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Abstract

In several conditions, radiation can modify the tempeataw in turbulent boundary layers. In
order to predict such arffect and the corresponding change in conductive heat fluxeat#i,

a new wall model for large-eddy simulation (LES) is propos&tie wall model describes the
inner boundary layer which cannot be resolved by the LES. reléative power source term
is calculated from an analytical expression of the intgnfé#ld within the inner layer. In the

outer layer, wall stress and conductive heat flux predictethe wall model are fed back to
the large-eddy simulation which is coupled to a reciprocahi-Carlo method to account for
radiation.

Several mixing-length models and turbulent Prandtl nunfisenula are investigated. Then,
the level of accuracy of the discretized radiation anafftinodel is investigated. Finally, fully
coupled results are compared with Direct Numerical Sinmt@tlonte-Carlo results of turbulent
channel flows at dierent Reynolds number, wall temperature and pressure ttamgli The
proposed wall model greatly improves the accuracy of thelipted temperature profiles and
wall conductive heat fluxes compared to approaches witlaalidtion accounted for in the inner
layer.
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Roman Symbols

Thermal capacity at constant pressurkdgd-K=1].
Optical thickness [-].

Enthalpy per unit mass-Kiy™].
Radiative intensity [Wm=2- sr™1].
Length [m].

Pressure [Pa].

Prandtl number [-].

Power per unit volume [Wn~3].

Heat flux [W:m™2].

Reynolds number [-].

Momentum source term [’—3].

Time [s].

Temperature [K].

Streamwise velocity component sn'].
Velocity vector [ms™].

Cartesian coordinates [m].
Coordinate vector (tensorial) [m].
Distance to a wall [m].
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Greek Symbols

Channel half-width [m].

Kronecker delta operator [-].

Spectral absorption céicient [nr?].

Thermal conductivity [WK~%-m™].

Gas mass density [kay~3].

Viscous shear stress tensorfiN?].

Solid angle [sr].

Radiation wave number [c] or kinematic viscosity [f/s].
Polar angle [sr].

Dynamic viscosity [kgs™*-m~1] or cosine of polar angle [-].

RO PADT xS >

Superscript

- Filtered quantities.

Mass-weighted filtered quantities.

” Mass-weighted fluctuating quantities.

Subgrid-scale quantities.

a Absorbed quantities.

€ Emitted quantities.

0 Equilibrium quantities.

* Wall-scaled quantities or quantity in positiyelirection.
Quantities in negativg direction.



Subscript

b Bulk quantities.

¢ h Refer to the cold wall, respectively to the hot wall.

cd Conductive quantities.

R Radiative quantities.

t Turbulent Quantities.

W Wall quantities.

Yor Quantities at positioy = y,, of the 1D model.

- Friction quantities.

v Spectral quantities.

0 Quantities at positiog = 0 of the 1D model.
Brackets

) Reynolds averaged quantity in the 1D model.

{} Favre averaged quantity in the 1D model.

Abbrevation

DNS Direct Numerical Simulation.

LES Large Eddy Simulation.

RANS Reynolds-Averaged Numerical Simulations
OERM Optimized Emission Reciprocity Method
TLM Two-Layer Model

SGS Sub-Grid Scale

rms root mean square

1. Introduction

Fully resolved Large Eddy Simulation (LES) of the inner lapé a wall-bounded turbulent
flow requires highly resolved grids since the integral lérggale becomes of the same order of
magnitude as viscous scales in the close vicinity of the.walie computational cost is then
proportional toRe?# [1]. Hence, fully resolved LES is impracticable for wall-baled flows at
high Reynolds number, encountered in most of engineeripticgtions, due to the prohibitive
cost. Several kinds of approaches are commonly used in todaleviate these fliculties: A
wall model prescribes the correct wall shear stress to tHthiat is too poorly resolved close to
the wall to estimate it accurately.

In hybrid RANSLES, the simulation is switched from RANS in the inner layerLES in
the outer layer by the modification of the length scaBs3] or the use of a blending function
[4, 5] in the turbulent transport model. In other wall models f&3, the wall stress is estimated
by using an algebraic wall function or by locally solving angiified RANS equation. These
approaches correspond to equilibrium-stress model andlByer Model (TLM), respectively.

The equilibrium-stress model has been firstly proposed bgrireff [6]. It has then been
successfully applied to turbulent channel flows and annovgl [7]. However, this model is
restricted to simple flows, since it implies the existenca tifgarithmic layer. In order to widen
its use to more complex flows, the original equilibrium mola$ been modified by considering
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inclination of the elongated structure in near wall regi8h pressure gradien®[ 10|, buoyancy
[11] or chemistry [L2].

In two-layer models, turbulent boundary layer equatioresrasolved on a local embedded
grid [13]. This approach has been extensively applied and asseasshifierent configurations
[14, 15, 16]. Moreover, since all wall modeled LES unavoidablyfsus from the numerical and
sub-grid error at the first grid point close to a wal] 17], an efective strategy has recently been
proposed by Kawai et al1B] to increase the accuracy of the information transmittedft ES
in the outer layer to the inner thin turbulent boundary lsgguations.

A more detailed description of wall models for velocity isg in Refs. 19, 1, 14]. In order to
deal with turbulent heat transfer and predict wall heat fiaecurately, these wall models have to
be extended to describe the thermal boundary layer &jr2[l]. To the best of our knowledge,
no wall model for LES has accounted for radiatidfeets, although radiation strongly modifies
the temperature field in many applications, particularlggmbustion processes at high pressure
[22, 23, 24]. It has been recently show&Y] in coupled DNS-Monte Carlo simulations that radi-
ation can significantly influence the temperature wall-lam the corresponding wall conductive
heat flux. The temperature law is veryfférent from the usual logarithmic law for strong radia-
tion effects and has been observed tfiatisignificantly under dierent radiative conditions. It
is therefore unrealistic to hope for a general algebrait-lamal to account for thesefkects and a
two-layer approach is then chosen. Besides, in order tagirdet radiative field outside of the
inner boundary layer, a reciprocal Monte-Carlo method issatered. The method is accurate
and can be applied to complex geometries so that the propeakchodel and its coupling with
LES and the Monte-Carlo method remain general.

The objective of this study is to account for radiatidfeets in the inner layer wall model to
accurately predict wall stress and heat flux. Here, a tweflayodel is retained where, in the
outer layer, LES is coupled to a radiation Monte Carlo methséh Ref. P5]. Coupled DNS-
Monte Carlo results of Ref.2p] are considered to validate the proposed LES wall model. The
fluid and radiation models in both layers are detailed in efollowed by a description of cou-
pling between the inner and outer layers. Separate vaditatf the diferent model components
are presented in Sec. 3. Finally, in Sec. 4, fully coupleditesgssess the model accuracy.

2. Wall-modeled LES coupled to radiation

In all fluid simulations, LES is here carried out in the outgrdr and the boundary inner layer
is modeled by solving 1D balance equations. For radiatioecgprocal Monte Carlo approach
is implemented to estimate the radiative power at all LE8 pdints and an analytical radiative
1D model is developed for the inner layer. For both radiatind fluid models, a particular care
is brought to the boundary conditions, especially betwherirtner and outer layers.

2.1. Fluid model

As shown in Fig.1, an embedded grid is used in the inner layer. The inner layetetuses
the velocitydy, and temperaturé;yw values computed by the LES model at a particular point
characterized by the wall distangg. The wall stress,, and conductive heat flugt® computed
by the inner layer model are then sent back to the LES solver.
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LES, Monte-Carlo

TW Gyw
-0-0-0-0-0 =
_®o @ ®
qw Yw
wall model
Yw

0
ﬁo—o—o—o—o—oa? ?
ﬁ—’ y o wall model grids
o LES grid

Figure 1: Scheme of wall model grids embedded within the LE®. gin this example, the wall distangg, for the
coupling point corresponds to the first LES grid poifittbe wall.

2.1.1. Inner layer fluid model

As explained in Ref.q], filtered equations in the inner layer are similar to averhblavier-
Stokes equations. Then, treating the unresolved inner J&y,] as a thin equilibrium boundary
layer [15, 14] leads to the following equations

d diu}) _ . d () d(T) ~
d—y((<ﬂ>+<ﬂt>) d_y) =0, @((Cp> (ﬁ + P_n) —)+<P y=0, (1)

dy
where the angled brackets) and curly bracketd-} denote Reynolds-averaged and Favre-
averaged values respectively, is the tangential velocity, parallel to the wall, apds the dis-
tance to the wall.T is the temperatureRR is the radiative power per unit volume. As in Ref.
[29], i, the dynamic viscosity, anth, the thermal capacity at constant pressure, are functions o
temperature, while the molecular Prandtl number Pr is sét#a. u; and Py are the turbulent
viscosity and the turbulent Prandtl number, respectivelys computed using a mixing-length
model 6, 14,

() = )Ry (Tw)/ (p)(L — expiy* /AN, 2
wherex = 0.4 andA* = 17 are here chosen in order to retrieve the velocity loganitHaw in

the low-Reynolds DNS cases that are considered for vatidatp) is the gas density and,)
the shear stress at the wall. The wall coordindtes defined as

. {owury (Tw)
= N I = - 3
Y= T w ®)

where gas properties at the wall, andu,, are used. In order to take into account the non-
uniformity of the gas properties, an alternative semi-lecardinatey* [27] can also be used in
5




Eqg. () instead ofy*, where local gas properties are considered

(oyuzy . /(Tw>
= = _— 4
Y w . ©’ )

The mixing-length models based on wall coordingteand semi-local coordinatg will subse-
quently be referred as standard and semi-local mixingttemgpdels, respectively.

Three models for the turbulent Prandtl number are congidderéhe following. First, a con-
stant value Rr= 0.9 which is a usual crude assumption in wall models. Secomlgrder to
account for variation of Riin the boundary layer, two fierent formula proposed in Ref2§],
both fitted from experimental data, are considered

20
Pr=—— +0.85 5
ST (RYIP) R ©
and
1
Pr = > 5165\, ° (6)
0.5882+ 0.228((u1)/(w)) — 0.0441(ue)/())* (1 — exp(z3723))

2.1.2. Outer layer LES

A low-Mach code, YALES2 29, 3(], is used for the Large Eddy Simulation (LES) of the
main flow. The same numerical set-up as in R |s retained: A 4th-order centralfiiérence
finite-volume scheme with a 4th-order time integration scbe

Under the low-Mach number approximation, the spatiallyefédd instantaneous mass, mo-
mentum and energy balance equations write

op  Opt;
o@n) | 0@Uw) _In b 5 o ®)
ot 5)(]- B GX]- 0% 3Xj .
a(ph) . apuh)  9a;° L9p o9 +P° (9)
ot ax;  0xp ot X '

wherepis the pressurey; the velocity components anénd- denote filtered and mass-weighted
filtered quantities in the context of LES. The enthalpy pét omass h is expressed as-tAhg +
fTTO cp(T")dT’, wherec, is the mixture thermal capacity at constant pressiifea reference
temperature andh, the corresponding standard formation enthatpyandq<® are the viscous
shear stress tensor and the conductive heat flux vectoratasge S; is a driving force source
term to obtain the intended bulk Reynolds humber in chanoel $imulations.

Based on the Sub-Grid Scale (SGS) eddy-viscosity condegtSGS stress tensof®® =

—~p(GiT; - Titj) and the SGS heat flu®S = p(hu; — Htij) are modeled as

1 _ ~ 1 =
TﬁGS— §6ijTEkGS= 2pv°°9S;; - §6ijSkk), (10)
aT
sGs_ _yses?l 11
q e (1)
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Where§ij is the filtered shear stress tensor. The Sigma m@&d¢ig used for modeling the SGS
kinematic viscosity>®S. The SGS thermal conductivi?®Sis computed from the SGS Prandil
number Pt®Swhich is set to ®

5 C_pVSGS

SGS _
SRR

(12)

2.2. Radiation model

For the radiation field, a Monte-Carlo method is used to dateuthe radiative power field
in the outer layerj.e. at all the LES grid points. For the inner layer, the radiatiiaid is
analytically obtained from a one-dimensional model thasuhe intensity field obtained from
the Monte Carlo approach as a boundary condition for thetpwithh wall distancey,,, where
information from the LES grid is fed back to the wall model.

2.2.1. Monte Carlo approach

The general organization of the radiation model, based ecipnocal Monte Carlo approach,
has been detailed by Tessé et 8P][ The precise approach used here is the Optimized Emission-
based Reciprocity Monte Carlo Method (OERMJ], as in Ref. R5]. This method allows the
convergence to be locally controlled while it overcomesdhmvback of the original Emission-
based Reciprocity Metho®g] in the cold region and greatly increases the computatiefial
ficiency. This method also allows the spectral anisotropdiation intensity field (yw., 1) at
any point of abscissg, of the LES grid, required by the inner layer radiation modelpe
determined, as detailed in Set:2.2and Appendix.

2.2.2. Analytical radiation model in the inner layer

wall MUVAZY
0
— y
j 0 / Vi
€

1 (Ys 2)

Figure 2: Definition of forward and backward intensitigsand|; (u1 anduy are the cosine of polar angle and6,
respectivelyyy = 0 andy =y, are the two boundaries of the 1D model).

The one-dimensional configuration for radiation in the mlager is shown in Fig2. The
opaque wall is isothermal at temperatdigand its emissivity, is assumed isotropic. At any
pointy of the inner layer, the radiative power per unit voluRigy), difference between absorbed
and emitted powers, writes

PR(y) = PA(y) - P*(¥) (13)

P(y) = 4n fo e IE)dy (14)

+00 0 1
P = [ Ky(y)[ [z [ IJ(y,y)zndy] dv (15)
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wherey is the radiation wave numbaer,is the cosine of the angtedefined in Fig.2, andl; (y)

is the equilibrium spectral intensity at the temperaflifg) associated with the current position
y. The local spectral intensity in a positiyedirectionl (y, i), associated witlx > 0, and the
spectral intensity in a negative directign(y, ), associated witpx < 0 are given by

Y
1504 = O+ [ KONyt -

with:y <y; dy > 0; u >0,

y dy
1 (Y, 1) = Ty (15 Yws +fKV I ) Toyy()—
(¥: 1) = Tuyuy ()15 Y 1) . V)Y ) Tyy(u) ” 17)
with:y >vy; dy <0; u <0,
where o
15(0) = & 15(Tw) - 2(1- &) f 1,70, ) el (18)
-1
andr’vy,y is the directional spectral transmissivity betwegeandy given by
y
Tyyy(u) = exple(y.y)/ul  with: e(y.y) = f K (y')dy”. (19)
y

Heree,(Y',y)/u > 0 is the spectral optical thickness betwgéandy in the directioru while ,
is the spectral absorption déeient of the medium. Note that: @y andu in Egs. (L6) and (L7),
ande,(y',y) andu in Eqg. (19) are simultaneously positive or negative; ii) As the wafleetion
is assumed dliuse, the intensity leaving a walf (0) is isotropic, whereal; (yw, 1) the intensity
entering the inner layer at abscisgais anisotropic.

By introducing the exponential integral function, detdile Ref. [34)], i.e.

1
Eq(X) = fo 12 expX/)du (20)

and the generalized incomplete function defined by

Mj+1
EX D) = [ 72 XX ) (21)

Hj

a discretized expression of the radiative poRgfy) is simply given by

PR = 2 [

=1
2 fo " 00y Exe(0.y) 1,7(0) dv

NH
Ky(Y) {Z Ea(e/ (Y. Yw)s [k, j+1]) Tv_(yW,[#b#Hl])} dv

22)
+00 Yw
w2 [t { [ sz El(w,y»dy} d.

—4n fo o) 120) o



whereN, is the number of angular sectoys; [uj.1] used to discretize then2steradians associ-

ated with the incoming intensity at a pot. 1, (Y [, pj+1]) is the average value 6§ (Yw, 1)
over the rangedj, uj+1] .

The mean anisotropic spectral incoming intensity fieldyw, [11j, #j+1]) at any grid pointy,
is determined by the Monte Carlo method, as detailed in Adpen

In this analytical radiation model in the boundary innerdigythe radiative powePR(x) is a
function of the temperature field within the fluid inner layeodel given by Eqg.%). It is then
worth noticing that thef@ects of turbulence fluctuations on the radiative power ataocounted
for within the inner layer only. In fact, theséects can indeed be neglected in channel flows with
non-reacting gases where fluctuations of temperature rematlerate, as shown by Ref?
and by post-processing of DNS results in Ref].

2.3. Coupling of inner and outer layers radiation and turboite models

The purpose of wall-modeled LES is to overcome the undestuden of the boundary inner
layer, which leads to erroneous estimations of wall tentpeeaand velocity gradients. For
each LES grid point on the wall and each time step, the set eétéans () combined with
the analytical radiation model is solved with an iterativeqedure and provides an accurate
estimation of the wall stress, and wall conductive heat flugt®. The procedure used to couple
LES, Monte-Carlo model and the radiation and turbulencé mvatlels is schematized in Fi§.

For each grid point on the wall, LES provides veloaity and temperaturéy, at a distance
yw from the wall to the 1D turbulence model. It also providesrgsolved temperature field s
to the Monte-Carlo method.

The Monte-Carlo method calculates both the radiative pd¥er, source term of the energy

balance equation in LES, and the incoming intensiti€g, [14j, 1j+1]) required by the 1D radi-
ation model.

Note that in the Monte Carlo method, when a ray enters ther ilaryer, the 1D-model tem-
perature field from the previous iteration is used to deteentihe exchanged energy between the
point initiating the ray and the inner layer. The accuracyhef results is then improved when
compared to results associated only with the LES tempexdieeid (much coarser in the near
wall region).

Finally, the dfect of delayed information between LES and both the wall rhade radiation
solver is here not investigated. Therefore, the couplingragrLES, the Monte-Carlo method
and the 1D wall model is carried out for each iteration of tf€SLsolver. During the iterative
procedure of the wall model between the 1D equations for the fields and the 1D radiation

model, the incoming intensity, (Y. [, nj+1]) specified by the Monte-Carlo method is fixed.

3. Separate validation of the turbulence and radiation wallmodel components

The previously described 1D turbulence wall modehigriori validated against DNS data
from Ref. [25] accounting or not for radiation. Thig priori study consists in comparing 1D
profiles of averaged quantities predicted by the wall-medele taking some information from
DNS cases.

Lif 1, (yw, 1) Were isotropic the first term of the second member of B8) ould be similar to the classical result of
the second one.
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LES Monte-Carlo
PR
MC
T, G Uy,> Ty, LED) 1, s [, pj41])
1D Wall Model

Fluid/Turbulence

R
Pb Tip

.

Radiation

Figure 3: Scheme of coupling between LES, the Monte-Carlthateand the 1D wall models located at each point of
the walls.T1p and P?D are the inner layer temperature and radiative power fieldh®@embedded grids.

DNS cases from Ref2f] that are retained in this study are defined in Tabld-or cases A,
B, C and D, the temperature of the two wallg, andT,,¢ are diferent, as shown in Figt, and
radiation is not accounted for. For cases A, B and C, the sparding cases with radiation are
named ARAD, B_.RAD and CRAD respectively and opaque wall emissivities are set to 0.8
Two different cases at one atmosphere, namd&rAD03 and DRADO08, are considered for case
D with wall emissivities of 0.3 and 0.8 respectively. The gadiative properties are modeled by
using the CK model35] for atmospheric pressure cases and its weak absorptignfincases
at 40 atm.

The domain is defined in Figl with : 6 = 0.1m, Lx = 2r6, Ly = 26, Lz = n6. A non-
reacting CQ-H,O-N, gas mixture is considered and the molar fractions ob, @0 and N
are setto 16, 0155 and 0729 to mimic combustion exhaust gases. Similarly to R}, the
dynamic viscosity: and thermal capacity, are computed as functions of temperature from the
CHEMKIN package 86, 37] for the chosen mixture composition. The thermal conditgtiv is
computed from the Prandtl number=P0.71.

In the following sections, dierent wall-model components are separately validated.

3.1. Validation of the turbulence wall model without radibat

An integration of Eg. 1), in which the wall friction stress and wall heat flux resuldf<DNS
are imposed as boundary conditions, leads to velocity angé¢eature profiles in the near wall
region. Since the proposed mixing-length model is onlydvadi the inner layer, only results
within the near wall region (0, 062 are presented. The correspondyrigvalues aty = 0.26 in
wall coordinate are given in TaB.for the diferent studied cases.

Velocity profile of case B that presents the most importadtteeperature and gas properties
variations is shown in Figs. The velocity profile is under-predicted by the wall modetéad
on standard mixing-length model, E®)( The semi-local model, Eg4), enables to correct this

10



L
z Tw,h (hot)
- Ly =26
A flow
X
A R REERERLLLLLLY KLLLL
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Figure 4: Computational domain of channel flow cas&s.Y and Z are the streamwise, wall-normal and spanwise
directions. Lx, Ly and Lz are the dimensions of the channel case in each directiaa.the channel half-width. The
lower wall (resp. upper wall) is at temperatufgc (resp. Twn; Twh = Twc). Periodic boundary conditions are applied
alongX andZ.

Re, Rep, Twe [K] Twh [K]  p[atm]

A 5850 23400 950 1150 40.0
B 950 2050 40.0
C | 11750 47000 950 1150 40.0
D | 5850 23400 950 1150 1.0

Table 1: Channel flow parameters: Bulk Reynolds numbey, Reynolds number based on the hydraulic diameter
Dy, = 46, wall temperatures and pressure. Cases without radiatid) & and D correspond to cases C1, C3, C4 and C2
in Ref. [25] respectively, and radiative cases®AD, B_.RAD, C_RAD, D_RAD03 and DRADO8 to cases C1R1, C3R1,
C4R1, C2R2 and C2R1 respectively.

| A A_RAD B B_RAD C C_.RAD D D_RADO3 D_RADO8

Cold Side| 77.3 78.2 115.7 133.6 143.8 144.6 77.3 77.3 77.3
Hot side | 61.1 66.7 45.9 52.1 111.4 113.4 61.0 61.3 61.4

Table 2: Wall normal distancg” in wall units corresponding to Qs2n both sides in each case.
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y-i-

Figure 5: Mean velocity profile in wall units,e. {u}/u., of case B (only the cold side) and ReRg] (circles: DNS
reference data; black line: Semi-local mixing-length mpgey line: Standard wall mixing-length model). For thésa
of clarity, curves of the dferent cases are translated.

effect. When temperature variations are negligible, both rscate identical and perform accu-
rately as shown in Figb for the DNS case from Ref3pB] characterized by constant temperature
and a larger Reynolds number.

Regarding the temperature profile, the two mixing-lengttdete and the three models of
turbulent Prandtl number defined in S8cl.1are investigated in Fid. Best results are obtained
using the semi-local mixing-length model and Eg).for the turbulent Prandtl number.

These modeling conditions are henceforth retained. \Mislacid temperature profiles for cases
A and C are shown in Figl. Very good agreement with DNS data is observed.

3.2. Validation of the turbulence wall model with prescdlvadiative power field

In this validation case, the reference radiative powerdddiom the radiation Monte Carlo
method coupled to DNS is also used in addition to the DNS wiglidén stress and wall heat flux
in Eq. Q).

Figure8 shows that the complete wall model (semi-local mixing-kbengodel, Eq. §) for Pr
and radiative power source term) accurately predicts timpéeature field for the two near wall
regions of the three casesRAD, B_RAD and CRAD. Note that the results of wall models that
do not account for radiative power source term stronglyatevfrom the DNS corresponding re-
sults, which indicates that in these three cases, radiationgly modifies the mean temperature
field within the inner layer.

3.3. Validation of the radiation wall model with prescribemperature field

In order to validate the radiative analytical wall model,. E2p) is solved using the mean
temperature profile obtained from DNS data in R&g][and N,, spectral anisotropic incoming
intensity values issued from the reference cases posegsory as explained in Appendix. The
influence of the number of angular sectddg and of the wall distancg, where anisotropic
intensities are calculated is investigated. Results apevshn Fig. 9. The radiative power is
accurately predicted witN,, = 2 at each value of,, between 05 and 026. N, = 2 is therefore
used in the following. Note that results associated Wth= 1 are practically acceptable.

12
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Figure 6: Mean temperature profile in wall unit®. {T} — Twl/T; with T, = |q§vd|/(<pw>cmur), on the cold side of
case B (circles: DNS data from ReRY]; black lines: Semi-local mixing-length model; gray lin€dtandard mixing-
length model; dashed-dotted line: Constant &ashed line: EqX5) for Pr; plain line: Eq. 6) for Pr).
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Figure 7: Mean velocity profile (a) and mean temperature ler@f) in wall units on the cold side of cases A and C
(circles: DNS data fromZ5]; plain line: Semi-local mixing-length model Eq. ) for Pr). For the sake of clarity,
curves of the dferent cases are translated.
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Figure 8: Mean temperature profile in wall units of caseRAD, B.RAD and CRAD on the cold side (blue color) and

hot side (red color) (circles: DNS data fror2q; dashed line: Wall model without radiative power sourceneplain
line: Wall model with radiative power source term).

4. Results of the turbulence and radiation wall models fullycoupled with LES and Monte
Carlo method

In this section, the turbulence and radiation wall modedsfally coupled to LES and Monte
Carlo models for the same cases A to D as in the previous sastthout prior knowledge from
the reference DNS cases. For all these cases, the LES gritstoaf 36x 36 x 36 points and
the first df-wall point locates ay* = 15, while all the other grid spacings are uniform. The wall
model, defined by Eqsl1(22), is resolved at each point on the wall on a local embeddet gri
(see Fig.l). Given first guesses of the wall shear stress and wall heattHiis set of equations
is iteratively solved while ensuring grid convergence.

4.1. Cases without radiation

When coupling LES and wall models, numerical and sub-gridi@herrors at the first few
points near the wall induce perturbations within the LES donfl4, 17], leading to the so-
called "logarithmic law mismatchl]. The term "logarithmic law mismatch” specifically refers
to cases where a logarithmic law is found for the velocityfifgo A similar mismatch between
the wall modeled LES and the reference results can also leevaatsfor the temperature profile of
the diferent cases studied here, where the temperature law isgaottlimic as soon as radiation
is accounted for.

In order to reduce this error, Kawai et 4l have proposed to place the feed back point of
the wall model, placed at the wall distangg further away from the wall than the firstfewall
LES grid point. Following this approach,ftkrenty,, positions are comparede. ¥, located at
the first point, second and thirdfewall points, denoted case Y1, Y2 and Y3 respectively. The
corresponding embedded grids, which are stretched alewyahl normal direction, contain 30,
60 and 100 points.

Figure10shows that, for case A, the case Y3 presents the best agrefambothu* andT™
profiles as expected. This trend is retrieved for wall fdntstress,, and conductive heat flux

14



|
0 005 01 015 0.2
y/o

(c)

Figure 9: Radiative power in W.T on the cold side of case B witfy, = 0.055 (@), yw = 0.15 (b) andyy = 0.25 (c)
(circles: DNS data from Ref2p]; dashed-dotted line,, = 1; dashed lineN, = 2; plain line:N, = 3).
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Figure 10: Mean velocity (a) and mean temperature (b) priofiteall units on the cold side of case A (circles: DNS data
from [25]; dashed-dotted line: Y1; dashed line: Y2; plain line: Y3).

o values shown in Tab3. The feed back point position does ndiiegt the root mean square
(rms) profiles ofu, v, wandT (see Fig.11). Henceforward, the thirdfBwall point is retained as
a feed back point.

Results for cases B and C are presented in E2and Tab.3 demonstrating the relevance of
this choice.

4.2. Cases involving radiation at high pressure

The finally proposed wall model based on semi-local mixiewgth model, Eq §) for Pr, the
radiation analytical model described in SB2.2and using the thirdf§-wall point for coupling
(case Y3) will be denoted as "new” wall model. In order to destoate the accuracy of this
model, it is compared to a "standard” wall model based ondstechmixing-length model and
constant turbulent Prandtl number, that does not accountfhation éfects within the inner
layer. Note that this "standard” model is also coupled atttiivel off-wall point and that radiation
is treated with the Monte-Carlo method in the outer layersuis without any wall model are
also presented.

DNS results for profiles afi* andT* in cases ARAD, B_RAD and CRAD are compared in
Fig. 13to those predicted by wall-modeled LES with the "standartti énew” approaches. The
velocity field is similarly reproduced by both models wher#ize "new” model shows a signif-
icant improvement of the predicted temperature profile.udalofr,, andg¢® for the diferent
cases are given in Tal.where the same conclusion is retrieved. The wall radiative g,
without its passive wall-wall component that accounts &dtiative energy exchanged between
walls while considering the transmissivity of the fluid regj is also given for the case RAD
only, showing a fair agreement between the value predictgtidproposed wall model and the
one from DNS results.

4.3. Case involving radiation at 1 atm
Cases A to C correspond to optically thick media at 40 atm, hiictvthe défects of radiation

are important. Case D, considered in this paragraph andedkeifinTab. 1, deals with media at
16
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Table 3: Comparison of mean wall shear stregsand wall conductive heat fluggd for cases A, B and C between
wall-modeled LES (Y1, Y2, Y3) and DNS results from Ref5]. For case A, Y1, Y2 and Y3 correspond to wall-normal

| side | DNS Y1 Y2 Y3
| cold || 163E3 150E-3 1.54E-3 1.60E-3

A " I"hot || 1.62E-3 155E-3 1.57E-3 1.61E-3
. | cold 875 813 837 873
W ot [ 875 813 834 870
[ cold ] 3.69E-3 - - 3.73E-3

B " [ hot || 3.57E-3 - - 3.89E-3
| cold || 6510 - - 6804
o

hot 6510 - - 6766
cold || 5.7E-3 - - 5.4E-3
.

c " [ hot || 5.5E-3 — - 5.4E-3
| cold || 1550 - - 1502
o

hot 1550 - - 1498

distances of 0.0f 0.09% and 0.156 respectively.
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Figure 12: Mean velocity (a) and mean temperature (b) profileall units on the cold side of cases B and C (cir-
cles: DNS data fromZ5]; plain line: Y3). For the sake of clarity, curves of thefdrent cases are translated.
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Figure 13: Mean velocity (a) and mean temperature (b) prosfileall units on the cold side of casesRAD, B_.RAD
and CRAD (circles: DNS data fromZ5)]; dashed-dotted line: No wall model; dashed line: Standeati model; plain
line: New wall model). For the sake of clarity, curves of thfetent cases are translated.

atmospheric pressure. LES of the two caseRAD03 and DRADO08, with wall emissivities set
to 0.3 and 0.8 respectively, with the "new” and "standardllwzodels are compared with DNS
data from Ref. 25].

Figurel4 (a) compares tha* profiles that are only shown on the cold side (similar on the ho
side) and demonstrates that both models predict the cogsal as in the high pressure cases.
The same behavior is observed for the wall shear stress itTab

Regarding thel * profiles (Figs.14.b and14.c) and wall conductive fluxes given in Ta#,
the "new” model leads to the best agreement with DNS-MontdoQ&sults compared to the
"standard” model. However, since the radiatidfieets are weaker at 1 atm than at 40 atm,
the diterence between the results of the two wall-modeled LES asdlanthan those at high
pressure, especially on the cold side.

5. Conclusion

A wall model for LES has been proposed to take into accountfiieets of radiation within
the turbulent boundary inner layer. The model follows a texer approach with an embedded
grid for each point at the wall. It is composed of 1D equilitoni thin boundary layer equations
that are solved on each embedded grid along with mixingtteagd turbulent Prandtl models
and an analytical expression of the radiative source tetttmimihe inner layer.

First results have shown that: i) A semi-local scaling of thiging-length is necessary to
account for the variations of gas properties, such as masstgdand dynamic viscosity, within
the inner layer; ii) A non-constant turbulent Prandtl numihere Eq. §), gives better results;
i) In the studied cases, the mean incoming intensity atahtr boundary of the wall model
has required the discretization of the corresponding soiigle into at least two angular sectors
to accurately account for anisotropy; iv) The point whetf@imation is transmitted from LES
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to the wall model has been moved away from the wall while remngiin the validity range of
the wall-model. Here, the third grid pointfahe wall has been used in order to decrease the
mismatch in the obtained wall laws due to numerical and sidbegrors in the wall vicinity.

The LES is coupled to a reciprocal Monte-Carlo method in sualay that it could be done in
any configuration to tackle radiation and turbulent flowsrd;léhe combination of the proposed
wall model and LEBVionte-Carlo method is compared to D&nte-Carlo results on turbulent
channel flows. Coupled results are compared to those olitaiitie a standard wall model which
does not account for radiatioffects within the inner layer. Note that this standard mod#éh wi
LES and Monte-Carlo simulations is already quite advanceatturately predict wall heat trans-
fer in the presence of radiation. Nonetheless, coupledtsefar high pressure cases show that
the new wall-model greatly improves the accuracy of the ipted results compared to a stan-
dard wall model. The same trend is retrieved in atmosphases even though the magnitude of
difference is smaller than the one at high pressure.

Finally, it has been shown that accounting for radiatifie@s within the modeled boundary
inner layer is necessary in several conditions, espedialhigh pressure applications, as soon
as the radiative energy transfer is strong enough to mobdéytémperature wall law. Deeper
investigation is nonetheless still necessary to fully ebterize when suchiects can be expected
and therefore when the proposed wall model should be applied
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Appendix : Determination of the incoming intensity field for the wall model

ﬂ A O T, (yws [, j+al)
1)
Tw T0Ow) ’4)/1 0

= >
/
€y 0 € = 1 , 1 yW y
1
7/
physical wall virtual wall

Figure 15: Scheme showing how the mean incoming intetsityy, [uj, pj+1]), boundary condition of the wall model,
is computed from the reciprocal Monte-Carlo method by usingrtual wall. x; anduj,1 correspond to the cosine of
anglestj andéj, respectively.

As described in Se@.2.2 the proposed wall model requires mean anisotropic spéatam-

ing intensities, (Yu, [uj, 1j+1]) at a grid pointy,, averaged over the solid angles corresponding
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to the rangesj, uj.1] as a boundary condition. The emission-based reciprocimtel Carlo
method defined in Ref.2f] is used in this paper. Consequently, the mean spectraidities
can easily be deduced from reciprocal emission phenomsunaddrom all the other cells of the
system.

The precise used procedure described in Figs the following: i) The grid point at wall dis-
tancey,, is assumed to be a virtual opaque wall of temperafiyg) and of arbitrary wall emis-
sivity e = 1; ii) For each ranged;, 1j+1], a large number of shots are emitted in the Monte Carlo
method from this virtual wall in a randomly determined diten with the cosine of polar angle
within the range;, uj+1], and in any elementary spectral rantye; iii) The reciprocity method
allows @4, (Yw, [1j. #j+1]), the contribution to the radiative flux at the virtual waisociated with
both [uj, uj;1] andAv, to be determined; vi) The absorbed flux at the Wil (yw, [1;, uj+1]), and

consequently the mean spectral absorbed inteﬁgﬂw,, [, pj+1]), associated withyj, 1]
andAv are then calculated as

CDZV(YW, [:uj’:uJJrl]) = (DAV(yW’ [:uj’:uJJrl]) + q)iy(yW7 [/,lj,/,l“]_]), (23)

—a O, (Yws [1js pjs1])  PavCWws [, i)
I i, pis]) = ——— = v + 1 (Yw); 24
v ws [ ) 271"[24“1;1 A ZWLI:M# du A (Yw) (24)

v) The mean spectral incoming intensity (yw, [1j, #j+1]) required by the wall model is then
equal tol_i()/w, [1j. 1j+1]), as the virtual wall absorptivity has been set to unity.
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side || DNS new model standard model no model

. cold 1.67E-3 1.64E-3 1.68E-3 1.0E-3
" “hot || 1.59E:3| 1.63E3 16163 1.09E-3
ARAD  ea 00 || 1230 1270 918 443
- hot || 960 1030 631 363
~  cod || 6970 6630 - =
W ot [ 7240 7060 Z -
 cod | 5063 48E3 4.82E-3 3.1E-3
6 RAD - hot || 46E-3 | 46E3 437E-3 3.1E-3
- . cold | 16260 | 16041 10985 6583
W ot I 8720 8911 3738 3303
 cod | 573 | 56E3 5.71E-3 3.24E-3
w
CRAD hot || 5563 | 54E3 537E-3 351E-3
 cold || 1650 1666 1288 660
W ot [ 1290 1358 925 569
 cod [ 66E3 | 633 6.5E-3 20E3
w
o RADGS hot || 65E-3 | 6.3E-3 6.4E-3 14E3
4 cold || 1220 1180 1105 677
W ot [ 1100 1055 955 622
 cod | 6663 | 64E3 6.6E-3 21E3
w
o RADOE hot || 65E-3 | 6.6E-3 6.3E-3 1563
5 _cold | 1070 1040 1018 773
W ot [ 930 926 821 750

Table 4: Comparison of mean wall shear stragswall conductive heat fluxg? and wall radiative fligR™ between
wall-modeled LES (new, standard and no wall model) and DN8Ite from Ref. 25] (the wall-wall radiative flux is not
included ingR").
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