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FOREWORD 

T h i s  i s  one o f  a s e r i e s  o f  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 demonstrat ion a c t i v i t i e s  i n  support  o f  t he  
Na t iona l  Program f o r  B u i l d i n g  Thermal Envelope Systems and Ma te r ia l s .  
The Na t iona l  Program involves severa l  f e d e r a l  agencies 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  sectors who a r e  addressing the  
n a t i o n a l  o b j e c t i v e  o f  decreasing energy wastes i n  the  hea t ing  and 
c o o l i n g  o f  b u i l d i n g s .  
Na t iona l  Program through de lega t ion  o f  management r e s p o n 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  the  Oak Ridge Na t iona l  Laboratory.  

Results descr ibed I n  t h i s  r e p o r t  a r e  p a r t  o f  the 

George E. C o u r v i l l e  
Program Manager 
B u i l d i n g  Thermal Envelope 

Systems and M a t e r i a l s  
Oak Ridge Na t iona l  Laboratory  

Sam Tagore 
Program Manager, B u i l d i n g  Systems 

D i  v i  si  on 
O f f i c e  o f  B u i l d i n g s  Energy R&D 
Department o f  Energy 
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EXECUTIVE SUMMARY 

The thermal res i s tance  o f  b u i l d i n g  i n s u l a t i o n s  i s  usually determined 
f rom l a b o r a t o r y  measurements on prepared samples o f  t he  I n s u l a t i o n  under 
s teady-state cond i t i ons .  More r e c e n t l y  t he re  has been increased i n t e r e s t  
i n  making measurements on i n s t a l l e d  systems under f i e l d  cond i t i ons  because 
o f  a concern over  a p o t e n t i a l  d i f f e r e n c e  between design s p e c i f i c a t i o n s  and 
f i e l d  performance. This  d i f f e r e n c e  can r e s u l t  f rom a v a r i e t y  o f  m a t e r i a l  
and performance c h a r a c t e r i s t i c s .  The purpose o f  t h i s  r e p o r t  i s  t o  evalu- 
a t e  one procedure f o r  con t inuous ly  m o n i t o r i n g  t h e  thermal res i s tance  o f  
i n s u l a t i o n  on low slope r o o f s  under f i e l d  condi t ions.  

Most i n s u l a t i o n  used on low s lope r o o f s  i s  r i g i d  board m a t e r i a l  w i t h  
d e n s i t i e s  ranging from one pound p e r  cub ic  f o o t  foam t o  15 pounds per  
cub ic  f o o t  f iberboard.  These boards t y p i c a l l y  a r e  s lzed from 2 f o o t  by 
t h r e e  f o o t  f o r  h i g h  d e n s i t y  f i b e r b o a r d  t o  4 f o o t  by 8 f o o t  f o r  l a w  den- 
s i t y  foams w i th  thicknesses t h a t  va ry  from one-hal f  an i n c h  t o  several  
inches. T y p i c a l l y  r o o f s  w i l l  have more than one l a y e r  o f  boards w i t h  
t h e  j o i n t s  between boards staggered t o  reduce thermal b r i dg ing .  
Determining the  thermal res i s tance  o f  an i n s u l a t i o n  board requ i res  tem- 
p e r a t u r e  measurements on e i t h e r  s i d e  o f  t h e  board and the  heat f l u x  on 
t h e  top  o r  t h e  bottom. 

A t  ORNL, these measurements a r e  c a r r i e d  o u t  on r o o f  samples mounted on 
the  Roof Thermal Research Apparatus (RTRA). Th is  I s  an outdoor f a c i l i t y  
designed f o r  easy i n s t a l l a t i o n  and cont inuous mon i to r i ng  o f  r o o f  
samples. The i n s i d e  o f  t h e  RTRA i s  h e l d  a t  constant  temperature and 
houses t h e  data a c q u i s i t i o n  system which c o l l e c t s  and s to res  h o u r l y  data 
from sensors mounted on r o o f  t e s t  specimens. 

The a n a l y s i s  procedure used t o  determine the  thermal res i s tance  i s  the 
computer program PROPOR. PROPOR, an a p p l i c a t i o n  o f  i nve rse  heat 
t r a n s f e r  theory,  couples use o f  the t r a n s i e n t  one-dimensional conduct ion 
heat  t r a n s f e r  equat ion w i t h  a l e a s t  squares procedure. B a s i c a l l y ,  t he  
user  i n i t i a t e s  the  program by d e f i n i n g  t h e  program geometry and i n p u t i n g  
boundary temperatures and an i n i t i a l  guess f o r  t he  m a t e r i a l  thermal con- 
d u c t i v i t y .  The program then computes values f o r  t h e  heat f l u x  and any 
i n t e r n a l  temperatures a t  s i t e s  where the re  a r e  thermocouples. These 
computed values a r e  compared t o  the  measured values a t  t he  same t ime and 
an improved thermal c o n d u c t i v i t y  i s  pred’icted. Th is  process i s  repeated 
u n t i l  t h e  f i t  between t h e  computed and the  measured q u a n t i t i e s  i s  l ess  
than some pre-determined value. The f i n a l  thermal c o n d u c t i v i t y  i t  takes 
i s  t he  b e s t - f i t  value f o r  t he  m a t e r i a l .  A v a r i a t i o n  o f  the technique 
p r e d i c t s  the  thermal C o n d u c t i v i t y  a t  several  temperatures w i t h i n  the 
range o f  temperatures covered by t h e  t e s t .  Th i s  l a t t e r  technique e s t i -  
mates t h e  temperature dependency o f  t he  thermal c o n d u c t l v i t y  f o r  the 
m a t e r i a l  and i s  t he  technique used i n  t h i s  work. 

x i x  



The t e s t  sample used in t h i s  work was n o t  a commercial ly a v a i l a b l e  
i n s u l a t i o n .  Th foam m a t e r i a l  had a h i g h  i n i t i a l  thermal res i s tance  
and e x h i b i t e d  s i g n i f i c a n t  t h  rmal d r i f t :  t h a t  i s ,  a gradual  decrease 
i n  thermal res is tance w i t h  t me. Continuous PROPOR a n a l y s i s  showed 
t h a t  the thermal res i s tance  o f  the sample decreased 27 percent  from i t s  

g l n a l  value over the  two-year p r o j e c t .  Laboratory  s teady-state 
surements made before and a f t e r  the f i e l d  t e s t  i n d i c a t e d  a decrease 
24 percent. The decrease i n  thermal res i s tance ,  a f t e r  c o r r e c t i n g  f o r  

t ~ ~ ~ e r a ~ ~ ~ e  v a r i a t i o n ,  showed an exponent ia l  decrease. T h i s  i n d i c a t e s  
t h a t  t he  behavior i s  cons i s ten t  w i th  t h e  usual i n t e r p r e t a t i o n  t h a t  t h e r -  
mal d r i f t  as a r e s u l t  o f  gas d i f f u s i o n ;  a i r  d i f f u s i o n  i n t o  t h e  c losed 
c e l l  s t r u c t u r e  o f  the foam o r  d i f f u s i o n  o f  t he  CFC gas outward. 

The p r o j e c t  I 1  1 u s t r a t e  the value of the PROPOR technique f o r  continuous 
mon i to r i ng  of  the thermal res i s tance  o f  r o o f  i n s u l a t i o n s  under f i e l d  
l i k e  condi t ions.  The technique I s  c u r r e n t l y  be ing used i n  several  t e s t  
programs a t  OWL. 

xx 



MEASUREMENT OF THERMAL 
DRIFT I N  FOAM INSULATION 

G. E. C o u r v i l l e  
P. GI. C h i l d s  

Energy D i v i s i o n  
Oak Ridge Na t iona l  Laboratory  

ABSTRACT 

Oak Ridge Na t iona l  Laboratory  (ORNL) has developed a procedure f o r  

measuring thermal p r o p e r t i e s  o f  i n s u l a t e d  r o o f s  d u r i n g  exposure t o  f 

cond i t i ons .  Th is  procedure i n v o l v e s  f i e l d  mounting o f  instrumented 

t e s t  specimens on t h e  Roo f  Thermal Research Apparatus (RTRA), an a u t  

door f a c i l i t y  a t  ORNL, and the  use o f  t he  PROPOR computer program t o  

el d 

c a l c u l a t e  thermal p r o p e r t i e s  f rom f i e l d  data. Hour l y  data f rom samples 

a r e  r o u t i n e l y  c o l l e c t e d  and s t o r e d  f o r  subsequent computer ana lys i s ,  

I n s p e c t i o n  o f  th is  reco rd  prov ides cont inuous and d e t a i l e d  i n fo rma t ion  

on the  dynamic t h e m 1  performance o f  r o o f  systems. 

To t e s t  t h i s  procedure and t o  examine the  p o t e n t i a l  o f  PROPQR for  

d e t e c t i n g  p h y s i c a l l y  s i g n i f i c a n t  changes i n  R-values, e.g., due t o  

seasonal changes i n  temperature o r  due t o  d r i f t  o f  thermal res i s tance  

i n  foam i n s u l a t i o n s ,  a spec ia l  t e s t  was conducted on the RTRA. The 

t e s t  sample, n o t  commercial ly a v a i l a b l e ,  had a h i g h  i n i t i a l  R-value and 

e x h l b i t e d  a s i g n i f i c a n t  thermal d r i f t .  PROPOR a n a l y s i s  o f  weekly data 

s e t s  showed t h a t  t he  R-value o f  t he  sample decreased 27 percent  from i t s  

o r i g i n a l  va lue over the  2-year p r o j e c t ,  Laboratory  s teady-state 

measurements made be fo re  and a f t e r  the f i e l d  t e s t  gave a decrease o f  

about 24 percent.  

Research sponsored by the O f f i c e  o f  B u i l d i n g s  and Comnunity Systems, 
B u i l d i n g  Systems D i v i s i o n ,  U.S. Department o f  Energy, under c o n t r a c t  
DE-AC05-840R21400 w i t h -  the M a r t i n  M a r i e t t a  Energy Systems, Inc.  
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1. INTRODUCTION 

The thermal res i s tance  o f  t m i l d i n g  i n s u l a t i o n s  i s  u s u a l l y  determined 
f rom l a b r a t o r y  measurements on prepared sawpl es  o f  t h e  I n s u l a t i o n  under 
steady-state c o n d i t i o n s  according t o  one of several  ASTH standard 
methodsl, More r e c e n t l y  t h e r e  has been Increased I n t e r e s t  i n  making 
measurements on i n s t a l l e d  systems under f i e l d  c o n d i t i o n s  because o f  a 
t o n ~ ~ i - r i  o v e r  a d i f f e r e n c e  between design s p e c i f i c a t i o n s  and f j e l d  per-  
formance. T h i s  difference can i -esu l t  f rom mo is tu re  pene t ra t i on ,  f r o m  
chancjes In gas cancent ra t ions  i n  gas f i l l e d  foam i n s u l a t j o n s  (thermal 

d i t - ions  over t i m e ,  and f r o m  c o n t r a c t o r  d e v i a t i o n s  f rom plans, I n  a l l  
cases one would  l i k e  t o  have i n - s i t u  prcrrcedures i n  akder t o  a v o i d  
ml terqng t he  performance cond i t i s r l s  du r ing  a measurement. 

d r i f t ) ,  f r o m  thermal br idges,  f r o m  changes i n  surface boundary con- 

Tus k inds o f  problems camp1 i c a t e  f i e l d  measurements: i ns t rumen ta t i on  
problems r e l a t i n g  t o  i n s t a l l a t i o n  and c a l i b r a t i o n ,  and a n a l y s i s  prablems 
r e l a t i n g  t o  t h e  t r a n s l e n t  na ture  o f  t h e  env5ronmental boundary con- 
d i t i o n s .  
y e t ,  no standard techniques a v a i l a b l e  for  making thermal measurements o f  
r o o f  s y s t e m  under F i e l d  condi%ians.3 The main purpose o f  t h i s  document 
i s  t o  r e p o r t  on procedures t h a t  a r e  be ing  develaped a t  Oak Ridge 
Nat iona l  Laboratory  (ORNL) t h a t  have t h e  p o t e n t i a l  o f  becoming standard 
p rac t i ce ,  

While researchers  Rave s t u d i e d  these problems2 t h e r e  are,  as 

The ~ o r k  i s  a praduct  of  t h e  Roof Research Center a t  ORWL. T h i s  Cen te r  
i s  if Nat lona l  U s e r  F a c i l i t y ,  sponsored by t h e  U.S. Department of  Energy 
w l t h  i t s  apparatus arid c a p a b i l i t i e s  a v a i l a b l e  t o  the indus t ry  f o r  
c o o p e r a t i v e  o r  p r o p r i e t a r y  t e s t i n g .  Th is  p r o j e c t  has been a j o l n t  
e f f o r t  be twen  BWNL, t h e  Koppers Company", and Holametr' lx Inc.** t o  
compare independent procedures f o r  monitoring t h e  i n  s i t u  thermal per- 
formance on r o o f  systems. D e t a i l s  of t h e  comh-iined pro jec t  have been 
p u b l - i s h e d  e 1 ~ e w h e i - e . ~  Th is  donlnrnent descr ibes  t h e  ORML a c t i v i % i e s  i n  
more d e t a i l .  

T e s t s  have been c a r r i e d  o u t  ora t h e  Roof Thermal Research Apparatus 
(RIWBI) sho~iln i n  Fig.  1. The RSRA i s  an outdoori,  f u l l y  instrumented t e s t  
p l a t f o r m  w i t h  capac i t y  f a r  simultaneous, independent k s t i n g  o f  four  
specimen r o o f  systms.  Specimens t h a t  are  1.2 rn by 21.4 rn ( 4  f t  by 8 f t )  
are  csnstr-ucted sff-site i n  spec ia l  angle  i r o n  frames and t ranspor ted  t o  
t h e  RTK.4. I n  t h e  RTWA t h e  e x t e r - i o r  sur face  o f  specimens i s  exposed t o  
l o c a l  weather  and the i n s i d e  i s  maintained a t  room cond i t i ons .  
Numerical c a l c u l a t i o n s  us ing  I1EATING 6, a general  purpose f i n i t e  d i f -  
f e r e n c e  code a v a i l a b l e  a t  OWLS, tmve shown t h a t  temperatures and hea t  
f l u x e s  measui-ed a t  d i s t a n c e s  g r e a t e r  than 0-3 m (1 f t>  f r o m  t h e  edges o f  
t h e  franzes show arr edge e f f e c t  o f  about 2 p e r c e n t  f o r  t y p i c a l  r o o f  
materials. Thus, ~easurements on homogeneous, layered r o o f  sys tems 
w i t h i n  t h e  c e n t r a l  0.6 m by 1.8 m ( 2  f t  by 6 f t )  reg ion  a r e  e s s e n t i a l l y  
independent o f  boundary e f f e c t s  and can be t r e a t e d  as a one-dimensioml 
h e a t  F l o w  system. 

"Koppers C o s ,  Inc. 
440 Col lege Park  D r i v e  
Monroev i l le ,  PA 15146 

**HI) 1 amet r i x I n c c 
99 E r i e  S t r e e t  
Cambridge, MA 02139 
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I n  a d d i t i o n  t o  desc r ib ing  a t e s t  methodology f o r  f i e l d  thermal p e r f e r -  
rnance ana lys i s  o f  r o o f  systems, t h i s  work has a l s o  demonstrated t h e  
u t i l i t y  o f  t h e  RTRA f o r  p r o v i d i n g  i n f o r m a t i o n  on t h e  i n  s i t u  behavior  
o f  i n s u l a t e d  r o o f  systems. I n  s i t u  behavior  in t roduces  severa l  uncer- 
t a l n t i e s  t h a t  cannot. be p r e d i c t e d  from l a b o r a t o r y  t e s t i n g :  (1) t h e  out -  
s ide  sur face temperature i s  s t r a n g l y  dependent upon s o l a r  r a d i a t i o n ,  
background sky r a d i a t i o n ,  and upon t h e  ambient a i r  temperature, a l l  o f  
which a r e  dependent upon l o c a l  meteorology; (2) Sur face p r o p e r t i e s  o f  
r o o f  systems such as s o l a r  re f l ec tance ,  i n f r a r e d  emit tance, and sur face 
t e x t u r e  a r e  t y p i c a l l y  o n l y  approx imate ly  known; (3)  Roof ing ma te r ia l s ,  
p a r t i c u l a r l y  those near t h e  ou te r  sur face o f  a system can exper ience 
l a r g e  d a i l y  and seasonal temperature and mois tu re  f l u c t u a t i o n s ;  ( 4 )  the  
l a r g e  temperature v a r i a t i o n s  and a l s o  t h e  r a p i d  thermal c y c l i n g  can a l s o  
a f f e c t  t he  l ong  term s t a b i l i t y  o f  the  thermal p r o p e r t i e s  o f  t h e  
ma te r ia l s .  Care fu l  documentation o f  performance, as i s  p o s s i b l e  w i t h  
the RTRA, a l l ows  one t o  document cond i t i ons  t h a t  can lead  t o  these 
e f f e c t s .  

2. PURPOSE OF DOCUMENT 

Th is  document w i l l  p rov ide  a d iscuss ion  o f  t h e  c h a r a c t e r i s t i c s  o f  dynamic 
r o o f  thermal performance and i t  w i l l  d iscuss  techniques used a t  ORNL f o r  
ana lys i s  o f  i n - s i t u  thermal performance. O f  p a r t i c u l a r  i n t e r e s t  a r e  the  
consis tency and the  accuracy o f  these techniques and t h e i r  use f o r  s tudy ing 
anomalies i n  i n s u l a t i o n  thermal performance such as thermal d r i f t  and loss 
o f  R-value due t o  moisture.  

3 ,  EXPERIMENTAL DESIGN 

A convent ional  r o o f i n g  system was used f o r  t h e  p ro jec t .  Th is  insures  
t h a t  system behavior  I s  t y p i c a l  o f  a r e a l  r o o f  and i t  assures a h igher  
c r e d i b i l - i t y  w i t h  the  i ndus t r y .  A system recomnended f o r  use w i t h  phe- 
n o l i c  foam i n s u l a t i o n  has been chosen because t h e  Koppers Company, t h e  
producer o f  pheno l ic  foam, expressed an i n t e r e s t  i n  p a r t i c i p a t i n g  i n  the  
p r o j e c t .  Theds p a r t l c i p a t i o n  made i t  possible t o  n o t  o n l y  t e s t  the  ORNL 
procedure b u t  a l s o  t o  conduct t h e  f i r s t  ever d i r e c t  comparison o f  inde- 
pendent technlques f o r  f i e l d  thermal performance. 

Koppers Company o f  P i t t sbu rgh ,  Pennsylvania supp l ied  t h e  pheno l ic  foam 
i n s u l a t i o n  on which t h e  measurements were made. Holometr ix ,  
Incorpora ted  o f  Cambridge, Massachusetts, a subcont rac tor  t o  Koppers, 
p rov ided an indepen-dent d iagnos t i c  system and a n a l y s i s  o f  t h e i r  
r e s u l t s .  W. F. M a r t i n  Company o f  Knaxv i l l e ,  Tennessee, supp l ied  the  
b lack  EPDM membrane and ass i s ted  w i t h  c o n s t r u c t i o n  o f  t h e  t e s t  sample. 
BRNL prov ided i t s  d iagnos t i cs  system and ana lys is .  A l l  f i e l d  t e s t i n g  
was done on t h e  RTRA a t  ORNL. Koppers, Holometr ix ,  and ORNL par-  
t i c i p a t e d  i n  pse - tes t i ng  and p o s t - t e s t i n g  o f  m a t e r i a l s ,  cons t ruc t i on  o f  
the  specimen panel ,  and comparison o f  t e s t  r e s u l t s .  The i n t e n t i o n  was 
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t o  operate bo th  d i a g n o s t i c  packages under t h e  same cond i t i ons  so t h a t  a 
d i r e c t  comparison o f  r e s u l t s  cou ld  be made. The pheno l i c  foam specimen 
used i n  the  t e s t  program was from a p i l o t  p l a n t  run and i t s  p r o p e r t i e s  
a r e  n o t  n e c e s s a r i l y  c h a r a c t e r i s t i c  o f  comnerc ia l l y  a v a i l a b l e  pheno l ic  
foam i n s u l a t i o n s .  

The specimen panel was d i v i d e d  i n t o  two equal segments, each being 1.2 rn 
by 1.2 m ( 4  f t  by 4 f t)  w i t h  t h e  Ho lomet r ix  d iagnos t i cs  i n  one segment 
and t h e  ORNL package i n  the  other .  
s i s t e d  o f  thermocouples and heat  f l u x  t ransducers (HFT) near t h e  cen t ra l  
area o f  t h e  segment, Fig. 2 shows a schematic cross sec t i on  o f  t he  
segment w i t h  t h e  ORNL sensors. The specimen had 52 mn (2.05 in,) pheno- 
l i c  foam i n s u l a t i o n  board between a 19 m (0.75 in.) p e r l i t e  bottom 
board and a 13 mn (0.5 in . )  wood f i b e r b o a r d  top  board. The deck was 1.2 
mn (0.047 in.) ga lvan ized s t e e l  and the  waterproo f ing  membrane was 1,1 
mn (0.045 in.), nomina l l y  b lack ,  EPDM (e thy lene propy lene d iene monomer.) 
Resu l ts  o f  d e t a i l e d  pre-  and post-exper iment t e s t i n g  o f  m a t e r i a l  proper-  
t i e s  i n  t h e  l a b o r a t o r y  a re  inc luded i n  Sec t ion  5. 

I n  each ins tance t h e  package con- 

The ORNL ins t rumen ta t i on  package conta ined thermocouples between each 
l a y e r  of t he  r o o f  and heat  f l u x  t ransducers on e i t h e r  s ide  o f  t he  
exper imenta l  pheno l i c  foam i n s u l a t i o n .  A l l  thermocouples a r e  copper- 
constantan and taken from the  same spool t o  min imize e r r o r s  I n  tem- 
pe ra tu re  d i f f e rences .  The heat  f l u x  t ransducers a r e  thermop i le  d isks ,  2 
i n c h  (0.05 m) by 2 i n c h  (0.05 m) i n  area and 1/8 i n c h  (0.0032 m) th ick.6 
They were c a l i b r a t e d  i n  s i t u  by assembling t h e  e n t i r e  i n s u l a t i o n  
assembly i n t o  i t s  f i n a l  c o n f i g u r a t i o n  and p l a c i n g  i t  i n t o  an unguarded 
t h i n  hea te r  apparatus. Th is  steady s t a t e  thermal c o n d u c t i v i t y  t e s t e r  
has been shown t o  measure thermal c o n d u c t i v i t y  t o  w i t h i n  one percent  o f  
t h e  Na t iona l  I n s t i t u t e  o f  Standards and Tes t i ng  (NIST)  l -meter  guarded 
h o t  p la te.7 I n  a d d i t i o n  t o  a c a l i b r a t i o n  o f  t he  heat  f l u x  t ransducers,  
t h e  t e s t e r  was used t o  p rov ide  be fo re  and a f t e r  t e s t  base l i n e  steady 
s t a t e  l a b o r a t o r y  measurements o f  t he  thermal performance o f  t he  t e s t  
specimen. These measurements a r e  discussed i n  Sec t ion  5. 

Data a re  recorded f o r  a l l  temperature and heat  f l o w  sensors i n  t h e  t e s t  
specimen and f o r  indoor /ou tdoor  a i r  temperature, s o l a r  and background 
sky r a d i a t i o n ,  wind, and r e l a t i v e  humid i ty .  An Acurex* Autodata Netpac 
m u l t i - p l e x i n g  system i s  used f o r  da ta  c o l l e c t i o n .  The RTRA i s  c u r r e n t l y  
be ing  se rv i ced  by s i x  20-channel Netpacs, each loca ted  near a t e s t  spe- 
cimen t o  min imize sensor cab le  lengths.  These Netpacs comnunicate w i t h  
an Autodata Ten/lO da ta  logger  which s e q u e n t i a l l y  scans t h e  Netpacs. 
Th ls  u n i t  i s  i n  t u r n  l i n k e d  t o  an IBM PC v i a  an RS-232 i n te r face .  
I n i t i a l  da ta  s torage i s  accomplished on the  PC us ing  f l o p p y  d i ske t tes .  
A PC program a l l ows  t h e  user  t o  s e l e c t  da ta  storage i n t e r v a l s  and I t  
arranges the  da ta  i n t o  e a s i l y  access ib le  A S C I I  f i l e s ,  These da ta  a r e  

*Acu rex  
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a r e  t r a n s f e r r e d  t o  an IBM PC/AT f o r  f u r t h e r  s o r t i n g  and subsequently t o  
B e r n o u l l i  c a r t r i d g e s  f o r  permanent storage, 

The t e s t  panel f o r  t h f s  s s j e c t  was assembled d u r i n g  the Fall o f  1985. 
A l l  r o o f i n g  m a t e r i a l s  except the  pheno l i c  foam i n s u l a t i o n  were l o c a l l y  
purchased c o m e r c l a l  products.  The specimen design was cons is ten t  w i t h  
f i e l d  p r a c t i c e s  f o r  t he  pheno l i c  product, The panel was i n s t a l l e d  i n  
t h e  RTRA i n  December 1985 and remained i n  p o s i t i o n  u n t i l  removed f o r  
p o s t  t e s t i n g  i n  November 1987. Hour ly  values from a l l  sensors i n  the 
ORNL t e s t  s e c t i o n  o f  t he  panel and from the a r r a y  of environmental sen- 
s o r s  were recorded ~ o ~ t ~ f l ~ o ~ $ ~ y  except f o r  b r i e f  per iods when the data 
a c q u i s i t i o n  system was i nopera t i ve .  

4,  CHARACTERISTICS OF IN S I T U  ROOF THERMAL PERFORMANCE 

I t  i s  p o s s i b l e  w i t h  the  Roof Thermal Research Apparatus t o  observe the 
cont inuous response o f  r o o f  systems t o  l o c a l  weather condi t ions.  This 
p rov ides  an o p p o r t u n i t y  t o  view and t o  document dynamic behavlor and t o  
i d e n t i f y  c h a r a c t e r i s t i c s  t h a t  dominate roof j n  s i t u  behavior. 

I t  i s  I n s t r u c t i v e ,  while i l l u s t r a t i n g  the  c h a r a c t e r i s t i c s  o f  t h l s  r o o f  
system under environmental c ~ ~ d ~ ~ j ~ ~ ~ ,  t o  compare the  performance under 
extremes, Thus, we have chosen da ta  f o r  a t y p i c a l  J u l y  week and a t y p i -  
c a l  January week. Fig .  3 shows t h e  outdoor a i r  temperatures f o r  the two 
weeks. Only one p l o t  f o r  t he  i n t e r i o r  temperature i s  shown because i t  
i s  e s s e n t i a l l y  t he  same f o r  t he  e n t i r e  year. 
were obta ined by averaging e leven readings taken a t  1-minute i n t e r v a l s  
f r o m  f i v e  minutes be fo re  the hour t o  f i v e  minutes a f t e r  the hour. 

The h o u r l y  data p o i n t s  

Temperatures f r o m  a thermocouple located j u s t  below t h e  membrane f o r  the 
same t w o  weeks a r e  shown I n  F ig .  4. I t  i s  r e a d i l y  apparent from the 
f i g u r e  t h a t  roof s u r f a c e  temperatures d u r i n g  t h e  daytime a re  s i g n i f i -  
c a n t l y  h i g h e r  than arnblent a i r  temperatures. 
membrane, slimmer temperatures i n  excess of  180°F ( 9 3 ° C )  a r e  recorded. 
Even f o r  t h e  January week where the t o p  a i r  temperature was about 60°F 
(15.5"C) day su r face  temperatures f r e q u e n t l y  reached 1QQ"F (37,8OC). 
A l s o  no te  t h a t  t h e  n l  h t t i m e  surface temperatures a r e  depressed below 
t h e  ambient air temperature because of r a d i a n t  cool ing.  Dur ing the  

t h e  depression i s  typically between SQF (2.8'C) and 10°F (5.6'6). 
t h e  w i n t e r ,  when the  ~ ~ m i ~ i t ~  i s  lower, t he  depress'ion i s  between 

For t h i s  b lack EPDM 

5.S"C) and 20°F (11.lT). F i n a l l y ,  c loud cover i s  t he  cause of 
abrupt  temperature dlps  t h a t  a r e  e s p e c i a l l y  apparent i n  the J u l y  data. 
F o r  example, no te  the 90°F (%O°C) d i p  i n  surface temperature du r ing  the  
af ternoon o f  t he  f i f t h  day fo l l owed  by a n e a r l y  e q u a l l y  sharp recovery 
when t h e  sun reappeared. 

Heat f l u x e s  measured w i t h  the  l o w e r  heat  f l u x  t ransducer f o r  the same t i m e  
p e r i o d s  a r e  shown dn Fig.  5. The s i g n  convent ion de f i nes  heat flow out 
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sf the buildin as  positive, Thus, tjurin ight when  the outside i o  
cold  re la t ive  Q the inside the heat f l o w  i s  positive and d u r l n g  the day 
when the temperature gradient reverses, this f l o w  i s  negative. For 
July, af  course, f l o w  o u t  o f  the b u i l d i n  even a t  wight  i s  sn 
t i v e  t o  t h e  i n f l u x  o f  heat d u r j n g  the da For  Jianuar 
i s  reversed. Solar heating I s  respons ib le  f o r  the s t r  

each afternoon. Referring t o  Fig. 3 aga-ila 
e outdoor ambient temperature i s  alwa 

indoor  temperature, Yet, each a f t e r  
ng, there i s  heat f l o w  i n t o  the  b u l l  

of the cumulative heat flow f o r  eac 
xpect the net flow is  posit ive (out 6)P the ~~i~~~~~~ i n  

~ ~ ~ ~ ~ r y  and negative ( i n t o  the ~ ~ i ~ d ~ ~ ~ ~  
net heat flew i n  e i ther  case 1 s  n o t  large 
well insulated. For  t h e  July week, which 
marice, the ne t  heat flow i n t o  the bu i ld l in  

'BSP note  tha t  the 

,69 KwH/mil) .  For a 300 square 

Fig ,  7 shows another thermal c ~ a r ~ ~ ~ ~ r ~ ~ ~  
surface temperatures change ~ ~ n ~ t ~ ~ t ~ ~  an 

roof f a r  a week i n  J u l y ,  and Figure  8 
i n  J a ~ ~ ~ r y ~  The pattern,  which i s  s i m i l a r  

 at^^^ change (degrees F 

t i s ,  change rates  near zes 
steep posit ive change that  

ep negat ive change tha t  peak 
f t h e  year the peaks eaccu 

f o r  ~ o n ~ t ~ r ~ ~ ~  ~ e ~ p ~ ~ a t ~  
i f f e r ,  b u t  the patterns d 

O f '  thermal shock 011 r o o f  
, While the curves i n  61 

hange f a r  h o ~ r ~ y  intervals ,  i t  i s  no t  
harac te r i s t ic  time interval 
he significance of the RTRA 

changes are  readily measured. 

F ig .  9 shows RTRA temperature measurements being used j n  s t i l l  a d i f -  
fesent  way, Here, each data p o i n t  repre5ent.s 

m ~ d ~ ? a m e  temperatures o f  the phenoBSc 4 
ollected over the f u l l  t e s t  period. As 

perlodiic w f t h  maximum values during t h e  wmer 
days) and m i n i m u m  values during the winter. A 
range around 9Q"F (32'C) because, for t h i s  system w l t h  a 

er  dai ly  surface temperature reaches as h i g h  as  1 
ote  t h a t  t he  average for the  en t i re  t e s t  p e r i o  i s  abokft 75°F (24°C) 
h ieh, i n  Pact, i s  the mean temperature used by ~ a n ~ ~ ~ ~ ~ ~ ~ ~ r ~  t o  specify 

insulation "design R-value." The value would be less i f  this  TO 
more ref lect ive membrane or i f  i t  was located i n  a 0t-e ~ ~ r ~ h e r n  cl jmate.  
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F ig .  9.  T h i s  f i g u r e  shows t h a t  the average midplane temperature o f  the foam i n s u l a t i o n  
follows season patterns and has an average near 75°F. 
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5. LABORATORY MEASUREMENTS 

A s e r i e s  o f  pre-RTRA t e s t s  i n  October-November 1985 and post-RTRA t e s t s  
i n  November-December 1987 were conducted on t h e  t e s t  samples under 
l a b o r a t o r y  cond i t i ons .  D e t a i l e d  r e s u l t s  o f  these t e s t s  a r e  repo r ted  i n  
an ORNL L e t t e r  Memorandum O f  March 9, 1988.8 
here. 

A sumnary i s  presented 

5.1 Densi ty  

Pre- and post-measurements o f  t he  d e n s i t y  o f  t h e  t h r e e  i n s u l a t i o n s  i n  
the  t e s t  panel descr ibed i n  Fig.  2 a r e  l i s t e d  i n  Table 1. No change was 
observed f o r  t h e  f i be rboard ,  b u t  t h e  p e r l i t e  d e n s i t y  increased s l i g h t l y  
(2%) and the  pheno l i c  board d e n s i t y  decreased by 7%. The pheno l i c  board 
was f rom a p i l o t  p l a n t  t e s t  run  and was n o t  n e c e s s a r i l y  r e p r e s e n t a t i v e  
o f  comnerc ia l l y  a v a i l a b l e  pheno l i c  foam i n s u l a t i o n .  

No e x p l i c i t  mo is tu re  t e s t i n g  was done on t h e  samples. P r i o r  t o  assembly 
i n  1985, a s e r i e s  o f  l a b o r a t o r y  h i g h  temperature t e s t s  were run which 
probably  insured t h a t  t he  samples were i n s t a l l e d  dry. When the  panel 
was disassembled i n  1987 a l l  m a t e r i a l s  appeared t o  be q u i t e  dry. 
Dimensional ly,  t he  o n l y  n o t i c e a b l e  change over t h e  two years was t h a t  
t he  edges o f  t he  pheno l i c  i n s u l a t i o n  were cupped; t h a t  i s ,  t h e  cen te r  o f  
each board edge was curved inward a l l  around t h e  pe r ime te r  o f  t he  board. 

5.2 Thermal Performance 

A l l  l a b o r a t o r y  thermal performance t e s t i n g  was done i n  t h e  ORNL 
unguarded t h i n  heater  apparatus.’ T h i s  dev ice con ta ins  an e l  e c t r i  ca l  l y  
heated screen sandwiched between two i n s u l a t i o n  specimens w i t h  large,  
isothermal  copper p l a t e s  on t h e  outside. The t e s t  specimen was on one 
s ide  o f  t he  screen and the  balanc ing i n s u l a t i o n  and the  o u t e r  p l a t e  on 
t he  o t h e r  s i d e  were kept  a t  t h e  screen temperature so t h a t  t he  known 
heat f l o w  f rom the  screen a l l  passed through t h e  t e s t  specimen. 

The p re -  and p o s t - t e s t s  were d i f f e r e n t .  The o n l y  thermal performance 
p r e - t e s t  was a de te rm ina t ion  o f  t h e  R-value o f  t he  t o t a l  system 
i n s t a l l e d  i n  the  f i e l d ,  c o n s i s t i n g  of p e r l i t e ,  foam, and f iberboard.  
Two p o s t - t e s t s  on the  f i e l d  sample exposed f o r  two years were run; one 
w i t h  the  i n s u l a t i o n  composite as above but a l s o  w i t h  t h e  EPDM membrane 
which cou ld  n o t  be separated from t h e  f i b e r b o a r d  because i t  was f u l l y  
adhered d u r i n g  cons t ruc t i on ,  and t h e  o the r  on t h e  foam i n s u l a t i o n  alone. 
I n  Table 2 t h e  t o t a l  system R-values fo r  t h e  pre- and the  p o s t - t e s t s  a r e  
compared. The decrease i n  the  measured R-value i s  apparent. Table 3 
g i ves  the  thermal c o n d u c t i v i t y  and the  thermal r e s i s t a n c e  f o r  t he  foam 
alone f r o m  the  1987 pos t - tes t .  

An est imate o f  the thermal d r i f t  o f  t h e  pheno l i c  foam from the  pre-  and 
p o s t - t e s t s  i n  the  l a b o r a t o r y  can be obta ined as fo l l ows .  Table 2 g i ves  
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Table 1: Component Density Values ( I b / f t 3 )  

1985 1988 % (1988-1985) 
1985 

F i  be rboa rd 17.1 17.1 0 
Per1 i te Board 10.2 10.4 +2 
Phenol i c  Board 3.43 3.18 -7.3 

Table  2: Measured R-values for the System 

Mean 
Temp. R(1985) R (1987) 

OF ft2 *hr*F/Btu ft2*hr*F/Btu 
82 23.1 18.3 

122 19.0 16.4 

1985 - 3/4 in. Perlite, 2.02 in. Phenolic, 1/2 in. Fiberboard 
1987 - 3/4 in. Perlite, 2.02 in. Phenolic, 1/2 in. Fiberboard, 

0.040 in. EPDM 
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the  R-value f o r  t h e  composite I n  1987 and Table 3 g i v e s  t h e  R-value f o r  
t h e  foam alone. The d i f f e r e n c e  i s  a t t r i b u t a b l e  t o  t h e  perl’lte and the  
f i b e r b o a r d  ( t h e  membrane R-value i s  assumed smal l )  a t  t h e  same tem-  
peratures.  I f  we now assume t h a t  these f ibrotas i n s u l a t i o n s  a re  n o t  
sub jec t  t o  d r i f t ,  then t h e i r  R-values should n o t  have changed du r ing  the  
t e s t  programs. 

‘Thus, a f t e r  sub t rac t i on ,  t h e  R-va?ues f a r  t h e  pheno l ic  foam i n  1985 can 
be deduced. The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  shown i n  Table 4.  

A t  both  temperatures f o r  which measurements a r e  a v a i l a b l e ,  t h e  R-value 
o f  t h e  foam i n s u l a t i o n  decreases over t h e  two years a f  t h e  experiment. 
T h i s  decrease i s  s i g n i f i c a n t ,  be ing  24% a t  a mean temperature o f  82’F. 
These r e s u l t s  w l l l  be compared l a t e r  t o  c a l c u l a t e d  R-value decreases 
from i n - s i t u  techniques. 

6. THERMAL PERFORMANCE ANALYSIS 

6.1. D e s c r i p t i a n  o f  PROPQR 

The p r i n c i p a l  ORNL reslsl t s  t h a t  charac te r i ze  the  thermal performance o f  
r o o f  systems have been obta ined us ing  t h e  computer program PROPOR. 
PROPOR i s  based on a FORTRAN program developed by Beck a t  Mjch igan S ta te  
U n i v e r s i t y * ’  I t  has been mod’lfied Tor e s k i m a t i n g  t h e  thermal conduc- 
t i v i t y ,  k, and p*Cp, where p i s  t h e  d e n s i t y  and Cp t h e  s p e c i f i c  heat o f  
a m a t e r i a l  f rom t r a n s i e n t  heat. f l u x  and temperature r n e a s u r e m a n t s l ~ ~  11 
PROPOR i s  a l e a s t  squares technique app l i ed  t o  measured and c a l c u l a t e d  
temperatures and heat  f lows. The sum o f  squares t o  be minimized i s  

n J  n 

where Y j i  and F i  a r e  measured temperatures and heat f l o w  a t  t i m e  t i  
l o c a t i o n  X j ,  
t h e  same t ime n i s  the number a f  da ta  p o i n t s  i n  a s e t  (n  = 
168 f o r  t h i s  study) , j i s  t h e  number o f  sensor  s i t e s  i nvo l ved  i n  t h e  
min imiza t ion ,  and Wv’ and Wq are  we igh t ing  f a c t o r s  t h a t  account f o r  
d i f f e r e n c e s  i n  rnayni‘lude between the  temperature and t h e  heat  f l u x  
terms. 
d i f f e r e n c e  equat ions de r i ved  f r o m  t h e  heat t r a n s f e r  equat ion,  

and 
and q i  a re  ca l cu la ted  temperatures and heat  f l o w  a t  

The T j i  and Qi values are  c a l c u l a t e d  us ing  Crank-Nicolson f i n i t e  
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Table 3: Measured Thermal Conductivity and R-value 
for the Phenolic Foam Sample in 1987 

t - k(measure) R (  cal culated) 

O F  Btu1h.f t2 OF f t 2  ohre F I B t u  
82 0.136 14.85 
122 0. I50 13.5 

Table 4: Calculated 1987 R-values for Phenolic Foam Compared to 
Estimated 1985 R-values. (See t e x t  for discussion) 

t ( O F )  R (  1985) R(1987) %Change 

a2 19.7 14.85 24 
122 16.1 13.5 16 
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I n  t h i s  s tudy t h e  ana lys i s  i s  r e s t r i c t e d  t o  t h e  pheno l i c  foam i n s u l a t i o n  
which i s  sandwiched between a bat tom l a y e r  o f  p e r l i t e  and a t o p  l a y e r  o f  
f i b e r b o a r d  as seen i n  Fig. 2. For  t h i s  geometry t h e  x-domain s t a r t s  a t  
t h e  lower  s ide  o f  the  foam i n s u l a t i o n  and ends a t  t h e  upper s ide.  The 
o n l y  sensors d i r e c t l y  re levan t  t s  t h i s  m a t e r i a l  a r e  t h e  two thermo- 
couples and the  two heat  f l u x  t ransducers i n  contac t  w i t h  t h e  pheno l i c  
foam a t  t h e  t o p  and a t  the  bottom. The upper heat f l u x  t ransducer  i s  
n o t  used i n  t h i s  a n a l y s i s  because i t  i s  suspected t h a t  t h e  heat  t r a n s f e r  
a t  t h e  upper sur face  i s  i n f l uenced  by a condensat ion/evaporat ion process 
n o t  accounted f o r  i n  Eq. 2. Also, t h e  temperature ou tpu ts  f rom t h e  two 
thermocouples a re  needed as boundary cond i t i ons  f o r  s o l v i n g  Eq. 2. 
Thus, t h e  o n l y  ou tpu t  o f  the  f i n i t e  d i f f e r e n c e  a n a l y s i s  a v a i l a b l e  f o r  
i n p u t  i n t o  t h e  l e a s t  squares ana y s i s  i s  the  heat  f l u x  a t  t h e  lower  sur-  
face  o f  t h e  foam i n s u l a t i o n .  TR S means t h a t  o n l y  t h e  te rm i n v o l v i n g  qj 
i n  Eq. 1 i s  used and Wq=l. 

As c u r r e n t l y  formulated, PROPBR s designed t o  accomnodate two unknown 
parameters. That i s ,  Eq. 1 when d i f f e r e n t i a t e d  w i t h  respec t  t o  these 
parameters and s e t  equal t o  zero has two a d j u s t a b l e  parameters. Th is  
will always be some combinat ion of k(T) and p(T)*C ( T )  eva luated a t  
spec i f i ed temp e r a t  u r e  s . P 

Since one does n o t  expect p*Cp t o  have a l a r g e  i n f l u e n c e  i n  the  thermal 
a n a l y s i s  o f  l i g h t  weight  ( low thermal s torage)  systems, i t  has been 
found most u s e f u l  t o  f i r s t  use PROPOR t o  determine t h e  bes t  values o f  
constant  k and constant  p*Cp f a r  t h e  f u l l  range o f  temperatures du r ing  
t h e  a n a l y s i s  per iod.  Then, t h i s  va lue o f  p.Cp i s  reentered  i n t o  PROPOR 
as a constant  and t h e  program i s  used t o  es t imate  a temperature- 
dependent k accord ing t o  t h e  model 

where ka and kb a r e  t h e  b e s t - f i t  thermal c o n d u c t i v i t i e s  a t  Ta and Tb 
respec t i ve l y .  
and j u s t  l a r g e r  than the  smal les t  and l a r g e s t  temperatures i n  t h e  ana lys i s  
per iod ,  PROPOR g i ves  the  b e s t - f i t  l i n e a r  r e l a t i o n  between k and T over the  
temperature range covered by the  a n a l y s i s  per iod.  

If, f o r  example, Ta and Tb a r e  chosen t o  be j u s t  smal le r  
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6.2. C a l c u l a t i o n  o f  Thermal Resistance 

PROPOR has been used t o  separa te ly  analyze 83 successive weekly data 
se ts  over  a p e r i o d  o f  two years  f r o m  December 1985 through November 
1987. I n  t h e  a n a l y s i s  o f  each weekly da ta  set ,  t h e  c o n d u c t i v i t y  i s  
assumed t o  be l i n e a r  w i t h  temperature accord ing t o  Eq. 3. 
presented i n  Table 5 i n  t h e  ''PROPOR High Temp Value," "PROPOR k (h igh) , "  
"PROPOR Low Temp Value," and nPROPOR k ( low)* I  columns. Thus, each weekly 
da ta  s e t  y i e l d s  a l i n e a r  r e l a t i o n  between thermal c o n d u c t i v i t y  and tem- 
pera t u re. 

Resu l ts  a re  

A t  f i r s t ,  one m igh t  expect t he  s t r a i g h t  l i n e  k versus T curves f o r  a l l  
weeks t o  be i d e n t i c a l  s ince  they  a l l  descr ibe  the  same system. Th is  
w i l l  n o t  be so, however, if t h e  t r u e  temperature v a r i a t i o n  o f  thermal 
c o n d u c t i v i t y  f o r  pheno l i c  i s  n o t  l i n e a r .  The reason i s  t h a t  each weekly 
da ta  s e t  con ta ins  temperatures c h a r a c t e r i s t i c  o n l y  o f  t h a t  week. Thus, 
a week i n  January w i l l  be dominated by low temperatures and Eq. 3 w i l l  
g i v e  a curve c h a r a c t e r i s t i c  o f  low temperatures. L ikewise,  f o r  a week 
i n  J u l y  Eq. 3 w i l l  y i e l d  a curve dominated by t h e  h i g h  temperature 
v a r i a t i o n  o f  thermal conduc t i v i t y .  Th i s  behavior  i s  i important i n  t h i s  
case because t h e  thermal c o n d u c t i v i t y  o f  t h e  t e s t  specimen does have a 
complex temperature v a r i a t i o n  because t h e  thermal c o n d u c t i v i t y  o f  pheno- 
l i c  foam i n s u l a t i o n  i s  n o t  l i n e a r  w i t h  temperature over  t h e  range o f  
temperatures encountered i n  t h i s  program, and because thermal d r i f t  w i l l  
cause c o n d u c t i v i t y  t o  change w i t h  time. F ig .  10 i l l u s t r a t e s  t h e  e f f e c t  
o f  bo th  these fac to rs .  The f o u r  curves o f  c o n d u c t i v i t y  versus tem- 
pe ra tu re  i n  F ig .  10 a r e  taken from data  i n  Table 5. F i r s t ,  no te  t h a t  
Curves 1 and 3, which a r e  f o r  w i n t e r  da ta  about one year  apar t ,  a r e  
p a r a l l e l  b u t  a r e  d i f f e r e n t  f rom Curves 2 and 4 which a l s o  a r e  p a r a l l e l  
and a r e  f o r  summer data a l s o  about one year  apar t .  Th i s  suggests d i f -  
f e r e n t  s lopes f o r  w i n t e r  da ta  than f o r  sumner data;  t h a t  i s ,  as i n d i -  
cated above, t he  thermal c o n d u c t i v i t y  i s  n o t  l i n e a r  w i t h  temperature. 
The reason t h e  exper imental  da ta  show t h i s ,  as mentioned e a r l i e r ,  i s  
because t h e  range of temperatures i nc luded  i n  t h e  PROPOR a n a l y s i s  d i f -  
f e r s  from w i n t e r  t o  sumner. Th is  f s  i l l u s t r a t e d  i n  Figs. 11 and 12 
which show the  d i s t r i b u t i o n  o f  h o u r l y  temperatures f o r  a week i n  January 
and f o r  a week i n  Ju ly .  Since PROPOR determines the  bes t  f i t  conduc- 
t i v i t y  versus temperature curve Only f o r  t he  temperatures i n  the  da ta  
se t ,  curves f o r  w i n t e r  w i l l  r e f l e c t  low temperature c o n d u c t i v i t i e s  and 
curves f o r  sumner w i l l  r e f l e c t  h i g h  temperature c o n d u c t i v i t i e s .  

Fig .  10 shows t h a t  t h e  curve f o r  t h e  second w i n t e r  i s  above the  curve 
f o r  t h e  f i r s t  w i n t e r  and l i k e w i s e  f o r  t h e  summer. Th is  suggests t h a t  
t h e  c o n d u c t i v i t y  is d r i f t i n g  upward w i t h  time. Th is  i s  cons i s ten t  w i t h  
l a b o r a t o r y  data f o r  t h e  same sample which i s  discussed i n  Sec t ion  5. 
Note t h a t  i f  the  i n s u l a t i o n  m a t e r i a l  was the rma l l y  s tab le ,  and i f  PROPOR 
were a p p l i e d  t o  enough da ta  sets ,  i t  would p rov ide  a s e r i e s  o f  s t r a i g h t  
l i n e s  and the  locus  of which would t r a c e  o u t  t h e  t r u e  temperature depen- 
dency f o r  t h e  c o n d u c t i v i t y  o f  t h e  m a t e r i a l .  
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Tab1 e 5: Thermal Performance Analys i  s Results 

FIRST 
DAY OF 
WEEK 

14-Dcc-95 
24-Dec-99 

07-Jan-85 
14- Jan-95 
29-Jan-E5 
05- Fcb-Bb 
67-n.r-86 

22-nor-E6 
0 I - A p  f - 83 
08-Apr-95 
0 1- nbV- 94 
13-ney-Bh 
23-thy-85  
z9-nsy-ob 
Ob - J un - 96 
i 3-5 un- e6 
2u-Jurn-95 
27-  Jun-86 
0 4 - J u 1 - 8 b 
19- J u i  -Bh 
22-JuL-96 
2 9 - J u l - 8 6  
05-Aug-Bb 
12-Aug-84 
19-Aup-Bb 
Zb-Aug-Bb 
0 2- 6 ap- 85 
O?-Scp-06 
l b - s s p - 9 5  
01-0ct-84 
ve -0c t - 8 5 
i 1-0ct-9b 
29 - 0 c t  - 6 5  
V5-Nov-95 
12-Nov-65 
19-Hov-96 
25-Nov-96 

10- Dcc-85 
17-DeC-BQ 
24-Dec-96 
[I1 -Jan - 97  
1 4 - J a n  - 8 7 
i I - Jan -87  
2E-Jan-87 
0 4 - F c b - 87 
11-Fwb- 07 

2 1 -Frb- 97 

~ L - D ~ C - B S  

19-nar-eb 

63-Dcc-Eh 

DAY FROM 
TEST 

START 
0 

1 6  
17 
24 
31 
46 
5 3  
83  
74  
Q 8  

1 0 8  
115 
138  
1 
160 
i6b 
174 
1 0 1  
i 68 
195 

213 
2 2 0  

234 
2 4 1  
;a8 
:55  
262 
: 6 9  
i76 
? V I  
290 
311 
319 
3ib 
333 
340 
347 
354 
361 
?hQ 
3 75 
3b3 
3 7 6  
405 
4 1 11 
41; 
424 

434 

2 n 2  

- - - 9  
- 2  I 

T AVO 
TOP BOT 
OF PHEN 

51.91 
5 1 . 0 7  
5 3 . 0 2  
9 7 . 8 7  
5 8 . 3 5  
6l.c.9 
h 2 . 0 9  
h 7 .  83 
b 7 . 4 2  
7 0 . 5 2  
7 7 . 3 3  
lL.b3 
79.  b l  
8 1 . 9 5  
80.  28 
85 .33  
88.39 
RV. 05 
VI. os 
87.73 
9 0 . 2 8  
9 2 .  b8 
91. i 0  

8 9 . 3 5  
Bb. 95  

78.96 
8 0 ,  2 1  
81.34 
89 .  61 
7 8 . 5 1  
7 2 . 9 7  
bQ, 9 3  
71-19  
b 9 . 6 8  
62. 85 
63 .40  
b 4 . 6 3  
57. PO 
9 8 . 2 7  
97.  57 
5 9 . 3 2  
5 7 . 7 7  
61% 45 
5 2 . 2 5  
5 9 .  50 
5Q.  8 2  
61 .65  

bl. 6 3  

..- 

ah. e 4  

a b ,  8 2  

PROPOR 
LOW TEMP 

(Avo) VALUE 

1 9 . 1 9  0 . 0  
19.68 0 .0  
19.  60 - 1 . 0  
1 8 . 9 3  7 .0  
1 9 . 4 1  9 . 9  
18.98 9 . 0  
1 9 . 2 4  1 0 . 0  
18 .48  1 5 . 0  
18. 43 6 .0  
18.08 b. 0 
18.14 3b.  0 
18.30 ?1,0 
17.70 23.  0 
17.36 5 2 . 0  
17.85  51.0 
1 6 . 8 8  5 5 . 0  
l b .  89 S?, 0 
1Q. bo 4 9 . 0  
1 5 . 2 3  119.0 
1 6 . 7 4  53.0 
1%. 11 59 .0  
1 9 . 5 9  t .4 .0  
15 .74  65.  0 
15.83 5 2 . 0  
16 .03  3 5 . 0  
1 3 - 9 9  5 9 . 9  
I S . b O  5 0 . 0  
1b*32 43.0 
1 6 . 2 4  9 6 . 9  
1 5 . 4 4  4 3 . 0  
15.65 56.0 
13. e t  3 4 , O  
1 6 . 3 2  35,  0 
1 4 . 2 8  3 3 . 0  
1 5 . 0 7  33.0 
1 6 . 5 4  33.0 
16.52  ib. 6 
1 6 . 4 4  19.0' 
i 4 . 3 8  35 .0  
lb. 37 12.  0 
1 5 . 4 0  1 1 . 0  
16.39 19.0  
1 4 . 3 @  18 .0  
1 5 . 4 2  1 8 . 0  
lb. 20  2 4 . 0  
1 6 . 2 7  3 . 0  
16.35 18.0  
l b ,  13 5.  0 

ib. 15 1 9 . 0  
24.13 23.0 

PROPOR 
k(LOW) 

0. 008131 
0 . 0 0 9 2 9 S  
O . O O 8 4 9 4  
6. 008439 

0 .  007792 

0.007748 
0 . 0 6 7 7 1 5  

6 . 0 0 8 3 5 4  
0 .  one099 

6 . 9 0 8 7 8 7  
0 .  009b32 
0 . 0 9 9 1 8 7  
0 . 0 0 5 4 4 9  
0.OQ9015 
0.0 088 B 7 
0 . 0 0 9 2 7 6  
'0.0*9632 
0.010060 
0. 09Q596 
0.009Pbb 
0,910479 
0 .009785  
0 ,  OX0240 
0 .  009993 

o . r m 2 1 ~  

0 . 0 6 7 8 0 9  

0 , 0 0 7 7 8 4  

9 . 0 0 ~ 1 3 4  

0 .  n o s 9 4 5  
9.00*373 
0. OlOlL0 
0 . 0 0 5 5 7 5  
<r.00?418 
0.08?9410 
0 ,  9 0 9 b 0 1  
0 .009231 
0 .  0 093 17 
8 .  U*?b29 
0 .  009435 
6 ,  e99853 
0.66?8&4 
0 .  099B33 
6 . 0 9 9 P b 0  
n.O(t9Qog 
0 . 0 0 9 9 1 9  
0 . 6 1 0 1 7 fl 
0 .  6 0 9 5 3 2  
6 .009?58 
0 .  809517 
0.809436 

PROPOR 
HIGM TEMP 

VALUE 

8 0 . 0  
96.0 

1 0 2 . 0  
1 0 9 . 0  
1 0 7 .  0 
1 2 1 . 0  
1 1 B .  0 
1 3 9 . 0  
149.0 
153.0 
lJ6. 0 
159.0 
1 4 8 . 0  
1 4 4 . 0  
168. 0 
175 .0  
i 8 0 . 0  
1 8 6 . 0  
173.0 
171.0  
17c.. 0 

1 8 1 . 0  
174 .0  
1 6 4 . 0  
1 7 5 . 0  
1 7 0 . 0  
156 .  0 
i b l .  0 
1QO. 0 
1 5 9 .  0 
l b 9 .  0 
1 4 3 . 6  
134.9  
1 2 9 . 0  
119.  0 
215.0 
111.0 
1 6 8 . 0  
1 0 2 . 0  
102.0 
102.0 
Y 1 , 0  

1 0 2 *  0 
9 3 . 6  
7 4 . 0  

1 0 8 .  9 
1 2 2 . 0  
123.0 
123.9 

182. o 

PROPOR 
k(HIGH) 

0.009290 
0.009331 

0 .069461 
0.009443 
0 .010460 
0 .010340 
0 .011570 

0.01lb70 
0.011400 
0 .011380 
0 .011630 
0.011460 
0.011480 
0. OllEbU 
6 .011520 
0.012930 
0.012349 
0 .012000 
0.011780 
0.012220 
0 .612720 
0 .012310 
U.011640 
0.012230 
0.012100 
0.012320 
0.0119SO 
0.012b00 
0.012h40 
0.012890 
0.Olt740 
0 . 0 1 2 0 0 0  
Q . 0 1 2 I O O  
0.012390 
0.011750 
0. 011150 
0 . 0 1 1 8 5 0  
0.01OE90 
0.010730 
0 .011000 
O,Oii0500 
0.010770 
0.010870 
0.010320 
O.OtI530 
0 .012450 
0 .  O l l P B O  
0.012460 

0 .  008847 

0.0115so 

k(AVG) 

0.008738 
0 . 0 6 8 7 3 6  
0 .0084b2 

0 . 0 0 8 7 6 1  
0 . 0 0 0 9 2 2  
0.008954 
0 . 0 0 9 3 0 6  
0.069305 
0 . 0 0 9 4 9 3  
6.009S81 
0 . 0 0 9 3 6 8  
0 .009660 
0.010031 
0.009601 
0 . 9 1 0 2 4 3  
0 .010273  
0.010331 
0 . 0 1 0 5 4 9  
0 . 0 1 0 4 7 7  
0 . 0 1 0 6 4 3  
0 . 0 1 0 9 9 3  
0 . 0 1 0 8 5 3  
0 ,  010874  
0 . 9 1 0 9 4 Y  
0 , 0 Z 0 8 b l  
0 . 0 1 1 6 5 0  
0.OlOb55 
0.010763 

0 . 0 1 1 0 7 5  
0 . 0 1 0 9 2 3  
0 . 0 1 0 6 5 6  
0.010475 
0.010613 
0 . 0 1 0 5 2 2  
0 . 0 1 0 3 7 0  
0.0iO2Q7 
0 , 0 1 0 3 2 9  
0 . 0 1 6 3 1 2  
0.019271 
0.010319 

0.010233 
Q.OlO356 
0.61OZh3 
0,016373 
0 . 0 1 0 5 9 3  
9.010332 
0 . 9 1 0 5 4 7  

n. 0 0 8 8 1 7  

o . o i o 9 9 e  

n. ~ i n i ~ a  

19.55 
1 9 . 5 3  
1 9 . 7 2  
I?. 20 
19 .59  
1 9 . 1 5  
2 9 .  08 
18.36 
18.36 
1 9 . 0 2  
17.83 
18.  24 
1 7 . 6 7  
L?. 0 3  
1 7 . 7 9  
1 5 . 5 8  
i b . 6 3  
1 5 . 5 4  
1 4 . 1 9  
15.31 
16.05 
15.94 
1 5 . 7 4  
15, 71 
1 9 . 4 0  
1 5 . 7 3  
1 5 - 4 5  
14.. 0 2  
15.87 
15.53 
13 .42  
1s. 64 
16. 03 
ib. 31 
1b. 0 9  
1 3 , 2 4  
1 6 . 4 7  
1 5 . 5 9  
16 .54  
16.57 
I b .  b3 
116.35 
I** ?7 
l b b  53 
1 b , S 1  
1 5 . 6 5  
14. 4 7  
1 5 . 1 3  
1 6 . 2 2  
16. 2 0  

9. 009118 19 .73422 
0.009084 19. 90453 
6 . 6 0 8 7 5 4  59.31399 
0.009120 19.73104 
0 . 0 9 Q 0 4 3  18 .89122 
0.609364 18 .24321 

O.OOPb4S 1 7 . 7 1 0 7 5  
0 . 0 0 9 b l 8  17.76053 
0. 009b09 17 .78024 
0 . 0 0 9 3 4 3  18 .28277 
0.009376 i 8 . 2 1 6 7 5  
0.009387 18. 19749 
0 .009535 17 .91472 
0 .099215 18.53619 
0.609432 17 .73599 
0 . 0 0 9 7 5 2  17 .31764 
0 .009417 17 .76300 
0 .009621 17.7Jk.10 
0.itOC7B3 17. 46h72 

0.010241 1 6 . 6 4 8 2 2  
0.069855 17.31656 
0 .  0iOJ2b l b s  54279 
0.O1657S 16,9018': 

0.010427 16. 07*64 
0.O10351 16,50273 
0 . 0 1 W 4 9  16.34903 
0 .  610594 1b.14bl1  
0 . 0 1 9 5 9 4  14.  12132 
0 .010653 16.035i3 
9.010649 16 .04314 
0.010b03 1 4 .  t l 0 4 8  
0.010694 13 .97422 
0 .010773 15.85641 
9.016756 1 5 . 8 6 6 4 2  
6.010531 1b. 19073 
0 .010763 I S .  E 7 1 i b  
0 . 0 1 0 5 7 8  1 6 . 1 @ 8 4 9  
0.010673 l 4 . 3 i 1 7 0  
0.610524 15. 07859 
0 .  'J iOJ99 t 6 . 4 0 0 i 4  
0 .610492 l h .  2 9 6 8 0  
0 .  010599 15 .12270 
6. l?l9312 16.546?9 
0 . 0 1 6 7 9 7  15.82171 
0 . 0 1 i 1 7 3  I S .  288114 
0.910EPS 15,67943 
9.911996 13.31933 

0 . 0 0 9 3 3 2  1 E .  30542 

0 .  oious7 16.985~35 

0 .  010294 i6 .sqr37 

N 
Ln 



26 

10 
I- 
1
 

Y
 

u
 

F
 

4
 

v
 
I
 

... 
e. 

C
' e
 

4
 

0
 



27 

To cont inue t h e  a n a l y s i s  of da ta  and t o  a l l o w  comparisons w l t h  o t h e r  

t ~ m p e r ~ t u r e  o f  t h e  foam i n s u l a t i o n  k (avg). 
on a l l  t h e  weekly r e s u l t s  and a r e  l i s t e d  i n  Table 5 .  A p %  
d e r i v e d  f rom k(avg), a g a i n s t  t ime over t h e  f u l l  t e s t  p e r i o  
a d i r e c t  measure o f  t h e  f u l l  change i n  thermal c o n d u c t i v i t  

a t a  bases, t h e  thermal p r o p e r t i e s  a r e  repo r ted  i n  two d i f f e r e n t  ways. 
I rs t ,  k a t  75"F, k(75) 1s c a l c u l a t e d  and then k a t  the  average midplane 

Both c a l c u l a t i o n s  a r e  done 

w i l l  be dlseussed I n  more d e t a l ?  i n  t h e  next sect ion.  

Examination of t h e  
t e s t  p e r i o d  shows t h a t  t h e r e  i s  a season v a r i a t i o n .  
cumstances, n o r m a l i z a t i o n  t o  a s i n g l e  temperature should e l i m i n a t e  t h i s  
v a r i a t i o n .  T h i s  i n d i c a t e s  t h a t  t h e  thermal d r i f t ,  which i s  s i g n i f i c a n t  
i n  t h i s  t e s t ,  may be temperature dependent. 

(75) da ta  a l so  p l o t t e d  a g a i n s t  t ime a v e r  t he  f u l l  
Under n o ~ m a l  c i r -  

F i n a l l y ,  t h e  thermal r e s i s t a n c e  o f  t he  sample, t he  R-value, i s  obta ined 
f rom t h e  thermal c o n d u c t i v i t y  by 

R = L / k  (4) 

where b i s  t h e  th jckness o f  t he  samplee 
a t  T=T(awg), R(avg), a r e  a lso  prov ided  i n  Table 5. 

R-values a t  T=75"F, R(751, and 

6.3. P resen ta t i on  o f  PROPOR Resu l t s  

I n  Fig.  13 values of  R(avg) f o r  t h e  f u l l  t w o  years o f  t he  t e s t  a r e  
p l o t t e d  a g a i n s t  t imel A p e r i o d i c  v a r i a t i o n  superposed on a downward 
d r i f t  i s  c l e a r l y  seen i n  t h e  f i g u r e .  
s t a b l e ,  t he  R-value should o n l y  show a p e r i o d i c  v a r i a t i o n  due t o  seasonal 
temperature changes. The d r i f t  i n  R-value i s  even more apparent when 
~ ( a v g ~  i s  p l o t t e d  aga ins t  t he  average temperature i n  Fig. 14. 
Bow weighted mean temperatures correspond t o  w i n t e r  c o n d i t l o n s  and the  
h i g h  ones to summer condi t ions,  Thus, t h e r e  i s  a t ime sequence t o  the 
weekly c a l c u l a t e d  da ta  po in ts .  
t h e r e  t o  i n d i c a t e  t h e  t ime sequencing o f  po in ts .  
p o i n t  i s  f a r  December 24, 1985 a t  the  upper l e f t  and as t ime passes and 
t h e  average temperature Increases, t h e  R-value decreases b o t h  because o f  
the  normal decrease i n  R-value w i t h  i n c r e a s i n g  temperature and because 
o f  t h e  i r r e v e r s i b l e  d r i f t  probably  due t o  changing c e l l  gas c o m p ~ s i t i o n ,  
I f  t h e  i r r e v e r s i b l e  d r i f t  were  n o t  present,  t h e  R-value, i n s t e a d  o f  
s p i r a l i n g  downward, would r e t r a c e  t h e  same curve as t h e  average tem- 
p e r a t u r e  begins t o  decrease i n  the  second h a l f  o f  each year. 
sequencing 7Ines make the  data appear somewhat c h a o t i c  whereas i t  
a c t u a l l y  i s  f a l r l y  r e l i a b l e .  

I f  t h e  sample was t h e r m a l l y  

L ines connect ing da ta  p o i n t s  a r e  only 
The e a r l i e s t  data 

The t i m e -  

A curve f i t t i n g  exercise13 as shown t h a t  
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R-VALUES vs TEMPERATURE 
FROM DEC 1985 THROUGH NOV 1987 
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AVERAGE MIDPLANE TEMPERATURE (* F) 

F i g .  14. R-value of the foam insulation from the PROPOR analysis evaluated a t  the 
average midplane temperature. 
d r i f t  i s  a factor i n  t h i s  tes t .  

This representation clearly shows t h a t  thermal 
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t h e  da ta  i n  F ig .  13 ( w i t h  two o u t l i e r s )  f i t s  t h e  equat ion  

t o  w i t h l n  3%. 
p e r a t u r e  v a r i a t i o n  and the  second i s  an exponent ia l  decay represent ing  
t h e  thermal d r i f t .  The t ime, t, i n  the  exper imental  te rm i s  measured i n  
days. 

The f i r s t  term ( a + bT) represents  the  p e r i o d i c  tem- 

For t=0 ,  Eq. 5 reduced t o  

W(T,O) = (21.62 - 0.037 * T )  f t 20h*F  
B tu  

o r ,  s ince  t h e  sample i s  2.05 inches t h i c k ,  

which represents t h e  i n i t i a l  temperature v a r i a t i o n  o f  t h e  thermal 
res is tance.  

L ikewise  f o r  t== 

From Eq.  7 ,  t he  R-value pe r  i n c h  a t  t he  s t a r t  o f  t he  t e s t  p e r i o d  (t= 
f o r  T=75'F i s  R(75,0)= 9.0 f t *eh*F /B tu .  F a r  comparison, t he  design 
va lue  suggested by t h e  Nat iona l  Roof ing  Cont rac tors  Assoc ia t i on  i s  8.3 
f t 2 * h * f / B t u  i n c h  a t  T=75"F.14 Also, us ing  Eq. 8, the  u l t i m a t e  value f o r  
t h e  thermal res i s tance  a t  T=75"F i s  R(75,a) = 4.3 f t 2 *heF /B tu - inch  which 
i s  near  t h e  Labora tory  measurement o f  thermal res i s tance  f o r  open-cel l  
pheno l i c  foam.15 Thus, one can speculate t h a t  t he  d r i f t  process 
observed i n  t h i s  program i s  a consequence o f  the gradual  loss o f  t h e  
o r i g i n a l  CFC b lowing  agent i n  t h e  i n s u l a t i o n .  Furthermore, t he  thermal 
res i s tance  i s  w i t h i n  a few percent  o f  i t s  f i n a l  va lue  a f t e r  about 10 
years  ( t h r e e  t imes the  t ime constant o f  1061 days), Thus, t h e  outward 
d i f f u s i o n  o f  gas i n  t h i s  sample takes about 10 years. 
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The therma d r i f t  over the  course o f  two-year t e s t  as determined by 
PROPOR can be determined from Table 5 .  The i n i t i a l  va lue o f  R(759 i s  
18.7 f t 2 e h  F /Btu  and the  f i n a l  va lue i s  13.7 f t 2 * h - F / B t u .  Thus, the  
percentage d r i f t  i s  27%. 
change a t  T=82OF i s  24%. 
ve ry  d i f f e r e n t  techniques. 

From Table 4 t he  l a b o r a t o r y  measured percentage 
Th is  i n d i c a t e s  q u i t e  good agreement between the  

Flg. 15 i s  an i l l u s t r a t i o n  o f  t h e  use of  t he  PROPOR technique on an 
i n s u l a t i o n  n o t  expected t o  d r i f t  thermal ly .  Fig.  15 i s  s i m i l a r  t o  Fig. 
14, b u t  t h e  m a t e r f a l  i s  expanded po lys ty rene  i n s u l a t i o n  (EPS) which has 
no suspected thermal d r i f t .  The data i s  f o r  one f u l l  year. Note, i n  
t h i s  case, t h e  second ha l f - yea r  da ta  re t races  the  f i r s t  h a l f - y e a r  data. 
Thus, one cou ld  conclude t h a t  t h i s  sample i s  t h e r m a l l y  s tab le .  

The thermal d r i f t  o f  t he  pheno l i c  foam sample f o r  these t e s t s  appears 
anom-alously large.  Th is  was apparent ly  due t o  the  f a c t ,  unknown t o  
ORNL a t  t h e  t i m e  i t  was i n s t a l l e d ,  t h a t  t he  m a t e r i a l  came from an 
exper imenta l  p roduc t  l i n e ,  not a p roduc t i on  produc t  l i n e .  Thus, i t  I s  
n o t  rep resen ta t i ve  of c m e r c i a l l y  a v a i l a b l e  ma te r ia l .  Th is  does no t  
d e t r a c t  f rom t h i s  p r o j e c t ,  however, s ince  the  purpose was n o t  so much t o  
eva lua te  m a t e r i a l  as i t  was t o  eva lua te  the  t e s t  procedure. I n  f a c t ,  
t h e  thermal i n s t a b i l i t y  o f  t h e  sample made t h e  t e s t  even more sLIccessPu1 
because t h e  r e s u l t s  o f  t he  p r o j e c t  make i t  c l e a r  t h a t  t h e  technique 
descr ibed i n  t h i s  r e p o r t  w i l l  r e l i a b l y  d e t e c t  thermal d r i f t .  

7. AVERAGING TECHNIQUE FOR DETERMINING ROOF THERMAL ~ ~ R ~ O ~ ~ A ~ C ~  

A second purpose o f  t h i s  p r o j e c t  was t o  p rov ide  a comparison t o  a l t e r -  
na te  techniques f o r  de termin ing  thermal performance p r o p e r t i e s  f rom i n  
s i t u  data. O f  o the r  techniques the  one most f r e q u e n t l y  used i s  what we 
r e f e r  t o  as t h e  "Averaging Technique." Two o the r  methods, developed a t  
ORNL, t h a t  w i l l  n o t  be discussed a re  t h e  "Absolute Value Technique" and 
the  "Steady S t a t e  Least Squares Techniquel ' l l .  Both o f  the l a t t e r  two 
techniques have same advantages and disadvantages compared t o  the  
Averaging Technique. However, l i k e  the  Averaging Technique, they a re  
b o t h  s t r i c t l y  a p p l i c a b l e  o n l y  when heat  capac i t y  e f f e c t s  a re  n e g l i g i b l e .  
Thus, they  a r e  n o t  as g e n e r a l l y  usefu l  as PROPOR. 

7.1. The Averaging Technique 

The f a m i l i a r  procedure for c h a r a c t e r i z i n g  the  thermal performance o f  ' 

i n s u l a t i o n s  i s  through a steady s t a t e  l a b o r a t o r y  measurement o f  t he  
e f f e c t i v e  thermal res is tance,  o r  R-value, which i s  de f i ned  i n  terms o f  
t h e  r a t i o  o f  t he  constant  temperature d i f f e r e n c e  across a sample t o  the  
constant  heat  f l o w  through it. F i e l d  c h a r a c t e r i z a t i o n  i s  more d l f f i c u l t  
l a r g e l y  because temperature boundar ies a re  always va ry ing  which prevents  
a steady s t a t e  ana lys is .  PROPOR addresses these d i f f i c u l t i e s  and has 
proved t o  be a use fu l  t o o l  for ana lyz ing  f i e l d  thermal performance. 
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Other techniques a r e  a lso  a v a i l a b l e .  
e m p i r i c a l  technique t h a t  has been a v a i l a b l e  f o r  several  years. 
r e f e r r e d  t o  here as the  "Averaging Technique." 
t h a t  s ince  weather changes a r e  approx imate ly  p e r i o d i c ,  when measu 
a r e  averaged over a s u f f i c i e n t l y  long p e r i o d  o f  t ime, i r a e r t l a l  an 
s torage e f f e c t s  wl l l  tend t o  n o t  be s i g n i f i c a n t .  
t he  steady s t a t e  equation, one can c o n s t r u c t  t he  expression 

The one most comnonly used i s  an 
I t  i s  

I n  t h i s  case one assu 

Thus, by analogy w i t h  

where the  numerator i s  t he  average temperature d i f f e r e n c e  over n h o u r l y  
readings, t h e  denominator i s  t h e  average h o u r l y  heat f l o w  over the  same 
t ime  increment, and the  t ime increment i s  l a r g e  enough such t h a t  storage 
and i n e r t i a  e f f e c t s  a r e  n e g l i g i b l e .  Th i s  expressfon has been use 
several  au tho rs  t o  cha rac te r i ze  the  f i e l d  thermal performance o f  
b u i l d i n g  envelope c o m p o n e n t ~ ~ ~ 9  16. I t  has a l s o  been shown t h a t  t he  
r a t i o  i n  Eq. 9 indeed converges t o  t he  steady s t a t e  R-value when the  
temperature d l f f e r e n c e  is s inuso ida l ,  t he  heat f l o w  i s  i n  one direction 
 and^ the averaging p e r i o d  i s  some complete number o f  cycles.  
M ich l  a n  s t a t e l l  has prov ided a d e r i v a t i o n  o f  Eq. 9 under general c y c l ~ c  
c o n d i f i o n s  which s t a r t s  f r o m  the  basic one-dimensional t r a n s i e n t  heat 
conduct ion equations. 

The Averaging Technique i s  f a i r l y  s imple t o  use. I t  requ i res  t h a t  the 
exper imenter make iong- t jme temperature measurements on both s ides o f  
t h e  system being t e s t e d  and heat  f l o w  measurements on e i t h e r  s ide  o r  a t  
an i n t e r i o r  p o i n t .  The l e n g t h  o f  t ime depends upon the  heat starage 
c a p a c i t y  o f  t h e  system. General ly,  f o r  l i g h t  weight i n s u l a t i o n  systems 
t h i s  t i m e  I s  several  days, w i t h  t h e  b e s t  r e s u l t s  f o r  a i n t e g r a l  number 
o f  24-hour per iods.  In F i g .  16 the  procedure developed a t  ORNL f o r  
us ing  t h e  Averaging Technique i s  i l l u s t r a t e d  f o r  t h e  pheno l l c  foam 
system being s t u d i e d  i n  t h i s  repo r t .  Here, t h e  r a t i o  o f  averages 
d e f i n e d  by Eq. 9 i s  updated each hour f o r  each o f  t h e  168 hours i n  a 
week. The F igu re  c l e a r l y  shows t h a t  one should i nc lude  data f o r  severa l  
days i n  the  averages so t h a t  convergence occurs. Data f r o m  a p p l i c a t i o n  
o f  t he  Averaging Technique t o  a l l  83 weekly data se ts  f o r  t h i s  s tud 
t a b u l a t e d  i n  Table 5. I n  a l l  cases t h e  values a r e  final values a f t e r  a 
seven-day p e r i o d  ( t h a t  i s ,  t he  va lue from t h e  f a r  r i g h t  s ide  o f  curves 
s i m i l a r  t o  t h a t  i n  F i g .  16). 

The p o p u l a r i t y  o f  t he  Averaging Technique i s  due t o  the f a d r l y  s%rnple 
concept i t  i s  based upon and t o  t he  r e l a t i v e  ease w i t h  which i t  can be 
used. The method i s ,  however, q u i t e  s e n s i t i v e  t a  the  c o n d i t l o n s  o f  use. 
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Therefore,  s ince  the convergence t ime f o r  an untested system cannot be 
pre-determined and s ince  t h e r e  i s  no way t o  es t ima te  the  absolute 
accuracy o f  a measurement, t h e  opera to r  must be p a r t i c u l a r l y  aware o f  
f a c t o r s  t h a t  l i m i t  t h e  use o f  t h e  technique and should use some proce- 
dure l i k e  the " running average" procedure shown i n  Fig.  16 t h a t  i n d i c a t e s  
convergence o f  t he  c a l c u l a t i o n .  

7.2. Averaging Technique and Swing Season A p p l i c a t i o n  

The p r i n c i p a l  shortcoming o f  t h e  Averaging Technique when a p p l i e d  t o  
b u i l d i n g  systems i s  i t s  u n r e l i a b i l i t y  w i t h  small  average temperature 
d i f f e r e n c e s .  Th is  occurs d u r i n g  the  s p r i n g  and f a l l  seasons f o r  vary ing 
l eng th5  depending upon l o c a l  c l i m a t e  cond i t i ons .  Under these cond i t i ons  
the  average heat t r a n s f e r  becomes small  and t h e  c a l c u l a t i o n  becomes very 
s e n s i t i v e  t o  t ransducer e r r o r s  and t o  otherwise minor  f l u c t u a t i o n s .  
Data f o r  t h e  ORNL t e s t  sample d u r i n g  t h e  week o f  May 1-7, 1986 i l l u s t r a -  
t e s  t h i s  problem. Fig.  17 i s  t he  "running1' average heat f l u x  d u r i n g  the  
e n t i r e  t ime  per iod.  
Next, Fig. 18 i s  a p l o t  o f  t he  c a l c u l a t e d  R-value f o r  t h i s  da ta  us ing 
Eq. 9. I t  i s  r a t h e r  obvious t h a t  under these c o n d i t i o n s  R i s  n o t  con- 
ve rg ing  t o  some s i n g l e  va lue d u r i n g  t h i s  t ime  per iod.  

Note how t h i s  q u a n t i t y  f l u c t u a t e s  about zero. 

R(avg) has been c a l c u l a t e d  f o r  a l l  weekly da ta  se ts  c o l l e c t e d  d u r i n g  
t h i s  p r o j e c t .  Values have been inc luded  i n  Table 5. To i l l u s t r a t e  d i f -  
ferences between t h e  Averaging Technique and PROPOR, r e s u l t s  f rom both 
methods f o r  a six-month p e r i o d  (December 1985 t o  August 1986) a r e  
p l o t t e d  a g a i n s t  t h e  weighted mean temperature i n  Fig.  19. Three regions 
a r e  apparent i n  t h e  graph. Dur ing t h e  w i n t e r  b o t h  methods a r e  i n  good 
agreement. Dur ing the  s p r i n g  o f  each year,  t h e  Averaging Technique 
g i v e s  f l u c t u a t i n g  r e s u l t s  which a r e  as much as 70 percen t  away from 
PROPOR r e s u l t s .  
g i v e s  values t h a t  a r e  c o n s i s t e n t l y  about 7 percent  below PROPOR. The 
good w i n t e r  agreement i s  due t o  the  f a c t  t h a t  t h e  heat  f l o w  i s  s t r o n g l y  
one d i r e c t i o n a l  ( f rom the  b u i l d i n g ) ,  t he  c o n d i t i o n  f o r  which the  
Averaging Technique i s  known t o  g i v e  r e l i a b l e  r e s u l t s .  
seasons, however, r e v e r s a l s  i n  heat  f l o w  a r e  d a i l y  events and n e t  heat 
t r a n s f e r  i s  ve ry  smal l ,  c o n d i t i o n s  f o r  which the  Averaging Technique i s  
most u n r e l i a b l e .  L ikewise, d u r i n g  t h e  sumner w h i l e  the  n e t  heat 
t r a n s f e r  f o r  a g i ven  week i s  i n t o  t h e  b u i l d i n g  t h e r e  i s  s t i l l  a s i g n i f i -  
can t  reve rsa l  d u r i n g  most evenings. 

F i n a l l y ,  d u r i n g  t h e  sumner, t h e  Averaging technique 

Dur ing the  swing 

One v a r i a t i o n  o f  t he  Averaging Technique t h a t  has been proposed i s  t o  
increase t h e  l e n g t h  o f  t h e  averaging t ime4, t h e  argument be ing t h a t  for 
longer  t imes t h e  l i k e l i h o o d  o f  small  n e t  heat t r a n s f e r  i s  l e s s  and con- 
vergence i s  more l i k e l y .  Fig.  20 shows R-values ob ta ined  by averaging 
over  one-month pe r iods  p l o t t e d  a g a i n s t  t ime over t h e  f u l l  two years o f  
t he  p r o j e c t .  A l i n e  rep resen t ing  PROPOR da ta  i s  prov ided  f o r  reference. 
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Fig. 18. A graph s i m i l a r  to Figure 16 but for the week indicated in Figure 17 -- 

Not that the averaging technique does not give a well-defined R-value for  
this week. 
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during transition seasons persists. 

In  both cases the error 
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While t h i s  does help,  the same general e r r o r  p a t t e r n  e x i s t s  a l though the 
r e s u l t s  a r e  now more i n  agreement w i t h  PROPOR. 
expected when one notes t h a t  i nc reas ing  the  averaging t ime  t o  one month 
s imply means t a k i n g  the  average o f  f o u r  ad jacent  weekly Values some o f  
which vary l i t t l e  from PROPOR values. 

I t  i s  impor tant  t o  note t h a t  the magnitudes o f  t he  d i f f e r e n c e s  descr ibed 
here between the  Averaging Technique and PROPOR a r e  unique t o  t h i s  loca-  
t i o n  and the  p a r t i c u l a r  years o f  t h i s  t e s t  because t h e  Averaging 
Technique y i e l d s  r e s u l t s  t h a t  a r e  s i t e  and c l i m a t e  dependent. 

As descr ibed i n  Sect ion 6, PROPOR r e s u l t s  w i l l  a l s o  change w i t h  changes 
i n  l o c a l  temperature d i s t r i b u t i o n s  because t h e  thermal c o n d u c t i v i t y  o f  
m a t e r i a l s  changes w i t h  temperature. On t h e  o t h e r  hand r e s u l t s  f rom the  
Averaging Technique depend upon the  nature o f  l o c a l  weather, e.g., t he  
l e n g t h  o f  seasons. 
a dependency upon the  measuring t ime p e r i o d  and problems i n  do ing e r r o r  
a n a l y s i s  seems t o  b u i l d  i n t o  the  Averaging Technique t h e  p o t e n t i a l  f o r  
considerable e r ro r .  Th i s  e r r o r  can probably  be kep t  small  by l i m i t i n g  
use of t h e  technique t o  weather c o n d i t i o n s  n o t  i n v o l v i n g  s i g n i f i c a n t  
reve rsa l  of heat f l o w  i n  the b u i l d i n g  element and by r e q u i r i n g  the  con- 
vergence o f  t he  R-value t o  a constant  value d u r i n g  t h e  m o n i t o r i n g  time. 

Th is  behavior  can be 

The u n c e r t a i n t y  o f  t he  weather e f f e c t s  toge the r  w i t h  

8. SUMMARY 

The pr imary purpose o f  t h i s  work was t o  demonstrate the  c a p a b i l i t y  o f  
t he  RTRA t o  conduct long-term f i e l d  t e s t s  o f  t he  thermal performance o f  
i n s u l a t e d  r o o f  systems and t o  show t h a t  t he  PROPOR program i s  a r e l i a b l e  
technique f o r  ana lyz ing  f i e l d  thermal performance data. 

The t e s t  specimen was an exper imental  sample o f  pheno l i c  foam i n s u l a t i o n  
w i t h  a h i g h  i n i t i a l  R-value (R=9 f t * - h . F / B t u * i n )  and a r e l a t i v e l y  f a s t  
thermal d r i f t  (about 10 years t o  u l t i m a t e  value). 
t y p i c a l  o f  commercial ly a v a l l a b l e  pheno l i c  foam products  which a r e  
repor ted t o  have l o w e r  i n i t i a l  R-values and no s i g n i f i c a n t  thermal 
d r i f t ,  Commercially a v a i l a b l e  i n s u l a t i o n s  were n o t  t e s t e d  d u r i n g  t h i s  
p r o j e c t .  

Th is  m a t e r i a l  i s  n o t  

C a l c u l a t i o n s  f rom f i e l d  measurements us ing PROPOR show t h a t  t he  d r i f t  i n  
thermal res i s tance  (normal ized t o  T=75"F3 o f  t he  t e s t  specimen was 27 
percent  over the two-year t e s t  per iod.  Steady s t a t e  l a b o r a t o r y  measure- 
ments a t  T=82"F be fo re  and a f t e r  t he  RTRA t e s t s  i n d i c a t e d  a t  24 percent  
decrease i n  R-value. I n  a d d i t i o n ,  examination o f  F ig .  13 shows t h a t  
d e v i a t i o n s  o f  weekly f i e l d  c a l c u l a t i o n s  d i f f e r  by l e s s  than 3 percent  
from an e m p i r i c a l  curve f i t .  Th is  suggests t h a t  PROPOR w i l l  p rov ide  
r e l i a b l e  r e s u l t s  under a wide range o f  environmental condi t ions.  I n  
p a r t i c u l a r ,  PROPOR i s  usable even d u r i n g  pe r iods  when t h e  n e t  heat f l o w  
across a r o o f  system i s  small  (e.g., s p r i n g  and f a l l  seasons). The more 
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comonly  used averaging technique (Eq. 9) a1 though adequate for per iods 
o f  high n e t  heat t r a n s f e r  has been shown i n  t h i s  t e s t  t o  be l ess  
r e l i a b l e  f o r  low ne t  heat t r a n s f e r  even when the  averaging pe r iod  i s  
extended t o  one month. 

Because o f  f a i r l y  s i g n i f i c a n t  downward d r i f t  i n  R-value f o r  the  sample, 
i t  was n o t  poss ib le  t o  p rov ide  d i r e c t  in fo rmat ion  on t h e  v a r i a t i o n  o f  R- 
value w i t h  temperatures f o r  t h i s  sample. Eq. 7, obta ined e m p i r i c a l l y  
f rom the  PROPOR data, i s  a b e s t - f i t t i n g  l i n e a r  approximation. For insu- 
l a t i o n  w l t h o u t  a thermal d r i f t  i t  i s  eas ie r  t o  determlne the  temperature 
dependency o f  t he  thermal res is tance from f i e l d  data as i l l u s t r a t e d  i n  
Fig. 15. 
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