turbulent channel flow at Re, = 395.

stretched in the wall normal (y) direction by 7.yp, the cell-to-cell expansion ratio. The grid details
are summarized in Table I.

The boundary conditions are all set to periodic in streamwise and spanwise directions. The top
and bottom walls are no slip for velocity, with a fixed gradient (constant heat flux) for the scalar
(temperature) field. The mean momentum and temperature are held constant with respect to time
by adding source terms to the momentum and scalar transport equations. From here on, “scalar”
and “temperature” will be used interchangeably. It is to be noted that these grids are not overly
fine, so that the SGS model plays a role in the velocity and scalar field solutions. To confirm that
the numerical dissipation is not dominant in our test cases, the results obtained by the proposed
model are compared in Fig. 7, with the LES without subgrid model for the fluxes. It is clear that the
predictions from simulations with no SGS flux model are poorer in comparison to those obtained
with the proposed model. This shows that the dissipation introduced by the model is greater than

the numerical dissipation. The rms value of the scalar concentration is defined by 6% = [{(® —

[5])/9,}2]1/ 2, where [-] represents the time average. The wall-friction temperature 6, is defined in
Eq. (18).

The viscosity ratio for both the grids used is shown in Fig. 8. The considered Reynolds
number is small, which may be why the averaged SGS viscosity is low compared to the
molecular viscosity. However, instantaneous SGS viscosity ratios as high as 10 were ob-
served in the simulations. In subsequent sections, we will show that the model delivers
promising results in moderately high Reynolds number flows, as well as in separating flows
on relatively coarser grids, with the viscosity ratios as high as 2-4. Also, as we will dis-
cuss, the effect of the proposed model is observed to be significant, even in an averaged
sense.

1. Resolved velocity and scalar fields

Before analyzing the SGS effects of the proposed scalar-flux model, resolved fields are consid-
ered. In this section, both the velocity and the scalar fields will be presented.
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FIG. 5. Relative magnitude of eddy diffusivity components and molecular diffusivity at y* < 10 for the
present model. The results are shown for fully developed turbulent channel flow at Re, = 395.

Figure 9(a) shows the predictions of the standard root-mean-square deviations of all the three
components of the velocity in the wall normal, y, direction and Fig. 9(b) shows the mean streamwise
velocity. The rms values of the resolved velocity are defined by

u/iJ,rrms = [{@ — [ﬁi])/ur}z]l/z,

where [-] represents the time average. The predictions are compared for G1 with the DNS results of
Moser et al. [24].

Although grid Gl1 is the finer of the two grids, it is still moderately coarse, considering the
standard resolution requirements for a proper wall-resolved LES of channel flow. The wall-normal
and spanwise components of the rms velocity fluctuations are slightly underpredicted, while the
streamwise component has a higher peak followed by a region of underprediction closer to the core
of the channel. Despite these slight inaccuracies in the rms values, the grid G1 is fine enough to
produce a reasonably accurate mean velocity profile [Fig. 9(b)] suitable for testing the model for
passive scalar advection.

The resolved streamwise and wall-normal heat fluxes are shown in Fig. 10(a), and the mean
temperature profile is compared to DNS of Kawamura et al. [25] in Fig. 10(b). The fluxes and the
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FIG. 6. Schematic of the flow domain and boundary conditions for fully developed channel flow.

temperature profile are normalized by wall-friction velocity, u,, and the wall-friction temperature,

a 960
MT ay w’

(18)

where o is the molecular diffusivity and the subscript w denotes the quantity computed at the wall.
The temperature profile is plotted as

§+ — ew —9()’)’ (19)
O

where 6, is the mean resolved wall temperature. Figure 11 shows this scaled temperature at two

higher Reynolds numbers on the grids with resolution the same as G1. The mean temperature

predictions are excellent.

To highlight the effect of modeling the SGS scalar fluxes, in Fig. 10(b), the resolved mean tem-
perature prediction of the proposed model is compared with those of Dyn-EDM and Dyn-GGDH.
It is observed that the prediction of the wall-normal distribution of the mean temperature by the
proposed model is more accurate than the others, especially in the logarithmic layer. It is important
to note here that the present model reverts back to Dyn-GGDH if the velocity gradient term (5) is
neglected. Hence it is clear that the contribution of this term is very important in improving the
resolved mean temperature predictions. Furthermore, this confirms that there is no physical reason
for the diffusivity tensor to be symmetric.

To examine the validity of the current LES and to investigate the efficiency of the proposed SGS
scalar-flux model, it is reasonable to look at the scalar energy balance across the channel. The fluxes
are normalized by the viscous heat flux at the wall. Figure 12 shows the heat flux budget. The total
heat flux consists of the contributions from the resolved viscous fluxes, resolved turbulent fluxes,
and the subgrid fluxes, and varies approximately linearly across the channel with respect to the

TABLE 1. Grid details for fully developed turbulent channel flow validation cases.

Case (Ny X Ny x N,) Ax* Azt Fexp
Gl1 (64 x 88 x 64) 40 20 1.09
G2 (44 x 68 x 44) 60 30 1.125
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FIG. 7. Mean resolved temperature (a) and resolved scalar fluctuations (b) for grid G1 with and without
the subgrid model.

wall-normal coordinate normalized by wall units,

106" y+

— 7 _ ot _ht a1 —
Qiotal = Pr 8y+ Vo hy0 1 RCI . (20)

It is evident from Fig. 12 that the total computed heat flux is close to the theoretical linear
variation. An instantaneous SGS heat flux at x/L, = z/L, = 0.5 is also shown. Although the time
and span averaged SGS heat flux is relatively small, the magnitude of the local and instantaneous
value is observed to be appreciable.
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FIG. 8. Time averaged SGS viscosity compared to the molecular one for fully developed channel flow.
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FIG. 9. Resolved velocity fluctuations (a) and resolved mean streamwise velocity (b) for grid G1.

2. Subgrid scalar-flux structure

The previous subsection focused mainly on the resolved quantities associated with the velocity
and scalar fields. To evaluate the effectiveness of the proposed tensor diffusivity model at the
subgrid scale, it is important to quantify the SGS effects. Some studies [11] have recommended
characterizing the SGS scalar-flux model by the magnitude of the effective diffusivity and by the
alignment between the SGS scalar flux and the resolved temperature gradient. In this subsection, we
will examine such quantities for the proposed model, in comparison with the Dyn-EDM and Dyn-
GGDH models. The asymmetry in the diffusion tensor and relative magnitude of the streamwise
and wall-normal fluxes will also be discussed.

8 : : : : : -
o —u*#'*, DNS: Kawamura et al. Present Model
T o y'+0'*, DNS: Kawamura et al. | s -Dyn-GGDH
——u*0+, Present || |77 Dyn-EDM
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509 —— —u't0'*, Dyn-GGDH J
+ b 9 - - -v+¢'*, Dyn-GGDH 10k
}rb 4 9 —— —u*g+, Dyn-EDM 1 T=
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3 >
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1P
0 0 . .
0 10° 10! 102
+
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(b)

FIG. 10. Resolved streamwise and wall-normal heat fluxes (a) and mean resolved temperature (b) for
grid G1.
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FIG. 11. Mean temperature at Re, = 640, 1020.

The alignment angle ® between the resolved temperature gradient and the modeled SGS heat

flux is
hig - 0
o = cos_1<0—_’>. 21
|hig]16 i

Figure 13 shows the PDF of the instantaneous alignment angle predicted by the Dyn-EDM,
Dyn-GGDH, and the present model. Negative values of the model coefficients have been allowed
for all of the described models. It is evident in Fig. 13(a) that ® predicted by the Dyn-EDM is
either 0° or 180° corresponding to Cgy < 0 or Cgy > 0, respectively. The predictions are similar in
the regions near the wall (y© = 3) and near the center of the channel (y© = 350). As the physical
mechanism of heat transfer at the subgrid scale is significantly different from the simple gradient

1 T T T
X —e— Resolved viscous HF
N e Resolved turbulent HF
08H  ..NO |- Modeled SGS HF E
............... Total HF
........ - = —Linear variation
06HF TN "\ |—+— Instantaneous SGS HF |-

Heat flux budget

0 100 200 300 400

FIG. 12. Normalized heat-flux budget in the wall-normal direction on grid G1 for fully developed channel
flow.
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FIG. 13. PDF of the alignment angle between the resolved temperature gradient and the SGS heat flux for
Dyn-EDM (a), Dyn-GGDH (b), and the proposed model (c). The results are shown for fully developed channel
flow on grid G1.

diffusion constitutive relation, the Dyn-EDM fails to accurately describe the physics of heat transfer
at such scales.

Tensor diffusivity models, however, are able to predict a SGS heat flux vector which is rotated
with respect to the temperature gradient, giving rise to a wide range of alignment angles. In the
case of Dyn-GGDH, as shown in Fig. 13(b), the PDF of the instantaneous alignment angle is quite
scattered with a substantial contribution from ® = 180°. The near wall predictions are better than
those away from the wall.

In the proposed SGS heat flux model, Fig. 13(c), a single angle of ® & 125° is preferred in the
near wall region. This property is in accordance with the physical intuition that, in the near wall
region, the direction of the flux is governed by both the wall-normal temperature gradient and the
advection of temperature parallel to the wall, giving rise to the SGS heat flux vector aligned at the
angles weighted toward & = 90°. In the core region of the channel, the proposed model predicts ®
closer to 150°, which is still better than both the Dyn-EDM and Dyn-GGDH model predictions.

In order to compare the SGS effects of tensor diffusivity models with the Dyn-EDM, it is
reasonable to define the effective SGS diffusivity as

ol = —hyg /(30/0y). (22)
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FIG. 14. Effective SGS diffusivity for Dyn-EDM, Dyn-GGDH, and the proposed model.

The ratio of the averaged effective SGS diffusivity to the molecular diffusivity is quantified for
all three models in Fig. 14. This ratio signifies how important the SGS diffusion is, compared to
molecular diffusion. It is observed that the degree of variability in the effective SGS diffusivity
is greatest in the case of the proposed model. The value of afg /a predicted by Dyn-EDM and
Dyn-GGDH models ranges from zero at the wall to a maximum of ~0.4 and ~0.9 in the core
region, respectively. However, the effective diffusivity of the present model is close to 1.5 over most
of the channel and has a maximum of about 6.5. It is to be noted that, in the case of the Dyn-EDM,
diffusivity is expressed simply by a scalar oy and there is no question of defining an effective
diffusivity.

The effectiveness of any SGS heat flux model is best gauged by how well it can represent the
geometrical structure of the fluxes at subgrid level. Considering the case of resolved fluxes, it is
evident that the magnitude of streamwise fluxes is always greater than the magnitude of wall-normal
fluxes, i.e., [W'6'| > [v'0'|; see Fig. 10(a). A good SGS heat flux model should be able to preserve
this structure for the SGS heat fluxes, i.e., |hig| > |hog].

From Fig. 15(a), it is clear that the Dyn-EDM fails to produce a streamwise heat flux. Fig-
ure 15(b) displays the SGS heat flux structure predicted by the Dyn-GGDH and the proposed model.
Although Dyn-GGDH is able to predict the streamwise fluxes slightly better than the Dyn-EDM, it
yields |hf'gGGDH| < |h;OGGDH|, which is not in agreement with the structure of fluxes prescribed by
the resolved scales. The present model generally predicts a larger magnitude of the streamwise and
wall-normal fluxes than those of the Dyn-EDM and Dyn-GGDH models, and it also successfully
preserves the correct geometrical structure of the fluxes with [P | > AP,

The diffusivity tensor, ar,, given by Eq. (8) consists of the contributions from the SGS stress
which is symmetric and from the shear rate which is asymmetric. Thus ay;, can be written as the
sum of a symmetric part and an asymmetric part,

o, = ot%/_ + a’%/_, (23)
where a%j = Cy T 1;; and a’T‘ij = —Cy T oz, 3ii;/dxy. Averaged values of the normalized diffusivity

tensor components for the present model are shown in Fig. 16. From Fig. 16(a), it is clear that
the model captures anisotropy of the diffusivity tensor. The model is also able to reproduce the
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FIG. 15. Comparison of time and span averaged SGS heat fluxes in streamwise and wall-normal direction
between Dyn-EDM (a), Dyn-GGDH (b), and the proposed model. The values of normalized by friction velocity
and friction temperature.

expected asymmetry, o, < ap, < 0, in Fig. 16(b). The asymmetry in the diffusivity tensor is due
to the contribution of the velocity gradient to flux production.

3. Grid G2 predictions

Grid G2 is the coarser of the two grids used. Figure 17(a) displays the ratio ozggfg /. Evidently, for
the proposed model, on a coarse grid the ratio becomes large and goes as high as 18. It is interesting
to note that diffusivities of the Dyn-EDM and Dyn-GGDH models are still small in comparison with
the molecular value. Although the SGS effects predicted by the proposed model are larger on grid
G2, it nevertheless yields a reasonably accurate mean temperature profile as shown in Fig. 17(b).

The Dyn-EDM and Dyn-GGDH models are observed to be unsuccessful in doing that. Since the

0.4 0.05
0.35
0.3+
0.25 +
S
= 0.2
=0
d 0.15
' asz/a
0.1 -- —agﬂ/a
—ozgu/a
0.05 ---ap, B
—ap, Ja=a3 |
0 " " " L " " L L
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
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(a) (b)

FIG. 16. Anisotropy (a) and asymmetry (b) of the model diffusivity tensor, ar;;, for the present model.

114609-17



SHUJAUT H. BADER AND PAUL A. DURBIN

20 T T " 20 T v
Present Model Present Model e
- - -Dyn-GGDH - - -Dyn-GGDH .
.......... Dyn-EDM wree Dyn-EDM
15} J 15| o DNS: Kawamura et al.

2
~u 10 . 10f
B =
S
5t 5
'l
A i e e e e o = e = -~ ~
otz : ; - ml Y 0 ) N
0 0.5 1 15 2 100 10! 10°
y/s v
(a) (b)

FIG. 17. Ratio of the averaged absolute effective diffusivity and molecular diffusivity (a) and mean
resolved temperature (b) predictions on grid G2 by different models.

mean temperature profiles for both the grids G1 and G2 are reasonably close to the DNS data, they
serve to show a capability of the model to reduce mesh insensitivity.

4. Numerical efficiency

Table II lists the normalized computational time (with respect to that of Dyn-EDM) of all the
considered models at various Reynolds numbers for the plane channel flow. The flow was computed
for a fixed time of 60, 40, and 20 flow through times for Re, = 395, 640, and 1020, respectively,
with the appropriate number of processors, which was kept constant for the same Re; . It can be seen
that the proposed model incurs about 20% additional cost with respect to the Dyn-EDM model for
almost all of the Reynolds numbers. Keeping in mind that the solutions derived from Dyn-GGDH
and Dyn-EDM were not accurate, an increase of 10-20% in computational cost with respect to
Dyn-GGDH and Dyn-EDM models, respectively, is justifiable.

B. Flow and heat transfer over a backward facing step

It is important to test the performance of the model in a flow with separation. Separated and
reattaching flows with heat transfer are of practical interest in nuclear reactors, gas turbines, and
electronic circuits. Here we consider the well studied case of the flow over a backward facing step
with heat transfer downstream of the step.

The simulation is of the reference case in Adams et al. [26] and Vogel and Eaton [27]. A
schematic of the simulation domain and the grid are shown in Fig. 18. The dimensions of the domain
are (22H x 5SH x 3H) with an entrance length of 2H, upstream of the step. The grid consists of

TABLE II. Computational cost comparison of the proposed model with Dyn-GGDH and Dyn-EDM models.

Re,;\Model Present Dyn-GGDH Dyn-EDM
395 1.22 1.05 1.00
640 1.24 1.06 1.00
1020 1.20 1.10 1.00
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FIG. 18. Computational domain (a) and the grid used (b) for the backward facing step simulations.

144 x 96 nodes in streamwise and spanwise directions, downstream of the step. The grid is stretched
in the wall normal, as well as the streamwise direction, away from the step, as evident in Fig. 18(b).
In wall units of the upstream boundary layer, the grid resolution at some pivotal locations in the
domain are

Axt. =15, atthe step,

Ax =450, at the exit boundary,

max

Azt =425, uniform in span,
Ayt =10, atall the walls.

Let it be reiterated here that the grid is coarse, as the ratio of subgrid to molecular viscosity
was observed to be as high as 2.5 over almost all of the domain. The Reynolds number based
on the step height is Rey = 28000 and the expansion ratio of the channel at the step is 1.25.
The molecular Prandtl number is Pr = 0.71. The boundary conditions are all set to periodic in
the spanwise direction. For the temperature field, a constant heat flux of 270 W/m™? is prescribed
on the lower wall, downstream of the step. The inflow condition consists of an inlet boundary layer
on both the top and bottom walls, upstream of the step, separated by a somewhat undisturbed core.
The inlet boundary layers for the reference case are described by the momentum thickness Reynolds
number Reg = 3370 and a measured thickness of §/H = 1.1. At the exit, the boundary condition
on velocity and temperature fields is set to zero gradient.
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FIG. 19. Mean velocity (a), mean temperature (b), skin friction coefficient (c), and Stanton number
(d) profiles along the lower wall downstream of the step.

A precursor channel flow simulation (3.3H x 4H x 3H ) was calculated to generate the upstream
boundary layer flow by rescaling and recycling the boundary layer near the outlet of the channel
back to the inlet. Then the turbulent boundary layer was mapped from the channel exit to the inlet
of the backstep domain. Care has been taken to match the inlet turbulent boundary layer to that of
the experiments. However, certain discrepancies still exist due to the short length of the precursor
simulation; thus it was not possible to exactly simulate the upstream boundary layer. This might
possibly affect the accuracy of the simulation results. However, it has been shown by Westphal ez al.
[28] that, if the renormalized coordinate x* = (x — x,))/x, is used, where x, is the mean reattachment
length, statistical data are quite insensitive to the inflow conditions. This has been observed by
various researchers in LES of the backward-facing step.

The mean velocity, skin friction coefficient, mean resolved temperature, and Stanton number
predictions are shown in Fig. 19. The mean profiles of velocity and temperature, predicted by the
proposed model, are reasonably accurate and match well with the experimental results of Vogel
and Eaton [27]. The mean temperature profile is compared with the predictions of Dyn-GGDH and
Dyn-EDM models in Fig. 19(b). The results are nearly identical far downstream of the step, but
near the location of the step the proposed model predicts a better agreement with the experiments.
However, the proposed model slightly overpredicts the wall temperature, which is seen with other
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models, too. The near wall temperature data from the experiment is not reliable and some data
points have been ignored for clarity. From Fig. 19(c), it can be observed that, in the recirculation
zone, the LES results show a larger negative value of Cy. It is not clear why the LES overpredicts
the magnitude of Cy, but the same inaccuracy has been reported by Keating et al. [29] and Akselvoll
and Moin [30]—as depicted in Fig. 19(c). The reason for the poor agreement in the skin-friction
coefficient could be attributed to the inflow generation method and/or to inadequate grid resolution
in this region. However, Keating et al. [29] used a finer grid and did not see any improvements in
the Cy. Another cause might be the limited spanwise extent of the domain; but, preliminary studies
by Keating et al. [29] with wider domains did not improve the results.

The wall heat transfer characteristics predicted by the proposed heat flux model are quantified
by the Stanton number in Fig. 19(d). The Stanton number profile matches well with the exper-
imental data. The Stanton number predictions of Dyn-EDM and Dyn-GGDH differ from those
of the proposed model near the step location and far downstream where the mesh is coarse.
For the rest of the domain, the profiles are somewhat similar. The contrast, that St matches well
with the experimental data, while Cy does less so, is probably because of different mechanisms
that are responsible for heat and momentum transfer, as evidenced by the breakdown of Reynolds’
analogy in the recirculation zone.

IV. CONCLUSIONS

In this work, a dynamic SGS scalar-flux model is proposed which is based on the exact
rate of production of turbulent fluxes. The model incorporates a tensor diffusivity with explicit
dependence on the subgrid stresses and the resolved velocity gradient. The fact that the diffusivity
is represented by a tensor allows the scalar-flux vector to be misaligned with the filtered temperature
gradient.

Some numerical challenges were faced in representing the fluxes by the explicit formula,
Eq. (6)—i.e., stiffness and unphysicality of the solution. To overcome these issues, the flux term
on the RHS of Eq. (8) is updated explicitly. Then the model coefficient is computed dynamically.

To validate the model, predictions were compared to DNS data in channel flow and to the
predictions by the Dyn-EDM and Dyn-GGDH models. It was shown that the prediction of the mean
resolved temperature (on two coarse grids) is better than these other two models. The proposed
model is observed to correctly predict the relative magnitude of wall-normal and wall-tangential
flux and the PDF of the instantaneous alignment angle between turbulent flux and temperature
gradient.

It is noteworthy that the subgrid to molecular diffusivity ratio was much larger than those of the
Dyn-EDM and Dyn-GGDH models; so the improved predictions are due to a greater reliance on
the subgrid model. While it is not entirely deductive, it can be presumed that adopting the exact
flux production term into the model, and accepting that it produces an asymmetric diffusion tensor,
as exemplified by Fig. 16, are useful properties of the formulation. The larger value of the model
coefficient, Cy, and especially its rise near the wall, also contrasts to the comparison models. The
free index in Eq. (9) contains a contribution from the direction of the resolved velocity, rather than
the direction of its gradient. Near the wall, where the velocity in the x direction is dominant, the
streamwise flux will make a large contribution to Eq. (15), and that may explain the behavior
of C9 .

The results reflecting the performance of the proposed scalar-flux model at the subgrid scale are
promising and its ability to correctly predict the near-wall heat transfer characteristics in a separated
and reattaching flow is encouraging.
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APPENDIX

An estimate of the subgrid turbulent kinetic energy is based on the dynamic Smagorinksy model,
as implementation by Passalacqua [31] for OpenFOAM. The SGS stress tensor t;; = u;u; — U;u; is

modeled by %ksgséi ;= 2vsg5§,~ j» where
10w n ou;
AT

The subgrid kinetic energy is the trace of the stress tensor, ksgs = Tpr = (Ulty — Uglly).
Let

Ll

Vsgs = Cr A/ kigs. (Al)

Using a local equilibrium approximation that production equals dissipation, and representing dissi-
pation by C.kL3 /A,

5gS

15 1.5
S:t; = CE% = CG% = 2v4|S)%, (A2)
where |S| = v/25 : S. Hence
ksgs = CdynA2|§|2- (A?’)

Cayn is computed dynamically by using trace of the resolved stress tensor and modeled kg, at the
test and grid level filters.
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