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Windows are import-ant components of almost 
all buildings. They pose many problems, as reflected 
by the numerous requests for assistance which have 
been received by the Division, beginning on the 
first day it was in operation. In common. with 
almost all building components, windows are affected 
in service by conditions imposed upon them by the 
building of which they are a part, They cannot, 
therefore, be studied or assessed adequately by 
themselves but must be related to the building, 
particularly in respect of those important aspects 
of performance involving heat, moisture and air. 

Experimental work on windorrrs, though greatly 
needed, had to await the development of major test 
facilities within the Division, A good beginning 
has now been made on window work. This report 
describes the first major study on condensation on 
and between double windows. The extensive analysis 
of the problem which is presented will serve to 
confirm the complexity of the factors which enter 
into their performance. 

Ottawa 
August 1958 

N.B. Hutcheon 
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CONDDTSATION OIJ- A DOUBLE WOOD W I h m W  

E. Nowak and A. Grant Wilson 

This  r e p o r t  covers  a s tudy of t h e  condensation 
performance of a simple wood W ~ I I ~ O V J  having permanently in- 
s t a l l e d  o u t e r  g laz ing  and removable i n n e r  g laz ing .  With 
t h e  window i n s t a l l e d  i n  t h e  Building Services  cold room, 
o b s e r v a t i o ~ i s  were made of su r face  and a i r  temperatures  
and condensation on t h e  i n s i d e  su r face  of both i n n e r  and 
o u t e r  panes. These observat ions  were made a t  d i f f e r e n t  
co ld  and w a r m  room temperatures  and w a r m  room r e l a t i v e  
humidi t ies .  Var ia t ions  were made i n  t h e  t i g h t n e s s  of t h e  
i n n e r  g laz ing  and t h e  degree of  vent ing  of t h e  space between 
t h e  panes t o  t h e  ou t s ide .  Laboratory r e s u l t s  a r e  compared 
with those  predic ted  from simple theory.  

The value of double w i ~ d o r ~ s  i n  decreas ing  heat; 
t r ansmiss ion  through windov? a r e a s  and i n  reducing t h e  conden- 
s a t i o n  of water  vapour on i n s i d e  g l a s s  s u r f a c e s  i s  well  
known, Some form of double-window arrangement is very comofi 
i n  Canadian homes. Double windows have a l s o  been i n  use f o r  
many y e a r s  i n  most commercial bu i ld ings  i n  a r e a s  having 
severe  win te r s  and a r e  being used more and more i n  o t h e r  
p a r t s  of t h e  country.  

Regardless of t h e  type  of double wir~dow used, some 
condensation i n  t h e  form of water  o r  f r o s t  on t h e  i n s i d e  
g l a s s  s u r f a c e s  i s  common during t h e  w i n t e r  months. It is  as 
l i k e l y  t o  occur  on expensive f a c t o r y  sea led  double-glazed 
u n i t s  as on s tandard  wood window arrangements. 

Condensation between t h e  panes, on t h e  i n s i d e  su r face  
of t h e  o u t e r  palie, is  a l s o  a comon occurrence and i s  a 
p o t e n t i a l  problem wi th  a l l  window types  except ,  perhaps,  
f a c t o r y  sca led  double-glazed u n i t s .  

AlIost people accep t  a small  amount of window conden- 
s a t i o n  as i n e v i t a b l e .  When it begins t o  s e r i o u s l y  o b s t r u c t  
t h e  view through t h e  window, however, o r  when t h e  run-off  
wets  t h e  window sills o r  wall su r faces  t h e  problem assumes 
l a r g e r  proport ions.  I n  modern dwelling u n i t s  a t  F o r t  Churchill. 
c a s e s  where i c e  f i l l e d  t h e  space between panes t o  consider-  
a b l e  h e i g h t s ,  have been recorded. 



There a r e  a number of f a c t o r s  t h a t  determine whether 
o r  n o t  winclom condensation w i l l  occul-. It i s  corivenient when 
d i scuss ing  thcse  t o  cons ider  condensation on t h e  i n s i d e  sur face  
of t h e  i nne r  pane s e p a r a t e l y  from c o n d e n ~ a t i o n  on t h e  i n n e r  
su r face  of t h e  o u t e r  pane. 

( a )  Condensation on I n s i d e  Surface of Inner  Pane 

Condensation on t h e  insid.e su r face  of t h e  i n n e r  pane 
occurs  whenever t h e  window sur face  temperature a t  a r v  po in t  is  
below the  dew po in t  temperature of t h e  a i r - w a t e r  vapour mixture 
i n  t h e  room, 

It i s  u s u a l l y  observed j u s t  over  t h e  lower por t ions  
of t h e  g l a s s  s u r f a c e ,  sug6estin.g v e r t i c a l  su r face  temperature 
g rad ien t s .  T2ie s u r f a c e  temperatures  of windows f o r  given 
i n s i d e  and ou t s ide  a i r  temperatures  can be ca lou la ted  by 
us ing  h e a t  t r ansmiss ion  c o e f f i c i e n t s  f o r  insid.e and ou t s ide  
a i r  f i l m s  and f o r  a i r  spaces.  Such c a l c u l a t i o n s  a r e  used as 
t h e  b a s i s  f o r  t a b l e s  g iv ing  t h e  maximum i n s i d e  r e l a t i v e  
humid i t i e s  t h a t  can be c a r r i e d  i n  bu i ld ings  a t  d i f f e r e n t  out -  
s i d e  temperatures  without  c r e a t i n g  wil~dovi condensation. I n  
making t h e  c a l c u l a t i o n s ,  u n i - d i r e c t i o n a l  h e a t  flow i s  assumed 
and no account i s  taken ,  t h e r e f o r e ,  of t h e  e f f e c t  of convec- 
t i o n  i n  t h e  space between panes on v e r t i c a l  g r a d i e n t s  i n  i n s i d e  
g l a s s  su r face  temperatures .  

The p r a c t i c a l  s o l u t i o n  t o  s e r i o u s  condensation on 
i n s i d e  window s u r f a c e s  i s  u s u a l l y  t o  reduce t h e  r e l a t i v e  
humidity i n  t h e  bu i ld ing  through v e n t i l a t i o n  and t h e  c o n t r o l  
of moisture  sources .  The only o t h e r  poss ib le  course i s  t o  
i n c r e a s e  i n s i d e  g l a s s  s u r f a c e  temperatures  by i n c r e a s i n g  t h e  
i n s i d e  a i r  f i l m  heat - t ransmiss ion  c o e f f i c i e n t  o r  by d i r e c t  
hea t ing .  It i s  f o r  t h i s  purpose t h a t  p r o p e l l o r  fans a r e  
sometimes used t o  f o r c e  a i r  over t h e  i n s i d e  s u r f a c e s  of d i s p l a y  
windows during cold weather. Such s t e p s  a r e  n o t  p r a c t i c a l  f o r  
most windovrs. However, t h e  locatior:  of h e a t i n g  o u t l e t s  may 
have a  marked e f f e c t ,  both through i n c r e a s i n g  t h e  f i l m  c o e f f i c i e n t  
and through d i r e c t  hea t ing .  One o t h e r  in f luenc ing  f a c t o r  i s  
t h e  degree t o  which t h e  i n s i d e  g l a s s  su r face  i s  recessed  wi th in  
t h e  window opening. 

( b )  Coridensation on Ins ide  Surface of Outer Pane 

C o ~ d e n s a t i o n  w i l l  occur on t h e  i n s i d e  su r face  of t h e  
o u t e r  pane whenever t h e  t e m p e ~ a t u ~ e  of t h a t  su r face  a t  any 
po in t  i s  below t h e  dew p o i n t  temperature of t h e  a i r -vapour  
mixture i n  t h e  space betrseen panes. This s i t u a t i o n  w i l l  
u l t i m a t e l y  occur  w i t h  ou t s ide  temperatures  lorver t h a n  i n s i d e ,  
i f  t h e  gain i n  water  vapour t o  t h e  space i s  g r e a t e r  %ban t h e  
l o s s .  



Vater  vapour g e n e r a l l y  moves i n t o  and o u t  o f  t h e  a i r  
space under  tvro f o r c e s .  Trapour moves t h r 0 u ~ h  t h e  m a t e r i a l s  
and c r a c k s  in .  'the v:irtdovr a s scn~b ly  as  a r e s u l t  of  d i f f e r e n c e s  
i n  p a r t i a l  p r e s s u r e  o f  t h e  via-tcr vapour by t h e  process  
u s u a . 1 1 ~  r e f e r r e d  t o  a s  d i f f u s i o n .  I-t i s  a l s o  t r a n s f e r r e d  
as a component of  t h e  a i r  which f lows  throngh t h e  cra.cks i n  
t h e  assembly un.der t o t a l  a i r  p r e s s u r e  d i f f e r e n c e s .  

(i) Wc?l;er vapour t r a n s m i s s i o n  by d i f fu s io l l  

The equa t ion  used t o  exp res s  w a t e r  vapour t ra .nsmiss ion  
th rough  homogeneous m a t e r i a l s  un.der p a r t i a l  p r e s su re  d i f -  
f e r e n c e s  is 

u -4 
/ = A p (1) 

where V/ = weight  o f  \.later vapour t r a n s f e r  p e r  
u n i t  t ime  

A = area of c r o s s  s e c t i o n  of  f low p a t h  

1 = l e n g t h  pa th  

A p = vapour p r e s s u r e  d i f f e r e n c e  a c r o s s  
f low pa th  

u  = c o e f f i c i e n t  of pe rmeab i l i t y .  

The c o e f f i c i e n t  of  permeabil . i ty is n o t  a c o n s t a n t  f o r  most 
m a t e r i a l s  b u t  v a r i e s  w i th  tempera ture  and humidi ty  c o n d i t i o n s .  
Most of  t h e  m a t e r i a l s  used i n  window cons t ruc t io r l  a r e  r e l a -  
t i v e l y  impelmeable, except  f o r  wood. Assenlblies of wood, 
however, can be ma2e r e l a t i v e l y  impermcable through p a i n t i n g .  

Under t h e s e  c i rcumstances  t h e  cl-aclcs and openings i n  
t h e  assembly may provide t h e  major  p a t h s  Tor vapour f low by 
d i f f u s i o n .  The permcabili1;y c o e f f i c i e n t  f o r  a i r - w a t e r  V ~ ~ P O U I ~  

mix tu re s  is independent of  r e l a t i v e  humidi ty  a t  c o n s t a n t  
t empera ture  but- does  vary  some~vhat w i t h  temperatul-e,  becorniq; 
s m a l l e r  as t h e  t e m p ~ r a t u r e  dec reases .  I f ,  as  a first approxi -  
mation,  t h e  c o e f f i c i e n t  of permenbilj . ty i s  t a k e n  as  a c o n s t a n t ,  
t h e  vapour  f low by d i f f u s i o n  i n t o  and o u t  of t h e  a i r  space  
w i l l  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p re s su re  d i f f e r e n c e s  
a c r o s s  i n n e r  and o u t e r  p:qnes. 

The vapour p r e s s u r e  d i f f e r e n c e s  a c r o s s  i n n e r  and o u t e r .  
panes f o r  d i f f e r e n t  o u t s i d e  ten:peratures  arc given i n  Tablc? 
I. These v a l u e s  have been c s l c c l a t e d  as sum in^ t h a t  i n s i d e  
room and a i r .  space  vapour p r c s s u r e s  correspond t o  s a t u r a t i o n  
a t  t h e  tempera tures  of  t h e  i n n e r  s u r f a c e s  o f  t h e  i n n e r  cine 
o u t e r  panes r e s p e c t i v e l y .  O u t s i d e  vapour p r e s s u r e s  
talcen a s  t hose  which corresponcled -to sai;r;ra.tio.n a t  t h e  ou t -  
s i d e  a i r  tc-niperalure. Surf;:tce 2;cmpcr.a-Lures were calculat; .cd 
f o r  a n  i n s i d e  a i r  temperatu.r.c o:T 70°P, n s su r r~ ing  an o v e r - s l i  
"U" va lue  f o r  t h c  window of  0.53, and. i r rs idc  a n d  ou~i;sicle 
f i l m  coc-f J i c i e n t s  o J  1 .5  a n d  G .  t3 :respet:t,ively. Thesc ccu:ff i-  
c i e n t s  are  basecl on heat tranr;rnissi.op.! d.::!tri fo:r rvindo:~~s 1.0 
-the 1957 ASI-TLL' G.l. l i t ic: .  . 



The vapour pressure  d i f f e r e n c e  a c r o s s  t h e  inner  pane 
is  s e v e r a l  t imes g r e a t e r  i n  a l l -  cases  than  t h e  vapoul- pressure  
d i f f e rence  a c r o s s  o u t e r  pane, t h e  r a t i o  of t h e s e  pr-cssuce 
d i f f e r e n c e s  i n c r e a s i n g  wi th  decreas ing  ou-tside temperature.  
Thus, t-o maintain outflovr equal t o  inf low,  t h e  e f f e c t i v e  
r e s i s t a n c e  t o  vapour flow by d i f f u s i o n  of t h e  i n n e r  g laz ing  
must  be many t imes  t h a t  of t h e  o u t e r  g laz ing .  

(ii) A i r  pressure  d i f f e r e n c e s  due t o  wind 

A number of f a c t o r s  may c o n t r i b u t e  t o  t o t a l  pressure  
d i f f  el-ences a c r o s s  windows. One of t h e  most commonly recognized 
i s  wind. A i r  movement around a  s t r u c t u r e  w i l l  r e s u l t  i n  a  
p a t t e r n  of pressure  v a r i a t i o n s  a t  t h e  su r face  of t h e  s t r u c t u r e .  
This pressure  pa-t%ern w i l l  depend on t h e  shape and s i z e  of 
t h e  bui lding,  t h e  in f luence  of ad jacen t  bu i ld ings  o r  t e r r a i n  
and t h e  d i r e c t i o n  and v e l o c i t y  of t h e  wind. I n  t h e  s imples t  
cases  it can be assumed t h a t  t h e  p ressu res  on leeward w a l l s  
a r e  below barometr ic  while  those  on windward w a l l s  a r e  above 
it. Pressures  on t h e  windward s i d e  may exceed barometr ic  
by approximately 0.7 t o  0.9 of t h e  wind v e l o c i t y  head while 
those  on t h e  leeward s i d e  may be of t h e  o rde r  of 0.5 v e l o c i t y  
heads l e s s  than  barometric.  P ressu res  i n s i d e  t h e  bu i ld ing  
r e s u l t i n g  from wind a c t i o n  w i l l  depend on t h e  a i r  leakage of 
elements of t h e  enclosure.  I f  t h e  leakage c h a r a c t e r i s t i c s  
of a l l  exposures a r e  similar t h e  p ressu res  i n s i d e  may be of 
t h e  o r d e r  of 0.2 t o  0.3 v e l o c i t y  heads l e s s  than  barometr ic ,  
Ins ide  p ressu res  may be lower o r  h igher ,  depending on t h e  
a i r  leakage of windward and leeward exposures. 

Thus, t o t a l  a i r  pressure  d i f f e r e n c e s  a c r o s s  t h e  windows 
on t h e  windward s i d e  corresponding t o  approximately one v e l o c i t y  
head can be expected, while  pressure  d i f f e r e n c e s  of 0,3 
v e l o c i t y  heads can occur,  on t h e  leeward s i d e .  These pressure  
d i f f e rences  w i l l  be i n  oppos i te  d i r e c t i o n s ,  t h a t  on t h e  wind- 
ward s i d e  l ead ing  t o  inf low and t h a t  on t h e  leeward s i d e  
l ead ing  t o  outflovr. With h e a t  l o s s  t h e  most s ign i f i can ' t  
flow r e s u l t s  a t  t h e  h igher  pressure  d i f f e r e n c e  - u s u a l l y  on 
t h e  windward s i d e .  Wi-th condensation however, it i s  flow 
from i n s i d e  t o  out  t h a t  i s  undes i rable  s i n c e  it r e s u l t s  i n  a 
n e t  g a i n  i n  water  vupour t o  t h e  a i r  space.  Table I1 g i v e s  the  
poss ib le  pressure  d i f f e r e n c e s  a c r o s s  a leeward window a s  a  
r e s u l t  of wind a c t i o n ,  based on 0.3 v e l o c i t y  heads and wi th  an 
a i r  dens i ty  of 0.075 lb/cu f t .  

(iii) A i r  pressure  d i f f e r e n c e s  due t o  chimney e f f e c t  

A second major f a c t o r  c o n t r i b u t i n g  t o  t h e  t o t a l  pressure  
d i f f e r e n c e  a c r o s s  windows can be c a l l e d  s t a c k  o r  chimney e f f e c t .  
Pressure  d i f f e r e n c e s  a r e  c rea ted  be-tween two inter-connected 
columns of air a t  d i f f e r e n t  temperatures  as a  r e s u l t  of d i f f e r e n c e s  



i n  d e n s i t y .  F igure  l a  r e p r e s e n t s  an enc losed  colurnn of  a i r  
with a s i n ~ l e  opening,  a t  a h i e h e r  t empera ture  t h a n  t h e  
sur.rounding air. Ui~der  t h i s  c o n d i t i o n  t h e  p r e s s u r e s  i n s i d e  
and o u t  w i l l  be t h e  sane a t  the l e v e l  o f  t h e  opening,  b u t  
t h e r e  v ~ - i l l  be p r e s s u r e  d i f f e r e n c e s  a t  o-ther l e v e l s .  These 
w i l l  depcad on t h e  d i s t a n c e  froin t h e  l e v e l  of  no p r e s s u r e  
d i f f e r e n c e  ( o r  n e u t r a l  zone) and t h e  d i f I e r c n c e  i n  densit;? 
o f  i n s i d e  and o u t s i d e  a i r .  Thus, t h e  p r e s s u r e  i n s i d e  w i l l  
be l e s s  t h a n  o u t s i d e  below t h e  opening and g r e a t e r  t h a n  
o u t s i d e  above t h e  opening. 

F igure  l b  r e p r e s e n t s  a n  enc losed  column of  ail- a t  a 
h i g h e r  telnpcra-Lure t h a n  t h e  sur rounding  a i r  and with openings 
a t  ~ L * I O  d i f f e r e n t  l e v e l s .  I n  t n i s  c a s e ,  t h e  n e u t r a l  zone w i l l  
be sornev~here bebs~een t h e  openings ,  and c l o s e r  t o  t h e  opening 
hav ing  t h e  l e a s t  r e s i s t a n c e  t o  f low. If t h e  openings  have 
similar r e s i s t a n c e s  tne  n e u t r a l  zone w i l l  be midway between 
them. Again, t h e  p r e s s u r e  i n s i d e  w i l l  be l e s s  t h a n  o u t s i d e  
below t h e  n e u t r a l  zone and g r e a t e r  t h a n  o u t s i d e  above t h e  
n e u t r a l  zone. Thus, t h e r e  w i l l  be i n f l o w  a t  t h e  bottom and 
ou'tflow a t  t h e  t o p .  

This  s i t u a t i o n  i s  analogous t o  t h a t  which o c c u r s  i n  
a h e a t e d  b u i l d i n g .  A i r  w i l l  come i n  through openings  below 
t h e  n e u t r a l  l e v e l  and go o u t  th rough  openings  above. The 
loca - t i on  of t h e  n e u t r a l  zone w i l l  depend on t h e  v e r t i c a l  d i s -  
t r i b u t i o n  o f  openings  between i n s i d e  and o u t s i d e  and t h e i r  
r e l a t i v e  r e s i s t a n c e s .  This  s u g g e s t s ,  t h a t  t h e  neu t r a l - zone  
loca - t i on  might be determined by t h e  d i s t r i b u t i o n  o f  c r a c k s  i n  
windows and doors. Any such s imple  c a l c u l a t i o n  w i l l  u s u a l l y  
l e a d  t o  t h e  conclusion.  t h a t  t h e  n e u t r a l  zone i s  below o r  i n  
t h e  v i c i n i t y  o f  t h e  first  f l o o r  windows i n  a s i n g l e  s t o r y  
house with basement and,  a9proximately  a t  t h e  l e v e l  o f  t h e  
second f l o o r  i n  a 0:lo s t o r y  house. Although t h e r e  have been 
few exper imenta l  d e t e ~ n i n n t i o n s  of  n e u t r a l  zones i n  houses  
t h e  d a t a  a v a i l a b l e  (1) sugges t  t h a t  t h e  a c t u a l  l e v e l s  a r e  
cons ide rab ly  h i g h e r  t h a n  t h o s e  p r e d i c t e d  on t h e  b a s i s  o f  
window and door c r a c k s  a lone .  I n  s i n g l e  s t o r y  houses  t h e  
n e u t r a l  zone may be above first f l o o r  vrindows, wh i l e  i n  t t r o  
s t o r y  houses  it may be a t  t h e  l e v e l  o f  t h e  second s t o r y  
windows. 

!This can be exp la ined ,  a t  l e a s t  p a r t l y ,  by t h e  e f f e c t ,  
o f  chimney d r a f t  on house p r e s s u r e s .  Chimney d r a f t  t e n d s  
g e n e r a l l y ,  t o  lower  i n s i d e  p r e s s u r e s  a t  a l l  l e v e l s  and t h e r e -  
f o r e  h a s  t h e  e f f e c t  o f  r a i s i n g  t h e  l o c a t i o n  o f  the  n e u t r a l  
zone. The p r e s s u r e  d i f f e r e n c e  between t h e  base of  t h e  chimney 
and o u t s i d e  norrnally i n c r e a s e s  v r i t h  i n s i d e - o u t s i d e  tempera ture  
d i f f e r e n c e  a t  a g r e a t e r  r a t e  t h a n  docs t h e  p r e s s u r e  d i f f e r e n c e  
be-t-wen any  p o i n t  i n  -the house an.d o u t s i d e ,  s i n c e  average  
f l u e  g a s  tempera-Lures a r e  hig1.lel- a t  lower  o u t s i d e  tempera tures .  



Thus t h e  e f f e c t  of t h e  cliimney on tlie n e u t r a l  zone lucatioln 
w i l l  vary ,  being l e a s t  e f f e c t i v e  a t  small  indoor-outdoor 
ternpcrature d i f f e r e n c e s  . 

Kitchen exhaust f a n s ,  when opera t ing ,  w i l l  cause a 
lowering of i n s i d e  p ressu res  and w i l l  have t h e  e f f e c t  of 
inc reas ing  t h e  h e i g h t  of t h e  n e u t r a l  zone. Ayy tendency t o  
p ressu r i ze  t h e  house, such as  would occur  i f  a n  ou t s ide  a i r  
supply duct were connected t o  t h e  r e t u r n  s i d e  of a fo rced  
warm a i r  furnace ,  v ~ i l l  have t h e  oppos i te  e f f e c t .  A f i r e p l a c e  
wi th  open damper o r  any similar s t a ck  terminat ing above house 
l e v e l ,  w i l l  r e s u l t  i n  a n  inc rease  i n  t h e  h e i g h t  of t h e  n e u t r a l  
zone. 

The l o c a t i o n  of t h e  n e u t r a l  zone i n  c o m e r c i a l  bu i ld ings  
depends on t h e s e  same f a c t o r s .  Again, few measurements have 
been repor ted .  Unpublished work by t h e  ASHAE l a b o r a t o r y  on 
pressure  d i f f e rences  a c r o s s  en t rances  of t a l l  bu i ld ings ,  
hwaever, sugges ts  t h a t  t h e  n e u t r a l  zone l o c a t i o n  i n  such s t r u c -  
t u r e s  i s  g e n e r a l l y  w e l l  above mid he ight .  

The i n s i d e  and ou t s ide  pl-essure d i f f e r e n c e s  r e s u l t i n g  
from ins ide -ou t s ide  temperature d i f f e r e n c e s  can be seen  i n  
Table I11 which g i v e s  pressure  d i f f e r e n c e s  p e r  f o o t  a t  d i f f e r e n t  
ou t s ide  temperatures.  The va lues  a r e  based on an i n s i d e  tempera- 
t u r e  of 70°P and a  dens i ty  of 0.075 lb/cu f t .  To dete-mine 
t h e  ac- tual  pressure  d i f ference  and i t s  d i r e c t i o n  a t  any l e v e l  
t h e  loca t io l l  of t n e  n e u t r a l  zone m u s t  be known. 

( i v )  Air flow c h a r a c t e r i s t i c s  of windows 

The e q u a t i o ~ i  usua l ly  used t o  express  a i r  flow through 
windows under t o t a l  pressure  d i f f e r e n c e s  is: 

Q = ~ ( b  pIn where Q = volume r a t e  of flow 

a p  = pressure  d i f f e r e n c e  a c r o s s  window 

C = a i r  leakage c o z f f i c i e n t  

n = exponent of a i r  flow 

The passages through which a i r  f l o ~ v s  i n  windov~s a r e  
u s u a l l y  cornplex i n  form, o f t e n  col l s i s t ing  of a v a r i e t y  of 
o r i f i c e s ,  enlargements, c o n t r a c t i o n s ,  bends, e t c .  Plovi i n  
t h e s e  passages may be laminar  o r  turlu.ulent, depending on a i r  
flow r a t e s .  Tile exponent of  a i r  f l o 7 ~  "nn" therefore v a r i e s  with 

I 
window type and flow r a t e ,  having va lues  between 3 and 1, and 
must be determined by tes- t .  Over a cons iderable  range i n  flow 
r a t e s ,  however, 'In" may be assumed constal-lt fo:r p r a c t i c a l  
purpcrses. In double wiriilows t h e  rcsist :2ncc ' to air florv of the 
p,5sc;ages l e a d i n g  froin i n s i d e  t h e  buj-liiing -Lo tl~i: a i r  space 
rnay i.lr: d i f f e r e n t  from thn-t of :.pa:-;szz:.cs 1 e n d i . n ~  i's.om t he  
aii..zpai:r: t o  o u t s i d e  t h e  bui ld ing .  l'l~is i s  no-t s i c ; ~ . ) i f i c a n t  fox. 



a i r  l e a k a ~ e  clza.-acteristics of  windo:vs v ~ i t i - 1  r e s p e c t  t o  h e a t  
l o s s ,  whcre o v e r - a l l  leakazr? va lues  a r e  impor-Lalit. The 
r e l a t i v e  a i r  leakage c h a r a c t e r i s t i c s  of passages i n t o  and 
ou t  of t h e  a i r  space,  however, may be h i g h l y  s i g n i f i c a n t  f o r  
condensa-l;ion between panes. This i s  app:imn% when -the 
d i s t r i b u t i o n  of t o t e 1  p ressu res  and r e s u l t i n g  a i r  f lows 
a c r o s s  double tvindor~s a r e  considered. 

Figdu r e  2  i l l u s t i . a t e s  t h e  v a r i a t i o n s  i n  prcssure  with 
he igh t  a c r o s s  a double window subjec ted  t o  a  temperature 
g rad ien t  vvhere t h e  n e u t r a l  zonc occurs a t  mid-height. I n  
r ep resen t ing  t h e  r e l a t i v e  s l o p e s  of t h e  pressure  d i s t r i b u t i o n  
curves it w a s  assumed t h a t  t h e  temperature of t h e  a i r  space 
w a s  c l o s e r  t o  outsit ie ternpcrature than  t o  insi6.e.  The pressure  
d i s t r i b u t i o n s  (Fig.  2 a )  w i l l  r e s u l t  vihenever t h e  r e s i s t a n c e  
t o  flow above and below t h e  n e u t r a l  zone around e i t h e r  o r  
both panes, i s  equal .  For example, t h i s  w i l l  occur wi th  t h e  
passages uniformly d i s t r i b u t e d  around t h e  periphery of one 
o r  both panes. 

Uncler t h e s e  circv.mstances t h e  a i r  space pressure  is  
between i n s i d e  and ou t s ide  pressures  a t  a l l  l e v e l s .  Thus 
i n s i d e  pressure  is  h i g h e r  than  t h e  a i r  space prcssure  above 
t h e  n e u t r a l  zonc and lower belotv t h e  n e u t r a l  zone. S imi la r ly ,  
t h e  a i r  space pressure  i s  h i g h e r  than  t h e  ou t s ide  pressure  
above t h e  n e u t r a l  zone and lower below t h e  n e u t r a l  zone. 

The a i r  flotvs r e s u l t i n g  from t h e s e  pressure  d i s t r i -  
but ions  w i l l  depend on t h e  l o c a t i o ~ i s  and r e s i s t a n c e s  of t h e  
passages.  Flew w i l l  vary from zero through passages l o c a t e d  
a t  t h e  n e u t r a l  zone t o  a maxirnun~ through passages a t  t h e  t o p  
and bo t ton  of t h e  windon. The a i r  space can in terchange  a i r  
both wi th  t h e  i l ~ s i b e  and o u t s i d e ;  t h e  r e l a t i v e  amounts 
depend on t h e  r e l z t i v e  r e s i s t a n c e  t o  flow of t h e  passnt:es. 
I f  t h e  i n s i d e  of t h e  wi~dov; were comple-bely s e a l e d  t h e  a i r  
space would. in-burchange a i r  wi th  the  ou-tside only.  

Figure 2b i l l u s t r a t e s  pressure  d i s t r i b u t i o n s  when 
passages of t h e  ou t s ide  pane a t  t h e  bottom have much lovrer 
r e s i s t a n c e  t o  flow t h a n  o t h e r  passages.  

S imi la r ly ,  Figure 2c shovrs pressure  d i s t r i b u t i o n s  
wi th  t h e  low res i s t z l i ce  passages a t  t h e  t o p  of t h e  ou t s ide  
pane. For t h e  s i t u a t i o n s  ill-us1;rated i n  Figs. 2b and 2c 
apprec iab le  a i r  flow w i l l  occur. when t h e r e  a r e  openings 
p a s t  both i n n e r  and outel- panes, -the flow being from ir ls ide 
t o  out  i n  t h e  former and from out-side t o  i n  i n  t h e  1-atter.. 

Figure 3 i l l v . s t r a t e s  t h e  v a r i a t i o n s  i n  prcssure with 
h e i g h t  a c r o s s  a  double t'indov~ subjec ted  t o  a  ternperaJ~ure 
g rad ien t  vihere t h e  n e u t r a l  zone i s  below t h e  winclov~, i. e. , 
where t h e  t o t a l .  p r c s s u r e  i n s i d e  i s  g r e a t e r  than  t h e  t o t a l  
pressure  ou t s ide  a t  all .  l e v e l s .  



Figure 3a r e p r e s e n t s  t h e  p ressu re  condi t ions  when t h e  
r e s i s t a ~ i c e s  t o  flow around both panes a r e  equal.  The a i r  
space pressure  i s  approximately mid-way between i n s i d e  and 
ou t s ide  p ressu res  and flow i s  from i n s i d e  t o  out  through a l l  
openings. The a i r  space does n o t  in terchange  a i r  w i t h  t h e  
i n s i d e  o r  o u t s i d e ,  Figure 3 b  r e p r e s e n t s  t h e  pressure  d i s t r i -  
bu t ion  tvhen t h e  r e s i s t a n c e  t o  flow through passages of t h e  
i n n e r  pane i s  much g r e a t e r  than  t h a t  f o r  f low through passages 
of t h e  o u t e r  pane t h e s e  being evenly d i s t r i b u t e d  above and 
below t h e  mid-height of  t h e  window, i. e . ,  w i t h  equal openings 
t o p  and bottom, Under t h e s e  cond i t ions  t h e  pressure  a t  t h e  
top  of t h e  a i r  space i s  g r e a t e r  t h a n  ou t s ide  and t h e  pressure  
a t  t h e  bottom i s  l e s s ,  The a i r  space can in terchange  a i r  with  
t h e  ou t s ide ,  a l l  outflow passing through t h e  upper passages of 
t h e  o u t e r  pane. This inc ludes  both  t h e  inf low through t h e  
lower openings of t h e  o u t e r  pane and t h e  flow from i n s i d e  t o  
t h e  ail- space through passages of  t h e  i n n e r  pane. 

These condi t ions  can only be approached i f  t h e  pressure  
d i f f e r e n c e  requ i red  t o  move a l l  t h e  a i r  through t h e  upper 
openings i n  t h e  o u t e r  pane i s  l e s s  than  t h a t  c rea ted  by t h e  
d i f f e r e n c e  i n  weight between t h e  columns o f  a i r  i n  t h e  space 
between t h e  panes and t h e  ou t s ide ,  A more d e t a i l e d  discussion. 
of a i r  f l o w  c h a r a c t e r i s t i c s  of t h e  window i s  given i n  Appendix A. 

Figure 3c r e p r e s e n t s  t h e  p ressu re  d i s t r i b u t i o n  when 
t h e  r e s i s t a n c e  t o  flow through t h e  passages o f  t h e  o u t e r  pane 
is much g r e a t e r  than  through those  of  t h e  i n n e r  pane, t h e  
passages of both panes being equa l ly  d i s t r i b u t e d  above and 
below t h e  mid-height of t h e  window, Under t h i s  cond i t ion  t h e  
a i r  space w i l l  in terchange  a i r  w i t h  t h e  i n s i d e ,  t h e  amount of 
a i r  flow through t h e  o u t e r  pane being equal t o  t h e  d i f f e r e n c e  
i n  inf low and outflow p a s t  t h e  i n n e r  g laz ing .  

(v) \Taker vapour t ransmiss ion  by a i r  flow 

The foregoing  d i scuss ion  of pressure  d i s t r i b u t i o n s  
a c r o s s  double windows has  shown t h a t ,  w i th  t h e  a i r - f l o w  
r e s i s t a n c e  of t h e  i n s i d e  pane s u f f i c i e n t l y  h igher  than  t h e  
ou t s ide  pane, and w i t h  t h e  openings i n  t h e  ou t s ide  pane l o c a t e d  
a t  t h e  t o p  and bottom of t h e  window, t h e  a i r  space can i n t e r -  
change a i r  with  t h e  ou t s ide  even when a n  o v e r - a l l  flow from 
i n s i d e  t o  ou t s ide  occurs ,  The r e l a t i o n s h i p  between these  a i r  
f lows and condensation can be shown by a  simple mass balance,  

If vapour f l o w  by d i f f u s i o n  is neglec ted  t h e  n e t  g a i n  
of water  vapour by t h e  a i r  space as  a r e s u l t  of a i r  flow f r o m  
t h e  i n s i d e  i s  given by t h e  equat ion 
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i s  volume r a t e  o f  flovi i n t o  t h e  a i r  space  from 
t h e  i n s i d e  

di 
i s  t h e  d e n s i t y  o f  t h e  i n s i d e  a i r  

$ i s  t h e  s p e c i f i c  humidi ty  o f  t h e  i n s i d e  a i r  

i s  t h e  s p e c i f i c  humidi ty  o f  t h e  a i r  i n  t h e  space  
between t h e  panes,  

The n e t  l o s s  o f  w a t e r  vapour by t h e  a i r  space  as a 
r e s u l t  o f  a i r  f low from t h e  o u t s i d e  i s  g iven  by t h e  e q u a t i o n  

where Qo i s  t h e  volume r a t e  o f  f low i n t o  t h e  a i r  space 
from t h e  o u t s i d e  

do 
is t h e  d e n s i t y  o f  t h e  o u t s i d e  a i r  

$s 
i s  t h e  s p e c i f i c  humidi ty  of  t h e  a i r  i n  t h e  space  
between t h e  panes 

$ is  t h e  s p e c i f i c  humidi ty  o f  t h e  o u t s i d e  a i r .  

To p reven t  condensa t ion  t h e  n e t  g a i n  i n  wa te r  vapour 
by t h e  a i r  space must equa l  t h e  n e t  l o s s  of  w a t e r  vapour by 
t h e  a i r  space.  

Equat ing equa t ion  ( 2 )  t o  ( 3 )  it can be shown t h a t  

The minimum r a t i o s  o f  o u t s i d e  t o  i n s i d e  a i r  t o  
p reven t  condensa t ion  a t  d i f f e r e n t  o u t s i d e  tempera tures  
a r e  g iven  i n  Table I V ,  These v a l u e s  have been c a l c u l a t e d  
assuming s p e c i f i c  h u m i d i t i e s  f o r  i n s i d e  room and a i r  space  
corresponding t o  s a t u r a t i o n  a t  t h e  tempera tures  o f  t h e  i n n e r  
and o u t e r  panes ,  r e s p e c t i v e l y .  Outs ide  s p e c i f i c  h u m i d i t i e s  
were t a k e n  as  t h o s e  corresponding t o  s a t u r a t i o n  a t  t h e  o u t s i d e  
a i r  tempera ture .  Surface  tempera tures  used were t h o s e  given  
i n  Table I. The va lue  o f  t h e  minimum r a t i o  i n c r e a s e s  w i t h  
dec reas ing  o u t s i d e  tempera ture ,  

Another f a c t o r  which produces t o t a l  p r e s s u r e  d i f f e r c n c c s  
between t h e  air' space  and o u t s i d e  i s  a  change i n  i ts  tempera- 
t u r e .  If t h e  window i s  riot s e a l e d  t h i s  p r e s s u r e  d i f f e r e n c e  
w i l l  cause  a i r  f low t o  o r  from t h e  a i r  space  and t h e  window 
i s  s a i d  t o  "brcat,hcfl.  The t o t a l  amount o f  a i r  i n t e r c h a n g e  
can  be c a l c u l a t e d  from t h e  s imple  G a s  Laws and w i l l  depend 
or1 t h e  mcignitude of  t h e  tcmperatul.e change artd t h e  volume of 



t h e  a i r  enclosed i n  t h e  space between t h e  panes. Whether 
t h e  a i r  space w i l l  l o s e  o r  g a i n  water  vapour as a  r e s u l t  of 
t h i s  mechanism w i l l  depend on whether t h e  major openings a r e  
around t h e  o u t e r  o r  i n n e r  panes. 

11. DESCRIPTION O F  WINDOWS AND TEST INSTALLATIOIf 

A l l  t e s t s  descr ibed i n  t h i s  r e p o r t  were car r ied .  out  
on t h r e e  specimens of a window having i n n e r  and o u t e r  g laz ings  
i n  t h e  same sash ,  d e t a i l s  of which a r e  shown i n  Fig. 4. The 
o u t e r  g laz ing  was f i x e d  and sea led  t o  t h e  sash  wi th  puat;ty. 
The inn.er g laz ing  w a s  normally f i x e d  bu t  he ld  i n  place  on t h e  
wood sash  wi th  aluminum c l i p s  so  t h a t  it could be removed f o r  
c leaning.  

During t h e  condensation t e s t s  v a r i a t i o n s  were made in 
t h e  i n n e r  g laz ing  t o  a l t e r  t h e  r e s i s t a n c e  t o  a i r .  and water  
vapour flow from t h e  i n s i d e  t o  t h e  a i r  space (Pig .  5 ) .  Pigure 
5a shows t h e  i m c x  g laz ing  i n  a l i g h t  s t a i n l e s s  s t e e l  frame 
i n  d i r e c t  con tac t  wi th  t h e  wood sash.  Pigure 5b shovrs t h e  
i n n e r  g laz ing  i n  a n  alurninu~n frarne wi th  a  rubber  gasket .  
Pigure 5c shows t h e  i n n e r  g laz ing  i n  a s t a i n l e s s  s t e e l  frame 
the  per imeter  of which i s  caulked. The r e s i s t a n c e  t o  leakage 
around t h e  o u t e r  pane was  a l t e r e d  by providing d i f f e r e n t  

I numbers oP z- inch  vent  ho les  i n  t h e  t o p  and bottom members of 
t h e  sash  a s  shovvn i n  Pig. 4.  

During t n e  i n v e s t i g a t i o n  t h e  windows were i n s t a l l e d  
i n  a 4- by 8 - f t  i n s u l a t e d  wood frame w a l l  panel (P ig .  6 ) .  
Ble spaces between t h e  sashes  of t h e  windows and t h e  frames of 
tne  openi:lgs were sea led  with caulking conipound a s  shown i n  
Pig. 5. 

Pigure 7 shows t h e  p lan  of t h e  cold  room. The w a l l  
parlel fo-med p a r t  of a  p a r t i t i o n  v?hich d iv ided  t h e  cold  roo1n 
i n t o  a l a r g e  and s m a l l  co:npartment. I n  t h i s  r e p o r t  t h e  l a r g e  
and small  compartments a r e  termed cold  room and w a r x i  room 
respec-tfvely.  During t h e  condensation and temperature measure- 
ment t e s t s  t h e  cold room provided outdoor condi t ions  vihile the  
warm room provided condi t ions  i n s i d e  bui ld ings .  

The main d i f f u s e r  provided t h e  cool in,^ i n  t h e  cold room 
f o r  m o s t  of t h e  tssts. The d i f f u s e r  contained t h e  r e f r i g e r a -  
t i o n  e v a ~ o ~ - a t o r  c o i l s  and t h e  e l c c - t r i c  r e h e a t  elements. A 
f a n  c i r c u l a t e d  a i r  over  t h e  c o i l s  and r e h e a t e r s .  Ilie air 
temperature v a r i a t i o n  a t  any po in t  i n  t h e  cold room d i d  no-t 
exceed f 0.35OF. !The f l o o r - t o - c e i l i n g  a i r  temperature 
g rad ien t  d i d  no-t exceed 1°P. This  was achieved by t h e  use of  
a modulatin[; temperature cont-v-oller which regu la ted  t h e  e l e c -  
t r ixl  i n p u t  t o  the h e a t e r s ,  w i th  t h e  r e f r i s e r a t i o n  s y s t e m  
opera t ing  con t in~ ious ly  . 



The a i r  rnovsd i n  a do~vnward d i r e c t i o n  over  t h e  o u t e r  
sur face  of t h e  windows. a i r  v e l o c i t y  was not  uniform 
being 7 rnph f o r  tlie t o p  wirldow, 6 mph f o r  t h e  c e n t r e  window 
and 5 mph f o r  t h e  bo-ttorn window a s  measured by a  velorneter. 

l 'he warin room was hea ted  by g r a v i t y  baseboard con- 
v e c t o r s  l o c a t e d  appl-oxima-tely 9 i n .  froni t h e  f l o o r  on. t h e  
w a l l  oppos i te  t h e  p a r t i t i o n .  The e l e c t r i c a l  i n p u t  t o  t h e  
convectors was regu la ted  by a temperature c o n t r o l l e r .  During 
some t e s t s  the  a i r  temperature a t  the  c e n t r e  of t h e  room 
a t  a po in t  4$ f e e t  from t h e  f l o o r  w a s  maintained a t  70°J? 
w i t h i n  f lo, while i n  o t h e r  t e s t s  it was maintained a t  
approximately 73 OF. 

A humidifying system and a  dehumidifying system 
operated bjr a con tac t  meter-type of e l e c t r i c  hygrometer 
maintained t h e  des i red  r e l a t i v e  humid i t i e s  i n  t h e  room. 
Wet- and dry-bulb temperatures  were observed wi th  a n  
a s p i r a t i n g  psychrometer a t  a po in t  n e a r  the  thermosta t  loca-  
t i o n .  The humidi t ies  determined from t h e  observat ions  of 
wet- and dry-bulb temperatures  were maintained wi th in  
f 1 p e r  cent  during t h e  t e s t s .  

DESCRIPTION OF TESTS AND RESULTS 

( a )  A i r  I n f i l t r a t i o n  Tes t s  

A i r  i n f i l t r a t i o n  t e s t s  were c a r r i e d  out  on t h e  double 
window shown i n  Fig. 5b t o  determine s e p a r a t e l y  t h e  charac- 
t e r i s t i c s  of a i r  flow around t h e  i n n e r  and o u t e r  panes. Tbe 
method of ca r ry ing  o u t  t h e  t e s t s  was one commonly employed 
by o t h e r  i n v e s t i g a t o r s .  It cons i s t ed  of s e a l i n g  one s i d e  of 
t h e  window i n t o  a n  a i r  t i g h t  compartment and in t roduc ing  
01- withdrawing a i r  a t  such a  r a t e  as t o  maintain a  given 
p ressu re  d i f f e rence  a c r o s s  t h e  window. 

A l a r g e  v a r i a b l e  a r e a  flovnneter having a range of 0  
t o  33 cfm was used t o  measure a i r  flow i n  one of  t h e  t e s t s ,  
It was c a l i b r a t e d  a g a i n s t  a  l abora to ry  o r i f i c e  meter which 
was thought t o  have a poss ib le  e r r o r  of -1 p e r  cent .  m e  
a i r  flow i n  a l l  o t h e r  t e s t s  w a s  measured with a smal le r  
flowmeter having a range of 0  t o  2.1 cfm. The c a l i b r a t i o n  
suppl ied by t h e  manufac-turer sf t h e  small  flotvmeter was 
accepted.  It was poss ib le  t o  read  t h e  l a r g e  and small flow- 
meters t o  w i t h i n  ? 0.13 and 0.01 cfm r e s p e c t i v e l y .  

A displacement-type micromanometer i n  conjunct ion 
with a  s e n s i t i v e  s ingle-pan balance was used t o  measure 
p ressu re  d i f f e rences  between 0 and 0.01 i n .  of water.  A 
Betz micromanometer was used t o  measure pressure  d i f f e r e n c e s  
vihen they  exceeded 0.01 i n .  of water .  The displacement-type 
and Betz micrornanometers were s e n s i t i v e  t o  pressure  changes 
of approximately 0.0001 and 0,001 i n .  of water ,  r e spec t ive ly .  



All t he  t e s t s  were c a r r i e d  ou t  while t h e  window x a s  
i n s t a l l - e d  i n  t h e  c e n t r e  opening 05 t h e  wal l  panel i n  the  
cold room, The a i r  cond i t ions  i n  t h e  cold and warm rooms were 
measured and c o n t r o l l e d  a t  app-~.o;:irnately 7Z0P and 50 pe r  cen t  
R.II, Tl?e measured a i r  flow vTas g r e a t e r  than  t h e  a c t u a l  viindow 
leakaee  by t h e  arnoul~t of leakage through tne  cons t ruc t ion  of 
t h e  compartment. A l l  a i r  leakage f i g u r e s  have been cor rec ted  
f o r  t h e  compartment leakage except those  obta ined  i n  two 
t e s t s  where t h e  measured pressure  d i f f e r e n c e s  were l e s s  than  
0.01 i n ,  of  water .  In a d d i t i o n ,  a i r  f lows obtained under 
a c t u a l  t e s t  condi t ions  have been converted t o  flows which would 
occur mith a i r  a t  a s tandard  d s n s i t y  of 0.075 lb/cu f t ,  based 
on t h e  flow equatiorl f o r  t h e  windovi obtained by t e s t .  

Figure 8 g ives  t h e  a i r - f l o w  c h a r a c t e r i s t i c s  f o r  t h e  
f i x e d  o u t e r  g laz ing  wi th  23 and 46 vent  h o l e s  i n  t h e  wood sash 
f o r  t h e  range of  p ressu re  d i f f e r e n c e s  between 0  and 0.01 i n .  
of wa-Lcr .  Pie pressure  d i f f e r e n c e s  i n  t h e  lower p a r t  of t h i s  
range correspond t o  d i f f e r e n c e s  a v a i l a b l e  t o  cause in terchange  
Of a i r  by chimney a c t i o n  between t h e  a i r  space and ou t s ide .  There 
a r e  s e v e r a l  reasons vrhy t h e  air flow through 23 vent  h o l e s  
is no t  exac t ly  one-half t h e  a i r  f low through 46 vent  h o l e s  
a t  a l l  corresponding pressure  d i f f e r c n c e s ,  Probably t h e r e  
were var ia - t ions  i n  t h e  r e s i s t a n c e s  t o  a i r  f low of t h e  vent  h o l e s  
s i n c e  they were d r i l l e d  by hand i n t o  t h e  wood sash ,  The flow- 
meter c a l i b r a t i o n  curve suppl ied  by the manufacturer was thought 
t o  have a g r e a t e r  percentage e r r o r  a t  t h e  lower f l o v ~ s .  Also, 
t h e  percentage e r r o r  i n  reading  t h e  f l o l m e t e r  i n c r e a s e s  as t h e  
s c a l e  reading  decreases ,  I n  a d d i t i o n  t o  t h e s e  sources of  e r r o r  
t h e  leakage through t h e  cons t ruc t ion  of t h e  compartment w a s  
neglec ted  i n  these  t e s t s .  This v~ould r e s u l t  i n  a g r e a t e r  per-  
centage of e r r o r  i n  measured a i r  f low through 23 h o l e s  than  
through 46 ho les .  

Figures  9 and 1 0  g ive  t h e  c h a r a c t e r i s t i c s  of a i r  flow 
f o r  t h e  o u t e r  pane with one and 46 vent  h o l e s  r e s p e c t i v e l y  
i n  t h e  wood sash  f o r  t h e  range of p ressu re  d i f f e r e n c e s  bettveen 
0  and 0.5 i n .  of water .  The observed flow through one ho le  
i s  n o t  1/46 of t h e  flow through 46 h o l e s  because of t h e  
reasons  just mentioned, The c h a r a c t e r i s t i c s  02 a i r  flow f o r  
t h e  ou-tes pane wi th  one o r  more h o l e s  can be c a l c u l a t e d  wi th  
t h e  l e a s t  e r r o r  from t h e  c h a r a c t e r i s t i c  curves f o r  a i r  flow 
around the  o u t e r  pane wi th  46 vent  h o l e s  i n  t h e  wood sash ,  

A prel iminary s e r i e s  of t e s t s  were c a r r i e d  out  a t  a 
v a r i e t y  of p ressu re  d i f f e r e n c e s  i n  t h e  range betrrecn 0,315 and 
0.788 i n .  of water  t o  determine t h e  c h a r a c t e r i s t i c s  of a i r  
f l o n  f o r  t h e  e n t i r e  window wi th  from one t o  45  vent  ho les  i n  
t h e  wood sash.  Figure 11 g ives  t h e  r e s u l t s  f o r  t h e  t e s t s  
where the  pressure  on the i n s i d o  WES {:.reat-er than  t h a t  on t h e  
ou t s ide ,  A t  t h e  maximum pressure  d i f  fercnce u s e d  i n  t h e  t e s t ,  
Fig. 11- i n d i c a t e s  t h a t  t h e  a i r  flow d id  not  i n c r e a s e  a f t e r  
t h e  number o r  vent  ho les  exceeded 18, The r e s u l t s  ob-t-ained 
v ~ i t h  ou t s ide  pressure  g r e a t e r  than  i n s i d e  pressure silov~ed t h a t  



t h e  a i r  flow d i d  not  i n c r e a s e  a f t e r  t h e  number of  vent  h o l e s  
i n  t h e  wood sash  exceeded 30 a t  t h e  same pressure  d i f f e rence .  
A t  t h i s  po in t  t h e  p ressu re  between t h e  panes i s  t h e  same as 
t h e  ou t s ide  pressure  and t h e  a i r  flow is unaffec ted  by t h e  
presence of  t h e  ou-ter pane. 

The a i r  flows through t h e  window wi th  46 vent  h o l e s  
obtained duxi= t h e  prel iminary t e s t s  a r e  given i n  Fig. 12,  
Curve A r e p r e s e n t s  t h e  a i r  leakage c h a r a c t e r i s t i c  of t h e  
i n s i d e  g laz ing  when flow occurs  from t h e  a i r  space t o  t h e  
i n s i d e  while curve B r e p r e s e n t s  t h e  c h a r a c t e r i s t i c  of t h e  
i n s i d e  g laz ing  when flow occurs  from t h e  i n s i d e  t o  the  a i r  
space. 

A second s e r i e s  of t e s t s  were c a r r i e d  out  t o  determine 
t h e  a i r  leakage c h a r a c t e r i s t i c s  f o r  t h e  i n n e r  pane. I n  t h e  
i n t e r i m ,  however, t h e  i n s i d e  g laz ing  tvas removed and t h e n  
re fas tened  t o  t h e  wood sash  by t h e  6 aluminum c l i p s ,  The 
a i r  leakage c h a r a c t e r i s t i c s  of t h e  i n s i d e  g l a z i n g  obtained 
i n  t h e s e  t e s t s  a r e  a l s o  given i n  Pig.  12.  Curve C r e p r e s e n t s  
a i r  flow from t h e  a i r  space t o  t h e  i n s i d e  while  curve D 
i n d i c a t e s  a i r  f low from t h e  i n s i d e  t o  t h e  a i r  space. The 
d i f fe rence  between curves A and C ,  and curves B and D i s  
a t t r i b u t a b l e  t o  t h e  change of r e s i s t a n c e  of  t h e  i n s i d e  g laz ing  
a f t e r  being re fas tened  t o  t h e  wood sash.  The curves a l s o  
i n d i c a t e  t h a t  t h e  r e s i s t a n c e  t o  a i r  flow i s  g r e a t e s t  when 
it occurs from t h e  i n s i d e  t o  t h e  a i r  space. 

(b ) Temperature Measurements 

Temperature m e a s u r e ~ e n t s  were made a t  a v a r i e t y  of 
ins ide -ou t s ide  a i r  temperature d i f f e r e n c e s  on windoivs i n s t a l l e d  
i n  each of t h e  t h r e e  openings of t h e  wa l l  panel as shown i n  
Fig. 6. A l l  temperatures  were measured wi th  No. 30 B.S. 
copper-constantan thel-mocouples i n  con junct ion  wi th  a n  e lec -  
t r o n i c  temperature i n d i c a t o r .  The t o p  window was t h e  most 
f u l l y  instrumented and thermocouple l o c a t i o n s  a r e  shovm i n  
Fig. 13.  I n  t h e  c e n t r e  and bottom wi~dows thermocouples 
viere l o c a t e d  a t  mid-height, a t  10 inches above and below 
mid-height i n  t h e  a i r  space and on t h e  i n n e r  and o u t e r  s u r -  
f a c e s  of t h e  i n n e r  and o u t e r  panes. 

It was d i f f i c u l t  t o  o b t e i n  an a c c u r a t e  measurement of 
s u r f a c e  temperature.  !!hvo d i f f e r e n t  methods of f a s t e n i n g  t h e  
thermocouples were used without  complete success .  !be su r face  
temperatures  repor ted  i n  t h i s  s e c t i o n  a r e  t h e  a r i t h m e t i c  mean 
of t h e  measured temperatures  a t  i n n e r  and o u t e r  s u r f a c e s  
obtained wi th  thermocouples i n s t a l l e d  as shown i n  Fig. 131 
method 2. Appendix B d i scusses  t h e  accuracy of t h i s  procedur(>, 
The thermocouples used i n  t h e  measurement of a i r  temperature 
were unshielded. The poss ib le  d i f f e r e n c e s  between measured 
and a c t u a l  a i r  tempcra-lures a r e  discussed i n  Appendix C. 



All .  window temperatures  r epor ted  i n  t h i s  s e c t i o n  were 
obtained mith t h e  w a r n  room being opera ted  a t  low humidi t ies  
t o  minimize s u r f a c e  condensation. A t  no time was t h e r e  con- 
densa t ion  on t h e  insid.e s u r f a c e  of t h e  i n s i d e  pane; condensation 
on t h e  i n s i d e  s u r f a c e  of t h e  o u t e r  pane f i r s t  occurred a t  a 
cold  room temperature of OOP. Surface temperature measurements 
taken during condensation t e s t s  a r e  discussed i n  Appendix D. 

A v e r t i c a l  s t r i n g  of  thermocouples w a s  i n s t a l l e d  a t  
t h e  c e n t r e  of  t h e  mazm room and temperature g r a d i e n t s  were ob- 
t a i n e d  f o r  each t e s t ,  Typical  g r a d i e n t s  obta ined  a t  d i f f e r e n t  
co ld  room temperatures  a r e  g iven  i n  Pig,  14..  Some measurements 
were made of v e r t i c a l  a i r  temperature g r a d i e n t s  i n  t h e  cold  
room, bu t  t h e s e  d id  no t  exceed one degree. 

Figure l 5  g ives  a t y p i c a l  s e t  of v e r t i c a l  temperature 
g r a d i e n t s  obta ined  f o r  t h e  t o p  window a t  a n  i n s i d e  - o u t s i d e  
a i r  temperature d i f f e r e n c e  of 70°F. A l a r g e  g rad ien t  i n  t h e  
a i r  space i s  evident ,  i n d i c a t i n g  tha t  convection i s  a n  impor- 
t a n t  mechanism of h e a t  t r a n s f e r  a c r o s s  the  space.  !&is a i r  
temperature g r a d i e n t  i s  r e f l e c t e d  i n  t h e  i n s i d e  su r face  
temperature of t h e  i n n e r  pane, t h e  s u r f a c e  temperature being 
approximately 34OF a t  t h e  bottom and 44OF a t  t h e  top.  There 
i s  only  a 3-degree v a r i a t i o n  i n  t h e  i n s i d e  su r face  temperature 
of t h e  o u t e r  pane from t o p  t o  bottom. This g rad ien t  i s  l e s s  
t h a n  tha t  on t h e  i n n e r  pane s i n c e  t h e  ou t s ide  f i l m  c o e f f i c i e n t  
i s  h igher  t h a n  t h e  i n s i d e  one. 

A l l  t h e s e  g r a d i e n t s  a r e  dependent on t h e  i n s i d e  - ou t s ide  
a i r  temperature d i f f e rences .  F i w r e s  16 ,  17 and 18 g ive  t h e  
v e r t i c a l  temperature g r a d i e n t s  f o r  t h e  i n n e r  pane, a i r  space 
and t h e  o u t e r  pane of t h e  t o p  window a t  a number of co ld  room 
temperatures  w i t h  an  i n s i d e  a i r  temperature 09 70°F a t  t h e  
45-ft l e v e l ,  There were d i f f e r e n c e s  i n  t h e  v e r t i c a l  tempera- 
t u r e  v a r i a t i o n s  of t h e  t h r e e  windows. For t h e  top ,  c e n t r e  and 
bottom windov~s r e s p e c t i v e l y ,  t h e s e  g r a d i e n t s  were 5,  8, and 14OF 
f o r  t h e  o u t e r  pane, 43, 51 and 40°P f o r  t h e  a i r  space and 15 ,  
20, and 20°F f o r  t h e  i n n e r  pane a t  a n  i n s i d e  - 0utsid.e a i r  
temperature d i f f e r e n c e  of 100°P. A i r  temperatures  1 3/4 i n ,  
from t h e  i n s i d e  s u r f a c e s  of t h e  i n n e r  pane of t h e  t o p ,  c e n t r e  
and bottom windovis were 68, 66, and 65OP respec t ive ly .  The 
v a r i a t i o n s  i n  t h e  v e r t i c a l  temperature g r a d i e n t s  of  t h e  windows 
a r e  perhaps a t t r i b u t a b l e  i n  p a r t  t o  v a r i a t i o n s  i n  t h e  convection 
c o e f f i c i e n t s  w i t h  h e i g h t  on t h e  s u r f a c e s  f a c i n g  t h e  w a r m  and 
cold  rooms. 

The e f f e c t s  of var ious  amounts of  a i r  flovi from t h e  
out-side i n t o  t h e  a i r  space on t h e  temperatures  of  t h e  a i r  
space and i n n e r  and o u t e r  panes of  t h e  c e n t r e  window were 
s t u d i e d  a t  co ld  room temperatures  of 0  and -30°F. A t  both 
cold room temperatures  measurements were begun wi th  a l l  t h e  
vent  h o l e s  open i n  t h e  t o p  and bottom members of  t h e  wood sash. 
The number of open ven-t ho les ,  t o p  and bottom, was then  



success ive ly  decreased. These t e s t s  (Table V )  showed t h a t  
t h e  temperature a t  t h e  t o p  of t h e  air. space increased  by 
approximately 3OP when t h e  cen t re  vent- h o l e s  i n  t h e  t o p  and 
bottom members of t h e  sash  were closed. A s  more vent  h o l e s  
were closed t h e  temperature a t  t h e  t o p  of t h e  a i r  space 
graclually increased.  There was a l s o  some inc rease  i n  t h e  
s u r f a c e  temperatures  of both t h e  i n n e r  and o u t e r  panes, 
\%en all. t h e  h o l e s  were c losed  t h e  temperature a t  t h e  t o p  
of t h e  a i r  space i r c r e a s e d  by approximately 1 0  and 16OF a t  
cold  room ternperz%ures of 0  and -30°P r e s p e c t i v e l y ,  Under 
t h e s e  same t e s t  condi t ions  t h e r e  was an i n c r e a s e  i n  su r face  
temperature of approximately 2OP only,  The i n c r e a s e  i n  h e a t  
flow t h r o u ~ h  a  double window a s  a r e s u l t  of a i r  interchange 
between t h e  a i r  space and ou t s ide  i s  discussed  i n  Appendix E. 

A f i n a l  t e s t  was c a r r i e d  out  on t h e  c e n t r e  window 
a t  an i n s ide -ou t s ide  a i r  temperature d i f f e rence  of 70°P t o  
determine t h e  e f f e c t  of inc reas ing  t h e  width of  t h e  s i l l  from 
1 3/4 t o  4 3/4 i n ,  Table V I  g ives  measured temperatures  f o r  
s i l l  v ~ i d t h s  of  1 3/4, 2  3/4, 3  3/4 and 4 3/4 i n .  There w a s  
no apprec iable  change i n  t h e  measured temperatures  as a  
r e s u l t  of changing t h e  s i l l  width i n  t h e  above range, 

( c )  Condensation Tes t s  

Two s e r i e s  of t e s t s  were c a r r i e d  ou t  t o  permit 
observa t ion  of t h e  ex ten t  of condensation on t h e  i n s i d e  
su r faces  of t h e  i r a e r  and o u t e r  panes under var ious  t e s t  
condi t ions .  Pigure 5c shows t h e  bo-Ltom vaindow and Fig.  ?a 
i s  a c r o s s  s e c t i o n  of  t h e  o t h e r  two windows i n  t h e  first 
s e r i e s  of t e s t s ,  Some vent ing  of t h e  a i r  space t o  ou t s ide  
was provided i n  t h e  c e n t r e  window. The t e s t s  revealed t h a t  
it would be advantageous t o  modify t h e  i n n e r  g laz ing  t o  r e d u c e  
t h e  amount of water  vapour being t r a n s f e r r e d  t o  t h e  a i r  space,  
I n  t h e  second s e r i e s  of condensation t e s t s  t h e  bottom airLdow 
had i n n e r  g laz ing  a s  before while  t h e  c e n t r e  and t o p  had 
modified i n n e r  g laz ings  a s  shown i n  Fig. 5b. Various degrees 
of vent ing  of t h e  a i r  space t o  ou t s ide  were provided i n  t h e  
bottom and cen t re  windows. 

In  t h e  two s e r i e s  of condensation t e s t s  t h e  cold  room 
temperature was cycled f o r  a two-week period follovred by 
s teady s t a t e  t e s t s  a t  d i f f e r e n t  cold. room temperatures  and 
r e l a t i v e  humidi t ies  i n  t h e  warm room, The cyc l ing  t e s % a  
viere c a r r i e d  out  t o  determine t h e  e f f e c t  of t h e  "breathing 
a c t i o n "  of  t h e  a i r  between t h e  panes on t h e  accumulation of 
condensction on t h e  i n s i d e  su r face  of t h e  o u t e r  pane, During 
t h e s e  t e s t s  t h e  cold room temperature w a s  cycled d a i l y  between 
-6.20 and - 20°F r r ~ h i l e  a  temperature of 70°P and 30 pcr  cen t  R.II. 
were maintaizied i n  t h e  w a r m  room. A d a i l y  cycle  cons i s t ed  of 
lo:-;criny; t h e  t - c~ t ipc ra~urc  from +20 t o  -20°P i n  8 I l o~ j r s ,  
raisin,; i t -  fro51 -20 -to -t20°1J in 13 h0ur.s and f ir1:11 1 ;L- m:~intc?irlin{; 
-t2C!oii' f o r  t h e  rcr:!aining 8 lloul'::;, 



During t h e  s t eady  s t a t e  t e s t s  t h e  temperature and 
r e l a t i v e  humidity i n  t h e  warm room were cons tant .  The cold 
room temperature was a l s o  he ld  cons tan t  but  n o t  t h e  r e l a t i v e  
humidity. Two l e v e l s  of r e l a t i v e  humidity were maintained i n  
t h e  warn room a t  each of t h e  cold  room temperatures.  The 
lower l~umid i ty  w a s  chosen t o  just '  cause condensation a long the  
bottom of t h e  i n s i d e  s u r f a c e  of t h e  i n n e r  pane while t h e  h igher  
humidity provided a  more s e r i o u s  condensation condi t ion.  

No a t tempts  were made t o  c l e a r  t h e  f r o s t  from t h e  
i n s i d e  s u r f a c e s  of t h e  o u t e r  panes i n  t h e  i n t e r v a l s  between 
va r ious  t e s t s  i n  t h e  f i r s t  s e r i e s .  The observat ions ,  t h e r e f o r e ,  
were inconclusive.  I n  t h e  second s e r i e s ,  however, t h e  o u t e r  
panes were c l e a r e d  of condensation a t  t h e  beginning of  each 
cold  room temperature condi t ion.  

Var ia t ions  made i n  t h e  i n n e r  g laz ing  had no apprc- 
c i a b l e  e f f e c t  on t h e  condensation on t h e  i n n e r  su r face .  
The observat ions  of condensation on t h e  i n s i d e  s u r f a c e  of t h e  
i n n e r  pane repor ted  he re  were made on t h e  t o p  window, which had 
i n n e r  g laz ing  a s  i n  Fig. 5b, s i n c e  it w a s  most f u l l y  i n s t r u -  
mented wi th  thermocouples. There were no vent  h o l e s  i n  t h e  
sash  and t h e  i n s i d e  temperature was maintained a t  70°F a t  t h e  
4&-ft l e v e l .  The e f f e c t  of vent ing  t h e  a i r  space on t h e  s u r -  
f a c e  temperatures  and on condensation on t h e  i n n e r  pane is  
shovm i n  Table V. 

The condensation on t h e  i n s i d e  su r face  of  t h e  i n n e r  
pane extended a c r o s s  t h e  bo t ton  of t h e  pane i n  a  band of uniform 
width. Pigure 1 9  g ives  t h e  s u r f a c e  temperatures  f o r  t h e  i n n e r  
pane which were obtained a t  t h e  va r ious  s teady s t a t e  t e s t  
condi t ions .  Table V I I  g ives  t h e  t e s t  cond i t ions  and obser- 
va t ions  of t h e  e x t e n t  of condensation on t h e  i n n e r  pane. 
The su r face  temperature a t  t h e  upper boundary of condensation 
is  equal t o  t h e  dew po in t  temperature i n  t h e  warn room. 
Therefore,  t h e  ex ten t  of cond.ensation can be p red ic ted  from 
t h e  measured su r face  temperatures  i n  Pig.  19  and t h e  lm.ocvn 
w a r m  room dew poin t .  These p red ic ted  va lues  of t h e  ex ten t  of 
condensation a r e  g iven  i n  t h e  t a b l e .  An i n d i c a t i o n  of t h e  
accuracy of sur face  temperature determinat ions can be obtained 
by comparing t h e  measured va lues  of temperatures  a t  t h e  upper 
boundary of condensation ob-tained f r o ~ i  Pig.  1 3  and given. i n  
Table V I I  wi th  Vne warm roon~ dew poin t .  

It i s  evident  from t h e  t a b l e  t h a t  t h e r e  i s  f a i r  
agreement between t h e  measured and p red ic ted  amounts of  conden- 
s a t i o n .  Correspondingly, t h e r e  i s  very good agreement between 
t h e  surface temperatures  de te~xi ined  from -thermocouple readings 
and those  p red ic ted  from obsulva t ions  of s u r f a c e  condensst ion 
an.d knoljin roon dew po in t  tempel-atures . 
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t r a n s f e r r e d  i n t o  t h e  a i r  space of t h e  c e n t r e  viindow was g r e a t e r  
than  t h a t  f o r  t h e  t o p  windom. This  may have been due i n  p a r t  
t o  d i f f e rences  i n  r e s i s t a n c e s  t o  a i r  f low of t h e  i n n e r  g laz ings  
02 t h e  windows. On t h e  o t h e r  hand t h e  d i f f e r e n c e  i n  condensation 
performance may have been p a r t l y  due t o  d i f f e r e n c e s  i n  pressure  
d i s t r i b u - t i o n s  a c r o s s  t h e  panes of t h e  tmo windolvs. 

Figure 3c shows t h e  pressure  d i s t r i b u t i o n  f o r  t h e  t o p  
window during conde~lsa t ion  t e s t s .  The d i s t r i b u t i o n  f o r  t h e  
c e n t r e  windo~v viould be as i n  Fig.  2b o r  Fig.  3a depending on 
whether it was l o c a t e d  a t  o r  above t h e  l e v e l  of  -the n e u t r a l  
zone. If t h e  major mecllanism of vapour t r a n s f e r  i s  by a i r  
flow, then  during t h e  cyc l ing  t e s t s  t h e  c e n t r e  window w a s  
l o c a t e d  above t h e  n e u t r a l  zone wi th  t h e  pressure  d i s t r i b u t i o n  
as shown i n  Pig. 3a. 

A t  t h e  beginning of t h e  cyc l ing  t e s t s  i n  t h e  second 
s e r i e s  t h e  bottom and c e n t r e  window had tvro vent  h o l e s  t o p  and 
bottom. There were t h i n  patches of f r o s t  a t  t h e  t o p  corners  
and specks of f r o s t  a long t h e  bottom of t h e  o u t e r  pane of t h e  
t o p  tvindow. Thin patches of f r o s t  appeared a t  t h e  co rne r s  and 
c e n t r e  of t h e  o u t e r  pane 02 t h e  c e n t r e  viindow while t h e  o u t e r  
pane of t h e  bottom windorv was c l e a r .  A f t e r  s i x  days of cyc l ing ,  
t h e  o u t e r  pane of  t h e  c e n t r e  window had c l e a r e d  while  t h e  o u t e r  
pane of t h e  bottom windorv remained c l e a r .  The pa-tches of  
f r o s t  a t  t h e  two t o p  corners  of  t h e  t o p  window had inc reased  
i n  s i z e .  

For t h e  remaining e i g h t  days of t h e  cycl ing  t e s t s  t h e  
c e n t r e  windon had one vent  hole  t o p  and bottom vihile t h e  bottom 
windorv had no ven t  holes .  The amount of f r o s t  deposi ted on t h e  
o u t e r  pane of t h e  t o p  window continued t o  inc rease .  A t  +20°F 
t h e  o u t e r  pane of t h e  c e n t r e  nindorv w a s  c l e a r  vihile patches of 
f r o s t  formed on it a t  t h e  c e n t r e  and a t  t h e  two r i g h t  co rne r s  
a t  -20°F. S i m i l a r l y  t h e  o u t e r  pane of t h e  bottom mindorKi 
c l e a r  a t  c20°F but  had a  few specks of f r o s t  a long t h e  bottom 
and a t  t h e  t o p  corners  a t  -2O0F. 

During t h e  s t eady  s t a t e  t e s t s  i n  t h e  second s e r i e s  t h e  
t o p  window had no vent ing  while  t h e  bottom and cen t re  windows 
had d i f f e r e n t  amounts of vent ing.  Table V I I I  g ives  condi t ions  
of t e s t ,  t h e  ven t ing  arrangements, and the  r e s u l t s  f o r  t h e  
s teady s t a t e  condensation t e s t s  of t h e  second s e r i e s .  It w a s  
s t a t e d  previous ly  t h a t  t h e  c e n t r e  window was l oca ted  i n  t h e  
v i c i n i t y  of t h e  n e u t r a l  zone and t h a t  t h e  condensation 
accurnulation on t h e  o u t e r  pane of  t h e  t o p  window was n o t  
a f f e c t e d  by t h e  l o c a t i o n  of t h e  n e u t r a l  zone. Therefore,  t h e  
f r o s t  p a t t e r n  on t h e  o u t e r  pane of  t h e  t o p  window can be taken 
as t h a t  whicli mould occur on t h e  c e n t r e  windo~i i f  it had no 
vent  h o l e s  s i n c e  it can be assumed t h a t  t h e  a i r  leakage charac- 
te r i s -Lics  of t h e  i n n e r  g laz ings  of both windows were approxi- 
mately t h e  same. 



During t h e  first t e s t  a t  a cold  room temperature of  
20°F and 40 pe r  cen t  R.H. i n  t h e  warm room t h e  c e n t r e  window 
had two vent  h o l e s  t o p  and bottom. The observat ions  of  
f r o s t  on t h e  o u t e r  panes of t h e  t o p  and bottom windows were 
no t  recorded. A t  t h e  beginning of t h e  t e s t  t h e  o u t e r  pane of 
t h e  c e n t r e  window w a s  covered w i t h  l a r g e  patches of f r o s t  
a t  t h e  s i d e s  and bottom. A t  t h e  end of  t h e  t e s t  it was c l e a r  
except f o r  small patches of f r o s t  a t  t h e  corners .  

During t h e  second t e s t  a t  20°P, w i t h  46 pe r  cen t  R.H., 
t h e  bottom window had no vent  h o l e s  while t h e  cen t re  window 
had t h r e e  vent  ho les  t o p  and bottom. The o u t e r  panes of a l l  
of t h e  windows were c l e a r  a t  t h e  s tar t  of t h i s  t e s t .  The 
f r o s t  p a t t e r n s  a t  t h e  end of 48 hours  a r e  shorn i n  Mg. 24. 

During t h e  f i n a l  t e s t  a t  20°F, w i t h  44 per  c e n t  R.H., 
t h e  cen t re  window had eleven vent  h o l e s  a t  t h e  bottom only,  
A t  first t h e  o u t e r  pane w a s  c l e a r  except f o r  patches of f r o s t  
a t  t h e  t o p  corners  and i n  62 hours  t h e  patches had increased  
s l i g h t l y .  Addit ional  f r o s t  patches developed a t  t h e  c e n t r e  
and bottom of t h e  o u t e r  pane of t h e  cen t re  window when t h e  
bottom vent ing  w a s  reduced from e leven t o  s i x  holes .  Obser- 
va t ions  of f r o s t  on t h e  o u t e r  panes of t h e  t o p  and bottom 
windows were n o t  recorded. 

During t h e  first t e s t  a t  O°F, w i t h  30 pe r  cen t  R.H., 
t h e  bottom w i r  ,tv had one vent  ho le  t o p  and bottom while t h e  
c e n t r e  window had t h r e e  vent  h o l e s  t o p  and bottom. The f r o s t  
p a t t e r n s  noted p r i o r  t o  and a f t e r  38 hours  a t  t h e  above 
condi t ions  a r e  shown i n  Fig. 25. 

The humidity w a s  then  increased  t o  38 pe r  cen t  and 
maintained f o r  124 hours. For t h e  first  26 hours  t h e  bottom 
window had no vent  ho les  while t h e  c e n t r e  window had t h r e e  
open t o p  and bottom. The f r o s t  p a t t e r n s  on t h e  o u t e r  panes 
a t  t h e  end of t h i s  period a r c  shown i n  Pig. 26. 

During t h e  last 98 hours  t h e  cen t re  window had s i x  
vent  h o l e s  t o p  and bottom while  t h e  bottom window had one 
ho le  t o p  and bottom. The f r o s t  p a t t e r n  observed a t  t h e  end 
of t h i s  period i s  given i n  Pig. 27. Light  f r o s t  extended 
a c r o s s  t h e  bottom and t o p  of t h e  i n s i d e  su r face  of t h e  o u t e r  
pane of t h e  t o p  window. The i n s i d e  sur face  of t h e  o u t e r  pzne 
of t h e  cen t re  window had c lea red  except f o r  f r o s t  patches a t  
t h e  upper corners .  The i n s i d e  s u r f a c e  of t h e  o u t e r  pane of 
t h e  bottom window had c leared .  

I n  t h e  t h i r d  t e s t  a t  O°F w i t h  38 per  cen t  R.H., t h e  
c e n t r e  window w a s  t e s t e d  wi th  0penin .g~ first a t  t h e  bottom 
only then  a t  t h e  t o p  f o r  a t o t a l  of 114 hours.  A t  t h e  s tar t  
t h e  o u t e r  pane w a s  c l e a r .  For t h e  first 90 hours t h e  c e n t r e  
window had 23 h o l e s  open a t  t h e  bottom. A t  t h e  end of  t h i s  
time a t h i n  band of f r o s t  extended from t o p  t o  bottom a t  



both s i d e s  of t h e  o u t e r  pane. The f r o s t  p a t t e r n  d i d  n o t  change 
apprec iably  during t h e  l a s t  24 hours  when t h e  vent ing  w a s  
changed t o  2 j  h o l e s  a t  t h e  top.  

I n  t h e  f o u r t h  t e s t  a t  OOP wi th  38 p e r  cent  R.H,, t h e  
c e n t r e  window had 4 h o l e s  t o p  and bottom. The o u t e r  panes were 
c l e a r  a t  t h e  s t a r t .  A f t e r  74 hours  t h e r e  were s m a l l  patches 
of f r o s t  a t  t h e  two upper corners  and a t  t h e  c e n t r e  and bottom 
of t h e  o u t e r  pane of t h e  cen t re  window. The cond i t ion  of t h e  
o u t e r  pane of  t h e  t o p  windovi mas almost i d e n t i c a l  t o  t h a t  i n  
fig.  26. The number of  vent  h o l e s  i n  t h e  t o p  and bottom of  
t h e  c e n t r e  window mas increased  t o  f i v e  and a f t e r  ano the r  92 
hours  only t h e  f r o s t  pa tches  a t  t h e  two upper c o m e r s  remained. 
!he condi t ion  of t h e  o u t e r  pane of t h e  t o p  window w a s  as shown 
i n  Pig. 27. 

During t h e  t e s t  a t  -20°P wi th  20 p e r  cen t  R.H., t h e  
c e n t r e  window had f i v e  vent  h o l e s  t o p  and bottom while  t h e  
bo t ton  window had bvo vent  h o l e s  a t  t h e  bottom only. The 
condensation condi t ions  a t  t h e  beginning and a f t e r  99 hours  
a r e  shown i n  Pig. 28. 

The t e s t  c a r r i e d  out  a t  -20°F and 30 p e r  c e n t  R.E, 
was inconclus ive  f o r  t h e  c e n t r e  and t o p  windows as i c e  formed 
around t h e  per iphery of t h e  i n n e r  sash  a l t e r i n g  i t s  leakage 
c h a r a c t e r i s t i c s .  Two vent  h o l e s  a t  t h e  bottom kept  t h e  o u t e r  
pane of t h e  bottom window c l e a r .  

Under a l l  condi t ions  of t e s t  i n  t h e  second s e r i e s  
where observat ions  were obta ined  on t h e  t o p  window t h e r e  m a s  
progress ive  f r o s t  accumulation on t h e  i n n e r  su r face  of t h e  o u t e r  
pane. The bottom window remained c l e a r .  Some vent ing  w a s  
provided a t  cold  room temperatures  of OOP and -20°P but  it 
is  n o t  known i f  t h i s  w a s  more t h a n  t h e  minimum requ i red .  

!be vent ing  provided f o r  t h e  cen t re  windovi under  many 
of t h e  t e s t  condi t ions ,  prevented condensation on t h e  o u t e r  
pane, except f o r  small patches  a t  t h e  upper c o m e r s .  Conden- 
s a t i o n  i n  t h e s e  stagnant a r e a s  could probably be e l iminated  
by l o c a t i n g  v e n t s  i n  t h i s  v i c i n i t y .  If a small amount of  
condensation i n  t h e  upper c o m e r s  i s  accep tab le ,  adequate 
vent ing  arrangements under t h e  t e s t  condi t ions  were as follows: 
tvro h o l e s  t o p  and bottom a t  20°P., 40 per  c e n t  R.R.; t h r e e  
vent  h o l e s  t o p  and bo t ton  a t  20°P., 46 p e r  c e n t  R.H.; f i v e  
ho les  and s i x  h o l e s  t o p  and bot ton  a t  O°F, 38 p e r  cent  R.E. and; 
f i v e  h o l e s  t o p  and bottom a t  -20°F, 20 p e r  c e n t  R.H. 

The vent ing  arrangements success fu l  a t  20°P and -20°P 
were probably more t h a n  adequate. A t  O°F, however, f o u r  vent  
h o l e s  a t  t h e  t o p  and bottom did  n o t  provide s u f f i c i e n t  a i r  
interchange bu t  both f i v e  h o l e s  and s i x  h o l e s  t o p  and bottom 
d id  provice s u f f i c i e n t  a i r  in terchange .  Therefore,  f i v e  h o l e s  
t o p  and bottom provided t h e  minimum a i r  in terchange  necessary 
t o  keep the  ou-Ler pane c l e a r .  



Although the  arrangement of eleven vent holes  a t  t h e  
bottom a t  20°P outs ide  temperature and 44 per cent  R.H. was 
almost su f f i c i en t  t o  keep the  ou te r  pane c l e a r ,  e f fec t ive  
venting general ly i s  not necessar i ly  provided i n  t h i s  manner. 
Figure 20 shows t h a t  the  centre  window was near  t he  neu t r a l  
zone during the  t e s t s  a t  20°F. Figure 2  i nd i ca t e s  t h a t  t he  
vapour t r a n s f e r  from the  i n s ide  t o  a i r  space with ho les  a t  
the  bottom i s  l i k e l y  t o  be much l e s s  than t h a t  with holes  
located top  and bottom. 

Picure 2 a l s o  shows t h a t ,  with the  window a t  the  
neu t r a l  zone, t h e  vapour t r a n s f e r  from the  i n s ide  t o  t he  
a i r  space i s  g r e a t e r  with vent  holes  a t  the  top  only than 
a t  top  and bottom. This suggests t h a t  condensation condit ions 
i n  t h e  t e s t  a t  OOP and 38 per  cent  R.H. should have been l e s s  
severe with the  ho les  a t  the  bottom, The t e s t  with vent ho les  
a t  t he  top  only probably was too b r i e f  t o  point  up any 
di f ferences .  

I V .  DISCUSSION OP RESULTS 

( a )  Condensation on Ins ide  Surface of Inner Pane 

During t h e  steady s t a t e  t e s t s ,  condensation on the  
i n s ide  surface always occurred f i r s t  a t  the bottom i n  bands 
of uniform width. There was good agreement between the  
extent  of condensation observed on t h e  inner  pane and t h a t  
predicted from the  measured v e r t i c a l  surface  temperature 
gradients  and the warm room dew poin.t, 

The ASHAE Guide and other  engineering handbooks give 
t a b l e s  based on simple heat-flow ca lcu la t ions ,  of t he  maximum 
ins ide  r e l a t i v e  humidit ies  possible without condensation 
occurring on the  i n t e r i o r  surfaces  of double windows a t  various 
outs ide  temperatures. A t  an  in s ide  temperature of 70°P, 
values of t h e  maximum r e l a t i v e  humidity given i n  t he  1957 
A W E  Guide f o r  a  double window with a U-value of 0.55 
I3tu/sq f t /hr/OF a r e  56$, 43% and 33% a t  outside temperaturss 
of 20°F, O°F and -20°P, respect ively .  I f  based on measured 
ins ide  surface temperatures condensation would occur over 
almost the e n t i r e  surface  of t h e  windows under t e s t  a t  these 
conditions. Some condensation occurred a t  t he  bottom of t h e  
inner  pane a t  humidit ies  a s  low a s  46, 30 and 20 per  cent  
a t  outside temperatures of 20°P, OOP and -20°F. 

Thus, condensation w i l l  occur on the  inner  panes of 
double windows a t  loner  humidit ies  than those predicted from 
calcula t ions .  The reason f o r  t h i s  i s  t h a t  un i -d i rec t iona l  
hea t  flow does not  occur,  leading t o  v e r t i c a l  temperature 
va r i a t i ons  i n  the  a i r  space and inner  and ou te r  panes. 



( b )  Condensation on Ins ide  Surface of Outer Pane 

The mechanisms which t r a n s f e r  water  vapour t o  o r  from 
t h e  a i r  space of a  double window have been discussed e a r l i e r  
i n  t h i s  r e p o r t .  Observations of condensation on t h e  o u t e r  pane 
of t h e  bottom window s h o ~ ~ e d  t h a t  t h e  water  vapour e n t e r i n g  the  
a i r  space a s  a  r e s u l t  of vapour d i f f u s i o n  through t h e  wood sash  
w a s  n e g l i g i b l e  compared wi th  t h e  amount t r a n s f e r r e d  through 
cracks  and openings around t h e  uncaulked i n n e r  g laz ings .  
I n  t h e  condensation t e s t s  on t h e  c e n t r e  and t o p  mindovis, t h e r e -  
f o r e ,  c racks  and openings around t h e  i n n e r  &laz ings  provided 
t h e  major pa th  f o r  vapour t ransmiss ion  t o  t h e  a i r  space. It 
a l s o  fol lows t h a t  t h e  vent  h o l e s  provided t h e  major pa ths  f o r  
vapour t ransmiss ion  from t h e  a i r  space t o  t h e  ou t s ide .  

It would be u s e f u l  t o  know t h e  r e l a t i v e  amount of  
vapour t r a n s f e r  through t h e  openings of  t h e  i n n e r  and o u t e r  
panes by vapour d i f f u s i o n  and a i r  in terchange  under a given 
s e t  of condi t ions .  Equations 1 and 3 can be used t o  p r e d i c t  
t h e s e  r a t e s  provided t h e  appropr ia t e  c o e f f i c i e n t s  a r e  known. 
If both mechanisms of vapour t r a n s f e r  a r e  opera t ing  s i m u l -  
taneously t h e r e  may be i n t e r a c t i o n  a d  t h e  simple equat ions  
may n o t  be app l i cab le .  The equat ions ,  however, can be expected 
t o  g ive  some i d e a  of  t h e  r e l a t i v e  importance of t h e  two mechanisms. 

The values f o r  s p e c i f i c  humidity and vapour pressure  
given i n  Tables I and I V  can be used f o r  eva lua t ing  t h e  vapour 
t r a n s f e r  a s  a r e s u l t  of vapour d i f f u s i o n  and a i r  flow. An 
approximate va lue  of t h e  permeabi l i ty  c o e f f i c i e n t  l t g ~ t l  f o r  t h e  vent  
ho les  can be c a l c u l a t e d  from t h e  experimental ly  determined 
d i f f u s i o n  c o e f f i c i e n t  f o r  water  vapour through a i r  i n  s t r a i g h t  
tubes .  A value of 110 perm inches  a t  46OF i s  obtained f o r  
t h e  permeabi l i ty  c o e f f i c i e n t s  from t h e  da ta  given i n  t h e  
handbook of Chemical and Phys ica l  Constants ( 2 ) .  The c o e f f i c i e n t  
i n c r e a s e s  with temperature bu t  no f u r t h e r  refinement i s  j u s t i f i e d  
i n  view of  d i f f e r e n c e s  i n  t h e  da ta  of i n v e s t i g a t o r s .  The 
c a l c u l a t e d  vapour t ransmiss ion  by vapour d i f f  s i o n  through two 
vent  ho les  (one t o p  and bottom), i s  0.1 x lo-' gra ins /hr  a t  
20°F and 0.05 x  g r a i n s / h r  a t  O°F. 

The a i r  flow through t h e  ven t  ho les  a t  t h e  appropr ia t e  
pressure  d i f f e r e n c e s  can be obtained a c c u r a t e l y  from Fig. 8. 
The a i r  pressure  d i f f e r e n c e s  a c r o s s  t h e  vent  hol-es due t o  
buoyancy e f f e c t s  can be c a l c u l a t e d  from t h e  a i r  space tempera- 
t u r a s  obtained by simple c a l c u l a t i o n .  These a i r  space 
t enpera tu res  can be obtained by t ak ing  t h e  mean of t h e  
temperatures  f o r  t h e  i n n e r  and o u t e r  panes given i n  Table I. 
If t h e  mindow i s  l oca ted  a t  t h e  n e u t r a l  zone t h e  a i r  pressure  
d i f f e rences  due t o  buoyancy e f f e c t s  a c r o s s  t h e  vent ho les  
obtained by us ing  equation 14  (Appendix A )  a r e  0.0006 inches  
of water  a t  20°F and 0.0008 inches  a t  O°F. The corresponding 
a i r  f l o x s  through one vent  hole  t o p  and bottom a r e  0.57 and 
0.76 cu f t / h r .  The vapour t ransmiss ions  p a s t  t h e  o u t e r  pane 



a s  a res1.1lt of  t h e s e  a i r  f lows  a r e  18 x l oe2  g r a i n s / h r  a t  
20nF and 12  x 10-2 g r a i n s  /hr a t  OOP. 

The c a l c u l a t i o n s  i n d i c a t e  t h a t  t h o  vapour t r a n s f e r  
through t h e  v e n t  h o l e s  by d i f f u s i o n  i s  n e g l i g i 5 l e  i n  r e l a t i o n  
t o  t h e  vapour t r a n s f e r  by a i r  f l o v .  This w a s  a l s o  borne o u t  
i n  p a r t  by t e s ' t s  i n  which t h e  v e n t  h o l e s  were l o c a t e d  a t  
e i t h e r  t h e  t o p  o r  bottom, where t h e y  proved t o  be r e l a t i v e l y  
i n e f f e c t i v e .  

The passages  p a s t  'the i n n e r  g l a z i n g  of  t h e  t e s t  
window a r e  complex i n  forin. A s  s t a t e d  p r e v i o u s l y  t h e y  pro- 
bab ly  c o n s i s t  o f  a v a r i e t y  of  o r i f i c e s ,  en. largements,  cori trac-  
t i o n s ,  bends e t c ,  The d i f f u s i o n  c o e f f i c i e n t s  g iven  i n  t h e  
Handbook of  F n y s i c a l  Cons tan ts  ( 2 )  a r e  f o r  vapour t r a n s f e r  
th rough  a i r  i n  s t r a i g h t  t u b e s  and t h e s e  cannot  be a p p l i e d  
d i r e c t l y  t o  t h e  passage of t h e  i n n e r  g l a z i n g .  S ince  t h e  
d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  i n n e r  g l a z i r g  w a s  n o t  measured 
it i s  n o t  p o s s i b l e  t o  c a l c u l a t e  t h e  vapour t r a n s f e r  by d i f f u s i o n .  

The vapour t r a n s f e r  p a s t  t h e  c r a c k s  and openings o f  
t h e  i n n e r  pane as a r e s u l t  o f  a i r  f l ow under  a g iven  s e t  o f  
c o n d i t i o n s p  can be c a l c u l a t e d  from a knowledge of i t s  a i r  
l e akace  c h a r a c - t e r i s t i c s .  If t h e  v~indotv i s  a t  o r  n e a r  t h e  
n e u t r a l  zone t h e  l o c a t i o n  of  t h e  openings  o f  t h e  i n n e r  pane 
must be knoi7m. 

A r e l a t i o n s h i p  between t h e  r a t i o  o f  a i r  f low from 
i n s i d e  and o u t s i d e  t o  t h e  a i r  space  and t h e  occurrence of  
condensa t ion  w a s  de r ived  i n  t h e  first  part o f  t h i s  r e ~ o r t .  
This  r e l a t i o n s h i p  assumes t h a t  t h e  vapour t r a n s f e r  byA d i f  - 
f u s i o n  is  i n s i g n i f i c a n t  i n  r e l a t i o n  t o  t h a t  by a i r  f low,  
A i r  f lows  i n t o  t h e  a i r  space from t h e  i n s i d e  and o u t s i d e  f o r  
g iven  c o n d i t i o n s  of  p r e s s u r e  can be determined from t h e  a i r  
leakage  c l l a r a c t e r i s t i c s  o f  t h e  i n n e r  and o u t e r  pane of  a 
windovr, The r a t i o  of  o u t s i d e  t o  i x s i d e  a i r  can be conpared 
w i t h  t h e  minimum p e r m i s s i b l e  r a t i o s  g iven  i n  Table I V  50 
determine t h e  des ign  tempera ture  a t  which condensa t ion  w i l l  
o ccu r ,  A l t e r n a t e l y ,  t h e  a i r  l eakage  c h a r a c t e r i s t i c s  o f  t h e  
o u t e r  pane r e q u i r e d s t o  p reven t  conaensa t ion  can  be determined,  

F igure  1 7  i n d i c a t e s  t h a t  t h e  tempera ture  o f  t h e  a i r  
space  i s  n o t  uniform. Also,  t h e  mean a i r  space  tempera ture  
occurs  abo-re t h e  mid-height  o f  t h e  window. The a c t u a l  mean 
a i r  space tempera ture  cor responds  c l o s e l y  t o  t h e  c a l c u l a t e d  
tempera ture  ob ta ined  by ave rag ing  t h e  t empera tu re s  g iven  i n  
Table I f o r  t h e  i n s i d e  s u r f a c e s  of i n n e r  and o u t e r  panes. 
These v a l u e s  can  t h e r e f o r e  be used  t o  determine t h e  average  
d e n s i t y  of t h e  a i r  i n  t h e  space.  

The a i r  f low through t h e  v e n t  h o l e s  a t  t h e  a p p r o p r i a t e  
p r e s s u r e  d i f f e r e n c e s  can be ob ta ined  a c c u r a t e l y  from Fig.  8, 
u n f o r t u n a t e l y  t h e  a i r  f low around t h e  i n n e r  pane a t  p r e s s u r e  



d i f fe rences  present  when t h e  window i s  a t  o r  nea r  t h e  n e u t r a l  
zone can n o t  be obtained a c c u r a t e l y  from fig. 12 due t o  t h e  
l i m i t a t i o n s  of t h e  flow meter and manometer used i n  t h e s e  
measurements. The equat ions developed i n  Appendix A ,  however, 
can be used t o  overcome p a r t i a l l y  t h i s  l i m i t a t i o n .  

Equations 5 and 12  (Appendix A)  def ine  condi t ions  
requi red  t o  prevent  condensa t io l~s  on windows l o c a t e d  above 
and a t  t h e  n e u t r a l  zone r e s p e c t i v e l y .  Assuming t h a t  t h e  
exponent i n  t h e  a i r  flow equat ion f o r  t h e  i n n e r  pane i s  a t  low 
pressure  d i f f e r e n c e s ,  equat ions 5  and 12 (Appendix A )  can be 
s i m p l i f i e d  t o  : 

These equationsshow t h a t  t h e  a i r  flow from t h e  ou t s ide  t o  t h e  
a i r  space is  equal t o  t h a t  which would occur  through openings 
of t h e  i n n e r  pane a t  pressure  d i f f e r e n c e s  of RAP, and Rbp1/2 

when t h e  window i s  l oca ted  above, and a t  t h e  n e u t r a l  zone. 

It w a s  previous ly  concluded t h a t  during t he  cold  
room condensation t e s t s ,  f i v e  h o l e s  t o p  and bottom provided 
t h e  mininum a i r  interchange requ i red  t o  keep t h e  o u t e r  pane 
c l e a r  of f r o s t  a t  a cold  room temperature of O°F and 38 p e r  
cen t  R.9. Reference t o  Pig. 20 i n d i c a t e s  t h a t  t h e  n e u t r a l  
zone was a t  t h e  bottom edge of t h e  i n n e r  g laz ing .  During t h i s  
t e s t  t h e  co ld  room humidity w a s  about  50 p e r  cent .  

Since t h e  humid i t i e s  i n  t h e  cold and war rn  room were 
d i f f e r e n t  than  those  used i n  t h e  p repara t ion  of Table I V  t h e  
m i n i m u r n  pelrllissible r a - t io  m u s t  be c a l c u l a t e d  from equat ion 4. 
If t h e  s p e c i f i c  humidity i n  t h e  a i r  space is  assumed t o  corres-  
pond t o  t h e  s a t u r a t i o n  value a t  t h e  minimum temperature measured 
on t h e  i n n e r  su r face  of t h e  o u t e r  pane, a value of 6,2 i s  
obtained f o r  t h e  minimum permiss ib le  r a t i o  of ou t s ide  t o  i n s i d e  
a i r .  

If t h e  n e u t r a l  zone i s  a t  t h e  bot-torn edge of t h e  i n n e r  
g laz ing ,  t h e  average pressure  d i f f e rence  a c r o s s  t h e  i n n e r  pane 
' IAP,"  a t  OOP us ing  equat ion 11 (Appendix A )  i s  0.002 inches  

of water.  Using t h e  value of 6.2 f o r  t h e  minimum permiss ib le  
r a t i o  R t h e  a i r  flow p a s t  t h e  i n n e r  g laz ing  a t  a pressure  
d i f f e rence  of RAPa obtained from Fig. 12 is  3.6 cu f t / h r .  

Tlie pressure  d i f f e rence  a c r o s s  t h e  vent  h o l e s  a t  OOP 
under t h e  above condi t ions  us ing  equat ion 10  (Appendix A )  is 
0.0008 inches  of water .  The c o r r e s l ~ o i ~ d i w  a i r  f lotv, t l l r o u ~ l l  
one vent  hole  t o p  ancl bottorn, obtained from l'ig. 8 i s  0.76 cu f t / h r .  



!he re fo re ,  i n  o r d e r  t o  provide t h e  minimum permissible  r a t i o ,  
6.2 of o u t s i d e  t o  i n s i d e  a i r ,  f i v e  vent ho les  t o p  and bottom 

a r e  needed a t  O°F, 

Thus, t h e r e  i s  good agreement between t h e  a c t u a l  
and c a l c u l a t e d  amount of vent ing  requ i red  t o  prevent  conden- 
s a t i o n  on t h e  o u t e r  pane, This sugges ts  t h a t  vapour 
t r a n s f e r  by d i f f u s i o n  can be neglected i n  determining t h e  
c h a r a c t e r i s t i c s  of a window requ i red  t o  c o n t r o l  condensation 
on t h e  i n s i d e  su r face  of t h e  o u t e r  pane. 

During t h e  cycl ing  t e s t s  t h e  brea th ing  a c t i o n  of t h e  
a i r  space cont r ibuted  t o  t h e  t o t a l  vapour t r a n s f e r  t o  and 
from it. The c a l c u l a t e d  average r a t e  of  a i r  flotv i n t o  and 
ou t  of t h e  a i r  space during a d a i l y  cold  room cycle  ( a s  a 
r e s u l t  of t h e  volume change corresponding t o  t h e  a i r  space 
t e m p  r a t u r e  change) was 0.6 x 10'3 cu  f t f h r ,  

During t h e  t e s t  two vent  h o l e s  t o p  and bottom were 
needed t o  provide t h e  minimum cold a i r  r equ i red  t o  keep t h e  
o u t e r  pane c l e a r .  The volume r a t e  of  a i r  from t h e  ou t s ide  
t o  t h e  a i r  space through bvo vent  h o l e s  t o p  and bottom 
a t  a n  ou t s ide  temperature of O°F, obtained from Fig. 8, i s  
1500 x 10-3 cu f t / h r .  This assumes t h a t  t h e  pressure  a t  t h e  
mid-height of a i r  space corresponds t o  t h e  ou t s ide  pressure  
a t  t h e  same l e v e l .  Based on t h e  minimum permiss ib le  r a t i o s  
given i n  Table I V  t h e  a i r  flow from t h e  i n s i d e  t o  t h e  a i r  
space i s  85 x 10-3 cu ft/hr. 

These c a l c u l a t i o n s  show t h a t  the  water  vapour t r a n s f e r  
from brea th ing  i s  i n s i g n i f i c a n t  compared t o  t h a t  of a i r  flow 
from e i t h e r  i n s i d e  o r  o u t s i d e  t o  t h e  a i r  space.  

The condensation observat ions  i n  t he  cold room were 
made wi th  t h e  windows loca ted  a t  o r  near  t h e  n e u t r a l  zone. 
Calcula t ions  were made of t h e  ven t ing  of t h e  a i r  space t o  the  
ou t s ide  r equ i red  t o  prevent condensation on t h e  o u t e r  pane 
of t h e  t e s t  window ( i n s i d e  g laz ing  as i n  Fig. 5b) when 
subjec ted  t o  d i f f e r e n t  t o t a l  p ressu res  a t  ou t s ide  temperatures  
of 20°P and O°F. The r e s u l t s  a r e  g iven  i n  Table I X .  The 
procedures used were as previous ly  o u t l i n e d ,  using minimum 
permiss ib le  r a t i o s  of ou t s ide  t o  i n s i d e  a i r  given i n  Table IV, 
Table I X  a l s o  g ives  t h e  volume r a t e  of  a i r  flow from t h e  out-  
s i d e  t o  t h e  a i r  space along wi th  t h e  percentage i n c r e a s e  and 
h e a t  flow through t h e  window by a i r  flow (equat ion  9 - 
Appendix E)  . 

The zero pressure  d i f f e r e n c e  r e f e r s  t o  t h e  cond i t ion  
where t h e  window w a s  l oca ted  a t  the  n e u t r a l  zone. The 
remaining pressure  d i f f e r e n c e s  were takcn  from Table I1 and 
correspond t o  those  produced ac ross  a leeward v~i.ndom a t  wind 
speeds of 5, 1 0  and 1 5  mph respec t ive ly .  These pressure  



d i f f e r e n c e s  v~ould be produced by buoyancy e f f e c t  a t  an ou t s ide  
temperature of 20°P i f  t h e  window w a s  approximately 3,  9 
and 21 f e e t  above t h e  n e u t r a l  zone and at OOP i f  t h e  vtindon 
was approximately 2 ,  6 and 1 5  f e e t  above t h e  n e u t r a l  zone. 

Tile c a l c u l a t e d  m i p i m u m  permiss ib le  r a t i o s  given i n  
Table I V  mere based on i n s i d e  room and a i r  space s p e c i f i c  
humidi t ies  corresponding t o  s a t u r a t i o n  a t  t h e  temperatures  of 
t h e  i n n e r  and o u t e r  panes, and on ou t s ide  s p e c i f i c  humidi t ies  
corresponding t o  s a t u r a t i o n  a t  ou-h ide  temperature.  The su r -  
f a c e  temperatures  i n  Table I V  were based on i n s i d e  and ou t s ide  
f i l m  c o e f f i c i e n t s  of 1 .5  and 6.6. 

Records of t h e  a c t u a l  l e v e l s  of r e l a t i v e  humidity i n  
some t y p i c a l  Canadian dvie1lin.g~ in-d ica te  t h a t  i n s i d e  r e l a t i v e  
humidi t ies  a r e  g e n e r a l l y  lower t h a n  those  corresponding t o  
s a t u r a t i o n  a t  t h e  c a l c u l a t e d  temperature on t h e  i n s i d e  surbface 
of t h e  i n n e r  pane of a double window. A t  a n  ou t s ide  temperature 
of OOP t h e  i n s i d e  humidity ranged from approximately 20 t o  30 
per  c e n t  while t h e  c a l c u l a t e d  value w a s  42 per  cent .  

The c l ima to log ica l  r ecords  f o r  t h e  var ious  r eg ions  of 
Canada i n d i c a t e  t h a t  average minter  outsi2.e r e l a t i v e  humidi t ies  - 

a r e  below s a t u r a t i o n .  The average range a t  OOP i s  approxi- 
mately 70 t o  94 per  cen t  R.H. I n  t h e  Ottawa v a l l e y  85 p e r  cent  
m i g h t  be taken as an  average value a t  a n  ou t s ide  temperature 
of O°F. 

The Clixnatological A t l a s  of Canada r e p o r t s  average 
wind speeds during t h e  win te r  season i n  excess  of 1 5  mph over  
t h e  Gulf of S t .  Lawrence, and 1 5  mph over  most of t n e  A t l a n t i c  
Coastal  r eg ion  of Canada. Elsewhere i n  Canada t h e  mean win te r  
mind speed i s  approximately 10  mph. Normally it would be 
expected t h a t  wind speeds over t h e  leeward windows would be 
lovier than  t h e  design va lues  used f o r  h e a t  l o s s  and su r face  
temperature c a l c u l a t i o n s .  

The foregoing d i scuss ion  i n d i c a t e s  t h a t  t h e  va lues  
of permiss ib le  r a t i o s  given i n  Table I V  a r e  conservat ive.  
If va.lues of i n s i d e  and ou t s ide  f i l m  c o e f f i c i e n t s  of 1 . 5  and 
4.0 (based on a  10 rnph wind) and i n s i d e  and ou t s ide  r e l a t i v e  
humidi t ies  of 25 and 85 per  cen t  a r e  used, a r a t i o  of ou t s ide  
t o  i n s i d e  a i r  of 3.0 i s  needed t o  prevent- condensation a t  a n  
ou t s ide  temperature of  OOP. 

Using t h i s  value as a b a s i s  f o r  c a l c u l a t i o n ,  t h e  t e s t  
windov? ( i n s i d e  g laz ing  as i n  Fig. 5b) a t  OOP would r e q u i r e  
one vent  hole  t o p  and bottom when loca ted  a t  t h e  n e u t r a l  zone, 
f i v e  vent  h o l e s  t o p  and bottom wi th  a  5  rnph wind ancl s i x t e e n  
vent  h o l e s  t o p  and bottom wi%h a 10 mph wind. The corresponding 
vent ing  a r e a s  a r e  0.05, 0.25 and 0.80 sq  i n .  t o p  and bottom. 
The resu1t in.g i n c r e a s e s  i n  h e a t  flow a r e  0.07, 0.2 and 0.9 
p e r  cen t .  



The foregoin{; ven t ing  requi rements  apply  t o  a  s p e c i f i c  
window des ign  of a p a r t i c u l a r  s i z e  and shape.  The c r a c k s  and 
openings p a s t  t h e  i n n e r  g l a z i n g  of  t h e  t e s t  window were assumed 
t o  be l o c a t e d  pr incipal3 .y  a l o n g  t h e  t o p  and bottom edges.  
Some windows have c r a c k s  and openin lp  equal 3.y d i s t r i b u t e d  
around t h e  per iphery .  

I f  t h e  t o t a l  p r e s s u r e  ins id .e  i s  g r e a t e r  t h a n  o u t s i d e  
o v e r  t h e  f u l l  h e i g h t  o f  t h e  w i ~ d o w ,  t h e  o v e r - a l l  a i r  f low 
r a t e  p a s t  t h e  i n n e r  glazing would be t h e  same f o r  e i t h e r  d i s -  
t r i b u t i o n  of  t h e  c r acks .  If t h e  windows a r e  l o c a t e d  a t  o r  
n e a r  t h e  n e u t r a l  zone, however, t h e  o v e r - a l l  a i r  f low r a t e  
p a s t  t h e  i n n e r  g l a z i n g  does depend on t h e  d i s t r i b u t i o n  of 
t h e  openings.  If t h e s e  a r e  un.iformly d i s t r i b u t e d ,  t h e  over-  
a l l  a i r  f low r a t e  p a s t  t h e  i n n e r  g l a z i n g  can. be obtained.  by 
i n t e g r a t i o n  around i t s  per iphery .  

Windows w i t h  t h e  same o v e r - a l l  a i r  f low r a t e  and 
h e i g h t  r e q u i r e  t h e  same v e n t i n g  i r r e s p e c t i v e  o f  width.  On 
t h e  o t h e r  hand windows w i t h  t h e  same o v e r - a l l  f low r a t e  bu t  
of  d i f f e r e n t  h e i g h t  r e q u i r e  t h e  same v e n t i n g  on ly  when l o c a t e d  
a t  t h e  n e u t r a l  zone; when l o c a t e d  above it t h e  v e n t i n g  
r e q u i r e d  d e c r e a s e s  w i t h  i n c r e a s i n g  h e i g h t .  

The t e s t  window ( i n n e r  g l a z i n g  as i n  Fig.  5b) had 
a n  average  leakage  r a t e  o f  approximate ly  0.04 cfm/ft o f  s a s h  
pe r ime te r  a t  an a i r  p r e s s u r e  d i f f e r e n c e  of 0.301 i n .  o f  w a t e r  
( v e l o c i t y  head of  25 rnph). T h i s  l eakage  r a t e  i s  probably 
of  t h e  same o r d e r  a s  t h e  s a s h  leakage  o f  o t h e r  r e s i d e n t i a l  
windows of  t h e  casement, awning o r  hopper  t y p e ,  a n d &  some 
commercial windows w i t h  i n n e r  and o u t e r  g l a z i n g  i n  t h e  same 
sa sh .  There a r e  o t h e r  window t y p e s  which have a much h i g h e r  
l eakage  r a t e .  For example, t h e  maximum a i r  l eakage  r a t e  a t  
a  p r e s s u r e  d i f f e r e n c e  e q u i v a l e n t  t o  a 25 rnph wind pe rmi t t ed  
f o r  a double double-hung window i n  t h e  s p e c i f i c a t i o n  of t h e  
Alurniqum Window I~ lanufac ture rs  ' Assoc ia t ion  i s  0.5 cfm/ft  of  
s a s h  per imeter .  

If it i s  assumed t h a t  t h e  leakage  c h a r a c t e r i s t i c s  of  
t h e  i n n e r  and o u t e r  s a s h  a r e  similar and t h a t  t h e  a i r  leakage 
i s  p r o p o r t i o n a l  t o  t h e  square  r o o t  o f  t h e  p r e s s u r e  d i f f e r e n c e  
it can  be shown t h a t  t h e  v e n t i n g  a r e a  r e q u i r e d ,  f o r  a 3- by 
4-foot  double double-hung window t o p  and b o t t o ~ ,  is approxi -  
mately  9 s q  i n .  w i t h  a 5  mph wind and 18 s q  i n ,  w i t h  a  10 
mph wind. The corresponding i n c r e a s e s  i n  h e a t  f low a r e  1 4  
and 23 p e r  c e n t .  The b a s i s  of  c a l c u l a t i o n  w a s  t h e  same as 
t h a t  used i n  p r e d i c t i n g  t h e  v e n t i n g  a r e a  requirement  f o r  t h e  
t e s t  window of  0.25 s q  i n .  w i t h  a 5 mph wind and 0.80 sq i n .  
w i t h  a 10 mph wind. 



STJBlMARY AND CONCLUSIONS 

1. The measured va lues  of i n s i d e  su r face  temperatures  f o r  the  
i n n e r  panes were c o n s i s t e n t  wi th  observat ions  of t h e  e x t e n t  of 
condensation and measured warm room dew po in t  t o  w i t h i n  b e t t e r  
than  1 OF. 

2. There were apprec iable  v e r t i c a l  a i r  temperature g r a d i e n t s  
i n  t h e  a i r  space under t h e  condi t ions  of t e s t  and t h e s e  were 
r e f l e c t e d  i n  v e r t i c a l  v a r i a t i o n s  i n  temperature over t h e  i n n e r  
and o u t e r  panes. A t  a w a r m  room - cold  room temperature 
d i f f e r e n c e  of 100°F t h e s e  ver t i ica l  g r a d i e n t s  were 5OF, 43OP 
and 16OF f o r  t h e  o u t e r  pane, a i r  space and i n n e r  pane. Tem- 
pe ra tu re  g r a d i e n t s  of t h i s  magnitude can be expected i n  f i e l d  
i n s t a l l a t i o n s  involv ing  windows of equal o r  g r e a t e r  h e i g h t ,  
except mhere d i r e c t  h e a t i n g  beneath windows i s  employed. 

3 .  The measured va lues  of i n s i d e  s u r f a c e  temperatures  f o r  the  
i n n e r  panes a t  t he  mid-height were lower by approximately 2 O P  
t han  t h e  va lues  of s u r f a c e  temperatures  obtained by t h e  usual  
simple c a l c u l a t i o n .  

4. Condensation occurred on t h e  lower por t ions  of t h e  i n s i d e  
su r face  of t h e  i n n e r  pane a t  cons iderably  l o n e r  r e l a t i v e  
humidi t ies  t h a n  those  p red ic ted  by c a l c u l a t i o n .  A t  i n s i d e  
r e l a t i v e  humid i t i e s  corresponding t o  those  a t  which v i s i b l e  
condensation should j u s t  occur  according t o  c a l c u l a t i o n s ,  
almost t h e  e n t i r e  i n s i d e  su r face  of t h e  i n n e r  pane would 
e x h i b i t  condensation. 

5. There was no s i g n i f i c a n t  change i n  t h e  measured temperatures  
of t h e  i n s i d e  su r face  of t h e  i n n e r  pane as a  r e s u l t  of i n c r e a s i n g  
t h e  s i l l  width from 1 3/4 t o  4 3/4 inches ,  

6. Pur ther  informat ion  i s  r equ i red  on i n s i d e  s u r f a c e  tempera- 
t u r e s  of  double windows as a f f e c t e d  by window h e i g h t ,  a i r  space 
thichmess and method of hea t ing .  

7. A method h a s  been developed f o r  deternlining under what 
environmental condi t ions  condensation w i l l  occur on t h e  i n s i d e  
su r face  of t h e  o u t e r  pane of double windows based on t h e  r e l a -  
t i v e  a i r  leakage c h a r a c t e r i s t i c s  of t h e  openings around i n n e r  
and o u t e r  panes. A l t e r n a t e l y ,  wi th  given a i r  leakage charac- 
t e r i s t i c s  of t h e  i n n e r  sash  t h e  amount of vent ing  of t h e  a i r  
space t o  ou t s ide  r equ i red  t o  prevent  condensation under d i f f e r e n t  
condi t ions  can be deternined.  The method i s  based on t h e  
assumptions t h a t  vapour flow by d i f f u s i o n  i s  n e g l i g i b l e  i n  
r e l a t i o n  t o  tha t  as a r e s u l t  of a i r  flow. 

8. It w a s  ev ident  from t h e  condensation t e s t s  t h a t  t h e  amount 
of water  vapour e n t e r i n g  t h e  a i r  space by vapour d i f f u s i o n  
through t h e  wood sash  was i n s i g n i f i c a n t  i n  r e l a t i o n  t o  t h e  
amount t r a n s f e r r e d  through t h e  c racks  and openings around t h e  
i n n e r  g laz ing .  



9 .  Calcula t ions  of t h e  vapour flow through t h e  $-inch 
diameter vents  around t h e  o u t e r  sash  of t h e  t e s t  window, 
based on d i f fus ion  theory  and measured a i r  lealcage 
c o e f f i c i e n t s ,  i n d i c a t e  t h a t  with t h e  ven t s  l o c a t e d  t o p  and 
bottom t h e  vapour t r a n s f e r  by d i f f u s i o n  i s  l e s s  than  1 p e r  
cen t  of  tha t  by a i r  flow as a r e s u l t  of chimney ac t ion .  The 
condensation t e s t s  showed tha t  ven t s  l o c a t e d  t o 2  and bottom 
were d e f i n i t e l y  more e f f e c t i v e  than  ven t s  of t h e  same t o t a l  
a r e a  l o c a t e d  a t  e i t h e r  the  t o p  o r  bottom of t h e  a i r  space. 

10. There w a s  good agreement between t h e  number of ven t s ,  
around t h e  o u t e r  sash  a t  t o p  and bottom, r equ i red  t o  prevent 
condensation on t h e  i n s i d e  su r face  of t h e  o u t e r  pane and t h e  
number determined by c a l c u l a t i o n ,  based on t h e  measured a i r  
leakage c h a r a c t e r i s t i c s  of t h e  openings around i n n e r  and 
o u t e r  panes. This i n d i c a t e s  t h a t  f o r  t h e  t e s t  window t h e  
vapour flow by d i f f u s i o n  from i n s i d e  t o  t h e  a i r  space was 
small  i n  r e l a t i o n  t o  t h a t  from a i r  flow. A t e s t  i s  being 
planned t o  determine t h e  a c t u a l  c o e f f i c i e n t  of permeabi l i ty  
f o r  vapour d i f f u s i o n  of t h e  i n n e r  sash.  

11. By ignor ing  vapour flow by d i f f u s i o n ,  it has been shown 
t h a t  the  amount of a i r  leakage between ou t s ide  and t h e  a i r  
space must be s e v e r a l  t imes  t h a t  from t h e  i n s i d e  t o  t h e  a i r  
space t o  prevent condensation under win te r  condi t ions.  The 
minimum permiss ib le  r a t i o  of ou t s ide  t o  i n s i d e  a i r  t o  prevent 
condensation inc reases  w i t h  decreasing ou t s ide  temperature.  
A t  a given ou t s ide  temperature t h e  r a t i o  i n c r e a s e s  w i t h  
i nc reas ing  i n s i d e  o r  ou t s ide  r e l a t i v e  humidity. 

12 .  It h a s  been shorn t h a t  a i r  interchange between t h e  a i r  
space and ou t s ide  a s  a  r e s u l t  of chimney a c t i o n  can occur  
w i t h  openings t o p  and bottom, even wi th  i n s i d e  a i r  pressures  
g r e a t e r  than  ou t s ide  and with over -a l l  a i r  leakage from i n s i d e  
t o  ou t s ide ,  i f  t h e  r e s i s t a n c e  t o  a i r  lealcage of t h e  i n n e r  pane 
i s  s u f f i c i e n t l y  g r e a t e r  than  t h a t  of t h e  o u t e r  pane. 

13. For t h e  t e s t  window t h e  amount of a i r  interchange (and 
t h u s  vapour i n t e r c h a q e )  between t h e  a i r  space and t h e  en- 
vironment induced by brea th ing  ac t ion"  from a d a i l y  tempera- 
t u r e  cycle  of 40°F i s  n e g l i g i b l e  i n  r e l a t i o n  t o  t h e  a i r  flow 
.through t h e  i n n e r  g laz ing  induced by chimney a c t i o n  a t  O°F 
ou t s ide  temperature,  even wi th  t h e  window a t  the  n e u t r a l  zone .. 
A t  pressure  d i f f e rences  equiva lent  t o  a  10 mph wind t h e  flow 
induced by "breathing ac t ion"  i s  an even smal ler  propor t ion  
of t h e  t o t a l .  It follotvs t h a t  b rea th ing  a c t i o n  a s  a  mechanism 
of vapour t r a n s f e r  i s  only important w i t h  windows having 
much t i g h t e r  i n n e r  g laz ing  than t h a t  of t h e  t e s t  window. 

14. If a i r  interchange between t h e  a i r  space and ou t s ide  i s  
t o  be used t o  con t ro l  condensation on the  o u t e r  pan.e, t h e  
r e l a t i v e  r e s i s t a n c e s  t o  a i r  leakage of t h e  i n n e r  and o u t e r  
panes depend on t h e  minimum permiss ib le  r a t i o s  of o u t s i d e  t o  
i n s i d e  a i r  and t h e  ou t s ide  temperature.  



15. From c a l c u l a t i o n s  based on known a i r  leakage c h a r a c t e r i s -  
t i c s  and s e l e c t e d  design co:lditions t h e  a m o u ~ ~ t  of vent ing  f o r  
t h e  t e s t  windom needed t o  prevent  condensation r e s u l t s  i n  an  
inc rease  i n  h e a t  f low of approximately 1 p e r  cen t .  The average 
a i r  leakage r a t e  of t h e  i n s i d e  pane amounts t o  0.04 cl"m/ft 
of sash  crack. For windows of  t h e  double-hung type having a i r  
leakage r a t e s  of 0.75 cfm/ft of c rack  similar c a l c u l a t i o n s  
i n d i c a t e  t h a t  t h e  amount of vent ing  requ i red  t o  prevent  con- 
densa t ion  may r e s u l t  i n  an  inc rease  i n  h e a t  flow of 1 5  t o  
25 p e r  cen t ,  There is ,  t h e r e f o r e ,  a p r a c t i c a l  l i m i t  t o  t h e  
leakage r a t e  of t h e  i n n e r  pane t h a t  can be t o l e r a t e d  if  vent ing 
of t h e  a i r  space i s  t o  be used t o  prevent condensation on t h e  
o u t e r  pane of  double windows. S imi la r ly ,  when cons ider ing  the  
a p p l i c a t i o n  t o  a given window arrangement of vent ing  t h e  a i r  
space t o  ou t s ide  as a means of  c o n t r o l l i n g  condensation on 
t h e  i n s i d e  su r face  of t h e  o u t e r  pane, t h e  poss ib le  e f f e c t  of 
vent ing  on t h e  h e a t  flow through t h e  window should be determined 
by c a l c u l a t i o n .  

16.  There i s  a l a c k  of d e t a i l e d  i n . f o m a t i o n  on a c t u a l  condi t ions  
i n  bu i ld ings  vrhich a f f e c t  condensation on t h e  i n s i d e  su r face  
of t h e  o u t e r  pane. I n  p a r t i c u l a r ,  f u r t h e r  d e t a i l s  on t o t a l  
a i r  pressure  d i f f e r e n c e s  between i n s i d e  and ou t s ide  and i n s i d e  
r e l a t i v e  humidi t ies  a r e  d e s i r a b l e .  For low bu i ld ings  a i r  
pressure  d i f f e r e n c e s  due t o  wind a c t i o n  appear  t o  be t h e  more 
important while f o r  t a l l  bu i ld ings  those  r e s u l t i n g  from 
chimney e f f e c t  may have t o  be considered. 

Careful  judgment should be used i n  s e l e c t i n g  condi t ions  
f o r  designing double windows t o  prevent condensation on t h e  
o u t e r  pane s i n c e  extreme values  may l ead  t o  u n r e a l i s t i c  r equ i re -  
ments f o r  vent ing  of t h e  a i r  space o r  f o r  t h e  t i g h t n e s s  of the  
i n n e r  pane. 

17 .  Unless condi t ions  of t e s - t ,  i nc lud ing  t o t a l  a i r  pressure  
d i f f e r e n c e s ,  a r e  similar t o  those  expected i n  t h e  f i e l d  t h e  
r e s u l t s  of observat ions  of condensation 02 t h e  o u t e r  pane i n  
cold  room s t u d i e s  a r e  no t  d i r e c t l y  a p p l i c a b l e  and a r e  of doubt- 
f u l  value except f o r  r e sea rch  purposes. 

18. Fur the r  s t u d i e s  on o t h e r  types  of v~indows a r e  r equ i red  
t o  determine t h e  a p p l i c a b i l i t y  of t h e  approach developed i n  
t h i s  r e p o r t  t o  t h e  c o n t r o l  of  condensation on t h e  i n s i d e  sur -  
f a c e  of t h e  o u t e r  pane of double windovis. 

The au thors  wish t o  thanlr D r .  D.G. Stephenson f o r  h i s  
a s s i s t a n c e  i n  t h e  measurement of a i r  pressure  d i f f e r e n c e s  with 
t h e  displacement type micromanometer. Gra tefu l  acknovrledy- 
ment i s  a l s o  made t o  ILr. N.0. P c l l e t i e r  who coas t ruc ted  t h e  
t e s t  i n s t a l l a t i o n s  and c a r r i e d  ou t  most of t h e  observat ions .  
F i n a l l y  t h e  a u t h o r s  wish t o  express  t h e i r  appreciat ioi?  of t h e  
a s s i s t a n c e  and advice  c;iven by T\ik. 1C.R. Solvason and Dr. JT.B. 
Hutclieon . 
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TABLE I 

Ratio o f  Vapour Pressure  M f f e r e n c e s  a c r o s s  Inne r  and. Outer 

Panes f o r  Various Outside Temperatures 

w* 

Outside 

Temperature 

" F to 

1 40 
I 

20 

0 

-20 

! - 4  0 

I 
I 

Pi - Ps 

Ps Po 

7 

9 

18 

29 

51 

Surface Temperatures 

Ins ide  of  

i n n e r  pane 

tl "F 

59 

52 

45 

38 

31 

Rater  Vapour Pressure  Differences 

I n s i d e  of 

o u t e r  pane 

t3 "F 

43 

25 

6 

-12 

-30 

Across i n n e r  pane 

'Pi - %) 

inches  H 
Q 

0.225 

0.260 

0.249 

0.209 

0.165 

Across o u t e r  pane 

(Ps - Po) 

inches  H 
g 

0.0305 

0.0276 

0.0137 

0.00715 

0.00321 



Pressure Differences across a Leeward Window as a 

Result of Wind Action 

wind speed, mph prossure difference across leeward 
window, inches of water 

TABLE I11 

Pressure Differences due to Buoyaricy of Inside and 
Outside Air 

Pressure Differences per foot 
Above or Below Neutral Zone 

a * h 
pounds per square foot inches of v ~ a t e r  



TABLE IV 

Rat io  of Outside t o  I n s i d e  A i r  f o r  no Condensation a t  Various 
Outside Temperatures 

Rat io  of 
Outside -4ir 
t o  I n s i d e  

Air 

Q , / Q ~  

7 

9 

16 

25 

41  
A 

Ratio of  
abso lu te  
Values  of 
Outside t o  
I n s i d e  Tenp. 

0.943 

0.906 

0.868 

0.830 

0.792 

7 

Surface Temperatures Difference i n  S p e c i f i c  Humidity 

Ins ide  of 
o u t e r  pane 

t2 O F  

43 

25 

6 

-12 

-30 

Betmen a i r s p a c e  
and i n s i d e  

(a', - gS) 
grains/ lb  
of dry a i r  

33.7 

38.5 

36.7 

30.7 

24.2 

I BeC;ieen a i r s p a c e  
and ou t s ide  

(PfS a, go) 
gra ins / lb  

of dry a i r  

4.52 

4.05 

2.0 

1.04 

0.47 

O:ltsi.de 
I lqr,-,Tn7-c3 , u r  

I 

I to OP 

1 
I 

! 
!--- -- 

I 
I 

40 

j 
I 20 

j 0 

-29 
i 

-40 
I 

Ins ide  of 
i m e r  pane 

tl O F  

59 

5 2 

45 

38 

3 1  



TABLE V 

EXfect of Various Amounts of Air-Interchange on Window Temperatures 

Descript ion 

Cold Room 

Ins ide  sur face  of ou te r  pane 10" above mid-height 

Air space 3" from outer pane " II It 

Ins ide  sur face  of i n n e r  pane " 11 I1 

Ins ide  su r face  of o u t e r  pane a t  mid-height 

Air space 3" from o u t e r  pane " II 

Ins ide  su r face  of i n n e r  pane " I1 

I n s i d e  su r face  of o u t e r  pane 10" below mid-height 

Temperature O F  

-8 

20 

12 

-30 

-13 

28 

40 

0 

10 

30 

Air space 3" from o u t e r  pane " I1 II 12 

It II -side su r face  of i n n e r  pane " 1 34 
P - 

-30 

-13 

30 

41 

0 

12 

33 

16 113 
I 

35 35 
i 

0 

11 

36 

-12 

20 

~ 2 s d  

12 

35 

- 
- 
- 
- 
- 
- 

€3-16 
M 

-18 

3 

33 

-20 

-30 

-14 

17 

12 

35 

- 

- 
- 
- 
- 

12 

35 

- 
- 
- 
- 
- 

6-78 
~ r d d  

8 

22 

43 

7 

Air Temperatures i n  Warm Room 102" from f l o o r  

172" " 11 

37 

8 1 8 

2 4 / 2 5  

44 144 

I 
7 7 

46 

+14 

36 

- 
- 
- 
- 
- 
- 

u l  

-18 

4 

33 

-20 

-30 

-13 

24 

8 

25 

44 

7 

0 

11 

37 

46 147 

-14 1-14 
I 

54" I1 

7 0  
35" " II 6 8  

8 

24 

44 

7 

0 

12 

39 

-14 

19 

71 

70 

70 

68 

64 

61 

@I-d 

38 

8 

26 

44 

7 

0 

11 

39 

47 

-16 

21 

20 

20 

- 1  - 
- 1  - 

153" " II 

7" " 
I1 

47 

Open 

39 1 40 

-30 

-13 

25 

47 

-18 

-17 

21 

I 

All 
w l&.sd 

21 

- 
- 

' 12 
m d  

65 

63 

8 

24 

44 

7 

0 

12 

40 

-30 

-13 

27 

CM . 

1 
I 

I 
I 

I 

I 

10-148-166-B 

- 
- 

1044 
C H  

Vent ho les  i n  t o p  and bottom members of sash  All 
lopen 

-18 

2 

33 

-21 

-30 

-15 

14 

48 

61 7 

3 4  34 

37 

5 

34 

-21 -21 

3 

34 

-21 -21 



Temperature Measurements on Window wi th  Various Lengths 
of S i l l  

Air space $I1 from o u t e r  pane " 

I n s i d e  sur face  of i n n e r  pane " 

Ins ide  su r face  of  o u t e r  pane a t  mid-height 

Air space 4" from o u t e r  pane " 

Ins ide  s u r f a c e  of i n n e r  pane " 

I n s i d e  su r face  of o u t e r  pane 10" below mid-height 

Air space 4" from o u t e r  pane " 

Air Temperatures i n  Warm Room 4" from f l o o r  

54 " 
11 II 

69 69 69 63 

78" " 
I1 7 1  7 1  7 1  

102" " 11 

Length of sill i n  inches  



TABLE VII 

Observations of Condensation on I n s i d e  of Inner Pane 

Cold room Bi2m room 

d 
I /o 
I 

I 

i j 
40 44.5 

20  
46 i 48.5 

Width o f  band 
o f  condensation 

(inches ) 

O 
2 

Zeasured surface I T/idth of band 
I 

temperature at ' of co~deosatior,, : 
upper boundary 
of condensation 

i 
- 

1 37.5 I 1 
7 1 4 . 5  ! 6 I 

i 

28.2 ! - I 

i 
1 0 3  I 122 

i 
I 

predicted from I 

L benp. measure- 1 

I 

1 0 

( "PI / meqI:ches) 

- I 
i 0 

I 

48.5 1 2 I 
1 I 

3 0  
i 

37.5 
38 

I 

-20 
20  1 27.5 
3 0  37.5  



TABLE VIII 

R e s u l t s  o f  Second S e r i e s  o f  Steady S t a t e  Condensation T e s t s  

i :old roon i 
Humidity i n  I Durat ion / Venting arrangement I Adequacy of  v e n t i n g  

Temp. viarn room f o f  t e s t  f o r  I arrangement f o r  t h e  
i 
I 

! 
; $ RsH. I den p o i n t  i 

c e n t r e  windovq bottom vlindovr / c e n t r e  window botton? vrindon 
I j hours 1 ( v e n t s )  

I I ( v e n t s )  
I 
i j 

2 t o p  and 
I 

bottom 

3 t o p  and 
bottom I none 

11 bottom I 
/ adequate \ 

6 bottom I / inadequa te  
I - 

i 

3 t o p  2nd 
bottom 

6 t o p  and 
bottom 

23 bottom 
23 t o p  
4 t o p  and 
bottom 

5 t o p  and 
bottom 

1 t o p  and 
bottom 

1 t o p  and 
bottom 

i inadequate  I adequa te  
I 

2 bottom 

2 bottom 

adequate  

99 1 5 t o p  and 
i 
/ adequate 

1 adequate  
i 

adequate  

144 - adequate  
I 

botton: 

- 

inadequate  - 
inadequate  

inadequa te  

adequate 
I 

- 

- 
- 



TABLE Ix 

Venting Required a t  D i f f e r e n t  P r e s s u r e  D i f f e r e n c e s  
and  Outs ide  Temperatures 

I 
--- 

I 
Outs ide  1 T o t a l  p r e s s u r e  1 Outs ide  a i r  f low Heat  f low 

i n c r e a s e  by 
o u t s i d e  a i r  
flovi t o  a i r  

space  

P 

t e n p e r a t u r e  

O F  

Required  nurcber 
o f  $-in. d i a .  
h o l e s  t o p  and 

bottom 

d i f f e r e n c e  
a c r o s s  window 

in .  o f  w a t e r  

Equ iva len t  
vent ing a r e a  
t o p  and bot tcm 

sq in. 

t o  a i r  spzce  t o  
p r even t  conden- 
s a t i o n  

cu ft/hr 

0.1 

1 

2 

4  

0.2 

2  

5 

8 

1 .2  

10,5  t o  11.5 

25  t o  35 

55 t o  65 

2.5 

1 5  t o  25 

55 t o  65 

105 t o  115 

I-- I 20 ze ro  3 I 0.15 

20 

20 

20 

0  

0  

0  

0  

1 5  t o  25  

55 to 65 

1 2 5  t o  135 

4 

25 t o  35 

7 5  t o  8 5  

195  t o  145 

0.004 

0.014 

0.032 

z e r o  

0.004 

0.014 

0.032 

1 

3 

6 5 

0.20 

1 .5  

4 

7 



PRESSURE 

FIGURE I a 

PRESSURE DISTRIBUTIONS FOR TWO COLUMNS OF AIR 

INTER CONNECTED AT THE CENTRE 

(do- dl) 

- - 

Po 

PRESSURE 

PRESSURE DISTRIBUTIONS FOR TWO COLUMNS OF AIR 

INTER CONNECTED AT TWO LEVELS 



Po Po 

PRESSURE PRESSURE 

A p b : h  2 (do-ds) 

P O U T S I D E  

- 

Po 
PRESSURE 

F I G U R E  2 V E R T I C A L  PRESSURE D ISTRIBUTIONS FOR DOUBLE 

WINDOW AT T H E  N E U T R A L  Z O N E  

FIGURE 3 VERTICAL  PRESSLIRE DlSTRlBUTlONS FOR DOUBLE 

WINDOW ABOVE T H E  NEUTRAL ZONE 



23 VENT HOLES v4 @ 

OUTSIDE SECTION A-A 

SPACED APPROX 1'/; APART 

. 
.- 

I 

ALUMINIUM 
CLIPS HOLDING 
INNER a 

GLAZING 2 
N 
C\1 

n n t- 
W W 

22 '4 7" - ,  
h - 

36 '1; 
=-I 

O O 9 0 Q ' O Q O Q Q  

0 

rr) 
N 

. 
Q O O O O O O O  

1' 

INSIDE 

I 

.a0 
In\ 
V) 
OJ 

L 

FIGURE 4 

I 

- - -- 

DETAILS OF CENTRE WINDOW 



'1;' AIR SPACE 

I 
3/; AIR SPACE , 

FIGURE 50 

INSIDE GL AZlNF 

IN LIGHT STAIN1 

OUTSIOE GLAZING - STEEL FRAME 

STRIP SEAL 

I/; AIR SPACE 

CAULKING 

, 
, 

\ 

I 
\ 

. -- 

II II ALUMINUM FRAME -- 

I 1  

:p~ 
r t 

i "1 

INSIOE GLAZING 

IN A STAINLESS 

STEEL FRAME 

,- 2 3/L; - 
3/; 

I 
- 4 

CAULKING 

STRIP SEAL 

SASH DETAILS OF TEST WINDOWS 

FIGURE 5 b  - 

FIGURE 5 

FIGURE 5 c  



A INSULATION 

1 I / f 

MASONITE 

1 
PLYWOOD 

1 

S E C T I O N  A - A  

I - - I 

NOT TO SCALE 

EL EVATION WITH MASONITE REMOVED 

FIGURE 6 

W A L L  PANEL CONSTRUCTION DETAILS 



AUXILIARY 

DIFFUSER 

Fl Dl FFUSER 

COLD ROOM 

FIGURE 7 PLAN OF COLD ROOM 



FIGURE 8 

AIR FLOW VERSUS PRESSURE DIFFERENCE FOR OUTSIDE PANE WITH VENT HOLES 



AIR FLOW (CUBIC FEET PER MINUTE) 

FIGURE 9 

AIR FLOW VERSUS PRESSURE DIFFERENCE FOR 

OUTSIDE PANE WlTH ONE VENT HOLE. 

AIR FLOW (CUBIC FEET PER MINUTE) 

FIGURE 10 

AIR FLOW VERSUS PRESSURE DIFFERENCE FOR 

OUTSIDE PANE WlTH 46 VENT HOLES. 





A OUTSIDE PRESSURE > INSIDE PRESSURE 

B OUTSIDE PRESSLIRE < INSIDE PRESSURE 

C OUTSIDE PRESSURE 7 INSIDE PRESSURE 

D OUTSIDE PRESSURE < INSIDE PRESSURE 

FIGURE 12 

AIR FLOW VERSUS PRESSURE DIFFERENCE FOR 

INSIDE GLAZING 



LEGEND 

THERMOCOUPLE 

FIGURE 13 

THERMOCOUPLE L O C A T I O N S  FOR T O P  WINDOW 





- 2 0  -10 0 10 2 0  30 4 0  5 0  60 7 0  80 

TEMPERATURE ( O F )  

LEGEND: 

WARM ROOM AIR 
---- INSIDE SURFACE OF 

INNER PANE 

------- A I  RSPACE 

-- INSIDE SURFACE OF 

OUTER PANE 

--- OUTSIDE A I R  

FIGURE 15 

VERTICAL TEMPERATURE GRADIENTS 

FOR WINDOW AT OUTSIDE TEMP OF O°F 



- 3 0  - 2 0  -10 0 10 2 0  3 0  4 0  5 0  6 0  7 0  

TEMPERATURE OF INNER PANE (OF) 

LEGEND: 
-.- COLD ROOM TEMP 38OF 

FIGURE 16 

VERTICAL TEMPERATURE GRADIENTS 

FOR INSIDE SURFACE OF INNER PANE 



- 3 0  -20 -10 0 10 2 0  3 0  4 0  5 0  60 7 0  
TEMPERATURE OF A I  R S P A C E  ( O F )  

LEGEND: 
-- - COLD ROOM TEMP 38OF 

------- 
I I a I I #  20°F  

--- 
8 I I I I I O°F 

I I I I 4 1  -SO0 F 

FIGURE 17 

VERTICAL TEMPERATURE GRADIENTS 

FOR THE AIRSPACE 



-30 -20  -10 0 10 2 0  3 0  4 0  5 0  60 70 

TEMPERATURE OF OUTER PANE (OF) 

LEGEND: 
--- COLD ROOM TEMP 38OF 
------- 

I I 88  1 8  20°F  
--- 

11 I I n I O°F 

I I I e II -30°F 

FIGURE 18 

VERTICAL TEMPERATURE GRADIENTS 

FOR INSIDE SURFACE OF OUTER PANE 



SURFACE TEMPERATURE (OF) 

FIGURE 19 

LEGEND 

- 
@----- -  a 

~- - - -d  

V E R T I C A L  T E M P E R A T U R E  GRADIENTS FOR 
- - - 

INS IDE  SURFACE O F  INNER PANE 

COLD 
ROOM 
TEMP. 

2 0  

0 

- 2 0  

DEW 
POINT 

TEMP. 

48.5 

37.5 

27.5 

TEMP. IN WARM 
ROOM 5 4 "  

FROM FLOOR 

70 

7 l 

69 



INSIDE-OUTSIDE TEMP. DIFFERENCE 

OF 5 0 '  ( A L L  VENT HOLES CLOSED) - INSIDE-OUTSIDE TEMP. OF 70° ( ALL 

VENT HOLES OPEN IN THE CENTRE AND 

TOP WINDOWS) 

FIGURE 2 0  

PRESSURE DIFFERENCE BETWEEN WARM 

AND COLD ROOMS VERSUS HEIGHT 



(a) $ p i o r  to eye%Lng 

Figure 21 Condensation on s u t e ~  pane sf t o p  wfndow 
in f i r s t  se r i e s  o f  condensation tests 
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(a) P r i o r  to cycling 

( $ 1  FslPowIng cycling 

Figure 22 Condensation on o u t e r  pane of centre wfndsw 
I n  f i r s t  series a% condensation t e a t s  

DBR I N T E R N A L  REPORT NO. 146 
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TOP - 
(NO V E N T I N G )  

I CENTRE 

FIGURE 24 

CONDENSATION ON OUTER PANES IN SECOND 

SERIES O F  CONDENSATION TESTS AFTER 

48  HOURS WITH OUTSIDE TEMP. OF 2 0 . ~  

AND INSIDE RELATIVE HUMIDITY OF 46% 



BEGINNING OF ;TEST 

T O P  

d 

END OF TEST 

SMALL FROST PATCH 

. 

THIN PATCHES 

+ + ? +  

' F R O S T  CRYSTALS 

. . .  , . . . . .  . . - 
N O  V E N T I N G  

ONE HOLE T O P  AND BOT,TOM 

El d 

F I G U R E  2 5  

CENTRE 

. 

CONDENSATION ON OUTER PANES IN SECOND SERIES 

OF CONDENSATION TESTS BEFORE AND FOLLOWING 

38 HR. WITH OUTSIDE TEMPERATURE OF O°F AND AN 

INSIDE RELATIVE HUMIDITY OF 30% 

THREE H O L E S  T O P  AND BOTTOM 



THIN FffOSr PATCH 

+. t + * * - t - C  + + +  t + .C + + 4 .  

NO VENTING 

THREE HOLES TOP AND BOTTOM S I X  HOLES TOP AND B O T T O M  
CENTRE 

FIGURE 26 FIGURE 27 

OUTSIDE TEMPERATURE = OOF OUTSIDE TEMPERATURE = OOF 

WARM ROOM R.H. = 38% WARM ROOM R.H. = 38 O/o 

DURATION = 26 HR. DURATION = 98 HR. 

- 

FIGS 26 8 27 SHOW CONDENSATION ON OUTER PANES 

IN SECOND S E R I E S  OF TESTS 

ONE HOLE TOP AND BOTTOM ONE HOLE TOP AND BOTTOM 
CENTRE MOVED TO EXTREME RIGHT 

BOTTOM 

7 

+ 

+ 



BEGINNING OF TES T END OF TEST 

THIN FROST PA TCH 

- 

TOP 

NO VENTING 

+ +++ 
+";+ + +  + 

+ +  - t i  +++ 

Sir CRYSTALS 

+ f + + + i + + +  *,t+ *\+* * +  

b x 4  1d 

TH/CK P R O S  T PATCH CENTRE. 

TWO HOLES JUST AT TOP 

F IGURE 28 

CONDENSATION ON OUTER PANES IN SECOND SERIES 

OF CONDENSATION TESTS BEFORE AND FOLLOWING 99 HR. 

WITH OUTSIDE TEMPERATURE OF - 2 0 ' ~  AND INSIDE 

RELATIVE HUMIDITY OF 20 O/o 



A i r  Flow C h a r a c t e r i s t i c s  Required t o  Overcome Condensation Between - 
Panes 

Figure A 1  i l l u s t r a t e s  v a r i a t i o n s  i n  pressure  wi th  
he igh t  a c r o s s  a  double vrinrlo~v sub jec ted  t o  a  temperature 
g r a d i e n t  when t h e  t o t a l  i n s i d e  pressure  is  g r e a t e r  than  t h e  
ou t s ide .  The o u t e r  pame i s  assumed t o  have openings t o p  and 
bottom only,  and t o  be much l e s s  r e s i s t a n t  t o  a i r  f low than  
t h e  i n n e r  pane. 

The a i r  space pressure  ( t h e  s o l i d  l i n e )  w i l l  r e s u l t  
when t h e  i n n e r  pane i s  c o r n p l e t e l ~  sea led  and openirlgs around 
t h e  o u t e r  pane a r e  evenly d i s % r i b u t e d  above and below t h e  mid- 
he igh t  of t h e  wirLdow. The p ressu re  d i f f e r e n c e s  a c r o s s  t h e  
openings w i l l  r e s u l t  i n  a n  a i r  in terchange  between t h e  a i r  
space and ou t s ide  dependent on t h e  flow c h a r a c t e r i s t i c s  of the  
openings. A s  t h e  r e s i s t a n c e  t o  flow of t h e  i n n e r  pane i s  
decreased t h e  a i r  flow from i n s i d e  t o  t h e  a i r  space w i l l  i nc rease .  
This  a i r ,  t o g e t h e r  wi th  tha-t from t h e  bottom openings of t h e  
o u t e r  pane, w i l l  flow through t h e  t o p  openings of t h e  o u t e r  
pane. The p ressu re  d i f f e r e n c e  a c r o s s  t h e  t o p  openings of t h e  
o u t e r  pane m u s t  t h e r e f o r e  i n c r e a s e ,  w i t h  t h e  l i n e  r e p r e s e n t i n g  
a i l -  space pressure  i n  Fig. A 1  moving t o  t h e  r i g h t  a s  i n d i c a t e d  
by t h e  d o t t e d  l i n e .  With f u r t h e r  r educ t ions  i n  t h e  r e s i s t a n c e  
of t h e  i n n e r  pane a  condi t ion  i s  reached when t h e r e  i s  zero 
pressure  d i f f e r e n c e  a c r o s s  t h e  bottom opening of t h e  o u t e r  pane 
and no inf low occurs from t h e  ou t s ide  t o  t h e  a i r  space. Any 
fur1;her d e c r e a  e  i n  t h e  r e s i s t a n c e  of t h e  i n n e r  pane w i l l  
r e s u l t  i n  a f u r t h e r  s h i f t i n g  of t h e  a i r  space p ressu re  t o  t h e  
r i g h t  wi th  a i r  f low t o  t h e  ou t s ide  through both t h e  t o p  and 
bottom openings of t h e  o u t e r  pane. 

Table IV g ives  t h e  minimum r a t i o s  of t h e  volume r a t e  
of a i r  flovi from t h e  ou t s ide  t o  a i r  space t o  t h a t  from t h e  i n -  
s i d e  t o  t h e  a i r  space t o  prevent  condensat ion on t h e  i n s i d e  
su r face  of t h e  o u t e r  pane. %or t h e  t e s t  windov~ t h i s  condi t ion  
can by w r i t t e n  as: 

where 

Qb 
i s  t h e  volume r z t e  of a i r  f low i n t o  t h e  a i r  space 

from t h e  outsiOe through t h e  bottom openings 
of t h e  o u t e r  pane 

R i s  t h e  minimum pelmiss ib le  r a t i o  given i n  Table I V  

Qi i s  t h e  volume r a t e  of a i r  flovr i n t o  the  a i r  space 
from t h e  i n s i d e  

The volume r a t e  of a i r  f low p a s t  t h e  i n n e r  and o u t e r  
g l a z i n g s  of a  double v~indow loca ted  above t h e  nc?utr.al zone car1 
be defined by t h e  fol1ovrin.g: 



and 

where 
Qi 

i s  t h e  volume r a t e  of flow i n t o  t h e  a i r  space 
from %he i n s i d e  

Qb 
is  t h e  volume r a t e  of flow i n t o  t h e  a i r  space 
from t h e  ou t s ide  through t h e  bottom openings of 
t h e  o u t e r  pane 

Ci 
i s  t h e  a i r  leakage c o e f f i c i e n t  f o r  t h e  i n n e r  pane 

Co 
is t h e  a i r  leakage c o e f f i c i e n t  f o r  t h e  o u t e r  pane 
wi th  a given number of h o l e s  i n  t h e  sash  

A %  i s  t h e  average p ressu re  d i f f e r e n c e  across t h e  
i n n e r  pane 

APb 
i s  t h e  pressure  d i f f e r e n c e  a c r o s s  t h e  bottom 
openings of t h e  o u t e r  pane 

n i s  t h e  exponent o f  a i r  flow f o r  t h e  i n n e r  pane 
i 

is  t h e  exponent of air' f l o w  f o r  t h e  bottom 
no 

openings of t h e  oul;er pane 

S u b s t i t u t i n g  f o r  Qb and Qi i n  equat ion 1 

A i r  leakage records  given i n  Fig. 8 of t h i s  r e p o r t  
i n d i c a t e  t h a t  a t  t h e  s m a l l  pressure  d i f f e r e n c e s  s e t  up by 
buoyancy f o r c e s  t h e  c o e f f i c i e n t  no i s  l i k e l y  t o  be 1. I f  it 
i s  assumed t h a t  t h e  flovi exponent n  i s  1 a t  t h e s e  s m a l l  
pressure  d i f f e r e n c e s  equat ion 4 s imBl i f i e s  t o  

Equation 5 g i v e s  t h e  minimum permiss ib le  r a t i o  i n  
terms of t h e  a i r  leakage c h a r a c t e r i s t i c s  of t h e  i n n e r  and 
o u t e r  g l a z i n g s  of tlie t e s t  rvir~.d.ow when l o c a t e d  above t h e  
n e u t r a l  zone. The p ressu re  d i f f e r e n c e  a c r o s s  t h e  openi-ngs 
of t h e  inner. and ou-ber pane can be determined wi th  r e fe rence  
t o  Pig.  A l ,  assuming t h a t  t h e  a i r  space pressure  given by 
t h e  do t t ed  l i n e  r e p r e s e n t s  t k e  condi t ion  def ined  by e q i ~ a t i o n  
1. Under t h i s  cond i t ion  t k e  inf low and outfl-ow throuch t h e  
bottom arlcl t o p  o p e n . i n ~ s  of t h e  o u t e r  pane a re  p;iven by t h e  
fol lowing equat ions :  



where Qo i s  t h e  volume r a t e  of  flovf from t h e  a i r  space t o  t h e  
ou t s ide  through t h e  t o p  openings, 

d  i s  t h e  dens i ty  of t h e  ou t s ide  a i r ,  
0 

ds i s  t h e  dens i ty  of t h e  a i r  between t h e  panes. 

h f  i s  t h e  v e r t i c a l  d i s t ance  from t h e  bottom openings of 
t h e  o u t e r  pane t o  t h e  l e v e l  where t h e  pressure  i n  
t h e  a i r  space equals  t h e  ou t s ide  pressure .  

h  i s  t h e  d i s t ance  between t h e  bottom and t o p  openings 
of t h e  o u t e r  pane. 

The o t h e r  symbols are t h e  same as before.  

Under t h e s e  same cond i t ions  t h e  outflow through t h e  
t o p  opening of t h e  o u t e r  pane i s  made up of t h e  inf lows i n t o  
t h e  a i r  space through t h e  bottom openings of t h e  o u t e r  pane 
and t h e  openings of t h e  i n n e r  pane. This can be w r i t t e n  as 

S u b s t i t u t i n g  f o r  Q i n  equat ion 7 and then  so lv ing  
f o r  hg it can be shown t h a e  

Therefore t h e  pressure  d i f f e r e n c e  a c r o s s  t h e  bottom 
opening o f  t h e  o u t e r  pane may be w r i t t e n  as 

On t h e  o t h e r  hand t h e  average p ressu re  d i f f e r e n c e  
a c r o s s  t h e  i n n e r  pane can be w r i t t e n  a s  

If t h e  window i s  l o c a t e d  at; t h e  n e u t r a l  zone anci i f  
it i s  assumed t h a t  openings of  equal r e s i s t a n c e  a r e  d i s t r i b u t e d  
a t  t h e  t o p  and bottom only of t h e  i n n e r  and o u t e r  panes equat ion  
5 i s  changed t o  



The a i r  p ressu re  d i f f e r e n c e s  due t o  buoyancy e f f e c t s  
a c r o s s  t h e  t o p  of t h e  i n n e r  pane and the  bottom of t h e  o u t e r  
pane of t h e  window when l o c a t e d  a t  t h e  n e u t r a l  zone a r e  given 
by 

Under t h i s  cond i t ion  t h e  inf low through t h e  t o p  open- 
i n g s  of t h e  i n n e r  pane is  equal t o  the  outf low through i ts  
bottom openings. Por t h e  o u t e r  pane, however, t h e  inf low 
through i ts  bottom openings i s  equal t o  t h e  outflow through 
i t s  t o p  openings. 



/ OUTSIDE A'R , INSIDE AIR 

PRESSURE 

FIGURE A l 

VERTICAL PRESSURE DISTRIBUTION F O R  DOUBLE WINDOW W I T H  
-- 

INSIDE PRESSURE GREATER THAN OUTSIDE 



Errors  i n  Surface Tempcra1,ur.e l~ieasi~11'cn~ents 

T.lie measurement of su r face  temperatures  i s  d i f f i c u l t  
and s u b j e c t  t o  much e r r o r  a r ~ d  u n c e ~ % a i n t y .  Ih-atz and Broderick 
(1-E) i n  t h e i r  experiments showed t h a t  t h e  apparent  sur face  
tempera-ture was affec-bed by t h e  s i z e  of t h e  t2lermocov.ple wire  
and t h e  method o f  i n s t a l l a t i o n  and. -l-lia-t- i-t; was alvrays between 
t h e  a c t u a l  su r face  tempera-Lure and the  a i r  -temperature. D3ey 
found t h a t  t h e  b e s t  me-thod of i n s t a l l i n g  tl!lemlocouples on t h e  
su r faces  of bu i ld ing  ma-terials was t o  embed t h e  thenno-junct ion 
and a  l e n g t h  O F  both l e a d  wires  f l u s h  i n  a shallow groove 
l o c a t e d  along an iso-t-!zcm. 

It was no t  possiblt2 t o  put grooves i n  the  s u r f a c e s  
of t h e  window panes. Surface tempei-a,-ture measurenents were 
obtained wi th  -h:~o d i f f e r e n t  nloJciiocis of su r face  t l i e ~ ~ r ~ o c o u p l e  
i n s t a l l a t i o n  (Pig .  B 1 )  . Thcrrnocol~ples wese f a s t e n e d  t o  'the 
i n n e r  and oute:r s u r f a c e s  of t h e  i n n e r  pane and t h e  i n n e r  s u r -  
f ace  of t h e  o u t e r  pane wi th  b lack  p l a s t i c  t ape  and t o  t h e  
ou t s ide  su r face  of t h e  ou-l;er pane wi-th Sco-tch -tape. Scotc'l.1 
t ape  w a s  used because of i t s  be-Lter adherence t o  t h e  g l a s s  
under lev? temperature condi t ions .  

Figures B2 -to 35 give  t h e  surface-to-sur:face te~npe l-ature 
d i f f e r e n c e s  measured a t  mid-lieigh-t and 10  inches  above and 
belovv it f o r  both t h e  i n n e r  and o u t e r  panes. These were oh-tain.ed 
wi th  t h e  Inlo methods of themocouple  i n s t a l l a t i o n .  A t  any 
given ins ide -ou t s ide  a i r  tempel-ature d i f f e r e n c e  t h e  sur face-  
t o - s u r f a c e  ternpera.ture d i f  f  el-ence measured wi th  thermocouples 
as shown i n  me-thod 2 i s  l e s s  -than t h a t  measured wi th  themlo- 
couples as showri i n  method 1. The h e a t  flow a t  each l o c a t i o n  
a t  a  given ins ide -ou t s ide  a i r  t enpera-ture d i f f e r e n c e  i s  cons tant .  
Tlleref o r e ,  t h e  error.  i n  t h e  i n d i c a t e d  t ernpera-tuz-e (method 2 ) 
i s  l e s s  than  t h a t  measured i n  method 1. 

Surface tempel-atures i n  - th i s  r e p o r t  were obtained by 
averas ing  t h e  measured tenlperaturcs on botli s i d e s  of t h e  pane 
obtained wi th  su r face  thernlocouples (ne-thod 2 ) .  T h i s  procedure 
assumes t h a t  t h e  convection c o e f f i c i e n t s  and t h e  air-to-sur:Cace 
ternperaturc d i f r e r e n c e  on e i t h e r  s i d e  of t h e  pane a t  a  given 
l o c a t i o n  a r e  t h e  sane. It assumes a l s o  t h a t  t h e  a c t u a l  tempera- 
t u r e  d i f f e rence  a c r o s s  t h e  pane i s  n c z l i g i b l e .  

i n  P ig  
comple 
i f  t h e  
ac:tual 

It i s  apparen-t f r o n  t h e  v e r t i c a l  tempera-Ll~re p a d i e n t s  
. 1 5  t h a t  the  condi t iol is  of t h e  f i rs 'k  assi,~mption a r e  no t  
t e l y  r e a l i z e d .  The vrors-L poss ib le  s i t u a t i o n  would occur 
measured i n s i d e  su r face  tempera-ture corresponcleG t o  the  
i n s i d e  s u r f  ace terfipei-il-ti.are. Unde?: ti.li s conclition t h e  

e r r o r  i n  talring t h e  mean of t h e  measured sur:Pace t enpera - t l~ res  
on e i t l i e r  s i d e  of t h e  pane a s  t l i t? insid-e s i ~ r f a c e  tempera-Lure 
would be equal t o  one ha].:? t h e  n ~ e a s u ~ e d  s u r . f ~ i c e - ' ~ o - s ~ ~ r f a c e  
t ernperature d i f  :ference . IS, horvever , -I;h!:: rne;.isu~eil ou-tsi  de 



su r face  tempel-atures oi" each pane corrcspondcd t o  ac-tual  
va lues ,  t h e  e r ro r s  i n  t h e  repor-Led i n s i d e  su r face  t e n p e r a t u r c s  
would be sonie~hat  smal l e r  and of oppos i te  s i e ; n .  Values of 
t h e  poss ib le  e r r o r  i n  t h i s  case can be  cie.termined only if 
t h e  a c t u a l  -temperati- re drog a c r o s s  t h e  panes i s  known. 

I-t  is evident  from t h e  r e s u l t s  given i n  Table V I I  
t h a t  t h e  e r r o r s  i n  the  r epor ted  i n s i d e  su r face  temperatures  
f o r  t h e  i n n e r  pane a r e  l e s s  than  one degree.  It can be s a f e l y  
assumed, t h e r e f o r e ,  t h a t  t h e  ac-Lual e r r o r s  i n  t h e  r epor ted  
i n s i d e  su r face  temperatures  f o r  both panes a r e  between those  
f o r  t h e  two limitiw condi t ions .  

Reference 

1-B. Kratz,  A.P., and E.L. Broderick,  Study of t h e  a p p l i -  
c a t i o n  of thermocouples t o  t h e  measurement of wal l  
su r face  t e n p e r a t u r e s .  Transac t ions ,  A.S.H.V.E., 
no. 943, vol. 39, 1933. pp. 55-62. 



ON INSIDE SURFACE OF INNER PANE 

M E T H O D  I 

ON OTHER GLASS SURFACES 

M E T H O D  2 

FIGURE 81 

METHODS O F  SURFACE THERMOCOUPLE I N S T A L L A T I O N  



INSIDE -OUTSIDE AIR T E M P  DIFFERENCE (OF) 

LEGEND:  
1 0 "  BELOW T H E  MID HEIGHT 

o 0 AT THE M I D  HEIGHT 

A A 10" ABOVE THE MID HEIGHT 

SURFACE THERMOCOUPLES AS SHOWN IN FIGURE 81, 

METHOD I .  

FIGURE 6 2  

MEASURED TEMPERATURE DIFFERENCE 

ACROSS INNER PANE VERSUS INSIDE- 

OUTSIDE AIR TEMPERATURE DIFFERENCE. 
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INSIDE -OUTSIDE AIR T E M P  DIFFERENCE (OF) 

LEGEND: 

P A PO" ABOVE THE MID HEIGHT 

o 0 AT THE M I D  HEIGHT 

e e 10" BELOW T H E  MID HEIGHT 

SURFACE THERMOCOUPLES AS SHOWN IN FIG.  8 1 ,  METHOD 2,  

FIGURE 83 

MEASURED TEMPERATURE DIFFERENCE 

ACROSS INNER PANE VERSUS INSIDE- 

OUTSIDE AIR TEMPERATURE DIFFERENCE 



INSIDE - OUTSIDE AIR TEMPERATURE DIFFERENCE (OF) 

LEGEND: - 10" ABOVE MID HEIGHT - AT THE MID HEIGHT 

t----r 10" BELOW MID HEIGHT 

FIGURE 84 

MEASURED TEMPERATURE DIFFERENCE 

ACROSS OUTER PANE VERSUS INSIDE- 

OUTSIDE AIR TEMPERATURE DIFFERENCE 



INSIDE - OUTSIDE AIR T E M P  D I F F E R E N C E  (OF) 

L E G E N D :  -. 10" ABOVE MID HEIGHT 

000 AT MID HEIGHT 

10" BELOW MID HEIGHT 

SURFACE THERMOCOUPLES AS SHOWN I N  F I G .  8 2  

FIGURE 85 

MEASURED TEMPERATURE DIFFERENCE 

ACROSS OUTER PANE VERSUS INSIDE- 

OUTSIDE TEMPERATURE DIFFERENCE 



I k r o r s  i n  A i r  Tem~era tu re  ~~Ieasurerne~~- ts  - 

The thel-mocouples used i n  t h e  measurement of a i r  
temperature i n  t h i s  s tudy were unshielded.  The poss ib le  
d i f f e rences  between t h e  ac- tual  and measured a i r  temperature 
can be c a l c u l a t e d  by equat ing  t h e  n e t  r a d i a n t  h e a t  exchange 
t o  t h e  h e a t  exchange by convection. If it i s  assumed t h a t  t h e  
i n s i d e  s u r f a c e s  of t h e  t e s - t  p a ~ i e l s  a r e  a t  window sur face  tem- 
pe ra tu re  and a l l  o t h e r  s u r f a c e s  of  t h e  warm roon a r e  a t  t h e  
temperature of t h e  thermocouple, tlie h e a t  exchange a t  t h e  
them.iocouple is given by tlie fol lowing equat ion:  

where 

Fe i s  t h e  emiss iv i ty  f a c t o r .  

Pa i s  t h e  fonn f a c t o r .  

Tm 
measured a i r  temperature i n  OF abso lu te .  

T1 
i n s i d e  su r face  temperature of t h e  i n n e r  pane of 
a double window i n  "I? abso lu te .  

Ta a c t u a l  a i r  temperature i n  "I? abso lu te .  

hc 
coiivective f i l m  c o e f f i c i e n t  of h e a t  t r a n s f e r  i n  
EYtu/sq f t / h r / ~ ~ .  

A t  a n  i n s i d e  temperature of  70°F and a cold room 
temperature of -30°F t h e  su r face  temperature a t  t h e  c e n t r e  of 
a window w a s  approximately 3$OF. The r a d i a n t  h e a t  exchange 
between t h e  thertiiocouple and t h e  surroundings was c a l c u l a t e d  
by us ing  va lues  f o r  t h e  emiss iv i ty  f a c t o r  3, of 1, and f o r  the 

form f a c t o r  Pa of 1/6 ( f o r  a  small  o b j e c t  a t  the  c e n t r e  oC a 

cube) .  A value f o r  (Tm - Ta)  of - l 0 P  was ca lcu la ted  by us ing  

t h e  convect ion c o e f f i c i e n t  hc f o r  h o r i z o n t a l  c y l i n d e r s  obta ined  

from Heat Transfer  by Fishenden and Saunders ( 1 - C ) .  Although 
t h i s  value i s  only approximate, t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  
t h e  e r r o r s  i n  t h e  measured warm room a i r  tempel-atures were 
small. Errors  i n  t h e  cold  room a i r  t empera t i r e s  were not  
c a l c u l a t e d  bu t  probably would be l e s s  i n  viem of t h e  high a i r  
motion i n  t h e  room. 

The r e l a t i o n  between t h e  t r u e  and measured a i r  -tempera- 
t u r e  i n  t h e  a i r  space i s  given by t h e  follow in^ equat ion:  



where 3 '  i s  t h e  emiss iv i ty  f a c t o r .  

T i s  t h e  ou.tsicie s u r f a c e  tcmpezature of t h e  i n n e r  
pane O? abso lu te .  

T, i s  t h e  i n s i d e  s u r f a c e  temperalure of t h e  o u t e r  
' pane O F  abso lu te .  

T i s  t h e  measured a i r  space ternpel-ature O F  abso lu te .  
m 

Ta i s  t h e  ac- tual  a i r  space t empera t l~ re  i n  O F  abso lu te .  

Taking a value of 1 f o r  PC and - .  f o r  F t h e  d i f -  
a 

f e rences  bettveen t h e  measured and ac- tual  a i r  temperature 
of t h s  a i r  space (Tm - T ) viere ca lc t~ ln tec l  a t  t h r e e  l e v e l s  a t  a  

a  cold room temperature o f  -3O"J ' .  Tl~ese d i f f e r e n c e s  were 2 .  G 0 P  
and 1°P a t  t h e  bottom and c e n t r e  and -2.4OF a t  t he  top.  Thus, 
t h e  a c t u a l  v e r t i c a l  a i r  temperature f i radient  i n  t h e  a i r  space 
was g r e a t e r  -than tha-t  measured by approximately 5°F under 
these  col idi t ions.  I-t call be assumecl t h a t  -the a c t u a l  ~ r a d i e n t s  
a t  a l l  inside-ou Lside a i r  temperature d i f f e r e n c e s  were some- 
what g r e a t e r  than  t h e  measured g rad ien t s .  

There were a l s o  f l u c t u a t i o n s  i n  t h e  a i r  ternpera.tu:ra 
of t h e  a i r  space.  A t  cold  room temperatures  of  O O P  and -30°'1" 
t h e r e  were f1uctuat ion.s  of 5OF i n  t h e  nieasured a i r  tempera- 
t u r e  a t  mid-height i n  t h e  a i r  space.  'Illere were no f l u c -  
t u a t i o n s  i n  t h e  measured a i r  temperatures  a t  t h c  bottorn and 
t o p  of t h e  a i r  space.  

Reference 

1-C.  Pishenden, 1.;. , and O.A. Saunders, An i n t roduc t ion  
t o  h e a t  t r a n s f e r ,  Die Clarencion l't'rcss, Oxford 
1950. p.31. 



AFPENDIX D 

Effec t  of Condensation on Surface 
Temweratures 

Condensation on a su r face  w i l l  occur  whenever t h e  
temperature a t  any point  on t h e  su r face  i s  below t h e  dew po in t  
temperature of t h e  a i r - w a t e r  vapour mixture.  Under some t e s t  
cond i t ions  a  t h i n  f i l m  of condensation formed on t h e  i n s i d e  
su r face  of t h e  i n n e r  pane. The o rde r  of t h e  d i f f e r e n c e  i n  
temperature caused by t h i s  condensation can b e s t  be seen  i n  
Fig. D l  which g i v e s  co r rec ted  i n s i d e  su r face  temperatures  
of t h e  i n n e r  pane a t  a  v a r i e t y  of ins ide -ou t s ide  a i r  tempera- 
t u r e  d i f f e rences .  The u n c e r t a i n t i e s  of t h e s e  temperatures  
were obtained a s  descr ibed i n  Appendix B. The t o t a l  u n c e r t a i n t y  
of any temperature i s  i nd ica ted  by t h e  d i s t a n c e  between t h e  
h o r i z o n t a l  ba r s .  A b e s t  l i n e  was drawn through t h e s e  po in t s .  

A t  i n s ide -ou t s ide  a i r  temperature d i f f e r e n c e s  of 51°F 
and 91°F temperature measurements were obtained wi th  bands of  
condensation of 2 and 3/4 in .  r e s p e c t i v e l y  a t  t h e  bottom of 
t h e  i n s i d e  sur face  of t h e  i n n e r  pane. Measurements were 
obtained a t  ins ide -ou t s ide  a i r  temperature d i f f  eren.ces of 71 OF 
and 72 OF wi th  bands of condensation of 7 and 1 i n .  

The records  i n d i c a t e  t h a t  condensation had no e f f e c t  
on t h e  su r face  temperatures 10  inches above mid-height while  
it may have increased  them a t  mid-height and bottom by about 
1.5OF. 



L E G E N D :  

I SURFACE TEMPERATURE WITH NO CONDENSATION 

I 11 WITH CONDENSA TION 

I N S I D E  OUTSIDE AIR TEMP. DIFFERENCE (OF) 

FIGURE Dl 

TEMPERATURES OF INSIDE SURFACE OF INNER PANE AT VARIOUS HEIGHTS 

WITH AND WITHOUT CONDENSATION 



E f f e c t  of Venting on Heat P3.ol.r 1'hrou~;h - Double 
ilindow 

The h e a t  flow through t h e  i n n e r  pane i s  i n  excess of 
t h a t  through t h e  o u t e r  pane by t h a t  amount which i s  c a r r i e d  
away as  a r e s u l t  of t h e  a i r  in terchange  betmeen t h e  a i r  
space and t h e  ou t s ide .  Assurni~i[ :  t h a t  t h e  i n s i d e  f i l m  c o e f f i -  
c i e n t  fi  i s  1.5,  t h a t  t h e  ou t s ide  f i l m  c o e f f i c i e n t  f o  i s  6.0 

and t h a t  t h e  conductallce of t h e  a i r  space can be taken as  
tvro f i l m  c o e f f i c i e n t s  each equal t o  2 .0  ~ t u / s ~  f t / h r / O ~ . ,  
and neg lec t ing  t h e  conductance of t h e  g l a s s ,  t h e  following, 
h e a t  balance can be w r i t t e n  wi th  r e s p e c t  t o  t h e  h e a t  f l o v ~  
a c r o s s  t h e  i n n e r  a,nd o u t e r  panes 

4 - f . A  (Ti - T ' )  = fiA (TI - T o )  + d Q C ('I" - To) 7 1 O O P  

where 
Ti i s  t he  i n s i d e  temperature.  

T' i s  t he  mean a i r  space temperature wi th  interchange.  

To 
i s  t h e  ou t s ide  temperature.  

A i s  t h e  su r face  area of t h e  windovi i n  square f e e t .  

do 
d e n s i t y  of t h e  ou t s ide  a i r .  

90 
amount of interchange of a i r  i n  cu f t / h r .  

C s p e c i f i c  h e a t  of t h e  a i r ,  0.24 Btu/lb/V. 
P  

The o v e r - a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  m i n d o v ~ ,  
without  and wi th  a i r  interchange a r c  given by equat ion  2 an.d 3 

where 
U i s  t h e  apparent  over-all. h e a t  t r a n s f e r  c o e f f i c i e n t  

when t h e r e  i s  no a i r  in terchange .  

UI i s  t h e  appa.l-.ent o v e r - a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
when t h e r e  i s  an in terchange .  

Q i s  t h e  t o t a l -  h e a t  flovi through t h e  double min.dow 
when t h e r e  i s  no in terchange .  



Q V  i s  t h e  t o t a l  h e a t  f l ow through  sthe window when t h e r e  
i s  a n  a i r  i n t e r change .  

.A i s  t h e  s u r f a c e  a r e a  of  t h e  window. 

B T i s  t h e  i n s i d e - o u t s i d e  a i r  t empera tu re  d i f f e r e n c e .  

Div id ing  e q u a t i o n  2 by 3 g i v e s  

The h e a t  f low a c r o s s  t h e  i n n e r  pane i s  equa l  t o  t h e  
t o t a l  h e a t  f low through  t h e  window as expressed by equa t ions  
5 and 6. 

where T i s  t h e  a i r  space  tempera ture  when t h e r e  i s  no a i r  
i n t e r c h a n g e .  

S u b s t i t u t i n g  f o r  t h e  h e a t  flovrs w i t h  and w i t h o u t  
i n t e r c h a n g e  in .  e q u a t i o n  4 g i v e s  t h e  f o l l o v ~ i n g  r e l a t i o n s h i p  
betvieen t h e  o v e r - a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  and t h e  a i r  
t empera ture  d i f f e r e n c e  a c r o s s  t h e  i n n e r  pane 

S u b s t i t u t i n g  f o r  T v  i n  e q u a t i o n  1 and s i m p l i f y i n g  we have 

ug - u 
Def in ing  (100)  as  A U$ 

equat ion.  8 becomes 

Equat ion 9 g i v e s  t h e  approximate r e l a t i o n s h i p  between 
t h e  percen tage  i n c r e a s e  i n  t h e  o v e r - a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
and t h e  volume r a t e  o f  a i r  i n t e r c h a n g e  between t h e  a i r  space  
and 'the o u t s i d e .  


