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Abstract: Heat-ray absorbing film is used to be bonded on the existing sheet glasses of the windows. It is effective
for air-conditioning energy saving against the global warming, because it absorbs heat-ray in the thin film and de-
creases the incoming heat-ray into the room. On the other hand, the sheet glasses increase the temperature at the
surface which the sheet is bonded and sometimes yield heat cracks by thermal stresses. It is important to know the
state of thermal stresses accurately in order to develop the heat-ray absorbing film with higher performance and
without heat cracks. In this paper. the analysis model is treated as the two-layer plate of the conventional soda
sheet glass and the heat-ray absorbing film with different absorptivities. The unsteady temperature and thermal
stresses are analyzed and calculated numerically. The influence of the patch side, which the heat-ray absorbing film
is bonded at the exterior side or the interior side, on the heat-ray absorbing performance and the thermal stresses is
discussed. It is found that the alternative patch side has no effect on the heat-ray absorbing performance and that

the patch side is recommended to be interior side from a view point of decreasing thermal stresses against the heat
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crack of glasses.
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1 Introduction

Recent new offices and houses have been
built with sufficient thermal insulating properties
and air-tightness to save energy for air condition-
ing against the global warming. On the other
hand, the window area has not so decreased from
viewpoint of daylight and design. As a result, the
energy loss via windows is estimated to be about
70% of total energy loss. It is important to de-
crease heat-ray from windows to save energy.

Some of solar radiation is reflected, the other
is absorbed and the rest transmits through the
glass of the windows into the rooms. We must
increase the quantity of heat-ray reflected and/or
absorbed to reduce the quantity of heat-ray trans-
mitting into the rooms, because the total quantity

of heat-ray reflected, absorbed and transmitting
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is constant. The new type glasses such as heat-
ray reflecting glasses and heat-ray absorbing glas-
ses have been developed. The former has demer-
its that the reflected light may blind driver's eyes
and that the disturbance to mobile phone may oc-
cur by blocking electromagnetic rays from out-
side. The latter has demerit that the glasses are
heated by the absorbed heat-ray and heat cracking
occurs often. Those glasses have also another de-
merit that they are expensive to change the exist-
ing conventional soda glasses with them. Re-
cently, heat-ray absorbing films have been fo-
cused because it can be bonded to the existing
conventional soda glasses and it is not so expen-
sive relatively.

This film is made of polyethylene tereph-
thalate (PET) and contains fine particles of metal

which are dispersed uniformly. Each fine metal
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particle absorbs the solar radiation, becomes heat
source and warms the film. The temperature of
the film increases rapidly because the thickness of
the film is very thin. Then the surface of the
glass sheet is heated by the bonded high-tempera-
ture heat-ray absorbing film. Thermal stresses
occur and often yield heat cracking in the sheet
glasses.

In this paper, the temperature and thermal
stress are analyzed theoretically and discussed.
The sheet glass bonded with the heat-ray absorb-
ing film is treated as the two-layered plate with
different optical properties such as the absorptivi-

tyil]

. Two models are assumed: One is that the
heat ray absorbing film is bonded at the exterior
side; the other is that the heat ray absorbing film
is bonded at the interior side. The difference of
the position bonding heat-ray film with sheet

glass is discussed.

2 Analysis

2.1 Analytical model

We consider a sheet glass bonded with a
heat-ray absorbing film as a two-layered plate as
shown in Fig. 1. Fig. 1 shows a case that the heat-
ray absorbing film is bonded at the interior side;
the other case that the film is bonded at the exte-
rior side is also considered. The thickness of each
plate is b, for the exterior side and b, for the inte-
rior side, respectively. The origin of the coordi-
nate is the bonded surface of sheet glass and film.
The heat-ray I, incomes at the surface of x =
—b,. Now we consider that the quantity of heat-
ray incoming at the arbitrary position of x is I
(x), because some of the heat-ray is absorbed a-
long the way by the dispersed metal particle. We
treat the unsteady problems of heat conduction
and thermal stress that the absorbed heat-ray be-
comes the internal heat generation. We also as-
sume the thermal boundary conditions that heat
convection occurs at x= —b, and x= b, with heat
transfer coefficient h, and h, between around air,

respectively.

Glass  Film

Exterior side <=3 Interior side

Fig. 1  Analytical model of sheet glass bonded with

heat-ray absorbing film at interior side

2.2 Influence of patch side of film on heat-ray

performance

The heat-ray absorbing film is used by bond-
ing it to the surface of the existing sheet glass.
There are two patch sides: (a) interior side and
(b) exterior side. We need to discuss the influ-
ence of patch side from two view points, the per-
formance of heat-ray absorbing and the thermal
stress. We focus our attention on the former in
this section.

Although the brochure of glass manufacturer
shows the total absorptivity which depends on the
thickness of sheet glass, we have proposed the i-
dea of the local absorptivity which does not de-
pend on the thickness of sheet glass. We devel-
oped the passing heat-ray I(x) at the position x
as follows™”

I(x) =1e ™ D)
where a is the local absorptivity and I, the incom-
ing heat-ray at the exterior side surface. The total
quantity of absorbed heat-ray in the sheet glass

with thickness b is obtained as follows
b
Q—Al, :aJ Lo dr 2
0

where A is the total absorptivity and & the thick-
ness of the sheet glass. Although those equations
are derived for the heat absorbing glass, we may
apply these results to the very thin heat-ray ab-
sorbing film and the conventional glass with very
low heat-ray absorbing property. Then the local
absorbtivities of the heat-ray absorbing film ay

and the sheet glass a, are given as follows

o 11’1(1 *A()
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b,
where the indexes f and g mean the film and
glass, respectively.

Now we consider that the heat-ray absorbing
film is bonded at the exterior side of the exiting
conventional glass. The absorbed quantity of heat

ray into the film is given as follows
b
Q: :a;Jroef“f*df:Io(lfef“f"f) €)
0

Then the incoming heat-ray at the surface of the

exiting conventional glass I', is the difference be-

tween the incoming heat-ray at the film surface
and the quantity absorbed in the film,namely

I'y=TI,e " (5

The quantity of heat-ray absorbed in the con-

ventional glass is given as follows
b,
Q2 :agJ‘ f I/O e “e"dor = I() eiu[b[ (1 - eiugbg) (6)
0

The total quantity of heat-ray absorbed in two-
layered plate which consists of the heat-ray ab-
sorbing film and the conventional sheet glass is
the sum of Egs. (4,6), namely
Q=Q, +Q,=1,(1 —e e ) D)
On the other hand, if we consider the case
that the heat-ray absorbing gilm is bonded at the
interior side of the exiting conventional glass, we
may have the same result as shown in Eq. (7).
Eq. (7) suggests that the total quantity of heat-
ray is absorbed in this system regardless of
whether the patch side of film is exterior one or

interior one.
2.3 Transient temperature

We assume the heat-ray absorbed at dispers-
ed metal becomes into the heat generation. Then
the governing equations in two plates at exterior
and interior sides, under boundary conditions,
the initial condition and the conditions of continu-
ity are given as follows

Basic equations

IT, o) T (tyx) | ale” %
ot K1 It (Olcl

T, (t,x) _ Ty (tyx) | ayl,e “* o)
dt K2 PP {)zcz

where
I =1,, I,=Ie“"
Boundary conditions
D (T, T ata=—b (10)
ax
aT,
ol p (T T at x=b D
dx
Initial condition
T]:TZZT() at t=0 (12)
Conditions of continuity
T] :Tz at x =0 (13a)
a2 a=0 asb)
dx dx

where 1,0, C and x are the thermal conductivity,
the density, the specific heat and the thermal dif-
fusivity, respectively. Solving Eqgs. (8,9) under
the conditions Egs. (10 —13) gives the tempera-

tures.
2.4 Transient thermal stresses

Apply the result of temperature to the ther-
mal stresses of a plate. At the time ¢, assuming
that the distribution of temperature is T (¢, x),
the strain and curvature at x=0 are g;and r,, re-
spectively, the thermal stress ¢(z, x) is given by

1+
1—v

o(t,x) =2G [s0+:‘—'—aT<z,x>] (14)
0

where G is the Young's modulus, « the coefficient
of linear thermal expansion and v the Poisson’s
ratio. The strain and curvature at x=20, 1. e. » &
and r,, are determined to satisfy the mechanical
boundary conditions if the elongation and bending

are free or clamped.

3 Numeral Results and Discussion

3.1 Absorptivity

Table 1 shows the total absorptivity of com-
mercial heat-ray absorbing films and local absorp-
tivity per unit length calculated by Eq. (7a). The
thickness is referred to the catalogue of the heat-
ray absorbing film maker. The total absorptivity
depends on the thickness of film and the thicker
film has the larger total absorptiyity. The local
absorptivity per unit length is almost constant

regardless of the thickness of films . This result
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Table 1 Absorptivity of heat-ray absorbing films

Local absorptivity
Nominal Total absorptivity

per unit length

thickness b¢/pm A/ %
a;/mm’"
65 29 5.27
104 40 4.91
158 57 5.34

suggests that our modeling of internal heat ab-
sorbing process is reasonable. The local absorp-
tivities of the conventional soda glass and the
heat-ray absorbing glass are 0. 020, 0. 1115, re-
spectively. The absorptivity of the heat-ray ab-
sorbing film is about 50 times the heat-ray ab-
sorbing glass and about 250 times the convention-
al soda glass. We use these local absorptivities for

the numerical calculation.
3.2 Unsteady temperature and thermal stresses

Fig. 2 shows the unsteady temperature distri-
bution in the soda glass with thickness 3 mm
bonded with the heat-ray absorbing film with
thickness 104 pm at the interior side. The tem-
perature has sharp peak in the thin heat-ray ab-
sorbing film. The temperature distribution be-
comes steady state rapidly in the film, because
the heat-ray passes in the film with light speed.
The temperature distribution in the glass is al-
most linear at the all time. It is seem that the
thin heat-ray absorbing film operates as the

strong heat source to the soda sheet glass. Al-
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Fig. 2 Unsteady temperature distribution in sheet glass
bonded heat-ray absorbing film at interior side

(by= 104 ‘um)

though the figure is not shown here, the tempera-
ture distribution in the sheet glass bonded with
heat-ray absorbing film at the exterior side rises
rapidly and the maximum temperature in the film
is much larger than that in the case of Fig. 2.
Fig. 3 shows the distribution of unsteady
thermal stresses in the sheet glass for the temper-
ature distribution in Fig. 2. The film is just trea-
ted as heat source in this paper because the
Young's modulus of the PET film is much smal-
ler than the soda sheet glass. The mechanical
boundary condition that the elongation is clamped
and the bending is free is applied. The maximum

stress appears at the steady state.
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Fig. 3 Unsteady thermal stress distribution in sheet

glass bonded heat-ray absorbing film at interior

side (=104 pm)

3.3 Influence of film thickness

Now we discuss the influence of film thick-
ness on temperature distribution and thermal
stress distribution at steady state. The mechani-
cal boundary condition is that the elongation is
clamped and the bending is free. Results are
shown in Figs. 4,5.

From Figs. 4,5 we can see that the maximum
temperature and stress with the thicker film are
larger than that with the thinner film. It means
that the thicker heat-ray absorbing film becomes
the stronger heat source to the soda glass.

The comparison of the position of the film
shows that the exterior side yields much larger

On the other

temperature and thermal stress .
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Fig. 4  Influence of thickness of heat-ray absorbing Fig. 5 Influence of thickness of heat-ray absorbing
films on steady temperature distribution films on steady thermal stress distribution
hand, the total amount of absorbed heat-ray is References:

same regardless of the bonded-film position.
These results suggest that the thicker film bond-
ed at the interior side of the soda glass is recom-
mended to decrease the heat-ray from window

without heat cracking in the glass.
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