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A WIND TUNNEL AND FULL-SCALE STUDY OF TURBULENT 

WIND PRESSURES ON A TALL BUILDING 

ETUDE EN SOUFFLERIE ET A GRANDE ECHELLE DES PRESSIONS 

DE VENTS TURBULENTS SUR UN EDIFICE ELEVE 

by 
N. M. STANDEN*, W. A. DALGLIESH*" and R. J. TEMPLINW** 

c- 

SUMMARY 

This  paper desc r ibes  a method f o r  s imulat ing t h e  n a t u r a l  wind boundary 

l a y e r  i n  a convent ional ,  s h o r t  working s e c t i o n ,  ae ronau t ica l  wind tunnel .  The 
boundary l a y e r s ,  which may be a s  t h i c k  a s  one-half of t h e  working s e c t i o n  
he igh t ,  a r e  generated by s p i r e s  a t  t h e  working s e c t i o n  i n l e t .  

This approach has  been used t o  measure mean wind pressures  and p ressure  
s p e c t r a  on a model o f  a t a l l  bu i ld ing  i n  downtown Montreal. The same measure- 
ments have been repeated us ing  t h e  long roughness f e t c h  technique f o r  boundary 
l a y e r  genera t ion  and t h e  r e s u l t s  from t h e  two methods a r e  compared. 

An ex tens ive  program of f u l l - s c a l e  measurements of wind pressures  has 
been completed on t h e  Montreal bu i ld ing .  These d a t a  a r e  reviewed and a 
comparison i s  made between f u l l - s c a l e  and model values  of mean wind pressures  
and p ressure  s p e c t r a .  

GLOSSARY 

Pressure  Measurement S t a t i o n s  on CIBC Bui ld ing  

TWC 
TWNC 
TWSC 
BWC 
BWNC 
BWSC 
TNC 
BNC 
TEC 

Top l e v e l ,  West w a l l ,  Center p o s i t i o n  
Top l e v e l ,  West w a l l ,  North of Center p o s i t i o n  
Top l e v e l ,  West w a l l ,  South of Center p o s i t i o n  
Bottom l e v e l ,  West w a l l ,  Center p o s i t i o n  
Bottom l e v e l ,  West w a l l ,  North of Center p o s i t i o n  
Bottom l e v e l ,  West wa l l ,  South of Center p o s i t i o n  
Top l e v e l ,  North w a l l ,  Center p o s i t i o n  
Bottom l e v e l ,  North w a l l ,  Center p o s i t i o n  
Top l e v e l ,  Eas t  wa l l ,  Center p o s i t i o n  

Top l e v e l  Z = 545 f e e t  (16.5 inches ,  model) 
Bottom l e v e l  Z = 195 f e e t  (6 inches ,  model) 

1.0 INTRODUCTION 

The s tudy  of wind e f f e c t s  on s t r u c t u r e s  i n  t h e  urban environment, t h e  
P a t t e r n s  of winds around bu i ld ings  and a t  s t r e e t  l e v e l ,  and t h e  v e n t i l a t i o n  
of c i t i e s  by winds a r e  of inc reas ing  importance i n  t h e  p r a c t i c e  of a number 
of p ro fess ions .  Such a s tudy would be  g r e a t l y  a ided by the  s imulat ion of urban 
winds i n  wind tunne l s .  The c r i t e r i a  which must be  observed i n  modelling t h e  

n e u t r a l l y - s t a b l e  atmosphere, o r  high-wind speed case ,  have been discussed i n  
cons ide rab le  d e t a i l  r e c e n t l y  by Ludwig and Sundaram (1) and Cermak (9 ) .  
C r i t e r i a  f o r  modelling t h e  non-neutral atmosphere have not  been widely ex- 
amined, and techniques f o r  achieving appropr ia te  temperature g rad ien t s  i n  
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wind t u n n e l s  a r e  i n  an  e a r l y  s t a g e  of development ( 9 ) .  However, f o r  some 

problems,  such  a s  wind l o a d s  on t a l l  bu: i ld ings ,  and t h e  dynamic r e sponse  o f  

b u i l d i n g s  t o  winds ,  t h e  h i g h  wind speed c a s e  i s  u s u a l l y  most c r i t i c a l .  There- 
f o r e ,  good model l ing  of  t h e  n e u t r a l l y - s t a b l e  atmosphere i s  s u f f i c i e n t  t o  a l l ow 

wind t u n n e l  i n v e s t i g a t i o n s  i n t o  such problems.  

Genera t ion  of t h i c k  s h e a r  l a y e r s  i n  wind t u n n e l s  has  been  accomplished by 
two t echn iques .  The f i r s t  method u t i l i z e s  a  s p e c i a l l y  c o n s t r u c t e d  wind t u n n e l  

w i t h  a  working s e c t i o n  which i s  much l o n g e r  i n  r e l a t i o n  t o  i t s  c r o s s - s e c t i o n a l  

dimension than  i n  conven t iona l  a e r o n a u t i c a l  wind t u n n e l s .  The model under 
t e s t  i s  placed  a t  t h e  downstream end of t h e  working s e c t i o n ,  and i s  preceded 
by some type  of  roughness on t h e  t u n n e l  f l o o r .  The t h i c k  s h e a r  l a y e r  i s  t hus  

gene ra t ed  by a  l ong ,  aerodynamical ly  rough s u r f a c e .  Tunnels of  t h i s  t y p e  a r e  

c u r r e n t l y  i n  u se  by Cermak a t  Colorado S t a t e  U n i v e r s i t y  and Davenport a t  t h e  
U n i v e r s i t y  of  Western O n t a r i o .  Shear l a y e r s  about  t h r e e  f e e t  t h i c k  a r e  
ob ta ined  i n  t h e s e  t u n n e l s .  

The second t echn ique  is  n o t  y e t  a s  w e l l  developed a s  t h e  f i r s t .  Convent- 
i o n a l ,  a e r o n a u t i c a l  t u n n e l s  a r e  used w i t h  t h e  s h e a r  l a y e r  c r e a t e d  ove r  a  
s h o r t  d i s t a n c e  by some wake-producing d e v i c e  a t  t h e  working s e c t i o n  e n t r a n c e .  

The th i ckness  of t h e  r e s u l t i n g  s h e a r  l a y e r  i s  t hus  n e a r l y  equa l  t o  t h e  h e i g h t  
of  t h e  dev ice .  I n  t h e  a t t empt  t o  u t i l i z e  t h e  low-speed a e r o n a u t i c a l  t u n n e l s  
o f  N.R.C. l a b o r a t o r i e s  i n  t h e  s tudy  of wind e f f e c t s  i n  c i t i e s ,  t h e  N.A.E. 

i n v e s t i g a t e d  t h e  s u i t a b i l i t y  of  v a r i o u s  types  of  wake-producing dev ices  a s  
s h e a r  l a y e r  g e n e r a t o r s .  A f t e r  a  s e r i e s  of t u n n e l  exper iments  (2)  a  row o f  

two-dimensional, t ape red  s p i r e s  a c r o s s  t h e  working s e c t i o n  e n t r a n c e  was 
s e l e c t e d  a s  t h e  most e f f e c t i v e  s h e a r  l a y e r  g e n e r a t o r .  

Recen t ly ,  a  t e s t  i n  t h e  N.R.C. 30 f o o t  V/STOL wind tunne l  compared t h e  
p r o p e r t i e s  of s h e a r  l a y e r s  gene ra t ed  by t h e  l ong  roughness f e t c h  t echn ique  

and by t h e  t ape red  s p i r e s .  I n  a d d i t i o n ,  measurements of mean and f l u c t u a t i n g  
p r e s s u r e s  on a  1 /400 s c a l e  model of t h e  Canadian Imper i a l  Bank o f  Commerce 

Bu i ld ing  were t aken  i n  both  s h e a r  l a y e r s .  The t e s t  was sugges t ed  by t h e  

F i g .  1 :  CIBC B u i l d i n g ,  1  F i g .  2: C i t y  Model i n  30 f t .  T u n n e l ;  
M o n t r e a l  ; Long Roughness  F e t c h  I n s t a l  1  e d  
E a s t  Wall 
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D i v i s i o n  o f  B u i l d i n g  Research  a s  a  comparison w i t h  t h e  measurements which t h e  

D i v i s i o n  had  p r e v i o u s l y  made on t h e  a c t u a l  C I B C  Bui ld ing  ( 3 ) .  

T h i s  p a p e r  d i s c u s s e s  t h e  r e s u l t s  o f  t h e  p r e s s u r e  measurements on t h e  C I B C  

Bui ld ing  model i n  some d e t a i l ,  and compares them w i t h  t h e  f u l l - s c a l e  measure- 

ments .  Some p r o p e r t i e s  o f  t h e  wind-tunnel  s h e a r  l a y e r s  a r e  a l s o  r epo r t ed  and 

compared w i t h  t h e  a v a i l a b l e  f u l l - s c a l e  d a t a .  

2.0 WIND TUNNEL TEST PROCEDURE 

The model of  t h e  C I B C  Bui ld ing  ( F i g .  1 )  and su r round ing  s e c t i o n  of  Montreal  

was i n s t a l l e d  i n  t h e  30 f t .  V/STOL t u n n e l .  The l ong  roughness f e t c h  technique  
was i n v e s t i g a t e d  f i r s t ,  s o  t h e  model was l o c a t e d  a t  t h e  downstream end of 

t h e  t u n n e l  working s e c t i o n ,  a  d i s t a n c e  of  64 f e e t  from t h e  e n t r a n c e  (F ig .  2 ) .  
The f l o o r  s u r f a c e  between t h e  model l o c a t i o n  and t h e  working s e c t i o n  e n t r a n c e  

was covered  w i t h  a l t e r n a t e l y  s t a g g e r e d  rows of uni form 3  i nch  cubes .  The 
ar rangement  and s i z e  of t h i s  b l o c k  roughness  was a r b i t r a r y ;  t h e  uniform p a t t e r n  
was chosen  i n  o r d e r  t o  b e  e a s i l y  r e p e a t a b l e .  

The C I B C  B u i l d i n g  model was r e p l a c e d  w i t h  a  v e r t i c a l  t r a v e r s e  r i g  c a r r y i n g  

an  X-hot w i r e  p robe  ( F i g .  3 ) .  With t h e  t u n n e l  wind speed  h e l d  a t  50 f e e t  p e r  
second and t h e  wind d i r e c t i o n  a t  30' n o r t h  o f  t h e  normal t o  t h e  w e s t e r l y  f a c e  

of  t h e  C I B C  B u i l d i n g ,  t h e  probe  was t r a v e r s e d  from a  h e i g h t  of  4 f e e t  through 

t h e  s h e a r  l a y e r  t o  1 . 5  i n c h e s  above t h e  f l o o r .  Q u a n t i t i e s  measured inc luded  
mean and r m s  ( r o o t  mean s q u a r e  about  t h e  mean) t u r b u l e n t  v e l o c i t y  components. 

F i g .  3: Hot-Wire Traverse Rig 

The t r a v e r s e  r i g  was then  removed and 
t h e  C I B C  Bui ld ing  model i n s t a l l e d .  Using 

a  microphone p r e s s u r e  t r a n s d u c e r ,  t h e  mean 
and f l u c t u a t i n g  p r e s s u r e s  a t  two p o i n t s  on  

t h e  w e s t e r l y  f a c e  of  t h e  b u i l d i n g  were  
measured.  The measurement l o c a t i o n s  were 
on t h e  v e r t i c a l  c e n t e r l i n e  of t h e  w e s t e r l y  
f a c e ,  one a t  a  h e i g h t  of about  6  i n c h e s ,  

and t h e  o t h e r  a t  abou t  1 6 . 5  i n c h e s  (F ig .  4 ) .  

These p o s i t i o n s  cor respond t o  two f u l l - s c a l e  
measuring s t a t i o n s .  The r e f e r e n c e  p o r t  of  

t h e  t r a n s d u c e r  was connected t o  a  t ap  

measuring t u n n e l  s t a t i c  p r e s s u r e .  

A f t e r  t h e  p r e s s u r e  measurements had 

been  completed,  t h e  c i t y  model was re-  

p l aced  w i t h  a d d i t i o n a l  rows of  t h e  3-inch 
cube roughness .  The h o t  w i r e  t r a v e r s e  r i g  

was t hen  i n s t a l l e d  and t h e  s h e a r  l a y e r  

p r o p e r t i e s  mentioned above were measured 
and r eco rded .  These d a t a  were i n t ended  t o  
i n d i c a t e  t h e  p r o p e r t i e s  of  a  fu l ly- rough 
boundary l a y e r ,  gene ra t ed  by a  uniform 

roughness .  

The c i t y  model was t h e n  moved t o  a  p o s i t i o n  such  t h a t  t h e  C I B C  Bui ld ing  

model was 24 f e e t  from t h e  working s e c t i o n  e n t r a n c e .  Again, t h e  t unne l  f l o o r  

between t h e  CIBC model l o c a t i o n  and t h e  working s e c t i o n  e n t r a n c e  was covered 
w i t h  t h e  un i fo rm b l o c k  roughes s .  A  row o f  t ape red  " sp i r e s "  4 f t .  i n  h e i g h t ,  

was t h e n  p l aced  a t  two f o o t  i n t e r v a l s  a c r o s s  t h e  e n t r a n c e ,  a s  shown i n  F i g .  5. 
The wind speed  was s e t  a t  50 f e e t  p e r  second and t h e  wind d i r e c t i o n  was 30'. 

The s h e a r  l a y e r  was t h e n  surveyed  w i t h  t h e  X hot -wire ,  t h e  same p r o p e r t i e s  

b e i n g  measured and r eco rded  a s  i n  t h e  o t h e r  h o t  w i r e  t r a v e r s e s .  
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With t h e  C I B C  B u i l d i n g  model i n s t a l l e d ,  
more e x t e n s i v e  t r a n s d u c e r  measurements of  

p r e s s u r e  were made. S i x  s t a t i o n s  on t h e  west-  

e r l y  f a c e ,  two on  t h e  n o r t h e r l y  w a l l  and one on 
t h e  e a s t e r l y  w a l l  were i n s t rumen ted  w i t h  t h e  
p r e s s u r e  t r a n s d u c e r .  

3.0 FULL-SCALE TEST PROCEDURE 

The 600-foot  CIBC Bu i ld ing  i n  Moc t r ea l  

was i n s t rumen ted  i n  September 1968 w i t h  6  
p r e s s u r e  t r a n s d u c e r s  on t h e  1 6 t h  f l o o r  and 6  
more on t h e  43rd f l o o r  ( t h e  two mechanica l  

f l o o r s ) .  The t r a n s d u c e r s  were connected  by 
18-inch l o n g  p l a s t i c  t u b e s  t o  118- in .  d i ame te r  
h o l e s  through t h e  w a l l s  t o  t h e  o u t s i d e  a i r .  

The r e f e r e n c e  p o r t s  o f  a l l  twelve  t r a n s d u c e r s  
were connected  by t ub ing  t o  t h e  s p a c e  above 
t h e  40 th  f l o o r  c e i l i n g  nea r  t h e  c o r e  of  t h e  

b u i l d i n g .  

The p r e s s u r e  d i f f e r e n c e s  measured by t h e  
t r a n s d u c e r s  were t r a n s m i t t e d  a s  ana log  

v o l t a g e s  t o  a  mul t i -channel  d a t a  a c q u i s i t i o n  
sys tem which sampled each channe l  a t  2,  4 o r  

8 t imes  p e r  second a s  d e s i r e d ,  and recorded  
d i g i t . a l l y  on magnetic  t a p e .  I n  a d d i t i o n  t o  
t h e  twelve  p r e s s u r e  d i f f e r e n t i a l s ,  wind speed  
and d i r e c t i o n  were r eco rded  from a  three-cup ane 

t h e  roof  o f  t h e  b u i l d i n g  (800 f e e t  above s t r e e t  

F i g .  4:  West Wall ,  CIBC Model 
Transducer  Locations 

:mometer and vane on a  mast  on 
l e v e l )  . 

Half-hour r e c o r d s  were begun a u t o m a t i c a l l y  whenever t h e  wind speed 
exceeded a  p r e - s e t  v a l u e ,  and a f t e r  1 0  months more t h a n  30 hou r s  o f  r e c o r d s  

w i t h  mean speeds  from 30 t o  80 f p s  were c o l l e c t e d .  

3 . 1  Treatment of  P r e s s u r e  Measurements From F i e l d  Data  

F i e l d  measurements p r e s e n t  more problems f o r  d a t a  r e d u c t i o n  t h a n  s i m i l a r  
measurements i n  a  c o n t r o l l e d  wind t u n n e l  exper iment .  The mean speed  is n o t  

g e n e r a l l y  s t e a d y  f o r  more t han  10  o r  
1 5  minutes  a t  a  t ime and mean wind 

d i r e c t i o n  may va ry  by a s  much a s  5  

deg ree s  ove r  a  d i f f e r e n c e  i n  e l e v a t -  
i o n  o f  500 f e e t .  Unfo r tuna t e ly ,  i n  

t h e  p r e s e n t  t e s t ,  i t  was no t  p r a c t i c a l  

t o  i n s t a l l  a  s u f f i c i e n t  number of  
anemometers and vanes t o  de t e rmine  t h e  
v a r i a t i o n  of  speed  and d i r e c t i o n  o f  

t h e  wind approaching  t h e  C I B C  Bui ld ing .  

A " l ea s t - squa re s "  l i n e a r  r e g r e s s -  
i o n  a n a l y s i s  was employed t o  minimize 

t he  e f f e c t s  o f  poor c o r r e l a t i o n  between 
t h e  r e f e r e n c e  dynamic p r e s s d r e  c a l -  

F i g .  5: C i t y  Model, S p i r e s  and c u l a t e d  from t h e  wind speed  measured 
Roughness a t  800 f e e t  on  t h e  one hand,  and ,  on 

t h e  o t h e r ,  t h e  s u r f a c e  p r e s s u r e s  on 
on  t h e  b u i l d i n g  a t  545 f o o t  and 1 9 5  f o o t  l e v e l s .  I n d i v i d u a l  d e t e r m i n a t i o n s  
o f  mean p r e s s u r e  c o e f f i c i e n t s  were based on 30 t o  60 s e p a r a t e  200-second 
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ave rages  a f t e r  a l l  t h e  a v e r a g e s  had been s o r t e d  i n t o  5-degree d i r e c t i o n  i n t e r -  

v a l s .  Rms p r e s s u r e  c o e f f i c i e n t s ,  on  t h e  o t h e r  hand,  were  based on 10-minute 
samples  s o r t e d  i n t o  10-degree d i r e c t i o n  i n t e r v a l s .  

4.0 MEASUREMENT RESULTS AND DISCUSSION 

The emphasis  i n  t h i s  pape r  is  on  r e p o r t i n g  and d i s c u s s i n g  t h e  p r e s s u r e  
measurements on  t h e  CIBC B u i l d i n g  model. The t u n n e l  s h e a r  l a y e r  p r o p e r t i e s  
a r e  mentioned o n l y  t o  compare t h e  two g e n e r a t i n g  t e c h n i q u e s .  D e t a i l e d  
d i s c u s s i o n  o f  t h e  s h e a r  l a y e r  c h a r a c t e r i s t i c s  is  con ta ined  i n  Ref.  4 .  

F u l l - s c a l e  measurements i n  t h e  C i t y  of  Montrea l  d i d  n o t  i n c l u d e  p r o f i l e s  
of mean wind v e l o c i t y  g r a d i e n t  o r  t u r b u l e n c e  i n t e n s i t i e s .  Consequently,  w h i l e  
a  comparison of t h e  wind p r o f i l e  c h a r a c t e r i s t i c s  i n  f u l l  s c a l e  and model s c a l e  
is n o t  p o s s i b l e ,  wind d a t a  from t h e  f u l l - s c a l e  t e s t  a t  800 f e e t  can  b e  

compared t o  t h e  t u n n e l  d a t a  a t  t h e  co r r e spond ing  p o i n t .  

4 . 1  Mean V e l o c i t y  P r o f i l e s  

The mean v e l o c i t y  p r o f i l e s  o f  t h e  s h e a r  l a y e r s  were  f i t t e d  w i t h  non-dimen- 

s i o n a l  power l aws  of t h e  form = [:la where 6  i s  t h e  e f f e c t i v e  o u t e r  edge 
uo 

of t h e  s h e a r  l a y e r ,  Z is  t h e  h e i g h t  above t h e  f l o o r ,  and Uo and U a r e  t h e  mean 
v e l o c i t i e s  a t  6  and Z r e s p e c t i v e l y .  The v a l u e  of  6  is  chosen by i n s p e c t i o n  of 
t h e  d a t a  a t  t h e  p o i n t  a t  which U/Uo = 1 . O .  The numer ica l  v a l u e s  of a a r e  
o b t a i n e d  by a  c u r v e  f i t  t o  t h e  d a t a .  For  urban  winds ,  a  v a l u e  of a = 0.35 t o  

0 .40  is  u s u a l l y  c o n s i d e r e d  a p p r o p r i a t e  ( 5 ) .  

I n  F i g .  6 t h e  v e l o c i t y  p r o f i l e s  o b t a i n e d  from t h e  two t echn iques  a r e  

The r o o t  mean s q u a r e  v a l u e s  o f  t h e  

l o n g i t u d i n a l  ( u )  and v e r t i c a l  ( v )  t u r b u l e n c e  components a r e  shown f n  F i g .  7  and 
F i g .  8 .  I n  b o t h  s h e a r  l a y e r s ,  t h e  maximum t u r b u l e n c e  i n t e n s i t y ,  b o t h  f o r  t h e  

l o n g i t u d i n a l  and v e r t i c a l  component, o c c u r s  a t  abou t  0.256. 
The peak l o n g i t -  

u d i n a l  t u r b u l e n c e  i n t e n s i t y  i n  t h e  roughness-generated s h e a r  l a y e r  i s  about  

1 7  p e r c e n t ,  whereas  t h e  s p i r e - g e n e r a t e d  l a y e r  h a s  a  maximum l o n g i t u d i n a l  
i n t e n s i t y  of  abou t  14  p e r c e n t .  I n  F ig .  7 t h r e e  a d d i t i o n a l  d a t a  p o i n t s  a r e  

shown. These  i n d i c a t e  t h e  l o n g i t u d i n a l  t u r b u l e n c e  i n t e n s i t y  based  on t h e  mean 

shown, and t h e  co r r e spond ing  v a l u e s  o f  a and 6  a r e  i n d i c a t e d .  The e f f e c t i v e  
s h e a r  l a y e r  t h i c k n e s s  o v e r  t h e  c i t y  behind  t h e  s p i r e s  s c a l e s  t o  about  1600 f e e t ,  
w h i l e  t h e  l ong  roughness  f e t c h  and c i t y  t o g e t h e r  gene ra t ed  a  s h e a r  l a y e r  
e q u i v a l e n t  i n  h e i g h t  t o  1100 f e e t .  

1.0 

The power law f i t  t o  t h e  l o n g  roughness  
p r o f i l e s  is  t h e  c l o s e s t  of  t h e  two t echn iques  0.8 

t o  t h e  a c c e p t e d  v a l u e  of  0 .35  t o  0 .40  f o r  
u rban  winds .  The s p i r e s  seem t o  g e n e r a t e  a  - o,G 

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

t h e r e f o r e  two power law f i t s .  I n  t h e  lower 

20 i n c h e s ,  t h e  b e s t  power law exponent  is 
0 .4  

0.60 ,  whereas  above t h i s  h e i g h t  a  much 
s m a l l e r  exponent  o f  0 . 2 3  a p p e a r s  t o  f i t  t h e  0.2 

d a t a .  T h i s  two-region c h a r a c t e r i s t i c  of  
t h e  sp i r e -p roduced  boundary l a y e r  is 

r 

a 5PlREe C I T Y .  6 ' 4 8 I U  

- o ~ O Y G W U E S S  4 C~TY,  S.Z~,M// 

.& 

- f o , 2 0  d / O  

- P * 
,w ry.0.60 

(6 - 26.5 IN)  

0.2 04  0.6 0.8 1.0 

a p p a r e n t  i n  o t h e r  p r o p e r t i e s  o f  t h e  l a y e r ,  
"do 

a s  w i l l  be  s e e n  i n  t h e  f o l l o w i n g  s e c t i o n s .  
Fig. 6: Mean Velocity Profiles 

4 .2  Turbulence  I n t e n s i t i e s  
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v e l o c i t y  a t  t h e  800 f o o t  l e v e l  ( o r  model e q u i v a l e n t ) ,  f o r  bo th  t h e  model 
and f u l l - s c a l e  t e s t s .  

+ SPIKES & C I T Y  

The secondary maximum i n  t h e  --o-- KOLJGUNESS & C I T Y  

l o n g i t u d i n a l  i n t e n s i t y  i n  t h e  s p i r e -  a L/~eoo . S P I K E S  

genera ted  l a y e r ,  a t  a  h e i g h t  of about 
U li/uaoo, aououuess 

35 i nches ,  is probably r e l a t e d  t o  t h e  X c/u.00, FULL-SCALE DATA 

e x i s t e n c e  of two regions  i n  t h e  veloc- 
i t y  p r o f i l e .  It should b e  noted t h a t  

(IN) 
t h i s  "hump" i n  t h e  i n t e n s i t y  p r o f i l e  
begins  a t  a  h e i g h t  of 20 inches ,  t h e  
same h e i g h t  a s  t h a t  a t  which t h e  b reak  
i n  t h e  v e l o c i t y  p r o f i l e  occur s .  

The i n t e n s i t y  of t h e  v e r t i c a l  
component of tu rbu lence  (Fig .  8) shows o 4 a 12 16 

much t h e  same form of d i s t r i b u t i o n  a s  ;/u, % 
t h e  l o n g i t u d i n a l  tu rbu lence  i n t e n s i t y .  
The peak i n t e n s i t i e s  occur a t  about F i g .  7: L o n g i t u d i n a l  T u r b u l e n c e  
t h e  same h e i g h t s  a s  t h e  peaks i n  t h e  I n t e n s f t y  
l o n g i t u d i n a l  component. The magnitude 
of t h e  v e r t i c a l  component peak i n t e n s i t y  is about 60 pe rcen t  of t h e  longi tud-  
i n a l  i n t e n s i t y .  Again, t h e  hump i n  t h e  sp i r e -genera ted  p r o f i l e  i s  apparen t ,  
and begins  a t  a  h e i g h t  of 20 inches .  

4 . 3  Reynolds Shear S t r e s s  (uv C o r r e l a t i o n  C o e f f i c i e n t )  

The d a t a  of F ig .  9  i n d i c a t e  some s c a t t e r  i n  t h e  measurement of t h e  
Reynolds s h e a r  c o r r e l a t i o n  f o r  t h e  roughness-generated boundary l a y e r .  How- 
ever  t h e  mean curve f a i r e d  through t h i s  d a t a  is i n  good agreement wi th  a  

50 - l s i m i l a r  r e p r e s e n t a t i o n  given by Reichardt  

& SPIKES & CITY f o r  a  fully-rough channel f low ( s e e  

--+-- eoucHutss ,+ Ref. 6 ) .  I n  t h e  lower 20 inches  of  t h e  
spi re-genera ted  s h e a r  l a y e r ,  t h e  v a r i -  
a t i o n  of t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  
a l s o  i n  agreement wi th  t h e  Re icha rd t  

t curve .  However, above 20 inches  h e i g h t ,  
(1 N) t h e  uv c o r r e l a t i o n  c o e f f i c i e n t  i n c r e a s e s ,  

20 r a t h e r  than  cont inuing t o  dec rease .  
Taken toge the r  wi th  t h e  p e c u l i a r i t i e s  i n  
t h e  d i s t r i b u t i o n s  of  tu rbu lence  in t en -  

10 s i t i e s  and mean v e l o c i t y ,  t h i s  behaviour 

of t h e  c o r r e l a t i o n  c o e f f i c i e n t  sugges t s  
some we l l - e s t ab l i shed  eddy motion i n  t h e  

0 

o + e 12 rc upper l e v e l s  of t h e  spi re-genera ted  s h e a r  

V/uo % l a y e r .  Unfor tunate ly ,  no power s p e c t r a l  
d e n s i t y  s t u d i e s  were made i n  t h i s  shea r  

F i g .  8: Vert. T u P ~ .  I n t e n s t t y  l a y e r  above 20 inches  i n  h e i g h t ,  s o  t h i s  
impor tant  a d d i t i o n a l  evidence  i s  l ack ing  a t  p r e s e n t .  I f  such a  motion does 
e x i s t ,  i t  may b e  due t o  v o r t e x  shedding from t h e  t h i n  upper p o r t i o n  of t h e  
s p i r e s .  

The Reynolds s t r e s s  c o e f f i c i e n t  -ut/IJo2 may b e  ob ta ined  from t h e  above 
f i g u r e s  by mul t ip ly ing  t h e  c o r r e l a t i o n  c o e f f i c i e n t  by both  tu rbu lence  in t en -  
s i t i e s  u/U0 and v/U0 a t  t h e  corresponding h e i g h t .  As shown i n  F ig .  10 n e i t h e r  
boundary l a y e r  p r e s e n t s  a  r eg ion  of e f f e c t i v e l y  cons tan t  s h e a r  n e a r  t h e  f l o a r ,  
a  cond i t ion  suggested f o r  atmospheric modell ing ( 1 ) .  As Cermak (9)  p o i n t s  
o u t ,  however, t h i s  requirement may b e  r e l axed  i n  a  c i t y  environment where t h e  
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e f f e c t i v e  roughness h e i g h t  i s  l a r g e  compared t o  t h e  shea r  l a y e r  t h i ckness .  
F ig .  10  a l s o  shows t h e  measured s h e a r  d i s t r i b u t i o n  f o r  t h e  boundary l a y e r  

F i g .  9: Reynolds Stress  Correlation 
Coefficient 

\ \ \  h \ //'5p~eEs & C I T Y  

0 1 2 3 4 5 c 7 e 5 , o  

-cy,2x ,03 

F i g .  10: Reynolds Stress  

30; 

genera ted  by t h e  b lock roughness a lone ,  wi thout  t h e  c i t y  model i n  p l a c e .  
Again, no r eg ion  of cons t an t  s h e a r  s t r e s s  can be d i s t i n g u i s h e d ,  a l though the 
v a r i a t i o n  i n  t h e  s t r e s s  va lues  i n  t h e  lower 30 pe rcen t  of  t h e  boundary l a y e r  

is l e s s  than  t h e  v a r i a t i o n  i n  t h e  two o t h e r  l a y e r s .  

---0.- ~ O U G H N E S S  e C I T Y  

4 .4  Power S p e c t r a l  Density of t h e  Longi tudinal  Turbulence Veloci ty  

The c a l c u l a t e d  power s p e c t r a l  d e n s i t y  of t h e  u-component of t u rbu lence  is 

shown i n  F ig .  11 f o r  bo th  model and f u l l - s c a l e  s h e a r  f lows.  The s p e c t r a l  
d e n s i t i e s  i n  t h e  model wind were c a l c u l a t e d  from d a t a  taken a t  h e i g h t s  of  18  
inches and 6 inches  i n  t h e  roughness-generated boundary l a y e r ,  and a t  16  inches 

and 4 inches  f o r  t h e  
1.0 

spi re-genera ted  l a y e r .  The 
s p e c t r a l  d e n s i t y  of t h e  u- 
component of turbulence  
i n  t h e  f u l l - s c a l e  wind 
was ob ta ined  a t  800 f e e t  
a l t i t u d e .  

Using a  Monin- 
XJ! 0.1 

Obukhov non-dimensional 
frequency (8) i n  which 

E - 6' L O U 6 H * I E S S  

t h e  l e n g t h  and v e l o c i t y  
E - 16' S P l e E S  

a r e  independent of h e i g h t  + - 4" SPIPES 

i n  t h e  s h e a r  l a y e r ,  t h e  
peaks of t h e  s p e c t r a  a t  0-01 

t h e  v a r i o u s  h e i g h t s  and 0.01 0. I 1.0 10.0 100.0 

i n  t h e  d i f f e r e n t  bound- 
ary  l a y e r s  occur  a t  

c l o s e  t o  t h e  same non- 
dimensional  frequency.  

F i g .  11 : Velocity Power Spectra 

I n  F ig .  11 and a l l  o t h e r  s p e c t r a l  dens i ty  graphs i n  t h i s  paper ,  t h e  non-dimen- 

s i o n a l  h e i g h t  and v e l o c i t y  have been t h e  800 f o o t  e l e v a t i o n  ( 2  f o o t  e l e v a t i o n  
i n  model s c a l e )  and t h e  v e l o c i t y  a t  t h i s  e l e v a t i o n .  I n  t h e  s p e c t r a l  d e n s i t y  
d i s t r i b u t i o n s  of t h e  v e l o c i t y  turbulence ,  F ig .  11, t h e s e  va lues  e s t a b l i s h  
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t h e  peak non-dimensional frequency a t  a  v a l u e  of  between 0.30 and 0 .40 .  The 

von Karman t h e o r e t i c a l  curve  (2) p rov ides  a  peak frequency of 0 .36 ,  u s i n g  a  

, 
rwmc b 

+.5 

W l U D  

rwsc  b 

CP 
-0.2 0 - 

TSC 
.O  

F i g .  12a: Mean Pressure Coeff . F i g .  12b: RMS Pressure Coefficients 

swwc swci g 

swsc 0 

v a l u e  of  0.40 a s  t h e  r a t i o  between l a r g e  eddy s c a l e  and r e f e r e n c e  h e i g h t .  I n  

a d d i t i o n ,  t h e  von Karman d i s t r i b u t i o n  h a s  a  s l o p e  of  -213 a t  f r e q u e n c i e s  above 
t h e  peak and +1.0 below t h e  peak when expressed  i n  Monin c o o r d i n a t e s .  The 

v e l o c i t y  s p e c t r a l  d e n s i t i e s  i n  F i g .  11 a r e  i n  good agreement w i t h  t h e s e  s l o p e s .  

The o r d i n a t e  s c a l e  has  been  nondimensionalized by m u l t i p l y i n g  t h e  s p e c t r a l  
d e n s i t y ,  $ (n ) ,  by t h e  f requency n  and d i v i d i n g  by t h e  v a r i a n c e  u 2 .  

4 . 5  P r e s s u r e  Measurements on t h e  CIBC Bu i ld ing  - Model and F u l l  S c a l e  

;t+efa+tT - 1.5 FT 
m 

U 
3 IL 

The comparison of  t h e  measured p r e s s u r e s  o n  t h e  f u l l - s c a l e  CIBC Bu i ld ing  
and on t h e  model behind  t h e  s p i r e s  is shown g r a p h i c a l l y  i n  F i g .  1 2 .  The d a t a  
shown a r e  t h e  p r e s s u r e  d i f f e r e n t i a l s  a s  measured by t h e  t r a n s d u c e r ,  non- 
d imensional ized  by t h e  dynamic p r e s s u r e  of  t h e  wind a t  t h e  800 f o o t  l e v e l  

oBCC 

( f u l l  s c a l e )  and 2  f o o t  l e v e l  
(model). The mean p r e s s u r e  
c o e f f i c i e n t s  a t  t h e  upper 
l e v e l  l o c a t i o n s  on t h e  e a s t  
and n o r t h  w a l l s  o f  t h e  model n~ 
compare f avourab ly  w i t h  cor-  Pa 
responding measurements i n  
f u l l  s c a l e .  On t h e  upper wes t  ,I 

w a l l ,  however, t h e  mean pres-  
s u r e  c o e f f i c i e n t s  on  t h e  model 
a r e  about  tw ice  a s  l a r g e  a s  
t h o s e  measured i n  t h e  f i e l d .  

TWC ZOUGHNC55 

The rms c o e f f i c i e n t s  of  t h e  T W C  SPIKES 

p r e s s u r e  f l u c t u a t i o n s  a t  a l l  1 ~ , 1 1 1 1 1 ~  + Twc FULL SCALE I I 1 1 1 1 ~  DATA , upper l e v e l  l o c a t i o n s  on t h e  
001 

model a r e  a l s o  about  twice  a s  O . ~ ~  0.1 
1.0 10.0 100.0 

g r e a t  a s  i n  t h e  f u l l - s c a l e  
n(5)BoO 

case. The between F i g .  13: Pressure Spectra, TWC 
model and f u l l  s c a l e  a t  t h e  
lower l e v e l  s t a t i o n s  i s  b e t t e r  
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1.0 t h a n  was t h e  c a s e  a t  t h e  upper 
l e v e l .  

4 . 6  Power S p e c t r a l  D e n s i t i e s  - 

d P r e s s u r e  Turbulence on t h e  

p Bui ld ing ' s  S u r f a c e  

0. I The power s p e c t r a l  d i s t r i b -  
u t i o n s  of  t h e  p r e s s u r e  f l u c t u a t i o n  
i o n s  on t h e  b u i l d i n g  s u r f a c e s  i n  
t h e  model and f u l l - s c a l e  t e s t s  
a r e  compared f o r  f i v e  d i f f e r e n t  
p o s i t i o n s  i n  F i g u r e s  1 3  through 
1 6 .  When p l o t t e d  i n  non-dimen- 

04, s i o n a l  c o o r d i n a t e s  de sc r ibed  i n  
501 o., 1.0 10.0 1000 4 . 4 ,  t h e  model and f u l l - s c a l e  

n ( 5 ) a o ~  
s p e c t r a  a r e  g e n e r a l l y  i n  c l o s e  

F i g ,  14:  Pressure S p e c t r a ,  BWC agreement .  

The model r e s u l t s  f o r  t h e  
1 0 , , , , , , , , , , , ,  , , , , , , , , ,  , , , , , sp i re -produced  t u rbu l ence  tend  

t o  b e  more i r r e g u l a r  t han  t hose  
f o r  roughness-produced t u rbu l -  

ence  i n  F i g .  1 3  and t o  have  a 
f l a t t e r  peak w i t h  more energy a t  

low f r e q u e n c i e s  i n  F i g .  14 .  
These t e n d e n c i e s  may b e  r e l a t e d  

13 I t o  a  narrower a n a l y s i s  bandwidth 

f o r  t h e  s p i r e  d a t a ,  s i n c e  wider  
bandwidths t end  t o  smooth t h e  

T I ~ C  / S P  K E S  s p e c t r a l  d i s t r i b u t i o n  and t o  

B N C  SPieE3 p r o v i d e  l e s s  d e f i n i t i o n  a t  low 

f r e q u e n c i e s  . 
I I I 

I 1 I 1 l l l l i l l  I 1 l l l l i  The s p i k e s  t h a t  occur  i n  
U.O~ 3 I 1.0 10.0 1 1 3 0 3  t h e  model d a t a  (F ig .  13)  a t  a 

n(t1800 

F i g .  15: Pressure S p e c t r a ,  T N C ,  BNC 

non-dimensional frequency of 
1 . 8  t o  2.0 (about  42 Hz. )  a r e  

u n e x ~ l a i n e d  t o  d a t e .  I t  was 
no t ed ,  however, t h a t  a  S t r o u h a l  

10 Number of 0.15,  based  on b u i l d i n g  
model w id th  and f r e e  s t r eam 
v e l o c i t y ,  would i n d i c a t e  a  
vor tex-shedding  frequency of 

?!El about  t h e  same v a l u e .  The l a r g e  
P' i n c r e a s e  i n  t h e  energy a t  high- 

e r  f r e q u e n c i e s  i n  t h e  f u l l -  
o I s c a l e  d a t a  i n  F i g .  1 5  is i n t e r e s t -  

i n g  and i n v i t e s  f u r t h e r  i n v e s t i -  
g a t i o n .  The a n a l y s i s  of t h e  
model d a t a  a t  cor responding  
f r e q u e n c i e s  h a s  n o t  y e t  been 
conducted,  s o  no comparison is 
p o s s i b l e  a t  t h i s  t ime.  

0.01 

001 0.1 1.0 

Two p o i n t s  emerge from t h e  

n(5)800 power s p e c t r a  s t u d i e s  . F i r s t ,  
t h e  f requency a t  t h e  main peaks 

Fig .  16: Pressure S p e c t r a ,  TEC i n  t h e  l o n g i t u d i n a l  t u rbu l ence  
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v e l o c i t y  s p e c t r a  is independent  of h e i g h t  i n  t h e  s h e a r  l a y e r ,  a s  is shown by 
agreement between t o p  and bottom l e v e l s  when s c a l e d  by t h e  wind speed  and h e i g h t  

a t  t h e  800 f o o t  l e v e l .  Second,  i n  s p i t e  of s i g n i f i c a n t  d i s c r e p a n c i e s  i n  mean 
and rrns p r e s s u r e  c o e f f i c i e n t s ,  t h e r e  is s u b s t a n t i a l  agreement between model and 

f u l l - s c a l e  non-dimensionalized p r e s s u r e  s p e c t r a  a t  co r r e spond ing  p o s i t i o n s  on 
t h e  b u i l d i n g .  

5.0 CONCLUSIONS 

Both t h e  l o n g  roughness  f e t c h  and t h e  s p i r e s  w i t h  roughness  produced 
a c c e p t a b l e  models of t h e  urban  wind.  I n  p a r t i c u l a r ,  model l ing  o f  wind v e l o c i t y  
s p e c t r a  and b u i l d i n g  s u r f a c e  p r e s s u r e  s p e c t r a  was notewor thy .  

With some m o d i f i c a t i o n s  t o  improve t h e  mean v e l o c i t y  p r o f i l e  of t h e  
r e s u l t i n g  s h e a r  l a y e r ,  t h e  s p i r e s  can  b e  e n l a r g e d  t o  p r o v i d e  t h i c k e r  boundary 
l a y e r s  i n  t h e  N.R.C. 30 f o o t  V/STOL t u n n e l .  T h i s  would pe rmi t  t h e  t e s t i n g  of  

l a r g e r - s c a l e  b u i l d i n g  models .  

I n  t h i s  connec t ion ,  t h e  w r i t e r s  t h i n k  t h a t  t h e  q u e s t i o n  of  s c a l e  e f f e c t  

w i t h  r e g a r d  t o  t h e  boundary l a y e r s  o r i g i n a t i n g  and growing on  b u i l d i n g  s u r f a c e s  
shou ld  be  i n v e s t i g a t e d .  I d e a l l y ,  t h e  Reynolds Numbers of  b o t h  t u n n e l  and f u l l -  
s c a l e  f lows  shou ld  b e  i d e n t i c a l .  Cermak (9)  h a s  sugges t ed ,  however, t h a t  t h i s  
requi rement  can be  r e l a x e d  f o r  c i t y  winds ,  and can  b e  r e p l a c e d  w i t h  a  r e q u i r e -  

ment t h a t  t h e  f low p a t t e r n s  around s t r u c t u r e s  i n  t h e  c i t y  must b e  a c c u r a t e l y  
model led .  He s u g g e s t s  t h a t  such  a  f low p a t t e r n  i n v a r i a n c e  can b e  ach i eved  by 
m a i n t a i n i n g  a  minimum Reynolds Number i n  t h e  t e s t .  The f o l l o w i n g  h y p o t h e s i s  

a c c e p t s  f o r  t h e  p r e s e n t  t h a t  t h e  Reynolds Number need n o t  b e  c o r r e c t  f o r  t h e  
t u n n e l  model. I t  does ,  however, s u g g e s t  a  more s t r i n g e n t  r equ i r emen t  f o r  
pu r su ing  i n v a r i a n t  f low p a t t e r n s  around s t r u c t u r e s ,  de te rmined  by t h e  r e l a t i o n  

between t h e  s i z e  of b u i l d i n g  s u r f a c e  f e a t u r e s  and s u r f a c e  boundary l a y e r  
t h i c k n e s s .  

As a  f i r s t  approximat ion ,  t h e  b u i l d i n g  s u r f a c e  boundary l a y e r  may b e  

c o n s i d e r e d  t o  b e  t u r b u l e n t ,  w i t h  a  mean v e l o c i t y  p r o f i l e  fo l l owing  t h e  1 1 7 t h  
power law,  developing  under a  uni form p r e s s u r e  f i e l d .  The boundary l a y e r  t h i c k -  
n e s s  a t  a  g iven  p o i n t  would t h e n  b e  p r o p o r t i o n a l  (6)  t o  t h e  415 power of  t h e  

Reynolds Number based on  d i s t a n c e  o v e r  which t h e  boundary l a y e r  h a s  developed .  

The mu l l i ons  on t h e  CIBC Bu i ld ing  p r o t r u d e  s u f f i c i e n t l y  t o  have  a  s i g n i f -  

i c a n t  e f f e c t  on bo th  t h e  magnitude and d i r e c t i o n  of s u r f a c e  boundary l a y e r  
growth.  Consequently,  t hey  should  b e  s c a l e d  acco rd ing  t o  boundary l a y e r  dep th  
r a t h e r  t h a n  t h e  geometr ic  s c a l i n g  f a c t o r  f o r  t h e  b u i l d i n g  a s  a  whole.  As t h e  
f u l l - s c a l e  wind speed a n  t u n n e l  wind speed  were t h e  same, t h i s  would mean a  

s c a l i n g  r a t i o  of (1/400)'/5, o r  abou t  11120. I n  t h e  CIBC Bu i ld ing  model, t h e  
mu l l i ons  should  t h u s  p r o t r u d e  a t  l e a s t  3  t imes  a s  f a r  from t h e  b u i l d i n g  a s  

they  d i d  i n  t h e  p r e s e n t  t e s t .  Whether such  s c a l i n g  o f  s u r f a c e  f e a t u r e s  would 
s i g n i f i c a n t l y  a f f e c t  t h e  b u i l d i n g  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  h a s  n o t  y e t  
been demonst ra ted ,  b u t  s i n c e  t h e  boundary l a y e r  i n t e r a c t s  w i t h  and mod i f i e s  t h e  
main f low,  t h i s  would seem t o  b e  a  s t r o n g  p o s s i b i l i t y .  

REFERENCES 

1. Ludwig, G.  R. and Sundaram, T .  R. "On t h e  Labora to ry  S imu la t i on  o f  Small- 
S c a l e  Atmospheric Turbulence".  C o r n e l l  Aero.  Lab. Repor t  No. VC-2740-S-1, 
Dec. 1969.  

2. Campbell,  G.  S .  and Standen ,  N. M. "Progress  Repor t  I1 on  S i m u l a t i o n  of 

of E a r t h ' s  S u r f a c e  Winds by A r t i f i c i a l l y  Thickened Wind Tunnel Boundary 
Layers".  Na t iona l  A e r o n a u t i c a l  Es t ab l i shmen t ,  Canada, LTR-LA-37,July 1969.  



N. M. STANDEN, W. A. DALGLIESH and R. J. TEMPLIN 

3. D a l g l i e s h ,  W .  A. " S t a t i s t i c a l  Treatment of  Peak Gusts on Claddingn. To b e  

pub l i shed  i n  Proceedings  of t h e  S t r u c t u r a l  D iv i s ion ,  ASCE, Sept .  1971. 
4 .  S tanden,  N .  M. and Templin, R. J .  "Simulation of t h e  N e u t r a l l y - s t r a t i f i e d  

Urban Wind i n  Conventional  Wind Tunnels". Paper  p re sen ted  a t  t h e  J o i n t  
S e s s i o n  of  t h e  5 t h  Annual Congress of t h e  Canadian Meteorologica l  
S o c i e t y  and t h e  2nd Canadian Conference on Micrometeorology, Macdonald 
Co l l ege ,  McGill U n i v e r s i t y ,  Montrea l ,  May 1971. 

5. Davenport ,  A. G .  "The Dependence of Wind Loads on Meteorologica l  Para- 
meters". Proceedings  of t h e  I n t e r n a t i o n a l  Research Seminar on Wind 
E f f e c t s  on  Bu i ld ings  and S t r u c t u r e s ,  1967, Vol. I, Unive r s i ty  of Toronto 
P r e s s .  

6. S c h l i c h t i n g ,  H. "Boundary Layer Theory". McGraw H i l l ,  New York. 

7. Baines ,  W .  D .  " E f f e c t s  of Ve loc i ty  D i s t r i b u t i o n  on Wind Loads and Flow 
P a t t e r n s  on Bui ld ings" .  Proceedings  of t h e  Symposium on Wind E f f e c t s  
on Bu i ld ings  and S t r u c t u r e s ,  Na t iona l  Phys ica l  Labora tory ,  Teddington, 

Vol. I, June  1963.  

8. Lumley, J .  L. and Panofsky,  H.  A. "The S t r u c t u r e  of Atmospheric 
Turbulence".  John Wiley and Sons, New York, 1964. 

9.  Cermak, J. E. "Laboratory S imula t ion  of t h e  Atmospheric Boundary ~ a ~ e r " .  

AIAA 3rd  F l u i d  and Plasma Dynamics Conference,  Paper No. 70-751, Los 

Angeles , June  - J u l y  1970.  




