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ABSTRACT 

This report presents an experimental and analysis study of wind 

drag within simulated forest canopy fields. The drag coefficients, 

aerodynamic roughness and wind velocity profiles are studied for vari­

ous types of forest canopies. Furthermore, a brushy canopy field was 

studied which simulated the leafy portion of a forest witho~t the tree 

trunks present. The wind drag force on a single experimental tree was 

also studied. This information is useful to those who are concerned 

with diffusion within a canopy in an atmospheric boundary layer. 

In the course of this study a shear plate was developed which 

reliably measures a drag force from 0.1 gram to 2000 grams. The func­

tion of this plate was successfully validated by testing it in a tur­

bulent flow over a smooth surface. 

The drag coefficient of a single model tree, which was the same 

as those used in the simulated forest canopy fields, was compared with 

prototype conifers. The work found that a plastic model tree has drag 

coefficients between those for spruce and Douglas fir trees. The varia­

tion of the tree drag coefficient among trees of the same type is con­

cluded by a statistical study on a number of plastic trees which have 

the same amount of foliage but which are different in the arrangement 

of the tree branches and the tree leaves. 

----....------------ -
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Chapter 1 

INTRODUCTION 

1.1 General Background 

The s u r f a c e o f the e a r t h i s composed o f sea and land. L i k e the 

v i v i d and u n p r e d i c t a b l e v a r i a t i o n o f the sea, the appearance o f land 

presents complex f e a t u r e s , such as mountains, r i v e r s and p l a i n s . Some 

o f the land i s shaded w i t h v e g e t a t i o n covers which are v i t a l l y r e l a t e d 

t o human l i f e and are thus i n t e r e s t i n g t o many s c i e n t i s t s and engineers 

i n v a r i o u s f i e l d s . 

T his work i s concemed w i t h r e l a t i v e l y h i g h v e g e t a t i v e coverings 

o f the land. A s i n g l e t r e e , orchard-type canopies, f o r e s t - t y p e cano­

p i e s and brushy canopies are the o b j e c t s o f main i n t e r e s t . The research 

was conducted on: 

a. Single model t r e e and p r o t o t y p e t r e e drag c o e f f i c i e n t s , i n 

which t r e e f l e x i b i l i t y and standard d e v i a t i o n o f the s i n g l e t r e e drag 

f o r c e are i n c l u d e d , 

b. C o n s t r u c t i o n and v e r i f i c a t i o n o f a shear p l a t e which was 

used t o measure smooth boundary shear and the l o c a l s u r f a c e drag fo r c e s 

w i t h i n canopies. 

c. The l o c a l drag c o e f f i c i e n t o f a s i m u l a t e d orchard 

canopy, 

d. The l o c a l drag c o e f f i c i e n t o f a s i m u l a t e d f o r e s t 

canopy, i n which v e l o c i t y p r o f i l e s over and w i t h i n the canopy were 

s t u d i e d . The aerodynamic roughness f o r the f o r e s t canopy was a l s o 

s t u d i e d . 
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e. The l o c a l drag c o e f f i c i e n t of a simulated brushy 

canopy, i n which v e l o c i t y p r o f i l e s of the canopy and the aerodynamic 

roughness were s t u d i e d . 

f . The s i m u l a t i o n o f p r o t o t y p e canopy f i e l d s w i t h models i n 

low v e l o c i t y wind t u n n e l s . 

The work "canopy" w i l l be used f r e q u e n t l y i n t h i s work and i s 

d e f i n e d as a v e g e t a t i v e f i e l d which has l a r g e geometric roughness, f l e x ­

i b l e o r n o n - f l e x i b l e , about which t h e r e i s e i t h e r two-dimensional o r 

t h r e e - d i m e n s i o n a l f l o w c o n d i t i o n s . A s i n g l e t r e e , a row o f t r e e s , a 

c o m f i e l d , a paddy f i e l d , an o r c h a r d , brush, and a f o r e s t belong t o 

t h i s category. 

The f o l l o w i n g l i t e r a t u r e review i s i n t e n d e d t o present an 

i n t r o d u c t i o n t o e x i s t i n g knowledge o f canopy f i e l d s . Some o f the r e f ­

erences c i t e d below are reviewed i n d e t a i 1 i n Chapter 2 w i t h i n sub­

s e c t i o n s , and some p r e c i s e mathematical d e f i n i t i o n s f o r the t e r m i n o l o g y 

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

L e t t a u (1961) s t u d i e d a v e g e t a t i v e s u r f a c e roughness which 

d e a l t w i t h r e g i o n a l and seasonal v a r i a t i o n s . Because o f the l a c k o f 

p e r t i n e n t i n f o r m a t i o n , he suggested t h a t h i s r e s u l t s should be con­

s i d e r e d as t e n t a t i v e . Lettau's study on the v e g e t a t i v e covers o f the 

s t a t e o f Wisconsin was, n e v e r t h e l e s s , v a l u a b l e . He grouped v e g e t a t i o n 

type i n t o g r a i n s such as com, oats and hay, and t r e e s such as oak, ma­

p l e and aspen. F i e l d crops o t h e r than g r a i n s were s t u d i e d such as i d l e 

and non-cropped l a n d , p a s t u r e d woodland and bare land. He used an em­

p i r i c a l e q u a t i o n by Kung (1961) t o f i n d the weighted averages o f l o g z 



3 

lo g z = - 1.24 + 1.19 l o g h (1.1.1) 
" o 

Here, the aerodynamic roughness, , and p l a n t h e i g h t h are i n cm. 

The use o f z w i l l be i l l u s t r a t e d below i n Equation 1.1.2. The aver-
o 

age aerodynamic roughnesses, o b t a i n e d from the v e g e t a t i o n h e i g h t , o f 

the s t a t e o f Wisconsin are t a b u l a t e d below: 

Table 1.1.1 The average aerodynamic roughnesses 
o f the s t a t e o f Wisconsin 

z 

0 
z 

0 

n o r t h e a s t 64.96 east 5.24 

n o r t h 44.62 southwest 3.19 

northwest 38.85 south 4.29 

west 8.12 southeast 6.82 

c e n t r a l 12.71 

Deacon (1953) conducted research on v a r i o u s n a t u r a l s u r f a c e s . 

He found the aerodynamic roughness o f n a t u r a l surfaces by u s i n g the 

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

JL. 1 iln (1.1.2) 

where: 

wind v e l o c i t y as a f u n c t i o n o f y above the ground 

u^ = shear v e l o c i t y . 

T = surface shear s t r e s s 
o 

p = mass d e n s i t y o f the f l u i d 

k = the u n i v e r s a l Karman c o n s t a n t , 0.4 
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= aerodynamic roughness. 

Deacon's s t u d i e s were mainly conducted on two surface 

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

o f low v e g e t a t i o n . The r e s u l t o f h i s study was w i d e l y recognized and 

used by many researchers i n f l u i d mechanics and meteorology. Deacon 

i n d i c a t e d t h a t the aerodynamic roughness decreases w i t h an increase o f 

wind v e l o c i t y f o r both cases o f 45 cm and 65 cm h e i g h t mown grass sur­

face. His study showed t h a t Kung's e m p i r i c a l e q u a t i o n f o r estimated 

aerodynamic roughness was good i n the study o f r a t h e r s t i f f v e g e t a t i v e 

c o v e r i n g s . 

For l a r g e crops such as a f o r e s t canopy and a brushy canopy, 

however, the d e s c r i p t i o n o f the v e l o c i t y d i s t r i b u t i o n by Equation 1.1.2 

was n o t s a t i s f a c t o r y because no meaningful l o g a r i t h m i c curve c o u l d be 

found w i t h i n and above the canopy. Thus, Rossby and Montgomery (1935) 

suggested the f o l l o w i n g e q u a t i o n : 

1 an ^ . (1.1.3) 
^ 'o 

The zero p o i n t displacement, d , i s the v e r t i c a l d i s t a n c e where the 

l o g a r i t h m i c v e l o c i t y p r o f i l e has u-0 , Thus, d was the t h i r d pa­

rameter which was determined e x p e r i m e n t a l l y and which had t o be scaled 

p r o p e r l y i f the d i s t r i b u t i o n o f wind above l a r g e crops was t o be simu­

l a t e d i n a wind t u n n e l . 

S t o l l e r and Lemon (1963) d i d a study on wheat f i e l d s and 

o b t a i n e d wind v e l o c i t y data i n dimensionless form versus y/h w i t h i n 

the wheat f i e l d . Tan and Ling (1961) d i d t he same k i n d o f study on 

corn f i e l d s and wheat f i e l d s , as d i d Paeschke (1937). T h e i r r e s u l t s 



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

and are shown i n F i g . 4.3.1.5. 

Pl a t e and Q u r a i s h i (1965) d i d a thorough study on canopies o f 

wood pegs and o f p l a s t i c s t r i p s . The wood peg was 5.08 cm h i g h and 

0.475 cm i n diameter, arranged i n a p a t t e r n o f squares, 2.54 cm spacing 

i n both l o n g i t u d i n a l and l a t e r a l d i r e c t i o n s . The f l e x i b l e s t r i p was 

0.635 cm wide, 0.019 cm t h i c k and 10.2 cm h i g h . S t r i p s were fast e n e d 

t o wooden s t r i p s . The p l a s t i c s t r i p s were arranged t o face the d i r e c ­

t i o n o f the wind w i t h t h e i r broad s i d e , w i t h a spacing i n the d i r e c t i o n 

normal t o the f l o w o f one element per 2.54 cm, and a spacing i n the 

d i r e c t i o n o f f l o w o f one row every 5.08 cm. T h e i r canopies were u n i ­

f o r m l y and r e g u l a r l y arranged on a wind t u n n e l f l o o r o f 183 cm by 610 

cm area and v e l o c i t y d i s t r i b u t i o n s were s t u d i e d under v a r i o u s ambient 

wind speeds. They found t h a t the v e l o c i t y d i s t r i b u t i o n i n the f l o w 

above the p l a n t cover c o u l d be represented by 

1 

(1.1.4) 

where: 

n = a constant 

U = the ambient wind v e l o c i t y 

S - the boundary l a y e r t hickness 

h = p l a n t h e i g h t , or h e i g h t o f element. 

The exponent n = 3 agrees remarkably w e l l w i t h Moore (1951) 

and Bhaduri (1963) f o r roughness elements c o n s i s t i n g o f wooden s t r i p s 

f astened t o the wind t u n n e l f l o o r a t equal i n t e r v a l s o f 30.48 cm. 

Each wooden s t r i p had a c r o s s - s e c t i o n o f 0.635 cm by 0.635 cm and a 



l e n g t h o f 183 cm. The a x i s was p e r p e n d i c u l a r t o the wind flow 

d i r e c t i o n . The exponent n = 3 a l s o agrees w e l l w i t h the f o r e s t 

canopy study i n t h i s research. 

P l a t e and Q u r a i s h i adopted Equation 1.1.3 and used the 

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

ment d o r i g i n a t e d by Rossby and Montgomery. 

u 1 „ ; y-h 
- n : = k ^ " ( V ) • (1.1.5) 

.Considering the above mentioned works, i t i s seen t h a t more 

data are a v a i l a b l e i n the measurement o f v e l o c i t y d i s t r i b u t i o n s than i n 

aerodynamic roughness and shear v e l o c i t y . Furthermore, none o f them 

e l a b o r a t e d upon the i n f l u e n c e o f the boundary l a y e r t h i c k n e s s on the 

s u r f a c e s t r e s s and on the aerodynamic roughness o f the canopy f i e l d . 

N e i t h e r d i d they study the i n i t i a l f l o w r e g i o n and the end r e g i o n o f 

the canopy f i e l d s , nor any d i r e c t measurement o f the s u r f a c e s t r e s s 

w i t h i n the canopy f i e l d s . T h e r e f o r e , i t i s the purpose o f t h i s work t o 

study these t o p i c s e x t e n s i v e l y . The v e l o c i t y p r o f i l e s and aerodynamic 

roughness o f the c e n t e r r e g i o n o f the canopies w i l l be s t u d i e d and com­

pared, when p o s s i b l e , w i t h the data a v a i l a b l e from the above mentioned 

researchers. 

1-2 Purpose and Scope 

The general purpose o f t h i s work i s t o present expe r i m e n t a l 

d e t e r m i n a t i o n s o f the drag c o e f f i c i e n t f o r v a r i o u s types o f canopies 

by u s i n g a r t i f i c i a l p l a s t i c t r e e s i n a wind t u n n e l where the study o f 

the canopy f i e l d can be r e g u l a t e d i n a c a r e f u l f a s h i o n by c o n t r o l l i n g 

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



"° '»°''' '•'^"y . H l C n c s a„. t h e „ M e n t 

wind V C o e U i e s , „=.rdi„, t o tKo p„.po„ ,t„d.. „ o „ , p a c i n c a „ , 

t»o f o U » l „ , t o p i c s s,e s t u d i e d t . o „ u , „ , »„ t H i . „se.rch, d e t a i l s 

Of which . 1 1 , be discussed 1„ Chapters 2 .„d 4. 

1-2.1 Surface Shear on , 5.„„th RounH.,,, 

11.0 s u r f a c e shear s t r e s s on a s.ooth boundary under 

i n o o ^ r e s s l b l e , t u r b u l e n t f , o . c o n d i t i o n s .as s t u d i e d I n a . I n d t u n n e l 

11.0 P»n.ose ..s t o t e s t the use o f a d r a , . e . s u r l n . d e vice developed b , 

N..h «.d d i e d a shear p l a t e , s»oth boundary c o n d i t i o n c r e a t e d a 

t o s t i n , S i t u a t i o n .here the value o f t h e bounda.-y shear s t r e s s has been 

won e s t a b l i s h e d , ^ u s confidence . a , ,.i„ed 1„ t h e sue o f the shear 

P l a t e f o r . e a s u r l n , ..11 shear under o t h e r s u r f a c e c o n d i t i o n s , ^ e 

d e s c r i p t i o n o f the shear p l a t e „111 be presented I n c h a p t e r 3, The 

Shear p l a t e .as, 1„ oonse,ua.c., used f o r . e . s u r l n g the l o c a l s u r f a c e 

.hear o f t h , .odel f o r e s t - t y p e canopy and t h , .ode, b.™hy canopy i„ 

t h i s work. 

^^:giLCoemcLent o f a S i n . l . 

I n t h i s work, a s i n g l e a r t i f i c i a l t r e e was s t u d i e d I n a f r e e 

stream and i n a w e l l submerged boundary l a y e r c o n d t i i o n . I t was f e l t 

t h a t by d e f i n i n g the c h a r a c t e r i s t i c v e l o c i t y as the r o o t mean square 

v e l o c i t y on the t r e e f r o n t a l area, the t r e e drag c o e f f i c i e n t would be 

the same f o r the a r t i f i c i a l t.ee i n a f r e e stream as f o r the a r t i f i c i a l 

t r e e xn a t h i c k boundary l a y e r . D e f i n i t i o n o. the t r e e drag c o e f f i ­

c i e n t w i l l be seen i n Chapter 2. 

By comparing the t r e e drag c o e f f i c i e n t o f the a r t i f i c i a l 

p l a s t i c t r e e w i t h p r o t o t y p e t r e e s , i t was f e l t tu . 
a, 11 was t e l t t h a t confidence would 
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b® gained i n d e t e r a i n i n g the t r e e drag c o e f f i c i e n t o f a r e a l t r e e 

under v a r i o u s f l o w c o n d i t i o n s . The t r e e drag c o e f f i c i e n t o f an a r t i ¬

f i c i a l p l a s t i c t r e e was found t o be between t h a t o f Douglas f i r and 

spruce. This r e v e a l e d t h a t the e x p e r i m e n t a l f o r e s t s t u d i e d i n t h i s 

work may be considered as a s i m u l a t e d Douglas f i r f o r e s t o r a spruce 

f o r e s t . Moreover, the i n f o r m a t i o n o f a s i n g l e t r e e drag c o e f f i c i e n t 

can be u s e f u l t o the study o f wind breaks. 

The t r e e f l e x i b i l i t y a i d the s t a t i s t i c a l v a r i a t i o n o f drag 

f o r c e on an a r t i f i c i a l t r e e were s t u d i e d . This i n f o r m a t i o n can be used 

t o e s t i m a t e the t r e e drag c o e f f i c i e n t and the s t i f f n e s s o f a s i n g l e 

t r e e . 

Drag C o e f f i c i e n t o f Various Canopies 

The s t a n d a r d i z e d l o c a l s k i n f r i c t i o n drag c o e f f i c i e n t s f o r f l o w 

i n pipes and along p l a t e s are used s u c c e s s f u l l y i n e n g i n e e r i n g a p p l i c a ¬

t i o n s . However, the drag c o e f f i c i e n t s f o r v a r i o u s v e g e t a t i v e canopies 

are scarce. T h e r e f o r e , t h i s work i n t e n d s t o do a thorough study on t h i s 

s u b j e c t r e g a r d i n g experimental t r e e canopies i n the hope t h a t the cano­

pie s may be g e n e r a l i z e d and a l a b o r a t o r y study o f canopies may s i m u l a t e 

p r o t o t y p e canopies. I t w i l l be shown how t h i s i n f o r m a t i o n i s u s e f u l 

f o r d i f f u s i o n s t u d i e s . 

I n t h i s work, the l o c a l drag c o e f f i c i e n t was found f o r v a r i o u s 

types o f canopies. The experimental r e s u l t s compared f a v o r a b l y w i t h 

the a n a l y t i c a l r e s u l t s . The s i m u l a t e d f o r e s t - t y p e canopies s t u d i e d 

here were composed o f a r t i f i c i a l t r e e s which were descri b e d i n pre v i o u s 

s u b s e c t i o n 1.2.2. A close-up photo. Fi g u r e 3.4.1.1, and the dimensions 

o f an a r t i f i c i a l p l a s t i c t r e e w i l l be seen i n Chapter 3. 



The t o t a l drag c o e f f i c i e n t s f o r f l o w i n pipes and along f l a t 

p l a t e s are used by engineers i n e s t i m a t i n g o v e r - a l l drag f o r c e o f the 

problem. For t h i s reason, the t o t a l drag c o e f f i c i e n t o f experimental 

f o r e s t - t y p e canopies were s t u d i e d . Moreover, two d i f f e r e n t thicknesses 

o f boundary l a y e r were a p p l i e d t o the same ex p e r i m e n t a l brushy canopy 

i n o r d e r t o f i n d some r e l a t i o n between the t h i c k n e s s o f the boundary 

l a y e r and the t o t a l drag c o e f f i c i e n t o f the ex p e r i m e n t a l canopies. 

This i n f o r m a t i o n w i l l p r o v i d e a t l e a s t a q u a l i t a t i v e c l u e when the i n ­

f o r m a t i o n o f the t o t a l drag c o e f f i c i e n t o f an e x p e r i m e n t a l canopy i s 

a p p l i e d t o a p r o t o t y p e canopy which i s under a c e r t a i n t h i c k n e s s o f an 

atmospheric boundary l a y e r . 

'•^•^ g23Ï£iS£i.ty P r o f i l e s Over and W i t h i n the Simulated F..... 

The v e l o c i t y p r o f i l e s o f the s i m u l a t e d f o r e s t canopy have 

an i n t e r e s t i n g phenomenon. The flow above the t o p o f a f o r e s t canopy 

i s expected t o possess a l o g a r i t h m i c v e l o c i t y p r o f i l e towards the cen­

t e r p o r t i o n o f the canopy f i e l d , and the p r o f i l e below becomes a p p r o x i ¬

mately u n i f o r m f l o w . 

The study o f the wind v e l o c i t y p r o f i l e s over and w i t h i n the 

s i m u l a t e d f o r e s t canopies has two purposes: one i s r a t h e r f o r r e ­

search i n t e r e s t . There are no f o r e s t wind p r o f i l e data which cover 

from the be g i n n i n g t o the end o f a f o r e s t canopy, and o n l y by s i m u l a t i n g 

a f o r e s t canopy i n a wind t u n n e l was such a study p o s s i b l e and meaning­

f u l . The o t h e r i s f o r p r a c t i c a l a p p l i c a t i o n s . By knowing the wind 

c h a r a c t e r , t h a t i s the l o c a l wind v e l o c i t y , over and w i t h i n rhe f o r e s t 

canopy the d e - f o l i a g i n g or f e r t i l i z i n g o p e r a t i o n can be performed more 
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e f f i c i e n t l y when c o n s i d e r i n g the c h a r a c t e r i s t i c s o f the wind. The 

f o r e s t f i r e , snow pack, desease c o n t r o l , e t c . , are problems which are 

c l o s e l y r e l a t e d t o the wind c h a r a c t e r o f a f o r e s t . 

I n t h i s work, the wind v e l o c i t y p r o f i l e s over the c e n t e r 

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

v e l o c i t y d i s t r i b u t i o n Equation 1.1.3 and t o the power v e l o c i t y d i s t r i ­

b u t i o n Equation 1.1.4 f o r the purpose o f comparing w i t h o t h e r s ' work. 

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

f o r e s t canopy were u n i f o r m up t o 0.6 t r e e h e i g h t from the f l o w , t h a t 

i s , no v e l o c i t y g r a d i e n t e x i s t e d i n the v e r t i c a l d i r e c t i o n . These data 

are presented i n Chapter 4, t o g e t h e r w i t h the wind p r o f i l e s a t the i n i ­

t i a l and the end regions o f the s i m u l a t e d f o r e s t canopy. 

1-2.5 The AerodynMiic Roughness o f Canopies 

Th© aerodynamic roughness, , i s one o f the parameters i n 

Equation 1.1.5 which was used t o i n t e r p r e t the v e l o c i t y p r o f i l e s a t the 

c e n t e r r e g i o n o f the s i m u l a t e d f o r e s t and brushy canopies. I t was 

f e l t t h a t t he magnitude o f the aerodynamic roughness i s not o n l y p ro­

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

f u n c t i o n o f the drag f o r c e f o r f l o w over a t r a n s i t i o n r e g i o n o r over a 

completely rough r e g i o n o f a canopy. The t e r m i n o l o g y o f " t r a n s i t i o n 

r e g i o n " and "completely rough r e g i o n " were adopted from S c h l i c h t i n j 

(1968). 

The purpose o f s t u d y i n g the aerodynamic roughness i n t h i s work 

was t o f i n d out whether Equation 1.1.1 worked a l s o f o r the s i m u l a t e d 

f o r e s t and brushy canopies. Thus, the l o c a l shear s t r e s s o f canopies 

co u l d be approximated through Equations 1.1.1 and 1.1.5 by j u s t measuring 
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the l o c a l v e l o c i t y u . This knowledge i s p a r t i c u l a r l y i m p o r t a n t 

t o the study o f the p r o t o t y p e f o r e s t canopies, because then the l o c a l 

shear s t r e s s , o r the l o c a l drag c o e f f i c i e n t , o f the p r o t o t y p e f o r e s t 

canopy can be c a l c u l a t e d from Equations 1.1.1 and 1.1.5. 

The r e s u l t s o f the aerodynamic roughness o f the s i m u l a t e d 

f o r e s t and brushy canopies were compared w i t h those o f Deacon, L e t t a u , 

and Kung. 
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Chapter 2 

Tl IHÜRli r I CAL CONS I DüUAT IONS 

2.1 The Resistance Formula f o r a Smooth P l a t e and a Uniform Rough 

Pl a t e i n T u r b u l e n t Flow 

The t u r b u l e n t boundary lay e r on a f l a t p l a t e a t zero i n c i d e n c e 

w i t h and w i t h o u t zero pressure g r a d i e n t i s o f great p r a c t i c a l importance. 

However, l i k e the case w i t h laminar f l o w , the s k i n f r i c t i o n c o e f f i c i e n t s 

i n a m i l d pressure g r a d i e n t are not m a t e r i a l l y d i f f e r e n t from those f o r 

zero pressure g r a d i e n t , p r o v i d e d t h e r e i s no s e p a r a t i o n . The o n l y me­

thods a v a i l a b l e a t the present time f o r the mathematical treatment o f 

t u r b u l e n t boundary l a y e r s are approximate methods. 

A method f o r the smooth p l a t e i s based on the momentum I n t e g r a l 

e q u a t i o n f o r a two-dimensional incompressible boundary l a y e r which i s 

presented i n S c h l i c h t l n g (1968) as: 

where the momentum t h i c k n e s s 9 i s 

^ = f " ^ ( 1 - Ü - ) ''y ^'-'-^^ 
Jo a a 

ft 
and t h e displacement t h i c k n e s s 6 i s 

^ OO 

6* - / 1 - g - 1 dy . (2.1.3) 

•Jo a ' 

The ambient wind v e l o c i t y U i s a f u n c t i o n o f x because 

the Equation 2.1.1 i s d e r i v e d f o r the flow w i t h pressure g r a d i e n t , and 



13 

v a r i e s according t o the magnitude o f the pressure g r a d i e n t . By 

i n t r o d u c i n g the shape f a c t o r H which i s the r a t i o o f the displacement 

t h i c k n e s s and the momentum t h i c k n e s s , 

ft 

" " — • (2.1.4) 

The Equation 2.1.1 can be expressed i n another form: 

These equations express the w a l l shear s t r e s s i n terms o f the boundary 

l a y e r t h i c k n e s s and the ambient v e l o c i t y which i s i n f l u e n c e d by the 

pressure g r a d i e n t . I f no pressure g r a d i e n t i s presented, the second 

term on the r i g h t s i d e o f Equation 2.1.5 w i l l drop, and i t becomes 

'̂ o de 

— r 37 (2.1.6) 
a 

The d e r i v a t i v e o f 6 w i t h respect t o x i s very s e n s i t i v e , and i n 

most cases the w a l l shear s t r e s s cannot be found a c c u r a t e l y by Equation 

2.1.6. Th e r e f o r e , o t h e r a n a l y t i c approaches t o f i n d t h e w a l l shear 

s t r e s s are needed. 

There are two ways, which are based on v e l o c i t y p r o f i l e d i s t r i ­

b u t i o n , t o f i n d the w a l l shear s t r e s s on a smooth p l a t e i n a t u r b u l e n t 

f l o w : one i s based on the power v e l o c i t y d i s t r i b u t i o n and the o t h e r i s 

based on the l o g a r i t h m i c v e l o c i t y d i s t r i b u t i o n . The power v e l o c i t y 

d i s t r i b u t i o n i s shown as: 
1_ 

u 
0" ' 6 (2.1.7) 
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f o r Reynolds numbers, Rê ^ , between 5 x 10^ and 10^, And t h e 

f o l l o w i n g r e l a t i o n f o r a c i r c u l a r p i p e , by Nikuradse, when m o d i f i e d 

f o r t he smooth s u r f a c e i n a t u r b u l e n t f l o w case, i s 

1 

- \ « 0.0225 ^ 
PU/ "a«, 

7 

(2.1.8) 

where v i s the k i n e m a t i c v i s c o s i t y , ^ . By u s i n g Equations 2.1.2 

and 2.1.6, Equation 2.1.8 can be w r i t t e n as 

1 

h § • 0.0225 j ^ ] ^ . (2.1.9) 

The d e r i v i n g procedures are o m i t t e d here and can be found from 

S c h l i c h t i n g (1968) t h a t 

1 
/U X " 5 

6(x) - 0.036 X (2.1.10) 

and ^ 

/ U X " 5 

Cf' - 0-0576 - S - j (2.1.11) 

where the c^' i s the l o c a l drag c o e f f i c i e n t which i s d e f i n e d as 

(2.1.12) 
%,U/ 

Equations 2.1.10 and 2.1.11 apply o n l y f o r a smooth p l a t e i n a 

t u r b u l e n t boundary l a y e r and are v a l i d on the assumption t h a t t he 

boundary l a y e r i s t u r b u l e n t from the l e a d i n g edge onward. 

Th© l o c a l drag c o e f f i c i e n t equation based on the power v e l o c i t y 

d i s t r i b u t i o n i s r e s t r i c t e d t o U 6/v < 10^ . The l o c a l drag 
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c o e f f i c i e n t deduced from the l o g a r i t h m i c v e l o c i t y d i s t r i b u t i o n leads 

t o a f a i r l y cumbersome set o f equations. However, H. S c h l i c h t i n g found 

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

i . e . , 

Cf' = (2 l o g Re^ - 0.65)"^-^ (2.1.13) 

where U^x/v , the Reynolds number, i s based on the l o n g i t u d i n a l 

d i s t a n c e x . No r e s t r i c t i o n i s posed on Equation 2.1.13, 

The f o l l o w i n g are a number o f recognized l o c a l drag c o e f f i c i e n t 

equations f o r a smooth p l a t e i n a t u r b u l e n t boundary l a y e r , F. S c h u l t z -

Granow (1941) found t h a t the r e s i s t a n c e f ormula from h i s experiments was 

Cf' = 0.370 ( l o g Re^)-2-S84 (2.1.14) 

Nikuradse (1942) a l s o conducted a very comprehensive s e r i e s o f e x p e r i ­

ments on f l a t p l a t e s . He found the l o c a l drag c o e f f i c i e n t f o r m u l a as 

Cf- = 0.02296 (Re^)-°-^5^ . (2.1,15) 

Ludwieg and T i l l m a n (1950) proposed an a n a l y t i c method f o r t h e c a l c u l a ­

t i o n o f l o c a l drag c o e f f i c i e n t o f a f l a t p l a t e , w i t h o r w i t h o u t pressure 

g r a d i e n t on i t , i . e . , 

-0.678HfVl°-268 
Cf' » 0.246 x 10" (2.1.16) 

Throughout the study o f a smooth boundary i n t h i s work, the 

v i r t u a l o r i g i n was estimated f o r the c a l c u l a t i o n o f Re^ by the method 

o f Rubesin (1951), P h y s i c a l l y , the t u r b u l e n t boundary cannot s t a r t 

w i t h zero boundary l a y e r t h i c k n e s s , and the e f f e c t i v e s t a r t i n g p o i n t i s 

c a l l e d the v i r t u a l o r i g i n . The method o f e s t i m a t i n g the v i r t u a l o r i g i n 

mm 
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t o g e t h e r w i t h the experimental r e s u l t s w i l l be discussed i n d e t a i l i n 

Chapter 4. Hie l o c a l drag c o e f f i c i e n t Equations 2.1.6, 2.1.12, 2.1.14, 

and 2.1.16 were used i n t h i s work. P a r t i c u l a r l y , Equation 2.1.6 w i l l 

be discussed a t f u r t h e r l e n g t h i n Chapter 4. 

The rough p l a t e i s more common i n e n g i n e e r i n g problems than 

the smooth p l a t e and deserves more a t t e n t i o n . I f the r e l a t i v e rough­

ness - J — i s considered, the r e l a t i v e roughness w i l l decrease along the 

p l a t e . The h i s the roughness h e i g h t which remains constant f o r u n i ­

form rough p l a t e , w h i l e the boundary l a y e r t h i c k n e s s increases down­

stream. This circumstance causes the f r o n t o f the p l a t e t o behave d i f ­

f e r e n t l y from the rearward p o r t i o n as f a r as the i n f l u e n c e o f roughness 

on drag i s concerned. The completely rough f l o w i s over the f o r w a r d 

p o r t i o n , f o l l o w e d by the t r a n s i t i o n r e g i o n and, e v e n t u a l l y , the rough 

p l a t e may become h y d r a u l i c a l l y smooth i f i t i s s u f f i c i e n t l y long. The 

f o r e s t and brushy canopies d i d not have a h y d r a u l i c a l l y smooth r e g i o n 

i n t h i s work. 

The dimensionless roughness parameter - y — i s used t o d e f i n e 

the l i m i t between c h a r a c t e r c a t e g o r i e s as f o l l o w s : 
u^k 

completely rough: ^ ^ > 70 

u^k 

t r a n s i t i o n : 5 < < 70 (2.1.17) 

h y d r a u l i c a l l y smooth: — — < 5 

where 

kg a the e q u i v a l e n t sand roughness. 

Based on the l o g a r i t h m i c v e l o c i t y d i s t r i b u t i o n , P r a n d t l and 

S c h l i c h t i n g presented the f o l l o w i n g e q u a t i o n : 
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ÏÏ; = k ^" r ) * h (2.1.18) 

where i s c a l l e d the roughness f u n c t i o n and i s a constant 8.5 under 

completely rough c o n d i t i o n s . I n order t o f i n d the r e l a t i o n between the 

e q u i v a l e n t sand roughness, k^ , and the p h y s i c a l h e i g h t o f the rough­

ness, h , S c h l i c h t i n g performed experiments f o r a l a r g e number o f 

roughnesses arranged on a f l a t p l a t e and determined the constant 

i n the u n i v e r s a l e q u a t i o n , 

TT- =• T '•nf^] + B^ . 
^ F - ' M h M «2 • (2.1.19) 

On comparing Equations 2.1.18 and 2.1.19, the e q u i v a l e n t sand roughness 

can be o b t a i n e d from the r e s u l t i n g e q u a t i o n : 

1 / ̂  

F ^ " ( i r - - B2 . (2.1.20) 

Paeshke (1937) demonstrated from experiment t h a t Equation 

2.1.19 can be a p p l i e d t o the motion o f a n a t u r a l wind over surfaces 

which were covered w i t h d i f f e r e n t kinds o f v e g e t a t i o n . He found t h a t 

B = 5 when the p h y s i c a l h e i g h t o f the vegetable growth h i s used. 

I n accordance w i t h Equation 2.1.20 t h i s i s the same as t a k i n g the 

e q u i v a l e n t sand roughness t o be k^ = 4 h 

The e q u i v a l e n t sand roughness i s u s e f u l f o r the rough p l a t e 

s t u d y , f o r t h e r e are charts based on c^' , k^ , Re^ e x i s t i n g 

i n S c h l i c h t i n g (1968). The c^' o f the e x p e r i m e n t a l canopies i n t h i s 

work can a l s o be approximated by the method mentioned above. However, 

f o r a d e t a i l e d i n s i d e look i n t o the roughness and the l o c a l drag co­

e f f i c i e n t o f the experimental canopies, the t o l l o w i n g method i s r e ­

commended. 
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Many i n v e s t i g a t o r s used the l o g a r i t h m i c v e l o c i t y d i s t r i b u t i o n 

and o m i t t e d the roughness f u n c t i o n , B , t o f i n d t h e i r aerodynamic 

roughness z and shear v e l o c i t y û , from the e q u a t i o n 

where u^ and z^ are two unknowns. Two sets o f u and y data 

from the same experimental v e l o c i t y p r o f i l e have t o be used t o solve 

Equation 2.1.2 f o r û , and z^ . The value o f u and y , however, 

should be taken a t a c e r t a i n d i s t a n c e away from the rough s u r f a c e f o r 

the l o g a r i t h m i c v e l o c i t y d i s t r i b u t i o n i s not p r e s e n t adjacent t o the 

rough wurface. Deacon (1953) d i d a study by u s i n g Equation 1.1.2 f o r 

n a t u r a l surfaces w i t h o u t v e g e t a t i o n such as sea, d e s e r t s and snow sur­

f a c e , and f o r n a t u r a l surfaces w i t h low v e g e t a t i o n such as mown grass 

s u r f a c e s . P l a t e and Hidy (1967) used Equation 1.1.2 as w e l l t o f i n d 

the aerodynamic roughness o f s m a l l water waves. 

One o f the d i f f i c u l t i e s i n the use o f Equation 1.1.2 i s t h a t 

as -<• Q , i t does not approach the smooth s u r f a c e c o n d i t i o n , which 

i s : 

which i s the law o f the w a l l proposed by L. P r a n d t l . Another problem 

i s t h a t the l o c a l wind v e l o c i t y has t o become zero a t the e l e v a t i o n 

o f y = i n o r d e r t o have Equation 1.1.2 v a l i d m a t h e m a t i c a l l y , i . e . , 

the no s l i p c o n d i t i o n at the surface o f a boundary i s s u b j e c t t o 

q u e s t i o n . However, Equation 1.1.2 has i t s m e r i t . For one t h i n g , u^ 

and i n a t u r b u l e n t f l o w are the c o u n t e r p a r t c h a r a c t e r i s t i c v e l o c i t y 

and l e n g t h U and 6 i n a laminar f l o w . With these two parameters, 

(1.1.2) 

+ constant (2.1.21) 
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the v e l o c i t y p r o f i l e i n t u r b u l e n t f l o w does show the l o g a r i t h m i c 

d i s t r i b u t i o n c h a r a c t e r . For the o t h e r , the aerodynamic roughness i s 

c o r r e l a t e d w i t h the h e i g h t o f the roughness. Although the aerodynamic 

roughness r e f l e c t s o n l y a q u a l i t a t i v e measure o f the h e i g h t o f the 

roughness, the i s a l s o i n f l u e n c e d by u, , which i s r e l a t e d t o the 

l o c a l s u r f a c e s t r e s - i , and hence the d e n s i t y o f the roughness and the 

f l o w c o n d i t i o n . 

I n t h i s work, the h e i g h t o f s t u d i e d canopies b e i n g r a t h e r 

l a r g e , the f l o w c h a r a c t e r can h a r d l y be shown by u s i n g Equation 1.1.2. 

Rossby and Montgomery (1935) suggested t h a t f o r h i g h c r o p s , the equa­

t i o n should be 

1 
F I ' T ' I • (1.1.3) 

o 

This e q u a t i o n shows the l o g a r i t h m i c v e l o c i t y d i s t r i b u t i o n s t a r t e d from 

the e l e v a t i o n o f z e r o - p o i n t displacement d upward and avoids the 

v a r i a t i o n o f f l o w c o n d i t i o n below d . Again, m a t h e m a t i c a l l y the l o c a l 

v e l o c i t y i s zero a t y = d * z^ , which cannot be t r u e i n n a t u r e . The 

z e r o - p o i n t displacement i s found from experiment f o r the d i f f e r e n t 

roughnesses present. 

For s i m p l i c i t y , the p h y s i c a l h e i g h t o f the roughness h replaces 

the z e r o - p o i n t displacement d i n Equation 1.1.3. I t then reads: 

i L . = 1 „ / y - d 
u* k V • (1-1.5) 

o 

Equation 1.1.5 was used t o study the experimental f o r e s t and brushy 

canopies i n t h i s work. 

The f o l l o w i n g i s a c i t a t i o n o f e x i s t i n g s u r f a c e shear s t r e s s 

measuring devices innovated by v a r i o u s researchers. 
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Schultz-Grunw (1940) succeeded i n d i r e c t measurement by means o f a 

mechanical balance, see Figure 2.1.1, but the balance was not easy t o 

use f o r i t needs a l a r g e amount o f i n s t r u m e n t a l a c c e s s o r i e s . Page and 

Falkner (1930) used the pressure o r i f i c e a t the p o i n t o f the w a l l where 

the s h e a r i n g s t r e s s i s t o be measured. Approximately 1/20 mm above 

the o r i f i c e was a sharp k n i f e edge, a l s o c a l l e d a Stanton tube. The 

p o r t i o n o f the v e l o c i t y near the w a l l i s then dammed up between k n i f e 

edge and w a l l . The pressure r i s e s below the k n i f e edge w i t h r espect 

t o the u n d i s t u r b e d s t a t i c pressure gave Fago and Falkner a measure f o r 

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

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

because o f the d i f f i c u l t y i n h a n d l i n g and o f the extremely s e n s i t i v e 

t e s t probe, the method was not easy t o use, 

H, Ludwieg (1950) used a s m a l l heat t r a n s f e r element which was 

b u i l t i n t o the w a l l and had a h i g h e r temperature than the f l o w . He 

found a d e f i n i t e r e l a t i o n s h i p between s u r f a c e shear s t r e s s and heat 

t r a n s f e r as f o l l o w s : 

1 

Nu - 0.807 (Ji) t j (2.1,22) 

where 

Nu • Nus s e l t number 

I • the l e n g t h o f the heat element 

o - the thermal d i f f u s i v i t y , | ^ . 

The d e r i v a t i o n steps are o m i t t e d here but can be found i n h i s paper. 

The heat t r a n s f e r element i s heated by a s m a l l e l e c t r i c h e a t e r . 

A warm boundary l a y e r , s t a r t i n g from the f o r w a r d edge o f the element, 

i s formed. The heat volume Q o f the element can be c a l c u l a t e d from 
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the heat i n p u t t o the element a f t e r the warm boundary l a y e r reaches the 

steady s t a t e . The temperatures a t the w a l l and a t the edge o f the warm 

boundary l a y e r can be d e t e c t e d by a thermocouple. By knowing 9 and 

- T^) , the Nusselt nimber can be o b t a i n e d from 

where 

Nu = ^ = n r r r ^ - l T T (2.1.23) 
^ o " 

a = b t ( ? -T ) (2.1.24) 
O 00 

b = the w i d t h o f the heat element. 

The thermal d i f f u s i v i t y , a , can a l s o be o b t a i n e d w i t h t he 

i n f o r m a t i o n (J^-TJ . TTius. the s u r f a c e shear s t r e s s can be c a l c u ¬

l a t e d from Equation 2.1.22. Another use o f Equation 2.1.22 i s t o d e t e r -

a i n e a r e l a t i o n s h i p between . Nu and a by a c a l i b r a t i o n meas­

urement where s u r f a c e shear s t r e s s e s are known. 

With the success o f Ludwieg's surface shear measuring d e v i c e , 

Ludwieg and T i l l m a n (1950) had the c o n t r i b u t i o n o f the a n a l y t i c Equa­

t i o n 2.1.16 f o r the c a l c u l a t i o n o f the l o c a l drag c o e f f i c i e n t , w i t h o r 

w i t h o u t pressure g r a d i e n t on a smooth boundary i n a t u r b u l e n t f l o w . 

Smith and Walker (1959) used a f l o a t i n g element s k i n - f r i c t i o n 

balance t o measure the l o c a l surface-shear f o r a t u r b u l e n t f l o w on a 

f l a t smooth p l a t e having zero-pressure g r a d i e n t . I T j e i r d a t a , v e r i f i e d 

by u s i n g a c a l i b r a t e d t o t a l head tube l o c a t e d on t h e s u r f a c e o f the 

t e s t w a l l , agreed w e l l w i t h the measurements o f Schultz-Grunow. 

I n t h i s work, a shear p l a t e was used t o measure the s u r f a c e 

shear s t r e s s o f a smooth boundary and o f e x p e r i m e n t a l canopies. Semi­

conductor s t r a i n gages were used t o sense the s u r f a c e shear s t r e s s 
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o f the o b j e c t on the shear p l a t e . D e t a i l s o f the p l a t e are g i v t n i n 

Chapter 3. 

2-2 The Momentum I n t e g r a l f o r Approximate Tree Drag C a l c u l a t i o n 

I n Figure 2.2.1 by t a k i n g a c o n t r o l volume around a t r e e and 

c o n s i d e r i n g the law o f c o n s e r v a t i o n o f momentum, the sum o f the f o r c e 

a c t i n g i s equal t o the change i n momentum through the boundaries. 

Since the pressure i s c o n s t a n t , the momentum e q u a t i o n , as a p p l i e d t o 

the c o n t r o l volume shown i n Figure 2.2.1, can be s t a t e d as: 

u? dy d2 

U. dy dz 

(2.2.1) 

U, 

•rr-r-r T-^—r-r-TT-T 
X«lt1 

Figure 2.2.1 C o n t r o l volume around a t r e e 
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where 

Y = the v e r t i c a l d i s t a n c e which i s l a r g e r than the boundary 

l a y e r t h i c k n e s s a t x = 1 and x = i + 1 

Z B the l a t e r a l d i s t a n c e which covers the t r e e wake i n f l u e n c e 

zone a t x = i + 1 

u^ • the l o c a l wind v e l o c i t y a t x » i 

" i * l ° the l o c a l wind v e l o c i t y a t x « i + 1 

fp - the t o t a l drag f o r c e a c t i n g on the t r e e 

fjy • the t o t a l surface shear f o r i <̂  x <̂  i + 1 and 0 <_ Z <̂  z 

The drag f o r c e on the t r e e i s f a r l a r g e r than the s u r f a c e shear 

on the w a l l . The f ^ i s thus neglected and the t r e e drag i s , u s i n g 

the n u a e r l c a l r e p r e s e n t a t i o n : 

m m 

" a f " i + l - " i ^ * ^ " i - " i + P AyAz) 

(2.2.2) 

The above method can be used t o f i n d the t o t a l drag f o r c e o f 

a number o f t r e e s , p r o v i d e d t h a t the c o n t r o l volume i s l a r g e enough t o 

cover a l l t r e e s i n i t . This method was used on one o f the o r c h a r d 

canopy cases. The name o f the o r c h a r d canopy used here i n d i c a t e s t h a t 

trees are e q u a l l y spaced i n both l o n g i t u d i n a l and l a t e r a l d i r e c t i o n s . 

The t r e e a r r a y i n the l o n g i t u d i n a l d i r e c t i o n i s c a l l e d a "column" and 

i n the l a t e r a l d i r e c t i o n i s c a l l e d a "row," where the l o n g i t u d i n a l d i ­

r e c t i o n i s p a r a l l e l t o the c e n t e r l i n e o f the wind t u n n e l . The case 

computed here was a one column, twenty row o r c h a r d canopy w i t h 25.4 cm 

t r e e spacing. The ambient wind v e l o c i t y was 915 cm/sec. A CDC 6400 

was used f o r the c a l c u l a t i o n s . 
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2.3 S i n g l e Roughness Element 

The problem o f d e t e r m i n i n g the drag f o r c e on a s i n g l e roughness 

element, which i s mounted on a f l a t p l a t e , i s complicated. The drag 

depends on the c h a r a c t e r i s t i c s o f the boundary-layer f l o w as w e l l as 

on the geometry o f the roughness element. A t h e o r e t i c a l s o l u t i o n t o 

the problem i s not f e a s i b l e a t p r e s e n t ; t h e r e f o r e , analyses must be 

based on e x p e r i m e n t a l data. 

K. Wieghardt (1953) and W. T i l l m a n n (1953) c a r r i e d out a l a r g * 

number o f measurements on roughness i n Goettingen Laboratory. The w a l l 

f r i c t i o n drag was measured on a 50 cm by 30 cm r e c t a n g u l a r t e s t p l a t e 

w i t h a balance. The drag on the t e s t p l a t e w i t h a s i n g l e roughness 

element on i t gave an in c r e a s e i n drag. A f t e r s u b t r a c t i n g the drag o f 

the t e s t p l a t e w i t h o u t the roughness element, the d i f f e r e n c e was then 

presumed t o be the drag f o r c e o f the roughness element, denoted by Af^. 

Wieghardt used the f o l l o w i n g d e f i n i t i o n f o r the drag c o e f f i c i e n t o f 

the roughness elements: 

Af. 
A (2.3.1) 
qA 

where 

Cp • the drag c o e f f i c i e n t o f the roughness element 

Afp a the drag f o r c e o f the roughness element 

A - the l a r g e s t f r o n t a l area o f the roughness element 

p e r p e n d i c u l a r t o the d i r e c t i o n o f f l o w 

q a the s t a g n a t i o n pressure averaged over the h e i g h t o f 

the roughness element which i s 
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- 1 1 
q = ^ 2 P (y) dy . (2.3.2) 

Jo 

Here, a q u e s t i o n i s r a i s e d because the f l o w p a t t e r n b ehind the roughness 

element changes the drag measurement o f the f l a t p l a t e , and hence the 

drag f o r c e d i f f e r e n c e Af^ i s not the r e a l drag o f the roughness element. 

According t o P l a t e (1964) the t o t a l drag on the p l a t e w i l l 

i n c rease because the t u r b u l e n t boundary f l o w i s d i s t u r b e d by the rough­

ness element. He d i d a two-dimensional fence study i n a wind t u n n e l and 

used the f o l l o w i n g method t o determine the drag f o r c e : 

where 

f j ^ = the increase i n drag caused by the fence 

f f = the fence drag 

f p •> the p l a t e drag 

fpo = the p l a t e drag under u n d i s t u r b e d boundary l a y e r . 

The f p ^ can be c a l c u l a t e d from w e l l - e s t a b l i s h e d techniques by 

S c h l i c h t i n g (1960) and by such methods as p r e v i o u s l y mentioned i n sub­

s e c t i o n 2.1 f o r t u r b u l e n t flow over a smooth boundary o r be measured, 

such as w i t h a shear p l a t e . 

The fence drag f ^ i s obtained by measuring the pressure i n 

f r o n t o f the fence p^ and the pressure on the r e a r o f the fence p̂ ^ 

e x p e r i m e n t a l l y . TTie equation i n c a l c u l a t i n g f ^ reads 

i-h 

f f = b ( p ^ - pj^)dy = ( p ^ ^ ^ - p^^^) . b . h (2.3.4) 

where the p^^^ and p^^^^ are the averaged values o f p^ and p^ , 

and b the w i d t h o f the fence. 
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The f i s from 
P 

where 

f p ( x ) - b r Cp dx • i p U / (2.3.5) 
J X j 

Cp = f r i c t i o n f a c t o r o f the p l a t e i n d i s t u r b e d boundary l a y e r , 

Cp = f (^) , see P l a t e (1965). 

Equations 2.3.4 and 2.3.5 can al s o be expressed as 

f f • f p ( x ) - p U / [ e ( x ) - 6 ( x p ] . (2.3.6) 

Equation 2.3.6 is the f r i c t i o n drag on the plate between points x^ 

and X , and 6(x) and 6 ( X j ) are the momentum thickness at x and 

X j , respectively. See Figure 2.3.1. Hence i t was considered advisa­

b l e to measure single tree alone with a special s t r a i n gage dynamometer 

independent of wall shear. 

In t h i s work the drag force and the drag c o e f f i c i e n t of a single 

model tree are studied. The tree drag was obtained by using a s t r a i n 

gage force dynamometer which was b u i l t on a p o r t a l gage p r i n c i p l e , Hsi 

and Nath (1968). Thus, the drag force on a single tree element was 

measured d i r e c t l y . The drag c o e f f i c i e n t was defined as follows: 

S - r 4 - C2.3.7) 

where 

A - the f r o n t a l area od the model tree, and 

u2 . ^ ƒ u2 dA 



The Reynolds number was d e f i n e d as: 

Re = (2.3.8) 
V 

I t was found e x p e r i m e n t a l l y t h a t the r o o t mean square wind 

speed o f the t r e e f r o n t a l area was approximately equal t o the wind 

speed measured at the geometric center o f the t r e e f r o n t a l area. 

2-4 T r a n s i t i o n from a Smooth t o a Rough Surface, o r from a Rough t o 
a Smooth Surface 

When a wind approaches or leaves a canopy f i e l d , the f l o w i s 

s u b j e c t t o a sudden change o f the s u r f a c e roughness, and hence v a r i e s 

a b r u p t l y . The d i f f e r e n c e o f the boundary roughnesses creates a unique 

f l w problem. This t o p i c w i l l be discussed below. Results o f wind 

approaching and l e a v i n g the experimental f o r e s t and brushy canopies 

are presented i n Chapter 4. 

W. Jacobs (1940) i n v e s t i g a t e d t he f l o w p a t t e r n near a boundary 

which c o n s i s t e d o f a smooth s e c t i o n f o l l o w e d immediately by a rough one 

He proposed an e m p i r i c a l equation t o i n t e r p o l a t e the ihearir<^ s t r e s s 

f o r the smooth t o rough surface case. I t reads: 

vrf»ere 

X « the l o n g i t u d i n a l d i s t a n c e , s t a r t e d from the l e a d i n g 

edge o f the rough surface downstream 

(2.4.1) 

y the v e r t i c a l d i s t a n c e from the rough s u r f a c e upward 

w a l l shear s t r e s s o f the smooth s u r f a c e 
s 

w a l l shear s t r e s s o f the rough s u r f a c e . 
r 
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For the reverse order o f t r a n s i t i o n (rough t o smooth) Equation 

2,4.1 may be used, according t o Jacobs, by i n t e r c h a n g i n g and 

i n the Equation 2.4.1. This e q u a t i o n can be used t o f i n d t h e t u r b u l e n t 

shear s t r e s s i f the w a l l shear s t r e s s o f the rough and smooth surfaces 

are known. 

Clauser (1956) o b t a i n e d v e l o c i t y p r o f i l e s downstream from a 

sudden change i n roughness on a f l a t p l a t e i n a constant pressure t u r ­

b u l e n t boundary l a y e r . He concluded t h a t the i n n e r p o r t i o n o f the 

l a y e r ( t h e l o g a r i t h m i c v e l o c i t y p r o f i l e based on the aerodynamic rough­

ness and shear v e l o c i t y a f t e r change) responds t o the change w i t h i n a 

few boundary l a y e r thicknesses downstream from the change, w h i l e the 

o u t e r p o r t i o n (the l o g a r i t h m i c v e l o c i t y p r o f i l e based on the aerody­

namic roughness and shear v e l o c i t y b e f o r e the change) t o k e i tens o f 

boundary l a y e r thicknesses f o r the response t o be d e t e c t e d . The phe­

nomena can be seen i n a q u a l i t a t i v e manner i n Fi g u r e 4.3.1.6 i n Chapter 

4. The lower 40 pe r c e n t o f the v e l o c i t y p r o f i l e changed r i g h t a f t e r 

l e a v i n g the expe r i m e n t a l f o r e s t canopy, b u t the upper p a r t o f t h e v e l o c ­

i t y p r o f i l e s t i l l possessed the c h a r a c t e r o f the v e l o c i t y p r o f i l e o f the 

f o r e s t canopy and remained unchanged. Figure 4.3.1.6 d i d n o t show the 

v e l o c i t y p r o f i l e i n l o g a r i t h m i c manner, and hence Clauser*s statement 

i s noted b u t not v e r i f i e d i n t h i s work. 

Glaser, E l l i o t t and Druce (1957) s t u d i e d the case f o r a 

t h e r m a l l y n e u t r a l f l o w ( f l o w n e i t h e r heated nor cooled) from rough t o 

smooth s u r f a c e . They found t h a t the l o g a r i t h m i c v e l o c i t y p r o f i l e can 

encounter a sudden change i n s u r f a c e roughness w i t h o u t l o s i n g t h e 

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

p o i n t o f view, they claimed, an " i n t e r n a l boundary l a y e r " i s supposed 
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t o develop having a c l e a r l y d e f i n e d top across which the wind v e l o c i t y 

i s continuous and the s t r e s s d i s c o n t i n u o u s . Aobve and upwind o f the 

i n t e r n a l boundary l a y e r , the parameters o f the o r i g i n a l v e l o c i t y d i s t r i ­

b u t i o n apply. I n s i d e i t . the developing l o g a r i t h m i c p r o f i l e i s d e f i n e d 

by the new aerodynamic roughness and a new s h e a r i n g s t r e s s which i s 

a l l w e d t o vary w i t h downstream d i s t a n c e i n such a way as t o -maintain 

the r e q u i r e d c o n t i n u i t y at the top o f the l a y e r . T h e i r study i s some­

what a s t e p f u r t h e r , compared t o the work o f Clauser, 

The problem o f the t r a n s i t i o n from a smooth t o a rough s u r f a c e 

a t t r a c t s much a t t e n t i o n from those who are i n t e r e s t e d i n the d i s t u r b e d 

boundary l a y e r problem, T T i e o r e t i c a l works have been e l a b o r a t e d upon 

by Townsend (1965, 1966) and T a y l o r (1962), and e x p e r i m e n t a l works by 

Jon©8 (1963) and P l a t e and Q u r a i s h i (1965). 

2.S S i m u l a t i o n o f Model and Prototype Canopy F i e l d s 

The s i m u l a t i o n between model and p r o t o t y p e canopy f i e l d s has 

two purposes: the s i m u l a t i o n o f the flow c o n d i t i o n and the s t r u c t u r a l 

s i m u l a t i o n o f the canopy f i e l d . Each i n v o l v e s a l a r g e nunèer o f f a c 

t o r s . For modeling t r e e s o r canopy f i e l d s , much research has been 

conducted i n the F l u i d Dynamics and D i f f u s i o n L a b o r a t o r y , Colorado 

S t a t e U n i v e r s i t y , 

Ostrowski (1967) d i d a study on s i n g l e c o n i f e r t r e e s i n a wind 

t u n n e l . He d i d not observe the geometric s i m i l a r i t y between model and 

p r o t o t y p e t r e e branches cannot be o b t a i n e d , nor the v i b r a t i o n s o f 

needles. The major modeling f a c t o r s are the d e n s i t y o f f o l i a g e s t r u c ¬

t u r e , the t r e e shape, the wake s i m i l a r i t y , the drag f o r c e on the t r e e , 

and the t u r b u l e n c e l e v e l . 
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P l a t e and Q u r a i s h i (1965) s u c c e s s f u l l y s i m u l a t e d corn and 

wheat f i e l d s i n a wind t u n n e l w i t h the s u b s t i t u t i o n o f a wood pegs 

canopy and a p l a s t i c s t r i p s canopy. I n t h e i r work, they c o n c e n t r a t e d 

on the m o d i f i e d l o g a r i t h m i c wind d i s t r i b u t i o n : 

(1,1.5) 

The arrays o f f l e x i b l e p l a s t i c s t r i p s and wooden pegs s i m u l a t e d t he 

crop geometry and roughness c h a r a c t e r i s t i c s . They were able t o c l o s e l y 

f i t t h e model crops t o Equation 1.1.5 and t o f i n d remarkable c o r r e ­

spondence t o f i e l d d a t a f o r wind p r o f i l e s w i t h i n the model canopy. 

I t i s f e l t t h a t i n t h i s research the f o l l o w i n g c o n d i t i o n s f o r 

modeling a canopy f i e l d s hould be met: 

a. The v e l o c i t y d i s t r i b u t i o n i n the u n d i s t u r b e d boundary l a y e r 

should be s i m i l a r f o r model and p r o t o t y p e canopy f i e l d s , i . e . , modeling 

upstream f l o w c o n d i t i o n such as boundary l a y e r t h i c k n e s s , s u r f a c e rough­

ness, t u r b u l e n c e l e v e l , f l o w temperature, dimensionless v e l o c i t y p r o­

f i l e , e t c . 

b. The l o c a l drag c o e f f i c i e n t o f the model canopy sh o u l d be 

the same as t h a t o f the p r o t o t y p e canopy, ( c ^ ' ) model - ( c ^ • ) p r o t o ­

t y p e . The a r t i f i c i a l t r e e i n t h i s work has a drag c o e f f i c i e n t between 

Douglas f i r and spruce. Thus, the experiment f o r e s t canopy can b© 

termed as a Douglas f i r f o r e s t o r a sprue© f o r e s t , 

c. The d i s t u r b e d v e l o c i t y p r o f i l e s o f the canopies should be 

s i m i l a r . At l e a s t , the d i s t u r b e d v e l o c i t y p r o f i l e s should b© s i m i l a r 

a t t h e c e n t e r r e g i o n o f the canopies. The l o g a r i t h m i c v e l o c i t y d i s t r i ­

b u t i o n should be as f o l l o w s 
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" 1 „ y-h 

ÏÏ: " ïT^" V) (1.1.s) 

The shear v e l o c i t y and the aerodynamic roughness z can be 
O 

ad j u s t e d by the arrangement o f the d e n s i t y , or the h e i g h t , o f the 

s t u d i e d model canopy, so t h a t the model and p r o t o t y p e canopy can have 

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

d. The boundary l a y e r t h i c k n e s s i s one o f the f a c t o r s t h a t 

i n f l u e n c e s the l o c a l drag c o e f f i c i e n t , o r shear v e l o c i t y . T h e r e f o r e , 

the f o l l o w r e l a t i o n should be h e l d : 

'model ^ ' ^ p r o t o t y p e " ^^'^'^^ 

But t h i s r e l a t i o n i s d i f f i c u l t t o achieve i n a wind t u n n e l f o r 

6 

^ «s 50 t o 100 
p r o t o t y p e 

and 

S 
h ;« S t o 10 
'model 

I f the p h y s i c a l h e i g h t o f the model i s sc a l e d one order s m a l l e r t o 

achieve the above r e l a t i o n , the d e t a i l o f the s t u d i e d canopy w i l l d i s ¬

appear and the canopy f i e l d w i l l become a u n i f o r m rough s u r f a c e . A 

l a r g e c r o s s - s e c t i o n wind t u n n e l w i t h a r t i f i c i a l l y t h i c k e n e d boundary 

l a y e r can meet the above requirement b e t t e r . 

e. The t r e e f l e x i b i l i t y s i m i l a r i t y must be v a l i d . According 

t o the d e f i n i t i o n i n Chapter 4, the tree f l e x i b i l i t y i s 

Tr.^^ p i ^ v 4 ^ ^ U f y - A c t u a l Tree F r o n t a l Area i n Wind 
' Tree F r o n t a l A f i l i n StTïT 'Air (2.5.2) 
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For a s i n g l e t r e e case, the t r e e f l e x i b i l i t y i s very i i o p o r t a n t , 

The f r o n t a l area o f a r e a l t r e e does s h r i n k under s t r o n g wind, and t h u s , 

the t r e e drag f o r c e i s a f u n c t i o n o f the s t r e n g t h o f the wind and the 

a c t u a l t r e e f r o n t a l area. However, t r e e f l e x i b i l i t y i s less c r i t i c a l 

i n canopy f i e l d s . For i.-.stance, the f o r e s t canopy does not vary i t s 

f r o n t a l area under s t r o n g wind. Hence, the l o c a l drag c o e f f i c i e n t 

s i m i l a r i t y i s more im p o r t a n t t o a canopy f i e l d study. 

At the present t i m e , the r e s u l t i n t h i s work can be used t o f i t some o f 

the e x i s t i n g p r o t o t y p e canopies. More research work i s needed i n order 

t o study a p a r t i c u l a r e x i s t i n g f o r e s t or orchard type canopy. 

2.6 The Analogy between t he Local Drag C o e f f i c i e n t and the D i f f u s i o n 
C o e f f i c i e n t " 

This s u b s e c t i o n i s a summary o f e x i s t e n t knowledge on the 

momentum, heat and mass t r a n s f e r s which might be u s e f u l i n f u r t h e r de­

velopment o f t h i s r esearch. I n momentum, heat, and mass t r a n s f e r prob­

lems, the r a t e o f t r a n s f e r i s the f l u x and the i n t e n s i t y o f the d r i v i n g 

f o r c e i s the p o t e n t i a l g r a d i e n t . The r a t e e q u a t i o n s , i n general form, 

w i l l have both laminar and t u r b u l e n t p r o p e r t i e s which c h a r a c t e r i z e the 

beh a v i o r o f the t r a n s f e r process. 

The r a t e equations f o r momentum, heat, and mass t r a n s f e r are 

Some o f the c o n d i t i o n s mentioned above are har d t o accomplish. 

du 
(2.6.1) 

V I dT (2.6.2) 

(2.6.3) 
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where 

Bar = time average 

c = s p e c i f i c heat 

C 
a 

= c o n c e n t r a t i o n o f mass a 

C • 
a = the f l u c t u a t i o n o f the mass c o n c e n t r a t i o n , a 

D 3 c o e f f i c i e n t o f d i f f u s i o n 

k' = the thermal c o n d u c t i v i t y 

q = the heat f l u x 

T = temperature 

T' = the temperature f l u c t u a t i o n 

W 

A~ 
= the mass f l u x , a 

u'.v' ' = the t u r b u l e n t v e l o c i t y f l u c t u a t i o n s i n the x 

y d i r e c t i o n s , r e s p e c t i v e l y . 

The f i r s t terms on the r i g h t s i d e o f the r a t e equations are 

the laminar terms, and the second terras are the t u r b u l e n t terms which 

r e l a t e d i r e c t l y t o t u r b u l e n t i n t e n s i t y . For i n s t a n c e , i n the neighbor 

hood o f a w a l l the t u r b u l e n t f l u c t u a t i o n d i e s o f f and the laminar 

terms outweigh the t u r b u l e n t terms i n the r a t e equations. On the 

o t h e r hand, the t u r b u l e n t terms outweigh the laminar terms where the 

t u r b u l e n t f l u c t u a t i o n i s s t r o n g , such as a t a d i s t a n c e from the w a l l . 

These t h r e e equations can be s i m p l i f i e d by i n t r o d u c i n g t h e f o l l o w i n g 

eddy d i f f u s i v i t y terms: 
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v'C^' = c p - ^ (2.6.6) 

where 

= eddy d i f f u s i v i t y o f momentum 

= eddy d i f f u s i v i t y o f heat 

•= eddy d i f f u s i v i t y o f mass 

The s i m p l i f i e d equations are 

T , , du 
? ' * m̂̂  37 (2.6.7) 

a_ - - (a * Cj,) ̂  (2.6.8) 

dC 

r • - (D * -37 (2.6.9) 

where 

a " — , c a l l e d thermal d i f f u s i v i t y . 
cp 

The d i f f u s i v i t i e s and ê ^ can be found e x p e r i m e n t a l l y by 

the h o t - w i r e anemometer technique. However, e x i s t i n g mass f l u c t u a t i o n 

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

o n l y up t o 100 eps. T h e r e f o r e , the r e l i a b i l i t y o f the eddy d i f f u s i v i t y 

o f mass Ep i n t u r b u l e n t f l o w i s s u b j e c t t o q u e s t i o n . However, 

can be o b t a i n e d from Equation 2.6.9 by knowing W /A and dC /dy 

a a 
which are o b t a i n e d e x p e r i m e n t a l l y . 

The analogy concept has been used w i t h success i n many 

e n g i n e e r i n g problems, such as by K r e i t h e t al_.,(1959), Sherwood (1950), 

T i e n and Campbell (1963), e t c . 
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I n h i g h l y t u r b u l e n t f l o w , i n which v < < e and a < < e, 
ID n 

Equations 2.6.7 and 2.6.8 can be put i n non-dimensional form as 

PC ( u - u J ( T - T ) 

(2.6.10) 

p(u-u^)2 

where the s u b s c r i p t e i n d i c a t e s values at a refere n c e plane. I f the 

case s t u d i e d here i s f o r the heat and momentum t r a n s f e r a t the w a l l . 

Equation 2.6.10 w i l l be w r i t t e n as 

(2.6.11) 

where the s u b s c r i p t o i n d i c a t e d the values a t w a l l f o r 

h = 
(T -T ) 
^ o m-̂  

(2.6.12) 

and 

^o • =f' — (2.6.1.3) 

Equation 2.6.11 becomes 

_h 
peu 

e m ; 
(2.6.14) 

o r 

(2.6.15) 
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where 

hN 
Nu » Nusselt number, p -

u^N 
R • Reynolds number based on N . 
®N V 

N • the c h a r a c t e r i s t i c l e n g t h 

Pr = P r a n d t l number, 

Equation 2.6.15 can be expressed by the Stanton number, St , 

St -
R P e 
ej^ r \ m 

T " (2.6.16) 

by a change o f n o t a t i o n from heat t r a n s f e r t o mass t r a n s f e r , i . e . , 

T . 

Pr ->• Sc 

Nu + Sh 

^h 

Equation 2.6.16 can be w r i t t e n as 

where 

Sh 

Sh 

m̂ 
- r (2.6.17) 

the Sherwood number, 

and 

SC • Schmidt number, ~ 

\ 1 
\ ' - (C - C ) • (2.6.18) 

O ^ 

The r a t i o -2- i s a l s o c a l l e d the t u r b u l e n t P r a n d t l number. I t i s 
'̂ h 

u n i t y from t he p r e d i c t i o n o f P r a n d t l ' s m i x i n g l e n g t h t h e o r y . However, 

the t u r b u l e n t P r a n d t l number v a r i e s between 0.7 t o 0.9, from 



-. 
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Chapter 3 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

Experiments were performed i n the U.S. Army m e t e o r o l o g i c a l 

wind t u n n e l and the Colorado State U n i v e r s i t y wind t u n n e l . Both tu n n e l s 

are l o c a t e d i n the F l u i d Dynamics and D i f f u s i o n Laboratory at the Engi­

neering Researhc Center, Colorado State U n i v e r s i t y . The experiments 

and procedures performed f o r t h i s study w i l l be discussed i n the f o l l o w ­

i n g s e c t i o n s . 

3.1 Wind Tunnel 

The Army m e t e o r o l o g i c a l wind t u n n e l was c o n s t r u c t e d by Colorado 

State U n i v e r s i t y f o r the U.S. Army under Contract DA-36-039-SC-80371. 

The t u n n e l f e a t u r e s a t e s t s e c t i o n o f 2700 cm l e n g t h and a nominal 

c r o s s - s e c t i o n a l area o f 18" cm by 180 cm w i t h a movable c e i l i n g which 

can be a d j u s t e d f o r e s t a b l i s h i n g negative and p o s i t i v e l o n g i t u d i n a l 

pressure g r a d i e n t s or a zero pressure g r a d i e n t . A l a r g e c o n t r a c t i o n 

r a t i o o f 9 t o 1 i n c o n j u n c t i o n w i t h a s e t o f f o u r damping screens 

y i e l d s an ambient t u r b u l e n c e l e v e l o f about 0.1 perc e n t . 

T e s t - s e c t i o n a i r v e l o c i t i e s range from about 0 t o 3700 cm/sec 

and the ambient temperature o f the a i r can be v a r i e d from 0°C t o 65°C 

at medium speeds. 

The t u n n e l has a 1220 cm s e c t i o n o f the t e s t - s e c t i o n which can 

be heated o r cooled t o p e r m i t temperature d i f f e r e n c e s between the c o l d 

p l a t e and h o t a i r o f 65°C, and the hot p l a t e and c o l d a i r o f more than 

IO5OC. 
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A c a r r i a g e system i s a v a i l a b l e which permits remote placement 

o f probes. 

The Colorado State U n i v e r s i t y wind t u n n e l has a t e s t s e c t i o n 

o f 900 cm l e n g t h and a nominal c r o s s - s e c t i o n a l area o f 180 cm by 180 cm. 

This t u n n e l complements the longer t u n n e l i n t h a t i t allows the p u r s u i t 

o f less complex programs i n an economical manner. Drawings o f the U.S. 

Army m e t e o r o l o g i c a l wind t u n n e l and the Colorado State U n i v e r s i t y wind 

t u n n e l are presented i n Figures 3.1.1 and 3.1.2, r e s p e c t i v e l y . 

The performance c h a r a c t e r i s t i c s o f these two t u n n e l s are 

summarized i n Table 3.1.1. 

3.2 I n s t r u m e n t a t i o n 

3.2.1 Drag f o r c e measurement - For d i r e c t measurements o f drag 

f o r c e on a s i n g l e a r t i f i c i a l t r e e and the drag f o r c e o f canopy f i e l d s , 

a s t r a i n gage f o r c e dynamometer and a shear p l a t e were designed by J. H. 

Nath from Colorado State U n i v e r s i t y . 

The s t r a i n gage f o r c e dynamometer was used f o r s i n g l e t r e e drag 

measurement. I t was made o f brass and was s e t on a metal p l a t e as shown 

i n Figure 3.2.1.1. This transducer measures a c c u r a t e l y the t o t a l drag 

f o r c e on an a r t i f i c i a l t r e e regardless o f where the r e s u l t a n t o f the 

drag f o r c e i s a p p l i e d , see Hsi and Nath (1968). The f u n c t i o n o f t h i s 

t r ansducer was v e r i f i e d e x p e r i m e n t a l l y f o r f o r c e r a n g i n g from 1 gram t o 

SO grams and f o r one ranging from S cm t o 14 cm. The c a l i b r a t i o n curve 

shown i n Figure 3.2.1.2 was obtained by a p p l y i n g v a r i o u s loads a t one 

p o s i t i o n on the s t i f f rod. The response d i d not change when the load 

was s h i f t e d t o another p o s i t i o n on the rod. The n a t u r a l frequency o f 

t h i s transducer i s 30 cycles per second. The e l e c t r i c b r i d g e 
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arrangement o f the s t r a i n gages and the dynamometer placed i n the 

model orchard canopy are shown i n Figures 3,2.1.3 and 3.2.1.4, 

r e s p e c t i v e l y . 

Instruments used f o r the study are shown i n Figure 3.2.1.5. 

The e i g h t - v o l t D.C. power supply f o r the s t r a i n gages i s shown on the 

f a r l e f t and next t o i t i s the c i r c u i t which adds the response o f f o u r 

s t r a i n gages e l e c t r o n i c a l l y . The D.C. Micro-ammeter Model 425 A type 

by Hewlett-Packard, i s at the f a r r i g h t o f Figure 3.2.1.5. The s t r a i n 

gages used f o r t h i s f o r c e dynamometer were made by Micro-Measurements 

Co., Type EA-125BB-120, which has r e s i s t a n c e 120 ±0.15% ohms and gage 

f a c t o r t o l e r a n c e ±0.5%. 

The shear p l a t e was made o f aluminum p l a t e which had the 

dimensions 0.635 cm x 59.6 cm x 59.0 cm. This p l a t e was separated 

from the f o u n d a t i o n p l a t e by t h r e e chrome-steel b a l l s , The b a l l diam­

e t e r was 0.635 cm. Two s t a i n l e s s r e s t o r i n g arms, 0.317 cm x 1.27 cm x 

45.6 cm each, were used. One end o f the arm was att a c h e d t o the shear 

p l a t e anH the o t h e r t o the f o u n d a t i o n p l a t e . Four semi-conductor s t r a i n 

gages, one t o each s i d e o f the r e s t o r i n g arm, were i n s t a l l e d a t 1.27 cm 

from the end o f the r e s t o r i n g arm which was att a c h e d t o the f o u n d a t i o n 

p l a t e . The semi-conductor s t r a i n gages used f o r t h i s shear p l a t e were 

made by E l e c t r o - O p t i c a l System, I n c . , Model No. POl-OS-500, type P, 

which has a r e s i s t a n c e o f 500 ohms. 

For f r i c t i o n l e s s purpose, the b a l l s were s e t on hardened-

f i n i s h e d tungsten c o b a l t d i s k s which were imbedded i n the shear p l a t e 

and the f o u n d a t i o n p l a t e . The shear p l a t e was able t o move back and 

f o r t h h o r i z o n t a l l y o n l y , and i t had a n a t u r a l frequency 6 cycles per 
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second. The c o n s t r u c t i o n o f the p l a t e i s shown i n Figure 3.2.1.6 and 

and a photograph o f the shear p l a t e i n F i g u r e 3.2.1.7. 

When a given h o r i z o n t a l f o r c e i s a p p l i e d on the shear p l a t e , 

the p l a t e w i l l have a displacement according t o the s p r i n g constant o f 

the r e s t o r i n g arms and the magnitude o f the a p p l i e d f o r c e . I t was ex­

p e r i m e n t a l l y proven t h a t the shear p l a t e w i l l r e t u r n t o i t s o r i g i n a l 

p o s i t i o n a f t e r the a p p l i e d f o r c e i s removed. The read-out o f these 

f o u r semi-conductor s t r a i n gages i s added t o g e t h e r by a c i r c u i t b r i d g e 

arrangement, as shown i n Figure 3.2.1.3. The e i g h t - v o l t D.C. power 

supply and D.C. micro-ammeter used f o r the shear p l a t e read-out are the 

same as used f o r the s t r a i n gage f o r c e dynamometer. The method o f the 

shear p l a t e c a l i b r a t i o n and the c a l i b r a t i o n curve are shown i n F i g u r e 

3.2.1.8. TTiis shear p l a t e c o u l d measure a drag f o r c e r a n g i n g from 0.1 

t o 2000 grams. 

3.2.2 V e l o c i t y p r o f i l e measurement - The wind v e l o c i t y p r o f i l e 

was measured w i t h a P r a n d t l tube which was mounted on a c a r r i a g e w i t h 

t r a n s v e r s e and v e r t i c a l movement mechanism. The p o s i t i o n o f the P r a n d t l 

tube was sensed by an attached p o t e n t i o m e t e r . The d i f f e r e n c e between 

s t a t i c and dynamic pressure o f the f l o w was read from a Trans-sonic Type 

120 B Equibar pressure meter. This pressure meter operates over a t o t a l 

pressure range o f 0-30 mm Hg i n e i g h t f u l l - s c a l e range. For v e r t i c a l 

o r h o r i z o n t a l v e l o c i t y p r o f i l e s , the p o s i t i o n o f the P r a n d t l tube and 

the v e l o c i t y s i g n a l from the equibar pressure meter were recorded i n ­

s t a n t a n e o u s l y on an x-y p l o t . The arrangement o f the P r a n d t l tube, the 

c a r r i a g e , the pressure meter, and the x-y p l o t t e r i s shown i n Figure 
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3.2.3 Pressure g r a d i e n t measurement - Two P r a n d t l tubes were 

connected t o the same equibar pressure meter w i t h both the t o t a l head 

tubes disconnected from the pressure meter. I n doing t h i s , t h e read­

out from the pressure meter i s the s t a t i c pressure d i f f e r e n c e between 

these two P r a n d t l tubes. 

F i r s t , both tubes were set a t the same h e i g h t , s i d e by s i d e i n 

the f r e e stream, w e l l above the wind t u n n e l f l o o r and upstream o f the 

s t u d i e d boundary c o n d i t i o n . At t h i s p o i n t , the pressure d i f f o i e n c e be­

tween these tubes i s zero i n any flow speed. One o f the P r a n d t l tubes 

i s then used as a r e f e r e n c e s t a t i c pressure and the o t h e r P r a n d t l tube 

i s moved downstream. The l o n g i t u d i n a l pressure g r a d i e n t , i f any, o f 

the boundary l a y e r c o n d i t i o n i s thus o b t a i n e d . 

The c e i l i n g o f the U.S. Army m e t e o r o l o g i c a l wind t u n n e l can be 

a d j u s t e d so t h a t a pre-determined pressure g r a d i e n t can be o b t a i n e d . 

For t h i s study a zero pressure g r a d i e n t i s d e s i r e d f o r the work i n the 

Army f a c i l i t y . 

I t was assumed t h a t a zero pressure g r a d i e n t e x i s t e d whenever 

the s t a t i c pressure d i f f e r e n c e between the r e f e r e n c e tube and the meas­

ured tube was w i t h i n 0.003 mm Hg. 

3.3 Smooth Boundary Surface 

The smooth boundary surface covered a wind t u n n e l area o f 183 cm 

i n w i d t h and 731 cm i n l e n g t h . The s u r f a c e arrangement i s shown i n 

F i g u r e 3.3.1. The whole surface s t r u c t u r e was composed o f t w e n t y - f o u r 

p a r t i c l e boards. Each board had the dimensions 90 cm x 61 cm x 1.9 cm. 

The board t h i c k n e s s was so chosen t h a t the s u r f a c e o f the board was 
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j u s t f l u s h w i t h the s u r f a c e o f the shear p l a t e . Die shear p l a t e could 

be s h i f t e d from one p o s i t i o n t o the o t h e r by t a k i n g out two pieces o f 

p a r t i c l e boards. The space a t both sides o f the shear p l a t e was al s o 

f i l l e d w i t h p a r t i c l e boards. See also Figure 3.3.1. T h e r e f o r e , t h i r ­

teen drag f o r c e measuring p o s i t i o n s were a v a i l a b l e f o r the 731 cm smooth 

boundary s u r f a c e . 

Upstream o f the smooth s u r f a c e , a g r a v e l l a y e r o f 1.27 cm 

diameter was paved and covered a le n g t h o f 183 cm. The g r a v e l l a y e r 

p r o v i d e d a t r a n s i t i o n slope from the wind t u n n e l f l o o r t o t h e smooth 

boundary s u r f a c e , and moved the p o i n t o f t r a n s i t i o n toward the l e a d i n g 

edge o f the smooth s u r f a c e so t h a t an e a r l y t u r b u l e n t f l o w can be 

assumed. 

From the measured and a n a l y t i c l o c a l drag c o e f f i c i e n t o f the 

smooth s u r f a c e , and the Reynolds number based on the e f f e c t i v e l o n g i t u ­

d i n a l d i s t a n c e x , t h i s smooth surface i s proved t o be t r u l y h y d r a u l i ­

c a l l y smooth from S c h l i c h t i n g ' s data (1968). 

Two d i m e n s i o n a l i t y o f the f l o w c o n d i t i o n was checked by t a k i n g 

a few tr a n s v e r s e v e l o c i t y p r o f i l e s at var i o u s l o c a t i o n s over the smooth 

boundary s u r f a c e , see Figure 3.3.2. V e r t i c a l v e l o c i t y p r o f i l e s were 

taken along the c e n t e r l i n e o f the wind t u n n e l f l o o r ; the f i r s t s t a t i o n 

was 30.4 cm upstream o f the smooth boundary and hence was over the 

g r a v e l l a y e r . S t a t i o n s were a t 60.8 cm i n t e r v a l s . F i f t e e n s t a t i o n s 

o f the v e r t i c a l v e l o c i t y p r o f i l e s were recorded. The l a s t s t a t i o n was 

30.4 cm behind the smooth boundai-y. 

3.4 Canopy F i e l d s 

I n t h i s work, f o u r types o f canopy are s t u d i e d , namely a s i n g l e 

t r e e , orchard-type canopy, f o r e s t - t y p e canopy and brushy canopy. A 
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s i n g l e t r e e was i n v e s t i g a t e d both i n the f r e e stream and i n a boundary 

l a y e r . The orchard-type canopy and the brushy canopy were s t u d i e d i n 

a t h i n boundary l a y e r as w e l l as i n a t h i c k boundary l a y e r , As f o r the 

f o r e s t - t y p e canopy, o n l y t h i c k boundary l a y e r was a p p l i e d t o i t . Com­

p l e t e d e s c r i p t i o n s o f the v a r i o u s experimental canopies are gi v e n i n 

the f o l l o w i n g s e c t i o n s . 

3.4.1 S i n g l e t r e e - The a r t i f i c i a l t r e e was made o f p l a s t i c and 

i s o r d i n a r i l y used f o r d e c o r a t i o n . The dimension o f the t r e e was about 

16.5 cm i n h e i g h t and 10.8 cm i n the l a r g e s t h o r i z o n t a l d i r e c t i o n . The 

t r e e t r u n k was 0.47 cm i n diameter and the d i s t a n c e from the f l o o r t o 

the lower branches was about 3.5 cm. A close-up photograph o f the t r e e 

i s shown i n Fig u r e 3.4.1.1. The drag f o r c e measurement o f the a r t i f i ­

c i a l t r e e was o b t a i n e d by u s i n g the s t r a i n gage f o r c e dynamometer. 

Due t o the d i f f e r e n t arrangement o f t r e e branches, the drag 

f o r c e v a r i e d from t r e e t o t r e e . For t h i s reason, f o u r t r e e o r i e n t a t i o n s 

w i t h r espect t o th© approaching wind d i r e c t i o n were t e s t e d on the same 

a r t i f i c i a l t r e e , and twelve such t r e e s were used t o f i n d out the stand­

ar d d e v i a t i o n o f the t r e e drag among a r t i f i c i a l t r e e s w i t h the same 

amount o f f o l i a g e . The drag f o r c e data on the same a r t i f i c i a l t r e e are 

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

f i x e d . 

3.4.2 Orchard-type canopies - The orchard-type canopy was 

c o n s t r u c t e d on plywood p l a t e s . The dimensions o f the p l a t e were 1.25 cm 

X 91.5 cm X 61.0 cm. Holes were d r i l l e d i n the p l a t e 12.7 cm apart i n 

both the l o n g i t u d i n a l and l a t e r a l d i r e c t i o n s . The t r e e t r u n k s were 

taped t o pegs which f i t t e d snugly i n t o the h o l e s . Hence, f o r the 12.7 

cm t r e e spacing, the t r e e s were placed according t o the holes on the 
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p l a t e , w h i l e the 25.4 cm t r e e spacing case was obtained by p l a c i n g 

t r e e s i n every second hole. 

The a r t i f i c i a l t r e e s used f o r the orchard-type canopy were the 

same as used f o r the s i n g l e t r e e study. The arrangement o f the orchan 

type canopy v a r i e d q u i t e w i d e l y . Trees were arranged i n one and t h r e e 

columns p a r a l l e l t o the f l o w s , w i t h from one t o s e v e r a l t r e e s i n each 

column. The term "row" r e f e r s t o the alignment p e r p e n d i c u l a r t o the 

flow . The l a r g e s t orchard-type canopy s t u d i e d here was seven columns 

and f o r t y - t h r e e rows w i t h 25.4 cm t r e e spacing; i t covered an area o f 

183 cm X 1092 cm. 

nie s t r a i n gage f o r c e dynamometer was used f o r the i n d i v i d u a l 

t r e e drag f o r c e measurement. The a r t i f i c i a l t r e e s were under a t h i c k 

boundary l a y e r about t h r e e times the a r t i f i c i a l t r e e h e i g h t , or under 

a t h i n boundary l a y e r which was about t h r e e - f o u r t h s o f the t r e e h e i g h t 

at the f i r s t row t r e e p o s i t i o n , w h i l e the drag f o r c e data were taken. 

The seven column, f o r t y - t h r e e row orchard-type canopy i s shown 

i n F i g u r e 3.4.2.1. 

3.4.3 Forest-type canopies - A f o r e s t - t y p e canopy was 

c o n s t r u c t e d on aluminum p l a t e s which covered a wind t u n n e l f l o o r area 

o f 183 cm X 1100 cm. Holes were d r i l l e d , i n the aluminum p l a t e s , 

1.27 cm apart i n both the l o n g i t u d i n a l and l a t e r a l d i r e c t i o n s . The 

dimensions o f each aluminum p l a t e were 0.635 cm x 91.5 cm x 122.0 cm. 

A r t i f i c i a l t r e e s used t o c o n s t r u c t the f o r e s t - t y p e canopy were the 

same type as mentioned i n Se c t i o n 3.4.1. Trees were placed such t h a t 

the t r e e d e n s i t y was above 177 tr e e s per square meter. 

The shear p l a t e was used t o measure the l o c a l drag o f tho 

f o r e s t - t y p e canopy. I n order t o have the same s t r u c t u r e o f the 
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f o r e s t - t y p e canopy over the shear p l a t e , a p l a s t i c p l a t e o f 0.635 cm 

thi c k n e s s was mounted on the top o f the shear p l a t e . This p l a s t i c 

p l a t e was the same s i z e as the shear p l a t e and had the same hole arrange­

ment as the aluminum p l a t e . Tree d e n s i t y f o r the p l a s t i c p l a t e was kept 

the same as the f i e l d . This shear p l a t e , t o g e t h e r w i t h the p l a s t i c 

p l a t e and t r e e s on top o f i t , were moved from s t a t i o n t o s t a t i o n f o r 

measuring the l o c a l f o r e s t drag data. Due to the f i x e d length o f the 

aluminum p l a t e , t h e r e were ten p o s i t i o n s i n the l o n g i t u d i n a l d i r e c t i o n 

t h a t could be used f o r the l o c a l drag force measurement. 

The f o r e s t - t y p e canopy i s shown i n Figure 3.4.3.1. I n t h i s 

F i g u r e , the shear p l a t e i s under the cover o f a r t i f i c i a l t r e e s . The 

t r e e - t o p was f l u s h at the same h e i g h t throughout the e n t i r e f i e l d by 

p l a c i n g 2.54 cm t h i c k wood pieces under aluminum p l a t e s . 

Two dimensional flow c o n d i t i o n was checked by t a k i n g t r a n s v e r s e 

v e l o c i t y p r o f i l e s at v a r i o u s p o s i t i o n s over the canopy, shown i n Figure 

3.4.3.2. V e r t i c a l wind v e l o c i t y p r o f i l e s , w i t h i n and above the canopy, 

w i l l be i l l u s t r a t e d i n Chapter 4. 

3.4.4 Brushy canopy - The brushy canopy was o b t a i n e d by s t a p l i n g 

the a r t i f i c i a l t r e e s f l a t on the plywood p l a t e . The t r e e s used were 

the same type as mentioned i n Section 3.4.1; however, the wood peg 

which was used as the t r e e t r u n k was taken away f o r the brushy canopy 

case. The arrangement o f trees on a piece o f plywood i s shown i n Fig­

ure 3,4.4.1. The brushy canopy had an average f u i z y s u r f a c e t h i c k n e s s 

o f 2.8 cm. 

The brushy canopy covered a wind t u n n e l f l o o r area o f 183 cm 

X 732 cm. Each plywood p l a t e had the dimensions o f 1,27 cm x 61 cm x 

89 cm; the whole canopy was composed of t w e n t y - f o u r plywood p l a t e s . 
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Wood pieces o f 0.635 cm t h i c k n e s s were pl a c e d under the plywood p l a t e s 

i n o r d e r t o have a f l u s h s u r f a c e w i t h the shear p l a t e , which was used 

f o r t h e l o c a l brushy canopy drag measurement. A r t i f i c i a l t r e e s were 

taped on top o f the shear p l a t e so t h a t the shear p l a t e had the same 

brushy canopy as the r e s t o f the f i e l d . 

A smooth surface o f 183 cm i n l e n g t h was p l a c e d upstream o f 

the brushy canopy f i e l d , and a t r a n s i t i o n slope was used a t the l e a d i n g 

edge o f the smooth s u r f a c e , see Figure 3.4.4.2. The smooth s u r f a c e 

was made o f p a r t i c l e boards. When t w o - d i m e n s i o n a l i t y f l o w c o n d i t i o n 

was checked f o r the brushy canopy f i e l d , i t p r e v a i l e d f o r bo t h t h i c k 

and t h i n boundary l a y e r s . Figure 3.4.4.3 i l l u s t r a t e s the t h i c k bound­

ary l a y e r case. 
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Chapter 4 

RESULTS OF LABORATORY EXPERIMENTS 

This chapter w i l l d i s p l a y the r e s u l t s o f the l a b o r a t o r y 

experiments. Some t o p i c s w i l l be presented here because they d i d not 

f i t l o g i c a l l y i n t o Chapter 2, such as the hypothesis o f t r e e f l e x i b i l i t y , 

de 

the standard d e v i a t i o n o f t r e e drag f o r c e and the r e l a t i o n between ^ 

and T 

o 

The experimental r e s u l t s presented i n t h i s chapter are under 

t i t l e s : s i n g l e t r e e d a t a , v e r i f i c a t i o n o f the shear p l a t e measurement, 

f o r e s t canopy data, o r c h a r d canopy d a t a , and brushy canopy data. A 

major e f f o r t was devoted t o c o l l e c t i n g the l o c a l drag c o e f f i c i e n t and 

v e l o c i t y p r o f i l e s f o r the f o r e s t and brushy canopies. 

4.1 S i n g l e Tree Data 

Real t r e e s are always i n the atmosphere boundary l a y e r which 

i s about 50 t o 100 times the h e i g h t o f t r e e s . For t h i s reason, an a r t i ­

f i c i a l t r e e was used f o r the experiment i n the wind t u n n e l and the a r t i ­

f i c i a l t r e e was w e l l submerged i n the boundary l a y e r . Data were a l s o 

o b t a i n e d f o r the a r t i f i c i a l t r e e i n a u n i f o r m , or con s t a n t , v e l o c i t y 

f i e l d . Comparisons were made between the a r t i f i c i a l t r e e and f o u r c o n i ­

f e r s , i . e . , spruce, Douglas f i r , western hemlock and scots p i n e . Con­

s i d e r i n g the s i m i l a r i t y o f t r e e drag c o e f f i c i e n t and t r e e s t r u c t u r e , 

the spruce and Douglas f i r were approximated by the a r t i f i c i a l t r e e . 

The a r t i f i c i a l t r e e drag c o e f f i c i e n t and Reynolds number are 
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and 

R 

(2.3.7) 

(2.3.8) 

Rosults are shown i n Figure 4.1.1 and summarized i n the f o l l o w i n g 

t a b u l a t e d form 

Table 4.1.1 A r t i f i c i a l t r e e drag c o e f f i c i e n t 

A r t i f i c i a l Tree Drag C o e f f i c i e n t C - 0.74 

Flow C o n d i t i o n s u b j e c t t o 
th e Tree 

Reynolds Niraber Range 

f r e e stream 

subnerged i n a boundary 

l a y e r 

7.4 X 103 t o 8.0 X 104 

1.3 X lO'' t o 7.3 X 10^ 

For r e a l t r e e s , the t r e e f r o n t a l area tends t o s h r i n k under a 

s t r o n g wind. Based on W. B. Raymer's data (1962), t h i s work e s t i m a t e d 

the a c t u a l spruce f r o n t a l area under d i f f e r e n t wind v e l o c i t i e s . This 

was done by assuming t h a t the r e a l t r e e had a 21 percent r e d u c t i o n i n 

t r e e f r o n t a l area from 915 cm/sec. Then from Raymer's data f o r the 

t r e e f r o n t a l area i n s t i l l a i r and t r e e drag f o r c e a t 915 cm/sec, the 

a c t u a l t r e e drag c o e f f i c i e n t can be found. For spruce, t he t r e e drag 

c o e f f i c i e n t i s 0.91, see Figure 4.1.2. Again, the C « 0.91 

spruce 

was kept constant under v a r i o u s wind v e l o c i t i e s , and u s i n i ; the measured 

spruce drag forces under v a r i o u s wind v e l o c i t i e s by Raymer and equa t i o n 

2.3.7 the a c t u a l spruce f r o n t a l area under v a r i o u s wind v e l o c i t i e s can 

be found. The t r e e sample used f o r t e s t i n a wind t u n n e l by Raymer 
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and e q u a t i o n 2.3.7 the a c t u a l spruce f r o n t a l area under v a r i o u s wind 

v e l o c i t i e s can be found. The t r e e sample used f o r t e s t i n a wind t u n n e l 

by Raymer had appr o x i m a t e l y , 130,000 cm^ f r o n t a l area. His t r e e drag 

c o e f f i c i e n t data are stmmarized i n Fig u r e 4.1.3, i n which the measured 

d e v i a t i o n was c a l c u l a t e d from the same k i n d o f t r e e s b ut d i f f e r e n t t r e e 

samples. The r e a l c o n i f e r s used by Raymer, and the a r t i f i c i a l t r e e com­

pared w i t h the sample spruce t r e e are shown i n Figures 4.1.4 and 4.1.5, 

r e s p e c t i v e l y . 

4.1.1 Tree F l e x i b i l i t y - Tree f l e x i b i l i t y i s known t o e x i s t 

b u t d i f f i c u l t t o e s t i m a t e ; however, a hy p o t h e s i s i s used i n t h i s work 

t o f i n d t h e t r e e f l e x i b i l i t y . See e q u a t i o n 2.5.2 f o r the d e f i n i t i o n 

o f t r e e f l e x i b i l i t y . From the experiments o f a s i n g l e model p l a s t i c 

t r e e , the drag c o e f f i c i e n t was found t o be constant under moderate wind 

v e l o c i t i e s , and the f r o n t a l area o f the model t r e e d i d not change w i t h 

wind v e l o c i t y . T h e r e f o r e , a c o n c l u s i o n can be drawn t h a t the drag 

f o r c e o f the t r e e i s the f u n c t i o n o f t h o wind v e l o c i t y o n l y , and t h a t 

two t r e e s w i t h e x a c t l y the same f r o n t a l area w i l l have the same drag 

f o r c e p r o v i d e d under t he same wind v e l o c i t y . L a t e r i t w i l l be shown 

how t h e drag f o r c e v a r i e s s t a t i s t i c a l l y from t r e e t o t r e e due t o the 

somewhat random nature o f the model t r e e c o n s t r u c t i o n . 

Raymer used a t r e e f r o n t a l area i n s t i l l a i r t o i n t e r p r e t h i s 

t r e e drag c o e f f i c i e n t s from wind v e l o c i t i e s which v a r i e d from 915 cm/sec 

t o 2600 co/sec. This work assumed t h a t the r e a l t r e e had a 21 percent 

r e d u c t i o n i n t r e e f r o n t a l area a t 915 cm/sec i n comparison w i t h the 

t r e e f r o n t a l area i n s t i l l a i r . The 21 percent r e d u c t i o n i n t r e e 

f r o n t a l area a t 915 cm/sec was deduced from Figure 4.1.1.1 and the drag 

f o r c e d a ta o f Douglas f i r under v a r i o u s wind v e l o c i t i e s . By assuming 
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the 21 percent r e d u c t i o n i n t r e e f r o n t a l area a t 915 cm/sec, the a c t u a l 

drag c o e f f i c i e n t was o b t a i n e d , which was 0.57. Then, keeping the a c t u a l 

drag c o e f f i c i e n t as a constant and u s i n g the drag f o r c e at 1750 cra/sec, 

the a c t u a l t r e e f r o n t a l area c o u l d be found a t t h a t wind v e l o c i t y . Tlie 

c a l c u l a t e d t r e e f l e x i b i l i t y was 0.51 which was again v e r i f i e d by the 

e s t i m a t e d t r e e f r o n t a l areas under these two wind v e l o c i t i e s from photo­

graphs i n Figure 4.1.1.1. I n the same f a s h i o n , the drag c o e f f i c i e n t o f 

spruce i s 0.72 when the t r e e f r o n t a l area i n s t i l l a i r i s used; by 

t a k i n g i n t o account the change i n f r o n t a l area a t 915 cm/sec, the drag 

c o e f f i c i e n t o f spruce i s 0.91. This compares w i t h - 0.74 f o r the 

model t r e e s i n t h i s work. 

Based on the t r e e drag and t r e e drag c o e f f i c i e n t data from 

Raymer's work, and on e q u a t i o n 4.1.1 and on the above h y p o t h e s i s , the 

a c t u a l t r e e f r o n t a l area can be c a l c u l a t e d under each wind v e l o c i t y . 

The t r e e f l e x i b i l i t y i s d e f i n e d as f o l l o w s 

Tree F l e x i b i l i t y = A c t u a l T r e e ^ F r o n t a l Area in_Wlnd (4 i i n 
' Tree F r o n t a l Area i n S t i l l A i r " l ^ . x . i . i j 

Tree f l e x i b i l i t y o f spruce and Douglas f i r i s shown p l o t t e d i n 

Figure 4.1.2. 

More work i s r e q u i r e d i n order t o e s t a b l i s h the above hypothesis 

beyond doubt. 

4.1.2 Standard d e v i a t i o n o f s i n g l e t r e e drag f o r c e - Real 

t r e e s o f the same k i n d and o f the same growing c o n d i t i o n s may p o s s i b l y 

have s i m i l a r shapes although they are most l i k e l y d i f f e r e n t i n the 

arrangement o f t r e e branches and f o l i a g e . T h e r e f o r e , the t r e e drag 

f o r c e under the same wind flow c o n d i t i o n s may vary from t r e e t o t r e e . 

Again, the t r e e shape and t r e e f o l i a g e are h a r d l y symmetric; t h e r e f o r e . 
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the t r e e drag f o r c e may a l s o vary from d i f f e r e n t approach wind 

d i r e c t i o n s f o r t h e same t r e e . To understand t h i s k i n d o f t r e e drag 

f o r c e v a r i a t i o n , as a p p l i e d t o the s m a l l , p l a s t i c l a b o r a t o r y t r e e s , 

experiments were conducted on nine randomly p i c k e d a r t i f i c i a l t r e e s 

and each t r e e was t e s t e d under f o u r o r i e n t a t i o n s w i t h r e s p e c t t o the 

approaching wind d i r e c t i o n . Two wind v e l o c i t i e s , 610 cm/sec and 1220 

cm/oec, were used, under the t h i n boundary l a y e r c o n d i t i o n . 

Tree drag f o r c e d a t a , under one wind v e l o c i t y , were put i n t o 

e i g h t d i f f e r e n t drag f o r c e ranges and then averaged. The cumulative 

percentage was p l o t t e d on abscissa and o r d i n a t e r e s p e c t i v e l y on normal 

p r o b a b i l i t y paper. A s t r a i ^ t l i n e was f i t t e d t o the p o i n t s by eye. 

This s t r a i g h t l i n e on the p l o t i n d i c a t e d approximately a normal d i s t r i ­

b u t i o n e x i s t e d . Then, t he mean (the t r e e drag f o r c e readings at 

p . 0.50) and the s t a n d a r d d e v i a t i o n (the d i f f e r e n c e i n t r e e drag f o r c e 

readings from p - 0.50 t o p - 0.84 or p - 0.16) o f the p l o t s was 

determined. This s t r a i g h t l i n e on the p l o t s was determined. The stand­

a r d d e v i a t i o n was 1.14 gram and the mean was 10.7 grams f o r 610 cm/sec 

a n c i e n t wind v e l o c i t y , and the standard d e v i a t i o n 4.94 grams and the 

Bean 44.97 grams f o r 1220 cm/sec ambient wind v e l o c i t y . See Figures 

4.1.2.1 and 4.1.2.2. 

4.2 V e r i f i c a t i o n o f the Shear P l a t e Measurement 

For v e r i f y i n g t h e accuracy o f the shear p l a t e measurement, 

experiments were conducted i n incompressible f l o w w i t h n e g l i g i b l e 

pressure g r a d i e n t t o measure the l o c a l surface-shear s t r e s s on a smooth 

f l a t p l a t e under t u r b u l e n t boundary l a y e r c o n d i t i o n s . 
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P h y s i c a l l y , the t u r b u l e n t boujtdary l a y e r cannot s t a r t a t the 

l e a d i n g edge o f the p l a t e w i t h zero boundary t h i c k n e s s . The e s t i m a t i o n 

o f the v i r t u a l o r i g i n , and hence the e f f e c t i v e s t a r t i n g l e n g t h o f the 

t u r b u l e n t boundary l a y e r , becomes necessary. The method o f f i n d i n g the 

v i r t u a l o r i g i n used here i s proposed by Rubesin e t a l . , (1951). The 

momentum t h i c k n e s s , 6 , o f experi m e n t a l data were m u l t i p l i e d by two 

and p l o t t e d on a l o g a r i t h m i c graph paper a g a i n s t t h e d i s t a n c e from the 

l e a d i n g edge o f the p l a t e x. The slope o f d ( l o g 2 6 ) / d ( l o g x ) can be 

found. According t o Rubesin, the magnitude o f the sl o p e s h o u l d be 

0.818, which was proved from h i s experiment t h a t any t u r b u l e n t boundary 

l a y e r should have such a slope. I f n o t , a l l e x p e r i m e n t a l d a t a p o i n t s 

have t o move h o r i z o n t a l l y an equal d i s t a n c e on the l o g a r i t y m i c paper 

u n t i l new data p o i n t s form a slope t h a t has the magnitude o f 0.818. The 

moved d i s t a n c e i s then c a l l e d the e f f e c t i v e s t a r t i n g l e n g t h and i s added 

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

nuBber. The e f f e c t i v e Reynolds number represents r e a l c h a r a c t e r o f the 

t u r b u l e n t f l o w over a smooth boundary. 

I n t h i s work, experiments were performed i n the Colorado S t a t e 

U n i v e r s i t y wind t u n n e l which p r o v i d e d a t h i n boundary l a y e r over the 

smooth boundary s u r f a c e . The e f f e c t i v e s t a r t i n g l e n g t h s were found t o 

be 675 ca, 915 cm, and 1140 cm f o r 610 cm/sec, 1220 cm/sec, and 1675 

ca/sec ambient wind v e l o c i t i e s , r e s p e c t i v e l y . 

The v e l o c i t y p r o f i l e s were measured a t s t a t i o n s 30.48 cm, 

91.50 ca, 152.50 cm, and so on t o s t a t i o n 762 cm, as shown on Fig u r e 

4.2.1. The d i s t a n c e between s t a t i o n s was 60.96 cm. The most f o r w a r d 

measurement s t a t i o n (40.48 cm a f t o f the l e a d i n g edge) was not used 
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since the v e l o c i t y p r o f i l e was very d i s t o r t e d t h e r e . Shear p l a t e 

measurements c o i n c i d e d w i t h the v e l o c i t y p r o f i l e s t a t i o n s , 

m e l o n g i t u d i n a l s t a t i c - p r e s s u r e g r a d i e n t measured on the t e s t 

s u r f a c e o f the boundary-layer channel was 0,000057 mir. Hg/cm, The two 

d i m e n s i o n a l i t y o f the f l o w was checked as described i n Chapter 3, The 

e f f e c t s from the l o n g i t u d i n a l pressure g r a d i e n t were determined t o be 

n e g l i g i b l e and were not i n c l u d e d i n t h i s paper. 

The p r i n c i p a l r e s u l t s are summarized i n Figures 4.2.2 and 4.2.3. 

I n F i g u r e 4.2.2. the s u r f a c e shear s t r e s s measured by the shear p l a t e 

was converted t o the measured l o c a l s k i n - f r i c t i o n c o e f f i c i e n t c^^ and 

i s p l o t t e d a g a i n s t t h e e f f e c t i v e Reynolds number. The shear p l a t e was 

t e s t e d under the ambient wind v e l o c i t i e s 610. 1220. and 1675 cm/sec. 

Data were compared w i t h the works o f Smith and Walker (1959). o f Kemf-

Ponton (1932). and o f Schultz-Grunow (1940), For the 610 cm/sec ambient 

wind v e l o c i t y , t he shear p l a t e measurements agree w e l l w i t h the e t h e r ' s 

r e s u l t s . However, f o r ambient wind v e l o c i t i e s 1220 cm/sec and i675 

cm/sec. the shear p l a t e measurements showed a r e l a t i v e l y h i g h l o c a l 

s k i n - f r i c t i o n c o e f f i c i e n t which was about 7.5 percent average d e v i a t i o n 

i n comparison w i t h the e xperimental and a n a l y t i c a l data o f Smith and 

Walker's f o r 7.5 x 10^ <. Re < 1.85 x 10^ . The d i r e c t measured l o c a l 

s k i n - f r i c t i o n c o e f f i c i e n t i s u s u a l l y h i g h e r than the a n a l y t i c a l r e s u l t ; 

however, the measured data o f the shear p l a t e showed h i g h e r than the 

measured data o f Smith and Walker. 

I n F i g u r e 4.2,3, the l o c a l s k i n - f r i c t i o n c o e f f i c i e n t o f shear 

p l a t e measurement was compared w i t h the a n a l y t i c s k i n - f r i c t i o n c o e f f i ­

c i e n t . The e f f e c t i v e Reynolds number i s again used. The e q u a t i o n f o r 
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the c a l c u l a t i o n o f a n a l y t i c s k i n f r i c t i o n i s from Ludwieg and T i l l m a n 

(1950) 

c. = 0.246 X 10-°-^^« " 
*1 

U 81-0.268 
* ' . (2.1.16) 

A l l o f the measured v e l o c i t y p r o f i l e s have been mechanically 

i n t e g r a t e d t o o b t a i n both the boundary-layer displacement t h i c k n e s s , 

it 

6 and the momentum t h i c k n e s s , 9 . The r a t i o o f these two parameters, 

known as the shape parameter, H , has oeen computed. The a n a l y t i c 

l o c a l s k i n - f r i c t i o n c o e f f i c i e n t cL , i s then o b t a i n e d f o r each s t a -

*1 

t i o n by e q u a t i o n 2.1.16. The l o c a l s k i n - f r i c t i o n c o e f f i c i e n t s o f the 

shear p l a t e measurement and the a n a l y t i c l o c a l s k i n - f r i c t i o n c o e f f i c i e n t 

agree w e l l and they extend from Re = 2.2 x 10^ t o 1.85 x 10'' . 

4.3 Forest Canopy Data 

The f o r e s t canopy was s t u d i e d i n t h i c k t u r b u l e n t boundary l a y e r 

f l o w . Tree d e n s i t y was about 0.016 tree/cm^ . The f o l l o w i n g phenomena 

o f f l o w were observed. The approaching t u r b u l e n t v e l o c i t y p r o f i l e had 

a power d i s t r i b u t i o n as 

h ' [ i f • ( ^ - ^ - l ) 
a 

Because high drag e x i s t e d w i t h i n the f o r e s t canopy, the flow 

was slowed down t o a c e r t a i n e x t e n t a t the l e a d i n g edge p o r t i o n , and 

t h e n , the u n i f o r m flow v e l o c i t y and h i g h t u r b u l e n c e i n t e n s i t y f l o w 

passed through a main p o r t i o n o f the f o r e s t u n t i l t h e f l o w reached the 

end r e g i o n . The flow a c c e l e r a t e d i n the end r e g i o n . T h e r e f o r e , the 

f l o w a c c e l e r a t e d and a i r j e t t e d i n t o the canopy from above. A f t e r the 
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canopy f i e l d , the v e l o c i t y p r o f i l e s t a r t e d t o recover from the d i s t u r b e d 

c o n d i t i o n o f the canopy as shown i n Figure 4.3.1.6. 

From the experimental v e r t i c a l v e l o c i t y p r o f i l e , a t v a r i o u s 

s t a t i o n s along the model f o r e s t canopy, the raoemntum t h i c k n e s s v a r i a t i o n 

at each s t a t i o n was c a l c u l a t e d a ccording t o equa t i o n 2.1.2. The momen­

tum thi c k n e s s increased from the l e a d i n g edge o f the canopy t o i t s maxi­

mum value at s t a t i o n 700 cm; then the momentum th i c k n e s s s t a r t e d t o 

decrease. From t h i s p o i n t downstream, = 2^ no longer v a l i d 

s i n c e t h e r e l a t i o n p + j pU^^ - constant c o u l d not be s a t i s f i e d a t the 

end r e g i o n o f the f o r e s t canopy, i . e . , the v e r t i c a l v a r i a t i o n o f pres ­

sure i n the end r e g i o n was s i g n i f i c a n t . The method o f v e r i f y i n g the 

a n a l y t i c and d i r e c t l y measured momentum th i c k n e s s i s demonstrated i n 

Figure 4.3.1. The momentum t h i c k n e s s i s d e f i n e d as 

^ 00 
U 

Jo ^ 

1 - H_ dy . (2.1.2) 

a 

The a n a l y t i c momentum t h i c k n e s s was found from e q u a t i o n 2.1.2 and p l o t t e d 

i n t h e upper p a r t o f Figure 4.3.1. The d i r e c t measured l o c a l drag coef­

f i c i e n t c!. was from the shear p l a t e , and from the eq u a t i o n 2.1.6. 

^2 

The o n l y t h i n g t h a t can be known from equation 2.1.6 i s the slope 

4 1 . By using the known c i a t s t a t i o n 100 cm, the slope 
ox Ax ' ^2 

was 0.0075 under 610 cm/sec wind speed, the increment Ax here was 

100 cm, the slope s t a r t e d a t 6 equal t o zero £.t x = 50 cm and ended 

a t 6 equal t o 0.75 cm a t x = 150 cm, and the second slope continued 

a t where the f i r s t slope ended. F o l l o w i n g t h i s f a s h i o n , the lower 

p a r t o f Fig u r e 4.3.1 was c o n s t r u c t e d . 
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4.3.1 V e l o c i t y p r o f i l e s over and w i t h i n the f o r e s t canopy 

F i e l d , and the Aerodynamic Roughness - I h e approaching wind v e l o c i t y 

p r o f i l e t o the f o r e s t canopy, at 100 cm upstream o f the l e a d i n g edge o f 

the canopy d i s p l a y e d a power d i s t r i b u t i o n c h a r a c t e r . The y t h power 

d i s t r i b u t i o n o f the v e l o c i t y p r o f i l e i s shown i n Fig u r e 4.3.1.1 i . e . . 

"a ' 
(4.3.1) 

As soon as the wind encountered the f o r e s t canopy, the v e l o c i t y 

p r o f i l e was d i s t u r b e d by t r e e s and separated i n t o two p a r t s . The pro­

f i l e above the canopy s t a r t e d t o go over a u n i f o r m fuzzy s u r f a c e , and 

some a i r f l o w j e t t e d i n t o the t r e e t r u n k r e g i o n from below a t the 

le a d i n g edge p o r t i o n o f the canopy. The v e l o c i t y p r o f i l e w i t h i n t h e 

canopy was slowed down due t o the hi g h drag o f t r e e leaves and t r e e 

t r u n k s . T h e r e f o r e , a t 15.2 cm from the l e a d i n g edge, the p r o f i l e w i t h i n 

the canopy was d i s t o r t e d but a i r s t i l l f e d i n t o the p r o f i l e from above 

and a j e t form e x i s t e d a t a l e v e l above the t r e e t r u n k s . This i s i l l u s ­

t r a t e d i n Fig u r e 4.3.1.2. As the wind p r o f i l e moved f u r t h e r downstream, 

the j e t form smoothed out and disappeared a t 200 cm downstream. From 

200 cm onward u n i f o r m f l o w p r e v a i l e d w i t h i n t h e canopy. The wind pro­

f i l e had some s l i g h t v a r i a t i o n u n t i l i t reached the end r e g i o n o f the 

canopy. However, the wind p r o f i l e above the canopy tended t o have a 

l o g a r i t h m i c d i s t r i b u t i o n as i t moved f a r t h e r downstream. The v a r i a ­

t i o n s o f wind f l o w a f t e r encountering the canopy as de s c r i b e d above are 

termed the i n i t i a l r e g i o n o f the f o r e s t canopy and are shown i n Figure 

4.3.1.2. 

For the ce n t e r r e g i o n o f the f o r e s t canopy, the v e l o c i t y 

p r o f i l e above the canopy was p l o t t e d i n two ways: the l o g a r i t h m i c 
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form as suggested by Hossby and Montgomery (1935) and the power 

d i s t r i b u t i o n form o f P l a t e and Q u r a i s h i (1965). 

The equation o f the l o g a r i t h m i c form i s : 

1 c J ^ \ . ^'-'-'^ ü_ = i i n 
u* ^ \ 'o 

The zero plane displacement d was replaced by the t r e e h e i g h t h i n 

t h i s work and the shear v e l o c i t y u. was from the d i r e c t measurement 

o f the shear p l a t e , m e Karman constant k was 0.4. Data at s t a t i o n s 

400. 500. 600. 700. 800 cm are p l o t t e d i n Figure 4.3.1.3 which shows 

t h a t the data f o l l o w s e q u a t i o n 1.1.3 f a i r l y w e l l . I n F i g u r e 4.3.1.3 

the maximum d e v i a t i o n o f data p o i n t s was 11 percent throughout the ve­

l o c i t y p r o f i l e except a t the l e v e l b a r e l y above the t o p o f the f o r e s t 

where the v e l o c i t y p r o f i l e has been somewhat d i s t u r b e d and the data i s 

c o n s i d e r a b l y o f f the l i n e o f equation 1.1.3. T^is e q u a t i o n shows t h a t 

the aerodynamic roughness was 0.045 h . For the average f o r e s t h e i g h t 

o f 16.50 cm. the aerodynamic roughness was equal t o 0.74 cm f o r the 

c e n t e r r e g i o n o f the f o r e s t canopy. 

P l a t e and Q u r a i s h i (1965) suggested a power d i s t r i b u t i o n 

v e l o c i t y p r o f i l e above the canopy f i e l d which has the form: 

1. 

v-h " (4.3.1.4) 

-TT - U 

«here i s the ambient wind v e l o c i t y . 6 i s the boundary l a y e r 

t h i c k n e s l . and h i s the h e i g h t o f the canopy. To t h e i r p l a s t i c s t r i p 

canopy and wooden pegs canopy, they found t h a t n was 3. This phe¬

nomenon e x i s t e d a l s o i n Bhaduri-s (1963) wood s t r i p s t udy, and i n the 

„odel f o r e s t t r e e canopy i n t h i s work. Comparisons of these three are 

shown i n Figure 4.3.1.4. 
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Both f i e l d data f o r wheat and corn, and e x p e r i m e n t a l data f o r 

model canopies are a v a i l a b l e w i t h i n the canopy i n the c e n t e r r e g i o n . 

They are p l o t t e d i n Figure 4.3.1.5. The model f o r e s t canopy was r a t h e r 

u n i f o r m i n v e l o c i t y from the f l o o r up t o the 0.6 h e i g h t o f the t r e e s . 

This was due t o the s t i f f n e s s o f the model t r e e s . N e v e r t h e l e s s , the 

p r o t o t y p e t r e e s have t h i s k i n d o f s t i f f n e s s w i t h r espect t o the t r e e 

h e i g h t . The h e i g h t o f Douglas f i r under 1750 cm/sec s t r o n g wind speed 

i s 0.85 o f the o r i g i n a l h e i g h t i n s t i l l a i r as shown i n Figure 4.1.1.1. 

At the end r e g i o n o f the f o r e s t canopy, the wind speed w i t h i n 

the canopy increased. I t i s because o f a c c e l e r a t i n g f l o w due t o less 

drag downstream. Tv.'o v e l o c i t y p r o f i l e s , one b a r e l y i n s i d e the canopy, 

and one a t 29 cm behind the canopy, are compared i n F i g u r e 4.3.1.6. The 

v e l o c i t y p r o f i l e s showed some recovery a t the lower p a r t a f t e r passing 

through the canopy f i e l d . The upper p a r t o f the v e l o c i t y p r o f i l e , how­

ever, had less i n f l u e n c e and maintained the same shape. From these two 

v e l o c i t y p r o f i l e s , i t was checked t h a t 

f o r e s t canopy. 

I n F i g u r e 4.3.1.6, the v e l o c i t y p r o f i l e a t 29 cm downstream, i . e . , above 

the smooth wind t u n n e l f l o o r , had 6 l a r g e r than t h a t a t the f o r e s t 

canopy were t r u e . This demonstrated a l s o the reason why the flow ac­

c e l e r a t e d near the end o f the f o r e s t canopy. For the f l o w was from a 

l a r g e r e s i s t a n c e surface t o a small r e s i s t a n c e s u r f a c e . 

downstream o f 

canopy end. Hence 
de 

• 3 7 
> 0 and ( t ) smooth s u r f a c e < ( t ) f o r e s t 
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4.3.2 The v a r i a t i o n o f drag c o e f f i c i e n t w i t h i n a f o r e s t 

canopy f i e l d - I t was determined t h a t the l o c a l drag c o e f f i c i e n t o f the 

f o r e s t canopy was not a f u n c t i o n o f Reynolds number but a f u n c t i o n o f 

. P l o t s are shown i n Figure 4.3.2.1. The shear p l a t e was used f o r 

the l o c a l s u r f a c e drag measurements. For these wind speeds 305, 610, and 

910 cm/sec, the maximum d e v i a t i o n 28 percent happened a t s t a t i o n 152 cm. 

Otherwise, the drag f o r c e s , or the l o c a l drag c o e f f i c i e n t , under these 

t h r e e wind speeds agreed q u i t e c l o s e l y a t each s t a t i o n . 

The l o c a l drag c o e f f i c i e n t increased from ^ = t o the end 

o f the f o r e s t canopy. This end r e g i o n phenomenon was v e r i f i e d by e x p e r i ­

ments on two shortened f o r e s t canopies; one had a hmgth o f 850 cm and 

the o t h e r 610 cm. Both showed an increase i n s u r f a c e drag toward the 

end o f the canopy f i e l d . These two cases are not i n c l u d e d i n t h i s 

paper. 

4.4 Orchard Canopy Data 

The o r c h a r d canopy f i e l d was composed o f a r t i f i c i a l t r e e s t h a t 

were e q u a l l y spaced and r e g u l a r l y arranged both i n rows and colimms. 

Two cases are discussed below. 

By u s i n g the momentum i n t e g r a l method mentioned i n S e c t i o n 2.2, 

one column and twenty rows o f model t r e e s w i t h t r e e spacing 25.4 cm were 

s t u d i e d under a t h i c k boundary l a y e r . Twelve t r a n s v e r s e wind speed 

p r o f i l e s were taken at each wind t u n n e l nominal cross s e c t i o n . The 

f i r s t cross s e c t i o n was a t 12.7 cm upstream o f the f i r s t t r e e and the 

r e s t had the 25,4 cm i n t e r v a l i n between. The drag f o r c e o f the i n d i ­

v i d u a l t r e e s was then c a l c u l a t e d from equation 2.2.4. 
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Here the increment Ay as w e l l as Az was 1.27 cm, j was 

55.88 cm, and k , 76.20 cm. The wind speed data were punched i n t o 

computer data cards and f e d t o g e t h e r w i t h the computer program t o the 

CDC 6400 computer. 

The r e s u l t i s p l o t t e d i n the cumulative drag f o r c e f a s h i o n , 

shown i n Figure 4.4.1. The computer data had a good agreement w i t h the 

d i r e c t l y measured data which were measured by t h e s t r a i n gage f o r c e 

dynamometer on each i n d i v i d u a l a r t i f i c i a l t r e e under the above c o n d i ­

t i o n . The maximum d e v i a t i o n amounted t o 20 p e r c e n t f o r the f i r s t t h r e e 

c t m u l a t i v e t r e e drag f o r c e s . The r e s t o f the data was w i t h i n 10 per­

cent. These d e v i a t i o n s mainly r e s u l t e d from the gross e r r o r o f the 

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

Another orchard canopy f i e l d o f 7 columns and 43 rows w i t h 

t r e e s spaced 25,4 cm bo t h i n l o n g i t u d i n a l and l a t e r a l d i r e c t i o n s was 

s t u d i e d under a t h i c k boundary l a y e r . The f o l l o w i n g s i g n i f i c a n t i n f o r ­

mation was determined. Two zones o f the t r e e drag phenomena were found 

as shown i n Fi g u r e 4.4.2. These were termed the i n i t i a l zone and the 

steady decay zone. The i n i t i a l zone extended from the f i r s t row o f t r e e s 

t o the f o u r t h row o f t r e e s . I n t h i s zone, the drag f o r c e decreased 

s t e e p l y from the f i r s t row o f tr e e s t o the second row o f t r e e s , and 

then tended t o be constant t o the f i f t h row. The steady decay zone 

s t a r t e d from the f i f t h row o f t r e e s and extended t o the end o f the 

canopy f i e l d . The dimensionless t r e e drag c o e f f i c i e n t vs x/L was 

f a i r l y l i n e a r on the l o g - l o g p l o t . The l o c a l drag f o r c e vs l o n g i t u d i ­

n a l d i s t a n c e i n dimensionless form f o r the 610, 915, and 1370 cm/sec 

ambient wind speeds are shown i n Figure 4.4.3. However, the l o c a l 

drag f o r c e d i d show an amount o f increase at the end o f t h i s o r c h a r d 
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canopy. These are among many o t h e r o r c h a r d canopy data which can be 

found i n Hsi and Nath (1968). 

4.5 Brushy Canopy Data 

The brushy canopy was s t u d i e d i n a t u r b u l e n t f l o w . Two 

boundary l a y e r t h i c k n e s s e s , t h i n and t h i c k , were a p p l i e d t o the same 

canopy i n the hope t h a t the d i f f e r e n t thicknesses o f boundary l a y e r 

would r e v e a l some r e l a t i o n between the drag c o e f f i c i e n t o f the brushy 

canopy and the t h i c k n e s s o f the boundary l a y e r . This i s presented l a t e r 

i n s u b s e c t i o n 4.5.2. 

4.5.1 The v e l o c i t y p r o f i l e s o f the brushy canopy - The approach­

i n g wind v e l o c i t y p r o f i l e f o r the t h i n boundary l a y e r had the power d i s ­

t r i b u t i o n o f 

1 

(4.5.1.1) 

For the t h i c k boundary l a y e r , the power was y . See F i g u r e s 4.5.1.1 

and 4.5.1.2. 

At the c e n t e r r e g i o n o f the brushy canopy, the l o g a r i t h m i c wind 

v e l o c i t y p r o f i l e f o r the t h i n boundary l a y e r case was 

ü ^ • T - [rih] 
2 

where u» i s the d i r e c t measured shear v e l o c i t y from the shear p l a t e , 

and h the p h y s i c a l h e i g h t o f the brushy canopy, h - 2.8 cm. From 

the e q u a t i o n 4.5.1.2 the aerodynamic roughness was 0.307 cm as shown 

i n Figure 4.5.1.3. The l o g a r i t h m i c wind v e l o c i t y p r o f i l e appears t o 

be u n i v e r s a l ; the data o f 915 cm/sec and 1675 cm/sec f i t t e d the equation 

w e l l . 
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For the t h i c k boundary l a y e r , the l o g a r i t h m i c wind v e l o c i t y 

p r o f i l e was 

u 1 / v-h 
— ° T - 1" f r r m - ) (4.5.1.3) 

2 

as shown i n Figure 4.5.1.4. The aerodynamic roughness was 0.224 cm and 

was s m a l l e r f o r the t h i c k e r boundary l a y e r . 

4.5.2 The v a r i a t i o n o f drag c o e f f i c i e n t i n the brushy canopy, 

and aerodynamic roughness - For the t h i n boundary l a y e r , the l o c a l drag 

c o e f f i c i e n t o f the brushy canopy was a f u n c t i o n o f the p o s i t i o n i n the 

canopy. Three ambient wind v e l o c i t i e s 305, 915, and 1675 cra/sec were 

a p p l i e d on the brushy canopy, and the surface shear s t r e s s was d i r e c t l y 

measured by the shear p l a t e . The l o c a l drag c o e f f i c i e n t was p l o t t e d 

a g a i n s t x/h i n Figure 4.5.2.1. Under these t h r e e ambient wind v e l o c i ­

t i e s , data p o i n t s were matched w e l l w i t h one another f o r t he same x/h . 

The l o c a l drag c o e f f i c i e n t was about 1.7 x 10''^ f o r 99 <_ x/h <_ 253 

which i s the same as the o t h e r canopies where the l o c a l drag c o e f f i ­

c i e n t c^^ was maximum near the l e a d i n g edge o f the canopy and dropped 

s t e e p l y a t a s h o r t d i s t a n c e downstream a t x/h •= 33. The d i f f e r e n c e 

between x/h = 11 and x/'i = 33 o f drag c o e f f i c i e n t was about s i x 

times. At x/h = 100 the l o c a l drag c o e f f i c i e n t recovered t o 1.6 x 10"^ 

and kept almost constant t o the end o f the canopy. 

For the t h i c k boundary l a y e r , the d i f f t r e n c e between x/h ^ 11 

and x/h = 33 o f l o c a l drag c o e f f i c i e n t was about two times and from 

s/h = 99 onward the l o c a l drag c o e f f i c i e n t was about 1.1 x lO"^ as 

shovm i n Figure 4.5.2.2. 

However, the brush) canopy under a t h i c k boundary l a y e r showed 

an end e f f e c t from x/h = 207 t o the end o f the canopy. Based upon 
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only two boundary l a y e r thicknesses a p p l i e d t o the brushy canopy, the 

d e c i s i v e r e l a t i o n between drag c o e f f i c i e n t and the boundary l a y e r t h i c k ­

ness could not be drawn. But i t appeared t h a t the brushy canopy under 

the t h i n n e r boundary l a y e r had the l a r g e r drag c o e f f i c i e n t . I n con­

c l u s i o n , however, the s t u d i e d canopies showed t h a t c^ f o r brushy 

canopy under t h i n boundary l a y e r « c^ f o r brushy canopy under t h i c k 

boundary l a y e r = c^ f o r e s t canopy under t h i c k boundary l a y e r ; a l l were 

i n the e s t a b l i s h e d r e g i o n . 

The f o l l o w i n g are two t a b l e s i n which the aerodynamic 

roughnesses o f the s i m u l a t e d brushy and f o r e s t canopies are tabu­

l a t e d i n terms o f t h e i r p h y s i c a l h e i g h t h . The second t a b l e i s f o r 

comparative purpose. Deacon's r e s u l t s on aerodynamic roughness were 

a l s o converted i n t o the p h y s i c a l h e i g h t h . 

I n Figure 4.5.2.3, the aerodynamic roughnesses o f the 

s i m u l a t e d brushy and f o r e s t canopies under a t h i c k boundary l a y e r 

were p l o t t e d a g a i n s t t h e i r p h y s i c a l h e i g h t t o v e r i f y Kung's e m p i r i c a l 

f o r m u l a , e q u a t i o n 1.1.1. The r e s u l t agrees remarkably w e l l w i t h t h a t 

e m p i r i c a l formula. 

Table 4.5.2.1 The aerodynamic roughnesses 

o f s i m u l a t e d canopies 

Experimental Canopies 

Canopy Aerodynamic Roughness 
z i n terms o f h 

0 

Boundary Layer 
C o n d i t i o n 

P h y s i c a l 
Height h 

(cm) 

P l a s t i c 
s t r i p s 0.150 h 10.1 

Forest 0.045 h 6/h - 5.5 16.5 

Brushy 0.080 h 6/h = 14.5 2.8 

Brushy 0.110 h 6/h = 7.2 2.8 
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Table 4 . 5 , 2 , 2 The aerodynamic roughnesses o f low 
v e g e t a t i v e s u r f a c e s , a f t e r Deacon 

The Prototype Low V e g e t a t i v e Surfaces 

Surface C o n d i t i o n Aerodynamic 
Roughness ZQ 
i n terms o f h 

Wind Speed 
(cm/sec) 

P h y s i c a l 
Height , h 

(cm) 

Mown grass 
s u r f a c e (lawn) 0 . 1 3 3 h 1.5 

Mown grass 
s u r f a c e (lawn) 0 . 2 3 4 h 3 . 0 

Mown grass 
s u r f a c e (h i g h grass) 0 . 0 5 3 4 h 200 4 5 . 0 

Mown grass 
s u r f a c e ( h i g h grass) 0 . 0 3 7 8 h 700 4 5 . 0 

Long grass 0 . 1 3 8 h 150 6 5 . 0 

Long grass 0 . 0 9 4 h 3 1 0 6 5 . 0 

Long grass 0 . 0 5 7 h 6 2 0 6 5 . 0 

4 , 5 . 3 The comparison o f v e l o c i t y p r o f i l e s i n and above the 

f o r e s t canopy w i t h those o f the brushy canopy - I n Figu r e 4 . 5 . 3 . 1 the 

comparison o f the v e l o c i t y p r o f i l e i n and above the f o r e s t canopy w i t h 

t h a t o f the brushy canopy was made i n dimensionless form; the v e l o c i t y 

g r a d i e n t was l a r g e r f o r the f o r e s t canopy than f o r the brushy canopy. 

This was al s o t r u e f o r the v e l o c i t y p r o f i l e s shown i n Fi g u r e 4 . 5 . 3 . 2 . 

I n t h i s f i g u r e the v e l o c i t y p r o f i l e s were j - l o t t e d i n such a way t h a t 

( y - h ) / ( 6 - h ) was used f o r dimensionless v e r t i c a l d i s t a n c e ; .he v e l o c i t y 

p r o f i l e s and the boundary l a y e r thickness hence s t a r t e d from the fuzzy 

s u r f a c e o f the f o r e s t and brushy canopies upward. No v e l o c i t y p r o f i l e 

s i m i l a r i t y was apparent between the f o r e s t canopy and the brushy canopy 



66 

Chapter 5 

CONCLUSIONS 

The general c h a r a c t e r o f f l o w i n and above v e g e t a t i v e canopies 

may be s a t i s f a c t o r i l y s i m u l a t e d i n a m e t e o r o l o g i c a l wind t u n n e l . I n 

p a r t i c u l a r , the drag c o e f f i c i e n t o f p r o t o t y p e f o r e s t and brushy canopies 

can be evaluated from the r e s u l t s o f t h i s study. The drag c o e f f i c i e n t 

o f a s i n g l e c o n i f e r t r e e was obtained s a t i s f a c t o r i l y by s t u d y i n g a 

p l a s t i c model t r e e i n a wind t u n n e l . The conclusions are i t e m i z e d as 

f o l l o w s ; 

1. I n a t h i c k boundary l a y e r a s i m u l a t e d f o r a s t canopy and a 

si m u l a t e d brushy canopy possess the same drag c o e f f i c i e n t i n the r e g i o n 

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

h e i g h t . Hence, the d r a g - c o e f f i c i e n t s i m i l a r i t y concept i s v a l i d and 

i m p l i e s t h a t the l a b o r a t o r y data can be a p p l i e d t o the p r o t o t y p e 

f o r e s t canopies. The drag c o e f f i c i e n t s o f s i m u l a t e d f o r e s t and brushy 

canopies are shown i n F i g u r e 5.1. 

2. I t was found i n t h i s study t h a t the s i m u l a t e d f o r e s t and brushy 

canopies have the surface s t r e s s p r o p o r t i o n a l t o 1.9 the power o f the 

ambient wind v e l o c i t y i n t h e i r c e n t e r r e g i o n . This i s shown i n 

F i g u r e 5.2. I t i s expected t h a t the p r o t o t y p e f o r e s t and brushy cano­

p i e s may have the -̂ame r e l a t i o n between the s u r f a c e s t r e s s and t h e 

wind v e l o c i t y . 

3. The Kung e m p i r i c a l equation f o r f i n d i n g the aerodynamic 

roughness o f v e g e t a t i v e canopies, i . e . , Equation 1.1.1, can be used 

f o r t h e s i m u l a t e d f o r e s t and brushy canopies i n t h i s study. See 

Fi g u r e 4.5.2.3. 
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4. The l o g a r i t h m i c v e l o c i t y p r o f i l e s i n the center r e g i o n o f 

v e g e t a t i v e canopies are: 

( i ) Simulated f o r e s t canopy, t h i c k boundary l a y e r 

u 1 i„ y - h\ . ,^ r 

i i : = — ^" 0 ^ « ^ ' 1 ^ - ' 

( i i ) Simulated brushy canopy, t h i c k boundary l a y e r 

- h • 

( i i i ) Simulated brushy canopy, t h i n boundary l a y e r 

i i - = 4 - in - h . 2.8cm 

( i v ) Simulated peg and p l a s t i c s t r i p canopies, P l a t e and 

Q u r a i s h i (1965) 

h i y - n 

h wooden peg canopy = 5.1 cm 

h p l a s t i c s t r i p canopy s 10.2 cm 

The aerodynamic roughness from the s i m u l a t e d v e l o c i t y p r o f i l e s , 

as found by P l a t e and Q u r a i s h i , i s l a r g e r than t h a t i n t h i s study. 

The aerodynamic roughness found i n t h i s study was based on the shear 

p l a t e measurement f o r û ^ and si m u l a t e d v e l o c i t y p r o f i l e f o r u and 

y . 

5. The s i n g l e p l a s t i c model t r e e i n t h i s study had i t s t r e e drag 

c o e f f i c i e n t between the Douglas f i r and the spruce. T h e r e f o r e , the 

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

wind t u n n e l . 

6. The shear p l a t e used t o measure the surface s t r e s s o f v a r i o u s 

canopies can a l s o be used t o study the h o r i z o n t a l f o r c e component pro­

duced by a i r f l o w over modeled i r r e g u l a r topography. 
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7. With t he e x i s t e n t model f o r e s t canopy used i n t h i s work, 

f u t u r e research r e l a t e d t o f o r e s t f i r e b e h a v i o r , snow pack, s o i l e r o ­

s i o n , wind breaks, watershed management, o r o t h e r aspects o f s i l v l c u l -

t u r e can be developed. 
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Table 3.1.1 Performance c h a r a c t e r i s t i c s o f the Army M e t e o r o l o g i c a l 
and t h e Colorado S t a t e U n i v e r s i t y Wind Tunnels 

Army M e t e o r o l o g i c a l Colorado S t a t e U n i v e r s i t y 
C h a r a c t e r i s t i c Wind Tunnel Wind Tunnel 

1. Dimensions 
T e s t - s e c t i o n l e n g t h 
T e s t - s e c t i o n area 
C o n t r a c t i o n r a t i o 
Length o f temperature 

c o n t r o l l e d boundary 

2. Wind-tunnel d r i v e 
T o t a l pamer 
Type o f d r i v e 
Speed c o n t r o l : coarse 

Speed c o n t r o l : f i n e 

3. TeB5)eratures 
Ambient a i r temperature 
Temp, o f c o n t r o l l e d boundary 

4. V e l o c i t i e s 
Mean v e l o c i t i e s 

Boundary l a y e r s 
Turbulence l e v e l 

5. Pressures 

6. Humidity 

27 m 
3.4 m2 
9.1 

12 m 

200 kw 
4-blade p r o p e l l e r 
Ward-Leonard DC c o n t r o l 

p i t c h c o n t r o l 

5°C t o 95OC 

5°C t o 205OC 

approx. 0 n^s t o 37 mps 

up t o SO cm 

low (about 0.1 p e r c e n t ) 

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

c o n t r o l l e d from approx. 20% 
80% r e l a t i v e h u m i d i t y under 
average ambient c o n d i t i o n s . 

9.2 m 
3.4 m2 
9.1 

3.1 m 

75 hp 
16-blade a x i a l f a n 
sin g l e - s p e e d i n d u c t i o n 

motor 
p i t c h c o n t r o l 

not c o n t r o l l e d 
ambient t o 95°C 

approx. 1 mps t o 
27 mps 

up t o 20 cm 

low (about 0.5 p e r c e n t ) 

no t c o n t r o l l e d 

n o t c o n t r o l l e d 
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F i g , 2,1.1 Arrangement o f t e s t p l a t e and balance, 

Schultz-Grunow (1940) 
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F i g . 2.3.1 Zones of distuibed boundary layer, a f t e r P l a t e C196S) 
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F i g . 3.2.1.1 The s t r a i n gage f o r c e dynamometer 



F i g . 3.2.1.2 The c a l i b r a t i o n curve o f the s t r a i n gage f o r c e dynamometer ^ 



See figure 2.3 for the 
position of the strain gc^es 

F i g . 5.2.1.3 The e l e c t r i c b r i d g e arrange-ent f o r t h e s t r a i n gage f o r c e d>-namometer 
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Figure 3.2.1.4 The s t r a i n gage f o r c e dynamometer 

i n a model orchard canopy f i e l d 

F i g . 3.2.1.5 Instruments f o r the s t r a i n gage f o r c e dynamometer 
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Fig,3.2.1.6 The schematic diagram o f the shear p l a t e 
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Figu r e 3.2.1.7 The shear p l a t e 



Miltivolfs 

F i g u r e 3.2.1.8 The c a l i b r a t i o n curve o f the shear p l a t e 
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Figure 3.2.2.1 Schematic diagram o f v e r t i c a l v e l o c i t y 

p r o f i l e measurement 
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3.3.1 The smooth boundary, w i t h the shear p l a t e , i n a wind t u n n e l 
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The f o r e s t - t y p e canopy f i e l d 
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F i g . 3.4.3.2 Two d i m e n s i o n a l i t y o f fl o w c o n d i t i o n over the f o r e s t - t y p e canopy f i e l d 
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B 
V? 

Fig u r e 3.4.4.1 The 
arrangement o f brushy canopy on a piece o f plywood 
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f 

canopy f i e l d i n a wind t u n n e l 
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Figure 4.1.1 Drag c o e f f i c i e n t o f a s i n g l e model t r e e 
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Spruce Douglas Fir 

Scots Pine Western Hemlock 

Figu r e 4.1.4 Real c o n i f e r sample t r e e s 



Tree No 3 ( Spruce ) 

Figure 4.1.5 The comparison o f the model t r e e w i t h the spruce sample t r e e 
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F i g u r e 4.1.1.1 The Douglas f i r i n s t i l l a i r and under 1750 cm/sec-
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Cumulative Oistrlbutlon 

F i g . 4.1.2.1 Tho p r o b a b i l i t y d e n s i t y d i s t r i b u t i o n o f a s i n g l 
model t r e e drag f o r c e , U : 610 cm/sec 
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F i g . 4.1.2.2 The p r o b a b i l i t y d e n s i t y d i s t r i b u t i o n o f a s i n g l e 
model t r e e drag f o r c e , U„ ; 1220 cm/sec 
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e f f e c t i v e Reynolds number; shear p l a t e technique, 
SBOoth boundary surface 
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F i g . 4.3.1.1 Dimensionless v e l o c i t y p r o f i l ? b e f o r e the f o r e s t 
canopy f i e l d , at s t a t i o n - 100 cm 
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Figu r e 4.3.1.2 The v e l o c i t y p r o f i l e v a r i a t i o n i n t h e i n i t i a l r e g i o n o f t h e 
f o r e s t canopy f i e l d , U - 915 on/sec. 
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I l l 

Rigwn lo which 
Oala wot PlolMd Moöfl Foren Ceno0y 

^ W«d Tunnel Flow 
200 400 eoo 600 1000 1200 cm 

u — — — 

. 

Tl 

— 

/l / 

/ / 

\i 

1 
1 
1 

'> 1 

1 
1 
1 
1 
1 
1 €. f t " 
1 
1 
1 

1 

1 Model Forest Canopy, Hsi and Nath, Dato at stations 
400, 500,600, and 700 cm 

2 Wheat Field, Stoller and Lemon (1963), Tan ond 
Ling (1961), and Poechke (1937) 

3 Corn Field, Ton and Ling (1961) 
4 Rostic Strips, Plate ond Quraishi (1965) 
5 Pegs Canopy, Plate and Quraishi (1965) 

F i g . 4.3.1.5 The comparison o f non-dimensional v e l o c i t y p r o f i l e s 
w i t h i n the canopies o f the p r o t o t y p e and the model 
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Figure 4.3.2.1 D i r e c t l x aeasured (shear p l a t e ) surface stress vs. l o n g i t u d i n a l 
distance, i n dimensionless for«, fo r e s t canopy, t h i c k botmdaiy 
layer 
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Figu r e 4.5.1.3 Non-dimensional l o g a r i t h m i c v e l o c i t y p r o f i l e , 

brushy canopy, t h i n boundary l a y e r 



120 





122 



I 0 , 0 0 0 | 

' i - 1 1 1 I I 

01 I 10 1 0 0 1 0 0 0 topoo 
A T o < t y n o m i c R o u g h n t a s z * ( c m ) 

F i g . 4.S.2.3 Aerodynamic roughnesses versus v e g e t a t i o n h e i ^ t 



Fig. 4.5.3.1 The coi^aTison o f v e l o c i t y p r o f i l e i n and above 
the f o r e s t canopy w i t h t h a t o f brushy canopy f i e l d 



F i g . 4.5.3.2 The c o ^ a r i s o n o f v e l o c i t y p r o f i l e s o f t h e f o r e s t 
canopy and t h e brushy canopy, above t h e i r f u z z y s u r f a c e 
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