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ABSTRACT 2. What I s  the reduct ion I n  c e i l i n g  heat f l u x  
from low-emlsslvi ty p a l n t s  appl ied t o  the 

TVA has p rev ious ly  conducted t e s t i n g  t o  underside o f  the r o o f  deck? 
determine the  e f f e c t s  o f  a t t i c  RBs when used w i t h  R19 3. How much o f  the  reduction I n  c e l l l n g  heat 
f l be rg lass  I n s u l a t i o n  durlng summer and wlnter  f l u x  from the  RBT I s  due t o  reduct ion I n  
condltlonsl. This prev lous test ing, and the I n f r a r e d  r a d i a t i o n  and how m c h  t o  i t s  
t e s t i n g  described i n  t h i s  paper, used f i v e  small t e s t  presence as a b a r r i e r  t o  convectlon heat 
c e l l s  exposed t o  ambient condit ions. Heat f l u x  t r a n s f e r ?  
transducers measured heat t rans fe r  between the a t t l c  
and cond i t loned space. The ob jec t i ve  o f  the  t e s t l n g  PROJECT DESCRIPTION 
descrlbed i n  t h i s  paper was t o  determine summer and 
winter  RB performance when used w i th  ce l lu lose  and OBJECTIVES 
rock wool Insu la t lons  a t  R-value leve ls  of R11, R19, 
and R30. The o v e r a l l  objectives o f  t h i s  p r o j e c t  were to: 

I n  addl t i on ,  several sumner side-by-side t e s t s  1. Assess the sumner and w ln te r  performance of 
were conducted t o  determine the ef fects  of: dust on RBs when used w i t h  R11, R19, and R30 
RB per fonance,  a low-emlsslvl ty pa int ,  a Insulat lon.  
high-em1 s s i v i t y  mater i  a1 (black p l  as t i c )  1 a i d  2. Assess t h e  sunmer and w i n t e r  performance o f  
d i r e c t l y  on top o f  the Insulat lon,  and a single-slded RBs when used w i t h  nonflberglass Insulat lons 
RB placed on top o f  the Insu la t ion  (RBT) w l t h  the - -ce l lu lose and rock wool. 
r e f l e c t l v e  s lde  down. 3. Address quest lons concernlng low-emlsslvl ty 

pa ints ,  t h e  Impact o f  dust on reduct lon i n  
INTRODUCTION 

Prevlo s work a t  T V A ~ ,  the University of 
M i s r l s  ipp iY,  the  F l o r i d a  Solar Energy Center 

and Oak Ridge Natlonal Laboratory [iii:{417 has shown t h a t  RBs can provide 
s l g n l f l c a n t  reduct lons I n  sumner c e i l l n g  heat ga ln 
when used w i t h  R19 f iberg lass.  An RB I s  genera l ly  
def lned as a mate r la l  w l t h  a t  l eas t  one low 
emlss lv l t y  sur ac f c l  g an airspace. Also, 
prevlous work q *  !* has shorn t h a t  RBs can 
reduce w l n t e r  c e l l l n g  heat loss  when used w i th  R19 
f lberg lass,  although the reduct lon i n  c e l l l n g  heat 
f l u x  i s  much less  than dur ing sumner. An RB i s  
def ined here as a th in ,  sheet- l lke mater la l  w l t h  a t  
l e a s t  one low emiss lv i t y  surface facing an a l r  
space. 

Two key questlons emerged from these previous 
studles: 

1. What are the e f f e c t s  o f  RBs when used w l t h  
R-values other  than R19? 

2. What are the  e f f e c t s  o f  RBs when used w i t h  
Insu la t lons  other than f lberg lass? 

These quest lons were addressed I n  the t e s t l n g  
conducted dur ing the summer o f  1986 and the  wlnter  o f  
1986/1987. 

As RB t e s t 1  ng has progressed, numerous other 
questions a lso  have been raised. The questions t h a t  
were addressed I n  sumner, slde-by-side t e s t s  were: 

c e i l i n g  heat f l u x  from the RBT, and the 
e f f e c t  o f  a h igh-emlss lv l ty  "convection 
b a r r l e r .  I' 

TEST METHODOLOGY 

Because o f  the la rge  number o f  var lab les I n  the  
sumner t e s t l n g  ( 3  R-values, 2 Insu la t lon  types, and 2 
t e s t  conf lgurat lons--no RB and RBT), th f  L a t i n  Square 
deslgn used I n  the prevlous TVA t e s t l n g  could no 
be used. Instead. a s p l i t - s p l l t - p l o t  t e s t  deslgn 
was chosen (see tab le  1). Th ls  design allowed a 

Q 
greater  number of var lab les t o  be tested but  d l d  not 
completely account f o r  weather d l f ferences between 
phases. Th ls  problem was resolved by establ lsh ing a 
weather c r i t e r i a  t o  be appl ied t o  each t e s t  phase. 
This c r l t e r l a  was t h a t  each phase should consls t  o f  
a t  l e a s t  3 days w l t h  each day having a t  l eas t  3 
consecutlve hours above 85OF amblent temperature. 
The r e s u l t  was t h a t  the t e s t  phases were q u i t e  
slmi l a r  and any d l f ferences tha t  d l d  occur I n  amblent 
temperature and other  var iab les such as so lar  
rad la t lon ,  wind speed, and Ins ide  c e l l  temperature 
were normalized by a l i n e a r  regression analysis. 
C e l l  d l f fe rences  were n o t  a s l g n l f  l can t  concern 
because the  p lan  c a l l e d  f o r  both the no-RE and RE on 
t h e  r a f t e r s  (RBR) conf lgurat lons t o  be tested i n  each 
c e l l  f o r  a particular I n s u l a t l o n  type and R-value. 
For example, I n  phases 1 and 2 the no-RB 
con f igu ra t ion  i s  tes ted  I n  both c e l l s  t h a t  have 
ce l lu lose.  Also, phases 1-6 were dupl lcated (phases 
7-12) and the i n s u l a t l o n  types were swltched so tha t  
each a t t l c  con f lgu ra t lon  and R-value was tested I n  
each c e l l .  

1. What I s  the e f f e c t  o f  dust on the RBT1s 
c e i  l i n g  heat f l u x  reduct ion ? 



The w ln te r  t e s t  p lan  (see tab le 2) was a l te red  
so t h a t  the RBT a lso could be tested. Agaln a 
weather c r i t e r l a  and l l n e a r  regresslon analysis were 
used t o  normal l z e  weather d l  f f  erences between 
phases. The weather c r l t e r l a  f o r  the wlnter  was t h a t  
each phase should consls t  o f  a t  l e a s t  2 days where 
the mlnlmum d a l l y  temperature was less than 32OF. 
The c e l l  d l f fe rence  problem was not  completely 
resolved slnce each a t t l c  con f igu ra t lon  was not  
tested I n  each c e l l .  However, slnce each a t t l c  
con f lgu ra t lon  was tested I n  the 2 c e l l s  I n  whlch a 
g lven I n s u l a t l o n  type was I n s t a l l e d  and slnce on ly  
mlnor c e l l  d l f ferences were noted I n  past tests, t h i s  
approach was deemed acceptable. Reference 8 contalns 
dlscusslon on the above experimental deslgns. 

TEST EQUIPMENT 

Test Cel ls.  F ive small s t ructures o r  t e s t  c e l l s  
exposed t o  ambient condl t lons were used I n  t h l s  
test ing.  Each t e s t  c e l l  had a r o o f  whlch was hlnged 
along the  peak so t h a t  one s lde  could be opened t o  
a l low easy access t o  the a t t l c s .  The r o o f  peak was 
or iented I n  the  north/south d l r e c t l o n  so t h a t  the 
r o o f  surfaces faced east and west. Figure 1 shows 
key t e s t  c e l l  dlmenslons and d e t a l l s .  

A t t i c  Ventilation. A t t l c  v e n t l l a t l o n  i n  each 
c e l l  was provided by 2 gable and 4 s o f f i t  vents. The 
ne t  f r e e  area (NFA) o f  v e n t l l a t l o n  I n  each c e l l  was 
0.42 square f e e t  (0.40 square f e e t  I n  4 s o f f l t  vents 
and 0.02 square f e e t  I n  2 gable vents) whlch I s  31 
percent more than the 0.32 square f e e t  mlnlmum NFA as 
requl red by t h e  Department o f  Houslng and Urban 
Development and the Federal Hou Ing  Admlnfstratfon 
f o r  an a t t l c  of 48 square feet §. 

Heatlnq and Coollng Systems. Portable 1-kW 
fo rced-a i r  e l e c t r i c  heaters were used t o  heat the  
c e l l s  dur ina wlnter .  These heaters were con t ro l  l e d  
by thennostats I n  the c e l l s  t h a t  maintalned 
temperatures o f  70°F ( 2  2OF). 

A c h i l l e d  water r e c i r c u l a t l o n  system was used t o  
cool the  c e l l s .  Two small water c h l l l e r s  de l lvered 
water a t  about 5S°F whlch was stored I n  three 
82-gal lon storage tanks t o  meet peak demands. Water 
from these tanks flowed contlnuously I n  p a r a l l e l  runs 
o f  p i p l n g  t o  each o f  the c e l l s .  When a thermostat I n  
a c e l l  c a l l e d  fo r  cool lng, a d l v e r t l n g  valve a t  the 
c e l l  re-routed the f low o f  cool  water t o  a f a n / a l r  
heat exchange c o l l  located I n  the c e l l .  When the  
cool lng needs of a c e l l  were s a t l s f l e d ,  the d l v e r t l n g  
va lve closed whlch stopped the f low of water t o  the 
f a n  c o l l .  Th is  system malntalned I n t e r i o r  summer 
temperatures of 74OF ( t y p l c a l l y  2 2OF bu t  on r a r e  
occasions dropping t o  near ~oOF) .  

Instrumentat lon. The heat t rans fe r  ra tes  
through the c e l l  s t  ce l  li ng were measured w l t h  heat 
f l u x  transducers. Before I n s t a l l a t i o n ,  the 
transducers were calibrated ( w i t h  an uncertainty o f  
2.25 percent) by usfng known heat f l uxes  I n  the  1 t o  
2 B t u / h r - f t 2  range. During both the summer and 
wlnter  tes ts ,  5 heat f l u x  transducers were I n s t a l l e d  
on the a t t l c  s lde  o f  the c e l l l n g  o f  each c e l l .  These 
heat f l u x  transducers were ap~rox lmate ly  2-Inch by 

2-Inch squares and were located a t  varlous places i n  
the a t t l c s  approxlmately mldway between c e l l l n g  
j o l s t s .  

T h i r t y - s l x  data p o i n t s  were monitored I n  each 
t e s t  c e l l .  These consls ted o f :  

7 I n s u l a t l o n  temperatures 
6 temperatures w l t h l n  the t e s t  c e l l  
7 a t t l c  temperatures 
5 c e i l i n g  heat f l uxes  
2 r o o f  temperatures (underneath r o o f  
shlngles) 
1 c e l l  r e l a t l v e  humid l ty  
1 c e l l  e l e c t r i c  energy usage f o r  space 
heat ing 
2 s ta tus  sensors ( t o  monltor openlng and 
c l o s l n g  o f  t h e  door and roo f )  
5 sensors t o  determine the cool lng e f f e c t  o f  
the  c h l l l e d  water system 

I n  a d d i t i o n  t o  these 180 data p o l n t s  (36 data 
p o l n t s  per  c e l l  t imes 5 ce l l s ) ,  the  following weather 
data were monltored: 

1. Two amblent temperatures 
2. Solar  r a d l a t l o n  
3. Wind speed and d i r e c t i o n  

The above temperature measurements were made 
w l t h  type-T thermocouples w i t h  standard l i m i t s  of 
e r r o r  o f  2 1.4OF. 

Data C o l l e c t l o n  System. A data logger 
cont lnuously  recorded (approximately every 10 
seconds) and stored values f o r  a l l  data polnts. 
Every 15 minutes the data logger would r e l a y  a 
15-minute " In tegrated"  value f o r  each data po ln t  t o  a 
magnetlc tape. I n  the  w l n t e r  test lng, the data a lso  
was t ransmi t ted  t o  an IBM Personal Computer so the  
data could be revlewed d a l l y .  

RB and Insu la t lon .  For a l l  RB conflgurat lons, 
sumner and wlnter ,  a double-slded RB w l t h  40-pound 
k r a f t  paper backing was used. The emiss lv l t y  o f  both 
sldes o f  t h l s  RB was approxlmately 0.05. Because of 
the  l a r g e  number o f  va r lab les  t o  be studled I n  the  
sumner (3 R-values, 2 types o f  Insulat lon.  2 a t t l c  
conf lgurat lons--no RB and RBR), only the RBR was 
tested I n  the  sumner. With a b e t t e r  t e s t  deslgn and 
more experience I n  handl lng m u l t i p l e  R-values and 
insu la t lons .  2 RB cases (RBR and RBT) were tested I n  
the  wlnter .  To t r y  t o  ensure reasonable v e n t l l a t i o n  
above the  RE, t h e  RBR was i n s t a l l e d  w i t h  a 
3- t o  4-Inch gap I n  the  RB near the roo f  peak and 
w l t h  a 2- t o  3-Inch gap between the RB and the 
eaves. F igure 2 shows the  RBR and RBT I n s t a l l a t i o n s .  

The i n s u l a t l o n s  used throughout the summer and 
w ln te r  t e s t l n g  were c e l l u l o s e  and rock wool whlch 
were blown I n t o  the c e l l s '  a t t i c s  by an I n s u l a t l o n  
contractor .  It should be noted t h a t  f lberg lass b a t t s  
(not  blown) were used I n  t h e  prevlous year ' s  tests .  
Test lng dur ing both sumner and w l n t e r  would begln by 
havlng the I n s u l a t l o n  contractor  blow e l  ther  R11 
c e l l u l o s e  o r  R11 rock wool I n t o  each c e l l .  When 
t e s t l n g  a t  the R11 l e v e l  was completed, the 



Insu la t lon  con t rac to r  would blow addl t lonal  ce l lu lose  
o r  rock wool I n t o  each c e l l  t o  r a i s e  the R-value t o  
R19. The same process was repeated f o r  the R30 
leve l .  The nomlnal Insu la t ion  depths are shown I n  
tab le  3. 

STATISTICAL ANALYSIS 

A l l  the  heat f l u x  data were analyzed t o  
determine s t a t l s t l c a l l y  s l g n l f l c a n t  d i f ferences a t  
the  95-percent confldence l e v e l  us lng the fo l lowlng 
procedure. The mean heat f l u x  (derlved from the 
measured values o f  the  5 heat f l u x  transducers) f o r  
each t e s t  design "block" (i.e., fo r  each phase and 
each c e l l )  was determlned. A l l n e a r  regresslon 
analys is  model was then developed which equated the 
heat f l u x  as a f u n c t i o n  o f  key var iab les such as the 
p a r t l c u l a r  R-value/RB conf lgurat lon, amblent 
temperature, so la r  rad ia t lon ,  wind speed, and c e l l  
temperature. 

Uslng t h i s  l l n e a r  regresslon model, the leas t  
square heat f l u x  mean f o r  each R-value/RB 
conf l g u r a t l o n  I s  then ca lcu lated a f t e r  normallzlng 
f o r  any d l f fe rences  i n  the values of the key 
var lab les between t e s t  deslgn "blocks." By comparing 
the actual mean heat f l uxes  w l th  the l i n e a r  
regression model p red lc t lons  ( I  .e., the leas t  square 
means), a standard e r r o r  f o r  each conf lgurat ion can 
be calculated. The standard e r r o r  i s  essen t la l l y  a 
measure o f  the degree o f  v a r l a b l l l t y  o f  the data. 

F l n a l l y ,  the standard e r r o r  and the leas t  square 
mean c a l c u l a t l o n  f o r  each conf lgurat lon are used t o  
determine whether the d l f ferences between varlous 
conf lgu ra t lons '  l e a s t  square mean heat f l uxes  are 
s t a t l s t l c a l l y  s l g n l f l c a n t .  I n  the discussion o f  
resu l t s ,  I t  w l l l  be noted when the s t a t i s t i c a l  
s l g n l f  lcance (o r  nonsignif icance) between heat f l uxes  
I s  espec ia l l y  Important. Unless noted otherwise. 
a l l  references t o  s t a t i s t i c a l  s ign l f lcance w l l l  
I nd ica te  the 95-percent confldence level .  

RESULTS 

SUIWER RESULTS 

Cel lu lose and Rock Wool Insulat lons.  One o f  the 
main ob jec t i ves  o f  t h i s  work was t o  assess the 
~er formance o f  RBs when used w l t h  two comnon 
insulat ions--rock wool and ce l  lulose. Nearly a1 1 
past RB t e s t l n g  has used f lberg lass insulat ion,  w i t h  
the excep on o f  some laboratory  t e s t i n g  conducted a t  Ill Texas A&M . Therefore, t e s t l n g  was needed t o  
v e r l  f y  t h a t  RBs also provide large c e l l  i ng  heat 
t rans fe r  reduct lons when used w i t h  ce l lu lose  and rock 
wool. 

The f i r s t  key r e s u l t  was t h a t  both the 
RBR/cellulose and RBR/rock wool R19 combinations 
y ie lded  la rge  c e l l l n g  heat f l u x  reduct ions s l m l l a r  t o  
the Rlg/RBR/fiberglass comblnation. Also, the 
percentage reduct ion I n  c e l l i n g  heat f l u x  was very 
s i m i l a r  t o  the reduct lon found w i t h  R19 fiberglass 
insu la t lon .  

analyzed as I f  the ce l lu lose  and rock wool 
Insu la t lons  were the same and, as a r e s u l t ,  a l l  the 
data f o r  a g iven R-value and a t t l c  con f lgu ra t lon  
(1.e.. no RB o r  RBR), could be comblned. 

Analys ls  f o r  A l l  Hours. The data were analyzed 
us lng a l l  t h e  data (i.e., a l l  hours o f  the  day) from 
t h e  " t e s t "  days as descrlbed I n  the  sect lon on Test 
Methodology and the  r e s u l t s  are shown I n  t a b l e  4. 
The u n l t s  f o r  heat f l u x  I n  t h l  and a l l  the  fo l l ow lng  h tab les  are expressed B tu /h r - f t  . There are two key 
r e s u l t s  ev ldent  from t h l s  table. 

F l r s t ,  when the  RBR I s  added t o  R11 and R19, a 
c e l l l n g  heat f l u x  reduct ion o f  30 percent o r  more 
resu l t s .  However, when a RBR I s  added t o  R30 the 
percentage and absolute heat f l u x  reduct lon are much 
smaller. 

The second key r e s u l t  I s  ev ldent  from a 
comparlson o f  Rll/RBR w l t h  R19/no RB and from a 
comparlson o f  R19/RBR w l t h  R30/no RB. From the heat 
f l u x  columns, It I s  evldent t h a t  addlng a RBR t o  R11 
I s  near l y  equlva lent  t o  havlng R19 insu la t lon ,  and 
addlng a RBR t o  R19 I s  equlvalent t o  havlng R30 
insu la t lon .  

Wlth R11 and R19 Insu la t lon ,  the RBR produced 
s t a t l s t l c a l l y  s l g n l f l c a n t  reduct ions I n  c e l l l n g  heat 
f l u x  compared t o  the no-RB case. However, the 
reduc t lon  I n  c e l l l n g  heat f l u x  from addlng a RBR t o  
R30 was no t  s t a t i s t l c a l l y  s lgn l f l can t .  

Analys ls  f o r  Day Hours. Table 5 gives the 
r e s u l t s  o f  an analvs ls  uslna on lv  data recorded 
dur lng day hours (def lned a; 11 a.m. t o  6 p.m.). The 
r e s u l t s  show t h a t  f o r  the RBR a t  the R11 and R19 
I n s u l a t l o n  l e v e l s  the percent and absolute reduct lons 
I n  c e l l l n g  heat f l u x  are slzable. At R30, the RBR 
percent and absolute reduct lons are smaller and no t  
s t a t l s t l c a l l y  s lgn l f l can t .  

As w l t h  the a l l  hours analys ls  (Table 4 ) ,  the 
c e l l l n g  heat f l u x  f o r  the RBR w l th  a glven R-value I s  
e s s e n t l a l l y  the  same as the c e l l l n g  heat f l u x  f o r  the 
next h lgher  R-value wi thout  the RBR. 

Analys ls  f o r  Nlqht  Hours. There were no 
s t a t l s t l c a l l y  s l g n i f l c a n t  d l f fe rences  ( a t  the 
90-percent as we l l  as the  95-percent confldence 
l e v e l )  I n  average heat f l u x  among any of the 
conf fgurat ions f o r  the  n l g h t  hours between 12 
midnight  and 7 a.m. These heat f l uxes  ranged from a 
h igh  of 0.10 t o  a low o f  -0.09 Btu/hr-f tZ. For 
each R-value t h e  RBRs caused on ly  very small 
( s t a t l s t l c a l l y  I n  i g n l f l c a n t )  heat f l u x  pena l t l es  h (5 0.13 BTU/hr-ft ) dur lng the n l g h t  hours compared 
t o  t h e  same R-value, no RB conf lgurat lon.  

Analys ls  by Temperature Range. Tables 6, 7, and 
8 show t h e  average c e l l  l ng  heat f luxes fo r  each 
con f lgu ra t lon  f o r  varlous ambient temperature 
ranges. Above 80°F, the RBR, when added t o  R11 o r  
R19 insu la t ion ,  provldes s lzab le  percent and absolute 
reduct lons i n  c e l l l n a  heat f l u x .  and i n  each case 
t h i s  reduc t ion  i s  st~tlstlcally~slgnlf~cant. ~ b o v e  

the second key was that no stat1st1ca1ly 80°F, t h e  percent and absolute reduct lon I n  c e l l  lng 
s l g n l f l c a n t  d l f fe rences  were found I n  performance heat f l u x  when addlng a RBR t o  R30 are always less 
between the  ce l lu lose  and rock wool Insulat lons ( w i t h  than when adding a RBR to ~ 1 1  or ~ 1 9  insulation. 

present). the sumner data be addl t ion.  the d l f fe rences  I n  heat f l u x  between the 



R30 RBR and no-RB cases are no t  s t a t l s t l c a l l y  
s l  n l f l c a n t  I n  any o f  the temperature ranges. Below 1 80 F, the RBR d i d  not r e s u l t  I n  s t a t l s t l c a l l y  
s l g n l f l c a n t  reduct lons i n  c e l l l n g  heat f l u x  f o r  any 
R-value. 

Another i n t e r e s t l n g  r e s u l t  from these tab les  I s  
the  r e l a t i o n s h i p  between Rll/RBR and R19/no RB and 
between R19/RBR and R30/no RB (as a lso i s  dlscussed 
i n  the sect ions on Analysis f o r  A l l  Hours and f o r  Day 
Hours). I n  near l y  every temperature range above 
80°~, the  lower R-value when combined w l t h  the RBR 
has e s s e n t i a l l y  t h e  same heat f l u x  as the higher 
R-value w l t h  no RB. 

Heat Flux versus Tlme-of-Day Graphs. Figures 3 
and 4 are graphs of the  average c e i l i n g  heat f l u x  
(using a l l  the  data from ~ h a s e s  1 throuah 6) versus 
t ime o f  day f o r  the  no RB' and RBR conf l & r a t i o n s - f o r  
R11, R19, and R30. 

F igure 3 shows the  r e s u l t s  f o r  the no RB and RBR 
conf lgu ra t ions  f o r  both R11 and R19 insulat lon.  It 
can be seen from t h l s  f i gu re  t h a t  the RBR's reduct ion 
I n  c e l l l n  heat f l u x  w i t h  R11 I s  much greater  than 1 4 BTU/hr-ft f o r  most of the day hours. This f i g u r e  
a l s o  shows t h a t  the c e l l l n g  heat f l uxes  f o r  Rll/RBR 
are almost the  same as R19/no RB. 

F igure 4 shows the r e s u l t s  f o r  the no RB and RBR 
conf lgurat lons f o r  both R19 and R30 insulat ion.  This 
f l g u r e  shows t h a t  the reduct lon I n  c e l l l n g  heat f l u x  
from the RBR w l t h  R30 I s  much smaller than w l t h  R19. 
Also, the c e l l l n g  heat f l uxes  fo r  R19/RBR are very 
near ly  the same as f o r  R30/no RB. I t  should be noted 
t h a t  the  Y-axls scale f o r  t h l s  f l g u r e  i s  d l f f e r e n t  
from the  scale used i n  f l gu re  3. The curves fo r  R19 
( w i t h  and without the RBR) are the same I n  both 
f lgures. 

ATTIC TEMPERATURES 

I n  add l t l on  t o  the heat f l u x ,  a t t l c  a i r  
temperatures were examlned. A t t i c  a i r  temperatures 
are of I n t e r e s t  slnce a l r -cond l t l on lng  ductwork i s  
somtlmes located I n  a t t l c s  and any reduct lon I n  
a t t l c  a l r  temperatures by the RBRs w i l l  r e s u l t  I n  a 
reduc t lon  I n  heat ga ln  by the  cool, condit ioned a i r .  
The a t t l c  a l r  temperature sensor was located s i x  
inches above the insu la t lon .  

For amblent temperatures above B!i°F, the 
decrease I n  a t t l c  a l r  temperature tha t  r e s u l t s  from 
the  a d d l t l o n  o f  a RBR i s  10°F o r  more f o r  a l l  
R-values. Greater temperature drops are seen f o r  R11 
and R19 than f o r  R30 and the a t t l c  a l r  temperature 
decrease r e s u l t i n g  from the RBR lessens as the 
amblent temperature decreases and disappears below 
80°F ambient temperature. Decreased heat ga in  by 
a t t l c  ductwork as a r e s u l t  o f  the RBR could be 
s l g n l f  l c a n t  dur lng amblent temperatures above 85O~. 

Roof Temperatures. One o f  the key questions 
concerning RBs has been whether they cause hlgher 
r o o f  sh lng le temperatures than normal which could 
r e s u l t  i n  shor ter  r o o f  l i f e .  This has been 
lnvest lgated prev lous ly  by ORNL, FSEC, and TVA. I n  
each case, I t  was found tha t  RBs, espec ia l l y  the RBR. 

do cause h lgher  r o o f  temperatures bu t  t h a t  the 
Increase I s  n o t  large. I n  the worst case, ORNL found 
increases i n  r o o f  temperatures of 10°F w l t h  the RBR. 

Table 9 shows the  r e s u l t  of an analys is  o f  roo f  
temperatures f o r  those t e s t  perlods when the  ambient 
temperature was greater  than BB°F an the so la r  !! r a d i a t i o n  greater  than 200 B tu /h r - f t  . The RBR 
does increase t h e  average roof temperature a t  each 
R-value l e v e l  dur ing these hot, sunny condit ions, but  
the  increase i s ,  a t  most, 4OF. 

Side-by-Side Testing. A ser ies o f  slde-by-side 
t e s t s  was conducted a t  the  end of the pr imary sumner 
t e s t  t o  do a p re l im inary  Investigation of several 
RB-related questions. Table 10 shows the r e s u l t s  o f  
t e s t s  o f  a 1 w  e m i s s i v i t y  p a i n t  and tab le  11 gives 
r e s u l t s  from slde-by-slde t e s t s  o f  "mlscellaneous" 
conf igurat ions.  The r e s u l t s  glven i n  tab les 10 and 
11 are the  average heat f l uxes  f o r  each conf lgurat lon 
when amblent temperatures were I n  the 80°F t o  
85OF and 85OF t o  90°F ranges. 

The low-emlss iv i ty  p a l n t  was appl led t o  the 
underside of the r o o f  deck ( Inc lud ing r a f t e r s )  i n  one 
o f  the  t e s t  c e l l s .  The p a l n t  manufacturer clalms 
t h a t  the p a l n t  can reduce the emlss iv l t y  o f  the 
underslde of the  r o o f  deck from the usual 0.8 t o  0.9 
t o  near 0.2, thereby sign1 f l c a n t l y  reducing thermal 
r a d l a t l o n  heat t r a n s f e r  from the roof deck t o  the top 
of the  insu la t lon .  Table 9 shows t h a t  the 
low-emisslvl  t y  p a i n t  provides some small reduct lons 
i n  c e f l l n g  heat f l u x  when used w f t h  R11 insu la t ion  
but  provides e s s e n t i a l l y  no reduct ion i n  c e l l l n g  heat 
f l u x  when used w i t h  R19 o r  R30 Insulat ion.  These 
were simple side-by-side t e s t s  w l t h  no cor rec t lon  f o r  
any poss ib le  c e l l  d l  fferences and the r e s u l t s  should 
be viewed wl t h  appropr ia te caution. 

Table 11 shows the r e s u l t s  of the other  
side-by-side tes ts .  The RBT w i t h  dust spr ink led on 
the RB ( l i n e  2) was tested t o  assess the impact o f  
dust buildup. This  i s  a c r i t i c a l  concern fo r  the RBT 
conf igurat ion.  Arizona dust was used; t h l s  dust I s  
comnonly used f o r  t e s t i n q - a l r  f i l t e r s  and has dust 
micron s lzes  of :  0-5 mlcrons: 39 percent; 5-10 
mlcrons: 18 percent; 10-20 microns: 16 percent; 20-40 
microns: 18 percent; 40-80 microns: 9 percent. No 
attempt was made t o  welgh the  dust appl ied t o  the RB 
b u t  a dust cover lng was used which by v l sua l  
observat lon was s l m l l a r  t o  t h a t  which caused a r i s e  
I n  e m i s s l v i t y  o f  RB samples, as measured by an 
emlssometer, from 0.05 t o  0.50. Surpr-lslngly, the  
dust appeared t o  have l l t t l e  e f fec t  on the 
ef fect iveness o f  the RE. The percent reduct ion i n  
c e l l i n g  heat f l u x  was remarkably s i m i l a r  t o  t h a t  o f  a 
RBT w l t h  no dust. Thls  Issue d e f i n l t e l y  needs 
f u r t h e r  research, and more d e t a l l e d  t e s t i n g  I s  
planned. 

The nex t  con f lgu ra t lon  tested ( l i n e  3) was a 
s ing le-s lded RB placed on top of the l n s u l a t l o n  w l th  
the r e f l e c t l v e  s lde  fac lng  down. The top side o f  the 
RB was K r a f t  paper w l t h  a h lgh emlss lv l t y  (0.82). 
Thls t e s t  was an at tem&,tg.sMulate the case where i 
the RE on top, completely covered by dust, has i t s  
top side em1 s s l v l t y  d r a s t i c a l l y  Increased and would 
show how much o f  the reduct lon i n  c e l l l n g  heat f l u x  



I s  obtained from the low emlttance surface t h a t  faces 
down. The t h i r d  l l n e  I n  tab le  11 shows t h a t  t h i s  
con f lgu ra t lon  provided e s s e n t i a l l y  zero reduct lon i n  
c e i l  i ng  heat f l u x  compared t o  R19 only. From these 
resu l t s ,  i t  appears t h a t  the su rp r i s ing  reduct lon i n  
c e i l i n g  heat f l u x  from the RBT w i t h  dust does no t  
r e s u l t  f rom the  low emittance surface fac ing down. 

The l a s t  con f lgu ra t lon  tested was a black 
p l a s t l c  placed d l r e c t l y  on top  o f  the Insulat ion.  
The purpose o f  t h i s  t e s t  was t o  examine how m c h  o f  
the reduct ion i n  c e l l i n g  heat f l u x  from a RB on top 
i s  from the c rea t lon  o f  a b a r r i e r  t o  convectlon heat 
t ransfer .  The d i r e c t i o n  o f  convection heat t rans fe r  
i s  u s u a l l y  upward because o f  buoyant forces. 
However, heat t rans fe r  by convectlon from hot a t t l c  
a i r  t o  the i n s u l a t l o n  could poss ib ly  occur by forced 
convection from wlnd currents  enter ing the a t t l c  and 
moving hot  a i r  near the  roo f  downward t o  the 
insu la t lon .  I n  other  words, the black p l a s t l c  w l t h  
I t s  high emiss iv l t y  should y i e l d  l i t t l e  reduct lon I n  
c e i l  l n g  heat f l u x  from r e f l e c t i n g  thermal rad iat lon;  
therefore, any reduct ion should be a r e s u l t  o f  adding 
a b a r r i e r  t o  convection heat t rans fe r  from the hot 
a t t l c  a l r .  

The f o u r t h  l l n e  i n  tab le  11 shows t h a t  t h i s  
con f lgu ra t lon  a lso provldes essen t ia l l y  no reduct lon 
I n  c e i l l n g  heat f l u x  r e l a t i v e  t o  the R19 on ly  case. 
Thls r e s u l t  Impl ies t h a t  the summer reduct ion I n  
c e l l i n g  heat f l u x  from RBs does stem from a reduct ion 
i n  r a d i a t i o n  heat t rans fe r  from the roof  and not  from 
the RB ac t ing  as a "convection" bar r ie r .  Again. 
these were simple side-by-side t e s t s  w l t h  no 
cor rec t lon  f o r  any poss lb le  c e l l  d l f ferences and the 
r e s u l t s  should therefore be viewed w i t h  cautlon. 

The r e s u l t s  o f  the black p l a s t i c  and 
slngle-slded RB t e s t s  ind ica te  t h a t  the reduct lon I n  
c e l l l n g  heat f l u x  from the RBT w i t h  dust I s  no t  from 
the  r e f l e c t i v e  s lde  fac ing  down nor from It act ing as 
a convectlon b a r r i e r  t o  heat t ransfer .  The top slde 
o f  the RB may s t l l l  r e f l e c t  large amounts o f  thermal 
r a d l a t l o n  from the r o o f  deck despi te  the dust. 

WINTER RESULTS 

Cel lu lose and Rock Wool Insulat ions.  As w l t h  
the  sumner tes t ing ,  one o f  the main object lves o f  
wlnter  t e s t l n g  was t o  detennlne whether RBs provlded 
reduct lons I n  c e i l l n g  heat f l u x  i n  wlnter  w l th  
c e l l u l o s e  and rock wool siml l a r  t o  the reduct lons 
w l t h  f lberglass. I n  add i t i on  t o  the no RB and RBR 
conf lgurat ions tested i n  the summer, the RBT a lso  was 
tested dur lng the 1986/1987 wlnter  (see tab le  2). A 
comparison o f  win e r  1986/1987 r e s u l t s  w i t h  wlnter  li 1985/1986 r e s u l t s  shows that:  

1. The RBT1s reduct lon i n  c e l l i n g  heat f l u x  
w i t h  ce l lu lose  and rock wool was s l m l l a r  I n  
almost a l l  cases t o  the reduct lons w l th  
f l be rg lass  w l th  the exception o f  two 
Instances i n  the A l l  Hours and Day Hours 
analyses ( tab les 12 and 14). I n  the A l l  
Hours case, the RBT's reduct lon i n  c e l l i n g  
heat f l u x  w i t h  R19 ce l lu lose  and rock wool 
was much lower (5 percent) than w l t h  
f i b e r g l a s s  (15 percent). I n  the Day Hours 

case, the penal ty  from the RBT wi t h  R19 
c e l l u l o s e  and rock wool was la rge  (-22 
percent), whi le,  w l t h  f lberg lass,  the RBT 
s t i l l  showed an &percent reduct lon I n  
c e i l l n g  heat f l u x .  These dlscrepancles 
poss lb ly  could be due t o  the  d l f f e r e n t  a t t l c  
v e n t i l a t i o n  areas used I n  the 2 tests .  
A t t l c  v e n t l l a t l o n  area dur lng the wlnter  
1986/1987 t e s t s  was much less than durlng 
w i n t e r  1985/1986 (0.42 versus 1.75 square 
f e e t  o f  NFA). Smaller v e n t l l a t l o n  area 
could cause much hlgher a t t i c  a l r  
temperatures durlng day hours and. 
therefore. the  p o t e n t i a l  penal ty  from the 
RBT would be Increased. Thls a t t l c  
v e n t l l a t l o n  d l f fe rence  would not  a f f e c t  
Nlght  Hours since there  i s  no so la r  
r a d i a t i o n  and wlnd speeds are much lower. 

2. The RBR's reduct lon I n  c e l l l n g  heat f l u x  was 
much lower I n  almost a l l  cases. Agaln, the 
higher penal ty  f o r  the R19/RBR dur ing Day 
Hours o f  the  1986/1987 t e s t l n g  (-30% versus 
-2% dur lng 1985/1986) could be due t o  the 
lower v e n t i l a t i o n  area as was discussed I n  
t h e  prev ious paragraph. A theory t o  expla ln  v 

the  much smaller reduct lons i n  c e l l i n g  heat 
f l u x  f o r  the RBR f o r  ce l lu lose  and rock wool 
dur lng n l g h t  hours I s  no t  so obvlous. 

Analys ls  f o r  A1 1 Hours. Table 12 shows the 
r e s u l t s  f o r  a l l  hours o f  the day. At  the R11 
i n s u l a t l o n  l e v e l  both the RBR and RBT show a 
reduc t ion  I n  c e i l i n g  heat f l ux .  However, on ly  the 
RBT's reduc t ion  I s  s t a t l s t l c a l l y  s l g n l f  l can t  and I t  
I s  much la rger  (17 percent) than the RBR1s reduct lon 
(6 percent). At R19 the RBR a c t u a l l y  has a higher 
o v e r a l l  heat f l u x  than the no-RB case whi le  the RBT 
shows a small reduc t ion  I n  c e l l l n g  heat f l ux .  At  
R30, the RBR shows a small ( 6  percent) reduct lon I n  
c e l l l n g  heat f l u x  wh l le  the  RBT shows a large (15 
percent) reduc t ion  I n  c e l l l n g  heat f l u x  compared t o  
the no-RB case. None o f  these heat f l u x  di f ferences 
are s t a t i s t i c a l l y  s i g n i f i c a n t  except f o r  the Rll/RBT 
case mentioned above. 

Analys ls  f o r  Nlqht  Hours. Table 13 gives the 
r e s u l t s  o f  an analys ls  which examlnes the e f f e c t s  o f  
RBs dur lng n l g h t  hours (7 p.m. t o  7 a.m.). The 
reduc t ion  I n  c e i l i n g  heat f l u x  dur lng the  n l g h t  hours 
I s  l a r g e r  f o r  both the RBR and RBT cases f o r  each 
R-value than dur lng a l l  hours o f  the  days. The 
reduc t ion  i n  c e i l l n g  heat f l u x  was greater  than 10 
percent I n  a l l  cases except f o r  the RBR w l th  R19 when 
there  was no reduct ion I n  c e i l l n g  heat f l u x .  
However, on ly  the reduct lon I n  c e i l l n g  heat f l u x  from 
the  RBT w i t h  R 1 1  was s t a t l s t l c a l l y  s l g n l f i c a n t ,  
although the reduc t lon  from the RBR w l th  R11 d i d  
become s l g n i f l c a n t  a t  the 90-percent confidence level .  

Analys ls  f o r  Day Hours. Table 14 shows the 
e f f e c t s  o f  RBs dur lng day hours (11 a.m. t o  4 p.m.). 
As was expected. the-RBs cause a heat f l u x  penal ty  a t  
a l l  R-values because they prevent the warmlng o f  the 
i n s u l a t i o n  t h a t  sometimes occurs from so la r  r a d l a t l o n  
r a l s l n g  the temperature o f  the roof deck. Despite 
the seemingly la rge  percentage dlf ferences, on ly  the 
d l f fe rence  between the RBR and the no-RB R11 cases 
was s t a t l s t l c a l l y  s l g n l f  lcant .  



Analysls by Temperature Range. Tables 15 and 16 
q lve  the r e s u l t s  f o r  amblent tem~era tu res  between 
1 5 " ~  and 2!i°F and between 2!i°F and 3!i°F. 
respect lve ly .  For every R-value, the RBT r e s u l t s  i n  
the  hlghest ( o r  best) heat f l u x  and I t s  percentage 
reduct lon i n  c e l l l n g  heat f l u x  compared t o  the no-RB 
case I s  usual ly  q u l t e  large. The RBR gives very small 
reduct lons I n  c e l l l n g  heat f l u x  o r  a penalty dur lng 
l!i°F t o  25OF ambient temperatures. During 2!i°F 
t o  3!i°F condlt fons, the RBR performs somewhat 
b e t t e r  than the lower temperature case, although the  
reduct lon I n  c e l l f n g  heat f l u x  I s  s t l l l  small. I n  
every case, the reduct lon I n  c e l l l n g  heat f l u x  from 
the  RBs decreases as the l n s u l a t l o n  R-value I s  
Increased. 

Heat Flux versus Tlme-of-Day Graphs. Flgures 5, 
6. and 7 are q r a ~ h s  fo r  R11. R19. and R30. 
respect ively,-of '  the average c e l  l l n g  hea t - f l ux  (uslng 
a l l  the data) versus tlme-of-day f o r  a l l  3 a t t l c  
conf lgurat lons.  (The Y-axls scales f o r  these 3 
f l g u r e s  are d l f f e r e n t . )  Wlth R11 ( f l g u r e  5). both 
the  RBR and the  RBT provfde c e l l l n g  heat f l u x  
Increases from 7 p.m. t o  9 a.m. It should be noted 
t h a t  u n l l k e  sumner a heat f l u x  Increase I s  desf rable 
I n  the w l n t e r  as less  heat I s  l o s t  from the 
condlt loned space. The RBT1s Increase I n  c e l l i n g  
heat f l u x  I s  la rger  (near ly  0.75 versus less than 0.5 
B tu /h r - f t2 )  than the RBR1s throughout hours from 1 
p.m. t o  4 p.m. The RBT a lso Incurs a heat f l u x  
penalty, but  I t  I s  shor ter  I n  durat lon and smaller I n  
magnltude than w l t h  the RBR. 

Wlth R19. the RBR provfdes only  small Increases 
I n  c e l l l n g  heat f l u x  from 12 mldnlght t o  about 8 a.m. 
wh l le  a large penalty I s  Incurred durlng the 
remalnder o f  the hours. The RBT Incurs a c e l l l n g  
heat f l u x  penal ty  on ly  from 12 noon t o  5 p.m. and 
provldes s m l l  but  consls tent  Increases I n  c e l l i n g  
heat f l u x  dur lng a l l  the remalnlng hours of the day. 

Wlth R30. both the RBR and the RBT provlde small 
bu t  consls tent  Increases i n  c e l l l n g  heat f l u x  from 10 
p.m. t o  9 a.m. Durlng the day hours, however, both 
RB conf lgurat lons Incur  heat f l u x  pena l t l es  compared 
t o  R30/no RB. 

CONCLUSIONS 

The fo l low lng  are the key concluslons r e s u l t l n g  
from the 1986 sumner test lng:  

The RBR provldes large reduct lons I n  c e l l  l ng  
heat f l u x  (as compared wl t h  the same 
R-value, no RE) w l t h  ce l lu lose  and rock wool 
lnsu lat lons,  j u s t  as wl t h  f lberglass. 
The RBR provldes la rge  reduct ions I n  c e l l l n g  
heat f l ux  f o r  I n s u l a t l o n  R-values o f  R19 o r  
less. The reduct lons f n  c e i l i n g  heat f l u x  
from the RBR w l t h  R30 I n s u l a t i o n  i s  much 
less  than wf th  R11 o r  R19 Insulat lon.  
Even w l th  s l g n l f l c a n t  dust accumulatfon on 
the RBT, the RBIs performance o r  reduct lon 
I n  c e l l l n g  heat f l u x  may not  degrade near ly  
as much as would be expected from the 
s l g n i f l c a n t  Increases I n  RB emlss iv l t y  
caused by small amounts of dust. 
Summer heat f l u x  reduct lons from the RBT do 

n o t  appear t o  r e s u l t  from I t  act lng as a 
"barrier" t o  convect lon heat t rans fe r  from 
the  ho t  a t t l c  a l r  bu t  appear t o  stem only  
from It reduclng r a d l a t l o n  heat t r a n s f e r  
from the  r o o f  deck. 

5. The RBR reduces a t t f c  a l r  temperatures by a 
s l g n f f i c a n t  amount (lO°F o r  more) and t h l s  
a l r  temperature reduc t ion  could r e s u l t  I n  
s i zab le  savings from reduced heat ga ln by 
c e n t r a l  HVAC ductwork whlch I s  sometlmes 
located f n  a t t l c s .  

The f o l l o w l n g  are the key concluslons from the 
1986/1987 wl n t e r  tes t lng :  

1. The RBT performs somewhat s l m f l a r l y  w l t h  R19 
c e l l u l o s e  and rock wool as w l t h  R19 
f lberglass. 

2. The RBT provldes moderate Increases (l.e., 
l e s s  heat l o s s  from the condlt loned space) 
I n  c e l l l n g  heat f l u x  a t  a l l  three R-value 
1 eve1 s. 

3. The RBR performed q u l t e  d l f f e r e n t l y  w l t h  R19 
c e l l u l o s e  and rock wool I n s u l a t l o n  as 
compared t o  R19 f lberglass. Some, but not  
a1 1 , o f  the performance d l  f f erences could be 
explalned by the a t t l c  v e n t l l a t l o n  
d l f fe rences  between the  two tests. 
Therefore, i t  I s  s t l l l  uncer ta in  whether the 
RBR performs s l m l l a r l y  f o r  ce l lu lose  and 
rock  wool Insu la t lons  as f o r  f iberg lass.  

4. The reduc t lon  I n  c e l l f n g  heat f l u x  from the 
RBR was much smaller than from the RBT and 
was near zero o r  negative I n  several cases. 
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Table 1: 1986 Sumner Test Deslgn 

R C e l l  C e l l  Ce l l  Cel l  
Phase Value C - - -  D - E - F - 

1 R11 RBR RBR no RB no RB 

2 R11 noRB noRB RBR RB R 

3 R19 no RB no RB RBR RB R 

4 R19 RBR RBR no RB no RB 

5 R30 RBR RBR no RB no RB 

6 R30 no RB no RB RBR RB R 

Notes: o RBR stands f o r  RB attached t o  the underslde 
o f  the  ra f te rs .  

o Phases 7 through 12 were exac t l y  l l k e  phases 
1 through 6 except c e l l s  D and F had 
ce l lu lose  and c e l l s  C and E had rock wool 
insu la t ion .  

Table 2: 1986/1987 Winter Test Deslgn 

R C e l l  C e l l  C e l l  C e l l  
Phase Value C - - -  D - E - F - 

1 R11 RBR no RB no RB RBT 

2 R11 RBT RBR RBR no RB 

3 R11 noRB RBT RBT RBR 

4 R19 RBT RBR RBR no RB 

5 R19 noRB no RB RBT RBT 

6 R19 RBR RBT no RB RBR 

7 R30 no RB RBT RBT RBR 

8 R30 RBT RBR RBR no RB 

9 R30 RBR no RB no RB RBT 

Notes: RBT stands f o r  RB placed on top of the 
Insu la t lon .  

RBR stands f o r  RB attached t o  the underside o f  
the r a f t e r s .  

C e l l s  C and E had ce l lu lose.  
C e l l s  D and F had rock wool. 



Table 3: I n s u l a t i o n  Thlckness Table 6: Sumner Results - 
Average Cel Ing  Heat Fluxes f o r  1 80°F-85OF Temperature Range 

R-Value Cel lu lose Rock Wool % Savlng (vs 
Heat F lu  5 same R-iaiue, 

Conf lgurat lon (B tu /h r - f t  1 no RB R11 3.0 Inches 3.5 Inches 
R19 5.1 inches 6.1 Inches 
R30 7.0 Inches 9.6 Inches 

Table 4: Sumner Results - 
Average C e l l i n g  Heat Fluxes 

For A l l  ~ o u r s l  

% Savlng (vs 
Heat Flug same R-value, 

~ o n f  lgu ra t lon2  LBtu/hr- f t  1 no RB 
l ~ v e r a g e  amblent condl t l o n s  d u r l  ng these hours were: 

Amblent Temperature = 82.5OF 
Solar  Radlat lon = 82 ~ t u / h r - f t 2  
Wind Speed = 2.4 ml/h 

Table 7: Sumner Results - 
Average C e l l l n g  Heat Fluxes f o r  

85O~-90OF Temperature Range 

l ~ v e r a g e  amblent condl t l o n s  durlng these hours were: % Savlng (vs 
Heat F lu  same R-value, 

Conf l g u r a t l o n  rBtu/hr- f t$  no RB 

R/ l l no  RB 4.53 -- 
Rll/RBR 2.90 36% 

Amblent Temperature = 81°F 
Solar Radlat lon = 78 Btu/hr- f t2  
Wlnd Speed = 2.6 ml/h 

2 ~ l n c e  there were no s l g n l f  l c a n t  d i f ferences I n  the 
perfornances of ce l lu lose  and rock wool, the heat 
f l u x  data f o r  both Insu la t ions  were cmblned f o r  
each R-value/at t lc  con f lgu ra t lon  i n  tab les 3 
through 8 and 11 through 15. 

Table 5: Sumner Results - 
Average Ce l l l ng  Heat Fluxes 

f o r  Day Hours (11 a.m. t o  6 p.m.)l 
l ~ v e r a g e  amblent condl t l o n s  d u r l  ng these hours were: 

Amblent Temperature = 87OF 
Solar  Radiat lon = 131 B tu /h r - f t2  
Wlnd Speed = 3.4 ml/h 

% Savlng (vs 
Heat Flug same R-value* 

Conf lgurat lon fBtu/hr-f t 1 no RB 

l ~ v e r a g e  ambient condl t lons durlng these hours were: 

Amblent Temperature = 8g°F 
Solar Radlat lon = 179 Btu/hr- f t2  
Wlnd Speed = 4.7 mi/h 



Table 8: Sumner Results - 
Average C i l i n g  Heat Fluxes f o r  F 90-95OF Temperature Range 

Table 10: Summer Results - 
Average Ce i l i ng  Heat Fluxes 
With Low-Emlssivi t y  Palnt  

% Saving (vs 
Heat F l u  3 same R-value. 

Conf i g u r a t l o n  (Btu/hr- f t  1 no RB 

Heat 
Flux 

Heat 
F lux % Saving (vs 

Same R-Value 
no RB Paint) 

(8O0- 
Conf lg. - 85OF) 

R11 Only 4.34 
Rll/RB Palnt  3.81 

R19 Only 2.08 
R19/RB Paint  2.02 

R30 Only 0.96 
R30/RB Palnt  1.00 

l ~ v e r a ~ e  ambient condi t ions during these hours were: 

Ambient Temperature = 92OF 
Solar  Radiat ion = 179 ~ t u / h r - f t 2  
Wind Speed = 4.9 mi/h 

Table 11: Sumner Results - 
Average C e i l i n g  Heat Fluxes 

f o r  Mlscel laneous Conf lgurat ions 

Heat Heat 
Flux F lux  % Savlng (vs 

(80'- 85'- Same R-Value 
Conf ig. EOE) s°F) no RB Palnt) 

Table 9: Summer Results - Roof ~ e m ~ e r a t u r e s l  

Conf l g u r a t l o n  Temperature 

Rl l /no RBR 
Rll/RBR 

R19/no RBR 
R19/RBR 

R30/no RBR 
R30/RBR 

l ~ h e s e  r o o f  temperatures were determined from t e s t  
perlods when ambient temperatures and so la r  
r a d i a t i o n  values were qua1 t o  o r  greater  than 5 88OF and 200 Btu /h r - f t  respect ively. The 
actual  average weather condl t lons 
dur ing these hours were: 

Conflgurat lon: 

1: R19 Only 
2: R19/RB on Top/Wlth Dust 
3: R19/RB on Top/Slngle Slded/Shlny Slde Down 
4: R19/Black P l a s t i c  on Top o f  Insu la t ion  

Ambient Temperature = 92OF 
Solar Radiat ion = 247 B tu /h r - f t2  
Wind Speed = 5 ml/h 



Table 12: Winter Results - 
Average C e i l i n g  Heat Fluxes 

f o r  A l l  ~ o u r s l  

Table 14: Winter Results - 
Average C e i l i n g  Heat Fluxes 

f o r  Day Hours (11 am t o  4 pm) l 

Heat F lux % Saving (vs Same 
Conf l q u r a t l o n  lB tu /h r - f t2 )  R-value, no RE) 

Heat F lux % Saving (vs Same 
Conf l g u r a t i o n  j ~ t u ~ h r - f t ~ )  R-value, no RE) 

l ~ v e r a ~ e  ambient condi t l ons d u r l  ng these hours 
were: 

l ~ v e r a ~ e  ambient cond i t i ons  during these hours 
were : 

Ambient Temperature = 40.2OF 
Solar Radlat lon = 31.1 B tu /h r - f t2  
Wind Speed = 1.9 mi/h 

Ambl en t  Temperature = 44.5OF 
Solar  Radlat lon = 102.4 ~ t u / h r - f  t2 
Wind Speed = 2.5 mi/h 

Table 15: Winter Results - 
Average Cei 1 1 ng Heat Fluxes 

f o r  15OF-25OF Temperature Range 
Table 13: Wlnter Results - 
Average Cei 1 lng  Heat Fluxes 

f o r  Night  Hours (7 pm t o  7 am)l 
Heat F lux % Saving (vs Same 

Conf l g u r a t l o n  ( ~ t u / h r - f t 2 1  R-value, no RB) 
Heat F lux  % Saving (vs Same 

Conf l g u r a t l o n  ( ~ t u / h r - f t 2 )  R-value, no RB) 

R l l /no  RB -3.04 - 
Rll/RBR -2.66 13% 
Rll/RBT -2.38 22% 

l ~ v e r a ~ e  ambient cond i t i ons  dur ing these hours 
were: 

l ~ v e r a ~ e  ambient condi t ions dur lng these hours 
were: Ambient Temperature = 22.7OF 

Solar  Radlat lon = 2.7 ~ t u / h r - f t 2  
Wind Speed = 0.8 mi/h Ambl ent  Temperature = 37.7OF 

Solar  Radlat ion = 0 E t u l h r - f t 2  
Wind Speed = 1.5 ml/h 



Table 16: Winter Results - 
Average Ce l i n g  Heat Fluxes f f o r  2!j0F-35OF Temperature Range 

Heat Flux % Saving (vs Same 
Conf iqurat ion j ~ t u / h r - f t ~ )  R-value. no RB) 

I Radiant Barrier Located 
on Top of Ceiling Insulation 

l ~ v e r a ~ e  ambient condi t lons during these hours 
were: 

Ambient Temperature = 30.g°F 
Solar Radiation = 21.9 Btulhr- f t2  
Wind Speed = 1.7 mi/h 

I Radiant Barrier Located 
Underneath Rafters 
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Figure 1 ,  Padiant Rarrier 
Test Cell 

FIGURE 3. AVERAGE SUMMER 88 HEAT FLUX 
R11 AND RIB INSULATION 



FIGURE 4. AVERAGE SUMMER 88 HEAT FLUX 
R19 AND R30 INSULATION 
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FIGURE 6. AVERAGE WINTER 88/87 HEAT FLUX 
A11 INSULATION 

FIGURE 8. AVERAGE WINTER 86/87 HEAT FLU 
RIB INSULATION 
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FIGURE 7. AVERAGE WINTER 88/87 HEAT FLUX 
R30 INSULATION 

LEGAL NOTICE 

This report  was prepared by the Tennessee Valley 
Author i ty  (TVA) i n  furtherance o f  i t s  statutory 
respons ib i i i t ies .  Neither TVA, the United states, 
nor any of t h e i r  agents or employees: (1) make any 
warranty o r  representation, express or implied, as t o  
the accuracy, completeness, usefulness, or 
r e l i a b i l  i t y  o f  any information, apparatus, product, 
method, or process dlscussed i n  t h i s  report; (2) 
assume any l i a b i l i t y  o r  respons ib i l i t y  f o r  the use 
of, or f o r  damages resu l t ing  from the use of, any 
Information, apparatus, product, method, o r  process 
dlscussed i n  t h i s  report; or (3) represent tha t  the 
use of any Information, apparatus, product, method, 
o r  process dlscussed i n  t h i s  report  would not 
I n f r l nge  p r i va te l y  owned r ights.  

Reference herein t o  any speci f ic  commercial 
product, process, method, o r  service by trade name, 
trademark, manufacturer, o r  othewise does not 
const i tu te  o r  imply an endorsement or  recomnendation 
by TVA, the United States, o r  any o f  t h e i r  agents or 
employees. The views and opinions o f  the author 
expressed herein do not necessarily state or r e f l e c t  
those of TVA. 




