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c h a r a c t e r i s t i c s  of windows 

WJ. 8chiil.e 
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, 6 Of t h e  ex te rna l  s t r u c t u r a l  p a r t s  o f  a bui lding,  windows a r e  usua l ly  t h e  
i 

I I 
weakest members from t h e  point  of view of thermal insula t ion.  The p r i n c i p a l  
funct ion o f  windows, t o  admit dayl ight ,  l eads  i n e v i t a b l y  t o  s t r u c t u r e s  which 

' ' t ransmit  r e l a t i v e l y  l a r g e  q u a n t i t i e s  of heat ,  s i n c e  the  p r inc ipa l  c o n s t i t u e n t  o f  t h e  
window, t h e  pane of g lass ,  cannot be made a s  t h i c k  as one might wish. The quant i ty  (.I of h e a t  passing through can o f  course be reduced by t h e  use of severa l  panes placed 

b: : one behind another with intervening a i r  spaces, but t h e r e  a r e  s t r i c t  l i m i t s  t o  t h i s  
.-*' procedure, p r i n c i p a l l y  f o r  f i n a n c i a l  reasons. PJultiple g lazing o f  t h r e e  o r  more 
-\ ;{ 
2 !+:? p l y  i s  sca rce ly  ever used i n  p rac t i ce .  Since, however, windows have t o  be opened 
s:, f o r  t h e  purposes of v e n t i l a t i o n ,  un less  t h e  rooms concerned a r e  supplied with f resh  

i -2 a i r  by means o f  v e n t i l a t i o n  o r  a i r -condi t ioning p l a n t ,  the  more o r  l e s s  considerable 
a i r  leakage through t h e  unavoidable gaps around t h e  windows when t h e r e  i s  a pressure  

:"j di f fe rence  across  t h e  gaps l e a d s  t o  t h e  exchange of air, and hence o f  hea t ,  between 
? ifj 
, I 

t h e  heated room and out of doors. 
, dl 

Knowledge o f  t h e  a i r - i n f i l t r a t i o n  and heat  transmission c h a r a c t e r i s t i c s  of 
windows is the re fore  of e s s e n t i a l  s ign i f i cance  f o r  both indoor cl imate engineering 
and t h e  design o f  hea t ing  appliances,  and hence f o r  t h e  fue l  consumption of rooms 
and bui ldings .  The German standard EIN 4701 ( ~ u l e s  fo r  the  computation of heat  
requirements f o r  bu i ld ings )  conta ins  d a t a  on the  air leakage and heat  transmission 
p roper t i e s  of t h e  standard types of window. It never theless  seemed des i rab le  t o  
check t h e  values given i n  D I N  4701 by means of measurements obtained from t e s t s  on a , 

f a i r l y  l a r g e  number o f  windows of varying design, and i n  p a r t i c u l a r  t o  at tempt t o  
account f o r  t h e  f a c t o r s  governing t h e  a i r  i n f i l t r a t i o n  and heat  transmission 
p r o p e r t i e s  o f  windows. 

. "  
5 ;j 
. These inves t iga t ions  which were c a r r i e d  out  on behalf of the  
" - 1  
, I ~ I  

Forschungsgemeinschaft Fauen und Wohnen, S t u t t g a r t ,  fdrm t h e  sub jec t  of t h e  
,- ;,$ following report .  

' I 

#&: '1 
i; -4 , * 1. Theoret ical  considerat ions  i 

3 ' 7  
I 

1.1 Air  leakage,  The problem of t h e  passage of a i r  through t h e  gaps and 
cracks  around windows has been d e a l t  with by a number o f  authors [ ref .  11, 

. whose r e s u l t s  have been summarized by Cammerer and Hirschbold [ re f .  21 and 
h e d  by them i n  an attempt t o  de r ive  genera l ly  v a l i d  r e l a t i o n s ,  

Reiher, Fraass  Bnd S e t t e l e  [ r e f ,  11 s tud ied  t h e  air- leakage through gaps, 
I such a s  occur wi th  windows, i n  r e l a t i o n  t o  t h e  gap dimensions (width and 
l e n g t h )  and t h e  pressure  d i f fe rence  ac ross  t h e  gap. The hourly a i r  flow 
L (m3/h) through a window, when t h e  pressure  di f ference across  t h e  window i s  
Ap (kg/m2; mm water column), can be represented by t h e  following equation: 

L = a x I x A ~ ~ J ~ ,  (1 1 

where 1 (m)  i s  t h e  e n t i r e  gap perimeter of t h e  window and ' a 1  a numerical 
value which t akes  i n t o  account t h e  type o f  window construct ion and t h e  q u a l i t y  
o f  wbrkmanship in the  execution. This a-value can be used as  a measure o f  t h e  
a i r - leakage o f  a window. It s i g n i f i e s  t h e  quant i ty  o f  z i r  exchanged hoprly 

I p e r  metre gap l eng th  when the re  i s  a pressure  d i f fe rence  of 1 kg/m2, and, it is 
t h e r e f o r e  designated a s  t h e  gap leakage,  

I 

C a ~ n ~ e r e r  and Hirschbold [ r e f ,  21. s t a t e  t h a t  f o r  a l l  types o f  window * .  

construct ion,  assuming the  same q u a l i t y  o f  workmanship, t h e  air- leakage 
depends ex tens ive ly  on t h e  l e n g t h  of t h e  a i r  pa th  through the gap. This 
means t h a t  t h e  a i r  leakage ought t o  be invar iab ly  l e s s  through double windows . , 
than  through compound windows, and l e s s  through each of these  than  through 
s i n ~ l e - g l a z e d  t~indows. This assumption presupposes e s s e n t i a l l y  s i m i l a r  I ' 

, ' window designs which may bo t h e  case with t h e  major i ty  of wooden windows, but 
which can s c a r c e l y  be s a i d  to be t r u e  of metal-framed windows with t h e i r  wide 

i- - 
t 
( 
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v a r i a b i l i t y  i n  gap shape, F i n a l l y  i n  the  case  o f  windows with e l a s t i c  
seal ing,  very s m a l l  amounts o f  a i r  leakage can be obtained which a r e  
p r a c t i c a l l y  independent of t h e  gap shape. I f  allowance i s  made f o r  t h e  

@ 
e x t r a o r d i n a r i l y  l a r g e  and d e c i s i v e  influence o f  t h e  accuracy and q u a l i t y  o f  
workmanship, i t  i s  found t h a t  a niathematical determination of t h e  a i r  leakage 
of a window on the b a s i s  of window c o n s t p c t i o n  is scarcely  feas ib le . '  The 
only way t o  o b t a i n  da ta  on t h e  a i r  leakage o f  windows is t o  ob ta in  measurements 
from t e s t s  on t h e  l a r g e s t  poss ib le  number o f  windows of varying execution and 
t o  determine t h e  most frequent values f o r  a i r  leakage and t h e i r  range o f  
s c a t t e r .  

I, 2 ~ e & '  transmission 

The tenn used t o  charac te r ize  t h e  h e a t  transmission p roper t i e s  o f  a 
window i s  t h e  thermal transmittancp k (kcal/m2 h deg.C) , which i s  defined a s  
t h e  quan t i ty  o f  hea t  flowing per, u n i t  t irne ( h )  through u n i t  a r e a  (1 m2)  of  t h e  
window when t h e  di f ference i n  temperature between the  i n s i d e  and t h e  ou t s ide  
a i r  i s  1°C. The thermal t ransmit tance involves the  su r face  c o e f f i c i e n t s  
a, and uk on t h e  warm and cold s i d e s  o f  t h e  window respect ively .  I n  o rder  t o  
be a b l e  t o  compare windows d i r e c t l y  with one another a s  regards  t h e i r  hea t  i 
t ransmission p roper t i e s ,  the k-values i n  each case  must be r e l a t e d  t o  t h e  sape 
a-values. I n  t h e  1947 e d i t i o n  o f  DI?? 4701 t h e  values assumed fo r  windows were 
a,,, = 10 and ak = 20 kcal/m2 h deg.C. The new e d i t i o n  published i n  
January 1959 g ives  f o r  u, t h e  value 7 and f o r  uk t h e  value 20 kcal/m2 h deg.C1 
Accordingly, k-values for  windows w i l l  be met with which r e l a t e  t o  d i f f e r e n t  

!values  of U, depending on t h e  t ime when t h e  measurements were made. Fig. 3 
shows the  r e l a t i o n  between t h e  k-values with d i f f e r e n t  values  o f  the  su r face  
c o e f f i c i e n t  %. When the  k-value is  g r e a t e r  than 2 kcal/m2 h deg.C, t h e  
e f f e c t  of u, i s  considerable,  

The thermal transmittance o f  a window i s  determined, apar t  from t h e ' . L  
sur face  c o e f f i c i e n t s  on both s ides ,  by t h e  thermal conductance of the  panes and 
t h e  frame. By adopting s impl i fying assumptions, it is poss ib le  t o  perform E) 
rough c a l c u l a t i o n  o f  the  thermal t ransmit tance over t h e  window frames., 
Ignoring t h e  gap shape, locking devices e t c . ,  and regarding these  frames a s  
s o l i d ,  plane s l a b  sect ions ,  t h e  k-value o f  t h e  window is obtained from t h e  
t o t a l  r e s i s t a n c e  values o f  t h e  frame and the  pane and t h e  proportion o f  wiridow 
a r e a  occupied by each. I n  t h e  case  of windows with double glazing,  allowance 
must be made f o r  the  e f f e c t  of t h e  width o f  t h e  space between t h e  panes on t h e  
thermal r e s i s t a n c e  of t h e  a i r  contained i n  t h a t  space [ref .  31. Fig.. 2 shows 
t h e  thermal r e s i s t a n c e  l / h  of  a v e r t i c a l  a i r -space bounded on each s ide  'by 
g l a s s  as a funct ion o f  t h e  width of the  air-space. The thermal insu la t ion  of 
such an a i r -space increases  with increas ing th ickness  and a t t a i n s  a maximum of 
something over  0.2 m2 h deg. C/kcal when t h e  thickness is about 25 mm ( e f f e c t  
of heat  t r a n s f e r  due t o  r a d i a t i o n  between t h e  panes),  A t  th icknesses  i n  
excess o f  25 rnm t h e  thermal i n s u l a t i o n  f a l l s  s l i g h t l y  owing t o  the  convection 
heat  t r a n s f e r  between the  panes which then begins t o  take e f f e c t .  

Figs. 3 and 4 contain graphs which, based on t h e  r e l a t i o n  i n  f i g .  2, t h e  
known conduct ivi ty  values o f  wood, g l a s s  and metal and the  frame thickness  i n  
cms, show t h e  thermal t ransmit tance k o f  windows i n  r e l a t i o n ,  f i r s t ,  t o  t h e  
propor t ion o f  window area  occupied by t h e  frames and, second, i n  the  case of 
doubly glazed windows, t o  t h e  width of air-space between the  panes. It can be 
seen from these  graphs t h a t  f o r  windows with wooden frames t h e  k-value 
decreases with increas ing proportion o f  t h e  t o t a l  window a r e a  occupied by t h e  
frames, t h e  reduct ion b e i x  appreciably more f o r  s i n g l e  than double glazing.  
for metal-framed windows t h e  exact  opposi te  i s  true.  Themeta l  frame, being 
the  p a r t  o f  t h e  window which t ransmi t s  more hea t ,  increases  i t s  k-value with 
increase  i n  t h e  proportion o f  a r e a  occupied dy it. I n  t h e  case of s i n g l e  
glazing,  t h i s  increase  can i n  p r a c t i c e  be neglected,  for  t h e  k-value i s  here  
determined almost exclusively by t h e  su r face  c o e f f i c i e n t s  on both s ides  o f  the 
window, With double-glazed metal windows, however, t h i s  increase  e ~ e r c i s e s  a 
marked e f f e c t  on t h e  heat  transmission p roper t i e s  of t h e  window. 

The e f f e c t  of the  width of a i r -space between the  panes on t h e  k-value of 
double-glazed windows ,is very d i s t i n c t  f o r  widths up t o  about 25 m (decreasing 
value with inc reas ing  d i s tance) .  For widths g r e a t e r  than 25  mi no appreciable 



0 change i n  the  k-value is  to be expected, but  then,  e s p e c i a l l y  with metal  
wiudorvs, the  thermal t ransmit tance  i s  dec i s ive ly  a f f e c t e d  by t h e  proportion o f  
window a r e a  occupied by the  frane. 

1 , 3  Heat l o s s  t h r o w h  windows due t o  temperatnre d i f fe rences  and wind 

where n 
wi~idows 
through 
express 

The remarks on the  foregoing s e c t i o n  r e l a t e d  t o  completely t i g h t  windows 
o exchange of a i r  through t h e  window can take  place. Since, however, 

a r e  u s u a l l y  found t o  have a more o r  l e s s  appreciable  a i r  leakage 
gaps, t h e  conduction heat  l o s s  QT o f  t h e  window, given by the  

ion: 

must have added t o  it the  hea t  l o s s  QL due t o  a i r  leakage. By using equat ion 
(I), t h i s  quan t i ty  QL can be  w r i t t e n  i n  t h e  form: 

I n  equat ions  ( 2 )  and (3) F (m2)  denotes t h e  window area ,  tLw and 
tLk ( O C )  t h e  a i r  temperatures on t h e  warm and cold s ides  o f  t h e  window 
respect ively .  

The t o t a l  h e a t  l o s s  Q t o t  = QL + Q T  through t h e  window can be ca lcu la ted  
with t h e  a i d  o f  a value k t o t  which t a k e s  i n t o  account t h e  a i r  leakage,  and 
hence t h e  hea t  l o s s ,  through t h e  gaps: 

By in t roducing t h e  quant i ty  vv f o r  t h e  r a t i o  o f  gap l eng th  1 t o  window 
a r e a  F ( D I N  4701, 1959 e d i t i o n )  

I 

we o b t a i n  

kt,,  = k + 0.31 w a Ap2I3. ( 6 )  

This ktOt-value is  the re fo re  determined by t h e  thermal t ransmit tance  k, 
t h e  gap l e a k w e  a and t h e  p r e s s u r e  d i f fe rence  across  t h e  window. k t o t  i s  
shown i n  f ig .  5 a s  a funct ion o f  the  p ressure  d i f f e r e n c e  f o r  a window with a 
k-value equal t o  3 kcal/tn2 h deg. C f o r  var ious  a-values. ( w  is  assumed h e r e  
t o  have t h e  value  4 ) ,  It can be seen from t h i s  f i g u r e  t h a t  t h e  heat  l o s s  
through t h e  gaps around windo1~s, uhen t h e r e  is  a pressure  d i f fe rence  a t  t h e  
window due t o  wind, is  p r imar i ly  governed by the  amount of  a i r  leakage. 
Accordingly t h e  conduction hea t  l o s s  becomes a f a c t o r  of secondary importance. 

2, Test  measurements 

Laboratory t e s t s  were conducted on a l a r g e  number of d i f f e r e n t  types  o f  window 
design i n  o rde r  t o  y i e l d  information on t h e i r  i n f i l t r a t i o n  c h a r a c t e r i s t i c s ,  thermal 
t r ansmi t t ance  and condensation on t h e  windows and, i n  those with double g lazing,  
condensation i n  the a i r -space  between t h e  panes, These t e s t s  were supplemented by 
o t h e r s  on windor~s incorporated i n  a bu i ld ing  and thus  exposed to * t h e  weather. I n  
c o l l a t i n g  and assess ing  the  r e s u l t s ,  t h e  measurements obtained from these t e s t s  were 
supplemented by o t h e r s  previously obta ined by t h e  author  [ r e f ,  41. 



2.1 The t e s t  windows @ 
The labora to ry  t e s t s  were conducted on windows of  the  same s i z e  (ex te rna l  

dimensions 112 cm x 138 cm ( 3 '  82" x 4 '  74") )  made a v a i l a b l e  by the  re levan t  
manufacturers, The types o f  window examined were a s  follows:' 

Wooden windows 

Pivoted-double sash windows with and without window post ,  s ingle-glazed 
a s  compound and box windows with d i f f e r e n t  widths between t h e  panes a s  
well  a s  wi th  double g laz ing  i n  one frame; 
pivoted sash- compound window; 
slide-canpound window; 

Windows with  p l a s t i c  frames 

Pivoted-double sash windows with  double glazing i n  one frame; 

Windows with  l i g h t  metal  frames 

Pivoted-double sash-compound windows; I 
pivoted-double sash windows with double glazing i n  one frame with and 
without e l a s t i c  sea l ing ;  

Windows with  sheet  s t e e l  frames 

Pivoted-double sash-compound windows with  e l a s t i c  seal ing;  
pivoted-double sash windows with s i n g l e  glazing with and without e l a s t i c  

' 

seal ing;  

S t e e l  windows 

Pivoted-double sash windows with s ing le  glazing;  
turning sash window with s i n g l e  glazing.  

A c e r t a i n  percentage of t h e s e  windows was made ava i l ab le  a l s o  i n  l a r  e r  
dimensions (130 cm x 180 cm C4' 4 "  x 6'1 ; 140 cm x 250 cm [4' 8" x 8' 4"  'i ); 
These windows were permanently b u i l t  i n t o  t h o  ex te rna l  wa l l  o f  t h e  experimental 
const ruct ion a t  t h e  I n s t i t u t e  and thus exposed t o  t h e  weather, 

2,2 Determination o f  gap leakage 

The l abora to ry  t e s t s  were performed on windows i n  the  s t a t e  i n  which they 
were del ivered (wooden windows primed, metal  windows p a r t l y  primed, p a r t l y  
anodised o r  galvanized [ s t e e l  windows] ) ,  a s  wel l  a s  on primed windows t o  which 
two coats  o f  p a i n t  had been applied.  The windows incorporated i n  t h e  
experimental const ruct  ion were not t e s ted  u n t i l  a f t e r  f i n a l  su r face  treatment,  

2.21 Experimental procedure 

Those windows not incorporated i n  the  t e s t  house were inse r ted  i n t o  a 
box i n  sluch a way t h a t  they formed a terminating surface  o f  the box, Any 
remaining gaps between t h e  ex te rna l  frame of t h e  window and the  box were 
c a r e f u l l y  s e a l e d .  Ai r  was blown i n t o ,  o r  ex t rac ted  from, the  box by 
means o f  a fan and a flow meter was included t o  measure t h e  volume of a i r  
escaping o r  i n f i l t r a t i n g  through t h e  gaps around t h e  window, depending on 
t h e  overpressure i n  t h e  box. The windows were so inse r ted  i n t o  t h e  box 
t h a t  during t e s t  an overpressure ex i s ted  on t h e  ou t s ide  of t h e  window. 
The a i r  temperature and a i r  pressure  ou t s ide  the  box were recorded a t  t h e  
same time, thus  enabling t h e  measured values  of a i r  flow t o  be converted 
t o  t h e  standard condit ions (o0C, 760 rnn mercury column). 

Measurements were taken several  t imes with each window, Af te r  each 
measurement the  window was opened and closed again severa l  times. Thi6: 
meant t h a t  the  r e s u l t s  obtained usua l ly  d i f f e r e d  somewhat from one 
another,  and so the  mean value had t o  be determined f o r  f u r t h e r  
evaluat ion,  J i t h  the e n t i r e  gap perimeter lmown f o r  t h e  window concerned, 
i t  was then poss ible  t o  c a l c u l a t e  t h e  gap leakage a, 



I n  t h e  case of the  windows b u i l t  i n t o  the  experimental house, a box 
was placed i n  f ron t  o f  t h e  window on the  room s ide  and sealed t o  t h e  wall. 
The t e s t  procedure was t h e  same with t h i s  set-up as with t h a t  j u s t  
described. I n  order  with these  b u i l t - i n  windows t o  obta in  information on 
the  a i r  leakage between window and wal l ,  the  gaps around the  sashes were 
c a r e f u l l y  sealed with adhesive s t r i p s  and the  measurement procedure 
repeated. 

2.22 Resul ts  

2.221 General findin&%. The a i r  leakage o f  the  windows was 
determined general ly  when t h e  pressure  d i f fe rence  across  them was 
between 0.5 and 10 mm water colurnn, but sometimes a l s o  when i t  was 
g r e a t e r  than 10 mm. The r e l a t i o n  between t h e  volume a i r  flow per 
metre gap length  and pressure d i f fe rence ,  when p l o t t e d  on a double 
logari thmic sca le ,  is found i n  t h e  major i ty  o f  cases t o  be l i n e a r ,  
On the  whole, t h e  i n c l i n a t i o n  of the  l i n e s  obtained by p l o t t i n g  the  
measured values i s  approximately t h e  same a s  t h a t  t o  be expected 
according t o  equation (1), i. e. t h e  flow condit ions i n  t h e  window 
gaps obey t h e  same laws ( f i g .  6) .  In  a few cases  t h e  i n c l i n a t i o n  of 
t h e  l i n e s  d i f f e r e d  more markedly from t h a t  given by equation (1). 
A s  a l ready mentioned, some of t h e  windows when opened and closed 
s e v e r a l  times gave a i r  leakage values which d i f f e r e d  somewhat from 
one another. Fig. 6 shows (shaded por t ion 1) the  extreme values 
obtained with such a window. Curves 3 and 4 show L as  a function of 
41 f o r  two windows, the  frames o f  which became deformed with 
increas ing pressure  di f ference,  thereby enlarging the  gaps through 
which a i r  i n f i l t r a t e s .  I n  one case t h i s  deformation occurred when 
t h e  pressure  d i f f e r e n c e  was l i t t l e  more than 2 rnm water column, t h e  
members of t h e  window frame here  being very t h i n  and f l ex ib le .  The 
major i ty  of t h e  windows were s u f f i c i e n t l y  s t a b l e  and showed no 
appreciable  changes i n  t h e  gaps even a t  high pressure d i f fe rences  
(up t o  50 m water column) (curve 2 i n  f ig .  6 ) .  

2.222 Wcod?n windows. The wooden windows made ava i l ab le  f o r  t e s t ,  
and t e s t e d  i n  t h e  s t a t e  i n  which they were del ivered (primed), were 
found t o  have a-values be tween 0.6 and 1.7 ??rn3/h t h e  commonest value 
being 1.25 Nm3/h. No systematic e f f e c t  of t h e  type of window on t h e  
gap leakage could be es tab l i shed  with only 1 5  t e s t e d  windows. 

Af te r  two coa t s  o f  pa in t  were appl ied t o  t h e  frames, t h e  a i r  
leakage values va r ied  from 0.3 t o  1.3 Nm3/h, the  most frequent 
value being 0.4 b 3 / h .  

These r e l a t i v e l y  low a-values prompted t h e  supposit ion t h a t  the  
window specimens submitted had been manufactured with s p e c i a l  care. 
I n  order  t o  e luc ida te  whether t h i s  were the  case,  t h e  suggestion was 
made t h a t  l a r g e r  sep ies  of windows o f  t h e  same execution should be 
t e s t e d  f o r  a i r  leakage. Thanks t o  ass i s t ance  rendered by t h e  
Federal  Ministry o f  Housing, i t  was found poss ible  t o  ob ta in  measured 
a-values from inves t iga t ions  which formed p a r t  of a l a r g e r  bui ld ing 
p r o j e c t  [ ref .  41; The manufacturers of these  windows were no t  
informed of  t h e  intended inves t iga t ions  u n t i l  a f t e r  they were 
completed so t h a t  i t  could be assumed t h a t  t h e  windows t e s t e d  had the  
average qua l i ty  o f  the  windows of  t h e  manufactfirers concerned. I n  
a l l ,  159 wooden windows by four d i f f e r e n t  manufacturers were t e s t e d  
f o r  gap leakage. The windows were s i n g l e  o r  double sash compound 
windows with the ex te rna l  dimensions 140.5 cm x 132 cm (4  ' 8" x 
4 / 4 2 " ) ,  140.5 cmx 157 cm ( 4 '  0" x 5 '  2-2") and 140.5 c m x  195 cm 
(4 '  8" x 6' 6" ) .  They were t e s t e d  f o r  gap leakage immediately a f t e r  
manufacture and priming. The a-values then obtained var ied  between 
0 .5  and 3 Xm3/h, t h e  most ' frequent value being 1.2 Nm3/h. Fig. 7 
(curve 3) shows t h e  frequency d i s t r i b u t i o n  of the  a-values o f  these  
windows. The same f i ~ u r e  conta ins  graphs of the  frequency 
d i s t r i b u t i o n  o f  the  a-values o f  t h e  s i n g l e  windows (primed and 
painted twice) t e s t e d  i n  the  laboratory .  Examination shows t h a t  the 



s e r i e s  windows d id  indeed y i e l d  t h e  same most frequent value o f  ga  
leakage a s  the  s i n g l e  windows, but t h a t  with t h e  l a t t e r  t h e  range 
s c a t t e r  o f  the a-value was decidedly narrower than wi th  the  former. 

F ina l ly ,  40 of  the  s e r i e s  windows were incorporated i n  t h e  
experimental house and painted and then  t e s t e d  again f o r  gap leakage. 
The frequency d i s t r i b u t i o n  curve obtained then f o r  t h e  a-values is  
t h a t  numbered 4 i n  f ig .  7. These values, of course, t ake  i n t o  

, account the  e f f e c t s  o f  t h e  pa in t  and t h e  gaps between t h e  window 
frames and t h e  house wall  on the  gap leakage (volume of  a i r  flow 
r e l a t i v e  t o  t h e  gap l eng th  of t h e  window). The range o f  s c a t t e r  o f  
t h e  a-values (window gaps and gaps between window and wal l )  extends 
from about 1 t o  3.5 1h3/h per  metre gap length,  The most frequent 
value l i e s  somewhat above 2 Rin3/h. 

A l l  t h e  given gap-leakage values  apply t o  p r a c t i c a l l y  new 
windows. I n  t h e  course o f  time, however, these  va lues  are  l i a b l e  $0 

change a s  a r e s u l t  o f  wear and t e a r  due t o  opening and shu t t ing ,  , 

weather, r a in ,  sun e t c . ,  depending on the  type and qua2ity o f  window. 
The t imber i s  l i a b l e  t o  s h r i n k  o r  expand, e l a s t i c  s e a l i n g s  may 
change i n  t h e i r  p roper t i e s  and the re fore  sometimes more o r  l e s s  l o s e  
t h e i r  ef fect iveness ,  metal  f i t t i n g s  a r e  l i a b l e  t o  work loose e tc .  

Some o f  t h e  windows b u i l t  i n t o  t h e  experimental house a t  the  
I n s t i t u t e  were examined f o r  gap leakage i m e d i a t e l y  a f t e r  assembly 
i n  t h e  wall and again a f t e r  t h r e e  y e a r s t  wear and t e a r  and exposure 
t o  t h e  elements, The gap leakage values  a r e  shown compiled i n  
t a b l e  1, 

Table 1. Gap leakage of wooden windows b u i l t  i n t o  t h e  experiments? 
house 

Window 

plvoted-tr iple 
sash col~lpound window 

pivoted- t r ip le  
sash COmpOUnd 'window 

p i v o t e b  t r i p l e  
sash coljlpound window 

plvoted-tr iple 
sash box window 

pivoted-sash 
CoinRound window 

bul l  t in to 

south wall 

south w a l l  

south wall 

south w a l l  

nor th  w a l l  

l h e d i a t e l y  
aPter assernbly 

In  w a l l  

a f t e r  
three  
years 

It can be seen from t h i s  t a b l e  t h a t  t h e  gap leakage i n  every 
case h a s  increased i n  the  course o f  time, the  r e l a t i v e  increase  
being g r e a t e s t  f o r  windows with o r i g i n a l l y  very low a-values, 

2.223 Windows with p l a s t i c  frames 

Two windows with p l a s t i c  frames were made a v a i l a b l e  by t h e  same 
manufacturer f o r  t h e  present  t e s t s ,  one a pivoted-two sash window 
with double glazing and e l a s t i c  gap s e a l i n g  (dimensions 112 cm x 
138 cm [3' 82" x 4 '  7Z"l )  and t h e  o ther  t h e  same, but  with t h r e e  
sashes (140 cm x 250 cm 14' 8". x 8' 4"l). The three-sash window was 
b u i l t  i n t o  t h e  nor th  wall o f  t h e  building,  The gap leakage t e s t  on 



these  windows, t e s t e d  i n  t h e  s t a t e  i n  which they were delivered,  
r e s u l t e d  i n  an a-value o f  0.2 ?&n3/h f o r  t h e  two-sash window and one 
of 0 .3  Nm3/h f o r  the  th ree  sash window, 

The b u i l t - i n  window showed cracks i n  t h e  rubber sea l ing  a f t e r  
about one year. The p l a s t i c  frame became so severely  d i s t o r t e d  
t h a t  t h e  window could no longer be shut  s a t i s f a c t o r i l y .  After  
about t h r e e  years  p a r t s  o f  t h e  frame broke o f f  i n  the v i c i n i t y  of t h e  
handle. Fur ther  t e s t s  on t h i s  window f o r  t i g h t n e s s  were the re fore  
f u t i l e .  

2.224 Metal windows 

As regards  frame design, metal windows a re  found t o  vary much 
more than wooden ones. The frames which cons i s t  o f  members, some 
extruded o r  cas t  and o t h e r s  r o l l e d ,  t h e  metals used being s t e e l  and 
l i g h t  a l loys ,  e x h i b i t  a  very wide v a r i e t y  o f  cross-sect ional  shapes. 
Window frames made o f  shee t  s t e e l  form a spec ia l  group. Fig. 8 
shows some sec t ions  through t h e  metal windows tes ted.  

When delivered,  t h e  metal windows had a l ready  been p r o ~ i d e d  with 
t h e  necessary surface  p ro tec t ion  (s toved pa in t ,  anodised, galvanized).  
Phen these  windows were without s p e c i a l  sea l ing ,  t h e  a-values 
obtained were between 0 .5  and 2.5 Plm3/h. The h ighes t  a-values 
obtained were 2.6 and 2.4 w3/h f o r  the  two s t e e l  windows t e s t e d  
( f i g .  8 e  and f ) .  The commonest a-value of t h e s e  windows a s  well a s  
o f  o t h e r  metal windows (predominantly with l i g h t  metal and shee t  
s t e e l  frames) t e s t e d  a t  t h e  I n s t i t u t  f u r  ~ e c h n i s c h e  Physik was 
1.6 Mrn3/h ( f i g .  9, curve 1). 

Metal windows with e l a s t i c  s e a l i n g  ( f i g .  8a,  c and d )  t e s t e d  i n  
the  s t a t e  i n  which they were del ivered,  had a-values o f  0.3 t o  
0.5 ~ m ~ / h .  One s e r i e s  comprising 32 windows with l i g h t  metal frames 
and e l a s  t i c  sea l ing  had a-values between 0.2 and 1.5 Nrn3/h, t h e  most 
frequent value being 0.6 hh3/h ( f i g .  9, curve 2) .  

The lowest a-value o f  0.1 1h3/h was obtained f o r  a window with 
l i g h t  metal frame, t e s t e d  as del ivered,  i n  which s e a l i n g  was 
e f fec ted  by s p e c i a l l y  shaped grooves which f i t t e d  t i g h t l y  i n t o  one 
another when t h e  window was shut.  

Windows o f  t h i s  type were a l s o  t e s t e d  f o r  gap leakage i n  t h e  
s e r i e s  t e s t s  already mentioned [ ref .  41. The t e s t i n g  o f  32 such 
windows i n  a bui lding resu l t ed  i n  an a-value (air  flow through the  
gaps around t h e  window including t h e  crack between window and w 11, 9 r e l a t i v e  t o  t h e  gap l eng th  o f  t h e  window) between 0.5 and 3  ~m~ h, 
t h e  commonest value being 1.5 1;~ril~/h, .These t e s t s  were extended t o  
include a f u r t h e r  26 windows b u i l t  i n t o  the  experimental building,  
the  frames being o f  l i g h t  metal ,without spec ia l  sealing.  Their  
a-values var ied from 1.3 t o  3.3 Nm3/h. Curve 3  i n  f i g ,  9 represents  
t h e  frequency d i s t r i b u t i o n  o f  t h e  gap leakage o f  these  two s e r i e s  of 
window ( a  t o t a l  o f  58 windows), 

Some of  t h e  window construct ions  t e s t e d  i n  the  laboratory  had 
been b u i l t  i n t o  t h e  I n s t i t u t e ' s  experimental bui ld ing and they were 
t e s t e d  for  gap leakage immediately a f t e r  being b u i l t  i n  and again 
a f t e r  th ree  years '  wear and t e a r  and exposure t o  t h e  elements. The 
r e s u l t s  obtained a r e  given i n  t a b l e  2. 



Table 2. Gap leakage o f  some metal windows b u i l t  i n t o  the  experimantal 
bui ld ing 

, Window 

. pivoted-three sash  compound 
window with e l a s t i c  sea l ing  

pivoted-three sash compound 
window with e l a s t i c  s e a l i n g  

pivot  ed-three sash compound 
window without s p e c i a l  
s e a l i n g  

gap leakage 
('i?rn3/ h ) 

b u i l t  i n t o  

a f t e r  assembly 

2.3  Thermal t ransmit tance,  The t h e m 1  t ransmit tance k was determined f o r  
windows measuring 112 cm x 138 cni (3' 8 2 .  x 4 '  72" )  a f t e r  f i n a l  surface  
treatment (wooden windows given two coa t s  o f  p a i n t ;  metal windows painted, 
anodised o r  galvanized).  

i 
2.31'Experimental procedure. The window f o r  t e s t  wa's f i t t e d  with no 
gaps i n t o  an opening i n  a p a r t i t i o n  separa t ing  a cold  and a warm room, so  

I 
I 

t h a t  t h e  ins ide  o f  t h e  window faced i n t o  t h e  viann room. During t h e  i 
per iod o f  t e s t  the  a i r  temperature i n  t h e  warm room was kep t  a t  20°C and e 
t h a t  i n  t h e  co ld  room a t  O°C. The y a m  s i d e  o f  the  window was f i t t e d  

I 

with a box about 35 cm deep which contained b u i l t - i n  e l e c t r i c  heat ing t o  1 

keep the  a i r  a t  t h e  same temperature a s  t h a t  o f  the  warm room surrounding I 

t h e  box ( i .e .  a t  20°C). 'Fans were used t o  c i r c u l a t e  the  a i r  i n  each o f  I 

t h e  two rooms and i n  t h e  box so  t h a t  no appreciable d i f fe rences  occurred I 

i n  t h e  a i r  temperature i n  t h e  v i c i n i t y  o f  t h e  window sur faces  o r  around 
the  box. The a i r  temperatures were recorded by means o f  thermocouples' 
arranged i n  groups of twelve on each s i d e  o f  the  window and i n  t h e  warm 
room, 

During t e s t  the  h e a t  energy supplied t o  the  box by t h e  e l e c t r i c  
heat ing mi t flowed exclus ively  through t h e  window, t h e  a i r  temperature 
being assumed t h e  same i n  t h e  box and i n  the  warm room. Let tL be t h e  
air temperature on t h e  warm s ide  o f  the window and t ( i n  dee. CY t h a t  
on t h e  c o l d  s ide ,  F (me) t h e  window area  and Q ( k c a l j g )  t h e  quant i ty  o f  
hea t  which flows per  hour i n  t h e  s teady s t a t e  through t h e  window and is 
measured e l e c t r i c a l l y .  The thermal t ransmit tance kM can then be obtained 
from t h e  following equation: 

The kM-value thus  determined holds  t r u e  only f o r  t h e  p a r t i c u l a r  
values  o f  t h e  surface c o e f f i c i e n t  olwM and akM on' t h e  warm and cold s i d e s  
of t h e  window respect ively .  I n  order t o  convert t h e  measured thermal 
t ransmit tance values t o  t h e  standard values  of t h e  surface  coef f i c ien t  - 
OlwN - 7 and akN = 20 kcal/m2 h deg.C, i t  i s  e s s e n t i a l  t o  know the  
a v a l u e s  during t e s t .  These can be ca lcu la ted  from t h e  a i r  temperatures 
tLw and tLk, t h e  mean surface  temperatures Tow and Tok and the quant i ty  
of heat  Q according t o  t h e  following equations: 



The mean surface  temperatures To ,  and E o k  on t h e  window a r e  
obtained from the  equations: 

where tRw and tRlr = the  surface  teriiperatures (measured by means o f  
ther~nocouples) on t h e  window frame, 

tow and tog = t h e  su r face  teruperatures on t h e  g l a s s  surfaces ,  

FR .= the  a r e a  of t h e  frame, 

Fo .= t h e  a rea  .of g l a s s ,  

F .= the  t o t a l  window area.  

Combining equations ( 7 )  t o  (11)) we f i n a l l y  ob ta in  the  des i red  
kN-value f o r  the  su r face  c o e f f i c i e n t s  ctwN arid ak, as: 

The procedure fo r  recording temperatures c a l l s  f o r  g r e a t  care ,  
e s p e c i a l l y  when the  windows have s ing le  glazing,  s ince  i n  t h i s  case the  
temperature di f ferences  between the  two surfaces  o f  the  pane a r e  very 
small. Cne method which has proved e x c e l l e n t  f o r  producing cor rec t  
r e s u l t s  is  t o  so lder  the thermal-couples t o  t h i n  copper f o i l  and t o  
s t i c k  the  soldered j o i n t s  very c a r e f u l l y  t o  the  pailes. The heat ing 
wire used should be not nlore than 0.2 rmn irl diameter. 

An a t t e n p t  should be made by means of s u i t a b l e  a i r  c i r c u l a t i o n  t o  
keep the  su r face  c o e f f i c i e n t s  a t  the  window a s  c lose  a s  poss ible  during 
t e s t  t o  the  staridard values. This i s  p a r t i c u l a r l y  necessary f o r  the  
wann s i d e  and with single-glazed windows, s ince  i n  t h i s  case t h e  e f f e c t  
o f  the  su r face  c o e f f i c i e n t  on the  k-value i s  s p e c i a l l y  pronounced. 

2.32 Resul ts .  Table 3 gives  the  measured k  -values converted t o  t h e  - standard values  of t h e  su r face  c o e f f i c i e n t s  fawN - 7, akN = 20 k.cal/m2 h 
d e g . ~ )  f o r  t h e  various types  of window. 



Table 3. Thermal t ransr t~i t tance  

Kindow typo 

Wooden windovis : 
pivoted sash  window, s i n g l e  g lazing,  ( 2  sash)  ......, 

.............. pivoted sash  co~r~pouild window ( 2  &ash) : ........... pivoted sash  box compound window ( 2  s a s h )  
balanced sash  compound window ............la....... .. ................... s l i d e  compound window L. . , . . . , . .  
Windows with p l a s t i c  francs: 
pivoted s a s h  window with double g lazing,  ( 2  sash)  ... 
Windows with l i g h t  metal frames: 

..... pivoted sash windov~, s i n g l e  g lazing,  (oce sash)  
pivoted sash  compound widow ( 2  sash)  ............... 
pivoted sash  cornpound window (1 sash)  ............... 
pivoted sash  window with double g laz ing  (1 and 2 sash)  
balanced sash  compound window ................... ... . 
Windows wi th  shee t  s t e e l  frames: 

pivoted s a s h  window, s i n g l e  g lazing,  (1 sash)  ....... 
pivoted sash window, double g lazing,  (1 sash)  ....... 
pivoted sash  compound window (*2 sash)  ............... 
S t e e l  windows: 

....... pivoted sash window, s i n g l e  g lazing,  ( 2  sash)  
tu rn ing  sash  window, s i n g l e  g lazing ................. 

.. 

(;rcal/ni2 h deg. C )  

This t a b l e  shows t h a t  windows wi th  woodell frames and double g laz ing  
(windows with f ixed double g laz ing  o r  compound windows) d i f f e r  only a 
l i t t l e  froin one another i n  t h e i r  thermal t ransmit tance  values.  Greater  
c i i  f ferences  i n  the  k-value were found w i  tli double-glazed m t a l  aindorvs. 

It is found from t h e o r e t i c a l  considera t ions  on t h e  heat  transmission 
p r o p e r t i e s  of windows t h a t  t h e  propor t ion of wind~w a r e a  occupied by t h e  
frame and, i n  the  case  of  double g l a z i r g ,  t h e  width o f  the  air-space 
between t h e  pancs a r e  f a c t o r s  o f  dec i s ive  importance f o r  the  k-value of 
the  window. I n  order t o  check how f a r  t h i s  is  t r u e  of  t h e  window types 
used here ( t h e  c a l c u l a t i o n  was c a r r i e d  ou t  f o r  g r e a t l y  s i ~ i ~ p l i f i e c i  window 
f'raiw), graphs were drawn showing the  ii-values obtained f o r  the  windows 
a s  a funct ion of the  propor t ion of  window a r e a  occupied by t h e  frame 
( f i g .  10)  and a s  a function,  i n  the  case  o f  woodcn winciows, o f  the width 
o f  a i r -space  bttwten panes ( f i g .  11). 

It can be seen from f ig .  10 t h a t  f o r  wooden windows the  ca lcu la ted  
values  show very good agreement with t h e  rrleasured values.  Since wi th  
double-glazed wooden windows the  width of a i r -space  was usua l ly  20 rmn 
and more, i. e,  values which do not l e a d  t o  appreciably  d i f f e r e n t  therrnal 
r e s i s t a n c e s  o f  t h e  a i r  cushion, t h e  c a l c u l a t i o n  f o r  20 tnm width of  a i r -  
space i s  p r a c t i c a l l y  c o r r e c t  fo r  a l l  wooden windows. 

Fig. 11, which shows t h e  k-value o f  wooden windows a s  a funct ion o f  
t h e  width of  air-space,  a l s o  h a s  p l o t t e d  on i t  the  po in t  showing t h e  
k-value obta ined f o r  a vridth o f  a i r -space  o f  6 ri. The agreenient 
betrveen c a l c u l a t i o n  and measurement i s  s a t i s f a c t o r y .  

With double-glazed metal  windows, t h e  r e l a t i o n  between k-value and 
p ropor t ion  o f  hrea occupied by the frame i s  admit tedly  seen a l s o  t o  be 
l a r g e l y  a s  expected i n  theory,  but  the  s c a t t e r s  a r e  he re  rnuch wider than 
with wooden windows, The reason f o r  t h i s  i s  t o  be found i n  the  wide 
v a r i a t i o n  i n  the  design and shape of  t h e  rnerhers cortiprising t h e  P a n ~ e ,  
Thus, windov~s with sheet  s t e e l  frairies have r e l a t i v e l y  low k-values owing 
t o  the smal l  th ickness  o f  metal  (about  1 rm), whereas those with l i g h t  
metal members ( see  f i g -  da  and b )  rivith t h e i r  gre6tt . r  th ickness  give 



somewhat l e s s  favourable k-values. The window with the  h ighest  k-value 
"4 of 3 . 7  kcal/m2 h deg,C had a r e l a t i v e l y  t h i c k  metal p r o f i l e  and i t s  width 

of  a i r -space  was only 1 2  m, two reasons f o r  the high thennal transmittance.  
t ransmit tance .  

Excel lent  agreement is found bet;veen the  measured and cz lcu la ted  
k-values o f  single-glazed metal  wi~idows, Even a i t h  these  windows, the  
values obtained wi th  sheet  s t e e l  frames a r e  somewhat more favourable than 
those  with s o l i d  s t e e l  frames. 

,2:4 Condensation with windows 

The c h i e f  considera t ion a s  regards  thermal i n s u l a t i o n  i n  the des ign o f  
the  e x t e r n a l  s t r u c t u r a l  p a r t s  of  bu i ld ings  (wa l l s ,  roofs  e t c . )  i s  the  
avoidance o f  condensation on t h e i r  i n t e r n a l  surfaces .  I n  the case  o f  mul t i -  
l e a f  s t r u c t u r e s  ca re  is  a l s o  necessary t o  ensure t h a t  no inadmissible 
condensation f o r m  within  them, These problcms apply a l s o  t o  windows. Their  
thermal insu la t ion  i s  usua l ly  poorer than t h a t  of wal ls  e t c . ,  arid s o  the  
su r face  temperature on the  room s i d e  of  the  windovi can, depending on the 
outdoor temperature, l i e  below t h e  dew po in t  o f  the  room a i r ,  vrhile t h a t  on 
the  room s i d e  of  the  w a l l s  remains above i t .  Condensation then forms on the  
windows, but  not on t h e  wa l l s6  

With double-glazed windows t h e r e  e x i s t s  tho  p o s s i b i l i t y  o f  condensation 
f'orming on t h e  i n s i d e  surface  o f  the e x t e r n a l  pane, . i f  water vapour is ab le  t o  
p e n e t r a t e  from t h e  room i n t o  the  a i r -space  betbeen the panes and cannot escape 
completely, o r  a t  l e a s t  t o  an adequate e x t e n t ,  i n t o  the  open a i r .  

,2.41 Surface condensation 

The lower the  thermal t ransmit tance  of  a s t r u c t u r a l  p a r t  separa t ing 
a warm from a cold room, t h e  c l o s e r  w i l l  t he  i n t e r n a l  surface  temperature 
o f  t h a t  p a r t i t i o n  be t o  the  temperature of  the  room a i r .  I n  windows, 
the  panes and frames, i , e .  p a r t s  having d i f f e r e n t  k-values, a r e  adjacent 
t o  one another,  Consequently, the  surface  temperatures which become 
es tab l i shed  on the  room s i d e  o f  windows i n  heated rooms w i l l  be d i f f e r e n t ,  
Table 4 g i v e s  t y p i c a l  k-values f o r  panes and frames. 

Table 4. k-values of  g l a s s  panes slid frames of windows 

Single  g l a z i n g  ............................. 5, 1 

Double g laz ing  with 20 mm wide a i r -space  . . , 2,5 

Wooden frame ............................... 1.45 

Metal frame ................................ about 5.25 

Fig. 12  shows a t  a g lance  the su r face  temperature on t h e  warm s i d e  
o f  windows a s  a funct ion o f  the  outdoor temperature when t h e  temperature 
of  t h e  room a i r  is 20°C, It can be seen t h a t  r e l a t i v e l y  low sur face  
temperatures a r e  t o  be expected p a r t i c u l a r l y  on s i n g l e  panes and on metal  
frames a t  low outdoor temperatures. Consequently, on these  p a r t s  o f  
windows the  p r e c i p i t a t i o n  o f  condensate, and a t  very  low outdoor 
temperatures the  formation of i ce ,  must be expected a t  lower humidity 
values i n  t h e  room than  would be t h e  case  with wooden frames and double 
glazing.  The graph i n  f ig .  13 shows f o r  a room-air temperature of  20°C 
t h e  r e l a t i o n  between the  outdoor temperature and t h e  r e l a t i v e  hunlidity i n  
the  room, such t h a t ,  i f  f o r  any point  on any curve t h e  a c t u a l  outdoor 
temperature f a l l s  below t h a t  ind ica ted  by t h e  po in t  o r  t h e  r e l a t i v e  
humidity exceeds t h a t  indicated,  condensation w i l l  r e s u l t .  Thus, a t  
40% r e l a t i v e  humidity and ZO°C room temperature, wooden frames and the  
panes o f  double g laz ing  remain f r e e  o f  condensation u n t i l  t h e  outdoor 
temperature f a l l s  t o  about -20°C, whereas panes o f  s i n g l e  g laz ing  and 
metal frames w i l l  show condensation a t  outdoor temperatures o f  about O°C 
and below, This  a p p l i e s  p a r t i c u l a r l y  t o  s o l i d  metal. frames o r  t o  those  



J 
i n  which t h e  heat  flow path  continues without i n t e r r u p t i o n  through t h e  
metal  members from ou t s ide  t o  ins ide .  

@ 
These considera t ions  do not apply t o  those  cases where a hea t ing  

u n i t  is placed underneath the  window, s i n c e  t h e  r i s i n g  warm a i r  causes t h e  
temperature i n  the  v i c i n i t y  o f  the  window t o  be higher than was assumed i n  
t h e  ca lcu la t ion ,  and the  heat t r a n s f e r  froin t h e  a i r  t o  t h e  window t o  be 
e r e a t e r  than t h a t  on which t h e  c a l c u l a t i o n  was based. Experience shows 
t h a t  the  use  of  a heat ing u n i t  below a window enables condensation on t h e  
l a t t e r  t o  be  extensively  avoided d o m  t o  low outdoor temperatures. 

Figs.  14  a and 1 4 b  show i c e  formations on wooden and metal windows 
wi th  double g laz ing  observed when tLe outdoor temperature was about -15OC. 
It should, of course, be noted i n  t h i s  case  t h a t  t h e  rooms i n t o  t h e  
e x t e r n a l  wal l  of which t h e  windows were incorporated,  were only ~noderate ly  
heated during t h e  observation per iod,  and t h e  w a l l s  and f l o o r s  s t i l l  
r e t a i n e d  a considerable  amount of  t h e  mois ture  consumed during t h e i r  
const ruct ion,  so t h a t  t h e  condi t ions  obta ining were decidedly l e s s  
favourable than would normally be expected i n  a thoroughly d r i ed  out  
building.  It i s  precise ly  f o r  these  reasons,  however, t h a t  these  
p i c t u r e s  show the  c h a r a c t e r i s t i c  d i f fe rences  o f  t h e  windows with 
p a r t i c u l a r  c l a r i t y .  

2.42 Condensation i n  t h e  air-space withdo,ud.I.~lazi~. Windows wi th  two 
panes one behind t h e  o the r  a r e  designed and executed a s  compound windows, 
double windows or  double-glazed s i n g l e  windows. I n  t h e  case of  t h e  
fcompoundr window, one pane i s  i n s e r t e d  i n t o  t h e  p r i n c i p a l  sash, t h e  o t h e r  
i n t o  t h e  c leaning sash. The double window i s  i n  p r i n c i p l e  two s i n g l e  
windows which a r e  e i t h e r  i n s e r t e d  completely separa te ly  i n t o  the  wa l l  o r  
a r e  b u i l t  i n t o  a box-like frame jo in ing  t h e  two windows. I n  t h e  case  of 
double-glazed s ing le  windows, two panes a r e  glazed i n  one frame. They 
can be securely  connected t o  one another a t  the  edge, so t h a t  they a r e  
i n s e r t e d  l i k e  a s i n g l e  pane o r  b u i l t  i n  one a f t e r  another with t h e  
i n s e r t i o n  o f  a spacer. 

During t h e  cold season a vapour p ressure  d i f fe rence  is  present  ac ross  
t h e  window (e ,g .  warm side:  a i r  temperature 2oQC, r e l .  humidity 50$, 
p a r t i a l  pressure  of  the  water vapour 8.75 mrn mercury column; cold  s ide :  
o°C, 6070, 3.6 ma mercury column; pressure  d i f fe rence  5.15 mm m. c. ) , 
This vapour pressure  d i f fe rence  causes vapour t o  d i f f u s e  into the  a i r -  
space between the  panes, un less  t h i s  space i s  sealed o f f  and rendered 
vapour proof. This occurs,  however, only  where t h e  two panes of t h e  
double g laz ing  a r e  fused o r  soldered toge the r  along t h e  edges o r  a re  
s tuck toge the r  ~t t h e  edge by means of  some impervious compound. 
Compound and double windovis, on t h e  o t h e r  hand, usual ly  have around them 
gaps  vihich connect t h e  air-space between t h e  panes viith t h e  warm room and 
through which vapour can permeate t o  a g r e a t e r  o r  l e s s  extent .  Since, 
however, t h e  i n t e r n a l  su r face  temperature of  t h e  pane on t h e  cold  s i d e  
sometimes f a l l s  below t h e  dew point  o f  t h e  moist a i r  then present  i n  t h e  
air-space,  condensation w i l l  occur on t h i s  surface ,  This phenomenon i s  a 
frequent source o f  complaint wi th  compound aid double windows, and i t  can 
be observed even i n  those  windows where t h e  two panes a r e  glazed i n  one 
frame i f  t h e  p u t t y  o r  sea l ing  compound used does not remain irripervious t o  
moisture o r  i f  gaps o r  cracks  form between pane and pu t ty  o r  put ty  and 
frame. F ina l ly ,  i n  such windows with wooden frames t h e r e  a l s o  e x i s t s  t h e  
p o s s i b i l i t y  of  water vapour d i f f u s i n g  through the  wood i n t o  t h e  air-space.  

I n  so f a r  a s  coriiplete sea l ing  o f f  of  the  a i r -space  between t h e  panes 
from t h e  warm room i s  impossible, and with compound and double windows o f  
t h e  designs i n  common use t h i s  i s  scarcely  f e a s i b l e  or  only so with 
d i  f  f i  c u l t y ,  t h e  phenomenon described can be suppressed by providing small 
openings between t h e  a i r -space  and o u t  o f  doors. These openings merely 

< 

I have t o  enable the  water vapour which has  penetra ted  i n t o  t h e  a i r -space  t o  
j d i f f u s e  i n t o  t h e  open sir. They cm- t h e r e f o r e  be o f  a s u f f i c i e n t  s i z e  

( a  few cmZ) t o  permit t h i s ,  without reducing t h e  thermal i n s u l a t i o n  of  t h e  
a i r  cushion. These openings require  t o  be f i l l e d  with a f i n e l y  porous 
f i l t e r  ma te r i a l ,  such a s  r i inera l  v~ool,  i n  order  t o  prevent the  pene t ra t ion  



of  d i r t  ahd vermin i n t o  t h e  air-space, The d i f fus ion  res i s t ance  of such 
f i l t e r s  can be kept s u f f i c i e n t l y  low i n  order t o  achieve the  intended 
r e s u l t ,  without appreciably impairing the  thermal insu la t ion  of t h e  
window. The following, though somev~hat exaggerated, "recipe1' can be 
given f o r  avoiding condensation between t h e  panes: "have *he sea l ing  a s  
t i g h t  a s  poss ib le  on t h e  warrn s ide ,  but  a s  leaky a s  poss ible  on the  cold 
side". 

The t h e o r e t i c a l  and experimental s t u d i e s  on wooden and metal windows of  
varying design have r e s u l t e d  i n  t h e  following: 

Ai r  leakage. The a i r  leakage o f  windows without spec ia l  sealing depends t o  such a 
l a r g e  ex ten t  on t h e  accuracy and qua l i ty  o f  workmanship i n  making them t h a t  
c h a r a c t e r i s t i c  d i f fe rences  between s ing le ,  compound and double windows p r a c t i c a l l y  
do not  e x i s t .  No d i f fe rences  could be found on t h e  average between wooden and 
rnetal windows when they were new. I n  view of  t h e  f a c t  t h a t  t h e  a i r  leakage of 
b u i l t - i n  windows inc reases  t h e  more they a re  used, and t h a t  t h e  incorporation of 
t h e  windows i n  t h e  bu i ld ine  usua l ly  g ives  r i s e  t o  add i t iona l  gaps between w a l l  and 
window, t h e  mean a i r  leakage of windows without s p e c i a l  sea l ing  may be assumed t o  
be 3 Nn3/h per  metre gap length  and 1 rnm water column pressure di f ference,  wi thin  
t h e  meaning o f  t a b l e  4a i n  t h e  Gerrnan standard D I N  4701. VJindows with spec ia l  
seal ing,  ' a s  s p e c i f i e d  i n  D I N  4701 "Windows with guaranteed sealing",  have low a i r -  
leakage values  with a much narrower range of s c a t t e r  than windows without s p e c i a l  
sealing.  The value  of 1.2 - 2 ~ m ~ / h ,  given i n  DIN 4701 f o r  "windows with 
guaranteed seal ing"  i s  assumed t o  be somewhat high. A value o f  not more than 
1 Nm3/h seems reasonable, 

Thermal transmission. The values given i n  D I N  4701 f o r  t h e  thermal t ransmit tance 
k of single-glazed wooden and rnetal windows, 4.5 and 5.0 kcal/m2 h deg.C 
respec t ive ly ,  were f u l l y  confirmed by t h e  p resen t  inves t iga t ions .  

As f o r  both wooden and rnetal windows with double glazing ( f ixed  double panes, 
compound and double windows), the  width o f  air-space and t h e  proportion of window 
a r e a  occupied by t h e  frame are  t h e  two pr inc ipa l  f a c t o r s  which deterniine t h e i r  
thermal transmittance.  

For wooden windows of a l l  types (except those  with s i n g l e  glazing)  with t h e  
average proportion of window area  occupied by t h e  frame varying from 35 t o  and 
width o f  air-space g r e a t e r  than 20 mm, tho  k-value ranges from 2 t o  2.2 kcal/m2 h 
deg.C, When t h e  proportion o f  a r e a  occupied by t h e  frame i s  30$, k increases  t o  
2 . 3  kcal/m2 h deg.C, and when it i s  50$, k f a l l s  t o  1.9 t o  2,O kcal/m2 h deg.C. 

Metal windows, depending on t h e  type and execution of the  frames, show a 
somewhat wider range of k-values than wooden windows. With metal windows a l s o  t h e  
propor t ion o f  a rea  occupied by t h e  frarne i s  a f a c t o r  of major importance a s  regards  
heat  transmission,  the  k-value increas ing with inc reas ing  proport  ion of area ,  t h e  
reverse  t o  wooden windows. 'The e f f e c t  o f  t h e  type of metal  window, wl~ether 
compound or  f ixed panes, on heat  l o s s  is of minor importance compared t o  t h a t  o f  t h e  
propor t ion of a rea  occupied by t h e  frarne and t h a t  of the  franie construction,  whether 
o f  s o l i d  metal o r  sheet  s t e e l .  The average k-value of metal windows with double 
g laz ing  v a r i e s  between 3 and 3.5 kcal/m2 h deg. C. 
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F i g e l .  Graph showing the r e l a t i o n  between the k-values 
of amwindow, i f  these values hold t rue  f o r  a surface  
coe f f i c i en t  aw on the warm s ide  of 10 kcal/m2 h deg. C 

(ordinates)  o r  7 kcal/m2 h deg.C ( absc i s sa l ) .  
Surface c o e f f i c i e n t  O(k on the  cold side:  
20 kcal /  m2 h deg.C. 

Fig.2. Thermal r e s i s t ance  '/A of a v e r t i c a l  a i r s p a c e  
bounded on each s i d e  by g l a s s  as a function of its 
wldth (mean temperature of the a i r s p a c e  50C). 

proport ion of t o t a l  window a rea  occupied by frame 
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E F i g . &  Thermal transmittance k of double- Q 

glazed wlndows a s  a funct ion  of the wldth 
of air-space f o r  d i f f e r e n t  percentages of - 7  7 
t o t a l  window a r e a  occup16d by the frame. I I wooden windows I 1 

(?7115) w i d t h  of ai r-space 



' p ressure  d i f f e r ence  A p  
col urnn 

Fig.5. Thermal transmlttance ktot of a wlndow 
(k  = 3 kcal/m2 h deg.C) taking i n t o  account a l r  leakage 

3 (gap leakage a = 1.2 and 5 Nm /h) ,  a s  a funct lon  of the 
pressure d l f ference  &I ac ros s  the wlndow. 

pressure  d i f f e r ence  A p 

Fig .6 ,  A i r  flow through var lous  wlndows per  metre gap 
l eng th  a s  a function of the  pressure d l f ference  ac ros s  
the  window. 
1. Range of s c a t t e r  of a l r f l o w  values of a wlndow 

a f t e r  I t  has been opened and shu t  s eve ra l  times. 
2. Wlndows wlth extens lvely  constant  gap wldth. 
3. Wlndow gaps become enlarged when pressure d l f f e r ence  

exceeds 20 mm w. c. 
4. Wlndow gaps become enlarged when pressure d l f f e r ence  

is merely above 2 mm W.C. 

gap leakage a 

Fig.7.  Frequency d l s t r l b u t l o n  of the  gap-leakage 
a-values of wooden wlndows. 
1. Wlndow prlmed; s lng le  wlndows made by d l f f e r e n t  

manufacturers and del lvered  f o r  t e s t .  
2. Wlndow prlmed and glven two coa t s  of pa ln t ;  

s l ng le  wlndows made by d l f f e r e n t  manufacturers and 
del lvered  f o r  t e s t .  

3. Wlndow prlmed; s e r l e s  wlndows made by 4 d l f f e r e n t  
manufacturers, t o t a l  of 159 wlndows. 

4. Wlndow prlmed and glven two coa t s  of pa ln t ;  40 
wlndows of s e r l e s  3, b u l l t  l n to  house ( a l r  flow a t  
1 mm w. c. through the  gaps around the wlndows 
lncludlng the gaps between window and wall, i n  
r e l a t i o n  t o  the gap length of the wlndows). 



rubber-tube 
seal  I ng 

Fig.8. Vert ica l  s ec t ions  through metal wlndow 
frames. 
a )  double window with l i g h t  metal frame and rubber- 

tube sea l ing;  
b) compound window with l i g h t  metal frame without 

spec i a l  sea l ing;  
c )  shee t  s t e e l  window with fixed-in 2 ply  glazlng 

and l i p  sealing: 
d) sheet  s t e e l  compound window with l i p  s ea l ing  

between c leaning sa sh  and p r inc ipa l  sash and 
between the l a t t e r  and the  ex t e rna l  frame; 

e )  s t e e l  window with s ing le  g laz ing,  without 
spec i a l  sea l ing;  

f )  s t e e l  window with fixed-in 2 p ly  glazing 
without spec i a l  sealing.  

gap leakage 

Fig .9 .  Frequency d i s t r i b u t i o n  of gap leakage a 
of metal windows. 
1. Single window without specia l  s ea l ing  made by 

d i f f e r e n t  manufacturers and del ivered  f o r  t e s t .  
2. Se r i e s  wlndows made by 2 manufacturers (32 windows); 

windows with e l a s t i c  sealing; 

3. Se r i e s  windows made by 2 manufacturers b u i l t  i n t o  
house ( a i r  flow a t  1 mm W.C. through the gaps around 
the wlndows and assembly frame and between the  l a t t e r  
and the  wall, i n  r e l a t i o n  t o  the gap length  of the 
windows). 

wide of a i  r-space 

Fig.11.  Thermal transmittance k of the t e s t ed ,  double- 
glazed wooden windows a s  a function of the wldth of a i r -  
space. 
Shaded area:  ca lcula ted  fo r  wlndows with 30 and 
window a rea  occupied by frame. 
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IFig.10.  Thermal transmittance k of the windows 

+r +. ; t e s t e d , a s  a funct ion  of the proportion of t o t a l  .- window a rea  occupied by the frame. 

5 3 a )  windows with wooden o r  p l a s t i c  frames, 
r! 
+r b) metal  windows. 
- 2 2 Lines drawn in: ca lcula ted  f o r  wooden o r  

metal windows. With double-glazed windows the 
wldth o r  a i r s  ace is 20 mm 

c - 7 .  7 (aw = 7 kcallm! h deg. C. 
% = 20 kcal /m2 h deg. C. ) . 
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percentage of t o t a l  window a rea  occupied by frame 

(9711.5) 



outdoor temperature 

Fip.12.  Surface temperatures on the room s i d e  of windows 
i n  r e l a t i o n  t o  the  outdoor temperature when the  room a i r  
temperature is 200C. 

r e l a t i v e  humidity in roan 

Fig.13. Outdoor temperatures below which condensation 
on windows is t o  be expected, i n  r e l a t i o n  t o  the 
r e l a t i v e  humidity of the room a i r  a t  2 0 0 ~ .  

a )  wooden window with double glazlng, 
b) metal window with double glazlng. 
Outdoor temperature - 1 5 O ~ .  
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