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Abstract

Direct Numerical Simulations of a strongly heated jet of water vapor discharging into a low-speed coflow
of cold water vapor is fully coupled with a reciprocal Monte-Carlo method to account for radiative
heat transfer. The spectral dependency of the radiative properties is modeled using the Correlated-
k method. Such a numerical and modeling setup allows for studying accurately the turbulent jet
development submitted to radiative heat transfer. Contrary to the previous study by Armengol et
al. [International Journal of Heat and Mass Transfer 139 (2019), pp. 456-474], the present conditions
show a direct effect of thermal radiation in the jet developed zone located downstream the jet potential
core. Results are analyzed to identify the effects of thermal radiation on turbulence properties of
the temperature field, and reciprocally. The analysis reveals a complex coupling between the mean
temperature field and the mean radiative power as well as between their fluctuations. This is studied
in various profiles of average and root-mean-square properties, and completed by considering budgets
of enthalpy variance and turbulence spectra.

Keywords: Turbulence-Radiation Interactions, Turbulent Jet, Direct Numerical

Simulation, Thermal Radiation, Monte Carlo Method.

1. Introduction

Thermal radiation plays an important role in a broad range of thermal engineering applications com-
prising turbulent flows such as combustion, propulsion, or environmental flows. In such applications,
radiation modifies heat transport and fluid dynamics, while turbulence fluctuations can significantly
alter the radiative heat transfer. Those interactions are commonly called turbulence-radiation interac-
tions (TRI) [1, 2]. In a broad sense, this stands for effects that turbulence causes on thermal radiation
and vice-versa.

Turbulence effects on thermal radiation arise from fluctuations of temperature and species con-
centration. When computing the mean radiative fields from averaged quantities in a turbulent par-

ticipating media, results may significantly differ from the average radiative solution obtained using
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instantaneous values directly. Modeling turbulence through average operations (same for filtering in
large-eddy simulations) gives rise to two unclosed terms in the radiative transfer equation (RTE). In
the combustion framework, many authors have demonstrated the importance of these terms related
to TRI [3-6]. Acknowledging this effect, several works on coupled simulations using Reynolds average
Navier-Stokes (RANS) have accounted for the impact of turbulence on the computation of the mean
radiative power field [5, 7, 8]. More recently, relying on large-eddy simulations to directly capture
turbulence-radiation interactions at the resolved scales has become more and more popular [9-14].

The latter studies can consider rather complex configurations, which makes it challenging to analyze
the interplay between thermal radiation and turbulence. Several studies based on non-reactive flows
have then been considered for such a fundamental analysis. The analyzed nonreactive systems include
homogeneous isotropic turbulence [15-18], free shear flows (temporally evolving jet [19], mixing layer
[20]) or channel flows [21, 22]. These studies rely mostly on uncoupled simulations, while others [20, 22]
have considered coupled large-eddy simulations where the turbulent eddies are not fully resolved. In
this nonreactive framework, TRI effects on mean radiative fields are found to be minor although they
increase along with the magnitude of turbulent fluctuations.

Regarding the reciprocal effects that thermal radiation can cause on turbulence properties, a dy-
namic coupling between radiation and turbulence is needed rather than a priori analysis. Hence,
investigations with coupled direct numerical simulations (DNS) allow for a fundamental understand-
ing of how radiation eventually modifies turbulent transport. On the one hand, a variety of coupled
DNS works together with the gray gas assumption have been performed on different systems: sta-
tistically 1-dimensional premixed [6, 23] and non-premixed [24, 25] flames, and nonreactive channel
flow [26]. Although a fictitious gray gas gives trends on how turbulence structures behave on the pres-
ence of radiation, it is a wrong approximation for radiative properties of molecular gas in the majority
of applications [27]. On the other hand, coupled non-reactive DNS with an accurate description of gas
radiative properties have mainly considered a channel flow configuration [28-30]. These studies have
observed that radiative transfer in the channel flow decreases temperature fluctuations and turbulent
heat transfer. While smoothing temperature gradients, radiation decreases the thermal turbulent pro-
duction due to opposing behaviors of gas-wall and gas-gas radiative contributions. The present work
analyzes the radiation effects on the turbulence structures of a strongly heated jet, which is a canonical
system of free shear flows. The goal is to isolate the gas-gas radiative contribution to give insight not
only on radiation effects on free jets but also on the behavior of turbulent flows in general.

The spatial evolution of a strongly heated jet of water vapor discharged into a parallel low-speed
coflow of cold water vapor is described with coupled DNS. The spectral dependency of radiative
properties is accounted for using the Correlated-k (ck) method [31, 32], and the radiative transfer

equation is solved numerically with a reciprocal Monte-Carlo method. Such a level of description
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guarantees a high-fidelity of the analyzed results. The authors have carried out the first simulation
of such a configuration [33] to reveal that thermal radiation can have two kinds of effects on the jet
temperature profile: a direct one from radiative energy transfer and an indirect one due to the modified
flow density. The slightly heated jet presented in [33] shows the main effect of radiation around the
jet inlet and a negligible impact further downstream in the fully developed zone. The temperature
profile is, however, affected all along the jet centerline. In the work of [33], a new scaling law for free
jets was then derived from accounting for the indirect effect on density issued from the jet inlet and
correctly discriminate whether radiation modifies the heat transfer mechanisms in the jet developed
region or not. This initial study was restricted to moderate coupled effects of radiative heat transfer
in a slightly heated jet where only the indirect ones were present in the developed zone. The present
objectives are twofold: (1) provide new reference results for a strongly heated jet configuration where
direct effects are still controlling the downstream jet evolution; (2) thoroughly analyze these effects in
the present case representative of a free shear flow.

The strongly heated jet configuration is presented in §2, where the numerical methods are also
introduced. Then, after an assessment of the accuracy of the Monte-Carlo results in §3, coupled
results of the radiative power field are analyzed in §4.1. The effects of radiation on mean temperature
are studied in §4.2. In particular, the so-called direct effects of thermal radiation are revealed by the
balance of mean enthalpy and the scaling derived in [33]. The temperature turbulent fluctuations are
then examined in terms of root-mean-square, the budget of enthalpy variance, and turbulence spectra
in Secs. 4.3 and 4.4. Finally, quantification of TRI effects on turbulent heat transport and mean

radiation is presented in Secs. 4.5 and 4.6.

2. Problem description

2.1. Physical configuration

The jet evolves from the inlet section (x = 0) in an initial zone which includes the potential core
region followed by the interaction of two separated shear layers before eventually reaching the developed
turbulent zone. In the fully developed zone, universal self-similarity is expected for velocity and
temperature profiles, when adequately scaled, in incompressible flows [34]. The streamwise direction
is here x, the cross-stream coordinate is y, and z is the spanwise direction. The turbulent statistics of
a plane jet are stationary, two-dimensional, and present a symmetry about the plane y = 0.

The jet configuration, sketched in Fig. 1, is defined by the initial jet width §, the inlet velocities
(U1, Us) and temperatures (17, T»), the mean pressure (F), and the Reynolds number based on
the initial jet width Re = p(T1)AUo6/1u(Ty) (where AUy = Uy — Uz, and p(T1) and p(T1) stand for
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density and viscosity evaluated at T7). The value of all these parameters for the present simulation

are specified in Table 1.

————— Initial zone —— «——— Developed zone

Figure 1: Schematic representation of the characteristic zones of a turbulent heated plane jet, the turbulent structures

of the shear layers of the developing jet are identified by the Q-criterion.

Table 1: Configuration of the strongly heated jet.

4 [m] Uy m/s] Uy [m/s] Ty [K] T2[K] Folatm] Re
5x 1072  4.176 U1/10 2500 405 2.576 500

The mixture composition is homogeneous and made of pure water vapor. The water vapor inlet
temperature of the jet is set to 71 = 2500 K based on temperature peak values found in combustion
systems. T, is set to be close to the minimal temperature at which water vapor remains in the gas
state at Py = 2.576 atm.

The selected Reynolds number is somewhat low compared with previous DNS studies of turbulent
plane jets [33, 35, 36] for which the Reynolds number range between 1000 to 6000. First, let us remind
that, contrary to round jets, the downstream Reynolds number based on the jet centerline velocity
and half-width keeps increasing. Besides, the retained Reynolds number is close to the experimental
study of [37], who reported a fully turbulent plane jet of a Reynolds number of 700. In the present
work, the Reynolds number is kept low to afford the computational cost of a coupled simulation with
spectral thermal radiation while featuring a turbulent flow, as further discussed in §4.

In Figure 1, the jet half-width y;/5(z) is represented. This distance characterizes the downstream
jet growth, and it is used to scale self-similar cross-section profiles of the jet. It stands for the distance
between the jet centerline and the point where the mean velocity corrected by the coflow velocity
({Ue} = {u} — Uy) is half of the value at the jet centerline (A{U.} = {U.} — Us), i.e.,
{Ue(z,y1/2)} = 2A{U.()}. Here the operation {¢} stands for the time Favre averaging of a variable
¢. Also, further in the text, (¢) refers to the Reynolds averaging operation. Additionally, ¢’ and ¢”

denote respectively the Reynolds and Favre average fluctuating parts.
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2.2. Fluid flow simulation

Except for the grid spacing used for the present configuration, the parameters of the flow simulation
are identical to the ones used in [33]. They are briefly reminded for the sake of completeness. The
set of equations that describe the plane jet are the Navier-Stokes equations for a compressible fluid in

which gravitational effects are not considered:

dp  O(pui) _

ot " om0 (1)
Opuj 0 (puju;) 7@ 073
ot oz, oz,  om @

Oper O (peru;) d(pu;)  O(mjui)  Og;
— - P
ot + 3% a.’ﬂj + al'j 8%1 + rad> <3)

where p, t, u, p, 7;5, e; and ¢; stand for density, time, instantaneous velocity, pressure, stress tensor,

total energy and conductive heat flux vector, respectively. The source term P,,q is the radiative power

per unit volume, further discussed in §2.3. The viscous stress tensor 7; ; is defined as

o 3U2 auj 2 %
Tig = <(8xj + 8%‘1‘) B 56” axk> ’ (4)

where p is the dynamic viscosity and d;; is the Kronecker delta operator. The conductive heat flux

vector ¢; writes

oT

where A and T denote thermal conductivity and temperature, respectively. The energy transport is
defined based on the total energy e;, which accounts for the sum of internal and kinetic energies:
e = %uzul + e, where e is the internal energy. The enthalpy is denoted by h = e+ rT where r = R/W,
R is the universal gas constant, and W stands for the molar weight of the mixture. The ideal gas
equation is here used to compute pressure as p = prT. Similar to [33], the transport properties of
water vapor p and A are computed based on the data of Lemmon et al. [38], while heat capacity is
assumed constant.

A fourth-order centered finite-difference scheme is used to discretize Egs. 1 to 3. Time integration
is performed using an explicit fourth-order Runge-Kutta. An implicit filter of 8"-order [39] is used
to damp high-wavenumber noise, enhancing the robustness of the solution. To reduce computational
costs, the acoustic speed reduction (ASR) method [40], already used in the jet configuration [33],

is adopted in the present work. The time step is then enlarged by the accelerator factor « set to
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a = 6.82. This value sets the Courant- Friedrichs-Lewy and the Fourier conditions within the same
order of magnitude for the current simulation.

Boundary conditions are imposed using the Navier-Stokes Characteristic Boundary Conditions
method [41] while using the modified sound speed consistently with the ASR method. Constant
pressure is imposed at the outlets through a partially reflecting boundary condition. Inlet velocity and

temperature profiles are defined using hyperbolic functions:

_ 0/2 —
Uin(y) = Ul;U2+U1 2U2 tanh (/29|y> (6)
T + 1T T, — T 2 —
Ton(y) = 1—|2- 2 12 2tanh<5/ 2 |y|>’ (7)

with a corresponding shear layer momentum thickness of § = 0.026 following previous values [33, 35].
As discussed in [33], synthetic turbulence is added to the inlet mean velocity at the jet
region to destabilize the potential core, which shortens the domain needed to observe
the jet developed zone. The Passot Pouquet model [42] is used to generate the synthetic
turbulence setting a characteristic length of §/2 and a turbulent velocity of v’ = U;/20.
The grid spacing in z— and y— axes are set from the approximate local Kolmogorov scale estimated
from scaling laws for temperature and velocity fields [33]. For the spanwise direction z, the grid spacing
is uniform and equal to Az = §/40, based on the Az and Ay averages. The flow solution is computed
in a domain extension (L, X L, x L) of 13.50 x 106 x 3¢ in x, y and z directions, respectively. A
structured grid is used with 514 x 401 x 121 nodes, in the x, y, and z directions, respectively, which
corresponds to approximately 24.9 x 10° nodes. The statistics of the flow are computed in a domain

extension of 10§ x 106 x 3.

2.8. Radiation simulation

The Radiative Transfer Equation (RTE) is here numerically solved using a Monte-Carlo method.
The RTE in an emitting-absorbing and non-scattering medium assuming local thermodynamic equi-

librium can be expressed as

dI

TSV = _Hulu + K/l/IbV7 (8)
where &, stands for the absorption coefficient at a given wavenumber v, I, is the local spectral radiative
intensity, and I3, is the equilibrium spectral intensity given by Planck’s law. The volumetric radiative

power is a balance between the power lost by radiative emission P, and the gained power due to
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radiative absorption P,, i.e., P.qq = P, — P.. They are defined as

P.=4r / b (T) I, (T)dv, P, = /p (HV(T) A ] um) du. (9)

An efficient Monte-Carlo method [43] is used in this study to determine the radiative power. It
relies on an Emission-based Reciprocity method (ERM) [44] and takes advantage of a randomized
Quasi Monte-Carlo (QMC) method [45]. The randomized QMC reduces the required computational
time by sampling the random numbers using low-discrepancy Sobol sequences [46] to accelerate the
statistical convergence. As the radiative power is determined at computational nodes, the statistical
behavior is only based on three probability density functions: two to determine the direction (azimuthal
and polar angles) and one to determine the wavenumber of the emitted ray, v. For each ray, three
pseudo-random numbers are generated using the randomized QMC method. Further details can be
found in the work of Palluotto et al. [43].

The correlated-k (ck) narrowband model [31, 32] is here used to account for the spectral radiative
properties of HoO. Such a level of description is deemed very accurate for the targeted coupled simula-
tions compared to Weighted-Sum-of-Gray-Gases (WSGG) global models or notoriously wrong gray-gas
assumptions. The present ck model is based on updated parameters of Riviere and Soufiani [47]. For
H,0, these parameters are generated for 44 spectral bands (widths varying from 50 cm ™! to 400 cm™1)
and for a 300 - 4000 K temperature range. With 7-points Gauss-Lobatto quadrature points per band,
the ck database is made of a total of 308 pseudo-spectral points. The accuracy of the ck model is
further discussed in §3.1.

To keep affordable simulations in terms of time processing, the mesh to compute the radiative
problem is based on a coarser mesh by considering one out of two nodes in each direction of the DNS
mesh. Thus, the radiative mesh has 282 x 235 x 75 grid nodes in the z, y and z directions, respectively.
The affected accuracy due to this choice is analyzed in §3.1 for the present strongly heated jet.

One of the advantages of the retained ERM method is that only the bundles leaving a specific
node are needed to estimate the local radiative power at this specific node. It is, therefore, possible
to estimate the radiative power at one node without performing such estimation at all other nodes
of the domain. The radiative power is only computed at relevant points to save computational time.
The cross-stream coordinate y of these points is restricted to the range [—4y;/2(7),4y1/2(x)]. Then,
radiative calculations are only performed in a volume that surrounds the jet.

Periodic boundary conditions for the radiative solver are considered in the spanwise direction.
Then, when a ray reaches a periodic boundary, say at the point (z,y, L,), it continues propagating in
the same direction at the point (z,y,0). The rest of the boundaries are assumed black-surfaces at the

local temperature.
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The Monte-Carlo solutions are considered converged when the relative standard deviation of the
local estimated radiative power is lower than 5%, or the absolute standard deviation of the local
estimated radiative power is lower than 0.5% of the maximum value in the magnitude of the radiative
power in the domain. If these two criteria are not achieved, a maximum number of 2.5 x 103 rays is
considered. This choice of the convergence criteria is also analyzed in §3.1.

The radiative power field is computed every 30 iterations of the fluid flow solver. This coupling
period keeps the error associated with the coupling procedure below 5%. Details of the coupling
error computation can be found in [33]. Once the coupling period is fixed, the number of processors
dedicated to each code should be set to minimize the time spent on waiting for communications among

processors.

3. Assessment of the Monte-Carlo computations

3.1. Accuracy of the computed radiative power field

The ck model used to estimate the spectral radiative properties of water vapor is first validated
by comparison with line-by-line (LBL) results presented in the work of Soufiani and Taine [48] and
results using the LBL database HITEMP [49] updated by Riviere and Soufiani [47]. Figure 2 compares
LBL results [48, 49] of the transmissivity of an isothermal and homogeneous HyO — Ny (Xp,0 = 0.5)
column of length [ = 0.5 m at 1000 K with the results obtained using the present ck model. For this

specific mixture, a good agreement between both approaches is observed over all the spectrum.

o
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——present ck
-------- LBL Soufiani and Taine |
-------- LBL HITEMP

Transmissivity, Fhv
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wavenumber [1/cm)]

Figure 2: Comparison of the present ck model with LBL data from Soufiani and Taine [48] and HITEMP [49] for the
spectral transmissivity of an isothermal and homogeneous column Xp,0 = 0.5 of length I = 0.5 m at 1000 K and

pressure of 1 atm.

The ck model has also been compared with LBL results [47] for representative conditions of the
present case. Figures 3a, 3b and 3c compare the transmissivity of a water vapor column of length
1 =0.05 m at 405, 1452 and 2500 K, respectively, between the current ck model and the updated LBL
database HITEMP [47]. For the three analyzed temperatures, the current ck model is in excellent
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agreement with LBL results over all the spectrum despite small differences that can be observed for

the high-temperature case.
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Figure 3: Comparison of ck model results of the spectral transmissivity of an isothermal and homogeneous water vapor
(XH,0 = 1) column of length I = 0.05 m at a pressure of 2.576 atm with LBL data (HITEMP [49]) for temperatures
(a) 405 K, (b) 1452 K and (c) 2500 K.

Results varying key parameters of the Monte-Carlo solver are here analyzed to assess the accuracy
of the radiative power field calculations. First, the effects of increasing the maximum number of rays
issued from a node are analyzed. To do so, the radiative power field has been computed for a given
instantaneous temperature field by setting the maximum number of rays to 2.5 x 10% and 5 x 103 while
keeping constant all other parameters, including convergence criteria. Figure 4 shows instantaneous
slices of the radiative power when a maximum number of rays of 2.5 x 10% and 5 x 10 are set. No
significant qualitative differences can be observed in the radiative power field in Fig. 4. Additionally,
downstream and cross-section profiles of the instantaneous radiative power are shown in Fig. 5a and
Fig. 5b. It can be seen that, despite some small relative differences between both cases, a maximum
number of 2.5 x 10? rays captures the trends of the radiative power accurately. Hence, a maximum
number of 2.5x 103 rays has been retained to control the amount of computation time with the available
resources.

Secondly, the effects of considering a coarser mesh for the radiative computations are also analyzed.

The coarse radiative mesh consists in 257 x 201 x 61 grid nodes while the DNS fluid flow uses a mesh
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Figure 4: Instantaneous radiative power field at z = 0 when a maximum number of 2.5 x 103 (a) and 5 x 103 (b) rays

are issued form each node.
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Figure 5: Comparison between radiative power results for a maximum number of 2.5 x 102 and 5 x 102 issued form each

node. (a) Downstream evolution of the radiative power and (b) cross-section profiles of radiative power at = 104.

with 514x401x121 nodes along z, y and z directions, respectively. To assess the independence of the
radiative solution from the used mesh, radiative power fields have been computed using the DNS and
coarser radiative meshes for a given instantaneous temperature field. Downstream and cross-section
profiles of the instantaneous radiative power for both meshes are compared in Fig. 6a and Fig. 6b,
respectively. From these results, it can be seen that the coarse mesh can correctly capture the trends
of the radiative power. Despite the minor inaccuracy, the coarse mesh is retained in this study since
radiative computations on the DNS mesh increase by a factor of 8 the required computational memory
and time processing when compared to the coarse mesh.

For the convergence criteria specified in §2.3 and a given instantaneous field of temperature, the
local number of rays issued to compute the radiative power using the Emission-based Reciprocity

Monte-Carlo Method is shown in Fig. 7a; while the relative statistical error of convergence, computed

10
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Figure 6: Comparison between radiative power results for the coarse and refined meshes. (a) Downstream evolution of

the radiative power and (b) Cross-section profiles of radiative power at = 10§

as the relative standard deviation of the local estimated P4 (here denoted as P,.,q rms), is presented

in Fig. 7b.
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Figure 7: Contour fields at z = 0 related to the Monte-Carlo solution and its convergence. (a) Local number of rays and

(b) Relative standard deviation (rms) of the radiative power statistical estimation.

As it can be seen in Fig. 7a, the jet edges are the hardest regions to converge the radiative power.
Indeed, the radiative power in these regions is close to zero, which implies large values of the relative
standard deviation of the local estimated radiative power. And, at the same time, this region has a
strong radiative heat exchange with inner regions of the jet. Furthermore, regions with more than
5% of the relative standard deviation of estimated radiative power in Fig. 7b correspond to regions
with Pr.q close to zero. The computation stops in these regions because of the locally small absolute

standard deviation or the reached maximum number of rays.
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3.2. Nature of radiative transfer under the studied conditions

The radiative properties of a medium strongly affect the exchanged radiation and the behavior of
TRI effects, as explained in the works of [1, 2]. The nature of the radiative transfer in the configuration
under study is characterized by analyzing the spectral transmissivity of water vapor based on the initial
jet width (6 = 0.05 m).

The spectral transmissivity is computed using the ck model for the present temperature range (2500
K and 405 K) at a pressure of 2.576 atm and presented in Fig. 8a. Additionally, the spectral Planck

functions for these temperatures are presented in Fig. 8b adimensionalized by its maximum value.

1 1
8
g
S 3

4 05 <05
—T; = 2500 K S

—T5, =405 K
1 L L 1 O L L n
2000 4000 6000 8000 2000 4000 6000 8000
wavenumber [1/cm] wavenumber [1/cm]
(a) (b)

Figure 8: For a pressure of 2.576 atm and the maximum and minimum temperatures of the strongly heated jet: (a)
spectral transmissivity of water vapor based on the initial jet width, and (b) spectral Planck functions adimensionalized

by its maximum value.

From Fig. 8a, it can be seen that regardless of the temperature, water vapor tends to be optically

)

thick at low wavenumbers (< 500 cm™!), and it presents two "peaks” of moderate-to-high optical
thickness around wavenumbers of 1500 cm ™! and 3800 cm~!. As temperature increases, these "peaks”
of optical thickness decrease in magnitude. Additionally, Fig. 8b shows that temperature shifts
the peak of emission towards higher wavenumbers and smooths the Planck function. Most of the

L and

emitted radiation comes from hot regions of the fluid, corresponding then to peaks at 1500 cm™
3800 cm~1t). If the rays emitted in hot regions are not reabsorbed in the vicinity of the emission
point, they are likely to be absorbed in the colder region, being that low-temperature fluid parcels
have lower transmissivity values at these wavenumbers (1500 cm™! and 3800 cm™!), as shown in Fig.
8a. Finally, note that the presented radiative properties dependency on wavenumber points out the

need to describe spectral properties. Here, a gray gas model cannot accurately account for radiative

heat transfer.

12
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4. Results of the heated turbulent jet coupled with thermal radiation

In this section, the effects of radiation on temperature and velocity fields are analyzed by comparing
the heated jet without radiation (NR) and including radiation (R).

The statistics are obtained by averaging the data over approximately 7 = 1 s of physical time.
This time corresponds to approximately 4.6 flow time units defined as 7(Uy + Us)/(2L,) = 4.6, where
L, is the domain size in the x direction, L, = 10§. The approximate total cpu cost of the coupled
simulation using Intel Xeon CPU E5-2670 v3 24 cores @ 2.30 GHz is of 270000 h. The CPU time
for the coupled simulation is approximately 3.3 times greater than the one for the simulation without

radiation.

4.1. Radiative power field

Turbulent structures identified by the Q-criterion and colored by instantaneous emitted and ab-
sorbed power fields are shown in Fig. 9. A region with strong emission is identified close to the nozzle.
Around the jet centerline, a peak of absorption is located & downstream from the nozzle. Radiative
power is the difference between emission and absorption. In order to analyze the net thermal radiation
in the mean flow, the averaged radiative power (P,qq) is presented in Fig. 10. Regions with negative
P,.q are losing energy by the effect of radiation, while regions with positive values are gaining energy
due to radiation. The centerline of the jet mainly emits thermal radiation, and part of this radia-
tion is further absorbed in colder regions of the jet. In Figure 10, the emission dominated region has
been delimited from the absorption dominated region by solid black lines corresponding to isolines of
Proq =0.

Figure 11a shows the downstream variation of the mean radiative emission and absorption powers
along the centerline of the jet, both decrease in magnitude beyond x = § along with the temperature
decay. In the initial region of the jet, around x < 5§, radiative heat transfer is dominated by emis-
sion power, yet the absorption is around 61% of the emitted power at x = 5. As the flow evolves
downstream, the difference between emitted and absorbed power decreases. Then, beyond x > 96,
in the fully developed region, absorption is around 80% of the emitted power. The downstream
evolution of the optical thickness is depicted by the spectral transmissivity shown in Fig.
12. Similarly to Fig. 3, the spectral transmissivity is defined from an isothermal and
homogeneous water vapor column of length 1 = 0.05 m (initial jet width) and pressure of
2.576 atm. Here, the jet centerline’s local temperature is considered to account for the
evolution of the transmissivity at the axial coordinate. Since the optical thickness does not
vary significantly downstream, the strong absorption observed beyond x > 99 at the jet centerline is
because of considerable reabsorption, i.e., most of the emitted energy is reabsorbed near the emission

point; but also because there is, in some extend, absorption from a large amount of radiation emitted
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Figure 9: Snapshots of turbulent eddies identified by the @-criterion colored by P. and P,.
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Figure 10: Contour of the mean radiative power of the strongly heated jet. A solid black line delimits the emission

dominated region from the absorption dominated region.

at the inlet region. The nature of this energy exchange has not been fully characterized in this work,

s0  which would require further information regarding the ray paths.
The mean radiative power along the jet centerline, resulting from the difference between the mean
emission and mean absorption radiative powers, is presented in Fig. 11b. The initial zone is the most
affected region by radiation due to the large radiative power emitted. Then, radiative power at the jet

centerline tends to zero downstream as the turbulent jet spreads and mixes itself with its surrounding.
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Figure 12: Spectral transmissivity of water vapor based on the initial jet width length and the temperature downstream

evolution at the jet centerline colored by the spectral Planck function adimensionalized by its maximum value.

The cross-section profiles of mean emission and mean radiative absorption powers in the initial zone
(x = §) are shown in Fig. 13a. A maximum relative difference of around 53% between the emitted and
the absorption powers at the jet centerline is observed. The resulting mean radiative power at x = 0 is
presented in Fig. 13b. Figure 13b shows a strong emitted radiative power in the jet potential core. On
the jet edges, the radiative power tends to zero, and absorption dominates in the outer region of the
jet. In the fully developed zone, the temperature and its gradients are lower, and the heat transport
by radiation decreases significantly. This considerable reduction of the radiative power at x = 106 is
illustrated in Fig. 13c, which shows that the relative difference between mean emission and absorption
powers is around 17%. These values are reflected in the mean radiative power cross-section at x = 10§

presented in Fig. 13d.
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Figure 13: Cross-section profiles of mean emission, mean absorption and mean radiative powers at the initial (z = 0)
and fully developed (z = 100) regions. (a) (Pa) and (P.) at © = 4, (b) (P.qq) profile at x = 9, (c) (P.) and (Pe) at
z = 106, and (d) (P,qq) profile at z = 104.

Although the mean radiative power decreases significantly downstream, its cross-section profiles
have similar trends in the downstream region. An adimensionalization is proposed to characterize the
cross-section profiles of mean radiative power in the fully developed turbulent region. The adimen-
sionalization is based on the distance from the centerline of the jet at which the mean radiative power
is null ¥ /2 p,,,(z) and the magnitude of mean radiative power at the jet centerline (P rqq). On the
one hand, Fig. 14a shows how dimensional radiative power profiles versus the cross-stream coordinate
adimensionalized by the half-width based on velocity do not collapse into the same profile and how
they decrease in magnitude downstream. On the other hand, Fig. 14b shows the adimensionalized
radiative power profiles at x = 80, x = 90 and = = 104. This adimensionalization induces reasonable
self-similar profiles of mean radiative power beyond z = 8§. A reason for the observed self-similarity
in the radiative power would be due to self-similarity in the temperature profiles in addition to strong
reabsorption such that local conditions determine the radiative power.

The qualitative behavior of the radiative power shown in Fig. 10 is similar to the one in Ref. [33]
for a slightly heated jet, and has been here thoroughly detailed. The first objective of the present
study is to consider conditions under which the temperature profile is impacted by thermal radiation

in the developed region of the jet. This requirement is verified in the next section.
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Figure 14: Adimensionalized radiative power profiles at different cross-sections.

4.2. Radiation effects on the mean temperature field

When accounting for radiation in the energy transport, the instantaneous temperature fields are
significantly modified, as shown in Fig. 15. Despite there is not a clear difference in the turbulent
structures identified by the Q-criterion, it can be seen qualitatively that the energy mixing process is
enhanced by the presence of thermal radiation. Note that, although the injected hot mixture
remains uniform in terms of temperature at the vicinity of the nozzle, early turbulent
structures in this region can be identified in Fig. 15 due to the injected synthetic tur-
bulence at the inlet.  Plots analyzing velocity fields are not presented. To summarize briefly,
first-order moments are moderately impacted by the impact of radiation through density variations.
As for second-order moments or terms in the budget of kinetic energy, the effect of radiation is negligible
on adimensionalized profiles.

On the other hand, temperature statistics are, of course, greatly affected by thermal radiation. The
mean temperature fields are shown in Fig. 16. Radiation enhances the energy transport, especially in
the entrance zone at which high temperature and large temperature gradients are present as already
observed in slightly heated conditions [33]. It can be seen in Fig. 16 that radiation shortens the
temperature potential core and smooths the gradients of mean temperature.

Figure 17 shows the jet half-width based on temperature y, /5 7 adimensionalized by the initial jet
width § for the radiative and the non-radiative cases. From this figure, it can be observed that the jet
starts spreading beyond x = 3§ when radiation is included. On the other hand, for the non-radiative
jet, the jet starts spreading afterward around x = 5§. Such a difference is caused by the enhanced
energy transport when including radiation effects.

The radiation role in heat transport is assessed through the average enthalpy balance. For a
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Figure 16: Comparison of Favre-averaged temperature fields between (a) the radiative and the (b) non-radiative heated

plane jets.

statistically steady-state and a low Mach-number flow, it can be written as

a(<p>{ul}{h}) + 8(<P>{U;Ih”}) _ 0 <>\§7T> + <Prad>- (10)
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Figure 17: Downstream evolution of the jet half-width based on temperature profile for the radiative and non-radiative

jets.

Figure 18 presents the cross-section profiles of the terms in Eq. (10) in the initial region (x = ¢)
adimensionalized by the factor y; 2/ (A{U:}C,A{T:}{p)) for the uncoupled (Fig. 18a) and the coupled
(Fig. 18b) simulations, in which A{T.} = {T'}, =0 —T>. As expected, Figure 18b shows that radiation
has a major contribution in the initial zone, specially in the inner region of the jet as seen in [33].
Note that the radiation contribution to the enthalpy budget at jet inner region is compensated by the

mean flow advection.

1 —— Turbulent conv. o —— Turbulent conv.
= 0.05¢ 7\ - -Mean flow advection 7 '8 (05 — -Mean flow advection |
o Diffusion o Diffusion

0 — — Radiative power
%
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Figure 18: Cross-section profiles of the enthalpy budget main terms at « = ¢ for (a) the non-radiative and (b) the

radiative jets.

Figure 19 shows the same analysis in the developed region. Again, all terms of the balance have been
adimensionalized by the factor y; o/ (A{U.}C,A{T:}{p)). Despite the drop in thermal radiative power
in the downstream region, radiation keeps, under the studied conditions, a noticeable contribution to
the enthalpy balance for y < y;/2 in the developed region as shown in Fig. 19b. This behavior
is different from the previously studied conditions in [33] and corresponds to the desired physical
conditions for the present study.

As explained in [33], thermal radiation can have two kinds of effects on the temperature profile
in the developed region: a direct one from radiative energy transfer and an indirect one due to the

modified flow density issued from the perturbed initial zone. The presence of the direct effect in the
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Figure 19: Cross-section profiles of the enthalpy budget main terms at z = 10§ for (a) the non-radiative and (b) the

radiative jets.

developed region can be additionally confirmed with the scaling derived for the temperature decay in
[33]. A classical plot based on A{T.} = {T'}y—o — T> and ATy = T; — T to show the temperature
decay at the jet centerline is presented in Fig. 20a. The temperature decay is faster for the radiative
case (R) than for the non-radiative case (NR), in particular in the developed region. This information
can, however, be dubious on the importance of radiation in this region as outlined in [33] and could
be the sole result of the previously described indirect effect. In the work of [33], a new scaling has
been derived to correct for variable-density effects associated to this indirect effect. In Figure 20b, the

streamwise coordinate is now scaled based on an equivalent heat jet opening (7 1) defined in [33] as
() ()

rer=——\7~| {777 -
‘ Yi/2,17 (pe) {U:}

where the exit nozzle density (pg) and velocity (ug) are considered as the bulk average defined as

(11)

Do = %fé Pl._ody and Uy = %fé Uin(y)dy, respectively.

. . 8
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Figure 20: Downstream temperature decay along the present heated jet centerline for the radiative (R) and non-radiative

(NR) jets using (a) classical scaling (b) scaling from [33].

Results for the new scaling in Fig. 20b for both simulations show two curves that remain different

contrary to results for a slightly heated jet in [33] where only the indirect effect explained the tem-
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perature profile in the developed region. This difference indicates and confirms the role of the direct
effect of thermal radiation in the present jet developed region.

Linear fitting of the form

A 2
(A{§Z}> =Q1r (TexT + Q2,T> ) (12)

is additionally included in Fig. 20 for both cases to quantify the decay rates. Results of the linear
coefficients using both the classical and the new scaling are presented in Table 2 . With the appropriate
new scaling, the temperature decay rate Q1 1 is indeed different between the radiative and the non-
radiative cases, with a relative difference of 30.4 %. This analysis is in accordance with the average
enthalpy balance in the developed region presented in Fig. 19b, which states that the nature of the

heat transfer is modified by the inclusion of radiation.

Table 2: Comparison of decay and spread of temperature fitted coefficients for the radiative and non-radiative heated

jets using scaling based on the convective heat flux conservation.

Scaling Jet case Q1,1 Q2,1
Non-radiative 0.552 -3.650
Classic scaling
Radiative 1.022 -3.218
Non-radiative 0.3386 0.645
New scaling
Radiative 0.4867 0.251

Finally, excess Favre averaged temperature profiles ({T.} = {T} — T») of the radiative and the
non-radiative jets are presented in Fig. 21 adimensionalized by A{T.} at x = 10§ and plotted against
Y/y1/2,r- When adimensionalized, temperature profiles of the radiative and non-radiative cases are
surprisingly very similar. This self-similarity was anticipated in the analysis of the radiative power

profiles in §4.1.
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Figure 21: Comparison of cross-section profiles of mean excess temperature adimensionalized by the mean excess cen-

terline temperature at = 106 for the radiative and non-radiative jets.
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4.3. Radiation effects on temperature fluctuations

The relative magnitude of turbulent temperature fluctuations is presented in Fig. 22 by normal-
izing the temperature root-mean-square by the local mean temperature. Although a similar pattern
is obtained when including radiative heat transfer, thermal radiation appears to slightly decrease

temperature fluctuations, as observed by several previous studies such as [8, 29].
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Figure 22: Comparison of temperature root-mean-square between (a) the radiative and the (b) non-radiative jets.

Figure 23a shows the temperature root-mean-square along the jet centerline adimensionalized by
the excess temperature A{T.}. For both cases, temperature fluctuations start to develop beyond
x = 3.50. However, in the radiative case, temperature fluctuations intensity remains lower than in the
non-radiative jet. At the developed region (z > 8§), radiation decreases the temperature fluctuations
around 38 % in the jet centerline. The dimensionless cross-section profiles of temperature fluctuations
at x = 104 are presented in Fig. 23b. In accordance with Fig. 23a, temperature fluctuations at the
jet centerline are lower for the radiative jet. However, temperature fluctuations are almost equal on
both cases beyond y = 1.2y, 5 at the developed zone when adimensionalized by A{T.}.

The effect of radiation on temperature fluctuations is further analyzed through the transport equa-

tion of Favre averaged enthalpy variance, © = %{h’ ’21. Following the development in the work of [29],
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Figure 23: Comparison of temperature root-mean-square profils between the radiative and the non-radiative jets. (a)

Downstream evolution along the jet centerline. (b) Cross-section profile at = 104.

for a low-Mach flow, the enthalpy variance transport equation can be expressed as:

10 o (1 D (dh')
- h//2 R . h//2 — _ J
55 (0 )+ 5 (50 L)) T
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The molecular diffusion and Terms I and II are neglected in the following analysis since they do

not contribute significantly in the present enthalpy fluctuations balance. Then, adimensionalizing all
Y1/2
AU(CpATC)? (p)

terms in the enthalpy fluctuations budget by the factor , Eq. 13 can be rewritten as

*

DO %
=e5+PE+V-TH + (WPl (14)

Dt
where * denotes adimensionalized quantities.

The budget of the enthalpy fluctuations for the non-radiative and radiative jets are presented in
Figs. 24a and 24b, respectively. As expected, in the non-radiative jet, production and dissipation
terms dominate the budget. However, when radiation is included, a new term corresponding to the
correlation between enthalpy fluctuations and radiative power fluctuations significantly contributes to
an additional dissipation mechanism of enthalpy variance. That is why we called this term radiative
dissipation as in the work of [29]. Although the unbalance terms remain quite small in both budgets,
it must be said that, for the radiative case, the budget is not completely close. This residual error

may be attributed to numerical dissipation introduced in the resolution of the RTE on a coarser mesh.
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Figure 24: Dimensionless budget of enthalpy variance in the developed region. (a) Uncoupled heated jet. (b) Accounting
for radiative heat transfer. Comparison of the contributions in the enthalpy variance budget: (c) production, (d) turbulent

diffusion, (e) advection and (f) molecular dissipation between the radiative and the non-radiative jet cases.

The negative sign of term 111 outlines the anti-correlation between A" and P/_,: an increase in local
temperature yields a negative variation in the radiative power. This term, previously identified in
wall-bounded flows [26, 29], is also responsible in the present free shear flow for an additional damping
mechanism of temperature fluctuations.

A comparison of each term in the balance between both cases is presented in Figs. 24c to 24f.
When radiation is taken into account, the production term decreases because the mean temperature
gradients (%) have been smoothed by thermal radiation, and the decrease in temperature fluc-
tuations certainly weakens the turbulent transport (—(p) {u;h"}). Reciprocally, due to the decrease
in production and the additional radiative dissipation mechanism, the enthalpy variance in Fig. 23
decreases: there is a complex equilibrium between the mean fields, their fluctuations, and the effect
of radiation on both. Then, because of the acting radiative dissipation mechanism and the decreased

enthalpy variance, the molecular dissipative term nearly decreases by a factor of two when radiation

is considered.
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4.4. Radiation effects on the temperature spectrum

To complete the analysis of radiation effects on second-order moments of temperature, the spectrum
of temperature fluctuations at z = 10§ and at the jet centerline (y = 0) is presented in Fig. 25
to analyze how the different turbulent eddies are affected by radiation. The spectrum Ep(K.) is
computed along the homogeneous spanwise direction for the radiative and non-radiative cases. Both
spectra are first scaled by the large turbulent motions using the jet half-width y, /» and the mean excess
centerline temperature A{T.}. The classical representation of the one-dimensional spectra based on
a single wavenumber direction is shown in Fig. 25a. This figure shows that the flow at the
developed region presents a wide range of length scales, producing a continuous and
smooth spectrum characteristic of fully turbulent flows. Such a description, however, cannot
identify energetic eddies: no peak is seen as the wavenumber K, does not account for the eddies
extent in other directions. The premultiplied one-dimensional spectrum (K,E7), described in the
work of Alamo et al. [50, 51], allows for correcting this shortcoming. It is presented in Fig. 25b which
expresses the premultiplied spectra as functions of the wavelength (,%—’l) to identify the most energetic
regions. With the previously described drop in temperature variance, the L2-norm of the spectrum
with radiation is expected to be smaller than the case without it. From both Figures 25a and 25b,
it can be observed that radiation indeed decreases the intensity of fluctuations, and that is, in fact,
true at all scales. However, when these profiles are scaled by their respective temperature variances,
radiative and non-radiative spectra have very similar trends, as shown in Fig. 26. The inertial region

is almost superposed for the radiative and non-radiative cases, while slight differences can be observed

in the dissipative and the energy-containing ranges.
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Figure 25: One-dimensional spectra of temperature fluctuations along the homogeneous spanwise direction at the jet
centerline and at * = 10§ for the radiative (R) and non-radiative (NR) jets. (a) Classical representation of the one-

dimensional spectrum, (b) premultiplied one-dimensional spectrum.
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Figure 26: One-dimensional spectra of temperature fluctuations along the homogeneous spanwise direction at the jet
centerline and at z = 10§ for the radiative (R) and non-radiative (NR) jets scaled by temperature fluctuations. (a)

Classical representation of the one-dimensional spectrum, (b) premultiplied one-dimensional spectrum.

To further understand the role of radiation on the temperature fluctuations spectrum, Figure 27a
compares the premultiplied one-dimensional spectrum of the radiative dissipation (" P, ;) denoted by
Dp,,, with the premultiplied molecular dissipation spectra related to the term <%%> designated
by D¢ r and D¢ nr for the radiative and non-radiative cases, respectively. Radiation dissipation acts
mainly in large turbulent scales, while, as expected, the molecular dissipation process occurs in small
eddies. Moreover, radiative dissipation can be split into emission and absorption contributions as
(W'Pl..) = (h"P)y — (h'P}). Figure 27b shows the premultiplied spectra associated to (h”P.) and
(h" P!} denoted as Dp, and Dp,, respectively, together with the already seen spectra for temperature
fluctuation and radiative dissipation. From Fig. 27b, it can be seen that radiative dissipation associated
to the emitted power controls the total radiative dissipation at the jet centerline, while the contribution
associated to the absorption part is small. Since emission dominates in the centerline of the jet as
presented in Fig. 10, a strong correlation between temperature and radiative power is expected; thus,

radiative dissipation and temperature fluctuations spectra have very similar trends.

4.5.  Turbulent Prandtl number

Since radiation decreases mean temperature gradients and also affects second-order temperature
moments, as shown above, the Turbulent Prandtl number (Pr;) is therefore subject to change due to
radiation effects. Pr; is typically a calibrated parameter in the context of turbulent viscosity models,

in which the turbulent heat flux is commonly related to the mean flow characteristics by the expression

_ 04T}
PI‘t 8$J ’

(o {ujT"} = (15)
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Figure 27: Premultiplied one-dimensional spectra (at z = 10§ and y = 0) along the homogeneous spanwise direction. (a)
Radiative and molecular dissipation spectra for the radiative (R) and non-radiative (NR) jets. (b) Comparison betweeen
the radiative dissipation spectra with its emission and absorption contributions, together with the spectra of temperature

fluctuations for the radiative case.

where i is the so-called turbulent viscosity. In order to assess the radiation effects on Pry, it has been
explicitly computed for the radiative and the non-radiative cases using the following expression, valid

in thin layers,

b _ ()"} 0{T} /0y
" (o) {v" W} ep D{u}/dy

In Figures 28a to 28c the downstream evolution of Pr, is plotted for three constant y; /o-lines that

(16)

are y = y1/2/2, ¥ = Y172 and y = 3y;/2/2. While close to the jet centerline (Fig. 28a), the turbulent
Prandtl number is slightly greater for the NR case; as the distance to the jet centerline increases
(Figs. 28b and 28c), the R case has larger Pr; values when compared to the NR case.

In order to synthesize the increase in the turbulent Prandtl number due to radiation, the spatial
averages of Pr; computed in the range 5§ < x < 10§ for the iso-y; p-lines are reported in Table 3.
At the outer region of the jet, the turbulent Prandtl number indeed increases due to the radiation
effects. The work of [29] in wall-bounded flows always revealed an increment of Pr; when considering

radiation. The behavior in a turbulent jet appears more sophisticated.

Table 3: Turbulent Prandtl number spatially averaged along lines of equal y; /o for the Radiative (R) and the Non-
radiative (NR) cases of the strongly heated jet.

Case Pirtat y1/2/2 Pirtat Y1/2 Pirtat 3y1/2/2
R 0.5613 0.8249 1.1006
NR 0.7779 0.8811 0.8848
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4.6. Interaction between radiative transfer and temperature turbulent fluctuations

The analysis of the turbulence effects on mean radiation is presented in this section. These effects
arise due to radiation nonlinearities. Hence, the averaged radiation heat transfer in a fluctuating tem-
perature field may differ from the one obtained using only the averaged temperature. To quantify the
turbulence effects on radiation in the present configuration, a non-coupled Monte-Carlo computation
of the radiative heat transfer using the averaged temperature field, P..q ((T')), is compared with the
averaged radiative power from the coupled simulation (P4 (T)) presented in §4.1.

The downstream evolution of P,..q ({(T')) and (P,..q (T)) at the jet centerline is presented in Fig.
29a, while, in Fig. 29b, a comparison between cross-section profiles of Pyqq ((T')) and (P.qq (T)) at
x = 109 is shown. From Fig. 29, it can be observed that turbulence effects on the radiative power
at the emission dominated jet centerline are very small: they do not exceed a relative difference of
10%. However, turbulence effects on the cross-section profile of radiative power are noticeable despite
remaining moderate all along the profile.

The observed negligible-to-small turbulent effects on the average radiation field for the present
configuration are in agreement with the literature which stands that, for most non-reactive flows,
such turbulence-radiation interaction effects are negligible [21, 28, 29, 52, 53]. However, one cannot
reduce TRI effects to the analysis of (P,,q). The previous sections have indeed outlined several other

interactions.
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Figure 29: Comparison between averaged radiative power field and radiative power from averaged temperature field. (a)
Downstream evolution of P,4q ((T')) and (P,4q (T)) along the jet centerline and (b) Cross-section profile of P,.qq ((T'))
and (Prqq (T)) at = = 106.

5. Conclusions

The impact of thermal radiation has been analyzed in a non-reactive turbulent jet with high-fidelity
methods: direct numerical simulation, accurate radiative properties, and Monte Carlo radiative solver.
Since coupling between solvers at each flow iteration and all computational nodes remains too costly,
the impact of the numerical setup has first been investigated. The studied conditions magnify radiative
heat transfer, which keeps a noticeable contribution in the jet developed region for y < y;/, in the
enthalpy balance. The jet scaling law derived in [33] to account for variable-density effects in the
jet temperature decay also confirms that a direct effect of radiation remains in this region. The case
enables then to study the effect of radiation in the fully developed part of the considered free shear
flow.

As in previous nonreactive studies, the effects of turbulence on the average radiative power are
moderate. However, the reciprocal effects of radiation on the turbulent temperature scales exhibit a
more sophisticated nature. The level of temperature fluctuations is damped in the presence of radiative
heat transfer, which, in turn, affects the efficiency of the turbulent heat transfer. This results from
two mechanisms: the thermal turbulent production is reduced, and a new dissipative term takes place
because of the correlation term between local enthalpy and radiative power that appears in the budget.
Under the studied configuration, this radiative dissipation contributes negatively to the temperature
fluctuations and is dominated by its emission contribution. Finally, the turbulence spectrum analysis
reveals that energetic eddies are responsible for this damping mechanism, which is very different
from the classical molecular dissipation that takes place at the smallest eddies. As for the modified
turbulent heat transport, the effects of radiation have eventually been synthesized in terms of its
impact on turbulent Prandtl number from the DNS data. The behavior is not uniform throughout the

jet cross-section: Pr; decreases close to the jet centerline, while an increase is observed at the outer
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A broad range of complexity in the effects of radiation on turbulent flows has been observed.
Future works will be needed to understand if this prevails in other cases with intense thermal radiation
and how the scaling laws are modified. Adimensionalization has shown self-similar profiles for mean
temperature and radiative power, which is surprising given that detailed radiative properties leave
little hope for universal profiles. Other cases would allow for assessing this feature. A longer extent
for the studied jet (here prohibited by the available resources) would also be interested in observing
whether a change in the balance between thermal radiation and turbulent heat transfer takes place

further downstream.
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