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FOREWORD 

Th i s  expe r imen ta l  s tudy  is  p a r t  of a c o n t i n u i n g  e f f o r t  t o  e v a l u a t e  
and i n s u r e  a c c u r a t e  r e p o r t i n g  of i n s u l a t i o n  product  performance d a t a .  
The r e l a t i v e  accuracy  of a l t e r n a t e  test methods and t h e  degree  t o  which 
t h e i r  r e s u l t s  r e p r e s e n t  c u r r e n t  i n d u s t r y  p roduc t ion  i s  of c r u c i a l  
importance.  DOE c o n s i d e r s  t h e  test data r e p o r t e d  t o  be of t e c h n i c a l  
Importance t o  t h i s  o b j e c t i v e .  A more comprehensive program of con t inued  
sampl ing  and t e s t i n g  i n v o l v i n g  m u l t i p l e  l a b o r a t o r i e s  is under  
c o n s i d e r a t i o n .  

Th i s  is one of a series of r e p o r t s  t o  be pub l i shed  d e s c r i b i n g  
research, development,  and demonst ra t ion  a c t i v i t i e s  i n  suppor t  of t h e  
N a t i o n a l  Program f o r  Bu i ld ing  Thermal Envelope Systems and I n s u l a t i n g  
Materials. The Na t iona l  Program i n v o l v e s  s e v e r a l  f e d e r a l  agenc ie s  and 
many o t h e r  o r g a n i z a t i o n s  i n  the p u b l i c  and p r i v a t e  s e c t o r s  who are 
a d d r e s s i n g  t h e  n a t i o n a l  o b j e c t i v e  of d e c r e a s i n g  energy  waste i n  t h e  
h e a t i n g  and c o o l i n g  of b u i l d i n g s .  R e s u l t s  d e s c r i b e d  i n  t h i s  r e p o r t  are 
parr.  of t h e  Na t iona l  Program through d e l e g a t i o n  of management respon- 
s i b i l i t i e s  f o r  t h e  DOE l e a d  r o l e  t o  t h e  Oak Ridge Na t iona l  Laboratory.  

Other  r e p o r t s  i n  t h i s  series i n c l u d e  t h e  fo l lowing ,  which are 
a v a i l a b l e  from NTIS: 

1. 

2 .  

3. 
4 .  

5. 

6, 

7. 

DOE:/CS-0059: 
Entielope Systems and Insulating MateriaZs ( Janua ry  1979) ;  
ORNL/SUB-7556/1: Assessment of the Corrosiveness of Cellulosic 
Inwla t ing  Materials (June 1979). 

ORNL/SUB-7504/3: Recessed L i g h t  Fixture T @ s t  Facili ty ( J u l y  1 9 7 9 ) .  

ORNL/SUB-7559/1; 
Formaldehyde Foam f o r  RssidentiaZ Insulation (September 1979) ,, 

ORNL/SUB-7551/1: 
Energy T?%n8pOFt i n  Porous Insulator System8 (October  1979) e 

The National Program Plan f o r  Building Thermal 

ProbZems Associated &th  the Use of Urea- 

Interim Progress Report cm an Investigation of 

ORNL/TM-6494 : 
of Flat Insulations (October  1979). 

A Technique f o r  Measurzhg the Appapent Conductivity 

ORNL/SUB-79/13660/1: 
P r o g r a m  Eatl;ensim and Revim (February 1980). 

Minnesota Retro f i t  I'nsulation I n  S i tu  Test 

Ted S. Lundy 
Program Manager 
Bu i ld ing  Thermal Envelope Sys tems 

and I F s u l a t i n g  Materials 
Oak Ridge Na t iona l  Labora tory  

E. C. Freeman 
Program Manager, Bu i ld ings  Divison 
O f f i c e  of Bu i ld ing  and Community Systems 
Department of Energy 





EDITOR'S NOTE 

Although ORNL has a p o l i c y  of r e p o r t i n g  i t s  work i n  S I  metric units, 

t h i s  r e p o r t  u s e s  E n g l i s h  u n i t s .  The j u s t i f i c a t i o n  i s  that:  t h e  i n s u l a t i o n  

i n d u s t r y  a t  p r e s e n t  o p e r a t e s  comple te ly  w i t h  E n g l i s h  u n i t s ,  and r e p o r t i n g  

o t h e r w i s e  would l o s e  meaning t o  t h e  i n t e n d e d  r e a d e r s h i p .  To assist t h e  

readelr i n  o b t a i n i n g  t h e  S I  e q u i v a l e n t s ,  these are l i s t e d  below f o r  t h e  

u n i t s  o c c u r r i n g  i n  t h i s  r e p o r t .  

P r o p e r t y  
-I_ 

Dimension 

Dimens i o n  

DensiLy 

Power 

Thermal c o n d u c t i v i t y  

Thermal r e s i s t a n c e  

Temperature  

Temperature  d i f f e r e n c e  

Uni t  Used 

in 

ft 

w f t 3  

%tu/h  

Btu i n . / h  f t 2  a~ 

h f t 2  OF/Btu 

O F  

O F  

SI Equiva len t  

25.4 mm 
0.3048 m 

16.02 kg/m3 

0.2929 w 
0.1441 W/tn  K 

0.1742 K m2/W 

O C  = (5/9)(*P - 32) 

O C  = (5 /9 ) "F  
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EXEC U T IV E SUMMARY 

Th i s  s t u d y  was i n i t i a t e d  i n  June 1977 t o  o b t a i n  and e v a l u a t e  f u l l -  

t h i c k n e s s  thermal  performance d a t a  on minera l  f i b e r  b a t t - t y p e  i n s u l a t i o n s .  

The minera l  f i b e r  i n d u s t r y  a t  t h a t  t i m e  and c u r r e n t l y  de t e rmines  t h e  ther- 

iiial r e s i s - t a n c e  (R-value) of t h e s e  p roduc t s  on specimens u s u a l l y  1.5 in .  

t h i c k .  Thermal test specimens are s l i c e d  from tlie marketed p roduc t s ,  

which are u s u a l l y  3.5 o r  6 i n .  t h i c k ,  and t e s t e d  t o  de te rmine  appa ren t  

t he rma l  c o n d u c t i v i t y .  The measured appa ren t  thermal. c o n d u c t i v i t y  is  then  

used i n  a manner p r e s c r i b e d  i n  ASTM recommended p r a c t i c e  t o  p rov ide  t h e  R- 

v a l u e  a t  fu l l .  t h i c k n e s s  by a l i n e a r  e x t r a p o l a t i o n .  

The s t u d y  aimed t o  o b t a i n  f u l l - t h i c k n e s s  the rma l  perf  orinance d a t a  

and  t o  assess other p r o p e r t i e s  of m i n e r a l  f i b e r  b u i l d i n g  i n s u l a t i o n s .  

The physical .  p r o p e r t y  measurements d i s c u s s e d  i n  t h i s  r e p o r t  p rov ide  a 

measure o f  t h e  range of v a l u e s  € o r  d e n s i t y ,  t h i c k n e s s ,  and R-value based 

on a sampling of low-dens i ty  m i n e r a l - f i b e r  b u i l d i n g  i n s u l a t i o n  b a t t s  

purchased  i n  the marke tp l ace  i n  1977. The expe r imen ta l  d a t a  were used t o  

e s t a b l i s h  mean R-values a t  nominal ( l a b e l )  t h i c k n e s s  of R-11 and K-19 

f i b e r g l a s s  b a t t s  and R-11 rock wool b a t t s .  

The guarded h o t  p l a t e  a p p a r a t u s  used t o  o b t a i n  f u l l - t h i c k n e s s  t h e r -  

m a l  performance d a t a  was e s t i m a t e d  t o  be a c c u r a t e  t o  -t3% by a d e t e r m i n a t e  

e r r o r  a n a l y s i s  and from measurements on specimens s t u d i e d  by o t h e r s .  

T h i s  a p p a r a t u s  was a l s o  used t o  measure t h e  appa ren t  thermal  c o n d u c t i v i t y  

of s l i c e d  b a t t  materials i n  o r d e r  t o  compare t h e  two methods. The 

r e s u l t s  o b t a i n e d  by u s i n g  s l i c e d  materials i n d i c a t e d  mean nominal- 

t h i c k n e s s  R-values c o n s i s t e n t  w i th  tlie manufac tu re r s '  l a b e l  va lue .  The 

f u l l - t h i c k n e s s  tes ts  showed mean nominal - th ickness  R-values below (but  

w i t h i n  1134 o f )  t h e  manufac tu re r s '  l a b e l  va lue .  The mean R-values 

o b t a i n e d  w i t h  s l i c i n g  were g r e a t e r  t han  t h e  f u l l - t h i c k n e s s  R-values by 

approx ima te ly  0.9 R-uni ts  fo r  R-11 f i b e r g l a s s  i n s u l a t i o n s  and by approxi -  

ma te ly  1.2 R-units f o r  R-19 f i b e r g l a s s  i n s u l a t i o n s  bo th  of which exceed 

t h e  a p p a r a t u s  e r r o r  estimate. 

T h e  f u l l - t h i c k n e s s  and s l i c e d  t e s t i n g  t echn iques  provided  a set 

of  R-values on t he  purchased samples t h a t  were conve r t ed  t o  R-v.1 d .ues a t  

l a b e l  t h i c k n e s s  by u s i n g  a p a r t i c u l a r  c o r r e l a t i o n  of a p p a r e n t  thermal  
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conduc t iv i t -y  and d e n s i t y .  The f o l l o w i n g  t a b l e  l i s ts  t h e  product  type 

t e s t e d ,  t h e  number of t es t s ,  the Pe rcen tage  foimd t o  be below t h e  l a b e l e d  

R-value, and t h e  p e r c e n t a g e  found t o  be below 90% of t h e  l a b e l e d  R-value: 

I._.̂- _l___ I__ _____ ..... 

Experimental  (Ful.1. Th ickness )  Data Summary" 

Product  
Type 

K - 1 1  F i b e r g l a s s  

R-19 F i b e r g l a s s  

R-11 Rock wool 
3 i n .  t h i c k  

R-11 Rock W O O 1  

3.5 in .  t h i c k  

Number of 
Tests - 

48 

30 

12 

15 

aNine measurements made 

F e r c e n t a ge  
Be low 

Label  Value ........ .- 

85 
3 3  

100 

53 

Pe rcen tage  
B e l o w  90% 

of Label  ..... Valuea _..- 

19 

23 

G I  

0 

u s i n g  tes t  specimens s l i c e d  
from f i b e r g l a s s  b a t t s  ( t h e  c u r r e n t  p r a c t i c e )  showed R- 
v a l u e s  above 90% of t h e  l a b e l  value.  

The f u l l  t h i c k n e s s  r e s u l t s  i n d i c a t e  s u r p r i s i n g l y  l a r g e  p e r c e n t a g e s  below 

l a b e l e d  R-value f o r  t h e s e  f o u r  t y p e s  of m i n e r a l  f i b e r  i n s u l a t i o n .  Th i s  

r e p o r t  i n c l u d e s  a s t a t i s t i c a l  a n a l y s i s  of t h e s e  d a t a  based on the assump- 

t i o n  of normally d i s t r i b u t e d  p r o p e r t i e s ,  which y i e l d e d  estimates of simi- 

l a r  magnitude f o r  the p o p u l a t i o n  from which the s a m p l e s  were purchased. 

Recovered t h i c k n e s s  d a t a  are a v a i l a b l e  t h a t  are i n  c o n f l i c t  w i t h  the 

v a l u e s  o b t a i n e d  i n  t h i s  s tudy .  Measurements on R-19 f i b e r g l a s s  b a t t s  

o b t a i n c d  as p a r t  of the c e r t i f i c a t i o n  program o p e r a t e d  by the N a t i o n a l  

A s s o c i a t i o n  of Home B u i l d e r s  Researrb Foundat ion show recove red  

t h i c k n e s s e s  that  are g r e a t e r  t han  t h o s e  l i s t e d  i n  t h i s  r e p o r t .  The 

c o n f l i c t i n g  d a t a  and comments from rev iewers  have been i n c l u d e d  i n  t h i s  

r e p o r t  i n  appendices .  
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This  r e p o r t  i d e t i t i E i e s  an urgency f o r  con t inued  sampling and f u r t h e r  

t e s t i n g  of m i n e r a l  l i b e r  i n s u l a t i o n s  by many l a b o r a t o r i e s .  The d i f f e r -  

ences  between r e s u l t s  o b t a i n e d  w i t h  t h e  s l i c e d  t echn ique  arid r e s u l t s  

o b t a i n e d  w i t h  f u l l - t h i c k n e s s  t e s t i n g  must be thoroughly  unders tood  and 

docurn{:nted so t h a t  ad jus tmen t  f a c t o r s  f o r  t h e  t h i c k n e s s  e f f e c t  can be 

a c c u r a t e l y  e s t a b l i s h e d .  

Th i s  e x p e r i m e n t a l  s t u d y ,  which has  gene ra t ed  a d a t a  base  on f u l l -  

t h i c k n e s s  t e s t i n g  and t h e  t h i c k n e s s  e f f e c t  by us ing  a s i n g l e  guarded h o t  

p l a t e ,  should  be viewed as p a r t  of a c o n t i n u i n g  e f f o r t  t o  assess t h e  

e f f e c t i v e n e s s  of a v a i l a b l e  thermal  i n s u l a t i n g  materials and a s s o c i a t e d  

test methods. Both ASTM and NBS view the  accuracy  of f u l l - t h i c k n e s s  

t e s t i n g  as unreso lved  and recommend con t inued  use  OS t h e  s l i c e d  t e s t i n g  

t e c h n i q u e  u n t i l  f u l l - t h i c k n e s s  c a l i b r a t i o n  s t a n d a r d s  are a v a i l a b l e .  

M i n e r a l  f i b e r  i n s u l a t i n g  materials are a major c o n t r i b u t i o n  t o  conser -  

v a t i o n  and a c o n t i n u i n g  tes t  progratn on t h e  the rma l  e f f e c t i v e n e s s  i s  be ing  

planned.  
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1. INTRODUCTION 

.‘iEter the impact of t h e  1973 o i l  embargo, i n c r e a s e d  energy  conser- 

v a t i o n  i n  b u i l d i n g s  by more and b e t t e r  u s e  of t he rma l  i n s u l a t i o n  became 

a n  obvious  area of s tudy .  I n  1975, as p a r t  of i t s  o v e r a l l  i n t e r e s t s  i n  

ene rgy  c o n s e r v a t i o n ,  t h e  newly formed Energy Research  and Development 

A d m i n i s t r a t i o n  ( E K D A )  e s t a b l i s h e d  a materials group having  a scope t h a t  

i n c l u d e d  t h e  e v a l u a t i o n  of thermal  per f  ormance and o t h e r  p r o p e r t i e s  of 

t h e  c u r r e n t  b u i l d i n g  i n s u l a t i o n  matci-ials. A number of s i g n i E i c a n t  

e v e n t s  have occur red  s i n c e  t h i s  p r o j e c t  w a s  conceived.  A b r i e f  summary 

01 these e v e n t s  has been i n c l u d e d  i n  Appendix A, 

Tn mid-1977 EKDA i n i t i a t e d   TI i n v e s t i g a t i o n  o f  t h e  p r o p e r t i e s  oE t h e  

va r io t i s  m’neral. f i b e r  b a t t  and b l a n k e t  p r o d u c t s  t h a t  were t h e n  a v a i l a b l e .  

Mine ra l  f i b e r  p roduc t s  are the most w i d e l y  used  i n s u l a t i o n  materials 

p a r t i c u l a r l y  i n  t h e  r e s i d e n t i a l  s e c t o r .  The p roduc t s  are be ing  so ld  on 

t h c  b a s i s  of having  a s p e c i f i e d  the rma l  res is tance (R-value).  Fu r the r -  

uiore, a c e r t i f i c a t i o n  program has  breri ongoing f o r  a number of y e a r s  

within1 t h e  m i n e r a l  f i b e r  manufac tur ing  i n d u s t r y  t o  c e r t i f y  t h a t  t h e  pro- 

d u c t s  do, i n  f a c t ,  conform t o  the s t a t e d  l e v e l  of performance. It w a s  

a n t i c i p a t e d  t h a t  manufac tu re r s  of o t h e r  t he rma l  i n s u l a t i o n  p roduc t s  would 

f o l l o w  t h e  l e a d  of t h e  m i n e r a l  f i b e r  i n d u s t r y ,  and i t  was anticjpated 

I r h , i t  t h e r e  could be o v e r a l l  p roduct  improvements t h a t  would encourage  t h e  

i n c r e a s e d  use of i n s u l a t i o n  f o r  energy  c o n s e r v a t i o n  In b u i l d i n g s .  

Thermal i n s u l a r i o n s ,  by t h e i r  n a t u r e ,  are he terogenous  and t h e i r  

performance c h a r a c t e r i s t i c s  e s p e c i a l l y  t l iermal  performance,  can va ry  

markedly wi th  r e l a t i v e l y  s m a l l  changes i n  d e n s i t y  and  t h i c k n e s s .  T h e  

m i n e r a l  f i b e r  p r o d u c t s  as manufactured are compacted before  t r anspor -  

t a t i o n  t o  t h e  i n s t a l l a t i o n  s i t e .  These p r o d u c t s  are des igned  f o r  a spe-  

c i f i e d  l e v e l  of t he rma l  performance which depends upon r ecove red  

t h i  ckness  and a p p a r e n t  thermal  c o n d u c t j  v i t y  ( appa ren t  t he rma l  condue- 

t i v i t y  v a r i e s  w i t h  d e n s i t y ) .  The e x t e n t  t o  which t h e s e  p roduc t s  r ecove r  

f rom compact ion i s  examined i n  this r e p o r t .  
- I * Program o p e r a t e d  by T h e  N a t i o n a l  A s s o c i a t i o n  of Home B u i l d e r s  
Research  Foundat ion  (NAHRRF), Inc. ,  a whol ly  owned s u b s i d i a r y  of t h e  
N a t i o n a l  A s s o c i a t i o n  of Home Bu i lde r s .  

1 
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The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  e v a l u a t e  R-11 and R--19 pro- 

d u c t s  from each p l a n t  of each major manufacturer .  Samples were purchased 

d i r e c t l y  from r e t a i l  sol-irces i n  d i f f e r e n t  g e o g r a p h i c a l  areas such that 

e v e r y  manufactur ing p l a n t  was r e p r e s e n t e d .  These samples were sh ipped  

d i r e c t l y  t o  t h e  tes t  l a b o r a t o r y ,  where r ecove red  t h i c k n e s s ,  d e n s i t y ,  and 

the rma l  r e s i s t a n c e  were measured, 

The i n v e s t i g a t i o n  was i n i t i a t e d  i n  June 1977 wii:h Dynatech R/U 

Company beirig s e l e c t e d  t o  o b t a i n  t h e  s a m p l e  materials and i n v e s t i - g a t e  

t h e r m a l  performance. Dynatech had a 24-in.-square h o t  p l a t e  a p p a r a t u s  

and was one of t h e  few o r g a n i z a t i o n s  i n  a p o s i t i o n  t o  e v a l u a t e  t h e  insu-  

l a t i o n  p r o d u c t s  i n  accordance w i t h  AS'TM C 177-76, "Steady-State  Thermal 

Transmiss ion  P rope r t i e s .  by Means of the Guarded Hot Plate." '  

measurement procedure was chosen because i t  i s  an absol.rite tes t  method, 

which does  not r e l y  on a c a l i b r a t i o n  f a c t o r  d e r i v e d  from eval .uat ing s t a n -  

d a r d  r e f e r e n c e  materia1.s I 

A 

T h i s  

The f i r s t  phase of t h e  i n v e s t i . g a t i o n  i n c l u d e d  t h e  determinatLi-on of 

r ecove red  t h i c k n e s s ,  d e n s i t y ,  and the rma l  r e s i s t a n c e  a t  a mean tern- 

p e r a t u r e  of 75°F on a l l  t h e  s a m p l e  materials obtai-ned and a d d i t i o n a l  

measurements of t he rma l  r e s i s t a n c e  as a f u n c t i o n  of t e m p e r a t u r e  and t e m -  

p e r a t u r e  d i f f e r e n c e  on a 1i.ni.ted number of sample materials. 'Thermal 

performance measurements were unde r t aken  a t  t h e  r ecove red  t h i c k n e s s  w i t h  

subsequen t  c a l c u l a t i o n  of the R-value a t  nominal ( l a b e l )  thickn,+,  " 5 5 .  

Nominal-thickness R-values were c a l c u l a t e d  and r e p o r t e d  t o  p rov ide  a 

b a s i s  f o r  comparing the materials that.  were t e s t e d .  

T h e  second phase of t h e  i n v e s t i g a t i o n  a d d r e s s e d  t h e  q u e s t i o n  of 

f u l l - t h i c k n e s s  t e s t i n g  v e r s u s  tes t i .ng  of s l i c e d  samples, The p r e v i o u s l y  

mentioned c e r t i f i c a t i o n  program r e q u i r e s  t h a t  t h e s e  p r o d u c t s  be e v a l u a t e d  

on specimens s l i c e d  from t h e  product. i n  acco rdance  w i t h  ASTM C 653-70, 

"De te rmina t ion  of t h e  Thermal R e s i s t a n c e  of Low-Density Mine ra l  F i b e r  

Blanket-Type Bu i ld ing  I n s u l a t i o n .  " Thus, t h e  p r e s e n t  work i n c l u d e d  

measurements i n t e n d e d  t o  p rov ide  a comparison between t h e  two d i f f e r e n t  

experiinental  t echn iques .  T h i s  second phase of t h e  i n v e s t i g a t i o n  was 

unde r t aken  i-n 1978, and invo lved  a li.niited number of s a m p l e s  from a 
. . ~ ~  ~.~__..~._____ .. . * American S o c i e t y  f o r  T e s t i n g  and Materials, approved June 11, 1976. 
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s i n g l e  manufacturer .  T e s t  specimens were removed from t h e  same r o l l s  oE 

material  t h a t  were used i n  t h e  f i r s t  phase and were e v a l u a t e d  i n  an iden- 

t i c a l  f a s h i o n  t o  t h a t  perforined f o r  t h e  c e r t i f i c a t i o n  program f o r  m i n e r a l  

wool b a t t s  and b l a n k e t s .  I n  t h i s  way d i f f e r e n c e s  i n  t h e  two d i f f e r e n t  

measurement t e c h n i q u e s  cou ld  be e v a l u a t e d  q u a n t i t a t i v e l y .  

A diagrammatic  r e p r e s e n t a t i o n  of t h e  s a m p l e  d i s t r i b u t i o n  and t e s t i n g  

sequence i s  shown i n  Fig. 1 f o r  t h e  two phases  of t h i s  s tudy .  A sta- 

t i s t i c a l  a n a l y s i s  w a s  completed at Oak Kidge N a t i o n a l  Labora to ry  (ORNL) 

a f t e r  the e x p e r i m e n t a l  r e s u l t s  were r e p o r t e d  by Dynatech. Details  of t h e  

p r o c e d u r e s ,  e x p e r i m e n t a l  r e s u l t s ,  and t h e  r e s u l t a n t  a n a l y s i s  are pre- 

s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

REF E KEN CE 

1. 1.977 RnnuaZ Book of ASTM Standxrds, Part 28, 7'henml and Cryogenic 

Insulating Materials; Building Seals and Sealants; Fire Tests; 

Bui;!d-ing Constructions; Environmental Acoustics. American S o c i e t y  

for Tes t ing  and Materials, P h i l a d e l p h i a .  
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2.  SAMPLE PROCUREMENT 

2.1 Phase 1 

I n  an  a t t e m p t  t o  eliminate q u e s t i o n s  concern ing  t h e  v a l i d i t y  of 

t h i s  i n v e s t i g a t i a n  conce rn ing  t h e  r e p r e s e n t a t i v e n e s s  of the sample 

materials e v a l u a t e d  i n  t h i s  tes t  program, i t  was dec ided  t h a t  Dynatech 

would be r e s p o n s i b l e  f o r  t h e  procurement of t h e  tes t  s a m p l e s .  A t o t a l  

of 99 packages of mine ra l  f i b e r  b a t t  i n s u l a t i o n  materials were purchased  

from r e t a i l  s o u r c e s  a c r o s s  t h e  count ry .  These materials f e l l  i n t o  t h r e e  

major c a t e g o r i e s :  R-11 unfaced low-densi ty  f i b e r g l a s s ,  R-19 unfaced low- 

d e n s i t y  f i b e r g l a s s ,  and R-11 paper  f aced  rook wool i n s u l a t i o n  materials. 

The material s o u r c e s  were randomly s e l e c t e d  re ta i l  i n s u l a t i o n  and 

b u i l d i n g  supply  o u t l e t s  i n  major m e t r o p o l i t a n  areas t h a t  were geographi-  

c a l l y  c l o s e  t o  t h e  manufac tur ing  p l a n t s .  

Dynatech purchased 4 2  packages oE R-11 f i b e r g l a s s .  From i n f o r -  

mat ion  s u p p l i e d  by t h e  r e t a i l  sou rce  o r  deduced from package markings it 

was p o s s i b l e  t o  i d e n t i f y  t h e  manufac tur ing  f a c i l i t y  t h a t  s u p p l i e d  t h e  

i n s u l a t i o n  materials. The i n t e n t i o n  w a s  t o  p rocure  3 s a m p l e  l ~ t s  from 

15 d i f f e r e n t  p roduc t ion  p l a n t s ,  d i v i d e d  e q u a l l y  among t h e  3 major 

manufac tu re r s .  Samples w i t h  d i f  f e ren r .  s h i f t  numbers o r  d a t e s  of manu- 

f a c t u r e  were sought  t o  p rov ide  adequa te  product  r e p r e s e n t a t i o n .  Because 

of s h o r t a g e s  i n  supp ly  a t  t h e  t i m e  of sampl ing ,  i t  w a s  p o s s i b l e  t o  pro- 

c u r e  sample material from o n l y  13 p l a n t s .  

A f i v e - d i g i t  code number w a s  a s s i g n e d  t o  each  sample of i n s u l a t i o n  

material as i t  w a s  r ece ived .  The  codes i d e n t i f y  manufac tu re r s  and pro- 

d u c t i o n  p l a n t s  and permi t  p rope r  grouping  of t h e  da t a .  The codes are 

l i s t e d  i n  Appendix R. 

S i m i l a r l y ,  30 packages of E 1 9  low-densi ty  f i b e r g l a s s  and 27 pack- 

a g e s  of rock  wool i n s u l a t i o n s  were a l s o  i d e n t i f i e d  and purchased.  Ten 

manufac tu r ing  p l a n t s  were i d e n t i f i e d  i n  connec t ion  w i t h  t h e  R-19 low- 

d e n s i t y  f i b e r g l a s s  materials and e i g h t  manufac tur ing  p l a n t s  were rep re -  

s e n t e d  i n  the rock wool p roduc t s  t h a t  were ob ta ined .  Th i s  conformed 

w i t h  t h e  o r i g i n a l  r e q u e s t  f o r  d i s t r i b u t i o n  of samples f o r  t h e s e  two 
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mterial types .  A s  w i t h  t h e  R-ll f i b e r g l a s s  mattr.rf.als, a code w a s  

a s s i g n e d  t o  each s a m p l e  of R-19 f i b e r g l a s s  i n s u l a t i o n  and R - l l  rock wool 

i n s u l a t i o n .  

Upon r e c e i p t  of each sample material, two specimens approx ima te ly  

4 8  i n .  i n  l e n g t h  were c u t  from tile sample r o l l  € o r  t h e  d e t e r m i n a t i o n  of 

d e n s i t y .  Two specimens approxi-mately 24 in .  i n  l e n g t h  were c u t  from t h e  

sample r o l l  f o r  the d e t e r m i n a t i o n  of a p p a r e n t  t he rma l  c o n d u c t i v i t y  and 

ther inal  r e s i s t a n c e .  In cases where the  r o l l  w id th  was less t h a n  24 i n . ,  

a d d i t i o n a l .  specimen pieces were c u t  t o  f a b r i c a t e  t e s t  specimens 24 i n .  

squa re .  Th i s  was ach ieved  by cu t t i -ng  two a d d i t i o n a l  specimen pieces and 

sandwiching them on e i - t h e r  s i d e  of t h e  o r i g i n a l .  specimen p iece  such t h a t  

t h e r e  were no j o i n t s  i n  t h e  a c t u a l  meter ing sect i .on.  A l l  remaining s a m p l e  

m a t e r i a l s  were sent t o  ORNL. 

The on ly  c r i t e r o n  a p p l i e d  i n  t h e  s e l e c t i o n  of tes t  speci.mens from t h e  

s a m p l e  w a s  t h a t  t hey  be f rom t h e  middle p o r t i o n  of t h e  sample t o  minimize 

t r a n s p o r t a t i o n  damage i n  t h e  a c t u a l  test specimens.  The p a i r  OE a p p a r e n t  

t h e r m a l  c o n d u c t i v i t y  speci-mens w a s  c u t  f rom approx ima te ly  t h e  saiiicj l oca -  

t i o n  a l o n g  t h e  b a t t  l e n g t h ,  wh i l e  tlie d e n s i t y  specimens were c u t  from two 

l o c a t i o n s  t o  de t e rmine  t h e  va r i ab i l - i . t y  of d e n s i t y  wi.t.hin a s i n g l e  r o l l  o r  

bag. 

Two a d d i t  Coria1 t es t  specimens were removed from one randomly chosen 

r o l l  of each manufacturer  t o  de t e rmine  a p p a r e n t  t he rma l  c o n d u c t i v i t y  and 

the rma l  r e s i s t a n c e  as a f u n c t i o n  of t empera tu re  and d e n s i t y .  These trwo 

specimens were a l s o  removed from the same l o c a t i o n  a long t h e  l e n g t h  of t h e  

b a t t  b u t  no t  n e c e s s a r i l y  from t h e  same l o c a t i o n  as t h e  o r i g i n a l  p a i r  of 

a p p a r e n t  t he rma l  c o n d u c t i v i t y  speci.inens .) 

2.2 Phase 2 

F o r  t h e  purpose of de t e rmin ing  c.xl)c!rirnentally t h e  d i f f e r e n c e  beiween 

R-values o b t a i  ned by measuring f u l l - L h i c k n e s s  b a t t s  and those  o b t a i n e d  by 

u s i n g  ASTM C 653-70, f i v e  p a i r s  of R-11 and f o u r  p a i r s  of R-19 low-density 

f i b e r g l a s s  s a m p l e s  w r e  submi t t ed  t o  Dynatech by ORNL. These specimens 

were removed from t h e  same r o l l s  o r  b a t t s  as t h o s e  i o  Phase 1. 'lhey were 

l a b e l e d  w i t h  t h e  i d e n t i r a l  coding from the p r e v i o u s  phase and were from a 

s i n g l e  manuf ac t iirer 
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3 .  EXPERTMENTAL PROCEDURES ANI) DISCUSSION OF RESULTS 

3 .  1 Thickness  and Dens i ty  

3.1.1 Procedure  f o r  Thickness  and Dens i ty  Measurements ---- 
Thickness  and d e n s i t y  measurements were nlade i n  accordance  w i t h  

ASTM C 167-64,  "Thickness  and Dens i ty  of Blanket  o r  Batt-Type Therrna1 

I n s u l a t i n g  Mater'Sals .I' In g e n e r a l ,  t h e  procedure  f o r  t h i c k n e s s  and 

d e n s i t y  measurements i nvo lved  s r  l e c t i o n  o f  two d e n s i t y  spcc Linens 

( p 1  and p2) about  48 tn. i n  l e n g t h ,  w h i c h  were c u t  from each  r o l l  o r  b a t t  

of  sample m a t e r i a l .  Each specimen was hc1.d at  two p o i n t s  abou t  30 in .  

a p a r t  d o n g  t h e  long edge ,  suspended w i t h  t h e  long  edge h o r i z o n t a l ,  and 

shaken  v i g o r o u s l y  i n  a h o r i z o n t a l  p l ane  f o r  5 s. Each tes t  specimen was 

t h e n  p l aced  on a h o r i z o n t a l  f l a t  s u r f a c e  and a l lowed t o  expand f r e e l y  fo r  

a t  least  4 h t o  r ecove red  t h i c k n e s s ,  

Each specimen w a s  ruled o f f  i n t o  f o u r  e q u a l  areas a l o n g  i t s  length ,  

and t h c t  t h i c k n e s s  was measured as s p e c i f i e d  i n  ASTM C 167-64. For 

i n s u l a t i o n s  w i t h  paper  f a c i n g ,  t h e  f a c i n g  was c u t  and peeled back t o  

expose  t h e  s u r f a c e  of t h e  i n s u l a t i o n  material. The t h i c k n e s s  measurement 

w a s  performed i n  t he  c e n t e r  of each  of t h e  Sour areas. Lengths  and w i d t h s  

of t h e  test  specimens were measured w i t h  a s t t i e l  r u l e  t o  21/16 i n ,  a t  

tiiree positions along t h e  specimen. Each specimen was weighed t o  w i t h i n  

20.1 g. Specimens having  paper Eacings were weighed wi th  as much of t h e  

f a c i n g  i n a t e r i a l  removed AS p o s s i b l e  w i t h o u t  damaging t h e  specimen. Thus, 

eacli d e n s i t y  measurement set: i nvo lved  th i cknebs  measurements ( f o u r ) ,  

l e n g t h  ineasureinents ( t h r e e ) ,  wid th  measureinents ( t h r e e ) ,  and a weight  

d e t e r m i n a t i o n .  In some cases (20  of t h e  105 measurements) t h e  d e n s i t y  

specimen was l e a s  t h a n  48 in .  i n  l e n g t h ,  hiit i t  was always g r e a t e r  t h a n  

2 3  i n .  i n  length .  

The  d e n s i t y  oE a specimen a t  r ecove red  t h i c k n e s s ,  pR,  w a s  c a l c u l a t e d  

by i ising 
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where 

pR = d e n s i t y  a t  r ecove red  t h i c k n e s s ,  pounds p e r  f o o t  cubed; 

PI = mass of specimen, grams; 

L = a v e r a g e  l e n g t h  of specimen, i n c h e s ;  

K = a v e r a g e  wid th  of specimen, i n c h e s ;  

TR = ave rage  r ecove red  t h i c k n e s s  of specimen, i nches .  

The d e n s i t y  of a specimen a t  i t s  norniiial t h i c k n e s s ,  pN, w a s  c a l c u l a t e d  by 

w i t h  TN = nominal t h i c k n e s s ,  i n c h e s  ( s t a t e d  on l a b e l ) .  

Kecovered t h i c k n e s s  and d e n s i t y  were measured on a t o t a l  of f o u r  

specimens from each r o l l  o r  bai:t of ma te r i a l -  t e s t e d .  A measurement. w a s  

made on each o€ t h e  specimens t aken  frolii two d i f f e r e n t  l o c a t i o n s  on t h e  

b a t t  s p e c i f i c a l l y  f o r  d e n s i t y  d e t e r m i n a t i o n ,  and a d e n s i t y  measurement was 

made on each of the p a i r  of speciiiiens t aken  From a s i n g l e  r o l l  l o c a t i o n  

f o r  a p p a r e n t  t he rma l  c o n d u c t i v i t y  measurement. The si .ngle v a l u e  r e p o r t e d  

f o r  t h e  d e n s i t y  of t he  the rma l  conduct ivi . ty  specimens r e p r e s e n t s  a n  

a v e r a g e  of two measurements taken a t  a l o c a t i o n  d i f f e r e n t  from the two 

d e n s i t y  specimens.  

3 .  I e 2 Discuss ion  I of 'Thickness and Densi ty  .................... R e s u l t s  ...........-I 

The e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  f o r  t h i c k n e s s  and d e n s i t y  are 

t a b u l a t e d  i n  Appendix C. The d a t a  are suiii.iiiarized i n  Table  1. The da t a  

shown i n  Appendix C were ana lyzed  t o  de t e rmine  t h e  d i s t r i b u t i o n  of 

t h i c k n e s s e s  and d e n s i t i e s  p r e s e n t  i n  t h e  sarnpl.i.ng. The three e n t r i e s  f o r  

each  specimen were weighted equal.1.y i n  t h e  c a l c u l a t i o n  of ave rages  since 

t h e y  come from t h r e e  1ocat i .ons.  R e s u l t s  arc3 shown f o r  each  of t h e  t h r e e  

f i b e r g l a s s  manufac tu re r s  r e p r e s e n t e d  i n  t h e  sample as well as composi te  

r e s u l t s  f o r  a gi.ven type  product .  I n  t h e  case of t h e  rock wool d a t a ,  

o n l y  composite s t a t i s t i c s  are r e p o r t e d  s i n c e  the s a m p l e  s i z e  f o r  a g iven  

menPlfactuKer w a s  r e l a t i v e l y  small. 
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T a b l e  1. The C a l c u l a t e d  Mean, Sample S tandard  Dev ia t ion ,  P r e d i c t e d  
Range, and Observed Range of D e n s i t i e s  and Thicknesses  OF Low 

Dens i ty -F ibe rg la s s  and Rock Wool I n s u l a t i o n  Materials 

P r o d u c t  
No mi nd 

T h ickrie 

and 
1 
S S  

Number Value  of P r o p e r t y  
P h y s i c a l  _.___._~.__.__II of 

Measure- P r o p e r t y a  Sample Sample 0 b s e r  ved 
ments Mean Std .  Dev. Range 

Hanu- 
Facture r 

F i b e r g l a s s  
R - l l  (3.5 i n . )  47 

19 

19 

47 

113 

33 

27 

30 

63 

0.596 
0.613 
3.60 

0.0683 0.4 78-0.775 
0.0907 0.417-0.775 
0.357 2.85-4.22 

R . - l l  ( 3 . 5  in.) 0.419 

4.06 
0.484 

0.0338 0.378-0.460 
0.033 0.4 3!+4 a 5 6 5 
0.321 3.54-4.52 

PR 
PN 
7'R 

R - 1 1  (4.0 i n . )  0.406 
13.380 
3.76 

0.054 0.3 3 2 4 . 5  37 
0. 059 0.304-0.460 
0.487 3 . 1 2 4 . 7 1  

R - l l  (3.5 i n . )  0.576 
0.596 
3.65 

0.0642 0.474-0.765 
0.0444 0 . 5 3 2 4 . 6 8 1  
0.336 2.7 9-4-33 

R-11 Cornposi te 
(3.5 i n . )  

0.558 
0.584 
3.69 

0 .  0886 0 .3  78-0.7 7 5 
0.0805 0 . 4 1 7 4 . 7 7 5  
0.398 2.79-4.52 

PR 
P N  
"R 

R-19 (f1.0 i n . )  0.678 
0.639 
5.71 

0.0826 0.529-0.828 
0.0818 0.501--0.880 
0.804 4, :93-7.22 

R-19 (6t.5 i n . )  0.442 
0.4 14 
6.16 

0.121 0 e 29 1-0 )I 7 45 
0.092 0. '3074.588 
0.5175 5.11-6.93 

PR 
PN 
2'R 

R-19 (6.0 in.) PR 
P N  
PR 

0.637 
0.613 
5.78 

0.0505 0.563-0.784 
0.0524 0.548-0.7SO 
0.434 4 e 5 3-6.56 

R-19 Composite 
(6 .0  i n . )  

PR 
PN 
1'R 

0.658 
0.626 
5.75 

0.072 

0.651 4.30-7.22 

0 e 5 24-0.8 28 
0.070 0.50i-o.a80 

Rock Wool 
R - l l  (3.0 in.) 36 

45 

2.203 
2.165 
2.98 

0.278 1.7 88-2 9 36 
1.7 20-2.6 50 0.297 

0.488 2.3 1-4.3 2 

PR 
PN 
TR 

R - l l  ( 3 . 5  i n . )  1.927 
1.666 
3.03 

0.247 1.4 4 1-2.448 
0.247 1.066-2.153 
0.396 1.90-3.67 

'%R i s  t h e  d e n s i t y  a t  r e c o v e r e d  t h i c k n e s s  and PN i s  the d e n s i t y  a t  nominal  
t h i c k n e s s ,  c a l c u l a t e d  by Eq. ( 2 ) ;  b o t h  are i n  pounds p e r  c u b i c  f o o t .  ' 7 ' ~  i s  t h e  
a v e r a g e  r e c o v e r e d  t h i c k n e s s  i n  i n c h e s .  



1.0 

I n  each  case t ~ i o  paramete r s  are used  t o  d e s c r i b e  t h e  d i s t r i b u t i o n  of 

t h e  p r o p e r t y  under  di-scussion.  The sample m e a n  computed w i t h  

was t a k e n  as an  es t imate  of t h e  popu1.ation intian, w h i l e  

was used  t o  o b t a i n  an estimate of t h r  popu la t ion  v a r i a n c e .  In  t h e s e  

e q u a t i o n s  

X; = a n  expe r imen ta l  v a l u e  f o r  p r o p e r t y  X ,  
__ 
X the e s t i m a t e d  mean of p r o p e r t y  X, 

N _I t h e  numbcr of expe r imen ta l  v a l u e s  a v a i l a b l e  f o r  p r o p e r t y  X, and 

s2 = t h e  e s t i m a t e d  v a r i a n c e  of t h e  X popula t ion .  

The p r o p e r t y  v a l u e s  are assumed t o  be normally d i s i r i b u t e d  about  t h e i r  

r e s p e c t i v e  means. F i g u r e s  that show the  expe r imen ta l ly  de te rmined  p r o p e r t y  

d i s t r i b u t i o n  have been i n c l u d e d  t o  p rovide  some i n s i g h t  i n t o  t l i ~  v a l i d i  t y  

of the assumption.  F i g u r e s  2 through 5 show t h e  d i s t r i b u l i o n s  f o r  t h e  

composi te  d a t a  f o r  7 ’ ~ .  D i s t r i b u t i o n s  f o r  t h e  d a t a  from i n d i v i d u a l  manu- 

facturP1-s  and t h e  t h i c k n e s s  and d e n s i t y  measurements can  be found i n  

Appendix C. 

111 a d d i i i o n  t o  t h e  a n a l y s i s  t h a t  l e a d s  t o  a d c s c r i p t i o n  of t h e  

p r o p e r t y  d i s t r i b u t i o n s ,  the 99% c o n f i d e n c e  i n t e r v d l .  f o r  t h e  means of t h e  

p r o p e r t y  d i s t r i b u t i o n s  w a s  determined by u s i n g  

where 
- 
P = t h e  t r u e  mcnn of p r o p e r t y  X, and 

t 7 v a l u e  o b t a i n e d  f r o m  t d i s t r i b u t i o n  t a b l e  f o r  ci = 0.01 
(99% conf idence  l e v e l )  aiid (Iv - 1) d e g r e e s  of freedom. 
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0.4 

w 
II 
0. 0.2 
5 m 
U 
0 

2 
0 11.2 
t- u 
Q 
a 
LL. 

0.1 

0 

SAMPLE SIZE-I13 

m m 
w 
z 
Y 

E 
I- 

0 

n 
a 
> 
0 
V u 
cf 

z 
d 
w 
z 

w 
w 

I 
I 

2.95 3.25 3.55 3.85 4.15 4.45 4.75 2.65 

RECOVERED THICKNESS (in.) 

F i g .  2. Observed Distribution about the Mean 
of R-1.1 F i b e r g l a s s  Batts. 

I 

0.4 . 

w 
_1 

g 0.3 - 
Q 
v) 

U 
0 
z 
0 0.2 - t; 
2 
U 

SAMPLE SIZE 63 

- 

Recovered T h i  ckiness 

ORNL DWG 80-7882 

Y 

4.1 4.4 4.7 5.0 5.3 5.6 5.9 6.2 6.5 6.8 7.1 7.4 

RECOVERED THICKNESS (in.) 

F i g .  3. Observed D i s t r i b u t i o n  about  t he  Mean Recovered Thickness 
of R-19 F ibe rg la s s  Batts. 
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ORNL-DWG 80-7883 

SAMPLE SIZE 36 

C. 4 

W 
i 
a 0.3 E a 
v7 
U 
0 
Z 
0 0.2 

L 
Q 
CT 
LL 

0.1 

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

RECOVERED 1 HICKPIFSS (in ) 

F i g .  4 .  Observed D i s t r i b u t i o n  aboiit t h e  Mean Recovered Thickness  
o E K - 1 1  Nominally 3- in .  -Thick Rock Wool Rat ts  . 

ORNL~DWG 80-7884 

0.4 

W 
-J 
O. 0.3 
I 
2 
u 
0 

z 

t- o 
cc 
LL 

0 0.2 

a 

0.1 

...... ~ ......... ~ 

SAMPLE SIZE-45 
- 

1.65 1.95 2.25 2.55 2.85 3.15 3.45 3.75 4.05 4.15 

RECOVERED THICKNESS (in.) 

F i g .  5 .  Observed D i s t r i b u t i o n  about t h e  Mean Recovered Thickness  
of R-11 Nominally 3 5 - in .  -Thi.ck Rock Wool Hatts. 
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Table 1 contains t h e  r e s u l t s  of the a n a l y s i s  d e s c r i b e d  above. For 

each  oE t h e  t h r e e  p r o p e r t i e s  - PR, PN and TK v a l u e s  are shown for t h e  

mean of t h e  e x p e r i m e n t a l  p r o p e r t y  measurements,  which are t h e  p o p u l a t i o n  

mean e - s t ima tes ;  an estimate of t h e  s t a n d a r d  d e v i a t i o n s ,  s, of t h e  p r o p e r t y  

v a l u e  p o p u l a t i o n ;  and t h e  observed  range  of t lw p rope r ty .  Table  2 shows 

f o r  each  class of material  a n  Lnterval in which w i t h  99% conf idence  t h e  

t r u e  p r o p e r t y  mean wi-ll be loea ted .  Table 2 a l s o  lists t h e  c-,bserved 

p r o p e r t y  ranges expres sed  as a pe rcen tage  of tihe mean. 

The f o l l o w i n g  o b s e r v a t i o n s  are ruade r e g a r d i n g  t h e  r e s u l t s  : in Table  1 .  

The iiie3.n recovered  t h i c k n e s s e s  f o r  a l l  of t h e  I<-11 f i b e r g l a s s  sets 

excet..d t h e  nominal t h i c k n e s s  except for the noininal ly  4-in.-thi.ck 

m a t  e r ial 

e In the c a s e  o f  t h e  R-19 f i b e - r g l a s s  d a t a  the mean  r ecove red  t h i c k n e s s e s  

f o r  t h e  manufac tu re r s  r e p r e s e n t e d  and the composi te  v a l u e  f a l l  below 

the nomi.nn1 t h i c k n e s s .  

bp The mean 2'~ f o r  nominal.1.y 3-in. R-11 rock  wool s a m p l e s  i s  W K Y  c l o s e  

t o  t h e  nomi.na.1 t h i c k n e s s .  The m i i n  f o r  t h e  3.5-in. K - l l  rock wool  

sampI.es i s  s i g n i f i c a n t l y  below t h e  nominal va lue .  

The d e n s i t y  d i s t r i b u t i o n s  are of in te res t  because  of t h e  s t r o n g  

r e l a t i o n s h i p  between d e n s i t y  and a p p a r e n t  t he rma l  c o n d u c t i v i t y .  The 

e n t r i e s  i n  t h e  l a s t  column of Table  1 are a measure of t h e  v a r i a b i l i t y  of 

the p r n d w t s  examined. Tab le  1 conta ins  e n t r i e s  by maiiufacti irer and 

e n t r i e s  f o r  product  composi tes .  No a t t e m p t  w a s  made t o  d i s c u s s  d a t a  from 

i n d i v i d u a l  manufac tu re r s  ' p l a n t s  si.nce t h e  ob j e c t i v e  w a s  t o  measure 

mark e t  p lace v a r  i a  b i  li t y . 
The l a s t  column i n  Table  2 c o n t a i n s  an  a d d i t i o n a l  i n d i . c a t o r  of t h e  

v a r i a h i l l t y  of d e n s i t i e s  and thicknesses of the m a t e r i a l s  s t u d i e d .  The 

p e r c e n t a g e s  shown i n  Table  2 are one-half of t h e  observed  range expres sed  

as  a pe rcen tage  of  the mean. 1.n t h e  case of the. f i b e r g 1 . a ~ ~  materials t h e  

numbers shown f o r  i n d i v i d u a l  manufac tu re r s  a r e  a n  i n d i c a t o r  of t h e  product  

v a r i a b i l i t y .  For t h e  K-1 1 f i b e r g l a s s ,  f o r  example,  t h e  observed d e n s i t i e s  

a t  recovered  t h i c k n e s s  vary  about  t h e  mean by approximare ly  225%. Varia- 

t i o n  of [:he d e n s i t y  a t  r ecove red  t h i c k n e s s  f o r  the K-19 f i b e r g l a s s  i s  more 

tl:i..E€icult t o  c h a r a c t e r l z e ,  r ang ing  from 217.3% f o r  manufac tu re r  C t o  
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Table 2. The P r e d i c t e d  I n t e r v a l  fo r  t he  Uens i ty  and Thickness Means 
and P r o p e r t y  Ranges Expressed as Percentages 

Obse rved  
b I n t e r v a l  f o r  t h e  Range 

P r o d u c t  and  99% C o n f i d e n c e  
?.lanu- P h y s i c a l  Sample  

f a c t u r e r  P r o p e r t y d  Mean Nominal 
T h i c k n e s s  P o p u l a t i o n  Mean 

___ ___._ 

F i h e r g l a s s  
R-11 (3 .5  i n . )  0.5 7 1-.4.622 

0.579-0.647 
3.46-3.73 

t24 .9  
29.7. 
19.0 

0.596 
0.613 
3.60 

0.419 
0.484 
4.06 

0. h06 
0.380 
3.76 

0.576 
0.596 
3.65 

0.558 
0.584 
3.69 

0.678 
0.639 
5.71 

0.442 
0.414 
6.16 

0.637 
0.613 
5.78 

0.658 
0.626 
5.75 

2.203 
2.165 
2.98 

1.927 
1.666 
3.03 

9.8 
13.0 
12.1 

R-11 (3.5 i n . )  0.3 9 7 4 . 4 4 2  
0.462Nl.506 
3. 847-4 . 27 3 

R-11 (4.0 i n . )  0 .371-4 .441  
0.342-0.4 19 
3. 4 4.---4 08  

25.2 
20.5 
21.1 

R-11  (3.5 i n . )  0.5 5 3.X. 6 0 1 
0.579-0.613 
3.52-3.77 

25.3 
12.5 
21.1 

R-11 Compos i t e  
(3 .5  i n . )  

R-19 (6.0 i n . )  

0 . 5 1 3 0 . 5 5 9  
0 . 5 4 H . 5 8 4  
3.6 0-3.7 a 

35.6 
30.6 
23.l4 

0. 641---Om 7 15 
0.602.---0.676 
5.3 5-6.07 

22.1 
29.7 
25.6 

R-19 (6.5 i n . )  0.378-0.507 
0 . 3 6 5 0 . 4 6 3  
5.8 t+4 .4 4 

51.4 
33.9 
14.8 

17.3 
16.5 
17.6 

R-19 (6.0 i n . )  0.6 13-0.650 
0.587-0.637 
5 . 5 e--5 .9 9 

R-19 Compos i t e  
(6 .0  i n . )  

0 . 6 3 4 4 . 6 8 2  
0.603-0.650 
5.5 3 5 . 9 6  

22.7 
30.3 
25.4 

Rock Wool 
R - 1 1  (3 .0  i n . )  2.083-2.323 

2.037-2.293 
2.77-3.19 

26.1 
21.5 
33.7 

1.832-2.022 
1.571-1.76 1 
2.87--3.18 

26.1 
32.6 
29.2 

R-11 (3.5 i n . )  

~- _ _  __ 

a p ~  i s  Llie  d e n s i t y  a t  r e c o v e r e d  t h i c k n e s s  and  PN i s  t h e  d e n s i t y  a t  n o m i n a l  
t h i c k n e s s ,  c a l c u l a t e d  by cq. ( 2 ) ;  b o t h  a re  i n  pounds  p e r  c u b i c  f o o t .  TR i s  the 
a v e r a g e  r e c o v e r e d  t h i c k n e s s  i n  i n c h e s .  

b0.5(range x 100)/mean. 
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151.49: f o r  manufact l i rer  B. The d e n s i t y  a t  r ecove red  t h i c k n e s s  f o r  t h e  

rock  wools t e s t e d  shows v a r i a t i o n s  of 226%. A scan of the Last column i n  

Table 2 shows that  the r ecove red  t h i c k n e s s  of the f i h e r g l a s s  materials v a r i e s  

a t  abctut t h e  2202 l e v e l ,  w h i l e  the  rock wools v a r y  a t  abou t  the 230% level.  

3 .2  Apparent Thermal C o n d u c t i v i t y  and R-values 

A,] 1. measuremenrs of a p p a r e n t  t he rma l  c o n d i i c t i v i t y  of t h e  corntiic-rcial 

i n s ~ i h t i o r i s  were performed i n  acco rdance  w i t h  ASTPI C 177-76. A d e t a i l e d  

d i s c u s s i o n  of t h e  giiarded 'not p l n t e  a p p a r a t u s  i s  g i v e n  i n  Sec t .  3.2.1, 

and a schemat i c  of the a p p a r a t u s  i s  g i v e n  i n  Fig. 6 .  Three se t s  of 

a p p a r e n t  thermal c o n d u c t i v i t y  measurements werr ob ta ined .  T h e  f i r s t  set  

I) f measurements t o  be considered shows the v a r i a t i o n  of a p p a r e n t  tlrierrual 

c o n d u c t i v i t y  w i t h  mean sarnple  t e m p e r a t u r e  and t h e  t empera tu re  d i f f e r e n c e  

M A I N  
t4 EATE R 7 

INSULATION- 

GUARD ... 
HEATER 

INSULATION -4 

ORNL-DWG 80-7885 

.. 24 i ,-,, .................. 

I I 

I I I 
TOP HEAT SINK I TOP HEAT SINK 

BOTTOM HEAT SINK 

Fig .  6 .  Schematic  of Guarded Hot Plate Apparatus.  
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a c r o s s  t h e  specimen, The second and l a r g e s t  se t  of d a t a  i n v o l v e s  a p p a r e n t  

t he rma l  c o n d u c t i v i t y  measurement s completed on f u l l - t h i c k n e s s  s a m p l e s  

from which R-values a t  recovered t h i c k n e s s  and R-values at, nominal 

t h i c k n e s s  are computed. The second se t  of d a t a  forms a b a s i s  f o r  d i s c u s s i n g  

t h e  d i s t r i b u t i o n  of R-values i n d i c a t e d  by the  na t ionwide  s a m p l e .  h t h i r d  

s e t  of measurements was unde r t aken  t o  de t e rmine  i E  s l i c i n g  of b a t t s  t o  

prGvide t h i n  samples f o r  an a p p a r e n t  t he rma l  c o n d u c t i v i t y  measurement h a s  

a n  e f E e c t  on tlle R-value determined f o r  a f u l l - t h i c k n e s s  sample .  Th i s  

t h i - rd  set  is  d e s c r i b e d  s e p a r a t e l y  i n  Sec t .  3.4. 

3.2.1 Guarded Hot ---.I P l a t e  Apparatus  

The in s t rumen t  t h a t  w a s  used t o  perform a l l  tiie the rma l  performance 

measurements was a 24-in.-square h o r i z o n t a l  guarded h o t  p l a t e  b u i l t  and 

ma in ta ined  by Dynatech. A h e a t i n g  u n i t ,  which c o n s i s t e d  of a c e n t r a l  

me te r ing  s e c t i o n  a n d  a guard s e c t i o n ,  was sandwi-ched between two i n s u l a t i o n  

specimens,  Th i s  composi te  s t a c k  was mounted between two c o o l i n g  u n i t s  and 

surrounded w i t h  edge i n s u l a t i o n .  A s chemat i c  diagram of t h e  guarded ho t  

p l a t e  a p p a r a t u s  is  shown i n  Fig. 6. The a p p a r a t u s  a t  i h r e e  s t a g e s  of 

assembly is  shown i n  Fig.  7. The ineter ing s e c t i o n  c o n s i s t e d  of a me te r ing  

area h e a t e r  and me te r ing  area s u r f a c e  p l a t e s ,  and t h e  guard s e c t i o n  

c o n s i s t e d  of a s i n g l e  guard h e a t e r  and guard s u r f a c e  p la tes .  The c o o l i n g  

u n i t s  c o n s i s t e d  of a c o o l i n g  p l a t e ,  a cool i .ng  u n i t  h e a t e r ,  and a c o o l i n g  

s u r f a c e  p l a t e .  All s u r f a c e  p l a t e s  were f a b r i c a t e d  of 3/8- in . - thick b l a c k  

anod ized  aluminum. The s u r f a c e s  of t h e s e  p l a t e s  had a measured t o t a l  

hemi-spherical  e m i t t a n c e  of 0.82. a t  75°F. 

Each h e a t i n g  u n i t  was f a b r i c a t e d  by sandwiching a two-heater s i l i c o n e  

rubbe r  u n i t  between two t h i n  s h e e t s  of Teflori p a p e r  and two s u r f a c e  

p l a t e s .  The overal .1 geometry of tiie h e a t i n g  u n i t  was 24 i n .  s q u a r e ,  w i ~ h  

t h e  me te r ing  sect i -on be ing  t h e  c e n t r a l  12  in .  square.  The u n i t  w a s  bol.ted 

i o g e t h e r  a t  s i x  p o i n t s ,  two be ing  i n  t h e  me te r ing  s e c t i o n .  The two 

s e c t i o n s  of t h e  h e a t e r  u n i t  were s e p a r a t e d  by a 0.125-i.n. gap around tiie 

p e r i m e t e r  of t h e  me te r ing  s e c t i o n .  The area of t h e  gap r e p r e s e n t e d  4.2% 

of  t h e  t o t a l  meter ing s e c t i o n  area. The area of t h e  me te r ing  s e c t i o n  was 

determined by measurements t o  the c e n t e r s  of the gap. A 48- junc t ion  
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differential thermopile fabricated of 32-gage Chromel-Alumel type K wire 

was installed between the silicone rubber heating unit and the Teflon 

sheets such that alternate junctions were in the metering and guard 

sections, respectively, and close to the gap between the sections. The 

sensitivity of this thermopile was approximately 0.55 mV/OF at 75'F. 

The metering area heater was connected t o  a Lamda model LK 342FM dc 

power supply. A 0.001-R precision resistor was connected in series with 

the heater, and the voltage drop across this resistor was measured to 

determine the current through the heater. A 1000 to 1 precision voltage 

divider was attached in parallel with the metering area heater, and the 

voltage drop across this divider (0.001 times the voltage drop across 

metering heater) was measured. The three resistors used in the power 

measurement circuit were routinely checked against a precision resistor 

traceable to the National Bureau of Standards (NBS). 

The output of the differential thermopile and guard heater were 

connected to a Leeds and Northrup Electrornax 111 differential controller, 

which supplied power t o  the heater such that the thermopile output was 

minimized. 

The cooling units consisted of a 3/8-in. copper plate of the same 

size as the heating unit with a series of interconnected 1/2-in.-diam 

copper tubes soldered to the plate and insulated in place with a spray 

urethane foam, a silicone-rubber-covered heater unit, and a surface 

plate. A temperature-controlled chiller unit circulated coolant through 

the copper tubes. A control thermocouple from a Leeds and Northrup 

Electromax 111 temperature controller was attached to the backside of each 

surface plate. Temperature stability was attained by chilling the fluid 

and trimming to the control temperature with the electric heater. Tempera- 

ture measurements were made with the following arrangement. A total of 

eight 30-gage type T copper vs constantan thermocouples were cemented into 

1/16-in.-square grooves machine cut into the surface plates, six in the 

metering section and two in the guard section. The thermocouples were 

connected to copper wire in an isothermal block, and all wire connections 

after the isothermal block were copper to copper. The individual thermo- 

couple leads were then run to a selector switch whose output was connected 
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t o  a r e f e r e n c i n g  s w i t c h ,  which a1 lowed t h e  i n d i v i d u a l  t empera tu re  r e a d o u t s  

t o  be measured w i t h  o r  w i t h o u t  r eEerenc ing .  The r e f e r e n c e  used w i t h  this 

i n s t r u m e n t  was an Acromag model 320 e l e c t r o n i c  ice  r e f e r e n c e .  The s e t p o i n t  

a c c u r a c y  f o r  the r e f e r e n c e  was +0.9'F wi th  a 0,2'F s t a b i l i t y  f o r  a n  8-h 

p e r i o d .  The o u t p u t  of the r e f e r e n c e  w d s  connected t o  a Newport model 2400 

AIS d i g i t a l  m i l l i v o l t  meter  w i t h  a range of 20 t o  39.999 mV. The r e s o l u -  

t i o n  of t h e  meter i s  1 pV w i t h  a maximum e r r o r  of 0.01% of t h e  o u t p u t  

2 2  i[V o v e r  an 8-11 pe r iod .  I n  a d d i t i o n  t o  mon i to r ing  t h e  t e m p e r a t u r e  l e v e l s  

o €  the working p l a t e s  t h e  i n s t r u m e n t  w a s  modif ied s o  t h a t  t h e  di f f e r e n t i a l  

t h e r m o p i l e  o u t p u t  cou ld  be checked by un reEerenc ing  t h e  r eadou t  system. 

Sirice t h e  upper  c o o l i n g  u n i t  weighed 200 l b  (91  k g ) ,  spacers were 

needed t o  p reven t  compression of each  of t h e  i n d i v i d u a l  test  specimens.  

Four 3/K--in,-diam b a l s a  wood dowels were machined t o  +,0.002 i n .  of each of 

t h e  i n d i v i d u a l  t e s t  specimen t h i c k n e s s e s  and p l aced  between the c o r n e r s  of 

t h e  gual-d heater and c o o l i n g  u n i t  plates. The s u r f a c e  p r e s s u r e  on the 

i n s u l a t i o n  w a s  ve ry  c l o s e  t o  zero.  There may have been as a r e s u l t  a i r  

gaps between t h e  specimen and t h e  p l a t e s .  Such a i r  gaps would add t o  t h e  

R-value of t h e  i n s u l a t i o n ,  bu t  d a t a  were n o t  o b t a i n e d  t o  assess t h e  

magnftude of t h e  e f f e c t .  

Heat losses from t h e  o u t e r  edges of t h e  guard s e c t i o n  and t e s t  

specimeiis were reduced w i t h  edge i n s u l a t i o n .  Two nominal R-19 low- 

d e n s i t y  f i b e r g l a s s  b a t t s  were wrapped around the tes t  system f o r  t h i s  

purpose.  These losses were monitored by a t t a c h i n g  a thermocouple t o  t h e  

center of t h e  test specimen edge w i t h  aluni inized tape.  Under test 

c o n d i t i o n s  the  edge lo s s  r a t i o ,  d e f i n e d  as the d i f f e r e n c e  i n  edge and 

mean t e m p e r a t u r e s  d i v i d e d  by t h e  t e m p e r a t u r e  d i f f e r e n c e  th rough  the 

specimen, w a s  main ta ined  a t  less t h a n  0.04 bu t  t y p i c a l l y  w d b  less t h a n  

0.02. I n  g e n e r a l ,  h i g h e r  edge l o s s  r a t i o s  were measured when the tes t  

t e m p e r a t u r e  w a s  150°F. A summary of t h e  d e t e r m i n a t e  e r r o r  pa rame te r s  

a f f e c t i n g  t h e  a c c u r a c y  of measurement f o r  t h i s  guarded hot  p l a t e  a p p a r a t u s  

i s  as f o l l o w s :  

power 20.1% 

dimensions 50.2% f o r  most cases 

t e m p e r a t u r e  d i f f e r e n c e  21% 

e l e c t r o n i c  measurement c i r c u i t s  ?0.1% 

( the rmocoup le )  
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An a n a l y s i s  shown i n  Appendix D w a s  c a r r i e d  o u t  by u s i n g  t h e  t a b l e s  

i n  t h e  Appendix of AS'i'M C 177-76 w i t h  t h e  a p p r o p r i a t e  parameters f o r  t h e  

p r e s e n t  pl .a te  t o  deteriiiine t h e  maximurrr spec.imen Lhi-ckness t h a t  can  be used. 

'The r e s u l t s  of t h e  a n a l y s i s  show t h a t  t h e  guarded h o t  p l a t e  used i n  t h i s  

s t u d y  can  be used t u  measure t o  b e t t e r  t h a n  12% t h e  a p p a r e n t  t h e r m a l  

c o n d u c t i v i t y  of samples up t o  8.6 in .  i n  t h i c k n e s s .  Table  D l  a l s o  c o n t a i n s  

d a t a  t h a t  were o b t a i n e d  t o  demonst ra te  t h e  absence  of b i a s  due t o  h e a t  

f l o w  up and down, 

In  o rde r  t o  e s t a b l i s h  l i m i t s  of measurement. act-uracy, v a r i o u s  s a m p l e s  

of known a p p a r e n t  tlierinal c o n d u c t i v i t y  have been iLieasiired i n  the p r e s e n t  

p l a t e  at: v a r i o u s  tI.mes bef ere ,  d u r i n g ,  and a f t e r  t h e  p r e s e n t  i n v e s t i g a t i o n .  

These i n c l u d e d  samples of r e f e r e n c e  materials €rum N a t i o n a l  Bureau of 

S t a n d a r d s  (NBS)  and Labora ' loire  II'Kssais ( L D E ) ,  a sample from t h e  N a t i o n a l  

Mine ra l   WOO^ Insu la tAon A s s o c i a t i o n  (NMWIA) C16 Round Robin, and a s a m p l e  

of  16-year o l d ,  v e r y  s t a b l e ,  h igh-de . i s i ty  pol .ystyrene,  which had been 

measured a number of times i n  d i  Eigrent a b s o l i i t e  a p p a r a t u s e s .  The r e s u l t s  

of t h e  v a r i o u s  measurements art: summarized i n  Table  3 .  C o n s i d e r a t i o n  of 

t h e  above € a c t o r s  r e s u l t s  i n  t i l e  conc lus ion  t h a t  t h e  o v e r a l l  accu racy  of 

a p p a r e n t  thermal  c o n d u c t i v i t y  measurements of t h e  Dynatech guarded h o t  

p l a t e  i s  b e t t e r  t h a n  +3%.  

3.2 ,2  _. Procedure . . ....ll.l .I-_ f o r  DeLeriuini.ng Apparent Thermal Conduc t iv i ty  
S t e a d y - s t a t e  c o n d i t i o n s  were Es tab l i - shed  i n  t i le t e a t  sys tem 6 t o  8 h 

a f t e r  the specimen was iristal.led. The Lemperatures on t h e  c o o l i n g  s u r f a c e  

p l a t e s  were c o n t r o l l e d  t o  w i t h i n  t0.2"F of each  o t h e r  and a l lowed t o  

f l u c t u a t e  by no more t h a n  t0.15"F. A t empera tu re  d i - f f e r e n c e  of approxi -  

mate ly  50°F w a s  main ta ined  a c r o s s  each  t e s t  specimen by ad jus tmen t  of t he  

power t o  Lhe mete r ing  area h e a t e r ,  The d i f f e r e n t i a l  outpi i t  wa.s checked 

and a d j u s t e d  such t h a t  t h e  t h e r n m p i l e  o u t p u t  was mainta ined  between 

1-0.01 mV. Equ i l ib r ium o r  s t e ~ d y  s t a t e  w a s  defi.ned as hei.ng e s t a b l i s h e d  

wher?  f o u r  r e g u l a r  se ts  of d a t a  t a k e n  15 min a p a r t  gave v a l u e s  of t h e  

a p p a r e n t  theriiilal c o n d u c t i v i t y  data w i t h  on1.y random v a r i a t i o n s  of less 

t h a n  1%. T h i s  constancy s a t i s f i e s  t h e  u s u a l  requi rement  f o r  the a t t a i n -  

ment of s t e a d y  s ta te .  The power t o  t h e  me te r ing  area h e a t e r  was measured 
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Tab le  3. Sum1nary of Neasureinents on Samples of! Known P r o p e r t i e s  

- ...- l l l l ~ l l . l  
Apparent The rna l  

Condim: t i v i  t Material yea@ D e n s i t y  Th ickness  
I- 

D e s c r i p t  i o n  ( I b / f t  1 ( i n .  ) 

Mea s iir e d Accepted 

NBS A 1977 

NUS G ( s t a c k e d ) h  1977 

NBS B 

NBS B ( s t a c k e d )  

N R S  h and R 

LDE 

LnE 

LDE ( s t a c k e d )  

NMWIA-C 16 , 
8 and 9 

NIW1A-C 16,  
10 and 11 

W L A - C  16,  
8+9 and 104-11 

NNM1A-C 16, 
8 and 9 

N?9WLA-C 16,  
8+9 a d  10-tlI. 

Aged p o l y s t y r e n e  

Aged po 1 jr s t y re ne 

1977 

1977 

1977 

1977 

1977 

1979 

1977 

1977 

1977 

1979 

1979 

1977 

1977 

7.49 

7.49 

7.67 

7.67 

7*58 

5 -49  

5.49 

5.49 

0.802 

0.759 

0.786 

0.806 

0.788 

3.1 

3,1 

0.989 

1.97 

1.03 

2 - 0 8  

1 98.5 

1"44  

2.87 

2.87 

3.5 

3.5 

7 .O 

3.5 

7.0 

3.5 

7.0 

0.225 

0.227 

0.230 

0.234 

0.228 

0.230 

0.225 

0.228 

0.292 

0,294 

0,289 

0,286 

0.287 

0.316 

0.3 19 

0.223 

0.230 

0.230 

0.230 

0.230 

0.284c  

0.287C 

0.284" 

0.317 ?: 0.003 

"The y e a r  of measurement d i s t i n g u i s h e s  measurements made beEore and 

b p e r a t e d  s i n g l e  s-itied. 

a a t a  o b t a i n e d  w i t h  18-in. guarded h o t  p l a t e  ( h o r i z o n t a l  Pleat flow) 
by National Research Counci l  i n  Canada. Average v a l u e  i n  1977-78 of a l l  
r e s u l t s  on same sa.mple by d i f f e r e n t  inetliods was 0.289 ?I 0.006 Btu  in . /  
h €t2 O F .  

a f t e r  t h e  a p p a r a t u s  was moved t o  a d i f f e r e n t  l o c a t i o n .  
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w i t h  t h e  p r e c i s i o n  r e s i s t o r  network, and t h e  temp,er<itures of t h e  working 

s u r f  aces were e v a l u a t e d  from t h e  thermocoupl P r e a d i n g s  a t  s t e a d y  s ta te .  

Spac ings  between the hot  and c o l d  s u r f a c e s ,  AX, were main ta inpd  by 3/8-in. 

b a l s a  wood dowels 

The a p p a r e n t  

(Sec t .  3.2.1). 

t h e r m a l  c o n d u c t i v i t y  ( A )  w a s  c a l c u l a t e d  from: 

where 

q i s  one-half  of t h e  power s u p p l i e d  t o  t h e  c e n t r a l  me te r ing  s e c t i o n ,  

Btu/h;  

AX i s  t h e  average  t h i c k n e s s  of t h e  twc3 sarnpl-es between t h e  h o t  and 

c o l d  s u r f a c e s ,  i n .  ; 

A2’ i s  t h e  average  temperature diEEerence between t h e  h o t  and c o l d  

s u r f a c e s ,  OF; and 

A i s  t h e  area of one s i d e  of t h e  c e n t r a l  iiietiering s e c t i o n  and one-half  

t h e  gap are2, f t 2 .  

3.2.3 V a r i a t i o n  ....................... of Apparent _- Thermal Conduc t iv i ty  I ........................ w i t h  Mean Sample 
. Temperature 

_II___ 

Apparent thermal c o n d u c t i v i t y  measurements a t  three d i f f e r e n t  mean 

sample t e m p e r a t u r e s  but  w i t h  c o n s t a n t  t empera tu re  d i  E Eerences were 

completed by u s i n g  t h e  a p p a r a t u s  and procedure  alr~::ady d i s c u s s e d .  By 

c o n t r o l l i n g  t h e  s u r f a c e  t e m p e r a t u r e  of the cool.i.ng u n i t s  a t  d i f f e r e n t  

t empera tu res  t h e  a p p a r e n t  t h e r m a l  coilrli.ictivity can  be measured a t  v a r i o u s  

mean sainple tempera tures .  Apparent thermal  c o n d u c t i v i t y  v a l u e s  atr mean 

sample t e m p e r a t u r e s  of 0 ,  75,  and 150°F and t s m p e r a t u r e  d i f f e r e n c e  of 5 0 ° F  

are showri i n  F ig .  8 f o r  t e n  samples.  The t es t  d e n s i t y  a t  which t h e  

measurements were made was deter-mi.ncrd from t h i c k n e s s  and dens i.ty measure-. 

nients gi.ven i n  Appendix C e x c e p t  f o r  t h e  e n t r y  coded 1206-4a, which i s  

from Appendix E. The a p p a r e n t  thermal c o n d u c t i v i t e s  shown i.n Fig,  8 

are f o r  t h e  l i s t e d  tes t  t h i c k n e s s e s .  The d a t a  are t a b u l a t e d  i n  Appendix E. 
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In a l l  cases t h e  i n s u l a t i o n  showed a vegu la r  i n c r e a s e  i n  X ( d e c r e a s e  

i n  R-value) w i t h  i n c r e a s e  i n  mean t empera tu re  o r ,  a l ter i ia t ively,  an 

i n c r e a s e  i n  R p e r  i n c h  w i t h  a d e c r e a s c  i n  rlie mean t empera tu re ,  I n  each  

c a s e  the data  i n d i c a t e  an i n c r e a s e  i n  R-value p e r  i n c h  of approx ima te ly  

0.12 u n i t s  f o r  a 10°F d e c r e a s e  i n  mean temperature. 

3.2.4 V a r i a t i o n  of  Apparent Thermal C o n d u c t i v i t y  w i t h  Temperature 
II ______I____ 

D i f f e r e n c e  .... .. . Across  Sample . _.. .. 

A series of expe r imen t s  was under t aken  t o  deteriiiine t h e  e f f e c t  of the 

t empera tu re  d i f f e r e n c e ,  AT, mai.ntai.ned a c r o s s  a s a m p l e  of i n s u l a t i o n  on 

the r e s u l t i n g  a p p a r e n t  t he rma l  c o n d u c t i v i t y  va lue .  By v a r y i n g  t h e  s u r f a c e  

t e m p e r a t u r e  of the c o o l i n g  u n i t s  ~ the expe r imen t s  cou ld  be performed a t  

any t empera tu re  l e v e l  and d i f f e r e n t  AT v a l u e s .  I n s u l a t i o n  specimens t h a t  

were used i n  t h e  d e n s i t y  s t u d i e s  were used i i l  this phase of t h e  p r o j e c t .  

The r e s u l t s  of t h e  expe r imen ta l  work are g iven  i n  Table  4. 

'The d a t a  show that f o r  the e n t - i r e  range of AT employed, 6 t o  106'F, 

t h e  a p p a r e n t  t he rma l  c o n d u c t i v i t y  determined i n  t h e  guarded ho t  p l a t e  

a p p a r a t u s  v a r i e d  less  t h a n  2%. V a r i a t i o n s  of a f e w  deg rees  about  t h e  

AT of 50OF produced n e g l i g i b l e  changes i n  t h e  a p p a r e n t  t he rma l  c o n d u c t i v i t y  

va lue .  

Table  4 .  The Apparent Thermal Conduc t iv i ty  and Ther:nnl R e s i s t a n c e  
of  a Low-Density F i b e r g l a s s  I n s u l a t i o n  Haterial  as a 

Func t ion  of T e m p e r a t i n  ( 2  Dif fe rence"  

Temperature,   OF^ Apparent Thermal 

Mean D i f f e r e n c e  (Btu/'l) (Btu iii./h f t ?  OF)  

Power Thermal R e s i s t a n c e  
(h f t 2  ' F / B t u )  Coilduct i v i  t y  ___ - _- 

76.5 106.59 23 " 8 2  0.315 
75.2 71.69 15.97 0.314 
75.1 49.90 11.01 0.311 
75.4 17.01 3.74 0.310 
75.9 6.48 1.43 0.311 

9.14 
9.17 
9.26 
9.29 
3.25 

&Specimen code 1204-3, tes t  d e n s i t y  0.659 I b / f t 3 ,  t e s t  

bThe t empera tu re  v a r i a t i o n  on t h e  ho t  p l a t e  w a s  l ess  than 0.2'F 

t h i c k n e s s  2.88 i n .  ( b i s e c t e d  specimen).  

w h i l c  the t empera tu rc  v a r i a t i o n  on t h e  c o l d  p l a t e s  w a s  less t h a n  
0.6"F. 
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3,2.5 Apparent Thermal C o n d u c t i v i t y  and R-Value a t  75°F 

A p r i m a r y  o b j e c t i v e  of t h i s  s t u d y  w a s  t h e  d e t e r m i n a t i o n  oE t h e  

d i s t r i b u t i o n  of R-values f o r  m i n e r a l  f i b e r  b a t t  i n s u l a t i o n s  commercial ly  

a v a i l a b l e  i n  1977. Toward t h a t  end a s c r i e s  of a p p a r e n t  ttiermal conduc- 

t i v i t y  measurements w a s  made by u s i n g  t h e  specimen i d e n t i f i e d  b y  " A "  i n  

t h e  Appendix C l i s t i n g .  A t o t a l  of 105 measurcments are r e p o r t e d  f o r  t h e  

a p p a r e n t  t h e r m a l  c o n d u c t i v i t y  and R-value de t e rmined  on f u l l - t t i i c k n e s s  

samples ,  These measurements are a t  t h e  specimcn d e n s i t i e s  l i s t e d  i n  

Appendix C. 

The h l l - t h i c k n e s s  measurements were supplemented by 33 measurements 

of a p p a r e n t  thermal c o n d u c t i v i t y  macle on samples compressed t o  90, 80 and 

70% o f  nominal t h i c k n e s s ,  T h i s  a d d i t i o n a l  set of d a t a ,  r r p o r t c d  i n  

T a b l e  5 was o b t a i n e d  t o  p r o v i d e  the r e l a t i o n s h i p  between a p p a r e n t  thermal 

c o n d u c t i v i t y  and d e n s i t y ,  p. The c o n s t a n t s  a, b and c i n  

x = n 4- b p  f c l p  ( 7 )  

w e r e  de t e rmined  from t h e  a p p a r e n t  t he rma l  c o n d u c t i v i t y  measurements made 

on cornpr-essed samples .  Equa t ion  ( 7 )  was then used  t o  c a l c u l a t e  t h e  

appa ren t  thermal c o n d u c t i v i t y  of a specimen a t  a d e n s i t y  co r re spond ing  t o  

nominal t h i c k n e s s .  According t o  ASTX C 653-70, Eq.  ( 7 )  can  bc used t o  

c a l c u l a t e  X a t  d e n s i t i e s  up t o  150% of the d e n s i t y  a t  f u l l  r ecove red  

t h i c k n e s s .  One se t  of t h e r m a l  c o n d u c t i v i t y  measurements a t  rediiced 

t h i c k n e s s  w a s  made f o r  each  of the f i b e r g l a s s  manufac tu re r s  r e p r e s e n t e d  

i n  the sample and f o u r  of t he  rock wool manufac tu re r s .  The r e s u l t s  

o b t a i n e d  f o r  t h e  pa rame te r s  a, b,  and e are g iven  i n  Table  6. 

Thermal r e s i s t a n c e ,  R-values, a t  nominal. t h i c k n e s s  were computed by 

u s i n g  the pa rame te r s  from Table  6 i n  the Eollowing way. Apparent t h e r m a l  

coi tduct i  v i t y  a t  f u l l  r ecove red  t h i c k n e s s  w a s  measured as i n d i c a t e d  i n  

S e c t .  3.2.2. For t h e  speci-mens of i n s u l a t i o n s  r e p r e s e n t e d  i n  Tab le  6 t h e  

ther inal  c o n d u c t i v i t y  was c a l c u l a t e d  Erom the g i v e n  parameters and t h e  

d e n s i t y  a t  nominal thickness. The R-value was then computed w i t h  
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'Table 5. Apparent Thermal Conduc t iv i ty  Versus Dens i ty  f o r  11 
Samples of Low-Density F iberg lass  and Rock Wool 

I n s u l a  L: i o n  Materials 

Compression 
( %  of Nominal 
Thickness) 

Spec i me n 
Code 

1101-1 90 
8 0  
70 

1107-1 90 
8 0  
70 

1 107-2Ba 100 
90 
8 0  
70 

1111-1 90 
8 0  
70 

1202-1 90 
8 0  
70 

1204-2 90 
8 0  
70 

1207-2 90 
8 0  
70 

1302-1 90 
80  
70 

1304-1 90 
8 0  
70 

1306-1 90 
8 0  
70 

1309-2 90 
8 0  
70 

. . . . . . . . . ..___.I 

Test  Test 
Density Thickness 
(lb/f t3) (in.) 

... 

0.721 
0.811 
0.927 

0.601 
0.676 
0.773 

0.656 
0.729 
0.820 
0.937 

0.534 
0.601 
0.687 

0.651 
0.732 
0.837 

0.649 
0.730 
0.834 

0.483 
0.544 
0.621 

1.753 
1.972 
2.254 

2.153 
2.422 
2.769 

2.247 
2,528 
2.889 

1.813 
2 Oh0 
2.331 

Tempera tu re 
Difference 

( ' F j  

Power 
( R t U / h )  

Apparent 
Thermal 

Conductivity 

Fiberglass 

3.15 
2.80 
2.45 

3.15 
2.80 
2.45 

1.41. 
1.30 
1.15 
1.01 

3.15 
7 - 8 0  
2.45 

5.40 
4.80 
'1.20 

5.40 
4 * 8 0  
h.20 

5.40 
4.80 
4.20 

Rock Wool - 

3.15 
2.80 
2.45 

3.15 
2.80 
2.L5 

2.70 
2.40 
2.10 

3.15 
2.80 
2.45 

-~ 
49.3 
50.7 
50.6 

5 0 - 5  
49.1 
49.4 

50.0 
49.4 
50.0 
50.8 

49.3 
51.0 
48.4 

4 9 . 6 
51.1 
49.6 

50.5 
50.5 
4 9 . 0 

49.0 
SO. 5 
51.5 

50.9 
50. 6 
49.3 

50. 6 
50.6 
49.1 

50.0 
49.4 
49.3 

50.0 
50.8 
50.2 

9.85 
10.84 
11.65 

10.42 
10.89 
11.82 

21.21 
22.51 
24 e 60 
27.02 

9.85 
10.94 
11.30 

6.11 
6.81 
7.21 

5.67 
6.13 
6.56 

5.43 
7.18 
8.07 

11.22 
12.04 
12.58 

9.45 
10.19 
10.85 

10.97 
11.69 
12.71 

9.79 
10.71 
11.68 

0.308 
0.293 
0.276 

0.318 
0.304 
0.287 

0.299 
0.290 
0.277 
0.263 

0.308 
0.294 
0.280 

0.327 
0.313 
0.299 

0.297 
0.285 
0.273 

0.347 
0.334 
0.322 

0.340 
0.326 
0.306 

0.288 
0.276 
0.265 

0.290 
0.278 
0.265 

0.302 
0.283 
0.279 

aThis specimen is f rom package Identi€ied by the code 1107-2. 
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Tab le  6 .  The C a l c u l a t e d  Cons tan t s  of 11 Samples of Low-Density 
F i b e r g l a s s  and Rock Wool I n s u l a t i o n  Materials i n  

Accordance w i t h  ASTEI C 6.53-70" 

Coos t a n t  s 
M a t e r i a l  Specimen Code - l-_l- 

ab h c 

F i b e r g l a s s  1101-1 
1107-1 
1107-2B 
1111-1 
1202-1 
1204-2 
1207-2 

Rock Wool 1302-1 
1304-1 
1306-1 
1309-2 

0.2895 
0.3647 
0.3542 
0.1843 
0.1937 
0.1895 
0.1853 

0.5693 
0.1186 
0.2421 
0.00870 

-0.09615 
-0.1354 
4 . 1 1 0 6 5  
-0.00167 

0.00494 
-0,O004/t7 

0.04460 

4 . 0 9 5 4 0  
0.0 1 34 2 

4 . 0 1 2 5 8  
0.04.580 

0.05293 
0.02083 
0.01158 
0.06653 
0.08472 
0.06998 
0.06772 

4 . 1 0 8 7 9  
0.30260 
0.17118 
0.38121 

% o n s t a n t s  of Eq.  (7) .  
bThese c o n s t a n t s  g i v e  the rma l  Conduc t iv i ty  in F3tu"i.n. f 

E tr2-h- O F .  

For a f i b e r g l a s s  specimen n o t  l i s t e d  i n  Tab le  6 a mod i f i ed  ASTY 

c a l c u l a t i o n  p rocedure  was fo l lowed ,  i n  which the measured a p p a r e n t  thermal 

c o n d u c t i v i t y  a t  r ecove red  t h i c k n e s s  was used t o  c n l c u l a t e  t h e  c o n s t a n t  

ct of Eq.  ( 7 )  w i t h  b and c f i x e d  at values  from Tab le  6. For rock wool 

specimens no t  l i s t e d  i n  Tab le  6,  b and i! were made equal. t o  t h o s e  f o r  one 

of the l i s t e d  specimens chosen t o  match as c l o s e l y  as p o s s i b l e  Lhe nominal 

t h i c k n e s s ,  d e n s i t y  and measured a p p a r e n t  t h e r m a l  c o n d u c t i v i t y .  

A r e l a t i o n s t l i p  between a p p a r e n t  t he rma l  c o n d u c t i v i t y  and d e n s i t y  can 

a l s o  be o b t a i n e d  by e s t i m a t i n g  a ,  11, and e i n  Kq. ( 7 )  by the method of 

l ea s t  s q u a r e s  by u s i n g  all the 75'F the rma l  c o n d u c t i v i t y  d a t a  i n  Tab les  5, 

7 ,  8, arid 9. Estimates of t h e  c o n s t a n t s  i n  Eq.  ( 7 )  have been o b t a i n e d  by 

u s i n g  data f o r  R-11 and € o r  R-19 f i b e r g l a s s  f o r  t h e  ind iv idua l .  mmufac- 

t u r e r s ,  and € o r  t h e  3- and 3.5-in.-tliick rock wool i n s u l a t i o n s .  E s t i m a t e s  

were c i l so  o b t a i n e d  f o r  the  complete  sets o f  1C-11 and K-19 f i b e r g l a s s .  



28 

Tab le  7 .  The Apparcni  Therind1 Conducrivity and Thermal K e s i  s t a n c e  
of 48 Saruples of k-ll Low-Densi ty  F i b e r g l a s s  Insulation 

Malerials a t  75°F and F u l l  Thickness  

Specimen 
Code 

I_-______ 

1101-1 
1101-2 
1101-3 
1102-1 
1102-la 
1102-2 
1102-3 
1103-1 
1103-2 
1103-3 
1103-3a 
1104-1 
1104-2 
1104-3 
1105-1 
1105-2 
1105-3 
1106-1 
1106-2 
1106-3 
1106-3a 
1107-1 
1107-la 
1107-2 
1107-3 
1108-1 
1108-2 
1108-3 
1109-1 
1109-2 
1109-3 
11 10-1 
11 10-2 
11 10-3 
1111-1 
1111-3 
1112-1 
1112-2 
1112-3 
1113-1 
1113-2 
11 13-3 
11 14-2 
11 14-3 
1115-1 
1115-la 
11 15-2 
11 15-2a 

Tempe ril t u r  e 7 Test les t  
D e n s i t 3  T h i c k n e s s  D i f f e r e n c e  
( l b / f t  1 ( i n .  ) ( O F )  

. . . . . . . . 

0.550 
0.571 
0.610 
0.612 
0.660 
0.593 
0.775 
0.745 
0.706 
0.489 
0.512 
0.637 
0.478 
0.526 
0.52 I 
0.530 
0.582 
0.694 
0.474 
0.510 
0.565 
0.531 
0.551 
0.765 
0.615 
0.484 
0.545 
0.512 
0.588 
0.557 
0.554 
0.564 
0.502 
0.501 
0.377 
0.391 
0.380 
0.377 
0.332 
0.460 
0.389 
0.378 
0.406 
0.418 
0.407 
0.435 
0.438 
0.432 

4.13 
4.03 
4.02 
3.81 
4.20 
3.92 
3.50 
3.50 
3.38 
3.11 
2.85 
3.30 
3.69 
4-17 
3.85 
3.54 
3.76 
3.30 
4,17 
3-91 
4,lO 
3.57 
3.80 
2.79 
3.83 
4.33 
3.53 
3.79 
3.21 
3.78 
4.12 
4.23 
3.72 
3.72 
4.46 
4.11 
3.30 
3.88 
3.69 
4.30 
4.37 
4.31 
4.71 
4.39 
4.14 
3.84 
4,20 
3.72 

49.8 
50.1 
50.9 
49.6 
50.1 
50,7 
49-9 
50.9 
50.7 
49.2 
49.8 
51.0 
49,7 
50.9 
50.6 
49.7 
50.9 
50.6 
50.3 
50.6 
50.1 
50.9 
49.4 
49.2 
49,6 
49.7 
50.0 
49.7 
50.8 
50.8 
49.7 
50.5 
50.7 
49.1 
50.3 
49.2 
49,7 
49.8 
50.0 
48,4 
49.5 
49.4 
51.3 
50.7 
50.6 
48.9 
49 e 3 
49.8 

Power 
( B t u / h )  

___. . . 

8.52 
9.8@ 
9.05 
8.96 
7.85 
9.30 
9.82 
9.27 
9.65 
11.54 
13.03 
10.42 
10.51 
9.08 
10.18 
10.35 
9.71 
10.24 
9.29 
9.02 
8.64 
9.73 
9.06 
10.63 
8.97 
8.79 
10.42 
10.05 
11.54 
9.61 
8.60 
8.61 
8.35 
9.20 
8.32 
9.10 
11.9h 
10.33 
12.01 
8.28 
8.86 
8.38 
8.19 
8.56 
9.11 
9.39 
8.42 
9.68 

.... 

A p p a r e n t  

The m a  1 R e s i s t a n c e  C o n d u c t i v i t y  

The m a  1 

...... 

0.346 
0.386 
0.350 
0.337 
0.322 
0.352 
0.337 
0.312 
0.315 
0.357 
0.365 
0.330 
0.382 
0.364 
0.379 
0.361 
0.351 
0.327 
0.377 
0.341 
0.346 
0.334 
0.341 
0.295 
0.339 
0.375 
0.360 

0.357 
0.350 
0.349 
0.353 
0.300 
0.341 
0.361 
0.372 
0.388 
0.394 
0.434 
0.360 
0.383 
0.358 
0.368 
0.363 
0.365 
0.361 
0.351 
0.354 

0.375 

.._.. 

11.94 
10.44 
11.49 
11.31 
13.04 
11.14 
10.39 
11.22 
10.73 
8.71 
7.81 
10.00 
9.66 
11.46 
10.16 
9.81 
10.71 
10.09 
11.06 
11.47 
11.85 
10.69 
11.14 
9.46 
11.30 
11.55 
9.81 
10.11 
8.99 
10.80 
11.81 
11.98 
12.40 
10.91 
12.35 
11.05 
8.51 
9.85 
8.50 
11.94 
11.41 
12.04 
12.80 
12.09 
11.34 
10.64 
11.97 
10.51 



29 

Table 8. The Apparent Thermal Conduc t iv i ty  and Thermal R e s i s t a n c e  
of 30 Samples of R-19 Low-Density F i b e r g l a s s  I n s u l a t i o n  

Platerials at 7 5 ° F  and F u l l  Thickness 

hpparen t Thermal  Test T e s t  Temp era t u r e The rma 1 
Densits Thickness  Differerice C o n d u c t i v i t y  Specimen Power R e s i s t a n c e  

Code ( l b / f t  1 ( i n . )  (OF)  ( B t u / h )  (&in. (-:E) fl ft2 

h f t m  

1201-1 
1201-2 
1201-3 
1202-1 
1202-2 
1202-3 
1202-4 
1202-5 
1207-1 
1203-2 
120.3-3 
1204-1 
1204-2 
1204-3 
1205-1 
1205-2 
120  5-3 
1206-1 
1206-2 
1206-3 
1206-4 
1207-1 
1207-2 
1207-3 
1208-1 
1208-2 
1208-3 
1209- I 
1209-2 
1.209-3 

0.652 
0.732 
0 .763  
0.651 
0.655 
0.529 
0.647 
0.597 
0.552 
0.729 
0.817 
0.574 
0.610 
0.596 
0.671 
0.641 
0 ,563  
0.630 
0.744 
0.685 
0.651 
0 .365  
0 .405  
0.323 
0.405 
0.366 
0 , 3 7 8  
0.419 
0.541 
0.655 

6.44 
7.22 
4.98 
5.40 
6.11 
6 .41  
6.22 
6.46 
6.01 
4 . 9 3  
4.30 
6.06 
5 . 7 4  
6.00 
6.00 
5.78 
5.99 
6.01 
6.05 
4.84 
5.62 
6.93 
6.43 
6.63 
6.32 
5.21 
6.60 
5.50 
6.88 
5.44 

49.4 
49.1 
50 .0 
49.4 
49.4 
49.3 
49.7 
50.2 
50.0 
50.5 
50.5 
49.7 
49.4 
49.1 
50.1 
50.6 
50.6 
50.3 
50.6 
49.6 
50.7 
49.4 
49.3 
49.5 
50.7 
50.3 
50.1 
50.9 
49.5 
50.6 

5.34 
4.32 
6.50 
6.11 
5.93 
5.80 
5.62 
5.43 
6.83 
6.82 
7.25 
5.81 
5.29 
5.62 
5.44 
5.69 
6.02 
5 .76  
5.43 
6.66 
6.14 
5.65 
5.67 
6.22 
6.47 
7.41 
6.17 
7.70 
5.23 
6.12 

0.341 
0.311 
0.317 
0.327 
0.359 
0.369 
0.344 
0.342 
0.402 
0.326 
0.302 
0.347 
0.301 
r). 336 
0.322 
0.318 
0.349 
0,337 
0.318 
0.318 
0.333 
0.388 
0.362 
0.408 
0.395 
0 , 4 4 8  
0.398 
0.407 
0.356 
0.322 

18.89 
23.22 
15.71 
1 6 - 5 1  
17.02 
17.37 
18.08 
18.59 
14.95 
15.12 
14.24 
17.46 
19.07 
17.86 
18.63 
18.18 
17.16 
17.83 
19.03 
15.22 
16.88 
17.86 
17.76 
16.25 
16.00 
13.86 
16.58 
1 3 - 5 1  
19 .33  
16.89 
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T a b l e  9. The Apparent  Thermal Conductivity and Thermal  Res i s tdnce  
o f  27 Samples  of 11-11 Rock Wool I n s u l a t i o n  Materials 

a t  75'F and F u l l  Thickness  

Test Test Temp era t u r e 
S p e c  irne n 

Code D e n s i t s  Thickness Difference 
(Ib/ft ) (in. 1 ( O F )  

1301-1 
1301-2 
1301-3 
1302- 1 
1302-2 
1302-3 
1303-1 
1303-2 
1 30 3 -_ 3 
1304- 1 
1304-2 
1304-3 
1305-1 
1305-2 
1305-3 
1306- 1 
1306-2 
1306-3 
1307-1 
1307-2 
1307-3 
1308- 1 
1308-2 
1308-3 
1309-1 
1309-2 
1309-3 

2.163 
1.981 
2.723 
1.578 
1.967 
1.751 
2.344 
1.598 
1.687 
2.068 
2.084 
1.834 
2,010 
2.223 
2.084 
1.932 
1.978 
1.78% 
2.061 
1.811 
2,688 
1.750 
2.126 
1.602 
1.441 
1.646 
2.051 

2.72 
2,83 
2.87 
3.50 
3.27. 
2.36 
2.99 
3.20 
3.67 
3.28 
2.91 
2.97 
2.91 
2.76 
2.85 
3.14 
4.11 
4.32 
2.87 
2.97 
2.46 
3.27 
3.46 
3.32 
3.16 
3.47 
3.03 

49.5 
49.3 
49.3 
50.3 
49.6 
49.5 
50.7 
50.2 
50.5 
49.4 
49.8 
50.8 
49.7 
49.3 
50.6 
49.7 
50.0 
50.7 
49.9 
50.4 
50.5 
49.3 
49.9 
49 -  1 
49.6 
50.4 
50.1 

Power 
( B t u / h )  

A p p a r e n t  
Thermal 

Conductivity 

12.19 
10.61 
10.39 
10.54 
9.66 

13.76 
11.71 
10.48 
8.88 
9.05 
9.51 

10.16 
10.29 
10.44 
10.87 
10.06 

7.56 
7.50 

10.97 
11.44 
12.28 

9.58 
8.28 
9.37 

10.55 
9.4b 

10.00 

0.328 
0.298 
0.296 
0.359 
0.307 
0.321 
0.338 
0.327 
0.316 
0.294 
0.272 
0.291 
0.295 
0.285 
0.300 
0.311 
0.304 
0.313 
0.309 
0.330 
0.293 
0.31 1 
0.281 
0.310 
0.329 
0.318 
0.296 

I__...__- I_ 

8.29 
9.50 
9.70 
9.75 

10.49 
7.35 
8.85 
9.79 

11.61 
11.16 
10.70 
10.21 

9.86 
9.65 
9.50 

10.10 
13.52 
13.80 
9.29 
9.00 
8.40 

10.51 
12.31 
10.71 
9.60 

10.91 
10.24 



T h i s  approach of u s i n g  a l l  t h e  a v a i l a b l e  d a t a  t o  produce r e l a t i o n s h i p s  

bet-ween t h e  a p p a r e n t  t he rma l  c o n d u c t i v i t y  and t h e  d e n s i t y  has t h e  

advan tage  of pro-vidi.ng a measure of e r r o r  v a r i a n c e .  Apparent t he rma l  

coi iduct i .vi . t ies  arid T<-val.ues a t  nominal t h i - c k n e s s  were computed from t h e s e  

eqciat ions aLid are r e p o r t e d  d o n g  w i t h  the. Val-ties o b t a i n e d  by tile modiEied 

p rocedure  t h a t  w a s  d e s c r i b e d  in preced ing  paragraphs.  

The a p p a r e n t  thermal c o n d u c t i v i t y  results are o rgan ized  as fol.lows. 

T a b l e s  7 through 9 c o n t a i n  t h e  a p b a r e n t  t he rma l  c o n d u c t t v i t i e s  measured 

a t  f u l l  r ecove red  t h i c k n e s s  and t h e  co r re spond ing  R-value a t  f u l l  

r e c o v e r e d  t h i c k n e s s .  T a b l e s  10 th rough  12 conta in  a p p a r e n t  theriiial 

c o n d u c t i v i t i e s  a t  nominal t h i c k n e s s  c a l c u l a t e d  from t h e  measured v a l u e s  

by mea,cls of Eq. (7 ) .  Three sets  of numbers are r e p o r t e d  f o r  the f i b e r g l a s s  

i n s u l a  t i o n .  The colilrnn headed w i t h  "AS'Pl Modif ied Method" r e f e r s  t o  

c a l c u l a t i o n s  i n v o l v i n g  the ad jus tmen t  of parmeter n i n  Eq.  ( 7 ) .  T h e  

col.uiiin headed "Singl.e-~~anuEacturt.r 1)ata" refers  to  least  s q u a r e s  d e t e r -  

m i n a t i o n  of t h e  c o n s t a n t s  i n  Eq.  ( 7 )  by u s i n g  d a t a  from a s i n g l e  manufacturer .  

T h e  column headed "Composite Data" c o n t a i n s  vaI.ues obtai-ned b y  u s i n g  a1.L t h e  

d a t a  f o r  R - l l  or R-19 f i b e r g l a s s  t o  de t e rmine  t h e  c o n s t a n t s  i n  Eq. ( 7 ) .  

Two sets of nurnbers are shown f o r  t h e  rock wool d a t a ,  One column c o n t a i n s  

t h e r m a l  c o n d u c t i v i t i e s  a t  nomi.na1 t h i c k n e s s  o b t a i n e d  by t h e  modif ied 

method. The second set of t he rma l  c o n d u c t i v i t y  v a l u e s  w a s  o b t a i n e d  by 

u s i n g  l i o n s t a n t s  e s t i m a t e d  from a l l  t h e  3-i.n. or a l l  t h e  3.5-in. rock wool 

d a t a .  A complete  t a b u l a t i o n  of t h e  l eas t  squares parameter  estimates i s  

c o n t a i n e d  i n  Appendix F. P l o t s  of t h e  a p p a r e n t  t h e r m a l  c o n d u c t i v i t y  a t  

75'F vs d e n s i t y  have. been i n c l u d e d  i n  Appendix F. 

3 . 3  A n a l y s i s  of the 'Thermal Re:;istarice R e s u l t s  

The major f i n d i n g s  o f  t h e  s t u d y  are based on  the d a t a  c o n t a i n e d  i n  

Tables 7 th rough  12, w h i c h  c0ntai .n  R-values f o r  t h e  mi.ne.ral  f i b e r  i n s u l a -  

t i o n s  that were t .es ted.  The t h e r m a l  r e s i s t a n c e  v a l u e s  r e p o r t e d  i n  

Tables  7 through 9 were o b t a i n e d  d i r e c t l y  from guarded hot  p l a t e  measure-  

ments. S i n c e  t h e  a p p a r e n t  t he rma l  c o n d u c t i v i t y ,  X ,  w a s  measured a t  

approx ima te ly  f u l l .  r e c o v e r e d  t h i c k n e s s  ( t e s t  t h i c k n e s s ) ,  i t  w a s  n e c e s s a r y  



32 

Table  10. A p p a r e n t  Thermal C o n d u c t i v i t i e s  and  R-values of 48 
Samples of R-11 Low-Density F i b e r g l a s s  I n s u l a t i o n  Materials 

a t  Noiiiinal Thickoe:;s 

Specimen 
Code 

Nominal 

Densit3 ( I b / f t  1 

Kominal 
i 'h ickne s s 

( i n .  

1101-1  
1101-2 
1101-3 
1102-1 
1 1 0 2 - l a  
1102-2 
1102-3 
1103-1 
1103-2 
1103-3 
1103-3a 
1104-1 
110h-2 
1104-3 
1105-1 
1108-2 
1105-3 
1106-1 
1106-2 
1106-3 
1106-3a 
1107-1 
1107- la  
1107-2 
1107-3 
1108-1 
1108-2 
1108-3 
1109-1 
1109-2 
1109-3 
1110-1 
1110-2 
1110-3 
1111-1 
1111-3 
1112-1 
1112-2 
1112-3 
1113-1 
1113-2 
1113-3 
1114-2 
1114-3 
1115-1 
1 1 1 5 - l a  
1115-2 
1 1  15-2a 

0.650 
0.658 
0.701 
0.666 
0.79 2 
0 .665  
0 .775  
0 .745  
0.682 
0 .435  
0.417 
0.601 
0.503 
0.627 
0 .573  
0.536 
0.626 
11.655 
0.565 
0.570 
0.662 
0.541 
0.599 
0 .610  
0 .672  
0.599 
0 .550  
0.554 
0.539 
0.602 
0.652 
0.681 
0.534 
0.532 
0 .481  
0.459 
0.314 
0.366 
0.306 
0 .565  
0.486 
0.465 
0.478 
0.459 
0.481 
0.478 
0.460 
0 .402  

3.50 
3.10 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
7.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3. 50 
3.50 
3.50 
3"  50 
3.50 
4.00 

4.00 
3.5C 
3.50 
3.50 
4.00 
4.00 
3,50 
3.50 
4.00 
4.00 

4 00 

P r o p e r t i e s  A d j u s t e d  t o  N o n i n a l  i h i c k n e s s  by D i f f e r e n t  Ye thods  
--- - . - . - ~. .~. . . . . ..... ___ 

AS'T91 Modi f i e d  Y e t  hod S i  n g 1 e-% nu f 3c  t u  r e r Iia t a 'I Compos i t e  Data' 
~ _ _ _ _ _ . .  ...~~ ~ 

~~~ ~ 

C o n d u c t i v i t y  R-value C o n d u c t i v i t y  K-Value C o n d u c t i v i t y  R-value (--. Btu i n  ; -) (W) ( K t u . y  (?~...) h f t 2  " F  (h. b t u  j h ; .p j  
h f- h f t-  f t  

... . . . . . . . . .. . . .......... __ ~ - .  . _ _  
0.324 10.80 0 .335  10.44 0.324 10.82 
0.367 9.54 11.333 10.50 0.322 10.87 
1.1 . 3 3 2 10.54 u .  324 10.81 0.313 11.17 
0.326 10.74 0.33' 10.56 0.320 10.93 
0.299 11.71 0.304 11.50 0.295 11.86 
0.336 10.42 0 .332  10.55 0.321 10.92 
0.337 10.39 Id. 308 11.37 0.299 11.72 
0.312 11.22 0 .314  11.13 0.305 11.49 
0.319 10.97 0 .328  10.67 0.317 11.04 
0.375 9.33 0.388 9.02 0.369 9.48 
0.396 8 .84  0 .393  8.90 0.373 9.38 
0.338 10.36 0.346 10.11 0.334 10.49 
0 .375  9 .33  0 .370  9.46 0.354 9.88 
0.340 10.29 u .  340 lV.28 0.328 10.66 
0.366 9.56 0.353 9.92 0.339 10.31 
0.359 9.75 0.362 9.67 0.347 10.09 
U.341 10.26 0.341 10.28 0.328 10.66 
0.33A 10.48 0.319 10.98 0.323 10.85 
0.358 9.78 0.340 10.30 0.341 10.26 
0.329 10.64 0.339 10.34 0.340 10.29 
0.327 10.70 0.317 11.04 0.321 10.90 
0.332 10.54 0.346 10.13 0.346 10.11 
0.331 10.57 0.332 10.55 0.334 10.48 
0.323 111.84 0.329 10.64 0.332 10.55 
0.329 10.64 0.315 11.12 0.319 10.97 
0.351 9.97 U. 332 10.55 0.334 10.48 
0.359 9.75 0.343 10.19 0.344 10.17 
0.366 9.56 0.342 111.22 0 .343  10.19 
0.366 9.56 0.346 10.12 0.346 10.12 
0.341 10.26 0.331 10.57 0 .333  10.51 
0.330 10.61 0.319 10.96 0 .323  10.84 
0.331 10.57 0.313 11.19 0.317 11.04 
0 .293  11.95 0.347 10.08 0.348 10.06 
0.334 10.48 0.34n 10.07 0.348 10.06 
0 .323  10.84 0 .333  10.53 0.359 9.75 
0.347 10.09 0.341 10.25 0.364 9.62 
0 .425  9.41 0 . 4 3 5  9.19 0 .398  10.05 
0.399 10 .03  0.392 10.19 0 .385  10.39 
0.451 8.87 0 .443  9.03 0.400 10.00 
0.333 10.51 0 .305  11.46 0 .341  10.26 
0 .349  10 .03  0 .331  10.59 0.358 9.78 
0.325 10.71 0.339 10.33 0.362 9.67 
0.343 11.66 0.334 11.99 0 .360  11.11 
0.349 11.46 0.341 11.71 0.364 10.99 
0.340 10.29 0 .333  10.53 0.359 9.75 
0.347 10.09 0.334 10.49 0 .360  9.72 
0.344 11.63 0 .341  11.73 0.364 10.99 
0.366 10.93 0 .370  10.82 0.377 10.61 

' 2Cons tan t s  of E q .  ( 7 )  o b t a i n e d  by least  s q u a r e s  f i t  o f  d a t a  on  a s i n g l e  m a n u f a c t u r e r ' s  p r o d u c t .  

3 C o n s t a n t s  of E q .  ( 7 )  o b t a i n e d  by l e a s t  s q u a r e s  f i t  o f  c o m p o s i t e  d a t a .  



Table 11. Apparent  R-ierrnal Conduc t iv i t i e s  a id  R-values of 30 Samples of R-19 
Low-Density Fiberglass Insulation Materials at Nominal Thickness 

F r o p e r t i e s  Adjusted t o  Nominal Thickness by Dif f e re i i t  Methods 

Nomina 1 Nominal ASTM Modified Method Single-Manufacturer Dataa Composite Datab 

Densitr ( I b / f t  1 ( in . )  Conduct iv i ty  R-value 

Specimen 
Code Thickness 

h f t 2  Btu in. ' 5  h f t 2  O F '  ( Btu , (h f t Z  O F )  

1201-1 
1201-2 
1201-3 
1202-1 

1202-3 
1202-4 
1202-5 
l 2 0 3 - 1  
1203-2 
1203-3 
1204- 1 
1204-2 
1204-3 
1205- 1 
1205-: 
1205-3 
1206-1 
1206-2 
1206-3 
1205-4 
1207- 1 
1207-2 
1207-3 
1208-1 
1208-2 
1208-3 
1209- 1 
1209-2 
1209-3 

1 202-2 

0.700 
0,580 
0. b33 
0.586 
0.667 
0.565 
0.571 
0.6b3 
0.553 
0.599 
0.585 
0.580 
0.584 
0.596 
3.671 
3.618 
0. 50:. 
9,631 
0.750 
0.552 
0.610 
0.389 
0.401 
0.329 
0.394 
0.350 
0.384 
0.355 
0.573 
0.548 

6.00 
6.00 
6.00 
6.00 
5.00 
6.00 
6.00 
6.09 
6.00 
6.00 
0.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
b.0G 
6.00 
6.00 
6.00 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 

0.332 
0.292 
0.339 
0.341 
0.357 
0.359 
0.339 
3.332 
0.402 
0.351 
0.. 342 
0.346 
0.306 
0.336 
0.332 
0.322 
0.349 
0.337 
0.317 
0.343 
0.340 
0.37% 
0.363 
0.404 
0.399 
0.456 
0.395 
0.433 
0.350 
0.337 

18.07 
20.55 
17.70 
17.60 
16.81 
16.71 
17.70 
18.07 
14.93 
17.09 
17.54 
17.34 
19.61 
17.86 
18.63 
i8.63 
17.19 
17.80 
18.93 
17.49 
17.65 
17.20 
17.91 
16.09 
i6.29 
14.25 
16.46 
15 .0 l  
18.57 
19.29 

0.326 
0.293 
0.344 
0.361 
0.334 
0.365 
0.333 
0.3$1 
0.374 
c.35b 
0.361 
0.338 
0.337 
0.334 
0.314 
0.328 
0.344 
0.324 
0.296 
0.347 
0.330 
0.395 
0.391 
0.419 
0.393 
9.410 
0.397 
0.408 
0,337 
0.34A 

18.41 
20.48 
17.42 
16.54 
17.94 
16.29 
18-00 
17.58 
16.05 
16.87 
16.63 
17.73 
17.79 
17.97 
19.09 
18.3U 
17.46 
18.53 
20.27 
17.31 
18. l a  
15.45 
16.64 
15.51 
10.53 
l5 .84  
16.38 
15.92 
19.27 
18.88 

0.318 
0.282 
0.332 
0 .3 i3  
0.325 
0.348 
0.324 
0.330 
0.351 
0.340 
0.343 
u.344 
0.343 
3,341 
3.32C 
b.336 
0. 348 
G.333 
0.307 
0.351 
0.337 
0.396 
3.392 
0.418 
G.395 
C " S 1 U  
0.398 
0.408 
0.346 
u.352 

18.88 
21  .L7 
18.06 
17.50 
18.47 
17.26 
18.52 
18. 18 
17.11 
1 7 . b 6  
17.49 
17.43 

17.62 
16.52 
11.88 
17.22 
18.U4 
19.51 
17.10 
17.79 
16.11 
1n.57 
15.56 
16.48 
15.b? 
16.34 
15.94 
18.79 
18.47 

1 7 - 4 8  

w 
W 

~~ - 

"Constants uf Eq. ( 7 )  ob ta ined  by l e a s t  squares f i t  of data on a s i n g l e  manufac turer ' s  p roduc t .  

S ~ o n s t a n t s  of ~ q .  ( 7 )  ob ta ined  by l e a s t  squares  f i t  of conpos ice  da ta .  



Table 12. A p p a r e n t  T'nermal Conductlvities and R-Values of 27 Samples of R-il Rock 
Wool i n s u l a t i o r ,  Materials a t  Nominal Thickness 

P r o p e r t i e s  A d j u s t e d  t o  Nomina l  T n i c k n e s s  by D i f f e r e n t  Yethods 
~ ~~ ~ ~~~ ~ 

Nominal Nomina 1 AST?t Modified Kethod Compos i t e  Dat:ia 
:)ensi t v  Thickness 
( i h / f  L ~ )  ( i n . )  C o n d u c t i v i t y  R-value Conduct iv :  t y  R-value 

Specimen , 

Code 

i301-I  
1 ?(I 1 - 2 
130 1-3 
1305- 1 
1305-2 
1305-3 
L306-i 
1306-2 
1306-3 
1307-1 
1307-2 
i 337-3 
1392- i 
1302-2 
1302-3 
1103-1 
i 303-2 
i 333-3 
1304-1 
1304-2 
1304-3 
1308-1 
1308-2 
1308-3 
i 309- L 
i 309-2 
1309-3 

1.962 
i .  873 
2.605 
I. 950 
2.045 
1.980 
2.022 
2.710 
2.575 
1.972 
1.793 
2.204 
1.578 
3.813 
i. !nu 
2.003 
1.461 
I. 769 
1.938 
i.732 
1.556 
1.635 
2.192 
1.519 
1.301 
i.632 
i.776 

3.00 
3.03 
3.00 
3.00 
3.30 
3.00 
3.00 
3.0'3 
3.00 
3.00 
3.00 
3. :I0 
3.50 
3.50 
3.50 
3.50 
3.5u 
3.53 
3.50 
3.53 
3.50 
3.50 
3 .  i D  
3.50 
3.50 
3.50 
3.50 

0.339 
0.304 
0. sL!3 
0.298 
0.295 
0.336 
e. 306 
0.271 
0.274 
0.314 
0.331 
0 . 3 i 3  
0.359 
3.318 
0.346 
0.363 
0.333 
0.3il 
3.302 
3.297 
0.317 
0.32; 
0.282 
0.319 
0.35; 
0.315 
0.312 

8.85 
9.87 

i0.00 
1 0  . (2 7 
10.17 

9.8U 
9.80 
i1.07 
10.95 
9.55 
9.06 
9.58 
9.75 
li.00 
1 0 . i 2  
9.64 
LO. Si 
11.25 
11.59 
31.78 
11.04 
10.90 
12.41 
10.97 
9.97 
i0.97 
11.22 

0.309 
0.312 
0.235 
u. 309 
0.306 
0.308 
c. 306 
0.282 
3.287 
0.368 
0.315 
0.300 
0.323 
0.3i3 
0 . 3 4 4 
d. 304 
a. 330 
0.115 
0. 307 
0.3i7 
Q.325 
0.322 
0.299 
0.328 
u. 335 
0.322 
3.315 

9.72 
9.62 
10.51 
9.71 
9.82 
9.74 
9.79 
10.65 
10.47 

9.74 
9.54 
10.01 
10.73 
11.17 
10.17 
11.52 
111.59 
ll.iO 
11.40 
11.04 
10.74 
1C.87 
11,;'i 
1d.68 
10.35 
10.87 
i l . i l  

a e o n s t a n t s  of Eq .  ( 7 )  obtained by l e a s t  s q u a r e s  f i t  O C  c o n 2 o s i t e  da t a .  



t o  u s e  a r e l a t i o n s h i p  between d e n s i t y ,  p ,  and X t o  c a l c u l a t e  a p p a r e n t  

t he rma l  c o n d u c t i v i t i e s  and K-values a t  d e n s i t i e s  co r re spond ing  t o  nominal 

( l a b e l )  thi-ckriess . 
The method out l i .ned  i n  ASTivl C 6.53-70 f o r  talc-ulating h ( p )  i s  no t  w e l l .  

s u i t e d  f o r  t1ii.s s i n c e  X a t  v a r y i n g  p v a l u e s  w a s  n o t  o b t a i n e d  f o r  eve ry  

p roduc t  l i n e  r e p r e s e n t e d  i n  t h e  d a t a  set .  It was n e c e s s a r y ,  t h e r e f o r e ,  t o  

modify t h e  AS'PM C 653-70 procedure .  Three c a l c u l a t  i o n a I  scheme.s f o r  

o b t a i n i n g  X ( p >  were d i s c u s s e d  i n  Sect .  3.2.5, and t a b u l a r  r e s u l t s  were 

g iven .  A number of a d d i t i o n a l  schemes cou ld  be used. For example, the. 

pa rame te r  e i n  Eq. ( 7 )  c o u l d  be used t o  a d j u s t  between product  lin.es 

raf iher  t h a n  t h e  parameter n used  1.n t h e  p r e s e n t  s tudy .  The r e s u l t s  of 

such  a c a l c u l a t i o n  f a l l  wi- thin t h e  p a t t e r n  of R-val.ues inc luded  i n  t h e  

r e p o r t .  

The c a l c u l a t e d  R-values i n  Tab les  10 through 12 show v a r i a t i o n s  t h a t  

depend on t h e  c a l c u l a t i o n  method used. The d i f f e r e n c e s  between t h e  methods 

d e c r e a s e  when s t a t i s t i c s  f o r  groups  of measurements are examined. S i n c e  

one o b j e c t i v e  of t h e  s t u d y  w a s  a sampling of t h e  marke tp lace  t o  a d d r e s s  

t h e  q u e s t i o n  of K-values of a v a i l a b l e  i n s u l a t i o n  m a t e r i a l s ,  t h e  p a r t i c u l a r  

c h o i c e  of method of adjus t l ing  X w i t h  p i s  of d iminished  importance.  Th i s  

r e p o r t  does no t  c o n t a i n  a recommendation f o r  a procedure  f o r  a d j u s t i n g  

w i t h  conf idence  t h e  X v a l u e  f o r  a p a r t i c u l a r  i n s u l a t i o n  sample.  

The a n a l y s i s  of t h e  d a t a  r e p o r t e d  s tar ts  wi th  a d e t e r m i n a t i o n  of 

sample means and s t a n d a r d  d e v i a t i o n s  usi.ng Eqs. ( 3 )  and ( 4 ) .  The 

s t a t i s t i c s  f o r  v a r i o u s  s u b s e t s  of t h e  d a t a  c o l l e c . t i o n  a r e  l i . s t e d  i n  

Table  1 3 ,  The d i . scuss ion  of t h e  d a t a  that  f o l l o w s  i s  i n  terms of R-values 

s i n c e  i n s u l a t i o n  m a t e r i a l s  are comiiionly marketed t h i s  way. 

The me;in R-values i n  Table  13 r e p r e s e n t  one measure of t h e  therrnal 

r e s i s t a n c e  va lue  t o  be expec ted  f o r  a random sample from t h e  p o p u l a t i o n  

s t u d i e d .  The sampling p l a n  d i d  no t  c o n s i d e r  t h e  r e l a t i v e  market s h a r e  of 

the v a r i o u s  manufac tu re r s  o r  of t h e i r  d i € E e r e n t  p rocesses .  A l l  mean 

K-val.ues a t  nominal t h i c k n e s s  by n ianufac turer  were w i t h i n  10% of t h e  

manufac tu re r s '  s t a t e d  K-values of e i t h e r  11 or 19. A l l  t h e  means 

c . a l c u l a t e d  were below the. c la imed R-value w i t h  t h e  v a l u e  € o r  3-in. R - l l  

r ock  wool obtai .ned f o r  a r e l a t i v e l y  s m a l l  s a m p l e  be ing  s i g n i f i c a n t l y  

lower  t h a n  the a d v e r t i s e d  va lue .  
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Table 14 c o n t a i n s  numbers t h a t  s p e c i f y  i n t e r v a l s  in which w i t h  99% 

c o n f i d e n c e  i t  can  he s t a . t e d  t h a t  t h e  means from a d d i t i o n a l  samples of t h e  

same s i z e  w i l l  f a l l . .  These v a l u e s  are viewed a s  one estimate of a n  

interval  i n  which the p o p u l a t i o n  mean of R-value a t  nominal t h i c k n e s s  

r e s i d e s ,  The e n t r i e s  in. t h e  l a s t  column i n  Table  14 show t h a t  t h e  99% 

c o n f i d e n c e  i n t e r v a l s  about  t h e  mean do not  i n c l u d e  t h e  l a b e l  R-value f o r  

t h r e e  of t h e  .four classes of i n s u l a t i o n  t e s t e d .  Two e n t r i e s  showing d a t a  

f o r  a s i n g l e  mariufacturer  show i n t e r v a l s  t h a t  include.  t h e  l a b e l  R-value, 

wh i l e  t h r e e  e n t r i e s  are f o r  i n t e r v a l s  khat i n c l u d e  v a l u e s  below the mini- 

m u m  a c c e p t a b l e  v a l u e  (90% o f  l a b e l  R-value). I n t e r v a l s  i n  which t h e  

p o p u l a t t o n  mean i s  a n t i c i p a t e d  have been c .ons t ruc t ed  f o r  each  of t h e  t h r e e  

c a l c u l a t i o n  methods used i n  the s t u d y  i n  order t u  demonst ra te  t h e  

c o n c l u s i o n  t h a t  t h e  p o s i t i o n  o f  t h e  mean p o p u l a t i o n  R--val~.~e a t  nominal 

t h i c k n e s s  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  the c a l c u l a t i o n  iiietliod chosen. 

Tab le  14. Estimates of 99% ConEidence Io l re rva ls  f o r  tile Popu la t ion  
Means of t h e  R-value a t  N o r n i n i i l  Th icknessa  

ln t e rva l s  Based on 
Composite Data 

ASTM Modif ied  Method Single-Manufac turer  Data 

__  
Re-11 F i b e r g l a s s  

Manufacturer A 9.70-10.78 
R 9.79-11.14 
C 10.0G10.82 

9.77-10.82 
9.90-1 1.36 

10.25-10.8 1 

10.19---1 I. 19 
9.7 3-1 0 a 64 

10. 71-10. i o  

Compos i t e 10.09-10.63 10.21-10.75 10.25---10.69 
R - 1 9 F i be r g 1 as s 

Pfaniif ac t u r e r  A 14. 21+---18. 80 
B 14.97-18.61 
C 1 7.30-1 8.93 

16,29-18.47 
15.16-18.48 
17.36--19.14 

17.11-19.33 
15.44-17.98 
17.13-18.59 

Campos, i t e 16.82-15.17 14.9D-18.18 17.06--18.24 
R-11 Rock Wool 

3-in. b a t t s  9.32-10,48 
3.5-in. b a t t s  10.28-11.46 

9.60-10.28 
10.69-11.19 

"Es t ima tes  of e i t he r  ( 1 )  a d d i t i o n a l  sampl ing  of the same s i z e  o r  ( 2 )  the t r u e  POPU- 
13t ior i  mean. 
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The R-val.ues alr nominal t h i c k n e s s  as de termined  by t h e  "Composi Le 

C a l c u l a t i o n "  have been used t o  d i s e i n s s  t h e  d i s t r i b u t i o n  of R-values f o r  a 

g i v e n  t y p e  of i n s u l a t i n g  iilateri.al. The f o l l o w i n g  o b s e r v a t i o n s  about  tile 

d i - s t r i b u t i o n  of R-values f o r  the composi te  R , - - l l  fiberglass R-19 f i b e r -  

g l a s s ,  R-11 rock wool ( 3  i.n. thi .ck) ,  and R - l l  rock wool. (3.5 in .  t h i c k )  

a re  based on t h e  assumption t h a t  t h e  R-value d a t a  f o r  each type  of 

i n s u l a t i o n  are normally d i s t - r i b u t e d ,  The R-value d a t a  were t e s t e d  for 

n o r m a l i t y  by u s i n g  a procedure o u t l i n e d  by Bahn and Shapir0.l 

c o n t a i n s  p r o b a b i l i t y  pl-ots  f o r  t h e  f o u r  se ts  of d a t a  be ing  discussed. A 

s t r a i g h t  l i n e  ind ica tes  no rma l i ty .  The assumpti.on t h a t  the f o u r  se ts  of 

F i g u r e  9 

ORNL-DWG 80-7897 

R-11 FIBERGLASS - 

~- ~ 

R 11 MINERAL WOOL 13 in ) 

0.01 0.1 1 2 5 10 20 50 EO 9095 98 99.9 

23 

22 

21 

20 

19 

18 

17 

16 

15 

14 

12 

11 

10 

R-19 FIBERGLASS 

R 11 MINERAL WOOL (3% i n )  

R = 11 

0.01 0.1 1 2 5 10 20 50 80 9095 98 99.9 
PERCENTAGE 

CUMULATIVE PERCENT OF OBSERVATIONS 

Fig .  9. Norma1.i [ y  T e s t  f o r  t h e  Apparpnt. Therm1 C o n d u c t i v i t y  Data. 
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R-values are normally d i s t r i b u t e d  i s  suppor t ed  by t h e  p l o t s  i n  Fig.  9. The 

r e l a t i v e l y  small sample OF 3-in.-tl-iick rock  wool i n s i l l a t i o n s  t ends  t o  make 

t h e  noirmality test  less c o n c l u s i v e  f o r  t h a t  material. 

Eric11 of t h e  f o u r  composi te  d a t a  sets was t r e a t e d  as a random sample  

of a p o p u l a t i o n  of R-values fo r  the type  of i n s u l a t i o n  r e p r c s e n t e d  by the 

d a t a .  I t  i s  t h e n  p o s s i b l e  t o  de t e rmine  f r a c t i o r i s  of each  g iven  popu la t ion  

f a l l i n g  above or  below a p a r t i c u l a r  va lue .  A t a b l e  of "Tolcranee  F a c t o r s  

f o r  Normal D i s t r i b u t i o n s "  g iven  by Bowker and Lieberman2 w a s  used. 

The r e s u l t s  of t h e  a n a l y s i s  a long  w i t h  co r re spond ing  f r a c t i o n s  of t he  

sampling are g iven  i n  Tab les  15 and 15. The e n t r i e s  i n  T,%*ble 15 a r e  Fur a 

conf idence  of 99%. The Firs t  column g i v e s  a lower bound on  t h e  f r a c t i o n  

of  t h e  i n d i c a t e d  p o p u l a t i o n  t h a t  w i l l  f a l l  below t h e  nominal R-value O F  

11 o r  19. The second column g i v e s  a lower bomd on t h e  f r a c t i o n  of the 

p o p u l a t i o n  t h a t  w i l l  be above 90% of t h e  nominal R-value, w h i l e  t h e  t l i i r d  

column g i v e s  an upper  bound on the f r a c t i o n  of t h e  p o p u l a t i o n  f a l l i n g  

below 90% of nominal. R. 

The s i g n i f i c a n c e  of t h e  e n t r i e s  i n  Table  15 can be d i s c u s s e d  as 

fo l lows .  The number 0.71 i n  Column 2 fo r  R-11 f i b e r g l a s s  is n lower  

bound on the p r o b a b i l i t y  of randomly p i c k i n g  an  R-11 i n s u l a t i o n  w i t h  a 

v a l u e  of 9.9 o r  g r e a t e r  f o r  t h e  R-value a t  nnininal t h i c k n e s s .  A 

nominal ly  R-11 i n s u l a t i o n  i s  judged s a t i s f a c t o r y  i f  the measured R-value 

a t  nominal t h i c k n e s s  is 9.9 or g r e a t e r  as s p e c i f i e d  by ASTM C 665. The 

e n t r i e s  i n  Table 16 f o l l o w  d i r e c t l y  fruin t h e  d a t a  p r e s e n t e d  i n  t h e  l a s t  

column of Table  10. 

Thc p r o b a b i l i t y  t h a t  a sample of s i z e  N c o n t a i n s  only  s a t i s f a c t o r y  

material ( p a s s i n g )  could  be as low as X f l ,  where X i s  an a p p r o p r i a t e  e n t r y  

from t h e  second column of numbers i n  Table  15. T h i s  means, for  example, 

t h a t  i f  N = 4 t he  p r o b a b i l i t y  o f  f a i l u r e  (1 -- XI) based on t h e  p r e s e n t  

s t u d y  could  be as h i g h  as 0.75 f o r  R-11 f i b e r g l a s s ,  0.92 f o r  R-19 f i b e r -  

g l a s s ,  0.98 €or  3-in.-t l t ick R-11 rock  wool, and 0.34 €or 3.S-in.-thick 

R-11 rock  wool. The r e a d e r  must unde r s t and  t h a t  t h e  p reced ing  l i s t e d  

f a i l u r e  p r o b a b i l i t i e s  are upper  bounds,  and tha t  t h e  d a t a  be ing  t e s t e d  are 

t h e  results of f u l l - t h i c k n e s s  t e s t i n g .  
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3.4 De te rmina t ion  of FULL-Thickness R-Values Erom Thin 
Sample Neasurements 

The pr imary purpose of t h e  work r e p o r t e d  i n  t h i s  s e c t i o n  w a s  t o  

determi.ne whether measurement t e c h n i q u e s  used f o r  c e r t i E i c a t i o n  wou1.d 

yi.el.d r e s u l t s  t h a t  are c o n s i s t e n t  w i t h  f u l l - t h i c k r i e s s  t e s t i n g .  Nine 

specimen pairs of low-densi ty  f i b e r g l a s s  produced by manufac tu re r  C were 

s u b m i t t e d  t o  Dynatccli by ORNL t o  mk.e t h e  r e q u i r e d  measurements. These 

specimens were removed by OKNL p e r s o n n e l  from t h e  o r i g i n a l .  samples 

purchased  by Dynatech f o r  the measurements a l r e a d y  d i s c u s s e d  and were 

i d e n t i E i e d  by t h e  same code numbers. Recovered t h i c k n e s s  and d e n s i t y  were 

measured i n  acco rdance  wi th  ASTM C 167-64 a l o n g  w i t h  measurements of 

thermal. performance a t  75'F. The r e s u l t s  are p r e s e n t e d  i n  Tab les  1 7  and 

18. Using the modi f i ed  ASTM c a l c u l a t i o n  p rocedure  o u t l i n e d  in Sec t .  3 . 3 ,  

w e  c a l c u l a t e d  the R-values a t  nominal t h i c k n e s s ,  and t h e  r e s u l t s  are 

p r e s e n t e d  i n  Tab le  19. 

Upon comple t ion  of t h e  f u l l - t h i c k n e s s  tes t i n e ,  one specimen from each 

p a i r  w a s  s l i c e d  i n  a f a s h i o n  similar t o  t h o s e  materials submi t t ed  f o r  

c e r t i f i c a t i o n  purposes .  A Dynatech r e p r e s e n t a t i v e  accompanied t h e  

Tab le  17 .  P h y s i c a l  P r o p e r t i e s  of Nine Samples o f  
Low-Densi t y  F i b e r g l a s s  I n s u l a t i o n  Materia1.s 

Dimens i o n s  , i n .  Dens i ty ,  l b / f t 3 ,  a t  
I Specimen Weight 

Test Test Nominal Length Width 
Code Th ickness  ('I Th ickness  Th ickness  

11O6-2 
1106-3 
1107-2 
1108- 1 
1109-3 
1204-3 
1205-3 
1206-3 
1206-4 

24.2 
24.0 
23.9 
24.85 
24.1 
23.2 
21.45 
22.05 
2 4 . 4  

15.1 
16.5 
15.05 
15.15 
23.05 
23.25 
14.95 
15.2 
15.35 

3.46 
3.92 
3.68 
3.75 
3.22 
6.00 
6.00 
5.10 
5 . 6 4  

197.8 
236.3 
1.91.5 
192.3 
304.7 
541.2 
277.3 
321.3 
326.6 

0.596 
0.580 
0.551 
0.519 
0.649 
0.637 
0.549 
0.716 
0.589 

0.589 
0.650 
0.581 
0.556 
0,597 
0.637 
0.549 
0.609 
0.553 
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Table  18. Appartxnt Thermal Conduc t iv i ty  and Thermal R e s i s t a n c e  of Nine 
Samples of Low-Density F i b e r g l a s s  Insiilati on Materials Re f o r e  S l i c i n g  

Apparen t  
T e s t  Test Temp e r a t 11 re I 'hermal The rnia 1 

Power C o n d r i c t i v i t y  ~~~i~~~~~~ S p e  c imen T h i c k n e s s  D i f f e r e n c e  
( h  f t 2  OF/Btu) Code ( O F )  

1106-2 
1106-3 
1107-2 
1108-1 
1109-3 
1204-3 
1205-3 
1206-3 
1206-4 

0.596 
0.580 
0.551 
0.519 
0.649 
0.637 
0.549 
0.716 
0.589 

3.46 
3.92 
3.22 
3.75 
3.68 
6.00 
6.00 
5.10 
5.64 

50.1 
50.2 
49.9 
49.8 
49.6 
50.5 
50.2 
50.2 
50.3 

3.64 
8.58 

10.86 
9.50 
9.53 
5.61 
6.03 
6.41 
5.9 

0.326 
0.328 
0.343 
0.350 
0.346 
0.326 
0.353 
0.319 
0.324 

10.6 
11.9 
9.4 

10.7 
10.6 
18.4 
17.0 
16.0 
17.4 

Table  19. Apparen t  rhermal Conduc t iv i ty  and 'Thermal K e s i s t a n r e  
o f  Nine Samples o f  Low-Density F i b e r g l a s s  I n s u l a t i o n  

Materials a t  Norni n a l  Thickness  C a l c u l a t e d  
by t h e  Modi Eied MP rhod 

Ap pa re 11 t 
N o m i n a l  Nominal 'l'hr rma 1 T h e r m a l  

Thicknp5s Conduc t iv i ty  R e s i s t a n c e  
Code ( I b / f t  Y 1 ( i n .  1 ( ~ i - ~ t ~ n ; F )  (h f t 2  ' F / B t u )  

S p e c i m e  n 

1106-2 
1106-3 
1107-2 
1108-1 
1109-3 
1204-3 
1205-3 
1206-3 
1206-4 

0.589 
0.650 
0.581 
0.556 
0.597 
0.637 
0.549 
0.609 
0.553 

3.50 
3.50 
3.50 
3.50 
3.50 
6.00 
6.00 
6.00 
6.00 

0.327 
0.318 
0.339 
0.344 
0.354 
0.326 
0.353 
0.334 
0.329 

10.7 
11.0 
10.3 
10.2 

18.4 
17.0 
17.98 
18.2 

9.90 
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materials t o  NAHBRF' and  w i  tiilessed all. ttie specimen s l i c i n g .  

were c u t  i n t o  s e c t i o n s  approximate ly  1.5 i n ,  t h i c k  w i t h  a h o r i z o n t a l  

hand-dr iven  band saw. The R-11 specimen riuterials were b i s e c t e d  a n d  the 

R-.19 specimen materials q u a d r i s e c t e d .  'Uhis xas accomplished f o r  a1.1. 

s l i c e d  specimens w i t h  less t h a n  a 1% change i n  weight.  

~112  specimens 

Each b i s e c t e d  spec.i.men was t e s t e d  f o r  thermal performance a t  7 5 " ~ ' ~  

The the rma l  performance of t h e  b i s e c t e d  s p e c i n e n s  was calculat.ecl a t  

nominal t h i c k n e s s ,  and t h e s e  r e s u l t s  are p r e s e n t e d  i n  Tab les  20 and 21 ,  

B i s e c t e d  R-19 specimens were s e p a r a t e d  i n t o  f o u r  i n d i v i d u a l  t h i c k n e s s e s ,  

and each  tes t  p a i r  w a s  tested inclividua1.l.y. By f o l l o w i n g  t h e  same 

p rocedure  as d e s c r i b e d  ear l ie r ,  the the rma l  performance of t h e  R-19 

f i b e r g l a s s  b a t t s  was c a l c u l a t e d  at nominal t h i ckness .  These two series of 

e x p e r i m e n t a l  r e s u l t s  are p r e s e n t e d  i n  Tab les  22 and 2 3 .  

The R-values a t  nominal t h i c k n e s s  t h a t  were measured i n  t h i s  phase of 

t h e  p r o j e c t  w i l l  be d i v i d e d  i .n to  two groups f o r  d i s c u s s i o n .  Group 1 

c o n s i s t s  of f i v e  samples  of R-11  f i b e r g l a s s  i n s u l a t i o n ,  wh i l e  group 2 
c o n s i s t s  of f o u r  samples  of K-19 f i b e r g l a s s  i n s u l a t i o n .  S e v e r a l  R-value 

d e t e r m i n a t i o n s  are a v a i l a b l e  f o r  each  group. Table  24 c o n t a i n s  v a l u e s  f o r  

t h e  s ta t i s t ics  used  i n  the d i s c u s s i o n ,  

We determined  R-values f o r  t h e  R-11 samples  based on f u l l - t h i c k n e s s  

t e s t i n g  and r e p o r t e d  them i n  Sect. 3.2. A second series of f u l l - t h i c k n e s s  

a p p a r e n t  t he rma l  c o n d u c t i v i t y  d e t e r m i n a t i o n s  w a s  compJe.ted on companion 

specimens as part  of t h i s  phase of t h e  s t u d y  and used t:o c a l c u l a t e  R-values 

at aoruinal t h i c k n e s s .  Also, R-values a t  i ioiuinal t h i c k n e s s  were de termined  

from measurements performed on t h e  b i s e c t e d  samples  t.aken from one of t h e  

companion specimen p a i r s ,  The t h r e e  sets of f i v e  v a l u e s  were regarded  as 

samples  from p o p u l a t i o n s  of R-11  i n s u l a t i o n ,  and a "t test '$ d e s c r i b e d  by 

Bryant3  was used t o  de t e rmine  i f  t h e  materials were from d i .€€e ren t  

p o p u l a t i o n s ,  From t h e  s t a t i s t i c a l  a n a l y s i s  w e  concluded  t h a t  t h e  two sets 

of R-values o b t a i n e d  f o r  R-11 f i b e r g l a s s  specimens by f u l l - t h i c k n e s s  

t e s t i n g  are e q u a l  because  r e j e c t i o n  of t h e  h y p o t h e s i s  t h a t  t hey  are equal 

J- 

"The N a t i o n a l  A s s o c i a t i o n  of Home B u i l d e r s  Kesearch Foundat ion ,  Inc. 
a whol ly  owned s u b s i d i a r y  of the N a t i o n a l  A s s o c i a t i o n  of Home Bu i lde r s .  
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Tab le  20. Apparent Measured Thermal Conduc t iv i ty  ant1 Thermal 
R e s i s t a n c e  of Nine Ri-sected Satnples of Low-Density 

F i b e r g l a s s  I n s u l a t i o n  Pldtpr j  a l s  

Specimen 
Code  

'Test T e s t  
Th ickness  

.... 

__ 
1106-2 
1106-3 
1107--2 
1108-1 
1109-3 

1205-3 
1206-3 
1206-4 

1 2a4-3  

0.717 
C. 852 
0.703 
0.675 
0.727 
0.659 
0.572 
0.710 
0.623 

1.44 
1.35 
1.44 
1.44 
1.44 
2.88 
2*8X 
2 , 5 2  
2-80 

Temp e r a t II re 
D i f f e r e n c e  

( O F )  

Apparent 

Fhermal The rma 1 
Power C o n d u c t i v i t y  R e s i s t a n c e  

( h  f t 2  OF/Btu) ( R t u / h )  

49.2 
49.2 
49.1 
49.2 
47.6 
49.9 
49.3 
49.7 
49.8 

20.45 
20.10 
20.13 
20.80 
20.66 
11.01 
12.10 
12.17 
11.26 

0.293 
0.270 
0.289 
0.298 
0.306 
0.311 
0.3b6 
0.302 
0.310 

4.92 
5.00 
4.98 
4.83 
6.71 
9.26 
8.32 
8.34 
9.04 

Tab le  21 Thermal Conduc t iv i ty  and Therinal R e s i s t a n c e  of Nine 
B i s e c t e d  S a m p l e s  of Low-Density F i b e r g l a s s  I n s u l a t i o n  
a t  Nominal Thickness  C a l c u l a t e d  by Modified Method 

Apparent 

Nomina 1 Nominal The rma 1 Thermal 
Thickness  C o n d u c t i v i t y  R e s i s t a n e e  

( i n .  ) B t i i  i n .  ( h  ft2 'F/Btu) 
S per- imen 

Code 

1106-2 
1106-3 
1107-2 
1108-1 
1109-3 
1204-3 
1205-3 
1206-3 
1206-4  

0.590 
0.657 
0.578 
0.555 
0.598 
0.632 
0.549 
0.596 
0.581 

3.50 
3.50 
3.50 
3.50 
3.50 
6.00 
6.00 
6.00 
6.00 

0.311 
0.296 
0.306 
0.315 
0.323 
0.315 
0.350 
0.318 
0.316 

11.3 
11.8 
11.4 
11.1 
10.8 
19.0 
1 7 * 2  
18.9 
19.0 
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Tab le  22. Apparent Thermal C o n d u c t i v i t y  and Thermal K e s i s t a n c e  of 
Four Q u a r d r i s e c t e d  Samples of Low-Density 

F i b e r g l a s s  I n s u l a t i o n  Platerials 

Apparent 

Thermal Test T e s t  T e m p e r a t u r e  The rma l  
Spec imen  Densiti; T h i c k n e s s  Difference Power C o n d u c t i v i t y  R~~ istance 

Code ( l b / f t  ) (in.) ( O F )  (h  € t 2  OF/Bru) 

1204-3 I 

1204-3 I1 

1205-3 T 

1205-3 I1 

1206-3 I 

1206-3 II 

1206-4 I 

1206-4 TI 

0.600 

0.7 16 

0.499 

0.645 

0.709 

0,667 

0 .626  

0.613 

1.44 

1.44 

1.44 

1.44 

1.44 

1.08 

1.44 

1.36 

50.8 

50.0 

50.3 

49.8 

50.1 

49.4 

50.5 

49.3 

22.99 

21.42 

22.84 

22.96 

20.83 

26.82 

21.49 

22.44 

0.319 

0.302 

0.320 

0.325 

0.293 

0.287 

0.300 

0.303 

4.51 

4.77 

4.50 

4.43 

4.91 

3.76 

4.80 

4.49 

Table 23. C a l c u l a t e d  Thermal C o n d u c t i v i t y  and 
Thermal Resistance of Four Q u a d r i s e c t e d  

Samples of Low-Density F i b e r g l a s s  
I n s u l a t i o n  Materials a t  6.00-in. 

Nominal Th ickness  

Apparent 
Thermal Thermal 

(h  f t 2  'F/Btu) 

Nominal  
Conductivity R e s i s t a n c e  Specimen 

Code ( l b / f  t 

1204-3 0.632 0.314 19.1 

1205-3 0.549 0.326 18.4 

1206-3 0.580 0.307 19.5 

1206-4 0.579 0.307 19.5 
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would r e q u i r e  a level  of s i g n i f i c a n c e  g r e a t e r  than 0.8 ,  'l'hus the mean 

R-value f o r  t h e  b i s e c t e d  K - 1 1  f i b e r g l a s s  i n s u l a t i o n s  i s  d i f f e r e n t  from 

t h e  ful.1.-thickness iiiean R-value because t h e  h y p o t h e s i s  that they  are e q u a l  

i s  r e j e c t e d  a t  a level .  of s i g n i f i c a n c e  less t h a n  0.01. 

We measured R-values f o r  the R-19 samples examined i.n t h i s  s e c t i o n  

and r e p o r t e d  them ir. Sec t .  3.2. Companion specimens from t h e  same sample 

packages were measured a t  f u l l  t h i c k n e s s  as p a r t  of this phase of t h e  

s t u d y .  Thermal. c o n d u c t i v i t y  measurements were a l s o  made on b i s e c t e d  

specimens ( abou t  3 in.  t h . i ck )  and on q u a d r i s e c t e d  specimens ( abou t  1 .5  i n .  

t h i c k )  t a k e n  from one p i e c e  o f  t h e  companion specimen p a i r ,  The r e s u l t s  

of t h e  a n a l y s i s  of t h e  d a t a  o b t a i n e d  f o r  t h e  13-19 materials can  be 

surnniarized as f o l l o w s  e We concl.i.irle t h a t  t h e  mean R-values from t h e  two 

sets of f u l l - t h i c k n e s s  t e s t i n g  come from d i f f e r e n t  p o p u l a t i o n s  because t h e  

h y p o t h e s i s  that  t h e y  are e q u a l  i s  r e j e c t e d  a t  a l e v e l  of s i g n i f i c a n c e  

g r e a t e r  t h a n  0.2. The b i s e c t e d  and q u a d r i s e c t e d  R-1.9 specimens w i l l ,  

t h e r e f o r e ,  be compared only  w i t h  t h e  R-value data  g i v e n  i n  Tab le  18. We 

conc lu~de  t h a t  t h e  mean R-value € o r  the b i s e c t e d  R- 19 f i b e r g l a s s  i n s u l a t i o n s  

i s  d i f f e r e n t  Erom t h e  ful-1- thickness  mean R-value because the h y p o t h e s i s  

t h a t  t hey  are e q u a l  i s  re jec . ted  a t  a l e v e l  of s i g n i f i c a n c e  g r e a t e r  t h a n  

0.2. We conclude t h a t  the mean R-value f o r  the q u a d r i s e c t e d  R-19 

i n s u l a t i o n s  i s  d i f f e r e n t  from t h e  m a n .  R-value o b t a i n e d  w i t h  f u l l -  

t h i c k n e s s  t e s t i n g  because t h e  h y p o t h e s i s  that t h e y  are e q u a l  i s  r e j e c . t e d  

a t  a l e v e l  of s i g n i f i c a n c e  less than 0,02. 

The o v e r a l l  c o n c l u s i o n  f o r  both t h e  s l i c e d  K-11 and s l i c e d  K-19 

i n s u l a t i o n s  is t h a t  t h e  measurermcnt of apparenr:  thermal  c o n d u c t i v i t y  iilacle 

by tising t h i n  s p e c i  Inens y i e l d s  h igher  R-values t h a n  t h o s e  measured by 

u s i n g  f u l l - t h i c k n e s s  t e s t i n g ,  The observed i n c r e a s e  w a s  app rox ima te ly  82 

(0 .9 R-value) f o r  t h e  b i s e c t e d  R-11 f i b e r g l a s s  i n s u l a t i o n  r e s t e d  and 

a p p r o x i m a t e l y  7% (1.2 R-Val-ue) f o r  t h e  q u a d r i s e c t e d  R-19 f i b e r g l a s s  

i n s u l a t i o n s  t e s t e d .  This phase-2 s t u d y  has n o t  r e su l . t ed  i n  a sati.s- 

f a c t o r y  e x p l a n a t i o n  f o r  the change i n  measured R-value w i t h  sample 

t h i c k n e s s .  A d e t a i l e d  s t u d y  of the observed t h i c k n e s s  e f f e c t  s h o u l d  

inc lude .  c o n s i d e r a t i o n  of several f a c t o r s :  



Q tendency toward h i g h  d e n s i t i e s  i n  s l i c e d  samples 

a t he rma l  r a d i a t i o n  e f f e c c s  

@ edge losses 

0 c o n t a c t  r e s i s t a n c e  

8 damage due t-o s l i c i n g  

In p r i n c i - p l e ,  t he  d e n s i t y  e f f e c t  i s  t aken  i n t o  accoun t  by measuring 

t h e  a p p a r e n t  t he rma l  c o n d u c t i v i t y  as a f u n c t i o n  of d e n s i t y .  'Thermal 

r a d i - a t i o n  and edge losses  would appear  t o  d e c r e a s e  t h e  a p p a r e n t  R-value 

as a sample t h i c k n e s s  i n c r e a s e s .  The q u e s t i o n  of tile magnitude of t h e  

c o n t a c t  r e s i s t a n c e  a t  t h e  samp1.e boundary has  not  been a d d r e s s e d  i n  t h i s  

work. The e x i s t e n c e  of a contac t  r e s i s t a n c e  would change t h e  r e p o r t e d  

R-value i n  t h e  observed d i r e c t i o n .  The mechanical  properjzies of the 

i n s u l - a t i o n s  resulting from t h e  s l i c i n g  o p e r a t i o n  have changed as recogn ized  

by i -ncomple te  t h i c k n e s s  recovery of t h e  s l i c e d  s a m p l e s ,  bu t  t h e  e fEec t  of 

t h i s  change on thermal  r e s i s t a n c e  i s  u n c e r t a i n .  
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4. CONCLUSION AND RECOMMENDATIONS 

4.1 Conclus ions  

The r e s u l t s  of t h i s  s t u d y  on f u l l - t h i c k n e s s  d e t e r m i n a t i o n  of R- 

v a l u e s  t o  +3% u s i n g  a Dynatech hor izonta l1 .y  guarded hot  p l a t e  on a 

sampl ing  of 99 low-densi ty  m i n e r a l - f i b e r  t he rma l  i n s u l a t i o n  b a t  t s  t h a t  

were commercial ly  a v a i l a b l e  i n  1977 suppor t  t h e  c o n c l u s i o n s  t h a t  Eollow. 

The o b s e r v a t i o n s  made i n  t h i s  s tudy  a r e  based on a modest sample s i z e  i n  

comparison w i t h  t h e  magnitude of t h e  p roduc t ion  of t h e  i n s u l a t i o n  

i n d u s t r y .  Sample s i z e ,  however, i s  t aken  i n t o  account  i n  t h e  c a l c u l a -  

t i o n s  of s t a n d a r d  d e v i a t i o n s ,  conf idence  i n t e r v a l s ,  and l e v e l s  of 

s i g n i f i c a n c e .  I n  g e n e r a l ,  t h e  p roduc t s  sampled showed c o n s i d e r a b l e  

v a r i a b i l i t y  i n  a l l  t h e  p r o p e r t i e s  t e s t e d :  d imens ions ,  d e n s i t y ,  thermal  

r e s i s t a n c e ,  and appa ren t  t he rma l  c o n d u c t i v i t y .  

1. Ana lys i s  i n d i c a t e s  t h a t  t h e  mean R-value a t  nominal ( l a b e l )  

t h i c k n e s s  f o r  a composi te  of manufac tu re r s  of R-11 and R-19 f i b e r g l a s s  

samples  and R-11 rock  wool s a m p l e s  are below t h e  l a b e l e d  R-value. T'rle 

mean R-value at nominal t h i c k n e s s  f o r  the f o u r  t y p e s  of i n s u l a t i o n s  

t e s t e d  (as compos i t e s )  - K - 1 1  f i b e r g l a s s ,  R-19 f i b e r g l a s s ,  R-11 rock  wool 

( 3  i n . ) ,  and K-11 rock w o o l  (3.5 i n . )  - were w i t h i n  10% of t h e  l a b e l e d  

R-value. The mean R-value a t  nominal t h i c k n e s s  f o r  R-19 f i b e r g l a s s  b a t t s  

produced by one manufac tu re r ,  however, was below t h e  minimum a c c e p t a b l e  

v a l u e  of 1 7 . 1 .  The p reced ing  c o n c l u s i o n s  ho ld  f o r  t h r e e  d i f f e r e n t  

methods of computing t h e  R-value a t  nominal t h i c k n e s s  e 

2 ,  Ana lys i s  of t h e  R-values a t  nominal t h i c k n e s s e s  shows t h a t  t h e  

99% conf idence  i n t e r v a l  f o r  t h e  p o p u l a t i o n  mean f o r  t h r e e  of t h e  f o u r  

classes of i n s u l a t i o n  t e s t e d  ( a s  composi te )  does no t  i n c l u d e  t h e  l a b e l  

R-value. The p r e d i c t e d  i n t e r v a l  of t h e  K-value mean fo r  t h e  R-11 rock  

wool (3.5-in. b a t t s )  d i d  i n c l u d e  t h e  label .  va lue .  The R-values €rom one 

m a n u f a c t u r e r ' s  i n s u l a t i o n  ( t r e a t e d  s e p a r a t e l y )  r e s u l t e d  i n  a 99% con- 

f i d e n c e  i n t e r v a l  t h a t  i nc luded  t h e  l a b e l  value € o r  bo th  t h e  R-11 and R-19 
f i b e r g l a s s  p roduc t s .  It w a s  also observed  t h a t  t h e  composi te  R-19 

f i b e r g l a s s  mean R-value i n t e r v a l  i n c l u d e s  v a l u e s  below t h e  minlmum 



a c c e p t a b l e  val.ues. The R--11  rock wool ( 3  i n . )  and one manufac tu re r ' s  

f i b e r g l a s s  i n s u l . a t i o n  a l s o  had mean R-value p r e d i c t i o n  i n t e r v a l s  thaii 

i n c l u d e  numbers below 0.9 of t h e  I .abel  val.ue. 

3. A s ta t i s t i -ea1  a n a l y s i s  of t h e  d i s t r i b u t i o n  of R-val-ues a i  nomi- 

n a l  t h i c k n e s s  showed t h a t  s i g n i f i c a n t  f r a c t i o n s  of each  t y p e  of m i t e r i a l  

t e s t e d  were below 0.9 of t h e  l a b e l  val-ue. A t  t h e  99% conf idence  ].eve1 

t h e  upper  bounds f o r  the. p o p u l a t i o n  f r a c t i o n s  below 0.9 of t h e  l a b e l  

v a l u e  were: 0.10 f o r  3.5-in. R-11 rock  wool, 0.29 f o r  Ii-ll f i b e r g l a s s ,  

0.49 f o r  R-19 f i b e r g l a s s ,  and 0.61 f o r  3.0-in. R - 1 1  rock wool. 

4.. An e x t e n s i o n  t o  ASTM C 653-70 f o r  o b t a i n i n g  a r e l a t i o n s h i p  be- 

tween a p p a r e n t  thermal  c o n d u c t i v i t y  and d e n s i t y  , which uses a least  

s q u a r e s  f i t  t o  a l l  of t h e  c o l l e c t e d  d a t a ,  w a s  t e s t e d .  The r e s u l t s  u s i n g  

t h e  least  s q u a r e s  c a l c u l a t i - o n  s h i f t  upward froiii 0 t o  1 .2% t h e  c a l c u l a t e d  

sample means f o r  R-value a t  nominal t h i c k n e s s  f o r  t h e  f o u r  clhsses oE 

materials t e s t e d .  The u s e  of t h e  l a r g e r  se t  of d a t a ,  however, reduces  the 

chance of a s i n g l e  f a u l t y  measurement s e r i o u s l y  a f f e c t i n g  the r e s u l t s .  

5. A comparison of R-values a t  noininal 1:liickness o b t a i n e d  w i t h  

f u l l - t h i c k n e s s  s a m p l e s  w i t h  R-values a t  nominal t h i c k n e s s  o b t a i n e d  f rom 

t h i n  samples  s l i c e d  from t h e  i n s u l a t i - o n  showed t h a t  t h e  r e s u l t s  o b t a i n e d  

on t h i n  samples y i e l d e d  h i g h e r  R-values. A s t a t i s t i c a l  ana1ysi.s  of t h e  

r e s u l t s  showed t h a t  t h e  d i € f e r e n c e s  i n  mcan R-value f o r  nominal. R - l l  

f i b e r g l a s s  are s i g n i f i c a n t  a t  t h e  19% l e v e l  of s i g n i f i c a n c e ,  w h i l e  t h e  R- 

v a l u e  d i f f e r e n c e  f o r  R - 1 3  f i b e r g l . a s s ,  q u a d r i s e c t e d  v e r s u s  f u l l ,  i s  s i g n i -  

f i c a n t  a t  t h e  2% l e v e l  of s i g n i f i c a n c e ,  

The mean R-values o b t a i n e d  wi th  s l i c i n g  w 2 r e  i n c r e a s e d  by a b o u t  

0.9 R-units on t h e  a v e r a g e  f o r  K - 1 1  f i b e r g l a s s  i n s u l a t i o n s  and by about  

1.2 R-uni-is on t h e  a v e r a g e  f o r  K-19 f i b e r g l a s s  i n s u l a t i o n s .  

6. Exper imenta l  r e s u l t s  f o r  t h e  v a r i a t i o n  of R-value w i t h  mean teiu- 

p e r a t u r e  showed an i n c r e a s e  i n  R-value w i t h  d e c r e a s e  i.n t empera tu re  f o r  

mine ra l  f i b e r  i n s u l a t i - o n s .  

7 .  A ser ies  of t es t s  t o  de te rmine  t h e  e f f e c t  of t h e  magnitude of 

t h e  t e m p e r a t u r e  d i f f e r e n c e ,  A T ,  on %he expe r imen ta l  r e s u l t s  f o r  a p p a r e n t  

thermal c o n d u c t i v i t y  r e s u l t e d  i n  tlie c o n c l u s i o n  that  t h e  v a r i a t i o n  f o r  

mine ra l  f i b e r  i n s u l a t i o n s  i s  less t h a n  2% f o r  a range  of AI9 v a l u e s  from 6 

t o  107°F.  
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8. From t h e  d a t a  € o r  r ecove red  t h i c k n e s s  t h a t  w a s  accum~iI.ated i n  

t h i s  s t u d y ,  t h e  mean of observed  recovered  t h i c k n e s s  was s e e n  t o  l i e  

below t h e  nominal t h i c k n e s s  ( l a b e l  v a l u e )  f o r  t h r e e  of t h e  f o u r  se ts  of 

composi te  d a t a  examined. The range  of r ecove red  t h i c k n e s s e s  of t h e  

f i b e r g l a s s  i n s u l a t i o n s  t e s t e d  ext.ended about: the  r e s p e c t t v e  mean v a l u e s  by 

approx ima te ly  520%, whi le  t h e  rock wool  v a r i a t i o - n  was approxi ina te ly  +30%. 

Rec.overed th i -ckness  da t a  o b t a i n e d  by NAHKRF f o r  K-1.9 f i b e r g l a s s  b a t t s  do 

n o t  a g r e e  w i t h  t h e  v a l u e s  r e p o r t e d  as a r e s u l t  of t h i s  s tudy .  The NAHBRF 

d a t a  have been i n c l u d e d  i n  Appendix G. 

4.2 Recommendations 

1. The results of this s t u d y  sugges t  t h a t  a d d i . t i o n a l  tasks shou ld  

b e  under taken .  S u f f i c i e n t  t e s t i n g  shou ld  be completed t o  cleterrnine 

p o s s i b l e  s h i f t s  i n  i n s u l a t i o n  p r o p e r t i e s  s i n c e  t h e  1977 sanpl. ing.  I f  a 

s m a l l  sample of c u r r e n t  p roduc t s  i n d i c a t e s  t h a t  t h e  d i s t r i b u t i o n  of R- 

v a l u e s  has  s l i i . f ted,  t h e n  a compl-ete sampling must be under taken  t o  

deternij-ne t h e  c u r r e n t  s t a t u s  of t h e  marke tp lace .  A t t e n t i o n  shou ld  be 

d i r e c t e d  toward m a x i m r i m  u t i l i z a t i o n  of t h e  c o r r e l a t i o n s  e s t a b l i s h e d  from 

t h e  1977 d a t a .  

2. A s tudy  shou ld  be unde r t aken  t o  conf i rm t h e  o b s e r v a t i o n  tha t  

K-values o b t a i n e d  from measuretnents on t h i n  samples  of i n s u l a t i o n  are 

g r e a t e r  t h a n  R--values obta- ined by f i i l l - t h i c k n e s s  t e s t i n g .  I f  t h e  

obse rved  R-value incrc2ase i s  s u b s t a n t i a t e d ,  t h e n  t h e  c e r t i f  i c a t - i o n  

p r o c e s s  c u r r e n t l y  be ing  conducted  by NAHBRF should  be reexamined. k 

3. Every e f f o r t  shou ld  be made t o  es tabl . i . sh  a r e l i a b l e  p13c)l. of 

i n s u l a t i o n  p r o p e r t y  d a t a ,  which i n c l u d e s  i n p u t  from t h e  i n s u l a t i o n  

manufac tu re r s .  

4.  ‘The manufac tur ing  s e c t o r  shou1.d be encouraged t o  t a r g e t  produc- 

t i o n  a t  l a b e l  v a l u e s  and i i ic.rease q u a l i t y  c o n t r o l  measures.  
I * Program o p e r a t e d  by The N a t i o n a l  A s s o c i a t i o n  of Home B u i l d e r s  

Research  Foundat ion (NAHKRX;’), Inc .  a whol ly  owned s u b s i d i a r y  of t h e  
N a t i o n a l  A s s o c i a t i o n  Q E  Home B u i l d e r s .  
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APPENDIX A 

P r o  jee t  H i s t o r y  and Background 

Summary of P r o j e c t  H i s t o r y  

Amrox ima te  Date Event 

1. 

2 .  

3 .  

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

1 2 .  

S p r i n g  1977 

J a n u a r y  1978 

S p r i n g  1978 

J u l y  1979 

September 1979 

October  1979 

November 1979 

December 1979 

J a n u a r y  1980 

Februa ry  1980 

March 1980 

A p r i l  1980 

Phase 1 of p r o j e c t  i n i t i a t e d  at Dynaterh R / D  Co. 

Phase 2 of p r o j e c t  i n i t i a t e d  a t  Dynatech K / D  Co. 

Dynatech R I D  Co. p rov ided  i n i t i a l  set  of Phase 1 

Dynatecli K / D  Co. p rov ided  complete  set  of Phase 1 

Uynatech K / D  Co. prov ided  D r a f t  1 of p r o j e c t  r e p o r t  

0 K N L  r ev iew of D r a f t  1 completed.  Modif i c a t t o n s  

d a t a  t o  ORNL 

and Phase 2 d a t a  t o  OKNL 

to O R N L  

s u g g e s t e d  i n  D r a f t  2 s u p p l i e d  by ORNT, t o  Dynatech 
R / D  CO. 

Dynatech R / D  Co. a c c e p t e d  sugges t ed  m o d i f i c a t i o n s .  
OICUI, i n i t i a t e d  i n t e r n a l  and e x t e r n a l  review of 
D r a f t  3 .  

i n  f i n a l  r e p o r t  o r  reproduced i n  Appendix [-I. 

p rov ided  t o  r ev iewers .  

Review p r o c e s s  i n i t i a t e d .  Comments t o  be i n c l u d e d  

Disc.ussions wi%h r e v i e w e r s  and a d d i t i o n a l  material 

Reviewer 's  comments r e c e i v e d  and cons ide red .  

Review p r o c e s s  coiiipleted. 

Report  d i s t r i b u t e d .  

Some Background on Fu l l -Th ickness  T e s t i n g  

S e v e r a l  s i g n i f i c a n t  e v e n t s  s i n c e  1976 have focused  a t t e n t i o n  on the 

need f o r  a d d i t i o n a l  e x p e r i m e n t a l  and t h e o r e t i c a l  a n a l y s e s  of h e a t  t r a n s f e r  

i n  i n s u l a t i o n .  Some of t h e s e  e v e n t s  are o u t l i n e d  below. 

F i r s t ,  i.n 1976 the American S o c i e t y  f o r  T e s t i n g  arid Materials (ASTM) 

approved a s i g n i f i c a n t  change i n  t h e  ASTM C 177  s p e c i f i c a t i o n  f o r  t h e  

s t a n d a r d  guarded h o t  p l a t e  tes t  meth0d.l 

n o t e d  t h a t  the t h e r m a l  p r o p e r t i e s  of a specimen may change w i t h  specimen 

t h i c k n e s s  and p rov ided  a new method t o  estimate t h e  maxinium t h i c k n e s s  of 

specimens t h a t  can be t e s t e d  i n  a guarded hot p l a t e  a p p a r a t u s .  Be fb re  

Among the changes ,  AS'TM C 177-76 
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t h i s  change,  t h e  ril;zxi.iiium t h i c k n e s s  w a s  li-rn-Lted t o  one-thi  r d  of t h e  l a t e r a l  

dimension of t h e  c e n t r a l  s e c t i o n  of the a p p a r a t u s .  S i n c e  most. c e n t r a l  

s e c t i o n s  were less than  6 i n . ,  most t e s t s  M C P ~  conducted a t  a specimen 

t i i i ckness  of less t h a n  2 i n .  Thus, b e f o r e  1976 few s t u d i e s  provided  d a t a  

se ts  on the specimen %hi-ckness e f f e c t ,  and a l i n e a r  e x t r a p o l a t i o n  of any 

a v a i l a b l e  d a t a  t o  d e s i g n  t h i c k n e s s  was employed. The C 177-76 s p e c i f i -  

c a t i o n ,  however, i n d i c a t e d  t h e  need f o r  iiieasurements on insu la%i .ons  a t  

t h e i r  d e s i g n  or  €1.111 o r  ac tua l -use  o r  r e p r e s e n t a t i v e  t l i i ckuess .  S i n c e  

1976,  a nurnber of l a b o r a t o r i e s  have i n c r e a s e d  t h e  c e n t r a l  s e c t i o n  dimen- 

s i o n  t o  12 i n .  o r  more, which by t h e  o l d  s p e c i f i c a t i o n  would a l l o w  sample 

t h i c k n e s s  of 6 in.  o r  inore. These d e v i c e s  s1ioul.d p r o v i d e  d i r e c t  e x p e r i -  

menta l  d a t a  on t h e  e f f e c t  of t h i c k n e s s  oil inensured apparent:  thermal  

c o n d u c t i v i t y .  

While ASTM h a s  endorsed t h e  phi losophy of f u l l - t h i c k n e s s  t e s t i n g ,  a 

c a u t i o n a r y  s t a t e m e n t  w a s  i n c l u d e d  i n  C 177-71; and a p o s i t i o n  s t a t e m e n t  

i s s u e d .  Both s u g g e s t  t h a t  i d e n t i f i c a t i o n  of measurement accu racy  and 

the f u l l - t h i c k n e s s  e f f e c t  r e q u i r e  c a l i b r a t i o n  s t a n d a r d s ,  which do not  

e x i s t  e 

T h i r d ,  i n  1979,  t h e  F e d e r a l  Trade Cominission i s s u e d  a f ina l .  r u l e  

on l a b e l i n g  and a d v e r t i . s i n g  of home i n s u l a t i o n  t h a t  i n c l u d e s  p r e s c r i b e d  

s t a n d a r d i z e d  t e s t  methods f o r  determi.ning R-values of home i-nsci la t ion 

r n a t e r i a l ~ . ~  

t h i c k n e s s ,  which means a t h i c k n e s s  a t  which t h e  R-value p e r  u n i t  t h i c k n e s s  

w i l l  vary  no more t h a n  +2% with i n c r e a s e s  i n  t h i c k n e s s ,  The e f f e c t i v e  

d a t e  of t h i s  r u l e  was t-o he November 30, 1979,  b u t  t h i s  has  been delayed.  

T h i s  d e l a y  prompted a reexaminat ion  of t h e  o p t i o n s  avai1ahl.e t o  

I t  s ta tes  t h a t  a l l  t e s t s  inust be done a t  a r e p r e s e n t a t i v e  

i n d u s t r y  and E e d e r a l  a g e n c i e s  t h a t  would p r o v i d e  a n  a c c e p t a b l e  i n t e r i m  

t e s t i n g  procedure.  T h i s  e f f o r t  was conducted by t h e  N a t i o n a l  Bureau of 

S t a n d a r d s  a t  the r e q u e s t  of t h e  Federal .  Trade Commission and inc.luded 

r e p r e s e n t a t i v e s  of t h e  tihernial i n s u l a t i o n  manufac tur ing  i n d u s t r y  and tile 

t h e r m a l  i.nsul.ati.on p r o p e r t y  measuring community. The NBS recommended t o  

t h e  FTC t h a t  t h e  c u r r e n t  t e c h n i q u e s  be cont int ied u n t l l  c a l i b r a t i . o n  s t a n -  

d a r d s  f o r  fu1.l t h i c k n e s s  t e s t  t e c h n i q u e s  were a v a i l a b l e  from N B S a 4  

L a t e  i n  1979, t h e  Department of Energy R e s i d e n t i a l  Conserva t ion  

S e r v i c e  (RCS)  program i s s u e d  a f i n a l .  which became e f f e c t i v e  
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December 7 ,  1979 and would r ecogn ize  t h e  FTC f i n a l  r u l e  as i n c l u d i n g  

requi rc rnea ts  €or  the rma l  r e s i s t a n c e  t e s t i n g .  Since t h e  RCS program is  a 

major  f e d e r a l  e f f o r t  t o  encourage energy  c o n s e r v a t i o n  measures, such as 

a p p l i c a t i o n  of home i n s u l a t i o n ,  t h i s  makes f u l  l - t h i c k n e s s  t e s t i n g  and 

u n d e r s t a n d i n g  i t  an impor t an t  par t  of n a t i o n a l  energy  c o n s e r v a t i o n .  

T h i s  r e c o u n t i n g  i s  Far from complete  but  i s  i n c l u d e d  t o  i n d i c a t e  some 

of t h e  changing background i n  t h i s  f i e l d .  
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APPENDIX R 

Specimen Code by Manufacturer and Plant 

Table B1 .  Identification of 48 Samples  of K - 1 1  Low-Density 
Fiberglass Insulation E.laterials 

Spec imen Spec ime n 
Codea Codea 

Manufacturer Plant Manufacturer Plant 

1101-1 

1101-2 

1101-3 

1102-1 

1102-la 

1102-2 

1102-3 

1103-1 

1103-2 

1103-3 

1103-3a 

1104-1 

1104-2 

1104-3 

1105-1 

1105-2 

1105-3 

1106-1 

1106-2 

1106-3 

1106-3a 

1107-1 

1107-la 

1107-2 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

C 

C 

C 

1 1107-3 

1 1108-1 

1 1108-2 

2 1108-3 

2 1109-1 

2 1109-2 

2 1109-3 

3 11 10-1 

3 1110-2 

2 11 10-3 

2 1111-1 

4 1111-3 

4 1112-1 

4 1112-2 

4 11 12-3 

4 1113-1 

2 1113-2 

5 1113-3 

5 11 14-2 

6 1114-3 

6 11 15-1 

7 1 1 1 5- la 
7 1115-2 

7 1115-2a 

C 

C 

C 

c 
C 

C 

C 

C 

C 

C 

B 

B 

R 

B 

B 

R 

E 

R 

B 

B 

B 

B 

R 

B 

6 

6 

6 
6 

8 

8 

8 

8 

9 
h 

10 

10 

11 

11 

11 

12 

1 2  

1 2  

13 

13 

12 

12  
12 

1 2  

"The codes ending with "a" are duplicate specimens from the 
package identified by the same numerFcal code without the "a." 
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Tab le  B2.  I d e n t i f i c a t i o n  of 30 
Samples of R-19 Low-Density 

F i be r g l a  s s Ins  11 l a  t i o n  Mat e r i a  1 s 

Table B3.  I d e n t i f i c a t i o n  of 27 
Sarnpl-es of R - 1 1  Rock l J00l  

Insi i  l a  t i o n  Mat e r ial s 

Speci-tnen 
Code Manufac tu re r  P l a n t  S pe r imen  

Code ManufacLurer  P l a n t  

1201-1 

1 20 1-2 

1201-3 

1202-1 

1202-2 

1202-3 

1202-4 

1202-5 

1203-1 

1203-2 

1203-3 

1204-1 

1204-2 

1204-3 

1205- 1 

1205-2 

1205-3 

1206- 1 

1206- 2 

1206-3 

1206-4 

1207-1 

1207-2 

1207-3 

1208- 1 

1208-2 

1208-3 

1209- 1 

1209-2 

1209-3 

A 1. 

A 1 

A 

A 2 

A 2 

A 2 

A 2 

A 2 

A 4 

A 4 

A 4 

C 5 

C 5 

C 6 

C I 

C 7 

C 9 

C 9 

C 9 

C 9 

c b 

R 10 

B 10 

B 10 

B 11 

R 11 

B 11 

B 11 

B 13 

B 13 

1301-1 

130 1 - 2  

1301-3 

1307-1 

1302-2 

1302-3 

1303-1 

1303-2 

1303-3 

1304- 1 

1 304- 2 

1304-3 

1305-1 

1305-2 

1305-3 

1306- 1 

1306-2 

1306-3 

1307-1 

1307-2 

1307-3 

1308- 1 

1308-2 

1308-3 
1309- 1 

1309-2 

1309-3 

D 

D 

D 

E 

E 

F 

E 

E 

E 

F 

F 

L; 

D 

D 

D 

G 

G 

G 

H 

H 

I1 

I 

1 

T 

1 

I 

I 

14 

1 4 

1 4 

16 

16 

16 

17 

17 

17 

18 

18 

18 

15 

15 

15 

19 

19 

19 

20 

20 

20 

21  

21 

21 

2 1  

21 

2 1  
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APPENDIX c 

R e s u l t s  of Thickness  and Dens i ty  Measurenents 

The results g iven  i n  t h i s  appendix  are reported a long  w i t h  t h e  manu- 

f a c t u r i n g  code number l i s t e d  i n  Appendix B. Thickness  and d e n s i t y  v a l u e s  

a r e  r e p o r t e d  f o r  f o u r  samples  from a g iven  b a t t .  The l i n e s  i n  Tables  C-1, 

C-2, and C-3 i den thEied  w i t h  a X c o n t a i n  the ave rage  of two khickness  and 

d e n s i t y  measurements made on the  the rma l  measurement sauiples I( 

Tab le  C 1 ,  R e s u l t s  of Thickness  and Dens i ty  Measurements 
on R-11 Low-Density F i b e r g l a s s  I n s u l a t i o n  Nater ia l s  

___----__ 
Dimensions, i n .  Dens i ty ,  l b / f t 3 ,  a t  

Code Recovered (g> Re cove r e  d Nomina 1 
Specimen -._- ~ Weight - - 

Length Width Thickness  Thickness  Thickness  

1101-1 x 
P 1  
P2 

1101-2 x 
P l  
P2 

1101-3 A 
P1 
P2 

1102-1 A 
P l  
P 2  

1 1 0 2 - l a  x 
1102-2 x 

PI 
P2 

1102-3 x 
P1 
P 2  

23.9 
24.2 
24.0 

23.65 
24.2 
25.2 

14.75 
48.8 
48.25 

24.4 
24.4 
23.8 

23.8 

24.0 
49.0 
49.2 

24.0 
48.0 
48.4 

22.4 
24.0 
24.0 

23.8 
24.2 
24.0 

24.0 
14.95 
14.95 

24.0 
24.0 
23.6 

23.6 

15.15 
15.35 
15.35 

15.55 
15.5 
15.55 

4.13 
3.97 
3.86 

4 .03  
3.65 
3.59 

4.02 
3.62 
3.69 

3.81 
4.07 
4.22 

4.20 

3.92 
3.75 
3.44 

3.50 
3.44 
3.36 

319.5 
339.1 
324  a 9 

340.5 
332.1 
333.9 

227.7 
429.4 
445 e 3 

358 .I 6 
367 1 
3 6 3 - 4  

408.7 

2 2 2 ,  I 
431.1 
4 24 .I 8 

266.0 
466.0 
484.4 

0.550 
0.560 
0.557 

0.571 
0.592 
0.586 

0.610 
0.619 
0.637 

0.6 12 
0.597 
0.584 

0.660 

0 .593  
0.582 
0.623 

0.775 
0.634 
0.730 

0.650 
0.635 
0.614 

0.658 
0.617 
0.601 

0.701 
0 .641  
0 .672  

0.666 
0.694 
0.704 

0.792 

0.665 
0 .624  
0.612 

0.775 
0.682 
0.700 
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Table C1. (Conti.nued) 

Dimensions, in. Density, l b / f t 3 ,  a t  

Recovered ( g >  Recovered Nominal 
Thi.c:kne s s Thickness  Thickness  

Specimen Wei.ght . .. . . . . . . .....- 

Length Width Code 

1103-1 X 
P I  
P2 

1103-2 X 
P I  
P2 

1103-3 X 
P I  
P2 

1103-3a X 

1104-1 X 
P I  
P2 

1104-2 X 
P l  
P2 

1104-3 X 
P1 
P2 

1105-1 X 
P I  
P2 

1105-2 X 
P I  
P2 

1105-3 X 
P I  
P2 

1106-1 X 
P l  
P2 

24.1 
48.45 
46.05 

23.4 
45.3 
50.4 

24 a 6 
47.25 
49.2 

23.9 

22.25 
23.45 
23.45 

22.85 
44  D 55 
48.8 

24.55 
48.5 
49.0 

25.85 
24.4 
23.8 

24.2 
48.85 
48.8 

23.95 
48.05 
49.6 

23.7 
47.45 
48.2 

15.05 
15.15 
15.15 

14.95 
14.95 
14 95 

23.8 
23.8 
24.0 

24.0 

14.35 
14.35 
14.55 

14.9 
14.95 
15.0 

14.9 
14.85 
14.75 

14.85 
14.95 
15.15 

14.75 
14.75 
14.9 

15.15 
15.05 
15.05 

14.8 
14.95 
15.0 

3.50 
3.71 
4 , 1 5  

3.38 
3.47 
3.69 

3.11 
2.93 
3.04 

2.85 

3.30 
3.26 
3.29 

3.69 
3.49 
3.12 

4.17 

3.65 

3.85 
3.22 
2.87 

3.54 
3.57 
3.65 

3.75 

3.76 
3 - 3 2  
3.41 

3.30 
3 .7s  
3.87 

748 .3  
449.6 
487.2 

219.2 
408.4 
488.1 

234.1 
467.0 
514.5 

270.0 

176.5 
115.6 
159.9 

157.3 
330.4 
348.1 

210 .  I 
400.6 
384  e 6 

201.9 
157.9 
153.3 

176.0 
331.6 
350.9 

208.8 
430.3 
439.7 

210.5 
417 .  I 
4 4 8 .  i 

0.745 
0.629 
0 .641  

0.706 
0 .662  
0 .668  

0.489 
0 .540  
0.546 

0 .512  

0.637 
0.610 
0.577 

0.478 
0 .541  
0 .581  

0.526 
0.565 
0.555 

0.521 
0.543 
0.564 

0 .530  
0.500 
0.504 

0 .582  
0.683 
0.658 

0 .694  
0 .598  
0.611 

0.745 
0.667 
0.760 

0.682 
0.656 
0.705 

0.435 
0.452 
0 .4 7 4 

0.417 

0.601 
0.568 
0.542 

0.503 
0.540 
0.518 

0.627 
0.605 
0.579 

0.573 
0.499 
0.463 

0.535 
0.510 
0.525 

0.626 
0.648 
0.641 

0.655 
0.641 
0.676 
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Table  C1. (Continued)  

-.____I_ I----.-_.--- _------- ----I 

3 Dimensions in. D e n s i t y ,  l b / f t -  , a t  

Code Recovered ( g )  Recovered Norni  n a l  
Specimen ____--- - Weight - I 

Thickne s s Thickness  TJengt Width Tl l i  cknes 

1106-2 X 
P 1  
P2 

1106-3 A 
P l  
P2 

1106-3a X 

1107-1 X 
p l  

P 2  

1 1 0 7 - l a  X 

1107-2 X 
P1 
P2 

1107-3 X 
P l  
P2 

1108-1 X 
P l  
P2  

1108-2 X 
P l  
P2 

1108-3 X 
P I  
P 2  

1109-1 X 
P l  
P 2  

1109-2 X 
P l  
P2 

24.1 
48.65 
48.25 

25.1 
48.8 
48.85 

25.45 

23.8 
47.8 
49.0 

23.95 

23.6 
47.65 
45.3 

24.5 
47.65 
48.8 

23.2 
46.85 
46.6 

25.0 
44.7 
45.85 

23.4 
49.6 
48.8 

23.25 
49.6 
48.1 

24.6 
49.6 
46.4 

14.75 
15.3 
15.2 

16.45 
16.55 
16.55 

16.15 

14.95 
15.25 
15.15 

14.85 

14.95 
15.35 
15.3 

16.4.5 
16.55 
16.5 

15.15 
15.35 
15.35 

14.85 
14.95 
14.95 

15.1 
15.3 
15.35 

23.55 
24.0 
24.0 

24.0 
24.0 
24.0 

4.17 
3.72 
3.89 

3.91 
3.31 
3.25 

4.10 

3.57 
3.56 
3.54 

3.80 

2.79 
3.51 
3.45 

3 ,83  
3.61 
3.65 

4.33 
3.58 
3.68 

3.53 
3.19 
3.07 

3.79 
3.66 
3.65 

3.21 
3.91 
3.67 

3.78 
3.53 
3.37 

184.5 
382.6 
411.5 

216.1 
457.7 
478.3 

250.0 

176.9  
411.7 
404.3 

195.6 

197.6 
390.9 
364.9 

249.0 
469.4 
496.3 

193.4 
374.1 
374.0 

187.5 
331.6 
344.9 

180.0 
392,9 
370.2 

271.0 
618.2 
577.7 

326.5 
719.3  
606.5 

0.474 
0.526 
0.549 

0.510 
0.652 
0.693 

0.565 

0.531 
0.604 
0.586 

0 .551 

0.765 
0.580 
0.581 

0.615 
0.628 
0.643 

0.484 
0.554 
0.541 

0.545 
0.593 
0.624 

0.512 
0.539 
0.516 

0.588 
0.506 
0.S19 

0.557 
0.652 
0.616 

0.565 
0.559 
0.611 

0.570 
0.617 
0.644 

0.662 

0.541 
0.615 
0.593 

0.599 

0.6 10 
0.582 
0 .573 

0.672 
0 ,648 
0.671 

0.599 
0.566 
0.569 

0.550 
0.540 
0.548 

0.554 
0.563 
o* 538 

0.539 
0.565 
0 ,545  

0. G O 2  
0.658 
0.593 
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Table C1. (Continued) 

Dimens i o n s ,  i n .  I k n s i t y ,  l b / f  t3 ,  at 

Code Recovered (g) Recovered Nominal  
....._.______I__.. ....... __ Weight ~ ....... ~ _ _  Specimen 

LengLh Width Thi ckne s s 'fhiekness Thickness  

1109-3 X 24.0 23.8 
p l  51.2 23.7 
p2 45.05 23.8 

4.12 
3.25 
3.00 

3 4 2 , 3  
668.6 
599.7 

0 .554  
0.646 
0.710 

0.652 
0.600 
0.609 

1110-1 X 23.5 24.0 
p l  48.1 2 4 - 0  
p 2  4 8 , 2 5  24.0 

4 , 2 3  
3.41 
3.44 

356.6 
625.5 
536.7 

0 .564  
0.605 
0.571 

0.681 
0 .590  
0 .561  

1110-2 A 24,6  15.05 
p l  49.8 15.0 
p2 46 ,45  14.7 

3.72 
3.96 
4.28 

181.5 
377.3 
381.9 

0.502 
0.486 
0. (498 

0.534 
0.550 
0.609 

1110-3 X 23.6 15.85 
p l  50.0 15.75 
p2 4%,4  15.7 

3.72 
3.82 
3.86 

183.0 
446.3 
441.8 

0 .501  
0.565 
0 .574  

0.532 
0.617 
0 .633  

1 1 1 1 - 1  X 2 4 - 4  15.15 
p l  4 6 , 0 5  15.55 
p2 49.4 15.45 

4 a 4 6 
3.76 
3.69 

163.4 
288.5 
332.9 

0.377 
0.408 
0. /+50 

0.481 
0.439 
0 .475  

1111-3 X 24.3 15.2 
p l  46.85 15.75 
p2 45.65 15.85 

0.391 
0.409 
0.417 

0.459 
0.44 7 
0.442 

4.11 
3.83 
3.71 

155.8 
303.3 
293.5 

1112-1 X 24.0 24 ,5  
p l  48.4 24.8 
p2 48.3 23.6 

3.30 
3.57 
3.33 

193.6 
409.0 
373.4 

0.380 
0 .36s  
0 .375  

0.358 
0.371 
0.357 

1112-2 X 24.2 24.0 
p l  46.75 24 ,0  
p2 48.1 23.9 

3.88 
3.25 
3.30 

223.2 
430.1 
375.0 

0.377 
0.449 
0.377 

0 .418  
0.417 
0.355 

1112-3 X 24.6 24-0 
p l  45.65 25.0 
p2 46.1 24,05 

3.69 
3.43 
3.67 

189.9 
363.5 
391.3 

0.332 
0 .354  
0.366 

0.350 
0.347 
0.384 

1113-1 X 24.25 15.55 
p l  48.0 15.55 
p2 47.9 15.6 

4.30 
4.52 
4.44 

195.8 
376.3 
347.1 

0 .460  
0.424 
0.399 

0 .565  
0.549 
0.506 

1113-2 X 24.1 15.4 
p l  48.0 15.4 
p2 48.05 16.15 

4.37 
4.25 
4 " I 4  0 

165.7 
320.7 
348.3 

0.389 
0.389 
0.389 

0.486 
0.472 
0.489 
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Tab le  C 1 .  (Continued) 

--_- ___ ll__l__^l__ 

Dimensions, in. D e n s i t y ,  l b / f t 3 ,  a t  

Code Recovered ( g )  Recovered Nomina 1 
Weight ~. ---_--__-.---I_ - s p e c i.me 11 

Length Width 
Thick tie s s T’nickness Thickness  

----- --- -- ---I- __ 
1113-3 X 

P l  
F2 

1114-2 X 
P l  
P2 

1114-3 X 
P I  
P2 

1115-1 X 
P l  
P2 

1 1 1 5 - l a  X 

1115-2 X 
P I  
P 2  

1115-2n X 

27.45 
47.25 
47.3 

22.85 
48.45 
48.7 

23.8 
48.4 
48.4 

23.9 
47.6 
47.8 

23.9 

24.05 
47.85 
47.7 

23.2 

15.45 
15.75 
15 .1  

23.55 
23. G5 
23.75 

22.45 
23.45 
23.55 

15.55 
15.6 
15.55 

15.15 

24.2 
23.6 
23.6 

23.6 

4.31 
3.67 
3.54 

4.71 
4.30 
4.67 

4.39 
3.79 
3.81 

4.14 
3.79 
3.96 

3.84 

4.20 
3.12 
3.31 

3.72 

181.2 
327.2 
338.7 

270.0 
473.1 
506 a 9 

257.2 
475.4 
529.6 

164.2 
320.8 
332.5 

159.0 

281.0 
496.5 
487.0 

231.0 

0.378 
0.456 
0 , 5 1 0  

0.406 
0.366 
0.358 

0.418 
0.421 
0.465 

0.407 
0.434 
0.430 

0.435 

0 .438  
0.537 
0.498 

0.432 

0.465 
0.479 
0.516 

0.546 
0.449 
0.477 

0.524 
0.456 
0.506 

0.481 
0.470 
0.487 

0.478 

0 .525  
0.478 
0.471 

0.459 
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Table  C2. R e s u l t s  of Thickness and Dens i ty  Measurements 
on 30 Specimens of R-19 Low-Densicy F i b e r g l a s s  

I n s 11 l a  t i o n  Mat e r i a 1 s 

Dimensions,  i n .  D e n s i t y ,  J -b / f t3 ,  a t  

Code Recove red ( g  ) Recovered Nominal 
___ __ Weight ___ ..__.._._ Specimen - 

Length Width Thickness  Thickness  Thickness  

1201-1 x 
P l  
P 2  

23.8 
24.4 
24.55 

23.25 
23.2 
23.5 

6.44 
5.99 
5.89 

610.5 
568.8 
636.9 

0.652 
0.639 
0.714 

0.700 
0.638 
0.701 

1201-2 x 
P 1  
P2 

24.05 
48.05 
49.6 

15.05 
15.15 
15.1 

7.22 
6.93 
6.92 

501.5 
989.9 
926.2 

0.732 
0.748 
0.681 

0.880 
0.863 
0.785 

1201-3 A 
P I  
P2 

25.5 
36.8 
38.2 

14.85 
15.0 
14.8 

4.98 
4,50 
4.61 

377.4 
539.8 
541 5 

0.763 
0.828 
0.791 

0.633 
0.621 
0.608 

1202-1. x 
P l  
P:! 

24.6 
48.4 
48.3 

15.2.5 
15.3 
15.35 

5.40 
5.42 
5.74 

346.5 
668.6 
750.6 

0.651 
0.635 
0.672 

0.586 
0.573 
0.643 

1202-2 x 
P l  
P 2  

24.0 
24.05 
24.85 

23.35 
23.2.5 
23.4 

6.11 
6.27 
6.03 

587.8 
582.9 
582-5 

0.655 
0.633 
0.633 

0.667 
0.662 
0.636 

1202-3 x 
P l  
P 2  

23.8 
48.65 
47.8 

15.35 
15.35 
15.35 

6.41 
6.22 
6.09 

325.'7 
706.0 
767.3 

0.529 
0.579 
0.65!+ 

0.566 
0.600 
0.664 

1202-4 X 
P l  
P2 

23.95 
48.6 
48.2 

14.9 
15.0 
15.15 

6.22 
5.85 
6.15 

377.0 
758.9 
748.3 

0.647 
0.678 
0.635 

0.671 
0.661 
0.651 

1202-5 A 
P l  
P 2  

23.6 
48.8 
48.7 

15.1 
15.1 
15.3 

6.46 
6.38 
6.11 

361.1 
777.3 
727.3 

0.597 
0.630 
0.609 

0.643 
0.670 
0.620 

1203-1 x 
P l  
P 2  

24.0 
48.0 
50.8 

14.05 
15.0 
14.95 

6.01 
5.15 
5.35 

312,8 
572,8 
599.1 

0.552 
0.588 
0.562 

0.553 
0.505 
0.501 

1203-2 X 
P l  
P 2  

4.93 
4.53 
4,74 

23.35 
35.85 
36.2 

15.25 
15.35 
15.35 

336.0 
491.0 
538.2 

0.729 
0.750 
0.778 

0.599 
0.567 
0.615 
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Table. C2. (Continued) 

Dimensions, in. Densi ty ,  l b / f t 3 ,  at 

Code Recovered (9 )  Recovered Nominal 
--111 Specimen We i g 1-1 t 

1,ength Width 
Thickness Thickness Thickness 

_I__c_-- - 
1203-3 X 

P l  
P2 

1204-1 A 
P l  
P2 

1204-2 a 
P 1  
P2 

1204-3 .A 
P l  
P2 

1205-1 X 
P I  
P2 

1205-2 X 
P 1  
P2 

1205-3 X 
P l  
P3 

1206-1 X 
P 1  
P2 

1206-2 X 
P l  
P2 

1206-3 X 
P l  
P2 

1206-4 X 
P l  
P 2  

25.4 
37.0 
36.9 

24.2 
47.65 
47" 9 

24.0 
48.85 
47.85 

22.15 
26.2 
24.45 

23.65 
48.4 
49.0 

24.5 
48.35 
48.8 

24.55 
37.0 
36.8 

22.6 
48.4 
48.8 

22.35 
35.65 
36.2 

23.05 
35.45 
36.6 

23.25 
30.9 
28.0 

14.95 
14.95 
14.9.5 

15.75 
15.55 
15.45 

15.05 
15.0 
15.0 

23.45 
23.65 
23.4 

23.25 
23.2 
23.45 

15.25 
15.3.5 
15.25 

14.5 
15.0 
14.95 

15.25 
15.3 
15.3 

15.1 
15.15 
15.1 

14.95 
15.1 
15.2 

15.1 
15.3 
15.25 

4.30 
4.49 
4.54 

6.06 
5.91 
5.98 

5.74 
6.12 
6.48 

6.00 
5.89 
5.79 

6.00 
6.56 
6.34 

5.78 
6.05 
5 - 8 9  

5.99 
4.53 
5.40 

6.01 
5.78 
5.94 

6.05 
5.82 
5 - 5 6  

4.84 
5.24 
5.47 

5.62 
5.42 
5.30 

350.0 
530.8 
527.0 

348.2 
732.6 
751.7 

332,O 
734.1 
804.7- 

487.1 
575.7 
505.1 

581.1 
1127.7 
1113.5 

363.4 
732.1 
721.5 

315.0 
478.6 
489.6 

342.5 
681.7 
697 .3  

398.5 
571.9 
625.5 

299.5 
473.7 
496.5 

337.4 
436.0 
371.9 

0.81 7 
0.814 
0.802 

0.574 
0.637 
0.647 

0.610 
0.624 
0.659 

0.596 
0.601 
0.581 

0.671 
0.583 
0 , 5 8 2  

0.641 
0.621 
0.627 

0 .563  
0 .725  
0.627 

0.630 
0.607 
0 ,599  

0.744 
0.693 
0.7134 

0.685 
0 .643  
0.622 

0.651 
0.648 
0.626 

0.585 
0.609 
0.607 

0.580 
0.628 
0.645 

0.584 
0.636 
0.711 

0.596 
0.590 
0.561 

0 ,67  1 
0,638 
0 , 6 1 5  

0.618 
0.626 
0.616 

0.562 
0 .548  
0.565 

0 , 6 3 1  
0 ,584  
0.593 

0.750 
0.672 
0.727 

0.552 
0.562 
0.567 

0.610 
0.586 
0 .553  
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Table C 2 .  (Continued) 

. . . . . ... . . . . . . .. . . . .I......_ ~ 

Dimens i o n s ,  in. ~ e n s i t y ,  1 b i f t 3 ,  a t  
We i g h t 

Code Recovered ( g  ) Recovered Nominal 
-- _I.l._~..........__I S p ec ine n 

Length Width Thickness Thickness Thickness 

1207-1 X 
P 3 .  
P2 

1207-2 X 
P l  
P2 

1207-3 X 
P 1  
p 2  

1208-1 X 
F 1  
P2 

1208-2 X 
P l  
P2 

1208-3 X 
P l  
P2 

1209-1 X 
P l  
P2 

1209-2 X 
P l  
P2 

1209-3 A 
P l  
P 2  

23.35 
48.0 
47.45 

22.25 
48.05 
47.5 

25.1 
48.8 
48.2 5 

23.25 
47.35 
46.25 

23.8 
47.15 
47.1 

2 3 * 3 5  
47.25 
47.3 

22.2 
46.8 
47.3 

25.35 
23.85 
25.75 

25.1 
23.7 
24.3 

15.75 
16.55 
15.0 

15.5 
15.55 
15.5 

15.8 
15.8 
15.8 

24.0 
24.0 
23.9 

23.9 
24.65 
23.9 

24.2 
24.0 
23.75 

24.7 
24.75 
24.75 

23.45 
23.45 
23.35 

23.3 
23.45 
23.45 

6 .93  
6.86 
6.17 

6 .43  
6 .33  
6.46 

6.63 
6.27 
5.97 

6.32 
5.76 
5.43 

6.21 
6.13 
5.78 

6.60 
6.57 
6.37 

5.50 
6.10 
6.02 

6.88 
6 .33  
6.63 

5.44 
5.02 
5.11 

244.0 
416.9 
522.6 

235.4 
444.3 
469.5 

222.7 
435.9 
398.0 

375.6 
745.6 
669.7 

339.2 
738.3 
716.8 

370.2 
750.4 
738.8 

331.5 
755.8 
745.0 

580.8 
561.2 
602.6 

546.8 
545.4 
562.7 

0.365 
0.291 
0.453 

0 .405  
0 .358  
0.376 

0.323 
0.343 
0.333 

0.405 
0.434 
0.425 

0.366 
0.395 
0.420 

0.378 
0.384 
0.393 

0 .419  
0 .408  
0 .403  

0.541 
0 .604  
0.576 

0.655 
0.745 
0.736 

0.422 
0.333 
0.466 

0.435 
0.378 
0.405 

0.356 
0.359 
0 .331  

0.427 
0.417 
0.385 

0.378 
0.403 
0.404 

0.416 
0.420 
0.418 

0.384 
0.414 
0.404 

0.621 
0.637 
0.636 

0.594 
0.623 
0.627 
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Table C 3 .  Results of Thickness  and Densi ty  Measurements on 
2 7  Samples of R-11 Rock Wool I n s u l a t i o n  Materials 

.. ~- 

Dimensions,  i n .  D e n s i t y ,  w f t 3 ,  a t  

Recovered (g) Recovered  Nominal 
Th i ckae  s s Thickness  Thickness  

Weight ---- Specimen ----- 
'Ode Length Width 

1301-1 X 
P I  
P 2  

1301-2 X 
P l  
P2 

1301-3 A 
P I  
P 2  

1302-1 A 
P l  
p 2  

1302-2 A 
P l  
P 2  

1302-3 X 
PI 
P2 

1303-1 A 
P l  
P 2  

1303-2 A 
P I  
P2 

1303-3 h 
PI 
P2 

1304-1 A 
P 1  
P 2  

1304-2 A 
Pl 
P 2  

23.8 
47.85 
48.2 

24.0 
48.8 
48.7 

23.3 
48.45 
48.45 

23.4 
46.6 
46. 05 

23.2 
46.25 
46.55 

23.85 
48.05 
48.0 

23.6 
48.7 
49.6 

24.6 
49.25 
48.8 

24.4 
48.75 
48.75 

24.4 
44.1 
50.15 

23.6 
45.5 
44.7 

14.75 
14.75 
14.8 

15.0 
14.95 
14.8 

14.8 
14.9 
14.8 

15.0 
15.2 
14.95 

15.1 
15.15 
15.2 

14.8 
14.95 
14.8 

14.95 
15.0 
14.95 

14.85 
14.95 
14.95 

14.95 
15.0 
14.85 

14.95 
14.75 
14.8 

14-55 
14.35 
14.2 

2.72 
2.95 
2.57 

2.83 
2.61 
2.74 

2.87 
2.44 
2.47 

3. SO 
2.76 
2.93 

3 .22  
1.90 
2.00 

2.36 
2.61 
3.50 

2.99 
2.94 
2.76 

3.20 
3.11 
3.04 

3.67 
3" 16 
3.28 

3.28 
3.29 
3.15 

2.91 
3.12 
2.89 

542.7 
1200.4 

966.3 

530.0 
11 39.4 
1115.0 

707.0 
1274.0 
1365.2 

509.0 
985.4 
998.8 

582.5 
746.6 
692.9 

382.5 
921.5 

1405.5 

649.8 
1215.8 
1063-3 

490.5 
960.3 
979.9 

593.2 
988.1 
960.6 

649.8 
1079.4 
1172.7 

546.5 
1234.1 
1178.6 

2.163 
2.196 
2.008 

1.981 
2.280 
2.151 

2.723 
2.7.55 
2.936 

1.578 
1.922 
1.886 

1.967 
2.136 
1.865 

1.751 
1.872 
2.153 

2.344 
2.157 
1.979 

1.598 
1.598 
1.683 

1.687 
1.629 
1 541 

2.068 
1.921 
1.911 

2.084 
2.308 
2.448 

1.962 
2.160 
1.720 

1.870 
1.983 
1.964 

2.605 
2.241 
2.418 

1 .578  
1.516 
1.579 

1.810 
1.160 
1.066 

1.180 
1.396 
2.1.53 

2.003 
1.811 
1.561 

1.461 
1.420 
1.462 

1.769 
1.471 
1.444 

1.938 

1.720 

1.732 
2.057 
2.021 

1. a06 
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Table C3. (Continued)  

Dimensions, i n .  Dens i ty ,  I b / f t 3 ,  at 

Code Recovered ( g  ) Recovered Nominal 
..~.l.l.l_.I__ ..........I__ Weight _________I_____ __________ I__ Specimen _I 

Thickness Thickness Length Width Thickness 

1304-3 X 
P 1  
P2 

1305-1 X 
P 1  
92 

1305-2 X 
P l  
P 2  

1305-3 X 
P 1  
P2 

1306-1 X 
P l  
02. 

1306-2 X 
P1 
P 2  

1306-3 X 
P 1  
P2 

1307-1  X 
P 1  
P2 

1307-2 X 
P 1  
P 2  

1307-3 X 
P1 
P2 

1308-1 X 
P 1  
02  

24.4 
51.95 
42.5 

2s.0 
44.9 
47.8 

2 4 - 6  
46.45 
47.25 

24.8 
47.65 
47.5 

24.2 
49.2 
48.4 

23.85 
48.05 
47.85 

24,55 
48.0 
47.95 

24.1 
22.85 
24.0 

73.5 
24.45 
24.4 

22.95 
24,O 
24,O 

24,O 
48.45 
48.1 

14.85 
14.75 
14.55 

14.75 
14.75 
14.85 

14.95 
15.15 
15.05 

14.95 
15.0 
15.0 

15.1 
15.15 
15.0 

14.7 
14.95 
14.8 

14.95 
14.95 
15.0 

23.25 
23.2 
23.3 

23.25 
23.25 
23.25 

23.15 
23.45 
23.25 

15.0 
14.8 
14.9 

2.97 
3.15 
3.13 

2,91 
2.80 
2.74 

2.76 
3.31 
2.81 

2.85 
2,80 
2.49 

3.14 
2.72 
2.87 

4.11 
3.60 
3.74 

4.32 
3.87 
3.72 

2.87 
3.20 
3.48 

2.97 
2 ,31  
2,60  

2.46 
2.68 
2.87 

3.27 
2,91 
3.08 

518.3 
1129.8 

846 e 4 

566.3 
1196.7 
1194.1 

592.3 
1345.9 
1058.7 

578.1 
1025.5 

920.7 

581.9 
1269.5 
1165.2 

748.6 
1304,4  
1315.2 

744 0 
1440.8 
1499.1 

870.0 
1076.3 
1166.9 

771.5 
823.1 
822,6  

922.1 
982 .I 6 

1035.6 

541,O 
1085.9 
1122.4  

1.834 
1.783 
1.666 

2.010 
2.458 
2.338 

2.223 
2.201 
2.018 

2.084 
1.952 
1.977 

1.932 
2.385 
2.130 

1.978 
1.922 
1.892 

1.788 
1.976 
2.134 

2.061 
2.418 
2.284 

1.811 
2,388 
2.125 

2.688 
2 e 482 
2,463 

1.750 
1.982 
1.937 

1.556 
1.605 
1.490 

1.950 
2.295 
2.135 

2.045 
2.429 
1.891 

1.980 
1.822 
1.641 

2.022 
2.163 
2,038 

2.710 
2.306 
2,358 

2.575 
2.550 
2.647 

1.972 
2.579 
2.650 

1.793 
1 .839 
1 .841 

2.204 
2.217 
2.357 

1.635 
1.648 
1.705 
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Tab le  C3.  (Continued) 

~ __ _ -  - - 

Dimensions,  i n .  Dens i ty ,  l I ) / f t 3 ,  a t  

Code Recovered ( g >  R e  cove r ed  Nomina 1 
Specimen Weight - 

Length Width Thickness Thickness Thickness 

1308-2 X 
P 1. 
P2 

23.9 15.0 
45.65 14.95 
49.6 15.0 

3.46 
3.22 
2.26 

692.3 
1133.1 
1136.7 

2.126 
1.963 
1.966 

2.102 
1.806 
1.663 

1308-3 X 
P l  
P2 

24.4 14.85 
47.85 15.0 
48.45 14.75 

3.32 
2.26 
3.23 

506.0 
1004.0 
1233.2 

1.602 
2.358 
2.035 

1.519 
1.522 
1.878 

1309-1 X 
P l  
P2 

24.8 14.85 
48.7 14.75 
46.05 14.4 

3.16 
3.22 
3.22 

440,4 
1184.1 
1171.8 

1.441 
1.950 
2.091 

1.301 
1.794 
1.923 

1309-2 X 
P l  
P2 

25.25 14.75 
48.8 14.55 
48.85 14.7 

3 .47  
3.31 
3.56 

1.646 
1.903 
1,909 

1.632 
1.800 
1.941 

559.1 
1174.1 
1281.1 

1309-3 h 
P l  
P 2  

24.3 14.95 
49.2 14.85 
48.8 14.95 

3.03 
2.83 
2.52 

593.0 
1217.0 
1158.0 

2.051 
2.242 
2.400 

1.776 
1.813 
1.728 
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ORNL~DWG 80-7886 

1 .o 

0.8 

w 
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a 
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0 

0 

cr 

0.4 

a 
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- 
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..- 

- 
0.475 0.525 0.575 0.625 0.675 0.725 0.775 

DENSITY ( lb/ f t3)  

Fig .  C 1 .  The D i s t r i b u t i o n  of Recovered Dens i ty  of R-11 Low-Density 
F i b e r g l a s s  Produc-ed by Manufacturer A. 

ORNL-DWG 80-7888 

NOMINAL 3% in. 

NOMINAL 4 in. 

0.35 0.40 
DENSITY (Ib/ft3) 

Fi-g. C 2 .  The n i s t r i b u t i o n  of Recovered Dens i ty  of R-11 Low-Density 
F i b e r g l a s s  Produced by Manufacturer  B. 
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ORNL.DWG 80-7887 

Y 

0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 

DENSITY (lb/ft3) 

Fig.  C3. The D i s t r i b u t i o n  of Recovered Dens i ty  of R-11 Low-Density 
F i b e r g l a s s  Produced by Manufacturer  C. 

0RNL.DWG 80-7889 
1 .o 

0.8 
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I 
I 
I 
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I 

I = o.68 

0.50 0.55 0.60 0.65 0.70 0.75 0.80 Q.85 

DENSITY (ltdft3) 

Fig .  C 4 .  The D i s t r i b u t i o n  of Recovered D e n s i t y  of R-19 Low-Density 
F i b e r g l a s s  Produced by Manufacturer  A. 
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0.8 

w 
_I 
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2 0.6 
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B 
K 
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LL 

ORNL-DWG 80-7890 

- 

- 

- 

.......... 

I ,iT = 0.44 

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 

DENSITY ( I  b/ft3 ) 

F i g .  C5. The D i s t r i b u t i o n  of Recovered Dens i ty  of R-19 Low-Density 
F i b e r g l a s s  Produced by Manufacturer  B. 

ORNL DWG 80 7891 
1 .o 

0.8 

w 
..J 
Q 
3 
$ 0.6 

I*. 
0 
z 
0 

0 
4 
K 
U 

0.4 

0.2 
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.. ~ .......... 

I p 0.64 
I 
I 
I - 

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 

DE NSlTY ( I  b/ft3 1 

F i g .  C6. The D i s t r i b u t i o n  of Recovered Dens i ty  of R-13 LowDensi ty  
F i b e r g l a s s  Produced by Manufacturer  C. 
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O R N L  DWG 80 7989 

- I p'. 2.20 

- I 
I 
I 
I 

I 
I 
I 
I 
I 

I 

- 
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1 .o 

0.8 
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I 
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1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 
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Fig. C7. The Distribution of Recovered Density of R-11 Rock Wool 
Produced by Manufacturers D, G, and : I .  

Fig. C8. The Distribution of Recovered Density of R-11 Rock Wool 
Produced by Manufacturers E, F, and 1. 
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APPENDIX D 

Estimate of Edge E f f e c t  and Vertical Heat Flow Measureinents 

T h e o r e t i c a l  E s t i m a t e  of t h e  Maximum Thickness  of Specimens t h a t  I__ can be 
Used i n  t h e  Guarded Hot P l a t e  Apparatus  

The t a b l e s  i n  t h e  Appendix of  AS'CM C 177-76 were used i n  the 

f o l l o w i n g  a n a l y s i s ,  The key parameters f o r  the Ilynatech 24-in.-square 

guarded h o t  p l a t e  are g iven  below. D e f i n i t i o n s  f o r  t h e  symbols can be 

Fourid i n  ASTM C 177-76. 

F = 0.5 

RATIO T = 0.0004 

KATIO K = 8 7 7 5  

T I C  K = 0.5 

GAP = 3.17 m (0,125 i n . )  

PLATE = 610 m (24.0 i n . )  

GUARD = 152 mm (6.0 i n . )  

To o b t a i n  a "worst  case" v a l u e  f o r  the  maximum specimen t h i c k n e s s  

t h a t  can  be used i n  t h e  a p p a r a t u s  c o n s e r v a t i v e  v a l u e s  f o r  KATIO T, 

R A T I O  K, and TIC K have been used. 

thermal. c o n d u c t i v i t y  due t o  edge losses the maximum specimen t h i c k n e s s  

exceeds  219 rrrm (8.6 i n . ) .  

For a 2% bound on e r r o r  i n  a p p a r e n t  

V e r t i c a l  Heat Flow Measurements 

The guarded h o t  p l a t e  was o p e r a t e d  i n  such  a way t h a t  measured 

a p p a r e n t  thermal c o n d u c t i v i t y  v a l u e s  o b t a i n e d  with upward heat € l o w  can 

be  compared w i t h  a p p a r e n t  therriial c o n d u c t i v i t y  v a l u e s  o b t a i n e d  w i t h  down- 

ward heat f low.  See Tab le  D1.  



76 

T a b l e  D 1 .  O r i e n t a t i o n  E f f e c t  on Heat. F l o w  

Apparen t  'Thermal 
C o n d u c t i v i t y  D i r e c t i o n  of T e s t  Th ickness  Temp. D i f f .  Power 

( ' tu/h) (B tu  i n . / h  ft2 OF) Heat Flow ( i n . )  ( O F )  

UP 2.874 36.09 4.165 0.325 

Down 2.882 35.73 4,079 0.322 

UP 5.760 3 5 .I 5 5 2.035 0.323 

Down 5.760 36.09 2.055 0.321 



APPENDIX E 

Variat ion of Apparent Thermal Conduc t iv i ty  w i t h  Temperature fo r  
Eleven Mineral F i b e r  I i i s u l a t i o n s  

Apparent The r ma 1 
T e s t  T e s t  Temperature, The m a  I Specimen P o w e r  Resistance 

h f t 2  C o n d u c t i v i t y  ( B t i i /  h ) Densi t i ;  Thickness 
( I b / f t  ) ( i n .  ) Yean D i  f fe r  e lice 

Cvde 

1101-1 

1107-1 

1111-1 

1202-1 

1204-2 

1206-4a 

1207-2 

1302-1 

1304- 1 

1306- I. 

1309-2 

0.638 

0.604 

0.532 

0.651 

0.601 

0.623 

0.425 

1.578 

2.068 

1.932 

1.646 

3.56 

3.14 

3.16 

5.40 

5.83 

2.80 

6.13 

3.50 

3.28 

3.14 

3.47 

- 0  
75 

150 

0 
75 

150  

0 
75  

150 

0 
75  

150 

0 
75  

150 

0 
75  

150 

0 
7 5  

1 so 
0 

75  
1 so 

0 
7 5  

150 

0 
75  

150 

0 
75  

150 

50.1 
50.9 
49.4 

50.1 
49.9 
50.7 

49.5 
49.6 
49.8 

50.0 
49.4 
49.3 

50.7 
49.1 
50.4 

50.0 
49.8 
50.0 

49.5 
49.6 
50.8 

49.4 
50.3 
49.5 

49.3 
49.4 
49.9 

49.4 
49.7 
49.7 

50.6 
50.4 
49.9 

7.36 
9.49 

12.13 

7.82 
10 -29  
13.43 

7.63 
9.85 

13.14 

4.62 
6.11 
8.41 

4.00 
5.21 
7.65 

8.43 
11.26 
16.13 

4.37 
5.97 
8.31 

7.87 
10.54 
13.38 

7.03 
9.05 

11.19 

7 . 7 8  
10.06 
12.58 

7.39 
9.44 

11.87 

0.256 
0.325 
0.425 

0.240 
0.317 
0.407 

0.237 
0.308 
0.408 

0.244 
0,327 
0.451 

0.225 
0.303 
0.433 

0 ,231  
0.310 
0.442 

0.265 
0.361 
0.491 

0.273 
0.359 
0.463 

0.229 
0.294 
0.360 

0.242 
0.311 
0.389 

0.248 
0.318 
0.404 

13.91 
10.96 

8.32 

13.09 
9.91 
7.71 

13.33 
10.26 

7.74 

22.11 
16.52 
11.98 

25.90 
19.25 
13.46 

12.12 
9.04 
6.33 

23.14 
16.97 
12.49 

12.62 
9.75 
7.56 

14.33 
11.15 

9.11 

12.97 
10.09 

8.07 

13.99 
10.91 

8.59 
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APPENDIX F 

R e s u l t s  of t h e  Least Squares  C a l c u l a t i o n s  f o r  Apparent 
Thermal C o n d u c t i v i t y  as a Func t ion  of Dens i ty  

Table  F1 g i v e s  v a l u e s  f o r  t h e  c o n s t a n t s  a ,  b, and e i n  

e s t i m a t e d  by t h e  method of least  s q u a r e s  from a p p r o p r i a t e  se t s  of d a t a  

g i v e n  i n  Tables  4 ,  6 ,  7 ,  and 8. For each  oE t h e  d a t a  sets s t u d i e d  t h e  

v a r i a n c e  and t h e  a v e r a g e  d e v i a t i o n  are given. A composi te  f i t  of 

Eq.  (F-1) t o  t h e  R-11 rock  wool d a t a  was d i s c a r d e d  because the v a r i a n c e  

of c w a s  large compared w i t h  e. I n  t h i s  l a t t e r  case Eq. (F-1) w a s  

r e p l a c e d  by 

h = n + h p .  



T a b l e  F l .  Summary of Least Squa res  P a r a m e t e r s  f o r  Apparent  Thermal  
Conductivity as a F u n c t i o n  of Density 

Live r a g e  
X a n u f a c t u r e r  CI b e V a r i a n c e  Eevia t  i o n  Mat e r i a i  

F i b e r g l a s s  

R-11 

A 

B 

0.4 23058 

0.103995 

0.435 165 

0.431763 

-0.179934 

0.044556 

-0 .264Oi6  

4 . 1 8 4 6 3 1  

0.018910 

0.399619 

0.01122i  

0. GO7683 

0.00cl182 

0.000 153 

0.000330 

0.000379 

2.6 

2 .1  

4.1 

4.4 

c 
Composiz e 

0.07 1943 

0.403006 

0.310747 

0.389984 

0.058813 

4 . 1 9 5 3 5 8  

4.119931 

-0.1 5 65  I i 

0.148908 

0.326479 

0.056370 

0.026055 

0.000194 

0.00047 1 

0.0X26O 

0. m 3 6 0  

2.7 F i b e r g l a s s  

R-19 

A 

B 3.8 
3.8 0 

3.8 

00 e 
Composi :e 

Rock Wool 

R-i 1 

D 

E 

0.987940 

4 . 7 4 3 3 7 1  

0.416651 

0.298825 

- 0 . 2 1  19 17 

0.288235 

4 . 1 4 8 6 2 4  

0.264104 

4 . 0 4 3 7 9 G  

-0 .024969  

0.095246 

-0 .0247  67 

-0.784045 

1.058579 

4 . 0 8 3 3 9 2  

0.108543 

0.669030 

0.109011 

0.000318 

O.OOOZ.39 

0.000084 

0.0000078 

2 .7  

3.6 

1.6 

0. 5 
a 

F 

G 

H 

I 

3-in. Composite Data 

3.5-in. Composite Data 

0.000025 1.2 

0.378824 43.035837 0. 3.000 157 3.3 

0.402418 -0.0492678 0. 0.000333 4.1 

asample s i z e  of t h r e e .  
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m - 
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0.2 
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F i g .  F1. Apparent Thermal Conduct ivi ty  a t  75OF Versus Density f o r  
R - l l  F iberglass .  

ORNL-DWG 80-7894 
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.............. 1. ......... I - L  .......... - 1- 
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Fig .  F3. Apparen t  Thermal  C o n d u c t i v i t y  a t  75’F V e r s u s  D e n s i t y  f o r  
R-11  Rock Wool ( 3  i n . ) .  
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Fig .  F4. Apparent  Thermal C o n d u c t i v i t y  a t  75’F Versus  Dens i ty  fo r  
R-11 Rock Wool (3.5 i n . ) .  
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APPENDIX G 

Recovered Thickness  Data f rom t h e  N a t i o n a l  A s s o c i a t i o n  
of Home B u i l d e r s  Research Foundation * 

Manufacturer  P l a n t  Mean Thickness  Std.  Dev. of S t d .  Dev. 
( i n .  ) the Mean 

1 

2 

Grand Average 

Grand Average 

3 A 

B 

Grand Average 

6.358 

6.692 

6.849 

6.739 

6.359 

6.599 

7.051 

7.726 

7.056 

6.933 

7.192 

6.496 

6.400 

6.448 

0.431 

0.396 

0.433 

0.353 

0.244 

0.234 

0.392 

0.216 

0.284 

0.096 

0.230 

0.102 

0.093 

0.102 

0.083 

0.058 

0.055 

0.092 

0.051 

0.067 

0.023 

0.054 

"These d a t a  were obtained under NAISBRF s u p e r v i s i o n  a t  t h e  manufac- 
t u r i n g  s i te .  Each o f  t h e  mean values is t h e  resul t  of 270 t h i c k n e s s  
measurements. 
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A P P E N D I X  H 

Comments f rain External  Reviewers 

Reviews of this r epor t  were requested from 13 i nd iv idua l s  and the  

Xinera l  Insulation hlanufacturers Associat ion (MLMA) i n  add i t ion  t o  QRNL 

reviews. These ~eviewers  are l i s t e d  i n  Table til. Eight of t he  reques ts  

r e s u l t e d  i n  modi f ica t ion  or  add i t ions  t o  the r epor t ,  as l i s t e d  below. 

The review prepared by PIINA represented  a composite of i-nputs from many 

sources wi th in  the  mineral  f i b e r  indus t ry .  Tn s e v e r a l  cases a written 

summary of comments t ha r  w a s  prepared by the  reviewers i s  incl-utled i n  t h i s  

appendix. 

Cont r ibu t ing  Wri t ten  Summary O K  

Statement Included 

R.  W. Anderson X 
~~ Reviewer - - 

E. 1,. Bales 

E. C. Freeman 

D. M. Greason 

F. J .  Powell 

B. G. Rennex 

C. J. S h i r t l i f f e  

NIPLA 

John !landel 

A .  J. Duncan 

X 

X 

x 
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Tab le  HI. List of Report  Reviewers 

O r g a n i z a t i o n  Re a 8 on 
~ .l.l._.l-._.l-l - -__ 

I n t e r n a l  Reviewers 

1. T. G. Godfrey 

2 .  J .  P. Moore 

3 .  T. L, Hehhl-e 

1. Mine ra l  I n s u l a t i o n  
A s s o c i a t i o n  

2 ,  K. W. Anderson 

3. E. L. Bales 

4 .  E, C, F r e e m a n  

5.  F. 3. Powell  

6. C. J. S h i - r t l i f f e  

7.  D. M. Greason 

8. J. F. Kimpflen 

9. M. Ho l l ingswor th ,  

10. B. G. Rennex 

11. J. T y l e r  

12 .  .John Mandel 

13. Acheson Duncan 

14. J a c k  S n e l l  

ORNL 

ORNL 

OKNI,  

Exp e r ic nee i n .  Men s u r e  men t s 

P:xp c r Le nc t? i n M e  a s u r  erne n t s 

Experience i n  S t a t i s t i c s  

Ex te rna l  Reviewers 

Manuf ac trurers 

U ive r s i  f i ed 
I n s  u l a  t i 13 n 
eo. 

Si-i~venr, 
I n s t i t u t e  of 
Techno logy 

B u i l d i n g  and 
Comiiiuni t y  
S y s t e rns 

O f f i c e  of 

N R S  

NRC- Cana da 

Dow Chemical 
USA 

C e  r t a in'l'e c d 
P r o d u c t s  
Corp. 

Owens-Corning 
F i b e r g l a s s  
Corp. 

NAIIB Kesearch 
Foundat ion,  
tnc. 

U.S. F i b e r  Go. 

NBS 

John Hopkins 
U n i v e r s i t y  

NBS 

DOE agreed  t o  PITMA review 
r e q u e s t  

p r o j e c t  i n i t i a t i o n  
Program Manager, ERDA, a t  

Program Manager , DOE, d u r i n g  
p r o j e c t  

Program Manager, DOE, d u r i n g  
p r o j e c t  

Experience i n  measurements 

Exper ieiice i n  measurements 

Expprienee i n  measurements, co- 
worker ASTM C16 P o s i t i o n  
P a p e t  on I n s u l a t i o n s  

bxperi  ~ n c - ~  i n  measurements , co- 
worker ASTM C l b  P o s i t i o n  
Paper on T n s u l a t i o n s  

Experience i n  measurements , 
a c t i v e  i n p u t  t o  ASTM C16 
P o s i t i o n  Paper on i n s u l a t i o n s  

E:xpiici e w e  i n  measurements 

DOE ag reed  t o  r e v i e w  r e q u e s t  

E-11  S t a t i s t i c a l  Ana lys i s  

~l-11 S t a t i s t i c a l  A n a l y s i s  

DOE request 
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P . 0 .  BOX 188 - 2705 WEST HIGHWAY 55 - HAMEL, MINN. 55340 
1612) 478-6614 

D r .  Ted S.  Lundy 
Program Manager 
B u i l d i n g  Thermal Envelope Systems 

Oak Ridge Nat ional  Laboratory 
Post O f f i c e  Box X 
Oak Ridge, Tennessee 37830 

Dear Ted: 

and I n s u l a t i n g  Ma te r ia l s  

Thank you f o r  the oppor tun i t y  t o  review the d r a f t  r e p o r t  "Thermal 
Resistance Values o f  Low-Density Mineral  F ibe r  B u i l d i n g  I n s u l a t i o n  
Ba t t s  Commercially A v a i l a b l e  i n  1977". The enclosed copy o f  the 
r e p o r t  conta ins my s p e c i f i c  comments, as  marked i n  red, f o r  your 
cons idera t i on. 

Add i t i ona l  comments, o f  a more general nature a re  g iven below: 

The r e p o r t  i s  very  w e l l  documented w i t h  respect t o  
procedures, t e s t i n g  and analyses methods, and support  
data.  'nlhereas t h i s  l eve l  o f  d e t a i l  may seem excessive 
t o  some, such d e t a i l  i s  needed a5 a bas is  f o r  subse- 
quent eva lua t i on  and fo l low-on s tud ies .  A lso ,  s ince  
i t  i s  l i k e l y  t h a t  some sectors o f  i ndus t r y  may cha l -  
lenge the r e s u l t s  of  t he  repo r t ,  the d e t a i l e d  data 
presented w i l l  form the basis f o r  common understanding. 

Because o f  the  l e v e l  of d e t a i l  i n  the body o f  the repo r t ,  
I recommend tha t  the Execut ive Summary be c a r e f u l l y  r e -  
w r i t t e n  i n  laymen's language. It i s  doub t fu l  t h a t  most 
readers would wade through the d e t a i l e d  data o r  would 
comprehend the meanings of  the s t a t i s t i c a l  analyses 
and techn ica l  jargon.  The Execut ive Summary should 
c l e a r l y  s t a t e  the major f i nd ings  and recommendations 
i n  an i n t e r p r e t i v e  manner. 

I be l i eve  there are several  major b e n e f i t s  and conclu- 
s ions t h a t  can be drawn from the data t h a t  had not  been 
s p e c i f i c a l l y  i d e n t i f i e d  o r  h i g h l i g h t e d  i n  the Execut ive 
Summary and Conclusion/Recommendation sect ions:  

a) The data demonstrate the need f o r  inore r igorous 
o r  improved t e s t i n g  procedures, e.g. sampling 
and sample preparat ion.  
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Page Two 

The da ta  p r o v i d e  an unders tand ing  o f  t h e  
p r e c i s i o n  o f  v a r i o u s  t e s t  and methods of  
analyses requ i red  For r e a l i s t i c  s e t t i n g  
o f  p r o p e r t y  standards and t h e  to le rances  
on such standards.  Th is ,  of course, leads 
t o  improved standards.  

-  he da ta  p r o v i d e  needed i n f o r m a t i o n  r e l a t i v e  
t o  the  expected p r e c i s i o n  o f  "performance" 
da ta  o f  b u i l d i n g  envelope components. T h i s  
becomes p a r t i c u l a r l y  impor tan t  w i t h  t h e  
adop t ion  of ASHRAE 30 and t h e  pending BEPS. 
Any t o l e r a n c e  l i m i t s  p laced on envelope pe r -  
formance must cons ide r  the  v a r  i a b i  1 i t y  o f  
t h e  r e s p e c t i v e  components. 

4) The da ta  demonstrate the  need f o r  s i m i l a r  e v a l u a t i o n  
o f  o t h e r  b u i l d i n g  envelope components, i n c l u d i n g  
o t h e r  i n s u l a t i o n  m a t e r i a l s .  

As a f i n a l  no te ,  I wish  t o  commend the a u t h o r s  fo r  t h e i r  e x c e l l e n t  
research  work and t h e i r  e v a l u a t i o n  of t he  complex da ta ,  I look 
forward t o  the  p u b l i c a t i o n  of t he  t e s t  r e p o r t  so t h a t  s e r i o u s  COR- 
s i d e r a t i o n  of the  "Recommendations" can be addresszd by DOE and 
the  i n d u s t r y  as a whole. 

enc 
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DOW CHEMICAL U.S.A. 

GRANVILLE RESEARCH CENTER 
P.O. BOX 515 

GRANVILLE, OHIO 43023 
December 17, 1979 

Dr, T. S .  Lundy 
Oak Ridge National Laboratory 
P.O. Box X 
Oak Ridge, TN 37830 

Dear Ted: 

COMMENTS ON THE DRAFT REPORT "THERMAL PXSISTANCE VALUES (R-VALUES 
OF LOW DENSITY MINERAL FIBER BUILDING INSULATION BATTS COMMERCIALLY 
AVAILABLE IN 1977" 

This is an impressive piece of work, but other competent investi- 
gators have failed to find such large differences in thermal 
performance attributable to "thickness effects." Thermal measure- 
ments on stacked, bisected and quadrasected samples, with and 
without paper septa, would have been most valuable €or comparison 
with tests on the individual bisected and quadrasected specimens 
and with full thickness tests on the same samples before slicing. 
This might have made it possible to separate the "thickness e€€ects'' 
from other possible changes in the samples produced by slicing and 
subsequent handling; e.g. the observed loss in thickness of samples 
after slicing is surprising. 

Where T R > T  , it might have been simpler and more desirable to 
make thermay measurements directly on samples at nominal thickness 
rather than calculating these values. The authors have been k i n d  
in not emphasizing the fact that in the many cases where T L TN, 
actual R-values realized would be even lower than those caFculated 
for nominal thickness. It is certainly clear that there was a 
thickness recovery problem w i t h  these materials in 1977. 

In some recent working documents, Brian G. Rennex of the NkVIB 
Research Foundation points out the physical significance of the 
constants "a, b, and c" in the expression for apparent thermal 
conductivity given in ASTM Practice C 653-70: 

k = a f bD -e (c/D) 

where k = thermal conductivity, 
a,b,c = constants related to the particular product, and 

D = density 

AN OPERATINO UNIT OF THE DOW CHEMICAL COMPANY 
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D r .  T .  S .  Lundy 
December 1 7 ,  1 9 7 9  
P a  g e il'wo 

A s  Rer l r l ex  shows, ''a'' co r r e sponds  t o  t h e  thermal  c o n d u c t i v i t y  of 
a i r ,  Ilb" times ' IDt'  co r r e sponds  t:o t h e  thermal  c o n d u c t i v i t y  of t h e  
s o l i d  m a t e r i a l ,  and t h e  " c / D ' l  t e rm co r re sponds  t o  t h e  r a d i a n t  
thermal  t r a n s m i s s i o n .  The c o n s t a n t  ''a'' , t h e r e f o r e ,  must b e  0 . l 8 ,  
and ''bl' should be p o s i t i v e  and'-O.01 i i i  U . S .  customary u n i t s .  
Most of t h e  v a l u e s  f o r  t h e s e  c o n s t a n t s  g iven  i n  Tab le  7 and Table  
D - 1  a r c  "unphys icx l"  and a r t i f i c i a l ,  and a f f e c t  t h e  accu racy  of 
e x t r a p o l a t i o n  adve r se ly .  

Th i s  s tudy  r a i s e s  v a l i d  q u e s t i o n s  abou t  t.he accu racy  o f  ex t r apo-  
l a t i n g  t h e  thermal. performance of t h i c k  , l o w  d e n s i t y  i n s u l a t i o n s  
from tests on r e l a t i v e l y  t h i n  specimens.  I t  a l s o  points o u t  t h e  
need for i.mproved c o n t r o l  of t -h ickness  r ecove ry .  I 'in s u r e  t h e s e  
i s s u e s  are  n o t  be ing  taken  l i g h t l y ,  and t h i - s  work w i l l .  s p u r  f u r t h e r  
e f f o r t s  t o  a-nswer importank q u e s t i o n s  and i.mprove exis t . j .ng ASTM 
tes-t methods and p r a c t i c e s .  Desp i t e  s i n c e r e  d i f f e r e n c e s  i n  o p i n i o n  
r e g a r d i n g  t h e  magnitude of " t h i c k n e s s  e f f e c t s "  a t  this t i m e ,  t h i s  
work  r e p r e s e n t s  a c o n t r i b u t i o n  t o  improvement of our  -t;ec:hnology , 
and as  o u r  technology improves,  everyone should  b e n e f i t .  Thank 
you f o r  t h e  opport:unity t o  rev iew and comment on thjis i -npor t an t  
work .  

Yours ve ry  s i n c e r e l y ,  

D. M.  Greason 
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UNITED STATES DEPARTMENT OF CCBMMERM 
National Bureau af Standards 
Washington, D C 20234 

P.O. Box X 
Oak Ridge, 

Dear Ted: 

This  is  i n  
Resis t a m e  
I n s u l a t i o n  

Tennessee 37830 

response  EO your r eques t  f o r  review of d r a f t  No. 2 ,  "Thermal 
Values (R-values) of Low-Dens? t y  Mineral  F i b e r  Bui ld ing  
Batts Commercially Avai lab le  in  1 9 7 7 , "  enc losed .  

Rather t han  d e t a i l  h e r e  i n  t h i s  l e t t e r  comment t h a t  is of an  e d i t o r i a l  n a t u r e ,  
I am r e t u r n i n g  t h e  manuscr ip t  w i th  r e d  ink  markings €o r  p e r u s a l  by t h e  
au tho r s .  The d r a f t ,  i n  my v i e w ,  could be much improved e d i t o r i a l l y .  

T s h a l l  comment only on what I cons ide r  t o  be s u b s t a n t i v e  t e c h n i c a l  matters 
as fo l lows .  

Execut ive Summary - Many people  read  on ly  the  Execut ive  Summary, and I t h i n k  
t h e  purpose and r e s u l t s  ol- t h e  paper  are n o t  c l e a r l y  set f o r t h  i n  t h i s  
Execut ive Summary. It i s  assumed, f o r  example, t h a t  r e a d e r s  know t h e  
d i f f e r e n c e  between "recovered' '  t h i ckness  and t'nomiiial't t h i c k n e s s  when i n  
f a c t  i n  t h i s  paper they have v e r y  s p e c i f i c  meanings no t  e v i d e n t  i n  t h e  
Execut ive Summary. S i m i l a r l y ,  r e s u l t s  should h e  g iven  f i r s t  i n  terms of 
t h e  items given i n  the t i t l e ,  such a s  R-values measured ve r sus  U-values 
c la imed on t h e  l a b e l .  I n i t i a L l y ,  terms such a s  appa ren t  thermal c o n d u c t i v i t y  
tend t o  confuse  t h e  r eade r  because from t h e  t i t l e  o f  t h e  paper  a r ende r  would 
look f o r  thermal  r e s i s t a n c e  informat ion .  

In t roduc  t ion  - Page 2 s a y s  t h a t  Dynatech ob ta ined  samp Lcas f o r  thermal  
performance and,  i n  t h e  f i r s t  phase,  eva lua ted  recovered t h i c k n e s s ,  d e n s i t y ,  
and thermal r e s i s t a n c e  a t  75'F, and t h e n  d i d  a second-phase on t h j n n e r  
specimens s l i c e d  from the  product .  The l a s t  paragraph says  t h e  samples 
were shipped t o  OWL a f t e r  phase 1 and r e t u r n e d  t o  Dynatech f o r  phase 2 .  
It  would be  h e l p f u l  t o  t h c ,  r ende r  t o  have i n  t h e  i n t r o d u c t i o n  t h e  involvement 
of ORNL and i t s  c o n t r i b u t i o n  t o  t h e  paper .  I suspec t  t h a t  an  independent  
coord ina ted  a n a l y s i s  o f  t h e  d a t a  and r e s u l t s  w a s  done, and perhaps  some 
s t a t i s t i c a l  work, a t  ORNL. If t h i s  i s  s o ,  I would sugges t  t h a t  a s t a t emen t  
t o  t h a t  e f f e c t  be added t o  t h e  I n t r o d u c t i o n .  

_l-l___ -- 
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2 

Sample Procureinent,  _pagrs 5 ,  6 ,  and 7 .~ I s u g g e s t  a s k e t c h  b e  used t o  
i l l u s t r a t e  where t h e  v a r i o u s  samples  were t a k e n  from t h e  r o l l s .  

T a b l e  1 .,.... p-agtges 12--1~3l;~~~_Table 2 ,  
i n  p a r e n t h e s i s  are  n o t  shown i n  T a b l e s  1 and 2 o r  i - d e n t i f i c d  as nominal 

pages  14-15  - Some of t h e  nominal  t h i c k n e s s e s  

t h i c k n e s s e s .  Yet on page 11, paragraph  2 o b s e r v a t i o n s  comparing r e c o v e r e d  
t h i c k n e s s e s  and nominal t h i c k n e s s  a r e  made, I n  T a b l e s  1 and 2 f o r  manu- 
f a c t u r e r  B ,  a re  t h e  r e s u l . t s  reversed, e . g . ,  does  T 4.06 i n .  t r u l y  a p p l y  
t o  nominal 3 .5  i n . ,  o r  should  i t  be o p p o s i t e  4.0  i n . ?  

K 

Conclus ion  . ...... . . . N o .  8 ,  p a p 6 5 -  - The f i r s t  s e n t e n c e  s a y s ,  "A La~sg body of  d a t a  
of recovered  t h i c k n e s s e s  was accurnulated i n  t h i s  s t u d y . "  S t a t i s t i c a l l y ,  i n  
my view, t h e  paper  does n o t  p r e s e n t  a l a r g e  body of d a t a .  
have milch more d a t a  t h a n  shown i n  t h i s  r e p o r t .  I s u g g e s t  d e l e t i n g  t h e  f i r s t  
se i i tence .  

NAIlB i.s known t o  

The second s r n t e n c e  should  b e  changed t o  r e a d ,  "The mean of observed  r e c o v e r e d  
t h i c k n e s s  l i e s  below t h p  nominal t h i c k n e s s  ( l a b e l  v a l u c )  f o r  - t h r e e  of _ -  t h e  
f o u r  se ts  of composi te  d a t a  examined." T a b l e  1 f o r  R-11  composi te  (3 .5  i n .  nom.) 
shows T = 3 .69 .  R 

The t h i r d  s e n t e n c e  cannut  b e  v e r i f i e d  i n  i a b l e  1 b e c a u s e  nominal t h i c k n e s s e s  
f o r  R-11 f o r  m a n u f a c t u r e r s  A and C a r e  n o t  g i v e n  i n  t h e  t a b l e .  If t h e  
nominal  v a l u e s  of A and C a r e  3 .5  i n c h e s ,  t h e  t h i r d  s e n t e n c e  i s  i n c o r r e c t .  
The t h i r d  s e n t e n c e  i s  a poor s e n t e n c e  a s  a c o n c l u s i o n ,  and I would s u g g e s t  
d e l g t i o n  of ii as t h e  roncLusion drawn i n  t h e  f o u r t h  s e n t e n c e  i s  much mole 
meaningfu l  and unders  Landable.  

3 . 2 . 1  Guarded . . . . Bot Pl.ate Appara tus  and F i g u r e  6 - The a p p a r a t u s  used  f o r  
measurements , Dynatech Model TCFG-R-4-6 H o r i z o n s  Guarded Hot P l a t e ,  i s  s u c h  
t h a t  h e a t  energy  f roni t h e  meter ing  p l a t e  €lows s i m u l t a n e o u s l y  upward t h r o u g h  
t h e  t o p  specimen and downward through t h e  bot tom specimen.  Nonilally,  when 
t h e  p a i r e d  specimens are of t h e  s a m e  t h i c k n e s s  and are  of  hi.gh enough d e n s i t y  
so t h a t  c o n v e c t i o n  of a i r  w i t h i n  t h e  iriaterial i s  n o t  a f a c t o r ,  a ,h .or izonta l  
o r  vert:-cal h o t  p l a t e  of t h e  C-177 t y p e  a l l o w s  t h e  r e l a t i o n s h i p  R = . /A 
t o  b e  v a l ~ i d .  For low-densi ty  mater ia ls ,  s u c h  as  used i n  t h i s  s t u d y ,  convec- 
t i o n  niay be o c c u r i n g  i n  t h e  t o p  specimen ( h e a t  flosq up) and may b e  a minimum 
i n  t h e  bot tom specimen because  of  s t r a t i E i c a t i o n  f o r  t h e  h e a t  f low down 
conf i.gurat:ion. T h e r e f o r e ,  t h e  h e a t  f l o w  b e i n g  measured is t h e  r e s u l t  of 
t h e  l a r g e r  h e a t  f low upward n e c e s s a r y  t o  m a i n t a i n  a f i x e d  t e m p e r a t u r e  
d i f f e r e n c e  and a smaller h e a t  f l o w  dorm t o  m a i n t a i n  t h e  same f i x e d  t e m p e r a t u r e  
d i f f e r e n c e .  Tn o t h e r  words,  t h e  bot tom specimen may i n d i c a t e  a h i g h e r  R-val.ue 
t h a n  t h e  top specimen because  of  c o n v e c t i o n  e f f e c t s ,  and t h e  R-values and 
a p p a r e n t  thermal  c o n d u c t i v i t i e s  as g i v e n  i n  t h i s  p a p e r  arc. a n  a u t o m a t i c  
a v e r a g e  o f  t h e  two. An a v e r a g e  o f  t h e  t w o  K-values does  n o t  r e f l e c t  t h e  
R-value t h a t  wou1.d b e  expecLed of  t h e  same m a t e r i a l  i n  s e r v i c e .  One way 
t o  d e t e r m i n e  experimental.1.y i f  t h i s  e f f e c t  i s  p r e s e n t  i n  t h e s e  tes ts  is t o  
p l a c e  on t h e  bot tom a h i g h - d e n s i t y  glass f i b e r  b o a r d  w i t h  a known R-value, 
such  as  t h a t  avai1abl .e  from N B S ,  w i t l h  t h e  low-dens i ty  board oil t o p .  From t h e  
test  r e s u 1 . t ~  t h e  h e a t  f l o w  through t h e  t o p  specimen and hence  i t s  R-value can  
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b c  deduced by s u b t r a c t i n g  t h e  d i f f e r e n c e  from t h e  t o t a l  h e a t  f l o w  t h r o u g h  t h e  
h i g h - d e n s i t y  board  as c a l  c-ulatcd from t h e  known r e s i s t a n c e  and measured 
t e m p e r a t u r e  d i f f e r e n c e .  The r e v e r s e  p r o c e d u r e  would b e  fo l lowed f o r  a heat 
f low down d e t e r m i n a t i o n  i n  t h e  low-dens i ty  m a t e r i a l .  1 would s t r o n g l y  
recommend t h a t  t h e s e  a d d i t i o n a l  res t s  b e  per formed,  r e p o r t e d ,  and d i s c u s s c d  
i n  t h i s  p a p e r  b e f o r e  t h e  p r e s e n t  r e s u l t s  a re  p u b l i s h e d .  

______._-.I_ 3 . 2  - 2 P r o c e d u r e  f o r  Deter>mi>-ing AEparent ‘Shermal _Conduct iv i ty ,  psg-g-22. - 
I s u g g e s t  t h a t  a s h o r t  d e s c r i p t i o n  on how Ax was measured b e  added h e r e ,  

3 . 2 . 3  V a r i a t i o n  of Apparent _l___l Thermal Conduct iv i ty-wi th  Mean Sample TempPrature  
and Ajpendix  C, T a b l e  6-1 - F o u r t h  s e n t e n c e ,  “The tes t  d e n s i t y  a t  which t h e  
meLwurements w e r e  made were de termined  from t h i c k n e s s  and d e n s i t y  measurements 
g iven  i n  Appendix ki e x c e p t  f o r  . . . ‘ I  

__ __I_.___ 

The h o t  p l a t e  tes ts  w e r e  a p p a r e n t l y  made a t  a mater ia l  d e n s i t y  f rom T a b l e  B-- 
the  column d e n s i t y  a t  nominal _ th ickness .  For  example,  t h e  specimen 1101-A i n  
€3-J. l i s t s  a nominal t h i c k n e s s  d e n s i t y  of  0 .650,  and T a b l e  C-1 d e n s i t y  i s  g i v e n  
as  0.638, from which t h e  t h i c k n e s s  3.56 i n c h e s  w i i s  c a l c u l a t e d  u s i n g  t h e  d a t a  
of Table  B-1 i n  Formula ( 1 ) .  T a b l e  B-1 l i s ts  a r e c o v e r e d  t h i c k n e s s  of  4 . 1 3  
i n c h e s  and a r e c o v e r e d  d e n s i t y  of 0.550. It would seem t o  me that  t h e  
recovered  t h i c k n e s s  and d e n s i t y  should  have  been  used to d e t e r m i n e  e x p e r i -  
m e n t a l l y  t h e  a p p a r e n t  c o n d u c t i v i t y  and t h e  measured thermal  r e s i s t a n c e  of 
t h e  sample which i s  c a l c u l a t e d  from t h e  test  t h i c k n e s s  u s e d .  Why w a s n ’ t  
t 11 e r e c o v e r e d  t h i c k n e s s  u s  ed ? 

___I-- 3 . 3  An+sie of t h e  Thermal C o n d u c t i v i t y  R e s u l t s  - I s u g g e s t  t h a t  i t  would h e  
u s e f u l  t o  t h e  r e a d e r  t o  r e c e i v e  a d i s c u s s i o n  of  t h e  b a s i r  r e s u l t s  of  t h e  
measurements.  For  example,  i n  ‘Table 8 t h e  thermal  r e s i s t a n c e  w a s  c a l c u l a t e d  
f r v m  t h e  measured v a l u e s  of  t h e  a r e a  t i m e s  t h e  t e m p e r a t u r e  d i f f e r e n c e  d i v i d e d  
by t h e  h e a t  f l u x .  The a p p a r e n t  t h e r m a l  c o n d u c t i v i t y  can  t h e n  b e  c a l c u l a t e d  
from the measured t h i c k n e s s  d i v i d e d  by t h e  specimen t h e r m a l  r e s i s t a n c e .  The 
t a b u l a r  r e s u l t s  in TabJes 8 ,  9 ,  and 1 0  s h o u l d  b e  d i s c u s s e d .  Then, s a y  why 
t h e  d a t a  as g i v e n  i n  T a b l e  14 is p r e s e n t e d  i n  t e r m s  of nominal t h i c k n e s s  and 
r e s i s t a n c c  and d i s c u s s  t h e  s i g n i f i c a n c e  of  t h e  r e s u l t s  p r e s e n t e d .  

T h e  l a s t  p a r a g r a p h  should  b e  d e l e t e d  as i t  on ly  c a n  b e  s u b s t a n t i v e l y  u n d e r s t o o d  
by s t a t i s t i c i a n s .  

--11- 4.1 Conclus ions  - X s u g g e s t  a cor ic lus ion  b e  drawn c o n c e r n i n g  t h e  mean R-value 
of t h e  i n s u l a t i o n s  based  on t h e  a c t u a l  measured r e c o v e r e d  t h i c k n e s s ,  as these 
were t h e  measurements made. T h m  i t  s h o u l d  b e  s t a t e d  t h , i t  t h e s e  d a t a  w e r e  
used to d e r i v e  mean K-values a t  nominal t h i c k n e s s e s  and d e f i n e  nominal i n  
t h e  c o n c l u s i o n s .  

Coriclusio_n_L - See  marked copy. 
t h e  second s e n t e n c e  i n  t h i s  c o n c l u s i o n .  
o f  ANSI/AS?N C 665-78, S t a n d a r d  S p e c i f i c a t i o n  for Mineral  F i b e r  B l a n k e t  Thermal 
I n s u l a t i o n  f o r  Mood Frame and L i g h t  C o n s t r u c t i o n  B u i l d i n g s  . ‘ I  

I s u g g e s t  t h e  f o l l o w i n g  s e n t e n c e  t o  f o l l o w  
“The r e s u l t s  w i l l  meet t h e  r e q u i r e m e n t s  
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Conclusion .. . . . . 2 - I s u g g e s t  t h e  p r a c t i c a l  meaning of "99% c o n f i d e n c e  i n t e r v a l "  
be i n c l u d e d  as  p a r t  of t h i s  concl .usion.  

Conclusion 8- - I s u g g e s t  d e l e t i n g  t h e  f i r s t  s e n t e n c e .  !hat i s  a la:& 
body of d a t a ?  Sentence  2 i s  n o t  a c c u r a t e .  
R - l l  composi te  mean g r e a t e r  than ( 3 . 6 9 )  t h i s  nominal ( 3 . 5 ) .  A l l  o t h e r  
composi tes  do show nominal g r e a t e r  than  mean. 
' ' t h r e e  o u t  of four ' '  change i s  made. 

T a b l e  1 shows 3 o u t  of 4 ,  w i t h  

D e l ~ e t e  t h e  t h i r d  s e n t e n c e  i f  

Add, "See Table  2" a t  t h e  end. 

Conclusion 9 .-" Suggest  a c o n c l u s i o n  9 as Eol lows.  
s p e c i f y i n g  r e q u i r e d  performance by R-value and n o t  by t h i c k n e s s  w a s  v e r i f i e d  
i n  t h i s  i n v e s t i g a t i o n .  

"The d e s i r a b i l i t y  of 

S i n c e r e l y ,  

I 

Frank J .  Powel 1 , Manager 
Thermal I n s u l a t i o n  Program 
O f f i c e  of Energy Programs 

Enclosure  

c c  : 
J. Snel l / A .  Paladin0  
R. Jones/B.  Peavy/C. S i l l  

E .  Freeman, DOE 



"'Summary Evaluat ion" from submission by Brian G. Rennex, NAHB Research 

Foundat i o n ,  Inc. 

A good way to suinmarize the evalualrion of this r e p o r t  is t o  conment 

on h o w  w e l l  t h e  goal of comparing a fri7.l-t.h-ickriess test method with 

a s l i c e d - b n t t  t es t  riiethod i.s i i i e t .  A t  t h e  o n s e t ,  I ~ h o i i l d  s ay  t h a t  

this goa l  and  t h e  corol l a r y  goa l  of d e t e r m i n i n g  what R - v a l i ~ e 5  nre 

a c t u a l l y  to be fourid on t:hc. marketplace are rrxtreii i~ly la l idable .  

c a t c h  i s  t h a t  i t  is v e r y  d i f f i c u l t  or, t o  put  i t  another  way, i t  

would r e q u i r e  a c o n s i d e r a b l e  e f f o r t  t:o a r r ive  at s t a t i s t l c n l l y  we1.1-  

substantiated conclus ions . ,  The g e n e r a l  reason f o r  t h i s  d i f f i c u l t y  

i s  t h a t  f i b r o u s  insu l .a t ion  p r o d u c t s  are v a r i a b l e  from plant- to-pl  a n t ,  

manufacturer- to-manufacturer ,  product- to-product  and p r o d u c i n g  

m a  chine- to-p roducTng inachi ne 

'The 

I n  f a c t ,  t h e r e  are two conparjsonr;  go ing  on be twwn t h e  f u l l - -  

t h i ckness  and the s p l i  crd-batt tcc,t methods. One cumparison is 

between t h e  de t e rmina t ion  o f  an R-per-uni t - thickness  va lue  based on 

a f u l l - t h i c k n e s s  measiirement and t h e  de te rmina t ion  based on a smaller- 

t h i c k n e s s  measureinent. 1Jith c e r t a i n  r e s e r v a t i o n s ,  i t  i s  c e r t a i n l y  

most likely that:  t h e  b e s t  R-per-unit  v a l u e  w i l l  resu3.t f rom measurements 

a t  a g r e a t e r  t h i ckness .  Howcwer, t h e  r-e:;r?rrntions are very impor tan t .  

Thr,lse d e a l  with the u n c e r t a i n t y  i n  measurement va lues  of thermal  con- 

duc t i -v i ty  at 1-arger thicknesses. Tt ia t  is ,  t h e r e  are  a t  least two 

I l k e l y  f a c t o r s  -involved i n  the measrirernent unce r t a in ty :  

t h i ckness  e f f e c t s  and edge e f f e c t s .  I n  o r d e r  t o  rra1.S.y e s t a b l i s h  

whether the smnl l e r - th fckness  v a l u e s  are not as good as t h e  full- 

namely, 
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t h i c k n e s s  v a l u e s ,  one shou1.d r e a l l y  know t h e  a c c u r a c y  of the  a p p a r a t u s .  

I n  f a c t ,  t h e  a c c u r a c i e s  of  l a r g e - - s c a l e  g u a r d e d  h o t  p l a t p s  a r e  n o t  

welL--lcnow-n. ?he comment on T a b l e  2 4  n o t e s  a 52 d i s c r e p a n c y  i n  t h e  

d a t a  w i t h h  this r e p o r t  f o r  a cornparison betwPen 1-1/2" incasureintnts  

and 3 '8  rneasure.ncnts.  Xy conclkis ion i s ,  thpn ,  L ? i n t  it is  n o t  possible 

a t  t h i s  t i m e  t o  make a well-substnntinted c o i i p n r i  son between ineasiirc- 

ments a t  s m a l . l r r - t h i c k n e s s e s  and a t  thjcknesscs of 3iv or n o r e .  

A second p a r t  of t h i s  coinparison betlween t h e  s o - c a l l e d  f u l l -  

t h i c k n e s s  and s l i c e d - b a t t  t es t  method is, i n  f a c t ,  a compar i son  

between a measurement a t  one  t h i - c k n e s s  t o  determine a K-value and a 

ioeasurcnient a t  t h r e e  t h i c k n e s s e s  to d e t e m i n e  a K-value by means of 

a K vs .  d e n s i t y  cu rve .  The i nadequacy  of making a s i - n g l e  t h i c k n e s s  

mcasurcinent i s  that i t  invol.ves a good chance t h a t  t h e r e  w i l l  be 

s i g n i f i c a n t  v o i d s  a t  the sa i i ip le  boundary,  i n  wh ich  c a s e ,  t h e r e  w i l l  

be a d d i t i o n a l  e r r o r s  i n  t h e  K-val-ue measurement. A second d i f f i c u l t y  

is  t h a t  a measurement a t  a s i n g l e  t h i c k n e s s  01- d e n s i t y  d o e s  n o t  p e r -  

m i t  the d e t e r m i n a t i o n  of a K vs. d e n s i t y  c u l v z .  This i n  t u r n  r e s u l t s  

i n  a less r e p r e s e n t a t i v e  c h a r a c t e r i z a t i o n  of a n  i n s u l a t i o n  produc t ,  

because  t h e r m a l  c o n d u c t i v i t y  measurements must be made f o r  each data 

p o i n t .  %e a l t e r n a t i v e  is to  deCcrmine a n  avei-age d e n s i t y  of a p r o d u c t  

based on measurements  of a much l a r g e r  volwne of i n s u l a t i o n .  The 

second part: of t h e  a l t e r n a t i v e  is to t hen  d e t e r m i n e  a K vs. d e n s i t y  

p roduc t  c u r v e  and t o  d e t e r m i n e  t h e  R-value a t  t h e  nomina l  d e n s i t y  t h a t  

was deterii i ined i n  the first  part .  In  c o n c l u s i o n ,  t h e  use of the ASTFi 

C653 t es t  method a v o i d s  a boundary -vo id  s o u r c e  of error and results i n  

a more r e p r e s e n t a t i v e  s a m p l i n g  of an I n s u l a t i o n  p r o d u c t ,  



An a d d i t i o n a l  c o n s i d e r a t i o n  in comparing the two methods i s  the 

i d e n t i c a l  t r e a t m e n t  of s a m p l e s .  The q u e s t i o n s  that arose i n  the 

comments w e r e  t h e  fol lowing.  

i n  t he  inetered a r e a  o r  v a s  i.t ar;suncd to be the sane f o r  the e n t i r e  

i n  s u l a  L ion s ; 3 n i p l e ?  

boundary v o i d s ?  

t i on  seeine.d t o  'nave hccrr Inore cor;iprc ed  thsn t h e  t . yp ica1  s a m p l e s  

measured at t h e  Research F o u n d a t h n .  Ti-le d c t e m i n a t  ion of t h e  

average d e n s i t y  is d i f f e r e n t .  S m q ~ l e  age nay have been a Eacl:or, a n d  

i t  would be  u s e f u l  t a  know the s a m p l e  age of the s a n p l ~ s  used  i n  t:his 

r e p o r t .  An a d d i t i o n a l  c o n s i d e r a t i o n  is  r e l a t e d  t o  s t a t i s t i c s .  My 

o v e r a l l  impression is  t h a t  t h e  nuinber of S a i 7 p 1 C s  w a s  too siiiall t:t> be 

rc-.prescntat:ive of t h e  i n d u s t r y .  There a r c  s e v e r a l  exariiples t h a t  

s u p p o r t  thi .s  op in i~on .  One was t h a t  a cornpririson of norni.ria1 t l e r i s  ity, 

which s h o u l d  have been the  same, showcd t h a t  > J ~ ~ I . ~ P S  i.n -..ilii.ch t . 1 ~  

Research Foundation had a grea t  d e a l  of c o n f i d e n c e  were s i g n i f i  cnnt:l.y 

outside o f  the  94% i n t e r v a l  q u o t e d  fo r  the same propert3.e.s in t h e  

repor t .  I n  addition, the u s e  of the "t" t e s t  and  t h e  pe rcen tage  in-- 

terval range must assume a u n i f o r m  p o p u l a t i o n .  I n  fact ,  t h e  popu1.ation 

of i n s u l a t i o n  p r o d c u t s  vary from plar l i :  t o  p l a n t .  Perhaps, this is 

the  reason that the 39% i n t e r v a l  comparisons do  not corre:;pond wi th  

comon--sense comparisons w i t h  w e l l  e s  tnb  l.ished average values. An 

a d d i t i o n a l  h d i c a t i o n  of whether or  not the stat is t ics  in the r e p o r t  

are characteristic of the  h s u l a t i o n  product  i s  found i n  t h e  a, b and 

c c .oe€f ic ien t  values. Xf the s t a t i s t i c s  were adequate, these values 

Vas [.he t (2s t d e n s i t y  d c t e r m i n r d  otlly 

Di.d t h e  f u  1 1 ~- t l i  i c  kn (3s :; i?<:;i 1;ilrernent res  u'l. t i 11 

The :;;iiripIcS t h 3 t  w e r e  s l i c : e d  by the  Kcsciirch For~11rli~- 
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should conve rge  t o  p h y s i c a l l y  r e a s o n a b l e  v n l u c s .  'Ibis w a s  n o t  t h e  

c a s e ,  even f o r  t h e  compos i t e  v a l u e s .  

On t h e  basis of t h e  above c o n s i d e r a t i o n s ,  I would l i k e  t o  make 

tile f o l l o w i n g  reco;iri i .ndation. 'Ll i is  rccorT,cndat ion i s  t h a t  the n u t l l o r s  

examine w i t h  c a r e  wliether o r  n o t  t he  s t a t i s t i c s  i n  t h e  r e p o r t  a r e  i n f s -  

l e a d i n g .  Any s t a t i s t i c s  t h a t  arc c o n s i d e r e d  t o  b e  i n i s l e a d i n g  s h o u l d  

n o t  b e  i n c l u d e d  i n  t h e  r e p o r t .  Tha t  i s ,  any d r e s s i n g  up o f  t h e  d a t a  

to  make i t  seem more c e r t a i n  i s  n o t  h e l p f u l  t o  the  i n v e s t i g a t i o n  of 

the ther iual  p r o p t r t  ics o f  i n s u l n t j o n .  I t h i n k  t h a t  the i n v e s t i g a t i o n  

s h o u l d  b e  c o n s i d e r e d  a p r e l i m i n a r y  i n v e s t i g a t i o n  based on a .s1:1311 and 

n o t - r e p r e s e n t a t i v e  s a m p l i n g  of t h e  in s i l l . n t ion  i n d u s t r y .  A r e s u l t  of 

t h i s  p r e l i m i n a r y  i n v c s C i g n t i o n  would c e r t a i n l y  b e  t h a t  t h e  r e p o r t  

g o a l s  s h o u l d  b e  i n v e s t i g a t e d  i n  a more tho rough  manner. l4y recormnew- 

d a t i o n  f o r  s u c h  an i n v e s t i g a t i o n  vould be t h a t  i t  s h o u l d  be  c a r r i e d  

o u t  by more t h a n  one l a b o r a t o r y  t o  i . n s u r e  t h a t  t h e r e  are not 

s y s t e m a t i c  d i f f e r e n c e s  between d i f f e r e n t  t e s t i n g  l a b o r a t o r i e s .  7 1 1  

a d d i t i o n ,  I would reconmend t h a t  a v e r y  p r e c i s e  a p p r a t u s  b e  u s e d  i n  

such  an i n v e s t j g a t i o n ,  f o r  example a l a r g e - s c a l e  heal: f l o w  meter,  

and t h a t  t h e  v a l u e s  of t h i s  a p p a r a t u s  b e  t i e d  t o  some n a t i o n a l  

s t a n d a r d .  This would h e l p  to e l i m i n a t e  u n c e r t a i n t i e s  d u e  t o  s y s t e m a t i c  

e r r o r s  between l a r g e - - s c a l e  h e a t  f l ow a p p a r a t u s e s .  

I n  TDY o p i n i o n ,  t h i s  s t u d y  has  served t h e  v e r y  va luab le  purpose 

of e s t a b l i s h i n g  t h e  c o m p l e x i t y  and t h e  overall d i f f i c u l t y  a s s o c i a t e d  

w i t h  a s t u d y  of, "Nhat R - v a l u e s  are a c t u a l l y  o u t  t h e r e  on the market- 

place." 

ment. 

1 chink the  au tho r s  shou ld  emphasize this valuable  acconplish- 
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D u r i n g  1 9 7 7  w h e n  t h i s  s t u d y  w a s  c o n d u c t e d ,  t h e  M i n e r a l  I n -  

s u l a t i o n  i n d u s t r y  w a s  m a n u f a c t u r i n g  a n d  t e s t . i n y  i n s u l a t i o n  p r o d -  

u c t s  u n d e r  p r o c e d u r e s  t h a t  r e p r e s e n t e d  t h e  s t a t e  cf t h e  a r t  a t  

t h a t .  t i m e .  T h e  p a r t i c i p a n t s  r e l y i n g  O I L  ?hcjse procedures i n -  

c l u d e d  not ;  o n l y  t h e  c o m p a n i e s  t h a t  m a n u f a c t u r e  m a t e r i a l s ,  b u t  

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

r n e n t ,  model .  code b o d i e s ,  i n d e p e n d e n t  t e s t i n g  l a b o r a t o r i e s ,  t h e  

N a t i o n a l  B l i r e a u  of  S t a n d a r d s ,  and AST1.I. T h e  t - h e r m a l  test peo-  

c e d u r e s  e m p l o y e d  t h e n  a r e  t h e  same a s  t h o s e  c u r r e n t l y  i n  ! ~ s e .  

The b a s i c  t e s t i n g  m e t h o d  i s  to o b t a i n  r e p r e s e n t a t i v e  m a t e r i a l  

s p e c i m e n s  1-1’ 2 ” t h i c k ;  t e s t  for t h e r m a l  c o n d i i c t i v i  Cy ( k )  i n  

a p p a r a t u s  w h i c h  h a s  b e e n  c a l i b r a t e d  w i  t.h t.he a v a i l a b l e  o n e - i n c h  

s t a n d a r d  r e f e r e n c e  m a t e r i a l  f r o m  t h e  N B S ;  t h e n  e x t r a p o l a t e  t h i s  

d a t a  t o  t h e  p r o d u c t ‘ s  f u l l  t h i c k n e s s  R - v a l u e  u s i n g  p r o c e d u r e s  

d e v e l o p e d  hy ASTM. T h e s e  t e s t  m e t h o d s  a n d  p r n c : c d u r c s  h a v e  b e e n  

r e c e n t l y  r e a f f i r m e d  b y  ASTM a n d  N B S  as  t h e  m o s t  a p p r o p r i a t e  f o r  

b a t t - t y p e  m i n e r a l  f i b e r  b u i l d i n g  i n s u l a t i o n .  

T h i s  s t u d y  w a s  i . n i t i a t . e r l  to c o n d u c t  e x p e r i m e n t a l  t e s t s  f o r  

R - v a l u e  a t  f u l l  p r o d u c t .  t h j - c k n e s s  (3’1”  a n d  6 ” )  a n d  t o  o b t a i n  d a t a  

f o r  c o m p a r i s o n  w i t h  t h e  c o n v e n t i o n a l  t e s t  m e t h o d s .  I t  s h o u l d  be 
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u n d e r s t o o d  t h a t  t h e  t h e r m a l  t e s t s  w e r e  p e r f o r m e d  b y  t h e  o n l y  

l a b o r a t o r y  i n  t h e  U n i t e d  s t a t e s  w h i c h  a t  t h a t  t i m e  h a d  a g u a r d e d  

h o t  p l a t e  equipL. , ie1 i t  c a p a b l e  o f  t e s t i n g  m a t e r i a l  a t  g r e a t e r  t h a n  

2 i n c h e s  t h i c k .  E q u i . p m r n t  of t h i s  t y p e  js s u b j e c t  t o  e r r o r s  w h i c h  

i n c r e a s e  w i t h  t e s t  t h i c k n e s s  a n d ,  i n d e e d ,  t h e  r e l a t i v e  a c c u r a c y  

of  t h i s  a p p a r a t u s ,  t e s t i o y  d t  f u l l  t h i c k n e s s ,  ( v e r s u s  t h e  COnVCn- 

t i o n a l  m e t h o d )  w i l l  n o t  b e  kno,,,,n u n t i l  t h i c k  s p e c i m e n  c a l i b r a t i o n  

s t a n d a r d s  a r e  p r o d u c e d  h y  t h e  NBS i n  1981. 

A n o t h c r  p o s s i b l e  s o u r c e  o f  e r r o r  i n  t h e  R - v a l u e s  r e p o r t e d  

i n  t h i s  s t u d y  i s  a s s o c i a t e d  w i t h  t h e  m e a s u r e m e n t  o f  r e c o v e r e d  

t h i c k n e s s .  D a t a  a v a i l a b l e  f r o m  a n  i n d e p e n d e n t  so i i r ce ,  t h e  N a t i o n a l  

A s s o c i a t i o n  o f  Home B u i l d e r s  R e s e a r c h  F o u n d a t i o n  ( N A I I B R F ) ,  t a k e n  

f r o i n  a much l a r g e r  a n d  c o m p r e h e n s i v e  s a m p l i n g  p r o g r a m ,  d i r e c t l y  r e -  

f u t e s  t h e  low r e c o v e r e d  t h i c k n e s s  d a t a  r e p r e s e n t e d  b y  a l i m i t e d  

s a m p l i n g  i n  t h i s  r e p o r t  a n d  t h e  s u b s e q u e n t l y  u n d e r s t a t e d  R - v a l u e s  

w h i c h  a r e  t h e  p r o d u c t s  o f  s u c h  m e a s u r e m e n t .  S i n c e  t h e  r e p o r t  d a t a  

a n d  MAIIRRF d a t a  r e l a t - i v e  t o  t h i c k n e s s  r e c o v e r y  w e r e  d e r i v e d  u t i l i z i n g  

t h e  s a m e  t e s t  m e t h o d s  ( A S T M  C 1 6 7 )  i t  r a i s e s  q u e s t i o n s  a b o u t  o t h e r  

p h y s i c a l  p r o p e r t y  t e s t  r e s u l t s  r e p o r t e d  i n  t h e  s t u d y .  F o r  e x a m p l e ,  

d e n s i t i e s  r e p o r t e d  i n  t h i s  s t u d y  w e r e  m e a s u r e d  o n  t h e  e n t i r e  2 4 "  x 

2 4 "  s p e c i m e n  ( i n c l u d i n g  p i e c e s  a d d e d  t o  i n a k c  u p  t h e  g u a r d  a r e a )  i n -  

s t e a d  o f  t h e  g e n e r a l l y  a c c e p t e d  m e t h o d  of u s i n g  t h e  12" x 1 2 "  h e a t  

f l o w  m e a s u r e m e n t  as  p r a c t i c e d  w i t h i n  t h e  NAHRRF prog~:arn .  By s o  d o i n g  

the s t u d y  i n t l r o d u c e d  v a r i a t i o n s  i n t o  t h e  K / d e n s i t y  r e l a t i o n s h i p  t h a t  

a r e  n o t  s u b s t a n t i a t e d  b y  t h e  p a r t i c i p a n t i n g  m a n u f a c t u r e r s '  q u a l i t y  

c o n t r o l  r e c o r d s .  



101 

O t h e r  q u e s t i o n s  h a v e  b e c r l  r a i s e d  c o n <  n i n g  t h e  v a l i d i t y  o f  

t h e  d a t a  and c o n c l  i ~ s i o i i s  r e p r e s e n t e d  i n  t h e  s t u d y .  F o r  e x a m p l e ,  

t h e  s a m p l e  s i z e  i s  c o n s i d e r e d  i n a d e q u a t e ;  some o f  t h e  rndt-er-ial 

Was not r e p r e s e n t a t i v e ;  a n d  t h e  m e t h o d  o i  s t a t i s t i c a l l y  e x t e n d i n g  

t h e  r e l a t i v e l y  s m a l l  s a m p l e  t o  t h e  entj re p r o d u c t i o n  o f  m i n e r a l  

i i b e r  b a t t  and b l a n k e t  i n s u L a t . i . o n  i s  at, bes t  q u e s t i o n a b l e "  S t a t i s -  

t . i c i a a s  c l e a r l y  d i s a q r e c  wit: .h t h e  t r e a t m e n t  of t h e  d a t a  i n  t h i s  

s t u d y  a s  b e i n g  r e p r e s e n t a t i v e  o f  t h e  p n p u l a t i o n  o f  i n s u l a t : . . i o n  p ro -  

d u c e d  d u r i n g  t - h e  s t . u d y  p e r i o d  i n  1 9 7 7 .  

T h e r m a l  d a t a  c o n t a i n e d  i n  t h e  s t u d y  r e p r e s e n t  m e a s u r e m e n t s  ob- 

t a i n e d  f r o m  an e x p e r i m e n t a l  p r o c e d u r e  t h a t  h a s  n o t  a s  o f  t h i s  date 

h e e r i  v a l i d a t e d  t .h rouqh e x p e r i e n c e  or a c c e p t e d  as t o  a c c u r a c y  hy t h e  

f e d e r a l  g o v e r n m e n t ,  ASTM, p r i v a t e  a n d  c o m m e r c i a l  t e s t . i r 1 y  l a b o r a t o r i e s ,  

o r  m e m b e r s  o f  t h e  i n s u l a t i o n  i r i d u s t r y .  Any a t t e m . p t  t o  p o r t r a y  t h e  

t h e r m a l  d a t a  a s  r e p r e s e n t a t i v e  of a c t u a l .  p r o d u c t  R - v a l u e  .in 1 9 7 7  i s  

1111 j u s  t i  f i e  d . 
F i n a l l y ,  t h e  o n l y  c o n c l u s i o n s  t h a t  s h o u l d  b e  d r a w n  from t h i - s  

e a r l y  e x p e r i m e n t - a 1  s t u d y  and o - t h e r  r e l a t e d  s t u d  

* That: full thickness t e s t i n g ,  as c o n d u c t : e d ,  

v a  1. u e s t h a n  c CI n veri t i o n  a 1 

* T h a t  t h e  di.f f e r e r i c e s  i n  R - v a l u e s  r e p o r t e d  

s 1 i c e t e s t i n  g . 

more than t w i c e  a s  l - a r g e  a 5  t h o s e  r e p o r t e d  

n t h i s  s t u d y  a r e  

i n  r e c e n t  t e c h n i c a l  

s em i n a r s w h  e r e  e F € 0  r t s t o  5 p e c i f i c a 1 1 y qua n ti € y t h c s o  - c a 11 e d 

t h i c k n e s s  e f f e c t  w e r e  d e t . a i l e d .  

* That t h e  exper i u t e n t a l  and u n p r o v e n  a p p a r a t u s  u s e d  was u n i q u e  

i n  1 9 7 7  a n d  h a d  n o t  b e e n  e i t h e r  c a l i b r a t e d  a t  t h e s e  t h i c k n e s s e s  

b y  t h e  N a t i o n n l  B u r e a u  of S t a n d a r d s  or checked h y  il r o u n d - r o b i . n  

t e s t  program as i s  t h e  CommOn p r a c t i c e  i n  t h e  indust:~:.y. T h e  
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known e r r o r s  w h i c h  c o n t r i b u t e  t o  a n d  e x a c e r b a t e  t h e  appaXeI1t  

t h i c k n e s s  e f f e c t  ( s u c h  a s  e d g e  l o s s  a n d  t h e r m a l  c o n t a c t  r e -  

s i s t a n c e )  w e r e  n o t  i d e n t i f i e d  a n d  q u a n t i f i e d  a n d  t h e r e f o r e ,  a r e  

s t i l l  r e f l e c t e d  i n  t h e  d a t a  a n d  t h e  resulting c o n c l u s i O n S .  

* T h a t  c h e  r e l a t i v e  i n p a c t  o f  t h e  s o - c a l l e d  t h i c k n e s s  e f f e c t  h a s  

n o t  b e e n ,  a n d  s t i l l  n e e d s  t o  bc, q u a n t i f i e d .  

* T h a t  t h e  r e l a t i v e  a c c u r a c y  o f  t e s t i n g  a t  f u l l  t h i c k n e s s  w i t h -  

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

w i t h  NBS c a l i b r a t i o n  s t a n d a r d s  h a s  n o t  b e e n  e s t a b l i s h e d  b y  

t h i s  s t u d y  a n d  r e m a i n s  a n e e d .  

* T h a t  i n d u s t r y  r e c o g n i z e s  e x i s t e n c e  o f  t h e  t h i c k n e s s  e f f e c t ,  but 

t h a t  t h e  c u r r e n t  l a c k  o f  c a l i b r a t i o n  c a p a b i l i t y  m i g h t  i n j e c t  

m o r e  e r r o r  t h a n  c o u l d  be  a L ' i r i h i i t e d  t o  t h e  t h i c k n e s s  e f f e c t  

a l o n e .  ( S e e  f o o t n o t e s  to ASTM C177 a n d  C 5 1 8 ) .  

* T h a t  when f u l l  t h i c k n e s s  c a l i b r a t i o n  s t a n c a r d s  a r e  a v a i l a b l e  

f r o m  t h e  NBS, e s t a b l i s h i n g  a b s o l u t e  v a l u e s  f o r  c e r t i f i c a t i o n  

p u r p o s e s ,  a n  a d j u s t m e n t .  f a c t o r  s h o u l d  b e  d e v e l o p e d  f o r  s l i c e  

t e s t i n g  a n d  e x t r a p o l a t i o n  t o  f u l l  t h i c k n e s s  R - v a l u e s .  

* T h a t  t h i s  s t u d y  a n d  r e p o r t  w i t h  t h e i r  a c k n o w l e d g e d  l i m i i a t i o n s ,  

s h o u l d  b e  s u p e r c e d e d  b y  a new s t u d y  w h i c h  u t i l i z e s  a n u m b e r  o f  

l a b s  ( a t  l e a s t  t h r e e )  a n d  a f a r  l a r g e r  s a m p l i n g  o f  p r o d u c t s  

f r o m  c u r r e n t  p r o d u c t i o n .  

I n  c o n c l u s i o n ,  M I M A  d o e s  n o t  o b j e c t  to t h e  c o n c e p t  o f  fuJ .1 .  t h i c k n e s s  

t e s t i n g ,  a n d  i n d e e d  a d v o c a t e s  i t s  u s e ,  b u t  o n l y  when t h e  p o s s i b 1 . e  

errors c a n  b e  r e l i a b l y  d s s e s s e d  by c o m p a r i s o n  t e s t i n g  u s i . n g  N R S  L o w  

d e n s i t y  c a l i b r a t i o n  s t a n d a r d s  o f  t h i c k n e s s  eqildl. t o  t h e  t h i c k n e s s  o f  

t h e  p r o d u c t s  t o  b e  m e a s u r e d .  U n t i l  s u c h  s t a n d a r d s  a r c  a v a i l a b l e ,  f u l l  
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t h i c k n e s s  tcsting m u s t  b e  r e g a r d e d .  as a t e n t a t i v e  e x p e r i m e n t a l  

p r n c c d u r e  and i l 0 L  u s p d  f o r  product e v a l u a t i o n .  N B S  h a s  i n d j  cated 

that i n  t h e  f u t u r e ,  ( e s t i m a t e d  t o  be  c a f l y  1 9 8 1 . ) ,  c a l i b r a t e d  s ta r i -  

d a r d s  f r o m  NBS w i l l .  h e l p  r e s o l v e  t h i s  s i t u a t i o n .  
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March 2 1 ,  1980 

Mr. 0. L .  McElroy 
Metals and Cerairiics Division 
Oak Ridge National Laboratory 
P.O.  Box X 
Oak Ridge, Tennessee 37830 

Dear Mr. McElroy: 

e n t i t l e d  "An Experimental Study of .Thermal Resistance Values of Low-Density 
Nineral -Fi ber Building Insu la t ion  Batts Commercially Available in 1977", 
I can only give you comments based on  a very cursory examination of t h i s  
r epor t .  

f a i r l y  adequate, b u t  shows a number of weaknesses of which t h e  following 
a r e  examples: 

1 .  In Table 1 ,  t h e  data f o r  any given manufacturer were pooled f o r  
a l l  p l an t s  from t h i s  manufacturer. If  t he re  i s  an addi t iona l  component 
due t o  p lan t - to-p lan t  v a r i a b i l i t y ,  the  standard deviation r e su l t i ng  from 
t h i s  pooling wi l l  genera l ly  be a n  underestimate of t he  t r u e  standard devia t ion  
and the length o f  the  confidence in te rva l  f o r  the  mean wi l l  l ikewise be under- 
es t imated .  

I n  view of t he  very l imited time I h a d  t o  examine the  d r a f t  r epor t  

The s t a t i s t i c a l  treatment of the da t a ,  on the  whole, appears to be 

2 .  The ha l f - ranges ,  expressed as percent of t i l e  means ( l a s t  column of 
Table 2 )  a r e  poor measures, expec ia l ly  when used t o  cornpare manufacturers, 
s ince  d i f f e r e n t  manufacturers were represented by d i f f e r e n t  sample s i z e s .  

3 .  In Table 7 ,  the values of a ,  b ,  and c were each obtained by 
solving 3 equations in 3 unknowns. --This does--not allow f o r  an eva lua t ion  
of t he  unce r t a in t i e s  of these  ca lcu la ted  values.  

4 .  Page 45:  I t  i s  not co r rec t  t o  s t a t e  t h a t  i n  a p robab i l i t y  p l o t  
F i r s t , o f  a l l ,  i t  i s  hard t o  judge 

Secondly, even a t e s t  o f  
"A s t r a i g h t  l i n e  ind ica t e s  normality".  
the  l i n e a r i t y  of a cumulative p robab i l i t y  p l o t .  
s ign i f i cance  (such a s  Hahn and Shapiro) can never p r o s  normality. 
only ind ica t e  t h a t  t he re  i s  no  cbnclusive evidence aga ins t  i t .  
a s  a bas i s  f o r  ca l cu la t ing  to le rance  i n t e r v a l s ,  e spec ia l ly  when sample s i z e s  
a r e  not l a r g e ,  i s  a r i sky  procedure, s ince  to le rance  i n t e r v a l s  a r e  q u i t e  
s e n s i t i v e  t o  the  na ture  o f  the-underlying d i s t r i b u t i o n .  

I t  can 
To use this 

These comments a r e  not exhaustive.  I would recommend t h a t  i f  a f i n a l  
d r a f t  of this r epor t  i s  prepared f o r  publ ica t ion ,  a c lose r  look should be 
taken a t  t he  s t a t i s t i c a l  treatment o f  t h e  d a t a .  
i t  could be improved. 

While n o t  s e r ious ly  wrong, 

Sincgrely yours ,  

John Mandel 
S t a t i s t i c a l  Consultant 
Na t i o na 1 Mea s u r m e n  t La bo fa to ry  

\ ' 4A. ' I c -LC< < c c (, 
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D e a r  M r .  McElroy: 

R e :  DOE r e p o r t  on t.ht?rmal r e s i s t a n c e  
v a l u e s  of i n s u l a t i o n  materials 

A l t h o u c j h  your l e t t e r  of  March 6 and t h e  report on i n s u l a + i o n  material.. a r r j -ved  
t h e  v e r y  n e x t  day  a € t e r  you phoned, d e a d l i n e s  on t w o  o t h e r  p r o j e c t s  on which I w a s  
working p r e v e n t e d  m e  a t  the t i m e  frorn makinq more t h a n  a c u r s o r y  rev iew of t h e  
r e p o r t .  A s  you probably  know, I c a l l e d  Mr. Yarbrouyh on  the 1 4 t h  and i n d i c a t e d  my 
r e s e r v a t i o n s  w i t h  r e s p e c t  t.o t h e  s t a % i s t i c a l  a n a l y s i s  i n  view of  t h e  manner .in which 
t h e  sampling of t h e  i r i su la t icm material w a s  c a r r i e d  o u t ,  hopinq t h a t  t h i s  would a t  
least g i v e  you s o m e  i n p u t  from m e  p r i o r  t o  t h e  meet ing on March 19. I now have had 
t i m e  t o  s t i i d y  t h e  r e p o r t  i n  d e p t h  and would l i k e  t o  make t h e  f o l l o w i n g  comments. 

1. I t  i s  u n f o r t u n a t e  t h a t  the sampling procedure  w a s  n o t  s t a t i s t i c a l 1 . y  des iqned  
for  t h e  study of t h e  d i s t r i b u t i o n  of  R-values for m i n e r a l  f i b e r  bat-t i n s u l a t i - o n s  
commercial ly  ava i l . ab le  i n  1977, which was one o f  t h e  pr imary  o b j e c t i v e s  o f  the 
report .  All t h a t  can be done now i n  t h i s  reqard is t o  proceed as i f  c e r t a i n  sets o f  
d a t a  a re  random samples  from s p e c i f i c  p o p u l a t i o n s  i.n which you are  i n t e r e s t e d ,  
checking  t h i s  assumption a y a i n s  t. p o s s i b l e  ev idence  of f iOI l randOmesS.  I w i l l  di.scuss 
t h i s  f u r t h e r  below. Tt i s  d i s s i r a b l e  t h a t  t h e  r e p o r t  make ve ry  clear t h e  h y p o t h e t i c a l .  
na t l i re  of i t s  f i n d i n y s .  

2.  I n  v i e w  o f  Comment 1, t h e  r e p o r t  shoiilrl y i v e  more i n f o r m a t i o n  t h a n  it does 
on j w t  how t h e  sample u n i t s  of i n s u l a t i o n  m a t e r i a l  w e r e  uht:ained. The geographica l .  
l o c a t i o n s  should b e  s p e c i f i - e l .  I t  is s t a t e d  t h a t  r e t a i l  o u t l e t s  were '*randomly" 
s e l e c t e d  at. each l o c a t i o n ,  but: j u s t  what d o e s  t h a t  mean? Were t h e  v a r i o u s  outlets 
l i s t e d  arid a table of random numherr; used to choose t h o s e  t h a t  went i n t o  t h e  sample 
or  d o e s  i t  s imply  mean t h a t  no pcirticiil.ar r u l e  w a s  fol lowed i n  s e l e c t i n g  t h e  o u t l e t s .  
1 g a t h e r  t h a t  u n i t s  of m a t e r i a l  from a qj-ven o u t l e t  were n o t  randomly chosen b u t  
were p u r p o s e l y  s e l e c t e d  so as  t..o meet a q u o t a  w i t h  r e s p e c t  t.o f i v e  p l a n t s  each f o r  
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t h r e e  g iven  manufac turers  and a l s o  t h a t  an e f f o r t  w a s  made t o  g e t  u n i t s  from d i f -  
f e r e n t  s h i f t s  or d a t e s  of manufacture .  It  would be  i n f o r m a t i v e  i f  t h e  r e p o r t  
could  g i v e  f u l l  h i s t o r i c a l  d e t a i l s  o f  j u s t  how t h e  u n i t s  of  a t  least  one of  t h e  
i n s u l a t i o n  m a t e r i a l s  were s e l e c t e d .  F o r  a r e a d e r  such a s  myself who h a s  l i t t l e  
knowledge o f  i n s u l a t i o n  m a t e r i a l ,  it would a l s o  be h e l p f u l  t o  d e s c r i b e  t h e  sampling 
u n i t  f o r  each material .  Is i t  a r o l l ?  What a r c  i ts  dimensions? 

3. I round t h e  coding of t h e  sampling u n i t s  somewhat p u z z l i n g .  The f o u r t h  
d i g i t  from t h e  l e f t  g e n e r a l l y  i n d i c a t e s  t h e  manufac tur ing  f a c j ~ l i t y  and t h e  manu- 
f a c t u r e r .  I n o t e .  however, t h a t  t h e  R-11 package coded 1103-3 comes from f a c i l i t y  
2 Of manufac turer  A .  Does t h i s  have any s i g n i f i c a n c e ?  A l s o  why i s  it numbered 
1103-3 and inc luded  i n  t h e  s e t  i n  which o t h e r  packages a re  nulrbered 1103-1 and 
1103-2?  There a r e  o t h e r  cases of  t h i s  kind i n  T a b l e s  A - 1  and A-2 .  

4 .  A f u l l e r  e x p l a n a t i o n  should be g i v e n  a s  to how specimens were s e l e c t e d  from 
t h e  v a r i o u s  sampling u n i t s .  It  i s  s t a t e d  t h a t  a l l  specimens come from t h e  middle  
p o r t i o n  of a sampling u n i t .  'The p a i r  of a p p a r e n t  thermal  c o c d u c t i v i t y  spzcimens a r e  
s t a t e d  t o  be " c u t  from approximate ly  t h e  same l o c a t i o n "  which I presume means t h a t  
t h e y  were approximate ly  cont iguous .  Thc d e n s i t y  specimens a r e  s a i d  t o  come from 
" d i f f e r e n t  l o c a t i o n s " .  Was t h e  d i s t a n c e  hetween them g e n e r a l l y  about  t h e  same and 
i f  so,  can informdt ion  be g i v e n  on t h i s ?  Alsoweret i12 locat ions €rom which subsequent  
specimens f o r  Phase 2 of  t h e  s t u d y  w e r e  taken as far from t h e  l o c a t i o n s  from which 
t h e  d e n s i t y  specimens f o r  Phase 1 were t a k e n  a s  t h e  two l a t t e r  l o c a t i o n s  were from 
each o t h e r ?  

5. I n  view o f  t h e  mariner i n  which t h e  sample u n i t s  were o b t a i n e d  it i s  w e l l  
t o  look a t  t h e  t e s t  r e s u l t s  f o r  p o s s i b l e  ev idence  of lack  o f  homogeneity. Toward 
t h i s  end I have prepared  t h r e e  c h a r t s ,  c o p i e s  of which a r e  enc losed .  Figui-e 1 i s  
a plot  of  t h e  a b s o l u t e  d i f f e r e n c e  between two measurements f o r  t h e  same ba'ct of t h e  
test  d e n s i t y  o f  R - l l  f i b e r g l a s s .  Looking upon F i g u r e  1 as  a r a n g e  " c o n t r o l  c h a r t "  
f o r  a sample of  2 ,  w e  n o t e  t h a t  nGne of t h e  p o i n t s  f a l l  above t h e  upper  " c o n t r o l  
l i m i t . "  The s e t  of  t h r e e  smal l  d i f f e r e n c e s  f o r  manufac tur ing  f a c t u r y  A - 1  s u g g e s t s  
t h a t  it might  be worthwhile  s tudying  w i t h i n - b n t t  v a r i a b i l i t y  f u r t h e r ,  b u t  t h e  r e p o r t e d  
d a t a  d o  n o t  show a s t r i k i n g  l a c k  o f  homogeneity w i t h  r e s p e c t  t o  w i t h i n - b a t t  v a r i a b i l i t y  
of t e s t  d e n s i t y .  

F i g u r e  2 ,  which is a p l o t  of a v e r a g e  t e s t  d e n s i t i e s ,  does  show a d e f i n i t e  l a c k  
o f  homogeneity. I have been t o l d  t h a t  t h e  obvious  d i f f e r e n c e  between t h e  t e s t  
d e n s i t i e s  f o r  Manufacturers  A and C on t h e  one hand and t h o s e  f o r  Manufacturer  R 
on t h e  o t h e r  i s  due t o  t h e  d i f f e r e n c e  i n  t h e  p r o c e s s  o f  manufacture  and was t o  b e  
expec ted .  I t  casts doubt ,  however, on t h e  u s e f u l n e s s  of any composi te  a n a l y s i s  
of  t h e  v a r i a t i o n  i n  t e s t  d e n s i t i e s  between f a c i l i t i e s .  V a r i a b i l i t y  w i t h i n  a f a c i l i t y  
d o e s  n o t  show t h e  s a m e  s t r i k i n g  d i f f e r e n c e  between manufac turers .  F i g u r e  2 s i g n a l s  
t h e  need f o r  be ing  g e n e r a l l y  c a u t i o u s  i n  merging d a t a  f o r  Manufacturer  B w i t h  d a t a  
f o r  o t h e r  manufac turers .  
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F i g u r e  3 ,  which g i v e s  R-values f o r  R-11 f i b e r g l a s s  f o r  recovered  t h i c k n e s s ,  
shnws 1 i- t t le d i f f e r e n c e  i n  t h e  a v e r a g e s  of t h e  three manufac turers .  I t  i s  possible 
t h a t  numer ica l  a n a l y s i s  might  show s i g n i f i c a n t  dj.ff e r e n c e s  between t h e  means o f  
t h e  d i f f e r e n t  manuf a c t u r i n q  f a c i l i t i e s  and/or  t h e  v a r i a b i  7 . i  t y  of  f a c i l i t y  output..  

6 .  I h e s i t a t e  t o  comment on t h e  procedure  f o r  g o i n g  from R-values a t  re- 
covered  t h i c k n e s s  t o  R-values a t  r u m i n a l t h i c k n e s s  s i n c e  I know l i t t l e  a b o u t  t h e  
p r o p e r t i e s  of i n s u l a t i o n  material  nor  t h e  p h y s i c a l  r e l a t i o n s h i p s  t h a t  under l i . e  
t h e  form o f  e q u a t i o n  ( 7 )  - I g a t h e r  t h a t  t h e  v a l u e s  o f  t h e  c o n s t a n t s  a ,  b ,  and c 
t h a t  are c o n s i d e r e d  a p p r o p r i a t e  f o r  a g i v e n  material are  a f u n c t i o n  of t h e  proper -  
t i e s  of t h a t  p a r t i c u l a r  material .  S i n c e  14anufacturer e u s e s  a d i f f e r e n t  manufactur-  
inrrf process t-han manufac turers  A and c ,  I would t h i n k  t h a t  v a l u e s  of a ,  b ,  and c 
d e r i v e d  by least  s q u a r e s  f o r  each s e p a r a t e  m,anufact:ilrer wou1.d be  a more a p p r o p r i a t e  
set t o  u s e  t h a n  t h e  l eas t  s q u a r e s  v a l u e s  of  a ,  b. arid c d e r i v e d  from t h e  composite 

presumpti.on a p p e a r s  t o  be suppor ted  by enc losed  F i q u r e s  4 and 5. 

v a l u e s  for a #  b ,  and c ,  shows a g r e a t e r  v a r i a t i o n  i.n t h e  median v a l u e s  f o r  e a c h  
manufac turer  t h a n  does F i g u r e  5 ,  which d i s p l a y s  t h e  R-values a t  
from least s q u a r e s  v a l u e s  f o r  a ,  b, and c d e r i v e d  for  each manufac turer  s e p a r a t e l y .  

h d i s p l a y s  t h e  R-values a t  TN computed from composite l e a s t  s q u a r e s  

TN computed 

7. I have not: checked t.o see whether  t h e  R-values a t  TN d e r i v e d  from separate 

TpJ d e r i v e d  from composite least 
manufac turer  least s q u a r e s  estimates of  a r  b,  and c f o l l o w  a normal d i s t r i b u t i o n  
as  F i g u r e  9 o f  t h e  r e p o r t  shows f o r  t h e  R-values a t  
squarer :  estimates of a ,  b, and c.  T do n o t  b e l i e v e  t h a t  t h i s  is a p a r t i c u l a r l y  
rei-evant c o n s i d e r a t i o n .  Evidence t h a t  a set of  d a t a  p l o t s  a l o n g  a s t r a i g h t  l.i.ne on 
normal p r o b a b i l i t y  p a p e r  i s  not  "proof" t h a t  t h e  d a t a  a r e  random. A t i m e  series 
t h a t  f o l l o w s  a l o g i s t i c  t y p e  of growth s i m i l a r  t o  t h e  o g i v e  o f  a c u m u l a t i v e  normal 
d i s t r i b u t i o n  wou1.d p l o t  l i n e a r l y  on normal p r o b a b i l i t y  paper .  For t h e  case i n  
hand, e n c l o s e d  F i g u r e  4 i n d i c a t e s  t .hat  R--val.ues f o r  Manufacturer  H are  predominant  
on t h e  lower t a i l  of t h e  d i s t r i b u t i o n  and R-values for Manufacturer  A are predominant  
on t h e  upper  t a i l ,  which i s  n o t  what you would expect. from p u r e l y  random d a t a .  

8. I n  l i n e  w i t h  t h e  above argument ,  I b e l i e v e  i.t would be d e s i r a b l e  t o  d e l e t e  
t h e  p r e s e n t a t i o n  o f  c o n f i d e n c e  l i m i t s  f o r  the composi te  mean. Confidence l i m i t s  
for. t h e  mean o u t p u t  o f  each  manufac tuere  could  be p r e s e n t e d  i f  i t  i s  c l e a r l y  s t a t e d  
t h a t  t h e s e  are based on t h e  n o t  d e f i n i t i v e l y  v e r i f i e d  assumption t h a t  i n  e a c h  case 
t h e  d a t a  are a random sample from a normal d i s t r i b u t i o n .  

9.  With r e s p e c t  t o  t h e  p e r c e n t a g e  of  R-values below t h e  nomi.1;a? v a l u e  or b e l o w  
.9 of t h e  nominnlva lue ,  I be l j -eve ,  f o r  r e a s o n s  I have i n d i c a t e d ,  t h a t  it would be  
better- t o  work w i t h  t h e  R-values a t  TN d e r i v e d  from least s q u a r e s  e s t i m a t e s  of 
a ,  b, and c f o r  each  s e p a r a t e  manufac turer  r a t h e r  t h a n  w i t h  t h e  R-values d e r i v e d  
from t h e  composite e s t i m a t e s  of  a ,  b, and c ,  i - e .  i t  would be  b e t t e r  t o  work w i t h  
d a t a  o f  e n c l o s e d  F i g u r e  5 i n s t e a d  o f  e n c l o s e d  F i g u r e  4 .  The argument could  be  made t h a t  
if t h e  d a t a  of encI.osed F i g u r e  5 could  be viewed as a random sample from each  manu- 
f a c t u r e r ' s  o u t p u t  and i f  t h e  p r o p o r t i o n  o f  t h e  t o t a l  o u t p u t  t u r n e d  o u t  by each  manu- 
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f a c t u r e r  is t h e  same a s  t h e  p r o p o r t i o n  i n d i c a t e d  i n  t h e  sample, t h e n  u s i n g  t h e  
b inomia l  d i s t r i b u t i o n ,  a lower .99 conf idence  l i m i t  can  be d e r i v e d  for  t h e  p e r -  
c e n t a y e  o f  t h e  combined o u t p u t  t h a t  f a l l s  below t h e n o m i n a l R  or . 9  o f  t h e  nominal 
R. Thus, i n  t h e  enc losed  F i g u r e  5 ,  10 o u t  of r 2  o r  approximate ly  2 4 %  of  t h e  p o i n t s  
plot above an R-value of 11. From t h e  enclosed copy of a page from t h e  N a t i o n a l  
Bureau of  S tandards  Tables of t h e  Binomial P r o b a b i l i t y  . . . . . . . . . . . . D i s t r i b u t i o n - ,  w e  n o t e  t h a t  
t h e  p r o p o r t i o n  of  R-values i n  t h e  p o p u l a t i o n  t h a t  are  e q u a l  t o  or above 11 would 
have t o  be  approximate ly  409 t o  have a p r o b a b i l i t y  of 99% o f  g e t t i n g  1 0  or  more 
R--values  above 11 i n  a random sample o f  42. Thus t h e  l o w e r  .99 c o n f i d e n c e  l i m i t  
f o r  t h e  p o p u l a t i o n  p r o p o r t i o n  of  R-values below 11 would be approximate ly  1 - .40  
or  60%. [Compare t h i s  w i t h  t h e  69% lower l imi t  g iven  i n  t h e  r e p o r t . ]  A s i m i l a r  
p rocedure  could  be used t o  f i n d  t h c  lower .99 conf idence  l i m i t  f o r  t h e  p o p u l a t i o n  
p r o p o r t i o n  of  R-values below 9.9. I am s k i p p i n g  over  some of t h e  n i c e t i e s  involved  
i n  thi .5  t y p e  of a n a l y s i s ,  b u t  I b e l i e v e  t h e  procedure  i s  good enough f o r  your 
purposes .  I would l i k e  t o  n o t e ,  however, t h a t  t h e  proper  form f o r  a c o n f i d e n c e  
i n t e r v a l  s t a t e m e n t  i s  t o  say t h a t  t h e r e  i s  a probabi - l i ty  o f  .99 t h a t  the  i n t e r v a l  
- 6 0  - 1-00 b r a c k e t s  t h e  p o p u l a t i o n  p r o p o r t i o n  p.  

__._____. 

10.  I n  t h e  above a n a l y s i s  no u s e  i s  made of  t h e  assumption of a normal d i s t r i . -  
b u t i o n .  The Bowker-Lieberman r e f e r e n c e  on p .  50 o f  t h e  r e p o r t  i s  n o t  p e r t i n e n t  
f r o  t h e  a n a l y s i s .  What t h e  Bowker-Lieberman t a b l e  g i v e s  i s  a l i s t  of  t h e  k - f a c t o r s  
t h a t  could  be  used i n  making a s t a t e m e n t  t h a t  t h e r e  i s  .99 c o n f i d e n c e  t h a t  95%, 
or (1 - a )  i n  g e n e r a l ,  of  t h e  p o p u l a t i o n  v a l u e s  w i l l  be covered by t h e  i n t e r v a l  0 
t o  2 + k s .  
n o r m a l i t y .  I t  is not  a conf idence  i n t e r v a l  s t a t e m e n t  f o r  t h e  p o p u l a t i o n  p r o n o r t i o n  
p and does n o t  i n v o l v e  t h e  nominal v a l u e  11. 

T h i s  i s  a t o l e r a n c e  i n t e r v a l  s t a t e m e n t  dependent  on t h e  assumption o f  

11. The a n a l y s i s  of  t h e  e f f e c t  of  s p l i c i n g  a p p e a r s  t o  b e  s t r a i g h t f o r w a r d .  
'The o n l y  comment I have is t o  n o t e  t h a t  i f  0.9 i s  added t o  t h e  R-values  a t  TN 
shown i n  enc losed  Fi.gure 5 f o r  Manufacturer  C ,  a l l  b u t  one w i l l  be r a i s e d  t o  v a l u e s  
e i t h e r  above 11 o r  v e r y  close t o  11. 

1 2 .  A general .  comment i s  t h a t  it would be v e r y  h e l p f u l  t o  a r e a d e r  l i k e  
myself who i s  not  kriowledgeable i n  t h e  a r e a  t o  p r e s e n t  a t  t h e  beginning  a c o n c i s e  
s t a t e m e n t  o f  t h e  l o q i c  of  de te rmining  R-values a t  nominal t h i c k n e s s .  I presume 
emphasis i s  put, on R-values a t  nomiha1 t h i c k n e s s  r a t h e r  t h a n  on R-values a t  recovered  
t h i c k n e s s  because t h i s  i s  t h e  way a product  i s  d e s c r i b e d  i n  t h e  market  and t h e  
report i s  i n t e r e s t e d  j.n showing how w e l l  p roduct  s o l d  compl ies  w i t h  t.he m a n u f a c t u r e r ' s  
c e r t i f i c a t i o n .  I f  t h e r e  a r e  o t h e r  r e a s o n s  f o r  be ing  i - n t e r e s t e d  i n  R-values a t  
nominal t h i c k n e s s ,  t h e y  should be s t a t e d .  I t  would a lso be  h e l p f u l  i f  a l l  t h e  t a b l e s  
and c h a r t s  w e r e  a n n o t a t e d  so t h a t  t h e  c o n t e n t s  a r e  f u l l y  oxplai.ncd or r e f e r e n c e d .  

I am sending  c o p i e s  of  t h i s  l e t t e r  t o  John Mandel, s i n c e  he  i s  a f e l l o w  member 
of Committee E-11  who w a s  asked t o  review t h e  r e p o r t  and t o  B. G .  Rennex who 
a p p e a r s  t o  have c o n s i d e r a b l e  i n t e r e s t  i n  it. I hope t h i s  review w i l l  r e a c h  you i n  
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M r .  McElroy 
March 24, 1380 
Page 5 

t i m e  t o  be of u s e  to  you. I€ you have any q u e s t i o n s  o r  i E  I can be of any  further 
a s s i - s t a n c e ,  please let m e  know. The report is a v e r y  s i g n i f i c a n t  u n d e r t a k i n g  and 
d e s e r v e s  a l l  t h e  a t t e n t i o n  t h a t  can be q i v e n  it. 

S ince re ly  y o u r s ,  

Acheson J. Dunca 
Department of Mathematical  S c i e n c e s  
The Johns Hopkins U n i v e r s i t y  
B a l t i m o r e ,  Md. 2 1 2 1 8  

AJD/djm 

ENCLOSURES 

cc: J .  Mandel 
R .  G.  Kennex 

P.S. An a n a l y s i s  similar to t h a t  developed above for  R-11 fiberglass can 
a lso be a p p l i e d  t o  t h e  o t h e r  i n s u l a t i o n  materials.  
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