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ABSTRACT

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

p e r f o r m a n c e  o f  a t e s t  h o u s e  h a s  b e e n  c a r r i e d  o u t  a t  t h e  

U n i v e r s i t y  o f  W i n d s o r . One o b j e c t i v e  o f  t h i s  s t u d y  w as t o  d e s i g n  

a s i m p l i f i e d  e x p e r i m e n t a l  m o n i t o r i n g  s y s t e m  f o r  s i n g l e  f a m i l y  

r e s i d e n c e s .  A f u r t h e r  o b j e c t i v e  was t o  m o n i t o r  t h e  p e r f o r m a n c e  

o f  a p a s s i v e  s o l a r  t e s t  h o u s e  a n d  c o m p a r e  t h e  m e a s u r e d  

r e s u l t s  w i t h  t h e  p r e d i c t i o n s  o b t a i n e d  by t h e  c u s to m  w e i g h t i n g  

f a c t o r  m e t h o d  o f  t h e  D O E - 2 . 1  A c o m p u t e r  p r o g r a m ’ s ,  u s i n g  a c t u a l  

o n - s i t e  w e a t h e r  c o n d i t i o n s .

T h e  t e s t  h o u s e  w as l o c a t e d  a t  t h e  n o r t h  s h o r e  o f  L a k e  E r i e  i n  

W h e a t l e y ,  O n t a r i o .  I t  w as a  n e w l y - c o n s t r u e t e d ,  t w o - s t o r e y ,  

p a s s i v e  s o l a r  r e s i d e n c e  w i t h  h i g h  i n s u l a t i o n  l e v e l s .  T h e  h o u s e  

was m o n i t o r e d  i n  an  u n o c c u p i e d  s t a t e  d u r i n g  t h e  e a r l y  s p r i n g  o f  

1 9 8 2 .  T h e  m e a s u r e d  r e s u l t s  i n d i c a t e d  t h a t  t h e  h o u s e  h a d  s e r i o u s  

c o n s t r u c t i o n  f l a w s  w h i c h  c a u s e d  e x c e s s i v e  i n f i l t r a t i o n  u n d e r  t h e  

i n f l u e n c e  o f  s t r o n g  s o u t h e r l y  w i n d s .  A f a n  d e p r e s s u r  i  z a t  i o n  

t e s t  w as c a r r i e d  o u t  w h i c h  i n d i c a t e d  t h a t  t h e  s o u t h  a n d  e a s t  

w a l l s  o f  t h e  h o u s e  c o n t a i n e d  l a r g e  l e a k a g e  o p e n i n g s .  T h i s  

e x p l a i n e d  t h e  d i r e c t i o n a l  s e n s i t i v i t y  o f  t h e  t e s t  h o u s e  t o  s t r o n g  

s o u t h e r l y  w i n d s .

T h e  t e s t  h o u s e  w as s i m u l a t e d  a s  a f o u r  z o n e  b u i l d i n g  i n  o r d e r  

t o  i n d e p e n d e n t l y  s t u d y  t h e  p e r f o r m a n c e  o f  s p a c e s  t h a t  w e r e  

o r i e n t e d  t o w a r d s  t h e  s o u t h .  Z o n e - 1  o f  t h e  t e s t  m o d e l  i n c l u d e d  

l i v i n g  room  a n d  k i t c h e n  on t h e  u p p e r  l e v e l  f a c i n g  s o u t h . Z o n e - 2  

i n c l u d e d  a m a s t e r  b e d ro o m  a n d  tw o  w a s h r o o m s  l o c a t e d  i n  t h e  n o r t h -

11
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w e s t  c o r n e r  o f  t h e  u p p e r  l e v e l .  Z o n e - 3  compr i s e d  o f  tw o  l a r g e  

b e d ro o m s  on t h e  l o w e r  l e v e l  w h i c h  f a c e d  s o u t h .  Z o n e - 4  i n c l u d e d  

u n d e r g r o u n d  s p a c e s  i n  t h e  n o r t h  c o r n e r  o f  l o w e r  l e v e l .  T h e  c r a c k  

l e n g t h  and  t h e  r e s i d e n t i a l  m e t h o d s  w e r e  u s e d  t o  m odel  

i n f i l t r a t i o n  i n  z o n e - 1 ,  z o n e - 2  a n d  z o n e - 3  o f  t h e  t e s t  m o d e l .  

The r e s i d e n t i a l  m e t h o d  was u s e d  t o  m o d e l  i n f i l t r a t i o n  i n  z o n e - 4  

o f  t h e  t e s t  m o d e l .

S i n c e  d i r e c t  g a i n  p a s s i v e  s o l a r  f e a t u r e s  w e r e  i n c l u d e d  i n  

z o n e - 1  o f  t h e  t e s t  m o d e l ,  t h e  m e a s u r e d  an d  p r e d i c t e d  p e r f o r m a n c e  

o f  t h i s  s p a c e  was a n a l y z e d  i n  g r e a t e r  d e t a i l .  T h e  h o u r l y  

c o m p a r i s o n s  f o r  z o n e - 1  sh o w ed  t h a t  d u r i n g  a l l  c l e a r  s u n n y  d a y s ,  

e x c e p t  f o r  s t r o n g  s o u t h e r l y  w i n d s ,  t h e  p r o g r a m  was q u i t e  c a p a b l e  

o f  s i m u l a t i n g  t h e  m e a s u r e d  t e m p e r a t u r e  e x c u r s i o n s  a n d  p e r f o r m a n c e  

o f  t h e  b a s e b o a r d  h e a t e r s .  T h i s  i n d i c a t e d  t h a t  t h e  d y n a m i c s  o f  

t h e  c u s to m  w e i g h t i n g  f a c t o r  m e t h o d  a r e  a c c u r a t e  e n o u g h  t o  m odel  

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

T h e  t o t a l  d a i l y  e n e r g y  r e q u i r e m e n t s  o f  z o n e - 1  p r e d i c t e d  by 

u s i n g  t h e  c r a c k  l e n g t h  i n f i l t r a t i o n  m e t h o d  w e r e  i n  c l o s e  

a g r e e m e n t  w i t h  t h e  a c t u a l  v a l u e s .  T h i s  i n d i c a t e d  t h e  s u i t a b i l i t y  

u s i n g  o f  t h e  c r a c k  l e n g t h  m e t h o d  t o  m o d e l  i n f i l t r a t i o n  i n  a 

m u l t i z o n e  b u i l d i n g  t h a t  h a s  a  n o n - u n i f o r m  d i s t r i b u t i o n  o f  l e a k a g e  

a r e a s .  T h e  d a i l y  e n e r g y  p r e d i c t i o n s ,  o b t a i n e d  by t h e  c r a c k  

l e n g t h  m e t h o d  w e r e  a l s o  i n  c l o s e  a g r e e m e n t  w i t h  t h e  m e a s u r e d  

e n e r g y  r e q u i r e m e n t s  o f  z o n e - 2 .

Z o n e - 3  had  a u n i q u e  l e a k a g e  c h a r a c t e r i s t i c s  due  t o  a l a r g e  

l e a k a g e  o p e n i n g ,  l o c a t e d  b e n e a t h  t h e  l o w e r  s o u t h e r n  o v e r h a n g ,

i i i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w h ic h  c a u s e d  h i g h  i n f i l t r a t i o n  i n  t h i s  s p a c e .  T h e  s i m u l a t e d  

r e s u l t s  f o r  t h i s  z o n e  w e r e  n o t  c o m p a r a b l e  t o  t h e  m e a s u r e d  v a l u e s ,  

due t o  l i m i t a t i o n  o f  t h e  p r o g r a m  t o  m o d e l  a b n o r m a l  l e a k a g e  

t h r o u g h  a h o r i z o n t a l  o p e n i n g .  H e n c e  t h i s  z o n e  was e x c l u d e d  f r o m  

c o m p a r a t i v e  a n a l y s i s .

S i n c e  z o n e - 4  was e n t i r e l y  b e l o w  g r a d e ,  i t  r e m a i n e d  l e a s t  

a f f e c t e d  by t h e  w i n d  d i r e c t i o n a l  e f f e c t s .  I n  g e n e r a l ,  c l o s e  

a g r e e m e n t  was o b t a i n e d  b e t w e e n  t h e  m e a s u r e d  a n d  t h e  p r e d i c t e d  

d a i l y  e n e r g y  r e q u i r e m e n t s  o f  t h i s  z o n e .

i V
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U - e f f  — E f f e c t i v e  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t  f o r
2

u n d e r g r o u n d  s u r f a c e s  ( B t u  /  H r  . F t .  F )

V -  D e s i g n  w i n d  s p e e d  ( k n o t s  >

-  O u t p u t  v o l t a g e  f r o m  a n e m o m e t e r  a n d  w i n d  d i r e c t i o n  
m e t e r  ( V o l t s  )

3
-  V o l u m e  o f  t h e  t e s t  h o u s e  ( m )Vo

Wd

G

W in d  d i r e c t i o n  ( D e g r e e s  )

WYEC — W e a t h e r  Y e a r  f o r  E n e r g y  C o m p u t a t i o n
( N a t i o n a l  C l i m a t i c  C e n t r e ,  A s h v i l l e ,  N o r t h  C a r o l i n a )

 ̂ -  A n g l e  b e t w e e n  t h e  s u n ’ s r a y s  a n d  n o r m a l  t o  a
h o r i z o n t a l  s u r f a c e .

^HT -  D i s t a n c e  f r o m  t h e  z o n e  m i d  h e i g h t  t o  t h e  n e u t r a l
p r e s s u r e  l e v e l  ( F t  )

I n c l i n a t i o n  o f  t h e  m a n o m e t e r  ( D e g r e e s  )

^ l i q  _  D e n s i t y  o f  m a n o m e t e r  l i q u i d  ( I b s / c u . f t  )

-  D e n s i t y  o f  a i r  ( I b s / c u . f t  )

A P -  P r e s s u r e  d i f f e r e n c e  ( P a s c a l s  )
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CHAPTER I 

INTRODUCTION

As a r e s u l t  o f  e n e r g y  s h o r t a g e s  i n  t h e  1 9 7 0 ’ s ,  much c o n c e r n  

has been e x p r e s s e d  i n  b o th  t h e  p r i v a t e  and p u b l i c  s e c t o r s  a b o u t  

t h e  w o r l d ’ s f u t u r e  e n e r g y  r e q u i r e m e n t s .  L i m i t e d  f o s s i l  e n e r g y  

r e s e r v e s ,  e v e r  i n c r e a s i n g  demand f o r  e n e r g y  and r a p i d l y  

e s c a l a t i n g  e n e r g y  c o s t s  have  f o r c e d  con sum ers  t o  lo o k  f o r  

a l t e r n a t i v e  s o u r c e s  o f  e n e r g y  and i m p ro v e d  m ethods  o f  u t i l i z a t i o n  

ID a l l  m a j o r  s e c t o r s  o f  e n e r g y  c o n s u m p t io n .  One m a jo r  a r e a  o f  

i n t e r e s t  i s  r e s i d e n t i a l  b u i l d i n g s .  C o n s i d e r a b l e  e n e r g y  s a v i n g s  

can be r e a l i z e d  i n  t h i s  s e c t o r  i f  c o n s t r u c t i o n  f e a t u r e s  and  

e n e r g y  r e s o u r c e s  a r e  p r o p e r l y  u t i l i z e d  f o r  e f f i c i e n t  h e a t i n g  and  

c o o l i n g  o f  t h e s e  b u i l d i n g s .  I n  o r d e r  t o  im p ro v e  e n e r g y

e f f i c i e n c y  i n  t h e s e  b u i l d i n g s ,  s e v e r a l  e n e r g y  c o n s e r v a t i o n  

m eas ures  can be i m p le m e n t e d  i n  b o th  new er  d e s i g n s  and o l d e r  

c o n s t r u c t i o n s .  T h e s e  e n e r g y  c o n s e r v a t i o n  m e a s u re s  i n c l u d e  

f i g h t e r  c o n s t r u c t i o n  and  s u p e r - i n s u l a t i o n  o f  t h e  b u i l d i n g  

e n v e l o p e  t o  r e d u c e  t r a n s m i s s i o n  and i n f i l t r a t i o n  l o s s e s ,  opt imum  

s e l e c t i o n  o f  t h e  e n v i r o n m e n t a l  c o n t r o l  e q u ip m e n t  f o r  e f f i c i e n t  

e n e r g y  u s a g e  and p a s s i v e  f e a t u r e s  t o  u t i l i z e  s o l a r  e n e r g y  f o r

ce h e a t i n g .  T h e r e  i s ,  h o w e v e r ,  a n ee d  f o r  a s i m u l a t i o n  

P r o c e d u r e  t h a t  can be u s e d  a t  t h e  d e s i g n  s t a g e  t o  a c c u r a t e l y

P r e d i c t  e n e r g y  s a v i n g s  p o t e n t i a l  a s s o c i a t e d  w i t h  each  o f  t h e  

e n e r g y  c o n s e r v a t i o n  o p t i o n s  c o n s i d e r e d .

i n  t h e  p a s t ,  d e t a i l e d  c a l c u l a t i o n  p r o c e d u r e s  f o r  e n e r g y  

a n a l y s i s  o f  b u i l d i n g s  w e re  c o n s i d e r e d  t o  be e x p e n s i v e  and t i m e
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c o n s u m i n g . H o w e v e r , w i t h  t h e  a d v e n t  o f  m o d e r n  c o m p u t e r s  i t  h a s

now b ec o m e  p o s s i b l e  t o  p e r f o r m  a r i g o r o u s  s i m u l a t i o n  o f  a

b u i l d i n g  i n c l u d i n g  f a c t o r s  w h i c h  a f f e c t  t h e  b u i l d i n g  p e r f o r m a n c e

a n d  t h e  s y s t e m ’ s  o p e r a t i o n .  As a r e s u l t ,  s e v e r a l  s i m u l a t i o n

p r o g r a m s  h a v e  b e e n  d e v e l o p e d  w h i c h  h a v e  b ec o m e  a v a i l a b l e  f o r  

P u b l i c  u s e  . N o t a b l e  among t h e s e  a r e  t h e  D O E - 2 . l A ,  BLAST a n d  

t h e  NBLSD p r o g r a m s .  T h e s e  p r o g r a m s  a r e  b a s e d  on r e f i n e d  a n d

s o p h i s t i c a t e d  p r o c e d u r e s  a n d  a r e  e f f e c t i v e  m e a n s  o f  a n a l y z i n g  a  

b u i l d i n g ’ s  t h e r m a l  p e r f o r m a n c e .

T h e  u s e  o f  c o m p u t e r  s i m u l a t i o n  h a s  b ec o m e  an a c c e p t e d

m e t h o d  f o r  e n e r g y  c o n s e r v a t i o n  s t u d i e s  o f  r e s i d e n t i a l

b u i l d i n g s .  T h e  D O E - 2 . l A  c o m p u t e r  p r o g r a m  h a s  b e e n  u s e d

G x t e n s i v e l y  i n  t h i s  a r e a  a n d  i t s  s u i t a b i l i t y  h a s  b e e n  w e l l

d e m o n s t r a t e d .  T h i s  p r o g r a m  w as  u s e d  t o  e s t a b l i s h  t h e  B u i l d i n g  

E n e r g y  P e r f o r m a n c e  S t a n d a r d s  f o r  r e s i d e n t i a l  b u i l d i n g s  ( 1 7 )  . I t  

inas a l s o  u s e d  t o  d e v e l o p  r e t r o f i t  s t r a t e g i e s  f o r  t w o  t y p e s  o f  

R e s i d e n t i a l  d w e l l i n g s  i n  C a n a d a  ( 1 4 ) .  R e c e n t l y  t h e  p o w e r  o f  t h e  

p r o g r a m  h a s  b e e n  i n c r e a s e d  by t h e  a d d i t i o n  o f  t h e  c u s t o m  

^ ^ i g h t i n g  f a c t o r  m e t h o d  ( 1 2 )  o f  c a l c u l a t i n g  a b u i l d i n g ’ s t h e r m a l  

l o a d .  T h i s  m e t h o d  h a s  m a i n l y  b e e n  i n t r o d u c e d  t o  a c c u r a t e l y

m o d e l  t h e  t h e r m a l  i n e r t i a  o f  b u i l d i n g s .  I t  c a n  be  u s e d  t o

S i m u l a t e  t h e  p e r f o r r r i a n c e  o f  b u i l d i n g s  t h a t  h a s  l a r g e  t e m p e r a t u r e  

s w i n g s  s u c h  a s  a p a s s i v e  s o l a r  d e s i g n .  I n  t h e  p a s t ,  n o t  much  

a t t e n t i o n  h a s  b e e n  p a i d  t o  t h e  h o u r l y  v e r i f i c a t i o n  o f  t h i s  m e t h o d  

f o r  P a s s i v e  s o l a r  r e s i d e n c e s ,  p r i m a r i l y  d u e  t o  l a c k  o f  s u f f i c i e n t  

® ' ' P e r i m e n t a l  d a t a .  H o u r l y  v e r i f i c a t i o n  o f  t h e  c u s t o m  w e i g h t i n g  

f a c t o r  m e t h o d  i s ,  h o w e v e r ,  n e c e s s a r y  t o  d e t e r m i n e  t h e  a c c u r a c y  o f
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t h e  p r o g r a m  t o  p r e d i c t  t h e  t h e r m a l  b e h a v i o u r  p a s s i v e  s o l a r  

R e s i d e n c e s  f o r  w h i c h  t h e  p r i m e  d e s i g n  o b j e c t i v e  i s  t o  m i n i m i z e  

i n d o o r  t e m p e r a t u r e  f l o a t s  a n d  t o  m a x i m i z e  t h e  u s e  o f  s o l a r  e n e r g y  

f o r  s p a c e  h e a t i n g .  T h e  p r e s e n t  s t u d y  w a s ,  t h e r e f o r e ,  u n d e r t a k e n  

t o  d e t e r m i n e  t h e  a c c u r a c y  o f  t h e  p r o g r a m  f o r  a p a s s i v e  s o l a r  

R e s i  d e n c e .

T h e  o b j e c t i v e s  o f  t h e  p r e s e n t  s t u d y  a r e  o u t l i n e d  a s  f o l l o w s :

1- To d e s i g n  a s i m p l i f i e d  e n e r g y  r r i o n i t o r i n g  s y s t e m  t h a t  can  be  

u s e d  w i t h  a m in im um  o f  s u p e r v i s i o n  t o  m e a s u r e  a n d  r e c o r d  t h e  

o u t d o o r  w e a t h e r  c o n d i t i o n s  a n d  i n d o o r  p e r f o r m a n c e  o f  s i n g l e  

f a m i l y  r e s i d e n c e s  on an h o u r l y  b a s i s .

To i n s t a l l  t h e  s y s t e m  i n  an u n o c c u p i e d  p a s s i v e  s o l a r  t e s t  

h o u s e  a n d  m o n i t o r  t h e  h o u r l y  i n d o o r  s p a c e  t e m p e r a t u r e s  a n d  

s p a c e  h e a t  a d d i t i o n  r a t e s  d u r i n g  t h e  e a r l y  s p r i n g  o f  1 9 8 2 .

3 .  To  p e r f o r m  a d e t a i l e d  h o u r l y  c o m p a r i s o n  b e t w e e n  t h e  a c t u a l  

a n d  p r e d i c t e d  s p a c e  t e m p e r a t u r e s  a n d  s p a c e  h e a t  a d d i t i o n

R a t e s  o f  t h e  t e s t  h o u s e ,  u n d e r  i d e n t i c a l  w e a t h e r  c o n d i t i o n ,  

u s i n g  t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2 . l A  

P r o g r a m .
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CHAPTER I I  

L IT E R A T U R E  SURVEY

2 . 1  IN T R O D U C T IO N

S i n c e  t h e  d e v e l o p r r i e n t  o f  e n e r g y  s i r r i u l a t i o n  p r o g r a m s ,  a n d  

t h e i r  w i d e  a p p l i c a b i l i t y  f o r  e n e r g y  a n a l y s i s  o f  v a r i o u s  t y p e s  o f  

b u i l d i n g s ,  i t  h a s  b ec o m e  e x t r e m e l y  i m p o r t a n t  t o  e s t a b l i s h  t h e  

a c c u r a c y  o f  t h e s e  p r o g r a m s  f o r  p r a c t i c a l  u s e .  T h i s  i s  g e n e r a l l y  

a c c o m p l i s h e d  by c o m p a r i n g  t h e  m e a s u r e d  a n d  p r e d i c t e d  p e r f o r m a n c e  

o f  a  b u i l d i n g  u n d e r  i d e n t i c a l  w e a t h e r  c o n d i t i o n s .  T h i s  

c o m p a r i s o n  s h o u l d ,  h o w e v e r , be  b a s e d  on p e r f o r m a n c e  d a t a  t h a t  i s  

c l o s e l y  r e l a t e d  t o  a p r o b l e m  b e i n g  s t u d i e d .  I n  t h e  p a s t ,

s e v e r a l  c o m p a r a t i v e  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  t o  d e t e r m i n e  

t h e  a c c u r a c y  o f  s i m u l a t i o n  p r o g r a m s  f o r  r e s i d e n t i a l  b u i l d i n g s .

T h e  m a t e r i a l  c o v e r e d  i n  t h i s  c h a p t e r  i s  d i v i d e d  i n  t w o  m a i n

s e c t i o n s  a n d  d e s c r i b e s  t h e  p r e v i o u s  w o r k  d o n e  i n  t h e  a r e a  o f

r e s i d e n t i a l  e n e r g y  mon i  t o r  i n g  a n d  b u i l d i n g  e n e r g y  s i m u l a t i o n .

T h e  f i r s t  s e c t i o n  d e s c r i b e s  t h e  i n s t r u m e n t a t i o n  a n d  d a t a  

a c q u i s i t i o n  s y s t e m s  t h a t  w e r e  u s e d  i n  t w o  d i f f e r e n t  r e s i d e n t i a l  

e n e r g y  m o n i t o r i n g  p r o j e c t s .  T h e  m a i n  o b j e c t i v e  o f  t h e s e  

p r o j e c t s  w as t o  g e n e r a t e  s u f f i c i e n t  o u t d o o r  w e a t h e r  a n d  i n d o o r  

p e r f o r m a n c e  d a t a  w h i c h  c o u l d  be  u s e d  f o r  t h e  v a l i d a t i o n  o f  e n e r g y  

s i r r i u l a t  i o n  p r o g r a r r i s .

T h e  s e c o n d  s e c t i o n  i s  e n t i r e l y  d e v o t e d  t o  t h e  c o m p a r a t i v e  

s t u d i e s  c a r r i e d  o u t  f o r  c o n v e n t i o n a l  a n d  p a s s i v e - s o l a r  s i n g l e  

f a m i l y  r e s i d e n c e s  u s i n g  t h e  GLAS, TRNSYS,  DEROB, B L A S T ,  NBSLD
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a n d  t h e  D O E - 2  p r o g r a m s .  T h e s e  s t u d i e s  w e r e  g e n e r a l l y  b a s e d  on  

an i n d i v i d u a l  c o m p a r i s o n  o f  t o t a l  e n e r g y  c o n s u m p t i o n ,  h o u r l y  

c o o l i n g  l o a d s  a n d  t h e  m e a s u r e d  /  p r e d i c t e d  v a l u e s  o f  t h e  s p a c e  

t e m p e r a t u r e s .  T h i s  s e c t i o n  a l s o  i n c l u d e s  l i m i t e d  w o r k  d o n e  by 

t h e  L o s  A l a m o s  S c i e n t i f i c  L a b o r a t o r y  t o  v e r i f y  t h e  a c c u r a c y  o f  

t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2  p r o g r a m ,  f o r  

f o u r  d i f f e r e n t  c l a s s e s  o f  r e s i d e n t i a l  a n d  c o m m e r c i a l  b u i l d i n g s  

( 1 3 )  .

2 . 2  ENERGY M ON ITO RING  PROJECTS FOR S IN G L E  F A M IL Y  RESIDENCES

I n  t h e  y e a r  1 9 7 5 - 7 6 ,  D a v i d  T . H a r r j e  a n d  R i c h a r d  A .  G r o t t  

( 1 ) ,  f r o m  t h e  C e n t r e  f o r  E n v i r o n m e n t  S t u d i e s  a t  P r i n c e t o n  

U n i v e r s i t y ,  c o n d u c t e d  e x t e n s i v e  e x p e r i m e n t a l  m o n i t o r i n g  t o  

d e t e r m i n e  e n e r g y  u s a g e  o f  to w n  h o u s e s  i n  t h e  T w i n  R i v e r  P r o j e c t ,  

New J e r s e y .  T h e  m e a s u r e m e n t s  s y s t e m s  i n c l u d e d  a r e m o t e  w e a t h e r  

s t a t i o n ,  d a t a  a c q u i s i t i o n  s y s t e m s ,  s t a n d a r d  i n s t r u m e n t a t i o n  t o  

m e a s u r e  i n d o o r  s p a c e  t e m p e r a t u r e s ,  f u r n a c e  g a s  c o n s u m p t i o n ,  

e n e r g y  c o n s u m p t i o n  o f  e l e c t r i c a l  a p p l i a n c e s ,  an a u t o m a t e d  a i r  

i n f i l t r a t i o n  m e a s u r e m e n t  u n i t  u s i n g  SFg a s  a t r a c e r  g a s  a n d  

i n f r a r e d  t h e r m o g r a p h y  f o r  i d e n t i f y i n g  l o c a l i z e d  h e a t  l o s s e s  i n

■the b u i l d i n g  e n v e l o p e .  Two i d e n t i c a l  d a t a  a c q u i s i t i o n  s y s t e m s  

w e r e  u s e d  t o  p r o c e s s  d a t a  f r o m  t h e  t e s t  h o u s e s  a n d  t h e  w e a t h e r

s t a t i o n .  D a t a  f r o m  t h e  a c q u i s i t i o n  s y s t e m s  w as  t r a n s m i t t e d  o v e r  

t e l e p h o n e  l i n e s  t o  t h e  E n e r g y  U t i l i z a t i o n  L a b o r a t o r y  a t  P r i n c e t o n  

U n i v e r s i t y ,  w h e r e  t h e  d a t a  was r e c o r d e d  on m a g n e t i c  t a p e s .  When 

b o t h  d a t a  a c q u i s i t i o n  s y s t e m s  w e r e  on l i n e ,  t h e  d a t a  f r o m  t e s t  

h o u s e s  w e r e  l o g g e d  e v e r y  t w e n t y  m i n u t e s  a n d  t h e  w e a t h e r  d a t a
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l o g g e d  e v e r y  h o u r .  R e s u l t s  o f  t h e  a u t o m a t e d  i n f i l t r a t i o n  

m e a s u r e m e n t  s y s t e m  i n d i c a t e d  0 . 5  t o  1 . 0  a i r  c h a n g e s  p e r  h o u r  f o r  

t h r e e  t e s t  to w n  h o u s e s .  I n f r a r e d  t h e r m o g r a p h y  d e t e c t e d  v a r i o u s  

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

m i s s i n g  o r  p o o r l y  i n s t a l l e d  i n s u l a t i o n  a t  c o r n e r s ,  e t c .  The  

m o n i t o r i n g  s y s t e m  f u n c t i o n e d  p r o p e r l y  o v e r  t h e  t e s t  p e r i o d  w i t h  

t h e  e x c e p t i o n  o f  a f e w  o c c a s i o n s  when e x p e r i m e n t a l  d a t a  was l o s t

d u e  t o  p o w e r  f a i l u r e  a t  t h e  s i t e .  N e v e r t h e l e s s ,  s u f f i c i e n t

u s e f u l  d a t a  was c o l l e c t e d  a n d  l a t e r  u t i l i s e d  by Wayne R o b e r t z e  e t  

a l  ( 3 )  t o  v a l i d a t e  t h e  GLAS ( 4 )  s i m u l a t i o n  p r o g r a m  d e v e l o p e d  a t  

C o r n e l l  U n i v e r s i t y  t o  w i t h i n  1 p e r c e n t .

C h a r l e s  D . J o n e s  e t . a l . ,  ( 2 ) ,  o f  t h e  M e c h a n i c a l  E n g i n e e r i n g  

D e p a r t m e n t  , U n i v e r s i t y  o f  O h i o ,  c o n d u c t e d  a s i m i l a r  b u t  m o re  

s o p h i s t i c a t e d  e x p e r i m e n t a l  m o n i t o r i n g  o f  n i n e  t e s t  r e s i d e n c e s  

l o c a t e d  i n  C o lu m b u s ,  O h i o .  T h e  o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  

c o l l e c t  4 0 0  i t e m s  o f  w e a t h e r  a n d  i n d o o r  t h e r m a l  p e r f o r m a n c e  d a t a  

f o r  a p p r o x i m a t e l y  o n e  y e a r .  T h e  q u a l i t y  o f  t h e  r e c o r d e d  d a t a  was  

c o n s i d e r e d  t o  be  i m p o r t a n t  a s  i t  was i n t e n d e d  t o  be u s e d  f o r  

v a l i d a t i o n  s t u d i e s .  I n  t h i s  p r o j e c t ,  s e v e r a l  d i f f e r e n t  t y p e s  o f  

s t a n d a r d  i n s t r u m e n t s  w e r e  u s e d  t o  m e a s u r e  t h e  c l i m a t i c  v a r i a b l e s ,  

i n d o o r  s p a c e  t e m p e r a t u r e s ,  g a s / a i r  f l o w  r a t e s  a n d  e l e c t r i c a l

c o n s u m p t i o n  o f  v a r i o u s  h o u s e h o l d  a p p l i a n c e s .  T h e  d a t a

a c q u i s i t i o n  s y s t e m  b a s i c a l l y  c o n s i s t e d  o f  f i v e  IBM S y s t e m  7 

c o m p u t e r s  i n s t a l l e d  a t  t h e  t e s t  s i t e s  ( a d j a c e n t  s i t e s  s h a r i n g  a 

s i n g l e  u n i t  ) a n d  d i r e c t l y  on l i n e  w i t h  an  I B M - 1 1 3 0  C e n t r a l  

P r o c e s s o r ,  t h r o u g h  l o n g  l e a s e d  w i r e s .  S e l e c t e d  c h a n n e l s  w e r e  

s a m p l e d  a n d  d a t a  t r a n s m i t t e d  e v e r y  15 m i n u t e s  t o  t h e  C e n t r a l
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P r o c e s s o r ,  w h e r e  t h e  d a t a  was a v e r a g e d  on an  h o u r l y  b a s i s  a n d  

p e r m a n e n t l y  s t o r e d  on t h e  m a g n e t i c  d i s k s .  I n  o r d e r  t o  e n s u r e  

q u a l i t y  c o n t r o l ,  t h e  d i g i t a l  i n p u t s  w e r e  s c a n n e d  2 0 0  t i m e s  p e r  

s e c o n d  a n d  a n a l o g  i n p u t s  o n c e  e v e r y  s e c o n d  by t h e  S y s t e m  7 .  The  

C e n t r a l  P r o c e s s o r  had  8K c o r e  a n d  5 0 0 K  d i s k  s t o r a g e .  D a t a  s t o r e d  

on t h e  d i s k s  w e r e  r e t r i e v e d  d a i l y  f o r  e x a m i n a t i o n  a n d  p r o p e r  

c o n v e r s i o n  i n t o  e n g i n e e r i n g  u n i t s ,  u s i n g  an IBM 3 7 0 / 1 6 5

c o m p u t e r .  T h e  m o n i t o r i n g  s y s t e m  f u n c t i o n e d  s u c c e s s f u l l y  o v e r  t h e  

t e s t  p e r i o d  w i t h  o c c a s s i o n a l  t r a n s m i s s i o n  e r r o r s  an d  l o s s  o f  

e x p e r i m e n t a l  d a t a  d u e  t o  u n a v o i d a b l e  p o w e r  f a i l u r e s  a t  t h e  t e s t -  

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

I t  can  be c o n c l u d e d  f r o m  t h e s e  r e s i d e n t i a l  e n e r g y  m o n i t o r i n g  

p r o j e c t s  t h a t  c o m p u t e r i z e d  d a t a  a c q u i s i t i o n  s y s t e m s  can

s u c c e s s f u l l y  be u s e d  t o  d e t e r m i n e  t h e  t h e r m a l  p e r f o r m a n c e  o f  

s i n g l e - f a m i l y  r e s i d e n c e s  o v e r  an e x t e n d e d  p e r i o d  o f  t i m e .  T h e  

d a t a  a c q u i s i t i o n  a n d  t r a n s m i s s i o n  s y s t e m s  u s e d  i n  t h e s e  

p r o j e c t s  w e r e  r e l a t i v e l y  c o m p l e x  b e c a u s e  s e v e r a l  r e s i d e n c e s  w e r e  

b e i n g  m o n i t o r e d  a t  t h e  same t i m e .  B e s i d e s  p o w e r  f a i l u r e ,  t h e

t r a n s m i s s i o n  o f  e x p e r i m e n t a l  d a t a  t h r o u g h  l o n g  l e a s e d  w i r e s  a l s o  

c r e a t e d  p r o b l e m s  due  t o  n o i s e  e f f e c t s  w h i c h  r e s u l t e d  i n  

t r a n s m i s s i o n  e r r o r s .

2 . 3  COMPARATIVE S T U D IE S  FOR S IN G L E  F A M IL Y  RESIDENCES

Wayne R o b e r t z e  e t . a l . ,  ( 3 )  u s e d  e x p e r i m e n t a l  d a t a  f r o m  t h r e e  

h i g h l y  i n s t r u m e n t e d  tow n  h o u s e s  o f  t h e  T w in  R i v e r  p r o j e c t  ( 1 ) ,  t o  

v a l i d a t e  an e x i s t i n g  t h e r m a l  a n a l y s i s  p r o g r a m  by c o m p a r i n g  i t s
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p r e d i c t i o n  t o  t h e  m e t e r e d  e n e r g y  u s a g e .  An i n t e r a c t i v e  c o m p u t e r  

g r a p h i c s  p r o g r a m ,  GLAS ( 4 ) ,  d e v e l o p e d  a t  C o r n e l l  U n i v e r s i t y ,  a n d  

o p e r a t i o n a l  on  a mi c r o c o m p u t e r , w as  u s e d  f o r  t h i s  v a l i d a t i o n  

s t u d y .  C o n s t r u c t i o n a l  d e t a i l s  a n d  i n t e r n a l  l o a d  p r o f i l e s  f o r  t h e  

t e s t  h o u s e s  w e r e  a d e q u a t e l y  d e s c r i b e d  t o  t h e  p r o g r a m .  

I n f i l t r a t i o n  r a t e s  o f  0 . 5  a n d  0 . 7 5  a i r  c h a n g e  p e r  h o u r  a t  15 

m i l e s  p e r  h o u r  w i n d  w e r e  r e s p e c t i v e l y  u s e d  f o r  t h e  f i r s t  t w o  a n d  

t h e  t h i r d  h o u s e .  T h e  t e s t  h o u s e s  w e r e  s i m u l a t e d  f o r  a p e r i o d  o f  

s i x  w e e k s  u s i n g  a c t u a l  w e a t h e r  d a t a .  S i m u l a t i o n  r e s u l t s  w e r e  

o u t p u t  g r a p h i c a l l y  b o t h  i n  an  h o u r l y  a n d  a d a i l y  f o r m a t .  

E x c e l l e n t  a g r e e m e n t  w as  r e p o r t e d  b e t w e e n  t h e  m e a s u r e d  a n d  

p r e d i c t e d  e n e r g y  u s a g e  o f  t h e  f i r s t  t w o  h o u s e s . D e v i a t i o n s  i n  

t h e  p r e d i c t e d  t o t a l s  f o r  g a s  u s a g e  w e r e  l e s s  t h a n  1 p e r c e n t  f o r  

t h e s e  t w o  h o u s e s .  T h e  a g r e e m e n t  b e t w e e n  t h e  m e a s u r e d  a n d  

p r e d i c t e d  e n e r g y  u s a g e  f o r  t h e  t h i r d  h o u s e  w as  n o t  a s  g o o d  a n d  

w as  w i t h i n  10  p e r c e n t  o f  t h e  m e t e r e d  d a t a

J . W . M i t c h e l l  e t . a l . ,  ( 5 )  p e r f o r m e d  a c o m p a r a t i v e  a n a l y s i s  o f  

m e a s u r e d  a n d  p r e d i c t e d  t h e r m a l  b e h a v i o u r  o f  t h e  C o l o r a d o  S t a t e  

U n i v e r s i t y  S o l a r  H o u s e ,  o v e r  t h r e e  p e r i o d s  o f  s i x ,  t e n  a n d  e l e v e n  

d a y s  u s i n g  a c t u a l  w e a t h e r  c o n d i t i o n s .  S p a c e  h e a t i n g  o f  t h e  t e s t  

h o u s e  w a s  a c c o m p l i s h e d  by a  l i q u i d  b a s e d  a c t i v e  s o l a r  s y s t e m  w i t h  

e t h y l e n e  g l y c o l  m i x t u r e  a s  t h e  w o r k i n g  s u b s t a n c e .  B a c k u p  h e a t  

w as  p r o v i d e d  by a g a s  f i r e d  f u r n a c e  a n d  an e l e c t r i c  h o t  w a t e r  

h e a t e r . A t r a n s i e n t  s i m u l a t i o n  p r o g r a m ,  TRNSYS ( 6 ) ,  d e v e l o p e d  

by t h e  S o l a r  E n e r g y  L a b o r a t o r y  a t  t h e  U n i v e r s i t y  o f  W i s c o n s i n ,  

w as  u s e d  t o  s i m u l a t e  t h e  b u i l d i n g  a n d  t h e  s y s t e m  c o m p o n e n t s .  T h e  

h o u s e  w a s  s i m u l a t e d  a s  a  s i n g l e  z o n e  r e s i d e n c e  , w i t h  a v e r a g e
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i n t e r n a l  h e a t  g a i n s  o v e r  t h e  t h r e e  t e s t  p e r i o d s .  T h e  ASHRAE

r e c o m m e n d e d  v a l u e s  o f  1 t o  1 . 5  a i r  c h a n g e s  p e r  h o u r  w e r e  r e p o r t e d

t o  h a v e  p r o d u c e d  u n r e a l i s t i c a l l y  h i g h  i n f i l t r a t i o n  l o a d s .  T h e s e  

v a l u e s  w e r e  m o d i f i e d  t o  m o d e l  i n f i l t r a t i o n  r a t e s  o f  0 - 7  a n d  0 . 3  

a i r  c h a n g e  p e r  h o u r ,  r e s p e c t i v e l y , f o r  o c c u p i e d  a n d  u n o c c u p i e d  

h o u r s .  M e a s u r e d  a n d  p r e d i c t e d  p e r f o r m a n c e  o f  t h e  s y s t e m

c o m p o n e n t s  w as r e p o r t e d  t o  be  i n  c l o s e  a g r e e m e n t .  C o m p a r i s o n  

b e t w e e n  t h e  m e a s u r e d  a n d  p r e d i c t e d  r e s u l t s  w e r e  r e p o r t e d  t o  be  

w i t h i n  3 . 5  t o  7 . 0  p e r c e n t  f o r  c o l l e c t e d  s o l a r  e n e r g y  , 0 . 0  t o

3 . 6  p e r c e n t  f o r  a i r  h e a t e r  h e a t  f l o w ,  2 . 7  t o  3 . 1  p e r c e n t  f o r  

d e l i v e r e d  s o l a r  e n e r g y ,  a n d  0 . 0  t o  3 . 7  p e r c e n t  f o r  a u x i l i a r y  

h e a t .

F r a n c i s c o  A r u m i -  Noe a n d  D a v i d  0 . N o r t h r u p  ( 7 )  made h o u r l y  

c o m p a r i s o n s  o f  t h e  m e a s u r e d  a n d  p r e d i c t e d  p e r f o r m a n c e  o f  

t h e  E a l c o m b  r e s i d e n c e ,  a 2 , 5 0 0  s q . f t . ,  t w o - s t o r e y ,  L - s h a p e d  

g r e e n h o u s e  s t r u c t u r e  i n  S a n t a - F e ,  New M e x i c o .  S o l a r  h e a t i n g  was  

a c c o m p l i s h e d  by a h y b r i d  a c t i v e / p a s s i v e  s y s t e m .  H e a t e d  a i r  was  

d r a w n  f r o m  t h e  t o p  o f  t h e  g r e e n h o u s e ,  b l o w n  o v e r  r a d i a n t

r o c k  b e d s ,  a n d  t h e n  r e t u r n e d  b a c k  t o  t h e  g r e e n  h o u s e .  T e s t  d a t a

f o r  t h i s  b u i l d i n g  w as c o l l e c t e d  by t h e  L o s  A l a m o s  S c i e n t i f i c

L a b o r a t o r y ,  i n  t h e  m i d d l e  o f  F e b r u a r y  1 9 7 8 .  T h e  b u i l d i n g  was  

s i m u l a t e d  u s i n g  t h e  DEROB ( 8 )  c o m p u t e r  p r o g r a m ,  d e v e l o p e d  by t h e

N u m e r i c a l  S i m u l a t i o n  L a b o r a t o r y  a t  t h e  U n i v e r s i t y  o f  T e x a s  i n

A u s t i n .  P a r t  o f  t h e  w e a t h e r  d a t a  u s e d  f o r  t h i s  s i m u l a t i o n  was  

c o l l e c t e d  a t  t h e  s i t e  d u r i n g  t h e  t e s t  p e r i o d  a n d  t h e  r e s t  was  

e x t r a c t e d  f r o m  t h e  w e a t h e r  t a p e  o f  L a s  V e g a s ,  a l o c a t i o n  h a v i n g
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a s i m i l a r  c l i m a t e .  R e s u l t s  o f  t h i s  s t u d y  w e r e  b a s e d  on

h o u r l y  c o m p a r i s o n s  o f  t h e  m e a s u r e d  a n d  p r e d i c t e d  t e m p e r a t u r e s  o f  

t h e  g r e e n h o u s e  a n d  t h e  r o c k b e d s .  I n  g e n e r a l ,  t h e

a g r e e m e n t  b e t w e e n  t h e  m e a s u r e d  a n d  s i m u l a t e d  t e m p e r a t u r e s  was  

w i t h i n  5 p e r c e n t .  T h e  l a r g e s t  d i s c r e p a n c i e s  o f  10  a n d  17 

p e r c e n t  w e r e  o b s e r v e d  on t h e  1 0 t h  a n d  1 4 t h  o f  

F e b r u a r y ,  r e s p e c t i v e l y ,  i n  t h e  g l a s s  h o u s e  t e m p e r a t u r e s  w h i c h  

w e r e  a t t r i b u t e d  t o  a i r  s t r a t i f i c a t i o n  e f f e c t s .  B a s e d  on t h e s e  

r e s u l t s  , t h e  a u t h o r s  c o n c l u d e d  t h a t  t h e  DEROB p r o g r a m  was  

c a p a b l e  o f  p r e d i c t i n g  t h e  o b s e r v e d  m e a s u r e m e n t s  c o n s i s t e n t l y  

w i t h i n  a m a r g i n  o f  5 %, w i t h  o c c a s i o n a l  d e p a r t u r e s  up  t o  17  

p e r c e n t .

T .  K u s u d a  e t . a l . ,  ( 9 )  h a v e  r e p o r t e d  t h e  r e s u l t s  o f  an h o u r l y  

c o m p a r i s o n  b e t w e e n  t h e  m e a s u r e d  a n d  t h e  p r e d i c t e d  c o o l i n g  l o a d s  

a n d  a t t i c  t e m p e r a t u r e s  o f  a c o n v e n t i o n a l  h o u s e  i n  H o u s t o n ,  T e x a s ,  

u s i n g  NBSLD < 1 0 ) , BLAST ( 1 1 )  a n d  D O E - 2  ( 2 2 )  s i m u l a t i o n  p r o g r a m s .  

T h e  t e s t  h o u s e  w as a s l a b  on g r a d e  w i t h  wood f r a m e  c o n s t r u c t i o n  

b a c k e d  by f a c e  b r i c k  on t h e  e x t e r i o r .  T h e  h o u s e  had  a v e n t i l a t e d  

a t t i c  a n d  a t o t a l  c o n d i t i o n e d  a r e a  o f  1 , 1 0 6  s q . f t .  C o o l i n g  i n  

t h e  h o u s e  was p r o v i d e d  by a 2 . 5  t o n  c e n t r a l  a i r  c o n d i t i o n i n g  u n i t  

w i t h  t h e  c o o l e d  a n d  d e h u m i d i f i e d  a i r  d i s t r i b u t e d  t h r o u g h  

i n s u l a t e d  m e t a l  d u c t s  i n  t h e  a t t i c .  T h e  t e s t  h o u s e  was m o n i t o r e d  

f o r  a p e r i o d  o f  f o u r  m o n t h s  c o v e r i n g  J u l y  t h r o u g h  O c t o b e r ,  1 9 7 7 .  

T h e  m e a s u r e d  h o u r l y  c o o l i n g  l o a d s  w e r e ,  h o w e v e r ,  c o m p a r e d  f o r  a 

p e r i o d  o f  t h r e e  d a y s  when t h e  o u t d o o r  w e a t h e r  c o n d i t i o n s  w e r e  

a l m o s t  i d e n t i c a l .  I n  a l l  t h r e e  p r o g r a m s ,  t h e  t e s t  h o u s e  was

m o d e l l e d  a s  a  t w o  z o n e  r e s i d e n c e  w i t h  a c o n d i t i o n e d  l i v i n g  a r e a
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a n d  an u n c o n d i t i o n e d  a t t i c .  I n f i l t r a t i o n  r a t e s  o f  0 . 6  a c h  w e r e  

u s e d  i n  a l l  t h r e e  s i m u l a t i o n  p r o g r a m s .  S i n c e  t h e  m e a s u r e d  i n d o o r  

t e m p e r a t u r e s  f l u c t u a t e d  b e t w e e n  7 5  a n d  8 2  d e g r e e s  F ,  t h e  t e s t  

h o u s e  w a s  s i m u l a t e d  f o r  t w o  i n d o o r  t e m p e r a t u r e  l e v e l s  o f  7 6  a n d  

7 8  d e g r e e s  F , r e s p e c t i v e l y .

I t  was  f o u n d  i n  t h i s  s t u d y  t h a t  , i n  c o m p a r i s o n  t o  t h e  NBSLD

c o m p u t e d  v a l u e s ,  t h e  m e a s u r e d  c o o l i n g  l o a d s  w e r e  h i g h e r  u n t i l

8 : 0 0  AM. T h e  p e a k  c o o l i n g  l o a d ,  h o w e v e r ,  o c c u r e d  a t  t h e  same

t i m e  b e y o n d  w h i c h  t h e  m e a s u r e d  c o o l i n g  l o a d s  d e c r e a s e d  s l o w l y

c o m p a r e d  t o  t h e  c a l c u l a t e d  v a l u e s .  T h i s  d i s c r e p a n c y  s t e m m e d  

f r o m  t h e  f a c t  t h a t  i n  t h e  NBSLD c a l c u l a t i o n s  t h e  h e a t  s t o r a g e  

e f f e c t s  o f  t h e  i n t e r i o r  f u r n i s h i n g s  a n d  p a r t i t i o n s  w e r e  n o t  

a c c o u n t e d  f o r .  A l t h o u g h  t h e  c o o l i n g  l o a d  p r e d i c t i o n s  o b t a i n e d  by  

D O E - 2  a n d  BLAST s h o w e d  a g o o d  t r a c k i n g  o f  t h e  m e a s u r e d  l o a d s ,

t h e  D O E - 2  p r e d i c t i o n s  w e r e  s i g n i f i c a n t l y  t h a n  t h e  a c t u a l  v a l u e s  

s h o w i n g  a p r o n o u n c e d  h e a t  s t o r a g e  e f f e c t .  T h e  d i s c r e p a n c y  i n

D O E - 2 ’ s  r e s u l t s  was  e x p l a i n e d  on t h e  b a s i s  o f  ASHRAE’ s s t a n d a r d

w e i g h t i n g  f a c t o r s  w h i c h  d i d  n o t  p r e c i s e l y  m o d e l  t h e  t h e r m a l

m ass  o f  t h e  h o u s e .

C o m p a r i s o n s  b e t w e e n  t h e  NBSLD s i m u l a t e d  a n d  t h e  m e a s u r e d  a t t i c  

t e m p e r a t u r e s  w e r e  i n  c l o s e  a g r e e m e n t  e x c e p t  t h a t  a s l i g h t  p h a s e

s h i f t  w a s  o b s e r v e d  i n  t h e  t w o  r e s u l t s .  S i m i l a r  c o m p a r i s o n s  o f

a t t i c  t e m p e r a t u r e s  w i t h  D O E - 2  a n d  BLAST w e r e  r e p o r t e d  t o  be  i n

p o o r  a g r e e m e n t  on an  h o u r l y  b a s i s  b u t  w e r e  c l o s e  on d a i l y

b a s i s .
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J . F . K e r r i s k  e t . a l . ,  ( 1 3 ) ,  o f  t h e  L o s  A l a m o s  S c i e n t i f i c  

L a b o r a t o r y ,  c a r r i e d  o u t  h o u r l y  c o m p a r i s o n s  o f  t h e  m e a s u r e d  a n d  

p r e d i c t e d  p e r f o r m a n c e  o f  f o u r  d i f f e r e n t  t e s t  b u i l d i n g s  t o  

d e t e r m i n e  t h e  a c c u r a c y  o f  t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  o f  

t h e  D O E - 2 . 1  p r o g r a m .  T h e s e  i n c l u d e d :  a h i g h  mass t e s t  b u i l d i n g

i n  t h e  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  e n v i r o n m e n t a l  c h a m b e r ,  a 

c o n v e n t i o n a l  r e s i d e n c e ,  a d i r e c t  g a i n  o f f i c e  a n d  w a r e h o u s e  

b u i l d i n g ,  a n d  a d i r e c t  g a i n  p a s s i v e  s o l a r  r e s i d e n c e .

T h e  p e r f o r m a n c e  o f  t h e  t e s t  h o u s e  b u i l t  i n  t h e  N a t i o n a l  B u r e a u  

o f  S t a n d a r d  e n v i r o n m e n t a l  c h a m b e r  was e x p e r i m e n t a l l y  m e a s u r e d  f o r  

t w o  d i f f e r e n t  s e t s  o f  c o n d i t i o n s  u s i n g  a d i u r n a l  s o l - a i r  

t e m p e r a t u r e  c y c l e  t y p i c a l  o f  S a u d i  A r a b i a .  I n  t h e  f i r s t  c a s e ,

h o u r l y  h e a t  e x t r a c t i o n  r a t e s  w e r e  m e a s u r e d  f r o m  6 : 0 0  AM t o  6 : 0 0

PM, when t h e  i n d o o r  t e m p e r a t u r e  was h e l d  a p p r o x i m a t e l y  c o n s t a n t  

a t  75  d e g r e e s  F by a c o o l i n g  s y s t e m .  I n  t h e  s e c o n d  c a s e ,  n i g h t  

v e n t i l a t i o n  was e m p l o y e d  a t  t h e  r a t e  o f  14  a i r  c h a n g e s  p e r  h o u r ,  

f r o m  1 0 : 0 0  PM t o  6 : 0 0  AM, a n d  t h e  r e s u l t i n g  t e m p e r a t u r e s  w e r e  

m e a s u r e d  f o r  a p e r i o d  o f  2 4  h o u r s .  T h e  s t r u c t u r e  was  m o d e l l e d  

a n d  s i m u l a t e d  u s i n g  t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  f o r  

i d e n t i c a l  i n d o o r  a n d  o u t d o o r  e n v i r o n m e n t a l  c o n d i t i o n s .  H o u r l y

c o m p a r i s o n s  o f  t h e  p r e d i c t e d  c o o l i n g  l o a d s  a n d  t h e  i n d o o r  s p a c e

t e m p e r a t u r e  p r o f i l e s  w i t h  t h e  m e a s u r e d  v a l u e s  s h o w e d  t h a t  t h e  t w o  

r e s u l t s  w e r e  i n  c l o s e  a g r e e m e n t .

I t  was  p o i n t e d  o u t  e a r l i e r  t h a t  t h e  m e a s u r e d  c o o l i n g  l o a d s  o f  

t h e  H o u s t o n  t e s t  h o u s e  w e r e  n o t  i n  c l o s e  a g r e e m e n t  when t h e  

s t a n d a r d  w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2  p r o g r a m  was
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u s e d  ( 9 ) .  T h e  s i m u l a t i o n  was  r e v i s e d ,  f o r  t h e  same t h r e e  d a y s

w i t h  i d e n t i c a l  o u t d o o r  w e a t h e r  c o n d i t i o n s ,  u s i n g  t h e  c u s t o m

w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2 . 1 p r o g r a m  ( 1 3 ) .  T h e  i n d o o r

t e m p e r a t u r e s  w e r e  c o n t r o l l e d  a t  7 6  a n d  7 8  d e g r e e s  F , 

r e s p e c t i v e l y . T h e  h o u r l y  v a l u e s  o f  t h e  p r e d i c t e d  c o o l i n g  l o a d s  

w e r e  r e p o r t e d  t o  be  i n  c l o s e  a g r e e m e n t  w i t h  t h e  m e a s u r e d  r e s u l t s .

A 7 , 0 0 0  s q . f t . ,  d i r e c t  g a i n  o f f i c e  a n d  w a r e h o u s e  b u i l d i n g

l o c a t e d  i n  P e c o s ,  New M e x i c o  was  a l s o  u s e d  f o r  a s i m i l a r

c o m p a r a t i v e  a n a l y s i s .  T h e  b u i l d i n g  c o n t a i n e d  a l a r g e  w a t e r  w a l l

i n  t h e  o f f i c e  a r e a  f o r  t h e r m a l  s t o r a g e .  T h e r m a l  p e r f o r m a n c e  o f  
«

t h e  b u i l d i n g  was  m e a s u r e d  by t h e  L o s  A l a m o s  S c i e n t i f i c

L a b o r a t o r y ,  i n  t h e  m i d d l e  o f  F e b r u a r y  1 9 8 0 .  I n  p r e p a r i n g  t h e

b u i l d i n g ’ s i n p u t  f o r  t h e  D O E - 2  p r o g r a m ,  t h e  w a t e r  w a l l  was  

m o d e l l e d  a s  a m a s s i v e  i n t e r i o r  w a l l .  T h e  b u i l d i n g  was  s i m u l a t e d  

u s i n g  t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2  

p r o g r a m .  H o u r l y  c o m p a r i s o n  b e t w e e n  t h e  m e a s u r e d  a n d  s i m u l a t e d  

w a r e h o u s e  t e m p e r a t u r e s  f o r  F e b r u a r y  10  t o  15 s h o w e d  c l o s e  

a g r e e m e n t  u n t i l  n o o n ,  b u t  a s l i g h t  d r i f t  was  o b s e r v e d  i n  t h e  

p r e d i c t e d  v a l u e s  d u r i n g  t h e  l a t e  a f t e r n o o n .  S i m i l a r  

c o m p a r i s o n s  f o r  t h e  o f f i c e  a r e a  w e r e  n o t  i n  c l o s e  a g r e e m e n t

a n d  d e v i a t i o n s  u p  t o  3 9  d e g r e e s  F w e r e  r e p o r t e d  among t h e  

m e a s u r e d  a n d  p r e d i c t e d  t e m p e r a t u r e s .  T h i s  l a r g e  d i s c r e p a n c y  was  

a t t r i b u t e d  t o  t h e  m a s s i v e  w a t e r  w a l l  t h a t  c o u l d  n o t  be  

h a n d l e d  a d e q u a t e l y  by t h e  D O E - 2  p r o g r a m .

A d i r e c t  g a i n ,  1 , 2 7 0  s q . f t . ,  s i n g l e - f a m i l y  r e s i d e n c e  o f  a d o b e  

c o n s t r u c t i o n ,  l o c a t e d  i n  S a n t a  F e  , New M e x i c o ,  w a s  a l s o  u s e d
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f o r  a s i m i l a r  c o m p a r a t i v e  a n a l y s i s  b a s e d  on t h e  i n d o o r  

t e m p e r a t u r e s .  P e r f o r m a n c e  o f  t h e  b u i l d i n g  was  m o n i t o r e d  by t h e  

L o s  A l a m o s  S c i e n t i f i c  L a b o r a t o r y  i n  J a n u a r y  1 9 8 0 .  H o u r l y

c o m p a r i s o n s  b e t w e e n  t h e  m e a s u r e d  a n d  D O E - 2  p r e d i c t e d  t e m p e r a t u r e s  

w e r e  made  f o r  J a n u a r y  18  t o  2 2 .  T h e  t w o  t e m p e r a t u r e s  w e r e  

r e p o r t e d  t o  be  i n  c l o s e  a g r e e m e n t .  A s e c o n d  c o m p a r i s o n  f o r  a 

f i v e  day  p e r i o d  was  n o t  i n  g o o d  a g r e e m e n t .  A p r o b a b l e  c a u s e  f o r  

t h e  d i s a g r e e m e n t  was  h i g h  i n d o o r  t e m p e r a t u r e s  a n d  c l e a r  d a y s  

w h i c h  l e d  t o  i n c r e a s e d  v e n t i l a t i o n  t h r o u g h  o p e n  w i n d o w s .

J o h n  D.  H a l l  ( 1 4 )  h a s  r e c e n t l y  c a r r i e d  o u t  a v a l i d a t i o n  s t u d y  

o f  t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2 . 1A p r o g r a m .  

T h e  s c o p e  o f  t h i s  s t u d y  i n c l u d e d  an a n n u a l  c o m p a r i s o n  b e t w e e n  

t h e  m e a s u r e d  a n d  p r e d i c t e d  h e a t i n g  /  c o o l i n g  e n e r g y  c o n s u m p t i o n  

f o r  t w o  e x i s t i n g  c o n v e n t i o n a l  h o u s e s  l o c a t e d  i n  W i n d s o r ,  

O n t a r i o .  One o f  t h e  h o u s e s  h a d  a f u l l  b a s e m e n t  a n d  a g r o s s  

f l o o r  a r e a  o f  1 , 0 0 0  s q . f t .  T h e  o t h e r  h o u s e  was  a s l a b  on g r a d e  

c o n s t r u c t i o n  w i t h  a g r o s s  f l o o r  a r e a  o f  1 , 0 1 0  s q . f t .  H e a t i n g  a n d  

c o o l i n g  i n  t h e  t w o  h o u s e s  was p r o v i d e d ,  r e s p e c t i v e l y ,  t h r o u g h  a 

g a s  f i r e d  f u r n a c e  a n d  e l e c t r i c  c e n t r a l  a i r  c o n d i t i o n i n g  u n i t s  

T h e  t w o  h o u s e s  w e r e  m o d e l l e d  a s  o c c u p i e d  r e s i d e n c e s  a n d  w e r e  

s i m u l a t e d  f o r  a p e r i o d  o f  o n e  y e a r  u s i n g  t h e  D e t r o i t  TRY w e a t h e r  

t a p e  f o r  t h e  y e a r  1 9 6 8 .  S i m u l a t e d  a n n u a l  e n e r g y  c o n s u m p t i o n  was  

c o m p a r e d  t o  t h e  m e a s u r e d  d a t a  a v a i l a b l e  f r o m  t h e  u t i l i t y  r e c o r d s .  

E x c e l l e n t  a g r e e m e n t  was  o b t a i n e d  b e t w e e n  t h e  t w o  r e s u l t s .  T h e  

h e a t i n g  e n e r g y  a n d  c o o l i n g  e n e r g y  r e q u i r e m e n t s  a g r e e d  w i t h i n  5 

a n d  3  p e r c e n t ,  r e s p e c t i v e l y ,  f o r  b o t h  t h e  h o u s e s .  T h e  r e s u l t s  o f  

t h i s  s t u d y  s h o w e d  t h a t  t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  i s  an
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a c c u r a t e  m eans  o f  p r e d i c t i n g  t h e  a n n u a l  e n e r g y  c o n s u m p t i o n  o f  

r e s i d e n t i a l  b u i l d i n g s .

2 . 4  D I S C U S S I O N

T h e  l i t e r a t u r e  c i t e d  i n  t h e  p r e c e d i n g  s e c t i o n s  s h o w e d  t h a t  

t h e  c r i t e r i a  f o r  c o m p a r i n g  t h e  m e a s u r e d  a n d  t h e  p r e d i c t e d

p e r f o r m a n c e  o f  s i n g l e  f a m i l y  r e s i d e n c e s  a r e  g e n e r a l l y  b a s e d  

on t h e i r  c o n s t r u c t i o n a l  d e s i g n .  F o r  a c o n v e n t i o n a l  d e s i g n ,

w h e r e  t h e  i n d o o r  t e m p e r a t u r e s  a r e  r e l a t i v e l y  s t a b l e ,  t h e  

p r o g r a m ’ s a c c u r a c y  i s  d e t e r m i n e d  by c o m p a r i n g  t h e  m e a s u r e d  a n d  

p r e d i c t e d  e n e r g y  u s a g e  o v e r  an e x t e n d e d  t e s t  p e r i o d  ( 3 , 1 4  ) .  I n  

t h e  c a s e  o f  a p a s s i v e  s o l a r  d e s i g n ,  t h e  p r o g r a m ’ s v e r i f i c a t i o n  

was b a s e d  o n l y  on an  h o u r l y  c o m p a r i s o n  b e t w e e n  t h e  o b s e r v e d  a n d  

p r e d i c t e d  t e m p e r a t u r e s .  A l t h o u g h  m o st  c o m p a r a t i v e  s t u d i e s  f o r

s i n g l e  f a m i l y  r e s i d e n c e s  w e r e  l i m i t e d  i n  s c o p e ,  t h e y  

d e m o n s t r a t e d  c l o s e  a g r e e m e n t  b e t w e e n  t h e  m e a s u r e d  a n d  p r e d i c t e d  

r e s u l t s  o b t a i n e d  u s i n g  t h e  GLAS,  NBSLD,  DEROB,  TRNSYS a n d  t h e  

D O E - 2  p r o g r a m s .  I t  was  c o n c l u d e d  f r o m  t h e s e  r e s u l t s  t h a t

c o m p u t e r  s i m u l a t i o n s  a r e  an  a c c u r a t e  means  o f  p r e d i c t i n g  t h e  

t h e r m a l  p e r f o r m a n c e  o f  s i n g l e  f a m i l y  r e s i d e n c e s .

D u r i n g  t h e  l i t e r a t u r e  s u r v e y ,  i t  was a l s o  o b s e r v e d  t h a t  m os t  

o f  t h e  c o m p a r a t i v e  s t u d i e s ,  c a r r i e d  o u t  f o r  p a s s i v e  s o l a r

r e s i d e n c e s ,  w e r e  c o n f i n e d  t o  t h e  b u i l d i n g s  l o c a t e d  i n  m o d e r a t e  

c l i m a t e s  s u c h  a s  T e x a s  a n d  New M e x i c o  ( 7 , 1 3 ) .  L i t t l e  a t t e n t i o n  

was p a i d  t o  t h e  v a l i d a t i o n  o f  s i m u l a t i o n  p r o g r a m s  f o r  s i m i l a r  

b u i l d i n g s  l o c a t e d  i n  t h e  c o l d e r  r e g i o n s  o f  N o r t h  A m e r i c a .
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I n  C a n a d a  a l o n e ,  2 0  p e r c e n t  o f  t h e  t o t a l  e n e r g y  u s e  i s  

a t t r i b u t e d  t o  s p a c e  h e a t i n g  o f  r e s i d e n t i a l  b u i l d i n g s  ( 1 5 ) .  I n  

t h e  d e v e l o p m e n t  o f  r e s i d e n t i a l  e n e r g y  c o n s e r v a t i o n  s t r a t e g i e s  

much e f f o r t  h a s  b e e n  made t o w a r d s  t h e  e f f i c i e n t  u t i l i z a t i o n  

o f  s o l a r  e n e r g y  f o r  s p a c e  h e a t i n g  ( 1 6 )  . C o m p u t e r  s i m u l a t i o n s

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

p e r f o r m a n c e  a t  p r e l i m i n a r y  d e s i g n  s t a g e s .  To d e v e l o p  c o n f i d e n c e  

i n  t h e  u s e  o f  t h e s e  p r o g r a m s ,  i t  i s  e s s e n t i a l  t h a t  c o m p a r a t i v e  

s t u d i e s  be  c a r r i e d  o u t  f o r  d i f f e r e n t  t y p e s  o f  r e s i d e n c e s  l o c a t e d  

i n  t h e  c o l d e r  r e g i o n s  o f  t h e  U n i t e d  S t a t e s  a n d  C a n a d a .  Such  

c o m p a r i s o n s  w o u l d  d e t e r m i n e  t h e  a p p l i c a b i l i t y  a n d  a c c u r a c y  o f  

t h e s e  p r o g r a m s  f o r  e v a l u a t i o n  o f  r e s i d e n t i a l  e n e r g y  c o n s e r v a t i o n  

m e a s u r e s  i n  t h e s e  r e g i o n s .

I n  a p a s s i v e  s o l a r  d e s i g n  f o r  c o l d e r  c l i m a t e s ,  s p a c e  

t e m p e r a t u r e s  a n d  h e a t  a d d i t i o n  r a t e s  a r e  t w o  i m p o r t a n t  p a r a m e t e r s  

f r o m  t h e  v i e w  p o i n t  o f  human c o m f o r t  a n d  e n e r g y  c o n s e r v â t i o n . 

T h e s e  p a r a m e t e r s  w o u l d  v a r y  u n d e r  t h e  i n f l u e n c e  o f  c o n t i n u o u s l y  

c h a n g i n g  o u t d o o r  w e a t h e r  c o n d i t i o n s .  T h e  v e r i f i c a t i o n  o f  

s i m u l a t i o n  p r o g r a m s  f o r  s u c h  b u i l d i n g s  m u s t  be  b a s e d  on a 

s i m u l t a n e o u s  c o m p a r i s o n  o f  m e a s u r e d  a n d  p r e d i c t e d  v a l u e s  o f  t h e s e  

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

p a s s i v e  s o l a r  b u i l d i n g s  ( 7 , 1 3 ) ,  t h e  p r o g r a m ’ s v e r i f i c a t i o n  was  

b a s e d  s o l e l y  on t h e  h o u r l y  v e r i f i c a t i o n  o f  i n d o o r  t e m p e r a t u r e s .  

No w o r k  h a s  b e e n  r e p o r t e d  i n  w h i c h  t h e  m e a s u r e d  t e m p e r a t u r e s  a n d  

h e a t  a d d i t i o n  r a t e s  w e r e  s i m u l t a n e o u s l y  c o m p a r e d  w i t h  t h e  

p r e d i c t e d  v a l u e s .  T h i s  l a c k  o f  i n f o r m a t i o n  c a l l s  f o r  a
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c o m p a r a t i v e  s t u d y  o f  a p a s s i v e  s o l a r  b u i l d i n g  t h a t  i s  b a s e d  on a 

s i m u l t a n e o u s  c o m p a r i s o n  b e t w e e n  t h e  m e a s u r e d  a n d  p r e d i c t e d  v a l u e s  

o f  s p a c e  t e m p e r a t u r e s  a n d  s p a c e  h e a t  a d d i t i o n  r a t e s  on an  

h o u r l y  b a s i s .

2 . 5  SUMMARY

T h e  l i t e r a t u r e  r e v i e w e d  i n  t h e  c o n t e x t  o f  c o m p a r a t i v e  s t u d i e s  

f o r  s i n g l e  f a m i l y  r e s i d e n c e s  c a n  b e  s u m m a r i s e d  a s  f o l l o w s :

1 .  E x p e r i m e n t a l  d a t a  i s  o f  v i t a l  i m p o r t a n c e  t o  v e r i f y  t h e  

a c c u r a c y  o f  e n e r g y  s i m u l a t i o n  p r o g r a m s  f o r  r e s i d e n t i a l  

b u i l d i n g s .  I t  i s ,  t h e r e f o r e ,  e s s e n t i a l  t o  d e v e l o p  s i m p l i f i e d  

e n e r g y  m o n i t o r i n g  s y s t e m s  t h a t  c o u l d  be  u s e d  w i t h  a m i n i m u m  

o f  s u p e r v i s i o n  t o  g e n e r a t e  s u f f i c i e n t  t e s t  d a t a  f o r  s i n g l e  

f a m i l y  r e s i d e n c e s .

2 .  T h e r e  i s  a  f u r t h e r  n e e d  f o r  e x p e r i m e n t a l  v e r i f i c a t i o n  

o f  s i m u l a t i o n  p r o g r a m s  t h a t  a r e  c u r r e n t l y  b e i n g  u s e d  t o  

p r e d i c t  t h e r m a l  p e r f o r m a n c e  a n d  t o  d e v e l o p  e n e r g y  

c o n s e r v a t i o n  s t r a t e g i e s  f o r  s i n g l e  f a m i l y  r e s i d e n c e s  l o c a t e d

i n  t h e  c o l d e r  r e g i o n s  o f  t h e  U n i t e d  S t a t e s  a n d  C a n a d a .  

V e r i f i c a t i o n  o f  t h e s e  p r o g r a m s  s h o u l d  be  c a r r i e d  o u t  u n d e r  

c o n t r o l l e d  c o n d i t i o n s  f o r  d i f f e r e n t  t y p e s  o f  r e s i d e n t i a l  

bu i 1 d i  n g s .

3 .  T h e  c u s t o m  w e i g h t i n g  f a c t o r s  m e t h o d  i s  a r e c e n t  a d d i t i o n  

i n  t h e  D O E - 2  p r o g r a m .  So  f a r ,  n o t  e n o u g h  w o r k  h a s  b e e n  

d o n e  t o  v e r i f y  t h e  a c c u r a c y  o f  t h i s  m e t h o d  t o  p r e d i c t  t h e
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h o u r l y  p e r f o r m a n c e  o f  p a s s i v e  s o l a r  b u i l d i n g s  . I t  i s ,  

t h e r e f o r e ,  i m p e r a t i v e  t o  c a r r y  o u t  d e t a i l e d  e>; p e r  i  men t a t  i  on 

on a p a s s i v e  s o l a r  h o u s e ,  t h e  r e s u l t s  o f  w h i c h  c o u l d  be  

u t i l i z e d  t o  v e r i f y  t h e  a c c u r a c y  o f  t h i s  m e t h o d  on an h o u r l y  

b a s i s .
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CHAPTER I I I  

THE B U I L D I N G

3 . 1  S E LE C T I O N  OF THE TEST HOUSE

A t  t h e  s t a r t  o f  t h i s  p r o j e c t ,  an u n o c c u p i e d  h o u s e  was

s e l e c t e d  f o r  e x p e r  i m e n t a t  i o n  a n d  e n e r g y  a n a l y s i s .  I t  was a 

n e w l y  c o n s t r u c t e d  t w o  s t o r e y  r e s i d e n c e ,  l o c a t e d  5 5  Km away  f r o m  

W i n d s o r ,  on t h e  n o r t h  s h o r e  o f  L a k e  E r i e  i n  W h e a t  l e y , O n t a r i o .  

T h e  h o u s e  was c o n s t r u c t e d  w i t h i n  t h e  s l o p i n g  g r a d e  o f  t h e

l a k e s i d e  c l i f f  a n d  was  n o t  s h i e l d e d  by n e i g h b o u r i n g  h o u s e s  

a g a i n s t  t h e  e f f e c t  o f  s t r o n g  w i n d s .  T h e  h o u s e  was c o n s i d e r e d  

s u i t a b l e  f o r  e n e r g y  c o n s e r v a t i o n  s t u d i e s  du e  t o  i t s  s u p e r 

i n s u l a t i o n  l e v e l s ,  e x p e c t e d  t i g h t e r  c o n s t r u c t i o n  a n d  p a s s i v e  

s o l a r  f e a t u r e s  w h i c h  w e r e  i n s t a l l e d  t o  t a k e  a d v a n t a g e  o f  i t s

s o u t h e r l y  e x p o s u r e .  T h e  h o u s e  was  made a v a i l a b l e  i n  an

u n o c c u p i e d  s t a t e  f o r  t h e  t e s t  p e r i o d .

3 . 2  GENERAL D E S C R I P T I O N

T h e  t e s t  h o u s e  was  a p a s s i v e  s o l a r ,  s u p e r - i  n s u 1 a t e d  

r e s i d e n t i a l  d w e l l i n g  c o n s t r u c t e d  by N . K . B e c k e r  & A s s o c i a t e s ,  i n  

t h e  y e a r  1 9 8 1 .  T h e  s t r u c t u r e  was  o r i e n t e d  2 4  d e g r e e s  e a s t  o f  

s o u t h  a n d  l a y  a p p r o x i m a t e l y  a t  4 2 . 3 1  d e g r e e s  n o r t h  l a t i t u d e  a n d

8 3 . 0  d e g r e e s  l o n g i t u d e .  T h e  s o u t h ,  n o r t h ,  a n d  e a s t

e l e v a t i o n s  o f  t h e  b u i l d i n g  a r e  shown i n  F i g u r e s  3 . 1 ,  3 . 2

a n d  3 . 4 .  T h e  d e t a i l s  o f  t h e  f l o o r  p l a n  on t h e  u p p e r  a n d  

l o w e r  l e v e l s  o f  t h e  h o u s e  a r e  shown i n  F i g u r e s  3 . 4  a n d  3 . 5 .  T h e  

u p p e r  l e v e l  o f  t h e  h o u s e  was  t o t a l l y  a b o v e  g r a d e  c o n s t i t u t i n g  8 9 6
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s q . f t . ,  o f  t h e  t o t a l  h e a t e d  a r e a .  T h i s  f l o o r  c o n s i s t e d  o f  a 

k i t c h e n  a n d  a l i v i n g  r oom on t h e  s o u t h  a n d  a m a s t e r  b e d r o o m  w i t h  

a b a t h  e n s u i t e  i n  t h e  n o r t h - w e s t  c o r n e r .  Th e  m a i n  e n t r a n c e  t o  

t h e  h o u s e  was c e n t r e d  i n  t h e  n o r t h  w a l l  o f  t h i s  l e v e l .  Two l a r g e

5 . 0  f t  X 8 . 0  f t  w i n d o w s  a n d  a 6 . 7 5  f t  x 6 . 0 0  f t  s l i d i n g  g l a s s

p a t i o  d o o r  w e r e  l o c a t e d  i n  t h e  s o u t h  w a l l  o f  t h i s  l e v e l .  F o u r

s m a l l  4 . 0  f t  X 2 . 0  f t  w i n d o w s  w e r e  a l s o  l o c a t e d  i n  t h e  n o r t h e r n  

w a l l s  o f  t h e  l i v i n g  a n d  m a s t e r  b e d r o o m s .  T h e  l o w e r  l e v e l  o f  t h e  

h o u s e  c o n s t i t u t e d  1 , 0 2 4  s q . f t .  o f  t h e  t o t a l  h e a t e d  a r e a  a nd  was  

b e l o w  g r a d e  on t h e  n o r t h  s i d e  a nd  a t  g r a d e  on t h e  s o u t h  s i d e .

T h e  e a s t  a n d  w e s t  w a l l s  o f  t h i s  l e v e l  w e r e  a b o u t  70 p e r c e n t  b e l o w

g r a d e ,  w i t h  th^e g r a d e  s l o p i n g  down t o  t h e  g r a d e  l e v e l  on t h e

s o u t h .  T he  s o u t h  w a l l  o f  t h i s  f l o o r  was 75 p e r c e n t  g l a z e d  w i t h

t w o  6 . 7 5  f t  X 6 . 0 0  f t  s l i d i n g  g l a s s  p a t i o  d o o r s  on e i t h e r  e n d  

a n d  a 7 . 0  f t  x 1 6 . 0  f t  g l a z i n g  f o r  a 10 i n c h  c o n c r e t e  w a l l .  T h i s  

l e v e l  c o n t a i n e d  t w o  l a r g e  b e d r o o m s  f a c i n g  s o u t h .  A u t i l i t y

r o o m ,  a s t o r a g e  a r e a  a n d  a h a l l w a y  c o n t a i n i n g  a s t a i r c a s e  w e r e

l o c a t e d  i n '  t h e  n o r t h e r n  e n d  o f  t h i s  f l o o r .

3 . 3  CONSTRUCTION D E T A I L S

A c r o s s - s e c t i o n a 1 v i e w  o f  t h e  s o l a r  h o u s e  a l o n g  w i t h

c o n s t r u c t i o n  a n d  i n s u l a t i o n  d e t a i l s  o f  t h e  w a l l s ,  c e i l i n g s  a nd  

f l o o r  on t h e  u p p e r  a n d  l o w e r  l e v e l  a r e  shown i n  F i g u r e s  3 . 6  t o  

3 . 8 .

T h e  e x t e r i o r  w a l l s  on t h e  e a s t ,  w e s t  a n d  n o r t h  s i d e  o f  t h e

u p p e r  f l o o r  w e r e  made up o f  d o u b l e  s t a g g e r e d ,  16  i n c h e s  o n -

c e n t e r  2 x 4  wood f r a m i n g  b a c k e d  on t h e  o u t e r  s i d e  by 4 i n c h  f a c e
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b r i c k .  T h e s e  w a l l s  w e r e  i n s u l a t e d  w i t h  t w o  l a y e r s  o f  3 / 4  i n c h

t h i c k  r i g i d  s t y r o f o a m  b o a r d  p l a c e d  i n  b e t w e e n  t h e  f a c e  b r i c k  a nd

t h e  2 X 4 s t u d s .  T h e  R~ v a l u e  o f  e a c h  i n s u l a t i n g  b o a r d  
2

was 3 . 4  H r . F t .  F /  B t u .  Two l a y e r s  o f  f i b r e g l a s s  b a t t  i n s u l a t i o n  

e a c h  3 . 5  i n c h e s  t h i c k  w i t h  an R -  v a l u e  o f  1 1 . 0  H r . F t .  F / E t u  w e r e  

p l a c e d  w i t h i n  t h e  c a v i t y  o f  t h e  d o u b l e  s t a g g e r e d  f r a m e  w a l l .  A 6  

m i l  p l a s t i c  s h e e t  was  t a c k e d  t o  t h e  s t u d d i n g  b e t w e e n  t h e  1 / 2  i n c h  

d r y  w a l l  a nd  t h e  c a v i t y  i n s u l a t i o n  t o  p r o v i d e  a v a p o r  b a r r i e r .

T h e  c o n s t r u c t i o n  a n d  i n s u l a t i o n  d e t a i l s  o f  t h e  s o u t h  w a l l  on 

t h e  u p p e r  f l o o r  w e r e  s i m i l a r  t o  t h e  p r e c e d i n g  c o n s t r u c t i o n  e x c e p t  

t h a t  t h e  f a c e  b r i c k  was  r e p l a c e d  w i t h  1 / 2  i n c h  o f  wood s i d i n g .

T h e  c e i l i n g  a r e a s  o f  t h e  u p p e r  f l o o r  had  1 / 2  i n c h  o f  gypsum

b o a r d  n a i l e d  t o  t h e  2 4  i n c h e s  o n - c e n t e r  2 x 8  & 2 x 6  c e i l i n g

J o i s t s .  T h e  c a v i t i e s  b e t w e e n  t h e s e  J o i s t s  w e r e  f i l l e d  w i t h  12

i n c h e s  o f  f i b r e  g l a s s  b a t t  i n s u l a t i o n  o f  e q u i v a l e n t  t h e r m a l
2

r e s i s t a n c e  o f  4 0 . 0  H r . F T .  F / B t u .

T h e  f l o o r  o f  t h e  u p p e r  l e v e l  a l s o  s e r v e d  a s  a c e i l i n g  f o r  t h e  

l o w e r  l e v e l  a n d  was made up o f  3 / 4  i n c h  o f  p l y w o o d  s u b f l o o r  

r e s t i n g  on 2 x 8  f l o o r  J o i s t s .  A 1 / 2  i n c h  gypsum b o a r d  was n a i l e d

t o  t h e  l o w e r  s u r f a c e  o f  t h e  J o i s t s  t o  f o r m  t h e  c e i l i n g  f o r  t h e

l o w e r  l e v e l .  T h e  f l o o r  on t h e  u p p e r  l e v e l  was w a l l - t o - w a l l  

c a r p e t e d ,  e x c e p t  f o r  t h e  k i t c h e n  w h i c h  had  v i n y l  t i l e s .

A l l  a b o v e  g r a d e  w a l l s  o f  t h e  l o w e r  f l o o r  w e r e  16 i n c h e s  on 

c e n t e r  2 x 4  wood f r a m i n g  b a c k e d  on t h e  e x t e r i o r  s i d e  by 6 i n c h  

h o l l o w  c o n c r e t e  b l o c k s  a n d  4 . 0  i n c h  f a c e  b r i c k .  T h e  c a v i t i e s
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b e t w e e n  t h e  2 x 4  wood s t u d d i n g  w e r e  f i l l e d  w i t h  3 . 5 0  i n c h e s  o f  

f i b r e  g l a s s  b a t t  i n s u l a t i o n  w i t h  an e q u i v a l e n t  t h e r m a l  r e s i s t a n c e  

o f  1 1 . 0  H r . F T . F / B t u .  A 6  m i l  p l a s t i c  s h e e t  was a l s o  t a c k e d  t o  

t h e  2 x 4  s t u d s  t o  p r o v i d e  a v a p o r  b a r r i e r  b e t w e e n  t h e  1 / 2  i n c h  

gypsum d r y w a l l  a n d  c a v i t y  i n s u l a t i o n .

B e l o w  g r a d e  w a l l s  o f  t h e  l o w e r  l e v e l  w e r e  s i m i l a r  t o  t h e  

p r e c e d i n g  c o n s t r u c t i o n  e x c e p t  t h a t  t h e  6  i n c h  c o n c r e t e  b l o c k s  

a n d  t h e  4 i n c h  f a c e  b r i c k  w e r e  r e p l a c e d  w i t h  10 i n c h  o f  h o l l o w  

c o n c r e t e  b l o c k s .  I n  a d d i t i o n ,  1 / 2  i n c h  o f  p a r g i n g  a n d  w a t e r

p r o o f i n g  was a p p l i e d  t o  t h e  e x t e r i o r  o f  t h e s e  w a l l s .

T h e  f l o o r  o f  t h e  l o w e r  l e v e l  was 4 i n c h e s  o f  p o u r e d  c o n c r e t e

on c o m p a c t e d  g r a n u l a r  f i l l ,  i n s u l a t e d  on t h e  s o u t h e r n  s i d e  w i t h  

2 i n c h e s  o f  r i g i d  b l u e  i n s u l a t i o n  e x t e n d i n g  v e r t i c a l l y  down t o  a 

d e p t h  o f  4 f e e t .  T h e  f l o o r  on t h e  l o w e r  l e v e l  was  n o t  c a r p e t e d .

A 4 f o o t  w i d e  p o r t i o n  o f  t h e  l o w e r  l e v e l  c e i l i n g ,  f o r m e d  a

p a r t  o f  t h e  b a l c o n y  f o r  t h e  u p p e r  f l o o r ,  a n d  was  made up  o f  b u i l t

up  r o o f i n g  a n d  3 / 4  i n c h  p l y w o o d  r e s t i n g  on 2 x 8  c e i l i n g  J o i s t s .

T h e  c a v i t i e s  b e t w e e n  t h e  J o i s t s  w e r e  f i l l e d  w i t h  8  i n c h e s  o f

f i b r e  g l a s s  b a t t  i n s u l a t i o n  w i t h  an e q u i v a l e n t  t h e r m a l  r e s i s t a n c e
2

o f  3 0 .  H r . F t .  F / B t u .  A 6 m i l  p l a s t i c  s h e e t  was t a c k e d  on t h e

J o i s t s  b e t w e e n  t h e  c a v i t y  i n s u l a t i o n  a n d  1 / 2  i n c h  g yp sum  b o a r d ,

t o  p r o v i d e  a v a p o r  b a r r i e r .

A l l  w i n d o w s ,  s l i d i n g  g l a s s  p a t i o  d o o r s  a nd  T r o m b e  w a l l  

g l a z i n g  ( e x c e p t  a s m a l l  w i n d o w  i n  t h e  w e s t  w a l l  o f  t h e  b a t h r o o m  

u p s t a i r s  w h i c h  i s  s i n g l e  p a n e ,  f r o s t e d ,  w i t h  wood f r a m i n g  ) w e r e

3 0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



d o u b l e  g l a z e d ,  wood f r a m i n g  w i t h  1 / A  i n c h  t h i c k  g l a s s  a n d  a 1 / A  

i n c h  a i r  s p a c e .  T h e  e f f e c t i v e  o v e r a l l  h e a t  t r a n s m i s s i o n

c o e f f i c i e n t  o f  t h e s e  g l a z i n g s ,  a s  s p e c i f i e d  i n  T a b l e - 8  C h a p t e r  2 2
2

2 o f  R e f e r e n c e  ( 1 8 ) ,  was  0 . 5 8  B t u  /  H r . F t . F .  A l l  o f  t h e s e  

g l a z e d  u n i t s  w e r e  f u r n i s h e d  w i t h  e x t e r i o r  r o l l e r  i n s u l a t i n g  

s h u t t e r s  f o r  t h e  p u r p o s e  o f  b u i l d i n g  s e c u r i t y  i n  an  u n o c c u p p i e d  

s t a t e  a n d  e n e r g y  c o n s e r v a t i o n .  A c c o r d i n g  t o  t h e  m a n u f a c t u r e r ’ s 

s p e c i f i c a t i o n s  ( 2 0 ) ,  t h e  t h e r m a l  r e s i s t a n c e  o f  t h e s e  

i n s u l a t i n g  s h u t t e r s  was  3 . 0  H r . F t .  F / B t u .  T h e  e f f e c t i v e  h e a t  

t r a n s m i s s i o n  c o e f f i c i e n t  o f  t h e  s m a l l  f r o s t e d  w i n d o w ,  a s

s p e c i f i e d  i n  T a b l e  8  C h a p t e r  2 2  o f  R e f e r e n c e  ( 1 8 ) ,  was  1 . 0 1
2

B t u  / H r . F t . F .

T h e  m a i n  e n t r a n c e  d o o r  was 1 i n c h  t h i c k ,  p r o p e r l y  w e a t h e r  

s t r i p p e d  s o l i d  wood c o n s t r u c t i o n .  T h e  e f f e c t i v e  U - v a  l u e  o f  t h i s

c o n s t r u c t i o n , a s  s p e c i f i e d  i n  T a b l e  9 ,  C h p a p t e r  2 2  o f
2

R e f e r e n c e  ( 1 8 ) ,  was  0 . A9 B t u  /  H r . F t . F .

I n  o r d e r  t o  c o n f o r m  t o  t h e  s p e c i f i c a t  i o n s  o f  a p a s s i v e  s o l a r  

d e s i g n ,  a d e q u a t e l y  s i z e d  e x t e n d e d  o v e r h a n g s  w e r e  a l s o  p r o v i d e d  

o v e r  t h e  s o u t h e r n  g l a z i n g s  o f  t h e  u p p e r  a n d  l o w e r  l e v e l s  o f  t h e  

t e s t  h o u s e .

3 . A HE AT I NG SYSTEM

I n  t h e  d e s i g n  o f  t h e  s o l a r  h o u s e ,  t h e  s o u t h e r n  e x p o s u r e  

o f  t h e  b u i l d i n g  was  u t i l i z e d  t o  a c c o m p l i s h  s o l a r  h e a t i n g  b o t h  by 

m eans  o f  d i r e c t  a n d  i n d i r e c t  g a i n  p a s s i v e  s o l a r  s y s t e m s .  Th e  

l i v i n g  r o o m  a n d  t h e  k i t c h e n  on t h e  u p p e r  f l o o r  w e r e  d i r e c t  g a i n
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p a s s i v e  s o l a r  s y s t e m s .  On a c l e a r ,  s u n n y ,  w i n t e r  d a y ,  s o l a r

e n e r g y  was  a d m i t t e d  t h r o u g h  t w o  l a r g e  w i n d o w s  a n d  a p a t i o  d o o r .

T h e  t o t a l  a r e a  o f  s o u t h e r n  g l a z i n g  was  1 2 0  s q . f t . ,  w h i c h  a m o u n t s  

t o  2 0  p e r c e n t  o f  t h e  t o t a l  f l o o r  a r e a .  T h i s  was i n  c o n f o r m a t i o n  

w i t h  t h e  r e c o m m e n d e d  v a l u e s  f o r  a p a s s i v e  s o l a r  d e s i g n ,  as

s p e c i f i e d  i n  T a b l e  I V - 9 a  o f  R e f e r e n c e  ( 1 9 ) .  T h e  u p p e r

f l o o r  o f  t h e  h o u s e  was b a s i c a l l y  a  l i g h t  -  w e i g h t  c o n s t r u c t i o n  

a n d  no a t t e n t i o n  h a d  be e n  p a i d  t o  t h e r m a l  mass f o r  t h e  a b s o r p t i o n  

a n d  s t o r a g e  o f  s o l a r  e n e r g y .  As a r e s u l t ,  t h i s  s p a c e  was  

e x p e c t e d  t o  o v e r h e a t  on c l e a r  s u n n y  d a y s .

T h e  t w o  l a r g e  b e d r o o m s  on t h e  l o w e r  l e v e l  f a c i n g  s o u t h  u s e d  a

c o m b i n a t i o n  o f  d i r e c t  a n d  i n d i r e c t  g a i n  p a s s i v e  s o l a r  s y s t e m s .  

D i r e c t  g a i n  was  a c c o m p l i s h e d  t h r o u g h  t w o  g l a s s  p a t i o  d o o r s  

l o c a t e d  on t h e  e i t h e r  e n d  o f  t h e  s o u t h  w a l l .  I n d i r e c t  g a i n  was

a c c o m p l i s h e d  t h r o u g h  t h e  10 i n c h  c o n c r e t e  T r o m b e  w a l l  l o c a t e d

b e h i n d  a p o r t i o n  o f  t h e  s o u t h e r n  g l a z i n g .

F i g u r e ' 3 . 9  i s  a c r o s s - s e c t i o n a l  v i e w  o f  t h e  h o u s e  s h o w i n g  t h e  

d i r e c t  a n d  i n d i r e c t  p a s s i v e  s o l a r  s y s t e m s  f o r  t h e  u p p e r  a n d  l o w e r  

f l o o r s .

A u x i l i a r y  s p a c e  h e a t i n g  i n  t h e  h o u s e  was p r o v i d e d  t h r o u g h

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

o u t p u t  c a p a c i t i e s ,  i n s t a l l e d  a t  14 d i f f e r e n t  l o c a t i o n s  on t h e

u p p e r  a n d  l o w e r  f l o o r s .  T h e  o u t p u t  c a p a c i t y  o f  e a c h  h e a t e r  was

b a s e d  on t h e  d e s i g n  h e a t  l o s s  t h r o u g h  t h e  s e c t i o n  a t  w h i c h  i t  was  

i n s t a l l e d .  E a c h  o f  t h e s e  h e a t e r s  was e q u i p p e d  w i t h  a  b u i l t - i n  

t h e r m o s t a t  w h i c h  c o u l d  be u s e d  t o  r e g u l a t e  t h e  h e a t e r ’ s  o u t p u t  i n

3 2
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o r d e r  t o  m a i n t a i n  t h e  d e s i r e d  r oo m t e m p e r a t u r e .  T h e  t o t a l  

h e a t i n g  c a p a c i t y  o f  b a s e b o a r d  h e a t e r s  i n s t a l l e d  a t  t h e  u p p e r  a nd  

l o w e r  f l o o r s  was  2 8 9 8 5  E t u s / H r  a n d  3 3 2 4 8  B t u s / H r  r e s p e c t i v e l y .  

T h e  t o t a l  o u t p u t  c a p a c i t y  o f  t h e  b a s e b o a r d  h e a t e r s  was a l m o s t  .1,5 

t i m e s  t h e  d e s i g n  h e a t  l o s s  o f  t h e  t e s t  h o u s e .  I t  s h o u l d  be

p o i n t e d  o u t  t h a t  t h e  h o u s e  was i n t e n d e d  t o  be u s e d  a s  a v a c a t i o n  

c o t t a g e  by t h e  o w n e r .  T h e  b a s e b o a r d s  h e a t e r s  w e r e ,  t h e r e f o r e ,  

d e l i b e r a t e l y  o v e r s i z e d  t o  q u i c k l y  h e a t  up t h e  s p a c e  f o r  t e m p o r a r y  

o c c u p a n c y .

A f i r e p l a c e  m a n u f a c t u r e d  by G l o w  Boy F r e s h  A i r  H e a t i n g  S y s t e m  

was a l s o  i n s t a l l e d  i n  t h e  l i v i n g  r oom a r e a .  T h i s  c o u l d  be  u s e d  

t o  p r o v i d e  s p a c e  h e a t  i n  c a s e  o f  p o w e r  f a i l u r e  d u r i n g  o c c u p i e d  

h o u r s .

3 . 5  D ES I GN HE AT I NG LOAD

T h e  p r o c e d u r e s  a n d  r e c o m m e n d a t i o n s  s p e c i f i e d  i n  c h a p t e r  2 2  o f  

t h e  ASHRAE H a n d b o o k  o f  F u n d a m e n t a  1s - 1 9 7 7  ( 18 ) w e r e  f o l l o w e d

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

T h e  o u t d o o r  w i n t e r  d e s i g n  c o n d i t i o n s  w e r e  s e l e c t e d  f o r  t h e  

W i n d s o r  l o c a t i o n  f r o m  T a b l e - 1  c h a p t e r  2 3  o f  ASHRAE H a n d b o o k  o f  

F u n d a m e n t a l s  ( 1 8 ) .  T h e  o u t d o o r  d e s i g n  d r y b u 1 b t e m p e r a t u r e  was  

s e l e c t e d  a s  0  d e g r e e s  F b a s e d  on a 9 9  p e r c e n t  v a l u e .  T h e  d e s i g n  

w i n d  s p e e d  was  s e l e c t e d  a s  15 m i l e s  p e r  h o u r .  T h e  i n d o o r  

t e m p e r a t u r e  was  f i x e d  a t  7 0  d e g r e e s  F t o  c o m p l y  w i t h  t h e  c u r r e n t  

p r a c t i c e  f o r  w i n t e r  h e a t i n g .  B a s e d  on t h e s e  c o n d i t i o n s ,  t h e

d e s i g n  h e a t i n g  l o a d  o f  t h e  t e s t  h o u s e  was e s t i m a t e d  t o  be  4 4 5 2 3  

B t u s / H r .  T h e  d e t a i l s  o f  t h e  h e a t i n g  l o a d  c a l c u l a t i o n s  a r e

3 4
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CHAPTER I V

S E LE C T I O N  OF A S I M U L A T I O N  PROGRAM

T h e  t e s t  h o u s e ,  s e l e c t e d  f o r  e n e r g y  a n a l y s i s ,  was a p a s s i v e  

s o l a r  r e s i d e n c e  w i t h  e x t e n d e d  o v e r h a n g s  o v e r  t h e  s o u t h e r n  

g l a z i n g s  o f  t h e  u p p e r  a n d  l o w e r  l e v e l s .  T h e  l o w e r  l e v e l  o f  t h e  

h o u s e  a l s o  f o r m e d  a p a r t i a l  b a s e m e n t  a s  7 0  p e r c e n t  o f  i t s  w a l l  

a r e a  was  b e l o w  t h e  s l o p i n g  g r a d e .  As a p a r t  o f  t h i s  c o m p a r a t i v e  

s t u d y , i t  was n e c e s s a r y  t o  s e l e c t  a s u i t a b l e  s i m u l a t i o n  p r o g r a m  

w h i c h  c o u l d  a c c u r a t e l y  m o d e l  t h e  p a s s i v e  s o l a r  a n d  c o n s t r u c t  i o n a l  

f e a t u r e s  o f  t h e  t e s t  h o u s e .  T h e  s e l e c t i o n  was t o  be  made among  

t h e  s i m u l a t i o n  p r o g r a m s  a v a i l a b l e  a t  t h e  U n i v e r s i t y  o f  W i n d s o r .

I n  t h e  p r e l i m i n a r y  s t a g e s  o f  t h i s  s t u d y , t h e  ENCORE CANADA 

b u i l d i n g  e n e r g y  a n a l y s i s  p r o g r a m  ( 2 1 )  was c o n s i d e r e d  t o  s i m u l a t e  

t h e  p e r f o r m a n c e  o f  t h e  t e s t  h o u s e .  T h i s  p r o g r a m  was d e v e l o p e d  by 

t h e  N a t i o n a l  R e s e a r c h  C o u n c i l  o f  C a n a d a  a n d  was i n t e n d e d  t o  be  

u s e d  a s  a t o o l  f o r  t h e  e n e r g y  a n a l y s i s  o f  s i n g l e  f a m i l y  

r e s i d e n c e s .  T h e  ENCORE CANADA i s  b a s i c a l l y  a c o n v e r s â t  i o n a l  

p r o g r a m  w h i c h  was m o d i f i e d  f o r  u s e  a t  t h e  U n i v e r s i t y  o f  W i n d s o r ’ s  

c o m p u t e r  s y s t e m .  T h e  p r o g r a m  i s  f o r m a t t e d  i n  t h e  i n p u t  mode a nd  

r e q u i r e s  i n t e n s i v e  c a r e  t o  p r e p a r e  a b u i l d i n g ’ s i n p u t  

d e s c r i p t i o n -  I t  was  d i s c o v e r e d  t h a t  t h e  p r o g r a m  h ad  s e r i o u s  

l i m i t a t i o n s  t o  m o d e l  t h e  c o n s t r u c t i o n  f e a t u r e s  o f  t h e  t e s t  h o u s e ,  

s u c h  a s  t h e  b u i l d i n g  o v e r h a n g s  a n d  t h e  p a r t i a l  b a s e m e n t . I n  

a d d i t i o n ,  t h e  p r o g r a m ’ s a b i l i t y  t o  m o d e l  b u i l d i n g  t h e r m a l  mass  

was r e s t r i c t e d  t o  o n l y  l i g h t ,  med i um , h e a v y  a n d  v e r y  h e a v y  

c o n s t r u c t i o n s .  T h e s e  c o n s t r u c t  i o n s  r e s p e c t i v e l y ,  r e p r e s e n t
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f i x e d  mass l e v e l s  o f  3 0 ,  7 0 ,  1 3 0  a n d  2 0 0  l b s  / s q . f t . ,  o f  f l o o r

a r e a .  I n t e r p o 1 a t i o n  b e t w e e n  t h e s e  mass l e v e l s  i s  n o t

p e r m i s s i b l e .  I n  t h e  c a s e  o f  p a s s i v e  s o l a r  d e s i g n s  w i t h  i n d o o r  

t e m p e r a t u r e  e x c u r s i o n s ,  f i x e d  mass l e v e l s  c a n n o t  m o d e l  t h e  

a c t u a l  t h e r m a l  i n e r t i a  mass  o f  t h e  b u i l d i n g s .  T h e  p r o g r a m  i s

r i g i d  i n  i t s  o u t p u t  r e p o r t s  a n d  d o e s  n o t  p e r m i t  t h e  s t u d y  o f  

s e l e c t e d  o u t p u t  v a r i a b l e s  . B e s i d e s  t h e s e  s h o r t c o m i n g s ,  t h e  

p r o g a m  i s  a l s o  e x t r e m e l y  e x p e n s i v e  i n  t e r m s  o f  c o m p u t e r  t i m e .  

I t  r e q u i r e s  a b o u t  6  h o u r s  o f  C . P . U  ( c e n t r a l  p r o c e s s i n g  u n i t  ) 

t i m e  t o  s i m u l a t e  a b u i l d i n g  f o r  a p e r i o d  o f  o n e  y e a r .  I n  v i e w  o f  

t h e  i n h e r e n t  l i m i t a t i o n s  o f  t h e  p r o g r a m ,  i t  was c o n c l u d e d  t h a t  

ENCORE CANADA was  n o t  s u i t a b l e  f o r  t h e  p r e s e n t  s t u d y .

T h e  D O E - 2  ( 2 2 )  i s  a c o m p r e h e n s i v e  e n e r g y  a n a l y s i s  p r o g r a m  

w h i c h  i s  q u i t e  c a p a b l e  o f  s i m u l a t i n g  e n e r g y  b e h a v i o u r  o f  b o t h  

c o m m e r c i a l  a n d  r e s i d e n t i a l  b u i l d i n g s .  T h i s  p r o g r a m  was  deve? l oped  

by t h e  L o s  A l a m o s  S c i e n t i f i c  l a b o r a t o r y  a n d  L a w r e n c e  B e r k e l e y  

L a b o r a t o r y  u n d e r  s p o n s o r s h i p  f r o m  t h e  U n i t e d  S t a t e s  D e p a r t m e n t  o f  

E n e r g y .  T h e  p r o g r a m  i s  m a i n l y  b a s e d  on t h e  a l g o r i t h m s  f o r  

b u i l d i n g  h e a t  t r a n s f e r  s u b r o u t i n e s  p r e p a r e d  by t h e  ASHRAE’ s T a s k  

G r o u p  ( 2 4 )  on e n e r g y  r e q u i r e m e n t s  f o r  t h e  h e a t i n g  a n d  c o o l i n g  o f  

b u i l d i n g s .  T h e r e  a r e  s e v e r a l  v e r s i o n s  o f  t h e  p r o g r a m .  T h e  

c u r r e n t  v e r s i o n  i s  known a s  D O E - 2 . 1A.  T h e  p r o g r a m  be c am e  

a v a i l a b l e  f o r  u s e  a t  t h e  U n i v e r s i t y  o f  W i n d s o r  i n  t h e  m i d d l e  o f  

1 9 8 1 .

T h e  D O E - 2  c o n s i s t s  o f  a t r a n s l a t i o n a l  p r o g r a m  c a l l e d  t h e  

B U I L D I N G  D E S C R I P T I O N  LANGUAGE a n d  f o u r  a s s o c i a t e d  s u b p r o g r a m s
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r e s p e c t i v e l y  known a s  t h e  LOADS,  t h e  SYSTEMS,  t h e  PLANT a n d  t h e  

ECONOMICS.  T h e s e  s u b p r o g r a m s  a r e  e x e c u t e d  i n  a s e q u e n c e  w i t h  t h e  

o u t p u t  o f  o n e  b e c o m i n g  an i n p u t  f o r  t h e  o t h e r .  A u t i l i t y  

p r o g r a m ,  known a s  t h e  DOE w e a t h e r  p r o c e s s o r , h a s  a l s o  been  

p r e p a r e d  by t h e  L o s  A l a m o s  S c i e n t i f i c  L a b o r a t o r y .  T h i s  p r o g r a m  i s  

u s e d  t o  c o n v e r t  t h e  w e a t h e r  i n f o r m a t i o n  c o n t a i n e d  i n  s t a n d a r d  

TRY,  TMY a nd  WYEC w e a t h e r  t a p e s  i n  a f o r m a t  t h a t  i s  a c c e p t a b l e  t o  

t h e  D O E - 2  p r o g r a m .  I t  can  a l s o  be u s e d  t o  c r e a t e  a w e a t h e r  f i l e  

f o r  a p a r t i c u l a r  l o c a t i o n  o f  i n t e r e s t .  A c o m p l e t e  d e s c r i p t i o n

o f  e a c h  o f  t h e s e  p r o g r a m s  i s  p r o v i d e d  i n  t h e  D O E - 2  r e f e r e n c e  

m a n u a l s  ( 2 2 ) .

T h e  D O E - 2  p r o g r a m  e m p l o y s  t h e  w e i g h t i n g  f a c t o r s  m e t h o d  t o  

c a l c u l a t e  t h e  b u i l d i n g ’ s t h e r m a l  l o a d  a n d  a i r  s p a c e  t e m p e r a t u r e s .  

Two o p t i o n s  a r e  a v a i a b l e  t o  t h e  u s e r .

S t a n d a r d  W e i g h t i n g  F a c t o r s

T h e  s t a n d a r d  w e i g h t i n g  f a c t o r s  a r e  p r e c a l c u l a t e d  f o r  t h e  

l i g h t ,  med i um a n d  h e a v y  c o n s t r u c t i o n s .  T h e s e  c o n s t r u c t  i o n s  

r e p r e s e n t  a  b u i l d i n g  mass o f  3 0 ,  7 0  a n d  1 3 0  l b s  /  s q . f t . ,  o f

f l o o r  a r e a .  I n t e r p o l a t i o n  a n d  e x t r a p o l â t  i o n  a r e  p e r m i s s i b l e  

b e t w e e n  t h e s e  mass  l e v e l s  up t o  a f l o o r  w e i g h t  o f  2 0 0  l b s  /  

s q . f t .  T h i s  a l l o w s  t h e  u s e r  t o  m o d i f y  t h e  f l o o r  w e i g h t  a c c o r d i n g  

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

C u s t o m W e i g h t i n g  F a c t o r s

T h e  c u s t o m  w e i g h t i n g  f a c t o r s  a r e  s p e c i f i c  t o  a b u i l d i n g  b e i n g  

a n a l y z e d  a n d  a r e  d i r e c t l y  c a l c u l a t e d  f r o m  t h e  b u i l d i n g ’ s i n p u t
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d a t a .  T h i s  m e t h o d  o f  w e i g h t i n g  f a c t o r s  c a l c u l a t i o n  i s  a u n i q u e  

f e a t u r e  o f  t h e  D O E - 2  p r o g r a m  a n d  h a s  m a i n l y  be e n  i n t r o d u c e d  f o r  

a c c u r a t e  m o d e l l i n g  o f  b u i l d i n g ’ s t h e r m a l  i n e r t i a .  A c o m p l e t e  

d e s c r i p t i o n  o f  c u s t o m  w e i g h t i n g  f a c t o r s  a n d  t h e i r  c a l c u l a t i o n  

p r o c e d u r e  i s  p r o v i d e d  i n  R e f e r e n c e  ( 1 2 ) .

T h e  D O E - 2  p r o g r a m  i s  u s e r  o r i e n t e d  a n d  h a s  n u m e r o u s  a d v a n t a g e s  

o v e r  o t h e r  s i m i l a r  p r o g r a m s .  I t  p r o v i d e s  a g r e a t  d e a l  o f  

f l e x i b i l i t y  t o  m o d e l  a v a r i e t y  o f  b u i l d i n g ’ s c o n s t r u c t  i o n a l  

f e a t u r e s  a n d  s y s t e m  o p e r a t i o n .  I n p u t  t o  t h e  p r o g r a m  i s  f o r m a t  

f r e e  a n d  i s  l a b e l l e d  w i t h  p r e d e f i n e d  k e y - w o r d s  f o r  e a s y  

i d e n t i f i c a t i o n  o f  t h e  b u i l d i n g ’ s i n p u t  d a t a .  T he  p r o g r a m  i s  

q u i t e  f l e x i b l e  i n  i t s  o u t p u t  r e p o r t s  a n d  a l l o w s  t h e  u s e r  t o  

s e l e c t  a v a r i e t y  o f  o u t p u t  v a r i a b l e s  f r o m  a p r e d e f i n e d  l i s t .  

T h i s  a s p e c t  o f  t h e  p r o g r a m  m a k e s  i t s  u s e  m o r e  d e s i r a b l e  f o r  

b u i l d i n g  e n e r g y  c o n s e r v a t i o n  s t u d i e s .  T h e  p r o g r a m  was  c a p a b l e  o f  

m o d e l l i n g  t h e  e x t e n d e d  o v e r h a n g s  a n d  t h e  p a r t i a l  b a s e m e n t  o f  t h e  

t e s t  h o u s e .  T h e  c u s t o m  w e i g h t i n g  f a c t o r s  m e t h o d  c o u l d  be  u s e d  t o  

a c c u r a t e l y  m o d e l  t h e  t h e r m a l  mass o f  t h e  t e s t  b u i l d i n g .

T h e  p r e c e d i n g  s e c t i o n  r e s u l t e d  i n  t h e  c o n c l u s i o n  t h a t  t h e  

D O E - 2  p r o g r a m  h ad  a l l  n e c e s s a r y  c a p a b i l i t i e s  t o  m o d e l  t h e  

c o n s t r u c t i o n a l  f e a t u r e s  a n d  s y s t e m  o p e r a t i o n  o f  t h e  t e s t  h o u s e  ( 

e x c e p t  t h e  T r o m b e  w a l l  s y s t e m  ) .  I t  was  t h e r e f o r e  d e c i d e d  t o  u s e  

t h i s  p r o g r a m  f o r  t h e  p r e s e n t  c o m p a r a t i v e  s t u d y .
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CHAPTER V

EXPERIMENTAL MONITORING OF THE TEST HOUSE

5 , 1  INTRODUCTION

As a means o f  c o m p a r i n g  t h e  m e a s u r e d  p e r f o r m a n c e  w i t h  t h e  

D O E - 2 . 1A ’ s  p r e d i c t i o n s ,  a c o m p u t e r i z e d  e n e r g y  m o n i t o r i n g  s y s t e m  

was d e s i g n e d  a n d  i n s t a l l e d  i n  t h e  t e s t  h o u s e .  Th e  s y s t e m

c o n s i s t e d  o f  a w e a t h e r  s t a t i o n ,  e n e r g y  m o n i t o r i n g  i n s t r u m e n t s  and  

a c o m p u t e r i z e d  d a t a  a c q u i s i t i o n  u n i t .  T h e  s y s t e m  was s i m p l e  an d  

c a p a b l e  o f  c o n t i n u o u s l y  m e a s u r i n g  a n d  r e c o r d i n g  t h e  o u t d o o r  

w e a t h e r  c o n d i t i o n s  a n d  i n d o o r  p e r f o r m a n c e  o f  t h e  t e s t  h o u s e .

T h e  m o n i t o r i n g  s y s t e m  was u s e d  t o  a c c o m p l i s h  t h e  f o l l o w i n g  

t a s k s  :

1.  To  c o l l e c t  s u f f i c i e n t  m e t e o r o l o g i c a l  d a t a  t h a t  c o u l d  

be u s e d  t o  c r e a t e  an o n - s i t e  h o u r l y  w e a t h e r  f i l e  

f o r  t h e  t e s t  p e r i o d .

2 .  To m e a s u r e  t h e  h o u r l y  i n d o o r  s p a c e  t e m p e r a t u r e s  and  

e n e r g y  c o n s u m p t i o n  o f  t h e  e l e c t r i c  b a s e b o a r d  h e a t e r s ,  

f o r  c o m p a r i s o n  w i t h  t h e  s i m u l a t e d  r e s u l t s  o b t a i n e d  

f r o m  t h e  D O E - 2 . 1A c o m p u t e r  p r o g r a m .

T h e  t e s t  h o u s e  was e x t e n s i v e l y  i n s t r u m e n t e d  a t  2 9  t e s t  

p o i n t s  t o  m e a s u r e  t h e  f o l l o w i n g  w e a t h e r  a n d  e n e r g y  r e l a t e d  

p a r a m e t e r s  w h i c h  w e r e  c o n s i d e r e d  t o  be  i m p o r t a n t  i n  a c h i e v i n g  t h e  

o b j e c t i v e s  o f  t h i s  s t u d y  : ’
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1. O u t d o o r  D r y bu l b  T e m p e r a t u r e .

2 .  W in d  S p e e d .

3 .  W in d  D i r e c t i o n .

4 .  T o t a l  S o l a r  R a d i a t i o n  on a H o r i z o n t a l  S u r f a c e .

5 .  T o t a l  S o l a r  R a d i a t i o n  on a V e r t i c a l  S u r f a c e .

6 .  S p a c e  D r y b u l b  T e m p e r a t u r e s .

7 .  E n e r g y  C o n s u m p t io n  o f  E l e c t r i c  B a s e b o a r d  H e a t e r s .

8 .  T ro m b e  W a l l  A i r  S p a c e  T e m p e r a t u r e .

9 .  T ro m b e  W a l l  U p p e r  a n d  L o w e r  S u r f a c e  T e m p e r a t u r e s .

1 0 .  S o l a r  R a d i a t i o n  R e c e i v e d  by t h e  T ro m b e  W a l l .

T h e  l a y o u t  p l a n s  o f  t h e  u p p e r  a n d  l o w e r  f l o o r s  o f  t h e  t e s t  

h o u s e ,  shown i n  F i g u r e s  5 . 1  a n d  5 . 2 ,  i n d i c a t e  t h e  t e s t  p o i n t s  

l o c a t e d  a t  t h e  w e a t h e r  s t a t i o n  a n d  i n  t h e  t e s t  h o u s e .  T h e s e  t e s t  

p o i n t s  a l s o  s y m b o l i c a l l y  r e p r e s e n t  t h e  t y p e  o f  t r a n s d u c e r s

i n s t a l l e d  a t  d i f f e r e n t  i n d o o r  an d  o u t d o o r  l o c a t i o n s .  L e g e n d s  

a t t a c h e d  t o  t h e s e  s y m b o l s  a r e  p r e s e n t e d  i n  T a b l e  5 . 1 .  The

w e a t h e r  s t a t i o n  c o n s i s t e d  o f  a 17  f o o t  h i g h ,  1 i n c h  d i a m e t e r  

p i p e  p o s t , -  i n s t a l l e d  a t  t h e  s o u t h - w e s t  c o r n e r  o f  t h e  u p p e r  

f l o o r ’ s  b a l c o n y .  S e v e r a l  t y p e s  o f  w e a t h e r  s e n s i n g  t r a n s d u c e r s  

w e r e  m o u n t e d  i n  d i f f e r e n t  p o s i t i o n s  on t h e  w e a t h e r  s t a t i o n  p o s t  

a s  shown i n  F i g u r e  5 . 3 .

5 . 2  INSTRUMENTATION

S e v e r a l  t y p e s  o f  t r a n s d u c e r s  w e r e  u s e d  t o  f a c i l i t a t e  t h i s  

e x p e r i m e n t a t i o n .  T h e s e  i n c l u d e d  cop p e i— c o n s t a n t a n  t h e r m o c o u p l e s ,  

h e a t e r  m o n i t o r  p i c k u p s ,  an  a n e m o m e t e r ,  a w i n d  d i r e c t i o n  m e t e r , 

a n d  r a d i o m e t e r s  . Among t h e  t r a n s d u c e r s  u s e d  , t h e  r a d i o m e t e r s
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FIGURE 5.1 FLOOR PLAN OF THE UPPER LEVEL 
SHOWING THE LOCATION OF WEATHER 
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UTILITY ROOM hallw ay

STORAGE AREA

WASHROOM

BEDROOM-1BEDROOM-2

TRO M BE WALL

FIGURE 5.2 FLOOR PLAN OF THE LOWER LEVEL
SHOWING THE LOCATION OF TRANSDUCERS
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TABLE 5 .1

SYMBOLIC REPRESENTATION OF TRANSDUCERS INSTALLED 

IN THE WEATHER STATION AND THE TEST-HOUSE

LEGENDS DESCRIPTION

© THERMOCOUPLE

0 . HEATER MONITOR PICKUPS

<û> U T IL ITY  ENERGY METER

WIND DIRECTION METER

RADIOMETER

ANEMOMETERT
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a n d  a n e m o m e t e r  w e r e  s t a n d a r d  i n s t r u m e n t s  p u r c h a s e d  f r o m  t h e  

m a n u f a c t u r e r s .  T h e  h e a t e r  m o n i t o r  p i c k u p s  a n d  t h e  w i n d  d i r e c t i o n  

m e t e r  w e r e ,  h o w e v e r ,  made a n d  c a l i b r a t e d  i n  t h e  m e c h a n i c a l  

e n g i n e e r i n g  w o r k s h o p  t o  m e e t  t h e  r e q u i r e m e n t s  a t  t h e  s i t e .  A n a l o g  

s i g n a l s  f r o m  t h e s e  d e v i c e s  w e r e  c o n d i t i o n e d  i n  some c a s e s  b e f o r e  

b e i n g  r e l a y e d  t o  t h e  d a t a  a c q u i s i t i o n  s y s t e m .

I n  a l l ,  f o u r t e e n  h e a t e r  m o n i t o r  p i c k u p s ,  n i n e

t h e r m o c o u p l e s ,  t h r e e  r a d i o m e t e r s ,  an  a n e m o m e t e r  a n d  a w i n d

d i r e c t i o n  m e t e r  w e r e  u s e d  i n  t h i s  m o n i t o r i n g  p r o j e c t .  A b r i e f  

d e s c r i p t i o n  o f  t h e  t e s t  d a t a  m e a s u r e d  by t h e s e  t r a n s d u c e r s  i s  

g i v e n  b e l o w .  D e t a i l s  o f  t h e s e  t r a n s d u c e r s  a r e  p r o v i d e d  

i n  A p p e n d i  x - B .

T e m p e r a t u r e s

A l l  i n d o o r  a n d  o u t d o o r  t e m p e r a t u r e s  w e r e  m e a s u r e d  u s i n g

s t a n d a r d  c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  made a t  t h e  s i t e .  T h e s e  

t h e r m o c o u p l e s  w e r e  c a p a b l e  o f  m e a s u r i n g  t h e  t e m p e r a t u r e s  w i t h i n  

+ 0 . 5  F . A t h e r m o c o u p l e  p r o p e r l y  s h i e l d e d  a g a i n s t  r a d i a t i o n  

e f f e c t s  w as i n s t a l l e d  a t  t h e  w e a t h e r  s t a t i o n  t o  m e a s u r e  t h e

o u t d o o r  d r y b u l b  t e m p e r a t u r e .  I n d o o r  d r y b u l b  t e m p e r a t u r e s  w e r e  

m e a s u r e d  w i t h  t h e r m o c o u p 1e s  i n s t a l l e d  a t  5 f e e t  a b o v e  t h e  f l o o r  

l e v e l  i n  e a c h  o f  t h e  l i v i n g  r o o m ,  m a s t e r  b e d r o o m ,  h a l l w a y  a n d  

tw o  l a r g e  b e d r o o m s  on t h e  l o w e r  l e v e l  o f  t h e  h o u s e .  S i n c e  t h e  

l i v i n g  ro o m  a n d  tw o  l o w e r  b e d r o o m s  h a d  s o u t h e r n  o r i e n t a t i o n ,  

c a r e  w as t a k e n  t o  i n s t a l l  t h e r m o c o u p l e s  a t  l o c a t i o n s  t h a t  w e r e  

n o t  d i r e c t l y  e x p o s e d  t o  s o l a r  r a d i a t i o n  e n t e r i n g  t h r o u g h  t h e  

s o u t h e r n  g l a z i n g s .  F o u r  t h e r m o c o u p l e s  w e r e  a l s o  i n s t a l l e d  i n  t h e
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T ro m b e  w a l l  t o  m e a s u r e  i t s  p e r f o r m a n c e  o v e r  t h e  t e s t  p e r i o d .  One  

o f  t h e s e  t h e r m o c o u p 1 e s  was i n s t a l l e d  h a l f  way a c r o s s  t h e  T ro m b e  

w a l l  a i r  s p a c e  t o  m e a s u r e  t h e  a i r  t e m p e r a t u r e ,  tw o  t h e r m o c o u p l e s  

w e r e  g l u e d  t o  t h e  u p p e r  a n d  o n e  t o  t h e  l o w e r  e x t e r i o r  s u r f a c e  o f  

t h e  T r o m b e  w a l l  t o  m e a s u r e  i t s  s u r f a c e  t e m p e r a t u r e s  d u r i n g  c l e a r ,  

s u n n y  d a y s .

B a s e b o a r d  E n e r g y  C o n s u m p t io n

E n e r g y  c o n s u m p t i o n  o f  t h e  i n d i v i d u a l  b a s e b o a r d  u n i t s  was  

m e a s u r e d  w i t h  h e a t e r  m o n i t o r  p i c k u p  u n i t s .  T h e s e  p i c k u p  u n i t s  

w e r e  i n s t a l l e d  a c r o s s  t h e  p o w e r  c o r d  o f  e a c h  h e a t e r , a n d  w e r e  

d e s i g n e d  t o  d e t e c t  t h e  on a n d  o f f  c y c l e  o f  t h e  b a s e b o a r d  u n i t  

d u r i n g  a g i v e n  h o u r .  E n e r g y  u s a g e  was 1a t e r  d e t e r m i n e d  by  

m u l t i p l y i n g  t h e  p e r c e n t a g e  on t i m e  o f  e a c h  h e a t e r  by i t s  pow er  

r a t  i n g .

W in d  S p e e d

A s t a n d a r d ,  c u p - t y p e  a n e m o m e t e r ,  m a n u f a c t u r e d  by t h e  T r a d e  

W in d  I n c . ,  was m o u n t e d  on t h e  w e a t h e r  s t a t i o n  p o s t  t o  m e a s u r e  t h e  

w i n d  s p e e d  a t  t h e  t e s t  s i t e .  O u t p u t  f r o m  t h e  a n e m o m e t e r  was  

c a l i b r a t e d  t o  i n d i c a t e  t h e  w i n d  s p e e d  i n  m i l e s  p e r  h o u r .

W in d  D i r e c t i o n

W in d  d i r e c t i o n  was m e a s u r e d  by a w i n d  d i r e c t i o n  m e t e r  m o u n t e d  

a t  t h e  t o p  o f  t h e  w e a t h e r  s t a t i o n  p o s t .  T h i s  u n i t  was c a l i b r a t e d  

t o  c o n v e r t  t h e  o u t p u t  s i g n a l  i n t o  an e q u i v a l e n t  w i n d  d i r e c t i o n  i n  

d e g r e e s .
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S o l a r  R a d i a t i o n

S o l a r  r a d i a t i o n  was m e a s u r e d  w i t h  t h r e e  E p p l e y  B l a c k  & W h i t e  

t e m p e r a t u r e  c o m p e n s a t e d  r a d i o m e t e r s .  One o f  t h e s e  r a d i o m e t e r s

was m o u n t e d  on t h e  w e a t h e r  s t a t i o n  p o s t , f a c i n g  t h e  s k y ,  an d  

w as u s e d  t o  m e a s u r e  t h e  g l o b a l  r a d i a t i o n  f a l l i n g  on a  h o r i z o n t a l  

s u r f a c e .  T h e  s e c o n d  r a d i o m e t e r  was m o u n t e d  on t h e  r a i l i n g  o f  t h e  

u p p e r  f l o o r ’ s b a l c o n y ,  f a c i n g  t h e  l a k e  a n d  w as u s e d  t o  m e a s u r e  

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

T h e  t h i r d  r a d i o m e t e r  w as v e r t i c a l l y  i n s t a l l e d  h a l f w a y  i n  t h e  

T r o m b e  w a l l  a i r  s p a c e  d u r i n g  t h e  s e c o n d  h a l f  o f  t h e  t e s t  p e r i o d .  

T h i s  r a d i o m e t e r  w as u s e d  t o  m e a s u r e  t h e  s o l a r  r a d i a t i o n  

r e c e i v e d  by t h e  e x t e r i o r  s u r f a c e  o f  t h e  T r o m b e  w a l l .

T o t a l  E n e r g y  C o n s u m p t i o n

A u t i l i t y  m e t e r  i n s t a l l e d  o u t s i d e  t h e  t e s t  h o u s e  was u s e d  

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

t h e  h o u s e  o v e r  t h e  t e s t  p e r i o d .

5 . 3  DATA A C Q U I S I T I O N  SYSTEM

T h e  cofT iputer  i  z e d  d a t a  a c q u i s i t i o n  s y s t e m  c o n s i s t e d  o f  t h e  

f o l l o w i n g  u n i t s :

1 .  F l u k e  D a t a  L o g g e r  m o d e l  2 2 4 0 - C ,  c a p a b l e  o f  s e r v i n g  up t o  

6 0  c h a n n e l s  o f  i n p u t  d a t a .

2 .  R a d i o  S h a c k  Mi  c r o c o m p u t e r  T R S - 8 0  M o d e l  I I I  w i t h  d i s k  

s t o r a g e  s y s t e m .

C o m m u n i c a t i o n  b e t w e e n  t h e  d a t a  l o g g e r  a n d  t h e  m i c r o c o m p u t e r
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was e s t a b l i s h e d  by m eans  o f  a s t a n d a r d  R S - 2 3 2 - C  i n t e r f a c e  b u i l t  

i n t o  e a c h  o f  t h e s e  u n i t s .  T h e  s y s t e m  was c a p a b l e  o f  p r o v i d i n g  

a n a l o g  t o  d i g i t a l  c o n v e r s i o n  a n d  h i g h  s p e e d  summing up) o f  t h e  

e x p e r i m e n t a l  d a t a .  A s e r i e s  o f  c o m p u t e r  p r o g r a m s ,  w r i t t e n  i n

B A S IC  L a n g u a g e ,  w e r e  u s e d  t o  f a c i l i t a t e  t h e  t r a n s m i s s i o n ,  

p r o c e s s i n g  a n d  s t o r a g e  o f  t h e  e x p e r i m e n t a l  d a t a .

T h e  d a t a  a c q u i s i t i o n  s y s t e m  w as l o c a t e d  i n  t h e  l i v i n g  room o f  

t h e  t e s t  h o u s e  a n d  i s  shown i n  F i g u r e - 5 . 1 .  A s c h e m a t i c  o f  

t h e  e x p e r i m e n t a l  m o n i t o r i n g  s y s t e m  l a y o u t  i s  a l s o  shown i n  

F i g u r e -  5 . 3 .  T h e  t r a n s d u c e r s  i n s t a l l e d  i n  t h e  t e s t  h o u s e  a n d  a t  

t h e  w e a t h e r  s t a t i o n  w e r e  c o n n e c t e d  t o  t h e  d a t a  l o g g e r  t h r o u g h  

f o u r  i s o t h e r m a l  b l o c k  c o n n e c t o r s .

C h a n n e l  s p e c i f i c a t i o n s  f o r  t h e  w e a t h e r  s t a t i o n  a n d  t h e  t e s t  

h o u s e  a r e  l i s t e d  i n  t h e  T a b l e s  5 . 2  a n d  5 . 3 ,  r e s p e c t i v e l y . O u t p u t  

s i g n a l s  r e l a y e d  f r o m  t h e  t r a n s d u c e r s  w e r e  i n  an  a n a l o g  f o r m  a n d  

h a d  t o  be  f u r t h e r  c o n v e r t e d  i n t o  d i g i t a l  f o r m  b e f o r e  b e i n g  

p r o c e s s e d  a n d  s t o r e d  on t h e  m a g n e t i c  d i s k  o f  t h e  mi c r o c o m p u t e r . 

T h i s  a n a l o g  t o  d i g i t a l  c o n v e r s i o n  w as a c c o m p l i s h e d  w i t h i n  t h e  

d a t a  l o g g e r  u n i t .  E x p e r i m e n t a l  d a t a  r e l a y e d  f r o m  t h e  t r a n s d u c e r s  

w as r e c o r d e d  i n  m i l l i v o l t s ,  v o l t s  a n d  p e r c e n t a g e s .  T h e  d a t a

was l a t e r  c o n v e r t e d  i n t o  c o n s i s t e n t  e n g i n e e r i n g  u n i t s  by  

a p p l y i n g  a p p r o p r i a t e  c o n v e r s i o n  f a c t o r s .

As t h e  D O E -2  c o m p u t e r  p r o g r a m  o p e r a t e s  w i t h  h o u r l y  v a l u e s  o f  

i n p u t / o u t p u t ,  i t  be c a m e  n e c e s s a r y  t o  r e c o r d  t h e  w e a t h e r  a n d  

i n d o o r  p e r f o r m a n c e  d a t a  o f  t h e  h o u s e  on an h o u r l y  b a s i s .  

A c c o r d i n g l y ,  t h e  d a t a  a c q u i s i t i o n  s y s t e m  w as p r o g r a m m e d  t o
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FIGURE 5 . 4  SCHEMATIC OF THE COMPUTERIZED 
DATA ACQUISITION SYSTEM 
INSTALLED IN THE TEST HOUSE

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 5 . 2

CHANNELS MONITORED IN THE WEATHER STATION

CHANNEL
SPECIFICATION DESCRIPTION

14 WIND SPEED ( MILES PER HOUR)

15 AMBIENT DRYBULB TEMPERATURE ( F )

24 SOLAR RADIATION ON HORIZONTAL 
SURFACE ( MV )

25 SOLAR RADIATION ON VERTICAL 
SURFACE ( MV )

26 WIND DIRECTION
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TA BLE 5 . 3

CHANNELS MONITORED I N  THE T E S T  HOUSE

CHANNEL
S P E C I F I C A T I O N D E S C R I P T I O N

0 0 BASEBOARD HEATER I N L I V I N G  ROOM ( EAST WALL
01 BASEBOARD HEATER I N MASTER BEDROOM
0 2 BASEBOARD HEATER I N THE K IT C H E N
0 3 BASEBOARD HEATER I N L I V I N G  ROOM (SOUTH WALL)
0 4 BASEBOARD HEATER I N UPPER BATHROOM
0 5 BASEBOARD HEATER I N V E S T I B U L E
0 6 BASEBOARD HEATER I N LOWER BEDROOM NUMBER 1
0 7 BASEBOARD HEATER I N LOWER BEDROOM NUMBER
0 8 BASEBOARD HEATER I N LOWER HALLWAY
0 9 BASEBOARD HEATER I N LOWER BEDROOM NUMBER 1
1 0 BASEBOARD HEATER I N LOWER BEDROOM NUMBER 1
11 BASEBOARD HEATER I N LOWER BATHROOM
12 BASEBOARD HEATER I N STORE ROOM
13 BASEBOARD HEATER I N U T I L I T Y  ROOM

1 6 SPACE TEMPERATURE LOWER BEDROOM NUMBER 1
1 7 SPACE TEMPERATURE LOWER BEDROOM NUMBER 1
18 SPACE TEMPERATURE LOWER HALLWAY
19
20 
22
2 7
2 8  
2 9

3 2

SPACE TEMPERATURE L I V I N G  ROOM 
TROMBE WALL A I R  SPACE TEMPERATURE  
SPACE TEMPERATURE MASTER BEDROOM 
TROMBE WALL LOWER SURFACE TEMPERATURE  
TROMBE WALL UPPER SURFACE TEMPERATURE  
TROMBE WALL UPPER SURFACE TEMPERATURE

RA DIOM ETER I N  TROMBE WALL.
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s c a n  a l l  i n p u t  c h a n n e l s  t o  t h e  d a t a  l o g g e r ,  e v e r y  45  s e c o n d s  

a n d  s t o r e  t h e  a v e r a g e  v a l u e s  on an h o u r l y  b a s i s .

5 . 4  TEST PERIOD

A f t e r  s u c c e s s f u l  i n s t a l l a t i o n  a n d  c o m m i s s i o n i n g  o f  t h e

m o n i t o r i n g  s y s t e m  , t h e  t h e r m a l  p e r f o r m a n c e  o f  t h e  t e s t  h o u s e  was  

m e a s u r e d  i n  an  u n o c c u p i e d  s t a t e  f o r  a p e r i o d  o f  f i v e  w e e k s . 

T h r o u g h o u t  t h e  t e s t  p e r i o d  , a l l  e l e c t r i c  b a s e b o a r d  h e a t e r s  w e r e  

t u r n e d  on a n d  t h e i r  t h e r m o s t a t s  a d j u s t e d  t o  m a i n t a i n  e a c h  s p a c e  

a t  m in im um  i n d o o r  t e m p e r a t u r e  o f  7 0  d e g r e e s  F .  I n s u l a t i n g  r o l l e r  

s h u t t e r s  on a l l  s o u t h e r n  g l a z i n g s  o f  t h e  u p p e r  a n d  l o w e r  f l o o r s  

w e r e  l e f t  o p e n  t o  u t i l i z e  s o l a r  e n e r g y  f o r  s p a c e  h e a t i n g .

I n s u l a t i n g  s h u t t e r s  on t h e  T r o m b e  w a l l  g l a z i n g s  w e r e  a l s o  l e f t

o p e n  t o  m e a s u r e  t h e  p e r f o r m a n c e  o f  t h e  w a l l  d u r i n g  c l e a r  s u n n y  

d a y s  a n d  i t s  c o n t r i b u t i o n  t o  t h e  s p a c e  h e a t i n g  o v e r  t h e  t e s t  

d u r a t i o n .  F o u r  s m a l l  w in d o w s  l o c a t e d  i n  t h e  n o r t h e r n  w a l l  o f

t h e  u p p e r  f l o o r  w e r e  c o v e r e d  w i t h  t h e i r  i n s u l a t i n g  s h u t t e r s  

f o r  e n e r g y  c o n s e r v a t i o n .

R o u t i n e  i n s p e c t i o n  v i s i t s  w e r e  n o r m a l l y  s c h e d u l e d  o v e r  t h e

w e e k e n d s ,  d e p e n d i n g  upo n  t h e  w e a t h e r  c o n d i t i o n s .  T h e

i n s t r u m e n t a t i o n  a n d  t h e  m o n i t o r i n g  s y s t e m  w e r e  g e n e r a l l y  f o u n d  t o  

be f u n c t i o n i n g  s a t  i s f a c t o r  i l y , e x c e p t  on tw o  o c c a s i o n s  when t h e  

s y s t e m  w as f o u n d  t o  be  i n a c t i v e  due  t o  p o w e r  f a i l u r e s  a t  t h e  

s i t e .  A l t h o u g h  t h e  e x p e r  i m e n t a l  m o n i t o r i n g  o f  t h e  t e s t  h o u s e  

c o n t i n u e d  f o r  a p e r i o d  o f  f i v e  w e e k s ,  t h e  t e s t  d a t a  f o r  t e n  d a y s  

w as l o s t  d u e  t o  p o w e r  f a i l u r e s .  I n  s p i t e  o f  t h e s e  f a i l u r e s ,

t h e  t e s t  d a t a  c o l l e c t e d  f o r  t h e  r e m a i n i n g  f o u r  w e e k s  was
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sufficient to accomplish the objectives of this study,
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C H A P T E R  V I

D E V E L O P M E N T  OF A W EATH ER  F I L E

6 . 1  INTR ODUCTIO N

T h e  D O E -2  e n e r g y  a n a l y s i s  c o m p u t e r  p r o g r a m  r e q u i r e s  an  

h o u r l y  w e a t h e r  f i l e  t o  s i m u l a t e  t h e  t h e r m a l  p e r f o r m a n c e  o f  a 

b u i l d i n g  l o c a t e d  i n  a p a r t i c u l a r  s i t e  o f  i n t e r e s t .  T h e  w e a t h e r  

f i l e  m u s t  c o n t a i n  t h e  r e q u i r e d  d a t a  i n  a f o r m a t  t h a t  i s  

a c c e p t a b l e  t o  t h e  D O E -2  p r o g r a m .  T h i s  c h a p t e r  d e s c r i b e s  t h e  

d e v e l o p m e n t  o f  a w e a t h e r  f i l e  f r o m  t h e  w e a t h e r  d a t a  r e c o r d e d  a t  

t h e  t e s t  s i t e .

6 . 2  THE DOE WEATHER PROCESSOR

T h e  L o s  A l a m o s  S c i e n t i f i c  L a b o r a t o r y  a n d  t h e  L a w r e n c e  

B e r k e l e y  L a b o r a t o r y  h a v e  a l s o  p r e p a r e d  a u t i l i t y  p r o g r a m  c a l l e d  

t h e  DOE W e a t h e r  P r o c e s s o r .  T h i s  p r o g r a m  w as p r i m a r i l y  d e v e l o p e d  

t o  c o n v e r t  t h e  w e a t h e r  i n f o r m a t i o n  c o n t a i n e d  i n  t h e  s t a n d a r d  TRY,  

TMY a n d  WYEC w e a t h e r  t a p e s  i n t o  a f o r m a t  t h a t  i s  a c c e p t a b l e  t o  

t h e  D O E - 2  p r o g r a m .  I t  can  a l s o  be u s e d  t o  c r e a t e  a w e a t h e r  f i l e  

f o r  a t e s t  l o c a t i o n .  I n  o r d e r  t o  m ake u s e  o f  t h i s  p r o g r a m ,  t h e  

u s e r  h a s  t o  w r i t e  a  s u b r o u t i n e  nam ed OTHER. T h i s  s u b r o u t i n e  i s  

i n s e r t e d  i n  t h e  s o u r c e  c o d e  o f  t h e  w e a t h e r  p r o c e s s o r . I t  

i n t e r p r e t s  t h e  u n p a c k e d  w e a t h e r  i n f o r m a t i o n  t o  t h e  w e a t h e r  

p r o c e s s o r ,  w h i c h  i n  t u r n  p r o d u c e s  an h o u r l y  w e a t h e r  f i l e  f o r  t h e  

t e s t  l o c a t i o n .
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6 . 3  IN P U T  R E Q U IR E M E N T S  OF T H E  DOE W EATH ER  PR O C ESSO R

T h e  f o l l o w i n g  g e o g r a p h i c a l  a n d  c l i m a t i c  i n f o r m a t i o n  a r e  

r e q u i r e d  by t h e  w e a t h e r  p r o c e s s o r  t o  c r e a t e  a w e a t h e r  f i l e  f o r  a 

t e s t - 1o c a t  i o n  :

G e o g r a p h i c a l  D a t a

L a t i t u d e  o f  t h e  L o c a t i o n  ---------------------  D e g r e e s .

L o n g i t u d e  o f  t h e  L o c a t i o n  --------------------- D e g r e e s .

T i m e  Z o n e  o f  t h e  L o c a t i o n  ---------------------D i m e n s i o n  1 e s s .

W e a t h e r  D a t a

D r y b u l b  T e m p e r a t u r e    ( F )

W e t bu l b  T e m p e r a t u r e    ( F )

D e w p o i n t  T e m p e r a t u r e    < F )

A t m o s p h e r i c  P r e s s u r e    ( I n c h e s  o f  Hg )

W in d  S p e e d    ( K n o t s  )

W in d  D i r e c t i o n   < I n t e g e r  0 t o  15 )
2

G l o b a l  R a d i a t i o n    < E t u  /  H r . F t  )
2

D i r e c t  N o r m a l  R a d i a t i o n    ( E t u  /  H r . F t  )

A t m o s p h e r i c  C l e a r n e s s  Number  ------------------------ < D i m e n s i o n  l e s s  )

G r o u n d  T e m p e r a t u r e    ( F )

T h e  l a t i t u d e ,  l o n g i t u d e  a n d  t i m e  z o n e  o f  t h e  w e a t h e r  s t a t i o n  

a r e  r e q u i r e d  t o  d e s c r i b e  t h e  l o c a t i o n  o f  t h e  t e s t - s i t e  on t h e  

s u r f a c e  o f  t h e  e a r t h .

I n p u t  f o r  t h e  f i r s t  s e v e n  v a r i a b l e s  g r o u p e d  u n d e r  t h e  WEATHER 

d a t a  a r e  r e q u i r e d  on an h o u r l y  b a s i s .  T h e  l a s t  tw o  v a r i a b l e s ,
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i . e . ,  c l e a r n e s s  n u m b e r  a n d  t h e  g r o u n d  t e m p e r a t u r e  a r e  r e q u i r e d  on 

a m o n t h l y  b a s i s .

T h e  h o u r l y  v a l u e s  o f  t h e  w e t b u l b ,  d r y b u l b  a n d  t h e  dew p o i n t  

t e m p e r a t u r e s ,  a n d  a t m o s p h e r i c  p r e s s u r e  a r e  u s e d  by t h e  w e a t h e r  

p r o c e s s o r  t o  c a l c u l a t e  t h e  p s y c h r o m e t r i c  p r o p e r t i e s  o f  o u t d o o r  

a i r .  T h e s e  p r o p e r t i e s  a r e  i n c l u d e d  i n  t h e  h o u r l y  o u t p u t  l i s t i n g s  

o f  t h e  w e a t h e r  f i l e .

W in d  d i r e c t i o n  i s  i d e n t i f i e d  by t h e  D O E -2  p r o g r a m  a s  an  

i n t e g e r  r a n g i n g  f r o m  0 t o  1 5 ,  s t a r t i n g  c l o c k w i s e  f r o m  t r u e  

n o r t h .  A l l  w i n d  d i r e c t i o n s  r e c o r d e d  i n  d e g r e e s  a r e  r e q u i r e d  t o  

be c o n v e r t e d  i n t o  t h e i r  i n t e g e r  e q u i v a l e n t s  b e f o r e  b e i n g  e n t e r e d  

i n t o  t h e  w e a t h e r  p r o g r a m .  W in d  d i r e c t i o n  i n  d e g r e e s  a n d  t h e i r  

c o r r e s p o n d i n g  i n t e g e r  e q u i v a l e n t s  a r e  l i s t e d  i n  T a b l e  6 . 1 .

S o l a r  r a d i a t i o n  d a t a  i s  s p e c i f i e d  i n  t h e  w e a t h e r  p r o c e s s o r  by 

e i t h e r  o f  t h e  f o l l o w i n g  m e t h o d s  :

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

h o u r l y  v a l u e s  o f  c l o u d  a m o u n t  a n d  c l o u d  t y p e  a r e  e n t e r e d  

i n  t h e  w e a t h e r  p r o c e s s o r . T h i s  c l o u d  i n f o r m a t i o n  a l o n g  

w i t h  t h e  g e o g r a p h i c a l  d a t a  f o r  t h e  l o c a t i o n  a n d  c e r t a i n  

s o l a r  r e l a t e d  v a r i a b l e s  ( L A , L O , A P , B P , C P , E T , T Z , a n d  CN 

d i s c u s s e d  on p a g e  6 7  ) a r e  u t i l i z e d  by t h e  D O E -2  p r o g r a m

t o  c o m p u t e  t h e  h o u r l y  i n t e n s i t i e s  o f  t h e  d i r e c t  n o r m a l  

a n d  d i f f u s e  c o m p o n e n t s  o f  t h e  s o l a r  r a d i a t i o n  u n d e r  c l e a r  

a n d  c l o u d y  s k y  c o n d i t i o n s .  T h e  c l o u d  i n f o r m a t i o n  i s  

a v a i l a b l e  a t  a l l  m a j o r  w e a t h e r  s t a t i o n s  i n  t h e  U n i t e d
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TABLE 6 . 1

WIND D IR E C T IO N S  I N  DEGREES CLOCKWISE FROM TRUE NORTH
AND T H E IR  CORRESPONDING INTEGER EQUIVALENTS

WIND D IR E C T IO N DEGREES INTEGER EQUIVALENTS

N o r  t  h 0 0

N o r t h  by N o r t h - E a s t 2 2 . 5 1

N o r t h - E a s t 4 5 . 0 2

E a s t  by N o r t h - E a s t 6 7 . 5 3

E a s t 9 0 . 0 4

E a s t  by S o u t h - E a s t 1 1 2 . 5 5

S o u t h - E a s t 1 3 5 . 0 6

S o u t h  by S o u t h - E a s t 1 5 7 . 5 7

Sou t  h 1 8 0 . 0 8

S o u t h  by S o u t h - W e s t 2 0 2 . 5 9

S o u t h - W e s t 2 2 5 . 0 10

W e s t  by S o u t h - W e s t 2 4 7 . 5 11

W est 2 7 0 . 0 12

W est  by N o r t h - W e s t 2 9 2 . 5 13

N o r t h - W e s t 3 1 5 . 0 14

N o r t h  by N o r t h - W e s t 3 3 7 . 5 15
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S t a t e s  an d  C a n a d a ,  w h e r e  h o u r l y  o b s e r v a t i o n s  a r e  made by

e x p e r i e n c e d  o b s e r v e r s  who e s t i m a t e  t h e  c l o u d  a m o u n t  on a 

s c a l e  o f  0  t o  10  a n d  i n d i c a t e  t h e  t y p e s  o f  c l o u d  i n

f o u r  d i f f e r e n t  l a y e r s .  A c l o u d  a m o u n t  o f  0  i n d i c a t e s  

a c l e a r  s k y  w h e r e a s  a c l o u d  a m o u n t  o f  10  c o r r e s p o n d s  t o  

a c o m p l e t e l y  o v e r c a s t  s k y .

b .  T h e  s o l a r  r a d i a t i o n  d a t a  can  a l s o  be s p e c i f i e d  i n  t h e  w e a t h e r

p r o c e s s o r  by i n p u t t i n g  t h e  h o u r l y  v a l u e s  o f  t h e  d i r e c t  n o r m a l

a n d  t o t a l  g l o b a l  r a d i a t i o n  on a h o r i z o n t a l  s u r f a c e  r e c o r d e d  
2

i n  B t u / H r . F t . T h i s  p r o c e d u r e  i s  a d o p t e d  by t h e  u s e r s  who

a r e  i n t e r e s t e d  i n  i n c o r p o r a t i n g  t h e  s o l a r  d a t a  r e c o r d e d  a t  a

p a r t i c u l a r  s i t e .  I n  t h e  p r e s e n t  c a s e ,  t h e  g l o b a l  r a d i a t i o n  

was m e a s u r e d  on a h o r i z o n t a l  s u r f a c e  a n d  i t

was n e c e s s a r y  t o  d e r i v e  t h e  d i r e c t  n o r m a l  c o m p o n e n t  o f  t h e  

s o l a r  beam f r o m  t h e s e  r e c o r d e d  v a l u e s  by u s i n g  s t a n d a r d  

p r o c e d u r e s  r e c o m m e n d e d  by ASHRAE T a s k  G r o u p  ( 2 4 ) .

6 . 4  PROCESSING OF WEATHER DATA

H o u r l y  w e a t h e r  i n f o r m a t i o n  r e c o r d e d  a t  t h e  t e s t - s i t e  was i n  

r a w  u n i t s  a n d  had  t o  be c o n v e r t e d  i n t o  c o n s i s t e n t  e n g i n e e r i n g  

u n i t s  b e f o r e  i t  c o u l d  be  u t i l i z e d  i n  t h e  w e a t h e r  p r o c e s s o r .  Raw 

w e a t h e r  d a t a  w as  p r o c e s s e d  on t h e  mi c r o c o m p u t e r , u s i n g  WEHETE 

a n d  S P L I N E  p r o g r a m s  w r i t t e n  i n  B A S IC  L a n g u a g e .  C o m p l e t e  l i s t i n g s  

a n d  d e s c r i p t i o n s  o f  t h e s e  p r o g r a m s  a r e  p r o v i d e d  i n  A p p e n d i  x - C .
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T e m p e r a t u r e s

I n  o r d e r  t o  f u l f i l l  t h e  i n p u t  r e q u i r e m e n t s  o f  t h e  DOE w e a t h e r  

p r o c e s s o r ,  i t  w as n e c e s s a r y  t o  s u p p l y  h o u r l y  v a l u e s  o f  t h e

o u t d o o r  d r y b u l b ,  w e t b u l b  a n d  dew p o i n t  t e m p e r a t u r e s .  T h e

e x p e r i m e n t a t i o n  a t  t h e  t e s t  h o u s e  w as c a r r i e d  o u t  d u r i n g  the?

h e a t i n g  s e a s o n  o f  1 9 8 2 ,  a n d  t h e  o u t d o o r  d r y b u l b  t e m p e r a t u r e s  

w e r e  r e c o r d e d  t h r o u g h o u t  t h e  t e s t  p e r i o d .  I n  t h e  a b s e n c e  o f  

a c t u a l  d a t a  f o r  t h e  w e t b u l b  a n d  d e w p o i n t  t e m p e r a t u r e s ,  i t  was  

d e c i d e d  t o  a s s u m e  t h a t  t h e s e  t e m p e r a t u r e s  w e r e  e q u a l  t o  t h e

o u t d o o r  d r y b u l b  t e m p e r a t u r e s .  T h i s  a s s u m p t i o n  was n e c e s s a r y  t o

c o m p l y  w i t h  t h e  i n p u t  r e q u i r e m e n t s  o f  t h e  w e a t h e r  p r o c e s s i n g  

p r o g r a m .  A c c o r d i n g l y ,  t h e  o u t d o o r  d r y b u l b  t e m p e r a t u r e s  r e c o r d e d  

i n  d e g r e e s  F w e r e  r o u n d e d  o f f  t o  t h e  n e a r e s t  i n t e g e r s  a n d  

e q u a t e d  t o  t h e  w e t b u l b  a n d  dew p o i n t  t e m p e r a t u r e s .

T h e  a s s u m p t i o n  o f  e q u a l  o u t d o o r  d r y b u l b ,  w e t b u l b  a n d  d e w p o i n t  

t e m p e r a t u r e s  c o r r e s p o n d s  t o  a s a t u r a t e d  o u t d o o r  a i r  c o n d i t i o n s .  

T h i s  a s s u m p t i o n  i s  v a l i d  s i n c e  t h e  t r a n s m i s s i o n  l o s s e s  t h r o u g h  

t h e  b u i l d i n g  e n v e l o p e  a n d  t h e  s e n s i b l e  p o r t i o n  o f  t h e  

i n f i l t r a t i o n  l o s s e s  a r e  c a l c u l a t e d  on t h e  b a s i s  o f  o u t d o o r  

d r y b u l b  t e m p e r a t u r e s .  M o r e o v e r , t h e  D O E - 2  p r o g r a m  a s s u m e s  a 

c o n s t a n t  h u m i d i t y  r a t i o s  f o r  t h e  i n d o o r  a n d  o u t d o o r  a i r  

c o n d i t i o n s  t o  p e r f o r m  h e a t i n g  l o a d  c a 1 c u 1 a t i o n s .  H e n c e  t h e

l a t e n t  p o r t i o n  o f  i n f i l t r a t i o n  l o s s e s  i s  e q u a t e d  t o  z e r o  i n  t h e

D O E -2  c a l c u l a t i o n s .  T h e  D O E -2  c a l c u l a t i o n  p r o c e d u r e  i s  i n  

c o m p l i a n c e  w i t h  i n d o o r  c o n d i t i o n s  w h i c h  e x i s t e d  i n  t h e  t e s t  

h o u s e .  S i n c e  t h e  h o u s e  r e m a i n e d  u n o c c u p i e d  d u r i n g  t h e  t e s t
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p e r i o d ,  t h e  i n d o o r  h u m i d i t y  r a t i o  r e m a i n e d  e q u a l  t o  t h e  o u t d o o r  

h u m i d i t y  r a t i o .  T h e r e f o r e  t h e  l a t e n t  i n f i l t r a t i o n  l o s s e s  w e r e  

a 1 so  z e r o  i n  t h e  a c t u a l  c a s e .

W in d  S p e e d

T h e  o u t p u t  f r o m  t h e  a n e m o m e t e r  was c a l i b r a t e d  t o  i n d i c a t e  t h e  

w i n d  s p e e d  i n  m i l e s  p e r  h o u r . T h i s  c a l i b r a t i o n  was u s e d  i n  t h e  

m o n i t o r i n g  p r o g r a m  t o  m e a s u r e  a n d  r e c o r d  t h e  w i n d  s p e e d  a t  t h e  

t e s t - s i t e .  To  be  c o n s i s t e n t  w i t h  t h e  r e q u i r e m e n t s  o f  t h e  

D O E -2  p r o g r a m ,  t h e  r e c o r d e d  w i n d  s p e e d s  w e r e  c o v e r t e d  i n t o  K n o t s  

a n d  r o u n d e d  o f f  t o  t h e  n e a r e s t  i n t e g e r s  f o r  i n p u t  i n t o  t h e  

w e a t h e r  p r o c e s s o r .

W in d  D i r e c t i o n s

T h e  w i n d  d i r e c t i o n  m e t e r  was c a l i b r a t e d  t o  i n d i c a t e  t h e  

d i r e c t i o n  o f  t h e  w i n d  i n  d e g r e e s ,  c l o c k w i s e  f r o m  t r u e

n o r t h .  A p r o v i s i o n  w a s ,  h o w e v e r  , made i n  t h e  m o n i t o r i n g

p r o g r a m s ,  t o  c o n v e r t  t h e  w i n d  d i r e c t i o n  i n t o  t h e i r  e q u i v a l e n t  

i n t e g e r  r a n g i n g  f r o m  0 t o  1 5 .  T h i s  was a c c o m p l i s h e d  by  

s p e c i f y i n g  s i x t e e n  b i n s ,  e a c h  a l l o c a t e d  t o  an  i n d i v i d u a l  i n t e g e r  

w i n d  d i r e c t i o n .  D u r i n g  a n y  s c a n  o f  t h e  s y s t e m  , t h e  e q u i v a l e n t  

i n t e g e r  w i n d  d i r e c t i o n  w as s t o r e d  i n  t h e  a p p r o p r i a t e  b i n .  A t  t h e

e n d  o f  e a c h  h o u r , w i n d  d i r e c t i o n s  s t o r e d  i n  e a c h  o f  t h e s e

s i x t e e n  b i n s  w e r e  p r o p o r t i o n e d  w i t h  r e s p e c t  t o  t h e  t o t a l  n u m b e r  

o f  s c a n s  d u r i n g  t h a t  h o u r .  T h e  h o u r l y  c o n t e n t s  o f  e a c h  d i r e c t i o n  

b i n  w e r e  c o n v e r t e d  i n t o  e q u i v a l e n t  d e g r e e s  a n d  summed t o  o b t a i n  

an a v e r a g e  w i n d  d i r e c t i o n .  T h i s  w i n d  d i r e c t i o n  was r e c o n v e r t e d
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i n t o  a s i n g l e  h o u r l y  i n t e g e r  d i r e c t i o n  by d i v i d i n g  by a 

c o n v e r s i o n  f a c t o r  o f  2 2 . 5 .

S o l a r  R a d i a t i o n

S o l a r  r a d i a t i o n  t r a v e l l i n g  t h r o u g h  t h e  a t m o s p h e r e  i s  a b s o r b e d  

a n d  s c a t t e r e d  due  t o  a t m o s p h e r i c  c o n s t i t u e n t s  s u c h  a s  o z o n e ,  CO2 , 

N2  , w a t e r  v a p o u r s  a n d  d u s t  p a r t i c l e s ,  a n d  a r r i v e s  a t  t h e  

s u r f a c e  o f  e a r t h  i n  t h e  f o r m  o f  d i r e c t  a n d  d i f f u s e  r a d i a t  i o n .  

T h e  p r o p o r t i o n  o f  d i r e c t  a n d  d i f f u s e  r a d i a t i o n  l a r g e l y  d e p e n d s  

u p o n  t h e  a t m o s p h e r i c  c o m p o s i t i o n .  F o r  a c l e a r  a t m o s p h e r e ,  t h e  

p r o p o r t i o n  o f  d i f f u s e  r a d i a t i o n  i s  s m a l l  w h e r e a s  t h e  o p p o s i t e  i s  

t r u e  f o r  h i g h l y  p o l l u t e d  a t m o s p h e r e  i n  an  i n d u s t r i a l  l o c a l i t y .  

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

c o n d i t i o n s ,  i s  w e l l  e s t a b l i s h e d  f o r  v a r i o u s  l o c a l i t i e s  a n d  can  be  

e s t i m a t e d  a c c o r d i n g  t o  t h e  p r o c e d u r e s  s p e c i f i e d  i n  t h e  ASHRAE’ s 

1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s .  T h i s  p r o p o r t i o n  i s  r e l a t i v e l y  

d i f f i c u l t  t o  c a l c u l a t e  u n d e r  c l o u d y  s k y  c o n d i t i o n s  d u e  t o  l a r g e  

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

r a d i a t i o n  d a t a ,  i t  i s  n e c e s s a r y  t o  e s t i m a t e  t h e  d i r e c t  a n d  

d i f f u s e  c o m p o n e n t  o f  s o l a r  r a d i a t i o n  u n d e r  t h e  c l e a r  a n d  c l o u d y  

s k y  c o n d i t i o n s .

T h e  ASHRAE T a s k  G r o u p  ( 2 4 )  h a s  d e v e l o p e d  a c o m p r e h e n s i v e  

m e t h o d o l o g y  t o  a n a l y z e  s o l a r  r a d i a t i o n  u n d e r  t h e  c l o u d y  a n d  

c l e a r  s k y  c o n d i t i o n s .  T h i s  m e t h o d o l o g y  i s  b a s e d  on t h e  w o r k  o f  

S t e p h e n s o n  a n d  K i m u r a  ( 2 3 )  who h a v e  e s t a b l i s h e d  a c o r r e l a t i o n  

b e t w e e n  t h e  o b s e r v e d  r a d i a t i o n ,  c l o u d  c o v e r  a n d  t h e  c a l c u l a t e d  

r a d i a t i o n  u n d e r  c l e a r  s k y  c o n d i t i o n s .  T h e  g e n e r a l  f o r m  o f  t h i s

6 2
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r e l a t i o n s h i p  i s

2
CCF= P + Q X CC + R X CC ( 6 . 1 )

T h e  l e f t  h a n d  s i d e  o f  e q u a t i o n  ( 6 . 1  ) i s  t h e  c l o u d  c o v e r  

f a c t o r  w h i c h  i s  d e f i n e d  a s  :

CCF = RH /  I T  

w h e r e

RH : T o t a l  m e a s u r e d  s o l a r  r a d i a t i o n  on a h o r i z o n t a l

s u r f a c e  u n d e r  a c l o u d y  s k y  f o r  a g i v e n  c l o u d
2

a m o u n t  a n d  c l o u d  t y p e . ( B t u / H r . F t  )

I T  : T o t a l  s o l a r  r a d i a t i o n  c a l c u l a t e d  on a h o r i z o n t a l

s u r f a c e  f o r  a c l o u d l e s s  s k y  c o n d i t i o n s  u s i n g  t h e
2

ASHRAE m e t h o d  ( B t u / H r . F t  ) .

CC : C l o u d  c o v e r  e s t i m a t e d  on a s c a l e  o f  0  t o  10

P,  Q a n d  R a r e  t h e  c o e f f i c i e n t s  i n  t h e  c o r r e l a t i o n  ( 6 . 1  ) .

Recommended v a l u e s  o f  t h e s e  c o e f f i c i e n t s  f o r  d i f f e r e n t  s e a s o n s  

a r e  l i s t e d  i n  T a b l e  6 . 2  .

T h e  c l o u d  c o v e r  f a c t o r  i s  a m e a s u r e  o f  t h e  s k y ’ s  c l o u d i n e s s .  

H o w e v e r ,  i t s  v a l u e  i s  n o t  n e c e s s a r i l y  1 f o r  c l e a r  s k y  c o n d i t i o n s ,  

b u t  w o u l d  v a r y  a c c o r d i n g  t o  t h e  c o m p o s i t i o n  o f  t h e  a t m o s p h e r e .  

F o r  c l e a r  a t m o s p h e r e s ,  t h e  v a l u e  o f  CCF can  be g r e a t e r  t h a n  1 

w h e r e a s  f o r  i n d u s t r i a l  l o c a t i o n s  i t  i s  g e n e r a l l y  l o w e r  t h a n  1 .

T h e  c o e f f i c i e n t  P i n  e q u a t i o n  6 . 1  i s  c a l l e d  t h e  c l o u d l e s s  s k y  

f a c t o r .  I t s  v a l u e  d e p e n d s  upo n  t h e  p r o p o r t i o n  o f  d i r e c t  a n d

6 3
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TABLE 6 . 2

CO R R ELA TIO N  C O E F F I C I E N T S  BETWEEN THE  
CLOUD COVER FACTOR CCF AND THE CLOUD COVER CC

SEASON P Q R

S p r  i n g 1 .  0 6 0 .  0 1 2 - 0 . 0 0 8 4
Summer 0 .  9 6 0 . 0 3 3 - 0 . 0 1 0 6
A u tu m n 0 .  9 5 0 .  0 3 0 —0 . 0 1 0 8
W i n t e r 1 . 1 4 0 . 0 0 3 - 0 . 0 0 8 2
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d i f f u s e  r a d i a t i o n  i n  r e f e r e n c e  t o  t h e  s t a n d a r d  v a l u e s  p u b l i s h e d  

i n  ASHRAE’ s 1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a 1s ( 1 8 ) .  I f  t h e  v a l u e  o f  

P i s  1 ,  t h a n  t h e  p r o p o r t i o n  o f  d i r e c t  a n d  d i f f u s e d  r a d i a t i o n ,  

u n d e r  c l o u d l e s s  s k y  c o n d i t i o n ,  w i l l  be same a s  o b t a i n e d  by

ASHRAE’ 5 s t a n d a r d  p r o c e d u r e s .  F o r  a v a l u e  o f  P o t h e r  t h a n  u n i t y ,

t h i s  p r o p o r t i o n  w i l l  be  d i f f e r e n t  t h a n  t h e  s t a n d a r d  v a l u e s .

E q u a t i o n  6 . 1  c a n  be u s e d  t o  a n a l y z e  c l o u d y  day  s o l a r  r a d i a t i o n  

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

a v a i l a b l e .  H o w e v e r ,  i n  t h e  c a s e  o f  m e a s u r e d  g l o b a l  r a d i a t i o n ,  

e q u a t i o n  6 . 1  h a s  t o  be  r e a r r a n g e d  i n t o  a q u a d r a t i c  f o r m  t o

c a l c u l a t e  an  e q u i v a l e n t  c l o u d  c o v e r .

T h e  ASHRAE T a s k  G r o u p  ( 2 4 )  h a s  d e v e l o p e d  t h e  SUN a l g o r i t h m  t o  

c a l c u l a t e  d i r e c t  a n d  d i f f u s e  c o m p o n e n t  o f  s o l a r  r a d i a t i o n  f o r  

c l e a r  s k y  c o n d i t i o n s .  I t  h a s  a l s o  p r e p a r e d  t h e  SOLAD a l g o r i t h m  

t o  a n a l y z e  s o l a r  r a d i a t i o n  u n d e r  c l o u d y  s k y  c o n d i t i o n s .  T h e  

c l o u d  c o v e r  f a c t o r  e q u a t i o n  6 . 1  i s  u s e d  i n  t h e  SOLAD a l g o r t h i m .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e s e  a l g o r i t h m s  i s  p r o v i d e d  i n  t h e  

R e f e r e n c e  ( 2 4 ) .  T h e s e  a l g o r i t h m s  w e r e  m e r g e d  t o g e t h e r  t o

a n a l y z e  s o l a r  r a d i a t i o n  d a t a  r e c o r d e d  a t  t h e  t e s t  s i t e .  S i n c e

t h e  m e a s u r e d  g l o b a l  r a d i a t i o n  w e r e  a v a i l a b l e ,  e q u a t i o n  6 . 1  was  

r e a r r a n g e d  i n  a  q u a d r a t i c  f o r m  a n d  i n c o r p o r a t e d  i n  t h e  SOLAD 

a l g o r i t h m .  T h e  w e a t h e r  d a t a  w as c o l l e c t e d  d u r i n g  t h e  m o n t h s  o f

M a r c h  a n d  A p r i l  w h i c h  c o r r e s p o n d s  t o  t h e  s p r i n g  s e a s o n . 

T h e r e f o r e  t h e  v a l u e s  o f  P , 0  a n d  R f o r  t h e  s p r i n g  s e a s o n  w e r e

u s e d  f r o m  T a b l e  6 . 2 .  T h e  c a l c u l a t i o n  s e q u e n c e  o f  t h e  SUN a n d

SOLAD a l g o r i t h m s  i s  shown i n  F i g u r e  6 . 1 .

6 5
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HY = 15 X (HR-12 + TZ -f ET) -  LO 

HU = H Y /5 7 .2 7

CZ = SIN(LA) X SIN(DE) + COS(LA) x COS(DE) x COS(HW)

cz
(CP+CZT ( T

IN = AP X CN X 2 7183^"^^^^^

ID = CP X IN/CN XX 2
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T h e  f o l l o w i n g  g e o g r a p h i c a l  a n d  s o l a r  r e l a t e d  v a r i a b l e s  w e r e

r e q u i r e d  t o  m ake u s e  o f  t h e  SUN a n d  SOLAD a 1 g o r  i  t h r n s .

G e o g r a p h i c a l  L o c a t i o n  o f  T e s t  S i t e

L o n g i t u d e  -------------------------- LO

L a t i t u d e  -------------------------- LA

T i m e  Z o n e  -------------------------- TZ

S u n - E a r t h  V a r i a b l e s  ( D a i l y  b a s i s  )

S o l a r  D e c l i n a t i o n  A n g l e  -----------------------  DE

A p p a r e n t  S o l a r  I r r a d i a t i o n  ---------------------  AP

E q u a t i o n  o f  T i m e    ET

S k y  D a t a  < D a i l y  b a s i s  )

A t m o s p h e r i c  E x t i n c t i o n  C o e f f i c i e n t  -------------- BP

S k y  D i f f u s e  F a c t o r    CP

C l e a r n e s s  N u m b er    CN

S o l a r  R e l a t e d  D a t a  ( H o u r l y  b a s i s  )

Sun A z i m u t h  a n d  A l t i t u d e  A n g l e    Z & SALT

S u n r i s e  T i m e .

S u n s e t  T i m e .

M e a s u r e d  G l o b a l  R a d i a t i o n .    RH.

As t h e  t e s t  s i t e  w as n o t  f a r  f r o m  W i n d s o r ,  i t s  g e o g r a p h i c a l

l o c a t i o n  w as d e s c r i b e d  by s p e c i f y i n g  t h e  l o n g i t u d e  a n d  l a t i t u d e  

f o r  W i n d s o r ,  O n t a r i o .

T h e  r e c o m m e n d e d  v a l u e s  f o r  t h e  s o l a r  r e l a t e d  v a r i a b l e s ,

6 7
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l i s t e d  u n d e r  g r o u p  2  a n d  3 ,  a r e  p r e s e n t e d  i n  T a b l e  6 . 3 .  T h e s e  

v a l u e s  w e r e  e x t r a c t e d  f r o m  t h e  ASHRAE 1 9 7 7  H a n d b o o k  o f  

F u n d a m e n t a l s  ( I S )  a n d  a p p l y  f o r  t h e  2 1 s t  d ay  o f  e a c h  m o n t h .  T h e s e  

v a l u e s  a r e  r e p r é s e n t â t i v e  o f  a v e r a g e  c l o u d l e s s  s k y  c o n d i t i o n s  a n d  

do n o t  n e c e s s a r i l y  g i v e  t h e  maximum v a l u e  o f  d i r e c t  n o r m a l  s o l a r  

r a d i a t i o n  t h a t  c a n  o c c u r  i n  e a c h  m o n t h .  I t  h a s  b e e n  r e c o m m e n d e d  

by ASHRAE ( 1 8 )  t h a t  f o r  a c l e a r  a t m o s p h e r e  t h e  maximum v a l u e  o f  

d i r e c t  n o r m a l  s o l a r  r a d i a t i o n  o c c u r  i  ng i n  e a c h  m o n th  can  be  as  

h i g h  a s  15 p e r c e n t  t h a n  t h a t  o b t a i n e d  by ASHRAE’ s m e t h o d  u s i n g  

t h i s  d a t a .  F o r  a b e t t e r  a n a l y s i s  o f  s o l a r  r a d i a t i o n  d a t a ,  i t

w as c o n s i d e r e d  n e c e s s a r y  t o  a d j u s t  t h e s e  m o n t h l y  v a l u e s  on a

d a i l y  b a s i s  f o r  t h e  d u r a t i o n  o f  e n t i r e  t e s t  p e r i o d .  T h i s  was  

a c c o m p l i s h e d  by u s i n g  s p l i n e  i n t e r p o l a t i o n  s u b r o u t i n e  e x t r a c t e d  

f r o m  R e f e r e n c e  ( 25  ) .  A d j u s t e d  v a l u e s  o f  t h e s e  s o l a r  v a r i a b l e s

a r e  l i s t e d  i n  T a b l e  6 . 4 .  T h e s e  v a l u e s  w e r e  u s e d  a l o n g  w i t h  t h e  

m e a s u r e d  g l o b a l  r a d i a t i o n  i n  t h e  SUN a n d  SOLAD a l g o r i t h m s  t o  

c a l c u l a t e  t h e  d i r e c t  n o r m a l  c o m p o n e n t  o f  s o l a r  r a d i a t  i o n  on c l e a r  

a n d  c l o u d y  d a y s .

F i g u r e  6 . 2  p r e s e n t s  an h o u r l y  c o m p a r i s o n  b e t w e e n  t h e  m e a s u r e d  

a n d  ASHRAE c a l c u l a t e d  a n d  m e a s u r e d  g l o b a l  r a d i a t i o n  f o r  a t y p i c a l  

c l e a r  s u n n y  d a y  r e c o r d e d  a t  t h e  t e s t  s i t e .  I t  can  be  s e e n  t h a t

t h e  m e a s u r e d  v a l u e s  a r e  a l w a y s  h i g h e r  t h a n  t h e  ASHRAE v a l u e s  by

a b o u t  10  p e r c e n t .  T h i s  w as s o l e l y  d u e  t o  t h e  c l e a r  a n d  p o l l u t i o n  

f r e e  a t m o s p h e r e  o f  t h e  t e s t  l o c a t i o n .  A c o m p a r i s o n  b e t w e e n  t h e

ASHRAE c a l c u l a t e d  a n d  t h e  e s t i m a t e d  v a l u e s  o f  d i r e c t  n o r m a l  

r a d i a t i o n  f o r  t h e  sam e d a y  i s  a l s o  shown i n  F i g u r e  6 . 3 .  T h i s  

c o m p a r i s o n  a l s o  e x h i b i t e d  a s i m i l a r  t r e n d ,  s i n c e  t h e  e s t i m a t e d

6 8
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TABLE 6 . 3

SOLAR RELATED V A R IA B L E S  AS A FU NCTIO N OF THE TWENTY F I R S T  DAY
DAY OF EACH MONTH , BASE YEAR 1 9 6 4

DATE DE ET AP 2 BP CP
D e g r e e s H o u r s B t u / H r . F t  — —

J a n u a r y 21 - 2 0 . 0 - 0 . 1 9 0 3 9 0 . 0 0 .  1 4 2 0 .  0 5 8

F e b r u a r y 21 - 1 0 . 8 - 0 . 2 3 0 3 8 5 .  0 0 .  1 4 4 0 .  0 6 0

M a r c h 21 0 .  0 - 0 .  1.23 3 7 6 . 0 0 .  1 5 6 0 .  0 7 1

A p r  i  I 21 1 1 . 6 0 .  0 2 0 3 6 0 .  0 0 .  1 8 0 0 . 0 9 7

May 21 2 0 . 0 0 .  0 6 0 3 5 0 . 0 0 .  1 9 6 0 .  121

J u n e 21 2 3 . 4 5 - 0 . 0 2 5 3 4 5 . 0 0 .  2 0 5 0 .  1 3 4

J u l y 21 2 0 .  6 0 - 0 . 1 0 3 3 4 4 .  0 0 . 2 0 7 0 .  1 3 6

A u g u s t 21 1 2 .  3 - 0 . 0 5 1 3 5 1 . 0 0 . 2 0 1 0 .  1 2 2

S e p t e m b e r 21 0 .  0 0 .  1 1 3 3 6 5 . 0 0 .  1 77 0 .  0 9 2

O c t o b e r 21 - 1 0 .  5 0 . 2 5 5 3 7 8 . 0 0 .  1 6 0 0 . 0 7 3

N o v e m b e r 21 - 1 9 . 8 0 .  2 3 5 3 8 7 . 0 0 .  1 4 9 0 . 0 6 3

D e c e m b e r 21 - 2 3 . 4 5 0 . 0 3 3 3 9 1 . 0 0 .  1 4 2 0 . 0 5 7
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TABLE 6 . 4

SOLAR RELATED V A R IA B L E S  ADJUSTED TO D A I L Y  B A S IS  
FOR THE T E S T  D U RA TIO N

D a t e DE
R a d i a n s

ET
H o u r s

AP
B t u / H r . F t

BP CP

M a r c h 10 - 0 . 0 7 8 - 0 . 1 8 1 3 8 0 .  4 0 .  1 5 0 0 . 0 6 5
M a r c h — 11 - 0 . 0 7 1 - 0 . 1 7 6 3 8 0 . 0 0 .  1 5 0 0 .  0 6 5
M a r c h — 1 2 - 0 . 0 6 4 - 0 . 1 7 1 3 7 9 . 7 0 .  151 0 .  0 6 6
M a r c h 13 - 0 . 0 5 7 - 0 . 1 6 6 3 7 9 . 3 0 .  151 0 .  0 6 6
M a r  ch - 14 - 0 . 0 4 3 - 0 . 1 5 6 3 7 8 . 5 0 .  1 5 2 0 . 0 6 7

M a r c h 2 1 0 . 0 0 0 - 0 . 1 2 3 3 7 6 . 0 0 .  1 5 6 0 .  0 7 1
M a r c h — 2 2 0 . 0 0 6 - 0 . 1 1 9 3 7 5 . 6 0 .  1 5 7 0 . 0 7 2
M a r c h — 2 3 0 . 0 1 3 - 0 . 1 1 4 3 7 5 .  1 0 .  1 5 7 0 .  0 7 2
M a r c h — 2 4 0 . 0 2 0 - 0 . 1 1 0 3 7 4 . 6 0 .  1 5 8 0 . 0 7 3
M a r c h — 2 5 0 .  0 2 6 - 0 . 1 0 5 3 7 4 . 2 0 .  1 5 9 0 . 0 7 4
M a r  ch — 2 6 0 . 0 3 3 - 0 . 1 0 0 3 7 3 . 7 0 .  1 5 9 0 . 0 7 4
M a r  ch — 2 7 0 .  0 3 9 - 0 . 0 9 6 3 7 3 .  2 0 .  1 6 0 0 . 0 7 5
M a r c h 2 8 0 .  0 4 6 - 0 . 0 9 1 3 7 2 . 7 0 .  161 0 . 0 7 6
M a r c h — 2 9 0 . 0 5 2 - 0 . 0 8 6 3 7 2 . 2 0 .  1 6 2 0 .  0 7 7
M a r c h — 3 0 0 .  0 5 9 - 0 . 0 8 2 3 7 1 . 7 0 .  1 6 2 0 . 0 7 7
M a r  ch — 31 0 .  0 6 6 - 0 . 0 7 7 3 7 1 . 2 0 .  1 6 3 0 . 0 7 8
A p r  i  1 — 01 0 . 0 7 2 - 0 . 0 7 2 3 7 0 . 7 0 .  1 6 4 0 . 0 7 9
A p r  i  1 — 0 2 0 . 0 7 9 - 0 . 0 6 7 3 7 0 .  1 0 .  165 0 .  0 8 0
A p r  i  1 - 0 3 0 .  0 8 6 —0 .  06.2 3 6 9 . 6 0 .  1 6 5 0 . 0 8 1

A p r  i  1 0 8  ■ 0 .  1 1 9 - 0 . 0 3 8 3 6 6 . 9 0 .  1 6 9 0 .  0 8 5
A p r  i  1 — 0 9 0 .  1 2 5 - 0 , 0 3 4 3 6 6 .  4 0 .  1 7 0 0 . 0 8 6
A p r  i  1 — 10 0 .  1 3 2 - 0 . 0 2 9 3 6 5 . 8 0 .  171 0 . 0 8 7
A p r  i  1 — 11 0 .  1 3 9 - 0 . 0 2 4 3 6 5 . 3 0 .  1 7 2 0 .  0 8 8
A p r  i  1 — 12 0 .  145 - 0 . 0 2 0 3 6 4 . 8 0 .  1 7 3 0 . 0 8 9
A p r  i  1 — 13 0 .  1 5 2 - 0 . 0 1 5 3 6 4 .  2 0 .  1 7 4 0 . 0 9 0
A p r  i  1 14 0 .  1 5 8 - 0 . 0 1 0 3 6 3 . 7 0 .  1 7 4 0 .  0 9 0
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0  MEASURED VALUESI V I A R C H  S 3
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FIGURE 5 .2 :  A COMPARISON BETUEEH ASHRAE CALCULATED AND MEASURED GLOBAL
RADIATION

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A  DIRECT NORMAL RADIATION (ASHRAE)
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FIGURE 6 .3 :  A COMPARISON BETWEEN ASHRAE CALCULATED AND ESTIMATED VALUES 
OF DIRECT NORMAL RADIATION.
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d i r e c t  n o r m a l  r a d i a t i o n  v a l u e s  w e r e  a l w a y s  h i g h e r  t h a n  ASHf^AE 

v a l u e s ,  by a t  t h e  m o st  10  p e r c e n t . A c o n c u r r e n t  e x p e r i m e n t a l  

m o n i t o r i n g  s t u d y  ( 3 3 ) ,  c a r r i e d  o u t  i n  W i n d s o r ,  O n t a r i o ,  s h o w e d  

o p p o s i t e  r e s u l t s .  T h e  m e a s u r e d  g l o b a l  r a d i a t i o n ,  u n d e r  c l o u d l e s s  

s k y  c o n d i t i o n s ,  w e r e  a l w a y s  f o u n d  t o  be  l e s s  t h a n  t h e  v a l u e s  

o b t a i n e d  by ASHRAE p r o c e d u r e s .  T h i s  was  d u e  t o  h i g h  p o l l u t i o n  i n  

t h e  i n d u s t r i a l  a t m o s p h e r e  o f  W i n d s o r .

C l e a r n e s s  Number

C l e a r n e s s  n u m b e r s  f o r  v a r i o u s  n o n i n d u s t r i a l  l o c a l i t i e s  o f  

N o r t h  A m e r i c a  a r e  l i s t e d  i n  F i g u r e  3 ,  c h a p t e r  2 6  o f  R e f e r e n c e  

( 1 8 ) .  A c l e a r n e s s  n u m b e r  o f  1 was  s e l e c t e d  f o r  t h e  t e s t  s i t e  

f r o m  t h i s  f i g u r e  f o r  i n p u t  t o  t h e  w e a t h e r  p r o c e s s o r .

G r o u n d  T e m p e r a t u r e s

D u r i n g  t h e  e x p e r i m e n t a l  m o n i t o r i n g ,  g r o u n d  t e m p e r a t u r e s  

w e r e  n o t  m e a s u r e d  a t  t h e  t e s t  s i t e .  T h e r e f o r e ,  a v e r a g e  m o n t h l y  

g r o u n d  t e m p e r a t u r e s  w e r e  o b t a i n e d  f r o m  t h e  1 9 6 8  D e t r o i t  TRY

w e a t h e r  t a p e  a n d  s p e c i f i e d  i n  t h e  w e a t h e r  p r o g r a m .

A l l  p r o c e s s e d  w e a t h e r  i n f o r m a t i o n  w e r e  c o m p i l e d  i n t o  an  

h o u r l y  i n p u t  a n d  t r a n s m i t t e d  t o  t h e  m a i n  I BM —3 7 0  c o m p u t e r  f o r

i n s e r t i o n  i n t o  t h e  s o u r c e  c o d e  o f  t h e  w e a t h e r  p r o g r a m .

6 . 5  DURATION OF WEATHER F I L E

T h e  e x p e r i m e n t a l  m o n i t o r i n g  s y s t e m  was c o m m i s s i o n e d  a t  1 5 : 0 0  

h o u r s  o f  M a r c h  9 t h  a n d  i t  c o n t i n u e d  t o  f u n c t i o n  u n t i l  1 4 : 0 0  h o u r s  

on t h e  1 4 t h  o f  A p r i l .  D u r i n g  t h i s  p e r i o d  , t h e  s y s t e m  c e a s e d  t o
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f u n c t i o n  t w i c e  du e  t o  e l e c t r i c  p o w e r  f a i l u r e  a t  t h e  t e s t - s i t e .  

T h e  f i r s t  p o w e r  f a i l u r e  o c c u r r e d  a t  1 9 : 0 0  h o u r s  on t h e  1 5 t h  o f  

M a r c h  a n d ,  a s  a r e s u l t ,  t h e  t e s t  d a t a  u n t i l  1 5 : 0 0  h o u r s  on 2 1 s t  

M a r c h  was  l o s t . T h e  s e c o n d  p o w e r  f a i l u r e  o c c u r r e d  a t  1 4 : 0 0  h o u r s  

on A p r i l  t h e  3 r d  a n d  c o n s e q u e n t l y  t h e  w e a t h e r  d a t a  u n t i l  2 0 : 0 0  

h o u r s  o f  A p r i l  8 t h  was l o s t .  Due  t o  t h e s e  p o w e r  f a i l u r e s ,  i t  was  

i m p o s s i b l e  t o  k e e p  a c o n t i n u o u s  r e c o r d  o f  t h e  t e s t  d a t a  a n d  h e n c e  

t h e  u s e f u l  w e a t h e r  i n f o r m a t i o n  w e r e  s p l i t  i n t o  t h r e e  p e r i o d s  o f  

s i x ,  t h i r t e e n  a n d  s e v e n  d a y s  r e s p e c t  i v e l y .

I n  t h e  i n p u t  t o  t h e  w e a t h e r  p r o c e s s o r ,  i t  was n e c e s s a r y  t o  

s p e c i f y  t h e  m o n t h s  o f  t h e  y e a r  f o r  w h i c h  t h e  w e a t h e r  f i l e  was t o  

be  p r e p a r e d .  T h e  e x p e r i m e n t a l  m o n i t o r i n g  was  c a r r i e d  o u t  d u r i n g  

t h e  m o n t h s  o f  M a r c h  a n d  t h e  f i r s t  h a l f  o f  A p r i l  1 9 8 2 .  T h e s e  t w o  

m o n t h s  w e r e  d e s c r i b e d  i n  t h e  w e a t h e r  p r o c e s s o r .  H o w e v e r ,  i n  

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

e i g h t  d a y s  o f  M a r c h  ( when t h e  s y s t e m  was  n o t  c o m m i s s i o n e d ) ,  

w e a t h e r  d a t a  l o s t  d u e  t o  p o w e r  f a i l u r e s  a n d  t h e  d a t a  f o r  t h e  l a s t  

t w o  w e e k s  o f  A p r i l  ( when t h e  s y s t e m  was  p u l l e d  o u t  o f  t h e  t e s t  

h o u s e ) ,  i t  was  d e c i d e d  t o  e n t e r  dummy d a t a  t o  f u l f i l l  t h e  i n p u t  

r e q u i r e m e n t s  o f  t h e  w e a t h e r  p r o c e s s o r .  T h e  dummy d a t a  c o n t a i n e d  

i n  t h e  w e a t h e r  f i l e  d i d  n o t  a f f e c t  t h e  p r e d i c t e d  p e r f o r m a n c e  o f  

t h e  t e s t  h o u s e  b e c a u s e  t h e  s i m u l a t i o n  was  o n l y  c a r r i e d  o u t  f o r  

t h o s e  d a y s  when t h e  m o n i t o r i n g  s y s t e m  was  i n  o p e r a t i o n .  I t  i s  

h o w e v e r , p o i n t e d  o u t  t h a t  a t  t h e  s t a r t  o f  a s i m u a l t  i o n  p e r i o d ,  

t h e  D O E - 2  p r o g r a m  r e q u i r e s  t w o  p r e c e d i n g  v a l u e s  o f  t h e  h e a t  l o s s  

a n d  h e a t  a d d i t i o n  r a t e s .  T h i s  i n f o r m a t i o n  i s  n o t  a v a i l a b l e  a t
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1: he  f i r s t  h o u r  o f  s i m u l a t i o n .  T h e  p r o g r a m  o v e r c o m e s  t h i s

d i f f i c u l t y  by r e p e a t i n g  f i r s t  d a y  s i m u l a t i o n  f o r  t h r e e  t i m e s  i n  

o r d e r  t o  g e n e r a t e  t h e  p r e v i o u s  h i s t o r y  o f  t h e  b u i l d i n g ’ s  t h e r m a l  

r e s p o n s e . R e s e a r c h  c a r r i e d  o u t  a t  t h e  L o s  A l a m o s  S c i e n t i f i c

L a b o r a t o r y  ( 1 2 )  h a s  p r o v e d  t h a t  t h i s  p r o c e d u r e  i s  s a t i s f a t o r y  t o

i n i t i a l i z e  b u i l d i n g  l o a d  c a l c u l a t i o n s .

6 . 6  SUBROUTINE " OTHER "

A s u b r o u t i n e  named OTHER was  u s e d  t o  i n t e r p r e t  t h e  f o r m a t  

o f  t h e  u n p a c k e d  w e a t h e r  d a t a  t o  t h e  w e a t h e r  p r o c e s s o r . T h i s  

s u b r o u t i n e ,  w r i t t e n  by D r  N . W . W i l s o n  o f  t h e  M e c h a n i c a l  

E n g i n e e r i n g  D e p a r t m e n t ,  was p u t  i n  t h e  s o u r c e  c o d e  o f  thie DOE 

w e a t h e r  p r o c e s s i n g  p r o g r a m .  T h e  f o l l o w i n g  p r o v i s i o n s  w e r e  a l s o  

iTiade i n  t h i s  s u b r o u t i n e :

1 .  T h e  h o u r l y  o u t d o o r  w e t b u l b  a n d  d e w p o i n t  t e m p e r a t u r e s  w e r e

s e t  e q u a l  t o  t h e  r e c o r d e d  o u t d o o r  d r y b u l b  t e m p e r a t u r e s  f o r  

t h e  e n t i r e  t e s t - d u r â t  i o n .

2 .  T h e  a t m o s p h e r i c  p r e s s u r e  a t  t h e  t e s t - s i t e  was s e t  e q u a l  t o  

t h e  s t a n d a r d  b a r o m e t r i c  p r e s s u r e  o f  2 9 . 9  i n c h e s  o f  Hg .

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

o f  M a r c h  a n d  A p r i l ,  durrimy w e a t h e r  v a r i a b l e s  w e r e  s p e c i f i e d

f o r  t h e  m i s s i n g  d a y s  o f  t h e s e  m o n t h s .

6 . 7  THE WEATHER F I L E

T h e  s t r u c t u r e  o f  t h e  i n p u t  w e a t h e r  d a t a  d e c k  i s  shown  

A p p e n d i x  -  F . I t  c o n s i s t e d  o f  a s e r i e s  o f  J o b  c o n t r o l  l a n g u a g e
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a n d  i n p u t  d a t a  c a r d s  s e q u e n t i a l l y  a r r a n g e d  a c c o r d i n g  t o  a 

p r e s c r i b e d  o r d e r ,  A c o m p l e t e  d e s c r i p t i o n  o f  t h e  w e a t h e r

d a t a  d e c k  i s  p r o v i d e d  i n  t h e  D O E - 2  r e f e r e n c e  m a n u a l  ( 2 2 ) .

A f t e r  c o m p i l i n g  a l l  n e c e s s a r y  w e a t h e r  i n f o r m a t i o n ,  t h e  DOE 

w e a t h e r  p r o g r a m  was  r u n  on t h e  I B M - 3 7 0  s y s t e m  t o  c r e a t e  a w e a t h e r  

f i l e  i n  t h e  m a i n  s y s t e m  d i s k .  A s a m p l e  o u t p u t  o f  t h e  w e a t h e r

f i l e  f o r  t h e  t e s t  s i t e  i s  shown i n  T a b l e  6 . 5 .
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C H A P T E R  V I  I

M O D E L L IN G  OF T H E  T E S T  H O U SE

7 . 1  M O D E L L IN G

T h e  a r t  o f  m o d e l l i n g  may be d e f i n e d  a s  an  a c c u r a t e  d e s c r i p t i o n  

o f  t h e  b u i l d i n g ’ s l o c a t i o n ,  o r i e n t a t i o n ,  t h e r m o p h y s i c a l

p r o p e r t i e s  o f  s t r u c t u r a l  c o m p o n e n t s ,  HVAC e q u i p m e n t

c h a r a c t e r i s t i c s  a n d  i n d o o r  e n v i r o n m e n t a l  c o n t r o l  s t r a t e g i e s ,  i n  a 

f o r m a t  t h a t  i s  a c c e p t a b l e  t o  an e n e r g y  s i m u l a t i o n  p r o g r a m .

T h e  t e s t  h o u s e  was  m o d e l l e d  a s  an u n o c c u p i e d  r e s i d e n c e  u s i n g  

t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2 . l A  p r o g r a m .

I n  t h e  i n p u t  d e s c r i p t i o n  o f  t h e  b u i l d i n g ,  c a r e  was  t a k e n  t o  

s p e c i f y  i d e n t i c a l  i n d o o r  c o n d i t i o n s  t o  t h o s e  w h i c h  e x i s t e d  i n  t h e  

u n o c c u p i e d  h o u s e  d u r i n g  t h e  t e s t  p e r i o d .  A c o m p l e t e  l i s t i n g  o f  

t h e  b u i l d i n g  d e s c r i p t i o n  i n p u t  t o  t h e  p r o g r a m  i s  p r o v i d e d  i n

A p p e n d i  x - G . 1 a n d  A p p e n d i x - G . 2 .

T h e  g e o g r a p h i c a l  l o c a t i o n  o f  t h e  t e s t - s i t e  was d e s c r i b e d  by  

e n t e r i n g  t h e  l o n g i t u d e  a n d  l a t i t u d e  f o r  W i n d s o r ,  O n t a r i o .  T h e  

o r i e n t a t i o n  o f  t h e  t e s t  h o u s e  w i t h  r e s p e c t  t o  t h e  t r u e  n o r t h  was  

s p e c i f i e d  by e n t e r i n g  a b u i l d i n g  a z i m u t h  a n g l e  o f  ( - 2 4 )  d e g r e e s .

I n  o r d e r  t o  c o m p l y  w i t h  t h e  i n p u t  r e q u i r e m e n t  o f  t h e  p r o g r a m ,  

a t h r e e  c o o r d i n a t e  s y s t e m  r e p r e s e n t i n g  t h e  X,  Y a n d  t h e  Z a x e s  

was  e s t a b l i s h e d  t o  s e l e c t  a s e t  o f  g e o m e t r i c  p o i n t s  w h i c h  w e r e  

u s e d  t o  d e f i n e  t h e  c o n f i g u r a t i o n  o f  t h e  b u i l d i n g .  An i s o m e t r i c  

v i e w  o f  t h e  t e s t - h o u s e  a l o n g  w i t h  t h e  t h r e e  d i m e n s i o n a l  b u i l d i n g

7 8
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c o o r d i n a t e  s y s t e m  i s  shown i n  F i g u r e  7 . 1  .

7 . 2  THERMAL ZONING OF THE T E ST - HO US E

T h e  t e s t - h o u s e  was  s u b d i v i d e d  i n t o  f o u r  z o n e s  a n d  d e s c r i b e d  

i n  t h e  p r o g r a m  a s  a mu 1 1 i  z o n e  b u i l d i n g  m o d e l .  T h i s  s u b d i v i s i o n  

o f  t h e  t e s t —h o u s e  w a s  n e c e s s a r y  i n  o r d e r  t o  i s o l a t e  t h e  s o u t h e r l y  

o r i e n t e d  s p a c e s  f r o m  t h o s e  w h i c h  w e r e  l e s s  a f f e c t e d  by d i r e c t  

s o l a r  g a i n s .  S c h e m a t i c s  o f  t h e  t h e r m a l  z o n i n g  on t h e  u p p e r  a n d  

l o w e r  f l o o r s  o f  t h e  h o u s e  a r e  shown i n  F i g u r e s  7 . 2  a n d  7 . 3 .

ZONE-1

T h e  l i v i n g  r o o m ,  k i t c h e n  a n d  t h e  v e s t i b u l e  on t h e  u p p e r  f l o o r  

f o r m e d  a d i r e c t  g a i n  p a s s i v e  s o l a r  s y s t e m  d u e  t o  t h e  l a r g e  

g l a z i n g  a r e a  on t h e  s o u t h  w a l l .  T h e s e  r o o m s  w e r e  g r o u p e d  t o g e t h e r  

a n d  e n t e r e d  i n  t h e  p r o g r a m  a s  z o n e - 1  o f  t h e  b u i l d i n g  m o d e l .

Z O N E - 2

T h e  m a s t e r  b e d r o o m  was  l o c a t e d  i n  t h e  n o r t h - w e s t  c o r n e r  o f  

t h e  u p p e r  f l o o r .  Two w i n d o w s  i n  t h i s  b e d r o o m  f a c e d  n o r t h  a n d  o n e  

s m a l l  w i n d o w  w i t h  f r o s t e d  p a n e  f a c e d  w e s t .  I n t e r i o r  p a r t i t i o n s  

s e p a r a t e d  t h i s  r o o m  f r o m  z o n e - 1 .  T h e r e f o r e  t h i s  r o o m  was  n o t  

d i r e c t l y  a f f e c t e d  by s o l a r  g a i n s .  I t  w a s  c o m b i n e d  w i t h  t h e  t w o  

b a t h r o o m s  on t h e  u p p e r  f l o o r  a n d  d e s c r i b e d  i n  t h e  p r o g r a m  

a s  z o n e - 2  o f  t h e  b u i l d i n g  m o d e l .

Z O N E - 3

T h e  t w o  l a r g e  b e d r o o m s  on t h e  l o w e r  f l o o r  h a d  a c o m b i n a t i o n  o f

7 9
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1 0 -6 13-6aC-6'

main^ e n tra n c e  (3 -0 *  7-0')

ZONE-2 
FLOOR AREA = 2 3 0 -0  FT^

f u r n it u r e  w e ig h t  =• 6-0 LBS/FT'
ZONE-1 

FLOOR AREA =  536-0 F r  

f u r n i t u r e  W EIGHT= 0 -0 LBS/FT^

In terio r P artitio n

c a v ity  In s u la t io n

p a tio  door w in d o ww indow

2 4 -0

FIGURE 7-2 floor PLAN OF UPPER LEVEL SHOWING 
DETAILS OF ZONE-1 AND ZONE-2.
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6_6 25.6

S tu d  p o r t io n

ZONE - 4  
FLOOR AREA = 3 2 0  ft^  

F U R N IT U R E  WEIGHT. =  6,0 Ibs/.f.t

M

p a r t i t io n  w all

ZONE -  3 
FLOOR AREA =  56Q_f.L

FURN ITUR E WFIOHT -G .O Ib S /f t^

c a v ity  in s u la tion

p a tio  d o o r patio  d o o r

TfiOA\BE WALL MOCELLED 
AS A Q U IC K  SURFACE

16.08- 0* 8 - 0‘

FIGURE 7:3 FLOOR PLAN OF LOWER LEVEL SHOWING DETAILS 
OF ZONE-3 AND ZONE-4.
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a d i r e c t  a n d  an i n d i r e c t  g a i n  p a s s i v e  s o l a r  s y s t e m  made up  o f  

l a r g e  g l a z i n g  a r e a  i n  t h e  s o u t h  w a l l  w i t h  a 10  i n c h  T r o m b e  w a l l  

l o c a t e d  b e h i n d  a p o r t i o n  o f  t h i s  g l a z i n g .  Due t o  i d e n t i c a l  

c o n s t r u c t i o n a l  f e a t u r e s ,  t h e s e  b e d r o o m s ,  a s m a l l  w a s h r o o m  a n d  a 

p o r t i o n  o f  l o w e r  h a l l w a y  w e r e  g r o u p e d  t o g e t h e r  a n d  d e s c r i b e d  i n  

t h e  p r o g r a m  a s  z o n e - 3  o f  t h e  b u i l d i n g  m o d e l .

Z O N E - 4

T h e  u t i l i t y  r o o m ,  s t o r a g e  a r e a  a n d  t h e  r e m a i n i n g  p o r t i o n  o f  

t h e  l o w e r  h a l l w a y  i n c l u d i n g  t h e  s t a i r c a s e  w e r e  e n t i r e l y  b e l o w  

g r a d e  a n d  l o c a t e d  i n  t h e  n o r t h  p o r t i o n  o f  t h e  l o w e r  f l o o r .  S i n c e  

t h e s e  s p a c e s  w e r e  n o t  a f f e c t e d  by d i r e c t  s o l a r  g a i n s ,  t h e y  w e r e  

c o m b i n e d  t o g e t h e r  a n d  e n t e r e d  i n  t h e  p r o g r a m  a s  z o n e - 4 .

T h e  g e o m e t r i c  c o n f i g u r a t i o n  a n d  s p a c e  c o o r d i n a t e  s y s t e m  o f  

t h e  t h e r m a l  z o n e s  a n d  t h e i r  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  

b u i l d i n g  c o o r d i n a t e  s y s t e m  a r e  shown i n  F i g u r e s  7 . 4 ,  7 . 5 ,  7 . 6  a n d

7 . 7  r e s p e c t i v e l y .

7 . 3  MATE RI ALS  L I BR A R Y

T h e  t h e r m o p h y s i c a l  p r o p e r t i e s  o f  t h e  m a t e r i a l s  u s e d  i n  t h e  

c o n s t r u c t i o n  o f  t h e  t e s t - h o u s e  w e r e  r e q u i r e d  by t h e  p r o g r a m  

t o  c a l c u l a t e  t h e  t h e r m a l  r e s i s t a n c e  o f  e a c h  s t r u c t u r a l  c o m p o n e n t  

a n d  t o  g e n e r a t e  c u s t o m  w e i g h t i n g  f a c t o r s  f o r  e a c h  t h e r m a l  z o n e  

o f  t h e  b u i l d i n g  m o d e l .

I n  o r d e r  t o  c o m p l y  w i t h  t h i s  r e q u i r e m e n t ,  a m a t e r i a l s  l i b r a r y  

was  c r e a t e d  i n  t h e  p r o g r a m  by s p e c i f y i n g  t h e  t h i c k n e s s ,  d e n s i t y ,

8 3
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c o n d u c t i v i t y  a n d  s p e c i f i c  h e a t  o f  a l l  c o n s t r u c t  i o n a l  an d  

i n s u l a t i o n  m a t e r i a l s  u s e d  i n  t h e  f o r m a t i o n  o f  t h e  b u i l d i n g  

e n v e l o p e .  T h e  t h e r m o p h y s i c a l  p r o p e r t i e s  o f  t h e s e  m a t e r i a l s  w e r e  

e x t r a c t e d  f r o m  t h e  ASHRAE’ s 1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s .  E a c h  

m a t e r i a l ,  s p e c i f i e d  i n  t h e  m a t e r i a l s  l i b r a r y ,  was  d e s i g n a t e d  w i t h  

a c o d e  name f o r  e a s y  i d e n t i f i c a t i o n  a t  a l a t e r  s t a g e .  T h e  

m a t e r i a l s  l i b r a r y  c r e a t e d  i n  t h e  D O E - 2  p r o g r a m  i s  shown i n  T a b l e  

7 . 1 .

7 . 4  MODELLING OF THE B U I L D I N G ’ S STRUCTURAL MEMBERS

A l l  s t r u c t u r a l  m e m b e r s  i n c l u d i n g  w a l l s ,  r o o f s ,  c e i l i n g s  a n d  

f l o o r s  f o r m i n g  t h e  e x t e r i o r  e n v e l o p e  o f  t h e  t e s t - h o u s e  w e r e  

d e s c r i b e d  i n t o  t h e  p r o g r a m  a s  a s e r i e s  o f  r e c t a n g l e s .  E a c h  o f  

t h e s e  r e c t a n g l e s  r e p r e s e n t i n g  a s p e c i f i c  w a l l  o r  a r o o f  was  

p r o p e r l y  o r i e n t e d  w i t h  r e s p e c t  t o  t h e  b u i l d i n g ’ s  c o o r d i n a t e  

s y s t e m .  T h e  c o n s t r u c t i o n  o f  e a c h  s t r u c t u r a l  member  was  d e s c r i b e d  

by i d e n t i f y i n g ,  f r o m  t h e  o u t e r  -  m o s t  t o  t h e  i n n e r  m o s t  s u r f a c e ,  

t h e  c o d e  name f o r  e a c h  c o m p o n e n t  l a y e r  o f  m a t e r i a l  u s e d  i n  t h e  

f o r m a t i o n  o f  a p a r t i c u l a r  w a l l  o r  r o o f .

A l l  e x t e r i o r  w a l l s ,  i n t e r i o r  p a r t i t i o n s ,  u n d e r g r o u n d  w a l l s ,  

r o o f s  a n d  f l o o r  f o r m i n g  t h e  b u i l d i n g  e n v e l o p e  a n d  p a r t i t i o n s  

b e t w e e n  v a r i o u s  t h e r m a l  z o n e s  w e r e  m o d e l l e d  a s  d e l a y e d  s u r f a c e s .  

T h e  c a v i t y  i n s u l a t i o n  a n d  t h e  s t u d / j o i s t  p o r t i o n  o f  t h e  

e x t e r i o r / u n d e r g r o u n d  w a l l s  a n d  r o o f s  w e r e  p h y s i c a l l y  s e p a r a t e d  

f o r  b e t t e r  a p p r o x i m a t i o n  o f  t h e  h e a t  t r a n s f e r  t h r o u g h  t h e  

b u i l d i n g  e n v e l o p e .  T h e  s t u d  a n d  c a v i t y  i n s u l a t i o n  o f  t h e  w a l l s

SB
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TABLE 7*1

THE MATERIALS LIBRARY

MATERIAL THICKNESS

FEET

CONDUCTIVITY

BTU/HR.FT.F

DENSITY

LBS/FT^

SPECIFIC
HEAT

3TU/LB.F

RESISTANCE
2

HR.FT.F/BTU
2x4 STUD 0.2917 0.0677 32.0 0.33 -

1 0.5 INCH DRYUALL 0.0417 0.0925 50.0 0.26
; VAPOR BARRIER 0.0003 0.1100 70.0 0.40 -
! FIBRE GLASS

INSULATION ( R 12 ) 0.2917 0.0238 0.6 0.20
styrofoam BOARD 0.1250 0.0133 1.5 0.29 -

4 INCH PACE BRICK 0.3333 0.7500 130.3 3.22
10 INCH CONCRETE BLOCK 0.8333 0.7800 36.0 0.21 :
2x6 CEILING JOIST 0.5000 0.0667 32,0 3.33 -

110 LBS SHINGLES 0.0203 0.0473 70.0 0.30 —

ASPEN HE 0.0420 0.0667 32,0 3.33 -
ATTIC AIR SPACE - - - - 3.1
FIBRE GLASS 
INSULATION ( R 42 ) 1.0000 0.0233 0.6 3.23 _

FIBRE GLASS 
INSULATION ( R 21 ) 0.5000 0.0239 0.6 3.23 .  !
2x8 CEILING JOISTS 0.7000 0.0667 32.0 3.33
PLYWOOD 0.0417 0.0667 34.0 0.29 -
EUILTUP ROOFING 0.0310 0.0046 70.0 0.35 -

CEDER DECKING 0.1700 O.Oo70 32.0 3.33 -

FIBRE GLASS 
INSULATION < R 30 ) 0.6700 0.0238 0.6 0.20
3.5 INCH AIR SPACE - - - - G.93
3 INCH AIR SPACE - - - - l.Ol
PLYWOOD 0.0834 0.06o7 34.0 0.29 -
CARPET PAD 0.0625 0.0756 82.0 3.315 -
4 INCH CONCRETE 0.3333 0.7576 140.0 0.200 -
POLYSTYRINE 0.1670 0.0167 2.2 0.290 -
6 INCH CONCRETE BLOCK 0.5000 0.7800 38.0 0.200 -
WOOD SIDING 0.0830 0.0667 ■ 32.0 0.330 -
FALSE RESISTANCE - - - - 5.0
FALSE RESISTANCE - - jO.3
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w e r e  p r o p e r t i o n e d  a s  2 0  a n d  8 0  p e r c e n t ,  r e s p e c t  i v e l y ,  a c c o r d i n g  

t o  t h e  c o n s t r u c t i o n a l  d e t a i l s .  S i m i l a r l y ,  t h e  c e i l i n g  j o i s t  a nd  

c a v i t y  i n s u l a t i o n  w e r e  a l s o  p h y s i c a l l y  s e p a r a t e d  i n  p r o p o r t i o n  o f  

10  a n d  9 0  p e r c e n t  o f  t h e  t o t a l  s u r f a c e  a r e a  a c c o r d i n g  t o  t h e  

c o n s t r u c t i o n a l  d e t a i l s .  T h e  D O E - 2  p r o g r a m  u s e s  s o l - a i r  

t e m p e r a t u r e s  t o  c a l c u l a t e  c o n d u c t i o n  l o s s e s  t h r o u g h  e x t e r i o r  

s u r f a c e s .  T h e r e f o r e ,  a p p r o p r i a t e  a b s o r p t a n c e  v a l u e s  w e r e  o b t a i n e d  

f r o m  t h e  D O E - 2  m a n u a l s  ( 2 2 )  a n d  a s s i g n e d  t o  t h e  e x t e r i o r  w a l l s  

a n d  r o o f s .

T h e  e x t e n d e d  o v e r h a n g s  on t h e  s o u t h e r n  g l a z i n g s  o f  t h e  u p p e r  

a n d  l o w e r  l e v e l s  w e r e  a c c u r a t e l y  m o d e l l e d  a s  r e c t a n g u l a r  

s u r f a c e s ,  p r o p e r l y  o r i e n t e d  w i t h  r e s p e c t  t o  t h e  b u i l d i n g  

c o o r d i n a t e  s y s t e m .

7 . 5  MODELLING OF THE TROMBE WALL

I n  t h e  c u r r e n t  v e r s i o n ,  t h e  D O E - 2  p r o g r a m  i s  i n c a p a b l e  o f  

s i m u l a t i n g  t h e  p e r f o r m n c e  o f  an  i n d i r e c t  g a i n  p a s s i v e  s o l a r  

s y s t e m .  T h i s  i m p o s e d  a l i m i t a t i o n  on t h e  u s e  o f  t h e  p r o g r a m  t o  

m o d e l  z o n e —3 w h i c h  h a d  a 10 i n c h  c o n c r e t e  T r o m b e  w a l l .  H o w e v e r ,  

t o  c o m p l e t e  t h e  b u i l d i n g  d e s c r i p t i o n ,  t h e  T r o m b e  w a l l  a n d  i t s  

g l a z i n n g  w e r e  c o m b i n e d  a n d  m o d e l l e d  a s  a  q u i c k  s u r f a c e  ( a 

s u r f a c e  w h i c h  d o e s  n o t  h a v e  t h e  a b i l i t y  t o  s t o r e  h e a t  ) .  T h e  

t h e r m a l  m ass  o f  t h e  T r o m b e  w a l l  w a s ,  h o w e v e r ,  i n c l u d e d  i n  t h e  

f u r n i t u r e  w e i g h t  o f  z o n e - 3 .

7 . 6  MODELLI NG OF THE WINDOWS AND THE DOORS

T h r o u g h o u t  t h e  e x p e r i m e n t a l  m o n i t o r i n g  o f  t h e  t e s t - h o u s e ,  t h e

9 0
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i n s u l a t i n g  s h u t t e r s  on t h e  s o u t h e r n  g l a z i n g s ,  T r o m b e  w a l l  a n d  a 

s m a l l  w i n d o w  i n  t h e  e a s t e r n  w a l l  o f  z o n e - 1  w e r e  l e f t  o p e n  i n  

o r d e r  t o  u t i l i z e  t h e  s o l a r  e n e r g y  f o r  s p a c e  h e a t i n g .  F o u r  s m a l l

w i n d o w s  l o c a t e d  i n  t h e  n o r t h e r n  w a l l s  o f  t h e  u p p e r  f l o o r  r e m a i n e d

c o v e r e d  w i t h  i n s u l a t i n g  s h u t t e r s  f o r  e n e r g y  c o n s e r v a t i o n  a n d  t o

m e e t  t h e  s e c u r i t y  r e q u i r e m e n t s  o f  t h e  h o u s e .

I n  p r e p a r i n g  an i n p u t  f o r  t h e  p r o g r a m ,  a l l  w i n d o w s  a n d  p a t i o  

d o o r s  w e r e  m o d e l l e d  a s  d o u b l e  g l a z e d  w i n d o w s  w i t h  2 0  p e r c e n t  wood  

f r a m i n g .  A f r o s t e d  w i n d o w  l o c a t e d  i n  t h e  w e s t e r n  w a l l  o f  z o n e - 2  

was m o d e l l e d  a s  a s i n g l e  g l a z e d  w i n d o w  w i t h  2 0  p e r c e n t  wooden  

f r a m i n g .  I n  t h e  m o d e l l i n g  o f  t h e s e  w i n d o w s ,  c a r e  was  t a k e n  t o  

s p e c i f y  t h e i r  e x a c t  l o c a t i o n  i n  t h e  r e s p e c t i v e  w a l l s  by  

a s s i g n i n g  p r o p e r  s u r f a c e  c o o r d i n a t e s  a n d  a p p r o p r i a t e  w i n d o w  s e t  

b a c k s .

T h e  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  t h e  d o u b l e  a n d  s i n g l e
2

g l a z e d  w i n d o w s  w e r e  s e l e c t e d  a s  0 . 5 8  a n d  1 . 1 0  B t u / H r . F t . F f r o m

T a b l e  8 —A i n  t h e  ASHRAE 1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s .

A d j u s t m e n t  f a c t o r s  o f  0 . 9 5  a n d  0 . 9  w e r e  s e l e c t e d  f r o m  t h e  same

t a b l e  t o  m o d i f y  t h e  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  o p a c i t y  o f

woo de n  f r a m i n g .  T h e  a d j u s t e d  v a l u e s  o f  t h e  h e a t  t r a n s m i s s i o n

c o e f f i c i e n t  f o r  t h e  t w o  t y p e s  o f  w i n d o w s  w e r e  0 . 5 5  a n d  0 . 9 9  
2

B t u  /  H r .  F t .  F , r e s p e c t i v e l y .

I n  a d d i t i o n  t o  t h e  c o r r e c t i o n  made f o r  t h e  wooden  f r a m i n g ,  

t h e  f o u r  s m a l l  w i n d o w s  l o c a t e d  i n  t h e  n o r t h  w a l l  o f  t h e  u p p e r  

f l o o r  w e r e  a l s o  m o d i f i e d  t o  a c c o u n t  f o r  t h e  t h e r m a l  r e s i s t a n c e  o f  

t h e  i n s u l a t i n g  s h u t t e r s .  T h e  m o d i f i e d  o v e r a l l  h e a t  t r a n s m i s s i o n
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c o e f f i c i e n t  o f  t h e s e  w i n d o w s  was  0 . 1 9  B t u / H r . F t . F-.

T h e  D O E - 2  p r o g r a m  c a l c u l a t e s  h o u r l y  v a l u e s  o f  o u t d o o r  a i r  f i l m  

r e s i s t a n c e  f o r  t h e  e x t e r i o r  w a l l s  a n d  w i n d o w s .  To  be  c o n s i s t e n t  

w i t h  t h e  D O E - 2 ’ s  i n p u t  r e q u i r e m e n t ,  t h e  m o d i f i e d  h e a t  

t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  a l l  w i n d o w s  a n d  p a t i o  d o o r s  w e r e  

c o n v e r t e d  i n t o  e q u i v a l e n t  g l a s s  c o n d u c t a n c e  b e f o r e  b e i n g  e n t e r e d  

i n t o  t h e  p r o g r a m .

T h e  f o l l o w i n g  e q u a t i o n  s p e c i f i e d ,  i n  t h e  D O E - 2  r e f e r e n c e  

m a n u a l  ( 2 2 ) ,  w a s  u s e d  t o  c a l c u l a t e  t h e  g l a s s  c o n d u c t a n c e .

- 1
GC = ( 1 /  U -  R f i l m  ) ( 7 . 1 )

2
R f i l m  = 1 /  ( - 0 . 0 0 1 6 6 1  X V + 0 . 3 0 2  x  V + 1 . 4 5  ) ( 7 . 2  )

2
W h e r e  GC i s  g l a s s  c o n d u c t a n c e  B t u / H r . F t . F ,  U i s  m o d i f i e d  h e a t

2
t r a n s m i s s i o n  c o e f f i c i e n t  B t u / H r . F t . F a n d  V i s  t h e  d e s i g n  o u t d o o r  

w i n d  s p e e d  i n  K n o t s .  T h e  g l a s s  c o n d u c t a n c e s ,  f o r  v a r i o u s  

w i n d o w s  a n d  p a t i o  d o o r s  o f  t h e  t e s t  h o u s e ,  c a l c u l a t e d  a c c o r d i n g  

t o  e q u a t i o n  7 . 1  a r e  l i s t e d  i n  T a b l e  7 . 2 .

A s h a d i n g  c o e f f i c i e n t  o f  0 . 8 1  was  s e l e c t e d  f r o m  T a b l e  2 8 - B  

i n  t h e  ASHRAE 1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s  f o r  d o u b l e  g l a z e d  

w i n d o w s  a n d  p a t i o  d o o r s .  I t  was  m o d i f i e d  t o  0 . 6 5  by a p p l y i n g  a  

c o r r e c t i o n  f a c t o r  o f  0 . 8  i n  o r d e r  t o  a c c o u n t  f o r  t h e  o p a c i t y  o f

t h e  w i n d o w s  a n d  p a t i o  d o o r s  f r a m i n g .  T h e  s h a d i n g  c o e f f i c i e n t  o f

f o u r  s m a l l  w i n d o w s  t h a t  w e r e  c o v e r e d  w i t h  t h e  i n s u l a t i n g  s h u t t e r s  

w a s  a d j u s t e d  t o  z e r o .  T h e  s h a d i n g  c o e f f i c i e n t  o f  t h e  s i n g l e

g l a z e d  f r o s t e d  w i n d o w  w a s  s e l e c t e d  a s  0 . 6 7  f r o m  T a b l e  2 8 - A  o f  t h e

ASHRAE 1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s .  I t  was  a d j u s t e d  t o  0 . 5 4  by
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TABLE 7 . 2  

PROPERTIES OF WINDOW GLASSES

D e s c r i  p t  i o n
Nu mb er  o f  

P a n e s
S h a d i n g  
C o e f f  i  c i e n t

G l a s s  
C o n d u c t a n c e  
B t u / H r .  P f .  F *

W i n d o w s  a n d  P a t i o  D o o r s  
w i t h o u t  I n s u l a t i n g  
S h u t t e r s .

2 0 . 6 5 0 . 6 2 0

W i n d o w s  w i t h  I n s u l a t i n g  
S h u t  t e r s . 2 0 . 0 0 0 . 2 1 7

F r o s t e d  Window 1 0 . 5 4 1 . 2 3 0
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a p p l y i n g  a  c o r r e c t i o n  f a c t o r  o f  0 . 8  . T h e  m od i  f  i  e d  s h a d i n g

c o e f f i c i e n t s  o f  a l l  t h e  w i n d o w s  a r e  a l s o  l i s t e d  i n  T a b l e  7 . 2  .

T h e  m a i n  e n t r a n c e  d o o r  o f  t h e  t e s t —h o u s e  was  m o d e l l e d  a s  a 

q u i c k  s u r f a c e .  T h e  e q u i v a l e n t  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t  o f  

t h i s  d o o r  was s e l e c t e d  a s  0 . 4 9  B t u / H r . F t . F f r o m  T a b l e  9 ,  C h a p t e r  

2 2  i n  t h e  ASHRAE 1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s .

7 . 7  MODELLING OF THE F U R N I T U R E

T h e  m o d e l l i n g  o f  f u r n i t u r e  a n d  i t s  . p r o p e r  d i s t r i b u t i o n  

w i t h i n  a s p a c e  i s  i m p o r t a n t  f o r  t h e  a c c u r a t e  c a l c u l a t i o n  o f  t h e  

c u s t o m  w e i g h t i n g  f a c t o r s .  I n  t h e  D O E - 2 . l A  p r o g r a m ,  t h e

f u r n i t u r e  i s  a s s u m e d  t o  be  c o m p o s e d  o f  a  s l a b  o f  m a t e r i a l  

w i t h  s p e c i f i e d  p r o p e r t i e s .  Two f u r n i t u r e  t y p e s  a r e  

a v a i l a b l e  i n  t h e  D O E - 2  p r o g r a m .  T h e s e  i n c l u d e  l i g h t  w e i g h t  

f u r n i t u r e  c o m p o s e d  o f  a 2  i n c h  s l a b  o f  4 0  l b s /  c u . f t . ,  

d e n s i t y ,  a n d  h e a v y  f u r n i t u r e  c o m p o s e d  o f  a 3 i n c h  s l a b  o f  8 0  

1 b s / c u . f t . ,  d e n s i t y .  T h e  t o t a l  q u a n t i t y  o f  f u r n i t u r e  i s

s p e c i f i e d  a s  t h e  m a s s  o f  f u r n i t u r e  p e r  u n i t  f l o o r  a r e a ,  

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

a m o u n t  o f  r a d i a n t  e n e r g y  i n c i d e n t  on t h e  f u r n i t u r e  i s  d e t e r m i n e d  

f r o m  t h e  f r a c t i o n  o f  f l o o r  a r e a  c o v e r e d  w i t h  t h e  f u r n i t u r e .

T h e  f u r n i t u r e  i n  z o n e —1 c o n s i s t e d  o f  s t a n d a r d  i t e m s  t h a t  a r e  

n o r m a l l y  p r e s e n t  i n  t h e  k i t c h e n  a n d  l i v i n g  r o o m  o f  an  o r d i n a r y  

s i n g l e  f a m i l y  r e s i d e n c e .  One e x c e p t i o n  t o  t h a t  was  a l a r g e  

f i r e p l a c e  l o c a t e d  i n  t h e  l i v i n g  r o o m .  T h e  w e i g h t  o f  t h e  i n t e r i o r  

f u r n i s h i n g s ,  f i r e p l a c e  a n d  i n t e r i o r  w a l l s  s e p a r a t i n g  t h e

9 4
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v e s t i b u l e  f r o m  t h e  l i v i n g  r oo m w e r e  a p p r o x  i m a t e d  a n d  e n t e r e d  i n t o  

t h e  p r o g r a m  a s  6 . 0  l b s / s q . f t . ,  o f  f l o o r  a r e a ,  l i g h t  w e i g h t  

f u r n i t u r e  d i s t r i b u t e d  o v e r  5 0  p e r c e n t  o f  t h e  f l o o r  a r e a .

T h e  w e i g h t  o f  t h e  f u r n i t u r e  i n  z o n e - 2 ,  w h i c h  i n c l u d e d

t h e  p a r t i t i o n  w a l l s  s e p a r a t i n g  t h e  m a s t e r  b e d r o o m  f r o m  t h e  t w o

b a t h r o o m s ,  was  a l s o  a p p r o x i m a t e d  a s  6 . 0  l b s / s q . f t . ,  o f  f l o o r

a r e a ,  l i g h t  w e i g h t  f u r n i t u r e  d i s t r i b u t e d  o v e r  5 0  p e r c e n t  o f  t h e  

f l o o r  a r e a .

D u r i n g  t h e  t e s t - p e r i o d ,  o n e  o f  t h e  b e d r o o m s  i n  z o n e - 3

c o n t a i n e d  l i g h t  d o m e s t i c  f u r n i s h i n g s ,  w h e r e a s  t h e  o t h e r  r o o m  was  

a l m o s t  e m p t y .  T h e  t w o  r o o m s ,  h o w e v e r ,  s h a r e d  a m a s s i v e  c o n c r e t e  

T r o m b e  w a l l  a n d  an i n t e r i o r  p a r t i t i o n  w a l l  w h i c h  r e p r e s e n t e d  a 

c o n s i d e r a b l e  a m o u n t  o f  t h e r m a l  m a s s .  T h e  w e i g h t  o f  f u r n i t u r e  

w h i c h  i n c l u d e d  t h e  T r o m b e  w a l l  a n d  t h e  i n t e r i o r  p a r t i t i o n  w a l l s  

was e s t i m a t e d  a n d  s p e c i f i e d  i n t o  t h e  p r o g r a m  a s  6 . 0  l b s / s q . f t . ,  

o f  f l o o r  a r e a ,  l i g h t  t y p e  f u r n i t u r e  d i s t r i b u t e d  o v e r  5 0  p e r c e n t  

o f  t h e  f l o o r  a r e a .

T h e  t h e r m a l  mass  i n  z o n e - 4  m a i n l y  c o n s i s t e d  o f  a  p a r t i t i o n

w a l l ,  s t a i r c a s e ,  w a s h e r ,  d r y e r  a n d  h o t  w a t e r  t a n k  e t c .  T h e

w e i g h t  o f  a l l  t h e s e  i t e m s  was  a l s o  a p p r o x i m a t e d  a s  6 . 0

l b s / s q . f t . ,  o f  f l o o r  a r e a  , l i g h t  w e i g h t  f u r n i t u r e  d i s t r i b u t e d

o v e r  5 0  p e r c e n t  o f  t h e  f l o o r  a r e a .

7 . 8  I NTERNAL HEAT G A I N S

T h r o u g h o u t  t h e  e x p e r i m e n t a l  m o n i t o r i n g  o f  t h e  t e s t - h o u s e ,  

t h e r e  w a s  a c o n t i n u o u s  h e a t  d i s s i p a t i o n  f r o m  t h e  d a t a  a c q u i s i t i o n

9 5
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s y s t e m  a n d  a r e f r i g e r a t o r  u n i t  l o c a t e d  i n  t h e  l i v i n g  r o o m  a n d  

t h e  k i t c h e n  a r e a s .  I n t e r n a l  h e a t  g a i n s  i n  z o n e - 1  r e s u l t i n g  f r o m  

t h e s e  s o u r c e s  w e r e  r e q u i r e d  t o  be  p r o p e r l y  m o d e l l e d  i n  o r d e r  t o  

o b t a i n  a  r e l i a b l e  s i m u l a t i o n  o f  t h i s  s p a c e .  H e a t  d i s s i p a t i o n  

f r o m  t h e  d a t a  a c q u i s i t i o n  s y s t e m ,  w h i c h  c o n s i s t e d  o f  a d a t a  

l o g g e r  a n d  a  m i c r o c o m p u t e r  was  m e a s u r e d  a n d  f o u n d  t o ,  be  0 . 1  kW.  

H e a t  d i s s i p a t i o n  f r o m  t h e  r e f r i g e r a t o r  u n i t  was  o b t a i n e d  a s  0 . 1 4  

KW by r e f e r r i n g  t o  t h e  e n e r g y  c o n s u m p t i o n  d a t a  f o r  v a r i o u s  

h o u s e h o l d  a p p l i a n c e s  p u b l i s h e d  by O n t a r i o  H y d r o  ( 2 7 )  . T h e

sum t o t a l  o f  0 . 2 5  KW h e a t  d i s s i p a t e d  by t h e s e  d e v i c e s  was  

s c h e d u l e d  i n  t h e  D O E - 2  p r o g r a m  a s  a c o n t i n u o u s  s o u r c e  o f  h o u r l y  

i n t e r n a l  h e a t  g a i n  i n  z o n e - 1 .

7 . 9  I N F I L T R A T I O N

I n f i l t r a t i o n  i s  t h e  n a t u r a l  l e a k a g e  o f  o u t s i d e  a i r  i n t o  a 

b u i l d i n g  t h r o u g h  t h e  c r a c k s  a n d  c r e v i c e s  l o c a t e d  a c r o s s  t h e

b u i l d i n g  e n v e l o p e .  I t  i s  c a u s e d  by a p r e s s u r e  d i f f e r e n t i a l  

a c r o s s  t h e  b u i l d i n g  e n v e l o p e  d ue  t o  t h e  c o m b i n e d

a c t i o n  o f  t h e  w i n d  a n d  i n d o o r - o u t d o o r  t e m p e r a t u r e

d i f f e r e n c e s .  T h e  d i r e c t i o n a l  n a t u r e  o f  i n f i l t r a t i o n  i s

c o n s i d e r e d  t o  be  i m p o r t a n t  i f  t h e  b u i l d i n g  i s  n o t  a d e q u a t e l y

s h i e l d e d  a g a i n s t  t h e  e f f e c t s  o f  s t r o n g  w i n d s  a n d  t h e  l e a k a g e

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

T h e  a c c u r a c y  o f  s i m u l a t e d  r e s u l t s  l a r g e l y  d e p e n d s  u po n  t h e

e x t e n t  t o  w h i c h  a s i m u l a t i o n  p r o g r a m  i s  c a p a b l e  o f  m o d e l l i n g  t h e  

i n f i l t r a t i o n  l o s s e s  f r o m  a h e a t e d  b u i l d i n g .  S e v e r a l  m e t h o d s  h a v e  

b e e n  d e v e l o p e d  a n d  i n c o r p o r a t e d  i n t o  d i f f e r e n t  c o m p u t e r  p r o g r a m s

9 6
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t o  a p p r o x i m a t e  t h e  i n f i l t r a t i o n  i n  v a r i o u s  t y p e s  o f  b u i l d i n g s .

T h e  D O E - 2 . l A  p r o g r a m  s i m u l a t e s  t h e  i n f i l t r a t i o n  i n t o  

r e s i d e n t i a l  b u i l d i n g s  by o n e  o f  t h e  f o l l o w i n g  t h r e e  m e t h o d s  :

1.  T h e  A i r  C h a n g e  M e t h o d .

2 .  T h e  R e s i d e n t i a l  M e t h o d .

3 .  T h e  C r a c k  L e n g t h  M e t h o d .

T h e  a i r  c h a n g e  m e t h o d  m o d e l s  i n f i l t r a t i o n  a s  a l i n e a r  

f u n c t i o n  o f  w i n d  s p e e d .  T h e  a i r  c h a n g e  p e r  h o u r  d ue  t o  

i n f i l t r a t i o n  i s  s p e c i f i e d  f o r  a w i n d  s p e e d  o f  10 m i l e s  p e r  h o u r  

w h i c h  v a r i e s  i n  p r o p o r t i o n  t o  t h e  w i n d  s p e e d  w i t h  r e s p e c t  t o  t h i s  

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

t a k e n  i n t o  a c c o u n t  i n  t h i s  m e t h o d .

T h e  r e s i d e n t i a l  m e t h o d  o f  p r e d i c t i n g  t h e  i n f i l t r a t i o n  i s  

b a s i c a l l y  a m u l t i p l e  r e g r e s s i o n  m o d e l  t h a t  i s  l i n e a r  i n  t h e  

w i n d  s p e e d  a n d  t h e  t e m p e r a t u r e  t e r m s .  T h e  g e n e r a l  f o r m  o f  t h i s  

m o d e l  i s  a s  f o l l o w s :

I  = K1 + K2 X V + K3 X DELT ( 7 . 3  )

W h e r e  V i s  t h e  w i n d  s p e e d  i n  K n o t s ,  DELT i s  t h e  a b s o l u t e  v a l u e  o f  

t h e  i n d o o r - o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e ,  a n d  K 1 , K 2  a n d  K3 a r e  

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

T h e  v a l u e s  o f  t h e s e  r e g r e s s i o n  c o n s t a n t s  d e p e n d  u po n  t h e  

l e a k a g e  c h a r a c t e r i s t i c s  o f  t h e  b u i l d i n g .  I n  t h e  a b s e n c e

o f  w i n d  a n d  i n d o o r  -  o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e ,  t h e

c o e f f i c i e n t  K1 r e p r e s e n t s  a c o n s t a n t  a i r  c h a n g e  w h i c h  i s
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a t t r i b u t e d  t o  t h e  o c c u p a n t  l i f e  s t y l e  s u c h  a s  o p e n i n g  a n d  c l o s i n g  

o f  t h e  d o o r s  /  w i n d o w s ,  t u r n i n g  on e x h a u s t  f a n s  a n d  o t h e r  

s i m i l a r  a c t i v i t i e s .

I n  t h e  1 98 1  H a n d b o o k  o f  F u n d a m e n t a l s  ( 2 9 ) ,  ASHRAE h a s  

s p e c i f i e d  t y p i c a l  v a l u e s  o f  r e g r e s s i o n  c o e f f i c i e n t s  f o r

t h r e e  t y p e s  o f  r e s i d e n t i a l  c o n s t r u c t i o n s .  T h e s e  i n c l u d e  a t i g h t ,  

m ed i um  a n d  a l o o s e  c o n s t r u c t i o n .  T y p i c a l  r e g r e s s i o n  c o e f f i c i e n t s  

a n d  t h e i r  a p p l i c a b i 1 i t y  t o  d i f f e r e n t  c l a s s e s  o f  r e s i d e n t i a l  

c o n s t r u c t i o n s  a r e  l i s t e d  i n  T a b l e  7 . 3 .

T h e s e  r e g r e s s i o n  c o e f f i c i e n t s  w e r e  u s e d  i n  t h e  r e s i d e n t i a l  

i n f i l t r a t i o n  m o d e l  t o  d e t e r m i n e  t h e  i n f i l t r a t i o n  r a t e  f o r  t h r e e  

c a t e g o r i e s  o f  r e s i d e n t i a l  b u i l d i n g s .  B a s e d  on an a v e r a g e  

o u t d o o r  w e a t h e r  c o n d i t i o n  o f  10  m i l e s  p e r  h o u r  w i n d  s p e e d  a n d  an  

i n d o o i — o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e  o f  3 5  d e g r e e s  F , a s

e x i s t e d  a t  t h e  s i t e  d u r i n g  t h e  t e s t  p e r i o d ,  t h e s e  r e g r e s s i o n  

c o e f f i c i e n t s  p r o d u c e d  an i n f i l t r a t i o n  r a t e  o f  0 . 5 ,  0 . 7  a n d  0 . 9

a i r  c h a n g e s  p e r  h o u r  f o r  t h e  t i g h t ,  m e d i u m a n d  l o o s e  c l a s s e s  o f  

r e s i d e n t i a l  c o n s t r u c t i o n s .  T h e s e  i n f i l t r a t i o n  r a t e s  seem t o  be  

r e a s o n a b l e  a s  t h e y  w e r e  c o m p a r a b l e  w i t h  t h e  i n f i l t r a t i o n  r a t e s  o f  

0 . 4  a n d  0 . 6  a i r  c h a n g e  p e r  h o u r  f o r  t i g h t  a n d  med i um

c o n s t r u c t i o n s ,  a s  p r e d i c t e d  by t h e  A c h e n b a c h - G o b i e n t z  e q u a t i o n

a n d  u s e d  t o  e s t a b l i s h  t h e  B u i l d i n g  E n e r g y  P e r f o r m a n c e  S t a n d a r d s  

f o r  r e s i d e n c e s  ( 1 7 ) .

T h e  c r a c k  l e n g t h  m e t h o d  m o d e l s  i n f i l t r a t i o n  by t a k i n g  i n t o  

a c c o u n t  t h e  l e a k a g e  c h a r a c t e r i s t i c s  o f  t h e  s t r u c t u r a l  c o m p o n e n t s ,  

n e u t r a l  p r e s s u r e  l e v e l ,  a n d  t h e  p r e s s u r e  d i f f e r e n c e  c a u s e d

9 8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 7 . 3

REGRESSION C O E F F I C I E N T S  FOR THE R E S I D E N T I A L  I N F I L T R A T I O N  MODEL

T y p e  O f  
C o n s t r u c t  i o n K1 K2 K3 B u i l d i n g  D e s c r i p t i o n

T i g h t 0 .  1 0 . 0 1 7 5 0 . 0 0 6 1 1 New b u i l d i n g s  w i t h  
s p e c i a l  p r e c a u t i o n s  t o  
p r e v e n t  i n f i l t r a t i o n .

M e d i u m 0 .  1 0 . 0 2 5 2 0 . 0 0 9 4 4
B u i l d i n g s  c o n s t r u c t e d  
u s i n g  c o n v e n t i o n a l  
p r o c e d u r e s .

L o o s e 0 .  1 0 . 0 3 4 5 0 . 0 1 2 7 8 E v i d e n c e  o f  p o o r  
c o n s t r u c t  i o n .
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a c r o s s  t h e  b u i l d i n g  e n v e l o p e  d ue  t o  w i n d  v e l o c i t y  a n d  s t a c k  

e f f e c t .

F o r  e a c h  e x t e r i o r  w a l l ,  w i n d o w  a n d  a d o o r , t h e  p r e s s u r e  du e  t o  

w i n d  i s  c a l c u l a t e d  a s  f o l l o w s :

2
PTWV = 0 . 0 0 0 6 3 8  X WNDSPD x COS( D I R  ) ( 7 . 4 )

w h e r e  PTWV i s  t h e  v e l o c i t y  p r e s s u r e  i n  i n c h e s  o f  w a t e r ,  WNDSPD i s  

t h e  w i n d  s p e e d  i n  K n o t s  a n d  D I R  i s  t h e  a n g l e  b e t w e e n  t h e  s u r f a c e  

o u t w a r d  n o r m a l  a n d  t h e  w i n d  d i r e c t i o n .  I f  D I R  i s  g r e a t e r  t h a n  o r  

e q u a l  t o  9 0  d e g r e e s ,  t h e n  t h e  v e l o c i t y  p r e s s u r e  f o r  t h a t  s u r f a c e  

i s  s e t  e q u a l  t o  z e r o .

F o r  e a c h  s p a c e  t h e  p r e s s u r e  due  t o  s t a c k  e f f e c t  i s  c a l c u l a t e d  

a s  f o l l o w s :

PSE = 0 . 2 5 5  X PATM x j ------------------------   i  x ( ZHT ) ( 7 . 5  )
( T o  T i  )

w h e r e  PATM i s  a t m o s p h e r i c  p r e s s u r e  i n  i n c h e s  o f  Hg ,  To a n d  T i  a r e  

t h e  o u t d o o r  a n d  t h e  i n d o o r  t e m p e r a t u r e s  i n  d e g r e e s  R, a n d  ZHT i s  

t h e  d i s t a n c e  i n  f e e t  f r o m  t h e  z o n e  m i d  h e i g h t  t o  t h e  n e u t r a l  

p r e s s u r e  l e v e l . T h e  v a l u e  f o r  ZHT i s  n e g a t i v e  f o r  s p a c e s  t h a t  

a r e  a b o v e  t h e  n e u t r a l  p r e s s u r e  l e v e l .

T h e  t o t a l  p r e s s u r e  c a u s e d  by t h e  w i n d  a n d  t h e  s t a c k  e f f e c t s  i s  

c a l c u l a t e d  by summi ng  up  t h e  t w o  p r e s s u r e s .

PT = PTWV + PSE ( 7 . 6  )

I n f i l t r a t i o n  t h r o u g h  an e x t e r i o r  s u r f a c e  i s  c a l c u l a t e d  

a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n :
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n
CFM = C X  ( PT ) X A ( 7 . 7  )

w h e r e  C i s  t h e  i n f i l t r a t i o n  c o e f f i c i e n t ,  PT i s  t h e  t o t a l  

p r e s s u r e  i n  i n c h e s  o f  w a t e r ,  n i s  t h e  f l o w  e x p o n e n t  a n d  A i s  t h e  

a r e a  o f  t h e  e x t e r i o r  s u r f a c e  i n  s q . f t .  T h e  i n f i l t r a t i o n

c o e f f i c i e n t  C i s  r e q u i r e d  t o  be  s p e c i f i e d  a s  a i r  l e a k a g e  i n  CFM 

a t  a u n i t  p r e s s u r e  d i f f e r e n c e  p e r  s q u a r e  f o o t  f o r  a d e l a y e d  w a l l  

c o n s t r u c t i o n .  H o w e v e r , f o r  a q u i c k  s u r f a c e  s u c h  a s  w i n d o w s ,  

d o o r s  a n d  l i g h t  w a l l s  w i t h  n e g l i g i b l e  m a s s ,  t h e  i n f i l t r a t i o n  

c o e f f i c i e n t  i s  r e q u i r e d  t o  be  s p e c i f i e d  a s  l e a k a g e  i n  CFM p e r  

l i n e a r  f o o t  o f  t h e  p e r i m e t e r .  I t  i s  f o r  t h i s  r e a s o n  t h a t  t h e

s u r f a c e  a r e a  A i n  e q u a t i o n  7 . 7  i s  r e p l a c e d  by p e r i m e t e r  L when  

i n f i l t r a t i o n  i s  c a l c u l a t e d  f o r  w i n d o w s ,  d o o r s  a n d  q u i c k  w a l l s .

L i m i t e d  d a t a  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  t o  s p e c i f y  t h e  

i n f i l t r a t i o n  c o e f f i c i e n t s  o f  v a r i o u s  s t r u c t u r a l  c o m p o n e n t s  o f  a 

b u i l d i n g .  ASHRAE h a s  s p e c i f i e d  t y p i c a l  v a l u e s  f o r  t h e  

i n f i l t r a t i o n  c o e f f i c i e n t s  o f  d i f f e r e n t  c l a s s e s  o f  w a l l  

c o n s t r u c t  i  o n s ,  w i n d o w s ,  a n d  d o o r s .  T h e s e  v a l u e s  may n o t  

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

s p e c i f i c  b u i l d i n g  b e i n g  a n a l y z e d .  I t  i s  q u i t e  l i k e l y  t h a t  t h e  

u s e  o f  t h e s e  v a l u e s  may r e s u l t  i n  an  o v e r  o r  u n d e r  e s t i m a t i o n  o f  

i n f i l t r a t i o n  l o s s e s .  H o w e v e r , i n  t h e  a b s e n c e  o f  r e l i a b l e  d a t a ,  

t h e s e  v a l u e s  a r e  t o  be  r e l i e d  u p o n .

I n f i l t r a t i o n  i n  z o n e - 1 ,  z o n e - 2  a n d  z o n e - 3  o f  t h e  t e s t  h o u s e  

w as  f o u n d  t o  be  d i r e c t i o n a l  i n  n a t u r e  d ue  t o  a non u n i f o r m  

d i s t r i b u t i o n  o f  t h e  l e a k a g e  o p e n i n g g s .  T h e  d i r e c t i o n a l  e f f e c t s
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w e r e  f o u n d  t o  be  s i g n i f i c a n t  u n d e r  h i g h  s o u t h e r l y  a n d  e a s t e r l y  

w i n d s .

A f a n  d e p r e s s u r  i  z a t  i  on t e s t  was  c a r r i e d  o u t  on t h e  h o u s e  t o  

d e t e r m i n e  i t s  l e a k a g e  c h a r a c t e r  i  s t  i  cs  ( s e e  A p p e n d i x -  D ) .  B a s e d  

on t h e  r e s u l t s  o f  t h i s  t e s t  a n d  t h e  l e a k a g e  o p e n i n g s  

f o u n d  i n  d i f f e r e n t  s p a c e s ,  z o n e - 1  a n d  z o n e - 4  w e r e  c a t e g o r i z e d  a s  

m edi um  c o n s t r u c t  i o n , z o n e - 2  a s  a  t i g h t  c o n s t r u c t i o n  a n d  z o n e - 3  

a s  a l o o s e  c o n s t r u c t i o n .

I n f i l t r a t i o n  i n  t h e  t e s t  h o u s e  was  m o d e l l e d  by u s i n g  t h e  

r e s i d e n t i a l  a n d  t h e  c r a c k  l e n g t h  m e t h o d s .  T h e  r e s i d e n t i a l  m e t h o d  

w as  a p p l i e d  t o  a l l  t h e  f o u r  t h e r m a l  z o n e s .  B a s e d  u po n  t h e  f a n  

d e p r e s s u r i z a t i o n  t e s t , a p p r o p r i a t e  r e g r e s s i o n  c o e f f c i e n t s  w e r e  

s e l e c t e d  f r o m  T a b l e  7 . 3  a n d  a s s i g n e d  t o  e a c h  o f  t h e  f o u r  t h e r m a l  

z o n e s .  S i n c e  t h e  t e s t  h o u s e  was  m o n i t o r e d  i n  an u n o c c u p i e d  

s t a t e ,  t h e  r e g r e s s i o n  c o e f f i c i e n t  K1 was  e q u a t e d  t o  z e r o  i n  o r d e r  

t o  e l i m i n a t e  t h e  o c c u p a n t s  e f f e c t .  T h e  c r a c k  l e n g t h  m e t h o d  was  

a l s o  e m p l o y e d  t o  m o d e l  i n f i l t r a t i o n  i n  z o n e - 1 ,  z o n e - 2  a n d  z o n e - 3 .  

L e a k a g e  d a t a  a v a i l a b l e  i n  T a b l e s  3 ,  4  a n d  5 ,  C h a p t e r  21  o f  ASHRAE 

1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s  was  u s e d  t o  s p e c i f y  t h e  l e a k a g e  

c h a r a c t e r i s t i c s  o f  e a c h  z o n e .

7 . 1 0  MODELLING OF THE UNDERGROUND SURFACES

I n  o r d e r  t o  p r e p a r e  an  i n p u t  f o r  t h e  u n d e r g r o u n d  s u r f a c e s  t h e  

ASHRAE d e s i g n  a p p r o a c h  w a s  u s e d  t o  e s t i m a t e  t h e  e f f e c t i v e  U -  

v a l u e s  f o r  t h e  u n d e r g r o u n d  w a l l s  a n d  f l o o r s  i n  z o n e - 3  a n d  z o n e - 4 .  

D e t a i l s  o f  t h i s  a n a l y s i s  a r e  p r o v i d e d  i n  A p p e n d i x - E .  B a s e d  on
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t h i s  a n a l y s i s ,  t h e  u n d e r g r o u n d  f l o o r  c o n s t r u c t i o n  o f  z o n e - 3  was  

m o d i f i e d  t o  o b t a i n  an e f f e c t i v e  U - v a l u e  o f  0 . 1 6  B t u  / H r . F t .  F 

S i m i l a r l y  t h e  u n d e r g r o u n d  f l o o r  c o n s t r u c t i o n  o f  z o n e - 4  was  a l s o

m o d i f i e d  t o  o b t a i n  an  e f f e c t i v e  U - v a l u e  o f  0 . 0 3 2 4
2

B t u / H r . F t  . F .  T h e  a c t u a l  U - v a l u e  o f  t h e  u n d e r g r o u n d  w a l l s  was  

f o u n d  t o  be a l m o s t  i d e n t i c a l  t o  t h e i r  e f f e c t i v e  U - v a l u e  a s

c a l c u l a t e d  by t h e  ASHRAE m e t h o d .  T h e  u n d e r g r o u n d  w a l l s  w e r e

t h e r e f o r e  s p e c i f i e d  w i t h o u t  a n y  m o d i f i c a t i o n  t o  t h e i r  U - v a l u e s .

7 . 1 1  MODELLING OF THE HE AT I NG SYSTEM

T h e r m o s t a t i c a l l y  c o n t r o l l e d  b a s e b o a r d  u n i t s  w e r e  m o d e l l e d  t o  

p r o v i d e  s p a c e  h e a t  i n  e a c h  o f  t h e  f o u r  t h e r m a l  z o n e s .  I n d i v i d u a l  

o u t p u t  c a p a c i t i e s  o f  t h e  b a s e b o a r d  h e a t e r s  l o c a t e d  i n  e a c h  z o n e  

w e r e  summed up  f o r  i n p u t  t o  t h e  p r o g r a m .  To  c o m p l y  w i t h  t h e  

t y p e s  o f  s y s t e m s  a v a i l a b l e  i n  D O E - 2 ,  t h e  b a s e b o a r d  u n i t s  i n  e a c h  

z o n e  w e r e  s u p p l e m e n t a r y  t o  a h y p o t h e t i c a l  c e n t r a l  s y s t e m  w i t h  a 

v e r y  s m a l l  c a p a c i t y .  I t  i s  a s s u m e d  i n  t h e  D O E - 2  p r o g r a m  t h a t  

h e a t  f r o m  t h e  b a s e b o a r d  u n i t  i s  a v a i l a b l e  w h e n e v e r  h e a t  f r o m  t h e  

c e n t r a l  s y s t e m  i s  a v a i l a b l e .  T h e r e f o r e  t o  a c t i v a t e  t h e  b a s e b o a r d  

u n i t ,  h e a t  f r o m  t h e  c e n t r a l  s y s t e m  was  s c h e d u l e d  t o  be  a v a i l a b l e  

t h r o u g h o u t  t h e  s i m u l a t i o n  p e r i o d .  S i n c e  t h e r m o s t a t  i  c a l l y

c o n t r o l l e d  b a s e b o a r d  u n i t s  w e r e  s p e c i f i e d ,  t h e  p r o g r a m  s i m u l a t e d  

t h e  c o n t r o l  o f  t h e  b a s e b o a r d  h e a t i n g  e l e m e n t  i n  s e q u e n c e  w i t h  t h e  

c e n t r a l  s y s t e m .  T h e  s i m u l a t e d  s y s t e m  f i r s t  a c t i v a t e d  t h e  

b a s e b o a r d  h e a t e r s  a n d  t u r n e d  on t h e  c e n t r a l  h e a t i n g  s y s t e m  o n l y  

i f  t h e  maximum b a s e b o a r d  h e a t e r  c a p a c i t y  was  r e a c h e d .  I t  was  

m e n t i o n e d  e a r l i e r  t h a t  t h e  t o t a l  h e a t i n g  c a p a c i t y  o f  t h e
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b a s e b o a r d  u n i t s  was  a l m o s t  1 . 5  t i m e s  t h e  d e s i g n  h e a t  l o s s  o f  t h e  

s p a c e  w h i c h  t h e  u n i t  was  s e r v i n g .  S i n c e  t h e  b a s e b o a r d  h e a t i n g  

c a p a c i t i e s  w e r e  s u f f i c i e n t  t o  m e e t  t h e  h e a t i n g  l o a d  a t  a l l  t i m e s ,  

no  h e a t  f r o m  t h e  m a i n  s y s t e m  was  e v e r  r e q u i r e d .

D u r i n g  t h e  e x p e r i m e n t a l  m o n i t o r i n g ,  t h e r m o s t a t s  o f  t h e  

b a s e b o a r d  h e a t e r s  w e r e  s e t  t o  m a i n t a i n  e a c h  s p a c e  a t  a m in i mu m  

i n d o o r  t e m p e r a t u r e  o f  7 0  d e g r e e s  F .  S t e a d y  s t a t e  t e m p e r a t u r e  

p r o f i l e s  o f  e a c h  s p a c e ,  m e a s u r e d  w i t h  t h e  t h e r m o c o u p l e s ,  w e r e  

u s e d  t o  s c h e d u l e  h e a t i n g  i n  e a c h  o f  t h e  f o u r  t h e r m a l  z o n e s .

1 0 4
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CHAPTER V I I I  

RESULTS AND D I S C U S S I O N

8 . 1  IN T R O D U C T IO N

T h e  t e s t  h o u s e  was s i m u l a t e d  a s  a f o u r  z o n e  b u i l d i n g  m o de l  

u s i n g  a c t u a l  w e a t h e r  c o n d i t i o n s .  T h e  s i m u l a t i o n  was  s u b d i v i d e d  

i n t o  f o u r  p e r i o d s  f r o m  M a r c h  1 0 t h  t o  M a r c h  1 5 t h ,  M a r c h  2 2 n d  t o  

M a r c h  2 5 t h ,  M a r c h  2 8 t h  t o  A p r i l  2 n d  a n d  A p r i l  8 t h  t o  A p r i l  1 3 t h .  

T h i s  s u b d i v i s i o n  o f  t h e  s i m u l a t i o n  p e r i o d  was n e c e s s a r y  t o  

e l i m i n a t e  t h e  d a y s  when t h e  e x p e r i m e n t a l  d a t a  was l o s t  due  t o  

l o c a l  p o w e r  f a i l u r e s  o r  when t h e  h o u s e  was  o c c u p i e d  by t h e  o w n e r .

One o b j e c t i v e  o f  t h i s  c o m p a r a t i v e  s t u d y  was t o  d e t e r m i n e  t h e  

a c c u r a c y  o f  t h e  D O E - 2 . l A  p r o g r a m ’ s p r e d i c t i o n s  o f  s p a c e  

t e m p e r a t u r e s  a n d  s p a c e  h e a t  r e q u i r e m e n t s  f o r  a d i r e c t  g a i n  

p a s s i v e  s o l a r  s y s t e m  when t h e  c u s t o m  w e i g h t i n g  f a c t o r  m e t h o d  was  

u s e d .  S i n c e  t h e  d i r e c t  g a i n  p a s s i v e  s o l a r  f e a t u r e s  w e r e  i n c l u d e d  

i n  z o n e - 1 , t h i s  s p a c e  was a n a l y z e d  i n  g r e a t  d e t a i l .

I n f i l t r a t i o n  i n  z o n e - 1  a n d  z o n e - 2  o f  t h e  t e s t  m o d e l  was  

s i m u l a t e d  by u s i n g  t h e  c r a c k  l e n g t h  a n d  t h e  r e s i d e n t i a l  m e t h o d s  

o f  t h e  D O E - 2  p r o g r a m .  I n  o r d e r  t o  e v a l u a t e  t h e  a d v a n t a g e s  a nd  

d i s a d v a n t a g e s  o f  t h e  c r a c k  l e n g t h  a n d  r e s i d e n t i a l  m e t h o d s  f o r  t h e  

t e s t  h o u s e ,  i t  was  d e c i d e d  t o  a n a l y z e  t h e  p r e d i c t e d  p e r f o r m a n c e  

o f  t h e s e  z o n e s  by u s i n g  t h e  t w o  m e t h o d s .

T h e  m e a s u r e d  a n d  s i m u l a t e d  p e r f o r m a n c e  o f  z o n e - 1  a n d  z o n e - 2  

was c o m p a r e d  on an h o u r l y  b a s i s .  T h e s e  c o m p a r i s o n s  w e r e  made  

b e t w e e n  t h e  m e a s u r e d  a n d  p r e d i c t e d  v a l u e s  o f  t h e  b a s e b o a r d  e n e r g y
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c o n s u m p t  i o n  a n d  s p a c e  t e m p e r a t u r e s .  T h e  d a i l y  c o m p a r i s o n s  w e r e  

r e s t r i c t e d  t o  t h e  t o t a l  b a s e b o a r d  e n e r g y  c o n s u m p t i o n  f o r  z o n e - 1 , 

z o n e - 2  a n d  z o n e - 4 ,  a n d  w e r e  u s e d  t o  p r o v i d e  an o v e r v i e w  o f  t h e  

m e a s u r e d  a n d  p r e d i c t e d  e n e r g y  c o n s u m p t i o n .

T h e  m e a s u r e d  a nd  s i m u l a t e d  p e r f o r m a n c e  o f  z o n e - 3  w as ,  

h o w e v e r ,  n o t  c o m p a r a b l e  du e  t o  t h e  f o l l o w i n g  r e a s o n s :

1 .  T h e  DOE—2 p r o g r a m  d o e s  n o t  s i m u l a t e  t h e  p e r f o r m a n c e  o f  a 

T r o m b e  w a l l  s y s t e m ,  a n d  z o n e - 3  had  a T r o m b e  w a l l .

2 .  A l a r g e  g r i l l e  was i n s t a l l e d  u n d e r n e a t h  t h e  s o u t h e r n  o v e r h a n g  

o f  t h e  l o w e r  l e v e l  t o  v e n t i l a t e  t h e  a i r  s p a c e  b e t w e e n  t h e  J o i s t s  

o f  t h e  o v e r h a n g .  F i g u r e  8  i s  a c r o s s - s e c t i o n a l  v i e w  o f  t h e  

T r o m b e  w a l l  w h i c h  c l e a r l y  i l l u s t r a t e s  t h e  l o c a t i o n  o f  t h i s  

g r i l l e .  I n  t h e  f i n a l  s t a g e  o f  c o n s t r u c t i o n  t h e  s e a l  b e t w e e n  t h e  

o v e r h a n g  a nd  t h e  T r o m b e  w a l l  a i r  s p a c e  was  a p p a r e n t l y  b r o k e n  by 

t h e  c o n t r a c t o r  who had  i n s t a l l e d  t h e  r o l l e r  s h u t t e r s .  T h i s  

p r o v i d e d  a d i r e c t  a i r  l e a k a g e  p a t h  f r o m  t h e  g r i l l e  i n t o  t h e  

T r o m b e  w a l l  a i r  s p a c e .  D u r i n g  s o u t h e r l y  w i n d s ,  p o s i t i v e  p r e s s u r e  

a r o u n d  t h e  o v e r h a n g  c a u s e d  an a i r  f l o w  t h r o u g h  t h e  g r i l l e  i n t o  

t h e  o v e r h a n g  a i r  s p a c e .  A m a j o r  p o r t i o n  o f  t h i s  f l o w  w e n t  i n t o  

t h e  T r o m b e  w a l l  a i r  s p a c e  c a u s i n g  h i g h  i n f i l t r a t i o n  i n  z o n e - 3 .  

T h e  r e s i d e n t i a l  i n f i l t r a t i o n  m o d e l  c o u l d  n o t  s i m u l a t e  t h i s  

s i t u a t i o n  due  t o  i t s  i n a b i l i t y  t o  a c c o u n t  f o r  t h e  d i r e c t i o n a l  

e f f e c t s  o f  w i n d .  A l t h o u g h  t h e  c r a c k  l e n g t h  m e t h o d  t a k e s  i n t o  

a c c o u n t  t h e  w i n d  d i r e c t i o n a l  e f f e c t s ,  i t  d o e s  n o t  s i m u l a t e  w i n d  

d r i v e n  i n f i l t r a t i o n  t h r o u g h  h o r i z o n t a l  e x t e r i o r  s u r f a c e s .  T h i s
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m e t h o d  w a s ,  h o w e v e r ,  u s e d  t o  m o de l  a i r  l e a k a g e  t h r o u g h  t h e  

v e n t i l a t i o n  g r i l l e  by a s s i g n i n g  an i n f i l t r a t i o n  c o e f f i c i e n t  f o r  

l e a k y  w i n d o w s ,  o b t a i n e d  f r o m  R e f e r e n c e  ( 1 8 ) ,  t o  t h e  T r o m b e  w a l l  

g l a z i n g .  T he  i n f i l t r a t i o n  c o e f f i c i e n t  was a r b i t r a r l y  i n c r e a s e d  i n  

s u c c e s s i v e  r u n s  o f  t h e  D O E - 2  p r o g r a m  i n  an a t t e m p t  t o  m ode l  

i n f i l t r a t i o n  t h r o u g h  t h e  v e n t i l a t i o n  g r i l l e .  T h e  s i m u l a t e d  

r e s u l t s ,  h o w e v e r ,  i n d i c a t e d  t h a t  t h i s  a p p r o a c h  d i d  n o t  

e f f e c t i v e l y  m o d e l  t h e  a i r  l e a k a g e  t h r o u g h  t h e  g r i l l e  a s  

i n f i l t r a t i o n  was  u n d e r  a n d  o v e r p r e d i c t e d  d u r i n g  l o w  a n d  h i g h  

s o u t h e r l y  w i n d s ,  r e s p e c t  i v e l y .

T h e  p r e s e n c e  o f  a T r o m b e  w a l l  i n  z o n e - 3  , w h i c h  e s s e n t i a l l y  

r e p r e s e n t e d  a l a r g e  t h e r m a l  mass , d i d  n o t  c a u s e d  a s e r i o u s  

p r o b l e m  i n  t h e  u s e  o f  D O E - 2  p r o g r a m  f o r  t h i s  z o n e ,  s i n c e  i t  was  

i n c l u d e d  i n  t h e  f u r n i t u r e  w e i g h t .  H o w e v e r ,  t h e  f a c t  t h a t  t h i s  

z o n e  had  a u n i q u e  l e a k a g e  o p e n i n g  i n  a h o r i z o n t a l  p l a n e  i m p o s e d  a 

s e r i o u s  l i m i t a t i o n  t o  a d e q u a t e l y  s i m u l a t e  t h e  p e r f o r m a n c e  o f  

z o n e - 3 ,  s i n c e  t h e  c r a c k  l e n g t h  m e t h o d  was a l s o  n o t  a b l e  t o  m ode l  

h i g h  i n f i l t r a t i o n  t h r o u g h  t h i s  o p e n i n g .  I t  i s  a l s o  v e r y  u n l i k e l y  

t h a t  a n o r m a l  h o u s e  w o u l d  e v e r  h a v e  s u c h  a u n i q u e  l e a k a g e  o p e n i n g  

w h i c h  had  p r i m a r i l y  o r i g i n a t e d  b e c a u s e  o f  c a r e l e s s  w o r k m a n s h i p .  

H e n c e  a n y  f u r t h e r  e f f o r t  t o  m o d i f y  t h e  D O E- 2  i n f i l t r a t i o n  m o d e l s  

t o  s i m u l a t e  a b n o r m a l  l e a k a g e  t h r o u g h  t h i s  p a r t i c u l a r  o p e n i n g  was  

n o t  c o n s i d e r e d  t o  be  J u s t i f i e d ,  a n d  i t  was  d e c i d e d  t o  e x c l u d e  

t h i s  z o n e  f r o m  t h e  c o m p a r a t i v e  a n a l y s i s .

I t  i s ,  h o w e v e r ,  w o r t h w h i l e  t o  p o i n t  o u t  t h a t  z o n e - 3  o f  t h e  

t e s t  m o de l  was c o n n e c t e d  t o  z o n e - 4  a n d  z o n e - 1  t h r o u g h  a h a l l w a y
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a n d  a s t a i r c a s e  o p e n i n g .  T h e  m o n i t o r e d  r e s u l t s  i n d i c a t e d  t h a t  

t h e  e n e r g y  r e q u i r e m e n t s  o f  t h e s e  i n t e i — c o n n e c t e d  s p a c e s  w e r e  

a f f e c t e d  by an i n t e r —z o n e  h e a t  t r a n s f e r .  H e n c e  i n  t h e  e n e r g y  

a n a l y s i s  o f  z o n e - 1  a n d  z o n e - 4  i n t e r - z o n e  h e a t  t r a n s f e r  was g i v e n  

due  c o n s i d e r a t  i o n .

8 . 2 . 0  ANALY SI S  OF ZONE-1

T h e  l a y o u t  p l a n  o f  z o n e - 1  a n d  i t s  o r i e n t a t i o n  w i t h  r e s p e c t  t o  

t r u e  n o r t h  a r e  shown i n  F i g u r e  8 . 1 .  T h e  l o c a t i o n s  o f  

b a s e b o a r d  h e a t e r s  a n d  v a r i o u s  w i n d  d i r e c t i o n s  a r e  c l e a r l y  m a r k e d  

i n  t h i s  f i g u r e .  D u r i n g  t h e  f a n  d e p r e s s u r  i  z a t  i o n  t e s t  ( s e e  

A p p e n d i x - D  ) ,  s e v e r a l  a b n o r m a l  l e a k a g e  o p e n i n g s  w e r e  d e t e c t e d  i n  

t h e  s o u t h ,  e a s t  a n d  n o r t h  w a l l s  o f  t h i s  z o n e .  T h e  l o c a t i o n s  o f  

t h e s e  l e a k a g e  o p e n i n g s  a r e  a l s o  shown i n  F i g u r e  8 . 1 .  T h e s e

o p e n i n g s  i n c l u d e d  an a i r  v e n t  f o r  t h e  f i r e p l a c e  a n d  s e v e r a l  

p e n e t r a t i o n s  i n  t h e  v a p o u r  b a r r i e r  f o r  t h e  s h u t t e r  c o n t r o l  s t r a p s  

a n d  p o w e r  c o r d s  f o r  t h e  b a s e b o a r d  h e a t e r s .  T h e  p e n e t r a t i o n s  i n  

t h e  v a p o u r  b a r r i e r  w e r e  a p p a r e n t l y  n o t  c a u l k e d  and  h e n c e  w e r e  a

s o u r c e  o f  s i g n i f i c a n t  a i r  l e a k a g e  u n d e r  t h e  i n f l u e n c e  o f

s o u t h e r l y  a nd  n o r t h  e a s t e r l y  w i n d s .  T h e  e f f e c t  o f  t h e s e  o p e n i n g s  

was f o u n d  t o  be m o r e  p r o m i n e n t  i n  t h e  c a s e  o f  t h e  p e n e t r a t i o n  f o r  

p ow e r  s u p p l y  w i r e s  o f  t h e  b a s e b o a r d  h e a t e r s .  T h e s e  o p e n i n g s  

p r o v i d e d  a d i r e c t  p a t h  f o r  a i r  l e a k a g e  a r o u n d  t h e  t h e r m o s t a t  o f  

h e a t e r s  l o c a t e d  i n  t h e  s o u t h  a n d  e a s t  w a l l s .  T he  o u t p u t  f r o m  

t h e s e  h e a t e r s  was h e n c e  a f f e c t e d  by t h e  t e m p e r a t u r e  o f  o u t d o o r

l e a k a g e  a i r .
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8 . 2 . 1  HOURLY A N A L Y S I S  OF RESULTS FOR ZONE-1

T h e  h o u r l y  a n a l y s i s  o f  t h e  m e a s u r e d  a n d  s i m u l a t e d  r e s u l t s  

f o r  z o n e - 1 a r e  p r e s e n t e d  f o r  f o u r  w e a t h e r  c o n d i t i o n s .  T h e  f i r s t  

s e c t i o n  i n v o l v e s  t h e  d i s c u s s i o n  o f  r e s u l t s  f o r  t w o  c l e a r  s u n n y

d a y s  when  t h e  w i n d  s p e e d  was  r e l a t i v e l y  l o w .  T h e  s e c o n d

s e c t i o n  i n v o l v e s  t h e  c o m p a r i s o n  o f  r e s u l t s  f o r  t w o  c l e a r  s u n n y

d a y s  w i t h  h i g h e r  w i n d  s p e e d s .  T h e  t h i r d  s e c t i o n  i s  f o r  a

c o m p l e t e l y  o v e r c a s t  s k y  w i t h  l o w  n o r t h e r l y  w i n d s .  T h e  l a s t  

s e c t i o n  p r e s e n t s  a  d i s c u s s i o n  o f  r e s u l t s  f o r  a c l e a r  s u n n y  day  

w i t h  h i g h  s o u t h e r l y  w i n d s .

8 . 2 . 2  HOURLY COMPARISON OF Z ONE -1  UNDER A CLEAR SKY AND 

LOW WIND C O N D I T I O N S

T h e  h o u r l y  p e r f o r m a n c e  o f  z o n e - 1 , f o r  M a r c h  1 4 t h ,  i s  

p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  T h i s  w a s  a c l e a r  s u n n y  d a y  

w i t h  o u t d o o r  t e m p e r a t u r e s  b e t w e e n  3 4  a n d  4 0  d e g r e e s  F ,  T h e  w i n d  

w a s  l o w  on t h e  a v e r a g e ,  f r o m  t h e  n o r t h  u n t i l  n o o n  a n d  t h e n  f r o m  

t h e  w e s t  a n d  w e s t  by s o u t h - w e s t  u n t i l  m i d n i g h t .  W i n d  d r i v e n  

i n f i l t r a t i o n  e f f e c t s  w e r e  n o t  d o m i n a n t  d u e  t o  l o w  w i n d  v e l o c i t y  

d i r e c t e d  t o w a r d s  l e s s  s e n s i t i v e  e x p o s u r e s  o f  z o n e - 1  d u r i n g  m o s t  

o f  t h e  t i m e .

F i g u r e  8 . 2 . A s h o w s  an  h o u r l y  c o m p a r i s o n  b e t w e e n  t h e  m e a s u r e d  

a n d  p r e d i c t e d  p e r f o r m a n c e  o f  z o n e — 1  u s i n g  t h e  c r a c k  l e n g t h  

m e t h o d .  A c o m p a r i s o n  o f  t h e  b a s e b o a r d  e n e r g y  c o n s u m p t i o n

i n d i c a t e s  t h a t  D O E - 2  p r e d i c t e d  a n d  t h e  m e a s u r e d  h e a t  w a s  s h u t  o f f

1 1 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



®  P r e d ic t e d  

" #  M e a s u r e d

(RESIDENTIAL METHOD)

9 0 3  P r e d i c t e d  
#  M e a s u r e d

ao p •• -*
^  70

60

400 •  - T o t a l  H o r i z o n t a l  R a d i a t i o n

D i r e c t  N o r m a l  R a d i a t i o n
3CO

Cl
i l  200

100a
tn

50

40  '

30^

20 L

30

^ .  2 0  

â 2
^ à 10

• E - N L

12

W w -s w

16 20 24

H o u r s  ( L o c a l  T i m e  )

FIGURE 8 ‘2 B  HCL'RL r MEASURED AND =RED IDT ED ^ER FORMA,'ICE OF 
DO HE-1 DURI'IG A CLEAR SU'I.T' DA r W l~ - ,DW 
VI'IOS .

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a t  t h e  s a me  t i m e .  T h e  o u t p u t  f r o m  t h e  b a s e b o a r d  h e a t e r s

r e m a i n e d  z e r o  u n t i l  h o u r  1 9 : 0 0 ,  b e y o n d  w h i c h  t h e  m e a s u r e d  r e s u l t s  

s h o w e d  h e a t  a d d i t i o n  f r o m  t h e  h e a t e r  l o c a t e d  n e a r  t h e  s o u t h  w a l l .  

T h i s  h e a t  w a s  a d d e d  i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  m e a s u r e d  

t e m p e r a t u r e s  w e r e  s t i l l  a b o v e  t h e  t h e r m o s t a t  s e t  p o i n t  o f  7 0  

d e g r e e s  F .  An e x a m i n a t i o n  o f  t h e  w e a t h e r  d a t a  s h o w e d  t h a t  t h e  

o u t d o o r  t e m p e r a t u r e  h a d  d r o p p e d  a n d  t h e  w i n d  d i r e c t i o n  c h a n g e d  t o  

w e s t  by s o u t h - w e s t .  T h e  i n c r e a s e  i n  t h e  i n d o o r - o u t  d o o r

t e m p e r a t u r e  d i f f e r e n c e  r e s u l t e d  i n  a  s m a l l  i n c r e a s e  i n  t h e  

c o n d u c t i o n  l o s s  t h r o u g h  t h e  s o u t h e r n  g l a z i n g .  I t  i s  a l s o

p o s s i b l e  t h a t  t h e  d e c r e a s i n g  o u t d o o r  t e m p e r a t u r e  w o u l d  h a v e

i n c r e a s e d  t h e  s t a c k  e f f e c t  c a u s i n g  an  a i r  f l o w  t h r o u g h  t h e

v e n t i l a t i o n  g r i l l e .  Some o f  t h i s  f l o w  c o u l d  h a v e  r e s u l t e d

i n  l e a k a g e  a r o u n d  t h e  t h e r m o s t a t  o f  t h e  s o u t h  w a l l  h e a t e r .  

T h e s e  t w o  f a c t o r s  s e e m  t o  h a v e  c a u s e d  an e a r l y  a c t i v a t i o n  o f  t h e  

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

S i n c e  i t  w a s  a c l e a r  s u n n y  d a y ,  t h e  m e a s u r e d  i n d o o r  

t e m p e r a t u r e s  r o s e  a s  h i g h  a s  81  d e g r e e s  F a n d  p e a k e d  a t  n o o n .  

T h e  p r e d i c t e d  t e m p e r a t u r e s  a l s o  e x h i b i t e d  a s i m i l a r  t r e n d  a n d

r o s e  t o  8 2  d e g r e e s  F .  T h e  t w o  t e m p e r a t u r e s  w e r e  i n  g o o d

a g r e e m e n t ,  a l t h o u g h  t h e  m e a s u r e d  v a l u e s  r e a c h e d  a  l o w e r  p e a k  t h a n

t h e  p r e d i c t e d .  T h i s  c o u l d  b e  c a u s e d  by l o w e r  a c t u a l  s o l a r  g a i n s  

t h a n  t h o s e  m o d e l l e d  by t h e  p r o g r a m .  T h i s  i s  q u i t e  p o s s i b l e  

b e c a u s e  t h e  s t a n d a r d  v a l u e s  o f  s h a d i n g  c o e f f i c i e n t ,  s e l e c t e d  f r o m  

R e f e r e n c e  < 1 8 ) ,  c o u l d  b e  h i g h e r  t h a n  t h e  a c t u a l  s h a d i n g

c o e f f i c i e n t  f o r  t h e  s o u t h  g l a z i n g s .  T h e  d e c a y  r a t e  o f  t h e  a c t u a l
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a n d  t h e  p r e d i c t e d  t e m p e r a t u r e s  a r e  i d e n t i c a l  i n d i c a t i n g  e x c e l l e n t  

m o d e l l i n g  o f  t h e  t h e r m a l  m ass  by t h e  c u s t o m  w e i g h t i n g  f a c t o r  

m e t h o d .

T h e  p r e d i c t e d  p e r f o r m a n c e  o f  z o n e - 1  o b t a i n e d  by t h e  

r e s i d e n t i a l  i n f i l t r a t i o n  m e t h o d  i s  c o m p a r e d  w i t h  t h e  m e a s u r e d  

p e r f o r m a n c e  i n  F i g u r e  8 . 2 . B .  T h e  r e s u l t s  s h o w e d  t h a t  t h e

p r e d i c t e d  h e a t i n g  l o a d s  w e r e  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  a c t u a l  

v a l u e s  d u r i n g  t h e  e a r l y  m o r n i n g .  R e c a l l i n g  t h a t  t h e  r e s i d e n t i a l  

m e t h o d  d o e s  n o t  a c c o u n t  f o r  t h e  w i n d  d i r e c t i o n a l  e f f e c t s ,  i t  

o v e r e s t i m a t e d  t h e  i n f i l t r a t i o n  l o s s e s  w h i c h  l e d  t o  i n c r e a s e d  

h e a t i n g  l o a d s .  C o n s e q u e n t l y  t h e  b a s e b o a r d  u n i t s  w e r e  t u r n e d  o f f  

o n e  h o u r  l a t e r  t h a n  t h e  a c t u a l  t i m e .  S i n c e  DOE—2 p r e d i c t e d  

h e a t i n g  l o a d s  w e r e  h i g h ,  t h e  s i m u l a t e d  i n d o o r  t e m p e r a t u r e s  r o s e  

s l o w l y  u n t i l  h o u r  1 0 : 0 0  b e y o n d  w h i c h  t h e y  e x h i b i t e d  a s i m i l a r  

t r e n d  a s  was  o b s e r v e d  f o r  t h e  c r a c k  l e n g t h  m e t h o d .  T h e

p r e d i c t i o n s  a l s o  i n d i c a t e  t h a t  t h e  s i m u l a t e d  e n e r g y  r e q u i r e m e n t s  

o f  z o n e —1 h a d  d r a s t i c a l l y  i n c r e a s e d  a f t e r  h o u r  2 2 : 0 0 .  T h i s  was  

b e c a u s e  o f  t h e  f a c t  t h a t  t h e  r e s i d e n t i a l  m e t h o d  m o d e l l e d  

i n f i l t r a t i o n  t h r o u g h o u t  t h e  d a y ,  i r r e s p e c t i v e  o f  t h e  l o w  w i n d s  

w h i c h  d o e s  n o t  seem t o  h a v e  c a u s e d  a p p r e c i a b l e  i n f i l t r a t i o n  i n

z o n e —1 i n  t h e  a c t u a l  c a s e .  I n  t h e  DOE—2 s i m u l a t i o n  a p o r t i o n  o f

s o l a r  e n e r g y  w a s  u t i l i z e d  d u r i n g  t h e  d a y  t o  o f f s e t  t h e s e

i n f i l t r a t i o n  l o s s e s .  By t h e  h o u r  2 2 : 0 0 ,  m o s t  o f  t h e  s t o r e d  s o l a r  

e n e r g y  w a s  u s e d  u p ,  h e n c e  h e a t  f r o m  t h e  b a s e b o a r d  h e a t e r s  was  

s i m u l a t e d  t o  m e e t  t h e  c o n d u c t i o n  a n d  i n f i l t r a t i o n  l o s s e s  i n  o r d e r  

t o  m a i n t a i n  t h e  s p a c e  a t  t h e  t h e r m o s t a t  s e t  p o i n t  o f  7 0  d e g r e e s  

F .
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F i g u r e  8 . 2 . C  p r e s e n t s  an h o u r l y  c o m p a r i s o n  b e t w e e n  t h e  

a c t u a l  a n d  t h e  p r e d i c t e d  p e r f o r m a n c e  o f  z o n e —1 f o r  M a r c h  2 9 t h  

u s i n g  t h e  c r a c k  l e n g t h  m e t h o d .  T h i s  was  a l s o  a c l e a r  s u n n y  day  

w i t h  l o w  w i n d s  a n d  s t a b l e  o u t d o o r  t e m p e r a t u r e s .

An h o u r l y  c o m p a r i s o n  b e t w e e n  t h e  t e m p e r a t u r e  p r o f i l e s  

i n d i c a t e s  a c l o s e  a g r e e m e n t  b e t w e e n  t h e  t w o  r e s u l t s .  T h e  

c a l c u l a t e d  t e m p e r a t u r e s  r e a c h e d  a h i g h e r  p e a k  t h a n  t h e  m e a s u r e d  

v a l u e s  i n d i c a t i n g  a g a i n  t h a t  D O E - 2  may h a v e  o v e r e s t i m a t e d  t h e  

s o l a r  g a i n s .  T h e  d e c a y  r a t e  o f  t h e  t w o  t e m p e r a t u r e s  a g a i n  s h o w e d  

e x c e l l e n t  a g r e e m e n t -

A c o m p a r i s o n  o f  t h e  b a s e b o a r d  e n e r g y  c o n s u m p t i o n  s h o w e d  t h a t  

D O E - 2  o v e r e s t i m a t e d  t h e  h e a t i n g  l o a d  d u r i n g  most  o f  t h e  e a r l y  

m o r n i n g  h o u r s .  H o w e v e r ,  a s  t h e  sun  came u p ,  t h e  p r o g r a m  s e e m e d  

t o  h a v e  m o d e l l e d  m o r e  s o l a r  g a i n s .  As a r e s u l t ,  t h e  p r e d i c t e d  

h e a t  was  s h u t  o f f  o n e  h o u r  e a r l i e r  t h a n  t h e  a c t u a l  t i m e .  T h e  

a c t u a l  a n d  t h e  p r e d i c t e d  b a s e b o a r d  o u t p u t  r e m a i n e d  z e r o  u n t i l  

h o u r  1 7 : 0 0 .  T h e  m e a s u r e d  r e s u l t s  i n d i c a t e d  t h a t  t h e  s o u t h  h e a t e r  

came on a t  1 8 : 0 0  h o u r s  i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  r oom  

t e m p e r a t u r e  was  s t i l l  a b o v e  t h e  s e t  p o i n t  o f  7 0  d e g r e e s  F . A 

c l o s e r  e x a m i n a t i o n  o f  t h e  w i n d  s p e e d s  i n d i c a t e d  t h a t  F i g u r e  

S . 2 . C  c o n t a i n s  a d d i t i o n a l  i n f o r m a t i o n .  I t  d e m o n s t r a t e s  t h e  

s e n s i t i v i t y  o f  t h e  s o u t h  w a l l  h e a t e r  t o  t h e  i n c r e a s i n g  s o u t h  by 

s o u t h - w e s t e r l y  w i n d .  As can  be  s e e n ,  t h e  o u t p u t  f r o m  t h e  

h e a t e r  v a r i e d  i n  p r o p o r t i o n  t o  t h e  s t r e n g t h  o f  t h e  w i n d  

i n d i c a t i n g  s i g n i f i c a n t  a i r  l e a k a g e  a r o u n d  t h e  t h e r m o s t a t  o f  t h e  

s o u t h  b a s e b o a r d  h e a t e r .  T h i s  a i r  l e a k a g e  o c c u r r e d  t h r o u g h  t h e

1 1 6
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o u t  l e t  p e n e t r a t i o n  f o r  t h e  h e a t e r  w i r e .

A s i m i l a r  c o m p a r i s o n  f o r  M a r c h  2 9 t h  i s  shown i n  F i g u r e  8 . 2 . D  

w i t h  t h e  r e s i d e n t i a l  m e t h o d .  I t  c a n  be  s e e n  t h a t  t h e  h e a t i n g  

l o a d s  w e r e  a g a i n  o v e r p r e d i c t e d  i n  t h e  e a r l y  m o r n i n g  d u e  t o  

o v e r e s t i m a t  i o n  o f  i n f i l t r a t i o n  by t h e  r e s i d e n t i a l  m e t h o d .

T h e  r e s u l t s  p r e s e n t e d  i n  t h e  p r e c e d i n g  s e c t i o n s  c o n t a i n  

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

u s i n g  t h e  c u s t o m  w e i g h t i n g  f a c t o r  a p p r o a c h  a r e  q u i t e  a c c u r a t e  t o  

p r e d i c t  t h e  t e m p e r a t u r e  e x c u r s i o n s  i n  d i r e c t  g a i n  p a s s i v e  s o l a r  

b u i l d i n g s .  T h e s e  r e s u l t s  f u r t h e r  i n d i c a t e  t h e  m e r i t s  a n d  

d e m e r i t s  o f  u s i n g  t h e  c r a c k  l e n g t h  a n d  t h e  r e s i d e n t i a l  

i n f i l t r a t i o n  m e t h o d s  f o r  b u i l d i n g s  t h a t  h a v e  non  u n i f o r m  

d i s t r i b u t i o n  o f  l e a k a g e  a r e a .  One o b v i o u s  d i s a d v a n t a g e  o f  t h e  

r e s i d e n t i a l  m e t h o d  i s  i t s  i n a b i l i t y  t o  a c c o u n t  f o r  t h e  

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

o v e r p r e d i c t i o n  o f  t h e  i n f i l t r a t i o n .  I n  c o m p a r i s o n »  t h e  h e a t i n g  

l o a d s  p r e d i c t e d  by u s i n g  t h e  c r a c k  l e n g t h  m e t h o d  w e r e  i n  c l o s e r  

a g r e e m e n t  w i t h  t h e  a c t u a l  v a l u e s .  I t  i s  » h o w e v e r  » f e l t  t h a t  a

c l o s e r  a g r e e m e n t  o f  t h e  h e a t i n g  l o a d s  c o u l d  be  o b t a i n e d  p r o v i d e d  

e n o u g h  i n f o r m a t i o n  w e r e  a v a i l a b l e  t o  a c c u r a t e l y  s p e c i f y  t h e  

l e a k a g e  c h a r a c t e r i s t i c s  o f  z o n e - 1 . A n o t h e r  s o u r c e  o f  d i s c r e p a n c y  

b e t w e e n  t h e  a c t u a l  a n d  p r e d i c t e d  h e a t i n g  l o a d s  was  d u e  t o  

t h e  c a r e l e s s  c o n s t r u c t i o n  o f  t h e  b u i l d i n g  e n v e l o p e .  A b n o r m a l  

l e a k a g e  a r o u n d  t h e  t h e r m o s t a t s  c a u s e d  e a r l y  a c t i v a t i o n  o f  t h e  

b a s e b o a r d  h e a t e r s  when s p a c e  h e a t  w a s  n o t  r e q u i r e d  i n  z o n e - 1 . 

T h i s  a s p e c t  o f  f a u l t y  c o n s t r u c t i o n  c a u s e d  f r e q u e n t  d i s a g r e e m e n t
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b e t w e e n  t h e  p r e d i c t e d  a n d  t h e  a c t u a l  h e a t i n g  l o a d s  d u r i n g  t h e  

l a t e r  h o u r  o f  c l e a r  s u n n y  d a y s .

8 . 2 . 3  HOURLY COMPARISON OF ZONE-1  UNDER CLEAR SKY AND H I GH  

NORTHERLY WINDS

T h e  h o u r l y  m e a s u r e d  a n d  p r e d i c t e d  p e r f o r m a n c e  o f  z o n e - 1 on  

M a r c h  1 3 t h  i s  shown i n  F i g u r e  8 . 3 . A . T h i s  was  a l s o  a c l e a r

s u n n y  d a y  w i t h  o u t d o o r  a i r  t e m p e r a t u r e s  a r o u n d  4 2  d e g r e e s  F .  

T h e  w i n d  on t h e  a v e r a g e  was  a r o u n d  15 K n o t s  a n d  was  d i r e c t e d  

f r o m  t h e  n o r t h - e a s t .  T h e  r e s u l t s  p r e s e n t e d  a r e  f o r  t h e  c r a c k  

l e n g t h  m e t h o d .

A c o m p a r i s o n  o f  t h e  b a s e b o a r d  h e a t e r ’ s  p e r f o r m a n c e  s h o w e d  

t h a t  d u r i n g  t h e  f i r s t  t w o  h o u r s ,  t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n  

was c o n s i d e r a b l y  h i g h e r  t h a n  t h e  p r e d i c t e d  v a l u e s .  T h i s  was

c a u s e d  by h i g h  i n f i l t r a t i o n  t h r o u g h  t h e  f i r e p l a c e  o p e n i n g  a n d

s h u t t e r  s t r a p  c o n t r o l  a n d  h e a t e r  w i r e  p e n e t r a t i o n s  p r e s e n t  i n  

t h e  e a s t  w a l l .  T h e  t h e r m o s t a t s  o f  t h e  h e a t e r s  l o c a t e d  i n  t h e

e a s t  a n d  s o u t h  w a l l s  w e r e  a f f e c t e d  by t h i s  h i g h  i n f i l t r a t i o n .  

C o n s e q u e n t l y  t h e  h e a t e r s  w e r e  r e q u i r e d  t o  a d d  m o r e  h e a t .  D u r i n g  

t h e  l a t e r  h o u r s ,  a s  t h e  w i n d  s p e e d  d r o p p e d  t h e  m e a s u r e d  a n d

p r e d i c t e d  e n e r g y  c o n s u m p t i o n  w e r e  a l m o s t  t r a c k i n g  e a c h  o t h e r  a n d  

t h e  b a s e b o a r d  h e a t e r s  w e r e  s h u t  o f f  a t  t h e  same t i m e .  T h r o u g h o u t  

t h e  d a y  t h e  w i n d  s p e e d  r e m a i n e d  h i g h  c a u s i n g  l a r g e  i n f i l t r a t i o n  

l o s s e s .  H o w e v e r ,  i n  b o t h  t h e  c a s e s ,  o u t p u t  f r o m  t h e  h e a t e r s

r e m a i n e d  a t  z e r o  u n t i l  h o u r  1 6 : 0 0  d ue  t o  t h e  a v a i l a b i l i t y  o f  

l a r g e  s o l a r  g a i n s .  A f t e r  h o u r  1 6 : 0 0 ,  t h e  s o l a r  g a i n  h ad

1 2 0
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c o n s i d e r a b l y  d e c r e a s e d  a n d  t h e  w i n d  s p e e d  s t a r t e d  t o  i n c r e a s e .  

As a r e s u l t ,  a i r  l e a k a g e  a r o u n d  t h e  t h e r m o s t a t  a f f e c t e d  t h e  

o u t p u t  o f  t h e  b a s e b o a r d  h e a t e r  l o c a t e d  i n  t h e  e a s t  w a l l .  H e n c e

e x c e s s  h e a t  was  a d d e d  t o  t h e  s p a c e  by t h i s  h e a t e r .  I t  i s

w o r t h w h i l e  t o  n o t e  t h a t  t h e  a c t u a l  s p a c e  t e m p e r a t u r e  w a s  s t i l l  

a b o v e  t h e  s e t  p o i n t  o f  7 0  d e g r e e s  F . S i m i l a r  r e s u l t s  w e r e  a l s o

o b s e r v e d  i n  t h e  p r e c e d i n g  s e c t i o n  when l o w  s o u t h e r l y  w i n d s  c a u s e d  

l e a k a g e  a r o u n d  t h e  h e a t e r  t h e r m o s t a t .  T h e s e  r e s u l t s  i n d i c a t e

t h a t  when t h e  h e a t e r  came on w h i l e  t h e  r o o m  t e m p e r a t u r e  w a s  a b o v e  

7 0  d e g r e e s  F ,  t h e  c o n c l u s i o n  s e e m s  t o  be  t h a t  c o l d  o u t d o o r  a i r  

h a d  l e a k e d  t h r o u g h  t h e  h o l e  a r o u n d  t h e  w i r e  s u p p l y i n g  p o w e r  t o  

t h e  h e a t e r .  S i n c e  t h e  h e a t e r  t h e r m o s t a t  was  i n  t h e  p a t h  o f  t h i s  

l e a k a g e  a i r , t h e  h e a t e r  c o n t r o l  was  g o v e r n e d  by t h e  t e m p e r a t u r e

o f  l e a k a g e  a i r  r a t h e r  t h a n  t h e  r o o m  t e m p e r a t u r e .  T h e  r e s u l t s  

p r e s e n t e d  i n  F i g u r e  8 . 3 . A a l s o  i l l u s t r a t e  t h a t  t h e  s i m u l a t e d

h e a t i n g  l o a d  h a d  s t a r t e d  t r a c k i n g  t h e  a c t u a l  h e a t i n g  l o a d  f r o m

h o u r  2 0 : 0 0  o n w a r d s .  T h e  s p a c e  t e m p e r a t u r e s  w e r e  i n  g o o d

a g r e e m e n t  u n t i l  n o o n  b e y o n d  w h i c h  t h e  d e c a y  r a t e  o f  t w o

t e m p e r a t u r e  w a s  a g a i n  i d e n t i c a l .

F i g u r e  8 . 3 . B  s h o w s  t h e  m e a s u r e d  a n d  t h e  p r e d i c t e d  

p e r f o r m a n c e  o f  z o n e —1 on A p r i l  1 s t  u s i n g  t h e  c r a c k  l e n g t h  m e t h o d .  

T h i s  w a s  a c l e a r  s u n n y  d a y  w i t h  w i n d s  r i s i n g  t o  21 K n o t s  a t  n o o n

a n d  l a t e r  on d e c r e a s i n g  t o  4  K n o t s  by m i d n i g h t .  A l a r g e  s w i n g

was  o b s e r v e d  i n  t h e  a m b i e n t  t e m p e r a t u r e  w h i c h  r o s e  t o  5 5  d e g r e e s  

F u n t i l  h o u r  1 6 : 0 0  a n d  d r o p p e d  t o  3 5  d e g r e e s  F a t  m i d n i g h t .

An e x c e l l e n t  a g r e e m e n t  was  o b t a i n e d  b e t w e e n  t h e  a c t u a l  a n d
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p r e d i c t e d  o f f  a n d  on t i m e s  o f  t h e  b a s e b o a r d  h e a t e r s .  T h e

p r e d i c t e d  h e a t i n g  l o a d s  w e r e  s l i g h t l y  h i g h e r  d u r i n g  t h e  e a r l y  

m o r n i n g  b u t  w e r e  a l m o s t  i d e n t i c a l  by m i d n i g h t .  T h e  i n d o o r  

t e m p e r a t u r e  p r o f i l e s  s h o w e d  a s i m i l a r  t r e n d ,  e x c e p t  t h a t  t h e  

m e a s u r e d  t e m p e r a t u r e s  w e r e  l o w e r  i n  t h e  l a t e  a f t e r n o o n  by 3 t o  4 

d e g r e e s  F .  H i g h  w i n d s  a p p a r e n t l y  c a u s e d  a r a p i d  c o o l i n g  o f  z o n e - 1  

i n  t h e  a c t u a l  c a s e .

T h e  r e s u l t s  o b t a i n e d  by t h e  r e s i d e n t i a l  m e t h o d ,  f o r  t h e  same  

d a y ,  a r e  a l s o  c o m p a r e d  i n  F i g u r e  8 . 3  C. T h i s  c o m p a r i s o n  a g a i n  

s h o w e d  an o v e r e s t  i m a t  i o n  o f  t h e  h e a t i n g  l o a d s  d u r i n g  t h e  e a r l y  

m o r n i n g  a n d  by m i d n i g h t .  T h e  t e m p e r a t u r e  p r o f i l e s  w e r e ,  h o w e v e r ,  

s i m i l a r  t o  t h o s e  o b t a i n e d  by t h e  c r a c k  l e n g t h  m e t h o d .

8 . 2 . 4  HOURLY COMPARISON OF ZONE-1  DURI NG A CLOUDY DAY

T h e  h o u r l y  m e a s u r e d  a n d  t h e  p r e d i c t e d  p e r f o r m a n c e  o f  z o n e - 1  i s  

shown i n  F i g u r e  8 . 4  f o r  M a r c h  2 5 t h .  T h e  r e s u l t s  p r e s e n t e d  a r e  

f o r  b o t h  t h e  c r a c k  l e n g t h  a n d  t h e  r e s i d e n t i a l  i n f i l t r a t i o n  

m e t h o d s .  T h i s  was  a  c o m p l e t e l y  o v e r c a s t  d a y . T h e  w i n d s  w e r e  

l o w ,  a r o u n d  4  K n o t s ,  u n t i l  h o u r  1 4 : 0 0  a n d  w e r e  f r o m  t h e  n o r t h 

e a s t .  A f t e r  1 4 : 0 0  h o u r s  t h e  w i n d s  i n c r e a s e d  t o  10 K n o t s  a n d  t h e  

d i r e c t i o n  c h a n g e d  t o  n o r t h  by n o r t h - e a s t .

T h e  a c t u a l  a n d  t h e  p r e d i c t e d  i n d o o r  t e m p e r a t u r e s  w e r e  i n  g o o d  

a g r e e m e n t  a t  t h e  t h e r m o s t a t  s e t  p o i n t  o f  7 0  d e g r e e s  F .  I t  was  

e x p e c t e d  t h a t  u n d e r  l o w  w i n d  c o n d i t i o n s  t h e  D O E - 2  h e a t i n g  l o a d  

p r e d i c t i o n s  w o u l d  be  i n  c l o s e  a g r e e m e n t  w i t h  t h e  m e a s u r e d  

v a l u e s .  H o w e v e r ,  t h e  t w o  s i m u l a t e d  h e a t i n g  l o a d s  s h o w e d  an

1 2 4
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o p p o s i t e  t r e n d .  T h e  p r e d i c t i o n s  o b t a i n e d  by t h e  r e s i d e n t i a l  

i n f i l t r a t i o n  m e t h o d  w e r e  s i g n i f i c a n t l y  h i g h e r  t h r o u g h o u t  t h e  d a y .  

I n  c o m p a r  i  s o n , t h e  c r a c k  l e n g t h  m e t h o d  m o d e l l e d  1 e s s

i n f i 1 t r a t i o n  1 h e n c e  i t s  h e a t i n g  l o a d  p r e d i c t i o n s  w e r e  l o w e r  t h a n

t h o s e  o b t a i n e d  by t h e  r e s i d e n t i a l  m e t h o d  u n t i l  h o u r s  1 4 : 0 0 .

I n  o r d e r  t o  d e t e r m i n e  t h e  p o s s i b l e  r e a s o n  f o r  t h e  l o w e r  a c t u a l  

e n e r g y  r e q u i r e m e n t s  o f  t h i s  z o n e ,  t h e  m e a s u r e d  p e r f o r m a n c e  o f  t h e  

b a s e b o a r d  h e a t e r s  was  c h e c k e d .  I t  was  f o u n d  t h a t  t h e  h e a t e r  

l o c a t e d  i n  t h e  e a s t  w a l l  r e m a i n e d  i n a c t i v e  u n t i l  1 4 : 0 0  h o u r s .  

H o w e v e r , d u r i n g  t h e  l a t e r  h o u r s ,  t h i s  h e a t e r  w a s  a c t i v a t e d  

by i n f i l t r a t i o n  t h r o u g h  t h e  n o r t h  a n d  e a s t  w a l l s  c a u s e d  by 

i n c r e a s e d  w i n d s .

T h e  D O E - 2  p r o g r a m  c a n n o t  m o d e l  a i r  m o v e m e n t  b e t w e e n  

i n t e r c o n n e c t e d  s p a c e s  t h a t  w o u l d  o c c u r  i n  an  a c t u a l  t w o  s t o r e y  

h o u s e  d u e  t o  p r e s s u r e  d i f f e r e n c e s  b e t w e e n  t h e  i n t e r c o n n e c t e d  

s p a c e s .  T h i s  p o s s i b i l i t y  c o u l d  n o t  be  i g n o r e d  f o r  z o n e - 1  a s  i t  

w as  c o n n e c t e d  t o  t h e  b o t t o m  z o n e s  t h r o u g h  a s t a i r c a s e  o p e n i n g .  

T h i s  o p e n i n g  p r o v i d e d  a d i r e c t  p a t h  f o r  h e a t  t o  f l o w  f r o m  t h e  

l o w e r  z o n e s  t o  z o n e - 1 .  T h e  e n e r g y  r e q u i r e m e n t s  o f  z o n e - 1  c o u l d  

be a f f e c t e d  by t h i s  h e a t  t r a n s f e r .

D u r i n g  t h e  p e r i o d s  o f  l o w  n o r t h e r l y  w i n d s ,  t h e  e f f e c t  o f  w i n d  

d r i v e n  i n f i l t r a t i o n  w o u l d  n o t  be s i g n i f i c a n t  i n  z o n e - 3  a n d  z o n e — 

4 .  H o w e v e r , a s  l a r g e  l e a k a g e  a r e a s  w e r e  d i s c o v e r e d  i n  t h e  e a s t  

a n d  s o u t h  w a l l s  o f  z o n e - 3 ,  t h e  s t a c k  d r i v e n  i n f i l t r a t i o n  i n  z o n e -  

3 w o u l d  i n c r e a s e  w i t h  t h e  i n c r e a s i n g  i n d o o r - o u t d o o r  t e m p e r a t u r e  

d i f f e r e n c e .  C o n s e q u e n t l y ,  t h e  warm a i r  f r o m  z o n e - 3  w o u l d  r i s e

1 2 7
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i n t o  z o n e - 1  t h r o u g h  t h e  l o w e r  h a l l w a y  a n d  s t a i r c a s e  o p e n i n g  a n d  

e x f i l t r a t e  t h r o u g h  t h e  l e a k a g e  o p e n i n g s  i n  z o n e - 1 .  D u r i n g  t h i s  

p r o c e s s  h e a t  w o u l d  be t r a n f e r r e d  f r o m  t h e  l o w e r  z o n e s  t o  z o n e - 1 .

I n  o r d e r  t o  e x a m i n e  t h i s  p o s s i b i l i t y  t h e  m e a s u r e d  p e r f o r m a n c e  

o f  z o n e - 3  a n d  z o n e —4 was  c h e c k e d .  T h e  m e a s u r e d  e n e r g y  

c o n s u m p t i o n  o f  z o n e - 3  was  c o n s i s t e n t l y  h i g h e r  t h a n  t h e  e n e r g y  

c o n s u m p t i o n  p r e d i c t e d  by u s i n g  t h e  r e s i d e n t i a l  a n d  t h e  c r a c k  

l e n g t h  i n f i l t r a t i o n  m e t h o d s .  L i k e w i s e  t h e  a c t u a l  e n e r g y

r e q u i r e m e n t s  o f  z o n e - 4  w e r e  a l s o  f r e q u e n t l y  h i g h e r  t h a n  t h e  

p r e d i c t e d  v a l u e s .  T h e  m e a s u r e d  t e m p e r a t u r e s  i n  z o n e - 3  a n d  z o n e - 4  

w e r e  a l s o  2  d e g r e e s  F h i g h e r  t h a n  t h e  t e m p e r a t u r e s  i n  z o n e - 1 .  

T h e  s t a c k  a n d  w i n d  d r i v e n  i n f i l t r a t i o n  i n  z o n e - 3 ,  o b t a i n e d  by  

t h e  r e s i d e n t i a l  i n f i l t r a t i o n  m e t h o d ,  w e r e  a l s o  c o m p a r e d .  T h i s  

c o m p a r i s o n  was  made t o  d e t e r m i n e  t h e  e x t e n t  o f  t h e  t w o  

i n f i l t r a t i o n  c o m p o n e n t s  u n d e r  t h e  e x i s t i n g  o u t d o o r  w e a t h e r  

c o n d i t i o n s .  F o r  an a v e r a g e  i n d o o r - o u t d o o r  t e m p e r a t u r e

d i f f e r e n c e  o f  3 7  d e g r e e s  F a n d  an a v e r a g e  w i n d  s p e e d  o f  6  k n o t s  

t h e  s t a c k  d r i v e n  i n f i l t r a t i o n  ( 0 . 4 7 3  a c h  ) was 2 . 3  t i m e s  h i g h e r  

t h a n  t h e  w i n d  d r i v e n  i n f i l t r a t i o n  ( 0 . 2 0 7  a c h  ) .  S i n c e  t h e

s t a c k  e f f e c t  was  p r e d o m i n a n t ,  warm a i r  c o u l d  h a v e  r i s e n  i n t o  

z o n e —1 t o  m e e t  a p o r t i o n  o f  i t s  h e a t i n g  r e q u i r e m e n t s .  T a b l e  8

p r e s e n t s  an e n e r g y  b a l a n c e  b e t w e e n  t h e  l o w e r  z o n e s  a n d  z o n e - 1  f o r  

t h e  same d a y .  I t  s h o w s  t h a t  on a d a i l y  b a s i s  t h e

u n d e r p r e d i c t i o n s  i n  e n e r g y  c o n s u m p t i o n  o f  z o n e - 3  a n d  z o n e —4 w e r e  

a l m o s t  e q u a l  t o  t h e  o v e r p r e d i c t i o n  i n  t h e  e n e r g y  r e q u i r e m e n t s  o f  

z o n e - 1.  I t  c o u l d  be i n f e r r e d  f r o m  t h i s  o b s e r v a t i o n  t h a t  e x c e s s

1 2 8
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T A B L E  -  8

D A I L Y  COMPARISON OF THE TOTAL MEASURED AND TH^  
PR ED IC TED ENERGY CONSUMPTION OF Z O N E - 1 ,  Z O N E - 3  AND Z O N E - 4

FOR MARCH 2 5 T H

D E S C R I P T I O N MEASURED 
CONSUMPTION  

KBTU /  DAY

PREDI CTED  
CONSUMPTION  

KBTU /  DAY 
( R E S I D E N T I A L  )

PREDICTED  
CONSUMPTION  

KBTU /  DAY 
( CRACK LENGTH )

ZONE-1 2 5 . 0 8 5 . 0 7 0 . 5

Z O N E - 3 2 3 3 . 0 1 8 1 . 0 1 8 8 . 0

Z O N E - 4 6 0 . 0 5 4 . 0 5 4 . 0  
<R e s i  d e n t  i a l )

TOTAL ENERGY 
CONSUMPTION 3 1 8 . 0 3 2 0 . 0 3 1 2 . 0

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



h e a t  f r o m  t h e  l o w e r  z o n e s  m u s t  h a v e  been  t r a n s f e r r e d  t o  z o n e - 1  t o  

o f f s e t  a m a j o r  p o r t i o n  o f  i t s  h e a t i n g  r e q u i r e m e n t s .

8 . 2 . 5  HOURLY COMPARISON OF ZONE-1  UNDER H I G H SOUTHERLY WINDS

S i n c e ,  a l a r g e  l e a k a g e  a r e a  was d i s c o v e r e d  i n  t h e  s o u t h - f a c i n g  

s i d e  o f  t h e  h o u s e ,  i t  was e x p e c t e d  t h a t  s i g n i f i c a n t  d i s a g r e e m e n t  

w o u l d  o c c u r  b e t w e e n  t h e  m e a s u r e d  a n d  t h e  p r e d i c t e d  p e r f o r m a n c e  

d u r i n g  d a y s  w i t h  h i g h  s o u t h e r l y  w i n d s .  T o  s e e  t h e  e x t e n t  o f  t h i s  

d i s a g r e e m e n t ,  t h e  r e s u l t s  shown i n  F i g u r e  8 . 5  i l l u s t r a t e  t h e  

c a s e  o f  a c l e a r  s u n n y  da y  w i t h  s t r o n g  s o u t h e r l y  w i n d s .

D u r i n g  t h e  e a r l y  m o r n i n g ,  t h e  p r e d i c t e d  e n e r g y  c o n s u m p t i o n  

o b t a i n e d  by t h e  c r a c k  l e n g t h  a n d  r e s i d e n t i a l  m e t h o d s  was  h i g h e r  

t h a n  t h e  a c t u a l .  T h i s  s i t u a t i o n  was  u s u a l l y  c a u s e d  by h e a t  

t r a n s f e r  b e t w e e n  z o n e s ,  i n  t h i s  c a s e  h e a t  f r o m  l o w e r  z o n e s  m o v i n g  

up  i n t o  z o n e - 1 , a n d  was  e x p l a i n e d  i n  s e c t i o n  8 . 2 . 4 .  As t h e  w i n d  

s p e e d  i n c r e a s e d ,  t h e  i n f i l t r a t i o n  l o s s e s  i n c r e a s e d  c a u s i n g  a 

d r a m a t i c  i n c r e a s e  i n  t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n .  I n  s p i t e  

o f  t h e  s o l a r  g a i n s ,  t h e  b a s e b o a r d  h e a t e r s  w e r e  r e q u i r e d  t o

p r o v i d e  h e a t  t h r o u g h o u t  t h e  d a y .

T h e s e  r e s u l t s  c l e a r l y  i l l u s t r a t e  t h e  f u t i l i t y  o f  an e n e r g y  

c o n s e r v a t i o n  d e s i g n  s u c h  a s  a p a s s i v e  s o l a r  s y s t e m ,  i f  t h e

b u i l d i n g  e n v e l o p e  i s  n o t  b u i l t  w i t h  c a r e  a n d  an a d e q u a t e  a i r

b a r r i e r  i s  n o t  p r o p e r l y  i n s t a l l e d .

8 . 2 . 6  D A I L Y  COMPARISON OF ENERGY CONSUMPTION FOR ZONE-1

I t  was  f o u n d  i n  t h e  p r e c e d i n g  s e c t i o n  t h a t  s t r o n g  s o u t h e r l y

1 3 0
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w i n d  c a u s e d  e x c e s s i v e  i n f i l t r a t i o n  i n  z o n e - 1 ,  w h i c h

s i g n i f i c a n t l y  a f f e c t e d  t h e  p e r f o r m a n c e  o f  t h i s  s p a c e .  B o t h  t h e  

c r a c k  l e n g t h  a n d  t h e  r e s i d e n t i a l  i n f i l t r a t i o n  m e t h o d s  i n  t h e  

D O E -2  p r o g r a m  w e r e  u n a b l e  t o  h a n d l e  s u c h  a s i t u a t i o n .  I t  was  

t h e r e f o r e  d e c i d e d  t o  e l i m i n a t e  a l l  t e s t  d a y s  w i t h  s t r o n g  

s o u t h e r l y  w i n d s  f o r  t h e  p u r p o s e  o f  c o m p a r i n g  t h e  d a i l y  e n e r g y  

c o n s u m p t i o n  w i t h  t h e  p r e d i c t e d  v a l u e s .

F i g u r e  8 . 6  p r e s e n t s  an o v e r v i e w  o f  t h e  d a i l y  c o m p a r i s o n  

b e t w e e n  t h e  m e a s u r e d  a n d  p r e d i c t e d  e n e r g y  c o n s u m p t i o n  o f  z o n e - 1 .  

T h i s  c o m p a r i s o n  i s  b a s e d  on b o t h  t h e  c r a c k  l e n g t h  a n d  t h e  

r e s i d e n t i a l  i n f i l t r a t i o n  m e t h o d s .  A p e r c e n t a g e  c o m p a r i s o n

b e t w e e n  t h e  d a i l y  m e a s u r e d  a n d  p r e d i c t e d  e n e r g y  c o n s u m p t i o n  i s  

a l s o  p r e s e n t e d  i n  T a b l e s  8 . 1 . A a n d  8 . I . E .

F i g u r e  8 . 6  i n d i c a t e s  t h a t  t h e  d a i l y  e n e r g y  p r e d i c t i o n s  

o b t a i n e d  by t h e  c r a c k  l e n g t h  m e t h o d  a r e  i n  c l o s e  a g r e e m e n t  w i t h  

t h e  a c t u a l  v a l u e s  f o r  m os t  o f  t h e  t e s t  d a y s  c o n s i d e r e d .  T h e s e

d a y s  r e p r e s e n t  t h e  o u t d o o r  w e a t h e r  c o n d i t i o n s  when t h e  w i n d s  w e r e

lo w  on t h e  a v e r a g e  a n d  f r o m  a d i r e c t i o n  w h i c h  d i d  n o t

s i g n i f i c a n t l y  e f f e c t  t h e  o u t p u t  f r o m  t h e  b a s e b o a r d  h e a t e r s  due t o  

o u t d o o r  a i r  l e a k a g e  a r o u n d  t h e i r  t h e r m o s t a t s .  On t h e  o t h e r  h a n d ,  

t h e  e n e r g y  p r e d i c t i o n s  o b t a i n e d  by t h e  r e s i d e n t i a l  m e t h o d  w e r e  

s i g n i f i c a n t l y  h i g h e r  c o m p a r e d  t o  t h e  a c t u a l  v a l u e s .  A m a j o r

r e a s o n  f o r  t h e  l a r g e  d i s c r e p a n c y  was t h e  w i n d  d i r e c t i o n a l  e f f e c t  

w h i c h  c o u l d  n o t  be  a c c o u n t e d  f o r  by t h e  r e s i d e n t i a l  m e t h o d .  

T h e s e  c o m p a r i s o n s  c l e a r l y  i n d i c a t e  t h e  a d v a n t a g e  o f  u s i n g  t h e  

c r a c k  l e n g t h  m e t h o d  f o r  b u i l d i n g s  w i t h  a non u n i f o r m  d i s t r i b u t i o n

1 3 2
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T A B L E  8 . 1 . A

PERCENTAGE COMPARISON OF THE DA ILY  MEASURED AND THE PREDICTED  

BASEBOARD ENERGY CONSUMPTION FOR ZONE-1  

( CRACK LENGTH METHOD )

DAY

APRIL

A p r i l  

AP^Ït
4PRIL  

4PRIL -

•
MERASURED ENERGY 

CONSUMPTION 
KBTU /  HR

PREDICTED ENERGY 
CONSUMPTION 

KBTU / H R

PERCENTAGE
UNDER

PREDICTION

PERCENTAGE
OVER

PR EDICTIO N

-  11 5 0 . 0 0 5 9 . 5 0 1 9 . 0
-  12 7 0 . 0 0 7 6 . 0 0 — 8 . 5
-  13 5 3 . 0 0 4 0 . 0 0 2 4 . 5 — -
-  14 2 0 . 0 0 2 1 . 0 0 5 . 0

-  2 2 3 0 . 0 0 4 3 . 0 0 — 4 3 . 0
-  23 2 2 . 5 0 2 1 . 5 0 — 4 . 4
-  2 4 2 7 . 0 0 2 4 . 5 0 9 . 2 —
-  25 2 5 . 0 0 7 0 . 0 0 1 8 0 . 0

-  2 8 3 7 . 5 0 3 9 . 0 0 - 4 . 0
-  2 9 3 1 . 0 0 2 7 . 5 0 9 . 3 —

-  3 0 4 1 . 0 0 2 5 . 3 0 3 8 . 0 —
-  31 1 3 . 0 0 1 3 . 5 0 4 . 0

-  01 1 3 . 0 0 1 6 . 0 0 - 2 3 . 0

-  0 8 2 8 . 0 0 3 8 . 5 0 - 3 6 . 0
-  0 9 3 9 . 0 0 5 8 . 0 0 — 4 9 . 0
-  10 3 0 . 0 0 5 0 .  0 0 — 6 7 . 0

-  11 2 7 .  0 0 4 0 . 0 0 4 8 . 0

-  13 3 5 . 0 0 3 6 . 0 0 — 2 . 8

1 3 4
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T A B L E  8 . 1 . B

PERCENTAGE COMPARISON OF THE D A IL Y  MEASURED AND THE PREDICTED  

BASEBOARD ENERGY CONSUMPTION FOR ZONE-1  

( R E S ID E N T IA L  METHOD )

Day MERASURED ENERGY 
CONSUMPTION 

KBTU / H R

PREDICTED ENERGY 
CONSUMPTION 

KBTU / H R

PERCENTAGE
UNDER

PR ED IC T IO N

PERCENTAGE
OVER

PR ED IC T IO N

-  11 
-  12
-  13
-  14

-  22
-  2 3
-  24
-  25

-  2 8
-  2 9
-  3 0
-  31

5 0 .  0 0
7 0 . 0 0
5 3 . 0 0  
20 . 00

3 0 . 0 0  
2 2 . 5 0
2 7 . 0 0
2 5 . 0 0

3 7 .  5 0
3 1 . 0 0
4 1 . 0 0
1 3 . 0 0

8 1 . 0 0
86.00
3 1 . 0 0
2 9 . 0 0

66.00
3 7 . 0 0
4 5 . 0 0
8 5 . 0 0

6 4 . 0 0
4 2 . 0 0
2 8 . 0 0  
2 3 .  0 0

4 1 . 5

3 1 . 7

6 2 . 0
2 3 . 0

4 5 . 0

120. 0 
6 4 .  0  
6 7 .  0  

2 4 0 .  0

7 0 . 6
3 5 . 5

7 7 . 0

4PRIL 01 1 3 . 0 0 21 .00 6 1 . 5

Ap r i l  -

S t  :
A p r i l  -  

A p r i l  -

0 8
0 9
10 
11

13

2 8 . 0 0  
3 9 .  0 0  
3 0 .  0 0
2 7 . 0 0

3 5 . 0 0

6 5 . 0 0
7 1 . 0 0  
8 0 .  0 0
6 0 . 0 0

3 5 . 5

1 3 2 . 0  
8 2 . 0

1 7 0 . 0
1 2 2 .0

1 . 4
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o f  l e a k a g e  o p e n i n g s .

One e x c e p t i o n  t o  t h e  p r e c e d i n g  c o m p a r i s o n  was o b s e r v e d  f o r  

M a r c h  1 3 t h  and  M a r c h  3 0 t h  when t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n  

was s i g n i f i c a n t l y  u n d e r p r e d i c t e d  by t h e  tw o  i n f i l t r a t i o n  m e t h o d s .  

M a r c h  1 3 t h  r e p r e s e n t s  o u t d o o r  w e a t h e r  c o n d i t i o n s  when t h e  n o r t h  

e a s t e r l y  w i n d s  w e r e  h i g h  c a u s i n g  f r e q u e n t  a c t i v a t i o n  o f  t h e

b a s e b o a r d  h e a t e r  l o c a t e d  n e a r  t h e  e a s t  w a l l .  H e n ce  t h e  m e a s u r e d  

e n e r g y  r e q u i r e m e n t s  w e r e  h i g h e r  t h a n  t h e  p r e d i c t e d  v a l u e s .  M a rc h  

3 0 t h  r e p r e s e n t s  a s e m i c l o u d y  day w i t h  lo w  t o  a v e r a g e  ( 5 t o  8  

k n o t s  ) s o u t h e r l y  w i n d s .  I n  t h e  a b s e n c e  o f  eno ugh  s o l a r  g a i n s ,  

a n d  t h e  o u t d o o r  a i r  l e a k a g e  a r o u n d  t h e  t h e r m o s t a t ,  t h e  s o u t h  

h e a t e r  was r e q u i r e d  t o  a d d  h e a t  t o  t h e  s p a c e  f o r  m ost  o f  t h e

h o u r s .  S i n c e  t h e  D O E -2  p r o g r a m  d o e s  n o t  r e c o g n i s e  t h e  l o c a t i o n  

o f  b a s e b o a r d  h e a t e r  a n d  o u t d o o r  a i r  l e a k a g e  a r o u n d  t h e i r  

t h e r m o s t a t s ,  i t s  p r e d i c t i o n s  w e r e  l o w e r  t h a n  t h e  a c t u a l  v a l u e s .

U n d e r  lo w  w i n d s  a n d  a l a r g e  i n d o o r - o u t d o o r  t e m p e r a t u r e  

d i f f e r e n c e ,  t h e  m e a s u r e d  r e s u l t s  i n d i c a t e  t h a t  t h e  s t a c k  e f f e c t  

p r e d o m i n a t e d  c a u s i n g  i n f i l t r a t i o n  i n  z o n e - 3  a n d  e x f i l t r a t i o n  i n  

z o n e - 1 .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  h e a t i n g  r e q u i r e m e n t s  o f

z o n e - 1  w e r e  s u p p l e m e n t e d  by a h e a t  t r a n s f e r  f r o m  t h e  l o w e r  z o n e s .  

H e n c e  t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n  o f  z o n e - 1  was l e s s  t h a n  t h e  

p r e d i c t e d  v a l u e s .  M a r c h  2 5 t h  r e p r e s e n t s  su c h  a c a s e  when t h e  

s t a c k  e f f e c t  seem t o  h a v e  p r e d o m i n a t e d  f o r  a l o n g  t i m e ,  r e s u l t i n g  

i n  a s i g n i f i c a n t  o v e r p r e d i c t i o n  o f  t h e  m e a s u r e d  m e a s u r e d  e n e r g y  

c o n s u m p t i o n  by b o t h  t h e  c r a c k  l e n g t h  a n d  t h e  r e s i d e n t i a l

i n f i l t r a t i o n  m e t h o d s .
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A c u m u l a t i v e  e n e r g y  c o m p a r i s o n  f o r  z o n e - 1 ,  c a r r i e d  o v e r  t h e  

t e s t  d a y s  c o n s i d e r e d ,  show ed  t h a t  t h e  e n e r g y  p r e d i c t i o n s  

o b t a i n e d  by t h e  c r a c k  l e n g t h  m e th o d  w e r e  18 p e r c e n t  l e s s  t h a n  t h e  

a c t u a l  v a l u e s .  A s i m i l a r  c o m p a r i s o n  w i t h  t h e  r e s i d e n t i a l  m e th o d  

sho w ed  t h a t  D O E-2  o v e r e s t i m a t e d  t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n  

by 6 0  p e r c e n t .

8 . 3 . 0  AN ALYSIS  OF ZONE-2

T h e  p l a n  v i e w  o f  z o n e - 2  i s  shown i n  F i g u r e  8 . 1 .  T h i s  z o n e

r e p r e s e n t e d  a t i g h t e r  c o n s t r u c t i o n  a s  l e s s  a i r  l e a k a g e  was

d e t e c t e d  d u r i n g  t h e  f a n  d e p r e s s u r i z a t i o n  t e s t .  A b n o r m a l  l e a k a g e  

o p e n i n g s  i n  t h i s  z o n e  w e r e  a l s o  i d e n t i f i e d  a s  p e n e t r a t i o n s  f o r

t h e  s h u t t e r  c o n t r o l  s t r a p s  and  an o p e n i n g  f o r  t h e  h e a t e r  w i r e

l o c a t e d  i n  t h e  n o r t h  w a l l .  The  d i r e c t i o n a l  s e n s i t i v i t y  o f  t h e s e  

l e a k a g e  o p e n i n g s  t o  s t r o n g  n o r t h e r l y  w i n d s  can be r e a d i l y  

a p p r e c i a t e d .  W in d s  f r o m  a l l  o t h e r  d i r e c t i o n s  w i l l  h a v e  l i t t l e  

e f f e c t  on t h e  i n f i l t r a t i o n  i n  t h i s  z o n e .  T h e  w e s t  w a l l  o f  z o n e - 2  

was t i g h t  a s  i t  d i d  n o t  c o n t a i n  s h u t t e r  c o n t r o l  s t r a p s .  T h e r e  

w a s ,  h o w e v e r ,  a p e n e t r a t i o n  i n  t h e  v a p o r  b a r r i e r  f o r  t h e  s u p p l y  

w i r e  o f  a b a s e b o a r d  h e a t e r  l o c a t e d  i n  t h e  b a t h  e n s u i t e  f a c i n g  

w e s t .

8 . 3 . 1  HOURLY COMPARISONS OF RESULTS FOR ZO NE-2

The  f o l l o w i n g  s e c t i o n s  a r e  d e v o t e d  t o  t h e  h o u r l y  a n a l y s i s  o f  

t h e  m e a s u r e d  a n d  p r e d i c t e d  p e r f o r m a c e  o f  z o n e - 2 .  T h r e e  t e s t - d a y s  

w e r e  s e l e c t e d  f o r  c o m p a r i s o n .  T h e s e  d a y s  i n c l u d e d  M a rc h  2 5 t h ,
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2 9 t h  a n d  A p r i l  1 s t ,  a n d  w e r e  c o n s i d e r e d  t o  be r e p r é s e n t â t i v e  o f  

t h e  w e a t h e r  c o n d i t i o n s  w h i c h  c a u s e d  goo d  o r  p o o r  a g r e e m e n t  

b e t w e e n  t h e  m e a s u r e d  a n d  p r e d i c t e d  e n e r g y  c o n s u m p t i o n .  The  

h o u r l y  c o m p a r i s o n  was b a s e d  on b o t h  t h e  c r a c k  l e n g t h  and  t h e  

r e s i d e n t i a l  m e t h o d s .  As z o n e - 2  was n o t  d i r e c t l y  c o n n e c t e d  t o  t h e  

l o w e r  z o n e s  i t s  e n e r g y  r e q u i r e m e n t s  w o u l d  n o t  be s i g n i f i c a n t l y  

a f f e c t e d  by t h e  p o s s i b i l i t y  o f  h e a t  t r a n s f e r  f r o m  t h e  l o w e r  

z o n e s .

8 . 3 . 2  HOURLY COMPARISON OF ZO NE -2  FOR A CLOUDY DAY

T h e  c l o u d y  d ay  p e r f o r m a n c e  o f  z o n e - 2 ,  on M a rc h  2 5 t h ,  i s  

shown i n  F i g u r e s  8 . 7 . A a n d  8 . 7 . E .  I t  can be s e e n  t h a t  u n l i k e  

z o n e - 1 ,  t h e r e  i s  no s i g n i f i c a n t  o v e r p r e d i c t i o n  o f  t h e  h o u r l y  

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

T h e  m e a s u r e d  a n d  p r e d i c t e d  t e m p e r a t u r e s  w e r e  s t e a d y  a t  t h e  

t h e r m o s t a t  s e t  p o i n t  o f  7 0  d e g r e e s  F .  T h e  m e a s u r e d  e n e r g y  

c o n s u m p t i o n  o f  t h i s  z o n e  was lo w  u n t i l  h o u r s  1 3 : 0 0 ,  b u t  

i n c r e a s e d  i n  p r o p o r t i o n  t o  t h e  w i n d  s t r e n g t h  d u r i n g  t h e  l a t e r  

h o u r s  i n d i c a t i n g  i n c r e a s e d  i n f i l t r a t i o n .  T h e  s i m u l a t e d  e n e r g y  

r e q u i r e m e n t s  o b t a i n e d  by t h e  c r a c k  l e n g t h  m e t h o d  w e r e  i n  

e x c e l l e n t  a g r e e m e n t  w i t h  t h e  m e a s u r e d  v a l u e s  t h r o u g h o u t  t h e  d a y .  

T h e  e n e r g y  p r e d i c t i o n s  o f  t h e  r e s i d e n t i a l  m e th o d  w e r e  a l m o s t  

t r a c k i n g  t h e  m e a s u r e d  c o n s u m p t i o n ,  b u t  i n d i c a t e d  s l i g h t  o v e r  and  

u n d e r —p r e d i c t i o n  i n  t h e  e a r l y  m o r n i n g  a n d  l a t e  a f t e r n o o n .  T h i s  

d i s c r e p a n c y  was a g a i n  c a u s e d  by t h e  i n a b i l i t y  o f  t h e  r e s i d e n t i a l  

i n f i l t r a t i o n  m e t h o d  t o  a c c o u n t  f o r  t h e  d i r e c t i o n a l  e f f e c t s  o f  t h e  

w i n d .
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8 . 3 . 3  HOURLY COMPARISON OF ZO NE-2  DURING A CLEAR DAY

T h e  m e a s u r e d  an d  p r e d i c t e d  p e r f o r m a n c e  o f  Z o n e - 2 ,  on M a rc h  

2 9 t h  , i s  shown i n  F i g u r e s  8 . 8 . A an d  S . 8 . B .  T h i s  was a

c l e a r  s u n n y  day  w i t h  low  w i n d s  d i r e c t e d  f r o m  t h e  s o u t h  and

s o u t h - w e s t . As t h e  w i n d s  d i d  n o t  d i r e c t l y  a p p r o a c h  t h i s  

z o n e ,  t h e  i n f i l t r a t i o n  e f f e c t s  w e r e  n o t  d o m i n a n t .

T h e  p r e d i c t e d  t e m p e r a t u r e s  w e r e  s t a b l e  a t  t h e  t h e r m o s t a t  

s e t p o i n t ,  b u t  t h e  m e a s u r e d  t e m p e r a t u r e s  sho w ed  o v e r h e a t i n g  o f  

t h e  s p a c e .  T h i s  o v e r h e a t i n g  was c a u s e d  by l a r g e  s o l a r  g a i n s  i n  

z o n e - 1 ,  w h ic h  a l s o  a f f e c t e d  t h e  t e m p e r a t u r e s  i n  z o n e - 2  t h r o u g h  

an i n t e r i o r  d o o r  , w h i c h  was l e f t  ope n  d u r i n g  t h e  m o n i t o r i n g

p e r  i o d .

T h e  c r a c k  l e n g t h  m e th o d  e n e r g y  p r e d i c t i o n s  w e r e  a g a i n  i n

e x c e l l e n t  a g r e e m e n t  w i t h  t h e  m e a s u r e d  r e s u l t s .  The  r e s i d e n t i a l

m e th o d  s t i l l  o v e r e s t i m a t e d  t h e  e n e r g y  r e q u i r e m e n t  o f  t h i s  z o n e  

d u r i n g  t h e  e a r l y  h o u r s .  The  tw o  m e t h o d s ,  h o w e v e r ,  p r e d i c t e d  z e r o  

o u t p u t  f r o m  t h e  h e a t e r  a t  t h e  same t i m e .

8 . 3 . 4  HOURLY COMPARISON OF ZO N E -2  UNDER H IG H NORTHERLY WIND

Th e  h o u r l y  p e r f o r m a n c e  o f  z o n e - 2 ,  on A p r i l  1 s t  i s  shown i n  

F i g u r e  8 . 9 .  T h i s  day  was s e l e c t e d  t o  d e m o n s t r a t e  t h e  

s e n s i t i v i t y  o f  t h i s  z o n e  t o  s t r o n g  n o r t h e r l y  w i n d s .

T h e  m e a s u r e d  and  p r e d i c t e d  e n e r g y  c o n s u m p t i o n s  w e r e  i n  

c o m p l e t e  d i s a g r e e m e n t .  T h e  p e r f o r m a n c e  o f  t h e  b a s e b o a r d  h e a t e r  

l o c a t e d  n e a r  t h e  n o r t h  w a l l  was s i g n i f i c a n t l y  a f f e c t e d  by s t r o n g

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



= r

2 h
I

1 -

m a r c h  s a

-~rS=-.rr-

# Measured 
9 Pred)c:ed

(CRACK LENGTH METHOD)

a -
■ja

30 

TO -

6 0  

6 0

•  M easured 

g  P fq d ie te d

4 0 0

3 0 0

200

J.CO

o

—O <t>"

\ %

♦  Tota l H c r iia n ta l Pad ia tion  
a D irect N c fr ral Rae'iati'on

A

\
\

Nr

a

S O

4 0

3 0

20

3 0

20

10

0

SV/. W •w -sw - -s -sw -

FIGL'RE S'8 A

H a u f s  (Lceal Time^

■iCL'P.L’̂  MEASURED AMD PREDICTED =ER:-CRMiMCE :R  
:CME-2 DURING :  CLEAR SUNNY DAY w T H  LCW \':N :S

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s '

&

Oü
a
c .w

4

MARCH S3 •  M e a s u r e d

g Predicted

(RESIDENTIAL METHOD)

3

2

1

0

8 0

7 0

6 0

5 0

oif]

4 C 0 •  T a ta l H orizonta l Radiation 

Q D irect Normal Radia tiontM 3 C 0

2CO

:oo

|2
S®u.

=
o

5 0

4 0

3 0

20

•3
9

3 0

20
sw -S -S W -■W-SW'

10

1 6 2 0 2 4

H o u r s  O -o c a l  T im e )

FIGURE «-8» HOURLY MEASURED AND PREDICTED PERFORMANCE OF
ZGHE-2 DURING A CLEAR SUNNY DAY WITH LOW WINDS.

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I
a

A P n i u  o n » M easured
a  PfQdIcîad Rtsicfcnlî-.i|
A  P r e d i c t d  C r a c k  L e n g th

3

2

1

0

30

70

60

SO

400
O D ire c t Normal Radiation 
*  T o ta l H o rizo n ta l Radiation300

u.
4: 200

a ICO

|2
o
ê

60

50
X

40

30

c
5

30

20

10

2016

FIGURE 8->

Hours ( Local Timo )

HOURLY MEASURED AND PREDICTED PERFORMANCE OF 
ZOME-2 CURING A CLEAR SUNNY DAY WITH HIGH

NORTHERLY WINDS

1 4 4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



n o r t h e r l y  w i n d s .  H i g h  a i r  l e a k a g e  a r o u n d  t h e  t h e r m o s t a t  c a u s e d  

t h i s  h e a t e r  t o  a d d  ax laxrge a m oun t  o f  h e a t  r e s u l t i n g  i n  an  

o v e r h e a t i n g  o f  t h e  s p a c e .

T h e  r e s i d e n t i a l  m e th o d  o f  t h e  D O E -2  p r o g r a m  was n o t  c a p a b l e  

o f  m o d e l l i n g  t h i s  s i t u a t i o n .  I t s  h e a t i n g  l o a d  p r e d i c t i o n s  w e r e  

s i g n i f i c a n t l y  l o w e r  t h a n  t h e  a c t u a l  v a l u e s .  The c r a c k  l e n g t h  

m e th o d  d i d  m ode l  t h e  d i r e c t i o n a l  n a t u r e  o f  i n f i l t r a t i o n  t o  a 

c e r t a i n  e x t e n t , b u t  f a i l e d  t o  p r e d i c t  e f f e c t i v e l y  t h e  e n e r g y  

c o n s u m p t i o n  f o r  t h e  e n t i r e  t h e  d a y .

8 . 3 . 5  D A IL Y  ENERGY COMPARISON FOR ZO NE-2

I n  c o m p a r i s o n  t o  t h e  o t h e r  z o n e s  o f  t h e  t e s t  h o u s e ,  z o n e - 2  

r e p r e s e n t e d  a t i g h t e r  c o n s t r u c t i o n .  A b n o r m a l  l e a k a g e  o p e n i n g s  i n  

t h e  n o r t h  w a l l  o f  z o n e - 2  w e r e  shown t o  be e x t r e m e l y  s e n s i t i v e  t o  

h i g h  n o r t h e r l y  w i n d .  H o w e v e r , u n d e r  c a l m  w e a t h e r  c o n d i t i o n s ,  t h e  

w i n d  d i r e c t i o n a l  e f f e c t s  w e r e  n o t  d o m i n a n t  a n d  t h e  i n f i l t r a t i o n  

was n o t  s i g n i f i c a n t .

F i g u r e  8 . 1 0  i s  an o v e r v i e w  o f  t h e  d a i l y  m e a s u r e d  an d  t h e  

p r e d i c t e d  e n e r g y  r e q u i r e m e n t s  o f  z o n e —2 .  I t  can  be s e e n  t h a t  f o r  

m ost  o f  t h e  t e s t  d a y s ,  t h e  e n e r g y  p r e d i c t i o n s  o b t a i n e d  by t h e  

c r a c k  l e n g t h  a n d  t h e  r e s i d e n t i a l  i n f i l t r a t i o n  m e t h o d s  w e r e  i n  

c l o s e  a g r e e m e n t  w i t h  t h e  m e a s u r e d  v a l u e s .  T h e s e  d a y s  r e p r e s e n t  

w e a t h e r  c o n d i t i o n s  w i t h  lo w  w i n d s  d i r e c t e d  t o w a r d s  t h e  n o r t h  an d  

w e s t  e x p o s u r e  o f  z o n e - 2 .  D u r i n g  t h e s e  d a y s ,  t h e  o u t p u t  f r o m  t h e  

b a s e b o a r d  h e a t e r s  r e m a i n e d  s t e a d y  i n d i c a t i n g  no s i g n  o f  an 

a b n o r m a l  o u t d o o r  a i r  l e a k a g e  a r o u n d  t h e  h e a t e r  t h e r m o s t a t . U n d e r
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t h e s e  c o n d i t i o n s  t h e  w i n d  d i r e c t i o n a l  e f f e c t s  w e r e  n o t  

s i g n i f i c a n t ,  h e n c e  t h e  p r e d i c t e d  v a l u e s  w e r e  c l o s e  t o  t h e  a c t u a l  

v a l u e s .

F o r  some o f  t h e  d a y s ,  s u c h  a s  M a r c h  1 1 t h ,  M a r c h  1 2 t h ,  A p r i l  

1 0 t h ,  A p r i l  1 1 t h  a n d  A p r i l  1 3 t h  t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n  

was o v e r p r e d i  c t e d  by t h e  tw o  i n f i l t r a t i o n  m e t h o d s .  T h e s e  d a y s  

g e n e r a l l y  r e p r e s e n t  lo w  n o r t h - e a s t e r l y  w i n d s  w h i c h  d i d  n o t  

d i r e c t l y  a p p r o a c h  t h e  n o r t h  w a l l  o f  z o n e - 2 .  H e n c e  t h e  

i n f i l t r a t i o n  l o s s  was n o t  s i g n i f i c a n t  i n  t h e  a c t u a l  c a s e .  I n  t h e  

c a s e  o f  c r a c k  l e n g t h  m e t h o d ,  D O E -2  c a l c u l a t e d  t h e  n o r m a l  

c o m p o n e n t  o f  n o r t h - e a s t e r l y  w in d  a c t i n g  on t h e  n o r t h  w a l l  o f  

z o n e - 2  a n d  e s t i m a t e d  i n f i l t r a t i o n  a c c o r d i n g  t o  t h e  a s s i g n e d  

i n f i l t r a t i o n  c o e f f i c i e n t s .  T h e  r e s i d e n t i a l  m e t h o d ,  h o w e v e r , 

e s t i m a t e d  t h e  i n f i l t r a t i o n  i r r e s p e c t i v e  o f  t h e  w i n d  d i r e c t i o n .  

Th e  e s t i m a t e d  v a l u e s  o f  i n f i l t r a t i o n  seem t o  be h i g h e r  t h a n  t h e  

a c t u a l ,  t h e r e f o r e ,  t h e  m e a s u r e d  e n e r g y  r e q u i r e m e n t s  w e r e  

o v e r p r e d i  c t e d .

A p r i l  1 s t  r e p r e s e n t s  a t e s t  d a y s  when t h e  m e a s u r e d  e n e r g y  

c o n s u m p t i o n  was s i g n i f i c a n t l y  u n d e r p r e d i c t e d  by t h e  tw o  m e t h o d s .  

T h i s  day  r e p r e s e n t s  o u t d o o r  w e a t h e r  c o n d i t i o n s  w i t h  s t r o n g  

n o r t h e r l y  w i n d s .  U n d e r  t h e s e  c o n d i t i o n s ,  e x c e s s i v e  l e a k a g e  

o c c u r e d  a r o u n d  t h e  h e a t e r ’ s t h e r m o s t a t  l o c a t e d  i n  t h e  n o r t h  w a l l .  

T h e  o u t p u t  f r o m  t h e  b a s e b o a r d  h e a t e r  was g o v e r n e d  by t h e  o u t d o o r  

a i r  l e a k a g e  t e m p e r a t u r e .  H e n c e  a l a r g e  am oun t  o f  h e a t  was a d d e d  

t o  t h e  s p a c e .  S i n c e  t h e  p r o g r a m  c o u l d  n o t  m ode l  t h i s  s i t u a t i o n ,  

t h e  a c t u a l  e n e r g y  c o n s u m p t i o n  was s i g n i f i c a n t l y  u n d e r p r e d i c t e d .
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A p e r c e n t a g e  d a i l y  c o m p a r i s o n  b e t w e e n  t h e  d a i l y  m e a s u r e d  a n d  

p r e d i c t e d  e n e r g y  c o n s u m p t i o n  o f  z o n e - 2  i s  p r e s e n t e d  i n  T a b l e s  

8 . 2 . A a n d  S . 2 . B .  An o v e r a l l  c o m p a r i s o n  i n d i c a t e  t h a t  t h e  c r a c k  

l e n g t h  m e t h o d  ove t— e s t i m a t e d  t h e  t o t a l  e n e r g y  r e q u i r e m e n t  o f

z o n e - 2  by 0 . 3  p e r c e n t .  T h e  r e s i d e n t i a l  m e t h o d ,  h o w e v e r ,

o v e r p r e d i c t e d  t h e  e n e r g y  r e q u i r e m e n t s  by 9  p e r c e n t .

8 . 4 . 0  D A IL Y  ENERGY COMPARISON FOR ZO NE -4

T h e  d a i l y  t o t a l  m e a s u r e d  e n e r g y  c o n s u m p t i o n  o f  z o n e - 4  i s  

c o m p a r e d  w i t h  t h e  p r e d i c t e d  v a l u e s  i n  F i g u r e  8 . 1 1 .  A p e r c e n t a g e  

c o m p a r i s o n  b e t w e e n  t h e  d a i l y  e n e r g y  c o n s u m p t i o n  i s  a l s o  p r e s e n t e d  

i n  T a b l e  8 . 3 .  I n f i l t r a t i o n  i n  z o n e - 4  was m o d e l l e d  by t h e  

r e s i d e n t i a l  m e t h o d .  T h e  a g r e e m e n t  b e t w e e n  t h e  m e a s u r e d  a n d  

p r e d i c t e d  e n e r g y  c o n s u m p t i o n  was d e p e n d a n t  upon t h e  e x t e n t  t o  

w h i c h  t h e  r e s i d e n t i a l  m e t h o d  was a b l e  t o  s i m u l a t e  t h e  a c t u a l

i n f i l t r a t i o n  i n  z o n e - 4  u n d e r  d i f f e r e n t  o u t d o o r  w e a t h e r  c o n d i t i o n s .

T h e  d a i l y  e n e r g y  c o m p a r i s o n  r e v e a l s  t h a t  t h e  tw o  r e s u l t s  a r e  

i n  c l o s e  a g r e e m e n t  f o r  m os t  o f  t h e  t e s t  d a y s  c o n s i d e r e d .  T h e s e  

d a y s  r e p r e s e n t  o u t d o o r  w e a t h e r  c o n d i t i o n s  w i t h  low  w i n d s  ( 4 t o  5 

k n o t s  ) .  T h e  a s s i g n e d  r e s i d e n t i a l  i n f i l t r a t i o n  c o e f f i c i e n t s  w e r e  

q u i t e  c a p a b l e  o f  s i m u l a t i n g  t h e  i n f i l t r a t i o n  i n  z o n e - 4  u n d e r  

t h e s e  c o n d i t i o n s .  Some o f  t h e  d a y s ,  s u c h  a s  M a r c h  1 3 t h ,  M a r c h  

3 1 s t  a n d  A p r i l  1 s t ,  i n d i c a t e  t h a t  t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n  

was s i g n i f i c a n t l y  u n d e r p r e d i c t e d  by t h e  D O E -2  p r o g r a m .  D u r i n g  

t h e s e  d a y s  t h e  n o r t h e r l y  w i n d s  w e r e  a v e r a g e  t o  h i g h  ( 8 t o  2 0

k n o t s  ) w h i c h  c o u l d  h a v e  c a u s e d  h i g h  i n f i l t r a t i o n  i n  z o n e - 4

t h r o u g h  t h e  c r a c k s  a n d  c r e v i c e s  a r o u n d  t h e  s i l l  p l a t e .  I t
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T A B L E  8 . 2 . A

PERCENTAGE COMPARISON OF THE D A IL Y  MEASURED AND THE PREDICTED  

BASEBOARD ENERGY CONSUMPTION FOR ZO N E -2  

( CRACK LENGTH METHOD )

DAY MEASURED ENERGY 
CONSUMPTION 
KBTU J DAY

PREDICTED ENERGY 
CONSUMPTION 

KBTU /  DAY

PERCENTAGE
UNDER

P R ED IC T IO N

PERCENTAGE
OVER

PREDICTION

-  11 1 4 . 0 0 2 3 . 0 0 6 4 . 0
-  12 1 4 . 0 0 2 4 .  0 0 — 7 1 . 0
-  13 1 9 . 5 0 1 5 . 4 0 2 1 . 0 —
-  14 1 9 . 0 0 1 3 . 5 0 2 9 . 0

-  2 2 2 2 . 5 0 2 0 . 0 0 1 1 . 0 -
-  2 3 1 1 . 0 0 1 0 . 5 0 4 . 5 —

-  2 4 1 0 . 0 0 1 3 . 0 0 - 3 0 . 0
-  25 1 9 . 5 0 2 2 . 0 0 1 2 . 8

-  2 8 1 4 . 5 0 1 0 . 7 5 2 6 .  0 —
-  2 9 9 . 5 0 7 . 8 0 1 8 . 0 —
-  3 0 1 0 . 0 0 7 . 2 5 2 5 . 0 —
-  31 1 6 . 5 0 1 6 . 0 0 3 . 0

-  01 3 2 . 0 0 1 9 . 0 0 4 1 . 0 -

-  0 8 i 5 . 0 0 1 0 . 0 0 5 0 . 0 -
-  0 9 1 5 . 0 0 1 4 . 0 0 6 . 7 —
-  10 1 . 0 0 9 . 0 0 — 8 0 0 . 0
-  11 2 . 5 0 5 . 5 0 — 1 2 0 . 0

-  13 2 . 0 0 7 . 5 0 - 1 8 0 . 0

JlARcH
^ARCH
JARch 
'^arch

JJarch 
Harch  
Jarch  
Harch

[Jarch 
^ARch 
^ARch 
March

4PRlL _  

4PRIL

^F*RIL 

'^PRIL -

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 8 . 2 . B

PERCENTAGE COMPARISON OF THE DAILY MEASURED AND THE PREDICTED 

BASEBOARD ENERGY CONSUMPTION FOR ZONE-2  

( RESIDENTIAL METHOD )

Day

s

"'"RIL -

%
4PRlL

''” '’ 11- -  13

MEASURED ENERGY 
CONSUMPTION 
KBTU /  DAY

PREDICTED ENERGY 
CONSUMPTION 

KBTU /  DAY

PERCENTAGE
UNDER

PREDICTION

PERCENTAGE
OVER

PREDICTION

-  11 1 4 . 0 0 2 6 . 0 0 8 5 . 0
-  12 1 4 . 0 0 2 7 . 0 0 - 9 3 . 0
-  13 1 9 . 5 0 1 5 . 0 0 2 3 . 0 -

-  14 1 9 . 0 0 13 .  00 3 1 . 0 —

-  22 2 5 . 5 0 2 3 . 0 0 1 0 . 0 —

-  23 1 1 . 0 0 1 4 . 0 0 — 2 7 . 0
-  24 1 0 . 0 0 1 5 . 0 0 - 5 0 . 0
-  25 1 9 . 5 0 2 7 . 0 0 — 3 8 . 0

-  2 8 1 4 . 5 0 1 4 . 0 0 3 . 5 —

-  29 9 . 5 0 9 . 0 0 5 . 0 -
-  30 1 0 . 0 0 8 . 5 0 1 5 . 0 -

-  31 1 6 . 5 0 1 3 . 0 0 2 1 . 0 —

-  01 3 2 . 0 0 1 0 . 0 0 6 8 . 0 -

-  08 1 5 . 0 0 1 5 . 0 0 —

-  09 1 5 . 0 0 1 5 . 5 0 — 1 . 3
-  10 1 . 0 0 1 0 . 0 0 — 9 0 0 . 0
-  11 2 . 5 0 1 0 . 0 0 — 3 0 0 .  0

-  13 2 . 0 0 8 . 0 0 — 3 0 0 . 0
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T A B L E  8 . 3

PERCENTAGE COMPARISON OF THE DAILY MEASURED AND PREDICTED 

BASEBOARD ENERGY CONSUMPTION FOR ZONE-4  

( RESIDENTIAL METHOD )

Da t e MEASURED ENERGY 
CONSUMPTION 
KBTU /  DAY

PREDICTED ENERGY 
COPNSUMPTION 
KBTU /  DAY

PERCENTAGE
UNDER

PREDICTION

PERCENTAGE
OVER

PREDICTION

11 6 6 . 0 0 5 4 . 0 0 1 8 . 0
12 7 6 . 0 0 5 8 . 0 0 2 4 . 0 -
13 6 7 . 0 0 4 6 . 0 0 3 1 . 0 -
14 4 3 . 0 0 4 6 . 0 0 — 6 . 9

2 2 6 9 . 0 0 7 2 . 0 0 4 . 0 —
23 6 2 .  0 0 5 1 . 0 0 1 8 . 0 -
2 4 6 3 . 0 0 5 0 . 0 0 2 0 . 0 -
25 6 0 . 0 0 5 4 . 0 0 8 . 0 —

2 8 6 5 . 0 0 6 1 . 0 0 6 . 0 —
29 6 3 . 0 0 5 2 . 0 0 1 7 . 5 -
30 5 9 . 0 0 5 0 . 0 0 1 5 . 0 -
31 6 2 . 0 0 4 4 . 0 0 2 9 . 0 —

01 5 3 . 0 0 4 2 . 0 0 2 1 . 0 -

08 6 2 . 0 0 6 1 . 0 0 1 . 6 —
0 9 5 8 . 0 0 5 9 . 0 0 — 1 . 7
10 5 9 . 5 0 6 4 . 0 0 — 7 . 5
11 5 7 . 0 0 5 7 . 0 0 — —

13 5 8 . 0 0 5 4 . 0 0 7 . 0

March -  
March -  
March -  
March -

March -  
March -  
March -  
March -

March -  
March -  
March -  
March -

APRIL -

Ap r il  -
APRIL -  
APRIL -
Ap r il  -  

Ap r il  -
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a p p e a r s  t h a t  t h e  r e s i d e n t i a l  i n f i l t r a t i o n  m e t h o d  d i d  n o t

e f f e c t i v e l y  h a n d l e  t h i s  s i t u a t i o n  a n d  u n d e r e s t i m a t e d  t h e  a c t u a l  

i n f i I t r a t i o n .  C o n s e q u e n t l y ,  t h e  m e a s u r e d  e n e r g y  r e q u i r e m e n t s

w e r e  s i g n i f i c a n t l y  u n d e r p r e d i c t e d .

I n f i 1 t r a t i o n , h o w e v e r ,  d o e s  n o t  seem t o  be  t h e  o n l y  r e a s o n  

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

e n e r g y  r e q u i r e m e n t s .  O t h e r  f a c t o r s  t h a t  c o u l d  be r e s p o n s i b l e  f o r  

d i s a g r e e m e n t  i n  t h e  tw o  r e s u l t s  a r e  t h e  c o n d u c t i o n  h e a t  l o s s

t h r o u g h  t h e  u n d e r g r o u n d  s u r f a c e  a n d  a p o s s i b l e  i n t e x — z o n e  h e a t

t r a n s f e r  b e t w e e n  z o n e - 4  a n d  z o n e - 1 .

I t  i s  known t h a t  t h e  D O E -2  p r o g r a m  d o e s  n o t  h a v e  a m o d e l  t o

s i m u l a t e  b a s e m e n t  h e a t  l o s s e s .  T h e  u s e r  i s  r e q u i r e d  t o  s p e c i f y

t h e s e  l o s s e s  a c c o r d i n g  t o  a m e t h o d  o f  h i s  own c h o i c e .  I n  t h e

p r e s e n t  c a s e ,  t h e  ASHRAE’ s d e s i g n  p r o c e d u r e s  w e r e  u s e d  t o

e s t i m a t e  h e a t  l o s s  t h r o u g h  t h e  u n d e r g r o u n d  w a l l s  a n d  f l o o r s  o f

t h e  t e s t  h o u s e .  T h e s e  d e s i g n  v a l u e s  w e r e  b a s e d  on an a v e r a g e
2

s o i l  t h e r m a l  c o n d u c t i v i t y  o f  0 . 8  B t u . F t  /  H r .  F t .  F , a n d  w e r e

u s e d  t o  c a l c u l a t e  t h e  e f f e c t i v e  U - v a l u e s  f o r  t h e  s u b g r a d e

c o n s t r u c t  i o n s .  T h e s e  e f f e c t i v e  U - v a l u e s  w e r e  s p e c i f i e d  i n  t h e  

p r o g r a m .  I n  a d d i t i o n ,  a v e r a g e  m o n t h l y  g r o u n d  t e m p e r a t u r e s  w e r e

o b t a i n e d  f r o m  t h e  D e t r o i t  TRY w e a t h e r  t a p e  t o  c a l c u l a t e  t h e

g r o u n d  h e a t  l o s s e s  i n  t h e  D O E -2  p r o g r a m .

I t  i s  l i k e l y  t h a t  t h e  t h e r m a l  c o n d u c t i v i t y  o f  s o i l  s u r r o u n d i n g

t h e  t e s t  h o u s e  c o u l d  be  h i g h e r  t h a n  t h e  a v e r a g e  v a l u e  u s e d  f o r

t h e  d e s i g n  e s t i m a t e s .  M o r e o v e r ,  t h e  a c t u a l  g r o u n d  t e m p e r a t u r e

f o r  t h e  t e s t  l o c a t i o n  c o u l d  h a v e  b e e n  l o w e r  t h a n  t h e  a v e r a g e
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m o n t h l y  v a l u e s  o b t a i n e d  f r o m  t h e  D e t r o i t  w e a t h e r  t a p e .  I n  t h e  

a c t u a l  c a s e  t h e s e  t w o  f a c t o r s  c o u l d  h a v e  r e s u l t e d  i n  a  h i g h e r  

c o n d u c t i o n  l o s s  t h r o u g h  t h e  s u b g r a d e  s u r f a c e s  t h a n  t h a t  m o d e l l e d  

i n  t h e  D O E - 2  p r o g r a m .

T h e  m e a s u r e d  t e m p e r a t u r e s  o f  z o n e - 4  w e r e  g e n e r a l l y  f o u n d  t o  be  

e l e v a t e d  by a b o u t  2  d e g r e e s  F c o m p a r e d  t o  t h e  t e m p e r a t u r e s  o f

z o n e - 1 . T h e  d i f f e r e n c e  i n  t h e  a i r  d e n s i t i e s  c o u l d  h a v e  a l s o

c a u s e d  a h e a t  t r a n s f e r  f r o m  z o n e - 4  t o  z o n e - 1 . A l t h o u g h ,  t h e  

m a g n i t u d e  o f  t h i s  h e a t  t r a n s f e r  d o e s  n o t  a p p e a r  t o  be  

s i g n i f i c a n t ,  i t  c a n n o t  be  i g n o r e d  when a c c o u n t i n g  f o r  t h e

d i s c r e p a n c i e s  o b s e r v e d  i n  t h e  m e a s u r e d  a n d  p r e d i c t e d  e n e r g y  

c o n s u m p t  i o n .

I n  s p i t e  o f  t h e  f r e q u e n t  u n d e r p r e d i c t i o n  o f  d a i l y  e n e r g y  

c o n s u m p t i o n ,  t h e  tw o  r e s u l t s  w e r e  s t i l l  i n  c l o s e  a g r e e m e n t .  On 

an o v e r a l l  b a s i s  t h e  m e a s u r e d  e n e r g y  c o n s u m p t i o n  w as  

u n d e r p r e d i c t e d  by 1 1 . 6  p e r c e n t .

8 . 5 . 0  SUMMARY OF RESULTS

1. D u r i n g  a l l  c l e a r ,  s u n n y  d a y s ,  e x c e p t  u n d e r  s t r o n g  s o u t h e r l y  

w i n d s ,  t h e  p r o g r a m  w as  q u i t e  c a p a b l e  o f  r e p r o d u c i n g  t h e

m e a s u r e d  t e m p e r a t u r e  e x c u r s i o n s  i n  z o n e - 1 . T h e  p r o g r a m  w as  

a l s o  c a p a b l e  o f  s i m u l a t i n g  t h e  m e a s u r e d  h o u r l y  p e r f o r m a n c e  

o f  b a s e b o a r d  h e a t e r s  i n  z o n e - 1 .  T h i s  i n d i c a t e d  t h a t  t h e  

d y n a m i c s  o f  t h e  m o d e l  u s i n g  t h e  c u s t o m  w e i g h t i n g  f a c t o r  

m e t h o d  a r e  a c c u r a t e  t o  p r e d i c t  t h e  t h e r m a l  p e r f o r m a n c e  o f  a 

d i r e c t  g a i n  p a s s i v e  s o l a r  b u i l d i n g .
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2 .  I n f  i  1 t x ^ a t i o n  i n  z o n e - 1  a n d  z o n e - 2  w as d i x " e c t i o n a l  i n  natux^e.  

I t s  m a g n i t u d e  was d e p e n d e n t  upon  t h e  s t r e n g t h  a n d  d i r e c t i o n  o f  

w i n d  a p p r o a c h i n g  t h e  w a l l s  c o n t a i n i n g  t h e  l e a k a g e  o p e n i n g s .  

T h e  d i r e c t i o n a l  e f f e c t s  w e r e ,  h o w e v e r ,  m o re  s i g n i f i c a n t  i n  

t h e  c a s e  o f  z o n e - 1  a s  i t s  s o u t h  a n d  e a s t  w a l l s  c o n t a i n e d  

l a r g e  l e a k a g e  o p e n i n g s .

3 .  T h e  r e s i d e n t i a l  i n f i l t r a t i o n  m e t h o d  w as n o t  s u i t a b l e  t o  m ode l  

i n f i l t r a t i o n  i n  z o n e - 1  b e c a u s e  o f  i t s  l i m i t a t i o n  t o  m ode l  w i n d  

d i r e c t i o n a l  e f f e c t s .

4 .  T h e  cx-'ack l e n g t h  m e t h o d  p r o v i d e d  a b e t t e r  e s t i m a t e  o f  

i n f i l t r a t i o n  i n  z o n e - 1  due  t o  i t s  a b i l i t y  t o  m o d e l  w i n d  

d i r e c t i o n a l  e f f e c t s .  T h e  d i f f i c u l t y  a s s o c i a t e d  xu i th  t h e  

s e l e c t i o n  o f  a p p r o p r i a t e  l e a k a g e  c o e f f i c i e n t s  w as a m a j o r  

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

5 .  I n a b i l i t y  o f  t h e  D O E -2  p r o g r a m  t o  s i m u l a t e  a i r  

m ovem ent  b e t w e e n  t h e  i n t e r c o n n e c t e d  s p a c e s  o f  a m u l t i  z o n e  

b u i l d i n g  m o d e l  w as a l s o  a r e a s o n  f o r  d i s a g r e e m e n t  b e t w e e n  

t h e  m e a s u r e d  a n d  p r e d i c t e d  r e s u l t s .

6 .  P e n e t r a t i o n s  i n  t h e  v a p o r  b a r r i e r  f o r  t h e  p o w e r  s u p p l y  w i r e s  

c a u s e d  a b n o r m a l  l e a k a g e  a r o u n d  t h e  t h e r m o s t a t s  o f  b a s e b o a r d  

h e a t e r s  l o c a t e d  i n  t h e  s o u t h  a n d  e a s t  w a l l s  o f  z o n e - 1 .  T h e  

o u t p u t  f r o m  t h e s e  h e a t e r s  w as g o v e r n e d  by t h e  o u t d o o r  

l e a k a g e  a i r  t e m p e r a t u r e  r a t h e r  t h a n  t h e  ro o m  a i r  t e m p e r a t u r e .  

C o n s e q u e n t l y ,  e x c e s s  h e a t  was a d d e d  t o  z o n e - 1  w h i c h  was a l s o  a
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r e a s o n  f o r  t h e  d i s a g r e e m e n t  b e t w e e n  t h e  h o u r l y  m e a s u r e d  a n d  

p r e d i c t e d  e n e r g y  r e q u i r e m e n t s  f o r  t h i s  z o n e .

7 .  Z o n e - 2  was a r e l a t i v e l y  t i g h t  c o n s t r u c t i o n .  A b n o r m a l  l e a k a g e  

o p e n i n g s  w e r e  s e n s i t i v e  t o  s t r o n g  n o r t h e r l y  w i n d s  o n l y .  U n d e r  

lo w  w i n d  c o n d i t i o n s  t h e  i n f i l t r a t i o n  e f f e c t s  w e r e  n o t  d o m i n a n t  

a n d  t h e  e n e r g y  r e q u i r e m e n t s  p r e d i c t e d  by t h e  r e s i d e n t i a l  a n d  

c r a c k  l e n g t h  m e t h o d s  w e r e  a l m o s t  i d e n t i c a l  a n d  i n  c l o s e  

a g r e e m e n t  w i t h  t h e  a c t u a l  v a l u e s .  O u t d o o r  a i r  l e a k a g e  a r o u n d  

t h e  t h e r m o s t a t  was a l s o  a r e a s o n  f o r  t h e  u n d e r p r e d i c t i o n  o f  

e n e r g y  r e q u i r e m e n t s  o f  t h i s  s p a c e  u n d e r  h i g h  n o r t h e r l y  w i n d s .

8 .  T h e  d a i l y  m e a s u r e d  a n d  p r e d i c t e d  e n e r g y  r e q u i r e m e n t s  o f  z o n e - 4  

w e r e  i n  c l o s e  a g r e e m e n t . S l i g h t  u n d e r p r e d i c t i o n  o f  t h e  

m e a s u r e d  e n e r g y  c o n s u m p t i o n  m ost  l i k e l y  o c c u r r e d  due  t o  a h i g h  

c o n d u c t i o n  l o s s  t h r o u g h  t h e  u n d e r g r o u n d  s u r f a c e s  a n d  t h e  

p o s s i b l e  h e a t  t r a n s f e r  t o  z o n e - 1 .

1 56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER IX  

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

1. A c o m p u t e r i z e d  d a t a  a c q u i s i t i o n  s y s t e m ,  a l o n g  w i t h  a w e a t h e r  

s t a t i o n  a n d  r e l a t e d  e n e r g y  m o n i t o r i n g  i n s t r u m e n t s ,  h a s  been  

s e t  up t o  f a c i l i t a t e  t h e  e x p e r i m e n t a l  m o n i t o r i n g  o f  s i n g l e  

f a m i l y  r e s i d e n c e s .  T h i s  s y s t e m  w as s u c c e s s f u l l y  u s e d  i n  t h e  

e a r l y  s p r i n g  o f  1 9 8 2  t o  m e a s u r e ,  p r o c e s s  an d  s t o r e  w e a t h e r  

a n d  i n d o o r  p e r f o r m a n c e  d a t a  o f  a t e s t  h o u s e  l o c a t e d  i n  

W h e a t  l e y , O n t a r i o .

2 .  C a r e f u l  p l a n s  a n d  h i g h  l e v e l s  o f  e n e r g y  c o n s e r v a t i o n  

m e a s u r e s  can  be c o m p l e t e l y  d e s t r o y e d  by s l o p p y  w o r k m a n s h i p ,  

p a r t i c u l a r l y  i n  t h e  f i n a l  s t a g e s  o f  c o n s t r u c t i o n .

a .  Due t o  s e v e r a l  p e n e t r a t i o n s  i n  t h e  v a p o r  b a r r i e r  ( a i r  

b a r r i e r  ) o f  t h e  b u i l d i n g  e n v e l o p e  a n d  c a r e l e s s  d e s t r u c t i o n  

o f  a s e a l ,  w h i c h  s e p a r a t e d  t h e  v e n t i l a t e d  J o i s t s  o f  t h e  

l o w e r  s o u t h e r n  o v e r h a n g  f r o m  t h e  T ro m b e  w a l l  a i r  s p a c e ,  

t h e  a i r  l e a k a g e  o f  t h i s  h o u s e  was f o u n d  t o  be c o m p a r a b l e  t o  

p r e  1 9 4 5  c o n s t r u c t i o n s .

b .  T h e  T ro m b e  w a l l  was r e n d e r e d  t o t a l l y  i n e f f e c t i v e  by l a r g e  

o p e n i n g s  t o  t h e  o u t d o o r s  on t h e  s o u t h  -  f a c i n g  s i d e  o f  t h e  

t e s t  h o u s e .  T h e s e  o p e n i n g s  a l s o  r u l e d  o u t  a n y  a c c u r a t e  

m o d e l l i n g  o f  z o n e - 3  by c o m p u t e r  s i m u l a t i o n .

c .  I n f i l t r a t i o n  i n  t h e  t e s t  h o u s e  was f o u n d  t o  be  v e r y

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



d i r e c t i o n a l  i n  n a t u r e  a n d  was m a i n l y  s e n s i t i v e  t o  s t r o n g  

s o u t h e r l y  a n d  e a s t e r l y  w i n d s .  T h i s  was due t o  t h e  l a r g e  

l e a k a g e  o p e n i n g s  c o n c e n t r a t e d  on t h e  s o u t h e r n  a n d  e a s t e r n  

e x p o s u r e  o f  t h e  b u i l d i n g .

3 .  S i n c e  t h e  s o u t h  w a l l s  o f  t h e  t e s t  h o u s e  c o n t a i n e d  a l a r g e  

l e a k a g e  a r e a ,  an a c c u r a t e  s i m u l a t i o n  o f  t h e  t e s t  h o u s e  c o u l d  

n o t  be o b t a i n e d  d u r i n g  t h e  t e s t  d a y s  w i t h  s t r o n g  s o u t h e r l y  

w i n d s  w h i c h  c a u s e d  a b n o r m a l l y  h i g h  i n f i l t r a t i o n  i n  z o n e -  1 

a n d  z o n e - 3 .  H o w e v e r ,  f o r  a l l  o t h e r  c l e a r  s u n n y  d a y s ,  t h e  

h o u r l y  c o m p a r i s o n s  f o r  z o n e - 1  i n d i c a t e d  t h a t  t h e  D O E -2  

p r o g r a m  was q u i t e  c a p a b l e  o f  s i m u l a t i n g  t h e  m e a s u r e d  

t e m p e r a t u r e  e x c u r s i o n s  an d  t h e  p e r f o r m a n c e  o f  b a s e b o a r d  

h e a t e r s .  T h i s  i n d i c a t e d  t h a t  t h e  d y n a m i c s  o f  t h e  c u s to m  

w e i g h t i n g  f a c t o r  m e t h o d  o f  t h e  D O E - 2  p r o g r a m  a r e  q u i t e  

a c c u r a t e  t o  p r e d i c t  t h e  p e r f o r m a n c e  o f  d i r e c t  g a i n  p a s s i v e  

s o l a r  b u i l d i n g s .

4 .  T h e  r e s i d e n t i a l  i n f i l t r a t i o n  m o d e l  i n  t h e  D O E -2  p r o g r a m  i s  

s u i t a b l e  f o r  a s i n g l e  z o n e  b u i l d i n g  m o d e l  i n  w h i c h  t h e  

l e a k a g e  a r e a s  a r e  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  b u i l d i n g  

e n v e l o p e .  I n  m os t  c a s e s ,  p a s s i v e  s o l a r  h o u s e s  s h o u l d  be  

s i m u l a t e d  a s  m u l t i  z o n e  m o d e l s .  T h e  r e s u l t s  o f  t h i s  

c o m p a r a t i v e  s t u d y  i n d i c a t e  t h a t  t h e  r e s i d e n t i a l  i n f i l t r a t i o n  

m o d e l  was n o t  s u i t a b l e  f o r  t h e  t e s t  h o u s e .  T h e  s i m u l a t e d  

r e s u l t s  w e r e  made i n a c c u r a t e  by t h e  d i r e c t i o n a l  n a t u r e  o f  t h e  

l e a k a g e  a r e a s .

5 .  T h e  " C r a c k  L e n g t h  " i n f i l t r a t i o n  m o d e l  i n  t h e  D O E -2  p r o g r a m
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i s  s u i t a b l e  f o r  mu 11 1 z o n e  b u i l d i n g  m o d e l s  w h e r e  t h e  w in d  

d i r e c t i o n  m ust  be t a k e n  i n t o  a c c o u n t .  I t  was shown t h a t  t h i s  

m ode l  g a v e  r e s u l t s  w h i c h  w e r e  m ore  n e a r l y  i n  a g r e e m e n t  w i t h  

t h e  m e a s u r e d  v a l u e s .  T h e  " C r a c k  L e n g t h  " m e t h o d ,  h o w e v e r ,  

d o e s  r e q u i r e  c o n s i d e r a b l e  e x p e r i e n c e  t o  p r o p e r l y  s e l e c t  c r a c k  

l e n g t h s  an d  l e a k a g e  c o e f f i c i e n t s .  T h e  p o s s i b i l t y  o f  u s i n g  

w ro n g  v a l u e s  may s e r i o u s l y  a f f e c t  t h e  o v e r a l l  r e s u l t s  and  

n u l l i f y  t h e  o t h e r  a d v a n t a g e s  o f  t h i s  m o d e l .

6 .  A c u m u l a t i v e  c o m p a r i s o n  b e t w e e n  t h e  m e a s u r e d  a n d  p r e d i c t e d  

e n e r g y  c o n s u m p t i o n s  o f  z o n e - 1 ,  z o n e - 2  a n d  z o n e - 4  sh o w ed  t h a t :

a .  T h e  p r e d i c t e d  t o t a l  e n e r g y  c o n s u m p t i o n  o f  z o n e - 1 ,  o b t a i n e d  

by t h e  c r a c k  l e n g t h  a n d  t h e  r e s i d e n t i a l  i n f i l t r a t i o n  

m e t h o d s ,  o v e r - e s t i m a t e d  t h e  a c t u a l  c o n s u m p t i o n  by 18 and  

6 0  p e r c e n t ,  r e s p e c t i v e l y .

b.  T h e  c r a c k  l e n g t h  m e t h o d  o v e r p r e d i c t e d  t h e  t o t a l  m e a s u r e d  

e n e r g y  r e q u i r e m e n t s  o f  z o n e - 2  by 0 . 3  p e r c e n t .  The

■ r e s i d e n t i a l  m e t h o d ,  h o w e v e r ,  o v e r p r e d i c t e d  t h e  e n e r g y  

r e q u i r e m e n t s  by 9 p e r c e n t .

c .  T h e  t o t a l  m e a s u r e d  e n e r g y  c o n s u m p t i o n  o f  z o n e - 4  was  

u n d e r p r e d i  c t e d  by 1 1 . 6  p e r c e n t .

RECOMMENDATIONS

1. I n  o r d e r  t o  a v o i d  t h e  l o s s  o f  v a l u a b l e  e x p e r i m e n t a l  d a t a  i n  

f u t u r e  e n e r g y  m o n i t o r i n g  p r o j e c t s ,  i t  i s  re c o m m e n d e d  t h a t  t h e  

d a t a  a c q u i s i t i o n  s y s t e m  be m o d i f i e d  by a d d i n g  a b a t t e r y  b a c k u p
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u n i t  w h i c h  c o u l d  i n s t a n t l y  t a k e  o v e r  t h e  s y s t e m  i n  t h e  c a s e  

o f  a l o c a l  p o w e r  f a i l u r e ,

2 .  I n  o r d e r  t o  p r o v i d e  a r e l i a b l e  v a l i d a t i o n  o f  an 

h o u r  -  by -  h o u r  s i m u l a t i o n  p r o g r a m  s u c h  as  D O E - 2 . l A  i t  i s  

r e c o g n i z e d  t h a t  an h o u r  -  by -  h o u r  m o n i t o r i n g  i s  r e q u i r e d .  I t  

i s  r e c o m m e n d e d  t h a t  a t y p i c a l  s i n g l e  f a m i l y  r e s i d e n c e  l o c a t e d  

i n  an u r b a n  a r e a  s h o u l d  be u s e d  f o r  su c h  a v a l i d a t i o n  

p r o j e c t .  The  h o u s e  s h o u l d  be o f  a t y p e  t h a t  c o u l d  be  

m o d e l l e d  a s  a s i n g l e  z o n e .

3 .  I n  o r d e r  t o  m i n i m i z e  p o s s i b l e  e r r o r s  due t o  i n c o r r e c t  

m o d e l l i n g  o f  i n f i 1 t r a t i o n , i t  i s  r e c o m m e n d e d  t h a t  t r a c e r  

g a s  t e s t s  be c a r r i e d  o u t  t o  d e t e r m i n e  t h e  n a t u r a l  i n f i l t r a t i o n  

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

4 .  T h e  " C r a c k  L e n g t h  " i n f i l t r a t i o n  m o d e l  i s  r e q u i r e d  when  

b u i l d i n g s  a r e  m o d e l l e d  a s  d i f f e r e n t  z o n e s .  A d d i t i o n a l  

g u i d a n c e  i s  r e q u i r e d  t o  a s s i s t  i n  t h e  s e l e c t i o n  a n d  l o c a t i o n  

o f  c r a c k  l e n g t h s  a n d  l e a k a g e  c o e f f i c i e n t s .

5 .  T h e  h o u r l y  h e a t i n g  l o a d  o f  a b u i l d i n g  v a r i e s  g r a d u a l l y  due t o  

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

H o w e v e r ,  due  t o  c h a r a c t e r  i  s t  i  cs  o f  h e a t i n g  e q u i p m e n t ,  h o u r l y  

h e a t  a d d i t i o n  t o  s p a c e  i s  q u i t e  e r r a t i c .  I n  t h e  p r e s e n t  

s t u d y ,  h o u r l y  h e a t  a d d i t i o n  r a t e s  o f  t h e  e l e c t r i c  b a s e b o a r d  

h e a t e r s  w e r e  d i r e c t l y  c o m p a r e d  w i t h  t h e  s i m u l a t e d  v a l u e s .  I t  

i s ,  h o w e v e r ,  r e c o m m e n d e d  t h a t  i n  f u t u r e  v a l i d a t i o n  p r o j e c t s ,  

h i g h  f r e q u e n c y  c o m p o n e n t s  o f  a c t u a l  h o u r l y  h e a t  a d d i t i o n  r a t e s
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be s m o o t h e n e d  o u t  by u s i n g  an a p p r o p r i a t e  f i l t e r i n g  t e c h n i q u e .  

T h i s  w o u l d  a l l o w  a m ore  r e a s o n a b 1e c o m p a r i s o n  b e t w e e n  t h e  

h o u r l y  m e a s u r e d  a n d  s i m u l a t e d  v a l u e s  o f  s p a c e  h e a t  a d d i t i o n  

r a t e s .
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T r a n s a c t  i o n s ,  P a r t -  2 ,  ( 1981 ) .

13 .  K e r r i s k ,  J .  F . , S c h n u r r ,  N. M . , M o o r e ,  J .  B . , a n d  

H u n n ,  B .  E . , " P a s s i v e  S o l a r  D e s i g n  C a l c u l a t i o n s  w i t h  t h e
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A P P E N D IX  -  A 

D E S IG N  HEATING LOAD C A LC U LA TIO N S
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DESIGN HEATING LOAD CALCULATIONS

T h e  d e s i g n  h e a t i n g  l o a d  may be d e f i n e d  as  t h e  maximum  

p o s s i b l e  h e a t  l o s s  f r o m  a b u i l d i n g  t h a t  w o u l d  o c c u r  f o r  a s e t  

o f  s e l e c t e d  i n d o o r  a i r  t e m p e r a t u r e s  a n d  d e s i g n  o u t d o o r  w e a t h e r  

c o n d i t i o n s .  I t  i s  m a i n l y  com posed  o f  t h e  f o l l o w i n g

c o m p o n e n t s  :

1.  T r a n s m i s s i o n  l o s s e s ,  t h a t  o c c u r  t h r o u g h  t h e  s o l i d  

b o u n d a r i e s  o f  t h e  b u i l d i n g  due t o  an i n d o o r  -  o u t d o o r  

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

2 .  I n f i l t r a t i o n  l o s s e s ,  t h a t  o c c u r  due  t o  t h e  l e a k a g e  o f  

c o l d  a i r  t h r o u g h  t h e  c r a c k s  a n d  c r e v i c e s  l o c a t e d  a r o u n d  

t h e  b u i l d i n g  e n v e l o p e .

I n  t h e  1 9 7 7  H a n d b o o k  o f  F u n d a m e n t a l s  ( 1 8 ) ,  t h e  A m e r i c a n  

S o c i e t y  o f  H e a t i n g ,  R e f r i g e r a t i n g  a n d  A i r - C o n d i t i o n i n g  E n g i n e e r s  

h a s  r e c o m m e n d e d  p r o c e d u r e s  t h a t  can be u s e d  t o  e s t i m a t e  t h e  

t r a n s m i s s i o n  an d  i n f i l t r a t i o n  l o s s e s  t h r o u g h  a b u i l d i n g  e n v e l o p e .  

T h e s e  p r o c e d u r e s  a r e  a c c e p t e d  t o  be r e a s o n a b l y  good f o r  d e s i g n  

c a l c u l a t i o n s  an d  a r e  g e n e r a l l y  u s e d  t o  s i z e  t h e  h e a t i n g  s y s t e m s  

f o r  a b u i l d i n g .

A . 1 DESIGN CALCULATIONS FOR THE TEST HOUSE

Th e  ASHRAE p r o c e d u r e s  w e r e  u s e d  t o  e s t i m a t e  t h e  d e s i g n  h e a t  

l o s s  o f  t h e  t e s t  h o u s e .  F o r  s i m p l i c i t y ’ s s a k e ,  t h e  t e s t  h o u s e  was  

d i v i d e d  i n t o  f o u r  t h e r m a l  z o n e s .  S c h e m a t i c  o f  t h e s e  z o n e s  a r e

shown i n  F i g u r e s  A . 1 a n d  A. 2 .

1 68
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T r a n s m i s s i o n  l o s s e s  t h r o u g h  t h e  s t r u c t u r a l  c o m p o n e n t s  w e r e  

c a l c u l a t e d  on t h e  b a s i s  o f  s t e a d y  s t a t e  h e a t  t r a n s f e r  u s i n g  t h e  

f o l l o w i n g  e q u a t i o n .

Q = U X A >: ( T i  -  To ) ( A . 2 )

w h e r e

Q = D e s i g n  h e a t  l o s s  -  B t u h .

U = O v e r a l l  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t  B t u /  H r .  F t .  F .
2

A = N e t  a r e a  o f  t h e  s t r u c t u r a l  c o m p o n e n t  F t .

T i  = D e s i g n  i n d o o r  t e m p e r a t u r e  - ( F ) .

To  = D e s i g n  o u t d o o r  t e m p e r a t u r e  - ( F ) .

H e a t  l o s s  t h r o u g h  t h e  u n d e r g r o u n d  w a l l s  a n d  f l o o r s  was

c a l c u l a t e d  on a s t e a d y  s t a t e  b a s i s  u s i n g  A S H R A E 's  r a d i a l

i s o t h e r m  m e t h o d  R e f e r e n c e  ( 1 8 ) .

M u l t i p l e  l i n e a r  r e g r e s s i o n  m o d e l s  w e r e  u s e d  t o  e s t i m a t e

i n f i l t r a t i o n  l o s s e s  i n  e a c h  o f  t h e  f o u r  s p a c e s .  T h e  g e n e r a l  f o r m

o f  t h e s e  m o d e l s  i s

I  = K1 + K2 X V + K3 X D E LT .  ( A . 2  )

w h e r e

I  = I n f i l t r a t i o n  r a t e  ( a i r  c h a n g e s  p e r  h o u r  ) .

K 1 , K 2 , K 3  = C o e f f i c i e n t s  o f  r e g r e s s i o n  m o d e l .

V = D e s i g n  w i n d  s p e e d  ( K n o t s  ) .

DELT = D e s i g n  i n d o o r  a n d  o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e  ( F ) .

Recommended v a l u e s  o f  t h e s e  c o e f f i c i e n t s  f o r  t h r e e  t y p e s  o f

r e s i d e n t i a l  c o n s t r u c t i o n s  a r e  l i s t e d  i n  T a b l e  7 . 3 ,  C h a p t e r  V I I ,

an d  w e r e  o b t a i n e d  f r o m  t h e  ASHRAE 198 1  H a n d b o o k  o f  F u n d a r r i e n t a l s

( 2 8 ) .  T h e  d e s i g n  w i n d  s p e e d  o f  15 m . p . h  w as a l s o  c o n v e r t e d  t o  13
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k n o t s  f o r  u s e  i n  e q u a t i o n  < A . 2  ) .  T h e  c a l c u l a t e d  a i r  c h a n g e  

r a t e s  w e r e  u s e d  i n  t h e  f o l l o w i n g  e x p r e s s i o n  t o  e s t i m a t e  t h e  

d e s i g n  i n f i l t r a t i o n  l o s s ,  

qs = 0 . 0 1 8  X V X ( T i  -  To ) 

w h e r e

Vo = V o l u m e t r i c  f l o w  r a t e  o f  a i r
3

= I  X V o lu m e  o f  e a c h  z o n e  F t  /  H o u r .

A . 2  DESIGN CO NDIT IO NS

T h e  f o l l o w i n g  i n d o o r  an d  o u t d o o r  d e s i g n  c o n d i t i o n s  w e r e  s e l e c t e d  

f o r  t h e  t e s t  h o u s e .

T i  = D e s i g n  i n d o o r  t e m p e r a t u r e  

= 7 0  F .

To = D e s i g n  o u t d o o r  t e m p e r a t u r e

= 0  F .  ( 9 9  p e r c e n t  v a l u e  f o r  W i n d s o r  ) .

V = D e s i g n  w i n d  s p e e d
= 15 m i l e s  p e r  h o u r  ( a v e r a g e  w i n t e r  c o n d i t i o n s ) .

D e s i g n  t e m p e r a t u r e  d i f f e r e n c e  f o r  t h e  u n d e r g r o u n d  s u r f a c e s  was

c a l c u l a t e d  on t h e  b a s i s  o f  f o l l o w i n g  e q u a t i o n ,  rec o m m e n d e d  i n

c h a p t e r  2 4  o f  R e f e r e n c e  ( 1 8 ) .

Tdg = T i  -  ( t a  -  Am ) .

w h e r e  '

t a  = Mean a n n u a l  a i r  t e r r i p e r a t u r e
= 45 F ( W i n d s o r  ) .

Am = A m p l i t u d e  o f  g r o u n d  s u r f a c e  t e m p e r a t u r e  f l u c t u a t i o n  F

= 22  F ( F i g .  2 ,  c h a p t e r  2 4  R e f e r e n c e  ( 1 8 ) ) .

Tdg = ( 7 0  -  ( 45  -  22  ) )

= 4 7  F .
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A . 3 ASSUMPTIONS

1. Each  s p a c e  was assum ed t o  be m a i n t a i n e d  a t  a c o n s t a n t  i n d o o r  

t e m p e r a t u r e  o f  7 0  F .

2 .  I n t e r n a l  g a i n s  f r o m  o c c u p a n t s ,  l i g h t s  and  a p p l i a n c e s  w e r e  

n o t  t a k e n  i n t o  a c c o u n t .

3 .  S o l a r  g a i n s  t h r o u g h  t h e  s o u t h  f a c i n g  w in d o w s  and p a t i o  d o o r s  

w e r e  i g n o r e d .

4 .  The  e f f e c t  o f  t h e  T rom be  w a l l  was n o t  a c c o u n t e d  f o r .  I t s

g l a z i n g  was s i m p l y  t r e a t e d  a s  a d o u b l e  p a n e  w in d o w  t o

c a l c u l a t e  t r a n s m i s s i o n  l o s s e s .

5 .  The  e f f e c t  o f  i n s u l a t i n g  s h u t t e r s  was i g n o r e d .

6 .  T h e  r e s i s t a n c e  o f  r o o f  m a t e r i a l  an d  a t t i c  a i r  was a d d e d  t o

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

A . 4 DESIGN HEAT TRANSMISSION C O E F F IC IE N T S

T h e  d e s i g n  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  w in d o w s ,  w a l l s  

a n d  c e i l i n g s  w e r e  c a l c u l a t e d  a c c o r d i n g  t o  t h e  p r o c e d u r e s  

recom m en ded  i n  R e f e r e n c e  ( 1 8 ) ,  a n d  a r e  l i s t e d  i n  T a b l e s  A . 1 and  

A . 2 .

H e a t  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  t h e  u n d e r g r o u n d  w a l l s  w e r e  

c a l c u l a t e d  f o r  e a c h  f o o t  o f  d e p t h  b e l o w  g r a d e  t a k i n g  i n t o  a c c o u n t  

t h e  s o i l  r e s i s t a n c e .  T h e s e  v a l u e s  a r e  l i s t e d  i n  T a b l e  A . 3 .
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T A B L E  A . 1

DESIGN HEAT TRANSMISSION C O E F F IC IE N T S  OF EXTERIOR WALLS

AND C E IL IN G S

STRUCTURAL COMPONENT DESIGN U -  VALUE 
BTU. H /  FT^ F ”

UPPER FLOOR C E IL IN G  < 2 x 8  J O IS T S  )

UPPER FLOOR C E IL IN G  ( 2 x 6  J O IS T S  )

EAST,WEST AND NORTH WALLS ( UPPER-LEVEL > 

SOUTH WALL ( UPPER-LEVEL )

EXTERIOR WALLS ( LOWER-LEVEL )

C E IL IN G  ( LOWER-LEVEL )

S I L L  PLATE

0 . 0 2 8 0  

0 . 0 2 9 2  

0 . 0 3 1 7  

0 . 0 3 1 4  

0 . 0 8 9 6  

0 . 0 3 8 2  

0 . 0 2 9 6

TABLE A . 2

HEAT TRANSMISSION C O E F F IC IE N T S  FOR WINDOWS & DOORS

DE SC RIPT IO N U-VALUE CORRECTION 
B T U . H / F T : F "  FACTOR

M O D IF IED  U-VALUE  
B T U . H / F T ^ F *

DOUBLE GLAZED WINDOW
WITH 8 0  PERCENT
GLASS AREA. 0 . 5 8

DOUBLE GLAZED PATIO
DOOR WITH 8 0  PERCENT
GLASS AREA. 0 . 5 8

SINGLE GLAZED FROSTED 
WINDOW. 1 . 1 0

MAIN ENTRANCE DOOR 0 . 4 9

0 . 9 5

1.00

0 . 9 0

1.00

0 . 5 5 1

0 . 5 8 0

0 . 9 9 0

0 . 4 9 0

1 7 4
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T A B L E  A . 3

HEAT TRANSMISS ION C O E F F IC IE N T  FOR UNDERGROUND WALLS

DEPTH
GRADE-

BELOW
-FEE T

HEAT FLOW PATH 
LENGTH -  FEET

S O I L  RESISTANCE  
HR. FT?  F ° /  BTU

U -  VALUE 
B T U .H /F T ^ .F *

0 - 1 0 . 6 8 0 . 8 3 0 . 0 8 1

1 - 2 2 . 2 7 2 . 8 4 0 . 0 6 9

2 — 3 3 . 3 8 4 . 2 3 0 . 0 6 3

3 - 4 5 . 5 2 6 . 9 0 0 . 0 5 3

4 - 5 7 . 0 5 8 . 8 1 0 . 0 4 8

5 - 6 8 . 6 5 1 0 . 8 1 0 . 0 4 4

6 — 7 1 0 . 2 8 1 2 . 8 5 0 . 0 4 0

7 - 8 1 1 . 9 1 1 4 . 8 8 0 . 0 3 7

1 7 5
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A . 5 D E S IG N  C A L C U L A T IO N S  FOR Z O N E -1

T r a n s m i s s i o n  L o s s e s

PART OF STRUCTURE AREA U-VA LUE DESIGN HEAT LOSS

s q . F T BTUH/  F T . F BTUH

SOUTH WALL 1 3 6 . 0 0 . 0 3 1 4 5 2 9 9 . 4 0
SOUTH WINDOW-1 4 0 . 0 0 . 5 5 1 0 0 1 5 4 2 . 8 0
SOUTH WINDOW-2 4 0 . 0 0 . 5 5 1 0 0 1 5 4 2 . 8 0
PA TIO  DOOR 4 0 . 0 0 . 5 8 0 0 0 1 6 4 4 . 3 0

WEST WALL 7 2 . 0 0 . 0 3 1 7 0 1 5 9 . 7 7

EAST WALL 2 1 6 .  0 0 . 0 3 1 7 0 4 7 9 . 3 0
EAST WINDOW 8 . 0 0 . 5 5 1 0 0 3 0 8 . 5 6

NORTH WALL 1 0 7 . 0 0 . 0 3 1 7 0 0 2 3 7 . 4 3
NORTH WINDOW-1 8 . 0 0 . 5 5 1 0 0 0 3 0 8 . 5 6
NORTH WINDOW-2 8 . 0 0 . 5 5 1 0 0 0 3 0 8 . 5 6

ENTRANCE DOOR 2 1 .  0 0 . 0 4 9 9 0 0 7 2 0 . 3 0

C E I L I N G  ( 2 x 8 )  J O IS T S 5 0 4 . 0 0 . 0 2 8 0 0 0 9 8 7 . 8 3
C E I L I N G  ( 2 x 6 )  J O IS T S 1 2 6 . 0 0 . 0 2 9 5 0 0 2 6 0 . 1 5

TOTAL TR ANSMISS IO N LOSSES 8 7 9 9 . 77 BTUH

I n f i l t r a t i o n  L o s s e s  ( Medium C o n s t r u c t  i o n )

I  = 0 . 1 +  ( 0 . 0 2 5 2  X 1 3 )  + ( 0 . 0 0 9 4 4  X 7 0 )

= 1 . 0 8 8 4  a i r  c h a n g e s  p e r  h o u r .

Vo = 1 . 0 8 8 4  X 4 2 8 8  
3

= 4 6 6 7  F t  /  Hr  

qs  = 0 . 0 1 8  X 4 6 6 7  X 70  

= 5 8 8 0  BTUH.
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A . 6  D E S IG N  C A L C U L A T IO N S  FOR ZONE-

T r a n s m i s s i o n  L o s s e s

PART OF STRUCTURE AREA

S Q .F T

U-VALUE
2

BTUH /  F T .  F

DESIGN HEAT LOSS 

BTUH

NORTH WALL 9 6 . 0 0 . 0 3 1 7 0 0 2 1 3 . 0 0
NORTH WINDOW-1 8 . 0 0 . 5 5 1 0 0 0 3 0 8 . 5 6
NORTH WINDOW-2 8 . 0 0 . 5 5 1 0 0 0 3 0 8 . 5 6

WEST WALL 1 4 4 .  0 0 . 0 3 1 7 0 0 3 1 9 . 5 4
WEST WINDOW 8 . 0 0 . 9 9 0 0 0 0 5 5 4 . 4 0

C E I L I N G  ( 2 x 6 )  J O IS T S 2 6 6 .  0 0 . 0 2 9 2 0 0 5 4 4 . 6 4

TOTAL TRANSMISSION LOSSES 2 2 4 8 . 7 0  BTUH

I n f i l t r a t i o n  L o s s e s  ( T i g h t  C o n s t r u c t i o n  )

I = 0 . 1 +  0 . 0 1 7 5  X 13 + 0 . 0 0 6 1  X 70

= 0 . 7 5 4 5  a i r  c h a n g e s  p e r  h o u r .

Vo = 0 . 7 5 4 5  X 1841  
3

= 1 3 8 9 . 0  F t  /  Hr  

qs = 0 . 0 1 8  X 1 3 8 9  X 70  

= 1 7 5 0 . 0  BTUH
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A . 7  D E S IG N  C A L C U L A T IO N S  FOR Z O N E -3

T r a n s m i s s i o n  L o s s e s

PART OF STRUCTURE AREA U-VALUE DESIGN HEAT LOSS

SO. FT
.fL

BTUH /  FT  . F BTUH

SOUTH WALL 6 7 . 0 0 . 0 8 9 6 4 2 0 . 0 0
PATIO  DOOR-1 4 0 . 5 0 . 5 8 0 0 1 6 4 4 . 0 0
P ATIO  DOOR-2 4 0 .  5 0 . 5 8 0 0 1 6 4 4 . 0 0
TROMBE WALL GLAZING 1 0 8 . 0 0 . 5 5 1 0 4 1 6 5 . 5 6

EAST WALL 8 0 . 0 0 . 0 8 9 6 5 0 1 . 7 6

WEST WALL 8 0 . 0 0 . 0 8 9 6 5 0 1 . 7 6

S I L L  PLATE 3 0 . 0 0 . 0 2 9 6 6 2 .  16

C E IL IN G 1 2 8 .  0 0 . 0 3 8 2 3 4 2 . 2 7

TOTAL TRANSMISSION LOSSES 9 2 8 2 . 0 0 BTUH

I n f i l t r a t i o n  L o s s e s ( L o o s e C o n s t r u c t i o n  )

I  = 0 . 1 + 0 . 0 3 4 5  X 13 + 0 . 0 1 2 7 8  X 70

= 1 . 4 4 3 1  a i r  c h a n g e s  p e r  h o u r

Vo = 1 . 4 4 3 1  X 4 4 6 8
3

= 6 4 4 8 . 0  F t  /  Hr  

qs = 0 . 0 1 8  X 6 4 4 8  x 7 0  

= 8 1 2 4 . 4 8  BTUH.

U n d e r g r o u n d  W a l l  L o s s e s

E a s t  a n d  w e s t  w a l l s  o f  z o n e - 3 ,  shown i n  F i g u r e  A . 3 ,  w e r e  b u r i e d  

u n d e r  t h e  s l o p i n g  g r a d e .  T h e s e  w a l l s  w e r e  s u b d i v i d e d  i n t o  e i g h t  

s e g m e n t s  e a c h  one  f o o t  d e e p .  T h e  d e s i g n  h e a t  l o s s  i s  s u m m a r i z e d  

b e l o w .
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FIGURE-A<3 SEGMENTS OF BELOW GRADE 
WA LLS ZO N E-3
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DEPTH-■FT SEGMENT AREA 

SO. FT

U-VALUE
2

BTUH /  F T .  F

DESIGN HEAT LOSS 

BTUH

0 - 1 1 8 . 0 0 . 0 8 1 6 8 . 5 0

1 - 2 1 6 . 5 0 . 0 6 9 5 3 .  50

3 1 4 . 0 0 .  0 6 3 4 1 . 4 5

3 - 4 1 1 . 1 0 . 0 5 3 2 7 .  70

4 - 5 8 . 5 0 . 0 4 8 1 9 .  17

5 - 6 6 .  1 0 . 0 4 4 12 .  6 2

6 - 7 3 . 6 0 . 0 4 0 6 .  8 2

7 - 8 1 . 2 0 .  0 3 7 2 .  16

TOTAL DESIGN LOSS 2 3 2 . 0 0 BTUH

U n d e r g r o u n d  F l o o r  L o s s e s

The  4 i n c h  c o n c r e t e  f l o o r  o f  z o n e - 3  was m o s t l y  b u r i e d  b e l o w  

s l o p i n g  g r a d e  w i t h  a s m a l l  p o r t i o n  e x p o s e d  t o  a t m o s p h e r e  a t  t h e  

s o u t h  e d g e .  T h e  f l o o r  was b r o k e n  i n t o  t h r e e  s e c t i o n s  a s  shown i n  

F i g u r e  A . 4 .

S e c t i o n - 1  was a s l a b  on g r a d e  w i t h  a t o t a l  e x p o s e d  e d g e  o f  36  

f e e t .  H e a t  l o s s  t h r o u g h  t h i s  s e c t i o n  was c a l c u l a t e d  a s  f o l l o w :

01 = F X P X ( T i - T o )  

w h e r e

F = H e a t  l o s s  c o e f f i c i e n t  o f  e x p o s e d  e d g e  
= 0 . 9 3  B t u h / H r . F t . F

P = P e r i m e t e r  o f  e x p o s e d  e d g e

= 3 6  F t .

01 = 0 . 9 3  X 3 6  X 70
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SECTION-3

8 - FEET BELOW GRADE
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SECTION-2
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SECTION-1 

SLAB ON GRADE
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r

FIGURE-A-4 SECTIONS OF CONCRETE FLOOR
ZONE- 3
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= 2 3 4 4 . 0  BTUH,

S e c t i o n - 2  was b u r i e d  u n d e r  t h e  s l o p i n g  g r a d e .  An a v e r a g e  d e p t h  

o f  4 f e e t  was u s e d  t o  s e l e c t  t h e  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t  

f r o m  T a b l e  2 ,  c h a p t e r  2 4  o f  R e f e r e n c e  ( 1 8 ) .

Q2 = U X A X ( T i  -  ( t a  -  Am ) )

= 0 . 0 2 4  X 5 2 8  >: 47

= 5 9 5 . 5 0  BTUH.

S e c t i o n - 3  was 8 f o o t  b e l o w  g r a d e .  H e a t  t r a n s m i s s i o n  c o e f f i c i e n t  

o f  t h i s  s e c t i o n  was a l s o  s e l e c t e d  f r o m  T a b l e  2 ,  c h a p t e r  2 4  o f  

R e f e r e n c e  ( 1 8 ) .

Q3 = U X A X ( T i  -  ( t a  -  Am ) )

= 0 . 0 2  X 4 8  X 47

= 4 5 . 1 2  BTUH.

T o t a l  l o s s  t h r o u g h  t h e  u n d e r g r o u n d  f l o o r  = Q1 + Q2 + Q3

= 2 9 8 4 . 6 0  BTUH.

A . 8 DESIGN CALCULATIONS FOR ZO N E -4

I n f i l t r a t i o n  L o s s e s  ( M ed ium  C o n s t r u c t i o n  )

I  = 0 . 1  + 0 . 0 2 5 2  X 13 + 0 . 0 0 9 4 4  x 7 0

= 1 . 0 8 8 4  a i r  c h a n g e s  p e r  h o u r .

Vo = 1 . 0 8 8 4  X 2 5 6 0  
3

= 2 7 8 6 . 3  F t  /  Hr  

qs  = 0 . 0 1 8  X 2 7 8 6 . 3  x 7 0  

= 3 5 1 0 . 0  BTUH.

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



U n d e r g r o u n d  W a l l  L o s s e s

U n d e r g r o u n d  w a l l s  o f  t h i s  s p a c e  w e r e  u n i f o r m l y  b u r i e d  b e l o w  

g r a d e  on a l l  t h r e e  s i d e s .  W i d t h s  o f  a l l  t h e s e  w a l l s  w e r e  a d d e d  

t o  c a l c u l a t e  t h e  d e s i g n  l o s s .  C a l c u l a t i o n  d e t a i l s  a r e  t a b u l a t e d  

b e l o w .

DEPTH--FT SEGMENT AREA U-VALUE DESIGN HEAT LOSS

SO. FT
X.

BTUH /  F T . F BTUH

0 -  1 5 6 . 0 0 . 0 8 1 2 1 3 . 2 0

1 — 2 5 6 . 0 0 . 0 6 9 1 8 1 . 6 0

2 -  3 5 6 . 0 0 . 0 6 3 1 6 5 . 8 0

3 -  4 5 6 . 0 0 . 0 5 3 1 3 9 . 5 0

4 -  5 5 6 .  0 0 . 0 4 8 1 2 6 . 3 0

5 -  6 5 6 .  0 0 .  0 4 4 1 1 5 . 8 0

6 -  7 5 6 . 0 0 .  0 4 0 1 0 5 . 3 0

7 -  8 5 6 . 0 0 . 0 3 7 8 9 . 5 0

TOTAL HEAT LOSS 1 1 3 7 . 0 0  BTUH

U n d e r g r o u n d  F l o o r  L o s s e s

Q = U X A X ( T i  -  < t a  -  Am ) ) 

= 0 . 0 2  X 3 8 4  X 47  

= 3 6 1 . 0  BTUH.
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A . 9 D E S IG N  HEAT LOSS FOR THE TEST HOUSE

T h e  d e s i g n  h e a t  l o s s  f o r  t h e  t e s t  h o u s e  was o b t a i n e d  by 

sum m ing t h e  c o m p o n e n t  h e a t  l o s s  i n  e a c h  o f  t h e  f o u r  t h e r m a l

z o n e s .  T h e  d e t a i l s  a r e t a b u 1a t e d b e l o w .

COMPONENT HEAT LOSS ZONE-1 Z O N E -2 Z O N E -3 Z O N E -4

T R A N S M IS S IO N  LOSS 8 7 7 9 . 7 7 2 2 4 8 . 7 0 9 2 8 2 . 0 0 —

I N F I L T R A T I O N  LOSS 5 8 8 0 . 0 0 1 7 5 0 . 0 0 8 1 2 4 . 4 8 3 5 1 0 . 0 0

UNDERGROUND WALL LOSS — — 4 6 4 . 0 0 1 1 3 7 . 0 0

UNDERGROUND FLOOR LOSS - - 2 9 8 7 . 0 0 3 6 1 0 0

TOTAL HEAT LOSS (B T U H ) 1 4 6 5 9 . 7 7 3 9 9 8 . 7 0 2 0 8 5 7 . 0 5 0 0 8 . 0 0

TOTAL D E S IG N  HEAT LOSS FOR THE TEST HOUSE 4 4 5 2 3 . 5 BTUH

1 8 4
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INSTRUMENTATION AND DATA A C Q U IS IT IO N  SYSTEM

S e v e r a l  t y p e s  o f  i n s t r u m e n t s  a n d  a c o m p u t e r i z e d  d a t a  

a c q u i s i t i o n  s y s t e m  w e r e  u s e d  t o  m o n i t o r  t h e  p e r f o r m a n c e  o f  t h e  

t e s t  h o u s e .  T h e  d e t a i l s  o f  t h e  i n s t r u m e n t â t  i o n  a n d  t h e  d a t a  

a c q u i s i t i o n  s y s t e m  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s .

B . l  HEATER MONITOR PICKUPS

T h e  h e a t e r  m o n i t o r  p i c k u p  u n i t s ,  shown i n  F i g u r e  E . 1 . 1 ,  w e r e  

d e s i g n e d  t o  d e t e c t  on an d  o f f  c y c l e  o f  t h e  b a s e b o a r d  h e a t e r s .  

T h e s e  u n i t s  w e r e  b a s i c a l l y  r e l a y  c o i l s ,  m o d i f i e d  by t h e  a d d i t i o n  

o f  a r e c t i f i c a t i o n  u n i t  w h i c h  c o n s i s t e d  o f  a d i o d e  a n d  a 10 uF  

c a p a c i t o r .  T h e s e  u n i t s  w e r e  i n s e r t e d  a c r o s s  t h e  p ow er  l i n e s  o f  

t h e  b a s e b o a r d  h e a t e r s .  D u r i n g  an on c y c l e  o f  t h e  h e a t e r ,  

a l t e r n a t i n g  c u r r e n t  f l o w i n g  t h r o u g h  t h e  p o w e r  l i n e  i n d u c e d  a 

v o l t a g e  i n  t h e  s o f t  i r o n  c o r e .  T h i s  v o l a t g e  was p i c k e d  up by t h e  

c o i l ,  r e c t i f i e d ,  a n d  r e l a y e d  t o  t h e  d a t a  l o g g e r  u n i t .

T h e  e f f e c t i v e n e s s  o f  t h e s e  p i c k u p  u n i t s  w as d e t e r m i n e d  by 

c o m p a r i n g  t h e  sum t o t a l  o f  p o w e r  c o n s u m p t i o n  o f  b a s e b o a r d  u n i t s ,  

d a t a  a c q u i s i t i o n  s y s t e m  a n d  t h e  r e f r i g e r a t o r  u n i t  t o  t h e  d a t a  

r e c o r d e d  f r o m  t h e  u t i l i t y  m e t e r .  T h i s  c o m p a r i s o n  was made o v e r  

M a r c h  2 1 s t  and  2 8 t h ,  a s  un i n t e r r u p t e d  u t i l i t y  m e t e r  r e a d i n g s  

w e r e  a v a i l a b l e  f o r  t h i s  p e r i o d .  T h e  r e s u l t s  o f  t h i s  c o m p a r i s o n ,  

p r e s e n t e d  i n  T a b l e s  E . 1 . 1  a n d  T a b l e  E . 1 . 2 ,  sh o w ed  t h a t  t h e  

m e t e r e d  e n e r g y  c o n s u m p t i o n  was u n d e r p r e d i c t e d  by o n l y  2 . 5  

p e r c e n t .  T h i s  i n d i c a t e d  t h a t  t h e  p i c k u p  u n i t s  w e r e  q u i t e  

a c c u r a t e  i n  d e t e r m i n i n g  t h e  p o w e r  c o n s u m p t i o n  o f  b a s e b o a r d  u n i t s .

1 8 6
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T A B L E  B .1 .1

MEASURED POWER CONSUMPTION OF BASEBOARD HEATERS, DATA 
A C Q U I S I T I O N  SYSTEM AND REFRIGERATOR U N I T

D E S C R IP T IO N POWER RATING HOURS OF 
KW OPERATION

MEASURED CONSUMPTION 
KWH

BASEBOARD U N IT S  
< ZO NE-1  ) 1 6 8 6 0 . 0 6

BASEBOARD U N IT S  
( Z O N E -2  ) - 1 6 8 6 2 .  16

BASEBOARD U N IT S  
( Z O N E -3  ) - 1 6 8 4 7 4 . 4 3

BASEBOARD U N IT S  
( Z O N E -4  ) - 1 6 8 1 3 6 . 4 5

MICROCOMPUTER 0 . 0 6 5 1 6 8 1 0 . 9 2

DATA LOGGER 0 . 0 4 5 1 6 8 7 . 5 6

REFRIGERATOR 0 .  1 4 0 1 6 8 2 3 .  5 2

TOTAL POWER CONSUMPTION 7 7 5 . 10 KWH

TABLE B. 1 .2

ENERGY METER READINGS

M e t e r e d  E n e r g y  C o n s u m p t i o n , M a r c h  2 8 t h ,  H o u r 1 6 : 0 0 = 1 7 0 4 0 . 0 KWH

M e t e r e d  E n e r g y  Con s u m p t i o n , M a r c h  2 1 s t ,  H o u r 1 6 : 0 0 = 1 6 2 4 5 . 0 KWH

N e t  E n e r g y  C o n s u m p t i o n 7 9 5 . 0 KWH

P e r c e n t a g e  D i f f e r e n c e
M e t e r e d  C o n s u m p t i o n  -  M e a s u r e d  C o n s u m p t io n  

M e t e r e d  C o n s u m p t i o n  

7 9 5 . 0 0  -  7 7 5 . 1 0  

7 9 5 . 0 0
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A s h o r t c o m i n g  o f  t h e s e  p i c k u p  u n i t s  w as t h e i r  h i g h  t i m e  c o n s t a n t  

w h i c h  w as o f  t h e  o r d e r  o f  1 0 0  s e c o n d s .  I t  i s  r e c o m m e n d e d  t h a t  

t h e  r e s p o n s e  c h a r a c t e r  i  s t  i  cs  o f  t h e  h e a t e r  m o n i t o r  p i c k u p s  s h o u l d  

b e  i m p r o v e d  f o r  f u t u r e  u s e .  T h i s  can  be  d o n e  by a d d i n g  a

s u i t a b l e  r e s i s t a n c e  i n  p a r a l l e l  w i t h  t h e  10 uF c a p a c i t o r , .

B . 2  ANEMOMETER

T h e  a n e m o m e t e r  was a s t a n d a r d  u n i t  p u r c h a s e d  f r o m  T r a d e  W in d s  

I n c .  I t  c o n s i s t e d  o f  a s m a l l  D . C  g e n e r a t o r  s e a l e d  i n  a c a s i n g ,

w i t h  t h r e e  h e m i s p h e r i c a l  c u p s  r a d i a l l y  m o u n t e d  on t h e  g e n e r a t o r ’ s 

s h a f t .  A s c h e m a t i c  o f  t h e  a n e m o m e t e r  a n d  i t s  e l e c t r i c  c i r c u i t  

d i a g r a m  i s  shown i n  F i g u r e  B . 2 . 1 .

T h e  a n e m o m e t e r  was t e s t e d  i n  t h e  w i n d  t u n n e l  o f  t h e  M e c h a n i c a l

E n g i n e e r i n g  l a b o r a t o r y ,  U n i v e r s i t y  o f  W i n d s o r  . T h e  w i n d  t u n n e l

was o p e r a t e d  a t  a s p e e d  o f  2 0 0  t o  1 2 0 0  RPM i n  s u c c e s s i v e

i n c r e m e n t s  o f  1 0 0  RPM. An i n c l i n e d  m a n o m e t e r  w as u s e d  t o  m e a s u r e  

t h e  d y n a m i c  v e l o c i t y  p r e s s u r e .  S i g n a l s  f r o m  t h e  a n e m o m e t e r  w e r e  

m e a s u r e d  w i t h  a d i g i t a l  v o l t m e t e r .  T e s t  d a t a  f o r  t h e  a n e m o m e t e r  

i s  l i s t e d  i n  T a b l e  B . 2 . 1 .

T h e  f o l l o w i n g  e q u a t i o n  w as u s e d  t o  c o n v e r t  t h e  d y n a m i c

v e l o c i t y  p r e s s u r e  i n t o  e q u i v a l e n t  w i n d  s p e e d  i n  m i l e s  p e r  h o u r .

V g X 0 . 8 2 7  X ? l i q  x h x S i n  0
V = 0 6 8 2

^ a  i  r  X 12

w h e r e

V = W in d  s p e e d  i n  m i l e s  p e r  h o u r .

1 8 9
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T A B L E  B . 2 . 1

EXPERIMENTAL DATA FOR ANEMOMETER C A L IB R A T IO N

WIND TUNNEL  
SPEED RPM

PRES. D I F F .  
MM OF L I Q

PRES. D I F F  
INCH OF L I Q

OUTPUT VOLTAGE  
VOLTS

WIND SPEED 
MPH

2 0 0 0 . 9 5 0 . 0 3 7 4 0 .  3 7 0 5 . 6 6

3 0 0 2 .  75 0 . 1 0 8 3 0 . 7 7 0 9 . 6 4

4 0 0 5 . 2 5 0 . 2 0 6 6 1 .  1 2 0 1 3 . 3 2

5 0 0 9 . 5 0 0 . 3 7 6 6 1 . 4 7 0 1 7 . 9 7

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

7 0 0 2 0 . 5 0 0 . 8 0 7 0 2 .  1 8 3 2 6 . 3 2

8 0 0 2 8 . 2 5 1 . 1 1 0 0 2 .  5 6 0 3 0 . 9 0

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

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

1 1 0 0 5 5 . 2 5 2 . 1 7 4 0 3 . 6 4 0 4 3 . 2 0

1 2 0 0 6 7 . 0 0 2 . 6 4 0 0 3 . 9 6 3 4 7 . 6 0
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0 . 6 8 2  = C o n v e r s i o n  f a c t o r  t o  c o n v e r t  w in d  s p e e d  f r o m  f e e t / s e c  t o

m i l e s  p e r  h o u r .

^ l i q  = D e n s i t y  o f  f r e s h  w a t e r  a t  S . T . P .
= 6 2 . 4  1 b s / c u . f t ,

^ a i r  = D e n s i t y  o f  a i r  a t  S . T . P .
= 0 . 0 7 5  I b s / c u . f t .

h = Mean h e i g h t  o f  l i q u i d  c o lum n i n  t h e  m a n o m e te r  -  i n c h e s .

0  = I n c l i n a t i o n  o f  m a n o m e te r
= 3 0  d e g r e e s .

The  m e th o d  o f  l e a s t  s q u a r e s  was u s e d  t o  d e v e l o p  a c o r r e l a t i o n  

b e t w e e n  t h e  w i n d  s p e e d  and  t h e  c o r r e s p o n d i n g  o u t p u t  v o l t a g e  f ro m  

t h e  a n e m o m e t e r . The  f o l l o w i n g  r e l a t i o n s h i p  was o b t a i n e d  :

V = 0 . 4 8 6 0 2 7  + 1 1 . 8 3 3 1  >: Ve

w h e r e  Ve = V o l t a g e  o u t p u t  f r o m  t h e  a n e m o m e te r  -  V o l t s  

Sum o f  t h e  min imum s q u a r e  o f  e r r o r s .

= 1 . 2 6 1

C a l i b r a t i o n  c u r v e  f o r  t h e  a n e m o m e te r  i s  shown i n  F i g u r e  B . 2 . 2 .

S t a n d a r d  e r r o r  o f  e s t i m a t e  i n  t h e  m e a s u r e d  w i n d  s p e e d  was

c a l c u l a t e d  as  f o l l o w s :

. (  y i  -  y i  )
S t a n d a r d  E r r o r

n -  1

w h e r e  y i  = M e a s u r e d  v a l u e  o f  w i n d  s p e e d .

y i  = R e g r e s s i o n  v a l u e  o f  w i n d  s p e e d .

n = Number o f  d a t a  p o i n t s  
= 1 1 .

1 . 2 6 1
S t a n d a r d  E r r o r

1 1 - 1

+ 0 . 3 5 5 1  m i l e  p e r  h o u r .
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B . 3  WIND D IR E C T IO N  METER

The  w in d  d i r e c t i o n  m e t e r  was d e s i g n e d  and  c a l i b r a t e d  t o  m eet

t h e  r e q u i r e m e n t s  a t  t h e  t e s t  s i t e .  I t  c o n s i s t e d  o f  t h e  f o l l o w i n g

c o m p o n e n t s :

1.  A R e c t a n g u l a r  W e a t h e r  V a n e .

2 .  A 1 0 - K  Ohms C i r c u l a r .

3 .  A 15 V o l t  D .C  Power S u p p l y .

Th e  e l e c t r i c a l  c i r c u i t  d i a g r a m  i s  shown i n  F i g u r e  E - 3 . 1 .  

The  w e a t h e r  v a n e  was m o u n te d  a t  t h e  t o p  o f  an a ; : l e  w h i c h  c a r r i e d  

a b r u s h  a t  i t s  l o w e r  e n d .  A c i r c u l a r  d i s c ,  g r a d u a t e d  i n  d e g r e e s ,

was a l s o  m o u n te d  on t h e  l o w e r  e n d  o f  t h e  a x l e  t o  p r o v i d e  an

i n d i c a t i o n  o f  w i n d  d i r e c t i o n  w i t h  r e s p e c t  t o  a f i x e d  r e f e r e n c e .  

The b r u s h  was i n  c o n t a c t  w i t h  t h e  c i r c u l a r  r e s i s t o r  w h ic h  was i n  

s e r i e s  w i t h  a f i x e d  r e s i s t a n c e  o f  10 K Ohms. T h e  tw o  r e s i s t o r s  

w e r e  e n e r g i z e d  by a c o n s t a n t  15 v o l t s  D .C  p ow er  s u p p l y .

T h e  v o l t a g e  d r o p  a c r o s s  t h e  t e r m i n a l s  o f  t h e  c i r c u l a r  

r e s i s t o r  was p r o p o r t i o n a l  t o  i t s  p o i n t  o f  c o n t a c t  w i t h  t h e  b r u s h .  

As t h e  w e a t h e r  v a n e  r o t a t e d ,  t h e  p o i n t  o f  c o n t a c t  b e t w e e n  t h e  

b r u s h  an d  t h e  c i r c u l a r  r e s i s t o r  a l s o  c h a n g e d ,  v a r y i n g  t h e  

p o t e n t i a l  d r o p  a c r o s s  t h e  c i r c u l a r  r e s i s t o r ’ s t e r m i n a l .  T h e

p o t e n t i a l  d r o p  a c r o s s  t h e  c i r c u l a r  r e s i s t o r  f o r  d i f f e r e n t  w in d

d i r e c t i o n s  was m e a s u r e d  w i t h  a d i g i t a l  v o l t m e t e r .  T e s t  d a t a  f o r  

t h e  w i n d  d i r e c t i o n  m e t e r  i s  l i s t e d  i n  T a b l e  B . 3 . 1 .

T h e  m e th o d  o f  l e a s t  s q u a r e s  was u s e d  t o  e s t a b l i s h  a f u n c t i o n a l  

c o r r e l a t i o n  b e t w e e n  t h e  w i n d  d i r e c t i o n  and  t h e  c o r r e s p o n d i n g  

v o l t a g e  d r o p .  The  f o l l o w i n g  r e l a t i o n s h i p  was o b t a i n e d .
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T A B L E  B . 3 . 1

EXPERIMENTAL DATA FOR WIND D IR E C T IO N  METER CALIBRATION

WIND D IR E C T IO N  -  DEGREES VOLTAGE DROP -  VOLTS

0 0 . 0 1
10 0 . 3 2
2 0 0 . 7 8
3 0 1. 19
4 0 1 . 5 2
5 0 1 . 8 4
6 0 2 .  19
7 0 2 . 5 1
8 0 2 . 7 9
9 0 3 . 0 6

100 3 . 3 6
1 10 3 . 6 2
1 20 3 . 8 6
130 4 .  11
140 4 .  31
150 4 . 5 4
160 4 . 7 8
170 4 . 9 5
180 5 .  14
1 90 5 . 3 2
2 0 0 5 . 5 3
2 1 0 5 . 6 9
2 2 0 5 . 8 6
2 3 0 6 . 0 2
2 4 0 6 .  18
2 5 0 6 . 3 4
2 6 0 6 . 4 8
2 7 0 6 . 6 3
2 8 0 6 . 7 7
2 9 0 6 . 9 1
3 0 0 7 . 0 3
3 1 0 7 .  15
3 2 0 7 . 2 7
3 3 0 7 . 4 0
3 4 0 7 . 5 1
3 5 0 7 . 6 2
3 6 0 7 . 7 2
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2 3
Wd = -  0 . 4 4 9 9 5 1  + 2 6 . 8 9 3 4  x Ve + 0 . 3 6 3 6 0 4  x Ve + 0 . 3 7 4 5 7 4  x Ve

w h e r e  Wd = W ind d i r e c t i o n  -  D e g r e e s .

Ve = V o l t a g e  d r o p  a c r o s s  t h e  c i r c u l a r  r e s i s t o r  -  V o l t s .

T I  = Sum o f  m in imum s q u a r e  o f  e r r o r s  i n  w i n d  d i r e c t i o n  
= 2 8 . 1 5

C a l i b r a t i o n  c u r v e  f o r  t h e  w in d  d i r e c t i o n  m e t e r  i s  shown i n  

F i g u r e  B . 3 . 2 .  S t a n d a r d  e r r o r  i n  t h e  m e a s u r e d  w i n d  d i r e c t i o n  was  

c a l c u l  t e d  a s  f o l l o w s :

S t a n d a r d  E r r o r V < y i  -  y i ) 

n -- 1

w h e r e  y i  = M e a s u r e d  v a l u e  o f  w i n d  d i r e c t i o n

y i  = R e g r e s s i o n  v a l u e  o f  w i n d  d i r e c t i o n

n = Number o f  t e s t  p o i n t s  
= 37

S t a n d a r d  E r r o r  =
( 2 8 . 1 5  )

3 7  -  1 

= + 0 . 8 8 4  d e g r e e s .

B . 4  PYRANOMETERS

E p p l e y  B l a c k  an d  W h i t e  t e m p e r a t u r e  c o m p e n s a t e d  p y r a n o m e t e r s  

a r e  s t a n d a r d  i n s t r u m e n t s ,  d e v e l o p e d  by E p p l e y  L a b o r a t o r y ,  I n c .  

t o  m e a s u r e  t h e  g l o b a l ,  d i f f u s e d  an d  r e f l e c t e d  s h o r t  wave  

r a d i a t i o n .  The  d e t e c t o r  e l e m e n t  i n  t h e s e  i n s t r u m e n t s  c o n s i s t e d  

o f  a d i f f e r e n t i a l  e l e c t r o p l a t e d  < coppe*— c o n s t a n t a n  ) t h e r m o p i l e .  

Th e  h o t  -  end  an d  t h e  c o l d  -  end  r e c e i v e r  J u n c t i o n s ,  r e s p e c t i v e l y  

w e r e  c o l o u r e d  b l a c k  a n d  w h i t e  t o  c r e a t e  a t h e r m o c o u p l e  e f f e c t .
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The  c h a r a c t e r i s t i c s  o f  t h e s e  i n s t r u m e n t s  a r e  shown b e l o w .

S e n s i t i v i t y  9 m i c r o v o l t s  p e r  w a t t  m e t e r  ( a p p r o x  )

I m p e d a n c e  6 5 0  ohms ( a p p r o x  )

R e c e i v e r  C i r c u l a r  1 cm , c o a t e d  w i t h  P a r s o n ’ s
b l a c k  o p t i c a l  l a q u e r .

T e m p e r a t u r e  D e p e n d e n c e  + 1 p e r c e n t  o v e r  a m b i e n t  t e m p e r a t u r e
r a n g e  - 2 0  t o  + 4 0  C.

2
L i n e a r i t y  + 0 . 5  p e r c e n t  f r o m  0 t o  2 8 0 0  w a t t s  /  m

R e s p o n s e  T im e  1 s e c o n d .

B . 5  RADIO SHACK MICROCOMPUTER

Th e  R a d i o  S h a c k  T R S - 8 0  M o d e l  I I I  ( 3 0 )  i s  a m i c r o c o m p u t e r  w i t h  

d i s k  o p e r a t i n g  s y s t e m .  I t  c o n s i s t s  o f  a v i d e o  d i s p l a y  s c r e e n ,  a 

key  b o a r d ,  a c e n t r a l  p r o c e s s i n g  u n i t  an d  a r e a l  t i m e  c l o c k  w h ic h  

w e r e  a l l  h o u s e d  i n  a s i n g l e  m o u l d i n g .  M o d e l  I I I  had  a s t o r a g e  

c a p a c i t y  o f  14K b y t e s  o f  p e r m a n e n t l y  p ro g ra m m e d  Read O n ly  

Memory ( ROM ) w h i c h  was r e s e r v e d  f o r  t h e  T R S - 8 0  BASIC  L a n g u a g e  

an d  b u i l t  i n  p r o g r a m i n g  f u n c t i o n s .  L i k e w i s e ,  i t  a l s o  c o n t a i n e d  a 

s t o r a g e  c a p a c i t y  o f  48K b y t e s  o f  Random A c c e s s  Memory ( RAM ) 

w h ic h  was r e s e r v e d  f o r  t h e  u s e r ’ s p r o g r a m s  a n d  r e s u l t s .  M o d e l  

I I I  was e q u i p p e d  w i t h  n e c e s s a r y  i n t e r f a c e s  w h i c h  a l l o w e d  t h e  

a d d i t i o n  o f  a l i n e  p r i n t e r  an d  a c a s e t t e  r e c o r d e r  f o r  a d d i t i o n a l  

d a t a  s t o r a g e .  A s t a n d a r d  RS 2 3 2 - C  i n t e r f a c e ,  d e s i g n e d  t o  m eet  

t h e  E . I . A  ( E l e c t r o n i c  I n d u s t r i e s  A s s o c i a t i o n  ) s t a n d a r d s ,  was  

a l s o  i n s t a l l e d  a s  an o p t i o n  i n  M o d e l  I I I  t o  make i t  c o m p a t i b l e  

w i t h  o t h e r  d a t a  p r o c e s s i n g  e q u i p m e n t .
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B . 6  F L U K E  D A T A  LOGGER

The  F l u k e  M o d e l  2 2 4 0 - C  D a t a  L o g g e r  ( 3 1 )  i s  a d a t a  p r o c e s s o r .  

T h e  b a s i c  u n i t  i s  c o n t a i n e d  i n  a m e c h a n i c a l  h o u s i n g  a n d  c o n s i s t s  

o f  a f r o n t  m o u n te d  c o n t r o l  p a n e l ,  a d i g i t a l  d i s p l a y ,  a d i g i t a l  

p r i n t e r ,  c o n t r o l  l o g i c  r e q u i r e d  t o  i n t e r f a c e  t h e  b a s i c  u n i t  t o  a 

f u l l  r a n g e  o f  o p t i o n s ,  an a n a l o g  t o  d i g i t a l  c o n v e r t e r  a n d  a 

s e r i e s  o f  PCB a n d  m o d u l e  s l o t s  d e s i g n e d  t o  a c c o m m o d a te  a number  

o f  p l u g  i n  o p t i o n s .  I n  i t s  b a s i c  f o r m ,  t h e  c h a n n e l  s c a n n i n g  

c a p a b i l i t y  o f  M o d e l  2 2 4 0 - C  was l i m i t e d  t o  o n l y  6 0  c h a n n e l s .

H o w e v e r ,  t h i s  c a p a c i t y  c o u l d  be i n c r e a s e d  t o  1 0 0 0  c h a n n e l s

t h r o u g h  t h e  a d d i t i o n  o f  o n e  o r  m ore  o f  M o d e l  2 2 0 1 A /  2 2 0 2 A  an d  

2 2 0 3 A  s c a n n e r  c h a s s i s  w h i c h  a r e  a l s o  a v a i l a b l e  a s  a c c e s s o r i e s .  

M o d e l  2 2 4 0 - C  was q u i t e  f l e x i b l e  a n d  c o u l d  be c o n v e r t e d  i n t o  a 

u s e r ’ s d e s i g n e d  d a t a  a c q u i s i t i o n  s y s t e m  t h r o u g h  t h e  a d d i t i o n  o f  

s e v e r a l  a v a i l a b l e  o p t i o n s  w h i c h  i n c l u d e d  a low  l e v e l  s c a n n e r  and  

an i s o t h e r m a l  b l o c k  c o n n e c t o r .  C o m p l e t e  s p e c i  f  i c a t  i  ons  o f

M o d e l  2 2 4 0 C  a r e  a v a i l a b l e  i n  R e f e r e n c e  ( 3 1 ) .  T h e  f o l l o w i n g  

a c c e s s o r i e s  w e r e  i n s t a l l e d  a s  o p t i o n s  i n  M o d e l  2 2 4 0 C  t o  make i t  

c o m p a t i b l e  w i t h  t h e  R a d i o  S h a c k  T R S - 8 0  M o d e l  I I I  m i c r o c o m p u t e r  

f o r  d a t a  c o m m u n i c a t i o n .

1 .  Low L e v e l  S c a n n e r .

2 .  I s o t h e r m a l  B l o c k  C o n n e c t o r .

3 .  R e m o te  P r o g r a m m i n g  O p t i o n .

4 .  T e m p e r a t u r e  S c a l i n g  O p t i o n .

A b r e i f  d e s c r i p t i o n  o f  e a c h  o p t i o n ,  t a k e n  f r o m  t h e  D a t a  

L o g g e r ’ s i n s t r u c t i o n  m a n u a l ,  i s  p r o v i d e d  i n  t h e  f o l l o w i n g
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s e c t  i o n s .

Low L e v e l  S c a n n e r  ( O p t i o n  0 6 )

T h e  lo w  l e v e l  s c a n n e r  i s  a p l u g - i n ,  1 0 - c h a n n e l ,  3 - w i r e  r e l a y  

s c a n n e r .  I t  i s  d e s i g n e d  t o  f u n c t i o n  a s  a low  l e v e l  a n a l o g  d a t a  

m u l t i p l e x e r  i n  M o d e l 2 2 4 0 - C  d a t a  l o g g e r .  S w i t c h  h i g h ,  lo w  and  

s h i e l d  i n p u t s  a r e  p r o v i d e d  f o r  e a c h  o f  t h e  10 c h a n n e l s .  A n a lo g  

i n t e r f a c e  c o n n e c t i o n s  t o  t h e  lo w  l e v e l  s c a n n e r  a r e  c o m p l e t e d  

t h r o u g h  a s o l d e r  p i n  o r  an i s o t h e r m a l  b l o c k  c o n n e c t o r .  

S p e c i f i c a t i o n s  f o r  t h e  lo w  l e v e l  s c a n n e r  a r e  l i s t e d  i n  T a b l e  

B . 6 .  1.

I s o t h e r m a l  B l o c k  C o n n e c t o r  ( O p t i o n  0 8  )

Th e  i s o t h e r m a l  b l o c k  c o n n e c t o r  was a 4 4  p i n  c a r d  e d g e d  

a s s e m b l y .  I t  f e a t u r e s  an i s o t h e r m a l  b l o c k  a n d  a t e m p e r a t u r e  

s e n s i n g  c i r c u i t  an d  i s  d e s i g n e d  t o  s u p p l y  v o l t a g e  and  t e m p e r a t u r e  

i n p u t s  t o  any  o f  t h e  t e n  s c a n n e r  c h a n n e l s .  I n p u t  c o n n e c t i o n s  t o  

t h e  i s o t h e r m a l  b l o c k  c o n n e c t o r s  a r e  i n  t h e  f o r m  o f  10 s e t s  o f  

t h r e e  s c r e w  t e r m i n a l s .  I n p u t  s i g n a l s  a t  a n y  o f  t h e  10 c h a n n e l s  

a r e  m e a s u r e d  i n  t e r m s  o f  v o l t a g e  o r  t e m p e r a t u r e s  , d e p e n d i n g  

upon t h e  t y p e  o f  f u n c t i o n  b e i n g  p r o g r a m m e d .  When a t e m p e r a t u r e  

f u n c t i o n  i s  p r o g r a m m e d ,  i t  i s  ass um ed  t h a t  a t h e r m o c o u p l e  p r o b e  

i s  u s e d  t o  p r o v i d e  an i n p u t  t o  t h a t  c h a n n e l .  S e v e r a l  t y p e s  o f  

t h e r m o c o u p l e s  can be u s e d  t o  s u p p l y  t h e  t e m p e r a t u r e  i n p u t s .  T h e  

u s e r  can make a s e l e c t i o n  among t h e  t y p e s  l i s t e d  i n  T a b l e  B . 6 . 4 .  

Th e  s p e c i f i c a t i o n s  o f  t h e  i s o t h e r m a l  b l o c k  c o n n e c t o r s  a r e  shown  

i n  T a b l e  B . 6 . 2 .
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T A B L E  B . 6 . 1

LOW L E V E L  S C A N N E R  S P E C IF IC A T IO N S  ( O P T IO N  -  0 6  )

CHANNEL RELAYS

POLES PER CHANNEL

S H IE L D  SW ITCHING

VOLTAGE OFFSET

IN P U T  VOLTAGE

COMMON MODE VOLTAGE 
L I M I T S .

OVER-CURRENT PROTECTION

10 LOW THERMAL-EMF REED RELAYS 

THREE ( INCLUDES S H IE L D  SWITCH ) 

ONE SWITCH PER CHANNEL 

±  1 uV

1 7 0  V DC OR PEAK AC MAX

3 5 0 V  DC OR PEAK AC PROVIDED THE 
INPU T VOLTAGE L I M I T  I S  NOT 
EXCEEDED

4 7 0  OHMS RESISTOR I N  S E R IE S  WITH  
EACH IN P U T .

TABLE B . 6 . 2

ISOTHERMAL BLOCK CONNECTOR S P E C I F I C A T I O N S  ( O P T I O N - 0 8  )

C O M P A T IB IL I T Y

TERMINAL STYLE  

NUMBER OF TERMINALS  

TEMPERATURE GRADIENT
BETWEEN ANY TERMINAL ± 0 . 0 5  C MAXIMUM.

REFERENCE JUNCTION S T A B I L I T Y  ±  0 . 0 0 5  C PER ( 0 C TO 5 0  C )

MATES WITH E IT H E R  THE - 0 5  OR 
- 0 6  SCANNERS.

SCREW TYPE

3 0
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R e m o te  P r o g r a m m i n g  i n t e r f a c e  ( O p t i o n  17 )

An i n t e r f a c e  i s  a s t a n d a r d  d e v i c e  u s e d  f o r  d a t a  c o m m u n i c a t i o n  

b e t w e e n  tw o  p i e c e s  o f  d a t a  p r o c e s s i n g  e q u i p m e n t .  T h e  t e r m

RS 2 3 2 - C ,  i s  d e f i n e d  i n  R e f e r e n c e  ( 3 0 ) ,  a s  a s p e c i f i c  E l A  

( E l e c t r o n i c  I n d u s t r i e s  A s s o c i a t i o n  ) s t a n d a r d  w h ic h  i s  a w i d e l y  

a c c e p t e d  m e t h o d  o f  i n t e r f a c i n g  a d a t a  t e r m i n a l  a n d  d a t a  

c o m m u n i c a t i o n  e q u i p m e n t .  M o s t  v i d e o  t e r m i n a l s ,  modems and

mi c r o c o m p u t e r s  u t i l i z e  RS 2 3 2 - C  s t a n d a r d s  f o r  d a t a

c o m m u n i c a t i o n .  I n  o r d e r  t o  be c o m p a t i b l e  f o r  b i n a r y  d a t a

i n t e r c h a n g e ,  i n t e r f a c e s  i n s t a l l e d  i n  e a c h  o f  t h e  tw o  p i e c e s  o f  

d a t a  p r o c e s s i n g  e q u i p m e n t  a r e  r e q u i r e d  t o  s h a r e  a f e w  

c h a r a c t e r i s t i c  f e a t u r e s  w h i c h  i n c l u d e  t i m i n g  f o r m a t ,  t r a n s m i s s i o n  

mode,  b a u d  r a t e ,  d a t a  i n t e r f a c e  l e v e l  e t c .

T h e  r e m o t e  p r o g r a m m i n g  o p t i o n  i s  b a s i c a l l y  a s t a n d a r d

RS 2 3 2 - C  i n t e r f a c e ,  i n s t a l l e d  i n  M o d e l  2 2 4 0  C t o  make i t  

c o m p a t i b l e  w i t h  t h e  R a d i o  S h a c k  m i c r o c o m p u t e r .  I t  f e a t u r e s

a s y n c h r o n o u s  t i m i n g ,  f u l l  d u p l e x  c a p a b i l i t y ,  s e l e c t a b l e  bau d

r a t e ,  a c h o i c e  o f  i n t e r f a c e  l e v e l s  a n d  s e l e c t a b l e  i n p u t / o u t p u t  

f o r m a t  f o r  b i n a r y  d a t a  i n t e r c h a n g e .  T h i s  o p t i o n  was q u i t e  

f l e x i b l e ,  as  i t s  c h a r a c t e r  i s t  i  cs  c o u l d  c o n v e n i e n t l y  be c h a n g e d  

t h r o u g h  a s e t  o f  f o u r  s w i t c h e s  l o c a t e d  w i t h i n  t h e  PCB a s s e m b l y  o f  

M o d e l  2 2 4 0 C .

T e m p e r a t u r e  S c a l i n g  O p t i o n  ( - 4 3  )

T h e  t e m p e r a t u r e  s c a l i n g  o p t i o n  ( - 4 3  ) o p e r a t e s  as  an e x t e n s i o n  

o f  t h e  A / D  c o n v e r t e r  a n d  p r o v i d e s  t e m p e r a t u r e  m e a s u r e m e n t s  a n d

2 0 3
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l i n e a r i z a t i o n  c a p a b i l i t i e s  t o  t h e  d a t a  l o g g e r .  I t  c o n s i s t s  o f  a 

T e m p e r a t u r e  M e a s u r e m e n t  PCB and  tw o  l i n e a r i z a t i o n  ROMs. The  

l i n e a r i z a t i o n  ROMs c o n t a i n  l i n e a r i z a t i o n  p r o g r a m s  f o r  t h e

m i c r o p r o c e s s o r  and  l i n e a r i z a t i o n  t a b l e s  f o r  t h e  s e l e c t e d

t h e r m o c o u p l e  t y p e s .  When a t h e r m o c o u p l e  i n p u t  i s  u s e d ,  t h e

T e m p e r a t u r e  S c a l i n g  O p t i o n  o p e r a t e s  i n  c o n j u n c t i o n  w i t h  t h e

i s o t h e r m a l  b l o c k  c o n n e c t o r s  t o  p r o v i d e  t e m p e r a t u r e  r e a d o u t s  w h ic h  

a r e  s e l e c t a b l e  i n  d e g r e e s  C o r  d e g r e e s  F w i t h  0 . 1  d e g r e e  

r e s o l u t i o n .  T h e  T e m p e r a t u r e  S c a l i n g  O p t i o n  ( - 4 3  ) ,  c o n s i s t s  o f  

a g r o u p  o f  11 t e m p e r a t u r e  l i n e a r i z a t i o n s  and  an d  o n e  s c a l i n g  

f u n c t i o n  w h ic h  a r e  shown i n  T a b l e  B . 6 . 3 .  I n  t h i s  m o n i t o r i n g  

p r o j e c t ,  c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  w e r e  u s e d  w h ic h

c o r r e s p o n d  t o  t y p e  T o f  o p t i o n  < -  4 3  ) .  S y s te m  a c c u r a c y  f o r  

t h i s  t y p e  o f  t h e r m o c o u p l e s  i s  l i s t e d  i n  T a b l e  B . 6 . 4 .

B . 7 DATA A C Q U IS IT IO N  SYSTEM

T h e  d a t a  a c q u i s i t i o n  s y s t e m ,  d e s i g n e d  f o r  t h e  t e s t  h o u s e ,  

c o n s i s t e d  o f  a M o d e l  2 2 4 0 C  d a t a  l o g g e r  a n d  a T R S - 8 0  M o d e l  I I I  

R a d i o  S h a c k  mi c r o c o m p u t e r . D a t a  c o m m u n i c a t i o n  b e t w e e n  t h e  tw o  

p i e c e s  o f  e q u i p m e n t  was e s t a b l i s h e d  t h r o u g h  s t a n d a r d  RS 2 3 2 - C  

i n t e r f a c e s  b u i l t  i n t o  e a c h  o f  t h e s e  u n i t s .  T h e  f o l l o w i n g  s y s t e m  

c h a r a c t e r  i  s t  i  cs  w e r e  u s e d  f o r  t h i s  m o n i t o r i n g  p r o j e c t :

Baud R a t e :  3 0 0  B i t s / S e c o n d .

P a r i t y :  Odd.

Word L e n g t h :  8 B i t s .

S t o p  B i t s :  2

I n p u t  B u f f e r :  1

2 0 4
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1 ABLE B . 6 . 3

THERMOCOUPLE, TOTAL S Y S '  -U ACCURACY

TEMPERATURE RANGE WORST CASE NBA . SYSTEM ACCURACY
RE S O L U T IO N  CONFORMITY  ---------- ----------------------------------------

9 0  DAYS .t YEAR 
7 7  F + 9 F  7 7  F + ISF 
SLOW FA ST  SLOW

CO PPER-CONSTANTAN

F - 3 2 8  TO - 2 0 2

- 2 0 2  TO 3 2

3 ?  TO 1 1 1 2

0 .  :l: 

0 .  1

0„ :

0 .  1 0 

0 .  IP 0 . 5

PROGRAMMING CODE FOR TTU LOCRATURL L I N E A R I Z A T I O N  C ' T J  '"'I

O P T IO N  1 4 U 9  10  11 0

E C 3 8 5  3 9 0  0 - 1 0 0 %  REF JUN
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O u t p u t  B u f f e r :  1

T h e s e  c h a r a c t e r i s t i c s  w e r e  f u r t h e r  c o n v e r t e d  i n t o  e q u i v a l e n t  

c o d e s  t o  m e e t  t h e  r e q u i r e m e n t s  o f  t h e  M o d e l  I I I .  T h e s e  c o d e d

c h a r a c t e r i s t i c s  w e r e  s t o r e d  i n  f i v e  RAM l o c a t i o n s  o f  t h e  M o d e l  

I I I  a n d  a r e  l i s t e d  i n  T a b l e  B . 7 . 1 .  T h e  c h a r a c t e r  i  s t  i  c s  o f  M o d e l  

2 2 4 0 C w e r e  a l s o  c h a n g e d  t h r o u g h  t h e  f o u r  s w i t c h  s e t t i n g s  t o  m a t c h  

t h e  d a t a  t r a n s m i s s i o n  r e q u i r e m e n t s  f o r  t h i s  p r o j e c t .  S w i t c h  

s e t t i n g s  w i t h i n  t h e  d a t a  l o g g e r  a r e  l i s t e d  i n  T a b l e s  B . 7 . 2 .

C h a n n e l  i n p u t s  f o r  t h e  t e s t  p o i n t s  w e r e  p r o v i d e d  t o  t h e  d a t a  

l o g g e r  t h r o u g h  t h e  i s o t h e r m a l  b l o c k  c o n n e c t o r . S c a l e  s e t t i n g ,  

w i t h i n  t h e  d a t a  l o g g e r , f o r  d i f f e r e n t  t y p e s  o f  t r a n s d u c e r s  i s  

l i s t e d  i n  T a b l e  B . 7 . 3 .  A l l  c h a n n e l s  m o n i t o r i n g  w e a t h e r  a n d  

i n d o o r  e n e r g y  r e l a t e d  p a r a m e t e r s  w e r e  s c a n n e d  e v e r y  45  s e c o n d s  

a n d  a v e r a g e d  on an h o u r l y  b a i s i s .

B . S  SYSTEM M ON ITO RING  PROGRAMS

S y s t e m  m o n i t o r i n g  p r o g r a m s ,  FLKCONl a n d  F L K C 0 N 2 ,  w e r e  w r i t t e n  

by C . W . L o u i s  L e e  a s  a p a r t  o f  h i s  f i n a l  y e a r  p r o j e c t  ( 3 2 ) .  

T h e s e  p r o g r a m s  w e r e  q u i t e  f l e x i b l e  t o  m e e t  t h e  d a t a  t r a n s m i s s i o n  

r e q u i r e m e n t s  a t  t h e  t e s t  s i t e .  F l o w  c h a r t s  d e s c r i b i n g  t h e  

c o n t r o l  l o g i c s  o f  FLKCONl a n d  FLK C0N 2 a r e  shown i n  F i g u r e s  B . 8 . 1  

& B . 8 . 2 .  A c o m p l e t e  l i s t i n g  o f  t h e s e  p r o g r a m s  i s  p r o v i d e d  i n  

T a b l e s  E . 8 . 1  a n d  B . 8 . 2 .  N o m e n c l a t u r e  o f  t h e  v a r i a b l e s  u s e d  i n  

FLK C 0N 2  i s  l i s t e d  i n  T a b l e  B . 8 . 3 .

FLKCONl  w as d e s i g n e d  t o  c o n t r o l  t h e  d a t a  l o g g e r  t h r o u g h  t h e

2 0 6
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T A B L E  -  B . 7 . 1

SUMMARY OF RAM ADDRESSES USED I N  MODEL I I I  

ADDRESS COM-i-ENT PROGRAM CODE

1 6 8 8 9 BAUD RATE CODE 3 5

1 6 8 8 9 PA R ITY /W O R D  L E N G T H /S T O P  B I T 12 4

1 6 8 9 0 W AIT  SW ITCH CODE 
ZERO= DONT W A IT ,  NON ZERO= W A IT 1

1 6 8 7 2 IN P U T  BUFFER CODE, ONE BYTE 3

1 6 8 8 0 OUTPUT BUFFER CODE, ONE BYTE 0

TABLE B . 7 . 2  

ÎWITCH S E T T IN G S  ON R S - 2 3 2 - C  I N  FLUKE 2 2A 0 (

SW ITCH

S I

SW ITCH P O S I T I O N

S3

CA

ON

ON

ON

OFr

OFF

ON

OFF

OFF

OFF

ON

OFF

ON

A

OFF

OFF

OFF
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T A B L E  -  B . 7 . 3

SCALE S E T T IN G  FOR D IF F E R E N T  TRANSDUCERS W I T H I N  THE
DATA LOGGER

TRANSDUCER SCALE S E T T IN G

RADIOMETERS 4 0  mV

ANEMOMETER 4 0  V

WIND D I R E C T I O N METER 4 0  V

HEATER MONITOR P IC K  UPS 4 0  V

208
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INSTRUCTION 
FOR USING PROG

READY

Y/N

------------X--------- ,
MODIFIES SCTTING 
IN RAM LOCATIONS

STARTS UP THE 
R S -2 3 2 -C

CALL FLUKE FOR 
PROGRAM LIST

►<ianY CHANG 
•>

INPUT ONE COMMAND 
AT A TIME

RSCSIVES RESPONSE, 
r o n u  r r  rnrr» f

EXIT

FIGURE B.8.1 : FLOW CHART FOR FLKCONl
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INSTRUCTION FOR 
USING PROGRAM

READY. 2 .

MODIFIES SETTINGS 
IN  THE RAM LOCATIONS
-------------- :L..............
CALL "CH3PEC" FOR 
CHANNEL SPECIFICATION

INPUT CHANNEL 
SPECIFICATIONS

T CHANGE 
n

END OF SP

REPLACE.DATA ,
II /STARTS UP THE 

RS-232-C

I

IN  "CHSPEC

RECEIVE DATA 
FROM FLUKE

IN THE MIDDLE 
OF SCANNING?

RECEIVE DATA
FROM FLUKE /

BUILD UP A 
STRING

SUM UP THE VALUES ..SORT OUT 
INFORMATION

END OF DATA 

Y

STORE DATA IN  
"FLKDATA"

t

Y

AVERAGING

— t t He to 
—  -store

FIGURE B ,8 .2 : FLOW CHART FOR FLKC0N2
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TABL.E B S n 

FLKCONl

1 CLSi PRINT * —— —————FLKCONl——
2 PRINT • EDITED BY LOUIS LEE C.U.*
3 PRINT! PRINT " THIS PROGRAM IS TO BUILD UP PROGRAM IN FLUKE"
4 print: PRINT "STRIKE <BREAK> KEY TO EXIT"
5 PRINT! line input "ARE YOU READY 7 Y/N ? " !STi
6 IF STS="Y* THEN 7 ELSE 5
7 CLEAR 1030
10 CLS: PRINT TAB(IO) ' FLUKE CONTROLER PROGRAM"
20 PRINT CHRS(13)<CHRi(13)
25 POKE 16890,1 ' WAIT
30 POKE 16412,0 'BLINK
40 POKE 16419,253 ' CRU30R CHR
50 POKE 16089,124 ' PAR/WL/SB
60 POKE 16888,(5*16)+5 'BAUT RATE
70 DEFUSR0=90 
80 DEFUSR2=S5 
90 DEFUSR1=B0
100 X=USR0(0) ' START UP
110 CI=16872 !CO=16380 'I/O  ADDRESS
112 PRINT "THIS IS THE PROGRAM IN MEMORY"
114 PRINT! A$="P"+CHRS(13):GOTO 140
120 PRINT!LINE INPUT "ENTER ONE COMMAND AT A TIME ----------->"!A$
130 A$=A$+CHR$(13)
140 L=LEN(A$)
150 FOR I=1T0 L: ID$=MID$(A$,I,1): CD=ASC(IDS)
160 POKE CO,CD! X=USR2(0)! NEXT I 
162 A=A+1 ! IF A=1 GOTO 180
170 CLS! PRINT "RESPONSE FROM FLUKE",CHR$(13)
180.XfUSRIiBLLEn.=.P£EKj:jUJ.! IE-BD=LE_0R j HEN_BD?.32..........
181 PRINT CHRS(BD)!
190 IF BD=64 THEN 120 ELSE 180
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TABLE B-8'3

VARIABLES D-ISC RUT ION

Oi, CO I/O  Address

C9% F .lr s t /1 - . s b  ch an ne l

OH(ARRAY) Channel S p e c i f i c a t i o n

12$ In pu t  Channel S p e c i f i c a t i o n

07% Loop Counter

BIin( ARRAY) Wind d i r e c t i o n

SLU Sum o f  Logged v a lu e

L(i Logged d a ta

Hl/Hg/M g.Sg Tirne pa ratneter

ALG Average Logged d ata

' n Time s t r i n g
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m i c r o c o m p u t e r  a n d  was u s e d  t o  m ake a l l  n e c e s s a r y  m o d i f i c a t i o n s  

i n  t h e  d a t a  l o g g e r ’ s  p r o g r a m  .

FLK C 0N 2  was d e s i g n e d  t o  s p e c i f y  a f u n c t i o n a l  c o d e  t o  e a c h  

i n p u t  c h a n n e l .  I t  p e r f o r m e d  a l l  n e c e s s a r y  c a l c u l a t i o n s  on t h e  

s c a n n e d  d a t a  a c c o r d i n g  t o  t h e  f o l l o w i n g  p r o c e d u r e s  :

A l l  h o u r l y  t e m p e r a t u r e s ,  w i n d  s p e e d  a n d  s o l a r  r a d i a t i J n  w e r e  

s t r a i g h t  a v e r a g e s ,  c a l c u l a t e d  on t h e  b a s i s  o f  num ber  o f  s c a n s  

d u r i n g  a g i v e n  h o u r .

P o w er  c o n s u m p t i o n  o f  t h e  b a s e b o a r d  u n i t s  was c a l c u l a t e d  a s  

a p e r c e n t a g e  o f  t i m e  t h e  h e a t e r  w as on d u r i n g  a g i v e n  h o u r .  T h i s  

w as a c c o m p l i s h e d  by sum m ing up  t h e  h o u r l y  on c y c l e s  o f  e a c h  

h e a t e r  a n d  l a t e r  on d i v i d i n g  th e m  by t h e  t o t a l  n u m b e r  o f  h o u r l y  

s c a n s  o f  t h e  s y s t e m .

H o u r l y  v a l u e s  o f  t h e  w i n d  d i r e c t i o n  w e r e  d i s t r i b u t e d  i n  

s i X t e e n  b i n s .  E a c h  b i n  c o r r e s p o n d e d  t o  a  s p e c i f i c  i n t e g e r  w i n d  

d i r e c t i o n .  D u r i n g  a s c a n  o f  t h e  s y s t e m ,  w i n d  d i r e c t i o n  m e a s u r e d  

i n  t e r m s  o f  o u t p u t  v o l t a g e  w as c o n v e r t e d  i n t o  an  e q u i v a l e n t  

i n t e g e r  n u m b e r  a n d  s t o r e d  i n  t h e  a p p r o p r i a t e  d i r e c t i o n  b i n .  A t  

t h e  e n d  o f  e a c h  h o u r , t h e  c o n t e n t s  o f  e a c h  b i n  w e r e  d i v i d e d  by 

t h e  t o t a l  n u m b e r  o f  s c a n s  t o  c a l c u l a t e  t h e  p e r c e n t a g e  o f  t i m e  t h e  

w e a t h e r  v a n e  was p o i n t i n g  t o w a r d s  a s p e c f i c  w i n d  d i r e c t i o n .

H o u r l y  a v e r a g e s  f o r  e a c h  i n p u t  c h a n n e l , c a l c u l a t e d  i n  

F L K C 0 N 2 ,  w e r e  s t o r e d  i n  a  f i l e  named FLKDATA.  I n  o r d e r  t o  

e c o n o m i s e  t h e  d i s k  s t o r a g e  c a p a c i t y ,  h o u r l y  a v e r a g e s  w e r e  s t o r e d  

i n  t h e  f o r m  o f  c o n t i n u o u s  s e t s  o f  d a t a .  E a c h  d a t a  s e t  c o n t a i n e d
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a t i r r ie  s t r i n g ,  a  c h a n n e l  s p e c i f i c a t i o n  a n d  t h e  c o r r e s p o n d i n g  

h o u r l y  a v e r a g e  o f  t h a t  c h a n n e l .
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DATA PROCESSING PROGRAMS
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D A T A  P R O C E S S IN G  PROGRAMS

Th e  e x p e r i m e n t a l  d a t a  r e c o r d e d  a t  t h e  t e s t  s i t e  was r e q u i r e d  

t o  be a n a l y z e d  a n d  c o n v e r t e d  i n t o  a p r o p e r  f o r m a t  b e f o r e  i t  c o u l d  

be u t i l i z e d  f o r  t h e  d e v e l o p m e n t  o f  a w e a t h e r  f i l e  a n d  s u b s e q u e n t  

e n e r g y  c o m p a r i s o n s  w i t h  t h e  s i m u l a t e d  r e s u l t s .  BA SIC  p r o g r a m s  

WEHETE, TROMBE a n d  S P L IN E  w e r e  w r i t t e n  t o  p r o c e s s  t h e  r a w  d a t a  

on t h e  m i c r o c o m p u t e r . C o m p l e t e  l i s t i n g s  a n d  d e s c r i p t i o n  o f

t h e s e  p r o g r a m s  a r e  p r o v i d e d  i n  t h e  f o l l o w i n g  s e c t i o n s .

WEHETE

T h e  p r o g r a m  WEHETE was u s e d  t o  a c c e s s  FLKDATA f i l e  a n d  t o  

s o r t  o u t  t h e  h o u r l y  w e a t h e r  an.d i n d o o r  e n e r g y  r e l a t e d  d a t a .  

P r o v i s i o n s  w e r e  made i n  t h e  p r o g r a m  t o  p e r f o r m  n e c e s s a r y  

o p e r a t i o n s  on t h e  s o r t e d  d a t a  i n  o r d e r  t o  c o n v e r t  th e m  i n t o  

c o n s i s t e n t  e n g i n e e r i n g  u n i t s  t o  m e e t  t h e  r e q u i r e m e n t s  o f  t h e  

D O E -2  p r o g r a m .

W in d  s p e e d ,  r e c o r d e d  i n  m i l e s  p e r  h o u r ,  was c o v e r  t e d  i n t o

e q u i v a l e n t  K n o t s  by m u l t i p l y i n g  by a  c o n v e r s i o n  f a c t o r  o f  0 . 8 6 9 .

T h e  h o u r l y  w i n d  d i r e c t i o n s  w e r e  d i s t r i b u t e d  a s  p e r c e n t a g e s  i n  t h e

s i x t e e n  b i n s  d e p e n d i n g  upon t h e  a b r u p t  v a r i a t i o n  i n  t h e  w i n d

d i r e c t i o n .  T h e  p e r c e n t a g e  c o n t e n t  o f  t h e s e  b i n s  was c o n v e r t e d

i n t o  e q u i v a l e n t  d e g r e e s  a n d  summed t o  o b t a i n  a s i n g l e  i n t e g e r

w i n d  d i r e c t i o n  f o r  e a c h  h o u r .  T h e  s o l a r  r a d i a t i o n  m e a s u r e d  by

t h e  h o r i z o n t a l  a n d  v e r t i c a l  r a d i o m e t e r s  w e r e  r e c o r d e d  i n

m i l l i v o l t s .  T h e s e  v a l u e s  w e r e  c o n v e r t e d  i n t o  e q u i v a l e n t  r a d i a t i o n
2

i n t e n s i t y  i n  B t u / H r . F t  by m u l t i p l y i n g  by t h e  c a l i b r a t i o n  f a c t o r
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o f  t h e  r e s p e c t i v e  r a d i o m e t e r s .  E n e r g y  c o n s u m p t i o n  o f  i n d i v i d u a l  

b a s e b o a r d  h e a t e r s  was i n  t h e  f o r m  o f  p e r c e n t a g e  o n - t i m e  o f  t h e

h e a t e r s  d u r i n g  a g i v e n  h o u r .  T h e s e  p e r c e n t a g e s  w e r e  m u l t i p l i e d  

by t h e  p o w e r  r a t i n g s  o f  t h e  b a s e b o a r d  u n i t s  t o  c a l c u l a t e  t h e

h o u r l y  e n e r g y  c o n s u m p t i o n  i n  B t u h .  H o u r l y  c o n s u m p t i o n  o f  

i n d i v i d u a l  b a s e b o a r d  u n i t s  was l a t e r  summed t o  o b t a i n  t h e  t o t a l  

e n e r g y  u s a g e  i n  e a c h  o f  t h e  f o u r  t h e r m a l  z o n e s .

T h e  i n d o o r  a n d  o u t d o o r  t e m p e r a t u r e s  w e r e  r e c o r d e d  i n  d e g r e e s  

F a n d  d i d  n o t  r e q u i r e  a c o n v e r s i o n  i n  u n i t s .

T h e  w e a t h e r  an d  i n d o o r  p e r f o r m a n c e  d a t a  w e r e  c o m p i l e d  an d

s t o r e d  i n  a d a t a  f i l e  named WHEATLY f o r  f u r t h e r  u s a g e .

TROMBE

T h e  p r o g r a m  TROMBE w as p r i m a r i l y  u s e d  t o  a c c e s s  t h e  f i l e

FLKDATA a n d  r e t r i e v e  d a t a  r e l a t e d  t o  t h e  p e r f o r m a n c e  o f  t h e

T ro m b e  w a l l .  T h e s e  i n c l u d e d  t h e  T ro m b e  w a l l  a i r  s p a c e  a n d

s u r f a c e  t e m p e r a t u r e s  a n d  s o l a r  r a d i a t i o n  r e c e i v e d  by t h e

r a d i o m e t e r .  T e m p e r a t u r e s  w e r e  r e c o r d e d  i n  d e g r e e s  F a n d  d i d  n o t

r e q u i r e  a c o n v e r s i o n .  H o w e v e r ,  s o l a r  r a d i a t i o n  r e c o r d e d  i n
2

m i l l i v o l t s  was c o n v e r t e d  i n t o  e q u i v a l e n t  B t u / H r . F t  by m u l t i p l y i n g  

by t h e  c a l i b r a t i o n  f a c t o r  o f  t h e  r a d i o m e t e r . The  T r o m b e  w a l l  

p e r f o r m a n c e  d a t a  was c o m p i l e d  a n d  s t o r e d  i n  a f i l e  named TROMBE.

S P L IN E

T h e  p r o g r a m  S P L IN E  was d e v e l o p e d  on t h e  b a s i s  o f  ASHRAE’ s SUN 

an d  SOLAD a l g o r i t h m s  a n d  was u s e d  t o  a n a l y z e  s o l a r  r a d i a t i o n  f o r
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the test period.
Th e  p r o g r a m  was e x e c u t e d  i n  tw o  s t e p s .  I n  t h e  f i r s t  s t e p ,

s o l a r  r e l a t e d  v a r i a b l e s ,  b a s e d  on t h e  2 1 s t  day  o f  e a c h  m o n th ,

w e r e  i n t e r p o l a t e d  on a d a i l y  b a s i s  u s i n g  s p l i n e  i n t e r p o l â t  i o n s .

I n  t h e  s e c o n d  s t e p ,  t h e  p r o g r a m  a c c e s s e d  t h e  f i l e  WHEATLY and

r e t r i e v e d  w e a t h e r  r e l a t e d  v a r i a b l e s  w h i c h  i n c l u d e d  o u t d o o r

t e m p e r a t u r e s  i n  d e g r e e s  F , w i n d  s p e e d  i n  K n o t s ,  w i n d  d i r e c t i o n

i n  d e g r e e s  a n d  s o l a r  r a d i a t i o n  on a  h o r i z o n t a l  s u r f a c e  i n  
2

B t u / H r . F t .  T h e  h o r i z o n t a l  r a d i a t i o n  was u s e d  w i t h  t h e  d a i l y  

a d j u s t e d  s o l a r  v a r i a b l e s  t o  c a l c u l a t e  t h e  d i r e c t  n o r m a l  and  

d i f f u s e  c o m p o n e n t s  o f  s o l a r  r a d i a t i o n  f o r  c l o u d y  and  c l e a r  s u n n y  

d a y s  r e c o r d e d  a t  t h e  t e s t  s i t e .  T h e  p r o g r a m  a l s o  c o n v e r t e d  t h e  

h o u r l y  w i n d  d i r e c t i o n  i n  d e g r e e s  t o  e q u i v a l e n t  i n t e g e r s .

Th e  h o u r l y  w e a t h e r  d a t a  i n c l u d i n g  t h e  d i r e c t  n o r m a l  co m p o n e n t  

o f  s o l a r  r a d i a t i o n  w e r e  c o m p i l e d  a n d  s t o r e d  i n  a  d a t a  f i l e  named  

WEATHER w h i c h  was u s e d  a s  an i n p u t  f o r  t h e  DOE w e a t h e r  p r o c e s s o r .
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FAN DEPR ESS UR IZA TIO N TEST

D . l  IN T R O D U C T IO N

T h e  t e s t  h o u s e  w as s e l e c t e d  f o r  t h e  p u r p o s e  o f  e n e r g y  

a n a l y s i s  due t o  i t s  e n e r g y  c o n s e r v a t i o n  f e a t u r e s  a n d  e x p e c t e d  

t i g h t e r  c o n s t r u c t  i o n . H o w e v e r , d u r i n g  t h e  a n a l y s i s  o f  t e s t  d a t a  

i t  was f o u n d  t h a t  t h e  h o u s e  was n o t  a  t i g h t  s t r u c t u r e  a n d  was  

h i g h l y  s e n s i t v e  t o  s t r o n g  w i n d s  d i r e c t e d  t o w a r d s  t h e  s o u t h e r n  

e x p o s u r e  o f  t h e  b u i l d i n g .  B a s e d  on t h e s e  o b s e r v a t i o n s ,  i t  was  

s u s p e c t e d  t h a t  t h e  s o u t h e r n  e x p o s u r e  o f  t h e  b u i l d i n g  c o n t a i n e d  

u n i d e n t i f i e d  l e a k a g e  o p e n i n g s  w h i c h  c a u s e d  u n c o n t r o l l e d  

i n f i l t r a t i o n  u n d e r  t h e  i n f l u e n c e  o f  s t r o n g  w i n d s .  I n  o r d e r  t o  

i d e n t i f y  t h e s e  o p e n i n g s ,  an d  t o  d e t e r m i n e  t h e  l e a k a g e  

c h a r a c t e r i s t i c s  o f  t h e  b u i l d i n g ,  i t  was d e c i d e d  t o  p e r f o r m  a f a n  

d e p r e s s u r  i  z a t  i o n  t e s t  on t h e  h o u s e .

I n  a f a n  d e p r e s s u r  i  z a t  i o n  t e s t , a p r e s s u r e  d i f f e r e n c e  i s  

c r e a t e d  a c r o s s  t h e  b u i l d i n g  e n v e l o p e  by m e c h a n i c a l l y  

e x h a u s t i n g  a i r  f r o m  t h e  h o u s e .  T h i s  i s  a c c o m p l i s h e d  by m eans o f  

a d e v i c e  w h ic h  c o n s i s t s  o f  a v a r i a b l e  s p e e d  f a n / m o t o r  a s s e m b l y  

f i t t e d  w i t h  a c a l i b r a t e d  n o z z l e .  T h e  u n i t  i s  t e m p o r a r i l y  s e a l e d  

i n  an e x t e r i o r  d o o r  o p e n i n g  w i t h  t h e  h e l p  o f  an a d j u s t a b l e  f r a m e  

a n d  c l a m p s .  D u r i n g  a d e p r e s s u r i z a t i o n  t e s t , t h e  a i r  e x h a u s t e d  

f r o m  t h e  h o u s e  i s  r e p l a c e d  by o u t d o o r  a i r  w h i c h  e n t e r s  t h r o u g h  

t h e  c r a c k s  a n d  h o l e s  a r o u n d  t h e  b u i l d i n g .  T h e  p r e s s u r e  

d i f f e r e n c e  a c r o s s  t h e  b u i l d i n g  e n v e l o p e  a n d  t h e  a i r  f l o w  

m e a s u r e d  a t  t h e  v e n t u r i  a r e  u s e d  t o  d e t e r m i n e  t h e  l e a k a g e
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c h a r a c t e r  i s t  i  cs  o f  t h e  b u i l d i n g .  I n  o r d e r  t o  e l i m i n a t e  t h e  

w e a t h e r  e f f e c t s ,  a f a n  t e s t  i s  c a r r i e d  o u t  u n d e r  c o n d i t i o n s  o f  

l o w  w i n d  an d  a m in im um  i n d o o r - o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e .

D . 2  IN F ILTR O M ETE R

A p o r t a b l e  i n f i 1 t r o m e t e r  u n i t ,  p u r c h a s e d  f r o m  E n e r -

C o r p o r a t i o n  M a n a g e m e n t  L t d ,  w as u s e d  t o  p e r f o r m  a 

d e p r e s s u r  i  z a t  i o n  t e s t  on t h e  h o u s e .  T h e  u n i t  becam e a v a i l a b l e  i n  

t h e  e a r l y  f a l l  o f  1 9 8 2 .  I t  c o n s i s t e d  o f  t h e  f o l l o w i n g  c o m p o n e n t  

p a r t s :

1.  F i b r e  g l a s s  p a n e l  w i t h  v a r i a b l e  s p e e d  f a n / m o t o r  a s s e m b l y .

2 .  A p r e c a l i b r a t e d  f i b r e  g l a s s  n o z z l e .

3 .  An a d j u s t a b l e  a l u m in u m  f r a m e .

4 .  A lu m in u m  f r a m e  t o  d o o r  f r a m e  c l a m p s .

5 .  D a t a  p r o c e s s i n g  a n d  c o n t r o l  c e n t r e .

A s c h e m a t i c  o f  t h e  i n f i 1 t r o m e t e r  u n i t  i s  shown i n  F i g u r e  D . l .  

T h e  u n i t  was s i m p l e  i n  c o n s t r u c t i o n  a n d  c o u l d  be s e a l e d  i n  t h e  

e x t e r i o r  d o o r  o p e n i n g  o f  t h e  h o u s e  w i t h  t h e  h e l p  o f  an  a l u m in u m  

f r a m e  a n d  a d j u s t a b l e  c l a m p s .  T h e  d a t a  p r o c e s s i n g  a n d  c o n t r o l  

u n i t  c o n t a i n e d  a T e x a s  I n s t r u m e n t  T I - 5 9  p r o g r a m m a b l e  c a l c u l a t o r  

w h i c h  c o u l d  be  u s e d  a t  t h e  s i t e  t o  c a l c u l a t e  t h e  f l o w  

c h a r a c t e r i s t i c s  o f  t h e  t e s t  h o u s e .  T h e  p r e s s u r e  d a t a  r e c o r d e d  

d u r i n g  t h e  f a n  t e s t ,  c o u l d  be u s e d  i n  t h e  E n e r - S e a 1 p r o g r a m  t o  

d e t e r m i n e  t h e  f l o w  c h a r a c t e r i s t i c s  o f  t h e  h o u s e  i n  S I  u n i t s .  T h i s

2 2 7
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p r o g r a m  was s t o r e d  on a m a g n e t i c  c a r d  a n d  w as r e a d  i n t o  t h e  

p r o g r a m m a b l e  c a l c u l a t o r .  A l i s t i n g  o f  t h i s  p r o g r a m ,  t r a n s l a t e d  

i n t o  FORTRAN l a n g u a g e  i s  p r o v i d e d  i n  T a b l e  D . l .  T h e  

i n f i 1 t r o m e t e r  was c a l i b r a t e d  i n  S I  u n i t s ,  t h e r e f o r e  t o  m a i n t a i n  

u n i f o r m i t y ,  t h e  r e s u l t s  o f  t h e  f a n  t e s t s  a r e  e x p r e s s e d  i n  t h e  

same u n i t s .

D . 3  FAN TEST

T h e  f a n  t e s t  was c o n d u c t e d  on O c t o b e r  2 ,  1 9 8 2 ,  u n d e r  f a v o r a b l e

w e a t h e r  c o n d i t i o n s .  T h e  w i n d  s p e e d  w as a b o u t  2 . 2  m e t e r  p e r  

s e c o n d  ( 5 m . p . h  ) f r o m  t h e  s o u t h - w e s t  a n d  t h e  o u t d o o r

t e m p e r a t u r e  w as 14 d e g r e e s  C. T h e  i n d o o r  t e m p e r a t u r e  was 15

d e g r e e s  C. T h e  i n f i 1 t r o m e t e r  was s e a l e d  on t h e  m a in  e n t r a n c e  

o f  t h e  t e s t  h o u s e  a n d  t w o  d e p r e s s u r  i  z a t  i o n  t e s t s  w e r e  p e r f o r m e d  

on t h e  h o u s e .

T h e  f o l l o w i n g  o b s e r v a t i o n s  w e r e  made d u r i n g  t h e  f i r s t  f a n  

t e s t  :

I n  t h e  l i v i n g  r o o m ,  t h e  l e a k a g e  o p e n i n g s  w e r e  i d e n t i f i e d  a t  

l o c a t i o n s  l i s t e d  b e l o w .

1 .  A l l  a r o u n d  t h e  f i r e p l a c e  m o u l d i n g .

2 .  A i r  v e n t  i n  t h e  t o p  o f  t h e  f i r e p l a c e .

3 .  S h u t t e r  s t r a p  o p e n i n g s  l o c a t e d  a b o v e  t h e  g l a z i n g s  i n  t h e

s o u t h ,  e a s t  an d  n o r t h  w a l l s .

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

s o u t h  w a l l  .

5 .  C r a c k s  a r o u n d  t h e  p a t i o  d o o r s  .
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- t a b l e  - D  1

l i s t i n g  o f  e n e r s e a l  p r o g r a m

1 .  / / I N F T E S T  J O E  t G I E  IQ C\«2AC J ,  • 7AW I Q  • .  Cl . ASS=i«
2 .  / /  e>ec W A T F I V
3 .  / / G G . S Y S I N  cc  «
4 .  SJ GB U A T F I V  G 1 2  1 0 0 ui2 A 0  I A R I Q
5 .  R E A L  h . P R E S ( 2 , 2 0 ) , G ( Z C ) , L F P E E ( 2 0 ) . L a ( 2 Q ) , L 0 5 ( 2 0 ) $ L P R E S Q ( 2 0 l
6 .  GO 5  K K 3  I  .  1
7 .  R E A C . A , V f T E X P t P t H
8 .  OG 4 K = l , 1
>). I F  ( K  . E O .  n  T F E N  CC

1 0 .  P R I N T ,  ' G E F C R E  S E A L I N G *
I  1 .  E L S E  0 0
1 2 .  P R I N T ,  ' A F T E R  S E A L I N G *
1 3 .  END I F
1 4 .  R E A D . K P R E S I I , J I , j = I , N ) , I = l , 2 )
15. 00 1 1=1 ,M
1 6 .  0 ( 1 ) = ( 1 4 , e S £ * P R E S ( 1 , I J 4 4 . S 0 9 5 ) « ( 2 S 4 / { T E M P + 2 7 3 ) ) 4 ( P / 1 0 1 . 3 ) * 1  . 0 3
1 7 .  1 P R I N T ,  P R E S ( 2 , U , P R E S ( 1 , I  J , Q ( I )
1 8 .  S L P = S L C = S L C S = S L F S = F F C F O = 0 . 0
1 9 .  DO 2  J = 1 . M
2 0 .  L P R E S ( J ) = A L C G 1 0 ( P R E S ( 2 , J ) )
2 1 .  L Q ( J J = A L G C i a ( 0 ( J ) I
2 2 .  U Q S ( J } = L Q ( J > 4 4 2
2 3 .  L P R E S C ( J ) = L P K E S ( J ) 4 * 2
2 4 .  S L P = S L F * L P R E S ( J )
2 5 .  S L G = S L C + L 0 ( . )
2 6 .  S L P S = S L P S + L F R E S a ( J J
2 7 .  S L C S = S L Q S + L C S ( J )
2 8 .  P P 0 P C = F P 0 P C * > L P R £ S (  J 1 4 L C (  J )
2 9 .  2  C C N T I N L E
3  0 .  N = ( H 4 P F 0 P C - > £ L P * S L 0 )  7 ( > * S L F S - S L P * * 2 )
3 1 .  C = { S L C * S L P S - P P D P Q * S L P ) / ( M 4 S L P S - S L P * * > 2 )
3 2 .  C = ( 1 0 4 4 C 1 / 1 0 0 0
3 3 .  S A A = H * S L P S - S L P * * 2
3 4 .  S T Y = M * S U Q S - S L 0 * > » 2
3 5 .  S X Y = M 4 P P 0 P C - S L P * S L C
3 6 .  R = ( S X Y 4 4 2 / ( S > X 4 S Y Y ) ) * 4 . 5
3 7 .  R H G = P / ( . 2 a T 2 » ( T E M P + 2 7 2 1 )
3 8 .  E L A = ( C * < 1 0 * « N ) ) / ( , £ 9 * ( ( 1 0 = 2 / R H G ) 4 4 . S ) )
3 9 .  E N F I L = C * ( 4 * 4 N ) * 3 6 / V * l C 0
4 0 .  O F I F T Y = C * ( S O » * N ) * 3 6 / V * 1 0 0
4 1 .  R E L = C * ( 1 0 » » N Î / A 4 1 0 C C
4 2 .  P R I N T  i O . R . E L A , C F I F T Y , E N F I L , C  , H E L  ,N
4 3 .  2 0  F ORMAT  ( *  * ,  1 X , F S . 7 ,  1 X . F 9 . 7 , 1 X . F 9 . 7 , l X , F 9 . 7 i 1 X . F 9 . 7
4 4 .  *  , 1 X . F 9 . 7 , 1 X . F 9 . 7 }
4 5 .  4 C O N T I N U E
4 6 .  P R I N T  10
4 7 .  1 0  F OR M AT  ( *  * J
4 8 .  5  C O N T I N U E
4 9 .  ST OP ;  END
5 0 .  « E N T R Y
5 1 .  2 2 4 , 3 7 3 . 1 2 , 1 5 , 9 9 . 2 6 , 6
5 3 .  5 3 5 , 6 2 0 , 7 3 0 , 1 1 0 0 , 1 6 3 0 , 2 3 5 0
5 4 .  1 0 ,  1 2 ,  1 4 , 2 0 , 2 6 , 3 8

2 3 0
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T h e  m a s t e r  b e d ro o m  w as f o u n d  t o  be  r e l a t i v e l y  t i g h t  e x c e p t  

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

i n  t h e  n o r t h  w a l l .

T h e  tw o  l o w e r  b e d r o o m s  h a d  s i g n i f i c a n t  a i r  l e a k a g e .  T h e

d o m i n a n t  l e a k a g e  o p e n i n g s  i n  t h e s e  r o o m s  w e r e  c o n c e n t r a t e d  on t h e  

s o u t h  a n d  t h e  e a s t  w a l l s  a n d  w e r e  i d e n t i f i e d  a s  f o l l o w s :

1 .  T r o m b e  w a l l  l e a k a g e  d i r e c t l y  i n t o  t h e  b e d r o o m s  c a u s e d  by an  

o p e n  p a s s a g e  i n t o  t h e  v e n t i l a t e d  J o i s t  s p a c e  u n d e r  t h e  

b a l c o n y  o v e r h a n g .

2 .  An a i r  v e n t  l o c a t e d  i n  t h e  c e i l i n g  o f  o n e  o f  t h e s e  r o o m s  

c o n n e c t e d  t o  t h e  f i r e p l a c e  a s s e m b l y  l o c a t e d  on t h e  u p p e r  

l e v e l .

3 .  S h u t t e r  s t r a p  o p e n i n g s  l o c a t e d  i n  t h e  s o u t h  w a l l s  o f  

t h e s e  r o o m s .

4 .  C r a c k s  a r o u n d  t h e  p a t i o  d o o r s .

I n  t h e  u n d e r g r o u n d  p o r t i o n  o f  t h e  h o u s e ,  t h e  l e a k a g e  o p e n i n g s  

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

1 .  S e w e r  p i p e s  a n d  a p l a s t i c  v e n t  i n  t h e  u t i l i t y  r o o m .

2 .  A l l  e l e c t r i c a l  c o n d u i t s  e n t e r i n g  t h e  f u s e  box l o c a t e d  i n  

t h e  u t i l i t y  r o o m .

3 .  An a i r  v e n t  l o c a t e d  i n  t h e  c e i l i n g  o f  t h e  l o w e r  f l o o r ’ s  

b a t h r o o m .

2 31
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D . 4  RESULTS

R e a l i z i n g  t h a t  s i g n i f i c a n t  a i r  l e a k a g e  o c c u r r e d  i n  t h e  l o w e r  

b e d r o o m s ,  a s e c o n d  f a n  t e s t  w as  c o n d u c t e d  by i s o l a t i n g  t h e s e  

s p a c e s  f r o m  t h e  r e s t  o f  t h e  h o u s e .  T h i s  w as d o n e  by 

c l o s i n g  t h e  i n t e r i o r  d o o r s  o f  t h e s e  r o o m s  a n d  p l a c i n g  r u g s

b e t w e e n  t h e  f l o o r  a n d  t h e  d o o r  c r a c k s .

T h e  p r e s s u r e  d a t a  r e c o r d e d  d u r i n g  t h e  t w o  f a n  t e s t s  a r e

l i s t e d  i n  T a b l e s  D . 2  & D . 3  . T h e s e  p r e s s u r e  d a t a  a l o n g  w i t h  t h e
3

h e a t e d  v o l u m e  o f  t h e  b u i l d i n g  V 3 7 3 . 1 2  -  M, e x p o s e d  s u r f a c e  a r e a

A 2 2 4  -  M, i n d o o r  t e m p e r a t u r e  T 15 d e g r e e s  C a n d  t h e

a t m o s p h e r i c  p r e s s u r e  P 9 9 . 2 6  KP w e r e  i n p u t  t o  t h e  E n e r - S e a l

p r o g r a m  t o  c a l c u l a t e  t h e  f l o w  c h a r a c t e r  i s t  i  cs  o f  t h e  t e s t  h o u s e

f o r  t h e  t w o  t e s t  c o n d i t i o n s .  T h e  t o t a l  e q u i v a l e n t  l e a k a g e  a r e a
2

o f  t h e  h o u s e  ELA -  M , f l o w  r a t e  t h r o u g h  t h e  b u i l d i n g  a t  a 

p r e s s u r e  d i f f e r e n t i a l  o f  5 0  p a s c a l s  Q f ,  f l o w  c o e f f i c i e n t  C 

a n d  t h e  f l o w  e x p o n e n t  n , d e t e r m i n e d  f r o m  t h e  E n e r - S e a l  p r o g r a m

a r e  l i s t e d  i n  T a b l e  D . 4  .

T h e  f l o w  c o e f f i c i e n t  C i s  t h e  f l o w  r a t e  t h r o u g h  a b u i l d i n g  a t  

a u n i t  p r e s s u r e  d i f f e r e n c e  a c r o s s  a b u i l d i n g  e n v e l o p e .  I t  

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

a b u i l d i n g  e n v e l o p e .  H i g h e r  v a l u e  o f  t h e  l e a k a g e  c o e f f i c i e n t  

r e p r e s e n t s  a l e a k i e r  s t r u c t u r e  a n d  v i c e  v e r s a .  T h e  f l o w  e x p o n e n t  

n i s  t h e  s l o p e  o f  t h e  l e a k a g e  c h a r a c t e r  i s t  i  c c u r v e  o f  a  h o u s e .  

I t  r e p r e s e n t s  t h e  c h a r a c t e r i s t i c s  o f  f l o w  t a k i n g  p l a c e  t h r o u g h  

t h e  l e a k a g e  o p e n i n g s  i n  a b u i l d i n g .  T h e  f l o w  c o e f f i c i e n t  v a r i e s  

i n  b e t w e e n  0 . 5  a n d  1 .  I t  i s  a s s u m e d  t h a t  t h e  f l o w  i s  l a m i n a r  i f

?32
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TABLE D .2

PRESSURE DATA FOR THE F IR S T  FAN TEST

S e r i a l  No H o u s e  P r e s s u r e  
< P a s c a l s  )

N o z z l e  P r e s s u r e  
( P a s c a l s  )

1 10 5 3 5  1

2 12 6 2 0

3 14 7 3 0

4 2 0 1 1 0 0

5 2 8 1 6 3 0

6 3 8 2 3 5 0

TABLE D . 3

PRESSURE DATA FOR THE SECOND FAN TEST

S e r i a l  No 1H o u s e  P r e s s u r e  Noz  
( P a s c a l s  )

z l e  P r e s s u r e  
( P a s c a l s )

1 2 0 5 6 0

2 3 0 9 4 0

3 4 0 1 1 5 0

2 3 3
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TABLE D .4

LEAKAGE DATA FOR THE TEST HOUSE

T e s t  N o . E q u i v a l e n t  L e a k a g e  
A r e a

2
ELA -  M

A i r  C h a n g e s  
P e r  H o u r  

*
O f

L e a k a g e  
C o e f f  i  c i e n t  

* *
C

F l o w
E x p o n e n t

* * *
n

1 0 . 1 5 3 7 8 . 9 8 0 . 0 9 8 9 6 0 . 5 7

2 0 . 1 1 2 3 6 .  16 0 . 0 7 8 6 0 0 . 5 4

*  -  A i r  c h a n g e  r a t e  a t  a p r e s s u r e  d i f f e r e n c e  o f
5 0  p a s c a l s .

3
* *  -  F lou)  c o e f f i c i e n t  ( M /  S e c  a t  a  u n i t  p r e s s u r e  d i f f e r e n c e )

* * *  — F l o w  e x p o n e n t  ( D i m e n s i o n  l e s s  )

2 3 4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



t h e  t h e  f l o w  e x p o n e n t  i s  1 ,  a n d  c o m p l e t e l y  t u r b u l e n t  o r  o r i f i c e  

f l o w  i f  n i s  0 . 5 .  I t  h a s  been  f o u n d  e x p e r i m e n t a l l y  ( 3 4 )  t h a t  i n  

r e a l i t y  t h e  v a l u e  o f  n i s  i n  b e t w e e n  t h e  a b o v e  s p e c i f i e d  r a n g e ,  

d e p e n d i n g  upon t h e  p r e d o m i n a n t  f l o w  r e g i m e .  Ea ch  h o u s e  w i l l  h a v e  

a u n i q u e  f l o w  c o e f f i c i e n t  a n d  f l o w  e x p o n e n t .  T h e  f l o w  

c o e f f i c i e n t  a n d  t h e  f l o w  e x p o n e n t  a r e  u s e f u l  p a r a m e t e r s  a s  t h e y  

c an  be u s e d  w i t h o u t  a n y  a d d i t i o n a l  i n f o r m a t i o n  t o  g e n e r a t e  t h e  

l e a k a g e  c h a r a c t e r  i s t  i  cs  c u r v e  f o r  a h o u s e .

T h e  l e a k a g e  c h a r a c t e r  i  s t  i  c c u r v e s  o f  t h e  h o u s e  a r e  shown i n  

F i g u r e  D . 2  f o r  tw o  t e s t  c o n d i t i o n s .  T h e  h i g h e r  v a l u e  o f  f l o w  

c o e f f i c i e n t  C ( 0 . 0 9 9  ) ,  o b t a i n e d  f o r  t h e  f i r s t  f a n  t e s t

i n d i c a t e  t h a t  t h e  h o u s e  w as a v e r y  l e a k y  s t r u c t u r e .  T h e  r e s u l t s  

o b t a i n e d  f o r  t h e  s e c o n d  f a n  t e s t ,  when t h e  l o w e r  t w o  b e d ro o m s  

w e r e  i s o l a t e d  f r o m  t h e  h o u s e ,  h o w e v e r ,  i n d i c a t e  t h a t  t h e  f l o w  

c o e f f i c i e n t  C was c o n s i d e r a b l y  d e c r e a s e d  t o  ( 0 . 0 7 8 6  ) ,

c o n f i r m i n g  t h a t  t h e  d o m i n a n t  l e a k a g e  o p e n i n g s  w e r e  l o c a t e d  i n  

t h e  l o w e r  b e d r o o m s .  A p e r c e n t a g e  c o m p a r i s o n  o f  l e a k a g e  a r e a s ,  

o b t a i n e d  f r o m  t h e  tw o  t e s t s ,  a l s o  i n d i c a t e  a 3 0  p e r c e n t  r e d u c t i o n  

i n  t h e  t o t a l  e q u i v a l e n t  l e a k a g e  a r e a  o f  t h e  h o u s e  when t h e  l o w e r  

b e d ro o m s  w e r e  i s o l a t e d .  T h e  f l o w  e x p o n e n t s  n , o b t a i n e d  f r o m  t h e  

tw o  f a n  t e s t s ,  w e r e  w i t h i n  t h e  v i c i n i t y  o f  0 . 5 ,  i n d i c a t i n g  t h a t  

t h e  f l o w  c h a r a c t e r i s t i c s  o f  t h e  h o u s e  w e r e  n e a r l y  i n  t h e  

t u r b u l e n t  r e g i m e .

T h e  r e s u l t s  o f  t h e  f a n  t e s t  c o u l d  n o t  d i r e c t l y  be u s e d  t o  

o b t a i n  t h e  n a t u r a l  i n f i l t r a t i o n  r a t e  o f  t h e  t e s t —h o u s e .  M o d e l s

a r e ,  h o w e v e r ,  a v a i l a b l e  w h i c h  c o r r e l a t e  t h e  f a n  t e s t  r e s u l t s

2 3 5
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0  9

0.8 0 .53S
Q  = 0 .0 7 8 6  ( a p )

0 .7

0.6

0 5

o 0 .4
O  -  Leakage Characteristics ol the test house

S  -  Leakage C haracteristics of the teslhouse without 
the two lower bedrooms.

0 .3

0.2

(A P ) Pressure DKference-Pascals x 10

FI GUP E D.2 LEAKAGE CHARACTE.".ISTICG OF THE TEST HOUSE
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t o  t h e  n a t u r a l  i n f i l t r a t i o n  r a t e s  f o r  d i f f e r e n t  c o m b i n a t i o n s  

o f  w e a t h e r  c o n d i t i o n s .  N . H . S h e r m a n  a n d  D . T . G r i r n s r u d  ( 2 8 )  h a v e  

d e v e l o p e d  a m e t h o d o l o g y  w h i c h  can  be u s e d  t o  d e t e r m i n e  t h e  

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

s u b u r b a n  o r  r u r a l  l o c a t i o n s .  T h i s  m e t h o d o l o g y  i s  b a s e d  on t h e  

a s s u m p t i o n  o f  u n i f o r m  l e a k a g e  o p e n i n g s  i n  t h e  b u i l d i n g  e n v e l o p e  

a n d  i s  a p p l i c a b l e  t o  s i n g l e  z o n e  b u i l d i n g  m o d e l s .  I n  o r d e r  t o  

make u s e  o f  t h i s  m e t h o d o l o g y  t h e  t o t a l  e q u i v a l e n t  l e a k a g e  a r e a  o f  

t h e  h o u s e  m ust  be kn o w n .  T h e  t o t a l  e q u i v a l e n t  l e a k a g e  a r e a  o f  

t h e  t e s t  h o u s e ,  d e t e r m i n e d  f r o m  t h e  f i r s t  f a n  t e s t  was u s e d  i n  

t h i s  m e t h o d o l o g y  t o  o b t a i n  t h e  n a t u r a l  i n f i l t r a t i o n  r a t e  o f  t h e  

h o u s e  f o r  a v e r a g e  w e a t h e r  c o n d i t i o n s  a t  t h e  t e s t  s i t e .

C a l c u l a t i o n  d e t a i l s  a r e  p r e s e n t e d  i n  T a b l e  D . 5 .  B a s e d  on an

a v e r a g e  w i n d  s p e e d  o f  4 . 4 7  m e t e r s  p e r  s e c o n d  ( 1 0  m i l e s  p e r  h o u r )  

a n d  an i n d o o r - o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e  o f  19 d e g r e e s  C ( 35  

d e g r e e s  F ) ,  t h e  i n f i l t r a t i o n  r a t e  o f  t h e  h o u s e  was f o u n d  t o  be  

2 . 3 0  a i r  c h a n g e s  p e r  h o u r .  I t  i s  e v i d e n t  t h a t  t h i s  i n f i l t r a t i o n  

r a t e  i s  e x t r m e l y  h i g h  f o r  an e n e r g y  e f f i c i e n t  h o u s e .  T h e  r e s u l t s  

f u r t h e r  i n d i c a t e d  t h a t  t h e  h o u s e  e x c h a n g e d  8 . 9 8  a i r  c h a n g e s  p e r

h o u r  a t  a p r e s s u r e  d i f f e r e n c e  o f  5 0  p a s c a l s .  T h i s  a i r  c h a n g e  

r a t e  was c o m p a r e d  t o  t h e  l e a k a g e  r a t e s  o f  s e v e r a l  h o u s e s  t e s t e d  

by t h e  N a t i o n a l  R e s e a r c h  C o u n c i l  o f  C a n a d a  ( 2 6 ) .  T h e  t e s t  d a t a  

i s  l i s t e d  i n  T a b l e  D . 6 .  T h i s  c o m p a r i s o n  sh o w e d  t h a t  t h e  l e a k a g e  

r a t e  o f  t h e  h o u s e  a r e  c o m p a r a b l e  t o  p r e  1 9 4 5  c o n s t r u c t i o n s .

D . 5  CONCLUSIONS

T h e  f o l l o w i n g  c o n c l u s i o n s  w e r e  d ra w n  on t h e  b a s i s  o f  t h e  f a n

2 3 7
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T A B L E  -  D . 5

CALCULATION OF I N F I L T R A T I O N  RATE FOR THE TEST HOUSE 
US IN G  FAN TEST RESULTS I N  GRIMSRUD’ S METHODOLOGY

I n f i l t r a t i o n  i n  t h e  w i n d  r e g i m e  :
■a-

Qw = fw  X Ad X V 

*

w h e r e  f w  = r e d u c e d  w i n d  p a r a m e t e r

0 . 6 7
= C ’ X ( 1 -  R )

7 [ ( H /  10  ) I  

(  ( H ’ /  10  ) )

C’ = G e n e r a l i s e d  s h i e l d i n g  c o e f f i c i e n t  

— 0 .  3 4

R = F r a c t i o n  o f  e f f e c t i v e  le eaka g e  a r e a  t h a t  i s  h o r i z o n t a l  

" 0 . 1

H = H e i g h t  o f  t h e  c e i l i n g  

“ 5 . 2 m .

H ’ = H e i g h t  o f  t h e  w i n d  s p e e d  m e a s u r e m e n t .

= 6 . 1  m.
*

fw  = 0 . 3 1 0 6 7

Ad  =  T o t a l  e q u i v a l e n t  l e a k a g e  a r e a  o f  t h e  h o u s e

= 0 . 1 5 3 7  m.

V ’ =  M e a s u r e d  w i n d  s p e e d  

= 4 . 4 7  m /  s e c .

Qw = ( 0 . 3 1 0 6 7  ) x (  0 . 1 5 3 7  ) x (  4 . 4 7  )

2 3 8
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3
= 0 . 2 1 3 5  m /  s e c .

I n f i l t r a t i o n  i n  t h e  s t a c k  r e g i m e .

*  0 .5
Qs = f s  X Ao X ( DELT )

*

w h e r e  f s  = r e d u c e d  s t a c k  p a r a m e t e r

1 . 5  0 . 5  I
(1 +  R /  2J f X I f g X H 1

)— 3  ( '  I '  " 1
R = f r a c t i o n  o f  e f f e c t i v e  l e a k a g e  a r e a  t h a t  i s  h o r i z o n t a l  

=  0.1

X = f r a c t i o n a l  d i f f e r e n c e  b e t w e e n  c e i l i n g  a n d  f l o o r  
l e a k a g e

=  0.1

g = a c c e l e r a t i o n  due  t o  g r a v i t y  

= 9 . 8  m /  s e c .

T i  =  i n d o o r  t e m p e r a t u r e  

= 2 9 4  K

DELT = i n d o o r  -  o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e  

= 1 9 . 3  K
*

f s  = 0 . 1 4 5
0 . 5

Qs = ( 0 . 1 4 5  ) x (  0 . 1 5 3 7  ) x (  1 9 . 3  )
3

= 0 . 0 9 8  m /  s e c .

T h e  w i n d  a n d  s t a c k  i n f i l t r a t i o n s  w e r e  s u p e r  i m p o s e d  t o  o b t a i n  

t h e  t o t a l  i n f i l t r a t i o n .

VQ t  = %/ ( Qw + Qs )

>39
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VQt = \ /  ( 0 .2135  + 0 . 0 9 8  )

3
= 0 . 2 3 5  m /  s e c .

A i r  C h a n g e  R a t e  f o r  t h e  H o u s e

Q t
A . C . H= ------------>! 3 6 0 0

Vo

w h e r e  Vo = T o t a l  i n t e r i o r  v o l u m e  o f  t h e  h o u s e .
3

= 3 7 3 . 1 2  m.

( 0 . 2 3 5  ) X ( 3 6 0 0 )  

3 7 3 . 1 2  

= 2 . 2 7  2 . 3

2 4 0
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TABLE D . 6

LEAKAGE RATES OF D IF F E R E N T  HOUSES TESTED BY 
THE NATIONAL RESEARCH COUNCIL OF CANADA

H o u s e  D e s c r i p t i o n A i r
5 0

C h an g e  R a t e  A t  
P a s c a l s .

L e a k i e s t  H o u s e s 3 3 . 3 3

H o u s e s  B u i l t  P r e  1 9 4 5 1 0 .  4 0

H o u s e s  B u i l t  i n  1 9 4 5 - 6 0 4 . 6 0

H o u s e s  B u i l t  i n  1 9 6 1 - 8 0 1 . 5 0

T i g h t e s t  H o u s e . 0 . 3 7

2 4 1
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t e s t  r e s u l t s  a n d  t h e  l e a k a g e  d e t e c t e d  i n  v a r i o u s  s p a c e s  o f  t h e

t e s t  h o u s e .

1 .  T h e  h o u s e  d i d  n o t  c o m p l y  w i t h  t h e  r e q u i r e m e n t s  o f  an

e n e r g y  c o n s e r v a t i o n  d e s i g n  d u e  t o  i t s  l e a k y  c o n s t r u c t  i o n .

E a s e d  on G r i m s r u d ’ s  m o d e l  ( 2 8 )  , t h e  h o u s e  h a d  a n a t u r a l  

n a t u r a l  i n f i l t r a t i o n  o f  2 . 3  a i r  c h a n g e s  p e r  h o u r  f o r  an  

a v e r a g e  w i n d  o f  4 . 4 7  m e t e r s  p e r  s e c o n d  ( 10  m i l e s  p e r  h o u r )

a n d  a t e m p e r a t u r e  d i f f e r e n c e  o f  19  d e g r e e s  C ( 3 5  d e g r e e s  F ) .

2 .  T h e  f a n  t e s t  i n d i c a t e d  t h a t  t h e  h o u s e  h a d  8 . 9 8  a i r  

c h a n g e s  p e r  h o u r  a t  a  p r e s s u r e  d i f f e r e n c e  o f  5 0  p a s c a l s  w h i c h  

w as  c l o s e  t o  t h e  l e a k a g e  r a t e s  f o r  t h e  h o u s e s  b u i l t  b e f o r e  

1 9 4 5 .

3 .  T h e  m a j o r  l e a k a g e  o p e n i n g s  o f  t h e  h o u s e  w e r e  l o c a t e d  i n  t h e  

s o u t h  a n d  e a s t  w a l l s .  T h i s  c o n f i r m e d  t h e  s e n s i t i v i t y  o f  

t h e  h o u s e  t o  s t r o n g  s o u t h e r l y  w i n d s .

4 .  T h e  d o m i n a n t  l e a k a g e  o p e n i n g  w as  a l a r g e  v e n t i l a t i o n  g r i l l e

w h i c h  w as  c o n n e c t e d  t o  t h e  T r o m b e  w a l l  a i r  s p a c e .

5 .  T h e  m a j o r  s o u r c e  o f  l e a k a g e  w as  i n t o  t h e  l o w e r  t w o  b e d r o o m s

( S e e  F i g .  D . 2  ) a n d  t h e s e  w e r e  t h e r e f o r e  c l a s s i f i e d  a s

l o o s e  c o n s t r u c t  i o n .  T h e  l i v i n g  r o o m ,  u t i l i t y  ro o m  a n d

s t o r a g e  room  w e r e  c l a s s i f i e d  a s  a v e r a g e  c o n s t r u c t i o n  a l t h o u g h  

s i g n i f i c a n t  l e a k a g e  w as  n o t e d .  T h e  m a s t e r  b e d r o o m  w as  

c l a s s i f i e d  a s  t i g h t  c o n s t r u c t i o n  s i n c e  r e l a t i v e l y  m i n o r  l e a k a g e  

w a s  d e t e c t e d .

2 4 2
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APPENDIX E

CALCULATION OF E F F E C T IV E  U -V A L U E S  FOR THE 
UNDERGROUND WALLS AND FLOORS
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E . l  D O E -2  BASEMENT HEAT LOSS MODEL

T h e  D O E -2  b a s e m e n t  h e a t  l o s s  m o d e l  i s  b a s e d  on t h e  a s s u m p t i o n  

o f  s t e a d y  s t a t e  h e a t  t r a n s f e r .  H e a t  l o s s  t h r o u g h  t h e  u n d e r g r o u n d  

s u r f a c e s  i s  c a l c u l a t e d  on t h e  b a s i s  o f  an e f f e c t i v e  U -  v a l u e  

c o n c e p t  u s i n g  t h e  f o l l o w i n g  e q u a t i o n .

Q = U - e f f  >! A X ( Tb -  Tg )   ( E . l  )

w h e r e  U - e f f  = E f f e c t i v e  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t  o f
2

u n d e r g r o u n d  s u r f a c e .  B t u / H r . F t . F .
2

A = T o t a l  a r e a  o f  u n d e r g r o u n d  s u r f a c e .  F t .

Tb  = I n d o o r  t e m p e r a t u r e  o f  t h e  b a s e m e n t  a i r  d e g r e e s  F .

Tg = A v e r a g e  m o n t h l y  g r o u n d  t e m p e r a t u r e  d e g r e e s  F .

T h e  e f f e c t i v e  U - v a l u e  c o n c e p t  h a s  bee n  i n t r o d u c e d  t o  a v o i d  

o v e i— e s t i m a t i o n  o f  t h e  b a s e m e n t  h e a t  l o s s e s  when t h e  t o t a l  

s u r f a c e  a r e a s  o f  t h e  u n d e r g r o u n d  w a l l s  a n d  f l o o r s  a r e  u s e d  ( a s  

i n  t h e  c a s e  o f  c u s to m  w e i g h t i n g  f a c t o r  c a l c u l a t i o n  ) .  I t

a c c o u n t s  f o r  t h e  t h e r m a l  r e s i s t a n c e  o f  s o i l  s u r r o u n d i n g  t h e  s u b 

g r a d e  s u r f a c e s .  T h e  e f f e c t i v e  U - v a l u e  i s  o b t a i n e d  by a d d i n g  a 

f a l s e  l a y e r  o f  i n s u l a t i o n  on t h e  e x t e r i o r  o f  t h e  u n d e r g r o u n d  

s u r f a c e s .  T h e  r e s i s t a n c e  o f  f a l s e  i n s u l a t i o n  s h o u l d  , h o w e v e r ,  

be s u f f i c i e n t  t o  s i m u l a t e  t h e  e f f e c t  o f  t h e r m a l  r e s i s t a n c e  

o f f e r e d  by t h e  s o i l .

T h e  e f f e c t i v e  U - v a l u e  c o n c e p t  o f  t h e  D O E -2  p r o g r a m  i s  q u i t e  

f l e x i b l e .  I t  a l l o w s  t h e  u s e r  t o  m o d e l  b a s e m e n t  h e a t  l o s s e s  

a c c o r d i n g  t o  a m e t h o d  o f  h i s  own c h o i c e .  T h i s  i s  d o n e  by

s u p p l y i n g  t h e  p r o g r a m  w i t h  an e f f e c t i v e  U - v a l u e  t h a t  w o u l d  r e s u l t

2 4 4
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i n  t h e  same h e a t  l o s s  a s  i s  o b t a i n e d  by t h e  s e l e c t e d  p r o c e d u r e

u s i n g  s i m i l a r  b a s e m e n t  a n d  g r o u n d  t e m p e r a t u r e s .

I n  t h e  m o d e l l i n g  o f  t h e  t e s t - h o u s e ,  ASHRAE p r o c e d u r e s  w e r e  

u s e d  t o  d e t e r m i n e  h e a t  l o s s  t h r o u g h  u n d e r g r o u n d  s u r f a c e s  o f  z o n e -  

3  a n d  z o n e - 4 .  D e s i g n  h e a t  l o s s  t h r o u g h  t h e s e  s u r f a c e s  was  

c a l c u l a t e d  i n  A p p e n d i x  -  A a n d  w i l l  n o t  be  r e p e a t e d .  T h e s e  h e a t  

l o s s  v a l u e s  a l o n g  w i t h  a p p r o p r i a t e  b a s e m e n t  a n d  g r o u n d

t e m p e r a t u r e s  w e r e  u s e d  i n  e q u a t i o n  E . l  t o  o b t a i n  e f f e c t i v e  U -  

v a l u e s  f o r  t h e  u n d e r g r o u n d  w a l l s  a n d  f l o o r s .  T h e s e  e f f e c t i v e  U -  

v a l u e s  w e r e  u s e d  t o  make n e c e s s a r y  m o d i f i c a t i o n s  i n  t h e

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

c a l c u l a t i o n s  f o r  t h e  e f f e c t i v e  U - v a l u e s  a r e  p r e s e n t e d  i n  t h e  

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

E . 2  E F F E C T IV E  U -VA LUE FOR UNDERGROUND WALLS

T h e  u n d e r g r o u n d  w a l l s  o f  z o n e - 3  a n d  z o n e - 4  w e r e  i d e n t i c a l  i n  

c o n s t r u c t i o n .  F o r  s i m p l i c i t y  s a k e ,  d e s i g n  h e a t  l o s s  t h r o u g h  

t h e s e  s u r f a c e s  w as summed a n d  u s e d  t o  o b t a i n  a s i n g l e  e f f e c t i v e  

U - v a l u e .

Q d e s i g n
U - e f f e c t i v e  = ------------------------------------------

A x  ( Tb  -  Tg )

w h e r e  Q d e s i g n  = D e s i g n  h e a t  l o s s  t h r o u g h  t h e  u n d e r g r o u n d
w a l l s  ( s e e  A p p e n d i  x - A  )

= 4 6 4 . 0 0  + 1 1 3 7 . 0 0

= 1601  E t u h .

A = T o t a l  s u r f a c e  a r e a  o f  u n d e r g r o u n d  w a l l s
2

= 6 0 6 . 0 0  F t .

2 4 5
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Tb = B a s e m e n t  t e m p e r a t u r e

= 7 0  F .

Tg = A v e r a g e  m o n t h l y  g r o u n d  t e m p e r a t u r e

= 41 F .

1 6 0 1 . 0 0
U - e f f e c t i v e  = ------------------------------------------------------

6 0 6 . 0 0  ;•! ( 7 0 - 4 1  )
2

= 0 . 0 9 1  B t u h  /  F t  . F

U - a c t u a l  = A c t u a l  h e a t  t a n s m i s s i o n  c o e f f i c i e n t  o f  u n d e r g r o u n d

w a l l s  w i t h o u t  t h e  t h e r m a l  r e s i s t a n c e  o f  s o i l
2

= 0 . 0 8 8  B t u / H r  F t .  F .

S i n c e  t h e  a c t u a l  U - v a l u e  o f  t h e  u n d e r g r o u n d  w a l l s  was a l m o s t  

e q u a l  t o  t h e  e f f e c t i v e  v a l u e ,  i t  was n o t  n e c e s s a r y  t o  m o d i f y  

t h e i r  i n s u l a t i o n  l e v e l s .

E . 3  E F F E C T IV E  U -VA LUE FOR THE CONCRETE FLOOR ( ZO N E -3  )

T h e  c o n c r e t e  f l o o r  o f  z o n e - 3  was s p l i t  i n t o  t h r e e  s e c t i o n s  t o  

c a l c u l a t e  t h e  d e s i g n  h e a t  l o s s .  T h e s e  h e a t  l o s s  v a l u e s  w e r e  

summed, a n d  u s e d  t o  o b t a i n  an a v e r a g e  e f f e c t i v e  U - v a l u e  f o r  t h e  

e n t i r e  f l o o r .

Q d e s i g n  = D e s i g n  h e a t  l o s s  t h r o u g h  t h e  c o n c r e t e  f l o o r  
( s e e  A p p e n d i  x - A  ) .

= 2 9 8 4 . 6 0  B t u h .

A = T o t a l  s u r f a c e  a r e a  o f  t h e  f l o o r .
2

= 6 4 0 . 0 0  F t .

Tb = 7 0  F .
Tg = 41 F .

2 9 8 4 . 6 0
U - e f f e c t i v e  = -----------------------------------------------

6 4 0 . 0  X ( 7 0 - 4 1  )
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= 0 . 1 6 0  B t u  / H r .  F t .  F .  

1
R—e f f e c t i v e  = ------------------------------

U - e f f B c t  i v e  
2

= 6 . 2 5  H r . F t .  F /  B t u .

R - a c t u a l  = R f i l m  + R c o n c r e t e

= 0 . 9 1  + 0 . 4 4
2

= 1 . 3 5  H r . F t .  F /  B t u

R - a d d i t i o n a l  = A d d i t i o n a l  r e s i s t a n c e  r e q u i r e d  t o  o b t a i n
e f f e c t i v e  U v a l u e .

= R - e f f e c t i v e  -  R—a c t u a l

6 . 2 5 - 1 . 3 5

4 .  9  o r  5

T h e  p r e c e d i n g  a n a l y s i s  s h o w e d  t h a t  a f a l s e  r e s i s t a n c e  o f  R 5

was r e q u i r e d  b e l o w  t h e  c o n c r e t e  f l o o r  t o  o b t a i n  t h e  r e q u i r e d
2

e f f e c t i v e  U - v a l u e  o f  0 . 1 6  B t u  / H r .  F T .  F .  A c c o r d i n g l y ,  t h e  

f l o o r  c o n s t r u c t i o n  was m o d i f i e d  f o r  i n p u t  t o  t h e  D O E -2  p r o g r a m .

E . 4  E F F E C T IV E  U -V A L U E  OF CONCRETE FLOOR ( Z O N E -4  )

Q d e s i g n  = D e s i g n  h e a t  l o s s  t h r o u g h  t h e  c o n c r e t e  f l o o r  
( s e e  A p p e n d i  x - A  )

= 3 6 1 . 0 0  B t u h .

A = T o t a l  s u r f a c e  a r e a  o f  t h e  f l o o r .
2

= 3 8 4 . 0  F t .

Tb  = 7 0  F

Tg = 41 F

3 6 1 . 0 0

3 8 4 . 0  X ( 7 0 - 4 1  )

0 . 0 3 2 4  B t u  / H r .  F t .  F
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U—e f f e c t i v e



1
R - e f f e c t i v e  = ---------------------------------------------

U - e f f e e t  i  v e  
2

= 3 0 . 8 6 4  H r  F t .  F /  B t u .

R - a c t u a l  = R f i l m  + R c o n c r e t e

= 0 . 9 1  + 0 . 4 4
2

= 1 . 3 5  H r . F T .  F /  B t u .

R - a d d i t i o n a l  = R - e f f e c t i v e  -  R - a c t u a l  

=  3 0 . 8 6 4  -  1 . 3 5  

= 2 9 .  5 1 4  ~  3 0

T h e  a n a l y s i s  s h o w e d  t h a t  an  a d d i t i o n a l  R 3 0  dummy i n s u l a t i o n

w as r e q u i r e d  t o  be a d d e d  i n  t h e  f l o o r  c o n s t r u c t i o n  t o  o b t a i n  an
2

e f f e c t i v e  U - v a l u e  o f  0 . 0 3 2 4  B t u / H r . F t .  F . T h e  f l o o r

c o n s t r u c t i o n  w as h e n c e  m o d i f i e d  f o r  i n p u t  t o  t h e  D O E -2  p r o g r a m .

2 4 8
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APPENDIX -  F 

THE DOE WEATHER PROCESSOR INPU T L I S T I N G S
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3 6 2 6 .
3 6 2 7 .
3 6 2 8 .  
3 0 2 9 .
3 6 3 0 .
3 6 3 1 .
3 6 3 2 .
3 6 3 3 .
3 6 3 4 .
3 6 3  S .
3 6 3 6 .
3 6 3 7 .
3 6 3 8 .
3 6 3 9 .
3 6 4  0 .
3 6 4  I .
3 6 4 2 .
3 6 4 3 .
3 6 4 4 .  
3 6 4 6 .
3 6 4 6 .
3 6 4 7 .
3 6 4 8 .
3 6 4 9 .
3 6 5 0 .
3 6 5  1 .  
3 6 6 2 .
3 6 5 3 .
3 6 5 4 .
3 6 5 5 .
3 6 5 6 .
3 6 5 7 .
3 6 5 8 .
3 6 5 9 .
3 6 6 0 .
3 6 6  1 .
3 6 6 2 .
3 6 6 3 .
3 6 6 4 .
3 6 6 5 .
3 6 6 6 .
3 6 6 7 .
3 6 6 8 .
3 6 6 9 .
3 6 7 0 .  
3 6 7 1  .
3 6 7 2 .
3 6 7 3 .
3 6 7 4 .
3 6 7 5 .
3 6 7 6 .
3 6 7 7 .
3 6 7 8 .
3 6 7 9 .

C
C
c
c
c
c
c
c
c
c
c
c
c

3 0 0 0

S U B R O U T I N E  OTHER

T H I S  R O U T I N E  READS A C T UA L ON S I T E  HEATHER CATA RECORDED 
IN WHEATLY FOR CONV E RS IC N TO DOE 2 . 1  F OR M.  I T  I S  TO BE RUN 
WITH ÛOE 2 . 1  HEATHER PROGRAM WHEN RECORDED SOLAR D AT A I S  TO 
USED I N  CCE 2 . 1  
a u t h o r :  N Vt H I L S C N

DEPARTMENT CF M E C H A N I C A L  E N G I N E E R I N G  
U N I V E R S I T Y  OF H I NDS CH 
W IN D S O R ,  ONTARI O 
CANACA

RHONE 5 1 9 - 2 5 3 - 4 2 3 2  EXT 2 5 4

C D M M O N / T I M E S / I M N T H . I C A Y , I  HO UR. I R E X O , I D > 0 , I D A Y L  
C O M M O N / F I L E S / I N F I L . C U T F I L , I N W T H , O U T H T H , SOLWTH.MF I  CHE 
I N T E G E R  D U T F I L . O U T W T H . S O L W T H
C OM MO N / G ET C f i /  l E O F  
L O G I C A L  I CO F
C O M M D N / P A C K E C / N T Z , I S T A T . X L A T . X L O N G . l Y R , I N T I N T , D D B T , I DEGH 
C C M M O N / P A R A M S / S T O P I T . V E R S . F I R S T , N E W P A K  
L O G I C A L  STOP I T . F I R S T , N E H P A K
C C M M O N / P C K I N T / K Y R . K S T A T . C M 1 2 } , T G I  1 2 )
C C M M 0 N / H A W C A T / I C R Y ( 2 4 ) .  I H E T ( 2 4 ) ,  I 0 E W I 2 4 ) ,  I P R E S S I 2 4 ) ,

I W N D S P I 2 4 » ,  I C L A M T I 2 4 ) ,  I S 0 L I 2 4 ) ,  I D N ( 2 4 ) ,
I W N 0 I R I 2 4 ) ,  I C L T Y I 2 4 ) ,  I R N < 2 4 ) ,  I S N I  2 4 )  , I C L T Y 1 12 4 )

C C M M C N / R E P C R C / I E E G M , IENDM 
C O M M C N / S K I P P Y /  F I R S T S  
l o g i c a l  F I R S T S
C O M M C N / U N D E F / l U N O E F , U N D E F

I N T EG ER  COY 
DATA O O Y / 0 /
I F  I . N O T . F I R S T S )  GC TO 3 0 0 0  
F I R S T S = . F A L S E .

C O N T I N U E  
D O Y = D O Y + I
I F  ( D A Y . E C . C A Y L )  RETURN 
I F  ( D 0 Y . G T . 3 6 5 )  GC TO 3 0 0 1  
I F  ( O O Y . G Ë . 6 7 . A N D . C C Y . L E . 7 4 )  GO TO 10 
I F  ( D O Y . C E . 7 9  . A N D . C O Y . L E . 9 3 )  GO TO 10 
I F  ( 0 0 Y . C E . 9 6 . A N 0 . C Q Y . L E . 1 0 4 )  GO TO 10

DO 1 0 0  1 = 1 , 2 4  
I D R Y ( 1 ) = 3 2  
I H E T ( I  ) = 2 2  
l O E H I I ) = 3 2  
I P P E S S I I ) = 2 9 9 2  
I W N C S P l I ) = I 5  
I C L A M T I I ) = 0

I F  I I . L T . 7 . C R . I . G T . I a )  GO TO I  10

2 5 0
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3o6 0 
368 I 
3od2
3683
3684 
3665 
3o0o 
3607 
3668 3684 3 64 0 
364 I
3642. 1 0 I  1= I
3643. IE = 24
3644. IF < UÛY.EQ.6 7 ) 11 = 0
369 6. IF { JUY,EU .74 ) ie = l  9
3646.
3647. IF (DOY.eO.74) I 1 = 0
3648. IF ( DOY.EQ .93) IE= l4
3649.
3700. IF C OÜY.E L .96 ) I 1=0
370 I . IF ( OUY .EQ .10 4) ! E =  I #
3702.
3703. UU 30 1= I I , IE
37U*
3705
3706
3707
370 8 
3704 
3710
371 I 
371 2 
37 1 .1 
371 u 
37 I 5 
371 o 
371 7 
371 H
371 4
372 J 
3 72 I 
3722 
372 J 372# 3725 
372 D 
372 7
372 H 
3724
373 0 
37o I 
3732 
3 73J 
37 ■>4 
37Jv 37o6
373 7 
3 73 8 
3 73 0 
37# 0 
3 74 I 
37#2 
3743 
37#4 
3 7# 5 
3 74 0
374 7 
37# o 
3740 
3760 37b I 
3752 
375u 
3754 
37uS 
3 75 6 
373 7 
3 73 8 
3754

I t 0 
I 20

I 0 0

30

300 1

I S O L ( I ) = 2 U 0
1 D N ( 1 ) = 3 J 0
GO TO 120

ISOl( I ) = 0 IÛN( I )«0 
I < I )=*0
i c l t y < I )=; 
JPN( I )=0 
iSN( IJ^O 
ICLTYI( I ) - I 
RETURN

RbAJ (5 t2 0 )  lCAR«lur4(l}< IWNOIK( I ) ZSCL (X) » IMK • 1 Z)f13RY( t )•
FORMAT(3 13 ,4 X 2 j
WR1 TE t 6,21 ) I , IhH,ÜCY, lOAP, ION(I Î , ISuL< I ) • I ^NOSP( I ) * 
lOKY( I ) • Iwr^OlRC I ) , I MTJIH, ICAY

r O K  1AT ( I H ,  I  I  I S )

iWtTX X )-IOWY( I )
IDE*( I )sIC)KY( I J 
IPKC3S(I )=2?42 
XCUAMT( 1 )=0 
XCLTY(X)=l 
IKN( I j=U 
1SN< 1 J =0 
iCLTY i ( 1 ) « I

CUNTINUE 
K2TJKN

ICoFs.TRUE.
RCTUON
END

INTEGfR FUNCTXHN ICCNCF(XCCL)
FAKs FLOAT( ICEL) « I .8 + :< .
ICJNCPsFAK
I F (FAS.LT .0) GO TO I
1 F ( ( FAR-Float ( ICLNCF ) ) .GE. 0. 5) I CD .sC F= I CQNCF4- I
KCrJRN

I II-I FAk-FLOAT < ICCNCF ) ,LT Ü. 5) ICCNCFs I CüNCF-I
RFTUGfj 
END

//GO.FTOlFOOl ÜÜ 0 lSPe(OLD,KEEP) ,UNIT = 333J,/ /  UbNaMENG.üOÊ .WEATH.WÊATLY,
/ /  YULsStK=0I3K0I•
/ /  SPACESXCYL,(  1,1) tKLSE) , CCP= ( RECFM=VbS, LRECL=^2 0 4 ,JL<SI 2E*I 241 2) 
//'JO.I- Tl IFOC I L)0 ÜSN-S& JCLiU I 3P= (NE’V,PA5S) • JNlTssSViOA,
/ /  SPACEs (CYL . ( I , I ) ) ,0Cc3s( KFCFM=VdS ,L KEd. = i 2 , ÜLK3 I2E=524 )
/ /GU.SYSIN 2Ü «
PACK 
WHEATLY 
OTHER 

I •
30, o7 0 

6 7 0
6 7
07 
'.>7 
o7 q7 
o7 
67 
u7

000VVV J12

» ONTARIO -4VV -444 
I • I •

JO . 4 1.
0 0 ÎI I T 1 4

1 5 1814
2 5 2014

S ; 2 .  3 8 2 . 9 3 0 - 8 1 TSULAH 4 20 .
I , 1 • 1 . I • I . I • I . I . 1 •

t I . 46 « 46. 40. 40 . 46 . 46 . 46. 46 .

312:5 
4 I # 26 
51527 
o 1527 
7 I 728 
31 824 

28 41430 
u8 10 i 7 J I

25 1
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3760. 67 20 84 Li 1 532 1
3761. 671 27179121034 0
3762. 67179208 13 036 0
3763. 67112 I 62 14 539 0
3 /64 . o7 0 52 15 5381 4
3765. o7 0 3310 5371 4
376b. o7 0 21 17 3381 4
5 /67 , 67 0 10 10 63/13
3768. 67 0 0 19 73813
3769. 67 0 J20 63714
37 /0 . 67 0 021 6361 3
3/71 . 6 / 0 0 22 5371 3
3772. 67 0 0 23 5371 1
3773, 68 0 0 0 41811
3774. uO 0 0 1 4 18 11
37/5 . o8 0 0 2 420 1 I
3 /76 . o 8 0 0 3 1 12S12
3/77 . 68 0 0 4 122612
3778. 68 0 0 5132712
3779. 68 0 (J O IJ27U
3/00 . 68 0 0 7142013
3701. OÔ 0 12 816 2013
3782, 68 0 28 3 lo28 I 4
3783. 68 47 a c lO 142014
3704. o8 20 04 i l  I 0 2 / I 4
37Mb,3786.
3737,

0012717912 M2715 
6817920013102715 
68112162 141020 I 5

378 8. 68 0 5215102615
3739. 68 0 3516102614
3/9 0. 68 0 21 17 62514
379 I . 68 0 1018 824 I 4
3792. u8 0 u 19 721 14
3793. 68 0 020 02914
3794. 68 0 021 420 14
3795. 68 0 022 420 1 4
379 0. 68 0 023 #20 1 4
379 7. o9 0 0 0 4  18 9
3798. 69 0 0 1 4 18 9
3 /99 . 69 0 0 2 420 9
3oO 0. 69 0 0 31125 9
3001. 69 0 0 4 12 26 9
3802. 69 0 0 61327 9
3803. 69 0 0 61327 9
3804. o9 0 0 71420 9
3 80 5 . 69 0 12 81629 9
3806. 69 0 28 ,11 L30 9
3807, 69 4/ 8 8 1 0 1 4 3 1  9
380 8. o 9 20 84 111 2 32 9
3809. 6912717912 634 9
361 0. 6 9 1 7 9 2 0 o 1 ^ 5 3u 9
361 1 . o 9 l l2 io 2  14 439 9
331 2. 69 0 52 15 438 9
3813. 69 0 3510 4.37 9
381 4. 6 9 0 211/ 4 381 0
38 1 5. 6 9 0 I  V  1 3 56710
331 6. 6 9 0 0 19 638 I J
301 7. 6 9 0 0 . - 0 53/10
381 8. 69 0 021 53610
381 9. 69 0 0 22 4 371 1
332 V. 69 0 026 53711
J82 1 • /O 0 0 0 637 1 I
3822. 70 J u 1 83812
38?3. 70 0 0 2 96-3 I 2
3824. 70 0 i> J o Jo 1 3
3825. 70 0 0 4 63814
382 6. 70 0 0 5 838 14
382 7. 70 0 V 6 739 I 4
382 6. 70 0 0 7 63/14
382 9. 70 0 12 8 939 1 4
363 0 . /O 0 16 9 9 39 1 4
3o3 I . 70 J 2010 8 4 I I
383 2 . 7 0 u 34 11 8431 4
3833. 70 0 4/12 739 1#
383 4. 70 0 28 13 i> 39 I 4
3835. 70 0 24 14 34115
3 63 9. 70 0 IS 15 442 15
366 7 . /O 0 26 16 #44 I 5
383 6. 70 0 I 17 54 I Ü
3  ' i O  9 . w  . s,>

252
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44.i I • I 34 0 0 0 44 I 3
I 04 0 1 I u 38 J

J, 1 J4 0 0 2 5 06 j
4484. I J4 0 0 3 4 j4 3
4#8b. I 04 0  u 4 J JJ 2
4480. I 34 0 3 5 J j 3 2
44o /• I 0 4 0 0 8 J3J
4 4 o f j  . i 04 52 8 I 7 3
448 9. 1 34 t 08 0Û J 488 4
44*0. 10417o159 9 4 39 5
44') I . 10421V21410 J4 l 5
449 2 • I 14130207 U 50V
449 J. 1 0# 89 i<; J 12 * i l7 l  0
44V 4 . 134105202IJ 8331 0
449b. I 042VI 2 78 14 83810
44 /6 . L I S T
44V 7. PACKED -VVV1 —v v v
44V 8. END
449V. /  /
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APPENDIX  - 6 . 1  

THE D O E -2  IN P U T  L I S T I N G S  FOR THE TEST HOUSE 

( R E S ID E N T IA L  I N F I L T R A T I O N  METHOD >

>54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 .  
2 . 
3 .  
4 .
5 .
6 .  
7 . 
a.
9 .

1 0 .  
t 1 . 
1 2 . 
1 3 .
1 4 . 
l b .  
1 6 .  
1 7 .  
l a .  
1 9 .  
2 0  .
2 1 . 
22 . 
2 3 .  
2 4  . 
2 5 .  
2 6  .
2 7 .
2 8.
2 9  .
3 0  . 
3 1 .
3 2 .
3 3 .

6 3 .
64.
6 5 .  
66 . 
6 7  . 
6 3  .  
6 9 ,
7 0  .
7 1  .
7 2  .  
7 3 .  
7 4  .
7 5 .
7 6 .
7 7 .  
7 8  .  
7 9 .  
8 0  .

/ / A 8 3 6 T 0 Ü E  J O B  ( G 2 7 0 . C S 7 , 8 , 9 )  
/ /  R E G I O N S 1 5 0 0 K  
/ /  EXEC 0 0 E 2 1 C W F  
/ / S T E P 0 4 . S  YS I N  DO ♦
I N P U T  L O AU S  
T I T L E  L I N E - 1

L I N E - 2  
L I N E - 3  
L I N E - 4

• T O O E T A N I Q  • . C L A S 5 = S , M S G L E V E L =  ( 1 , 1 ) ,

♦ B E CK E R SOLAR CO TTAG E RUN 1 ♦ ♦ c u s t o m  w e i g h t i n g  F A C T O R  G E N E R A T  - *
♦ i n t e r n a l  G A I N S  I N  ZONE 1 *
♦ TROMBE WALL M ODEL L ED AS EXTR- WA LL  ♦

S— —— HE AD I  NG————  S

D I A G N O S T I C  C A U T I O N S  . .
ABORT ERRORS
R U N - P E R I O D  MAR 1 0  1 9 8 2  THRU

MAR 2 2  1 9 8 2  THRU
MAR 2 8  1 9 8 2  THRU
APR 0 8  1 9 8 2  t h r u

MAR
MAR
APR
APR

I S
2 5
02
13

1 9 8 2
1 9 8 2
1 9 8 2
1 9 8 2

O U I L O I N G - L O C A T  l U N L A T = 4 2 . 3 0  
AL T = 6 3 7 .

L O N = 8 2 . 9
A Z = - 2 4

T - Z = 5

S—————S C H E D U L E —————S 

1 N T - L D S - 1 = S C H E D U L E  t h r u  DEC 31 ( A L L )  ( 1 . 2 4 )  ( 1 )

$ —— — MATER I A L S ————— 5

3 4  . STUD- Vr  A L L = MA T T M = . 2 9 1 7 COND= .  0 6 p 7 D E N S = J 2 S - H = . 3 3 S 2 X 4 S T U 0 S  . .
3 5 . D R Y W A L L - 1 = M AT T H = . 0 4 l 7 COND= . 0 9 2 5 D E N S = 5 0 S— H = .  2 6 1 1 / 2  I N  D RY WAL L S , .

3 6 . V A P O R - d A R = MAT T H =  . 0 0 0 3 CONO = .  1 1 D E N S = 7 0 S— H = .  4 Î V A P C R  BARS . .
3 7 . WA LL — I N S —1 = m a t T H = . 2 9 l 7 COND = . 0 2 3 8 D E N S = . 6 S - H = . 2 J H 1 2  I N S U L A T I O N S  . .

3 8 . R I G S T Y F M - 1 =MAT T H = . l 2 5 CONO= . 0 1 3 3 0 E N S = 1 . 5 S - h = . 2 9 * 1 . 5  I N  S T YRCF CAM S % 0

3 9  . F A C - B P I K - 1 = M a t T H = . 3 3 3 3 c o n d = .  7 5 D E N S = 1 3 0 S - H = . 2 2 * 4  I N  F ACE  8 R I K S  . *

4 0  . C G N C - B L K - 1 = HAT T H =  . 8 3 3 COND= . 7 8 DEN 5 = 3 6 S - H = « 2 1 * 1 0  I N  CONC B LK S . ,

4 1 . C E L - J O I S T - 1 = M AT T H = . 5 0 0 CONO = . 0 6 6 7 DEN S = 3 2 S - H = . 3 3 1 2 x 6  C E L  J O I S T *
4 2 , S H I N C L E - 1 ■=MAT T H = . 0  2 0 3 CONO = .  0 4 7 3 0 E N S = 7 0 S - H = . 3 1 1 1 0  L E  S H I N G L E S  . .

4 3 . ASPEN I T E - 1 = MA T T H = . 0 4 2 COND= . 0 6 6 7 D E N S = 3 2 S - H = . 3 3 1 3 / 8  I N  A S P E N I T E * .

4 4  . A T - A I R - 1 = MA T R E S = 3  .  1 l A T T l C  A I R  S P AC E S , *

4 5 . CEL— I N S —1 = M a t T H = 1 . 0 CONO= . 0 2 3 8 D E N 5 = . 6 S - H = . 2 I R  4 2  i n s u l a t i o n s . *

4 6 . C E L - l N S - 2 =MAT T H = . 5 CDNO= . 0 2 3 8 DEN S = . 6 S - H = . 2 I R  21 I N S U L A T I O N S . «

4 7 . C E L - J O I S T - 2 = M AT T H = . 7 c o n d = . 0 6 6 7 D E N S = 3 2 S - H s . 3 3 1 2 X 8  C E L  J O I S T S  . .
4 8 . P L Y W -  1 = MAT T H = . 0  4 1 7 CONq = . 0 6 6 7 D E N S = 3 4 S - H = , 2 9 1 5 / 0  I N  PLYWOODS . «

4 9 . HU I l T - R F G -  1 =M a t T H S . 0  31 CGNo = . 0 9 4 6 D E N S = 7 0 S— H = • 3  5 I B U I L T  UP  R O O F I N G S
5 0 . C £ O R - d e c k = MAT T H= .  1 7 COND= .  0 6 7 0 DEN S = 3 2 S - H = . 3 3 i c e d a r  d e c k i n g s
5 1  . C E L - l N S - 3 =  MAT T H = . 6 7 C ONo = . 0 2 2 2 D E N 5 = . 6 S - H = . 2 I R  3 0  I n s u l a t i o n s . .

5 2 . A I « - S P A C E - 2 = m a t R E S = 1  . 0 1 1 3 . 5  I N  A I R  S P A C E S •  #

5 3 . A I  R - S P A C E - 3 = M AT R E S = 0 . 9 3 1 8 I N  A I R  S P A C E S  . .

5 4 . PL Y'W -  2 = MAT T H = . 0 8 3 4 c o n d = . 0 6 6 7 D E N 5 = 3 4 S - H = . 2 9 1 3 / 4  I N  PLYWOODS , .

5 5 . t i l e - 1 . = M a t T H = . 0 6 2 5 Cû N q s . 0 7 5  D E N S = 8 2 S - H = . 3 1 5 i c a b p e t - p a d s  . .
5 6 .
5 7 .

C O N C R E T E - 1 = M AT T H = . 3  3 3 3 CONd  = .  7 5 8 D E N S = 1 4 0 S - H = . 2 1 4 I N  CONCRETES

5 8 .  
5 9  . E X P - P O L Y - 1 =  M AT T H = . 0  1 67 COND= . 0 1 6 7 D e n  5 = 2 . 2 S - H = . 2 9 12 I N  P O L T S T Y R E N E S
6 0  . C O N C - O L K - 2 =MAT T H = « 5 0 0 0 CONd  = .  7 3 DEN 5 = 3 8 . S - H = . 2 0 1 6 - I N  CONC B L K S  . .
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6 6  7 . P L A N T - R E P U RT S U M M A R Y = ( 0 E P 5 . ^ S - 0 ) • •
6 6 8 .
6 6  9 . X------- DUMMY P L A N T  E Q U I P M E N T --------S
6  7 0 .
6 7 1  . U U M - l = P L a n t - E Q U I P M E N T  T V P E = C O U L I N G - T W R  S l Z c = U . O « J l
6 7 2 .
6 7  3 .
6 7 4 , END . .
6 7 5 . COMPUTE P L A N T  . .
6 7  6 . ST O P . .
6 7  7 . / / S E T h P 0 5 . F T 0 5 F J 0 1 CO U S N = M E N G . 0 C E 2 . W E A T H . a E A T L Y .
6 7 8 . / /  D I 5 P = ÔHP . C M  T =  3 3 3 0 , V C L = S E R = 0 1 S n u 2
6 7 9 . / /

2 6 3
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A P P E N D IX  -  G . 2  

THE D O E - 2  IN P U T  L I S T I N G S  FOR THE TE S T  HOUSE 

< CRACK LENGTH I N F I L T R A T I O N  METHOD )

2 6 4
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1 .  
2. 
3 .  
4 . 
S .  6 • 
7 .
a.
9 .

1 0 .  
11. 
1 2 .
1 3 .
1 4 .
1 5 .
1 6 .  
1 7 .  
l b .  
1 0 . 
20 . 
2 1  . 
2 2 .
2 3 .
2 4 .
2 5 .
2 6 .
2 7 .
2 8 .
2 9  .
3 0  .
3 1  .
3 2 .
3 3 .

6 3  . 
6 4 .
6 5  .
66 .
6 7 .
68. 
6 9 .
7 0  .
7 1  .
7 2  .
7 3 .
7 4 .
7 5 .
7 6 .
7 7 .  
7 8  .  
7 9 .  
8 0  .

/ / A 8 3 6 T D 0 E  J O B  ( G 27  0 . C S 7 , 8 , 9 ) ,  • TOOE TAB I 0  • . C L A S S = S . M S G L E V E L = ( 1 . 1 )  . 
/ /  R E G I O N = 1 5 0 0 K  
/ /  EXEC D 0 E 2 1 C W F  
/ / S T E P 0 4 . S Y S  I N  DO ♦
I N P U T  L OADS
T I T L E  L I N E - 1  * B E C K E R  SOLAR COT TAGE HUN 1 *

L l N E - 2  *  CUSTOM W E I G H T I N G  F A C T O R  G E NE R AT  - •
L I N E - 3  A I N T E R N A L  G A I N S  I N  ZONE 1 *
L I N E - 4  «TROMBE V A L L  MODELLED AS E X T R  ViALL »

“ —  HEAD I NG— ——  S

D I A G N O S T I C
ABORT
R U N - P E R  1 0 0

DU I L D I N G - L O C A T l U N

C A U T I O N S  
ERRORS . .
MAR 1 0  1 9 8 2  THRU MAR 1 5  1 9 8 2
MAR 2 2  1 9 8 2  THRU MAR 2 5  1 9 8 2
MAR 2 8  1 9 8 2  THRU APR 0 2  1 9 8 2
APR 0 3  1 9 8 2  THRU APR 1 3  1 9 8 2

L A T = 4 2 . 3 0  
AL T = 6 3 7 .

L O N = 8 2 . 9  T - Z = S  
A 2 = - 2 4

S------------ S C H E DU L E------------ 5

I N T - L D S - 1 = S C H E D U L E  THRU DEC 31 ( A L L )  ( 1 , 2 4 )  ( 1 )

* — ——MATER I A L S -

3 4 . S T U D - V i A L L = MA T T K = . 2 9 1 7 C D N D = . 0 6 6 7 U E N S = J 2 S - H = . 3 3
3 5 . O H Y W A L L - 1 = MAT T H = . 0 4 1 7 C O N D = . 0 9 2 5 D E N S = 5 0 S - H = . 2 6
3 6 . V A P O R - 8 A R =M AT T H =  . 0 0 0 3 C ON O = . 1 1 O E N 5 = 7 0 S - H = . 4
3 7 . W A L L -  I N S - 1 = MAT T H = . 2 9 1 7 C O N D = . 0 2 3 8 D E N S = . 6 S - H = . 2
3 8 . R I G S T Y F M - 1 = MAT T H = . 1 2 5 C 0 N D = . 0 1 3 3 D E N S = 1 . 5 S - h = . 2 9
3 9 . F A C - B R l K - 1 . = M A T T H = . 3 3 3 3 C O N O = . 7 5 D E N S = 1 3 0 S - H = . 2 2
4 0 . C C N C - G L K - 1 =MAT T H = . 8  3 3 C O N O = . 7 8 DEN £ = 3 6 S - H = . 2  1
4 1 . C E L - J O I S T - 1 = MA T T H = . 5 0 0 C O N O = . 0 6 6 7 D E N S = 3 2 S - H = . 3 3
4 2 . S H I N G L E - 1 = MA T T H = . 0 2 0 3 C O N O = . 0 4 7 3 O E N £ = 7 0 S - H = . 3
4 3 . ASPEN I T E - 1 =M AT T H = . 0 4 2 C 0 N D = . 0 6 6 7 D E N S = 3 2 S - H = . 3 3
4 4 . A T - A l R - 1 = MA T R E S = 3  .  1
4 5 . C E L -  I N S - 1 = M 4 T T H = 1 . 0 C O N 0 = . 0 2 3 8 D E N S = . 6 S - H = . 2
4 6 . C E L - I N S - 2 s MAT T H = . 5 C O N D = . 0 2 3 8 DEN £ = . 6 S - H = . 2
4 7 . C E L - J O I S T - 2 = MAT T H = . 7 C O N D = . 0 6 6 7 D E N S = 3 2 S - H = . 3 3
4 b . P L Y W - I = MAT T H = . 0  4 17 C O N O = . 0 6 6 7 0 E N £ = 3 4 S - H = . 2 9
4 9 . BU I l T - R F G -  1 = M a t T H = . 0 3 1 CGNd = . 0 9 4 6 D E N S = 7 0 S - H = . 3 5
5 0 . CE D R - d e c k = M AT T H = . 1 7 C O N D = . 0 6 7 0 OEN £ = 3 2 S - H = . 3 3
51 . C E L - I N S - 3 =  MAT T H = . 6 7 C 0 N 0 = . 0 2 2 2 D E N S = . 6 S - H = . 2
5 2 . A I R - S P A C E - 2 =MAT R E S = 1  . 0 1
5 3 . A 1 R - S P A C E - 3 = M A I R E S = 0  . 9 3
5 4 . P L Y W - 2 = M AT T H = . 0 8 3 4 C 0 N d = . 0 6 6 7 0 E N S = 3 4 S - H = . 2 9
5 5 . T l L E - 1  • = m a t T H = . 0 6 2 5 C 0 N d = . 0 7 5  D E N S = 8 2 S - H = . 3 1 5
5 6 . CO N CR E T E - 1 = M AT T H = . 3 3 3 3 C O N o = . 7 5 8 0 E N S = 1 4 0 S - H = . 2
5 7 .
5 8 .
5 9 . E X P - P O L Y - 1 =M AT T H =  . 0  1 67 C O N D = . 0 1 6 7 Oe N S = 2 . 2 S - H = . 2 9
6 0  . C O N C - O L K - 2 = m a t T H = . 5 0 0 0 C 0 N D = . 7 8 D E N £ = 3 8 . S - H = . 2 0

6 2 . C E O R - P L K S = MAT T H = . 0 8 3  C Q N 0 = . 0 6 6 7  D E N S = 3 2 . S - H = . 3 3

S 2 X 4 S T U D *  . .
1 1 / 2  I N  ORYX A LL S . ,  
Ï V A P C R  BARS . .
$ R 1 2  I N S U L A T I O N S
1 1 . 5  I N  STYROFOAMS 
S4 I N  FACE 3 R I K S  . ,  
1 1 0  I N  CONC BLKS 
1 2 X 6  C E L  J O I S T S  
1 1 1 0  L E  S H I N G L E S  , 
1 3 / 8  I N  A S P E N I T E S  . 
l A T T I C  A I R  S P AC E S , 
I R  4 2  I N S U L A T I O N S  . 
I R  21 I N S U L A T I O N S  . 
1 2 X 0  C E L  J O I S T S  . .  
1 5 / 8  I N  PLYWOODS . ,  
I B U I L T  u P  r o o f i n g s  
i c e o a r  d e c k i n g s  . .  
I R  3 0  i n s u l a t i o n s  .
1 3 . 5  I N  A I R  SP ACES 
1 8 I N  A I R  SPACES 
1 3 / 4  I N  PLYwCOOS . ,

S C A R P E T - P A D S  
14 I N  CONCRETES . .

Î CE OR  P LA N KS S

S O I L - 1  = M A T  H E S = 5 . 0 0  S R E S I S T A N C E  OF S C I L  BELCV.  FLOOR S

S J I L - 2  = MA T  R E S = 3 0 . 0 0  S R E S I S T A N C E  OF S C I L  B E L C U  FLOOR S

C A V - I N S L  = M A T  R E S = I 1 . 0  S BELOW GRO WALL C A V I T Y  I N S  Z - 3 - 4  S . .

— G L A Z I N G  ( D O U B L E  P A N E ) ------------- S

G T - w 1 N - l = G L A S S - T Y P E  
G T - *  1 N - 2 = G L A S S - T  YPE 
g t - «  I n - 3 = g l a s s - t y p e  
GT-W 1 N - 4 = G L A S 3 - T Y P E

P =  2 
P = 2  
P = 1  
P = 2

S - C = 0 . 6 5  
S - C  =  0 .  0 
S - C  = 0 .  5 4  
S - C = 0 . 0

G - C = 0 . 6 2  
G - C = 0 . 2 2  
G - C = l . 2 3  
G - C = 0 . 6 2  *

S —————CONS T R U C T l O N S —— —  S

2 6 5
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8 0 .  3 I . 
3 2 .  
dû.
Ô4.
3 5 .  
d o  .  
3 7 .  
3 8  « 
3  9 .  
9 0 .  
9  I  .  
9 2 .  
9  3 .
9 4 .
9 5 .  
V o .
9 7 .
9 8 .
9 9 .  

1 0 0 .  
10 t .  
1 0 2 . 
1 0 3 .  
10 4 .
1 0 5 .
1 0 6 .  
10 7 .  
10 3 .
1 0 9 .
1 1 0 .  
1 1 1 .  
1 1 2 .  
1 1 3 .
1 1 4 .
1 1 5 .
1 1 6 .  
1 1 7 .  
1 I 3 .  
1 1 9 .  
1 2 0 . 
12 1. 
1 2 2 .
1 2 3 .
1 2 4 .
1 2 5 .
1 2 6 .  
1 2 7 .  
1 2 3 .
1 2 9 .
1 3 0 .
1 3  1 .
1 3 2 .
1 3 3 .
1 3 4 .
1 3 5 .
1 3 6 .
1 3 7 .  
1 3 9 .  
1 3 9 .  
t 4 0 .
1 4 1 .
1 4 2 .
1 4 3 .
1 4 4 .
1 4 5 .
1 4 6 .
1 4 7 .
1 4 8 .  
14 9 .  
160. 
1 5 1  . 
1 5 2 .  
1 5 3 .
1 6  4 .

L A Y -  1

I N S - * L —1 

L A Y - 2

SLAYERS

=  CCn S 

= L A Y E R S

S T U C - W L - 1 = C C N S  
L A Y - 3  = L A Y E R £

I N 5  — P F —1 

L A Y - 4

= CCNS 

S L A Y E R S

S T U C - R F - 1  = C C N S

L A Y - S  S L A Y E R S  
P A R T - W L - 1  = C C N S

L A Y - 6  s L A Y E k S
A I H - F L R - 1 = C C N S

— C C N S T R L C T  I G N S ------------- 1

MA r = ( F A C - E R I K - I  I S o T Y P V -  I , w A L L - I  < 3 - 1  . 
WALL — I N S  — I * V A F L R —E AiJ . D R Y  w A u L — I )I—r— Rs.oi .. 

L A Y E F S = L A Y - 1  Ao S = . 8 3  W C= 2  . .

M A T a ( F A C - 5 R I A - l . H l 0 3 T Y F w - l .  3 T U 0 - " 1 UL . 
w a l l - l N S - 1  . V A R U R - E A R  , OR f W A L L - l  I

I  —F—R = . 6 3  .  .
L A Y E F S = L A Y - 2  A 0 S = . 3 3  H C = 2  . .
M A T :  ( S H I n G L E - 1 , A S R c M T S - l  . A T - a : R - 1  .

C E L - I N S - 1 . V A P o R - J A R , Û R Y V A U L - l I
I  —F —R = . o I  .  .

L A Y E F S = L A Y - 2  A 3 S = . 8 2  R U = J  . .

M A T : I £ h I N G u E - I , A S F c N l T E - I , A T - A I R - 1 . 
C E L - J O I S T - 1 . V A O U R - E A R ,
C R Y W A L L - l )  I - ' ^ - ' ’ = . j l

L A Y E F £ = L A Y - 4  A E S = . 3 2  K C = 5  . .

MAT = l C R  YW A L L -  I . A  I H - 5 F A C C - 2  ,CR Y W A L L - l  J • .
L A Y E R S = L A Y - S  . .  

M A T = l  T I L c - l  . F L Y * - 2 . a I R - S P A C E - 3 , J 9 Y . . A l l - - 1  J 
L A Y E R £ = L A Y - c . .

L A Y - e = L A Y E H S  

l N S - w L - 2  s C C N S  

L A Y - 9  

S T U O - R F - 2

M A T S I C C N C - E L K - I . C A V - I n S L .
V A F O R - S A R .  U R Y w A u L - l )  

L A Y E P £ = L A Y - d  . .
I  —F — *1

S L A Y E R S  MAT =  l  £ h l N G L E - l  , A S P E N I T c - 1 .  A T - A I R - 1 .
C E L - J C I S T - 2 . V A F O f t - E A H , D R Y a A L L - 1 )  I - F - p = . ô l

L A Y -  10 
S L A Ü - 1

L A Y - 7
3 L A E - 2

L A Y - I  1

I n S - C E L - 1  

L A Y -  12

=  CCNS

=  L A Y E R S  
= CCNa

=LAYERS
■=CCN5

slayers

=  c c n s  

=  L A Y ERS

0R I K - C C N C - 1  = CCNS 

L A Y - 1 3  = L A Y c R i

dR I .s - C C S T C = C C n S

l a y -  14

C c O W - I N S  

L m Y -  15

L A Y c R S = L A Y - 9

M A T = ( S O I L -  I . C C N C R E T E -  I ) I - F - R = 0 , 9 2
L A Y E R S = L A Y - I O  A f i 5 = . 3 £  H Û = 3  . .

M A  1 = ( S C I L - 2 , C C N C R c T E - l  ) I - F - R  = 0 . i 2  
LAYERS=LAY-7 Au £=0.6= «8=3 . .

M A T = ( E U I L T - R F G - 1  . P L Y T . - 2  .
C E L -  I N S - 3 .  V A P U R - 3  AR . OR Y . . A L L -  I )
I —F — R = . 6 1  . .

L a y e f s = l a y - i I  A d = = . 7 e  r u = 3  . .

MAT = ( F A C - E R I n  -  I  . C C N C - d L  K - 2 . * A L L - I N S - I  , V A 3 ,
C R Y w A u L - 1 ) . .

L A y E R & = L A Y - 1 2 A 3 S  = 0 . 8 8  RC = 2 .  .

= L A Y t H £

=  CCNS 

S L A Y E R S

M AT = t F A C - E R  I < -  1 . C C N C - 3 L  K - 2  . 3 TU3-V.  A L L  . >/A > V -'-  >A ( , 
CRY.,  a l l -  1 ) .  .

L A Y E R £ = L A Y - 1 2  A 6 i = C . c c  K J = 2  . .

, V A T = I C E D R - P L . < S . ? I G S T Y F W - 1  , * A L L - I  I S - I  .
WALL— l N S - 1  , V A P O K - E  AH , a i < Y * A i . L -  I I 
I - F - R s . 6 8  . .

L A Y c F S = L A Y - l 4  A E S = . 7 c  (• 9  =  0  . .

C E Û R - S T U D  = C L N S  

L A Y - l o  s l a y e r s

S T U U 6 C - . v A L L  = CCNS

T H O M E E - W a l l s C C N 3 
O H - l  = C C N 6

,Y A T  =  l  C E O H - F L K S . R I G S T Y F M - I  ,  S TIJO-WAl L  , 
V A P 3 R - E  A R , OR Y « A L u - I  )
I — F — F =  •  o 8  « .

L A Y E R S = L A Y - l 5  4 0 3 = . 7 0  H 0 = 6  . .

M A T = ( C Û N C - B L K - 1  . S T u O - wA L L  . VA P u -  
. D R Y . A L L —I )  I - F —R = 0 . 6 o  • <

U  L —I N J —I

L A Y E P S  =  L A Y — I 3  . .

U =  C . 2 2  .  .
U —0 . 4 9  . .

1 5 6 .  
1 6 7 .  
I 5 6  .  
1 5 9 .

J --------------- r J l L C  I N C - S n A J E -----------------i

3u IL CI.NG-SnA JE >=-1 .5  Y = 4 Z=IS.7S 1 = 2

2 6 6
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16 1 «
1 6 2 .  n U I l O l N C - S U A D E  X = J 2 .  Y = 4  2 = 1 6 . 7 5  6 = 1 . 5 0  . = 2 9 . 5
1 6 0 .  A Z = i ) 0  T 1 L T = 1 S 0  3 - Z C 5 E - 1  « l U i l T  O V E R H A N G -  l O - S  . .
1 6 4 .
1 6 5 .  B U  I L D I N G - S K A D E  X = 3 2  Y = 2 2  2 = 1 6 . 7 5  * = l 6  H= 1 . 5
1 6 6 .  A Z = 0  r i l . r = 1 6 0  5 - Z U N E - l  H E A R  C V E R H A N G - 3
1 6 7 .
1 6 8 .  a U I L D I N G - B H A D E  X = 0  Y =  1 0  2 = 1 6 . 7 5  *  = Ü . O  . 1 = 1 . 5
1 6 9 .  A 2 = 2 7 0  T X L , T = 1 8 0  S - Z Û N E - 1  L E F T  O V E R H A N G - 5
1 7 0 .
1 7  1 .  S ------------- S P A C E  D E S C K X P 7 1 C . N -------------- S
1 7 2 .
1 7 0 .  C C N D - 1 = S P A C E - C U N B I T I 0 N S
1 7 4 .  E O U  X P - S C H E E U L E =  l N T - l - O S - 1
1 7  5 .  E a U X P N E N T - X V = U . 2 5  ,
1 7 6 .  F L O Ü R - v r E X G h T = ü
177. F U H N - F R A C l X C N = 0 . 5 0  (
1 7 6 .  p b H N l T U R E - T Y F E = L 1 G H X
173. F U R N - * E X G B T = ô . O
1 6 0 .  ' r E M P E R A T L E E  = ( 7 t l  )
1 6  1 ,  I N F - M E T H O L = C H A C X
1 8 2 .  N —2 - H =  —4  . .
1 6 3 .
1 6 4 .
1 3 5 .  Z C N E - 1 = S P A C E  X = 0 .
1 3 6 .  Y = 4 .
1 6 7 .  2 = 3 . 7 5
1 6 3 .  A 2 I M U T U = 0
1 8 9 .  A 8 E a = 5 J 6
1 9 0 .  V 0 L U . M E = 4 2 S 3
1 9 1 .  S - C = C C N D - 1  . .
1 0 2 .
1 9 3 .
1 9 4 .  F H C N T - V L - 1  = E - 4  H = 6  4 = 4 . 0  A Z = 1 6 0  C 0 N S = C H J R - 3 T U U
1 9 5 .  I N H - C O E F = 0  X = 0  Y = 0  Z = 0  G - R = 0 . 1  3 - 3 = 1  3 - r - F = 0 . 5  C - F - F = 0 . 5  . .
1 9 6 .
1 9 7 .  F R C N T - V L - 2 = E - W  9 = 8  V = 2 4 . 0  A Z = 1 6 0  C O H S = C E E 3 - I N S
1 9 8 .  X N P - C O E F = 0  X = 4 . 0  Y = 0  2 = 0  C - R = O . X  3 - 3 = 1  o - F - F = 0 . 5  G - F - F = 0 . 5
1 0 9 .  4  I S - l  = WX  1 1 = 5 . 0  V = 6 . 0  G - 1 = G £ - * X N - 1  X = 4 . 0  Y = 1 . 5  3 E 7 3 = . 7 5
1 9 9 . 1  I S F - C 0 K F = 3
2 0 0 .  V l S - 2  = V I  9  =  6 . 8  W = 6 . 0  G - T = G X - V 1 N - 1  a = 1 3 . 0  Y =  0  S F T B = . 7 5
2 0 0 . 1  I N F - C 0 E F = 3
2 0  1 .  W l N - 3  = V I  H = 5 . 0  W = 6 . 0  C - T = C T - V I N - 1  * = 2 0 . 0  Y = t . 5  3 E T C = . 7 a
2 0  1 . 1  I N F - C 0 E F = 3  . .
2 0  2 .
2 0 3 .  K R C N T - V t - 3 = E - W  9 = 8  W = 4  A Z = l i O  X = 2 6 . 0  Y = 0  2 = 0  C C N S = C E 0 H - 3 T U C
2 0 4 .  I N F - C O E F = 0  G - H = 0 . 1  S - U = l  S - F - F = 0 . 5  C - F - F = 0 . =  . .
20 5 .
2 0 6 .
2 0 7 .  K I G H T - W L - l  = E - V  9 = 8  4 = 7 . 0  A 2 = 9 0  X = J 2  Y = 0  2 = 0  C O N S = S T U D - 4 L - 1
2 0 8 .  I N F - C C E F = 1 . 5 0  S - D = l  C - H = 0 . o 9  C - F - F = 0 . 5  S - r - F = 0 . 5  . .

2 1 o I  R I G H T - 4 L - 2  = E - >  9 = 8  6 = 2 1 . 0  A Z = 3 0  X = 3 2  V = 7 . C  Z = 0  C C N 3 = I N 3 - V L - 1
2 1 1 .  r S F - C U E F = l . 5 0  S - D = S  C - R = 0 . ô 9  C - F - F = 0 . 5  3 - F - F = 0 . £
2 1 2 .  V r l N - 4  = V I  9 = 4  4 = 2 . 0  G - T  = C T - « 1 S - 1  X = l 3 . 6  Y = 2 . 5  3 E T b = . J 2
2 1 3 .  I N F - C C E F = 2 . 0

2 i s l  R E A k - W L - 1  = E - W  9 = 8  4 = 4 . 5  A Z = 0  X = J 2  Y = 2 a  C C N S = 3 T U D - W L - 1
2 1 6 .  X N F - C O E F = 0  3 - 0 = 5  C - R  =  0 . 6 9  C - F - F = 0  . 5  S - F - F = 0 . 5  . .

2 i a l  K E A R - V L - 2  = E-W 9 = 8  W = 1 3 . S  A 2 = 0  X = 2 7 . 5  t = z 8  Z = 0  C O N S = I S S - 4 L - 1
2 1 9 .  X N F - C O E F = 0  S - D = 5  G - R = 0 . 6 9  G - F - F = C . ô  S - H - F = 0 . 5  . .
2 2 0 .  w i S - 5  = WX  9 = 4  9 = 2 . 0  G - T = C T - W X N - 2  X = o . O  Y = 2 . 5  S E T H = . 3 0
2 2 1 .  X N F - C O E F = 1 . 2 5
2 2 2 .  W I N - 6  = W I  9 = 4  W =  2 .  0  C - 7  =  G T - i »  I N - A  X = 4 . 0  Y = 2 . 5  S E T B = . 3 J
2 2 3 .  I N F - C 0 E F = 1 . 2 5
2 2 4 .  D C C R - 1  = 0 0 0 2  9 = 7  4 = 3  C 0 N S = D R - 1  X = 1 0 . 0  I N F - C C E F = 0 . 2 5  . .

2 2 6 !  L E F T - W L - t  = 6 - W  9 = 3  * = 2 . 2 5  A Z = 2 7 u  X = U  1 = 9  2 = 0  C C N S = 5 T U D - W L - I
2 2 7 .  I N F - C O E F = 1 . 5  3 - 0 = 5  O - R = 0 . 6 S  g - F - F = U . o  5 - F - ' t -  =  U . 5
2 2 3  .
2 2 9 .  L E F T - W L - 2  = E - W  9  =  8  4 = 6 . 2 5  A Z = 2  7 0  .«.= 0  Y = 6 . 7 5  Z = 0 .  C C N 3 =  I N b - w  L - 1
2 3 0 .  1 N F - C U E F = 1 . 5  3 - 0 = 5  0 - 8 = 0 . 6 9  S - F - F = U . 5  o - r - r = 0 . =  . .
2 3  1 .
2 3 2 .  B A C K - W A L L = [ - W  9 = 8
2 3 3 .  4 = 1 4
2 3 4 .  C C N S = P A K T - W L - 1
2 3 5 .  N - T  =  Z O N ' E - 2
236.
2 3 7 .  X . E F T - W A E L = X - 4  9 =  8
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2 3 3 .  
2 3 9 .  
2 4  0 .  
2 4  1 .  
2 4  2 .  
2 4  3 .  
2 4 4 .  
2 4  5 .  
2 4  o  .
2 4  7 .
2 4 8 .
2 4 9 .
2 5 0 .
2 5  1 .  
2 5  2 .  
2 5  3 .
2 5 4 .
2 5 5 .  
2 5  b .  
2 5  7 .  
2 5 3 .
2 5  9 .  
2 6 0 .
2 6  1 .  
2 6 2 .  
2 6 3 .  
2 o  4  .  
2 6  = . 
2 b 6 .
2e>7.  
2 6 8 .  
2 6 9 .  
2 7  0 .  
2 7  1 .  
2 7  2 .  
2 7  3 .  
2 7  4 .  
2 7  5 .  
2 7  6 .
2 7 7 .
2 7 8 .
2 7  9 .  
2 8 0 .  
2 a 1 .  
2 8 2 .
2 8  3 .  
2 8 4 .
2 8  5 .  
2 8 6 .  
2 3 7 .  
2 8  8 .  
2 3 0 .  
2 8 9 . 1  
2 9 0 .
2 9  1 .
2 9 2 .  
2 9 3 .  
2 9 4 .  
2 9  5 .  
2 9  6 .  
2 9 7 .
2 9 3 .
2 9  9 .  
3 0 0 .
3 0  1 .
3 0 2 .
3 0 3 .
3 0 4 .
3 0 5 .
3 0 6 .
3 0 7 .
3 0 8 .
3 0 9 .
3 1 0 .
3 1 1 .
3 1 2 .
3 1 3 .
3 1 4 .
31 5 .  
3 1 6 .

FLOCH-l=T-vr

F L 0 C R - 2 = I - W

F f i C N T - U F - l = a O O P
I N F - C O E F = 0 . 0

F S C N T - H F - 2 = K C C F
I N F - C O E F = 0 . 0

F H C N T - R F - 3 = S O C F
I N F - C O E F = 0 . 0

F K C N T - R F - 4 = B O O F
l S F - C O E F = G . Û

BUILD ING-SltADE 

BUILDINC-SKADE

* = 1 9
C 0 N 5 = P A H T - W L - l  
N - T  = 2 0 N E - 2  .  .

A = 3 5 3 .
C Q N S = A I K - F L R - 1  
N - T  = Z O N E - 3  . .

A=147
C 0 N S = A X R - F L R - 1  
N - T = Z 0 N E - 4  . .

T X X . T = l â O

TXLT=làO

U = 1 8
T X L T = 0 . 0

9 = 1 3
T I L T = 0

H=14
T I X . T = 0

9 = 1 4  
T I L T = 0

* = 3 . 3  X = 3 2  Y = ü  Z = 8 . . J  A Z = 9 0
C O N S = S T  t f D - i i F - 2  5 - 0 = 1

* = 2 4 . 5  X = 3 2  Y = 3 . 5  Z = S
C O N S = I N S - f i F - l  3 - 0 = 1

* = 7 . 8 7 5  1 = 0
C Ü N S = I N S - K F - 1

Y=9 Z=g.O 5-0=1
*  =  1 . 1 Z 5  ; < = 0  Y =  1 . 1 2 5

C O N S = S T U D - « t - l  5 - 0 = 1

A Z = 9 J  

A Z = 2 7 0  . 

Z = g . O  A Z = 2 7 0

 HUXLDINC-SIIAEE-
X = 1 4 . 0
A Z = 0 .

X = 0AZ=27ü
C O N D - 2 = S P A C E - C O N D I T I C N S

Y = 3 2 .  2 = 1 6 . 7 5  i i =  1 . 5  w = 1 5 . 3
T 1 L T = 1 8 0 .  S - Z ü N E - 2  B E A R  Ù V E R H A . S G - 3  . .

Y = 3 2  2 = 1 6 . 7 5  n = 1 . 5  * = 1 9 . 0
T X L T  =  1 8 0 .  S - 2 U . N E - 2  L E F T  O V E R U a N G - 3  . .

F L C O R - M E  I G H T = 0  
F U R N - F K A C T X C S = 0 . 6 0  
F U R N I T U t H - T Y P E s U I G u T  
F U R N - » b l G H T = 6 . 0  
T E N P E P A T C R t = l  7 0 )
X N F - U t T t O U = C f t A Ü L  
N —2 —H = ~ 4  « .

Z C N E - 2 = S P A C E X = 0
Y = 1 3
2 = 3 . 1 3
A Z X R U T H = 0 .
A R E A = 2 3 0 .
V G L 0 . M E = 1 6 4 1  .
S - C = C 0 N C - 2  . .

B E A  B - V L - 2 1 = E - U  
C C N S = l N S - V f L - l  

I N F - C Û E F = 2 . 0 0  . «  
yiN-21 =W1
I N F - C O E F =  1 . 5 0  . .  
wxN-22 =wr
I N F - C Ü E F =  1 . 5 0  . .

R E A R - * L - 2 2 = E - *  
I N F - C O E F =  2 . 0 0  
C 0 N S = S T U D - V ( L - 1

9=8
S - D = 5

9=4
9=4

9=3

* = 1 0 . 5  
G - R = C  . 6 9

* = 2 . 0

*=2 .0

A Z = U  X = 1 4  Y = 1 9  2 = 0
S - f - F = 0 ' . 5  U - F - F  =  0 . 5

C - T = G T - * X N - 2  

C - T = G T - * X N - A

X — 3 . 6

X = 4

x=â Y = 2 . 5  S E T E

S Ë T t l = . 3 3  

= . 3  3

* = 3 . 5  A 2 = U  
Y = 1 9  Z = 0 .

C - H = 0 . 6 9  S - D = S  G - F - F = 0 . S

L E F T - * L - 2 1 = E - W  

I N F - C O E F = 1 . 0

9 = 8  * = 4 . 7 5  A Z = 2 7 0  
X = 0  1 = 1 9  2 = 0

C O N S = S T U D - * L - 1 G - f i = 0 . 6 9 5-0 = 0

S - F - F = O . S

Ü —F —F = 0 . 5  S—F —F = 0 . 5

L E F T - W L - 2 2 = F - *  9 = 8  * = 1 4 . 2 5  A 2 = 2 7 0  X = 0  Y = 1 4 . 2 5  Z = 0 .
I N F - 0 0 £ F = I . S  C O N S = X N 5 - v L - 1  G - B = U . o 9  5 - 0 = 5  S - F - F = 0 . 5  G - F - F = Û , 5  . .
* l N - 2 3  = * I  9 = 4  * = 2 . 0  G - T = C T - * l N - 3  X =  1 1 . 7  Y = 2 . 5  5 E T Q = . 3 3
I N F - C Ü E F = 1 . S  . .

F L C C R - 2 1  = 1 - *

R E A R - k F - 2 1 = R C C F  
I N F - C O E F = 0 . 0

A = 2 3 0 .
C O N S = A I R - f L R - l  r i U T = l a U
N - T = Z C N E - 4
9 = 1 4  * = 2 . 3 7 5  X = 0  Y = 1 9  Z = S . O

T I L T = 0  C O N S  =  S T C D - k F - l  5 - u =  1 . .
A 2 = 2 7 ü

2 6 8
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3 1 7 .
3 1  S .  
3 1 . 7 .  
3 2 0 .
3 2  1 .
3 2 2 .
3 2 3 .
3 2 4 .
3 2 5 .
3 2 6 .
3 2  7 .  
3 2 6 .
3 2 9 .
3 3 0 .
3 3  1 .
3 3 2 .
3 3 3 .  
3 3  4 .  
3 3  5 .  
3 3  6 .
3 3 7 .
3 3 8 .
3 3  9 .  
3 4 0 .
3 4  1 .
3 4 2 .
3 4 3 .
3 4 4 .  
3 4  5 .  
3 4  6 .
3 4  7 .
3 4 8 .
3 4 9 .
3 5 0 .  
3 5 0 . 1
3 5  1 .  
3 5 2 .  
3 5  3 .  
3 5  4 .  
3 3 5 .
3 5  6  .
3 3 7 .
3 3 8 .
3 5 9 .  
3b 0 .
3 6  1 .  
3 6 2 .  
3 b  3  .  
3 o 4 .  
3 6 5 .  
3 o  6  .  
3 6  7 .  
3 o  8 .
3 6  9 .
3 7  0 .  
3 7  1 .  
1 7 2 .  
3 7  3 .  
3 7  4  .  
3 7  5 .
3 7 6 .
3 7 7 .
3 7  8 .  
3 7 9 .
3 6 0 .
3 8  1 .
3 6 2 .  
3 3  J .
3 8 4 .
3 8 5 .
3 8 6 .  
3 3  7 .
3 6 3 .  
3 8 9  .  
3 9 0 .
3 9  I .  
3 9  2 .  
3 9  3 .  
3 9  4 .  
3 9 5 .

K E A H - « F - 2 2 = H O O F  

I N F - C O E F = 0 . 0  S - C = l

B U I L D  I N O - S H A D E

H = 1 4  * = 1 6 . 6 2 5  X = 0  Y = l f c . 6 2 S  Z = 8 . 0
A 2 = 2 7 0  T I L T = 0  C C N 6 = 1 N 3 - « F - 1

 B U I L D I N G  S H A D E --------------S

X = 0  Y = 0  Z = 8 . 0  U = 3 . U  W = 3 2 . 0
A Z = 1 6 0  T I L X = i a O  S - 6 Ü N E - 3  F K C N T  O V E R H A N G  - 5

C 0 N E - 3 = S P A C E - C Q N D I T i a N S

Z C N E - 3 = S P A C E

F L O O R - * E i O r i T = i )  . 0  
F O H N - f R A C T I O N = 0 . 5 0  
F U R N I T U S E - T Y F E = L 1 3 H T  
F U R N - * E I G H T =  o . 0  
T E H P E B A 7 C K E = (  7 0  1 
I N F - M E T a C D - s O R A C » .  
N - Z - H = 4  . .

X = 0
Y = 0
%=0
A 2 I ! I U T H  =  0  
A R E A  =  5 6 0  .  
V C L U M E = 4 4 b 3  
S - C = C C N D - 3  .

F K C N T - W L - 3 1 = E - W  H = 6
I N F - C O E F = 0  C C N S = B R I K - C O S T D

* = 6 A 2 = 1 8 0  X = 0
S - D = l  G - R = 0 . 3 4

Y = 0  2 = 0
G - F - F = 0 . 5

W l N - 3 1  = * 1  H = 6 . S  V = 6 . 0
I N F - C 0 E F = S . 2  . .
F W C N T - V ( L - 0 2 = £ - W  H =  S  * = 1 6  A Z = 1 S 0  X = 8  Y =  0  Z  =  0
I N F - C O E F = 8 . 2  C C N S = T B C M ô E - * A i - L  . .
F P C N T - W L - 3 3 = E - W  H = S  * = 8  A Z = 1 S 0  2 = 2 4  Y = U  Z = 0
I N F - C O E F = 0  C C N S = H H I K - C O S T C  S - D = l  G - K = U . 3 4  S - F - F = 0 . 5
W I N - 3 3  = > 1  H = 6 . 8  * = 6  C - T = 0 T - W 1 . N - 1  i = 2 5  Y = 0
I N F - C 0 E F = E . 2  . .

C - T = G T - « I N - 1  X = 1 . 0  Y = 0

S - F - F = 0 . 5

S E T U = . 5 0

O - r - F = 0 . 5
S E T H = . 5

K I C H T - * L - 3 1  =  F . - V  M = S  VT =  2  A Z  =  S O  X =  3 2
I N F - C 0 E F = 3 . 0 0  C C K S = E K I K - C O S T D  S - D = 5  G - K = U . o 9

Y = 0  2 = 0
6 —F —F  =  0 . 5  C—F^^F^O. i

R I G H T - W L - c 2 = E - V f  H = 8  V = 6 . 0  A Z = S O  X = J 2  Y = 2  Z = 0
C C . S S = B H 1  K - C C N C - 1  S - D  =  5  O - k  =  0 . 6 9  S - F - F = 0 . a  C - F - F = 0 . 5
I . N F - C O E F = 3  . 0 0  .  . •

L E F T - W L - 3  1 = c - W  U = 8  * = 2  A Z = 2 7 0  X = 0  1 = 2 . 0  Z = 0
I N F - C 0 E F = 4  C C N S = U R l K - C O S T E  S - E = =  G - k = 0 . o 6  G - F - F = 0 . 5  S - F - F = 0 . 5

L E F T - W L - 3 2 = E - *  9 = 8  * = 8 . 0  A Z = 2 7 0  x * 0  Y = 1 0 .  Z = 0
1 N F - C ù 6 F = 4  C C N S = H R 1 K - O O N C - 1  S - D  =  S ( i - k = 0 . o 3  O - F - F = 0 . 5  S - F - F  = 0 . 5

p a r  T - W L - 3  = 1 - W .

R O O F - 3  = R O C F

l N F - O O E F = 2

U N D E R G R C U N U - W A L L  

U N D E R G R O U N D - * A L L

U N D E R G R O U N D - F L O O K

H=8.
* = 2 9 . 5
0 0 N S = P A R T - * L - 1  
N - T = Z C N H - 4  . .

H = 4  .
* = 3 2 .  .
X = 0  Y = 6
A Z = I S O

Z = 6
TILT=U. 

C C N S = I N S - lEL-1 5-D=20

0 0 N S = I N S - * L - 2  
A H E A  =  1 2 9  . .  
o o n s = s t u d e d - * a l l
A R £ A = 3 1 . .

O C N S = S L A a - l
A K E A = 6 4 0 .  3  G R S  P L O U k  A k E A  

T I L T = 1 b U . .
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3 9  6 .  
3 9 7 .
3 9  3 .
3 9  9 .  
4 3 0 .
4 0  1 .
4 0 2 .
4 0 3 .
4 0 4 .  
4 0  5 .  
4 0 1> .  
4 0 7 .  
4 0  S .
4 0  9 .  
4 1 0 .
4 1  1 .
4 1 2 .
4 1 3 .
4 1 4 .
4 1 5 .
4 1 6 .
4 1 7 .
4 1  8 .
4 1 9 .
4 2 0 .
4 2  1 .
4 2 2 .
4 2 3 .
4 2 4 .
4 2  5 .
4 2 6 .
4 2 7 .
4 2 5 .
4 2 9 .
4 3 0 .
4 3  1 .
4 3 2 .
4 3 3 .
4 3 4 .
4 3  5 .
4 3 6 .
4 3 7 .
4 3 8 .
4 3 9 .
4 4  0 .
4 4 1 .
4 4 2 .
4 4 3 .  
4 4 4  .
4 4  5 .  
4 4  6  .
4 4  7 .  
4 4 8 ;  
4 4 9 .
4 5  0 .
4 5  0 .  1 
4 5 0 . 2 .  
4 5  1 .  
4 5  2 .
4 5 3 .
4 5 4 .
4 5 5 .
4 5  6  .
4 5  7 .
4 5 8 .
4 5 9 .
4 6 0 .
4 6  1 . 
4 6  2 .  
4 6 3 .
4 6  4 .  
4 6  5  .
4 6 6 .
4 6 7 .
4 6  Ô .
4 6  9 .
4 7  0 .  
4 7  I .  
4 7  2 .  
4 7 3 .

C O N O - 4  = S P A C E - C C N D I T 1 C N S F L C G S - w E I 0 3 r = 0  
F U H N - F  B A C T i ü N  =  ü . 5 o  
F U t . N  I T U X E - r Y F E = u l 0 4 T  
F  U E N - W  E I G H  r =  o . d  
T E 9 F E S A T U S E = l  7 0 )
1 N F - . 4 E  £ h O D = E E 9 I 3 E . N T  I A L  

G - l - C =  ( 0  . 0 , 0 . 0 2 5 2 , 0 . 0 0 9 4 4  )

Z C N E - 4 = S P A C E

U N D E R G H O O N O - W A L L

U N D E R G B C U N D - W A L L

U N D E K G E C U N D - F L O O K

X = 0
Y=20
Z = 0 .
A Z I M U T i l = 0  
A R E 2 = 3 2 0 .  
V G L U R E = 2 5  6 0 .  
5 - C = C 0 N D - 4  ,

C O N S = I N S - * L - 2
A R E A = 3 5 S

C O N S = S T U U E O - W A £ . L  
A R E A = 9 0  . .

C 0 N 6 = 5 L A 3 - 2
A R E A = 3 8 4 .  S  G R S  F L O O R  A R E A S  

T I L T = 1 8 0  . .

L O A C S - R E P O R T  V E R I F I C A T I CN = ( A L L - V E i I F  1CA T l U N ) 
S U R M A R Y = { A L L - S U M M A R Y  ) . .

S --------------H O U R L Y  R E P O R T S — ---------S

H R - S C H - 1  = S C U E D U L E T H R U MAE C 9 ( A L L ) ( 1 , 2 1 ) ( 0  )
T H R U MAR 1 5 ( A L L ) 1 1 , 4 4 ) I 1 )
T H R U MAH 2 1 ( A L L  ) ( 1 , 2 - ,  ) ( C )
T H R U A P R 0 3 ( A L L ) I 1 , 4 4  J C 1 )
T H R U A P R OS ( A L L  ) ( I , 2 4  ) ( C )
T H R U A P E 1 4 ( A L L ) ( 1 , 2 4  ) ( 1 )
T H R U D E C 3 1 I A L L ) 1 1 , 2 4 ) ( 0 )

O U T - 1  

O U T - 2  

C U T - 3  

O U T - 4

=  R E P O R T - d L O C K  V A R  l A U L E - T T  P H  =  / . O N f c - l
V— L = ( 1 , 2 , — , 4 , 6 , 3 7  , 4 1 , 4 4 )  . .

= E E P O R T - B L O C X V - T = Z C N E - 2  
V—L = (  1 , : , 2 , 4 , 5 , 3 7 , 4 1 , 4 4 )

= E E P C R T - E L O C K  V - T = Z O N E - 3
V—L = ( l  , 2 , 3 , 4 , 3 , 3 7 , 4 1 , . , 4 )  . .

R E F O R T - B L O C K V - l  =  Z t . N E - 4
V - L = ( 1 , 2 , 3 , 1 , 5 , 3 7 , 4 1 , 4 4 )

L D S - R E P  = H O U E L Y - S E P O R T  E C P O R T - S C H E D U L E = n M - S C r i - 1 
H E P O R T - B L C C K = ( O U T - 1 , O U T - 2 , U U T - 3 , O U T - 4  1 . .

E N D  . .
C O M P U T E  L O A D S  . .
I N P U T  S Y S T E M S  . .

S Y S  T E . M S - R E P O R T

H E A T - 1  = S C H £ D U L E

V E R I F I C A T I O N : !  A L L - V E R l E  I C A T  I C N  ) 
S U M M A R Y  =1 A L L - a O M V A k Y  ) . .

S---------- S Y S T E M S C l t E  J U L . E ---------

T H R U MAR 1 5 ( A L L  1 ( i  , 2 4 ) ( 7 U  )
T H R U MAR 2 6 ( A L L  1 ( 1 , 2 4 ) I 7  J  )
T H R U MAR 2 9 ( A L L ) ( 1 , 2 4 ) ( 71) )
T H R U .MAR 2 0 ( A L L  ) ( 1 , 4 4 ) ( 7 u  )
T H R U MAR 3 1 ( A L L  ) ( 1 , 2 1 ) I 7 0 )
T H R U A P R 0 3 t  A L L  1 ( 1 , 2 4 ) ( 7 u  )
T H R U A P R 0 8 ( A L L ) ( 1 , 2 4 ) ( 7 0  )
T H k U A P R 0 9 ( A m L  1 ( 1 , 2 4 ) i  7 <j )
T H R U A P R 1 2 ( A L L  ) ( 1 , 2 4 ) ( 7 0 )
T H R U D E C 3 1 I  A L L  ) 1 1 , 2 4 ) ( o a  )

2 7 0
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4 7 9 .
4 8 0 .
4 d  1 *
4 8 2 .
4 6 3 .
4 6 4 .  
4 8 5 .  
4 6  0 .  
4 6 7 .  
4 6  6 .  
4 6 9 .
4 9 0 .
4 9 1 .
4 9 2 .  
4 0  3 .  
4 9 4 .  
4 9  5 .
4 9  6 .  
4 9 7 .  
4 9 6 .
4 9 9 .
5 0 0 .
5 0 1 .
5 0  2 .  
5 0  3 .
5 0 4 .
5 0 5 .
5 0 6 .  
5 0  7 .  
5 0 6 .
5 0  9  .  
5 1 0 .
5 1  1 .
5 1 2 .
5 1 3 .
5 1 4 .
5 1  S .
5 1 6 .
5 1 7 .  
5 1 6 .  
5 1 9 .
5 2  1 .  
5 2 2 .  
5 2  3 .  
5 2 4 .
5 2  5 .
5 2 6 .
5 2 7 .  
5 2 6 .
5 2 9 .
5 3 0 .
5 3 2 .
5 3 3 .
5 3  4 .  
3 3 5 .  
5 3  ü .  
5 3 7 .
5 3  3 .  
5 3 9 .
5 4  0 .  
3 4 1 .  
5 4  3 .  
5  1 4 .  
5 4  5 .  
5 4  6 .
5 4  7 .  
5 4 6 .  
049 . 
5 5 0 .
5 5  1 .  
3 5  2 .  
3 3 4 .  
5 5 3 .  
5 5  o  .  
5 3 7 .
5 5  6 .
03 H .
5 6 0 .
5 6  1 .  
30 2 .

H E A T - 3  ^ S C H E D U L E

H E A l - 4

C O O L - 1

6 C A I - 6 C U - 1 
C 0 C L - 5 C H - 1

F A . N - l

Z O N E - l =  Z O N E

Z O N E - 2 =  Z O N E

Z C N E - 3 =  Z O X E

Z Q N E - 4 i Z O N Ë

5 Y S - 1

T U R U
T H R U
T H R U
T H R U

A P R
A P R
A P R
D E C

02
0 9
12
3 1

( A L L  ) 
( A L L )  
I A L L  1 
I a l l  )

( 1 , 2 4 1  
( 1 , 2 4 1  
I 1,2“*) 
I 1 , 2 4 )

( 7 0  )
( 0 3  )
( o u  )
( o  7 • 0  )

T H R U  i U R  1 2  ( A L L )  ( 1 , 2 - * )  ( 7 7 )
T U R U  Ma s  1 3  ( A L L )  ( 1 , 6  )  ( 7 0 )  ( 9  ) ( 7 4 )  
( 1 0 , 1 4 )  ( 7 3 . 5 )  ( 1 5 , 1 6 )  ( 7 2 )  ( 1 9 , 2 4 )  ( 7 1 )

S 3 C H E 9 U L E

= S C H E D U L E

T H R U  M AR  1 4  ( A L L )
< 1 0 )  ( 7 4 )  ( 1 1 , 1 4 )
( 7 2 . 5  )
T H R U  MAR 3 0  ( A L L  ) ( 1 
T H R U  m a r  3 1  ( A L L  ) (  1 
( 2 1 , 2 4 )  ( 7 2 )
T H R U  A P R  0 1  ( A L L ) ( I  
( 1 6 , 1 9 )  ( 7 4  ) ( 2 0  , 2 4 )  
T H R U  D E C  3 1  ( A L L )  ( 1

( 1 , 6  ) ( 7 0 . 5  ) ( 9  ) ( 7 3 )  
( 7 6 )  ( l o  ) (  7 4  ) ( 1 5 , 2 4  )

, 2 4 )  ( 7 0 . 3 )
, 3  )  ( 7 0  ) ( 0 , 2  7 ) ( 7 3 . 5  )

, a  ) ( 7 1 )  
( 7 3  )

, 2 4  ) ( 7 0
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