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ABSTRACT

The present work investigates gray and non-gray gas turbulence-radiation interactions (TRI) in a turbu-
lent channel flow bounded by two isothermal hot and cold walls. Cases of various optical thicknesses
are examined using Direct Numerical Simulations (DNS), coupled with a computationally efficient Monte
Carlo radiative transfer solver. Several novel concepts are presented which not only allow to uniquely
characterize but also to accurately model TRI for a wide range optical properties in non-reacting flows.
First, we propose linear relations between fluctuations in radiative quantities (emission, incident radia-
tion and absorption coefficient) and temperature fluctuations, where the coefficients of proportionality
are solely functions of averaged quantities (e.g. emission fluctuations E’ can be related with temperature
0 in the following way, E’ = fz(6)6’). The validity of these linear relations is supported by an excellent
agreement with DNS for all considered gray gas cases. Using these linear relations it is possible to show
that gray gas TRI can be fully characterized without accounting for fluctuations in absorption coefficient.
Second, TRI for non-gray gases is investigated and the developed concepts are extended to account for
the spectrally varying absorption coefficient. In particular, the derived linear relations are used to show
that the influence of a wavelength dependent x manifests itself in an increase of the “effective” optical
thickness of the flow. A new turbulence based spectral averaging is proposed that results in a mean «,
which uniquely characterizes TRI of non-gray participating media. Finally, we apply our models to es-
timate classical TRI (impact of fluctuations in radiative quantities on the mean radiative source) and a
perfect agreement with DNS is observed. We anticipate that the proposed formulations also have the po-
tential to allow for a better characterization in TRI, where strong temperature fluctuations are present,
such as in combustion applications. Yet, this needs to be explored in future studies.

© 2019 Published by Elsevier Ltd.

1. Introduction

bulence radiation interactions (TRI) are of importance. Namely, the
influence of the turbulent temperature field in the modification

When dealing with high temperature applications, radiation is
the most significant mode of heat transfer. Therefore, it is impor-
tant to understand the coupling of three heat transfer modes in
high temperature radiative flows. Several numerical studies and ex-
perimental investigations have observed the appearance of inter-
actions between the turbulent temperature field (i.e., the fluctua-
tions of temperature and internal energy) and radiation in turbu-
lent flows of participating media, which cause strong heat trans-
fer modifications [1]. These interactions lead to the appearance of
a fluctuating radiative field, which in turn acts as source/sink for
quantities such as temperature variance and turbulent heat trans-
fer. As a consequence, two distinct but interrelated aspects of tur-
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of radiative quantities, and the effect of radiative heat transfer on
temperature statistics.

1.1. Previous works

Most of the studies deal with the first aspect, particularly in
reactive flows, where, due to the high levels of temperature fluctu-

ations, T4 7574. This causes a disagreement between the radiative
quantities calculated with the mean and the instantaneous temper-
ature which can be as high as 30% as demonstrated in the work of
Coelho et al. [2]. In their 2009 study, Gupta et al. [3] examined
the impact of TRI in a gray turbulent planar channel flow through
the aid of large eddy simulation (LES). They investigated both re-
active and non reactive flows. In the latter case they noticed that,
while mean profiles are significantly affected by radiative heat
transfer, TRI impact proved to be minimal and safely negligible. It
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is important to remind that, in their paper, they define TRI only
as the influence of turbulence on the averaged radiative transfer
equation (RTE), i.e. the magnitude of ﬁ/T4 and kpT4/(Kp -T4). The
impact of radiative fluctuations on mean and rms temperature pro-
files was not assessed. On the other hand, the same ratios grow
drastically for a reactive flow reaching values of 3 to 6 near the
flame front [3]. Deshmukh et al. [4] assessed the influence of TRI
in statistically one-dimensional premixed flame using a fictitious
composition dependent gray gas mimicking hydrogen-air combus-
tion products. They estimated the impact of both emission and ab-
sorption TRI by calculating absorption coefficient-blackbody inten-
sity correlation factor and absorption coefficient-incident radiation
correlation factor for two different optical thickness values (1 and
10). While the first one was always relevant, they showed that the
second correlation factor increases to a significant value only at a
larger optical thickness. Moreover, Tesse et al. [5] modeled radia-
tive transfer in a sooty turbulent ethylene-air diffusion jet flame.
Their results confirm the findings of Ref. [2] by identifying an ad-
ditional radiative heat loss of around 30% due to the TRI mecha-
nism. Again, by TRI only the effect of turbulence on the RTE was
intended. They also pinpointed the major role of soot in the heat
release due to radiation. Finally, Roger et al. [6] evaluated the mag-
nitude of sub-grid scale TRI (on a LES grid) in a turbulent non reac-
tive plane jet. They noticed that sub-grid scales are not significant
near the jet edges, where radiative heat transfer peaks. Therefore,
they state that for this configuration TRI sub-grid scales can be ne-
glected.

More recently, the influence of radiative heat transfer on the
turbulent temperature field has been investigated with the aid of
DNS and LES in different conditions. Sakurai et al. [7] examined the
role of radiation in the modification of convective heat transfer in
a horizontally buoyant gray turbulent channel flow. They noticed
that, since radiative heat transfer acts as a sink of temperature
fluctuations, organized large scale vortices characteristic of mixed
convection are disrupted, making the system more similar to a
forced convection case. The optical depths investigated were lim-
ited to T = 0.1 due to the optically thin approximation employed.
Nevertheless, they noticed a reduction of turbulent heat transfer
with the increase of 7. On the other hand, they explained these
results with the modification of mean temperature gradient (due
to the action of an averaged radiative source) rather than through
the direct dissipative action of radiative emission. The same reduc-
tion in temperature variance and turbulent heat flux was observed
by Vicquelin et al. [8] in their study from 2014. They coupled a
variable density DNS to an accurate spectral Monte Carlo radiative
solver to study the effect of radiation on turbulence with varying
temperature and Reynolds number. After investigating radiative ef-
fects on the mean temperature profile [9], they analyzed the mod-
ification of turbulent heat flux and enthalpy budgets and proposed
a radiative scaling to collapse turbulent quantities to universal pro-
files accounting for radiative heat transfer. Moreover, Ghosh et al.
[10] extended the study of TRI to gray supersonic flows. They em-
ployed LES coupled to a discrete ordinate method (DOM) to in-
vestigate mean quantities and energy budgets for turbulent chan-
nel and pipe flows. Once again, their results report a growth of
TRI impact with an optical thickness increase, although the range
of investigated t remained in the optically thin region. Further-
more, the same group published a study in 2015 [11] on the effect
of radiative heat transfer in both inert and reacting mixing lay-
ers. Again, a combination of gray gas DOM and LES was used to
solve the governing equations. They focussed on the modification
of thermodynamic variables fluctuations in the presence of a radia-
tive field. In particular, they report a decrease in temperature and
density fluctuations by the action of radiative transfer for a react-
ing mixing layer, while the same quantities exhibit an increase in

an inert mixing layer. While in the first case the direct action of ra-
diation on the temperature variance transport equation is deemed
to be the cause, in the second case the increased fluctuations are
explained by the increase in the production term (in the same
transport equation) due to indirect radiation effects. Finally, in our
recent DNS study [12] we analyzed the effects of radiative heat
transfer on temperature structures in a fully developed turbulent
channel flow. We used the gray gas approximation and a constant
k to show the influence of optical thickness (t) in the modifica-
tion of the turbulent temperature field. The results showed that,
not only the magnitude of TRI changes drastically upon increasing
7, but also the behaviour of the TRI changes due to the shortening
of radiative length scales. If 7 is sufficiently low, Radiative power
fluctuations (Q/), which tend to reduce temperature variance, are
completely described by emission fluctuations. On the other hand,
for a large enough 7, also incident radiation fluctuations play a role
by inducing a recovery in the fluctuations of the turbulent temper-
ature field. In particular, this recovery is affected by the dimension
of the temperature scales, since larger structures are more efficient
in retaining the emitted radiation. In addition, the anisotropy of
temperature scales delays the recovery due to the larger surface to
volume ratio when compared to the isotropic nature of radiative
emission.

1.2. Scope of this research

TRI is highly non-linear and hard to predict due to the counter
intuitive dependency on the absorption coefficient. Consequently,
TRI has not been fully characterized, particularly for complex prob-
lems involving non-gray radiative heat transfer. Traditionally, mod-
eling efforts directed towards TRI have accounted for the full ra-
diative source. Based on the results of our previous work [12], we
highlight the necessity of separately accounting for emission and
absorption. The scope of this paper is, therefore, to provide a uni-
versal understanding of TRI, especially in the framework of the
development of radiative field fluctuations. To achieve this objec-
tive, linear relations for the radiative fluctuations are formulated
by analytical derivation. These relations provide a key to success-
fully understand and model TRI in non-reactive turbulent flows for
the considered optical thickness range. Furthermore, the effect of
a variable absorption coefficient, decomposed in a mean and fluc-
tuating part, is investigated to demonstrate that TRI is fully ac-
counted for by considering the variations of the mean absorption
coefficient only. Finally, the impact of a spectrally varying absorp-
tion coefficient is examined thoroughly.

2. Governing equations

The governing equations for a variable density absorbing-
emitting turbulent flow are displayed below. We employed a
low-Mach number approximation of the Navier-Stokes equations,
which neglects the presence of an acoustic field. The asterisk *
stands for dimensional variables, while variables without asterisk
represent non-dimensional quantities. The Navier-Stokes equations
are given by

dp  dpu;
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where

1 8u,~ au] 2 Buk To
T”_Re<3xj+8x, 3 9% 5”>’ ndp=51g )
Note that thermal conductivity, k*, specific heat capacity, cj, and
viscosity, u*, are considered constant and have been incorporated
in the definitions of Re and Pr. Scattering has been neglected. The
spectral intensity I, satisfies the radiative transfer equation (RTE),
given as

ol
SjaT:; =, (Ipy, — ). (5)

The radiative power source is calculated as

Q = /030 K, <4be - %An I,\d9>d)\. (6)

The non-dimensional variables are defined as

X* U[; u* p*
x=§a t=t*§y uzUTj’ p

B B T* — TC*
pgugz ’ Th* _ TC* ’

L = L

cr*Tg‘4 U*TC*4
where x, t, u, p, 0, p, I, I, and k, are non-dimensional space
coordinates, time, pressure, temperature, density, blackbody inten-
sity, intensity and absorption coefficient, respectively. The non-

dimensional parameters Reynolds, Prandtl, Planck number and T,
which are kept constant among all cases, are defined as

Iy, = Ky = 8%k},

U*(S* * % *
Re= 0P 3750 pro % _q p= KAT o3
* ke o*T 8%
T
=A% =15 (7)

where U}, 8*p¢, o*, T, TF and AT* are bulk velocity, half chan-
nel height, cold wall density, Stefan-Boltzmann constant, cold and
hot wall temperature and their difference, respectively. The radia-
tive power, equation (6), can be rewritten to highlight the radiative
quantities of interest as

Q =kp(E-0), (8)

where «p, E and G are Plank-mean absorption coefficient, emission
and reference incident radiation (from now on referred to just as
incident radiation), defined as

‘l [o¢]
Kp= K dp 3 dA, 9
PE T Ib,,\d)»/o b 9)
4
E= 4(0 +1> (10)
Y e [ Ldoda (11)
_Kpﬂ 0 * 4 - ’

For gray gas cases, k*(0) = C,P(T*~') where P is a fifth order
polynomial which approximates the Planck-mean absorption coef-
ficient of water vapour in the range of 300-2500 K [13]. The co-
efficients ¢y — ¢5 are multiplied by a pre-factor C, to achieve the
desired optical thickness as done in Refs. [3,7].

K:é*(co+c—1+—+—+—+—) (12)

In case of a gray gas approximation, G coincides with the exact
definition of incident radiation. While gray gas cases will be un-
ambiguously compared using optical thickness based on mean ab-
sorption coefficient

1 02_
:i/o xdy, (13)
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Fig. 1. Schematic representing the TRI pathways and the connections between the
quantities involved.

non-gray cases will be compared using both Planck-mean optical
thickness ()

2f Kpdy, (14)
and global transmissivity (t), defined as

——— | Iy (Tly=1)exp(—k (Tly=1) (15)

Ib(T|y 1) / = ( = )

3. Overview of turbulence-radiation interactions

Fig. 1 shows a schematic which describes all the interaction
pathways between the mean and the fluctuating temperature field,
and the radiative quantities. The two dashed lines show path-
ways that, in non-reactive flows, are negligible with respect to the
other coupling phenomena. The first pathway (8’ — &, E, G) indi-
cates the impact of a fluctuating temperature field 6’ on the mean
radiative quantities ¥, E and G. In non-reactive flows, this path is
negligible since T*//T* « 1 (weak temperature fluctuations) as re-
ported in several previous works [3,6,8,10]. The second pathway
(k’,E',G' — 0) represents the direct impact of radiative fluctua-
tions on the mean temperature. This path is much smaller than its
counterpart (the effect of average radiative quantities on the av-
erage temperature, ¥, E, G — ), but despite small, it is the most
investigated in previous research on TRI. We will shortly address
this path at the end of this paper (Section 9) and show that the
framework developed here can also be used to model these classi-
cal TRI relations.

The largest effect of radiative fluctuations on 6 is due to
the modification of #’ and the consequent change in turbulent
heat transfer (8 — k’,E’,G' <> 8’ — 0). In non-reactive flows, this
mechanism is the dominant TRI effect and is thus the focus of this
work. In order to quantify and model this TRI mechanism, it is nec-
essary to provide approximations for the fluctuations of radiative
quantities depicted in the bottom right block of Fig. 1. For this rea-
son, the next sections will focus on investigating and modeling the
paths highlighted in blue in Fig. 1.

4. Approximating radiative field fluctuations

TRI manifests in the appearance of a fluctuating radiative field.
As such, in this section, we will derive mathematical relations to
express the fluctuations of radiative quantities. We will test these
relations in the following sections using DNS data to prove the va-
lidity of the assumptions employed. Referring to Eq. (8) and the
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bottom left box in Fig. 1, the quantities that require estimation are

E « G. (16)
The above « is the same absorption coefficient found in both
Egs. (5) and (8) for a gray gas case, while it coincides with the

Planck-mean absorption coefficient, Eq. (9), for non-gray gasses.
The proposed linear relations take the following form

E'~ fi0 k'~ f0 G =~ fb, 17)

where the coefficients of proportionality f,, fr and f; only depend
on mean quantities and are independent of 6’.

4.1. Approximating E/

Given Eq. (10), emission fluctuations are defined as

4 4
_ 0 0
g — = —_ — —_—
E—E-E 4<To +1) 4(TO +1> . (18)

By substituting the definition of the Reynolds decomposition of
6 =60’ + 6 and rearranging the terms with the same order of 6’,
it is possible to obtain

—3 —2 —
166 4860 480 16
E = =+ 0
(T; Tt +To>

—2 p—
240" 480 24\ o -3
+< 7 +T03+T02>(9 -6)

160 16\ .3 73
+<T5‘+T03)(9 0)

4 4 T
+<T04)(9/ —0r). (19)
Considering only the first order terms, 6’, the first coefficient of
proportionality fg is defined as
169" 489" 489 16
T3 To3 T2 T’

fe= (20)

4.2. Approximating «'

In order to derive f,, we will use the dimensional tempera-
ture T*, with its mean T* = T} + O AT* and its fluctuation as T*' =
6’ AT*. The asterisk will be dropped hereafter for the sake of sim-
plicity. While for the gray gas cases, « is exactly a 5th order poly-
nomial of T*~!, for the non-gray gas cases the coefficients ¢y — cs
are found by fitting « using a 5th order polynomial, such that for
all cases

_ % Cq Cy C3 Cy Cs

K:(S(C°+<T>+(T2>+(T3>+(T4>+(T5>)' 1)
By assuming low temperature fluctuations, T’/T « 1 (invalid for
reactive flows), and by performing a Taylor expansion (neglect-

ing higher order terms), it is possible to show that 1/T* ~ 1/Ta.
Therefore, Eq. (21) can be approximated as

— C1 C C3 Cyq [
K ~ §* c0+++++). (22)
( T 7 7 T T

Using the Reynolds decomposition for k’ = k — ¥k, it is possible to
approximate «’ using (22). Starting with the terms containing T~1,

. . = =2
one obtains, by assuming that T'T < T,

1 1 T-T T AT

Accordingly, the terms with T=2 can be expressed as

1 T2 _2TT — T
C2 ﬁ I~ .

= S (24
Tz) © < (T2 +2TT + sz)(TZ +T72) )

Again, neglecting smaller terms in both the denominator (~ T4)
and the numerator (2TT' > T’ — T’z) yields

1 1 2AT
al=-=|~-c—10. (25)
(TZ TZ) T

In the same fashion, it is possible to demonstrate that

1 1)\ 3AT9,
&} ™= ~—G— U,

T T
1 1 4AT
Cal\ 77— — | ® —C4— 9/,
<T4 T“) I
1 1 5AT
CG5l =z — = | ® —C5— 6. (26)
<T5 TS) T

Combining the above expressions, the second function is given by

. AT  2AT  3AT  4AT 5AT
fe==-\a=+ta=+ta—F +tau—+c— ). (27)
T T T T T

4.3. Approximating G’

Owing to the non-local nature of incident radiation G, it is
convenient to express its relation with the temperature field in
the wavenumber domain (i.e., Fourier transformed), rather than in
the spatial domain. A similar approach has been used by Soufiani
[14] and in our previous work [12], in case of a uniform «, to visu-
alize the influence of radiative heat transfer on the turbulent tem-
perature spectrum. For the sake of simplicity, it is useful to first as-
sume isotropic turbulence and then to generalize the relations for
anisotropic cases. The derivation will be performed for a gray gas,
and the extension for non-gray gases will follow in Section 8.2. In
the case of homogeneous isotropic turbulence with a gray gas, the
Fourier transform of incident radiation fluctuations simply yields

~ 1 -

G(w)=— I'(w)d<, (28)
T Jam

where the hat indicates a three dimensional, spatial Fourier trans-

form of an underlying quantity, and @ is the wavenumber vector.

The RTE for the fluctuating component of the intensity (I' =1—1)

in the spatial domain reads

ar

Sjo = Kl + KTy + &'l — &l —'T— &'l + (T, —k'T),  (29)
J

which after applying the Fourier transform gives
i(sj0)l =&y + kT, — & — k1. (30)

Second order terms, «'I; and «'I', can be neglected in non-reactive

turbulent flows, as demonstrated in Refs. [3,6,8,10]. The Fourier

transform of the intensity fluctuation I’ can then be expressed ex-

plicitly as

ﬁ_fﬁbﬁ—l?jb—lgi (31)
T K+ i(sja)j)

By substituting this relation back into (28), the Fourier transformed
incident radiation fluctuations can be written as
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Fig. 2. Illustration of radiative effects on anisotropic structures in media with different « values. Ly, L, and Lg are the length scales in the streamwise direction, in the
spanwise direction and for radiative transfer, respectively. The dashed circle represents the model isotropic structure described by wi*° (independent of «). The red circle

shows the correction to properly reflect the anisotropic structure.
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G (%)

i ae (32)
T 47-[E+l.(5j0)j) ’

g3

In order to solve the integrals, it is convenient to split them into
a real and an imaginary part. The integrand in both G; and G, can
then be written as

1 B K
TLi(sw:) =2 2
K+isj0) &+ (sjw;)

i i) (33)

Fz + (sja)j)z .

Using a variable transformation u = (sjwj)/w, as introduced by
Soufiani in [14], allows to integrate both terms to

/ %dQ = 4—ﬂatan(g) (34)
4n K° 4+ (sjw;) w K

AT{ Ez + (Sja)j)z ’ ( )

where @ = ||@||. Note, the integral of the imaginary part is zero,
such that the final expressions for G; and G, are

I3
G =4E1—batan<g), (36)
w K
e w
=4[, —at — ). 37
6o = 1, aan ) &)

The term G3 requires a different treatment due to the presence of
the non-isotropic quantity I. As a crude approximation, let us as-
sume an isotropic I field, i.e. I being independent of Q. The impli-
cations of this approximation will be discussed later. In this case,
the integration gives an equivalent result as for G; and G, above,
namely

K w

Gz ~ 4I—atan<:). (38)
w K

Since I has ‘been assumed is isotropic, the mean incident radiation

reduces to G = 41, such that

—K! w
~ G—atan( = ). 39
G ~ G atan(2) (39)
Finally, the sum of the three individual terms gives the approx-

imation of the incident radiation fluctuations in a Fourier trans-
formed domain

L P i e
G~ E—atan(g) +E£atan(g) - GK—atan(g>, (40)
© K ® K a) K

where 41, has been replaced by E in the first and second term.
Eq. (40) relates the Fourier transform of G’ to E’ and «’. In par-
ticular, these are scaled by a real function of the wavenumber
(1/w - atan(w/x)). The lack of an imaginary part in the scaling
function implies that G’ has no direct phase shift when compared
to E’ and «’. The rotational phase shift produced by the presence
of an imaginary part can only be caused by the long-range action
of I in G3, which propagates local absorption coefficient fluctua-
tions from other directions. However, by employing the isotropic
assumption, the mean intensity (I), which couples the local «’ to
G', is considered equal coming from all directions.

To obtain a closed expression for G’ as a function of ¢’, it is nec-
essary to replace w with one characteristic value, namely w.. After
collecting terms with «’ and replacing w with w¢, Eq. (40) can be
written as
G~ Latan(g) E+ E- Gatan(&) il (41)

(o} K oy K

not f(w) not f(w)

This entails that the shape of the G spectrum is entirely defined by
the E and « spectra. If this is done, an inverse Fourier transform of
Eq. (41) yields

_ F_
G~ Latan(%) -E'+

Gatan(g) Kk (42)
Wc Wc K

Substituting E’ = fg0’ and «’ = f,0’ yields
, I3 W E-G (coc> ,
G (wcatan( = ) fe+ o atan = fe]-0, (43)

and finally, the expression for the third and last coefficient of pro-
portionality f; can be stated as follows

fo= (fEK+fK(E_G)>atan(cllic). (44)

@c

4.4. Determining w. for anisotropic turbulence

To obtain a formal expression for Eq. (42), the parameter
w¢, Which represent the length scale of the average energy-
containing temperature structure, requires a closure. In homoge-
neous isotropic turbulence it can be defined as the expected value
of ® based on the normalized turbulent temperature power den-
sity spectrum.

* 08y (@) d
0 02
where Sy is the spectrum of temperature fluctuations. Note, tem-

perature has been chosen since ¥ and E are fully defined by 6.
The integrand in Eq. (45) represents the normalized distribution

we = |, (45)
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Fig. 3. Visualization of the “collapsing” procedure that retrieves a characteristic w. to describe the radiative field. On the left: temperature fields at y/é = 1.1 (top) and

y/8 = 1.97 (bottom). On the right: corresponding single mode fields denoted by w..

of temperature fluctuations over all scales, and as such, it is an ap-
propriate choice to define the length scale of the energy containing
eddies.

In a channel flow, however, temperature structures are
anisotropic due to the presence of walls. In mathematical terms,
this means that the inhomogeneous wall-normal direction does
not allow the application of the Fourier transform in Eq. (29) in
all spatial directions. As such, d,I’ would remain in Eq. (30), pre-
venting the derivation of an analytic solution. To overcome this, we
will only account for the anisotropic temperature structures in the
turbulent flow and assume that the fluctuations of the incident ra-
diation emerge from an unbounded domain without the presence
of walls.

If we follow the same approach as in homogeneous isotropic
turbulence, the dimension of the scales can be inferred from the
one-dimensional temperature spectrum in span-wise and stream-
wise directions. The resulting »i*° is then obtained as

. ) . 5,705
o — Jo a)xé‘ﬁa)x)da)x N Jo (l)zSg_((l)z)d(l)z . (46)
0 6

As described in Ref. [12], anisotropic temperature structures are as-
sociated with an absorption penalty due to a “non-spherical sur-

face to volume ratio” when compared to the isotropic nature of ra-
diative emission. Fig. 2 shows an example of an anisotropic struc-
ture immersed in flows of different absorption coefficients (in-
creasing from left to right). Lz represents the mean-path length of
radiative heat transfer which is inversely proportional to «. If k is
much smaller than the structure’s wavenumbers (Fig. 2, left), radi-
ation escapes almost equally from all directions. It is clear that an
isotropic structure with wavenumber @i results in an equivalent
behaviour, since the shape of the structure does not influence the
absorption process. On the other hand, if =1 is comparable to the
length scales of the temperature structure (center), radiation is al-
lowed to escape in one direction while being absorbed in another.
However, the isotropic structure described by wi*° (dashed circle
in Fig. 2), results in complete absorption in all directions. In this
case, a more suitable approximation would be a smaller isotropic
structure which allows for escaping radiation, as shown by the red
circles in Fig. 2. Therefore, it is necessary to increase wi° to ac-
count for this effect. It is crucial to notice that the correction of
[s° must be larger as « grows, as demonstrated in Fig. 2 by com-
paring the central and right image. As a first approximation, it is
possible to correct for the structure’s anisotropy by including the
radiative length scale L; in the definition of w.. By doing so, the
increase of the absorption penalty with increasing « is naturally

L, = 47é*

A

Y

Isothermal wall at T} = 573 K

26*

=

ﬁ/

L
<

Isothermal wall at T = 955 K

Fig. 4. Schematic displaying the computational domain. The profiles shown are the Favre averaged streamwise velocity (i) and Reynolds averaged Planck-mean absorption

coefficient (k) for case H.
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included. Incorporating Lg in w, results in

we VI 2+ L2+ g2 (47)

However, it yet has to be decided how much absorption to account

for when defining the radiative length scale. From Beer’s law, Lg

can be expressed as
_In(X)

Lg ,
K

where X is the remaining radiative intensity after a certain dis-
tance Lg (in percentage). Mathematically speaking, complete ab-
sorption occurs at Ly — oo, which would result in w. = @i°. If 90%
of absorbed radiation is accounted for, the corrected characteristic
wavenumber can be expressed as

o | (15 2So@0dx \* [ f57 @28y (@)deor )
‘ 67 67

— 2
K
+<mam>

An example of approximating all wavenumbers by one char-
acteristic isotropic mode is visualized for the flow in a turbulent
channel in Fig. 3. The contours on the left show the temperature
field at two wall parallel planes, namely at a plane close to a chan-
nel center (top) and a plane close to a wall (bottom). k', is roughly
8 and 12 for the top and bottom contour, respectively. The con-
tours on the right show the corresponding isotropic fields “seen”
by G'. These are characterized by a single mode described by w.
as calculated by Eq. (49) (the amplitude of the field is completely
irrelevant since w, provides only a scaling parameter). Consistent
with the theory developed in Ref. [12] and the above reasoning,
the dominant mode of anisotropic structures at y/§ = 1.97 corre-
spond to the largest wavenumber of the field.

(48)

05
(49)

5. Numerical implementation and studied cases

The computational domain for the channel flow is outlined as
follows: streamwise length Ly = 478*, spanwise length L, = 27 §*
and wall normal height L, = 26*, where 6* is the half channel
height. The number of grid points used is 192 x 192 x 192. The
corresponding grid spacing in terms of plus units is Axt ~ 12.5,
Ay ~0.38 and Az* ~ 6.3. The channel is periodic in the stream-
wise and spanwise direction both in terms of flow and radiative
heat transfer. The Navier-Stokes equations have been solved using
a pseudo-spectral method in the periodic directions, and a sixth or-
der staggered compact finite difference scheme for the discretiza-
tion of derivatives in the wall normal direction. A pressure correc-
tion scheme is employed based on the projection method, while a
pressure gradient is applied in the streamwise direction in order
to maintain a constant Reynolds number based on bulk velocity.
For details and validation of the DNS code, the reader is referred
to Refs. [15-17].

The simulations consist of three gray gas cases (G01, G1 and
G10) and three non-gray gas cases (H, C and P). The synthetic spec-
tra for the three non-gray cases have been produced to provide a
different level of spectral variability of «, such that, as it will be
explained in more details in Section 7, the influence of different
absorption spectra can be assessed. All cases share the same flow
parameters (Reynolds, Prandtl, Planck number) defined in Eq. (7),
as well as the same boundary conditions, spatial mesh and Navier-
Stokes solver. The flow is bounded by two black isothermal walls
(ew = 1) kept at 573 K (top) and 955 K (bottom), respectively. The
difference between the cases lies in the description of radiative
heat transfer. The details of the latter on a case to case basis are
shown in Table 1.

In the gray gas cases, a finite volume method (FVM) [18] with
a high-order resolution CLAM spatial discretization scheme, as de-
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Fig. 6. Comparison between radiative field fluctuations from DNS (symbols) and estimated by using 6.,s and 6 (gray lines). Diamonds: 7 = 0.1. Squares: T = 1. Circles:

T =10.

Table 1
Details of simulated cases.

Case  k* T Method  discretization

base 0 0 - -

GO01 K*(0) 0.1 FVM 96 angles

G1 K*(0) 1 FVM 96 angles

G10 K*(0) 10 FVM 384 angles

H k;(H20) 8.02 MCM 15-103 rays per cell
C 0.1x3(CO,) 2.99 MCM 9.10° rays per cell
P 0.1x;(H20)+2 279 MCM 9.103 rays per cell

scribed by Coelho [19] has been used. Cases GO1 and G1 employ
a total of 96 independent directions, while for case G10, due to
the higher absorption level, 384 directions have been used. For the
non-gray gas cases, the radiative transfer equation has been solved
with an optimized emission based reciprocal Monte Carlo formu-
lation as described in Zhang et al. [20]. The Monte Carlo solver
calculates the radiative source term on the full DNS mesh and
is coupled to the fluid solver every 5 fluid time steps. The spec-
tral description has been treated with a narrow band correlated-K
formulation based on line-by-line spectra obtained from the HI-
TRAN 2012 spectroscopy database [21]. The full spectra in the
500-1010 K temperature range (with a step of 10 K) have been
divided into 119 and 130 narrow bands for H,O and CO,, respec-
tively. 16 quadrature points for each narrow band have employed.
15000 rays per cell have been used for the optically thicker case
(H), while for cases P and C 9000 rays per cell were sufficient,
as the associated intrinsic variance results being lower than 1%.
The Monte Carlo solver is executed on GPU, implemented via the
programming language CUDA. Several techniques are employed in
order to increase the level of parallelization and improve the effi-
ciency of memory access and thread execution. For a detailed de-
scription of the implementation and validation of the Monte Carlo
code, the reader is referred to Ref. [22].

6. Gray gas cases

This section is intended to verify the validity of the relations
derived in Section 4 and to compare the predictions with the DNS
data. Furthermore, the influence of a variable absorption coefficient
on the turbulent temperature field is investigated. In a participat-
ing turbulent flow, velocity profiles and statistics are not directly
connected to radiative heat transfer but are indirectly affected by
the modification of the density profiles. Most of the published
work regarding the modification of velocity due to radiation deal
either with buoyant [7] or with supersonic cases [10]. On the other
hand, in the simulated cases, gravity has been neglected and a low
Mach number approximation has been employed. In addition, the
density variations are relatively small (40% between the hot and
the cold wall). Consequently, the effects of radiation on velocity
are completely negligible. Since the velocity profiles are the same
as for a well-known ideal gas turbulent channel flow, we will omit
the analysis of the latter.

6.1. DNS results and validation of linear relations

Fig. 5 shows the profiles of Favre averaged non-dimensional
temperature 6 and Reynolds averaged radiative heat source Q, (the
inlay shows a zoom on the y-axis), as well as temperature root-
mean-square values 6,5, and turbulent heat flux 51797 Radiative
heat transfer causes a growth in bulk temperature and, upon in-
creasing optical thickness, the temperature gradient rises in the
core of the channel while reducing near the walls. The mean ra-
diative source can be expressed as

Q,=k(E-0G) + (K'E —«'G).

(50)

The second order terms will be analyzed and modeled in Section 9.
Nevertheless, it has been already demonstrated that x’E’ and k/G’
are negligible in non-reactive flows [3,6,8,10]. Therefore, it is pos-
sible to account for mean radiative heat transfer effects as only in-
fluenced by . Profiles of 6,y are presented in Fig. 5(c). Again, the
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Fig. 7. Comparison between absorption and emission term from DNS (symbols) and estimated by using Qﬁ and @ (lines). Left: 7 = 0.1, center: T = 1, right: T = 10.
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typical behaviour of temperature fluctuation in the presence of a
fluctuating radiative field is observed. Namely, temperature fluc-
tuations are reduced due to the action of a turbulent emission
field that acts as a damping mechanism. This occurs throughout
the channel but has a larger impact near the walls where temper-
ature structures are thin and streaky. At a higher 7, 6,15 are recov-
ered by the presence of a stronger fluctuating G field. The recovery
occurs in the core of the channel where quasi-isotropic structures
are more efficient in retaining the emitted energy. The peak of the
recovery is slightly shifted to the top of the channel where k is
larger. The trend of 0y induces the same behaviour in the turbu-
lent heat flux shown in Fig. 5(d).

To validate the relations derived in Section 4, Fig. 6 shows the
comparison of radiative field fluctuations (krms, Erms and Grms) di-
rectly obtained from DNS with the values estimated from the lin-
ear relations. In particular, since the coefficients only depend on
averaged quantities, the estimations take the following form

K;ms = f/(erms E;ms = fEerms G;ms = fGerms, (51)

where the star superscript (here and in the following sections) in-
dicates that the value has been estimated. The right-hand side of
relations in (51) is calculated from DNS data. Fig. 6 proves that the

radiative field fluctuations are well represented by their approxi-
mation. Gy is estimated using both w?" (dashed-dotted line), and
wc (grey solid line). Except for case G10, the two profiles collapse
onto each other. Indeed, it is necessary to correct for anisotropic
structures only if Lg ~ w,, meaning if the optical thickness is large
enough (see Fig. 2).

6.2. Impact of absorption coefficient fluctuations on temperature
variance

The effect of radiative heat transfer on the turbulent temper-
ature field manifests through the radiation term R in the Favre
averaged temperature variance equation, which, neglecting terms
containing 6”, reads

——

,DQ”TZ o a0 aﬁu;{eﬁz
P = R e T T
2 192607 (36" 1
+7RePr(§78x]3 - (8x1> -5 %) 2)
R

The magnitude of the radiation term depends on the optical
thickness of the medium. As t tends to zero the radiative terms
disappears. The same occurs when 7 — co. Around 7 = 10, the ra-
diative term is dominant and balances turbulent production. A de-
tailed analysis of the temperature variance budgets in a radiative
flow can be found in Ref. [8] and in our recent work [12]. The ra-
diation term R can be decomposed in an emission term £ and an
absorption term A as
R = (kE)0'— (kG)'0". (53)

T %\A/—#

£ and A can be expanded, neglecting third order correlations, into
terms depending on ¥ and on «’ to highlight the different in-
fluence of the mean and the fluctuating part of the absorption
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Fig. 9. Comparison between radiation term estimated using the full absorption coefficient (symbols) and using only the terms depending on the mean absorption coefficient

(lines). Left: T = 0.1, center: T =1, right: 7 = 10.
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Fig. 10. Influence of x’ on G'. (a): comparison between f¥ (black) and fé’ (gray) normalized by f;. (b): comparison between Az (black) and A, (gray) normalized by A.



S. Silvestri, D.J.E.M. Roekaerts and R. Pecnik/Journal of Quantitative Spectroscopy & Radiative Transfer 233 (2019) 134-148 143

103

14 i "“F‘H“

KA

10—5 |

RS

| ;u' .M

4000

6000

1/X [em™1]

Fig. 11. Absorption spectrum at 770 [K] and 1 [bar] for case H (blue), case C (red) and case P (black).

coefficient.

E=E-k0 +KEO A=G 1’0 +KGH .
~——— N — —— N —
E & A Ag

(54)

Substituting relations (17) in Eq. (54) yields estimations for &
and A

Exe =Ef0” +fi0” A~ A =GCf0” +7fo0”.
—— S\ —— S———

&, & A Az

(55)

Fig. 7 shows the comparison between the estimated terms and the
values obtained by DNS, demonstrating that the derived linear re-
lations are capable of accurately predicting the radiation terms.

To isolate the effects of «’ it is possible to further decompose
fc into a k¥ and a «’ dependent term as

fE= %atan(%) fE = @atan(%),

(o

(56)

with f; = f67+ f’G(/. Fig. 8 shows the coupling between k' and 6. k¥’
can influence 0’ directly, through &, — A/, or indirectly through
the modification of G'.

The direct impact of x” on 6’ can be visualized by comparing
& — Ag to & — A, This comparison is displayed in Fig. 9 for
cases GO1 (left), G1 (center) and G10 (right). The symbols show
the full radiation term R, while the lines are the radiation term
calculated taking into account ¥ contributions only. Accounting for
a mean absorption coefficient is enough to retrieve the full radi-
ation term, thereby demonstrating that «’ has a negligible direct
influence on temperature fluctuations.

Furthermore, the comparison between fg and f’é/ is shown in
Fig. 10(a). The two terms are normalized by the total f; to high-
light their relative magnitude. The results prove that fg is always
dominant over the x’ term. Moreover, the relative difference be-
tween the two terms increases with a larger optical thickness. A
small influence of fg’ can be detected in the lower optical thick-
ness case (GO1). To quantify the indirect effect of «’, it is necessary
to verify the impact of the absorptive term Az, which connects G’
to 6’ (see Fig. 8). Fig. 10(b) shows the comparison between the
absorptive term depending on «’ (in gray) and Ag (in black). For
a low optical thickness, the latter tends to zero, which indirectly
proves that G’ = 0 in the limit of T — 0. As a consequence, despite
fg’ having a non-negligible value in the low optical thickness case,
the low magnitude of Az nullifies any possible influence of «’.

In conclusion, it has been demonstrated that in high-
temperature non-reacting flows, TRI can be accounted for by the
variation of the mean absorption coefficient alone. The presence of
k' can be neglected completely, independently from the value of
the optical thickness.

7. Non-gray gas cases

This section is intended to investigate how a wavelength depen-
dent absorption coefficient modifies TRI. The absorption spectra of
cases H, C and P, as defined in Table 1, are specifically designed to
compare TRI in flows with different spectral variability. The non-
dimensional absorption spectra for the three cases at 770 K and
1bar are shown in Fig. 11. The spectrally averaged parameters for
the three cases are shown in Table 2.
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Fig. 12. Mean quantities for non-gray gas cases. Left: Favre averaged temperature profile. Center: temperature RMS profiles. Right: turbulent heat flux. Solid gray line: no

radiation, dashed line: case H, dashed-dotted line: case C, solid black line: case P.
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Table 2

Optical thickness and global
transmissivity for the non-gray
cases.

Case H C P
T 802 299 279
t 0.51 088 0.10

The categorization of TRI with non-gray gases is difficult. Based
on the optical thickness of the channel, one has ty > 72 7p, sug-
gesting that TRI in H is characterized by an optically thicker be-
haviour when compared to C and P. Contrarily, the transmissivity
(Eq. (15)) for these cases satisfies tp < ty < t¢, implying that case C
is the most transparent. How the TRI mechanism manifests itself,
is, therefore, not clearly described by these two parameters.

Fig. 12 shows several quantities of interest for the three in-
vestigated cases. The figures present plots of Favre-averaged tem-
perature, temperature rms and turbulent heat flux profiles on the
left, center and right, respectively. Contrarily to what could be ex-
pected, all profiles of H are enclosed in between those of C and P.
Moreover, case P and C show very different profiles, despite having
similar average absorption coefficients. Global transmissivity seems
to order correctly the mean temperature profiles but fails to com-
pletely capture the physics occurring. For example, the bulk tem-
perature is lower for case C than for case P, signifying a lower bulk
Qr in case C. By taking into account Eq. (50), this could be the
effect of two contrasting causes: (1) a lower ¥ (more transparent
case), (2) a lower E — G, which is typical of a higher optical thick-
ness fluid. Since C and P have very similar kp, it is clear that the
correct option is the second.

This is corroborated by the fact that also TRI in case C is akin to
an optical thick case, as can be noticed by the larger temperature
gradient near the walls. This indicates that the highly anisotropic
temperature structures close to the boundaries are sensitive to G/,
enabling a higher turbulent heat transfer from the near wall region
to the core of the channel. Evidence can be found by inspecting the
Oms profiles in Fig. 12(b), which indeed is as high as for a non-
radiative case. As a consequence, a larger turbulent heat transfer
is observed when compared to the other radiative cases, especially
near the hot wall (Fig. 12(c)). The results for case C appear more
similar to a gray gas case with 7 > 10 than what can be predicted
using T or t.

On the other hand, case P shows optically thinner TRI when
compared to the other non-gray cases. This is substantiated by the
lower 65 which are proof of lower G fluctuations. A confirmation
of the above reasoning is found by inspecting the radiation terms
& and A, shown in Fig. 13. The left plot corresponds to profiles of
case H, while center and right plots show values for case C and
P, respectively. The magnitude of £ and A are highest for case C,
followed by H and P. In particular, it is possible to notice that for

case C, A~ &, proving that the incident fluctuation field is tightly
correlated to the temperature field. This is typical of an optically
thick flow, as it will be explained in the next section. Following
the analysis of the DNS results, the categorization of TRI in the
non-gray cases suggest that the three cases effectively behave as
decreasing in optical thickness when going from C to H and then
to P.

8. How to categorize TRI in non-gray gases?
8.1. “Effective” TRI optical thickness

Due to the high variability of the absorption spectra of a non-
gray gas, using t or t to categorize TRI is ambiguous and may even
lead to wrong conclusions, as clearly demonstrated in Section 7.
For this reason, it is necessary to identify a new parameter to
clearly characterize TRI for a wide range of optical thicknesses,
which is not trivial due to the non-monotonic behaviour of most
variables and their complex non-linear interactions. Starting from
the gray gas cases, it is possible to observe a consistent trend,
which will help to identify the unique mechanisms of TRI. Taking
into account the two extremes of an optically thin and thick gas, it
can be stated that

E>G >0 if 70 (57)

E-GC«G—=FE, if t— . (58)

In the optically thin limit, only emission produces fluctuations,
while in the optically thick limit, emission and absorption fluc-
tuations balance. We claim that, for a gray gas, increasing or de-
creasing t can be linked to approaching either limiting behaviour,
without the necessity of analyzing any other quantity to charac-
terize TRI. As a consequence, if two flows have substantially dif-

10? 3

_____________________________ i

Py ./// =TT T T T T T - \\\4

|e -

<
|

e 100 ;__,—~—’””'_____‘"““‘--\\J

) ‘ i
<

1072 t | | | 3

0 0.5 1 1.5 2

y/o

Fig. 14. Profiles of Az/(& — Ag) for the different gray and non-gray gas cases.
dashed line: case H, dashed-dotted line: case C, solid line: case P. The thin gray
lines show the gray gas cases.
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ferent 7 values, for example 71 > T, it follows that (E] — G})/G] <
(E}, — G,)/G,. This means that incident radiation fluctuations ap-
proach emission fluctuations since radiation is absorbed closer to
the emission point. More generally, using the decomposition of the
radiation term R, Eq. (54), this can be approximated by the fol-
lowing inequality

Az > Ax
Se—Aely, © & - Ar
Indeed, Fig. 14 confirms that for gray gas turbulence, the quantity
in the above equation is monotonically associated to T (see the
gray lines). The definition of large and small optical thickness TRI
can be related to the expressions in (57) and (58). Consequently,
comparing optical depths, with regards to TRI, is interchangeable
with comparing the quantities in expression (59).

On the other hand, for a non-gray gas this is not the case.
Fig. 14 indeed confirms that the non-gray gas cases behave as if
T¢> Ty > Tp. Neither the Planck-mean optical thickness T nor the
global transmissivity t can reflect this behaviour. Hence, it is neces-
sary to derive a new spectrally integrated parameter to categorize
TRI, which can allow a leading order comparison between non-gray
and gray gas cases.

(59)

To<T

8.2. Derivation of a TRI based spectral averaging

The new parameter must be connected to TRI, so it is useful
to employ the three correlations derived in Section 4 and adapt
them when necessary for non-gray gases. f, and fz do not require
any modifications to account for spectrally varying absorption co-
efficients, since xp and E are spectrally integrated quantities. This
is exemplified by Fig. 15, where it can be seen that the estimated
profiles for ks (left) and Eqps (right) match well with the data
obtained from DNS. On the other hand, f; must be modified to ac-
count for non-gray gases, due to the dependency on «;, Eq. (11). If
we assume that «’ (both «} and «}) have a negligible influence on
G, we can write
G =~

,1 / K, G, dX, where G = % (60)
0

Kp
Since a single wavelength can be described by a gray gas, G;L is
properly predicted by

IdS.
54

!
G, ~ 4?;\1"—”\atan<g>.
Wc¢ K
Additionally, since G’ is a spectrally integrated quantity, it can be
approximated with a gray gas having a fictitious absorption co-
efficient 4. As a consequence, the combination of Egs. (60) and
(61) yields a constitutive relation for «g,

4r
b atan<g>dk.
, K

(61)

4I[)@atang%;f Ks (62)
P A

(o

Eq. (62) provides a mathematical framework to define a new spec-
tral averaging which results in a mean absorption coefficient that
controls TRI. The new turbulence mean absorption coefficient can
be calculated, in a first approximation, by dropping the averages
and primes. By performing this procedure it is assumed that &}
and ’(1/7 are negligible, which has been already substantiated, and
that the ratio of the fluctuation of blackbody intensity to the mean

is independent of wavelength (I} , /I, (T) # f(}))

Kkg(T)
Wc

Wc

Kkg(T) B

atan f(T)I”‘A (T)atan(K:ch))dk,

‘1 o0
PREIAG) /0 * o
(63)

For simplicity, k¥ in Eq. (49) for the calculation of w. is substituted
with k), both on the LHS and RHS of Eq. (63). The newly defined
kg can be used to substitute kj, in the coupling function f;, such
that the linear relation between Gyns and 055 can be written as

fe- Kg(T) +ng(E*C) atan( Wc ) .0
Kg(T) rms -

@c

Fig. 16 shows profiles of xz compared to «, as functions of
temperature and the respective G,ys profiles, both obtained from
DNS and predicted by xp and «g. From top to bottom, Fig. 16 dis-
plays profiles for case H, C, and P, respectively. For all non-gray
gas cases, using kg in the definition of f;, leads to an accurate
prediction of incident radiation fluctuations. Contrarily, employing
kp always results in an under-prediction of G'. In particular, the
disagreement is lowest for case P and the largest for case C. This
discrepancy can be related to the difference between kg and «p.
While for case P, kg < 1.4k, for case H, 1.45«p <k g <2kp and for
case C 3kp<kg<8kp. As can be noted, for all the cases consid-
ered herein kg > kp. Yet, there is no proof to claim that this must
be always the case. Nevertheless, it is apparent that the differ-
ence is related to the variability of the absorption spectrum. For
example, if the absorption coefficient is independent of the wave-
length (i.e., gray gas), then kg = k. On the other hand, if the ab-
sorption coefficient shows a large variability, the weighting func-
tion (k; [w¢)atan(we/k ;) within the integrand in Eq. (63) filters out
the lowest, while retaining the largest spectral absorption coeffi-
cients. In other words, only the spectral lines with a large enough
absorption coefficient will produce a noticeable Gﬁ\ and contribute
to the integrated effect.

Based on this analysis, it is now possible to define a new effec-
tive optical thickness 7 by spatially averaging g in wall-normal
direction, as follows

12 -
rg:E/O kg(T)dy.

The obtained values of Tg compared to T are summarized for the
non-gray gas cases in Table 3. In contrast to 7, the new parameter

Grms (kg) = (64)

(65)
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Fig. 16. Left: Planck mean absorption coefficient and turbulence mean absorption coefficient for cases H (top), C (center) and P (bottom) as a function of the temperature.
These profiles are contingent to a turbulent fully developed channel flow. Lines of constant multiples of «, are added as a reference in gray. Right: Comparison between Gns
obtained by DNS (symbols) and G;,,; obtained from Eqs. (44) and (64) for cases H (top), C (center) and P (bottom).

Table 3

Comparison between 7 and 7.
Case H C P
T 802 299 279
Tg 134 189 31

for the optical thickness tg is able to characterize TRI. Based on
Tg, case C has the highest optical thickness, followed by case H
and P, consistent with what has been observed in the DNS results.
It is possible to conclude, that kg is not only a convenient quantity
useful to predict the fluctuations of incident radiation but also the
parameter which unambiguously characterizes TRI in a non-gray
turbulent flow.

Hereafter we provide a physical interpretation for the reason
why 7, is able to properly characterize TRI, where the other spec-
trally integrated parameters fail. The spectral transmissivity t; and
normalized emission i, are defined as

K dp 5,

t, =e " = ——2—.
» » max(k; Iy ;)

(66)
While t; is a measure of absorption and, if integrated, leads to the
global transmissivity t, i, shows the redistribution of emission over
the wavelength and forms the basis 7’s definition.

The comparison between cases P and C, shown in Fig. 17, dis-
plays quite effectively why neither t or t can be used for charac-
terizing TRL If the t, is considered, case P appears the optically
thickest case (t = 0.10 see Table 2), while case C, due to the lim-
ited width of the absorption bands is in average relatively trans-
parent (t = 0.88). If the combination of t; and i, is taken into ac-
count on a spectral basis, it is possible to show why 7 and ¢ fail.
While i, is significant throughout the whole spectrum for case P,

for case C the emission is confined in regions where t;, — 0 result-
ing in an optically thick behaviour. It is not possible to categorize
TRI if one of the two effects is neglected (i.e., using 7 or t) since
TRI is driven by the dual effect of emission and absorption on a
spectral basis. On the other hand, deriving the definition of a new
parameter based on G/, as done in Eq. (63), allows to take into ac-
count the dual effect of spectral emission and absorption, since G’
is necessarily produced by local E/, see Eq. (42). The connection of
i) and t, on a A basis is intrinsically included in the definition of
Tg which is, therefore, the appropriate parameter to characterize
TRL

9. TRI correlations

Classically, TRI has been studied with the use of correlations
that describe the influence of radiative field fluctuations. In partic-
ular, the focus has always been on identifying the deviation of the
radiative heat source from the one obtained by mean quantities.
This corresponds to investigating the «’,E’, G’ — # path in Fig. 1.
The definition of TRI correlations follows from the averaging of
Eq. (8)

Qr =kpE —kpG+ KkpE' KkpG' (67)
——
emission TRI ~ absorption TRI

where the last two terms are the TRI contributions divided into
emission and absorption TRI. The correlations, relate the magni-
tude of the TRI terms to the averaged terms, as done in [4]

KLE' Kl G
Ree = _7137 Rec = —é (68)
Kp KpG
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These can be estimated using temperature variance as

S (X T P [

— = 69
wE K pE kG KpG (69)

Fig. 18 shows the above defined TRI correlations obtained by
DNS, compared to the modeled terms showing an excellent agree-
ment. Notice that, indeed, the magnitude of the correlations is
relatively low 0(103) confirming that the direct influence of ra-
diative fluctuations on the mean temperature is negligible in non-
reactive turbulent flows.

10. Summary and concluding remarks

In the present work, we performed a comprehensive study to
quantify the effect of k on TRI in a turbulent channel flow of an
absorbing, emitting participating media. The analysis has been re-
alized with the aid of DNS of a gray gas with ¥ = f(T) and a non-
gray gas with different absorption spectra. We analytically derive
relations that express radiative field fluctuations as linear functions
of temperature fluctuations. The assumptions employed have been
critically assessed by comparing the predictions with DNS show-
ing an excellent accuracy. These derivations allowed to identify the
impact of ¥ and «’ on the modification of the temperature field.
Investigating the gray gas results, it was demonstrated that TRI, in
the investigated cases, is fully accounted for by the variations of
the mean absorption coefficient alone. For all purposes, in a non-
reactive turbulent flow, ¥’ can be neglected, independently from
the value of 7.

Moreover, we defined a diagnostic quantity Agz/(E¢ — Ag) that
allows a monotonic comparison between TRI for flows of differ-
ent 7 values. With this quantity, the influence of TRI for three
different non-gray gas cases was assessed. The results show that
the behaviour of a non-gray gas is decoupled from the value of
the Planck-mean optical thickness. In particular, the variability of
the absorption spectrum impacts the interactions between tem-
perature and radiative field. Therefore, from the approximation of
incident radiation fluctuations (which are responsible for the be-

havioural changes in TRI effects), a new definition of spectrally av-
eraged absorption coefficient has been derived. This new turbu-
lence based mean absorption coefficient kg proves to effectively
predict TRI in non-gray gas turbulent flows. In addition, kg pro-
vides the base for the definition of a new optical thickness tg
which allows a conclusive comparison among gray and non-gray
cases.

Appendix A. Incident radiation turbulent spectrum

The derivations performed in Section 4.3 rely on a Fourier
transformation of the incident radiation. In doing so, the modes
of G are related to the E and « modes. It is necessary, there-
fore, to verify if the derivations hold in a Fourier transformed do-
main, before the inverse Fourier transform, Eq. (42), is performed.
From Eq. (41), by neglecting the influence of absorption coefficient
modes, we obtain
G~ (ﬁatang) E.

K

o (A1)

Due to the considerations performed in Section 8.2, in case of a
non-gray gas, the k¥ in Eq. (A.1) is substituted with «g. The approx-
imation of the incident radiation turbulent spectrum follows
— 2
. K e

S~ St = (wcatan = ) - Sg, (A.2)
where S is the model for the incident radiation spectra. Eq.
(A.2) entails that the shape of S; is the same as for the E spec-
trum. This is not necessarily true, but it is a more appropriate ap-
proximation as 7 (or T for non-gray gas) grows.

On the other hand, a relevant level of G’ is found only at high .
In general, as the G spectrum increases in value, it approaches Sg,
which is the limit in the case t (or g for non-gray gases) — oo.
Fig. A.1 shows the streamwise pre-multiplied turbulent incident ra-
diation spectrum for the different cases, in the center of the chan-
nel (y/6 =1) and near the wall (y/8 =1.93). Fig. A.1 proves that
the incident radiation spectrum, in these cases, can be approxi-
mated using the turbulent emission spectrum.
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