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An a priori study based on direct numerical simulation (DNS) of a non-isothermal

turbulent plane jet has been carried out in order to analyse the role of the small-scales

of turbulence on thermal radiation. Filtered DNS and large eddy simulation (LES)

without subgrid-scale (SGS) model have been estimated for the radiative heat transfer.

The comparison of the results highlights the subgrid-scale influence over the filtered

radiation quantities, such as the radiative intensity and the radiative emission. The

influence of the optical thickness is also studied. It is shown that the subgrid-scales are

not significant near the centerline of the jet, where the radiative heat transfer is more

important, and therefore that the SGS can be neglected in this configuration. However,

when the optical thickness increases, the SGS become relevant and SGS modeling may

be needed.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Turbulence–radiation interaction (TRI) effects in reac-
tive flows have been widely studied over the last years [1].
Direct numerical simulations (DNS) and large eddy
simulations (LES) are the most accurate numerical
techniques used for modeling turbulent flows [2]. DNS
are frequently used to provide fundamental insight on
turbulent flows and various studies have been carried out
with DNS in recent years to investigate TRI [3–6]. But DNS
remains too computational expensive for practical appli-
cations, and therefore LES emerges as an efficient
approach with the increase of computational power for
solving complex problems in combustion and fluid
dynamics [7,8].

Thermal radiation has been coupled to LES of reactive
flows in [9–13]. In these studies, the filtered radiative
source term was estimated without subgrid-scale (SGS)
ll rights reserved.

r).
models, i.e., the influence of the LES unresolved scales over
the radiative heat transfer has been neglected. Gupta et al.
[13] have recently studied LES in a turbulent planar
channel flow and analyse the influence of the LES
resolved-scale TRI over the temperature, emission and
absorption profiles. It is shown that the temperature self-
correlation is the most important contributor to emission
TRI, which is more significant than the absorption TRI,
except at large optical thickness.

A few very recent works addressed the importance of
SGS of thermal radiation in LES. The SGS-TRI in LES
has been studied by Poitou et al. [14]. They performed a
two-dimensional study from DNS of a reactive shear layer
to evaluate the SGS-TRI in the emission of radiation and
tested models based on Taylor development to recon-
struct the correlation between the temperature and the
absorption coefficient in a flame. Coelho [15] investigated
the relevance of the SGS-TRI in Sandia flame D.
He generated a time-series of turbulent scalar fluctuations
along optical paths of the flame and solved the filtered
radiative transfer equation (RTE) along these paths by
applying a one-dimensional filtering operation. In this
study, various approximations based on an assumed
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subgrid-scale probability density function are tested to
model the subgrid-scale fluctuations of thermal radiation.
It is shown that the TRI in LES is less relevant than in RANS
calculations, and that an extension of the optical thin
fluctuation approximation (OTFA) to LES should be
adequate. In the study of Chandy et al. [16], a hybrid
LES/filtered mass density function (FMDF) has been
applied to simulate a turbulent sooty flame. The extension
of the OTFA was used for the SGS absorption TRI, and
the closure of the filtered emission term is done by the
statistics of the composition variables available in the
context of LES/FMDF. It is shown that ignoring SGS-TRI
emission increases the overall temperature of the flame,
by decreasing the radiative heat loss.

A rigorous evaluation of the role of the SGS-TRI in LES
requires DNS data. In our previous studies [17,18], the
influence of the SGS over the radiative heat transfer has
been studied in an analysis based on DNS of steady forced
homogeneous isotropic turbulence. This analysis assessed
the relevant terms of the filtered radiative transfer
equation (FRTE). It has been shown in [17] that the
influence of the SGS-TRI over the radiative absorption can
be neglected whereas the influence over the emission
term may need to be taken into account in some
configurations, namely when the temperature standard
deviation reaches 20% of the mean temperature and the
filter size is located in the low-inertial range of the kinetic
energy spectrum. In [18], the influence of the mean and
variance temperature on the subgrid-scale correlations
is studied. It is shown that the assumption of neglecting
the TRI in LES leads to good predictions in the tested
cases.

With the aim of including radiative heat transfer
calculations in a LES code of turbulent non-premixed jet
flames, this study extends our preceding analysis to a
turbulent jet configuration. A DNS code of a non-
isothermal turbulent plane jet is used, and the radiative
transfer calculations are decoupled from the DNS. Com-
bustion is not taken into account in this study and will be
the subject of future works. Even if this configuration
remains academic, the flow studied here is representative
of jets, wakes and mixing layers [19], and displays some
z

Jet inlet

Fig. 1. Sketch of (a) a spatially developing jet as produced in a laboratory setup
universal qualitative features related to the entrainment
in free shear flows.

In the present work, DNS, filtered DNS and LES without
SGS model have been carried out in order to study the
influence of the SGS over the thermal radiation. The main
contribution lies in the a priori analysis based on
simultaneous filtered DNS and LES without SGS model
calculations to investigate the role of LES-SGS on radiative
quantities based on DNS data of a turbulent plane jet.
Previous works were limited to filtered DNS tests [14,17],
applied in homogeneous isotropic turbulence configura-
tion [17,18], relied on a stochastic model rather than DNS
[15] or focused on the role of TRI in RANS based on
DNS [3,6,5] or LES [13]. DNS resolves all the turbulent
scales, until the smallest active ones. Comparing filtered
DNS and LES estimates in an a priori analysis allows to
identify the effect of the LES-SGS over the radiative
quantities. The influence of the optical thickness is also
investigated.
2. Jet modeling

2.1. DNS of a turbulent plane jet

The present work is based on a direct numerical
simulation (DNS) of a turbulent planar jet described in [20].
The turbulent plane jet is a well known canonical free
shear flow with many common features with other free
shear flows, such as mixing layers, wakes, round and
coaxial jets. Therefore it is expected that the results
described here are similar to the results obtained in other
free shear flows.

In a jet produced in a laboratory setup, the jet spreads
freely from an initial source of momentum into a tank
filled with the same fluid at rest. Spatial DNS of jets
describe the jets observed in the laboratory as sketched in
Fig. 1(a). However, it is well known that numerical
simulations of spatially developing flows such as jets
can be very demanding both in terms of computer time
and memory, due to the need to simulate the flow inside a
very large computational domain containing all the length
y
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and (b) a temporal jet simulation as the one adopted in the present work.



Fig. 2. Time-averaged temperature /TS (in K) profile of the jet along the

(y) direction.
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scales of the flow. Recent DNS of spatially evolving
turbulent plane jets include the works of Stanley et al.
[21] and da Silva et al. [22]. In the present work in order to
limit the computational cost we use temporal simulations,
where the streamwise direction is periodic and we
analyse the spreading rate of the shear layer in time as
sketched in Fig. 1(b). This roughly corresponds to
analysing the spatial developing jet through a moving
window that travels downstream with the local mean
speed of the jet. The temporal simulation approach is
particularly suited to study the far field of the jet in great
detail since the number of available points in this region is
maximized in temporal simulations [20]. Moreover the
temporal simulation approach permits the use of the very
fast and accurate pseudo-spectral methods. DNS of
temporally evolving turbulent plane jets were carried
out by Akhavan et al. [23] and da Silva et al. [19].

The Navier–Stokes equations and an equation for the
transport of a passive scalar field were solved in the
temporal plane jet configuration. The numerical code used
here employs pseudo-spectral schemes for spatial dis-
cretization and the temporal advancement is made with
an explicit third order Runge–Kutta time stepping
scheme. More details can be found in [20]. The grid size
uses (Nx,Ny,Nz)=(256,384,256) grid points along the span-
wise (x), the lateral (y) and streamwise z directions,
respectively, and the dimension of the computational
domain is equal to Lx=Lz=4H and Ly=6H, where H is the
inlet slot-width of the jet. The initial Reynolds number is
ReH ¼U0H=n¼ 3200, where n is the kinematic viscosity.
The initial condition consists of a mean velocity profile to
which a synthetic numerical noise was added [20]. The
mean initial velocity used here consists on a hyperbolic-
tangent velocity profile,

U0ðx,y,zÞ ¼
1

2
�

1

2
tanh

H

4y0
1�

2jyj

H
�
jy0j

H

� �� �
ð1Þ

where y0 is the initial momentum thickness. Notice that
in this work the jet centerline is located at y0/H=3. Many
temporal simulations of turbulent round jets use a similar
initial mean velocity profile, since it is recognized
that it represents a very good approximation to the inlet
velocity profile found in measured experimental jets [24].
The passive scalar field was initialized with a similar
mean profile to which no initial passive scalar noise was
added.

Due to the nature of the temporal simulations, mixed
spatial–temporal means are used to obtain the statistics
as described in [20]. The spatial means consists in
averaging along the Nx � Nz homogeneous directions,
while temporal averaging is done with 14 instantaneous
fields from the far-field self-similar regime. Furthermore,
symmetry along the Ny direction is used. In total, each
mean quantity is estimated from 256� 256� 2�
14C1:8� 106 samples, which ensures a good conver-
gence of the statistics.

2.2. Temperature and gas species concentration data

In order to generate the temperature and the species
concentration fields for the radiative transfer computations,
we use the passive scalar fields obtained from the above
DNS. The Prandtl number is equal to 0.7. Since the plane
jet is homogeneous in the spanwise (x) and streamwise (z)
directions, the statistical moments of the temperature and
of the species concentration depend only on the lateral
direction (y). At each plane (x,z) (defined by y constant),
the instantaneous temperature field has been determined
from the passive scalar field according to the following
expression [17]:

Tðx,y,zÞ ¼/TSðyÞþ½TDNSðx,y,zÞ�/TDNSSðyÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/T u2SðyÞS

/TDNSu
2SðyÞS

s

ð2Þ

In this expression, /TS is the mean temperature and
/T u2S is the variance of the temperature in the plane (x,z).
TDNS(x,y,z) is the value of the instantaneous passive scalar
field, /TDNSS and /TDNSu

2S are its mean and variance,
respectively. The first and second statistical moments of
the temperature are obtained from the first and second
moments of the passive scalar field according to the
following linear expression:

/TSðyÞ ¼/TSminþ
/TDNSSðyÞ�/TDNSSmin

/TDNSSmax�/TDNSSmin

�ð/TSmax�/TSminÞ ð3Þ
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Similar expressions for the CO2 molar fraction field are
obtained, since it was supposed that the temperature and
the absorbing species are fully correlated [17]. This
assumption is consistent with an infinitely fast chemistry
model and it is widely used in combustion modeling,
provided that local extinction and reignition are not
significant. The conserved scalar/prescribed pdf formula-
tion for example relies on the assumption of such a
correlation [25].

The time-averaged temperature /TS profile is displayed
in Fig. 2 and an example of an instantaneous temperature



Fig. 3. Example of instantaneous temperature (in K) in a (y,z) plane

chosen arbitrarily.
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field in a (y,z) plane is presented in Fig. 3. It can be observed
that the flow is strongly anisotropic along the y direction.
3. Thermal radiation calculations

The radiative transfer calculations have been carried
out using a ray tracing/correlated-k distribution method,
as described in [17]. Although radiation from H2O can be
easily included in the calculations, only radiation from
CO2 is considered in order to reduce the computational
requirements. The ray-tracing method consists in solving
the RTE along a line of sight in its integral form, which
may be written as

InðsÞ ¼ Inð0Þexp �

Z s

0
knðsuÞ dsu

� �

þ

Z s

0
knðsuÞIbnðsuÞexp �

Z s

s0
knðs00Þds00

� �
dsu ð5Þ

Eq. (5) has been discretized by dividing the optical path
into elements and interpolating the temperature and
chemical composition using cubic splines. The integrals in
Eq. (5) are numerically evaluated using Simpson’s rule, to
guarantee that the order of accuracy in the evaluation of
the radiation intensity is similar to that of DNS. The
integration over the spectrum has been done using the
correlated-k distribution method (CK approximation) [26].
The parameters needed for the CK approximation are
taken from the data of Soufiani and Taine [27]. In the DNS
and in the filtered DNS tests, the RTE is solved directly in
the DNS grid. The interpolations using cubic splines are
applied on the temperature and CO2 species molar fraction
fields. In the LES, the RTE is solved in a coarser grid, and
the interpolations are applied on the filtered temperature,
T , and CO2 molar fraction, X CO2

, fields.
For the filtered DNS estimations, the RTE is solved at all

the scales of motion in the DNS grid, and the radiative
quantities obtained, such as the radiation intensity and
the emission, are filtered by a box filter of size D. The
filtered radiative intensity is denoted by IDNS. It is then
possible to obtain all the filtered reference quantities in
which the role of the SGS-TRI is taken into account. Three
different filter sizes have been tested in this study: D¼md
with m 2 f4,8,16g, where d is the DNS grid size. The filter
size equal to 4d is located in the dissipation range of the
kinetic energy spectrum, while the filter sizes equal to 8d
and 16d are located in the inertial range of the spectrum.
It should be noted that the two last filter sizes are the
most representative of the filter sizes used in practical LES
applications.

The filtered RTE (FRTE) can be written as

dIn
ds
¼�knInþknIbn ð6Þ

In the LES tests, the grid itself acts as a filter for the
calculations and the SGS-TRI has been neglected. In this
case, the FRTE takes the following form:

dIn
ds

C�knInþknIbn ð7Þ

It is further assumed that IbnC IbnðT Þ and knC
knðT ,X CO2

,X H2OÞ, i.e., the temperature self-correlation is
neglected as well as the correlation between the absorp-
tion coefficient and the temperature/chemical composi-
tion. The total filtered radiation intensity obtained from
Eq. (7) is expressed as ILES. The same filter sizes as used in
the filtered DNS estimations are applied, i.e., D¼md with
m 2 f4,8,16g.

4. Results

The standard conditions used for the radiative transfer
calculations are chosen such that the maximum time-
averaged temperature in the normal direction is
/TSmax ¼ 1500 K and the maximum temperature stan-

dard deviation is equal to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/T u2S

q
max
¼ 300 K. Far away

from the jet centerline, where there is no turbulence, the
minimum values for the averaged temperature and stan-

dard deviation are /TSmin ¼ 310 K and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/T u2S

q
min
¼ 0.

The mean molar fraction of CO2 varies between 0.1 and
0.5 and the maximum molar fraction standard deviation isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/Xu2CO2

S
q

max
¼ 0:1.

4.1. Influence of the subgrid-scale fluctuations over the

radiative intensity

In Fig. 4 the time-averaged radiation intensity calcu-
lated from DNS data along the (y) direction is displayed.
The optical thickness t estimated by /kPSy ¼ 3H � Ly is
equal to 10. The maximum mean radiative intensity
is located slightly after the centerline of the jet (which is
located at y/H=3) at this optical thickness, as expected
from calculations carried out along radial lines of sight of
free jet diffusion flames, which exhibit qualitatively
similar temperature and absorbing species profiles [15].
In Fig. 4, the mean filtered radiative intensities obtained
from the DNS and the a priori calculations are displayed
for various filter sizes. As expected, in the case of a filter
size located in the dissipation range ðD¼ 4dÞ, the results
are very close to those determined from DNS. The
difference between /IDNSS and /ILESS remains small
when D¼ 8d. This confirms the statement made in the



Fig. 4. Time-averaged normalized filtered radiation intensity /IS=
/ISmax along the (y) direction estimated with D¼ 4d (a), D¼ 8d (b)

and D¼ 16d (c).

Fig. 5. Time-averaged normalized radiative emission /kPIbS=/kPIbSmax

along the (y) direction, estimated from DNS, filtered DNS and LES

calculations.

Fig. 6. Ratio of the subgrid-scale over the grid-scale radiative intensity.
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studies [15,17] that the subgrid-scale TRI influence can be
neglected in various configurations. However, that differ-
ence becomes significant in the case D¼ 16d. It can be
observed for this filter size that /ILESS is lower than
/IDNSS, which means that the overall subgrid-scale TRI
increases the radiation intensity.

In Fig. 5, the results concerning the radiative emission
are presented. Only half of the domain is shown due to
symmetry. The radiative emission estimated from filtered
DNS is denoted by kPIb while that from LES computations
is identified as kPIb. We recall that all the subgrid-scale
correlations have been neglected in the LES tests, thus it is
assumed that kP CkPðT ,X CO2

Þ and IbC IbðT Þ. Therefore, the
difference between /kPIbS and /kPIbS is the conse-
quence of the overall SGS emission TRI. It can be seen that
the profiles are almost merged in the cases D¼ 4 and 8d,
while in the case D¼ 16d the profiles remain very close.

In order to evaluate the relative SGS influence in
comparison with the resolved-scale (grid-scale), the
following ratio is introduced:

RI ¼
/IDNS�ILESS

/IDNSS
ð8Þ

RI represents the influence of the SGS-TRI, estimated by
ðIDNS�ILESÞ over the grid-scale radiative intensity IDNS.
Fig. 6 displays the value of this ratio for the three studied
filter sizes. RI reaches relatively high values of about 30%
for D¼ 16d near the jet edge, where the mean tempera-
ture gradients are high, i.e., for y=H 2 ½0:5,2�. However, this
significant influence of the SGS is restricted to the
zone where the radiation intensity is small (see Fig. 4).
In the central zone, where the temperature is highest, the



Fig. 7. Ratio of the subgrid-scale over the grid-scale radiative emission.
Fig. 8. Time-averaged normalized band-averaged radiative intensity

/IDnS=/ISmax along the (y) direction, estimated from DNS.

Fig. 9. Time-averaged normalized band-averaged filtered radiative

intensity /IDnS=/ISmax along the (y) direction for D¼ 8d.
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SGS-TRI is much smaller (5% in the center of the jet at
y=3H for D¼ 16d). Similarly, the following ratio is
introduced for the radiative emission:

RkPIb
¼

/kPIb�kPIbS

/kPIbS
ð9Þ

In this case, RkPIb
represents the influence of the SGS

emission TRI over the resolved emission. The same
observation as for RI can be made in Fig. 7, i.e., the
influence of the SGS is significant near the jet edge. This
means that for the considered optical thickness, the SGS
emission TRI is only significant in the zone where the
radiative transfer is less important, and can therefore be
neglected.

The evaluation of the influence of SGS-TRI on the
radiative absorption is not investigated in this study,
because previous works [15,17,18] shown that its role is
small in comparison with the radiative emission.
Fig. 10. Ratio of the subgrid-scale over the grid-scale band-averaged

radiative intensity for different optical thicknesses.
4.2. Influence of the optical thickness

The influence of the optical thickness is now investi-
gated. The calculations have been carried out in a single
band in order to decrease the computational cost. The
band chosen is the strongest absorption band of the CO2

spectrum, defined by the wavenumbers [2250,2400]
(cm�1). The estimated band-averaged radiative intensity

is equal to IDn ¼
PNQ

j ¼ 1 ojIDn,jDn, where the oj are quad-

rature weights and NQ is the number of quadrature points.
In Fig. 8, the normalized band-averaged radiative

intensity is displayed for three optical thicknesses t¼ 1,
10 and 100. t is defined as the product of the mean
absorption coefficient in the band by Ly. At the large
optical thickness of t¼ 100, the profile of /IDnS is similar
to the temperature profile, because the emitted radiation
is absorbed locally close to the point of emission, and the
symmetry of the jet is observed. In Fig. 9, the calculations
for D¼ 8d are displayed. It can be seen that the profiles of
ILES and IDNS are almost merged at small and intermediate
optical thickness (t¼ 1 and 10). For t¼ 100, a difference
is observed, especially at the zone of the flow where
the temperature variance is highest. In those cases, the
SGS-TRI may have an influence on the resolved radiation.

The profiles of RI, calculated from Eq. (8) using the
band-averaged rather than the total radiation intensity,
and estimated with D¼ 8d are presented in Fig. 10. The
relative influence of the SGS over the resolved radiative
intensity is significant near the jet edge, i.e., y=H 2 ½0:5,2�
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and y=H 2 ½4,5:5�. This feature of the SGS at this zone of
the flow had already been observed for many other flow
variables [28]. However, in the zone where the radiative
heat transfer is more important, the influence of the SGS
remains small, as observed above.

5. Conclusion

In this study, DNS of a turbulent plane jet has been
carried out along with the resolution of the RTE in order to
analyse the influence of the turbulent subgrid-scales upon
LES of thermal radiation. The objective is to guide the
coupling of radiative heat transfer in a LES code of turbulent
jet flames. Filtered DNS and LES without SGS model have
been applied to radiative transfer in an a priori analysis. It is
shown that the relative influence of the SGS is important
near the jet edge, where the mean temperature gradient is
large. But the radiative transfer is small in this zone, which
confirms the results of previous studies [15,17,18], which
stated that neglecting the SGS-TRI may be valid in various
cases. However, this assumption should be taken carefully
when the optical thickness becomes large.

The number of simplifications made in this study
implies that the extrapolation of the results to the jet
flame region should be cautious. The flow considered is
non-reactive, and consequently this study is relevant at
the far field of a jet flame. The radiative transfer
calculations have been decoupled from the DNS. More-
over, the influence of the subgrid-scales may be higher if
the turbulence intensity increases, like in the near field of
the jet nozzle, or with a higher Reynolds number. The
present work is a contribute to our main objective which
is to couple the radiative heat transfer in a LES code of a
turbulent jet flame, work which is presently in progress.
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[22] da Silva CB, Métais O. On the influence of coherent structures upon
interscale interactions in turbulent plane jets. J Fluid Mech 2002;473:
103–45.

[23] Akhavan R, Ansari A, Kang S, Mangiavacchi N. Subgrid-scale
interactions in a numerically simulated planar turbulent jet and
implications for modelling. J Fluid Mech 2000;408:83–120.

[24] Freymuth P. On transition in a separated laminar boundary layer.
J Fluid Mech 1966;25:683.

[25] Peters N. Turbulent combustion. Cambridge University Press; 2000.
[26] Goody R, West R, Chen L, Crisp D. The correlated-k method for

radiation calculations in non-homogeneous atmospheres. J Quant
Spectrosc Radiat Transf 1989;42(6):539–50.

[27] Soufiani A, Taine J. High temperature gas radiative property
parameters of statistical narrow-band model for H2O, CO2 and
CO, and correlated-K model for H2O and CO2. Int J Heat Mass Transf
1997;40(4):987–91.

[28] da Silva C. The behavior of subgrid-scale models near the turbulent/
nonturbulent interface in jets. Phys Fluids 2009;21:081702.


	Relevance of the subgrid-scales for large eddy simulations of turbulence-radiation interactions in a turbulent plane jet
	Introduction
	Jet modeling
	DNS of a turbulent plane jet
	Temperature and gas species concentration data

	Thermal radiation calculations
	Results
	Influence of the subgrid-scale fluctuations over the radiative intensity
	Influence of the optical thickness

	Conclusion
	Acknowledgement
	References




