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I .  INTRODUCTION A N D  BACKGROUND: 

The current report of findings i s  concerned with the thermal 

performance of permeable, porous insulator systems which are perfectly 

sealed and not subjected t o  any forced convective flows. Accordingly, 

f lu id  mechanical coup1 ing o f  sub-elements of the insulator system 

derive only from natural convective e f fec ts .  Of course, underlying 

molecular conductive and radiative transport effects  are ever present. 

I n  e a r l i e r  studies") on the effects  of a i r  intrusion on the 

thermal performance of permeable, porous insulator systems, a number 

of effects  were ident i f ied:  

( a )  Intrusive a i r  flows of several kinds can serve t o  degrade 

the insulating value of various permeable insulator systems. 

A permeable insulator t h a t  i s  sealed on a l l  sides b u t  one 

can have i t s  effect ive R-value degraded by f luid mechanical 

coupling of i t s  in te r ior  t o  an a i r  space which i s  contiguous 

t o  the i nsul a t o r  I s unseal ed surface. 

( b )  

( c )  Permeable insulators which are arranged "in ser ies , "  or "in 

paral le l"  or in a multiplicity of series-parallel  combined 

arrangements are generally characterized in terms of 

c lass ical ly  employed algebraic formulae for res is tors  

"in ser ies , ' '  o r  "in paral le l"  o r  in some combined arrange- 

ment. For several cases where fluid mechanical coupling 

derived from forced convective a i r  intrusion plays a role ,  

these ea r l i e r  s tud ies ( ' )  indicate t h a t  the c lassical ly  

employed R-values a n d  formulae do n o t  adequately character- 

ize the performance of such thermal insulator systems. 
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Fu tu re  r e p o r t s  w i l l  deal  w i t h  f o r c e d  convec t i ve  a i r  i n t r u s i o n  

e f f e c t s  and r e l a t e d  processes. 

11. SYSTEMS STUDIED: 

S tud ies  r e p o r t e d  h e r e i n  a re  concerned w i t h  a l i m i t e d  number o f  

i n s u l a t o r  systems types .  Low d e n s i t y  g l a s s  f i b e r  b a t t s  have been 

arranged i n  v e r t i c a l  o r i e n t a t i o n s  w i t h i n  t h e  t e s t  s e c t i o n  of t h e  Stony 

Brook 4.0 f t .  by 5.0 ft. double heat  t r a n s f e r  gauge t e s t  apparatus.  

I n  t h i s  apparatus, t h e  t e s t  s e c t i o n  depth can be v a r i e d  from l e s s  than 

one i n c h  t o  dimensions o f  n i n e  inches and above. The p r i n c i p a l  

boundar ies o f  t h e  t e s t  s e c t i o n  a r e  d e f i n e d  by t h e  innermost  aluminum 

p l a t e s  of  t h e  two 4.0 f t. by 5.0 f t. heat  t r a n s f e r  gauges. Ex tens ive  

thermocouple i n f o r m a t i o n  on t h e  temperatures and temperature d i s -  

t r i b u t i o n s  o f  a l l  f o u r  heat  t r a n s f e r  gauge p l a t e s  i s  ob ta ined  and 

recorded. 

A schematic o f  t h e  double heat  t r a n s f e r  gauge t e s t  apparatus i s  shown 

i n  F igu re  ( 1 ) .  

accuracy o f  R-value measurements d e r i v e d  f rom t h e  double heat  t r a n s f e r  

gauge t e s t  apparatus i s  g i ven  i n  Appendix ( A ) .  Two genera l  k i n d s  o f  

obse rva t i ons  have been made: c e l l u l a r i z a t i o n  e f f e c t s  and convect  v e l y  

induced a i r  i n t r u s i o n  e f f e c t s .  

sec t i ons .  

I n d i v i d u a l  thermocouples a r e  read t o  b e t t e r  than 0 . 1 O F .  

A d i s c u s s i o n  o f  t h e  formulae, methods, and expected 

These a r e  d iscussed i n  t h e  f o l l o w  ng 

( 1 I . a )  C e l l u l a r i z a t i o n  E f f e c t s :  

A t e s t  s e c t i o n  o f  s i x  i n c h  depth i s  e s t a b l i s h e d  ( 4 . 0 ' ~  5 . 0 ' ~  

i n  t h e  double hea t  t r a n s f e r  gauge t e s t  sec t i on .  W i t h i n  t h i s  t e s t  

0 . 5 ' )  

s e c t i o n  v a r i o u s  arrangements o f  permeable and/or  semi-permeable membranes 
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are employed t o  help suppress whatever natural convective effects  may other- 

wise apply t o  the insulating system. The six inch depth of the t e s t  section 

i s  defined by four glass f iber  ba t t  t e s t  panels in ser ies .  

one-half inches i n  thickness. The one and one-half inch thick t e s t  b a t t  

panels were cut from bat ts  of greater thickness. 

cel lular izat ion t e s t  arrangement i s  shown in Fi2ure ( 2 ) .  

C correspond to  locations which could be l e f t  f ree  of any membrane ( l e f t  

B A R E ) ,  o r  where Polyethylene, T Y V E K  ( a  semipermeable membrane), or 

Aluminized Mylar could be placed. 

transparent i n  the 5 to 20 micron infrared (thermal) regime. ('1 

photometric studies a t  Stony Brook have shown t h a t  a 5 mil sheet of 

polyethylene transmits about 90 percent of incident infrared radiation 

in this  spectral regime. T Y V E K  i s  a spun polyolefin sheet material which 

provides for  effusive transport of water vapor t h r o u g h  i t s  semipermeable 

body. 

t h a t  i s  highly ref lect ive (infrared emissivity of the order of 0.05) in 

bo th  the vis ible  a n d  infrared regimes. 

of these membrane materials are given in Appendix ( B ) .  

the resul ts  of  a ser ies  o f  cellularization experiments f o r  a mean t e s t  

section temperature o f  70°F and for  a temperature d r o p  across the system 

of 62°F. The data show t h a t  the thermal performance of th i s  low density 

( p  = 0.45 lb .  per cubic foot)  glass f ibe r  sample i s  affected by b o t h  f ree  

convective a n d  infrared radiative heat t ransfer  mechanisms. The 

Aluminized Mylar i s  successful in suppressing both o f  these unwanted 

transport mechanisms. The improvement in R-value from a 6-inch non-  

cellularized sample ( A ,  B ,  C ,  - Bare) t o  a cellularized (with Aluminized 

Each i s  one and 

A schematic of the 

Planes A, B, and 

Polyethylene i s  known t o  be largely 

Spectro- 

Aluminized (two s ides)  Mylar i s  a nonpermeable sheet material 

Additional data on the properties 

Table ( 1 )  gives 
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Mylar )  6 - i n c h  sample i s  n ine teen percent .  

A b r i e f  s tudy  of t h e  e f f e c t s  of  " b l a c k "  boundary c o n d i t i o n s  ( a t  t h e  

t e s t  s e c t i o n  extremes) versus " h i g h l y  r e f 1  e c t i v e ' '  boundary c o n d i t i o n s  has 

a l s o  been c a r r i e d  o u t .  

T = 55"F, i,T = 36"F, we o b t a i n :  

For t h e  n o n c e l l u l a r i z e d  ( A ,  B, C - Bare) case and f o r  
- 

Black  Boundaries: 

R e f l e c t i v e  Boundar ies:  

R = 18.3 f t? h r .  OF/Btu. t 0 . 2  

R = 19.3 f t? h r .  OF/Btu. k0.2 

I n f r a r e d  spec t rophotomet r ic  s t u d i e s  employing i n s t r u m e n t a t i o n  s i m i l a r  t o  

t h a t  d iscussed e a r l i e r  (above) were used t o  determine t h e  e f f e c t i v e  i n f r a -  

r e d  e m i s s i v i t i e s  assoc ia ted  w i t h  " b l a c k "  and w i t h  " r e f l e c t i v e "  boundary 

c o n d i t i o n s .  

i n g  an i n f r a r e d  e m i s s i v i t y  averaging 0.90. 

"B lack"  c o n d i t i o n s  were achieved w i t h  a b l a c k  p a i n t  d i s p l a y -  

" R e f l e c t i v e "  corresponds t o  

a p o l i s h e d  aluminum sur face d i s p l a y i n g  an i n f r a r e d  e m i s s i v i t y  o f  no more 

than 0.05. 

Bases f o r  t h e  smal l  u n c e r t a i n t i e s  i n  t h e  performance o f  i n d i v i d u a l  

heat  t r a n s f e r  gauges a r e  g i v e n  i n  Appendix ( A ) .  

t h i s  r e p o r t  a r e  mean va lues based on t h e  read ings  o f  t h e  two i n - l i n e  heat  

The R-values g i v e n  i n  

t r a n s f e r  gauges. R-value u n c e r t a i n t i e s  shown a r e  based on t h e  mean 

d e v i a t i o n  from t h e  mean. 

( 1 I . b )  Free C o n v e c t i v e l y  Induced A i r  I n t r u s i o n  E f f e c t s .  

I t  i s  w e l l  known t h a t  v e r t i c a l  a i r  spaces w i t h  s u p e r c r i t i c a l  Ray le igh  

numbers can g i v e  r i s e  t o  s u b s t a n t i a l  f r e e  c o n v e c t i v e  h e a t  t r a n s f e r  e f f e c t s  

i n  t h e  t r a n s v e r s e  ( h o r i z o n t a l )  d i r e c t i o n .  Less w e l l  understood a r e  t h e  

q u a n t i t a t i v e  e f fec ts  t h a t  such f r e e  convec t ion  processes d i s p l a y  when 

t h e  a i r  spaces i n  q u e s t i o n  a r e  cont iguous t o  a permeable, porous i n s u l a t o r .  
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. 

Quest ions  o f  t h i s  s o r t  need t o  be answered i n  o r d e r  t o  p r o p e r l y  assess 

t h e  e f f e c t i v e  R-value o f  a v e r t i c a l  c a v i t y  ( p e r f e c t l y  sealed a g a i n s t  

f o r c e d  convec t ive  e f f g c t s )  which i s  o n l y  p a r t i a l l y  f i l l e d  w i t h  a per-  

mea b l  e i nsu 1 a t o r .  

F i g u r e  ( 3 )  shows t h e  Apparatus Schematics f o r  t h e  s tudy o f  Free- 

The double heat  t r a n s f e r  Convec t ive ly  Induced A i r  I n t r u s i o n  E f f e c t s .  

gauge t e s t  apparatus i s  employed t o  d e f i n e  a n i n e  i n c h  t e s t  s e c t i o n .  

Arranged i n  s e r i e s  a r e  a 1 . 5  i n c h  a i r  space, a 6.0 i n c h  g l a s s  f i b e r  

b a t t ,  and a 1.5 i n c h  a i r  space. 

combinat ions were employed a t  t h e  two a i r - i n s u l a t o r  i n t e r f a c e s .  

t o  da te  a r e  g i v e n  i n  Table ( 2 ) .  

A v a r i e t y  o f  membrane samples and 

Resu l ts  

111. D I S C U S S I O N  OF RESULTS 

Q u a n t i t a t i v e  exper imenta l  r e s u l t s  t o  da te  a r e  d e t a i l e d  i n  Tables ( 1 )  

and ( 2 ) .  

observa t ions .  

( 1 )  

A number of genera l  conc lus ions can be drawn f rom these d e t a i l e d  

C e l l u l a r i z a t i o n  o f  a t h i c k  v e r t i c a l l y  arranged low d e n s i t y  

g l a s s  f i b e r  b a t t  i n s u l a t o r  system can be employed t o  inc rease 

t h e  o v e r a l l  R-value o f  t h e  system. 

i n d i c a t e  t h a t  c e l l u l a r i z a t i o n  i s  e f f e c t i v e  due t o  bo th  t h e  

suppression o f  t h e  modest n a t u r a l  convec t ive  heat  t r a n s f e r  

processes and t h e  i n f r a r e d  r a d i a t i v e  t r a n s p o r t  processes which 

operate.  

t o  be b e s t  as a t h e r m a l l y  s i g n i f i c a n t  c e l l u l a r i z a t i o n  b a r r i e r .  

The r a t e d  R-values o f  a permeable, porous, l o w - d e n s i t y  g l a s s  

f i b e r  b a t t  can be degraded when i t  i s  s i t u a t e d  cont iguous t o  

The r e s u l t s  o f  Table ( 1 )  

Mylar, which i s  a lumin ized on b o t h  s ides  i s  found 

( 2 )  
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e - - - ___ - -- --.__ -__- 
I n s u l a t o r  System 

A,B,C - Bare 

A,B ,C - Po lye thy lene  

A,B,C - TYVEK 

A,B,C - Alumin ized Mylar 

____ 
~ --_ - 

Measured R-value 

[ B t u / f t ?  OF. h r 1 - l  

15.6 k 0 . 5  

16.6 20.8 

17.0 2 0 . 3  

18.6 20.1 

Tab le  ( 1 ) .  C e l l u l a r i z a t i o n  E f f e c t s  f o r  6 . 0  i n c h  Tes t  
S e c t i o n  and v a r i o u s  Membrane Arrangements. 
T = 7OoF. A T  = 62OF. 
i n  S e r i e s .  Each i s  1.5" x 48" x 60 " .  
Extreme Boundaries Covered i n  A lumin i zed  
M y l a r  f o r  a l l  Tes ts .  

- 
Glass F i b e r  B a t t s  ( 4 )  
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S ide  I--= 
Bare 

Po lye thy lene 

A1 umi n i  zed 
My1 a r  

TYVEK 

- __---- 

H o t  
S i  de 

Bare 

Po lye thy lene  

A 1  urni n i  zed 
My1 a r  

TYVEK 

58.3 
65.7 
73.6 
82 .5  

55.2 
66.0 

54.0 
60.0 
71 . O  

_L- 

57.1 
66 .O 

--- -- --- 

- __I--- -- --- - - _-- 
R 

AT(OF) ft? h r  .OF/Btu 

33.3 9.5 5 0 . 2  
41 .O 8 . 3  k O . 2  

49.0 7.7 50.3  
59.0 7.2 k0.3 

---- 

38.6 21.0 tO.0 

52.0 13.0 51.0 

34.0 19.5 50.6 
43.0 18.2 50.6  
58.0 16.5 50.6 

38.0 18.0 20.8  
49.9 15.7 t l . O  

Tab le  2a. Measured R-values o f  a g lass  f i b e r  b a t t  i n s t a l l a t i o n  
f o r  t h e  exper imenta l  arrangements and boundary 
c o n d i t i o n s  o f  F igu re  ( 3 ) .  Cases ( a ) :  Sur face  
B a r r i e r  no. 1 and no. 2 i d e n t i c a l .  
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54.0 
67.6 

32.0 16 .8  20.2 
45.0 13 .0  k 1 . 0  

Cold 
Side 

53.1 
57.0 
65.9 

Bare 

33.0 18 .2  20 .4  
38.0 17 .0  50.5 
50.0 14.9 51.0 

I Polye thylene  

59.0 
65.0 

-~ 

55.4 
67.4 
75.0 
-- 

Bare 

~ - -~ 

38.0 1 3 . 4  20.4 
44.5 1 2 . 1  t 0 . 6  

35 .0  17.2 k l . 0  
51.6 14.2 t 0 . 6  

1 3 . 3  51.0 61.5 
-- ________ - 

Aluminized 
My1 a r  

.- - - - - __ - 

Hot 
S i d e  

Polyethylene 

Bare 

Aluminized 
My1 a r  

- 

Bare 

I I I 

Tab le  2 b .  Measured R-values o f  g l a s s  f i b e r  b a t t  i n s t a l l a t i o n  
arrangement and boundary c o n d i t i o n  o f  Figure ( 3 ) .  
_ c P  Cases ( b ) .  Only one s u r f a c e  b a r r i e r  l e f t  BARE.  

. 
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. 

Polye thy lene 

TYVEK 

A lumin ized 
My1 a r  

___ _:.- - -- - - 

TYVEK 

A1 umi n i  zed 
My1 a r  

52.3 
61.7 

56.0 
63.0 
74.0 

52.7 
62.6 

. 

33.0 
42.0 
55.0 

21.0 k0.6 
18.0 t 0 . 6  

17.5 tO .0  

15.2 f0 .4 

18.7 20.7 

15.3 f l . O  

15.0 50.7 
~~ ~ 

17.8 f0 .7  
17.0 f0 .5  

. _ _ -  -_ _? 

Table 2c .  Measured R-values o f  a g lass  f i b e r  b a t t  i n s t a l l a t i o n  

Sur face  b a r r i e r s  no. 1 and no. 2 n e i t h e r  
arrangement and boundary c o n d i t i o n s  o f  F igu re  ( 3 ) .  
Cases ( C ) :  
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and f l u i d  mechan ica l l y  coupled t o  an a i r  space which s u s t a i n s  

f r e e  c o n v e c t i v e  e f f e c t s .  Tables (2a)  - (2c)  d e t a i l  t h e  magni- 

tude o f  these e f f e c t s  f o r  a s p e c i f i c  s e t  o f  i n s u l a t o r  arrange- 

ments. 

on t h e  r e s u l t s  of F i g u r e  ( 2 )  a r e  complex. A l though a low a i r  

space e m i s s i v i t y  ( h i g h l y  r e f l e c t i v e  boundary c o n d i t i o n  a t  t h e  

heat  t r a n s f e r  gauge surfaces) g e n e r a l l y  leads  t o  a h i g h  R-  

The i n f l u e n c e  of t h e  e f f e c t i v e  a i r  space e m i s s i v i t y  

v a l u e  f o r  t h e  a i r  space i t s e l f ,  t h e  cor respond ing ly  l a r g e  

temperature drop i n  t h e  a i r  space leads  t o  more s u b s t a n t i a l  

f r e e  c o n v e c t i v e  e f f e c t s  which may couple t o  t h e  thermal 

performance c h a r a c t e r i s t i c s  o f  t h e  porous g l a s s  f i b e r  m a t e r i a l .  

I n  essence, such a system o f  f l u i d  mechan ica l l y  coupled 

i n s u l a t o r s  must be viewed i n  a u n i f i e d  manner. The f r e q u e n t l y  

invoked r e l a t i o n  of independent ly  o p e r a t i n g  r e s i s t a n c e  i n  

s e r i e s  (RT = R, -t R2 + R3 + * * - )  i s  g e n e r a l l y  inadequate f o r  

t h e  systems under study. T h i s  i s  d iscussed f u r t h e r  i n  

Appendix (C) . 

I V .  PRACTICAL IMPLICATIONS OF FINDINGS TO DATE 

( 1 )  For p e r f e c t l y  sealed, v e r t i c a l  w a l l  i n s t a l l a t i o n s  of  g l a s s  

f i b e r  b a t t s  which a r e  cont iguous t o  a i r  spaces, r a t e d  R-value 

degradat ion  may r e s u l t .  

i n s u l a t e d  (under insu la ted ,  p a r t i a l l y  bare)  e x i s t i n g  housing 

T h i s  suggests t h a t  f o r  u n w i s e l y  

s tock,  t h e  thermal performance o f  w a l l s  - f r e e  o f  any f o r c e d  

c o n v e c t i v e  wind c o n d i t i o n s  --- - may be s u b s t a n t i a l l y  i n f e r i o r  t o  

t h a t  which was p r e v i o u s l y  thought  t o  be t h e  case. T h i s  

. 

. 

i m p l i e s  t h e  need f o r  q u a n t i t a t i v e  r e c o n s i d e r a t i o n  o f  t h e  
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. est imated c o s t - e f f e c t i v e n e s s  o f  w a l l  c a v i t y - f i l l i n g  r e i n s u l a t i o n  

o f  e x i s t i n g  b u i l d i n g s .  I n - s i t u  thermal performance o f  some 

u n d e r i n s u l a t e d  w a l l s  may be more s u b s t a n t i a l l y  improved 

through r e i n s u l a t i o n  than p r e v i o u s l y  thought  - even where t h e  

w a l l  s e c t i o n  i s  taken t o  be f r e e  o f  any f o r c e d  convec t ive  wind 

c o n d i t i o n s .  

Some e x i s t i n g  b u i l d i n g  w a l l  s e c t i o n s  may have unwise ly  i n s t a l l e d  

g l a s s  f i b e r  b a t t s  which do n o t  b u t t  t i g h t l y  a g a i n s t  a non- 

permeable b a r r i e r  a t  t h e  b a t t  end. I n t e r f e r o m e t r i c  s t u d i e s  

a t  Stony Brook of such bat t -end,  a i r -space c o u p l i n g  a r e  i n  

progress.  Observat ions t o  d a t e  c l e a r l y  show t h a t  a i r  space 

f r e e  c o n v e c t i v e  e f f e c t s  p e n e t r a t e  a bare  ba t t -end.  

( 3 )  New c o n s t r u c t i o n ,  modern w a l l  i n s u l a t i o n  systems should be f r e e  

o f  t h e  problems noted  above. Nevertheless,  c a r e l e s s  o r  unwise 

c o n s t r u c t i o n  p r a c t i c e s  may g i v e  r i s e  t o  a number of such f r e e  

c o n v e c t i v e l y  induced degradat ion  o f  R-values. 

( 4 )  None o f  t h e  observa t ions  r e p o r t e d  h e r e i n  r e f e r  t o  f o r c e d  con- 

v e c t i v e  e f f e c t s  on the  i n - s i t u  R-value o f  a permeable, porous 

i n s u l a t o r  system. Nevertheless,  i t  i s  found t h a t  a number o f  

membrane m u l t i p l i c i t i e s  and arrangements ( b o t h  semipermeable 

and nonpermeable) may be employed t o  upgrade t h e  NO WIND 

thermal performance o f  a w a l l  i n s t a l l a t i o n .  I n  t h i s  regard,  

semipermeable membranes may prove t h e r m a l l y  u s e f u l  w h i l e  alsc 

s e r v i n g  t o  p e r m i t  e f f u s i v e  t r a n s p o r t  o f  mo is tu re .  

I t  i s  a n t i c i p a t e d  t h a t  f o r c e d  c o n v e c t i v e  f lows may f u r t h e r  

m o d i f y  t h e  i n - s i t u  thermal performance o f  a permeable w a l l  

( 5 )  
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insulation system, where perfect wall sealing is not achieved 

and where significant wind conditions prevail. Studies of 

these effects are currently in progress. It is not premature 

to suggest, however, that a multiplicity of  membrane barriers 

would be useful in maintaining rated R-value performance of 

glass fiber insulated wall systems that are subject to 

signficant wind conditions. 
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6.0'' Test Section 
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Cell u l  a r i  z a t  i on Tests 

Finure ( 2 )  



17 

Guar( 

Cold 

Insulation-. 

Reservoir 7 

Heat Transfer -. 
Gauge 

1.5" Ajr Space 

. 

. .  . .  _ .  . . . .  . . .  . .  
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, APPENDIX ( A )  

PERFORMANCE OF AN AIR-GAP HEAT TRANSFER GAUGE 

I .  I n t r o d u c t i o n  and Background 

The use o f  an a i r - g a p  heat  t r a n s f e r  gauge has been e x p l o i t e d  a t  

SUNY 

a i r  spaces, window systems, i n s u l a t e d  w a l l  sec t ions ,  and o t h e r  m a t e r i a l s  

c h a r a c t e r i z e d  b y  a s i g n i f i c a n t  thermal r e s i s t a n c e .  The purpose o f  t h i s  

apendix i s  t o  d iscuss  t h e  accurac ies  expected o f  measurements so made. 

Stony Brook as a means o f  measuring heat  t r a n s f e r  r a t e s  through 

SUNY - Stony Brook Report  ETR-1277-2 prov ides  a d e s c r i p t i o n  o f  t h e  

k i n d  o f  t e s t  apparatuses t o  which sucha heat  t r a n s f e r  gage may be a p p l i e d  ( 3 )  

The genera l  advantages o f  t h e  a i r - g a p  heat  t r a n s f e r  gauge a r e  t h e  

f o l l o w i n g :  

Use of a i r  as t h e  gauge's i n s u l a t i o n  o f  i n t e r e s t  p rov ides  a 

s tandard i n s u l a t o r  whose thermal c o n d u c t i v i t y  i s  w e l l  known 

and f r e e  of  degradat ions which may a f f l i c t  manufactured 

i nsu l  a t o r s .  

The two sur faces  ( o f  massive t h e r m a l l y  conduct ive  p l a t e s )  

which d e f i n e  t h e  a i r - g a p  a r e  o f  low i n f r a r e d  e m i s s i v i t y ,  

thereby  suppressing r a d i a n t  heat  t r a n s f e r  r a t e s .  

e m i s s i v i t i e s ,  these r a t e s  a r e  c a l c u l a b l e  ( e x a c t l y )  f rom 

fundamental p h y s i c a l  c o n s i d e r a t i o n s  and t h e  known s u r f a c e  

temperatures (Tl and T2) .  

The thermal c o n d u c t i v i t y  o f  t h e  ( a i r )  gap i s  known w i t h  

g r e a t  accuracy.  

t r a n s f e r  due t o  t h e  ext remely smal l  Rayle igh number (<ZOO). 

The conduct ive  heat  t r a n s f e r  r a t e  i s  c a l c u l a b l e  ( e x a c t l y )  

f rom fundamental p h y s i c a l  c o n s i d e r a t i o n s  and t h e  known 

With known 

The a i r - g a p  s u s t a i n s  no convec t ive  heat  
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s u r f a c e  temperatures (T1 and T2) .  

I n  t h e  f o l l o w i n g  we examine some heat  , ransfer  gauge expected 

performances. 

11. Heat T r a n s f e r  Gauge 

( A )  Representat ion 

--- 

The r e s i s t a n c e  network e q u i v a l e n t  t o  t h a t  examined i n  ETR-1277-2 

i s  shown below: 
R a i r  R t e s t  

The conduct ive  and r a d i a t i v e  heat  t r a n s f e r  r a t e s  ( a s s o c i a t e d  w i t h  t h e  a i r  

gap) a r e  g i v e n  by :  

and 
4 4 {Fad = Ea(T1 - T2 ) 

where 

1 - 1  1 + - - I  
E El E2 

El = i n f r a r e d  e m i s s i v i t y  o f  s u r f a c e  a t  T = Tl 

E2 = i n f r a r e d  e m i s s i v i t y  o f  sur face  a t  T = T2 

kair = thermal c o n d u c t i v i t y  o f  a i r  

= a i r  gap dimension 6a 
AT = T1 - T2 

(B) E r r o r  A n a l y s i s  

The u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  o f  t h e  heat t r a n s f e r  r a t e  

through a heat  t r a n s f e r  gauge i s  o f  two genera l  k inds .  Those due t o  

. 

random e r r o r s  and those due t o  sys temat ic  e r r o r s .  The e f f e c t s  of  random 
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. 

e r r o r s  can genera 

Systemat ic e r r o r s  

l y  be suppressed by a m u l t i p l i c i t y  

g e n e r a l l y  i m p l y  sys temat ic  unce r ta  

lated/measured r e s u l t s .  Thus, t h e  measured va lue  of  

o f  observa t ions .  

n t i e s  i n  ca l cu -  

t h e  thermal 

r e s i s t a n c e  of  a t e s t  specimen con ta ins  e r r o r s  which d e r i v e  f rom two 

sources : 

( a )  e r r o r s  i n  t h e  measurement o f  t h e  hea t  t r a n s f e r  r a t e  

through t h e  heat  t r a n s f e r  gauges (6:) 
e r r o r s  due t o  t ransve rse  heat  exchange (conduct ive  l e a k s )  

w i t h  t h e  environment ( th rough  t h e  i n s u l a t e d  p e r i p h e r y  o f  

t h e  t e s t  s e c t i o n ) .  (4;) 

( b )  

I n  genera l ,  4: must be c a l c u l a t e d  o r  measured. 

t e s t  apparatus, 4; i s  no l a r g e r  than the  d i f f e r e n c e  between t h e  read ings  

o f  t h e  two, i n  l i n e ,  heat  t r a n s f e r  gauges. Accord ing ly ,  t h e  u n c e r t a i n t y  

in R t e s t  
o f  t h e  "guard i n s u l a t i o n " .  

For a double heat  t r a n s f e r  

assoc ia ted  w i t h  4; d e r i v e s  f rom t h e  u n c e r t a i n t y  i n  t h e  e f f e c t s  

We cons ide r  now t h e  e f f e c t s  o f  random e r r o r s  on heat  t r a n s f e r  gauge 

performance: 

L e t  R = f(X,Y), where x and y a r e  t h e  measured q u a n t i t i e s  s u b j e c t  t o  

random e r r o r .  

sponding depar tu res  f rom them. Then 

R = Rc + r, 

L e t  Rc, xc, yc be t h e  t r u e  va lues  and r, x, y t h e  c o r r e -  

Y = y  + y  
C 

x = x  + x ,  
C 

We cons ide r  r, x, y t o  be random v a r i a b l e s  w i t h  zero means and r e s p e c t i v e  

s tandard  d e v i a t i o n s  o f  or, ox, o . Expanding f(X,Y) i n  a T a y l o r ' s  s e r i e s  
Y 

around (xc,  yc) g i ves  
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and 

and having expected va lues  

2 2 o = E { r ) =  r 

. -  I t  i s  assumed t h a t  ( x )  and ( y )  a r e  independent ( .  . xy = 0). 

( C )  E r r o r s  due  t o  U n c e r t a i n t i e s  i n  T l Y  T Z y  6 A y  Tc ,  E and k a i r .  

I f  we c o n s i d e r  a hea t  t r a n s f e r  gauge t o  be gold p l a t e d  and t o  

d i s p l a y  the fo l lowing  c h a r a c t e r i s t i c s  ( T e s t  Case) : 

6a = ( 3 / 1 6 ) "  = 0.015625 f t .  

= 0.0152 B T U / h r . f t . O F  k a i r  

E = 0.0178 

and uE = 0.0026 

where uE = t h e  u n c e r t a i n t y  i n  ( E ) .  From the i n f r a r e d  Handbook ( f o r  Gold) 

TO K 

273'K 0.038 
293'K 0.04 

a r e  employed t o  deduce the E = 0.0178 va lue .  Also: 

Tc = O°C = 492'R 

T2  = 24.8OC = 76.64OF = 536.64'R 

T1 = 3O.O0C = 86OF = 546'R 

w = 0.002'' = 0.0001667 f t .  
X 

0.0134 
0.015 

= 0.000304 BTU/hr.ft?F (two percent) uK 

L 
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Thus 

q: = { i o n d  + 
= 9.1054 + 0.1812 = 9.2866 BTU/hr . f t?  

Note t h a t  t h e  r a d i a t i v e  component t o  4: i s  o n l y  some 2 percent  o f  t h e  

t o t a l .  Th is  e x a c t l y  c a l c u l a b l e  component i s  somewhat h i g h e r  f o r  cases 

where p o l i s h e d  aluminum i s  used i n s t e a d  o f  go ld.  

1 {$ + 4EoTl3}IT2-Tc1 
‘ a  

S u b s t i t u t i o n  o f  parameters o f  t h e  problem i n t o  t h e  above g i v e s  

R = 4.81 k 0.182 

o r  an u n c e r t a i n t y  o f  l e s s  than f o u r  percent .  

due t o  random e r r o r s  i n  t h e  temperature.  

P a r t  o f  t h i s  u n c e r t a i n t y  i s  

I f  we average n i n e  temperature 

readings we can reduce wR t o  a v a l u e  o f  

w = 0.1182 r 
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and 

R = 4.81 k 0.118 arid aK error of some 2.5 percent. 

As noted ea r l i e r ,  use of a double heat transfer gauge t e s t  apparatus 

assures that  the transverse heat loss/gain i s  no larger t h ? n  tt,e d i f fe r -  

ence between the heat t ransfer  ra tes  sustained by each of the two, i n  

l i ne ,  heat t ransfer  gauges. 

( G )  Uccuracy of Test Kethods 

The performance of a properly constructed a d  used air-gap heat 

transfer gauge i s  expected t o  yield heat transfer rates whose systematic 

uncertainties a re  no niore than a b o u t  three percent. Ttdese uncer-tair,ties 

are f,,r the i n d i v i d u a l  heat transfer gauges themselves and  are  iinrelated 

t o  4; values which may derive fron-l the l iv i ted  effectiver,ess of atiy 

" guard  i nsu 1 d t -i on': ma t e r i  a 1 s . 
Shortly a f t e r  completion of the manufacture of the double heat 

transfer gauge t e s t  apparatus, the agreement of readings provided by the 

two heat trahsfcr gauges was deterniiried for  d range of  boundary tempera- 

tures ar,d for the case where the t e s t  sectior, was "shorted o u t "  ( t h e  h e a t  

transfer gauges were plzced i n  good thermal c m t a c t  w i t h  each o ther ) .  

Asreement was good t o  better t h a n  tho  percent. 

heat transfer gauges were separated by a one inch a i r  space (black 

boundaries for  the t e s t  section).  

transfer gauge readings was good t o  bet ter  thar: two percent. 

I n  other t e s t s ,  the two 

Again, agreement between the t w G  heat 

Uncertainties in the thermal performance o f  a t e s t  savple may 

derive from the 1iLiited effectiver,ess o f  the "guard secticr!" of the t e s t  

apparatus. 

systen; of connlercia'lly available foanied polyisocyanurate insulators ( R  = 8C) .  

The double heat t ransfer  gauge t e s t  apraratus i s  guarded by 6 

, 
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For the ranges of boundary temperature conditions and t e s t  sections 

reported herein, the R-value reported i s  based on the average of the two 

heat transfer gauge readings. 

the difference i n  these two readings. 

The uncertainties reported are based fir! 

I t  may thus be concluded t h a t  the t e s t  methods examined are  

capable of achieving measured R-values with errors less  t h a n  f ive  percent. 

I t  i s  also s ignif icant  tha t  the t e s t  section heat transfer processes 

need not be associated with a uniform system. ( 3 )  Window systems, insulated 

wall systems, e tc . ,  generally sustain three-dimensional heat t ransfer  

processes. 

I t  i s  also important to note that  once a t e s t  sect ion 's  thermal 

resistance i s  measured sa t i s fac tor i ly  by the methods given above, any 

forced convective flows imposed on the t e s t  section will generally give 

r i s e  t o  quite d i f fe ren t  readings from each of the two heat transfer 

gauges. 

nii ned (froni independent measurements on i nl e t /ou t le t  temperatures and  

mass flow r a t e ) ,  these two quite different  readings may be taken as 

quantitative measuresof the "hot side" versus "cold side" perforniancc 

o f  the t e s t  section. 

energy balance on the forced convectively influenced system under study. 

Once the forced convective enthalpy flow ra t e  change i s  deter- 

They may also be employed direct ly  t o  a complete 



. 
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APPENDIX ( B )  

c 

SOME PHYSICAL PROPERTIES OF MATERIALS USED 

I N  THESE EXPERIMENTS 

A l l  t e s t  m a t e r i a l s  eniployed i n  these exper iments were ob ta ined 

f rom coninierci a1 sources. 
3 g l a s s  f i b e r  b a t t s :  

Po lye thy lene (*")Sheet:  

Mean Dens i ty  = 0.45 l b . / f t .  

th ickrress = 0.004 inch .  

i n  t h e  5-SG micron s p e c t r a l  
regime 

Mean i n f r a r e d  transni i  s s i  v i  t y  

M y l a r ( 7 )  Sheet: th ickness  = 0.001 i n c h  rxylar p l u s  C.00025 i n c h  
Aluriiinum on each s ide .  

i n f r a r e d  e m i s s i v i t y  - < 0.05 

TYVEK Sheet: th ickness  = 0.005 i m h  I n f r a r e d  e m i s s i v i t y  and 
p o r o s i t y  n o t  determined. 

Glach P a i n t  ( f o r  boundar ies)  : 100% Carbon Black Pigment 

I n f r a r e d  e i n i s s i v i  t y  = 0.9. 

? 



L 

. 
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APPENDIX ( C )  

THERMAL TRANSPORT THROUGH SYSTEMS 
OF RESISTANCES "IN SERIES" 

I t  i s  frequently assumed t h a t  the characterization of thermal 

resistances t o  be " in  ser ies"  i s  an  obvious, geometrically deterniined 

feature of an insulator systern. 

georetrically suggests t h a t  three insulators,  ( I ) ,  (11) ,  and (111) are  

" in  ser ies" .  

Figure ( 4 )  i s  a schematic which 

I t  i s  known(4) t h a t  f c r  n independently operating thermal 

resistances " in  ser ies"  t h a t  the total  res is tarxe,  R t ,  i s  given by 

( L - 1 )  R t  = R l  t R2 + e * *  + R n  . 
If one assumes t h a t  (Figure 4 ) :  

Y1 " P ,  and 
1 '  

( c - 2 )  

(C-3) TA,  TB,  TC,  T,, each corresponds t o  a n  isGt.herma1 vertical  

plane, and t h a t  

(C-4) Regimes ( I ) ,  (11) ,  and  (111) are each thermally open 

(nonadiabatic) b u t  f lu id  mechanically closed (no exchange 

of mass) w i t h  respect t o  neighboring regimes, and  i f  

4;; and 4;; are bGth constants, independent of time, a n d  i f  

the heat transfer rates ( i n  the y-direction) a t  t h e  upper 

and loher boundaries are  negligible: 

(C-5) 

( C - 6 )  

( c -7 )  

- then, one may frequently accept as useful the approximation 
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For such an approx 

process i s  quasi -s  

Tl!en -- 

(c-10)  

and one niay d e f i n e  

(c-11)  

(c-12)  

(C-13) 

Rat ion ,  t h e  o v e r a l l  n a t u r e  o f  t h e  h e a t  t r a n s f e r  

eady and one-dimensi onal  (i n t h e  x - d i  r e c t i  on) .  

. I 1  - .I1 .II - .I1  

qA - qB = qc - qD = c o n s t a n t  

a thermal r e s i s t a n c e ( 4 )  f o r  each space such t h a t  

:;R1 = TB - TA 

II qxR2 = TC - TB 

. II 
qxR3 = TU - TC 

where R 

( 1 1 ) ,  and ( 1 1 1 ) ,  r e s p e c t i v e l y .  

R2, R. a r e  t h e  so-de f ined thermal r e s f s t z n c e s  f o r  regimes ( I )  1 ’  3 

Combinations o f  t h e  above equat ions,  (C-11) - (C-131, g i v e s  

(C-14) 

and t h e  s u m u t i c n  

R t  = E,+R2+R3 

has t h c  c h a r a c t e r  o f  thersial  r e s i s t a n c e s  i n  s e r i e s .  F u r t h e r ,  i t  i s  t o  

1 be noted t h a t  kl i s  d e f i n e d  i n  terms o f  a u n i f o r m  s l a b  o f  t h i c k r e s s  x 

bounded by isc thern ia l  TB a t  t h e  rionpermeablc b c r r i e r  x = x1 a r d  TA a t  

a t  the  nonperrieable b a r r i e r  x = 0. Corresponding d e f i n i  t i c t x  a p p l y  t c l  

R, arid R,. 

Chc?t-aCtW c f  each G f  t h e  severa l  regitlies rrray be q u i t e  COn;Fl€X and 

d i f f e r w t  f rom t h a t  o f  i t s  n e i g h b o r ( s ) .  

c f  t h e  c o n s t r a i n t s  ( C - 2 )  - (C-9) permi ts  t rea tment  o f  t h e  heat  t r a n s f e r  

p rob le r i  i n  t e r m  o f  s imp le  r e s i s t a n c e s  i n  s e r i e s ,  (C-1).  

I t  i s  n o t a b l e  t h a t  t h e  p h y s i c a l  c c r t e n t  and h e a t  t r c n s f e r  
L 3 

P!cvertheless, t h e  i m p c s i t i o n  
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However, should i t  not be possible to  sa t i s fy  ( C - 2 )  - (C-9) ,  then 

more general equations t h a n  (C-10) - (C-13) will be required to  

characterize the system ( 5 )  . 
For the studies reported herein, absence of nonpermeable membranes 

a t  the various regime interfaces (par t icular ly  those of Figure 3.)  may 

give r i s e  t o  gaseous flows across vertical  interface planes. For such 

cases, geometrically vertical  planes are generally n o t  isothernial s , and 

reginies ( I ) ,  (11) ,  and (111) are f luid mechanically coupled. 

Accordingly, the vertical  planes 0 ,  x 1 3  x1 + x,,  x1 + x2 + x3,  do 

- n o t  necessarily correspond t o  isothemals  TA, TB, TC, and TD respectively. 

Figure (5 )  shows the type of isothermal f ie lds  found by recent 

L 

interferometric and temperature probe studies of mu1 t i p l e  insulaticn 

elements which sustain a i r  intrusion effects .  here T again l i e s  in 

the plane x = 0 and T agair! l i e s  ir; the plane x = x1 + x2 + x?.  

TU correspond to  careful ly mai ntai neci t e s t  section boundaries. 

the isothermals TB and TC are  I?C longer p l a n a r .  

equations ( C - 1 1 )  - (C-73) are not adequately descriptive of the heat 

transfer processes sustained by each of the regimes ( I ) ,  (11) ,  and (111). 

A 
TI: and 

However, 
D 3 

For such a case, 

T h u s ,  an air-permeable thermal insulating system, made u p  of 

eleinents in geonetric ser ies  and bounded by isotherrrrals Tp, and T D 3  sub- 

jected t c  a variety of internal a i r  intrusion effects  (as foucd i n  these 

s tud ies ) ,  may display a measured overall thermal resistance,  ";. tlowever, 

R" need riot ,  ir, general , be equal t o  Rl+K,+R3. t L 
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