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Influence of gas radiation on a thermal plume initiated by a linear heat source in a confined cavity is investigated
through numerical simulations. A 2D pure convection case is first considered to validate the numerical code by
comparing the critical Rayleigh number against literature results. Then, simulations are extended to 3D con-
figurations for three different values of the Rayleigh number: 106, 1.2 x 10°and 1.2 x 107. The evolution of the
plume is analyzed and shows that the transition to unsteadiness appears much earlier for 3D case. Periodic
solutions in time exhibit a stationary plane wave which is further broken in the chaotic regime. Finally, gas
radiation is introduced at Ra = 1.2 x 10”by considering different gaseous media: on one hand, a gray gas model
with various optical thicknesses, and on the other hand, a real gas model for humid air (air - HoO mixture).
Results show a strong influence of the radiative transfer on flow regimes. By increasing the optical thickness,
radiation tends to stabilize the plume and delays the onset of unsteadiness. Comparison of the time-averaged
temperature and velocity distributions for the considered gas models indicates that gas radiation reduces the

spatial spreading of the plume but has little effects on the kinetic field.

1. Introduction

A thermal plume is a buoyancy-induced flow arising from a local
heat source. In non-confined spaces, similarity solutions have been used
in early theoretical studies to describe such natural convective flows
[1-3]. At the same time, many experiments have been carried out and
confirmed the laminar theory of plume [1-3]. Gebhart et al. [4] pointed
out that free plumes are much less stable compared to flows adjacent to
surface which can damp disturbances. The experiment of Forstrom and
Sparrow [5], performed on a buoyant plume above a heated horizontal
wire, showed that the laminar plume exhibits a slow, regular swaying
motion in the plane perpendicular to the heater. Later on, Pera and
Gebhart [6] investigated numerically the stability of a laminar plume
above a linear heat source and confirmed these stability predictions. The
water experiments of Eichhorn and Vedhanayagam [7], as well as the
spindle oil experiments of Urakawa et al. [8] showed that the buoyant
plume not only sways in the plane perpendicular to the heater but also
meanders along the heater direction. In addition, Urakawa et al. found
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that the meandering wave shape is stable when the heater length is an
integral multiple of half the wave length. This type of open flow is less
investigated numerically, due to the complexity to impose proper
boundary conditions at the bounds of the computational domain, spe-
cifically in the case of unsteady flows. Some efforts have been dedicated
to reduce the computational cost of the simulations by imposing
analytical solutions at the outer boundary [9] or by proposing new outer
boundary conditions for a limited computational domain [10,11].
Plumes developing in confined geometries do not have this difficulty
for numerical modelling. Moreover, confined flows are relevant for
many engineering applications, such as building thermal design, heat
storage in boilers or electronic cooling. The buoyant flow triggered by
the presence of a plume inside the cavity fills the enclosure. Conse-
quently, it is sensitive to both the boundary conditions at walls and the
resulting thermal stratification of the far-field fluid, which can generate
strong intermittency [12,13]. Because of the confinement, it is quite
difficult to find a general analytical approach. Therefore, numerical
simulations or experiments are more commonly used to study such
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Fig. 1. Considered geometry. The red line corresponds to the linear heat source.

flows. Desrayaud and Lauriat [14] investigated numerically plumes in
air above a linear heat source in a 2D enclosure with various aspect
ratios of the cavity and altitudes of the source. They identified the
sequence of bifurcations leading to the weakly turbulent motion.
Moreover, in the case of a square vessel and a heat source located near
the bottom wall, they highlighted a transition of the 2D plume from
steady state to mono periodic motion through a Hopf bifurcation. They
determined the critical Rayleigh number (Ra.)to be close to 3.0 x 107by
linear extrapolation of the amplitudes of velocity and heat flux fluctu-
ations. They showed that a swaying motion of the plume establishes
above the heat source, first with a periodic regime associated to high
fundamental frequency, followed by a two-frequency locked regime and
finally leading to the appearance of the chaotic state. In the same
configuration, Bastiaans et al. [12] obtained a more accurate value for
the first critical Rayleigh number (Ra, =~ 2.78 x 107) of the 2D plume
with a spectral element method. They also carried out both direct nu-
merical simulations (DNS) and large eddy simulations (LES) for a 3D
turbulent plume.

Following these studies, Fiscaletti et al. [15] investigated the tran-
sition to unsteadiness of a plume produced by a horizontal cylindrical
heat source within a water-filled tank by means of experiment and nu-
merical simulations. They described the change of the flow structure
throughout the first bifurcation and they illustrated the swaying motion
by 2D visualization. Later, Herndndez [13] studied numerically the
steady and periodic regimes of thermal plumes in a slender air cavity
with a linear source located on the floor of the cavity. They observed that
the 3D plume oscillates with the same spatial phase in all the transverse
planes along the linear source direction, with a slight modulation of the
vertical expansion of the plume. They suggested that this oscillation in
phase of the plume plane can be broken for higher Rayleigh numbers or
higher depth aspect ratios of the cavity.

However, the above-mentioned works only consider the develop-
ment of thermal plumes in cavities filled with a transparent gas. If the
working fluid is a radiative participating medium, the radiation-
convection coupling modifies the distribution of the thermal transfer
modes and consequently the flow field. To the authors knowledge, there
is no systematic study of the influence of gas radiation on plumes
development. This is not the case for other natural convection config-
urations, such as the differentially heated cavity in which the influence
of participating radiative media has been extensively studied.

The pioneering work of Lauriat [16] and the further study of Draoui
et al. [17] using the gray gas assumption proved that gas radiation
strongly modifies the temperature field and alters the fluid motion. Later
on, Lari et al. [18] studied variations in temperature and velocity dis-
tributions by increasing the optical thickness. Recently, many works
[19-22] considered real gas radiative models for humid air in a differ-
entially heated cavity. In these studies, the Radiative Transfer Equation

(RTE) is solved by using real gas spectra. These studies showed that gas
radiation delays the transition to turbulence by decreasing the temper-
ature gradients, thickens the boundary layers and reduces the central
thermal stratification within the cavity [20].

In the present work, we aim to simulate a thermal plume above a
linear heat source in a 3D cavity filled with a gas. The objective is to
highlight the influence of gas radiation on the development of the plume
and on the far-field flow, by considering gradually the gas as a trans-
parent medium, a gray gas with increasing optical thickness and finally a
real gas modelling humid air. For this purpose, we first describe the
spatio-temporal dynamics of the flow for a transparent medium
considering three particular Rayleigh numbers corresponding to
different flow regimes (Ra = 10°, 1.2 x 10%and 1.2 x 107). The paper is
organized as follows: section 2 introduces the physical problem and the
model equations. In section 3, we present the numerical methods and
discuss the code validation in a pure 2D convection situation by com-
parison against literature data. 3D results are finally presented in section
4, first focusing on pure convection in section 4.1, then considering gas
radiation in section 4.2 at a particular Rayleigh number. The effects of
gas radiation on flow regime, heat transfer, temperature and velocity
fields are analyzed for various radiative gas models. We conclude with a
summary in section 5.

2. Physical problem and governing equations
2.1. Problem description

The considered geometry is presented in Fig. 1. It corresponds to an
air-filled cubic cavity of 1-m side (H =1 m). A plume is produced by a
linear heat source located along the line (X, Y, Z) = (0.5H,

Y, 0.25H), as indicated by red line in Fig. 1. The heat source is
assumed to be intangible and produces a power Q,by unit length. A
characteristic temperature difference can be derived from the heat
source as AT = Q,/A, Abeing the thermal conductivity of the fluid. The
top (Z = H)and the bottom (Z = 0)walls are kept at a constant tem-
perature T =300 K. They are supposed to act as black surfaces (¢ =1,
with ethe wall emissivity). The four vertical walls are considered to be
adiabatic, diffuse and purely reflecting (¢ = 0).

Two dimensionless parameters define the convective problem: the
Prandtl number Pr = v/aand the Rayleigh number Ra = gfQ.H?/(val),
where v, aand pare the kinematic viscosity, the thermal diffusivity and
the coefficient of thermal expansion taken at the reference temperature
T, = To. Considering radiation, two additional dimensionless param-
eters must be taken into account: the Planck number Pl =
Q;/(JBTSH)and the temperature ratio @y = To/AT, where ogis the
Stefan-Boltzmann constant. We first consider a gray gas approximation
by varying the optical thickness (z), and then a radiative model of real
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gas for a dry air - water vapor mixture. In the latter case, the reference
pressure is taken constant at P, = 101325 Pa, and the molar fraction
of the absorbing species (H20) is fixed at x, = 2%over the whole cavity.
The physical properties of the gas (dry air or humid air), whatever its
radiative properties, are kept constant and set to the following values:
o =2129x 10°° m2s!, 1 =0.026 W-m 'K 'and Pr = 0.71.

2.2. Governing equations

The dimensionless conservation equations for mass, momentum and
energy associated to the Boussinesq approximation reads as

ou;

i 1
ox; 0 M
61,{, a(u,'uj) 7(3]),,, 02u[

- = Pr——' -+ RaPrés;, 2
a oy oy o aw TR @
0 06w) 0 . 1 .

o o —a—xfrd»x + 5 3

These equations are made dimensionless by using the following
reference quantities: the domain size (H)and the diffusive velocity (a/
H). The dimensionless temperature is defined as ¢ = (T — Ty)/ AT. In the
energy conservation equation, two volumetric source terms are present:
i) the dimensionless thermal energy generated by the linear source
¢. and ii) the dimensionless radiative source term from the participative
medium ¢, . The dimensionless heat source term ¢, relative to the linear
heat source normalized by Q,/H?expressed as

1
Ax,Azg

0 otherwise

if (x, z)€ {x.‘ iAxY] X [z_y iAZ'V]

b, = 2 2 @

where Ax;and Azgare the spatial dimensions of the heat source. In the
present study, these dimensions are taken equal to the size of a dis-
cretization cell.

The dimensionless radiative source term ¢, and the wall radiative
heat flux ¢™‘are defined as

- H +o0
¢, =—0 KU I(x, s)dQ—4nlf(T(x))] dv (5)
05Ty Jo 4z
1 teo N ,
g =—— / € |:ﬂ'lf(T(x))7/ L(x, s)ls ~n|d(2} dv 6)
O-BT(] JO Js' -n<0

where nis the inward-pointing normal vector at the wall, x,the absorp-
tion coefficient, expressed as xk, = 7,/H. I,(x, s)is the spectral radiative
intensity at a frequency vand the vector point xlimited by a solid angle
dQalong a unit direction vector s, and Iis the blackbody radiative in-
tensity, defined as [} I2(T) dv = osT*/x.

The spectral radiative intensity I,(x, s)is obtained by solving the
Radiative Transfer Equation (RTE) under the assumption of a non-
scattering medium

s-VL(x, s)=x[(Tx)—L(x, )] 7)

We consider two types of radiative model. For the cases of gray gas,
the absorption coefficient is constant (x, = k), which reduces the RTE
(eq. (7)) to

s-VI(x, s)=ro[opT* /m—1I(x, s)] (€))

where Idenotes the total intensity over the whole frequency spectrum.

When considering a real gas mixture, it is theoretically necessary to
solve the RTE equation for each spectral line, which requires large
computer resources. In the present work, we apply the Spectral-Line
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based Weighted-sum-of-gray-gases (SLW) model [23,24] to approach
the spectral behavior of the real gas. This model is a compromise be-
tween computation time and accuracy [25]. In this model, the non-gray
gas mixture is replaced by a set of Nfictitious gray gases. The charac-
teristics of these gases are obtained by dividing the entire range of the
gas absorption cross-section C,into a set of discrete values éj(j =0,..,
Ng) chosen between two extreme values Cuminand Cpax. Then the ab-
sorption coefficient of the jthgray gas is obtained as

K():()', Kj:N\/Cj,16j7 Vje [1, Ng} (9)

where Nis the molar density of the absorbing gas N = x.P.s/RTand Ris
the universal gas constant. The jthgray gas is associated with a weighting
factor gjcalculated from the absorption-line blackbody distribution
function as follows

ay=F(Cuin); @;=F(C;)—F(Ci1), V€[, N 10$)

where Frepresents the fraction of the blackbody emission at local tem-
perature Tfor which the absorption cross-section is below the prescribed
value C

1 / b
F(C)=—+H 1)(T) dv an
( ) opT* {v: ¢,<C} ( )

Finally, the combination of the SLW model of real gas and the RTE
(eq. (7)) leads to solve the following equation for each gray gas

$-VI(x, ) = 5[l (7)) - x. 5)], e [0, N] 12)

The total intensity is then obtained by summing all the gray gas in-
tensities I = Z?’:"OI}-.

In addition, the response of the system is estimated by calculating the
convective and radiative heat transfers on the isothermal walls. They are
expressed in terms of the convective Nucand radiative Nu,Nusselt
numbers as

ol ol 1 1
00 00
Nu® = — / / <—) dxdy and Nu?® = / / <—> dxdy
¢, top Jo Jo 0z —_ ¢, bottom Jo Jo 0z o

13

1 1 1 ”
Nuf.Dmp/bmmm == ﬁ/ / (qr t);:()/ldXdy 14
JOo JO

Because the vertical walls of the cavity are considered purely
reflecting and adiabatic, energy conservation implies that the energy
injected by the linear source equals the fluxes exchanged at the two
horizontal walls through convection and radiation. This results in the
following relationship between the 2D Nusselt numbers on the hori-
zontal walls ( —indicates time-averaged values for unsteady regimes).

——2D ——2D ——2D ~—2D ~—2D
Numml = Nu{_‘ top + Nu(-‘ botiom T Nur_ top +Nu

=1 (15)

r, bottom

3. Numerical model
3.1. Numerical methods

The governing equations are solved with the computational software
SUNFLUIDH developed at LIMSI laboratory [26], coupled with a module
of radiative heat transfer calculation previously developed during a joint
research project [27,28]. The set of equations (1)—(3) is solved using a
finite volume approach. The spatial discretization is performed on a
staggered grid with second-order central differences. The time marching
uses a semi-implicit scheme combining a second-order backward Euler
scheme for the time derivatives, an implicit treatment for the viscous
terms and an Adams-Bashforth scheme for convective terms. The
pressure-velocity coupling is treated with a prediction-correction
method, and the resulting Poisson problem is solved by a direct
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Fig. 2. Time evolution of the dipole height hfor grid resolution [65% 129% 261?] at Ra = 10%and 2.7 x 107.

approach through partial diagonalization of the Laplacian operator.

The radiative transfer equation (RTE) for each gray gas is solved by
using the discrete ordinate method (DOM) through an angular domain
decomposition based on a level-symmetric quadrature Sgover
Mdirections (M = 80 for Sg). This method coupled with the SLW
approach, leads to the following form of the RTE

Sn- VI (x, sm):K,[ajz,,(r(x))fz;"(x, sm)}, Vi€ [0, N andVm

el, M) 1e6)
where s,,is the discrete direction.

To solve eq. (16), a finite volume method with a variable-weight
Lathrop scheme is applied. Once the intensity field is calculated, the
dimensionless radiative source term ¢, and the wall radiative heat flux
qare obtained as

N M
. H & m
4 = ZK,-(Zwij - 4a,-a,3r‘) a7
BLo i=o m=1
€ N
4= 74 opT* — Z Z DS ~n\lj”‘ (18)
Oly =0 $,,n<0

where wpare the quadrature weights associated to the discrete di-
rections sy, obtained with the Balsara [29] approach.

From a computational point of view, in order to preserve the same
spatial resolution for both phenomena, radiation and convection are
solved on the same grids. However, because the temperatures differ-
ences are small and in order to limit the computational effort, the
radiative problem is solved only every five convective time steps. The
energy equation is thus solved with the same radiative source term
during four time steps and the radiative source term is updated during
the fifth time step with the RTE resolution.

3.2. Code validation and grid convergence

The numerical procedure is first tested in a pure convective 2D case,
previously investigated by Desrayaud and Lauriat [14] and Bastiaans
et al. [12]. A thermal plume is generated by a point source at the posi-
tion (x;, 2;) = (0.5, 0.25)in a square enclosure of 1 m size. The top and
bottom boundaries are maintained at temperature Ty, while the vertical
boundaries are adiabatic. The rising of the plume from rest is used to
assess the grid convergence by analyzing the time evolution of the dipole
height (h), as proposed by Bastiaans et al. [12].

+f(11 Jo ©*(z—z,) dxdz
fy fy 0* dxdz

h=z 19)

where wis the vorticity component.
Fig. 2 plots the time evolution of the dipole height (h(t)) for two
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Fig. 3. Bifurcation diagram for the 1292 grid resolution, based on the hori-
zontal velocity fluctuations at point (0.25, 0.5).

2.86

Rayleigh numbers (Ra = 10° and 2.7 x 107) and three different uniform
grids (652, 1212 and 261?). Both Ra values correspond to a steady state,
as seen hereafter. However, we make use of the transient regime before
the establishment of the steady solution to investigate the effect of the
mesh size. As shown in Fig. 2, the grid size modifies slightly the arising of
the dipole and solely for the highest Ra, which is very close to the first
bifurcation. But the steady state at Ra = 2.7 x 10”is approached with a
relative error less than 1% between the three grids.

The grid influence is also assessed by the estimation of the critical
Rayleigh number Ra,of the first bifurcation between steady to oscillating
state. In the same way as Desrayaud and Lauriat [14], we use a linear
extrapolation method applied to the square of the u-velocity oscillations
for obtaining Ra.. The bifurcation diagram for the intermediate grid is
shown in Fig. 3. This method applied on the three grids (652, 1292, and
2612 points) leads to the respective Ra.values of 2.782 x 107, 2.799 x
107and 2.815 x 107, in good agreement with the 2.8 x 10”value ob-
tained by Bastiaans et al. [12].

4. Results

We consider now a 3D plume in the cubic cavity described in section
2.1. First, we describe the spatio-temporal structure of a pure convective
plume without any radiation coupling (section 4.1), second we consider
the radiation effects in section 4.2. Based on the validation results above,
we consider a 1292 grid resolution as a reasonable grid size in terms of
accuracy versus computational effort.

4.1. Pure convective flow

In this configuration, neither surface nor gas radiation is considered.
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Simulations have been carried out at three different Rayleigh numbers,
Ra = 10°, 1.2 x 10%and 1.2 x 107, which correspond to respectively
steady state, periodic and unsteady flow regimes.

4.1.1. Steady state
First, we compare the 3D steady flow at Ra = 10°with the corre-
sponding 2D one (section 3.2) in order to highlight the differences

1.03

Fig. 6. Time evolution of the total Nusselt number NuZl at Ra = 1.2 x 10°, starting from rest (the red points identify the three specific instants displayed in Fig. 7).

t

1
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Fig. 7. Instantaneous temperature fields at Ra = 1.2 x 10°in three vertical planes y = [0.25; 0.5; 0.75]and for three different instants marked in Fig. 6 by red
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between the two configurations. Figs. 4 and 5 display a comparison of
the isotherms and streamlines between the two cases. The corresponding
thermal and kinetic fields of the plume (in the vertical mid-plane y =
0.5for the 3D case) are very similar in form and intensity. Two sym-
metrical large vortices are formed, in which the hot fluid moves upward
from the heat source, and then descends along the lateral walls to finally

feed the plume entrainment region close to the source. Besides, the
temperature field inside the bottom region strongly depends on the
thermal boundary conditions at the bottom wall, and presents a stagnant
fluid layer below the source as denoted by the quasi-horizontal ther-
moclines. The isotherms reported in Fig. 4 (c) on the horizontal mid-
plane (z = 0.5) show that the flow structure can be considered to be

)E ’&” . o

X

X X

Fig. 8. Iso-surface of & = 0.09at three different instants (marked by red points in Fig. 6) for Ra = 1.2 x 10°.
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2D in a large central part of the cavity (0.2 < y < 0.8), with 3D effects
limited to the vicinity of the front and rear walls.

4.1.2. Transition to unsteadiness and chaos

Increasing the Rayleigh number to 1.2 x 10°, we observe an un-
steady flow which remains present for higher Rayleigh values. This in-
dicates the existence of a transition to unsteadiness in the range Ra =
1.071.2 x 10°. By using the linear extrapolation method for the hori-
zontal velocity fluctuations, the critical value is obtained at Ra, ~ 1.01 x
100, that is a decade smaller than the 2.8 x 107value obtained in the 2D
case (section 3.2). This proves that the 3D flow is less stable than the 2D
one. Fig. 6 reports the evolution in time of the total 2D Nusselt number
Nu2P (eq. (15)), starting from rest. We observe that the total heat flux at

the walls first increases with time until Nu2? = 1. Then, after a long
apparent steady state, an oscillating motion appears with a period
T(NuZb ) = 0.013.

Fig. 7 displays the snapshots of the thermal fields in three vertical

planes y = 0.25, 0.5 and 0.75 at three different instants within one

period, as marked in Fig. 6 (red dots). A swaying motion is clearly visible
in the planes y = 0.25and 0.75 with opposite spatial phases and anti-
symmetric thermal distributions with respect to the vertical centerline
x =y = 0.5. For symmetry reasons this swaying motion is not observed
in the mid-plane y = 0.5, but a pulsating growth of the plume is present.

To explain this antisymmetric swaying motion along the y-direction,
the iso-surface & = 0.09is reported in Fig. 8 at the same three instants.
We observe that a stationary plane wave propagates along the direction
of the linear heat source with a wavelength close to twice the cavity
depth. It confirms that the 3D plume not only sways in the plane
perpendicular to the source direction but also meanders in the cavity.
Moreover, the plume shape is antisymmetric along the y-direction. Its
upward extension is almost constant in the central part of the cavity
(0.2 < y < 0.8), while the 3D effects near the front (y = 0) and rear wall
(y =1) correspond to the suction of the plume at the wall.

The periodic nature of the swaying motion is then analyzed by means
of the normalized power spectra in Fig. 9. The spectra are given for the
velocity components u, w and the temperature fat two monitoring points
A; and Bj in the vertical plane (y = 0.25) away from the vertical mid-

: : y=0.5 : y=0.75

08 0.8} ::: .

06 0.6} ]

N N

0.4} 0.4}

0.2 o2t = = L N S
002 oi4x016 08 1 0% 02 oi4xoie 08 1 % 1

02 04_06 08
X

Fig. 10. Instantaneous temperature fields for Ra = 1.2 x 107on three vertical planes y = [0.25; 0.5; 0.75]at the same instant. Contour levels (0.02:0.4:0.02).
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Fig. 11. Density power spectra of u, w and fat the monitoring points in the far-field of the plume (A;) and in the plume plane (B;) for Ra = 1.2 x 107. Dotted

trendline: 5/3 power law, solid trendline: 3 power law.

plane. A; is located outside the plume while B; is inside the plume, but
far above the heat source (see Fig. 7 (a) for their exact locations). At the
point A;, the same fundamental frequency and its harmonics are
observed in the three spectra. The fundamental frequency is located at
f1 = 38.45, so the period of the swaying motion of the plume is equal to
T1 = 1/fi = 0.026. At the point B,, only the fundamental and its odd
harmonics are present for u, while only the even harmonics appear for w
and 6. This comes from the symmetry properties of the velocity and
temperature fields during one cycle of the swaying motion. The oscil-
lation of u-field at the centerline x = 0.5follows a half-wave anti-
symmetry, u(t) = — u(t+ T;/2), which is responsible for the
disappearance of the even harmonics in the u-spectrum at point B;. At
the contrary the wand 6-fields oscillations respect a half-wave symmetry,
w(t), 0(t))= (w(t + Ty /2), 6(t + T1 /2)) resulting in the only presence of
the even harmonics in their spectrum.

When Ra is increased at Ra = 1.2 x 107, the fluid flow reveals a
chaotic state. The instantaneous thermal fields on the three vertical
planes are displayed in Fig. 10. They show that, even if the primary
laminar structure remains present above the source, the temperature
field is disturbed in the rest of the cavity as the result of the developing
instabilities. Moreover, the antisymmetric mode along the y-direction is
destroyed at this Rayleigh number.

Fig. 11 reports the u, w and #power spectra at the monitoring points.
The presence of harmonics of the velocity and temperature spectra is no
more visible, and the chaos arises in the velocity and temperature fields.
However, a dominant frequency peak fi = 84.36is still present in all
spectra at point A; and in the u-spectrum at point By. This indicates that
although the antisymmetric mode is broken, the swaying motion of the
plume still exists.

The well-known — 5/3Kolmogorov power law seems to be present in
a small range of frequency in the velocity spectra at the far-field point
A;. It may indicate that the flow inside the cavity is weakly turbulent at
Ra = 1.2 x 107. Besides, a decay following a — 3power law appears in
the temperature fluctuations spectrum at the monitoring point B
located in the plume plane. This slope is a typical feature of turbulent
buoyancy induced flows, as observed by Kotsovinos [30] and Pham et al.
[31], and is interpreted as the conversion of the potential energy into

Table 1
Different configurations considered and corresponding regimes at Ra = 1.2 x
107.

Configuration (A) (B) © (D) (E)
Gas medium Transparent  Gray gas Gray gas Gray gas Real gas
=0 =01 7=02 7=05

Isotherm e=0 e=1 e=1 e=1 e=1
walls

Adiabatic e=0 e=0 =0 e=0 e=0
walls

Regime Chaotic Periodic Periodic Steady Periodic

kinetic energy by buoyancy forces [30]. We can notice that the tem-
perature spectrum in the far-field of the plume (point A,) is affected by
both phenomenon: the turbulent behavior of the far field and the
buoyancy induced dissipation.

4.2. Convection-radiation coupling

As it is well-known that gas radiation delays the transition to tur-
bulence, at least in differentially heated cavities [20], we focus on the
highest Rayleigh number value, Ra = 1.2 x 107, to illustrate how the
convection-radiation coupling changes the spatio-temporal dynamics of
the plume and its surroundings. Two additional parameters are fixed:
the Planck number, Pl = 6.73 x 107, and the temperature ratio, @y =
2539.4. We consider several gaseous media: gray gases with various
optical thickness (7) and a real gas modelling a dry air - water vapor
mixture with a molar fraction of water vapor fixed at x, = 2%. The
spectral domain of the real gas is discretized with eight gray gases. The
first one is considered transparent and only operates in walls radiation
exchanges. For the seven other gas, the optical thicknesses vary in the
range 7 € [0.01, 10000].

The different cases are detailed in Table 1. Case (A) corresponds to
the pure convection configuration where the fluid is assumed to be

transparent and all the walls purely reflective. As a consequence, </), =
Oin the whole domain and ¢’ = Oat the walls. This case has been
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Fig. 12. Normalized density power spectra of u, w and dat the point A; for the periodic flows (cases B, C, E) at Ra = 1.2 x 107.

documented in the previous section 4.1 and will serve as a reference to
assess the radiation effects. The flow regimes corresponding to the
different test cases are also given in Table 1. For gray gas, varying rfrom
0 to 0.5 results in successive transitions from chaotic to steady state,
indicating that gas radiation stabilizes the plume flow and greatly delays
the transition to unsteadiness, as expected. The stabilization effect of gas
radiation is also confirmed in the real gaseous case for which a periodic
state is observed.

The u, w and fpower spectra at the monitoring point A; are reported
in Fig. 12 to illustrate the periodic behaviors of cases B, C and E. Note
again that point A; is located at depth y = 0.25and laterally away from
the plume plane. In the cases of a gray gas (B and C) or in the case of the
real gas (E), all the spectra present a fundamental frequency and its
harmonics: fi = 82.65, 58.17 and 86.05 for cases B, C and E, respec-
tively. As described for the periodic regime of case A, this frequency is
related to the swaying motion. We note that, due to the weakening of the
flow (see discussion below), fidecreases when rincreases, and the
number of harmonics is reduced.

Fig. 13 displays the spatial distribution of time-averaged fields of
temperature 6, 2D kinetic energy Ex = (2 + Ww?)/2and streamlines of
the time-averaged flow in the vertical mid-plane y = 0.5for the different
configurations. The corresponding profiles of fand wat different heights
are plotted in Fig. 14. When gas radiation is involved, a decrease of the
spatial spreading of the plume is observed and a downward shift of the
temperature values is present at the different heights, whatever gray
media or real gas mixture. When increasing the optical thickness 7, the

temperature field is gradually homogenized in the regions next to and
above the source, as radiation becomes the dominant heat transfer mode
in the cavity. Moreover, the temperature distribution in the far-field of
the plume is also changed: the fluid out of the plume is quasi-isothermal
for the gray gases (cases B, C, D) in contrast with case A, where a
stratification is established in the cavity. The case E using a real gas
model appears as an intermediate case between case A and B, with a
horizontal fluid layer of cold gas still present in the bottom part of the
cavity.

Regarding the kinetic energy, the influence of gas radiation is less
obvious and the global flow circulation still fills the domain above the
source. We also notice in the velocity profiles that the plume shape and
width are quite similar for all the cases. The dipole position (h)(eq. (19))
has been calculated, and the results are given in Table 2. For cases 7 =
0.1and real gas (cases B and E), compared to the pure convection (case
A), the maximum vertical velocity and kinetic energy increase and the
main vortices move slightly upward due to the reinforcement of the
dynamics of the flow. At the contrary for higher optical thicknesses
(cases C and D), the radiation effects are enhanced, resulting in the
weakening of the general circulation and kinetic energy of the flow (cf.
Fig. 13). The maximum vertical velocity and kinetic energy decrease and
the dipole position is shifted down moderately.

Distributions of the time-averaged radiative source (— ¢, x 10°) at
mid-depth y = 0.5are presented in Fig. 15, and the corresponding pro-
files along the lines x = 0.5and z = 0.5are plotted in Fig. 16. When the
fluid is emitting heat, the radiative source term ¢, (eq. (5)) is negative
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Table 2

Comparison of plume location (h)and maxima of temperature, vertical velocity and kinetic energy between the different configurations at Ra = 1.2 x 107. The

maximum values are evaluated in the mid plane y = 0.5.

Case (A) (B) © D) (B)

Gas medium Transparent Gray gas 7 = 0.1 Gray gas 7 = 0.2 Gray gas 7 = 0.5 Real gas
7=0

Ormax 0.3790 0.3617 0.3624 0.3619 0.3614

Winax 404.4 424.3 397.1 378.0 424.5

(Ek)max 8.04 x 10* 9.0 x 10* 7.88 x 10* 7.14 x 10* 9.01 x 10*

h 0.76 0.77 0.74 0.73 0.77

and the radiative power is positive (— ¢, > 0), while a negative value
of the radiative power indicates regions of radiative absorption (—
¢, < 0).1t can be seen from Fig. 15 that the most part of the fluid emits
heat and in particular the in the whole plume zone. Conversely, fluid
areas close to the top and bottom cold walls absorb heat by radiation.
The absorption zones are limited to the vicinity of the top wall and to the
bottom part of the cavity, mainly under the heat source. Moreover,
radiative exchanges in the absorption areas are almost negligible
compared to emission areas, except for the real gas (case E), with as well,
higher absorption levels than in the other cases. In case E, the absorption
area corresponds to the horizontal layer of cold fluid settled at the
bottom part of the cavity, but also to a specific area surrounding the heat
source and the base of the plume.

As expected, the radiative emission reaches its higher values at, and
just above the heat source with very sharp gradients (see Fig. 16 (a)).
The optically thicker the medium, the higher the radiative emission in
the plume (especially above the heat source) and the lower in the far
field of the plume. It should be noted that the horizontal spreading of the
emission zone seems to be relatively unaffected by the radiative prop-
erties of the fluid (Fig. 16 (b)).

Because of the absorption/emission mechanisms in the fluid me-
dium, gas radiation imposes a spatial localization of a part of the heat
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transfers. The maximum of temperature is kept rather constant whatever
the participating medium, but it is reduced of around 4% when
compared to case A (see Table 2). The distribution of the emitting
radiative power contributes to a rapid drop of the temperature below
and above the line heat source, comparatively to case A, as shown in
Fig. 17 (a). It also results in a decrease of the mean temperature and of
the temperature gradients over the cavity, leading to a weakening of the
thermal plume and to a reduction of its spatial spreading, as previously
observed. Besides, increasing rleads to a gradual disappearance of the
thermal jet impingement on the ceiling (see Figs. 13 and 17 (a)). This
decrease in temperature differences in the cavity leads to a decrease in
the plume velocity and the subsequent global flow for cases C and D,
where the plume temperature is rapidly lower comparatively to case A.
Conversely, we observe an acceleration of the plume in the case of a thin
optical medium (cases B and E), although the plume temperature is here
again lower than in case A (but to a lesser extent than cases C and D).
Table 3 summarizes the distribution of the convective and radiative
Nusselt numbers on the isothermal walls for the different cases. When
gas radiation is taken into account, whatever the model, the convective
part is drastically reduced even for thin optical media. At the top wall, it
regularly decreases for increasing 7, due to the homogenization effect of
radiation on the temperature field. At the bottom wall, the convective
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flux drops approximately to zero when radiation is considered. In considered here (H, Ty, X4, €tc.), the results obtained for the real gas
contrast, the radiative heat transfer Nu,gradually increases on the two (case E) are rather comparable to those obtained for the thinner optical
isothermal walls when zincreases, indicating that gas radiation becomes

gray gas (case B), even if the convective heat transfer is less reduced than
the dominant mode of heat transfer. In the particular conditions in case B.
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Table 3
Nusselt numbers for the different configurations at Ra = 1.2 x 107.
Case (A) (B) © D) (B)
Gas Transparent  Gray gas Gray gas Gray gas Real
medium =0 =01 =02 =05 gas
N 0.135 0.014 0.012 0.019 0.056
¢, bottom
mfnmp 0.863 0.311 0.230 0.106 0.346
N 0 0.297 0.330 0.401 0.242
1, bottom
mf"mp 0 0.376 0.427 0.472 0.355

However, we must note that the real gas behavior cannot be summed
up in an equivalent gray gas because its radiative properties vary in
space and time due the temperature variations, which prohibits the
evaluation of an equivalent optical thickness.

5. Conclusions

Thermal plumes generated by a linear heat source in a confined
cavity are numerically investigated. In order to validate the numerical
code, 2D simulations were first performed, and the critical Rayleigh
number for transition from steady to periodic flow is estimated at Ra ~
2.8 x 107which is in good agreement with literature [12]. The study is
then extended to 3D configuration. For the pure convective situation
(neither gas nor wall radiation), results are provided for different re-
gimes. For steady state flow, the plume properties are very similar to
those of the 2D case in the central zone of the cavity and 3D effects are
only present near the front and rear walls. The transition to unsteadiness
through a supercritical Hopf bifurcation was determined at Ra, ~ 1.01 x
10, which is more than a decade lower than in the 2D case. The 3D
periodic plume exhibits a stationary plane wave along the source di-
rection, which combines a swaying motion in each transverse plane with
an antisymmetric mode with respect to the centerline of the vertical
mid-plane. Furthermore, an unsteady flow is obtained at Ra = 1.2 x
10”where the instabilities develop in the fluid motion and destroy the
antisymmetric mode.

Finally, simulations of convection-radiation coupling are performed
at Ra = 1.2 x 107through gray gas approximation or real gas model
using a SLW formulation for humid air. The effects of the optical
thickness (z) are discussed. From 7 = Oto 0.5, the flow regime at Ra =
1.2 x 107changes from chaotic to steady-state due to the stabilizing
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effect of gas radiation. Moreover, when a periodic state is observed, the
fundamental frequency decreases with the growth of the optical thick-
ness. The time-averaged results of the unsteady flows show that gas
radiation tends to reduce the spatial spreading of the thermal plume,
while the kinetic field is almost unchanged. Radiation also redistributes
the fluxes over the isothermal walls. The wall radiative fluxes are
strengthened by the increase of rand radiation becomes the dominant
mode of heat transfer. The case of real gas mixture (air - H,O) was also
considered, and confirms the general trends on the thermal and dynamic
structure of the flow observed for gray gas. Future extension of this work
will address higher Rayleigh numbers to study the influence of gas ra-
diation in a fully developed turbulent flow.
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