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ABSTRACT 

L i g h t i n g  accoun t s  f o r  approximate ly  54% of t h e  
annual  energy consumption of o f f i c e  b u i l d i n g s , '  and 
can e f f e c t i v e l y  be  reduced through d a y l i g h t i n g .  The 
s i m p l e s t  way t o  p rov ide  d a y l i g h t i n g  i n t o  a  t y p i c a l  
o f f i c e  s p a c e  h a s  been t o  u s e  u n i l a t e r a l  s i d e l i g h t -  
i ng .  Discomfort  and v i s i b i l i t y  g l a r e  from u n i l a t e -  
r a l  s i d e l i g h t i n g  cause  t h e  occupant  t o  c l o s e  d r a p e s  
o r  b l i n d s  and t u r n  on l u m i n a r i e s ,  r e s u l t i n g  i n  a n  
i n e f f i c i e n t  u s e  of d a y l i g h t i n g .  One d a y l i g h t i n g  
concept  t h a t  h a s  been developed t o  a l l e v i a t e  t h i s  
problem is t h e  l i g h t  plenum. 

A l i g h t  plenum can be  added economical ly  t o  a n  
o f f i c e  s p a c e  by u s i n g  a  hung c e i l i n g  s imu l t aneous ly  
a s  a  r e t u r n  a i r  and l i g h t  plenum. The a p p r o p r i a t e  
opaque c e i l i n g  p a n e l s  could  be  r e p l a c e d  w i t h  t r a n s -  
pa ren t  ones  t o  g e t  t h e  l i g h t  t o  t h e  r e a r  of t h e  
space .  The q u e s t i o n  is how much l i g h t  can be  ex- 
pected  t o  be  t r a n s f e r r e d  t o  t h e  r e a r  of t h e  room and 
how d i f f e r e n t  plenum opening c o n f i g u r a t i o n s  would 
a f f e c t  t hose  l i g h t  l e v e l s .  

The r e s u l t s  imply t h a t  a  hung c e i l i n g  l i g h t  
plenum can p rov ide  adequa te  l i g h t  t o  t h e  r e a r  of t h e  
room t o  ba l ance  t h e  h igh  b r i g h t n e s s  r a t i o s  c r e a t e d  
by u n i l a t e r a l  s i d e l i g h t i n g .  Also ,  c e r t a i n  plenum 
opening c o n f i g u r a t i o n s  a r e  more advantageous  f o r  
c e r t a i n  sky c o n d i t i o n s  and o r i e n t a t i o n s ,  and t h e r e  
a r e  some which a r e  of no b e n e f i t .  

INTRODUCTION 

ARTIFICIAL LIGHT AND HEAT G A I N  

Energy s t u d i e s  concerned wi th  h i g h - r i s e ' o f f i c e  
b u i l d i n g s  have r e v e a l e d  t h a t  a r t i f i c i a l  l i g h t i n g  
sys tems can be  a  major  s o u r c e  of h e a t  g a i n  w i t h i n  
t h e  b u i l t  envi ronment .  T h i s  h e a t  g a i n  can accoun t  
f o r  a lmost  one-half  of t h e  annua l  c o o l i n g  load  c o s t  
i n  a  b u i l d i n g  t h a t  is h e a v i l y  dependent upon a r t i -  
f i c i a l  l i g h t i n g  a s  i l l u s t r a t e d  i n  F i g u r e  1. 

The f i g u r e  shows t h a t  a r t i f i c i a l  l i g h t i n g  can 
be  t h e  major  s o u r c e  of energy expense  i n  a  b u i l d i n g .  
Without a r t i f i c i a l  l i g h t i n g ,  t h e  c o s t  of o p e r a t i n g  
t h e  l i g h t i n g  sys tem is  e l i m i n a t e d ,  and t h e  c o o l i n g  
load is  reduced s i g n i f i c a n t l y .  The h e a t i n g  load  
du r ing  t h e  c o o l e r  s e a s o n s  i n c r e a s e s  by on ly  a  s l i g h t  
amount i n  t h e  absence  of t h e  h e a t  gene ra t ed  by t h e  
l i g h t s .  Designing f o r  o p t i m a l  d a y l i g h t  u t i l i z a t i o n  
i n  an  i n t e r i o r  s p a c e  o f f e r s  an  economical  means of 
i l l u m i n a t i n g  i n t e r i o r s  and i n s u r e s  a  r e d u c t i o n  i n  
t h e  consumption of energy r e s o u r c e s .  
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Fig .  1. E l i m i n a t i o n  Pa rame te r s :  Denver Base 
Bu i ld ing .  

DAYLIGHTING DESIGN PRECEDENCE 

Befo re  a r t i f i c i a l  l i g h t i n g  technology was 
developed,  d e s i g n e r s  of t h e  b u i l t  environment r e -  
sponded t o  d a y l i g h t  a s  a  pr imary s o u r c e  of i n t e r i o r  
i l l u m i n a t i o n .  The ev idence  of t h i s  can be  s e e n  i n  
numerous examples of a r c h i t e c t u r e  t h a t  were b u i l t  
b e f o r e  t h e  t w e n t i e t h  c e n t u r y .  The h y p o s t y l e  h a l l s  
of e a r l y  Egypt ian  temples  u t i l i z e d  c l e r e s t o r y  window 
openings  t o  admit s u n l i g h t .  C a t h e d r a l s  of t h e  
I t a l i a n  Renaissance  u t i l i z e d  upper  g a l l e r i e s  w i t h  
rows o f  windows which r e f l e c t e d  d a y l i g h t  through 
concave o r  sp l ayed  openings  i n  t h e  c e i l i n g  of t h e  
g a l l e r y  i n t o  nave  s p a c e s .  L a t e r  examples such  
a s  t h e  La rk in  Bu i ld ing  (1906) .  des igned  by Frank 
Lloyd Wright ,  u t i l i z e d  d a y l i g h t  by o r g a n i z i n g  o f f i c e  
spaces  around an  i n n e r  a t r i um.  

With t h e  a v a i l a b i l i t y  of i nexpens ive  f o s s i l  
f u e l s  and t h e  co r r e spond ing  development of a r t i f i c -  
i a l  l i g h t i n g  and a i r  c o n d i t i o n i n g ,  d a y l i g h t i n g  
d e s i g n  i n  b u i l d i n g s  h a s  been n e g l e c t e d .  The eco- 
nomics of p r e s e n t  day energy consumption w i l l  no 
l o n g e r  a l l o w  env i ronmen ta l  d e s i g n e r s  t h e  l uxury  of 
n e g l e c t i n g  d a y l i g h t i n g  d e s i g n .  Appropr i a t e  day- 
l i g h t i n g  d e s i g n  o f f e r s  bo th  economic advan tages  and 
o p p o r t u f l i t i e s  f o r  a  h i g h e r  q u a l i t y  s o u r c e  of i l lum- 
i n a t i o n .  I n  c o n s i d e r a t i o n  of t h e  dwind l ing  n a t u r a l  
r e s o u r c e s  and a  need f o r  a  b e t t e r  work environment ,  
i t  h a s  become t h e  t a s k  of d e s i g n e r s  t o  r e s e a r c h  and 
develop i n n o v a t i v e  a p p l i c a t i o n s  i n  a r c h i t e c t u r e  t h a t  
a r e  r e s p o n s i v e  t o  t h e  n a t u r a l  envi ronment .  

EVOLUTION OF THE LIGHTING PLENUM 

U n i l a t e r a l  S i d e l i g h t i n g .  P r e v i o u s  a t t e m p t s  t o  
r educe  a r t i f i c i a l  l i g h t i n g  i n  h i g h - r i s e  b u i l d i n g s  
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have r e s u l t e d  i n  one primary window c o n f i g u r a t i o n ,  e l i m i n a t i n g  d a r k  shadows. However, t h e  problem of a  
t h e  u n i l a t e r a l  s i d e l i g h t .  The e s s e n t i a l  problem t o  . h igh  b r i g h t n e s s  r a t i o  is unchanged. A r t i f i c i a l  
be  overcome i n  d a y l i g h t i n g  d e s i g n  of t h i s  t y p e  is l i g h t  is r e q u i r e d  t o  b a l a n c e  d a y l i g h t  f o r  a c c e p t a b l e  
t h e  i s s u e  of d i scomfor t  g l a r e .  Of t en  a  window i n t e r i o r  i l l u m i n a t i o n  ( s e e  F i g u r e  3 ) .  
( u n i l a t e r a l  s i d e l i g h t )  can c r e a t e  a  g r e a t  d e a l  of 
c o n t r a s t  between t h e  window and su r round ing  i n t e r i o r  
s u r f a c e s .  To t h o s e  i n s i d e  t h e  space ,  t h e  l i g h t  from 
t h e  window o f t e n  a p p e a r s  o v e r l y  b r i g h t ,  c o n t r a s t i n g  
wi th  t h e  l i g h t  l e v e l s  i n  t h e  room. T h i s  c o n d i t i o n  
c r e a t e s  what i s  known a s  d i scomfor t  g l a r e .  A r t i -  
f i c i a l  l i g h t i n g ,  a s  i l l u s t r a t e d  in F i g u r e  2, i s  one 
means of ba lanc ing  i n t e r i o r  l i g h t  l e v e l s  w i t h  uni- 
l a t e r a l  s i d e l i g h t i n g  t o  e l i m i n a t e  t h i s  d i scomfor t .  
Another more common s o l u t i o n  is  t o  p u l l  t h e  d rapes  
o r  b l i n d s  and l i g h t  t h e  s p a c e  e n t i r e l y  w i t h  a r t i f i c -  
i a l  l i g h t .  

T h i s  uneven c o n t r a s t  between t h e  " f r o n t "  and 
"back" of  t h e  room i s  a  product  of ext reme i l l u m i -  
n a t i o n  g r a d i e n t s  o r  ext reme v a r  a t i o n  of  l i g h t  3 
l e v e l s  ove r  t h e  g iven d i s t a n c e .  The r a t i o  of  t h e  
two extreme i l l u m i n a t i o n  l e v e l s  w i t h i n  t h e  s p a c e  
is r e f e r r e d  t o  a s  t h e  b r i g h t n e s s  r a t i o .  The window 
c o n f i g u r a t i o n  d e p i c t e d  i n  F i g u r e  2 w i l l  r e s u l t  i n  a  
h igh  b r i g h t n e s s  r a t i o  from t h e  " f ron t "  o f  t h e  room 
(window) t o  t h e  " rea r "  of  t h e  room. The d i scomfor t  
g l a r e  p r e v i o u s l y  desc r ibed  i n  t h e  d e p i c t e d  s p a c e  is 
t h e  d i r e c t  r e s u l t  o f  a  h i g h  b r i g h t n e s s  r a t i o .  The 
composi te  i l l u m i n a t i o n  g r a d i e n t  provided by a r t i f i c -  
i a l  l i g h t i n g  b a l a n c e s  t h e  b r i g h t n e s s  r a t i o  which 
makes t h e  incoming d a y l i g h t  more a c c e p t a b l e .  T h i s  
window c o n f i g u r a t i o n ,  t h e r e f o r e ,  does  n o t  e f f e c t i v e -  
l y  s o l v e  t h e  problem of  r educ ing  t h e  need f o r  a r t i -  
f i c i a l  l i g h t i n g .  

U n i l a t e r a l  S i d e l i g h t i n g  w i t h  Splayed Ce i l ing .  
Splayed c e i l i n g  and window s u r f a c e s  have been u t i -  
l i z e d  a s  a  means of  reducing t h e  a p p a r e n t  c o n t r a s t  
between t h e  window and su r round ing  w a l l  s u r f a c e s  by 

F igure  2. U n i l a t e r a l  S i d e l i g h t i n g .  
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U n i l a t e r a l  S i d e l i g h t i n g  w i t h  Overhang and 
L igh t  S h e l f .  The a d d i t i o n  o f  an  upper window por- 
t i o n  wi th  a  p r o j e c t i n g  r e f l e c t i v e  s u r f a c e  a s  seen  i n  
F i g u r e  4 ,  a l lows  more d a y l i g h t  t o  b e  r e f l e c t e d  i n t o  
t h e  r e a r  of t h e  room. The overhanging l e d g e  pro- 
v i d e s  a  shad ing  d e v i c e  which r educes  c o n t r a s t  from 
s i d e l i g h t i n g  of  t h e  main window and a l s o  r e f l e c t s  
ground l i g h t  i n t o  t h e  space .  However, most t y p i c a l  
o f f i c e  s p a c e s  employ a  s t a n d a r d  d rop  c e i l i n g  which 
s e r v e s  a s  r e t u r n  a i r  plenum o r  mechanical  space .  
T h i s  p a r t i c u l a r  d a y l i g h t i n g  a p p l i c a t i o n  would n o t  b e  
compat ib le  w i t h  t h e  t y p i c a l  o f f i c e  space  where a  
drop c e i l i n g  is u t i l i z e d  w i t h o u t  a d d i t i o n a l  f l o o r  
t o  c e i l i n g  h e i g h t .  

The c o n f i g u r a t i o n  i n  F i g u r e  4 o f f e r s  t h e  most 
promising d a y l i g h t i n g  c o n d i t i o n s  d e p i c t e d  thus  f a r ,  
b u t  t h e  i l l u m i n a t i o n  g r a d i e n t  can still d rop  s h a r p l y  
a t  t h e  back of  t h e  room. However, t h e  l i g h t  s h e l f  
concept  h a s  l e d  t o  o t h e r  p o s s i b i l i t i e s .  

U n i l a t e r a l  S i d e l i g h t i n g  w i t h  L i g h t  Plenum. 
Recen t ly ,  i t  was conceived t h a t  t h e  l i g h t  s h e l f  
could  b e  extended t o  t h e  back of t h e  room t o  c r e a t e  
a  h i g h l y  r e f l e c t i v e  "plenum" which would c o n t a i n  
d a y l i g h t  go ing  i n t o  t h e  i n t e r i o r  s p a c e  o f  a  
room, a l l o w i n g  t h e  d e s i g n e r  t o  p u t  t h e  d a y l i g h t  
c l o s e r  t o  where i t  i s  d e s i r e d .  T h i s  window con- 
f i g u r a t i o n  u t i l i z e s  a  s t a n d a r d  drop c e i l i n g  and an 
a d d i t i o n a l  upper  window a s  a  means of  t r a n s m i t t i n g  
d a y l i g h t  i n t o  i n t e r i o r  s p a c e  ( s e e  F i g u r e  5). The 
i n c r e a s e d  i l l u m i n a t i o n  from t h e  plenum s p a c e  r educes  
t h e  p o t e n t i a l  f o r  d i scomfor t  g l a r e  by b a l a n c i n g  t h e  
i l l u m i n a t i o n  g r a d i e n t  w i t h  l i g h t  from t h e  r e a r  of 

F igure  4 .  U n i l a t e r a l  S i d e l i g h t i n g  w i t h  L i g h t  S h e l f .  
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Figure  3. U n i l a t e r a l  S i d e l i g h t i n g  w i t h  Splayed F igure  5. U n i l a t e r a l  S i d e l i g h t i n g  w i t h  L igh t  Plenum. 
C e i l i n g .  
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t h e  room. By r educ ing  t h e  b r i g h t n e s s  r a t i o  w i t h i n  
t h e  o f f i c e  s p a c e ,  t h e  q u a l i t y  of t h e  a v a i l a b l e  
d a y l i g h t  i s  improved o f f e r i n g  a  g r e a t e r  promise  of 
r educ ing  t h e  need f o r  a r t i f i c i a l  l i g h t  d u r i n g  day- 
l i g h t  hou r s .  

The u l t i m a t e  advan tage  of t h e  concep t  of t h e  
l i g h t  plenum l i e s  i n  i t s  economic a p p l i c a b i l i t y  t o  
t y p i c a l  o f f i c e  b u i l d i n g  t ypes .  O f f i c e  b u i l d i n g s  
des igned t o  u t i l i z e  a  d rop  c e i l i n g  p r i m a r i l y  a s  a  
r e t u r n  a i r  plenum w i t h  c o r r i d o r  mechan ica l  d u c t  
sys tems o r  p e r i m e t e r  s u p p l y  o f f e r  t h e  b e s t  oppor- 
t u n i t y  f o r  a n  economical  a d a p t a t i o n  t o  a  d a y l i g h t i n g  
plenum. The q u a n t i t y  and q u a l i t y  of d a y l i g h t  pene- 
t r a t i o n  i n t o  t h e  i n t e r i o r  s p a c e  t h rough  t h e  l i g h t  
plenum must depend on t h e  c o n f i g u r a t i o n  of t h e  d rop  
c e i l i n g  open ings  which admi t  t h e  l i g h t .  T h e r e f o r e ,  
i t  h a s  become n e c e s s a r y  t o  i n v e s t i g a t e  t h e  perform- 
ance  c h a r a c t e r i s t i c s  of v a r i o u s  opening c o n f i g u r a t i o n s  
and t o  make t h e  co r r e spond ing  i n f o r m a t i o n  and d a t a  
a v a i l a b l e  t o  env i ronmen ta l  d e s i g n e r s .  

PURPOSE OF RESEARCH 

The pu rpose  of  t h i s  s t u d y  i s  t o  p r o v i d e  i n f o r -  
mat ion  r e g a r d i n g  t h e  u s e  of  l i g h t  plenums f o r  
a r c h i t e c t u r a l  d a y l i g h t i n g .  T h i s  i n f o r m a t i o n  w i l l  b e  
examined on  t h e  b a s i s  of  i t s  a p p l i c a b i l i t y  t o  o f f i c e  
b u i l d i n g s  which u t i l i z e  d rop  c e i l i n g s  a s  r e t u r n  a i r  
plenums. The t e s t i n g  of  a  t y p i c a l  s c a l e  model 
o f f i c e  s p a c e  w i l l  b e  used  t o  y i e l d  d a t a  conce rn ing  
d a y l i g h t  p e n e t r a t i o n  c h a r a c t e r i s t i c s  of  v a r i o u s  
opening c o n f i g u r a t i o n s  i n  a  d rop  c e i l i n g .  

OBJECTIVES 

*To d e s i g n  and b u i l d  a  s c a l e  model o f f i c e  w i t h  
a  s t a n d a r d  d rop  c e i l i n g  u t i l i z e d  a s  a  l i g h t  plenum. 

*To test a  s i m u l a t e d  l i g h t  plenum f o r  a  v a r i e t y  
of  c e i l i n g  open ings  and r e c o r d  d a t a  conce rn ing  
d a y l i g h t i n g  f a c t o r s  ( r a t i o  of  p e n e t r a t e d  l i g h t  t o  
a v a i l a b l e  e x t e r i o r  l i g h t ) .  

*To compi l e  test d a t a  and de t e rmine  optimum 
plenum opening c o n f i g u r a t i o n s .  

*To p r o v i d e  a  c a t a l o g  of  l i g h t  plenum opening 
c o n f i g u r a t i o n s  a l o n g  w i t h  t h e i r  per formance  char-  
a c t e r i s t i c s  w i t h  r e g a r d  t o  t e s t e d  l i g h t  p e n e t r a t i o n  
l e v e l s  a t  work s u r f a c e  h e i g h t .  

PROCEDURE 

MODEL DESIGN AND CONSTRUCTION 

Dimensions and Sca l e .  The test model dimen- 
s i o n s  were  chosen on t h e  b a s i s  of  a  compiled a v e r a g e  
of t y p i c a l  s t r u c t u r a l  d imensions  of o f f i c e  spaces .  
I n  o r d e r  t o  i n i t i a l l y  compi l e  t h e s e  s t a n d a r d s ,  
s e v e r a l  b u i l d e r s ,  d e v e l o p e r s ,  and a r c h i t e c t s  were  
c o n s u l t e d .  These  d imens ions  a r e  l a b e l e d  i n  F i g u r e  6  
which is  a n  i s o m e t r i c  s e c t i o n  of  t h e  test model. 
The s c a l e  o f  t h e  test model is 1-1/4"=1'-0". T h i s  
s c a l e  was chosen f o r  t h e  e a s e  and e f f i c i e n t  p lace-  
ment o f  l i g h t  s e n s o r s  and c e i l i n g  p a n e l s .  The d rop  
c e i l i n g  i s  modeled a f t e r  a  s t a n d a r d  2' x  2' T-Rail  
sys tem.  

M a t e r i a l  R e f l e c t a n c e s .  The IES Handbook r ec -  
ommendations f o r  r e f l e c t a n c e s  i n  a  t y p i c a l  o f f i c e  
c e i l i n g .  w a l l  and f l o o r  a r e  l i s t e d  a s  f o l l o w s :  

C e i l i n g  . . . . . 80% 
Wall  . . . . . . 50% 
F l o o r  . . . . . . 20% 

Mat t e  b o a r d s  t h a t  s i m u l a t e  t h e s e  r e f l e c t a n c e s  
were chosen f o r  t h e  i n t e r i o r  of  t h e  model. The 
f o l l o w i n g  l i s t  i n d i c a t e s  t h e  c o l o r  and r e f l e c t a n c e  
of t h e  m a t t e  board  used  i n  t h e  model c o n s t r u c t i o n .  

SURFACE COLOR REFLECTANCE 

C e i l i n g  Cream 83% 
Wall  Sand 53.5% 
F l o o r  Pyro-Brown 18.6% 
Plenum White 90% 

The w h i t e  s i d e  of  cream p e b b l e  g r a i n  m a t t e  
board  was chosen f o r  t h e  l i g h t  plenum s u r f a c e s ,  
i n c l u d i n g  t h e  d rop  c e i l i n g  "panels" .  The w h i t e  s i d e  
of  t h e  p e b b l e  g r a i n  m a t t e  boa rd  h a s  a  r e f l e c t a n c e  of  
90%. which s h o u l d  e f f e c t i v e l y  r e p r e s e n t  t h e  s u r f a c e  
r e f l e c t a n c e  of  a  p a i n t e d  plenum s p a c e .  

Model C o n s t r u c t i o n .  The d rop  c e i l i n g  T-Rai l  
sys tem i s  c o n s t r u c t e d  of  p r e f a b r i c a t e d  p l a s t i c  T  
s t o c k .  The l ong  a x i s  r a i l s  a r e  c o n t i n u o u s  w h i l e  t h e  
s h o r t  a x i s  r a i l s  a r e  c u t  and g lued  w i t h  a  cyano- 
a c r y l a t e  g l u e .  The T-Rai ls  we re  assembled  o v e r  a  
marked g r i d  on  a  f l a t  s u r f a c e  i n  o r d e r  t o  r e t a i n  a  
c o n s i s t e n t  framework f o r  2 '  x  2 '  s q u a r e  drop- in  
p a n e l s  of  opaque m a t t e  boa rd  and . l o 0  i n c h  t h i c k  
t r a n s p a r e n t  P l e x i g l a s  p a n e l s .  

The l i g h t  plenum and P l e x i g l a s  plenum window 
were c o n s t r u c t e d  a s  a  "box l i d "  which e n a b l e s  q u i c k  
r e p o s i t i o n i n g  of  plenum g r i d  p a n e l s  f o r  t e s t i n g ,  
s imply  by removing t h e  " l i d "  o f  t h e  model ( s e e  
F i g u r e 6  ) .  

The model was a t t a c h e d  t o  a  plywood base .  The 
b a s e  and model we re  mounted t o  a  heavy-duty v i d e o  
camera-type t r i p o d  which a l l o w s  swing and t i l t  of  
t h e  model t o  t h e  d e s i r e d  o r i e n t a t i o n  f o r  t e s t i n g .  

INITIAL FIELD TESTING 

T e s t i n g  C o n d i t i o n s .  The n o r t h e r n  p o r t i o n  o f  a  
c l e a r  sky  i n  t h e  n o r t h e r n  hemisphe re  p r o v i d e s  t h e  
most c o n s i s t e n t  and l e a s t  amount of  d a y l i g h t  o f  any 
of t h e  sky  c o n d i t i o n s .  I n  o r d e r  t o  e s t a b l i s h  t h e  
optimum plenum opening c o n f i g u r a t i o n s ,  a l l  tests 
were  made t o  a  n o r t h e r n  o r i e n t a t i o n  w i t h  t h e  a s -  
sumpt ion  t h a t  t h e  b e t t e r  open ing  c o n f i g u r a t i o n s  
would b e  t h o s e  which per formed b e s t  unde r  t h e  l e a s t  
f a v o r a b l e  sky  c o n d i t i o n s .  I t  was assumed t h a t  t h e  
plenum opening c o n f i g u r a t i o n s  t h a t  performed w e l l  
under  c l e a r  s k y ,  n o r t h  l i g h t  c o n d i t i o n s  would pe r -  
form b e t t e r  w i t h  t h e  o t h e r  o r i e n t a t i o n s  which pro- 
v i d e  more a v a i l a b l e  l i g h t ,  e s p e c i a l l y  d i r e c t  beam, 
depending on t h e  t ime  of  day o r  d a t e  w i t h  r e g a r d  t o  
sun  a n g l e s .  

The l i g h t  plenum was t e s t e d  by i t s e l f  by n o t  
i n c l u d i n g  t h e  window a p e r t u r e  i n  t h e  f r o n t  of  t h e  
o f f i c e  space .  I n  t h i s  manner,  o n l y  t h e  p e n e t r a t e d  
l i g h t  from t h e  plenum s o u r c e  would b e  d e t e c t e d  by  
t h e  s e n s o r s  w i t h o u t  i n t e r f e r e n c e  from o t h e r  s o u r c e s  
of l i g h t .  

T e s t i n g .  Fo r  t e s t i n g ,  t h e  f u l l y  assembled  
model was mounted t o  t h e  v i d e o  camera t r i p o d  and 
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Figure 6. Test Model Isometric 
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n ine  nanometer s e n s o r s  from a  Megatron Day l igh t ing  
Model Meter were a t t a c h e d  t o  t h e i r  r e s p e c t i v e  posi- 
t i o n s  a s  shown i n  F i g u r e 6 .  The s e n s o r  l e a d s  were 
then taped t o g e t h e r  and brought  ou t  of t h e  f r o n t  
panel  of t h e  model, which, i n  tu rn ,  was taped i n t o  
p l a c e  t o  p reven t  l i g h t  l e a k s .  A f t e r  i n s t a l l i n g  an  
opening c o n f i g u r a t i o n  of c l e a r  P l e x i g l a s  p a n e l s  i n t o  
t h e  c e i l i n g  g r i d ,  t h e  "box l i d "  (plenum) was secured 
i n t o  p l a c e  t o  p reven t  l i g h t  l eaks .  The fol lowing 
procedure was conducted f o r  each t e s t :  

1. Plenum window was o r i e n t e d  pe rpend icu la r  t o  
t r u e  n o r t h  a t  t h e  s imulated time and d a t e  of March 
2 1 s t ,  12:OO noon according t o  a  f i x e d  s u n d a i l  a t -  
tached t o  t h e  top  of t h e  model. 

2. Time and d a t e  were recorded.  
3. Ava i l ab le  h o r i z o n t a l  i l l u m i n a t i o n  (Eh) and 

a v a i l a b l e  v e r t i c a l  i l l u m i n a t i o n  (Ev) r e a d i n g s  were 
taken wi th  a  Spotmate Footcandle  L igh t  Meter ,  and 
recorded. These r ead ings  were taken f l u s h  w i t h  t h e  
top of t h e  model f o r  Eh and f l u s h  wi th  t h e  plenum 
window f o r  Ev. 

4 .  Ligh t  l e v e l  r ead ings  f o r  each s e n s o r  were 
recorded r e s p e c t i v e l y .  The Megatron took read ings  
i n  l u x ,  which were l a t e r  conver ted t o  foo tcand les .  

5 .  The p o s t - t e s t  Eh and Ev r e a d i n g s  were taken 
and recorded t o  determine whether  t h e  p o s t - t e s t  sky 
i l l u m i n a t i o n  was more than +5% over  t h e  pe r iod  of 
t h e  t e s t .  I f  t h i s  t o l e r a n c e  was met, i t  was assumed 
t h a t  t h e  l i g h t i n g  c o n d i t i o n s  were cons tan t  dur ing  
t e s t i n g .  

6. F i n a l  t ime was recorded.  
A l l  Megatron s e n s o r  r ead ings  were measured i n  

l u x  and had t o  b e  conver ted t o  foo tcand les  i n  o r d e r  
t o  c a l c u l a t e  t h e  d a y l i g h t  f a c t o r .  A f t e r  each t e s t  
was completed, t h e  p rocess  was r epea ted  f o r  a  t o t a l  
of 35 d i f f e r e n t  plenum opening conf igura t ions .  
These a r e  n o t  included i n  t h i s  paper ,  b u t  can be  
obta ined upon reques t  . 

Plenum Opening Performance C r i t e r i a .  The 
performance of t h e  plenum opening c o n f i g u r a t i o n s  was 
judged on t h e  b a s i s  o f :  

1. High Br igh tness  R a t i o  r e s u l t i n g  from an 
i l l u m i n a t i o n  g r a d i e n t  where t h e  i l l u m i n a t i o n  i n  t h e  
back of t h e  room is  g r e a t e r  than i n  t h e  f r o n t  of t h e  
room. 

2. The q u a n t i t y  of l i g h t  p e n e t r a t i o n  a t  each 
sensor  p o i n t .  

The i l l u m i n a t i o n  g r a d i e n t  (F igure  7 )  o r  d i s t r i -  
bu t ion  of l i g h t  ove r  t h e  s e n s o r s  a t  test p o i n t s  
determines  t h e  b r i g h t n e s s  r a t i o  between o p p o s i t e  

L igh t  Plenum 

s i d e s  of t h e  room. A h i g h  b r i g h t n e s s  r a t i o  from t h e  
"rear"  of t h e  room t o  t h e  "window s ide"  of t h e  room 
is  d e s i r a b l e  s o  t h a t  t h e  plenum l i g h t  w i l l  n o t  con- 
t r i b u t e  t o  t h e  s i d e l i g h t i n g .  Th i s  would enab le  t h e  
des igner  t o  use  t h e  l i g h t  from t h e  plenum a s  a  
second source  of l i g h t  t o  b a l a n c e  t h e  i l l u m i n a t i o n  
g r a d i e n t  of t h e  s i d e l i g h t  (window) t o  c r e a t e  a  more 
q u a l i t a t i v e  b r i g h t n e s s  r a t i o  ( s e e  F igure  7 ) .  

The o t h e r  c r i t e r i o n  f o r  optimum plenum opening 
performance was determined t o  be  t h e  a c t u a l  i l l umi -  
n a t i o n  l e v e l  a t  each s e n s o r  p o i n t .  I n  o r d e r  f o r  t h e  
pene t ra t ed  d a y l i g h t  from t h e  l i g h t  plenum t o  b e  
u s e f u l ,  t h e r e  must be a  s u f f i c i e n t  q u a n t i t y  of l i g h t  
provided by t h e  l i g h t  plenum. I f  adequate  i l lumina-  
t i o n  through t h e  plenum can be accomplished, t a s k  
l i g h t i n g  a s  w e l l  a s  ambient l i g h t i n g  needs  can 
then b e  achieved w i t h  d a y l i g h t .  

FINAL FIELD TESTING 

There  were n i n e  plenum c e i l i n g  c o n f i g u r a t i o n s  
from t h e  I n i t i a l  F i e l d  T e s t i n g  t h a t  performed t h e  
b e s t  based on t h e  p rev ious ly  d i scussed  c r i t e r i a .  
These n i n e  "best"  plenum opening c o n f i g u r a t i o n s  were 
t h e  s u b j e c t  of t h e  f i n a l  f i e l d  t e s t s .  

The f i n a l  t e s t i n g  was done us ing  t h e  fo l lowing  
parameters :  

1. The t e s t  procedure ,  a s  l a i d  ou t  i n  I n i t i a l  
F i e l d  T e s t i n g ,  was used. 

2. T e s t s  were done f o r  a l l  f o u r  o r i e n t a t i o n s  
(North,  South, E a s t ,  and West). 

3. Each o r i e n t a t i o n  was t e s t e d  f o r  a  s imula ted  
d a t e  and time of March 2 1 s t ,  12 noon, us ing  a  sund ia l  
a t t ached  t o  t h e  top of t h e  model. 

4. A l l  t e s t s  were done on t h e  same day w i t h i n  
t h r e e  hours  of each o t h e r  under c l e a r  sky c o n d i t i o n s  
t o  i n s u r e  cons i s t ency  of sky i l l u m i n a t i o n .  

5. There were n i n e  c o n f i g u r a t i o n s  t e s t e d  f o r  
four  o r i e n t a t i o n s  f o r  a  t o t a l  of t h i r t y - s i x  t e s t s  i n  
a l l .  

FIELD TESTING COMMENTS 

A c r o s s  r e f e r e n c e  of f i n a l  f i e l d  t e s t i n g  re-  
s u l t s  wi th  i n i t i a l  f i e l d  t e s t i n g  i n d i c a t e s  t h a t  
i n i t i a l  c l e a r  day f i e l d  t e s t i n g  r e s u l t s  a r e  v a l i d  
even though t h e  t e s t s  were  conducted on d i f f e r e n t  
days.  T h i s  cons i s t ency  of d a t a  s u p p o r t s  t h e  i n i t i a l  
cho ice  of t h e  n i n e  "best"  c o n f i g u r a t i o n  a l t e r n a t i v e s  
determined by t h e  i n i t i a l  f i e l d  t e s t i n g .  

F igure  7. I lumina t ion  Gradient  of Combining a  L igh t  Plenum w i t h  S i d e l i g h t i n g .  
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RESEARCH RESULTS 

DATA 

Table 1 i s  a  l i s t  of compiled da ta  from f i n a l  
f i e l d  t e s t i n g  f o r  nine plenum opening conf igura t ions  
which were chosen from i n i t i a l  f i e l d  t e s t i n g .  This  
t a b l e  shows t h e  se lec ted  r e s u l t s  of the  n i n e  plenum 
conf igura t ions  and t h e i r  performance i n  a l l  f o u r  
o r i e n t a t i o n s .  For each conf igura t ion ,  t h e r e  a r e  
f i v e  rows of d a t a  t ab lu la ted  i n  the  t a b l e .  The 
f i r s t  row i s  t h e  ou ts ide  i l lumina t ion  l e v e l  taken on 
the  v e r t i c a l  (Ev). The second i s  the  ou ts ide  i l l u m -  
i n a t i o n  l e v e l  taken on t h e  h o r i z o n t a l  (Eh). The nex t  

th ree  rows of d a t a  r e f e r  t o  t h r e e  sensor  po in t s .  
These sensor  p o i n t s  a r e  112, #5, and #8, ( s e e  Figure 
5 f o r  placement) which run t h e  leng th  of t h e  space 
through t h e  c e n t e r  a x i s  a s  shown i n  F igure  6. The 
t h i r d  row of d a t a  is  the  a c t u a l  footcandle readings 
taken i n  t h e  modeled space.  The four th  row shows 
the day l igh t  f a c t o r  of each of t h e  sensor  po in t s ,  
using t h e  Ev t o  c a l c u l a t e  it .  The f i f t h  o r  f i n a l  
row of d a t a  is t h e  d a y l i g h t  f a c t o r ,  using t h e  Eh t o  
c a l c u l a t e  i t .  

The day l igh t  f a c t o r  is ca lcu la ted  by d i v i d i n g  
the  sensor  reading i n  the  space by t h e  o u t s i d e  
i l lumina t ion  l e v e l  ( h o r i z o n t a l  o r  v e r t i c a l ) .  This 
provides a  f a c t o r  t h a t  can be used t o  determine t h e  

Table 1. F ina l  Field Test  Data Summary 
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i n s i d e  i l l u m i n a t i o n  l e v e l  a t  t h a t  g iven  p o i n t  g iven  
any corresponding o u t s i d e  i l l u m i n a t i o n  l e v e l ,  as-  
suming t h e  same sky  c o n d i t i o n s  e x i s t .  The Eh o r  Ev 
must correspond t o  t h e  DFh o r  DFv. I l l u m i n a t i o n  
l e v e l s  i n  a  room canno t  be  determined by u s i n g  an Eh 
r ead ing  wi th  a  DFv. The DF can a l s o  be  used t o  
compare one plenum opening c o n f i g u r a t i o n  t o  ano the r .  
The DFh of t h e  t h r e e  s e n s o r  p o i n t s  were  p l o t t e d  i n t o  
an i l l u m i n a t i o n  g r a d i e n t  cu rve  f o r  each conf igu ra -  
t i o n  and each o r i e n t a t i o n  ( s e e  Tab le  2 ) .  

The i l l u m i n a t i o n  g r a d i e n t  c u r v e s  i n  Table  2 
can be  used t o  q u i c k l y  r e l a t e  t h e  b r i g h t n e s s  r a t i o  
of any p a r t i c u l a r  c o n f i g u r a t i o n  and t h e  o r i e n t a t i o n .  
S t eepe r  l i n e s  deno te  a  g r e a t e r  b r i g h t n e s s  r a t i o  i n  

comparison t o  o t h e r  c o n f i g u r a t i o n s .  To compare t h e  
q u a n t i t y  of l i g h t  provided by d i f f e r e n t  c o n f i g u r a -  
t i o n s  compare t h e  h e i g h t s  of t h e  r e s p e c t i v e  cu rves .  
Higher  c u r v e s  i n d i c a t e  a  g r e a t e r  q u a n t i t y  of l i g h t .  

RESULTS 

1. An e f f e c t i v e  combinat ion  of B r i g h t n e s s  
R a t i o  and Q u a n t i t y  of L i g h t  can be  ob ta ined  from t h e  
l i g h t  plenum t o  be  h e l p f u l  i n  r educ ing  t h e  discom- 
f o r t  g l a r e  of a  u n i l a t e r a l l y  s i d e l i t  o f f i c e  space .  

2 .  The South  o r i e n t a t i o n  of eve ry  con f igu ra -  
t i o n  had t h e  g r e a t e s t  B r i g h t n e s s  R a t i o  and Q u a n t i t y  
of L i g h t .  The d i r e c t  s u n l i g h t  is  r e s p o n s i b l e  f o r  

Tab le  2 .  D a y l i g h t  F a c t o r  G r a d i e n t s  of L i g h t  Plenum C o n f i g u r a t i o n s .  
I . 
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t h i s  r e s u l t .  The West and E a s t  o r i e n t a t i o n s  can be  
expected t o  respond i n  t h e  same manner a s  t h e  South 
a t  d i f f e r e n t  t i m e s  of  t h e  day. Th i s  would happen i n  
t h e  morning f o r  Eas t  o r i e n t a t i o n s  and i n  t h e  a f t e r -  
noon f o r  West o r i e n t a t i o n s .  

3. The North ,  E a s t ,  and West o r i e n t a t i o n s  of 
each c o n f i g u r a t i o n  had an  a lmost  e q u a l  B r i g h t n e s s  
R a t i o  and Quan t i ty  of L igh t .  T h i s  can be  a t t r i b u t e d  
t o  t h e  a lmost  i d e n t i c a l  s k y  c o n d i t i o n s  t h a t  t hey  
were expoeed t o  a t  s imula t ed  t i m e  of t h e  day (12 
noon). I t  can b e  expected t h a t  t h e  sou the rn  
o r i e n t a t i o n s  w i l l  respond i n  t h e  same way d u r i n g  t h e  
e a r l y  morning and l a t e  a f t e rnoon  hours  of  t h e  day, 
s i n c e  l i t t l e  d i r e c t  s u n l i g h t  w i l l  h i t  t h a t  s i d e  a t  
t h o s e  t imes .  

4. No one c o n f i g u r a t i o n  was t h e  b e s t  f o r  sky 
c o n d i t i o n s  wi th  d i r e c t  s u n l i g h t  and wi thou t  d i r e c t  
s u n l i g h t .  For  example, t h e  b e s t  c o n f i g u r a t i o n  f o r  a  
sky wi thou t  any d i r e c t  s u n l i g h t  can be  seen i n  
Table  2 f o r  c o n f i g u r a t i o n s  A and H. Whereas, from 
t h e  same t a b l e ,  one can s e e  t h a t  f o r  a  c l e a r  s k y  
wi th  d i r e c t  s u n l i g h t  t h e  b e s t  c o n f i g u r a t i o n s  a r e  C .  
E, o r  F. 

5.  An o v e r c a s t  sky c o n d i t i o n  should  respond 
s i m i l a r l y  t o  t h e  North  sky o r i e n t a t i o n .  An o v e r c a s t  
sky l i k e  t h e  n o r t h  c l e a r  sky a t  12 noon has  no 
d i r e c t  s u n l i g h t  and an i l l u m i n a t i o n  g r a d i e n t  t h a t  is 
a t  i ts lowest  a t  t h e  ho r i zon  and h i g h e s t  a t  t h e  
z e n i t h .  

6. The a r e a  of plenum opening de te rmines  t h e  
o v e r a l l  q u a n t i t y  of  l i g h t  i n  t h e  space ,  b u t  may have 
a  d e t r i m e n t a l  e f f e c t  on t h e  b r i g h t n e s s  r a t i o .  A  
d i r e c t  comparison of l i g h t  l e v e l s  i n  f o o t c a n d l e s  
between d i f f e r e n t  opening c o n f i g u r a t i o n s  w i l l  r e v e a l  
t h a t  t h e  f o o t c a n d l e  l e v e l  is d i r e c t l y  r e l a t e d  t o  t h e  
number of  openings.  I n  o t h e r  words, more openings  
w i l l  r e s u l t  i n  g r e a t e r  q u a n t i t i e s  of l i g h t .  How- 
e v e r ,  i n i t i a l  f i e l d  t e s t i n g  i n d i c a t e d  t h a t  t o o  many 
openings  can r e s u l t  i n  low b r i g h t n e s s  r a t i o s  which 
a r e  n o t  conducive t o  a  balanced composite i l l umina -  
t i o n  g r a d i e n t  between t h e  plenum s o u r c e  and t h e  
s i d e l i g h t .  For  t h i s  r eason ,  opening c o n f i g u r a t i o n s  
w i t h  h igh  l i g h t  q u a n t i t i e s  and low b r i g h t n e s s  r a t i o s  
were r e j e c t e d  from f i n a l  f i e l d  t e s t i n g .  

CONCLUSION 

SUMMARY 

Based on t h e  s c a l e  model test r e s u l t s ,  t h e  
l i g h t  plenum undoubtedly p rov ides  a  means of r e -  
f l e c t i n g  d a y l i g h t  t o  t h e  i n t e r i o r  of  an  o f f i c e  space .  
T h i s  l i g h t  a l s o  appea r s  t o  b e  i n  q u a n t i t i e s  and 
p r o p o r t i o n s  s u f f i c i e n t  t o  p rov ide  a  means of coun- 
t e r i n g  t h e  d i scomfor t  g l a r e  from u n i l a t e r a l  s i d e -  
l i g h t i n g .  and t h a t  t h e  c o n f i g u r a t i o n  of t h e  openings  
i n t o  t h e  space  has  a  n o t i c e a b l y  d i f f e r e n t  e f f e c t  
under d i f f e r e n t  sky c o n d i t i o n s .  Also ,  d i f f e r e n t  
plenum opening c o n f i g u r a t i o n s  shou ld  be  cons ide red  
t o  op t imize  t h e  l i g h t  plenum t o  t h e  s p e c i f i c  demands 
of t h e  day. month and t ime  of t h e  peak energy demand 
and consumption charges .  

It is a l s o  t h e  op in ion  of  t h e  r e s e a r c h e r s  t h a t  
an environmental  d e s i g n e r  conf ron ted  w i t h  an  o f f i c e  
b u i l d i n g  t h a t  is  l i g h t i n g - l o a d  dominant should  con- 
s i d e r  us ing  s i d e l i g h t i n g  w i t h  a  l i g h t  plenum a s  a  
d a y l i g h t i n g  source .  T h i s  would e n a b l e  t h e  d e s i g n e r  
t o  r educe  t h e  e f f e c t  of  t h e  l i g h t i n g  l o a d  on t h e  

energy c o s t  of t h e  b u i l d i n g  i n  a c o s t  e f f e c t i v e  way 
w i t h o u t  changing t h e  c u r r e n t  b u i l d i n g  technology f o r  
t h i s  t y p e  of b u i l d i n g .  

FURTHER RESEARCH 

There  a r e  s e v e r a l  a r e a s  t h a t  t h e  a u t h o r s  f e e l  
need more s t u d y  p e r t a i n i n g  t o  t h e  u s e  of l i g h t  
plenums. These  a r e a s  w i l l  r e q u i r e  a  f u l l - s c a l e  
p r o t o t y p e  of a  l i g h t  plenum t o  o b t a i n  u s a b l e  re- 
s u l t s .  Some of t h e s e  a r e a s  a r e :  

1. To f i n d  t h e  a f f e c t  of d i f f e r e n t  g l a z i n g  
types  on t h e  l i g h t  plenum. For  i n s t a n c e ,  how would 
t r a n s l u c e n t ,  grooved, p r i s m a t i c ,  o r  f r e s n a l  g l a z i n g  
pe r f  o m ?  

2. To f i n d  t h e  c o s t  e f f e c t i v e  op t ima l  plenum 
depth  and i ts  a f f e c t  on t h e  performance of t h e  
plenum. 

3.  To f i n d  t h e  a f f e c t  of r e f l e c t i v e  s h e l v e s  on 
t h e  o u t s i d e  of t h e  l i g h t  plenum's g l a z i n g  i n  gath- 
e r i n g  more l i g h t .  

4. To t e s t  e x i s t i n g  hung c e i l i n g  p a n e l s  t o  
f i n d  o u t  t h e i r  e f f e c t s  on t h e  d i s t r i b u t i o n  of l i g h t  
i n s i d e  t h e  space .  
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