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Abstract

Coupled radiation and natural convection heat transfer occurs in vertical enclosures with walls at different temperatures filled with gas
media. In glass window thermal insulation applications in hot climates, infrared absorbing gases appear as an alternative to improve their
thermal performance. The thermal modeling of glass windows filled with non-gray absorbing gases is somewhat difficult due to the spec-
tral variation of the absorption coefficients of the gases and the phenomena of natural convection. In this work, the cumulative wave-
number (CW) model is used to treat the spectral properties of mixtures of absorbing gases and the radiative transport equation is solved
using CW model and the discrete ordinates method. Due to the range of temperature variation, the mixture of gases is considered as
homogeneous. The absorption coefficients were obtained from the database HITRAN. First, the natural convection in a cavity with high
aspect ratio is modeled using a CFD code and the local and global Nusselt numbers are computed and compared with available empirical
correlations. Also, the flow pattern for different Rayleigh numbers is analyzed. Then, the heat transfer in the gas domain is approximated
by a radiative conductive model with specified heat flux at boundaries which is equivalent to convective transport at the walls surround-
ings. The energy equation in its two-dimensional form is solved by the finite volume technique. Three types of gas mixtures, highly
absorbing, medium and transparent are investigated, to determinate their effectiveness in reducing heat gain by the gas ambient. Reflec-
tive glasses are also considered. The numerical method to solve radiative heat transport equation in gray and non-gray participant media
was validated previously. The temperatures distributions in the gas and the glass domain are computed and the thermal performance of
the gas mixtures is evaluated and discussed. Also, comparison with pure radiative conductive model is shown.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Numerical modeling; Cumulative wavenumber model; Radiation conduction convection; Glazing; Non-gray gases
1. Introduction

Convection heat transfer in gas layers within rectangular
cavities appears in many engineering applications and
hence a great deal of investigations were dedicated to better
understanding of the problem [1–4]. Many experimental
results and correlations can be found in Wright [2].

In tropical climates of the southern hemisphere the prin-
cipal advantage of a thermal glass window is to avoid heat
transfer to the internal ambient and consequently reduce
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the cooling load requirements to maintain thermal com-
fort. In the interior of a building, direct sunlight is the
source of significant visibility and directs up to 800 W/m2

of radiation through windows into the building interior.
The use of selective films allows changes in both solar
and infrared transmittance, reflectance and absorptance
of glass windows. The films can be designed to absorb or
reflect according to the wavelength of the incident radia-
tion and generally can be incorporated with glass window
filling gases. Other techniques employ low conductivity
gases such as Argon and Helium instead of air as a filling
gas in double glass windows. Double glass windows filled
with infrared absorbing gases, ventilated double glass win-
dows, and glass windows employing combination of these

mailto:kamal@fem.unicamp.br
mailto:csalinas _99@yahoo.com
mailto:csalinas _99@yahoo.com


Nomenclature

A area
Cg absorption cross-section (cm2/molecule)
Cj supplementary cross-section (cm2/molecule)
cp specific heat
Dij fractional gray gas
fwi,j weight factor of CW model, Eq. (35)
F solar heat gain coefficient
h convective coefficient
H height
Hj sum of spectral subintervals
k thermal conductivity
I radiation intensity
Ib blackbody radiation intensity
J fractional radiation intensity
Jb fractional blackbody radiation intensity
L width of the air layer
M number of discrete directions
Mi molecular weight
N Planck number
Nc molar density of the gas
Nu Nusselt number
Pr Prandtl Number
q local heat flux per unit area
qm non-radiative heat flux
qr net total radiative flux
Ra Rayleigh number
ra aspect ratio
Re Reynolds number
s distance along a given line if sight
Sdf deferred factor correction
St Stanton number
T temperature
THG total heat gain
u velocity x-axis
v velocity y-axis
ui,j(s) function location dependent Eq. (38)
V volume
W cumulative wavenumber function
wm weight of angular quadrature
x/y x/y-coordinate
y+ dimensionless distance
Y gas molar fraction

Greek symbols

a absorptance
aa thermal diffusivity
b extinction coefficient
ba coefficient of thermal expansion of air
e total emissivity
m kinematics viscosity
g wavenumber
j absorption coefficient
q reflectivity
qa density
r scatter coefficient
s transmittance
sw wall shear stress
l direction cosine
n direction cosine
ti,j(g) function wave number dependent Eq. (33)
X direction vector along s
/ fluid property
D spectral interval

Subscripts

b blackbody
E of the control volume face east of the node (i, j),

or wall quantity
h/c hot/cold
i, j spectral position
i, j space grid position
n number of species of a mixture
g spectral dependence
g number of gray gases
W of the control volume face west of the node (i, j),

or wall quantity

Superscripts

n iteration number
m the mth discrete ordinate

* relative to reference point
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techniques have been investigated. Extensive bibliography
about thermal glazing types is found in the literature
[5,6]. The use of gases with strong infrared radiation
absorption characteristics was investigated and some sim-
plified models for spectral radiation modeling was formu-
lated [7,8]. Recently, one accurate model for spectral
radiation modeling was applied to modeling horizontal
double glass window [9]. Based upon results for night time
conditions in terms of the total heat gain it was concluded
that the infrared radiation absorbing gases have a small
impact in reducing heat transfer across thermal windows
[7–9]. Muneer et al. [10] presented a model to handle the
combined modes of conduction, convection and radiation
in a glass window filled with non-participant gas and deter-
mined the glass temperature at the bottom of the window.
Due to the increasing interest in applying the spectral inte-
gration of radiative transport equation in practical applica-
tions, several real gas models were developed [11–13].

In the present work, the CW model [14] is adopted. This
model needs the cumulative wavenumber function of
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distribution to treat the spectral variation of the absorption
coefficients of the absorbing gases. The methods to con-
struct and use this distribution function are outlined in
[14,15]. In this work, the spectral properties of the gases
are obtained from Hitran and Hitemp [16]. One main
objective of the present study is to use a general method
to approximate the spectral solution of the combined radi-
ation and natural convection heat transfer in mixtures of
non-gray gases, in vertical rectangular cavity and apply
the results to model a thermal glass window filled with
infrared absorbing gases.

2. Natural convection analysis

In most practical problems of convective transport to or
from a rigid surface, the flow in the vicinity of the body is
in turbulent motion. However, at the solid–fluid interface
itself, the no-slip boundary condition ensures that turbu-
lent velocity fluctuations vanish. Thus, at the wall, diffusive
transport of heat and momentum in the fluid is precisely
expressible by the laws applicable to laminar flow. There
is a thin but very important sub-layer immediately adjacent
to the solid surface where the transport of heat and
momentum is predominant by molecular diffusion.

In the first part of this paper, the model for natural con-
vection induced flow in vertical cavities of high aspect ratio
is presented. This type of cavities is present in double glass
windows filled with mixture of radiation absorbing gases.
Geometry of cavity is shown in Fig. 1. The mean Nusselt
number (Nu) which represent the non-radiative heat (qm)
which includes conduction and convection through a gas
layer can be written as
Fig. 1. Cavity filled with air, isothermal vertical walls with specified
temperatures and adiabatic horizontal walls.
Nu ¼ qmL
kðT h � T cÞ

ð1Þ

where k (W m�1 K�1) is the thermal conductivity of air at
Tm; L (m) is the width of the air layer; qm (W m�2) is the
mean non-radiative heat flux through the air layer; Tc

(K) is the temperature of the cold wall; Th is the tempera-
ture of the hot wall and Tm is the temperature at which the
air properties are estimated, Tm = (Th + Tc)/2.

For the case of vertical cavities, it is well established that
the Nusselt number depends upon the Rayleigh and Pra-
ndtl number (RaL,Pr) as well as the aspect ratio (ra), i.e.
Nu = f(RaL,Pr, ra), where

RaL ¼
gL3baðT h � T cÞ

aam
and ra ¼

H
L

ð2Þ

where aa (m2 s�1) is the air thermal diffusivity at Tm; g

(m s�2) is the gravity acceleration; ba (K�1) is the coeffi-
cient of thermal expansion of air and m (m2 s�1) is the kine-
matics viscosity of the air at Tm. The Prandtl number of the
air at 20 �C is 0.71 while the Prandtl number for the filling
gases is around the same value, for instance Prandtl num-
ber for Argon is 0.68, krypton is 0.65, xenon is 0.66 and
SF6 is 0.68. Hence it is possible to write Nu as function
of only RaL and ra.

In modeling the flow field all the thermophysical proper-
ties are considered constant except the density which is
treated by using the Boussinesq approximation. The flow
in this case is considered steady and two-dimensional. In
this work, to quantify the heat transfer due to natural con-
vection, numerical simulations were realized to solve the
equation of energy and the equation of momentum using
the CFD Phoenics code. The boundary conditions are sta-
ted as follows:

Temperature field:

T ðx ¼ 0; yÞ ¼ T c; T ðx ¼ L; yÞ ¼ T h;

oT
oy

����
y¼0

¼ 0;
oT
oy

����
y¼H

¼ 0 ð3Þ

Momentum equations:

uðx ¼ 0; yÞ ¼ vðx ¼ 0; yÞ ¼ 0; uðx ¼ L; yÞ ¼ vðx ¼ L; yÞ ¼ 0;

uðx; y ¼ 0Þ ¼ vðx; y ¼ 0Þ ¼ 0; uðx; y ¼ HÞ ¼ vðx; y ¼ HÞ ¼ 0

ð4Þ

The simulations were realized for ra = 40 and Rayleigh
number from 103 to 105. Tm = 20 �C for all simulations
while H = 1.2 m and the temperature difference between
the hot and cold walls varied from 2.0 to 39 �C. The local
heat flux per unit area q, is related to the Stanton number
St [17]:

St ¼ q
qavcpðT � T wÞ

ð5Þ
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where qa (kg m�3) is the air density; cp (J kg�1 K�1) is the
air specific heat; T (�C) is the temperature of the control
volume near to wall; and Tw (�C) is the wall surface tem-
perature. The heat transfer coefficient in the wall can be
calculated from

h ¼ St � qvcp ð6Þ

The numerical solutions were realized for the cases of both
laminar and turbulent flow. For laminar flow the wall log-
arithmic law is adopted and for turbulent case the general-
ized law of wall logarithmic functions is used.

For the laminar flow case (the dimensionless distance
from the wall y+

6 11.5)

St ¼ 1

Re� Pr
or q ¼ k

yþ
ðT � T wÞ

� �
ð7Þ

where y+ is given by

yþ ¼ usyqa

l
ð8Þ

and us (m s�1) is the friction velocity; us ¼ sw

qa

� �0:5

, where sw

(N m�2) is the wall shear stress.
For the turbulent flow case (y+ P 11.5), the Stanton

number is calculated by

St ¼ sw=ðqau2Þ
0:9ð1þ ½sw=ðqau2Þ�Þ0:5P

ð9Þ

where 0.9 is the turbulent Prandtl number and P is the
Jayatilleke function

P ¼ 9
Pr
0:9
� 1

� �
0:9

Pr

� �0:25

ð10Þ

St and q were deduced from calculated values of u and sw.
The laminar and turbulent flows are modeled by using

the turbulent models KCHEM-LOWRE, KEMODL-
LOWRE and the standard K–E model. The computational
grid used is 10 · 150 non-uniform having a variation factor
of the geometrical progression along x-axis and power law
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Fig. 2. Comparison of the values of Nu = f(RaL, ra) computed fr
along the y-axis. The model and numerical procedure used
are validated by comparing the mean Nusselt number
obtained with the following correlations:

Yin et al. [3]

Nu ¼ 0:23r�0:131
a Ra0:269

L ;

103
6 RaL 6 5� 106 and 4:9 6 ra 6 78:7 ð11Þ

Wright [2], ra P 40

Nu ¼ 0:0673838Ra0:3
L ; 5� 104 < RaL 6 106 ð12aÞ

Nu ¼ 0:028154Ra0:4134
L ; 104 < RaL 6 5� 104 ð12bÞ

Nu ¼ 1þ 1:75967� 10�10Ra2:29847553
L ; RaL 6 104 ð12cÞ

EM 673 [4]

Nu ¼Maxð0:035Ra0:38
L ; 1Þ ð13Þ

Fig. 2 shows the computational results for a cavity of
aspect ratio ra = 40, L = 0.03 m, H = 1.2 m for the values
of Rayleigh number in the laminar, transition and turbu-
lent regimes. The results are in agreement with the correla-
tions. Fig. 3a shows the isotherms for the same cases where
the diffusive effects are dominant for Rayleigh number
equals to 1084 and the convective effects are dominant
for the case of Rayleigh number of 105,655. Fig. 3b shows
the velocity profile for the same cases where one observe
that the velocity profile is increased by the increase of the
Rayleigh number and that the velocity profile is similar
to the boundary layer profiles for high Rayleigh number.
Except for Yin et al. work [3], the predicted values of Nus-
selt indicate about 20% deviation from correlations.

The Rayleigh number in double glass window with aspect
ratio higher than 40 is in range of 20,000–40,000, where the
diffusive effects are dominant at the middle of the gas layer
while the convective effects are important close to the solid
walls. To include the effects of natural convection in model-
ing double glass window, one can use radiative conductive
model in the gas domain with specified heat flux at the verti-
cal boundaries. This heat flux calculated by empirical corre-
lations Wright [2], is specified at the center of the cell
80000 100000

Yin

EN673

Wrigth

Phoenics

om empirical correlations with values of numerical solution.



Fig. 3a. Isotherms for Rayleigh number equal to 1084, 27,094 and
105,665.

Fig. 3b. Velocity profile at H/2 for RaL equal to 1084, 27,094 and 105,665.
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adjacent to the vertical walls. This is done in order to avoid
including the conduction in the gas twice.
3. Non-gray formulation

3.1. The energy equation

The energy equation for the coupled radiation conduc-
tion heat transfer in an absorbing, emitting and isotropic
scattering media in steady state with constant conductivity
is written as [18]

kr2T �r � qr ¼ 0 ð14Þ

where $ Æ qr, the divergence of the radiant flux vector qr is
one radiative source term.

3.2. The radiative transport equation (RTE) in gray media

The radiative transport equation for an absorbing, emit-
ting gray gas with isotropic scattering can be written as
[18],
ðX � rÞIðr;XÞ

¼ �ðjþ rÞIðr;XÞ þ r
4p

Z
4p

Iðr;X0ÞdX0 þ jIbðrÞ ð15Þ

where I(r,X) is the radiation intensity in r, and in the direc-
tion X; Ib(r) is the radiation intensity of the blackbody in
the position r and at the temperature of the medium; j is
the gray medium absorption coefficient; r is the gray med-
ium scatter coefficient; and the integration is in the incident
direction X 0.

For diffusely reflecting surfaces the radiative boundary
condition for Eq. (15) is

Iðr;XÞ ¼ eIbðrÞ þ
q
p

Z
n�X0<0

jn � X0jIðr;X0ÞdX0 ð16Þ

where r lies on the boundary surface C, and Eq. (16) is valid
for n Æ X > 0. I(r,X) is the radiation intensity leaving the
surface at the boundary condition, e is the surface emissiv-
ity, q is the surface reflectivity and n is the unit vector nor-
mal to the boundary surface. In the method of discrete
ordinates, the equation of radiation transport is substituted
by a set of M discrete equations for a finite number of
directions Xm, and each integral is substituted by a quadra-
ture series [19],

ðXm � rÞIðr;XmÞ ¼ �bIðr;XmÞ þ
r

4p

XM

m¼1

wmIðr;XmÞ þ jIbðrÞ

ð17Þ

This angular approximation transforms the original equa-
tion into a set of coupled differential equations, with
b = (j + r) as the extinction coefficient.

Sm ¼
r

4p

XM

m¼1

wmIðr;XmÞ ð18Þ

where Sm represents the entering scattering source term.
The local divergence of the radiative flux is related to the

local intensities by

r � qr ¼ j 4pIbðrÞ �
Z

X¼4p
Iðr;X0ÞdX0

� �
ð19Þ

Eq. (19) in discrete ordinates can be written as

r � qr ¼ 4pjIbðrÞ �
XM

m¼1

wmjIm ð20Þ

where wm are the ordinates weight, M is the number of
directions Xm of the angular quadrature and Im is obtained
by solving the radiative transport equation in discrete
ordinates.

3.3. The RTE in the cumulative wavenumber model

The radiative transport in an absorbing and emitting
medium along a trajectory S in the direction X in spectral
form is given by [18]
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oIg

os
¼ �jgIg þ jgIbg ð21Þ

In the CW model [14], the total range of the absorption
cross-section Cg is subdivided into supplementary absorp-
tion cross-section of gray gases Cj, j = 1, . . . ,n, where n is
the number of gray gases. The intersection of the two spec-
tral subdivisions is used to define the modeling of the frac-
tional gray gas Dij and the sum of the fractional gray gases
establishes the complete range of number of wave.

In CW model [14] Eq. (21) is written as

oJi;j

os
¼ �jjJi;j þ jjJbi;j ð22Þ

where Ji,j is the intensity of the fractional gray gas Dij and
jj is the absorption coefficient of gray gas determined by
the equation

jj ¼ N c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CjCj�1

p
ð23Þ

where Nc is the molar density of the gas (molecules/cm3).
The term Jbi,j in Eq. (22) is the source radiative term at

the black body fractional intensity

Jbi;jðsÞ¼
Z

Di
IbgðT ðsÞ;gÞd½tijðsÞ�

¼
Z

Di
IbgðT ðsÞ;gÞd½W ðCj;s�;gÞ�W ðCj�1;s�;gÞ� ð24Þ

where W(Cj, s,g) is the cumulative wavenumber function as
defined by Solovjov and Webb [14] and s* is one spatial ref-
erence point where gas properties are known. The term
Ibg(T(s),g) is the black body spectral intensity.

Eq. (24) can be rewritten as

Jbi;jðsÞ¼
ðW ðCj;s�;giÞ�W ðCj;s�;gi�1ÞÞ�ðW ðCj;s�;giÞ�W ðCj;s�;gi�1ÞÞ

gi�gi�1

�
Z gi

gi�1

IbgðT ðsÞ;gÞdg

ð25Þ
and

fwi;j¼
ðW ðCj;s�;giÞ�W ðCj;s�;gi�1ÞÞ�ðW ðCj;s�;giÞ�W ðCj;s�;gi�1ÞÞ

gi�gi�1

ð26Þ
The Planck function is determined as the sum of the Jbi,j(s)
for all the fractional gray gases. The boundary condition
for non-gray walls, diffusively emitting and reflecting is

Igðsw; bXÞ ¼ egwIbgðT wÞ þ
qgw

p

Z
n�bX 0<0

Igðsw; bX0Þjn � bX0jdbX0
ð27Þ

where sw define the point on the frontier surface and the
subscript w refers to the quantity evaluated at the frontiers.
egw is the spectral emissivity and qgw is the spectral reflectiv-
ity of the frontier. Integration of Eq. (36) yields

Ji;jðsw; bXÞ ¼ eiwJbi;jðT wÞ þ
qiw

p

Z
n�bX 0<0

Ji;jðsw; bX 0Þjn � bX0jdbX 0
ð28Þ
When the equation of radiative transport, Eq. (22) together
with the boundary conditions Eq. (28) are solved for all the
fractional gray gases Ji,j, the total radiation intensity is
determined from the sum of all intensities of gases with
the correction factor ui,j(s) as weight [14].

IðsÞ ¼
Z 1

0

IgðsÞdg ¼
X

i;j

ui;jðsÞJi;jðsÞ ð29Þ

For the case of isothermal and homogeneous media,
ui,j(s) = 1

For a mixture of (g) gases of molar density Nc, the func-
tion ui,j(s) is defined as [14]

ui;jðsÞ ¼
P

g W gðCj=Y gÞ � W gðCj�1=Y gÞ

 �P

g W gðCj=Y gÞ � W gðCj�1=Y gÞ

 � ð30Þ

where Yg is the molar fraction of gas species.
The radiative source term for the gray gas j is deter-

mined from equation

r � qr;j ¼ 4pjj

X
i

Jbi;j �
XM

m¼1

wmjjIm ð31Þ

and the total source term is written as

r � qr ¼
X

j

r � qr;j ð32Þ

To discretize the spectral radiative transport equation in
2D using the CW model in every fractional gray gas (i, j),
one can write Eq. (22) based upon the method outlined
by Ismail and Salinas [20], as,

ðJm
i;jÞ

nþ1¼
V i;jðjJbi;jÞnþjlmjAxðJm

i�1
2;j
Þnþ1þjnmjAyðJm

i;j�1
2
Þnþ1þSn

df

jlmjAxþjnmjAyþjV i;j

ð33Þ
where

Sn
df ¼ jlmjAxðIm

i;j � Im
iþ1

2;j
Þn þ jnmjAyðIm

i;j � Im
i;jþ1

2
Þn ð34Þ

Sn
df is the deferred correction term in nth iteration. Here,

the spectral domain subscripts (i, j) are omitted and the
space domain subscripts are (i, j), m indicate the mth direc-
tion of the angular quadrature, A is the area and V the vol-
ume of control volume (i, j).

The values of the fluxes in the faces ðJm
iþ1

2;j
Þn and ðJm

i;jþ1
2
Þn

are interpolated using the CLAM or the genuinely multidi-
mensional (GM) scheme [20], while the values of the fluxes
ðJm

i�1
2;j
Þnþ1 and ðJm

i;j�1
2
Þnþ1 are interpolated using a step

scheme. Several numerical experiments were realized to
ensure that the algorithm does not have any directional
march error and also to determine an adequate value for
the over-relaxation factor.

3.4. Validation

To validate the method of solution of the radiative
transport equation it is proposed to solve the radiative heat
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transfer in a square cavity with a gray participant media
where the cavity have three black cold walls and one hot
black wall, the medium is cold and emitter with b = 1, as
in [21]. Different quadratures are tested to evaluate the
accuracy of the solution. Also the CLAM and GM spatial
schemes [20] were tested and compared with the exact solu-
tion [21]. For brevity results is presented here and can be
found in previous work [20]. Additional conduction radia-
tion validation tests were realized for the case presented in
[22], composed of a square cavity with three cold walls at
temperature Tc and one hot wall at temperature Th, where
Th = 2Tc. The evaluation of the accuracy of different angu-
lar quadratures used was done by comparison with avail-
able results in the literature [22]. The LC11 quadrature
[23], with 48 ordinates has the same accuracy as that Tn6
quadrature with 144 ordinates in two-dimensional space.
All results shown here is with LC11 quadrature. Fig. 4
shows the predicted temperature distribution for different
N compared with the results of [22]. The CW real gas
model and the numerical algorithm are validated by com-
parison with the results of the one-dimension test case
presented in [14], where the medium in this case is a homo-
geneous isothermal mixture of combustion gases at 1000 K
and 1 atm total pressure occupying a space of 1 m width
between two parallel plates. The molar fractions of H2O,
CO2 and CO in the mixture are 0.2, 0.1 and 0.03, respec-
tively and the rest is nitrogen. The comparative results
are not shown here by brevity and can be found in previous
work [15].

4. Modeling of double glass window

To investigate the viability of using infrared absorbing
gases to improve the thermal efficiency of vertical glass
windows exposed to solar radiation in hot climate, three
mixtures of gases are used, the first is a strongly absorbing
gas mixture composed of HFC-32, HFC-134a, HFC-143a
and SF6 in equal parts. The second mixture has intermedi-
ate absorbing characteristics and is composed of CFC-12,
CFC-13, CFC-14 and SF6 in equal parts based upon the
estimates in [7]. The third mixture is transparent to infrared
radiation, in this case air is used. The cumulative wave-
number function for each gas at its molar fraction is used
to calculate the factor fwi,j in Eq. (26).

4.1. Geometry and energy balance

Consider a vertical double glass window heated from
outdoor by solar irradiation formed by two parallel glass
sheets of 0.006 m thickness and 1 m · 1 m of area, sepa-
rated by a distance which can be varied from 0.008 m to
0.040 m filled with a mixture of participant non-gray gases
and the whole system is in steady state, that is, all the radi-
ation absorbed by the gas is re-emitted. The external and
internal ambient temperatures are 35 �C and 24 �C, respec-
tively. The indoor and outdoor convective coefficients are
8.3 and 16.7 W/m K, respectively. The temperatures of
the external and internal glass sheets can be determined
from an energy balance for each glass sheet by considering
radiation and convection heat transfer with the internal
and external ambient, heat transfer by natural convection
and radiation with the gas mixture in the cavity, and by
radiation between the glass sheets in the spectral range
where the gases are transparent to infrared radiation. The
incident solar radiation is assumed constant at 600 W/m2.
Since the glass properties are nearly constant over the
infrared spectrum, one may assume average values for
the glass properties and also that the glass sheets are gray
and reflective. In the present study two cases are examined,
(1) window with two clear sheets, and (2) window with one
external absorbing glass having a reflective coat at position
1 and one internal glass with low-E coating at position 3.
Positions 2 and 4 are not coated. The solar absorptance
(a1) of surface 1 is varied from 0.35 to 0.55 while the solar
reflectance (q1) is kept as 0.16 [2]. The infrared transmit-
tance of clear and absorbing glass is zero [5]. The emissivity
of the clear glass (position 2 and 4) is 0.88 and the low-E
coated glass (position 3) is 0.12 [5]. The glass thermal con-
ductivity is 1.0 W/m K while the thermal conductivity of
the gas mixture is calculated as a weight average of its
molar fractions.

Fig. 5 shows a simplified energy balance of the glass win-
dow where Qwgas and Qegas are the incident gas radiative
heat fluxes on the W and E faces; Qrvw and Qrve are the
radiative heat fluxes in the transparent range leaving the
W and E faces; Qcwg and Qceg are the convective heat fluxes
between the W and E faces and the gas; Qevw and Qeve are
the radiative heat fluxes emitted by the faces W and E;
Qsolar is the solar radiation incident over the external face
of the glass W; Qcve and Qcvi are the convective heat fluxes
between the glass sheets W and E and the external and
internal ambient, respectively; Qre and Qri are the radiation
heat fluxes between the glass sheets W and E and the exter-
nal and internal ambient, while eW and eE are the emissiv-
ities of the W and E faces, respectively. H is the window
length and is considered as 1.0 m and unit width. The top
and bottom extremities of the glass sheets are assumed



Fig. 5. Thermal window scheme – energy balance.
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thermally insulated and at the temperature of the internal
ambient.

All the thermo-physical properties are assumed constant
and calculated at the mean temperature of the gas mixture
except the density which is calculated at the local tempera-
ture. The properties of the gas mixture are calculated con-
sidering that it is composed of ideal gases and hence the
density of the mixture is calculated from

qm ¼ qi

Pn
i yiMi

Mi
ð35Þ

where yi is the molar fraction of element i; Mi is the molar
weight of element i; n is number of elements; qi is density of
element i; qm is density of the mixture.

In case of calculating other properties such as thermal
conductivity, viscosity, specific heat, etc., one can use
/ ¼ ð/1 þ /2 þ � � � þ /nÞ=n ð36Þ
where / is the property under consideration.

The temperatures of the glass sheets are calculated iter-
atively from energy balances on each sheet. The total heat
gain (THG) or the total solar heat transmittance is the heat
passing over to the internal ambient by convection and
radiation in addition to the total incident solar radiation
which reaches the internal ambient.

THG¼ 1

AT

Xny

j

hiAjðT E;j�T iÞþreE;jAjðT 4
E;j�T 4

i Þþ sAjQsolar

ð37Þ

where s is the coefficient of solar transmittance of the
window, and is approximated by s = 1 � a1 � q1. The solar
heat gain coefficient F is calculated from:
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F ¼ THG

Qsolar

ð38Þ
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Fig. 6. Convergence error in glass temperature.
4.2. Method of calculation

The whole domain is sub-divided into three sub-
domains as shown in Fig. 5 and energy balances are solved
by iteration. The radiative energy transfer between the
glass sheets and the absorbing gas mixture can be divided
into two parts. In the first part, the gas mixture is acting
as a participant medium while in the second part the mix-
ture is transparent to infrared radiation. In the transparent
part, a very small value of the gas absorption cross-section
was adopted, j = 1 · 10�30 cm2/molecule, and hence one
can approximate the radiation heat transfer between the
glass sheets by the discrete ordinates method. The calcula-
tion of the radiation transfer in the transparent spectral
range of the mixture is corrected in each iteration by con-
sidering the new values of the internal and external glass
temperatures. In the spectral range where the gas is partic-
ipant, the CW model combined with the DOM is used to
solve the radiative transport equation using 20 gray gases.
In the gas domain, the condition of convective heat flux at
the center of the cells adjacent to the vertical walls (side 2
and 3) is imposed. The coupled radiation conduction
model is solved by using the finite volume technique for
the rest of the cells.

The simulations is initiated by calculating the tempera-
ture distribution in the internal and external glass sheets
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and HFC 22, 134a, 143a and SF6 for 0.024 m gap cavity.
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for the temperatures of two consecutive iterations using the
following relation

error ¼Max
T n

j � T n�1
j

T n
j

; p=j ¼ 1; ny

 !
< 10�5 ð39Þ

where n is the number of iterations.
The convergence of the model and the results from the

program is presented in Fig. 6 for the two absorbing mix-
tures. As can be verified the error is continuously decreas-
ing with the increase of the number of iterations. To ensure
the convergence of the solution of the energy equation, the
authors used relaxation factors obtained experimentally.
Also, the convergence of the inner and outer glass sheets
temperatures was investigated and it was found that these
temperatures converged smoothly.

5. Results and conclusion

Fig. 7 shows the isothermal contours in the CFC gas mix-
ture and the HFC gas mixture filling the cavity under the
same physical conditions. As can be observed the vertical
temperature gradients in the central part of the gap are rel-
atively small in comparison with the gradients near the top
and bottom ends of external glass. Notice that the temper-
ature profiles are not linear and that the gas temperature in
the layers near the north and southern frontiers are affected
by the imposed boundary conditions at the window top and
bottom ends. Fig. 8 shows a comparison of the gas temper-
atures in the middle of the gas gap for different spacings
between the glass sheets in a window of geometry as shown
in Fig. 5. One can observe that the gas temperature is higher
when the gas mixture is highly absorbing. This is because
the gas absorbs the radiation emitted and reflected by the
glass sheets and hence increase its temperature until achiev-
ing steady state. This indicates that highly absorbing gas
mixtures are not effective in this case. The effect of the size
of the gap between the glass sheets is also investigated
and one can observe that the increase of the gap size leads
to reducing the temperature of the internal glass, but the
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Fig. 8. Comparison of gas temperature distribution at middle cross-
section of glazing with absorbing glass.
reduction is not significant. Figs. 9a and 9b show the tem-
perature distribution along the vertical direction of the
internal glass for the strong and intermediate absorbing
mixtures for different gap sizes. One can observe that higher
temperatures are achieved when the filling gas is a strong
absorbing gas mixture. Fig. 10 shows a comparison of the
predicted distribution of gas temperature in intermediate
absorbing mixture for different gap size according to the
present radiative convective conductive model and when
using a purely radiative–conductive model. It is seen that
radiative convective conductive model predicted smaller
external glass temperature and higher internal glass temper-
ature than radiative conductive model. This effect can be
attributed to the convective transport.

Fig. 11 shows the temperature distribution in a highly
absorbing gas mixture and the internal and external glass
sheet temperatures for different values of external glass
absorptance. It is interesting to observe that the tempera-
ture increases in the case of high absorbing glass sheets.
The coefficient of total heat gain F for a = 0.35, is pre-
sented in Table 1a in terms of the gap size for three gas
mixtures and for a double glass window of clear glass
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Table 1b
Non-gray radiation conduction modeling

Lx/m Strongly
(gas: HFCs-SF6)

Medium
(gas: CFCs-SF6)

Transparent
(gas: air)

Air

Absorbing
glass

Absorbing
glass

Absorbing
glass

Clear
glass

0.012 0.606173 0.573476 0.555834 0.887884
0.016 0.603365 0.565394 0.547079 0.887653
0.020 0.597471 0.569761 0.541145 0.887422
0.024 0.590722 0.554156 0.536548 0.887191
0.040 0.579034 0.551522 0.526462 0.886960
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sheets having a gap filled with air. The results are shown in
Fig. 12. One can observe that the coefficient of total heat
gain, F, decreases slightly with the increase of the gap size.
Also it is found that the highly absorbing gas mixture has
higher F values, while the intermediate absorbing gas mix-
ture has F values lying between strongly absorbing and
transparent gas mixtures. The solar heat gain for double
glass window with reflecting glass is lower than that of
the clear glass case. Also, in Table 1b the coefficient of total
Table 1a
Non-gray radiation convection conduction modeling

Lx/m Strongly
(gas: HFCs-SF6)

Medium
(gas: CFCs-SF6)

Transparent
(gas: air)

Air

Absorbing
glass

Absorbing
glass

Absorbing
glass

Clear
glass

0.012 0.618335 0.587347 0.548799 0.887884
0.016 0.615753 0.580837 0.542190 0.887653
0.020 0.613004 0.570650 0.540863 0.887422
0.024 0.610534 0.567903 0.541727 0.887191
0.040 0.610058 0.567637 0.534492 0.886960
heat gain F for a = 0.35, in terms of the gap size for the
three gas mixtures and the glass window filled with air
for the pure radiative conductive model is presented. It is
seen that the present radiative conductive conductive
model predicts a slightly higher F values than the radiative
conductive model.
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