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FOREWORD 

Th is  i s  one o f  a s e r i e s  o f  r e p o r t s  t o  be p u b l i s h e d  d e s c r i b i n g  
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o r g a n i z a t i o n s  i n  t h e  p u b l i c  and p r i v a t e  s e c t o r s  who a r e  address ing t h e  
n a t i o n a l  o b j e c t i v e  o f  decreas ing  energy wastes i n  t h e  h e a t i n g  and c o o l i n g  
o f  b u i l d i n g s .  
Program through d e l e g a t i o n  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 ead  

R e s u l t s  descr ibed in t h i s  r e p o r t  a r e  p a r t  o f  t h e  N a t i o n a l  

George E. C a 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 N a t i o n a l  Labora tory  

J. A. Smith 
Program Manager, B u i l d i n g  Systems 

D i v i s i o n  
O f f i c e  of B u i l d i n g s  Energy R&D 
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Nomenc 1 a t  u r e  

F l a t  r o o f ' s  s u n l i t  s u r f a c e  area  

Long wavelength thermal r a d i a t i o n  (energy r a t e  p e r  u n i t  a rea)  
i n c i d e n t  on t h e  e x t e r i o r  r o o f ' s  su r face  

S o l a r  r a d i a t i o n  (energy r a t e  p e r  u n i t  a rea)  i n c i d e n t  on s u n l i t  
r o o f ' s  su r face  

Outs ide  r o o f  su r face  a i r - f i l m  hea t  t r a n s f e r  c o e f f i c i e n t  

I n s i d e  r o o f  su r face  a i r  f i l m  hea t  t r a n s f e r  c o e f f i c i e n t  

Combined convec t i ve  and r a d i a t i v e  heat  t r a n s f e r  c o e f f i c i e n t  
(hc + h r )  

E f f e c t i v e  r a d i a t i v e  heat  t r a n s f e r  c o e f f i c i e n t  (see equa t ion  [ 4 ] )  

Ins tan taneous r a t e  o f  heat  t r a n s f e r  i n t o  r o o f ' s  e x t e r i o r  su r face  

Thermal r e s i s t a n c e  o f  r o o f  assembly (does n o t  i n c l u d e  a i r - f i l m  
hea t  t r a n s f e r  c o e f f i c i e n t s  

C o r r e l a t i o n  c o e f f i c i e n t  f o r  l i n e a r  reg ress ion  a n a l y s i s  o f  da ta  s e t s  

Outs ide  a i r  temperature 

Mean panel  temperature 

R o o f ' s  e x t e r i o r  su r face  temperature 

S o l - a i  r temperature 

Gener ic  r e p r e s e n t a t i o n  o f  v a r i a b l e s  

Greek Symbol 

as 

AR 

f 

P i  

P S  

(J 

Hemispher ica l  su r face  s o l a r  absorptance 

D i f f e r e n c e  between t h e  energy e m i t t e d  by a b lackbody a t  Ta and 
t h e  longwave r a d i a t i o n  i n c i d e n t  on a su r face  

I n f r a r e d  emi t tance 

Hemispher ica l  su r face  i n f r a r e d  r e f l e c t a n c e  

Hemispher ica l  su r face  s o l a r  r e f l e c t a n c e  

Stefan-Boltzmann Constant  

x i  
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EXECUTIVE SUMMARY 

Peak s u r f a c e  temperature o f  a low-slope r o o f  i s  a f f e c t e d  by  t h e  r o o f ' s  
s o l a r  r e f l e c t a n c e .  A w h i t e  r o o f  w i l l  be c o o l e r  d u r i n g  hours o f  maximum 
sunshine than an o therw ise  comparable b l a c k  roo f .  Roof s u r f a c e  tem- 
p e r a t u r e  i n  t u r n  a f f e c t s  t h e  heat  t r a n s f e r  th rough t h e  r o o f  assembly. 
Cons ider ing  o n l y  energy needed t o  heat  and cool  a b u i l d i n g ,  a reduced r o o f  
su r face  temperature i s  undes i rab le  d u r i n g  t h e  w i n t e r  b u t  d e s i r a b l e  d u r i n g  
t h e  sumner. The n e t  annual impact on b u i l d i n g  energy use caused by 
changing t h e  r o o f ' s  su r face  r e f l e c t a n c e  depends on many f a c t o r s ,  a p r i n -  
c i p a l  one be ing  l o c a t i o n .  

Concurrent exper imenta l  and a n a l y t i c a l  s t u d i e s  were undertaken by t h e  
B u i l d i n g  Thermal Envelope Systems and M a t e r i a l s  (BTESM) group w i t h i n  t h e  
Energy D i v i s i o n  a t  Oak Ridge Na t iona l  Labora tory  t o  s tudy  t h e  e f f e c t  o f  
r o o f  s o l a r  r e f l e c t a n c e  on su r face  temperature and heat  t r a n s f e r  through 
t h e  r o o f .  

One 4 f t  by  8 f t  t e s t  panel on t h e  Roof Thermal Research Apparatus (RTRA) 
a t  ORNL was devoted t o  an exper imenta l  s tudy  o f  t h e  d i s t i n c t i o n s  between 
w h i t e  and b l a c k  surfaces. H a l f  o f  t h e  panel was covered w i t h  a b l a c k  
p o l y i s o b u t y l e n e  ( P I B )  membrane. A w h i t e  PI6 membrane was i n s t a l l e d  over 
t h e  o t h e r  h a l f .  The e n t i r e  panel was i n s u l a t e d  w i t h  two 15 /16- inch  t h i c k  
f i b e r g l a s s  board p r o v i d i n g  a nominal assembly R-value o f  7.5 h r - f t 2 - " F / B t u .  
A heat  f l u x  t ransducer  was i n s t a l l e d  i n  the  c e n t e r  o f  each h a l f  sec t i on .  
Th is  was p o s i t i o n e d  midway through the  assembly and thermocouples w e r e  
mounted below t h e  membrane, a t  t h e  midplane and beneath t h e  i n s u l a t i o n .  
Heat f l u x e s  f rom b o t h  t ransducers,  a l l  temperatures and l o c a l  weather da ta  
were recorded hour l y .  

Data accumulated over an 18-month p e r i o d  were s tud ied .  
ins tan taneous heat  f l u x e s  through each s e c t i o n  and h o u r l y  su r face  
temperatures were compared and seasonal d i s t i n c t i o n s  i n  the  measurements 
were  noted. The r e f l e c t a n c e  o f  b o t h  membranes was measured w i t h  a 
r e f l e c t o m e t e r  and es t ima ted  u s i n g  a su r face  energy balance w i t h  measured 
d a t a  as i npu t .  Some changes ( ~ 0 . 0 5  t o  0.1) were noted. A p l a u s i b l e  
e x p l a n a t i o n  was t h a t  d i r t  accumulat ion and environmental  f a c t o r s  a l t e r e d  
t h e  c h a r a c t e r i s t i c s .  

Cumulat ive and 

Conclusions o f  t h e  s tudy  i nc lude :  

1. Wi th  inc reased i n t e r e s t  i n  use o f  s i n g l e - p l y  membranes i n  the  r o o f i n g  
i n d u s t r y ,  t h e  f a c t  t h a t  a b l a c k  membrane's temperature may exceed t h a t  
o f  a w h i t e  membrane by 40 t o  50°F d u r i n g  peak s u n l i t  hours i s  u s e f u l  
t o  manufac turers  o f  membranes and membrane adhesives. 

2. N i g h t t i m e  su r face  temperatures o f  the t w o  membranes were  n e a r l y  
i d e n t i c a l  th roughout  the  year ,  showing t h a t  t he  i n f r a r e d  emit tances 
a r e  t h e  same d e s p i t e  t h e  d i s t i n c t i o n  i n  t h e i r  r e f l e c t a n c e  o f  s o l a r  
r a d i a t i o n .  

x i  x 
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4.  

5. 

The da ta  show t h a t  t h e r e  can be a d i f f e r e n c e  i n  t h e  HVAC energy 
r e q u i r e d  f o r  a b u i l d i n g  w i t h  a w h i t e  compared t o  t h a t  f o r  one w i t h  a 
b l a c k  roo f .  The n e t  annual e f f e c t ,  however, depends on many f a c t o r s ;  
f o r  example, c l ima te ,  r o o f  i n s u l a t i o n ,  and b u i l d i n g  type.  T h i s  
suggests t h a t  model ing may be t h e  most p r a c t i c a l  means o f  e v a l u a t i n g  
t h e  i n f l u e n c e  o f  r e f l e c t a n c e  on b u i l d i n g  energy use i n  l i e u  o f  an 
ex tens i ve  exper imenta l  e f f o r t .  

The express ion  f o r  an energy balance a t  t he  su r face  o f  a dry r o o f  was 
examined w i t h  measured da ta  as i n p u t  f rom severa l  s e t s  o f  da ta  over  
t h e  t e s t  pe r iod .  I n t e r n a l  cons is tency  was found b u t  an es t ima te  o f  
u n c e r t a i n t y  i n d i c a t e d  t h a t ,  i n  a d d i t i o n  t o  good conf idence i n  a l l  
measurements, v a l i d a t i o n  o f  t h e  energy balance i s  n o t i c e a b l y  dependent 
on t h e  heat  t r a n s f e r  c o e f f i c i e n t .  A p l a u s i b l e  e x p l a n a t i o n  o f  t h e  
va r iance  i n  t h e  t rends  o f  r e s u l t s  when check ing t h e  ba lance w i t h  
n i g h t t i m e  da ta  was t h a t  l a t e n t  e f f e c t s  may have been present .  

When cons ide r ing  any a d d i t i o n a l  experiments, t h e  f o l l o w i n g  suggest ions 
a r e  o f f e r e d  based on observa t ions  made i n  t h i s  work. 

i. 

ii. 

iii. 

Some means f o r  m o n i t o r i n g  the  presence o f  m o i s t u r e  shou ld  be 
inc luded.  

An exper iment  shou ld  be devoted e x p l i c i t l y  t o  de te rm in ing  any 
changes i n  r e f l e c t a n c e  o f  r o o f  sur faces  over  long- te rm exposure 
t o  ou tdoor  cond i t i ons .  

Some exper imenta l  e f f o r t  should be devoted t o  de te rm ina t ion  o f  
t h e  heat  t r a n s f e r  c o e f f i c i e n t  f o r  t y p i c a l  roo fs .  Whi le  t h i s  
e f f e c t  may seem small i n  e v a l u a t i n g  t o t a l  thermal r e s i s t a n c e  f o r  
a w e l l - i n s u l a t e d  r o o f ,  i t  i s  most impor tan t  f o r  r o o f s  w i t h  
l i t t l e  or  no i n s u l a t i o n  arid i n  de te rm in ing  t r a n s i e n t  su r face  
t h e  rma 1 be hav i o r . 

The e v a l u a t i o n  o f  exper imenta l  da ta  made i n  t h i s  s tudy  has a ided  i n  
i n d i c a t i n g  needs for  improv ing s t u d i e s  o f  r e f l e c t a n c e  e f f e c t s  and has 
p rov ided  i n s i g h t  needed i n  i n t e r p r e t i n g  r e s u l t s  o f  model ing a w h o l e  
b u i l d i n g  w i t h  DOE 2.118. The ongoing model ing e f f o r t  i s  t o  be used t o  
generate g u i d e l i n e s  on how t o  es t ima te  changes i n  b u i l d i n g  energy use 
a t  d i f f e r e n t  c l i m a t e s  caused by a change i n  t h e  r o o f ' s  s o l a r  
r e f  1 cctance. 
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The Impact o f  Sur face Ref lec tance 
on t h e  Thermal Performance o f  Roofs: 

An Exper imental  Study 

ABSTRACT 

The thermal e f f e c t s  of b l a c k  versus w h i t e  membranes on an i n s u l a t e d  low- 
s lope r o o f  were s t u d i e d  over  an 18 month p e r i o d  as one o f  a s e r i e s  o f  
t e s t s  conducted on t h e  Roof Thermal Research Apparatus (RTRA) a t  t h e  
Oak Ridge N a t i o n a l  Labora tory  (ORNL). 

H a l f  of  t h e  i n s u l a t e d  r o o f  t e s t  p a n e l ' s  4 f t  x 8 f t  s u r f a c e  w a s  covered 
w i t h  a b l a c k  p o l y i s o b u t y l e n e  ( P I B )  membrane, A w h i t e  PIB membrane was 
i n s t a l l e d  over  t h e  a t h e r  h a l f .  Both s e c t i o n s  were i d e n t i c a l l y  i n s u l a t e d  
w i t h  two 15/16- inch t h i c k  f i b e r g l a s s  boards t o  p r o v i d e  a nominal thermal 
r e s i s t a n c e  o f  7.5 h r - f t 2 - " F / B t u .  A heat  f l u x  t ransducer  was i n s t a l l e d  i n  
t h e  c e n t e r  o f  each s e c t i o n  w i t h  thermocouples p l a c e d  below t h e  membrane, 
a t  t h e  midplane and beneath t h e  i n s u l a t i o n .  Local  weather d a t a  together  
w i t h  specimen h e a t  f l u x  and temperature d a t a  were recorded hour ly .  

Seasonal d i f f e r e n c e s  i n  measured heat  f l u x  and temperature d a t a  between 
t h e  b l a c k  and w h i t e  membranes a r e  repor ted .  These d a t a  i n c l u d e  cumulat ive 
and ins tan taneous heat  f l u x e s  and h o u r l y  s u r f a c e  temperature v a r i a t i o n s .  
Peak membrane temperatures were observed t o  d i f f e r  b y  up t o  50°F d u r i n g  
t h e  day. N i g h t t i m e  d i f f e r e n c e s  in membrane s u r f a c e  temperatures were 
n e g l i g i b l y  smal l ,  t y p i c a l l y  much l e s s  than 1 O F .  

Changes due o s t e n s i b l y  t o  d i r t  accumulat ion and l o c a l  env i ronmenta l  
f a c t o r s  were observed i n  sur face  r e f l e c t a n c e  va lues c a l c u l a t e d  f rom t h e  
energy balance a t  t h e  r o o f  membrane and f rom r e f l e c t o m e t e r  measurements, 
T h i s  suggests t h a t  long- term s t u d i e s  o f  t h e  r e f l e c t i v e  c h a r a c t e r i s t i c s  o f  
w h i t e  r o o f s  i n  s e r v i c e  a r e  needed t o  determine i f  any b e n e f i t s  con t inue 
w i t h o u t  s i g n i f i c a n t  a l t e r a t i o n .  

The exper imenta l  r e s u l t s  r e p o r t e d  here a r e  c u r r e n t l y  b e i n g  used t o  
v a l i d a t e  numer ica l  model ing o f  s u r f a c e  e f f e c t s  upon r o o f  system 
performance and b u i l d i n g  energy requirements.  
and a n a l y s i s  e f f o r t s  w i l l  be r e p o r t e d  i n  a subsequent paper, 

The r e s u l t s  o f  t h e  model ing 

Research sponsored by t h e  O f f i c e  o f  B u i l d i n g s  and Community 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  M a r t i n  M a r i e t t a  Energy Systems, Inc.  
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INTRODUCTION 

The thermal  performance of low-s lope r o o f s  as a f f e c t e d  by  t h e  cho ice  o f  a 
b l a c k  o r  w h i t e  membrane f o r  t h e  e x t e r i o r  l a y e r  i s  t h e  focus  o f  t h i s  study. 
The r e s u l t s  o f  an ex tens i ve  exper imenta l  s tudy  conducted a t  t h e  Oak Ridge 
Na t iona l  Labora tory  (ORNL) a r e  discussed. The da ta  p r o v i d e  u s e f u l  i n s i g h t  
f o r  deve lop ing  genera l i zed  thermal performance p r e d i c t i o n s  f o r  low-slope 
r o o f s  a t  v a r i o u s  geograph ica l  l o c a t i o n s  and f o r  d i f f e r e n t  su r face  
r e f  1 ectances, 

E leva ted  r o o f  su r face  temperatures caused by s o l a r  f l u x  can a f f e c t  t he  
performance o f  r o o f i n g  m a t e r i a l s .  
system loads. An i nc rease  i n  a s u n l i t  r o o f ' s  temperature inc reases  summer 
heat  g a i n  b u t  reduces w i n t e r  heat  loss,  The energy-conservat ion impact o f  
b l a c k  versus w h i t e  i s  dependent upon numerous f a c t o r s  r e l a t e d  t o  genera l  
c o n d i t i o n s ,  such as c l ima te ,  and des ign  s p e c i f i c  parameters, such as 
i n t e r n a l  loads,  envelope R-values, e tc .  What works w e l l  w i t h  one des ign 
o r  l o c a t i o n  may n o t  be a p p r o p r i a t e  elsewhere. Consequently, t h e  a b i l i t y  
t o  p r e d i c t  t h e  e f f e c t  o f  roof  r e f l e c t a n c e  on thermal performance f o r  
d i f f e r e n t  l o c a t i o n s  and WVAC opera t i ng  c o n d i t i o n s  i s  needed by  engineers 
and a r c h i t e c t s .  

Roof temperatures a l s o  impact  HVAC 

The exper imenta l  work desc r ibed  h e r e i n  was under taken as one s tep  i n  
understanding and q u a n t i f y i n g  how a r o o f ' s  solar r e f l e c t a n c e  a f f e c t s  
su r face  temperature v a r i a t i o n  and heat  t r a n s f e r  th rough a r o o f  assembly. 
The exper imenta l  i n v e s t i g a t i o n s  a r e  p a r t  o f  an ongoing body o f  work 
d i r e c t e d  towards p r e d i c t i n g  the  energy-conservat ion consequences o f  
i n c r e a s i n g  a r o o f ' s  solar r e f l e c t a n c e  f o r  d i f f e r e n t  l o c a t i o n s  throughout  
t h e  U n i t e d  Sta tes .  

A b r i e f  rev iew o f  r e l a t e d  s t u d i e s  and an o u t l i n e  o f  t h e  equa t ion  
rep resen t ing  t h e  su r face  energy balance f o r  a s u n l i t  r o o f  precede t h e  
d e s c r i p t i o n  o f  t h e  exper imenta l  program. 

RELATED STUDIES 

The r o o f  i s  an impor tan t  p a r t  o f  t he  b u i l d i n g  envelope, Many l o w - r i s e  
i n d u s t r i a l  and c o m e r c i a l  b u i l d i n g s ,  as w e l l  as some res idences,  have low 
s lope  r o o f s  c o n s t i t u t i n g  a major  p o r t i o n  o f  t h e  above ground b u i l d i n g  
envelope. 
l o w  s lope r o o f s  w i t h i n  the  Un i ted  S ta tes  and t h a t  a lmost  40 pe rcen t  o f  
these have no i n s u l a t i o n  a t  a l l .  [l] I n c r e a s i n g  r o a f  i n s u l a t i o n  can make 
r o o f s  more energy e f f i c i e n t ;  however, a l t e r n a t e  energy-sav ings schemes, 
such as use o f  evapora t i ve  r o o f  c o o l i n g  o r  h i g h l y  r e f l e c t i v e  sur faces,  
have a l s o  rece ived  a t t e n t i o n  and a r e  promoted by some manufacturers .  

I t  has been es t imated t h a t  t h e r e  a r e  about  1100 square m i l e s  o f  

The use o f  h i g h l y  r e f l e c t i v e  r o o f s  has been d iscussed w i d e l y  i n  t h e  
l i t e r a t u r e  [2-11, 17, 181. A t t e n t i o n  t o  l i g h t  c o l o r e d  r o a f  membranes i s  
i n c r e a s i n g  as more systems become a v a i l a b l e .  A key m o t i v a t i n g  f a c t o r  i s  
des ign  a e s t h e t i c s ,  b u t  t h e  energy-savings p o t e n t i a l  can a l s o  be Impor tant .  
The i ssue  o f  " w h i t e "  versus "b lack "  was d iscussed i n  an i ssue  o f  "Roof ing 
Spec". [2] Claims by many "wh i te "  r o o f  advocates were noted, b u t  cau t ion  
was suggested i n  connect ion w i t h  s e l e c t i o n  o f  a r o o f  s o l e l y  on t h e  b a s i s  
o f  c o l o r .  The unbiased t rea tment  concluded t h a t  i t  was imposs ib le  t o  make 
a b l a n k e t  s ta tement  about the  b e t t e r  cho ice  o f  b l a c k  o r  w h j t e  s ince  each 
had p a i n t s  o f  r e l a t i v e  m e r i t  and d e f i c i e n c i e s .  
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The ASHRAE Handbook o f  Fundamentals [3] o u t l i n e s  a s imp le  method f o r  
c a l c u l a t i n g  c o o l i n g  loads. The c o o l i n g  l o a d  temperature d i f f e r e n c e  (CLTD) 
accounts f o r  su r face  temperature i nc rease  caused by i n s o l a t i o n .  CLTOs a r e  
t a b u l a t e d  f o r  s p e c i f i c  cases and a procedure i s  g i v e n  f o r  c o r r e c t i n g  the  
va lues  f o r  o t h e r  cond i t i ons .  One c o r r e c t i o n  f a c t o r  p e r t a i n s  t o  c o l o r  o f  
t h e  exposed surface. The e f f e c t  i s  d iscussed o n l y  i n  connect-ion w i t h  
coo l i ng .  When s i z i n g  HVAC equipment, maximum loads  a r e  t o  be determined; 
s o l a r  e f f e c t s  must be i n c l u d e d  t o  determine maximum c o o l i n g  l o a d  b u t  
shou ld  be i gno red  when de te rm in ing  maximum h e a t i n g  load. When cons ide r ing  
t h e  e f f e c t  o f  c o l o r  as an energy conserva t i on  measure, t h e  impact on bo th  
h e a t i n g  and c o o l i n g  energy needs t o  be evaluated. 

D u b i n ' s  [4] t r e a t i s e  on energy conserva t i on  i n c l u d e d  nomographs t h a t  
f a c i l i t a t e  e s t i m a t i o n  o f  r o o f  hea t  g a i n  and r o o f  hea t  loss f o r  d i f f e r e n t  
magnitudes o f  s o l a r  i n t e n s i t y  and r o o f  i n s u l a t i o n  u s i n g  two va lues  o f  
su r face  s o l a r  absorptance. Chang and 3usching [ S ]  used Dub in ' s  nomographs 
i n  assess ing  t h e  e f f e c t  o f  c o l o r  i n  a s tudy  o f  t h e  energy-saving p o t e n t i a l  
o f  r o o f i n g  research  w i t h i n  t h e  U n i t e d  States.  W i t h i n  t h e  scope o f  those 
es t imates ,  they  s t a t e d  t h a t  t h e  annual w i n t e r t i m e  heat  loss th rough a r o o f  
hav ing  a s o l a r  r e f l e c t a n c e  of 20 pe rcen t  i s  about 12 t o  25 percen t  l e s s  
than  t h e  annual hea t  loss through an o the rw ise  s i m i l a r  r o o f  hav ing  a s o l a r  
r e f l e c t a n c e  o f  70 percent.  Conversely, t he  summertime heat  g a i n  was noted 
t o  be about t w o  t o  f o u r  t imes l a r g e r  f o r  t h e  20 p e r c e n t  r e f l e c t i v e  r o o f  
compared t o  t h e  70 pe rcen t  r e f l e c t i v e  one. The es t imates  showed, f o r  a 
r o o f  hav ing  a thermal r e s i s t a n c e  o f  about 5 hr- f t ' -OF/Btu,  a maximum annual 
c o o l i n g  savings of  about 13,000 B t u / f t z  i n  t h e  Southwest and a maximum 
annual h e a t i n g  p e n a l t y  o f  about 16,000 B t u / f t z  i n  t h e  North. 

Reagan and Acklam [SI made h e a t i n g  and c o o l i n g  c a l c u l a t i o n s  f o r  severa l  
res idences  i n  Tucson, Ar izona. D a i l y  hea t  g a i n s  f o r  one res idence were 
c a l c u l a t e d  f o r  r o o f  r e f l e c t a n c e  va lues  o f  25 and 65 percent .  N o t i n g  t h a t  
t h e  c a l c u l a t i o n s  gave a much lower roo f  heat  g a i n  f o r  t h e  case o f  reduced 
r o o f  r e f l e c t a n c e ,  t h e  e f f e c t  on o v e r a l l  energy savings i s  s t i l l  smal l  when 
t h e  r o o f ' s  c o n t r i b u t i o n  t o  t h e  t o t a l  house l o a d  i s  small .  

G r i f f i n  [7] c o n t r a s t e d  use o f  h e a t - r e f l e c t i v e ,  aluminum a s b e s t o s - f i b r a t e d  
c o a t i n g  on a r o o f  t o  use o f  convent iona l  b l a c k  a s b e s t o s - f i b r a t e d  c o a t i n g  
u s i n g  ASHRAE's CLTD method f o r  t h e  est imates.  He concluded t h a t  a savings 
o f  0.25 $ / f t 2  i n  p resen t  wor th  cou ld  be r e a l i z e d  over  20 yea rs  i n  c l ima tes  
c h a r a c t e r i z e d  by l ong  c o o l i n g  seasons and noted t h a t  o t h e r  c l i m a t i c  
f a c t o r s  compl ica ted  es t imates  o f  t h e  impact on h e a t i n g  energy needs. 

T a l b e r t  [SI made es t imates  o f  t h e  expected energy savings due t o  use o f  a 
roo f  su r face  hav ing  a s o l a r  r e f l e c t a n c e  o f  70 percent .  The l o c a t i o n  used 
was Phoenix, Ar izona and two e s t i m a t i o n  methods were employed. One 
f o l l o w e d  the  ASHRAE CLTD method and t h e  o t h e r  u t i l i z e d  t h e  e q u i v a l e n t  sol- 
a i r  temperature d i f f e rence .  
G r i f f i n ,  he p r e d i c t e d  an annual c o o l i n g  savings o f  about $1600. However, 
i t  was acknowledged t h a t  a d e t a i l e d  computer model shou ld  be used t o  more 
a c c u r a t e l y  determine energy savings f o r  h i g h l y  r e f l e c t i v e  r o o f s .  

C o r r e l a t i n g  h i s  es t ima tes  w i t h  those o f  
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I n t e r e s t  i n  t h e  use o f  r e f l e c t i v e  r o o f s  p r e v a i l s  as evidenced b y  b o t h  
c o m e r c i a l  adver t l sements  and a r t i c l e s  i n  t r a d e  magazines r e l a t e d  t o  
r o o f i n g .  One such a r t i c l e  repo r ted  a 5 t o  30 pe rcen t  annual reduc t i on  
i n  a i r - c o n d i t i o n i n g  cas ts  a t  130 estab l i shments  o f  a c o m e r c i a 1  f i r m  who 
i n s t a l l e d  w h i t e  r o o f s  on t h e i r  p laces  o f  business. 

Another  a r t i c l e  [ lo]  descr ibed an on-going research  p r o j e c t  i n  a Southern 
s t a t e  focus ing  on e n e r g y - e f f i c i e n t  b u i l d i n g  methods. Three 14- by 2 2 - f t  
s t r u c t u r e s  were be ing  t e s t e d  s imul taneously ,  The c o n t r o l  s t r u c t u r e  was 
desc r ibed  as be ing  b u i l t  accord ing  t o  t r a d i t i o n a l  techno logy  o f  10 t o  15 
years  ago. I t s  r o o f  was a convent iona l  b u i l t - u p  r o o f  (BUR). The second 
b u i l d i n g  had a h i g h l y  r e f l e c t i v e  w h i t e  r o o f  m a s t i c  a p p l i e d  over  t h e  BUR. 
The t h i r d  b u i l d i n g  i nco rpo ra ted  a v a r i e t y  o f  e n e r g y - e f f i c i e n t  techniques. 
P r e l i m i n a r y  r e s u l t s  f o r  one day ' s  o p e r a t i o n  i n  October 1985 i n d i c a t e d  a 43 
pe rcen t  r e d u c t i o n  i n  power consumption by  t h e  second b u i l d i n g ,  a reduc t i on  
a t t r i b u t a b l e  s o l e l y  t o  t h e  use o f  t h e  r e f l e c t i v e  w h i t e  m a s t i c  on t h e  roo f .  

The " w h i t e "  versus "b lack "  i ssue  was mentioned i n  a newspaper a r t i c l e  [ll] 
d i s c u s s i n g  work a t  t h e  U n i v e r s i t y  o f  F l o r i d a  on t h e  use o f  aluminum f o i l  
i n  a t t i c s  as an energy-conservat ion measure. The a r t i c l e  i m p l i e d  t h a t  t he  
researcher  wished t o  d i s p e l  t h e  n o t i o n  t h a t  r o o f  c o l o r  makes a d i f f e r e n c e  
i n  t h e  energy i t  absorbs by  q u o t i n g  h im as say ing,  "White may be a l i t t l e  
b i t  c o o l e r  f a r  t h e  f i r s t  yea r  o r  so, b u t  i t  w i l l  t u r n  g ray  w i t h i n  a f e w  
yea rs  and n o t  do t h e  job .  The t e x t u r e  o f  t h e  r o o f  p l a y s  a more impor tan t  
r a l e  than c o l o r  i n  many cases." 

ENERGY BALANCE AT EXTERIOR ROOF SURFACE 

A mathematical express ion  f o r  t h e  ins tan taneous energy balance a t  t h e  
cauter su r face  o f  a r o o f  i s  impor tan t  i n  e v a l u a t i n g  exper imenta l  da ta  and 
f o r  model ing heat  f l u x  through t h e  b u i l d i n g  thermal envelope. Boundary 
c o n d i t i o n s  a t  a s u n l i t  roof su r face  a r e  complex and t r a n s i e n t .  T y p i c a l l y ,  
a low-s lope r o o f  assembly i s  composed o f  a meta l  deck, vapor r e t a r d e r ,  one 
o r  more l a y e r s  o f  i n s u l a t i o n ,  a waterproo f  membrane and u s u a l l y  some form 
o f  ballast. The assembly i s ,  t h e r e f o r e ,  nonhomogeneous and mu l t i - l aye red .  
D e t a i l e d  thermal a n a l y s i s  i s  amenable t o  numer ica l  techniques. As shown 
i n  F i g u r e  I ,  t h e  ins tan taneous energy balance a t  a s u n l i t  r o o f ' s  su r face  
can be expressed as: 

Each t e r m  on t h e  r i gh t -hand  s i d e  i n v o l v e s  a t r a n s l e n t  q u a n t i t y ,  t h e  
ins tan taneous r e l a t i o n s h i p  o f  which can r e s u l t  i n  l a r g e  temperature 
g r a d i e n t s  j u s t  i n s i d e  the  r o o f  l aye r .  For  model ing work, equa t ion  (1) 
must be so lved s imu l taneous ly  w i t h  t h e  conduct ion  equat ion  f o r  t h e  r o o f  
assembly. The r e s u l t s  a r e  h i g h l y  s e n s i t i v e  t o  t h e  accuracy w i t h  which the  
convec t ion  and r a d i a t i o n  terms a r e  supp l ied ,  as s h a l l  be shawn l a t e r  i n  
t h e  d i s c u s s i o n  o f  t he  exper imenta l  r e s u l t s .  

Equat ion  (1) descr ibes  an i d e a l i z e d  case when t h e  hea t  t r a n s f e r  mechanisms 
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FIG. 1: Energy balance a t  t he  e x t e r i o r  sur face  o f  t h e  r o o f  assembly 

i n  the absence o f  moisture loading.  
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a r e  r e s t r i c t e d  t o  conduct ion  th rough t h e  r o o f ,  r a d i a t i o n ,  and convect ion.  
I n  p r a c t i c e ,  r o o f s  can be covered d u r i n g  c e r t a i n  p e r i o d s  by water  i n  the  
fo rm o f  r a i n ,  mow, dew o r  f r o s t .  When water  i s  condensing o r  evapora t i ng  
on t h e  sur face ,  o r  a l a y e r  o f  f r o s t  i s  sub l im ing ,  equat ion  (1) should be 
m o d i f i e d  t o  i n c l u d e  t h e  l a t e n t  energy assoc ia ted  w i t h  t h e  phase change 
t a k i n g  place. L ikewise ,  r a i n  o r  snow r e q u i r e  a d d i t i o n a l  m o d i f i c a t i o n s  t o  
p r o p e r l y  d e s c r i b e  t h e i r  impact. 

Equat ion  (1) i s  t h e  b a s i s  f o r  d e f i n i n g  t h e  s o l - a i r  temperature,  a 
h y p o t h e t i c a l  a i r  temperature which would cause t h e  same n e t  r a t e  o f  heat  
t r a n s f e r  t o  t h e  su r face  u s i n g  a combined c o n v e c t i v e - r a d i a t i v e  f i l m  coef -  
f i c i e n t .  By rea r rang ing  equat ion  (1) ,  t h e  s o l - a i r  temperature i s  g i ven  
by  : 

The combined c o n v e c t i v e - r a d i a t i v e  e x t e r n a l  hea t  t r a n s f e r  c o e f f i c i e n t  ho i s  
d e f i n e d  by: 

where 

Whi le  b o t h  hc and hr a r e  temperature dependent, hc a l s o  depends on the  
e x t e r i o r  boundary l a y e r  o r ,  more s p e c i f i c a l l y ,  on t h e  f l o w  f i e l d  ad jacen t  
t o  t h e  r o o f ' s  sur face .  U n c e r t a i n t y  i n  t h e  e x t e r n a l  f i l m  c o e f f i c i e n t  i s  a 
c r i t i c a l  d i f f i c u l t y  i n  a c c u r a t e l y  model ing r o o f  heat  t r a n s f e r  a long  w i t h  
t h e  d i f f i c u l t y  i n  o b t a i n i n g  t h e  su r face  r a d i a t i v e  c h a r a c t e r i s t i c s ,  as and E .  

SOLAR REFLECTANCE VALUES FOR ROOFING 

Whi le  the  r e f l e c t i v e  cha rac te r  o f  a r o o f  i s  o f t e n  assoc ia ted  w i t h  i t s  
c o l o r ,  c o l o r  a lone i s  n o t  an adequate t e c h n i c a l  i n d i c a t o r .  S o l a r  energy 
p r i n c i p a l l y  l i e s  w i t h i n  t h e  wavelength band 0.f 0.1 t o  2.5 microns.  Co lor  
s p e c i f i c a l l y  r e l a t e s  t o  t h e  v i s i b l e  band o f  0.35 t o  0.7 microns. S t r i c t l y  
speaking then, t h e  r o o f ' s  r e f l e c t a n c e  f o r  t h e  s o l a r  band i s  needed. 

Equat ion (1) i l l u s t r a t e s  t h e  importance o f  r o o f  s o l a r  r e f l e c t a n c e  i n  the  
energy balance a t  t h e  r o o f ' s  sur face.  A c r i t i c a l  i ssue  i s  t o  i d e n t i f y  
r e a l i s t i c  s o l a r  r e f l e c t a n c e s  f o r  a c t u a l  roo fs .  Reagan and Acklam [SI 
l i s t e d  r e f l e c t a n c e s  f o r  a v a r i e t y  o f  b u i l d i n g  m a t e r i a l s ,  i n c l u d i n g  b u i l t -  
up r o o f  (BUR) m a t e r i a l s .  These ranged f rom 12 pe rcen t  f o r  dark  pea g rave l  
t o  75 percent  f o r  a w h l t e  coated smooth sur face .  The DOE-2 manual E131 
con ta ins  a t a b l e  o f  suggested r e f l e c t a n c e  va lues which a r e  l i s t e d  i n  
Table 1 f o r  re ference.  Pub l ished s o l a r  r e f l e c t a n c e  va lues  f o r  t y p i c a l  
b u i l d i n g  m a t e r i a l s  can range f rom f i v e  t o  95 pe rcen t  [3, 6, 8, 131. 
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A c o m p l i c a t i n g  f a c t o r  f o r  r e l i a b l y  model ing h i g h l y  r e f l e c t i v e  s u n l i t  
su r faces  i s  t h a t  t he  r e f l e c t a n c e  w i l l  change d u r i n g  the r o o f ' s  s e r v i c e  
l i f e .  Many f a c t o r s  can i n f l u e n c e  t h e  ag ing  c h a r a c t e r i s t i c s  o f  a 
r e f l e c t i v e  membrane. Very l i t t l e  has been r e p o r t e d  f o r  changes i n  r o o f  
s o l a r  r e f l e c t a n c e  over an extended s e r v i c e  pe r iod .  

EXPERIMENT DESIGN 

The Roof Thermal Research Apparatus (RTRA) a t  the Oak Ridge N a t i o n a l  
Labora to ry  (ORNL) i s  an ou tdoor  f a c i l i t y  designed t o  t e s t  assemblies o f  
low-sloped r o o f  systems. Const ruc ted  o f  masonry b l o c k  w i t h  a conc re te  
s l a b  f l o o r ,  t h e  i n t e r i o r  dimensions a r e  approx ima te l y  8 f t  by 27 ft. Both 
t h e  a i r  temperature and r e l a t i v e  h u m i d i t y  i n s i d e  t h e  b u i l d i n g  a r e  
c o n t r o l l e d .  The r o o f  i s  designed f o r  t h e  i n s e r t i o n  and removal o f  f o u r  
t e s t  pane ls ,  each measuring 4 f t  by 8 ft. 
be conducted s imu l taneous ly  w i t h  t h e  bo t tom su r faces  o f  t h e  pane ls  exposed 
t o  c o n t r o l l e d  i ndoor  c o n d i t i o n s  w h i l e  t h e i r  t o p  su r faces  a r e  exposed t o  
t h e  ou tdoor  weather o f  Eas t  Tennessee. 

Four exper iments can t h e r e f o r e  

The t e s t  pane ls  a r e  ins t rumented w i t h  temperature sensors and heat  f l u x  
t ransducers.  Weather measurements i n c l u d e  s o l a r  f l u x ,  i n f r a r e d  f l u x ,  wind 
v e l o c i t y ,  ba romet r i c  pressure,  p r e c i p i t a t i o n ,  r e l a t i v e  h u m i d i t y  and 
ambient a i r  temperature. An au tomat ic  da ta  a c q u i s i t i o n  system c o l l e c t s  
h o u r l y  d a t a  and t r a n s f e r s  i t  t o  computer f i l e s  f o r  long- te rm s to rage and 
subsequent ana lys i s .  

A panel was i n s t a l l e d  i n  March 1986 f o r  comparing t h e  thermal performance 
of  b l a c k  and w h i t e  r o o f  membranes. A c ross  s e c t i o n  o f  t h e  t e s t  panel  i s  
shown i n  F i g u r e  2 and a p l a n  view i s  g i v e n  by  F i g u r e  3. One h a l f  o f  t he  
t e s t  panel  was covered w i t h  a w h i t e  p o l y i s o b u t y l e n e  ( P I B )  r o o f  membrane 
w h i l e  a b l a c k  P I B  l a y e r  was a p p l i e d  t o  t h e  o t h e r  h a l f .  
were s u p p l i e d  by t h e  same manufacturer.  Underneath t h e  P I B  membranes were 
two l a y e r s  o f  0.9375 i n c h  t h i c k  f i b e r g l a s s  r o o f  i n s u l a t i o n  board, 
p r o v i d i n g  a nominal thermal r e s i s t a n c e  o f  7-5 hr-ft2-OF/J3tu, The bottom 
of t h e  assembly was a t y p i c a l  co r ruga ted  sheet meta l  deck. Two heat  f l u x  
t ransducers  were i n s t a l l e d .  These were c a l i b r a t e d  a t  ORNL w i t h  a screen 
t e s t e r  whose accuracy has been demonstrated w i t h i n  one pe rcen t  u s i n g  
N a t i o n a l  Bureau of  Standards standard re fe rence  m a t e r i a l s  [19]. Each heat 
f l u x  t ransduces was p laced  between two l a y e r s  o f  i n s u l a t i o n  and centered 
i n  i t s  r e s p e c t i v e  h a l f  o f  t h e  assembly. Several  thermocouples were 
i n s t a l l e d  t o  m o n i t o r  temperatures f o r  each h a l f  o f  t h e  specimen. Sensor 
l o c a t i o n s  a r e  i n d i c a t e d  i n  F igu res  2 and 3. 

Both membranes 

Data a c q u i s i t i o n  began i n  March 1986. Except f o r  occas iona l  gaps caused 
by  power outages o r  temporary equipment f a i l u r e ,  over  18 months o f  h o u r l y  
d a t a  have been recorded con t inuous ly  s ince  i n i t i a t i o n  o f  t h e  t e s t .  O v e r  
most o f  t h e  t e s t  p e r i o d ,  da ta  logged a t  each hour was ob ta ined  by averaging 
read ings  taken every minu te  over t h e  i n t e r v a l  f rom f i v e  minu tes  be fo re  the 
hour u n t i l  f i v e  minutes a f t e r  t he  hour. The procedure was m o d i f i e d  i n  
A p r i l  1987 t o  c o n t i n u o u s l y  reco rd  d a t a  every  f i v e  minu tes  w i th  h o u r l y  
averages c a l c u l a t e d  f r o m  30 minutes b e f o r e  t o  30 minutes  a f t e r  t h e  hour. 
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PLAN ViEW AND SECTION OF BLACK AND WHITE MEMBRANE TEST 
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FIG. 3: Plan view o f  roof t e s t  panel. 
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EXPERIMENTAL RESULTS 

Typ ica l  exper imenta l  r e s u l t s  comparing b l a c k  and white. behav io r  a r e  
d iscussed below, The comparisons a r e  ve ry  s e n s i t i v e  t o  dayt ime versus 
n i g h t t i m e  cond i t i ons .  
24-hour r e c o r d  were used. D isca rd ing  days w i t h  m i s s i n g  da ta  r e s u l t e d  i n  
t h e  e l i m i n a t i o n  o f  39 days d u r i n g  t h e  f i r s t  yea r  o f  t e s t i n g :  4 i n  March, 
3 i n  A p r i l ,  6 i n  May, 1 i n  June, 4 i n  J u l y ,  8 i n  October, 8 i n  November, 
2 i n  January 1987, and 3 i n  February 1987. Consequently, 7,824 hours o f  
da ta  a r e  examined f o r  t h e  f i r s t  y e a r ' s  opera t ion .  For  c e r t a i n  cons ider -  
a t i o n s ,  da ta  ob ta ined  a f t e r  t h e  end o f  t h e  f i r s t  yea r  a r e  a l s o  inc luded.  

To a v o i d  b i a s ,  o n l y  those days w i t h  a complete 

V a r i a t i o n  o f  Sur face  Temperatures 

As shown i n  F i g u r e  2, P I B  su r face  temperatures were measured b y  
thermocouples p o s i t i o n e d  on t o p  o f  t h e  membrane b u t  underneath a small  
pa tch  o f  membrane m a t e r i a l  g lued  t o  t he  sur face.  Another thermocouple was 
l o c a t e d  between t h e  membrane l a y e r  and t h e  t o p  o f  t h e  i n s u l a t i o n .  These 
two agreed ve ry  c l o s e l y  th roughout  t h e  t e s t s .  Temperature da ta  f o r  a 
summer week and f o r  a w i n t e r  week, b o t h  hav ing  c l e a r  s k i e s  and good weekly 
i n s o l a t i o n ,  a r e  shown i n  F igu res  4 and 5, r e p e c t i v e l y .  Temperature da ta  
f o r  a w i n t e r  week d u r i n g  which severa l  c loudy  days occur red  a r e  shown i n  
F i g u r e  6. Data f o r  a week i n  September 1986, F i g u r e  7, i l l u s t r a t e  a 
v a r i e t y  of weather cond i t i ons .  The f i r s t  f i v e  days were c loudy  w i t h  heavy 
r a i n  occu r ing  tw ice .  The l a s t  t w o  days were c l e a r  and sunny. 

Severa l  observa t ions  can be made f rom t h e  temperature v a r i a t i o n s  shown i n  
F igu res  4 th rough 7. Daytime behav io r  i s  c h a r a c t e r i z e d  by l a r g e  peaks i n  
su r face  temperature, p a r t i c u l a r l y  d u r i n g  c l e a r  days. Dur ing  t h e  surmer, 
peak b l a c k  su r face  temperatures reached 180"F, exceeding ambient a i r  
temperatures by 80 t o  9QOF. The w h i t e  membrane was 50°F c o o l e r  than the  
b l a c k  membrane a t  these t i m e s ,  never exceeding 135°F. S i m l l a r  behav io r  
occur red  f o r  c l e a r  weather d u r i n g  t h e  w i n t e r ,  a l t hough  temperature peaks 
were moderated t o  121°F and 89°F f o r  t h e  b l a c k  and w h i t e  membranes, 
r e s p e c t i v e l y .  The e f f e c t  o f  c louds i n  a t t e n u a t i n g  these d i f f e r e n c e s  can 
be seen i n  F igu res  6 and 7. 
i n  F i g u r e  7. 

The e f f e c t  o f  r a i n  i s  a l s o  shown f o r  two days 

E q u a l l y  as no tewor thy  as t h e  d i f f e rences  t h a t  occur red  d u r i n g  t h e  daytime 
i s  t h e  s i m i l a r i t y  of t he  n i g h t t i m e  behav io r  o f  t h e  two membranes. The 
b l a c k  and w h i t e  su r face  temperatures agree a lmost  e x a c t l y  d u r i n g  the  n i g h t  
hours. T h i s  can be seen by  t h e  co inc idence o f  su r face  temperatures d u r i n g  
n i g h t  hours f o r  a l l  cases shown i n  F igu res  4 th rough 7. 

The agreement between n i g h t t i m e  b lack  and w h i t e  su r face  temperatues was 
q u a n t i f i e d  by  ana lyz ing  a l l  of t h e  da ta  ob ta ined  when i n s o l a t i o n  was no t  
p resen t .  Due t o  f i l e  s i z e  l i m i t a t i o n s  f o r  t h e  computer program, two se ts  
o f  data were assembled f o r  t h e  ana lys i s .  The f i r s t  s e t  covers t h e  p e r i o d  
f rom March 7 through August 22, 1986. The second s e t  extends f rom 
October 10, 1986 through A p r i l  14, 1987. L i n e a r  reg ress ions  o f  n i g h t t i m e  
b l a c k  su r face  temperature on n i g h t t i m e  w h i t e  su r face  temperature were 
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performed and t h e  r e s u l t s  a r e  shown i n  Tab le  2. The s lopes  o f  t h e  
r e s u l t i n g  s t r a i g h t  l i n e s  were w i t h i n  0.35 p e r c e n t  o f  1.00. 
h i g h l y  l i n e a r l y  c o r r e l a t e d  w i t h  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t s ,  RZ, o f  
0.9996 f o r  each regression. The s tandard  e r r o r  i n  es t ima ted  temperatures 
f o r  t h e  two reg ress ions  a r e  0.55 and 0.42OF, l e s s  than t h e  exper imental  
u n c e r t a i n t y  o f  comparing t h e  two measurements (+/- 0.71"F). Th i s  com- 
p a r i s o n  emphasizes the n e a r l y  i d e n t i c a l  v a r i a t i o n  o f  w h i t e  and b l a c k  sur-  
f ace  temperatures d u r i n g  n o n - s u n l i t  hours and i n d i c a t e s  t h a t  t h e  t w o  
s u r f  aces have s i m i  1 a r  i n f  r a  red  rad1 a t  i ve c h a r a c t e r  i s t i cs . 

The da ta  a r e  

Roof s u r f a c e  temperatures a r e  impor tan t  n o t  o n l y  t o  b u i l d i n g  energy 
performance, b u t  a r e  a l s o  o f  i n t e r e s t  t o  manufac turers  and des igners  
work ing  w i t h  temperature s e n s i t i v e  adhesive systems, t h e r m o p l a s t i c  
components w i t h  s o f t e n i n g  p o i n t s  below 2OO0F, temperature dependent 
s t r e n g t h  and p e r m e a b i l i t y  p r o p e r t i e s ,  and the  genera l  problem o f  
c o n t r o l l i n g  t h e r m a l l y  induced s t resses  i n  r o o f s  which t y p i c a l l y  c o n t a i n  
m a t e r i a l s  w i th  ve ry  d i f f e r e n t  thermal expansion c o e f f i c i e n t s .  Using the  
7,824 hours o f  d a t a  f r o m  the  326 days w i t h  complete d i u r n a l  records  du r ing  
t h e  f i r s t  yea r ,  t he  d i s t r i b u t i o n  o f  su r face  temperature extremes i n  10°F 
increments a r e  shown i n  t h e  b a r  c h a r t  o f  F i g u r e  8 f o r  b o t h  t h e  b l a c k  and 
w h i t e  PIB membranes. F o r  t h e  b lack  membrane, su r face  temperature exceeded 
110°F d u r i n g  1,264 hours,  o r  16.2 pe rcen t  o f  t h e  t ime. The b l a c k  su r face  
exceeded 180°F f o r  n i n e  hours. The w h i t e  membrane's su r face  temperature 
exceeded 110°F f o r  o n l y  381 hours, o r  4.9 pe rcen t  o f  t h e  t ime, and never 
exceeded 140OF. I t  i s  apparent t h a t  m a t e r i a l s  ad jacen t  t o  a b l a c k  r o o f  
membrane must be a b l e  t o  w i t h s t a n d  s u b s t a n t i a l l y  h i g h e r  temperatures and 
more pro longed exposure p e r i o d s  than those ad jacen t  t o  a w h i t e  membrane. 

Roof Heat T r a n s f e r  

Using a highly  r e f l e c t i v e  r o o f  t o  o b t a i n  HVAC energy savings i s  a 
c o n t r o v e r s i a l  sub jec t .  Heat g a i n  through t h e  r o o f  can rep resen t  an 
i nc rease  i n  c o o l i n g  l o a d  o r  a decrease i n  h e a t i n g  load,  depending on the 
b u i l d i n g ' s  ins tan taneous load  r e  rements, Therefore, changing roof  
r e f l e c t a n c e  t o  reduce heat  g a i n  
c o u n t e r a c t i n g  cumula t ive  e f f e c t  o v e r a l l .  

i n g  s u n l i t  hours may have a 

The exper imenta l  da ta  i nc luded  h o u r l y  measurements o f  t he  ins tan taneous 
heat  t r a n s f e r  across  t h e  midplane o f  t h e  r o o f  assembly under bo th  the  
b l a c k  and whi te  membranes. 
n e g a t i v e  hea t  f l u x  read ings  d a i l y  th roughout  t h e  y e a r  due t o  d i u r n a l  
t r a n s i e n t s .  
nega t i ve  va lues  i n d i c a t e  heat  f l o w  i n t o  t h e  b u i l d i n g .  Weekly cumula t ive  
t o t a l s ,  ob ta ined  by  sumning t h e  h o u r l y  read ings  f o r  168 hours o f  
con t inuous  da ta ,  a r e  u s e f u l  f o r  comparing b l a c k  and w h i t e  performance. 

Us ing  t h e  same t ime  p e r i o d s  as desc r ibed  i n  t h e  preced ing  d i s c u s s i o n  o f  
su r face  temperature behav io r ,  v a r i a t i o n s  o f  cumula t ive  f l u x  throughout 
each week are shown i n  F igu res  9, 10 and 11. F o r  t he  sumner week i n  J u l y  
1986 (F igu re  9),  t he  cumula t ive  heat  t r a n s f e r  i n t o  the  b u i l d i n g  p e r  u n i t  
r o o f  a rea  was approx imate ly  600 B t u / f t 2  f o r  t h e  b l a c k  s e c t i o n  w h i l e  t h e  
w h i t e  r o o f  exper ienced a cumula t ive  g a i n  o f  about 200 B t u / f t 2 .  For  the  
w i n t e r  week in February 1987 ( F i g u r e  l o ) ,  a reve rse  t r e n d  i s  noted  w i t h  

Both s e c t i o n s  exper ienced p o s i t i v e  and 

P o s i t i v e  f l u x e s  rep resen t  heat  f l ow  o u t  o f  t h e  b u i l d i n g  w h i l e  
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cumula t ive  weekly  hea t  losses  th rough t h e  w h i t e  be ing  about  700 B t u / f t 2  as 
compared t o  550 5 t u / f t z  f o r  t h e  b l a c k  roo f .  
December 1986 (F igu re  111, t h e r e  i s  ve ry  l i t t l e  d i f f e r e n c e  i n  t h e  weekly 
cumula t ive  heat  f l u x e s  o f  t h e  two membranes. These t h r e e  cases i l l u s t r a t e  
t h a t  weather c o n d i t i o n s  have an impor tan t  e f f e c t  on t h e  d i s t i n c t i o n  
between heat  t r a n s f e r  th rough b l a c k  versus w h i t e  roo fs .  T h i s  a p p l i e s  no t  
Only t o  t h e  expected coun te rac t i ng  i n f l u e n c e  f o r  b l a c k  versus w h i t e  w i t h  
changing seasons, b u t  a l s o  t o  changing l e v e l s  o f  i n s o l a t i o n .  

Dur ing  t h e  c loudy  week i n  

The cumula t ive  heat  t r a n s f e r  da ta  were used t o  q u a n t i f y  t h e  approximate 
impact  on annual energy requi rements f o r  t h e  ORNL l o c a t i o n ,  c h a r a c t e r i z e d  
by  Eas t  Tennessee weather. For  t h e  annual p e r i o d  beg inn ing  March 7, 1986 
and ending March 6, 1987, 47 weekly cumula t ive  sums were obta ined.  I n  
o r d e r  t o  i n c l u d e  as much o f  t h e  da ta  as p o s s i b l e  and deal  w i t h  days f o r  
which some da ta  a r e  miss ing ,  t h e  weekly sums ove r lap  f o r  a few cases. The 
r e s u l t i n g  weekly  f l u x e s  f o r  bo th  t h e  b l a c k  and w h i t e  r o o f s  a r e  p l o t t e d  
a g a i n s t  t h e  t i m e  o f  yea r  i n  F igu re  12. The w h i t e  r o o f  e x h i b i t s  h i g h e r  
hea t  losses  d u r i n g  w i n t e r  months w h i l e ,  converse ly ,  t h e  b l a c k  has l a r g e r  
heat  ga ins  d u r i n g  t h e  s u m e r  months. For  th’ ls t e s t  s i t e ,  t h e r e  i s  l i t t l e  
d i f f e r e n c e  i n  heat  t r a n s f e r  through t h e  b l a c k  and w h i t e  r o o f s  d u r i n g  t h e  
months o f  November through January. 

Using t h e  t r a p e z o i d a l  r u l e  f o r  numer ica l  i n t e g r a t i o n ,  t h e  area  under each 
curve  i n  F i g u r e  12 was computed t o  g i v e  t h e  i n t e g r a t e d  heat  f l u x .  Th is  
r e s u l t e d  i n  n e t  annual f l u x e s  o f  5,381 B t u / f t a - y e a r  f o r  t he  b l a c k  r o o f  and 
15,593 B t u / f t 2 - y e a r  f o r  t h e  wh i te .  The u l t i m a t e  impact on energy cos ts  
r e q u i r e s  more d e f i n i t i v e  i n f o r m a t i o n  t o  c o r r e l a t e  t h e  t ime  s e r i e s  o f  
ins tan taneous ga ins  w i t h  hea t ing  and c o o l i n g  requirements. A l though the  
da ta  i n  F i g u r e  12 a r e  s i t e  dependent, some s imp le  comparisons can be made 
t o  i l l u s t r a t e  how d i f f e r e n c e s  i n  op in ions  about energy sav ings can a r i s e .  

TWQ p o s s i b l e  scenar ios  a r e  considered here f o r  examples. For  t h e  w h i t e  
r o o f  advocate, suppose the  b u i l d i n g  i s  one where h e a t i n g  i s  never a 
problem and c o o l i n g  i s  r e q u i r e d  th roughout  t h e  year .  For  such a case, any 
a d d i t i o n a l  g a i n  th rough t h e  r o o f  represents  a p e n a l t y  i n  energy use. The 
area  under t h e  curve  o f  F igu re  12 f o r  t h e  w h i t e  r o o f  d u r i n g  o n l y  nega t i ve  
weekly  f l u x e s  i s  1,345 B t u / f t *  w h i l e  t h a t  under t h e  curve f o r  t h e  b l a c k  
s e c t l o n  i s  6,427 B t u / f t 2 .  The b l a c k  r o o f  t h e r e f o r e  p e n a l i z e s  annual 
c o o l i n g  loads  i n  t h i s  case by 5,082 B t u / f t z .  I n  t h e  second scenar io ,  
suppose t h e  c o o l i n g  season i s  d e f i n e d  t o  be o n l y  t h a t  p e r i o d  when bo th  
curves a r e  nega t i ve  and t h e  h e a t i n g  season i s  d e f i n e d  t o  c o i n c i d e  w i t h  t h e  
p e r i o d  when b o t h  curves a r e  p o s i t i v e .  Wi th  t h i s  scenar io ,  i n t e g r a t e d  
areas f o r  t h e  curves o f  F igu re  12 show t h a t  t h e  w h i t e  s e c t i o n  loses  3,701 
B t u / f t 2  more than t h e  b l a c k  d u r i n g  hea t ing  w h i l e  t h e  b l a c k  s e c t i o n  has 
a g a i n  of  3,847 B t u / f t 2  more than t h e  w h i t e  when c o o l i n g  i s  requ i red .  
Hence, f o r  t h i s  second scenar io ,  and cons ide r ing  o n l y  r o o f  heat  f l u x ,  
t h e  energy-use d i s t i n c t i o n  between b l a c k  and w h i t e  i s  i n s i g n i f i c a n t .  
U l t i m a t e l y ,  one must examine n e t  energy requi rements r a t h e r  than j u s t  
r o o f  heat  f l u x .  Determinat ion  o f  t h e  sav ings o r  p e n a l t i e s  assoc ia ted  
w i t h  s w i t c h i n g  f r o m  a b l a c k  t o  w h i t e  r o o f ,  o r  v i c e  versa,  r e q u i r e s  f u l l  
knowledge o f  l o c a t i o n ,  b u i l d i n g  type,  r o o f  i n s u l a t i o n ,  o t h e r  loads,  HVAC 
equipment t ype  and HVAC o p e r a t i n g  schedule. 



900 

800 

700 

600 

500 

400 n 

c1 
300 

3 c m 200 
Y 

x 100 3 
ml 
tL 
w > 
4 

0 

g -100 

g -200 

z 
3 -300 
0 

-400 

-500 

-600 

0 2 4 6 0 1 0  12 14 16 18 24 22 24 26 20 30 32 34 36 38 40 42 44 46 48 5 0  52 

TIME, BEGINNING 3/7/86 (WEEK) 
FIG. 12: Weekly cumula t ive  heat  f l u x e s  through the  b lack  and w h i t e  

roo fs  over  a one-year per iod ,  March 7 ,  1986 through 
March 6, 1987. P o s i t i v e  values denote heat  f l u x  o u t  o f  
t h e  b u i l d i n g .  



22 

I n  addSt ion  t o  be ing  s i t e  dependent, s p e c i f i c  exper imenta l  hea t  t r a n s f e r  
va lues  g i v e n  h e r e i n  correspond t o  roa f  assembl ies o f  a p a r t i c u l a r  thermal 
r e s i s t a n c e  l e v e l ,  a key f a c t o r  a f f e c t i n g  t h e  magnitude o f  hea t  t r a n s f e r  
th rough t h e  roo f .  An e s t i m a t i o n  o f  exper imenta l  “ e f f e c t i v e ”  thermal 
r e s i s t a n c e  o f  t he  r o o f  i n s u l a t i o n  l a y e r s  was found b y  a techn ique of 
d i v i d i n g  t h e  sum o f  t h e  abso lu te  va lues  o f  ins tan taneous temperature 
d i f f e r e n c e  across  t h e  i n s u l a t i o n  l a y e r s  by  t h e  sum o f  t h e  a b s o l u t e  va lues 
o f  the  ins tan taneous heat  f l u x .  The sumnation t o  o b t a i n  an R-value was 
done f o r  da ta  ex tend ing  over  one week. The sum becomes n e a r l y  cons tan t  
near  t h e  end o f  t h e  weekly s u m a t i o n  per iod ,  Weekly sumnations were made 
f o r  s e l e c t e d  weeks throughout  t h e  da ta  c o l l e c t i n g  per iod .  Whi le  d i f f i c u l t  
t o  defend t h e o r e t i c a l l y ,  t h i s  techn ique has r o u t i n e l y  y i e l d e d  va lues  which 
agree markedly  w e l l  w i t h  s teady -s ta te  va lues  ob ta ined  i n  t h e  ORNL screen 
t e s t e r  [ 1 9 ] .  Al though t h e  de te rm ina t ion  o f  i n s u l a t i o n  thermal  res i s tances  
was n o t  a p a r t i c u l a r  goa l  o f  t h i s  work, t h e  techn ique was used t o  examine 
da ta  cons is tency  and t o  see i f  t h e r e  was any d i f f e r e n c e  i n  p a t t e r n  f o r  the  
b l a c k  and w h i t e  sec t ions .  R-values were determined f o r  b o t h  r o o f s  f rom 
Several Sets o f  weekly data. The mean temperature o f  t h e  s tack  was a l s o  
ob ta ined  by  averag ing  t h e  mean temperature o f  each i n s u l a t i o n  l a y e r ,  t he  
l a t t e r  be ing  determined by  assuming a l i n e a r  temperature p r o f i l e  through 
each baard. The v a r i a t i o n s  i n  R-value w i t h  mean temperature a r e  Shawn i n  
F i g u r e  13. L i n e a r  regress ions  o f  t h e  R-value da ta  on mean temperature were 
made f o r  t he  b lack  and w h i t e  t e s t  specimens, The corresponding s t r a i g h t  
l i n e s  a r e  p l o t t e d  i n  F igu re  13. The r e s u l t i n g  equat ion  f o r  t h e  b l a c k  sec- 
t i o n  i s :  

and t h e  r e s u l t i n g  equat ion  f o r  t h e  w h l t e  s e c t i o n  i s :  

The c o r r e l a t i o n  c o e f f i c i e n t s ,  R 2 ,  f o r  t h e  reg ress ions  were .937 and .927, 
r e s p e c t i v e l y ,  f o r  t h e  b l a c k  and wh i te .  The s tandard  e r r o r s  i n  p r e d i c t e d  
R-value were 0.083 f a r  b a t h  cases. The e f f e c t i v e  R-values f o r  t h e  b l a c k  
s e c t i o n  over  the  range a f  mean temperatures encountered d u r i n g  t h e  t e s t s  
a r e  two t o  t h r e e  percent  h ighe r  than those f o r  t h e  wh i te .  The cons is tency  
o f  t h i s  d i f f e r e n c e  over  the  e n t i r e  range suggests t h i s  i s  a good i n d i c a t o r  
o f  exper imenta l  accuracy. 

- S o l a r  Ref lec tance Measurements 

R e l i a b l e  su r face  r e f l e c t a n c e  va lues a re  c r i t i c a l  t o  model ing c a l c u l a t i o n s .  
Aging e f f e c t s  must a l s o  be known f o r  long- te rm econamic cons ide ra t i ons .  A 
commercial r e f l e c t o m e t e r  equipped w i t h  a f i l t e r  f o r  t h e  s o l a r  spectrum was 
used t o  measure t h e  r e f l e c t a n c e  o f  t h e  t e s t  panels. The dev i ce  was used 
a u t s i d e  w i t h  t h e  sun s e r v i n g  as the  l i g h t  source. I n  a d d i t i o n ,  an 
a n a l y t i c a l  scheme u t i l i z i n g  t h e  heat  f l u x ,  temperature and r a d i a t i o n  da ta  
was developed a s  a secand means o f  de te rm in ing  su r face  r e f l e c t a n c e  
c h a r a c t e r i s t i c s .  
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The basis  f o r  t h e  a n a l y t i c a l  scheme i n v o l v e s  i n t e g r a t i n g  equa t ion  (1) over  
an extended t ime  per iod .  
temporal t r a n s i e n t s  t h a t  cou ld  produce e r r o r s  when a p p l y i n g  t h e  measured 
da ta  t o  t h e  ins tan taneous equation. A lso,  t h e  heat  f l u x  t ransducer  g i v e s  
l o c a l  f l u x  a t  t h e  midplane o f  t h e  i n s u l a t i o n ,  b u t  equa t ion  (1) i n v o l v e s  an 
energy balance a t  t h e  sur face.  
d r i f t s  i n  mean assembly temperature, t h a t  i n t e g r a t i o n  o f  measured heat  
f l u x e s  over  an extended t ime  p e r i o d  w i l l  more c l o s e l y  agree w i t h  
i n t e g r a t i o n  o f  t h e  heat  f l u x  j u s t  i n s i d e  the  sur face.  
express ion  f o r  s o l a r  r e f l e c t a n c e  can be ob ta ined  f rom equa t ion  (1). 
aforement ioned i n t e g r a t i o n s  were approximated by sumning instananeous 
h o u r l y  values. 
overbar .  The s u l a r  r e f l e c t a n c e  was c a l c u l a t e d  f rom 

The i n t e g r a t e d  form reduces s e n s i t i v i t y  t o  

I t  i s  reasoned, i n  t h e  absence o f  l a r g e  

An e x p l i c i t  

The sumnations o f  a q u a n t i t y  a r e  represented  by an 

The 

High r e l a t i v e  h u m i d i t i e s  and n i g h t t i m e  condensat ion on h o r i z o n t a l  sur faces  
a r e  comon  i n  East Tennessee where these exper iments were conducted. As 
no ted  e a r l i e r ,  evapora t i on  i s  n o t  cons idered i n  t h e  boundary c o n d i t i o n s  
expressed by  equat ion  (1). No da ta  a r e  a v a i l a b l e  t o  i n d i c a t e  when t h e  
specimens were d r y  each morning. Therefore,  o n l y  those hours f o r  which 
t h e  s o l a r  f l u x  exceeded 30 B t u / h r - f t *  were i n c l u d e d  i n  t h e  sumnations t o  
reduce t h e  number o f  hours i n  t h e  a n a l y s i s  when condensed m o i s t u r e  migh t  
s t i l l  be i n f l u e n c i n g  t h e  su r face  energy balance. 
a r b i t r a r i l y  se lec ted  and no d e t a i l e d  s tudy was made t o  examine s e n s i t i v i t y  
o f  r e s u l t s  t o  cho ice  u f  t h i s  c u t - o f f  p o i n t .  

T h i s  va lue  o f  30 was 

I n  a d d i t i o n  t o  t h e  measured q u a n t i t i e s  t h a t  had t o  be used i n  equat ion  
(71, i t  was a l s o  necessary t o  i n p u t  a va lue  f o r  su r face  i n f r a r e d  emi t tance 
and t h e  convec t i ve  heat  t r a n s f e r  c o e f f i c i e n t  had t o  be est imated.  The 
l a t t e r  es t ima tes  were made us ing  e m p i r i c a l  express ions g i v e n  i n  Reference 
[ZO]. An i n f r a r e d  emi t tance o f  0.92 was used f o r  b o t h  the  b l a c k  and w h i t e  
membranes f o r  t h e  c a l c u l a t i o n s .  T h i s  va lue  o f  i n f r a r e d  emi t tance was 
est imated.  Some c a l c u l a t i o n s  were made f o r  o t h e r  va lues  and a subsequent 
e r r o r  a n a l y s i s  i n d i c a t e s  the  s e n s i t i v i t y  o f  t h e  c a l c u l a t e d  s o l a r  
r e f l e c t a n c e  t o  t h e  cho ice  f o r  i n f r a r e d  emi t tance.  A l s o ,  ( 1 - p i )  was 
cons idered t o  be t h e  same as t h e  i n f r a r e d  emi t tance.  E x c e l l e n t  n i g h t t i m e  
agreement between b l a c k  and w h i t e  su r face  temperatures i n d i c a t e d  t h a t  bo th  
have t h e  same i n f r a r e d  r a d i a t i v e  p r o p e r t i e s .  S ince no i n  s i t u  
measurements o f  i n f r a r e d  emi t tance were at tempted,  t h e  exac t  va lue  o f  t h i s  
p r o p e r t y  was n o t  known. 

Data f rom 25 d i f f e r e n t  weeks, d i s t r i b u t e d  th roughout  t h e  da ta  c o l l e c t i o n  
p e r i o d ,  were used w i t h  equat ion  (7) t o  determine t h e  e f f e c t i v e  s o l a r  
r e f l e c t a n c e .  The r e s u l t s  a r e  shown i n  F i g u r e  14 a long  w i t h  va lues  
ob ta ined  u s i n g  t h e  re f l ec tomete r .  The r e f l e c t o m e t e r  was ex t remely  
s e n s i t i v e  t o  n e a r l y  i m p e r c e p t i b l e  v a r i a t i o n s  i n  background l i g h t i n g .  The 
measurements were o f t e n  e r r a t i c  and i n c o n s i s t e n t .  The d i r e c t l y  measured 
da ta  p l o t t e d  i n  F igu re  14 have been c u l l e d  f rom a l a r g e r  s e t  o f  
obse rva t i ons  f r o m  which p h y s i c a l l y  u n r e a l i s t i c  o u t l i e r s ,  based upon 
accepted theo ry  f o r  t he  phys i cs  o f  su r face  r a d i a t i v e  heat  t r a n s f e r ,  were 
e l im ina ted ,  
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The c a l c u l a t e d  r e s u l t s  i n d i c a t e  t h a t  t h e  w h i t e  membrane's s o l a r  
r e f l e c t a n c e  i n i t i a l l y  decreased f rom 0.8 t o  0.7 d u r i n g  the  f i r s t .  t h r e e  
months o f  ou tdoor  exposure. A more gradual  decrease t o  a s o l a r  
r e f l e c t a n c e  o f  0.55 cont inued t o  t h e  end o f  t h e  75 week per iod .  I t  i s  no t  
apparent  t h a t  t h e  w h i t e  membrane's s o l a r  r e f ? e c t a n c e  had reached a minimum 
by  t h e  end o f  t h e  r e p o r t i n g  per iod .  The c a l c u l a t e d  s o l a r  r e f l e c t a n c e  o f  
t h e  b l a c k  membrane e x h i b i t s  g r e a t e r  s t a b i l i t y  about  a va lue  o f  0.2. The 
t e s t  pane ls  were n o t  cleaned d u r i n g  t h e  r e p o r t i n g  p e r i o d  and weather ing 
v i a  d u s t  accumulat ion and o t h e r  f a c t o r s  was a l l owed  t o  proceed 
und is tu rbed.  

A l though t h e  c a l c u l a t e d  s o l a r  r e f l e c t a n c e  va lues  a r e  reasonable and 
c o n s i s t e n t ,  t h e r e  a r e  n o t i c e a b l e  d i f f e r e n c e s  between them and t h e  d i r e c t l y  
measured va lues  ( s e e  F igu re  14) .  The r e f l e c t o m e t e r  measurements i n d i c a t e  
a much more gradual  ag ing  e f f e c t  f o r  t h e  w h i t e  membrane, decreas ing  f r o m  
0.8 t o  0,7 over  t h e  e n t i r e  75 week pe r iod .  T h i s  ag ing  process may a l s o  
have been e s s e n t i a l l y  complete a f t e r  t h e  f i r s t  29 weeks o f  ou tdoor  
exposure. The r e f l e c t o m e t e r  measurements a l s o  i n d i c a t e  a s o l a r  
r e f l e c t a n c e  o f  0.1 f a r  t h e  b l a c k  membrane. B e t t e r  agreement was found 
between t h e  r e f l e c t o n i e t e r  da ta  and va lues  t a b u l a t e d  i n  t h e  l i t e r a t u r e .  
I t  remained troublesome, however, t h a t  t he  r e f l e c t o m e t e r  read ing  seemed t o  
show s e n s i t i v i t y  t o  ou tdoor  cond i t i ons .  

S ince  the  c a l c u l a t e d  s o l a r  r e f l e c t a n c e s  d i f f e r e d  f r o m  those measured w i t h  
t h e  r e f l e c t o m e t e r ,  a c l o s e r  examinat ion was made o f  t h e  s e n s i t i v i t y  o f  
equa t ion  (7 )  to t h e  r e q u i r e d  measured inputs .  The p a r t i a l  d e r i v a t i v e  o f  
s o l a r  r e f l e c t a n c e  was computed w i t h  respec t  t o  each v a r i a b l e .  Th is  was 
m u l t i p l i e d  b y  an es t imated  u n c e r t a i n t y  i n  the  measured ( o r  de r i ved )  va lue 
o f  t h e  v a r i a b l e  t o  determine the  t o t a l  u n c e r t a i n t y  c o n t r i b u t e d  by  each 
parameter t o  the  c a l c u l a t e d  re f l ec tance .  F o r  i l l u s t r a t i o n ,  t h e  r e s u l t s  
us ing  da ta  f rom two r e p r e s e n t a t i v e  weeks a r e  shown i n  Tables 3 and 4. The 
es t ima ted  u n c e r t a i n t y  i n  t h e  c a l c u l a t e d  s o l a r  r e f l e c t a n c e  i s  shown f o r  
b o t h  b l a c k  and w h i t e  data,  w i t h  s o l a r  f l u x ,  i n f r a r e d  f l u x ,  su r face  
emi t tance,  and convec t ive  heat  t r a n s f e r  c o e f f i c i e n t  c o n t r i b u t i n g  the  
l a r g e r  i n f l uences .  However, t h e  magnitude o f  the  es t ima te  i s  con t ingen t  
on t h e  u n c e r t a i n t y  ass igned t o  each o f  t h e  i n f l u e n c i n g  parameters. For 
each case examined, t w o  d i f f e r e n t  es t imates  a r e  shown, For  t h e  f i r s t ,  a 2 
pe rcen t  u n c e r t a i n t y  i n  b o t h  s o l a r  f l u x  and i n f r a r e d  f l u x  was assumed. 
U n c e r t a i n t i e s  i n  magnitude o f  0.05 and 0.1 were assumed, r e s p e c t i v e l y  f o r  
su r face  i n f r a r e d  emi t tance and t h e  convec t i ve  heat  t r a n s f e r  c o e f f i c i e n t .  
When t h e  va lues  were inc reased t o  5 pe rcen t  f o r  s o l a r  and i n f r a r e d  f l u x e s  
and t o  0.1 and 0.3 for emi t tance and convec t i ve  c a e f f i c i e n t ,  r e s p e c t i v e l y ,  
t h e  es t ln ia ted  u n c e r t a i n t y  i n  s o l a r  r e f l e c t a n c e  increased a lmost  by a 
f a c t o r  o f  3 be ing  0.12 f o r  t h e  wors t  case. The e f f o r t  r e v e a l s  t h a t  the  
convec t i ve  heat  t r a n s f e r  c o e f f i c i e n t  i s  a most impor tan t  parameter i n  
making an accu ra te  energy balance a t  t h e  e x t e r i o r  su r face  o f  a s u n l i t  
r o o f .  Hence, the  accuracy o f  a n a l y t i c a l l y  model ing t h e  complete thermal 
performance o f  r o o f s  i s  con t i ngen t  on the  accuracy w i t h  which the  heat  
t r a n s f e r  c o e f f i c i e n t  can be determined f o r  t h e  s i t u a t i o n  under study. 
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The n i g h t t i m e  c o u n t e r p a r t  o f  equa t ion  (7), w i t h  s o l a r  f l u x  e l i m i n a t e d ,  was 
used t o  c a l c u l a t e  an e f f e c t i v e  i n f r a r e d  emi t tance  f o r  comparison w i t h  
t a b u l a t e d  values. The reduced number o f  measured parameters combined w i t h  
t h e  co inc idence o f  t h e  n i g h t t i m e  temperature da ta  and t h e  success o f  t he  
day t ime c a l c u l a t i o n s  suggested tha t  a v e r y  s a t i s f a c t o r y  r e s u l t  would be 
obtained. For  each weekly p e r i o d ,  t h e  c a l c u l a t e d  i n f r a r e d  emi t tances  f o r  
t h e  b l a c k  and w h i t e  membranes showed good agreement. However, t h e  
c a l c u l a t e d  emi t tances  f o r  t h e  25 weeks o f  da ta  seemed t o  be t o o  l o w  (0.22 
t o  0.77), and v a r i e d  f rom week t o  week w i t h  no d e t e r m i n i s t i c  p a t t e r n  be ing  
d i sce rnab le .  It i s  suspected t h a t  the f a i l u r e  o f  t h e  n i g h t t i m e  es t imates  
t o  p r o v i d e  c o n s i s t e n t  r e s u l t s  d e r i v e s  f rom t h e  p r e v i o u s l y  d iscussed 
v i o l a t i o n  o f  t h e  boundary c o n d i t i o n  assumptions i n  equa t ion  (7 )  caused by 
dew and f r o s t  fo rmat ion .  I t  i s  n o t  d i f f i c u l t  t o  i n c l u d e  l a t e n t  e f f e c t s  i n  
equa t ion  ( 7 ) ,  b u t  d a t a  a r e  n o t  a v a i l a b l e  t o  p e r m i t  any c o r r o b o r a t i o n  w i t h  
such mode l ing  a t  t h i s  t i m e .  

SUMMARY AND CONCLUSIONS 

An outdoor  exposure exper iment comparing the  thermal performance o f  b lack  
and w h i t e  r o o f i n g  membranes i n  Eas tern  Tennessee was conducted o v e r  an 18 
month pe r iod .  Sur face  temperature measurements revea led  a pronounced 
d i f f e r e n c e  between t h e  dayt ime behav io r  of  t he  b l a c k  and w h i t e  surfaces. 
Peak sumnertime temperatures f o r  t h e  b l a c k  membrane were t y p i c a l l y  40°F 
warmer than f o r  t h e  w h i t e  membrane, reach ing  a maximum of  1 8 O O F .  I n  l i k e  
fash ion ,  t he  b l a c k  membrane exceeded 140°F f o r  539 hours d u r i n g  a one 
yea r  p e r i o d  w h i l e  the  w h i t e  r o o f  never reached t h a t  temperature. These 
d i f f e r e n c e s  remained c o n s i s t e n t  w i t h  seasonal changes i n  weather, w i t h  
i n s o l a t i o n  be ing  t h e  predominant f a c t o r  a f f e c t i n g  t h e i r  magnitude. 

The n i g h t t i m e  su r face  temperatures of t h e  two r o o f s  were n e a r l y  i d e n t i c a l  
th roughout  t h e  year ,  r e v e a l i n g  them t o  have t h e  same i n f r a r e d  e m i s s i v i t i e s  
d e s p i t e  t h e i r  w i d e l y  d i f f e r e n t  s o l a r  r e f l e c t a n c e  values. 

Heat f l u x  da ta  f o r  t h e  two roo fs  conf i rmed a s i g n i f i c a n t  r e d u c t i o n  i n  
sumnertime c o o l i n g  loads  and a c o n c o m i t a n t  i nc rease  i n  w i n t e r  h e a t i n g  
loads  w i t h  t h e  h i g h  r e f l e c t a n c e  roof, T r a n s l a t i n g  t h i s  genera l  behav io r  
i n t o  energy savings r e q u i r e s  i n fo rma t ion  on c l i m a t e  and v a r i o u s  i n t e r n a l  
des ign  d e t a i l s  f o r  any s p e c i f i c  b u i l d i n g .  

An e v a l u a t i o n  o f  t h e  roo f  i n s u l a t i o n  thermal r e s i s t a n c e  v a l i d a t e d  t h e  
accuracy o f  t h e  exper imental  procedure and agreed w i t h  nominal values 
measured i n  the QRNL screen t e s t e r .  
o f  f i b e r g l a s s  i n s u l a t i o n  thermal c o n d u c t i v i t y  was observed i n  t h e  f i e l d  
t e s t  data. 

The expected temperature dependence 

Some r e d u c t i o n  i n  t h e  r e f l e c t a n c e  of t he  w h i t e  membrane was observed t o  
have occur red  throughout the  t e s t  pe r iod .  Re f lec tance  was measured w i t h  a 
r e f l e c t o m e t e r .  A l s o ,  an e f f o r t  was made t o  c a l c u l a t e  r e f l e c t a n c e  us ing  a 
su r face  energy balance w i t h  measured da ta  as i npu t .  Measured r e f l e c t a n c e  
va lues  were 0 , l  g r e a t e r  than c a l c u l a t e d  values f o r  t h e  w h i t e  membrane and 
0.1 l e s s  than t h e  c a l c u l a t e d  values f o r  t he  black.  Th is  d i f f e r e n c e  wa5 
n o t  l a r g e r  than t h e  u n c e r t a i n t y  i n  c a l c u l a t e d  r e f l e c t a n c e  w i t h  p l a u s i b l e  
u n c e r t a i n t i e s  assigned t o  t h e  measured data.  
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Wi th inc reased i n t e r e s t  i n  use o f  s i n g l e - p l y  membranes i n  t h e  r o o f i n g  
i n d u s t r y ,  t he  f a c t  t h a t  a b l a c k  membrane's temperature may exceed t h a t  o f  
a w h i t e  membrane by  4Q t o  50°F d u r i n g  peak s u n l i t  hours i s  u s e f u l  t o  
manufac turers  o f  membranes and membrane adhesives. 

The da ta  show t h a t  t h e r e  can be a d i f f e r e n c e  i n  t h e  HVAC energy r e q u i r e d  
f o r  a b u i l d i n g  w i t h  a w h i t e  compared t o  t h a t  f o r  one w i t h  a b l a c k  roof. 
The n e t  annual e f f e c t ,  however, depends on many f a c t o r s  such as, f o r  
example, c l i m a t e  r o o f  i n s u l a t i o n ,  and b u i l d i n g  type. T h i s  suggests t h a t  
model ing may be t h e  most p r a c t i c a l  means o f  e v a l u a t i n g  t h e  i n f l u e n c e  o f  
r e f l e c t a n c e  on b u i l d i n g  energy use i n  l i e u  o f  an ex tens i ve  exper imenta l  
e f f o r t .  

The express ion  f a r  an energy balance a t  t h e  su r face  o f  a dry r o a f  was 
examined w i t h  measured da ta  as i n p u t  f rom severa l  s e t s  o f  d a t a  over  t h e  
t e s t  per iod .  I n t e r n a l  cons is tency  was found b u t  an es t ima te  o f  
u n c e r t a i n t y  i n d i c a t e d  t h a t ,  i n  a d d i t i o n  t o  good conf idence i n  a l l  
measurements, v a l i d a t i o n  o f  t h e  energy balance i s  n o t i c e a b l y  dependent on 
t h e  hea t  t r a n s f e r  c o e f f i c i e n t .  A p l a u s i b l e  e x p l a n a t i o n  o f  t h e  var iance i n  
t h e  t rends  o f  r e s u l t s  when check ing t h e  balance w i t h  n i g h t t i m e  da ta  was 
t h a t  l a t e n t  e f f e c t s  may have been present .  

When c a n s i d e r i n g  any a d d i t i o n a l  experiments, t h e  f o l l o w i n g  suggest ions a re  
o f f e r e d  based on observa t ions  made i n  t h i s  work. 

1. Some means f o r  m o n i t o r i n g  t h e  presence o f  m o i s t u r e  should be inc luded,  

2, An exper iment  should be devoted e x p l i c i t l y  t o  de te rm in ing  any changes 
i n  r e f l e c t a n c e  o f  r o o f  sur faces  over  long- te rm exposure t o  outdoor  
cond i t i ons .  

3. Some exper imenta l  e f f o r t  should be devoted t o  d e t e r m i n a t i o n  o f  the  
heat  t r a n s f e r  c o e f f i c i e n t  f o r  t y p i c a l  roo fs .  Whi le  t h i s  e f f e c t  may 
seem small  i n  e v a l u a t i n g  t o t a l  thermal r e s i s t a n c e  f o r  a w e l l - i n s u l a t e d  
r o o f ,  i t  i s  most impor tan t  f o r  roo fs  w i t h  l i t t l e  o r  no i n s u l a t i o n  and 
i n  de te rm in ing  t r a n s i e n t  su r face  thermal behavior .  

The e v a l u a t i o n  o f  exper imenta l  da ta  made i n  t h i s  s tudy  has a ided  i n  
i n d i c a t i n g  needs f o r  improv ing s t u d i e s  o f  r e f l e c t a n c e  e f f e c t s  and has 
p rov ided  i n s i g h t  needed i n  i n t e r p r e t i n g  r e s u l t s  o f  model ing a whole 
b u i l d i n g  w i t h  DOE 2.1B. The ongoing model ing e f f o r t  i s  t o  be used t o  
generate g u i d e l i n e s  on how t o  es t imate  changes i n  b u i l d i n g  energy use a t  
d i f f e r e n t  c l i m a t e s  caused by a change i n  t h e  r o o f ' s  s o l a r  re f l ec tance .  
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Table 1. S o l a r  Absorptance Values f o r  
Var ious E x t e r i o r  Sur faces 
(From Chapter I11 o f  Reference 13) 

Mater i a 1 Absorptance P a i n t  Absorptance 

B lack  concre te  
S t a f f o r d  b l u e  b r i c k  
Red b r i c k  
Bi tuminous f e l t  
Blue g ray  s l a t e  
Roof ing  , green 
Brown, concre te  
Aspha l t  pavement, weathered 
Wood, smooth 
Uncolored asbestos cement 
Uncolored concre te  
Asbestos cement, w h i t e  
White marb le 
L i g h t  b u f f  b r i c k  
Bu i  1 t -up r o o f ,  w h i t e  
Bi tuminous f e l t ,  a lum in i zed  
Aluminum p a i n t  
Gravel  
White on ga lvan ized  i r o n  
White g lazed b r i c k  
Po l i shed  aluminum r e f l e c t o r  

A 1 um i n i zed my 1 a r f i 1 in 
Tinned sur face  

sheet 

0.91 
0.89 
0.88 
0.88 
0.87 
0.86 
0.85 
0.82 
0.78 
0.75 
0.65 
0.61 
0.58 
0.55 
0.50 
0.40 
0.40 
0.29 
0.26 
0.25 

0.12 
0.10 
0.05 

O p t i c a l  f l a t  b l a c k  

F l a t  b l a c k  p a i n t  
B lack  l acquer  
Dark g ray  p a i n t  
Dark b l u e  lacquer  
B lack  o i l  p a i n t  
Dark o l i v e  drab 

Dark brown p a i n t  
Dark b lue -g ray  p a i n t  
Azure b l u e  o r  dark 

green 1 acquer 
Medium brown p a i n t  
Medium l i g h t  brown 

p a i n t  
Brown o r  green 

lacquer  
Medium r u s t  p a i n t  
L i g h t  g ray  o i l  p a i n t  
Red o i l  p a i n t  
Medium d u l l  green 

Medium orange p a i n t  
Medium y e l l o w  p a i n t  
Medium b l u e  p a i n t  
Medium k e l l y  green 

L i g h t  green p a i n t  
White semi-gloss 

White gloss p a i n t  
Si 1 v e r  p a i n t  
White lacquer  
Labora tory  vapor 

p a i n t  

p a i n t  

p a i n t  

p a i n t  

p a i n t  

depos i ted  coa t ings  

0.98 
0.95 
0.92 
0.91 
0.91 
0.90 

0 89 
0.88 
0.88 

0.88 
0.84 

0.80 

0.79 
0.78 
0.75 
0.74 

0.59 
0.58 
0.57 
0.51 

0.51 
0.47 

0.30 
0.25 
0.25 
0.21 

0.02 
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Table 2. L i n e a r  Regression A n a l y s i s  o f  N i g h t t i m e  B lack  Sur face 
Temperatures on White Sur face Temperatures 

Standard E r r o r  i n  
Data P e r i o d  Slope R2 Est imated Temperatures, O F  

Mar 7 - Aug 22, 1986 1.000918 0.999633 0.55 

O C ~  1, 1986 - 
Apr 14, 1987 0.996505 0.999614 0.42 
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Table 3: Relative Sensitivity o f  Calculated Surface Reflectance 
Values to Input Errors: Based on Data From July 15-21, 1986 

Estimated 
Influencing aP s Uncertainty 

in Variable 
X i  axi k AXi Black White 

Variable _I 

0.02 q,,t 0.99 0.45 

0.02 Es (0.05&) 16.6 (41.5) 7.2 (18) 

0.02 Fj (0.05 Ei) 15.2 (38) 15.2 (38) 

0.05 (0.1) 25.6 (51.2) 12.5 (25) 

0.1 (0.3) 29.3 (87.9) 11 (33) 

3.5 3 0.25 

1.4 1.3 0.25 

.04 (.12) .02 (0.06) 
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Table 4: R e l a t i v e  S e n s i t i v i t y  o f  Ca lcu la ted  Sur face  Ref lec tance 
Values t o  I n p u t  E r ro rs :  
February 4-10, 1987 

Based on Data f rom 

x 1 0 3  

I n f l  uenc i  ng aPs U n c e r t a i n t y  
V a r i a b l e  - i n  V a r i a b l e  

a x i  k BXi B lack  White X i  

0.02 i n e t  0.18 Q"22 

0.02 c s  (0.05 E s )  16.6 (41.5) 8.6 (21.5) 

O o o 2  Ei (0.05 G j )  12.3 (30.8) 12.3 (30.8) 

0.05 (0.1) 

0.1 (0.3) 

0.25 4.5 4 .2  

0.25 2.5 2.5 

0.04 (0.11) 0.03 (0.06) 

24.6 (49.2) 16.1 (32.2) 

26.9 (80.7 11.1 (33.3) 
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