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ABSTRACT

Accurate prediction of thermal radiation by applying rigorous model for the radiative heat transfer combined with the
conduction and the convection has been performed for a single and double window glazing subjected to solar and
thermal irradiation. The glass window is analysed as a non-gray plane-parallel medium disctritized to thin layer as-
suming the glass material as participating media in one-dimensional case, using the Radiation Element Method by Ray
Emission Model (REM?). The model allows the calculation of the steady-state heat flux and the temperature distribution
within the glass cover. The spectral dependence of the relevant radiation properties of glass (i.e. specular reflectivity,
refraction angle and absorption coefficient) is taken into account. Both solar and thermal incident irradiations are ap-
plied at the boundary surfaces using the spectral solar model proposed by Bird and Riordan. The optical constant of a
commercial clear glass material have been used. The calculation has been performed during winter period and the ef-
fect of the thickness of the glass for a single glazing and of the air layer between the two panels for double glazing has
been studied. The result shows that increasing the air layer, the steady heat flux decreases and the temperature distri-
bution within the glass changes.
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1. Introduction be a participating non-gray media subjected to solar irra-
diation (specified by the spectral solar model proposed
by Bird and Riordan, [3]) and thermal radiation (speci-
fied by blackbody emission of the outside and inside en-
vironment). A more refined and rigorous approach is ap-
plied using the Radiation Element Method by Ray Emis-
sion Model (REM?). The REM” is a generalized method
for calculating radiation heat transfer between absorbing,
emitting and scattering media. The boundary surfaces of
the glass are specular and the spectral dependence of ra-
diation properties such as specular reflectivity, refraction
angle and absorption coefficient are all taken into con-
sideration.

The accurate prediction of the temperature distribution
through a glazing system depends strongly on how the
glass material is analyzed. In general the glass material is
assumed to be transparent for the solar spectrum and
opaque to radiation at infrared wavelengths. Therefore,
the gray approach is often assumed for such calculation.
These assumptions may lead to considerable error in eva-
luating the thermal properties, heat flux and temperature
distribution within the glass material subjected to irradia-
tion. In reality, the transmittance, like reflectance and ab-
sorbance, is a function of wavelength, angle of incidence
of the incoming radiation, the real part » and the imagi-

nary part k of the complex refractive index of the glass-
cover [1,2]. Moreover, the real and imaginary parts of the
complex refractive index of glass are spectrally depend-
ent.

In the present work, the glass window is considered to
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The REM? method was proposed by Maruyama and
Aihara [4] and can be applied for complicated three-di-
mensional shapes. Numerous researchers have studied
heat transfer by combined conduction and radiation in
glass medium. Khoukhi et al. [5,6] have analysed the
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combined non-gray radiative and conductive heat trans-
fer in solar collector glass cover using different model
with regard to the optical constant of the glass material.
Kong and Viskanta [7] have compared the diffusion ap-
proximation and Discrete Ordinate Method (DOM) for
determining heat transfer in glass. The effect of the re-
fractive index on radiative behaviour of heated absorb-
ing-emitting layer has been reported by Spuckler and
Siegel [8]. The combined conduction and radiation in
two-layer planar medium with flux boundary conditions
has been studied by Ho and Ozisik [9].

In this paper, the single and the double glazing models
were considered and the effect of the thickness of the
glass for single panel, and the vacuum layer between the
two panels for the double glazing, on the temperature and
heat flux distribution were investigated. The optical con-
stant of a commercial clear glass material have been used
[6]. Using this data, the calculation has been performed
for one position of the sun during the winter period.

2. Analysis Model and Analytical Condition

Accurately speaking, the glass material is transparent to
the solar radiation, due to the small value of £ and it is
strongly absorbing in the infrared region. Therefore, the
emission and absorption within the glass layer should be
taken into account.

2.1. Analysis Model

Figure 1 and Figure 2 show the model of single glazing
and double glazing subjected to collimated and diffuse
solar and thermal irradiations. It is assumed that the gla-
zing exists between two blackbodies which comprise the
ambiences of the outside and inside. The analysis is car-
ried out by dividing the glazing into a number of layers.
Since the long-wavelength radiation from the ambient is
mostly absorbed in the vicinity of the glass surface, the
thickness of the element is thin (1 pm) at the glass sur-
face and thick (200 um) in the middle of the glass sheet.
The total number of element is set at 103 and 229 for the
single and double glazing, respectively. The double gla-
zing is constituted by two single glasses and we assume
that between the two glasses a vacuum space exists.
Therefore, the absorption and the convection are negligi-
ble in the vacuum space. The space between two glasses
has been descritized into thin layers and the conduction is
taken into account. Tin, Tout and 0, are the inside tem-
perature, the outside temperature and the incident angle
of collimated solar irradiation, respectively.

For the calculation presented here, it is assumed that
the thickness of a single glass panel is 3 mm. The con-
vection is taken into consideration as boundary condi-
tions in both sides of the glass with hy, and h,, are the
inside and outside convective heat transfer coefficient,
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Figure 1. Analysis model of single glazing.

Direct solar Glass

irradiation

V4 W Inside
blackbody

emission
T, =293K

Vacuum
Diffuse solar
irradiation

T =273K (

out
h

out

Outside

blackbody 3 mm 3 mm
emission 9 mm

Figure 2. Analysis model of double glazing.

respectively and the thermal conductivity of the glass
material is assumed to be constant.

The glass window is completely transparent for the di-
rect solar irradiation (no absorption). On the other hand,
the diffuse solar irradiation and the thermal infrared ra-
diation from the outside and the thermal infrared radia-
tion from the inside are absorbed and emitted within the
glass-cover material (see Figure 3).

2.2. Analytical Assumptions

In the present study, the following assumptions are ap-
plied for the analysis. a) Since the thickness of the glass
panel is much larger than the wavelength of the radiation,
the coherence effects are neglected. b) The glass surfaces
are optically smooth, and the incident radiation is specu-
larly reflected. ¢) The scattering in the glass medium is
neglected. d) The thermal conductivity of the glass mate-
rial is assumed to be constant and independent of its tem-
perature. ) The directional reflectivity has been compu-
ted from Fresnel equation as function of the complex re-
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Figure 3. Real behaviour of glass window subjected to di-
rect and thermal radiations.

fractive index of the glass and the incident angle.
2.3. Analytical Conditions

The numerical simulation has been carried out for one
location on January 1, in Sendai city (Japan). Table 1
shows the site characteristics and other parameters used
in numerical simulation. The initial glass temperature,
the outside and inside ambient temperatures are 290 K,
273 K and 293 K, respectively. Since the variation of the
physical properties of the air and the glass material as a
function of the temperature is small, it is assumed that
their values are constants for a given initial values. The
thermal conductivity, the density and the specific heat of
the glass and air are given by Table 2.

2.4. Spectral Distribution of Incident Radiation

2.4.1. Solar Irradiation Model

For solar irradiation, the spectral solar model proposed
by Bird and Riordan [3] is used. With this model, the di-
rect normal spectral irradiance from solar incident on the
ground surface is given as

1,,=H,,Dt, ;7,,7,,T, T > (1)

where H,, is the extraterrestrial irradiance at the mean
earth-sun distance for wavelength A, D is the correction

Table 1. Characteristics of the site and other parameters
used in numerical simulation (Sendai, Japan).

Parameter Value Unit
Zenith angle 61.18 [°]
Latitude 38.16 [°]
Longitude 140.51 [°]
Altitude 45.0 [m]
Day of year 1 [-]

Table 2. Thermophysical properties of glass.

Thermal conductivity A [W/m'K] 1.38
Density p, [Kg/m’] 2190
Specific heat ¢, [kJ/kg'K] 0.74

factor for earth-sun distance, and 7, ,, 7, %, T, and 7,
are transmittance functions of the atmosphere at wave-
length 4 for Rayleigh scattering, aerosol attenuation, wa-
ter vapour absorption, ozone absorption, and uniformly
mixed gas absorption, respectively.

The diffuse irradiance on the horizontal surface is di-
vided into three components: 1) the Rayleigh scattering
component /,;, 2) the aerosol scattering component /,;
and 3) the component that accounts for multiple reflec-
tion of irradiance between the ground and air /,;. The
total scattering irradiance /;; is then given by the sum

]s,ﬂ. :]r,ﬂ.+]a,ﬂ+]g,ﬂ.' (2)

The spectral global irradiance on an inclined surface is
represented by Equation (3) below. Where @ is the angle
of incidence of the direct beam on the tilted surface and f
is the tilt angle of the inclined surface. The first term in
Equation (3) is the direct component on the inclined sur-
face. The second and third terms account for the circum-
solar or aureole component and the diffuse skylight com-
ponent. The last term in Equation (3) represents the isotr-
opically reflected radiation from the ground and given by

I, =1,,cos(Z)+1y, 4
where Z is the solar zenith angle.

2.4.2. Spectral Distribution of Incident Radiation

The spectral distribution of the emissive blackbody exte-
rior and interior ambient at 273 K and 293 K, respecti-
vely, are given by the following expression as a function
of wavelength (1) and blackbodies’ absolute temperature

I, (B)=1,,cos(0)+1;, <{IM cos(&)/[HMDcos(Z)]} + 0.5[1+cos(ﬂ)}[1 —IM/(HMD)D

+0.51; 7, , [l—cos(ﬁ)],
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(T) (Plank’s Law)
27C,

eﬁb(lsT)=m’

)

where C; and C, are the constant of Plank’s spectral in-
tensity distribution and equal to 0.59552 x 10® W-um?*/
(m*sr) and 14387.69 um‘K, respectively.

2.5. Radiative Transfer

For radiation elements 7 and j, the absorption view factor,
F,.j. _is defined as a fraction of radiation energy emitted
from element i and absorbed by element j. f’ (g, ) is
the fraction of energy emitted from element 7 in the dire-

ction g, which reaches element j. The absorption view fa-

ctor, F,}, is given by
k i —K,Ax,
Z{[f,j (luk)dQJM(,uk)J{I—eXp[ A Jj:|}
F k=1 Hye
" 0.2

(6)

Once the absorption view factor is given by using the

ray tracing method, the net rate of heat generation in ele-
ment i is given by

N
QX,i,ﬂ = QT,i,i - ZF;,A}QJ,f,z (7
j=1

where Qr;, is the radiation energy emitted by element i
itself and equal to Q,;,. The heat transfer rate of the emi-
ssive power Qr;, or the net rate of heat generation Qy;,
for each radiation element is given arbitrarily as a boun-
dary condition. The unknown Qy;, and Qr;; can be ob-
tained by solving equation (9) using the method descri-
bed by Maruyama [4]. O, is eliminated from Equation
(9) and the relation between Qr; and Qy; is obtained

QX:QT_FAQJ’WithQT:QJ )]
QX:QT_FAQT

) )
QX:QT[I_F :|

The total net rate of heat generation is given by
Oy, =[Oy, ,d 2. (10)
0

The heat generation rate per unit volume is
qX,i :QX,i/Vi’ (11)

V; is the volume of the radiation element and V; = 4, for a
surface element.

Heat generation rate per unit volume by radiation
means the divergence of radiative heat flux. Thereby, the
radiative heat flux at position x,, is calculated as
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The radiation heat flux through the layer is derived as

9x; =Vq,, = (12)

9., =49x, ""i(‘]){,a,im‘[)’ (13)
im2

gx.1 includes the blackbody emission emanating from the
ambient, and the diffuse and direct solar radiation com-
ponents. In REM?, diffuse or collimated irradiation at the
boundary surface can be treated [4].

2.6. Conduction and Convection Heat Transfer

The one-dimensional unsteady conductive heat transfer
through the glass layer is given by

or o’T
)

where pg, ¢,, 4, t and Sj, are the density of the glass, spe-
cific heat of the glass, thermal conductivity of the glass,
time and the heat generation source, respectively. The
convection is taken into account as boundary conditions
at both sides of the glass.

The outside and inside convective heat transfer % is
determined by the following equations, assuming the
natural convection of the air on the glass window

_ Nu Aair

+S,, (14)

h (15)
where A, and [, are the thermal conductivity and the
thickness of the air layer (= 1m), respectively. The Nus-

selt number, Nu, is given by the following relation

Nu=0.56(Ra)"* (16)
The Raleigh number is given by
Ra =Pr-Gr 17
The Grashof number is given as
T,-T,|L,
Gr — gﬂ w 5 0 arr (1 8)
v

where g, v and T, are the acceleration due to the gravity,
kinematic viscosity of the air at the surface of the glass
window and temperature of the air.

In the combined radiative and conductive heat transfer
analysis, Equation (14) is discretized using the Finite
Volume Method [10]. At first, for a given initial tempera-
ture distribution, the radiation heat generation rate per
unit volume and the convective heat flux from ambient air
are calculated. Then, these values are substituted as the
source term S, or considered as the boundary condition of
Equation (14). Next, the temperature distribution after
some interval is obtained using the fully implicit method.
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The same calculation is carried out for the next tempera-
ture distribution until the steady-state condition is achie-
ved.

3. Results and Discussion

The effect of the thickness on the heat flux passing throu-
gh the glass-window is clearly shown in Figure 4. In-
creasing the thickness of the glass panel from 3 mm to 6
mm the heat flux through the window decreases slightly.
This is essentially due to the increase of the absorption of
the thermal radiation within the glass material and then
this accumulated heat is reradiated into the inside space.
Even though, the difference exists, the 3 mm thickness is
more suitable with regard to the cost and the weight of
the window compared with 6 mm thickness. The use of
an antireflection coating on the outer surface of the glass
panel would increase the heat transmitted through the
glass during the winter period. Recently, a silica low-ref-
lection coating via a dip-coating process has been devel-
oped, and the refractive index of the thin film is well
controlled. Therefore, the exact value of the film refrac-
tive index that leads to a minimum of reflection on the
outer surface of the glass can be achieved [11]. On the
other hand, a special high-reflection coating on the inner
surface of the glass would minimize the heat loss from
the inside of the room to the outside.

Figure 5 shows the temperature distribution within the
glass window material for both 3 mm and 6 mm thick-
nesses of the single panel. The gradient temperature be-
tween the ambient and the inside room is 20 K and the
glass window is simulated during the cold period. There-
fore, the effect of the conduction heat transfer within the
glass is important compared with the radiation one. Con-
sequently, the profiles of the temperatures distribution
within a glass layers are linear in shape with the glass
thermal conductivity constant. The temperature distribu-
tions within the single glasses are very close. However,
the temperature of the inner surface of the glass with 6
mm thickness is slightly higher than the inner surface of
the glass with 3 mm.

The steady heat flux through the double glazing win-
dows with variable air space between the two panels is
plotted in Figure 6. Indeed, the double glazing with 12
mm air gap thickness is more opaque rather than the
other double glazing.

Figure 7 shows the temperature distribution with the
double glazing with different air space thickness. This
result shows that the inner surface temperature of the
double glazing window with 12 mm air space thickness
is higher than the inner surface temperatures of the other
double glazing. This is due essentially to the thickness of
the air space which plays a barrier again heat transfer.
Moreover, comparing the heat transfer between the sin-
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Figure 7. Temperature distribution within the single and
double glazing window.

gle glazings with 3 mm thickness with the double glazing
with 3 mm of air space thickness, less heat is lost from
the inside to the ambient through the window when the
double glazing is used. This result was expected, since
the double glazing is more opaque for the radiation, and
then prevents better the heat loss from the inside room to
the outside surroundings.

4. Conclusion & Future Developments

Accurate modelling of a single and double glazing win-
dow system using rigorous radiative model has been pre-
sented. A non-gray computation procedure taking into
account the absorption and emission within a glass layer
is proposed. Steady-state heat flux and temperature dis-
tribution within the glass layer have been examined for a
single and double glazing subjected to solar and thermal
radiation during the winter period.

The thickness of the glass cover affects the heat flux
through the glazing. In fact, increasing the thickness of
the single glass window the heat loss from the inside to
the outside decreases during the cold period.

It has been shown that the profiles of the temperatures
distribution within a glass layers are linear in shape and
the temperature distributions within the single glasses are
very close. However, the temperature of the inner surface
of the glass with 6 mm thickness is slightly higher than
the inner surface of the glass with 3 mm.

The double glazing with 12 mm air gap thickness is
more opaque rather than other double glazing, and the in-
ner surface temperature of the double glazing window
with 12 mm air space thickness is higher than the inner
surface temperatures of the remaining double glazing.

As future work, the models developed for both single
and double glazing will be simulated during the summer
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period. Moreover, to achieve energy conservation with
the conditioned space, special coating on the surface of
the glazing will be investigated using this rigorous ap-
proach.
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