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PREFACE 

The contemporary t rend t o  la rge  a reas  of  g l a s s  i n  the  ou t s ide  
wal ls  of bui ldings has r esu l t ed  i n  very s u b s t a n t i a l  increases  i n  
the  a i r  condit ioning requirements of these bui ld ings .  In some 
cases, the  cos t  of the  e x t r a  cooling capaci ty  necess i ta ted  by the  
use of g lass  walls  is twice a s  much a s  t h e  c o s t  of t h e  g l a s s  i t s e l f .  
It Is, therefore,  very important t o  be a b l e  t o  c a l c u l a t e  accura te ly  
the  cooling loads of bui ldings with g l a s s  c u r t a i n  walls  o r  l a rge  
window a reas .  

This paper by Salvatore Martorana contains a luc id  summary of 
t h e  hea t  t r a n s f e r  phenomena t h a t  occur i n  a g l a s s  wall t h a t  is 
exposed t o  s o l a r  r ad ia t ion .  It includes, as an example, an a n a l y s i s  
of the  reduct ion i n  heat  gain t h a t  can be achieved by using b l inds  
and heat  absorbing g lass .  The example i s  f o r  a bui ld ing  in Rome, 
but  the r e s u l t s  a r e  p e r t i n e n t  f o r  southern Ontario and the  northern 
s t a t e s  of the  United S t a t e s .  This paper has been t r ans la ted  i n t o  
English I n  the  hope t h a t  i t  w i l l  help t o  propagate t o  the  bui ld ing  
designers  i n  the  English-speaking countr ies  the  importance of s o l a r  
hea t  gain i n  bui ld ing  design. 

This t r a n s l a t i o n  was prepared by M r .  D.A. S i n c l a i r  of the  
Trans la t ions  Sect ion  of the National Research Council t o  whom the  
Division records i ts  thanks. 

O t t a w a  Robert F. Legget 
February 1963 Direc tor  
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HEAT G A I N  THROUGH TRANSPARENT WALLS 

Genera 1 

The est imation of hea t  ga in  through t r ansparen t  walls has been t h e  sub- 

Jec t ,  i n  recent  years,  of considerable t h e o r e t i c a l  and experimental research.  
The most conlplete inves t iga t ions  f o r  purposes of c a l c u l a t i o n  a r e  the  ones 

described i n  the  ASHRAE Guide and the  one reported by Desplanches i n  the  sec- 
ond volume of the  AICVF Guide. However, t h e  data of these  two guides a r e  
inadequate when it i s  des i red  t o  extend t h e i r  use t o  cases  d i f f e r i n g  from the  

ones considered e i t h e r  f o r  the  c h a r a c t e r i s t i c s  of  the  wall o r  f o r  t h e  c l i m a t i c  
condi t ions .  

This i s  not  unexpected i n  our  regions where t h e  supp l i e s  of hea t  can be 
l a rge  even i n  autumn and winter  ( ~ i g .  1 ) .  

On the o t h e r  hand the  complexity of the  various formulae proposed and the  
d i f f i c u l t y  of l o c a t i n g  the  values of the  c o e f f i c i e n t s  i n  the  common manuals 
make i t  impossible t o  d e a l  with such cases  with the  required d ispa tch .  

These cons idera t ions  have led t o  a rearrangement of the  more s i g n i f i c a n t  

t h e o r e t i c a l  .and experimental ma te r i a l  and t o  the  d e r i v a t i o n  of  t a b l e s  and 

equat ions with which most of the  t echn ica l  problems can be e a s i l y  solved.  
The most convenient scheme of c a l c u l a t i o n  appears t o  be t h a t  indica ted  i n  

Fig. 2, which can be extended t o  more complex wal ls  and which is the  one most 
commonly used; l e t  us i l l u s t r a t e  b r i e f l y .  

On t h e  wall, 5 is the  i n t e n s i t y  of the  d i r e c t  s o l a r  r a d i a t i o n  and Id 

t h a t  of  the  d i f f u s e  r ad ia t ion ,  both known; of  these,  the  t ransmi t ted  component 
i s  

IT = 'CDh + 'CdId, 0 )  
t h e  absorbed component 

'a = %h + 'dld 
the  r e f l e c t e d  component 

1, = rD% + rdId 

where 7 and zd,  ad, rD and rd a r e  the  transmission, absorpt ion  and t o t a l  D 
r e f l e c t i o n  f a c t o r s  of t h e  w a l l  f o r  d i r e c t  and d i f f u s e  r a d i a t i o n .  

The t ransmit ted component is transformed i n t o  hea t  on the  fu rn i sh ings  
and i n s i d e  su r faces  of the room, s o  t h a t  i t  always r ep resen t s  a p o s i t i v e  hea t  

supply. 
The absorbed component i s  transformed i n t o  hea t  wi th in  t h e  w a l l  i t s e l f ,  

which gives it up by convection and r a d i a t i o n  e i t h e r  t o  t h e  i n t e r n a l  o r  
e x t e r n a l  environment o r  both. 



Thus, the  ca lcu la t ion  of t h e  hea t  gain r equ i res  a  knowledge of the  

f a c t o r s  defined above f o r  the  various walls and a  knowledge of the  hea t  t r ans -  

mission re l a t ionsh ips  which permit est imation of t h e  q u a n t i t y  of hea t  Qi and 
Qe exchanged by the  wall with the  two environments. 

Transmission of Radiation 

Direc t  r a d i a t i o n  

The transmission of d i r e c t  r a d i a t i o n  through any w a l l  made up of seve ra l  

absorbing layers ,  has been d e a l t  with by Professor  Bozza i n  a monograph of 
lgj5( ' ) ,  which has not  t o  t h i s  day been superseded. 

From the  normal incidence he determined the  course Of r a d i a t i o n  i n  the  

i n t e r i o r  of the  wall, assuming t h a t  t h i s  r a d i a t i o n  i s  monochromatic, i s  
r e f l e c t e d  seve ra l  times on the  su r faces  of separa t ion  of the d i f f e r e n t  l aye r s  

and t h a t  it i s  absorbed i n  these  l aye r s  according t o  an exponential  l a w .  
The formulae obtained, extended t o  oblique incidence and s u i t a b l y  

modified, lend thenlselves wel l  t o  the  ca lcu la t ion  of the  transmission, absorp- 

t i o n  and t o t a l  r e f l e c t i o n  f a c t o r s  of a  l a rge  number of t ransparent  wal l s .  
For the  most common of these,  comprising one o r  more panes of g l a s s  

separated by a t h i n  a i r  gap, t h e  expressions f o r  the  above f a c t o r s  a r e  as 
follows: f o r  a wal l  cons i s t ing  of one pane 

2ks 

r D = p +  2 cs 1 - p2 exp - - ( r )  

f o r  a w a l l  cons i s t ing  of two panes 

T = =DeZDl D 
( 1  - p2)4 



where s is the thickness of the  pane, a  is the  absorption c o e f f i c i e n t  of t h e  

g lass ,  p i s  the  a i r -g lass  r e f l e c t i o n  f a c t o r  and r Is the  angle of r e f r a c t i o n ;  

the  subscr ip ts  "el' and "I" r e f e r  r e spec t ive ly  t o  the  f i r s t  and last pane. 

The absorpt ion coef f i c i en t  of g lass  depends on the  ambient temperature, 

the  chernlcal composition of the g l a s s  and the  wavelength of the  inc ident  

radia t ion .  

For ordlnary g lasses  i t s  values a r e  low i n  the  v i s i b l e  range, of the 

order  of 10 - 15 m-', and increase  rap id ly  in the  v i o l e t  d i r e c t i o n  and l e s s  

r ap id ly  in the  red end of the  spectrum; above 4.5 - 5p, f o r  which i t  i s  800 - 
( 2 )  1500 m-' ,  ordinary g lass  of the usual  thickness is p r a c t l c a l l y  opaque . 

The va r i a t ions  of the  c o e f f i c i e n t  of absorpt ion with the  wavelength have 

been exploi ted by the  g l a s s  indus t ry  t o  produce g lasses  capable of reducing 

the access of heat  and l i m i t i n g  the luminence of windows. Such g lasses ,  

ca l l ed  athermic, a r e  p a r t i c u l a r l y  absorbent i n  the  inf rared  region and f a i r l y  

absorbent I n  the  v i s i b l e .  

Figure 3 shows c l e a r l y  how the  two types of g l a s s  vary the s p e c t r a l  

d i s t r i b u t i o n  of s o l a r  r ad ia t ion .  

The absorpt ion c o e f f i c i e n t  of the  more common g lasses  on the  I t a l i a n  

market, r e l a t i v e  t o  the  s o l a r  spectrum at  sea  l e v e l  and a i r  mass equal  t o  2 

a s  proposed by P. ~ o o n ( ~ ) ,  has an average value of 20 - 22 m-' f o r  ordinary 

g lasses  and 108 - 112 m-' f o r  atherrnic g lasses ,  which i s  about the  same as the  
( 5 )  corresponding g lasses  produced i n  ~ r a n c e ( ~ )  and i n  America 

For technological reasons these values can vary by 4  t o  5$ f o r  ordinary 

g lasses  and 8 t o  12% f o r  athermlc g lasses .  Less e a s i l y  estimated, however, 

a r e  the  va r i a t ions  associated with the s o l a r  spectrum. J u s t  the reddening 

of Moon's spectrum, caused by the  increase  of the  a i r  mass from 2 t o  5 ,  
reduces the transparency f o r  normal incidence over a thickness of 6 mrn by 1 - 
276 f o r  the ordinary g lasses  and 7 - 85 f o r  the  athermic ones. 

The r e f l e c t i o n  f a c t o r  depends on the  angle of incidence, the  wavelength 
of the  inc ident  radia t ion ,  i t s  s t a t e  of po la r i za t ion  and the absorpt ion 

c o e f f i c i e n t .  
A t  ambient temperature, foru ordinary and athermic glasses,  the  va r i a t ions  

with the  coef f i c i en t  of absorpt ion a r e  negl ig ib le ;  thus, where n is the  index 

of r e f r a c t i o n  and I the  angle of incidence, the r e f l e c t i o n  f a c t o r  can be 



expressed by the s impl i f ied  re la t ionsh ip  

f o r  normal incidence, 

P = 3 ( P '  + P'l) 
f o r  oblique incidence; 

where p f  = - rl i s  the r e f l e c t i o n  f a c t o r  f o r  the r a d i a t i o n  component 
s i n 2 ( i  + r )  

polarized i n  the  plane of incidence, p" - - r, 18 the  r e f l e c t i o n  f a c t o r  
t a n 2 ( i  + r )  

f o r  the r a d i a t i o n  component polar ized I n  the plane perpendicular  t o  the plane 
-1sin i of incidence, and r i s  equal t o  s i n  7. 

Table I gives the angles of r e f r a c t i o n  and the  r e f l e c t i o n  f a c t o r s  a t  
various angles of incidence ca lcula ted  with a  mean index of r e f r a c t i o n  of 

( 6 )  1.52 f o r  the s o l a r  spectrum . 
From the  values of p 1  and p" i t  is  c l e a r  t h a t  the  r e f l e c t i o n  f a c t o r s  p 

can vary widely depending on whether one o r  the  o the r  component predominates. 
This happens e i t h e r  when the  inc ident  r a d i a t i o n  is  p a r t i a l l y  polar ized,  a s  is 

o f t en  the  case f o r  s o l a r  radia t ion ,  o r  a f t e r  the  f i r s t  r e f l e c t i o n  In the  case 
of oblique incidence, because the  inc ident  r a d i a t i o n  is polar ized  and the  
t ransmit ted rad ia t ion  i s  f u r t h e r  polar lzed a t  each r e f l e c t i o n  of the polar ized  
component i n  the plane perpendicular  t o  the plane of  incidence. 

Actually knowing the  s t a t e  of po la r i za t ion  of the s o l a r  r a d i a t i o n  does 
not  permit an est imation of the  t rue  v a r i a t i o n s  of the  r e f l e c t i o n  f a c t o r s ,  and 

hence of the  transmission f a c t o r s .  Comparison of the  values of the l a t t e r  f o r  
n a t u r a l  r a d i a t i o n  and f o r  the two l i n e a r l y  polarized components as given i n  
Table 11, suggests t h a t  l n  p r a c t i c e  we can eqpect t o  f ind  considerable 
o s c l l l a t l o n s  around the  mean value. 

Polar iza t ion  by r e f l e c t i o n ,  however, has the e f f e c t  of progress ive ly  
diminishlng the r e f l e c t i o n  f a c t o r s  f o r  any given Incidence. I n  o rde r  t o  take  
t h i s  f a c t  i n t o  account the  transmission f a c t o r s  a r e  ca lcula ted  a s  the mean 
values of those assumed f o r  the  two l i n e a r l y  polarized components. 

Considerable va r i a t ions  i n  the  r .ef lect ion f a c t o r s  must a l s o  be a t t r i b u t e d  
t o  the heterogeneity of the  surface  s t a t e  of the  g lasses .  

The above expressions can a l s o  be used In the  common case where the  wal l  
is furnished with c u r t a i n s  f o r  the con t ro l  of the  s o l a r  r a d i a t i o n .  However, 
i t  is preferable  i n  p r a c t i c e  t o  derive t h i s  from the  o t h e r  more genera l  
formulae . 

For t h i s  puprose note t h a t  cu r t a ins  a r e  devices f o r  i n t e r c e p t i n g  d i r e c t  
r ad ia t ion ,  t o  which, therefore ,  they a r e  opaque, and t o  con t ro l  the  transmls- 
s ion  of the luminous f lux ,  and hence a l s o  the  d i f f u s e  rad ia t ion ,  t o  which they 



may be considered p a r t i a l l y  t ransparent .  Thei r  sur faces  a r e  i n  general  
(7  p a r t i a l l y .  d i f fus ing  . 

Of the  intercepted r a d i a t i o n  a por t ion  i s  r e f l e c t e d  and a  por t ion  i s  
absorbed and transformed i n t o  heat  e i t h e r  outside o r  ins ide  o r  within the 
wall ,  depending on whether the cur ta ins  a r e  located outs ide  o r  ins ide ,  o r  a r e  
incorporated i n  the w a l l  i t s e l f .  In the l a t t e r  arrangement the r e f l e c t e d  

energy, before re t ravers ing  the  g lass ,  is r e f l e c t e d  and absorbed a  number of 
times by the g lass  panes and by the  cur ta ins .  

We a r e  not  f a r  wrong, therefore,  i n  assunling t h a t  the  c u r t a i n s  a r e  

opaque t o  the d i r e c t  and d i f f u s e  rad ia t ions  and t h a t  the  transmission occur8 
according t o  the  mechanism represented i n  Fig. 4, where f o r  convenience the  
i n t e n s i t y  of the  inc ident  r ad ia t ion  i s  assumed equal t o  un i ty  and the  w a l l  is 

assumed t o  cons i s t  of two panes with an ins ide  cur ta in .  
On t h i s  bas is ,  s ince  the  c u r t a i n  rece ives  the  r a d i a t i o n  T~ i n  addi t ion  

t o  the  group of  r ad ia t ions  R r d  r e f l e c t e d  by the  g lass  panes and re tu rns  the  

rad ia t ion  R t o  the  g l a s s  while absorbing and transforming the f r a c t i o n  T~~ 

i n t o  heat,  which f o r  t h i s  s i t u a t i o n  coincides with the  transmission f a c t o r ,  we 

may wr i t e  
T D 1  = ( T ~  + Rrd)a 

R = ( T ~  + Ftrd)( l  - a ) ,  

where a  is  the  absorpt ion f a c t o r  of the  cur ta in .  

Now, soIving the  system and observing t h a t  the  outs ide  g l a s s  and the  
ins ide  g lass  respect ive ly  absgrb the  f r a c t i o n  a,,e and aDi of the  inc iden t  
r a d i a t i o n  a s  w e l l  a s  the f r a c t i o n s  R a d l  and Rade of R, and t h a t  tvro g lasses  
r e f l e c t  the  f r a c t i o n  rD of the  foriiler and transmit  the  f r a c t i o n  R T ~  of  the 

l a t t e r ,  we der ive  t h e  desired re la t ionsh ips  

where aDi and rD1 a r e  respec t ive ly  the  absorpt ion f a c t o r s  f o r  the  out- 
s i d e  g lass ,  the  ins ide  g l a s s  and the t o t a l  r e f l e c t i o n  f a c t o r .  



Equation ( 7 )  holds a l s o  f o r  walls  cons i s t ing  of a s i n g l e  pane where the  

magnitudes which appear there  a r e  replaced by those corresponding t o  the  
s i n g l e  pane and the absorpt ion f a c t o r s  a r e  put  equal t o  0 and t o  aD1, 

respect ive ly .  
For walls  with cur ta ins  incorporated between the  two panes aDel = aD1, 

aDif = 0, = 8 ~ ~ ' ;  i n  t h i s  case the  energy absorbed by the  c u r t a i n  is 

transformed I n t o  heat  within the  wal ls  and not  within the  wal ls  and not  within 
the  room. 

I f  the  cur ta ins  a r e  ex te rna l  i t  i s  obvious t h a t  they absorb the f r a c t i o n  
a of the  energy of inc ident  u n i t  i n t e n s i t y  and do not  r e f l e c t  the  f r a c t i o n  
1-a. 

Final ly ,  we note t h a t  the r e l a t i o n s  obtained hold s t r i c t l y  f o r  p a r a l l e l  
cu r t a ins  very c lose  t o  the  g lass  panes, 1 .e .  f o r  condit ions of  maximum 
eff ic iency.  

Diffuse rad ia t ion  

The transmission of t h e  d i f f u s e  rad ia t ion  czn be d e a l t  with very slmply 
by imagining t h a t  the  r a d i a t i o n  impinges on the  wall  from a l l  d i r e c t i o n s  con- 
tained within t h e  s o l i d  angle 27c with i n t e n s i t y  d i s t r i b u t e d  e i t h e r  uniformly 
o r  according t o  Lambertls l a w .  

In the  f i r s t  case the  transmission, absorpt ion and r e f l e c t i o n  f a c t o r s  

a r e  given by the  a r i thmet ic  mean of the  values which each of these  have 

between 0 and d2 f o r  d i r e c t  radia t ion;  i n  the  second case, however, they a r e  
given by the  weighted means of these values i n  which t h e  weights a r e  t h e  
r a d i a t i o n  i n t e n s i t i e s  a t  each angle of incidence. 

We have based our ca lcula t ions ,  the r e s u l t s  of which we shall p resen t  
below, on the  l a t t e r  hypothesis, which appeared physica l ly  more r e l i a b l e .  

In p rac t i ce ,  the  overhangs of the  favade reduce the  above-mentioned s o l i d  
angle.  However, even with a cone angle r e s t r i c t e d  t o  150 - 160°, t h i s  make8 

l e s s  than 1% dif ference  i n  the r e s u l t  and Is therefore  neg l ig ib le .  
The d i s t r i b u t i o n  of inc ident  energy i n  the  s o l i d  angles under consldera- 

t i o n ,  assumed uni tary ,  was found t o  be a s  follows: 

Solid angle Energy 



Thus 76.6% of t h i s  energy i s  found within the  s o l i d  angle between 20 

and 70° . 
Hcnce the  d i f f i c u l t y  of p ro tec t ing  the  w a l l  from d i f f u s e  r a d i a t i o n  and 

of es t imat ing  the  f r a c t i o n  in tercepted  by various p ro tec t ive  devices with a 
s i n g l e  value. 

Venetian b l inds ,  c lose  t o  the g las s  and with the  vanes turned so as t o  

produce i n t e g r a l  r e f l e c t i o n  of the  d i r e c t  radiat ion*,  i n  general  i n t e r c e p t  
v2 - of the  d i f f u s e  radia t ion ,  i. e .  a l l  o r  p a r t  of t h a t  coming from above. 

The transmission of the  in tercepted  f r a c t i o n  through walls with c u r t a i n s  

can again be inves t iga ted  with the  a i d  of equation ( 7 )  where t h e  transmission, 

absorpt ion and t o t a l  r e f l e c t i o n  f a c t o r s  a r e  now those r e l a t i v e  t o  the  d i f f u s e  

rad l a  t ion .  

Experimental r e s u l t s  and p r a c t i c a l  values f o r  the  transmission, absorpt ion 

and r e f l e c t i o n  f a c t o r s  

The mentioned inves t iga t ion  ca r r i ed  o u t  i n  the  ASHRAE labora tory  in 

Cleveland, Ohio, secms t o  be among t h e  nos t  s u i t a b l e  f o r  t e s t i n g  t h e  r e l i a b i l -  

i t y  of the  ca lcu la t ions  t h a t  can be ca r r i ed  out  with the  equat ions and methods 

t h a t  have been described.  

In Table 111 a r e  shown, f o r  a  g l a s s  with ks - 0.05 and n  = 1.52, t h e  

values ca lcula ted  by us  and those published on page 312 of the  ASHRAE Guide, 

1957. 
The agreement, as i s  apparent,  i s  extremely good. I f  we had neglected 

the  po la r i za t ion  due t o  r e f l e c t i o n  t h e  t h e o r e t i c a l  values f o r  t h e  t ransmission 

f a c t o r s  would have been smal ler  from 110 - 50° o r  by 3 - 5:; f o r  the  wall made 

of s ing le  g l a s s  and 8 - lo$ f o r  t h  t cons i s t ing  of two panes. 

Encouraged by t h i s  r e s u l t  we have ca lcula ted  and present  i n  Table N the  

t r ansn~ i s s ion  and absorpt ion f a c t o r s  and the  t o t a l  r e f l e c t i o n  f a c t o r s  f o r  

d i r e c t  and d i f f u s e  r a d i a t i o n  f o r  the main combinations t h a t  can be r e a l i z e d  

with t h e  more colnmon ordinary  and athermic g las ses  obta inable  i n  the  I t a l i a n  

market, and with c u r t a i n s  havlng an absorpt ion f a c t o r  equal t o  0.5. 

The l a t t e r  depends, as i s  known(7), on t h e  colour  of the  c u r t a i n  s o  t h a t  

when considerable v a r i a t i o n s  a r e  foreseen with r e spec t  t o  the  assumed value 

i t  w i l l  be necessary t o  take these  i n t o  account with correc t ion  f a c t o r s  t h a t  

can be derived from equation , ( 7 ) .  
For the  walls  with c u r t a i n s  the  d a t a  of the  t a b l e  a r e  appl ied t o  the  

d i r e c t  and d i f f u s e  r a d i a t i o n  f r a c t i o n s  which a r e  presumed in te rcep ted .  

T r a n s l a t o r ' s  Note: 

* This probably means t h a t  t h e  b l ind  is  adjustcd t o  i n t e r c e p t  a l l  of t h e  
d i r e c t  s o l a r  beam. 



Heat Transmi3sion 

Basic r e l a t i o n s  

The t ransmission of hea t  by convection, conduction and r a d i a t i o n  between 
two environments a t  d i f f e r e n t  temperatures,  separated by a wal l  i n  t h e  i n t e r i -  
o r  of which hea t  i s  generated according t o  some law, has been t r e a t e d  s e v e r a l  
times by r igorous  methods. 

These methods, however, have not  been widely used i n  our  case  because 
t h e  u n c e r t a i n t i e s  Inherent  i n  the  very na ture  of t h e  problem with which we 
a r e  concerned a r e  so  g rea t  t h a t  recourse t o  very r e f ined  c a l c u l a t i o n s  is  n o t  
j u s t i f i e d ,  and because t h e  frequency with which the  problem comes up i n  
engineering o f f i c e s  renders  i t  p re fe rab le  t o  employ approximate and r ap id  
so lu t ions  . 

In  an attempt t o  r econc i l e  s c i e n t i f i c  p r e c i s i o n  wlth r a p i d i t y  of calcu-  
l a t i o n  Desplanches has r ecen t ly  proposed ( 4 )  a s tudy of h e a t  t ransmission under 
t h e  above conditions,  ansunling i n f i n t e  thermal conduct iv i ty  of t h e  g l a s s  and 
uniform d i s t r i b u t i o n  of t h e  hea t  generated i n  the  i n t e r i o r  of t h e  w a l l .  

The two hypotheses, which f o r  p r a c t i c a l  purposes do no t  change t h e  f i n a l  
r e s u l t s  in view of t h e  small th ickness  of the  g l a s s  panes, are both use fu l .  
The second however is too  r e s t r i c t i v e ,  because when t h e  wal l  c o n s i s t s  of  
s e v e r a l  panes of d i f f e r e n t  absorp t ion  c h a r a c t e r i s t i c s  we cannot assume uni- 
form d i s t r i b u t i o n  of hea t  and i n  f a c t  Desplanches a p p l i e s  t h e  method t o  a wall 
comprising only one pane o r  two non-absorbing panes. 

When we wish t o  s tudy t h e  behavlour of wa l l s  made with panes of d i f f e r -  
e n t  absorpt ion,  It w i l l  be necessary t o  r e s t r i c t  the  hypotheses t o  each pane; 
In t h i s  way, t h e  method r e t a i n s  a l l  i t s  good q u a l i t i e s .  

On t h i s  b a s i s  l e t  u s  consider  a wal l  ( ~ i g .  5 )  comprising t h r e e  panes of 
I n f i n i t e  thermal conduct ivi ty ,  i n  which i s  generated t h e  q u a n t i t y  of  hea t  qe, 
qc and ql; l e t  te and ti be the  temperatures of t h e  two environments, Se, 5, 

and t h e  temperatures of t h e  panes and ae, ai, ace, aci t h e  c o e f f i c i e n t s  of 
hea t  t r a n s f e r .  

Now, choosing any condi t ion  of regime, f o r  example tc c 3, c 3, > > 

ti, we may w r i t e  

qe + qc + q1 = ai(*l - ti) + aebe  - te) 



whence we der ive  

where 1 

is the  t o t a l  c o e f f i c i e n t  of transmission and 

is t h e  temperature d i f ference  between the outs ide  and ins ide  environments. 
The heat  exchanged with the  two environments is ca lcula ted  a s  uaual with 

which, taking i n t o  account equation ( g ) ,  become 

The exchange of heat  with the  ins ide  can be tabula ted ,  i f  required; f o r  

t h i s  purpose the  expression 

Q, = K ( t , *  - t i )  
i s  convenient, where 

is  the "imaginary s o l a r  temperature". 
For wal ls  comprising two panes we put  qc = 0 and aci = a = 2aC, and ce 

f o r  t h a t  conpris lng one pane q = qi = 0,  qe = q and aci = a = m. c c e 



None of the  hypotheses presented was based on the  r c ~ i m e  which becomes 

s t a b i l i z e d  i n  the  wall;  f o r  the  one comprlslnp, a s i n g l e  pane i t  i s  t r ea ted  a s  
a s p e c i a l  regime which some hea t  engineers have defined a s  "permanent 

instantaneous rcgirne". Since the  therillal conduct iv i ty  and hence t h e  capaci ty  
f o r  d i f fus ion  i s  i n f i n i t e ,  the  wall instantaneously asswnes the  regime 
temperature. 

In  p r a c t i c e  ordinary g las ses  e s t a b l i s h  the  regime i n  5 - 10 minutes and 
athermic g las ses  i n  15 - 20 minutes. 

Application t o  a  s p e c i f i c  case and s u g ~ c s t i o n s  f o r  c a l c u l a t i ? n  and f o r  
planning of walls  

I n  Table V we have corrected t h e  da ta  and e s s e n t i a l  c a l c u l a t i o n  r e s u l t s  
on the  suppl ies  of hea t  which w i l l  presumably be found i n  Rome on the  23rd of 
Ju ly  a t  4:00 p.m. through a number of t ransparent  walls  with western exposure, 

made of ordinary g l a s s  and of athermlc g l a s s  and furnished with venet ian  
b l inds  of painted aluniniun~.  

The i n t e n s i t y  of the  d i r e c t  s o l a r  r a d i a t i o n  was derived from the  sunshine 
t a b l e s  edi ted  by Termotecnica. The i n t e n s i t y  of the  d i f f u s e  r a d i a t i o n  was 
obtained from Elvegard and bloloerlcoferfa curves(li) .  The f l n a l  value obtained, 
which Is t h e  annual rnaximun f o r  Rome, may appear hi&, but  it has t o  be 
accepted I n  the  absence of tnore r e l i a b l e  da ta  f o r  the  n a t i o n a l  t e r r i t o r y  than 
those corre la ted  by Moon, a s  t h e  extensors  of t h i s  t a b l e ,  moreover, show. 

I n  car ry ing  ou t  t h e  ca lcu la t ion  we t r i e d  t o  s a t i s f y  the  c o n d i t i o r ~  a t  t h e  
boundaries of the  various s t r a t a  with a  view t o  b e t t e r  e s t ima t ine  the  in te rde -  
pendence of t h e  d i f f e r c n t  va r i ab les  and the  p r a c t i c a l  values of t h e  hea t  
t r a n s f e r  c o e f f i c i e n t  t h a t  can be used under s i m i l a r  condi t ions .  

For n a t u r a l  convection we employed the  c o r r e l a t i o n s  of Wcise and 
~ a u n d e r s ' ~ ) ,  and f o r  forced convection t h e  c o r ~ e l a t i o n s  of ~ o l b u r n ' ~ ) ,  a l s o  
adopted i n  the  ASHRAE Guide, and f o r  convection i n  the  a i r  gaps, those of Mull 
and  elh her'^) a s  v e r i f i e d  and modified by Llnke (10)  

The first two c o r r e l a t i o n s  a r e  taken with caut ion  because they have been 
ext rapola ted  up t o  su r faces  of 2 m high, considered by us; more r e l i a b l e ,  
however, a r e  t h e  c o r r e l a t i o n s  of Linke who recen t ly  experimented on a i r  gaps 
between g l a s s  with height/width r a t i o s  up t o  112. 

The outs ide  hea t  t r a n s f e r  c o e f f i c i e n t  with a  wind of  2.5 d s e c  i s  alnlost 
always found t o  be equal t o  15 kcal/m2 hr°C; i n  cases  no. 14 and 15 t h i s  
reaches r e spec t ive ly  43 and 20 kcal/m2 hr°C because t o  the  convection is 

added In  the  f i r s t  c a s t  t h e  i r r a d i a t i o n  of t h e  ou t s ide  g las s ,  1 . e .  of a 
v i r t a u l l y  black body and i n  the  second case t h e  i r r a d l a t i o n  of t h e  painted 
aluminium, 1 . e .  a  body of low enlission capaci ty .  



The i n s i d e  hea t  t r a n s f e r  c o e f f i c i e n t  i s  genera l ly  7 - 9 kcal/m2 hr°C, 
except when t h e  c u r t a i n  i s  i n s i d e .  In  t h i s  case  i t  may drop t o  2 - 5.5 kcal /  
m2 hr°C, because the g l a s s  gives up heat  t o  t h e  a i r  by convection and rece ives  

hea t  from the  cu r t a ins  by i r r a d i a t i o n .  
I n  unventi la ted a i r  gaps the  thermal conductance Is 15 - 18 kcal/m2 hr°C. 

However, when the c u r t a i n  i s  i n s i d e  the  gap t h i s  i s  reduced t o  9 - 10  kcal/m2 
hr°C f o r  the  low enlission capaci ty  of the  painted aluminium. 

Unfortunately the  temperatures a r e  always high.  Cold a i r  aga ins t  the  
g l a s s  i s  advantageous, because i t  reduces the  temperature 3 - 5OC without 
appreciably increas ing  the  hea t  gain.  

I n  so lu t ions  concerned exclus ive ly  with g l a s s  these  ga ins  can be reduced 
by more than 50 - GO$. For g r e a t e r  reduct ions,  i n  l i n e  with the  genera l  
c r i t e r i o n  t h a t  the s o l a r  r a d i a t i o n  must be in tercepted  before reaching t h e  
sur face  of separa t ion  between the  two environments, recourse must be had t o  

i n s i d e  cu r t a ins ,  c u r t a i n s  incorporated wi th in  the  w a l l  and ou t s ide  c u r t a i n s  
o r  c u r t a i n s  incorporated i n  v e n t i l a t e d  a i r  gaps. 

I n  t h i s  regard the  last  column of t h e  t a b l e ,  where the  r a t i o  C between 
the  t o t a l  heat  t ransmit ted by each wall and t h a t  t ransmi t ted  under the  same 

condit ions by walls cons i s t ing  of a s i n g l e  g l a s s  a r e  recorded, i s  s u f f i c i e n t l y  
i n d i c a t i v e .  

The c u r t a i n s  r~lust be c lose  t o  t h e  g las s ,  poss ib ly  f l a t ,  and must have a 
1ow.absorption f a c t o r  and high d i f f u s e  r e f l e c t i o n  f a c t o r ,  s i n c e  g l a s s  i s  too 
t ransparent  t o  t h i s  type of r ad ia t ion .  The regu la r  r e f l e c t i o n  may r e f l e c t  
energy a t  angles  f o r  which g l a s s  is  very r e f l e c t i v e .  

The enl iss ivi ty of the  c u r t a i n s  should, f i n a l l y ,  be high. When t h e  

c u r t a i n s  a r e  placed ins ide ,  however, low ernissivi ty on t h e  room s i d e  may be 
s u i t a b l e .  

The winter  behaviour of the  wal ls  i n  ques t ion  should be subjec ted  t o  a 
s i m i l a r  i n v e s t i g a t i o n  because they present  some i n t e r e s t i n g  aspec t s .  For  the  
present ,  however, the  f i g u r e s  given a r e  s u f f i c i e n t .  

I wish t o  thank Professor  Gino Bozza f o r  h i s  valuable suggest ions made 
in the  course of t h i s  s tudy.  
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Table I 

Angles of r e f r a c t i o n  and a i r - g l a s s  r e f l e c t i o n  f a c t o r s  
ca lcula ted  f o r  n  = 1.52 



Table I1 

Transmission f a c t o r s  of g la s ses  having ks 0.05 
f o r  n a t u r a l  r a d i a t i o n  (1) and f o r  the  l i n e a r l y  

polar ized components i n  the  plane of 
incidence ( 2 )  and i n  the  plane 

perpendicular  t o  the  plane 
of Incidence ( 3 )  

AngLcs One glass 
of 

incidence 1 2 3 

W 1 .875 375 875 

20" 373 360 885 
40" 861 302 .918 

so" a41 ,745 .938 
60" .794 .619 .939 

70" .678 A91 36.4 
8(P .419 261 .576 

Table I11 

Values given i n  ASHRAE ( 1 )  and values ca lcula ted  by us  ( 2 )  
of the transmission and absorpt ion f a c t o r s  f o r  wal l s  

comprising one o r  two g lasses  having 
ks - 0.05 and n = 1.52 

Angles 
o f  

in cidcnec 

- 

Onc glass Two qlesscs 

T~ a~ -- a,i 
1 2 1 2 1 2 1 2 2 1 

(r 

2U 
40' 

Lhrect radiation 
-- - - - - - - -- --. - . . - - 

At A75 .05 .048 -76 .767 .06 .052 .04 .043 

Xi7 A73 .OS .049 .76 .765 .06 .053 .04 0.44 

86 A61 .06 .053 .74 .752 .06 .056 .04 .046 

5U 

6 4  
70- 

BV 

84 A4 1 .06 .055 .72 .729 .07 .059 .05 .047 
-79 .794 .06 .057 .66 .671 .07 .063 .05 .048 

d l  .6?8 .06 .059 .52 527 .07 .070 .05 .044 

A2 A19 .06 .059 25 255 .07 -077 .05 .034 

 tif fuse rad;af ion  



Table  'IV -15- - 
T r a n s m i s s i o n ,  r e f l e c t i o n  and a b s o r p t i o n  f a c t o r s  of w a l l s  compr i s ing  o r d i n a r y  

g l a s s e s  5 . 5 0  rmn t h i c k ,  a t h e r m i c  g l a s s c s  6 . 3 5  mrn t h i c k  and opaque c u r t a i n s  
having a n  a b s o r p t i o n  f a c t o r  e q u a l  t o  0 . 5 ,  c a l c u l a t e d  f o r  s o l a r  

r a d i a t i o n  a t  s e a  l e v e l  w i t h  a i r  mass e q u a l  t o  2 

Make-up o f  t h e  w a l l  

O r d i n a r y  g l a s s  

Athermic g l a s s  

Two o r d i n a r y  g l a s s e s  s e p a r -  
a t e d  by a  t h i n  l a y e r  o f  a i r  

O r d i n a r y  g l a s s  o u t s i d e  and 
athermi' g lass  inside* separ- 
a t e d  by a  t h i n  l a y e r  o f  a i r  

Athermic g l a s s  o u t s i d e  and 
g l a s s  inside* "par- 

a t e d  by a  t h i n  l a y e r  o f  a i r  

O r d i n a r y  g l a s s  and i n s i d c  
c u r  ta l l1  ' 

Athermic g l a s s  and i n s i d e  
c u r t a i n  

Two o r d i n o r  g l a s s e s  s e p a r -  
a  t ed  by a  tgln a i r  gap,  and 
i n s l d e  c u r  t a l n  

O r d i n a r y  o u t s i d e  
a  the rmic  i n s i d e  gf:::b'sep- 
a r a t e d  by a  t h i n  a i r  g l a s s  - 
i n s i d e  c u r t a i n  

Athermic g l a s s  o u t s i d e ,  
o r d i n n r  g l a s s  i n s i d e ,  sep-  
a r a r e d  By a  ~ h i n  a i r  gap  - 
i n s r d e  c u r  t a l n  

Two o r d i n a r y  g l a s s e s  - 
c u r  t a i n  i n c o r p o r a t e d  

Ord ina ry  g l a s s  o u t s i d e  - 
a  the rmic  i n s i d e  and c u r t a i n  
i n c o r p o r a t e d  

Athermic g l a s s  o u t s i d e ,  
o r d i n a r y  g l a s s  i n s i d e  and 
c u r  t a i n  i n c o r p o r a t e d  

D i r e c t  r a d i a t i o n ,  a n g l e s  
o f  i n c i d e n c e  

(P 10" 2w 30° .to3 so7 s ~ r  70' 80' 90" 

TO .818 .818 .815 .810 .800 .778 .i31 5 2 0  .375 0. 
an .109 .109 .111 . l l 4  .119 .I?$ .I20 .132 .I28 0 
r, .073 .073 .074 .0:6 .081 .098 .1 10 2 1 8  .407 1 

-rD .460 .459 .451 ..I10 .123 .399 .360 .292 .163 0 
aD ..I88 .489 .I96 5 0 6  .519 .531 .536 .517 .425 0 
rD .052 .052 .053 .05.1 .058 .070 ,101 .191 -412 1 

T O  .673 .673 .668 .660 .618 .623 .567 .438 2 0 0  0 
an. .115 .115 .I18 .122 .126 .133 .14l .151 .157 0 
OD,  .090 .090 .o91 .093  .096 .098 .098 .OR9 . 0 6  0 
rn  .122 .122 .123 .125 .130 .146 ,194 .322 .579 1 

T~ .377 .377 .369 .358 .312 3 1 8  2 7 8  2 0 5  .084 0 
a& .113 .113 .116 .119 .121 .130 .I38 .1,16 .150 0 
an,  .402 .A02 .'I06 .dl2 .418 .120 ..I05 3 4 7  2 0 7  0 
r D  .lo8 .lo8 .lo9 .111 .116 .132 .179 .302 .559 1 

TD ..377 .377 .369 .358 .342 .318 2 7 8  2 0 5  ,084 0 
ok .506 .506 .513 .523 .536 .5t9 .558 .548 .463 0 
a .050 .050 .050 .051 .051 ,050 .048 .041 .026 0 
r. .067 .067 ,068 .068 .071 .083 .116 2 0 6  .427 1 

7.' .439 .439 .437 :I34 ..129 .418 .392 -333 2 0 1  0 
an' .165 .166 .168 .171 .174 -178 .180 .175 .I54 0 
rD' .396 .395 .395 .395 .397 .40.1 .i28 .492 .6.15 1 

-cD9 .240 2 4 0  2 3 6  2 3 0  2 2 1  2 0 8  .188 .I53 .085 0 
aD' .616 .617 .622, .629 .637 .6,12 .636 .598 .470 0 
fi' .144 .143 .I42 .141 .142 .I50 .176 .2.19 .4,15 1 

to' .370 .371 .368 .364 .357 .343 .312 2 4 1  .110 0 
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