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Abstract. This work studies the Turbulent Radiation Interactions (TRI) in a heated turbulent plane jet of water vapor
discharging into a parallel low speed co-flow of cold water vapor. To this purpose, a comparison between the averaged
radiative power from a coupled direct numerical simulation and the radiative power field when computed from the av-
eraged temperature field is presented. This comparison allows a quantification of the TRI when turbulence is modelled
by the Reynolds Average Navier-Stokes (RANS) technique. The radiative transfer equation is solved using a Monte Carlo
Method and the Correlated K-distribution (CK) method is used to account for spectral dependency of the absorption
coefficient.
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1. INTRODUCTION

Numerical simulations have played a key role during the past decades in supporting the design stage in many industrial
systems. However, the modelling of some complex systems involving multiple phenomena are still challenging problems
for engineering and computational science. In applications such combustion systems or steam turbines, there is a strong
coupling between thermal radiation and turbulence due to high operating temperature and pressure conditions. In such
systems, despite the fact that radiation can be the dominant mode of heat transfer, radiation is often neglected or approxi-
mated by "gray" models or "optically thin" assumption. These simplistic approaches are usually driven by the increase in
complexity and in time processing.

During the past decades, there has been a growing interest on the role of radiation in high temperature turbulent flows.
For example, Mazumder and Modest (1999) have shown that neglecting radiation in a methane-air diffusion flame entails
a decrease of about 250 K in the temperature field, on average. While using a simplistic approach for radiation, such as
"gray" models or the "optically thin" assumption, leads to underprediction of up to 100 K (Modest and Haworth (2016)).

In the every-day industry applications, turbulence flow is modelled aiming to obtain good commitment between time
processing and accuracy. Most of those models are based on averaged (RANS) values of the flow variables. Thus,
fluctuations of velocity (u′i), temperature (T ′) and species concentration (Y ′k) are not directly resolved. Unfortunately,
those fluctuations affect the radiation field since the emission (κηIb,η) and absorption of radiation (κηIη) are highly non-
linear functions of temperature and species concentration. Here, κη stands for the spectral absorption coefficient which
depends on the wavenumber η.

When a radiative energy balance is performed in the RANS context, the Radiative Transfer Equation (RTE) is averaged,
and the non-resolved fluctuations can play an important role. The averaged form of the RTE in an emitting-absorbing and
non-scattering medium on a specific direction defined by the unit vector s can be expressed as:

d < Iη >

ds
= − < κηIη > + < κηIb,η > (1)
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Averaged emission < κηIb,η > and averaged absorption < κηIη > are unclosed terms, since their computation from
averaged and instantaneous values are not necessarily equal, that is:

< κηIb,η >=< κη >< Ib,η > + < κ′ηI
′
b,η > (2)

< κηIη >=< κη >< Iη > + < κ′ηI
′
η > (3)

where it is considered that the spectral absorption coefficient is a function of the local instantaneous values of temperature
and species concentration, κη(T, Yk) (assuming constant pressure), and the spectral blackbody intensity is solely a func-
tion of the local temperature, Ib,η(T ). Moreover, the spectral radiative intensity computed through the RTE is a function
of the temperature and species concentration fields Iη(T, Yk). The terms < κ′ηI

′
b,η > and < κ′ηI

′
η > in Eqs. 2 and 3 are

the so called emission and absorption TRI, respectively.
This work compares the results of the averaged radiative heat transfer computed from instantaneous values of tem-

perature with the non-coupled results of the radiative heat transfer computed from averaged temperature field. To this
end, two simulations are performed. First, a reference solutions is obtained from DNS of a heated plane jet coupled with
a radiative solver. After that, the averaged temperature field is used to compute a non-coupled solution of the radiative
heat transfer. The comparison of those two simulations bring into light a quantification of TRI in the RANS context of a
spatially developing heated jet. Previous studies focus on the role of TRI in a temporal jet assuming periodic boundaries
(Roger et al. (2011)), in homogeneous isotropic turbulence (Roger et al. (2009, 2010)), in a planar channel flow (Gupta
et al. (2009); Zhang et al. (2013b)) or in a mixing layer (Ghosh and Friedrich (2015)).

Section 2 describes the physical model under study and the computational tools used for the simulations. Section 3
presents (i) a validation of the DNS code for the case of the isothermal plane jet, (ii) temperature results of the heated
plane jet from DNS coupled with the radiative solver, and finally (iii) a comparison between the averaged radiative power
from the coupled simulation and the radiative power field when computed from the averaged temperature field. Since
DNS directly determines the instantaneous field at all the turbulent scales, it contributes to a better understanding of TRI
and allows a quantitative comparison of the unclosed TRI terms.

2. Computational Procedure

The physical configuration investigated in this study consists in a heated turbulent plane jet of water vapor (T1 = 860
K) discharging into a parallel low speed co-flow of cold water vapor (T2 = 380 K), this temperature range has been
chosen based on typical values found in a steam turbine. An effective domain extension of 20h x 20h x 4h (in x-, y- and
z- directions respectively) is considered to compute the statistics of the flow. Figure 1 shows a schematic representation
of the jet of initial velocity U1 and a width opening h, with a velocity co-flow U2. The half width of the jet y1/2(x), in
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Figure 1: Schematic representation of a turbulent plane jet with a parallel co-flow.

which the velocity is half the velocity in the center of the jet Uc is also represented.
At the inlet boundary, we imposed a subsonic non-reflecting condition. The inlet velocity and temperature profiles are

specified by the hyperbolic functions:

Uin(y) =
U1 + U2

2
+
U1 − U2

2
tanh

(
h/2− |y|

2θ

)
, (4)
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Tin(y) =
T1 + T2

2
+
T1 − T2

2
tanh

(
h/2− |y|

2θ

)
, (5)

whereU1 andU2 are the jet and co-flow velocities, the ratio between velocities is set to beU2/U1 = 0.1, and θ = 3.5·10−2

is the shear layer momentum thickness. The Reynolds number based on the width opening h is set to

Re =
ρ∆U0h

µ
= 1500, (6)

where ∆U0 = U1 − U2.
Since direct numerical simulations are expensive in terms of computational power, we aim to reduce the computational

domain by injecting artificial turbulence at the jet region in the inlet boundary. In doing so, turbulent instabilities are
promoted, increasing the rate at which the jet reaches self-similarity, and thus saving a considerable amount of time
processing.

A turbulent field is generated using a Passot Pouquet model which defines the turbulent kinetic energy spectrum E(k),
being k the wavenumber k = 2π/λ and λ the wavelength. Such a model is usually used for low Reynolds number since
it well describes the largest turbulent scales (ke) but it does not represent the smallest turbulent structures (Passot and
Pouquet (1987)). The Passot Pouquet model computes the turbulent kinetic energy spectrum as :

E(k) = A

(
k

ke

)4

exp

[
−2

(
k

ke

)2
]
, (7)

where A is an independent variable of k defined by A = 16n
3

u′2

ke

√
2/π. Here, u′ stands for the turbulent velocity and n is

the number of dimensions, both are risen from the definition of the turbulent kinetic energy (K) :

K =
1

2
〈u′iu′i〉 =

n

2
u′2. (8)

Following the implementation of Caudal (2013) we define the turbulent kinetic energy spectrum by fixing the auto-
correlation integral scale Lii,i and the turbulent velocity u′ to the values: Lii,i = h/3 and u′ = U0/18.

2.1 DNS numerical characteristics

The governing equations used to describe the dynamics of the plane jet are the compressible Navier-Stokes equations,
which are discretized in space and time for its numerical solution. In order to assure high accuracy, a 4th order centred
finite-difference scheme for the spatial derivatives and an explicit 4th order Runge-Kutta method to advance in time
are used (Kennedy and Carpenter (1994)). An implicit filter of 8th order detailed in Gaitonde and Visbal (1999) is
used for stability purposes. As described in Poinsot and Lele (1992) the inflow and outflow boundary conditions are
formulated using the Navier-Stokes Characteristic Boundary Conditions (NSCBC), the bases of the implementation of
NSCBC is described in Coussement et al. (2012a). A general description of the implementation can be found in the work
of Coussement et al. (2012b), and the recent studies of Castela et al. (2016, 2017) also used this same code.

The Acoustic Speed Reduction method is applied in order to increase the time step and so reduce the computational
power to achieve statistical convergence, a detailed study of this method can be found in the work of Wang and Trouvé
(2004).

The grid is non-uniform in the x- and y- directions but it is uniform in the span-wise direction. The solution is
computed using 500 x 350 x 112 grid points, in the x, y and z directions, respectively. Considering the Kolmogorov

hypotheses η ≡
(
ν3

ε

)1/4
where ν is the kinematic viscosity and ε is the dissipation rate; knowing ν as a function of

temperature and estimating ε from previous DNS results (Stanley et al. (2002)), the grid spacing is set to be locally at
least four times the local Kolmogorov scale η(x, y) .

2.2 Radiative heat transfer

A Monte Carlo Method is used in order to compute the radiative heat transfer in a participating medium. This method
consists on tracing the history of a statistically meaningful random sample of photons from their points of emission to their
points of absorption, a general description of this method applied to radiative heat transfer in participating medium can
be found in Modest (2013). Taking advantage of the reciprocity principle the Emission-based Reciprocity Monte Carlo
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Method (ERM) is used. The details of the ERM method can be found in the work of Tessé et al. (2002). The spectral
absorption coefficient of water vapor is computed by a Correlated k-distribution (CK) method (Taine and Soufiani (1999)).
Additionaly, the pure random generator has been replaced for a pseudo-random generator based on the Sobol sequences
(Joe and Kuo (2008)). This pseudo-random generator provides a faster convergence of the radiative solution, a discussion
on the efficiencies of the pseudo-random generator and the ERM can be found in the work of Palluotto et al. (2017).

The grid to compute the radiative solution is based on the DNS mesh, but taking on each direction one point every two
points. That way, the radiative solution uses half of the points in each direction leading to a mesh grid of 250x175x57 grid
points in the x, y and z directions, respectively. Moreover, radiative power is only calculated at points 4y1/2(x) or closer
to the jet centerline in order to save computational power.

This Monte Carlo code has already been used in various studies such as Zhang et al. (2009, 2012); Zhang (2013);
Zhang et al. (2013b,a), Koren (2016) and Palluotto et al. (2017).

The solution of the Monte Carlo solver is considered converged when a rms lower than 3 % of the mean radiative
power is achieved. In regions where the mean radiative power is close to 0 and so the relative rms is hard to converge, an
absolute value of the rms of 2000 W/m3 is considered to achieve convergence. If those two criterions are not accomplish
in a specific grid point a maximum of 105 rays departing from the point are considered.

The energy exchanged by radiation inside a control volume is the radiative power (Prad) per unit volume which is the
difference between emitted energy and absorbed energy:

Prad = κη

(
−4πIb,η +

∫
4π

IηdΩ

)
(9)

In order to couple the radiative heat transfer with the flow field, Prad acts a source terms in the energy transport
equation of the flow field.

3. Results

In this section DNS results of an isothermal plane jet are compared with experimental and numerical results in order to
validate the code. Then, results of the heated plane jet from DNS coupled with the radiative solver are shown. Finally, this
section discusses a comparison between the averaged radiative power from the coupled simulation and the non-coupled
radiative power field when computed from the averaged temperature field.

3.1 Isothermal plane jet

Before presenting averaged results from DNS, let us defined the time averaging or Reynolds averaging of a time-
dependent quantity f(t) as

〈f〉 =
1

t∗

∫
t∗
f(t)dt, (10)

where t∗ is the time-averaged period, which should be much more larger than the characteristic time of the fluctuations.
In this study the statistics are obtained averaging the data during approximately 6 flow time units, defined as:

t∗(U1 + U2)

2LX
= 6 (11)

where Lx is the domain size in the x direction and it is set to 20h. Fluctuations are defined by:

f ′ = f − 〈f〉. (12)

Defining Ue = U − U2 as the averaged local velocity minus the co-flow velocity and ∆Uc = Uy=0 − U2 as the
averaged velocity at the centerline of the jet minus the co-flow velocity, the auto-similar profiles of vertical and horizontal
averaged velocities are respectively presented in Fig. 2a and 2b. Results are compared with the experimental data of
Gutmark and Wygnanski (1976), Deo et al. (2008) and the numeric results of Stanley et al. (2002).

Averaged velocity profiles of the isothermal plane jet are in good agreement with previous experimental and numerical
works. Those results are here presented as a validation of the plane jet set up in the DNS code.
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Figure 2: Self-similar velocity profiles of (a) horizontal velocity and (b) vertical velocity.

3.2 Heated plane jet

The heated jet is set to a temperature of 860 K, while the temperature in the co-flow is set to 380 K, this temperature
range has been chosen based on typical values found in a steam turbine. Figure 3 shows the isosurface of temperature
600K of a DNS coupled with the radiative solver of the heated plane jet.

	

Figure 3: Isosurface of T=600 K of the heated plane jet with a parallel cold co-flow.

Figure 4 shows the averaged results of temperature and its fluctuations form the DNS solution dynamically coupled
with the radiative solver, the procedure for the coupling follows previous works of Koren (2016); Zhang (2013). The
temperature averaged field of Fig. 4a is used for the non-coupled radiative simulation in order to obtain the Prad(< T >)
field. Figure 4b shows the averaged rms of temperature adimensionalized by the local temperature.

3.3 Radiative heat transfer computations of the heated plane jet

The results of the averaged radiative power < Prad(T ) > from a dynamically coupled simulation of the DNS code
together with the solution of the RTE are presented in Fig. 5a. On the other hand, Figure 5b shows the non-coupled results
of the radiative power Prad(< T >) from the averaged temperature field (already presented in Fig. 4a). In both figures
(5a and 5b) Prad has been delimited to the range 104 to −104 W/m3 for visualization purposes. The actual minimal
and maximal values are respectively −4.4264 · 105 and 5.5439 · 104 W/m3 for < Prad(T ) > , and −4.7782 · 105 and
5.4431 · 104 W/m3 for Prad(< T >).

As expected, Fig. 5 shows that the centerline of the jet which is the hottest region of the flow lose heat by radiation.
This radiation is further absorbed for the colder regions around the centerline of the jet, tending to 0 as the distance to the
centerline increases.

In order to put in evidence TRI effects on Prad, Fig. 6 shows the absolute difference between < Prad(T ) > and
Prad(< T >). Such a difference is also reflected in Fig. 7 in which cross-section profiles of < Prad(T ) > and Prad(<
T >) adimensionalized by the magnitude of the averaged radiative power at the jet centerline | < Prad,c(T ) > | are shown
for different values of x (x = 8h, x = 12h, x = 14h and x = 18h). In Figure 7 it can be observed two main regions in
each profile: the emission region between the centerline of the jet and approximately 1.5y1/2, and the absorption region
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(a) (b)
Figure 4: (a) Averaged temperature field and (b) rms field of temperature

(a) (b)
Figure 5: Exchanged radiative power when computed as (a) < Prad(T ) > and (b) Prad(< T >).

from 1.5y1/2 until the far-field in which Prad tends to 0. The results show that both the emission and the absorption region
are larger in module when Prad is computed from the averaged temperature field.

Early works of Kabashnikov and Kmit (1979); Kabashnikov (1985) show that, for moderate optical thicknesses, the
fluctuations of the radiative intensity are mainly caused by distant points. Thus, the correlation between the spectral
intensity fluctuations and the local absorption coefficient fluctuations is negligible. This consideration is the so called
optically thin fluctuation approximation (OTFA) and most of the works regarding TRI take advantage of it (Coelho
(2007)). If the OTFA is assumed, TRI is mainly due to emission TRI. In the analytical effort of Snegirev (2004) the
term < κη(T )Ib,η(T ) > is defined in terms of a development in Taylor series of the plank function and the absorption
coefficient, together with some algebra and neglecting correlations higher than two, it is expressed as:

< κη(T )Ib,η(T ) >≈ κη(< T >)Ib,η(< T >)

(
1 + 6

< T ′2 >

< T >2
+ 4

< T ′2 >

< κ >< T >

∂κη
∂T
|<T>

)
, (13)

where the correlation < κ′ηT
′ >≈< T ′2 >

∂κη
∂T |<T> if the fluctuations of the species concentration are ignored.

As discussed in Coelho (2007), the temperature fluctuations increase the radiation emitted by the medium, while the
term ∂κη

∂T |<T> can be positive or negative and so influences the role of the temperature fluctuations. Assuming the OTFA,
the results of this study suggest that the term ∂κη

∂T |<T> is negative leading to larger values on magnitude of Prad when
computed from the averaged temperature field. As a continuation of this work, it is expected to explicitly evaluate the
term ∂κη

∂T |<T> and to validate the OTFA for the current case in order to confirm these findings.
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Figure 6: Absolute difference between < Prad(T ) > and Prad(< T >)

(a) (b)

(c) (d)
Figure 7: Cross section profiles of exchanged radiative power at (a) x = 8h, (b) x = 12h, (c) x = 14h and (d) x = 18h.

Figures 8a and 8b show respectively the relative and absolute statistical deviation related to the Monte Carlo error. It
can be note, when compared to the averaged Prad in Fig. 5 , that the larger values of the relative error are in points where
Prad is close to 0.
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(a) (b)
Figure 8: Convergence of the radiative simulation: (a) relative rms of the radiative power and (b) absolute rms of the
radiative power in W/m3..

4. Conclusions

In this work a successful DNS of a heated plane jet coupled with a detailed radiative solver considering the spectral
absorption coefficient of water vapor is obtained. Additionally, the averaged temperature field is used to compute a non-
coupled solution of the radiative heat transfer. Those simulations allow comparing the so-called TRI effects on the Prad as
the difference between < Prad(T ) > and Prad(< T >). It has been shown that TRI has a non-negligible effect on Prad.
Specifically, larger values on magnitude of Prad are obtained when it is computed from the averaged temperature field.
Those larger values together with the OTFA indicates that < κ′ηT

′ > have negative values. Future works are planned to
validate the OTFA for the current case and to explicitly evaluate the < κ′ηT

′ > correlation.
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