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S t u d i e s  of r i n t c r  home h e a t i n q  e n e r g y  c o n s u m p t i o n  a t  
t h e  T w i n  Rivers P l a r . n e d  U n i t  L e v ~ l o p m s n t  l c c a t e d  i n  F e s t  
W l n d s o r ,  K. J. h s v s  i n d i c a t e d  t h a t  t h e r e  a r e  t h r e e  ways i n  
w h i c h  h e a t i n q  e n e r q y  i s  d i s s i p a t ~ d  i n t o  the o u t s i d e  e n v i r o n -  
ment. The rhres cateqories a n d  t h e  p e r c e n t a g e  o f  t o t a l  h e a t  
l o s s  a t t r i k u t a b l e  t c  e a c h  a r e  s h o w n  i n  P i q u r e  1(1 )  , whore 
t h e  c a t e g o r i e s  f o r m  p r c p c r t i o n a t e  slices i n  t h e  heat l o s s  
p i e .  I n  t h e  tlWindows" a n d  t h e  " C o ~ d u c t i o n  - Y a l l s  and Ceil- 
i ~ ~ q ' ~  c a t e q c r i e s ,  t t e  n e s t  l o s s  r a t e s  a re  c o n t r o l l e d  n a i n l y  
b y  t h e  therral c o n d u c t i v i t y  of  the m a t e r i a l s  w h i c h  f o r m  t h e  
s h e l l  o f  t h ~  h o u s e ,  a n d  there is  o n l y  a sma i l  d e p e n d ~ n c e  o n  
p r e s s u r e  a n d / c r  v ~ l c c i t y  c o n d i t i o n s  of t h e  a i r  u e x t  t o  t h e  
s h e l l  s u r f a c e s .  

P i q u r e  1: H i n t e r  Boma B e a t  L o s s  C a t e g o r i e s  for a n  Average 
I v i n  Rivers 2 o u a h o u s e  

1 ,  Harrje, C ,  T. n F I e t r o f i t t i n q :  P l a n ,  A c t i o n ,  a n d  E a r l y  Re- 
s u l t s  a t  Tuin Riversn, C. E, S. R e p o r t  No. 29,  J u n e  1976, 
F i q .  4 



T h f  $'Air X n f i l t r a t i o n f f  c a t e q o r y  r e p r e s e n t s  i n  s a g n i -  
t u d e  a n  averaqe  o f  i n f i l t r a t i o n  r a t e s  o b s e r v e d  a t  T w i n  R i v -  
ers ,  A t  a r r b i e n t  w i n d s p e e d s  o f  o v e r  20 mph, t h e  p e r c e n t a g e  
of a i r  i n f i l t r a t i o n  c o n t r i b u t i c n  t o  t o t a l  h e a t  l o s s  h a s  
risen a s  h i q h  as 603[2), T h e  r a t e  of h e a t  l o s s  d u e  t o  a i r  
ir if  i l t r a t  i o n  is c o n t r o l l e d  by t h e  p o r o s i t y  o f  t h e  h o u s e  
s h e l l .  T h i s  p o r o s i t y  is d u e  t o  flcw t h r o u g h  c r a c k s  i n  wal l s  
w h e r e  m a t e r i a l  i s  l c o s e l y  j o i n e d ,  t h r o u g h  i n t e n d e d  o p e n i n g s  
i n  t h e  h c u s s  s h e l l ,  a n d  d i r e c t l y  t h r o u g h  p o r o u s  b u i l d i n g  ma- 
t e r i a l ,  

I t  is u n d e s i r a b l e  t o  e l i m i n a t e  a i r  i n f i l t r a t i o n  e n -  
t i r e l y  i n  a h o u s e ,  a s  t h i s  w o u l d  c u t  o f f  t h e  s u p p l y i n g  o f  
f r e s h  a i r  t c  its o c c u ~ a n t s ,  E e d u c t i o n  of a i r  i n f i l t r a t i o n  
is, h o w e v e r ,  a u o r t k u h i l e  q o a l ,  As c o m p a r e d  t o  t h e  a i r  i n -  
f i l t r a t i o n  r a t e  r e p r e s e n t e d  by  t h e  33.4% h e a t  l o s s  c o n t r i b -  
u t i o n  f i q u r e  g i v e n  above, a i r  i c f i l t r a t i o n  ra tes  6 times a s  
h i q h  h a v e  k e e n  o b s e r v e d  i n  h i q h  w i n d s ,  a n d  r a t e s  1/3 as h i g h  
h a v e  b e e n  s e e n  w i t h  n o  a d v e r s e  e f f e c t s  o n  t h e  o c c u p a n t s ( 3 ) .  
T n u s ,  t h e r e  i s  r o c a  f o r  s u b s t a c t i a l  r e d u c t i o n  and h e a t  s a v -  
i n q s .  R e d u c t i . c n  o f  a i r  i n f i l t r a t i o n  c e r t a i n l y  d o e s  n o t  p r e -  
c l u d e  i t s  v c l u n t a r y  i n c r e a s e  by  t h e  o c c u p a n t s  o f  t h e  h o u s e ,  
by  o p e n i n q  a window, for e x a m p l e ,  

A i r  i n f i l t r a t i a n  i s  d r i v e n  b y  a p r e s s u r e  d r o p  a c r o s s  
the s u r f a c e  of a h o c s e .  S u c h  a p r e s s u r e  d r o ~  i s  i n d u c e d  i n  
two w a y s ,  One  i s  d u e  t o  t h e  b u o y a n t  effects  of t h e  h o u s e  
i n t e r i o r  a i r .  T h e  i n t e r i c r  a i r  v o l u s e  of a h o u s e  is d i v i d e d  
i n t o  s u b v c l u ~ e s  b y  rocrns. A l t h o u g h  ideal l i v i n q  s p a c e  c o n -  
ditions a r c  n e a r l y  a l w a y s  t h o u q h t  cf a s  a u n i f o r m  68 d e q r e e s  
F a h r e n h e i t ,  t h e r e  a r e  a n u m b e r  cf  s m a l l  a i r  p o c k e t s  a t  v a r i -  
o u s  p o i n t s  a b o u t  a c y  r c o m  w h o s e  t e m p e r a t u r e s  v a r y  o v e r  a 
r a n q e  a b o u t  t h e  i d e a l  one. I n  t i r e ,  the warmer a i r  p o c k e t s  
will f l o a t  u p  t o w a r d s  t h e  c e i l i n g  o f  t h e  room,  b e i n g  p u s h e d  
u ~ w a r d  b y  t h e  b u o y a n t  f o r c e s  of t h e  r e l a t i v e l y  h e a v i e r  
colder p o c k e t s .  Thus, a p r e s s u r e  g r a d i e n t  i s  s e t  up  w i t h i n  
t h e  r o o a ,  w i t h  b i q h e r  p r e s s u r e  a t  t h e  c e i l i n g  t h a n  a t  t h e  
f l o o r .  I f  o n e  of t h e  r o c n  walls  is a n  e x t e r i o r  wal l ,  e v e n  
i f  there is n o  u i n d  o u t s i d e  t h e  h o u s e ,  t h e  p r e s s u r e  g r a d i e n t  
ull draw o u t s i d e  a i r  i n  t h r o u q h  t h e  w a l l  p o r e s  n e a r  t h e  
f l o o r  a n d  p u s h  a i r  c u t  t h r o u q h  t h e  w a l l  p o r s s  n e a r  t h e  ce i l -  
i n q ,  T h i s  lowers t h e  n e t  t e m p e r a t u r e  i n  t h e  h o u s e ,  t h e  
t h e r m o s t a t  cn t h e  h e a t e r  r e s p o z d s ,  and the air is u a r m e d  
b a c k  up .  ¶ h e  process r e p e a t s  p e r p e t o a l l y .  T h i s  a i r  i n f i l -  
t r a t i o n  d u e  t o  t h e  t h e r m a l  p r e s s u r e  g r a d i e n t  h a s  b e e n  t r a -  
d i t i o n a l l y  c a l l e d  ! ' the  s t a c k  e f f c c t f t .  T h e  s t a c k  e f fect  h a s  
b e e n  o b s e r v e d  t o  a c c o u n t  f o r  a b o u t  25% of b o n e  a i r  i n f i l t r a -  
t i o n  i n  a w i n d - e x p o s e d  s i t u a t i o n ,  -------------------- 

3. H a t t i n q l g ,  G, E,, a n d  PeterE, E e  F, ,  n i l in t i  and Trees - 
Air I n f i l t r a t i o n  E f f e c t s  on E n e r g y  i n  H o u s i n g w ,  C e n t e r  
f o r  E n v i r o n m e n t a l  S t u d i e s  Repor t  No, 20, Hay 1975, p,  9 



A n b i e n t  w i n d  c o n d i t i o n s  a t o u t  a h o u s e  a l s o  i n d u c e  
p r e s s u r e  d i f f e r e n c e s  across  i t s  e x t e r i o r  s u r f a c e s .  U i n d  ac- 
c o u n t s  f o r  t h e  o t h e r  75% o f  hcme a i r  i n f i l t r a t i o n .  T h i s  
s t u d y  i s  c o n c e r n e d  w i t h  t h e  r e d u c t i o n  o f  w i n d - i n d u c e d  a i r  
i n f i l t r a t i o n .  

Trees h a v e  t r a d i t i o n a l l y  b e e n  u s e d  t o  s h e l t e r  b u i l d -  
i n q s ,  r o a d s ,  a n d  f i e l d s .  T h i s  i s  e s p e c i a l l y  t r u e  o f  t h e  
m i d u e s t e r n  U n i t e d  S t a t e s ,  w h e r e  t h e  w i n d b r e a k  p l a y s  a k e y  
r o l e  i n  a q r i c u l t u r e .  E a t t i n g l y ,  H a r r j e ,  a n d  Heisler h a v e  
s h o w n  by p l a c i n q  a c t u a l  f u l l - s i z e  t rees  i n  f r o n t  of a Twin  
R i v e r s  t o w n h o u s e ,  a n d  c o m p a r i n q  m a a s u r e d  a i r  i n f i l t r a t i o n  
rates f o r  t h e  s h e l t e r e d  a n d  u n s h e l t e r e d  cases t h a t  a n  a i r  
i n f i l t r a t i c r .  r e a u c t i . c n  of u p  t o  601: may ba  a c h i e v e d ( 4 ) .  
H a t t i n q l y  a n d  Peters p r e d i c t e d  a  u i n d - i n d u c e d  a i r  i n f i l t r a -  
t i o n  r e d u c t i o n  i n t c  t h e i r  1 / 4 8 t h  scale  m o d e l  Twin R i v e r s  
t o v n h o u s e  subjected t o  wind  c o n d i t i o n s  i n  a wind  t u n n e l  by 
p l a c e m e n t  cf a n  u p s t r e a m  row of 2 - d i m e n s i o n a l  m o d e l  t rees.  
T h e  u s e f u l n e s s  of t r e e s  f o r  c l ima t i c  p r o t e c t i o n  of homes  is 
a n  e s t a b l i s h f d  f a c t .  

T h e  p u r p o s e  o f  t h i s  s t u d y  is  t o  d e t e r m i n e  how t o  
p l a n t  t rees  t o  a f f o r d  o p t i a u m  k i n d  p r o t e c t i o n ,  i. e. t h e  
maximup w i n d  p r o t e c t i o n  o f  a bore f o r  t h e  n u m b e r  o f  t r e e  
d o l l a r s  s F e n t .  %his i s  a c c o n ~ l i s h e d  t h r o u q h  s i m u l a t i o n  o f  
v a r i o u s  t r e ~ s / h o u s e  c o n f i q u r a t i o r s  i n  a wind  t u n n e l ,  s i n c e  
a n  a n a l y t i c  s t u d y  w c u l d  r e q u i r e  a  s o l u t i o n  of t h e  f u l l  t u r -  
b u l e n t  N a v i e r - S t o k e s  e q u a t i o n ,  a n  u n d e r t a k i n g  o f  e n o r m o u s  
c o m p l e x i t y  ( 5 ) .  T h i s  s t u d y  d e a l s  w i t h  s u c h  f a c t o r s  a s  size 
a n d  t h i c k n e s s  o f  trees, t r e e  w i n d b r e a k  s h a p s ,  d i s t a n c e  f r o m  
w i n d b r e a k  t o  s h e l t e r e d  b u i l d i n q ,  a n q l e  o f  a p p r o a c h  o f  w i n d ,  
the s h s l t e r i n q  v a l u e  o f  l e e w a r d  a n d  n e i g h b o r i n g  trees,  and 
t h e  e f f e c t  cf n a t u r a l  ~ r u n i n q .  A t e c h n i q u e  f o r  a p p l y i n g  t h e  
e x p e r i m e n t a l  r e s u l t s  t o  w i n d b r e a k  p l a n n i n g  i s  g i v e n .  

4 .  F i a t t i n q l y ,  G. E,, Harrje, D. I., and Heisler ,  G. H., "On 
the E f f e c t i v e n e s s  o f  E v e r g r e e n  R i n d b r e a k s  f o r  R e d u c i n g  
R e s i d e n t i a l  E n e r q y  C o n s u m p t i o n t 1 ,  CES D r a f t  R e p o r t ,  A u g u s t  
19 77 

5, P l a t e ,  E .  J., d ~ r o d y n a m i c  C h a r a c t e r i s t i c s  ef d t m o s r h e r i c  
Bound= L a y e r s ,  ABC C r i t i c a l  Rev iew S e r i e s ,  O a k  R i d g e ,  ---- 
1972, p ,  161 



2 .  EXPERIHENXAL PROCEDURE 

Twc t y p e s  cf t e s t s  were c o n d u c t e d  i n  t h i s  s t u d y ,  
The m a i n  t h r u s t  o f  t h e  e x p e r i r e r t a l  f i n d i n g s  are based u p o n  
t e s t s  i n v o l v i n q  a m o d e l  h o u s e  o u t f i t t e d  t o  m e a s u r e  l o c a l  
p r e s s u r e  a t  v a r i o u s  p o i n t s  o n  i t s  e x t e r i o r ,  and s c a l e  m o d e l  
t rees c o n f i q u r e d  i n  v a r i o u s  ways  i n  s i m u l a t e d  p l a n e t a r y  s u r -  
f ace w i n d f l c w .  l h e s e  tests used a v a r i a t i o n  o f  t h e  Mat- 
t i n q l y / P e t e r s  r i n d - i n d u c e d  a i r  i n f i l t r a t i o n  q u a n t i f i c a t i o n  
t ~ c h n i q u e  t c  c a l c u l a t e  a n  i n d s x  of w i n d - i n d u c e d  a i r  i n f i l -  
t r a t i o n  c a l l e d  t h e  A 1  p a r a m e t e r .  T h e  v a r i a t i o n s  of t h i s  
p a r a m e t e r  were o b s e r v e d  over a r a n g e  o f  t e s t s  so  d e s i g n e d  a s  
t o  i n d i c a t e  t h e  e f f e c t  o n  f i n d - i c d u c e d  a i r  i n f i l t r a t i o n  of 
t h e  v a r i a t i c n  of a s i n q l e  w i n d b r e a k  a r r a n q e m e n t  parameter, 
s u c h  a s  t r e e  b e i q h t  , h o u s e - t o - u i n d k r e a k  d i s t a n c e ,  etc. When 
t h e s e  tests, c a l l ~ d  t h e  f o r c e  t u n n e l  tests a f t e r  the w i n d  
t u n n e l  i n  w h i c b  t h e y  were p e r f o r m e d ,  i n d i c a t e d  t h a t  t h e r e  
m i q h t  b e  a ~ a r t i c u l a r l y  i n t e r e s t i n g  phenomenon  b e h i n d  a p a r -  
t i c u l e r  A 1  r e s u l t ,  a smoke  turrei t e s t  was c o n d u c t e d  o n  a 
s i m i l a r  h o u s e  a n d  t r e e  c o n f i g u r a t i o n  t o  v i s u a l l y  i d e n t i f y  
t h e  p h e n o n e n o n .  

2 . 1  S K G K E  TUNKEL ZESTS 

T h e  s m o k e  t u r n e l  tes ts  were c o n d u c t e d  in a t h r e e - d i -  
m e n s i o n a l  s m o k e  s t u d y  w i n d  t u n ~ e l ,  d e s i q n e d  t o  p r o v i d e  
s m o o t h l y  f l c w i n q  a i r ,  I n  t h e s e  tests, a h o u s e  a n d  t r e e  c o n -  
f i g u r a t i o n  was p l a c c d  i n  the s m o k e  t u n n e l ,  a n d  t h e  wind was 
t u r n e d  on .  I h e n ,  b y  m e a n s  of a n o n - o b s t r u c t i v e  p i p e  w i t h  
t h r e e  s ~ a l l  n o z z l e s ,  a flow of v a p o r i z e d  k e r o s e n e  s m o k e  v a s  
i n t r o d u c e d  i n t o  t h e  a i r s t r e a m  a t  scme p o i n t  o f  i n t e r e s t .  By  
o b s e r v i n q  t h e  s h a p e  o f  the s m o k e  s t r e a n  f o r m e d ,  it was p o s -  
s i b l e  t o  d e t e r n i n e  t h e  p a t h  of t h e  s t r e a m l i n e s  u h i c h  p a s s e d  
t h r o u q h  t h e  p o i n t  cf s m o k e  i n t r o d u c t i o n .  T h e  b e s t  medium 
f o r  t h e  p r e s e n t a t i o n  of t h e  q u a l i t a t i v e  i n f o r m a t i o n  o b t a i n e d  
f r o m  t h e s e  tests i s  p h o t o q r a p h y ,  s o  t h e  s m o k e  t u n n e l  e x y e r i -  
m e n t a l  i n s t a l l a t i o n  i n c l u d e d  a P c l a r o i d  camera to p h o t o g r a p h  
t h e  tests. P h o t o g r a p h s  o f  k e y  rffects are e x h i b i t e d  i n  the. 
t e x t  a s  a p ~ r o p r i a t e .  A s a m p l e  t e s t  p h o t o g r a p h  3.5 s h o w n  i n  
P i q u r e  2. 

Ic this r e p o r t ,  a p h o t o g r a p h  of d a r k  colored h o u s e s  
a n d  t r e e s  d e p i c t s  a s n o k e  t u n n e l  t e s t ,  w h i l e  a p h o t o g r a p h  o f  
l i q h t  c o l c r e d  h o u s e s  a n d  t rees  d 5 ~ i c t . s  a force t u n n e l  test  
c o n f i q u r a t i . c n ,  



F i q u r ?  2: S a n p l s  S ~ a k e - T u n n e l  Tfst Showin,? Mods1 House, 
T r e e ,  Srncke S a k e  a n d  S t r e a m  

P i q u r f  3 :  V i e r  cf Force  T u n n e l  T e s t i n g  Area 



F O R C E  T U N N E L  TESTS 2 * 2  --- - - - -  - - -  

T h e  f c rce  t u n n e l  tests  were s o  c318ed  b e c a u s e  t h e y  
were c o n d u c t e d  i n  t t ~  P r i n c e t o r  U n i v e r s i t y  S u b s o n i c  L a b o r a -  
t o r y  3,s x 5' u ' F o r c c ; r 9 i i n d  t u ~ n e l ,  T h i s  t u n n e l  h a s  a con -  
t r a c t i o n  r a t i c  o f  5 a n d  a n-axirrum b indspeed  s f  o v e r  1 0 0  mpb, 
To s a v s  u ~ a r  a n d  t e a r  on t h e  t r e e  i-rodels, t h e  tssts were  
c o n d u c t e d  a t  6 5  mph ( 6 ) .  T h i s  t u n n e l  i s  p a r t i c u l a r L g  s u i t e d  
t o  t h e  s i r t i l a t i o n  cf p l a n e t a r y  boundary l a y e r  f low d u e  i t s  
l a r q e  t u n n e l - t o - m o d e l - s t r e a ~ ~ w i s e - c r o s s - s e c t i o c a l  a r e a ,  T h i s  
means t h a t  t h e  a i r  i s  compressed  r e l a t i v e l y  l i t t l e  i n  p a s s -  
i n g  a round  t h e  model  s o  t h e  v s l o c i t y  i n  th2 model v i c l n i t y  

-- - - -  

is n o t  a p p r e c i a b l y  i n c r e a s e d  b e c a u s e  of p a r t i a l  r e d u c + i o n  of  
t i iz  t u r .nz1  c r o s s - s e c t i o n a l  a r s a ,  A picture of  t h e  t u n r i e l  
t e s t i n q  a r e a  w i t h  a c d ~ l s  i n  p l a c e  a s  s e e n  t h r c u g h  t h e  o p e r a -  
t o r s  windcw i s  shcwn i n  Fiqure 3 ,  Windflow i s  from r i g h t  t o  
l e f t ,  

A 4 f o o t  w i d e ,  3/4'@thhick plywood qround p l a n e  r a n  
t h e  l e n j t h  c f  t h e  t e s t  a r e a ,  TLG house modei was mounted i n  
t h e  dow3strcarr  t e s t  s a c t i o r :  a r ~ a ,  It was c o n s t r u c t e d  of 
1 / 4 ' 9 1 g v c c d ,  and  was a  7/48th s c a l e  model o f  a s i n p l e  two- 
s t o r y  h o u s ~  w i t h  a q a b l ~ d  r o o f ,  A c l o s e u p  cf t h e  house  a s  
m c u n t s d  on r h e  q r o u r i   lace may t~ seen i n  F i g u r e  4, 

F i q u r e  4 :  C l o s e u p  o f  n o d e l  House Mounted on Ground P l a n e  

6.  For v e l o c i t y  s i g i l i t u d e  analysis, sse s e c t i o n  on S i m i k i -  
t u d e ,  



T h e  h o u s a  was f i t t e d  u i t h  6 6  p r e s s u r e  t a p s  m o u n t e d  
i n  t h e  walls and r c c f  a s  shovn i n  P i q u r e  5 ,  where e a c h  d o t  
represents a p r e s s c r a  t a p  w i t h  a s s o c i a t e d  s u r f a c e  area. The 
d i m e n s i c n s  c f  t h e  hcusa aodel are a l s o  s h o v n .  Tha a i r  t u b e s  
c o n n e c t e d  t c  t h e  p r e s s u r e  t a p s  ~ a s ~ e d  to t h e  e x t e r i o r  of the 
w i n d  t u r , n e l  v i a  a h c l e  i n  t h e  g r o u n d  p l a n e  a n d  t u n n e l  f l o o r  

- .  
b e n e a t h  t h e  h o u s e  m o u . l t i n q  p 0 s i t i . c n .  The l i n e s  are c o n -  

- - -- -necreo-ro a r a n o m o t ~ r  . - - b o a r d - a a i a c e n t -  t o  t h i - - - u i n d .  tunnel. 
. . 

P i q u r e  5: Plan View o f  H o u s e  S u r f a c e s  S h o v i n g  L o c a t i o n  of 
F r e s s u r e  l a p s  



T u n n e l  d y n a m i c  p r e s s u r e  v a s  m e a s u r e d  by a P i t o t  t u b e  m o u n t e d  
20 m o d e l  f e e t  (7) a k c v e  t h e  q r o u n d  p l a n e ,  280 nf u p s t r e a m  o f  
t h e  h o u s e ,  a n d  70 rf o f f  t u n n e l  c e n t e r ,  A r e f e r e n c e  s t a t i c  
p r e s s u r e  a s  m e a s u r e d  b y  a  t a p  l o c a t e d  i n  t h e  tes t  a r e a  s i d e  
wa l l  40  m f  a b o v e  t h e  q r o u n d  p l a ~ e  a n d  120  mf l a t e r a l l y  d i s -  
p l a c e d  from t h e  h o u s e .  T u n n e l  p r e s s u r e s  were a l s o  r e p r e -  
sented o n  t h e  m a n o n e t e r  b o a r d .  F i g u r e  6 s h o v s  a s a m p l e  
t e s t i n q  setup w i t h  t h a  l o c a t i o ~ s  of t h e  reference t a p  a n d  
P i t o t  t u b e .  

I n  o r d e r  t c  f a c i l i t a t e  r a p i d  c o l l e c t i o n  o f  the many 
m a n o m e t e r  koard r e a d i n q s ,  a g e n e r a l - p u r p o s e  p h o t o g r a p h i c  
c o l l e c t i o n  s y s t e m  uas d e v i s e d .  A high r e s c l u t i o n  G r a f l e x  - 
p o r t r a i t  c a u e r a  was f i t t e d  w i t h  a  E o l a r o i d  f i l m  b a c k .  T h i s  
c a m e r a  was p o s i t i c r e d  s o  t h a t  t h ~  film p l a n e  was  p a r a l l e l  
w i t h  t h e   lane of t b e  m a n o m e t e r  t u t e s ,  a s  shown  i n  F i g u r e  7. 
I n  runninq a  test on  a q i v e n  c o c f i q u r a t i o n ,  when t h e  manoae-  
ter  c o l u m n s  were s t a b i l i z e d  w i t h  t h e  w i n 3 t u n n e l  running a t  

WIND <- 

P i q u r e  6: 2 a r p l e  Test S e t u p  S h o w i n g  L o c a t i o n s  of P i t o t  T u b e  
a n d  R e f e r e n c e  T a p  

7. 1 .ode1 f o o t  r a f  j = 114  i n c h ,  or 1 f o o t  s c a l e d  by 1 / 4 8 t h .  



s i r n u l t a d e o u s l y  o n  P c l a r o i d  t y p s  41 tllm. A s a m p l e  tzsc r o -  
sults p h o t c q r a p h  i s  s h o w n  i n  Fiqure 3 .  

P i q u r e  7: Hancxeter B o a r d  a n d  R e c o r d i n g  S e t u p  

F i q u r e  6: S a m p l e  T e s t  R e s u l t s  P h o t o g r a p h  

- 9 - 



T h e s e  p h o t c c j r a ~ h s  were u s i n g  a ~ e k ' t r o n i x  4 9 5 4  
G r a p h i c s  ? a t l e t  s y s t e m .  U s i n q  a c  o r d i n a r y  h i g h  i n t e n s i t y  
o p a q u e  p r c j ~ c t o r ,  a11 i m a q s  o f  e a c h  t e s t  p h o t c g r a ~ h  was p r o -  
j e c t e d  o n t c  t h e  q x a p h i c s  t a b l e t ,  a  l a r q e  p l a n e  s u r f a c e  
e q u i p p e d  w i t h  a s c r t  o f  r a d a r  s y s t e m  f o r  the f i n d i n g  o f  
p o i u t s  o n  t h e  p l a n e ,  U s i n q  a s ~ e c i a l  c u r s o r  t h a t  i s  i n t e r -  
faces e l c c t r c n i c a l l y  w i t h  t h e  g r a p h i c s  t a n l e t ,  t h e  u s e r  
p o i n t s  o u t  o n  t h e  s ~ r f a c a  of t h e  t a b l e t  a l o c a t i o n  t o  b e  
m a r k e d ,  a n d  presses t h e  f l m a r k u  k u t t o n  o n  t h ~  c u r s o r ,  T h 2  
p 0 i r . t  i s  ncw s a i d  t c  b e  d i g i t i z e d .  T h e  t a b l e t  e l e c t r o n i c s  
d e t e r m i n t  t h e  x ,y  c o o r d i n a t e s  cf t h e  p o i n t ,  a n d  s e n d  t h e m  
t h r o u q h  a t i a e  s h a r i n q  t e r m i n a l  t o  a  c o s p u t e r .  k p i c t u r e  ' o f  
t n ?  q r a p h i c s  t a b l e t  s y s - r r  i.11 u s e ,  h e r e  c o l l e c t i n q  %he l o c s -  
t i g n s  o f  t u z  s t o p s  i n  3 l a r q 2  c i t y ,  i s  s h o w n  i n  F i g u r e  4 .  

By  d i q i t i z i r q  a s e r i e s  o f  reference p c i i ~ t a  t o  a i d  i n  
c a l c u l a t i n q  s c a l e  3 r d  o r i s n t a t i c n ,  a n d  t h e n  t h ?  t o p s  of  t h e  
m a n o m e t e r  a l c o h o l  c c l u m m s ,  i t  is p o s s i b l e  t c  c a l c u l a t e  t h e  
r e l a t i v e  h e i q h t s  c f  t h c l s e  c o l u n r r s  a n d  h e : l c ~  t h e  r e l a t i v e  
p r e s s l i r e s ,  T h s  ~ r c b a ~ l e  e r r o r  ( 8 )  i n t r o d u c e d  d u s  t o  t h e  u s e  
o f  t h i s  d a t a  p s o c e s s i n . q  t ~ c h n i q u e  w a s  f o u n d  t o  be less t h a n  
1 $. 

F i q u r e  9: G r a p h i c s  T a k l ~ t  S y s t e m  i n  Use 

8, t h e  d e l i n ~ d  s t a t i s t i c a l  i n d e x ,  

- 10 - 



Frcr r  t h e s e  d a t a  t h r a e  t y p e s  o f  r e s u l t s  were c a l c u -  
l a t e d  u s i n q  t h e  m e t h c d  o f  M a t t i n g l y  a n d  Peters ( 9 )  . T h e  
p r e s s u r e  o n  t h e  h c u s e  i n t e r i o r ,  p r e s u m e d  t o  b e  u n i f o r m  
t h r o u q h o u t ,  i s  c a l c u l a t e d  a s  a u e i q h t e d  a v e r a q e  o f  tha e x t e -  

- -- 
rior wal l  p r e s s u r e s ,  u s i n q  t h e  external w a l l  a r s a s  a s s o c i -  
a t e d  w i t h  e a c h  t a p  a s  G i q h t i n g - f a c t o r s .  T h a t  is:  

C 
- - k = l  Ak Pk 

'int #taps 

w h e r e  A ( k )  i s  t h e  h o u s e  s u r f a c e  a r e a  a s s o c i a t e d  w i t h  p r e s -  
sure  t a p  k ,  a n d  p ( k )  is  the p r e s s u r e  o f  t h a t  t a p ,  m i n u s  t u n -  
n e l  r e f e r e n c e  s t a t i c  p r e s s u r e .  

T ~ E  p r e s s u r e  c o e f f i c i l n t  with respect t o  t h e  i n t e -  
r i o r  pressure f o r  e a c h  t a p  i s  given by: 

w h e r e  p f d y n )  is the d y n a m i c  p r e s s u r e  a s  d e t e r a i n e d  by t h e  
P i t o t  t u b e .  These Fressure c o e f f i c i e n t s  a r e  p l o t t e d  a  g a i n s t  
their h o u s e  s u r f a c e  l o c a t i o n  f o r  each tes t  i n  an a u x i l i a r y  
r e f e r e n c e  q i r e n  h e l c w  (10 )  . T h i s  d o c u m e n t  rill be r e f e r r e d  
t o  i n  t h i s  r e ~ o r t  a s  the CTFD. T h e  m e t h o d  f c r  i n t e r p r e t i n g  
t h 2  p l o t s  i n  t h s  CTFD and  a  sanple d a t a  p a g e  f o r  t e s t ' l  a r e  
g i v e n  i n  A ~ ~ e n d i x  3 .  

9. H a t t i n q l y  a n d  P e t e r s ,  pp.  24-29. T h e  only s i g n i f i c a n t  
extensicc i s  t h a t  t h e  h o u s e  s u r f a c e  u a s  d i v i d e d  u p  into 
66 s u b s u r f a c e s ,  1 ~ u b s u r f a c o  p e r  p r e s s u r e  t a p ,  i n s t e a d  o f  
c o n s i d e ~ i n q  each u a l l  as one s u r f a c e  a n d  a v e r a g i n g  t a p  
p r e s s u r e s  f o r  t h a t  wall. E a c h  area of s u r f a c e  of t h e  
h o u s e  t h a t  a c t u a l l y  c o n n u n i c a t e d  t h r o u q h  a s i m p l e  uall t o  
the i n t e r i o r  (i. e. e x c l u d i n q  t h e  r o o f  o v e r h a n q s )  u a s  a s -  
s i q n ~ d  t c  t h e  n e a r e s t  p r e s s u r e  t a p  o n  t h e  same s u r f a c e .  

l o .  B u c k l e v ,  C. E. ,  " A  C a t a l o g  o f  T e s t  P r e s s u r e  C o e f f i c i e n t  
D i s t r i b u t i o n s  f o r  Use Uith optimum Use of C o n i f e r o u s  
T r e e s  S t u d y u ,  C e n t e r  f o r  E n v i r o n n e n t a l  S t u d i e s  Draft  Re- 

- - p o r t ,  . -- J a n u a r y  - -- IS78 - . * 



L a s t l y ,  t h e  A 1  p a r a n e t e r  i s  given by: 

M 4- 
z <Cpik> 'k 
k=l A I =  A 

char . . 

T h a t  is, A 1  i s  a v e i g h t e d  s u m a s t i o n  c v e r  a l l  fl t a p s  
w h e r e  II i s  the n u r n b ~ r  o f  t a p s  whose  C p i  i s  p o s i t i v e .  A ( c h a r )  
i s  a c h a r a c t e r i s t i c  area o f  t h l  a o d e l ,  h e r e  c h o s e n  t o  be  t h e  
a r e a  o f  t h e  f r o n t  wall, 

The A 1  parameter i s  a d i n e n s i o n l e s s  i n d e x  o f  t h e  
p r o p e n s i t y  cf  a g i v e n  m o d e l  h o u s e  t o  be s u b j e c t  t o  w i n d - i n -  
d u c e d  a i r  i n f i l t r a t i o n ,  a n d  is  c o n t r o l l e d  b y  t h e  d i s t r i b -  
u t i o n  of t h e  a p p r o a c h i n q  wind .  I f  s i m i l i t u d e  r e q u i r e a e n t s  
are  m e t  ( 1  1) , A 1  s h o u l d  b e  i n d e p e n d e n t  of u i n d s p e e d ,  A 1  
s h o u l d  n o t  b e  c o n f u s e d  w i t h  a c t u a l  a i r  i n f i l t r a t i o n ,  w h i c h  
i s  c a u s e d  b y  wind @ t h e  s t a c k  effect, a n d  is given i n  
u n i t s  o f  v o l u n f  f l c r ,  s u c h  a s  c u b i c  feet per  h o u r .  

A1 ~a ra rne t z r s  f o r  e a c h  t e s t  r u n  a r e  l i s t e d  i n  Appen- 
dix I .  

2 . 3  S I M I Z I T U D E  

The p r i n c i p l e s  o f  m o d e l l i n g  s i m i l i t u d e  were care- 
fully a d h e r e d  t o  i n  p r e p a r i n g  t h e  force t u n n e l  tests. A 1 1  
p r a c t i c a l  s i m i l a r i t y  r e q u i r e m e n t s  a s  o u t l i n e d  by S a d e h  (12) 
Mere met. 

G e c m e t r i c  s i n i l a r i t y  u a s  a t t a i n e d  t h r o u g h  c a r e f u l  
scale  m o d e l l i n q  o f  h o u s e  a n d  t r e e  elements. I n  a c c o r d a n c e  
w i t h  tree s i m i l a r i t y  r e q u i r e m e n t s  as d e s c r i b e d  b y  B. N. We- 
r o n e y  (13) , d r a q  c h a r a c t e r i s t i c s  were also m a t c h e d  b e t w e e n  
m o d e l  a n d  f u l l - s c a l e  by  v a r y i n g  t h e  w r a p p i n g  d e n s i t y  cf t h e  
trees a s  d ~ s c r i b e d  i n  t h e  s e c t i c n - o n  trees, b e l o w .  

- -. -- - -- .- . - . -- 

A I ,  See s e c t i o n  on  ~ i n i l i t u d s ,  t e l c v .  
- -- - . ----- 

12. S a d e h ,  P i l l y  2:. ? l e a t h e r - C l i m a t e  f l o d e l i n q  f o r  -Rea l -T ime  
A p p l i c a t i c n s  In A g r i c u l t u r e  a n d  Forest H e t e o r o l o q y t t ,  
P r e p r i n t s  f r o a  X h i r t e e n t h  Zonf ~ r e n c e  on  A g r i c u l t u r e  a n d  
F o r e s t  B e t e o r o l c q y ,  West L a f a y e t t e ,  I n d i a n a ,  A p r i l  4-6, 
197 7 

- 13. U e r o n e p ,  R e  N.,  characteristics of Wind a n d  T u r b u l e n c e  
i n  a n d  a b o v e  B o d e 1  F o r e s t s H ,  J c u r n a l  of A p p l i e d  n e t e o r l -  
OgY, V *  7 ,  p i  7 8 0  



K i n e m a t i c  s i o i l a r i t y  war a c h i e v e d  t h ~ o u q h  m a t c h i n g  
t h e  s c a l e d  v e l c c i t y  p r o f i l e s  a n d  hence r o u g h n e s s  h e i g h t s  o f  
u p s t r e a m  t e r r a i n  b e t w e e n  F r o t o t y p e  a n d  model. F i q u r e  l O ( 1 4 )  
s h o w s  a ~ l c t  of t h e  t w o  p r o f i l e s  n o n - d i m e n s i o n d i z e d  by 
p r o p e r l y  s c a l e d  r e f e r e n c e  h e i q h t s ( l 5 ) .  

D y c a n i c  s i a i l a r i t y  i s  ast e a s i l y .  fl inimum R o s s b y  
a n d  R e y n o l d s  number r e q u i r e m e n t s  u e r e  met. T h e  B t y n o l d s  
number o f  t h e  f u l l - s c a l e  s i t u a t i o n  i s  2 ,170 .000.  T h e  c o r r e -  
s p o n d i n q  m c d e l i n q  h s y n o l d s  n u n t e r  is 3 0 0 , 0 0 0 .  B o t h  a r e  
g r e a t e r  t h a n  1 0 0 ,  C O O ,  thereby s a t i s f y i n g  t h e  S a d e h  cr i te-  
r i o n .  

POINTS-TUNNEL 
LINE-FUL'L SCALE 

RELRTfVE VELOCITY 

- 

F i q u r c  10: F u l l  S c a l e  a n d  T u n n e l  B o u n d a r y  Layrrs  
-- - .- - 

_----------..-------- 

14, f u l l  s c a l e  d a t a  p r o v i d e d  by .  a n d  used w i t h  p e r m i s s i o n  of 
D r .  6 ,  E, H a t t i n q l y  

15.  i . t h e  m o d e l  r e f e r e n c e  h e i q h t  is  1/48th of the f u l l -  
s c a i i  reference h e i g h t .  

- 13 - 



T h e r r a l  s i n i l a r i t y  is m e t  e a s i l y  o n  t h e  h o u s e  e x t e -  
r i o r  w h e r e ,  d u e  t o  t h e  h i q h  f l o u  r a t e ,  low s t r a t i f i c a t i o n  
n a t u r e  of t h e  wind c o n d i t i o n s ,  t o t h  m o d e l  a n d  f u l l - s c a l e  

-- - -- R i c h a r d s o n  cumbers  are  e s s e n t i a l l y  z e r o ,  -- - . . - 

2e4 T E E S  

T h e  n o d e l l i n q  cf t r e e s  i n  t h i s  s t u d y  t o  c o r r e c t l y  
s i m u l a t e  f u l l - s c a l e  wake and  d r a q  c o e f f i c i e n t s  was b a s e d  o n  - 
t h e  a s s u n ~ t i c n  t h a t  t h e  r r a j o r i t p  of t h e  d r a g  of a t ree  i s  
c a u s e d  b y  i ts  f o l i a q e  a n d  small branchwork ;  v h i c h  is  c o n c e n -  
t r a t e d  a r o u n d  t h e  cuter  art o f  t h e  t r e e  c r c w n .  T h i s  i s  
c o n s i d e r e d  a qood a p p r o x i m a t i o c  s i n c e  a s  i n n e r  f o l i a g e  is 
s h a d o w e d  by  outer f o l i a q e  a s  t h e  tree g r o w s ,  i t  a t r o p h i e s  
t h r o u g h  l a c k  of l i g h t  [ i n t o l e r a n c c f ) .  T h i s  t ree m o d e l l i n g  
a p p r o a c h  was used b y  F r a s e r  ( 1  6) , 

A survey o f  s p r u c e  a n d  c e d a r  trees i n  the P r i n c e t o n  
area w a s  a a d e ,  and t h e  s i l h o u e t t e s  o f  representative m a t u r e ,  
o p e n - q r c v n  trees were r e c c r d e d .  T h e s e  s i l h o u e t t e s  are g i v e n  
i n  A p p e n d i x  2. S p r u c e  a n d  czdar t r ees  were selected o n  t h e  
b a s i s  o f  t h e i r  h i q h  f c l i a q e  d e n s i t y ,  even f o l i a g e  d i s t r i b -  
u t i o n ,  a n d  h i q h  t o l ~ r a n c e .  

T h e  tre2 s h a p s s  were s c a l e d  by 1 / 4 8 t h  a n d  t o  t h e  
mode l  t r e e  h e i q h t  d e s i r e d ,  and t h e s e  shapes uere t h e n  trans- 
ferred o n t c  s t i f f  cards .  Th; t r ee  a r e a s  were c u t  o u t  o f  
these c a r d s .  Uepsndinq on t h e  t r u n k  thickness needed, e i -  
t h e r  s t i f f  s tee l  wire o r  a l u m i n u a  1/4 i n c h  r o u n d  s t o c k  was  
used a s  a  t r ee  trurk, and o n  t h i s  t r u n k  were p l a c e d  u i r e  
aesh p l a t t ~ r s  s p a c e d  one i n c h  apart .  T h e  r a d i i  of t h e s e  
p l a t t e r s  were s u c h  t h a t  when mounted o n  t h e  t r u n k ,  t h e  p l a t -  
t e r s  f i t  t h r o u q h  t h e  s i l h o u e t t e  o f  t h e  tree shaps c a r d  w i t h  
a s i x t e e n t h  inch c l e a r a n c e  on e i t h e r  s i d e ,  A p l a t t e r  s e p a -  
r a t i o n  o f  c n e  inch was c h o s e n  because it yielded a d r a g  
c o e f f i c i e n t  of a p p r c x i m a t e l y  - 1 8 ,  v h i c h  i s  s m a l l  compared  t o  
t o t a l  tree d r a q .  

K n i t t i n q  y a r n  u a s  wrapped v e r t i c a l l y  a r o u n d  t h e  tree 
so that t h e  y a r n  c c v e r a g e  p e r  u n i t  a rea  u a s  c o n s t a n t  o v e r  
t h e  e n t i r e  c r c u n  s u r f a c e ,  V a r i a t i o n  of t h e  y a r n  u r a p p i n q  
d e n s i t y  d e t e r a i n e d  t h e  d r a g  c o e f f i c i e n t  of t h e  t rea .  Tha 
araq c o e f f i c i e n t  of a p a r t i c u l a r  w r a p p i n g  d e n s i t y  was d e t e r -  
m i n e d  e x p e r i m e n t a l l y  usinq a platform b a l a n c e  i n  t h e  u i n d -  
t u n n e l .  A d e t a i l e d  d r a w i n g  of a t r e e  m o u n t e d  on the p l a t -  
form b a l a n c e  is s h o u n  i n  P i q u r e  11, A p h o t o q r a p h  of a tree 
being c h e c k e d  f o r  shape f i d e l i t y  i s  shown i n  F i q u r e  12, 

1 6 ,  P r a s e ~ ,  a. I., and N a l s h e ,  C ,  O . ,  $$Mind T u n n e l  T e s t s  o n  
a B o d e l  P o r e s t " ,  N a t i o n a l  p h y s i c a l  Laboratory (U. R e )  
A e r o  Beport /1a78,  O c t o h e r  1973, p. 3 
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F i q u r e  11:  i I f t a i l e 3  Drawinq of  lree Mour~ted cn Force Tunne l  
F l a t  form Ea lanc2  t o  C e t s r a i n e  Draq C o e f f i c i e n t  

It was d e c i d z d  on t n ~  t a s i s  o f  s h a p e  that the t r e e s  
best s u i t e d  t o  w indbreak  use of t k e  o n e s  s u r v e y e d  uere t h e  
C o l o r a d o  s F r u c e  fPicsa punqens  Efiqelrri.), Nurwsy s p r u c e  (a- 
cea  abies L.) , ard A t l a n t i c  w h i t e  cedar (_Charnkg_cypari~ --- ----- 
t h y o i d e s  L . ) .  T h e ~ €  a l l  h a v e  a p p r o x i m a t e l y  t h e  same s h a p e ,  - ---- 
a n d  were t h u s  r e ~ r e s e n t e d  i r .  t h ~  s t u d y  by the NcrKay spruce 
s h a p e ,  For s t u d i e s  of t h e  e f f z c t s  o f  t r e e  u n d e r p r u n i n g ,  t h 2  
s h a p e  of ao e a s t e r n  r e d  c f d a r  ( J u _ n j ~ r u s  u i r g i l ~ i a n a  L . )  was 
used .  

M a s t  t ~ s t s  vzrz c o n d u c t ~ d  w i t h  trees 25 model f ee t  
t a l l ,  a s  t h i s  u a s  V ~ K Y  near t h ~  h e i g h t  of  t h e  h s u s z .  How- 
ever,  t r e e s  o f  o t h ~ r  h e i q h t s  were c o n s t r u c t e d  a s  a p p r o p r i -  
a .  T h e  r c a i n a l  d r a q  c o f f i c i z r l t  cf t h e  tr2es was c h o s e n  t o  
be  .53 a f t c r  the f u l l - s c a l e  w i r d t u n n e l  s t u d i e s  of s p r u c e  
t r e e s  c o n d u c t e d  b y  Eiaymer (l7), t u t  +rees of  o t h t r  d r a q  c o e f -  
f i c i e 2 t s  were c o n s t r u c t ~ d  a s  needed ,  A p i c t u r e  of  r h e  b a t -  
t e r y  of mcdel t r e s ~  u s e d  i n  t h e  f o r c e  t u n n e l  s t u d i e s  is 
shown i n  F i q u r e  13. 

17. Raymer, W. G., IVWind Resistance of C o n i f € r s U  N a t i o n a l  
P h y s i c a l  L a b o r l t c ~ y  (U. ) h e r o  R e p o r t  / I ~ O Y ,  April 
1962 ,  T a b l e  1. 





I n  v i e w  o f  t h e  l a r q e  nurrber  o f  t r e e  a n d  h o u s e  c o n -  
f i q u r a t i o n s  t h a t  c o u l d  c o n c ~ i v a t l y  b e  t e s t e d  i n  s e a r c h  o f  a n  
o p t i m u m  c c n f i q u r a t i c n  for w i n d  p r o t e c t i o n ,  s e r i e s  o f  tests 
were d e v i s e d  t o  d e t s r m i n e  t h e  e f f e c t s  of v a r i a t i o n  of o n e  
p a r t i c u l a r  p a r a m e t e r  i n  a h o u s e l t r e e  c o n f i g u r a t i o n ,  by v a r y -  
inq t h i s  cne p a r a a e t e r  a n d  h o l d i n g  a l l  o t h e r s  c o n s t a n t ,  
T h o s e  s 2 r i ~ s  o f  t e s t s  w h i c h  w e r e  p e r f o r m e d  a r e  d e s c r i b e d  be- 
l o w ,  along w i t h  t h e  r e s u l t s  o f  t h o s e  t e s t s .  T h e  n u m b e r s  
f o l l o w i n q  the naEc of each ser ies  refer t o  the t e s t  r u n s  
from w h i c h  t h e  resul ts  were d r a u r .  They a r e  i n c l u d e d  a s  a 
c r o s s  r e f e r e n c e  f e a t u r e  i n  case t h e  r e a d e r  d e s i r e s  t o  exam- 
i n e  t h ~  a c t u a l  p r e s s u r e  c o e f f i c i e a t  d i s t r i b u t i o n s  i n  t h e  
CSPD, o r  t h ~  A 1  v a l u a s  l i s t e d  by t e s t  i n  A p p s n d i x  1 .  

- 

3 . 1  BC'JSB A L C N  5kBIES 5 (Jv2,3,4*3,f5) 

The h o u s e  Has t e s t ~ d  b y  i t s e l f  i n  t h e  w i n d t u n n e l  a t  t h r e e  
a n q l e s  tc p r c v i d e  c o n t r o l  r e a d i n q s  f o r  c o m p a r i s o n  w i t h  
t r e e / h o u s s  r e a d i n q s ,  A l s o ,  t h e  i c d e p e n d e n c e  o f  the A 1  pa r -  
a ~ e t e r  o n  t u n n e l  w i n d s p e e d  w a s  t e s t s d ,  
----em---- 

- 

Air s t r i k i n q  a  h o u s e  s t a q n a t e s  o n  i t s  w i n d w a r d  wa l l ,  
a n d  forms a  h i q h  p r e s s u r e  v o r t e x  there a s  s n o u n  by the dense 
c l o u d  o f  smcka i n  P i q u r ~  1 4 ,  Windf low i s  frcm r i g h t  t o  
l e f t ,  The a i r  m u s t  b l e ~ d  away t c  s a t i s f y  c o n t i n u i t y ,  a n d  i t  
d o o s  s o ,  w i t h  a q r f a t z r  ~ r c p e n s i t y  t o  flow a r o u n d  t h e  s i d e  
wa l l s  t h a n  o v e r  t h e  w i n d w a r d  r c o f ,  d u e  t o  t h e  p r e s e n c e  o f  
t h e  e a v e s .  T h i s  is e v i d e n c e 3  k y  F i g u r e  15.  Also, a i r  
pressur2 o n  t h e  wicdward w a l l  i s  h i q h e r  a t  the c e n t e r  t h a n  
a t  t h e  s i d e s  d u e  t o  the E e r n o u l l i  e f fec t  o f  t h e  a i r  r u s h i n g  
a r o u n d  t h ~  ccrners ( 19).  

T h e  b e h a v i o r  c f  a l r  f l o w i n g  a r o u n d  t h ~  s i d e  w a l l s  o f  
the h o u s e  i s  d e m o n s t r a t e d  by t h e  t w c - d i m e n s i c n a l  s n o k e - f l o w  
p 3 t t e r n  shcwn i n  F i g u r e  16,  9he i m p o r t a n t  f a c t o r  here is 
t h a t .  t h e  f l c u  i s  s ~ p , a r a t e d  f r o r r  the  s i d e  walls a t  t h e  u a l l  
c o r n e r s ,  c r e a t i n q  a n  a r e a  o f  l o r  p r e s s u r e  o n  t h e  s i d e  w a l l s .  

-----...-------------- 

18 .  CTPD, t e s t  1 



F i q u r e  1 4 :  S t a q u a t i o n  Zone cr: W i n d v a r l  Hall of House 

Piqure 15: Dispersal of Air fram F ~ Q B ~  Wall 





liqucs 17: Yanifsststion of Slow Pressure Vcrrex on S i d e  
H a l l  of Reuse 



T h e  s t r ea r r l ines  t h a t  s ~ p a r a t e  fro4n r r h ~  s i d e  w a l l s  of  
the h ~ u s z  in F i q u r e  16 c c n t i n u ~  i n  a c o h e s i v e  manner down- 
stream, T h i s  shows t h a r  the air f l o w i n g  a c r o s s  the down- 
stream ( I f ~ ~ a r d )  w a l l  is s u p p l i e d  f rom t h e  l c w  pressure re- 
g i o n s  a d j a c z n t  t o  t h e  s i d e  walls. T h i s  is shown in F i g u c e  
18,  a v i e u  of t h e  d o k n s t r e a m  F a r t  cf t h e  kouse  from above, 
uhsre air cff the side w a l l s  curls i n t o  f low across the 
dounstream ~ 3 1 1 ,  Finally, the air on the donas t ream w a l l  
miqrates u~ over t h ~  downstre6s eaves to the downsream r o o t  
where it is sheared auay  at t h e  roof t ree  b y  a i r f l o w  o v e r  t h e  
t o p  o f  t h e  house ,  a s  shcwn i n  F i q u r e  19, This a i r f l o w  s e p a -  
r a t e d  f r o u  t h e  r o o f  of t h e  house a t  t h e  r o o f t r e e ( 1 9 ) ,  

P i q u r e  19: ~ i q r a t i o n  of Air from Downstream Kall t o  
Cccnstreaffi B o c f  and A w a y  

1% T h e  r o o f t r e e  i s  t h e  u p p e r m o s t  ridge of a pointed roof, 



Whfn  t h e  c a l c u l a t i o n s  a s  d e s c r i b e d  a b c v z  a rs  c a r r i e d  
o u t ,  i t  i n  f o u n d  t h a t  t h e  a r e a s  cf q r e a t e s t  i n t e r i o r - e x t e -  
r i o r  p r e s s u r e  differential a r e  l o c a t e d  i n  t h e  u p s t r e a m  w a l l  
w h e r e  p r e s s u r e  i s  k i q h l y  p o s i t i v e  ( q r e a t e r  on  t h e ' u t s i d e  
t h a n  on t h e  i n s i d e ) ,  3 r d  o n  t b a  u p s t r e a m  r o c f  a n d  u p s t r e a m  
p a r t s  o f  th? s i d e  w a l l s ,  where ~ r e ~ s u r e s  a r a  h i g h l y  negat ive 
( g r e a t e r  i n s i d e  t h a n  o u t ) .  T h e  p r e s s u r e  d i f f e r e n t i a l s  on 
th2 d o w n s t r f a r  wal ls ,  r o o f ,  a n d  d o k n s t r e a m  p a r t s  of the side 
wal l s  a r e  s m a l l  i n  c o r n ~ a r i s o n  t o  t h a  u p s t r e a m  v a l u e s ,  a n d  d o  
n o t  c o n t r i t u t e  q r e a t l y  t o  w i n d - i n d u c e d  a i r  i n f i l t r a t i o n ,  

Hccce i t  i s  c c n c l u d e d  t h a t  a i r  i n -  a n d  e x f i l t r a t i o n  
o c c u r  p r i m a x i f y  t h r o u q h  t h e  w i n d w a r d  s u r f a c ~ s  o f  a h o u s e .  
T h i s  is seer i n  t h ~  p r e s s u r e  c o e f f i c i e n t  p l o t  f o u n d  i n  Ap- 
p e n d i x  3. 

A 1  i s  ioc resse3  s c m e w h a t  when t h e  h o u s e  is a n q l e d  a t  
4 5  d e q r c e s  w i t h  r e s p z c t  t o  t h e  w i n d f l o w ( 2 0 ) ,  since t h e  d o u n -  
stream rocf p a n e l  is subject t c  s o r e  h i g h - s F a e d  f l o u b y  o f  
arr just a s  i s  t h e  u p s t r e a m  r o o f  p a n e l  ( 2  1) . I n  the 0 d e g r e e  
o r  n o r m a l  c a s e ,  t h e  d ~ w n s t r e a x  r o o f  was p r o t e c t n d  t r o m  t h i s  
f l o w ,  which t e r t d s  t c  c a u s e  e x f i l t r a t i c n  t h r o u q h  t h e  s u r f a c e ,  
b y  t h e  upstream p r e s e n c e  cf t h e  r o o f t r e e  d i s c o n t i n u i t y .  T h e  
r o o f t r s e  c a u s e d  t h e  f l o w  t o  s s p a r a t e  i n  t h o  0 degrse  case, 
a s  shown i n  P i q u r e  1 3 ,  b u t  n o t  i n  t h e  45  degree  case. 

U i t h  t h e  h o u s e  a r q l e d  a t  90  d e q r e e s ,  t h e  same a b -  
s e n c e  of r c o f t r e e  p r o t e c t i o n  k r i n q s  h i g h - s p e e d  f l o w  a l o n g  
the r o o f  s u r f a c e  a n d  t h e r e f o r e  q r e a t e r  a i r  e x f i l t r a t i o n  
t h r o u q h  t h c  r c o f .  However, t h ~  r e d u c e i  f r o n t a l  a r ea  o f  the 
h o u s e  p c s i t i o n e d  sc  t h a t  i t s  s n a l l a r  w a l l s  l i e  w i 9 d w a r d  a n d  
l e e w a r d  t ~ n d s  t o  c f f s e t  t h e  i n c r e a s e  i n  A 1  t h r o u g h  t h e  r o o f .  
A l t h o u q h  k h ~ r e  i s  SOIT? f low o f f  t h e  r o o f  o n t o  t h e  l e e w a r d  
w a l l ,  a s  shown i n  Piqur? 20 ,  t h e  l e e w a r d  w a l l  p r e s s u r i  re- 
m a i n s  v e r y  c l c s e  ts h o u s e  i n t e r i c r  p r e s s u r e ,  

- - 
23. A t  0 deqrees, the f r o n t  w a l l  p l a n e ,  r e a r  w a l l  p l a n e ,  a n d  

r o o f t r e s  l i n e  are p e r p s n d i c u l a r  t o  t h ~  d i r e c t i c n  of 
w i n d f l c w .  



F i q u r e  20:  F l o r  c f f  Foof i n t o  I e e ~ a r d  Area v i t h  House a t  90 
~ E ? ~ E € s s  

T h e  lccati.cn of t h e  r o c f  p a n e l s  i n  t h a  t s s t s  p e r -  
taininq t o  t h e  akcve  d i s c u s s i o o  can b e  seeu in t h e  p l a n  
v i e w s  o f  t h e  house  alcne t e s t s  conducted a t  ths three a3gl.s 
a s  shown i n  P i q u r e  2 1 ,  alonq ~ i t h  t h e  A I  v a l u e s  c a l c u l a t e d  
f r o m  each  t e s t .  T h e  house  i s  a t  O d e q r e e s ,  o r  f a c i n g  n o r -  
ma l ly .  i n  t h e  l e f t  h a n d  f r ame .  The l i n t  a c r o s s  t h e  t o p  of 
the h o u s e  i s  t h e  r c c f t r e e .  The angle o f  t h e  h o u s e  w i t h  re- 
s p a c t  t o  t h e  wind h a s  v e r y  l i t t l e  b e a r i n q  on AI: t h e  Algs 
f o r  t h e  t h r e e  a n q l e s  d i d  n o t  v a r y  t y  inore t h a n  15% of t h e  
s m a l l s s t  v a l u e .  

- .. 

P i q u r e  21: Plan Views o f  House Alone T t s t s  a t  0,  4 5 ,  90 
Deqrees Mith R e s u l t i o q  A 1 8 s  



T h e  t h r e e  t l h c u s e  a l o n e t t  t e s t  A x ' s  m e a s u r e d  z t  v a r i -  
o u s  w i n d s p e e d s  s h c v  o r l y  a very s n a l l  i n v e r s e  d e p e ~ d e n c e  i f  
a n y  a t  a l l  cn t h e  t u n n e l  w i c d s ~ i e d .  T h e  s t a n d a r d  d e v i a t i o n  
f r o m  t h e  leean ( a s s u m i n q  r andom d i s t r i b u t i o n )  i s  l e s s  t h a n  
I % ,  and  t h e  A 1  v a l u l s  r a n q e d  o v e r  4 .5% o f  their mean f o r  a  
50 mph u i n d s ~ e e d  v a r i a t i o n .  I h e r e f o r e ,  i t  was c o n c l u d e d  
t h a t  v a r i a t i o n s  i n  t h e  A 1  p a r a m e t e r  a r e  i n d i c a t i v e  of varia- 
t i o n s  i n  w i n d - i n d u c e d  a i r  i n f i l t r a t i o n  r e q a r d l e s s  of t h e  an-  
b i e n t  w i n d s ~ € € d  e c c o u n t e r e d ,  cver t h e  w i n d s p s ~ d  r a n g 2  o n e  
w o u l d  e x p e c t  i n  a  f u l l - s c a l e  s i t u a t i c a ,  

A s i n q l e  t r e e  was  laced d i r e c t l y  u p s t r e a m  o f  t h e  h o u s e  a t  
v a r y i n q  d i s t a n c e s ,  a n d  a t  a c o n s t a c t  d i s t a n c s  u p s t r e a m  w h i l e  
v a r v i n q  l a t e r a l  d i s ~ l a c e m e n t s  f r c m  d i r e c t l y  u p s t r e a u i ,  t o  de-  
termine t h e  s h e l t e r i n q  ~ f f e c t s  c f  a  s i n q l e  t r ee  for u s e  i u  
s p e c i a l  a p ~ l i c a t i o n s .  ---------- 

Thcsa  tests s n o r  q u i t z  w e l l  t h e  m2char; is .n  w h s r o b y  
t rees  p r o v i d e  wind  s h e l t e r .  E i q u r e  22a s h o w s  a  s t r e a m  o f  
s m o k e  r ~ l z a $ 2 d  i n  t k e  srroke t u x r e 1  w i t h  n o t h i n g  in i t s  p a t h .  
F i q u r e  2 2 b  s h o w s  w h a t  h a ~ p e f i s  u h s n ,  w i t h o u t  rncvinq t h s  s m o k e  
rake, a s p r u c e  t r e e  w i t h  a s t a n d a r d  d r a g  c o e f f i c i e n t  of .58  

m i s  p l a c ~ d  i n  i t s  path. ~ h t ?  s n o k s  stream is  n o t  n o t i c e a b l y  
d e f l e c t e d ,  a n d  f l c w  i m m e d i a t e l y  d o w n s t r e a m  cf t h e  tree a p -  
p e a r s  the cane .  Ey  the time t h ~  srnoke i s  a b o u t  4 5  model 
fzet d o w n s t r e a m ( 2 2 ) ,  it i s  r rov inq  v i s i b l y  s l o w s r .  S m a l l  
sca le ,  s i d e - t o - s i d e  t u r b u l e n t  u c ~ i o n  o f  t h a  a i r  i s  q r e a t l y  
i n c r e a s e d .  T h i s  i s  i i u p o r t a n t .  T h e s e  tests i n d i c a t e  t h a t  
trees d o  n c t  a f f o r d  p r o t e c t i o n  so much ~y d ~ f l e c t i r i g  w i n d -  
f l o w ,  b u t  r a t h e r  by a l l o w i n g  f l c w  t o  p a s s  t h r o u g h  t h e  t r e e  
c r o w n .  Ir. t h e  c r o r n  t h e  a i r  flow i s  r a n d o s i z e d  t h r o u g h  f o -  
l i a q e  f r i c t i o n ,  s o  t h a t  a s  f l o u  p a s s e s  f u r t h e r  d o w n s t r e a m ,  
i t s  t u r b u l e n c e  a n d  r a n d c n  v e l o c i t y  increzse ,  w i t h  5 r e s u l t -  
i n q  d a c r s a s f  i n  n e t  f l o w  v e l o c i t y .  I t is r e s u i t s  i n  r e d u c e d  
a i r  p r e s s u r e  when ths f l o u  i s  s t a g n a t e d  o n  d ~ u n s r r e a i n  o b -  
jects s u c h  a s  h o u s e s ,  

2 2 ,  E a c h  rcu cf d o t ~  ropresents  15 m o d e l  f e e t ,  



(a)  - Srnok~stb-earr.  u i t h  s,o T r o t  

( b )  - S@ckesi.nream w i t h  N o r ~ a l  Draq Tree 



(c) - Sffickestream w i t h  H i g h  Draq T r e e  

F i q u r e  22 :  M e c h a n i s n  o f  I r ~ e  Uind S h e l t e r i n g  

A s i n q l e  t r e e  was c o n s t r u c t e d  w i t h  a n  u n r z a s o n a b l y  
h i g h  d r a q  c c e f f i c i e n t  of  .92 3 n d   laced i n  t h e  smokestream 
d s s c r i b ~ d  a k c v s ,  T h e  r e s u l t  i s  s h o v n  i i ~  F i q u s e  2 2 c e  

Here t h e r e  is scrc f l o w  d e f l e c t i c n  s u c h  as would b e  S x p e -  
r i e n c e d  w i t h  a bluff b o d y  o r  a d e n s e  row o f  trees s u c h  a s  
those d ~ s c r i b e d  in the h e d q e r o w  tests below. A s i n g l e  tree 
with s u c h  a d r a q  c c e f f i c i e n r  w i l l  n o t  norrally ke f o u n d  in 
n a t u r e ,  

P i q u r e  2 3  s h o w s  a plot of A I  para;n&ter o v e r  d i s t a n c e  
upstream frcm t h e  w i n d w a r d  house b a l l  f o r  a single t r e e  cf 
n o r m a l  d r a q ,  T h e  r a n q e  of maximum e f f e c t  i s  45-  1 2 0  m f ,  T h e  
r n a ~ i ~ n u m  AI r e d u c t i o r  i s  30% a t  6 3  rrf, k i t h  t h e  t r s e  c l o s a r  
t o  t h e  h o u s e ,  ths ~ r o t e c t i o n  a f f o r d s d  i s  less s i n c e  t h e  t u r -  
b u l e n c e  of t h e  a i r  f l o w i n q  o u t  c f  the t r e ~  h a s  n o t  b e e n  
f u l l y  d ~ v e l c p e d ,  F u r t h e r  a w a y  than 120 mf, t h e  e f f ec t i ve -  
n e s s  of -the t ree i s  r e d u c e d  a s  a i r  f l o w i n q  t h r o u q h  t h e  t r e e  
r e m i x e s  w i t h  a i r  f lowirrq a r o u n d .  t h e  tree B e f o r e  it r e a c h e s  
t h - 7  h o u s e ,  SJ i th  t h 2  w i n d b r e a k  l o c a t e d  f a r  f r o m  tile h o u s e ,  
t h e  shapes of the F r e s s u r e  c o e f f i c i e n t  d i s t r i b u t i o n s  a p p e a r  
v e r y  s i m i l a r  t o  t h c ~ e  o f  t h e  house  alone. A t  distances of 
Pow BI, a i r  infiltration i s  r e d u c e d  primarily d u e  t o  a 
l o c a l i z e d  r c d u c t i . c n  cf p r e s s u r e  cn t h e  w i n d w a r d  wall d i -  
rectly d o w n s t r e a m  cf t h e  tree, w i t h  a c c a r n p a n y i n q  r e d u c t i o n  
o f  t h e  p r e s s u r e  d r a u d o w n  o n  the u p s t r e a m  p o r t i o n s  o f  t h z  
roof  and s i d e  w a l l s  ( 2 3 )  . 

23, CTPD, t e s t s  9-13 



D I S T A N C E  I N  HODEL FEET 

Piqurs 23: F l o t  of S i n g l e  Iree A 1  over D i s t a3ce  



F i g u r e  2 4  p l o t s  A l  parameter  for a single tree a s  i t  
i s  mainta ined a t  a  c o n s t a n t  upstream d i s t a n c e  from t h e  
house, and d i s p l a c e d  l a t e r a l l y  l 2 4 )  The c u r v e  s h o w s  simply 
t h a t  a s i n q l e  t r ee  i n f l u e n c e s  only what i s  d i r e c t l y  down- 
stream of i t .  U b e n  t h e  tree is  l a t e r a l l y  d i s p l a c e d  o n l y  20 
mf from d i r e c t l y  u ~ = t r e a a ,  i t  i s  a s  if no t r e E  were p r o t e c t -  
i n q  the h c u s e  a t  a l l .  T h e  frcnt  w a l l  of t h e  h o u s e  f a c i n q  - - - - - -  - - 
n o r m a l l y  i s  35 m f  r i d e .  Hal f  c f  this i s  17.5 mf. s o  a t  20 
rnf of l a t e r a l  d i s p l a c e m e n t .  t h e  tree i s  j u s t  barely out o f  
t h e  v i n d f l c w  c o r r i d c r  i n  which the h o u s e  l ies.  

P i q u r e  24: P l o t  of Sinqle !Ire@ A 1  over L a t e r a l  Displacement  - -  . . . .- . 

- --. - - . . . --- -- -- - - 
24, CTPD, t e s t s  18 -24  



3 . 3  D I S T A N C E  AEJ R E P E A T P . B I L I T Y  SERIES = (25 G g O U Z H  21) 

N c d e l s  o f  a row o f  o p s n  q r c w n  t r e e s  and a row o f  
trees q rcun  t o q e t h ~ r  i n  a hedqercw were t e s t e d  at v a r i o u s  
d i s t a n c e s  u p s t r e a r r  c f  t . h s  h o u s e  t o  d e t e r m i n e  the c h a n g e  i n  
e f fec t  cf these r o w s  with h o u s e - t r e e  d i s t a n c ~ ,  an3  t o  c o a -  
p a r e  t h e  ef f ~ c t i v e n e s s  - - - - - - - of a t r a d i t i o n a l ,  b l o s e d - s t y l e  wind-  

-- 

b r e a k  w i t h  t h e  m o r e  e c o n c m i c a l  cFen row. A l s o ,  t h e  o p e n  row 
t e s t s  w z r e  r u n  r e ~ ~ a t a d l v  o n  s e p a r a t e  d a y s  w i t h  d i f f e r e n t  
t r e e s  c o n s t r u c t e d  i n  t h e  s a n e  r r anne r  t o  d e t e r m i n e  t h z  r e -  
p e a t a b i l i t y  cf t h e  c x p e r i ~ e n t a l  a e t h o d s  u s e d .  ---------- 

F i q u r e  25: E i c t u r e  cf  Open 3ow C o n f i q u r a t i o n  

I n  t h e  o p e n  rcw tes ts ,  whose c o n f i j u r a t i o n  i s  p i c -  
t u r e d  i n  F i q u r e  25,  t h e  s h a p e s  of  t h e  p x e s s u r e  c o e f f i c i e n t  

q d i s t r i b u t i o c s  r e s ~ n b l e  the s n a ~ e  o f  t h o s e  f o r  t h e  h o u s e  
a l o n e ,  a l t t o u q h  t h ~  p r e s s u r e  d r o p s  a c r o s s  t h e  s u r f a c e s  a re  
not a s  q r ~ a t  ( 2 5 ) .  This i s  r e a s c r l a b l e  when one c o n s i d e r s  
t h a t  i n  t h e  o p e n  rcw tssts t h s r e  i s  a u n i f o r m  b a r r i e r  up -  
stream cf  t h e  h o u s e ,  a s  o p p o s e d  t o  t h e  p o i n t  b a r r i e r  c h a r a c -  
t e r i s t i c  o f  the s i n q l e  tree, 
---------...- I --------  

25. CTPD, tests 25-35 a s  c o m p a r e d  w i t h  t e s t  1 



F i q u r e  2 6  s h o w s  a  p l o t  o f  t h e  A1 o f  tests o f  t h e  
o p o n  r c v  ~ c s i t i o n ~ d  a t  v a r i o u s  d i s t a n c e s  u p s t r e a m  o f  t h e  
h o u s e .  T h e  v e r y  saffie r e d u c e d  e f f e c t i v e n e s s  a t  llear d i s -  
t a n c e s  t h a t  was seen  w i t h  t h e  s i ~ q l e  t r ee  ( F i q u r e  23)  i s  
p r e s e n t  h e r e ,  b u t  t h e  r ~ d u c t i o n  a t  f a r  d i s t a n c e s  t a k e s  e f -  
f ec t  more  slowly a r d  to a l e s s e r  e x t e n t  a s  t h e  trees move 
o u t .  T h i s  is  s i m p l y  d u s  t o  t h e  f a c t  t h a t  [ n o r e  d i r e c t e d  k i -  
netic e n e r s y  i n  t h e  a i r f l o w  h a s  b e e n  c o n v 5 r t e d  t o  r a n d o m  
t u r b u l e n t  e n e r q y .  S i n c e  t h e  quantity o f  u n a f f e c t e d  a i r  
f l o w i n q  a d j a c e n t  t o  t h e  w i n d b r s a k  p a t h  o f  e f f e c t i v e n e s s  i s  
n o t  increased, i t  t a k s s  l o n q e r  f o r  t h i s  f r2e  f l o u i r ~ g  a i r  t o  
r e u i i x  w i t h  a i r  w h i c h  f l o w e d  t h r c u g h  t h e  windbreak, 

- .  

P i q u r e  26: P l o t  o f  C p e n  Fou A 1  o v e r  D i s t a n c e  



T h e  r e d u c t i c n  o f  A 1  d u 3  t o  t h e  o p s n  row a t  t h e  d i s -  
t a n c e  o f  rcaximum i n f l u e n c e  of 75-110 m f  i n  a t t r i b u t a b l e  
m a i n l y  t o  r e d u c t i o n s  i n  p r e s s u r e  d r o p s  a c r o s s  t h ?  v i n d w a r d  
wa l l ,  a n d  w i n d w a r d  e n d s  cf t h e  s i d e  w a l l s  a n d  w i n d w a r d  
r o o f  ( 2 6 ) .  T h e  maximum A1 reduction a c h e i v e d  is 4 0 % ( 2 7 )  a t  
9 3  m f .  This is  orly a smal l  i a p r o v e r n e n t  ove r  t h e  s i n g l e  
t ree ,  b u t  i n a s m u c h  a s  the o p e n  rcw i s  effective on  w i n d s  
a p p r o a c h i c q  frcm a r a n q e  of d i r ~ c t i o n s ,  s u c n  a c o m p a r i s o n  is 
u n f a i r .  T h e  c o m ~ a r i s o n  d o e s  h i q h l i q h t  t h e  fact t h a t  t h e  
a m o u n t  o f  windbreak p r a t e c t i o n  a h c u c e  r e c e i v ~ s  i s  d e p e n d e n t  
o n l y  o n  t h ~  trees d i r e c t l y  u p s t r e a q  of t h e  h o u s e  when t h e  
w i n d  is b l c w i n q .  

2 6 ,  CTPD, t e s t s  2 9 - 3 0  

2 7 ,  P e r c e n t  A 1  r e d u c t i o n  i s  d e f i n e d  t o  be  t h e  p e r c e n t a g e  of 
u n p r o t ~ c t e d  h o u s e  A 1  ( f o r  the h o u s e  o r i e n t e d  a t  a pa r -  
t i c u l a r  anqle) e l i r i n a t e d  t y  the plscement of a q i v e n  
t r e e  c c n f i q u r a t i o n ,  



P i q u r ~  27 shows t h e  h e d q e r o w  c o n f i q u r a t i o n ,  a n d  F i q -  
u r e  28.  p l c t s  t h e  A 1  o f  a hedqcrcw o v e r  h o u s e / t r e e  distant?, 
T h e  s a l i e n t  f e a t u r f  of a h e d g e r o w  ( a s  c o m p a r e d  t o  a n  o p c n  
row, i n  w h i c h  t h s r ?  i s  s p a c e  b e t w e e n  t ress)  is t h a t  t h e  
c r o w n s  cf t t e  trees c c m ? r i s i n q  i t  h a v e  g r o w n  t o q e t h e r .  5 i i t h  
a h e d q ~ r o n ,  cne s e e s  th? s a m e  r e d u c e d  e f f e c t i v e n e s s  w i t h  t h e  
w i n d b r e a k  row c l o s e  t~ t h e  h o u k e ,  b u t  a s  t h e  w i n d b r e a k  is 
p l a n t e d  f a r  f r o m  t h c  hause ( > I 5 0  rcf) , t h e r e  is no a p p a r e n t  
i n c r e a s i n q  A1 t 3 n d e n c y  as d i s t a n c e  increases, T h i s  m e a n s  
s i m p l y  t h a t  a lonqer d i s t a n c e  i r  r e q u i r t d  f o r  t h s  a i r  down- 
s t ream of t h e  w i n d l r e a k  t o  r e a i x  w i t h  w i t h  u n a f f e c t e d  a i r  
f l o w i n q  a d j a c e n t  t o  t h s  w i n d b r s s k  s t r e a m  of i n f l u e n c e ,  s i n c 4  
the h e d q e r o w  q r e a t l y  reduced t h e  d i r e c t e d  k i n e t i c  e n a r g y  o f  

D I S T A N C E  I N  MODEL FEET 

F i q u r e  28: E l o t  o f  H e d q e r o u  A 1  o v e r  D i s t a n c e  

- 32 - 



t h e  w i c 3  s t r i k i n q  t h e  h c u s s .  I n  f a c t ,  t h e i e  was s u c h  a n  
e i i e r q y  r e d u c t i o n  t h a t  t h e  a i r  f l o v i n q  o f f  t h e  w i n d w a r d  w a l l  
was m 3 v i n q  s c  s l o w l y  a s  n o t  t c  c a u s e  s i g n i f i c a n t  p r e s s u r e  
d r a ~ d o u n  a t  t h e  u i r d w a r d  w a l l  e d q e s .  s u c h  a s  w a s  t h e  c a s a  
w i t h  t h e  o F e n  row a n d  s i n q l e  t z ~ f ( 2 8 ) .  Mdxiuiu@ AI r e d u c t i o n  
a c h i e v e d  was 7ul a t  1 2 0  m f ,  A d i r e c t  c o m p a r i s c n  of  f l o w  
c h a r a c r r i s t i c s  b e h i n d  a h e d q e r o w  to  n o - t r e e  f l o w  c h a r a c t s r -  
i s t ics  c a n  k e  s e e n  i r l  F i q u r e  2 5 .  

F i q u r e  2 9 :  C o m p a r i s ~ n  of S h e l t e r e d  Flow w i t h  U n a l t e r e d  F l o w  

~ h o  h e d q e r c b  c c n f i q u r a t i o n  p r o v i d e s  a s m a l l  e x c e p -  
t i o ~  t o  t h e  e a r l i e r  s t a t e m e n t  a c o u t  t h e  n o n - f l o v - d s f l f c t i n q  
c h a r a c t e r  i s t i c s  of n a t u r a l l y  o c c u r i n q  t r e e s .  F i q u r e  3 0 a  
s h o w s  s a c k €  f l c v  t h r o u g h  t h e  t o p s  o f  a n  o p e n  r o w .  w h i l e  F i q -  
u r e  3 0 h  s h o w s  s ~ o k a f l c w  o v e r  t h c  t o p s  of  a h o d g e r o w .  T h i s  
d r f l e c t i c n  o c c u r s d  f o r  all tree r o w s  i n  w h i c h  t h a  t r e e  

- -- - -  -- 
c r o w n s  h a d  q r o w n  t c q o t h e r .  Even w i t h  t h e  extremely d e n s e  
h e d q r r o w  c c c f i q u r a t i o c ,  h o w e v e r ,  d e f l e c t i o n  was f o u n d  t o  b e  
v e r y  s m a l l .  It w a s  c o n c l u d e d  t h a t  f o r  t h e  sccpa  of r ~ s i d e n -  
t i a l  a ~ p l i c a t i o n s  cf w i n d t r e a k s .  trees a f f c r d  p r o t e c t i o n  
m a i r l y  t h r c u q h  t u r b c l e n c e  q e n e r a t i c n .  

28. CTPD. t e s t s  37-41 c o m p a r e d  w i t h  test  1 a n d  t e s t s  25-35 



(9) - K c n - D e f l e c ~ e d  Flow o v e r  the T o p  of an Opea Bow 

- D ~ f P e c t ~ d  Flow oapeb: t h e  Top o f  a Heclgerou 

P i s u r e  3 0 :  Plow D e f l ~ c t i c n  C o w F a r i s o n  over V a r i o u s  T y p e s  o f  
Windbreak Eous 



Thf o p e n  r c u  A 1  versus  distance t e s t s  were c o n d u c t e d  
o n  t w o  s e ~ a r a t e  o c c a s i o n s  w i t h  d i f f e r e n t  tree m o d e l s  
c o n s t r u c t e d  b y  identical a e t h o 3 s .  - -- - 

S u ~ e r i ~ p c s s d  p l o t s  o f  t h e s e  r e s u l t s  a r e  s h o w n  i n  F i g u r e  
31.. Clear ly  t h e  r e s u l t s  are ~ u t s t a n t i a l l y  the same. T h e  

A 1  mean s t a n d a r d  d e v i a t i o c  amonq  a l l  t h ~  d a t a  s h o r n  i s  .09Y, 
y i e l d i n q  a ~ r o b a b l s  e r rc r  of . 3 6 % ,  w h i c h  is v e r y  low. 

DISTQNCE I N  MODEL FEET 

F i q u r e  31: R e p e a t a t l l i t y  Tests - Cpcn i3or A 1  over Distance 

H O U S E  Af iGLED E 3 H I Y D  4 & I N L E F E A &  -Rgi SERJES = 3 . 4  ---- - - - -  ------ 
11,212 ,%,4L ,43,_42 r L 1 , I r l t )  

The h o u s e  u a s  t e s t e d  a t  t h r e e  a n g l e s  b e h i n d  a n  o p e n  g r o w n  
row and h e d q ~ r o w  w i n d b r e a k .  l h e s e  r e s u l t s  were c o m p a r ~ d  
u i t h  t h e  B c u s e  Alcne Ser ies  r e s u l t s  t o  d e t e r m i n e  i f  t h e  
a b i l i t y  o f  a w i n d t r 3 a k  t o  r e d u c e  a i r  i n f i l t r a t i o n  d e p e n d e d  
o n  t h e  a n q l ~  of t h s  h o u s e  b e h i n d  i t .  
r_ - - - - - l l __ . -  



P i q n r e  3 2  ~ h o v s  tes ts  r u n  with t h e  h o u s e  a t  t h r e e  
a n q l e s  b e h i n d  t h r e e  d i f f e r e n t  k i n d s  o f  s h e l t e r i n g  c o n d i -  
t i o n s :  n o  t rees ,  o p e n  r o w ,  and  h e d g e r o w .  T h e  A 1  f i g u r e s  f o r  
e a c h  r u n  w e r e  ~ o r ~ a l i z e d  by t h e  A1 f i g u r e  f o r  t h e  h o u s e  f a c -  
i n q  n o r a a l l y  for each o f  t h e  s h ~ l t e r  c o n d i t i o n s  ( a t  30 m f )  . 
T h e  q r a p h  s h c w s  t h a t  b e t w e e n  t h e  h o u s e  a l o n e  a n d  t h e  o p e n  
row, t h e  e f f e c t  c f  r o t a t i n g  a h o u s e  b e h i n d  a w i n d b r e a k  i s  
j u s t  a l i n e a r  c o r k i n a t i o n  o f  t h e  e f f e c t s  cf p l a c i n g  t h e  
h o u s e  b e h i n d  t h e  w i n d b r e a k  a n d  r o t a t i n g  the bouse, b o t h  a s  
e x p l a i n e d  befcre. For t h e  h e d g e r o w ,  w i n d  v e l o c i t y  down- 
stream o f  t h e  trees h a s  been s o  s l o w e d  t h a t  t h e  c o n t r i b u t i o n  
t o  A1 of a i r  beinq d r a w n  o u t  cf t h e  h o u s e  by a i r  f l o u b y  
across a w a l l  o r  r o c £  s u r f a c e  i s  i r s i g n i f i c a n t .  AX a p p e a r s  
only t o  be a f u n c t i c n  o f  f o r m  d r a q  cf tha h o u s e ,  w h i c h  d e -  
creases as a n q l e  i n c r e a s e s .  F i q u r e  33 is a ~ i c t u r e  o f  t h e  
house a n q l e d  a t  4 5  d e q r e e s  b e h i n d  a h e d q e r o w .  
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F i q u r e  3 3 :  Hcuse a t  4 5  a s q r e e s  B e h i n d  a e d q e r o w  

An o p e n  r o w  a n d  a  hedqerow of t r e s s  were tested a t  a con- 
s t a n t  d i s t a n c e  of 30  m E  u p s t r e a n  o f  t h e  h o u s e  w i t h  i n c r e m e n -  
t a l  numkers o f  t r G E s  cemcved f r o n  t h e  e n d s  of  t h e  h o u s e  t o  
d e t e r m i n e  the p r o t e c t i v e  v a l u e  c f  w i n d b r e a k  trees n o t  d i -  
r e c t l y  u p s t r e a m  o f  t h e  p r o t e c t e d  t u i l d i n q ,  ---------- 

T h i s  s e r i e ~  sinply r e a f f i r ~ s  t h e  s t z t e m e n t  made ea r -  
liar w i t h  reqard t o  t h e  single t ree ,  t h a t  t r e e s  o n l y  s h e l t e r  
wha t  i s  directly d c u n s t r e a m  of then, P l q u r e  3 4  s h o w s  a p l o t  
o f  A 1  o v e r  w i n d b r e a k  r o w  l e r i q t h  f o r  a h e d q e r o u .  The p l o t  
shous t h a t  r e d u c i n q  t h e  l e n q t h  of  t h e  w i n d b r a a k  down t o  
s l i q n t l y  lcnqer t h a n  the f r o n t  w a l l  of t h e  h o u s e ? ,  u h o s s  
l e n q t h  is 35 rrf, has n c  ~ f f e c t ,  A q a i n ,  l o n q e r  windbreaks 
a r e  l l s ~ f u l  i n  t h a t  they provide p r o t e c t i o n  c v G r  a u i d s r  
r a n q e  of w i n d  d p p r c a c h  d i r e c t i o n s .  - 



8 58 68 78 88 98 188 

WINDBREAK TRAN3Vf f l3E  LENGTH I N  nObEL FEET 

F i q u r e  3 4 :  P l o t  d f  Hedqr row A 1  o v ~ r  W i r i i b r s a k  L s n q t n  

3 . 6  _D3AG S E R I E S  = (3_Elr53,51f,55,5) 

A row o f  t r f e s  of v a r y i n g  a r a q  c o e f f i c i e n t s  b u t  w i t h  i d e n t i -  
c a l  s h a p e ,  s p a c i n q ,  a n d  h e i q h t  has tested t o  d e t e r n i n e  mar- 
q i n a l  c h a n q f  c f  wind p r o t e c t i o r  w i t h  t r e e  d r a g ,  a c o n c e p t  
t h a t  i s  of t s r !  d i s c u s s e d  i r ,  t h t .  l i t e r a t u r e ( 2 3 ) .  ---------- 

The s e r i a s  y i e l , i s  a n  i n t u i t i v e l y  p r e d i c t a b l e  r e s u l t ;  
A 1  d e c r e a s e s  as  t h e  d r a g  c o e f f i c i e n t  o f  t h e  t r ees  u s e d  i n  
the w i n d b r e a k  i n c r ~ a s e s .  F i q u ~ e  35 s h o w s  t h i s  qraphically. 
Ths c o n i i q u r a t i o n  used f o r  t s s t i n q  was t h e  o p e n  row. A p i c -  
t u r e  o f  t h e  d r a q  t ~ s t  s e t u p  f o r  . 9 2  d r a q  c o e f f i c i e n t  t r ees  
i s  s h o w n  i n  P i q u r e  36.  W i t h  t rees  o f  v e r y  h i q h  d r a q  c o e f f i -  
c i ec t ,  s m a l l  a i r o u n t s  of f l o w  deflection were c k s € r ~ € ? d .  



DRRG C O E F F I C I E N T  

F i q u r e  35: Flot of Cptn R c u  A 1  over Tree  Drag C o e f f i c i e n t  

F i q u r e  



L A T E E A L  S P A C I K G  ( S E E C I A L )  S E f i I E S  3 * 7  - - - -  - - - -  - - - -  - - - -  
(46,39,;215a ,22 ,.Go ,a) 

A r o w  o f  t r e e s  w a s  t e s t e d  a t  c o n s t a n t  d i s t a n c e  u p s t r e a m  v a r -  
y i n q  t h e  l a t e r a l  p l a n t i n g  d e n s i t i e s  f r o m  a v e r y  d e n s €  h s d -  
g e r o v  t o  a s p a r s e l y  p l a n t e d  o p e n  r o w ,  t o  d e t e r m i n e  t h e  mar -  
g i n a l  q a i n  a t t r i b u t a b l e  t c  p l a n t i n g  d e n s e r  w i n d b r e a k s .  
-me---- --- 

T h i s  s e r i e s  a l s o  c o n f i r u s  a n  i n t u i t i v e l y  r e a s o n a b l e  
c o n c e p t ;  A 1  d e c r e a s e s  a s  w i n d b r e a k  rou p l a n t i n g  d e n s i t y  ( i n  
t rees  p e r  usdel f o c t  c f  r o w  l e n g t h ,  w h e r e  t h e  trees a r e  a l l  
of s t a n d a r d  d r a q  c o e i - f i c i e n t )  i ~ c r e a s e s .  T h i s  i s  g r a p h e d  ir. 
F i q u r e  37. T h e  i n f 1 e c t i . c n  p o i n t  i n  t h e  o t h e r w i s e  l i n e a r  
c u r v e  occurs when a d j a c e n t  t r e e s  a r e  s p a c e d  s o  t h a t  t r e e  
c r o w n  t i p ;  a r e  j u s t  t o u c h i n q .  T h i s  is a l s o  i n t u i t i v e l y  rea-  
s o n a b l e .  E o v i n q  c ~ e n  q r c w n  t rees  c l o s e r  t o g e t h e r  l i n e a r l y  
decreases the t r e e l e s s  crcss s s c t i o n a l  ares b e t w e e a  t h e m  a t  
a c o n s t a n t  r a t e .  Cnce t h e  tree c r o w n s  h a v e  b e g u n  t o  m e r q e ,  
t h i s  r a t e  t e q i n s  t c  s l o w  a s  t h e  c ross  s e c t i o n a l  a rea  of e a c h  
t r e ~  D ~ C C I T E S  e f f ~ c t i v e l y  smal l s r  a s  t h e  trees a r e  m o v e d  

.O!i .07  .09  . 1 L  
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F i q u r e  37: F l c t  o f  A 1  o v e r  W i n d b r e a k  R o w  D e n s i t y  
- -- - -. - 43 - 



c l o s e r  t o q e t h e r .  T h i s  l ~ s t  c r o s s -  
u p  b y  i n c r e a s e d  l o c a l  d r a q  c o e f f i  
t h e  f o l i a q e  t h e r e  u i t h ~ r s  t h r o u q h  
i n q  trees w i t h  m e r q ~ d  c r o u n s  i s  r 
o n e  c o n s i d e r s  t h e  a d d i t i o n a l  r u r  
c o v e r  a q i v ~ n  w i n d b r e a k  rcw l i n e a l  

, s e c t i o n a l  a r e a  i s  n o t  
c i e n t  i n  t h e  m e r g e d  a 
i n t o l e r a n c e .  T h u s ,  ~1 
~ l a t i v e l y  i n e f f i c i e n t  
ker o f  t r e e s  r e q u i r e d  

f o o t a q e .  

3 . 8  ___-- H E I G H T  ---_-- V A R I A I I C N  -__ bNf ___ EOW X & G E E P I ? J G  SERIES = 
(146,Q 'IHaOirGiJ L O )  

made 
rea; 
a n t -  
u h e ~ l  

to 

Trees o f  t 
d e t e r m i n e  
These t es t s  
i n - l i n e  a n d  
f e r e n c e s  i n  
s u c h  d i f f e r  ---------_ 

h e  same t y p e  
t h e  m a r q i n a l  

I w ~ r e  c c r i l u c  
s t a q q e r ~ d  w 

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

and  var 
e f f e c t  

t e d  k i t h  
i r l d b r e a k  

a f f c r d e d  
t h r o u q h  

ying h e i g h t s  were t e s t e d  
o f  i n c r e a s e d  t r e e  h e i g h t  
t h e  trees p l a n t e d  i n  b o t h  
row,  t o  d s t ~ r m i n e  t h e d i  
k y  t h e  t w o  p l a n s ,  a n d  

t h e  q r o w t h  cycle of  a t ree 

The r ~ s u l t s  o f  t h i s  s e r i e s  a r e  a l s o  r c a s o n a b l s .  As 
trees qrow t a l l e r  a n d  t h e r e f o r e  l a r g e r  a l l  a r c u n d ,  t h e  A 1  o f  
s t r u c t u r e s  r r c t e c t e d  b y  them d e c r e a s e s .  T h i s  i s  s h c v n  i n  
Fiqure 38. 

TREE H E I G H T  I N  HODCt FEET 

P i q u r e  3 8 :  P l o t  of A 1  over Open Row Tree   eight 
- -  - - 4 1  - 



As is shown  i n  F i q u r e  35,  when t h e  t r e e s  uere s t a q -  
g e r e d  f o r  t h e  s t a q q e r s d  v e r s u s  n o n - s t a q g e r o d  c o m p a r i s o n ,  
l a t e r a l  row d e n s i t y  was h e l d  c o c s t a n t .  T h a t  is, e v e r y  o t h e r  
t r e e  i n  t h e  r a w  w a s  s i m p l y  u o v s d  15  mf u p s t r e a m ,  I n  k e e p i n q  
w i t h  t h e  i d ~ a  t h a t  tress d o  not d e f l e c t  but r r e r e l y  s l c u  a i r  
p a s s i n q  t h r c u q h  t h e m ,  no a p p r e c i a b l e  d i f f e r a n c e  e x i s t s  b e -  
t w e e n  t h e  s t a q q e r ~ d  and n o n - s t a q q e r s d  casos. This is o f  mo- 
mentous i m ~ o r t  a s  it 3 1 1 0 ~ s  t h ~  u i n d b r s a k  p l a n t e r  t o  s p a c e  
trees in t h e  d i r e c t i o n  o f  t h e  oncoming vind a t  w i l l ,  o r  p e r -  
h a p s  a s  n e ~ d e d  t o  Reet l i q h t - a x d - a i r  o r d i n a n c e s ,  u h i c h  a r e  
now i n  effect i n  m3ny c o m m u n i t i e s  (3 0) . 

P i q u r ~  3 9 :  F i c t u r e  o f  S r a q g e r e d  Row Test S s t u p  

@ 

30. One e x a n p l e  are  t h e  o r d i n a n c e s  of P r i n c e t o n  T o w n s h i p ,  
Mercer C o u n t y ,  6eu Jersey .  



I K Z E E R E R T A L  ECW S E R I E S  - (31,3,72,73,23) 3 . 9  - - - - -  --- --- - 
T h e  e f f e c t  o f  d o u b l e  a n d  t r i p 1 2  row 

w i n d b r e a k 5  w i t h  a n d  u i t h c u t  side s t a g q e r i n q  o f  t h e  s e c o n d  
row w e r e  t e s t e d  f o r  c o m p a r i s o n  of p e r f o r m a n c e  w i t h  s i n g l e  
row u i n d b r e a k s .  ---------- 

T h e s e  tests, ~ h o s e  p l a n  views are  s h o w n  i n  F i q u r e  
4 0 ,  s h o w  t u c  t r e n d s .  F i r s t ,  s t a r t i n g  f r o m  t h e  c e n t e r  p a n e l  
a n d  p r o c e e d i n q  down t h e  l e f t - h a n d  side o f  t h e  f i g u r e ,  i t  i s  
a p p a r e n t  t h a t  e x t r a  rcws o f  t r e e s  do  r e d u c e  AI, P r o c e e d i n q  
f r o m  t h e  c e n t e r  dour ,  th9 r i q h t ,  i t  is s h o w n  t h a t  s t a g g e r i n g  
a l t e r n a t e  rcws i m p r c v e  p r o t e c t i c n  row f o r  row,  T h e s e  re-  
sults a r e  e x c e l l e n t  l c q i c a l  e x t ~ n s i o n s  o f  the i d e a  t h a t  t h e  
p r - o t e c t i c n  t c  a b u i l d i n q  a f f o r d e d  by  t r e e s  i s  r z l a t e d  first 
a n d  f o r m o s t  t o  t h e  a m c u n t  of tree f o l i a g e  between the s h e l -  
t e r e d  b u i l d i n q  a n d  t h e  o n c o m i n q  wind ,  

P i q u r e  40:  I n c r e m e n t a l  Row Tests 



A row of trees w i t h o u t  l o w e r  branches was t e s t e d ,  v a r y i n g  
t r u c k  l e n q t h s  below t h a  crown, These t r u n k  l e n g t h s  v a r i e d  
f r o m  20 f e ~ t  l o n q e r  t h a n  n a t u r a l l y  occuring t o  no  t r u n k  be- 
l o w  t h e  crown a t  a l l .  T h e  p u r p c s e  of this series i s  t o  de- 
t e r m i n e  t h ~  u s e f u l n e s s  of r a i s e d  canopy trees as windbreaks. 
.---------.- - - . -..-.. . - 

P i q u r e  41 s h o w s  hou i t i f i d b r e a k  trees w i t h o u t  l o v e r  
b r a n c h e s  d e c r e a s e  thair p r c t e c t i o n  as the tree c r o w n  s e p a -  

- .  - 
r a t e s  f r o m  t h e  q r o u n d  ( l o n q e r  trunk). I n d e e d ,  f o r  t r e e  
c r o w n s  q r o w n  t o q e t h e r  w h o s e  bot toms a r e  v e r y  n e a r l y  t h e  same 
h e i q h t  a s  t h e  r e o f  cf t h e  h o u s e ,  a d e l e t e r i o u s  effect may be 
seen. 

Z X C ~ S S  TRUNU nclcnr r w  nooet- rtrr 

P i q u r ~  Q1: P l o t  of A 1  o v e r  E x c e s s  Trunk Height 



T h e  r e a s o n  f o r  t h i s  is  d e m c n s t r a t e d  i n  F i g u r e  42 .  
I n  F i q u r e  4 2 a ,  o n e  zaen a s m o k e  t r a c e  of  a i r  f l o v i n q  o v e r  
t h e  f r o n t  rcof p a n s f  o f  a h o u s e  w i t h  n o  trees. F i q u r e  4 2 b  
s h o w s  w h a t  h a p p e n s  when ,  w i t h c u t  m o v i n q  t h e  s m o k e  r a k e ,  
t rees a r e  p u t  i n  p l a c e  w h o s e  ~ 2 r q e d  c r o w n s  s e l e c t i v e l y  a b a t e  
w i n d  s t r i k i n q  t h e  w i n d w a r d  r o o f ,  a n d  d e f l e c t  air s l i g h t l y  
o n t o  t h e  w i n d w a r d  u a l l .  The  ne t  ~ f f e c t  o f  t h i s  is t h a t  t h e  
n s t  v e l o c i t y  cf t h a  a i r  a s  it flows of the v i n d u a r d  w a l l  i s  
more u p w a r d ,  i n c r e a s i n g  separat j . cn  off t h e  windward r o o f ,  
w h i c h  increases t h e  p r e s s u r e  d r o p  a c r o s s  t h a t  s u r f a c e .  T h i s  
p h e n o m e n o n  is v e r i f i e d  b y  t h e  p r e s s u r e  c o e f f i c i e n t  d i s t r i b -  
u t i o n s  i n  the C T F C  ( 3 1 )  . T h i s  condition i s  f u r t n e r  a g g r a -  
v a t e d  hy n o v i n q  tEe crcwrs f i v e  fee t  downward t o  more 
s q u a r e l y  b l c c k  o f f  a i r  t o  the w i c d u a r d  r o o f ,  a s  shown in 
F i g u r e  42c.. 

F i q u r e  4 3 ,  cn t h e  o t h e r  h a c d ,  shows t h e  most f a v o r a -  
b l e  t e s t  cf t h e  U n d ~ r p r u n i n q  Ser ies ,  t h e  t es t  w i t h  t h e  t ree  
c r o w n s  l o c a t e d  a s  c l o s e  t o  t h e  q r o u n d  a s  p o s s i b l e .  I n  t h i s  
c a s e ,  a s t a q n a t i c c  zone  has b u i l t  u p  from t h e  h o u s e  t o  t h o  
trees. T h u s ,  f l o u  t h a t  w o u l d  n o r m a l l y  s t r i k e  t h e  w i n d w a r d  
w a l l  f l o w s  n e a t l y  and  s m o o t h l y  o v e r  the r o o f .  T h i s  t e s t  
shows b y  f a r  t h e  l cwes t  f r c n t  wal l  p r e s s u r e  of a n y  i n  t h e  
series. S u c h  a n  a r r a n q e m e n t ,  ~ h i c h  g i v e s  a r e d u c t i o n  simi- 
l a r  i n  r n a q r i t u d e  t a  t h e  open  row w h i l e  b e i n g  cf l e s s  s t a t u r e  
a n d  closer t c  t h e  Eause ,  i n d i c a t e s  how l o w - p r o f i l e  w i n d -  
b r e a k s  s u c h  a s  h e d q r s  of  b u s h e s  ~ i q h t  h e  u s e d .  

31. CTPG, t e s t s  75-78 



{ a )  - Flow C v e r  K i n d w a r d  Rcof W i t h  No T r a e s  

( b )  - S e p a r a t ~ d  Flas Qvee Mindward Roof with 20 f oo t  E x c e s s  Trunk 



(c) - Pcre S e p a r a t e d  P l o v  u i t h  15 Foot Excess Trunks 

P i q u r e  42: Elcu ~ e ~ a r a t i a n  Uitt Increased .€?are T r u n k  H e i g h t  

- .  

P i q u r e  43: L a u n c h i n q  of Uindfbov over House Using 
Lou-Prcfile, Close P ~ o x i ~ i t y  Trees  



T h e  e f f ec t s  o f  a s ~ c c n d  row o f  o p e n  g r o w n  t r e e s  a t  v a r i o u s  
d i s t a n c e s  d c w n s t r e a n  o f  t h e  h o u s e  i n  c o n j u n c t i o n  w i t h  a row 
of trees l o c a t e d  u p s t r e a m  o f  t h e  h o u s e  were e x a m i n e d  t o  see 
i f  low pressure c o n d i t i o n s  o n  t h ~  l e e w a r d  wal l  o f  the h o u s e  
m i s h t  be  a l l e v i a t e d  b y  p l a c i n g  a second s t a g n a t i o n  b a r r i e r  
t o  trap a i r .  ---------- 

T h e s e  tes ts  ( s h o u n  i n  F i q u r e  4 4 )  s h o w  t h a t  t h e r e  is  
n o  i m p r o v e ~ e n t  t o  b e  q a i n e d  k y  p l a n t i n g  a d d i t i o n a l  rows 
d o w n s t e a m  o f  a n  a l r e a d y  ~ r o t e c t ~ d  h o u s e .  T h e  d i f f e r e n c e s  i n  
A 1  i n  F i q u r e  a r e  v r c b a h l y  d u ~  t o  e x p e r i m e n t a l  v a r i a t i o n .  
This c c n f i r r r s  t h e  p r e v i o u s  d e d u c t i o n  t h a t  a i r  i n f i l t r a t i o n  
i s  a f f e c t e d  p r i m a r i l y  b y  c o n d i t i o n s  u p s t r e a m  of t h e  u i n d v a r d  
s u r f a c e s  o f  a h o u s e ,  t h r c u q h  w h i c h  t h e  m a j o r i t y  of w i n d - i n -  
d u c e d  a i r  i n - a n d  e x f i l t r a t i o n  t a k e s  p l a c e .  

e 
Figure 4 4 :  P l a n  V i e u s  o f  F o r e / A f t  S e s t s  



The e f f e c t s  o f  h a v i n q  wind r u n ~ i n q  F a r a l l e l  t o  a r i n d b r e a k  
row were s t u d i e d .  

The  p l a n  v i e u s  of thess tests are s h o r n  i n  F i g u r e  
45. This s e r i e s  d e m o n s t r a t e s  t h a t  no d e l e t e r i o u s  or b e n e f i -  
c i a l  e f f e c t s  a r e  e n c o u n t e r e d  w h e n  wind i s  channeled b e t w e e n  
a h o u s e  and  a windtreak  row. Again, the s ~ a l l  v a r i a t i o n s  
seen i n  t h e  f i g u r e  are n o t  s i g r i f i c a n t .  

I Test R I -  1.U6S 

Hi I U D  

F i q u r e  45:  Plan Views o f  s ide Row Tests 



C O H ' 3 O U R  BOX SERIES = (88,89,22) 3 * 1 3  , ,  

T h e  e f f e c t s  of s u r r o u n d i n q  t h e  h o u s e  
w i t h  4 r c u s  o f  t rees ,  o n e  p a r a l l e l  t o  e a c h  s i d e  of t h e  
h o u s e ,  w i t h  the h o u s e  s i t u a t e d  a t  t h r e e  a n g l ~ s  w i t h  r e s p e c t  
t o  t h e  a p ~ r c a c h i n g  r i n g  were t e s t e d .  ---------- 

T h e s e  tes ts ,  whose  p l a n  v i e w s  are  s h o w n  i n  F i g u r e  46 
c o m p a r e d  w i t h  t h e i r  u n p r o t a c t e d  c o u n t e r p a r t s ,  were c o n c e i v e d  
t o  see i f  a  w i n d b r e a k  p l a n t i n g  w h i c h  m e r e l y  f o l l o w e d  t h e  
f o r m  o f  t h e  h c u s e  i t  p r o t e c t e d  a r o u n d  t h e  e n t i r e  h o u s e  p e r -  
imeter w o u l d  F r o t e c t  e q u a l l y  well o v e r  a v i d e  r a n g e  of d i -  
r e c t i o n s  o f  w ind  a p p r o a c h ,  

S u c h  i s  t h e  casn, w i t h  r e d u c t i o n s  o f  a p p r o x i m a t e l y  
e q u a l  m a q n i t u d e  a l l  a r o u n d .  T h e  r e d u c t i o n s  a c h i e v e d ,  bow- 
e v e r ,  a re  n o t  q u i t e  a s  h i g h  a s  t h o s e  a c h i e v e d  t b r o u g h  t h e  
p l a n t i n g  cf a w e l l  p l a c e d  open r o u  i n  the windward  direc- 
t i o n ,  S o ,  w h i l e  t h e  C o n t o u r  Box i s  a q o o d ,  g e n e r a l  p u r p o s e ,  
f i r s t - a p p r c x i n a t i o n  s h e l t e r b e l t ,  a c c o r d i n g  t o  t h e  f i n d i n g s  
d i s c u s s e d  ~ r e v i o u s l p ,  i t  c o n t a i n s  e x c e s s  t r e e s  u h i c 4  r e n d e r  
i t  less e f f i c i e n t  i n  s i t u a t i o n s  c h a r a c t e r i z e d  b y  p r e v a i l i n g  
w i n d s .  I ~ E  p i c t u r e  i s  s h c u n  i n  P i q u r e  47, 

T o  b e  more e f f e c t i v e ,  a s h e l t e r b e l t  s h o u l d  be  t a i -  
l o r e d  t o  the s h e l t e r i n q  s i t u a t i o n  f o r  w h i c h  it  is i n t e n d e d .  
How t h i s  is a c c o n p l i s h e d  w i l l  be e x p l a i n e d  m o r e  f u l l y  i n  t h e  
A p p l i c a t i o n  of Results s e c t i o n ,  w h i c h  f o l l o u s .  - -------- 

."I 

Figure  46: Plan V i e u s  o f  C o n t o u r  Box Series T e s t s  as 
Compared T o  U n p r o t e c t e d  Trees a t  Similar A n g l e s  



F i q u r e  4 7 :  P i c t u r e  o f  C o n t o u r  Box l e s t  
.. . 

Z Z A C I N G  WgDGE S E R I E S  = 3 ------ ----- ---- 
r x w z w j > , e 2 , ~  lsw..zl ~ ~ 1 ~ ~ 0 1 4 ~ )  

T h e  e f f e c t s  o f  a  u e d q e  o f  t rees  ( 3  trees) p l a n t e d  u p s t r e a m  
w e r e  tested a n d  c a n p a r e d  t o  the row u i n d b r e a k s  d i s c u s s e d  
p r e v i o u s l y  . 
------...--- 

The l e a d i n g  wedqe t e s t s  s h o w  t h e  s a m e  t y p e  of up-  
stream r a n q e  of  maxinum i n f l u e n c e  ( F i q u r e  48) a s  d i d  t h e  
s i n q l e  t r e e  ( F i q u r e  23), o p e n  rcw ( F i g u r e  2 6 ) ,  a n d  h e d g e r o w  
( F i q u r e  2 8 ) .  M ~ x ~ ~ u R  i n f l u e n c e  e x t e n d s  f r o g  60  t o  120 mf, 
The maximum r e d u c t i c n  a c h i e v e d  b a s  53% a t  Y O  mf. T h i s  is  
s i q n i f i c a n t l y  b e t t t r  t h a n  an  o p e n  row,  w h i c h  i s  r e a s o n a b l e  
s i n c e  t h e  l e a d i n q  wedqe is  c o n p o s e d  o f  t h r e e  t rees w h i c h ,  if 
c o l l a p s e d  i n t c  a n  i n - l i n e  row,  wou ld  f o r m  a row o f  o v e r l a p -  
p i n q  t rees  much l i k e  a h e d q e r o w .  A l e a d i n g  wadge  a r r a n g e -  
men t  is  s h c w n  i n  P i q u r e  49 .  ? h e  l e a d i n g  wedge p e r f o r m e d  
b e t t e r  t h a n  t h e  o F e c  row f o r  t h e  s a n e  r e a s o n s  t h a t  the m u l -  
ti-row o r  h i q h e r  p l a n t i n g  d e n s i t y  tes ts  d i d  i n  t h a t  i t  p u t s  
a d e n s e r  a m o u n t  of t r e e  f o l i a q e  t e t w e e n  the h o u s e  a n d  t h e  
o n c o m i n q  wind ,  T h e  l e a d i n g  wadqe, however, a s  u i t h  t h e  s i n -  

- - - - - - . - - - - - 
g l e  tree, i s  q o o d  f o r  w i n d s  f r o m  one  d i r e c t i o n - o n l y .  1ts 
u s e  i s  t h e r e f o r e  ' l i r r i t e d  t o  s p e c i a l  a p p l i c a t i o n s ,  u s u a l l y  
t h o s e  r e q u i r i n g  l o w - c o s t  ~ r c t e c t i o n  f r o n  a p r e v a i l i n g  u i n d .  



100 150 
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Piqure 48: P l c t  of L e a d i n q  W ~ d g e  A 1  over D i s t a n c e  



Eiqure 49:  L e a d i n q  i i ~ d g ~  C o n f i q u r a t i o n  

The e f f e c t s  of a g a p  i n  a h e d q e r o u  u i n d b r e a k  w h e r e  t h e  g a p  
l i e s  d i r e c t l y  u p s t r ~ a m  of t h e  h o u s e ,  a n d  of various m e t h o d s  
for r e d u c i n q  t h e  problems a s s o c i a t e d  w i t h  t h i s  g a p ,  were 
tested, F l a n  views a r e  shown  i n  Figure 50, 
- e m - - - - - - -  

This series was c c n c e i v ~ d  t o  t r y  t o  f i n d  a s o l u t i o n  
t o  thz protles of  r i n d  pourinq t h r o u q h  a w i n d b r e a k  where a 
d r i v e w a y  c r  s t r z a r n  n u s t  p a s s ,  I n  t h e  t o p ,  l ~ f t - h a n d  p a n e l ,  
a  driveway o p e n i n q  h a s  n e a r l y  doubled t h e  A 1  frorn t h e  no 
o p e n i n q  c a z e  of . 3 7 4  t o  .740 .  

1 n  t h c  r e m a i n i n q  p a n e l s ,  i t  is  seen t h a t  r e s o l u t i o n  
o f  t h e  p r c k l e m  m a y  b e  a c c o b p l i ~ b e d  i n  more ways t h a n  o n e .  
I n  k e e p i n q  w i t h  t h e  p r e v i o u s  c o n c l u s i o n ,  i t  i s  a l s o  seen 
that t h e  deqree t o  u h i c h  A l  i s  r ~ d u c e d  i s  ~ r o p o r t i o n a l  t o  
t h e  number of t r e e s  ~ l a n t e d  i n  t h e  wind c o r r i d c r  i n  w h i c h  
f l o w s  t h s  w i n d  that b l o w s  a g a i n s t  t h e  h o u s e ,  Even t h o u q h ,  
i n  t h e  b o t t o m  r i q h t - h a n d  p a n e l ,  t h e  p a t c h - u p  trees a r e  
planted v e r y  far U F -  a n d  d o w n s t r e a m  of t h e  w i n d b r e a k  g a p ,  
t h i s  test y i e l d e d  t h e  maximum A 1  r e d u c t i o n  of every test run 

- -- ----- 
i n  t h e  entire study, h i t h  a n  A 1  r e d u c t i o n  o f  7 2 5 ,  a n d  t h i s  
was a c h i a v ~ d  even w i t h  the n a i n  h e d g e r o w  n o t  p l a n t e d  i n  the 
o p t i m u m  upstream ~ c s i t i c n  a s  d e t e r m i n e d  i n  t h e  h e d g e r o u  
tests of  thc D i s t a n c e  and  R e p e a t a b i l i t y  S e r i e s .  





4. A P F L I C A T I O N  O E  RESULTS 

T h e  ways i n  w h i c h  v a r i o u s  i n p u t  f a c t o r s  i n f l u e n c e  A 1  
r e d u c t i o n  h a v e  b e e n  d i s c u s s e d .  Xhe q u e s t i o n  now t o  be  a n -  
s w e r e d  is b c u  t o  p u t  t h e  i n f o r n a t i c n  q i v e n  i n t o  p r a c t i c e .  A 
d e s c r i p t i o n  o f  o n e  m e t h o d  f o l l o w s ,  

I n f o r a a t i o n  on a v e r a g e  wind spesd a n d  d i r e c t i o n  d i s -  
t r i b u t i o n s  is a v a i l a b l ~  f o r  mcst l o c a t i o n s  i n  t h e  U n i t e d  
S t a t e s  t h r c u g h  t h e  E a t i o n a l  H e a t h e r  S e r v i c e ( 3 2 ) .  T h e  d a t a  
a re  o f t e n  p r e s e n t e d  i n  the form o f  a " w i n d  rcsettel' s u c h  as  
t h e  o n e  f c r  t h e  w i n t e r  s e a s o n  i n  t h e  T r e n t o n ,  N .  J. area  
s h o w n  i n  F i q u r e  51 133).  T h e  r o s e t t e  d i v i d e s  t h e  w i n d  a p -  
p r o a c h  d i r ~ c t i o n  c c r t i n u u n  i n t o  8 r a n g e s ,  a n d  g i v e s  t h e  p e r -  
c e n t a g e  cf time t h e  w i n d  blew f r c a  each d i r e c t i o n  ( b a r  
l e n q t h s ) ,  a n d  t h e  n e a n  v e l o c i t y  a t  v h i c h  i t  b l e w  ( n u m b e r s ) .  
R e a d i n q  frcm t h e  f i c u r s ,  wind  b l o w s  t h r o u g h  t h e  T r e n t o n  a r e a  
from t h e  ncrth a b o u t  17.58 o f  t h e  w i n t e r  a t  a mean v e l o c i t y  
of 9 - 6  mph. 

T h e  r e s u l t s  d e r i v e d  f r o n  t h i s  study F r e s e n t  81 p a r -  
ameters f o r  w i n d  b l o w i n g  f r o m  p a r t i c u l a r  direct  i o n s  d u e  t o  
trees b e i r q  p l a n t e d  a b o u t  t h e  p r o t e c t e d  h o u s e  a c e r t a i n  c o n -  
f i q u r a t i o n s ,  T o  a c c u r a t e l y  r e l a t e  A 1  p a r a m e t e r s  t o  h e a t i n g  
e n e r q y  s a v i n q s ,  i t  is n e c e s s a r y  t o  take i n t o  a c c o u n t  w i n d  
d i r e c t i c n  a n d  w i n d s ~ e e d .  

WINTER (Dec- Jan-Feb) 

P i q u r e  51: P i n d  Frequency R o s ~ t t e  for t h e  T r e n t o n ,  N .  3 .  
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32 .  N a t i o n a l  C f i r a t i c  Center, A s h e v i l l e ,  N. C. 

33.  C h a n e y ,  T,, G o l d e n ,  F., H a x w e l l ,  L.,  a n d  Rogers, J., @ @ A  
N a t u r a l  R e s o u r c e  I n v e n t o r y  o f  t h e  S t o n e y  Brook Uat-  
ershed, mercer a n d  H u n t e r d o n  C o u n t i e s ,  New J e r s e y 1 ' ,  a 
!laster of  R e q i c n a l  P l a n n i c g  R e p o r t  f o r  t h e  G r a d u a t e  
S c h o o l  o f  P i n e  Arts, University of P e n n s y l v a n i a ,  1 9 7 4  



I n  f u l l  s c a l e  s t u d i e s  u s i n g  t o v n h o u s ~ s  a t  Twin R i v -  
ers, ti, J., i t  h a s  b e e n  o b s e r v e d  t h a t  t h e  a v e r a g e  a i r  i n f i l -  
t r a t i o n  p a r t i c i p a t i c n  i n  h e a t  l o s s e s  i s  a p ~ r o x i m a t e l y  o n e  
t h i r d  a t  a n  a v e r a q e  w i n d s p e e d  o f  1 0  mph, Hind  c a u s e s  a b o u t  
t h r e e  q u a r t e r s  o f  t h i s  i n f i l t r a t i o n  u n d e r  o p e n  s i t e  c o n d i -  
t i o n s .  T h u s  t h e  v i n d  c a u s e s  a b o u t  o n e  q u a r t e r  of t o t a l  h e a t  
losses a t  a v e r a q e  w i n d s p e e d ,  I t  s t a n d s  t o  r e a s o n  t h a t  when 
t h e  w i n d s p e e d  is z e t o ,  t h e n  t h e  wind  c o n t r i b u t e s  n o t h i n g  t o  
h e a t  l o s s ,  It was a l s o  shown t h a t  a t  2 0  mph, air i n f i l t r a -  

.._-_ _ _ _ __  _ _ _ 
t i o n  a c c o u n t e d  f o r  more  t h a n  h a l f  of t h e  h e a t  l o s s  ra te .  
T h e s e  t h r e e  w i n d s p e e d / h e a t  l o s s  r e l a t i o n s  s ~ e c i f y  a power  
l a u  h e a t  l c s s  f u n c t i o n  o v e r  w i n d s p e e d .  T h i s  f u n c t i o n  s o l v e s  
t o  be: 

. . 

w h e r e  HL(0) is t h e  h e a t  l o s s  r a t e  c o e f f i c i e n t  d e t e r m i n e d  
from t h e  home h e a t i n q  b i l l ,  u  i s  t h e  v i n d s p e e d  i n  aph ,  a n d  P 
i s  t h e  h o u s e  p r o t e c t i c n  c o e f f i c i e n t .  When t h e  h o u s e  is t o -  
t a l l y  e x p o s e d  t o  t h e  wind ,  P = l ,  a n d  when t h e  h o u s e  i s  t o -  
tally p r o t f c t e d  f r c m  t h e  wind, E=O. Thus,  i n  t h e  c o n t e x t  o f  
t h i s  s t u d y :  

P = 1 - f r a c t i o n a l  A 1  r e d u c t i o n .  
A p l o t  of B L ( w )  f o r  v a r i o u s  v a l u e s  of P is  g i v e n  i n  F i g u r e  
5 2 ,  

Over  t h e  h e a t i n g  s e a s o n ,  h e a t  energy cost  e q u a l s  
h e a t  e n e r q y  l o s e  i n t e q r a t e d  over t h e  t ime c f  t h e  h e a t i n g  
season. % h i s  i n t e q r a l  n a y  b e  e x p r e s s e d  a s  a s u m m a t i o n  o v e r  
t h e  8 a p p r c a c h  d i r e c t i o n s  i n  t h e  w i n d  r o s e t t e  o f  t h e  h e a t  
l o s s  r a t e  w t i c h  would  o c c u r  were t h e  wind  t o  blow from t h a t  
d i r e c t i o n  a t  t h e  a v e r a q e  - -- uindspead o f - i k a t - d i r e c t i o n ,  m u l t i -  
p l i e d  by  t h e  p e r c e n t a q e  of tire wind  came ' f r o m  t h a t  
d i r e c t i o n ,  I f  o n e  a s s u m e s  a ~ r o ~ o r t i o n a l  r e l a t i o n s h i p  be- 
tween f u e l  c o s t s  a r d  h e a t  e n e r q y  u s e d ,  t h e  e x p r e s s i o n  f o r  
h e a t  c o s t  over a heatinq s e a s o n  is: 

- 

M 
. Heat Cost  = HLO E F(w (d) ,P(d) )  Freqav(d) 

d = l  av  

w h e r e  w ( a v )  ( d )  a n d  F r e q  (av)  ( d )  a r e  t h e  a v e r a g e  v i n d s p e e d  a n d  
p e r c e n t a q e  time v i n d  was  b l o w i r q  f o r  the d i r e c t i o n  d a n d  H 
i s  t h e  t o t a l  number o f  w i n d  a c r r o a c h  d i r e c t i o n s .  A h o n e -  ... - -  . - 
owner nay c a l c u l a t f  t h e  HL (0) f c r  h i s  p a r t i c u l a r  borne b y  
s v a l u a t i a q  t h e  s u m m a t i o n  f o r  his m ~ t e o r o l o g i c a l  a r e a  u s i n g  P 
v a l u e s  t h a t  re f lec t  t h e  l a y o u t  of t r ees  s u r o u n d i n q  h i s  home, 
T h e  s a m m a t i c n  v a l u e  is d i v i d e d  into t h e  h e a t i o q  c o s t  p a i d  
f o r  t h e  p r e v i o u s  h e a t i n q  s e a s o n  t o  y i e l d  HL(0) .  - 

9 
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F i q u r e  5i: Heat L o s s  a s  a F u n c t i o n  of P a n d  Y i n d s p e e d  

T h e  b o m s o u n e r  t h e c  t a k s s  t h s  s u m m a t i o n  and e v a l u a t e s  
i t  u s i n q  t h e  HL(0) c a l c u l a t e d  p r e v i o u s l y  a n d  P v a l u e s  f o r  
e a c h  d i r e c t i o n  t h a t  r e f l e c t  t h e  k i n d  o f  v i n d b r e a k  t h a t  i s  
d e s i r e d  f c r  e a c h  d i r e c t i o n .  This r i l l  p r o d u c e  a p r e d i c t e d  
h e a t i n q  c c e t ,  w h i c h  t h e  u s e r  may s u t t r a c t  f r o m  his p r e v i o u s  
b e a t i n q  c c s t  t o  d e t ~ r n i n e  s a v i n q s .  T h e  p r o c e s s  is r e p e a t e d  
a n u m b e r  cf  y e a r s  i o t o  t h e  f u t u r e  t a k i n g  i n t o  a c c o u n t  t h a t  
h e a t i n q  c c s t s  w i l l  i n f l a t e  and t h a t  the t r e e s  p l a n t e d  r i l l  
grow.  I ~ E  a c c u m u l a t e d  s a v i n g s  a r e  a p p l i e d  t o  t h e  p r i c e  of 
p l a n t i n q  t b e  t rees  i n v a l r s d  t o  d e t e r m i n e  the p a y b a c k  p e r i o d  
f o r  the w i n d b r e a k  a n d  t h e  e v e n t u a l  n e t  B o n e t a r y  s a v i n q s .  



To d e t e r m i n e  t h e  P v a l u e s  f o r  us2 i n  t h e  s u m m a t i o n  
c a l c u l a t i o n ,  o n e  s e l ec t s  t h e  k i n d  of t ree  w i n d b r e a k  d e s i r e d  
t o  p r o t e c t  a g i v e n  h i n d  a p p r o a c h  d i r e c t i o n ,  a n d  o n e  c a l c u -  
l a t e s  the f r a c t i o c a l  A1 r e d u c t i o n  f r o m  t h e  u n p r o t e c t e d  case 
o f f e r e d  b y  t h a t  w i n d b r e a k .  One may t h e n  c a l c u l a t e  t h e  P 
v a l u e  a s  1 a i n u s  t h e  f r a c t i o n a l  r e d u c t i o n .  

I f  t h e  t y p e  'of w i n d t r e a k  d e s i r e d  d o s s  no t  c o r r e s p o n d  
t o  o n e  t e s t e d  i n  t h e  s t u d y ,  i ts A1 p a r a a e t e r  may be es t i -  
mated b y  n u l t i p l y i n q  t h e  A 1  v a l u e  of t h e  most s i m i l a r  wind- 
break t h a t  u a s  t e s t ~ d  b y  a p a r a a e t e r  r a t i o .  A p a r a m e t e r  ra-  
t i o  i s  c a l c u l a t e d  u s i n q  t h e  test s e r i e s  r e s u l t s  i n  t h e  s t u d y  
a s  d e s c r i b ~ d  i n  t h e  pertinent s e c t i o n  of t h e  r e p o r t  (use t h e  
t a b l e  of c o n t ~ n t s  a n d  list of  fiqures) d e a l i n q  w i t h  a param- 
eter which is n o u - s t a n d a r d  i n  t h e  u s e r ' s  w i n d b r e a k .  It i s  
q i v e n  b y :  

A1 (user value  of parameter) PR = 
A1 (parameter value  f o r  s imi la r  windbreak used i n  study) 

T h u s  t o  U E E  a n  o p e n  rcw windbreak l o c a t e d  120 feet u p s t r e a n  
of t h e  h o u s e  i n  which t h e  trees a r e  10 f e e t  t a l l ,  one u s e s  
t h e  A 1  f o r  a n  o p e n  row at. 120  ~f u p s t r e a m  ( see  Eigure 26 i n  
t h e  D i s t a n c e  arid B e r e a t a b i l i t y  Series S e c t i o n ) ,  and m u l t i -  
p l i e s  it k y  t h e  r a t i o  of t h e  AI of the o p e n  row 10 rnf t a l l  
o v e r  t h e  A I  o f  the c p e n  rcu 2 5  sf t a l l ,  t h e  same height as 
t h e  open rcu u s e d  i r  the d i s t a n c e  t e s t s ,  These numbers can 
b e  o b t a i n ~ d  f r o m  F i q u r e  38 i n  t h e  Height V a r i a t i o n  a n d  Row 
S t a q q e r i n q  S e r i e s ,  The p r c b l e m s  o f  n o n - s t a n d a r d  d r a g  coef- 
f i c i e n t ,  tree s p a c i c q ,  h o u s e / t r e e  s e p a r a t i o n ,  etc .  mag all 
ba t a k e n  care of b y  r e f e r r i n q  t o  t h e  a p p r o p r i a t e  r e s u l t s ,  
~ a t c h i n q  t h e  d e s i r e d  w i n d b r e a k  a s  c l o s e l y  a s  possible w i t h  a 
t e s t e d  c o n f i q u r a t i c r ,  a n d  t h e n  s a k i n j  u p  t h e  d i f f e r e n c e s  
w i t h  P a r a m e t e r  R a t i c s ,  

S P Z C I A L  CASES ---- -- 
I n  r e q a r d  t c  t h e  v a r i a t i o n  of A1 w i t h  tree h e i q h t ,  

b o t h  c u r v e s  d e r i v e d  i n  the t r ee  height ssries a re  b a s i c a l l y  
s i m i l a r  a n d  i n  c o n j u n c t i c n   for^ a g o o d  f i r s t  o r d e r  p o l y n o -  
mial f u n c t i c n  of A 1  o n  t ree  h e i q h t .  T h i s  f u n c t i o n  is g i v e n  
b y :  

A I ( h t )  = m i n ( ( 1 , 0 2 ) ,  ( - .015 h t  - 1.115)) 
vhere ht is the treit b e i q h t  i n  [ m o d e l )  f e e t .  



S i n c e  t h e  w i n d b r e a k  p r o t e c t i o n  i s  i n d e ~ e n d e n t  of 
t ree s p a c i n q  a l o n q  t h e  d i r e c t i o n  o f  t h e  w i n d f l o w  o v e r  a  
b r o a d  r a n g e ,  w i n d b r e a k  r e v s  p l a n t e d  a t  a n  a n g l e  with r e s p e c t  
to t h e  w i n d f l o w  d i r e c t i o n  may be t r e a t e d  a s  a  w i n d b r e a k  row 
w h o s e  row density is g i v e n  by:  

- - RDac t u a l  
Sin o 

w h e r e  RL' i s  t h e  e f f e c t i v e  row d e n s i t y  i n  t rees p e r  f o o t ,  
R D  ( a c t u a l )  is t h e  a c t u a l  tree row d e n s i t y ,  a n d  t h e t a  i s  t h e  
a n q l e  the w i n d b r e a k  row makes w i t h  t h e  d i r e c t i o n  o f  w i n d -  
flow. The A 1  of t h e  e f f e c t i v e  v i n d b r e a k  rcw Bay t h e n  be  
c a l c u l a t e d  u s i n q  paraueter  r a t i o s .  

H o u s e s  n e a r  a  f o r e s t  o r  o t h e r  d e n s e  t ree  s t a n d  may 
assume t h e  A 1  r e d u c t i c n  o f  a n y  d i r e c t i o n  i n  w h i c h  t h e  stand 
l i e s  u p s t r e a m  o f  t h e  h o u s e  t o  t e  95% i f  t h e  f o r e s t  i s  f i v e  
o r  more rcws deep.  F o r  s t a n d s  c f  forest (as o p p o s e d  t o  o p e n  
q r o w n )  trees that a r e  n o t  deep, t h e  homeowner  s h o u l d  t a k e  
t h e  r e s u l t =  cf  t h e  u n d e r p r u n i n q  t e s t ,  use a p a r a m e t e r  r a t i o  
t o  p o s i t j . c n  t h e  d c w r s t r e a n  row a t  t h e  correct d i s t a n c e  f r o m  
t h e  h o u s e ,  a n d  a n o t h e r  PE f r o m  t h e  i n c r e m e n t a l  r o u  t e s t s  t o  
c o m p e n s a t e  f o r  t h e  nurber of robs i n  t h e  s t a n d .  P o r  s t a n d s  
o f  q r e a t e r  t h a n  t h r e e  r o w s ,  A 1  r a y  b e  d e c r e a s e d  by t h e  d i f -  
f e r e n c e  o f  t h e  A 1  value fcr t w o  r o u s  a n d  the v a l u e  for t h r e e  
rows as s e e n  i n  t h e  I n c r e a e n t a l  Row Series results. 

C c n s i d e r  an a v e r a q e  r r i d d l e  c lass  home l o c a t e d  i n  a 
r e c e n t l y  d e v e l o p e d  s u b d i v i s i o n  c o n s i s t i n g  of f r o m  200 t o  300 

, 

3 / 4  acre l c t s .  T h e  s u b d i v i s i o n  is located i n  the T r e n t o n  
a r e a .  T h i s  kind of  s u b d i v i s i o r  i s  t y p i c a l l y  a f o r m e r  f a r n  
field, sc t h e  t e r r a i n  i s  f a i r l y  f l a t  w i t h  very few trees. 
Ths horns i s  b a s i c a l l y  a t w o  s t o r y  b o x  s i m i l a r  t o  t h e  one i n  
t h e  study. It i s  s i t u a t e d  i n  t h e  center o f  a l o t  t h a t  i s  
183 ft s q u a r e ,  I t s  front a n d  t a ck  yards are  7 7 , s  ft deep ,  
a n d  i t s  s i d e  y a r d s  a r e  72.5 feet deep. T h e s e  d e p t h s  a r e  im- - - -- --__ - .-- -- - 
p o r t a n t  i n f o r r r a t i c n ,  a s  they place l i m i t a t i o n s  o n  the 
possi3lf b c u s e / v i n d t r e a k  s e p a r a t i o n s .  

Thc  h o u s e  is of m c d e r n  c o n s t r u c t i o n  w i t h  a v e r a q e  
f l o o r  a r e a ,  and  i s  ~ o o r l y  i n s u l a t e d .  T h e  b e a t i n g  b i l l  is 
8600 d o l l a r s  f o r  t h e  h e a t i n q  s z a s o n .  T h s  hornsowner,  d e s i r -  
in? t o  r e d u c e  heatinq c o s t s  t h r o u g h  t h e  u s e  of trees,  c a l l s  
t h e  n e a r b y  l a n d s c a p e  c o n t r a c t o r  t o  f i n d  o u t  t h a t  h e  can  h a v e  
6 f o o t  t a l l  c e d a r  o r  spruce t rees  p l a n t e d  for $60 p e r  tree, 
&is p r o b l e m  i s  t o  d e t e r m i n e  t b e  p l a n t i n q  a r r a n g e m e n t  that 
w i l l  a f f o r d  h im t h e  mcst ~ r c t e c t i o n .  



Zn t h e  T r e n t o n  area, t h e  prevailing w i n t e r  w i n d s  are 
f r o =  t h e  n c r t h w e s t .  One a p p r o a c h  t o  t h e  p r o b l e m  is t o  p l a n t  
a w i n d b r e a k  t h a t  w i l l  p r o t e c t  t h e  h o u s e  o n l y  f r o m  w i n d s  f r o m  
t h i s  d i r e c t i o n ,  A l e a d i n q  wedqe l o c a t e S 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  l o t  a t  a d i s t a n c e  o f  1 0  feet f r o n  t h e  p r o p e r t y  
lines u o u l d  b e  s ~ a c e d  a b c u t  90 feet from t h e  h o u s e  corner ,  
~ e q l e c t i n q  t h e   ino or d e v i a t i o n s  d u e  t o  h o u s e  a n g l e ,  P i g u r e  
48 i n d i c a t e s  t h a t  25  f o o t  t r ee s  i n  t h i s  p o s i t i o n  uould p r o -  
v i d e  an A 1  t h a t  i s  49% o f  t h e  same s i t u a t i o n  w i t h o u t  t r e e s  
when t h e  wind  b l o w s  from t h e  n o r t h w e s t ,  However. s ince t h e  
t r e e s  are i n i t i a l l y  c n l y  s i x  feet  t a l l ,  one c o m p u t e s  t h e  
p a r a m e t e r  r a t i o  frcm t h e  A I ( h t )  f u n c t i o n  i n  t h e  S p e c i a l  
C a s e s  s ~ c t i c n  a b o v e  t o  be 1 ,385 ,  I h e  p e r c e n t  o f  u n p r o t s c t e d  
A 1  is t h e r f o r e  6 8 5 ,  so F=,68' for the n o r t h w e s t  d i r e c t i o n ,  
a n d  r e m a i n s  o n e  f o r  t h e  o t h e r  s e v e n .  U s i n g  t h e  s u m m a t i o n  
f o r m u l a  f c r  beat l o ~ s ,  i t  i s  f o n c d  t h a t  t h e  th ree  trees save 
t h e  homeowner 519.52 t h e  f i r s t  year, A t  this rate i t  u o u l d  
take 9.2 y e a r s  t o  payback t h e  $180 i n i t i a l  i n v e s t m e n t  on t h e  
trees, Hcwever,  s p r u c e  and cedar t r e e s  g r c v  at a b o u t  one 
f o o t  per Y E a r ,  a n d  t h e  homeouner  w i l l  save more a n d  more  
e a c h  y e a r  as h i s  t r e e s  qrow, A t  t h e  e n d  o f  2 0  y e a r s ,  h i s  
s e a s o n a l  s a v i n g s  h a v e  q r o u n  t o  $29.42 due to tree  g r o w t h ,  
T a k i n q  i n t o  a c c o u n t  the g r o w t h  of trees d r o p s  t h e  p a y b a c k  
p e r i o d  t o  8 . 4  y e a r s ,  I f  one t a k e s  i n t o  c o n s i d e r a t i o n  a n  in- 
f l a t i o n  r a t e  of 7% rer y e a r ,  t h ~ n t h e  i n v e s t m e n t  w i l l  b e  re- 
p a i d  i n  7 g e a r s .  

To ~ r c t e c t  the home froa wind b l o w i n g  f r o n  a l l  d i -  
r e c t i o n s ,  t h e  home owner  r i q h t  u s e  a c o n t o u r  box a r r a n g e -  
m e n t ,  possibly rnovinq i t  n e a r  t o  t h e  l o t  p e r i m e t e r  t o  i n -  
crease i t s  e f f e c t  (see C o n t o u r  Ecx Series). T h e  p e r c e n t  o f  
u n p r o t e c t e d  A 1  f o r  a C o n t o u r  Box l o c a t e d  a t  3 C  feet  from t h e  
house p e r i u e t e r  i s  76%. Houever ,  vhen t h e  C o n t o u r  Box i s  
s p r e a d  t o  6 0  feet from t h e  h o u s e  p e r i m e t e r  ( v e r y  near  t o  t h e  
edqe o f  the l o t ) ,  the p a r a n e t e r  r a t i o  r e d u c e s  this t o  68.4%. 
After a p ~ l y i n q  t h e  p a r a r r e t e r  r a t i o  f o r  6 versus 2 5  f o o t  
trees,  t h e  f e r c e n t  BI rises back t c  94,7%. U s i n q  P=.947 f o r  
a l l  8 d i r e c t i c n s  i n  t h e  Beat Lcss Summation e q u a t i o n ,  the 
t o t a l  h e a t  s a v i n q s  for t b e  f i r s t  y e a r  a re  910.06,  To pay  
b a c k  t h e  $2100 i n v e s t m e n t  f o r  35 trees ( t h ~  p e r i m e t e r  a n d  
t h e r e f o r e  t h e  nuslber of trees i n  t h s  c o n t o u r  box i n c r e a s e s  
with h o n s ~ / t r e e  s e ~ a r a t i o n  if t h e  tree row d e n s i t y  i s  a a i n -  
t a i n e d  co~stant) r c u l d  t a k e  just o v e r  38 y e a r s  c ~ n s i d e r i n g  
tree q r o w t h ,  o r  2 5  y e a r s  i n c l u d i n q  t h e  effects of 7% i n f l a -  - - -- 
t i o n .  The  c o n t o u r  - ~ O X ,  h o u e v e r ,  d o e s  s a v e  more  money i n  t h e  
l o n q  s u n ,  A t  t h e  end of 5 0  T s a r s ,  i f  t h e  homeowner p l a n t e d  
t h e  l e a d i n q  wedqe a r r a n q e a e n t ,  h e  h a s  n e t t e d  $15,374 f o r  h i s  
e f f o r t s ,  CP about $307 a y e a r .  T h e  c o n t o u r  box i n  50 y e a r s  
w i l l  h a v e  y i e l d e d  a net  $38.775, o r  $775 a y e a r .  T h e  p l a n t -  
f n q  o f  t r ees  t o  savE e n e r q y  i s  s i r i l a r  t o  a a k i n g  an i n v e s t -  
m e n t .  ODE c a n  e i thes  o p t  f o r  a s h o r t  term o a t u r i t y  w i t h  a 
l o w e r  i n t ~ r e s t  rate, o r  a l o n g  term i n v e s t m e n t  which y i e l d s  
B i q h e r  q a i n s .  



The T r e n t c c  a rea  i s  c h a r a c t e r i z e d  b y  v a r i a b l e  
winds, a l t h o n q h  t h e r e  i s  a d e f i n i t e  p r e v a i l i n g  wind .  I n  
a r e a s  w h e r e  t b e r e  i s  a more  o r  l e s s  c o n s t a n t  ~ r e v a i l i n q  w i n d  
o f  h i q h  s p e ~ d ,  a selective w i n d b r e a k  p l a n t i n g  m e t h o d  s u c h  a s  
t h e  l e a d i n q  v e d q a  v c u l d  b e  a o r a  e f f e c t i v e .  The wind c h a r a c -  
t e r i s t ics  cf t h e  q e c g r a p h i c  a r e a ,  the level of i n i t i a l  i n -  
vestment, a n d  t h e  ~ a y b a c k  p e r i o d  d e s i r e d  a r e  of k e y  i m p o r -  
tance i n  d ~ t e r m i n i n q  t h e  op t imum p l a n t i n q  c o n f i q u r a t i o n .  

T h e  t e c h n i q u e  d e s c r i b e d  a b o v e  c a n  b e  u s e d  t o  p r e d i c t  
t h e  e f f e c t i v e n e s s  cf a g i v e n  windbreak r e q u i r i n g  only t h e  
r e s u l t s  o f  t h i s  s t u d y ,  s i m p l e  t a t h e m a t i c s ,  a n d  e a s i l y  ob-  
t a i n a b l e  i n f o r m a t i o n  a b o u t  t h e  l o c a l  a r e a .  I t  is now possi- 
b l e  f o r  a n y c n e  t o  ~ r e d i c t  the ~ c c e t a r y  s a v i n g s  t o  b e  d e r i v e d  
f r o m  t h e  p l a n t i n q  cf  trees w i t h c u t  c o s t l y  e q u i p m e n t .  It  is 
h o p e d  t h a t  t h e  a v a i l a b i l i t y  of this i n f o r m a t i o n  w i l l  e n c o u r -  
a q e  the ~ l a n t i n t l  cf w i n d b r e a k s ,  w h i c h  h a v e  b e e n  shown  by 
t h i s  s t u d y  t o  be ~ c c n c a i c a l l y  s o u n d  a s  enerqy c o n s e r v e r s ,  a s  
wel l  as b a i r q  a ~ s t b e t i c a l l y  p l e a s i r q .  

5. C O N C L U E I O N S  

It has been  s h o w n  t h a t  t r e e s  r e d u c e  a i r  i n f i l t r a t i o n  
i n  t o u s i n q  Icy c o n v e r t i n q  d i r e c t c d  k i n e t i c  energy i n  t h e  a p -  
p r o a c h i n q  w i n d  i n t o  random- t u r t u l e n t  energy by  passing a i r  
t h r o u q h  t o r t u o u s  p a t h s  i n  t h e i r  c r c w n s .  The f u n c t i o n i n g  of 
trees a s  b l u f f  b o d i e s  h a s  been s h o u n  t o  b a  m i n i m a l  f o r  n a t u -  
r a l l y  o c c u r r i o q  treEs. F r o t e c t i o n  from w i n d  is i m p r o v e d  b y  
a n y  a c t i o n  t h a t  i n c r e a s e s  t h e  a m o u n t  of t r e e  c r o w n  matter 
upstream cf t h e  p r c t e c t e d  s t r u c t u r e .  T h i s  i s  a l s o  d u e  t o  
the fact t h a t  a i r  i n f i l t r a t i o n  i n t o  a b u i l d i n g  seems t o  b e  
c a u s e d  by F r e s s u r e  g r a d i e n t s  o n  a i n d w a r d  u a l l s ,  w i t h  l e e w a r d  
walls r e m a i n i n q  v e r y  c lose  t o  i c t e r i o r  p r e s s u r e .  

T e c h n i q u e s  f o r  enerqy  c o n s e r v a t i o n  t h r o u g h  the u s e  
o f  t r ees  t h a t  c a l l  f o r  t r e e s  b e i n q  p l a n t e d  s c  a s  t o  c h a n n e l  
t h e  flow cf air away frofi  a h c u s e ,  o r  t o  b l o c k  a i r  from 
strikinq a h o u s e ,  o r  p l a n t i n q  trees d o v n s t r e a m  o f  a l e e w a r d  
w a l l  o f  a b u i l d i n q  t o  b a l a n c e  e x t e r i o r  p r e s s u r e s  on t h a t  
b u i l d i n q  h a v e  been s n c u n  t o  b e  i n e f f e c t i v e .  

T c  ~ r 0 v i d e  aaximum s h e l t e r i n g  e f fec t ,  a n y  tree v i n d -  
b reak  s h o u l d  be ~ l a n t e d  a t  least 4 5  feet u p s t r e a m  of t h e  
buildinq i t  p r o t e c t s  t o  q i v e  t h e  t u r ' k u i ~ r l c e  q e n e r a t e d  b y  the 
tree c r o w n s  a c h a n c e  to d e v e l o ~ ,  B y  c o n t r a s t ,  b u s h e s  a n d  

' o t h e r  l c w  ~ r o f i l e  w i n d b r e a k s  a r e  Zest used i n  c l o s e  p rox im-  
i t y  u p s t r e a v  cf t h e  b u i l d i n q  t h e y  p r o t e c t ,  s c  t h a t  they e x -  
t e n d  t h e  s t a q r a t i c n  zcne on th.2 u ~ s t r e a m  wall a n d  causs t h e  
a p p r o a c h i n q  wind t o  flow c v e r  t h e  b u i l d i n q  i n  a s m o o t h  man- 
n 2 r .  

On a s h o r t  term b a s i s ,  i t  i s  more  c o s t  e f f e c t i v e  t o  
p l a n t  windbreaks that selectively p r o t e c t  a q a i n s t  the w o r s t  
w i n d s  of a r e q i o n ,  T h e s e  w i n d t r e a k s  s h o u l d  c o n s i s t  of a s  
f e u  trees a s  ~ o s s i b l e ,  



I f  o n e  i s  t h i n k i n q  o f  a  l o n q  term i n v e s t m e n t ,  i t  i s  
m o r e  d e s i r a b l e  t o  h e a v i l y  p r o t e c t  t h e  s t r u c t u r e ,  s i n c e  t h e  
trees p l a n t e d  e v e n t u a l l y  qrow l a r q e  and become q u i t e  e f f i -  
c i e n t  i n  ~ r c v i d i n q  k i n d  p r o t e c t i o n .  

In the T r e n t o n  a r e a ,  f u e l  s a v i n q s  a v e r a g i n g  3.1% 
o v e r  t w e n t y  y e a r s  were e s t i m a t e d  u s i n g  t h r e e  trees tc p r o -  
tect a q a i n s t  p r e v a i l i n g  winds .  U s i n g  a more e x t e n s i v e  
p l a n t i n q  p a t t e r n  a f f o r d i n q  g e n e r a l  p r o t e c t i o n ,  a v e r a g e  f u e l  
s a v i n g s  of 14.6% over  50 y e a r s  h a v e  b e e n  shown. A t ree  pay- 
b a c k  p e r i o d  of as s h o r t  a s  7 y e a r s  u s i n q  t h r e e  trees t o  p r o -  
t ec t  . a q a i n s t  p r e v a i l i n g  w i n d s  h a s  been shown.  The economy 
of tree p l a n t i n q  t c  s a v e  e n e r g y  h a s  b e e n  d e c i d e d l y  demon- 
s t r a t s d .  

T h e  d e a r t h  o f  a c c u r a t e  i n f o r m a t i o n  on t h e  a e r o d y -  
n a m i c  b e h a v i o r  of t r e e s  i s  n o t e d ,  a n d  i t  i s  c o n c l u d e d  t h a t  
f u r t h e r  s t u d y  of t h e  wind b e h a v i o r  o f  f u l l  s i z e  trees is 
n e e d e d .  The  b e h a v i c r  of c o m p l e x  w i n d b r e a k  p l a n t i n g  c o n f i g u -  
r a t i o n s  may b e  d e d u c e d  f r o a  k n o w l e d q e  o f  wind b e h a v i o r  o f  
i n d i v i d u a l  t r e e s  i n  t ha w i n d b r e a k .  

It is f u r t h e r  c o n c l u d e d  t h a t  w i n d t u n n e l  m o d e l l i n g  i s  
a n  ef f i c a c i c u s  way o f  s t u d y i n q  t h e  b e h a v i o r  o f  w i n d b r e a k s ,  
and t h a t  f u r t h e r  w i n d t u n n e l  s t u d y  c f  s h e l t e r b e l t  b e h a v i o r  i s  
d e s i r a b l e .  
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APPENDIX 1: &I PCSRCSMETEHS FOR ECSCH TEST RUN 

NO, NAME 

1 HSO 
2 H545 
3 Hs9O 
4 Hson1 
5 HSOCtZ 
6 HsOn3 
7 STHTlS 
8 STHT30 
9 STHT45 
10 sTHT6O 
11 STHT75 
12 STHT9O 
13 STHT120 
14 STHT150 
15 STHT180 
16 5THT210 
17 STHT240 
18 srsr~o 
19 STSrt4 
70 5Tcjr112 
21 STEDZO 
22 STSrn2-j 
23 5~5r136 
24 STSr144 
25 ORHT15 
26 ORHT30 
27 ORHT45 
28 ORHT60 
29 OQHT75 
30 ORHT9O 
31 0RHT120 
32 ORHT15O 
33 ORHT18O 
34 ORHT210 
35 ORHT24O 
36 HRHT15 
37 HRHT60 
38 HRHT90 
39 HRHT120 
40 HRHT180 
41 HRHT228 
42 ORHa45 
43 ORHA90 
44  HRHfi45 
45 HRHa9O 
46 OR 
47 OHM2 
48 OHM4 
49 HR 
50 HRM2 

I 51 HRM4 
52 HRM6 
53 ORSD1 
54 OR5D3 

DESCRIPTION 
HOUSE aLONE 
HOUSE aLONE,HA=45 
HOUSE ALONE,HA=90 
HOUSE fiLONE,Q=$ 
HOUSE aLONEIQ=2 
HOUSE aLONE,Q=3 
SINGLE TREE,HT=15 
SINGLE TREEpHT=30 
SINGLE TREE,HT=45 
SINGLE TREE,HT=60 
SINGLE TREEyHT=75 
SINGLE TREEFHT=90 
SINGLE TREETHT=120 
SINGLE TREEFHT=150 
SINGLE TREEIHT=180 
SINGLE TREEIHT=210 
SINGLE TREEIHT=240 

S It4GLE TREE p SSI=O 
SINGLE TREE 9 SSt=--4 
SINGLE TREE, SKt=-12 
SINGLE TREE9SB=-20 
SINGLE TREEpSn=-z8 
SINGLE TREEpSK@=-36 
SIIICLE TREE 9 5B=-44 
OPEN ROWpHT=15 
OPEN ROWIHT=30 
OPEN ROWFHT=45 
OPEN ROWIHT=60 
OPEN ROWIHT=75 
OPEN ROWyHT=90 
OPEN AOWIHT=120 
OPEN ROWIHT=150 
OPEN ROWIHT=180 
OPEN ROWyHT=210 
OPEN ROWIHT=240 
HEDGEROWtHT=15 
HEDGEROW9HT=60 
HEDGEROW9HT=90 
HEDGEROWIHT=120 
HEDGEROWrHT=180 
HEDGEROWIHT=228 
OPEN ROW,HA=45 
OPEN ROWFHCS=90 
HEDGEROWvHA=45 
HEDGEROW1HA=90 
OPEN ROW 
OPEN ROW,NT=4 
OPEN ROW,NT=2 
HEDGEROW 
HEDGEROWyHTrfO 
HEDGEROWpNT=8 
HEDGEROWPNT=6 
OPEN ~ o w , c D = , ~ ~  
OPEN ROW, CD=, 66 



NO, NAME 

55 ORSD4 
56 OF:SD12 

57 S P L L 1  

58 S F L L 2  
59 S P L L S  

60 S F L L 7  

61 SPLL-8 
62 S P T H 1 5  

63 S P T H Z O  

64 S F T H 3 0  
65 S P T H 4 0  

66 S G T H 1 5  
67 S G T H 2 0  

68 S G T H 2 5  

69 S G T H 3 0  

70 S G T H 4 0  
71 I h t C R i  

72 I B I C R ~  

73 1 l . t c ~ 3  

74 I M C R 4  

75 UPRt - I20  

76 U P R ) . f l 5  

77 U P R t 4 1 0  

78 UPRPt5 

79 UPRNO 

80 U P R N M 3  

81 Fa3015 
82 F A 3 0 3 0  

83 F A 3 0 4 5  

84 S R 3 0 3 0  

85 s R l S l 5  

86 S R 4 5 4 5  

87 s R 3 0  

88 CPO 
89 C B 4 5  

90 C B 9 0  

91 L W 3 0  
92 L W 4 5  
93 LW60 
94 LW75 
95 L w 9 O  
96 LW120 
97 LW150 
98 L W 1 8 0  
99 '-'"210 

100 LW240 
101 s p r t w l  
102 SPDW2 

103 SFDW3 

104 SFDW4 

105 spr~wg 
106 sP)3W6 
107 SPDW7 

108 SPDW8 

D E S C R I P T I O N  OX 
OPE14 ROW CD=, 72 t593 
0 ~ ~ t . t  ROW, CSI= + 92 t337 
S P E C I A L  T F M F =  ,.0722 +671 
S F E C I A L ~ T P M F = + 0 9 1 3  + 628 
S P E C 1 6 i L r T P M F = , 0 6 5 0  + 700 
S P E C I A L , T P M F = + ~ ~ ~ ~  

l 795 
S P E C I 6 i L I T P M F = + O 3 8 9  + 875 
OPEM ROW? T H = 1 5  ,924 , 
O P E N  ROWr T H = 2 0  + 792 
0PEl.t ROW, T H = 3 0  + 578 
O P E N  ROW? T H = 4 0  t 5 4 1  
STQGGERED O P E N  ROW,TH= iS  + 926 
STAGGEREICI 0PEl.I ROW I TH=2O 1750 
STOGGERED O P E N  R O W F T H = 2 5  t800 
S T A G G E R E r l  O P E N  ROW, T H = 3 0  4 606 
STAGGEREra O P E N  fiOW T H = 4 0  + 543 
M U L T I - R O W  t 580 
M U L T I - R O W  t439  
MULTI -ROW + 535 
M U L T I - R O W  + 370 
O P E N  ROW,TS=20,TT=RC 1,091 
O P E N  R O W t T S = 1 5 r T T = F : C  1 to33 
O P E N  R O W , T S = l O r T T = R C  1,087 
O F E N  ROW, TS=S,  T T = F C  + 990 
O P E N  ROWITS=O,TT=RC + 698 
O P E N  ROW,TS=-3,TT=F:C + 602 
O P E N  R O W y H T = 3 O y - 1 5  t710 
O P E N  ROWIHT=30,-30 + 728 
0F'Et.I ROW H T = 3 0 ,  -45 691 
O P E N  ROW,HA=90~TA=90,HT=30,-30 1,127 
O P E M  ROWrHA=90,TA=90,HT=i5r-15 975 
0PEf.t ROW ,,HA=90 I T R = 9 0 t  H T = 4 5  , -45 I.+ 131 
O P E N  ROWpHA=90,TA=90 ,HT=-30  1,075 
CONTOUR BOX, H T = 3 0  A L L  hROUPlI3 HA=O + 762 
COt.tTOUF: PO:.: I H T = 3 O  A L L  AF:OU~.ITI 9 HC1=455 + 778 
CONTOUR F O X I H T = 3 0  A L L  AROUNLIIHA=90 +793 
LEAl3Xl.tG WEDGE H T = 1 5  + 655 
L E a r f X N G  WEDGE, H T = 3 0  + 550 
LECSDIt4G WETIGE I H T = 4 5  t512 
L E A r l  I N G  WEDGE y H T = 6 0  + 5 0 i  
LEA33 I N G  WEDGE H T = 7 5  + 477 
L E a r l I N G  WEDGE, H T = 1 0 5  

t 482 
L E a D I N G  WEl3GEr H T = 1 3 5  + 5 4 i  
L E A D I N G  WEICIGE, H T = 1 6 5  t 542  
L E a D I N G  W E D G E r H T = 1 9 s  

t 629 
L E O b l B t G  WEIIGE I H T = 2 2 9  t659 
DRIVEWf iY ,  M A I N  ROW H T = 6 0  + 740 
D R I V E W A P r  M f i I C I  ROW H T = 6 0  *381 
D R I V E W A V ,  H a I C f  ROW H T = 6 0  4 483 
IDRXVEWFSY, HA1I.I ROW H T = 6 0  + 463 
D R I V E W A Y ,  M a I N  ROW H T = 6 0  t 3 4 9  
DRIVEWC1Yp M A I N  ROW H T s 6 0  +571 
D R I V E W A Y ,  M A I N  ROW H T = 6 0  + 356 
b R X V E W A Y 1  M a I N  ROW HTI~O e 287 
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APPENDIX 3: IHSTRUCPIOUS FCR U S E  OF CATALOG OF TEST PRESSURE 
COEFFICIENT D I S ! i B I E U T I O B S  A N D  SAf lPLE DATA PAGE 

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

the C a t a l o q  of  Test P r e s s u r e  C o e f f i c i e n t  D i s t r i b u t i o n s  

(CTPD) were used i n  d e t e r ~ i n i n q  the results r e p o r t e d  i n  nThe 

Optimurn Use of C o n i f e r o u s  Irees i n  Reduc ing  Home Energy Con- 

s u m p t i o n t t .  These p l o t s ,  w h i l e  not b e i n g  n e c e s s a r y  t o  t h e  

understanding or use of "'Ibe Optimum Us2 .. . . are a v a i l a -  

ble i n  t h e  CTPD s o  t h a t  t h e y  m i q h t  be u s e d  t o  u n d e r s t a n d  t h e  

a c t u ~ l  wind p r e s s u r e s  o n  a d u e l l i n g  under the many c o n f i g u -  

r a t i o n s  t e s t e d ,  

1 d a t a  f o r  each test is p l o t t e d  o n  a s e p a r a t e  

p a w .  Zhere are five s e c t i o n s  t o  each page, numbered 

( 1 ) - ( 5 )  on the sample t e x t  page s h o v i n g  t h e  data f o r  t e s t  I .  

S e c t i o n  I ,  the t o p  diaqran, i s  a p l a n  v i ew  o f  the m d e l  con- 

f i q u r a t i c n  in the wind tunnel, The vind f l o w s  i n  the direc- 

t l o n  of the arrow i n d i c a t ~ d  by the word wgWIHDtl .  A s e c o n d ,  

smaller arrow is drawn o n  t h e  h o u s e  r o o f .  T h i s  shows  t h e  

house  dix,ect,,ion ve~,tng, which i s  repeated i n  sections (2) 

and ( 3 ) ,  where i t  is  sc marked. 

Eg v i s u a l l y  ma tchinq the h o u s e  d i r e c t i o n  vector be- 

tusen t h e  p l a n  view i n  s e c t i o n  [ I )  and the v e r t i c a l  p r e s s u r e  

coefficient d i s t r i b u t i . c n  & l o t  g r o u p  i n  section (2),  i t  can 

he determined t h a t  the p l c t  on the r i g h t  of s e c t i o n  (2) i s  



t h a t  o f  the u p s t r e a m  wal l  i n  t e s t  1, t h e  p l o t  on t h e  l e f t  i s  

t h a r  of t h e  d o w n s t r e a s  wall, a n d  that t h e  r o o f  p l o t s  f a l l  

i n t o  place i n  an i n t u i t i v e l y  l o g i c a l  manner. T h e  p r e s s u r e  

c o s f f i c i e n t  d i s t r i b u t i o n  p l o t s  f o r  t h e  s i d e  walls of t h e  

house a r e  b o t h  s u p e r i m ~ o s c d  and p l o t t e d  w i t h i n  t h e  actual 

h o u s e  s i l h o u e t t e  i n  section ( 2 ) .  T h e  d i s t r i b u t i o n  of t h e  

us11 which faces i n t o  t h e  paqe  i s  p l o t t e d  t h e  same a s  all 

t h e  o t h z r  d i s t r i b u t i o n s ,  b a t  t h s  wall w h i c h  f a c e s  o u t  of t h e  

p a q e  is ~ l o t t e d  as a s e r i e s  o f  u n c o n n e c t e d  dots. 

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

s e c t i o n  (1)  a n d  t h e  Borizcnta l  Pressure. C o e f f i c i e n t  D i s t r i b -  

u t i o n s  i n  s e c t i o n  (3) defines t h e  s u r f a c e s  t o  w h i c h  each of 

t h o s e  p l c t s  refsr.  

The o r d i n a t e  u n i t s  of the p l o t s  are n o n - d i m e n s i o n a l ,  

b e i n q  t h e  pressure coefficients d e f i n e d  i n  " T h e  Opt imum Use 

. r . ' * *  S i n c e  t h e  a b c i s s a  d i s t a n c e  u n i t s  are s c a l e d  p i c -  

t o r i a l l y  t o  t h e  size of t h e  h o u s e  s i l h o u e t t e s ,  t h e y  are a l s o  

not a s s i q c e d  units. 

S e c t i o n  ( 4 )  is  t h e  descriptive l a b e l  of t b e  test 

c o n s i s t i n q  of t h e  t e s t  n u r b e r ,  t h e  test name i n  parentheses, 

and a d e s c r i p t i v e  field. This i n f o r m a t i o n ,  a l o n g  w i t h  the 

A 1  f o r  the test ,  may a l s o  be  f o u n d  i n  A p p e n d i x  1 of @'The Op- 

t i m u m  U s e  . . . . I n  many of t h e  d e s c r i p t i v e  fields, v a r i -  

ous p a r  arreters a r e  used i n  t h e  format p a r a m e t e r = k e y w o r d .  

P o l l ~ w i n q  i s  a l is t  of t h e  p a r a m e t e r s  u s e d ,  t h e i r  m e a n i n g s ,  

a n d  d e f a u l t  values used i n  those tests for w h i c h  they are 



not specified. T h e  u n i t s  of t h e  parameters  are t h e  same as 

t h o s e  of their d e f a u l t  va lues .  

1.  H A  - house angle, t h e  angle between t h e  rector 

norrral to  t h e  p1ar.e of t h e  f r o n t  w a l l  ( t h e  v a l l  

f a c i n g  the same way as  t h e  house direction vector) 

and t h e  d i r e c t i o n  o f  u i n d f  lov. Def aul t=O deqrees. 

2. Q - a m b i e n t  dynamic pressure i n  t h e  wind t u n n e l ,  

defaul t=  2 i n c h e s  of water. 

3. HT - honse/windbreak row separation, D e f a u l t = 3 0  

rncdel feet. If more t h a n  one v a l u e  is given, t h e n  

more than  one windbreak row was used, Negative 

n a r b e r s  refer t o  tree rows l oca ted  dounstreasa o f  

C, h e  house. 

4 .  SC - t h e  s i d e w a y s  (perpend icu lar  t o  u i n d f l o u  d i -  

rection) displacement of a tree off of directly 

u p s t r e a m  of a b o u ~ e .  Negative numbers refer t o  

di~plaeements t o  t h e  right when f a c i n g  upstream,  

D~fault=O model feet .  

5. ST - t h e  number of t rees  i n  a windbreak row. De- 

f a u l t s :  single tree=l,  open row=6, Bedgerow=12 

6 CC - t h e  drag ccef f i c i e n t  of t h e  trees used i n  the 

uindbreak conf iqura t i o n .  Default =. 58.  



7. TPRF - trees per model f o o t ,  an i n d i c a t i o n  of t h e  

p l a n t i n q  d e n s i t y  o f  a windbreak row. D e f a u l t s :  

open row=, 0 6 0 0 ,  Hedgerow=. 1282. 

8 .  TH - t ree  height. D e f a u l t = 2 5  model feet, 

9,  I S  - trunk size, applies only t o  undepruned red 

cedar t e s t s .  Indicates v a r i a t i o n  off nor  ma1 trunk 

h e i q h t .  Positive numbers i n d i c a t e  a l onge r  trunk, 

while shorter trucks are indicated by negat ive  

numbers. Defaul t=O model feet. 

I t \ ,  I T  - treo t y p e ,  either RC ( red  cedar) or the de- 

fault NS (Norway spruce), i n d i c a t e s  t h e  trea sil- 

houette after w h i c h  t h e  model was c o n s t r u c t e d ,  

See A p p e n d i x  2 i n  *The Opt imum Use . . . l'. 
11, TA - tree row anqle, the angle of a vector n o r m 1  

to a windbreak rcu and based in the plan view ten- 

ter of the house with the oncoming wind direction 

v e c t c r .  Defaul t=O deqrees, 

Sfction (5) is the A 1  parameter c a l c u l a t e d  f o r  t h e  

test, alsc found i n  Appendix I o f  V h e  Optimum Use . . . I r .  
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