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DNS of turbulent low Mach channel flow under asymmetric high temperature
gradient: effect of thermal boundary condition on turbulence statistics

J.M. Avellanedaa,∗, F. Bataillea, A. Toutanta

aPROMES-CNRS, UPR 8521, University of Perpignan Via Domitia, Perpignan, France

Abstract

Direct Numerical Simulations have been performed for a fully-developed low Mach turbulent flow of an ideal gas with
thermo-dependent viscosity and thermal conductivity in a flat channel at mean friction Reynolds number Reτ = 180
submitted to asymmetric heating with a wall temperature ratio T2/T1 = 2. Mean and turbulent statistics of the flow
have been studied and compared for two different thermal boundary conditions: fixed temperatures on the one hand
and fixed heat flux densities on the other hand. The influence of the boundary condition type is studied. Temperature
variance is particularly impacted by this choice and exhibits asymmetric profiles with different behavior depending on
the boundary condition.
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1. Introduction

Since the seminal works of Orzag [1], Kim [2] and
Moser [3], Direct Numerical Simulations (DNS) have
proved to be a reference tool to study wall-bounded tur-
bulent flows and have lead to numerous publications.5

Vreman [4] made a comparison of several of the re-
sulting databases at Reτ = 180, a popular turbulent
Reynolds number, and assessed their accuracy and re-
producibility. Among the research works presenting a
thermal analysis and in particular the profiles of temper-10

ature fluctuations, some are dealing with incompressible
flows and assume the temperature to be a passive scalar
[5], which can be an appropriate approximation when
temperature gradients are small. However, in a large
number of industrial applications and thermal exchang-15

ers, the gradient of temperature can be high and temper-
ature dependent material properties must be considered.
This is the case, for example, in solar receivers [6] [7]
[8] [9] [10], a key device in concentrated solar power
plants which is worth optimizing [11]. The coupling be-20

tween turbulence and significant thermal fluxes is stud-
ied thoroughly in the case of high-speed compressible
flows [12] [13] [14] [15] [16] [17] but more rarely when
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the flow is subsonic and the fluid properties vary with
the temperature [18] [19].25

Moreover, the type of thermal boundary condition
at the walls has an impact on the turbulent flow and
on temperature fluctuations in particular. Many stud-
ies impose constant and uniform wall temperatures. For
example, Dhamarathne [20] performed DNS of an in-30

compressible channel flow with temperature treated as
a passive scalar at Reτ = 395 and Pr = 0.71 while
setting dimensionless wall temperatures to -1 and 1 re-
spectively. He shows that the temperature fluctuation
standard deviation vanishes at the walls, reaches a local35

maximum near the wall and then decreases to a local
minimum before growing again up to the central zone
of the channel. Staying in the case of incompressible
flow and of passive scalar temperature, other research
works deal with constant and uniform heat flux density40

at the walls. Different geometries have been addressed,
some by Large Eddy Simulations, among which flows
in tubes [21] [22], in annuli [23] [24], in rotating cylin-
ders [25] [26] and in flat plate channels [27] [28] [29].

A part of these studies set a strong constraint on tem-45

perature fluctuations by forcing them to be zero at the
walls (e.g.: [22], [25]), while other leave temperature
fluctuation free (e.g. [23], [24]).

Estimating temperature variance at the walls is neces-
sary when thermal fatigue and long-term aging of mate-50

rials are at stake. Several authors compare the influ-
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ence of thermal boundary condition type on the flow
statistics, by analyzing fluid-solid conjugation. Flageul
et al. [30] compared several thermal boundary con-
dition types (Dirichlet isothermal, Neumann isoflux,55

Robin and 3D fluid-solid conjugate heat transfer) and
confirmed the strong impact of the boundary condition
on turbulent thermal correlation coefficients and on the
variance of temperature. Tiselj et al. [31] [32] [33] also
compared fluid-solid conjugation and idealized thermal60

boundary conditions and showed that wall temperature
fluctuations depend on the fluid versus wall effusivity
ratio (at the limit, when this ratio tends towards zero,
the fluctuations of temperature are zero at the wall).

Nevertheless, these studies focus on incompressible65

and passive scalar flows. Recently, Bellec et al. [34]
performed a comparison between fixed temperature vs.
imposed heat flux boundary condition based upon Large
Eddy Simulations for a subsonic turbulent flow in an
open channel and a fluid with variable properties. To70

the best of our knowledge, there is no Direct Numerical
Simulation equivalent comparison for a fully-developed
turbulent low Mach channel flow in the presence of high
temperature gradient from non-symmetric heating with
thermo-dependent fluid properties. This is the scope of75

the present work. It can be applied, for example, to the
solar receivers of concentrated solar power plants where
low Mach flow turbulent temperature fluctuations con-
tribute to the thermal stress of stretched materials.

2. Numerical method80

2.1. Governing equations

We focus on low Mach number flows for which the
characteristic fluid velocity is small against the speed of
sound. In a (strictly) incompressible flow, the density of
each fluid particle stays unchanged (the material deriva-85

tive Dρ/Dt is zero, which implies that the velocity vec-
tor is divergence free). A particular situation where the
flow is incompressible is when the fluid has a uniform
and constant density. In a large number of flows of prac-
tical interest, the density variations of a fluid particle are90

negligibly small and the simplified governing equations
of the incompressible flow can be applied without los-
ing excessive precision, one necessary condition being
a small Mach number: Ma << 1 [35]. This is the case
in aerodynamics when the Ma < 1/3 criteria is used95

[36]. Nevertheless, even if the Mach number is small,
significant density variations can come from high tem-
perature gradients and the incompressible flow model
is no longer suitable. To address this specific situation,
a low Mach approximation can be defined by filtering100

acoustic waves [37] while keeping density variations
due to the temperature. This low Mach approximation
allows better efficiency in numerical solving the govern-
ing equations of this kind of flow in comparison with
compressible models because the Courant-Friedrichs-105

Lewy (CFL) stability conditions on the time step are
less severe [18]. In this paper we consider situations
where Ma ≈ 10−2 and a hot to cold wall temperature
ratio T2/T1 ≈ 2 over a short distance, leading to cor-
responding high density variation as the study fluid is110

an ideal gas: this makes the low-Mach approximation
a reasonable approach. In the present study simula-
tions, the density varies with the temperature and buoy-
ancy forces are necessarily present, although their ef-
fect is not significant. The relative importance of in-115

ertial and buoyancy effects has to be assessed in or-
der to decide whether buoyancy may be neglected or
not. The Richardson number Ri = Gr/Re2, where Gr
is the Grashof number reflects this relative importance
[38]. When Ri < 0.1 the flow is generally considered120

as being dominated by forced convection [39] [40]. For
Ri > 10, natural convection is the main phenomena and
the case where 0.1 ≤ Ri ≤ 10 corresponds to mixed
convection situations, where natural and forced convec-
tion have to be taken in consideration together. For the125

simulations presented in our manuscript, the Richardson
number is small (Ri ≈ 0.01) and the forced convection
flow regime can be considered [41] [18]. Moreover, the
fluid flows between two horizontal plates (fig. 1), the
channel height is small and the hot plate is the upper130

one (which corresponds to a beam-down solar receiver,
for example). For all these reasons, gravity effects and
buoyancy force terms are neglected in the set of gov-
erning equations. We assume there is no heat source
in the volume and no radiative thermal transfer inside135

the channel. In the case of an ideal gas, this set of hy-
pothesis leads to a simplified form of the Navier-Stokes
equations which now read [37]:
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Figure 1:

In this system of equations the subscripts i and j obey
the summation convention and ρ is the density of the140

fluid, Ui are the components of its velocity, µ is its dy-
namic viscosity, Cp = 1005 J.kg−1K−1 is its heat capac-
ity, k is its thermal conductivity and T is its tempera-
ture. xi are the Cartesian coordinates and t is the time.
Pressure is composed of two terms: P = Pdyn + Pth145

where Pdyn accounts for the variations of pressure due
the velocity and Pth is a uniform pressure related to den-
sity and temperature through the equation of state of the
fluid:

Pth = ρrT (5)

where r = 287 J.kg−1K−1 is the ideal gas constant.150

Moreover, dynamic viscosity depends on the temper-
ature and follows the Sutherland law, which is valid in
the working temperature range of our study [42]:

µ = 1.461 × 10−6 T 1.5

T + 111
(6)

The thermal conductivity is also dependent on the
temperature and is derived from the dynamic viscosity155

and from the constant Prandtl number Pr = 0.76:

k =
µCp

Pr
(7)

2.2. Numerical model

The flow occurs between two parallel flat plates and
Lx and Lz dimensions are periodic (fig. 1). The domain
lengths are 2πh × 2h × ( 4

3 )πh where h = 0.014923 m160

The mesh consists of 192 × 190 × 128 cells. It is
uniform in the x and z directions. Mesh size follows a
hyperbolic tangential law in the y direction in order to

be finer close to the walls:

yk = h
{
1+

1
a

tanh
[(
−1+

k − 1
N − 1

)
artanh(a)

]}
, k ∈ [1,N]

(8)
Where N is the number of nodes over h (the half-165

height of the channel) and a is a mesh dilatation pa-
rameter. Mesh sizes in wall units are provided in table
1 in the ”Main” domain column. The averaging time
(normalized by h/Uτm, where Uτm is the mean friction
velocity Uτm = (Uτhot + Uτcold)/2), is T + ≈ 322. These170

mesh sharpness and integration time are well positioned
with regard to simulations that have shown a good con-
vergence [4], [19]. After T + ≈ 200, heat fluxes at
the walls had stabilized and stayed within a range of
±0.1% of their mean values. Moreover a mesh inde-175

pendence check has been performed with a finer mesh
(384 × 266 × 384) when temperature are imposed at
the walls, whose mesh sizes in wall units are given in
table 1 in the ”Check” domain column. The resulting
friction values and wall heat fluxes are respectively less180

than 0.6% and 0.4% different from the main mesh case.
The comparison of velocity and temperature means and
root-mean-square of velocity fluctuations between the
main domain and the check domain exhibits very sim-
ilar results (fig. 2). The check domain is also larger185

than the main one (twice as long in the flow direction
and 1.5 times larger transversely) and the proximity of
the resulting flows (fig. 2) indicates that the study do-
main is large enough so that no large scale structures
are affecting the results. This confirms the observa-190

tions of a previous study [19] also carried out with a
4πh × 2h × 2πh domain size, in which the two-point
streamwise and spanwise velocity and temperature cor-
relations fall near zero when the midpoints of the lon-
gitudinal and transverse dimensions of the domain are195

reached respectively.

Table 1: Domain characteristics

Main Check

Domain size 2πh × 2h × 4
3πh 4πh × 2h × 2πh

Number of cells 192 × 190 × 128 384 × 266 × 384
∆x+ 4.64 4.64
∆y+

cold 0.48 0.25
∆y+

center 2.95 2.30
∆y+

hot 0.20 0.10
∆z+ 4.64 2.32
T + 322 202

3
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Figure 2: Grid and domain volume independence check

The DNS were carried out with the TrioCFD thermo-
hydraulic code [43] created at the French Atomic and
Alternative Energies Agency (CEA) and ran on a HPC
server provided by the French National Computing Cen-200

ter for Higher Education (CINES). Velocity convection
and diffusion are handled by a second order centered
scheme. It is the same for temperature diffusion. A
third order upstream QUICK scheme (Quadratic Up-
stream Interpolation for Convective Kinetics) is used for205

temperature convection. Time integration is handled by
a third-order Runge-Kutta numerical scheme.

A couple of comparable simulations with a wall tem-
perature ratio T2/T1 = 2 is created. First a wall fixed
temperature simulation is performed with T1 = 293K210

and T2 = 586K, that leads to steady mean heat flux
densities at the walls which value is about 1708 W/m2.
These fluxes are then applied as boundary conditions to
the wall fixed heat flux simulation.

3. Results and discussion215

Statistics are computed by averaging results over the
two periodic directions and over time. This averaging
is noted by using brackets < . >. The mean friction
Reynolds number is set to Reτm = 180, where Reτm is
the mean value between the turbulent Reynolds num-220

bers taken at the cold and the hot walls:

Reτm = (Reτ,cold + Reτ,hot)/2 (9)

Each Reynolds number is based on the friction veloc-
ity at the corresponding wall:

Reτ =
Uτh
νw

(10)

Uτ =

√
< µw >

< ρw >

∂ < U >

∂y

∣∣∣∣∣∣
w

(11)

Results are normalized using the classical scaling

4



based on the friction velocity and the friction temper-225

ature of the nearest wall:

y+ =
yUτ

νw
, < U >+=

< U >

Uτ
, U+

rms =
Urms

Uτ
(12)

< T >+=
| < T > − < Tw > |

Tτ
, T +

rms =
Trms

Tτ
(13)

Table 2: Mean friction variables

Variable Fixed temperature Fixed heat flux

Uτ, cold 0.175 0.173
Uτ, hot 0.234 0.235
Reτ, cold 258 258
Reτ, hot 106 106
Tτ, cold 5.4 5.5
Tτ, hot 8.1 8.2

Friction variables are presented in table 2. The small
differences between fixed temperature and fixed flux
simulation friction quantities are not significant enough,
when put in balance with the variability due to the grid230

resolution and the convergence of wall fluxes, to con-
clude that one of these two simulations is weaker or
stronger than the other. In this study, grid and domain
size independence have been assessed. Mesh resolu-
tions and simulation times have been set in order to be235

well positioned when compared to previous studies [19]
and the literature [18] [4]. A systematic and detailed es-
timation of the uncertainties coming from the discretiza-
tion of the governing equations and the statistical sam-
pling of the data, which is an active and challenging re-240

search area [44], has not been performed.
There is a slight relaminarization at the hot wall (sug-

gested by the slight asymmetry of the profile of the
mean longitudinal velocity visible in fig. 2(a), the hot
side exhibiting more parabolicity than the cold side).245

Nevertheless, turbulence is not suppressed as the root-
mean-squares of all velocity component fluctuations are
almost symmetrical with no serious damping at the hot
side (fig. 2(c)). The Urms local maximum at the hot-side
of the channel is even greater although slightly further250

from the wall. Relaminarization would be significant
for higher temperature gradients [41] and hot to cold
wall temperature ratios like T2/T1 = 5, for which higher
friction Reynold number like Reτm = 395 would be nec-
essary to avoid turbulence suppression as demonstrated255

in [6].

As shown in fig. 3(a), the mean longitudinal veloc-
ity is hardly influenced by the boundary condition type.
The difference is even smaller for the root-mean-squares
of all velocity components and for the covariance of the260

longitudinal and the normal velocities presented in fig.
3(c), 3(d), 3(e), and 3(f) respectively. The relative gap
is greater for the wall-normal velocity, in particular in
the central zone of the channel (fig. 3(b)).

The mean wall-normal velocity is different from zero265

as can be seen in fig. 2(b) and fig. 3(b), except at the
walls where it is forced to zero by the boundary condi-
tion. From the equation of energy (Eq. 3), using Eqs.
18 and 5 that formulate the properties of the pressure
Pth, the following expression can be derived for the di-270

vergence of the velocity field:

∂U j

∂x j
=
γ − 1
γPth

∂

∂x j
(k
∂T
∂x j

) −
1

γPth

dPth

dt
(14)

In the case of fixed heat flux densities at the walls,
averaging and integrating the above eq. 14 leads to the
following dependence of the mean wall-normal velocity
on the ordinate y [18]:275

< V >=
γ − 1
γPth

(〈
k
∂T
∂x j

〉
−

〈
k
∂T
∂x j

〉∣∣∣∣∣ cold
wall

)
(15)

The mean-normal velocity is directly linked with the
conservation of energy and with the conductive heat flux
crossing each horizontal plane in the channel. It is non-
zero except at the walls. The total mean heat flux is
constant across the channel and the vertical convective280

heat flux due to the average wall-normal velocity bal-
ances the variation of the mean conductive heat flux.
When temperatures are fixed at the walls, eq. 15 is still
valid when neglecting the term 〈P′th∂ ju′j〉/〈Pth〉. The
mean wall-normal velocity is negative and pushes the285

flow from the hot side towards the cold side of the chan-
nel, which is also the denser area [45].

The dimensionless temperature as defined in eq. 13
shows very close profiles, almost independent on the
thermal boundary condition type (fig. 4(a)). The same290

stands for the turbulent wall-normal heat flux (fig. 4(d)).
A larger gap can be observed for the turbulent longitu-
dinal heat flux with higher values when the heat flux is
fixed (fig. 4(c)), except in the central zone where the
gap vanishes. The dimensionless coefficients UτTτ of295

the two kinds of boundary conditions are very close and
this gap reflects the real values with a slight attenuation.

The boundary condition type has a major influence
on the fluctuations of temperature as shown in fig.
4(b). When the wall temperatures are fixed, the root-300

mean-square of temperature fluctuations approaches

5
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Figure 3: Dynamic statistics

zero when getting close to the walls. This is not the case
when the heat fluxes are fixed: they are about 2.5 at the
hot wall and slightly below 3.0 at the cold wall. These
values are compatible with previous studies when tak-305

ing into account that the wall temperature fluctuations
increase when the Reynolds or the Prandtl number in-
crease [23], [30], [31]. The local maximum near the
wall is higher and closer to the wall when the heat flux

is fixed. The asymmetry of the thermal boundary con-310

dition leads to the corresponding asymmetric profiles of
the temperature fluctuations. Real Trms are higher at the
hot wall than at the cold one. The dimensionless co-
efficient Tτ is also higher at the hot wall and the net
effect leads to a lower dimensionless standard deviation315

of temperature fluctuations at the hot wall. In the central
area of the channel, the temperature fluctuations become
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Figure 4: Statistics involving temperature

independent on the boundary condition type. Unlike re-
sults from symmetric heating [30] or from a developing
flow in an open channel [34], temperature fluctuations320

do not collapse in the central area: they keep the same
order of magnitude across the section.

RUT =
< UT > − < U >< T >

UrmsTrms
(16)

RVT =
< VT > − < V >< T >

VrmsTrms
(17)

The correlation coefficients RUT (eq. 16) and RVT (eq.
17) combine the behaviors of the turbulent heat fluxes
and the standard deviations of temperature and veloci-325

ties.
In the central area of the channel RUT approaches
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zero and is the same whatever the boundary condition
type (fig. 4(e)). Indeed, the longitudinal turbulent heat
flux vanishes near the centerline while the fluctuations330

of the temperature and the longitudinal velocity stay fi-
nite. Near the walls, the correlation coefficient is higher
when wall temperatures are fixed and about 0.9 (in good
agreement with value cited by Huang et al. [14]). If the
heat flux is imposed, the correlation splits into asym-335

metric profiles from the hot and the cold wall respec-
tively. The correlation coefficient is higher at the hot
wall side of the channel: near the walls (for y+ < 10),
the longitudinal turbulent heat flux and the Urms are al-
most identical whatever the wall side but the Trms are340

lower at the hot wall and this leads to a greater correla-
tion coefficient.

The correlation coefficient of the temperature and the
wall-normal velocity (fig. 4(f)) is lower near the walls
when heat fluxes are imposed, because the temperature345

is free to fluctuate and leads to higher and non-zero Trms

while the Vrms and the wall-normal heat fluxes are al-
most independent on the boundary condition type. In
the central area of the channel, RVT are closer for the
two kinds of boundary conditions as the temperature350

fluctuations share the same order of magnitude.
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Figure 5: Turbulent Prandtl number Prt

Prt =
(< UV > − < U >< V >) ∂<T>

∂y

(< VT > − < V >< T >) ∂<U>
∂y

(18)

When the temperature is fixed at the walls, the tur-
bulent Prandtl number (eq. 18 and fig. 5) takes val-
ues between 0.8 and 1.07 except near the centerline
(when 0.95 < y/h < 1.05) and close to the cold wall355

(when y < 0.02). With fixed wall temperatures, Prt is
about 1.13 at the cold wall and 0.98 at the hot wall.
Near the centerline of the channel, the covariance of
the longitudinal and wall-normal velocity fluctuations

< UV > − < U >< V > vanishes. It is the same for360

the normal derivative of the mean longitudinal veloc-
ity ∂ < U > /∂y. These two zero points do not coin-
cide exactly and their dimensionless distance is around
8 × 10−3. The Reynolds shear stress zero point hap-
pens before the maximum of < U > and this gap leads365

to a discontinuity and a divergent behavior of the tur-
bulent Prandtl number with a vertical asymptote. This
observation is in agreement with a previous study done
with a finer grid [19].The discontinuity point is located
slightly after the centerline in the hot side of the chan-370

nel, because of the asymmetry of the boundary condi-
tions. Non-coincidence of the positions of zero shear
stress and maximum mean longitudinal velocity have
also been observed in other cases where boundary con-
ditions are asymmetric: in turbulent annular concen-375

tric pipe flows with asymmetrical curvature effects ([46]
[47]) and in fully-developed asymmetric flow in plane
channels with different roughening of the planes ([48]).

If heat flux is imposed, the turbulent Prandtl number
is hardly changed except near the walls where it van-380

ishes. Both the wall-normal heat flux and the covariance
of the longitudinal and normal velocities approach zero
when getting close to the walls, but the latter vanishes
faster and rules the behavior of the turbulent Prandtl
number at the walls.385
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Figure 6: R0 coefficient (eq. 19) with logarithmic y-scale

R0 =

Trms

∣∣∣∣∣ ∂<U>
∂y

∣∣∣∣∣
Urms

∣∣∣∣∣ ∂<T>
∂y

∣∣∣∣∣ (19)

The R0 coefficient [19] is defined in eq. 19. For fixed
temperature walls, R0 takes values between 0.95 and
1.13 except in the central area (when 0.73 < y/h < 1.44)
where the normal derivative of the mean longitudinal

8



velocity approaches zero (fig. 6). The assumption390

Prt ≈
1

R0
made by Gaviglio [49] is verified with a ±15%

relative error with respect to Prt except in the centerline
vicinity (when 0.67 < y/h < 1.37) where 1

R0
growths or

decreases faster than Prt. If heat fluxes are imposed at
the walls, R0 diverges when approaching the cold or the395

hot wall because Urms vanishes while Trms stays finite.

Table 3: Nusselt numbers (Lc = 2h)

Cold wall Hot wall

Present simulations 15 8.5
Dittus − Boelter 31 12
Battista − Perkins 38 15
Jo 28 9

The Nusselt numbers for the hot and cold walls are
presented in Table 3, as well as the values obtained us-
ing three correlations (Dittus & Boelter [50] in eq. 20,
Battista & Perkins [51] in eq. 21 and Jo [52] in eq. 22).400

All computations are based on the channel height 2h,
on the bulk Reynolds number and on the properties of
the fluid at the walls. The temperature of the fluid T f is
taken at the center of the channel.

Nu = 0.023Re0.8Pr0.4 (20)

Nu = 0.021Re0.8Pr0.4
(Tw

T f

)−0.7
(21)

Nu = 0.0058Re0.9383Pr0.4 (22)

The Nusselt number at the hot wall is lower than the405

one at the cold wall, the thermal conductivity being
around 1.6 larger at the hot wall because of its depen-
dency on the temperature. This is also accounted by
the three correlations used as a comparison in Table 3.
All correlations provide estimates that are significantly410

larger than the simulation results, the gap being more
important at the cold wall. Nevertheless, the aspect ra-
tio of the flat plate bi-periodic channel is very particu-
lar and far from the tubular or square geometries at the
origin of the correlations. The correlation developed in415

[52] provides almost exactly the Nusselt value at the hot
wall, the gap being still high at the cold wall, although
a bit reduced. It is interesting to notice that this last
correlation has been developed to fit narrow rectangular
channels.420

4. Conclusion

In this paper, we have studied the influence of ther-
mal boundary conditions at the walls (fixed tempera-
tures versus imposed heat flux) on a fully developed
turbulent channel flow at friction Reynolds number 180425

and with a wall temperature ratio of 2. The fluid is an
ideal gas and its viscosity and thermal conductivity de-
pend on the temperature. Results show that the longi-
tudinal velocity and the velocity fluctuations are little
modified. It is the same for the covariance of the lon-430

gitudinal velocity and the wall-normal velocity and for
the turbulent wall-normal heat flux. Mean temperature
also stays almost unchanged. Whatever the boundary
condition type, positions of zero shear stress and maxi-
mum mean longitudinal velocity are non-coincident and435

slightly shifted to the hot side of the channel. This leads
to a divergent behavior of the turbulent Prandtl number
in the central area of the channel.

Other statistics are more impacted by the thermal
boundary condition type. This impact appears mainly440

near the walls, the central area of the channel being al-
most independent on the boundary condition. The tur-
bulent longitudinal heat flux is higher when the wall
heat flux is fixed. The opposite stands for the related
correlation coefficient. The correlation coefficient of445

the temperature and the wall-normal velocity is lower
when the heat flux is imposed. The turbulent Prandtl
number is also lower and vanishes at the walls when
heat fluxes are fixed. The temperature fluctuations are
strongly impacted. They keep the same order of magni-450

tude all across the channel and do not vanish at the walls
when heat fluxes are fixed. Dimensionless temperature
variance is asymmetric and reaches about 2.5 at the hot
wall and 3.0 at the cold wall.
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