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Abstract

A complete numerical coupling between radiation and turbulent convection
in a channel gas flow has been performed for different temperature, optical
thickness (pressure) and wall emissivity conditions. In this model, radiation
is treated from the CK approach and a Monte Carlo transfer method; The
flow by a Direct Numerical Simulation. Both the effects of turbulence on
radiation fields and of radiation on turbulent fields are accounted for.

Gas-gas and gas-wall radiation interactions generate antagonist effects on
the temperature and flux fields. The first one tends to increase wall conduc-
tive flux while the second one to decrease it. Consequently, the structure of
the temperature field and the wall conductive flux often strongly differ from
results without radiation. Classical wall log-laws for temperature are then
strongly modified by the global radiation effects. Many conditions encoun-
tered in applications are discussed in the paper. The observed modifications
depend on all the set of conditions (temperature level, wall emissivity, pres-
sure, Reynolds number), i.e. on the relative magnitudes of radiation gas-gas
and gas-wall phenomena and of global radiation flux and conductive flux
without radiation.
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Roman Symbols

Cp Thermal capacity at constant pressure [J-kg=1-K™1].
h Enthalpy per unit mass [J-kg™!].

L Length [m].

P Pressure [Pa.

Pr Prandtl number [-].

P Power per unit volume [W-m™3].

q Heat flux [W-m™2].

Re Reynolds number [-].

Si Momentum source term [N-m™3].

t Time [s].

T Temperature [K].

u Streamwise velocity component [m-s™!].
U, Uj Velocity vector [m-s™].

X, Y, 7 Cartesian coordinates [m)].

T Coordinate vector (tensorial) [m].

Y Distance to a wall [m].

Greek Symbols

4] Channel half-width [m].

i Kronecker delta operator [-].

K Spectral absorption coefficient [m™1].
A Thermal conductivity [W-K~t-m™!].
1 Dynamic viscosity [kg-s™!-m™1].

v Radiation wave number [cm™!].

p Gas mass density [kg-m™3].

Tij Viscous shear stress tensor [N-m~2].
2 Solid angle [sr].
Superscript

Statistical estimation or Favre mean quantities.
Reynolds mean quantities.

Favre mean fluctuating quantities.

+ Wall scaled quantities.

Exchanged quantities.



Subscript

s h Refer to the cold wall, respectively to the hot wall.
b Bulk quantities.
d Conductive quantity.
Radiative quantity.
w Wall quantity:.
- Friction quantity.
v Spectral quantity.
Abbrevation
DNS Direct Numerical Simulation.
LES Large Eddy Simulation.
RANS Reynolds-Averaged Navier—Stokes equations.
ERM Emission Reciprocity Method.
OERM Optimized Emission Reciprocity Method.
TRI Turbulence-Radiation Interaction

1. Introduction

In many industrial systems such as those dealing with combustion, con-
ductive heat fluxes and radiative energy fluxes at walls condition the design
stage and the material choice. Predicting these different fluxes with numer-
ical simulations is therefore a great challenge that has been investigated in
many works. From the fundamental understanding of boundary layers and
radiation energy transfer, models have been proposed to calculate this quan-
tities. Although improving the prediction of heat fluxes remains an active
area in each field, the determination of radiative fluxes and conductive fluxes
at walls is always done separately without considering any coupling between
these two modes of energy transfer. In this paper, the coupling of radia-
tion and turbulent forced convection is studied to investigate whether the
wall heat flux and the boundary layer structure can be modified by radiative
energy transfer.

The importance of Turbulence-Radiation Interaction (TRI) has been high-
lighted in several works. Experimental studies [1-3], theoretical analysis [4-6]
and numerical simulations [7-10] have been carried out to investigate the ef-
fect of TRI in different systems and a comprehensive review is available in
[11, 12]. TRI is a consequence of the highly non-linear coupling between



the radiative intensity and the turbulent temperature and gas species com-
position fields. It consists of two parts, namely the influence of turbulence
on radiation and vice-versa. Regarding the former, turbulence leads to an
increase in the medium transmissivity [1, 13], the radiative power [14, 15]
and radiative heat loss [15, 16]. In order to isolate and quantify individual
contributions to TRI in a statistically one-dimensional premixed combustion
system, Wu et al.[7] have performed a direct numerical simulation (DNS)
coupled with a Monte-Carlo method. The results reveal that the tempera-
ture self-correlation contribution is only dominant in the case with smallest
optical thickness in their study. Among the three correlation terms of the ab-
sorption coefficient, the ones with the Planck function and with the incident
radiative intensity are not negligible, even in the most optically thin case,
while for a case with intermediate value of optical thickness, the three corre-
lations were all significant. Deshmukh et al. [8, 9] have also studied different
contributions to TRI with DNS in a statistically homogeneous isotropic non-
premixed combustion system and a one-dimensional turbulent non-premixed
flame. Only the latter one was fully coupled with radiation.

Regarding the effect of radiation on the flow, radiation interacts and mod-
ifies the temperature field in non-reactive flows [6, 17, 18] and in reactive flows
(10, 19]. In combustion applications, the change of maximum temperature
has a significant effect on NO, emission [20]. Influence of radiation is not
restricted to the average temperature field: The intensity of the temperature
fluctuations changes when radiation is taken into account[19, 21]; Goncalves
et al [10] have shown an impact of radiation on turbulent flame dynamics;
Ghosh et al. [18] have studied the effects of radiation in a turbulent com-
pressible channel flow and have shown that radiation modified the Reynolds
stresses in the near wall layer even for an optically thin medium. Using a
low-Reynolds RANS model, Soufiani et al [6] have also carried out a channel
flow simulation where the wall conductive heat flux has been found to be
significantly affected by radiation while, in a similar case with DNS here,
Amaya et al [22] have found the effect of radiation in the boundary layer
to be weak. Using a grey gas model and varying the medium optical thick-
ness, Gupta et al [17] have shown that the temperature profile in a turbulent
channel flow can be modified by radiation.

Previous studies on the impact of radiation in a channel flow configuration
6, 17, 18, 22, 23] do not expose a general trend or understanding of the
influence of radiation in turbulent boundary layers. In LES and RANS, wall
models are necessary to predict wall heat flux in turbulent boundary layers.
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Among these models, standard wall laws are still widely used although they
are only valid for relatively simple flows with zero-pressure gradient and
constant fluid properties. In real applications with more complex conditions,
standard wall laws might have a great inaccuracy. In order to extend their
usage to practical systems, other physical effects need to be considered such
as compressibility [24-26], Prandtl number effect [27, 28], streamwise pressure
gradient [29, 30] or chemical reaction [31].

The objective of this paper is to study the radiation effects on the temper-
ature field in turbulent boundary layers by considering a turbulent channel
flow. DNS is performed for the flow field in order to generate high-fidelity
data. For radiation simulation, a reciprocal Monte Carlo method is employed.
This method is generally regarded as the most accurate one and is widely
used in many applications involving radiative transfer [7, 11, 15, 32]. The
two solvers are fully coupled when radiation is taken into account. The gas
radiative properties are determined by means of the correlated k-distribution
(CK) model or its weak absorption limit [33], depending on the pressure con-
dition. A detailed analysis of gas-gas and gas-wall radiation effect is carried
out in this paper. For the gas-gas radiation, only the energy exchange be-
tween a gas cell and the surrounding gas is accounted for, while gas-wall
radiation includes only radiative energy transfer between a gas cell and the
walls. A priori these two parts have different effects on the gas temperature
profile and, hence, the wall heat flux.

The numerical models and approaches are presented in Section 2. In Sec-
tion 3, the effects of gas-gas and gas-wall radiation are studied for both large
and intermediate optical thickness medium. Results associated with differ-
ent wall emissivity, wall temperature and Reynolds number are discussed in
Section 4.

2. Models and numerical approaches

2.1. Flow simulation

Under the low-Mach number approximation, the mass, momentum, en-
ergy balance equations and the ideal gas equation of state write respectively,
in tensorial notations

dp . Ipu;)
ot * or; b W
d(pui)  Olpu;) — Op | O .
ot + 0z Oz * Ox; o .
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where p, p and u; are the fluid mass density, pressure and velocity com-
ponents, respectively. The enthalpy per unit mass h is expressed: h =
Ahg + ffo cp(T") dT", where ¢, is the mixture thermal capacity at constant
pressure, T' the temperature, Ty a reference temperature and Ahg the cor-
responding standard formation enthalpy. The viscous shear stress tensor 7;;
and the conductive flux vector ¢¢¢ write

+ pt (3)

B Ou;  Ou;j 21 [ Ouy,
%ﬂ(%+m)'§6ﬂ0’ (5)
oT
cd —

where p is the dynamic viscosity and A the thermal conductivity. 5; is a
forcing source term required in the following channel flow computations. It
is uniform and is not null only in the streamwise direction. It plays the same
role as the pressure gradient to drive the flow against viscous forces. P% is
the radiative power per unit volume.

A finite-volume method for massively parallel computations on complex
grids, suitable for variable density flow (code YALES2 [34, 35]) is used to
solve equations 1-4 with associated boundary conditions. The code is a low
Mach-number solver: the pressure p is split into a uniform thermodynamic
pressure py and a hydrodynamic one p;. pg is used in the equation of state to
compute the gas density p, while p; is obtained by solving a Poisson equation
to enforce mass conservation. Spatial gradients are calculated with a centered
fourth order accurate scheme. Advancement in time is done with a fourth-
order Runge Kutta scheme for velocity. For scalars (here enthalpy), the latter
temporal scheme is blended with another fourth-order two-step scheme based
on Taylor expansion [36] that is more dissipative. The blending factor is set
as small as possible and yet high enough to avoid spurious oscillations in the
scalar field with centered schemes. In this study, a typical value of 0.05 is
retained.



2.2. Non-dimensional quantities in channel flows

For the channel flow defined in Fig. 1, bulk, practical and friction Reynolds
numbers Re,, Rep, and Re, are respectively defined by

) Puw Ur O
Re, = Po Yo ., Rep, =4Re,, Re, = P i (7)
h
b How
25 _ 2 ___

] pdY pudY
with p, = O—, Up = 0—, o = pu(Ty) ; (8)

26 025 2dY

The bulk enthalpy per mass unit and the friction velocity, based on the wall

viscous stress 7, by
2 puhdY 7\ /2
hy =Tz —— ur=\=] (9)
dy Puw

0o PU

where indices b and w are related to bulk and wall quantities, respectively,
and = refers to average quantities. The bulk temperature T; is evaluated
from the bulk enthalpy : h, = h(7};). When the channel flow case is not
symmetrical (T, # Typ), the friction velocity is different on both walls:
Urc # Uy, and, therefore: Re;. # Re,y,.

The non-dimensional distance y*, based on the distance to a wall y, the
non-dimensional streamwise velocity 7", and the non-dimensional tempera-
ture T are written

y M_w Y Uu uT Y TT Y ( )
where T’ is the friction temperature defined by
acd
7, = % (11)

—_— Y
pw pruT

where ¢ is the wall conductive flux, chosen positive in the Y direction.
According to this definition and Fig. 1, ¢¢¢ is negative on both walls since
Tw,c S Tw,h~
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Figure 1: Computational domain of channel flow cases. X, Y and Z are the streamwise,
wall normal and spanwise directions. Ly, Ly and Lz are the dimensions of the channel
case in each direction. ¢ is the channel half-width. The lower wall (resp. upper wall) is
at temperature Ty, . (vesp. Ty n; Tw,h > Tw.c). Periodic boundary conditions are applied
along X and Z.

2.3. Validation of the flow simulation

In order to test the suitability of the code for direct numerical simulations,
the channel flow case of Kim and Moin [37, 38] is computed and taken as
reference for cases where temperature acts as a passive scalar. This case,
named CO0, is defined in Tab. 1. The discretization of the domain, defined in
Tab. 2, is uniform along X and Z. AX, the cell length in the X direction,
is expressed in wall units:

~ pwAXu,
=

AY T and AZ™, associated with the cell lengths AY and AZ in the Y and Z
directions respectively, are defined similarly. The mesh is refined along the
Y direction close to the wall where AY ™ = 0.8. The size of the domain was
chosen large enough for results to be independent of this parameter.

For this case CO only, density and gas properties are uniform and 73, . =
T.». Three temperature fields associated with three values of Prandtl num-
bers Pry = 0.1, Pro = 0.71 and Pr3 = 2.0 are simulated. In this case, the
temperature behaves like a passive scalar and non-dimensional results do not
depend on the actual value of T}, .. A uniform source term is added in the
energy equation as in Ref. [38] to counterbalance conductive heat fluxes at
the walls.

The non-dimensional mean velocity " and the scalar T are plotted in
Fig. 2 and compared to numerical results of Kim and Moin [37, 38], and to

AXT (12)
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Re,  Rep, Tuw(K) Tywn(K) platm)

CO | 2800 11200 — — 1.0
40.0

o1 950 1150 @ ——
C2 | 5850 23400 1.0
C3 950 2050 40.0
C4 | 11750 47000 950 1150 40.0

Table 1: Channel flow parameters. In case C0, non-dimensional passive scalars are con-
sidered. Reynolds numbers are given with an accuracy of 0.5 %.

nxy X ny X nyg AXT AYT AZT
hot/cold hot/cold
Co 120 x 100 x 120 17.85/17.85 [0.8—S8.0] 8.92/8.92
C1,C2 | 110 x 135 x 110 16.9/21.3  [0.8—8.0] 8.4/10.6
C3 | 160 x 163 x 160 8.9/224  [0.8—8.0] 4.4/11.2
C4 | 200 x 230 x200 17.3/21.8 [0.8—8.0] 8.6/10.8

Table 2: Discretization of the simulated cases: ny, respectively ny and nyz, is the number
of points in the X direction, respectively Y and Z direction. Domain size: (474,26, 270)
for CO and (276,25, 7d) for C1-C4. AX+ and AZ™ are given at the cold and hot sides for
C1-C4.

the log-law obtained by these authors: u™ = 2.5 Iny™ + 5.5, in Fig. 2 a and
to the log-law of Kasagi et al. [39]: TF = 2.78 Iny™ +2.09, in Fig. 2 b. Good
agreement is obtained between our results and those of the previous authors,
demonstrating the accuracy of the chosen numerical set up to perform DNS
of channel flows.

2.4. Radiation simulation

The general organization of the radiation model, based on a reciprocal
Monte Carlo approach, has been detailed by Tesse et al. [40]. This model
has been previously applied to combusting media involving radiation [15] and
improved in [41]. Only the principles of the method are briefly summarized
here.

In the approach of Ref.[40], the radiation computational domain is dis-
cretized into N, and Ny isothermal finite cells of volume V; and faces of area



30—
| T = 2.78 In(y ") +2.09

Ll
100

Figure 2: Mean profiles of non-dimensional streamwise velocity (a): O [37]; and non-
dimensional temperature in wall units (b): A(Pr = 0.1),7(Pr = 0.71),0(Pr = 2) [38];
— : present results.

S;, respectively. The radiative power in any cell ¢ is written as the sum of
the exchange powers Pij“h between ¢ and all the other cells 7, i.e.

Nv-i-Nf Nu-i-Nf
o exch __ exch
Pi= ) Pyt=— ) P (13)
Jj=1 Jj=1

For volume cells, for instance, Pfj“h is given by

“+oo
pereh = /O ko (T)I(T) — I(T3)] /V /4 Ay d§dVidy, (14)

where I3(T) is the equilibrium spectral intensity and &, (7;) the spectral
absorption coefficient relative to the cell i. df2 is an elementary solid angle
and A;j, accounts for all the paths between emission from any point of the
cell 7 and absorption in any point of the cell 7, after transmission, scattering
and possible wall reflections along the paths. Its expression and similar
expressions for exchanges between a volume cell and a surface cell or between
two surface cells are detailed in Ref.[40].
In the reciprocity Monte Carlo method, a huge number of optical shots are

issued from the cells. Statistical estimation P*" of P7*" are obtained by
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Figure 3: Comparison of mean radiative power of C1R1, C1R1.GG and C1R1_.GW
(— :CIR1; = - :CIR1.GW; - - = : C1R1.GG; color — : Cold side; color

—— : Hot side; error bars represent the standard deviation).

summing the contributions of the IV;; shots that connect ¢ and j, i.e.

Nij

Pt = Pgr. (15)

n=1

In order to increase the computational efficiency, emission is here only
carried out from arbitrary small spheres around grid points instead of using
finite grid cells that are neither isothermal nor homogeneous. In this condi-
tion, the small emission spheres are isothermal, homogeneous and optically
thin. A consequence of this choice is that the Absorption-based Reciprocity
Method (ARM), which requires emission from finite cell, is not suitable. Only
Emission-based Reciprocity Methods (ERM) can then be used. In order to
overcome some drawbacks of ERM compared to ARM in cold regions of the
medium, the Optimized Emission Based Reciprocity Method (OERM), pro-
posed by Zhang et al. [41], is here used for the radiation frequency treatment.

An other advantage of ERM and OERM method is to allow the Monte
Carlo convergence to be locally controlled. In all the present simulations a
radiative power standard deviation of 3% of radiative power maximum value
has been imposed at any grid point (as shown in Fig. 3 for instance).
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|R1 R2 R3 R4

e1 (cold wall) | 08 03 01 0.1
e (hot wall) | 0.8 0.3 0.1 1.0

Table 3: Wall emissivities in radiative conditions R1, R2, R3 and RA4.

2.5. Coupled simulation

For all cases considered in the paper, a non-reacting CO,-H50O-Ny gas
mixture flows, in developed turbulent regime, through a plane channel in
different conditions. The molar fractions of CO,, HoO and Ny are 0.116,
0.155 and 0.729. Cases involving radiation cannot be entirely characterized
by non-dimensional numbers, contrary to cases without radiation. The value
of 4, the channel half-width, is then given here: § = 0.1 m.

The dynamic viscosity p is computed as a function of temperature from
the CHEMKIN package [42, 43| for the chosen mixture composition. The
thermal conductivity A is computed from a Prandtl number Pr. In all con-
sidered configurations, the Prandtl number is very close to the chosen value
0.71.

The flow computational cases, called Cn (n= 1 to 4), are defined in Table
1 by a set of bulk Reynolds number Re,, pressure and wall temperatures.
Similarly, cases which include radiative energy transfer are called Rm (m= 1
to 4) and are defined by the emissivities (g1, 5) of the opaque walls given in
Table 3. Consequently, a computation case without radiation in conditions
n is called Cn and a computation that accounts for radiation effects, in
conditions n and m, CnRm. The associated spatial discretizations are defined
in Table 2.

Gas radiative properties are treated in a correlated manner by the CK
approach for atmospheric pressure condition, and by using the weak absorp-
tion limit for high pressure cases [33]. In the directions X and Z, periodicity
conditions are also used for radiation simulation, i.e., if a shot exits the do-
main, for instance, at the point (Ly,Y, Z), it will enter at the point (0,Y, Z)
with the same propagation direction. The grid of the radiation model is three
times coarser in X direction and two times in Y and Z directions than the
corresponding grid of the flow model.

In the chosen DNS conditions, all averaged fluxes are uniform in directions

12



X and Z. The averaged energy balance equation then writes, from Eq. 3,

d — _ _ d —
— ! cd R — — pgltot — 16
gy PV(Y) + ¢ (Y) + ¢*(Y)] = 4 0, (16)

where pv”h”, W, and ¢F and ¢* are the averaged turbulent convective heat
flux, conductive flux, radiative energy flux and total flux, respectively. This
total flux is also uniform along Y. Note that, the radiative energy flux can
be split into two parts :

¢(Y) = q®(Y) + ¢f,, (17)

where E is the flux exchanged between the walls through the whole gaseous
medium, that does not participate to the fluid energy balance and is zero if
the walls are at the same temperature, as encountered in many applications.
In the studied configurations, it is always uniform. Then Equation 16 writes

PN (V) + ¢4(Y) + g7 (V) = T, (18)

where @, = ¢! is the total flux exchanged between a wall and the gaseous
mixture without the wall-wall radiation contribution. At the wall Y = ¢, for
instance, g, writes

To=qY =08) + ¢ (Y =6) = ¢4 + ¢l (19)

The balance of these three terms in Eq. 18 is presented in Fig. 4 for the case
C2 without radiation and the related case C2R3 which accounts for radiative
energy transfer. This illustrates that radiation modifies the balance of the
terms in Eq. 19 and hence, the wall conductive flux, given in Tab. 4. These
complex coupling effects are progressively detailed in the next sections.

3. Effects of Gas-Gas and Gas-Wall radiative interactions

The effects of radiation are due to different coupled phenomena, in par-
ticular Gas-Gas (GG) and Gas-Wall (GW) interactions, but also possible
multiple reflections. In this section, the effects of gas-gas and gas-wall inter-
actions are separately considered. In gas-gas interaction, a given gas volume
only exchanges radiative energy with all other gas volumes, while the walls
only partially reflect radiation. Emission by the walls is not accounted for
in the GG calculations. On the contrary, in gas-wall interaction, a given gas

13
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Figure 4: Mean heat flux distribution for C2 (a), C2R3 (b) and comparison of these two
cases (c¢) (—: Turbulent convective heat flux; — —: Conductive heat flux; - -+ : Radiative
energy flux; —+ — : total heat flux; black lines: C2; gray lines: C2R3).
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volume only exchanges energy with walls, while the other gas volumes only
transmit energy. Emission by the other gas volumes is not accounted for in
GW calculations. A coupled computational case that is limited to gas-gas (re-
spectively gas-wall) radiative interactions is called CnRm_GG (respectively
CnRm_GW). The obtained results are then compared with the correspond-
ing cases CnRm, which includes all the radiation interactions, and Cn, which
does not take into account radiative energy transfer.

3.1. Large optical thickness medium

In the case C1R1, defined in Tables 1 to 3 and characterized by a high
pressure, the optical thickness of the gaseous mixture is large: The global
medium Hotell’s transmissivity at 1000 K is equal to 0.271. This allows the
effects of gas-gas and gas-wall radiative interactions to be studied with a
weak radiative coupling between the two walls.

Due to the small wall temperature difference, the variation in mass density
in cases C1 and C1R1 is small. The profiles of the mean non-dimensional
streamwise velocity ", not shown here, are not different from the one of
case CO0.

The profiles of the mean temperature T associated with the cases C1
and C1R1 are compared in Fig. 5 a. The corresponding T profiles, for
both the cold and the hot sides, are plotted in Fig. 5 b. In the case C1,
without radiation, the distribution of T is practically antisymmetric and the
T" profiles are identical for the two sides. These results agree well with
the results of Kim and Moin [38], obtained under the assumptions that the
temperature is a passive scalar.

When only gas-wall radiation is considered, in the C1R1_.GW case, the
temperature gradient is smaller in the vicinity of a wall than in C1 case: The
associated wall conductive fluxes presented in Table 4 are two to three times
smaller than in C1 case. Indeed, the wall tends to impose its temperature to
the fluid. Consequently, the temperature variation is higher in the core of the
flow than in case C1. The conductive flux variations are more important at
the hot side than at the cold one, as gas-wall radiative interactions strongly
increase with the temperature.

On the other hand, in the case C1R1_GG, the gas-gas radiative transfer is
a supplementary transfer that homogenizes the temperature field within the
gas by comparison with the case C1, without radiation, as shown in Figs. 5
a and b . Consequently the temperature gradients and the conductive fluxes
strongly increase at the two walls, as shown in Table 4.

15



d * R*
R€7-7C Reﬂh qﬁgc qfu,h qg,c qw,h

(cold)  (hot) (cold) (hot) (cold) (hot)
Co | 1785 1785 - - - -
C1 386.6  305.7 -875 -875 - -
CIR1 390.8  303.3  -1230 (4+40.6%) -960 (+9.7%) -6970 7240
CIR1.GW | 394.7 3044  -460 ( -47.4%) -270 ( -69.1%) - -
CIR1.GG | 389.5 306.1 -1930 (+120.6%) -1750 (+100.0%) — -
C2 386.4  305.2 -870 -870 - -
C2R1.GW | 386.3 307.9  -875 (+0.6 %) -760 (-12.6%) - -
C2R1.GG | 384.1 3080  -1100 (+26.4%)  -1060 (+21.84%) - -
C2R1 386.3  307.1  -1070 (+23.0%) -930 (+6.9%) 2580 -2720
C2R2 386.6 3064  -1220 (+40.2%)  -1100 (+26.4%)  -1480  -1600
C2R3 387.4 3071 -1280 (+47.1%)  -1210 (+39.1%)  -730 -800
C2R4 | 401.1 3245  -2060 (+136.8%)  -350 (-59.8%) -460 -2170
C3 578.3  229.3 -6510 -6510 - -
C3R1 668.2 260.5 -16260 (+149.8%) -8720 (+34.0%) -114560 -122100
C4 719.7  557.1 -1550 -1550 ~ -
C4R1 7233 566.9  -1650 (+6.5%) -1290 (-16.8%)  -7210  -7570

Table 4: Wall fluxes (in W/m?2) ¢<d and ¢R* for different cases at cold and hot walls (see

Egs. 16 and 17). For each case CnRm, the relative variation of ¢¢d compared to the case
Cn without radiation is put between parentheses. Flux values are rounded, typical errors
are within 2-3 %.
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When all the radiative effects are accounted for, in the case C1R1, the
gas-gas and gas-wall interactions, that have opposite effects, are coupled. As
shown in Fig. 3, in the vicinity of the wall, the amplitude of the radiative
power associated with gas-gas interaction is much larger than the one associ-
ated with gas-wall interactions. Consequently, in the present conditions, the
wall temperature gradients and the conductive fluxes increase, as in the gas-
gas case, at the two walls by comparison with the case C1 without radiation,
as shown in Tab. 4 and Fig. 5 a.

An important result is that, in this case, no log-law can be clearly iden-
tified.

3.2. Intermediate optical thickness medium

All the previous study has been again carried out for the case C2RI,
characterized by a fluid at atmospheric pressure instead of 40 atm, but with
the same data as for C1R1 (Rey, 9, T, Ts, €1, €2). In these new conditions,
the optical thickness of the medium is much smaller than previously. The
global Hotell’s transmissivity at 1000 K of the channel is equal to 0.811.
Consequently, interaction phenomena between the two walls now occur, due
to multiple reflections. Results are shown in Figs. 6 a, b and ¢. The same
analysis as previously can be drawn, but the effects related to gas-gas and gas-
wall interactions are smaller than at high-pressure. As shown in Tab. 4 | the
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conductive fluxes obtained by only accounting for gas-gas interaction (case
C2R1.GG) for the two sides are larger than the conductive fluxes associated
with the case C2, without radiation. On the contrary, the conductive fluxes
obtained in case C2 and by only accounting for gas-wall interaction (case
C2R1_-GW) are close, especially at the cold side. Finally, the conductive flux
associated with all radiation effects (C2R1) is larger than in the C2 case
at the two walls as in the optically thick case. Moreover, the temperature
fields obtained by accounting for all radiation effects differ from the fields
computed without radiation. Once again the profiles associated with the
case C2 agree with the temperature profile of [38] while it is not any more
valid when radiation is accounted for.

As for the case C1R1, the usual thermal log-law is not valid in this case.

4. Influences of different parameters

The radiation intensity field and, consequently, the radiative power and
the temperature fields within the gaseous medium are strongly influenced by
the wall emissivities, the wall temperatures and the bulk Reynolds number
of the flow. The roles of these three quantities are studied in this Section.

4.1. Influence of wall emissivity

Three other couples of wall emissivities are now considered, in the condi-
tions C2 of the flow at atmospheric pressure: These radiative conditions R2,
R3 and R4 are defined in Tab. 3. From a practical point of view, an emissiv-
ity of about 0.8 typically corresponds to walls made of oxides, an emissivity
of about 0.3 to polished metals. Emissivities of 0.1 and 1 are extreme cases.

The mean temperature fields associated with C2, C2R1, C2R2 and C2R3
cases are plotted in Fig. 7 a. When the wall emissivity decreases, gas-
gas effects become more and more important and the temperature profile
becomes more uniform in the flow center part while the temperature gradient
near the wall increases, as shown in Tab. 4. Similarly, T decreases on both
sides when the wall emissivity decreases. Only the cold side results are shown
in Fig. 7 b.

The antagonist gas-gas and gas-wall effects also appear on the average
radiative power field shown in Fig. 8 a. On both walls, the radiative power
magnitude increases when wall emissivities decrease. This global effect can be
analyzed from gas-gas and gas-wall exact contributions to the total radiative
power in cases C2Rm. These contributions are given in Figs. 8 b and c.
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Figure 7: Mean profile of temperature (a), T on the cold side (b) for C2, C2R1, C2R2
and C2R3 ( 57: DNS results of a passive scalar of Kim and Moin [37] (with Pr=0.71);
— : C2; — : C2R1; -—- : C2R2; - - - : C2R3).

When wall emissivity decreases, the reflected flux and possibly the num-
ber of reflections increase. Consequently, the gas-gas interaction effects in-
crease as seen in Fig. 8 b . On the other hand, the flux exchanged between
the gas and the walls and, hence, the gas-wall interaction effects decrease as
seen in Fig. 8 c. The shape of the gas-wall contribution to the total radiative
power is explained by splitting the gas-wall interaction into a gas-cold-wall
and a gas-hot-wall interactions. These latter contributions are given in Fig. 8
d. Finally, the global radiative power is the sum of all contributions and fol-
lows the same trend as the gas-gas interaction which is significantly larger
than the gas-wall interaction in these cases.

The radiative conditions R4 (see Tab. 3 ) corresponds to two extreme
cases: Very reflecting cold wall of emissivity 0.1 and black hot wall. The pre-
vious effects on the averaged temperature field are here amplified, as shown
in Fig. 9 a, by comparing the cases C2, C2R3 and C2R4. For case C2R4, the
hot black wall strongly imposes its temperature to the close gaseous layer.
In the other hand, the reflecting cold wall strongly increase gas-gas radiative
interactions and homogenizes the fluid temperature. The cumulation of these
effects leads to: i) A much smaller temperature gradient and conductive flux
at the hot wall than in case C2R3 associated with an emissivity equal to 0.1
(see Tab. 4 ); ii) A weak averaged temperature variation in the core of the
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gaseous medium; iii) Consequently the temperature gradient at the cold wall
and the associated conductive flux are much larger than in case C2R3, as
shown in Tab. 4 .

The radiative power fields of the two extreme cases C2R3 and C2R4 differ
in the vicinity of both walls as shown in Fig. 9 b. It can be explained by
the previously discussed cumulative effects on the temperature profile : On
the hot side, the gas temperature is close to the hot wall temperature, which
decreases the magnitude of the radiative power; On the cold side, both the
black hot wall and the large hot region contribute to increase the radiative
power.

Figure 10 shows the radiative power field in the hot half part of the
channel. It appears that the radiative power in case C2R3 is dominated by
gas-gas interaction. On the contrary, in the case C2R4, gas-wall interaction
overcomes gas-gas interaction except for the close vicinity of the hot wall.
For intermediate emissivity value, intermediate radiative power fields are
encountered.

Note that, in the present simple case as in most of the previous ones,
both gas-wall and gas-gas radiative interactions are strongly modified by
the wall reflection, as the optical thickness of the mediums is weak. Gas-
gas an gas-wall interactions are not isolated phenomena, as in case C1Rm
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at high-pressure, characterized by a large global optical thickness. The wall
reflection law and the medium optical thickness have important effects on the
temperature fields as they can enhance or reduce the gas-gas or the gas-wall
contributions.

4.2. Influence of the temperature

In order to study the influence of both the temperature level and the
temperature difference, the C3 and C3R1 cases considered. They are char-
acterized by wall temperatures equal to 950K and 2050K. On the cold side,
these data correspond to classical combustion applications at high pressure.
The associated results are compared with those of C1 and C1R1 cases.

Contrary to the previous cases, the gaseous medium density strongly
varies for C3 and C3R1 cases and variations in the averaged velocity profiles
are now observed in Fig. 11 a. Similarly, differences between the u™ profiles
are observed in Fig. 11 b, showing that the classical velocity log-law is not
valid any more. However, if the Van Driest transformation, defined by

ﬂ#’ p—
Uhp = / \ /édﬂ*, (20)
0 Pw

is used to account for variable density effects, all velocity profiles collapse to
the usual log-law (see Fig. 11 c).
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The averaged temperature profile of C3R1 case is compared in Fig. 12 a
with those of C3, C1 and C1R1. As the temperature of the hot wall is
much higher in C3R1 case than in C1R1 case, the radiative transfer is much
stronger in this case (see @ in Tab. 4) and the opposite effects of gas-gas
and gas-wall radiative interactions shown in this latter case are amplified.
The same analysis as for the case C1R1 can be achieved (see Sec. 3.1) and
the results are similar, with an amplification effect for the conductive fluxes,
as given in Tab. 4. Consequently, the averaged temperature is much higher
than in C3 case. Figure 12 b shows that the usual log-law is not valid when
radiation is accounted for. Moreover, no temperature log-law even appears
between y™ = 30 and y™ = 200.

4.3. Influence of the Reynolds number

The results of the C4 and C4R1 cases, characterized by a higher Reynolds
number than previously (see Tab. 1), are here compared with cases C1 and
C1R1 in order to study the influence of the Reynolds number. The temper-
ature profiles are plotted in Fig. 13. The curve T+(y+) for case C4R1 in
Fig. 13 b lies between the ones where radiation is not accounted for and the
one of case C1R1. Increasing the Reynolds number between cases C1R1 and
C4R1 has then moved the obtained wall-law closer to the usual one. There
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are two different explanations for this behavior.

First, by increasing the Reynolds number, turbulent transport has been
enhanced and its weight compared to the other energy transfer mechanisms
is increased. This is shown in Fig. 14 a where turbulent transport is twice
larger in case C4R1 than in case C1R1. One effect of the Reynolds number
is therefore to relax the curve T (y") obtained when radiation effects are
considered towards the usual law of the wall which should be retrieved when
radiative energy transfer is negligible.

In addition to this first effect, there is a second one that deals with a
modification of the radiative energy transfer. In this specific configuration,
the gas-gas and gas-wall radiative contributions to the total radiative power
field in case C4R1 are modified as shown in Fig. 15 where they are compared
to results in case C1R1. Magnitude of the gas-gas contribution decreases
for the larger Reynolds number case while the magnitude of the gas-wall
contribution increases. Since a larger Reynolds number leads to a larger
gradient of the mean temperature close to the wall, the gas temperature at
a given position gets closer to the average one in the core of the channel
when the Reynolds number increases, while its difference with the near wall
temperature gets larger. This explains the observed trends for the gas-gas
and gas-wall radiative contributions. Consequently, the gas-gas effects on
the wall conductive heat flux and the wall law dwindle while the gas-wall
effects grow. This is seen in Tab. 4 where the conductive heat flux increase
on the cold wall due to radiation is less in case C4R1 than in case C1R1. On
the hot wall, the conductive heat flux even decreases between cases C4 and
C4R1, showing that gas-wall effects overcome gas-gas effects there. Finally,
the modification of the gas-gas and gas-wall contributions make the observed
wall law go up compared to case C1R1.

Among these two effects of the Reynolds number, the latter one is dom-
inant in the present configuration where the radiative flux is much larger
than turbulent transport (see Fig. 14). Would radiation remain dominant,
increasing the Reynolds number even more could move the curve T+(y+)
above the usual wall law. This could not be check here due to the limitations
of DNS on computational ressources with increasing Reynolds numbers.

5. Conclusion

In practical conditions of coupling between turbulent convection and ra-
diation, there is no simple way for accurately predicting the averaged tem-
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radiative power(W/m3)

Figure 15: Mean radiative power profile of C4R1 and C1R1 on the cold (left) and hot
(right) sides (—— : Total; — — : Gas-wall; — - — : Gas-gas; black lines : C4R1; gray
lines : C1R1; the error bars represent the standard deviation).

perature profile and wall conductive flux, without undertaking a complete
coupled computation. Such a computation has been achieved in this work,
in typical combustion conditions, by coupling a direct numerical simulation
of a turbulent channel flow with a radiative transfer model based on a Monte
Carlo simulation, an optimized emission-based reciprocity and a CK or k
gaseous radiative model.

When the radiative flux within a turbulent gaseous medium is of the
same order of magnitude or higher than the averaged turbulent convective
flux, or the wall conductive flux, strong coupling effects occur within all the
medium and at the walls. It was shown that the usual temperature profile
and its corresponding log-law are generally no more valid within a turbulent
boundary layer. The couplings between conduction, turbulent convection
and radiation are complex and first strongly depend on both gas-gas and
gas-wall radiative interactions. The global radiation effects are not easily
predictable as gas-gas and gas-wall radiative interactions bring contributions
of opposite sign to the wall conductive flux. Moreover, depending on the
transversal optical thickness of the gaseous medium, complex effects, that are
linked to multiple wall reflections, can also occur and strongly modify both
the averaged temperature profiles and the conductive wall fluxes. Finally,
the averaged temperature profiles and wall conductive fluxes were shown to
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also strongly depend on: i) the wall emissivities, that rule the wall reflection
effects; ii) the temperature level, that controls the non linear radiative fluxes;
iii) the Reynolds number that controls the weight of turbulence transport and
the balance of gas-gas and gas-wall radiative effects.

The development of simpler models for the determination of the temper-
ature profile in the turbulent boundary layer is necessary.
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