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     ABSTRACT  Many people have deep concern  about  various undesirable  effects the ultraviolet rays (UV)
     bring about. Thus  a glass pane with  UV  absorber  coating  is coming  into wide  use.  Besides the  primary effect  of

     shielding UV  themselves, this coating  secondarily  induces a  thermal  shielding  effect.  From  the commercial

     viewpoint,  quantitative knowledge is necessary  about  it. Thus  a  drastic analytical  model  has already been

     developed and  the reason  for the  thermal  shielding  effect  was  explained.  In the present study  we  develop a  more

     harmonious model  and  evaluate  the  extent  of  thermal  shielding  effect  more  accurately.  It is found tbat the heat
     conducting  through  the pane into the roorn  is highly reduced  by UV  absorber  coating,  However, under  the
     condition  of  cooling  the room,  the amount  of  reduction  is 40%  less than the UV  energy  ftux in the solar
     irradiation. Under  the warming  condition,  the coating  is not  advantageous  from the viewpoint  of  saving  energy.

     Keywords: solar irradiation, glass pane, UV  absorber  coating, energy  transmission,  thermal shielding effect

1.INTRODVCTION
                                                      (1) The absorber  is a kind of  resin. The  absorber  film

     Many  people have deep concern  about  various

undesirable  effects  the ultraviolet  rays  (UV) bring about.

Thus  a  glass pane with  UV  absorber  coating  is coming  into
wide  use.  This coating  is made,  as  a  matter  of course, fbr

shielding  UV  themselves. Besides, however, it induces a
secondary  effect.  That is, the energy  flow containing  the

solar  radiation  through  the pane into the room  is somewhat

reduced.  From the commercial  viewpoint  (namely, for

customers  to be free from puffs), it is important to

quantitatively know the extent of reduction  even  though its
evaluation  might be rough,

     Mizukami  and  Aoyama  [1] conducted  an  analysis  on

this problem with  a highly simple  model,  ancl explained  the

reason  why  the  energy  flow into the  room  was  reduced.

They  drastically assumed  that the infrared rays  (IR) were

wholly  absorbed  on  the outside surface of the pane and  that
the  natural  convection  heat transfer coefficient  on  the room-
side  surfacq  of the pane was  merely  a  parameter, The value

of  the pararneter was  chosen  to be 1O W/m2K  in numerical

calculation. This choice  may  probably have 1ed to
overestimation  of  the energy  inflow reduction.  On the
other  hand, however, they  elaborately  obtained  the radiation
heat transfer coefficient  by iteration.

     In the present study the authors establish a more

harmonious analytical  model  and  evaluate  the e'nergy  inflow
reduction  more  reasonably.

2. PHYSICAL  MODEL

     The  developed physical moclel  is as follows:

coated  on  the pane glass is very  thin (about 20 pm), but
assumed  to completely  absorb  UV.  However  it is
transparent  except  for UV. Tlie absorbed  UV  energy

changes  to heat. Therefore the  absorber  film can  be

regarded  as a  plane heat source  when  there is the solar
irradiation 4. ･

(2) Because the absorber  film is very  thin, its thermal

resistance  is ignored,

(3) The solar rays  are  vertically  incident on  the glass pane
and  penetrate it toward  the room.  As  they penetrate, they
attenuate due to partial absorption, which  results in heat

generation G(x) in the glass, where  x  designates a position
in the glass. Upon  applying  the Beer's law, the solar-ray
energy  flux in the glass can  be written  as

    I(x)=I.e'ex,  (1)

where  a  is the absorption  coefficient  of  the glass. Then

the heat generation is described as

            di

    G(x)=-m=cxl,e-em.  , (2)

(4) Conduction of  heat in the pane glass is described by

        d2T

     
Z,

 du, 
+G(x)=O,

 (3)

where  T(x) is the temperature  at position x  in the glass and
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Xg is the thermal  conductivity  of the glass. Upon solving

this equation  under  the boundary conditions  of  T<O)=71, and

7<d)=Z  and  applying  the solution,  the conducting  heat in
the glass is obtained  as

Qd (x) =
 
-Z,dT

  A  ==  Qd (O) +  AF(x)
du

(4)

The  heat transfer coefficients,  hi,, hir and  hi, are  evaluated

for four room  temperatures  and  shown  in Fig.1 as  a  function
of  the room-side  surface temperature  of the glass. It is
noted  that the radiation  heat transfer is significant.
(8) The  heat transfer  coefficient  on  the outdoor-side

surface,  ho, is given asaparameter.  Its value  is chosen  to

be 20 Wlm2K,  which  is equal  to the value  under  the

with

Q, (o)- 
ZsA

 (7} -7i )-2{fe(.),t,

F(x) =  {S (x)du =  I, (1 -e'"X )
(5)

(6)

where  Z･ and  71 are  the temperature  of  the room-side  surface

of the pane and  the room  temperature,  respectively, and  d is
the  thickness of  the glass.
(5) The  natural convection  heat transfer coefficient on  the

room-side  surface  of  the pane, hi,, is evaluated  with the
correlation by Churchill and  Chu  [2]

Nu=IO825+
O･387Ralt6

b+(O.42glpr)9'i6}12'1

2

(7)
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  Roomside surface  temperature of pane, K

. Natural convection,  radiation and  total heat transfer

 coefficients  on  room-side  surface  ofpane  (L =  1 m).

with

Ra  =  GrPr

    gX3i71･ 
-
 z, iL3Gr=

(8)

andaccordingly

hic=z

v2

atrNU/L,

(9)

(10)

where  X.i,, v, S and  Pr are  the thermal conductivity,

kinematic viscosity,  volumeuic  thermal expansion

coefficient  and  Prandtl nurnber  of  air, respectively,  IVu, Ra
and  Gr  are the Nusselt number,  Rayleigh number  and

Grashof number,  respectively,  L is the  height of the pane,
and  g is the gravitational acceleration. It is noted  that hi. is
almost independent of  L,
(6) The radiation heat transfer to the wal1 of the room  is
approximated  as that from a  small  surface  to a  completely

surrounding  large surface. Upon assuming  that the wall

ternperature is equal  to the roorp  temperature, the radiation

heat transfer coefficient is expressed  as

   hJr=Ea(7i+1))(Tl2+T,2). (11)

where  e  is the ernissivity  of  the  room-side  surface  of  the

pane glass, and  g  is the Stefan-Boltzmann constant, the
value  of which  is 5.670× lo-8 wtm2K4.

(7) The total heat transfer coefficient  on  the room-side

surface  of  the pane can  be written  as

hi =  hic+hir' (12)
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 Fig. 2. Energy flow through single glass pane for cases
       (a) without  UV  absorber  coating  and  (b) with  it.
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standard  condition  that is to be set  in officially  testing the

thermal perfbrmance of  the glass pane [3]. The standard

outdoor  temperatures are 303 K  in summer  and  273 K  in
winter.  In passing, the standard  room  temperatures are
298 K  in summer  and  293 K  in winter.  Henceforth,
howeyer, we  use  

"cooling"

 instead of 
"summer"

 and
"warming:'

 instead of  
`Lwintef'

 because the room  is cooled
in summer  and  warmed  in winter in Japan.
(7) The outdoor-side  surface of the pane glass is not  coated

with UV  absorber.

3. MATHEMATgCAL  FORMULATION

     The  physical model  explained  above  is illustrated in
Fig.2 for a  single  glass pane for cases  (a) without  UV
absorber  coating  and  (b) with  it, The energy  flow in Fig.1
consists of two kinds, namely,  the solar-ray energy  flow and
the heat flow. The  heat flow increases in the glass and  the

absorber  film because the so]ar-ray  energy  partially changes

to heat, The  solar-ray  energy  that reaches  the room-side

surface  of  the glass is 1,exp(-cxd) regardless  of  absorber

coating.  However, as  explained  above,  the solar-ray

energy  entering  the room  reduces  by Iuvexp(-cut) in case of
coating, where  Iuv is the UV  energy  flux in the solar

irradiation. The quantities that differ between two cases

are  distinguished with superscripts  
O
 and  

*,
 wbich  designate

no  coating  and  coating,  respective]y.

     In the foIlowing sections  mathematical  formulation is
rnade  based on  the above  physical model.

3.1 Energy  F!ow  inte Room  through Uncoated Pane

     If the pane 
'glass

 is not  coated  with  the UV  absorber,

the energy  balances can  be written  at the boundaries as

follows: -

At the outdoor-side  surface  of  the glass

    Q; =Q;  (O) (13)

and  at  the room-side  surface of the glass

    Q; (d)=Ql (14)

    Qa(d)=Q;(O)+AF(d). (15)

The  tetal energy  entering  the room  is expressed  as

                    '

    e,1. =AI,  exp(-ed)+Q,b  (16)

with  A as  the surface  area of the pane. In the above

equations, Q; is the heat transferred from the outdoor  te

the glass pane, e;(x) is the heat conducting  in the glass,

and  e,1 is the heat transferred frorn the pane into the room.

Therefore the  fo11owing equations  hold:

    e:-h;A(I}-71;) (17)

    Q,"=h,OA(TlO-7)). (18)

    Eliminating 7: and  Z･" fromEqs.(5),(17)and(18)

(but keeping hiOconstant) and  then e; and  Q,1 by the

aid  of  Eqs. (13), (14) and  (15) leads to

    C; (O) =  AK;r (71: - 7L - 
Fi4)

 - Al, ft (X)dXl (19)

where  K:, is the heat transmission coeencient  in the

ordinary  sense  and  therefore the following relation holds:

      1ldl
         

=-+
 +-.  (20)

     K;r h; Zg h,"

Equation (19) indicates that heat transmission  reduces  due
to the solar  energy  absorbed  in the glass.
     It is needless  to say  that we  now  can  readily  derive
expressions  for al1 other quantities about  heat fiow, Thus
we  can  reevaluate  the surface  temperatures and  then haye
new  heat transfer coefficients. After repeating  the above

procedure a  few times we  can  obtain  the final numerical

solution.

3.?
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Pane

     For the case  where  the pane glass is coated  with  the

UV  absorber, almost al1 the above  equations  hold if
superscripts are  changed  from e

 to '.
 Exceptionally, Eqs.

(14) and  (16) must  be replaced  by

    e; (d)+Al.. exp(-ad)=Q;  (21)

    a:･. =A(l.  -Iuv  )exp(-cxd)+ei', (22)

respectiyely. However Eq. (22) has the  same  form as in.                               /
(16) if these  equations  are  expTessed  in terrns of  ed(d)
instead ofQi.  As  a  result  we  have

Q; <O) =  AK2r (7Li 
-7>
 
-
 
Fi:d)

 
'
 zl, X F(x)du + IhU,." eJod  1

                                             (23)
with

    
'1

 1d1

     K:r 
=h;

 
+Zg

 
+h,''

 
(24)

The  final numerical  solution  is obtained  after  the same

Tepeating  procedure as  explained  in the previous section.

3.3 Energy  Shielding Index and  Thermal  Shfie]ding
    Index

     Equation (23) superficially indicates that absorption

of  UV  energy  in the coated  film also  reduces  heat
transmission.  Actually, however, the absorbed  UV  energy

may  partially flow toward the outdoer  if it becomes 1arge,
Therefore we  first introduce the energy  shielding index

3 
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    nye=letlnreinYaln ･ 
'
 (2s)

in order  to evaluate  the reduction  effect  on  the total energy
inflow. The  total energy  infiow can  be negative  when  the

room  temperature  is higheT than  the outdoor  one  (that is, the
room  is warmed)  and  funher the solar irradiation is weak.
It is noted  that the energy  shielding  index is always positive.
It diverges when  the total energy  infiow is equal  to zero.

     Then we  define the thermal shielding index as

    op,-Ib;(d)-e}(d)YQ;(d),  (26)

which  indicates relative reduction  of heat conducting

through  the pane glass due to the coating.

4. NUMERICAL  RESULTS

     Numerical calculations  are  conducted  with  the

fo11owing values  of  parameters concerning  the pane glass:
    height; L=1m

    thickness; d=3mm

    therrnalconductivity;  X,=O.97W/(m･K)

    absorption  coefficient for solar rays; -a=
 74m-i

    emissivity  ofthe  room-side  surface; e =  O.92,
The  above  value  of  the emissivity  is found in a  figure of  a

textbook  [4]. The  ratjo  of  UV  energy  flux in the solar

irradiation, Ibv, to the solar  irradiation, G, is taken  to be O.07.

4.1 Room-side  Surface Temperature  and  Heat  Transfer
   Coefficients

     Figure 3 provides an  exainple  of  variation  of  the

room-side  surface  temperature  with  the solar  irradiation.
The  room  and  outdoor  temperatures  are  chosen  to be the

standard  ones  in warming  the room.  The  effect  of  coating

is not  negligible.  Figure 4 shows  the corresponding

variations  of  heat transfer coefficients  on  the room-side

surface.  The effect  of  coating  is negligible  in this figure.
Further the heat transfer coefficients are almost  independent
of  the solar irradiation.

290
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  Fig. 4. Heat transfer coefficients  en  room-side  surface

         under  the sarne  condition  as  that in Fig.3.

4.2 Therma]  and  Energy  Shielding Effects

     The  total energy  inflow under  the standard  ceoling

condition  is compared  in Fig, 5 between the case  of  no

eoating  and  the case  of  coating.  It is found that it slightly
reduces  due to the coating. However  the amount  of

reduction  at  {he solar  irradiation of  800W/m?  is as  1arge as
the  heat transmitted  from the outdoor  at  no  solar  irradiation.

     In Fig, 6 the energy  shielding  indices are  shown

against  the solar  irradiation for three parametric outdoor

temperatures.  The  chosen  room  temperature  is the

standard  one  in cooling  the room.  It is found in the figure
that the energy  shielding  index increases frorn zero  with
increasing solar  irradiation and  seems  to approach  different
constants  depending on  the outdoor  ternperature. The
energy  shielding  indices evaluated  in the present study  are

about  35% 1ess than those evaluated  by Mizukami and

Aoyama.

     As explained  in section  4.1, the  heat transfer
coefficients on  the room-side  surface are little dependent on
the solar  irradiation. Funher  it can  be seen  in Fig. 5 that
the solar-ray  energy  entering  the  room  through  the uncoated

pane occupies  a great part of  the total energy  inflow if the
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d=3mm hic+hir1,=O.97Wt(m･K)
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a function of solar irradiation (for warrning).
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Fig. 6. Energy shielding  effects undera  few
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conditions

solar  irradiation is large. Hence  the following approximate
expressions  hold for 1arge solar  irradiations:

                                              '

    Ql. gAI.  exp(-ad)  (27)

    Cl. 
-e;.

 !  
Khi'

 Aiuv exp(-tld)  (2s)

Applying these equations to Eq. (25), we  have

    n.!!:i." (iiU.V) (2g)

for1arge solar  irradiations. This equation  indicates that the
energy  shielding  index depends principally on  the ratio

Iuvf4 and  is less than  the ratio because K.'. is less than

hl. Refening to Fig, 1, we  can  understand  that h,1 is
less for lower outdoor  temperatures  under  cooling

conditions. Thus  the energy  shielding index shown  in Fig.
6 is 1arger for lower outdoor  temperatures.

    The inward heat flows obtained  under  the  sarne

cooling  condition  as  that in Fig. 5 are  shown  in Fig. 7

against the solar irradiation, The UV  absorber  coating

brings about  much  reduction  in heat conducting  through  the

paneglassintotheroom. Howeveritisnotedthat  Q;(d)
is kept constant  independent of the amount  of  heat

generated in the glass due to absorption  of  solar-ray energy.

For smaller  solar  irradiations this is because transmission  of

heat from the outdoor  into the room  reduces  by the sarne
amount  of  heat as the heat generated in the glass. For
larger solar irradiations the outdoor-side  surface

temperature rises above  the outdoor  one,  and  therefoTe the

generated heat partially flows out  toward  the outdoor.

     The  thermal  shielding  indices obtained  under  the

same  cooling  conditions  as  those in Fig, 6 are  shown  in Fig.

8 against  the solar irradiation. They  are  much  greater than

the energy  shielding  indices. It will  be needless  to say  that
this is because heat conclucting  through  the pane into the

roorn  is highly reduced  by UV  absorber  coating  but the
arnount  of  reduction  is much  less than  the solar irradiation,

     Figure 9 shows  the total energy  inflow under  the
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  Fig. 9. Effect ofcoating  on  total energy  inflow under
         standard  warming  condition.

                   '

standard  warming  condition. Naturally, its sign is negative
if thgre is no  $olar irradiation. As the  solar irradiation
increases, it becomes 1arger, reaches  zero  and  then changes
the sign  to positive. As  a  result,  the energy  shielding index
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L4,Iuv,Kar,L,?vti,Pr,e,,Q,,Qin,Qo,Ra,z7b,z･,z,x,solar-ray  energy  fiux in glass, Wlm2;
solar  irradiation, wlm2;
UV  energy  fiux in solar irradiation, WXm2;
heat transmission  coefficient, Wtm2K;
height ofpane,  m;

Nusselt number,  dimensionless;
Prandtl number,  dimensionless;
heat conducting  in glass, W;
heat transferred  from pane into room,  W;
total energy  entering  room,  W;
heat transferred from outdoor  to pane, W;
Rayleigh number,  dimensionless;
temperature, K; 

'l'

temperature of  outdoor-sidE  surface  of  pahe, K;
temperature  of  room-side  surfhce  of  pane, K;
room  temperature,  K;
position in glass, m;

Greekletters

is very  1arge and  therefore may  be meaningless  for smaller
solar irradiations. This fact can  be assured  in Fig. 10. It
is sure that the total energy  inflow reduoes  due to the UV
absorber  coating. From  the viewpoint  of･saving  energy,

however, the reduction  wi11 not  be advantageous  under

warming  conditions.

5. CONCLUSION

     The  UV  absorber  coating  on  a  glass pane secondarily
induces a  therrnal shielding  effect.  The authors  improved
the analytical  model  of  Mizukamj  and  Aoyama,  established

a  more  harmonious model  and  evaluated  the extent  of

thermal  shielding  effect  more  accurately.

     The  heat conducting  through the pane into the room  is

highly reduced  by the UV  absorber  coating. However,
ordinarily, the ainount  of reduction  is smal1 compared  with

the solar  irradiation. Under the condition  of  cooling  the

room,  it is about  40%  less than the UV  energy  flux in the
solar  irradiation. The  energy  shielding  indices evaluated

in this study  are about  35% less than those evaluated  by
Mizukami  and  Aoyarna. Under the condition  of  warrning

the room,  the coating  is not advantageous  from the
viewpoint  of saving  energy.

NOMENCLATURE

a,p,e,ne,n,,Xg,Atair,v,6,absorption  coefficient of  glass, m'i;

volumenic  thermal  expansion  coefficient,  KJi;

emissivity,dimensionless;

energy  shielding  index, dimensionless;
thermal shielding index, dimensionless;
therrnal conductivity  of  glass, W/m･K;

thermal conductivity  of  air, W/m･K;
kinematic viscosity,  m2/s;

Stefati-Boltzmann constant,  wrm2Ke;

Subscripts
a,air,ar,d,g,i'ic,in,ir,o,r,s,UVoutdoor;airifrom

 outdoor  into room;
thermal  conduction;

glass;room-side
 surface  ofpane;

natural  convection  near  room-side  surface;

total inflow;
radiation from room-side  surface;

ourdoor-side  surface  of  pane;
roomlsolar;ultraviolet

 rays;

Superscripts
e,

 withoutcoating;

",
 with  coatirig.

A,d,Fg,G,Gr,h,,

hie,

hir,

he,

surface  area  ofpane,  rn2;

thickness of  glass, m;
function defined by Eq, (6), W/m2;

gravitational acceleration,  m/s2;

heat generation in glass, w/m3;
Grashofnumber,dimensionless;

tota1 heat transfer coefficient  on  room-side

surface, W/m2K;
natural  eonyection  heat transfer coefficient on

room-side  surface, Wlm2K;
radiation  heat transfer coefficient on  roorn-side

surface, W/m2K;
heat transfer coeencient  on  outdoor-side  surface,

W/m2K;
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