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abstract

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

•energy  l o s s e s  o f  low speed. , q l o s e d  c i r c u i t  w ind  t  urine I s  o f  

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

a e ro d y n am ic  e n e r g y  r a t i o ,  t h e  r a t i o  o f  t h e  ae ro d y n am ic  

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

i s  c o n s i d e r e d , .

The h y d r a u l i c  r a d i u s  i s  u s e d  t o  d e f i n e  an  e q u i v a l e n t  

d i a m e t e r ,  a n  e q u i v a l e n t  a n g l e  of  e x p a n s i o n ,  a n d  an  e q u i v a l e n t  

a n g l e  o f  c o n t r a c t i o n  so t h a t  u s e  can  be made o f  t h e  e x i s t i n g  

knowledge  o f  p i p e  f l o w  t h e o r y „ E x p r e s s i o n s  a r e  d e r i v e d  f o r  

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

c o e f f i c i e n t  f o r m a s  a f r a c t i o n  o f  t h e  a e ro d y n a m ic  e n e r g y  a t  

t h e  t e s t  s e c t i o n . The v a l i d i t y  o f  t h e  method was checked  by
l

a s e r i e s  o f  t e s t s  on t h e  o n e - f o o t  wind t u n n e l  o f  t h e  D e p a r t 

ment o f  M e c h a n ic a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  A r i z o n a ,  and 

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

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

l o s s  e s t i m a t i o n  by t h e  p r o p o s e d  method i s  t h e  p r o p e r  e v a l u a t i o n  

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

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

e n e r g y  r a t i o .

v i



CHAPTER 1

INTRODUCTION

1 .1  The P rob lem

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

b e en  i n v e s t i g a t e d  e x t e n s i v e l y  i n  t h e  p a s t  due t o  i t s
1 'g r e a t  p r a c t i c a l  i m p o r t a n c e . W a t t e n d o r f  i n  h i s  s t u d y  

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

method o f  a p p l y i n g  smooth p i p e  t h e o r y  t o  e s t i m a t e  l o s s e s  

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

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

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

W a t t e n d o r f  method t o  i n c l u d e  w ind  t u n n e l s  o f  o t h e r  t h a n  

c i r c u l a r  c r o s s  s e c t i o n  and t h e  e f f e c t s  o f  s u r f a c e  ro u g h 

n e s s .

1 .2  A p p l i c a b i l i t y

T h i s  p ro b le m  h a s  p r a c t i c a l  a p p l i c a t i o n s  i n  t h a t  no 

modern wind t u n n e l s  a r e  w h o l l y  o f  c i r c u l a r  c r o s s  s e c t i o n ,
i .

and p a r t i c u l a r l y  i n  s m a l l e r  t u n n e l s ,  1 t o  3 f t .  i n  d i a m e t e r ,  

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

A l s o , i n  t h i s  age  o f  h i g h  c o n s t r u c t i o n  c o s t  an y  r e a s o n a b l e  

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



2

p h a s e  o f  low v e l o c i t y  wind t u n n e l s  i s  w o r th y  o f  t h o r o u g h  

i n v e s t i g a t i o n .

1 .3  L i m i t a t i o n s

T h i s  s t u d y  w i l l  be  c o n f i n e d  t o  g e n e r a l  u t i l i t y 3 

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

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

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

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

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

sy s te m  and t h e  power s u p p l y  sy s te m  w i l l  n o t  be c o n s i d e r e d .

1 . 4  G ene  r a 1 Approach

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

r e t u r n  w ind  t u n n e l  i s  g i v e n  i n  F i g u r e  1 .1 .  As p r o p o s e d  by 

W a t t e n d o r f , t h e  t u n n e l  w i l l  be  b r o k e n  down f o r  d e t a i l e d  

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

c o n v e r g i n g  s e c t i o n s ,  e x p a n d in g  s e c t i o n s , and  c o r n e r s .  By 

u s i n g  b a s i c  t e c h n i q u e s  a  method o f  com put ing  l o s s e s  i n  

eac h  s e c t i o n  w i l l  be  p r o p o s e d .  The s e c t i o n  l o s s e s  w i l l  be 

compared t o  t h e  a e ro d y n am ic  e n e r g y  a t  t h e  t e s t  s e c t i o n  a s  a  

m easure  o f  t h e  wind t u n n e l  p e r f o r m a n c e .  F i n a l l y ,  t h e  v a l i d i t y  

o f  t h e  p r o p o s e d  method w i l l  he e v a l u a t e d  on t h e  one  f o o t  wind 

t u n n e l  o f  t h e  D ep ar tm en t  o f  M e ch a n ic s ,  U n i v e r s i t y  o f  A r i z o n a .



Nomenclature Section Breakdown for Analysis
1. Test Section Constant Area -  1 ,4 ,7 ,8
2. Diffuser Expanding -  2,5
3. Comer Contracting -  6
4 . Pan-Straightener System Comers -  3 
5* Return Passage
6# Nozzle
7« Se t t l ing  Chamber

Figure 1.1 Schematic Diagram of a Low Speed Wind Tunnel
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CHAPTER 2

FLUID FRICTION

2 . 1  The N a t u r e  o f  F r i c t i o n  L o sse s

The n a t u r e  o f  f r i c t i o n  l o s s e s  i n  d u c t e d  f lo w  can 

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

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

The c y l i n d e r  o f  f l u i d  shown i n  F i g u r e  2 .1  i s  n o t  s u b j e c t  

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

can  be e x p r e s s e d  a s  a b a l a n c e  be tw een  s t a t i c  p r e s s u r e  

f o r c e s  and f o r c e s  due t o  s h e a r  s t r e s s  on t h e  c i r c u m f e r e n c e  

i n  t h e  form

r. ( 2 . 1)

p l n r  > _ r  . ^ p 2iTr

V . t
r  i ----------------

j T0 (2 i r r )L

F i g u r e  2 . 1  S t e a d y  f lo w  t h r o u g h  c i r c u l a r  d u c t  

where  Y  i s  t h e  sum o f  t h e  l a m i n a r  and t u r b u l e n t  s h e a r  s t r e s s

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

d ro p  i n  s t a t i c  p r e s s u r e .

2 .2  C o e f f i c i e n t  o f  F r i c t i o n

E q u a t i o n  2 .1  i s  e q u a l l y  v a l i d  f o r  l a m i n a r  and t u r b u 

l e n t  f lo w  s i n c e  ^  i s  t a k e n  t o  be t h e  a p p a r e n t  s h e a r  s t r e s s ,  

t h a t  i s  t h e  sum o f  l a m i n a r  and t u r b u l e n t  s h e a r i n g  s t r e s s .

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

d u c t  t h e  r e l a t i o n s h i p  b e tw ee n  t h e  s h e a r  s t r e s s ,  p r e s s u r e  

g r a d i e n t , and  a v e r a g e  v e l o c i t y *  can  be d e t e r m i n e d  t h e o r e t i 

c a l l y  by u s e  o f  N e w to n 's  law o f  v i s c o s i t y ,

F o r  t u r b u l e n t  f lo w  t h e  r e l a t i o n s h i p  must be o b t a i n e d

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

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

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

" l a w s  o f  f l u i d  f r i c t i o n . " Some o f  t h e s e  e q u a t i o n s  i n t r o d u c e

c o e f f i c i e n t s  t h a t  depend  on a p a r t i c u l a r  sy s te m  o f  u n i t s  and

a r e  u n w ie ld y  f o r  g e n e r a l  u s e ; exam ples  o f  t h e s e  a r e  t h e
2

Manning n and  Chezy C .

* A verage  v e l o c i t y  i s  d e f i n e d  a s  V = ^  u  d A where  
A i s  t h e  c r o s s - s e c t i o n  a r e a  o f  t h e  d u c t  and u i s  t h e  f l u i d  
v e l o c i t y  a t  t h e  e l e m e n t a l  a r e a  d A.
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I t  i s  now common t o  e x p r e s s  t h e  p r e s s u r e  g r a d i e n t  

f o r  i n c o m p r e s s i b l e  f lo w  i n  t h e  form o f  t h e  s o - c a l l e d  Darcy- 

W eisbach  e q u a t i o n .

^  -  i 4  « - 3 >

2
Where f  i s  a d i m e n s i o n l e s s  " f r i c t i o n "  c o e f f i c i e n t ,  pV /2  

i s  dynamic  p r e s s u r e  of t h e  mean f lo w  and D i s  t h e  d i a m e t e r  

o f  t h e  p i p e .  A c o m p a r i s o n  o f  Eq. 2 .2  and Eq. 2 . 4  g i v e  t h e  

r e l a t i o n s h i p  be tw een  t h e  w a l l  s h e a r  s t r e s s  and  t h e  f r i c t i o n  

f a c t o r .

^ 0 = f £ r  ( 2 -4 )

The f r i c t i o n  f a c t o r  i s  o f t e n  d e f i n e d  a s  t h e  r a t i o  o f  th e

l o c a l  w a l l  s h e a r  s t r e s s  t o  t h e  dynamic p r e s s u r e  o f  t h e  mean 

f lo w .

cf = —^ 2 -  ( 2 . 5 )
f  pV / 2

from w hich  i t  f o l l o w s  t h a t  t h e  D arcy -W eisbach  c o e f f i c i e n t

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

D arcy -W eisbach  f  w i l l  be u s e d  f o r  t h e  r e s t  o f  t h i s  p a p e r .
3

From t h e  w e a l t h  o f  r e s e a r c h  t h a t  h a s  b een  done i n  

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

v a r i e s  i n  a  complex manner a s  a f u n c t i o n  o f  t h e  v e l o c i t y  

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

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

r e s e a r c h  i s  t h e  Moody d ia g ra m  which  i s  a l o g - l o g  p l o t  o f  

f  a s  a f u n c t i o n  o f  R ey n o ld s  number ,  VD/^, and r e l a t i v e  

r o u g h n e s s , e /D ;  where  V i s  t h e  mean f lo w  v e l o c i t y ,  and D 

i s  t h e  p i p e  d i a m e t e r ,  7 ^  i s  t h e  f l u i d  k i n e m a t i c  v i s c o s i t y  

and e ,  t h e  a b s o l u t e  r o u g h n e s s , i s  t h e  e q u i v a l e n t  s i z e  o f  

t h e  s u r f a c e  r o u g h n e s s  p r o j e c t i o n s  b a s e d  on N i k u r a d s e 1s 

sand  g r a i n  e x p e r i m e n t s . The Moody d iag ram  i s  c o n v e n i e n t  

t o  u se  i n  p i p e  l o s s  c o m p u t a t i o n s  b e c a u s e  i t  c o v e r s  l a m in a r  

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

smooth b o u n d a r i e s ,  c o m p l e t e l y  rough  b o u n d a r i e s , and  t h e  

t r a n s i t i o n  a r e a  b e tw een  t h e  two.

2 . 3  C o e f f i c i e n t  o f  F r i c t i o n  f o r  D u c ts  n o t  o f  C i r c u l a r  

C r o s s - S e c t i o n

I n  t h e  s t u d y  o f  open  c h a n n e l  f lo w  e x t e n s i v e  u s e  i s  

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

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

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

m = A/P ( 2 . 6 )

S k o g lu nd ^  c o n d u c te d  a  s e r i e s  o f  e x p e r i m e n t s  t o  d e t e r m i n e  

t h e  b e h a v i o r  o f  t h e  c o e f f i c i e n t  o f  f r i c t i o n  i n  t h e  f low  o f  

a i r  t h r o u g h  a r t i f i c a l l y  ro u g h e n e d ,  c l o s e d  d u c t s  o f  r e c t a n g u l a r
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c r o s s - s e c t i o n .  As a r e s u l t  o f  h i s  e x p e r i m e n t s ,  Skoglund 

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

f lo w  i n  r e c t a n g u l a r  d u c t s  c an  be e s t i m a t e d  by u s i n g  t h e  

p i p e  f lo w  law w i t h  4m, i n s t e a d  o f  t h e  p i p e  d i a m e t e r ,  as  

t h e  c h a r a c t e r i s t i c  d im e n s io n  o f  t h e  d u c t  w i t h  a n  e r r o r  o f  

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

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

i n t o  an  e q u i v a l e n t  c y l i n d r i c a l  d u c t  o f  d i a m e t e r ,  De , such 

t h a t ,

De = 4m = 4 -p ( 2 . 7 )

t h e  c o e f f i c i e n t  o f  f r i c t i o n  can  be r e a d  d i r e c t l y  f rom  t h e  

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

d u c t  i s  known.



CHAPTER 3

EXPRESSIONS FOR DUCT LOSSES

3 . 1  F r i c t i o n  L o s s e s  i n  D uc ts  o f  C o n s ta n t  C r o s s - S e c t i o n  

F o r  t h e  c a s e  o f  s t e a d y  f lo w  i n  a c o n s t a n t  a r e a  

d u c t  an  e x p r e s s i o n  f o r  t h e  f r i c t i o n  l o s s e s  c an  be d e v e lo p e d  

by u s i n g  t h e  momentum-flux f o r c e  p r i n c i p l e  and  t h e  d e f i n i 

t i o n s  o f  C h a p te r  2.

F i g u r e  3 .1  F o r c e s  on a  s e c t i o n  o f  f l u i d  i n  s t e a d y
f lo w .

From F i g u r e  3 . 1

where  A i s  t h e  c r o s s - s e c t i o n  a r e a  and P and L a r e  t h e  

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

r e l a t i o n s h i p  be tw een  t h e  f r i c t i o n  f a c t o r  and t h e  s h e a r  

s t r e s s  f rom Eq. 2 . 5  and  t h e  d e f i n i t i o n  of t h e  e q u i v a l e n t

1 2

PjA

r o PL

( 3 . 1 )
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d i a m e t e r  f rom  Eq. 2 . 8 ,  Eq. 3 . 1  becomes

w h ic h ,  a s  m ight  be  e x p e c t e d ,  i s  s i m i l a r  t o  t h e  D arcy -  

W eisbach  e q u a t i o n .

3 .2  L o s s e s  a t  an  E x p a n s io n

I t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e r e  w i l l  be a 

d e c r e a s e  i n  l o s s e s  a t  an  e x p a n s i o n  due  t o  t h e  d e c r e a s e  i n  

v e l o c i t y ;  h o w e v e r , t h i s  i s  n o t  t h e  c a s e . ^  The n a t u r e  o f  

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

p r e s s u r e  f o r c e  i s  ad ded  t o  t h e  f r i c t i o n a l  f o r c e .  I f  th e  

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

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

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

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

s e p a r a t e l y  a s  f r i c t i o n  l o s s e s  Ap^ and e x p a n s i o n  l o s s e s  Apx .

a .  F r i c t i o n  l o s s e s

The b a s i c  i d e a s  o f  C h a p t e r  2 a r e  n o t  so  r e a d i l y

a p p l i e d  a t  an  e x p a n s i o n  f o r  d u c t s  n o t  o f  c i r c u l a r  c r o s s -

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

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

e x p a n s i o n .  Eq. 3 . 1  c a n  be w r i t t e n

Apf  = J l I  ^T" i  ds (3  3 )
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t h e  l e n g t h  t e r m  i n  t h e  d e n o m i n a t o r .  The D arcy -W eisbach  

form  u s e s  t h e  a c t u a l  i n s i d e  p i p e  d i a m e t e r ,  b u t  Eq. 3 .2  

u s e s  t h e  e q u i v a l e n t  d i a m e t e r .  T h i s  o b s e r v a t i o n  l e a d s  to  

t h e  a s s u m p t io n  o f  an  e q u i v a l e n t  a n g l e  o f  e x p a n s i o n  d e f i n e d  

a s
i l / 2 ( D e ,  - D e . )

P /2  = t a n ' 1--------------------- g — ( 3 . 5 )

T h i s  a s s u m p t io n  seems r e a s o n a b l e  i n  t h a t  t h e  

a c c u r a c y  o f  u s i n g  De t o  s e l e c t  f  h a s  been  e s t a b l i s h e d  by 

S k og lund  and t h e  a n g l e  p p r o v i d e s  t h e  r e l a t i o n s h i p  be tween 

De^ and  De2 t h a t  t h e  a n g l e  a  g i v e s  f o r  and  D£ i n  p i p e  

f l o w .  A p p ly in g  t h e  e q u i v a l e n t  a n g l e  o f  e x p a n s i o n  t o  Eq. 3 .4  

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

o t h e r  t h a n  c i r c u l a r  c r o s s - s e c t i o n  ,

Apf  = TTtaiT(i5/IT P /2 ( V 1 '  V2 ) ( 3 - 6 )

where  and  V2 a r e  t h e  a v e r a g e  v e l o c i t i e s  b a s e d  on t h e

a c t u a l  a r e a s  a t  s e c t i o n  1 and  s e c t i o n  2 .

b .  E x p an s io n  L o s s e s

W a t t e n d o r f , ^ by a s su m in g  l i n e a r  v e l o c i t y  p r o f i l e s  i n  

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

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

c y l i n d r i c a l  e x p a n s i o n :
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4px = 3  tan 2  - Vg) (3 .7)

W a t t e n d o r f  c h ecked  t h i s  e x p r e s s i o n  i n  a s e r i e s  o f  t e s t s  

i n  t h e  T s in g  Hua 1 0 - f o o t  wind t u n n e l  and fo u n d  t h a t  t h e  

l o s s e s  were o v e r - e s t i m a t e d .  As a r e s u l t  o f  h i s  e x p e r im e n t s  

he  a r r i v e d  a t

f o r  a  l e s s  t h a n  10 d e g r e e s .  By r e a s o n i n g  s i m i l a r  t o  t h a t  

u s e d  i n  t h e  d e v e lo pm en t  o f  f r i c t i o n  l o s s e s ,  i t  w i l l  be 

assumed Eq. 3 . 8  can  be e x t e n d e d  t o  i n c l u d e  d u c t s  o f  o t h e r  

t h a n  c i r c u l a r  c r o s s - s e c t i o n  by u s i n g  t h e  e q u i v a l e n t  a n g le  

o f  e x p a n s i o n  d e f i n e d  by Eq. 3 . 5 .  Thus t h e  e x p a n s i o n  l o s s  

e x p r e s s i o n  becomes

The t o t a l  l o s s  a t  an e x p a n s i o n  i s  s i m p ly  t h e  sum 

o f  t h e  f r i c t i o n  and e x p a n s i o n  l o s s e s ,  t h a t  i s ,

Apx  = 0 . 6  t a n  |  | ( V ^  - v\) ( 3 . 8 )

( 3 . 9 )

+ 0 . 6  t a n  | ]  |(V ^ - v |) ( 3 . 1 0 )

3 .3  L o s s e s  a t  a  C o n t r a c t i o n

I n  t h e  d e s i g n  o f  wind t u n n e l  n o z z l e s ^ ’  ̂ a  major  

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

t h a t  t h e  l o s s e s  a t  a  n o z z l e  a r e  due t o  f r i c t i o n  a l o n e ,  so 

t h a t  Eq. 3 . 3  i s  a p p l i c a b l e .

Due t o  t h e  complex s u r f a c e  c o n t o u r s  i n h e r e n t  i n  n o z z l e
I

s h a p e s  Eq. 3 .1 1  i s  n o t  am enable  t o  g e n e r a l  s o l u t i o n , b u t  

s h o u l d  be s o l v e d  f o r  i n d i v i d u a l  n o z z l e .  W a t t e n d o r f  by 

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

s o l v e d  Eq. 3 .1 1  f o r  c y l i n d r i c a l  n o z z l e s  o f  c o n t r a c t i o n  

r a t i o s  v a r y i n g  from 4 t o  11 and g i v e s  a s  a n  a v e r a g e  s o l u t i o n

where  L i s  t h e  l e n g t h  o f  t h e  c o n t r a c t i o n  cone and D and V 

a r e  t h e  d i a m e t e r  and v e l o c i t y  a t  t h e  e x i t  o f  t h e  n o z z l e .  

Pope ,  o b s e r v i n g  t h a t  n o z z l e  l o s s e s  se ldom r e a c h  3 p e r  c e n t  

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

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

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

Eq. 3 .1 2  a s ,  a t  w o r s t , a  good f i r s t  a p p r o x i m a t i o n  o f  t h e  

l o s s e s  a t  a  n o z z l e  i n  a c y l i n d r i c a l  wind t u n n e l ; and to 

e x t e n d  t h e  a p p l i c a t i o n  t o  o t h e r  t h a n  c i r c u l a r  c r o s s - s e c t i o n s  

by i n t r o d u c i n g  t h e  e q u i v a l e n t  d i a m e t e r  o f  Eq. 2 . 9 ,  so t h a t  

Eq. 3 .1 2  becomes

( 3 . 1 1 )

6p = 0 .3 2  £ ^  |  V2 ( 3 . 1 2 )

T h e re  i s  ample e v i d e n c e  t o  a c c e p t  t h e  v a l i d i t y  o f
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ip = 0. 32f ^  f  v2 ( 3 .1 3 )

where f  i s  t h e  a v e r a g e  c o e f f i c i e n t  o f  f r i c t i o n  be tw een  

t h e  c o n t r a c t i o n  e n t r a n c e  and e x i t  and De and V a r e  

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

v e l o c i t y  a t  t h e  e x i t .

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

i n c r e a s e  a s  t h e  s q u a r e  o f  t h e  v e l o c i t y .  How ever , i t  i s  n o t  

i n c o n c e i v a b l e  t h a t  such  a c o n t r a c t i o n  might  be n e c e s s a r y .

I f  such  a c o n t r a c t i o n  i s  e n c o u n t e r e d ,  by a s su m in g  t h a t  t h e  

l o s s e s  a r e  due o n l y  t o  f r i c t i o n  e f f e c t s ,  Eq. 3 . 1 1  can  be 

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

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

f r i c t i o n  l o s s e s  a t  an e x p a n s i o n .  The d ro p  i n  p r e s s u r e  

a t  a c o n t r a c t i o n  i s

vrtiere 0  i s  t h e  e q u i v a l e n t  a n g l e  o f  c o n t r a c t i o n  d e f i n e d  by

N orm al ly  a  c o n t r a c t i o n  o f  t h e  wind t u n n e l  c i r c u i t

( 3 . 1 4 )

1 l / 2 ( D e L - De2 )
( 3 . 1 5 )

3 . 4  L o s s e s  a t  C o r n e r s

I n  a  c l o s e d  c i r c u i t  wind t u n n e l  t h e  a i r  s t r e a m  

must  be t u r n e d  360 d e g r e e s .  A l th o u g h  t h i s  c an  be done
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d i f f e r e n t  w a y s , t h e  most g e n e r a l l y  a c c e p t e d  manner i s  t o  

employ two s e t s  o f  two s i m i l a r  90 d e g re e  t u r n s . S in c e  

each  t u r n  can  g e n e r a t e  a l o s s  o f  a s  much as  a c o m p le te  

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

i n c l u d e d  a t  e ach  c o r n e r  t o  m in im ize  t h e  l o s s .

vane  c o n s i d e r  t h e  s t e a d y  f l o w  o f  a  n o n - v i s c o u s  f l u i d .  For  

an  i n f i n i t e  row o f  v o r t i c e s  o f  e q u a l  s t r e n g t h , X  , spaced  

an e q u a l  d i s t a n c e ,  a ,  a p a r t  a lo n g  t h e  x a x i s  w i t h  t h e

F o r  a u n i f o r m  v e l o c i t y ,  V, o r i e n t e d  a t  45 d e g r e e s  t o  t h e  x

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

c e n t e r  v o r t e x  a t  t h e  o r i g i n  a s  shown i n  F i g u r e  3 . 3 a ,  t h e  

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

y

>x

( a ) (b )

F i g u r e  3 . 3  Components o f  f lo w  a ro u n d  c o r n e r s .

^  1 ^  I n  l / 2 ( c o s h  - co s  ^ ~ ) ( 3 . 1 6 )

a x i s  a s  shown i n  F i g u r e  3 . 3 b ,  t h e  s t r e a m  f u n c t i o n ,  ^ 2 > i s
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^ 2 = 1  V ( x  + y ) ( 3 . 1 7 )

By s u p e r p o s i t i o n  t h e  s t r e a m  f u n c t i o n ,  f  , o f  t h e  c o m b in a t io n  

o f  t h e s e  two f lo w s  i s

^  4- 4 2̂ = ^  In  1 / 2 (c o s h  - c o s  ^ x ) -

^ ( X  + y )

8

( 3 .1 8 )

F o l lo w in g  t h e  a p p ro a c h  o f  K ro b e r  t h e  s t r e n g t h  o f  v o r t i c e s  

so t h a t  t h e  a p p ro a c h  v e l o c i t y  w i l l  be t u r n e d  90 d e g re e s  can  

be d e te r m in e d .  In  F ig u r e  3 .4  f o r  t h e  a p p ro a c h

Ix

b / 2

F ig u r e  3 .4  U nifo rm  V e l o c i t y  t u r n e d  90 d e g re e s  by 
a  v o r t e x  row. ✓

v e l o c i t y  t o  be t u r n e d  a s  r e q u i r e d

Vl y  = V2y

Vl x  = - V2x

( 3 .1 9 a )

( 3 .1 9 b )
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( 3 .2 0 )  

c o n t r i b u t e

( 3 .2 1 )

a s  b t e n d s  t o  i n f i n i t y .

X = 2V^x a = aV^ ( 3 .2 2 )

S u b s t i t u t i n g  f o r  x i n  E q u a t io n  3 .1 8  th e  s t r e a m  f u n c t i o n  

becomes

= — [ a  In  1 / 2 ( c o s h  - co s  —™ )
( 3 .2 3 )

- (x  + y ) ]

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

t h a t  a n  a p p r o p r i a t e  t u r n i n g  van e  p r o f i l e  s h o u ld  be o f  e l l i p 

t i c a l  s h a p e .

The r e q u i r e d  p r o f i l e  f o r  t u r n i n g  v a n e s  h a s  been t h e

s u b j e c t  o f  much r e s e a r c h  and e x p e r i m e n t a t i o n  w h ich  h a s

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

b o th  t h i c k  and t h i n .  W in te r s  fo u nd  t h a t  t h i n  t u r n i n g  v a n e s  

f u n c t i o n  a s  e f f i c i e n t l y  a s  t h e  t h i c k  v a n e s  and  recommends

The r e q u i r e d  s t r e n g t h  i s

K = f ( V l x  dx + Vl y  dy)

In  t h i s  c a s e  V ^, = Vgy = a c o n s t a n t  and d oes  n o t

t o  t h e  c i r c u l a t i o n .  E q u a t io n  3 .2 0  becomes
b / 2  0 b /2

l x  dx + 1̂ 2x  dx = 2 f v i x  dx 

^ - b / 2
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t h e i r  u s e  u n l e s s  t h e  t h i c k  v a n e s  a r e  needed  t o  p r o v id e  

c o o l i n g .  One o f  t h e  re m a rk a b le  r e s u l t s  o f  h i s  w ork  i s  t h a t  

a t h i n  vane  w i th  th e  p r o f i l e  o f  a q u a d ra n t  o f  a c i r c l e  w i th  

s h o r t  t a n g e n t i a l  e x t e n s i o n s ,  a s  an  a p p ro x im a t io n  o f  th e  

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

th e  more c o m p l ic a te d  a e r o f o i l  p r o f i l e s .  The t h i n  c i r c u l a r  

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

economy o f  f a b r i c a t i o n  and e a s e  o f  i n s t a l l a t i o n  a r e  o f  con

s i d e r a b l e  im p o r ta n c e .

The u s u a l  p e r fo rm a n c e  i n d i c a t o r  f o r  v a n ed  c o r n e r s  

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

c o r n e r  a s  a  f r a c t i o n  o f  t h e  dynam ic p r e s s u r e  a t  t h e  c o r n e r  

e n t r a n c e ,

Ap = k  V2 ( 3 .2 4 )

o
For p r o p e r l y  d e s ig n e d  c o r n e r s  r e a s o n a b l e  v a lu e s  o f  k  v a ry  

from  0 .1 5  t o  0 .2 1  a t  R e y n o ld s  n u m b ers , r e f e r r e d  t o  th e  vane 

c h o rd ,  o f  104 t o  10^.

I t  h a s  b een  d e te r m in e d  t h a t  o n ly  a b o u t  o n e - t h i r d  o f  

t h e  c o r n e r  l o s s e s  i s  due to  s u r f a c e  f r i c t i o n  so  t h a t  th e  

r e m a in in g  t w o - t h i r d s  i s  p r o b a b ly  c a u se d  by s e c o n d a ry  f lo w s 

in d u c e d  by th e  v a n e s  i n  r o t a t i n g  t h e  a i r  s t r e a m .^  I t  i s  

c o n v e n ie n t  h e r e  t o  c o n s i d e r  t h e  two ty p e s  o f  l o s s e s  

s e p a r a t e l y  by d e f i n i n g
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k = k f  + k r  = k / 3 + k r  ( 3 . 2 5 )

w here  and  k^ r e f e r  t o  f r i c t i o n  l o s s e s  and r o t a t i o n  

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

C o n s id e r in g  f i r s t  t h e  f r i c t i o n  l o s s e s ,  i t  w i l l  be 

assum ed t h a t  t h e  s u r f a c e  d ra g  on t h e  v a n e s  f o l lo w s  a l a w ^  

s i m i l a r  t o  t h a t  o f  a sm ooth f l a t  p l a t e  i n  t u r b u l e n t  f lo w , 

so  t h a t

k f  = bX = b 9 cq ( 3 .2 6 )
< l ° 8 lONRe> :

w here  N^e i s  t h e  R e y n o ld s  number b a se d  on th e  vane  ch o rd  

and b i s  a c o n s t a n t  t o  be d e te r m in e d .  I t  i s  r e a s o n a b l e  t o  

assum e t h a t  t h e  c o r n e r  d e s ig n  w i l l  be b a se d  on a  p r e v i o u s l y  

e v a l u a t e d  p r o f i l e  so t h a t  t h e  v a lu e  o f  k  and t h e  t e s t  R eyno lds  

number w i l l  be known. Knowing t h e s e  p a r a m e te r s  k^ can  be s e t  

e q u a l  t o  k /3  and by s u b s t i t u t i o n  i n t o  Eq. 3 .1 6  t h e  f a c t o r  b 

can  be d e te r m in e d .

I t  i s  c u s to m a ry  t o  assum e t h a t  t h e  r o t a t i o n a l  l o s s e s  

a r e  in d e p e n d e n t  o f  R e y n o ld s  n u m b er , so t h a t

k r  = 3  k  ( 3 .2 7 )

For u se  l a t e r  t h e  c o r n e r  l o s s  c o e f f i c i e n t  w i l l  be 

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

t h e  q u a d r a n t  o f  a c i r c l e  w i th  s h o r t  t a n g e n t i a l  e x t e n s i o n s
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a t  each  en d . For p r o f i l e s  o f  t h i s  ty p e  a t  a t e s t  R eyno ld s
5 Qnumber o f  2 x  10 a r e a s o n a b l e  v a lu e  o f  k  i s  0 .1 5 .  From

Eq. 3 .1 6 ,

lo g 1 0 (2  x  105 ) 2 *58 
b = 0 . 0 5 --------- oTSSS  = 8 .1 3  ( 3 .2 8 )

and

k f  =

From Eq. 3 .2 7  '*

k r  = 2 / 3 ( 0 . 1 5 )  = 0 .1 0  ( 3 .3 0 )

From w hich  i t  f o l lo w s

i p  = [ 0 .1 0  + --------- 2+8 y - r a ]  £  V2 ( 3 .3 1 )
(1°S 1 0  NRe>2 *58 1

3 .5  L o sse s  a t  M is c e l l a n e o u s  F i x t u r e s

Wind t u n n e l s  o f t e n  h a v e  f lo w  im provem ent f i x t u r e s  

such  a s  honeycom bs and  t u r b u l e n c e  damping s c r e e n s .  The 

a n a l y s i s  o f  f lo w  a ro u n d  t h e s e  f i x t u r e s  i s  beyond t h e  scope 

o f  t h i s  p a p e r , b u t  e x p e r i m e n t a l l y  d e te rm in e d  p e r fo rm a n c e  

c u rv e s  c a n  be found  i n  t h e  l i t e r a t u r e .  As i n  t h e  c a s e  o f  

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

a c r o s s  t h e s e  f i x t u r e s  a s  a f r a c t i o n  o f  th e  a p p ro a c h  dynamic 

p r e s s u r e .  Pope g i v e s  c u r v e s  o f  p r e s s u r e  d ro p  c o e f f i c i e n t s



v e r s u s  a p p ro a c h  v e l o c i t y  f o r  18, 20 , 24 , and 60 mesh damping 

s c r e e n s  and a v e ra g e  c o e f f i c i e n t s  f o r  r e c t a n g u l a r , h e x a g o n a l ,  

and c i r c u l a r  honeycom bs. The e q u a t io n  f o r  th e  p r e s s u r e  l o s s  

a t  one o f  t h e s e  f i x t u r e s  i s



CHAPTER 4

WIND TUNNEL PERFORMANCE

4 .1  S e c t i o n  E nergy  L o sse s

As e s t a b l i s h e d  i n  C h a p te r  3 t h e  l o s s e s  i n  t h e  

v a r i o u s  wind t u n n e l  s e c t i o n s  o c c u r  a s  a s t a t i c  p r e s s u r e  

d ro p  i n  t h e  s e c t i o n .  T h is  d ro p  i n  p r e s s u r e  a p p e a r s  a c r o s s  

t h e  a r e a  a t  t h e  dow nstream  end o f  th e  s e c t i o n ,  and th e  

p r o d u c t  o f  t h e  a r e a  and  th e  p r e s s u r e  d ro p  g i v e s  t h e  d rag  

f o r c e  e x p e r i e n c e d  by t h e  s e c t i o n .  The p r o d u c t  o f  t h e  d rag  

f o r c e  and th e  v e l o c i t y  a t  t h e  dow nstream  end o f  t h e  s e c t i o n  

g i v e s  t h e  e n e rg y  l o s s  a c r o s s  t h e  s e c t i o n  v h ic h  i s  n o rm a l ly  

e x p r e s s e d  i n  c o e f f i c i e n t  fo rm  a s  a f u n c t i o n  o f  t h e  dynamic 

e n e rg y  a t  t h e  dow nstream  end o f  t h e  s e c t i o n .  T h u s ,

k  _ AjdAV _ ( 4 .1 )

| a v 3 £ v 2

w here  k i s  th e  c o e f f i c i e n t  o f  e n e rg y  l o s s ,  Ap i s  t h e  p r e s s u r e  

d ro p  a c r o s s  t h e  s e c t i o n ,  and V i s  t h e  a v e ra g e  v e l o c i t y  a t  t h e  

dow nstream  end o f  t h e  s e c t i o n .

4 .2  E nergy  R a t io

As a m easure  of w ind  t u n n e l  p e r f o r m a n c e , t h e  ae rodynam ic  

e n e rg y  r a t i o  w i l l  be u s e d , t h a t  i s ,  t h e  r a t i o  o f  t h e  aero dyn am ic

23
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e n e rg y  a t  t h e  t e s t  s e c t i o n  t o  t h e  t o t a l  e n e rg y  l o s s  around  

t h e  w ind t u n n e l  c i r c u i t ,

,3
i v V t

^  E S e c t i o n  L o sse s  ( 4 .2 )

The e n e rg y  l o s s  a t  e a c h  s e c t i o n  can  be  r e l a t e d  t o  t h e  

ae ro d y n am ic  e n e rg y  a t  t h e  t e s t  s e c t i o n  i n  te rm s  o f  t h e  

s e c t i o n  e n e rg y  l o s s  c o e f f i c i e n t  by r e w r i t i n g  Eq. 4 . 1 ,

S e c t i o n  E nergy  L oss = k  ( 4 .3 )

and by i n t r o d u c i n g  th e " l a w  o f  c o n t i n u i t y  t o  g e t  th e  l o c a l

v e l o c i t y  i n  te rm s  o f  t h e  t e s t  s e c t i o n  v e l o c i t y .

A V. ^ A* q
S e c t i o n  E nergy  Loss = k  ^  A(—^ —) = k  —g ^  ( 4 .4 )

By d e f i n i n g  t h e  b a s i c  l o s s  c o e f f i c i e n t ,

4K = k —k ( 4 .5 )
A

Eq. 4 .4  becomes

S e c t i o n  E n ergy  Loss = ^  At Vt  ( 4 .6 )

By s u b s t i t u t i n g  Eq. 4 . 6  i n t o  Eq. 4 . 2 ,  t h e  e n e rg y  r a t i o  becomes

I  v t At  iER = —=— —  = y jr-  ( 4 . 7 )
=Kt  1  Vt At  C
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Thus t h e  e n e rg y  r a t i o  can  be e s t im a t e d  by t a b u l a t i n g  th e  

b a s i c  l o s s  c o e f f i c i e n t  f o r  each  o f  t h e  com ponent s e c t i o n s  

o f  t h e  w ind t u n n e l .

I t  sh o u ld  be  em p h a s ize d  h e r e  t h a t  t h i s  d e f i n i t i o n  

o f  t h e  e n e rg y  r a t i o  d oes  n o t  i n c l u d e  t h e  f a n - s t r a i g h t e n e r  

e f f i c i e n c y  n o r  t h e  power s u p p ly  e f f i c i e n c y .  However, an 

a n a l y s i s  b a se d  on t h i s  d e f i n i t i o n  o f  t h e  e n e rg y  r a t i o  i s  

n e c e s s a r y  i n  o r d e r  t o  e s t i m a t e  th e  s t e a d y  f lo w  o u tp u t  to  be 

u se d  i n  t h e  d e s ig n  o f  t h e  two o m i t t e d  com po nen ts .

4 .3  B a s ic  E nergy  C o e f f i c i e n t s

An e x p r e s s io n  f o r  th e  b a s i c  l o s s  c o e f f i c i e n t  f o r  

a  s e c t i o n  o f  c o n s t a n t  c r o s s - s e c t i o n  a r e a  can  be d e r i v e d  by 

u s i n g  E q s . 3 . 2 ,  4 . 1 ,  and 4 . 5 .  By d i r e c t  s u b s t i t u t i o n  of 

Eq. 3 .2  i n t o  Eq. 4 . 1 ,

k  = f  ( 4 .8 )

and  by s u b s t i t u t i n g  Eq. 4 .8  i n t o  Eq. 4 .5  t h e  b a s i c  energy  

l o s s  c o e f f i c i e n t  becomes

L 4
= f  o ;  ( 4 - 9)

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

e n e rg y  l o s s  c o e f f i c i e n t  can  be o b t a i n e d .  In  T a b le  4 .1  i s  

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

o f  t h e i r  u s e  a s  d e v e lo p e d  i n  C h a p te r  3.



S e c t i o n B a s ic  Energy Loss C o e f f i c i e n t Remarks

C o n s ta n t  A rea

E x p an s io n s (— -f ' 6 + 0 . 6  t a n  § ) A  -  1 ]
8 t a n  I  1 A2

A verage f  
3 < 1 0 °

C o n t r a c t i o n s
A2 A2

(------§ ) [ 1  -  - | ]  - §
8 t a n  *2 A^

A verage  f
e  < io °

N o zz le s 0 . 3 2 f ^ -
e

A verage f
For c o n t r a c t i o n  r a t i o s  
from  4 t o  11

C o rn e rs
a2

t o .  10 + ^  cq] —% 
<l o S l O NRe> • ^

For t h i n  v a n e s  w i th  
p r o f i l e s  o f  c i r c u l a r  
q u a d ra n t  w i th  s h o r t  
t a n g e n t i a l  e x te n s i o n s  
Nr6 r e f e r r e d  t o  vane 
ch o rd

M is c e l la n e o u s
F i x t u r e s

k d e te rm in e d  from  th e  
a p p r o p r i a t e  r e f e r e n c e s

T a b le  4 .1  E x p r e s s io n s  f o r  t h e  B a s ic  E nergy  Loss C o e f f i c i e n t ,



CHAPTER 5

APPLICATION AND VALIDATION

5 .1  Wind T u n n e l  D e s c r i p t i o n

T h is  method o f  l o s s  e s t i m a t i o n  m i l  be  u s e d  to  

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

f o o t  t u n n e l  o f  t h e  D ep ar tm en t  o f  M e c h a n ic a l  E n g in e e r in g ,  

U n i v e r s i t y  o f  A r iz o n a .  T h is  wind t u n n e l  i s  a  v e r t i c a l ,  

s i n g l e  r e t u r n ,  c lo s e d  c i r c u i t  t u n n e l .  I t  i s  d r i v e n  by a 

7•*1 /2  h o rse p o w e r  e l e c t r i c  m otor t h a t  o p e r a t e s  a t  a con 

s t a n t  rpm o f  1750. The m otor i s  c o n n e c te d  t o  t h e  f a n  

th r o u g h  a  C le v e la n d  Speed V a r i a t o r  t h a t  a l l o w s  t h e  f a n  

sp e e d  t o  be v a r i e d  c o n t i n u o u s l y  from  580 t o  5250 rpm.

I t  h a s  a  p l a s t i c  t e s t  s e c t i o n  and a  m e ta l  n o z z l e  w i th  th e  

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

wood. The c r o s s - s e c t i o n  o f  t h e  t u n n e l  v a r i e s  from  r e c 

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

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

be tw ee n  th e  f i r s t  and  seco n d  c o r n e r s .  The n a t u r e  o f  t h e  

t r a n s i t i o n  i n  c r o s s - s e c t i o n a l  a r e a  be tw een  t h e  f i r s t  and 

th e  se co n d  c o r n e r s  i s  such  t h a t  t h e  f lo w  e x p an d s  t h e n  

c o n t r a c t s .  T h is  c o l l e c t i o n  o f  d i f f e r e n t  ty p e  f lo w  c h a n n e ls

27
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i n  one c lo s e d  c i r c u i t  p r o v i d e s  an  e x c e l l e n t  t e s t  v e h i c l e .

A d e t a i l e d  d raw ing  o f  t h e  t u n n e l  and th e  a p p r o p r i a t e  c r o s s -  

s e c t i o n  a r e a s  i s  i n c l u d e d  i n  A ppend ix  I I .

5 .2  Method o f  A p p l i c a t i o n

To p r o v id e  a c o n v e n ie n t  p a ra m e te r  f o r  c o m p a r iso n
2

w ith  t e s t  d a t a  th e  d im e n s io n le s s  r a t i o  (p  -  p t ) / ( l / 2  pVt  ) 

w i l l  be  com puted a t  t h e  end o f  each  s e c t i o n  a ro u n d  th e  wind 

t u n n e l  c i r c u i t .  W ith c o m p r e s s i b i l i t y  n e g l e c t e d  th e  s te a d y  

f lo w  e n e rg y  e q u a t io n  c an  be w r i t t e n

pv? „,,2t = p + - ^ r -  + E, ( 5 .1 )p t  + - 3 -  + EA = p + - y -  + t-L

w here  p fc i s  t h e  s t a t i c  p r e s s u r e  and Vt  i s  t h e  a v e ra g e  

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

and V i s  t h e  a v e ra g e  v e l o c i t y  a t  any  o t h e r  s e c t i o n ,  and EA 

i s  t h e  e n e rg y  added and i s  t h e  e n e rg y  l o s t  b e tw e e n  th e  

two s e c t i o n s .  By i n t r o d u c i n g  th e  c o n t i n u i t y  e q u a t i o n  and 

t h e  b a s i c  e n e rg y  c o e f f i c i e n t  o f  C h a p te r  4 ,  E q u a t io n  5 .1  

becomes

Pi  -  Pr

pVt  A 2 i
~  = 1 - ( ^ )  - EKt  + e a  ( 5 .2 )

Once s t e a d y  f lo w  h a s  been  e s t a b l i s h e d ,  t h e  e n e rg y  s u p p l i e d  

e x a c t l y  b a la n c e s  t h e  e n e rg y  l o s s e s  a ro u n d  th e  c i r c u i t  and



29

i n  t h e  w ind t u n n e l  e n e rg y  i s  ad ded  o n ly  a t  t h e  f a n .  By 

ad d in g  t h e  f o r  t h e  c o m p le te  c i r c u i t  any t im e  t h e  f a n  i s  

b e tw e e n  t h e  t e s t  s e c t i o n  and t h e  n e x t  s e c t i o n  b e in g  con

s i d e r e d  E q u a t io n  5 .2  c an  be u se d  t o  e s t i m a t e  t h e  p r e s s u r e  

d i s t r i b u t i o n  a ro u n d  t h e  wind t u n n e l  c i r c u i t .

The p r e s s u r e  d i s t r i b u t i o n  was com puted f o r  a v e ra g e  

t e s t  s e c t i o n  v e l o c i t i e s  o f  4 0 ,  60 , 80 , and  100 f e e t  p e r  

se co n d  w i th  an  assum ed t e m p e r a t u r e  o f  80 d e g r e e s  F a r e n h e i t  

and  an  a v e r a g e  b a r o m e t r i c  p r e s s u r e  o f  2 7 .5  i n c h e s  o f  m erc u ry .  

F r i c t i o n  f a c t o r s  w ere  r e a d  from  t h e  Moody d ia g ra m  by assum ing  

t h e  t e s t  s e c t i o n  t o  be sm oo th , t h e  n o z z le  t o  h a v e  t h e  same 

a b s o l u t e  ro u g h n e s s  a s  co m m erc ia l  s t e e l ,  and  t h e  re m a in d e r  

p f  t h e  t u n n e l  t o  h a v e  a n  a v e ra g e  a b s o l u t e  ro u g h n e s s  o f  wood 

s t a v e  a s  d e te rm in e d  by  Moody. The r e s u l t s  o f  t h e s e  com puta

t i o n s  a r e  t a b u l a t e d  i n  A ppend ix  I I I .

5 .3  I n s t r u m e n t a t i o n

The i n s t r u m e n t a t i o n  r e q u i r e d  t o  m easu re  t h e  p r e s s u r e  

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

t u b e  c o n n e c te d  a c r o s s  a  d i f f e r e n t i a l  m anom eter t o  m easure  

t h e  dynam ic  p r e s s u r e  a t  t h e  t e s t  s e c t i o n  and a  ban k  o f  m&no-1 

m e te r s  t o  m easure  t h e  s t a t i c  p r e s s u r e  a t  key  p o s i t i o n s  a ro u n d  

t h e  t u n n e l .  The d i f f e r e n t i a l  manometer was m a n u fa c tu re d  by 

th e  E l l i s o n  D r a f t  Gage Company and  c o u ld  be r e a d  d i r e c t l y
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i n  in c h e s  o f  w a te r  w i th  an  a c c u ra c y  o f  * 0 . 0 1  i n c h e s  o f  

w a t e r .  The bank o f  m anom eters c o n ta in e d  o i l  w i th  a s p e c i f i c  

g r a v i t y  o f  0 .8 3 4  and was i n c l i n e d  a t  an  a n g le  o f  31 d e g re e s  

t o  t h e  h o r i z o n t a l .  H ere  t h e  s c a l e  was i n  i n c h e s  an d  had  

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

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

t h e  s i n e  o f  t h e  a n g le  o f  i n c l i n a t i o n .  The m anom eter bank 

c o u ld  be r e a d  w i th  an  a c c u ra c y  o f  + 0 .0 1  i n c h e s  o f  w a te r .

P i e z o m e t r i c  p r e s s u r e  t a p s  w ere  p o s i t i o n e d  a t  n in e  

l o c a t i o n s  a s  shown i n  F ig u r e  I I - l .  At e ach  l o c a t i o n  th e  

t a p s  w ere  •con nec ted  t o  make a  p i e z o - r i n g .  Each p i e z o - r i n g  

was c o n n e c te d  t o  a  m anom eter i n  t h e  b a n k . The s t a t i c  p r e s 

s u r e  c o n n e c t io n  o f  t h e  p i t o t - s t a t i c  tu b e  was a l s o  c o n n e c te d  

t o  one  m anom eter i n  t h e  b an k . By t a k i n g  th e  s t a t i c  p r e s s u r e  

m easu red  a t  t h e  p i t o t - s t a t i c  tu b e  a s  p t , t h e  p r e s s u r e  d i f f e r 

en ce  i n  i n c h e s  o f  w a t e r  be tw een  a  p a r t i c u l a r  p i e z o - r i n g  and 

t h e  t e s t  s e c t i o n  was c o n v e n i e n t l y  o b t a i n e d  by t h e  d i f f e r e n c e  

o f  two m anom eter r e a d i n g s  m u l t i p l i e d  by th e  c o n v e r s io n  f a c t o r  

d i s c u s s e d  a b o v e .

The r e q u i r e d  dynamic p r e s s u r e ,  q ,  was com puted  from  

t h e  r e l a t i o n

q = £ T "  ( 5 . 3 )

By e x p r e s s i n g  t h e  d e n s i t y  i n  te rm s  o f  p r e s s u r e  and t e m p e r a tu r e
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and  i n t r o d u c i n g  t h e  c o n v e r s io n  f a c t o r s  t o  o b t a i n  q i n  

i n c h e s  o f  w a te r  when p r e s s u r e  i s  i n  in c h e s  o f  m ercu ry  and 

t e m p e r a t u r e  i s  i n  d e g r e e s  R a n k in e , E q u a t io n  5„3 becomes

2
q = 3 .9 6  x  10"^ ( 5 . 4 )

T h is  a l lo w e d  t h e  dynam ic p r e s s u r e  t o  be com puted  by 

s e l e c t i n g  an  a v e ra g e  v e l o c i t y  f o r  t h e  t e s t  s e c t i o n  and 

r e a d i n g  th e  l o c a l  a tm o s p h e r ic  p r e s s u r e  and  t e m p e r a tu r e  

from  t h e  m ercu ry  b a r o m e te r  and t h e  th e rm o m e te r  l o c a t e d  

i n  t h e  l a b o r a t o r y .

5 .4  C onduct o f  t h e  T e s t s

T o ■d e te rm in e  t h e  n a t u r e  o f  t h e  f lo w  a t  t h e  t e s t  

s e c t i o n  a  s e r i e s  o f  p i t o t - s t a t i c  t r a v e r s e s  w ere  made u s in g  

a  micro™manometer w i th  an  a c c u r a c y  o f  ±  0 .0 0 1  i n c h e s  o f  

w a t e r .  T h is  r e v e a l e d  t h a t  q c o n t in u e d  t o  i n c r e a s e  from 

th e  end o f  th e  -n o zz le  t o  th e  m id d le  o f  t h e  t e s t  s e c t i o n .

At t h i s  p o i n t  t h e  r a t i o  o f  t h e  a v e ra g e  q a t  t h e  c r o s s -  

s e c t i o n  t o  q m easu red  a t  t h e  c e n t e r  o f  t h e  - c r o s s - s e c t i o n  

was 0 .9 9 5 .  T h is  p o i n t  was s e l e c t e d  a s  t h e  l o c a t i o n  o f  th e  

p i t o t - s t a t i c  tu b e  f o r  t h e  r e m a in d e r  o f  t h e  t e s t s  s i n c e  th e  

f lo w  was f u l l y  d e v e lo p e d  and i n  l i g h t  o f  t h e  a c c u r a c y  o f  

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

c o u ld  be t a k e n  a s  u n i t y . T h is  a l lo w e d  t h e  t e s t  q t o  be 

com puted  d i r e c t l y  by E q u a t io n  5 .4 ,
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T e s t  ru n s  w ere  made f o r  t h e  a v e ra g e  t e s t  s e c t i o n  

v e l o c i t i e s  o f  4 0 ,  60 , 8 0 , and  100 f e e t  p e r  s e c o n d .  The 

- t e s t  d a t a  and i t s  e x t e n s i o n  a r e  t a b u l a t e d  i n  A ppend ix  IV.

5 .5  C om parison

In  F ig u r e s  5 .1  - 5 . 4  a r e  p l o t t e d  t h e  -computed and
2m easured  v a lu e s  o f  t h e  r a t i o  (p  -  p t ) / l / 2  pVt  a ro u n d  th e  

t u n n e l  c i r c u i t .  I n s p e c t i o n  o f  t h e s e  c u rv e s  i n d i c a t e  an 

a c c e p t a b l e  a g reem en t b e tw ee n  t h e  c a l c u l a t e d  and  m easu red  

p r e s s u r e  d i s t r i b u t i o n .  How ever, F ig u r e  5 .5  shows t h e  

c a l c u l a t e d  e n e rg y  r a t i o  t o  v a r y  from  a p p r o x im a te ly  20 t o  

30 p e r  c e n t  h i g h e r  t h a n  t h e  m easu red  e n e rg y  r a t i o .

The o n ly  two p o i n t s  t h a t  showed a  c o n s i s t e n t  d e v ia 

t i o n  o c c u r r e d  a t  t h e  end  o f  t h e  t e s t  s e c t i o n  and  th e  end o f  

t h e  d i f f u s e r .  The m a jo r  c a s u e s  o f  t h i s  d e v i a t i o n  a t  th e  end 

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

f lo w  c h a n n e l .  The b o s s  was l o c a t e d  im m e d ia te ly  downstream  

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

d i s k  n o rm a l  t o  t h e  f lo w  t h a t  b lo c k e d  a p p r o x im a te ly  10% o f  t h e  

f lo w  a r e a . The d e c r e a s e  i n  a r e a  c a u s e d  t h e  m ea su re d  s t a t i c  

p r e s s u r e  t o  be  low er t h a n  t h e  com puted  v a lu e  s i n c e  t h e  

■presence o f  t h e  f a n -  s t r a i g h t e n e r  sy s tem  was n e g l e c t e d  i n  

t h e  c o m p u ta t io n s .  The m a jo r  c a u s e  o f  low e s t i m a t e d  l o s s  

a c r o s s  t h e  t e s t  s e c t i o n  was t h e  a s s u m p t io n  o f  sm ooth f lo w



— 1*0

1 .0 -

p -  Pi

iJ’A

----------  Ideal
----------  Computed

0  Measured
Counterclockwise Flow

Figure $.1 Pressure D istribu tion  fo r Test Section Velocity of 40 fps
U)U)



1.0

0.5

0

- 1.0

p -  Pt 
.0 .5  £ j>v(

----------  Ideal
----------  Computed Counterclockwise Plow

© Measured

Figure 5.2 Pressure D istribu tion  fo r Test Section Velocity of 60 fps u>4>



- 1.0

- 0 .5
1.0

0.5

P -  Pt

  Ideal
  Computed
© Measured

Counterclockwise Flow

Figure 5.5 Pressure D istribu tion  fo r Test Section Velocity of 80 fps
U)Ui



-  1.0

— 0.5

----------- Ideal
-------------Computed Counterclockv/ise Flow

o Measured

Figure 5*4 Pressure D istribu tion  fo r Test Section Velocity of 100 fps U)ON



37

6.0-
ComputedEnergy

Ratio

Measured

2 . a
6020 40 80 100

Vt [fps]

Figure 5*5 In it ia l Comparison of Computed and Measured Energy Ratio

Energy
Ratio

6.0  —

Computed

4*0— Measured

2.0

6020 40 80 100

Vt [fps]

Figure $.6 Comparison of corrected Energy Ratios



38

t h r o u g h  t h e  s e c t i o n „ The b o t to m  o f  th e  t e s t  s e c t i o n  h ad  a 

13-finch by 1- 1 /2  in c h  s l o t  and e i g h t  3 / 8 - i n c h  d i a m e te r  

h o l e s  t h a t  were s e a l e d  w i th  t a p e  an d  th e  j u n c t i o n  o f  t h e  

t e s t  s e c t i o n  t o  b o th  t h e  n o z z l e  and  d i f f u s e r  w ere  f a i r e d  

w i th  t a p e .  T h e re  w ere  se v e n  p i e z o - t a p s  on e a c h  s i d e  o f  

t h e  t e s t  s e c t i o n  and  t h e  c o r n e r s  o f  t h e  t e s t  s e c t i o n  were 

m i t e r e d  w i th  wood. A l l  t h e s e  s u r f a c e  i r r e g u l a r i t i e s  t e n d  

t o  i n v a l i d a t e  t h e  sm ooth f lo w  a s s u m p t io n .  S in c e  t h e  t e s t  

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

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

f o r  t h e s e  two p o i n t s  d a t a  t a k e n  a t  40 f p s  was u s e d  t o  compute 

t h e  a c t u a l  e /D e  f o r  t h e  t e s t  s e c t i o n  and  t h e  e f f e c t i v e  a r e a  

o f  f lo w  a t  t h e  end o f  t h e  d i f f u s e r  was e s t i m a t e d  by su b 

t r a c t i n g  t h e  a r e a  o f  an  e i g h t - i n c h  c i r c l e  from  t h e  unob

s t r u c t e d  c r o s s - s e c t i o n  a r e a .  R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  

a r e  shown i n  F ig u r e  5 . 6 .  The c o r r e c t e d  v a l u e s  show ag reem en t 

w i t h i n  15 p e r  c e n t  o f  t h e  m easu red  v a l u e s .  C o n s id e r in g  t h e  

a c c u r a c y  o f  t h e  i n d i v i d u a l  m ea su re m e n ts ,  t h i s  i s  s a t i s f a c t o r y .

5 .6  C o n c lu s io n s

The n a t u r e  o f  s u r f a c e  ro u g h n e s s  h a s  a d e f i n i t e  

e f f e c t  on e n e rg y  l o s s e s  i n  s m a l l e r  w ind  t u n n e l s ,  so much 

so t h a t  t h e  u s e  o f  sm ooth p i p e  t h e o r y  can  be e l i m i n a t e d  

from  c o n s i d e r a t i o n .  The key  t o  s u c c e s s f u l  l o s s  e s t i m a t i o n
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l i e s  i n  c a r e f u l  e v a l u a t i o n  o f  t h e  n a t u r e  o f  t h e  s u r f a c e  

r o u g h n e s s . P a r t i c u l a r l y  i n  t h e  s m a l l e r , h i g h e r  v e l o c i t y  

s e c t i o n s  t h e  h i g h e s t ' 'v a l u e  o f  e , a s  r e c o r d e d  by Moody, 

sh o u ld  be u se d  t o  i n s u r e  t h a t  t h e  l o s s e s  a r e  n o t  u n d e r 

e s t i m a t e d .  A l s o s i t  w ould  be r e a s o n a b l e  t o  r e d u c e  th e  

e s t i m a t e d  e n e rg y  r a t i o  by 10 t o  15 p e r  c e n t  t o  a l l o w  f o r  

l e a k s  and  j o i n t s .

A lth o u g h  t h e  a s s u m p t io n  t h a t  e x p a n s io n  l o s s e s  a t  a  

d iv e r g e n c e  and s e c o n d a ry  l o s s e s  a t  c o r n e r s  a r e  in d e p e n d e n t  

o f  R e y n o ld s  number w ere  v a l i d  f o r  t h e  ra n g e  o f  e x p e r im e n ts  

o f  t h i s  s t u d y ,  t h e  e f f e c t  o f  h i g h e r  v e l o c i t i e s  on th e s e  

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

method i s  e x te n d e d  much beyond t h e  r a n g e  o f  e x p e r im e n t .
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SYMBOLS

L e t t e r  Symbols

A A rea  
D D ia m e te r  
De E q u iv a le n t  D ia m e te r  
e A b s o lu te  R oughness 
f  Moody F r i c t i o n  F a c t o r
k S e c t i o n  Loss C o e f f i c i e n t
Kt  C o e f f i c i e n t  o f  Loss R e f e r r e d  t o  J e t  E nerg y  
L L eng th  
m H y d r a u l i c  R a d iu s  
Nr R e y n o ld s  Number 
p P r e s s u r e  
P P e r im e te r  
q Dynamic P r e s s u r e  
r  R a d iu s
u I n s t a n t a n e o u s  V e l o c i t y  
V A verage  V e l o c i ty

G reek  L e t t e r s

a A ngle  o f  E x p an s io n ,

3 E q u iv a le n t  A ngle  o f E x p an s io n
0 E q u iv a le n t  Angle o f C o n t r a c t i o n
H V o r te x  S t r e n g t h
X F l a t  P l a t e  F r i c t i o n C o e f f i c i e n t

Dynamic V i s c o s i t y
K in e m a tic  V i s c o s i t y

p D e n s i ty
r S h e a r  S t r e s s
9 P o t e n t i a l  F u n c t io n
* S tre a m  F u n c t io n
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TUNNEL GEOMETRY

T h is  A ppendix  c o n t a i n s  a  b r i e f  d e s c r i p t i o n  o f  t h e  

g e o m e try  o f  t h e  o n e - f o o t  w ind  t u n n e l  o f  t h e  D ep ar tm en t o f  

M e c h a n ic a l  E n g i n e e r i n g , U n i v e r s i t y  o f  A r iz o n a ,  S u f f i c i e n t  

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

t u n n e l  by u s e  o f  t h e  p ro p o s e d  m ethod.
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Figure II  -  2 Section A A

Area 182 eq in  
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Figure I I  -  3 Section B B
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Figure II -  4  Section C C

Area 5 6 ) .6  sq in 

Perimeter 87*75 in  

De 2.14 f t

t

Figure I I  -  5 Section D D

Area 578*8 sq f t  

Perimeter 89*75 in  

De 2.155 f t
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Figure II -  6 Section £ £

Area 572 sq in

Perimeter 94*5 in

D 2.02 f t  e

Area 5 5 6  sq in  

Perimeter 95 in

De 1.95 f t

Figure I I  -  7 Section F F
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T able  I I I - l  C a lc u la t io n s  fo r  •= 40£ps

S e c t io n

1..........-...........

f f avg

V

:Kt SKt ,  41 -
A

P - Pt  

1 /2  pV^

T e s t  S e c t io n 2 .4 9 X :105 0 .01 55 0 .0247 0 .0 -0 .0 2 4 7

D i f f u s e r ( 1 )
( 2 )

2 .4 9
1 .4 9

X
X

l o l
10D

0.0 2 2 4  
0 .02 09 0 .02 17 0 .0732 0 ,09 79 0 .8828 0 .7 849

Fan 0 .0 9 7 9 0 .9 0 1 8 1 .00929

C y l in d e r 1 .4 9 X 104 0 .02 09 0 .00353 0 .10143 0 .9018 1 .00576

1 s t  C o rn e r 5 .1 8 X 104 0 .01754 0 .11897 0 .89 55 0 .9 81 92

E xp an s io n ( D
( 2 )

1 .4 9
1 .4 6

X
X

10c
103

0 .0 2 1 0
0 .02 10 0 .0 2 1 0 0 .00195 0 .12092 0 .9 0 1 0 .98547

C o n t r a c t i o n
( 2 )

1 .4 6
1 .3 9

X
X

IO5
1 0 3

0 .0 2 1 0
0 .0 2 1 4 0 .0 2 1 2 0 .00 013 0 . 12W : 0.89 88 0 .98314

2d C o rn e r 5 .8 4 X 104 0 ,01783 0 .13898 0 .8 9 3 4 0 .95991

D iv e rg e n c e (1 )  1 .37
(2 )  9 .7 6

X
X ! ! *

0 .02 14
0 .0 2 1 0 0 .0 2 1 2 0 .00803 0 .146 91 0 .972 2 1.03068

C y l i n d e r - 9 .7 6 X 10* 0 .0 2 1 0
I:: ' ■

0 .00089 0 .1 47 80 0 .97 22 1.02979



TabIS I I I - l  (C ontinued)
1

S e c t i o n & CD

f f avg ! ^ t EKt
P - Pt

1 /2  pV^

3d C o rn e r 2 .9 9  x  104 0 .00501 0 .1 528 1 0 .9 722 1.02478

C y l in d e r 9 .7 6  x  104 0 .021 0 0 .000 22 0 .15303 0 .9722 1 .0 24 56

4 th  C o rn e r 2 .9 9  x  104 0 .00501 0 .15804 0 .9722 1 .01955

S c re e n 0 .0278 0 .1 858 4 0 .9722 0.99175

C y l in d e r 9 .7 6  x  104 0 .02 10 0 .00047 0 .18 631 0 .9722 0 .99128

N o zz le  - (1 )  9 .7 6  x  :10b
(2 )  2 .4 9  x  10D

0 .0183
< .0 1 7 2 - 0 .01908 0 .20539 0 0



T able  I I I - 2  C a lc u la t io n s  fo r  _Vt  = 60 fp s
-

j S e c t i o n NRe f f avg :Kt 2Kt i - l §
A -

P -  Pfc 

1 /2  p v |

T e s t  S e c t i o n 3 .7 4 x  105 0 .0 1 3 8 0 .0 219 0 -0 .0 2 1 9

• .D iffuse r ( 1 )
( 2 )

3 .7 4
2 .2 4

x  l o t  
x  1 0 D

0 .0 2 2 0
0 .0 2 0 2 0 .0 2 1 1 0 .0723 0 .094 2 0 .8828 0 .78 86

Fan 0 .0 9 4 2 0 .9018 1 .00694

C y l in d e r 2 .2 4 x  :10^ 0 .0 2 0 2 0 .00343 0 .0 9 7 6 3 0 .9018 1 .00351

1 s t  C o rn e r 7 .7 7 x  ;104 0.01707 0 .1 1 4 7 0 0 .8955 0 .9 8 0 1 4

E x p a n s io n ,(1 > 2 .2 4  
( 2 ) 2 .1 9

X 10c
x  10

0 .0 2 0 2
0 .0 2 0 4 0 .0 2 0 3 0 .00190 0 .1 1 6 6 0 0 .9 0 1 0 .983 74

C o n t r a c t i o n ( 1 )
( 2 )

2 .1 9
2 .0 9

X 10c 
x  103

0 .0 2 0 4
0 .0 2 0 4 0 .0 2 0 4 0 .00012 0 .11 672 0 .89 88

(

0 .98142

2d C o rn e r 8 .7 6 x  105 0 .01 719 0 .1 3 3 9 1 0 .8 9 3 4 0 .95883

D iv e rg e n c e ( 1 )
( 2 )

2 .0 5
1 .4 7

X 10c 
x  10

0 .0 2 0 6
0 .0 2 0 0 0 .0 2 0 3 0 .00893 0 .1 4 2 8 4 0 .97 22

■

1 .02870

I C y l in d e r  • 1 .4 7 x  105 0 .0 2 0 0 0 .00085  jp .  14369 0 .9722 1.02785



Table I I I - 2  (C ontinued)

S e c t i o n & e f

•

f avg Kt -2Kt > - Aa £

P -  p t  

1 /2  pV^

3 rd  C o m e r 4 .4 8  x  1 0 ^ 0.0Q479 0 .14 848 0 .9 722 1 .02306

C y l in d e r 1 .4 7  x  ;105 0 .02 00 0 .00020 0 .148 68 0 .9 722 1 .02286

4 th  C o rn e r 4 .4 8  x  10^ 0 .00480 0 .15348 0 .97 22 l ' 01806 .

S c re e n 0.C2780 0 .18128 0 .9 722 0 .99026

C y l in d e r 1 .4 7  x  10^ 0 .0299 0 .0 004 4  . 0 .181 72 0 .9 722 0 .98982

N o z z le ( 1 )
( 2 )

1 .4 7  x  10c 
3 .7 4  x  10

0 .01 70
0 .0 1 4 8 0 .0 1 5 9 0.01762

....... . ..............J
0 .1 9 9 3 4

1
0 0



T able  111=3 C a lc u la t io n s  f o r  - =  80 £ps

S e c t i o n % e £

--------------------- ,

f avg -  '* t SKt
' 4

P -  Pt

i /2  pvj:

T e s t  -S e c t io n 4 .8 9 x 105 0 .01 30 0 .0207 0 -0 .0 2 0 7

D i f f u s e r <D
( 2 )

4 .8 9
2 .8 9

X  10c 
X  103

0 .02 20
0 .0200 0 .0 2 1 0 0 .0 7 2 1 0 .09 28 0 .88 28 0 .7 900

Fan 0 .0928 0 .90 18 1 .00470

C y l in d e r 2 .8 9 x  105 0 .0200 0 .00 34 0 .096 2 0 .9 0 1 8 1 .00130

1 s t  C o rn e r 1 .0 4 x  105 0 .01665 0 .1 1 2 8 5 0 .8 9 5 5 0 .97845

E x p an s io n ( 1 ) 2 .9 8
( 2 ) 2 .9 2

x  iQc 
x  103

0 .0200
0 .02 00 0 .0 2 0 0 0 .00187 0 .1 1 4 7 2 0 .9 0 1 0 .98198

C o n t r a c t i o n ( 1 )
( 2 )

2 .9 2
2 .7 8

X  :10c 
x  10

0 .0200
0 .0 2 0 2 0 .0 2 0 1 0 .00012 0 .1 1 4 8 4 0 .8988 0 .97966

2nd C o rn e r 1 .1 7 . x  10^ | 0 .01680 0 .13 164 0 .8 9 3 4 0 .95746

D iv e rg e n c e (1 )
( 2 )

2 .7 4
1 .9 5

x 10c
x  103

0 .02 04
0 .0197 0 .0 2 0 1 0 .00891 0 .14055 0 .97 22 1 .02735

C y l in d e r 1 .9 5 x  105 0 .0197 0 .00 084 0 .14139 10 .9 7 2 2 1.02651

X



TABLE I I I -3  (C ontinued)

S e c t i o n > CD f £avg ; Kt :
P - Pt

1 /2  PV^

3d C o rn e r 5 .9 8  x  104 i 0 .00467 0 .14606 ; 0 .9722 i 1 .02184

" C y l in d e r 1 .9 5  x  1C5 0 .0197 >0 .00 021 I 0 .1 4 6 2 7 }0 .9722 ; 1 ,02163

4 th  C o rn e r 5 .9 8  x  IB4 r  0 .00467 ! 0 .1 5 0 9 4 j 0 .972 2 j 1.01696

S c r e e n ;0 .0 2 7 8 0 [ 0 .1 78 74 | 0 .972 2 j 0 .98916

i C y l in d e r ? 1. 95 x  IQ5 :0 .0 1 9 7 0 .0 0 0 4 4 ? 0 .1 7 9 1 8 j 0 .9 7 2 2 j 0 .98 872

N o zz le (1 )  1 .9 5  x  10c 0 .0 1 5 6
( 2 ) 4 ,9 8  x  10^ : 0 . 0141 0 .0 1 4 9 0 .01652 I 0 ,1 9 5 7 0 0 0 j



T able  I I I - 4  C a lc u la t io n s  fo r  = 100 fp s

S e c t i o n nr €
f f -IT

2Kt
P  - Pt

JL avg t 1 A2 1/2  pyZ

T e s t  S e c t io n 6 .2 3 X 1 0 5 0 .0125 0 .0199 0 - 0 . 0 1 9 9

t i i f f u s e r
$

6 .2 3
3 .7 2

X
X

1 0 c
10D

0.0215
0 .01 98 0 .0207 0 .0717 0 .0916 0 .8 8 2 8 0 .7912

Fan 0 .0916 0 .9 0 1 8 1.00106

C y l in d e r 3 .7 2 X 105 ' 0 .0 1 9 8 0 .00336 0.09496 0 .90 18 0 .99770

1 s t  C o rn e r 1 .3 X 1 0 5 0 .01633 0 .11129 0 .8 9 5 5 0.97507

E x p a n s io n
$

3 .7 2
3 .6 5

X
X

10c
i o 3

0 .0198
0 .0198 0 .0 1 9 8 0 .00176 0 .11305 0 .9 0 1 0 .97881

C o n t r a c t i o n
%

3 .6 5
3 .4 8

X
X

10  c 
103

0 .0198
0 .02 00 0 .0 1 9 9 0 .00012 0 .11317 0 .8 9 8 8 0 .97649

2d C o rn e r 1 .4 6 X 105 0 .01653 0 .12970 0 .8 9 3 4 0 .95456

D iv e rg e n c e ( 1 )
( 2 )

3 .4 2
2 .4 4

X
X

10 c 
103

0 .0200
0 .0194 0 .02 05 0 .00900 0 .13870 0 .9 7 2 2 1 .02436

C y l in d e r 2 .4 4 X 105 0 .01 94 0.00083 0 .13953 0 .97 22 1.02353



Table I l t - 4  (C ontinued)

S e c t i o n NRe £ f avg Kt 2Kt
P - Pt

1 /2  pvj:

3d C o rn e r 7 .4 7  x 104 0 .00458 0 .144 11 0 .9722 1.01895

C y l in d e r 2 .4 4  x 105 I0 .01 94 0 .0 0 0 2 0 0 .1 4 4 3 1  . 0.9,722 1 .01875

4 t h  C o rn e r 7 .47  x 104 0 .00458 0 .1 4 4 3 1 0 ,9722 1.01317

S c re e n 0 .02 502 0 .148 89 0 ,9722 0 .98915
.

C y l in d e r 2 .4 4  x 105 0 .0 1 9 4 0.00043 0 .17391 0 .9722 0 .98782

N o zz le 2 .4 4  x 
6 .2 3  x

10 c 
105

0 .01 55
0 .0142 0 .0 1 4 9 0 .01652 0 .19086 0 0



APPENDIX IV

EXPERIMENTAL DATA

In  t h e  f o l lo w in g  t a b l e s  t h e  p r e s s u r e  t a p s  a r e  

l o c a t e d  aS i n d i c a t e d  b e low :

P r e s s u r e  Tap 1 - P i t o t  t u b e  i n  t e s t  s e c t i o n  ( s t a t i c  t a p )

2 - End o f  t e s t  s e c t i o n

3 “ End p f  d i f f u s e r

4 -  A f t e r  f a n

5 -  B e fo re  1 s t  c o r n e r

6 " B etw een 1 s t  and 2d c o r n e r

7 - A f t e r  2d c o r n e r

8 - B e fo re  3d c o r n e r

9 - B etw een 3d and 4 t h  c o r n e r  

10 — A f t e r  4 t h  c o r n e r

56



57

T a b le  TV-*! D a ta  f o r  «• 40 f p s

[ i n ][ i n ] i / a  pv:

6.22

0 .0 4

0 .7 0 7

1 .0 5 3

1 ,0 1 4

0 ,7 4

0 ,7 45 .4 8 0 ,9 8 8

5 .4 1 1.0800 .8 1

5 .4 2 1 .0 6 8

5 .4 8 0 .9 8 80 .7 410

0 ,3 2  i n  TUO81 F 2 7 .5  i n  "Hg,T



.'Table IV -2 .Dpta' fo r  V̂   ̂ 60 fp s

P r e s s u r e
1 / 2  pV

- 0 .0 2 4

0 ,7 0 6

0 ,9 9 4

•0.04

1.224 ,8 2

1 .6 9

0 ,9 8 2

0 .9 7 0

1 ,6 2

1 ,7 2 1.012

1 ,0 0 64 ,  33

0 .9 7 0

81 F, p 2 7 .5 5  i n  Hg, q. 6 .7 3  i n  Ho0T



T able lV -3  Data fo r  Vt  = 80 fp s

Pressure
Tap [ i n ] 1 /2  pv:

7 .1 9

- 0 .0 3 37 .2 9 - 0 .1 0

2 .1 95 .0 0

1 .0 0 7

1 .0 0 04 ,1 6

2 .9 7 0 .9 8 04.22

0 .9 5 62 .9 04 .2 9

1 .0 1 83 .0 84 .1 1

1.0124 .1 2

0 .9 8 6

1 .3 0  i n2 7 .5 5  i n  Hg, q.81 F, pT



Table IV -4 Data fo r  \Z_ - 100 fps."E1

P r e s s u r e
Tap

h
[ i n ]

h  — h .  
[ i n ] 1

P -  Pt  

1 /2  pV^

1 8 .6 5 0 0

2 8 .7 6 - 0 .1 1 - 0 .0 2 3 4

■3 5 .2 0 3 .4 5 0 .7 3 4

4 3 .9 1 4 .7 4 1 .0 0 8

5 3 .9 2 4 .7 3 1 .0 0 6

6 4 .0 3 4 .6 1 0 .9 8 0

7 4 .1 0 4 .5 4 0 .9 7 5

8 3 .8 7 4 .7 8 1 .0 1 8

9 3 .8 8 4 .7 7 1 .0 1 4

10 4 , 00 4 .6 5 0 .9 8 9

Ta ^ 81 F , pa  = 27..55 i n  Hg, qt  = 2 .0 2  i n  Hg
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