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A new formulation of the model used in the near-wall region for the turbulent heat flux
is developed, in order to extend the Elliptic Blending Differential Flux Model of Dehoux
et al., Int. J. Heat Fluid Fl. (2017), to various boundary conditions for the temperature:
imposed wall-temperature, imposed heat flux or Conjugate Heat Transfer (CHT). The
new model is developed on a theoretical basis in order to satisfy the near-wall budget of
the turbulent heat flux and, consequently, its asymptotic behavior in the vicinity of the
wall, which is crucial for the correct prediction of heat transfer between the fluid and the
wall. The models of the different terms are derived using Taylor series expansions and
comparisons with recent direct numerical simulation data of channel flows with various
boundary conditions. A priori tests show that this methodology makes it possible to
drastically improve the physical representation of the wall/turbulence interaction. This
new differential flux model relies on the thermal-to-mechanical time-scale ratio which
depends on the thermal boundary condition at the wall. The key element entering this

ratio is eg, the dissipation rate of the temperature variance 6’2, Thus, a new near-wall
model for this dissipation rate is proposed, in the framework of the second-moment
closure based on the elliptic-blending strategy. The computations carried out in order to
validate the new differential flux model demonstrate the very satisfactory prediction of
heat transfer in the forced convection regime for all kinds of thermal boundary condition.

Key words: Turbulence modeling; Turbulent heat flux; Near-wall modeling; Second-
moment closure; Differential Flux Model; Elliptic blending; Temperature variance; Vari-
ance dissipation rate

1. Introduction

In many industrial applications, the prediction of heat transfer between a fluid and
solid walls plays an essential role in design, and in particular in the dimensioning
and the selection of materials. On the one hand, a correct estimate of the mean heat
transfer is necessary to improve system performance, and on the other hand, the levels of
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temperature fluctuations in the solid parts are essential to anticipate problems related to
thermal fatigue. These issues are particularly sensitive in the field of energy production, in
which EDF is a major player, and particularly in nuclear engineering. A reliable estimate
of the turbulent heat flux, the mean temperature and its variance is a key issue in order
to improve the safety and efficiency of nuclear power plants. A typical example is the
case of T-junctions in which hot water and cold water are mixed. Indeed, this situation
can induce thermal fatigue and cause serious mechanical damages to the structure, and,
in some extreme cases, lead to failure of the pipe walls and fluid leakage. This industrial
issue is at the origin of few incidents, such as the case of Civaux nuclear power plant water
leak in France in 1998, which occurred in the elbow of a pipe. This issue has gradually
gained importance in the literature (see for instance, Howard & Serre 2015, 2017), which
highlights the importance of a detailed prediction of heat transfer, including information
about the amplitude of fluctuations.

Most of the industrial applications using computational fluid dynamics (CFD)are
still currently treated with simple Eddy-Viscosity Models and the Simple Gradient
Diffusion Hypothesis (SGDH) to take into account the turbulent heat flux. One of the
most successful advanced approaches in forced convection flows is the elliptic relaxation
concept and in particular the v2- f model, originally developed by Durbin (1991) (Parneix
et al. 1998; Manceau et al. 2000; Billard & Laurence 2012).

For industrial applications, it is crucial to predict the turbulent heat flux in the wall-
normal direction. Indeed, this flux dictates the heat exchanges between the fluid and the
wall, and is intimately related to the intensity of the wall-normal velocity fluctuations.
This makes Reynolds stress models promising approaches in order to improve the pre-
dictions in complex configurations (Hanjali¢ & Launder 2011). For a good representation
of the near-wall region, the use of wall functions must be avoided (Durbin 1991).
Among other models, the Elliptic Blending-Reynolds Stress Model (EB-RSM, Manceau
& Hanjali¢ 2002; Manceau 2015) have been successfully applied to some heat transfer
cases (see, e.g., Angelino et al. 2019; Benhamadouche et al. 2020; Dovizio et al. 2019
for very recent applications). Although the Generalized Gradient Diffusion Hypothesis
(GGDH) can be sufficient to model the turbulent heat flux for some applications, it
suffers from intrinsic limitations, particularly for complex flows and in the presence of
buoyancy effects (Hanjali¢ 2002). Therefore, in recent years, tremendous efforts have been
devoted to the development of differential flux models (DFMs) based on elliptic blending
to account for the wall/turbulent heat flux interaction (Choi & Kim 2008; Shin et al.
2008; Dehoux et al. 2017; Choi et al. 2018).

Most of these DFMs involve the thermal time-scale and thus the dissipation rate of
the temperature variance. It is usual to estimate this variable based on the thermal-
to-mechanical time-scale ratio R. This ratio is often set at a constant value (Spalding
1971), which constitutes a reasonable assumption far from the wall. Dehoux et al. (2017)
used a variable ratio that tends to the Prandtl number at the wall and asymptotes to a
constant value far from the wall. Craft et al. (1996) proposed an algebraic model for R
which can deal with free shear flows, including flows influenced by buoyancy. However,
these simplified approaches are not valid for all situations, so it is desirable to solve a
transport equation for the dissipation rate of the temperature variance. As pointed out
by Hanjali¢ (2002), models using thermal or mixed time scales (for instance, Zeman &
Lumley 1976; Newman et al. 1981; Elghobashi & Launder 1983; Jones & Musonge 1988;
Abe et al. 1995; Shikazono & Kasagi 1996) violate the superposition principle. However,
as noted by Pope (1983), standard RANS models, which reduce the dynamics of the entire
turbulent spectrum to time scales only, cannot both satisfy the superposition principle
and correctly represent the observed physics.
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A strong limitation of almost all these models is that their near-wall asymptotic
behavior is valid only for the idealized case of vanishing temperature fluctuations, i.e.,
imposed wall temperature, which corresponds to the boundary condition used in a large
majority of the available databases (e.g., Kasagi et al. 1992; Abe et al. 2004). Recently,
Tiselj et al. (2001) and Flageul et al. (2015) performed direct numerical simulation (DNS)
of turbulent channel flows in the forced convection regime with either an imposed heat
flux at the wall or Conjugate Heat Transfer (CHT). They highlighted that the thermal
boundary conditions have a major influence on the behavior of turbulent quantities in the
near-wall region. Configurations in which temperature fluctuations are non-zero at the
wall have been rarely studied by the turbulence modeling community. Notable exceptions
are the models developed by Sommer et al. (1994) and Craft et al. (2010), which are
both based on the SGDH and wall functions to represent the influence of the wall on the
turbulent heat flux.

The motivation for the present work is thus to extend the DFM based on elliptic
blending (EB-DFM, Dehoux et al. 2017) to general thermal boundary conditions at the
wall. Such an extension will also make possible the future derivation of an elliptic-blending
algebraic flux model (EB-AFM, Dehoux 2012), i.e., a simplified approach based on weak
equilibrium assumptions for the turbulent heat flux (Hanjali¢ 2002) that will inherit the
improved representation of the influence of the various boundary conditions.

The aim of the present paper is threefold: (i) deriving an improved model for the
terms appearing in the turbulent heat flux equation, based on asymptotic arguments,
which accommodates all thermal boundary conditions at the wall; (ii) providing a new
transport equation for €y, the dissipation rate of the temperature variance, which is a
key variable in the temperature variance equation; the modeled equation must also be
valid for all thermal boundary conditions at the wall; (iii) validating a posteriori, i.e., by
full computations, the new model in the forced convection regime.

In section 2, the thermal models that are used as a starting point are presented for
the turbulent heat flux and the temperature variance, with a particular focus on the
modeling of the near-wall region using the elliptic blending approach. In section 3, the
asymptotic behavior of the terms involved in the transport equation for the turbulent
heat flux is analyzed using Taylor series expansions, depending on the thermal boundary
condition at the wall. The last part of this section is devoted to the development and
a priori tests of a new turbulent heat flux model that satisfies the asymptotic behavior
in the near wall region whatever the boundary conditions. Section 4 is dedicated to the
development of a new transport equation for the dissipation rate of the temperature
variance which is essential to obtain both an accurate thermal-to-mechanical time-scale
ratio and an accurate temperature variance. Finally, in Section 5, the new model is
numerically validated against the recent DNS database of Flageul et al. (2015) for a
channel flow with three types of wall boundary conditions: an imposed temperature, an
imposed heat flux and CHT.

2. Elliptic Blending Strategy

Throughout the present article, the instantaneous variables ¢ (velocity components
u;, pressure p or temperature T') are decomposed into ¢ = ¢ + ¢’, where ¢ denotes the
Reynolds-averaged variable and ¢’ its fluctuation.

With respect to the modeling of the Reynolds stresses, the Elliptic-Blending Reynolds
Stress Model (EB-RSM) described in Manceau (2015) is used. The main characteristic
of this model is that the pressure and dissipation terms, ¢7; and ¢;;, are modeled as a
blending of a standard models used far from the walls (denoted with a h exponent) and
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near-wall models (denoted with a w exponent), such that

* h h
05 —eiy = (1= a?) (o} — i) + o (¢ — ) | (2.1)
where the blending function « is the solution of the elliptic relaxation equation
a—L*Via=1. (2.2)

Similarly, with regard to the turbulent heat flux W that appears in the mean
temperature equation, the baseline model used in the present article is the Elliptic-
Blending Differential Flux Model proposed by Dehoux et al. (2017). The transport
equation for the turbulent heat flux reads

Du
Dt

where P(%, P(;*g, D’Q’j”, D}, ¢p: and eg; stand for the production by the mean velocity
gradient, the production by the mean temperature gradient, the molecular diffusion,
the turbulent diffusion, the scrambling term and the dissipation vector, respectively.
The production terms do not require modeling with the present second-moment RANS
closures. The turbulent diffusion term is modeled by the GGDH (see Daly & Harlow
1970) as

= P§ + P, + Dyt + Db, + 65 — 0i (2.3)

0 o0’
Dl = — R e 2.4
01 amj (C@UjukT axk > ’ ( )

where 7 is Durbin’s time scale (Durbin 1991)

T = max (T, CT\/7> ; T = ﬁ (2.5)
€ €

Molecular diffusion is modeled follwing Shikazono & Kasagi (1996),

DV*K:i K+ v ould v — K Ou, b’ .
bi a.’Ej

i 2.6
2 8£Uj it 6 8$j ( )
In order for the model to be valid in near-wall regions, the same elliptic blending

approach as described above for the Reynolds stress is applied to the difference ¢y, —cg;
(Shin et al. 2008; Choi & Kim 2008),

bh; — €0i = (1 — ) (dg; — €g;) + g (¢gi - 831’) . (2.7)

Following Dehoux et al. (2017), «p is distinct from the elliptic blending factor « in
Eq. (2.1) and is obtained from the additional elliptic equation

ap — LiViap = 1, (2.8)

in which the thermal length scale Ly is simply related to the dynamic turbulent length
k‘3/2 1/3/4

scale by Ly = 2.5L with L = C max <, C
€

,,1) . As for a, the boundary condition
gl/4

at the wall is ay = 0.
Far from the wall, the standard model of Launder (1988) is used for ¢j;, which reads,

in the absence of buoyancy,

ou;

al‘j

]-/7, a7
b = ~Cro—u0' + Cogu6 (2.9)

and the dissipation tensor 531‘ = 0 due to the assumed isotropy of the small scales. The
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near-wall models for ¢g; and ef; are built in order to satisfy the near-wall asymptotic
behavior of the turbulent heat flux. Dehoux et al. (2017) use

w 1 Py | ——
Py = _ﬁ7—, [1 + Cia (1 — ap) Ek] uz0'ning, (2.10)
w . Py VPr—— 1——
where
v Pr
B—ny= ik (2.12)
and
1 1
=14 =. 2.1
Ce =3 ( - PT) (2.13)

and n; is a pseudo-wall-normal vector evaluated as the normalized gradient of a. R is
the thermal-to-mechanical time-scale ratio

R= ? , where 7Ty = % and T = g (2.14)

It is modeled by
R=(1-ag)Pr+ ayR", (2.15)
where R" = 0.5 is the value recommended far from the wall for a Prandtl number

Pr = v/k around unity (Hanjali¢ 2002). Dehoux et al. (2017) showed that this model
reproduces forced, mixed and natural convection cases a very satisfactory manner com-
pared to simpler approaches for an imposed wall temperature.

As indicated in the introduction, the resolution of 6> can be important not only for
buoyant flows, but also for industrial configurations where thermal fatigue is an issue.
The transport equation for the temperature variance reads

D§”?
= 2Py — 2¢¢ + Djj + D}, (2.16)
Dt
—— 0 . . :
where Py = fujt? e is the production by the mean temperature gradient and Dy =
.

o [ 007
. <l€8$ the molecular diffusion. For the turbulent diffusion D}, the Daly & Harlow
J J

(1970) model is applied

0 —— 002
Dl = — . —— ] 2.1

where 7 is Durbin’s time scale (2.5).

In Dehoux’s model, the dissipation rate of the temperature variance, g, is evaluated
using

0%

~ 2RT’
The full set of equations and coefficients is available in Appendix A.

It is important to note that the asymptotic analysis leading to the models for ¢},
eg; and g is based on the very common assumption that the fluctuations of the wall
temperature are negligible due to the thermal inertia of the solid material, such a way

€0

(2.18)
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that a constant temperature can be imposed at the wall. However, in some circumstances,
it is crucial to take into account the temperature fluctuations and their propagation in
the solid wall (Kasagi et al. 1989). For this reason, Flageul et al. (2015) have recently
produced DNS databases in order to identify the different heat transfer characteristics
for an imposed wall temperature, an imposed heat flux and CHT. Since the model of
Dehoux et al. (2017) presented above was derived using an asymptotic analysis valid for
an imposed wall temperature only, the remainder of the present article is devoted to the
theoretical analysis and the exploitation of the DNS databases to extend the model to
various thermal boundary conditions.

3. Modeling of the turbulent heat flux

As mentioned above, the main feature of the original model of Dehoux et al. (2017),
simply denoted as Dehoux’s model hereafter, is that it is consistent with the asymptotic
behavior of near-wall turbulence for an imposed temperature. In order to extend its
validity, the asymptotic analysis is generalized to other thermal boundary conditions.

3.1. Near-wall behavior of the source terms and Dehoux’s model limitations

In the vicinity of a wall located at y = 0, using the no-slip boundary condition and
the divergence-free constraint, it is easy to show that the Taylor series expansions of the
fluctuating velocities and temperature with respect to the wall-distance y write

W (z,y,2,t) = ar(x, 2,t) y + az(z, 2 t)y2+(’)(y3),
( ) = ba(z, 2,t) y* + bs(z, 2, ) y* + O (y*),
w' (z,y,2,t) = c1(z,2,t) y + o, 2, ) > + O (ys),
( ) = to(z,2,t) + ti(z, 2, t) y + talz, 2,1) y* + O (¥°) . (3.1)

v (z,y, 2, t

0 (z,y, 2z, t

The coefficients ag, bg, cp and t; are random variables independent of y. In order to
alleviate the writing of the expressions, the dependency on (z,z,t) is set aside. The

asymptotic behavior of w6, k, e, 02 and ey are easily deduced:

u'0 =artoy + (art; + asto) y*> + O (v*),
00" = batoy® + (bat1 + bsto) y* + O (y*)

w0 =Ccitoy + (cits + cato) y* + O (%) (3.2)
l— 1= —
k:§uiui:§(a%+6%>y2+0(y3), (3.3)
O duy 5

5_1/873;*1687%_]/(@1+01)+0(y)7 (34)
07 =3+ 2ty + (8 + 265 ) v + 0 (1), (3.5)

00" 00’ oo\ = [0t Dty Oty Dty Oty

= (L) s (D 920N | rg, 4220
0= N Sy O ”[(m) +1+(8z 0r 0 T HRE A5

+K

o\ Oty ot ot Dto Ot
(a:i) +2&§82+4t2+6t1t3+<8;> +28082]y2+(’)(y3).

(3.6)
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U T t
Py +Py;  ¢oi D" e Dg;

Imposed temperature O’) Oy o0@1) 0@1) O(y*)

Imposed heat flux O’) 0(1) 0(1) Oy O(y?)

Conjugate Heat Transfer (CHT) O (y*) ©(1) O(1) O(1) O (y°)

TABLE 1. Asymptotic behavior of the source terms appearing in the exact transport equations
for '’ and w'6’.

The leading order terms of the Taylor series expansions of the thermal variables depend
on the temperature boundary condition. For an imposed temperature, 6’ goes to zero at
the wall, and therefore ty = 0. For an imposed heat flux, ¢y # 0, but the derivative of 6’
in the wall normal direction is zero, so that ¢t; = 0. Finally, for CHT, there is no specific
simplification: ¢ty and t; can take any value.

The asymptotic behavior of the exact source terms of the turbulent heat flux transport
equations can then be determined using the Taylor series expansions presented above. It
is not necessary to detail the calculations here, and only the final results are presented in
Table 1 for the stream-wise and span-wise components and in Table 2 for the wall-normal
component. Three important observations can be made on the basis of these tables. (i)
The behavior of the terms of the transport equations for u/6’ and w'€’ is the same, as
well as their expansions in Eq. (3.2), so that it is not necessary to detail the behavior of
both components: in the rest of this paper, only the component u/6’ is considered. (ii)
The asymptotic behavior of these exact source terms depends on the thermal boundary
condition to such an extent that the terms appearing at leading order are different. For
instance, for the wall-normal component (Table 2), the dissipation term eg; is a dominant
term for an imposed temperature, whereas it is negligible in the other two cases. (iii) The
production terms Palf and PeTi and the turbulent diffusion term D}, are always negligible
compared to the molecular diffusion D’@’j ¥ the scrambling ¢g; and the dissipation egy;
terms; consequently it is sufficient to consider the last three terms in the asymptotic
analysis of the transport equation for the turbulent heat flux. Therefore, the analysis
focuses on the near-wall balance

Dyt + ¢gi — c0i = 0 (3.7)

that must be satisfied for all the cases.

Dehoux’s model was derived in order to satisfy (3.7) in the case of an imposed
temperature at the wall. One of the limitations of this model is that it makes use of
the algebraic expression (2.15) to represent the thermal-to-mechanical time-scale ratio
R, in order to avoid the resolution of a transport equation for the dissipation rate of the
variance, 9. As shown is Tab. 3, the wall limiting behavior of R strongly depends on
the thermal boundary condition: the exact R goes to the Prandtl number at the wall
for an imposed temperature, while it tends to infinity in the other two cases. However,
in all cases, the algebraic model (2.15) tends to the Prandtl number. This situation is
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U T ¢
Pgi + Pj;  ¢ei Dyt ep Dy,

Imposed temperature @) (y4) O(y) Oy) Oy O (y4)

Imposed heat flux o) 0@ o) o@?) o)

Conjugate Heat Transfer (CHT) O (y*) ©O(1) O0(1) O(y) O (y°)

TABLE 2. Asymptotic behavior of the source terms appearing in the exact transport equation
for v'0’.

Imposed Imposed

temperature  heat flux Conjugate Heat Transfer (CHT)

Exact R v/k = Pr O (1/y?) O (1/y?)

TABLE 3. Asymptotic behavior of the exact expression of the thermal-to-mechanical time-scale
ratio R.

illustrated by Fig. 1, which shows an a priori evaluation of this algebraic model for R;
the elliptic equation (2.8) is solved by using the length scale computed from the DNS
data, in order to evaluate the value of R given by the algebraic relation (2.15), which
is independent of the thermal boundary condition. The comparison made in Fig. 1 with
the exact value of R given by Eq. (2.14) extracted from the DNS databases shows that
this model for R is not sufficiently general, since the near-wall behavior of the model is
not sensitive to the thermal boundary condition.

The main consequence of this lack of generality of the model for R is that the
models (2.10) and (2.11) for the scrambling term ¢y; and the dissipation term egp;,
respectively, are not compatible with an imposed heat flux or CHT. This can be observed
in Figs. 2 and 3 for €y;, and in Fig. 4 for ¢y;. The scrambling term is only shown for CHT
as the profiles are very similar with an imposed heat flux. For the tangential component
eg1 of the dissipation term, the problem comes from the near-wall contribution ej} given
by Eq. (2.11), which goes to infinity at the wall as 1/y, while the asymptotic analysis
of the exact term shows that it goes to zero as y for an imposed flux and to a constant
for CHT (Table 1). In contrast, for ¢g1, the near-wall contribution ¢} is correct, but
its behavior is strongly perturbed by the component qbgl given by Eq. (2.9) that goes
to infinity at the wall and is not sufficiently damped by the factor ap in Eq. (2.7).
Moreover, although the situation seems less critical for the normal component of the
dissipation term, its behavior is also not correct as it tends towards a non-zero value at
the wall. Therefore, in order to derive a model valid for an imposed heat flux and CHT as
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8 T = .
A R=(1-04)Pr+oyR [ J
DNS - Imposed temperature o
* DNS - Imposed heat flux &
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A
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FIGURE 1. Thermal-to-mechanical time-scale ratio R for different temperature boundary
conditions. Channel flow DNS data of Flageul et al. (2015). For the CHT case, the solid and the
fluid have the same thermal conductivity and diffusivity.

well as for an imposed wall temperature, the asymptotic analysis of Dehoux et al. (2017)
must be extended to various thermal boundary conditions, which is done in section 3.2.

3.2. Asymptotic behavior of u.0" with the right asymptotic behavior of R

In the previous section, it has been concluded that the validity of Dehoux’s model
is limited to the case of an imposed temperature, mainly due to the model (2.15)
for R, which is not sufficiently general. However, the following question must also be
raised: would correcting the expression for R be sufficient for the model to give the right
asymptotic behavior of turbulent heat flux? We will see in the present section that the
answer is no.

The procedure is as follows: it is assumed that the exact asymptotic behavior of the
thermal-to-mechanical time-scale ratio R is respected in all the cases; the near-wall
behavior of the solution of the modeled transport equation for the turbulent heat flux is
analyzed and compared with the exact behavior, in order to identify how the model can
be made more general.

If one uses the exact asymptotic behavior of R, Dehoux’s model yields e, = O (1) and
ey = O (y) whatever the temperature boundary condition at the wall. By comparing with
Tables 1 and 2, it can be seen that the model is correct for both an imposed temperature
condition and CHT. However, for an imposed heat flux, the near-wall behavior of ey is
one order below that of the exact term. After considering several options, we have not
found any solution to modify the behavior in this case without spoiling the behavior in
the other two cases. Therefore, our strategy consists in keeping the near-wall model €3}
proposed by Dehoux et al. (2017), and to account for the discrepancy with the exact
behavior in the case of imposed heat flux in the derivation of the model ¢y;. Indeed,
as mentioned above, as long as the near-wall balance between the molecular diffusion
Dg;r ¥ the scrambling term ¢g; and the dissipation term ep; is satisfied, the solution
of the transport equation for the turbulent heat flux will have the correct asymptotic
behavior.

Dehoux’s model for e}, is associated to the model of Shikazono & Kasagi (1996) for
Dyt (Eq. 2.6). The model ¢%, must be derived in such a way that the correct near-
wall balance (3.7) is ensured. As demonstrated below, this can be achieved simply by
modifying the coeflicient § in Eq. (2.10).



10 G. Mangeon, S. Benhamadouche, J.-F. Wald, R. Manceau
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FIGURE 2. A priori evaluation of the dissipation term for an imposed heat flux. Left:
stream-wise component; Right: wall-normal component. Channel flow DNS data of Flageul et al.
(2015).
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FIGURE 3. A priori evaluation of the dissipation term for Conjugate Heat Transfer (CHT).
Left: stream-wise component; Right: wall-normal component. Channel flow DNS data of Flageul
et al. (2015).
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FIGURE 4. A priori evaluation of the scrambling term for Conjugate Heat Transfer (CHT).
Left: stream-wise component; Right: wall-normal component. Channel flow DNS data of Flageul
et al. (2015).

In order to determine the relevant value of 3, it is necessary to analyse the asymptotic
behavior of the solution of the transport equation for the turbulent heat flux, following
the same methodology as proposed by Durbin (1991) for the Reynolds-stress tensor.
Considering only the dominant terms in the near-wall region (Eq. 3.7), solutions are
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sought under the form of Taylor series

w0 = Ay + Biy® + Ciy® + O (v?) (3.8)
and

0" = Aoy + Boy® + Cay® + O (y*) . (3.9)
Introducing these Taylor series into Eq. (3.7) leads to constraints that the expansion
coefficients A;, B; and C; must satisfy, and, consequently, the asymptotic behavior of
the solutions can be determined. The model ¢y, must be formulated in order for these
solutions to match the exact asymptotic behavior of the turbulent heat flux.

Using the models (2.6), (2.10) and (2.11) for D;’f"‘, g and ¢g;, respectively, the near-
wall balance (3.7) writes

v+ eUO  vts (PU0 0 1 —
and
2, L2, L (VT T
31/ st a9 31/ 3& 502 o _
(3.11)
2(v + w\/T e g
14 K 21/7,1} 7_1] R
where
€0
A\ 3.12
v K02 ( )

These equations can be simplified based on: the expression (2.13) for C¢; the Taylor
series expansion 1/7 = 2v/y* (1 + a7y + bry? + O (y*)) deduced from the Taylors series
expansions of the turbulent kinetic energy k and its dissipation rate € (Egs. (3.3) and

P,
(3.4)); the fact that the term (1 — o) ?k that appears in the models €, and ¢g; behaves

as y° in the vicinity of the wall; and the general forms of the solutions (3.8) and (3.9).
Egs. (3.10) and (3.11) then become

(v+r) B+ (3(v+8) C1 +xa, )y + O (47) =

1 1 1
v+r)Y|A+ <B1 + 2GTA1) Y+ (2b7A1 + 5(17—.31 + C1> y2 + 0 (yz) (3.13)
and
4 2 )
vt 5e ) Bet (v +20)Co b xa, Jy+ O (42) =
1 1 1 ) )
(v+r)Y|As + BQ+§GTA2 Y+ ibTAg-l-EaTBg-l-Cg Y —l—O(y )
Ay
2vf3 ” + (Ba+a7As) + (brAs +arBa+ Co)y+ O (y) |. (3.14)

V+K 82141 82141 2 1 82142 82142
where xa, = =Gz t 52 ) andxa = (gvHan ) (G 52 )
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In order to obtain this development up to order 1 and noticing that the lowest order
of u'6" and v'#’ is 1, the Taylor series expansion of 1/7 had to be carried out up to order
2 as ¥ might introduce a term which behaves as 1/y at the wall.

As the Taylor series expansion of 1) depends on the thermal boundary condition, two
cases need to be considered separately to obtain relations or constraints on the coefficients
A;, B; and C;; on the one hand, an imposed temperature at the wall and on the other
hand, an imposed heat flux or CHT.

3.2.1. Imposed wall temperature

The case of an imposed wall temperature is considered first, for which ¢y = 0. Using
the Taylor series expansions of 8’2 and e¢ given by Egs. (3.5) and (3.6), respectively, it is
found that 1 = 1/y (1 4 ayy + byy” + O(y°)), such that for the stream-wise component,
Eq. (3.13) writes

Ay

(V+I<L)Bl+0(y)Z(I/-l-l-i)?—F(l/—F/f) +0(y) (3.15)

1
<2CL7' + a¢> A1 + Bl

For function (3.8) to be solution of Eq. (3.15), the two sides of Eq. (3.15) must balance
at each order y™. Balancing the terms at the orders n = —1 and n = 0 yields

O:<l/—i-l'€)1417

(v+k)B1 = (V+k) . (3.16)

2

1
(CLT + a¢,> A1 + B1

The first relation shows that A; = 0. With A; = 0, the second relation shows that there
is no particular constraint on B since any value satisfies this equation. In conclusion,
any solution u/0’" of Eq. (3.10) is of the form u'0" = Byy? + O (y3), which is the expected
behavior for an imposed temperature at the wall. As mentioned above, this conclusion
holds for w'6" as well, i.e., w'0" = Bsy? + O (y?).

For the wall-normal component v’6’, considering that 8 goes to 1 at the wall as
in Dehoux’s algebraic model (see Eq. (2.15)), Eq. (3.14) leads, after similar algebraic
manipulations, to consider the terms from order n = —1 up to order n = 1 (note that
the second order term in the Taylor series expansion of 1) must be taken into account for
this component).

The orders n = —1 and n = 0 yield A5 = By = 0, respectively. The order n = 1
gives, using the fact that 8 tends to a constant value at the wall, (4v + 2k) (Ca + x4,) =
(4v + 2k) Co. Since Ay = 0, xa, is zero as well, and it is seen that any value of Cy
satisfies the relation. Therefore, any solution v’6’ of the equation is of the form v'6" =
Cay® + O (y*), as expected for this component.

3.2.2. Imposed wall heat fluz and Conjugate Heat Transfer

As mentioned above, the case of an imposed heat flux (¢; is zero) and the case of CHT
(to and t; are both non-zero) can be treated simultaneously. Indeed, the asymptotic
behavior of ¢ obtained using Eqgs. (3.5) and (3.6) is in both cases to ¢ = O (1). The
objective is again to obtain the expected asymptotic behavior at the wall v'6" = O (y)
and v'§" = O (y?). As 1 goes to a constant at the wall, it is enough here to use the
Taylor series expansion of ¢ up to order 1: ¢ = thg + al,y + O (y?).
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After some algebraic manipulations, it is obtained that, for the stream-wise component,
it is sufficient to consider the order n = 0, which leads to (v + k) By = (v + k) ¢oA;.
Since g # 0, this equation imposes a relation between A; and B;, without constraining
the value of A; to be zero. Therefore, u'0" = O(y), which is the expected behavior of the
solutions. The analysis is valid for w6’ as well, i.e., w'8" = O(y). For the wall-normal
component, at orders n = —1 and n = 0, Eq. (3.11) yields

0= 2B1/A2,
1
3 (4v +2k) Ba =2 (v + k) ¢¥oAs + 2vf (a7 A2 + Bs), (3.17)

respectively. The first relation gives Ay = 0 as far as 3 # 0. We have reached the point
where we must make the right choice for 8 in order to impose v'6" = O(y?): 8 must be
chosen in such a way that the second line of Eq. (3.17) is satisfied for any non zero value
of Bs. The equation that must be satisfied is

11
3 Pr’
or, more generally, 8 must asymptotes to this value at the wall in the case of an imposed
heat flux or CHT.

This section illustrates the fact that Dehoux’s model, with 5 = \/ﬁ/ VR, designed
for an imposed wall temperature, is not valid for an imposed heat flux and CHT, even if
a correct model for R is used, as 3 tends to 0 with this formulation. In order to extend
the validity of the model, the 3 coefficient, which enters the near-wall model ¢y}, must
tend to 1 at the wall for an imposed temperature and to 2/3+ 1/(3Pr) for the other two
cases. The next section is devoted to the derivation of such a model.

=2+ (3.18)

3.3. A new model for the scrambling term and a priori tests

In the present section, Dehoux’s model is extended to various thermal boundary
conditions, following the findings of the asymptotic analysis performed in the previous
section. The model is first derived, then an a priori evaluation of the model using the
DNS databases of Flageul et al. (2015) is performed.

As concluded in the previous section, the model must be able to naturally distinguish
the type of the thermal boundary condition at the wall in order to adapt the limiting
behavior of the g coefficient. Now, to write a general model, i.e., a model that is expressed
in the same form in all configurations, it is necessary to involve in its expression one or
several quantities that are sensitive to boundary conditions. Only quantities that are
solutions of a second order differential equation exhibit this property. In the context of
elliptic blending, it is tempting to rely on the gy variable, whose wall boundary condition
could be defined differently depending on the thermal boundary condition at the same
wall. Unfortunately, ay is involved in different terms of the model and such an approach
would skew the asymptotic behaviour of these terms. We have come to the conclusion
that the only way to sensitize the model to thermal boundary conditions is to involve
a dimensionless parameter dependent on 6’2, g9 or both. Thus, the key parameter that
enters the model is the thermal-to-mechanical time-scale ratio R = 7/7 . Indeed, Fig. 1
and Table 3 show that R tends to the Prandtl number at the wall for an imposed
temperature and to infinity in other cases. Consequently, the ratio \/ﬁ/ VR is used in
the expression for 3 to sensitize the model to the type of wall thermal boundary condition.
The proposed expression is

1 1\/137(1_ 1>’

2 1
_c - Sl _ 1
B 3+3Pr+3 VR Pr (3.19)
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such that 8 tends to 1 for an imposed temperature (R — Pr) and to 2/3 4+ 1/(3Pr) for
the two other thermal boundary conditions (R — o0). In contrast, as mentioned above,
v in Eq. (2.11) does not need to be modified, and the expression of Dehoux et al. (2017),

VPr

’y \/E I

is used. With this simple but decisive modification of the model, the near-wall balance

between the molecular diffusion Dg;r ¥ the scrambling ¢g; and the dissipation eg; terms,

Eq. (3.7), is respected in the near-wall region, which is the necessary condition for

reproducing the adequate asymptotic behavior of the turbulent heat flux components, as
demonstrated in section 3.2.

It is worth noting again that, for this model to be valid for the three types of wall

boundary conditions, it is necessary for the thermal-to-mechanical time-scale ratio R

to have the right limiting behavior at the wall, which will require solving a transport

(3.20)

equation for the temperature variance 6’2 and its dissipation £¢, rather than using a
simple algebraic relation such as Eq. (2.15). In particular, a model for ey, asymptotically
correct for all types of thermal boundary conditions, is required. Therefore, a specific
model has been developed, which is presented in section 4.

One could legitimately point out that solving additional transport equations for 6%
and gy is particularly costly when it is simply a matter of sensitizing the model to thermal
boundary conditions. On the one hand, as noted above, only a nondimensional parameter
constructed from these variables can define a sufficiently general model. On the other
hand, it is important to remember that, as mentioned in the introduction, one of the main
interests in developing a model valid in CHT is to be able to estimate thermal fatigue
from the temperature variance in the solid. It is therefore necessary to solve the equation

of W, but also of &y, since, as will be shown in section 4, the asymptotic behavior of &g

is complex and has a strong influence on that of 6’2,

A priori tests are carried out using recent DNS data of Flageul et al. (2015) of a
channel flow in the forced convection regime, for different boundary conditions: imposed
temperature, imposed heat flux and CHT. The flow is driven by a pressure gradient in
the stream-wise direction. The temperature is considered as a passive scalar and the
flow is periodic in the stream-wise and span-wise directions. The test-case is defined by
two non-dimensional numbers, the friction Reynolds number Re, = du, /v = 149 and the
Prandt]l number Pr = 0.71. When the solid part is resolved in the DNS computations, the
continuity of the heat flux is imposed at the fluid-solid interface. Note that the CHT case
considered herein is the case considered by Flageul et al. (2015), where the solid and the
fluid have the same thermal conductivity and diffusivity and thus the dissipation rate of
the temperature variance is continuous at the fluid-solid interface. Reproducing this case
is already a big challenge, and is sufficient to validate the new model for the turbulent
heat flux since its asymptotic behavior is not affected by these physical properties.

The case of an imposed temperature at the wall is considered first. Figure 5 compares
with DNS data the sum of the molecular diffusion, the scrambling and the dissipation
terms obtained with Dehoux’s model and the new model. As mentioned above, these
terms are dominant in the near-wall budget and determine the asymptotic behavior of the
turbulent heat flux components. It can be seen that the new model correctly reproduces
the balance of the three terms in the case of an imposed temperature at the wall. The
results given by the new model are slightly less accurate than those given by Dehoux’s
model in the buffer layer, but this is not a significant problem since, in this region,
the budgets of the turbulent heat flux components are dominated by the production
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FIGURE 5. Sum of the molecular diffusion, the scrambling and the dissipation terms for an
imposed temperature. Left: stream-wise component; Right: wall-normal component.
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FIGURE 6. Sum of the molecular diffusion, the scrambling and the dissipation terms for an
imposed heat flux. Left: stream-wise component; Right: wall-normal component.

terms, contrary to the very-near-wall balance (Flageul et al. 2015). The two models are
asymptotically identical for this type of boundary conditions, but the coefficient g8 is
modeled in a different way, since Eq. (3.19) is used for the new model.

The same comparisons are performed in Figs. 6 and 7 for the cases with an imposed
heat flux and with CHT, respectively. Contrary to the previous case, a superior capacity
of the new model to estimate the stream-wise component of the balance can be observed.
Indeed, with Dehoux’s model, this component goes to infinity in both cases. This problem
is mainly due to the near-wall model for ey; which goes to infinity at the wall as shown in
Fig. 2 (left) for an imposed heat flux and in Fig. 3 (left) for CHT. In the new model, this
term tends to a constant for both boundary conditions, which is the expected asymptotic
behavior. Moreover, Fig. 4 (left) shows that ¢g; is better estimated with the new model
(the same profiles hold for an imposed heat flux), since it tends to zero at the wall like
in the reference data.Note that although only the difference ¢g; — €¢; appears in the
transport equation for turbulent heat flux, it is important to correctly model the two
terms individually, since the model for ¢; also appears in the model for Pelg described in
section 4.1.

Figs. 6 (right) and 7 (right) show a better estimate of the balance with the new model
for the wall-normal component. Since Fig. 4 (right) shows that the two models give
virtually identical results in the near-wall region for ¢ys, the improvement is only due
to the better prediction of ego as it can be observed in Figs. 2 (right) and 3 (right),
respectively. Indeed, £¢o tends to zero at the wall with the new model as DNS data does,
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FIGURE 7. Sum of the molecular diffusion, the scrambling and the dissipation terms for
Conjugate Heat Transfer (CHT). Left: stream-wise component; Right: wall-normal
component.

whereas, with Dehoux’s model, it goes to a constant. It is observed that the new model
does not improve the results in the buffer layer: this is an intrinsic limitation of the
elliptic blending approach which extends the validity of high-Reynolds number models,
i.e., valid only far from the wall, to the near-wall region by satisfying the asymptotic
behavior observed in the viscous sub-layer without imposing any constraint in the buffer
layer.

To conclude, unlike Dehoux’s model which is exclusively valid for an imposed temper-
ature at the wall, the a priori tests confirm that the new model satisfies the asymptotic
behavior of the dominant terms of near-wall budget of the turbulent heat flux. However,
for this model to be complete and valid, the thermal-to-mechanical time-scale ratio
R must have the correct asymptotic behavior whatever the temperature boundary
condition. Modeling the dissipation rate of the temperature variance €¢ is then needed.
The computation of g9 will also make it possible to better predict the temperature
variance, without the need for an algebraic formulation of R.

4. Modeling of the dissipation rate of the temperature variance

_The dissipation rate g is a key element in order to compute the temperature variance
0’2 from Eq. 2.16 and significant modeling challenges have to be tackled as its asymptotic
behavior strongly depends on the thermal boundary condition. In particular, predicting
0’2 and gg4 is crucial to obtain an accurate thermal time scale and as a consequence
an accurate thermal-to-mechanical time-scale ratio R, which is essential in the DFM
presented above, since it is involved in Egs. (2.10), (2.11) and (3.19).

The exact transport equation for the dissipation rate of the temperature variance

o0’ 00’
€0 a—k 2y reads
Deg 1 2 3 4 t K
D = P, + P, + P, +P., +D., +D: —Y,, (4.1)
where Pslg, Pfg, Pfg and P€49 denote the production terms by the mean temperature gradi-

ent, the mean velocity gradient, the temperature Hessian and by turbulent interactions,
respectively; DY , and Df are the turbulent and the molecular diffusion terms, and Y,
is the dissipation rate of 9. The asymptotic behavior of these terms depends on the

temperature boundary conditions as shown in Table 4. As a consequence, the asymptotic
behavior of ¢, and, in turn, 6’%, also strongly depends on the temperature boundary
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Imposed temperature O(y) O(y) O(y) Oy) O(y) O(1) O(1)

Imposed heat flux O(y) O(y) O(y) O(y) O(y) O(1) O(1)

Conjugate Heat Transfer (CHT) O (1) O(1) O(y) O(1) O(y) O(1) O(1)

TABLE 4. Asymptotic behavior of the source terms appearing in the exact transport equation
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FIGURE 8. The dissipation rate gy (left) of the temperature variance 6’2 (right) from DNS
Data of Flageul et al. (2015, 2017) for different kinds of temperature boundary conditions.

condition as illustrated by Fig. 8. Table 4 shows that Pels, Pfg, P€46 and Y., deserve a
careful attention in the near-wall region, since they are dominant in the budget, at least
for the CHT case. For the two other cases, an imposed temperature and an imposed
heat flux, only Y., balances the molecular diffusion at the leading order. Note that the
molecular diffusion Df naturally does not need modeling.

New models are thus derived for the four terms P, P2, P2 and Y.,. The models
found in the literature for the remaining terms P2 and D! are satisfactory, therefore
they are used without modification. The production by temperature Hessian and the
turbulent diffusion are modeled following Nagano (2002) and the turbulent diffusion
term is modeled following Jones & Musonge (1988). The detailed equations are given in

Appendix C.

4.1. Production terms P} and P2,
The production term by the mean temperature gradient reads

pl — _ Hﬁ% 96" .
&6 &Tj al'k 8$k
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FIGURE 9. A priori tests: Pslg

(left) and P2, (right) for Conjugate Heat Transfer (CHT).

As this term is directly related to the dissipation tensor involved in the transport equation

ou’; 9g’
for the turbulent heat flux, €9; = (v + k) —L , it is simply modeled as
6$k 8 k
2 o0
1
- , 4.3
€6 1+ PTSG] axj7 ( )
where eg; = (1 — ag) eg; and ey} is given by Eq. (2.11).
The production term by the mean velocity gradient reads
3 00" 060"
P2 = xS (4.4)
0 axk Oz, 0z
0 _ o, 00 00" - o ,
The tensor &;; = 8 oz, is very similar to the dissipation tensor €;; in the Reynolds-

stress tensor equation, and in particular, is linked to the smallest scales of the turbulent
thermal field. Therefore, the same modeling strategy as for ¢;; is adopted: it is assumed
that 6fj is isotropic far from the wall and exhibits the same anisotropy as the Reynolds-
stress tensor in the near-wall region, such that it is formulated as

61(?] - (1 - O(g) i+ aaefjha (45)
where
9 u'u'
el = 36951‘]' and el = kjsg. (4.6)

Hence, the production by the mean velocity gradient is modeled as

&0 du;
—Cey, € jkaxk'

For the sake of concision, the a priori estimates of the two production terms are only
shown for CHT in Fig. 9. Conclusions are similar for the two other boundary conditions.
For P} ,» the near-wall behavior of DNS is correctly recovered. A relatively weak prediction
in the buffer layer is observed (for all the boundary conditions) which is due to an
overestimated dissipation rate €y in this region. For P2 , the predictions are satisfactory
far from the wall. The modeled production goes to zero at the wall whatever the thermal
boundary conditions, which is not the case according to DNS data for CHT. However,
in the latter case, the production by the mean velocity gradient tends towards a small
non-zero value at the wall which makes the model acceptable.

2
P2 = (4.7)
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FIGURE 10. The dynamic time scale ratio 7 (left) and the thermal time-scale ratio 7o (right)
from DNS Data of Flageul et al. (2015, 2017) for different kinds of temperature boundary
conditions.

4.2. Difference between the turbulent production and the dissipation P4 -Y,

The difference between the turbulent production, P4 , and the dissipation rate of &g,
Y,,, reads
o0 00" O 020" 020
P} Y., =2k —L — 242 : (4.8)
o Oxj Oxy, 8xk 0z 0z, 0x;0%)
Newman et al. (1981) showed that these two terms are dominant in the absence of
walls. In particular, for homogeneous turbulence without mean velocity and temperature
gradients, these two terms are the only non-zero terms and drive the time evolution of
the fluctuating thermal field. Since there is no theoretical case in which these two terms
can be distinguished, Jones & Musonge (1988) modeled these two terms as a whole

4 _ h1€e €0 €p
Psefne—cse kpk+066k 6593?‘976564?'

In order to extend the validity of this model down to the wall, the elliptic bending
approach is used

(4.9)

Pl =Y., =(1—ap) (P2 —Y") +ap (Pl —Y]). (4.10)

Jones & Musonge (1988) have introduced the term c.,,e9/7 so that the thermal-to-
mechanical time-scale ratio R is constant in the case of heated grid turbulence. It is
preferable not to introduce this term, so that in this case R is not constant but tends
asymptotically towards an equilibrium value, close to 0.5. The quasi-homogeneous model
is therefore written as follows

h h _ h1€9 h2€ €o
P Yse_aekp +c€9/<:P9_CHg

1
T = max (%,CTB\/zPT). (4.12)

Regarding the near-wall models P2 and Y., they have to reproduce the asymptotic

€

behavior of P2 and Y., at the wall. The DNS data from Flageul et al. (2015, 2017) show
that the asymptotic behavior of P2 is virtually unaffected by the thermal boundary

€0

condition, as shown in Fig. 11 (left). The near-wall part P is modeled using the ratio

of the thermal production Py and the mixed time-scale /T Ty, which is barely affected

(4.11)

where
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FIGURE 11. The turbulent production Pfg and the dissipation rate Yz, (left) and the thermal
production Py divided by the mixed time-scale /T 7o from the DNS Data of Flageul et al. (2015,

2017) for different kinds of temperature boundary conditions.
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FIGURE 12. A priori tests: Pfg and Y, for an imposed temperature at the wall (left) and
for an imposed heat flux (right).

by the thermal boundary condition, Fig. 11 (right):

Py| Py ¢
P;Z :ng,l 1—cg/92(1—049)?k 67:\/’7?775
The term in square brackets is introduced to improve the predictions in the buffer layer,
in a way similar to Egs. (2.10) and (2.11) in Dehoux’s model. Table 5 gives the asymptotic
behavior of Py, /T Tg and P2 for the different thermal boundary conditions. The right
asymptotic behavior is obtained for PZ) and, consequently, for Pfg, in the cases of an
imposed temperature and CHT. For an imposed heat flux, P} goes to a non-zero value
at the wall while P;le tends to zero, as shown in Tab. 4. However, the a priori tests
shown in Fig. 12 (right) indicate that the limiting value is very small and the model
gives satisfactory results when compared to the DNS. As a consequence, the model P2,
given by Eq. (4.13) is also used in the case of an imposed heat flux. The a priori tests
show that the present model for Pfe correctly reproduces the near and far-from-the-wall
regions for all the thermal boundary conditions, as illustrated by Figs. 12 and 13.

With regard to Y;,, its asymptotic behavior strongly depends on the thermal boundary
condition at the wall, as seen in Fig. 11. Indeed, Y, tends to radically different non-zero
values at the wall: for an imposed temperature, the value is very small; for an imposed
heat flux, Y reaches its maximum at the wall and exhibits a secondary peak in the buffer

(4.13)
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0To 2
Imposed heat flux ato 5y + O(y*) O 0()

Conjugate Heat Transfer (CHT) a1to ?y + 0O (y2) O(y) 0O()
x

TABLE 5. Asymptotic behavior of the thermal production Py, the mixed time-scale v/TTy and
the near-wall model P, for all types of temperature boundary conditions.

layer; for CHT, an intermediate value is reached. Reproducing this particular behavior
is crucial, since Yz, is dominant in the budget of €4, and is very challenging.

To this end, two key parameters are used to sensitize the model to the thermal
boundary condition,

Pr T
— ith = — 4.14
7 wi R T (4.14)

and
— 2

o2
7% with agf-;(a b ) . (4.15)

€p dy

The first parameter \/ﬁ/ \/E, which was already introduced in the near-wall models
¢g; and €4, presented in section 3, distinguishes an imposed wall temperature from the
other two cases, as illustrated by Fig. 14 (left). However, in order to reproduce the
particular behaviour of Yz, described above, a distinction must be made between the
case of an imposed heat flux case and the case of CHT, hence the introduction of the
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FIGURE 14. The two parameters v/ Pr/R (left) and o9 /e¢ used to distinguish between the
different kinds of temperature boundary condition, from DNS Data of Flageul et al. (2015,
2017).

second parameter op/eg. This parameter proposed by Yang et al. (2019) goes to very
different values at the wall in the three cases, as shown in Fig. 14 (right).
Combining these two key parameters, the following expression for the near-wall model

Y7 is proposed
Pr Pg g9
1—14/— 1—cy(1— — - —
< R) ( cull =) 59) (CN € CC)

| Pr ) [ To
+ CpD f TEST@ g (416)
14
Te, = MAx <T, CT\[E) (4.17)

is similar to Durbin’s mechanical time scale (2.5), but with the variable coefficient

| Pr o) | Pr
Cr= (1 — R) (CTN + €QCTC> + crp R (4.18)

As illustrated by Fig. 15, the purpose of this expression for Cr is to impose different
values of the coefficient for the different thermal boundary conditions, and the constants
¢rp, Cry, and cr,, where D, N and C stand for Dirichlet, Neuman and Conjugate,
respectively, are calibrated in order to reproduce at best the behavior of Y, in the near-
wall region. Indeed, since T goes to zero at the wall regardless of the thermal boundary
condition, the wall-limiting value of 7., is given by the second term in Eq. (4.17), and
modifying the coefficient C7 makes it possible to ajust the near-wall behavior of Y.
The particular values reached at the wall by the two parameters \/Pr/R and oy /ey are
such that the coefficients cr,, cr,, and cr, are active for an imposed temperature, an
imposed heat flux and CHT, respectively.

At the wall, 7.,, 7p and gy always tend to non-zero values. Therefore, the asymptotic
behavior of Y is driven by /Tg. As a consequence, the modeled Y2 correctly goes to
a non-zero value at the wall for an imposed heat flux and CHT, but not for an imposed
temperature, as summarized in Tab. 6. However, since Fig. 11 (left) shows that, for an

w o _
1/69_

where
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Imposed temperature Imposed heat flux Conjugate Heat Transfer (CHT)

Modeled Y, O (y) O (1) 0()
Exact Yz, 0(1) 0(1) 0(1)

TABLE 6. Asymptotic behavior of the near-wall model for Y7, and the exact Yz,.
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FI1GURE 15. C'1 coefficient profile for different temperature boundary conditions from DNS
Data of Flageul et al. (2015, 2017).

imposed temperature, the exact Y, goes to a very small non-zero value, the fact that
the modeled Y. tends to zero is acceptable.

A priori tests are shown in Figs. 12 and 13. These tests confirm that, in the case of an
imposed temperature, although the wall asymptotic behavior in O (1) is not reproduced
by the model, the profile of Y, is correctly predicted. In the two other cases, the values
at the wall are underestimated, but it is to be noted that the coefficient C's- is calibrated
based on the full computations shown in the next section, not on the a priori tests.
One can observe slope discontinuities for the modeled Y, that are due to the max
functions used in the time-scales 7p and 7.,. Far from the wall, the model tends to the
quasi-homogeneous model, which is close to the DNS data for all the thermal boundary
conditions. The full set of equations and coefficients is available in Appendix C.

5. Model validation based on full computations

Full computations are carried out with EDF in-house open-source finite volumes CFD
solver Code_Saturnet. Details about the finite volume discretization scheme can be found
in Archambeau et al. (2004).

 www.code-saturne.org
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5.1. Governing equations

The channel flow configurations in the forced convection regime of Flageul et al. (2015)
are used for validation. The friction Reynolds number Re, and the Prandtl number Pr
are equal to 149 and 0.71, respectively. The non-dimensional kinematic viscosity and
thermal diffusivity are then equal to 1/Re, and 1/(Re,Pr), respectively.

In addition to standard mean velocity transport equations driven by a pressure gradi-
ent, the following equation is solved for the mean temperature (Kasagi et al. 1992)

99 90 1 9% ou 7w

T4 = - -1 1
ot U Ozr;  Re;Pr 0x;0x; O0x;j + Uy (5.1)

where up the bulk velocity. In order to impose periodicity in the stream-wise direction,
the mean temperature is decomposed into a periodic and a linearly variable part. As a

U
consequence, the source term —L on the r.h.s. of the mean temperature equation (5.1).
up

Periodic boundary conditions are imposed in the stream-wise (x) direction and symme-
tries in the span-wise (z) direction and at the central plane (y = §), for all the variables.
At the wall (y = 0), standard no-slip boundary conditions are imposed for the mean
velocity and the turbulent variables.

Three types of thermal wall boundary conditions are imposed: (i) an imposed wall

temperature with = 0, 0> =0andey = lir%(ﬁﬁ/gf); (ii) an imposed heat flux, which
Yy—

2
reads 90/0y = —PrRe,, % =0 and %—f; = 0; (iii) CHT for which a solid part having
a thickness equal to the channel half-width is added, and the heat flux 96/9y = —PrRe,
is imposed at the outer boundary of the solid part.
In the latter case, the solid has the same properties as the fluid; in addition to the
mean temperature, its conductive flux and its variance, the dissipation of the variance is
continuous at the fluid-solid interface. The equations resolved in the solid part read

o0 0 o0
— = (ky=—, 5.2
ot 3xj (H 81:j ) ( )
D6? 9 06"

= — s — 2 5 5.3
Dt 81']' (K 8$j ) =0 ( )

889 0 889 €o
— =5 | ks | — Cep. = 5.4
ot~ ox; (“ axj> o T 54

1
where ks = e Pr stands for the non-dimensional thermal diffusivity of the solid. g9 =
00" 00" . e . o .
Feg —o 18 the dissipation of the variance. In Eq. (5.4), the dissipation term is modeled
k 0Tk

in a similar way to the homogeneous model in the fluid domain, using cges?a. The

constant c., has been estimated a priori using the DNS data from Flageul et al. (2015)
and is taken equal to 3.

All the results are plotted in wall units. Since the mean velocity profile is not affected
by the thermal boundary condition, it is not shown here for the sake of concision. The
interested reader is invited to refer to Manceau (2015). Fig. 16 shows the profiles of

the non-dimensional temperature 8 = (8 — 8,,)/T+. As a consequence of the accurate
prediction of the wall-normal turbulent heat flux, as will be shown below, the temperature
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FIGURE 16. Predicted mean temperature with an imposed heat flux (left) and Conjugate
Heat Transfer (CHT) (right) at the wall.

profile is correctly reproduced with the new model. Dehoux’s model also gives correct
results for CHT, but the mean temperature predicted by this model is less accurate than
with the new model for an imposed heat flux.

5.2. The temperature variance 0’2 and its dissipation rate ¢

Figs. 17, 18 and 19 compare the temperature variance (left) and its dissipation rate
(right) obtained with the new model to the DNS data from Flageul et al. (2015) and
to the results obtained with Dehoux’s model. The prediction of these two quantities are
clearly improved with the new model even in the case of an imposed temperature, for
which Dehoux’s model is asymptotically correct. Dehoux’s model is virtually insensitive
to the thermal boundary condition, as g9 always goes to the same large value at the
wall, such that the temperature variance tends to zero in all the cases. In addition to
sensitizing the model to the thermal boundary condition, a favorable side effect of solving
the eg-equation is a significant improvement of the predictions of €9 and 0’2 far from the
wall. L

Figs. 20, 21 and 22 compare the budgets of 6> and gy with the DNS data of Flageul
et al. (2015) for an imposed temperature, an imposed heat flux and CHT, respectively.
Although the prediction of the different terms of the budget of €y is not perfect, these
figures globally suggest that the satisfactory prediction of 8’ and ¢ shown above is due
to a correct reproduction of all the physical mechanisms playing a role in the dynamics of
these variables. The left parts of these figures show an excellent prediction of the budget
of the temperature variance for all the thermal boundary conditions, which is due to the
good prediction of €y using the new modeled equation, but also to the good prediction
of the turbulent heat flux that enters production, as will be shown in section 5.3.

In particular, these computations confirm that the new model for Yz, is successful in
reproducing the dramatic modification of the near-wall behavior of this quantity when
boundary conditions vary. This is the cornerstone of the present DFM, since this term is
always a leading-order term, as shown in Table 4.

Finally, Fig. 23 shows the temperature variance and its dissipation rate in the solid
part in the case of CHT. G = 1 and G5 = 1 are the fluid-to-solid ratios of the thermal
diffusivity and the thermal conductivity, respectively. A virtually perfect agreement with
the DNS is obtained for 6’2 and ey. Since these two quantities are continuous across the
interface, this good prediction is linked to the performance of the model on the fluid side.
Moreover, the choice of the constant c., in Eq. 5.4 appears adequate as it drives the
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FIGURE 17. A posteriori temperature variance 6’2 (left) and its dissipation ¢ (right) for an
imposed temperature at the wall.

" DNS © @ . ‘ DNS O
6 r Model — = 25 Model —
Dehoux’s Model === ,' Dehoux’s correlation -+
; 20 g2
4 £ &
|& : & 15
[<=]
10
2 y
5 -
| o
0 i 0 | h
1 10 100 1 10 100

¥t y

FIGURE 18. A posteriori temperature variance 6’2 (left) and its dissipation ¢ (right) for an
imposed heat flux at the wall.
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FIGURE 19. A posteriori temperature variance 0'2 (left) and its dissipation e¢ (right) for the
Conjugate Heat Transfer (CHT) case.

decrease with the distance to the interface of the dissipation in the solid, which in turn
leads to the decrease of the temperature variance.

5.3. Turbulent heat flux

In Fig. 24, in order to confirm the favorable results obtained by a priori tests in section

3.3, the near-wall balance of transport equation for the turbulent heat flux, Dg;r B4 g —

€p;, 1.e., the sum of the molecular diffusion, the scrambling and the dissipation terms,
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FIGURE 20. Temperature variance 6’2 budgets (left) and the dissipation rate 9 budgets (right)
for an imposed temperature at the wall. The symbols stand for DNS data and the solid lines
represent the present model.
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FIGURE 21. Temperature variance 0’2 budgets (left) and the dissipation rate g9 budgets (right)
for an imposed heat flux. The symbols stand for DNS data and the solid lines represent the
present model.
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FIGURE 22. Temperature variance 6’2 budgets (left) and the dissipation rate o budgets (right)
for Conjugate Heat Transfer (CHT). The symbols stand for DNS data and the solid lines
represent the present model.

is compared with the DNS data of Flageul et al. (2015) for the CHT case. As expected
from the asymptotic analysis shown in section 3.2 and the a priori tests, the new model
accurately reproduces the near-wall behavior of these terms, which remain dominant up
to yT ~ 5. These results form a solid basis for the correct reproduction of the turbulent
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FIGURE 23. A posteriori temperature variance 6’2 (left) and its dissipation rate g4 (right) in
the solid part for Conjugate Heat Transfer (CHT).
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FIGURE 24. The near-wall balance Dg’;““ + ¢o; — €¢; obtained in full computations for CHT
compared to DNS results from Flageul et al. (2015). Left: stream-wise component; Right:
wall-normal component.

heat flux components in the near-wall region. Surprisingly, Dehoux’s model also provides
good predictions in the near-wall region for CHT (the same result is observed in the
case of an imposed temperature, which is not shown here). These results are in apparent
contradiction with the asymptotic analysis and the a priori tests performed in section
3.3, since the stream-wise component of the sum of the three terms was shown to tend to
infinity at the wall. However, it is a perfect example of error compensation. Considering
the different terms appearing in this balance separately for the stream-wise direction in
the case of CHT (the same trend is obtained with an imposed heat flux), Fig. 25 shows
that, in contrast with the new model, Dehoux’s model exhibits a wrong asymptotic
behavior for the dissipation term and this is compensated by a strong overestimation of
molecular diffusion in the near-wall region, leading to compensation of errors.

Finally, Figs. 26, 27 and 28 show the predicted turbulent heat flux obtained with the
new model and Dehoux’s model against the DNS data of Flageul et al. (2015), which
dictates the behavior of the mean temperature. Both the wall-normal and the stream-
wise components of the heat flux are correctly predicted by the new model for all the
thermal boundary conditions in the regions near the wall and far from the wall. In the
buffer layer, the peak of w/#’ is underestimated in all the cases: as mentioned above,
the elliptic blending strategy is designed to impose the correct behavior in the viscous
sublayer, but is not sufficient to fully account for the complex evolution of the different
terms in the buffer layer. The aforementioned error compensation in Dehoux’s model
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FIGURE 25. The dominant terms in the budgets of the stream-wise heat flux component for
an Conjugate Heat Transfer (CHT). Filled symbols stand for the model; empty symbols
represent the DNS data. Left: New model; Right: Dehoux’s model
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FIGURE 26. Predicted turbulent heat flux with an imposed temperature at the wall. Left:
tangential component; Right: wall-normal component.
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FIGURE 27. Predicted turbulent heat flux with an imposed heat flux at the wall. Left:
tangential component; Right: wall-normal component.

makes it possible to obtain acceptable results, although the discrepancies are significant
for the stream-wise component in the case of an imposed heat flux, and, to a lesser
extent, for CHT. This appears as a minor issue in the present channel flow case, since
the stream-wise heat flux /6’ does not affect the mean temperature profile. However,
the accurate prediction of this component will gain importance in more complex flows.
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FIGURE 28. Predicted turbulent heat flux for Conjugate Heat Transfer (CHT). Left:
tangential component; Right: wall-normal component.

6. Conclusion

An extended version of the DFM of Dehoux et al. (2017) is proposed in order to account
for any type of thermal boundary condition at the wall. Indeed, the vanishing (imposed
wall temperature) or not (imposed heat flux or CHT) of the temperature fluctuations
at the wall leads to a completely different behavior of the terms of the budget of the
turbulent heat flux. In order for the model to be able to adapt to the variety of boundary
conditions, the key point is the use of the variable Pr/R, i.e., the ratio of the Prandtl
number to the thermal-to-mechanical time-scale ratio, which goes to unity at the wall
for an imposed wall temperature and to zero otherwise. As a corollary, R cannot be
computed from a simple algebraic relation as in Dehoux’s model, but must rather be
obtained from transport equations for the temperature variance 6’2 and its dissipation
rate g, in such a way that the near-wall behavior of R is dependent on the boundary
conditions for 6’2 and &g.

The extended DFM is then developed based on asymptotic arguments. The function
Pr/R is used to sensitize the scrambling term ¢y; in the transport equation for the
turbulent heat flux to the thermal boundary condition, by analyzing the Taylor series
expansion of the solutions of the equation. It is shown that the model for the heat flux
requires an asymptotically correct behavior of the predicted thermal-to-mechanical time-
scale ratio, which is highly dependant on the thermal boundary condition. It is interesting
to emphasize that, in the extended model, R is used for what it really is, a ratio of time
scales, the behaviour of which depends on the boundary conditions, and not as an artifact
to avoid solving the €y equation.

In order to ensure the correct behaviour of R, a new model for the dissipation rate ¢ is
proposed. The major term in this model is the dissipation rate Yz,: its modeling is crucial
to deal with various thermal boundary conditions. To take up this challenge, in addition

— 2
to Pr/R, another key parameter is used, og/cg, where oy = & (8 85 2) . Indeed, Pr/R

is not able to distinguish imposed heat flux and CHT conditions. Based on these two
parameters, the dissipation term Y;, can be sensitized to the various thermal boundary
conditions. A priori tests show that e¢ is correctly modeled, which, in turn, leads to
correct predictions of the temperature variance 6’ 2 and the thermal-to-mechanical time-
scale ratio R.

Full computations performed with the open-source solver Code_Saturne show very
satisfactory results for ey and 6’2 for all the thermal boundary conditions. As a conse-
quence, satisfactory predictions in coherence with a priori considerations are obtained
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for the turbulent heat flux components and, in turn, the mean temperature in all the
cases.
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Appendix A. Model for the turbulent heat flux (EB-DFM)
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Appendix B. Model for the temperature variance
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Appendix C. Model for the dissipation rate of the temperature

variance
Doy 2ol 0T
Dt~ 1+ Pr Yoz, 0K gy
——k ., 0% 8% k. Ouiu 068 920
C /' /)7 v C r j ov
e ( p4u]uk£fR Oz 0x 0x,0x + pgefR Oz, Oz Ox;j0xy, (C1)
_|_i C’U,/U/E% +i K‘,iE
Ox; \ 7 Fe Oy, Ox; \| Ox; o
+(1—ag) (Pl = Y2) +ag (P = Y2)
5% =(1 ag)af;” + 5?}’, (C2)
where
UI-U/-
E?jh = 3506177 Ezagw = %59 (C 3)
P, = Yo, = (1~ ag) (Pl —YZ) +ae (P, — Y1), (C4)
Pl = )P+ 2Py, (c3)
€o
Y =cy—. (C6)

7o



Ezxtension of the elliptic blending model 33

hl h2 wl w2
Cegr Cey Cep Cep Cgp Cps Cps fr Cs

1.4 252 288 2 0.75 0.15 0.28 fr= 0.22

2R
0.5+R

CN cc CD Cw CH Cry Crg CTp CTy

7.08 15.96 4.802 1.8 2.7 5.13 26.25 5.4 0.025

P, | Py e
w . wl _ w2 _ 7’“ i ¢
Pae_cae |:1 Ceq (1 Oég) €:| o m (07)
w_ (1 PV (e i an B _%
Y = (1 R> <1 cw (1 — ) Ea) (cN Eacc>
(C8)
+c & £6 E
PV'R VTeoTo V To
— 2
2
00—n<8;j ) | (©9)
— o, C. \fl (C10)
7—9 = max 97 Te € P?“ k)
v
Tep, = MAT (T, C’T\/;) , (C11)
Pr o Pr
Cr= (1 — R> (CTN + é_chC> + ¢y f (C 12)

REFERENCES

ABE, H., KaAwaMURA, H. & MATsvuO, Y. 2004 Surface heat-flux fluctuations in a turbulent
channel flow up to Re,; = 1020 with Pr = 0.025 and 0.71. Int. J. Heat Fluid Fl. 25 (3),
404-419.

ABE, K., KoNDOH, T. & NAGANO, Y. 1995 A new turbulence model for predicting fluid flow
and heat transfer in separating and reattaching flows-II. Thermal field calculations. Int.
J. Heat Mass Tran. 38, 1467-1481.

ANGELINO, M., GOLDSTEIN, R.J. & GoRrl, F. 2019 Lateral edge effects on heat/mass transfer
on a finite width surface within a turbulent boundary layer. Int. J. Heat Mass Tran. 138,
32-40.

ARCHAMBEAU, F., MECHITOUA, N. & SAKiz, M. 2004 Code Saturne: A Finite Volume Code
for the Computation of Turbulent Incompressible flows - Industrial Applications. Int. J.



34 G. Mangeon, S. Benhamadouche, J.-F. Wald, R. Manceau

on Finite Volume, Electronical edition: http://averoes.math.univ-paris13.fr/html ISSN
1634 (0655).

BENHAMADOUCHE, S., AFGAN, I. & MANCEAU, R. 2020 Numerical simulations of flow and heat
transfer in a wall bounded pin matrix. Flow Turbul. Combust. 104 (1), 19-44.

BILLARD, F. & LAURENCE, D. 2012 A robust k — ¢ — v?/k elliptic blending turbulence model
applied to near-wall, separated and buoyant flows. Int. J. Heat Fluid FI. 33 (1), 45-58.

CHol, S.-K., HAN, J.-W. & CHol, H.-K. 2018 Performance of second-moment differential stress
and flux models for natural convection in an enclosure. Int. Commun. Heat Mass Transfer
99, 54-61.

Cuor, S. K. & Kim, S. O. 2008 Treatment of turbulent heat fluxes with the elliptic-blending
second-moment closure for turbulent natural convection flows. Int. J. Heat Mass Tran.
51 (9), 2377-2388.

CRrAFT, T., IaACcOVIDES, H. & UAPIPATANAKUL, S. 2010 Towards the development of RANS
models for conjugate heat transfer. J. Turbul. 11, N26.

CrAfrT, T.J., INCE, N.Z. & LAUNDER, B.E. 1996 Recent developments in second-moment
closure for buoyancy-affected flows. Dyn. Atmos. Oceans 23 (1), 99-114.

DaAvy, B. J. & Harrow, F. H. 1970 Transport equations in turbulence. Physics of Fluids 13,
2634-2649.

DenOUX, F. 2012 Modélisation statistique des écoulements turbulents en convection forcée,
mixte et naturelle. PhD thesis, Université de Poitiers.

DeHOUX, F., BENHAMADOUCHE, S. & MANCEAU, R. 2017 An elliptic blending differential flux
model for natural, mixed and forced convection. Int. J. Heat Fluid FIl. 63, 190-204.
Dovizio, D., SHAaMS, A. & ROELOFS, F. 2019 Numerical prediction of flow and heat transfer

in an infinite wire-wrapped fuel assembly. Nucl. Eng. Des. 349, 193-205.

DURBIN, P. A. 1991 Near-wall turbulence closure modeling without “damping functions”. Theor.
Comp. Fluid Dyn. 3 (1), 1-13.

EvrgHoBASHI, S. & LAUNDER, B. E. 1983 Turbulent time scales and the dissipation rate of
temperature variance in the thermal mixing layer. Phys. Fluids 26, 2415-2419.

FraceuL, C., BENHAMADOUCHE, S., LAMBALLAIS, E. & LAURENCE, D. 2015 DNS of turbulent
channel flow with conjugate heat transfer: Effect of thermal boundary conditions on the
second moments and budgets. Int. J. Heat Fluid Fl. 55, 34-44.

Fraceur, C., BENHAMADOUCHE, S., LAMBALLAIS, E. & LAURENCE, D. 2017 On the
discontinuity of the dissipation rate associated with the temperature variance at the
fluid-solid interface for cases with conjugate heat transfer. Int. J. Heat Mass Tran. 111,
321-328.

HANJALIC, K. 2002 One-point closure models for buoyancy-driven turbulent flows. Annu. Rev.
Fluid Mech. 34, 321-347.

HanJALIC, K. & LAUNDER, B.E. 2011 Modelling Turbulence in Engineering and the
Environment. Second-Moment Routes to Closure. Cambridge University Press.

HowarD, R. & SERRE, E. 2015 Large-eddy simulation in a mixing tee junction: High-order
turbulent statistics analysis. Int. J. Heat Fluid FI. 51, 65-77.

HowaARD, R. & SERRE, E. 2017 Large eddy simulation in code_saturne of thermal mixing in a
T-junction with brass walls. Int. J. Heat Fluid FIl. 63, 119-127.

JoNES, W.P. & MUSONGE, P. 1988 Closure of the Reynolds stress and scalar flux equations.
Phys. Fluids 31, 3589-3604.

Kasaci, N., Kasaci, N. & KURODA, A. 1992 Direct numerical simulation of passive scalar
field in a turbulent channel flow. J. Heat Transf. 114, 598-606.

Kasaar, N., Kuropa, A. & HiraTa, M. 1989 Numerical investigation of near-wall turbulent
heat transfer taking into account the unsteady heat conduction in the solid wall. J. Heat
Transf. 111, 385-392.

LAUNDER, B. E. 1988 On the computation of convective heat transfer in complex turbulent
flows. J. Heat Transf. 110, 1112-1128.

MANCEAU, R. 2015 Recent progress in the development of the elliptic blending Reynolds-stress
model. Int. J. Heat Fluid Fl. 51, 195-220.

MANCEAU, R. & HaNJjaLI¢, K. 2002 Elliptic blending model: A new near-wall Reynolds-stress
turbulence closure. Phys. Fluids 14 (2), 744-754.



Ezxtension of the elliptic blending model 35

MANCEAU, R., PARNEIX, S. & LAURENCE, D. 2000 Turbulent heat transfer predictions using
the v — f model on unstructured meshes. Int. J. Heat Fluid FI. 21 (3), 320-328.
NAGANO, Y. 2002 Closure strategies for turbulent and transitional flows, chap. Modelling heat

transfer in near-wall flows, pp. 188-247. Cambridge University Press.

NEwMAN, G. R., LAUNDER, B. E. & LuMLEY, J. L. 1981 Modelling the behaviour of
homogeneous scalar turbulence. J. Fluid Mech. 111, 217-232.

PARNEIX, S., BEHNIA, M. & DURBIN, P. A. 1998 Predictions of turbulent heat transfer in an
axisymmetric jet impinging on a heated pedestal. J. Heat Transf. 120, 1-7.

PoPE, S. B. 1983 Consistent modeling of scalars in turbulent flows. Phys. Fluids 26 (2), 404-408.

SHIKAZONO, N. & KAsAGI, N. 1996 Second-moment closure for turbulent scalar transport at
various Prandtl numbers. Int. J. Heat Mass Tran. 39 (14), 2977-2987.

SHIN, J. K., AN, J. S., CHo1, Y. D., Kim, Y. C. & KiMm, M. S. 2008 Elliptic relaxation second
moment closure for the turbulent heat fluxes. J. Turbul. 9, 1-29.

SOMMER, T. P., SO, R. M. C. & ZHANG, H. S. 1994 Heat transfer modeling and the assumption
of zero wall temperature fluctuations. J. Heat Transf. 116 (4), 855-863.

SPALDING, D.B. 1971 Concentration fluctuations in a round turbulent free jet. Chem. Eng. Sci.
26 (1), 95-107.

TisELJ, 1., BERGANT, R., Mavko, B., Bajsi¢, I. & HETSRONI, G 2001 DNS of turbulent
heat transfer in channel flow with heat conduction in the solid wall. J. Heat Transf. 123,
849-857.

YanG, G., Iacovipes, H., CrRAFT, T. & APSLEY, D. 2019 RANS modelling for temperature
variance in conjugate heat transfer. In Proc. 5th World congress on Mechanical, Chemical,
and Material Engineering, Lisbon, Portugal.

ZEMAN, O. & LUMLEY, J. L. 1976 Modeling buoyancy driven mixed layers. J. Atmos. Sci. 33,
1974-1988.



