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SUMMARY

In order to assess new subgrid-scale (SGS) models for a passive scalar, several large eddy simulations
of a turbulent channel flow with passive scalar, for various Prandtl numbers ranging from 0.1 to 2.0 are
carried out. These models are not based on the classical Fickian approximation and do not necessarily
induce an alignment between the SGS heat flux vector and the gradient of the resolved temperature. Five
SGS models are investigated on two grids. To validate the simulations, statistical quantities such as mean
temperature, temperature variance and turbulent heat flux are compared with available data obtained by
direct numerical simulation (DNS). The SGS dissipation is computed for different models in order
to analyse its behaviour. The turbulence structures based on instantaneous velocity and temperature
are described to study the correlations between these two fields. Among the assessed models, those
consisting in Fickian and non-Fickian parts seem to be full of promise. Copyright © 2005 John Wiley
& Sons, Ltd.

KEY WORDS: large eddy simulation (LES); passive scalar; turbulent channel flow; subgrid-scale
(SGS) model

1. INTRODUCTION

Understanding and prediction of heat transfer are of great importance in the engineering
domain. Heat transfer problems in heat exchangers, gas turbines and nuclear reactors or pol-
lution dispersal are few examples. For small temperature differences, the temperature acts like a
passive scalar driven by the turbulent velocity field without influencing the latter. In this case,
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the temperature field is determined by solving a temperature conservation equation for a given
turbulent velocity.

The flow between two parallel unbounded plates has been already studied experimentally
or numerically [1-5]. In return, few direct simulations or large eddy simulations are at our
disposal, if we consider the turbulent transfer of a passive scalar (or temperature field) in a
channel. The first direct simulation for the passive scalar transport is due to Kim and Moin [6].
The studied flow corresponds to a fluid, containing an internal heat source, which exhausts
through cold walls of the channel. This simulation confirmed the high correlation between
streamwise velocity and temperature fluctuations, which has been experimentally observed
[7]. Lyons [8,9] presented similar results in the case of turbulent transport of temperature
field. In his case, both walls conditions are isothermal, but the bottom wall temperature is
hot, while the top one is maintained at a cold temperature. Kasagi et al. [10, 11] have car-
ried out the same kind of direct simulation of passive scalar, but the thermal conditions
are different: they used an isoflux condition for both walls. Some authors such as Calmet
et al. [12] and Dong et al. [13] used large eddy simulation to study polluent transport, repre-
sented by its concentration, which corresponds to high Schmidt numbers. Moreover, Kawamura
et al. [14,15] continued Kasagi’s works in studying the turbulent transport of temperature field
for Prandtl numbers varying from 0.025 to 5. At last, Wang et al. [16] carried out turbulent
oscillatory heat transfer in channel flows.

Large eddy simulation (LES) involves the parametrization of high frequencies of the solu-
tion through the use of a subgrid-scale (SGS) model [17]. Among various levels of models,
Fickian models, i.e. those of eddy diffusivity as well as eddy viscosity, are most used mainly
thanks to their simplicity. In almost all eddy-diffusivity models, the SGS scalar flux is
parametrized using the concept of isotropic eddy diffusivity. A drawback of such mod-
els is that they cannot predict the anisotropy of SGS scalar flux that arises from the
resolved velocity gradient, which is associated with coherent structures in the near-wall re-
gion. It has been known for a long time that the turbulent diffusivity in turbulent shear
flows has different values for different orientations of the mean scalar gradient, yielding
a non-diagonal SGS-diffusivity tensor. Some authors have also given arguments against
the self-consistency of gradient transport models with spatially varying turbulent
diffusivities [18].

Previously, the authors [5] have compared several SGS Reynolds tensor models without
passive scalar model, for two friction Reynolds numbers (180 and 400). In order to study
SGS scalar flux models and to avoid discrepancies from the aerodynamical flow, the authors
have chosen a rather low-friction Reynolds number (180) in an academic geometry. Otherwise,
a more complex geometry (a backward-facing step) has been simulated by Labbé et al. [19]
in which the heat transfer phenomenon in the reattachment zone was investigated with the
mixed scale subgrid model.

In this work, we will present results obtained with Fickian and non-Fickian SGS models for
scalar flux in the plane channel configuration at a friction Reynolds number equal to 180, for
three Prandtl values (0.1,0.71 and 2.0). Governing equations and the numerical method are
presented in Section 2. The SGS model used in the momentum equation is described in Section
3. Details of the selected SGS models for the scalar flux are given in Section 4. Section 5
is devoted to the statistical results with the Prandtl effect. Section 6 presents instantaneous
velocity and temperature fields, showing phenomena such as sweeps and ejections. Conclusions
are given in Section 7.
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2. GOVERNING EQUATIONS AND NUMERICAL METHOD

2.1. Mathematical model

The fluid is supposed to be incompressible with no buoyancy effect: the temperature field
is considered as a passive scalar. Therefore, the retained variables for the simulation are the
resolved velocity field # and the resolved temperature increment ©, which is defined as

T(xayaz;t) B Tl(x)
Ty

O(x, y,z;1) = (1)

where 7, and 7 are, respectively, the temperature associated with static streamwise varying

solution and the reference temperature [10]. The resulting dimensionless governing equations
read
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with ©; =w; — iy, 1% =1, — } T, 10;=0Ou; — Ou;. The pseudo-pressure II=P + 144/3
is computed by solving the associated Poisson equation [20]. The term Fy(¢) is related to
the time-adaptive forcing term which is used to enforce a constant mass flowrate across
the channel [5]. The source/sink O guarantees the bulk temperature conservation [10]. It is
important to notice that this source/sink term is related to the choice of an isoflux condition
that will be detailed in the next section. In any case, it does not correspond to an unphysical
source/sink term added to ensure bulk temperature conservation. It is defined by the following
dimensionless relationship:
dno _ vy

= - U ()

Q:_dx Uy

where u, and ¢, are, respectively, the bulk velocity and the mean heat flux at the wall which
are defined by

K @
12 om, oz,
Ub—ﬁ/o updz Uy = ‘Vazz_o qW_T (6)

2.2. Boundary and initial conditions

For the resolved velocity field, periodic conditions are used in streamwise and spanwise
directions, while no-slip condition is applied on the two solid walls.

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:75-98
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An isoflux condition [15] on solid walls and periodic conditions in the other directions (as
for the velocity field) are used for the resolved temperature field. The isoflux condition means
that the time-averaged wall heat flux does not change in the streamwise direction. This heating
condition is equivalent to an assumption that the wall ensemble-averaged temperature over the
spanwise direction and time should increase linearly in the streamwise direction. The isoflux
condition requires to impose zero-boundary condition for the resolved temperature field on
the two walls, i.e. Oy =0.

The initial resolved velocity field is obtained through the superposition between a Poiseuille
profile and a free divergence perturbation. The resolved temperature field is initialized by an
instantaneous streamwise velocity component issued by previous calculations [5], yielding
O(t=0)=Pru;.

2.3. Numerical method

The time integration is performed using a second-order accurate semi-implicit method. Convec-
tion terms are written in skew-symmetric form and treated by using an explicit second-order
Adams—Bashforth scheme. The molecular diffusion terms are discretized using the implicit
second-order backward differentiation formulae (BDF). The spatial discretization is achieved
using a second-order hybrid Finite Element/Finite Difference approach. A full description of
the method can be found in Reference [5].

3. SGS MODELLING IN MOMENTUM EQUATION

In order to isolate the differences due to the treatment of the SGS scalar flux, the same SGS
model was used in the momentum equation for all the computations. The selected model is
an eddy-viscosity model, called the selective mixed scale model (MSM). This model was
shown to lead to a good overall agreement with direct numerical simulation (DNS) data
for this configuration, on the same mesh and using the same numerical method [5]. The
deviatoric part of the SGS tensor rfj appearing in the momentum equation (3) is assumed to
be proportional to the resolved strain rate tensor:

32—
T“J' = - ZVSmSija Vem = CmfselecA ||v A u” 1/2\/62 (7)

ij
where S;; = 1((0u;/0x;)+ (du;/0x;)), |V Al is the norm of the curl vector, the cut-off length-
scale A is defined as (AxAyAz)'3, g, is the kinetic energy of the highest resolved fre-
quencies, and fec @ selection function (see References [17,21] for a full description of the
model). The constant C,, of the model is set to 0.1, which corresponds to its theoretical value

for isotropic turbulence. The kinetic energy ¢. is evaluated by applying a test filter to the
resolved field:

ge =% (@ — ;) (®)
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4. SGS MODELLING IN TEMPERATURE EQUATION

We now present the selected models for the SGS scalar flux. All of them can be recast in
the following general form:

_ =00 e
J

where f and g are two scalar functions and V' a vector which is not necessarily aligned with
the resolved temperature gradient.

The first part of Equation (9) corresponds to the Fickian part of the model, and the func-
tion of proportionality f is termed an SGS diffusivity, by analogy with the molecular diffu-
S1vity.

The second part of the model, which is associated with the function g and vector V is
introduced to break the alignment of the SGS flux vector and the resolved field gradient. Five
models are now described, which correspond to different definitions of the two parts of the
SGS scalar flux.

4.1. Dynamic linear combination models

The two first models belong to the class of the dynamic linear combination models, as defined
by Salvetti and Banerjee [22]. The non-Fickian part of the model is evaluated using a scale-
similarity model, leading to

J— J— 67 A — [ p—
Ty = — CKA2|S£ + C(#,0 —4,09) (10)

where [S|=/2S,;S;;. The two variables C, = C.(z;1) and C, = Cl(z;t) of the model are eval-
uated by using a dynamic procedure, or can be taken equal to a given theoretical value. To
compute dynamically these two constants, it is necessary to introduce a test filter whose filter
width A is larger than the grid filter width A.

Following the Germano—Lilly procedure [23], the closure for the scalar flux at the test-filter
level can be written as

i , J—

~2~ 00 = ==
THj: _ChA ‘S|a§?+cic(ﬁj@_uje) (11)
J

The Germano identity for the scalar flux reads
Fyj= = CH; + C(G; (12)
where the vectors F;, H; and G; are defined by
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4.1.1. Case HSDBD. The first model, referred to as HSDBD, corresponds to the case where
the two constants are evaluated through the dynamic procedure. They are computed by solving
the following linear system, which is obtained by contracting Equation (12) with the vectors H,
and G;:

—C(H;H;) + C.(G,;H;) = (F,;H,)

—Ci(H,G;) + CL(G;G;) = (F,G))

(16)

4.1.2. Case HSDB. For this model, referred to as HSDB, the constant C.. is set to 1, as
usually done for non-dynamic scale-similarity models. Therefore, the constant C, is evaluated
by only contracting (12) with the vector H;:

—C(H;H;) + (G;H;) = (F;H,) (17)
(FiH; — G;H;)
Ci=——~>r———=72° 18
;) (1%)

The use of vector /; for the contraction leads to a stable procedure, which does not require
clipping of the constant. The statistical average operator () over planes parallel to the wall is
introduced to stabilize the dynamic procedure.

4.1.3. Case S_dyn. For this last dynamic model, referred to as S_dyn, the constant C.. is set
to zero, resulting in a classical dynamic eddy-diffusivity model. The remaining constant C, is
classically computed as

Co=— 7 (19)

4.2. Explicit vectorial model (EVM)

Here, we propose a new non-Fickian SGS model for the scalar flux, which is based on the
second-order non-linear expansion of the SGS terms. It can be seen as the extension for LES
of the RANS closure derived by Yoshizawa [24]. The subgrid scalar flux is written as

O (KN < ~ 00
—T9; = C]S (80 > axj — &, <8(/) (CzS;[ + C3Qj[)67x1 (20)
C,=0446, C,=037, C3=021

where ¢, ¢, K are, respectively, the SGS dissipation rate of kinetic energy, the SGS dissipa-
tion of temperature variance and the SGS temperature variance. The tensor ﬁ,-_, = % ((Ou;/ox;)—
(0u;/0x;)) 1is related to the skew-symmetric part of the resolved velocity gradient. Under the
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local equilibrium hypothesis, the SGS dissipation rate of kinetic energy and the SGS dissipa-
tion of temperature variance can be evaluated as [25]:
3/2 1/2 Ké

e =08459 o =209 ! 1)
A A

while the SGS temperature variance is evaluated using a scale-similarity hypothesis:
Kj=00 ~(0—0) (22)

4.3. Constant SGS Prandtl model

In order to emphasize the effect of non-Fickian SGS models, a classical SGS-diffusivity model,
referred to as MSM, with a constant SGS Prandtl number taken equal to 0.6, has also been
considered (value recommended by the authors in References [26—28]).

5. STATISTICAL RESULTS

All the five SGS models proposed for the scalar flux have been implemented and used to
simulate the case of a heated plane channel flow. Table I summarizes the Fickian and non-
Fickian parts of the models.

The friction Reynolds number Re, and Prandtl number are, respectively, 180 and 0.71,
corresponding to the DNS data of Kawamura et al. [15]. The associated value of the bulk
Reynolds number Re;, is 5500. The computational domain size is chosen to be, respectively,
4nh and mh in the streamwise (x) and spanwise (y) directions, where /4 is the half channel
height. Following Kim et al. [2], this domain size is sufficiently large. In order to analyse
the effect of the resolution, two computational grids are considered: a fine one with 64 x
64 x 67 grid points (AxT=35,Ay"=9,Az} =1), and a coarse one including 32 x 32 x
67 grid points (Ax"=70,Ay"=18,Az}. =1). In order to assess the effect of the SGS
models, a case without SGS model for the scalar flux, referred to as DNSc, has also been
considered.

Table 1. Fickian and non-Fickian parts for the tested subgrid-scale heat flux models.

Cases Fickian part (/') non-Fickian part (g.V;)
MSM - PC'” % AT B f e 0
HSDBD —Cu(z;)A’[S] Cl(z;1)(W0 — ;0)
HSDB _Crc(Z; t)Z2|§‘ (ﬁjié — 5]6)
S_dyn —Cuz N[5 0
K/ 2 K/ 3 o - ~
EVM —Cig, (Tﬂ) 2g, (7,0) (CS; + C3Q-'j)?e
& & 0x;
DNSc 0 0
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Statistical moments of the solution have been computed by performing an average in time
and over plane parallel to the walls. Because the effective filter of the a posteriori tests
remains unknown, it is impossible to filter the DNS data in a proper way or to defilter the
LES data. DNS values can be considered as target values for the first-order moments only.

There are two possible choices for the normalization of the statistical results: wall
normalization (velocity and temperature friction) and bulk normalization (bulk velocity and
temperature). Our choice of forcing terms guarantees bulk values. So, in order to compare
the effect of the models in the simulation, the second choice avoids errors introduced by wall
quantities calculations. However, the wall normalization will be used for comparison with
empirical laws or DNS data because of the wall values guaranteed by their forcing terms.

5.1. Temperature field

The computed mean profiles of the temperature, normalized by the bulk value, are shown
in Figures 1 and 2. A satisfactory agreement with reference data is observed on both grids.
The resolved scalar variance profiles are shown in Figures 3 and 4. All the models lead to a
good prediction of the location of the maximal value of the variance in the buffer layer, but
they yield a large overprediction of the absolute value of the peak on the coarse grid. On
the fine grid, the variance and streamwise scalar flux (not presented here for briefness) are
still overpredicted. This could be induced by the classical overprediction of the streamwise
turbulent intensity.
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Figure 1. Mean temperature profiles normalized by the bulk temperature: fine grid.
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Figure 4. Root mean square temperature profiles normalized by the bulk temperature: coarse grid.

The best overall quality of the results on the fine grid is obtained using the two linear
combination models (HSBDB/HSBD). On the coarse grid, results provided by the linear
combination models are still among the best ones, although the MSM case is observed to
significantly improve the results. This might be explained by the fact that, on the coarse grid,
the most desired effect of the SGS models should be a diffusive one.

The resolved turbulent Prandtl number PrRES, defined as

pyres _ WW(06/0z)

‘ WO (du/oz) (23)

is shown in Figures 5 and 6. All the SGS models yield the same shape of the profile on both
grids, but a better agreement is obtained with DNS data of Kawamura et al. [15] on the fine
grid. Following DNS data of Kawamura, this quantity is almost constant (around 1) in the
viscous and buffer layers (zt <30).

5.2. Analysis of the SGS models

In order to get a deeper insight into the behaviour of the SGS models, we now provide some
results dealing with the SGS dissipation of the scalar variance eg = —1¢-VO. This dissipation
can be split as the sum of two contributions:

co=¢p + o (24)
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Figure 6. Mean turbulent Prandtl number: coarse grid.
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where ef, and e}f are the contributions associated, respectively, with the Fickian and non-
Fickian part of the model. Mean value profiles of these two quantities, computed on the fine
grid, are displayed in Figures 7 and 8. The non-Fickian parts of the HSDBD and HSDB
model yield the same level of dissipation, but a very interesting difference is observed when
looking at the contribution of the Fickian part: the HSDB remains positive, while the HSDBD
becomes negative, allowing the representation of backscatter phenomena. But, for these two
models, the dissipation associated with the non-Fickian part is dominant, resulting in a global
positive dissipation. The comparison of the ef, of the three dynamic models reveals that the
linear combination results in a diminution of its importance.

According to Hartel and Kleiser [29], we now consider a second possible splitting of the
scalar variance dissipation, as the sum of the dissipation associated with the mean temperature
gradient, referred to as €5, and the dissipation associated with the fluctuating field, referred
to as &, with

NS = — (r0) - (VO), &5 = — (4 (VO)") (25)

where the fluctuating part of a dummy variable ¢ is defined as ¢’ = ¢ — (¢), and () denotes
the statistical average. Profiles obtained on the fine grid are plotted in Figures 9 and 10. All the
models predict that maximal value of the dissipation occurs in the buffer layer (¢¥°) or at the
beginning of the logarithmic layer (¢f}), in agreement with previous results obtained for
the kinetic energy dissipation. An important fact is that the MSM is the only SGS model which
predicts the existence of a backscatter zone in the buffer layer: it is seen that the dissipation

0.005 _I T T T T T 1T T T T T T 1T
F O MSM
F v HSDBD
0.004 |~ HSDB
E S_dyn
C * EVM o
o ul
0.003 - DNSc o
= E % O
[ C *
.g_ C m} * [
> ooool : *
0.002 |- O
(%)) -
'6‘ E * m] * m]
Q n *
Q/) E * * DD
0.001 - O % o
Bk o *%, "o
E m *** DDD
ED N/ v A 4 S ****
0 __ v vvv \AAAY
C v v
C v v
o A A
_0001 :I 1 1 1 1 L1 11 I 1 1 1 1 L1 11 I
10 100
Z+

Figure 7. Mean SGS dissipation of the scalar variance (fine grid): Fickian part.
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Figure 10. Mean SGS dissipation (fine grid): part related to the fluctuating field (right side).

associated with the fluctuating field happens to reach negative values. This feature of the
model was also observed for the turbulent kinetic energy budget, in accordance with DNS
data. Thus, it appears that the non-Fickian part of the model, even when coupled to a dynamic
procedure, seems unable to recover the existence of the backscatter in average, although the
instantaneous SGS dissipation can become negative. The EVM model has a different behaviour
in the viscous layer compared to the others: the dissipation level is higher in this region which
implies a lower wall temperature hence a diminution of friction temperature.

5.3. Prandtl effect

In order to study the Prandtl effect and compare empirical laws, it is necessary to normalize
the statistical profiles of the temperature or heat flux by wall quantities such as the wall
heat flux ¢, defined by Equation (6) and the friction temperature 7,, given by the following
relation:
w

Ty= e (26)
Figures 11-13 present the mean temperature profiles normalized by the wall temperature for
three values of the Prandtl numbers (Pr={0.10;0.71;2.00}) which are compared to empiric
laws given by Kader et al. [30]. At the vicinity of the wall, the mean temperature profiles
behave like Prz* while the mean temperature profiles behave like (1/xg)In(z") 4 co(Pr) with
Ko =0.47 and co(Pr)={—4.64;3.83;14.08} in the logarithmic region. For the three values
of Prandtl numbers, the results are in good agreement when compared to both empiric laws
and Kawamura’s data except for the EVM model at Pr=2.00: this model overestimates the
mean temperature profile in the logarithmic region. It is important to notice the normalization
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Figure 12. Mean temperature profiles normalized by the friction temperature: Pr=0.71, fine grid.

Copyright © 2005 John Wiley & Sons, Ltd.

89

Int. J. Numer. Meth. Fluids 2005; 49:75-98



90

E. MONTREUIL, O. LABBE AND P. SAGAUT

35

30

25

20

<T>/Tw

15

\

10

100

Z+

1 T T T T T

MSM
HSDBD
- HSDB
0.75 [~ S_dyn
L * EVM

L DNSc
O Kawamura et al.
— 0.38.Pr.Z+

0.5

Trms/Tw

0.25

100

Figure 14. RMS temperature profiles normalized by the friction temperature: Pr=0.10, fine grid.
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effect. Indeed, Figures 1 and 12 describe the same mean temperature profiles: the first one is
normalized by the bulk temperature, while the second one by the friction temperature. It is
clear that the normalization points out discrepancies. This remark is still valid for the other
kind of studied profiles (i.e. the RMS temperature, etc.). Figures 14-16 present the RMS
temperature profiles for the same three Prandtl number values. Following Kawamura et al.
[15], these quantities behave like 0.38Prz* at the vicinity of the wall. The results are also in
good agreement: the prediction of the peak (position and intensity) is well recovered except
for the EVM model and the DNSc case.

6. INSTANTANEOUS FIELDS ANALYSIS

The following paragraphs present sections of instantaneous velocity and temperature fields.
Although all the fields for each model are available, the figures presented below are issued
from the fine mesh with the MSM model in order to analyse some physical phenomena such
as sweeps and ejections, but also the coherent structures near the wall associated with the
dynamical and thermal fields.

6.1. The thermal conduction zone highlighting

Figures 17 and 18 present a cross section of the instantaneous temperature and velocity fields
and also the normal gradient of the temperature on the lower wall for two values of Prandtl
number of this study (0.10 and 2.00). The cross sections at 0.71 Prandtl value are similar to
the 2.00 Prandtl value case, so they are not presented here for brevity.

To make the comparison easier, the three sections are done at the same position (x*=0)
and at the same time (7= 1308); consequently, the dynamical field represented by the velocity
vectors on the three pictures are rigorously identical because the temperature field is simply
carried by the turbulent velocity field. The three temperature fields are normalized by, respec-
tively, the maximum value of the numerical domain at this time. We recall that the isoflux
condition requires a zero wall temperature in blue on the figure, the maxima are located in
the centre of the channel in pink. The height and width of the channel are expressed in wall
units.

Scrutinizing Figure 17 which corresponds to the case Pr=0.10, it is possible to distinguish
three large zones. The first one near the wall in blue until z* ~ 10-20 is the thermal conduction
zone which is quite thick due to the low Prandtl number; in the latter the molecular effects
rule over the scalar transport. The second green zone is identified as a buffer zone in which
the molecular and convective effects are of the same order. The last zone in pink contains
the logarithmic and central zones, there the convective effects are dominating.

The increasing of the Prandtl number value runs one into the diminution of the influence
zone of the thermal conduction effects. In the second case (i.e. Figure 18: Pr=2.00), the
iso-values in green-blue are restricted to z* =20.

The comparison of the wall temperature gradients of the three curves is very instructive.
The peaks, related to the secondary flow impinging perpendicularly to the wall, are associated
with the sweeps. The temperature field reacts like a passive scalar, it should play the role of
tracer pointing out the presence of physical phenomena such as the sweep and the ejection.
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Figure 17. Top: cross section of velocity and temperature fields for Pr=0.10. Bottom: normal tempera-
ture gradient on the lower wall normalized by its maximal value.

In the sections given by Figures 17 and 18, the neighbourhood of the point x™ =0, y™ =100
and zt =20 seems to show the presence of a sweep.

6.2. The coherent structures highlighting

Different experiments and simulations showed the existence of structures in the neighbourhood
of the wall, called ‘streaks’. These structures are very thin, hot or cold streaks, which are
stretched in the flow direction. In order to highlight the presence of these structures in our
simulations, it is necessary to study the fluctuations of the velocity field in the main flow
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Figure 18. Top: cross section of velocity and temperature fields for Pr=2.00. Bottom: normal tempera-
ture gradient on the lower wall normalized by its maximal value.

direction: we introduce a fluctuating field noted U’ and defined by
U’ y,2:0) = Ul yz30) = (O)ar(310) 27)

The iso-values U normalized by the friction velocity are drawn in Figure 19. This case
corresponds to the selective MSM for the fine mesh and Re, = 180. The negative iso-values
‘in blue’ depict the slow flow zones, while the positive iso-values ‘in red’ correspond to the
fast flow zones. The spacing and the length of these structures are adequate, of order 100
and 1000 wall units in average. About temperature field, some similar structures exist like
those observed in the dynamical field. As a matter of fact, the temperature field is carried
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Figure 19. Velocity fluctuations iso-values normalized by the friction velocity: in blue, low-velocity
zone (U'+<—3.5); in red, high-velocity zone (U~ >+3.5).

by the turbulent velocity field, then structures close to the streaks are expected. We need to
study the temperature fluctuations and we introduce the fluctuating field: 0’ defined by

O'(x, y,2:1)=O(x, y,z31) — (O)xy(z; 1) (28)

In Figures 20 and 21 the iso-values of fluctuating temperature ©' normalized by the skin
friction temperature for the fine mesh are plotted for the two values of the Prandtl number
(Pr=0.10 and 2.00). All the results are obtained with the MSM model. The negative iso-
values ‘in blue’ correspond to the low-temperature region, while the zone ‘in red’ depicts
the high-temperature regions. The shape of these structures depends on the Prandtl number,
as we can see in Figures 20 and 21. This is in agreement with the results of Kim [31]:
the correlation length for the temperature fluctuations in the cross direction is doubled for
Pr=0.10, compared to the case Pr=2.00. Another phenomenon is noticeable in scrutinizing
Figure 21. The low-velocity zones are associated with the low-temperature flow, because the
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Figure 20. Temperature fluctuations iso-values normalized by the friction temperature for Pr=0.10:
in blue, low-temperature zone, (@’+ < —1.0); in red, high-temperature zone (@/+ >+1.0).

slow flow issued from the cold wall carries cold flow, while the fast flow from the core of
the domain transports hot fluid.

7. CONCLUSIONS

Several SGS models for the passive scalar flux have been proposed and assessed on a heated
plane channel configuration. These models incorporate a non-Fickian part, which was derived
using the scale-similarity hypothesis or a second-order non-linear expansion.

The computed results are in good agreement with DNS data when looking at the mean
temperature profile, but larger discrepancies are observed when looking at the second-order
moments. The resolved turbulent Prandtl number is in good agreement with DNS data.

A careful analysis of the SGS dissipation shows that only the Fickian part of the HSDBD
is able to account for backscatter in the buffer layer, but the global model is unable to capture
this dynamical process. The MSM is found to be able to recover the backscatter when looking
at the fluctuating field contribution, thanks to the use of the selection function.
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Figure 21. Temperature fluctuations iso-values normalized by the friction temperature for Pr=2.00:
in blue, low-temperature zone (@I+ < —5.0); in red, high-temperature zone (@/+ >+5.0).

In a consistent way, all the models presented here reproduce the following trend quite well:
the conduction zone decreases while the Prandtl number increases and the maximum peak
value increases and shifts towards the wall.

The instantaneous fields show that the sweeps induce wall heat transfer peaks whose inten-
sity depends on the Prandtl number. These peaks are located in the vicinity of the secondary
flow stagnation point.

The thermal coherent structure are strongly correlated with the dynamical coherent structure
(streaks) all the more the Prandtl number values are close to or over unity.
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