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Abstract

Direct Numerical Simulations are performed to analyze the influence of key boundary conditions and flow charac-
teristics on entropy generation rate statistics in a highly anisothermal forced convective turbulent channel flow of a
thermo-dependent fluid submitted to asymmetrical heating. Each parameter is varied separately to quantify its in-
fluence compared to a reference simulation, the hot to cold wall temperature ratio from 1.5 to 3, the mean friction
Reynolds number from 150 to 210, the mean thermodynamic pressure from 1 bar to 3 bar. Two thermal boundary
condition types are also compared (fixed temperatures vs. fixed heat flux density at the walls). For each parameter that
is varied, the evolution of the entropy generation rate mean, root-mean-square and correlations with the temperature
and the streamwise or wall-normal velocity components are presented and discussed. All simulations have in common
the thermal asymmetry and the highly non-isothermal nature of the flow: beyond the changes induced by the variation
of each parameter, the common characteristics of the statistical quantity profiles are also analyzed. This work estab-
lishes how the spatial distribution of the local entropy generation rate is modified by the parameters studied, in which
direction and with which sensitivity. It demonstrates the significant influence of the thermal boundary condition type
on the entropy generation rate fluctuations near the walls.

Keywords: Direct Numerical Simulation, Entropy generation rate, Variable fluid properties, Asymmetrical heating

1. Introduction nautics and astronautics {22;-231{22], nuclear indus-
try 24-25125] or solar power plants {26;:271]26] , to

Convective heat transfer is present in a large number ,, name just a few cases. These flows are complex due to

of situations including natural systems, such as blood the anisothermal and turbulent conditions: their study is
circulation with applications in medicine [1] or thermo- carried out experimentally 28293047430, 17] and
regulation and thermal comfort of the human body [2]. also by using numerical simulations {3+32}{31],
Earth sciences are also concerned, such as geology [3] like RANS (Reynolds Averaged Numerical Simula-

or volcanology [4]. It is also found in many man- tions) £33;3414{33], LES (Large Eddy Simulations)
made systems, where convective heat transfer flows can 35,36:371[37] or DNS (Direct Numerical Simula-
be internal {5-6terexternal {781 taminar 19,16} tions) £38;-39+{39] that can be less expensive and help-
transitionaH-HH12}-or- turbulent-H3:+4H 3] or external ful as a preparation approach before designing exper-
[7]; Jaminar [9] , transitional [11] or turbulent [13] and iments. Direct Numerical Simulations [40], from the
COITCSPOHd to natural H5:+6}-foreed- 7 18formixed ,, reference works carried in the 80’s [41], have demon-

H9:26H1 forced [17] or_mixed [20] convection strated their usefulness in the detailed study of turbu-

regimes. Restrlctlng the scope to heat transfer in lent channel flows and as references [42, 43], either
forced turbulent convective flows (which are the sub- in the case of incompressible {4445} orcompressible
ject of this paper), engineering applications are im- 146-471{44] or compressible [46] flows. In channel tur-

plemented in automotive cooling systems [21], aero- bulent flows, many studies assume that the fluid proper-
ties are temperature-independent [48] and use symmet-

- rical thermal boundary conditions {49;:-50;-5H-[49, 50] .
*Corresponding author . . . .
; L However, there are situations in which the tempera-
Email address: jean-marc.avellaneda@promes.cnrs.fr . | R .
(J.M. Avellaneda) ture gradients are high and the heating is asymmet-
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rical, as in the receivers of concentrated solar power
plants {52;-53;-54;-55+[53, 54, 55] . In these situations,
the temperature becomes an active scalar and the cou-
pling between the differential equations governing the
flow is more complex as temperature affects the mo-
mentum equation via the variation of the viscosity
and the thermal conductivity in addition to the ther-
mal dependence of the fluid density. This rich cou-
pling between turbulent dynamic and thermal phenom-
ena 5758, 156, 57, 58] demonstrates the theo-
retical interest of this type of flows, in addition to their
practical applications in engineering. This is why, in the
present paper, we consider the forced convective turbu-
lent channel flow of a gas, which density, viscosity and
thermal conductivity depend on temperature and that is
subjected to high thermal gradients induced by asym-
metrical heating boundary conditions.

In the context of this particular flow type, the empha-
sis is put on the local entropy generation rate field: DNS
turbulent statistics (mean, root-mean-square and corre-
lations) of the velocity and temperature fields have been
the subject of previous research work [54, 60]. The lo-
cal entropy generation rate is a key physical quantity
revealing the level of local irreversibility in the different
regions of the flow. Its integration determines the total
entropy generation rate in the flow, which is an impor-
tant criterion in engineering design and heat exchange
optimization methods. For example, trade-offs between
heat transfer enhancement and pressure drop reduction
can be found by searching for a minimum in entropy
generation and more generally, Entropy Generation
Minimization [61, 62] can be applied to a large number
of optimization configurations [63, 64]. Entropy-based
optimization approaches use various methods such as
variational calculus [65, 66, 67], genetic algorithms
168:691{68] or neural networks [70]. Beyond the to-
tal entropy generation rate in a flow, it is worth know-
ing the regions exhibiting the highest entropy generation
rates to identify enhancement targets [71]. Similarly, it
is useful to know the relative composition of the entropy
generation rate, by nature of the underlying irreversibil-
ity (of viscous or heat transfer origin) [72], by direction
(streamwise and wall-normal transfers in particular) and
by evaluating the part due to the mean fields and the
one due to their fluctuations. All these pieces of infor-
mation bring a deeper knowledge of the physics of the
flow and offer opportunities to build optimization strate-
gies and to assess their effectiveness by comparison
with a reference case. The evolution of the mean total

entro enerated in the whole control volume is well
known, when the parietal temperature ratio or the mean
friction Reynolds number are increased, for example.
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The same is not true for the quantitative behavior of
the local turbulent entro eneration rate field statistics
in the successive turbulent sublayers as well as in

the_center of the channel, in_absolute and relative

values and in composition) whose evolutions are less
known, in particular for complex flows such as the one
studied in the present paper, where the thermal/dynamic
coupling is key. To the best of our knowledge, DNS
as a function of boundary conditions and key flow
characteristics has not been previously performed for a
quasi-compressible asymmetric turbulent flow of a fluid

with thermo-dependent physical properties.
The distribution of the local entropy generation rate,

in magnitude and composition, in the different regions
of the flow, depends on the thermal boundary condi-
tions and key flow characteristics, like the hot to cold
wall temperature ratio or the Reynolds number. This is
why the core topic of this paper is to study their influ-
ence on the entropy generation rate statistics (its mean,
standard deviation and correlations with the longitudi-
nal and wall-normal velocity components) as functions
of the distance to the channel walls. A set of Direct Nu-
merical Simulations are performed to achieve this ob-
jective: first, a reference simulation corresponds to a
hot to cold wall temperature ratio 7,/7T; = 2 with fixed
temperatures at the walls and a mean friction Reynolds
number Re,,, = 180. Then, several Direct Numerical
Simulations are carried out to analyze the influence of
each key parameter, with an emphasis on thermal condi-
tions, the parietal temperature ratio, the thermal bound-
ary condition type (fixed wall temperatures vs. fixed
wall heat flux density) but also on other important flow
characteristics like the mean friction Reynolds number
or the mean thermodynamic pressure.

2. Numerical method

2.1. Governing equations

We consider the forced convective three-dimensional
fully-developed turbulent flow of a Newtonian gas with
thermo-dependent viscosity, thermal conductivity and

density. The flow regime is forced convection and no
buoyancy effect is considered as the Richardson number

for the studied simulations is small when compared to
unity. The simulations presented correspond to a small

Mach number Ma ~ 107> << 1 and the low Mach
approximation can be applied to filter acoustic waves
while keeping density variations due to temperature gra-
dients [73]. In the case of an ideal gas, the correspond-
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ing set of governing equations writes:

dp  OpU))
7 a0 (1)
XU | HpUiU)) __OPay,
ot an - 8)6,’ (2)
+ﬂ[ (% N %)] _ %i( %)
0x; K Ox;  Ox; 3 Ox; a Oxy
or ory opPy, 0 (0T
pC"(EJ”Ufa_x,-)‘ a axj( ax,-) ®)
OPy
ox; 0 @

In Egs. 1 to 4, the subscripts i and j obey Einstein’s
summation convention, x; are the Cartesian coordinates,
U; are the components of the fluid velocity and 7 is the
time. Thereafter xy, x,, x3, Uy, U, and Uz will be de-
noted x, y, z, U, V and W respectively. p is the density of
the fluid, p its dynamic viscosity, C, = 1005 Jkg LK
its heat capacity, k its thermal conductivity and T is its
temperature. Pressure is the sum of two terms: P =
Pgy, + Py, where Py, (also named “dynamic pressure”
hereafter) accounts for the variations of pressure due to
the velocity and Py, (named “thermodynamic pressure”
hereunder) is a uniform pressure linked to density and
temperature via the equation of state of the fluid:

Py, = prT )

where r = 287 J.kg~'K~! is the specific gas constant.

The dynamic viscosity depends on the temperature
and obeys the Sutherland law that is valid in the working
temperature range of the study [74]:

1.5

T+111 ©

The thermal conductivity also depends on the tem-
perature and is derived from the dynamic viscosity and
from the constant Prandtl number Pr = 0.76:

u=1461x107°

HC,

=7 (N

The local entropy generation rate (by unit of volume,

which is symbolized by a three-prime superscript) in

the case of a homogeneous, non-reactive and electri-

cally non-conductive fluid can be calculated using the

following expression, where @ is the viscous dissipation
function [61]:

S/// — i(VT)Z + %

gen T2 T (8)
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180

185

W, W, W,
{[( PG )]
LUV, aU aw ., av aw )
= = = 9
Wt R G
2(8U a_v aw)}
3'0x Oy

The total entropy generation rate (in W.K~!) corre-
sponds to the integration of S gen OVer the whole fluid
domain (2:

Suu= [[[ $t2.00
(9]

The entropy generation rate is the sum of the viscous

(10)

friction (S, ) and the heat conduction (S, .) contri-
butions,
Sg:f,e/n - S(;"e’nc + S;"e’n)‘
S;r’e’nc = (_)2 (5)2 (az )2 an
24 @
Sgw = T

These two main parts can be broken-down into more
elementary components. For example, the entropy gen-
eration rate due to heat conduction can be decomposed
into the three directions of the thermal gradient:

S(/g,e,nc S"e/ncT +S;7/e/ncT —F‘Sv:g,e/n,c,]"Z (12)
e k OT ,
Sgen,c,TA = ﬁ(a)
o k OT ,
Sgen,( T, = ﬁ(@) (13)
- k OT ,
Sgen,c,T = ﬁ(a_z)

Similarly, the rate of entropy generation due to vis-
cous friction is the sum of many terms (corresponding to
the squares and cross products of components of the ve-
locity gradient tensor). Asymmetrically heated channel
flows exhibit preferred directions: the direction of flow,
but also the direction normal to the walls for the wall-
normal velocity component and for the derivatives of
the temperature or the velocity components. A decom-
position such as the one indicated in the Equation 13
allows a more refined analysis of the entropy generation
rate. In Section 3, the main components of the entropy
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Figure 1: Bi-periodic flat plate channel

generation rate are identified and further decomposed
into their part coming from the mean fields (temperature
or velocity), on the one hand, and their part due to the
turbulent fluctuations of these fields, on the other hand.
The type of decomposition indicated in Equations 11 to
13 also applies to the analysis of the total entropy gener-
ation rate S gen> Which includes a part related to viscous
friction S 4, s and another to heat transfer S ., . that can
then be broken down further.

2.2. Numerical model

The fluid flows between two parallel flat plates. The
longitudinal (Lx) and transversal (Lz) dimensions are

periodic (Fig. 1). Bi-periodic plane channels in the
longitudinal and transverse directions are commonly
used in the study of turbulent shear flows because they
developed and statistically established flow in order to
study the physical phenomena along the axis normal to
the walls [75, 48] . A longitudinal body force, uniform
in_the channel and dynamically adjusted at each time
step, is applied to compensate for frictional forces and
maintain a constant mean mass flow rate [76]. The

domain dimensions are 27th X 2h X (3)wh where h =
0.014923 m. The mesh is made of 192 x 190 x 128 cells.
Meshing is uniform in the longitudinal and transversal
directions. In the wall-normal direction, mesh size fol-
lows a hyperbolic tangential law to be finer close to the
walls (Eq. 14), where N is the number of nodes over
the the half-height of the channel () and a is a mesh
dilatation parameter.

1
Vi = h{l+;tanh [(—1+ N 1)zu“[anh(a)

}, k € [1,N]

The reference Direct Numerical Simulation is per-
formed at mean friction Reynolds number Re.,, = 180,
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where Re., is the average of the friction Reynolds
numbers at the walls (Eq. 15 and 16), which are in
turn calculated from the corresponding friction veloc-
ities (Eq. 17). These are based on the spatio-temporal
mean values at the walls (denoted by the (_),, subscript)
of the dynamic viscosity, density and the wall-normal
gradient component of the mean longitudinal velocity.
The reference DNS hot to cold wall temperature ratio
is To/T; = 2 with T = 293 K and wall tempera-
tures are set uniform and constant at the walls. These

thermal boundary conditions at the walls correspond
receivers of concentrated solar power plants, where one
side of a channel is exposed to a strong heating by solar
radiation while the opposite side is insulated, resulting
in_the presence of a thermal gradient and a significant
variation of the thermo-physical properties of the heat
transfer fluid [58, 54] .

Rery = (Re‘r,cold + Re‘r,hot)/z, (15)
U.wh
Reqy = =22, (16)
VVV
<y >0<U>
Upy = 4| 22522 (17)
<pw> Oy |,

Mesh sizes in wall units for the reference DNS are
Ax*™ = 4.6 in the longitudinal direction, Az* = 4.6 in
the transversal direction and Ay’ = 047, Ay, =
0.20 and Ay?, .. = 2.9 in wall-normal direction at the
cold and hot wall and at the center of the channel re-
spectively. As the boundary conditions are asymmet-
ric, these dimensionless mesh sizes are the result of a
normalization of real sizes by v/U,, where v and U,
are the kinematic viscosity and the friction velocity at
the corresponding walls for Ay* = and Ay; ., while
the average kinematic viscosity and friction velocity
between the cold and hot walls are used to normal-
ize Ay?,,.» Axt and Az*. The averaging time of the
usual dynamic (e.g., velocity components, density, vis-
cosity), thermal (e.g, temperature, thermal conductiv-
ity) and compound (e.g., correlations of the temperature
and the velocity components) statistics (normalized by
h/U.y, where U, is the mean friction velocity U, =
(Uzhor + Uz eoiay /2), is At* =~ 430. The additional statis-
tics, related to the local entropy generation rate mean,
root-mean-square and correlations have been subjected
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to a dimensionless integration time of Arf.. ~ 110.
A mesh and domain size independence check has been
performed with a finer mesh (384 x 266 x 384 with a
4rh X 2h X 2wh domain size) for the same mean fric-
tion Reynolds number Re,, = 180, parietal tempera-
ture ratio 7,/7; = 2 and thermal boundary condition
type (temperature are imposed at the walls). The finer
mesh dimensionless sizes are: Ax*t = 4.6, Az* = 2.3,
Ayt = 025, Ay, = 0.10 and Ay, = 2.3.
The reference simulation and the finer mesh one are
in good agreement when comparing the velocity and
temperature fields [60]. Similarly, friction velocities,
temperatures (Eq. 18) and Reynolds numbers differ no
more than 1.3 % between the reference simulation and
the finer mesh one. The mesh and domain size inde-
pendence is also valid for the entropy generation rate
mean and root-mean-square as presented in Figs. 2(a)

and 2(c) respectively. The dynamic and thermal fields
of the presented simulations are in agreement with
those of simulations performed on several meshes of
gradual fineness [54] and the mesh sizes (in particular
the first resolved point after the wall) are well positioned
compared to literature simulations that have shown a
good level of convergence at Rey, = 180 [73] ..

8<T>
<k, > Dy

- (18)

Trpy= ———2 "
o < Pw > Cp U‘r,w

To study the influence of the different thermal bound-
ary conditions and flow characteristics in comparison
with the reference simulation, a set of Direct Numer-
ical Simulations is carried out by separately varying
the temperature ratio, the mean friction Reynolds num-
ber, the type of thermal boundary conditions and the
mean thermodynamic pressure. For example, a simu-
lation with imposed wall heat flux is carried out with
Re.,, = 180 and T,/T; = 2 by setting a constant and
uniform heat flux density at the walls corresponding
to the mean one reached by the reference simulation
(lgi| = 1700 W/m?). This fixed heat flux density simu-
lation results in wall friction velocities and temperatures
that do not differ from those of the reference simula-
tion by more than 0.5 % and 1.2 % respectively, making
them effectively comparable simulations. A finer mesh
fixed heat flux density simulation has also been carried-
out to check mesh and domain size independence for
this thermal boundary condition type (see Figs. 2(b) and
2(d)). All simulations presented in Section 3 share the
same domain size and mesh cell numbers than the refer-
ence simulation (277 X 2 X (3)mh and 192 x 190 x 128
respectively). The friction velocities, temperatures and
Reynolds numbers at the hot or cold walls depend on
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the boundary conditions and flow characteristics: they
are provided for each simulation in Appendix A (Ta-
ble A.1). The corresponding dimensionless mesh sizes
and integration times are listed in Appendix B (Ta-
ble B.1).

All Direct Numerical Simulations are performed with
the TrioCFD thermo-hydraulic code [77] created at the
French Atomic and Alternative Energies Agency (CEA)
and are carried-out on a High Performance Computing
server provided by the French National Computing Cen-
ter for Higher Education (CINES). Temperature diffu-
sion and velocity diffusion and convection are handled
by a second order centered scheme. A third order up-
stream QUICK scheme (Quadratic Upstream Interpo-
lation for Convective Kinetics) is used for temperature
convection. Time integration is performed via a third-
order Runge-Kutta numerical scheme.

The different components of the numerical model
have been_verified with previous works. The same
physical and numerical model has been used in_a
published work analyzing the influence of the thermal
boundary condition on the statistics of the velocity and
temperature_mean, root-mean-square and correlations
[60] . The thermo-hydraulic software has been used in
performed to study turbulent fluid flow coupled with
other physical phenomena, including thermal transfer
[58,78, 54, 79]) and the numerical schemes have been
used in various works dealing with turbulent flow in a
bi-periodic channel with active temperature scalar and
asymmetric heating [58, 54] ..

3. Results and discussion

In the following sections, the influence of the key
boundary conditions and flow characteristics on the en-
tropy generation rate statistics is described: the wall-
temperature ratio in Section 3.1, the mean friction
Reynolds number in Section 3.2, the thermal boundary
condition type at the walls (fixed temperature vs. fixed
heat flux density) in Section 3.3 and finally the mean
thermodynamic pressure in Section 3.4. When study-
ing the influence of one of these parameters, the others
are kept constant at a reference value: 7,/7; = 2.0,
Re.,, = 180, “Fixed temperatures at the walls” and
(P.,) = 1.5 bar, in order to avoid cross effects. In each
section, the following quantities are discussed succes-
sively: firstly, the mean (S g,’e’n> of the entropy gener-
ation rate (Eq. 19) and its standard-deviation (or root-
mean-square) [S”’ 1,..s (Eq. 20) are presented as a func-

gen

tion of the distance to the cold wall. Indeed, since the
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Figure 2: Grid and domain volume independence check: mean (on top line) and root-mean-square (on bottom line) of the entropy generation rate
for two mesh definitions and domain sizes. Left: fixed wall temperatures. Right: fixed wall heat flux. The vertical dotted line indicates the position
of the center of the channel. The cold and hot walls are located at y = 0 m and y = 0.03 m respectively.

channel is periodic in the longitudinal (resp. transverse)
direction, the average values calculated on the planes

erpendicular to this direction are independent of the s

x-coordinate (resp. z-coordinate) and the key analysis
axis to study the statistical spatial distribution of the
(y-axis), which leads to the presentation of all statistics

as functions of this spatial direction. Statistical averag- sso

ing (written with brackets < _ >) is done spatially over
horizontal planes (i.e., xz planes, parallel to the walls)
and over time. The mean entropy generation rate due to
the vertical transfer of heat is then decomposed into the

part due to the mean thermal field, on the one hand, and s

the part due to turbulent fluctuations, on the other hand
(see Egs. 22). These two components are presented in
dimensionless form (Eq. 23) and as functions of the di-
mensionless distance to the closest wall (y*, in Eq. 27).

Then, the same type of decomposition is used for the
mean entropy generation rate by viscous friction due to
the vertical gradient of the streamwise velocity compo-
nent (see Egs. 25 and 26). Finally, the correlation coef-
ficients (see Egs. 21) of the entropy generation rate with
the temperature and the longitudinal or wall-normal ve-
locity components are presented. The first section here-
under (3.1) is more developed, in addition to the im-
pact analysis of the wall temperature ratio, the common
shape of the curves ((S‘ ig’g’n>, [S ;’e’n]rms etc.) is described
and analyzed. The following sections then focus almost
exclusively on the study of the influence of the corre-
sponding flow characteristics. The analyzed quantities
are defined as follows,

(Sttryzn)=((Strzn) ) (9
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3.1. Influence of the wall temperature ratio

Four simulations are performed to analyze the influ-
ence of the hot to cold wall temperature ratio on the
entropy generation rate field, while keeping the mean
friction Reynolds number at 180. For all simulations,
the temperature of the cold wall 7'} = 293 K is uniform
and constant. The four Direct Numerical Simulations
correspond to four different uniform and constant hot
wall temperatures: T,/T; = 1.5 with T, = 439.5 K,
T,/T, = 2.0 with T, = 586 K, T,/T; = 2.5 with
T, =732.5 K and finally 7,/T; = 3.0 with T, = 879 K.

400
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The temperature gap between the hot and cold walls
thus varies from 146.5 K to 586 K, which allows to
observe significant changes on the entropy generation
rate and on the thermo-physical properties of the fluid.
When the temperature changes from 293 K to 879 K,
the density of the fluid is divided by 3, the dynamic vis-
cosity and the thermal conductivity are multiplied by
~ 2 and the kinematic viscosity is & 6 times greater.
The thermal conductivity relative variation is signifi-
cantly less (~ +10%) and it is the same for the molec-
ular Prandtl number (~ —2%) or the heat capacity ra-
tioy = C,/C, ( —4%) that are all three considered
constant. As the hot to cold wall temperature ratio in-
creases, the computer resource and computation time in-
crease altogether as the stability time step, required for
simulation convergence, is reduced: in this paper, the
maximum temperature ratio is 7,/7T; = 3, so that the
behavior of the entropy generation statistics can be ob-
served while keeping high performance computing con-
sumption within reasonable limits. As the core of the
present work is to examine situations where gradients
are significant, wall temperature ratios under 1.5 are not
presented. As T, /T approaches 1 (the isothermal case),
the entropy generation rate reaches a symmetrical pro-
file dominated by the entropy generation due to viscous
friction.
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Figure 3: Mean local entropy generation rate as a function of the dis-
tance to the bottom (cold) wall for different wall temperature ratios.

When the hot to cold wall temperature ratio increases,
the mean local entropy generation rate is larger what-
ever the distance from the cold wall (Fig. 3), at the walls
but also at the center of the channel. The entropy gen-
eration rates are higher near the walls and particularly
near the cold one. These are indeed the regions where
temperature and velocity gradients are the highest. The
profiles are asymmetric: the mean entropy generation
rate is higher at the cold wall than at the hot one es-
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sentially because the temperature (and the thermal con-
ductivity) is lower while the mean heat flux densities at
the cold and hot walls are identical when steady-state

is achieved on average. Indeed, the average entro
eneration rate at the walls depends primarily on the
contribution due to the vertical temperature gradient

kT?)(OT9y)*), which can be expressed as a function

of the heat flux g, crossing the wall: (g?/(kT?)). Thus, a

lower temperature at the wall (for the same average heat
flux) corresponds to an increase in the average entropy
generation rate via a_direct effect of the 1/T” factor
and an indirect effect of the 1/k one since the thermal
conductivity increases with temperature.

Table 1: Influence of the wall-temperature ratio 7,/7; on the asym-
metry of the mean local entropy generation rate profile (Fig. 3). The
following ratios of < $77, > are reported: between the cold and the
hot wall (Cold/Hot), between the cold wall and the center of the chan-
nel where y = h (Cold/Center) and finally between the hot wall and

the center of the channel (Hot/Center).

T,/T; Cold/Hot Cold/Center Hot/Center
1.5 3.0 36.8 12.2

2.0 6.4 51.3 8.1

2.5 114 62.6 55

3.0 18.3 75.6 4.1

The cold to hot wall asymmetry increases with the
wall-temperature ratio (see Table 1): the ratio of mean
entropy generation rate between the cold wall and the
hot wall increases from 3.0 to 18.3 when T, /T is var-
ied from 1.5 to 3.0. The same asymmetry increase is ob-
served for the ratio of mean entropy generation rate be-
tween the cold wall and the center of the channel (y = &)
but to a lesser extent as it is multiplied by ~ 2 (while the
wall entropy generation rate ratio is multiplied by ~ 6).
Conversely, the ratio of mean entropy generation rate
between the hot wall and the center of the channel de-
creases when T,/T; gets larger (it is divided by ~ 3)
when the wall-temperature ratio jumps from 1.5 to 3.0.
Indeed, the relative increase of the wall mean entropy
generation rate is higher at the cold wall than at the hot
one for the same increase of the wall-temperature ratio,
particularly when the latter is high. If 7, /T is raised
from 2.5 to 3.0, the cold wall and hot wall mean en-
tropy generation rates increase by approximatively 68%
and 4.6% respectively (and the relative increase at the
center of the channel is 39%).

A local maximum of the mean entropy generation
rate exists near the hot wall (Fig. 3). Mean entropy
generation rate local maximums close to the walls are
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also reported in research works based upon DNS in flat
plate turbulent channel flows [80, 72]. Close to the cold
wall, the temperature increases while its vertical gra-
dient decreases when moving away from the wall and
both variations result in a decrease of the mean entropy
generation rate. Conversely, very close to the hot wall
the conductive heat flux varies little while the temper-
ature decreases, which leads to an increase of the en-
tropy generation rate. Moving further away from the hot
wall, the decreasing slope of k/T? and (0T /dy)* means
become equal and the local maximum of < S wen >
is reached, after which the square of the vertical tem-
perature gradient decreases faster than k/T?, resulting
in a decreasing entropy generation rate as the distance
to the hot wall keeps increasing. The position of the
local maximum is closer to the wall for small values
of the wall-temperature ratio (a behavior also observed
for the local maximum of the entropy generation rate
in the boundary-layer of an incompressible fluid above
a heating flat plate [81]). When T,/T; is increased
from 1.5 to 3.0, the distance of the local maximum
to the hot wall is increased form ~ 1.8 x 1072h to
~ 6.4x1072h (where & is the channel half-width), which
corresponds to y+ ~ 2.4 and y+ =~ 4.6 in dimension-
less wall units. The dimensionless position of the mean
entropy generation rate local maximum is approxima-
tively related to the wall-temperature ratio by the re-
lation y* ~ 1.45 x (T»/T;) + 0.23 with a good linear
correlation (R? = 0.998) within the interval [1.5;3.0]
of T,/T,. This empirical linear regression relation is
no longer valid when the wall temperature ratio is close
to 1, for instance when 75/T; = 1.01, as the mean en-
tropy generation rate is then essentially due to viscous
friction. Moreover, if 7,/T; ~ 1 the mean entropy gen-
eration rate is no longer flat in the central region of the
channel (as in Fig. 3) but exhibits a minimum around
the center of the channel because the entropy generation
rate due to viscous friction is related to the wall-normal
gradient of the longitudinal velocity, which value van-
ishes when this velocity component reaches its maxi-
mum.

The standard deviation (or RMS : Root-Mean-
Square) of the entropy generation rate as a function of
the distance to the cold wall is presented in Fig. 4 for dif-
ferent wall-temperature ratios. The observations men-
tioned above for the mean entropy generation rate also
apply to its root-mean-square: an increase of 7, /7T also
results in an increase of the standard deviation of the
entropy generation for any ordinate y, more hot to cold
wall asymmetry and a move of the hot side local max-
imum further from the hot wall. The positions in wall
units of the local maximums near the hot wall are close
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Figure 4: Root-mean-square of the entropy generation rate as a func-
tion of the distance to the bottom (cold) wall for different wall tem-
perature ratios.

to the ones observed for the entropy generation rate
mean (the gap staying between 0% and —13% depend-
ing on the simulation, which may be non-significant be-
cause the RMS convergence is slower than the mean).
All in all, the profiles and the order of magnitudes
of the entropy generation rate RMS, on the one hand,
and mean, on the other hand, are similar. Neverthe-
less, the RMS are lower than the mean near the walls
(= —20%) and higher in the central region of the chan-
nel (= +90%).

The total entropy generation rate in the channel $ gen
(Eq. 10) is largely dominated by the heat transfer irre-
versibility. In the present situations, where thermal gra-
dients are high while Reynolds numbers are moderate,
the total entropy generation rate due to viscous friction
accounts for about 0.08 % and 0.01 % of the total en-
tropy generation rate when the wall temperature ratio
are T,/T; = 1.5 and 3 respectively. Whatever the wall
temperature ratio (between 1.5 and 3), about 80 % of
the total entropy generation rate is due to the vertical
heat conduction. Moreover, since the temperature is im-
posed at the walls, its gradient in the longitudinal and
transverse directions is zero at the walls and the cor-
responding components of the entropy generation rate
(Sirer, and S77 . in Egs. 13) are also zero at the
walls. Thus, S é’e’wﬂ is the only significant contributor
to the mean wall entropy generation rate. As indicated
in Section 2.1, the mean entropy generation rate due to
wall-normal heat transfer can be decomposed into two
terms: the part due to the mean fields S won. e, mean (the
mean temperature, which determines its mean vertical
gradient, and the mean thermal conductivity), on the one
hand, and the part due to turbulent fluctuations of these
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Figure 5: Decomposition of the dimensionless mean local entropy
generation rate by vertical heat conduction (cf. Eqs. 22 and 23). The
black arrows indicate the direction of change as 7> /T increases.

fields S venc.r, rrucr (see Egs. 22), on the other hand.
The profile of these two components are presented in
Fig. 5(a) and 5(b) respectively, in dimensionless form
(Eq.23) as functions of the dimensionless distance to
the nearest wall y* (Eq. 27). The highest entropy gener-
ation rates are concentrated in the near wall region and
more precisely in the viscous sublayer (y+ < 5). The
dimensionless mean field contribution (Fig. 5(a)) stays
close to its value at the walls and in the viscous sublayer,
decreases rapidly in the buffer region and more slowly
in the major part of the logarithmic sublayer. At the
minimum, the dimensionless entropy generation rates
by vertical heat conduction due to mean fields are about
3 and 2 orders of magnitude lower than at the corre-
sponding walls on the cold and hot sides of the chan-
nel respectively. S ge’n,c,r‘., wEAN 18 Increasing in the rest
of the logarithmic zone and in the outer region, which
would not be the case for a symmetrically heated chan-
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nel [80, 72]. The wall-temperature ratio affects mainly
the logarithmic and outer regions (i.e., when y+ Z 30 on
the hot side and y+ Z 50 on the cold side). An increase
of T, /T, results in an increase of S (,g,eln,c,Tv, wmEAy 1D both
regions on the hot side of the channel and a decrease on
the cold side. These observations are in agreement with
the discussion about Table 1: as the wall-temperature
ratio increases, the mean entropy generation rate ratio
between the cold wall and the center of the channel is
increasing, while the corresponding ratio on the hot side
of the channel is decreasing.

At the walls, the relative part of the wall-normal heat
transfer mean entropy generation rate due to fluctua-
tions of the thermal field S ig’gn,E’T‘_’ rLycT corresponds ap-
proximatively to 15% of the part due to the mean fields.
(Fig. 5(b)). The hot to cold wall asymmetry increase
induced by the wall temperature ratio starts as soon as

> : : 4
y+ 2 0.5, i.e., earlier than for Sgen’C’Ty’MEAN. On the

cold side, S ;’e’ ne.T, FLUCT is a decreasing function of y™,
although the dropping rate exhibits variations: an oscil-
lation occurs in the buffer sublayer and smooth slopes
are present in the end of the logarithmic region and
in the outer zone. Oscillations of the fluctuating part
near the walls are also reported in other research works
dealing with entropy generation in turbulent shear flows
[80, 72]. In the hot side of the channel, S;:’/e’n,c,Ty, FLUCT
starts increasing up to a maximum value located within
the viscous sublayer. Then, still in the hot side, the
mean vertical heat conduction entropy generation rate
due to fluctuations decreases and exhibits a profile sim-
ilar to the one in the cold side, but at higher relative
values with respect to the magnitude at the wall. On
both sides of the channel, the decay is mostly slower
for 877, 7 prucr than for S22 0.y and the rela-
tive importance of the fluctuating part with respect to
the mean part increases (for the same y* position). This
is to be related to the observation made above about the
standard deviation of the entropy generation rate that is
higher than the mean in the central region of the chan-
nel.

Although entropy generation in the channel is largely
dominated by heat transfer, it is worth observing the vis-
cous component because dynamical and thermal phe-
nomena are coupled and because a reference is required
to assess potential flow channel modifications aiming to,
for example, intensify heat transfer, but which may also
increase viscous friction. An increase in the wall tem-
perature ratio results in an increase of the mean local
viscous friction entropy generation rate <S ;’e’n f> except
close to the hot wall where it becomes smaller. The to-
tal viscous entropy generation rate S g, ¢ is essentially
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Figure 6: Decomposition of the dimensionless mean local entropy
generation rate by viscous friction due to the wall-normal gradient of
the streamwise velocity component (cf. Eqs. 25 and 26). The black
arrows indicate the direction of change as T>/7T increases.

due to the vertical gradient of the longitudinal veloc-

ity component $ ;};’n Futy in Eq. 24, which accounts for

80 % of S gen,r ONCe integrated over the channel volume
and that is presented in Figs. 6. In dimensionless val-
ues, the profile of the part due to the turbulent fluctu-
ations (6(b)) is little affected by the wall temperature
ratio. For a given value of y*, the order of magnitude of
S ;Zn Fuy FLUCT is the same whatever T7,/T, in the stud-
ied range [1.5; 3.0]. Conversely, the part due to the mean
velocity and temperature fields S ;’e’m s MEAN, (6(a)) ex-
hibits an asymmetry and a dispersion of the curves in the
center of the channel. Indeed, as the wall temperature
ratio gets greater, the cold wall friction Reynolds num-
ber increases (which pushes the maximum value of y+
to greater values), while the hot wall friction Reynolds
number decreases and has the opposite effect (see Ta-
ble A.1 in Appendix A). The same ordinate position y



645

650

655

660

665

670

675

680

685

690

at the center of the channel thus leads to more and more
separated values of the corresponding y?  , and y; di-
mensionless distances to the walls, which increases the
hot/cold side asymmetry in Fig. 6(a). In addition to the
friction Reynolds number effect cited above, it must be
noted that the vertical portions of the curves correspond
to the real positions (ordinates y) where the mean lon-
gitudinal velocity is maximum and d (U) /dy vanishes.
This vanishing position is located after the geometrical
middle of the channel (y = k) and is pushed further this
center in the direction of the hot wall as the wall tem-
perature ratio increases. For this reason, in Figs 6, the
hot and cold sides are defined relatively to this vanishing
position.

The profiles of the correlation coefficients of the en-
tropy generation rate with the temperature or the longi-
tudinal or wall-normal velocity components, depend lit-
tle on the wall-temperature ratio (Figs. 7). Nevertheless,
a horizontal translation of the cold and hot side curves
occurs towards greater and lower y* respectively when
T,/T; increases. This translation corresponds to the
wall friction Reynolds number evolution that increases
on the cold side with 7»/T;, while it decreases on the
hot side. When y* 2 20, the correlation coefficients
are closer to zero because the corresponding fluctuation
correlations (or covariances) are near zero in this region
far enough from the walls, while the root-mean-squares
of the temperature or the velocity components are non-
zero. For example, ‘RS;;,’,,,T| < 0.12 if y* 2 20. Near
the walls (in the viscous sublayer), the correlation coef-
ficient of the entropy generation rate with the tempera-
ture (Fig. 7(a)) is approximatively 1 in absolute value.
This coefficient is positive at the cold wall and negative
at the hot one. Very close to the cold wall, a positive
temperature fluctuation (i.e. an instantaneous local tem-
perature above the mean: T = (T) + T’ with " > 0)
induces an increase of the vertical gradient of the tem-
perature, which results in an increase of the entropy gen-
eration rate ((OT/0y)? is the determinant factor, k/7>
decreases and other terms of the entropy generation rate
also vary but their influence is secondary). Conversely,
very close to the hot wall, a positive temperature fluctu-
ation reduces the thermal gap with the wall and results
in a decrease of the entropy generation rate, hence the
negative value of the correlation coefficient. The corre-
lation coefficients of the entropy generation rate with the
longitudinal and wall-normal velocity components near
the walls are directly related to the correlations of the
temperature with these two velocity components. Be-
cause Ry, 7 ~ 1 near the cold wall, Rg,» , ~ Rry.
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Fy/T,=1.5 - Hot wall
/1,23 - Cold wall
Port=2 -Hotwall
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Figure 7: Correlation coefficients of the local entropy generation rate
with the temperature (a), the streamwise velocity component (b) and
the wall-normal velocity component (c).

R¢» v =~ —Rry. Since the correlation coefficient be-

gen>

tween the temperature and the longitudinal velocity is
positive on the cold side and negative on the hot side

For the same reason, as Ry, 7 ~ —1 near the hot wall, es with almost the same absolute value (~ 0.9), it follows

11
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that Rg,, 1 is positive near both walls and exhibits close
values (= 0.9 also). The same reasoning explains the
sign and the order of magnitude of Ry, , near the walls:
Rry is always negative and around —0.23 at the walls.
Consequently, the correlation coefficient of the entropy
generation rate and the wall-normal velocity is negative
on the cold side and positive on the hot side. Its absolute
value is = 0.27.

3.2. Influence of the mean friction Reynolds number

In this section, the mean friction Reynolds number is
varied while keeping the wall temperature ratio to 2.0
and the cold wall temperature to 293 K. Three Direct
Numerical Simulations are performed at Re;, = 150,
180 and 210. These values allow exhibiting changes in
the entropy generation rate statistics, while staying in
the region of low to moderate Reynolds number so that
thermal effects keep being dominant.

Increasing the mean friction Reynolds number results
in a rise of the mean entropy generation rate near and
at the walls (Figs. 8). Varying Re,, from 150 to 210
induces an increase of <S ;’e’n> by ~ 74 % at the cold
and hot walls, which does not change the cold/hot wall
asymmetry. This relative increase is in agreement with
the one of (U.T;)? that rules the increase of the ma-
jority component in wall entropy generation rate (due to
the wall-normal conduction of heat) and can be deduced
from the laws at the wall. Since the friction temperature
changes little for the Reynolds number range studied
(see Table B.1 in Appendix A), the evolution of <S ;;’n>
at the walls is dominated by the relative increase in the
square of the friction velocity at each wall (= +93 %
when Re,,, raises from 150 to 210), slightly dampened
by the corresponding relative decrease in the square of
the friction temperature (= —10 %). In a large central
region of the channel (80% of its height: from y = 2/10
to y = 194/10, in half-channel height units) the mean
entropy generation rate is less changed by the variation
of the mean friction Reynolds number, can be negative
or positive (it stays between —14 % to +20 %) and con-
cerns values that are relatively very small compared to
the entropy generation rates near the walls. Thus, the
variation of the mean friction Reynolds number mainly
influences the near-wall regions, where the highest en-
tropy generation rates are located. The position of the
entropy generation rate local maximum on the hot side
of the channel gets closer to the hot wall when the Re,,,
is increased: it is located at ~ 0.04h and ~ 0.026h
of the hot wall (in channel half-height units) when the
mean friction Reynolds numbers are 150 and 210 re-
spectively. This position is more stable when expressed
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in wall units (y* =~ 3.6 at Re;,, = 150 and y* ~ 3.2
at Re;,, = 210) because the friction Reynolds num-
ber at the hot wall increases in the ratio 210/150 (see
Table A.1). Similarly, it is relatively stable (slightly
decreasing with Re;,) when applying a local scaling
y* = YwUznot/v, where v is the mean kinematic vis-
cosity when $ zen Teaches its local maximum: Y~ 39
at Re,,, = 150 and y* ~ 3.4 at Re,, = 210

The root-mean-square of the entropy generation rate
(Fig. 9) reacts qualitatively in the same way than its
mean. It increases at the walls with the mean friction
Reynolds number and changes relatively less in the cen-
tral region of the channel. The local maximum on the
hot side also comes closer to the wall (in half height
or wall units) when the mean friction Reynolds number

increases from 150 to 210.
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Figure 8: Mean local entropy generation rate as a function of distance
to the bottom (cold) wall for different mean friction Reynolds numbers
Rezy, (Eq. 15)

As observed in Section 3.1, the main component
in the total entropy generation rate is due to the en-
tropy generated by heat transfer (viscous terms are sev-
eral orders of magnitude less) and more particularly by
the wall-normal conduction of heat. Longitudinal and
transversal gradients of the temperature have to be ac-
counted for in the central region of the channel as they
are of the same order of magnitude than vertical ones,
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black arrows indicate the direction of change as Re,,, increases.
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but all contributions in this region are very low when
compared to the entropy generation rates in the wall
vicinities. All these remarks stay true when varying
Rey, from 150 to 210, hence the interest in analyzing
the behavior of the dominant term <S ig’e'”’ c,Ty> (Eq. 13).
This majority term (once made dimensionless: Eq. 23)
is decomposed as explained before in the part due to
the mean temperature field and the part due to its fluc-
tuations (Eq. 22). The general shape of these two parts
are similar to the one observed and described in Sec-
tion 3.1. The effect of the mean friction Reynolds num-
ber variations starts to be significant (for the studied
range) approximately from the beginning of the buffer
sublayer, both for the mean (Fig. 10(a)) and the fluc-
tuation (Fig. 10(b)) parts. Both parts then decrease as
Re.,, increases from 150 to 210. In the buffer, logarith-
mic and outer regions, the entropy generation rate due to
vertical heat conduction decreases relative to its values
at the walls. This observation is in agreement with the
increasing cold/center and hot/center ratios of the mean
entropy generation rate in Figure 8(a).
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Figure 11: Correlation coefficient of the entropy generation rate with
the temperature for Re.,, = 150, 180 and 210.

The correlation coefficients of the entropy generation
rate with the temperature, the longitudinal velocity or
the wall-normal velocity are not significantly changed
by an increase of the mean friction number from 150
to 210 (a +40% increase). As an illustration, the cor-
relation with the temperature is presented in Fig. 11.
This confirms the stability of these correlation coeffi-
cient profiles, as was observed in Section 3.1. Similarly,
at the walls, the correlation coefficients of the entropy
generation rate with the longitudinal and wall-normal
velocity components exhibit absolute values close to
those of Ryy and Rry respectively. The positive or
negative sign of Ry, ;; and Ry,  at the cold or hot
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same wall.
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Figure 12: Decomposition of the dimensionless mean local entropy
generation rate by vertical heat conduction (cf. Eqs. 25 and 26). The
black arrows indicate the direction of change as Rer,, increases.

The mean local entropy generation rate due to vis-
cous friction <S oo, > is increased whatever the distance
to the walls when the mean friction Reynolds number is
raised. The main contributor to S;,’e’n [ hear the walls and
to the total entropy generation rate by viscous friction
S genr in the whole channel is due to the vertical gradient
of the streamwise velocity and can be decomposed into
its parts due to the mean fields (temperature, streamwise

velocity, dynamic viscosity) S fu MEAN and to the

gen,
fluctuations of these fields $ ;’e’n! Fus FLUCT Both parts, in
real value (dimensioned), also increase with the mean
friction Reynolds number, whatever the ordinate. In di-
mensionless form (Figs.12), the fluctuating relative part
(Fig. 12(b)) is almost unchanged when the mean friction

Reynolds number is increased from 150 to 210. It is not
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the same for the dimensionless part due to mean fields
(Fig. 12(a)) that increases with Re,,, in the logarithmic
and outer regions, in agreement with the corresponding
increase in friction Reynolds numbers at the cold and
hot walls (see Table B.1 in Appendix A). The position
of the zero of S;’e’n,f,u,, wmEAy 1S unchanged in real val-
ues when Re,, is varied (it is located ~ 0.03/ from the
center on the hot side of the channel) but its dimension-
less distances to the walls are shifted further from the
walls when increasing Re,,, (y* is multiplied by 1.4 i.e.,
the Re.,, ratio 210/140) as are the dimensionless posi-
tions of the mean maximum longitudinal velocity and
the zero of its gradient.

3.3. Influence of the thermal boundary condition type

In this section, the wall-temperature ratio is set to
T,/T, = 2 and the mean friction Reynolds number to
Re.,, = 180. Two Direct Numerical Simulations are car-
ried out to analyze the influence of the thermal bound-
ary condition type on the entropy generation rate statis-
tics. In the first simulation, the “Fixed temperatures”
case, the wall temperatures are set uniform and constant
(Ty = 293 K and T, = 586 K). The resulting mean
heat flux observed at the walls is then used as thermal
boundary condition for a comparable simulation, named
“Fixed heat flux”, where the heat flux density is set to a
uniform and constant value (~ 1700 W.m™2).

The mean local entropy generation rate is slightly
affected by the type of thermal boundary condition
(Fig. 13(a)). Near the walls (Figs. 13(b) and 13(c)),
<S‘ ;,’gn> is a little smaller if wall heat flux density is
fixed when compared to the fixed wall-temperature case
(= =9 % at the walls). In the rest of the channel, both
thermal boundary condition types result in very close
mean entropy generation rates, although slightly larger
when wall heat fluxes are fixed, in particular in the cen-
tral region of the channel on the hot side (= +3 % at
y = hand = +5 % at y = 3h/2, h being the channel
half-height).

Contrary to what is observed (by varying 75/7; in
Section 3.1 or Re,, in Section 3.2), the root-mean-
square of the entropy generation rate behaves differently
than its mean in the wall vicinities when heat flux den-
sity is fixed at the walls (Fig. 14). Near the cold wall,
the standard deviation of the entropy generation rate ex-
hibits a local maximum (around y* ~ 5) and then drops
abruptly when getting closer to the wall (r —70 %)
to reach = 20 % of the entropy generation rate root-
mean-square of the “Fixed temperatures” case at the
cold wall. Near the hot wall, the local maximum is lo-
cated at y* =~ 6, the relative drop is ® —90 % and the
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Figure 14: Root-mean-square of the local entropy generation rate for
two types of boundary conditions (72/7 = 2 and Re,, = 180).

root-mean-square at the wall = 12 % of the magnitude
observed when temperatures are fixed at the hot wall.

This sharp decrease of [S ge/n]rms near the walls in the
fixed heat flux density case can be explained by the
analysis of the entropy generation rate by vertical heat
transfer (the majority term near the walls) once subdi-
vided into its parts due to mean fields and to turbulent
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Figure 15: Decomposition of the dimensionless mean local entropy
generation rate by vertical heat conduction (cf. Eqs. 22 and 23)

fluctuations (Figs. 15). The mean vertical heat trans-
fer entropy generation rate due to mean thermal fields
(the mean temperature, thermal conductivity and ver-
tical component of the temperature gradient) is prac-
tically independent on the thermal boundary condition
type (Fig. 15(a)). It is not the same for the relative part
due to turbulent fluctuations of these fields (Fig. 15(b))
that is significantly smaller near the walls when heat flux
density is fixed at the walls. This fluctuating part repre-
sents about 15 % of the mean field entropy generation
rate (normalized to 1 after scaling) when the temper-
ature is fixed at the walls. This relative value is only
1.4 % and 0.6 % at the cold and hot walls respectively
when the wall heat flux density is imposed. The same
qualitative drop of the fluctuating part in the mean en-
tropy generation rate due to vertical heat transfer in the
fixed wall heat flux case is observed for a different wall-
temperature ratio 7,/77 = 1.5 (Fig. 16). Moreover, the
relative proportion of the fluctuating part is even lower
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than at 7,/T; = 2: 0.5 % and 0.3 % at the cold and
hot walls respectively, while this proportion is always
~ 15 % if temperatures are fixed at the walls.
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Figure 16: Dimensionless entropy generation from fluctuations in the
mean entropy generation rate due to the vertical conduction of heat.
Case where the parietal temperature ratio is 1.5.

This significant difference in the relative share due
to near-wall fluctuations, depending on the type of
thermal boundary condition, stems from the nature of
the terms that fluctuate and those that remain constant
over time. Indeed, when the temperatures are fixed
at the walls, the entropy generation rate majority term
(S ) = <(k/T2)(8T/8y)2> includes at the walls a

gen,c,Ty
fixed term k/T? and a fluctuating term (9T /9y)?. The
relative standard deviation of this fluctuating factor is
[(ar/ay)z]RM / {(9T /9y)*) ~ 70 % at the cold and hot
walls when the wall-temperature ratio is 7,/7T; = 2.
If now heat flux is fixed at the walls, <S “ >

gen,L‘,Ty
<q"2 /(kT2)> (where ¢ = —kOT /9y is the wall heat flux

density) is composed of the fixed factor ¢”’* and the
fluctuating term 1/(kT?). In this second case, the rel-
ative standard deviation of the fluctuating factor is only
[1 /(kTZ)]RMS /(1/(kT?)) ~ 15 % and 10 % at the cold
and hot walls respectively, still in the 7,/T = 2 case.
Contrary to the case where temperatures are imposed
at the walls, the correlation coefficient between the local
rate of entropy generation and the temperature Ry 1
(Fig. 17(a)) is systematically negative near the walls
when the wall heat flux density is imposed (= —0.8 at
the walls). Indeed, a positive fluctuation with respect to
the average very close to the wall (77 > 0) must be bal-
anced by an increase of the local temperature at the wall
(T}, > 0) in such a way that the local heat flow (g,) re-
mains constant there. This leads to a decrease in the lo-
cal wall entropy generation rate induced by the decrease

of its major component (q{ﬁz/ (kwT&,)). The inversion of
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Figure 17: Correlation coefficients of the local entropy generation rate
with the temperature (a), the streamwise velocity component (b) and
the wall-normal velocity component (c).

the sign of Rgy, r near the cold wall when the thermal
boundary condition changes from “fixed wall temper-
atures” to “imposed wall heat flux density” causes the
same inversion for Ry, ;; and Ry, y, always near the
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cold wall. For example, at imposed parietal tempera-
tures, the correlation between the local rate of entropy
generation and the longitudinal component of velocity
is always positive near the walls. At imposed heat flux
density, this correlation remains positive near the hot
wall but becomes negative near the cold wall. Similarly,
whereas at imposed wall temperatures, the correlation
of the local entropy generation rate with the wall-normal
velocity component is negative near the cold wall and
positive near the hot wall, the situation is reversed at the
cold wall when heat flux density is fixed and the corre-
lation coefficient Ry, , becomes positive at both walls.
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Figure 18: Decomposition of the dimensionless mean local entropy
generation rate by vertical heat conduction (cf. Eqs. 25 and 26).

The dimensionless viscous friction entropy genera-
tion rate majority component profile ($ ;’e’m f,uv) is not
influenced significantly by the type of thermal bound-
ary condition (Fig.18). The relative part related to
the fluctuations of the velocity and temperature fields

(Fig. 18(b)) is, however, a little lower at the cold wall
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and higher at the hot wall when the heat flux density is 1000
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imposed on the walls.

3.4. Influence of mean thermodynamic pressure

In this section, the wall-temperature ratio is fixed at
T,/T, = 2, the temperatures being set to uniform and
constant values 77 = 293 K and 7, = 586 K at the cold
and hot wall respectively. The mean friction Reynolds
number is set to Re;,, = 180. Three Direct Numerical
Simulations are performed to analyze the influence of
the mean thermodynamic pressure (Py;) on the entropy
generation statistics: (Py) = 1 bar, 1.5 bar and 3 bar.
This change is made into the initial conditions of the
simulations (along with the initialization of the velocity
and temperature profiles) by setting the initial thermo-
dynamic pressure in the channel Py, 0. In the Low Mach
approximation, the thermodynamic pressure is uniform
in the channel (Eq. 4) but may change over time when
temperatures are fixed at the walls. Indeed, the time
derivative of the thermodynamic pressure is linked to
the instantaneous net heat flux through the walls (Eq. 28,
in a bi-periodic channel, where V) is the domain vol-
ume). Nevertheless, the standard deviation of the ther-
modynamic pressure is relatively small (less than 0.4 %
of the mean value) in the presented simulations. In ad-
dition, the mean dynamical pressure <den> in the mo-
mentum equation (Eq. 2) is very small when compared
to the mean thermodynamic pressure (less than 0.2 %).
For these reasons, the initial thermodynamic pressure
Py 1s a very good indicator of the mean total pressure
(P) = <de,,> + (Py,) in the channel, the relative gap
being less than 1.7 %.

:_y_lffq/rdA
Vo

walls

dP th

o (28)

When the initial thermodynamic pressure is varied
from 1 bar to 3 bar, no significant change is observed
on the profiles of the local entropy generation rate mean,
root-mean-square and correlations with the tempera-
ture and the streamwise or wall-normal velocity compo-
nents, and it is the same for the part of entropy genera-
tion due to heat conduction $ cene (Eq. 12). Conversely,
the mean local entropy generation rate due to viscous
friction S é’e’n f (Eq. 11) decreases when the initial ther-
modynamic pressure is larger, whatever the distance to
the walls (Fig. 19). Indeed, the change of the initial ther-
modynamic pressure is done at constant Reynolds num-
ber and wall temperatures. The mass flow rate crossing
the channel is also unchanged, but the average density is
increased when the mean pressure is larger for the same
temperatures: this corresponds to lower bulk velocity
(the bulk Reynolds number remains stable because the
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Figure 19: Mean local viscous friction entropy generation rate for
three initial thermodynamic pressure (Pyo = 1 bar, 1.5 bar and
3 bar).

kinematic viscosity is also decreasing), lower friction
velocities and lower entropy generation rates due to vis-
cous friction. When the mean pressure in the channel is
raised from =~ 1 bar to =~ 3 bar, the hot and cold wall
friction velocities are divided by 3 (see Table A.1). The
entropy generation rates at the cold and hot walls are di-
vided by =~ 9 (the square of the multiplication factor ap-
plied to the pressure): the change in entropy generation
due to viscous friction at the walls is primarily due to
the variation of the vertical gradient of the mean stream-
wise velocity and its formula (S ;’e’n’m}_’ weay 10 Eq. 25)
combined with the law at the wall < U >*= y* results
in the square relationship just cited. Since the viscous
friction relative part in entropy generation is very small,
its decrease does not significantly alter the total entropy
generation rate. Once made dimensionless, <S ;’e'n f}u‘)
and its components due to mean fields (Fig. 20(a)) and
fluctuations (Fig. 20(b)) are almost unchanged by the 1035
variation of the mean thermodynamic pressure.

4. Conclusion

In this paper, Direct Numerical Simulations are per- 0%
formed for forced convective turbulent channel flows
of a thermo-dependent gas subjected to high tempera-
ture gradients created by asymmetrical heating bound-
ary conditions. The density, viscosity and thermal con-
ductivity of the fluid depend on temperature. The ther- 104
mal boundary conditions and key flow characteristics
are varied separately with respect to a reference simu-
lation in order to analyze the impact on the local en-
tropy generation rate statistics. The hot to cold wall
temperature ratio is varied from 1.5 to 3.0 (reference: 1050
2.0), the mean friction Reynolds number from 150 to
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Figure 20: Decomposition of the dimensionless mean local entropy
generation rate by viscous friction (cf. Egs. 25 and 26)

210 (reference: 180), the mean thermodynamic pressure
from 1 bar to 3 bar (reference 1.5 bar) and two thermal
boundary condition types are applied (fixed wall tem-
peratures, which corresponds to the reference simula-
tion, on the one hand, and fixed wall heat flux density,
on the other hand). The influence of these parameters
on the local entropy generation rate statistics is studied
(its mean, its root-mean-square and its correlations with
the temperature and the streamwise or wall-normal ve-
locity). In addition, the main components in the entropy
generation rate are analyzed in more detail for their part
due to mean fields (in particular the mean temperature),
on the one hand, and their part due the fluctuations of
these fields, on the other hand.

The parameters studied all affect the entropy genera-
tion rate statistics, but in a different way. An increase
in the wall temperature ratio results in larger entropy
generation rates throughout the flow channel, and to an
increase in the asymmetry between the cold wall (where
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the highest entropy generation rates are located) and the
hot wall. At a fixed wall temperature ratio, increasing
the mean friction Reynolds number leads to an increase
in the entropy generation rate essentially near the walls,
with little impact in the central area of the channel. If
only the mean thermodynamic pressure is increased, the
entropy generation rate due to viscous friction is de-
creased, with a negligible effect on the total entropy
generation rate because of the overwhelming relative
importance of the heat transfer entropy generation rate
that is not impacted by the change in pressure. Chang-
ing the type of thermal boundary condition has a sig-
nificant impact on the thermally induced fluctuations of
the entropy generation rate near the walls (in the viscous
and buffer sublayers), which are much less important at
imposed wall temperatures than at fixed heat flux den-
sity. Similarly, the thermal boundary condition type in-
fluences the correlation coefficients of the entropy gen-
eration rate with the temperature or the streamwise or
wall-normal velocity, while the wall temperature ratio
or the mean friction Reynolds number have little influ-
ence on these coefficients. The sign of these correlations
is inversed near the cold wall when switching from fixed
wall temperatures to fixed wall heat flux. The presented
Direct Numerical Simulations provide a detailed insight
beyond the mere observation of the total entropy gener-
ation rate in the channel by establishing how the spatial
distribution of the local entropy generation rate is mod-
ified by the parameters studied, in which direction and
with which sensitivity.
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gen,fu, FLUCT
Egs. 25
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o, f,u,> due to fluctuations in

[W.K~'.m™3]

S vene.r, rrucr Part of <S ;’e'n’cj) due to fluctuations in
Egs. 22 (WK m3)]
S/H

gen,c

7.zay Part of (7

gen‘c’Ty) due to mean fields in
Egs. 22

[WK~'.m3]
S///

genc,7, Local entropy generation rate due to wall-

normal heat conduction, Eqs. 13 [W.K -Im™3]

S "

zene  Local entropy generation rate due to heat con-

duction in Egs. 11 and 12 [W.K~'.m™3]

S :g/e/n,f,uy,ME 4y Part of <S ;’e’n f‘u}_> due to mean fields in

Eqgs. 25 [W.K~'.m™3]

S ;;’n Fay Local entropy generation rate due to viscous
~ friction from the wall-normal gradient of the
longitudinal velocity in Eq. 24  [W.K~'.m™3]

S ;’e’n’ 7 Local entropy generation rate due to viscous
friction in Egs. 11 [WKt.m™3]

S zen  Local entropy generation rate in Eq. 8
[W.K~'.m™3]
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Re,

Re;

uv,w

U;

X, ¥, 2

Xi

T

Total entropy generation rate due to heat con-
duction (WK™

Total entropy generation rate due to viscous
friction [W.K™]

Total entropy generation rate , Eq. 10 [W.K~']

Thermal capacity [Jkg ' .K™"]
Channel half-height [m]
Thermal conductivity (W 'K
Mach number

Pressure , P = Py, + Py, [Pa]
Dynamic pressure in Eq. 2 [Pa]
Initial thermodynamic pressure [Pa]
Thermodynamic pressure , Eqs. 3 and 4  [Pa]
Prandt]l number

Heat flux density at the walls [Wm™2]
Specific gas constant [Jkg ' .K™"]

Linear correlation coefficient between X and Y
fluctuating quantities, see Eqgs. 21

Mean friction Reynolds number in Egs. 15
Friction Reynolds number in Egs. 16

time [s]
Friction temperature in Egs. 18 [K]

Longitudinal, wall-normal an transversal com-
ponents of the velocity [m.s™']

Ith component of the instantaneous velocity
vector in Egs. 1to 4 [m.s™ 1]

Mean friction velocity with Uy = (Urcola +
U‘r,hut)/z [m's_l]

Friction velocity in Egs. 17 [m.s™']

Longitudinal, wall-normal and transversal
Cartesian coordinates respectively [m]
Ith Cartesian coordinate in Egs. 1 to 4 [m]

Dimensionless distance from the closest wall in
wall units (Eq. 27)

Temperature [K]
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Ar* Dimensionless averaging time

At

rcr Dimensionless averaging time for statistical

quantities related to the entropy generation rate

. . . . . 1545
Ax*, Ay*, Az Dimensionless mesh sizes in wall units

in the longitudinal, wall-normal and transversal

1550

1555

1560

directions
0% Heat capacity ratio
7 Dynamic viscosity [Pa.s]
1) Viscous dissipation function in Eq. 9 [W.m™3]
P Density [kg.m™]
O* Dimensionless quantity as in Eqs.23 and 26
()" Related to a quantity per unit of volume [m73]
) Related to a quantity derived with respect to
time [s~!]
T’ Local instantaneous fluctuation of temperature
T'=T-(T) [K]
Ir Friction quantity
(Jeotla Subscript related to the channel cold plate

(Jrrucr Part of a quantity coming from the variances ;545

and correlations of its component turbulent
fluctuations

(Jnor  Subscript related to the channel hot plate

(mean Part of a quantity coming from mean fields of 157

its components

Om Subscript related to the a mean value between
the cold and hot walls, as in Re.,,

(Orms Root-mean-square of a fluctuating quantity as e
in Eq. 20

Ow Subscript related to a value at a wall

< _> Statistical average over (xz) planes and over

time as in Eq. 19
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Appendix A. Friction characteristics

In this appendix, the friction velocities (Eq. 17), tem-
peratures (Eq. 18) and Reynolds numbers (Eq. 16) are
provided at the hot and the cold wall (see Table A.1).
The names of the simulations are coded as follows:
Fieldl Field2 — Field3(—Field4), where the four fields
are defined hereunder. As an example, F180-2.0 cor-
responds to a fixed wall heat flux density simulation at
mean friction Reynolds number 180 with a hot to cold
wall temperature ratio of 2 and an initial uniform ther-
modynamic pressure of 1.5 bar. DNS name coding is
as follows:

1. Fieldl: thermal wall boundary condition type:
F=Fixed heat flux density, T=Fixed temperatures.

2. Field2: mean friction Reynolds number Re.,,.

Field3: hot to cold wall temperature ratio 75 /7.

4. Field4: an optional field: when present, it indicates
the initial thermodynamic pressure. When miss-
ing, this pressure is Py, = 1.5 bar.

w

Appendix B. Dimensionless mesh and time charac-
teristics

In this appendix, the dimensionless mesh sizes and
integration times (see Table B.1) are provided for each
simulation, which names follow the same coding (see
Appendix A). Ax and Az are the longitudinal and
transversal (uniform) mesh sizes respectively. Ay,
Aypor and Ayeenser are the wall-normal mesh sizes at the
cold and hot wall, and at the center of the channel re-
spectively. These mesh sizes are normalized into wall
unit magnitudes by v/U;: the kinematic viscosity and
the friction velocity are taken at the corresponding walls
for Ay.os and Ayy,,. The average v, = (Veoia + Vior)/2
and Uz, = (Urcotd + Urnor)/2 are used for the normal-
ization of Ax, Az and Ay eyer- The integration times for
the velocity and temperature statistics (A¢*) and for the
entropy generation rate statistics (At;;,) are normal-
ized by h/U,,,, where h is the half-height of the chan-
nel.



Table A.1: DNS characteristics : friction quantities at the cold and hot walls.

Uz ol [m-sil] Trcota [K]  Rercoir Uspor [m-sil] Topot [K1  Rerpor

T180-1.5 0.154 3.0 226 0.183 3.7 133
T180-2.0 0.174 5.4 256 0.234 8.1 106
T180-2.5 0.186 7.5 275 0.275 12.8 87

T180-3.0 0.194 94 286 0.304 18.0 71

T150-2.0 0.144 5.6 213 0.194 8.3 87

T210-2.0 0.201 53 296 0.268 7.9 122
F180-2.0 0.174 5.4 257 0.235 8.0 108
F180-1.5 0.154 3.0 224 0.184 3.7 136
T180-2.0-1bar 0.262 54 257 0.351 8.2 106
T180-2.0-3bar 0.087 54 257 0.118 8.1 107

Table B.1: DNS characteristics: mesh definitions and averaging times in wall units.

A; A;,Cold A)Jrr,center A;,hot A; Ar AIEGR
T180-1.5 5.37 042 3.41 0.25 537 130 123
T180-2.0 4.63 047 2.94 020 4.63 431 113
T180-2.5 392 051 2.49 0.16 392 73 72
T180-3.0 330 053 2.10 0.13 330 353 52
T150-2.0 5.82 0.39 243 0.16 3.82 115 94
T210-2.0 532 055 3.39 0.22 532 141 117
F180-2.0 4.68 048 2.98 020 4.68 411 128
F180-1.5 544 042 3.46 025 544 90 90
T180-2.0-1bar 4.62  0.48 2.94 020 4.62 26 26
T180-2.0-3bar 4.65  0.48 2.96 020 4.65 51 51
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