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PREFACE 

Thi s  report document s  a feas i bi l i ty s tudy o f  a laser-sealed , 
vacuum insulat ing window invented at SERI . The combina t i on o f  
laborat ory research and ana lys i s  ha s reso lved mo s t  o f  the 
techn i cal i s sue s and sugge s t s  that t he vacuum wi ndow i s  
techni cal ly  fea s i b l e  and could be bene f i c i a l l y  used 1 n  colder 
cl ima t e s . I n  t he U . S .  Pac i f i c  Northwe s t , for exampl e ,  an average 
annual energy savings of �bout 700 MJ per s quare meter of window 
area ( 60 kBt u / f t 2 ) i s  pro je c t e d .  Thi s energy conserva t i on
poten t i al argues in favor o f  further deve l o pment o f  the vacuum 
window . 
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ABSTRACT 

The techn i c a l  fea s ibi l i ty o f  a l a s er-welded , evacuated , insu l a t ing window was 
s t ud i ed ( U . S .  pat ent number 4 , 683 , 1 5 4 ) .  The window has two edge- seal ed s hee t s  
o f  g l a s s  separated b y  0 . 5-mm gla s s  spheres s paced 30 mm apart  in a regul a r
array . The cal cula ted thermal conductance o f  the window g l a z ing i s  ab0 1..1t 
0.35 W/m2K ( thermal res i s tance 1 6 ° F  ft 2 hr / B tu ) . A highly insulat ing frame _s
requi red and several des i gns were anal yze d .  The vacuum window ' s  combina t i on 
o f  high s ol ar t ransmi t t ance and l ow thermal c onduc tance make s i t  super i o r  t o
many o t her windows for  u s e  in c o l d  c l ima t e s . I n  the Uni ted States  Pac i f i c  
Northwes t ,  t he vacuum window i s  predi ct ed t o  save about 6 MJ o f  heat i ng energy 
annual l y  per s quare meter of window ( 60 kBt u / f t2 /yea r )  when compared t o
conven t i onal , doubl e-glazed windows . 

A l arge vacuum l a ser-welding fac i l i ty was des i gned , devel oped , and ins t a l l ed 
a t  SERI t o  conduct g l a s s  wel ding experiment s and t o  fabricate  ful l - s ized 
( 1-x- 1-m )  vacuum windows . Experiment s  c on f i rmed the feas i b i l i t y  o f  l aser 
s eal ing g l a s s  in vacuum , but ident i f i ed two d i f f i cul t i e s . Under s ome c i rcum
stanc es , bubbles  of d i s s o l ved gases  form during wel d i ng and weaken the seal . 
G l a s s al s o  vapo r i zes  and ' contami nat es  the l a s er beam s teering mi rro r .  A nove l 
moving metal f o i l  mi rror was conc e i ved and deve l o ped t o  c i rcumvent the con
tamina t i on prob l em ,  but has not yet been used to comp l e t e  wel d ing exper iment s 
and fabr i cate  ful l - s i zed vacuum windows . 

v 
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SUMMARY 

OBJECTIVES 

Thi s report :;umma r i z e s  res earch conduc t ed at  t he So lar Energy Res earch 
In s t i tute ( SERI)  as pa rt of an eva l ua t i o n  of the techn ical and econom i c a l  
fea s i b i  1 i ty o f  a nove l vacuum ins u l ating window invented at  SERI . An 
e s s ential aspec t of thi s  invent i on i s  the pro p o s ed use of  l a ser we l d i ng a s  a 
means t o  sea l  the g l a s s  window g l az ing perime t e r  rap i d l y  ins ide  a vacuum pro
c e s s ing chambe r .  Thi s proposed fabr i cat i on pro c e s s  i s  des i gned t o  c i rcumvent 
the produc t i on bot t leneck that wou l d  o therwi s e  o ccur i f  a window g l az ing were 
to be evacuated t hrough a .sma l l  o peni ng a f t e r  i t s  perime t er were sealed more 
conven t i onal ly in a i r .  The laser  wel di ng in vacuum i s  thought to be neces s ary 
for achi eving econom i c  feas i b i l i ty .  

In earl i er s t ud i e s  at  SERI , the l aser wel ded vacuum insulat ing window de s i gn 
had been analyzed i n  some deta i l , and l aboratory experiment s  had confi rmed the 
effec t ivene s s  of ind i v i dual des i gn e l ement s such as l ow-emi t tance coat ings and 
smal l  (0.5-mm ) s pher i cal g lass s pacers per i od i ca l ly arrayed between t he two 
gla s s  sheets. La�er wel ding o f  t he g la s s perimet er t o  create a permanent seal  
had been demons t rated i n  a i r, but facil i t i e s  had not been availa b l e  t o  experi
ment with l a s e r  welding of glas s i n s ide  a vacuum chamber . 

DISCUSSION 

A large vacuum l as er wel di ng research facil i ty was des i gned , con s t ruc t ed ,  and 
ins t alled at SERI ' s F ie l d  Tes t  Laboratory . A 400-W CW co2 l a s e r  was coup l ed 
i n t o  a l arge cus t om 

_
vCcuum furnace ca��b l e  o f  opera t ing at  6 0 0 °  C at  pr�s sures

o f  le s s  than 5 x 1 0  t orr ( 6 . 7  x 10 Pa ) .  The l a�er beam can be dtrec t ed 
anywhere within  t he vacuum furnace by a two-axi s  rotat ing water- c o o l ed mirror 
under  computer control. The fac i l i ty t s  capab l e  of l as er wel di ng f lat  s amp l e s  
u p  t o  1 m x 1 m i n  d i mension . 

Prel iminary experimen t s  i dent i f i ed two t e chn i ca l  barri ers  t o  s uc ce s s fu l  l a s er 
we l di ng o f  g l a s s  in  vacuum. G l a s s  vapor f rom t he mo l ten we l d  moves  freely  i n  
the vacuum and conden s e s  o n  a l l  expo sed surfaces , includ ing t he l a s e r  beam 
s t eer ing mirror . Wi thin  a few minutes  o f  s tart ing a we l ding exper i ment , a 
l ayer of  g l a s s a few hundred nanometers  t h i ck i s  depo s i ted on t he m i rro r , 
where i t  absorbs a l arge fracti on o f  t he l a s er beam power . Cons equen t l y ,  
cri t i cal l aser we l ding experimen t s  requ i ring c on s t ant l a s e r  beam power were 
i mpo s s i bl e , as was the fabr icat i on of comp l ete , peri me ter-wel ded window 
samp l e s . 

A second probl em occurred under some cond i t i on s  o f  l aser power and wel d i ng 
rate  when gase s , d i s so l ved i n  tl'te g l a s s  during i t s  manufac ture , evol ved a s  
bubbl e s  in  mo l ten g l as s during wel d i ng . These  ·bubbles  were t rapped and 
weakened the g l a s s  wel d  and could po s s i bl y  lead to vacuum l eaks in a comp l e ted 
window. 

Des p i t e  the d i f f i cu l t i e s  caused by the g l a s s vapor contamina t i o n ,  i t  was 
po s s i b l e  t o  show that bubble-free wel d s  could  be made under s ome wel d i ng con
d i t i ons . However , i t  was no t p o s s i ble  to  determine how rapi d l y  the g l a s s  
could be welded wi t hout deleteri ous . bubble  f o rma t i on , and i t  i s  t he s peed o f  
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we l ding upon which the po tential economic viability o f  the laser we l ding 
proce s s  depend s .  

A novel , moving foil l aser mirror wa s inven t ed , designed , and fabricated t o  
mitigate the g las s vapor mirror contamination problem .  I n  t his new design a 
thin foil o f  al uminum � s  used as  the mirror surface and is continuous l y  
unro l l ed and advanced much a s  mo tion pic t ure film i s  advanced through a 
camera .  The g l a s s  vapor contamination i s  carried away b y  the exposed foil as 
fresh , uncontaminated foil replaces it . Unfortuna t e ly , t his pos sible s o l ution 
t o  the ma j o r  experimental  impediment wa s not completed until t he end of the 
project  and no further experiment s  could be done . 

Detailed c omputer modeling experiment s  were done to  ana lyze the thermal per
formance of a number of propo sed window f rame designs t ha t  might be used with 
a vacuum window g lazing . Even t he bes t  of  s tate-of-the-art ,  commercial l y  
availabl e ,  ins u l ating window frames were s hown t o  dramatical l y decrease  t he 
effectivenes s o f  a highly insulating window g lazing . The be tter  t he g l a zing ,  
t he more dras tic the e f fect o f  heat l o s s  t hrough the window frame . With a
pr6jec t1d therma l conduc tance o f  0 . 3 5 W/m2K ( thermal resistance = 
l6 ° F  f t  hr / B t u )  at  i t s  center, the vacuum insulated window g la zing was 
predic ted t o  have an overa l l  t hermal conduc tance almo s t  twice as high as the 
gl azing al one ( 0 . 68 W/m2K ,  R = 8 . l 9 ° F  ft 2hr/ B t u ) when ins tal l ed in the be s t  of
fiberglas s in sulated  window frames . Only a s pecula tive new window frame 
design incorpora ting a compact vacuum in sulation* within the frame it s e l f  
showed muc h  promise f o r  a window with overal l  thermal conduc tance almo s t  a s  
l ow a s  that o f  t h e  vacuum insulating gl azing . 

A new superior l ow-emi t t ance coating for vacuum windows was devel oped �n c o l 
labora tion wit h  privat e  indus t ry .  The new coating � s  a thin , s put t er
deposited coat ing similar to those  c ommercia l l y  produced for use  in automobile  
wind s hields . It s use in vacuum insulat ing glazing is  predicted to increas e  
the thermal resi s t ance b y  about 20% when compared t o  o t her economical l y  prac
tical alternative s . 

The benefit s o f  an insulating window depend as  much on it s t ransmis sion o f  
so lar energy a s  o n  it s resistance t o  heat l o s s . E s tablished computer codes 
used to  predic t t he net energy f l ow through windows crudely  account for t he 
optical chara c t eris tic s o f  the window and neg l ect  detai l s  such a s  the s pe c t ra l  
trans:nit tance o f  l ow-emit tance coating s  and how the s o l ar spec t rum it sel f 
changes wit h  �atitude , c lima t e , s ea s on ,  and time o f  day . A more detail ed code 
was developed within thi s proj e c t  so  tha t  a more accura t e  account o f  t he s e  
spect ral  chara c t eris tic s could be made . Comparison o f  t he new and o l d  codes 
showed that errors in predic t ed solar t ransmittance o f  a few percent up to  l li. 
were typical and errors in predic ted visib l e  t ransmit tance were even greater 
( up t o  76% for s ome north-facing windows ) .  

*Compac t  vacuum insulation is a t hin-profil e ,  evacua ted met a l  envel ope simi l ar
in de sign t o  the vacuum window. I t  � s  a S ERI invention curren t l y  under
development .

Vll 



TP-368 4  

The potent i a l  energy conserva t i on benef i t s  o f  u s i ng h i gh l y  insulat ing windows 
in the Pac i f i c Northwe s t* were e s t ima t ed . A s o l ar bui l d ings performance 
model ing techn ique was used t o  compare the projec ted vacuum insulat ing window 
with other commercial and devel opmental wi ndows in typica l  nor th- and south
fac ing orientat i o n s  in two repre s entat i ve c i t i es ( Port l and and Bo i se) .  The 
vacuum wi ndow wa s predi c ted t o  prov i de annual heating energy savings o f  about 
5.9 MJ/m2 ( 60 kBtu per square foot ) o f  wi ndow area when compared to  a s t andard
doub l e-g l azed insul at i ng window and about 3 MJ/m2 ( 30 kBtu  per square foot)
when compared t o  a s ta t e-of-the-art commerc i a l  double-glazed window wi th l ow
emi ttance coat ing . 

A popul a t i on- and c l ima t e-we i ghted d i s t r i but i on o f  res ident i a l  windows wa s 
used t o  e stima t e  t he regi onal impa c t  o f  us ing vacuum insulat ing windows i n  
re s idential bui l d i ng s . Us ing Bonnevi l l e Power Admini s t ra t i on ( BPA)  pro j ec
tions for  new hous e  con s t ruction be tween 1 9 9 0  and  2 0 1 0 , we e s t i ma t e  that  the 
subs t i tut i on o f  vacuum windows for  conven t i onal insulat ing windows i n  new 
cons t ruct i on would  reduce t he regi onal heating energy usage annua l ly by 800 TJ 
( 0.0008 quadri l l i on B t u ) for each year o f  new con s t ruc tion . If all reg i onal  
re s i dent i a l  windows were eventua l l y  repl aced wi t h  vacuum insulat ing windows , 
the regional energy savings i s  e s t ima t ed t o  be 80 PJ/yr ( 0.08 quadri l l i on 
Btu/yr). 
CONCLUSIONS. 

Tb.e pro j ec t  wa s suc ces s ful. Several technical is sues regarding the des i gn, 
fabricat i on, and bene f i t s  o f  a l a ser-welded vacuum insulat ing window were 
resolved, but crit i cal  que s t i ons regarding the s peed o f  vacuum l a s er wel d i ng 
and performance and durabi lity o f  ful l- s ize  vacuum windows rema i n  unanswered . 

The poten t ial  energy conserva t i on bene f i t s  of a vacuum insulat ing window are 
high , and t he remaining is sues s hould be resolved. 

*Spec i f i ca l l y ,  the Bonnev i l l e  Power Admi n i s t ra t i on s ervi c e  area .
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1.0 INTRODUCTION 

1.1 Object i ve s  

The object ives o f  thi s pro j ect were the development o f  a proo f-o f-concept , 
prepro to type vacuum insulat ing wi ndow , i t s  performance analys i s ,  and i t s  
eng ineering eva lua t i on . 

Spec i f i c  objec t i ve s  of  thi s pro j ect  included the des ign , cons t ruc t i on , and 
i n s t a l l a t ion o f  a vacuum laser we ld ing research fac i l i ty .  With  t h i s  fac i l i t y ,  
the fea s i bili t y  o f  us ing laser wel ding in vacuum could be tes ted . The fac i l
i t y  was to  be l arge enough so  that ful l- s ca l e , laser-welded vacuum insulat ing 
windows could be fabr i cated for engineering-scale evalua t i on .  

A highly insulat i ng window frame 1 s  requi red t o  take ful l advantage o f  a 
highly insulat ing window, and analyses were requi red t o  determine how bes t  to  
achi e�e the qua l i ty o f  window frame needed. A secondary objec t i ve of the task 
wa s the des ign o f  a potent i a l l y  sui table frame. 

In add i t ion ,  performance pred i c t i on tools  were to be developed for pred i c t ing 
the potent ial  bene f i t s  o f  us ing a vacuum insulat ing window. These  too l s  were 
to be used t o  e s t imate the po s s i b l e  energy conserva t i on po tent ial  1n the 
Pac i f i c Northwe s t . 

1.2 Background 

The vacuum window des i gn concept i s  superf i c i a l l y  s imi lar to a convent i onal 
doubl e-pane s ea l e d  insulat ing glas s window . The primary d i f f erence i s  that 
the s pace between the two g l a s s  panes is evacuated to  a very low pres s ure . 
The evacuated s pace provides an effect ive barrier t o  heat flow t hrough the 
window in much t he same way as  a s imi l ar vacuum preven t s  heat l o s s  f rom a 
thermos bo t t l e. Other es sent ial  component s  o f  the des i gn are an array of  
sma l l  glass  s pheri cal s pacers that hol d  t he two panes apart again s t  atmo s
pheric pressure and one or more t rans paren t , low-emi s s ivi ty ( l ow-e ) coat ings 
on the inner g l as s surfaces to  reduce radi a t i ve heat t ransfer ( Fi gure 1 - 1 ) .  

Severa l d i f ferent concept s  for the des i gn o f  vacuum insulat ing wi ndows have 
been res earched and even more have been patented ( e . g . , Co l l ins and Ro b i n s on 
1 9 90 ) .  However , none of  the s e  concept s has been succes s fully  deve loped . In  
s ome cases  the  d e s igns contain fatal  f l aws whi ch would  prevent achieving t he 
requi s i te des i gn l i f e  or acceptabl e aes the t i c s . In mos t  cases , the des i gns 
are techni cal l y  fea s i bl e  but would be impract i ca l  o·r too expens 1 ve to 
manufac ture . 

In a l l  o ther vacuum insulat ing window des i gn s  and fabri cat ion proces s e s , the 
vacuum i s  e s tabl i shed as  a separate s t e p  af ter the window envel o pe has been 
sealed ( except for the evacua t i on port ) .  The evacuat i on step  then is a s l ow 
bot t leneck in t he manufac turing proces s ,  whi c h  adds grea t l y  t o  the co s t s .  The 
S ERI laser-wel ded vacuum insulat ing window des i gn envi s ions the use  o f  laser 
we lding ins i d e  an evacuated proc e s s  chamber t o  el iminate the t ime-consuming 
separate evacuat i on s tep . The requi red vacuum would be present at  the t ime 
the window i s  s ea l ed and no further evacuat i on would be requi red. 

1 
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Figure 1-1. Schematic d iagram o f  the evacuated window glazing des i gn 
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Hi gh-throughput , mul t i s tage vacuum proce s s ing l ines are a l ready widely used in 
the window indu s t ry t o  produce high-performance , l ow-emi t t ance ( s o-ca l l ed low
e )  coat ings on window g l a s s .  Nearly hal f  o f  a l l  o f  the windows made in the 
Un i t ed States  now have low-e coating s . Laser welding i s  a l s o  widely used in 
the wi ndow indus t ry to fabr i cate  the metal spacers used around the per imeter 
o f  doubl e-gl azed windows . I n  ear l i er wo rk , we have shown that we coul d suc
ces s fu l l y  seal the perime t er of smal l t e s t  windows ( 10 i nches square ) by laser 
wel d ing in a i r ,  but no one has reported laser welding o f  g l a s s  in vacuum . 

The princ i pa l  chal l enge o f  the research task was t o  t e s t  the fea s i b l i  ty o f  
l as er seal ing o f  t h e  g l a s s window in a vacuum proc e s s  chamber . I t  was deci ded 
t hat  t he apparatus should  be l arge enough that comp l e te , ful l-s i zed vacuum 
windows could be fabricated  for eng ineering evalua tion i f  the we ld ing proved 
to  be feas i bl e . Des i gn and c on s t ruc t i on of thi s vacuum laser  wel ding fac i l i ty
required a ma jor  effort and occup i ed mo s t  ot

' 
the t ime during the pro j ect . 

Previ ous research on thi s vacuum window c oncept was c onducted at  S ERI wi t h  t he 
support o f  the U . S .  Department o f  Energy ( DOE ) Off i c e  o f  Bui l d ings and Com
mun i ty Sys t ems . Thi s  ear l ier work included ini t ia l  eng i neering des i gn 
analyses  and laboratory s t ud i e s  t hat  hel ped t o  res o l ve s ome o f  the i s sues o f  
t echn i cal feas i b i l i t y .  Experimen t s  were done t o  show t hat  g l a s s  sheets cou l d  
be edge-s ealed �i th a carbon d i ox i de laser ( in ai r ) , t o  show that the stresses  
devel oped at the  "po int" contac t s  between spherical g l a s s  s pacers and the flat  
sheet g l a s s  window panes were unl ikely t o  cause fra c t ure , and t o  show that 
conven t i onal l ow-e coat ings s uch a s  t i n-doped indium o x i de c ould  wi ths tand the 
hi gh-temperat ure vacuum pro c e s s i ng and retain the i r  l ow emi s s i v i ty (e = 0 . 10 ) . 
Ana lyses  were al s o  done wi th the a s s i s tance o f  SAE S  Ge t ters USA, I nc .  ( manu
facturer o f  react ive met a l  g e t ters ) to determine the kind and amount of get t er 
requi red in  t he SERI vacuum window . An analys i s  was made o f  the rate at  which  
hel i um from t he atmo s phere may compromise  the  wind ow vacuum by d i f fus ing 
through the g l a s s during s ervice . Fini te-element c omputer codes were used t o  
e s t imate the maximum s t res s e s  l ikely t o  b e  exper ienced b y  a vacuum window i n  
high.winds and severe outdoor/ indoor temperature d i f ferences . Al l the resul t s  
o f  these  ini t ia l  s tudies  were suff i c ient l y  encouraging f o r  us  t o  proceed wi th
prepro to type t.e s t  window fabr icat i on .  The ear l i er resul t s  are documented in 
Benson and Tracy ( 1986 ) and Ben s on et  a l . ( 1 987a ) . 

The vacuum window des i gn i s  a SERI inven t i on and has been patented (Bens on and 
Tracy 1 9 8 7 b ) .  DOE has cond i t i onal ly waived patent r i ght s to Midwe s t  Re search 
Ins t i tute  Ventures (MRIV ) ,  a subs i d i ary of the SERI prime contractor , t o  
fac i l i ta t e  the involvement o f  private indus t ry i n  devel o p ing and t e s t ing the 
concept . 

Thi s  pro j e c t  i s  j o in t l y  funded by BPA and the DOE O f f i c e  of  Bui l d ings and Com
muni ty Sys t ems . The research was c onduct ed at SERI's fac i l i t i e s  in Golden , 
Col orado . 

1.3 Scope 

Thi s  pro j e c t  i s  a fea s i bi l i ty s tudy . The vacuum insulat ing window c oncept  
under s t udy has been ana l yzed i n  det a i l and appears t o  be t echn i ca l l y  and 
economi cal ly feas i b l e . However ,  ava i lable  analyt i ca l  t o o l s  are l imi ted , and 
s impl i fying a s sumpt ions were used in the s e  analyses  t o  make the ext ens i ve 
parame t r i c  d e s i gn cal cula t i ons trac tabl e .  Therefore , i t  has been neces sary t o  
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refi ne the analyses  and to deve l o p  l aboratory fac i l i t i es  wi th whi c h  t o  fabri
cate  prepr o t o type samp l e s  o f  the vacuum window for eng i neering- s cale  perform
ance ver i f i cation t e s t s  and measuremen t s. 

During thi s projec t ,  four. type s o f  analyses  . were conducted and a. comp l e t e  
h i gh-temperature vacuum laser  wel d ing fac i l i ty was des igned , buil t ,  and 
ins tall ed at SERI. The laser wel d ing fac i l i ty i s  large enough to al low fabri
ca tion of  prepro t o t ype vacuum window samp l e s  a s  l arge as 1 m2

• The anal y s e s
i n c l ude e s t ima t e s  o f  the potential energy savings provided b y  vacuum window 
use i n  t he BPA serv i c e  area , the deve l opment of a very deta i l ed computer model  
for the opt i cal and .thermal performance o f  vacuum and o ther h i gh-technol ogy 
windows in any c l imate ,  and an analy s i s  of the nature of window frame s 
requi red for such a highly insulat ing window g laz ing .  A new , superi or l ow-e 
coat ing was des i gned for  ·the vacuum window in co l l aborat i on wi th Ai rco 
Coat ings  Techno l ogy . Techn i cal barriers  t o  vacuum laser wel d ing o f  g l a s s were 
ident i f i ed .  Limi ted g l as s we l ding experimen t s  showed that the s e  barri ers  
could be overcome and h igh-qual i ty cont i nuous glass  wel d s  could  be made i n  
vacuum . However� t ime and resource s  ran out before c omp l e t e  l a ser-welded 
vacuum insulat ing windows could be fabri cated for testing • .

The report begins  wi th a brief  discus s ion o f  exi s ting high-performance wl n
dows, other propo sed and devel opmental  hi gh-performance windows , a.nd the 
pot ential advantages o f  the S ERI vacuum window under s tudy . The resul t s  
obtained during thi s project a r e  summari zed i n  two sec t i ons , one devoted to 
the ana l y s es and the o t her to l aboratory studie s , including the faci l ity 
devel o pment . The d i scus sion s ection provides an overview o f  the f i nal s tatus 
of the proje c t  and the rema i ning techn i ca l  i s sue s .  Conclusions based on the 
resea rch t o  date and recommendations for cont i nu i ng s tudi e s  are presented in 
the f inal s ec t i on .  

Thi s  report s ummarizes work funded by both jo int sponsors. 

1.4 Highl y  Insulating Windows 

The potent ial  energy saving s , added comfort , and reduced bui l ding heat ing 
co s t s made p o s s i bl e  by use o f  a more h i ghly insulating window have s timu l a ted 
several i nnovat ive window des i gn concep t s  over the l a s t  decade . Three of 
the se  i nnova t i ons are described briefly here and are compared wi t h  the S ERI 
vacuum window under s tudy . 

The mo s t  s i gnifi cant innovation i n  the technology ;f insulating windows s ince 
the introduct ion of t he doub l e-pane s ea l ed insulat ing window 1s  l ow-e 
coat ings . Low-e coat ings cons i s t o f  thin f i lms of t rans parent , e l e c t r i ca l l y  
conduc t i ve material  appli ed t o  the window g l a s s o r  t o  a thin shee t o f  polymer 
t ha t  i s  suspended between the g l a s s  •indow panes. The conduct i ve ma terial  may 
be a trans parent oxide semi c0nductor s uch a s  t in oxide doped wi t h  f l uori ne , 
indium oxide doped with t i n  ( frequently  deno ted as  I TO ) ,  or a very thin me tal
f i lm such as  g o l d , copper , or s i lver (<20 om thi ck ) . The met a l  f i lms are mo s t
commonly sandwi ched between l ayers o f  oxides t o  s t ab i l i ze t he i r  frag i l e  con
f i gura t i on , to  protect  them against  corro s i on ,  and to reduce refl e c t i on f rom 
the i r  surfaces . A typi cal me ta l-ba sed l ow-e coat ing cons i s t s  of a t hree-layer 
depo s i t  on window gla s s :  z inc oxi de/s i l ver/z inc oxide ( ZnO/Ag/ZnO ) ,  some t imes  
referred to  a s  a ZAZ coat ing . 
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Low-e coa t i ngs are effec t i ve because they reduce the amount o f  heat lost by 
therma l rad i a t ion from the warmer gl a s s  pane to the c o l der pane . The ra te of  
heat l o s s  is  approx ima te l y  proport i onal to  the emi s s iv i t y  o f  the warmer sur
face ( s ee Eq. 2-24 ) ,  and typ i cal  l ow-e coa t i ngs reduce the emi s s i v i t y  of glas s
by 55% ( t i n  oxide ) t o  9 2% ( s i lver mul t i l ayer ) .  A l ow-e coated po lymer f i lm 
sus pended between pane s ac comp l i shes the same resu l t  by reflect ing the thermal 
infrared rad iat i on bac k t o  the warmer pane . Table 1 - 1  l i s t s  some commerc i a l l y  
ava i lable  wi ndows that u s e  l ow-e coa t i ngs . Al so  l i s t ed are two very highly 
insulat ing windows that are not widely used but are commerc i a l l y  ava i labl e .  
One i s  the Swi s s  H i gh Insulat i on Technology ( HIT ) window produced by 
Gei l inger ,  Ltd . , W i nt erthur , Swi tzerland (I in Table  1 - 1 ) ,  and the o ther i s  
the SUPER-E window produced b y  Al pen , Inc . ,  i n  Boulder , Colorado (II i n  
Table  1-l ) .  Both  windows use two separate suspended polymer f i l ms wi th low-e 
coa t i ngs . The Al pen w indow has a t h i rd low-e coat i ng on the i nner glas s 
pane . The Swi s s  HIT window uses  a i r  between the g l a s s  panes and an opt imum 
separa t i on between each pair  o f  window el emen t s  o f  27 mm ( 1 . 06  i n . ) .  The 
resul t i ng window i s  qui t e t h i c k ,  90 mm ( 3 . 54 in . ) ,  and mus t  be a l lowed to vent 
to the at�o sphere ; o t herwi se  weather- i nduced ch�nges  i n  atmo s pher i c  pres sure 
cause i t  to bow or bulge exce s s i ve l y .  The vent ing i s  done through a des i ccant 
f i l t er that  adsorbs incoming wa ter vapor  and prevent s  condensat i on ins ide the 
window . The des i ccant mus t be replaced per i od i ca l l y  ( 3-5 years depend ing on 
cl imate ) ,  or water condensat i on may rui n  the low-e coa t i ngs on the pol )'mer 
f i lms. 

The Al pen window uses a l ow-conduc t i vi ty gas ( argon ) be tween the glas s panes 
wi th a smal ler opt i mum spa c i ng of 1 2 . 7  mm ( 1 / 2  i n . ) be tween pai r s  of  window 
element s .  The window i s  permanent l y  sealed to prevent argon l o s s  and has a 
total  thi ckne s s  o f  44 . 5  mm ( 1 . 75  i n . ) .  It mus t be vented through a cap i l lary 
vent to a rubber bal l o on when i t  i s  shi pped from Bou lder , Colorado ( e leva t i on 
about 6000 ft ) ,  to  l ot,;er e l evat i ons . The cap i l l ary vent i s  crimp sealed at  
the bui l d i ng cons t ruct i on s i te ( Cl ark 1987 ) .  

Ano ther highly  i nsula t i ng window concept under s t udy uses  a trans parent , very 
low den s i ty insula t i on between two glas s panes . The insulat i on i s  a very f ine 
gra i ned s i l i ca aerogel  formed by supercr i t ical  dry i ng of an aqueous s i l i c a  
ge l .  The window mus t  be sea l ed to  prevent the aerogel from absorbing water 
and other materi a l s  from the atmos phere . If a low-e coa t i ng i s  used on one of  
the inner glass  surfaces and the window is  evacuat ed , a very high insulat ion 
va lue i s  pred i c t ed ( II I  i n  Table  1 - 1 ) .  Light s cat tering from the aerogel 
reduces the s o lar t ransmi t t ance and d i s torts  the v i ew through t h i s window . 

c 



Table 1-1. A Compariaon of In1ulating Windows and Window Concept18 

Typical Windo� Pe�fo•m�nce Parameters 

Commercia\ Windowa 

'!)'rica\ Window Designsb 

� 
g-A - g 

�-A-g-A-g 

g-A-e g 

g-A-el 

g-A-ep-A-g 

g-R-ep-R-g 

I. g-A-ep-A-ep-A-g 

II. r.-R-cp-�-ep-R-eg 

�ew Concepts (calculated values) 

Ill. g-(20 mm)aero gel/V-eg 

IV, g*-V-eg* 

Center of 
Window 
Winter 

R-V�luec 
(•r ft h/Btu ) 

0.89 

2.00 

2.80 

2.� 
3.1 

4.� 
5. 1 
9.4 

10.0 

17.86 

>n 

Shading 
Co efficientd 

LO 
0.89 

0.82 

0.8� 

0.12 

0.50 

o.n 
0.46 

0.56 

N/A 

0.82 

Visible 
Transmittance 

% 

90 

82 

7� 
71 
76 

5� 
71 

56 

62 

N/A 
77 

AAdApt ed from Gilmore (1986), Anon. (1985), and Rubin and Lampert (1983). 

So lar 
Transmittance 

% 

8� 
73 

64 
6� 
57 

34 
�4 

N/A 

38 

42 
. 66 

11r, = 1/8 in. soda-lime silica glass, A =  a ir, e .. low-e coat ing , J. = lo.,-iron solar glass, p 
V = vacuum, g* • 1/8-in. borosilieate glass,

c:ASIIRAF. standard winter test conditi ons. 
drotRl heat gain relative to a single-pane window 

N/A: not availa�le 

Corrrnents 

Emissivity of glass, e - 0.84 

Tin oxide low-e, e - 0.38 

Silver-based low-e, e - 0.11 

Sputtered low-e, e - 0.08 

Sputtered low-e, e - 0.15 

Sputtered low-e 

Sputtered low-e, e - 0.15 

Questionable optical qual ily 
Sputtered low-e, e - 0.1 

polymer film, R argon, 

,-.--.�-� 

Ill 
Ill
;U-
��· -
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2 . 0  RESULTS 

2.1 Analyses  

The energy savtngs  potent ial  and cos t-effec t ivene s s  o f  the  vacuum window have 
been est imated in the fol lowing sec t i ons in compar i s on to o ther energy
e f f i c ient windows . I n  the f i r s t  analys i s  ( Sec t i on 2.1.1), a pa s s ive so lar 
bui ld ing des i gn too l was mod i f i ed in  order to e s t imate  the energy savings of 
d i fferent window types in d i fferent s tyles of res iden t i a l  bui l d ings in two 
typ i cal Pac i f i c  Northwes t  c i t ie s . In  t he second analys i s  ( Sec t i on 2.1.2), the 
total poten t i al re s i dent ial energy saving in the Pac i f i c  Northwe s t  was 
e s t imated as suming t ha t  exi s t ing res ident ial  windows were repl aced wi th vacuum 
insulat ing windows . In the third analys i s  ( Sect ion 2.1.3), an e s t imate was 
made o f  the cost-effec t i vene s s  o f  sub s t i tut ing more hi ghly i nsulat ing windows 
such as the vacuum window for l e s s  highly insulat ing windows . 

The analys i s  of window e ffect i vene s s  i s  hampered by l imi tat i on s  in the analyt
i ca l  t oo l s  and a l so by the incomp l e t e  deve l o pment of the vacuum window . In  
Sec t i on 2 . 1 . 4  d i fferent frame des i gn opt i ons were analyzed i n  order to  det er
mine the l i kel y  overal l  t hermal performance of a ful ly  deve l o ped vacuum window 
( inc luding frame ) . Sec t ion 2 .1. 5 describes  an important ex tens ion to the 
window model ing s tate-of-the-art . I n  thi s new approath , the deta i l ed opt i cal 
performance o f  the window glaz ing i s  taken into  account , thereby avo iding 
large errors inherent in conventional , more approximate approaches . 

Sec t i on 2.1.6 d e s c r i bes  a f in i t e  d i fference , thermal network model used to 
e s t imate the heat f l ow in the vacuum window glaz ing . F inal l y ,  in 
Sec t ion 2.1.7, t he t hermal model and the det a i l ed opt i cal model  are combi ned 
and used to calculate typi cal  performance resu l t s  for the vacuuin window in 
c ompa r i son to a convent ional , double-glazed window . 

2 . 1 . 1  Impact o f  Energy-Efficient Windows on Building Energy U s e  

Because  of the h i gh c o s t  and sub t l e  performance d i f f erences o f  many new window 
des i gn s , it i s  part i cularly  important to accurately  evaluate t he i r  po t en t i a l  
for cons erving energy . The rela t i ve mer i t s  of  windows can b e  a s s e s sed b y  com
par ing the i r  annual energy performance in d i ff erent c l i ma t e s  and d i f ferent 
o r i enta t i ons .

The Bonnev i l l e  Power Admin i s trat i on s erves the Pac i f i c  Northwes .t , includ ing 
the s tates  of Washington , Oregon , Mon t ana , and Idaho . The energy impac t  of 
vacuum glazings wi thin thi s serv i c e  area was e s t imated . 

A s imple method was devel oped to  pred i c t  the hea t ing performance o f  hi gh-tech
nology windows i n  bui ld ings . The met hod extends a pas s i ve solar bui l d i ng 
des i gn analys i s  t ool that uses  wel l-es tabl i s hed correlat ions  ior bui l d i ngs 
wi t h  standard windows . The use of nons tandard windows is ac counted for by 
int roduc ing mod i f i ed bui l d ing parameters . 

The annual s pace heat ing energy use was e s t imated for typ i ca l  res i dent i a l  
bui l d ings in Por t l and , Oregon , and Boi s e ,  I daho . In  each locat i on the energy 
use was e s t ima t ed for the same bui l di ng wi t h  a var i e ty of d i ff erent  types o f  
windows including t he S ERI vacuum window.  The u s e  of  the vacuum window i s  
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pred i c t ed t o  reduce annua l heat ing energy requi rement s by 5 1  t o  67 kB tu per 
square foot o f  window area ( 160-2 1 1  kWh/m2 ) compared to  the use  o f  ord inary
doubl e-pane insulat ing windows . The energy savings depend s upon c l ima t e  and 
window orienta t i on .  

A simp l e  method i s  pre sented for pred i cting heat ing performance o f  non s t andard 
glazing type s in pas s i ve s o l ar heated bui l d ings wi th d i rect s o l a r  heat gain 
through the windows . The method ext ends s o l ar l oad ra tio ( SLR ) ca l cu l a t i ons 
by use o f  modi f i ed bui l d ing and c l ima t e  parameters t o  account for  non s tandard 
g l az i ng characteri s t i c s . Results are g i ven for a range o f  g l a z ing type s, 
c l imates , and bui l d i ng types ( convent i onal , superin sulated , and pa s s ive 
s o l ar ) . Pred ic ted net energy savings  ( re l a t i ve t o  double  g l a z ing ) are 1 5  t o  
48  kBtu/ f t 2 y r  for g l a z ings with suspended plas tic f i lms and l ow-e o r, in  some
cases , ant ire f l ec tance coat ing s . Further s avings of approxima t e l y  1 0  t o  
2 0  kBtu/ f t 2 y r  are pos s ible ,  part i c u l a r l y  f o r  south g l az ings, wi t h  t he use  o f
low-i ron g l a s s  and a l ow-conduct ance g a s  f i l l . F o r  a n  evacuated g l az ing , pre
d i c t ed net energy savings are 5 1  to 67 kBt u / f t2 yr , whi c h  i s  supe r i or t o
savings wit h  all o ther g lazing types analyzed and approximately three t o  f i ve 
times bet t e r  than wi t h  o ther glazing  types that do  not  requi re t he u s e  o f  sus
pended plas t ic f i lms . 

2 . 1 . 1 . 1  Seas onal Performance o f  Advanced Glazings 

Severa l energy-effic ien t  glaz ings are ava i lable wi t h  therma l performances 
super i o r  to that o f  typical doub l e  g lazing" The superior  i n s u l ating value s 
are achieved with the use of low-e coating s� addit i onal interpane spaces 
( created by add.i t i onal gla s s  panes or p l astic films that could have l ow-e or 
antiref l ecting coatings) , and/or l ow-conductance fil l gas es. Several of t he s e  
mea sures involve a reduc tion in s ol ar transmi t t ance and hence a t radeof f  
between improved R-val ue and reduced s o l ar heat gains . On the o ther hand , t he 
solar  t ransmi tt ance o f  windows can be increa sed by u s e  o f  l ow- i ro n  g l a s s  
and/or ant i refl ectance coatings . 

Glazing charact er i s t i c s  such as the overa l l  heat-t rans fer coe f f i c i en t  and 
shad ing c oe f f i c ient are o f t en availabl e  f rom the manufacturer or can be cal cu
l ated ( Ara s t eh et al. 1 9 86 ) .  Based on s uch value s , perform'lnce at win t e r  or 
summer de s ign cond i t i on s  can be determined . Seasonal performance can be e s t i 
ma ted f rom g l az i ng chara c t eri s t i c s  i n  a manner ana l ogou� t o  cal cul a t i ons for
s o l ar c o l l ectors  ( Harr i s on and Baraka t 1 983 ) ,  but thi s

' 
approach requ i res  an 

as sump t i on of heat ing season lengt h  and does not account f o r  t he degree o f  
t hermal s torage in  the bui lding . Hourly s imulations can b e  used  t o  include 
these  a s pe c t s  of  bui lding  performance ( Rubin and Selkowi t z  1 9 8 1 ) ,  and c orreia
t i on methods based on hourly s imul a t i ons have been deve l o ped . However , the s e  
s imul ations  have been l imi ted t o  a f e w  s t andard glazing types s u c h  as  s ing l e, 
double , o r  t r i p l e  g la z i ng with or  wi t hout night insula t i on ( Bal c omb e t  a l . 
1 9 84 ) .  In t h i s  report , a simple method has been used to extend SLR c a l cula
t i ons t o  non s t andard g l az ing types . 

2 . 1 . 1 . 2 Analyt i cal Approach 

G l az ings can be charac teri zed 1n terms o f  overal l  heat-t ran�.fer c o e f f i c ient 
(U) and s hading c oefficient ( SC ) .  For  a given area ( A ) , heat l o s s  i s  propor
t i onal t o  UA. The SC , as defined by the Ame r i can Soc i ety of Hea t ing , 

8 

r L 

I 
L 

c 
\ 
\.. 

I 



I 
I 

I 

TP-3684 

Ref rigerat ing and Ai r-Cond i t i on i ng Engineers ( ASHRAE ) ,  is  the rat io  of  the 
solar heat gain through the g la z i ng ( including the f rac t ion of so lar rad iat ion 
absorbed in the glaz ing t hat  i s  subs equently  trans ferred into  the room ) to the 
s o lar heat  gain t hrough s ingle  g lazing . The SC can be thought of as  an effec
t i ve transmi t t ance relat ive t o  s ingle  g l azing . 

The method descri bed in thi s paper i s  based on the f o l l owing prem1 ses  for 
d i rect gain bui ld ing s : 

o A change in the UA o f  the g l azing 1 s  ind i s t i ngui shabl e from a s imi larly
s i zed change in the overal l  bui ld i ng UA.

o A change in the SC o f  the g lazing i s  ind i s t ingui shable  from a s imi larly
s i zed change in the window area or the t ransmi t t ed solar  gains .

Hence , nons tandard glazing types can be analyzed wi t h  the monthly SLR method 
or wi th the annual l oad c o l l e c t o r  rat i o  ( LCR ) method by u s ing mod i f i ed bui ld
ing and c l imate parameters  t o  account for d i fferences  from s tandard g l azing 
propert i e s . Thi s  sec t i on present s the modi f i cat i on s  neces s ary t o  enable use  
o f  thi s approach wi t h  the f a s t s o l ar load rat i o  ( FSLR ) method developed by
Wray ( 1 983 ) .

Thi s  approach depend s on the a s sump t i on that g l az i ng perf o rmance can be ade
qua tely based on U and SC . The vali d i t y  .Jf us ing c on s t ant  Us and SCs to e s t i 
mate seasonal g lazing performance has been c on f i rmed b y  compari s on with 
deta il ed hourl y  cal culations ( Arasteh e t  al . 1986 ) .  To account for vari a t i on 
i n  solar transmi t tance at  o f f-normal incidence ang l e s , SCs could be based on 
average incident-angle  transm i ttances or on a more  detai led  opt ical analys i s  
( see  Sect i on 2 . 1 . 5 ) .  Some e f f ec t s  are not accounted  for  i n  thi s approach [ or 
i n  s ome hourly s imula t i ons  such a s  DOE-2 ( anon . ,  1989 ) and SERIRES ( Palmi ter , 
1988 ) ] :  ( 1 )  effect s o f  the i n frared coupl ing between t he i nner surface of  the 
glazing and other bui ld ing interior  surfaces and ( 2 )  effect s  of mean rad iant 
t emperature on o ccupant c omfort .  

2 . 1 . 1 . 3 The Fas t Solar Load Rat i o  ( FSLR ) Method 

The fol l owing rel a t i onships  are used in the FSLR met hod : 

where 

Qaux = QL ( 1  - SHFy }

QL = ( BLC + G*As ) DDy

SHFy = ( 1  - e-SLRm )  ( 1  - a e-SLRm )

SLR: = [ F* ( VTs / DD )m*a ) / { LCR + G )  ,

( 2-1 ) 

( 2-2 ) 

( 2-3 ) 

( 2-4 ) 

Qaux = aux i l iary hea t ing ( Btu/yr }

QL = bui ld i ng heat ing l oad ( Btu/yr }

SHFy = annual s o lar heat ing frac t i on ( i . e . , t he frac t ion  of  the
bui l d ing ' s  annual heat ing energy supp l i ed by s olar gain through 
fene s t rat i on )  



BLC = bui l d ing l oad coeff i c i ent ( Btu/ ° F  day ) , no t inc lud i ng U*As
G = e ff e c t i ve glaz ing conduc t ance ( B t u / ° F  day ft 2 )

As = south glaz ing area ( f t 2 )
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DDy = annua l heat i ng degree days ( ° F  day ) , based o n  t h e  balance po int
t emperature Tb

a = loca t i on-dependent corre l a t i on factor 
* 

SLR =m 
F = 

(VTs / DD ) m=

s ca l ed s o l ar l oad rat i o  for the month with m1n1mum SHF 

system-dependent scale fac t or 

rat i o  of  monthly s o l ar rad i a t i on t ransmi t t ed t hrough ver t i c a l  
s outh g l az ing to monthly degree days ( B tu/ ft 2 ° F  day ) ,  f o r  month
wi th min imum SHF 

a = e ffec t i ve s o l ar a b s o rptance 

LCR = l oad col l ec tor rat i o  ( BLC / As ) .

The parame t ers  a ,  F ,  G ,  and a were d e t e rmined f rom hourly s imul a t i on s  and t ab
ulated ( Wray 1 9 83 ) .  

2 . 1 . 1 . 4  Mod i f i ed Parame ters 

To ext end the FSLR method for add i t i onal glaz ing type s , mod i f ied input param-

r l L 

L 

r 

eters are used to  account for the new g l azing proper t i es U '  and S C ' ( where U 
and S C  are proper t i e s  o f  the reference glaz ing type ; i . e . ,  doubl e  g l az i ng ) .  
Four mod i f i e d  parameters are t o  be u s e d  in Eq s .  2-2 through 2-4 : 

G ' = G - 24(U - U ' ) ( 2-S ) 

( 2-6 ) 

DDy ' = DDy based on Tb ' ( 2- 7 ) 

a '  = the corre l a t ion factor "a" based on Tb ' , ( 2-8 ) 

where 

( 2-9 ) 

Val ue s  f o r  DDy ' ,  a ' , and ( VTs / DDm) '  can be det ermined from tabulated FSLR d a t a
b y  i n t erpo l a t 1 on ?ased o n  the mod i f i ed balance point t empera ture : 

where 

, Qi n t  + VTn AnSC ' 
Tb = Tset - BLC + G ' As - 2 4 ( U - U ' )An ' ( Z- 1 0 ) 

Qint = i n t erna l heat gains from appl i ance s , people , e t c . ( B tu/ day )

Tset = t hermo s tat hea t ing set p o i n t  ( ° F )

1 0  
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= mont hly s o l ar rad i a t ion 
� Bt u / f t 2 mon t h )

A = north glaz ing area ( f t 2 ) .n 

transmi t ted 

2 . 1 . 1 . 5  Glaz ing , C l imat e ,  and Bu i l d i ng Data 

TP-3684 

through ver t i ca L  north glaz ing 

G l az ing charac ter i s t i c s  are shown in Table 2-1 . U-va l u e s  and SCs shown in the 
f i r s t  and s econd data c o l umn s are for s t andard soda- l ime g l a s s  doub le g l az ing 
wi t h  an a i r  gap . The U-va l ue s  shown in the third data c o l umn are for the same 
window wi th a krypton gas f i l l . The SCs shown in the fourth data column are 
for l ow- i ron g l a s s .  In a l l  c a s e s , the gaps be tween panes are a s s umed to be 
0 . 5  in . 

C l i ma t e  charac t e r i s t i c s  f o r  Port land and B o i s e  are extra c ted from tabul ated 
FSLR data ( Wray 1983 ) .  

Bui l d ing charac t er i s t i c s  i nc lude Ts e t  =. 7 0 ° F ,  Q in t = 5 0 , 00 0  B t u / day , and An =
5 0  f t 2 • The convent i onal BLC val ue of  1 0 , 800 Btu/ ° F  day i s  representat ive of
a re s iden t i al bui l ding o f  approxima t e l y  1500 ft 2 • The pa s s i ve s o l ar BLC i s
8400 Btu/ ° F  day and the s uperinsulated BLC i s  6000 B t u / ° F  day . The pas s i ve 

Table 2-1 . Glazing Characteri s t i c s  

Glazing 
uk sc1 Type u sc 

1 . ;  g-g 0 . 50  0 . 88 0 . 46 0 . 94 
2 .  g-eg 0 . 34 0 . 7 7 0 . 2 7  0 . 82 
3 .  g-ep-g 0 . 24 0 . 6 7  0 . 20 o .  7 1
4 .  g-ep-ep-g 0 . 1 5 0 . 60 0 . 1 1 0 . 63 
5 .  g-a-g 0 . 34 0 . 85 0 . 30 0 . 9 1  
6 .  g-a-a-g 0 . 26 0 . 82 0 . 23 0 . 8 8  
7 .  g-v-eg* 0 . 1 0 0 . 82 

U-v�l ue uni t s  are Btu/h ft 2 ° F ;  to convert t o
W/m K,  mu l t i pl y  b y  5 . 68 .

g = gl as s  ( 1 / 8  i n .  thick)  

e = low-e coat ing on glass ( eg )  or plas t i c  f i lm 
( ep )  wi t h  low-e coat ing on ins ide surface 
( emit tance = 0 . 1 5 )  

a = plast ic  f i lm wi th ant i reflectance coat ings 
on bo th s urfaces 

'II = vacuum 

1 = l ow- i ron g l a s s  ( 1 / 8  1n . thi ck ) 

k = krypt on gas  f i l l  in place of a i r  
* est imated charac ter i s t i c s  for vacuum g l az ing

(with boro s i l i ca t e  glas s )

numbers 1 through 7 refer t o  l abel ed p o i n t s
o n  the hor i zontal axe s of F i gures 2 - 1 , 2 - 2 ,
and 2-3 .

1 1
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s o l ar south g l azing area is  2 0 0  ft 2 • The conven t i onal and supe r i n s u l a t e d
south g l a z i r. g  areas · are 5 0  ft 2 • The pa s s ive s o l ar va lue of F corres pond s t o  a
rec ommended level o f  s t orage ma s s  ( 6  f t 2 of  4- i n . -thick concre te or i t s  equi
va lent per ft 2 of south glazing ) .  The conven t i ona l and superinsulated va lues
o f  F corres pond to  the ma s s  o f  drywa l l  and l i ghtwe i ght bu i l d i ng ma t e r i a l s
relat ive t o  5 0  ft 2 o f  south g 1 az ing .

2 . 1 . 1 . 6  Resul t s  and D i s cu s s ion 

Glaz ing performance is s hown i n  t erms of  

o Net  useful f l ux ( per ft 2 of g l a z i ng ) cal c u l a ted as  the d i fference in aux i l 
iary energy use wi th and wi thout the g l a z i ng ( i ndi cates  the abs o l u t e  energy
va lue of  g l az ing )

o Net energy savings ( per ft 2 of g l a z i ng )  c a l culated as  the d i f ference i n  net
us eful f l ux for the part i cu l ar glazing vs . double g l a :: ing ( i nd i c a t e s  t he
incremen tal  energy va lue vs . convent i onal double glazing ) .

F i gure 2- 1 shows net us eful f l ux per f t 2 of  glaz ing in Port l and and Bo i s e .
For north 5 l az i ng net useful flux i s  virtua l l y i dent i cal regard l e s s o f  bu i ld 
ing type . For s outh glazing , the t rends i n  net useful Eux are s imi l a r  f o r  
a l l  bui l ding types ( i . e . , the curve s a r e  approxima t e l y  paral l e l ) and t h e  
leve l s  of  n e t  us eful flux depend o n  bui l d ing t ype . 

F i gure 2-2 shows net energy savings ( re l a t i ve to doubl e g l az ing ) . For s o u t h  
glaz ing s 1n  Por t land ( F igure 2-2a ) , n e t  energy savings are l ower 1 n  t h e  
pas s 1ve s o lar bui l d ing ( by l e s s than 1 0% )  compared t o  the conven t i ona l 
bui l d ing . Net energy savings in  t he s uper i n s ulated bui ld ing compared t o  the 
convent i onal bui l d ing are s l ight l y  h i gher for g l az ing s wi t h  l ow-e f i lms and 
s l i ght l y  l ower for g lazing s  wi t h  ant i re f l e c t ance f i lms . For nort h  g laz i ng s  i n  
Por t l and ( F igure 2-2b ) , net energy s avings are insen s i t ive to bui l d ing t ype , 
except that s avings are s l i ght l y  l ower for t he pas s i ve s o l ar bui l d ing . For 
south glaz ings in Boise ( Fi gure 2-2c ) ,  net energy savings show a c omp l ex 
dependenc e on bui l d ing type and g laz ing t ype . For north glazing s  in Bo i s e  
( F igure 2-2d ) , . net  energy savings are approximately 15% l ower i n  the pa s s i ve 
s o l ar bui l d ing than in the o ther bui l d ing t ype s . 

The use of  d i f f erent kinds of  g l a s s  and f i l l  gases  affec t s  t he window perform
ance . Fi gure 2-3 shows the effec t s  o f  l ow- i ron g l a s s  and l ow-conduc t ance g a s  
f i l l , s ingularly and together , in the convent ional bui l di ng i n  Por t l and , t he 
convent i onal bui l ding in Boi s e ,  and the pas s i ve s o lar bui lding i n  Bo i s e . I n  
Por t l and , the resul t s  f o r  the s o lar bui l ding ( no t  shown ) are virtua l l y  i dent i 
cal t o  the convent i onal bui lding results . I n  a l l  cases , the savings for t he 
combina t i on approximately equa l t he s um o f  the savings for l ow- iron g l a s s  and 
the savings for gas f i l l  separa t e l y .  F o r  north , lazing s , mo s t  of  the s aving s 
resul t from the gas f i l l . For s outh g laz ings  i n  the conven t i ona l bui l d i ng i n  
Por t l and and the pas s ive solar bui l d i ng i n  Bo i s e , the savings owing t o  l ow
i ron g l a s s and the savings owing to gas f i l l  are approxima t e l y  equa l . For 
s outh g l az ings in the convent i onal bui l ding i n  Bo i s e , the savings are grea t e r  
than in o ther bui l ding type s and c l imat e s , a n d  s avings resul t ing from low- i ron 
g l a s s  are greater than savings resul t ing from gas f i l l. The i nc rea s e  1n 
sav1ngs is e s pec i a l l y  large for the s econd g laz ing t ype , 1 . e . , wi th l ow-e 
coat ing on the g l as s .  
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Figure 2-1 . Net useful flux for glazing types described in Table 2-1 for 

three bui lding types ( to convert from kBtu/ft2 yr to kWh/m2 yr ,
mul t i ply by 2 � 72 )  
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Fi gure 2-2 . Net energy savings ( relat ive to double glazing ) for glazing 
types described in Table 2-1 for three bui lding type s 
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Figure 2-3 . Net energy sav1ngs ( relat ive to double glazing ) for glazing 
types described 1n Table 2 - 1  for four combina t i ons of glas s 
type and f i l l  gas es 
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2 . 1 . 1 . 7  Conc l u s i ons 

Nons tandard glaz i ng types in d i rect-gain bui l d i ngs can be ana l yzed wi t h  SLR 
me thod s by us ing mod i f i ed bu i l d ing pa rame ters t o  acc ount for d i f ferenc e s  from 
s t andard g l a z ing propert i e s . 

For g l a z i n g s  wi t h  s u s pended plas t i c  f i lms and l ow-e or , in some cases , ant i 
re f l e c t ance coa t i ng s , net er.ergy saving s ( re l a t i ve to doubl e g l az i ng ) are 
15 t o  4 8  kB t u / f t 2 / yr ,  depend ing on bui l d i ng type and g l a z ing orienta t i on .
Further savings o f  approxima t e l y  1 0  t o  2 0  kB t u / f t 2 / yr are pos s i bl e ,  part i c 
ularly for south g l a z i ng s , wi th t h e  use o f  l ow- i ron g l a s s  and a l ow
conduc t ance gas f i l l . Pred i c t ed savings for an evacua ted g l a z ing are 5 1  t o  
6 7  kB t u / f t 2 /yr , s uperior to al l o ther g l a z i ng type s ana lyzed and approxima t e l y
three t o  f i ve t ime s better than o t her g l az ing t ypes that do  no t incorpora t e  
sus pended p l a s t i c  f i lms . Tab l e  2-2 . s ummar i z e s  compar i s ons f o r  conven t i onal
bui l d i ng s . 

· 

g 

Tabl e  2-2 . Summary of Predicted Net Annual Energy 
Savings v s . Standard Double Gl�zing in a
Conventional Building (kBtu/ ft yr ) 

Port l and Bo i s e 

South North South North 
G l az i ng Type Glaz ing Glaz i ng G l a z ing Glaz ing 

g-g 
g-eg 1 6  1 9  1 2  2 3  
g-ep-g 2 5  3 0  1 6  3 7  
g-ep-ep-g 3 2  3 9  2 0  4 8  
g-a-g 2 3  24 24 28 
g-a-a-g 3 1  3 3  3 2  .38 
g-v-eg* 5 6  5 8  6 0  6 7  

= g l a s s  ( 1 / 8  1n . thi ck ) 

e = l ow-e coat ing on g l a s s  ( ep )  or p l a s t i c  f i lm ( e p )  
wi t h  l ow-e coat ing 
( em i t t ance = 0 . 1 5 )

on ins i de s urface 

a = p l as t i c  f i lm with ant i reflectance coat ings on both 
surfaces 

v = vacuum 

l = l ow- i ron g l a s s  ( 1 / 8  in . t h i c k )  
* e s t i ma t ed .characteri s t i c s  for vacuum g l az ing ( w i t h

boro s i l i ca t e  g l as s )

no te : 1 kB t u / f t 2yr = 1 1 . 3 5 MJ /m2 yr

Net energy savings ( relat ive to doub l e  g l a z i ng ) for south g l a z ing 1n Bo i s e  are 
l ower than for north g l az ing in Bo i s e or for e i ther orien t a t i on 1n Port l and . 
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Ne t energy saving s  f o r  s o u t h  g l az ing i n  Bo i s e are mo re s en s i t i ve t o  bu i l d i n g  
type , and the pat t ern o f  energy savings among g l az ing t yp e s  i s  d i f f erent . 

2 . 1 . 2 Ene rg y  Savings Pro j ec t i ons for the Pac i f i c  Northwe s t  

2 . 1 . 2 . 1 Re s i dent i a l  Sav i ng s  

The p r i mary market for va cuum g l a z i ng wi l l  b e  for re s i dent i a l  u s e . The s quare 
footage of ex i s t ing res i dent i a l  wi ndows in the B PA area i s  an e s t ima t e d  
800 mi l l i on s quare feet ( 1 98 7 f i gure s ) .  ( The t o t al number � f  hous eho l d s  in  
the area i n  1987  was 3 . 3  mi l l i on ;  the s e  res idences inc l ud e  appro x i ma t e l y  78% 
s ingl e-fam i l y  home s , 14% mul t i - fami l y  home s , and 8% manufac t ured home s [ BPA
1 9 88 ) . )  The na t i onal average s in�l e- f am i l y  home i s  1 , 8 7 0  f t 2 ( 1 7 4 m2 ) ,  the
average mu l t i -fami l y  home i s  920 f t  ( 8 5 m2 ) ( B iggers 1 9 8 9 ; U . S .  Cen s u s  Bureau
1 9 8 7 ) ,  and the manufac t ured home i s  approxima t ely 5 0 0  f t 2 ( 46 m2 ) .  We a s sumed
tha t  wi ndow area roughl y equa l s  1 5 %  of t he f l oor area . 

The energy savings that wou l d  re s u l t i f  a l l  ex i s t ing windows we re repl aced 
wi th vacuum g l az ing sys t ems wa s e s t i ma t ed by the f o l l owing equa t i on .  

whe re 

Q = ( 1 / R  - 1 / R  ) * A * DD * 24 / 1 0 1 5 ) o n w 

R0 = R-va lue o f  o r i g inal wi ndows ( h-ft 2 -F / B t u )

Rn = R-val ue o f  new windows ( h- f t2-F/ Bt u )

Aw = Area o f  wi ndows ( s quare f ee t )

DO = Hea t ing degree days per year , ba s e  6 5 °F ( F-days / yr ) 

Q = Savings during the hea t ing s eason ( QB t u / yr )  

2 4  = Convers ion fac t o r  ( hours / day ) 

1 0 1 5  = Convers i on fac t o r  ( QB t u / B t u ) 

( 2 - 1 1 )

The avera�e R-val ue of  the ex i s t ing windows was e s t imated a s  R- 1 . 2  h- f t 2- F / B t u
( R-0 . 2 1 m - °C /W ;  U-4 . 7  W/m2-° C )  ( averag i ng U-va l ue s ) .  Thi s a s s ume s t h a t  the
re l a t ive number o f  high-performanc e  windows i s  neg l i g i bl e ,  tha t  ha l f  o f  the 
exi s t ing wi ndows have i n s ul a t ed g l az ing , and that  the o t her ha l f  have only 
s i ngl e-pane g l a z i ng .  The average R-va lue o f  the new vacuum g l a z i ng w i ndow 
a s s embl i e s  was pro j e c t ed to be R-9 . 3  hr- f t 2-°F / Btu . 

The number o f  heat ing degree days ( ° F-dz y )  per year i n  the reg i on ' s mo re p o pu
l a t ed c i t i e s  ranges  from approxima t e l y  4424 in Seat t l e ,  Wa shing t on , t o  8 7 60 i n  
I daho Fa l l s ,  I daho . A popul a t i on-we i ghted average of t he ma j o r  c i t i e s i n  the 
Pac i f i <  Nor t hwe s t  g ive s approxima t e l y  5 5 0 0  degree days per yea r .  U s i ng t h i s 
as a represen t a t i ve f i gure for the hea t i ng c l imate , the po t ent i a'l savings  f rom 
repl ac ing a l l  res i dent i al windows w i t h  vacuum g l a z ing sys tems amoun t s  t o  
0 . 0 8 quad / yr ( 84 PJ/yr ) . 

Thi s  e s t ima t i on of poten t i a l  energy savings ( unl i ke the mo re d e t a i l ed 
e s t ima t e s  o f  Tab l e  2-2 ) does not i ncl ude the effec t s  o f  s o l ar g a i n s . I t  
neg l ec t s  the changes i n  s o l ar gains ( re s u l t ing f rom rep l ac emen t o f  doubl e-pane 
g l az ing w i t h  vacuum glaz i ng ) dur i ng the heat ing s ea s on and a s s ume s tha t 
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res iden t i al air  cond i t i oning sys tems are no t a s i gni f i cant cont r i butor to  the 
total  re s i dent i a l  s pace cond i t ioning energy budget . 

I f  the energy savings i s  ca l cu l ated only f o r  the pro jected new bui ld ing market 
be tween 1 990  and 2 0 1 0  (a s suming 1 9 8 7  pro j ec t i ons ) ,  the average end-use energy
savings over that period wi l l  be 0 . 0008  Qua d / yr ( 0 . 84 PJ/yr ) , a s s uming a l l  
home s would  o therwi se be bui l t  wi th i n s u l a t ed glazing systems and a s s uming 
SPA ' s pro j ec t ed ( 1 988 ) quant i ty and percen t ages of  hous ing s t ock for the year
2 0 1 0  ( 4 . 8  mi l l i on uni t s : 70% s ing l e-fami l y  uni t s ,  1 8% mul t i -fami ly uni t s , and 
12%  manufactured homes ) wi th an e s t ima t ed 1 5  mi l l i on ft 2 ( 1 . 4 m2 ) new windows
i n s t a � l ed each year . Thi s  saving s i s  the equivalent of  0 . 04 power p l ant s not 
added to  the capac i ty each year . 

For the coo l ing season , the energy savings  i s  relat ively small . The l ow
emi s s i v i t y  coat ing on the vacuum g l azing wi l l  s i gni f i cant ly  reduce rad i a t ive 
heat  gains ; however , standard insulat ing g l az ings can a l so incorporate l ow-e 
coat ings , so t h i s effect  cannot be c on s i dered 1n a compari son . The 
temperature d i f ference between the ins i de and out s ide i s  relat ively sma l l  
during the coo l i ng season compared t o  t ha t  o f  the heat ing season , s o  the 
number of coo 1 ing degree days i s  sma l l . Furthermore , even in mechan i c a l ly  
coo led res i dence s ,  much coo l i ng is  accomp l i s hed pas s ively by  opening windows . 
For these rea s on s , pos s ible  energy saving s resu l t ing from reduced c o o l ing 
requi rement s  were no t included in t h i s  analys i s .  

Bes ides energy saving s , occupant comfor t  i n  t hese  s paces wi l l  be enhanced year 
around , because t he higher res i s tance acro s s  the glazing al l ows for  a t emper
ature on the i n t er i o r  surface o f  the g laz ing that is nearer to  the room 
temperature . 

2 . 1 . 2 . 2  Comme r c i a l  Savings 

The benefi t s  o f  the vacuum window are clear for the res i dent i a l  market . The 
window ' s  value t o  the commerc ia l  marke t i s ' les s obvi ous ; however , sma l l  
commerc i a l  bui l d ings o f  l i ghtwe i ght con s t ruc t i on wi l l  a l s o  benef i t .  

Effect  During Hea t ing and Cool ing Seasons . In l arge commerc ial  bui lding s , the 
heat ing season i s  shorter because o f  greater internal heat gains  f rom 
occupant s ,  l i ght ing , and appl i ances and equi pment . The se gains effec t i vely 
l ower the bui l d ing 1 s balance t emperature ( the point  at whi c h  the heat ing 
sys t em i s  swi t ched on ) duri ng t he dayt ime and therefore shi f t  the l oads--from 
dayt ime to  n i ght t ime and f rom heat ing to c oo l ing .  The heat ing season for  
commerc i a l  bui l d ings is  about three mon t h s  long and genera l l y  dur i ng 
unoccupied hours onl y ,  compared t o  the res i dent ial  heat ing season o f  nearly 
nine months , 24  hours per day . Thi s  sho r t er heat ing season would  appear to  
reduce the economic value o f  the vacuum g l az ing during the nomina l heat i ng 
sea s on . 

The int erna l l y  generated load does no t usua l l y  o f f set the he a t i ng requ i rement s
o f  the perimeter zones , because the heat  exchange be tween the inter i o r  and
perimeter zone s i s  minimal . Typ i cal l y ,  exce s s  heat from the interior zone i s  
released to  the out s ide , and heat ing req u i r ement s  i n  the perimeter zone s are 
sat i s f i ed by add i t i onal heat ing , vent i l a t i ng ,  and air cond i t ioning ( HVAC ) 
equi pment . Thi s complex problem i s  d i f f i cu l t  to  quant i fy and can on l y  be 
addre s s ed in a bu i l ding s imulat i on program f o r  a l arge commerc ial  bui l d i ng , a 
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program in whi ch parame t r i c  runs o f  conven t i onal and vacuum windows could 
e s t ima t e  the rela t i ve benef i t  o f  the vacuum g l az ing ' s  i n su l a t ing  qual i t i e s  in 
t yp i cal bu i l dings in var i ous c l ima t es . The effect  of  the vacuum g l azing in 
large commerc ial  buildings  dur ing t he cool ing s ea s on is s imi lar t o  that in re
s i dent ial  bui l d ing s . 

Effect  on Human. Comfort . Ano t her i s sue that mus t  be addre s s ed whi l e  con s i der
ing the value of  an energy- saving ret rof i t  i s  human therma l comf o r t . Human 
comfort  in the perimeter  zone s o f  a large commercial  bui ld ing i s  grea t l y  in
fluenced by the conduc t iv i t y  o f  a nearby window . Thi s  i s  t rue not  only in the 
winter when the interior  g l az ing surface i s  cold , but in t he summer a s  we l l .  
The comf ort of  an occupant working near a window s t rong ly  affec t s  hi 3 or her 
produc t i v i t y .  Al though i t  i s  d i f f i cu l t  to quan t i fy ,  i t  has been e s t imated 
tha t  empl oyee produc t i v i t y  i s .  1 0 0  t imes more val uable than : he c o s t  of  the 
energy requi red to maintain  a comfor t able  environmen t ( Selkowi tz 1 9 8 5 ) .  The 
interior  surface o f  a vacuum window would maintain  a more cons tant 
temperature , thereby providing a more comfortable  env i ronment and reducing 
l o s s e s  1 0  empl oyee produc t i vi t y .  

Effect  on HVAC Equi pment  Need s . To  combat heat  l o s s  i n  the perimeter zones , 
s pe c ia l i zed hea t ing equi pment i s  neces sary . E l e c t r i c  bas eboard heat ing i s  
o f t en used because the uni t s  are easy t o  ins t a l l  and requi re no add i t i onal
mechan i c a l  sys tems ; the uni t  c o s t  i s  $ 1 . 80 per square foo t of f l oor area 
( Means 1 9 84 ) . Elec t r i c  s y s t ems are , however , the mos t  cos t l y  s ources o f  heat 
energy . I f  both the ini t ial  c o s t  o f  thi s equi pment and the hea t ing energy 
c o s t  are taken into  account  the i n i t i a l  c o s t  of the vacuum windO<N' would  be 
o f f s e t  and the payback period reduced .

Effect on Archi tect ural Des ign . Because the vacuum window has an R-value 
comparable to the wal l s  of a l arge commercial  buil d i ng , l arger areas.  o f  
glazing could b e  u s e d  on the ext er i or wi thout effec t ing the bui l d i ng ' s  t hermal 
performance . Thi s would  g i ve archi t ec t s  more f lexib i l i ty in des i gn i ng the 
aes the t i c  features of a l arge bui l d i ng . 

2 . 1 . 2 . 3  Summary of Savings Pro j e c t ions  

An e s t ima ted 0 . 08 quads  o f  energy per year ( 84 PJ ) could be  saved 1n  
res iden t ial  bui l d ing s during t he heat ing season . Res iden t i a l  coo l ing and 
commerc i a l  heat ing / cool ing were no t con s i dered in thi s es t ima t e  for rea sons 
s tated above . 
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Cos t  savings t o  the consumer wi l l  be achi eved by energy and demand saving s .  
Large commercial  users  wi l l  save money because of  the improved abi 1 i ty  t o  
contro l perime ter temperature s and because the s i ze o f  heat ing equi pment 
needed to o f f s et window heat l o s se s  wi l l  be reduced . Ano t her e f fe c t  i s  that  
arch i tec tura i des i gn o f  l arge bui l d ings can include more g l a z ing wi thout 
incurring s i gni f i cant ly greater hea t i ng/cool ing co s t s . 

2 . 1 . 3  Economi c Cons i dera t i on s  

Once prepro t o t ypes have been fabri cated and are shown t o  perform we l l ,  the 
que s t i ons  of prac t i ca l i ty and marketabi l i ty wi l l  rema i n .  Thes e  ques t i ons con
cern t he i s sue o f  marke t value vs . co s t , ne i ther of whi ch has been anal yzed 
adequa t e l y .  In  thi s s ec t i on ,  pre l iminary analyses  of  thi s marke t a b i l i ty i s sue 
are pre sented . 
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The va lue of a hi ghl y insulat ing window l S  fourfo l d : 

o Reduced hea t l o s s
o Useful  s o l a r  heat g a 1 n
o Increased comfort near windows
o I n c reased archi tectural des i gn freedom .

Reduced heat  l o s s  i s  impo rtan t  in cold c l ima t e s  and i s  an important a t t r i bu t e  
for wi ndows havi ng any orien ta t i on--north , s ou t h ,  eas t , or  we s t . The amount 
o f  heat l o s t  i s

LOSS  ( Btu/yr )  = 8 76 66T AR , ( 2- 1 2 ) 

where LIT i s  t he average t emperature d i f ference between indoors and outdoors 
( po s i t i ve d i fference s  onl y ) *  in ° F ,  A is  t he window area ( ft 2 ) ,  R is  t he area
averaged therma l re s i s tance o f  the window ( ° F  h f t 2 / B t u ) , and 8766 1 s  the
number of  hours per year . By sub s t i tut ing  a h i gher re s i s t ance window the l o s s  
i s  reduced : 

SAVINGS ( B tu/yr ) = LOS S ( R  ) - LOS S ( R )  

= 8 766  6T A (!_ - !) 
R0 R ( 2- 1 3 ) 

The va lue of  t he energy savi ng s depend s on fuel co s t s . Tabl e  2-3 shows energy 
savings and c o s t  savings per un i t  window area . The va lue of energy saving per
un i t  window area (as suming a $ 1 0 /mi l l ion B t u  d e l i vered co s t  of hea t ing energyi 
i s  the same number in cen t s  per s quare foot  per year as t he number of  kB t u / f t  
saved each year . An R-value o f  l ° Fhr/ f t 2 / B t u  i s  t yp i cal  of  a s ingle sheet o f
gla s s ;  R = 2 i s  typical  of  a convent i onal double-g lazed sealed insulat ing 
g l a s s un i t ;  R = 3 t o  4 i s  typical of a doub l e-g lazed sealed insulat ing g l a s s  
un i t  w i t h  a l ow-emi s s i v i t y  coat ing . An R z 1 0  i s  the expec t ed area-averaged 
insulat ing va l ue o f  a pro t o t ype vacuum window . 

The l i ke l y  subs t i tut i on s  are RlO for RJ o r  R2 , whi ch would have incremental 
annual benef i t s  ran g i ng from 2 2 e / f t2 yr to 96e / ft 2 yr depending on the
sever i ty o f  t he heat ing  season . Thi s  ana l ys i s  accoun t s  for on ly decreased 
therma l lo s s ,  whereas u seful so lar gain and o ther comfort  benef i t s  mus t  a l so 
be cons i dered in  the t o t a l  benef i t s  equa t i on .  

Useful hea t gain  i s  dependent on both c l ima t e  and window orienta t i on .  I f  H i s  
the s o l ar i n s o l a t i on i n c i dent on a window averaged over t he hea t ing s ea s on , 
then the useful s o lar ga1n  can be expre s sed a s  

GAIN ( Btu/yr ) = 8 7 6 6  F H A � ( 2- 14 ) . 

where F i s  t he average fract i on of  i nc i dent s o lar  inso l a t i on that i s
t ransmi t t ed / conduc ted t hrough t he window , A i s  t he area o f  the wi ndow ( f t 2 ) ,
H i s  expre s s ed in  Btu/ f t2 h ,  and 8 7 66 i s  t he number o f  hours per year .

*The average annual t emperature d i fference between i ndoors and outdoors
( po s i t i ve d i f f erence onl y )  is  reported by  t he U . S .  Weather Service  a s  t he
d i f ference between 65 ° F  and t he mean dai l y  ambien t  t emperature , wi th po s i t i ve
va lues only inc l uded in  the comp i l a t i o n .  Thi s  val ue i s  reported as  t he annua l
average number o f  degree days for spec i f i c  l ocat i ons .
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W i nd ow 
Area- .veraged 

R- ., ia l ue s  
° F  h f t 2 / B t u

Ro _,. R+

1 ... 2 

2 + 3 

3 + 4 

4 + 5 

5 + 1 0  

3 ... 1 0  

2 ... 1 0  

Tabl e  2-3 . Incremental Energy and Cos t  Savin g s  

Energy s a ve d  p e r  f t 2  o f  wi ndow e a c h  year--kB t u / f t 2 yr
( cen t s  s a ve d  per square foot each yea r-- c / f t 2 yr* )

DO-Hea t i ng Degree Day s ( ° F day / yr ) 
4000 DD+ 6000 DD+ 8000 DD+ l O ITO O DD+

48 72  9 6 1 2 0  

1 6  24 3 2  40 

8 1 2  1 6  20 

4 . 8 7 . 2 9 . 6 1 2  

9 . 6  1 4 . 4  1 9 . 2 24 

22 33 44 55 

3 8 . 4 5 7 . 6 7 6 . 8 96 

*The savtngs per year ts e s t ima ted for an a s s umed energy c o s t  of $ 1 0 / MBt u .

R+ - insulat ing val ue o f  window being replaced o r  sub s t i tuted . 

R - insulat ing va lue of  i ncremen t a l ly supe r i o r  window . 0 
DD+ annual hea t i n g  d egree days i s  d e f ined a s  the annual sum o f  po s i t i ve 

tempe�ature d i f ferences be twe en 6 5 ° F  and t he mean dai l y  amb i ent outdoors 
temperature over the ent i re year ( wi th only the pos i t i ve d i ff erences 
inc l uded ) . 

A s o l ar e f f i c i ency can be def i ned for a window a s  

EFF I C I ENCY = GAIN - LOSS 
I NCIDENT 

= F - (�T) -� ' 
= 8766  ( F  HA - I'f A / R )

8 7 66 HA 

( 2-1 5 ) 

whe r e  the rat i o  �T/H may be thought of  as  an ind i cator of  the severi ty o f  the 
cl ima t e  for that locat i on and window orienta t i on ( Harr i s on and Baraka t  1 9 8 3 ; 
Neeper 1985 ) . F i gure 2-4 shows thi s func t i on p l o t ted for several type s of  
windows inc lud ing the pro totyp i ca l  vacuum window and for an opaque R = 1 1  wa l l  
where F 0 .  The c l imate  sever i ty scale  i s  anno tated w i t h  typi cal l ocat i ons 
and o r i entat ions repres entat ive of . the Uni ted States . Not e  that the vacuum 
window i s  pred i cted to  provide a net annual useful solar  gain over the ent i re 
spec t rum of  cond i t i on s  inc l ud ing  north-fac i ng windows in  l ocat i on s  l i ke 
Car i bo u ,  Maine , and tha t  the vacuum window i s  predi c ted t o  be super ior  to  a l l  
common types of  commer c i a l l y  ava i lable  windows in a l l  c l ima t e s  except t he ver � 
m i l d e s t  where insulat ing windows are not needed . 
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I ncreased comfort  i s  ano ther val uabl e bene f i t  o f  a highly insulat ing window . 
Du r i ng c.o l d  wea the r ,  a poo r l y. i n s u l a t ing wi ndow ha s a c o l d  i n t e r i o r  surfac e .  
Co l d ,  conve c t i ve dra f t s  from thi s surface commonly make the f l oor area nea r 
such a wi ndow uncomfortab l e .  Peop l e  near a c o l d  window a l s o  feel a general  
chi l l ing because o f  the i r rad i a t i ve heat l o s s  t o  the window . Becau s e  a h i ghl y 
i n s u l a t i n g  wi rtdow wi l l  always have an i n s i d e  surface tempe rature c l o s er t o  t he 
indoo r a i r  t empera ture , i t  wi l l  provide grea t e r  comfort by redu c i ng the s e  two 
e f f ect s .  

Expens ive insulat i ng draper i e s  and 
u s ed to o f f s e t  the e f f e c t s  of c o l d  
highly i n s u l a t ing window s hou l d
unneces sary . 

e l ec t r i c room-perime t er hea t e r s  are o f t en 
dra f t s  and rad i a t ive l o s s e s  t o  windows . A 
be credi t ed for making these expen s e s  

I n c reased de s i gn freedom not  onl y  1 s  a n  impor tant a e s t he t i c  bene f i t  o f  
insulat ing windows but may a l s o  improve t he economi c s  of  hous ing . I f  
archi t ec t s / devel o pers have h i ghly insul a t ing windows ava i l a bl e ,  they mi ght be 
abl e t.o o r i ent windows to t ake advant age of dayl i ght ing , pa s s i ve s o lar heat , 
and aesthe t i c s . Because they wi l l  be abl e  t o  use l arger wi ndow area s w i thout 
fear of crea t i ng unc omfortably cold spaces  nearby , t hey m i ght de s i gn a 
bu i l d ing with a l arger share of  the dayl i ght ing and hea t ing requi remen t s  me t 
by the wi ndows . In addi t i on ,  they m i ght be  able  t o  make mo re .f l ex i b l e  and 
economi cal use of  ava i lable l and . 

2. . 1 . 4  Window Frames 

2 . 1 . 4 . 1  Obj e c t i ve . o f  Frame Analys e s  

As advances  cont inue 1n t h e  thermal perfo rmance of  g l a z ings , s uch a s  the 
deve l o pment of vacuum g l a z i ng s ,  it is  i mpor tant t o  cons i der the t herma l 
performanc e  o f  f rames and t he i r  various e f fe c t s  on overall window performanc e .  
The obj e c t i ve s  o f  thi s s ec t i on are t o  ( 1 )  rev i ew and mod i fy c ompu t e r  
s imul a t i on a l g o r i t hms for overall window performance and ( 2 )  i nve s t i ga t e  t he 
effect  o f  frame d e s i gn on t he performance o f  window a s s embl i e s  wi t h  vac uum 
g l az ing . 

2 . 1 . 4 . 2  Back&round 

Glazings . Nume rous advance s  i n  g l a z i ng sys t ems have s i gni f i c an t l y  i n c re a s e d  
the i r  t herma l performance .  The s e  advances i nc l ude g l a s s-coa t ing t echno l o gy , 
t he use o f  low-conduct ivity gases or tran s parent insulat ing mat e r i a l s  wi t h i n  
i n s u l a t e d  g l a s s  cav1 t 1. e s , a n d  _evacuat ed gap s . The · t he rmal performance o f  
g 1 a z ings i s  genera l l y  measured t hrough the c en t e r-of-g l a s s  where h e a t  f l ow c an 
be accurately r e p r e s ented a s  one-d imen s i onal , t rave l i ng f rom the warm s i de t o  
the c o l d  s i de in a d i re c t i on perpendi cular t o  t h e  g l a s s  pane s .  

Curren t l y  �va i l a b l e  glazin� s y s t ems have R-va l ue s  rang i ng from be l ow R- 1 up t o
R- 1 0  hr- f t  -°F / B t u  ( 1 . 7 6 m -°C /W ) . S i ng l e  pane glazings have a cent er-of
g l a s s  re s i s tance of  approxima t e l y  R-0 . 8 7  h- ft 2-°F / B t u  ( 0 . 1 5 m2 -0c/W ) ,
prima r i l y  becau s e  of  the a i r  f i lms a l ong t he i nner and out er surfaces of  the 
g l az ing . Doubl e-pane f l a z i n g s  have twi ce t he res i s t ance , appro x i ma t e l y
R-2 h- f t 2-°F / Btu ( 0 . 35 m -°C / W ) , pr i ma r i l y  f rom the a i r  f i l ms p l us the l ayer
of s t i  1 1  air s andwi ched be tween the two g l az ing s . Further improvement s i n  
g l a z i ng d e s i gn reduce therma l rad i a t i on b y  adding l ow-e f i lm coa t i ngs t o  one 
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or more g l a s s s urface s .  Low-e g l az i n g s  in  doubl e-pane sys tems achi eve center
of-g l a s s res i s t ances of  R-2 . 5  t o  R-3 . 1  h-f t 2-°F/Btu  ( 0 . 44-0 . 95 5  m2-°C /W ) .
W i t h  add i t i onal g l a s s pane s or po lymer f i lms , the cent er-o f-g l a s s  R-va lue 
reache s R-5 h- f5 2-°F / Btu ( 0 . 88 m2-0 c/W ) , but wi t h  a sacr i f ice in s o l ar  t rans
mi t tance . Other improvement s  in  g laz ings  focus  on  reducing convect i ve hea t 
l o s s e s  by rep lac ing the air  wi th other gase s . Gases  such as argon have l ower 
therma l conduc t i vi t i e s , which enables  t hem t o  bet t er insulate t he gap ; and 
they are heavi er t han a i r ,  which reduces  t he i r  abi l i ty to deve l o p  conve c t ive 
hea t - t rans fer l oo p s . (A general d i s cu s s i on o f  curren t l y  ava i l a b l e  g l az ing 
s ys tems was g i ven in Sec t ion 1 . 4 . ) 

A t rans parent , l ow-den s i ty ,  s i l i ca aerogel  t ha t  has been part i a l l y  evacuated 
and sea l ed wi thin  the g laz ings (Quant um Opt i c s  1 98 8 ) i s  pred i ct ed to achieve a 
t herma l re s i s t ance o f  R- 1 7 . 8  h�-ft 2-° F / B t u  ( 3 . 0  m2-0c / W )  through the cen t er
o f-gla s s .  The vacuum glazing under deve l o pment at SERI i s  pred i c t ed t o  
achieve a thermal res i s tance o f  greater t han R- 16  hr- f t2-°F / B t u  ( 2 . 8  m2-°C / W )
through t he cen t er-o f-g las s .  I t  cons i s t s  o f  two panes of glas s t ha t  are held 
apart by sma l l  g l a s s  sphere s and l a s e r-we lded a l ong the perimeter  in  order t o  
ma intain  a high vacuum wi thin the g l a s s enve l o pe ( see Fi gure l - 1 ) .  Low-e 
coat ing s reduce hea t transfer from rad i a t i on whi l e  the hi gh-vacuum/ s pacer gap 
virtua l l y  el imina t e s  convec t ive heat t rans fer and keeps conduc t i on to a 
m1n 1mum . 

Frames . The window frame commonl y accoun t s  · for 20% to  30% of the area o f  the 
window* and , based on area al one , i s  a s igni f i cant cont r i butor t o  energy l o s s  
o r  g a i n  through t he window . Mo s t  frames have t he thermal res i s tance o f  
approx ima t e l y  R-2 h-f t 2-°F/Btu  ( 0 . 35 m2-0 c /W ) , s imi l ar t o  a s t andard doub l e
g l azing yet far l e s s  effec t i ve t han the ad j o i ning R- 13  hr-ft 2 -° F / B t u  ( 2 . 3
m2-0c / W )  wa l l  ( s t andard frame con s t ruc t ion wi th  3 . 5-in . [ 89-mm ] f i berg l a s s
cavi ty  insulat i on ) . As g laz ing per f o rmance increases , frame s rema 1n  the 
weake s t  thermal l ink in t he bui lding  envel ope . 

The mat e r i a l s used in  t he frame , a l ong w i t h  i t s  con f i gurat ion , d i mens i o n s , and 
opera t i onal type , affec t i t s  therma l performance .  Becaus e  of comp l i c a t e d  con
f i gura t i ons  and numerous d i fferent mat e ri a l s  used , it is d i f f i cul t to rate  a 
frame ' s  t hermal res i s tance . Heat t rans fer t hrough wood frames can be 
approxima t ed by one-d imen s i onal f l ow perpend i cular to the plane of  t he 
window . ( Frame and edge-of-g l a s s heat t rans fer , d i scus sed below , for  s uch 
frames were shown t o  be roughly independent o f  one another [ Ares t ah , H� : tmann , 
and Rub i n  1 9 8 7 ] . Low-re s i s tance f rame s , s uch as  aluminum frame s , have two
d imens i onal f l ow and t end to  further degrade t he performance of the g laz ing 
because o f  amp l i f i ed edge effect s  [ Re i l ly 1 9 89 ] . )  

Res iden t ial  windows wi th aluminum f rames common ly  have val ues o f  R-0 . 5  t o  R- 1 
( 0 . 09-0 1 8  m2-0G /W ) ; with wood frame s t he i r  value s  are R-2 . 5  hr- f t 2 -°F / B t u
( 0 . 44 m

2
-°C / W )  ( ASHRAE 1989 ) .  More recent in11ovat i ons i n  frames u s e  s ke l e ta l

po l yv i ny l chlo r i de ( PVC ) o r  f i berg la s s  for s t ru c t ural support , l eaving ho l l ow 
spaces between t he members . Such frame s have two advantages . They have 

*A t yp i ca l  res iden t i a l  window , as s p ec i f ied by ASHRAE , i s  3 ft wide x 4 f t  h i gh
( 0 . 9 1  m x 1 . 22 m) . Wi th a 2 . 7-in . ( 69-mm) frame , the window has a re l a t i ve
frame area o f  2 5 % . Larger windows have a l ower percentage frame area .
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re lat ively  l ow therma l conduct ivi t i es , and they can provide  adequa t e  
s t ructural s upport in  a thinner pro f i l e , whi ch reduces  t h e  relat i ve area o f  
the f rame and increa s e s  the s o l ar t ransmi t t ance area . The performance o f  
t he s e  ho l l ow frame s depends  on the number , s i ze ,  and relat ive po s i t i on i ng of  
t he i n ternal  cavi t i e s : The more ver t i ca l  part i t i ons , the l ower t he effect ive 
conduc t i v i ty of the air enc lo sures ( Carpenter 1 9 8 7 ) .  Such f rame s t ru c t ures  
can be de s i gned wi th therma l breaks , where a less  conduc t i ve mat e r i a l  breaks 
the span to impede the f l ow of heat through t he s t ruc tural members  ( Aras t eh , 
Re i l l y ,  and Rub in  1 9 89 ) .  In  general , ho l l ow PVC frames are comparab l e  in 
therma l performanc e  to wood f rame s . 

Hol low frames of  thi s t ype can be f i l l ed wi th f i bergl a s s  o r  pol yurethane foam 
insulation to further improve the i r  thermal res i s tance . One s tudy of frame s 
conc luded t hat PVC frames f i ll ed wi th po l yurethane foam outperform aluminum , 
f i berg l a s s  ( s kel e t a l  f rame ) ,  PVC ( ske l e t a l  f rame ) ,  and wood frames ( Carpenter 
1 98 7 ) .  F i berglas s - i n s u l at ed frames wi th  a ca l c i um carbona te-E l l ed po l ymer 
s kin  al s o  outperform the s e  frames , accord ing to a manufacture r ' s  data ( Owens 
Corn ing 1 9 88 ) .  

A number of vacuum insu l a t i ons  now under deve lopment coul d prove u s e ful  in 
window frame appl i ca t i on s , ei ther as insul at i on f i l l ing or as  s urface 
cover ing . Because  o f  the s t ruct ural requi rement s  o f  the frame and becaus e  the 
need f o r  o perab l e  windows further compl icates  the s t ruct ure , t. he ava i l a b l e  
numbe r of  cavi t i e s  that can b e  fi l led wi t h  i n su la t i on i s  minimal . Al s o ,  there 
rema 1 n  many s hort-c i rcui t  hea t-flow paths through the s tructural membe r s ,. A 
frame cove r i ng , or  jacket , o f  a thin high-R insu l a t i on might more e f f ec t i ve l y  
reduce conduc t i on through the s t ructural members . 

Therma l performance info rmat ion on frame s i s  very l imi ted and i s  comp l i cated 
by the var i ou s  conf i gura t i on s , thickne s s e s , and mat e r i a l  combina t i ons  u s ed i n  
frame cons t ruc t i on .  I t  i s  the focus of  current research ( Aras teh,  Re i l ly ,  and 
Rubin 1 989 ) .  

Frame /Glazing Interface . The frame / g l az ing interface i nc l udes the edge o f  
g l a s s  ( the per imeter reg i o n  between the center o f  g l a s s  and the f rame ) ,  the 
s pacer ( wh i ch s eparates  the two g l a s s pane s ) ,  and the b i t e  ( al so known as  the 
l i p ;  the port ion of  the frame that overl a p s  the g laz ing ) .  ( See  the window
cro s s  s e c t ion in F i gure 2-S . )  As men t i oned , the f l ow of  heat i s  one
dimen s i ona l through the cent er-of-g l a s s  and i s  nearl y  one-d imens i onal through 
some frame types . At the frame / g laz ing interfac e ,  the heat f l ow devi a t e s  from 
one-dimens i onal  flow. The res i s tance o f  the gap between the panes ,  the 
conduc t i v i t y  o f  the s pacer , and the ext en t  o f  the b i t e  interact therma l ly s o  
that a two-dimens i onal pat t e rn of  heat f l ow deve l o p s  in  thi s reg i on .  At the 
corners of  t he frame the heat f l ow further devi a t e s  into  a three-d imens i onal  
f l ow. 

Spacer Effect s .  A cont i nuous s pacer i s  u s e d  t o  separa te  the pane s o f  g l a s s  in 
typ i cal  insul ated glazing uni t s . Spacers are commonly made o f  al umi num in the 
form of  a s quare channel ,  as  shown in F i gure 2-5 . The hi gh thermal c onduc
t ivi ty of  a luminum combined with i t s  thi cknes s  perpendi cular to  heat f l ow 
a l l ows s igni f i cant heat f l ow through the s pacer . Such a s pacer creates a 
thermal short c i rcui t where heat f l ow that  i s  impeded by the more res i s tant 
g lazings or f rames finds  a path through the s pacer . Cons equent l y ,  it i s  
neces sary to c ons i der the two-dimens i onal heat-trans fer  e f fect at  the edge o f  
the glas s and through the s pacer . F i gure 2 - 6  shows t he d i rec t i on and 
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Figure 2-6 . 
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Figure 2-5 . Frame / g laz ing interface 
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Heat flow diverted through a highly conduct ive spacer 
( Note : Each contour l ine represents a heat flux o f  
0 . 04 Btu/b-in [ 0 . 5 W/m] . )  



magni tude o f  heat f l ow through an aluminum s pacer i n  
g l az i ng and a wood frame . Each l ine i s  a n  adiabat  
per  un i t  l ength o f  frame ( in the  thi rd d imens i on ) . 
ad jacent  l ine� i s  0 . 04 Btu/h- i n  ( 0 . 5  W/m ) . 
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a window wi t h  doubl e-pane 
that represent s heat f l ow 
Heat flow be tween any two 

F i n i t e  d i f f erence ana lyses  for standard i n s ul a ted g l a s s  un i t s  have s hown that 
two-d imen s i onal hea t t rans fer occurs  wi thin a 2 . 5-in . band around the 
per i me t er o f  the vi s i b l e  port i on o f  the glaz ing cal led the edge-of-g las s 
( ASHRAE 1 9 89 ) .  

• 

An exten s i ve s tudy ( Carpenter 1 9 8 7) us ing a c omput er s imulat i o n  o f  window 
frames eva l ua t ed the effect  of  spacer t"ype s  on the overal l performance o f  
var i ous window as sembl i e s . The improved s pacers were made o f  l ow-thermal 
conduc t iv i t y  materi a l s and /or cons t ructed  wi th very thin  p ro f i l e s  t o  re s t r i c t  
conduc t i on . The s tudy concluded that a n  improved s pacer such a s  butyl rubber , 
f i bergl a s s ,  o r  thin s ta i n l e s s s teel could re.duce the overa l l  window heat l o s s  
by 3 %  t o  6 %  when used with con�en t i onal double-pane g l azing s . The i mprovement 
in the t hermal performance of  windows wi t h  high-ef f i c i ency g l a z i n g s  i s  even 
greater , as muc h  as  12% .  The greater improvement in windows wi th advanced 
g l az ings o c curs becaus e  the greater t emperature d i fference between the i nner
and outer g l az i ng surfac e s  magnif ies  the short-c i rcui t  effect o f  the s pacer . 
( The greater t emperature d i fference i s  caused by t he hi gher thermal res i s tance 
acro s s  the gap between panes . )  

B i t e Effec t s . The b i t e  i s  the port i on o f  the frame that overlaps t he g l az i ng 
and ho l d s  i t  in  place a s  shown in  F i gure 2-5 . A l a rger b i t e  decrea s e s  t he 
g l azing  area expo sed t o  s o l ar rad i a t i on .  The Carpenter s tudy a l s o  eva l ua t ed 
the effect  o f  b i t e  s i z e  on frames • .  H� c on c l uded tha t  a larger b i te increas e s  
the thermal res i s tance o f  windows wi t h  p o o r  s pacers  but decrea s e s  res i s tance 
when an i mproved spacer i s  used . The larger b i t e  effect ively e l ongat es  t he 
heat-tran s fer path from the warm s ide o f  the glaz ing t o  the c o l d  s ide , whi ch 
dampens t he short-c i rcuit e ffect wi th a poor s pacer . 

In summary , the fact o r s  that infl uence overal l  window thermal performance 
include t he g l az ing conf i gurat i on and coa t ings , the type o f  gap f i l l , t he 
ma ter i a l s and con f i gura t i on o f  the frame , the type and thi ckne s s  o f  t he 
spacer , and t he s i ze o f  t he bi te . Al l o f  the s e  fac t o r s  mus t  be c on s i dered i n  
order t o  pred i c t  the overal l  performance o f  a window a s s embl y .  

2 . 1 . 4 . 2  Resul t s  o f  Frame Analyses 

The deve l opers of the FRAME program report that � window manufacturer c ompared
FRAME resul t s  wi th mea sured .result s . and obta ined a high l evel o f  accuracy 
(McGowan 1 9 89 ) .  FRAME is based on the Swed i sh computer program BJ2ST ( Jons son 
1 9 8 5 ) ,  which  was experimentally  val idated t o  pred i c t  measured R-va l u e s  w i t h i n  
a 1 0 %  l evel o f  accurac : .  Window manufacturers  t e s t t h e  thermal performance . o f 
the i r  produc t s ;  however , the re sul is o f  t he s e  tes t s  are u s ua l ly kep t 
con f i dent i a l . We obta ined proprietary t e s t  resul t s  for  one window a s s emb l y , 
modeled i t  wi th the FRAME program , and pred i c ted the t e s t  mea surement s  wi t h i n  
a 3% margin . 

FRAME i s  a two-dimen s i ona l , s teady-s t a t e , f i n i t e-di f ference computer  model  f o r  
analyzing heat f l ow in window frames ( Carpenter 1 9 8 7 ) .  The model ing met hod  i s  
detai l ed in Append ix A .  Fi gures 2-7  and 2-8 show the graphic  r e s u l t s  o f  the 
FRAME program .  Each contour l ine o r  adi abat iden t i f i e s  the d i rec t i on o f  heat 
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Figure 2-7 . 

Figure 2-8 . 
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Double-pane glazing wi th alumin� channel spacer and wood frame 

Double-pane glazing wi th aluminum channel spacer and f i berglass
insulated frame 
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f l ow through the cro s s- s ec t i ona l po r t i on o f  the window. The increment between 
t he l ine s represent s heat f l ow of approxima t e l y  0 . 0"4 B t u / h- i n .  depth ( 0 . 5  W/m  
depth ) ( depth  mean s the  average o f  the inter i o r  and ext e r i o r  pe r imet e r  
d i s tance around the frame ) . C l o s e l y  s paced l ines ind i cate a l arge hea t f l ux ;  
wi d e l y  s paced l ines ind i cate  l i t t l e  heat f l ux .  

F i gure 2-7  i s  the model  o f  the doubl e-pane glaz i ng wi th an a l uminum channel  
s pacer and a wood frame . The f igure shows how heat  tends to  f l ow along  t he 
hi gher- therma l-conduc t iv i t y  aluminum space r .  A high heat f l ow o c curs at  the 
frame / g l az i ng interface where the thermal sho rt-c ircu i t  effect  is evi dent : 
The heat from the exp o s ed interior g l az ing surface i s  d i rec ted from t he frame 
to t he s pacer , and fo l l ows the s pacer around t o  the c o l d  exterior s ide . 
Farther away from the s pacer the one-dimens i onal nature o f  the heat f l ow 
through the center-of-g l a s s  i s  evident , a s  the effect  o f  the s pacer gradua l l y  
decrea s e s . 

F i gure 2-8 shows the i dent ical  f rame confi gurat i on modeled a s  a f i berg l a s s
i n s u l ated frame . As expec ted , l e s s  heat f l ows through the f i berg l a s s - i n s u l a t ed 
frame than t hrough the wood frame , a l though the s k i n  of  each f rame component 
condu c t s  a s i gni f i cant amount of heat through t he frame . The heat f l ow 
t hrough the spacer i s  v i r t ua l l y  i dent i c a l  i n  t he two f rames . 

F i gure 2-9 shows a t h i rd type o f  frame , a wood f rame with a t h i n  ext e r i o r  
c l a d d i ng o f  compac t  vacuum insul a t i on ( CVI ) ( Ben s on and Po t t er 1 9 89 ) .  The 
f rame c lear ly performs bet t er t han the s o l id wood f rame and appears comparab l e  
t o  the f i berg l a s s- i ns u l a t ed f rame . The l ateral heat f l ow i s  impeded by the 
l ayer of  vacuum insula t i on on the exterior  surface of t he frame 1 so i t  i s  
d i verted through the s pacer . Heat cro s se s  the barri er via the me tal enve l o pe .
f l owing a l on g  · the warm s i de o f  the vacuum insula t i on t o  reach the c o l d
exter i o r  surface . 

The o ther f rames were a l s o  mod e l ed w i t h  vacuum g la z i n g . Figure 2- 1 1  s hows a 
wood f rame coupled with vacuum glazing ; Figure 2 - 1 2  shows t he f i berg l a s s
insulated frame wi t h  vacuum gl.z ing ; F i gure 2 - 1 3  shows the wood  frame s heathed 
wi th vacuum insul at i on and coup l ed wi th vacuum g l az in g ; and F i gure 2 - 1 4  shows 
the f i berg l a s s - insulated frame wi th vacuum insul a t i on c l adding . 

Comparing the s e  f i gure s wi th the f i gures o f  doubl e�pane glaz ing , i t  i s  evi dent 
that  t he d i f ferent s pacer and d i f ferent g l az ing have some effect  on the hea t 
f l ow through both the f rames . Note  when c ompar ing  F i gures 2- 1 1  and 2 - 1 2  wi t h  
F i gures 2-7 and 2-8 t ha t  the h i gh res i stance o f  t he vacuum g l az ing cau s e s  more 
heat to  t ravel through t he . wood and f i berg l a s s - i n s u l a t ed frame s . Thi s e f f e c t  
i s  n o t  obs erved wi th the more res i s tant vacuum insul a t i on-c l ad frames . I n  the 
windows wi th a l uminum s pacers and doubl e-pane g l a z i ng , some heat f l ow t hrough 
the frames i s  d iver t ed toward the s pacer . Thi s  e f f e c t  i s  minima l  w i th vacuum 
g l az i ng . 

F i gures 2-15  though 2-18  show the same frames mod e l ed wi th an edge-mo d i f i e d  
vacuum glaz ing . The el ongated heat - f l ow path a l ong the edge c l early reduce s  
the amount o f  heat f l ow through the edge , as  the hea t f low through the g l a s s  
panes begins t o  l evel o f f  ( become one-dimen s i onal ) at  a po i n t  c l o ser t o  the 
edge . 

The quan t i tat ive resul t s  o f  
Table  2-4 1n  terms o f  the 

each mode led window a s s emb ly  are g i ven i n  
overal l  window R-va l ue . Re sul t s  f rom the FRAME 
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Figure 2-9 . 
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Doubl e-pane glazing wi th aluminum channel spacer and wood frame 
wi th CVI 'Cladding 

F igure 2-10 . Double-pane glazing wi th glass spacer and fiberglas s-insulated 
frame wi th CVI cladding 



Figure 2- 11. Vacuum glazing wi th g l a s s  spacer and wood frame 
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Figure . 2- 12.  Vacuum g lazing wi th glas s spacer and f i berglas s-insulated frame 
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Figure 2 - 1 3 . Vacuum glazing wi th glass  spacer and wood frame wi th CVI 
cladding 

Figure 2-14 . Vacuum glazing wi th glass spacer and fiberglas s-insulated 
frame. wi th CVI cladding 
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F i gure 2 - 1 5 . Vacuum g lazing wi th mod i f i ed glas s spacer and wood frame 

Figure 2-16 . Vacuum glaz ing wi th mod i fied glass spacer and f iberg lass
insulated frame 
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Figure 2-1 7 .  Vacuum giaz ing wi th mod i fied glass spacer and wood frame wi th 
CVI cladding 

Figure 2- 1 8 . Vacuum glazing wi th modi fied glass spacer and fiberglass
insulated frame wi th CVI cladding 
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Table  2-4a . Component and Overall  R-Values ( Engl i sh Uni t s )  

Glaz ing Type 
Cent er-o f-G l a s s  R-Value 

( hr-f t 2-°F / B t u )

Double-G l a z ing ( R-2 . 0 4 )  
Doubl e-G l a z i ng 
Double-G l az ing  
Double-G l az ing 

Vacuum G l a z i ng ( R-16 . 00 )
Vacuum Glaz ing 
Vacuum G l az ing 
Vacuum Glazing 

Vacuum Glaz i ng ( R- 16 . 00 )
Vacuum G l az ing 
Vacuum G l a z i ng 
Vacuum Glaz ing 

Frame / S pacer Type 
Frame / Edge-of-Gl a ss R-Val ue 

. ( hr-ft2-°F / B t u )

Wood /Aluminum ( R-2 . 03 )  
Fi berg l a s s /Aluminum ( R-2 . 24 )
Wo od+CVI*/Aluminum ( R�2 . 33 )  
F ibergl a s s+CVI ( R-2 . 42 )  

Wood/Glass ( R-3 . 66 )  
F iberglass /Glass ( R74 . 64 ) 
Wood+CVI /Gla s s  ( R-5 . 28 )  
F i berg la s s+GVI / G l a s s  (R-5 . 74 )  
Wood/Mod i f ied-G l a s s  ( R-4 . 2 7 ) 
F i berg l a s s /Mod i f i ed-G l a s s  ( R-5 . 35 )  
Wood+CVI /Mod i f i ed-G l a s s  ( R-5 . 78 )  
F i berg l a s s +CVI /Modi f i ed-Gla s s  ( R-6 o 3 7 )

Table 2-4b s Component and Overa l l  R-Values (Metric Uni t s )  

Glaz i ng Type 
Cen t er-of-G l a s s  R-val ue 

(m2-0G / W )

Double-Glazing  ( 0 . 3 6 )  
Doubl e-Glazing  
Doubl e-G laz ing 
Double-Gl a z ing 

Vacuum G l azing  ( 2 . 80 )  
Vacuum Glazing  
Vacuum G l az ing 
Vacuum G l az ing 

Vacuum G l az i n g  ( 2 . 80 )
Vacuum Glaz ing 
Vacuum Glaz ing 
Vacuum G l az ing 

Frame /Spacer Type 
Frame/ Edge-of-G l a s s  

( m2-0G/W )

Wood/Aluminum ( 0 . 36 )
Fiberglas s /Aluminum ( 0 . 40 )
Wood+GVI /Aluminum ( 0 . 40 )
F i be rglas s +CVI (0 . 43 )
wood/Gla s s  ( 0 . 64 )  
Fiberg l a s s / G l a s s  ( 0 . 8 2 )  
Wood+GVI /Gla s s  ( 0 . 93 )  
Fiberg l a s s +GVI / G l a s s  ( 1 . 00 )

Wood/Modi f i ed-Glas s ( 0 . 7 5 )  
Fiberg la s s /Mod i f i ed-Glas s  ( 0 . 94 )
Wood+GV I / Modi f i ed-G l a s s  ( 1 . 00 )  
F i berg l a s s +GVI /Modi f ied-G l a s s 
( 1 . 12 )  

Overa l l  
R-Va l ue 

2 . 04 
2. . 1 3
2 . 1 7 
2 . 2 1 

6 . 13 
7 . 3 7
8 . 1 2 
8 . 63 

6 . 9 1 
8 . 1 9 
8 . 6 7  
9 . 29 

Overa l l  
R-Value  

0 . 3 6  
0 . 38 
0 . 38 
0 . 3 9 

1 . 1 0 
1 . 30 
1 . 40 
1 . 5 0  

1 . 20 
1 . 40 
1. 5 0
1 . 60 

?rogram ace s hown . The c a l cu lated R-va l ue for the port ion of  the window t hat  
was model ed by FRAME ( the edge-o f-g l a s s and frame component s )  can  be � s ed in 
the one-dimens i onal mod e l  described i n  Appendi x  A t o  determine the o veral l  
window R-value i n  conjunc t i on wi th a g i ven center-of-g l a s s  R-va l ue . 

The resul t s  demons t rate that heat f l ow t hrough the frame i s  not  i ndependent o f  
the heat f l ow through the g lazing and s pacer . They ind i ca t e  that a greater 
percentage improvement i n  overal l  window performance occurs when an improved 
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frame is  coupl ed with vacuum g l a z i ng .  Comparing the advanced frame wi th the 
wood  frame , a 4% t o  8% improv'ement  occurred in t he doubl e-pane system.  A 20% 
to  41% improvement resu l ted in the vacuum g l az ing sys t em and a 19%  to 34% im
provement resul ted in the edge-mo d i f i ed vacuum g l az ing uni t .  The grea ter per
centage increase  in the advanced g l az i ng sys t ems i s  caused by the increase  in 
the ins ide g l az i ng temperature wi th be tter s pacer des i gns . 

The wel ded g l a s s  edge o� vacuum g l az i ng i s  a l e s s  conduc t i ve s pacer than the 
a luminum channel .  Three fac t ors  influence thi s :  the thermal conduc t iv i t y  o f  
t he mater i a l , the hea t - f l ow p a t h  l ength , and the cro s s- s ec t i ona l area perpend
i cu l ar to  heat f l ow .  For the aluminum spacer each of these fac t ors 
c on t ri butes t o  heat t rans fer more than 1 n  t he g l a s s  s pacer as  shown 1n 
Tabl e  2-5 . 

t 

1 

k 

Table 2-5 . Compari s on o f  Welded Gla s s  and Aluminum Channel 
Spacers 

Al uminum Spacer 

0 . 07  i n .  ( 1 . 7  mm ) 
0 . 5  in . ( 12 . 7  mm ) 
1 100  B tu-i n/h- f t2-°F
( 16 0  W/m-°C )

G l a s s Spacer 

0 . 12 1n . ( 3  mm )  

0 . 02 1 n .  ( 0 . 5  mm )  

7 . 3  B tu- in /h- f t2-°F
( 1 .  0 5 W I  m-° C )

Q/ p-t:.T 2 3  Btu/h- f t -°F
( 43 W/m-°C )

3 . 7  Btu/h- f t-°F
( 6 . 3  W/m-°C )

t = thicknes s o f  the spacer ( perpend i cular to the direc t i on o f
heat f l ow ) , k = t hermal conduc t ivi t y ,  1 = l ength o f  t he heat f l ow 
pat h ,  and Q /p-t:.T = heat f l ow per degree temperature d i f ference per 
perimeter d i s tance around the frame . 

Table 2-6 . Effect of Changed Bite Size 

Wood Frame 
10%  b i t e  
20%  b i t e  
3 0% b i t e  

Res i s tance 

h-f t 2-°F / Btu (m2-°C / W )

wi t h  Vacuum Glazing 
increa se 
1ncrea se  
1ncrease  

8 . 34 ( 1 . 47 ) 
8 . 65 ( 1 . 5 2 ) 
8 . 8 3  ( 1 . 5 5 ) 
8 . 64 ( 1 . 52 )

The b i te s i ze i n f l uences  the thermal performance of  the window . Tabl e  2-6 
shows the resul t s  o f  chang ing the b i t e  s i ze o f  �he window . A 20%  increase  1n  
bite  s i ze is  the opt imum for the vacuum glaz ing with the  unmo d i f i ed edge ._ 



TP-3684 

2 . 1 . 5  Pred i c t ing Window Opt i cal Performance 

Ava i l ab l e  me thods for  e s t imat ing the performance of windows are 1 imi ted but 
provide  adequate e s t imates  for convent i ona l wi ndows . Hi gh-techno l ogy windows , 
on the o t her hand , may no t be accurat ely  modeled  wi th  the se methods . Of  
part i cu l a r  concern is  t he s pec t ra l  s e l ec t i vi ty o f  hi gh-tec hno l ogy windows and 
the d i f f i cu l t y  ( o r  impo s s i b i l i ty )  of model ing t he i r  o p t i ca l  per f o rmance wi th 
only average va lues of  solar  t ransmi t t ance (or shad i ng coe f f i c i ent ) .  As the
sun ang l e  changes t hroughout the day and from s ea s on t o  season , the amount of  
s o l ar energy pene trat ing a window changes drama t i ca l ly f o r  several reas ons : 

o The ref l ec t ance o f  the window changes w i t h  t he ang le of  i n c i dent s o l ar
radiat ion .

I 

o The spect rum o f  t he i n c i dent s ol a r  rad iat i on changes wi t h  the sun ' s  az imu t h
ang le  and wi th the s ea s on and t l imate . f 

o The mix o f  d i rect  beam and . di f fu s e  rad i at i on changes wi th the sun ' s  a z i mu t h
ang l e  and t h e  season and c l imate .

o The s pe c t rum o f  the di rect and d i ffuse  component s  o f  the inci dent s o l ar
rad i at i on d i f fer s i gn i f i cantly .

o The adj acent ground-pl ane
total  inc i dent rad i at i on ,
var i e s  s i gn i f i cant l y .

refl ec t i on can provide a l arge f rac t i on o f  the 
and the spectral reflec tance o f  ground cover 

o Fina l l y ,  the compas s  o r i entat i on o f  t he window pro foundl y  affec t s  both the
magn i t ude and the s pe c tral content o f  the s o l ar radi a t ion fal l ing on i t
throughout the year .

Duri ng thi s pro j e c t , a computer a l g or i thm was deve l o ped for calculat ing  the 
performance o f  windows , expl i c i t ly account ing for all  o f  these spec tral and 
temporal changes throughout the year ( Soule 1988 ) .  The . new algori thm uses the 
mo s t  recent solar spectral model , whi ch inc ludes d i re c t  norma l , d i f f u s e , and 
ground c over-reflected component s of the inc ident s o lar s pe c t rum . Prel i mi nary 
resul t s  c learl y  show the impo rtance of  accounting for such effec t s  and prov i de 
some ins i ght into  t he probabl e magni tude o f  erro r s  i n troduced by ava i l ab l e  
window performance model s that d o  n o t  account f o r  a l l  these effec t s . 

The fol l owing sec t ions  provide the phys i cal  bas i s  for the cal cul a t i ona l a l go
r i thm ,  compare pred i c t i ons for e l emen t s  o f  t he window performance wi t h  and 
wi thout expl i c i t  detai l ed account ing for spectral ef fect s , and compare the 
predic ted performances of d i f ferent kinds of windows us ing the de tai l ed 
algorithm . · 

The performance cri teria used t o  judge the qua l i ty o f  a window depend on many 
factors , among them the f o l l owing : 

o Primary func t i on served by the window ( vi ew ,  dayl i ght ing , s o l a r  heat i ng ,

,: l 

I I L 

l .  

vent i l a t i on )

o Type of bui lding i n  whi ch i t  i s  ins tal led

o C l imate

o Compas s  o r i entat i on o f  the window. I L 
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For  examp l e ,  a window instal l ed on  the  south  s ide of  a re s i dent i a l  bui l d ing in  
a c o l d  c l ima t e  is  l ikely to  be j udged by  i t s  abi l i ty t o  admi t s o l ar rad i at i on 
whi l e  preven t i ng heat l o s s .  On the o t her hand , a window ins tal l ed on the 
south s i de o f  a commerc i a l  bui l d ing in a moderate c l imate i s  more l i ke l y  t o  be 
judged by i t s  abi l i ty t o  admi t dayl i ght whi l e  prevent ing so lar  hea t gain , wi th 
l i t t l e va l ue p l aced on i t s  abi l i ty t o  prevent heat lo s s .  

Thi s pro j e c t  1 s  concerned with insulat ing windows that wi l l  f ind 
appl icat i on in re s i dent i a l  bui ld ing s , part i cularly in c o l d  c l imates . 
solar heat g a i n  and res i s t ance t o  heat l o s s  are o f  primary importance . 

pr 1mary 
Thus , 

The net power per uni t  area pas s ing through a window at  any ins t ant  o f  t ime 
may be exp re s s ed a s  

Q = T 
s

where 

Ts = s o l ar t ransmi t tance o f  the window
I

0 
= t o ta l  inc i dent s o l ar i rradi ance (W/m2 ) 

UT = t hermal c onductance t hrough the window (W/m2 K) 
�Tw = t emperature d i f ference between indoors and outdoors ( K) 

Q = net heat f l ux through the window (W/m2 ) .

( 2- 1 6 )  

I f  thi s net power i s  integrated over an ent i re heat ing sea s on , t he annual net 
energy bene f i t  of the window can be cal culated . 

The parameters  o f  the equa t i on , Ts ' I
0

, UT , and .:lT , are commonly approxi 
mat ed • .  .Typ i ca l l y , the s o l ar t ransm1 t tance i s  approxi�a t ed by a s ingl e  number ; 
the inci dent s o l ar i rradi ance i s  approximated by a f i xed s tandard s o l ar 
s pectrum , corrected onl y  for the geome t ry o f  the window and average s o l a r  beam 
d i rect i on ;  the thermal conduc tance i s  approxima t ed by a s ingl e  number ; and the 
t emperature d i f ference i s  obtained from typ i ca l  ho�r-by-hour meteoro l og i cal
data for a c i ty near the bui l d ing ' s  l ocat i on . 

' 

From our per s pec t i ve ,  the mo s t  ques t ionable  approxima t i ons in thi s cal cul a t i on 
procedure are the two that e s t ima t e  the s o l ar heat gain through the window . 
Both the s o l a r  t ransmi t t ance o f  the window , T , and the s pectral con t en t  o f  
the i nc i dent s o l ar i rradi ance , I

0
, change dra�a t i ca l l y  a s  t h e  s un ' s  az .i muth

angl e  changes . These spectral changes are a l l  t he "lore c r i t i ca l  for h i g h
performanc e  windows that i nvariably i nc l ude componen t s , such as  l ow-e coat
ing s , whi ch are s pectra l l y  s e l ec t i ve transmi t t ers . As  the sun ' s az imuth 
changes and t he solar s pec t ra l  content change s ,  these spec t ra l l y  s e l ec t ive 
component s  t ransmi t more or l es s  s o lar rad i at i on .  ThE window mod e l ing program 
under deve l o pment expl i c i t l y accoun t s  for thi s changi ng s o l ar s pec trum and the 
window ' s  chan g i ng so lar t ransmi t t ance ( Soule 1 98 9 ) .  

The fo l l owing sec t i on s  deve l op the bas i s  for the more accura t e , deta i l ed 
t reatment o f  window perf ormance and i l l u s t rate the d i f ferences between 
d e ta i l ed and s impl e  mode l ing approaches with several examp l e s . 
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2 . 1 . 5 . 1  Model ing the Inc i dent S o l ar I rrad iance

The S o l a r  Spectrum . A detai led s pe c t ral  ana l ys i s  i s  requi red t o  accura t e l y  
es t i mate  energy trans fer through wi ndows at  d if ferent o r i entat i ons and l o c a 
t i ons . A recent  c l ear-sky s o l ar s pectral  mod e l  presented b y  B i rd , Hu l s t rom , 
and Lewi s ( 1 983 ) takes into account var iat i on in  a i r  ma s s  ( AM ) , -:: atmo s pher i c
turb i d i t y ,  prec i p i table  wa ter vapor ,  and ozone content ; i t  a l s o  s eparat e s  the 
gl obal  into  the d i rect norma l and d i f fuse component s  and adds a spec t ra l ly 
dependent ground reflec t i on .  In thi s mode l , the t o t a l  g l obal s o lar 
i rrad i a t i on is g i ven by 

where 

I o
1 os 
1 G R  

= 
= 
= 

d i rect normal component wi th 8 = inc i dent s o lar ang l e
d i f fuse sky component 
d i ffuse reflec ted ground component .  

The s pe c t ra l  and angul ar dependences are g iven by 

where 

8 = 

E = 

D -
z = 

I E  = 

I o = 

I 0 ( A , d  = I 0 0 . )  cos 8 + I 5 ( A )  { [  ( I 0 ( A )  cos  8 / I E ( A )  D c o s  z )  j
+ 0 . 5 ( 1  + cos  e: )  ( 1 - I 0 ( A ) / ( I E ( A )  D ) j }

+ 0 .  5 ITH ( A )  RGR ( 1 - cos e: ) , 

inc i dent s o l ar angle  
t i l t  ang le  between the surface o f  intere s t  and the ground 
earth-sun d i s tance fact o r  
apparent solar zen i th ang le  
extraterre s t r i a l  solar i rradi ance 
d i rect normal solar i rrad i ance 

I TH
= global i rradi ance on a hor i zontal  surface 

I s = t o t a l  scattered i rradi ance
RGR = ground reflectance .

( 2 - 1 7 )

( 2- 1 8 )  

The updated solar spectra based o n  t h i s  model f o r  AM- 1 . 5  inc i dent o n  a surface 
t i l t ed 3 7 °  up from t he hori zontal and azimutha l l y  rotated to  face t he sun are 
g i ven in F i gure 2- 1 9 , inc luding the g l o ba l , d i re c t  norma l , and di f f u s e  c ompon
ent s . Th s pectra are shown for atmos phe r i c  parameters T = 0 . 2 7 , a = 1 . 14 ,
0 3

= 0 . 356  ( atm . -em ) , W = 1 . 42 em, S PR = 840 mB , and Nday = 9 3 . Thi s  spect rum 

*Ai r mas s  is a t erm used t o  des c r i be the amount o f  atmosphere t hrough whi ch the
sun ' s  rad i a t i on mus t  penetrate t o  reach the surface o f  intere s t . I t  i s  the
rat i o  o f  opt i cal thi ckne ss  o f  the atmosphere t hrough whi ch the solar beam
rad i a t i on passes  compared to  the o p t ical  thi c knes s  at sea l eve l when the sun
i s  at  the zen i th .
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1 s  useful for a f i xed average solar we i ght ing and 1 s  s imi l ar t o  s p e c t ra 
convent iona l l y  u s ed for so lar cal cul a t i on s . 

S o l ar I rradiance on a Vert � cal  Surfac e .  The computer mode l SPECTRAL adapted 
from the prev i ous parametr i c  model o f  B i rd and Ri ordan 0 9 8 6 ) i s  int roduced 
here t o  compare the l ocal  i n s t antaneous spect rum inc i dent on vert i cal  windows 
facing  south , eas t , wes t ,  and north at a g i ven t ime and l o c a t i on .  Thi s model  
i nc orporates  Eq . 2- 1 8 , inc lud i ng the atmo s pheri c  parameters  rel evant t o  the 
l oca t i on ,  t ime , and o r i entat i on . 

To shorten the comput a t i on t i me ,  the o r i ginal 1 22-wave l ength point solar  s pe c 
t rum f rom 0 . 30 t o  2 . 54 � m  was reduced by t he ordinate wei ght ing s cheme t o  a 
spectrum o f 6 1  p o i nt s , which  are s hown i n  Fi gure 2 - 1 9 . Thi s  wa s 
accompri shed w:l t h  sma l l  l o s s  of  accurac y .  The integrated f l uxes (W/m2 ) for
the revi sed 6 1-point  spectra agree with  t he o r i gi na l  s pec t ra t o  wi thin 0 . 47 %  
f o r  t he gl obal and 0 .  3 7 %  for t he d i rect  norma l , and t o  wi thin 0 .  83%  for  t he 
d i f fu s e  spectra . The 6 1-po int computed s pe c trum i s  used for  t he ins tan t aneous 
s o l ar irrad i ance funct ion i n  the present ana l y s i s  and for the s p e c t ral  
ana l ys i s  o f  all  the  optical  pr6pert ies  o f  i nd i vi dual e l emen t s  o f  a window . 

The da i ly g l obal  hor i zontal s o l ar i rrad i ance has been mea s ured for a number o f  
l oc a t ions and i s  wel l  document ed i n  the f orm o f  monthl y averages  in  t he s o l ar 
and me teorol o g i cal  ( SOLMET ) t a b l e s  ( Knapp t S t o f f e l , and Whi taker 1 9 80 ) .  The s e  
tables  a l s o  inc l ude the monthly average c l earnes s  rat i o  KT . Thes e  l oc a l
SOLMET data are converted t o  the l ocal  d i urnal g l obal irrad i ance o n  a 
hori zontal surface by us ing t he a l gori thm o f  Col lares-Per e i ra and Rabl ( 1 9 7 9 ) :

where 

w l  = 

a3
= 

b3
= 

w s 
= 

<jl = 

6 = 

IE
= 

HE: ( d a i l y )  = 

lT = 
24 

i n s t antaneous hour angl e 

0 . 40 9 0  + 0 . 50 1 6  s 1 n  ( ws
0 . 6609  - 0 . 47 6 7  s tn ( ws

1 cos  w - c o s  w s 
s 1n w - w c o s  w s s s 

( 15 ° /h from s ol a r  noon ) 

6 0 ° ) 

6 0 ° ) 

sunr i s e  hour ang l e  = cos- 1  ( -tan cp + t an 6 )
lat i t ude ( deg ) 

dec l ina t ion ang l e  ( deg ) 

extraterre s t r i a l  so lar f l ux = 1 3 7 7  W/m2

40 

s 1n w ] 
s 

( 2- 1 9 ) 
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A conver s i on is  next made to  t he g l obal radiat i on on the t i l ted surface in 
que s t ion . The Hay and Davies  t i l t  a l go r i thm ( 1 9 7 8 ) is  emp l oyed by B i rd and 
Riordan ( 1 986 ) and is inc l uded as the second and third terms of Eq . 2- 1 8 . The 
spectral  t i l t  model SPECTRAL2 w i t h  the diurnal Eq � 2-19  provides the l ink for 
the ins tantaneous spec t ra inc i dent on the vert ical  windows or iented south , 
north , aa s t , and we s t  a s  computed in the window s imul a t i on model  SPECOPT6 . 

An exampl e  o f  these spectra inc i dent on vert ical  windows o f  d i fferent o r i enta
t i on s  at  peak s o l ar t imes on the s ummer s o ls t ice , June 2 1 ,  at Denver , C o l o rado 
( 3 9 . 7 5 ° N ) , i s  shown in F i gure 2-20 . The relat ive con t r i but ions of the d i f fuse 
vs . t he d i re c t-beam c omponent s  progr e s s ively change from the south-facing 
window ( d i f f u s e / t o t a l = 0 . 2 2 9 ) t o  the north ( ra t i o = 0 . 709 ) ,  w i t h  a 
corres pond ing change i n  the t o t a l  s pe c t ra l  pro f i l e .  For the double-gl azed 
window wi t h  a ZnO/Ag/ZnO l ow-e coat ing shown here , t he resul tant changes  1n 
the t ransmi t t ed s o l ar , vi s ib l e , and u l t ravio l e t  component s  are apparent . 

Taking Account  o f  Ground P l ane Ref l ec t i on .  The s pec tral content o f  ground re
f l ec t i on has heretofore not been taken into account in window model s .  The 
s pectra l  d i ff erences between typical  ground covers can be s igni f i cant , as  
shown in F i gure 2-21  for green vegetat i on ,  .bare s o i l , c l ear water , dry sand , 
and fresh snow ( Li l l esand and Kief fer 1 97 9 ;  Powe l l  1 9 86 ) .  I n s pec t i on o f  
quo ted hemi s pherical  refl ect i on s pec t ra f o r  a range of  ground c overs shows 
that t hey can be adequa t e l y  repre s ented for the present purpo se at 12 key 
wave l engths : 0 . 3 ,  0 . 4 ,  0 . 5 ,  0 . 6 ,  0 . 8 ,  1 . 0 ,  1 . 3 ,  1 . 4 ,  1 . 7 ,  1 . 9 ,  2 . 2 ,  and 
2 . 5  �m as shown in F i gure 2-2 1 .  

F i gure 2-22 s hows t yp i cal  exampl e s  o f  incident and t ransmi t ted s pectra on a 
south-fac ing window on July 2 1  at  1 2 00 solar t ime and on January 2 1  at 
1200 hours . The con t r i bu t i on of t he ground-ref l ec ted component ,  I GR ' t o  the
t o ta l  inc i dent i rradi ance , I

0
, ranges from 2% for c lear water up t o  32% for 

fresh snow.  In  fac t , for a north-fac i ng window i n  January wi t h  a l arge d i f
fuse rad i a t i on component , hemi s pheri c a l  refl ec t i on f rom fresh snow can 
cont r i bute up to 80% of the t o t a l  s o l ar i rradi ance on t he window . In c l ima t e s  
in whi ch snow cover i s  common , the solar  g a i n  potent i a l  o f  north-fac ing 
windows could  be gro s s l y  underes t ima t ed by o ther window model s i f  thi s ground 
refl ec t ance effect  were not inc l uded . 

The resul tant effec t s  for . a convent i onal doubl e-g l azed winaow are g i ven in 
Table  2-7 . These  resu l t s  show tha t the spect ral reflectance of d i f ferent 
ground covers can make a s igni f i cant d i ff erence in the actual f l ux t ransmi t t ed 
through a window and j u s t i fy the i r  i nc lus i on in a det a i l ed mode l . 

2 . 1 . 5 . 2 Model ing t he Opt i cal  Charac t er i s t i c s  o f  the Window 

Spec tral  Weight ing o f  Opt ical  Propert i e s . A s pectra l l y  we i ghted val ue o f  a 
parameter X( A )  i s  def ined as  t he integral o f  the parame ter t imes a we i ght ing 
funct ion over all values  o f  wave l ength . For examp l e , the s o l ar-we i ghted val ue 
o f  X wou l d  be

= I� 
X( A )  I ( A )  dA

o I 0

4 1  

Amax ( ) = I X( A )  � dA ,
Amin Io 

( 2-20 ) 
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Table 2-7 .  Effect o f  Hemi spherical Ground Reflect ion on a South-Fac ing 
Doubl e-Pane Window 

GR IT VT Ts
Ground Plane Time ( % )  (W/m2 ) (W/m2 ) ( % )  

Green vegetat ion July 2 1  
( 1 200 ) 27 260 42 6 1 . 3 

Bare s o i l  July 2 1  
( 1200 ) 29 2 7 1  48 62 . 1

C l ear water Jul y  21 
( 1200 ) 2 190 36 60 . 3  

Fre sh snow Jan . 2 1  
( 1200 ) 34 4 18  7 9  70 . 6  

Locat ion :  Denver , Co lorado 

GR = 

IT = 

VT 
= 

Ts = 

Tv = 

Percent of  inc ident i rrad i ance from ground plane reflec t ion 
Total rad iant power per uni t  area transmi t ted through window 
Total vi s i bl e  rad iant power per uni t  area transmi t ted through window 
Solar-w�ighted transmi t tance 
Vi s ible-weighted transmi t t ance .  

Tabl e  2�8 . Compari son o f  Opt i cal and Thermal Propert i es wi th 
Low-Conduct ivi ty Gas-Fi l l  and Low-e Coat ings for Three 
Double-Pane Windows in Figure 2-24 

Air Gap Krypton Gap Evacuated Gap 

No l ow-e Low-e No l ow-e Low-e No l ow-e Low-e 

Tv 0 . 8 1  0 . 75 0 . 8 1  0 . 75 0 . 87 o .  7 7

Ts 0 . 74 0 . 5 7  0 . 74 0 . 5 7  0 . 83 0 . 62 

RT 2 . 0 3 . 2 2 . 2 4 . 1 1 . 6 7 . 3
.,_ (Ts . RT )� 2 . 1 2 . 6 2 . 3 3 . 3 1 . 9 6 . 4 

*See Eq . 2-28 .
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( % )  

69 . 4  

6 9 . 6  

6 7 . 0
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where 

I ( A )  i s  the inc ident solar irrad iance spect rum and 
�·max 

I 0 = J I ( A )  dA
Am in 

TP-3684 

( 2-2 1 )

i s  the to tal integrated solar flux .  The l imit ing wavelengths , A . are some 
jud i c i ous ly  selected minimum wavelength below whi ch there i s  very Tl� t le  solar 
energy and Amax i s  a s imilarly  selected upper l imi t .

The o p t i cal port ion o f  the electromagnet i c  spec t rum may be conceptually 
d ivided  into mutual ly  exc lus i ve fract i ons represen t ing the ultravio let , 
vi s i ble , and infrared port i ons  as  shown in F igure 2-23 along wi t h  t he t yp i cal  
AM- 1 . 5  solar s pect rum , S ,  and a 288-K black-body thermal rad i at i on 
spec t rum , P .  The vi s i ble  por t i on i s  def ined by the sen s i t ivi ty  o f  the l i ght
adapted human eye (Anon . 1 98 1 ) and extends from about 0 . 4 1  �m to 0 . 72 �m . 

Ro le  of  Spectrally Selec t ive Low-e Window Coat ings . In advanced windows in 
whi ch the conduct ive and convect ive heat losses are suppres s ed ,  the rad iat ive 
component becomes of  primary importance . A compari son of the performance of 
windows wi th and wi thout l ow-e coat ings  is shown in  Figure 2-24 and Table 2-8 . 
Here the energy t ransfer in doubl e-pane windows ha s been cal culated for three 
kinds of gap f i l l ing--a i r ,  krypton , and vacuum ( Bens on et al . 1 98 7a ) �-and then 
compared wi th and wi thout an ITO l ow-e coating* ( e  = 0 . 1 ) .  For the a i r  and 
krypton cases , soda-l ime s i l i ca g la s s  wi th 0 . 5-in . spac ing i s  used . For the
vacuum window , boro s i l i cate glas s l i tes  wi th  0 . 0 1 6- in .  gap are used . The 
f i gure shows the vi s i ble and so lar transmi t tances , Tv and T5 , and the
R- factor , Rr . The effect  of  a l ow-e coat ing increases  f rom the a i r  to  krypton
to  vacuum-fllled windows , where the relat i ve increase in  R..r with low-e goes 
from 1 . 6x to  4 . Sx ,  showing the marked bene f i t  of suppres s ing radiat ive heat 
t rans fer when convect i on i s  already suppres s ed .  In  the vacuum window the 
integral interpane s pacers and fused window edge cau se  s ome thermal short ing . 
W i thout the vacuum or  l ow-e coat ing , the thermal res i s tance would be on l y
RT = 1 . 6 . With the vacuum and the s ingle low-e coat ing for radiat ive heat
trans fer suppre s s i on ,  the thermal res i s tance i s  increased to RT = 7 . 3 .  Pyrex
a l so improves the Tv and Ts value s  to 0 . 7 7 and 0 . 6 2 , respect i vely , over tho se  
of  soda-l ime g la s s  wi th  0 . 75 and 0 . 5 7 .  The energy-trans fer rat i o (T5 · RT )Rshows the combined effec t , where , for example , the vacuum window with l ow-e
coat ing i s  6 . 4  t imes more effect ive than a s ingl e  s oda-l ime s i l i ca glas s l i ght 
in net s olar heat gai n .  

The range 1 s  wide for s pec tral t ransmi t tance and reflectance contours o f  
ava i lable  selec t ive l ow-e coat ings f o r  window appl i cat ions  ( Lampert 1 9 8 1 ) .  
Coat ings  are of  d i f ferent types inc lud ing doped semi conductors and d ie lec t r i c /  
metal / d i electric mul t i layers .  Three examples  i l lu s trated in F igure 2-2 5 show 
a range of spectral characteri s t i c s : ITO f i lm on s oda-l ime glas s ;  I TO f i lm on 
0 . 043- in .  ( 1 . 3-mm) Pyrex gla s s , and ZAZ:j: mul t i layer on s oda-l ime gla s s . The

*I TO ,  indium oxide ( t in doped ) i s  a t ransparent conductor  depo s i ted ont o  glas s

I 

r 

L 

, -

r 
L 

r 

f 
L 

or po lymer f i lms to  produce a l ower emi s s iv i ty  surface ( 0 . 1  emi s s iv i ty  vs .
0 . 84 emi s s ivity of  bare glas s ) .

:j:ZAZ , z inc oxide / s i lver / z inc oxide 

, , ... n 
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Fi gure 2-23 . Spectral wei ght ing funct ions : solar ( S ) , lumino s i ty ( L ) , 
ul traviolet ( UV ) , near infrared (NIR ) , and far infrared Planck 
d i s tribution ( P )  
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spectral  contours may be clas s i f i ed by five measured spec tral parameters ; 
peak wavelength . A  , the peak transmi t tance T0 and reflec tance R0 , the
bandwidth BW , and t�e infrared reflec tance R ( at 1 0-�m wave l ength , the peak of  
the Planck thermal rad i at ion d i s tr ibution at 288 K ) . The cho ice  of  288 K
( 1 5 ° C )  for the relevant thermal rad iat ion i s  ba sed on an average of  ASHRAE 
( ASHRAE 1985a ) ins i de and out s ide winter and summer temperatures . The 
quant i ty ( 1 - R [ lO�m ] ) i s  a useful indicator for the relat ive emi ttance of  
the coat ing surface . A compari son of  these parameters for  the three l ow-e 
coat ings i s  given in Table 2-9 . Al though their  peak wavelengths A are tuned
to maximize the vi s i bl e  transmi ttance and their  peak transmi t tances 0are in the
0 . 80-0 . 86 range , the i r  bandwidths and reflec tances vary widely . The wide 
range of bandwidths affects  the solar transmi t tance , which varies  from 68 . 5% 
to  5 5 . 97. .  The vi s i bl e  reflec tances  R0 vary by a fac tor o f  2 . 3  and the
effect ive emi t tances ( 1 - R [ 10 �m ] ) vary by 3 . 5x , a highly s i gn i f i cant 
d i f ference in coat ings for advanced windows , as explained below. 

The s t rong spectral dependence of  the s pectral ly  select ive low-e f i lms shown 
in Fi gure 2-25 profoundly  affec t s . the s pectrally  integrated solar  transmi t
tance .  An ins truc t i ve compari son i s  made in Tabl e  2- 1 0 , where the monochro
mat i c  transmi t tance i s  taken at the peak solar wavel ength A0 = 0 . 5 15 �m and
the T5 i s  solar weighted by an AM-1 . 5  s olar spectrum. Al so shown i s  the
transmi t tance at the peak vi s ible  wavelength A0 = 0 . 5 6 �m compared to a
vi s ible we ighted Tv , where the we ight ing funct ions are shown in F igure 2-23 .
Clear glass  data for soda-l ime s i l ica and boro s i l i cate glas s are shown in 
Fi gure 2-25 for compari son .  As noted in Table 2-10 , us ing s ingle wavel ength 
values rather than s o lar-weighted value s  would cause errors in s o lar t·rans
mi t tances running from 1 . 8% for Pyrex up to  5 1 . 8% for the l ow-e coat ing , 
ZAZ . For the v i s ible  transmi t tances the d i fferences  are relat i vely smal l .  
Thi s compari son empha s i zes  the need for detai l ed spectral analyses  o f  windows 
that include spectral ly  selec t ive l ow-e f i lms , whereas such deta i l  has been 
unneces sary for the relat ively uniform spectral behavior of uncoated c l ear 
g la s s  windows . 

The Infrared Opt i cal Propert ie s  and Rad iat ive Heat Trans fer in  Windows . ,The 
radiative heat trans fer in windows i s  governed by the emi t tance of each glas s  
surface . The emi t tance i s  e s t imated from the mea sured far infrared ( IR )  re
flectance . The IR reflectances and transmi t tances are shown in Figure 2-26 
for several c lear glas ses  ( soda-l ime s i l i ca , boro s i l icat e ,  and l ow- i ron soda
l ime s i l i ca ) from 2 . 5  �m to 25 �m for near normal incidence ( 1 5 °  of f-norma l 
incidence ) .  For compari son , a l so  shown are measured data for the low-e 
coatings . 

Tabl e  2-9 . Low-e 

Ao ( �m )

I TO ( PPG ) 0 . 56 
I TO ( Donnel ly )  0 . 5 6  
ZAZ ( Ai rco ) 0 . 5 5 

-·-

e'i' = measured emi t tance 

Coating Spectral Contour 

To Ro BW ( �m )  

0 . 80 0 . 1 2 1 . 19 
0 . 80 0 . 10 0 . 94 
0 . 86 0 . 0 5 3  0 . 54 

Parameters 

1-R ( 1 0 �m ) 

0 . 14 
0 . 1 1 
0 . 04 

0 . 1 5 0  
0 . 1 1 3 
0 . 054  
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Al though the 
ref lectances 

g la s s  ref lectances range from 0% to  35%, the low-e coa t ing 
are between 0 . 86 and 0 . 9 6 at 10  ]Jm. The back surface refl ec-

tances for the coated glass  were al so  measured , but 
very s imilar  to tho s e  of the uncoated glass  i t s e l f  and 
f igure . These  measured data are included , however , 
rad iat ive heat transfer in windows . 

they show refl ec tances 
so are no t shown in the 
in the calculat i on of  

In window appl i ca t i ons  the total  hemi spheri cal emi t tance eT( T )  i s  important .
I t s  angular dependence on the measured d i rec t i onal spec tral ref lec tance 
R ( :A , 8 )  ( see next sect ion below) i s  g iven in the fol l owing integral ( S i egel 
and Howe l l  1 9 7 2 ) ,

rr / 2  m 

f f [ 1  - R ( :A ,  8 ) ]  P ( :A ,  T )  s 1n 8 cos  8 d:A  d8  , 
0 0 

( 2-22 ) 

where cr = Stefan-Sol tzmann constant = 5 .  6 70  x 10-8 W/m2 K4 •
d i s t r i but i on funct i on P ( :A , T )  i s  g iven by 

The Planck 

P ( :A ,  T)  = c1 f AS ( eC2 f :AT - 1 )  ,

where c1 = 3 . 740 x 10-16  W/m2 and c2 = 0 . 0 1439 m K .

( 2-23 ) 

Table  2-10 . Solar and Vi s ible  Wei ghted vs . Monochromatic  Transmi t tances  for  
Gla s s e s  and Low-e Coat i ng s  

Error Error 
S ingl e  Sheet ( th i cknes s ) T:A a

1 Ts % TA b
2 Ty % 

Pyrex ( 0 . 123 i n . ) 0 . 925 0 . 909 2 0 . 929 0 . 928  0 . 1
Soda l ime ( 0 . 124 in . )  0 . 90 1  0 . 8 5 5  6 0 . 90 1  0 . 896 0 . 6
I TO + Pyrex ( 0 . 043  i n . ) 0 . 823 0 . 686 20  0 . 82 7  o .  7 7 2  7 
ZAZ + s oda l ime ( 0 . 12 5  in . ) 0 . 849 0 . 5 5 9  5 2  0 . 85 5  0 . 85 5  <0 . 1

a :A 1 = 0 . 5 1 5 ]Jm b:A 2 = 0 . 560  ]Jm 

For a window wi th paral lel  l i ght s that are e ffec t ively opaque to thermal I R  
radiat ion , the relevant IR  emi s s i ve flux dens i ty exchange between fac ing sur
face s  i s  ( S i egel and Howell  1972 ) 

cr ( T · 4 - T 4 )2 1 
_l_ + 1 - 1

2 ( expres sed 1n W/m ) , ( 2-24 ) 

where T1 and Tz and eT and eT are the surface abso lute temperatures and
total hemi s phen cal  emi ttances , te spec t ively . For the case of a .  doubl e-pane 
window wi th  and wi thout a l ow-e coat ing of eT = 0 . 1 ,  where the emi t tance o f
soda-l ime gla s s  i s  0 . 83 7  ( Rubin 1985 ) and f o r  winter ASHRAE cond i t i ons  o f  
T1 = 2 5 5  K and T2 = 2 94  K ,  the resul t s  are



Clear g la s s  double pane 
C l ear g l a s s  + l ow-e coated glas s 

JE = 1 3 2  W/m2
JE = 7 . 3 W/m2
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Di rect i ona l Dependence of the Opt ical Propert ies  of  Windows . The d i rec t i ona l 
s pec tral t ransmi ttance , reflec tanc e ,  and absorptance o f  c l ear g l a s s e s  and 
s e l ec t i �e l ow-e coatings are important for  an understanding of the d i urnal  and 
seasona l behavior of windows . Direct ional spectral transmi t tance T ( � ,  8 )  i s
es sent ia l  for  cal culat ing hour-by-hour s o lar gain from the d i rect normal 
inc idence s o lar component . For d i ffuse  so lar component s ,  the total  
hemi spher i cal transmi t tance TH is  g iven by ( S i egel and Howe l l  1 9 7 2 )

n / 2  2 . 54 )lm 
TH = 2 f f T( A ,  9 )  s 1n 9 cos 9 d;\ dB • 

0 0 . 30 )lm 
( 2-2 5 ) 

The d i rec t i onal spectral reflec tance R ( A ,  9 )  i s  used t o  f ind the to tal  hemi 
spherical emi t tance eT ' as shown in Eq . 2-22 . The d i rect ional s pec tral
absorptance A( � ,  9 )  i s  calculated from the measured T ( A ,  9 )  and R( � ,  9 )  by the
relat ion A( ;\ ,  9 )  = 1 - T( A ,  9 )  - R( A ,  9 ) .  The absorptance affec t s  the g l a s s
temperature and hence IR emi s s i on .

The dependence o f  transmi ttance and absorptance on incident angl e  8 can be re
pre sen ted by a po lynomial in cos  ( 8 )  ( Stephenson 1 96 5 ) which to the f i f t h
order i s  g iven by 

5 
T ( ;\ , 9 )  = L C ( A ) i

1 = 0 

5 
cos  B i and A( A ,  9 )  = L K( A ) i

1 = 0 
cos  B i • ( 2-26 ) 

Leas t-squares  f i t s  to the .measured orientat ional data are shown in F i gure 2-27  
for a ZAZ l ow-e coat ing on soda-l ime s i l i ca g l a s s  at 0 . 5 5 0  !l iD  wi th  unpolari zed 
radiat i on .  For compari son , the measured d i rect ional vi s i b le-we i ghted data for 
c l ear s oda-l ime s i l i ca glas s ( SL )  are also  shown in  Figure 2-27  ( Rubin 
1985 ) .  As noted , the reflectance tends toward 1 . 0 at  90 °  and the 
transmi t tance tends toward zero . The absorptance grows wi th  9 becaus e  o f  an
increas ing path length but ult imately drops off  toward 90 °  because of the 
dominat ing reflect ive l o s s  t erm. Thi s  ro l l over in s lope occurs between 7 5 °
and 90 °  and po ses  a problem for a good polynomial f i t . The T and R data , how
ever , can be fi t ted we l l  r,.;i th a f i fth-order po lynomial . A compari son o f  
absorptances  for the two materials  shows that for ZAZ , A = 0 . 088 a t  1 0 ° r i s e s  
to 0 . 1 30 a t  7 5 ° ,  and f o r  SL , A =  0 . 02 1  a t  1 0 °  r i s e s  to  0 . 0 2 7  at  8 0 ° . The re
sui t ing coef f i c i ents  for the f 1 f th-order po lynomial f i t  to  the absorptance i n  
the two material s are g iven in  Table 2-1 1 .  

ZAZ 
SL 

Table 2-1 1 .  Curve F i t t ing Parameters ( Eq .  2-2€ ) 

-0 . 00244 
-0 . 000428 

1 . 4 5 3  

0 . 305  

-5 . 83 8  

- 1 . 188  
10 . 542 
2 . 096 

-8 . 994  
-1 . 742 

2 . 930  
0 . 5 5 0  

� \ '  

L 
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Combining Solar Spectra and Opt ical  Propert i e s  for Advanced Windows . Perform
ance parameters  for three d i fferent advanced window systems are summarized in 
Fi gure 2-28 . These  representat i ve window types i l lustrate the primary 
approaches toward more eff ic ient energy trans fer 1n windows . A l ead ing 
examp l e  of a mul t i pane window i s  the quad-pane window shown at A wi th conven
t i onal soda- I  irne s i l i ca glass  panes ( Ru b i n  1985 ) and air-f i l led gaps . W i th 
i t s convec t i ve heat l o s s  suppres sed by the mul t i p l e  panes , an R-va l ue of  
4 . 3  h ft 2 ° F / Btu can be  reached . The s o lar t ransmi ttance Ts , however ,  1 s
l imi ted t o  48% and the v i s ible  transmi t tance Tv to 66% . 

• 
The second type o f  window i s  the tri-pane shown as  B in Figure 2-28 . Thi s  
window ha� added features o f  low- i ron krypton gas f i l l  and an ITO-selec t i ve 
l ow-e coat ing ( e  = 0 . 1 5 )  on the middle  l i ght ( on surface number 3 ,  counted 
from the out s ide ) .  Depending on the appl i ca t i on ,  thi s coat ing could al so  be 
located on surface 4 or 5 .  Thi s  t r i-pane window has T increased to  5 6% and
Tv to 70% , and an increas e  in RT to 5 . 6 . Thi s  window effective ly  combines the
advantages o f  a higher transmi t tance l ow-i ron glas s ,  the reduced convec t i ve 
l o s s  of  a heavy-molecular-weight gas f i l l  ( krypton ) ,  and a l ower rad ia t ive 
l o s s  of  the l ow-e coat ing • 

• 

A third type o f  window i s  a double-pane evacuated window shown a s  C in 
F igure 2-2 8 .  In thi s des ign ,  the convect i ve and gas-phase conduct i ve l o s s e s  
are e l iminated by  evacuat ion of the inner s pace between the panes . S pacing 
under atmospher i c  pres sure i s  mainta ined by smal l  t ransparent g la s s  s pheres 
( O o 5  mm i n .  d 1 ameter ) that are un i formly s paced 30 mm apart wi th  a very l ow 
l i ght b l o c king factor o f  0 . 0 1 4% .  An assoc iated ITO low-e coat ing ( e = 0 . 1 1 )  
on surface number 3 s igni f i cantly  reduce s  the rad iat ive lo s s �  which 1 s  the 
major  l o s s  c omponent . Therma l res i s tance was calculated to  be of  
RT : 7 . 3  ° F  f t 2 h/Btu  for  the vacuum window ( see Sect ion 2 . 1 . 6 ) .  The Ty and
T5 values for window C were calculated from SPECOPT and measured on a w1ndow
secti on cons i s t ing of an outer boro s i l i cate  glas s  pane plus an inner ITO
coated 0 . 05 1- in .  boro s i l i cate g la s s  pane . The calculated T5 d i ffers  by 5 . 4%
from the measured value : 

(measured ). ( ca l culated ) ( cal culated ) 

0 . 66 1  0 . 625  o .  7 74

The Dimini shing Benef i t s  o f  Mul t iple Pane s . Figure 2-29 shows the var ia t i on 
of spec tral t ransmi t tance and reflec tance for a t otal window wi th  mul t i p le  
l ight s .  Two typ�s o f  g la s s  are shown : soda-l ime s i l i ca ( LOF , 0 . 1 24  in . )  and 
boro s i l i cate ( Corning 7 044 , 0 . 123 i n . ) .  W i th  increas ing numbers 1f pane s , the 
transmi t tance for each type of g la s s  shows an i ncreas ing spectral dependence , 
the effect  be ing more pronounced in  the s oda-l ime s il i ca glas s .  A compari son 
of  monochromat i c  ( A0 = 0 . 5 1 5  �m) and solar-weighted transmi t tances  wi th number
of panes i s  g iven in Table 2- 1 2 . For boro s i l i cate  glas s ,  the deviat i on 
increase s  from 1 . 8% to  8 . 7% from one to  f ive panes and for soda l ime from 6 . 3% 
to  33 . 7% ,  a large d i fference that would int roduce a large error into  a s impl e  
window model . Over the solar wavel ength range , the t ransmi t tance of  
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Figure 2-28 . Repre sen t at i ve advanced w i ndow systems 
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boro s i l icate g l a s s  also shi f t s  1n overal l magni tude , but less  than soda-l ime 
s i l ica glass  ( 297. vs . 43% ) .  

The overall  spectral dependent opt ical  propert ies  o f  a window with N panes 
were calculated in the S PECOPT6 program by the method o f  Rubin ( 1 9 8 5 ) .  The 
result ing we ighted va lues for T5 , R5 , and A5 are g iven in Table  2 - 1 3  for a
mul t i ple-pane window with boro s i l icate glas s . 

The same mul t i ple-pane window was a l so  measured at normal incidence for T ( A. ) ,
RF ( A. ) ,  and Rb ( A. ) .  The solar-weighted . absorptance As was found from the
relat ion As = 1 - Ts - Rs . The resul tant · measured values  are a l s o  given in  
Tabl e  2-13 , where for boro s i l icate g las� , they c ompare wi thin  0 . 77. for 
transmi ttance and wi thin 3 . 3% for ref lec tanc e .  The d i fference in  absorptance 
proceeding from one to f i ve panes is very s igni f i cant , where As from 
0 . 0 14 to 0 . 1 1 9  for boro s i l i cate glas s .  The corresponding shi ft  for soda-l ime 
s i l ica glas s i s  from 0 . 062  to  0 . 293 . The effect  o f  absorptance on the 
individual pane temperature and the pane s ' correspond ing therma l emi t tances 
s i gnif i can� l y  affect  the window radiat i ve heat transfer . 

Table  2- 1 2 .  Solar-Weighted vs . Monochromat i c  Transmi t tances 
for Mul t i pane Windows 

No . o f  
Panes 

1 
2 

3 
4 
5 

Soda 

TA. 
a

1 

0 . 909  
0 . 8 3 1  
0 . 76 1  
0 . 704 
0 . 65 1 

Lime S i l i ca 

Error 
T b s 
( % )  

0 . 85 5  
0 . 736  
0 . 63 7  
0 . 5 53  
0 . 48 7 

G las s  Boro s i l i cate 

Error Error 
TA. 

a T bs 
( % )  1 ( % ) 

6 0 . 92 5  0 . 909  
1 3  0 . 8 5 2  0 . 828 

20 0 . 795  0 . 75 9  
2 7  0 . 742  0 . 70 1  
3 4  0 . 702 0 . 645 

aTransmi t tance at a s ingle  wavel ength , 1.. 1 = 0 . 5 1 5  �m
bso lar-weighted t ransmi ttance (AM=l . 5 )

Glass  

Error 

( % )  

2 
3 
5 
6 
9 

The transmi t tances  Ts and Tv for three t ypes of glas s ,  s oda-l ime s i l i ca ,  boro
s i l i cate , and l ow-i ron , as  normal i zed to a thi cknes s  o f  0 . 123  i n . , are 
compared in Figure 2-30 • Soda-lime s i l i ca glass  i s  d i s t inct ive not only  for 
its  low Ts , but a l so for its  wid� divergence between Tv and Ts · For low- i ron 
gla s s , on the other hand , T\ and TS are close  together even 0 1t to a f ive-pane
window. Boro s i l i cate g la s s  i s  d 1 s t inct ive in that i t s  Tv i s  s igni f icantly  
higher--the bes t  o f  the group wi th Tv = 0 . 928 and Ts = 0 . 909 for  one pane pro
gress ing down to 0 . 7 18  and 0 . 639 , respec t ively ,  for f i ve panes . 

The l ower part o f  Figure 2-30 shows tue corresponding effect on thermal l o s s , 
represented by the thermal res i s tance . A basel ine for  s oda-l ime s il ica glas s 
wi th a ir-f i l l ed gaps i s  shown ranging f rom RT = 0 . 8 8  up to  5 . 42 . The e f fect  
o f 1 l ow-e coa t ing i s  shown by the dashed l ine , where the increase  in RT is  as

C: 7
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Tab l e  2 - 1 3 . Compari s on o f  Calculated and  Mea s ured Propert ie s  for Mul t i pane 
Boro s i l i ca t e  Gla s s  Wind ows 

No . o f  T a T a R a R a A b A c
s 

( cafe . )
s s s s 

Panes (meas . ) (meas . ) ( ca l c . ) (meas . ) ( ca l c . )

1 0 . 90 9  0 . 909d 0 . 07 7  0 . 068  0 . 0 1 4  0 . 0 2 3  

2 0 . 82 8  0 . 8 2 8  0 . 13 1 0 . 124  0 . 041  0 . 048  

3 0 . 7 5 9  0 . 75 8  0 . 1 7 4  0 . 1 7 1  0 . 06 7  0 . 0 7 1  

4 0 . 70 1  0 . 6 9 6  0 . 20 9  0 . 2 1 0  0 . 090  0 . 094 

5 0 . 64 5  0 . 64 1  0 . 236 0 . 244 0 . 1 1 9  0 . 1 1 5  

aTs and Rs wei ghted by AM- 1 . 5
bcal culated from measured value s  o f  T5 and Rg cCal culated from cal culated values o f  Tg and R5dNorma l i zed at one pane

much as 60% , demon s trat ing the c l ear advantage of l ow-e coat ings for  advanced 
window systems . The t r i - paned window case  B wi th krypton-f i l led gaps shows a 
further r i s e  o f  12% over t he a i r- f i l l ed cas e .  For the two-pane case , the 
evacuat ed window C give s  a 148% r i s e  in RT over t he air-f i l l ed cas e .

Def i ning a Solar Window Figure o f  Mer i t . It i s  c lear from the opt ical  and 
thermal cal cul a t i ons shown in F i gure 2-30 , where Tg fal l s  and RT r i s e s  with N ,
tha t  a c ompromi se i s  requi red f o r  a s olar hea t i ng window. A useful approach 
i s  to def ine a new f i gure of meri t  ( T5 • RT ) .  Thi s  i s  proport ional to t he net
i n s t an t aneous so lar gai n ,  where t he s o lar gain and thermal l o s s  of t he window 
are combi ned a s  

---

sol ar gain 
Tg • Rr � t herma l l o s s ' ( 2-27 ) 

whi ch i s  to  be maximi zed for a g iven window s i tuat i on .  Thi s  f i gure o f  mer i t  
can b e  rela ted t o  a reference window , such as  a s ing le pane o f  soda- l ime 
s i l i ca g l a s s ,  to  form t he rat io 

( Tg · RT ) (window)=
( Tg · Rr ) ( s ingle  reference pane ) • ( 2-28 ) 

Thi s d imen s ionle s s  energy-t rans fer rat i o  i s  s imi l ar t o  the ASHRAE-def ined 
shading coef f i c i ent , except t hat it includes both  s olar gain and t hermal 
res i s t anc e .  

F i gure 2 - 3 1  shows a p l o t  o f  the energy- t rans fer rat i o  ( Ts · RT ) R f o r  mul t i pane
windows ( N  = 1 + 5 )  including the quad-pane at A .  The tri-pane window ( B )  
wi t h  l ow-e coat ing and krypt on gas- f i l l  i s  a l s o  shown ; note the dramat ic  ri se 
in  the energy- t rans fer rat i o  to 4 . 33 .  A further sharp r i s e  to  6 . 2 5  i s  seen 
for t he evacua ted window C .  Thi s  overal l e f fect i s  very s i gn i f i cant and again  
s t re s s e s  the importance o f  s pec t ra l l y  select ive l ow-e coat ings in  advanced 
window s y s t ems • 
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A Compari son o f  Mode l ing Method s .  The s pec tra l l y  det a i l ed model ing techn i que 
ha s been compared to  the more convent i onal model ing techni que to judge the 
s i gn i f i cance o f  the various ref inement s  incorporated in the more de t a i l ed 
mode l . Three wi ndow type s were used i n  thi s compari son : . a s t andard doub l e
pane window o f  s o da- l ime s i l ica g l a s s ,  a vacuum window o f  bo ro s i l i cate g l as s 
wi th ITO l ow-e coat ing ( e  = 0 . 1 1 on surface number 3 ) ,  and a soda-l ime s i l i c a  
doubl e-pane window wi th a part i cularly good ZAZ l ow-e coat ing ( e  = 0 . 05 ) .  

Table  2-14 . Percent Difference between a Stat ic  AM-1 . 5 and a 
Deta i l ed ,  Dynamic Spectral Model for Three Window 
Types 

Window Standa rd Vacuum Double-Pane 

Ori ent a t ion Doubl e-Pane Window wi t h  Low-e 

( t ime ) t.Ts ,. t.N a t.T5 t.N a t.T5 t.N av v v 

Instantaneous Values for  Denver , Col o . , at  t he Ind i cated  Times  

A .  January 2 1 , wi th bare s o i l  ground reflec tance 

s 
( 1200 ) 0 . 3 6 . 8 0 . 8 5 . 9 1 . 5 1 . 0  

E/W  
( 900 / 15 0 0 ) 1 . 1 1 8 . 2 2 . 8 1 7 e 0  5 . 6  1 8 . 4  

N 
( 1200 ) 0 . 6 16 . 0  - 3 . 4 - 1 5 . 2  5 . 8 16 . 2  

B .  July 2 1 , w i t h  green vegeta t i on ground reflectance 

s 
( 1200 ) 1 . 5 2 1 . 3 -0 . 1 20 . 3 3 . 7 2 1 . 5  

E/W  
( 800/ 1600 ) 0 . 7 1 1 . 8 -0 . 2  1 0 . 9  1 . 5 12 . 0  

N 
( 1200 ) 3 . 9  7 5 . 8 0 . 2  7 4 . 7  1 1 . 0  7 6 . 2  

aNy i s  the frac t i on o f  the total  transmi t ted solar  f l ux that i s
v � s i b l e  ( see F igure 2-23 ) .  I t  � s  a n  ind i cat i on o f  the 
dayl i ght ing abi l i ty of t he window under the indi cated 
c i rcums tances . 
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Resul t s  o f  the s e  compari s ons are shown tn  Table 2-14 as  percent d i ff erences 
cal culated as  

De tai l ed Model Re s u l t  - Simple  Model Re sul t% Di fference = 1 0 0  x -
De t a i l ed Model  Res u l t  ( 2-2 9 ) 

The magni tude o f  the percent di f ferences  var i e s  f rom ins i gni f i cant to  a very 
s i gni f i cant 7 6 . 2% .  Careful examinat i on of Tab l e  2-14 reveal s that the mo s t  
s i gni f i cant d i ff erences  occur for north- fac ing windows and that the d i f fer
ences are sen s t t tve t o  t he ground ref l ec t ance . I n  general , the magni tude o f  
the d i fferences  c l early j us t i fies  the u s e  o f  the more detai l ed s pe c t ral mod e l 
ing · techn ique . 

2 . 1 . 6  Computer Model for Vacuum Window Thermal Perfo rmance 

A model for  the heat f l ow in a vacuum window has been developed at S ERI . I t  
has been used t o  guide the eng ineeri ng d e s i gn effort  and has b�en i n tegrated 
wi th the o p t i ca l  perf o rmance model f o r  windbws t o  provide overal l  o p t i ca l  and 
thermal performanc e  pred i c t i ons . The model i s  an e l e c t r i cal res i s t ance ana l o g  
of  the thermal res i s tances through the window . Because  the therma l  rad i at i on 
between t he ho t and c o l d  g l a s s  panes i s  a l arge c omponent o f  the overa l l  heat 
transfer and i s  a nonl i near phenomenon , it 1 s  npt po s s i b l e  to o b t a i n  
anal yt i cal  s o l u t i ons t o  the hea t l o s s e s  t hrough t h e  vacuum window . In s t ead , 
the electrical  ana l o g  mod e l  mus t  be s o l ved by computer i terat i on t o  a s t eady
state cond i t i on for each set of  indoor and outdoor temperatures and wind 
cond i t i ons . 

The phys i cal bas i s  for the model i s  d e s c r i bed and resu l t s  are presented in  a 
parame t r i c  f o rm t o  show how such a model  can guide t he window des i gn proces s .  
Mo s t  o f  thi s des i gn model ing work was done ear l ier  and i s  included here f o r  
completenes s .  

A thermal res i st ance network model was deve l o ped t o  represent the heat f l ows 
i n  the evacuat ed window. An i terat i ve c omputer program ( Appendi x  A) was wri t
ten to cal cu l a t e  t he s teady- s tate heat f l ows and t emperatures i n  t hi s model  a s  
a func t i on o f  impo s ed indoor / outdoor t emperatures and wind ve l oc i t i e s . I t  was 
exp l i c i t l y  der �ndent on the part icular val ues  o f  window des ign parame t er s , f o r  
example  s pacer diamet e r  and separa t i on and internal surface coat ing emi s 
s i v i t y .  B y  repeatedly comput ing t he overa l l  therma l res i s tance through the 
model as des i gn parame t e r s  are sys t ema t i ca l ly var ied , we are able t o  det ermine 
the interact i on between des i gn parame t er s . Thu s , we can see where t radeof f s  
may be made  between one cons trained d e s i gn paramet e r  ( such a s  t he s epara t i on 
between spacer s , whi c h  -nus t  be l imi ted because o f  pos s i b l e  contact  s t re s s  
fracture ) .and the rema i ning parame t e r s  i n  order t o  maintain a h i gh t herma l 
re s i s tance . 

The thermal network t hat was modeled i s  shown s chemat ical ly  in  F i gure 2-32 . 
Conduc tance o f  heat acr o s s  the g l a z i ng was a s sumed t o  o c cur by rad i a t ive 
exchange between the inner and outer panes and by conduct i on t hrough the 
support s pheres  and the edge seal . Gas-phase c onduct ive and c onve ct i ve 
:ransfer between the i nner and outer g laz ing was neg l ec ted because a h i g h l y  
evacuated enc l os ure was a s sumed . 
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Outside 
R. ' ·' 

Inside R,  �- ·  " . 

Fi gure 2-32 . Diagram showing how thermal res i s tance o f  a vacuum was modeled 
wi th an electrical c i rcui t  
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Coup l i ng t o  the amb i ent 
conve c t i ve re s i s t anc e s . 
1 9 8 0 ) were 

and interior room wa s by paral l e l  rad i a t i ve and 
The rad i a t ive t erms f o l l owing ( Du f f i e  and Beckman 

Rr , 4- i  = 
1 ( 2-30 ) 

and 

.. Rr ,  1 - a  = 1 ( 2-3 1 )

whe"re 

cr = S t efan-Bo l t zmann con s tant = 5 . 6 7 0 3 2  x 1 0-8 ( W/m2 K4 )

E n  = Emi t tance o f  n t h  surface { s urfac e s  are numbered from t he ou t s i de )

Tn = Temperature o f  nt h  surface ( K )

Ta = Ambi ent t emperature ( K )

T ·  = I n t e r i o r  t emperature ( K )  1 

A = Area of  g l az i ng (m2 )

For purpo s e s  of  thi s anal y s i s ,  t he s ky t emperature v T5 k f wa s a s s umed equal t o
the amb i ent tempera ture. ,  Ta , becaus e  the view for  a �rt i ca l  window i s  ha l f
sky and hal f ground . 

The conve c t ive f i l m  r e s i s t ances u s ed were tho s e  g 1 ven 1 n  Lauer ( 1 9 5 3 ) :  

and 

1 R 
4 

. = ----�--�-:-
c ,  - 1 1 . 7 7 6A ( T .  1 T ) 1 /4 

4 

( K/ W )  

R 1 . c ,  -a = 1 ( K/ W ) , 
6 . 5 1 8A ( v ) 3 14 

where v = wind ve l oc i t y ( m/ s ) .  

( 2-3 2 )

( 2-3 3 ) 

Rad i a t i ve exchange be tween the g l az ing s was c a l culated a s  1n  Duf f i e  and 
Beckman ( 19 80 ) :  

R r , 2-3 ( K /W ) • 

+ T 2 )3

The therma l re s i s t ance t hrough the g l a s s  p l a t e s  1 s

where t 
k 

R g l a z  
t = 

Ak ( K / W )  

= thi c kne s s  o f  t he g l az ing ( m )  
1 . 05 ( W / m2 K ) .= t he rmal conduc t ivi ty o f  g l a s s  = 

( 2 -34 ) 

( 2-35 ) 
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The therma l res i s tance o f  a s ing l e  support s pacer wa s con s i dered to b e  the 
res i s tance of the sphere in s e r i e s , wi t h  a cons t r i c t i on res i s t ance occurr ing 
at the c on t a c t  area be tween the s phere and the g l az ing . The s phere res i s t ance 
wa s approx imated a s  a s p i n e , or r i ght c i rcular cyl inder , of rad i us a and 
height d / 2  ( = a) p l u s  a hemi s pher i c a l  cap . The cyl indrical s p i ne res i s tance 
l S

R = fa dx =
cyl inder 0 kna2

1 
kna ( 2 -36 ) 

No te tha t  thi s i s  accura t e  for the l ower ha l f  of the support spacers shown in 
F i gure 2-33 , where t he s pheres are a s s umed t o  be int imately bonded t o  the 
outer g l a z i ng , the bond we l d  forming a cyl ind r i c a l  shape . The upper 
hemi s phere is inc luded as 

US 1ng , 

and 

dx X dx R = fa 
--2 + I c

s p ine 2 o kna 0 knr ( x )  

= ( k!a J [ 1 + arc t an (�c ) )a 
from F i gure 2-33 : 

X c 

1 / 2  
= ( a2 - r )

2 2 2 r ( x )  = a - x and 
X c 
a 

c 

1 / 2r 
= ( 1  - ....£) a 

( 2 -3 7 )

Abramowi t z  and S t egun ( 1 964 ) g 1ve a s u i t ab l e  approxima t i on for t he arc t an 
func t i on :  

arc t an ( Z )  = ______ 
z 

____ � + error ( Z )
1 + o . 2s z2 

where ! error ( Z ) I  � 0 . 00 5  for 0 < Z < 1 .

Thi s appro x i ma t i on over t he range o f  argument s  used in the mod e l  1 s  1 n  error 
by l e s s. than 1 % .

Thu s the t o t a l  s p ine res i s tance 1 s  

where 

R . s p 1ne 
1 [ 1  +kna 

1 / 2  r 

1 + 

z 
0 . 28 z 

1 /2 r 
z = ( 1  - ....£) = ( 1  - ....£ )a r 

( 2-3 8 )

For an i s o t hermal c i rcular contact area of rad i u s  r ) the contac t res i s t ance 
je tween a s phere and a p l a t e  i s  ( Chen and T i en 1 9 7 3 ) � 

R = k
0

r
. 5 3 (K/W ) .contact c 

Then , the t o ta l  therma l re s i s t ance o f  a s ing l e  support s phere 1 s  

R = R . + R s sp 1ne contact  

( 2- 3 9 ) 

( 2-40 ) 
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Figure 2-3 3 . Diagram showing a s sumed geometry of a spherical spacer in 
bonded contact wi th one flat glass sheet ( bo ttom) and in po int 
contact with the s econd flat glass sheet ( top ) 
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The contact rad ius can be derived from 
for the contact between two spherical 
spheres ) as  

the expre s s ion given by Johnson ( 1 982 )
bodies  ( le t t ing l + o for one o f  ther

( 2-4 1 ) 

where 

� = Poi s s on ' s  rat io  for  glas s = 0 . 2 1

E = Young ' s  modules  for  g las s = 6 . 3i X 10 10 N/m2
.. 

F = Compress ive force appl ied normal t o  the glazing area . 

The number of  spheres N_in a uni form hexagonal array wi th spac ing , s ,  conta in
ed in an area A i s  2A//J s2 • For N spheres compres s ed by atmo spheric  pressure ,
P ,  between two plate s , the compres s ive force experienced by each sphere i s  

PA P s2 /3 F = - = ( 2-42 ) .N 2 
and so 

= [ 3/3 f ( 1  2 2 ]
1 / 3 rc 8 E - � ) s d • ( 2-43 ) 

The total thermal res i s t ance from N support spheres 1n parallel  with one 
another i s  then 

R s
13 s = - -
2 A (R • + R ) •sp1ne contact ( 2-44 ) 

The edge seal thermal res i s tance network include s  conductance along the plane 
of the glazing and the influence of an insulating window frame ( F igure 2-34 ) .  
Under the as sumpt ion o f  i sothermal glazings , the conductance t hrough the edge 
i s  given by 

where 

d = 

t = 

L = 

.Q, = 
w = 

R edge 
= t+d 

kL o e

diameter of  g las s  s phere spacer (m)  
glass  thicknes s  (m )  

( K/W )  , 

l ength o f  the edge ( perimeter ) = 2 ( 2.  + w) (m )  
l ength o f  glazing (m )  
width of  glaz ing (m )  

o e = width of  edge s eal  (m )  
k = thermal conduc t ivity of  gla s s  (W /m K )  •

( 2-45 ) 

7he conductance 1n the plane o f  the glass  sheet into the edge seal 1 s
analogous t o  a heat exchanger fin  effect and i s  t reated accordingly .  

As  seen in l igure 2-34 , Redge i s  in series  wi th the res i s tance in the plane of
the glas s ,  2 Rg ' where 

6 7  



I ns u l ated 
edge 
baff le 

Note :  

I Model  accounts for

l o s s e s  o u t  t o  g l a z 1 n g

e d g e  o n l y  

j = 0 j = 1 j = 2 

-
• 

j = 3 
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T ,  

R, 

/ f t  
+ 

' d  +
I t J_ 

R, 

-�--... T. 

j = 4 j = N - 1 

Figure 2-34 . Diagram showing the electrical  circui t analog used to  model hea t 
flow through the insulated perimeter of a vacuum window 
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( K/ W )  ( 2-46 ) 

and 6x = nodal s pa c 1 ng ( =0 . 005  m )  

R and R edge 1 .  g 
l e l  c oup 1 n g  
l a t e d  a s  

where 

where 

and 

are then t i ed to the i n t e r i o r  and amb i ent cond i t i ons by j para l 
re s i s tances . The overa l l  edge re s i s t ance f o r  j nod e s  i s  cal cu-

R a , O

Rcr 

= 
(Ra , j-1 + Rg )  Ra
Ra , j- 1 + Ra , o  

= R + R a g

Lbaf f = width o f  edge baf f l e  ( m )  • 

R a 
= 

R 4 R .  4 r ,  - a  1 ,  -a 
R 4 + R , r ,  -a  r , �-a

( 2-4 7 )

( 2-48 ) 

( 2-49 ) 

( 2- 5 0 ) 

and s imilarly for Rwj with

R + R .  i f  jllx :$ 1baf fR { baf f  1 ( 2-5 1 ) = 
w R .  i f  jt\x > 1ba ffl 

where R r , 1 - i  Rc , l- i  R .  = 
l R r , l - i  + R c , l - i

Convergence i s  a s s umed to occur when Re does  no t s i gni f i cant l y  change between
j = 1 and j = n .  The effect ive f i n  wi�t h ,  Xf in ' i s  then nt\x . Typ i ca l l y ,  con
vergenc e wa s found to oc cur for Xf in ' = 0 . 05 m ( 2  i n . ) .

To c omput e  the t o t a l  r e s i s t anc e , Rt ' o f  the g l a z ing system ,  the edge s ea l  re
s i s t  tnce g i ven by Eq . 2-4 1 i s  c ons 1 dered t o  b� in para l l el wi th a res i s t anc e , 
R , whi ch accoun t s  for the coupl ing o f  t he interior and cimb i ent cond i t i ons
t�rough the g l a s s  plates  and the heat exchange between the g l a s s  plates  from
the s pacer suppo r t s  and rad iat i ve exchange . Tha t i s ,

( 2-5 2 )
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where R r s
= 

R R r , 2-3 s
R R r , 2-3 + s

TP-3684 

The paral l e l  
g t ve 

re s i s tanc e s  �e and Rz are then we i ght ed by the g l az i ng area to

R R 
R = A ( e z

t R + R e z

Surface t emperatures c an then be cal culated as  ( AS HRAE 1 98 5 )  

Tl

T2

T3

= T .l 

= T .l 

= T a 

= T a 

R .1 
Rt

( R .l -

( R  
+ a 

( T .  l 
- T )a 

+ R ) g l a z  ( T .  Rt 1 

+ R ) �laz ( T .  Rt 1 

- T ) a 

- T ) a 

( 2 - 5 3 )  

( 2-54 ) 

( 2-5 5 ) 

( 2- 5 6 ) 

( 2- 5 7 )

( 

f 
r 
L 

Fol l owing the proc edure g i ven by Du f f i e  and Beckman ( 1 9 80 ) ,  the updat ed sur-
face t emperature s ,  Tn , c an be u s ed to recomput e  Rt , unt i l  convergen c e  ha s
oc curred . L 
The thermal performance o f  an evacua t ed window g l az i ng d epend s on t he s uc c e s s 
f u l  con t ro l  o f  f our hea t - t ran s fe r  pro c e s s e s : convec t i on , gas-pha s e  c onduc
t i on ,  conduc t i on t hrough t he s o l i d  window glaz ing c omponent s ,  and rad i a t i ve 
heat t rans fer acro s s  the evacuat ed s pace . By cho o s ing a hi gh-qual i t y vacuum , 
we are able t o  reduce c onve c t i on and gas-pha s e  c onduc t i on t o  neg l i g i b l e  
va lues , reduc i ng the therma l performance opt imi za t i on t o  a pro b l em of  dea l ing 
w i t h  t herma l conduct i on through g l a s s  component s  and therma l rad i a t i on be tween 
the g l a s.s  pane s .  

F i gure 2-35 shows summary g raphs o f  pre d i c t ed vacuum window R-va lu e s . I n  each 
of  the s e  g raphs , a l l  des i gn var i a b l e s  are hel d  con s t an t  except for one , whi ch 
i s  var i ed from one-hal f  o f  i t s  base-ca s e  val ue t o  twi c e  i t s  ba se-ca s e  va lue . 
Such graphs show how the overa l l  t herma l res i s tance var i e s  wi th a part i c u l ar 
des ign pararr.e ter . 

Taken t ogether a s  a s e r i e s  ( ca l l ed a " s p i der" p l o t ) ,  such graphs summa r i z e  t he 
e f f ec t s  o f  the var i ous d e s i gn parame t er s  on a par t i cu l a r  ba s e-ca s e  de s i gn .  
For examp l e , in the l ower s p ider p l o t , for the bas e  case t ha t  inc ludes a 
s i ngle l ow-em i s s i v i t y  coat ing , t he mo s t  st eepl y  s l o ped graph , l abe l ed E ,  
i nd i ca t e s  how the overall t herma l res i s t ance o f  the window i s  pred i c t ed t o  
vary a s  the emi s s i v i t y  o f  the l ow-e coat ing i s  changed from i t s  bas e- c a s e  
va lue of  0 . 1 .  The curve shows that dec reas ing t h e  emi s s i v i t y  wou l d  drama t
i cal ly tncrease the therma l res i s tance o f  the window ( s ee Sec t i on 2 . 2 . 1 ) .  On 
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Base case val ues o f  d esig n  parameters 

A, area = 1 m2;  ( 1 0 .76 ft2) 

B. baffle res istance = 0.5 m2k/w (3"° F fF/Btu h r ) 
1 2  D ,  spacer d ia .  = 0.4 m m  (0 .0 1 6  i n . )  

E .  em issivity = 0. 1 
S, d istance between spacers = 30 m m  _ ( 1 . 1 8  i n . )  0 .5  

:::J � CD 
Base case I "' � E - with two ....... .... � .c low-E coat ings 

u... 1-0 :::::::l -
1- ai a: u 

<1i c: 
u � c: u ttl :::J 
Ui "0 c: (/) 0 Q) u .... 
ttl 0 .7  ttl 

E E .... .... 
Q) Q) 
.c .c 

ttl 0 .8  ttl .... .... Q) Q) 
> > 

0 0 

0.9 
6 

1 .0 

0.5 1 .0 1 .5 

Desig n  para meter, as a fract ion of base case value 

Figure 2-3 5 . Parametric  curves s howing the sens i t i vi t y  o f  vacuum window 
performance to des i gn vari ables . The top set  o f  curves appl ie s  
to a vacuum window wi th two internal l ow-e coat ings . The
bottom set appl i es to a vacuum window wi th only one low-e 
coat ing . 

I .1. 
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the other .hand , curve S shows that decrea s i ng t he separa t i on between s phe r i c a l  
spacers ( and corre s pond ing increase in t he number o f  s pacers ) ·drama t i ca l l y  
decrea ses  the therma l res i s tance o f  t h e  window . The o ther curves show the 
l e s s  d rama t i c  effec t s  of  chang ing other des i gn paramet ers · such as s phere 
d i ameter , D, the thermal re s i s tance of the edge baf f l e , B ,  and the t o t a l  area 
of  the window , A .

The upper s p i der p l o t  summa r i zes the predi ct ed dependence of window perfor
mance on these  same des ign variables  about a base-cas e  des i gn that i n c l ud e s  
two low-e coa t ing s . The inclus i on of  t he s econd l ow-e coat ing increa s e s  the 
thermal res i s tance of the window and changes i t s  s en s i t ivity  to the o t her 
des i gn variabl es . W i t h  two l ow-e coa t ing s , t he vacuum window performanc e  
becomes somewhat l e s s  sens i t ive to  changes in emi s s i v i t y  but more s ens i t i ve t o  
changes 1n the separat ion between suppo r t s  and t o  t he d i ameter o f  t he s e  
support s .  

2 e l . 7  Detai led Window Model ing Resul t s  for  the Paci fi c  Northwes t

The det a i l ed opt i c a l  and thermal perfo,rmance a l gori thms have no t been 
i nt egrated wi th a whol e-bu i l d ing energy performance model . However , s ome 
analyses  have been done t o  ind i ca t e  the nature . of resul t s  that  can be expe c t ed 
f rom the use of  a vacuum wi ndow i n  the SPA serv i ce reg ion . 

Tran smi t t ed solar power and vi s i b l e  dayl i ght ing component s  are 
Table 2- 1 5  for the indi cated hours  on the representa t i ve winter 
days , January 2 1  and July 2 1 , in Por t l and � Spokane , and Bo i s e .  
conf igura t i on i s  the Case I vacuum window � wi t h  des i gn parameters  
in F i gure 2-3 5 .  

shown 1n 
and summer 
The window 
summa r i zed 

The det a i l ed a l go r i thm d i s cu s s e d  i n  Sect i on 2 . 1 . 5  has been u s ed to  charac
terize t he overal l performanc e  of the pro t o t ype vacuum window in  Por t l and 
( 4 5 . 60 ° N  l a t i tude , 1 2 2 . 60 ° W  l ongi tude ) .  Summer and winter per formance were 
represented by det a i l e d  hour-by-hour s imul a t i on s  f o r  t he typ i cal days , July 2 1  
and January 2 1 . F i gure 2-36 shows the pred i c t ed val u e s  of t ransmi t ted s o lar 
f l ux ( and the v i s i bl e , dayl i ght component ) for  windows fac ing s outh , eas t , 
we s t ,  and nort h .  

The se  o p t i cal model ing resul t s  were combi ned wi th the thermal performance 
model and integrated over t he complete  24-h per i od s  of  July 21 and January 2 1 . 
S imilarly det a i l ed c a l culat ions were made for a convent i onal doubl e-pane , 
sealed insul a t i ng g l a s s  window and integrated over the same per i od s . 
Tabl e  2-16  compares these two t ypes of  window i n  a south-fac ing o r i enta t i on .  

Note that the s t andard , double-pane sealed insulat ing g l a s s  window i s  pre
d i cted t 0  cause a very large net energy l o s s  in the winter , whereas the vacuum 
window provides a s igni f i cant net solar energy g a i u . The dayl i gh t i ng con t r i 
but i ons d i f fer b y  l e s s  than 10% . I n  the summe r , the vacuum window i s  pre
d i c ted to provide s l i ghtly l e s s  heat gain than a convent i onal window. 
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Tabl e  2- 15 . Transmi tted Solar Flux through a Vacuum Window Calcul ated at 
Peak Solar Hour 

Winter  ( Jan . 2 1 ) Summer ( July 2 1 ) 
Locat i on KT sa E/W  N KT s E / W  

( 12 0 0 ) b ( l 0 0 0 / 1400 ) ( 1 200 ) ( 12 0 0 ) { 1 0 0 0 /  1400 ) 

Port l and 0 . 29 5  106c 48 . 9 32 . 5 0 .5 68 242  2 5 8  

S pokane 0 . 33 5  1 12 5 0 . 5 3 4 . 2 0 . 6 5 9  290  2 9 9  

Bo i se 0 . 4 1 7  164  76 . 0 46 . 1 0 . 72 6  2 8 8  3 3 6  

ao r i entat i on bTime ckW/m2 KT=c l earne s s  index

Table 2-16 . Net Daily Energy Flow through South
Fac ing Wi ndows in Port land , Oregon 

Winter ( January 2 1 ) 

Heat gain ( kJ /m2 )

· Day1 ight ing ( kJ/m2 )

Summer ( July 2 1 )  

Heat gain  ( kJ / m2 )

Day1 i gh t i ng ( kJ/m2 )

2 . 2 Laboratory Research 

2 . 2 . 1  Low-Emi ttance Coatings 

2 . 2 . 1 . 1  Background 

( 24 hour total ) 

S t andard 
Window 

( -225 7) 
385 

+ 5 9 2 5  

1 0 6 2  

Prot o t;: ype 
Vacuum W i nd ow 

+62 9  

362  

+5467  

998  

N 
( 1 2 0 0 ) 

8 0 . 4

8 8 . 2

94 . 6

The rad i a t i ve heat t rans fer 
wi ndow can be s i gni f i cant . 
shee t s  i s  

acro s s  the vacuum gap i n  a vacuum i n s u l a t i ng 
The power rad i ated between the para l lel  g l a s s  

( 2- 5 8 ) 

where a 1 s  a uni versal con s t ant ( t he S t e fan-Bo l tzmann cons t an t  5 . 6 7 0  x 
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1 0 -8 Wm-2 K-4 ) ;  T and T a r e  t h e  g l a s s tempera tures ( in degree s Ke lvin ) ;  A i s
the wi ndow �rea rin squ�re me t er� ) ; eh and ec are the emi t tance s  o f  the hot
and cold i nner surfa c e s  o f  the g l a s s ,  and p is the ne t rad iated hea t trans f er 
( i n wa t t s ) .  I f  the two g l a s s  surfa c e s  are i dent i c a l , e = eh = ec ' then thi s
equa t i on may be rearranged t o  def ine a rad i a t ive condu c t anc e ,  

C - - cre ( T  2 + T 2 ) ( T + T ) / ( 2-e ) ( 2 - 5 9 ) R - A ( TH - Tc ) - H C H C 

The rad i a t i ve conduc t ance o f  a vacuum insulat ing window when the outdoor 
t emperat ure i s  0 ° C  and the i ndoor t emperat ure i s  + 2 5 ° C  ( Tti = 298 K, T = 
2 7 3 K )  i s  cal culated t o  be about 3 . 8  W m-2 K- 1  i f  the emi s s 1 v i ty of uncoa� ed
g l a s s  ( e  = 0 . 8 4 ) i s  u s ed in t h i s equat i on .  Thi s  corre s pond s to a t hermal re
s i s t ance in Engl i sh un i t s  of only about R = 1 . 5 ° F  f t 2 hr / B t u . Obv"i ous l y ,  a
l ower emi t t ance i s  requi red to  reduce the rad i a t ive conduc tance i n  a vacuum 
insulat ing window . 

Fi gure 2-35  shows t he re l a t i on between t he overa l l  the rmal conduc tance of  a 
vacuum insulat i ng window and the emi t t ance of i t s  internal s urfac e s . Even 
wi t h  the effect  of rad i a t i ve conduc t ance d i l uted by t he para l l e l  conduc tance 
through the spacers and around the window parame t er , the i mpor t ance of the 
emi t tance rema ins obvi ou s . 

2 . 2 . 1 . 2 A New Low-Emi t t ance Coa t i ng 

The hi gh- tempera ture vacuum proc e s s ing requi red t o  s ea l  a vacuum insulat ing 
wi ndow l im i t s  the cho i ce s  for a l ow-emi t t ance coa t ing . The window mu s t  be 
heated to abou t 5 6 5 ° C  in vacuum dur ing l a s e r  we l di ng to prevent therma l shock 
frac ture by the l a s e r  beam . The be s t  l ow-emi t tance coat ings deve l oped for 
windows wi l l  not t o l era te t hi s t rea tment . Some l ow-emi t t ance coat ings s uch as  
an t imony-do ped t in oxi d e  and t i n-doped ind i um oxide wi l l  wi ths t and the 
proce s s ing cond i t ions but have emi t tance grea t er t han 0 . 1  even when t h i ck 
coat ings are used . 

Rec ent ly , thin t ran s parent coat ings have been deve l oped for u s e  in automo t i ve 
windshi e l d s , where they serve a s  re s i s t i ve e l e c t r i c a l  heat ers for defogg ing 
and defro s t i ng . Some o f  the s e  coa t ings have been des i gned so  t ha t  they can be 
app l i ed to the g l a s s whi l e  it i s  f l a t  and then can wi ths tand the hea t i ng and 
bendi ng of the g l a s s  into  the curved shape of the wind s hi e l d . We t e s t ed 
samp l e s  of �ne s uch coa t ing* and found that i t s  emi t tance inc rea s ed and i t s 
t ransmi t tance decrea sed d ra s t i ta l ly upon hea t ing to  5 6 5 ° C  in vac uum . 

Ai reo Coat i ng Technol ogy r e s earch s ta f f  vol un t eered t o  fabr i ca t e  samp l e s  of  
mod i f i ed coat ings on our boros i l i ca t e  glass  s ub s t ra t e s  for eva l ua t ion a t  
S ERI . The exa c t  compo s i t i on o f  thi s mul t il ayer s pu t t ered f i lm i s  propr i e tary 
to A i rco , but i t  i s  known to be of  the d i e l e c t r i c /me t a l / d i e l ec t r i c  " s andwi ch" 
conf i gurat i on in whi ch s i l ver i s  the thin me tal  l ayer . 

*"Super H" coat ing deve l o ped by Airco Coa t i ng Techno l og i e s , 
Cal i forn i a .  

I .)

Concord , 
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2 . 2 . 1 . 3 Charac t e r i zat ion o f  New Low-Emi t t ance Coa t ings 

The coated g l a s s  samples  were charac ter i zed at  S ERI by opt i cal  s pec tros copy , 
i n f rared reflec t ome try ,  and res i s t i v i t y  mea surement s .  The spectral  
t ransmi t tance wa s measured be tween 0 . 2 6  and 2 . 6 microns wave l ength and 
i n t egrated to  obtain the s o l ar-we i ghted and vi s i bl e-we ighted ( phot op i c ) t ran s 
m i t t ances . The thermal emi t t ances were calculated f rom broadband t hermal 
i n f rared ref l ectance us ing t he rela t i on 

emi t t ance = 1 - thermal infrared refl ect ance ( 2-60 )

app l i cable t o  a material  whi ch ,  l �ke g l as s ,  i s  opaque t o  t he thermal i nfrared 
rad i a t i on .  The s pe c t ra l  mea surement s  were made with a Perkin-Elmer Lambda 9 
spectrophotometer , and the refl ec t ivi ty was mea s ured wi t h  a Gier-Dunkl e Model · 

DB- 100  Infrared Ref l e c t rometer . The sheet res i s t ances  of  coat ing s were 
mea s ured wi th a cus tom four-po int probe apparatus  used for  measuring thin  f i lm 
semi conduc t or s . 

F i ve d i f ferent coat ings were prepared by Airco on 5-x-5-cm sheet s of 3-mm
thick  boro s i l i c a t e  ( Corning 7 74 0 ) g l as s . Each was c harac t e r i zed in the a s 
received cond i t i on and then cut i n t o  four 2 . 5-x-2 . 5-cm samp l e s . One s e t  o f  
the samples  was heat t reated in  vacuum for a short peri od and a second set  f o r  
a l onger t ime . The heat-up and cool-down were s l ow because of  the nature o f  
the SERI vacuum l a s er wel d ing furnace . 

The anneal ing curves are s hown in F i gure 2-3 7 . In both cases , t he max imum 
t empera�ure was 5 65 ° C  and t he pre s sure was maintained at l e s s  than
5 x 10� torr . The s horter anneal inc l uded 1 hour at 5 6 5 ., C  and t he l onger 
anneal incl uded 12  hours a t  5 6 5 ° C .  The s amples  were protected f rom gro s s  
contaminat i on whi l e  i n  the furnac e  b y  a canopy o f  boro s i l i c a t e  glas s b r i d g ing 
over and about one mi l l ime ter above the coat i ng . 

2 . 2 . 1 . 4 Opt i cal and E l ec t r i cal Propert i e s  o f  Low-Emi t tance Coa t ings  

Table  2- 1 7  summari zes  the  mea s ured data for all  sampl e s . I n  general , t ho s e  
coat ings that had al ready been heat treated in a i r  b y  A i r c o  s tarted o u t  wi t h  
l ower emi t t ances and higher t ransmi t t ances . Tho se  samp l e s  t hat  had n o t  been 
previ ous ly heat t reated s tarted out wi th h i gh emi ttances and l ow transmi t 
tances . The vacuum heat treatment tended t o  bring these  two d i f ferent types o f  
s amples c l o ser t o gether in  o p t i cal proper t i e s . 

Al t hough the emi t tance o f  the coating � s  o f  paramount importance t o  the 
thermal performance o f  the vacuum insul a t i ng window , t he s ol a r  t ransmi t tance 
i s  a l s o  important t o  the func t ion of  the window. A high vi s i bl e  t ransmi t t ance 
i f.  des i rable , but i t  i s  not as  important so  l ong as  the appearance o f  the 
ccat ing � s  aes the t ical l y  acceptabl e .  A c o l o r l e s s  coat ing wi th uni f o n� 
t ransmi ttance i s  cons i dered t o  be acceptable by the window indus t ry .  

A useful f i gure o f  mer i t  for  coat ing s  t o  be used i n  t he vacuum insulat ing 
window i s  the rat i o  of  s o l ar t ransmi t tance t o  t hermal emi t t ance . ( Table 2- 1 7 ) .  
Thi s f i gure o f  meri t  ( FOM ) has been shown t o  be corre l a t ed wi th t he sheet 
res i s tance of  t he coa t i ng for a number o f  d i f ferent l ow:-em i t tance coat ings 
( Benson and Tracy 1 9 8 5 ) .  F i gure 2-38 shows a graph o f  t he FOM vs . sheet  
res i s tance for t hree such  material s that  could  be used 1 n  the vacuum 
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Samp l e  

1 .  No . 2 9 P  

2 .  tJo . 2 9 P  

1 .  "o · 1 1 ( P )  p r e / po s t  

4 .  Nn . 1 1 ( P )  pr e / po s t  

5 .  No . 1 1 ( P )  p r e / po s t  

6 .  No . 2 9 P  

7 .  t11 1 ,  2 9 P  

A .  Nu . 1 0 ( P )  pre / po s t  

11 , Nn , 1 0 ( P )  pre / po s t  

1 0 .  No , 1 0 ( P ) p r e / po s t  

1 1 .  No . 9 ( P )  p r e  

1 2 .  No . 9 ( P )  p r e , 

1 1 .  No . 9 ( P )  p r e / p o s t  

1 4 .  Nn . 9 ( P )  pre / p o s t  

1 'i .  "Super-11" 

*1 � a s  re ce i ved 

e ,  Em i t t a n c e  

1 *  2 3 

Tab l e  2 � 1 7 ,  Lo � Em i t tenc e Coa t ings 

T r a n sm i t t a n c e  Shee t R� s i s t an c e  
t 8  So l a r  ( AH l . S )  t v '  V i s i b l e  ( ph o t o p i c ) ( O / [] ) 

1 2 3 2 3 1 2 3 

F i g u r e  o f  
Me r i t  ( 1 5 / ,• l

2 

0 . 07 4  0 . 0 8 6  0 . 1 0 0  0 . 5 94 0 . 5 8 1  0 . 5 7 9 0 . 8 5 0  0 . 8 3 1  0 . 8 3 0  6 . 1 5  7 . 00 8 . 1 0 8 . 0 3 6 . 7 6 5 .  7 9  

0 . 1 8 9  0 . 1 5 8 0 . 1 7 6  0 . 3 1 0  0 . 5 2 2  0 . 5 4 8  0 . 44 7  0 . 7 4 1  0 . 7 6 8  2 1 0 

0 . 06 9  0 . 0 7 8  0 . 08 2  0 . 6 2 4  0 . 6 1 2  0 . 6 1 5 0 . 8 2 1  0 . 7 8 9 0 . 80 3  6 . 2 4  

0 . 1 8 9  0 , 1 1 6 0 , 1 4 7  0 . 3 5 0  0 . 5 2 0  0 . 5 4 0  0 . 5 1 3  0 . 6 2 8 0 . 6 5 5  2 1 4 

0 . 1 8 3  0 . 1 2 8 0 . 1 3 9  0 . 3 7 1  0 . 5 1 5  0 . 5 34 0 . 5 3 9  0 . 6 2 4  0 . 6 5 4  2 0 8  

0 . 1 8 5  0 . 1 3 5 0 . 1 8 7  0 . 3 1 0 0 . 5 2 7  0 . 5 5 3 0 . 4 4 8  0 . 7 5 2 o .  7 7 2  2 1 4 

0 . 1 8 5  0 . 1 5 5 0 . 1 8 1  0 . 3 1 4  0 . 5 2 6  0 . 5 50 0 . 4 5 3  0 . 7 4 6  0 . 7 6 9  2 34 

0 . 0 7 1  0 . 0 7 8  0 . 09 2  0 . 6 24 0 . 60 5  0 . 6 1 1  0 . 84 8  0 . 8 09 0 . 8 2 4  5 . 8 3  

0 . 1 8 8  0 . 099 0 . 1 2 1 0 . 3 4 5  0 . 5 2 9  0 . 5 6 1  0 . 5 2 0  0 . 6 90 0 . 7 3 0  2 1 5 

0 . 1 8 5  0 . 1 5 8 0 . 1 7 1  0 . 3 37 0 . 5 5 0  0 . 5 6 9  0 . 5 1 0 0 . 7 29 0 . 7 4 8  2 1 4 

0 . 1 8 5  0 . 1 70 0 . 2 2 5  0 . 3 2 4  0 . 5 6 3  0 . 5 9 2 0 . 4 9 4  0 . 7 6 2  0 . 7 9 1  2 1 0 

0 . 1 8 4  0 . 1 4 5  0 . 20 9  0 . 3 2 1  0 . 56 3  0 . 5 96 0 . 4 9 1  0 . 7 6 4  0 . 7 9 6  2 08 

0 . 0 7 4  0 . 089 0 . 08 6  0 . 6 1 3  0 . 5 9 8  0 , 6 06 0 . 8 5 4  0 . 8 24 0 .�4 2 6 . 1 4 

1 7 . 50 1 9 . 50 

6 . 56 6 . 00 

8 . 6 2 9 . 90 

9 . 40 9 .  3 3  

1 3 . 70 3 0 � 00 

1 6 . 30 2 3 . 00 

6 . 2 0 6 . 50 

8 . 60 9 . 00 

1 4 . 1 0  1 4 . 00 

1 2 . 7 0 1 9 . 40 

1 1 . 7 0 1 7 . 5 0 

8 . 5o 6 . 4 5  

l .  64 3 .  30 

9 . 04 7 .  85 

1 . 8 5 4 . 4 8 

2 . 0 3 4 . 0 2 

1 . 6 8 3 . 90 

1 . 7 0 3 . 3 9 

8 . 7 9 7 . 7 6 

l .  84 5 .  34 

1 . 8 2  3 . 48 

1 . 7 5 3 . 3 1
l .  7 5 3 .  88 

8 . 2 8 6 . 7 2 

1 . \ 1
7 . 5

3 . 6 7  

) , 1] 4 
2 . 9 6 

1 . 04 
6 . 6 4 
4 . 64 

3 . 1 3 

2 . 6 3 

2 . 8 5 

7 . 0 5 

0 . 1 8 6  0 . 1 8 2 0 . 2 1 7 0 . 3 2 4  0 . 5 6 2  0 . '5 9 2  0 . 4 9 4  0 . 7 5 3 0 . 7 9 3  2 1 3 1 5 . 00 2 0 . 6  L 7 4 3 . 09 2 . 7 J 

0 . 0 5 3  0 . 3 1 5  0 . 4 8 3  0 . 5"6 3  0 . 46 2  0 . 4 64 0 . 84 8  0 . 6 0 3  0 . 5 8 4  4 . 3 4  8 1 . 00 1 0 0  1 0 . 6 2 1 . 4 7  0 . 9 6 

2 = a f t e r s ho r t er t i me va cuum a nn e a l  at 5 6 5 " C  ( nomi na l  1 hour ) 
3 = n f t e r  l on g e r  t i me vacuum anne a l  a t  5 6 5 " C  ( n om i n a l  1 2  ho ur s )
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insulat ing window. The h i ghe s t  FOM is 5 . 9 for a very thick coat ing ( 4 5 0  nm ) 
o f  sputt er-depo s i ted and vacuum-annealed t in-doped ind ium oxide prepared for
SERI on cus tom order by App l i ed Fi lms Corpora t i on ( Boulder , Co l orado ) .  Thi s  
l ow-emi tt ance coat ing had an emi t tance o f  0 . 1 2 and a s o l ar transmi t t ance o f  
0 . 6 8 . However ,  i t s  thi ckne s s  make s i t  prohi b i t i ve l y  expen s i ve t o  fabr i cate 
for use in large windows . The bes t of  t he economi cal  a l t ernat i ves ts  a 
fl uorine-doped t i n oxide ( Sn02 ) wi th a FOM o f  4 . 4 .

F igure 2-39 shows the relat i on between FOM and sheet res i s tance for the Airco 
experimental  l ow-emi ttance coa t i ng s . The bes t  o f  the s e  coat ings  ( No . 3 in  
Table  2- 1 7 ) has a FOM o f  7 . 85 after vacuum anneal for  1 hour ( eventua l l y  
decreas i ng only s l i ght ly  t o  7 . 5  after 1 2  hours o f  vacuum anneal ) .  Thi s 
coa t i ng had an emi t t ance o f  about 0 . 08 and a s o lar  t ransmi t tance o f  6 1% after  
anneal al ong wi t h  a h i gh v i s i ble  t ransmi t t ance o f  79%  and a uni form ,  
unc o l ored , a e s t he t i ca l l y  p l eas i ng appearance . Another coat ing ( No . 8 i n  
Tabl e  2- 17 ) exh i b i t ed very s imi lar proper t i e s  and a FOM o f  7 .  76  after the 
!-hour vacuum anneal . 

2 . 2 . 1 . 5 Conc l u s i on s  

New sput ter-depo s i ted t h i n  low-emi t tance coat i ng s  produced by Ai rco Coat ings 
Technology are sui tabl e f o r  use i n  the vacuum insulat ing window . The se new 
l ow-e coat ings  have hi gh s o lar and vi s i b l e  t ransmi t tances . They ate s imi l ar 
to  o ther l ow-e coatings  current ly mas s  produced for  archi tec tural and 
aut omo t ive windows and may be expec ted to be economi cal . 

The new low-e coat i ngs have f i gures o f  meri t  ( so lar  t ransmi t tance /emi t t ance 
rat i o s ) about 33% bet t er than any previou s l y  i den t i f i e d  usable l ow-emi t tance 
coat ing , and 7 8% bet t e r  than any other prev ious l y  iden t i f i ed economical  
o p t i o n .  The emi t tance o f  t he new coat ing i s  l ower t han the bes t economi cal
a l ternat i ve by a bout 47%.  

The use  of  the  new l ow-emi t tance coat ing a s  a replacement for  the be s t  
ava i l ab l e  ( fl uo rine-doped t in oxide ) economi cal al terna t i ve wou l d  b e  expected 
t o  i ncrease the t hermal re s i s tance o f  the vacuum i n s ul a t ing window by about 
20% . 

2 . 2 . 2 Devel o pment o f  a Vacuum Laser  Weld ing  Faci l i ty 

A fac i l i ty f o r  fabr i cat ing  ful l - s i zed evacuated  window s pec imens for eng ineer
ing scale t e s t i n g  has been des i gned , con s t ructed , and i n s t a l l ed at SERI ' s
F i e l d  Tes t  Laborat ory . The fac i l i ty cons i s t s  o f  three maj or c omponen t s : t he 
S ERI carbon d i ox i de l a s e r  ( 40 0  W maximum CW) ,  a vacuum furnace in  whi ch the 
evacuated window s pec imen can be edge sealed , and a l a ser beam s t eering system 
that automat i ca l l y  d i rec t s  the l a s er beam a l ong i t s  wel d i ng path . 

The vacuum furnace i s  needed t o  heat the g l a s s  t o  a suf f i c i en t l y  high tempera
ture ( about 5 65 ° C )  to  prevent therma l shock frac ture dur i ng the l a ser we l d ing 
whi l e mai n t a i n i ng a vacuum ( - 3 x 10 -

6 torr ) wi thin t he window unt i l  i t  i s  com
p l etely sealed . A nonevaporable reac t ive me tal ge t t er s t r i p  wi thin the window 
wi l l  be act i vated  at  the we l d i ng t emperature and wi l l  trap gases  evo lved from 
the internal surfaces o f  the window dur ing and a f t e r  the seal ing proces s .  
When the sea l ed window i s  coo l ed to  room t emperature , the pres sure wi thin i t  
wi l l  be further reduced by about a fac tor  o f  three merely because  of  the g a s  
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c on t ra c t i on wi th coo l ing and by as  much a s  a fact o r  o i  100 by the cont inued 
act i on of t�e reactive met a l  getter .

2 . 2 . 2 . 1  Vacuum Furnace De s i gn 

Vacuum furnaces are common l y  used in me tal lurg i cal  app l i cat ions and in some 
me t a l  and cerami c s  fabr i ca t i on proces ses . However , such furnaces are des igned 
f o r  much hi gher temperature use  and for  rapid  proce s s ing .  Consequen t l y ,
c ommerc i a l l y  ava i l able vacuu'm furnaces o f  the s i ze requi red t o  accommodate a
1 -m2 window samp l e  are very expen s i ve .  A new , more e conomi cal vacuum furnace
des i gned s pec i f i c a l l y  for our purpo s e s  was sought through a compe t i t i ve 
procurement proces s .  The winning des ign i s  described bri e f l y  below.  

The vacuum furnace is  a rectangu l ar para l l e l -p iped s ta i n l e s s - s teel  box wi th 
var i ous doors  and port s . The interior  · surfaces are c l ean , smo o t h  s tainl e s s  
s t eel t o  minimi ze outga s s ing and thus minimize the t i me requi red t o  reach 
o pera t i ng t emperat ure and pres sure , and t 6 a s sure an acceptably l ow opera t i ng
pres sure at h i gh temperature . The only insul a t i on used in t he furnace i s  re
f l e c t ive meta l , rad i a t i ve insulat i on because  the vacuum i t sel f i s  suff i c ient 
to reduce gas-phase heat  conduct i on t o  the furnace wal l s  t o  a neg l i g i b l e  
value . A three-layer s tack o f  s ta i n l e s s - s teel refl e c t o r s  surrounding the hot 
zone effect ive l y  blocks the radiat i ve hea t t rans fer . 

Metal- sheathed , tubul ar , e l e c t r i c  res i s tance heaters s imi lar t o  those found in 
cooking ovens are d i s t r i buted to provi de rad i at i ve heat ing t o  the sample 
hol der . 

A l arge pumping capac i t y ,  o i l  d i f fus i on pump , and r o t ary d i s p lacement pump 
combinat i on i s  used . A l ow-vapor-pres sure s i l i c one pump o i l  and a water
c o o l ed baf f l e  l imi t backs t reaming o f  o i l  into  the furnace . Pneuma t i c  valves 
are contro l l ed automat i c a l l y  by an e l ec t ronic  control ler t hat  uses s i gnal s  
f rom two i on izat i on and two t hermocouple vacuum gauges t o  s ense  t he status  o f  
the pumpdown proce s s . 

The oppo s i t e  s i des of  the furnace are doors that swing open t o  provi de 
unob s t ructed acces s for pos i t i on i ng the window samples . The laser  beam acce s s  
wi ndow and the elect ro-opt i ca l  beam s t eer ing mechan i sms are l ocated in an 
a t t ached chamber above the furnace hot zone and are therma l l y  i s o la ted from i t  
b y  rad i a t i ve heat shie l d s . 

Al l t he vacuum sea l s  are e i t her permanent ( wel ded ) or u s e  V i t on a-rings .

F igure 2-40 shows the general des i gn and d imen s i ons o f  t he vacuum furnace . 
F i gure 2-4 1 i s  a pho tograph o f  the i ns t a l l ed fac i l i ty including the co2 laser
on the left  and the furnace on  the r i ght . 

2 . 2 . 2 . 2  Laser Beam Control  

A two-axi s ,  computer-contro l l ed ,  laser beam s t eering subsys t em has been 
des i gned and cons t ructed . Novel features of thi s  des i gn improve t he energy 
c oupl ing e f f i c i ency between t he beam and the g l a s s workp i e c e .  

The 1 0 . 6-�m co2 l aser beam i s  admi t ted i n t o  the vacuum furnace through a z i nc
s e l en i de window . A wat e r-co o l ed copper mi rror refl e c t s  the beam to the 
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workp i e c e . The mi rror i s  centered about 1 4  in . above the workp iece a n d  i s  
cradled a t  the center of ro tat i on o f  two orthogona l ly o r i en t ed goniome t e r s  
( F igure 2-42 ) .  Each gon iometer  i s  d r i ven by a s t epper mo t o r  under programmer 
cont rol w i t h  a re s o l ut i on o f  0 . 0 1 °  per  s tep . A Hewl ett-Packard 8 5  comput e r  1 s  
used t o  provide con t rol  s i gnal s  for  the dr i vers o f  the s t epper mo tors . 

The laser  beam can be d i rected t o  any point  on the 1 -m2 work surface i n  the
vacuum furnace by proper po s i t i on ing of the copper mi rro r .  A computer c o n t r o l  
program a l l ows the mirror t o  be s t eadi ly rotated b y  the two goniome t er s  t o  
t race o u t  the cho sen welding p a t h  a t  a cons tant  l inear wel di ng rat e . 

F i gure 2-43 shows a general s c hema t i c  des i gn o f  the laser  beam s teering s ub
s y s t em .  

A hel i um-neon , vi s ible  laser  i s  moun ted para l l e l  to  the co2 l aser  so  that i t s
beam can be inser ted into the o pt i ca l  path t o  faci l i tate a l 1gnment and t o  t e s t  
t he proper func t i oning of  the beam s t eering mechan i sm .  

2 . 2 . 3  Gla s s  Welding 

2 . 2 . 3 � 1 I n i t i al Glas s Wel d i ng Exper imen t s  

I n i t ia l  g l a s s  wel d ing exper imen t s  were done over a range o f  cond i t i on s  t o  
i den t i fy potent i a l  problems and t o  begin to  def i ne sui table  wel d ing cond i t i ons 
f o r  prepro t o t ype vacuum wi ndow s ampl e fabr i c a t i on .  

F i gure 2-44 shows a set  o f  vacuum l aser wel d s  i n  a boro s i l i ca t e  g la s s  t e s t  
spec imen . The g l as s  specimen cons i s t s  o f  two sheet s  o f  3 -mm Corning 7 74 0  
boro s i l i cate  g l a s s  s tacked togethe r  and separated b y  0 . 5-mm-thick g l a s s  
spacer s . The series  o f  we l d  t races  acro s s  the s amp l e  wer e  accompl i s hed a t  
d i f f erent laser power l eve l s , di f f erent scan s peed s , and d i f ferent g l a s s  
t emp�ratures . 

The wel d  t race on the far r i ght o f  F i gure 2 -44 shows a very rough appearance 
and a superf i c ial  depo s i t  of whi t e  powder a l ong s i de .  The roughnes s  is caused 
by bubb l e s  formed in the mol t en g l as s ,  and t he powder is  vapo r i zed g l a s s c om
ponent s  that have condensed adj acent to the mol ten g l a s s a l ong the wel d  
t race . The o t her weld t races  show l e s s  evi dence o f  g l a s s  vapo r i zat i on , but 
some do include occas ional bubbl es  entrapped in the we l ded g l as s .  I n  mo s t  
c a s e s , the upper g l a s s  sheet was mel ted ,  flowed suff i c i en t l y  t o  bridge the 
0 . 5-mm gap , and bonded to the underl y ing g l a s s  s heet . 

The se  resul t s  were encouraging but a l s o  iden t i f ied two new t e chni cal i s sue s 
t hat  mus t  be dea l t  wi t h .  F i r s t , these resul t s  c l early show t hat  the g l a s s 
con f i gurat ion requi red in our prepro to type vacuum window samp l e s  can be we l d e d  
i n  our new v�cuum laser.  we l d ing fac i l i ty .  On the o t her hand , we l d i ng 
cond i t ions  have to  be careful l y  opt imized to  prevent f l aws from forming in 
we l d s . The second problem is the g l a s s  vapor forma t i on and i t s  conden s a t i on 
onto the laser mi rror .

The bubbl e s  seen in some pre l imi nary vacuum we l d s  are d i s s o l ved gases  evo l ved 
f rom the mo l ten g l a s s  in  the vacuum furnace . The gases  are d i s so lved into the 
g l a s s when i t  is o r i g ina l l y  formed by the manufac turer . Becaus e  glas s i s  a 
supercoo l ed l i quid  that  has been sol i d i f i ed at atmo s pher i c  pre s s ure , i t  
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Figure 2-42 . Two-axi s  goniometer cradle wi th s t epper mo tors for contro l l ing 
the or ientation of  the laser beam s t eering mirror 
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F i gure 2-44 . Pho tograph o f  l a ser we l d s  i n  t wo she e t s  o f  Corn i ng 7 740 
boros i l i ca t e  g l a s s . Ho r i z on t a l  l i n e s  a r e  re f l e c t ed i n  t h e  
g l a s s  s u r f a c e  t o  d e l i n ea t e  t h e  g l a s s  s u r f a c e  c o n t o u r s . 
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contains  d i s s o l ved gases  that  are  at  an  equi l i brium concent rat i on in a one
atmo s phere pres sure but are at  a nonequi l i brium ,  exce s s  concentra t i on when the 
g l a s s is in a vacuum env i ronment . Much l i ke the d i s s o lved carbon d i oxide in 
champagne , when the s urround ing pre s sure is reduced there is a tendency for  
these  d i s so l ved g a s e s  t o  come out o f  s o lut ion and form bubbles . Thi s  kind of  
bubble  nucleat ion  and growth also  oc curs under s ome c i rcums tances when g l a s s  
i s  remel ted even a t  atmo s pher i c  pre s s ure . A con s i derable  body of  research ha s 
been repo rted on bubbl e  nuc l ea t i on and growth i n  g l a s s e s  ( Cable 1 9 8 4 )  but no t 
in vacuum . However , the bas i c  phys i ca l  princ i pl e s  invo l ved have been known 
s ince 1 948 ( Fi sher 1 948 ) ,  and t here i s  a good t heoret i cal framewo rk for under
s t anding the pro c e s s  in vacuum . 

G l a s s  vapor condensat i on onto  t he water-cooled copper mi rror used to  d i re c t  
the l a s e r  beam i n s ide t h e  vacuum furnace i s  very troub l e s ome . The 10 . 6-mi cron 
wavelength l a ser beam i s  idea l l y  sui ted for g l a s s wel ding because of i t s  
s t rong a b s o rp t i on wi thin  t he g l as s . However , a d i sadvantage o f  thi s s t rong 
absorp t i on i s  the fact  t ha t  even a very thin layer ( -2 0 0  nm) of g l a s s  vapor 
condensate  on t he l a ser mi rro� is  s uf f i c i ent t o  a t t enuate the l a ser beam by 
nearly SO% ( depending upon the angl e  between the beam and the mi rror ) .  

the bui ldup o f  g l a s s  c ontamina t i on on t he l aser mi rror was rapi d  enough that 
ontrolled we l d i ng experimen t s  were frus trated and the complete perimeter 
eld ing o f  test  windows was out o f  the que s t i on .  

I t  was neces sary t o  des ign an al terna t ive contamina t i on-tol erant m� rror t o  
d i rect the l aser beam duri ng g l a s s wel d ing . 

2 . 2 . 3 . 2 - A Novel Contaminat ion-To l erant Laser M i r ro r  

Several , s o l ut i on s  t o  t h e  g l a s s vapor contamina t i on prob l em were c on s idered .
The mi rto r  could not be s h i e lded f rom t he v·apor by  a permanent shield  because
the mi rror obviou s l y  mus t  have a d i.rect  l ine-o f-s i ght exposure t o  the mol ten 
g l a s s  during wel d ing , and any s h i e l d  wou l d  have to be t ransparent to the l aser 
beam in order t o  prov i d e  t hat  l ine-of- s i ght acc e s s  whi l e  blocking t he g la s s  
vapor . But then t he s h i e l d  woul d become contaminated . and absorb the laser  
beam . 

A moving , t rans parent shi e l d  was con s i dered . I t  woul d  have t o  withs tand the 
heat of the furnace , be trans parent to  the laser beam , and be large enough t o  
accommodate the l ong wel di ng t ime s that may b e  required in s ome experiment s  
and i n  s ome samp l e  window fabri cat i ons . The s pace ava i l abl e wou l d  no t 
accommodate  a large-d i ameter r i g i d  d i s k  o f  material  ( such as  s i l i c o n )  rotat ing 
i n  front of t he l a s e r  mirror , and such a d i s k  woul d  be very expens i ve ( i f
ava i lable ) .  A moving f i lm shi e l d  was con s i dered , but no po lymer f i lm could be 
i dent i f i ed which  wou l d  be adequa tely t rans paren t to the laser beam and 
t o lerant of the high t emperature s in the furnace . 

F ina l l y  a moving fo i l  reflector was selected a s  an al ternat ive to the copper 
mi rro r .  Exper imen t s  were done that showed aluminum fo i l  t o  be an adequat e  
laser ref l ec t o r . The f o i l  ( in thi ckne s ses  of  0 . 00 1  t o  0 . 00 3  i n . ) was read i l y  
ava i lable  and could b e  c ompac t l y  s to red o n  a sma l l  supply s poo l and unro l l ed 
cont inuous l y  t o  provi de f re sh ref l ec t o r  surface a s  t he o ld surface became con
taminated . 
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A bas i c  de s i gn was devel oped at SERI and then a subcon t ract  was l e t  t o  an 
eng ineer ing des i gn f i rm to  comp l e t e  the det a i l ed de s i gn and fabri c a t e  t he 
wo rking devi ce . The eng i neer ing f i rm that had de s i gned and bui l t  the SERI 
vacuum l a s e r  wel d ing furnace was chosen for thi s effort . 

The mo s t  d i f f i cu l t  a s pec t o f  the des i gn was the neces s i ty to  f i t  everything 
i n t o  a very l imi ted s pace so  that the moving fo i l  ref l e c t o r  could be r o t a t e d  
about two a x e s  with  t he s ame apparatus used t o  control the sma l l  water- c o o l ed 
copper mirro r . The foi l supply s poo l , the f o i l  ref l ec t o r , the f o i l  t ake-up 
s po ol , and the. drive mot o r  a l l  had to be water coo l ed . They had to f i t  i n t o  a 
space approximately 1 0  x 20  x 7 em i n  such a way t hat  water cool ing l ines , 
electrical  wires , and the f o i l  mechani sm i t s e l f  c l eared a l l  o t her par t s  o f  t he 
mi rror d r i ve mechani sm and heat s h i el d s  a s  the f o i l  refl e c t o r  was r o t at e d  
through a l l  p o s s i b l e  pos i t i on s  needed t o  d i rect the l a s er beam around i n  t he 
furnace . 

· 

F i gure 2-45 i s  a phot ograph o f  the f i ni s hed foi l  reflec t o r  apparatu s . A sma l l  
s tepper motor  ( A )  drives  a take-up spool  ( B ) and draws t he 0 . 00 1-in . a l uminum 
f o i l  acro s s  guide pins  t o  f o rm a f l at reflector  ( C ) . The fo i l  supply s po o l  
( D )  i s  provi ded wi th a n  adj u s tabl e ,  s p r i ng-loaded f r i c t i on brake t o  keep t he 
f o i l  taut . The ent i re a s s embly i s  a t tached t o  a water-coo led basepl a t e  and i s  
coo l ed by c onduc t i on t o  i t . The mechan i sm i s  readi ly d i sconnected f rom the 
ba seplate for easy removal from the vacuum furance t o  replace the f o i l  wi t hout 
having t o  d i sconnect  the cool ing water l ines . 

The use o f  the s t epper mot o r  and i t s  con t r o l l er a l l ows us  t o  control the s peed 
o f  the fo i l  advance by computer if we des i re . Thi s  fac i l i ty may hel p  t o  
opt imi ze t he o pera t i on o f  the f o i l  reflecto r .  The fo i l  advance may be 
aut oma t i ca l l y  s peeded up when the reflector  1 s  in a po s i t i on where i t  
i ntercept s  a rapi d  bui l dup o f  g l a s s  contamina t i on ( when the mi rror i s  mo re 
nearly para l l e l  t o  the g l a s s )  and s l owed o r  s to pped when i t s  o r i en t at i on 
minimi zes contamina t i on .  

The use o f  commerc ial l y  ava i l able  a l uminum foi l  ( the same a s  ki t cheq wrap p i n g  
f o i l )  i s  economi cal , but does  require  a compromi se  i n  t he specu l a r i t y  o f  t he 
ref l e c t ed l a s er beam . The beam i s  s pread out cons i derabl y  by i rregul a r i t i e s  
in fo i l  surface , whi ch are remnan t s  o f  i t s  manufac turing proce s s , and b y  a 
s l i ght curvature i n  the fo i l  a s  i t  i s  d rawn over i t s  guide pins . However , in 
our part i cular  appl icat i on ,  the more d i f fuse beam is  thought to  be bene f i c i a l
because i t  wi l l  d i s t ri bute the heat more evenly  over t he perime t er we l d  area 
and reduce the t endency t o  cause "hot s p o t s '� f rom whi c h  l arge amount s  of g l a s s  
vapor are evolved . 
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Figure 2-45 . Photograph of the moving foil  laser beam reflector 
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3 . 0  DI SCUSSION 

The vacuum insu l a t ing window ha s a very h i gh rat i o  of s o l ar g a i n  to t herma l 
l o s s * whi c h  make s i t  part i cu l a r l y  wel l  sui t ed for use in pas s i ve so lar hea ted
bui l d i n g s . The be s t  appl icat i on for  such windows wou l d  be i n  c o l d  c l  i.ma te 
res i dent i a l bui ld ings , part i cu l a r l y  on the north s ide where even the d i f f u s e  
s o l a r  rad i a t i on admi t ted b y  the window woul d  more than o f f s e t  conduc tance heat 
l o s se s  and where cold convec t i ve draf t s  from the window wou l d  be el iminated . 
The thin pro f i l e  of  the vacuum window ( to t a l  glazing thi cknes s  about 6 .  5 mm 
[ 0 . 26 inch ] ) would a l s o  fac i l i ta t e  i t s  use i n  o perable window uni t s . 

Whe t her t he vacuum insulat ing window achieves acceptance by the bui ld i ng s  
i ndus t ry depend s upon i t s  cos t  and i t s  value as  perceived by t he home owner . 
The perc e i ved value i s  det ermined larg e l y  by the aesthe t i c s  and comf o r t  pro
vided and is l e s s  cri t i ca l l y  dependent upon the energy s aving s .  

The energy savings poten t i al f o r  highly insulat i ng re s i dent i a l  windows � s
great ; but d i ff i c u l t  t �  pred i c t  accurat e l y .  Convent i onal met ho d s  o f  c omputer 
model ing the s o lar gains through windows grea t l y  s impl i fy t he real  com
p l exi t ies  o f  the so lar s pectrut , t he s p e c t ral selec t i v i t y  o f  the window and 
t hey largely i gnore the reflec tance of the ground near the wi ndow whi c h  may 
acc ount for a s i gni f i cant frac t i on of the solar rad i a t i on inc i dent on t he 
window . 

As a part o f  t h i s pro j ec t , an improved compu t e r  model ing program wa s deve l oped 
t o  make u s e  of more recent  and comp l e t e  knowl edge o f  the vari a b l e  s o lar s pe c t 
rum and t o  account  for t he ac tual spectra l  characteri s t i c s  o f  h i g h  per f o rmance 
windows and o f  typ i ca l  ground c over s . Thi s  detai led mode l  could not yet be 
u s ed to  pred i c t  integrated , annual window performance ; but i t  was used t o  pre
d i c e  typ i cal dai ly  energy f l ows through t he vacuum window i n  compar i so n  t o  a 
s t andard doubl e-glazed window i n  a typ i cal  Pac i f i c  Northwes t  c l ima t e .  The s e  
resul t s  are probably the mo s t  accurate c ompari sons we can provide a t  thi s 
t ime . 

The vacuum window was shown t o  provide about t he same dayl i ght i ng l evel ( wi t h
in 10% of the c onven t i onal window ) whi le admi t t ing about 8 %  Le s s  net hea t  i n  
t he summer ( July  2 1 )  and drama t i ca l l y  c onvert ing a wintert ime ( J anuary 2 1 )  
heat l o s s  o f  2 2 5 7  kJ /m2 through the convent i onal wi ndow to a net heat g a i n  o f
6 2 9  kJ /m2 through the vacuum window ( s ee Table  2-16 ) .

Other , more c onvent i onal metho d s  were used t o  predi c t  the overal l  net energy 
bene f i t s  o f  t he vacuum window i n  c ompa r i s on wi th c onven t i onal and devel op
menta l , insula t ing windows . The magni tude o f  errors in c onven t i onal mod e l ing 
approache s wa s e s t ima t ed by comparing pred i c t i on s  for a typ i c a l  low-e wi ndow 
by the two approaches ( see Tab l e  2-24 ) .  The d i f ferenc es in t ransmi t te d  l i ght 
intens � t t e s  cal culated by the new deta i l ed and the t �nven t i ona l , more approxi
mat e  model s were s ign i f i cant . Dayl i ght ing intens i t y pred i c t i on s  d i f fered by  7 

*The re l a t ive s o lar gain  t o  thermal l o s s  rat i o  can be expres s ed a s  the ra t i o o f
shad ing coef f i c i ent t o  overal l  heat-tran s fer coef f i c i ent , S C / U .  F o r  the
vacuum window , thi s rat i o  is expec ted t o  be about 8 °F ft 2h/ Btu c ompared to 1 . 8
for a conven t i ona l , doubl e-g l azed window and 3 . 2  for a quad-g lazed , l ow-e
window .
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t o  76  percent depend ing upon window orientat ion and ground ref l ectance . The 
s o l ar-we i ghted transmi t t ances d i f fered by 1 . 5  t o  1 1  percent , wi t h  the l arge s t  
d i f ference occurring i n  the summer .  The wintert ime pred i c t i on s  which are mo re 
important for as ses s ing window benef i t s , d i f fered by 1 . 5  to 5 . 8  percent . The 
l arge s t  wintert ime d i f ference occurred in north-fac ing windows · wi th conven
t i onal model ing pred i c t ions over e s t imat ing s ol ar gains  through s t andard , 
doubl e-g lazed low-e windows , but s l i ghtly under e s t ima t ing so lar gains through 
the vacuum wi ndow . From the se  compar i s i ons , we would expect  t hat  our e s t i 
ma tes  o f  annual energy savings from vacuum windows are conserva t i ve ( by 2 t o  
9% , depend�ng o n  window type and o r i ent a t i o n )  when compared t o  conven t i onal 
windows . 

The convent ional approach t o  bui ld ing energy performance analys i s  pred i c ted a 
net annual energy savings o f  6 3 6  t o  760 MJ/m2 when the vacuum window rep laced
a s t andard . double-glazed window in two typ i cal Pac i f i c  Nor t hwe s t  c l ima t e s  
( Port land and Bo i se ) .  The savings were 284 t o  3 2 9  MJ/m2 when a quad-g lazed
window wi th two l ow-e coat ings  was replaced by t he vacuum windows ( see Table  
2-2 ) .  The saving s depended on  window orientat i on and l ocat i on .  

I f  del ivered energy c o s t s  were $ 10 /GJ , the annual value o f  the vacuum window 
energy s avings woul d  be $3  to $ 7 Im2 when compared to quad-g lazed or double
g l azed windows respe c t ivel y .  I t  i s  worth noting  t hat the h i s t or i cal change 
from s ingle-glazed to doubl e-g lazed windows in t he Pac i f i c  Northwe s t  provided 
an annua l energy saving s of about 8 0 0  MJ/m2 , comparable to t he - 7 00 MJ/m2 pro
vi ded by subst i tut ing vacuum windows for double-glazed windows . 

I f  a l l  exi s t ing windows i n  t he Pac i f i c  Northwe s t  ( about 7 5  mi l l i on m2 ) were
event ua l l y  replaced wi t h  h i gh performance windows s uch as t he vacuum window , 
t he annual energy savings wou l d  be about 84  PJ ( 0 . 08 quadr i l l i on Btu ) .  

Any new window mus t  perform rel i ab i l i t y ,  have adequat e  l i fet ime , be aes t he t i 
c a l l y  acceptabl e , and be manufacturable at a marketable c o s t . There rema i n  
several t echn i ca l  1. s su e s  t o  b e  r e s olved before t he vacuum window can meet 
the s e  requi remen t s . 

There i s  l i t t l e  doubt that the vacuum insulat ing window wi l l  perform the rma l l y  
as  predic ted s ince t h e  phys i ca l  princ iples  are s o  wel l  unders tood and s ince 
prac t i cal , commerc i a l  examp l e s  of evaluated g l a s s  insul a t i on date back to S i r  
Jame s Dewar ' s  inven t i on o f  the vacuum bot t l e  in 1 9 2 3 . However ,  the other 
i s sues of durabi l i t y ,  l i fe t ime and manufactur i ng c o s t s  are an interdependent 
comp l ex whi ch has f ru s t ra ted s everal ear l ier  i nven t o r s  o f  insulat ing window 
des i gn s  ( see patent s c i�ed in Appendi x  C ) �

An es sen t ial  component o f  the vacuum insulat ing window glazing  i s  a trans
parent , l ow-·emi t tance , internal coa t i ng . Thi s  l ow-e coat ing reduces rad iat ive 
heat t rans f e r  acro s s  t he vacuum gap by Lowering the surface emi t t ance from the 
h i gh val ue

· 
typical o f  glas s ( 0 . 84 )  to  a much lower value . Any such coat ing 

mus t  wi ths tand the high temperat ure ( 465 °C )  vacuum weld ing s t ep in the manu
facturing proces s .  Only  a few l ow-e coa t i ngs such as conduct ive oxides  of t in 
and ind i um wi l l  do s o ; and the s e  oxides mus t  be rather t h i c k  ( several hundred 
nanometer s ) to achi eve mode s t l y  low emi t t ances  on the o rder of 0 . 1  to 0 . 2 .
The se  coa t i ng s , in t he requi red thicknes ses  and o p t i ca l  uni fo rmi ty are rela
t i vely expens ive .  
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An improved l ow-e coat ing o f  pro p r i etary des i gn wa_� developed o n  thi s pro j ec t  
in c o l l abora t i on w i t h  Airco Coa t i� Techno l og i e s " .  Thi s low-e coa t i ng i s
related t o  the i r  commerc ial  Super H t rans parent conduc t i ve coat ing f o r  s e l f
d e f ro s t i ng aut omob { le wind s h i e l d s  and withs tand s high temperature vacuum pro
c e s s ing . Thi s  coat ing provi des  the s i gni f i cant l y  l ower emi t t ance ( 0 . 0 7 ) 
needed t o  improve the vacuum window g laz ing performance wh i l e having the 
poten t i a l  o f  reduc ing t he fabr i c a t i on : o s t s  as  wel l .  The hi gh-s peed s putter 
depo s i t i on proces s used b y  Ai rco f o r  such coat ings is  compat i b l e  with an 
in-1 ine ' mul t i- s tep manufactur i ng proces s f o r  vacuum windows . 

H i ghly insulat ing window glazings  require superior  window f rame s . At pre s ent  
there are  no window f rames whi c h  have suf f i c i en t ly high t hermal res i s t ance t o  
b e  ful l y  compat ib l e  with  g l az ings  such a s  evacuated aerogel , l ow-c onduct i v i t y  
g a s  f i l l ed ,  mul t i -gl azed o r  S ERI ' s  high-vacuum insulat ing g l az ing . 

A novel wind ow frame des i gn was ana lyzed whi ch §.QOws some promi se . Thi s
des i gn integ ra t e s  a compact vacuum insul a t i on panel " "  i n t o  the frame f o r  added 
thermal res i s t anc e .  Even wi t h  t h i s  speculat i ve frame des i gn , t he overal l  
va�uum window conduc tance was predi c ted t o  be typ i ca l l y  0 . 66  W/m2K ( R = 8 . 7 ° F
f t  hr / B t u ) compared to  a center-of-gla s s  conductance o f only 
0 . 36 W/m2K ( R = 1 6 ) .  C l early  an improved f rame des i gn concept wi l l  be  needed 
for use wi t h  bet ter glaz i ng s .  , 

The S ERI vacuum insulat i ng window invent i on involves a vacuum l a s e r  we l d ing 
proce s s  for  manufacturing the window . Al t ernat ive s ea l i ng proc e s s e s  sugge s t ed 
by ear l i er i nventors  included  the use o f  s older g l a s s or  g l a s s - t o-me t a l - t o
g l a s s  edge s ea l s  and subsequent evacua t i o n  through a sealable tubulat ion . 
Such edge seal s ,  being made up o f  d i s s imi l ar material s ,  are inheren t l y  weaker 
and more prone to l eak. than a mono l i thi c ,  fused g l a s s edge seal. Evacua t i on 
through a tube i s  a s l ow proce s s  whi ch woul d add t o  the manufacturi ng t ime and 
co s t s .  Las er s eal ing the vacuum window i n s i de a vacuum furnace has a po t en
t ia l  for s igni f i cant manufacturing advantages ; E_ut no . one had ever reported  
accompli s hing thi s kind o f  g l a s s  seal bef ore . The c rux o f  our  feas � bi l i ty 
�tudy was tes t ing of tlils aspect of vacuum wrndow manufac ture . 

A maj or e f f o r t  o f  the pro j e c t  was the de s i gn and cons truct i on o f  a l abora t ory 
faci l i ty to t e s t  the feas i bi l i ty o f  l a s er sea l ing large area g l a s s  windows in 
vacuum. Ear l i er experimen t s  at  S ERI had shown that it could be done smoo thl y 
�n a � r .  A un i que vacuum l a s er proces s ing fac i li t y  was comp l eted dur ing  thi s 
pro j ect  and l a ser wel ding of  g l a s s  i n  vacuum was explored . 

Two problems were i dent i fi e d ; gas bubbl e  forma t i on � n  t he mo l t en g l a s s  and 
glas s vapor c ontamina t i on of t he l a s e r  opt i c s  inside  the vacuum furnace .  The 
g l a s s  vapor contamina t i on problem prevent ed a thorough s t udy of the gas  bubble  
problem. 

The laser beam reflector  in t he vacuum furnace was c on t i nuou s l y  d egraded 
dur ing a we l ding experiment , accumulat ing about 200 nm thick.  layer of g l a s s  in 

*Ai rco Coat ing Technol o g i e s  � s  a manufac turer o f  archi tec tural and automo t i ve
g l a s s  coat ing equi pment .

**Compac t  vacuum insula t i on � s  a SERI inven t i on presen t l y  under deve l o pment . 
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only a few minutes . Thi s thi ckne s s  o f  g l a s s contamina t i on was suf f i c i ent  t o
absorb almo s t  hal f  o f  the laser  beam inten s i ty .  Consequent l y ,  the beam 
intens i ty del ivered t o  the g l a s s  sampl e  dur ing a we ld ing exper iment wa s 
cont inuous ly chang ing and cont rol l ed experimen t s  were not po s s i b l e  un t i l  the 
contamina t i on problem was s o l ved . 

I t  wa s po s s i bl e  t o  s how that g l a s s  welding could be accompl i shed in vacuum in
s p i t e  o f  the contamina t i on probl em .  Short we l d  l ength exper imen t s  at  d i f
ferent laser  intens i t i e s  and s canning s peeds and furnace t emperatures were 
conducted . Even though the l a s e r  inten s i ty at the samp l e  could not be 
ac cura t e l y  con t ro l led , i t  was po s s i b l e  to show t hat  good g l a s s  sea l s  could  be 
made under some c ond i t i on s . Under other cond i t i on s , gas bubbl e  formed and be
came t rapped in t he seal . Such bubbl e s  wou l d  be unacceptable f l aws l ead ing t o  
l o s s  o f  mechani ca l  s treng th and poten t i a l  l eaks i n  the window . A systemma t i c  
s tudy o f  the g a s  bubbl e  nucl eat i on problem and ways t o  reproduc i b l y  c i rcumvent 
i t  requi red a s o l u t i on to the gla s s  vapor c on t amina t i on problem. 

A nove l , moving fo i l  l a s e r  mi rror was des i gned and fabr i cated . The moving 
f o i l  unwinds f rom a supply  spool , cont inuou s l y  prov i d irtg fresh reflector  ' sur
face whi l e  t he con taminated fo i l  ref l ec t o r  i s  accumul ated on a take-up 
s poo l . The dev i c e  works ins i de the vacuum furnace under computer cont ro l and 
appears to s o l ve the problem.  However , i t  has not yet been used in sys tema t i c  
s t ud i e s . 

Experime n t s  rema i n  t o  be done whi ch wi l l  def ine the laser we l d ing cond i t i ons 
whi ch av.o i d  gas bubble format i on .  It  is  par t i cularly important  t o  determine 
how rap i d l y  weld ing can be done whi l e  avo id i n g  t hese  f laws s ince the s peed o f  
wel ding wi l l  l argely determine t he c o s t  o f  vacuum window g la z i ng and i t s  
poten t i a l  c o s t-effect i vene s s . 
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4 . 0  CONCLUSIONS AND RECOMMENDATIONS 

Thi s pro j e c t  ha s suc ceeded in mov i ng the concept of vacuum insul a t i ng windows 
much c l o s e r  t o  rea l i t y ,  but more l a boratory work rema ins to be done bef ore i t  
can be proven t o  be techn i ca l l y  fea s i bl e  and economica l l y prac t i ca l . 

Two techn i cal i s sues ,  gas bubbl e forma t i on in the g l a s s  we l d s  and g l a s s  vapor 
con taminat i on of  laser opt i c s , have been i den t i f i ed and requ i re thorough 
s tudy . Al t hough we have shown that sui tabl e , bubbl e-free g l a s s  wel ds  can be 
produced , we do not yet know how t he s peed of the we l di ng proce s s  may have to 
be l imited  to avo i d  such f laws . Because the cos t of vacuum window produc t i on 
i s  c r i t i ca l l y  dependent on the s peed of  fabri ca t i on ,  a ser i ou s  l im i tat i on on 
wel d ing s peed could j eopard i ze the econom i c  feas i bi l i ty of  the vacuum window 
concep t . The g l a s s vapor contaminat i on problem has probabl y  been s o l ved w i t h  
our i nven t i on and devel o pment of  a moving  f o i l  mirror . However , we have not 
tes ted thi s new mi rror in  our l as er wel d ing fac i l i ty nor used i t  yet t o  s t udy 
gas bubbl e forma t i on .  

Appl i ca t i on s  analyses  have shown that a h i ghly insulat ing vacuum window could  
s i gn i f i cant l y  reduce t he heat ing requi rement s for res iden t i a l  bui l d i ng s  in  the 
Pac i f i c  Northwe s t . The benef i t s  are part i cularly  impre s s i ve for vacuum 
windows u s ed on t he nor t h- fac i ng expo sure s .  

A det ai l ed computer anal ys i s  program for  pred i c t i ng the OI>_t ical  performance o f  
high- technol ogy windows was devel o ped a s  a part o f  t h i s  pro j e c t . The program 
exp l i c i t l y  ac coun t s  for  many a s pec t s  o f  window performance that curren t l y  
receive only very approxima t e  t reatment .  Compari sons of  resul t s  from t he de
t a i l ed and t he convent iona l , l e s s  detai l ed model s  for window pe�formance sug
gest needed i mprovement s in  the way that h i gh-technology windows such as the 
vacuum window mus t  be t reated in  appl i ca t i on s  anal ys e s . For examp l e ,  the 
solar  g a i n  bene f i t s  of north-fac ing  windows in  c o l d  c l ima t e s , whi ch are 
a l ready pred i c t ed to  be subst ant i a l , may be undere s t imated by convent i onal 
model s .  

Our wi ndow frame analyses  i l lus t ra t e  that a s impl e  one-dimens i onal model  can
not represent  the heat f l ow through frame s , because  i t s  magn i t ude i s  i n f l u
enced by the res i s tance through t he adj o i ning glaz ing and s pacer . Therma l 
improvement s  in  the frame resul t in  a greater percen tage increase  i n  overa l l  
window thermal res i s t ance when advanced s pacers and advanced g l a z i ng s  are 
used . 

The resul t s  have been promi s ing , and the authors recommend 
search and development o f  the SERI vacuum window concept . 
author s  rt�commend the f o l l owing act i vi t i e s : 

cont i nuing t he re
Spec i f i c a l l y ,  t he 

o Sys t ema t i ca l l y  s tudy t he format i on and growth o f  gas bubb l e s  �n g l a s s  dur i ng
laser  we l d ing .

Thi s act i v i ty i s  neces sary in  order to  develop  a suf f i c i ent unders tand i n g  of
thi s pot ent ial l y  seri ous fabri ca t i on problem .  We  mus t  be a b l e  to  d e t e rmine
the l imi tat i ons ( i f any ) thi s problem impos e s  on the max imum fabr i ca t i on
speed , because any such l imitat i on wi l l  s t rongly affect  the poten t i a l  eco
nomi c f ea s i bi l i ty of vacuum window manufacture .
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o Fabri cate sma l l , i n i t i a l  vacuum wi ndow t e s t  spec �mens ( 1 2 in . x 1 2  in . ) .

These  sma l l  te s t  s pec imens wi l l  be used to  deve l o p  the ful l fabr i cat i on pro
cedure and to tes t the vacuum seal int egr i t y  of  the l a ser we l d ing proce s s .
Samples  wi l l  inc l ude a nonevaporabl e  reac t ive metal  get ter . A getter manu
facturer ha s agreed to t e s t  our vacuum window samp l e s  for vacuum integr i t y
as part of  h i s  evaluat i on of  the effec t i vene s s  of  hi s get ters in thi s app l i 
cat ion . The se  sma l l  tes t s pecimens are no t wel l  sui ted to  thermal perform
ance or mechani cal  s t reng t h / durabi l i ty t e s t ing . Thermal l o s ses  around the
perimeter are too great , and the sma l l  l inear d imens ions do not a l l ow
therma l expans i on s t re s se s  to  reach the high leve l s  t hat  wi l l  occur in ful l 
s i zed windows .

o Fabr i ca t e  ful l - s i zed 
36 in . x 36 in� ) .  

vacuum window t e s t  s pec imens ( approxima t e l y  

These  ful l - s i zed t e s t  spec imens wi l l  b e  sui table for real i s t i c  eng ineering
performance t e s t s  o f  thermal res i s tance , mechan i cal s t reng t h ,  acous t i c
t ransmi t t ance , and vacuum integr i t y .  Several priva t e  compani e s  ( gl a s s  and
window manufac turers ) have expres sed wi l l i ngne s s  to a s s i s t  �n tes t i ng ful l 
s i zed s pec imens i n  the i r  window t e s t ing l aborator i e s .

o Conduc t a manufactur ing c o s t analys i s .

I f  t he rema i ning techn i cal barri ers  are overcome ,
analys i s  of probabl e  manufacturing co s t s  s hould  be
economi c fea s i bi l i ty o f  t he vacuum insulat ing window .

o Trans fer the t echnol ogy t o  private indu s t ry .

then a 
made to  

pre l iminary 
a s s e s s  the 

I f  the s teps out l ined above are carri ed out wi t h  favorable resul t s , t he
vacuum window concept wi l l  have been proven techn i ca l l y  and economi cal l y
feas i bl e . The further s teps  required t o  deve l o p  a commercial  vacuum window
product are qui t e  di f f i cu l t  and expen s i ve and are more properly the
respon s i bi l i ty of  private indu s t ry .  DOE has waived i t s  r i ght s to  the S ERI
vacuum window pa t ent i n  favor of  Midwe s t  Re s earch Ins t i tute Ventures ( MRIV ) ,
a for-pro f i t  subs i d iary o f  the SERI prime contractor , Midwe s t  Research
Ins t i tute of  Kansas  C i t y ,  Mi s souri . MRIV  ha s begun to  s o l i c i t  from p r i vate
indus t ry intere s t  i n  t he l i cens ing or purcha s e  of  t he vacuum window patent
r ight s a s  t he f i r s t  s t ep in the t echnology t rans fer .

95  



ASHRAE , 1 9 7 7 , "Fene s trat ions , "
Ameri can Soc i ety of  Heat ing , 
Inc . 

T P- 3 6 8 4  

5 . 0 REFERENCES 

ASHRAE Handbo o k �  1 9 7 7  Fundamental s ,  At lanta : 
Ref r i gerat ing and Ai r-Cond i t ioning Eng i neers , 

ASHRAE , 1 9 8 S a , " Fene s t ra t i ons , "  ASHRAE Handbook : 1 9 8 5  Fundamenta l s , �--����----�-----�����--���� Atlanta : Ameri can Soc i et y  of Heat ing , Ref r i gerat ing and Ai r-Cond i t i on i n g  
Eng ineers , Inc . 

ASHRAE , 1 9 8 S b ,  ASHRAE Handbook :  1 9 8 5  Fundamental s , p .  2 7 . 1 8 ,  At l an ta : 
Ameri can Soc i ety for Heat ing , Ref r igerat i on and Air-Condi t ioning Eng inee r s . 

ASHRAE , 1 9 8 9 , " Fenes t rat ions , "  ASHRAE Handboo k :  1989  .Fundamenta l s , At l an ta : 
Amer i can Soc i ety o f  Heat ing , Ref r i gera t i ng , and Air-Condi t i on i ng Enginee r s , 
Inc . 

Abramowi tz , M . , and I .  A .  S tegun , 1964 , Handbook o f  Mathema t i cal  Func t ions , 
Nat i onal Bureau o f  S t andards Appl i ed Ma thema t i c s  Ser i e s  5 5 , p .  8 1 . 

Anon . ,  1 9 8 1 , I . E . S .  Ligh t ing Handbook , Reference Vo l ume , I l l umina t ing Eng i 
neer i ng Soci ety o f  North America , New York , NY , F i g s . 3-7 , pp . 3-5 . 

Anon . ,  1 98 5 , " H i gh Insulat i on Technol ogy Window , "  Documen t No . 5 0 5 1 8 / 1 ,
Ge i l i nger AG , Winterthur , Swi tzerland . 

Anon . ,  1 9 8 9 , 11DOE-2 . 1C ,  Comp l e t e  User Documentat i on" , PB8 5 2 1 1449 , NTI S ,
Springf i el d ,  VA 2 2 16 1 . 

Ar a s  t eh , D .  , e t a 1 • , 1 9  86  , 
-::
0
:-
s_e_r __ a_n_d

-:
. 
--:

R
:-:
e_f_e:-

r
:-
e_n_c_e

-::--
G

-:
u
:-:
i
::-:
d
:-
e
--:-

f_o_r ___ W_I-:
N
:-
D
-:
O
�
W
,_
2_:

-:--__ A __ C
7
o
::-:
m,...p_u

:-
t_e __ r 

Program for Calculat i ng U-va l ues  and Shading Coe f f ic ient s  of  Windows , Windows 
and Dayl i ght i ng Group , Berkeley :  Lawrence Berke ley Laboratory , Uni vers i ty o f  
Cal i forn i a . 

Ara s t eh ,  D . , J .  Hartmann , and M .  Rub i n , 1 9 8 7 , "Experimental Veri f i ca t i on o f  a 
Model o f  Heat Trans f er through Windows , "  ASHRAE Transac t i ons ; Vo l .  9 3 , 
Part 1 ,  At lanta : Ameri can Soc i ety for Heat ing , Ref r i gerat ing , and Air
Cond i t i oning Eng ineers , Inc . ,  pp . 1425- 143 1 .  

Ara s t eh , D .  K . , M .  S .  Rei l l y ,  and M .  D .  Rub i n ,  1 98 9 , "A Ver sa t i l e  Procedure 
for Calculat ing Heat Tran s fer Through Windows , "  ASHRAE Transac t ions , Vo l .  9 5 , 
Pt . 2 .  At lanta : Amer ican Soc i e ty for Hea t i ng , Ref r i gera t ing , and Ai r
Cond i t i oning  Eng ineers , Inc . 

r t 

t 

l 
c l 

t 

BPA , November 1 9 8 8 , "Economi c Forec a s t s  for the Pac i f i c  Northwe s t , "  Nor t hwes t
Power P l anning Counc i l  and Bonnev i l l e  Power Admi n i s t rat i on .  

Bal comb , J .  D . , et  al . ,  1 9 84 , Pas s ive S o l ar Heat ing Analys i s , At l an t a : 
Amer i c an Soc i e ty of  Heat ing , Ref r i gerat ing and Ai r-Cond i t i oning Eng i neer s .  c 

Ben s on , D .  K . , et  al . ,  1 9 8 7a , "Vacuum Window Glaz ings for Energy Ef f i c i ent  
Bui l ding s - FY 1 9 86 Annual Progre s s  Report , "  SERI / PR-3 1 5 9  ( draf t ) ,  Gol den , 

�--CO : S o l ar Energy Research Inst i tute .  ( 

96 r 



l 

l 

TP-3684  

Bens on , D .  K . , and C .  E .  Tracy , 1 9 8 6 , "Vacuum Window Glaz ings for Energy E f f i
c i ent Bui l d i ng s , "  SERI / PR-25 5-290 1  ( draf t ) ,  Go lden , CO : Solar Energy Res earch 
In s t i t ute . 

Benson , D .  K . , and C .  E .  Tracy , 1 98 7 b , "La s er Sea l ed Vacuum Insulat i on 
Window , "  U . S .  Patent No . 4 , 68 3 , 1 5 4 . 

Benson , D .  K . , and C .  E .  Tracy,  1985 , "Evacuated W i ndow Gl.azings for  Energy 
E f f i c i ency Bui l d i ng s , "  Proceedings of t he 2 9 t h  Annua l SPIE Conference , San 
Di ego , 1 9-24 Aug . 

Bens on , D .  K . , and T .  Pot ter , 1989 , "Compact Vacuum Insul a t i on , "  Interna t i onal 
Patent Cooperat i on Treaty ( PCT ) Number W08 9 / 09 8 6 0 , Wor l d  Intel l ec tual Property 
Organ i za t i on .  

B iggers , Bret t , July 1989 , Personal Communi c a t i on ,  Wa shington , D . C . , Nat i onal 
As s oc i a t i on for  Home Bui l der s . 

B i rd , R .  E . , R .  L .  Hul s t rom , and L .  J .  Lewi s ,  1983 , "Terres t rial  Solar  Spec
tral Data  Set s , "  S o l ar Energy , 3 0 , p .  5 6 3 . 

B i rd , R .  E . , and C .  Ri ordan , 1 9 8 6 , " S impl e  Solar Spec t ral  Model for D i rect and 
Di f fuse I rrad i ance on Horizontal and T i l ted Planes at the Earth ' s  Surface for 
C l oud l e s s  Atmo s pheres , "  Journal o f  Cl ima t e  and Appl i ed Meteorol ogy , Vol .  2 5 , 
No . 1 ,  PP • 8 7 -9 7 . 

Cabl e ,  M . , 1984 , "Princ i pl e s  of  Gla s s  Mel t ing , "  in Glas s :  S c i ence and Tech
nol ogy , pp . 1-40 , D .  R .  Uhlmann and N .  J .  Krei del , eds . ,  New York: Academic  
Pres s .  

Carpen t er , S . , 1 9 8 7 , "The E f fec t o f  Frame Des ign  on Window Heat Lo s s ,  Pha s e  
1 :  F inal Report , "  Waterloo , Ontari o :  Enermodal Eng ineeri ng Limi t ed . 

Chen , C .  K . , and C .  L .  T i en ,  1 9 7 3 , "Conduc tance o f  Packed Spheres 1n Vacuum , "  
Transact i on s  o f  t he ASME , p .  302 , Augus t .  

Chr i s tensen , C .  B . , Pers onal Commun i ca t i on s , 1 9 8 8 . 

Cl ark , Robert , 198 7 , Personal Commun i cat i on s , Al pen , I nc . ,  Boulder , CO . 

Col lares-Perei ra , M . , and A .  Rabl , 1 9 7 9 ,  "The Average D i s t r i bu t i on o f  Solar  
Radi a t i on--Correlat i on s  Between Di f fuse and Hemi s pherical  and Between Da i ly 
and Hourly Insul a t i on Values , "  Solar Energy , 2 2 , p .  1 5 5 .  

Co l l ins , R .  E . , and S .  J .  Robinson , 1990 , " Evacuated G l az ing , "  to be pub l i shed 
in Solar Energy . 

Duf f i e ,  J .  A . , and 
Proces ses , New York:  

W .  A .  Beckman , 1 9 80 , Solar Eng ineering 
John W i l ey and Sons , ?P • 1 2 2  and 202 . 

o f  Therma l

Enermodal , 1 9 88 , "FRAME : A Fini te-Di f f e rence Computer  Program to Eval ua t e . 
Thermal Performance of  Window Frame Sys tems , Vers ion 1 . 2 , "  Water l oo , Ont ar i o :  
Enermodal Eng i neering Limi t ed . 

9 7  



TP-3684  

F i sher , J .  C . , 1948 , "The Frac ture o f  L i qui d s , "  J .  Appl ied Phys i c s , ..!:2. '  pp .
1 06 2.,.. 1 06 7 . 

G i lmore , E . , 1 9 8 6 , "Superwindows � "  Popular S c i ence ,  pp . 7 6 - 7 8 , March . 

Harri son , S .  J . , and Barakat , S .  A . , 1 98 3 , ' 'A  Method for Compar ing the Therma l 
Pe r formance o f  Windows " ,  ASHRAE Transac t i on s � Vo l .  8 9 , Part lA , At l anta : 
Ameri can Soc i ety o f  Heat ing , Ref r i gera t i ng and Ai r-Condi t i oning Eng i neer s .  

Hay , J .  E . , and J .  A .  Dav i e s , 1 9 7 8 , Proceedings  of  the F i r s t  Canad i an Solar 
Rad i a t i on Data Workshop , J .  E .  Hay and T .  K .  Wan , eds . ,  Toronto , Canada . 

John son , K .  L . , 1 9 8 2 , "One Hundred Years of  Hertz Contac t , "  Proceedi ng s  o f  
Ins trumentat i on and Mechan i ca l  Engineers , Vol .  1 9 6 ,  p .  3 6 3 . 

Jon s s on , Bert i 1 ,  1 9 8 5 , Heat Tran s fer through Windows : Dur ing t�e Hours of 
Darkne s s  wi th t he E ffect o f  I n f i l t ra t i on Ignored , S tockho l m :  Swed i sh Counc i l
for  Bui l d i ng Re searc h .  

Knapp , C .  L . , T .  L .  Stof fel , a n d  S .  P .  Whi taker , 1980 , Insulat i on Data  Manual , 
SERI / SP-7 5 5- 7 8 9 , Golden , CO : Solar  Energy Re s earch In•t i tute . 

LBL , Oct . 1 9 8 8 , "Wi ndow 3 . 1 :  A PC Program for  Anal yz i ng Window Therma l Per
forp1an c e � "  Berkeley:  Lawrence Berke l ey Laborat ory , Un i vers i ty of 
Cal i forn i a .  

Lampert , C o  M . , 1 9 8 1 , Solar Energy Materia l s ,  � '  p .  1 .

Lauer , B .  E . , 1 95 3 ,  Heat Trans fer Cal cula t i on s , Tul s a :  The Petrol eum Publ i sh
ing Co . ,  p .  2 .  

L 

r 
i 
[ 
! 
l 

L 

1 

Li l �e sand , T .  M . , and R .  �
l
· K i e f f e

1
r
8

, 1 9 7 9 , Remot e  Sen s ing and I mage Int erpre- r tat 1 on ,  New York : John W1  ey , p .  • I 
McGowan , Alex , June 1 9 8 9 , 
Enermodal Eng inee r i ng . 

Per s onal Communi ca t i on , Waterl oo , Ontar i o :  

Means Sys tems Co s t , 9th Edi t i on , 1 984 , K i n g s ton , MA : Robert Snow Means 
Company . 

Neeper , D .  A . , 1 9 8 5 , " Impa c t s  o f  Research on New and Exi s t ing Bui l d i ng s , "  Pro
ceed i ngs of t he S o l ar Bui l d in�s Conference , March 18-2 0 , 1 98 5 , Washington , 
D . C . , P P •  132-1 3 7 . 

Owen s  Corning , Product L i t erat ure , 1 9 88 . 

Parekh , Ani kl , and Timothy Mayo , 1 9 8 9 , "Thermal Analys i s  and Energy Savings  
wi t h  H i gh-Performance Windows , "  Ot tawa , Ontar i o :  Energy , Mines , & Re sources  
Canada . 

Palmi t er , L . , M . , M .  Toney and I .  Brown , 1 9 8 8 , "Prel imi nary Eva l ua t i on o f  Two 
Short-Term Bui l d ing Tes t  Methods "  ( a  microcomputer vers ion o f  SERIRE S  i s  a l s o  
ava i l able commerc i a l l y  as  SUNCODE-PC

m
) from ECOTOPE , Inc . , Seat t l e , WA 98 1 1 2 .

98  

\_ 

\ 



TP-3 684 

Powel l ,  A . M . , J r . , 1 9 8 6 , "A S impl e  Solar Spectral  Mode l  
Effec t s  of  C l oud Cover and Surface Al bedo o n  the Incoming 
Thes i s ,  Ann Arbor : Un ivers i ty of  M i chigan .  

for S t udying the 
Rad ia t i on , "  Ph . D .  

Quantum Opt i c s , I nc . , Augus t  1 988 , "Aeroge l :  A Trans parent Insulator , "  Quan
tum Opt i c s  Inc . 

Re i l l y ,  Susan , September 1 9 8 9 , Personal Commun i ca t i on ,  Berke l e y :  Lawrence 
Berke l ey Laboratory , Un iver s i t y  of  Cal i forn i a . 

Robinson , Paul , and John Li t t l er , 1988 , "Met hodo l ogy of  Window Therma l Per
formance As s e s sment Techn i ques in the U . S .  and the U .  K . , " Research 1n

· Bui l ding Group , Polyt echn i c  o f  Cen t ral  London , London : Crown . 

Rubi n ,  M . , 1 9 8 5 , Solar Energy Material s ,  1 2 , p .  2 7 5 . 

Rubin , M . , and Sel kowi tz , s . , 1 98 1 ,  "Thermal Performance of Windows Having 
H i gh Solar Transmi t tance , "  Proceed ings of  the S ixth Nat i onal Pas s i ve Solar  
Energy Conference , Boul der CO : Ameri can Solar Energy Soc i e t y .  

Rubin , M . , and C .  M .  Lampert , 1 98 3 , "Trans parent S i l i ca Aeroge l s  for Window 
Insul a t i on , "  Solar  Energy Mater i al s , ?_ ,  pp . 3 9 3-400 . 

Rubin , M . , 1 98 2 , 1 1Ca l culat in5  Heat Trans fer through Windows , "
Res earch , Vo l .  6 ,  pp . 3 4 1-349 . 

Energy 

Selkowi t z , S . ,  1 985 , D i s cu s s i on at  t he NFC / DOE Low-E Roundtable Conference , 
Las Vegas , NV ,  Aug . 28-29 . 

S i egel , R . , and J .  R .  Howel l ,  1 9 7 2 , Thermal Rad i a t i on Heat Tran s fer , New 
York:  McGraw-H i l l . 

So�l e , D .  E . , 1 9 8 8 , " S pe c t ra l  Model For I n s t antaneous Advanced Window Perform
ance" , Proc . 1 3 th Nat i onal Pas s ive S o l ar Con£ . ,  Cambr idge , MA ,  p p .  3 7 7-382 . 

Soul e ,  D .  E . , 1 9 89 , "Da i ly Advanced Window Performance from a Spec tral Mode l " ,  
Proc . 1 4 t h  Nat ional Pa s s i ve Solar Con£ . ,  Denver ,  CO , p p .  3 1 6-32 1 .  

St ephenson , D .  G . , 1 96 5 , S o l ar Energy , 2 ,  pp . 2 ,  8 1-8 6 .

Sul l i van , R . , D .  Aras teh , G .  Swei tzer , R .  John s on , and S .  Selkowi t z , Apr i l  
1 9 8 8 , "The I n f l uence o f  G l az ing Selec t i on on Commer c i a l  Bui lding Energy Per
formance in Hot  and Humid Cl i mat e s , "  Berkeley :  Lawrence Berkeley Laboratory , 
Univer s i ty of  Cal i forn i a .  

U . S .  Census Bureau , 1 9 8 7 , 
Cen s us Bureau . 

"Characteri s t i c s  o f  New Hou s i ng , '  Mary l and : U . S .

Wray , W .  0 . , 1 9 83 , " Pas s i ve Solar Des ign Manual for Naval Ins tal l a t i on s , "
LA-UR-83-223 6 , Lo s Alamo s , NM :  Lo s Alamos Nat i onal Laboratory . 

99  



TP- 3 6 8 4  

APPENDIX A .  MODELING O F  WINDOW FRAME EFFECTS 

A . l Methods t o  Predi c t  The rmal Performance o f  Windows 

La bo rat o ry and f i eld  t e s t ing are too expens i ve and t i me consuming for i n i t i a l  
window des i gn and optimi za t i on or for comparing wi ndow per f o rmance . An 
anal yt i c  model e l iminates these  problems and al l ows unb iased compar i s ons for 
de termi n i ng the effec t s  of minor des i gn changes or for compar i ng a l ternat i ve 
des i gn s . 

A s t andard measure o f  the thermal res i s t ance o f  a window as semb l y  a s s umes no 
solar rad i a t i on ,  mo i s ture , or inf i l t rat i on to inf l uence the window 1 s  thermal 
performance ( ASHRAE 1989 ) .  Heat t rans fer resul t s  f rom t he comb ined effec t s  o f  
cond �c t i on ,  c onvec t ion , and infrared rad i a t i on and i s  a s s umed t o  b e  
p r  por t i onal t o  t he i n s ide-t o-out s i de d i f ference in  a i r  temperature . 

A. 2 One-Dimens i onal Model o f  Window Performance 

A s impl e ana l y t i c  procedure was developed to  cal cul ate  heat f l ow through 
wi ndows in order t o  s tandard i ze t he repo r t ing of window heat-tran s fer i n d i c e s  
( ASHRAE 1 9 8 9 ) .  I t  a s sume s para l l e l  heat- f l ow paths through three component 
part s of the window : the center of g l as s ,  t he edge of g l as s ,  and the frame a s  
s hown i n  F i gure A- 1 .  The res i s tance through each component i s  area-we i ghted 
to  determi ne the overa l l  wi ndow R-val ue as  shown in E q . A- 1 .  

r L 

r ' 
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R = 
0 A 

1 
A A£ ( A- 1 )

1 _3 * . �  
A R A 0 eg 0 or 

A A 
u = � * u . �  

0 A eg  A 0 0 

where 

0 = Overa l l  window a s s embl y  

f = Window frame 

c g  = Cen t e r-o f-g la s s  

eg = Edge:-of-g las s 

A = Area 

R = Thermal res i s tance 

u = Thermal conduct ance ( 1 / R )  

1 0 0  
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S tandard hea t - t ran s fer computat i on s  are  used t o  determine the cent er-o f-g l a s s  
R-val ue ( R-va l ues  and / or U-va l ues  are g i ven tn  ASHRAE 1 98 9  and t n  
manufacturer s '  catalog s ) .  S imp l i f i ed corre l a t i on s  be tween cen t er-of-g l a s s  R
va l ues and var i ous s pacer types are used to e s t imate  the edge-o f-g l a s s  R
va l ue . Frame R-va l ues  are approximated for.  a few generic  frame type s . The 
computer program Window 3 . 1  ( LBL 1 9 88 ) ,  whi ch i s  ba sed on the s e  a s sumpt i on s , 
c a n  be used t o  o b t a i n  the same resul t .  Good corre l a t i on s  be tween thi s theo
ret i cal  model and l aboratory measurement s  have been reported (Ara s teh , 
Har tmann , and Rubin 1 9 8 7 ) .  

The graph in F i gure A-2 i l l us trates  t he rel a t ive effec t s  o f  coup l ing glazings  
and frame s o f  d i f ferent thermal res i s t anc e s . The graph was created us i n g  t he 
same a s s ump t i on t hat  overal l window R-values can be approxima t ed by paral l e l , 
area-we i ghted , hea t - f l ow paths through window component s .  To represent t he 
model  in  thi s s impl i f i ed graphic form,  we reduced the number o f  var i a b l e s  by 
comb i ning the edge-of-gl a s s  and frame C!Omponent s  into one vari a b l e  as shown in 
Eqs . A-2 and A-3 .  The R-val ue o f  the window a s s embly  is p l o t ted a s  a f unc t i on 
of  b o th g l az i ng R-val ues ( center-of-g l as s )  and f rame R-values ( average re s i s t 
ance of  frame and edge-of-g l a s s combined ) ,  a s s uming t hat 2 5 %  o f  the window 
a s s embly  area i s  oc cup ied by the frame ( frame area exc l uding edge-of-g l a s s  
area ) .  ( Thi s g raph i s  s l i ghtly mod i f ied from the graph presen t ed i n  Bens on 
and Tracy [ 1 9 86 ] . )  An a l terna t i ve repres en t a t i on o f  t h i s  mod e l  coul d have � 
combi ned the edge- o f-g l a s s  and center-of-gl .a s s  componen t s . We c ombined t he 
edge-of-g l a s s  and frame componen t s , l eaving the center-o f-g l as s an i ndependent 
var i a b l e  because  the res i s tance of the center-o f-gl a s s  can be eas i l y  f o und . 

where 

1 
Af * .!_ + Aeg * 1
Ao Rf 

A
o Reg

Rfe = Comb i ned parallel  res i s tance o f  f rame and edge-of-gla s s

R 1= 
0 Afe 1 A 

1 * + _3. * 
A R

fe 
A R 0 0 eg 

( A- 2 ) 

( A- 3 ) 

The ma tn pro b l em wi t h  thi s comput a t i onal method 1 s  tn e s t ima t i ng t he component 
R-va l ues for t he frame and edge-o f-g las s .  Thermal performance informa t i on on 
frames i s  very l imi t ed , al though i t  i s  t he focus  of  current research ( Ara s t eh ,  
Rei l l y ,  and Rub i n  1 9 8 9 ) ,  and i t  i s  comp l i cated  by the var ious conf i gurat i on s , 
thi ckne s se s , and material  combi na t i o n s  u s e d  tn frame con s t ruc t i o n .  
Approxima t e  edge-of-g l a s s  R-values  a r e  ava i l ab l e  f o r  a luminum s pacers u s ed 
wi th vari ous  type s o f  g l azing s , but very l imi t ed i nforma t i on i s  ava i l a b l e  f o r  

ther types o f  s pacers . Thi s  me t hod , therefore , i s  inappropri a t e  to  eva l ua t e
window thermal performance wi t h  new g az ing , s pacer , and frame t ypes  w= t h  un
known component R-va l ues . 

Ano t her pro b l em inherent in thi s model  i s  t he s imp l i f i ca t i on o f  para l l e l  heat 
f l ow through the three component s .  Recent s t ud i es  conf i rm that there t s  a 
thermal interac t ion be tween the frame and the edge-of-gl a s s , par t i cu l a r l y  when 
therma l l y  conduc t i ve frames are u s ed ( Re i l ly 1 9 8 9 ) .  To overc ome the s e  
pro b l ems we u s ed a two-dimens i onal mode l . 
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A . 3  Two-Dimens i onal Model o f  Window Per f o rmance 

The FRAME computer program �s  des i gned t o  model cus t om con f i gurat i on s  of  
window frame s and g l a z ings , to determine t he heat  f l ow through the window 
cross  sec t i on ,  and to  pred i c t  the R-value o f  the ent i re window a s s emb l y 
( En ermodal 1 9 8 8 ) .  Based on the Swed i sh c omputer program ,  BJ2ST ( Jons s on 
1 9 8 5 ) ,  FRAME i s  a two-d imens i onal , steady-s tate , f i n i te-d i f ference procedure . 
FRAME a l l ows for  two-d imen s i ona l heat trans fer , whi ch has been shown t o  occur  
in  the edge-of-g l as s reg i on , part i cularly a l ong the  s pacer tha t  separates  the
panes o f  g l as s .  The BJ2ST program wa s found t o  be accura te wi thin 1 0% �n
predi c t ing the overa l l  R-value of  a window a s s embly ( Jons son 1 9 8 5 ) .  I n i t i al 
val i dat ion s  o f  the FRAME program show comparable acc1:1racy ( Carpenter 1 9 8 7 ) .

The user supp l i e s  the cro s s-sec t i on geome t ry o f  a f�ame and g l a z i ng edge � n  
t he form o f  rect angl e s  as  shown i n  F i gure A- 1 .  Each rectangular component i s  
a s s i gned a thermal c onduc t i v i t y .  The user  spec i f i e s  the boundary cond i t i ons , 
whi ch include t he indoor and outdoor temperatures ( u sual l y  the des i gn t empera
tures ) ,  the a i r  f i lm res i s tances on each exp o s ed g l a z ing surfac e , and the t em
peratures o f  the ad j o ining wal l  and the ad j o i n i ng center-of-g l a s s  ( wh i c h  are 
commonly a s s umed to be adi abat i c  surfaces wi th inf i n i t e  re s i s tance and 
t emperatures tha t  do n o t  vary at  the boundary ) .  The user then del inea t e s  t he 
f in i te-d i f ference g r i d  o f  t emperature nodes t o  spec i fy the accuracy in det er
mi n i ng the hea t - f l ow path through each por t i on of t he frame . 

FRAME calcul a t e s  the heat t rans fer through t he cro s s  sec t i on and produ c e s  
graphi c output o f  i so t herms o r  heat-flow p l o t s ,  as  shown in F igure A-3 . FRAME 
a s sumes t ha t  t he cros s  sect i on i s  representa t i ve o f  each o f  the f our s i de s  o f  
t he window f rame and that t he overal l window t hermal performance can be 
cal culated from thi s represen t a t i on .  

The cro s s  sec t i on exc l udes the center-o f-g l a s s  reg i on ( because  one-dimens i onal 
heat t rans fer t akes place here and the two-dimens i onal capabi l i ty o f  F RAME i s  
not  neces sary ) . FRAME a s s umes one-di mens i onal heat trans fer t hrough the 
c en t er-of-gla s s , i n  a paral l e l  heat-flow pat h  wi th the two-dimens i onal 
frame/ edge-o f-g l a s s  s e c t i on .  Thi s  resemb l e s  the mod i f i ed one-d imen s i onal 
theoret i cal model , except t hat the comb i ned edge-o f-g l a s s  and frame re s i s tance 
is  det ermined by FRAME ( see Eq . A-3 ) .  The FRAME output is  g i ven in t e rms of  
W /m.  The f o l l owing equat i on , Eq . A-4 , �s  used to  calculate t he overa l l  
R-value o f  the window a s semb l y .  

where 
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Atw = Area o f  the total  window

Qt 
= q 1 * L

where 

Qt
= To t a l  hea t f l ow through frame and edge-o f-gl a s s  

q 1
= Heat f l ow through cro s s  sec t i on 

L = Average perimeter di s tance around f rame/ edge-of-g l a s s 

FRAME has two advantages  over the ASHRAE /WINDOW methods :  ( 1 )  I t  a l l ows for  
int erac t i on betwe.en the frame and t he edge-:-o f-g l a s s  regi ons , and ( 2 )  it  can 
model unusual f rame o r  window con f i gura t i ons and types for whi c h  component 
R-val ues  are o therwi se unknown . 

A. 4 Methodology 

We used the FRAME program to evalua t e  the effec t s  o f  var i ous g l a z i ng s ,  frame s ,  
and s pacers o n  the overall t hermal performance o f  windows . We modeled two 
d i f ferent glazing  types : doubl e-pane g l a z ing and vacuum glazing . 

With  these glaz ings  we modeled four d i fferent types o f  frames . We obta ined 
det a i l ed drawings  and s pec i fi ca t i ons on an insul a t i on-f i l l ed frame and modeled 
i t  a s  accurately  as  po s s i bl e .  We used thi s same conf i gura t i on to  model a wood  • 

frame , so  tha t  d i re c t  compari sons between frame s could be made . I n  t he thi rd 
and fourth cases , we therma l l y  improved both frames by add ing insula t i on t o  
the i r  exteri or-facing surfaces . 

We model ed t hree t ype s o f  spacer s . We model ed double-pane g l az ing wi th a 
conven t i onal aluminum channel spacer . We modeled the vacuum g l az ing w i t h  two 
d i fferent forms o f  s pacer s . One was j u s t t he fused edge o f  the g l az ing , whi ch 
formed a cons tant  gap thicknes s  t hroughout t he uni t  a s  shown . Ano ther t ype 
a s sumed that  t he g l a z i ng was expanded at  t he edge i n  an a t t empt t o  improve i t s  
res i s tance t o  heat t rans fer . 

The thermal performances of  the doubl e-pane gl azing with each frame t ype 
served as  reference cases . 

A . S  The Window Model  

The FRAME met hod o l ogy a s s umes one-d imens i onal heat f l ow through t he cen t er-of
g l a s s , s o  it  i s  unneces sary to model  t h i s port i on of t he glaz ing i n  the two
dimen s i onal s egment of the FRAME program . The c enter-of-g l a s s  con t r i but i on 1 s  
included i n  t he f inal overal l window performance cal cul a t i on ,  a s  di s cus s ed 1n 
Sec t i o  1 A . 4 ,  after t he edge-o f-glas s / frame heat  f l ow is  determined . 

The s tandard ASHRAE 
( 0 . 36 m2-°C / W )  wa s used 
the vacuum g l a z ing we 
( 2 . 8  m2-0c /W ) ,  ba sed on

center-of-g l a s s  .R-va l ue of 2 . 04 h-ft 2-°F / B t u
i n  thi s cal culat i on for  the doubl e-pane g la z i ng�  For 
used the center-of-g l a s s  R-value o f  16  h- ft 2-° F / B t u
predi c t i ons o f  a vacuum g l a z i ng computer model . 
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We  used  the two-d imens iona l segment of  t he FRAME program to model the edge-of
gl a s s  and f rame port i ons of  the window ( exclud ing the center-o f-g l as s 
por t i on ) .  The edge-of-g l a s s  has been def ined as the por t i on o f  the vi s i b l e  
g l a z i ng that extends approx imately 2 . 5  in . ( 64 mm )  toward the center-o f-g la s s ;  
beyond t h i s  po in t , a t  t he c en ter-of-g la s s ,  the heat f l ow become s  one
d i mens i onal  ( ASHRAE 1 9 8 9 ) .  We mode led t h i s  band as 3 i n . ( 7 6 mm )  becau s e  the
po int  of one-dimens i onal f l ow in vacuum g l a z ing i s  unknown . 

The doubl e-pane g l az ing was modeled wi th  a conven t i ona l alumi num s pacer and 
as sembly as s hown in F i gure A-3 . The a l uminum spacer i s  a rec tangular  channe l 
having a ho l l ow a i r- f i l l ed core . The d e s i ccant granules  that commonly  f i l l  
thi s core were not modeled . The spacer i s  held  i n  place w i t h  g l a z i ng tape and 
butyl rubbe r .  A rebate ( an a i r  s pace to a l l ow for g l a s s  expans ion ) s eparates 
the s pacer / g la s s  edge and the frame . A vinyl bead wi th an air s pace f o rm s  the 
weather- s t r i pping a l ong the interior g l a s s  pane (not  shown in thi s f i gure ) .  

The vacuum g l az ing was more d i f f i cul t t o  mode l . A reas onably accurat e  and 
ver i f i able  model of the vacuum glazing  edge was neces sary . Because o f  the 
two-d imen s i onal res t r i c t i on us ing the FRAME program and the way t hat FRAME 
mode l s  gaps ( s pec i f i ed gases  wi th  an effect ive therma l conduc t i vi t y  to 
repre sent the combi ned rad i a t i on and c onvec t i on effect s ) ,  the vacuum g l az ing 
could not be model ed i n  a preci se  and detai led cons t ruc t i on ( refer  to  
F i gure l - 1 ) .  A very s impl i f ied �  yet conceptua l l y  val id , model o f  the vacuum 
glaz ing was theref ore devel oped . Becaus e  i t  i s  apparent t hat  the g l a s s  
enve l o pe w i l l  act as a f in to  t rans fer hea t from the warm to  t he c o l d  s i de , 
t hi s  i mpor t an t  feat ure was model ed a s  ac curat ely as  po s s i bl e .  The uni t  wa s 
modeled a s  two pane s o f  g l a s s s eparat ed by the gap and l inked at  t he per i me t e r  
wi th a g l a s s  " s pacer . 1 1  The g a p  wi thi n the glas s enve l ope was mode led a s  a 
homogenous ma ter i a l  wi t h  an effect i ve thermal conduc t i vi t 7  that comb i nes the 
rad i a t i on heat trans fer through the vacuum with  the s o l i d  conduc t i on t hrough 
the s pher i cal  spacers . Thi s effect ive thermal conduc t i v i t y  was deri ved f rom a 
more deta i l ed heat-tran s fer model ( Sect i on 2 . 1. 6 ) .  F i gure A-4 s hows the 
vacuum glazing  model wi th  i t s  wel ded g l a s s s pacer . 

A modif i ed ver s i on of  the vacuum g lazing s pacer was created by e l ongat ing the 
spacer as shown in F i gure A-5 . Thi s  e l ongates  the heat-trans fer path in an 
effort to maximize the ces i s tance to heat f l ow through the s pacer . 

The se lected f rame i s  a res ident ial-type operabl e casement mode l . For s lm
pl i c i ty ,  we a s s umed a un i form conf i gura t i on for the s i l l , head , and r i gh t  and 
l e f t  j ambs . We used t he typ i ca l  s i ze o f  a res iden t i a l  window a s  spec i f i ed by 
ASHRAE : 3 ft x 4 ft ( 0 . 9  m x 1 . 2 m) . 

We obtained detai led drawings and s pec i f i cat i ons on a f iberg l a s s - insulated 
frame and modeled i t  as accurately as  po s s i b l e ,  as s hown in  F i gure A-6 . The 
spec i f i cat i on s  ( thi cknes s  and thermal c onduc t i vi t y )  of each component are pro
prietary ;  however , the indivi dual component s  at tlfe frame / glaz ing inte r face 
are l i s ted in  Table A- 1 .  We then modeled thi s frame con f i gurat i on as a wood 
frame by a s s i gn ing a thermal conduc t i v i ty of wood to  each frame component . 
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Figure A-3 . 
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Figure A-4 . 

TP-3684  

Close-up of double-pane glazing model wi th aluminum channel 
spacer 

Close-up of vacuum g l azing model wi th welded glass . spacer 
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Figure A-5 . 
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Close-up o f  vacuum glazing model wi th mod i f i ed welded glass  
spacer 
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Table A-1 .  Fiberglas s-Insu l a t i on-F i l l ed Frame Det a i l s 

Frame/Glazing Interface Component s  
( a s  shown in F i gure A-6 from l e f t  t o  r i ght ) 

Frame b i t e  ( f i berglas s insula t i on i n s i de c a l c i um ca rbona te  s ki n )  
G l a s s  
Butyl caulk ( to b ind g l a s s  t o  s pacer ) 
Aluminum s pacer channel wi th interna l a 1 r  cav i t y 
Butyl caulk ( to bind s pacer to  g l as s ) 
Glas s 
Glas s tape adhes ive 

T?- 3 -'1 3 4  

Weathers tripp ing ( vi nyl bead wi th a 1 r  s pace between vinyl and g l a s s ) 

In the third  and fourth cases , we modeled  a compac t i n s u l a t i on at tached to the 
ext e r i or o f  ei ther frame , leaving a gap be tween the ext e r i o r  i n s u l a t i on and 
the g l az ing so that the otherwi se  increa s ed b i t e wou l d  not i n t e r f e re wi th the 
resul t s  ( see F i gure A-7 ) .  A frame wi th an ext e r i o r  jacket of compa c t  vacuum 
insulat i on ( CVI ) i s  propos ed .  CVI i s  an i n s u l at i on under deve l o pmen t by S ER I
that is  a s p ino f f  technology o f  SERI ' s  vac uum g l az i ng .  I t  i s  very  s im i l a r  in  
concept and des i gn ex�ept that i n s t ead o f  g l a s s  pane s ,  two shee t s  o f  me t a l  are  
wel ded t ogether to  encl o s e  a high-qual i t y  vac uum . I n  its  deve l oped form it  i s  
expec t ed t o  be �pproximately 0 . 1  i n .  thick and have a thermal res i s t ance  o f
about R-1 0  hr- f t  -°F/ Btu ( 1 . 75 m2 °C/W ) .

We a s sumed a s e t  of  wint er des i gn cond i t i ons for the out s id e  and i n s i de a i r
temperatures ( outdoor s : 0°F ,  - 1 8°C ;  indoor s :  7 0°F ,  2 1 °C [ ASHRAE 1 9 8 9 ] ) .  Heat
f l ow from the window frame into t he surrounding insulated wal l s  wa s a s s umed 
neg l i g i bl e ,  so thi s boundary was regarded a s  ad iabat ic . 

The truncated g lazing ( a t  the c enter-o f-g la s s /edge-of-g l a s s  boundary ) wa s 
t reated a s  adi aba t i c , fol lowing the rat i ona l e  that one-dimens i ona l hea t f l ow 
occurs beyond thi s edg e .  The surface between  the frame and the a d j o i n i ng �a l l
was a l s o  a s s umed to be adiabat i c .  I n  order to achi eve these  cond i t i ons , t he 
bounda r i e s  were s p e c i fi ed as  having i n f i n i t e  res i s tanc e . 

A change in the b i t e  s i ze was modeled f o r  the vacuum-glaz i ng / wood- :'" :-a.me 
window. Windows wi th a l arger b i t e  wi l l  have a sma l ler percentag e  g l azing f o r  
a window wi th  the same overal l  dimens ions . In order to  compare the windows a n
an. equal g l az ing s ize and an equal percentage glazing s i ze , a new ba s e  ; a s e  
was d e s i gnated f o l lowing guidel ines in Carpen ter ( 1 987 ) .  An add i t i ona l s : � i ?
o f  insulated  wal l  wa s added to  the perime t e r  s uch that the t o t a l  c en t e r- J r 
glas s and edge-of-glas s areas remains  the same . One-d imen s i ona l pa ra l e i  � e 3 · 
f l ow through thi s s trip  was a s sumed . 
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F igure A-6 . Doubl e-pane glaz ing 1n wood f rame o r  f iberglas s-insulated frame 

Figure A-7 .  Double-pane glazing 1n wood frame o r  fiberglass-insulated frame 
with CVI cladding 
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1 0  R E M  **************** * * * * * * * *** * * * * * * ************** * * * * ** * * * * * * * * * * * * *
20 REM VGMOD . BAS 
3 0  REM TH IS PROGRAM COMPUTES THE THERMAL PERFORMANCE OF AN ADVANCED 
4 0  REM VACUUM W I NDOW 
5 0  REM *** **************** * * * ** ** * * * * * * * * * * ************ * * * * * * * * * * * * * * * * *  
60 ON ERROR GOTO 3000 
70 REM 
80 REM 
90 REM * ******** WI NDOW 
1 00 L= l 
1 1 0 W= l 
1 20 A=LxW 
1 30 D= . 00 0 4  
1 40 R = D / 2  
1 50 LG= . 00 3  
1 60 L E = . 00 3  
1 70 S= . 03 
1 8 0  LBAFF = . 0 1 27 
1 90 REM 

BASE CASE PARAMETERS 

GEOMETRY * ** * *********** 
' LENGTH OF GLAZ ING EDGE I N  METERS 
' WI DTH OF GLAZ ING IN METERS 
' AREA OF GLAZING IN SQUARE METERS 
' D I AMETER OF SPHERI CAL S P ACERS I N  
' RA D I U S  OF SPHERES IN METERS 
' TH ICKNESS OF GLASS IN METERS 
' WIDTH O F  EDGE WELD I N  METERS 
' GR I D  SPAC I N G  OF SPHERES IN METERS 
' EDGE BAFFLE W IDTH IN METERS 

200 REM ********* GLASS PROPER T I ES *************** 
2 10 REM ( CORN ING 7740 " PYREX " GLASS ) 

METERS 

220 K = 1 . 05 ' THERMAL CONDUCT I V I TY OF GLASS I N  W/MK 
230 E=6 . 3 7 E + 1 0  ' YOUNG ' S  MODULES IN N / M � 2  
2 40 NU= . 2 1  ' PO I SSON ' S  R A T I O  
2 5 0  EPS 1 = . 84 ' EM I TTANCE OF SURFACE 1 
2 60 EPS2= . 0 7  • EM I TTANCE OF SURFACE 2 
2 7 0  EPS3= . 07 ' EM I TTANCE OF SURFACE 3 
280 EPS4= . 84 ' EM I TTANCE OF SURFACE 4 
290 REM 
300 REM ***** **** FRAME PROPER T I E S  **************** 
3 1 0  BAFF=5 ' BAFFLE RES I STANCE I N  F T � 2  F HR/BTU 
320 REM 
330 REM * ******** COND I T I ON S  ********************** 
340 REM ( ASHRAE STANDARD W I NTER ) 
350 TA=- 1 7 . 7 8  ' OUTSIDE T EMPERATURE I N  C E L S I U S  ( oF )
3 6 0  T I =2 1 . 1 1  ' IN S I D E  TEMPERATURE I N  CELS I U S  ( 70F ) 
370 V = 6 . 7  ' WI ND SPEED I N  M/S ( 1 5 M/HR ) 
380 P = 1 0 1325 � ' ATMOSPHER I C  PRESSURE I N  N/M�2 
390 REM 
400 REM *********** 
4 1 0  X F I N= . 00 5  

MODEL PARAMETERS * * ************ 

4.20 
4 3 0  
4 4 0  
4 5 0  
4 6 0  
4. 70
4 80 
490 
500 
5 10 
520 
530 
540 

s : GM A = 5 . 6 7 0 3 2 E -08 
P I =3 . 1 4 1 59265i* 
CTOK=273 . 1 5 
TA=CiOK - 1 7 . 78 
T! =CTOK+2l . l l  
R TOR= . 1 76094 
D T = l O  
T4=T I -DT 
T3=T4 
T2= TA+DT 
T 1 =T2 
D T = TI -TA 
EPSLON= . OOOOS 

' F I N  EFFECT CALCULAT I ON NODE SPAC ING I N  METERS 
' STEFAN SOLTZMAN CONSTANT !N W / M - 2  K - 4  
' DE F I N E  P I  
' DEGREES C TO DEGREES KELV I N  CONVERS ION 
' OUTS IDE T EMPERA TURE I N  K 
' I N S I D E  T EMPERAiURE I N  K 

' CONVER S I O N  FACTOR FROM FT�2 F HR/BTU TO M�2 K / W  
' I N I T I A L  TEMPERATURE D I FFERENCE I N  K 
' INS IDE TEMPERA TURE I N  K 
' IN I TI A L  TEMPERATURE OF SURFACE 3 
' IN I T I A L  TEMPERATURE OF SURFACE 2 
' IN I T I AL T EMPERATURE OF SURFACE 1 

' REDEF I N E  D T  TO B E  TOTAL TEMPERATURE D IF F ERENCE 
�cONVERGENCE C R I TERI ON FOR TEMPERATURE 
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EPSL ONR= . 00 5  
J J = i S  
RBAFF =BAFF�RTOR 

TR-3 684 

' CONVERGENCE CRI T E R I ON FOR EDGE RES I S TANCE 
' EDGE RES I STANCE I TERAT I O N  CONTROL FLAG 

N=2�A/( ( S�2 )* ( SOR( 3 ) ) ) ' HEXAGONAL ARRAY OF SPHERES 

550 
5 6 0  
6 1 0  
6 20 
630 
640 
6 50 
660 
670 
680 
690 
700 
7 1 0  
720 
730 
740 
750 
7 60 
7 70 
780 
790 
800 
8 1 0  
8 20 
830 
835 
840 
850 
8.55 
660 
8 70 
880 
890 
900 
9 1 0  
920 
930 
940 
950 
9 60 
9 7 0  

RC=( ( 3 /S )•( SOR( 3 ) )x( P / E ) x ( l -NU-2 )x( S - 2 ) • D )-( l /3 ) ' CONTACT R A D I U S  
REM 
REM 
REM 
RO=O 

I TERATE UNT I L  C O NVERGENCE ON OVERALL THERMAL RES I ST ANCE 

GOSUB 960 
GOSUB 2350 
GOSUB 1 1 30 
REM 
REM 
REM 
REM 

' OBTA I N  RO 
' OBTA I N  R I  
' OBTA I N  RT 

CHECK FOR CONVERGENCE 

IF ABS( RT-RO )/RT < EPSLON THEN GOTO 8 5 5  
RO=RT 
REM 
REM RECOMPUTE TEMPERATURES 
REM 
T4=T I -R I •DT/R T  
T 3 =T I -( R I + RGLA Z ) xO T /R T  
T2= TA+( RO�RGLAZ ) x D T /R T  
T :i, = TA+RO•DT / R T  
GOTO 680 

REM 
GO SUB 
GO SUB 
P R I NT 
REM 

2430 
2500 
" HAVE F I N I SHED " : END 

' P R INT HEAD INGS 
' PR I N T  OUTPUT 

REM ******* * * * * * * * * * * * * * * ********************** * * * * * * * * * * * * * ******
REM 
REM 
REM 
REM 

SUBROUT INE TO C OMPUTE THERMAL RES I STANCE BETWEEN OUTER 
GLA Z I NG AND AMB ! EN T , RO 

REM * * * * * * * * * * * * * * * * * * ** **** ******** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REM 
HC 1 A = 6 . 5 1 8 1 4 4 6� x ( V� . 7 5 ) 
REM 

' CONVECT I VE CONDUCT ANCE 

980 TSKY = T A  ' SKY T E�PERATURE 
9 90 XSKY=EPS l � S ! GMAx( TA+T SKY )x( T l • T l + TSKY•T SKY )x( T l - T S KY ) 
1 000 HR l A= X S K Y / ( T 1 -T A ) ' RAD I A T I VE CONDUCTANCE 
1 0 1 0  R O = l / ( Ax( HC 1 A + H R 1 A ) ) ' OUTER SURFACE RES I S TANCE I N  K / W  
1 020 REM 
1 0 3 0  RETURN 
1 040 REM 
1050 REM * * * * * * * * * * * * *  ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
1 060 REM 
1 07 0  REM 
1080 REM 
1 09 0  REM 

SUBROUT I NE T O  COMPUTE THERMAL RES I STANCE BETWEEN INNER AND 
OUTER GLA Z ! NGS ( HEXAGONAL ARRAY O F  SPACERS ) 

1 10 0  REM **** * * * * * * * * * * * * * * * *************** * * * * * * * * * * * * * * * * * * * * * * * * * * *
1 1 10 REM OBTAIN RT 
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1 1 20 
l l 30 
1 1 40 
1 1 50 
1 1 60 
1 1 70 
1 1 80 
1 1 90 
1 20 0  
1 21 0  
1 22 0  
1 23 0  
1 24 0  
1 250 
1 26 0  
1 270 
1 28 0  
1 290 
1 3 0 0  
1 3 1 0  
1 320 
1 33 0  
1 3 40 
1 350 
1 36 0  
1 370 
1 38 0  

.1390 
1 40 0  
1 4 1 0  
1 420 
1 430 
1 44 0  
1 450 
1 46 0  
1 47 0  
1 480 
1 49 0  
1 50 0  
1 5 1 0 
1 520 
1 5 30 
:. 5 3 5  
1 540 
1 5 50 
1 560 
1 57 0  
1 5 80 
1 590 
1 60 0  
1 6 1 0  
1 62 0  
1630 
1 64 0  
1 650 

I 

TR- 3 6 8 4  

REM 
IF I TER > 1  THEN GOTO 1 1 60 
GOSUB 1 76 0  

' ONLY H A V E  TO COMPUTE SPHERE & EDGE ONCE 
' OBTA IN R S , SPHERE RES I STANCE 

GOSUB 2 1 1 0 
GOSUB 2220 
REM 
REM 

' OBTA IN 
' OBTA IN R E , EDGE RES I STANCE 
RR23 , RAD IAT I V E  RES ISTANCE SETWEEN GLAZS 

REM OBTA I N  EDGE R E S I STANCE US I NG ELECT R I CAL ANALOG 
REM 
LEDGE= 2:�e( LTW ) 
RE=( D TLG )/( LE:�eLEDGE:�eK ) 
R G =XF ! N / ( LG*LEDGE*K ) 
ROUT 1 = A:�e( ROTRBAFF )/( XF!N:�eLEDGE ) 
ROUT 2 =A:�eRO/( XF I N*LEDGE ) 
R I N l =A *( R I TRBAFF )/( XF !N*LEDGE ) 
R IN 2 = A:�e R I /( XF I N*LEDGE ) 
J=JJ 
J :::: J- 1 
R 3 I N =R I N2 
R 3 0U T=ROUT2 
REM 
F O R  I = 1  TO J 
R 1 I N=RGTR3 IN : R l O U T =RGTR30UT 
F I N=( J - I ) :�e XF I N  
I F  F I N > LBAFF THEN GO TO 1 44 0  
R E M  
REM 
REM 

F I N < =LSAFF SO USE BAFFLED NODE 

R 2 I N=R I N 1 : R20UT=ROUT 1 : GO T O  1 46 0  
R E M  
R E M  F I N > LBAFF S O  USE UNBAFFLED NODE 
REM 
R 2 I N = R I N2 : R20UT=ROUT2 
REM 
R 3 I N = R 1 I N*R2I N/( R 1 INTR2 IN ) 
R 3 0 U T = R 10UT*R20UT/( R 10UTTR20UT ) 
REM 
N E X T  I 
ROUTJ=R30UT 
R I NJ=R3 I N  
R T O T J =ROUTJTRINJ 
I F  J = J J - 1  THEN GO TO 1 5 50 
P R I N T  " A BS( R T O T J -RLA S T ) / RLAS T = "  , AB S ( R 7 0 T J - RLA S T ) / RL A S T  
IF ( ABS( R TOTJ -RLAS T )/RLAST ) < EPSLONR THEN G O T O  1 580 
RLAST =R T O T J  
GOTO 1 29 0  
REM * * *  EDGE RESI STANCE 
R T O T J = RLASTTRE�RG 
REM 
R E M  
REM 
RGLAZ=LG/( A:�eK ) 
R R S = RS * RR23/( RSTRR23 ) 
R Z = ROTRGLAZTRRSTRGLAZT R I  
REM 

CALC HAS CONVERGED 
' TOTAL R ES I S TANCE THRU SDGE 

' OBTA I N  T O T AL AREA AVERAGED R E S I S T ANCE 

' RE S ISTANCE THROUGH TH I CKNESS O F  GLA S S  
' PARALLEL RES I S TANCE OF RS A N D  R R 2 3  

' TOTAL R E S ISTANCE 
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1 66 0  
1 670 
1 68 0  
1 6 90 
1 7 0 0  
1 7 1 0 
1 720 
1 73 0  
1 740 
1 7 50 
1 760 
1 770 
1 790 
1 800 
1 8 1 0  
1820 
1 83 0  
1 84 0  
1 85 0  
1 860 
1 8 70 
1 880 
1 890 
1 900 
1 9 1 0  
1 920 
1 930 
1 940 
1 9 50 
1 96 0  
1 9 7 0  
1 98 0  
1 990 
2000 
2 0 1 0  
2020 
2030 
2040 
2050 
2060 
2070 
2080 

RT=RZxRTOT: /( RZ+RT O T J ) 
RETURN 
REM 
REM 

TR- 3 6 8 4  

' PARALLEL RESI STANCE O F  RZ AND R T O T J  

REM * * * *** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
REM 
REM 
REM 

SUBRO U T I NE TO COMPUTE THERMAL RES I STANCE DUE T O  N SPHERES , 
RCONTACT 

REM * * * * ********* * * * * * * * * * * * * * * * * * * * * * * ******* * * * * * * * * * * * * * * * * * * *  
REM 
GOSUB 1 890 
GOSUB 2000 
RS=( RCONTACT+RSP I NE )/N 
REM 
REM 
R ETURN 
REM 

' OB T A I N  RCONTACT , THE CONTACT RES I STANCE 
' OB T A I N  REP INE . THE S P I N E  R E S I S TANCE 
' RE S I STANCE OF N SPHERES I N  K/W 

REM * * * * ******* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * *  
REM 
REM 
REM 

SUBROU T I NE TO COMPUTE THE CONTACT RES I S TANCE OF ONE SPHERE 

REM * * * *********** * * * * * * * ** * * * * * * * * * * * ** * * * * * * * * * * * * * * * ** * * * * * * * *  
REM 
RCONTAC T= . 53/( KxRC ) 
REM 
RETURN 
REM 
REM ** ******** * * * * * * * * * * * * * ********* * * * * * * * ** * * * * * * * * * * ** * * * * * * * * * *  
REM 
REM 
REM 

SUBROUT I NE TO COMPUTE SP INE RES I STANCE OF ONE S PHERE , RSP I NE 

REM ********* * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * 
REM 
ARG=SOR( 1 -RC/R ) 
RSP I NE =( 1 /KxP i xR )x( l +ARG/( 1 + . 28xARG-2 ) )
REM 
RETURN 
REM 
REM ********** * * * * * * * * * * * ** * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
REM 
REM 
REM 

SUBROUT INE COMPUTE THE RES I S T ANCE OF PER I METER EDGE SEAL , RE 

2090 REM K * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
2 1. 0 0 REM 
2 1. 1 0  RE=D/( 2xK xLEx( W+L ) )  
2 1. 20 REM 
2 1 30 "RE:TURN 
2 1 40 REM 
2 1 50 REM * * * * * ********* * * * * * * * * ** * * * * * * * * * * ** * * * * * ** * * * * * * * * * * ** * * * * * * ** 
2 1 60 REM 
2 1 70 REM 
2 180 REM 
2 190 REM 

SUBROUTINE T O  COMPUTE THE RAD i t  T I ON RES I ST ANCE BETWEEN THE 
TWO GLAZ I NGS , R R 2 3  

2200 REM * * * ** * * * * * * * * * * * * * * * * * ** * * * * ** * * * * ******* * * * * * * * * ** * * * * * * * * * * * *  
2 2 1 0  REM 
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2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2 3 1 0  
2320 
2340 
2350 
2360 
2370 
2380 
2 390 
2400 
2 4 1 0  
2420 
2430 
2 44 0  
2 4 4 1  
2442 
2 4 5 0  
2 4 5 5  
2 4 6 0  
2465 
2470 
2480 
2490 
2500 
2 5 1 0  
2520 
2 52 5  
2530 
2 535 
2540 
2 55 0  
2 5 6 0  
3000 
3 0 1 0  
3020 

X23=S I GMAxAx( T2+T3 )x( T2xT2+T3xT3 ) 
Y = l /EPS 2 + 1 /EPS3- 1 
RR23=Y/X23 
REM 
RETURN 
REM 

TR-3684 

REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REM 
REM 
REM 

SUBROUT INE TO COMPUTE THERMAL RESI STANCE BETWEEN INNER 
GLA Z I NG AND INTER I O R , R I  

REM * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * 
REM 
HC4 I = 1 . 77 598x( ( T I - T 4 )- . 25 ) 
REM 
HR 4I =EPS4xSIGMAx( T 4 + T I )x( T 4 x T 4 + T i x T I ) 
REM 

' CONVE C T I V E  CONDUCTANCE 

' RAD I AT I V E  CONDUCTANCE 

R I = 1 /( Ax( HC4 I +HR4 I ) )
REM 

' INNER SURFACE R E S I STANCE IN K/W 

RETURN 
REM * * * * * * * * * ** * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REM SUBROUT I NE TO P R I NT HEAD INGS 
REM * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * ***
P R I N T  
P R INT 
PRINT " RT UT 
LPR I NT " R T  U T  
P R I NT " ( FT-2 F HR/BTU ) ( W/M�2 K )  
LPR I NT " ( FT-2 F HR/BTU ) ( W/M-2 K )  
P R I N T  
RETURN 
REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REM SUBROUT I NE TO P R I N T  OUTPUT 
REM * * * * * * ** * * * * * * * * * * * * * ** * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * *
P R I N T  • " ; : PR INT US I NG · �� - � � · ; RTxA/RTOR ; 
LPRINT " " ; : LP R I NT U S I NG · �� - � � · ; RTxA/RTOR ; 
PRI NT " " ; : PR I N T  US I NG · �� - � � · ; 1 / ( RTxA ) 
LPR I N T  " " ; : LP R I NT U S I NG · �� - � � · ; 1 /( RTxA ) 
P R I NT 
RETURN 
REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
A=ERR : B =ERL 
P R I NT A , B 
RE SUME NEXT 
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[57] 
A J.ascr sealed evacuated window panel is comprised of
two gla.ii p.ules held spaced apan in relation to each 
other by a plurality of spherical gl:w beads :md glas£ 
welded around the edges 10 provide :1.11 evacuated space
between the glass panes that is completely gl;us s.c!Ucd 
from the: cxtc:rior. The g� weldc:Q edge sc:aJ is ob
wnc:d by welding the ed�es of the g i;.w  panes together 
with 01 l�r beam while the> gl� pane; and bead spacen 
are positioned in ll vacuwn fuma.cc a.nd hc:atc:d to the 
anncJLiing point of the glass to avotd stress fracture in 
the area oi the gl� weld. The l�r wdding Ill the 
furnace c:m be directed O&round the perimeter of the 
glass pilllel by a combiruuion of rot.aung the glass panel 
and linearly transl.lung \lr aiming the: laser with a relay 
nurrore 

! i 

[ I L 

I 
L 

L 

! 
I L 



U.S. Patent Jul. 28, 1987 Sheet 1 of 6

14 

12 

16 

c 

//; :. / I  / '  
a //. / ,  /1 ,, 

/ I I 

I/; II 
•) ;; I 

G '/ I 'J 

IJ 

, . .. I I 
·� l ,. 

,1
:1

·;/ :, 
I . 

/;'/ ' 
I I I 

, - I a I
I 

,' / I . I � .1 ' 
/ /  : 

I '!J 

,_, 

;;· I o 
f·.:; , 

. I 

.. , 
: 

FI G. I 

1 1 9 

TR-3 684 



U.S. Patent Jul. 28, 1987 

30 

F I G. 2 

TR-3684 

Sheet 2 of 6 4,683,1 54 

1 2 0  

r 

r 
L 

r 



1 - U.S. Patent Jul. 28, 1987

0 

0 

Sheet 3 of 6 

0 0 
0 

0 0 0 ----- _? _ __ o . .  .

0 

FI G .4

1 2 1  

TR-3684 

4,683 , 1 54 



U.S. Patent Jul. 28, 1987

1 2 2  

TR-3684  

Sheet 4 of 6 4,683 , 1 54 

F I G. 5 

L 

r L 

l 

r l 

l 



U.S. Patent Jul. 28, 1987

... 
. . � . ........ . 

·. . 

F I G. 6 

Sheet 5 of 6 

F I G . 7 

123  

TR-3684 

4,6 83 , 1 54 



TR- 3 6 8 4  

U.S. Patent Jul. 28, 1987 Sheet 6 of 6 4,683 , 1 54 

� ' t 
r 

I I •  
lot) , .  
10 

co 
. 

(.!) -
lJ..., 

I I 

I I 

c.o (_ 
(Q 

l 

124  I I 



5--� -- ,  : -c  , " 'I TR-3684 

4,683, 1 54 
1 

L\SER SEALED VACUUM INSULATION 
WINDOW 

CONTRACTUAL ORIG IN OF THE INVENTION 

2 

The U.S. Government b.u righu in tba mvenuon 
unaer Contract No. DE·AC02-83CH 10093 between the 
U.S. Dcpanrncnl of Energy and the Solar Energy Re
)Carch Institute, a Division oi Midwest Ra.:arch lnsu· 
lUte. 

bc:tween the gla.s.i p;.wo:s ca�J..>a lhe gl&S.li piUlCS to bow or 
deflect tow...rd �h other. Such deflection c:ut cause 
strc:ss arGlli or even crack..i 1n lh.c: gla.:;.s. If they ddlect 
enough to touch each other, short cucuit hat transfer 
through duect conaucuon can occur. uuu reducing 
thc:rm<Ll routanee s.tgrufLCa.ntly. 11lc U. S. Pat. No. 
3,990,201 .  issued to Falbel, show1 the usc of insulation 
spacen between panes of gla.u to solve this problem. 
However. such sp;Aeen arc difficult 10 place 1n INSi 10 proaucuon. and they ao tr.t.IWcr 50mc heat because of 
their large c:onu.ct surface areas wuh the gliUS panes. 

BACKGROUND OF TJ-iF INVENTION p¥otticul&rly when the spacing between the gliUS " 
I .  Fiela of the Invention • small. L.argc:r &pacing between the panes of gl;w; resulu 
This invention is generally related to thermal insu· in undcir:lble bulkiness. Further, one of the most signfi-

l�t.tca winaowli and more �pccifically to a vacuwn· IS  can t  ai$advantaaes o f  lh.c: Falbel approach is that suchscaled glous thenna! pane winaow and a mcthoa of spaccn are visible in tra.Aiparcn& glu.� panels ana uc 
scaling same using la.scr energy. unsightly <And distractini when u.scQ as windows in a 2. Dc:;cnpuon of the Prior Art building. 

Panes of glass are in common use in 5ituations Another problem in prior an evacuated thennal pane 
wherein it is dc5ired to allow VISible light into a struc· 20 window' is the difficulty of maintainina the vacuwn
lluc while prevenung hcil.l from acapmg. Such 5itu.a• over long pcrioas of time. ln g�eral, the normal atmo-
tions include windows in buildings and 50lar collector 
panels. ln solar hc11.ting applica4ions. both in active $OW spheric pressure of about ICXXl torr mi.ISI. be reduced to 

heating systemS where 50w col�tor panels are w;cd to abow 10-� torr before any insulating benctiu occur. To 

capture: solar energy a.nd in p�ve 501ar heated build· lS be benefiCial in a prtiCtical insu.lating sense lhc pres.surc 

ings where wl .. r energy is aamiued through luge win· should be reducca even further 10 about 10-• Torr. 
dow ;LCC».S. the hc;Ll g;Un over a period of ume i& a very Sc:aling such 11. vacuum over an c:1Lc:ndcd perioa of time 
importiUll conwderation that ncc:cil improvement. The is e:r.tremely difficuh. Even ciTective short term seals 
he;ot go.un is the differc:ncc bc:tween the heat energy that give: off g� lhcuuelves or arc: even minu1ely gou 
collec&ea in the structure from the sun·� raai<ltion le:o� lO permeable cannot main= tlus lUnd of vacuum for very 
the heal losl from the s1ruc1ure. The iQcal winaow or long. Therefore, known prior art s.c:als of plOLSIIC, ma&tic, 
gliUS panel, therefore, would be one thai is complclcly 5ilicone, Scyrofoam insulation, caulk, and the like arc 
transparent to solar rll.diation :utd a perfect heat insula• practically inc:ffcc1ive for this purpose. To be cconorru-
tor. Such an iacal is, or cours.c, unaltoUnable, but im· cal, the vacuum should be IIUI.in&ainablc: even up to 
pruvcmcnls tow .. rd thllt iac;&l couW signil1c;Lntly in· lS 2�30 yclln or more:. Pl�lics, silicone p;LSIC:S. and caulk..i 
crc:uc the efficiency uf ;ACtive ;Lnd p<bliivc sol:�r heating ;Lre permc:ablc: to llir, :and Styrofoam insulation nutenals 
systems. give off �:a.sc:s themselves. E.1po10ure to the �un spc:cds 

ll is well known and generally accepted that multiple, up thii proecu. 
parallel, spi&Ccd-apart p;LDcs of gl� provide more: rai.li- Even the elcctrost.atie&lly bonded metal spacer 
tancc to heat transfer tlwl single panes of gl:w. An ..0 frames taught by U.S. Pat. No. 4,393, 10,, issued to W. 
eumplc of such a thermal pane window is shown in Kreisman, arc not etTcctive ovc:r longer periods of time. 
U.S. P:at. l'io. 4,29,,30S, i�uc:d IO l.. Shc:lvc:r. Such Such metal-to glllss sc:a1s 111c subJect to chc:lnical auack 
thermal pane: windows, ;LS ilhcot.r:atcd in the Shelvcr :1nd dcgnwation, a.nd arc abo Sl&iCCptiblc: to (;Ltiguc 
P"lcnt wnh 1wo par:allcl • ..p..ccd llp;LCt pllllo of gl� from stress cyclcs. clcformauon, and the lilr..e. 
with an edge sc:-JJ compriw:d of pl;&>.IIC, m;LStic, silicone, ·U The pnor ;Lrt has, however, quue succes.s.fully solvea 
C;Lulk, or lhc like. arc generally effective to provide an !he problem of reraaia&ion of heal throu�:h the glass. 
R value of about 2.5 to 2.b. (R value is a slandllfd umt For e.umple, it is !mown that 1 coating of tin-doped 
indiclltive of resistance 10 hCill transfer 1hrou�h a sub-
staiiCc m terms of 'F-f12hr/BTU.) 

indium 011dc (ITO) sc:miconauctor matcnal spultered 
onto a glass substrate is selectively ltanspMent 10 light The air spliCe between the panes inhibit& aircct con· � 

ductancc of lhc he:at through the winuow: however, it in tbc: 501ar spc:ctrwn but highly rcflec11ve to heat or 

docs not inhibit heat loss by radWion. Further, it is infrared raaialion from healed boaics. Such I tin-doped 

known tho&t the heat energy causes convecCion currenu inaium 01ide l:aycr depo=-ited. on a gl&S.li wmdow piUle 

of ilif in the space between the panes. Such convection will allow 50lar radiation. including solar infrared in the 

currenu arc very effective heat transfer vehicles for ss range of 2.2 microns wavelength, to pall through the 

transferring hat from 0,1e pane: 10 the other, thus ncgat• glass into a building or into a solar collector panel while 
ing much of the thermal resistar!Ce for which the atr rcllecting rerali�ated heat or infrarea in the: range of 7 to 
space between the glbS panes is intended. 10 microns. Thus. the capturo:Q heat energy is retained 

ll i5 also known that evacwumg the air and g;bCii in the builaing or sol11.r collector and not lost to the 
from the space between the glass panes minimizes or 110 atmosphere. 
nearly elimimues the convection current therein. The 
U.S. Pat. No. 4,3 1 2.457, issuea to R. Allllirc:, and the 
U.S. Pat. No. 4,393,10,, issued 10 W. Kre1sman, illus• 
tratc prior art llllcmpt5 to provide evacU;LteQ window 
panes or structures to incrca.sc thermal resistance, i.e., to CIS 
incrc:&SC the R value. 

Several problems are encountered in the prior art 
evacuated thermal p:anc windows. First, the vacuum 

1 2 5  

SUMMARY O F  THE INVENTION 

Accordingly, a general object of the present invcn· 
tion is to proviae 11. more I henna! l r&nifcr raist:utt trlns
p;arent panel for such uses as windows in pasiivc solar 
hc11.1c:d �uilding!i.. 50lar p:anel!i.. and the like. 

A more spc:cllic ObJCCI oi this mvcntion is 10 prov1dc 
:1n c:v:1cuated therm..l pane glass panel in wh1ch an c1· 
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trc:me vacuwn CIJI be mailluined for prolonged periods 
of time. such u 20 to 30 yean or more. 

It is also a specifr.c obJect of this invention to provide 
u cv a.c:uated th.eC'IIUl pane glJW str\ICture with effccti ve 
tramparent supporu m the space between the gl.a.s.s ' 
paneb l.br do not sbon circuit or tr&IUfer any s.ignifi
�� lUDOunt of he&l from one glass pane to the other. 

A funher specifiC obJect of this mvention is to pro
vide a method of se&J111g iiD eva.cuated space between 
a.dJaccot panes of glass in a manner that will hold a 10 
vacuum approximatcly of to-• Torr over a prolon&ed 
peri<Xl of 20 to lO yean or more. . 

Addiuonal objects. a.dvaotages, and ooveJ featu.ref,of 
the invention are SoC! fonh in pan in the description that 
followa. and in pan wul become apparent to r.hosc I) 
wUed in the an upon cumiJwioo of the following 
specification or may be learned by the practice of the 
inventioll. The objecll and advantages of the invention 
rna y be re&Jizcd and atwned by meam of the instnunen· 
i..;&).itics. combmauooS. iiDa method panicularly pointcc1 20 
out in the appenaed cla.ims. 

To a.chievc the foregoang and other objccu and in 
�ordance with the purpolOCS of the present invc��Sion. 
a.t. embodied and broac1l y described herein. the aniclc 
a.l'lO appanmu of this invention may comprise two adja· 2' 
ccn� glliD panes sp;�eea closely together with a plurality 

4 
FIG, 7 is iiD enlarged elevation view illustrating an 

alternate method aifu.in g  the gl.a.s.s bead to the g1as.s 
pane substrate wtlh a �wn Slticatc solution; and 

FIG. 8 is a cross-sectional view of a va.cuwn furnace 
iUT&ngemcnt �wt.&bly eqwpped for Ut.scr $CAling of the 
edges of the evacu.a.tcd thermal pa.ne gliWi pAnel of the 
prc:scnt invenuoo. 

DETAILED DESCRIPTION O F  THE 
PREFERRED EMBODIMENTS 

The lascr·.sca.lcd va.c:uwn imulating window 10 of the 
prcscnK invcnuoo is best mown in FIG. 1, with second· 
� reference to FIG. l. The winaow panel 10 accora· 
ing to the present invention is comprised of two panes 
of glau ll. 14 J?OSiuoDCd adjacent to each other in par
allel, closely spaccd-apan relation to each other. The 
edges are scaled together, as indicated at 16, to com
plc�ly encl05C lUlc1 seal. an evacuated :>pace 3Q betwc:cn 
the glass panes ll. 14. A plurality of spherical g iUl bead 
spaccn arc poS1tioned in spacc:a apa.n relation to each 
other throughout the evacwucd space 30 between the 
gl.a.s.s panes ll, 14 to maintam the d�SU.ncc between the 
&lass p&llC:l ll. 14, in spite: of !he intcDliC vacuwn SoC:I..Ied 
!hcrCUl. A mew alloy getter 24 is also positioned in the 
eva.cuatcd space 30 for pu.rpos;c$ that will be described 
more fully below. 

Referring pnm.a.rily now to FIG. 2, the spherical 
glow spa.cers 20 �tioncd between the paneb ll, 14 
rn:wll&IA the a!St..iiDCe i1Dd puailcl rc:lauo�p between 
the gl� pancb U. 14. In the: ;�.bs.cncc of Khe s�rs. the 
e:ureme va.cuum, preferably in the range of 10-• Torr 
would colla� or c1cform the gla.u panels U. 14 into 
c:on&a.ct wuh a.ch other, &hereby shon cilcwt.ing ther· 
maJ tr;uufcr of energy airc:Cuy ihcrethrough by conduc
tion .;,and acfcaling the insulating purpose of the CVIICU• 
atcd 10pacc. A :.c::lo:cuvely transparem coaung 111, which 
is transparent 10 sow radulllon ana light in the v�blc 
spectrUm but ii reflective to infrared hc:at r.uiilltion, is 
deposited on the intcnor su.rt"acc of one or both of the 
glas.s pllllcls ll. 14. 

The glow beads 20 arc preferably spherical and a!)
pro:��.im:atcly 0.5 mm in aiamcter. The � and spherical 
shape of such glass bcllds lO arc sigmfica.nt in this appli· 
c:nion for lOC:veral r�ll$. The sphcnCOll sb.pc prov&dc:s 

of sphenca.i glass � positioned between the pane:; to 
ma.im.am l.h.:: 5p&elllg therebetween iiDa sea!ea with :1 
gia:.1 seat Mouna the cages. A $Ciccuvely trouaparent 
coaung on the imerior surf;�ee of ;U leasi one of the gi<LS.� lO 
pancb is provided to reflcci neou infrared rad&ation 
while allowing so!M raci&ation to pus through. Funher. 
!he mslhod of Lhia LDvcntioo inciuac:S acpo$i1ing a selcc· 
lively irampiAI'eni layer On One of tWO gl;w. piiDa, ;U• 
lou.:hing " plurality of �phcric:�.i gl;w. be� spacers to the lS 
surf lAC.,; of unc: or two gl:l.$5 p:lnCS. po5Uioning one of the 
glus p;mes on the other wuh !he spa.c:cn between the 
two glw panes. posuioning this usembly in a vacuum 
furnace. heating the :w.embly in a vacuum to the anneal· 
ing temperature of the glas5. ;and welding the edges of 40 
the glass p:lnes together by airecting :l laser bc:am of 
sufficient energy thereon to he:.�t the edges of the glas.i 
p:1ncs 10 the melung pomt. A rca.ctivc: metal geuer can 
also be po�>ttioned in the ev...cuaiea �pace to elimtruue 
trace gbd accumul:.�ted therein. ·U very sm;UI area. :1lmust point, contaCts between the 

bcac1s lll anc1 the gla..i panes ll., 14. The smaller the 
sphere aLameter, tbe smaller the contaCt area. A smaller 
contact area results in . I� area. for heat conaucuon. thus 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings. which arc incorpo
�ted in and fonn a pan of the specifications iliUl>lr:�otc 
the preferred embodiments of the present invenuon. :�.nd � 
togcthC'r with the description eJ.plain the principles of 
the invcmion. In the ara'!!fing�: 

FIG. I ii·a pcnpcctivc view of the cv;w:uated thermal 
pane gi.Ui p;anel of the pracnt invention with a ponion 
of a comer broken away to reveal the st�turc thereof; " 

FIG. l is a crou.-sc::tional view of the evacuated 
thermal pan� glua panel of the present invention tak.cn 
along lines �-l of FIG. 1; 

FIG. 3 ia a crou-.cctional view lirniL&r to FIG. l., but 
with the: addition of an insul:�oting baffie around the bO 
edges of the glua panel; 

FIG. 4 is a pcnpccuvc view of one of the glass panes 
with a plu.rality of glass beads affiJ.Cd thereto before to 
assembly with the sccona glua panel; 

FIG. 5 ·is a perspective view illustrating a preferred liS 
method of affi.1ing the glua beads to the glas.s pane; 

FIG. 6 ia iiD enl;u-ged elevation view illustrating the 
spot welding of a gl<LS.� be:.ld on the glass piUie substrate:; 

more thctmll.l resistance of the glas.s panel lll. Further, 
smaller beads lU have I� crou-sccuonal area and pro
viae less of a conduction p411t through the bulk. of the 
bclads 20 lhcrMCives than larger bc:l.dl>. Therefore, thcr• 
maJ rC$islanCc of the gl:asi panel 10 incrcucs signiti· 
ca.ndy u the size: of the bco&d.s lO ia rcd&M::cd, p&aniculady 
in the range smaJlcr th&an 1 .0 mm aiamctcr. We: have 
founa that :1 giM.SS piUiel 10 with beads 20 in .thc range of 
about 0.5 mm provides very aooa thermal reslitanl=e. It 
is pouiblc to usc even smaller beads 20 in the runge of 
about O.J mm aiamctcr, if the. ilasa panels 1l. 14 arc 
very fl:�.t. For O.S mm aiamcter bead1., spacing between 
beads 20 in the range of 2.5 to J.S em u 5oati5lactory to 
maintam the: spacing between the gl� piUich• ll. 14. 

Another :l.dvantagc of the glus beOI.d5 20 for usc as 
ipaccn between the gla.u panes ll., 14 is ttlat they arc 
transparent lik.c the glasL ThUI. they are barely visible 
anc1 do not actract from the appearance of the gl� 
panel 10 or ao not block a view therethrough when the 
glass is used as a window. 
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Acconilni to the: prc:sc:nt invention. the ic:&lc:d vac· 
uwn LtUWtllli wtndow panel 10, which 1\u a biihly 
c:vacu.atc:d 1pacc 30 betwc:c:n tbe two gla.si panels 12. 14 

and an &ll glua ieal 16 around the c:d•c:s of the individ· 
u.aJ panels 12. 14 is lughly c:ffcctivc: u a transparent 
ins�ung panel or window. Solar radiation can pass 
freely therethrough into the interior of a building struc
ture or solar collector panel. however, the heat ab
sorbed ansuie the bwlding or in a solar collector panel is 
very effectively prohibitic:d from tra..n.Uer back through 10 
the gl� pand 10. The selective coating 18, preferably 
of a layer of tin-doped indium oxide sputtered onto the 
surface of the gla.s.s., effecuvely reflects infrared heat 
radiation back into the building structure or solar panel. 
Further. the separation of the gla.si panels 12. 14 by the I' 
space 30 prevents conduction of heat from one side of 
the window 10 to the other. Still fu.nher, the extreme 
vacuwn of approximately 10-• Torr in the space 30 
between the panes 12. 14 ellTectively eliminateS any 
convecuon currents in the space 30 which would other· 20 
wise transfer heat from one pane to the other. The result 
is a tratuparent window panel 10 that is exceptionally 
rCS&St&Dt LO hear t.ranWcr therethrough. Theoretical c:U· 
culations on window panels 10 constructed �cordtng 
to the present invention have indicat.ed that they are 2' 
expected to have an R value: of approximately of 10 to 
12, as opposed to convention&! thermaJ pane windows 
that have an R viLlue of oniy about 2.�. 

FlG. 3 showa a preferred mounting structure for the 
evacuated glau panel 10 for the prc:scnt invention. The 30 
edg� 16 of the gl� plUICI 10 are preferably embedded 
in an insulated baffic: Jl to minimize: thermal conduc· 
t.ance IOSSC$ through the edge sal 16 of the glass panel 
10. The edge $C&Is 16 are !he only places where a signifi
cant cr�iCCIIOn of gli1.55 �o:oYid provide: a direct path l5 
for heat transfer by conduction from one side of the 
glua panel 10 to thr other. Therefore, in order lo pre· 
vent such a thc:rmal $bon circuit, it is important to 
shield tbc end s.eaJ 16 from exposure to heat to prevent 
heat transfer therethrough. We b&Lvc found tlur.t thermal ..0 
resist&nCC of a l ml glass panel is decrCibc:d by ll5 much 
u lO% when the cdac scllls 16 are not )hieldc:d by the 
insYiauon baffie Jl. 

The scaled va.c:yum imuuuing window panel 10 of the 
pre:.cnt invention is prelerably constructed by using a "' 
Ll.ser to weld or seal the ed�cs of ihe gU&.ss plUICis 12. 14 

together. lkfore scaling the edge:$ togc:iher, however, it 
is nee� to first deposit the selective transparent 
coating on the interior surfa.c:e of at least one of the gl� 
panes 12. 14. As mcmioncl.i llbove; it 15 preferred that a 50 
selective co;uing of a transparent l:1yer of tin-doped 
indium o&Lidc: �aconductor material is deposited on 
the surf� of the glass pane by a viiCuum dcpo$ition or 
�puttcnng proc� Thc:n. the uniformly sized g� 
beads are attached to the interior surfa.c:e of one of the ll 
glus panels 14, u shown in FIG. 4. 

Uniformly sized spherical gl.a.s.:.i beads arc inexpensive 
and readily available. They can be prod� by persom 
1k..i.lled in the art, USY&Ily by sprayUJg molten gi��.S� into 
a cool free-falling aunosphere. During the free fall. the 60 
droplets of molten glass solidify into almost perfect 
spheres. The spherical bead&� can be: �Crecnc:d for ����� 
to obi.Wl wUJ'orm sw::s for puticliliac �� panel iAppli
catiom. It is preferred ttuu the �>phencal &111.51 be� 
u.scd in this invention be approiLimately 0.� mm in di&m• 6J 
eter. 

The glass beads 20 can be affixed to the gbss pane: 
SYbstrate 14 in a number of ways. One s��eh method 
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illYStratcd in FIG. 5 U. to ··nood" or completely cover 
the entire surfa.c:c of the iiU� pane sybsuate 14 wuh 
uniformly StZed glUI beads 20. Then, a la.:.cr belUll 40 
can be u.scd to spot weld the tndividYi.J &lass be&lh 20 Ul 
the desared locauons on the gi&S� p11.11e subitrate 14. A 
convenient method of accompli.shing this !.aSk is to poSt
lion the gi&S� panel substrate 14 on a tnliSI&uon plat
form � that C&ll be moved in predetennined prCCISC X 
and Y direcuons Ynder a stationary laser head. When 
the: translation platform 48 is in the dC$ired poiiuon. a 
laser beam 40 is prod��eed by a laser head .W IUld di· 
reeled through a shrolld 42 lllld relay mtrror 44 to the 
surface of the g� pane SYbSlratc 14 u shown an FIG. 
5. 

If the laser beam 40 is aimed at the glass substrate 14 

in a vertical orienwion. as $hown in FIG. 6, then it does 
not matter whether the la:ier beam 40 is pen"ectly 
aligned with any panicular gl&S� sphere 20. As shown 111 
FIG. 6, it is the Dature of a lipherical body lO to reiract 
a beam 40 to the conLill:t point 47 between the: �phencal 
bead lO and the glass substrate 14 where the spot weld
ini take$ pla.c:e, regardless of which potnt on the suri..ce 
of the spherical bciAd 20 the beam -60 is ancuient. There· 
fore, with the suria.c:e of the glass :oubstrate 14 folded 
with beads lO. u shown in FIG. 5, any place the: laser 
beam 46 is aimed IU the sub)lrate 14 in a venica..l oricnl.il· 
lion thereto, a gla:oa bead lO will be spot welded to the 
gl.w sllbstrllte 14 at th<ll :.elected lo.;;otion. W hen the 
la.scr beam 46 has been aimed at ILll of the selected loca
tions where one dc::sirc:s to afl"u a gla.ss bead lO to the: 
gl&S� substrate 14, the remainder of the glass bellds can 
merely be d��mpcd or po11red off the surface of the 
substrate 14, leaving a selected n��mber of glus beads lO 
;a.tTw:d to the sun·a.c:e of the gi&IOS pane 14 at selected 
po:oitions as shown in FIG. 4. Spot wdding the beads 20 
to the glass panel 14 in this manner has the advantage: uf 
keeping the contact area between the beads 20 and the: 
�la:o!i pane 14. The spot welds are also transparent, so 
they do not detract from the ;a.ppearance of the window 
10. 

FIG. 7 illYStrates another method of attaching the 
gl��a beads lO to tbc :oub�>trate 14. In this method. the 
gllllii bc:adli 20 are dipped in a sodi��m :.ilicate soluuon 
.uu1 poiiuoned at the desued loca&ions on the il.:wo 
�ubstrate 14. The wdium Silicate ,.ulution wall baruen 
;,.nd adhere the �lm bad lO to the :ourfACe of the �lass 
substrate 14. An advantage of this method is thai 1he 
sodium silicate does not prodyec �any ga:o.:s, is tr;,.ru,par· 
ent, illld provadcs a durable :Whcsion or bondmg ol the 
&I� bead lO to the glua syb:otrate 14. A du.adv�ama"c is 
that lhe hardened sodi11m iilicate �9 provide:$ a larger 
surface are-.& on at lcw;t one gl&$1; p;&ne 1� to which u u; 
aiTIJ.ed f� thermi&l tri&RSfer by cond�uon. 

Afler the gl..;b.s bc:ad:o lO arc oallhed at the . desired 
locations. to the gl.i�Ss pane 14, i&li shown in FIG. 4, tbe 
other gl� pane U is �tioned on the: gl.a:os beads 20. 
Then. the mew genet l4 is positioned between the glou.s 
panels i&lld, ou best ilhimated in FIG. 8, the lb:oembly oi 
ghw panes 12. 1� and bcadi 20 is preferably powuoncd 
in " va..:u��m furna.:e SO where the uscmbly can be 
heated to the annc::1ling temperature of the glass whale 
tbc edgQ 16 arc s.caled by " laser bcl&m 76. 

A suitoable va.c;yym furnace ;w.cmbly SO is illll)tra&ed 
in crou·scc&ion in FlO. I. h inciUI:Io:s a v;acuym cham· 
bcr 54 enclosed by oa vac11um ahell 5l. Reinforcing hoYS
ing 53 provides a.dditioru&i �>tructurlll suppon for the 
v�uYm $hell 52. A rotatable turntable platform 511 ili 
positioned in the ctwnber 54 to suppon the glus win· 



TR- 3 6 8 4  

4,683, 1 54 
7 

dow panel 10 dunng la.scr welding. The turntable 58 is 
�upportcd by a rotatable shaft 62 jownalcd in a w;,ucr
cooled beanng 63. A �tepper motor 60 connected 10 the 
�hair 6l rotates the turntable 58 in prc:ci.$Ciy me&�oured 
increments of angu.l.ar rotation in response to lhc stepper 
motor conuol apparatus (not shown). 

The gl� p.anci as.scmbly 10 on the turntable is hated 
by a pluralaty of radiant heating .clements. such � the 
radiant hca.ung clement 56 in FIG. 8 positioned over the 
turnta.blc 58 .. Pnmary reflective insulation laycn 65 10 
pro&.c:et tbe vacuum lhcll from the nldiant heat m the 
chamber, and secondary reflective in1ul.ation laycn 66 
further shield structural and function&.l components of 
the furnace from the heat radiation. A view gll&is &S.5Cm• 
bly 6& in removable end plate "67 allows an operator to '' 
view the interior of the chamber 54. 

A la.scr opuc:s hou!Uog unit 70 is mounted above the 
turntable platform 511 and h:l.$ a laier head 72 mounted 
thereon. A relay mirror 76 is mounted on 1 pivotal a.r.U 
77 in la.scr opucs housing 70 in alignment with a ga..llium 20 
uscnidc laser w indow 74. The relay miiTDr 76 can di· 
rcct lasct bc:lUll 80 generated ill> !he laser hca.d 70 10 a 
desired location on the turntable platform 58. 

In usc. the glas.t panel nsembly 10 c:ompru.cd of �he 
gi.&SI panes 12, 14, glass bead Sp:ICC$ 20, and meW getter 2' 
24 � posuioned an the va.ccuum furnace SO on i ther
mofou t>o.rd insulator 64 on the platform 58. The fur· 
= 50 i) clo:.c:d and se:Ued, and the cbilmbcr 5-4 is 
evacuated through pon 55 to ;.�bout !O-•Torr prcs.iurc. 
Then &he ra.Qiant hcatcn SO heat !he glus pane:! �m· JO 
bly !0 to its annealing temperature or s!igbly above. For 
borosilicate glau. which is the preferred gllWi �>uggested 
for this invention. the :umcaling temperature is io!.ppro�tl• 
maicly 56.5• C.; therefore, it is preferred thou the gl:u.s 
:wcmbly is heated to :t.pproa.imatciy 580• C., <11 whiCh lS 
lemper;uure the t:;l;&;i$ .:oua ueform slightly umlt:r )ui:n 
wuhoul fr;acturing, While m:aintaining the gl;&;i$ �m
bly at or slighlly above the annealing temper;ature, the 
liiSCr beam Ill i$ dire�aed ;at the edges of the g� panes 
12. 14 10 melt and weld them together to form a glass .W 
� The l;u;er be:.un 76 maw hl&ve sulTicien! energy to 
raise the temperature of the gll15£ 11.1 the edgt::i enou�::h to 
melt it. The melting temperature lor boroliilK:ll.!c gla.ss is 
approa.irruu.cly 1 200" C. to 1)00" C. With the laser bc:;a.m 
80 melting the gla.ss at the edges of the panes 12, 14, the -lS 
turntable platform 58 is rotated by stepper motor 60 in 
the ilpproprutc incrcmenu... Simuhllllc:ously, the relay 
mirror 76 is rouatcd at apprl)priate increments ;u1d 
spcc:W to s.lowly move the la.scr beam 76 around the 
entire edge of the gl&i.s panels 12. 14 until they arc com· � 
plctcJy welded :and liCa.ic;U by a ��:W.S sc:ll. By appropri· 
atcly con&rolling tbc relay mirror 76 and the tumt:able 
58 si.multancou.s.ly, preferably by computer program, 
any pattern or configuration of giii.SS panel 10 C<lll hl&vc 
its edges laser welded to seal an eva.cwu.cd 1pa.cc 30 'S 
therein as described above. This process can be 
watchc·i throush the view window• 6&, 78. or coune, 
other vacuum furnace structures and IIISCr control tech
niques can also be WiCd to accomplish the laser welding 
of the gl� edges of panel 10. 60 

Once the entire edge of the glow panel �mbly 10 is 
welded in a va.cuu!" tight gl� :w:al as dcscnbcd above, 
it is cooled. While the ghw panel 10 is cooling from the 
.580" C. oven temperature, it will give off minute 
amounts of water vapor, carbon diowe. and other 6' 
miscellaneous gases such as nilrogcn. oxygen, hydro
carboM. and the .like. These gaseS are emitted into the 
space 30 between the panes 12, 14, as well as to the 

8 
exterior. However, the re:acuvc metal getter 24, posi· 
uoned between the glass panes 12. 14, L\ acuvated at the 
high oven temperature duruag the :.ealing procc:u. This 
mew gcuer �. comprised prcicrably of · ;u� aJioy of 
zircomum. va.n.adtum a.nd iron, w11l chc:mica..lly  rc:ac:t or 
combine wnh the minutr: :�mounts of gases produced 
during the cooling process to form sohd compounch on 
the surface of the meta.! gcuer, thus virtlally elimmaung 
such gases from the space 30. With thc$c g;asa climi· 
natcd, the I O - • Torr vacuum is maintained in the sp;acc 
30 and the likelihood of heat lou ca�d by to con vee
liOn currents tbcrem is vinwly eliminated. 

The amounl of mew geuer 24 to position in a panicu· 
lat evacuated gi4L55 panel 10 according to the present 
invention c:u be prcdcr.ermmcd ac:c:ording to the size of 
the window panel 10 bcin" produced. For eumple, an 
evacuated window panel, 10 of approximatdy one 
square meter requires a metal . gener that is ilpproxi• 
mately 10 em long by 0.08 em w1de by O.JS ..:m. thack, 
when the mew gcucr IS an alloy of z&rconium, va.na· 
du�o�n and iron, iiS preferred in this invention. Other 
kinds of mew alloy genen can also be w.c:d for the same 
purpose. 

Wh.ile the above described laser welding edge seal is 
preferred. ;u1 a..lternauvc: method of prov1dmg a gl� 
c:dge sell! ii 10 � a glllSla solder t�hmque. A s.older 
gi.i!» 1), 01 powdered g� 1\oivmg il low mdung tempera
ture that .:an be �d to bond ���� w•til h1ghc:r .uflc:n· 
in& or melting. poant:& together. In �LU.:h ;an .. l!emauve 
embodiment, !he powdo::red :;.older gloa» would lwvc 10 
be placed between lhe t:dge:a. of the :uij..cc:nt glow; panes 
12. 14. Then, the laser liiKeCIC\1 a! the edges would nul 
h;;we 10 r:a� the tcmpcnuure of the glow; panes 12. !4 10 
lhear mehing points but would merely have 10 be of 
�uiTI4:ient ent:rgy to melt tbe puwdered gl� lOOici.:r �At 
luwer melting puints. 

The foregom� description illu�tr;at� only the prmci· 
plt::i of the invemion. Further, since nurnc:row; modifica
tions and changes will rc:uiily occur to those sk.1lled in 
the :art, 11 is not desired to limit the uwenuon to the 
ex.act construcuon ;and proc= shuwn and described 
above. Accordingly, all suitable mod1l'i..:auon� ;.�nd 
equiv11lcnts may be: resorted to f.Uiing wuhm lhe �ope 
l.lf the invcntion. iiS defined by the ..:l;ums that follow. 

The embodiments of the invenuon in which u.n c:xclu· 
!live property or pnvilege is claimed are defined iiS 
follows: 

1. A thermal rc:siswat panel compnsing two piillt::i of 
glus po!Utioned closely spaced apan in sub�tantially 
parallel relauon to each other, a plurality of �pheric:al 
gla.u bc:ad spacers posllioncd betwc:cn sa1d two panes of 
gl� 10 maanuain the �piiCing while minian1z.ing the ther· 
mal conducuon between said panes, and a. conunuous 
gl;us joint around the periphery of said p;u1cl scaling the 
edges of said two p11nc:s together. 

l. The thcrtnlll rcsi�tant panel or c:laiml, whercm the 
space bctwc:cn said sla.u panes is evacuated. 

3. The therrruL! rc::>i.itant panel of chum l, wherein the
sp;acc between ..:a1d gl:.wo panes is cva.:uaaed to a prc:�
sure in the rilngc of 10- � to 10-• Torr. 

4. The thermal resistant panel of claim l, including
getter mCIUU positioned in said cva.:wued space be:· 
tween !>aid glus panes. . 

5. The thermal rai�tant panel of claim .3, wherein said 
getter means is an activated metal alloy comprising 
zirconium, vanadium, and iron. 
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6. The thermal rc:si>.lOUit p01.11d of claim 1, wherein wid 
glas.i bc:a.cU are an the range oi ilboUt O.J mm to 1 .0 mm 
in diameter. 

7. The thc:nna! rc:sLswu pand of claim 1, wherein said 
gla:i.$ bad$ are affixed to one of said panels. 

10 
:..1.id glo&:is PlfJ1CO together to form a completely glass :.oea! 
around the pcnphery of the panc:l. 

12. The process of clatm 11, includinJl the step of 
glas.i soldering the edge5 of said glas.s p&nes together. 

13. The proce55 of claim 11, including the step of 
illixing a plurality of gJa.u bead spacen to one of said 
gl.a.u JliUIC5 by flooding the Sllffa.ce of wd pane with a 
plu.rality of beads and then spot laser welding sc:lc:c:ted 
numbers thereof to s.aid surfa.ce before welding the 

8. The thel"'lloU rc:sLst.ant panel of claim 1, including 
transparent sc:lc:ct.ive coating mea:u on the su.ria.ce of 
one of $aid glll.li.i pane:; for allowing solar ra.di&t.ion and 
light in the v�iblc spectrum to pas.i therethrough while 
rellc:c:ting infrared heat rad�tion that is not in the v�ible 
)pecuum. 

10 edges of Wd glas.i panes together. 

9. The thermal rc:sLst.ant panel of ciilim 1, wherein said 
pand include:; iUl iMulated baffle around the periphery 
of $llid panel enclosing $llid gla:i.$ joint in $aid iMuJaled 
bllffic:. 15 

10. A thermal rc:satant panel conprising two panes of 
giii.S$ positioned closely spaced apan in relation to each 
other, at leas& one surface of one of $aid piUln of glass 
having deposited thereon a layer of material that is 
WtMparent to solar radiation :llld light in the v�ible .20 
spectrum and reflective to infrared heat radiation that is 
not in the v�ible spectrum, a plurality of spherical gla:.;a; 
bead spaccn attached to one of wd panes of glass and 
positioned in the spa.ce between said two pane5 of glass 
to maintain the spacing while minimizing the thermal 25 
conduction between $llid panes of glolss. a continuous 
welded gliw joint ilround the periphery of said panel 
scu!ing the edges of $llid two plll1C5 of gl:l$5 together, 
and a vacuum in the sp;&ee between wd panes of glas5. 

11. A prao.:ess of producing a thermal rnisLt&nt panel lO 
comprising the steps of positioning two gla.u panes· 
closely spaced apart in relation to .:ach other, posltion
ing & plutlllity of sphcncal gl� bead spaccn between 
s:Ud ·p;u�cs to mainwn the !>pacing while minimizing the 
therm;&l conduction between saad p01.11cs. evacuating the l5 
atmosphcre ;&round said pOLIIC. and joining the edges of 

50 
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14. The process o f  clalm U. including the step of
illixing a plurality of glass bcaQ spa.cers to one of said 
glaa pane5 before welding the edges of s.aid gillS$ panes 
together. . 

15. The proce:sa of claim 1l. including the step of 
welding the edge5 of s.aid glasi panes together by direct
ing a la.scr beam a1 such edges of swTu:ient power to 
raise the temperatu.re of the gla.u at the edges of the 
panes to the melting poinL 

16. The process of claim 15, including the step of
hc:aung said giUi panes to al lc:out the anncaJing temper
ature of the g� and u:Wnutining such temper&tu.re 
during the lasc:r welding of the edges together. 

17. The process of claim 16, including che step of 
posit.ioa.ing metal getter mc:ans in the sp.ce between the 
gl.a.u panes prior to heating :uu1 welding che edgC5. 

11. The process of dii.im 12. including the step of
depositing a !Wlterial on il surface of one of said glass 
panes that is tran�>parent co sol&r radiation and v�1ble 
light and reflective to infr.ued hc:at radiation that ii not 
in the visible spec1rum. 

19, The process of claim 11. including the step of 
sputter depositing a layer of tin-doped indium o.1ide 
ocmicondw.:tor m01terial oa a liurface of one of said gla.s.s 
panes. 

• • • • • 
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