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PLOW IN NESTS OP TUBES

BRIEF ACCOUNT OF RESEARCH AND RESULTS

E xp erim en ts  w ere c a r r i e d  out w ith  n e s ts  o f  c y l i n d r i c a l  

tu b e s  a rra n g e d  in  r e c t a n g u l a r  and s ta g g e re d  fo rm a tio n .

C urves show ing th e  v a r i a t i o n  o f  t o t a l  r e s i s t a n c e  o f  a  

n e s t  w ith  v a ry in g  v e l o c i t i e s  w ere o b ta in e d  f o r  th e  flo w  o f  

a i r  and o f  w a te r . By th e  a id  o f s p e c i a l l y  d esig n ed  P i t o t  

tu b es th e  h y d r a u lic  l o s s  th ro u g h  a n e s t  was e x p lo re d  and 

cu rv e s  w ere o b ta in e d  showing th e  lo n g i tu d in a l  and t r a n s v e r s e  

d i s t r i b u t i o n  o f  v e l o c i t y  o f  th e  f l u i d  betw een rows o f tu b e s .  

The p r e s s u re  d i s t r i b u t i o n  a t  th e s u r f a c e  o f  s e v e r a l  o f  th e  

tu b es  was d eterm in ed  and th e  form  d ra g  on tu b es o f  v a r io u s  

rows com pared. From th e s e  cu rv e s  an e s tim a te  o f  th e  t o t a l  

form  d ra g  was o b ta in e d  and t h i s  i s  compared w ith  th e  t o t a l  

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

In  some o f th e  exp erim en ts  a t r a n s p a r e n t  box w ith  th e  

a i r  flow  co lo u re d  with smoke was u sed  to  s tu d y  th e  fo rm a tio n  

o f e d d ie s  a t  th e  b ack  o f  th e  tu b e s  and th e  g e n e ra l  flo w  

p a t t e r n  o f  th e  f l u i d  stre a m  betw een th e  tu b e s . These  

r e s u l t s  w ere co n firm ed  and s tu d ie d  in  g r e a t e r  d e t a i l  w ith  

th e  a id  o f an  A hlborn ta n k  u s in g  aluminium  d u st as  an



i n d i c a t o r .  By th e  l a t t e r  method th e  e f f e c t  o f  r e c t a n g u l a r  

and s ta g g e re d  arran g em en ts  o f  tu b es  was s tu d ie d  and th e  

e f f e c t  o f  v a r i a t i o n  o f  sp a c in g  o f  th e  tu b es e x p lo r e d . An 

i n s i g h t  i n t o  th e  n a tu re  o f  th e  eddying m otion  was d e riv e d  

and in  one c a s e  th e  d i f f e r e n c e  o f  u s in g  tu b e s  of e l l i p t i c a l  

in s t e a d  o f  c i r c u l a r  c r o s s - s e c t i o n  was exam ined .

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

i t  co n v erg ed  betw een th e  f i r s t  row o f  tu b es was i n v e s t i g a t e d .  

T h is was c a r r i e d  out in  a sh allo w  e l e c t r i c  t r a y  w ith  a  uniform  

d rop  o f  E .M .F . from  one end t o  th e  o t h e r .  L a rg e  d i s c s  o f  

p a r a f f i n  wax were u sed  to  r e p r e s e n t  th e  tu b es  and th e  lo n g ­

i t u d i n a l  and t r a n s v e r s e  v e l o c i t y  d i s t r i b u t i o n s  in  th e  gap were  

a s c e r t a i n e d .

The r e s u l t s  w ere c o r r e l a t e d  w ith  th e  work o f  o th e r  

i n v e s t i g a t o r s  in  th e  v a r io u s  problem s e n co u n te re d .



SCOPE M D AIM OP THE RESEARCH

The r e s e a r c h  was c a r r i e d  ou t in  th e  E n g in e e rin g  

L a b o r a to r ie s  o f  K ingf s C o lle g e , S tra n d , and The C i ty  and 

G u ild s , Im p e ria l C o lle g e  o f  S c ie n ce  and T e ch n o lo g y , South  

K e n sin g to n , from  1 9 3 1  t o  1 9 3 6 , The work was c a r r i e d  ou t 

un der th e  g u id an ce and w ith  th e  c o l l a b o r a t i o n  of D r,C ,M asey  

W h ite ,

The o b je c t  o f th e  r e s e a r c h  was t o  i n v e s t i g a t e  th e  flo w  

o f f l u i d  o v e r th e  o u ts id e  of tu b es  a rra n g e d  in  a n e s t ;  to  

d e te rm in e  th e  d i s t r i b u t i o n  o f  th e  v e l o c i t i e s  and h y d r a u lic  

l o s s e s  and t o  a s c e r t a i n  th e  e f f e c t  o f  v a r i a t i o n  o f  sp a cin g  

o f th e  tu b e s . I t  was a ls o  d e s ir e d  to  o b ta in  some knowledge 

o f th e  ’’ flow  p a t t e r n ” o f  th e  f l u i d  as  i t  t r a v e r s e d  betw een  

and aroun d th e  tu b e s  and to  g a in  some in s i g h t  in to  th e  s t r u c t u r e  

o f  th e  e d d ie s  form ed a t  th e  back  o f  th e tu b e s .

The f i e l d  co v e re d  has a b e a r in g  on the d e sig n  o f  n e s ts  

o f  tu b e s  used  f o r  th e  t r a n s f e r  o f  h e a t .  The d a ta  o b ta in e d  

sh ou ld  be o f  a s s i s t a n c e  in  s t r i k i n g  th a t  compromise betw een  

e x c e s s iv e  pumping l o s s e s  on th e  one hand and h ig h  i n t e n s i t y  

o f h e a t  t r a n s f e r  on th e  o t h e r ,  w hich i s  so  e s s e n t i a l  in  m ost 

h e a t  t r a n s f e r  p l a n t .  F u r t h e r ,  th e  In fo rm a tio n , p a r t i c u l a r l y  

t h a t  re g a rd in g  th e  flow  p a t t e r n ,  may be s u g g e s tiv e  in  th e  

d e s ig n  o f  p la n t  f o r  a i r  and f lu e  g as p u r i f i c a t i o n  by f ilm  

w ashing and in  th e  c o n t r o l  o f so o t d e p o s i t i o n .



The experimental work falls naturally into three sections:
(a) Exploration of static pressure and total energy with 

the aid of Pitot tubes.
(b) Efforts to render the flow visible: examination of the

eddies through the walls of a celluloid box and investig­
ation of eddies and the determination of flow pattern in 
an Ahlborn tank.

(c) Determination of the longitudinal and transverse velocity 
distribution of the fluid as it converged between the first 
row of tubes. This was carried out in a shallow electric 
tray.

As far as possible the simpler deductions and conclusions 
from the experimental data are given immediately following the 
data, but a great deal of the more general discussions is 
based upon the whole of the experimental evidence and so appears 
in later sections.

To facilitate cross references from section to section, the 
decimal system of paragraphing is used. All diagrams and 
tables are numbered in a matter similar to the paragraph in 
which they are first mentioned, the diagrams appearing in the 
text while the various tables are placed together at the end
of the thesis



L i s t  o f  symbols

A l i s t  o f  sym bols i s  g iv e n  to g e th e r  w ith  th e  

dim en sions in  c . g . s ,  u n i t s .

A p p en d ices.

E x p la n a to ry  work w hich would d i s t r a c t  from  th e  main 

theme h as been r e l e g a t e d  to  a p p e n d ice s .

B ib lio g ra p h y .

A b ib lio g r a p h  o f  th e  o u ts ta n d in g  l i t e r a t u r e  on th e  

s u b j e c t  i s  in c lu d e d . T his i s  a rra n g e d  a l p h a b e t i c a l l y  

un d er a s u b je c t  in d e x , th e  s im p le r  tre a tm e n ts  o f th e  

s u b j e c t  b ein g  m entioned f i r s t .

In d e x .

The work f i n i s h e s  w ith  a b r i e f  in d e x .
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1 .  INVESTIGATION OF THE HYDRAULIC RESISTANCE

OF NESTS,

1 . 1  D e s c r ip t io n  o f th e  n e s t  o f tu b e s .

F ig u re  1 .1  shows th e  d e t a i l s  o f  th e  n e s t  o f  tu b e s . W ith  

th e  s ta g g e r e d  arran g em en t t h i s  c o n s is te d  o f  38  tu b es and 8  

h a l f  tu b e s . The tu b es w ere 1 .2 7 0  cm s. d ia m e te r  and 1 5 .2 4 0  Cms 

lo n g . They were a rra n g e d  a t  th e  a p ic e s  o f  e q u i l a t e r a l  

t r i a n g l e s  th u s form in g sev en  rows o f  s i x  tu b e s  e a c h . The 

p a r a l l e l  arran gem en t shown in  F ig u re  1 . 1  was o b ta in e d  by  

rem oving th e  se co n d , f o u r th  and s i x t h  ro w s. The tu b e s  were 

co n ta in e d  in  a box composed o f  b ra s s  p l a t e s .  The i n t e r n a l  

c r o s s - s e c t i o n  o f  th e  box was 1 5 ,2 4 0  Cms. by 1 1 ,5 0 9  Cms. The 

tu b e s  p ass  th ro u g h  h o le s  in  th e  tube p l a t e s  and th e  j o i n t s  

w ere made w a te r  t i g h t  w ith  ru b b er an ch o r r in g s  se cu re d  by an 

o u te r  b r a s s  p l a t e .

The box was o f  s u f f i c i e n t  h e ig h t to  en su re  th e  flo w  

b ein g  p a r a l l e l  to  th e  w a lls  when th e  stre a m  im pinged on th e  

tu b e s .

1 .2  Method and r e s u l t  o f  t e s t i n g  w ith  w a te r .

F ig u re  1 .2 A  shows th e  arran gem en t o f  th e  n e s t  when 

p re p a re d  f o r  t e s t i n g  on w a te r 0

The w a te r  p assed  th ro u g h  th e  V e n tu ri m e te r  and th e n  

v e r t i c a l l y  downwards o v e r  th e  n e s t  o f  tu b e s . W ith t h i s
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1.2

arran gem en t i t  was p o s s ib le  on low r a t e s  o f flow  to  c r e a t e  

a p a r t i a l  vacuum in s id e  th e  n e s t .  T h is r e s u l t e d  in  a i r  

b e in g  drawn i n t o  th e  a p p a ra tu s . In  o rd e r  to  p re v e n t t h i s  

an a d ju s ta b le  cone was f i t t e d  in  th e  o u t l e t  p ipe and a  

m anom eter tu b e  c o n ta in in g  m ercu ry  was f i t t e d  to  th e  i n l e t  

tube as shown on F ig u re  1 .2 A .

Sm all p re s s u re  h o le s  ( 0 .0 8 1  Cm. d ia m e te r )  w ere d r i l l e d  

in  th e  s id e  o f  th e  b o x in  f r o n t  o f and beh in d  th e  n e s t  o f  

tu b e s . S h o rt le n g th s  o f  b r a s s  tu b e were s o ld e re d  t o  th e  

w a ll o f  th e  box o v er th e s e  h o le s  and th e y  w ere co n n e cte d  by  

ru b b er tu b in g  to  a d i f f e r e n t i a l  m anom eter tu b e .

The r e s u l t s  a re  g iv e n  in  T able 1 .2 B  and a re  p l o t t e d  in  

F ig u re  1 .2 B .  In  t h i s  f i g u r e  th e lo g a rith m  o f  th e  

c o e f f i c i e n t  o f r e s i s t a n c e  nc M = -------------- - ---------------

n d 1 P Vl m a x

i s  p l o t t e d  a g a in s t  th e  lo g a rith m  o f  th e

R eynolds 1 number Re = -  YiL&IS&S— 5-------------
v

where P i s  th e  t o t a l  h y d r a u l ic  r e s i s t a n c e

n i s  th e  number o f tu b e s , v i z .  24  f o r  th e  p a r a l l e l  

arran g em en t and 42 f o r  th e  s ta g g e r e d  a rra n g e m e n t.

1 i s  th e  le n g th  o f  th e  tubes© v i z .  1 5 .2 5  Cms. 

fi i s  th e  d e n s i ty  o f  f l u i d

vN,max nomi n a l  maxiumum v e l o c i t y ,  i . e .  o r i g i n a l

v e l o c i t y  o f  s tre a m  m u lt ip l ie d  by 2 ,9 6
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1 . 2

d i s  th e  d ia m e te r  of th e  tu b es  1 .2 7  Cms.

V i s  th e  k in e m a tic  v i s c o s i t y  o f  f l u i d .

T h is cu rv e  i s  r e p r e s e n te d  by c = 2 .4 6 2  Re “ *24

The h y d ra u lic  r e s i s t a n c e  and th e  flow  p a t t e r n  w i l l

l a r g e l y  be d eterm in ed  by th e  maximum v e l o c i t y  in  th e  gap

betw een a d ja c e n t tu b e s . The a c t u a l  maximum v e l o c i t y  w i l l

depend upon th e  th ic k n e s s  o f  th e  boundary l a y e r  on th e

s u r f a c e  o f the two tu b e s . T his th ic k n e s s  i s  n o t u s u a l ly

known and th e r e f o r e  a term  c a l l e d  th e  nom inal maximum

v e l o c i t y  has been in tro d u c e d . T h is  i s  th e  assumed v e l o c i t y

in  th e  g ap , b ased  on th e  assu m p tion  t h a t  th e  v e l o c i t y

d i s t r i b u t i o n  a c r o s s  th e  gap i s  c o n s ta n t .  T h is i s  re p re s e n te d

by VN max and i s  th e  i n i t i a l  v e l o c i t y  o f th e  s tre a m

m u lt ip l ie d  by th e  r a t i o n  Ji?.a.na.v e r s e  PAft.ph_. •
J w id th  o f  gap

1 , 3  Method and r e s u l t  o f  t e s t i n g  w ith  a i r .

F ig u re  1 .3A  shows th e  g e n e ra l  arran gem en t o f  th e  

e x p e rim e n ta l p la n t  when i n v e s t i g a t i n g  w ith  a i r  f lo w .

The a i r  was drawn in to  th e  a p p a ra tu s  th ro u g h  a co n v e rg ­

in g  m o u th -p iece  by a N o .3 h ig h  p re s s u re  S tu r te v a n t  f a n . The 

r a t e  o f  flo w  o f a i r  th ro u g h  th e  a p p a ra tu s  was m easured by th e  

d i f f e r e n c e  in  p r e s s u re  o f  th e  atm osphere and t h a t  a t  th e  

f i r s t  p re s s u re  h o le  ahead a t  th e  n e s t  o f  tu b e s . T his  

p r e s s u re  p o in t was co n n ected  to  a g la s s  m anometer tu be o f
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1 . 4  Cms. b o re  th ro u g h  a fo u r-w a y  co ck  and th e  p r e s s u re  

d i f f e r e n c e  when th e  m anom eter tube was open to  th e  atm osphere  

o r to  th e  p re s s u re  h o le  was re a d  by means o f a c a th e to m e te r .

T h is method was found s a t i s f a c t o r y  f o r  th e  numerous 

e x p e rim e n ts  a t  c o n s ta n t  a i r  sp eed , c o rre sp o n d in g  t o  a 

c a th e to m e te r  re a d in g  o f 1 .1 7  Cms. o f w a te r , but f o r  th e  

v a r i a b l e  speed t e s t s '  where much lo w er a i r  v e l o c i t i e s  w ere  

used th e  head was d eterm in ed  w ith  a C h a tto ck  t i l t i n g  g a u g e .

A lthough th e  d i s t a n c e  betw een th e  o u t l e t  o f th e  n e s t  and 

th e  i n l e t  o f th e  fa n  was 58  C m s., i t  was th o u g h t t h a t  th e  

an g le  o f  th e  vanes o f  th e  fa n  m ight have an e f f e c t  on th e  

d i r e c t i o n  o f flo w  in  th e  n e s t .  In  o rd e r  to  o b v ia te  th is -  

p o s s i b i l i t y  a honeycomb 8 Cms. lo n g  was in s e r te d  in  th e  

o u t l e t  o f  th e  n e s t .  T h is d iv id e d  th e  e x i t  a i r  in t o  s tre a m s  

1 .2 7  Cms. x  1 .2 7  Cms. c r o s s  s e c t i o n .

The t o t a l  r e s i s t a n c e  o f th e  n e s t  when c o n ta in in g  seven  

rows o f  tu b e s  w ith  th e  s ta g g e re d  arran gem en t and a ls o  o f  fo u r  

rows w ith  p a r a l l e l  o r  r e c t a n g u la r  arran gem en t was d e te rm in e d . 

The r e s u l t s  a re  g iv e n  in  ta b le s  1 .3 A  and B . Minor a d ju stm en ts  

a re  in v o lv e d  due to  ch an ges in  th e  atm osphere te m p e ra tu re ,  

p re s s u re  and h u m id ity . These a re  e x p la in e d  in  d e t a i l  in  

ap p en d ix N o .l .

To a s s i s t  in  co m p ariso n , th e  r e s u l t s  a re  p l o t t e d  on



F ig u re  1 .2 B .  The cu rv e  f o r  th e  s ta g g e re d  arran gem en t 

w ith  a i r  flow  i s  r e p r e s e n te d  by th e  e q u a tio n :

- . 2 4
c = 2 .6 7 2  Re

w h ile  t h a t  f o r  th e  p a r a l l e l  arran g em en t w ith  a i r  flow

o = 1 .3 9 5  Re - *145

1 . 4  Com parison betw een r e s u l t s  w ith  w a te r and w ith  a i r

From F ig u re  1 .2 B  i t  i s  se e n  t h a t  th e  t e s t  p o in ts  f o r  a 

t e s t  w ith  w a te r  and th o s e  w ith  a i r  d e f i n i t e l y  do n o t conform  

t o  a s in g le  c u r v e . There i s  no re a so n  to  doubt th e  a c t u a l  

m easurem ents s in c e  in  each  c a se  r e s u l t s  were confirm ed by 

in depen den t r e p e t i t i o n  a t  d i f f e r e n t  p e rio d s  o f  th e  r e s e a r c h .  

The n e s t  o f  tu b e s  u sed  was th e  same f o r  b o th  f l u i d s  though  

n a t u r a l l y  i t  was ta k e n  a p a r t  from  tim e to  tim e f o r  c le a n in g  

and i n s p e c t i o n . I t  would seem t h a t  th e  d i f f e r e n t  i n l e t  

arran g em en t in  th e  two c a se s  cau sed  th e d is c r e p a n c y  betw een  

th e  a i r  and w a te r  r e s u l t s .  W ith th e  l a t t e r  f l u i d  th e  

arran g em en t shown In  F ig u re  1 .2 A  was f a r  from  i d e a l .  N ever­

t h e l e s s  i t  i s  s u r p r is in g  th a t  i t  should ca u se  a d i f f e r e n c e  

so  la r g e  as  7 .9 $  o f  th e  a i r  r e s i s t a n c e .  F u r t h e r ,  any e f f e c t  

o f  i n l e t  c o n d itio n s  m ig h t, a t  f i r s t  s i g h t ,  have been e x p e c te d  

to  be co n fin e d  to  th e  f i r s t  row o f  tu b e s . A c tu a l ly  i t  was 

found t h a t  th e  w a te r  v a lu e  f o r  th e  f i r s t  row o f  tu b es ag reed  

v e ry  s a t i s f a c t o r i l y  w ith  th e  a i r  v a lu e s  and th e  d is c re p a n c y
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ap p ears  to  be m ain ly  in  l a t e r  row s.

W hatever th e  e x p la n a tio n  i t  seems a d v is a b le  to  r e s t r i c t  

a t t e n t i o n  to  th e  a i r  e x p e rim e n ts  w hich w ere much more 

com prehensive and a ls o  c o n ta in e d  much s e l f - c h e c k i n g  e v id e n c e .

1 .5  A n a ly s is  o f  t o t a l  r e s i s t a n c e ,  r e l a t i v e  im p o rtan ce  o f  

th e  v a r io u s  rows o f  tu b e s .

At a l a t e r  s ta g e  i t  i s  shown by m easurem ents o f  th e  

p re s s u re  d i s t r i b u t i o n  around in d iv id u a l  tu b es t h a t  th e  f i r s t  

row beh aves in  an anom alous manner and i t s  r e s i s t a n c e  

c o e f f i c i e n t  d id  n o t v a ry  a p p re c ia b ly  w ith  R e y n o ld s! number.

I t s  v a lu e  was about 0 .4 2  b o th  f o r  th e  s ta g g e re d  and r e c t a n g u la r  

a rra n g e m e n ts . The r e s i s t a n c e  f o r  th e  f i r s t  row i s  see n  

p l o t t e d  tow ard s th e  to p  o f F ig u re  1 .2 B .  T h is row i s  seen  

t o  have a r e s i s t a n c e  v e ry  much g r e a t e r  th a n  th e  a v e ra g e  f o r  

th e  whole n e s t .

The o th e r  ro w s, n o ta b ly  th e  second and t h i r d ,  a ls o  had 

in d iv id u a l  c h a r a c t e r i s t i c s ,  b u t th e  d e v ia t io n s  in  th e s e  c a s e s  

w ere o f  a sm all o r d e r .  I t  i s  co n v e n ie n t t h e r e f o r e  to  sub­

d iv id e  th e  r e s i s t a n c e  o f  th e  n e s t  in to  two m ain p a r t s ;  t h a t  

due to  th e  f i r s t  row and t h a t  due to  sub seq u en t ro w s.

On s u b t r a c t i n g  th e  v a lu e  o f th e  f i r s t  row from th e  t o t a l  

f o r  th e  whole n e s t  an a v e ra g e  v a lu e  f o r  th e  l a t e r  rows i s  

o b ta in e d  and t h i s  co u ld  be used  in  e s t im a tin g  th e  r e s i s t a n c e
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o f  a n e s t  w ith  a d i f f e r e n t  number o f  rows o f tu b e s .

where

The r e s u l t s  a re  a p p ro x im a te ly  re p re s e n te d  by th e  fo llo w in g  

Pc
n a  1 v 2N.max

f o r  th e  t o t a l  r e s i s t a n c e  o f  th e

n e s t  and th e  a v e ra g e  form  d ra g  c o e f f i c i e n t  

f o r  th e  v a r io u s  ro w s.
P a r a l l e l

F i r s t  row c = 0 ,3 0 5 R e.° 3 2

A verage o f subsequ ent 
rows

c s 2 .6 7 8 w ©
1 • to to

F o u rth  row c = 3 ,4 6 5 R  - * 2 4Ke

S ix th  row

A verage o f fo u r  rows c = 1 .3 9 5 R - * 1 4 5  K e

sev en  a i r  

rf ,f w a te r

k
p V^N.max

S ta g g e re d

c = 0.305 Re,0:52 
c = 3.845 Re-*29

o = 2.580 Re-*24

c = 2.672 Re'*24 
o = 2.462 Re"*24

The ran g e  o v e r w hich th e s e  e x p e rim e n ta l law s ap p ly  can be 

se e n  from  F ig u re  1 .2 B .

I t  i s  r a t h e r  s u r p r is in g  to  f in d  t h a t  th e  exponent f o r  

th e  subsequ ent rows o f th e  s ta g g e re d  n e s t  i s  so  s i m ila r  t o  

t h a t  f o r  th e  p a r a l l e l  a rra n g e m e n t. In  b o th  c a s e s  the  

in f lu e n c e  o f  th e  R eynolds * number i s  much l a r g e r  th an  

e x p e rim e n ts  w ith  roughened p ip e s  would s u g g e s t , p a r t i c u l a r l y  

in  th e  c a s e  o f  th e  p a r a l l e l  arran gem en t w hich may be 

re g a rd e d  as an ex trem e ca se  o f a rou gh  p ip e . In  a roughened
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p ip e , h ow ever, th e  p ro tu b e ra n c e s  a re  a rra n g e d  in  a non- 

s y s te m a tic  manner and th e  p o s s i b i l i t y  o f  m a jo r p re s s u re  

r e c o v e r i e s  behind them h a rd ly  e x i s t s .  In  th e  p re s e n t  

c a s e ,  as  shown l a t e r  in  F ig u re  4 . 2 ,  su ch  r e c o v e r i e s  do 

ta k e  p la ce  and p la y  a la r g e  p a r t  in  d e te rm in in g  th e  g e n e ra l  

p re s s u re  g r a d ie n t  th ro u g h  th e  n e s t .

The r e s i s t a n c e  o f "su b seq u en t row s" f o r  th e  s ta g g e r e d  

arran gem en t i s  Z0% l e s s  th a n  t h a t  f o r  th e  p a r a l l e l .  T h is i s  

l a t e r  shown to  be alm ost e n t i r e l y  due to  d i f f e r e n c e s  on th e  

u p stream  f a c e s  o f  th e  tu b e s .

1 .6  A l t e r n a t iv e  method o f e x p r e s s in g  r e s i s t a n c e  o f n e s t .

The method o f  r e d u c tio n  u t i l i s e d  in  th e p re ce d in g  

s u b s e c tio n s  fo llo w s  th e  w ell-know n id e a  o f  re d u c in g  

f r i c t i o n a l  f o r c e s  to  a d im e n sio n le ss  c o e f f i c i e n t  o f  th e

ty p e  - E
V2

and s tu d y in g  th e  dependence o f  th i s

c o e f f i c i e n t  upon th e  R eynolds* number. D uring th e  p a s t  

t h i r t y  y e a r s  t h i s  method has been u n i v e r s a l l y  adopted f o r  

f l u i d  f r i c t i o n  p ro b lem s. I t  i s  co n v e n ie n t from  th e  

e x p e r im e n te r ’ s p o in t o f  view  s in c e  in  th e  la b o r a t o r y  nVn i s  

u s u a l ly  one o f th e  known in depen den t v a r i a b l e s .  In  

e n g in e e rin g  p r a c t i c e  th e  p e rm is s ib le  p re s s u re  drop i s  th e  

known f a c t o r ,  w h ile  "V" becom es one o f  th e  unknown dependent 

v a r i a b l e s .  F o r  t h i s  re a s o n  i t  i s  d e s i r a b l e  to  adopt some
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method in  w hich "Vn a p p e a rs  in  one o n ly  o f  th e  two d im en sio n ­

l e s s  argum ents*

In  th e  v e ry  e a r l y  days th e  Chezy r e s i s t a n c e  fo rm u lae  

V = C ^ m  i  was w id e ly  u sed  and p o s s e s s e d  th e  above  

ad v an tag e* T his form  i s  a g a in  a p p e a rin g  in  c o n n e c tio n  w ith  

th e  P ra d tl-K a rm a n  th e o ry  o f  pipe r e s i s t a n c e *  T his le a d s  to  

a r e s i s t a n c e  law  o f  th e  ty p e .

V » K V 8 g m i ...............(1)
where y  i s  a  r e s i s t a n c e  c o e f f i c i e n t  depending upon a R ey n o ld s1

number form ed o u t o f  th e  p re s s u re  g r a d i e n t  r a t h e r  th an  ou t o f

th e  v e l o c i t y *  e . g .  f o r  flo w  in  c i r c u l a r  p ip e s

y  s 2 lo g ^ n /i~ \/  8  T d -  0 . 8 ........... ( 2 )r  V M
where / i s  th e  t a n g e n t i a l  d ra g  p er u n i t  a r e a  o f  th e w e tte d  

s u r f a c e .  I t  w i l l  be o b serv ed  t h a t  ,?VM does n o t ap p ear on 

one s id e  o f  th e  fo rm u la .

F o r  p u rp oses o f  tr a n s f o rm a tio n s  i t  may be n o ted  t h a t

e q u a tio n  (2 )  i s  c o n v e n ie n tly  w r i t t e n

y  = 2 log]_Q .  q q

£

To ad ap t t h i s  l i n e  o f  th o u g h t to  th e  r e s i s t a n c e  o f  a n e s t  o f  

tu b es i t  i s  m e re ly  n e c e s s a r y  to  d e f in e  th e  r e s i s t a n c e  

c o e f f i c i e n t  as

1
V5"

V . y n d ^ l p

w hich i s in  F ig u re  1 .2 B
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The n e c e s s a r y  change in  "R eyn old s* Number" i s  t o  m u lt ip ly  

by y c g iv in g  Y f f ^ a x  .*?—  x

w hich e q u a ls  "W -JL iL £ .
V n 1,U-2 

a b s c i s s a  in  F ig u re  1 . 6 .

n & 1 p  ^N.max 

and t h i s  i s  u sed  as  th e

H ere an ap p ro xim ate  l i n e a r  r e l a t i o n  i s  o b serv ed  and the  

r e s i s t a n c e  law s a re  c o n v e n ie n tly  w r i t t e n  as .

P a r a l l e l  a rra n g e m e n t:

1
v r

1 lo g Re -f + 0 .3 93 .0 2 10

1 lo g Re 2 o + 0 .3 96 .0 4 10

i . e .

% .m a x  y . n f t . l / > 6T 04L0G10
P d P

n l / t 2  +
0 .3 9

S ta g g e re d  a rra n g e m e n t:

1 _ '1  
y c  1 .7 3 2

1
* 3 .4 6 4

l o s i o  Re -j/o 

l o SlO Re 2 c

0 .3 1 .

0 .3 1

i . e .
V-KT \,Xl d N.max

1 ft .
3 .4 6 4  l o % 0

P d
n 1 / L'

-  0 .3 1

I t  w i l l  be n o tic e d  t h a t  in  F ig u re s  1 .2 B  and 1 .6  l i n e a r  

r e l a t i o n s  have been a d o p te d . In  b o th  c a s e s  i t  i s  p ro b ab le  

t h a t  th e  tr u e  r e l a t i o n s  shou ld  be r e p r e s e n te d  by c u r v e s ,
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but I t  i s  more p ro b ab le  t h a t  th e  c u r v a tu re  i s  l e s s  in  

F ig u re  1 , 6 .  I f  i t  i s  n e c e s s a r y  t o  e x t r a p o l a t e  beyond th e  

e x p e rim e n ta l p o i n t s ,  i t  i s  s a f e r  to  u se  e q u a tio n s  a s s o c i a t e d  

w ith  F ig u re  1 . 6 .

1 . 7  Com parison w ith  th e  r e s u l t s  o f  p re v io u s  i n v e s t i g a t o r s .

A su rv e y  of t h i s  s u b j e c t  h as been  made by C h ilto n  and 

G enereaux j^who a tte m p te d  to  c o r r e l a t e  th e  r e s u l t s  o f  sev en  

i n v e s t i g a t o r s .  These e x p e rim e n te rs  had a l l  worked w ith  

s ta g g e r e d  arran g em en ts  b u t w ith  d i f f e r e n t  p i t c h  -  d ia m e te r  

r a t i o s .  C h ilto n  and G enereaux were u n ab le  to  o b ta in  a  

p e r f e c t  c o r r e l a t i o n  a lth o u g h  th e y  had t r i e d  a wide v a r i e t y  

o f  d i f f e r e n t  form s o f  c o e f f i c i e n t s  and b a s is  f o r  R eynolds*  

num bers.

They do n o t ap p ear to  have co n s id e re d  th e  p re s e n t  

method w hich ap p ears  t o  be s l i g h t l y  more l o g i c a l  and 

s a t i s f a c t o r y  th an  th e  one th e y  recommend.

C h ilto n  and G enereaux recommend a c o e f f i c i e n t  w hich  i s ,  

in  f a c t ,  g iv e n  by

f  (C h ilto n )  = c x  -A — where d » d ia m e te r  o f  tube
2p

p = t r a n s v e r s e  p i t c h

and th e y  e x p re s s  t h i s  as a fu n c tio n  o f  R~ x  — __------- ---------J e tube d ia m e te r

'^ C h i l t o n  and G en ereau x. C o n tr ib u tio n  No. 1 2 7 .  E x p e rim e n ta l
S t a t i o n . E . l .  du Pont de Uemours & Co.
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F ig u re  1 . 7  shows th e  r e s u l t s  of th e  sev en  i n v e s t i g a t o r s  

quoted by C h ilto n  and G enereaux when red u ced  t o  th e  p re s e n t  

method as  u sed  in  F ig u re  1 .2 B .  The ’‘s c a t t e r ” seen  ap p ears  

t o  be due t o  u n c e r t a i n t i e s  o f  m easurem ent r a t h e r  th a n  t o  

g e o m e tr ic a l  arran gem en t o r number o f  ro w s. In  p a r t i c u l a r  

th e  v a lu e s  g iv e n  by Dehn seem i n e x p l i c a b ly  h ig h . In  f a c t  

th e y  a re  g r e a t e r  th a n  t h a t  o f  an i s o l a t e d  c y l in d e r  and t h i s  

ap p ears  to  be s u f f i c i e n t  ground f o r  d is c o u n tin g  h i s  r e s u l t s .

The r e s u l t s  o f th e  s e v e r a l  i n v e s t i g a t o r s  a re  somewhat 

h ig h , in  some c a s e s  p a r t l y  due to  th e  few rows o f tu b es  

and p o s s ib ly  a ls o  t o  th e  d i f f e r e n t  g e o m e tr ic a l  a rra n g e m e n ts , 

b u t m a in ly , no d o u b t, t o  th e  d i f f i c u l t i e s  of e x p e rim e n ta l  

m easu rem ent.

I t  may be n o ted  t h a t  th e  p r e s e n t  r e s i s t a n c e  v a lu e s  

a re  in d e p e n d e n tly  checked  by th e  form  d ra g  d ia g ra m s .

F u r t h e r ,  th e  r a t e  o f a i r  flow  r e c e iv e d  indepen den t 

c o n f ir m a tio n , a t  l e a s t  w ith  th e  r e c t a n g u l a r  a rra n g e m e n t, 

by th e  v a lu e s  o f th e  p re s s u re  ob served  a t  the p o in ts  o f  

maximum c o n s t r i c t i o n ,  w hich may be re g a rd e d  a s  m in ia tu re  

v e n tu r i  m e te r s .

W ith re g a rd  to  th e  r e c t a n g u la r  a rra n g e m e n t, R e ih e r  

w ith  f i v e  rows o f tu b e s  o b ta in e d  th e  v e ry  low v a lu e  o f  

c « 0 . 2 1 .  T h is  i s  n o t su p p o rted  by th e  p re s e n t r e s u l t s ,
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w here !,c n i s  w e l l  i n  e x c e s s  o f  0 .3  ev e n  a t  h ig h e r  R eynolds* 
n u m b e rs . T h is  i s  d e f i n i t e l y  h ig h e r  th a n  w i th  th e  s ta g g e r e d  
a r ra n g e m e n t . I t  a p p e a rs  to  show t h a t  th e  c o n c lu s io n  d raw n 
b y  C h i l t o n ,  G en ereau x  and o t h e r s ,  t h a t  r e c t a n g u l a r  a r ra n g e m e n ts  
h av e  l e s s  r e s i s t a n c e  th a n  s ta g g e r e d  a r ra n g e m e n ts ,  i s  e r r o n e o u s ,  
o r  a t  l e a s t  a p p l i c a b l e  o n ly  I n  p a r t i c u l a r  c a s e s .



2.1

2 . INVESTIGATION OF THE LACK OF SYMMETRY OF FLOW OBSERVED
IN STAGGERED NEST,

2 ,1  D is c o v e ry  o f  asym m etry  d u r in g  e x p e r im e n ts  w ith  w a te r .
I t  was th o u g h t  t h a t  th e  d e te r m in a t io n  o f  th 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  th e  s u r f a c e  o f  th e  v a r io u s  tu b e s  w ould  
p ro v e  a  s u i t a b l e  s t a r t i n g  p o i n t  f o r  th e  i n v e s t i g a t i o n  o f  
th e  p r e s s u r e  and  v e l o c i t y  d i s t r i b u t i o n  th ro u g h o u t  th e  n e s t .

The e x p e r im e n ts  w ere c a r r i e d  o u t i n  a  m anner s i m i l a r
( 1 )t o  th o s e  o f  P age 'o n  a  c i r c u l a r  c y l i n d e r  i n  a  w ind t u n n e l .

A h o le  0 .0 8 6 5  Cm, i n  d ia m e te r  was d r i l l e d  r a d i a l l y  i n  th e  
c e n t r e  o f  a  l e n g t h  o f  th e  same b r a s s  tu b in g  from  w hich  th e  
n e s t  o f  tu b e s  was c o n s t r u c t e d .  One end o f  t h i s  tu b e  was 
c lo s e d  and  a  g r a d u a te d  s c a l e  r e a d in g  to  0 .5  o f  a d e g re e  was 
a t t a c h e d  t o  i n d i c a t e  th e  a n g u la r  p o s i t i o n  o f  th e  h o l e .  The 
open  end was a t t a c h e d  t o  a  m anom eter t u b e .  T h is  e x p l o r a t i o n  
tu b e  co u ld  b e  made t o  r e p l a c e  any  o f  th e  o r i g i n a l  tu b e s  i n  
th e  n e s t  and  i t  was o f  su c h  a  l e n g t h  t h a t  th e  p r e s s u r e  h o le  
c o u ld  be n e a r  th e  f r o n t  o r  b ack  w a l l  o f  th e  n e s t  o r  p la c e d  
i n  any  in t e r m e d ia te  p o s i t i o n .
(1 *Fage. R. & M . N o .  106 -  1 9 1 3 - 1 4 . p .6 5 .

( N o te : R. & M. r e f e r s  to  R e p o r ts  & Memoranda
o f  th e  A e r o n a u t ic a l  R e se a rc h  C o m m ittee .)
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S in ce  th e  an g le  subtended by th e  d ia m e te r  o f th e  h o le  

a t  th e  c e n tr e  o f  th e  tu b e i s  about 8 ° ,  th e r e  a ro s e  th e  

q u e stio n  w h ether i t  was s u f f i c i e n t l y  a c c u r a t e  to  assume t h a t  

th e  p re s s u re  re co rd e d  in  th e  m anom eter tu b e  was t h a t  a t  th e  

c e n tr e  o f  th e  h o l e .  T h o m ^^h as s u g g e ste d  t h a t  i t  would be 

more c o r r e c t  t o  assume t h a t  th e . p re s s u re  in s id e  th e  e x p l o r ­

a t i o n  tu be i s  n o t th e  p r e s s u re  a t  th e  c e n tr e  o f  th e h o l e ,  b u t 

t h a t  a t  a p o in t h a lf -w a y  a lo n g  th e  h o le  r a d iu s  tow ards th e  

f r o n t  o f  th e  c y l i n d e r .  T h is  would make a d i f f e r e n c e  o f  £0  

in  th e  v a r io u s  r e a d in g s .

When a v e ry  sm a ll e x p l o r a t io n  h o le  i s  u sed  th e re  i s  a  

c o n s id e ra b le  tim e la g  betw een th e  r o t a t i o n  o f  th e  tube and 

th e  w a te r  in  th e  m anom eter a t t a i n i n g  th e  c o r r e c t  l e v e l  

co rre sp o n d in g  w ith  th e  p r e s s u re  a t  th e  s u r f a c e  o f  th e  

e x p l o r a t io n  h o l e .  T h is ca u se s  u n c e r t a i n t y  and p o s s ib le  

in a c c u r a c y  and i t  was co n sid e re d  a d v is a b le  to  use a h o le  o f  

0 .0 8 6 5  Cm. d ia m e te r  and to  make th e n e c e s s a r y  c o r r e c t i o n  on 

th e  a r e a  o f  th e  form  d ra g  d ia g ra m s.

W hile d e te rm in in g  th e  p re s s u re  d i s t r i b u t i o n  a t  th e  

s u r f a c e  o f  th e  c e n tr e  tu b e o f  th e  t h i r d  row from  th e  t o p ,  

w ith  th e  p re s s u re  h o le  7 Cms. from th e  back  w a ll o f th e  

n e s t ,  a marked asym m etry was d is c o v e re d  in  th e  c u rv e .

F ig u re  2 , 1  A shows th e  p re s s u re  d i s t r i b u t i o n .  The co n tin u o u s

( 1 )  Thom. R . & M. Wo. 1 1 9 4  -  1 9 2 8 , p . 1 8 3 .



2.1

l i n e  i s  p l o t t e d  from th e  p re s s u re  r e c o r d s  (T ab le  2 . 1  A) and 

th e  d o tte d  l i n e  i s  th e  "m ir r o r  im age" o f  t h i s  c u r v e . T h is  

shows c l e a r l y  th e l a c k  o f sym m etry. S in ce  th e h o le s  in  th e  

tube p l a t e s  o f  th e  n e s t  were o n ly  marked o f f  and d r i l l e d ,  

and n o t j ig g e d , i t  was r e a l i s e d  t h a t  s l i g h t  i n a c c u r a c i e s  in  

th e  sp a c in g  o f  th e  tu b e s  would e x i s t .  I t  was th ou gh t 

p o s s ib le  t h a t  th e s e  s l i g h t  d i f f e r e n c e s  in  sp a cin g  m ight make 

a la r g e  d i f f e r e n c e  in  th e  v e l o c i t y  o f  th e  w ater betw een th e  

v a r io u s  tu b e s  and t h i s  m ight be th e  ca u se  o f  th e  u n equ al 

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

In  o rd e r  t o  t e s t  t h i s ,  th e  e x p l o r a t io n  tube was removed 

from  i t s  o r i g i n a l  p o s i t i o n  and p la c e d  in  th e a d ja c e n t  h o le  

on th e  l e f t ,  th e  p re s s u re  h o le  b ein g  a g a in  p o s i t io n e d  7 Cms. 

from  th e  back  w a l l .  I t  was a n t i c i p a t e d  t h a t  any i r r e g u l a r i t y  

w hich had been a p p a re n t in  th e  f i r s t  p o s i t io n  o f 9 0 °  would 

now be re n d e re d  v i s i b l e  a t  2 7 0 ° .  C o n tra ry  to  e x p e c t a t i o n ,  

th e  p re s s u re  d i s t r i b u t i o n  cu rve  was v e r y  s im ila r  to  t h a t  o f  

th e  c e n tr e  tube and showed th e  same la c k  o f sym m etry.

2 ,2  Asymmetry o f  form  d rag  d ia g ra m s .

S in ce  s l i g h t  v a r i a t i o n s  in  th e  sp a cin g  o f  th e  tu b es  was 

n o t th e  ca u se  o f  asym m etry, e x p e rim e n ts  w ere c a r r i e d  o u t to  

se e  i f  th e  d e g re e  o f asym m etry was th e  same th ro u g h o u t th e  

n e s t  o f  tu b e s .

I f  th e  com ponents o f  th e  norm al p re s s u re  in  th e  d i r e c t i o n
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o f flow  a re  p l o t t e d  on th e  p r o j e c t e d  d ia m e te r  o f  th e  tu b e ,  

t h i s  g iv e s  th e  form  d ra g  cu rve*

I t  v/as found t h a t  th e  asym m etry was more c l e a r l y  seen  

on th e  form  d rag  cu rv e s  th a n  on th e  c u rv e s  o f  p re s s u re  

d i s t r i b u t i o n  on an a n g u la r  b a s is *

F ig u r e s 2 .2  A and B show th e  p r e s s u re  d i s t r i b u t i o n  and 

form d ra g  cu rv e s  f o r  th e  c e n tr e  tu b es  o f  th e  1 s t ,  3 r d , and 

7 th  ro w s, w ith  th e  p re s s u re  h o le  in  e a ch  c a se  a t  a d is ta n c e  

o f  7 Gms* from  th e  b a ck  w a l l .

I t  w i l l  be seen  t h a t  a lth o u g h  th e form  d ra g  o f  th e  c e n tr e  

tube o f  th e  1 s t  row i s  a lm o st p e r f e c t l y  s y m m e tr ic a l, t h e r e  i s  

an in c r e a s in g  d e g re e  o f  asym metry in  th e  tu b e s  o f th e  3 rd  

and 7 th  ro w s.

2 .3  A sym m etrical p o la r  d ia g ra m s.

I f  th e  s tre a m  o f w a te r  as i t  p asse d  th ro u gh  th e  n e s t  

became d e f l e c t e d  tow ard s th e  r i g h t  o r  l e f t  s id e  o f th e  b o x , 

i t  would n o t im pinge v e r t i c a l l y  on th e  tu b es  b u t a t  a  

s l i g h t  an g le  to  th e  v e r t i c a l .  I f  t h i s  d e f l e c t i o n  s t e a d i l y  

in c r e a s e d  w ith  th e  p a ssa g e  of th e  w a te r  th ro u g h  th e  n e s t ,  

th e  a n g le  a t  w hich th e  s tre a m  would im pinge on s u c c e s s iv e  

rows o f tu b e s  would in c r e a s e  p r o g r e s s iv e ly  a l s o .  T his  

would be d is c e rn e d  c l e a r l y  i f  th e  p r e s s u re  d i s t r i b u t i o n s  

were p l o t t e d  on a p o la r  d iag ram .
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F i g .  2 . 3  shows su ch  a d ia g ra m . In  th e  c a s e  o f  th e  

c e n tr e  tu b e , 1 s t  row , p re s s u re s  i n  e x c e s s  o f  t h a t  a t  th e  

f i r s t  p re s s u re  h o le  a t  th e  i n l e t  o f  th e  n e s t  a r e  re g a rd e d  

as p o s i t i v e  and a re  p l o t t e d  o u ts id e  th e  b ase  c i r c l e .

P re s s u re s  low er th a n  t h i s  a re  re g a rd e d  as n e g a tiv e  and 

p l o t t e d  in s id e  th e  b a se  c i r c l e .

W ith r e g a rd  to  th e  tu b e s  o f  th e  3rd  and 7 th  ro w s, a 

d i f f i c u l t y  a r i s e s  in  t h a t  th e  t r u e  s t a t i c  p re s s u re  o f  th e  

f l u i d  in  th e  neighbourhood o f th e s e  tu b es i s  n o t known. I t  

was t h e r e f o r e  assumed t h a t  b ase  p re s s u re  f o r  th e  3 rd  row o f  

tu b e s  was th e  p re s s u re  a t  th e  to p  o f  th e  a p p a ra tu s  minus 2 /7  

o f th e  t o t a l  h y d r a u lic  r e s i s t a n c e ,  and t h a t  th e  b a se  p re s s u re  

f o r  th e  7 t h  row was th e  p r e s s u re  a t  th e  b ottom  o f  th e  

a p p a r a tu s •

I t  was a p p re c ia te d  t h a t ,  w h ile  th e s e  assu m p tio n s p ro b ab ly  

would be n o t f a r  from  th e  t r u t h ,  th e r e  was no s c i e n t i f i c  

e v id e n ce  in  t h e i r  s u p p o r t . However, th e  re a s o n  f o r  p l o t t i n g  

th e  p o la r  d iagram  was th e  d e te rm in a tio n  o f th e  a n g u la r  

d isp la ce m e n t o f  th e  r e s p e c t i v e  cu rv e s  and t h i s  i s  independent 

o f  th e  a c t u a l  p re s s u re  v a l u e s .

From F i g .  2 . 3  i t  w i l l  be se e n  t h a t  w h ile  th e  p re s s u re  

d i s t r i b u t i o n  f o r  th e  c e n tr e  tu b e o f  th e  1 s t  row i s  sy m m e trica l  

ab o u t th e  l i n e  0 °  -  1 8 0 ° ,  th e  p re s s u re  d i s t r i b u t i o n  f o r  th e
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3rd  row shows a s l i g h t  a n g u la r  d isp la ce m e n t and th e  p re s s u re  

d i s t r i b u t i o n  a t  th e  r e a r  o f  th e  tube o f  th e  7 th  row i s  

d is p la c e d  1 0 ° ,  th e  s tre a m  a p p a re n tly  le a v in g  th e  tu be a t  1 9 0 ° .  

T h is p r o g r e s s iv e  in c r e a s e  in  th e  d eg ree  o f  asym m etry from  th e  

f i r s t  t o  th e  l a s t  row o f  tu b e s  s u g g e ste d  some l a c k  o f  u n ifo rm ity  

a t  the. o u t l e t  o f  th e  a p p a ra tu s . The cone a t  th e  o u t l e t  

(See P ig *  1 .2  A) was v e ry  c a r e f u l l y  a d ju s te d  so t h a t  i t  was 

c o n c e n t r i c  w ith  th e  c e n tr e  l i n e  o f  th e  n e s t  and t h a t  th e  

a n n u la r op enin g was o f  u n iform  w id th  a l l  rou n d . The 

exp erim en t on th e  c e n tr e  tu be o f th e  7 th  row was re p e a te d  

and th e  p re s s u re s  r e c o rd e d  a re  marked w ith  c r o s s e s  on F i g . 2 . 2  A. 

T his ap p eared  t o  have no a p p re c ia b le  e f f e c t  on th e  p re s s u re  

d i s t r i b u t i o n .

The o u t l e t  cone was b e n t so as  to  g iv e  a d e f i n i t e  

i r r e g u l a r i t y  a t  th e o u t l e t .  F u r th e r  o b s e r v a tio n s  o f  th e  

p r e s s u re  w ere ta k e n  and th e s e  a re  marked w ith  diamonds on 

F i g .  2 . 2  A. A ll  th e  p o in ts  l i e  on th e  same c u r v e . I t  

was con clu d ed  t h a t  w h eth er th e  o u t l e t  cone was a d ju s te d  to  

g iv e  an a n n u la r  o r i f i c e  o f  u n iform  w id th  o r  n o t ,  o r even  

i f  i t  were b en t to  g iv e  a d e f i n i t e  i r r e g u l a r i t y ,  i t  had  

no a p p re c ia b le  e f f e c t  on th e  p r e s s u re  d i s t r i b u t i o n  on th e  

c e n tr e  tube o f th e  b ottom  row .

2 . 4  Asymmetry unchange by r e v e r s a l  o f  n e s t .

The n e x t  p o s s ib le  cau se  o f  th e  asym m etry w hich su g g e ste d
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i t s e l f  was in  th e g e n e r a l  arran gem en t a t  th e  i n l e t  o f  th e  

a p p a ra tu s . From F i g .  1 .2  A i t  w i l l  he seen  t h a t  im m ed iately  

o v e r  th e  to p  o f  th e  i n l e t  th e re  i s  a  sh arp  r i g h t  a n g le  bend. 

I t  was th o u g h t t h a t  th e  e f f e c t  o f  th e  c e n t r i f u g a l  f o r c e  on 

th e  w a te r  as i t  p assed  round t h i s  bend m ight r e s u l t  in  a  

n o n -u n ifo rm  v e l o c i t y  d i s t r i b u t i o n  a c r o s s  th e  i n l e t  o f  th e  

n e s t .  As th e  s tre a m  en co u n te re d  th e  m a jo r h y d r a u lic  

r e s i s t a n c e  in  th e  n e s t ,,  th e  d i s t r i b u t i o n  would ten d  to  become 

more u n iform  and t h i s  would n e c e s s i t a t e  a  flo w  o f  w a te r  from  

l e f t  to  r i g h t  in  F i g .  1 . 2  A. S in ce  t h i s  p r o c e s s  o f  e q u a l­

i s a t i o n  o f  th e  v e l o c i t y  would be p r o g r e s s iv e  th ro u g h o u t th e  

n e s t ,  s o ,  i t  m igh t be e x p e c te d , would be th e  p r o g r e s s iv e  

in c r e a s e  In  th e  t r a n s v e r s e  component o f  th e  v e l o c i t y .

The d i r e c t i o n  o f  th e  a n g u la r  d isp la ce m e n t In  th e  p o la r  

d iagram  gave su p p o rt t o  t h i s  p o s s ib le  e x p la n a tio n .

In  o rd e r  t o  t e s t  t h i s  h y p o th e s is , th e  n e s t  o f  tu bes  

was r o t a t e d  th ro u g h  1 8 0 °  w ith  r e s p e c t  to  th e  i n l e t .  I t  

was a n t i c i p a t e d  t h a t  e x a c t l y  s i m i l a r  asym m etry would be 

p r e s e n t ,  b u t on th e  v a r io u s  cu rv e s  i t  would be t o  th e  

o p p o s ite  han d . F o r  exam p le, on th e  p o la r  diagram  i t  was 

a n t i c i p a t e d  t h a t  th e  d isp la ce m e n t a t  th e  r e a r  o f  th e  l a s t  

row o f  tu b e s  would be 1 0 °  b e fo re  th e  1 8 0 °  in s te a d  o f  1 0 °  

a f t e r  t h a t  p o s i t i o n .
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Figs. 2.4 A and B show the pressure distribution and 
form drag curves for the centre tube of the 1st and 7th rows 
with the pressure hole 7 Cms. from the back wall of the 
apparatus•

Since on the previous results the pressure distribution 
on the centre tube of the 3rd row always showed characteristics 
between those of tubes of the 1st and 7th rows, it was 
considered unnecessary to carry out further experiments on 
this row.

The distribution of pressure on the 1st tube to the 
right of the centre-line of the 2nd row, at a plane 7 Cms. 
from the back wall, is included in these diagrams and further 
reference is made to this when discussing the subject of form 
diagrams in detail in section' 5.

From Figs. 2.4 A and B it will be seen that while the 
curves for the centre tube of the 1st row are symmetrical, 
the curves for the 7th row still show asymmetry. This 
asymmetry is not so marked as before but it has not changed 
from right to left hand as was expected.

Since all the experiments in this section were carried 
out with the pressure hole of the exploration tube at. 7 cms, 
from the back wall of the apparatus, it was realised that 
with respect to the arrangements for the inlet of the water
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two variables had been changed simultaneously. Firstly, 
the apparatus had been rotated through 180° and, secondly, 
the plane of exploration had been moved from 0.62 Cm. on 
one side of the mid-length of the tubes to 0.62 Cm. on the 
other side. If the plane of exploration were to remain 
unchanged with respect to the inlet arrangements of the 
complete water circuit, the observations should have been 
made with the pressure hole 7 Cms. from the front wall 
instead of that distance from the back wall. If this 
relatively small movement of the plane of exploration were 
the cause of appreciable change in the conditions of 
asymmetry, then it was certain that the flow through the 
staggered arrangement of tubes could not be considered to 
be generally in the direction of the axis of the nest. It 
would be probable that the mid-length of the tubes would be 
a point of instability, or at any rate a position where a 
small movement to the right or the left might make 
appreciable changes in the angle of impingement of the 
stream upon the tubes. That this was so was proved by 
experiments with air instead of water flowing over the 
tube s•

2.5 Asymmetrical flow with air.
Due to the increased convenience with which experiments 

could be carried out with air flow, it* was decided to
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S in ce  th e  asym m etry was m ost marked on th e  l a s t  row o f  

tu b e s , th e  c e n tr e  tu be o f  th e  7 th  row was p a r t i c u l a r l y  

exam ined .

P re s s u re  re a d in g s  a t  0 ° ,  6 0 ° ,  9 0 ° ,  1 8 0 ° ,  2 7 0 °  and 3 0 0 °  

were ta k e n  a t  p la n e s  1 . 2 7 ,  3 . 8 1 ,  6 . 3 5 ,  6 . 9 8 ,  8 . 2 5 ,  8 . 8 9 ,  

1 1 .4 3 ,  and 1 3 .9 7  Cms. from  th e  b ack  w a l l .  These a r e  g iv e n  

in  T ab le  2 .5  A and p l o t t e d  in  F i g .  2 .5 A .

By c o n s id e r in g  to g e th e r  th e  cu rv e s  f o r  6 0 °  and 3 0 0 °  and 

th e  c u rv e s  f o r  9 0 °  and 2 7 0 ° ,  i t  a p p ears  t h a t  th e  a i r  in  th e  

n e s t  has d iv id e d  i n t o  two s tre a m s  o f  p r a c t i c a l l y  e q u a l w id th . 

One o f  th e  s tream s i s  flo w in g  o v e r  h a l f  th e  le n g th  o f th e  

tu b es  w ith  a  s l i g h t  upward a n g le , w h ile  th e  o th e r  s tre a m  is  

f lo w in g  o v e r th e  o th e r  h a l f  le n g th  o f  th e  tu b es w ith  an  

eq u al b u t downward a n g le .

On th e  cu rv e s  th e  maximum and minimum p re s s u re  re a d in g s  

have been p l o t t e d .  From th e s e  i t  w i l l  be seen  t h a t  th e r e  

e x i s t s  c o n s id e ra b le  i n s t a b i l i t y  a t  th e  c e n tr e  o f  th e  tube  

and s t a b l e  c o n d itio n s  a t  th e  two e n d s .

In  o rd e r  to  make c e r t a i n  t h a t  th i s  d iv id in g  o f  th e  

s tre a m  was cau sed  by th e  flow  th ro u g h  th e n e s t  o f tu b e s  and

investigate further the causes of asymmetry of flow with this
fluid. For this purpose the nest was arranged horizontally
as shown in Figure 1,1.
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t h a t  th e  asym m etry d id  n o t e x i s t  in  th e  o r i g i n a l  s tre a m  as  

i t  e n te re d  th e  n e s t ,  e x p e rim e n ts  w ere c a r r i e d  ou t w ith  th e  

c e n tr e  tu be o f  th e  1 s t  row . P re s s u re  re a d in g s  a c ro s s  th e  

le n g th  o f  th e  tu b e  were ta k e n  a t  a n g le s  o f 6 0 °  and 3 0 0 ° ,  

and th e s e  a r e  g iv e n  in  th e  T ab le  2 .5  B and p l o t t e d  in  

P i g .  2 .5  B . These prove t h a t  th e r e  was no i n i t i a l  

i r r e g u l a r i t y  i n  th e  s tre a m  and t h a t  th e  asym m etry a t  th e  

o u t l e t  was ca u sed  by th e  flow  th ro u g h  th e  n e s t .

2 .6  G en eral c o n c lu s io n s  w ith  re g a rd  to  i n s t a b i l i t y  o f  

s ta g g e r e d  n e s t s .

I t  had been hoped t h a t  th e  flo w  th ro u g h  th e  n e s t  would 

have been two d im en sio n al and t h a t  th e  v e l o c i t y  a c r o s s  any 

tube would have been a p p ro x im a te ly  c o n s ta n t  th ro u gh ou t a  

l a r g e  p o r t io n  o f  th e  c e n tr e  p a r t  o f  th e  tu b e . Due t o  th e  

boundary l a y e r  on th e  s id e s  o f  th e  b o x , i t  was e x p e c te d  t h a t  

th e  v e l o c i t y  of th e  s tre a m  a t  th e  ends o f  th e  tu b es would be 

l e s s  th an  t h a t  o v er th e  c e n t r a l  p o r t io n . A p art from  t h i s ,  

i t  was a n t i c i p a t e d  t h a t  somewhat c o n s ta n t  c o n d itio n s  would  

p r e v a i l  a lo n g  th e  m ajo r p o r t io n  of ea ch  tu b e  and t h a t  th e  

e x p l o r a t io n  o f  any one p lan e n e a r  th e  m id -le n g th  o f the  

tu b e s  would s u f f i c e ,  and t h a t  th e  r e s u l t s  o b ta in e d  on t h i s  

p lan e would be t y p i c a l  o f  a l l  p la n e s  e x c e p t th o se  n e a r  to  

th e  f r o n t  and b ack  w a l l s .  The p re v io u s  e x p erim en ts  had  

proved t h a t  t h i s  was n o t s o ,  and th e  problem  now to  be
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d eterm in ed  was w h eth er t h i s  te n d e n cy  f o r  th e  s tre a m  to  d iv id e  

was in h e re n t in  a l l  s ta g g e r e d  arran g em en ts o r  w h eth er th e  

p a r t i c u l a r  sp a c in g  o f  tu b es  w hich had been ch o se n  was co n "  

d u civ e  t o  t h i s  form  o f  asym m etry. E x p erim en ts  in  th e  

A hlborn ta n k  d e s c r ib e d  in  s e c t i o n  7 w ere c a r r i e d  out w ith  

s p a c in g  o f th e s e  p a r t i c u l a r  p ro p o r tio n s  and w ith  m ore c l o s e l y  

packed and a ls o  more open sp a c in g  o f  tu b e s  in  s ta g g e r e d  

f o r m a tio n , b u t in  no c a s e  co u ld  i t  be s a id  t h a t  th e  p h o to ­

grap h s showed t h a t  th e  m ain d i r e c t i o n  o f  th e  s tre a m  as i t  

im pinged upon th e  l a s t  row o f  tu b e s  was d i f f e r e n t  from  th e  

o r i g i n a l  d i r e c t i o n  o f  f lo w .

H ere a fun d am en tal d i f f e r e n c e  should be n o te d  betw een  

th e  c o n d itio n s  o f  th e  exp e rim e n ts  w ith  th e  a i r  flo w  o v er  

th e  n e s t  o f  tu b es and th o s e  o f  th e  A hlborn ta n k . In  th e  

a i r  exp e rim e n ts  th e  r a t i o  o f  le n g th  to  d ia m e te r  o f tu b es  

was 12  t o  1 ,  w hereas in  th e  A hlborn ta n k  th e  r a t i o  was 1 . 8  

t o  1 .  W ith su ch  a sm a ll le n g th  t o  d ia m e te r  r a t i o  th e re  

would n a t u r a l l y  be much l e s s  te n d e n cy  f o r  th e  s tre a m  to  

d iv id e  even i f  th e  R e y n o ld s1 numbers had been th e  sam e.

I t  was r e a l i s e d  t h a t  w ith  th e  s ta g g e re d  arran gem en t 

and d iv id e d  flo w , th e  work o f  d e te rm in in g  th e  p re s s u re  and 

v e l o c i t y  d i s t r i b u t i o n  th ro u g h o u t th e  n e s t  would be 

p r o h i b i t i v e .  I t  was t h e r e f o r e  d e cid e d  t o  re d u ce  th e  n e s t  

t o  one o f r e c t a n g u l a r  tube a rra n g e m e n t. T h is was a ch ie v e d
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by rem oving th e  2nd, 4 th  and 6 th  rows o f  tu b e s  and f i l l i n g  

th e  h o le s  in  th e  tube p l a t e s  w ith  sm all b u tto n -sh a p e d  d i s c s  

o f  b r a s s .

E xp erim en ts  w ere re p e a te d  on th e  c e n tr e  tu be o f  th e  

l a s t  (now th e  4 t h )  row . The r e s u l t s  a re  g iv e n  in  T ab le  2 . 6 .  

F i g .  2 .6  A shows th e  form  d ra g  cu rv e s  a t  d i s t a n c e s  o f  3 . 8 ,

7 .6  and 1 1 .4  Cms, from  th e  b ack  w a l l .  These cu rv e s  a r e  

p r a c t i c a l l y  a l i k e  and s y n m e tr ic a l .  From t h i s  i t  i s  se e n  

t h a t  w ith  th e  r e c t a n g u l a r  o r  p a r a l l e l  arran gem en t o f tu b e s  

th e  g e n e r a l  flow  i s  alw ays p a r a l l e l  t o  th e  a x i s  o f  th e  n e s t  

and th e r e  i s  no ten d en cy  f o r  th e  stream  t o  d i v i d e .

In  much work o f t h i s  n a t u r e , where l a r g e  numbers o f  

p re s s u re  re a d in g s  have t o  be ta k e n  and su b se q u e n tly  p l o t t e d ,  

th e  la b o u r  o f  r e c o rd in g  th e  r e a d in g s  i s  c o n s id e r a b le , and th e  

tim e in v o lv e d  n e c e s s a r i l y  g r e a t .  In  th e  p re s e n t in s ta n c e  

th e  p re s s u re  r e c o rd s  w ere made d i r e c t l y  in  th e  form  o f  cu rv e s  

w ith o u t th e  in te r m e d ia te  r e c o r d in g  o f th o  r e a d in g s . T his  

was a ch ie v e d  by means o f th e  fo llo w in g  d e v ic e , (See F i g . 2 .6  B 0 )

In  f r o n t  o f  th e  m anom eter tu b e was mounted a g l a s s  

s c r e e n  ca p a b le  o f  b ein g  moved h o r i z o n t a l l y .  To th e  s u r f a c e  

o f  th e  g l a s s  s c r e e n  sq u ared  p ap er was a t t a c h e d . At a  

d i s t a n c e  o f  5 00  Cms. behind th e  m anometer tu b e a p a r a b o lic  

m ir r o r  and a 1 0 0  w a tt lamp w ere e r e c t e d .  The l i g h t  f a l l i n g
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on th e  empty m anom eter tu b e c a s t  an o rd in a ry  shadow on th e  

sq u ared  p a p e r . When th e  m anom eter tu b e was p a r t i a l l y  f i l l e d  

w ith  w a te r  th e  lo w er p o r t io n  a c te d  as  a  c y l i n d r i c a l  le n s  and  

fo c u s se d  a  v e r t i c a l  s t r e a k  o f  l i g h t  on t o  th e  squared  p ap er*  

By moving th e  g l a s s  s c r e e n  sidew ays u n t i l  t h i s  s t r e a k  o f  

l i g h t  f e l l  on th e  a p p ro p r ia te  o r d in a te  and m arking in  e a c h  

c a se  th e  to p  o f  th e  s t r e a k  o f  l i g h t ,  any s e t  o f  p re s s u re  

re a d in g s  co u ld  be p erm an en tly  r e c o r d e d .

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

d i s t r i b u t i o n  on th e  s u r f a c e  o f  th e  tu b e s  and a f t e r  th e  

co m p le tio n  o f th e  form  d ra g  d iagram s f o r  th e  p a r a l l e l  

arran g em en t a renewed a t t a c k  was made on th e  form  d ra g s  

w ith  s ta g g e r e d  a rra n g e m e n t.

W hile th e  fo re g o in g  e x p la n a tio n  o f  th e  s tre a m  d iv id in g  

s a t i s f i e s  t o  some e x te n t  th e  o b serv ed  asym m etry o f  p r e s s u re  

d i s t r i b u t i o n ,  i t  le a v e s  u n e x p la in e d  th e  re a s o n  why th e  

s tre a m  d oes n o t ta k e  th e  obvious d i r e c t  p a th . From th e  

l a t e r  e x p e rim e n ts  th e r e  was ev id e n ce  o f  a ten d e n cy  f o r  th e  

asym m etry t o  be o f  th e  same hand from  end t o  end o f one tu b e .  

T h is se'emed to o  c o n s i s t e n t  to  be e x p la in e d  as  b ein g  due t o  

th e  f o r t u i t o u s  c h a n g e -o v e r  o f  flow  from  one exp erim en t t o  

th e  n e x t .  To t e s t  t h i s ,  two form  d ra g  d iagram s were ta k e n  

s im u lta n e o u sly  a t  th e  two ends o f  th e  same tu b e , w hich was 

s u i t a b l y  equipped w ith  d u p l i c a t e  p re s s u re  h o l e s .  D e f in i te
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e v id e n c e  was o b ta in e d  o f  th e  s im u lta n e o u s  e x i s t e n c e  o f  
l e f t - h a n d e d  asym m etry  a t  ea ch  end  o f th e  tu b e .

I n  th e  l i g h t  o f  t h i s  th e  A h lb o ra  t a n k  p h o to g ra p h s  w ere 
re -e x a m in e d  and  I t  was n o t ic e d  t h a t  th e  d ea d  w a te r  r e g io n  l a y  
i n  a  p o s i t i o n  o f  I n s t a b i l i t y  b e tw ee n  th e  tw o a d ja c e n t  tu b e s  
o f  t h e  s u c c e e d in g  ro w . I t  seem ed p o s s ib l e  t h a t  a  s l i g h t  
d is p la c e m e n t  o f  t h e  d e a d  w a te r  r e g io n  w ould  c a u se  a  h ig h e r  
s tre a m  v e l o c i t y  and  t h e r e f o r e  a  lo w e r  p r e s s u r e  a t  t h e  s id e  
t o  w h ich  i t  was d i s p l a c e d  and t h e  c o n v e rse  on th e  o t h e r  s i d e .  
As a  m a t t e r  o f  i n t e r e s t  an  e x p e r im e n t was made i n  w h ic h  a  t i n  
p l a t e  dummy r e p la c e d  th e  d e a d  w a te r  r e g io n  a s  shown i n  F ig ,
2 ,6  C, As e x p e c te d ,  a  v e ry  d e f i n i t e  i n s t a b i l i t y  e x i s t e d  and 
i t  was o n ly  w i th  g r e a t  d i f f i c u l t y  t h a t  th e  dummy c o u ld  be 
p e rs u a d e d  t o  re m a in  c e n t r a l .  The s t a b l e  c o n d i t i o n  was w i th  
th e  dummy w e l l  o v e r  t o  one o r  th e  o th e r  s i d e .

T h is  e x p e r im e n t was c a r r i e d  o u t on t h e  f i r s t  row  o f  tu b e s  
and su c h  i n s t a b i l i t y  o f  th e  d e a d  w a te r  r e g io n  may be a c c e p te d  
i n  co m p le te  e x p la n a t io n  o f  th e  o b se rv e d  asym m etry  i n  a l l  
su b s e q u e n t ro w s . The d i f f e r e n c e  o f  p r e s s u r e  i s  o f  l e s s  
th a n  20$  o f  th e  v e l o c i t y  h e a d . T h is  c o r re s p o n d s  to  a 
d i f f e r e n c e  o f  10$  i n  th e  s tr e a m  v e l o c i t y ,  an  am ount h a r d ly  
n o t i c e a b l e  i n  th e  A h lb o rn  ta n k  p h o to g ra p h s .

Thus t h e  co m p le te  p i c t u r e  o f  th e  cau se  o f  asym m etry  i s
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th is  i n s t a b i l i t y ,  w hich in  i t s  tu rn  may le a d  e i t h e r  t o  a  

d i v is io n  o f  th e  s tre a m  o r  ca u se  th e  s tre a m  to  ta k e  a z ig -z a g  

p a th  th ro u g h o u t th e  n e s t .
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3 MEASUREMENT OP VELOCITY DISTRIBUTION ON A CROSS SECTION

BETWEEN 1 s t  AND 2nd ROWS OF TUBES WITH RECTANGULAR 

SPACING OF TUBES. PITOT TUBE CHARACTERISTICS.

3 .1  Type o f  P i t o t  tu b e u sed  and t o t a l  en erg y  c u rv e s  o b ta in e d . 

The exp erim en ts  w ere i n i t i a t e d  w ith  th e  s im p le s t  p o s s ib le

d e s ig n  o f  P i t o t  tu b e , v i z .  a s t r a i g h t  tube o f  0 ,3 2 0  Cm. 

d ia m e te r  p la c e d  norm al t o  th e  s tre a m , w ith  a p r e s s u re  h o le  

0 .0 9 2  Cm. d ia m e te r  f a c i n g  u p -s tre a m . T h e o r e t i c a l l y ^ ^  in  

an i n v i s c i d  f l u i d  th e  p re s s u re  e x c e s s  a t  th e  u p -s tre a m  

g e n e r a to r  o f  such  a c y l i n d r i c a l  tu b e i s  i/°v 2  and th e  

co rre sp o n d in g  re c o rd e d  p re s s u re  r e p r e s e n ts  th e  t o t a l  en erg y  

o f the s tre a m . In  a c t u a l  f lu i d s  th e  e f f e c t  o f  v i s c o s i t y

i s  t o  in c r e a s e  t h i s  p r e s s u r e , b u t th e  exp erim e n ts  o f  Thom*2 )  

show t h a t  p ro v id ed  th e  R e y n o ld s1 number e x c e e d s  1 0 0  th e r e  I s

no d e t e c t a b l e  d e v i a t i o n .

T h is  arran gem en t i s  p a r t i c u l a r l y  co n v e n ie n t in  problem s  

where th e  e x a c t  l o c a t i o n  o f  th e  P i t o t  opening i s  im p o rta n t.

As an i l l u s t r a t i o n  o f  t h i s ,  th e cu rv e  o f  t o t a l  e n e rg y  F i g .

3 .1  A i s  g iv e n . In  t h i s  ca se  th e  P i t o t  tu be was t r a v e r s e d  

in  a  v e r t i c a l  l i n e  w ith  i t s  a x is  midway betw een th e  1 s t  and 

2nd rows of tu b e s . From th e  f ig u r e  i t  w i l l  be se e n  t h a t

G la u e rt "The E lem en ts o f  A e r o f o i l  and A irscre w  T h eory” , p .3 1  

^  Thom. R . & M. No. 1X 94 -  1 9 2 8 .  p .1 8 3 .



th e  p o s i t i o n  o f th e  p r e s s u re  h o le  can  be v a r ie d  w ith o u t  

in  any way a l t e r i n g  th e  o b s t r u c t i v e  e f f e c t  of th e  tube  

i t s e l f .  F u r t h e r ,  t h i s  arran g em en t p e rm its  th e  s id e  

w a lls  to  be re a ch e d  and in  t h i s  r e s p e c t  p o s s e s s e s  th e  

ad v an tag e  o f  th e  s p e c i a l l y  d e sig n e d  P i t o t  tu b es  o f  S t a n t o n i ^

The h ig h  t o t a l  en erg y  in  th e  m iddle o f  th e  gaps was in  

a cco rd a n ce  w ith  e x p e c t a t i o n , b u t th e  r e c o v e r y  o f  p r e s s u re  

im m ed iately  beh ind  e a c h  o f th e  tu b e s  re q u ire d  f u r t h e r  exam in­

a t i o n ,  and i t  was n o t u n t i l  a f t e r  th e  work on th e  A hlborn  

ta n k  had been  c a r r i e d  out t h a t  th e  cau se  f o r  t h i s  r e c o v e r y  

o f p r e s s u re  was d i s c e r n e d .

In  1 9 2 3  N is i  and P o r t e r ^ ) c a r r i e d  o u t exp e rim e n ts  on 

th e  v e l o c i t y  d i s t r i b u t i o n  in  e d d ie s  behind a c y l in d e r  in  a 

stre a m  o f  a i r .  From t h e i r  exp erim en ts  i t  was r e a l i s e d  t h a t  

im m ed iately  behind th e  tu b e s  o f  th e  f i r s t  row th e re  i s  a  

re g io n  o f  q u ie s c e n t a i r .  T h is i s  fo llo w e d  by an a r e a  u s u a l ly  

c o n ta in in g  two e d d ie s . The ed d ies have t h e i r  h ig h e s t  

v e l o c i t y  a t  o r n e a r  t h e i r  p e r ip h e r y . Two t y p i c a l  ed d ies  

have been drawn on F i g . 3 .1  A. From t h i s  i l l u s t r a t i o n  i t  w i l l  

be see n  t h a t  as  th e  P i t o t  tube i s  t r a v e r s e d  a c r o s s  th e  f i r s t  

eddy th e  v e l o c i t y  o f  th e  eddy i s ,  a t  f i r s t ,  in  th e  same 

d i r e c t i o n  as  th e  g e n e r a l  s tr e a m ; a  l i t t l e  l a t e r  th e  p re s s u re

( - ^ S ta n to n , M arsh all and B ry a n t. P r o c . Roy. S o c . A.
V o l. 97 ( 1 9 2 0 )  p . 4 1 3 .

( ^ N i s i  and P o r t e r .  P h i l .  Mag. V o l. 4 6 .  (1 9 2 3 )  p . 7 5 4 .
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h o le  i s  o p p o s ite  a  p o r t io n  o f  th e  eddy where th e  v e l o c i t y  i s  

in  th e  o p p o s ite  d i r e c t i o n  t o  th e  g e n e ra l  s tre a m  and re a c h e s  

i t s  maximum v e l o c i t y  in  t h i s  d i r e c t i o n .  At t h i s  p o in t th e  

maximum n e g a tiv e  p re s s u re  i s  r e g i s t e r e d .  As th e  P i t o t  tube  

i s  t r a v e r s e d  s t i l l  f u r t h e r ,  th e  p r e s s u re  h o le  p a sse s  th ro u g h  

th e  r e g io n  o f  q u ie s c e n t a i r .  Here th e  a i r  i s  a t  r e s t  o r  

moving a t  e x tre m e ly  slow  sp e e d . T here i s  th e r e f o r e  no 

n e g a tiv e  v e l o c i t y  and th e  p re s s u re  as re c o rd e d  in  th e  

m anometer tu b e r e c o v e r s .  I f  i t  co u ld  be assumed t h a t  th e  

a i r  in  t h i s  r e g io n  w ere a b s o lu te ly  a t  r e s t  th e  maximum 

r e c o v e ry  o f  p r e s s u re  would i n d ic a te  th e  t r u e  s t a t i c  p re s s u re  

a t  th e  b a ck  o f  th e  tu b es  o f  th e  f i r s t  ro w . T h is  s u b je c t  i s  

r e f e r r e d  t o  l a t e r  in  S e c t io n  7 .5  on th e  a n a l y s is  o f  e d d ie s .

I t  was th o u g h t t h a t  th e  r e l a t i v e l y  la r g e  P i t o t  tube  

may have a c te d  as an o b s ta c le  to  th e  flo w  and in c r e a s e d  th e  

s i z e  o f  th e  q u ie s c e n t a i r  r e g io n . I t  was t h e r e f o r e  d e cid e d  

t o  r e p e a t  th e  exp erim en t w ith  a  P i t o t  tu b e 0 .1 2 7  Cm. e x t e r n a l  

d ia m e te r  ( P i g .  3 .1  B ) .  A s h o r t  le n g th  o f  co p p er tu b e o f t h i s  

d ia m e te r  was s o ld e re d  in to  a b ra s s  tu b e  0 .1 5 9  Cm. d ia m e te r .

The end o f  th e  cop p er tu be was c lo s e d  and a h o le  0 .0 3 3  Cm. 

d ia m e te r  was d r i l l e d  about 2 Cms. from  th e  c lo s e d  en d . The 

b r a s s  tu b e  was a rra n g e d  t o  p ass  th ro u g h  a bush in  o rd e r  to  

keep th e  m o tio n  v e r t i c a l .  I t  was a p p re c ia te d  t h a t  in  th e  

c a s e  o f  th e  f i r s t  P i t o t  tu be o f  d ia m e te r  0 .3 1 8  Cm. th e  p re s s u re
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j
h o le  in  th e  f a c e  o f  th e  tube t r a v e r s e d  a l i n e  ~  o r  0 .1 5 9  Cm. 

u p -s tre a m  o f  th e  s e c t i o n  midway betw een th e  1 s t  and 2nd rows 

o f tu b e s : and t h a t  in  th e  c a s e  o f th e  cop p er tu b e 0 .1 2 7  Cm.

d ia m e te r  th e  p re s s u re  h o le  in  th e  u p -s tre a m  f a c e  would 

t r a v e r s e  a l i n e  0 .0 6 3 5  Cm. u p -s tre a m  o f  th e  r e q u ire d  s e c t i o n .  

In  o rd e r  t h a t  th e  same t r a n s v e r s e  s e c t i o n  shou ld  be e x p lo r e d ,  

no m a tte r  what d ia m e te r  o f  P i t o t  tu b e was u s e d , th e  co p p er  

tu b e was b e n t backw ards as i l l u s t r a t e d  in  P i g .  3 .1  B . W ith  

t h i s  arran gem en t th e  v e r t i c a l  d ia m e te r  o f  th e  p re s s u re  h o le  

was on th e  v e r t i c a l  a x i s  o f  th e  P i t o t  tu b e  and rem ained  

s t a t i o n a r y  when th e  P i t o t  tu b e  was r e v o lv e d .

At th e  lo w er end o f  t h i s  P i t o t  tu b e was a tta c h e d  a  

g ra d u a te d  d i s c  12 Cms. d ia m e te r  as shown in  F ig u re s  1 . 1  and

1 . 3  A. The P i t o t  tube was r a is e d  o r  lo w ered  by means o f  a  

m icro m e te r  screw  u n t i l  th e  p re s s u re  h o le  was a t  th e  same 

h e ig h t as  th e  c e n tr e  o f  th e  gap betw een two tu b es o f th e  

n e s t .  The O r ie n ta t io n  when th e  p re s s u re  h o le  was f a c i n g  

d i r e c t l y  u p -s tre a m  was d eterm in ed  by r o t a t i n g  th e P i t o t  

tu be and r e c o r d in g  th e  p r e s s u r e . F i g .  3 . 1  B shows su ch  

a d e te rm in a tio n  from  w hich th e  p re s s u re  h o le  i s  found to  

f a c e  d i r e c t l y  u p -s tre a m  when th e  g ra d u a tio n  on th e  h o r i z o n t a l  

d i s c  re a d s  3 2 5 ° .

F i g .  3 . 1  C shows th e  p re s s u re  re co rd e d  w ith  t h i s  P i t o t  

tu be w ith  th e  p re s s u re  h o le  f a c in g  u p -s tre a m  and a l s o  w ith  i t
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3.1

f a c i n g  d i r e c t l y  d o w n -stream . The second cu rv e  was added to  

a s s i s t  in  a s s e s s in g  th e  n e g a tiv e  v e l o c i t y  in  th e  ed d ies  a t  

th e  b ack  o f  th e  tu b e s . In  o rd e r  t o  red u ce  th e  tim e ta k e n  

f o r  th e  l e v e l  in  th e  m anom eter tu b e t o  come t o  r e s t ,  fo u r  

re a d in g s  o f th e  u p -s tre a m  p re s s u re  were ta k e n  and th en  fo u r  

re a d in g s  w ith  th e  p re s s u re  h o le  f a c in g  dow nstream .

Comparing t h i s  cu rve  w ith  3 .1  A i t  w i l l  be seen  t h a t  

th e r e  i s  no r e c o v e r y  o f  p r e s s u re  im m ed iately  behind th e tu b e s .  

T h is i s  p ro b ab ly  due t o  t h i s  t r a v e r s e  b e in g  ta k e n  0 .1 5 9  Cm. 

f u r t h e r  dow n-stream  th a n  3 .1  A and th e  f a c t  t h a t  th e  s m a lle r  

d ia m e te r  P i t o t  tu b e  would have l e s s  ten d en cy  t o  in c r e a s e  th e  

n a t u r a l  s iz e  o f  th e  q u ie s c e n t a r e a  a t  th e  b ack  o f  th e tu b e .

I t  w i l l  be n o tic e d  t h a t  in  cu rv e  3 .1  A th e  cu rv e s  r i s e  to  

a h e ig h t e q u al to  th e  a tm o sp h e ric  p re s s u re  w hereas in  cu rve

3 .1  C th e  maximum h e ig h t  i s  ab o u t 0 .5  Cm. below  t h i s  p r e s s u r e .  

Curve 3 .1  C i s  p ro b a b ly  th e  m ore c o r r e c t  v a lu e  as t h i s  i s  

con firm ed  by th e  lo n g i tu d in a l  p re s s u re  d i s t r i b u t i o n  co n sid e re d  

in  s e c t i o n  4 .

3 .2  S e a rc h  f o r  a s u i t a b l e  s t a t i c  tu b e .

As in s ta n c e d  by Gibson i t  has alw ays been e a s i e r  to

(1)
G ibson. The E n g in e e r . J u ly  1 0 t h ,  1 9 1 4 . p .2 9
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3 , 2

a s c e r t a i n  th e  t o t a l  en erg y  o f a  s tre a m  th a n  th e  t r u e  s t a t i c  

p r e s s u r e . More p a r t i c u l a r l y  i s  t h i s  th e  c a s e  when b o th  th e  

p r e s s u re s  and v e l o c i t i e s  a re  v a ry in g  r a p i d l y .

The f i r s t  e f f o r t s  a t  th e  d e te rm in a tio n  o f  th e  s t a t i c  

p re s s u re  were c a r r i e d  out w ith  th e  hook ed -sh ap ed  tu b es as  

i l l u s t r a t e d  in  F i g .  3 ,2  A and B . As in  th e  c a s e  o f  th e  P i t o t  

tu be in  F i g .  3 * 1  B , th e  head o f  th e  hook i s  b e n t s l i g h t l y  

backw ards so  t h a t  th e  v e r t i c a l  d ia m e te r  o f  th e  f a c e  o f  th e  

p re s s u re  h o le  rem ain s s t a t i o n a r y  in  sp ace  when th e  tube i s  

r e v o lv e d . I t  was th o u g h t t h a t  such  tu b es  m ight be used  b o th  

f o r  P i t o t  and a l s o  f o r  s t a t i c  tu b e s . When th e  f a c e  o f  th e  

tu b e was norm al t o  th e  s tream  and f a c in g  u p stream  th e  t o t a l  

en erg y  would be r e c o r d e d , b u t when th e  tube was re v o lv e d  

th ro u g h  9 0 °  so  t h a t  th e  f a c e  was in  th e  p la n e  o f th e  s tre a m  

th e  s t a t i c  p r e s s u re  would be r e g i s t e r e d *  When d e term in in g  

th e  o r i e n t a t i o n  o f  th e s e  hooked P i t o t  tu b e s  an o p p o rtu n ity  

was a f fo rd e d  to  i n v e s t i g a t e  th e  p re s s u re  re c o rd e d  by a 

c y l i n d r i c a l  tu b e when p la ce d  a t  an an g le  t o  th e  s tre a m . The 

r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a re  o f  i n t e r e s t  and have been  

re c o rd e d  in  ap p en d ix N o .2 .

F i g .  3 . 2  C shows th e  cu rv e  f o r  th e  d e te rm in a tio n  o f  th e  

o r i e n t a t i o n  o f  th e  hooked P i t o t  s t a t i c  tu b e  o f  0 .1 6 5  Cm. 

d ia m e te r . F i g s .  3 .2  A and B g iv e  th e  r e s u l t s  of th e  

t r a n s v e r s e  e x p l o r a t io n  w ith  th e s e  two tu b e s . Four cu rv e s
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3.2

a re  shown in  each  c a s e ,  two s t a t i c  and two t o t a l  e n e rg y . The 

cu rv es  ( 1 ) ,  ( 2 ) ,  ( 3 )  and ( 4 )  in  F i g s .  3 .2  A and B a re  ta k e n  

w ith  th e hooked P i t o t  tu b e s  in  th e  p o s i t io n s  marked ( 1 ) ,  ( 2 ) ,  

( 3 )  and ( 4 )  in  F i g .  3 .2  C r e s p e c t i v e l y .  The fo u r  p o s i t io n s  

were c o n s id e re d  n e c e s s a r y  s in c e  com plete r e v e r s a l  o f  flo w  

o c c u rs  a t  th e  r e a r  o f th e  tu b e s  o f  th e  n e s t .

A p a r t i c u l a r  f e a t u r e  n o t ic e a b l e  in  th e s e  f ig u r e s  i s  

t h a t  t h e r e  i s  an a p p re c ia b le  d is c re p a n c y  betw een th e two 

s t a t i c  c u rv e s  ( 1 )  and ( 3 )  a t  th e  p o in ts  where th e two dynamic 

cu rv e s  ( 2 )  and ( 4 )  i n t e r s e c t ,  i . e .  a t  th e  p o in ts  presum ably  

o f z e ro  v e l o c i t y .

F u r th e r  c o n s id e r a t io n  showed t h a t  a s t a t i c  tu b e o f  t h i s  

ty p e , i . e .  one o f  th e  c o n v e n tio n a l ty p e ,  ca n n o t be used  

s a t i s f a c t o r i l y  i n  t h i s  i n v e s t i g a t i o n .  Due t o  th e  e x is te n c e  

o f  th e e d d ie s , th e  l i n e s  o f  flow  a t  th e  back o f  th e  tu b es  

a re  cu rved  and i t  i s  d i f f i c u l t ,  i f  n o t im p o s s ib le , to  a rra n g e  

f o r  th e  s t a t i c  tube to  l i e  in  th e  d i r e c t i o n  o f  th e  flo w . Any 

ten d en cy  f o r  th e  flo w  to  p a ss  o b liq u e ly  over t h i s  ty p e  o f  

s t a t i c  tu b e w i l l  r e s u l t  in  a f i c t i t i o u s l y  low p re s s u re  b e in g  

re c o rd e d .

I n s te a d  o f th e  flow  b e in g  in  l i n e s  p a r a l l e l  t o  th e  w a lls  

o f th e  s t a t i c  tu b e  as i t  p a s s e s  th e  p re s s u re  h o le ,  i t  i s  

curved  outv/ards as  shown in  F i g .  3 .2  F ,  T h is c r e a t e s  a
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3.2

c e n t r i f u g a l  f o r c e  w hich ten d s t o  lo w er th e  p r e s s u re  in  l a y e r s  

a d ja c e n t  t o  th e  p re s s u re  h o le .

S in ce  th e  a c t u a l  d i r e c t i o n  o f flow  v a r ie d  from  p o in t t o  

p o in t a c r o s s  th e  tra v e rs e  and was unknown, i t  was r e a l i s e d  t h a t  

th e  i d e a l  s t a t i c  tu b e was one in  w hich th e  p r e s s u re  re a d in g  

was in depen den t o f  th e  d i r e c t i o n  o f  flow  a c r o s s  th e  p re s su re  

h o l e .  T h is  c o n d itio n  was o b ta in e d  by m aking th e  head o f  

th e  s t a t i c  tu be in  th e  form  o f  a  d i s c .  ( P i g .  3 .2  G ).

In  o rd e r  to  c a l i b r a t e  t h i s  d i s c  s t a t i c  tu b e , a l l  th e  

tu b e s  (e x c e p t  th e  h a l f - t u b e s )  w ere removed from  th e  n e s t  

and th e  a p p a ra tu s  u sed  as  an o rd in a ry  wind tu n n e l .

The s t a t i c  p re s s u re  a s  in d ic a te d  by th e  d i s c  was compared

w ith  th e  s t a t i c  p re s s u re  as in d ic a te d  by a tu b e o f  0 .3 2  Cm.

d ia m e te r  w ith  a c lo s e d  end and a sm a ll h o le  d r i l l e d  in  th e

s id e  o f  th e  tu b e . T his s t a t i c  tube was h e ld  w ith  i t s  a x is

in  th e  d i r e c t i o n  o f  a i r  flow  a g a i n s t  th e  f r o n t  w a ll  of th e

a p p a r a tu s , w ith  th e  h o le  d i r e c t l y  o p p o s ite  t o  th e  h o le  in

th e  d i s c .  The r e s u l t s  a re  p l o t t e d  in  F i g .  3 .2  H and i t

w i l l  be seen  t h a t  th e  d i s c  tu be in d i c a t e s  a p re s s u re  w hich

i s  lo w er th an  th e  t r u e  s t a t i c  p r e s s u re  by 1 . 6 $  o f  th e  
/O \r2

v e l o c i t y  head ------------. P i g .  3 .2  G shows th e  s t a t i c  p re s s u re
2

as  d eterm in ed  w ith  th e  d i s c  tu b e .



3.3

3 .3  T ra n sv e rs e  v e l o c i t y  d i s t r i b u t i o n .  A pparent l a t e r a l  

s h i f t  o f  P i t o t  tu b e .

In  F i g .  3 .1  C t h i s  s t a t i c  cu rv e  h as "been c o r r e c t e d  in  

a c co rd a n c e  w ith  th e  c a l i b r a t i o n  o f  th e  d i s c  and th e n  s u p e r ­

imposed t o  th e  t o t a l  e n e rg y  c u r v e .

From t h i s  com p osite  d iag ram  th e  cu rv e  o f  dynam ic head  

h as been o b ta in e d . By ta k in g  th e  sq u are  r o o t  o f  th e  h e ig h ts  

o f th e  o r d in a te s  o f  t h i s  cu rv e  th e  v e l o c i t y  cu rv e  h as  been  

p l o t t e d .

From o th e r  e x p e rim e n ts  when e x p lo r in g  a s te e p  v e l o c i t y  

g r a d ie n t  w ith  a s ta n d a rd  ty p e  o f  P i t o t  tu b e  i t  was known

t h a t  th e  p r e s s u re  re c o rd e d  by th e  P i t o t  tube was n o t t h a t  a t
, d* + 2d Q

i t s  g e o m e tr ic a l  c e n tr e  b u t t h a t  a t  a p o in t —=------------ from
10

th e  g e o m e tr ic a l  c e n tr e  tow ard s th e  r e g io n  o f  h ig h e r  p r e s s u r e ,  

(w here d^ a in s id e  d ia m e te r  o f  P i t o t  tube

d0 = o u ts id e  " " " " )

From t h i s  i t  was r e a l i s e d  t h a t  some c o r r e c t i o n  would have to  

be a p p lie d  to  th e  v e l o c i t y  d i s t r i b u t i o n  cu rv e  to  a llo w  f o r  

th e  d isp la ce m e n t o f  th e  cu rv e  due t o  th e  s i z e  o f  th e  c y l i n d r i c a l  

P i t o t  tu b e .

In  o rd e r  to  d eterm in e  th e  amount o f  t h i s  c o r r e c t i o n  a  

c y l i n d r i c a l  P i t o t  tu b e was c o n s tr u c te d  to  th e  same p ro p o rtio n s  

b u t f i v e  tim e s  as  l a r g e  as t h a t  u sed  in  th e  n e s t  o f  tu b e s .
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3.3

The v e l o c i t y  d i s t r i b u t i o n  a c r o s s  th e  d ia m e te r  o f  a j e t  

o f  a i r  2 Cms. d ia m e te r  was f i r s t  d eterm in ed  w ith  a  s ta n d a rd  

P i t o t  tu be 0 ,0 9  Cm, i n t e r n a l  d ia m e te r  and 0 .2 4 4  Cm. e x t e r n a l  

d ia m e te r  a t  d is ta n c e s  o f  3 Cms. and 6 Cms. from  th e  f a c e  o f  

th e  n o z z le . These a re  p l o t t e d  on P i g .  3 , 3 .  The above 

c o r r e c t i o n  f o r  a s ta n d a rd  ty p e P i t o t  was a p p lie d  t o  th e  

r e s u l t s  and th e  t r u e  v e l o c i t y  d i s t r i b u t i o n  i s  shown by a  

co n tin u o u s l i n e  in  th e  two d ia g ra m s.

The same v e l o c i t y  d i s t r i b u t i o n s  were th e n  d eterm in ed  w ith  

th e  l a r g e  s c a l e  m odel o f  th e  c y l i n d r i c a l  P i t o t  tu b e and th e se  

a re  a l s o  shown on P i g .  3 . 3 .  From t h i s  th e  e x t e n t  o f  th e  

" s h i f t ” o f  th e  v e l o c i t y  d i s t r i b u t i o n  l i n e  was d eterm in ed  and 

1 / 5  o f  t h i s  amount re p r e s e n te d  th e  a p p ro p r ia te  c o r r e c t i o n  t o  

a p p ly  to  F i g .  3 .1  C.

The c o r r e c t e d  v e l o c i t y  i s  shown by th e  brok en  l i n e  in  

th e  d iagram  a t  th e  bottom  l e f t -h a n d  c o rn e r  o f F i g .  3 .1  C . On 

i n t e g r a t i n g  t h i s  cu rv e  i t  was found t h a t  mean v e l o c i t y  was 

1 3 9 0  Cms. p e r se co n d , o r  3% g r e a t e r  th a n  th e  mean e n te r in g  

v e l o c i t y .  T h is  r e s u l t  can  be co n sid e re d  t o  be w ith in  th e  

a c c u r a c y  o f th e  e x p e rim e n ts .



4.1

4 .  MEASUREMENT OF THE LONGITUDINAL VELOCITY DISTRIBUTION

THROUGH THE NEST.

4 . 1  Type o f  s t a t i c  tu b e  u s e d .

A p r e lim in a ry  e x p l o r a t i o n  o f  th e  lo n g i tu d in a l  v a r i a t i o n  

in  s t a t i c  p r e s s u re  was c a r r i e d  ou t w ith  th e  sim ple s t a t i c  

tube d e s c r ib e d  a t  th e  end o f  S e c t io n  3 . 2  and u sed  t o  c a l i b r a t e  

th e  d i s c  s t a t i c  tu b e .

The d i s t a n c e  w hich th e  tube had e n te re d  in to  th e  n e s t  was 

a c c u r a t e l y  d eterm in ed  w ith  a m icro m e te r as  i l l u s t r a t e d  in  

P i g .  1 . 3  A.

S in ce  th e  gap betw een any p a i r  o f  tu b e s  was 0 .6 4 8  Cm. 

and th e  d ia m e te r  o f  th e  s t a t i c  tu b e was 0 .3 1 7  Cm. i t  was 

e v id e n t t h a t  some f u r t h e r  re fin e m e n t was n e c e s s a r y  b e fo re  

th e  p r e s s u re  h o le  co u ld  be a l l o c a t e d  e x a c t l y  betw een th e  

tu b e s .

W hile m aking t h i s  im provem ent th e  in stru m e n t was ad ap ted  

so t h a t  i t  would be u sed  to  r e g i s t e r  b o th  th e  s t a t i c  and th e  

t o t a l  en e rg y  o f  th e  s tre a m  a lo n g  a lo n g i tu d in a l  s e c t i o n .

4 .2  D e s c r ip t io n  o f  im proved P i t o t - s t a t i c  tu b e .

To th e  sim p le s t a t i c  tu b e u sed  in  th e  p re lim in a ry  work., 

was f i t t e d  a p a i r  o f  g u id e s  somewhat in  th e  form  o f  a  s le d g e  

and shown in  F i g .  4 . 2 .  These g u id es  had th e  e f f e c t  o f



Longitudinal Pre^ url D istribution Fig.. 4*2.
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d e f i n i t e l y  l o c a t i n g  th e  tu b e midway betw een th e l a y e r s  o f  

tu b es  in  th e  n e s t .

On th e  s id e  o f  th e  tu b e  rem ote from  th e  s le d g e  was 

s o ld e re d  a cop p er tu b e o f  0 .1 2 7  Cm. d ia m e te r  b en t in to  th e  

form  o f  an HLn.  The end o f  th e  f,Lff-sh a p e d  tu be was l e f t  

open and s in c e  i t  f a c e d  d i r e c t l y  u p -s tre a m  i t  co u ld  be used  

as  a  P i t o t  tu b e .

On th e  o u ts id e  o f th e  cop p er tu b e  was d r i l l e d  a  s m a ll  

h o le  0 .0 5  Cm. d ia m e te r . When t h i s  was u sed  f o r  th e  p re s s u re  

h o le  to  d e te rm in e  th e  s t a t i c  p r e s s u r e , th e  end o f  th e  cop p er  

tu b e  was s e a le d  w ith  a sm a ll h e m is p h e ric a l  b lo b  o f  p l a s t i c i n e .

When th e  open end o f  th e  co p p er tu b e  was used t o  d e te rm in e  

th e  t o t a l  e n e rg y , th e  s t a t i c  h o le  was co v e re d  w ith  a  sm a ll  

p ie c e  o f a d h e siv e  t a p e .

To d eterm in e  th e  e x a c t  p o s i t io n  o f  th e  s t a t i c  h o le  in  

r e l a t i o n  t o  th e  c e n tr e  l i n e  o f  th e  f i r s t  row o f  th e  n e a t  th e  

P i t o t  tube was i n s e r t e d  p a r t  way in to  th e n e s t  and n ick ed  

w ith  a  f l a t  k n ife  b la d e  b e v e lle d  on one s id e  o n ly . T h is  

k n ife  b la d e  was f i r m ly  p re s s e d  a g a in s t  th e  u p stream  f a c e s  o f  

th e  f i r s t  row o f  tu b es  so  e n su rin g  t h a t  th e  n ic k  co rresp o n d ed  

t o  t h i s  p la n e . The m icro m e te r was s im u lta n e o u sly  re a d  and 

th e  r e l a t i v e l y  p o s i t i o n  o f  th e  n ic k  and P i t o t  h o le  su b se q u e n tly  

d eterm in ed  by a t r a v e l l i n g  m ic ro s c o p e .



V = 4.000 cns/5U = 54.260.
• v *

Longitudinal Velocity D istribution Fig, 4 ' 3 A .
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4 .3  The o b serv ed  lo n g i tu d in a l  v a r i a t i o n  o f  v e l o c i t y .

T h is  P i t o t  tube when t r a v e r s e d  lo n g i t u d i n a l l y  betw een  

th e  b ottom  and n e x t t o  bottom  l a y e r s  o f  tu b e s  y ie ld e d  th e  

cu rv e s  shown in  F i g .  4 .2  from  w hich th e  n o n -d im en sio n al  

cu rv e s  in  F i g .  4 .3  A have been c o n s tr u c te d  to  show th e  

p re s s u re  and v e l o c i t y  v a r i a t i o n s  in  th e  a x i a l  d i r e c t i o n .

U n fo r tu n a te ly  a t  th e  tim e o f c a r r y i n g  o u t th e s e  e x p e r i ­

m ents th e  a u th o r had n o t  re a d  Ower and Jo h a n s e rfs ^   ̂ work on 

P i t o t  tu b e s  in  w hich i s  d is c u s s e d  th e  e f f e c t  o f  c u r v a tu re  

o f th e  boundary l a y e r  a t  th e  nose o f  th e  in stru m e n t in  

re d u c in g  th e  in d ic a te d  s t a t i c  p r e s s u re  and a ls o  th e  e f f e c t  

o f th e  stem  o f  th e  in s tru m e n t in  in c r e a s i n g  th e  in d ic a te d  

s t a t i c  p r e s s u r e .

Ower and Jo h an sen  su g g e s t t h a t  f o r  a  rou n d -n osed  tube  

w ith  se v e n  h o le s  e q u a lly  sp aced  around th e  c ir c u m f e re n c e ,  

th e s e  h o le s  should be p la c e d  6 d ia m e te rs  from th e  b ase  o f  

th e  h e m is p h e ric a l  end and 15  d ia m e te rs  from  th e  s te m .

From F i g .  4 .2  i t  w i l l  be see n  t h a t  th e  d i s t a n c e  (1 4  

d ia m e t e r s ) o f  th e  s t a t i c  h o le  from  th e  nose o f  th e  in stru m e n t  

i s  s u f f i c i e n t  and th e  c u rv a tu re  o f  th e  l i n e s  o f  flo w  in  

th e  boundary l a y e r  sh o u ld  n o t cau se  any a p p re c ia b le  d e p re s s io n  

o f  th e  r e a d in g .

Ower & Jo h an sen . H. & M. Ho. 9 8 1  -  1 9 2 5 . p .9 8 5 .
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4.3

On th e  o th e r  hand, in  th e  l i g h t  o f  Ower and Jo h a n se n 1s 

work i t  i s  seen  t h a t  th e  d i s t a n c e  o f  10  d ia m e te rs  betw een  

th e  s t a t i c  h o le  and th e  stem  i s  somewhat to o  sm a ll*

S in ce  in  th e  s le d g e  P i t o t - s t a t i c  tube th e r e  was o n ly  one 

s t a t i c  h o le  and t h a t  was d r i l l e d  on th e  s id e  rem ote from  th e  

ste m , i t  i s  p ro b ab le  t h a t  th e  in f lu e n c e  o f  th e p ro x im ity  o f  

th e  stem  would n o t be so  g r e a t  as  in  Ower and Jo h an sen *s tu b e .  

To t e s t  w hether th e  stem  d id  in f lu e n c e  th e  re a d in g s  a  second  

stem  o r  l e g  2 * 7  Cms* lo n g  was s o ld e re d  on th e  o p p o site  s id e  

o f  the s t a t i c  tube as  shown d o tte d  in  P i g .  4 . 2 .

P i g .  4 .3  B shows th e  r e s u l t s .  The lo n g i tu d in a l  t r a v e r s e  

was f i r s t  made w ith  th e  o r i g i n a l  d e s ig n  o f  s le d g e  P i t o t - s t a t i c  

tube and th e  r e s u l t s  a re  p l o t t e d ,  0 on th e  f i g u r e .  The 

second l e g  was th e n  s o ld e re d  to  th e  tube and th e  r e s u l t s  

a r e  p l o t t e d  X  .

I t  w i l l  be seen  t h a t  when th e  s t a t i c  p re s s u re  i s  

f a l l i n g  th e  second l e g  ap p ears  t o  make th e  p re s s u re  lo w er by 

about 0*5  Cm. and when th e  s t a t i c  p re s s u re  i s  r i s i n g  i t  

ap p ears  to  make th e  p re s s u re  from 0 .2  to  0 .5  Cm. h i g h e r .

The second l e g  was th e n  removed and th e  r e s u l t s  a r e  

p l o t t e d  These a re  found t o  be w ith in  a few m ill im e tr e s

o f th e  p re v io u s  r e a d in g s .
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From the recorded pressures of the total resistance of 
the nest* it will be seen that the above results are within 
the accuracy with which it was possible to keep the air speed 
constant. The maximum variation of the total resistance 
was 0.5 Cm,
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5 .  INVESTIGATION OF THE FORM DRAG OF THE VARIOUS TUBES.

5 .1  Aim o f th e  i n v e s t i g a t i o n .

I t  i s  w e ll known(^) t h a t  th e  r e s i s t a n c e  o f  any o b s t a c l e  

in  a f l u i d  s tre a m  can  be d iv id e d  i n t o  two p a r t s : f i r s t l y ,

th e  t a n g e n t i a l  d ra g  o f  th e  boundary l a y e r  betw een th e  s u r f a c e  

o f th e  o b s t a c l e  and th e  m ain s tre a m , an d , s e c o n d ly , th e  

form  o r  p re s s u re  d ra g  o f  th e  o b s t a c l e .

On th e  a n a lo g y  f i r s t  propounded by Osborne R e y n o ld s1 

th e re  i s  a  d e f i n i t e  r e l a t i o n s h i p  betw een th e  change o f  

momentum in  th e  boundary l a y e r  and th e  h e a t  t r a n s f e r r e d  from  

th e  o b s t a c l e  to  th e  s tre a m , i f  th e  o b s ta c le  i s  a t  a h ig h e r  

te m p e ra tu re . I t  was th ou g h t t h a t  i f  th e  form  d ra g  o f  each  

o f th e tu b es  co u ld  be d e te rm in e d , i t  would be p o s s ib le  to  

s e p a r a te  th e  t o t a l  h y d r a u lic  r e s i s t a n c e  in  th e  n e s t  in to  i t s  

c o n s t i tu e n t  p a r ts  and to  s t a t e  what p ro p o rtio n  o f  t h i s  

r e s i s t a n c e  was due to  ta n g e n t i a l  d ra g  and what p ro p o r tio n  

was due t o  form d r a g .

I f  t h i s  co u ld  be done i t  was a n t i c i p a t e d  t h a t  a s c i e n t i f i c  

b a s is  would be o b ta in e d  f o r  the s tu d y  o f  h e a t t r a n s f e r  in  

n e s ts  o f  tu b e s .

W h ite , C.M. I n s t .  Chem. E n g . V o l . 1 0 -  1 9 3 2 . p.  6 6 .

( 2 )' ' Osborne R ey n o ld s. S c i e n t i f i c  P a p e rs . V o l. I .
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5 . 2  E x p e rim e n ta l a rran g em en ts and t y p i c a l  r e s u l t s  o f  form  

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

The method o f  c a r r y in g  o u t form  d ra g  exp e rim e n ts  has  

been b r i e f l y  r e f e r r e d  to  in  S e c t i o n  2 . 2 .  The e x p l o r a t io n  

tu b e co u ld  be a rra n g e d  t o  r e p la c e  any o f  th e  tu b e s  o f  th e  

n e s t .

The S tu r te v a n t  f a n , w hich was u sed  f o r  d raw in g  th e  a i r  

th ro u g h  th e  n e s t ,  was d r iv e n  from  th e  co u p lin g  o f  a  h y d r a u lic  

pump and , a s s i s t e d  by th e i n e r t i a  o f  th e  pump, i t  was p o s s ib le  

t o  keep th e  sp eed  re a s o n a b ly  c o n s t a n t .  The speed o f th e  

fa n  co u ld  be v a r i e d  by v a ry in g  th e  p o s i t io n  o f  th e  r h e o s t a t  

in  c i r c u i t  w ith  th e  pump m o to r , and a ls o  by v a ry in g  th e  

opening o f  th e  d is c h a r g e  v a lv e  on th e  pump o u t l e t  and by 

opening o r  c l o s i n g  an im p ro v ised  s l i d e  v a lv e  on th e  fa n  

d i s c h a r g e . The pump was f i t t e d  w ith  a ta ch o m e te r  w hich  

proved a u s e f u l  gu id e to  th e  c o r r e c t  speed when s t a r t i n g  th e  

a p p a ra tu s . T h is  u s u a l ly  in d ic a te d  2 1 0 0  r .p .m .  The a i r  

speed was m easured  by th e  d i f f e r e n c e  in  p r e s s u re  of th e  

atm osphere and t h a t  a t  th e  f i r s t  p re s s u re  h o le  in  th e  back  

w a ll o f th e  a p p a ra tu s  ahead o f  th e  f i r s t  row o f  tu b e s . The 

d i f f e r e n c e  o f th e  h e ig h t  o f  th e  w a te r  in  th e  m anom eter tube  

was m easured by the a id  of a c a th e to m e te r  b e fo re  and a f t e r  

e v e ry  form d ra g  cu rv e  was o b ta in e d . T his d i f f e r e n c e  o f

p re s s u re  was k ep t as  c o n s ta n t  as  p o s s ib le  a t  1 .1 7  Cms. o f  

w a te r .



Fo r m  D r a g  D ia g r a m  F ig . 5 *2  A .

P ressure In CM5.Of Water.
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5.2

In  o rd e r  t o  g iv e  th e  o b s e rv e r  an  o p p o rtu n ity  o f  n o tin g  

any v a r i a t i o n  in  speed w hich did  ta k e  p la ce  d u rin g  a  r u n ,  

an anemometer c a l i b r a t e d  in  m ile s  p e r  hour was a t ta c h e d  to  

th e  dow n-stream  end o f  th e  a p p a ra tu s  and n o rm a lly  re a d  about 

1 0 7  m ile s  p e r  h o u r . T h is  in stru m e n t was c o n v e n ie n tly  

p la c e d  and co u ld  be see n  w h ile  the o th e r  d a ta  w ere b e in g  

o b ta in e d . I t  was n o t used  as  an a b s o lu te  m easurem ent, b u t ,  

s in c e  i t s  r e a d in g  was a  m easure o f  th e  t o t a l  h y d r a u lic  

r e s i s t a n c e  o f  th e  n e s t ,  i t  proved a co n v e n ie n t i n d i c a t o r  o f  

any change o f  a i r  sp eed .

In  th e  d e te rm in a tio n  o f th e  form  d r a g , th e  q u a n ti ty  t h a t  

i s  re q u ire d  i s  th e  i n t e g r a l  o f  th e  components o f  th e  norm al 

p re s s u re  a t  th e  s u r f a c e ,  in  th e  d i r e c t i o n  o f th e  s tre a m .

T h is was o b ta in e d  by p l o t t i n g  th e  v a r io u s  p re s s u re  re a d in g s  

n o t on an e q u a lly  sp aced  s c a l e  o f  a n g le s  o f r o t a t i o n  b u t on 

a s c a l e  g ra d u a te d  t o  th e  s in e  o f  th e  an g le  o f  r o t a t i o n ,  as  

i l l u s t r a t e d  in  P i g .  5 . 2  A. T h is shows th e  form  d ra g  

d iagram  f o r  th e  c e n tr e  tube o f  th e  f i r s t  row .

On co m p le tio n  o f th e  e x p e rim e n ta l cu rv e  th e d iagram  

was d iv id e d  i n t o  two by a l i n e  jo in in g  th e  p o in ts  0 °  and 1 8 0 ° ,  

and th e  a r e a  o f  each  s id e  d eterm in ed  s e p a r a t e l y  w ith  a 

p la n im e te r . From t h i s  a r e a  th e  mean o r d in a te  was d e te rm in e d .

P i g s .  5 . 2  B , C, D and E a re  t y p i c a l  c h a r t s  e x a c t l y  a s
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th e y  w ere o b ta in e d  from  th e  e x p e rim e n ta l a p p a ra tu s . They 

a re  th e  form  d ra g  cu rv e s  f o r  th e  c e n tr e  tu b e s  o f th e  1 s t ,

2nd, 3 rd  and 4 th  rows a t  a d is ta n c e  o f  3 . 8  Cms. from  th e  

b ack  w a l l .

The p re s s u re  a t  th e  f r o n t  of th e  tu b e s  o f  th e  2nd row  

showed c o n s id e ra b le  i n s t a b i l i t y  and th e r e f o r e  th e maximum 

and minimum re a d in g s  a re  shown on th e  d ia g ra m . T h is  i n s t a b ­

i l i t y  was a l s o  p re s e n t on t h e  f r o n t  o f tu b e s  o f  th e  3 rd  row , 

b u t n o t t o  su ch  a  marked d e g re e . F ig u re s  5 .2 F  and G show a 

s e r i e s  o f  form  d ra g  d iagram s in  t h e i r  c o r r e c t  r e l a t i o n  to  th e  

a tm o sp h e ric  p r e s s u r e . The in n e r  d o tte d  l i n e s  show th e  

d iagram s c o r r e c t e d  f o r  th e  s i z e  o f  th e  p re s s u re  h o le  as  

su g g e ste d  by Thom and r e f e r r e d  t o  in  S e c t io n  2 . 1 .  The 

n u m e rica l v a lu e s  o f  th e  form  d rag  mean o r d in a te s  a re  f o r  th e  

u n c o r r e c te d  d ia g ra m s . The a p p ro p r ia te  c o r r e c t i o n s  a re  

g iv en  in  th e  t a b l e s  b elow .

P a r a l l e l  A rran gem ent. F ig u re  5 .2 F ,

A rea o f  o r i g i n a l  
diagram

A rea o f  
C o r r e c t io n

%
C o r r e c t io n

1 s t Row 1 7 0 .4 4 . 9 2 .8 8

2nd Row 9 9 .2 5 .3 5 5 .3 9

3rd Row 1 0 1 .8 3 .9 3 .8 3

4 th Row 1 0 9 .0 4 .1 3 .7 6

4 8 0 .4 1 8 .2 5
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P e rc e n ta g e  c o r r e c t i o n  on t o t a l  n e s t  ^
t OU• 4fc

S ta g g e re d  A rran gem en t, F ig u re  5 . 2  G

5 .8 0

A rea o f  o r i g i n a l  
diagram

1 s t  Row 1 6 9 .5

2nd Row 5 3 .0

3 rd  Row 6 6 .9

E s tim a tio n  f o r  
Rows 4 t o  7  
b ased  on
6 th  Row 3 2 2 .5

A rea o f  
C o r r e c t io n

4 .8 5

1 0 .5 0

8 .9 0

3 0 .4 0

%
C o r r e c t i o n .

2.86

1 9 .8 1

1 3 .3 1

9 .4 3

6 1 1 .9 5 4 .6 5

P e rc e n ta g e  c o r r e c t i o n  on t o t a l  n e s t  — ' K 8 * 9 3o j. j. • y

5 , 3  Anomalous b e h a v io u r o f  f r o n t  o f  seco n d  row o f tu b es

I t  was th o u g h t t h a t  th e  cau se  o f  t h i s  i n s t a b i l i t y  m ight be 

t h a t  th e  a i r ,  a s  i t  l e f t  th e  b ack  of a  tu be in  the f r o n t  row , 

was d e f l e c t e d  f i r s t  o v er th e  to p  and a moment l a t e r  under th e  

bottom  o f  th e  co rre sp o n d in g  tu b e  in  th e  seco n d  row . I f  t h i s  

w ere s o ,  e q u id is ta n t  p o in ts  on e i t h e r  s id e  o f  the d i r e c t i o n  

o f  th e  s tre a m  would have maximum and minimum v a lu e s  

s im u lta n e o u s ly  i . e .  i f  th e  p re s s u re  a t  3 0 °  w ere a t  i t s  

maximum v a l u e , th e  p r e s s u re  a t  3 3 0 °  w ould, a t  th e same i n s t a n t ,  

be a t  i t s  minimum.
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In  o rd e r  to  t e s t  i f  t h i s  were t r u e ,  a t e s t  was made w ith  

a p re s s u re  tube in  w hich had been d r i l l e d  two h o le s  in  th e  

same p lan e  and a t  an an g le  o f  6 0 ° .

W ith t h i s  tu b e , th e  p re s s u re  i n d ic a te d  by th e  manometer 

would be th e  a v e ra g e  o f  th e  p re ssu re s  a t  two p o in ts  on th e  

s u r f a c e  o f  th e  tu be 6 0 °  a p a r t ,  and i f  th e  above assu m p tions  

were c o r r e c t ,  th e  re a d in g  should  be v e ry  much more s te a d y  

and th e  v a r i a t i o n s  in  p re s s u re  c o n s id e ra b ly  l e s s .  When 

t h i s  exp erim en t was t r i e d  i t  was found th a t  th e  f l u c t u a t i o n s  

in  p r e s s u re  w ere o f  th e  same m agnitude as  b e f o r e , thus  

i n d i c a t i n g  t h a t  i t  was p o s s ib le  to  have maximum p r e s s u re s  

a t  3 0 °  and 3 3 0 °  a t  th e  same i n s t a n t .  The p re s s u re  tu b e

was th e n  tu rn e d  th ro u g h  1 8 0 °  so t h a t  th e  h o le s  co rresp o n d ed  

t o  a n g le s  o f  1 5 0 °  and 21CP. H ere th e  f l u c t u a t i o n s  o f  p re s s u re  

were s m a ll ,  b u t th e y  were o f  th e  same m agnitude as th o s e  

o b serv ed  when u s in g  th e  p re s s u re  tube w ith  th e  s in g le  h o l e .  

O b se rv a tio n s  were made to  see  i f  i t  w ere p o s s ib le  to  d e t e c t  

any r e g u l a r  p e r i o d i c i t y  in  th e  v a r i a t i o n s  o f  p r e s s u r e . The 

g l a s s  s c r e e n  was moved sidew ays 0 .3 2  Cm. each  i n t e r v a l  o f  

2 s e c o n d s , and th e  h e ig h t  o f th e  w a te r  in  th e  manometer tube  

re c o rd e d  on th e  p ap er on th e  f r o n t  o f  th e  g l a s s  s c r e e n .

From  F i g .  5 . 3  i t  was im p o ssib le  to  d e t e c t  any r e g u l a r  

c y c le  o f  v a r i a t i o n  o f  p re s s u re  and th e  o p in io n  was form ed t h a t  

th e  v a r i a t i o n s  w ere due t o  innum erable chance c ir c u m s ta n c e s ,
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n o t th e l e a s t  im p o rta n t o f  w hich would he s l i g h t  i n i t i a l  

movements in  th e  a i r  as  i t  e n te re d  th e  m outhpiece o f  th e  

a p p a ra tu s •

The p ro b a b le  ca u se  o f  th e  i n s t a b i l i t y  and th e  g e n e r a l  

shape o f  th e  form  d ra g  c u rv e s  a re  d is c u s s e d  in  S e c tio n  9 ,  

a f t e r  th e  e x p e rim e n ta l work on th e  A hlborn ta n k  and e l e c t r i c  

t r a y  has been  d e s c r i b e d : th e  r e s u l t s  o f  th e s e  r e s e a r c h e s

b e in g  u t i l i s e d  in  th e  i n t e r p r e t a t i o n  o f  th e  form  d ra g  c u r v e s .

5 . 4  The e f f e c t  o f  v a r i a t i o n  o f  a i r  speed  on the mean 
o r d in a te  o f  th e  form  d ra g  c u r v e s .

I t  was found im p o ssib le  alw ays t o  c a r r y  ou t th e  form  

d ra g  e x p e rim e n ts  a t  an a i r  speed co rre sp o n d in g  e x a c t l y  to  

1 .1 7  Cms. o f  w a te r . A s e r i e s  o f  t e s t s  was t h e r e f o r e  c a r r i e d  

ou t t o  a s c e r t a i n  how th e  mean o rd in a te  v a r ie d  w ith  v a ry in g  

a i r  sp e e d .

These t e s t s  were made on th e  c e n tr e  tube o f  th e  1 s t  row 

a t  a d i s t a n c e  o f  3 . 8  Cm s.from  th e  b ack  w a l l .

The l a r g e s t  and s m a l le s t  form  d ra g  d iagram s a re  

rep ro d u ced  in  F i g s .  5 . 4  A and B , and th e  r e s u l t s  o f  th e  

seven  e x p e rim e n ts  a re  g iv e n  in  T ab le  5 . 4  C and p lo t te d  in  

F i g .  5 . 4  C. From t h i s  f ig u r e  i t  i s  seen  t h a t  f o r  th e  m inor  

c o r r e c t i o n s  t h a t  w ere n e c e s s a r y , due t o  th e  s l i g h t  d e v ia t io n s  

o f  a i r  speed  from  t h a t  co rre sp o n d in g  to  1 .1 7  Cms. W .G ., i t
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can  be ta k e n  t h a t  th e  h e ig h t  o f  th e  mean o r d in a te  o f  th e  

form  d ra g  cu rv e  i s  p r o p o r t io n a l  to  th e  c a th e to m e te r  r e a d in g .

T his n e c e s s a r y  m inor c o r r e c t i o n  was th e r e f o r e  made on th e  

mean o r d in a te  o f  e a ch  in d iv id u a l  form  d r a g  cu rv e  i f  th e  

c a th e to m e te r  re a d in g  was n o t e x a c t l y  1 .1 7  Cms.

5 * 5  R e la t io n  betw een ”c e n t r a l  o r d in a te ” and ”mean o r d i n a te ” 
o f  form  d ra g  d ia g ra m s .

The r e s u l t s  o b ta in e d  in  th e  p re v io u s  s e c t i o n  p re s e n te d  

th e  p o s s i b i l i t y  o f  com paring th e  h e ig h t o f  th e  ”mean o r d i n a t e ” 

w ith  t h a t  o f  th e  ” c e n t r a l  o r d i n a te ” ,  i . e .  th e  o r d in a te  0 °  -  1 8 0 ° .

A com p ariso n  o f  th e  sev en  form  d ra g  d ia g ra m s, from  w hich  

cu rv e  5 . 4  C was o b ta in e d , showed th a t  th e y  a l l  p o sse sse d  th e  

same c h a r a c t e r i s t i c  f e a t u r e s  and ap p eared  to  d i f f e r  o n ly  in  

th e  h e ig h ts  o f  th e  v a r io u s  o rd in a te s #

I f  a  r e l a t i o n  betw een th e  h e ig h t o f  th e  "mean" and th e  

” c e n t r a l ” o r d in a te  co u ld  be e s t a b l i s h e d , i t  would re d u ce  

g r e a t l y  th e  amount o f  work in v o lv e d , a t  any r a t e  in  p r e lim in a ry  

i n v e s t i g a t i o n s #  The r e l a t i o n  betw een th e s e  two o r d in a te s  

i s  p l o t t e d  in  F i g .  5 # 5 ,  and I t  i s  seen  t h a t  a s  f a r  as th e  

v a r i a b l e  speed  t e s t  on th e  c e n tr e  tube o f th e  1 s t  row i s  

co n c e rn e d , th e r e  i s  a  w e l l -d e f in e d  r e l a t i o n s h i p .  The mean 

o rd in a te  i s  0 .7 2  o f  th e  c e n t r a l  o r d i n a t e .  T h is  was a 

u s e f u l  a p p ro x im a tio n  and was u sed  in  th e  i n v e s t i g a t i o n  o f  

th e  e f f e c t  o f  i n i t i a l  tu rb u le n c e  in  th e  a i r  s tre a m  (S e c t io n  5 . 8 ) .
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5.5

It was “borne in mind, however, that all the above data 
were obtained on the centre tube of the 1st row at a plane
3.8 Cms. from the back wall. The relationship for other 
lateral positions of the same tube and for various positions 
of the top tube of the 1st row were added to Fig. 5.5.
Within the range of experimental error the same relationship 
holds true. It was decided to see whether the relationship 
could be extended to the tubes of other rows, and the 
necessary data have been given in Table 5.5 and added to 
the figure.

While for the tubes of the other rows the points are 
more scattered, there still appears to be an approximate 
relationship.

5.6 Mean ordinate of form drag curves.
Fig. 5.6 A shows the distribution of form drag across 

the centre tubes of the 1st, 2nd, 3rd and 4th rows. In the 
case of the 2nd and 3rd rows, the pressure was variable and 
the maximum and minimum values of the ordinate are indicated. 
In the 3rd row the band is of uniform width, indicating a 
constant degree of instability across the length, whereas 
in the second row the instability appears to be greater at 
the mid-length.

Fig. 5,6 B shows the value of the form drag ordinate
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across four of the tubes in the 1st row and all the tubes 
in the 4th row. From these it is seen that, with the 
exception of about of the length at each end, the ordinate 
of the form drag is practically constant throughout the 
length of each tube. The mean value of the ordinate is 
marked on each curve in Fig. 5.6 A and plotted as a separate 
curve on the right-hand side of Fig. 5.6 B,

5.7 Estimation of the relation between form drag and total drag.
At this stage it was decided to make a preliminary 

estimate of the relation between the form drag and the total 
drag in the nest.

In carrying out the experiments on the form drags of the 
various tubes and the total resistance of the nest, the 
varying atmospheric temperatures and pressures were recorded 
as well as the cathetometer readings. If ,rp" is the intensity
of drag in dynes per sq. Cm., either on an individual tube 
or the whole nest;

P m 8 pair ^air " ^Pa.lv (o alv * water
where hT is the mean ordinate of the form drag diagram or 
the total resistance of the nest in Cms. of water gauge.
Therefore is independent of P and sincep  water 
varies only slightly with temperature, it is seen that ffp,r 
is not affected by changes of atmospheric temperature and
pressure
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The drag mean ordinates were obtained from the areas 
of the form drag diagrams and these were corrected to a 
standard cathetometer reading of 1*17 Cms. of water.

As explained in Sections 2.1 and 5.2 a correction was 
also applied to compensate for the size of the pressure hole 
and the results obtained were as follows

Value of Drag Mean Ordinates in Cms. of Water (Parallel Arrangement).
AverageUncor- corrected rected for holeTop Centre Bottom Average. size.No.ofTube 1 2 3 4 5

1strow. 7.97 8.80 8.45 8.70 8.48 8.24
2ndrow 5.10 5.10 4.83
3rd
row 5.20 5.20 5.00
4throw 6.04 5.70 5.45 6 .1 0 6 .2 2 5.90 5.68

23.75
Average mean ordinate per tube = 5.94 Cms. r hf ,

Average pressure in dynes per square Cm. z g /^ater 11 f =
981 x 1 x 5,94 = 5825. Length of each tube = 15.24 Cms. 
Diameter of tube = 1.27 Cms. Therefore average force on each 
tube =* 5825 x 15.24 x 1.27 ■ 112,700 dynes. Assuming that 
the drag on the half-tubes at the ends of the rows is of the
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same I n t e n s i t y  as  t h a t  on th e  whole tu b es  in  th e  m id st o f  th e  

n e s t ,  th en  t h e r e  i s  th e  e q u iv a le n t  o f  2 4  tu b e s .

The sum o f  th e  form  d ra g s  on a l l  th e  tu b e s  w i l l  be 

2 4  x  1 1 2 ,7 0 0  = 2 ,7 0 5 ,0 0 0  d y n e s .

W ith a  c a th e to m e te r  re a d in g  o f  1 .1 7  Cms. th e  t o t a l  r e s i s t a n c e  

o f th e  n e s t  was 1 6 .0 2  Cms. o f  w a te r  = h * \

The maximum flo w  a r e a  was 1 7 5 .4  sq u are  Cms. ■  A.

T h e re fo re  t o t a l  f o r c e  on th e  n e s t  * S/Owat e r  h ,f A.

S  981  x 1  x 1 6 .0 2  X 1 7 5 .4  

= 2 ,7 5 5 ,0 0 0  d y n es .

T h . r « „ .  r a t i o  ^ ^ 5 . . ' *  '  ° ‘ 982

T hat i s ,  th e  form  d ra g  i s  9 8 .2 ^  o f  th e  t o t a l  r e s i s t a n c e  and 

th e  t a n g e n t i a l  d ra g  1 . 8 $ .

I t  I s  shown In  S e c t io n  1 0 .3  t h a t  w ith  th e  s ta g g e re d  

arran gem en t th e  sum o f th e  form  d rag s  i s  o n ly  9 3 ^  o f  th e  

t o t a l  r e s i s t a n c e  o f th e  n e s t ,  th us I n d i c a t in g  t h a t  th e  

t a n g e n t i a l  d ra g  i s  7%.

W hile I t  i s  p ro b ab le  t h a t  th e s e  e s t im a te s  g iv e  a  

re a s o n a b le  c o n c e p tio n  o f th e  t a n g e n t i a l  d ra g , i t  must be 

borne in  mind t h a t  th e  d i f f e r e n c e s  in v o lv e d  a re  o f th e  same 

o rd e r  as  th e  e x p e rim e n ta l e r r o r .  Due to  th e  f l u c t u a t i o n s
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o f  p re s s u re  on th e  seco n d  and t h i r d  rows o f  th e  p a r a l l e l  

arran gem en t and of th e  seco n d  and a l l  subsequ ent rows o f  th e  

s ta g g e r e d  arran gem en t i t  i s  im p o ssib le  to  g iv e  a b s o lu te ly  

d e f i n i t e  v a lu e s  to  th e  form  d r a g s .

I t  was o r i g i n a l l y  in te n d e d  t o  c a r r y  ou t form  d ra g  

e x p e rim e n ts  a t  f i v e  o r  s i x  s e c t i o n s  a lo n g  th e  le n g th  o f  

e v e ry  tu b e in  b o th  th e  p a r a l l e l  and s ta g g e r e d  n e s t s .  A f te r  

th e  f i r s t  e s t im a tio n  was com p leted  th e  s u b j e c t  was c r i t i c a l l y  

su rv ey ed  t o  see  w h eth er th e  p ro b a b le  r e s u l t  would be s u f f i c ­

i e n t l y  c l o s e  to  w a rra n t th e  tim e sp e n t on th e  I n v e s t i g a t i o n .  

When i t  i s  r e a l i s e d  t h a t  e v e ry  s in g le  p o in t on th e  mean v alu e  

cu rv e s  on th e  r i g h t  hand s id e  o f  F ig u re  5 . 6  B e n t a i l e d  440  

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

a p p r e c ia te d  t h a t  th e  tim e  in v o lv e d  was c o n s id e r a b le . I t  

was th o u g h t t h a t  d o u b lin g  o r  even t r e b l i n g  th e  tim e a lr e a d y  

sp e n t was n o t l i k e l y  t o  y i e ld  a more a c c u r a t e  e s t im a te  o f  

th e  t a n g e t i a l  d r a g . The r e s u l t s  a lr e a d y  o b ta in e d  app eared  

to  be c o n s i s t e n t  w ith  o th e r  i n v e s t i g a t o r s *  e x p e rim e n ta l  

work on s in g le  c y l i n d e r s .

From th e  d iagram  g iv e n  by T h o m ^ ) f o r  th e  t a n g e n t i a l  

and form  d ra g  f o r  a s in g le  c y l in d e r  in  a wind s tre a m , i t  

was se e n  t h a t  a t  a R eynolds* number o f  3 5 ,0 0 0  th e  ta n g e n t i a l

T T 7 Thom. R. & M. No, 1 1 9 4 .  1 9 2 8 . p ,1 8 3
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d ra g  was an i n s i g n i f i c a n t  amount com pared w ith  th e  form  d ra g ,  

c e r t a i n l y  l e s s  th a n  1%

F o r  th e  form  d ra g  e x p e rim e n ts  on a i r  th e  v a lu e  o f  R e y n o ld s? 

number based  on V ^ max , th e  e s tim a te d  speed in  th e  g ap , i s  

a p p ro x im a te ly  3 5 ,0 0 0 .  T h is w i l l  be th e  same f o r  th e  tu b e s  

o f  e a c h  o f  th e  fo u r  ro w s, b u t th e  in c r e a s e  o f  tu rb u le n ce  

<f>f th e  a i r  as i t  p a s s e s  th e  second and su b seq u en t rows h as th e  

e f f e c t  o f  lo w e rin g  th e  v a lu e  o f  th e  foim  d ra g  c o e f f i c i e n t •( D  

I t  i s  p ro b ab le  t h a t  th e  in c r e a s e d  tu rb u le n c e  h as n o t a  

s i m i l a r  e f f e c t  on th e  t a n g e n t i a l  d ra g  and th u s th e  r a t i o  o f  

t a n g e n t i a l  t o  form  d r a g , a lth o u g h  v e ry  sm a ll on th e  f i r s t  

row o f  tu b e s , may in c r e a s e  somewhat on subsequ ent row s.

Two o th e r  f a c t o r s  co n firm ed  th e  d e c is io n  n o t t o  spend  

f u r t h e r  tim e on th e  endeavour to  d eterm in e  more a c c u r a t e l y  

th e  t a n g e n t i a l  d r a g . F i r s t l y ,  i t  was a p p re c ia te d  t h a t  th e  

d e g re e  o f  i n i t i a l  tu rb u le n c e  o f th e  a i r  as i t  e n te re d  th e  

a p p a ra tu s  was n o t c o n s ta n t  and t h a t  i t  a p p re c ia b ly  a f f e c t e d  

th e  form d ra g  o f  th e  tu b e s  and th e  t o t a l  r e s i s t a n c e  o f  th e  

n e s t .  T his i s  d is c u s s e d  in  s u b -s e c t io n  5 . 8 .  S e co n d ly , th e  

stu d y  o f th e  form  d ra g  diagram s and th e  i n s i g h t  w hich had been  

o b ta in e d  o f  th e  e d d ie s  a t  th e  b ack  o f th e  tu b e s  made i t  

q u ite  c l e a r  t h a t ,  even i f  th e t a n g e n t i a l  d ra g  co u ld  be 

a c c u r a t e l y  d e te rm in e d , i t  co u ld  n o t be used in  th e  manner

v l )  pa ge and W arsap . R . & M . N o . 1 2 8 3 . 1 9 2 9 .
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t h a t  was a n t i c i p a t e d  f o r  th e  e l u c i d a t i o n  o f  th e  h e a t  t r a n s f e r .  

T h is i s  f u r th e r  d is c u s s e d  in  s u b - s e c t io n  5 . 9 .

5 . 8  The e f f e c t  o f i n i t i a l  tu rb u le n c e  in  th e  a i r  s tre a m .

When t e s t i n g  th e  to p  tu b e o f  th e  f i r s t  row i t  was 

d is c o v e re d  t h a t  th e  h a l f - tu b e  d i r e c t l y  above i t  was v i b r a t i n g .

The h a l f - t u b e  d id  n o t f i t  c l o s e l y  a g a i n s t  th e  to p  o f  th e  box  

f o r  th e  whole l e n g th . At one end th e  a i r  was a b le  to  e n t e r  

th e  h a l f - t u b e  th ro u g h  a narrow  o p en in g , th u s c a u s in g  i t  to  

v i b r a t e  l i k e  a  r e e d . The a p p a ra tu s  was d ism a n tle d  and a l l  

th e  h a l f - t u b e s  s e c u r e l y  f ix e d  to  th e  w a l l s .

On r e - t e s t i n g  th e  p a r t i c u l a r  tu be i t  was found t h a t  th e  

r e s u l t  o f  th e  v i b r a t i o n  had been  to  lo w er th e  form d ra g  on 

th e  to p  tube by 3 .3 ^  and th e  t o t a l  f r i c t i o n a l  r e s i s t a n c e  o f  

th e  n e s t  by 0 . 7 5 $ .  When th e  a p p a ra tu s  was o r i g i n a l l y  con ­

s t r u c t e d  and t e s t e d  on w a te r  i t  was th ou g h t t h a t  s l i g h t  

t r a c e s  o f  im p u r i t ie s  o r  d i r t  in  th e  w a te r  m ight ad h ere  to  

th e  s u r f a c e  o f  th e  tu b e s . T h is would tend to  change th e  

flo w  p a t t e r n  and i n c r e a s e  th e  r e s i s t a n c e  o f th e  n e s t .  T h is  

d i f f i c u l t y  had b een  e x p e rie n ce d  by E a g le  and F e r g u s o n ^ )  in  

t h e i r  work on th e  h e a t  t r a n s f e r  w ith  w a te r  p a s s in g  through  

b r a s s  tu b e s . The p re s e n t  a p p a ra tu s  was th e r e f o r e  d esig n e d  

so  t h a t  th e  tu b e s  co u ld  be w ithdraw n f o r  c le a n in g .

E a g le  and F e rg u s o n . P r o c . Roy, S o c . A. V o l .1 2 7 .  1 9 3 0 . p .5 4 0 .
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In  t h i s  c o n n e c tio n  i t  i s  i n t e r e s t i n g  to  n o te  t h a t  w ith  

th e  exp erim e n ts  on w a te r  no d e p o s it  was found to  ad h ere  to  

th e  e x t e r n a l  s u r f a c e  o f th e  tu b e s , but w ith  th e  exp erim en ts  

on a i r  a l a y e r  o f  f in e  d u st c o l l e c t e d  on th e  tu b e s . T his  

d e p o s i t  ad h ered  te n a c i o u s ly  t o  th e  s u r f a c e  and th e  tu b e s  

were removed and c le a n e d  by ru b b in g  w ith  a r a g  m o isten ed  

w ith  p a r a f f i n .  C lean in g  was n e c e s s a r y  a f t e r  ru n n in g  f o r  

60  h o u r s .

A f te r  one o f  th e s e  p e r io d ic  c le a n in g s  and th e  s e c u r in g  

o f  th e  h a l f - t u b e s  t o  th e  to p  and bottom  w a lls  o f  th e  b o x , 

a co m p lete  s e t  o f form  d ra g  exp e rim e n ts  on th e  c e n tr e  tube  

of th e  1 s t  row was r e p e a te d . The r e s u l t s  o f  th e s e  e x p erim en ts  

a r e  p l o t t e d  in  F i g .  5 . 6  A, and th e  mean o r d in a te  i s  3 .1 $  

g r e a t e r  th a n  th e  mean o r d in a te  o b ta in e d  from th e  o r i g i n a l  

exp e rim e n ts  p erform ed f iv e  m onths e a r l i e r .

When i t  was f i r s t  d e cid e d  to  i n v e s t i g a t e  foim  d ra g  

c u r v e s , i t  was found t h a t  th e s e  co u ld  be rep ro d u ced  on 

s u c c e s s iv e  d ay s w ith in  an e x p e rim e n ta l e r r o r  o f  l e s s  th a n  1%»

The v a r io u s  p a r t s  of th e  a p p a ra tu s  w ere c a r e f u l l y  

checked and th e  method o f  m easu rin g  th e  c o n s ta n t  v e l o c i t y  

by means o f  th e  m anom eter tube and c a th e to m e te r  was exam ined  

c r i t i c a l l y .  No f a u l t  in  th e  a p p a ra tu s  co u ld  be d e te c te d  

and no b e t t e r  m ethod o f m easu rin g  th e  a i r  v e l o c i t y  was d e v is e d .



5.8

I t  was th o u g h t t h a t  th e v a r i a t i o n  in  form  d ra g  m igh t 

be due to  changes in  th e  e x te n t  o f  th e  i n i t i a l  tu rb u le n c e  

in  th e  e n te r in g  a i r ,  and i t  was t h e r e f o r e  d e c id e d  to  i n v e s t i ­

g a te  t h i s  s u b j e c t .

I t  was p rop osed  t o  c r e a t e  a r t i f i c a l  tu rb u le n c e  in  th e  

s tre a m  by su sp en d in g  a  netw ork  o f  co rd  o v e r  th e  tru m p et-sh ap ed  

m outhpiece a t  th e  i n l e t  o f th e  n e s t ,  in  a manner s i m i l a r  t o  

t h a t  used  by R e lf  and L a v e n d e r d )  on t h e i r  i n v e s t i g a t i o n  o f  

th e  d ra g  on an a i r s h i p  m odel.

W ith su ch  an arran g em en t th e  p re s s u re  a t  th e  f i r s t  

p re s s u re  h o le  in  th e  s id e  o f th e  a p p a ra tu s  co u ld  no lo n g e r  

be u sed  f o r  d e te rm in in g  th e  v e l o c i t y  o f a i r  f lo w . The 

d i f f e r e n c e  o f  p r e s s u re  a t  t h i s  p o in t  and th a t  o f  th e  atm osphere  

now in clu d e d  th e  r e s i s t a n c e  o f  th e  n e t  a t  th e  I n l e t .  I t  

was d e cid e d  t h e r e f o r e  t o  use th e  t o t a l  n e q ia ta n c e  o f  th e  

n e s t  as  a m easure o f  th e  a i r  f lo w  and to  p l o t  th e  r e l a t i o n ­

sh ip  betw een th e  c e n t r a l  o r d in a te  o f th e  form  d ra g  diagram  

a g a i n s t  th e  t o t a l  r e s i s t a n c e  o f  th e  n e s t .

I t  was a p p r e c ia te d  t h a t  t h i s  was n o t an i d e a l  com parison  

f o r  th e  fo llo w in g  r e a s o n s . I f  some form  o f  a r t i f i c a l  

tu rb u le n c e  ca u sed  th e  form d ra g  o f  th e tu b es  o f  th e  1 s t  row

t o -----------------------------------------------------------------------------------------------------------------------------------
R e lf  and L a v e n d e r . R.& M. 5 9 7 .  1 9 1 8 - 1 9 .  V o l . l .  p ,7 9 .
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t o  d e c r e a s e  by 1 0 $  and i t  a l s o  had a s i m i l a r  e f f e c t  on the  

tu b es o f  a l l  th e  o th e r  row s, th e n  th e  t o t a l  form  d ra g  o f  th e  

n e s t  would be low ered  by 1 0 $ .  I f ,  a s  was in d ic a te d  in  

s e c t i o n  5 . 7 ,  th e  form  d ra g  c o n s t i t u t e s  9 8 $  o f  th e  t o t a l  

r e s i s t a n c e ,  th e  t o t a l  r e s i s t a n c e  w i l l  have been lo w ered  by 

9 , 8 $ .  Thus, f o r  t h i s  p a r t i c u l a r  form  o f  a r t i f i c i a l  tu r b u le n c e ,  

th e  c e n t r a l  o rd in a te  o f  th e  form d ra g  cu rv e  o f  th e  c e n tr e  

tu b e o f  th e  1 s t  row , and a ls o  th e  t o t a l  r e s i s t a n c e  o f  th e  

n e s t ,  would have been low ered  by p r a c t i c a l l y  th e  same p ro ­

p o r t io n  and on p l o t t i n g  th e  r e s u l t s  i t  would ap p ear t h a t  

t h i s  form  o f  tu rb u le n c e  had had no e f f e c t ,  w hereas in  r e a l i t y  

i t  had red u ced  th e  form  d ra g  on a l l  th e  tu b e s  by 1 0 $ .

I t  was co n sid e re d  t h a t  th e  e f f e c t  o f  a r t i f i c i a l  tu rb u le n ce  

was l i k e l y  to  be a p p re c ia b ly  g r e a t e r  on th e  1 s t  ro w , where 

th e  a i r  in  th e  i n i t i a l  s tre a m  was i n  s te a d y  m o tio n , th an  on 

th e  subsequ ent ro w s, a f t e r  i t  had been d is tu rb e d  by i t s  

p a ssa g e  o v er th e  1 s t  row .

When d is c u s s in g  th e  d i s s i p a t i o n  o f  e d d ie s , T a y l o r ^ ^  

p o in te d  ou t t h a t  e d d ie s  su ch  as th o se  c r e a t e d  by a rope  

n e t t i n g  d e ca y  as th e y  p ass  d o w n -stream : A ls o , th a t  s in c e

t h i s  d e ca y  a r i s e s  l a r g e l y  from th e  a c t i o n  o f  v i s c o s i t y ,  th e y  

ta k e  a c o n s ta n t  tim e to  d ie  down t o  a  g iv en  f r a c t i o n  o f  t h e i r

1 ^ G .I .T a y lo r .  R.& M. 5 9 8 .  1 9 1 8 - 1 9 .  V o l. 1 .  p .7 3 .
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initial intensity. From this consideration it might he 
anticipated that the higher the air speed the less will he 
the fraction of their original energy that is dissipated 
before coming in contact with the nest of tubes, and, 
secondly, the effect of the eddies will he less noticeable 
at successive points down-stream.

F o r  t h i s  r e a s o n , and s in c e  th e  i n v e s t i g a t i o n  on th e  

e f f e c t  o f  tu rb u le n c e  was o n ly  in te n d e d  t o  be q u a l i t a t i v e  

and n o t  q u a n t i t a t i v e ,  i t  was th o u g h t t h a t  th e  above m ethod  

o f i n d i c a t i n g  th e  r e s u l t s  would p rove s a t i s f a c t o r y .

The r e l a t i o n s h i p  was f i r s t  p l o t t e d  w ith  f r e e  in g r e s s  

t o  th e  a i r  a t  th e  i n l e t  o f  th e  n e s t .  V a r ia t i o n  o f  th e  

q u a n ti ty  o f  a i r  p a s s in g  th ro u g h  th e  a p p a ra tu s  was o b ta in ed  

by p la c in g  a  f in e  mesh s ie v e  o v e r  th e  o u t l e t  o f  th e  f a n .  

S m a lle r  v a lu e s  o f  th e  c e n t r a l  o r d in a te  and t o t a l  f r i c t i o n  

were o b ta in e d  by p la c in g  a s a c k  on to p  o f  th e  s i e v e .  The 

r e s u l t s  a re  p l o t t e d  on F i g .  5 . 8 .

Cords w ere th e n  p la ce d  o v e r  th e  tru m p et-sh ap ed  mouth­

p ie c e  a t  th e  i n l e t  o f  th e  n e s t .  These v/ere sp aced  1 .2 7  Cms. 

a p a r t ,  th e  co rd  b e in g  0 .8  Cm. d ia m e te r . The r e s u l t s  a re  

p l o t t e d  w ith  d o ts  on th e  f i g u r e .  From th e se  i t  w i l l  be see n  

t h a t  w h ile  th e r e  i s  a s l i g h t  i n d i c a t i o n  o f a r e d u c tio n  in  th e  

v a lu e s  o f  th e  c e n t r a l  o rd in a te  w ith  th e  h ig h e r  t o t a l  f r i c t i o n s ,
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th e re  i s  no p e r c e p t i b le  change a t  th e  low er v a l u e s .

A c i r c u l a r  s ie v e  was th e n  p la ce d  o v e r th e  i n l e t  and a 

s e r i e s  o f t e s t s  c a r r i e d  o u t .  The r e s u l t s  a re  in d ic a te d  w ith

c r o s s e s  on th e  f i g u r e ,  and i t  i s  seen  t h a t  th e  p o in ts  l i e  

c o n s i s t e n t l y  on a cu rv e  above and p r a c t i c a l l y  p a r a l l e l  to  

th e  o r i g i n a l  c u r v e . T his r e d u c tio n  o f  th e v a lu e s  o f th e  

c e n t r a l  o r d in a te s  m ight have been  cau sed  by th e  c r e a t i o n  o f  

d is tu r b a n c e s  in  th e  e n te r in g  a i r  as was in te n d e d  o r  on th e  

o th e r  hand th e  change m ight have been due t o  th e  c i r c u l a r  

s ie v e  ch an g in g  th e  d i r e c t i o n  o f  th e  a i r  as i t  e n te re d  th e  n e s t .

In  o rd e r  t o  make c e r t a i n  w hich was th e  r e a l  cau se  o f  th e  

r e d u c tio n  in  th e  v a lu e  o f  th e  c e n t r a l  o r d in a te s  th e  s ie v e  was 

removed and a p ie c e  o f  p e r f o r a te d  z in c  was p la c e d  on to p  o f  

th e  c o r d s . The r e s u l t s  a r e  p l o t t e d  thus ^  on th e  f i g u r e .

W hile th e r e  i s  a s l i g h t  i n d i c a t i o n  t h a t  th e  v a lu e  o f  th e  

c e n t r a l  o r d in a te  has in  some c a s e s  been re d u ce d , in  o th e r  

c a s e s  th e  p o in ts  l i e  on th e  o r i g i n a l  c u rv e .

S in ce  th e  ed d ies  c r e a t e d  by th e  co rd s  o r  p e r f o r a te d  z in c  

d ecay  as th e y  p ro ceed  d o w n -stream , i t  was d e cid e d  to  in c r e a s e  

th e  d eg ree  o f  tu rb u le n ce  by b r in g in g  th e  cau se  of th e  e d d ies  

c l o s e r  to  th e  f i r s t  row o f  tu b e s . W ith t h i s  in  v iew , th e  

co rd s  w ere removed from  th e  m outhpiece o f  th e  n e s t  and a 

p ie c e  of p e r f o r a te d  z in c  1 1 .5 1  Cms. h ig h  by 1 5 .2 4  Cms. lo n g
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was p la c e d  in s id e  th e  m ou th p iece a t  a  d i s t a n c e  of 8 .2 5  Cms. 

in  f r o n t  o f  th e  f i r s t  row o f  tu b e s . The r e s u l t s  a re  

p l o t t e d  ) 3  and show a c o n s i s t e n t  r e d u c t io n  o f  th e  c e n t r a l  

o r d in a te  o f  th e  o rd e r  o f  7 . 5 $  o f  i t s  o r i g i n a l  v a lu e .

5 . 9  C o n n ectio n  betw een t a n g e n t i a l  d ra g  and h e a t  t r a n s f e r .

W hite in  h i s  p ap er b e fo re  th e  I n s t i t u t i o n  o f  C hem ical 

E n g in e e rs  c l e a r l y  showed th e  c o n n e c tio n  betw een th e  m echanism  

o f  change o f  momentum in  th e  t a n g e n t i a l  boundary l a y e r  and 

h e a t t r a n s f e r .  He p o in ts  ou t t h a t  i n  th e  c a se  o f  a c y l i n d r i ­

c a l  tu be th e  m ain r e s i s t a n c e  t o  a  flo w in g  stream  was th e  form  

d ra g , w hereas i t  was th e  t a n g e n t i a l  d ra g  which was u s e f u l  in  

t r a n s f e r r i n g  h e a t .

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

th e  n e s t  co u ld  be s e g re g a te d  in to  i t s  c o n s t i tu e n t  p a r t s ,  v i z .  

th e  t a n g e n t i a l  d ra g  and th e  form  d r a g , i t  m ight be p o s s ib le  

t o  e s t a b l i s h  a r e l a t i o n s h i p  betw een th e  h e a t  t r a n s f e r  and th e  

t a n g e n t i a l  d r a g . F i g ,  5 . 9  shows a c y l in d e r  in  a f l u i d  s tre a m . 

At th e  b ack  o f  th e  c y l in d e r  w i l l  be se e n  a t y p i c a l  eddy 

f o r m a tio n . J u s t  as  th e  form  d ra g  i s  th e  r e s u l t a n t  o f  th e  

h o r i z o n t a l  com ponents o f  th e  norm al p r e s s u re  a t  th e  s u r f a c e  

on th e  r ig h t-h a n d  s id e  o f  th e  c y l in d e r  minus th e h o r i z o n t a l  

com ponents on th e  le f t -h a n d  s i d e ,  so th e  t a n g e n t i a l  d ra g  i s

( 1 )  C .M .W h ite . I n s t .  Chem. E n g, V o l .1 0 .  1 9 3 2 . p .6 6 .
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th e  r e s u l t a n t  of th e  h o r i z o n t a l  com ponents o f  th e  t a n g e n t i a l  

d ra g  a t  th e  s u r f a c e  on th e  r ig h t-h a n d  s id e  o f th e  c y l in d e r  

m inus th e  h o r i z o n t a l  com ponents o f  t h i s  d ra g  on th e  l e f t - h a n d  

s i d e :  i . e .  th e  h o r i z o n t a l  com ponents o f  A minus th e  h o r i z o n t a l

com ponents o f  B .

The change o f momentum in  th e  boundary l a y e r  and th e r e f o r e  

th e  h e a t  t r a n s f e r r e d  i s  u n a f f e c te d  w hether th e  boundary i s  

s t r a i g h t  o r  c u rv e d : and so  th e  h e a t t r a n s f e r  i s  p r o p o r tio n a l

t o  th e  t o t a l  t a n g e n t i a l  d ra g  A and n o t t o  th e  h o r i z o n t a l  

component o f  t h i s  d r a g .

A gain , th e  t a n g e n t i a l  d ra g  a t  B , as w e ll as  t h a t  a t  A, 

i s  u s e f u l  in  t r a n s f e r r i n g  h e a t .

I t  i s  t h e r e f o r e  p rob ab le  t h a t  th e  h e a t t r a n s f e r  i s  

p r o p o r tio n a l  t o  th e  sum o f  th e  t a n g e n t i a l  d ra g s  A and B , 

w h ile  th e  r e s u l t a n t  t a n g e n t i a l  d ra g  on th e  tu b e  i s  th e  

d i f f e r e n c e  o f th e  h o r i z o n t a l  com ponents o f  A and B .

Prom t h i s  i t  i s  see n  t h a t  f o r  th e  purpose o f  f o r e c a s t i n g  

th e  h e a t  t r a n s f e r  i t  i s  n o t s u f f i c i e n t  to  know th e  o v e r - a l l  

v a lu e  o f th e  t a n g e n t i a l  d ra g  in  th e  d i r e c t i o n  o f  f lo w ; some 

i n s i g h t  must a l s o  be o b ta in e d  ab o u t th e  t a n g e n t i a l  d ra g  o f  

th e  v a r io u s  p o r t io n s  o f th e  s u r f a c e  o f  th e  tu b e s .
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6 .  EXPERIMENTS IN ORDER TO MAKE THE AIR FLOW VISIBLE

6 .1  D esig n  o f tra n s -p a re n t box

Due to  th e  co m p le x ity  o f  th e  f lo w  w ith  th e  s ta g g e r e d  

arran gem en t o f  tu b e s , as d is c u s s e d  in  S e c t io n  2 ,  and th e  

d i f f i c u l t y  in  i n t e r p r e t i n g  th e  c u rv e s  o f t r a n s v e r s e  and 

lo n g i tu d in a l  v e l o c i t y  d i s t r i b u t i o n s  f o r  th e  p a r a l l e l  a r ra n g e ­

ment o f  tu b e s  in  S e c tio n s  3 and 4 ,  i t  was d e cid e d  to  make 

s e r io u s  e f f o r t s  to  re n d e r  th e  flow  v i s i b l e .

A n e s t  o f  tu b es  In  p a r a l l e l  arran g em en t was c o n s tr u c te d  

in  a c e l l u l o i d  b o x . The same 1 .2 7  Cm. d ia m e te r  b ra s s  tu b es  

were u sed  as in  th e  o r i g i n a l  n e s t  and th e  v e r t i c a l  and 

h o r i z o n t a l  p i tc h e s  o f  th e  tube c e n t r e s  were th e  same as b e f o r e .  

In  t h i s  c a s e  no h a l f  tu b e s  w ere f i t t e d  c l o s e  to  th e  to p  and 

bottom  w a l l s .

The c e l l u l o i d  s id e s  o f  th e b o x , form in g th e  tu be p l a t e s ,  

w ere so c o n s tr u c te d  t h a t  th e y  co u ld  be e a s i l y  removed and 

r e p la c e d  w ith  o th e r  s id e s  d r i l l e d  f o r  th e  s ta g g e r e d  a r r a n g e ­

ment o f  tu b e s .

The same co n v e rg in g  m outhpiece was f i t t e d  t o  t h i s  

t r a n s p a r e n t  a p p a ra tu s .

6 .2  E xp erim en ts  w ith  low a i r  sp e e d s .

The m a jo r p a r t  o f  th e  exp e rim e n ts  on form  d rag  cu rv e s
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had "been c a r r i e d  out w ith  a i r  sp eed s o f 1 3 7 0  Cms. p e r  seco n d , 

i n  th e  o r i g i n a l  s tre a m , and VN.max eq u al to  4 0 5 5  C m s.per  

se co n d . I t  was th e r e f o r e  ob v io u s t h a t  f o r  th e  f i r s t  

e x p erim en ts  by d i r e c t  o b s e r v a t io n  the r a t e  o f  a i r  flo w  shou ld  

be g r e a t l y  re d u c e d .

I t  was d e c id e d  n o t t o  co n n e ct th e  c e l l u l o i d  box t o  th e  

in d u ced  d ra u g h t f a n , b u t a  s te a d y  c i r c u l a t i o n  was induced  by 

f i t t i n g  a tru m p et shaped chim ney on to p  o f  th e  box and 

suspend ing in s id e  t h i s  chimney a sm all e l e c t r i c  h e a t in g  

e le m e n t. The arran g em en t i s  shown in  F i g .  6 . 2 ,  The flow  

was re n d e re d  v i s i b l e  by in tr o d u c in g  smoke i n t o  th e  a i r  a t  

th e  i n l e t .

Smoke was f i r s t  produced by th e  ch em ical com b in atio n  

o f  a j e t  o f  h y d r o c h lo r ic  a c id  vapour and a j e t  o f ammonia.

T h is  ap p eared  to  a c t  s a t i s f a c t o r i l y  on a sm a ll s c a l e ,  but 

when q u a n t i t i e s  o f th e  smoke w ere r e q u ir e d , d i f f i c u l t y  was 

e x p e rie n ce d  w ith  th e  ammonium c h lo r id e  form in g in  th e  j e t  

o r i f i c e s  and chok ing them . The ammonium c h lo r id e  was 

a ls o  d e p o s ite d  on th e  s u r f a c e  o f  th e  tu b e s  and in  tim e  

th e  shape o f  th e  s u r f a c e  o v e r  w hich th e  a i r  was p a ss in g  

was ch an ged .

T h is form  o f  i n v e s t i g a t i o n  m ig h t, h o w ever, prove e x tre m e ly  

u s e f u l  as a m ethod f o r  th e  s tu d y  of th e  d e p o s it io n  and f o r  th e
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rem oval o f  s o o t  from  b o i l e r  tu b e s .

T obacco smoke was a l s o  t r i e d ,  b u t t h i s  in v o lv e d  c o n s id e r ­

ab le  e f f o r t  on th e  p a r t  o f  th e  i n v e s t i g a t o r I

A co n tin u o u s  and e f f e c t i v e  supply o f  smoke was e v e n tu a l ly  

d e riv e d  by b u rn in g  cotton '* w aste  in  a c lo s e d  t i n  co n n e cte d  t o  

an a i r  r e s e r v o i r .  The p r e s s u re  in  th e  r e s e r v o i r  was pumped 

up t o  105 t o  1 4 0  grams p e r  sq u are c e n t i m e tr e ,  and a s te a d y  

supp ly was p assed  to  th e  t i n  in  which th e  w aste  was sm o u ld erin g . 

T h is method ap p eared  t o  work b e t t e r  a t  th e  b eg in n in g  o f  an  

a f te rn o o n * s  exp erim en t th a n  tow ard s th e  end. The re a s o n  f o r  

t h i s  was t h a t  as th e c o t t o n  w aste  b u rn ed , some w ater vapour was 

produced and t h i s  condensed on th e  in n e r  s u r f a c e  o f  th e  tube  

c o n n e c tin g  th e  f i r e  t i n  t o  th e  j e t  u n d e rn e a th  the n e s t  o f  

tu b e s . T h is w etted  s u r f a c e  a c te d  as a  g as  w asher and washed 

th e  p a r t i c l e s  o f smoke ou t o f  the p ro d u cts  o f com bustion of 

th e  c o t to n  w a s te .

By th e  a id  o f  th e  smoke th e  shape o f  th e  e d d ie s  form ed  

w ith  low a i r  v e l o c i t i e s  cou ld  be e a s i l y  s e e n . Much more 

d i f f i c u l t y  was e x p e rie n ce d  when a tte m p ts  v/ere made to  sa y  

e x a c t l y  what had been see n  and to  draw th e  flow  p a t t e r n .

Due t o  th e  ra p id  movement o f th e  a i r  in  th e  la n e s  betw een  

th e  tu b es  and th e  v a ry in g  phases o f th e  e d d ies  betw een th e  

tu b e s , c o n s id e ra b le  u n c e r t a i n t y  e x i s t e d  w ith  re g a rd  to  th e
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V ario u s m ethods o f i l lu m in a t in g  th e  smoke w ere t r i e d  

and i t  was found t h a t  f o r  d i r e c t  v i s io n  th e  m ost s a t i s f a c t o r y  

method was w ith  a narrow  r a y  o f  l i g h t  from  a l a n t e r n ,  p a s s in g  

o v e r th e  tu b es  a t  an a n g le  o f  3 0 °  to  4 0 °  as shown in  P i g . 6 . 2 .

At low a i r  s p e e d s , w ith  a  s in g le  tube o r  s in g le  row o f  

tu b e s , two s t a t i o n a r y  e d d ie s  w ere form ed , as  see n  in  F i g .  6 . 2  A 

These w ere b e s t  s e e n  by f i l l i n g  th e  c e l l u l o i d  box w ith  smoke 

and th en  a b ru p tly  s to p p in g  th e  smoke su p p ly . The la n e s  

betw een th e  tu b es  were alm o st i n s t a n t l y  c le a r e d  from  smoke 

and th e  two e d d ie s  a t  th e  b ack  o f  th e  tu b e co u ld  be seen  

d i s t i n c t l y .  The le a k a g e  o f  sm o k e-co lo u red  a i r  from  th e  

e d d ie s  was so slow  t h a t  th e y  app eared  to  p e r s i s t  f o r  p e r io d s  

up t o  11 s e co n d s .

W ith th e  p a r a l l e l  arran g em en t and more th a n  one row o f  

tu b e s , th e  c o n d itio n s  betw een th e  rows ap p eared  t o  be u n s t a b le .  

F i r s t  flow  p a t t e r n  ftBn would be seen  and a moment l a t e r  flow  

p a t t e r n  nC” . O c c a s io n a lly  s tre a m  l i n e s  such  as MSM would p ass  

up th e  r ig h t-h a n d  s id e  o f  th e  lo w er tu b e , ap p ear t o  come in  

c o n t a c t  w ith  th e  u n d e r -s id e  o f  th e  to p  tube and flow  alo n g  

i t s  under s id e  and le a v e  on th e  le f t -h a n d  s id e  o f  th e  to p  tu b e .

W ith th e  s ta g g e r e d  arran gem en t o f tu b es th e  e d d ie s  ap p eared  

as in  F i g .  6 ,2  D.

actual path of the flow in the eddies.
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En deavours were made to  ph oto grap h  th e  e d d ie s , h u t th e s e  

were u n s u c c e s s f u l .  W ith e x p o su re s  un der one second d u ra t io n  

th e  l i g h t  from  th e  l a n t e r n  was n o t s u f f i c i e n t  to  p e n e tr a te  

th e  smoke and a f f e c t  th e  n e g a t i v e ,  and w ith  lo n g e r  e x p o su re s  

th e  movement in  th e  e d d ie s  was so  g r e a t  t h a t  o n ly  b lu r re d  

im ages w ere o b ta in e d . F o r  th e  purpose o f  th e s e  exp e rim e n ts  

i t  would ap p ear t h a t  a v e ry  pow erfu l beam o f l i g h t  and a lm o st 

in s ta n ta n e o u s  e xp o su res  w ere r e q u ir e d .

6 . 3  E x p erim en ts  w ith  h ig h  a i r  sp e e d .

S in ce  w ith  low a i r  speeds smoke had f a i l e d  to  g iv e  a 

perm anent r e c o r d  o f  th e  flow  p a t t e r n ,  i t  was l e s s  l i k e l y  t h a t  

i t  would be s u c c e s s f u l  a t  th e  h ig h  sp eed s u sed  in  th e  o r i g i n a l  

P i t o t  tu b e  e x p e r im e n ts . N e v e rth e le s s  th e  work o f  F a rre n ^ * ^  

had d e m o n stra te d  t h a t  w ith  th e  dense fumes o f t i t a n i u m - t e t r a ­

c h lo r id e  many u s e f u l  c h a r a c t e r i s t i c s  o f  a i r  flow  co u ld  be 

re n d e re d  e a s i l y  v i s i b l e .  T h is  method m ight be a p p lic a b le  to  

th e  i n v e s t i g a t i o n  o f p a r t i c u l a r  a re a s  in  th e  flow  p a t t e r n  where 

th e  flow  was p r a c t i c a l l y  s ta g n a n t .  The p o in t o f  breakaw ay  

su g g e ste d  i t s e l f  as one s u i t a b l e  f o r  i n v e s t i g a t i o n  and one 

w h ich , i f  i t  could  be d e f i n i t e l y  o b ta in e d , would throw  

c o n s id e ra b le  l i g h t  on th e  t h e o r e t i c a l  s id e  o f  th e  flow  p a t t e r n .

The c e l l u l o i d  box w ith  th e  tu b es  in  p a r a l l e l  arran gem en t

(i)
W .S .F a r re n , J o u r .R o y .A e ro .S o c . 1 9 3 2 . V o l. 3 6 ,  p .4 5 1 .
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was th e r e f o r e  co n n ected  to  th e  S tu r te v a n t  f a n ,  and th e  a i r  

was drawn o v e r  th e  n e s t  o f  tu b e s  a t  a p p ro x im a te ly  Vc  «* 1 3 4 3  Cms. 

p e r second (c o rre s p o n d in g  t o  1 .1 7  Cm. w a te r  g a u g e ) .

The c e n t r e  tu be o f  th e  f i r s t  row was r e p la c e d  w ith  a b r a s s  

tu be o f  th e  same d ia m e te r  in  w hich a  h o le  0 .0 8 9  Cm. d ia m e te r  

had t o  be d r i l l e d .  A g l a s s  ro d  was dipped in t o  th e  t i ta n iu m -  

t e t r a - c h l o r i d e  and p la ce d  in s id e  th e  b ra s s  tu b e . T h is was 

n o t s u c c e s s f u l .  E v e n tu a lly  th e  b r a s s  tube was c lo s e d  a t  one 

end and th e  l i q u i d  t i t a n i u m - t e t r a - c h l o r i d e  was poured i n t o  th e  

tu b e . A lthou gh dense fumes w ere p rod u ced , th e s e  d id  n o t  

l a s t  in  th e  a p p a ra tu s  more th a n  a sm all f r a c t i o n  o f  a seco n d  

and th e  flo w  p a t t e r n  co u ld  n o t be s e e n .

The a i r  speed was red u ced  u n t i l  i t  was o n ly  one te n th  

o f  th e  s ta n d a rd  e x p e rim e n ta l  sp e e d , b u t th e  r e s u l t s  w ere no 

b e t t e r .  When en d eav o u rin g  t o  a s c e r t a i n  th e  p o in t  o f breakaw ay  

th e  tube was r o t a t e d  u n t i l  a  sm a ll drop  o f th e  l i q u i d  is s u e d  

from  th e  h o l e ;  th e  tu b e  was th e n  r o t a t e d  u n t i l  th e  h o le  and 

th e  drop  o f  l i q u i d  were a t  1 0 0 ° ,  o r  a p p ro x im a te ly  th e  p o s i t io n  

o f  breakaw ay, b u t th e  method f a i l e d  to  g iv e  u s e f u l  r e s u l t s .

The c a u s e s  o f  f a i l u r e  v /e re s -

( 1 )  As th e  l i q u i d  is s u e d  from  th e  sm all h o l e ,  i t  sp read  o v er  

th e  s u r f a c e  o f  th e  tu b e  and made d e f i n i t e  l o c a t i o n

d i f f i c u l t
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( 2 )  As th e  t i t a n i u m - t e t r a - c h l o r i d e  was e m itte d , i t  o x id is e d ,

and th e  o x id e  was d e p o s ite d  around th e  s m a ll h o l e .

T h is  changed th e  s u r f a c e  o f  th e  tube from t h a t  o f  a  

t r u e  c i r c u l a r  c y l in d e r  and presum ably changed th e  

p o in t o f  breakaw ay and th e  g e n e ra l  flo w  p a t t e r n .

( 3 )  The speed o f  th e a i r  was so g r e a t  t h a t  th e  smoke did

n o t p e r s i s t  lo n g  enough. In  P a r r e n ’ s p a p e r , he  

s t a t e s  t h a t  th e  h ig h e s t  sp eed  a t  w hich an y th in g  in  

th e  n a tu re  o f  tu rb u le n t  flo w  can  be fo llo w e d  i s  ab o u t 

1 5 2  Cms. p e r  se co n d , w hereas in  th e  p re s e n t exp erim en ts  

th e  s ta n d a rd  a i r  speed in  th e  o r i g i n a l  s tream  was 

1 3 4 3  Cms. p e r  se co n d , and th e  nom inal maximum speed  

betw een th e  tu b e s  a p p ro x im a te ly  th r e e  tim es t h i s  

f i g u r e .

A f u r t h e r  a t t a c k  on th e  d e te rm in a tio n  o f  th e  p o in t o f  

breakaw ay was made by r e p la c in g  one o f th e  tu b es o f  th e  f i r s t  

row w ith  an i r o n  ro d  o f  th e  same d ia m e te r . T h is i r o n  rod  

was s t r o n g ly  m a g n e tise d  and th e  s u r f a c e  co v e re d  w ith  f in e  

i r o n  f i l i n g s .  I t  was a n t i c i p a t e d  t h a t  s in c e  th e  a i r  flo w  

b e fo re  th e  p o in t o f  breakaw ay was in  one d i r e c t i o n  and t h a t  

a f t e r  th e  p o in t o f  breakaw ay in  th e  o p p o s ite  d i r e c t i o n ,  th e  

i r o n  f i l i n g s  would be s l i g h t l y  in c l in e d  in  the d i r e c t i o n  o f  

f lo w . A s tr o n g  l i g h t  on th e  ro d  would th e n  show where t h i s  

i n c l i n a t i o n  o f  th e  f i l i n g s  changed and th u s  i n d i c a t e  th e
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p o in t o f  breakaw ay. T h is v/as t r i e d  b u t re v e a le d  n o th in g .

I t  was r e a l i s e d  t h a t  f o r  th e  s tu d y  o f  th e  flo w  p a t t e r n  

th e  v e ry  s im p le s t  form  o f  a p p a ra tu s  m ust be u s e d , even i f  t h i s  

n e c e s s i t a t e d  in  th e  f i r s t  in s ta n c e  th e  s a c r i f i c e  o f  th e  

c o r r e c t  R e y n o ld s1 number and th e  a r t i f i c i a l  l i m i t a t i o n  of  

th e  problem  t o  two d im e n sio n a l f lo w . The n e x t s e r i e s  o f  

exp erim e n ts  was th e r e f o r e  c a r r i e d  o u t in  an A hlbom  ta n k .
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7 .  EXPERIMENTS IN THE AHLBORN TANK. PHOTOGRAPHS

OF TYPICAL FLOW PATTERNS.

7 . 1  D e s c r ip t io n  o f th e  ta n k  and method o f  u s e .

The ta n k  c o n s i s t s  e s s e n t i a l l y  o f  a  wide sh allo w  ch an n el  

and i s  c a l l e d  an A h lbom  ta n k  a f t e r  F* A h lb o m  who f i r s t  

c a r r i e d  o u t su ch  e x p e rim e n ts  in  1 9 0 2 . The v e l o c i t y  o f  

w a te r  th ro u g h  th e  ch an n el and th e  d ep th  o f  th e  w a te r  co u ld  

be v a r ie d  a t  w i l l .  The w a te r  p a s s e s  th ro u g h  th e  ch an n el  

in  s te a d y  flo w  p a r a l l e l  t o  th e  s id e s  o f  th e  ta n k .

F i g .  7 . 1  shows th e  c o n s t r u c t i o n a l  d e t a i l s .

The tu b e s  in  th e  o r i g i n a l  n e s t  w ere re p re s e n te d  by 

c y l i n d e r s  c o n s i s t i n g  o f  le n g th s  o f  copper tu b in g  4 .2  Cms. 

o u ts id e  d ia m e te r  and 8 Cms. lo n g . In  m ost o f  th e  e x p e rim e n ts  

th e  tu b es w ere submerged to  w ith in  0 .1  o r  0 ,2  Cm. o f  t h e i r  

h e i g h t .  S in g le  tu b e s  and groups o f  tu b e s  were p la ce d  in  

th e  s tre a m  and th e  u s u a l  method o f i n v e s t i g a t i o n  was t o  

s p r in k le  aluminium  d u st on th e  s u r f a c e  o f th e  w ater and to  

w atch  o r  p h oto g rap h  th e  m o tio n  o f  th e  p a r t i c l e s  o f aluminium  

d u st as th e y  p assed  around th e  tu b e and in d ic a te d  th e  p a th  

o f  th e  g e n e r a l  flo w  o r  t h a t  o f  an eddy a t  th e  b ack  o f  th e  

tu b e .

The s u r f a c e  o f  th e  w a te r  was i l lu m in a te d  by two 1 0 0 0  w a tt  

f ila m e n t lam ps and th e  cam era was mounted v e r t i c a l l y  o v er th e
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7 .2  I n v e s t i g a t i o n  to  d e te rm in e  th e r e l i a b i l i t y  o f th e  r e s u l t s  

and th e  ran g e o f  u s e f u ln e s s  o f  su ch  e x p e rim e n ts .

7 .2 1  I n d ic a t io n s  o f  g e n e r a l  flo w  p a t t e r n . S u r f a c e  te n s io n  

r i p p le s  r e s t r i c t  ran g e  to  b elow , He -  2 , 0 0 0

w orking p o r t io n  of the tan k .

The bottom  o f th e  v /a te r  ch an n el was f i r s t  c o n s tr u c te d  of  

a la r g e  s h e e t o f  p l a te  g l a s s ,  th e  u n d e r -s id e  o f w hich was 

p a in te d  w h ite . W ith t h i s  arran gem en t th e  l i n e s  of f lo w  cou ld  

e a s i l y  be seen  w ith  c o lo u r  bands o f  p o tassiu m  perm anganate  

s o l u t i o n .

Prom th e s e  e x p e rim e n ts  i t  could  be see n  t h a t  w h ile  th e  

flow  was u n doubtedly  th r e e  d im e n sio n a l, th e  m ain c h a r a c t e r i s t i c s  

cou ld  be i n v e s t i g a t e d  by c o n s id e rin g  th e  m otion  in  p la n e s  a t  

r i g h t  a n g le s  to  th e  a x e s  of th e  tu b e s .

When th e  v e l o c i t y  o f  flow  e x ce e d  2 5 . 4  Cms. p er second  

s u r f a c e  te n s io n  waves a r e  form ed on th e  s u r fa c e  o f  th e  w a te r  

and th e s e  p re v e n t th e  alum inium  d u st from  in d ic a t in g  th e  

g e n e ra l  c h a r a c t e r i s t i c s  o f  flo w  in  th e  body o f th e  s tre a m .

In  th e  s ta n d a rd  arran gem en t o f  th e  n e s t  o f tu b es th e  

r a t i o  o f  V f̂#max t o  V0 was a p p ro x im a te ly  3 ,  w ith  th e  r e s u l t  

t h a t  i t  was im p o ssib le  t o  u se v e l o c i t i e s  in  th e  m ain s tre a m
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h ig h e r  th a n  8 . 4  Cms* p e r se co n d , and in  a c t u a l  p r a c t i c e  much 

low er speeds w ere em ployed. W ith V ^ max o f  5 Cms. p e r  se co n d , 

d ia m e te r  o f tu b e  4 .2  Cms. and th e  w a te r  s tre a m  a t  1 5 ° C . ,

V'N .max . d 5 x  4 .2 1 , 8 3 6 .  T h is sh ou ld  heV 0 .0 1 1 4 3
compared w ith  R eynolds* numbers o f  1 6 ,0 0 0  f o r  th e  w a te r  flo w

exp e rim e n ts  d e s c r ib e d  in  S e c t io n  1 . 2  and 3 2 ,0 0 0  f o r  th e  a i r

flo w  in  S e c t io n s  3 ,  4 and 5 .

As a lr e a d y  p o in te d  out in  S e c t io n  2 .6  th e  r a t i o  o f th e  

le n g th  o f  th e  c y l in d e r s  t o  t h e i r  d ia m e te r  i s  l e s s  th a n  2 ,  and 

t h e r e f o r e  any te n d e n cy  t o  t h r e e  dim en sion  flow  would be 

r e s t r i c t e d .

I t  i s  n e c e s s a r y  to  exam ine c r i t i c a l l y  th e  c o n d itio n s  of

th e  s tre a m  in  w hich th e  e x p e rim e n ta l c y l i n d e r s  a re  im m ersed.

Prom P i g .  7 .1  i t  w i l l  be see n  th a t  th e  w orking a r e a  o f  th e

s tre a m  i s  from  30 to  70 Cms. from  th e  i n l e t ,  and th us a

boundary l a y e r  o f low v e l o c i t y  w a te r  w i l l  have formed on th e

bottom  and s id e s  of th e  ta n k . T r e a t in g  th e  s u b je c t  as  a

f l a t  p l a t e  in  a s tre a m , from  an a p p ro x im a tio n  by B la s iu s  th e

th ic k n e s s  b o f  th e  boundary l a y e r  a t  a  d is ta n c e  x  from  th e

i n l e t  i s  g iv e n  b y s -  L a  5 . 5 ( - L ) i
x  Vx

where V i s  th e  k in e m a tic  v i s c o s i t y  o f  th e  w a te r , w hich  

a t  15°C  = 0 .0 1 1 4 3  and V i s  th e  v e l o c i t y  o f th e  s tre a m  o u ts id e

th e  boundary l a y e r .  I f  x  5 30 Cms. and V = 2 Cms. p e r  second
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£  * 2 .7 5  Cms, and when x  * 7 0 ,  £  » 3«48  Cms.

The c y l in d e r s  t h e r e f o r e  a re  immersed in  a  s tre a m  7 . 8  Cms. h ig h , 

th e  to p  5 Cms. o f w hich i s  m oving w ith  a u n ifo rm  v e l o c i t y  o f  

2 Cms. p er s e co n d . The v e l o c i t y  in  th e  bottom  2 . 8  Cms. 

d e c r e a s e s  c o n tin u o u s ly  as  th e  bottom  o f  th e  ta n k  i s  a p p ro a ch e d . 

W hile under some c o n d itio n s  th e  v a r i a t i o n  o f  v e l o c i t y  n e a r  

th e  bottom  may be im p o rta n t, th e  c o n d itio n s  a t  th e  s u r fa c e  

o f  th e  w a te r  a r e  much more l i k e l y  to  a f f e c t  th e' in d ic a t io n s  

o f  th e  flo w  p a t t e r n .  Aluminium h as a d e n s i ty  th r e e  tim es  

t h a t  o f w a te r  and when th e  d u st was sp rin k le d  on th e  s u r f a c e  

a p o r t io n  o f i t  was seen  t o  d escen d  slo w ly  th ro u g h  th e  s tre a m . 

When th e c o n d itio n s  were fa v o u ra b le  and e v e ry th in g  w orking w e l l ,  

i t  was seen  t h a t  th e  p a r t i c l e s  on th e  s u r f a c e  w ere moving in  

th e  same d i r e c t i o n  and a t  th e  same sp eed  as th o se  in  th e  m id st  

o f th e  s tr e a m . U n fo r tu n a te ly  th e  m otion  o f  th e  p a r t i c l e s  

on th e  s u r f a c e  was l a r g e l y  in flu e n c e d  by any v a r i a t i o n  o f s u r f a c e  

te n s i o n . The s l i g h t e s t  t r a c e  o f o i l  o r d u st on th e  s u r f a c e  

o f  th e  s tre a m  would re n d e r th e  p a th  of th e  s u r f a c e  p a r t i c l e s  

o f  aluminium q u ite  d i f f e r e n t  from th o se  in  th e  m ain s tre a m .

A sm all g lo b u le  o f  o i l  coming to  th e  s u r f a c e  o f  th e  s tre a m  

would cau se  th e  p a r t i c l e s  o f  aluminium  d u st t o  d is p e rs e  q u ic k ly  

from  th e  a r e a .  P i g .  7 * 2 1 , a lth o u g h  on th e  whole n o t a bad 

p h o to g ra p h , shows d e f i n i t e  i n d ic a t io n s  o f o i l y  p a tc h e s . Even  

th e  to u ch in g  o f  th e  w a te r  s u r f a c e  w ith  th e f i n g e r  was o f te n
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s u f f i c i e n t  t o  cau se  a  change o f  s u r f a c e  te n s io n  and p re v e n t  

th e  u n ifo rm  d i s t r i b u t i o n  o f  d u st on th e  s u r f a c e .  When t h i s  

d i f f i c u l t y  was e x p e r ie n c e d , i t  was found t h a t  th e  b e s t  way 

o f  c le a n in g  th e  s u r f a c e  was t o  s p r in k le  upon i t  a few f la k e s  

o f  shredded  soap  o r  l u x .

7 .2 2  E x p erim en ts  w ith  a s i n g l e  c y l i n d e r .

From th e  work o f  p re v io u s  i n v e s t i g a t o r s  a c o n s id e ra b le  

knowledge was a v a i la b le  o f  th e  flo w  around a s in g le  c y l i n d e r  

in  a u n ifo rm  s tr e a m . T h e re fo re  i t  was d e cid e d  to  c a r r y  ou t 

a few exp e rim e n ts  w ith  su ch  a c y l in d e r  in  o rd e r  t o  co n firm  

t h a t  th e  A hlborn ta n k  method was s u i t a b l e  t o  th e  p re s e n t  

en q u iry  and a l s o  to  l e a r n  to  i n t e r p r e t  th e  r e s u l t s .  T h is  

a ffo rd e d  an o p p o rtu n ity  o f  d e v e lo p in g  th e  te ch n iq u e  o f  

p ro d u cin g  r e l i a b l e  i n d i c a t i o n s  o f  th e  flo w  and ta k in g  s u i t a b l e  

p h o to g ra p h s . F i g .  7 .2 2  A shows th e  flo w  around a s in g le  

c y l in d e r  w ith  a  s tre a m  v e l o c i t y  o f  about 2 Cms. p e r se co n d .

The f ig u r e s  in  th e  c e n tr e  o f  th e  c y l i n d e r  in d ic a te  t h a t  th e  

l i g h t  f o r  th e  p h oto grap h  was two 1000  W att lamps a t  a 

d i s t a n c e  o f  3 f e e t  from  th e  s u r f a c e  o f  th e  w a te r . The le n s e  

s to p  was F 1 2 .5  and th e  exp o su re  1 se co n d . I t  was su b seq u en t­

l y  found th a t  i t  was u n n e c e s s a ry  to  v a ry  th e  i n t e n s i t y  o f  

th e  i l lu m in a t io n  and so  t h i s  in fo rm a tio n  i s  n o t re p e a te d  on 

th e  l a t e r  p h o to g ra p h s . However, i t  was found a d v is a b le  to  

v a ry  th e  speed o f th e  s tream  and i t  was d e cid e d  t o  mark th e
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v e l o c i t y  on th e  p h o to g rap h . W hile i t  was th e  v e l o c i t y  o f  

th e  u n d is tu rb e d  s tre a m  t h a t  was o b se rv e d , i t  was r e a l i s e d  

t h a t  when c o n s id e r in g  grou p s o f  tu b es th e  more im p o rta n t  

v e l o c i t y  was th e  maximum v e l o c i t y  betw een th e  tu b e s .  S in c e  

th e  r a t i o  betw een th e s e  two v e l o c i t i e s  v a r ie d  w ith  ea ch  

p a r t i c u l a r  sp a cin g  o f  tu b e s , b o th  VQ and Vfl<max a re  marked  

on th e  p h o to g ra p h s . The v e l o c i t i e s  w ere m easured in  

c e n tim e tr e s  p e r  se co n d .

When o b se rv in g  th e  flo w  as in d ic a te d  by th e  m otio n  o f  

p a r t i c l e s  o f  alum inium , th e  eye i n s t i n c t i v e l y  fo llo w s  an 

eddy as i t  p ro ce e d s  down s tre a m . In  t h i s  way a stud y co u ld  

be made o f  th e  m otion  o f  th e  p a r t i c l e s  in  any p a r t i c u l a r  

p a tch  o f w a te r . When p h oto grap h s w ere ta k e n  th e  cam era was 

f i x e d  d i r e c t l y  o v e r  th e  grou p  o f  tu b e s  and th e  c o n d itio n  was 

somewhat d i f f e r e n t .  V o r t i c e s  produced in  th e  p a tch e s  o f  

w a te r  betw een th e  two rows o f  tu b es ap p eared  v e ry  s i m i l a r  

t o  th o s e  o b serv ed  w ith  th e  e y e . T his was due t o  th e  m otio n  

o f su ch  v o r t i c e s  dow n-stream  b e in g  v e ry  sm a ll in  th e  s h o r t  

tim e o f  e x p o su re  o f  th e  p h o to g ra p h ic  p l a t e .  W ith th e  v o r t i c e s  

produced a t  th e  b ack  o f a s in g le  c y l i n d e r ,  o r  o f  th e  l a s t  

row o f tu b e s , th e  c o n d itio n  i s  v e ry  d i f f e r e n t .  S h o r t ly  

a f t e r  i t s  fo rm a tio n  th e  v o r t e x  le a v e s  th e  b ack  o f  th e  tube  

and t r a v e l s  dow n-stream  w ith  a  speed 0 . 8  o f  th e  o r i g i n a l  

u n d is tu rb e d  s t r e a m ^  ) #

(1 )  Fage and J.ohansen . P h il.M a g . 1 9 2 8 . V o l. 5 ,  p . 4 1 7 .
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I f  th e  tim e o f  exp o su re  he one seco n d , th e  p a r t i c l e  o f  

aluminium  d u st h as not o n ly  w h irle d  round in  th e  v o r t e x ,  h u t 

h as a l s o  p ro ceed ed  an a p p re c ia b le  d is ta n c e  d o w n -stream . The 

p a th  th us in d ic a te d  in  th e  p h o to g rap h  i s  th e  co m b in atio n  o f  

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

The ty p e  o f  p h otographs o b ta in e d  depends to  a l a r g e  

e x te n t  upon th e  tim e o f  exp o su re  and th e  amount o f  alum inium  

d u st on th e  s u r f a c e  o f  th e  w a te r . W ith a  l a r g e  amount o f  

d u st and a lo n g  e x p o su re  th e  s t r e a k s  o f  l i g h t  i n d i c a t i n g  th e  

p ath s  o f  p a r t i c l e s  m erge in to  one a n o th e r  and g iv e  v e ry  good 

in d ic a t io n s  o f  th e  flo w  p a t t e r n .  Such p h oto grap h s o f  th e  

e d d ie s  a t  th e  b ack  o f  th e  l a s t  row o f tu b es resem b le p h o to ­

grap h s o f  b u r r -w a ln u t . ( F i g .  7 .2 2  B) When o n ly  a  m od erate  

number o f  p a r t i c l e s  o f aluminium d u st a r e  s p r in k le d  on the  

s u r f a c e  of th e  w a t e r ,  th e  p h oto grap h s ap p ear as  a s e r i e s  o f  

cu rv ed  w h ite s t r e a k s .  The a c t u a l  p a th s  o f  in d iv id u a l  

p a r t i c l e s  a re  l i n e s  o f  f i n i t e  le n g th  and a re  s u f f i c i e n t l y  

d i s t i n c t  to  g iv e  a r e l i a b l e  m easure of th e  l o c a l  v e l o c i t i e s  

( F i g .  7 .2 2  C ) .

7 .2 3  Flow  p a t t e r n  a t  bottom  o f  ta n k .

In  S e c tio n  7 .2 1  i t  was s t a t e d  t h a t  the m ain c h a r a c t e r ­

i s t i c s  of flow  co u ld  be i n v e s t i g a t e d  by c o n s id e r in g  th e  m otion  

o f  p a r t i c l e s  in  p la n e s  p a r a l l e l  to  th e  bottom  o f  th e  ta n k .

One im p o rta n t e x c e p tio n  t o  t h i s  c o n c lu s io n  was o b se rv e d . In
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th e  c a s e  o f  a s in g le  c y l i n d e r  i t  was found t h a t  when sm all  

c r y s t a l s  o f  p o tassiu m  perm anganate were dropped on t o  th e  

bottom  on th e  ch a n n e l, th e  c o lo u r  bands o b ta in e d  w ere as  

seen  in  F i g .  7 .2 3  A . The c o lo u r  bands a r e  n o t i n d i c a t i v e  

o f th e  s tre a m  l i n e s  o f  flow  around th e  c y l i n d e r .  These  

should  be a s  in  F i g .  7 .2 2  A. The c o lo u r  band from  th e  

c r y s t a l  d i r e c t l y  in  f r o n t  o f  th e  c y l i n d e r  i s  flo w in g  in  

e x a c t l y  th e  o p p o s ite  d i r e c t i o n  to  th e  m ain s tr e a m , w hile  

th e  c o lo u r  band from  a d ja c e n t  c r y s t a l s  i n d i c a t e s  m otion s  

a t  r i g h t  a n g le s  t o  th e  l i n e  o f  f lo w . The e x p la n a tio n  

i s  t h a t  th e  c o lo u r  bands i n d ic a te  th e  m o tio n  n o t in  th e  

main stre a m  b u t in  th e  boundary l a y e r  a t  th e  bottom  o f  

th e  ta n k .

As th e  b ottom  o f  th e  ta n k  i s  app roach ed  th e  v e l o c i t y  o f  

th e  s tre a m  i s  s u c c e s s i v e l y  re d u ce d . As th e  v e l o c i t y  i s  

red u ced  so i s  th e  p r e s s u re  on th e  f r o n t  o f  th e  c y l in d e r  

re d u c e d , as was seen  in  th e  form  d ra g  d iagram s in  S e c t io n  

5 . 4 .  As a  r e s u l t  o f  t h i s  r e d u c tio n  in  p re s s u re  th e r e  i s  

a downward flo w  on th e  f a c e  o f th e  c y l i n d e r  from an a r e a  o f  

h ig h  p re s s u re  to  t h a t  o f low p r e s s u r e . T h is  c r e a t e s  a  

c i r c u l a t i o n  a s  shown in  F i g .  7 ,2 3  B , w ith  a  s ta g n a tio n  

p o in t 0 .7 5  d in  f r o n t  o f  th e  c y l i n d e r .

The im p o rtan ce  o f th e  exp erim en t i s  th a t  i t  i l l u s t r a t e s  

th e  d an g er o f  assum ing t h a t  l i n e s  o f  flow  n e a r  a boundary a re
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th e  same as th o se  in  m id -s tre a m . I t  i n d i c a t e s  th e  f u t i l i t y  

o f  t r y i n g  to  a s c e r t a i n  th e  p a th  o f  th e  g e n e ra l  flo w  o f  w a te r  

th ro u g h  a c e n t r i f u g a l  pump by p a in tin g  th e  im p e lle r  vanes  

w ith  s p e c i a l  pigm ent -  manning th e  pump f o r  a  s h o r t  tim e -  

rem oving th e  im p e lle r  and assum ing t h a t  th e s t r e a k s  on th e  

pigm ent in d i c a t e  th e  m ain flow  th ro u g h  th e  pump.

7 .2 4  S u rfa c e  te n s io n  e f f e c t s  cau se  hy te m p e ra tu re  d i f f e r e n c e s .

As w e ll a s  th e  e x c e p tio n a l  ca se  of flow  n e a r  th e  bottom  

o f th e  ta n k , d e s c r ib e d  in  th e  p re v io u s  S e c t i o n , one o th e r  

i n t e r e s t i n g  e x c e p tio n  was o b se rv e d . In  t h i s  c a s e  i t  was 

co n n e cte d  w ith  th e  flow  on the, s u r f a c e  o f  th e  w a te r  and was 

cau sed  by n o n -is o th e rm a l c o n d i t i o n s .

I t  had been  d e c id e d  t o  i n v e s t i g a t e  th e  band o f  v o r t i c i t y  

betw een th e  f r e e  moving s tre a m  and th e  "dead  W ater" a r e a  a t  

th e  b ack  o f  a  s in g le  c y l i n d e r .  In  th e  s e a rc h  f o r  a  s u i t a b le  

c y l i n d e r  a l a r g e  s t e e l  nut o f  c y l i n d r i c a l  form  was p la ce d  

in  th e  A hlborn ta n k , b u t d i f f i c u l t y  was e n co u n te re d  im m e d ia te ly , 

due to  o i l  b e in g  g iv e n  o f f  from  th e  screw ed th re a d  on th e  in s id e  

o f th e  n u t . A s o l i d  s t e e l  c y l in d e r  about 1 2 .7  Cms. d ia m e te r  

was th e n  washed w ith  soap  and w a te r  and p la ce d  in  th e  ta n k .  

T ro u b le  was e x p e r ie n c e d  s t i l l  w ith  o i l  on th e  s u r f a c e  o f th e  

w a te r  and th e  c y l i n d e r  was washed in  s p i r i t .  T his d id  n o t  

p ro v e e n t i r e l y  e f f e c t i v e ,  and i t  was remembered th a t
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T i e t j e n s ^ ^  had recommended c o v e r in g  th e  m odel w ith  p a r a f f i n  

w ax. In  o rd e r  t o  ap p ly  th e  w ax, th e  s t e e l  c y l in d e r  was 

h e a te d  s u f f i c i e n t l y  t o  m e lt th e  wax on th e  s u r f a c e .

The w a x -co v e re d  c y l in d e r  was re p la c e d  in  th e  w a te r  ch an n el 

b e fo re  i t  had c o o le d  c o m p le te ly , and i t  was o b serv ed  t h a t  th e  

p a r t i c l e s  o f  alum inium  d u st moved r a d i a l l y  away from  a l l  p a r t s  

o f  th e  c irc u m fe re n c e  o f  th e  c y l i n d e r  a t  a v e ry  h ig h  sp eed .

I t  was r e a l i s e d  t h a t  i f  t h i s  m o tio n  o f  th e  f l u i d  away from  

a l l  p a r ts  o f  th e  c ircu m fe re n ce  was due t o  th e  n a t u r a l  c o n v e c tio n  

ca u se d  by th e  d i f f e r e n c e  in  te m p e ra tu re  o f  th e  f l u i d  and th e  

c y l i n d e r ,  th e n  i t  would ap p ear t h a t  i t  co u ld  n o t be assumed 

t h a t  th e  flo w  p a t t e r n  in  a  n e s t  o f  tu b es when t r a n s f e r r i n g  h e a t  

would be th e  same as under is o th e rm a l c o n d it io n s . T h is would 

be c o n t r a r y  t o  th e  c o n c lu s io n s  o f  Drew and R y a n ^ ^  and f u r t h e r  

exp e rim e n ts  were c a r r i e d  ou t i n  a  sm all w a te r  c h a n n e l.

A c lo s e d  c y l i n d e r  was made from  a p ie c e  o f  b ra s s  tube

3 .5  Cms. d ia m e te r  and 8 Cms. lo n g . T his was f i t t e d  w ith  an  

i n l e t  and o u t l e t  p ip e  s o  t h a t  h o t w a te r  co u ld  be c i r c u l a t e d  

th ro u g h  th e  c y l in d e r  a s  i l l u s t r a t e d  in  F ig *  7 .2 4 .

W ith  w a te r in  th e  s tre a m  a t  1 1 .6 0 C . and h o t w a te r  e n t e r i n g  

th e  c y l in d e r  a t  37°C » and le a v in g  a t  3 0 °C „ , th e  phenomenon

( 1 )  O .G .T ie t je n s • A pplied  Hydro and A ero m ech an ics . 1 9 3 4 . p .2 7 0 .
P u b li s h e r s :  McGraw H i l l  Book Co.

( 2 )  T .B .D rew  and W .P .R yan . A m e r .I n s t . Chem.Eng. 1 9 3 1 .
Vol* 2 6 .  p .1 1 8 .
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was i n v e s t i g a t e d ,  f i r s t  w ith  alum inium  d u s t ,  th e n  w ith  a v e ry  

f i n e  c o lo u r  band o f  p o ta ssiu m  perm anganate s o l u t i o n .

I t  was found t h a t  th e  e f f e c t  was e n t i r e l y  co n fin e d  to  th e  

w a te r  n e a r  th e  s u r f a c e  and t h a t  h e re  a  ra p id  c i r c u l a t i o n  

was s e t  up i n  th e  form  a s  i n d i c a t e d  in  th e  f i g u r e .  The d ep th  

o f  t h i s  c i r c u l a t i o n  co u ld  be c l e a r l y  se e n  by lo w e rin g  th e  

c o lo u r  band u n t i l  i t  was l e v e l  w ith  th e  u n d e r -s u r f a c e  o f  th e  

c i r c u l a t i n g  w a te r , w hich was about 0 .3  Cm. below  th e  s u r f a c e  

o f th e  s tre a m . The p o tassiu m  permanganate s o lu t io n  was th e n  

drawn in to  th e  c i r c u l a t i o n  and gave a  d e f i n i t e  i n d i c a t i o n  of  

i t s  sh ap e .

By lo w e rin g  th e  c o lo u r  band to  a d ep th  g r e a t e r  th a n  

0 .3  Cm. i t  was se e n  t h a t  th e  flo w  around th e  c y l in d e r  was 

s i m i l a r  t o  t h a t  un der is o th e r m a l c o n d it i o n s , and th e  g e n e ra l  

c h a r a c t e r i s t i c s  o f  flow  w ere as  seen  in  F i g .  7 .2 2  A.

7 *3  Flow p a t t e r n s  w ith  v a r io u s  arran g em en ts o f groups o f  tu b e s .

F i g .  7 .3  shows th e  v a r io u s  arran g em en ts o f  groups o f  

tu b es  w hich w ere exam ined in  th e  A hlborn ta n k .

Group A i s  a p a r a l l e l  arran g em en t w ith  c lo s e  s p a c in g . In  

th e  e a r l i e r  e x p e rim e n ts  th e  grou p  c o n s is te d  o f f o u r  rows w ith  

f i v e  tu b es  in  e a ch  row . F i g .  7 .3  A shows a p h oto grap h  o f th e  

e d d ies  w ith  t h i s  a rra n g e m e n t. I t  was o b serv ed  t h a t  w h ile  

th e r e  was l i t t l e  s i m i l a r i t y  in  th e  form  o f  th e  e d d ie s  betw een
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th e  1 s t  and 2n d , and 2nd and 3 rd  rows o f  tu b e s , th e re  was 

d e f i n i t e  i n d i c a t i o n  o f  s i m i l a r i t y  betw een th e  e d d ie s  in  th e  

a r e a s  betw een th e  3 rd  and 4 th  ro w s. I t  was th o u g h t p o s s ib le  

t h a t  a f t e r  a c e r t a i n  number o f row s a d e f i n i t e  flo w  p a t t e r n  

m ight be e s t a b l i s h e d ,  and in  o rd e r  to  i n v e s t i g a t e  t h i s  s u b j e c t  

tw o f u r t h e r  rows w ere added. P i g .  7 .3  AT shows th e  r e s u l t ,  

b u t th e r e  i s  even l e s s  i n d i c a t i o n  o f  u n ifo rm ity  o f  flo w  

p a t t e r n .

Group B , in  P i g .  7 . 3 ,  shows th e  open s p a c in g  p a r a l l e l  

a rra n g e m e n t, th e  p ro p o r tio n s  o f w hich a re  th e  same a s  th e  n e s t  

o f  tu b e s  used  in  th e  P i t o t  tu b e and form  d ra g  e x p e rim e n ts .

P i g .  7 .3  B i s  a  v e ry  good exam ple o f th e  in d ic a t io n s  of flo w  

by t h i s  m ethod. T h is p h oto grap h  was tak en  w ith  a  r e l a t i v e l y  

lo n g  exp o su re  (1  se co n d ) and a l i b e r a l  s p r in k lin g  o f  aluminium  

d u s t .

P i g .  7 ,3  B 1 i s  ta k e n  w ith  th e  same e x p o su re , but w ith  few  

p a r t i c l e s  o f alum inium  d u s t .  W hile th e re  i s  l i t t l e  i n d i c a t i o n  

o f  a  d e f i n i t e  flow  p a t t e r n  in  F i g .  7 .3  B , F i g .  7 .3  B* a g a in  

shows a s i m i l a r i t y  o f p a t t e r n  o f  th e  ed d ies betw een th e  l a s t  

two rows o f  tu b e s . I t  would n o t  be d i f f i c u l t  to  g iv e  a ca u se  

why a d e f i n i t e  flo w  p a t t e r n  should o r  sh ou ld  n o t e x i s t ,  and  

i t  i s  p o s s ib le  t h a t  under one s e t  o f  c o n d itio n s  th e  flo w  p a t t e r n  

i s  d e f i n i t e  and r e g u l a r ,  w hereas un d er a n o th e r  s e t  o f  c o n d itio n s  

th e  fo rm a tio n  o f  th e  ed d ie s  i n  tim e and sp ace  p rod uces no
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d e f i n i t e  p e r i o d i c i t y  o r  p a t t e r n .

I f  th e  s tre a m  w ere to  f lo w  a t  an a b s o lu te  u n iform  v e l o c i t y  

and th e  p a th  o f  e a c h  p a r t i c l e  in  th e  s tre a m  was p a r a l l e l  to  

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

id e a l  s tr e a m . Sim ple exp e rim e n ts  w ith  p o tassiu m  perm anganate  

c o lo u r  bands showed t h a t  su ch  a  s tre a m  d id  n o t e x i s t .  W hile  

th e  g e n e ra l  d i r e c t i o n  o f  flo w  was u n ifo rm , th e  p ath s  o f  

in d iv id u a l  s tre a m  l i n e s  w ere n o t p a r a l l e l  a lw a y s .

I f  th e  n e s t  w ere to  c o n s i s t  o f  tu b es  o f  e x a c t l y  th e  same 

d ia m e te r  and o f  e x a c t l y  th e  same s u r f a c e  ro u g h n e ss , and th e  

p i tc h in g  o f  th e  tu b es in  e a ch  row and th e d i s t a n c e  betw een  

c o n s e c u tiv e  rows were a b s o l u te l y  c o r r e c t ,  t h i s  would c o n s t i t u t e  

an id e a l  n e s t  o f  tu b e s . I f  th e  id e a l  f l u i d  s tre a m  w ere t o  

p ass o v er th e  i d e a l  n e s t  o f  tu b e s  th e re  i s  e v e ry  p r o b a b i l i t y  

t h a t  a d e f i n i t e  flo w  p a t t e r n  would be e s ta b l is h e d  and m aintained.

Under su ch  c o n d itio n s  th e  p e r i o d i c i t y  o f  th e  fo rm a tio n  

o f  e d d ie s  betw een th e  f i r s t  and second rows would a f f e c t  th e  

p e r i o d i c i t y  o f  th e  flow  p a t t e r n  betw een th e  second and t h i r d  

ro w s, m aking th e  d e f i n i t e  p e rio d  o f  c y c l i c  changes in  t h i s  

a r e a  e i t h e r  th e  same p e rio d  o r some m u ltip le  o f  th e  c y c l i c  

p e rio d  o f  th e  e d d ie s  shed from  th e  f i r s t  row o f tu b e s . The 

p e r i o d i c i t y  o f  th e  flow  p a t t e r n  betw een th e  2nd and 3 rd  rows 

would a f f e c t  t h a t  in  th e  sp a ce  betw een th e  3 rd  and 4 th  row s,
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and so on with each successive row.

In the actual experiment the stream is neither an ideal 
stream, nor is the nest an ideal nest of tubes. The particles 
of water in the local stream impinge on one of the tubes at 
a slightly different angle or with a slightly different 
velocity from the local stream on the adjoining tube. This 
causes the point of breakaway on the first tube to be slightly 
different from that on the second tube, and a vortex commences 
to build up behind the first tube a fraction of a second before 
a similar vortex is formed behind the second tube. The flow 
pattern is thus interrupted. The existence of the vortex 
behind the first tube creates a set of pressure and velocity 
conditions, the influence of which is transmitted through the 
main stream to the area at the back of the second tube. The 
vortex at the back of the second tube does not develop under 
the same environmental conditions as the first one.

It will be realised that in time this mutual interference 
will so distort the flow that it will be impossible to say 
that any regular pattern exists. The eddies at the back of 
any one tube are evolved, developed and shed at periods which 
are entirely dependent upon the local conditions under which 
the eddy is born, and these will vary from tube to tube and 
from moment to moment*
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t
Taking this into consideration, it is a matter for comment 

that Figs, 7,3 A and 7,3 B* give evidence of a regular flow 
pattern with regard to the central three tubes. It is not 
surprising that the flow pattern behind the two outer tubes 
is not the same as that behind the central tubes, since the 
outer surface of these areas is bounded by a straight wall.

Although the aluminium dust had given good indication 
of the flow, and yielded some very good photographs, other 
indicators were tried. Fresh cowfs milk and also solutions 
of condensed milk were used, but there seemed to be considerably 
denser than water and the indicator soon sank to the bottom 
of the channel. Tincture of benzoin in solution in water gave 
a milky indicator which is lighter than water and tended to 
rise to the surface,

A mixture of this solution with milk or condensed milk 
was made so that it had the same density as water and this 
acted very well and did not have any tendency to rise or sink. 
With this indicator any particular area or the general flow 
at any particular depth could be examined.

Although the introduction of latex into the dead water 
region at the back of the tubes cause a momentary disturbance 
and surface tension effect, this soon passed away and the 
latex provided a very useful indicator. The best method
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o f in tro d u c in g  th e  i n d i c a t o r  was by means o f  a p i p e t t e .  The 

g e n e ra l  l i n e s  o f  flow  co u ld  be c l e a r l y  see n  and th e  i n d i c a t i o n  

p e r s i s t e d  f o r  s e v e r a l  m in u te s . In d iv id u a l  c y l i n d e r s  w ere 

removed from  th e  s tre a m  and a wide w h ite band o f  l a t e x  was 

p a in te d  on t h e i r  s u r f a c e s .  The c y l i n d e r s  w ere im m ed iately  

re p la c e d  in  th e  s tre a m . By t h i s  method th e  p o in t o f  

breakaw ay o f  th e  s tre a m  from  th e  v a r io u s  c y l in d e r s  co u ld  be 

d e te rm in e d . F ig u re  7 .3 A fr shows th e  g e n e r a l  ap p earan ce  o f  

flo w  w ith  t h i s  i n d i c a t o r  and th e  p o in ts  o f  break aw ay. vN#max  

in  t h i s  c a s e  was o n ly  0 .7 8  Cm. p er s e co n d , w hereas in  m ost 

o f  th e  e x p e rim e n ts  w ith  alum inium  d u st th e  v e l o c i t y  was 

f o u r  tim e s  t h i s  f i g u r e .

From th e  o b s e r v a tio n s  made w ith  th e aluminium  d u st and  

o th e r  i n d i c a t o r s  i t  was seen  t h a t  in  th e  c a s e  o f a  s in g le  row  

o f  tu b es e d d ie s  a re  form ed a t  th e  b ack  o f  e a c h  tu b e . The 

e d d ie s  a re  p e r io d ic  in  c h a r a c t e r ,  le a v in g  th e  tu b e s  f i r s t  on 

th e  r i g h t  and th e n  on th e  l e f t ,  and p a s s in g  down stream  

s i m i l a r  to  th o s e  shed from a s in g le  c y l i n d e r .  They a r e  

somev/hat s m a lle r  in  com parison  w ith  th e d ia m e te r  o f th e  

c y lin d e r  and more i r r e g u l a r  w ith  re g a rd  to  p e r i o d i c i t y .

When th e  n e s t  c o n s i s t s  o f  more th a n  one row o f  tu b e s  

a rra n g e d  in  p a r a l l e l  fo rm a tio n , f o r  an a p p re c ia b le  le n g th  

o f tim e th e  m ain s tream  a p p e a rs  to  pass s t r a i g h t  down th ro u g h  

th e  g a p s , presum ably w ith  l i t t l e  l o s s  of en erg y  on th e  c e n tr e
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o f th e  s tre a m . Such flo w  d oes n o t co n tin u e  i n d e f i n i t e l y .  

Caused by th e  d i s s i p a t i o n  o f  some p a r t i c u l a r  edd y, th e  m ain  

s tre a m  a p p e a rs  to  f l i c k  o v e r  in to  th e  sp ace  which had been  

o ccu p ied  p r e v io u s ly  by th e  eddy and to  push what rem ain s o f  

th e  eddy i n t o  th e  s tre a m  o f  an a d ja c e n t  c h a n n e l. Meanwhile 

some o f  th e  new h ig h  e n e rg y  f l u i d  i s  com bining w ith  th e  dead  

w a te r  a t  th e  b ack  o f  th e  tu b e  and to g e th e r  w ith  th e  new 

boundary l a y e r  f l u i d  form s a n o th e r  edd y. T h is eddy may 

rem ain  f o r  s u f f i c i e n t  tim e  t o  com plete s e v e r a l  r e v o lu t io n s  

d u rin g  w hich p e rio d  i t  a p p e a rs  to  r e c e i v e  en erg y  c o n tin u o u s ly  

from  th e  m ain s tream  and s im u lta n e o u sly  to  lo s e  en erg y  by  

s u r f a c e  f r i c t i o n ,  m ain ly  on th e  u p stream  f a c e  o f  th e  seco n d  

row o f tu b e s , a lth o u g h  p a r t l y  on th e  downstream  f a c e  o f  

th e  f i r s t  row .

T his p ro c e s s  i s  r e p e a te d  in  a p r o g r e s s iv e ly  g r e a t e r  d e g re e  

betw een th e  s u cce e d in g  rows o f tu b e s .

Group C F ig u re  7 .3  shows a s ta g g e re d  arran gem en t o f  

e l l i p t i c a l  tu b e s . These tu b e s  were a rra n g e d  so t h a t  th e  

d ia g o n a l d i s t a n c e  betw een two tu b e s  was h a l f  th e  d is ta n c e  

betw een a d ja c e n t  tu b es in  a  row . W ith t h i s  p a r t i c u l a r  

sp a cin g  th e  v e l o c i t y  o f  th e  m ain s tre a m  i s  p r a c t i c a l l y  

c o n s t a n t .  F ig u re  7 .3 C  shows th e  r e s u l t a n t  f lo w . The 

f i r s t  im p re ss io n  o f  t h i s  p h o to g rap h  i s  th e  n o ta b le  ab sen ce  

o f  e d d ie s .
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Prom a c l o s e r  s tu d y  o f th e  f ig u r e  i t  w i l l  be s e e n  t h a t  

th e r e  a re  sm a ll e d d ie s  a t  th e  r e a r  o f  e a ch  tu b e : th e s e  a re

se e n  in  th e  e n la rg e m e n t, F ig u re  7 .3 C * .  A lso  l a r g e  ed d ie s  

form  beh ind  ea ch  o f  th e  tu b e s  o f  th e  l a s t  ro w ; one o f  th e s e  

i s  shown in  F ig u re  7 .3 C tf. I t  i s  i n t e r e s t i n g  to  n o te  t h a t  

w ith  th e  c e n tr e  tu b e s  o f  th e  group th e  e d d ies  a r e  e x tre m e ly  

s m a l l ,  b u t behind th e  s id e  tu b e s  where th e  v e l o c i t y  i s  n o t 

c o n s t a n t ,  ed d ie s  o f  a p p re c ia b le  s i z e  have d e v e lo p e d . The 

m ain s tre a m  p a s s e s  round th e  tu b e s  in  a manner w hich conform s  

to  th e  shape o f  th e  tu b e s . T here i s  l e s s  l o s s  o f  en e rg y  

in  th e  c r e a t i o n  o f  e d d ie s  and i t  would be e x p e c te d  t h a t  th e  

form  d ra g  on th e s e  tu b e s  would be a p p re c ia b ly  l e s s  th a n  w ith  

grou p s A o r B .

T here a re  many p r a c t i c a l  c o n s id e ra t io n s  w h ich  p re c lu d e  th e  

u se  o f  e l l i p t i c a l  tu b e s  in  h e a t  e x ch a n g e rs  and e f f o r t s  have  

b een  made to  ap p ro xim ate  to  th e  sm ooth flo w in g  s tre a m lin e  

c o n d itio n s  o f group C, by a rra n g in g  c y l i n d r i c a l  tu b e s  in  

s ta g g e r e d  a rra n g e m e n t. Groups D, E and F (F ig u re  7 . 3 )  have  

been i n v e s t i g a t e d .  Group D i s  an open s p a c in g  w ith  th e  

d ia g o n a l d i s t a n c e  betw een th e  tu b es  s l i g h t l y  g r e a t e r  th an  

h a l f  th e  d is ta n c e  betw een a d jo in in g  tu b e s  i n  any one row .

F ig u re  7 .3D  i s  a p h o to g rap h  o f  th e  f lo w . F ig u re  7.3D* i s  

a n o th e r  p h oto grap h  w ith  th e  same s p a c in g . In  t h i s  c a s e  

lycopodium  powder was s p r in k le d  on th e  s u r fa c e  o f  th e  w ater
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f lo w in g  b e tw ee n  th e  r i g h t  h an d  s id e  tu b e s  w h ile  a lum in ium  
d u s t  was u se d  on th e  l e f t  h an d  s i d e .  The ly co p o d ium  pow der 
gave f i n e r  l i n e s  b u t  th e  c o n t r a s t s  w ere n o t  s o  d i s t i n c t .
The im p re s s io n  o b ta in e d  was t h a t  t h i s  w ould  p ro v e  a  u s e f u l  
i n d i c a t o r  f o r  th e  e x a m in a tio n  o f  s m a ll  a r e a s  w here  th e  
cam era  was r e l a t i v e l y  c lo s e  t o  t h e  p a r t i c u l a r  a r e a ,  b u t  was 
n o t  a s  good a s  th e  a lu m in iu m  d u s t  f o r  th e  i n v e s t i g a t i o n  o f  
th e  g e n e r a l  f lo w  p a t t e r n .  W ith  t h i s  s p a c in g  th e  e d d ie s  
t h a t  a r e  fo rm ed  a t  th e  b a c k s  o f  th e  tu b e s  p a s s  down th e  
m ain  s tr e a m  a s  co m p le te  e d d ie s  w i th  l e s s  d i s i n t e g r a t i o n  
th a n  i n  th e  c a s e s  o f  th e  p a r a l l e l  a r ra n g e m e n t . T h is  c a u s e s  
g r e a t e r  d i s t o r t i o n  o f  th e  m ain  s t r e a m .

F ig u re  7 .3 D ” shows an  e n la rg e m e n t o f  one o f  th e  e d d ie s  as 
i n d i c a t e d  w i th  ly co p o d iu m  p o w d er. I t  i s  an  e x c e l l e n t  
exam ple o f  th e  t h e o r e t i c a l  Karman s t r e e t .

Group E i s  th e  o r i g i n a l  s ta g g e r e d  a r ra n g e m e n t o f  th e  
n e s t  o f  t u b e s .  I t  was w i th  t h i s  a rra n g e m e n t t h a t  th e  
a s y m m e tr ic a l d i f f i c u l t i e s  w ere  e n c o u n te re d  when t e s t i n g  
th e  f i r s t *  n e s t  on w a te r  f lo w  as d e s c r ib e d  i n  S e c t io n  2 .
I t  was by  rem o v in g  th e  tu b e s  o f  a l t e r n a t e  row s o f  t h i s  
s t a g g e r e d  a r ra n g e m e n t t h a t  th e  p a r a l l e l  a r ra n g e m e n t Group B, 
F ig u r e  7 .3  was o b ta in e d .

F ig u r e  7 .3 E  shows th e  c o n d i t io n s  o f  f lo w  i n  t h i s  g ro u p .
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I t  w i l l  be s e e n  t h a t  s i n c e  th e  d ia g o n a l  d i s t a n c e  b e tw e e n  th e  
tu b e s  i s  e q u a l  to  th e  d i s t a n c e  b e tw ee n  a d jo in in g  tu b e s  o f any 
ro w , and o n ly  h a l f  th e  q u a n t i t y  o f  w a te r  h a s  t o  f lo w  down 
th e  d ia g o n a l  g a p s ,  t h e r e  i s  l e f t  a n  a p p r e c ia b le  a r e a  a t  th e  
b a c k  o f  e a c h  tu b e  I n  w h ich  e d d ie s  ca n  form*

G roup P was a n  e f f o r t  to  overcom e t h i s  c o n d i t io n  by 
m ak in g  th e  d ia g o n a l  d i s t a n c e  b e tw een  th e  tu b e s  h a l f  th e  
t r a n s v e r s e  d i s t a n c e  and th u s  keep  th e  a r e a  a t  r i g h t  a n g le s  
t o  th e  f lo w  a p p ro x im a te ly  c o n s t a n t .  From F ig u re  7 .3 F  i t  
w i l l  be s e e n  t h a t  th e  eddy  a r e a  i s  now re d u c e d  t o  a  sm a ll  
t r i a n g l e  a t  th e  b a c k  o f  e a c h  tu b e .

7 .4  F low  p a t t e r n  a s  s e e n  by  o b s e r v e r  m oving  r e l a t i v e  to  n e s t .
I t  was r e a l i s e d  t h a t  a l l  th e  p r e v io u s  p h o to g ra p h s  h ad  b e e n  

ta k e n  w ith  a  f lo w in g  s t r e a m  and th e  cam era f i x e d  r e l a t i v e  to  t h e  
t u b e s .  The im p re s s io n  o b ta in e d  from  th e s e  p h o to g ra p h s  was 
n o t  th e  same as  t h a t  o b ta in e d  by v i s u a l  o b s e r v a t io n .  W ith  
d i r e c t  v i s i o n  th e  eye c o u ld  f o l lo w  an  eddy  as  i t  l e f t  th e  
b a c k  o f  a  tu b e  and f l o a t e d  d o w n stream . T h is  w ould a p p e a r  a s  
a r o t a t i n g  ed d y , b u t  a  p h o to g ra p h  w ith  a s t a t i o n a r y  cam era o f 
t h i s  phenonom en w ould  show a s e r i e s  o f  su p e rim p o sed  w av es .

Two p h o to g ra p h s , F ig u r e s  7.4A  and B, w ere t a k e n  w i th  th e  
cam era  f i x e d  and  th e  n e s t  o f  tu b e s  was moved th ro u g h  the  
s t a t i o n a r y  w a te r .  The s p a c in g  o f  th e  g ro u p  was s i m i l a r  to
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Group B, F ig u r e  7 .3 ,  b u t  t h e r e  w ere o n ly  th r e e  row s o f 
f o u r  tu b e s  e a c h . The tu b e s  w ere f i x e d  t o  a b r a s s  s h e e t  
and a l l  p a in te d  b la c k  i n  o r d e r  to  show u p  th e  m o tio n  o f  
th e  a lum in ium  p a r t i c l e s  on th e  s u r f a c e  o f  th e  w a te r .

The o s p r e y - l i k e  e f f e c t  on th e  f r o n t  o f  t h e  f i r s t  row 
o f  tu b e s  i s  s im p ly  th e  e f f e c t  o f  th e  r e l a t i v e  m o tio n  o f  th e  
tu b e s  and th e  w a te r .  I t  i s  i n t e r e s t i n g  to  com pare th e  
p h o to g ra p h s  w i th  th e  r e s u l t s  o f  th e  m o tio n  o f  a  sp h e re  
th ro u g h  a s o l u t i o n  o f  g l y c e r i n e  a s  o b ta in e d  b y  W ill ia m s .
I n  h i s  e x p e r im e n ts  W illia m s  r e n d e re d  th e  f lo w  v i s i b l e  by  
s u s p e n d in g  t i n y  f l a k e s  o f  a lu m in iu m  pow der i n  th e  g ly c e r in e  
s o l u t i o n  and i l l u m i n a t i n g  th e  f i e l d  o f  v i s i o n  w i th  a 
p o w e rfu l beam o f  l i g h t .  The same f e a t h e r - l i k e  a p p e a ra n c e  
a t  th e  h e a d  o f  th e  s p h e re  was o b ta in e d .

In  F ig u re  7.4A  th e  e a r l y  s t a g e s  o f  th e  e d d ie s  i n  th e  
b an d s  o f  v o r t i c i t y  w h ich  a r e  sh ed  from  th e  two s id e s  o f  th e  
c y l in d e r s  can  b e  c l e a r l y  s e e n .  U nder n o rm al c o n d i t io n s  th e s e  
e d d ie s  d e v e lo p  u n t i l  th e y  f i l l  th e  w hole o f  th e  sp ace  b e h in d  
th e  c y l i n d e r s ,  b u t  i t  h a s  b e e n  s u g g e s te d  by  R e l f  and Simmons 
t h a t  a t  a  R eynolds*  num ber o f  10^ t h i s  ch an g es  t o  a  d ead  
w a te r  r e g io n  w h ich  i s  f r i n g e d  by  s m a ll  e d d ie s .

(1 )  W.E. W il l ia m s . P h il .M a g . 1 9 15 . V o l. 2 9 , p .5 2 6 .
(2 )  E .F .R e l f  and  L .F .G .S im m ons. P h i l .  Mag. 1 9 2 5 . V o l .4 9 , p .5 0 9 .
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I t  was th o u g h t  t h a t  some f u r t h e r  i n s i g h t  i n t o  th e  m echanism  
o f  t h e  g e n e r a t io n  o f  e d d ie s  m ig h t be o b ta in e d  b y  s tu d y in g  th e  
v e l o c i t y  d i s t r i b u t i o n  i n  an  eddy  and th e  r e l a t i v e  v e l o c i t y  o f  
e d d ie s  b e tw een  s u c c e s s iv e  row s o f  t u b e s ,

7 ,5  A n a ly s is  o f  i n d i v i d u a l  e d d i e s .
I n  a  f r e e  v o r t e x  th e  v e l o c i t y  a t  any  p o in t  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  th e  d i s t a n c e  o f  t h a t  p o in t  from  th e  c e n t r e  o f  
th e  v o r t e x .  Prom a  c a s u a l  o b s e r v a t io n  o f  any  o f  th e  " f i n e  
l i n e "  p h o to g ra p h s  i t  was se e n  t h a t  th e  v e l o c i t y  d i s t r i b u t i o n  
i n  th e  e d d ie s  i n  g ro u p s  o f  tu b e s  d id  n o t  con fo rm  to  t h i s  la w . 
E f f o r t s  w ere t h e r e f o r e  made t o  a n a ly s e  some o f  th e  i n d i v i d u a l  
e d d i e s .

F ig u re  7 .5  i s  an  e n la rg e m e n t o f  a p o r t i o n  o f  F ig u r e  7.3B* 
b e tw ee n  th e  seco n d  and  t h i r d  row s o f  t u b e s .  B o th  th e  l a r g e  
eddy  A and th e  s m a l le r  eddy B w ere a n a ly s e d .  T hese  a r e  shown 
i n  F ig u r e s  7.5A  and 7 .5 B . S e p a r a te  e n la rg e m e n ts  o f  th e s e  
e d d ie s  w ere made an d  p ie c e s  o f  c e l lo p h a n e  w ere  p la c e d  o v e r th e  
p h o to g ra p h s . The p a th s  o f  th e  v a r io u s  p a r t i c l e s  o f  a lum in ium  
d u s t  w ere t r a c e d  w ith  i n d ia n  in k  on t o  th e  c e l lo p h a n e  and  th e s e  
w ere  t r a n s f e r r e d  t o  t r a c i n g  p a p e r .  The c e n t r e  o f  th e  eddy 
was th e n  d e te rm in e d  and  an  e l l i p s e  was d e s c r ib e d  a ro u n d  th e  
e d d y . A l i n e  was draw n from  th e  c e n t r e  o f  th e  e d d y  th ro u g h  
th e  c e n t r e  o f  th e  p a th  o f  th e  p a r t i c l e  to  th e  c ir c u m fe re n c e  
o f  th e  e l l i p s e .  The d i s t a n c e  from  th e  c e n t r e  o f  th e  eddy
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a lo n g  t h i s  l i n e  t o  th e  p a th  o f  th e  p a r t i c l e  i s  d e n o te d  by  
A and  th e  d i s t a n c e  from  th e  c e n t r e  t o  th e  c i r c u m fe re n c e  by 
B. The v e l o c i t y  o f  th e  p a r t i c l e  w as m easu red  d i r e c t l y  
from  th e  p h o to g ra p h  and  t h i s  l e n g t h  was p l o t t e d  a g a i n s t  th e  
r a t i o  A /B.

T a b le s  7 .5A  and  B g iv e  th e  d a t a  from  w hich  th e  c o r r e s p o n d ­
in g  c u rv e s  a r e  p l o t t e d .  I n  e a c h  c a s e  th e  p o in t s  a r e  
s c a t t e r e d  o v e r  a  f a i r l y  w ide b a n d , b u t  i t  h a s  b e e n  p o s s ib l e  
t o  d raw  an  a p p ro x im a te  mean l i n e .  From th e s e  tw o l i n e s  
(F ig u r e s  7 .5A  and  B) i t  i s  s e e n  t h a t  th e  v e l o c i t y  in c r e a s e s  
from  th e  c e n t r e  t o  th e  p e r ip h e r y  o f  th e  ed d y , b u t  th e  two 
c u rv e s  do n o t  a p p e a r  to  I n d i c a t e  th e  same r e l a t i o n  o f  
v e l o c i t y  w i th  d is tan ce  from  t h e  c e n t r e .  The r e s u l t s  a r e  i n  
g e n e r a l  a g re e m e n t w i th  th e  c o n c lu s io n s  o f  W il l ia m s ^ \  who 
s t a t e s  t h a t  " I n  th e  e d d ie s  th e  c e n t r a l  p a r t  o f  th e  l i q u i d  
m oves m ore o r  l e s s  a s  a  s o l i d  b o d y , th e  v e l o c i t y  d im in is h in g  
to w a rd s  th e  c e n t r e  o f  th e  eddy  w here t h e r e  i s  a lw ay s a  
p o i n t  o f  z e ro  v e l o c i t y . "

F o llo w in g  th e  m ethod  u se d  by  N is i  and P o r t e r f o r  th e  
a n a l y s i s  o f  e d d ie s  b e h in d  s p h e re s  and c y l i n d e r s  a t  low 
R e y n o ld s 1 2 n u m b ers , t h e  l o n g i t u d i n a l  and t r a n s v e r s e  com ponents

(1 )  W .E .W illia m s . P h i l .  M ag., 1 9 1 5 . V o l. 2 9 , p . 5 2 6 .
(2 ) N i s i  and P o r t e r .  P h i l .  M ag., 1 9 2 3 . V ol. 4 6 , p .  75 4 .
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of the streaks of aluminium dust were plotted separately.

Figure 7.5C shows the eddies between tubes in the second 
and third row of Figure 7.3A. The longitudinal and transverse 
components of the streaks crossing lines I, II, III and IV 
are shown below. Bearing In mind that in Nisi and Porter1 s 
experiments on the isolated cylinder the Reynolds1 number was
1 1 . 6  and the eddies at the back of the cylinder were stationary
and symmetrical, whereas in the present experiments Yff./.211.5?- .£V
was 1,500 and the eddies were asymmetrical, the curves are 
of very similar form to those of Nisi and Porter.

7.6 Determination of the velocity in eddies between successiverows of tubes.
From inspections of numerous photographs the opinion was 

formed that in general it could be said that the velocity of 
the eddies at the back of the first row of tubes was not as
great as that in the eddies between the second and third rows
of tubes. In many photographs there was a successive increase 
of the velocity in the larger eddy from the first to the last
row of tubes. This was most marked in the parallel arrange­
ments, but was also noticed to a lesser degree with the 
staggered arrangements with open spacing.

It was appreciated that the velocity in any eddy depended 
upon the length of time the eddy had been in existence and so 
the analysis of any series of eddies would depend upon the
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particular instant when the photographic exposure was made. 
Some idea of the relative increase in velocity in the eddies 
might be obtained by selecting a typical series of eddies and 
obtaining the average velocity in each.

For the purpose, Figure 7.3A was again used and the 
velocities of the streaks in the major eddies are reproduced 
in Figure 7.6. The length of the arrow below the first 
tube indicates the initial velocity of the stream and the 
arrow on the left VN#max a 4.115 Cms, per second.

The average velocity in the eddy at the back of the 
first tube V-̂ s 0.374 Cm. per second:

.y i—  = 0 .3 7 4  -  0 . 091
^N.max 4.115

Average velocity in eddy between tubes No. 2 and No. 3 
Vg » 0.674 Cm. per second:

,-y.g.-  = 0 .6 7 4  .  0 164%.max 4.115 ° * lb 4

Average velocity in eddy between tubes No. 3 and No. 4 
V3 a 0.825 Cm. per second:
v5 - 0.825

^N.max 4.115 = 0 .2 0 0
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Average velocity in eddy behind No. 4 tube 
V4 = 1.404 Cms. per second:

_ V4 = 1.404 .
^N.max 4.115 0.341

While the above figures give an idea of the relative eddy 
velocities, they should be considered as typical and it must 
be remembered that these figures will change from instant to 
instant.

7.7 Diffusion from the surface of a cylinder.
In section 5.7 it has been shown that the tangential drag 

or skin friction contributes only a small amount to the 
resultant total pressure loss through the nest. It has been 
possible in Section 8.84 to compute the skin friction on the 
upstream faces of the tubes, basing the calculation on the 
form drag curves. The value so determined is in excess of 
the total effective skin friction, thus showing that skin 
friction in the opposite direction exists at the rear of the 
tubes. The measurements of total drag and form drag are 
not sufficiently precise to enable estimation of the rear 
portion of the skin friction. Nor are the variations in 
pressure as indicated on the rear half of the form drag 
diagrams sufficiently large to permit of satisfactory calcula­
tion on the lines adopted for the upstream face.



Fig. 77 A .[but Motion At The 1ft Mt Of Tut Tubes.
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The type of motion at the rear has been demonstrated by 
the Ahlborn method. The velocities involved are not 
sufficient to cause large pressure differences. Neverthe­
less their influence on the form drag curves is noticeable 
in Figures 5.2E and 5.4B. This is particularly noticeable 
on the last row (Figure 5.2E) where the eddy speeds are 
greater than on the forward rows. The two points of relatively 
low pressure at angles of 150° and 120° seem consistent with 
the view that at these points the outer filaments of the eddy 
move in paths convex towards the eddy centre, as shown in 
Figure 7.7A. It should be noted that this conception suggests 
the existence of two distinct points of breakaway. These 
points may be separated by as much as 40° or 50°, the in­
tervening space being occupied by a pair of much smaller 
and elongated eddies or by a triangle of relatively stationary 
fluid. The skin friction in this region must be very small.
An Interesting sidelight was thrown on this subject by a 
diffusion experiment in which a stick of shaving soap was 
used as an isolated cylinder in a stream of water.

The mechanism of the diffusion of a soluble substance in 
a moving stream is the same as that of heat transfer, and 
Reynolds* analogy with respect to the corresponding nature of 
skin friction and heat transfer applies also to diffusion.
It should therefore be expected that the amount of soap
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d is s o lv e d  from  th e  v a r io u s  p a r t s  o f  th e  sh a v in g  s t i c k  sh ou ld  

g iv e  a f a i r  q u a l i t a t i v e  i n d i c a t i o n  o f  th e  m agnitude b o th  

o f  s k in  f r i c t i o n  and h e a t t r a n s f e r .  The f u l l  l i n e  in  

F ig u re  7 .7 B  g iv e s  th e  c r o s s  s e c t i o n  o f th e  sh a v in g  s t i c k  

a f t e r  t h i s  had been  exposed  f o r  39  m in u tes in  a  stream  o f  

w a te r  a t  1 5 °C . and 1 1 .1  Cms. p e r  se co n d .

I t  w i l l  be se e n  t h a t  the g r e a t e s t  e f f e c t  o c c u rre d  a t  th e  

u p stream  g e n e r a t o r ,  re d u cin g  g r a d u a lly  t o  a  f i r s t  minimum a t  

9 5 ° .  At t h i s  p o in t  breakaw ay no doubt o c c u r r e d . From 9 5 °  

t o  1 4 0 °  th e r e  was c o n s id e ra b ly  l e s s  e f f e c t .  T h is  co rresp o n d s  

t o  th e  re g io n  AB in  F ig u re  7 .7 A . From 1 4 0 °  onwards th e  

e f f e c t  in c r e a s e s  a g a in , becom ing a maximum a t  1 8 0 ° .  T here  

a r e  two m ain s ta g n a t io n  p o i n t s ,  one a t  0 °  and th e  o th e r  a t  

1 8 0 °  ,  b o th  w ith  h ig h  s k in  f r i c t i o n  and h ig h  h e a t  t r a n s f e r ,  

and two m ain p o in ts  o f  breakaw ay a t  9 5 °  and 2 6 5 °  and two 

se co n d a ry  p o in ts  o f  breakaw ay a t  1 4 0 °  and 2 2 0 ° .  The p o in ts  

o f breakaw ay a r e  a s s o c i a t e d  w ith  minimum sk in  f r i c t i o n  and 

minimum h e a t  t r a n s f e r .  The sk in  f r i c t i o n  changes in  s ig n  

and even though th e  in s ta n ta n e o u s  z e ro  p o in t f l u c t u a t e s ,  

n e v e r t h e le s s  th e  tim e a v e ra g e  does e x h i b i t  a z e ro  v a lu e .

The h e a t  t r a n s f e r  and d i f f u s i o n  a re  alw ays p o s i t i v e  in  s ig n  

and in  th e  c a se  o f  a  f l u c t u a t i n g  p o in t of breakaw ay g iv e  a  

minimum and n o t a  z e ro  v a l u e .  T h is i s  an exam ple o f  a  

d e v ia t io n  from  th e  c o n d itio n s  n e c e s s a r y  f o r  a  com plete
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an alo g y  betw een sk in  f r i c t i o n  and h e a t t r a n s f e r  o r  d i f f u s i o n .

The r e s u l t  o f th e  soap  ex p e rim e n t i s  compared w ith  th e  

a c t u a l  h e a t  t r a n s f e r  m easurem ents by P a l t z  and S t a r r w h o s e  

r e s u l t s  a r e  shown by th e  d o tte d  l i n e  in  F ig u re  7 .7 B .  The 

shape o f  th e  cu rv e  i s  v e ry  s i m i l a r ,  p a r t i c u l a r l y  when i t  i s  

remembered t h a t  th e  h e a t  t r a n s f e r  e x p erim en t was a t  a 

R eynolds* number o f  3 9 ,6 0 0 ,  w hereas th e  sh av in g  soap  

e x p erim en t was a t  Re s 2 ,8 0 0  and L o h r i s c h ^ )  by ammonia 

d i f f u s i o n  e x p e rim e n ts  had shown t h a t  th e  d i f f u s io n  a t  th e  

r e a r  o f  a  c y l i n d e r  in c r e a s e d  more r a p i d l y  th an  t h a t  a t  th e  

f r o n t  w ith  i n c r e a s i n g  R e y n o ld s1 2 number. I t  was a p p r e c ia te d  

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

sh av in g  s t i c k  d id  n o t rem ain  a t r u e  c i r c u l a r  c y l i n d e r ,  

w hereas in  th e  c a se  o f h e a t  t r a n s f e r  th e  m e ta l tu b e s  would 

r e t a i n  t h e i r  o r i g i n a l  fo rm . The r e s u l t  was s u f f i c i e n t l y  

good t o  s u g g e s t t h a t  t h i s  m ethod co u ld  be u sed  f o r  i n d ic a t in g  

th e  r e l a t i v e  h e a t  t r a n s f e r  o f a p a r t i c u l a r  tu be in  v a r io u s  

p o s i t io n s  in  a n e s t  o f  tu b e s . The m ethod co u ld  a ls o  be 

u sed  f o r  th e  i n v e s t i g a t i o n  o f  h e a t  t r a n s f e r  from b o d ie s  

where i t  i s  known t h a t  th e  flow  i s  o f  a th r e e  d im en sio n al  

c h a r a c t e r  and where th e  A hlbom  ta n k  co u ld  n o t be u sed  t o  

i n d i c a t e  th e  flow  p a t t e r n .  I t  m ight be o f  p a r t i c u l a r  u se

( 1 )  Vide Drew and R yan. Amer. I n s t .  Chem. Eng. 1 9 3 1 . V o l .2 6 ,
p .1 1 8 .

( 2 )  W .L o h ris ch . F o rs c h u n g s a r b e ite n . No. 3 2 2 , p .4 6 .
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in investigation of the relative heat transfer from various 
portions of the surface of gilled tubes, either individually 
or in nests.

7.8 General conclusions of the effect of longitudinal and 
transverse spacing on the flow pattern.

From the various experiments in the Ahlborn tank several 
general impressions were obtained with regard to the formation 
of eddies and the general flow pattern.

Whether eddies are formed or not depends mainly upon the 
shape and spacing of the tubes. If there are no abrupt 
changes of direction of the stream and the cross-sectional 
flow area remains constant, few eddies will be formed and 
these will occupy very small areas. If, on the other hand, 
the cross-sectional area increases abruptly, the the reverse 
pressure gradients exceed that value at which reverse flow 
occurs at the wall and separation is inevitable. Eddies 
are formed and their size is governed by the space available.

After separation or breakaway the main stream does not 
change much in size and if the walls curve away then the 
conditions are ideal for the formation of a pocket of dead 
water. The main stream passing beside such dead water 
entrains some of it and so loses energy while generating a 
swirl within the dead water. The first stage is the
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g e n e r a t io n  o f sm a ll e d d ie s  a d ja c e n t t o  th e  main s tre a m ,

These e d d ie s  i n c r e a s e  in  s iz e  and te n d s  t o  move s lo w ly  

dow n-?stream , (See F ig u re  7 ,8 b  and 7 .3A * eddy m arked ’’b1’ •)

T h is  p r o c e s s  i s  co n tin u e d  as in  F ig u re  7 , 8  c and d .  The 

v e l o c i t y  o f r o t a t i o n  o f  an  eddy ap p ears  t o  in c r e a s e  to  a  

maximum apd th en  d e c r e a s e  a s  th e  amount o f f l u i d  in c o rp o r a te d  

in  th e  eddy i n c r e a s e s .  In  some c a s e s  an eddy becom es so  

la r g e  t h a t  i t  f o r c e s  th e  p re c e d in g  eddy on the o p p o s ite  s id e  

out i n t o  th e  s tre a m , as  i s  i l l u s t r a t e d  in  T,d ,r, F ig u re  7 , 8 ,  

but more u s u a l l y  i t  seemed as I f  th e  v e l o c i t y  d ie d  down and 

a moment o r  two l a t e r  th e  same f l u i d  was u sed  i n  th e  fo rm a tio n  

o f  a n o th e r  eddy. E v e n tu a lly  t h i s  f l u i d  f in d s  i t s  way in to  

th e  m ain s tre a m . T h is  i s  ev id en ced  by th e  somewhat slow  

d i s p e r s a l  o f  aluminium  d u st from the dead w a te r  r e g io n  when 

f u r t h e r  aluminium  d u st i s  n o t s p r in k le d  on th e  oncoming s tre a m .

I t  was n o t ic e a b l e  t h a t  th e  f l u i d  behind th e  f i r s t  row of  

tu b e s  changed more s lo w ly  th an  t h a t  behind th e  second and 

su b seq u en t row s.

As th e  f i r s t  eddy d ie s  down a new eddy i s  form ed a t  th e  

o th e r  s id e  of th e  tu b e , as in  F ig u re  f’e n. T his p a s s e s  

th ro u g h  a  s i m i l a r  l i f e  h i s t o r y .  W ith re a s o n a b ly  clo se , 

t r a n s v e r s e  p i tc h in g  th e  e d d ies  ap p ear to  be d i s s ip a te d  and 

n o t to  p a ss  down th e  s tre a m  as  in d iv id u a l  e d d ie s .
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The number o f  e d d ie s  p r e s e n t  a t  any one tim e depends 

upon th e  le n g th  to  b r e a d th  r a t i o  o f th e  dead w a te r  r e g io n ,  

i . e .  upon th e  lo n g i tu d in a l  s p a c in g . W ith grou p in g  A,

F ig u re  7 . 3 ,  th e  le n g th /b r e a d th  r a t i o  i s  0 .6  and more th a n  

two ed d ies  a r e  r a r e l y  p r e s e n t .  W ith th e  g ro u p in g  B ,

F ig u re  7 . 3 ,  th e  le n g th /b r e a d th  r a t i o  i s  1 .6  and as  w i l l  be 

see n  in  F i g s .  7 . 8  f  and 7 .3 B ,  th e r e  a re  u s u a l ly  th r e e  l a r g e  

ed d ies  p r e s e n t .  A group o f  fo u r  d i s t i n c t  e d d ie s  i s  

e v id e n t i n  F i g .  7 .8 B  and th e s e  a re  redraw n in  7 . 8  g but 

t h i s  a p p e a rs  t o  be th e  maximum number u n d er th e s e  c o n d itio n s  

w ith  t h i s  s p a c in g .

A l t e r a t i o n  to  th e t r a n s v e r s e  s p a c in g  a f f e c t s  th e  r a t i o

o f —  ,  and s in c e  a l l  eddy fo rm a tio n  i s  d eterm in ed  by
o

th e  v e l o c i t y  in  the g a p s , i t  i s  th e re b y  a f f e c t e d  by th e  

t r a n s v e r s e  p i t c h .

An open t r a n s v e r s e  s p a c in g  as  w e ll a s  re d u cin g  th e  gap  

v e l o c i t y  g iv e s  a w id er m ain stre a m  and i t  i s  e a s i e r  f o r  ed d ies  

to  be pushed out from  th e  dead w ater r e g io n  in to  t h i s  s tre a m . 

T his i s  m ost marked in  th e  s ta g g e r e d  a rra n g e m e n ts , Groups D,

E and F ,  F ig u re  7 . 3 .  W ith D, th e  m ost open s p a c in g , e d d ie s  

a re  see n  f l o a t i n g  down th e  stream  and a s  many a s  th r e e  

in d iv id u a l  e d d ie s  can be seen  a t  the back  o f  one tu b e (See  

F ig u re  7 .3 D T and D ") .  T his i s  i l l u s t r a t e d  in  F ig u re  7 .8  h .
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W ith th e  c l o s e r  s p a c in g , 7 . 3  Group E ,  two d i s t i n c t  e d d ie s  

a re  form ed and th e  a s s o c i a t e d  dead w a te r  a r e a  h as a w e ll  

d e fin e d  sh a p e . The p r o p o r tio n  o f  th e  t o t a l  tim e i n  w hich  

e d d ie s  a r e  b e in g  d i s s ip a te d  i n t o  th e  stream  o r  p a sse d  down 

th e  s tre a m  i s  s m a ll compared w ith  t h a t  in  th e  open s p a c in g

7 . 8  h .

W ith th e  c l o s e s t  s p a c in g  o f  s ta g g e r e d  tu b e s  (F ig u re  7 . 3 ,  

Group F )  o n ly  a  sm a ll t r i a n g u l a r  a r e a  o f  dead  w a te r  i s  s e e n .  

L i t t l e  e n e rg y  i s  sp e n t in  th e  fo rm a tio n  and d i s s i p a t i o n  o f  

e d d ie s . The m ain s tre a m  and boundary l a y e r  occupy p r a c t i c a l l y  

th e  w hole o f  th e  flo w  a r e a .  T h is  i s  i l l u s t r a t e d  in  7 . 8  k .

From a com parison  o f  F ig u re s  7 . 8  !,h n,  ” 3” and "k ” i t  w i l l  

be se e n  t h a t  any e f f o r t s  t o  s tr e a m lin e  tu b e s  in  a n e s t  m ust 

ta k e  i n t o  c o n s id e r a t io n  th e  lo n g i tu d in a l  and t r a n s v e r s e  sp a cin g  

as w e ll  as th e  d ia m e te r  o f  th e  tu b e and th e  v e l o c i t y  o f  th e  

s tr e a m .

7 . 9  The fo rm a tio n  and d i s s i p a t i o n  o f  e d d ie s .

7 .9 1  F o rm a tio n  o f  e d d ie s .

T here i s  l i t t l e  doub t t h a t  th e  cau se  o f th e  fo rm a tio n  o f  

e d d ie s  in  a n e s t  o f  tu b e s  i s  th e  same a s  t h a t  a t  th e  r e a r  o f  a  

s in g le  c y l i n d e r  i n  a wind s tre a m . Due to  th e  l o s s  of en erg y  

w ith in  th e  boundary l a y e r  th e  s tre a m  can n o t fo llo w  round th e  

r e a r  h a l f  o f  th e  tu b e s  b u t s e p a r a te s  frcm  t h e i r  w a lls  i n  th e
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v i c i n i t y  o f  9 0 ° ,  p a s s in g  down stre a m  on e i t h e r  s id e  o f  a 

dead w a te r r e g io n  a t  th e  re a r- o f  th e  tu b e . Two bands o f  

h ig h  v o r t i c i t y  o r i g i n a t i n g  in  th e  boundary l a y e r  s e p a r a te  

th e  f r e e l y  m oving stre a m  from  a r e g io n  o f  low p re s s u re  dead  

w a te r  a t  th e  b a ck  o f  th e  tu b e s . At some d i s t a n c e  behind  

th e  tu b es  th e s e  v o r t e x  s h e e ts  b re a k  up in to  d i s c r e t e  

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

In  th e  c a s e  o f  a s in g le  c y l i n d e r ^ ) th e  two v o r te x  

s h e e ts  b re a k  up w ith  u n ifo rm  fre q u e n cy  and th e  two t r a i l s  

o f d i s c r e t e  v o r t i c e s  a rra n g e  th em selv es  a l t e r n a t e l y  in  a  

Karman s t r e e t .

I t  w i l l  be seen  t h a t  w h ile  th e  fundam ental ca u se  of  

g e n e r a t io n  o f  th e  e d d ies  i n  a  n e s t  i s  th e  same a s  t h a t  in  

th e  c a s e  o f  a s i n g l e  c y l i n d e r ,  th e  e f f e c t  o f  a d ja c e n t  tu b e s  

on one a n o th e r  and o f  th e  s u c c e s s iv e  row s of tu b e s  i s  t o  

d i s t o r t  th e  r e g u l a r  flo w  p a t t e r n  and t o  i n t e r f e r e  w ith  th e  

n a t u r a l  p e r i o d i c i t y  o f  th e  shed d in g o f  th e  v o r t i c e s .

7 ,9 2  D is s ip a t io n  o f  e d d ie s .

Taylor( 2 )  has p o in te d  o u t t h a t  nth e  tw o m ain ca u se s  o f  

d i s s i p a t i o n  o f  ed d ies  a re  ( a )  th e  a c t i o n  o f  v i s c o s i t y  betw een

( 1 )  Page and Jo h a n se n , P h i l .  Mag. 1 9 2 8 .  V o l, 5 ,  p . 417

(2 )  G .I .T a y l o r ,  R & M. 5 8 9 .  1 9 1 8 - 1 9 .  V o l. 1 ,  p .7 3 .
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r in g s  o f  f l u i d  r o t a t i n g  w ith  d i f f e r e n t  a n g u la r  v e l o c i t i e s  and 

(b )  f o r c e s  due to  dyn am ical c a u s e s  vdiich te n d  t o  re d u ce  th e  

t a n g e n t i a l  v e l o c i t y  o f  th e f l u i d  in  th e  eddy. A p o s s ib le  ca u se  

o f  t h i s  kind would be a flow  inw ards from  th e  ends o f  th e eddy 

tow ard s th e  m idd le down th e  a x i s  of th e  edd y. T his flo w  would 

a llo w  th e  ra d iu s  o f th e  r o t a t i n g  p a r t  to  i n c r e a s e ,  and a t  th e  

same tim e th e  v e l o c i t y  would n e c e s s a r i l y  d e c r e a s e  in  o rd e r  t o  

keep the a n g u la r  momentum c o n s t a n t .  The a c t i o n ,  in  f a c t ,  

would be th e  o p p o s ite  o f  t h a t  in  a s in k , e . g .  th e  w aste  h o le  

in  a b a th  where th e  ta k in g  away o f  f l u i d  from  th e  m iddle  

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

c o n se q u e n tly  in c r e a s e s  t h e i r  a n g u la r  v e l o c i t y ” .

The t h e o r e t i c a l  a s p e c t  o f th e  d e ca y  of ed d ie s  due t o  cau se  

( a ) ,  th e  a c t i o n  o f  v i s c o s i t y ,  h as been worked ou t by T a y lo r .

T h is  work was e x ten d ed  by W ebb (i) to  co v e r  th e  e f f e c t  o f  b o th  

ca u se s  ( a )  and ( b ) .  W hile th e s e  ca u se s  a re  s u f f i c i e n t  to  

e x p la in  th e  d i s s i p a t i o n  o f  e d d ie s  in  th e  c e n tr e  o f  a body o f  

f l u i d ,  in  th e  c a se  o f  n e s ts  o f  tu b es th e re  i s  th e  a d d it io n a l  

f r i c t i o n  betw een th e  tu b e  s u r f a c e s  and p e r ip h e ry  o f th e  edd y.

W ith c lo s e  s p a c in g , th e  m a jo r i ty  o f  the e d d ie s  d e ca y  in  th e  

dead w a te r  re g io n  a s  m entioned in  S e c tio n  7 . 8 .  W ith open 

s p a c in g  th e  e d d ie s  a r e  c a r r i e d  in to  th e  m ain s tre a m  and a re  

d i s s i p a t e d  in  th e  g e n e r a l  wake o f  th e  n e s t .

( 1 )  H.A.Webb R . & M. 6 0 9 .  19 1 9
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Whenever a tu r b u le n t  s tre a m  p a s s e s  th rou gh  a  c o n s t r i c t i o n  

th e  e f f e c t  of th e  co n v erg en ce  i s  t o  damp out th e  i n i t i a l  

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

i s  n o t eq u al in  th e  lo n g i tu d in a l  and t r a n s v e r s e  d i r e c t i o n .  

Simmons, Page and Townend^*^ i n v e s t i g a t e d  t h i s  e f f e c t  in  

a  p ip e  ■ whose co n v e rg e n ce  was p r a c t i c a l l y  th e  same a s  t h a t  

betw een th e  t r a n s v e r s e  p i t c h  and th e  gap in  th e  p r e s e n t  

n e s t .  They d is c o v e re d  t h a t  th e  e f f e c t  o f  co n v erg en ce  

was to  re d u ce  lo n g i tu d in a l  v e l o c i t y  f l u c t u a t i o n s  t o  about 

o n e - f i f t h  o f  t h e i r  i n i t i a l  v a lu e , b u t th e  r e d u c tio n  i n  

t r a n s v e r s e  f l u c t u a t i o n s  was n o t so  g r e a t .  In  any n e s t  

o f  tu b e s  t h i s  damping e f f e c t  w i l l  be l a r g e l y  in f lu e n c e d  

by th e  t r a n s v e r s e  p i t c h  to  gap r a t i o .  The lo n g i tu d in a l  

damping b ein g  g r e a t e r  th a n  th e  l a t e r a l  dam ping, o f f e r s  an 

e x p la n a tio n  o f  th e  r e a d in e s s  o f th e  s tre a m  t o  " f l i c k  o v e r ’1 

i n t o  th e  dead w a te r r e g i o n s .

( 1 )  The s t a f f  o f  th e  A erodynam ical D e p t, o f  th e  N .P .L

R . & M. 1 6 5 1 .  1 9 3 5 .
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8 . EXPERIMENTS WITH THE ELECTRIC TRAY

8 . 1  A nalogy "between f r i c t i o n l e s s  f l u i d  flow  and e l e c t r i c

flo w

M a th em atica l s o lu tio n s  o f  f l u i d  m otio n  p a s t  f i x e d  

b o u n d a rie s  can be o b ta in e d  b u t in  th e  main th e y  in v o lv e  

te d io u s  and d i f f i c u l t  co m p u ta tio n s . An a l t e r n a t i v e  method  

f o r  d e te rm in in g  flow  p a t t e r n s  was u sed  by Re I f  (■ *■ ) who showed 

t h a t  sim ple e l e c t r i c a l  m easurem ents on a s u i t a b l e  model co u ld  

p ro v id e  th e  in fo rm a tio n  n o rm a lly  o b ta in e d  by a n a l y t i c a l  

t r e a t m e n t .

The e q u a tio n s  o f  m otio n  o f  a f r i c t i o n l e s s  f l u i d  a r e  

an alo g o u s to  th o s e  o f e l e c t r i c  flo w  in  a co n d u ctin g  medium.

In  t h i s  a n a lo g y  l i n e s  o f  e l e c t r i c  flow  c o rre sp o n d  to  s tre a m  

l i n e s ;  l i n e s  o f  c o n s ta n t  e l e c t r i c  p o t e n t i a l  co rre sp o n d  t o  

v e l o c i t y  p o t e n t i a l  l i n e s  in  th e  f l u i d  c a s e ;  c u r r e n t  d e n s i ty  

co rre sp o n d s  to  v e l o c i t y ,  p ro v id e d  t h a t  boundary c o n d itio n s  

a r e  s a t i s f i e d .  The a n a lo g y  r e q u i r e s  t h a t  s o l i d  s u r f a c e s  in  

th e  f l u i d  c a s e  s h a l l  be r e p r e s e n te d  by s u r f a c e s  of i n f i n i t e  

e l e c t r i c a l  r e s i s t a n c e ,  i . e .  by p e r f e c t  i n s u l a t o r s .

Such e x p e r im e n ts , w ere c a r r i e d  out to  d e term in e  th e  

v e l o c i t y  d i s t r i b u t i o n  f o r  a row o f  c y l in d e r s  o f  s i m i l a r  sp a c in g  

to  t h a t  u sed  in  th e n e s t  o f  tu b e s .

( 1 )  E .F .R e l f ,  R & M, 9 0 5 , 1 9 2 4 .





8 .2

8 .2  D e s c r ip t io n  o f  a p p a ra tu s .

F ig u re  8 .2  shows th e  e l e c t r i c a l  m o d el. The tu b e s  were 

r e p r e s e n te d  by d i s c s  o f p a r a f f i n  wax 2 5 .4  Cms. d ia m e te r .

These w ere p la c e d  in  a sh allo w  l e v e l  g l a s s  t r a y  122  Cms. lo n g  

by 7 6 .2  Cma w id e . The t r a y  was f i l l e d  to  an ap p ro xim ate  

d e p th  of 1 . 5  Cms. w ith  a c id u la te d  cop p er su lp h a te  s o lu t io n  

t o  a c t  as  c o n d u c to r . The c u r r e n t  was s u p p lie d  t o  th e  ends 

o f  th e  t r a y  th ro u g h  co p p er s t r i p s  e x te n d in g  th e  f u l l  w idth  

o f th e  t r a y .

W ith  su ch  an arran g em en t th e  c u r r e n t  d e n s i ty  a t  any  

p o in t in  th e  e l e c t r o l y t e  i s  p r o p o r t io n a l  t o  th e  v e l o c i t y  o f  

an i n v i s c i d  f l u i d  flo w in g  th ro u g h  a s im i la r  row o f  tu b e s .

The c u r r e n t  d e n s i ty  can n o t be m easured d i r e c t l y  and so u se  i s  

made o f  th e  f a c t  t h a t  c u r r e n t  d e n s ity  i s  p r o p o r t io n a l  t o  

e l e c t r i c a l  p o t e n t i a l  g r a d i e n t .  T h is  p o t e n t i a l  g r a d ie n t  was 

m easured  by i n s e r t i n g  a  p a i r  of v e r t i c a l  p a r a l l e l  co p p er p in s  

a t  any d e s ir e d  p o in t in  th e  e l e c t r o l y t e .  In  o rd e r  t o  a p p ro x i­

mate t o  v a lu e s  a t  a p o in t th e  sp a c in g  betw een th e  p in s was 

made s m a ll (a p p ro x im a te ly  0 .6  C m .).

The p in s  co u ld  be r o t a t e d  about a  v e r t i c a l  a x i s  so  

p e r m itt in g  them to  be o r i e n t a t e d  in to  th e  s tre a m  l i n e s .

To a v o id  p o l a r i s a t i o n  e f f e c t s  a l t e r n a t i n g  c u r r e n t  (5 0  

c y c l e s  p e r se co n d ) was u s e d . V o lta g e s  from  2 to  135  w ere



[lectuicTray Circuit Fig. b'lK.
>

liOV 110 V.



8 .2

t r i e d  b u t f i n a l l y  6 v o l t s  was s e l e c t e d  as  th e  b e s t  compromise 

betw een the re q u ire m e n ts  o f  a sim ple m easu ring c i r c u i t  on 

th e  one hand and av o id a n ce  o f  s t r a y  c a p a c i t y  c u r r e n ts  on th e  

o t h e r .  The s e a r c h  p in  was su p p o rted  on g ra d u a te d  s l i d e s  

g iv in g  two m otio n s a t  r i g h t  a n g le s  and e n a b lin g  d i r e c t  

re a d in g s  to  be tak en  o f r e c t a n g u l a r  c o - o r d i n a t e s .

The p o t e n t i a l  d i f f e r e n c e s  t o  be m easured  were s m a ll ,  

b e in g  o f th e  o rd e r  o f 0 .0 2 5  v o l t s  A .C . I t  was im p o rta n t  

t h a t  the r e s i s t a n c e  o f th e  m easu rin g  c i r c u i t  sh ou ld  be v e ry  

h ig h  in  o rd e r  to  a v o id  th e  a b s t r a c t i o n  o f  a p p re c ia b le  c u r ­

r e n t s  from  th e  f i e l d .  I t  was d e cid e d  t h a t  an y th in g  l e s s  

th a n  5 0 ,0 0 0  ohms in  s e r i e s  w ith  th e  p in s would d i s t o r t  th e  

f i e l d  to  a m easu rab le  d e g r e e . W ith  t h i s  r e s i s t a n c e  th e  

c u r r e n ts  to  be m easured w ere o f th e  o rd e r  o f  0 .5  m ic ro ­

am peres and in  o rd e r to  o b ta in  1% a c c u r a c y  i t  was n e c e s s a r y  

to  be a b le  t o  d e t e c t  0 .0 0 5  m icro -a m p e re . I t  was d e s i r a b l e  

t h a t  re a d in g s  o f  p o t e n t i a l  d i f f e r e n c e s  sh o u ld  be g iv e n  

d i r e c t l y  and t h a t  th e  m ethod sh o u ld  be speedy in  u s e .

The c i r c u i t  shown in  f i g u r e  8 .2  A was d ev elop ed  to  

m eet th e s e  r e q u ire m e n ts . I t  i s  e s s e n t i a l l y  a n u l l  method  

in  w hich th e  p o t e n t i a l  p ick e d  up by th e  s e a r c h  p in s  i s  

b a la n c e d  a g a i n s t  t h a t  p ick e d  up by a seco n d  p a ir  of p in s  

p la c e d  in  th e  e l e c t r o l y t e  a t  a p o in t where th e  f i e l d  was 

known.



Mechanism  For R eading  D ir ec t ly  T he S ine Of 

The An g l e  Of R otation F ig 8? B .

- T ------17



8 . 2

B a la n ce  was o b ta in e d  by r o t a t i n g  th e  seco n d  p a i r  o f  

p in s about a v e r t i c a l  a x i s ,  th e  p o t e n t i a l  so o b ta in e d  b ein g  

d i r e c t l y  p r o p o r t io n a l  t o  th e  s in e  o f th e  a n g le  o f  r o t a t i o n .

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

o th e r  unknown q u a n t i t i e s  w ere presum ably n u l l i f i e d .

D ir e c t  re a d in g  o f  th e  s in e  o f  th e  a n g le  o f  r o t a t i o n  

was o b ta in e d  by th e  s im p le  m e ch a n ica l d e v ic e  shown in  f i g #

8 #2 B . The c y l i n d r i c a l  p in  A o r A* b e a rs  a g a i n s t  th e  

s t r a i g h t  edge B w hich t r a n s m its  th e  m otio n  to  an  Ames d i a l  

i n d i c a t o r .  T h is  gave a d i r e c t  re a d in g  o f  th e  s in e  o f  th e  

a n g le  from  0 °  t o  9 0 °  in  re a d in g s  o f  0 ° t o  1 0 0 0 , th us p e r m itt in g  

an 1% a c c u r a c y  in  i n d i c a t i o n  a t  a n g le s  as  s m a ll as  s i n e " '1' 0 . 1 .

In  use th e s e  p in s  w ere r o t a t e d  u n t i l  b a la n c e  was o b ta in e d  

as  shown by a v i b r a t i o n  g a lv a n o m e te r . The b a s is  o f  c o n n e c tio n  

betw een th e  p in s and th e  g a lv an o m eter was th e  tra n s fo rm e r  T . 

T h is had two s y m m e tr ic a lly  a rra n g e d  e q u a l p r im a rie s  wound on 

m e ta l bobbins f o r  e l e c t r o - s t a t i c  s h ie l d in g . The se co n d a ry  

was co u p le d  to  th e  g a lv a n o m e te r v i a .  a two v a lv e  a m p l i f i e r .

The v a lv e s  shown on th e  a m p lif ie r  c i r c u i t  w ere found s a t i s ­

f a c t o r y  b u t were m ain ly  d e c id e d  by th e  equipm ent im m ed iately  

a v a i l a b l e .  A c tu a l ly  i t  was u n s ta b le  and damping was in tro d u c e d  

by c o n n e c tin g  th e  g r id s  t o  th e  n e g a tiv e  s id e  o f  th e f i la m e n ts  

w ith o u t a d d i t i o n a l  g r i d  b i a s .
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The a m p l i f i c a t i o n  w ith  t h i s  arran g em en t was s u f f i c i e n t l y  

g r e a t  to  p e rm it sh u n tin g  o f th e  g alv an o m eter and th e o b ta in ­

in g  o f  a lm o st in s ta n ta n e o u s  r e a d i n g s .

N orm ally two re a d in g s  w ere ta k e n  th e s e  b e in g  o b ta in e d  

by r e v e r s in g  p lu g  c o n n e c tio n s  a t  P ^ . T h is  r e v e r s a l  e l im in a te d  

any z e ro  e r r o r  on th e  s in e  i n d i c a t o r  and to  some e x t e n t  a l s o  

e r r o r s  due to  s t r a y  c a p a c i t y  c u r r e n t s .

R e v e r s a l  o f  Pg p ro v id e d  a n o th e r  p a i r  o f  re a d in g s  e l im in ­

a t i n g  o th e r  m inor s t r a y  c u r r e n t s ,  though in  g e n e r a l  a s in g le  

r e v e r s a l  was s u f f i c i e n t .

At f i r s t  some d i f f i c u l t y  was e x p e r ie n c e d  due to  

d i f f e r e n c e s  o f phase in  th e  two c i r c u i t s .  U n less  th e s e  were 

e x a c t l y  c o in c id e n t  th e r e  was no p o s i t io n  of e q u ilib r iu m  and  

th e  g a lv a n o m e te r m erely  dropped t o  an i n d i f i n i t e  minimum 

v i b r a t i o n  i n s t e a d  o f  becom ing s t a t i o n a r y .  T h is d i f f i c u l t y  

a ro s e  from  th r e e  ca u se s  : -

( 1 ) o u t o f phase d i r e c t  e le c t r o -m a g n e t ic  p ic k  
up by th e  a m p l i f i e r .  T h is  was e lim in a te d  
by d is c o n n e c tin g  th e  a m p li f ie r  from  th e  
t r a y  and o r i e n t a t i n g  i t  u n t i l  i t  was so  
p la c e d  in  th e  s t r a y  e le c t r o -m a g n e t ic  f i e l d  
t h a t  th e  g a lv an o m eter came t o  r e s t .

( 2 ) e l e c t r o - s t a t i c  p ic k  up in  th e  a m p l i f i e r .
T h is was e lim in a te d  by re d u c in g  th e  E .M .P , 
a c r o s s  th e  ta n k  to  6 v o l t s  and tra n s fo rm in g  
from  th e  o r i g i n a l  h ig h e r  v o lta g e  a t  a 
d i s t a n c e  from  th e  a p p a ra tu s .
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(3 )  d i f f e r e n c e s  in  th e  r e s i s t a n c e  o f  th e  c i r c u i t s  
o f th e  two p i n s .  T h is  was e lim in a te d  by 
s l i g h t  v a r i a t i o n  in  R g .

8 . 3  V e r i f i c a t i o n  o f  th e  m ethod .

In  o rd e r to  v e r i f y  t h a t  th e  re a d in g s  o b ta in e d  from  

th e  t r a y  were c o n s i s t a n t  w ith  th e o r y , v e l o c i t y  d i s t r i b u t i o n s  

w ere ta k e n  in  th e  gap betw een two c y l i n d e r s .  F o r  t h i s  

p a r t i c u l a r  c a s e  i t  i s  p o s s ib le  t o  deduce a sim p le m a th e m a tic a l  

a p p ro x im a tio n .

The d i s t r i b u t i o n s  o b ta in e d  from  th e  e l e c t r i c a l  t r a y  a r e  

shown by th e  t e s t  p o in ts  in  f i g u r e  8 .3  w h ereas th e  d i s t r i ­

b u tio n s  g iv e n  by th e  th e o r y  (s e e  appendix N o .3 )  a r e  in d ic a te d  

by th e  co n tin u o u s l i n e .

I t  w i l l  be se e n  t h a t  b o th  a c r o s s  th e  gap and lo n g i tu d in a l l y  

a lo n g  th e  c e n tr e  l i n e  o f  th e  gap th e  agreem ent betw een th e  

th e o r y  and e x p e rim e n ta l  p o in ts  i s  e x c e l l e n t .

In  th e  c a s e  o f th e  lo n g i tu d in a l  d i s t r i b u t i o n  th e  th e o ry  

and t r a y  m easurem ents c e a s e  to  a g re e  a f t e r  a  d i s t a n c e  of  

0 .6 5  R up and down s tr e a m . T h is  i s  to  be e x p e c te d  as  th e  

a p p ro x im a tio n s  o f  th e  th e o r y  a r e  su ch  t h a t  th e  th e o ry  can  

o n ly  be e x p e c te d  to  h o ld  in  th e  v i c i n i t y  o f  th e  maximum con­

s t r i c t i o n .

B o th  in  th e  gap and in  th e  m ain s tream  th e  e l e c t r i c
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t r a y  v e l o c i t y  d i s t r i b u t i o n s  (and n o t th e th e o r y )  r e p r e s e n t  

th e  t r u e  i n v i s c i d  f lo w .

8 . 4  V e lo c i ty  d i s t r i b u t i o n  a c r o s s  th e  t r a y  a t  a  d i s t a n c e  o f

1 .3  tu b e  d ia m e te rs  u p stre a m .

A t r a v e r s e  a c r o s s  th e  r e l a t i v e l y  u n d is tu rb e d  s tre a m  was 

made p r im a r i ly  to  ch eck  th e  e l e c t r i c a l  method by u sin g  i t  

a t  a s e c t i o n  w here th e  v e l o c i t y  was much low er th a n  t h a t  in  

the g a p .

The r e s u l t i n g  d i s t r i b u t i o n  i s  p l o t t e d  to  an e n la rg e d  

s c a l e  a t  th e  b ottom  o f  f i g u r e  8 . 3 .  I t  i s  i n t e r e s t i n g  t o  

n o te  w hat l i t t l e  e f f e c t  th e  row o f  tu b es h as a t  a d i s t a n c e  

o f o n ly  1 .3 4  d ia m e te rs  u p stre a m . The v e l o c i t y  on th e  c e n tr e  

l i n e  i s  c e r t a i n l y  g r e a t e r  th a n  th e  mean b u t o n ly  by 2

The e l e c t r i c a l  m easurem ents a te  ch eck ed  by i n t e g r a t i n g  

a c r o s s  t h i s  u p stream  s e c t i o n  to  o b ta in  th e  t o t a l  f lo w . T h is  

sh ou ld  be e q u a l to  th e  v a lu e  o b ta in e d  by i n t e g r a t i o n  a c r o s s  

th e  g a p . A c tu a l ly  a d is c r e p a n c y  o f  th e  o rd e r  o f 6% was 

found b u t t h i s  was t r a c e d  to  le a k a g e  under th e  p a r a f f i n  wax 

m odels o f  th e  t u b e s .  T h is  was overcom e by skimming th e  b a se  

o f  th e  c y l i n d e r s  w ith  a p o in te d  t o o l  th u s making a s e r i e s  o f  

f i n e  s e r r a t i o n s  w hich were sm eared w ith  a t r a c e  o f  v a s e l i n e • 

The wax m odels were th e n  r e p la c e d  in  th e  ta n k  and lo ad ed  w ith  

th re e  pound w e ig h ts • A f te r  a coup le o f  days th e  c y l i n d e r s
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had bedded th e m se lv e s  on to  th e  g l a s s  b o tto m  and th e  above  

e r r o r  was re d u ce d  t o  0 ,9 ^

T h is  r e s i d u a l  e r r o r  co u ld  n o t be f u r t h e r  re d u c e d .

In  f a c t  a t  a  su b seq u en t a tte m p t e r r o r s  as  g r e a t  a s  2% were 

o b se rv e d . When su ch  e r r o r s  w ere found th e y  co u ld  as  a r u l e  

be a llo w ed  f o r  by a p p ly in g  a s u i t a b l e  c o r r e c t i o n  f a c t o r .  I t  

may be s a id  t h e r e f o r e ,  t h a t  w ith in  a  r e s t r i c t e d  l o c a l i t y  

su ch  a s  th e  g ap , th e  t r a y  g i v e s  m easurem ents w hich  may be 

r e a d  t o  1 p a r t  i n  1000  and w h ich  ap p ear t o  be a c c u r a t e  

w ith in  On th e  o th e r  hand when com paring v e l o c i t i e s

in  d i f f e r e n t  p a r t s  o f  th e  t r a y  e r r o r s  up to  2% may be 

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

m agnitude a r e  b e in g  com pared.

When u s in g  th e  e l e c t r i c a l  a n a lo g y  i t  i s  o f te n  co n ­

v e n ie n t  to  e x p r e s s  a l l  v e l o c i t i e s  a s  m u lt ip le s  o f th e  

v e l o c i t y  a t  some c l e a r l y  d e fin e d  p o i n t .  As an  i l l u s t r a t i o n  

o f t h i s  th e  u n d is tu rb e d  v e l o c i t y  f a r  u p stream  o f th e  row o f  

tu b e s  i s  a co n v e n ie n t “u n it  and in  th e  p r e s e n t  ca se  m ight 

q u ite  w e ll  have b een  used  in  p la c e  o f  V$j#max. T here i s  

d i f f i c u l t y  how ever s in c e  th e  t r a y  must n e c e s s a r i l y  be 

r e s t r i c t e d  in  le n g th  and so th e  in f lu e n c e  o f  th e  model 

may e x te n d  a lm o s t , i f  n o t q u i t e ,  t o  th e  end o f  th e  t r a y .

By making use o f  th e  v e l o c i t y  d i s t r i b u t i o n  cu rv e  a t  th e  

b o tto m  o f f i g u r e  -8 .3  i t  i s  p o s s ib le  to  l o c a t e  one o r more
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p o in ts  a t  which th e  v e l o c i t y  i s  p r e c i s e l y  e q u al to  th e  

i n t e g r a t e d  m ean. Two su ch  p o in ts  a re  marked V0 in  th e  

d ia g ra m . D uring any e x p erim en t th e  s e a r c h  p in s  sh o u ld  

be r e tu r n e d  r e p e a te d ly  t o  one o r  o th e r  o f  th e s e  p o in ts  

f o r  ch eck in g  p u rp o s e s . The re a d in g  o b ta in e d  h e r e ,  p ro v id e s  

th e  s c a l e  o f  v e l o c i t i e s ,

8 .5  R e p r e s e n ta t io n  o f  f l u i d  w ith  f r i c t i o n .

Prom th e  p re v io u s  lo n g i tu d in a l  r e s u l t s  i t  i s  se e n  

t h a t  th e  v e l o c i t y  d i s t r i b u t i o n  i s  s y m m e trica l up and down 

s tre a m  o f  th e  g a p . T h at i s  t o  sa y  th e  p re s s u re  i s  lo w e st  

in  th e  gap and a g a in  r i s e s  r a p i d l y  down s tr e a m . W ith  a 

v is c o u s  f l u i d  t h i s  d o es n o t ta k e  p la c e  owing to  th e  

p re s e n c e  o f  th e  boundary l a y e r .  T h is , in  th e  p re se n ce  

o f a r e v e r s e  p r e s s u re  g r a d ie n t  r a p id ly  s w e lls  ou t and  

p e rm its  th e  main s tre a m  to  s e p a r a te  from  th e  tube s u r f a c e .

The m ain s tre a m  a c t u a l l y  p ro ce e d s  down s tre a m  w ith  

a p p ro x im a te ly  c o n s ta n t  v e l o c i t y ,  i . e .  a p p ro x im a te ly  c o n s ta n t  

w id th , th e  sp ace  beh in d  th e  c y l in d e r s  b e in g  o ccu p ie d  w ith  

tu r b u le n t  dead w a te r .

In  an a tte m p t t o  r e p r e s e n t  t h i s  s t a t e  o f a f f a i r s  

p a r a l l e l  s id e d  wax m odels were p la c e d  in  th e  dead w a te r  

r e g io n s  as  in d ic a te d  by th e  d o tte d  l i n e s  in  f i g u r e  8 , 3 .
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The cu rv e  to  th e  extrem e l e f t  o f f ig u r e  8 .3  was th e n  

o b ta in e d . U pstream  i t  i s  p r a c t i c a l l y  in d is t in g u is h a b le  

from  t h a t  o b ta in e d  w ith o u t th e  w ak es. In  f a c t  t h e i r  

in f lu e n c e  o n ly  becom es a p p re c ia b le  a t  a d is ta n c e  1 / 5  o f  

th e  gap u p stre a m . In  th e  g ap  i t s e l f  th e  c e n tr e  l i n e  

v e l o c i t y  i s  in c r e a s e d  by some Z%. F u r th e r  down th e  s tre a m  

however th e  d i f f e r e n c e  n a t u r a l l y  becomes v e ry  m arked, 

th e  v e l o c i t y  r i s i n g  t o  a  maximum. T h is  i t  a t t a i n s  a t  

a d is ta n c e  o f  a p p ro x im a te ly  1 / 3  o f  th e  gap down s tr e a m .

I t  m ust be rem arked  t h a t  th e s e  e l e c t r i c a l  t r a y  

m easurem ents r e p r e s e n t  e s s e n t i a l l y  th e  m otio n  of an  

i n v i s c i d  f l u i d  a lth o u g h  th e  m ajor in f lu e n c e  o f  v i s c o s i t y  

has been in c lu d e d  by th e  a d d it io n  o f th e  w ak es. A c tu a l ly  

a v is c o u s  f l u i d  w i l l  d e v ia te  from  th e s e  r e s u l t s ,  p a r t l y  

b eca u se  of tu r b u le n t  in te rm ix in g  betw een th e  s tre a m  and 

th e  wake i s  ig n o re d  and p a r t l y  b ecau se  th e  boundary l a y e r  

h as n o t been r e p r e s e n t e d .

T u rb u len ce  a t  th e  edge o f  th e wake co u ld  no doubt 

be r e p r e s e n te d  by a co m b in atio n  o f a d iv e r g in g  ch a n n e l and 

c o n t r o l l e d  le a k a g e  b u t th e  numbers o f  su ch  com b in atio n s  

a re  i n f i n i t e .

W ith r e g a r d  to  th e  boundary la y e r  t h i s  r e p r e s e n ts
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l e s s  d i f f i c u l t y .  The work o f  B l a s i u s ^ )  and o th e r s  h as  

shown t h a t  th e  th ic k n e s s  o f  th e  boundary l a y e r  rem ain s  

a p p ro x im a te ly  c o n s ta n t  when p re s s u re  g r a d ie n ts  a re  o f th e  

n a tu re  found in  t h i s  p ro b lem . As an a p p ro x im a tio n  th e  

e f f e c t  o f v i s c o s i t y  in  th e  boundary la y e r  can  be r e p r e s e n te d  

by an in c r e a s e  in  d ia m e te r  o f  th e  tu b e , i . e .  i t  i s  e q u iv a le n t  

to  a d e c re a s e  in  th e  g a p . I t  co u ld  be r e p r e s e n te d  by 

moving th e  c y l in d e r s  c l o s e r  to  one a n o th e r  in  o rd e r  to  

re d u ce  th e  g a p .

The m agnitude o f  t h i s  movement may be d eterm in ed  by  

th e  B la s iu s  method b u t f o r  t h i s  purpose th e  v a r i a t i o n  o f  

v e l o c i t y  around th e  tube w a ll  must be known. But b e fo re  

d is c u s s in g  t h i s  i t  i s  c o n v e n ie n t to  c o n s id e r  th e  e f f e c t  o f  

th e  wakes on th e  t r a n s v e r s e  d i s t r i b u t i o n  in  th e  g a p . As 

se e n  in  f i g u r e  8 .3  t h i s  becom es f l a t t e n e d  in  th e  c e n tr e  a s  

shown by th e  cu rve  w ith  b la c k  d o t s .  T hat i s  to  sa y  when 

th e  wakes a r e  p re s e n t th e  d i f f e r e n c e  in  th e  v e l o c i t y  a t  

th e  c e n tr e  and a t  th e  sides o f  th e  gap i s  l e s s  s in c e  on th e  

whole th e  s tre a m  l i n e s  have l e s s  c u rv a tu re  and so th e  h ig h  

p re s s u re  in  th e  c e n tr e  o f  th e  gap I s  l e s s  p ron ou n ced .

I t  w i l l  be n o t ic e d  t h a t  th e  cu rv e s  i n t e r s e c t  a t  p o in ts  

a p p ro x im a te ly  a q u a r te r  o f th e  gap on each  s id e  o f  th e  c e n tr e

( 1 )  F o r  E n g lis h  summary se e  L .H ow arth , R & M, 1 6 3 2 . 1 9 3 4 .
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l i n e .  The l o c a t i o n  o f  th e s e  p o in ts  can n o t v a ry  much and 

th e y  t h e r e f o r e  p ro v id e  co n v e n ie n t p o in ts  o f  r e f e r e n c e .  F o r  

th e  p a r t i c u l a r  g e o m e tr ic a l  arran gem en t o f  th e  n e s t  th e  

v e l o c i t y  a t  th e se  p o in ts  o f i n t e r s e c t i o n  i s  0 ,9 8  o f  th e  

mean v e l o c i t y  in  th e  gap V^j#max.

W ith th e  wakes th e  v e l o c i t y  v a r i a t i o n s  in  th e  gap a r e  

o n ly  about o f th e  m agnitude o f th e  v a r i a t i o n s  w ith o u t

w ak es,

8 ,6  V e lo c i ty  a t  th e  tu b e  s u r f a c e .

W ith  th e  wakes p r e s e n t  th e  v e l o c i t y  d i s t r i b u t i o n  a t  

th e  s u r f a c e  o f  th e  tu b e i s  g iv e n  in  t a b l e  8 ,6  and p l o t t e d  

w ith  c r o s s e s  on f i g ,  5 . 2 F ,  E x c e p t a t  9 0 °  th e  e l e c t r i c a l  

m easurem ents a re  i n  a lm o st e x a c t  agreem en t w ith  th e  o b se rv e d  

a i r  p r e s s u r e s  a f t e r  th e s e  have been c o r r e c t e d  f o r  th e  s i z e  

o f th e  p r e s s u re  h o l e .

T his agreem ent i s  s u r p r is in g  f o r  i t  i n d i c a t e s  t h a t  th e  

p re se n ce  o f  th e  boundary l a y e r ,  w hich i s  ig n o re d  in  th e  e l e c ­

t r i c a l  m od el, has b u t l i t t l e  e f f e c t  upon th e  p r e s s u r e s  a t  

th e  w a l l .

A t f i r s t  s ig h t  i t  would be th ou g h t t h a t  th e  sp ace  

o ccu p ie d  by th e  boundary l a y e r  would so d e c re a s e  th e  e f f e c t i v e  

flo w  a r e a  t h a t  th e  v e l o c i t i e s  in  th e gap would be in c r e a s e d
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s u f f i c i e n t l y  to  low er th e  p r e s s u re  th ro u g h o u t th e  g a p . P ig *

8 .3  shows however t h a t  th e r e  i s  a v e ry  s te e p  v e l o c i t y  g r a d ie n t  

c lo s e  t o  th e  w a l l ,  i . e .  j u s t  in  th e neighbourhood o ccu p ie d  

by th e  boundary l a y e r .  A d e c re a s e  in  p re s s u re  i n  th e  

c e n tr e  o f  th e  gap ca n  t h e r e f o r e  be more th an  com pensated  by  

ab sen ce  o f  th e  s te e p  p re s s u re  g r a d ie n t  n e a r  th e  w a l l .

8 .7  E s t im a tio n  o f th e  e f f e c t i v e  th ic k n e s s  o f th e  boundary  

l a y e r  ^ ^

A cco rd in g  t o  th e  e l e c t r i c a l  m ethod th e  v e l o c i t y  a t  th e

c e n tr e  o f  th e  gap i s  0 .9 5 0  On th e  o th e r  hand th e

mean o f th e  a i r  m easurem ents a s  c a l c u l a t e d  from  f i g u r e s  4 .2
o*97S

and 4 . 3  B show t h a t  th e  v e l o c i t y  was a c t u a l l y  -9-4003 .
IN «IucL3v

Assuming f o r  a f i r s t  a p p ro x im a tio n  t h a t  th e  shape o f  

th e  p re s s u re  d i s t r i b u t i o n  cu rv e  i s  u n a f f e c te d  by th e  p re se n ce  

of th e  b o u n d ary  l a y e r ,  th e n  th e  e f f e c t i v e  th ic k n e s s  o f  th e  

two boundary la y e r s  2g x  i s  0 .0 2 6  G. However i t  m ust be borne  

in  mind t h a t  t h i s  q u a n ti ty  i s  th e  r e s u l t  o f  th e  s u b t r a c t i o n  

o f  two n e a r l y  eq u al q u a n t i t i e s  and t h a t  i f  th e  o r i g i n a l  

p re s s u re  d i f f e r e n c e  had b een  1% l e s s  th e  th ic k n e s s  o f  2%K 
would be re d u ce d  to  0 .0 2 1  G.

I t  i s  i n t e r e s t i n g  t o  o b serv e  t h a t  when t h i s  dim en sion

( 1 )  See app end ix N o.4 .
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f o r  th e  boundary la y e r  i s  s u b t r a c te d  from  th e  o u te r  ed g es of  

th e  v e l o c i t y  d i s t r i b u t i o n  g iv e n  in  f ig u r e  8 .3  th e v e l o c i t y  

a t  t h a t  p o in t  i s  0 * 9 7 5  o f  i t s  p re v io u s  maximum* T h e re fo re  

when th e  v e l o c i t i e s  a r e  s c a le d  up to  com pensate f o r  a  

r e d u c tio n  in  gap a r e a ,  th e  p r e s s u re  on th e  tu be w a ll  rem ain s  

s e n s ib ly  u n ch an ged . T h e re fo re  i t  i s  im p o ssib le  to  e s t im a te  

th e  th ic k n e s s  o f  th e  boundary l a y e r  from  th e  w a ll p r e s s u re  

a t  9 0 0 ,

The B la s iu s  t h e o r e t i c a l  method f o r  d e te rm in a tio n  o f  

th e  boundary la y e r  u t i l i s e s  th e  v a r i a t i o n  o f  p re s s u re  fro m  

p o in t t o  p o in t  a lo n g  th e  w a l l .  In  e s s e n c e  th e s e  p r e s s u r e s  

a re  e x p r e s s e d  as v e l o c i t i e s  u sin g  a power s e r i e s  t h u s : -

U * U^X + UgX^ + U5X^ + .......

w here TJ i s  th e  v e l o c i t y  im m ed iately  
o u ts id e  th e  boundary la y e r  a t  a  
d i s t a n c e  x  from  th e  u p stream  g e n e r a t o r .

U f, u* and Uc a re  c o e f f i c i e n t s  so  
s e l e c t e d  t h a t  th e  v e l o c i t y  U i s  a good  
a p p ro x im a tio n  to  th e  t r u e  v a l u e .

In  th e  p r e s e n t  e x p e rim e n ts  th e  v a r i a t i o n  o f  th e  v e l o c i t y  w ith

0  i s  r e a d i l y  o b ta in e d  from  form  d rag  d ia g ra m s .

A t y p i c a l  exam ple f o r  one o f th e f i r s t  row tu b e s  i s  

g iv e n  in  f i g u r e  8 * 7 .  T h is  d iagram  h as been  c o r r e c t e d  f o r  

th e  s i z e  o f  th e  p re s s u re  h o le  by moving a l l  th e  v e l o c i t y  

re a d in g s  from  0 °  t o  9 0 °  u p stream  by 2 ° .
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C a th e to m e te r re a d in g  1 .1 7 9  Cms. 13°C 2 9 .4 6 " H g \)

0 .1 4 5  c . g . s .  u n its

P re s s u re  “h” in V e lo c i ty  Cms. p er s e c
Angle

Cms. o f w a te r
V h

« 12 7 2  }/h~.

0 0 0 0
10 0 .1 0 .0 3 1 6 4 0 2 .5
20 0 .6 7 0 .8 1 9 10 4 2
30 1 .9 1 1 .3 8 2 1 7 5 9
40 3 .4 8 1 .8 6 5 2 3 7 3
50 5 .5 0 2 .3 4 5 2 9 8 4
60 8 .1 5 2 .8 5 5 3632
70 1 0 .9 9 3 .3 1 5 4 2 2 0
80 1 2 .8 0 3 .5 7 8 4 5 5 3
90 1 3 .0 0 3 .6 0 5 4 5 8 9

100 1 2 .1 5 3 .4 8 6 4 4 3 7
110 1 2 .0 0 3 .4 6 5 4 4 0 5
120 1 2 .0 0 3 .4 6 5 4 4 0 5

These a r e  p l o t t e d  in  F i g . 8 . 7  from w hich i t  i s  seen

v e l o c i t i e s  c a l c u l a t e d  from  th e  p re s s u re  d i s t r i b u t i o n  a re  

w e ll  r e p r e s e n te d  by th e  e q u a tio n

XI -  6 . 0  x  1 0  Q + 2 .0 5  x  1 0 - 3 f] 3 -  5 .9 2  x  1 0 " 7 Q 5

The r e l a t i v e  im p o rtan ce  o f  th e  th re e  term s i s  seen  from  th e  

fo llo w in g  t a b l e : -

(3= 20° 4 0 ° 6 0 ° 7 0 ° 8 0 ° 9 0 ° 100°

1 s t  Term 1200 2 4 0 0 3 6 0 0 4 2 0 0 4 8 0 0 540 0 6000
2nd " 1 6 .4 131 443 703 1 0 5 0 1495 2 0 5 0

1s t  + 2nd 1 2 1 6 .4 2 5 3 1 4 0 4 3 4 9 0 3 5 8 5 0 6895 8 0 5 0
3 rd  Term -  1 .2 5 -  40 -3 0 5  • -6 5 9 -3 2 8 4 -2315 -3 9 2 0

U 1 2 1 5 .1 5 2 4 9 1 3 7 3 8 4 2 4 4 4 5 6 6 4 5 8 0 4 1 3 0
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W ith th e s e  v a lu e s  th e  s tre a m  f u n c tio n  \jj and th e  

v e l o c i t y  d i s t r i b u t i o n  in  th e boundary la y e r  can  e a c h  be 

e x p re s s e d  in  term s o f fo u r  f u n c tio n s  w hich have b een  c a l c u ­

l a t e d  by H ow arth. T hese a re  ta b u la te d  f o r  d i f f e r e n t  

v a lu e s  of a q u a n ti ty  p r o p o r t io n a l  t o  th e  d is ta n c e  11 y M from  

th e  tu b e w a l l .

ŷ= f l u l x ^ ) *  +  4 f 3 u 3 x 3 ( _ i . ) i  +  6 u 5 x 5 ( ^ ) i ( g 5 + ^ . ^ | . h 5 )

In  r e p r e s e n t in g  th e  v e l o c i t y  d i s t r i b u t i o n  in  f ig u r e

8 .7  and in  th e  above ta b le  th e  a n g le  0  h as  b een  u se d  in s te a d  

o f th e  d i s t a n c e  " x "  from  th e  u p stream  g e n e r a t o r .  The above 

e q u a tio n  may th e r e f o r e  be r e p la c e d  b y : -

V r =  f l ui e ( ^ ) 1 *  0 ^ ) 5  *  6ug +

/V 'Z »z
where uj_ 0 .u ^ x  and ug0 = U3X0 e t c .

F o r  exam ple i n s e r t i n g  a p p ro p r ia te  v a lu e s  from  th e  t a b l e  f o r  

0  s  900  and assum ing ,fy ,f su ch  t h a t  (— ) 2 ■Uj  ̂ o  .  JL

~ijf = 2 .4 5 2 3  x  5 4 0 0  + 4 x  0 .8 0 2  x  1495

t a3/ x4 t a5 / S) ,4, u j  U3

-6  x  2 3 1 5 .5 8  -  M 9 5  M 9 5  
2 3 1 5  5 4 0 0

_ X _
1- i05)] £

= 13,250^ + 4,796gij- _ 13,890g2_ .58 + *008945]

( 1 3 ,2 5 0  +■ 4 ,7 9 6  -  8 ,1 8 0 )  _ 2 _
o • JL

= 9 ,8 6 6  v^-g" 0 « J.
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/rT
When 0 = 9 0 °  x  -  J L d = .7 8 5 4  x  1 .2 7  a 0 .9 9 7  Cm .say 1 Cm.

= 3 . 1  x  ( ;P L )®  = 3 a ( % | § | ^ ) * »  3 .1  ( ^ _ ) =  »  3 . 1  x  1
X2 ul x 3 7 ,2 0 0 1 9 2 .8

?  = 3 .1  x  — 11 9 2 .8

T h e re fo re  y  -  0 .0 1 6 0 8  Cm.

The e f f e c t i v e  th ic k n e s s  o f  th e  boundary l a y e r  i s  

c o n v e n ie n tly  d e fin e d  by the d i s t a n c e  th e  boundary l a y e r  ca u se s  

th e  s tre a m  l i n e s  t o  be s h i f t e d  away from  th e  tu be s u r f a c e .

L e t  o be th is  d i s t a n c e .  

r x  /'y
b “ / (1  -  ^ )  dy where y  i s  s u f f i c i e n t l y

Jo u g r e a t  t o  in c lu d e  th e  whole
o f  th e  boundary l a y e r .

In  term s o f th e  s tre a m  f u n c t io n  t h i s  d e f i n i t i o n  becomes

sK - Ip'y - —u

<4 
oo * 

ii • i - 2L uy

'(/; - 9,866^r and TJ = o • J. 4580

K h
7 1 - 0.695 = 0.305
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T h e re fo re  £ K -  0 .3 0 5  x  0 .0 1 6 0 8  » 0 .0 0 4 9 0 5  Cm.
and 2SH *  0 .0 0 9 8 1  Cm.

2 g K „ 0 .0 0 9 8 1  
G .6 4 8 0 .0 1 5 1 3

T h is  v a lu e  i s  based  on sounder p rem ises th a n  t h a t  c a l c u l a t e d  

from  th e  c e n tr e  l i n e  p r e s s u re  w hich gave 2gK a 0 .0 2 6  G

I t  i s  n e c e s s a r y  t o  prove t h a t  y  h a s  been tak en  

s u f f i c i e n t l y  la r g e  t o  in c lu d e  th e  whole o f  th e  boundary  

l a y e r .  T h is was done by making

( - l ) i
u i

» -X.
2 . 4

c*K
when -—  * 0 .3 8 5 5  and 25T31 0 .0 0 9 5 8  Cm.y
w hich a g re e s  w ith  th e  p re v io u s  v a lu e  w ith in  th e  l i m i t s  o f  

a c c u ra c y  o f  H ow arthf s t a b l e s .  F u r th e r  c o n f irm a tio n  on 

t h i s  p o in t i s  g iv e n  In  th e  n e x t s u b - s e c t io n  when th e  

d i s t r i b u t i o n  o f  th e  v e l o c i t y  in  th e  boundary l a y e r  i s  

c o n s id e re d .

8 # 8  D i s t r i b u t i o n  o f  v e l o c i t y  in  th e  boundary l a y e r  and 

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

8 * 8 1  V e lo c i ty  d i s t r i b u t i o n  in  boundary l a y e r  in  gap o f  

n e s t  o f  tu b e s .

By c o n v e r t in g  B l a s i u s ^  e q u a tio n  f o r  th e  v e l o c i t y  in  

th e  boundary l a y e r





8 . 8 1

u = + 4 u ’ f 3x 3  + 6(U ggg + | ^ ) x 5

+ 8 (u 7g7 + ^ h i  + ^ k } ) x ?
Un ' „ 2

+ 10( U0s4 + M k ' + 22% 5j* + 2 2 ^ )  x 9 +L9 + ------K9 * 2
U1 U1 U1 11-

in to  th e  form  u s in g  th e  a n g le  Q from  th e  u p stream  g e n e r a t o r  

and assum ing t h a t  a l l  te rm s h ig h e r  th a n  x ^  can  he ig n o re d  we 

have

u = u { 0 f £  + 4u 3§5f 3  + 6u g 0^(g g  +

u i JL
By u s in g  v a r io u s  v a lu e s  o f  y ( ~ ) s and o b ta in in g  th e  

a p p ro p r ia te  v a lu e s  f o r  th e  c o e f f i c i e n t s  f i>  f 3> sk 311(1 h£ 

from  H ow arth’ s t a b l e s ,  th e  v e l o c i t y  a t  any d is ta n c e  y  from  

th e  tu b e s u r f a c e  can  be c a l c u l a t e d .  In  t h i s  way th e  v e l o c i t y  

d i s t r i b u t i o n  in  th e  boundary l a y e r  a t  9 0 °  was o b ta in e d  and 

i s  shown in  f ig u r e  8 . 8 1 .

8 .8 2  Com parison w ith  th e  v e l o c i t y  d i s t r i b u t i o n  f o r  an  

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

The r a t i o gap w idth  a p p re c ia b ly  m o d ifie s
t r a n s v e r s e  p i t c h

th e  boundary l a y e r  and i t s  in f lu e n c e  can be s tu d ie d  by a  

com parison  w ith  th e  boundary la y e r  o f  an i s o l a t e d  c y l in d e r
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in  a wind tu n n e l . In  th e  p r e s e n t  n e s t  th e

t r f n 3v f ? i~e~ p l to h  = 2 ^ 6  t h i s  r e p r e s e n ts  a  f a i r l y

extrem e c a s e  o f  c lo s e  sp a cin g *  The o th e r  extrem e i s  r e ­

p re s e n te d  by a  c o m p le te ly  i s o l a t e d  tu b e . H owarth h as  

worked ou t th e  boundary l a y e r  f o r  th e  l a t t e r  c a s e  f o r  a 

R eynolds* number o f  1 8 ,5 4 4  reck o n ed  on the f r e e  s tre a m  

v e l o c i t y .  U sin g h i s  f i g u r e s  th e  R eynolds* number becom es

2 9 ,0 0 0  when based  on th e  maximum v e l o c i t y .  Prom th e  

e x p e rim e n ta l  p re s s u re  d i s t r i b u t i o n  by H iem enz, Howarth  

r e p r e s e n ts  th e  v e l o c i t y  around th e  c y l in d e r  by th e  e q u a tio n ,

U S 7.151x - 0.04497X3 - 0.00033X5
At 9 0 °  th e  boundary l a y e r  o f  th e  i s o l a t e d  c y l in d e r  h as a lr e a d y  

b rok en  away and a com p arison  betw een th e  two c a s e s  i s  more 

f a i r l y  made a t  o r  n e a r  th e  p o in t o f  minimum p r e s s u r e .  From  

f ig u r e  8 . 7  i t  w i l l  be seen  t h a t  in  th e  n e s t  a t  9 0 °  th e  

v e l o c i t y  h as p assed  i t s  maximum by a few d e g r e e s . In  

H ow arth*s c a se  th e  minimum p re s s u re  o c c u rs  a t  6 8 °  and in  

h is  f i g u r e  5 he g iv e s  th e  boundary l a y e r  f o r  th e  i s o l a t e d  

c y l i n d e r  a t  7 0 . 5 6 ° .  T h e re fo re  i t  i s  a p p ro p r ia te  to  

com pare th e  v e l o c i t y  d i s t r i b u t i o n  a t  th is  p o in t and H ow arth*s  

f i g u r e  5 has a ls o  been  rep ro d u ced  on f ig u r e  8 . 8 1 .

The co rre sp o n d in g  im p o rtan ce  o f  th e  th r e e  te rm s u q x,
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u ^ x ^ , and u ^x^  i s  shown b elow .

T ab le  8 .8 2

N est a t 9 0 °  I s o l a t e d c y lin d e r  a t  7 0 .5 6 °

ua.x + 1 .1 7 9 + 1 .4 0 1

u3x 3 + ,3 2 6 .3 1 7

u5x 5 - .5 0 5 .0 8 4

1 .0 0 0 1 .0 0 0

The v e l o c i t y  o f  w a te r  flo w  a t  7 0 .5 6 °  was 3 0 .0  Cms. 

p er s e co n d . T h e re fo re  th e  R eynolds * number b ased  on t h i s  

v e l o c i t y  « 1 8 ,5 4 4  x  £ 2 9 ,0 0 0 ,  S in c e  th e  g e o m e tr ic a lXu • u
JL >

c o n f ig u r a t io n  o f  th e  boundary l a y e r  i s  c o n t r o l le d  by Re 2 

we can  a d ju s t  from  one R eynolds* number t o  a n o th e r  by
g g *

m u lt ip ly in g  r a t i o s  such  a s  —  o r  —  ( f o r  a g iv e n  a n g le )  

r , i
by (s ,e-1, ' ) 8 an- in c r e a s e  in  R eynolds* number ca u s in g  a d e c re a s e  

ne *2
in  th e  th ic k n e s s  o f th e  boundary l a y e r .

T h e re fo re  to  a d ju s t  Howarth*a boundary l a y e r  to  t h a t  o f  

th e  n e s t  so f a r  as R eynolds* numbers a re  co n cern ed  we 

m u ltip ly  by a 0 . 9 1 ,  H ow arth*s —  was 0 .0 0 3 8  w hich

when m u lt ip l ie d  by 0 .9 1  becom es 0 .0 0 3 4 5 7 .  In  com parison  

w ith  t h i s  th e  n e s t  v a lu e  i s  computed to  be 0 .0 0 3 8 6 2 .

So i t  i s  seen  t h a t  th e  two Q uite d i f f e r e n t  p re s s u re  

d i s t r i b u t i o n s  r e p re s e n te d  in  ta b l e  8 .8 2  b o th  le a d  to
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a p p ro x im a te ly  th e  same e f f e c t i v e  boundary l a y e r  th ic k n e s s  

when th e  com p arison  i s  made f o r  eq u al maximum v e l o c i t i e s .

In  o th e r  w o rd s, in  su ch  boundary la y e r s  th e  m ost im p o rta n t  

v a r i a b l e  in  d e te rm in in g  i s  th e  v a lu e  o f  th e  maximum 

v e l o c i t y  r a t h e r  th a n  th e  manner w ith  w hich th e  v e l o c i t y  i s  

v a ry in g  w ith  x .

W ith re g a rd  t o  th e  v e l o c i t y  d i s t r i b u t i o n  w ith in  th e  

boundary l a y e r  i t  m ight have been  e x p e c te d  t h a t  t h i s  would 

be more a f f e c t e d  by th e  r e l a t i v e  im p o rtan ce  o f  th e  th r e e  

te rm s in  ta b le  8 . 8 2 .  N e v e r th e le s s  i t s  g e n e ra l  ap p earan ce  

i s  a lm o st i d e n t i c a l  as i s  shown in  f ig u r e  8 . 8 1 .  D e sp ite  th e  

v e ry  d i f f e r e n t  s e t  o f  v a lu e s  in  ta b le  8 ,8 2  b o th  r e l a t e  to  

c o n d itio n s  a  few  d e g re e s  p a s t  th e  p o in t o f  minimum p r e s s u re  

and some te n  d e g re e s  b e fo re  breakaw ay.

8 .8 3  V a r ia t i o n  o f  th ic k n e s s  o f  th e  boundary l a y e r .

U sing B l a s i u s T method a s  d e s c r ib e d  in  s e c t i o n  8 . 8 1 ,  

th e  v e l o c i t y  d i s t r i b u t i o n s  in  th e  boundary l a y e r  a t  2 0 ° ,  4 0 ° ,  

6 0 ° ,  8 0 °  and 9 0 °  w ere c a l c u l a t e d  and th e s e  a re  shown in  f i g .  

8 . 8 3 .

In  a l l  c a s e s  th e  v e l o c i t y  in  th e  boundary l a y e r  

a s y m p to t ic a l ly  ap p ro ach es t h a t  in  th e  m ain s tre a m . In  o rd e r  

to  e s t im a te  th e  th ic k n e s s  o f  th e  boundary l a y e r  i t  i s  t h e r e ­

f o r e  n e c e s s a r y  to  p rem ise some a r b i t r a r y  sm a ll d i f f e r e n c e  in  

v e l o c i t y  w hich can  be c o n s id e re d  n e g l i g i b l e .  F o r  exam ple
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th e  boundary l a y e r  may be re g a rd e d  as  te r m in a tin g  when th e  

v e l o c i t y  in  th e  l a y e r  i s  2% l e s s  th a n  t h a t  in  th e  m ain s tre a m  

ju s t  o u ts id e  th e  l a y e r .  The v e l o c i t i e s  in  th e  m ain stre a m  

a r e  o b ta in e d  from  th e  t a b le  in  s e c t i o n  8 . 7  and th e  v e l o c i t y  

d i s t r i b u t i o n  c u rv e s  i n  f i g u r e  8 .8 3  a re  drawn w ith  a  co n tin u o u s  

l i n e  u n t i l  9 8 $  o f t h i s  v e l o c i t y  i s  re a c h e d . The rem ain in g  

2% o f  th e  v e l o c i t y  i s  shown w ith  a  d o tte d  l i n e .

By n o tin g  th e  v a lu e s  o f  y  o r  |  a t  th e  commencement 

o f th e  d o tte d  c u rv e s  some id e a  o f  th e  v a r i a t i o n  in  th ic k n e s s  

o f  th e  boundary l a y e r  can  be o b ta in e d . At 2 0 °  i t  i s  0 .0 0 8 8  d 

and i t s  th ic k n e s s  rem ain s c o n s ta n t  a t  t h i s  v a lu e  from  2 0 °  to  

6 0 ° .  Prom 6 0 °  onwards i t  opens o u t a t  an in c r e a s in g  r a t e  

b e in g  0 .0 1 0 2  d a t  8 0 °  and 0 .0 1 1 5  d a t  9 0 ° Thi s  g iv e s  an  

i n d i c a t i o n  o f  th e  ap p ro ach  o f  t h a t  e x tre m e ly  r a p id  th ic k e n in g  

a s s o c i a t e d  w ith  breakaw ay w hich in  th e  p re s e n t c a s e  o c c u rs  

a t  95 o r  1 0 0 ° .

The e f f e c t i v e  th ic k n e s s  o f th e  boundary l a y e r  

has a l s o  been in d ic a te d  on f ig u r e  8 .8 3 .  T h is shows th e  

same c h a r a c t e r i s t i c s  rem ain in g  s e n s ib ly  c o n s ta n t  o v e r th e  

m ajo r p o r t io n  o f  th e  u p stream  p e rip h e ry  o f  th e  tu b e . In  

f a c t  t h i s  c o n s ta n c y  in  th ic k n e s s  may be re g a rd e d  as a g e n e r a l  

c h a r a c t e r i s t i c  o f boundary l a y e r s  in  a lm o st a l l  flow  problem s  

in  w hich th e  m ain s tre a m  i s  f lo w in g  from  a p o in t o f  h ig h  

p r e s s u re  t o  one o f  low er p r e s s u r e . I t  i s  in  f a c t  th e  r e s u l t



T a n g e n t i a l  D r a g  Ut To P o i n t  O f B r e a k a w a y . O n

Fit?5t "Row Of Tubes .Fig. 8*84.

D ir e c t io n  

Or Flow
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o f th e  v e l o c i t y  i n c r e a s in g  a p p ro x im a te ly  in  d i r e c t  p r o p o r tio n  

to  th e  d is ta n c e  t r a v e l l e d  and r e f l e c t s  th e im p o rtan ce  o f  th e  

f i r s t  term  in  th e  power s e r i e s .

u * u i x  + U3x 3 + U5x5 + ..................

8 .8 4  T o ta l  d ra g  up to  p o in t o f  break aw ay.

The t a n g e n t i a l  d ra g  on th e  f i r s t  row o f  tu b es  up to  

th e  p o in t o f  breakaw ay can  be c a l c u l a t e d  from  th e  d a ta  in  

f ig u r e  8 .8 3 .

^  when y  ap p ro ach es z e ro

where / s t a n g e n t i a l  d rag  p e r  u n i t  a r e a  

^  a th e  c o e f f i c i e n t  o f v i s c o s i t y  

= 1 .7 5 7  x  1 0 ~ 4 gram s. Cms~-1' . s e c ~ ^ .

From th e  d a ta  upon w hich f ig u r e  8 .8 3  was p l o t t e d  th e  fo llo w in g  

t a b le  was o b ta in e d .

Angle du
dy

srf
1 in  dynes 

p e r sq .cm .

2 0 ° 2 8 .1 8  x  1 0 4 4 9 .5

400 5 8 .1  x  1 0 4 1 0 2 .1

600 CD cn * o O 1 4 9 .2

800 7 8 .2  x  1 0 4 1 3 7 .5

9 0 ° 4 5 .7 5  x  1 0 4 8 0 .4

9 6 ° 0 o
x
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Prom f ig u r e  8 .8 4  i t  i s  se e n  t h a t  i f  I i s  th e  t a n g e n t i a l  s t r e s s  

a c t i n g  o v er a s m a ll a r c  r  d 0 , th e n  th e  t a n g e n t i a l  f o r c e  p er  

u n i t  le n g th  o f  tu b e i s  Tr aG.

These f o r c e s  a c t  in  v a r io u s  d i r e c t i o n s  and i t  i s  

co n v e n ie n t t o  i n t e g r a t e  t h e i r  components in  th e  d i r e c t i o n  

o f f lo w .

T h is r e s u l t i n g  force in  th e  d i r e c t i o n  o f  flo w  (p e r  u n i t  

le n g th  o f  tu b e ) i s  

180/ J . O V J

j / r  dft s in ( j
' o

Nov/ r  s i n - }  d 0  s -  d ( r  cos 0 )

/1 8 0
T h e re fo re  /j'

r' -L ~ r
r  d 6 s in  8 « -  /  7 d ( r  c o s 6 )

7-r

n
T h is i n t e g r a t i o n  i s  perform ed by p l o t t i n g  th e  s t r e s s  I as  

o r d in a te  on a b ase  o f r  c o s 0  .

The a r e a  A o f t h i s  d iag ram  i s  124 r  

T h is a re a  g iv e s  th e  f o r c e  p e r  u n i t  le n g th  o f  tu b e , in  th e  

d i r e c t i o n  o f  f lo w , f o r  one boundary l a y e r .

T h e re fo re  f o r c e  on th e  two boundary l a y e r s = 2 x  1 2 4  r  

I t  i s  co n v e n ie n t to  e x p re s s  t h i s  f o r c e  as  a  s t r e s s  p e r  u n i t  

a r e a  o f  tu b e d ia m e te r .
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Thus a v e ra g e  t a n g e n t i a l  s t r e s s  l p er s q .c m , o f  th e

tube d ia m e te r  in  th e  d i r e c t i o n  o f  flow  i s  1 2 4  d y n e s . In

o rd e r  t o  com pare t h i s  w ith  th e  form  d rag  c o e f f i c i e n t s  i t
?

i s  e x p re s se d  in  th e  d im en sio n lo o s  form  f_______  z
f) V2N.max

1 2 4 _____________

1 .1 7 9  x  8 .7 6  x  981
0 . 0 1 2

com paring t h i s  w ith  th e  form d ra g  c o e f f i c i e n t s  i t  i s  

• 012
7 4 3 5  “ S .8 $  o f  th e  form  d ra g  o f  th e  f i r s t  row

.012  

.2 5 3  “ 4 .7 $  o f  th e  form  d ra g  o f  th e  second row

.012

.3 0 5 a 3 .9 $  o f th e  t o t a l  r e s i s t a n c e  c o e f f i c i e n t  o f  th e  n e s t .

When i t  i s  remembered t h a t  th e  unknown t a n g e n t i a l  

r e s i s t a n c e  on th e  r e a r  o f th e  tu b e s  a c t s  in  th e  u p stream  

d i r e c t i o n ,  th e  above v a lu e s  a r e  c o n s is te n t  w ith  th e  ob serv ed  

d i f f e r e n c e  betw een th e  t o t a l  r e s i s t a n c e  and th e  sum o f th e  

form  d ra g  d ia g ra m s . As shown in  s e c t i o n  5 . 7  th e  sum o f  th e  

form  d ra g  c o e f f i c i e n t s  was 9 8 .2 $  o f  th e  t o t a l  r e s i s t a n c e ,  

th u s le a v in g  1 . 8 $  to  be a cco u n te d  f o r  by t a n g e n t i a l  r e s i s t a n c e .

In  v is c o u s  boundary l a y e r  phenomena s t r e s s e s  a re  

p r o p o r t io n a l  to  where th e  o th e r  f a c t o r s  a r e  c o n s t a n t .

At th e  r e a r  o f th e  tu b e s  th e  v e l o c i t i e s  ap p ear to  be o f  th e  

o rd e r  0 .4  mnx so th e  e s tim a te d  t a n g e n t i a l  s t r e s s e s  w i l l
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"be o f  th e  o rd e r  0 .2 5  o f  th o s e  on th e  u p stream  f a c e s  o f  th e  

tu b e s . On t h i s  b a s is  th e  t a n g e n t i a l  d ra g s  a t  th e  r e a r  

would be a p p ro x im a te ly  0 ,2 5  x  3 .9  * 1 ,0 $  o f  th e  t o t a l  r e s i s ­

ta n c e  o f  th e  n e s t .  T h is  g iv e s  th e  e s tim a te d  n e t  t a n g e n t i a l  

d ra g  o f  th e  n e s t  as  3 . 9  -  1 . 0  « 2 . 9 $ .  T h e re fo re  th e  form  

d ra g  sh ou ld  c o n s t i t u t e  9 7 .1 $  o f  th e  t o t a l  r e s i s t a n c e  w h ereas
n .

th e  o b serv ed  v a lu e  was 98^-2$

8 . 9  Summary o f r e s u l t s  o f  th e  e l e c t r i c  t r a y .

Sum m arising th e  p re c e d in g  p a ra g ra p h s  i t  may be s a id
ik

t h a t  th e  e l e c t r i c  t r a y  m ethod ca n  g iv e  p r e s s u re  d i s t r i b u t i o n s  

s i m i l a r  t o  th o s e  found in  a  f l u i d  where v i s c o s i t y  i s  n o t  

n e g l i g i b l e  but to  o b ta in  th e s e  r e s u l t s  th e  dead  w ater r e g io n s  

m ust be s u i t a b l y  r e p r e s e n te d .

The dead w a te r  re g io n s  can  in  f a c t  be p r e d ic te d  

a n a l y t i c a l l y  w ith  th e  a id  o f th e  e l e c t r i c  t r a y .  Breakaw ay  

o c c u rs  when a boundary l a y e r  i s  p re s e n t  and th e  m ain s tre a m  

i s  d e c e l e r a t i n g  a t  a s u f f i c i e n t l y  ra p id  r a t e  to  r e v e r s e  th e  

d i r e c t i o n  o f m o tio n  w ith in  th e  boundary l a y e r .  Howarth  

sum m arises th e  m ethods a v a i l a b l e  f o r  p r e d i c t in g  th e s e  co n d i­

t i o n s .  F o r  exam ple a c c o rd in g  to  th e  K £rm £n-Pohlhausen  

method breakaw ay o c c u rs  as  soon  as  th e  d e c e l e r a t i o n  e x ce e d s  

th e  v a lu e  g iv e n  by
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8 = - 1 2  ^  where U' « - £ 2 _\l dx

I f  th e r e f o r e  an exp erim en t i s  made w ith  th e  e l e c t r i c  

t r a y  w ith o u t any wakes in  p o s i t i o n  s u f f i c i e n t  d a ta  w i l l  be 

o b ta in e d  to  compute th e  boundary la y e r  and t o  d eterm in e  th e  

p o in t a t  w hich breakaw ay o c c u r s .  Wakes can  th e n  be i n t r o ­

duced and th e  v e l o c i t y  and p r e s s u re  d i s t r i b u t i o n s  re d e te rm in e d . 

The f i r s t  wakes co u ld  i f  n e c e s s a r y  be su b se q u e n tly  m o d ifie d  

in  th e  l i g h t  o f  th e  new p r e s s u re  d i s t r i b u t i o n s .  So by a 

s e r i e s  o f s u c c e s s iv e  a p p ro x im a tio n s  i t  i s  p o s s ib le  to  o u t l i n e  

co m p le te ly  th e  flow  p a t t e r n  in  a p r a c t i c a l  two d im e n sio n a l  

prob lem .

a )  The p r e s e n t  exp e rim e n ts  ap p ear to  r e q u ir e  a n u m e ric a l  
v a lu e  l e s s  th a n  1 2 , se e  s e c t i o n  9 . 4 .
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9 .  INTERPRETATION: OF RESULTS AND EXPOSITION 

' OF'FLOW PATTERN OF PARALLEL ARRANGEMENT.

' 9 . 1  A n a ly s is  of-' form  drag, d iagram s f o r  f i r s t  row o f tu b e s .

F ig u re  5 .2 F  shows a t y p i c a l  cu rv e  o f p r e s s u r e  d i s t r i ­

b u tio n  a t  th e  s u r f a c e  o f a tu be in  th e  f i r s t  row . From  

t h i s  i t  w i l l  be se e n  t h a t  th e  p re s s u re  i s  a tm o sp h e ric  when 

th e  p re s s u re  h o le  i s  f a c i n g  d i r e c t l y  u p stre a m . In  su ch  a 

p o s i t io n  th e  p re s s u re  m easu rin g  h o le  f a c e s  th e  d i r e c t i o n  o f  

m otio n  and so r e c o r d s  th e  t o t a l  en erg y  o f th e  s tre a m . The 

agreem en t w ith  th e  a tm o sp h e ric  l i n e  may be re g a rd e d  e i t h e r  

as i n d i c a t i n g ,  t h a t  no l o s s  o f  en erg y  has o c c u rre d  in  th e  

u p stream  p a r t  o f  th e  c a s in g  o r  a l t e r n a t i v e l y ,  t h a t  th e  p re s s u re  

m easu rin g  d e v ic e  was f u n c tio n in g  s a t i s f a c t o r i l y .  The v e l o c i t y  

i n c r e a s e s  as  th e  c r o s s - s e c t i o n a l  a r e a  d e c r e a s e s  tow ards th e  

c e n tr e  o f  th e  g ap , F u r th e r  th e  d i s t r i b u t i o n  o f  v e l o c i t y  

a c r o s s  th e  gap i s  such  a s  t o  g iv e  th e  g r e a t e s t  v e l o c i t y  n e a r  

th e  tube s in c e  th e  s u r f a c e  o f t h i s  i s  c o n v e x . The p re s s u re  

i s  t h e r e f o r e  se e n  to  d e c r e a s e  co n tin u o u s ly  and by an amount 

g r e a t e r  th a n  t h a t  due t o  th e  r e d u c tio n  in  c r o s s - s e c t i o n a l  

a r e a .  The minimum p re s s u re  o c c u rs  s l i g h t l y  b e fo re  th e  9 0 ° .

From 9 0 °  t o  1 1 0 °  th e re  i s  r i s e  in  p re s s u re  and a t ,  o r  

about 1 1 0 °  th e  flo w  c e a s e s  to  fo llo w  th e  s u r f a c e  o f  th e  tu b e .
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9.1

T h is i s  more c l e a r l y  se e n  by r e f e r e n c e  t o  f i g u r e  9 .1  

I f  th e  f l u i d  expanded in  th e  same way as  i t  c o n tr a c te d  

i t  would f o llo w  th e  d o tte d  c u r v e . I t  w i l l  be se e n  th a t  

a t  th e  p o in t B th e  p r e s s u re  shows a marked d e v ia t io n  

from  t h i s  h y p o t h e t i c a l  e x p a n sio n  and i t  ca n  be con clu d ed  

t h a t  t h i s  i n d i c a t e s  ro u g h ly  th e  p o in t  o f breakaw ay and 

from  1 1 0 °  onward th e  m ain s tre a m  h a s  s e p a ra te d  from  th e  

tu b e s u r f a c e .

From 1 1 0 °  to  1 8 0 °  th e  p r e s s u re  rem ains s e n s ib ly  

c o n s ta n t  a lth o u g h  in  m ost c a s e s  th e r e  i s  a  f u r t h e r  s l i g h t  

f a l l .  Over t h i s  ra n g e  th e  tu be i s  in  c o n t a c t  w ith  th e  

"d ead  w a te r ” ,  i . e .  a  r e g io n  in  w hich th e  t o t a l  e n e rg y  i s  

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

The p r e s s u re  v a r i a t i o n s  a c r o s s  th e  r e a r  o f  th e  tu b e  

a r e  so  sm a ll t h a t  i t  can n o t be s a i d  th a t  th e y  g iv e  d e f i n i t e  

i n d i c a t i o n s  o f  th e  ty p e  o f  m otio n  in  th e  "d ead  w a te r” r e g io n .

In  f ig u r e  5 .4 B  th e re  i s  th e  s u s p ic io n  o f  a lo w er  

p r e s s u re  a t  1 5 0 °  and 2 1 0 ° .  T h is i s  more c l e a r l y  se e n  i n  

th e  form  d ra g  d iagram s o f  th e  l a s t  row o f t u b e s : f ig u r e s

2 .6 A  and 5 .2 E .  I t  i s  s t i l l  more d e f i n i t e l y  in d ic a te d  in  

th e  w a te r  flo w  e x p e rim e n ts  w ith  s ta g g e re d  arran g em en t o f  

tu b e s  as  i l l u s t r a t e d  in  f i g u r e s  2 .2 A  and B .
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These two p o in ts  a r e  e i t h e r  se co n d a ry  s ta g n a t io n  

p o in ts  as  su g g e ste d  in  s e c t i o n  7 . 7  o r  i t  i s  p o s s ib le  th a t  

th e  p o in t  o f  breakaw ay o s c i l l a t e s  betw een th e  l i m i t s  o f  

1 1 0 °  and 1 5 0 °  th us c r e a t i n g  a s ta g n a t io n  p o in t a t  1 5 0 ° .

9 .2  The d is p e r s io n  o f  th e  s tream  a f t e r  p a s s in g  th ro u g h  

th e  g a p .

As p r e v io u s ly  o u tl in e d  th e  m ain c h a r a c t e r i s t i c s  o f  

th e  flo w  p a t t e r n  u p stream  o f  th e  f i r s t  gap a r e ,  on th e  one 

han d, an i n v i s c i d  flo w  o ccu p y in g  m ost o f  th e s p a c e , and ,
r  ■

on th e  o t h e r ,  a th in  boundary l a y e r  c lo s e  to  th e  tube s u r ­

f a c e  where th e  m otio n  i s  r e ta rd e d  by v i s c o s i t y .  The main  

p i c t u r e  c o n s i s t s  o f  a f r e e  flo w in g  s tre a m  t o g e th e r  w ith  a 

v e ry  r e s t r i c t e d  a r e a  in  w hich f r i c t i o n a l  e f f e c t s  a r e  con­

f in e d .

Downstream o f  th e  gap th e r e  e x i s t s  a v e ry  d i f f e r e n t  

s t a t e .  In  th e  f i r s t  p l a c e ,  th e m ain stream  s e p a r a te s  

from th e  w a ll le a v in g  a dead w a te r  r e g io n  betw een i t  and 

th e  w a l l .  The s u r f a c e s  o f d i s c o n t i n u i t y  betw een th e  

s tre a m  and th e  dead w a te r  r e g io n  a re  u n s ta b le  and b re a k  up 

i n t o  a s e r i e s  o f  e d d ie s  w hich le a d  to  c o n s id e ra b le  m ixin g  

betw een th e  s tre a m  and th e  a d ja c e n t dead w a te r . The zones 

w ith in  w hich th e  m ixin g  o c c u rs  sp read  out r a p id ly  and a re  

o f an a l t o g e t h e r  l a r g e r  m agnitude th an  th e  somewhat an alo g o u s
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u p stream  boundary l a y e r .

T o l l m ie n d )  has a p p lie d  P ran d tlrs momentum t r a n s p o r t  

th e o ry  to  such  m ixin g  zones and he deduces th e  v e l o c i t y  

d i s t r i b u t i o n s  w ith in  them b o th  l o n g i t u d i n a l l y  and t r a n s v e r s e l y .

The c a s e  co n sid e re d  by T o llm ie n  i s  f o r  a j e t  is s u in g  

in to  a s t i l l  f l u i d  o f u n lim ite d  e x t e n t .  H is r e s u l t s  w h ile  

g iv in g  th e  form s o f  th e  v e l o c i t y  d i s t r i b u t i o n s  r e q u ir e  the  

a d d itio n  o f  an e m p ir ic a l  c o e f f i c i e n t  b e f o r e  th e y  can  be  

used  to  p r e d i c t  n u m e rica l r e s u l t s .

From P r a n d t l fs s ta te m e n t t h a t  th e  s h e a r  s t r e s s  =

where £ i s  Prandtl* s "m ischu ngsw eg", T o llm ien  

ded uces t h a t  as  seen  in  f i g u r e  9 .2 A , th e  m ix in g  zone sp re a d s  

out downstream  i n  d i r e c t  p r o p o r tio n  t o  th e  d i s t a n c e  from  th e  

o r i g i n  0 .  F u r th e r  he f in d s  t h a t  th e  s tre a m  l i n e  w hich  

p a sse s  th ro u g h  th e  o r i g i n  rem ain s s t r a i g h t  and i s  in c l in e d  

outw ards a t  a v e ry  sm all a n g le . The m ixin g zone i s  wedge- 

shaped b u t i s  n o t sy m m e trica l about th e a x i s  o f  x .  The 

d iv e rg e n c e  of th e  in n e r  p o r t io n  b ein g  h a l f  t h a t  o f  th e  o u te r  

p o r t i o n .

The n u m e ric a l v a lu e  o f  th e s e  an g les  in v o lv e s  one e x ­

p e rim e n ta l c o e f f i c i e n t  w h ich , a c co rd in g  to  wind tu n n e l 1

( 1 )  T o llm ie n  W. z . f u r  angew andte M ath .u .M ech. V o l .6  p .4 6 8  -  1 9 2 6 .
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m easurem ents a t  G o ttin g e n , i s  j  « 0 .0 1 7 4  where x  i s  th e  

d i s t a n c e  downstream  from  th e  o r i g i n  where m ixin g  b e g in s .

Based on t h i s  v a lu e  th e  b re a d th s  of th e in n e r  and o u te r  zones  

a re  0 .0 8 5 x  and 0 .1 7 0 x  r e s p e c t i v e l y ;  w h ile  th e  s tre a m  l i n e  

th ro u g h  th e  o r ig i n  i s  in c l in e d  a t  an a n g le  o f  0 .9 2 °  outw ards  

tow ard s th e  dead w a te r  r e g io n .

f
W ith r e g a rd  to  th e  v a lu e  o f  th e  c o e f f i c i e n t  ^  t h i s  in  

th e  p r e s e n t  c a s e  i s  m ost r e a d i l y  d eterm in ed  from th e  l o c a t i o n  

o f th e  p o in t P f ig u r e  9 .2 A  where th e  m ixin g  zone o r i g i n a t i n g  

on one s id e  of th e  s tre a m  m eets t h a t  o r i g i n a t i n g  on th e  o th e r  

s i d e .  The p o in t P i s  c l e a r l y  d e fin e d  from  the l o n g i tu d in a l  

t o t a l  e n e rg y  d i s t r i b u t i o n  f ig u r e  4 .2  and i s  2 .2 7 G  downstream  

from  th e  g a p .

The o r i g i n  f o r  th e  m ixin g  zone i s  somewhat i n d e f i n i t e  

s in c e  a boundary l a y e r  a lr e a d y  e x i s t s  a t  th e  g a p . T here  

w i l l  n o t be much e r r o r  how ever i f  th e  m ixin g  zone in  th e  gap 

be assum ed t o  be a lr e a d y  as wide as th e boundary l a y e r  a t  

t h a t  p o i n t ,  v i z .  0 .0 2 5 7  G. The i n t e r n a l  wedge a n g le  i s

th e r e f o r e  t a n " 1 = t a n " 1 .2 0 9  = 1 1 °  4 8 f . T o llm ien
2 .2 7 G

ded uces t h a t  th e  ta n g e n t o f  t h i s  i n t e r n a l  wedge a n g le  i s  

V 2C 2 . (The e x t e r n a l  wedge angle i s  tw ic e  th e  i n t e r n a l  a n g le

and th e  t o t a l  i s  a p p ro x im a te ly  3
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W ritin g  zJzCz * . 2 0 9 ,  2C2 * .0 0 9 1 3  and C = 0 .0 6 8 1 .

In  com p ariso n  w ith  t h i s  T o llm ie n , from  m easurem ents a t  th e  

edge o f  an open j e t  wind tu n n e l , found C * 0 .0 1 7 4 .

The c o e f f i c i e n t  11 Cn d e f in e s  th e  ,̂ m ischungsw eg,, f,£ M in  

term s o f  th e  d i s t a n c e  " x ” from  th e  o r i g i n  t h u s : - £ =  C x.

So in  com p arison  w ith  T ollm ierfs r e s u l t s  th e  m ixin g  le n g th  

in  th e  n e s t  i s  a p p ro x im a te ly  fo u r  tim es as  g r e a t ,  due no 

doubt t o  th e  la r g e  d is tu r b a n c e s  a lr e a d y  e x i s t i n g  i n  th e  

dead w a te r  r e g io n  a t  th e  r e a r  o f  th e tu b e s .

In  f i g u r e  9 .2 B  th e  r a t i o  o f  th e  t o t a l  e n e rg y  in  th e  

o r i g i n a l  s tre a m  d iv id e d  by th e  t o t a l  e n e rg y  alo n g  th e  c e n tr e  

l i n e  o f  th e  gap h as been p l o t t e d .  From t h i s  i t  i s  se e n  t h a t  

th e  t r a n s v e r s e  v e l o c i t y  d i s t r i b u t i o n  shown in  f ig u r e  3 .1 C  

was ta k e n  a t  a  s e c t i o n  where th e  flo w  i s  j u s t  ch an g in g  from  

T o llm ie n *s  f i r s t  c a s e  o f  a homogeneous a i r  s tre a m  is s u in g  

in to  a i r  a t  r e s t  to  t h a t  o f  h i s  second  c a s e  o f  a s p re a d in g  

stream  is s u in g  from a narrow  s l i t .  A c tu a l ly  th e  p r e s e n t  

problem  a p p ro xim ates  f a r  more c l o s e l y  to  th e  f i r s t  one s in c e  

i t  i s  o n ly  a t  th e  c e n tr e  o f  th e  j e t  t h a t  i n t e r f e r e n c e  from  

th e  two s id e s  o f  th e  j e t  c a n  have ta k e n  p l a c e .  T o l l m ie n ^  

second c a s e  i s  in  f a c t  d ev elo p ed  on th e  b a s is  o f  an i n f i n i t e l y  

sm all j e t  o r a l t e r n a t i v e l y  f o r  i n f i n i t e l y  g r e a t  d i s t a n c e s  from  

a s l i t  o f f i n i t e  d im e n sio n s . F o r  t h i s  re a s o n  th e  seco n d  ca se  

can h a rd ly  be e x p e c te d  t o  a p p ly .
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The t r a n s v e r s e  v e l o c i t y  d i s t r i b u t i o n  a t  th e  s e c t i o n  

midway betw een th e f i r s t  and seco n d  rows o f  tu b e s  has t h e r e ­

f o r e  been com pared w ith  T o llm ie n ’ s c a se  1 ,  U sin g  th e  above  

v a lu e  f o r  th e  c o e f f i c i e n t  "C ” th e  v e l o c i t i e s  a re  g iv e n  in  

t a b l e  9 .2  and shown in  th e  r i g h t  hand b o tto m  c o rn e r  o f  

f ig u r e  3 .1 C . The f u l l  l i n e  shows T o llm ie n f s v e l o c i t y  

d i s t r i b u t i o n  and th e  t e s t  p o in ts  g iv e  th e  o b se rv e d  v e l o c ­

i t i e s  a f t e r  c o r r e c t i o n  f o r  P i t o t  tube s h i f t .

I t  w i l l  be s e e n  t h a t  o v e r  th e  in n e r  p a r t  o f  th e  j e t  

th e r e  i s  v e ry  s a t i s f a c t o r y  ag reem en t e x c e p t n e a r  th e  c e n tr e  

l i n e  where th e  o b serv ed  v e l o c i t i e s  a re  low in  com parison  

w ith  th e  th e o r y . Here a d i f f e r e n c e  i s  to  be e x p e c te d  

b e ca u se  th e  two m ix in g  zones hav e a lre a d y  c o a le s c e d  and th e  

c e n t r a l  f i la m e n ts  a re  s u b je c te d  t o  the e f f e c t s  o f  m ixin g  

from  b o th  s i d e s .  The s l i g h t  l a c k  o f  symmetry n o t ic e a b l e  

in  t h i s  f ig u r e  i s  w ith o u t s i g n i f i c a n c e  and r e p r e s e n ts  a 

d isp la ce m e n t o f  o n ly  0 .0 2  Cm.

Towards th e  o u te r  edges o f  th e  j e t  th e r e  i s  n a t u r a l l y  

a c o n s id e ra b le  d is c r e p a n c y  betw een th e  T o llm ie n  cu rv e  and 

th e  e x p e rim e n ta l p o i n t s .  T h is i s  due to  th e  f a c t  t h a t  th e  

th e o r y  i s  b ased  on th e  assu m p tio n  t h a t  th e  j e t  is s u e s  in to  

a q u ie s c e n t f l u i d  o f  u n lim ite d  e x t e n t .  The n e g a tiv e  

v e l o c i t i e s  and th e  tu rb u le n c e  in  th e  dead w a te r  re g io n  have  

no c o u n te r p a r t  in  th e  th e o r y .
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9 .3  C om parison o f  th e  shape o f  th e  form  d ra g  diagram s o f  

th e  f i r s t  and su b seq u en t rows o f  tu b e s .

A gain c o n s id e r in g  f i g u r e  5 .2 F  th e r e  i s  a  marked d i f f e r  

en ce in  th e  d i s t r i b u t i o n  o f  p r e s s u re  on th e  f r o n t  o f th e  

seco n d  row o f  tu b e s , i . e .  th e  r e a r  boundary o f  th e  f i r s t  

dead w a te r  r e g i o n .  In  ta k in g  th e  r e c o r d s  o f  t h i s  d i s t r i ­

b u tio n  o f  p re s s u re  th e  m anom eter f l u c t u a t e d  by a s  much as  

0 .0 5 ^ c  and t h i s  d e s p i te  c o n s id e ra b le  dam ping.

F ig u re  5 .2 C  shows a t y p i c a l  form  d ra g  d ia g ra m . The 

two c u rv e s  on th e d iag ram  i n d i c a t e  th e  m agnitude o f  th e  

p r e s s u re  v a r i a t i o n s  w hich a p p eared  t o  have no d e f i n i t e  

p e r i o d i c i t y .  The f l u c t u a t i o n s  in  p r e s s u re  were a p p ro x i­

m a te ly  f i v e  tim e s  a s  g r e a t  a s  th o s e  o b serv ed  on th e  f r o n t  

o f  tu b es o f  th e  t h i r d  row , e . g .  f ig u r e  5 .2 D . and te n  tim es  

a s  g r e a t  as  th e  m a jo r i ty  o f  th e  p re s s u re  r e a d i n g s .

A p art from  t h i s ,  th e re  i s  a v e ry  n o t ic e a b l e  r e g io n  o f  

re d u ce d  p r e s s u re  in  the v i c i n i t y  0 ° .  A l l  o th e r  rows a re  

c o n s i s t e n t  in  show ing a maximum p r e s s u re  in  t h i s  r e g io n  

w hereas on th e  seco n d  row th e  maximum p r e s s u r e s  o c c u r  a t  

3 0 °  and 3 3 0 ° .

The e x p e rim e n ts  in  th e  A hlborn  tan k  showed c l e a r l y  how 

su ch  a p re s s u re  d i s t r i b u t i o n  c o u ld  a r i s e .  F ig u re  7 .3 B  

shows th e  m ain s tre a m  cu rv in g  round tow ard s th e  c y l in d e r  to
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form  an eddy and a t  th e  same tim e g iv in g  r i s e  to  a s ta g n a ­

t i o n  p o in t a t  4 0 °  in  t h i s  p a r t i c u l a r  i n s t a n c e .

In  some c a s e s  t h i s  ty p e o f flo w  p a t t e r n  i s  o c c u r in g  

s im u lta n e o u sly  a t  b o th  s id e s  o f  a dead w a te r r e g io n  h u t more 

u s u a l ly  th e  s ta g n a t io n  p o in t would o ccu r  f i r s t  on one s id e  

and th e n  on th e  o th e r  a t  i r r e g u l a r  tim e i n t e r v a l s *  T h is  

p ro c e s s  e x p la in s  b o th  th e  o b se rv e d  i n s t a b i l i t y  o f  th e  p r e s s ­

u re  re a d in g s  and th e  p re se n ce  o f  two maxima a t  3 0 °  and 3 3 0 ° .  

The alum inium  d u st exp e rim e n ts  w h ile  thus e x p la in in g  th e  

shape o f  th e  form  d rag  cu rv e  f o r  th e  seco n d  row o f  tu b e s ,  

r a i s e  a s e r io u s  d i f f i c u l t y ,  s in c e  a l l  th e  p h o to g rap h s  

o b ta in e d  c o n s i s t e n t l y  show t h a t  th e s e  m o tio n s , w h ile  n o t i c e ­

a b le  in  th e  f i r s t  dead w a te r r e g i o n ,  a re  p r o g r e s s i v e l y  more 

m arked in  th e  seco n d  and su b seq u en t r e g io n s , w h ereas th e  

form  d ra g  cu rv e s  f o r  th e  t h i r d  and f o u r th  rows do n o t g iv e  

th e  same in d i c a t i o n s  o r  i f  th e y  d o , o n ly  a l e s s e r  d e g re e .

I t  i s  p ro b a b le  t h a t  th e  more r a p id  movements o f  th e  

s tre a m  found in  subseq u en t rows le a d  to  r a p id  movement of  

th e  s ta g n a t io n  p o in ts  o v er th e  whole o f  th e  f r o n t  o f  th e  

tu be and n o t o v er l im ite d  a r c s  from  2 0 °  to  4 0 °  and 3 2 0 °  and 

3 4 0 ° .

T h is  i s  a s s o c i a t e d  w ith  a  l a t e r  breakaw ay o f  th e  bound 

a r y  l a y e r  and a c c o r d in g ly  th e  m ain s tream s ten d  t o  d iv e rg e
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away from  th e  gaps and co n v erg e  on to  the c e n t r e  l i n e  o f  

th e  tu b e . T h is i s  i l l u s t r a t e d  on f ig u r e  9 . 1 .

The la r g e  d i f f e r e n c e s  in  th e  shape o f  th e  form  d rag  

cu rv e s  f o r  th e  f i r s t  and seco n d  rows and th e  accom panying  

d i f f e r e n c e s  in  en erg y  d i s s i p a t i o n  i s  f u r t h e r  e x p la in e d  by 

th e  f a c t  t h a t  th e  s tre a m  a s  i t  ap p ro ach es th e  f i r s t  row o f  

tu b e s  i s  in  a r e l a t i v e l y  u n d is tu rb e d  s t a t e .  Under th e se

c o n d itio n s  wind tu n n e l t e s t s  o f i s o l a t e d  c y l i n d e r s  show t h a t  

th e  boundary la y e r  m a in ta in s  a s tre a m  l i n e  fo rm a tio n  up to  

a p p ro x im a te ly  9 0 °  a t  w hich p o in t  s e p a r a t io n  o c c u rs  and con ­

s e q u e n tly  th e r e  can  be l i t t l e  r i s e  in  p r e s s u re  f u r t h e r  round  

th e  c y l i n d e r .

F a g e ^ ^  h as shown t h a t  a t  a s u f f i c i e n t l y  h ig h  R e y n o ld s1 

number ( 2 0 0 ,0 0 0 )  th e  d is tu r b a n c e s  p re s e n t in  m ost a r t i f i c i a l  

wind stream s a r e  s u f f i c i e n t l y  g r e a t  to  cau se  th e  m otion in  

th e  boundary l a y e r  t o  become tu rb u le n t  b e fo re  th e  p o in t o f  

b reak aw ay . T h is re n d e rs  i t  p o s s ib le  f o r  th e  boundary la y e r  

to  r e c e i v e  new en e rg y  from  th e  m ain s tre a m  and so en ab le  i t  

to  flo w  round th e  c y l in d e r  c o n s id e ra b ly  beyond 9 0 ° .  In  t h i s  

way th e  p re s s u re  a t  th e  r e a r  o f  th e  c y lin d e r  i s  much g r e a t e r  

and th e  drag  c o e f f i c i e n t  f a l l s  from  0 .6  to  0 . 2 .

( 1 )  Fage R . & M. 1 1 7 9 , 1929



Fage and War sap  by p la c in g  s l i g h t  i r r e g u l a r i t i e s

on th e  s u r f a c e  o f  th e  c y l i n d e r ,  w ere a b le  to  p rod u ce t h i s  

e f f e c t  a t  R eyn old s* numbers a s  low as  7 0 ,0 0 0 .

In  th e  p r e s e n t  exp e rim e n ts  th e  R eynolds* number b ased

on ^N.max 3 5 ,0 0 0  and th e  above e f f e c t  co u ld  n o t be 

e x p e c te d  in  c o n n e c tio n  w ith  th e  f i r s t  row o f  tu b e s .

The p a ssa g e  o f  th e  a i r  o v e r  th e  f i r s t  row c r e a t e s  an  

e x tre m e ly  h ig h  d eg ree  o f  tu rb u le n c e  in  th e  s tre a m , w ith  th e  

r e s u l t  t h a t  su b seq u en t rows e x h i b i t  phenomena n o rm a lly  

a s s o c i a t e d  w ith  h ig h e r  R eynolds* num bers.

In  su p p o rt o f  th e  view  t h a t  v a r i a t i o n  in  th e  i n i t i a l  

d is tu r b a n c e s  in  th e  s tre a m  from  row t o  row co u ld  have su ch  

a m arked e f f e c t ,  i t  i s  e n lig h te n in g  to  c o n s id e r  th e  r e s u l t s  

o f  s u b - s e c t io n  5 . 8 .  In  th e s e  exp e rim e n ts  a p ie c e  o f  p e r ­

f o r a t e d  z in c  p la c e d  a t  th e  i n l e t  o f  th e  n e s t  ca u se d  a  

r e d u c t i o n  in  form  d rag  on th e  f i r s t  row o f tu b e s  o f  7 . 5 $ .

9 .4  P re s s u re  r e c o v e r y  a f t e r  th e  c o n s t r i c t i o n s  and th e  

p o in t o f b reak aw ay .

From f i g u r e s  5 .2 F  and 9 . 1  i t  i s  seen  t h a t  th e  p re s s u re  

r e c o v e r y  a t  th e  r e a r  o f  the f i r s t  tube i s  0 .05^o  V ^ .r n a x , 1

( 1 )  F a g e , A . and W arsap , J .H .  R.& M. 128 3  -  1 9 2 9 .
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T h is r e c o v e r y  i s  g r e a t l y  in c r e a s e d  in  a l l  su b seq u en t ro w s, 

becom ing a p p ro x im a te ly  0 .4 0  p  ^ N .m a x  ^he rows o f  

tu b e s .

T h is r e c o v e r y  i s  undoubtedly a s s o c i a t e d  w ith  th e  p o in t  

o f breakaw ay o f th e  m ain s tre a m  from  th e  tube s u r f a c e s ,  and 

a c a l c u l a t i o n  was made o f  th e  t h e o r e t i c a l  p o s i t i o n  o f b re a k ­

away assum ing t h a t  th e  whole o f  th e  p re s s u re  r e c o v e r y  a t  th e  

r e a r  o f e a c h  tube was due to  th e  d e c e l e r a t i o n  o f th e  main  

s tre a m s  a f t e r  p a s s in g  th e  p o in t o f  maximum c o n s t r i c t i o n ^ .  

These a re  g iv e n  in  th e  t h i r d  column o f th e  ta b l e  b elo w .

A f te r
R eco v ery  
as % o f

/°v ^N.max

P o s i t i o n  o f  Breakaw ay
a s  computed  
fro m  p re s s u re  

r e c o v e r y .

From F:I s . 9 .1
From
so o t

d e p o s i t .
P o in t B

P o in t o f  
C o n tra -  
f l e x u r e  •

1 s t Row 5 .2 8 9 8 i ° 9 2 ° 9 5 ° 1 0 0 °
2nd " ( a ) 4 7 ,6 5 122 117 1 1 0 122
2nd " (b ) 4 3 .0 0 1 1 9 f
3 rd u 4 1 .9 3 119 109 114 (1 1 7 )
4 t h ir 3 8 .0 0 117 112 1 1 8 (1 1 1 )

W ith  r e g a r d  to  th e  seco n d  row th e  p re s s u re  r e c o v e r y  can  be 

e x p re s s e d  a s  a p r o p o r tio n  of th e  p re s s u re  on th e  f a c e  o f  th e  

tu b e  a t  0 °  o r as  a p r o p o r tio n  o f  th e  maximum p r e s s u re  w hich  

o c c u r s  a t  3 0 ° .  These a re  r e c o rd e d  as  (a )  and (b ) in  th e  

above t a b l e s .

( 1 )  See app end ix N o .5
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I t  i s  i n t e r e s t i n g  t o  com pare th e  above e s t im a tio n  o f  

th e  p o in ts  o f  breakaw ay w ith  th e  in d i c a t i o n s  o f th e s e  

im p o rtan t p o in ts  as a s c e r t a i n e d  from  o th e r  p a r ts  o f  th e  w o rk . 

In  f i g u r e  9 . 1  a cru d e e s t im a te  may be made from  th e  p o in t o f  

s e p a r a t io n  o f  th e  f u l l  l i n e  p re s s u re  cu rv e  and th e  d o tte d  

h y p o t h e t i c a l  ex p a n sio n  cu rv e  a s  s u g g e s te d  i n  s u b - s e c t io n  9 . 1 .  

These a re  shown in  column 4 o f th e  above t a b l e .  The p o in ts  

o f  c o n t r a f l e x u r e  o f th e  p re s s u re  cu rv e s  i n  f i g u r e  9 . 1  may 

g iv e  even a b e t t e r  i n d i c a t i o n  o f th e  p o in ts  o f  breakaw ay and 

th e s e  have b een  g iv e n  in  column 5 .

The d e p o s it io n  of d u st and s o o t  as  d e s c r ib e d  in  s e c t i o n  

12 gave a d d i t i o n a l  e v id e n ce  o f  the p o in t o f  b reak aw ay. The 

i n d ic a t io n s  from  t h i s  s o u rc e  a r e  in c lu d e d  in  th e  l a s t  colum n, 

th e  f i g u r e s  in  b r a c k e ts  a r e  th e  r e s u l t  o f  o n ly  one o b s e r v a t io n  

and a r e  t h e r e f o r e  n o t as  r e l i a b l e  as th e  rem ain d er o f  th e  

d a t a .

I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  these v a lu e s  f o r  th e  

p o in t o f  breakaw ay do n o t  e n t i r e l y  comply w ith  the Karm an- 

Pohlhausen e x p r e s s io n

dU J _ 2
dx * ^ 12

A cco rd in g  t o  th e  above ta b le  breakaw ay on th e  f i r s t  row  

o c c u rs  betw een 9 2 °  and 1 0 0 ° .  The co rre sp o n d in g  v a lu e s  o f
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£  were computed by th e  B l a s i u s  method up to  9 0 °  and su b se q u e n tly  

exten d ed  by s te p s  o f 2 d e g re e s  u sin g  th e  K arm an-Pohlhausen  

method (H ow arth ! s e q u a tio n  3 . 2 3 ) .  The v a lu e s  o f ^  w ere  

o b ta in e d  from  f i g u r e  8 .7  and th e  r e s u l t s  a re  shown b elo w :

Angle
dU
dx sr

au %2  
dx • ~

92 -  870S6C 71 0 .0 1 7 3  Cm. -  1 . 8
95 -1 2 0 0 0 .0 1 8 6 -  2 .8 6

100 -  9 5 0 0 .0 2 1 2 -  2 .9 5

The maximum v a lu e  in  th e  l a s t  column i s  o f  th e  o rd e r  -  3

in s te a d  o f  th e  -  12 deduced by P o h lh au sen . Some d is c r e p a n c y

would n o t be s u r p r is in g  s in c e  th e  v e l o c i t y  g r a d ie n ts  w ere

o b ta in e d  by d i f f e r e n t i a t i o n  o f  an e x p e r im e n ta l  cu rv e  w ith

p o in ts  a t  1 0 °  i n t e r v a l s .  I t  i s  d i f f i c u l t  how ever to  th in k

t h a t  t h i s  cau se  a lo n e  i s  s u f f i c i e n t  to  e x p l a in  th e  d i s c r e p a n c y .

I t  co u ld  be e x p la in e d  on th e  assu m p tio n  t h a t  th e  v a lu e  o f  %

a t  9 0 °  g iv e n  by th e  B la s iu s  method was e r ro n e o u s ly  sm a ll b u t

a g a in  th e r e  ap p ear t o  be no grounds f o r  b e l ie v in g  t h i s .  In

w hich c a s e  one i s  f o r c e d  to  co n clu d e  t h a t  th e  e x p e r im e n ta l

p o i n t s ,  r e p r e s e n t in g  as  th e y  do th e  tim e a v e r a g e , y i e l d  v a lu e s  
dTJf o r  ^  w hich a r e  m arkedly l e s s  th a n  th e in s ta n ta n e o u s  v a l u e s .

9 .5  Form  d rag  d iagram s in  t h e i r  r e l a t i o n  to  one a n o th e r

9 .5 1  D i s t r i b u t i o n  o f  k i n e t i c  en erg y  th ro u g h o u t th e  n e s t .  

When c o n s id e r in g  th e  form  d ra g  d iagram s in  t h e i r  c o r r e c t  

r e l a t i o n  to  one a n o th e r , i . e .  when p l o t t e d  to  a common p r e s s u re
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datum , as  in  f ig u r e  5 .2 F ,  th e  m ost s t r i k i n g  f e a t u r e  i s  t h a t  

th e  h ig h e s t  p re s s u re  on th e  s e co n d , t h i r d  and f o u r th  row s 

e x ce e d s  th e  minimum p r e s s u re  on th e  f i r s t  ro w . And f u r t h e r ,  

so f a r  a s  th e  seco n d  and t h i r d  rows a re  c o n c e rn e d , th e  

maximum p re s s u re  e x ce e d s  v e ry  c o n s id e ra b ly  t h a t  on th e  r e a r  

o f th e  f i r s t  ro w .

T h is d e m o n stra te s  c l e a r l y  t h a t  a c o n s id e ra b le  p r o p o r tio n  

o f th e  k i n e t i c  en erg y  e x i s t i n g  a t  th e  f i r s t  c o n s t r i c t i o n  p a s s e s  

th ro u g h  su b seq u en t c o n s t r i c t i o n s .

I t  i s  se e n  t h a t  th e  p r e s s u re  and t h e r e f o r e  th e  t o t a l  

en e rg y  a t  th e  f r o n t  o f  th e  seco n d  and su b seq u en t rows o f  tu b es  

e x c e e d s  a p p r e c ia b ly  th e p r e s s u re  en e rg y  in  th e  p re ce d in g  dead  

w a te r  r e g i o n . I t  i s  c l e a r ,  t h e r e f o r e ,  t h a t  th e  m ajor p o r t io n  

o f th e  s tre a m  flo w s w ith  b u t l i t t l e  r e d u c t io n  in  v e l o c i t y .

9 .5 2  E s t im a tio n  o f th e  v e l o c i t y  in  th e  e d d ie s  a t  th e

r e a r  o f  th e  tu b e s .

T here i s  a l s o  an u n e x p e c te d ly  la r g e  d i f f e r e n c e  o f  

p re s s u re  betw een th e  b ack  o f  one row and th e  f r o n t  o f  th e  

su b seq u en t ro w . The m agnitude o f t h i s  i s  se e n  to  be o f  

th e  o rd e r  o f  0 .2 p V 2 N#max co rre sp o n d in g  to  a v e l o c i t y  o f  

th e  o rd e r  o f  0 .4 5  % #max.

•Except on th e  l i n e  o f  sym m etry, where th e  a v e ra g e  

s h e a r  f o r c e  i s  z e r o ,  t h i s  f i g u r e  cannot be a c c e p te d  as  th e
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a c t u a l  v e l o c i t y  w ith in  th e  ed d y , s in c e  p a r t  o f  th e  f o r c e s  

due to  th e s e  p r e s s u re s  i s  b a la n c e d  by th e  s h e a r  f o r c e s  in  

th e  f l u i d .  N e v e rth e le s s  0 * 4 5  max must g iv e  a good  

i n d i c a t i o n  o f th e  v e l o c i t i e s  w hich e x i s t  in  th e  eddy r e g i o n .

In  com p arison  th e  A hlborn ta n k  e x p e rim e n ts  s e c t i o n  

7 . 6 ,  c a r r i e d  o u t a t  th e  low er R e y n o ld s 1 number o f 1 ,5 0 0  

in d ic a te d  sp a ce  a v e ra g e  eddy v e l o c i t i e s  a t  a p a r t i c u l a r  

i n s t a n t  o f from  0 .1  VN>max to  0 .3 4  VN#Jnax. I t  sh ou ld  be
in

remembered t h a t Ath e ,B« A hlborn e x p e rim e n ts  th e  le n g th -b r e a d th  

r a t i o  o f  th e  tu b es  was much s h o r t e r  th a n  i n  th e  n e s t ,  t h e r e ­

f o r e  th e  end damping e f f e c t  w ould be much g r e a t e r .

A gain  th e  P i t o t  tube s e a r c h  c a r r i e d  o u t beh in d  th e  

f i r s t  row o f  tu b es and r e s t r i c t e d  to  one p a r t i c u l a r  p lan e  

(s e e  f i g u r e  3 .1 C )  gave a maximum v e l o c i t y  in  th e  u p stream  

d i r e c t i o n  o f  a p p ro x im a te ly  0 .3 8

I t  i s  p ro b a b le  t h a t  th e  form  d rag  p re s s u re  m easurem ents  

g iv e  th e b e s t  i n d i c a t i o n  and t h a t  the tim e a v e ra g e  o f  th e  

maximum u p stream  v e l o c i t y  w ith in  th e  e d d ie s  i s  n o t f a r  from

0 .4 5  VN.max*

9 .5 3  R eco v ery  o f  p re s s u re  a f t e r  p a s s in g  th e  l a s t  row o f tu b e s

F ig u re  5 .2 F  shows a re m ark ab ly  h ig h  p re s s u re  r e c o v e r y  

su b seq u en t to  th e  l a s t  row o f  tu b e s . The p re s s u re  a t  th e
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o u t l e t  o f th e  n e s t  i s  0.36yO V ^ ^ max g r e a t e r  th a n  th e  minimum 

p re s s u re  a t  th e  l a s t  c o n s t r i c t i o n :  th e  p r e s s u re  dow nstream

o f th e  n e s t  does n o t d i f f e r  m a t e r i a l l y  from  t h a t  a t  th e  

r e a r  o f th e  t h i r d  row and i s  0 .1 3 ^ 0  #max g r e a t e r  th an  

th a t  a t  th e  r e a r  o f  th e  l a s t  ro w . T h at i s  to  sa y  th e  l o s s  

of en erg y  a f t e r  th e  j e t  i s s u e s  from  th e  l a s t  c o n s t r i c t i o n  

i s  o n ly  ab o u t 3 0 $  o f  i t s  i n i t i a l  k i n e t i c  e n e rg y .

The f i g u r e  i s  w orth y o f n o te  when i t  i s  remem bered t h a t  

a l o s s  o f  1 5 $  i s  q u ite  norm al in  w e ll  d e sig n e d  tu rb in e  

d rau g h t tu b e s  and V e n tu ri m e te r s .

9 .6  D is s i p a t i o n  o f e n e rg y  in  th e  dead w a te r  r e g i o n .

The r a t e  a t  w hich e n e rg y  is  b e in g  d i s s i p a t e d  in  th e  

dead w a te r  r e g io n s  ca n  be a s s e s s e d  by c o n s id e r in g  th e  r a t e  

a t  w hich  en e rg y  p a s s e s  th ro u g h  any s u c c e s s iv e  p a i r s  o f  g a p s .

W ith r e g a r d  to  the f i r s t  row th e k i n e t i c  en erg y  p er  

u n it  volume i s  a p p ro x im a te ly  i  n V2 AT The p r e c is e

v alu e  i s  somewhat in  e x c e s s  o f  t h i s  s in c e  th e  v e l o c i t y  i s  

n o t u n ifo rm  a c r o s s  th e  g a p , b u t t h i s  e f f e c t  does n o t e x c e e d  

1 o r 2 $  and i s  n e g l e c t e d .

S in c e  th e  mean v e l o c i t y  th ro u g h  th e  second gap i s  

e q u al t o  t h a t  in  th e  f i r s t  gap  and th e  v e l o c i t y  d i s t r i b u t i o n  

i s  n o t g r e a t l y  d i s s i m i l a r  th e  k i n e t i c  e n e rg y  may be re g a rd e d
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as p a s s in g  away th ro u gh  th e  second gap a t  p r e c i s e l y  th e  

same r a t e  a t  w hich i t  f lo w s in  th ro u g h  th e  f i r s t  g a p . The 

p re s s u re  how ever d i f f e r s  c o n s id e ra b ly  in  th e  two gaps and  

from  f ig u r e  4 .2  i t  i s  se e n  to  be 0 .1 6 7 3 ^ 0  V^jj#max. The 

volume flo w in g  p er u n it  tim e i s  V„ x  G where G *  w id th  

o f g ap , w h ereas th e  volume o f  th e dead w a te r  r e g io n  i s

(p£ x  d ) - 'll d
^ where ,r^  n i s  th e  lo n g i tu d in a l  p i t c h  and "d 1*

th e  d ia m e te r  o f  th e  tu b e s . Thus th e  r a t e  a t  w hich e n e rg y

i s  b e in g  d i s s i p a t e d  p er u n i t  volume o f  dead w a te r r e g io n  i s :

0 . 1 6 7 3 ^ 0 max x  Vu.max x  G
IT d^p d -

4

w ith  th e  open p a r a l l e l  sp a c in g  u sed  G « 0 .6 4 8  Gm. » 0 .5 1 0 5 d  

in  e x p erim en t f i g u r e  4 .2  = 3 .3 0 0  Cms.® 2 .6 0 0  d

3
T h e re fo re  en e rg y  d i s s i p a t e d  _ ^  ny|r7A />v N.max Cm. dynes
p er c . c .  o f  dead w a te r  r e g io n  * -a  p e r  s e c .

In  su cce e d in g  dead w a te r  re g io n s  th e  r a t e  o f d i s s i p a t i o n  

i s  found t o  be somewhat g r e a t e r  a lth o u g h  of th e  same o rd e r  

v i z .  0 .0 6 2 7  ^ — ILsmax—  and 0 > 0 5 5 1  />V5 N.max Cm. dynes

p er s e c .

W ith  r e g a r d  to  th e  l a s t  row i t  I s  im p o ssib le  to  g iv e  

a co m p a ra tiv e  f ig u r e  f o r  th e  re a s o n  t h a t  th e  dead w a te r  

r e g io n  i s  i n d e f i n i t e  in  a r e a  and e x te n d s  f a r  down th e  s tr e a m .



9 . 6

The f ig u r e s  g iv e n  above in c lu d e  in  e a c h  ca se  th e  l o s s e s  

o f  th e  boundary la y e r  o f  th e  downstream  h a l f  o f  th e  tu be  

and to  t h i s  e x te n t  th e y  a re  o v e r -e s t i m a t e s  but th e  t a n g e n t i a l  

lo s s e s  a r e  s m a ll and do n o t m a t e r i a l l y  e f f e c t  th e  f i g u r e s  

g iv e n .

From  a n o th e r  p o in t o f  view a l s o ,  th e  f i g u r e s  a r e  o v e r ­

e s t im a te s  f o r  th e y  a re  b a se d  on th e  assu m p tio n  t h a t  th e  

en erg y  i s  b e in g  d i s s i p a t e d  in  th e  dead w a te r  r e g io n  a lo n e  

and n o t in  th e  main s tre a m  i t s e l f .  In  a c t u a l  f a c t  a co n ­

s id e r a b le  d i s s i p a t i o n  o c c u r s  in  th e  main s tre a m , i . e .  in  

f l u i d  w hich  h a s  n o t a c t u a l l y  p assed  in to  th e  dead w a te r  

r e g io n  and su b se q u e n tly  r e tu r n e d  to  th e  m ain s tre a m .

The f a c t  rem ain s t h a t  i t  i s  th e  m o tio n s w ith in  th e  dead  

w a te r r e g io n  w hich c a u se  th e  m ajor p o r t io n  o f  th e  l o s s  and 

th u s i t  i s  n o t u n re a so n a b le  to  s t a t e  t h i s  l o s s  in  term s o f  

th e  volume o f th e  dead w a t e r .

W ith r e g a r d  to  v a r i a t i o n  of d i s s i p a t i o n  from  row to  row 

i t  i s  v e ry  n o t ic e a b l e  t h a t  th e f i r s t  and seco n d  rows d i f f e r  

m a t e r i a l l y  from  the t h i r d :  th e  f i r s t  row showing 1 4 .5 $

l e s s  and th e  seco n d  row 1 4 .0 ^  g r e a t e r  th a n  th e  t h i r d  row .

As f a r  a s  th e  f i r s t  dead w a te r r e g io n  i s  co n cern ed  

t h i s  d i f f e r e n c e  can n o t be re g a rd e d  as due to  e r r o r s  in
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f i g u r e  4 .2  s in c e  th e re  i s  ample e v id en ce  to  be found in  th e  

form  d rag  d iagram s showing t h a t  th e  m otion  fo llo w in g  th e  

f i r s t  row i s  c h a r a c t e r i s t i c a l l y  d i f f e r e n t  from  t h a t  o f  

l a t e r  ro w s.

9 .7  Sh ear s t r e s s e s  on dead w a te r  r e g i o n .

The dead w a te r  r e g io n  h as th e  form  o f  a  p a r a l l e l ­

s id e d  f ig u r e  bounded a t  th e  ends by th e  dow nstream  and  

u p stream  c y l i n d r i c a l  f a c e s  o f  th e  a d ja c e n t  tu b e s : F ig u re

9 .7  i s  o b ta in e d  from  f i g u r e  5 .2 F  and shows th e  p r e s s u re s  

on th e  dead w a te r  r e g i o n s .  The t o t a l  f o r c e s  a c t i n g  on 

t h i s  r e g io n  a re  o b ta in e d  by i n t e g r a t i n g  th e a r e a  

A B G D E F G H A .  The r e s u l t i n g  f o r c e  i s  b a la n c e d  by  

s h e a r  s t r e s s  e x i s t i n g  on th e  two p a r a l l e l  s id e s  A B and 

D C .

The n u m e rica l v a lu e s  o f th e  f o r c e s  on th e  s e v e r a l

dead w a te r r e g io n s  a r e  e x p re s s e d  m ost c o n v e n ie n tly  as

s h e a r  f o r c e s  / dw. These a g a in  a r e  red u ced  t o  pure

numbers by com paring them w ith  th u s form in g
rf

d im e n sio n le ss  numbers dw

XDV2 N.max

The v a lu e s  o b ta in e d  f o r  th e  th re e  dead w a te r  re g io n s

a re  g iv e n  in  th e  t a b l e .
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Dead w a te r  

r e g io n  No.

------ <----  f

/ dw
dynes per  

s q . cm.

1 dw <
/ dw

/° V^N .max 
c a l c u l a t e d  from  

f ig u r e  9 .7

V^N.max
E s tim a te d  from  
th e  work o f  F ag e

1 4 6 2 .5 0 .0 2 4 0 .0 2

2 5 1 1 .5 0 .0 2 7

3 '3 7 3 .6 0 .0 1 9

I t  i s  i n t e r e s t i n g  t o  compare th e s e  w ith  th e  work o f  

F a g e ^ ^  on th e  m ic ro s c o p ic  e x a m in a tio n  o f  sp eck s o f d u st  

in  w a te r  flo v /in g  th ro u g h  a smooth p ip e . He found a  

r e l a t i o n  betw een sh e a r  s t r e s s  and v a r i a t i o n  from  mean 

v e l o c i t y  ca u sed  by th e  tu rb u le n c e  o f  th e  o rd e r  o f

l  /  T* dw
v* » 6 . 8  VK where VH i s  d e f in e d  a sy —

In  th e  p r e s e n t  e x p e rim e n ts  f ig u r e  3 .1 C  shows t h a t  th e  

mean v e l o c i t y  on th e  p la n e s  A B and D C i s  o f  the o rd e r  o f  

3 0 0 0  Cms. p e r  s e c . ,  i . e .  0 .7 5  % oinax.

No in fo rm a tio n  i s  a v a i l a b l e  as  t o  th e  maximum 

in s ta n ta n e o u s  v e l o c i t y  on th e s e  p la n e s  b u t a f a i r  e s t im a te  

can  be made o f  th e  minimum v a lu e . The p h oto g rap h  7 .3  B 

shows t h a t  th e  lo n g i tu d in a l  v e l o c i t y  component c e r t a i n l y  

drops to  z e ro  and p ro b a b ly  a t t a i n s  n e g a tiv e  v a lu e s  of  

perhap s 0 .2  V ^elnax* Thus th e r e  a re  grounds f o r  th in k in g  1

(1 )  F a g e , A . P h il,M ag V o l .2 1 ,  p . 8 0 .  1936
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t h a t  th e  tu rb u le n ce  component i s  o f  the o rd e r  of 0 .9 5  VN 

o r 1 .2 7  o f  th e  mean v e l o c i t y  in  t h i s  p la n e .

Thus a c c o rd in g  to  P a g e 1s r e l a t i o n

v* = 6 . 8  vs  = 0 .9 5  VK. max

T h e re fo re  Vx  ■  0 .1 4  V''N.max

and dw 0 .1 4
/°  v" n .max

I Hw
T h e re fo re  -----------------  = 0 .0 2

/ ° I * * * V N, max

I t  i s  e x tre m e ly  i n t e r e s t i n g  to  f in d  t h a t  t h i s  a p p li

c a t io n  o f  P a g e fs work in  sm ooth p ip es  does p r e d i c t  th e  

sh e a r  s t r e s s  in  a c o m p lica te d  arran gem en t su ch  a s  a n e s t  

o f  tu b e s .

•max
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1 0 .  INTERPRETATION OF THE RESULTS OF THE 

STAGGERED ARRANGEMENT AND COMPARISON

OF THE TWO ARRANGEMENTS.

1 0 .1  C om parison o f  form  d ra g  d ia g ra m s .

The o u ts ta n d in g  f e a t u r e  o f  th e  s ta g g e r e d  arran gem en t 

i s  a g a in  th e  anom alous b e h a v io u r o f  th e  f i r s t  and seco n d  

ro w s . The fo rm  d rag  d iagram s f i g u r e s  5 .2G  and 1 0 .1  A and B 

show t h i s  m ost c l e a r l y .

The d iag ram  f o r  th e  f i r s t  row has an a r e a  o f a p p ro x i­

m a te ly  tw ice  t h a t  o f  su b seq u en t ro w s . The cau se  o f  th i s  

i s  tw o fo ld . On th e  u p stream  f a c e  o f  th e  f i r s t  row th e  

p r e s s u re  d i s t r i b u t i o n  i s  a lm o st i d e n t i c a l  w ith  t h a t  found in  

th e  p a r a l l e l  arran g em en t w hereas in  the seco n d  and subsequ ent 

rows th e p re s e n c e  o f th e  two a d ja c e n t  tu b es  o f th e  p re v io u s  

row ca u se s  much low er p re s s u re  in  th e r e g io n  from  1 0 °  to  7 0 ° .  

The breakaw ay a t  th e  r e a r  o f th e  f i r s t  tube a p p e a rs  to  be a 

shade l a t e r  th a n  in  th e  p a r a l l e l  a rra n g e m e n t. B u t th e  

d i f f e r e n c e  i s  so  sm a ll t h a t  i t  o n ly  shows w hat l i t t l e  

in f lu e n c e  th e  l o c a t i o n  o f th e  l a t e r  tu b es h as upon t h i s  

im p o rta n t phenomenon.

The se co n d  row i s  anom alous in  the low ness of th e  

p r e s s u re  a t  9 0 ° ,  w hich ta k in g  0 °  as datum , i s  n e a r ly  5 0 $  

low er th a n  th e  f i r s t  row o r 2 5 $  low er th an , su b seq u en t ro w s .



FIG. 101.



1 0 . 1

The cau se  o f  t h i s  ap p e a rs  to  be due t o  the r e l a t i v e l y  la r g e  

form  d rag  of th e  f i r s t  ro w . T h is  must be a s s o c i a t e d  w ith  

a wake o f  low e n e rg y . The s tre a m  as i t  p a s s e s  th e  con­

s t r i c t i o n  o f  th e  seco n d  row c o n ta in s  a c e n t r a l  c o re  o f  f l u i d  

moving a t  low v e l o c i t y ,  th us re d u c in g  th e  e f f e c t i v e  w id th  

o f th e  gap and i n c r e a s i n g  th e  sp eed  o f th e  two p a r t s  o f th e  

m ain s tre a m  a d ja c e n t  t o  th e  se co n d  tu b e . T h is  i s  se e n  

c l e a r l y  in  f i g u r e  1 0 . 1 .  The m agnitude o f  th e  e f f e c t  i s  

o b v io u s ly  lin k e d  c l o s e l y  w ith  th e  m agnitude o f fo rm  d ra g  

s in c e  th e  l a t t e r  o n ly  e x i s t s  by v i r t u e  o f  th e  shedding o f  

v o r t i c i t y .  U n less  th e  dead w a te r  r e g io n  i s  lo s in g  low  

en e rg y  f l u i d  th e  p r e s s u re  t h e r e ,  w i l l  b u ild  up u n t i l  

e v e n tu a l ly  th e  p re s s u re  on th e  r e a r  o f  th e  tube i s  e q u a l  

t o  t h a t  on i t s  u p stream  f a c e ,  w ith  co n seq u en t d isa p p e a ra n c e  

o f  form  d r a g . In  th e  n e s t  o f  tu b e s  one v i s u a l i s e s  e a ch  

tu b e as shedding a s tre a m  o f low en erg y  f l u i d  -  la r g e  in  

th e  c a s e  o f th e  f i r s t  tube -  s m a ll f o r  th e  seco n d  tube  

and norm al f o r  th e  r e s t .

I n c i d e n t a l  to  th e  low p r e s s u re  a t  and b e fo re  9 0 ° ,  th e  

d iagram  e x h i b i t s  two la r g e  n e g a tiv e  lo o p s  w hich re d u ce  

g r e a t l y  th e  t o t a l  d ra g  on th e  seco n d  ro w . P r e s s u re  r e c o v e r y  

a t  th e  r e a r  o f t h i s  tu be i s  good , b e in g  about 4=3% o f  th e  

drop from  0 °  to  9 0 ° ,  a r e s u l t  n u m e r ic a lly  s i m i l a r  to  t h a t  

f o r  th e  p a r a l l e l  a rra n g e m e n t.
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S in ce  the p re s s u re  a t  0 °  i s  a tm o sp h e ric  th e r e  can  be no 

doubt t h a t  t h i s  tube i s  fe d  w ith  u n d is tu rb e d  f l u i d  and y e t  

i t s  breakaw ay c h a r a c t e r i s t i c s  a re  th o se  o f  a tu be in  a 

h ig h ly  d eg rad ed  s tre a m . T h is i s  i n t e r e s t i n g  f o r  i t  shows 

t h a t  breakaw ay i s  c o n t r o l l e d  n o t so much by e n e rg y  v a r i a t i o n s  

but r a t h e r  by p re s s u re  f l u c t u a t i o n s  and t h a t  even when th e se  

o r i g i n a t e  a t  a c o n s id e ra b le  d is ta n c e  from  th e  s u r f a c e  o f  th e  

tu b e , th e y  a re  s t i l l  e f f e c t i v e .

Of th e  rem ain in g  tu b e s , th e  f o u r th  to  s e v e n th  rows 

ap p ear to  be a lm o st i d e n t i c a l ,  i n d ic a t in g  t h a t  a f t e r  th e  

f i r s t  th r e e  rows th e  flo w  c o n d itio n s  a t t a i n  a r e l a t i v e l y  

c o n s ta n t  s t a t e .  The g e o m e tr ic a l  arran gem en t on th e  down­

s tre a m  s id e  o f  th e  l a s t  row , o f  c o u r s e , d i f f e r s  m a t e r i a l l y  

and some in f lu e n c e  o f  t h i s  m ight have been e x p e c te d  b u t from  

th e  d iagram s i t  i s  seen  t h a t  th e  a c t u a l  d i f f e r e n c e s  a r e  v e ry  

s m a ll .

The t h i r d  row shows some in flu e n c e  o f  th e  abnorm al 

f i r s t  and second ro w s. T o g e th e r  th e s e  have a r e s i s t a n c e  w e ll  

above th e  a v e ra g e  and i t  i s  n o t s u r p r is in g  to  f in d  t h a t  th e  

d rag  on th e  t h i r d  row i s  c o rre s p o n d in g ly  low .

In  f ig u re s  1 0 .1  B to G th e  e x te n t  o f  th e  p r e s s u re  

f l u c t u a t i o n s  has been marked on th e  v a r io u s  d ia g ra m s.
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1 0 .2  L o ss o f  e n erg y  th ro u g h o u t th e  n e s t .

Prom f ig u r e  5.2G  i t  i s  seen  t h a t  th e  g e n e ra l  p re s s u re  

g r a d ie n t  th ro u g h  th e  n e s t  a s  re p r e s e n te d  by th e  p r o g r e s s iv e  

downward d isp la ce m e n t o f  in d iv id u a l  form  d ra g  d iagram s i s  

r e l a t i v e l y  sm a ll compared w ith  th e  p re s s u re  d i f f e r e n c e  w hich  

e x i s t s  in  one d iag ram . F o r  exam p le , th e p r e s s u re  a t  0 °  on 

th e  s i x t h  row i s  a c t u a l l y  g r e a t e r  th a n  t h a t  a t  1800  on th e  

f i r s t  row . T hat i s  to  say  th e  a v e ra g e  t o t a l  en erg y  in  th e  

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

dead w a te r r e g io n  a t  the r e a r  o f  th e  f i r s t  row . In  s h o r t  

o n ly  about one s i x t h  o f  th e  f l u i d  p a ss in g  i s  e f f e c t i v e l y  

d eg rad ed  by e a ch  row .

1 0 .3  E s t im a tio n  o f  th e  t a n g e n t i a l  d rag  f o r  th e  s ta g g e r e d  n e s t

A p e r u s a l  o f  f ig u r e s  1 0 . IB to  G shows th e  c o n s id e ra b le

f l u c t u a t i o n  o f p r e s s u re  w hich ta k e s  p la c e  a t  th e  s id e s  o f  a l l  

th e  tu b e s  e x c e p t th o se  o f  th e  f i r s t  row . W ith such p re s s u re  

f l u c t u a t i o n s  i t  i s  d i f f i c u l t  to  a r r i v e  a t  th e  t r u e  tim e mean 

a v e ra g e  w hich i s  th e  d e te rm in in g  f a c t o r  in  th e  form  d r a g .  

N e v e rth e le s s  i t  was c o n s id e re d  a d v is a b le  to  make an e s t im a tio n  

o f  th e  r a t i o  o f  th e  sum o f  th e  form  d r a g s , to  th e  t o t a l  

resistance o f  th e  n e s t .

Prom f i g u r e  5 .2G  i t  i s  seen  t h a t  th e  u n c o r r e c te d  mean 

o r d in a te  o f  th e  form  d ra g s  a r e  as  f o llo w :



1 0 .3

1 s t Row 0 .4 3 1
2nd u 0 .1 3 3 ' ii

3 rd i» 0 .1 7 0 tt
4 th it 0 ,2 0 0 ii
5 th tt 0 .1 9 1 it
6 th ii 0 .2 1 5 ii

7 th ii 0 .2 1 5 it

1 .5 5 5

’age mean o r d in a te = 0 .

N.max

V2N.max'

Prom s e c t i o n  5 . 2  i t  i s  known t h a t  c o r r e c t i o n  n e c e s s a r y  

to  com pensate f o r  th e  s i z e  o f  th e  p re s s u re  h o le  i s  a r e d u c tio n  

o f  th e  mean o r d in a te  by 8 .9 3 $ .  Thus th e  c o r r e c t e d  d ra g  

c o e f f i c i e n t  = 0 .2 2 5  -  0 .0 1 9 9  ■  0 .2 0 2 6 .

The R e y n o ld s1 number a t  w hich th e s e  form  d ra g  diagram s  

w ere ta k e n  was 3 4 ,8 0 0  and from  f ig u r e  1 .2 B  th e  c o e f f i c i e n t  o f  

th e  t o t a l  r e s i s t a n c e  o f  th e  n e s t  to  a i r  flow  a t  t h i s  R eynolds*  

number i s  seen  to  be 0 .2 1 8 .

T h e re fo re Form Drag  
T o ta l  D rag

0 .2 0 2 6
0 .2 1 8 0 .9 3

Thus th e  form  d ra g  r e p r e s e n ts  9 3 $  o f  th e t o t a l  r e s i s t a n c e  and 

th e  t a n g e n t i a l  d ra g  7$

In  com paring t h i s  e s tim a te  w ith  th e  t a n g e n t i a l  d rag  o f  

th e  p a r a l l e l  arran g em en t i t  shou ld  be remembered t h a t  t h i s  

r e s u l t  i s  b ased  upon seven  t y p i c a l  form  d ra g  d iagram s w hereas  

th e  r e s u l t  of th e  p a r a l l e l  arran g em en t was c a l c u l a t e d  from  

e ig h ty  form  d rag  d ia g ra m s.
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1 0 .4

1 0 .4  E f f e c t  o f  speed on form  d ra g  d iag ram .

D iagram s were ta k e n  from  th e  c e n tr e  tu b e o f  th e  f i r s t  

row a t  R e y n o ld s' numbers 1 5 ,6 3 0  to  3 6 ,0 0 0 .  T hese a re  shown 

p l o t t e d  n o n -d im e n sio n a lly  in  f ig u r e  1 0 . 4 .  The diagram , i s  

o b ta in e d  by e n la rg in g  e a ch  o f  th e  s e p a r a te  d iag ram s u n t i l  i t  

co rre sp o n d s  to  a c a th e to m e te r  re a d in g  tw ice  t h a t  o f  th e  

s ta n d a rd , i . e .  2 x  1 .1 7  ■  2 '.3 4  Cms. o f  w a te r . The d iagram s  

a re  th e n  superim posed so a s  t o  c o in c id e  a t  0 ° .  A l l  th e  

diagram s a r e  rem ark ab ly  s i m i l a r  in  ap p earan ce  and in  f a c t  

th e v a r i a t i o n  in  mean o r d in a te  l i e s  betw een th e  l i m i t s  o f

0 .4 1 5  and 0 .4 2 8  ^oV2N#max w ith  in c r e a s in g  sp eed . T h is  

r e s u l t  i s  i n t e r e s t i n g .  I t  shows t h a t  th e  in f lu e n c e  o f  

R ey n o ld s' number upon th e  c o e f f i c i e n t  o f  r e s i s t a n c e  o f  th e  

n e s t  as a whole i s  due a lm o st e n t i r e l y  to  th e  b e h a v io u r o f  

th o se  rows subsequ ent t o  th e  f i r s t .  The f i r s t  row i s  more 

an alag o u s t o  an i s o l a t e d  c y l i n d e r .

1 0 .5  C om parison o f  th e  form  d rag  r e s i s t a n c e  o f th e  f i r s t  row

o f tu b e s  w ith  t h a t  o f  a s in g le  c y l i n d e r  in  a wind tu n n e l

The problem  o f  an i s o l a t e d  c y l in d e r  in  a wind tu n n e l and

t h a t  o f  th e  f i r s t  row o f  tu b e s  in  a n e s t  a re  n o t g e o m e tr ic a l l y  

s i m i l a r  and s e a r c h  must be made f o r  some p la u s ib le  b a s is  o f  

co m p ariso n . I t  i s  c l e a r  t h a t  th e  f o r c e s  in v o lv e d  depend upon 

th e  flow  p a t t e r n .  T h is  can  be p a r t i a l l y  d e s c r ib e d  by c o n s id ­

e r in g  VQ and Vmax# The l a t t e r  h as c l e a r l y  th e  g r e a t e r



10.5

Influence and may perhaps rather crudely he taken as the basis 
of comparison.

With flow past an isolated cylinder at the speeds under
consideration Vmax. is approximately 1.5 VQ and it appears
legitimate to use this value in computing corresponding
Reynolds’ numbers. Thus the range of of 15,000 to

Si
36,000 in figure 1.2B (form drag for first row) may be compared

V  r lwith a range of _2_ of 10,000 to 24,000 for the isolated 
cylinder.

Data are available from Linke^*^ who experimented in 
an open jet wind tunnel and from Relf’s^) experiments in a 
closed wind tunnel as follows :-

i Form drag coefficient
^N.max ^ Nest of Tubes First row

Isolated cylinder
\)

Linke Relf
P •

/°^N.max ... p; . P P ..P _
;ov01 2 P̂ max />v o2 P̂ max

15,000 0.4151 0.550 0.248 0.568 0.256 |
36,000 0.4285 0.597 0.269 0.590 0.266

(1) Linke, W, Inaugural Dissertation. Leipzig (1931)
(2) Relf, E.P. R & M, 102, 1913-14, p,47.
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1 0 .5

I t  i s  see n  t h a t  th e  v a lu e s  f o r  th e  n e s t  o f  tu b es show 

th e  same ten d e n cy  to  in c r e a s e  w ith  in c r e a s in g  R eynolds*  

number and f u r t h e r  th a t  th e y  l i e  s a t i s f a c t o r i l y  betw een th e  

i s o l a t e d  c y l i n d e r  v a l u e s . They te n d  to  l i e  c l o s e r  to  th e  

V0 v a lu e s  th a n  m ight have been a n t i c i p a t e d .  T h is  fo llo w s  

from  th e  f a c t  t h a t  on an i s o l a t e d  c y l in d e r  th e  u p stream  h a l f  

e x p e r ie n c e s  v e ry  l i t t l e  f o r c e  w h ereas w ith  a row o f  a d ja c e n t  

c y l i n d e r s  th e r e  i s  a d e f i n i t e  u p stream  f o r c e  e x e r te d  on th e  

u p stream  h a l f .

1 0 .6  In f lu e n c e  o f  speed" on th e  l a t e r  row s.

Two t y p i c a l  d iagram s ta k e n  a t  R e y n o ld s ’ numbers o f  

1 6 ,1 5 0  and 3 4 ,5 3 0  a r e  shown in  f ig u r e  1 0 , 6 .  I t  i s  seen  t h a t  

th e r e  i s  l e s s  p r e s s u r e  r e c o v e r y  a t  th e  r e a r  o f  th e  tube a t  

th e  low er H ey n o ld s’ number. In  o th e r  r e s p e c t s  th e  diagram s  

a r e  i d e n t i c a l .

The d ra g  c o e f f i c i e n t  d e c re a s e d  from 0 .2 5 3 8  to  0 .2 1 4 5  or  

ro u g h ly  in  p r o p o r tio n  to  th e  f a l l  in  r e s i s t a n c e  c o e f f i c i e n t  

o f  th e  n e s t  a f t e r  th e  f i r s t  row h as been s u b t r a c t e d . Thus i t  

may be s a id  t h a t  th e s e  two d iag ram s d em o n strate  t h a t  th e  

R e y n o ld s ’ number in f lu e n c e  i s  to  be found a t  th e  r e a r  o f  th e  

tu b e s  and o n ly  on rows subsequent to  th e  f i r s t .

1 0 .7  Com parison betw een l a t e r  rows in  p a r a l l e l  and

s ta g g e r e d  a rra n g e m e n ts .

Two p a r a l l e l  arran gem en t d iagram s a re  a l s o  shown on



1 0 .7

f ig u r e  1 0 .6 .  These w ere ta k e n  a t  R e y n o ld s1 numbers o f  2 1 ,1 0 0  

and 3 9 ,6 0 0  and so c o v e r  much th e  same speed r a n g e . Here 

a g a in  th e  R e y n o ld s1 number in f lu e n c e  i s  se e n  in  th e  d i f f e r e n t  

l o c a t i o n s  o f  th e  cu rv e s  a t  th e  r e a r  o f th e  c y l i n d e r .

In  com p arison  w ith  th e  s ta g g e re d  arran g em en t th e  m ost 

marked f e a t u r e  i s  th e  d i f f e r e n c e s  on th e  u p stream  f a c e  and i t  . 

i s  due to  th e s e  t h a t  th e  form  d ra g  c o e f f i c i e n t  f o r  th e  

p a r a l l e l  arran g em en t i s  so much h ig h e r  th a n  th e  s ta g g e r e d .

F ig u re  1 0 .6  makes i t  p o s s ib le  to  a cco u n t f o r  th e  

p r e v io u s ly  o b se rv e d  d i f f e r e n c e s  betw een th e  r e s i s t a n c e  law s  

f o r  p a r a l l e l  and s ta g g e r e d  n e s ts  as  seen  in  f ig u r e  1 .2 B .  The 

p a r a l l e l  arran g em en t gave h ig h e r  r e s i s t a n c e  and l e s s  in f lu e n c e  

o f  R e y n o ld s1 num ber. The s m a lle r  in f lu e n c e  o f  R e y n o ld s1 

number i s  due to  th e  f a c t  t h a t  th e re  were o n ly  fo u r  rows as  

com pared w ith  seven  f o r  th e  s ta g g e re d  n e s t .  T h e re fo re  th e  

f i r s t  row w ith  i t s  n e a r ly  c o n s ta n t  c o e f f i c i e n t  had a g r e a t e r  

in f lu e n c e  in  th e  p a r a l l e l  a rra n g e m e n t.

On s u b t r a c t in g  th e  f i r s t  row , b o th  n e s t s  show a s i m i l a r  

R eynolds* number e f f e c t .  T h is ,  as  f ig u r e  1 0 .6  show s, i s  

due to  changes a t  th e  r e a r  o f  th e  tu b e s . A la r g e  n u m e rica l  

d i f f e r e n c e  rem ain s and t h i s  a s  shown by th e  f ig u r e  i s  duo. t o  

d i f f e r e n c e s  on th e  u p stream  f a c e s .



1 1 .1

1 1 . CONFIRMATION THAT THE REYNOLDS * NUMBER 

CHOSEN FOR THE MAJOR PORTION OF THB 

EXPERIMENTS WAS NOT A CRITICAL NUMBER.

1 1 ,1  C o n s id e ra tio n s  n e c e s s a r y  to  co n firm  t h a t  th e

e x p e rim e n ts  and r e s u l t s  a r e  o f  a g e n e ra l  n a t u r e .

In  any r e s e a r c h  where th e  r e s u l t s  from  a l im ite d  number 

o f e x p e rim e n ts  a re  used  t o  i n v e s t i g a t e  a wide ran ge o f  

phenomena, i t  i s  n e c e s s a r y  to  co n firm  t h a t  th e  r e s u l t s  

o b ta in e d  and th e  law s d is c o v e re d  n o t o n ly  h o ld  tr u e  f o r  th e  

p a r t i c u l a r  s e t  o f  c o n d itio n s  under w hich th e  exp e rim e n ts  

w ere c a r r i e d  o u t ,  but a ls o  t h a t  th e s e  c o n d itio n s  r e p r e s e n t  

th e  g e n e ra l  problem  and a r e  n o t a p a r t i c u l a r ,  u n iq u e , c a s e .  

T h is  c o n f irm a tio n  i s  g e n e r a l ly  o b ta in e d  by c a r r y in g  ou t a 

few e x p e rim e n ts  a t  h ig h e r  and lo w er R eynolds* numbers and 

a s c e r t a i n i n g  t h a t  th e re  i s  no u n a cco u n ta b le  change in  th e s e  

r e s u l t s .  I f  th e  r e s u l t s  a r e  p l o t t e d  a g a i n s t  th e  v a ry in g  

R eynolds* numbers th e  c u rv e s  o b ta in e d  sh ou ld  be smooth cu rv e s  

w ith o u t any I n d i c a t io n  of d i s c o n t i n u i t y .

The c u r v e s , f ig u r e  1 .2 B ,  showing th e  v a r i a t i o n  o f  t o t a l  

r e s i s t a n c e  o f  th e  n e s t  w ith  v a ry in g  R eynolds* number had  

in d ic a te d  t h a t  th e r e  was a co n tin u o u s law c o n n e c tin g  th e s e  

two f a c t o r s .  The R e y n o ld s ’ number a t  w hich th e  m a jo r i ty  o f  

th e  a i r  e x p e rim e n ts  had been c a r r ie d  out was about 3 5 ,0 0 0  and
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1 1 .1

f i g u r e  1 .2 B  gave no i n d i c a t i o n  o f  t h i s  b e in g  a c r i t i c a l  v a lu e .

F u r th e r  ev id e n ce  was a v a i l a b l e  from  f ig u r e  5 .4 C . T h is  

shows th e  r e l a t i o n  betw een th e  a i r  speed and th e  mean o r d in a te  

o f  th e  form  d ra g  d iag ram . H ow ever, th e  i n i t i a l  s e r i e s  o f  

e x p e rim e n ts  was c a r r i e d  ou t on th e  c e n tr e  tube o f  th e  f i r s t  

row and i t  was th o u g h t t h a t  i t  m ight n o t be t r u l y  r e p r e s e n t ­

a t i v e .  When th e  a i r  im pinges on th e  f i r s t  row o f tu b e s  i t

i s  u n d is tu rb e d  w hereas when i t  m eets a l l  o th e r  rows i t  i s  
»

re n d e re d  tu rb u le n t  by th e  p re c e d in g  row . T h e re fo re  i t  was 

d e cid e d  to  c a r r y  out a s e r i e s  o f  e x p e rim e n ts  on th e  f o u r th  

row ,

1 1 .2  Form d ra g s  on th e  f o u r th  row o f  tu b e s  a t  v a ry in g  a i r

speeds -  p a r a l l e l  a rra n g e m e n t.

F ig u re  1 1 .2  shows a s e r i e s  o f  form d ra g  d iagram s ta k e n  

from  th e  c e n tr e  tube o f th e  l a s t  row . The mean o r d in a te s  o f  

th e s e  v a r io u s  d iagram s have been  p l o t t e d  a g a i n s t  th e  c o r r e s ­

ponding c a th e to m e te r  re a d in g  in  f ig u r e  5 .4 C . From t h i s  

cu rv e  i t  i s  see n  t h a t  th e r e  i s  a co n tin u o u s r e l a t i o n  betw een  

th e  a i r  speed and th e  mean o r d in a te  o f  th e  d ra g  on th e  f o u r th  

row as w e ll a s  on th e f i r s t  row .

T h is was ta k e n  as c o n c lu s iv e  e v id e n ce  t h a t  th e  R eynolds * 

number o f 3 5 ,0 0 0  was n o t a c r i t i c a l  number and th a t  th e  

r e s u l t s  o b ta in e d  were g e n e ra l  and n o t co n fin e d  to  th e  

p a r t i c u l a r  c o n d itio n s  o f th e  e x p e rim e n ts .
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1 1 .2

In  f ig u r e  1 1 ,2  i t  i s  seen  t h a t  th e  mean o r d in a te  ?,p” 

d e c r e a s e s  from  0 ,3 1 2  p  V^N.max t o  0 .2 7 3 ^ 0  v 2N.max as  R e y n o ld s' 

number i n c r e a s e s  from  2 1 ,1 0 0  t o  3 9 ,6 0 0 .  The l a r g e s t  and 

s m a lle s t  o f th e s e  s e r i e s  o f  form  d rag  d iagram s were used  in  

th e  p r e p a r a t io n  o f  f ig u r e  1 0 . 6 .

1 1 .3  Form d ra g s  on th e  s i x t h  row o f tu b e s  a t  v a ry in g  a i r  

speeds -  s ta g g e re d  a rra n g e m e n t.

In  s u b s e c tio n  1 1 ,2  i t  i s  shown t h a t  a s  f a r  a s  th e  

p a r a l l e l  arran g em en t i s  co n ce rn e d  R ey n o ld s' number 3 5 ,0 0 0  i s  

n o t a c r i t i c a l  c o n d itio n  o f  flow  th ro u gh  th e  n e s t .  I t  was 

c o n s id e re d  a d v is a b le  how ever to  c a r r y  out a s i m i la r  i n v e s t i ­

g a t io n  w ith  r e g a rd  to  th e  s ta g g e r e d  a rra n g e m e n t. W ith t h i s  

arran g em en t i t  was r e a l i s e d  t h a t  th e  f i r s t ,  second  and p o s s ib ly  

l a s t  row o f  tu b e s  d i f f e r e d  m a t e r i a l l y  from  th e  rem ain in g  ro w s.

I t  was c o n s id e re d  t h a t  th e  row p re c e d in g  th e  l a s t  was 

l i k e l y  to  be m ost t y p i c a l  o f  th e  m a jo r ity  o f rows w ith in  any 

la r g e  n e s t .  A s e r i e s  o f  v a r ia b le  speed a i r  t e s t s  was c a r r i e d  

out on -a c e n t r a l  tube o f  th e  s i x t h  row . T hese a re  shown in  

f i g u r e  1 1 , 3 .  Due to  th e  l i m i t a t i o n  o f th e  method o f d r iv in g  

th e  S tu r te v a n t  fa n  i t  was im p o ssib le  to  e x ce e d  th e  R ey n o ld s' 

number 3 5 ,0 0 0  but th e  fo u r  p o in ts  o b ta in e d  have been p l o t t e d  

on f ig u r e  5 .4 C  and i t  i s  seen  t h a t  w ith in  th e  e x p e rim e n ta l  

e r r o r  th e y  l i e  on a smooth cu rv e  w ith o u t any i n d i c a t i o n  o f  

d i s c o n t i n u i t y  a t  th e  upper l i m i t .
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1 2 .1

1 2 . THE DEPOSITION OF SOLIDS ON THE OUTSIDE

OP THE TUBES

1 2 ,1  P o s i t i o n  o f  d u st d e p o s its  and e x p la n a tio n  o f  th e  c a u s e .

When d ism a n tlin g  th e  n e s t  In  o rd e r  to  c le a n  th e  tu b e s  

i t  was n o t ic e d  t h a t  th e  d u st was n o t d e p o s ite d  u n ifo rm ly  on 

th e  s u r f a c e  bu t ap p eared  to  c o l l e c t  In  s t r a i g h t  l i n e s  a lo n g  

th e  le n g th  o f  th e  tu b e s . T h is  would s u g g e st t h a t  th e  

d e p o s it io n  had a d e f i n i t e  r e l a t i o n  t o  th e  v a r i a t i o n  in  

p r e s s u re  o r  v e l o c i t y  a t  th e  s u r f a c e  o f  th e  tu b e .

F ig u re  1 2 ,1  shows th e  d e p o s it io n  o f d u st on th e  tu b e s  

a rra n g e d  in  p a r a l l e l .  Prom t h i s  i t  w i l l  be seen  t h a t  th e  

m ain f a c t o r  c a u s in g  d e p o s it io n  i s  a change o f  d i r e c t i o n  o f  

th e  s tre a m . On th e  tu b e s  o f  th e  f i r s t  row th e  d u st i s  

d e p o s ite d  o n ly  on th e  u p stream  f a c e  o f  th e  tu b e s . Here 

th e  main s tre a m  d iv id e s  and th e  c e n t r i f u g a l  f o r c e  cau sed  

by th e  change o f  d i r e c t i o n  o f th e  s tream  a p p a re n tly  th row s  

th e  d u st on t o  th e  f a c e  o f  th e  tu b e s .

At th e  back  o f th e  f i r s t  tube th e  a i r  i s  n o t in  r a p id  

eddy m otion  and so no d u st i s  d e p o s ite d  on t h i s  p o r t i o n .

As h as been seen  in  s e c t i o n  9 ,3  th e  main stream  im pinges  

f i r s t  on one s id e  o f  th e  f a c e  o f  th e  tube o f  th e  second row 

and a moment l a t e r  on th e  o th e r  s id e  o f  th e  f a c e .  Thus th e r e
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a re  two m ain s ta g n a t io n  p o in ts  and In  f i g .  1 2 .1  i t  i s  seen  

t h a t  th e r e  a re  two d e p o s it io n  p o i n t s .  In  a l l  p r o b a b i l i t y  

th e  d e p o s it  I s  m ain ly  from  th e  in n e r  s tre a m  w hich i s  e n te r in g  

th e  dead w a te r  r e g io n  s in c e  t h i s  s tre a m  tu rn s  th ro u g h  a much 

more a c u te  an g le  th a n  th e  o u te r  s tre a m .

At th e  back  o f t h i s  tube th e r e  i s  a s e r i e s  o f  s ta g n a t io n  

p o in ts  w hich f l i c k e r  from  p la c e  to  p l a c e .  T h is  c a u s e s  th e  

u n iform  and l e s s  marked d e p o s it io n  on th e  back o f th e  tu b e .

The d e p o s it  on th e  tu b es  o f  th e  t h i r d  and f o u r th  rows 

i s  v e ry  s i m i l a r .  T h ere a re  two wide p a tc h e s  on th e  f r o n t  

and two v e ry  c l e a r l y  d e fin e d  s t r e a k s  a t  th e  b a ck .

The f r o n t  p a tch e s  a re  com parable w ith  th o se  o f  th e  

second row but th e  m otion  o f  th e  s tre a m  i s  o f  a l e s s  d e f i n i t e  

c h a r a c t e r  and th e r e f o r e  th e  d u st i s  d e p o s ite d  o v er a w id er  

s u r f a c e .  In  some c a s e s  on th e  t h i r d  row th e  two f r o n t  

p a tch e s  were jo in e d  t o g e t h e r .  I t  i s  i n t e r e s t i n g  to  com pare  

t h i s  w ith  th e  form  d rag  d iagram s f ig u r e  5 .2  P .

D e p o sitio n  from th e  f l u i d  in  th e  an g le  betw een th e  main  

stre a m  and th e  tube w a ll o c c u rs  j u s t  behind th e  p o in t o f  

breakaw ay. The eddy form ed a t  th e  back o f  th e  tube runs out 

to  a v e ry  a c u te  a n g le , a t  th e  apex o f  w hich th e re  i s  a sh arp  

change o f  d i r e c t i o n .  The more a c u te  t h i s  change o f  d i r e c t i o n
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th e  g r e a t e r  th e  c e n t r i f u g a l  f o r c e  and th e  more marked th e  d u st 

s e p a r a t i o n .

1 2 .2  E xp e rim e n ts  w ith  th e  d e p o s it io n  o f  s o o t .

The fo re g o in g  r e c o r d s  w ere made from  v i s u a l  o b s e r v a tio n s  

and th e re  was no p o s s i b i l i t y  o f  r e c o rd in g  th e  e x a c t  a n g u la r  

l o c a t i o n  o f  th e  d e p o s i t s .  The e x i s t e n c e  o f  r e g u l a r  d e p o s its  

was n o t s u s p e c te d  and th e y  were n o t o b serv ed  u n t i l  th e  n e s t  

was p a r t i a l l y  d ism a n tle d . New d e p o s its  o f  d u st co u ld  n o t be 

o b ta in e d  in  th e  same manner s in c e  th e  tim e re q u ire d  would have  

been p r o h i b i t i v e .

In  an a tte m p t to  a c c e l e r a t e  th e  r a t e  o f  grow th o f th e  

d e p o s its  e x p e rim e n ts  were made in  w hich powder o r  smoke was 

in tro d u ce d  in to  th e  a i r  s tre a m . Soot from  b u rn in g  camphor 

gave some m easure o f  s u c c e s s  but f a i l e d  to  g iv e  th o s e  c l e a r  

cu t d e f i n i t i o n s  seen  in  th e  o r i g i n a l  a i r  borne d u st d e p o s i t s .  

N e v e r th e le s s , th e  g e n e ra l  l o c a t i o n  o f  th e  d e p o s its  showed 

marked s i m i l a r i t y  to  th e  o r i g i n a l  o n e s , a lth o u g h  th e  sh arp  

c l e a r l y  d e fin e d  s t r e a k s  a t  th e  r e a r  o f  th e  back  rows o f  tu b e s  

were a b se n t o r  o n ly  found in  i s o l a t e d  c a s e s .  T h is  m ight have  

been due to  th e  r e l a t i v e  s h o r t  tim e in  w hich th e  so o t was 

d e p o s ite d . The e f f e c t  o f n o n -u n ifo rm ity  o f  te m p e ra tu re  

a r i s i n g  from  th e  camphor flam e was e lim in a te d  as  f a r  as  

p o s s ib le  by tu rn in g  th e  n e s t  th ro u gh  9 0 °  so t h a t  th e  a x e s
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o f  th e  tu b es  were v e r t i c a l .  The p o s i t io n s  and i n t e n s i t i e s  

o f  th e  r e s u l t i n g  d e p o s its  a re  re c o rd e d  in  f ig u r e  1 2 .2 .  The 

tu b e s  shown w ith  s in g le  c i r c l e s  had i n s u f f i c i e n t  d e p o s its  

to  y i e l d  any in fo rm a tio n  o f  v a lu e .

W ith re g a rd  to  th e  s ta g g e r e d  arran gem en t th e  d e p o s it  

on th e  f i r s t  row c o n s i s t s  o f  p a r t i c u l a r l y  c o a r s e  g r a in s  and 

was l e s s  in  q u a n ti ty  th an  on su cce e d in g  ro w s. T h is i s  

e x p la in e d  by th e  sm all speed and l a r g e r  ra d iu s  o f  c u rv a tu re  

o f th e  s tre a m  l i n e s  h e r e .  Only th e  h e a v ie s t  p a r t i c l e s  were 

throw n o u t . A l i g h t  bloom was found a t  th e  r e a r  o f t h i s  

row o f  tu b es  showing t h a t  th e  h e a v ie r  p a r t i c l e s  had been  

removed from  th e  f l u i d  b e fo re  i t  found i t s  way in to  th e  

dead w a te r r e g i o n .

The main l o c a t i o n  o f  th e  d e p o s its  in  a l l  th e  rows was in  

th e  v i c i n i t y  o f  th e  s ta g n a t io n  p o in t a t  th e  u p stream  g e n e r a to r  

o f th e  tu b e s ; a v e ry  heavy d e p o s it  b ein g  found h e re  even on 

th e  se v e n th  row . The f a c t  t h a t  d e p o s it  i s  found as  f a r  down 

th e  n e s t  i s  c o n s i s t e n t  w ith  th e  o b serv ed  m agnitude o f  th e  form  

d ra g  cu rv e s  s in c e  a p p ro x im a te ly  on ly  one s i x t h  o f  th e  s tre a m  

i s  d eg rad ed  a t  each  ro w .-

So one o b ta in s  a g e n e ra l  p i c t u r e  in  w hich en erg y  l o s s e s ,  

s o o t d e p o s its  and presum ably h e a t  t r a n s f e r  a l l  fo llo w  much

th e  same law s
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The work o f p re v io u s  i n v e s t i g a t o r s  h as in  th e  m ain been  

r e s t r i c t e d  to  th e  m easurem ent o f  th e  o v e r a l l  r e s i s t a n c e  o f  

a few s p e c i f i c  n e s t s .  Such r e s u l t s  can n o t be c o r r e l a t e d  

u n t i l  th e  t o t a l  r e s i s t a n c e  i s  s e p a ra te d  in to  t h a t  o f  th e  

v a r io u s  ro w s.

The f i r s t  row , o f f e r s  a p p ro x im a te ly  1% to  2-J- tim e s  th e  

r e s i s t a n c e  o f  th e  l a t e r  rows in  th e  p a r a l l e l  and s ta g g e r e d  

arran g em en ts  r e s p e c t i v e l y .  The f i r s t  row h as a r e s i s t a n c e
p

c o e f f i c i e n t ,  ---------------  , a lm o st independent o f  th e f l u i d
/^ ^ N .m a x

sp eed , v i s c o s i t y ,  and th e  tu be d ia m e te r . I t  does how ever 

depend upon th e  t r a n s v e r s e  p i tc h /d i a m e t e r  r a t i o ,  v a ry in g  

from  0 , 4 2  in  th e  c a s e  o f  c l o s e l y  sp aced  tu b e s  to  0 . 5 8  in  th e  

c a s e  o f  e x tre m e ly  open s p a c in g . The f i r s t  rows b o th  in  

r e c t a n g u l a r  and s ta g g e re d  arran g em en ts  have th e  same 

r e s i s t a n c e .

The seco n d  rows b o th  in  p a r a l l e l  and s ta g g e re d  a r r a n g e ­

m ents a re  s u b je c te d  to  p re s s u re  f l u c t u a t i o n s  w hich o r i g i n a t e  

in  th e  tu r b u le n t  wake o f  th e  f i r s t  row , and so  e x h i b i t  th e  

c l in g in g  boundary l a y e r  a s s o c i a t e d  w ith  much h ig h e r  R e y n o ld s 1 

num bers. The r e s u l t i n g  n arro w e r wake r e a c t s  upon th e  

t h i r d  row , whose r e s i s t a n c e  a c c o rd in g ly  i s  in te rm e d ia te  

in  v a lu e  betw een th e  f i r s t  and se co n d . The subsequ ent ro w s,
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in c lu d in g  th e  l a s t ,  e x h i b i t  b u t l i t t l e  v a r i a t i o n .

The m ajo r d i f f e r e n c e  betw een th e  r e s i s t a n c e  o f  r e c t a n g u l a r  

and s ta g g e r e d  arran g em en ts i s  in  th e  second ro w , th e  s ta g g e r e d  

h av in g  h a l f  th e  r e s i s t a n c e  o f  th e  p a r a l l e l .  T his i s  due t o  

a c o n s id e ra b le  u p stream  f o r c e  found to w ard s th e  s id e s  o f  th e  

tu b es in  th e  s ta g g e re d  a rra n g e m e n t.

On th e  t h i r d  and sub seq u en t rows in  s ta g g e r e d  arran g em en t 

th e  flow  becom es somewhat a s y m m e t r i c a l  and th e  u p stream  f o r c e  

i s  o n ly  found a t  one s id e  o f  each  tu b e . The r e s i s t a n c e s  

a r e  c o rre s p o n d in g ly  h ig h e r  though th e y  s t i l l  rem ain  2 0 $  

low er th a n  th e  r e c t a n g u l a r  s p a c in g . A l l  rows e x c e p t th e  

f i r s t  (b o th  in  r e c t a n g u l a r  and s ta g g e re d  a rra n g e m e n ts ) v a ry  

c o n s id e ra b ly  w ith  ch an g in g  R eynolds* number, th e  form  d ra g  

b ein g  a p p ro x im a te ly  p r o p o r t io n a l  to  Re " * ^ 5 ( th e  n u m e rica l  

v a lu e s  qu oted  above r e f e r  to  Re = 3 6 ,0 0 0 ) .  The a p p ro p r ia te  

in d ex  f o r  th e  n e s t  as a w hole th e r e f o r e  depends upon th e  

number o f  rows and v a r i e s  from  z e ro  f o r  one row to  - . 2 5  f o r  

an i n f i n i t e  number o f  ro w s.

The t o t a l  r e s i s t a n c e  o f  th e  n e s t  i s  made up o f  th e  

combined t o t a l s  o f  th e  p r e s s u r e  f o r c e s  a c t i n g  n o rm ally  to  

th e  tube- s u r f a c e  to g e th e r  w ith  th o se  a c t in g  t a n g e n t i a l l y  

a lo n g  th e  tu b e s u r f a c e .  T h is  t a n g e n t i a l  f o r c e  i s  a 

r e l a t i v e l y  sm a ll f a c t o r ,  b e in g  o f  th e  o rd e r  o f  7$  f o r  s ta g g e r e d
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and 2% o f  th e  t o t a l  r e s i s t a n c e  f o r  th e  r e c t a n g u l a r  a rra n g e m e n t.

The h ig h e r  v a lu e  in  th e  c a s e  o f  th e  s ta g g e r e d  arran g em en t 

i s  d u e, p a r t l y  to  th e  h ig h e r  v e l o c i t i e s  in  th e  re g io n  o f  4 5 ° ,  

p a r t l y  t o  th e  l a t e r  breakaw ay o f  th e  boundary la y e r  and p a r t l y  

to  th e  i n s i g n i f i c a n c e  o f  th e  r e v e r s e  flow  a t  th e  back o f  th e  

tube •

Prom th e  p o in t o f  view  o f  r e s i s t a n c e  th e  form  d ra g  i s  

by f a r  th e  more im p o rta n t f a c t o r .

As m entioned e a r l i e r  v i s c o s i t y  o r  more g e n e r a l ly  th e  

R e y n o ld sf number has a c o n s id e ra b le  in f lu e n c e  upon th e  v a lu e  

o f  th e  r e s i s t a n c e  c o e f f i c i e n t  but t h i s  in f lu e n c e  a r i s e s  in  

a r a t h e r  i n d i r e c t  m anner. The d i r e c t  a c t i o n  o f  v i s c o s i t y  

w ith in  th e  boundary l a y e r  c o n tr ib u te s  o n ly  a few p e r c e n t ,  

o f th e  t o t a l  r e s i s t a n c e  and i t  fo llo w s  t h a t  changes in  t h i s  

sm all amount co u ld  n e v e r be im p o rtan t were i t  not f o r  th e  

f a c t  t h a t  th e  p re s s u re  a t  th e  r e a r  o f  th e  tu b e s  i s  v e ry  

s e n s i t i v e  to  th e  p r e c is e  l o c a t i o n  o f th e  p o in t  a t  w hich th e  

m otion  w ith in  th e  boundary l a y e r  r e v e r s e s .  A f te r  l o c a l  

r e v e r s a l  h as o ccu re d  th e  m ain s tream  c e a s e s  to  fo llo w  th e  

co n to u r  o f th e  tu b es and th e r e  i s  v e ry  l i t t l e  subsequent 

v a r i a t i o n  o f  p re s s u re  round th e  back o f  th e  tu b e . The 

form  d rag  o f  any tube th u s  depends v e ry  much upon th e  v a lu e  

o f  th e  p r e s s u re  o b ta in in g  a t  th e  p o in t o f  r e v e r s a l  and
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breakaw ay. P r a c t i c a l l y  th e  w hole o f  th e  v a r i a t i o n s  o f  

r e s i s t a n c e  w ith  ch an gin g R e y n o ld s' number a r e  due to  

changes in  form  d rag  a r i s i n g  from  such ch an g es in  th e  

a n g u la r  l o c a t i o n  o f  th e  p o in t o f  breakaw ay.

N o tw ith sta n d in g  th e  c o n s ta n c y  o f p re s s u re  a t  th e  r e a r  

o f  th e  tu b e s  th e  f l u i d  n e a r  by i s  in  v ig o ro u s  m o tio n . The 

v e l o c i t i e s  a t  th e  c e n tr e  o f  th e so c a l l e d  dead w a te r  re g io n s  . 

som etim es ap p ro ach  h a l f  t h a t  p r e v a i l in g  in  th e  gap betw een  

th e  tu b e s . The a s s o c i a t e d  tu rb u le n t  in te rm ix in g  ap p ears  

to  be v e ry  v ig o ro u s  and i f  judged by com parison  w ith  a 

j e t  is s u in g  in to  u n lim ite d  s t i l l  a i r  g iv e s  r i s e  to  fo u r  

tim e s  as  g r e a t  a m ixin g  le n g th  o r  s i x t e e n  tim e s  as  g r e a t  a  

sh e a r  s t r e s s .

These v a lu e s  r e l a t e  to  th e  p a r a l l e l  arran g em en t and  

to  t h a t  a r e a  where th e  main s tre a m  i s  r a p id ly  e n tr a in in g  

f l u i d  from  th e  dead w ater r e g i o n . The r e l a t i v e l y  la r g e  

v a lu e s  o f th e  m ixin g  le n g th  a re  n e c e s s a r y  in  o rd e r  to  

p e rm it th e  l a r g e  d i s s i p a t i o n  o f en erg y  w ith in  th e  r e s t r i c t e d  

s p a c e . Only 2% o f  th e  f l u i d  a c t u a l l y  e n t e r s  th e  boundary  

l a y e r  and th e re  can  be s u b je c te d  to  th e  d i s s ip a t iv e , a c t i o n  

o f v i s c o s i t y .  T h e re fo re  i t  i s  in  t h i s  tu r b u le n t  in te rm ix in g  

dow nstream  o f e a ch  row o f  tu b e s  t h a t  one f in d s  th e  m ajor  

d i s s i p a t i o n  o f  en erg y  in  th o se  n e s ts  o f r e c t a n g u l a r  a r r a n g e ­

ment w ith  more o r  l e s s  c o n v e n tio n a l p i t c h i n g .
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W ith s ta g g e r e d  arran g em en ts  how ever th e  g e n e ra l  flo w  

p a t t e r n  i s  p a r t i c u l a r l y  s e n s i t i v e  to  th e  lo n g i tu d in a l  and 

t r a n s v e r s e  p i t c h i n g .  W ith  c e r t a i n  g e o m e tr ic a l  a rra n g e m e n ts , 

th e  p o in t o f  maximum v e l o c i t y  u s u a l ly  found a t  9 0 °  i s  

r e p la c e d  by two p o i n t s ,  one in  th e  v i c i n i t y  o f 4 0 °  and th e  

o th e r  a t  1 4 0 ° .  In  th e  c a s e  o f  c lo s e  sp a c in g  breakaw ay i s  

d e la y e d  u n t i l  w e ll a f t e r  1 4 0 °  and th e  subsequ ent dead w a te r  

r e g io n  i s  a t r i a n g l e  o f  i n s i g n i f i c a n t  d im e n sio n s . The flow  

p a t t e r n  a p p e a rs  to  be c o m p a ra tiv e ly  s t a b l e ,  o n ly  o c c a s i o n a l l y  

e x h i b i t in g  a sy m m e trica l te n d e n c ie s .

W ith  open sp a cin g  breakaw ay can  o c c u r  im m ed iately  a f t e r  

th e  f i r s t  c o n s t r i c t i o n  a t  4 0 ° .  The dead w a te r  re g io n  becomes 

wide and e x te n d s  dow nstream  fl>r a t  l e a s t  th e  lo n g i tu d in a l  

d is ta n c e  betw een two ro w s. Asymmetry becomes v e ry  n o t i c e a b l e .

W ith o th e r  s ta g g e r e d  arran g em en ts  in  w hich th e c o n s t r i c t i o n  

o c c u rs  a t  9 0 °  th e  breakaw ay i s  o n ly  a few d e g re e s  l a t e r  and th e  

back o f th e  form  d rag  d iagram s i s  s im i la r  to  t h a t  f o r  r e c t a n g u la r  

s p a c in g . The dead w a te r  r e g io n  i s  o f  l im ite d  e x te n t  som etim es 

b ein g  l e s s  th a n  h a l f  a lo n g i tu d in a l  p i t c h  in  le n g th .

By u sin g  e l l i p t i c a l  tu b e s  in  s ta g g e re d  fo rm a tio n  th e  

dead w a te r can  be red u ced  a lm o st to  v a n is h in g  p o in t .

G ases flo w in g  o v e r  s u r f a c e s  ten d  to  d e p o s it  any f i n e l y  

d iv id e d  s o l i d s  such  a s  d u st o r  so o t t h a t  th e y  may be c a r r y i n g .
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The p a r t i c l e s  o f  g as  w ith in  th e  boundary l a y e r  have l o s t  

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

ca p a b le  o f p n e u m a tic a lly  conveying th e  s o l i d  m a t t e r .  The 

p a r t i c l e s  o f g as in  c o n t a c t  w ith  th e  boundary w a ll  a r e  

a t  r e s t  and th e  f i n e l y  d iv id e d  s o l i d s  a s s o c i a t e d  w ith  

th e s e  g as p a r t i c l e s  a r e  th e r e f o r e  a ls o  a t  r e s t .  I f  th e s e  

s o l i d  p a r t i c l e s  a re  o f  an  a d h e siv e  n a tu re  th e y  w i l l  c l i n g  

to  th e  boundary w a ll th e r e  fo rm in g  a d e p o s i t .

In  the n e a t o f  tu b e s , th e s e  d e p o s its  a re  by no means 

u n iform  but te n d  to  become c o n c e n tr a te d  in  c e r t a i n  w e ll  

marked r e g i o n s .

On th e  f i r s t  row o f  tu b es  th e  d e p o s it  i s  m ain ly  r e ­

s t r i c t e d  to  th e  u p stream  f a c e s  and i s  found c l o s e  t o  th e  

u p stream  g e n e r a t o r .  In  a d d it io n  a f a i n t  d e p o s it  may o ccu r  

a t  th e  r e a r  o f th e  tube o v er t h a t  a r e a  em braced by th e  dead  

w a te r  r e g io n .

W ith  r e c t a n g u l a r  sp a cin g  subsequ ent rows o f tu b e s  

e x h i b i t  two r e g io n s  o f c o n c e n tr a t io n  on t h e i r  u p stream  

f a c e s ,  heavy d e p o s its  b e in g  found in  th e  v i c i n i t y  o f  3 0 °  

and 3 3 0 ° .  The r e a r  o f  such tu b e s  o f te n  e x h ib its  v e ry  

l o c a l ,  a lm o st l i n e  d e p o s i t s ,  o c c u r in g  j u s t  behind th e  

p o in ts  o f  b reakaw ay. In  some c a s e s  th e r e  i s  a ls o  a 

s l i g h t  u n iform  d e p o s it  a t  th e  r e a r .
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In  s ta g g e re d  arran gem en t th e  d e p o s it  on th e  u p stream  

f a c e  a p p e a rs  to  be r e s t r i c t e d  to  .th e  v i c i n i t y  o f  0 °  w h ile  

th r e e  l o c a l  d e p o s its  a r e  found a t  th e  r e a r  a t  1 4 0 ° ,  1 8 0 °  

a n d .2 2 0 ° .  T h e . f i r s t  and l a s t  of th e s e  c o rre sp o n d  t o  th e  

two p o in ts  o f  breakaw ay w h ile  th e  d e p o s it  a t  1 8 0 °  i s  

a s s o c i a t e d  w ith  th e  r e a r  s ta g n a t io n  p o in t w hich o c c u rs  on 

th e  l i n e  o f  symmetry o f th e  dead w a te r  r e g io n .

I t  seems t h a t  s l i g h t  u n iform  d e p o s its  o c c u r  w herever  

dead w a te r re g io n s  e x i s t  but th e  g r e a t e s t  d e p o s its  o c c u r  

where th e  f l u i d  makes an ab ru p t change o f d i r e c t i o n .  Such 

a b ru p t changes o c c u r  where th e  s tre a m  d iv id e s  a t  s ta g n a tio n  

p o in ts  and a ls o  where th e  flow  r e v e r s e s  a t  break aw ay. These 

d e d u c tio n s  are based  e n t i r e l y  on e x p e rim e n ts  w ith  n e s ts  in  

w hich m ost o f  the b o u n d rary  l a y e r  flo w  i s  e s s e n t i a l l y  la m in a r .  

Where th e  s u r f a c e s  a re  lo n g e r  as in  th e  ca se  o f  f i r e  tube  

b o i l e r s  o th e r  c a u s e s , such as  th e m otions o f tu rb u le n ce  

c r e a t e  a number o f t r a n s i t o r y  s ta g n a tio n  and breakaw ay p o in ts  

w hich s e rv e  as  s t a r t i n g  p o in ts  f o r  d e p o s i ts .

In  c o n c lu s io n  i t  may be h e lp f u l  to  i n d ic a te  where in  

th e  t h e s i s  r e f e r e n c e  i s  made to some o f  th e  more n o v el p a r t s  

o f  th e  w ork .

W ith  r e g a rd  to  new n u m e rica l d a t a ,  th a t  r e l a t i n g  to  

th e  t o t a l  r e s i s t a n c e  o f n e s ts  o f  tu b es  i s  d is c u s s e d  in
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s e c t i o n  1 .  and sum m arised in  f i g .  1 .2 B .  In  t h i s  d iagram  

th e  t o t a l  r e s i s t a n c e  h as been s e p a ra te d  in to  th e  form  d ra g  

on th e  f i r s t  and subsequ ent rows and from  t h i s  i t  i s  p o s s ib le  

to  p r e d i c t  th e  r e s i s t a n c e  o f  n e s ts  h a v in g  v a r io u s  numbers o f  

ro w s. I t  i s  shown In  s e c t i o n  5 .7  t h a t  th e  t o t a l  r e s i s t a n c e  

i s  a lm o st e n t i r e l y  due t o  th e  sum o f  th e  form  d ra g s  on th e  

v a r io u s  rows o f  tu b e s , th u s  i n d ic a t in g  t h a t  th e  d i r e c t  a c t i o n  

o f v i s c o s i t y  i s  a lm o st n e g l i g i b l e .  The m agnitude o f  th e  

form  d ra g  i s  g r e a l y  dependent upon th e  p o in t o f  breakaw ay  

f o r  w hich d a ta  a re  g iv e n  in  ta b le  9 . 4 .

In  c e r t a i n  f l u i d  m otion  p ro b lem s, e . g .  in  c o n n e c tio n  

w ith  s c o u r  o f  r i v e r  beds below s p illw a y  dams i t  i s  d e s i r a b l e  

to  be a b le  to  p r e d i c t  th e  v e l o c i t i e s  in  dead w a te r r e g i o n s .  

The d a ta  r e l a t i n g  to  such  re g io n s  a re  g iv e n  in  f i g .  3 .1  C 

and in  s e c t i o n  7 , 6 .  A n u m e rica l c o e f f i c i e n t  i s  a ls o  g iv e n  

f o r  th e  d i s p e r s io n  o f th e  j e t  e n te r in g  a h ig h ly  tu rb u le n t  

re g io n  ( s e c t i o n  9 , 2 ) .

W ith r e g a rd  to  th e  a p p l i c a t i o n  o f  th e  r e s i s t a n c e  d a ta  

to  n e s ts  h a v in g  o th e r  g e o m e tr ic a l  form s th e  c h ie f  d i f f i c u l t y  

i s  in  p r e d i c t i n g  to  what e x t e n t  th e  l o c a t i o n  o f  the p o in t  o f  

breakaw ay depends upon th e  geo m etry  o f  th e n e s t .  In  t h i s  

c o n n e c tio n  th e  A hlborn p h oto grap h s in  s e c t i o n  7 c o n s id e re d  

in  c o n ju n c tio n  w ith  th e  form  d rag  d iagram s o f  f i g u r e s  5 . 2  F
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and G may be o f a s s i s t a n c e .  In  any c a s e  th e s e  p h o to g rap h s  

r e v e a l  th e  flow  p a t t e r n  in  t y p i c a l  n e s ts  and show how t h i s  

I s  m o d ified  as th e  sp a c in g  and tu b e form  I s  ch an g ed .

W ith  r e g a rd  t o  th e  te ch n iq u e  o f  m easurem ent, th e  

method by w hich th e  form  d ra g  d iagram s were p l o t t e d  d i r e c t l y  

by u s in g  th e  manometer tu b e a s  a  c y l i n d r i c a l  le n s  may be 

found u s e f u l  in  o th e r  s tu d ie s  where a la r g e  number o f  p re s s u re  

r e c o rd s  have to  be ta k e n  (s e e  s e c t i o n  2 . 6 ) .

In  s e c t i o n  7 and f i g u r e  7 .1  th e  arran gem en t u sed  f o r  

p h o to g rap h in g  th e  flow  p a t te r n s  i s  d e s c r ib e d . T h is  d i f f e r s  

from  norm al A hlborn ta n k  p r a c t i c e  in  t h a t  in  th e  p re s e n t  

e x p e rim e n ts  w a te r  flo w ed  c o n tin u o u s ly  p a s t  th e  s t a t i o n a r y  

m odel, th u s a v o id in g  th e  need f o r  e la b o r a te  moving c a r r i a g e  

arran g em en ts f o r  th e  cam era and th e  m odel. T h is  a ls o  gave  

l e s s  tr o u b le  from  co n ta m in a tio n  o f  th e  w a te r  s u r f a c e  and made 

p o s s ib le  a  method o f c le a n in g  th e  s u r f a c e  by th e  u se  o f  soap  

f l a k e s .  T h is  overcam e one of th e  m ost s e r io u s  d i f f i c u l t i e s  

o f th e  A hlborn te c h n iq u e .

By th e  a id  o f  f in e  g r a in s  o f  p o ta ssiu m  perm anganate  

dropped on to  b l o t t i n g  p ap er sem i-perm anent r e c o r d s  o f  s tre a m  

l i n e s  c lo s e  to  a s o l i d  boundary were o b ta in e d . As d e s c r ib e d  

in  s e c t i o n  7 .2 3  th e s e  m otio n s d i f f e r  v e ry  m a t e r i a l l y  from  

th e  g e n e r a l  flow  in  th e  main s tre a m .



Thoma, L o h r is h , P o w ell and G r i f f i t h s  have s tu d ie d  

d i f f u s i o n  by th e use o f  ch e m ica l a c t i o n  o r  o f  e v a p o r a t io n .

In th e  p r e s e n t  work a new method i s  d e s c r ib e d  in  w hich th e  

r a t e  o f  d i f f u s io n  i s  a s s e s s e d  by th e  l o s s  from  th e  s u r f a c e  

o f a s o lu b le  model in  a s tre a m  o f w a te r . Such e x p e rim e n ts  

w ith  a c y l in d e r  o f  sh av in g  soap a r e  d e s c r ib e d  in  s e c t i o n  7 . 7 ,

R e lf  and T a y lo r  have u sed  e l e c t r i c a l  m odels f o r  th e  

s o lu t io n  o f  hydrodynam ic p ro b lem s. T h is work h as been  

e x te n d e d  and c e r t a i n  d i f f i c u l t i e s  e lim in a te d  by th e  use of  

th e  e l e c t r i c  t r a y  d e s c r ib e d  in  s e c t i o n  8 .  The c i r c u i t  shown 

in  f ig u r e  8 ,2  A u t i l i s e s  a n u ll  A .C . method and y e t  g iv e s  

d i r e c t  re a d in g s  f o r  th e  s tre a m  v e l o c i t y .  T h is a v o id s  th e  

need o f  d i f f e r e n t i a t i o n  on th e  one hand o r  th e  use o f  a 

com m utator on th e o t h e r .

A n oth er n o v el f e a t u r e  was th e  in tr o d u c t io n  o f wakes 

(a s  shown in  f ig u r e  8 . 3 )  to  s im u la te  the m otion  of a r e a l  

as d i s t i n c t  from  an id e a l  f l u i d ,  th u s p a r t i a l l y  r e p r e s e n tin g  

th e  e f f e c t  o f  v i s c o s i t y .

The l o c a t i o n  and re a s o n  o f  so o t d e p o s its  i s  d is c u s s e d  

in  s e c t i o n  12 where i t  i s  shown t h a t  th e  d e p o s it io n  i s  m ain ly  

due to  c e n t r i f u g a l  f o r c e  a r i s i n g  a t  p o in ts  where th e r e  a re  

marked ch an g es o f  d i r e c t i o n  in  th e  m otion o f  th e  f l u i d .

T his i s  i l l u s t r a t e d  in  f i g u r e s  1 2 .1  and 1 2 .2 ,



APPENDIX N o.l

E f f e c t  o f  changes o f  a tm o sp h e ric  te m p e ra tu re , p r e s s u r e  and 
h u m id ity .

D e ta i l s  o f  c a l c u l a t i o n s  o f  a i r  flo w  in  s e c t i o n  1 . 3 .

When c o n s id e r in g  th e  flow  o f  w a te r  th e  f l u i d  can  be c o n s id e re d  
in co m p re s s ib le  and th e r e  i s  no d i f f i c u l t y  in  a s s ig n in g  a v a lu e  
to  th e  d e n s i ty  P. o r  th e  maximum v e l o c i t y  V^#jna;x# W ith a i r  
th e  c o n d itio n s  a r e  d i f f e r e n t  and sm a ll though a p p re c ia b le  
ch an ges in  p and V f t . m a x  accompany changes o f  te m p e ra tu re  and  
p r e s s u r e .  Changes in  h u m id ity  have a ls o  t o  r e c e i v e  c o n s id e r ­
a t i o n .

From t a b l e  1 .3  I t  w i l l  be se e n  t h a t  a t  th e  h i g h e s t  a i r  speed  
co rre sp o n d in g  to  1 .2 9 7  c m s .o f  w a te r  th e  drop in  p r e s s u r e  a c r o s s  
th e  n e s t  was 1 7 .6  c m s .o f  w a te r . Thus w ith  a b a ro m e tr ic  p r e s s u re  
o f  3 0 .0 4 "  Hg# i . e .  1 0 3 5  cm s .o f  w a t e r ,  th e  p r e s s u r e  a t  th e  
e n tra n c e  to  th e  n e s t  i s  1 0 3 3 .7  c m s .o f  w a te r  and a t  th e  o u t l e t
1 0 1 6 .1  cm s. T h is drop i n  p r e s s u re  co rre sp o n d s  t o  1 .7 #  o f  th e  
mean p r e s s u r e  In  th e  n e s t .  Thus n e g le c t in g  h u m id ity , th e  
v e l o c i t y  o f  th e  a i r  i n c r e a s e s  by 1 .7 #  as i t  p a s s e s  th ro u g h  
th e  n e s t .

When com paring th e  r e s u l t s  w ith  th o s e  f o r  w a te r -f lo w  th e  
v e l o c i t y  and d e n s i ty  o f  th e  a i r  a t  th e  c e n tr e  o f  th e  n e s t  
w ere used  and 5 0 #  h u m id ity  was assum ed, The e f f e c t  o f  h u m id ity  
i s  to  le s s e f i  th e  d e n s i ty  o f  th e  a i r .  At 25°C  and 7 6 0  mm. 
p r e s s u re  th e  d e n s i ty  o f  sa tu rated  a i r  i s  1 .1 8 #  l e s s  th a n  t h a t  
o f  d ry  a i r .  Thus i f  i t  i s  assumed t h a t  th e  a i r  i s  5 0 #  s a t u r ­
a te d  th e  e r r o r  ca n n o t e x ce e d  0 .6 #  and w i l l  p ro b a b ly  be c o n s id e r ­
a b ly  l e s s .  At a te m p e ra tu re  o f  8°C th e  c o rre s p o n d in g  p o s s ib le  
e r r o r  i s  l e s s  th a n  0 . 2 # .

In  o rd e r  to  o b ta in  a c l e a r  c o n c e p tio n  o f th e  e f f e c t  o f  th e s e  
v a r i a t i o n s  and th e  c o n d it io n  o f  th e  a i r  a s  i t  p a s s e s  th ro u g h  
th e  a p p a ra tu s  ex p e rim e n t (1 )  i s  a n a ly s e d  in  d e t a i l .

The atm osph ere c o n d itio n s  a r e  (a )  te m p e ra tu re  1 1 .7 ° C  and i t  i s  
assumed t h a t  th e  a i r  rem ain  a t  t h i s  te m p e ra tu re  d u rin g  th e  
p a ssa g e  th ro u g h  th e  n e s t ,  (b ) a tm o sp h e ric  p r e s s u re  3 0 .0 4 ” 
o f  m ercu ry  = 1 0 3 5  c m s .o f  w a te r , ( c )  h u m id ity  assum ed 5 0 #  s a t ­
u r a t e d .

At th e  f i r s t  p r e s s u re  p o i n t , th e  i n l e t  o f  th e  n e s t ,  th e  p r e s s u re  
h as f a l l e n  1 .2 9 7  cm s. t o  1 0 3 3 .7  c m s .o f  w a te r . S in ce  a p a r t  from  
0 .9 8  n o z z le  c o e f f i c i e n t ,  th e  t o t a l  en erg y  a t  th e s e  two p o in ts  
i s  th e  sam e, t h i s  f a l l  eq u a ls  th e  v e l o c i t y  head a t  th e  i n l e t  
o f  th e  n e s t .



Appendix N o .l, continued

W eight o f  d ry  a i r  in  1 c u .m e te r  a t  0°C and 760 m m .p ressu re ■  1 .2 9 3  k g .
?» t? tt ?? it ?f ,J1 1 . 7 0 C  ,f !T i? ,r = 1 , 2 9 3 x 2 - i £

2 8 4 . i
- 1 .2 4 1  k g .

,r fr ” !r ,r 1 c u .m e te r  o f  s a t u r a t e d  a i r  a t
1 1 .7 0 C  and 7 6 0  mm. ” = 1 .2 2 2 6  k g .

M tf w a te r  vapour ” ,f ” ” ” ff fr !l ” 11 = 0 .0 1 0 5  k g .
T o ta l  w eig h t o f  ” tf " 11 " " ” ” ” !r = 1 .2 3 3 1  k g .
D if fe re n c e  in  w eight betw een d ry  a i r  and s a tu r a te d  a i r

1 1 .7 °C  and 760  mm.pressure* 1 ,2 4 1 - 1 .2 3 ;
* 0 .0 0 8  k g .

.W eight o f  1 c u ,m e te r  o f  50% s a tu r a te d  a i r  a t  760  m m .p res. = 1 .2 3 7  k g .
" " " " ” ,f ” " n ” 3 0 .0 4 ” Hg. 3 0 .0 4  ,

“ 2 9 .9

W eight o f  1 c u .m e te r  o f  w a te r  a t  1 1 .7 °C
1 .2 4 1  k g . 
9 9 9 .5 2 0  kg

V2min 0 .9 8 2 x h... x f ™ * ? *  x 2 g .wafer p a i r

0 .9 6  x  x  2 x  981 x  h .1 .2 4 1

0 .9 6  x  806 x  1 9 6 2  x  h .

^ N .m a x

1 .5 1 8 .0 0 0  h .

1 .5 1 8 .0 0 0  x  2 . 9 6 2 x  h -  1 3 ,3 0 0 ,0 0 0  h .

In  exp erim en t (1 )  h 

v^m in. * 1 ,9 6 9 ,0 0 0

^M.max = 2 .9 6  Vmi n ,

1 .2 9 7  cms. 

and Vmj_n#

• ° • % ,m a x

1 ,4 0 3  cm s.p 'er se co n d . 

4 ,1 5 0  cm s .p e r seco n d .

V th e  k in e m a tic  v i s c o s i t y  o f  a i r  a t  1 1 .7 °C  i s  0 .1 4 1 7  G .G .S .u n i ts .

d
v

1 .2 7
0 .1 4 1 7

Re

8 .9 7

— • Vjj.max 8 .9 7  x  4 ,1 5 0 3 7 .2 0 0

At th e  seco n d  p re s s u re  p o i n t , th e  o u t l e t  o f  th e  n e s t ,  th e  p r e s s u re  has  
f a l l e n  1 7 ,6 0 3  cm s. to  1 0 1 6 .1  cm s .o f  w a te r .

The in c r e a s e  in  volume and th e r e f o r e  th e  in c r e a s e  in  v e l o c i t y  i s  
p r a c t i c a l l y  i n v e r s e l y  p r o p o r t io n a l  to  th e  p r e s s u r e .



Appendix N o .l, continued

vmin ( a t  o u t l e t )  = Vmi n ( a t  i n l e t )  x

= 1 .4 0 3  x 1 0 3 3 .7
1 6 1 6 .1 1 ,4 2 7  cm s .p e r  seco n d .

V2
min 2 ,0 3 5 ,0 0 0

W eight o f  1 c u .m e te r  o f  50$  s a t u r a t e d  a i r  a t  1 1 .7 ° C  and 760  mm. H g . i .e .
10 3 0  cm s .o f  w a te r  « 1 .2 3 7  kg

ft ” " " ” " ” * " " " 1 1 . 7°C and 760 mm.Hg. a t

1 0 1 6 .1  -  1 .2 3 7  x  Tgg-g *1

Head o f  w a te r  co rre sp o n d in g  to  Vm̂ n a t  o u t l e t

= 1 .2 2 0  k g .

V2 mm
2g

P a irpwater
-  2 ,0 3 5 ,0 0 0  1 ,2 2 0

19 6 2  x  9 9 9 .5

Head o f  w a te r  co rre sp o n d in g  to  Vmi n a t  i n l e t

1 .2 6 6  cm s.

1 ,9 6 9 ,0 0 0  1
' 1962  * 8 0 6

-  1 .2 4 5  cms.

Head r e q u ire d  to  ca u se  in c r e a s e  in  v e l o c i t y  o f  a i r  cms
= 1 .2 6 6  -  1 .2 4 5  » 0 .0 2 1  of

watei
The d i f f e r e n c e  in  p r e s s u re  betw een th e  f i r s t  and seco n d  p r e s s u re  p o in t  
i s  ca u se d  in  overcom ing th e  r e s i s t a n c e  o f  th e  n e s t  o f  tu b es and in  i n ­
c r e a s i n g  th e  v e l o c i t y  o f  th e a i r .  S in ce  in  a t o t a l  r e s i s t a n c e  o f  17.603cim  
o n ly  0 .0 2 1  cm. o r  0 .1 2 $  i s  u t i l i s e d  in  in c r e a s in g  th e  v e l o c i t y  t h i s  
f a c t o r  ca n  be n e g le c te d .

Vmin  ( a t  o u t l e t )  ■  1 ,4 2 7  cm* p e r  s e c .
T h e re fo re  VN.niax ( a ^ o u t l e t ) = 2 .9 6  x  1 ,4 2 7  * 4 ,2 2 0  cm s .p e r  s e c .  
The v i s c o s i t y  /a. i s  in d ep en d en t o f  th e  p r e s s u r e .

T h e re fo re  u  a t  o u t l e t  -  0 .1 4 1 7  x  |g-Q " 0 .1 4 4 3  = v

d
v
Re

1 .2 7
0 .1 4 4 3

= 4  • ^N.maxVv‘

8 .8 1

* 8 .8 1  x  4 ,2 2 0 3 7 ,2 0 0



Appendix N o .l, continued

Prom t h i s  i t  i s  seen  t h a t  th e R eyn old s* number rem ain s c o n s ta n t  f o r  as  
th e  v e l o c i t y  i n c r e a s e s  th e  k in e m a tic  v i s c o s i t y  a ls o  i n c r e a s e s  a t  th e  
same r a t e .

In  T ab le  l*3 ,V N .m ax  ^he c e n tr e  o f  th e  n e s t  i s  d eterm in ed  and th e
t o t a l  r e s i s t a n c e  o f  th e  n e s t  i s  e x p re s s e d  in  non d im en sio n al u n i ts  
w ith  th e  sq u are  o f  t h i s  v e l o c i t y  in  th e  denom inator*

W eight o f 1 cu •m eter Of 50% s a t u r a t e d a i r a t  1 1 .

oo
and 10 3 0  cm s*of w aten

a 1 .2 3 7  k g .
fl 0 II it 1! II *?! 1? II t! ii 1 0 2 4 .9 cm s*of watei

S 1 .2 5 7 y .1 0 2 4 ‘ !
1 0 3 0

= 1 * 2 3 1
M  It I! ?? I? !? f? ?i ?! II it 1 0 3 3 .4 c m s .o f  wate]

= i o'zrr̂-1033**  
1 # ^ /XT 0 '3 0 "

= 1 .2 4 1

P w a te r a t  a o f  10 3 0  cm s. =
9 9 9 .5 2

809p a i r p re s s u re I .  £ 3 7
?! ?! ?! IT " 1 0 S 4 .9  " = 9 9 9 .5 2

1 .2 3 1 = 813

It ?? ?! 1! " 1 0 3 3 .4  " =
9 9 9 .5 2  
I . '241 = 806



Cylin d rica l  P it o tIaIith Oblique Fl o w .



APPENDIX No.2

P r e s s u re  r e g i s t e r e d  by a c y l i n d r i c a l  p i t o t  when p la c e d  a t  an  
a n g le  to  th e  d i r e c t i o n  o f  f lo w .

When c a r r y in g  o u t th e e x p e rim e n ts  f o r  th e  o r i e n t a t i o n  o f  th e  
two hook shaped P i t o t - s t a t i c  tu b es  shown i n  f i g s .  3 .2 A  and B 
an o p p o rtu n ity  was a ffo rd e d  t o  i n v e s t i g a t e  th e  p r e s s u re  r e ­
g i s t e r e d  by th e s e  tu b es  when p la c e d  a t  an a n g le  to  th e  s tre a m .

The cu rv e  o f  v a r i a t i o n  in  p r e s s u re  w ith  a n g le  o f  r o t a t i o n  o f  
th e  0 .1 2 7  cm s. d ia m e te r  tube i s  g iv e n  in  th e  f i g u r e .

The norm al com ponent o f  th e  v e l o c i t y  U i s  U c o s t *  and th e  
c o rre s p o n d in g  p re s s u re  e x c e s s  i s  J p  c o s , T his v a lu e  i s  
shown w ith  a d o tte d  l i n e  and i t  w i l l  be se e n  t h a t  th e  o b serv ed  
v a lu e s  a re  i n  e x c e l l e n t  agreem en t w ith  th e  t h e o r e t i c a l  v a l u e s .

T h is t h e o r e t i c a l  cu rv e  i s  b ased  on th e  assu m p tio n  t h a t  th e  tube  
fu n c tio n s  c o r r e c t l y  as an o r d in a r y  s t a t i c  tu b e i . e .  t h a t  th e  
re a d in g  a t  9 0 °  i s  th e tr u e  s t a t i c  p r e s s u r e .

T ab le  I  g iv e s  th e  d is c r e p a n c ie s  betw een th e  o b serv ed  and 
t h e o r e t i c a l  p r e s s u re s  as  a p e rc e n ta g e  o f  t h a t  due to  U and a ls o  
U co s  >r f o r  th e  v a ry in g  a n g le s  o f  o b l i q u i t y .

T ab le  I

A ngle
o f

In cid en ce

Amount by which P ito t  reads higher than th e o re tic a l  pressure

In Cns . of Water .
% of pressure 

• due to  "U"
% of pressure due 

to  N cos «*■

5 0 ° 0 . 1 5 1 . 4 2 2 . 2 1
60 0 . 2 4 2 . 2 7 4 . 5 5
70 0 . 3 5 3 . 3 2 9 . 7 0
80 0 . 2 2 2 . 0 8 1 2 . 0 2

From 0 to  4 0 °  th e  c y l i n d r i c a l  p i t o t  r e g i s t e r e d  th e  t h e o r e t i c a l  
p r e s s u r e .  The d is c re p a n c y  in c r e a s e d  s t e a d i l y  from  4 0 °  to  a 
maximum a t  700  when th e  e r r o r  r e p r e s e n ts  3 . 3 % o f  th e  p r e s s u re  
due to  th e  s tre a m  v e l o c i t y .

From 70 to  9 0 °  th e  d is c re p a n c y  d e c re a s e s  s t e a d i l y .

In  th e  p a r t i c u l a r  hooked p i t o t - s t a t i c  tu b es under c o n s id e r a t io n  
a sm all f l a t  s u r f a c e  was f i l e d  on th e f a c e  o f  th e  tu b es  but from  
a com p arison  o f  th e  p re s s u re  re c o rd e d  w ith  t r u l y  c y l i n d r i c a l  
tu b es  t h i s  a p p e a rs  to  have had l i t t l e  e f f e c t  on th e  p r e s s u re  
I n d i c a t e d .



Flow Of h In v o t Fl u id B l t w e e n ? ait? 5 0 f Cy l i n d e r s .
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APPENDIX No.3-.

Flow o f  an i n v i s c i d  f l u i d  betw een p a i r s  o f  c y l i n d e r s ,  (s e e  
s e c t i o n  8 . 3 ) ,

Two p o in t  v o r t i c e s  p la c e d  2a  a p a r t  g iv e  r i s e  to  c o a x i a l  
c i r c u l a r  s tre a m  l i n e s  w ith  c e n tr e s  ly in g  on th e  l i n e  jo in in g  
th e  v o r t e x  c e n t r e s .

The problem  i s  to  f in d  th e  p o s i t i o n  o f  th e  v o r t e x  c e n t r e s ,  
g iv e n  th e  p o s i t i o n  o f  two c i r c u l a r  s tre a m  l i n e s  v i z .  'the  
s u r f a c e s  o f  two a d ja c e n t  tu b e s .

L e t th e  c i r c u l a t i o n  o f  th e  two p o in t v o r t i c e s  be Ki and -Kg 
and l e t  them be e q u al i n  s t r e n g th  b u t o f  o p p o s ite  s ig n .

The s tre a m  f u n c tio n  ^ for th e  v o r t e x  K i s  %l lo g e pwhere
' 1 2>< 1 

ft i s  th e  d is ta n c e  o f  th e  p o in t c o n s id e re d  from  th e  v o r t e x  
c e n t r e .  The combined s tre a m  f u n c tio n  f o r  th e  two v o r t i c e s  

and -Kg i s

t  - IFT* l0Se <! '
/K

“s r
lo g e -h c o n s t a n t .

I 2 f T  — ^ ' 1
th e  c o n s ta n t  a r i s e s  from  th e  f a c t  t h a t  th e  o r i g i n  f o r  
two s tre a m  fu n c tio n s  i s  n o t th e  sam e.

the

T h e re fo re /■  =
___K_
2 I f

lo g n
e ■+• c o n s t .

L e t  th e  s t r a i g h t  l i n e  p a s s in g  th ro u g h  th e  p o in t o f  symmetry  
be ^  a o th e r e f o r e  when p s pr/ [jr  * o and th e  c o n s ta n t  ■

We have ^  - • 2 .3 0 2 6  log^Q  LL
f 2TT C\

o

C o n sid er any p a r t i c u l a r  s tre a m  l i n e £L
fi

c o n s ta n t

The s tre a m  l i n e  I s  th e  lo c u s  o f  a p o in t  P w hich moves so t h a t

P
— l—  « c o n s ta n t .  ■  N . .......................................... (1 )

f t
C o n sid er two p a r t i c u l a r  l o c a t i o n s  o f  P from  Ki and Kg 
F i r s t l y  P; when P l i e s  on th e  s t r a i g h t  l i n e  Ki K2 and i s  
betw een th e re  two p o i n t s .

S eco n d ly  P2 When P l i e s  on K& Ki p ro d u ced .

L e t a ,  b and <x, p> be th e  d is ta n c e s  o f P i and Pg from  Ki and 
Kg r e s p e c t i v e l y .



A ppendix No#3 c o n tin u e d

Now £ a N and - N.
b pLet P3  be any other point complying with the relation (1). 

Joining P3  Ki and P3 K2  we have

J o in  P3 P^

We now have t r i a n g e  K1K2B3 in  v/hich p a r t s  o f b ase  a r e  
p r o p o r t io n a l  t o  th e  s i d e s .  T h e re fo re  P3 P1 i s  th e  b i s e c t o r  
o f  th e  ap ex  an g le  (E u clid  Book VI P ro p . I I I . )

So. 0. =
Nov/ p rod u ce KgPsand b i s e c t  th e  r e s u l t i n g  e x t e r n a l  a n g le ,  t h i s  
c u ts  th e  b ase  prod uced  in  th e  r a t i o  o f  th e  s id e s  J L  I . e .  in  
th e  r a t i o

PI.e. the bisector passes through Pg 
Now 2 ^ - f  2 $  • 1 8 0 °

T h e re fo re  $5 +- 0  = 900

So the locus of P3  is a semicircle v/ith P3.P2  as diameter.
T h e re fo re  a l l  s tre a m  l i n e s  a re  c i r c l e s  w ith  t h e i r  c e n t r e s  on 
KiKg p ro d u ced .

C o n sid er th e  v e l o c i t y  p o t e n t i a l  ^

f o r  th e v o r t e x  a Q  where 0 . i s  th e  an g le  
betw een th e  PKi and K iK g. 2t\ 4

The combined v e l o c i t y  p o t e n t i a l  f o r  th e  two v o r t i c e s  Ki and 
K2 i s

®  = —  (9i -  M  + c o n s t a n t .r 2 rr 1
th e  c o n s ta n t  a r i s e s  from  the f a c t  t h a t  the o r i g i n  f o r  th e  
tv/o v e l o c i t y  p o te n t ia ls  i s  n o t th e  sam e.

L e t ^  - o when 9 , •* 0  ̂ ' 0

T h e re fo re  c o n s ta n t  53 0



Flow Of An Inviscid F luid B etween T t o  Qf Cy l in d e r s .



Appendix No. 3 c o n tin u e d .
F o r  e q u ip o te n t ia l  l i n e s  = c o n s t a n t .

Then • c o n s t a n t ,  so  55 -  c o n s ta n t

But 6 ^  -  0, i s  th e  a n g le  KiP Kg

So th e  lo cu s  o f P i s  a c i r c l e  w ith  KiKgas a ch o rd  (E u c lid  
Book I I I .  P r o p .X X I .)

C o n sid er c a s e  when ^  « 9 0 °

T h is e q u ip o te n t ia l  l i n e  i s  c i r c l e  w ith  KiK2 as d ia m e te r .

A ll  s tre a m  l i n e s  c u t  i t  a t  r i g h t  a n g le s .

T h e re fo re  f o r  n e s t  o f  tu b es Ki and K2 a re  th e  ends o f  th e  
d ia m e te r  o f  a  c i r c l e  w hich  c u ts  th e  tube s u r f a c e s  a t  r i g h t  
a n g le s .

E r e c t  p e rp e n d ic u la rs  a t  p o in t o f  c o n t a c t  P , These r e s p e c t i v e l y  
p a ss  th ro u gh  0 and th e  c e n tr e  o f  th e  tube and th e y  a re  a t  r i g h t  
a n g le s  to  e a ch  o t h e r .

To d eterm in e th e  le n g th  OKi we have a r i g h t  a n g le d  t r i a n g l e  
w ith  two s id e s  known.

AP » i  in c h  and AO ® §  in c h .

S in  0 ■  §  -  0 .6 6 7  th e r e f o r e  6  = 4 1 .8 °  co s  6  = .7 4 5 56
OKx -  f  x  .7 4 5 5  -  0 .2 8  in c h  

= |  R x  .7 4 5 5  -  1 .1 1 8  R

To p l o t  s tre a m  l i n e s  f o r  n e s t  o f  tu b e s .

f  ~ ZTT ’ 2 .3 0 2 6  lo g 1Q J 2 _  o r  2 .3 0 2 6  l o g 1 0  ^

c o n s id e r  s tre a m  l i n e  on tu be s u r f a c e .  

f R - ^  2 .3 0 2 6  lo g  o r  2 .3 0 2 6  lo g

= 2 .3 0 2 6  lo g  2 .6 2  o r  -■  2 .3 0 2 6  lo g

= - | ^ r  2 . 3 0 2 6 0 . 4 1 8 )

fR » t 0 .4 1 8  . —|L- 2 .3 0 2 6  These a r e  th e  s tre a m  l i n e s  w hich
r e p r e s e n t  th e  two tu b e s .



Appendix No,3 ,  continued.

In  o rd e r  to  p l o t  a s e r i e s  o f  s tre a m  l i n e s  betw een 0 and th o se  
co rre sp o n d in g  to  th e  tube s u r f a c e s ,  d iv id e  in to  t e n  eq u al in cre m e n t  
o f  , f i v e  on each  s id e  o f  z e r o .

a 0 .0 8 3 6 n K
S i r 2 .3 0 2 6

<°,+ 
(; -

/a _s 2 .2 3 6  on a x i s  -  i n t e r n a l  p o i n t .  
2 .2 5 6  
1 +

a ls o 1 -  n = 2 .2 3 6 on a x i s  - e x t e r n a l  p o in t .

C,
2 .2 3 6  
i  - f 4 /

<*/

n lo g . . f t fj i n t e r n a l P e x t e r n a l
(\ f t

0 0 1 . 0 1 .1 1 8 GO
1 0 . 0 8 3 6 1 .2 1 3 1 .0 1 1 1 0 .5
2 0 . 1672 1 .4 7 0 .9 0 5 4 .7 5
3 0 . 2 5 0 8 1 .7 8 0 .8 0 5 2 .8 7
4 0 . 3 3 4 4 2 . IB 0 .7 0 8 1 .9 3
5 0 . 4 1 8 0 2 .6 2 0 .6 1 7 1 .3 8

V e lo c i ty  d i s t r i b u t i o n  in  th e  gap .

The v e l o c i t y  o f  th e  p o in t  P due to  v o r t e x  K? i s
t£ ,T f,''.K? i s K __1 =
27r P » {

K* i s K n
2TT < r '

q ft

These a re  combined v e c t o r i a l l y  to  g iv e  th e  r e s u l t a n t  v e l o c i t y  q.

S in ce  th e v e l o c i t y  q, I s  a t  r i g h t  a n g le s  to  ft and th e  v e l o c i t y  q2 
i s  a t  r i g h t  a n g le s  to  ( \  th e  v e l o c i t y  t r i a n g l e  i s  s i m i l a r  to  th e  
t r i a n g l e  K, P Ks b u t I t  I s  Jrr e f l e c t e d ,f.

q co rre sp o n d s  t o  th e  s id e  K. K-and e q u a ls  2 a  
q, " " " " P*
q?.

q 
q,

q‘ ~ <°i * p, 27t 2rr

tf sr

2 a

<7
2 a 2a TT Pn & vrT h e re fo re  q ____ ( 2 )



Appendix No.3 , continued

Along any s tre a m  l i n e  ft. i s  c o n s ta n t .
01 ,

T h e re fo re q &r.

Prom th e  f i g .  Ro « R V lT 5**- 1* R -t/iT 25 = 1 .1 1 8

C o n sid er th e  c e n t r a l  s tre a m  l i n e  where '■jf ■  o

x~+  ( 1 . 1 1 B R ) 1'

~ X  = (# / + ia18  ̂
. ( $ * ♦  1 .2 5

X
R-

Prom e q u a tio n  (2 ) l. 2 a  ft
ft

K
S r r .)

q =
( f ) % 1 . 2 5

• —
c,R-

K
2 Tf

<1 =
( § } *  + 1 . 2 5

, c o n s t .

I f  q = 1 when x  = o i . e .  on c e n tr e  l i n e  o f  gap,

2 a
Rz

K
e, * 2TT 1 .2 5

On th e  c e n t r a l  s tre a m  l i n e

T h e re fo re
2 7T

T h e re fo re  q =

K 1 .2 5  . R „ 1 .J.X 8 '1 R1 = 1
2a

1

( l ) 1*  1 .2 5

________ R'
2 x  1 .1 1 8  R

. 1 .2 5

1 + 0,8 ( f  f
In  th e  e l e c t r i c  t r a y  exp e rim e n ts  R = 5 "  -  
in  c e n tr e  o f  gap was 6 2 4 .5  and V^.m ax -

118R
2

1 2 .7  cms 
6 7 6 .5

and re a d in g



Appendix No.3 , continued

X 0 1 2 4 6 8 10 12 14

q 6 2 4 .5 6 2 1 .5 6 1 2 .5  579 5 5 0 . 4 7 4 .5 417 364 3 1 6 .5
q .9 2 4 .9 1 9 .908 .8 5 6 .7 8 4 .702 .6 1 7 .538 .4 6 8V „N .max

These v a lu e s  a re  p l o t t e d  to g e th e r  w ith  th e  e x p e rim e n ta l  
v a lu e s  in  f i g .  8-3

V e lo c i ty  d i s t r i b u t i o n  on c e n tr e  l i n e  o f  g ap .

_ K 1 K 1q! = WrT ■ ~  ^  " 2tT • If
When th e  p o in t  P l i e s  on th e  l i n e  K ,K 2th e s e  two v e l o c i t i e s  
a c t  in  th e  same s t r a i g h t  l i n e  and i n  th e  same d i r e c t i o n .

T h e re fo re  q = q, +  q2 =■ •—  | j  + 1  j ............................. ..  (3 )

L e t y  » d is ta n c e  o f  P from  c e n tr e  0

Then = 1 .1 1 8 R  +*y and -  1 .1 1 8 R  - y .
K 2 x  1 .1 1 8  R
2ir 0

T h e re fo re  q =

b u t

T h e re fo re  q =

K
f t

1 .1 1 8  R
2 IT 2

1 .1 1 8 R
2

1 ,25R *
a /-1 O ' 2

1 .2 5  R 
1 .2 5 R 7 -  y :

____1
1 - y i

l e t  y, =

Then q =

y
gap R

1 -

2 x  1 .1 1 8  R

1 .2 5 R *

: y _

A

1 .2 5  R* 1 - / L f t . - V
\ 1 .1 1 8 /



Appendix No.3 , continued.

In  th e  e l e c t r i c  t r a y  exp erim en t th e  re a d in g  in  th e  c e n tr e  o f  
th e  gap was 356  and 3 8 3 .4  t h e r e f o r e  th e  t h e o r e t i c a l
v e l o c i t y  d i s t r i b u t i o n  would be

y 0 .1 .2 *3 .4 .4 5 .5

1 8 .5 5 1 7 .2 8 1 6 .0 1 1 4 .7 5 1 4 .0 8 1 3 .4 1
7 1 9 .8 2 2 1 .0 9 2 2 .3 6 2 3 .6 7 2 4 .9 0 2 5 .5 5 2 6 .1 7
q 356 3 5 9 368 3 8 4 4 0 8 425 4 4 5

vN.max
.9 2 8 .9 3 6 ^960 1 .0 0 1 1 .0 6 4 1 .1 0 8 1 .1 6 0

These v a lu e s  a re  p l o t t e d  t o g e th e r  w ith  th e  e x p e rim e n ta l v a lu e s  
in  f i g . 8 .3

R i - f H .
Gap

The mean v e l o c i t y  i n  th e gap « VN.max

_ 2 .3 0 2 6  (K J .4 1 8 )  x  2 .3026(-0 .4L 8)

K_ 
= 2lT

Gap

2 .3 0 2 6  x  0 .8 3 6
R

K_ 1 .9 2 5
‘  2 tr  * r

From e q u a tio n  (2 )  V e lo c i ty  in  c e n tr e  o f  gap .

^ c e n tr e  o f gap =  ̂ where /f /% * 1 .1 1 8  R

2

T h e re fo re vN.rmax

K_ ________
2 i f  • 1 .1 1 8 R

K 1 .9 2 5
n R

Vc e n tr e  o f  gap K_ 2 
2ff * 1 .1 1 8  R

1 .0 7 7

V e lo c i ty  a t  th e  w a l l .  

V at w a ll  -



Appendix No.3 , continued

K 2 x  1 .1 1 8 R  
s 2TT ' 1 .6 1 8 R  x  0 .6 1 8 R

T h e re fo re

K
-  2 r r  '

V at w a ll

^ c e n t r e  o f

2 x  1 .1 1 8  
 H--------

K
-  2 ?

gap K
2tr

2 x  1 .1 1 8  
R
2

1 .1 1 8 R

V at w a ll  
VN.max

K 2 x  1 .1 1 8
S ?  * ~ R
K 1 .9 2 5
m  • r

1 .1 6 2

1 .2 5 0



APPENDIX No.4
E s tim a tio n  o f th e th ic k n e s s  o f  th e  boundary l a y e r  (See s e c t i o n

8 .7 )  .

From th e  o r i g i n a l  
V2

on ^ e  cen ^ r e

exp erim e n ts  on w hich f i g . 4 . 2  was o b ta in e d

l i n e  o f  th e  f i r s t  g ap . 1 0 .5 5
1 .1 7 0

V
T h e re fo re  ----------

vN.max

/ 1 0 .5 5
sj 1 .1 7 0 x 6 .7 6 -  1 .0 1 5

From th e  s i m i l a r  exp erim e n ts  w ith  th e  s le d g e  p i t o t - s t a t i c  tube  
f i g . 4 . 3 B

.= t h e r e f o r e  — —  -s. L  9 * 57
vo i - 1 7 8  V ^ m a x  A /1 ,1 7 8  x  8 .7 6

0 .9 6 4

From th e  same f i g u r e  and th e  exp e rim e n ts  w ith  th e  " le g "  added  
to  th e  s le d g e  p i t o t - s t a t i c  tu b e .

9 .7 0
1 .1 7 5

th e r e f o r e JJ___
V*TN.max

9 .7 0
1 .1 7 5  x  8 .7 6 '  0 .9 7 1

The a v e ra g e  o f  th e s e  th re e  v a lu e s  o f  v i s  0 .9 8 3
^N.max

I t  w i l l  be se e n  t h a t  in  th e  c e n t r e  o f  th e  gap where th e se  
p re s s u re  d i f f e r e n c e s  a r e  ta k e n , th e r e  i s  a v e r y  l a r g e  p re s s u re  
g r a d ie n t  and i t  seems re a s o n a b le  t h a t  a  c o r r e c t i o n  to  com pensate  
f o r  th e  s i z e  o f  th e  s t a t i c  h o le  i n  th e  p i t o t - s t a t i c  tube sh ou ld  
be a p p lie d . I t  i s  assumed t h a t  t h i s  c o r r e c t i o n  i s  th e same as  
t h a t  f o r  th e  c y l i n d r i c a l  p i t o t  tu b e . Then th e  p re s s u re  in d ic a te d  
by th e  tube i s  n o t th a t  a t  th e  g e o m e tr ic a l  c e n t r e  o f the p r e s s u r e  
h o le  but t h a t  a t  a p o in t  h a l f  th e  h o le  r a d iu s  tow ard s th e  r e g io n  
o f  h ig h e r  p r e s s u r e .

T h is  c o r r e c t i o n  would red u ce  th e  p re s s u re  by 0 .1 9  cm s. o f w a te r  
and d e c re a s e  th e  v e l o c i t y  i n  th e  gap by 0 .9 5 ^ .

V__
VN.max th e n  becom es 0 .9 7 5 5 .

The v e l o c i t y  on th e  c e n tr e  l i n e  o f  th e  gap by th e  e l e c t r i c  t r a y  
=* 0 .9 5 0  VN.max and th e  v e l o c i t y  on t h i s  l i n e  by a i r  p r e s s u re  

m easurem ents ^  0 .9 7 5 5  V ^ max#



L e t Vm be th e  a c t u a l  mean v e l o c i t y  i n  th e  gap w ith  a i r  f lo w .
” ? v< he th e  e f f e c t i v e  th ic k n e s s  o f  th e  boundary l a y e r .
” G *  th e  w id th  o f  th e  g ap .

n Q ** th e  volume o f  f l u i d  f lo w in g  th ro u g h  th e  gap p e r second

Appendix No.4 . ,  continued.

Assuming f o r  a f i r s t  a p p ro x im a tio n  t h a t  th e  shape o f  th e  
p r e s s u re  d i s t r i b u t i o n  cu rv e  i s  u n a ff e c te d  by th e  p re se n ce  
o f  th e  boundary l a y e r .

Q " ^ N .m a x  x  Of -  Vm (6  f  )

Ct -  2 C *

Then we ca n  r e p la c e  th e  r a t i o  ^N.m ax by th e  co rre sp o n d in g
^m

v e l o c i t i e s  on th e  c e n t r e  l i n e  o f  th e  g ap .

Thus 2 $ ^ G •

0 .0 2 5 5  
0 .9 7 5 5  G

=  0 .0 2 6  C-



Calculation O f Theoretical P osition Of B reakaway From 

The P r e s s u r e  P ecovery At 'The P ear Of The Tu b e



APPENDIX No.5

C a lc u la t io n  o f t h e o r e t i c a l  p o s i t i o n  o f breakaw ay from  th e  
p r e s s u re  r e c o v e ry  a t  th e  r e a r  o f  a tu b e . (See s e c t i o n  9 .3 )

In  th e  f ig u r e  d » d ia m e te r  o f  tu b e s  -  1 .2 7 0  cm s.
G « width o f  gap » 0 .6 4 8  cm s.

S
G

G -fd .
2 / c o s 9

d
2

G
£

=  ^L±_ _ I t
co s  9

d,

= 1 +  X

G

it Cos 9 = i-o<r where i s  sm all  
th e n i —  = 1 -f <x 1

1 -  J

(1
d

-  TJ

d -+.CK d 
G G

d
G

d
TJ "= 1 -f-'X -+■  tt but ^  p r a c t i c a l l y  e q u a ls  2

1 ■ +" 3 <<T h e re fo re  H 
G

2dB = d G -  -g- co s  9

T h e re fo re  B 
G

d i i d -= -r* 1 -  Q co s 9

= ■ § 1 -  ■ § (1  - ' < )

= 1 4~ ^  orJ- a

= 1 4 - 2  c<

But a c t u a l  w idth  o f  s tre a m  w i l l  l i e  betw een S and B

T h e re fo re  th e  r a t i o  w id th  o f  s tre a m  i s  ta k e n  as  1 *+■  2 . 5
gap

C o n sid er p r e s s u re  r e c o v e r y  a t  r e a r  o f  f i r s t  row o f  tu b e s ,  
p a r a l l e l  arran g em en t f i g . 5 . 2 F .

0 66P re s s u re  r e c o v e r y  = = 0 .0 5 2 8



Appendix No.5 , continued

T h e re fo re  k i n e t i c  en erg y  = 0 .9 4 7 2  o f  K .E e in  th e  g ap .

T h e re fo re  v e l o c i t y  = -V o ^9472  -  0 .9 7 3 5

T h e re fo re  a r e a  of p a th  -  1 <y '$733 ' = 1 * 0 2 8  -  l"** 2 . 5 ‘'X

028
T h e re fo re  °<  ■  j ryg " -  0 .0 1 1 2

But co s  9 = 1 -  °< = 0 .9 8 8 8

T h e re fo re  9 « 8-|-0

T h e re fo re  t h e o r e t i c a l  p o in t  o f  breakaw ay i s  98-J-0



T ab le

S ta g g e re d

V a ria tio n  of T o tal R esistan ce  of

E x p t.

No.

Q in  
f t . 3

p e r  s e c .

^N .m ax.
Q

0 .0 6 3 8  
f t . / s e c .

Re -

I  xV N;max 
3 0 9 0  Vftj-#max

V2 N.max 
,  2

^ s e c ,  J

1 0 .3 1 7 4 .9 7 1 5 ,3 5 0 2 4 ,6 8
2 0 ,2 8 0 4 .3 8 1 3 ,5 4 0 . 1 9 .2
3 0 .2 2 8 3 .5 7 1 1 ,0 4 0 1 2 .7 6
4 0 .1 3 5 3 .1 1 6 6 ,5 3 5 4 .4 7
5 0 .1 0 0 1 .5 6 7 4 ,8 4 0 2 .4 5 5
6 0 .3 7 0 ' 5 . 8 0 1 7 ,8 3 0 3 3 .6 3
7 0 .4 2 4 6 .6 5 2 0 ,5 4 0 4 4 .2
8 0 .4 5 5 7 .1 3 2 2 ,0 4 0 5 0 .8 5
9 0 .4 8 0 7 .5 2 2 3 ,2 5 0 .5 6 ,5 5

10 0 .5 0 5 7 .9 2 2 4 ,4 9 0 6 2 .7
11 0 .5 6 2 8 .8 1 2 7 ,2 3 0 7 7 .6
12 0 .6 9 5 1 0 .8 9 3 3 ,6 5 0 1 1 8 .6
13 0 .8 3 0 1 3 .0 2 4 0 ,2 0 0 1 6 9 .6
14 0 .8 9 5 1 4 .0 3 4 3 ,3 4 0 1 9 7 .0
15 0 .9 7 5 1 5 .2 8 4 7 ,2 5 0 2 3 3 ,5
16 0 .8 2 5 1 2 .9 4 3 9 ,9 7 0 1 6 7 .5
17 0 .7 1 5 1 1 .8 1 3 4 ,6 2 0 1 2 5 .6
18 0 .5 3 5 8 .3 8 2 5 ,9 0 0 7 0 .2
19 0 .4 6 0 7 .2 1 2 2 ,2 8 0 5 2 .0
20 0 .4 3 0 6 .7 4 2 0 ,8 2 0 4 5  .,4
21 0 .3 4 0 5 .3 3 1 6 ,4 6 0 2 8 .  4
22 0 .1 3 3 2 ,0 9 6 .4 5 2 4 .3 6
23 0 .0 7 7 1 .2 0 7 3 .7 3 0 1 .4 5 5
24 0 *2 9 5 4 .5 9 0 1 4 .5 0 0 2 1 .0 8

in2 1' = 0 ,0 4 1 7 ’ 
24

M w a te r a t  1 1 . 6 CC "J a t  10°C = 1 .4 1  x  1 0 " 5 f t  2 / s e c
Glauert p . 1 0 4 .

V a t  15°C  = 1 ,2 5
T I 5

l) a t  1 1 .6 °  = 1 .3 5  x  1 0 " S f t  2/ s e e  

d ^ 0 .0 4 1 7
1 .3 5  x  10 - 5  =: 3 0 9 0



1 .2  B .

N est w ith  v a ry in g  w a te r  speed  

A rrangem ent

E xp t • 

No.

T o ta l
R e s is ta n c e  
o f 'N e s t  = h  
f t .  o f  w a te r

h _________ gi_________
n d l p  V

h2
^  N.max

6 , 9 4 -v2N.m ax

1 0 .8 5 0 0 .0 3 4 4 8 0 .2 3 9 2
2 0 .6 9 3 0 .0 3 6 1 0 ,2 5 0 6
3 0 .4 8 9 0 .0 3 8 3 0 .2 6 6 0
4 0 .1 8 1 0 .0 4 0 5 0 ,2 8 1 1
5 0 .1 1 2 0 .0 4 5 7 0 .3 1 7 3
6 1 .1 5 8 0 .0 3 4 4 5 0 .2 3 9 0
7 1 .4 4 7 0 .0 3 2 7 0 .2 2 7 2
8 1 .6 6 1 0 .0 3 2 6 5 . 0 ,2 2 6 6
9 1 .8 3 8 0 .0 3 2 5 0 ,2 2 5 7

10 1 .9 9 5 0 .0 3 1 8 0 .2 2 0 8
11 2 .3 9 0 0 .0 3 0 8 0 .2 1 4 0
12 3 .4 4 0 0 .0 2 9 0 0 .2 0 1 2
13 4 .6 5 5 0 .0 2 7 4 5 0 .1 9 0 5
14 5 .2 5 0 0 ,0 2 6 6 5 0 .1 8 5 0
15 6 ,0 5 0 0 .0 2 5 9 0 .1 8 0 0
16 4 .6 0 7 0 ,0 2 7 5 0 .1 9 0 8
1 7 3 .6 5 0 0 .0 2 9 0 5 0 .2 0 1 6
1 8 2 .2 1 5 0 .0 3 1 5 5 0 .2 1 9 0
19 1 .7 1 1 0 .0 3 2 8 8 0 .2 2 8 3
2 0 1 .4 9 8 0 .0 3 3 0 0 .2 2 9 0
21 1 .0 0 7 0 .0 3 5 4 7 0 .2 4 6 2
22 0 .1 8 9 0 .0 4 3 3 5 0 .3 0 1 0
23 0 .0 7 0 0 .0 4 8 1 0 .3 3 4 0
24 0 .7 5 6 0 .0 3 5 9 0 .2 4 9 2



Table 1 .2  B (Continued)

P i  -  P2 ■  h/* g poundals  p e r  s q . f t ,  o f  f low  a r e a .

P » A (p i  -  P2 ) where A = f low  a r e a  = 0 . 1 8 9  s q . f t .

ndlj°V ^ji#max
0 . 1 8 9  h  e g 
ndl f> V^u.max where n = t o t a l  number o f  tubes  = 4! 

d = d i a . o f  tube = 0 , 0 4 1 7  f t .
1 = l e n g t h  o f  tube = 0 . 5  f t .

ndlfV2 H. max
0 , 1 8 9  x  5 2 . 3  h

3 42  x  0 . 0 4 1 7  x  0 . 5  x N.max

6 . 9 4
V2 N.max

P r o b a b ly  a b e t t e r  method o f  r e g a r d i n g  th e  r a t i o  i s  t o  c o n s i d e r  
i t  as  the p r e s s u r e  drop £ e r  row m u l t i p l i e d  by the r a t i o

t r a n s v e r s e  p i t c h  ................ „ , _ „ 0
tu be d i a m e t e r  and d i v i d e d  by f> V^N. max.

N o .o f  rows

( p i t c h )  
( d )
P v2 n . max

i . e . x



Table 1,3 A
See Appendix 1 and Fig*1.2B.

Variation t>f total resistance of nest with varying air speed.
Staggered Arrangement.

1 2 3 4 5 6 7 8

Chat- Absolute Total Absolute Mean
7^N .max ^N.maxtock pressure Resis- pressure Pressure

Expt gauge at in le t taflce at outlet in nest at in le t it  in let
No. Cms .of of nest of nest of nest 1 omsmY cms •

h2o Cms. pf
h2o

- H
Cms. of

h20

Cms. of
h2o

Cms .of
h20

^ sec J sec

1 1,154 1025.3 20.10 1005.2 1015.2 15.64xl06 3.95xl03
2 1.121 1025.4 19.63 1005.3 1015.6 15.20 3.90
3 1.030 1025.5 18.27 1007.2 1016.3 13.96 3.735
4 0.968 1025.5 17.18 1008.3 1016.9 13.13 3.622
5 0.814 1025.7 14.69 1011.0 1018,3 11.04 3.322
6 0.486 1026.0 9.31 1016.7 1021.3 6.59 2.568
7 0.278 1026.2 5.60 1020.6 1023.4 3.77 1.942
8 0.136 1026.4 2.91 1023.5 1024.9 1,844 1.358
9 0.0874 1026.4 1.943 1024; 5 1025.4 1.185 1.088

10 0,0848 1026.4 - 1.753 1024.6 1025.5 1.150 1.072
11 0.06025 1026.4 1,389 1025.0 1025.7 0.817 0.904
12 0.0389 1026.5 0.976 1025.5 1026.0 0.528 0.727
13 0.03046 1026.5 0.816 1025.7 1026.1 0.413 0.643
14 0.02398 1026.5 0,666 1025.8 1026.1 0.3252 0.570

15 1.169 1034.3 20.64 1013.7 1024.0 15.72xl06 3.965xl03
16 1.041 1035.2 18.30 1016.9 1026.0 14.09 3.752
17 0.632 1035.6 11.73 1023.9 1029.7 8.55 2 .925
18 0.2552 1035.9 5.14 1030.8 1033.3 3.45 1.857
19 0.459 1025.0 8.85 1016.2 1020.6 6.35 2.520
20 0.3211 1025.2 6.364 1018.8 1021.0 4.447 2.108
21 0.2492 1025.3 5.038 1020.3 1022.8 3.447 1.857

A ir conditions 15.0°C • 29.82uHg ■  1026.5 cms.of water#
iJair at 15°C = 0.145 c.g.s.un its.

-  = = 8.76
V 0.145

G riffith s  & Awbery.Prs.Inst.of Mech.
Eng.1933.

P s (pj - p2) A where A ■  flow area « 11.509 x 15.24 * 175.4 sq.cms. 

= 175,4 H^^er f water g.

___ zl____  a ^75.4 x g Pwater Hwater
n d l^ a ir  \ N.max ndl * f  a ir  * V^N.max.

.» 175,4 x 981 ^water IW-fcer
“T Sx l .27x16.24 # -fT ST  ' " 3 ---------

V N.max



Total Resistance - Staggered Arrangement - Air Flow

Expt*
No*

9 10 11 12 13 14 15 16

•d Vjj .max .max
at centre 
of nest 

f cms N; 2 
V sec /

H water P 1

a> 
,̂

Re*  V 
8̂.76 Vjj

V^N .max 
at centre 
•of nest.

.fair 
at centre 
of Nest.

ndl/3V2N.max y c ~

1 34,600 15.95x106 1.260xl06 830 0.2212 .4702 .2*125 16,270
2 34,200 15.49 1.267 830 0.2225 .4717 2.118 16,130
3 32,700 14.21 1.285 829 0.2252 .4745 2.106 15,520
4 31,700 13.35 1.286 829 0.2255 .4748 2.104 15,060
5 29,100 11.20 1.311 828 0.2296 .4790 2.087 13,940
6 22,470 6.65 1.421 825.7 0.2482 .4982 2.006 11,180
7 17,000 3.79 1.478 824.2 0.2578 .5075 1.968 8,625
8 11,890 1.849 1.573 823.2 0.2740 .5232 1.910 6,220
9 9,520 1.187 1.636 822.8 0.2850 .5338 1.873 5,080

10 9,395 1.152 1.522 822.7 0.2650 .5145 1.942 4,835
11 7,920 0.818 1.697 822.5 0.2950 .5430 1.841 4,300
12 6,365 0.5285 1.846 822.4 0.3204 .5663 1.764 3>607
13 5,630 0.413 1.977 822.3 0.3440 .5865 1.704 3,300
•14 4,990 0.325 2.049 . 822.3 0.3565 .5972 1.674 2,980

15 34,650 16.04xl06 1.286xl06 823.8 0.2241
16 32,400 14.34: . 1.276 827.7 0.2233
17 25,270 8.65 1.356 824.7 0.2368
18 16,040 3.467 1.482 821.9 0.2573
19 21,270 6.405 1.382 842.3 0.2462
20 17,780 4.475 1.422 842.0 0.2531
21 15,670 3.464

i
1.453 840.5 0.2584

211.5 x F-’vtB-ter 
f> a ir

^water• - -  - - -—

V^N .m ax. where n * tdtal number of tubes 
in nest * 42

d * dia.of tube ~ 1.27cms.
1 *  length of tube •' 15.24 ci

Data for experiments 15 to 21 obtained from form drag diagrams with
different a ir  conditions.



Table l.S  B See Appendix 1 and F ig .1.2 B. 

Variation of to ta l resistance of nest with varying a ir  speed#

Para lle l Arrangement.

1 2 3 4 5 6 7 8

Expt.
No.

Chat- 
tock 
gauge 
Cms. of

h20

Absolute 
Pressure 
at in le t  
of nest 
Cms. of

h2o

Total 
Resis­
tance 
of Nest 
» H
Cms. of

h2o

Absolute 
Pressure 
at outlet 
of neat. 
Cms. of

h2o

Mean 
Pressure 
in  nest

Cms. of
h2o

.max
at in let 

fcms\ 2 
\sec/

.max
at in let 

Cms. 
see.

1 1.297 1033.7 17.803 1016.1 1024.9 17.25xl06 4.15xl03
2 1.210 1033.8 16.690 1017.2 1025.5 16.10 4,01
3 1.168 1033.8 16.082 1017.7 1025.7 15.54 3.94
4 1.103 1033.9 15.197 1018.7 1026.3 14.67 3.83
5 1,015 1034.0 14.085 1019.9 1026.9 13.50 3.675
6 .932 1034.1 12.868 - 1021,2 1027.6 12.40 3.52
7 .846 1034.2 11.854 1022.3 1028.2 11.25 3.353
8 .760 1034.2 10.690 1023.5 1028,8 10.11 3.18
9 .6835 1034.3 9.667 1024.6 1029.4 9.09 3,017

10 .610 1034.4 8.690 1025.7 1030.0 8.11 2.848
11 .531 1034.5 7.619 1026.9 1030.7 7.06 2.658
12 .3985 1034.6 5.852 1028.7 1031.6 5.30 2.302
13 .2943 1034.7 4.456 1030.2 1032 .4 3.914 1.978
14 .2178 1034.8 3.382 1031.4 1033.1 2.895 1.701
15 ,1520 1034.8 2.398 1032.3 1033.5 2.022 1.422
16 .0961 1034.9 1.504 1033.4 1034.1 1,279 1.131

Air conditions 11.7°C 
d = 1.27 cms.

^  a ir  at 15°C = 0*145 C.G.S.units. G riffith s & Awbery.Pro.of Inst.of
10°C = 0.140 M " Mech.Engs.1953

at 11.7°C =0.1417 " M

-  = 1«2? 
0 ” 0.1417

8.97

P = (pi -  p2) A where A » flow area = 11.509 x 15.24 s 175.4 sq.cms. 

= 175.4 Heater f water 6 •

P
ndl f a ir  V*H ̂

175.4 x g. # P  water # Heater 
n d l. p a ir  v2

at centre N.max•
of nest.

175.4 x 981 
24 x 1.27 x 15.24

999.52 . Hwater 
-----1.231



TGtal Resistance. Parallel Arrangement. Air flow

9 10 11 12 13. •1—1 15, 16.

Expt.
No.

Re - — Vĵ #max 

8.97 Vjj#ma;x

v N.max 
at centre 
of nest. 
rcms A 2 
,sec )

H ^water P /—  
a / c

V
1

Re /j/c 
V

Y2N .max 
at centre 
of nest.

t* a ir
at centre 
of nest.

ndl r^fljnax

f r

1 37,200 17.54x10® 1.004X156 813 0.3025 .5498 1.819 20,460
2 35,900 16.36 1.014 813 0.3054 .5524 1.808 19,840
3 35,350 15.78 1.019 812.5 0.3069 .5539 1.005 19,580
4 34,330 14.89 1.021 812 0.3073 .5542 1.803 19,030
5 32,950 13.68 1.030 811.5 0.3098 .5564 1.796 18,340
6 31,600 12.55 1.025 811 0.3080 .5550 1.801 17,540
7 30,1*00 11.38 1.042 810 0.3128 .5590 1.788 16,840
8 28,500 10.21 1.047 810 0.3144 .5606 1.783 15,960
9 27,050 9.17 1.054 809 0.3159 .5620 1.778 15,200

10 25,530 8.18 1.062 809 0.3182 .5641 1.771 14,400
11 23,830 7.11 1.072 809 0.3214 .567.0 1.763 13,500
12 20,650 5.33 1.098 808 0.3286 .5733 1.743 11,840
13 17,740 3.931 1.133 808 0.3386 .5820 1.717 10,330
14 15,250 2.904 1.165 807 0.3480 ,5900 1.694 8,990
15 12,750 2.027 1.183 807 0.3540 .5950 1.679 7,580
16 10,140 1.281 1.174 806' 0.3507 .5922 1.687 6,000

where n = to ta l number tube in nest = 24. 

d = dia.of tube ■  1.27 cms.

1 ** length of tube =- 15.24 cms



Table  2 . 1  A

V a r i a t i o n  o f  p r e s s u r e  a t  th e  s u r f a c e  o f  th e  c e n t r e  tube o f  
th e  t h i r d  row a t  a s e c t i o n  2-f i n c h e s  from the  back w a l l  -  
S t a g g e r e d  a r ra n g e m e n t .

V e n tu r i  m e te r  2 . 1  f t . o f  w a t e r .  Temperature 15°C

No. of 
Expt. Angle Pres­

sure
Tube

In let
of

Ue3t

D iffe r­
ence - 
f t .  of
h20

No. of 
Expt • Angle

Pres­
sure
Tube

In le t
of

Nest

D iffe r­
ence 
f t  .of 
h2o

1 340 0.670 0.851 -0 .181 35 135 0.526 0,986 -0,460
2 345 .700 .822 - .122 36 140 .535 .981 - .446
3 350 .720 .798 - .078 37 0 -  .045
4 355 .736 .787 - .051 38 140 .536 .981 - ,445
5 0 - .045 39 145 .540 .979 - .439
6 5 - .056 40 150 .543 ,976 -  .433
7 10 - .081 41 155 .545 .972 - .427
8 15 .695 .825 - .130 42 160 .548 .970 - .422
9 20 .665 .853 - .188 43 165 .550 .968 - .418

10 25 .635 .885 - .250 44 170 .550 .967 - .417
11 30 .605 .913 - .308 45 175 .553 .965 - .412
12 0 - .045 46 180 .553 ,965 - .412
13 35 .582 .933 - .351 47 185 .554 .966 - .412
14 40 .567 .951 - .384 48 190 .552 .967 - .415
15 45 .552 .962 - .410 49 195 .550 .970 -  .420
16 50 .545 .971 - .426 50 200 .548 .972 - .424
17 55 .536 .980 - .444 51 0 .740 .786 -  .046
18 60 .532 .985 - .453 52 210 .544 .975 - .431
19 65 .520 1.000 - .480 53 220 .538 .984 - ,446
20 70 .504 1.010 - .506 54 230 .530 .990 - .460
21 75 .495 1.020 - .525 55 240 .517 1.003 - .486
22 80 .485 1,030 - .545 56 250 .502 1.020 - .518
23 85 .475 1.040 - .565 57 110 .488 1.032 - .544
24 90 .470 1.045 - .575 58 260 .485 1.036 - .551
25 0 - ^045 59 270 .471 1.048 - .577
26 90 .471 1,045 - .574 60 280 .471 1.048 - .577
27 95 .469 1.046 - ,577 61 290 .480 1,040 - .560
28 100 .471 1,045 - .574 62 300 .492 1.026 - .534
29 105 .476 1,039 - .563 63 310 .511 1.007 - .496
30 110 .483 1.030 - .547 64 320 .546 .974 - .428
31 115 .499 1.020 - .521 65 330 .601 .922 - .321
32 120 .505 1,010 - ,505 66 340 .669 .855 - .186
33 125 .514 1.003 - *489 67 345 .669 .825 - .126
34 130 .522 .993 .471 68 0 .739 .785 - .046



Table 2 .2  A and B

E x p l o r a t i o n  o f  v a r i a t i o n  o f  p r e s s u r e  a t  th e  s u r f a c e  o f  
the c e n t r e  tu b e s  o f  v a r i o u s  rows a t  a s e c t i o n  2f- in c h e s  
from the back w a l l  -  S t a g g e r e d  arrangement. .

1 s t  Row.

No. o f  
Exp t  • Angle

—

P r e s ­
s u r e
Tube.

I n ­
l e t
o f
Nest

D if ­
f e r e n c e  
f t  . o f  
H? 0

Remarks •

1 0 + 0 . 0 5 5 Water  Temperature  1 7 . 8 ° C
2 5 . 0 5 4 V e n tu r i  M eter  2 . 1  f t . o f  water.
3 10 . 0 5 4
4 15 . 0 4 8
5 20 . 0 4 0
6 30 . 0
7 45 : 0 . 5 5 5 0 . 6 4 0 - 0 . 0 8 5
8 50 . 5 4 0 . 6 5 8 ' -  . 1 1 8 9

9 55 . 5 1 5 . 6 8 0 -  . 1 6 5
10 60 . 4 9 5 .6 9 5 -  . 2 0 0
11 65 . 4 7 6 .7 1 7 -  . 2 4 1
12 70 . 4 5 1 . 7 4 5 -  . 2 8 6
13 75 . 4 3 5 .7 6 0 -  . 3 2 5
34 90 . 4 1 0 . 7 7 8 -  . 3 6 8
IS 0 + . 0 5 5
16 105 . 4 3 0 . 7 6 0 - . 3 3 0
17 120 . 4 3 5 .7 5 6 -  . 3 2 1
IS 135 . 4 3 5 .7 5 6 -  . 3 2 1
19 150 . 4 3 0 . 7 6 1 -  . 3 3 1
20 165 . 4 3 0 . 7 6 0 -  . 3 3 0
21 180 . 4 3 0 .7 5 5 -  . 3 2 5
22 0 +  . 0 5 5 Blown th ro u g h .
23 180 . 5 1 0 . 8 2 5 -  . 3 1 5
24 195 . 5 0 0 .8 3 0 -  . 3 3 0
25 210 . 4 9 7 . 8 3 0 -  . 3 3 3
26 225 . 5 0 1 .8 3 0 - . 3 2 9
2 7 240 . 5 0 3

[
. 8 2 8 -  . 3 2 5 may be low.



Table 2 .2  A and B . , continued

1 0 0 . 0 4 5 Water Temperature  1 4 . 5 ° C
2 15 0 . 6 3 5 0 . 7 6 0 - . 1 2 5 V e n tu r i  Meter  2 . 1 0  f t .o fw a t
3 30 . 5 4 0 . 8 4 5 - . 3 0 5
4 45 . 6 3 5 .7 3 5 - . 1 0  0 Blown th ro u g h
5 0 - . 0 4 5
6 45 . 5 0 6 . 9 1 6 - . 4 1 0
7 60 , 4 8 5 . 9 3 8 - . 4 5 3
8 75 . 4 4 5 . 9 7 5 - . 5 3 0 Readings w i t h i n  i 0 . 0 0 2
9 90 . 4 1 6 1 . 0 0 2 - . 5 8 6

10 95 . 4 1 5 1 . 0 0 4 - . 5 8 9
11 105 . 4 2 2 . 9 9 5 - . 5 7 3
12 110 . 4 3 2 .9 8 6 - . 5 5 4 Manometer tube a d j u s t e d .
13 110 . 3 4 2 . 8 9 7 - . 5 5 5
14 80 . 342" .9 0 0 - . 5 5 8
15 85 . 3 3 5 . 9 0 8 - . 5 7 3
16 120 . 3 6 0 . 8 8 0 — . 5 2 0



Table 2 .2  A and B, continued.

No, o f  
E x p t . Angle

P r e s ­
su re
Tube

I n l e t
o f
N e s t .

D iffer ­
ence  
f t .  o f
h 2o .

Remarks•

17 135 0.385 0.860 -0 .475
18 150 .402 .842 - .440
19 165 .410 .835 - .425

0 - .045 Surge removed.
20 90 .360 .940 - .580
21 105 .371 .930 - .559
22 135 .420 .880 - .460
23 120 .400 .905 - .505
24 150 .435 .867 - .432
25 165 .441 .862 - .421
26 180 .445 .855 - .410
27 195 .445 .865 - .420
28 210 .435 .867 - .432
29 225 .430 .878 - .448
30 240 .405 .890 - .485
31 255 .385 .923 - .538
32 270 .360 .935 - .575
33 0 -0 .045
34 285 .365 .933 - .568
35 300 .385 .915 - .530
36 315 .420 .885 - .465
37 330 .496 .810 - .314
38 345 .595 .720 - .125
39 0 .045 Exploration tube removed, rotated
40 0 - .044 through 180°C and replaced*
41 60 .422 .880 .458
42 300 .391 .913 - .522 E x p l o r a t i o n  tu be r e p l a c e d  i n
43 0 - .045 o r i g i n a l  p o s i t i o n .
44 60 .425 .885 - .460
45 300 .385 .918 — . 533

7 t h  Row.

1 0 0 . 4 2 0 0 . 8 5 5 - 0 . 4 3 5 Water  Temperature  1 8 .0 ° C
2 15 . 3 8 0 . 9 0 1 -  . 5 2 1 V e n tu r i  Meter 2 . 1 0  f t .  o f  water
3 30 . 2 9 0 . 9 8 8 -  . 6 9 8 I n d i c a t e d  0  on F i g . 2 . 2 A
4 45 . 2 4 1 1 . 0 3 0 -  . 7 8 9
5 60 . 2 1 5 1 . 0 6 0 -  . 8 4 5
6 75 . 1 8 0 1 . 0 9 0 - . 9 1 0
7 90 . 1 4 5 1 . 1 2 5 -  . 9 8 0
8 0 . 4 2 0 . 8 6 0 -  . 4 4 0
9 90 . 1 3 8 1 . 1 4 0 - 1 . 0 0 2

10 105 . 1 3 5 1 . 1 5 0 - 1 . 0 1 5
11 120 . 1 6 2 1 . 1 2 0 -  . 9 5 8
12 135 . 1 9 0 1 . 0 9 7 -  . 9 0 7
13 150 . 2 0 0 1 , 0 8 6 -  . 8 8 6



Table 2 .2  A and B, continued

No. o f  
E x p t . Angle

P r e s ­
s u re
Tube

I n l e t
o f

N e s t .

Differ­
ence  
f t .  of  
h2 o

Remarks•

14 1 6 5 0 . 2 0 6 1 . 0 8 2 - 0 . 8 7 6
15 1 8 0 . 2 1 0 1 . 0 6 5 - . 8 5 5
16 0 . 4 2 0 . 8 5 6 - .  4 3 6
17 180 . 2 1 2 1 . 0 6 0 - . 8 4 8
18 1 9 5 . 2 1 5 1 . 0 7 0 - . 8 5 5
19 2 1 0 . 2 1 0 1 . 0 7 0 - . 8 6 0
2 0 2 2 5 . 2 0 5 1 . 0 7 5 - . 8 7 0
21 2 4 0 . 1 9 4 1 . 1 0 0 - . 9 0 6
22 2 5 5 . 1 7 5 1 . 1 0 5 -■ . 9 3 0
23 2 7 0 . 1 5 0 1 . 1 3 5 - . 9 8 5
24 0 . 4 2 1 . 8 6 5 - . 4 4 4
25 2 7 0 . 1 5 0 1 . 1 4 0 - . 9 9 0
26 2 8 5 . 1 4 0 1 . 1 5 0 - 1 . 0 1 0
27 300 . 1 7 5 1 , 1 1 0 - . 9 3 5
28 3 1 5 .2 1 2 1 . 0 8 7 * . 8 7 5
29 3 3 0 . 2 8 2 1 . 0 0 5 - . 7 2 3
30 3 4 5 .3 8 5 . 9 0 5 - . 6 2 0
31 0 . 4 2 2 . 8 6 5 - . 4 4 3
32 45 . 2 4 0 1 . 0 4 5 - . 8 0 5
33 50 . 2 3 0 1 . 0 5 5 - . 8 2 5
34 §5 .2 2 5 1 . 0 6 0 - . 8 3 5
35 60 . 2 2 0 1 . 0 6 5 - . 8 4 5
36 65 . 2 1 0 1 . 0 8 0 - . 8 7 0
37 70 . 1 9 5 1 . 0 9 0 - . 8 9 5
38 2 8 5 . 1 5 0 1 . 1 4 6 - . 9 9 6
39 2 9 0 .1 5 2 1 . 1 4 0 - . 9 8 8
40 2 9 5 . 1 5 6 1 . 1 3 0 - . 9 7 4
41 3 0 0 . 1 7 5 1 . 1 0 0 - . 9 2 5
42 305 . 1 8 5 1 . 1 0 0 . 9 1 5
43 3 1 0 .2 0 0 1 . 1 0 0 - . 9 0 0
44 315 . 2 2 0 1 . 0 8 2 - . 8 6 2
45 0 . 4 3 0 . 8 7 0 - . 4 4 0 Speed v a r y i n g .

1 0 0.500 0.940 -0 .440 Outlet coneadju8ted concentrica]
2 15 .445 .980 - .535 Temperature of water 17.5°C
3 30 .365 1.070 - .705 Venturi Meter 2.1 ft .o f  water.
4 40 .325 1.105 - .780 Indicated^\on Fig.2.2A.
5 50 .310 1.127 - .817
6 60 .295 1.145 - .850
7 70 .270 1.160 - .890
8 80 o 240 1.195 - .955
9 90 .220 1.215 - .995

10 0 .500 .940 - .440
11 100 .215 1.220 -1 .005
12 120 .245 1.185 . - .940
13 140 .280 1.160 - .880



Table 2 .2  A and B, continued

No • o f  
E x p t . Angle

P r e s ­
su re
Tube

I n l e t
o f

N e s t .

Differ­
ence  
f t .  o f  
H20

Remarks•

14 160 0 . 2 8 5 1 . 1 4 5 -  0 . 8 6 0
15 . 180 . 2 9 0 1 . 1 4 5 -  . 8 5 5
16 2 0 0 . 2 9 0 1 . 1 4 6 -  . 8 5 6
17 2 2 0 .2 8 5 1 . 1 5 2 -  . 8 6 7
18 2 4 0 . 2 7 0 1 . 1 7 5 -  , 9 0 5
19 2 6 0 . 2 4 5 1 . 2 0 0 -  . 9 5 5
2 0 2 8 0 . 2 2 0 1 . 2 2 0 - 1 . 0 0 0
21 0 .5 0 0 0 . 9 4 0 - 0 . 4 4 0
22 2 9 0 . 2 3 0 1 . 2 1 0 -  . 9 8 0
23 300 . 2 4 7 1 . 1 9 0 -  . 9 4 3
24 3 1 0 . 2 7 5 1 . 1 7 5 -  . 9 0 0
25 3 2 0 . 3 1 0 1 . 1 3 5 -  . 8 2 5
26 3 4 0 . 4 3 0 1 . 0 2 0 -  . 5 9 0 Blown th ro u g h .
2 7 0 . 4 3 0 . 8 7 0 -  . 4 4 0
28 320 . 2 4 0 1 . 0 7 0 -  . 8 3 0
2 9 3 3 0 . 2 9 7 1 . 0 1 0 -  . 7 1 3
3 0 3 4 0 .3 6 5 . 9 5 0 -  . 5 8 5
31 3 5 0 .4 1 5 ; 9 0 0 -  . 4 8 5
32 0 . 4 3 0 . 8 7 0 -  . 4 4 0

33 0 . 5 1 0 . 9 5 0 -  . 4 4 0 R ig h t  hand s i d e  o f  o u t l e t
34 50 .3 2 5 1 . 1 3 5 -  . 8 1 0 cone b e n t .
35 60 . 3 1 0 1 . 1 5 0 -  . 8 4 0 I n d i c a t e d  O o n  F i g . 2 . 2 A .
36 70 .2 8 5 1 . 1 8 0 -  . 8 9 5
37 80 . 2 5 7 1 . 2 1 0 -  . 9 5 3
38 2 9 0 .2 4 5 1 . 2 2 2 -  . 9 7 7
39 300 .2 6 0 1 . 2 0 5 -  . 9 4 5
40 3 1 0 .2 8 5 1 . 1 9 0 -  . 9 0 5
41 320 .3 2 5 1 . 1 5 0 -  . 8 2 5
42 3 3 0 .3 8 3 1 . 0 9 0 -  . 7 0 7
43 0 . 5 1 0 . 9 5 0 -  . 4 4 0



Table 2 ,4  A and B

N est  o f  tu b e s  r o t a t e d  th ro u g h  180°• P r e s s u r e  d i s t r i b u t i o n  
on the  s u r f a c e  o f  the c e n t r e  tu bes  o f  th e  1 s t  and 7 t h  rows 
and on the  f i r s t  tube t o  the r i g h t  o f  th e  c e n t r e  l i n e  o f  
th e  2nd row.

S e c t i o n  2-f i n c h e s  from b a c k . w a l l  -  S t a g g e r e d  a r ra n g e m e n t ,

1 s t  Row.
?
No, o f  
iExpt. Angle

P r e s ­
su re
Tube

Lj I n ­
l e t  o f  
n e s t

D iffer - :  j

f t . o f  ! Remarks. j 
H2 0 j |

x 0 0 . 6 8 5
■

0 . 6 4 5
i " ' l

+ 0 . 0 4 0 ’; Water  t e m p e ra tu re  1 8 , 4 ° C  1
1 2 10 . 6 8 0 .6 4 5 + . 0 3 5 j  V e n tu r i  Meter 2 . 1 0  f t . o f  wateii

3 20 + . 0 1 7 ;  !
4 30 - 0 . 0 1 5 i !
5 4 0 • 635 .6 9 5 -  . 0 6 0 !
6 50 • 600 .7 2 3 -  . 1 2 3 j
7 60 . 5 6 5 .7 5 5 -  .1 9 0 1
8 70 . 5 2 5 . 7 9 7 -  . 2 7 2  | i
9 80 . 5 0 0 . 8 2 5 -  . 3 2 5  [

10 90 , 4 8 7 .8 3 2 -  . 3 4 5  |
11 100 . 4 9 5 . 8 2 5 -  . 3 3 0 ]  I
12 0 . 685 .6 4 5 i
13 1 1 0 .5 0 2 .8 1 5 -  . 3 1 3  | !

! 14 120 . 5 0 5 .8 1 5 -  . 3 1 0 ;
15 1 4 0 . 5 0 5 . 813 -  . 3 0 8  !
16 160 . 500 .8 1 7 -  . 3 1 7 !
17 1 8 0 , 5 1 0 . 8 1 0 -  . 3 0 0 !
18 2 0 0 . 5 0 1 .8 1 7 -  .3 1 6 1  j
19 2 2 0 . 5 0 5 . 8 1 5 “ . 3 1 0
20 2 4 0 . 5 0 5 . 8 1 7 -  . 3 1 2  1
21 2 6 0 . 4 9 5 . 8 2 5 -  . 3 3 0 !
22 0 . 6 8 5 . 645
23 2 7 0 . 4 9 0 . 8 3 7 -  . 3 4 7 '
24 2 8 0 .4 9 2 . 8 2 7 -  .3 3 5 |
25 2 9 0 . 5 2 5 . 8 0 0 -  . 2 7 5 i
26 300 . 5 6 0 . 7 6 0 -  . 2 0 0  !
27 310 . 5 9 5 . 7 2 3 -  . 1 2 8  I
28 320 . 6 3 0 . 6 9 5 - . 0 6 5  |
29 3 3 0 -  . 0 1 7  i
30 340 + . 0 1 5 !
31 350 + . 0 5 2  |
32 0 . 685 . 6 4 5 + . 0 4 0  i

. .  1................................................ ....................... .  . .  .

2nd Row.

1 o !j
;

+ 0 . 0 4 0 ;  Water te m p e r a tu re  1 8 . 4 ° C
2 10 ■

j + . 0 1 0  1 V e n tu r i  Meter  2 . 1 0  f t . o f  w a te r
‘3 20 0 . 6 8 5 ! 0 . 8 0 7 - 0 . 1 2 2  !



T a b le  2 . 4  A and B , c o n tin u e d

No. of' 
Expt • Angle

P r e s - ; I n ­
sure  ; l e t  o f  
Tube : n e s ti

D if fe r - .  
ence j 
f t . o f  j
e 2 o !

Remarks.

4 30

------ ----------------
i

0 . 6 0 0 : 0 . 8 9 0
i

- 0 . 2 9 0  :
5 40 . 5 3 0 :  . 9 6 0 -  . 4 3 0  1
6 50 . 4 9 5 ;  . 9 9 5 -  . 5 0 0  1
7 60 , 4 8 0 : 1 . 0 0 5 -  . 5 2 5  i
8 70 . 4 8 0 ' 1 . 0 0 5 -  . 5 2 5  j
9 80 . 4 8 5  1 . 0 0 5 -  . 5 2 0

10 90 , 4 8 5 ; 1 . 0 0 0 -  . 5 1 5  !
11 100 . 4 9 0 '  . 9 9 5 - . 5 0 5  |
12 0 .7701 . 7 5 0 !
13 110 . 5 0 8 ;  . 9 8 0 -  . 4 7 2  i
14 1 2 0 . 5 2 5 ; . 9 6 0 -  . 4 3 5  |
15 1 4 0 . 5 6 0 ;  . 9 2 5 -  . 3 6 5
16 160 . 5 8 0 ;  . 9 0 5 -  . 3 2 5
17 180 . 5 9 0 !  . 9 0 0 -  . 3 1 0
18 2 0 0 * 5 8 5 1 . 9 0 6 -  . 3 2 1
19 2 2 0 .5651 . 9 2 3 -  . 3 5 8
20 2 4 0 . 5 3 2 ;  . 9 5 0 - . 4 1 8
21 2 6 0 •505j . 9 8 0 -  . 4 7 5 , 5 0 0  - , 9 8 5  = - . 4 8 5 .
22 0 1 + 0 . 0 4 0
23 2 7 0 . 4 9 5  j , 9 9 2 - . 4 9 7
24 2 8 0 . 4 9 5 !  . 9 9 5 -  . 5 0 0
25 2 9 0 . 4 9 5  j . 9 9 0 -  . 4 9 5  1
26 300 .4971 . 9 9 0 -  . 4 9 3 ?
27 3 1 0 .5 0 0 *  . 9 9 0 -  . 4 9 0
2 8 3 2 0 . 5 3 0 !  •955 -  . 4 2 5  |
29 3 3 0 , 5 9 8 !  . 8 9 0 -  . 2 9 2  j
30 3 4 0 . 6 9 0 ,  . 8 0 5 -  . 1 1 5  1
31 3 5 0 ii + 0 . 0 1 0  j
32 0_____ _ _ _ _ _ _ i_ _ _ _ _ _ _ + . 0 4 2

7th Row•
1 0 0 . 4 8 0  j 0 . 9 1 2 ! - 0 . 4 3 2  ! W ater  te m p e ra tu re  1 8 .0 ° C
2 10 . 4 6 0 ;  . 9 3 0 I -  . 4 7 0  j V e n tu r i  Meter 2 . 1 0  f t , o f  water
5 20 , 4 1 0 !  . 9 8 0 i -  . 5 7 0
4 30 * 3 5 0 11 . 0 3 5 j -• . 6 8 5  1
5 40 . 3 0 0 ; 1 . 0 8 5 ! - , 7 8 5  |
6 50 . 2 8 0 | 1 .1 1 2 j -  . 8 5 2
7 60 . 2 5 5 1 1 . 1 3 0 I -  . 8 7 5  I
8 70 . 2 3 5  j1 . 1 4 5 ! -  . 9 1 0  I
9 80 . 2 1 5  1 . 1 7 0 ! -  . 9 5 5  j

10 - 90 . 2 0 5 ; 1 . 1 8 0 ! -  . 9 7 5  ; :11 100 . 2 1 5 1 1 . 1 6 5 i - . 9 5 0
12 0 . 4 8 0 !  . 9 1 0 I
13 110 , 2 3 0 1 1 , 1 6 0 -  . 9 3 0  1
14 120 .2 4 2  i1 . 1 4 5 I -  . 9 0 3  i
15 140 . 2 6 0 ! 1 . 1 3 0

Oco•1



Table 2 .4  A and B, continued*
!
jNo.of  
E xp t  • Angle

P r e s ­
su re
Tube

r i n ­
g l e t  o f  
Nest

f Differ~j  
ence | 
f t . o f  | 

|H2 0 .  !
Remarks• j

I

! 16 160 0 . 2 7 0
;
1 . 1 2 0

—
!

- 0 . 8 5 0 '

■ - .. , —............ . ■ »' . 1 1 i
|
t

17 180 . 2 7 2 : 1 . 1 1 5 -  . 8 4 3  i }
18 200 . 2 7 0 1 . 1 1 8 -  . 8 4 8  1 i
1 9 2 2 0 . 2 6 2 1 . 1 2 2 -  . 8 6 0 i
2 0 2 4 0 . 2 6 0 1 . 1 3 0 -  . 8 7 0 See l a t e r  r e a d i n g s . j

n st it I21 260 . 2 5 5 1 . 1 3 2 -  . 8 7 7
22 0 . 4 8 0 . 9 1 2 - i
23 2 7 0 . 2 0 0 1 . 1 9 5 -  . 9 9 5 !
24 280 . 2 0 5 1 . 1 9 0 -  . 9 8 5 i
2 5 2 9 0 . 2 2 0 1 . 1 7 0 -  . 9 5 0 j
26 300 . 2 4 5 1 . 1 5 0 -  . 9 0 5
2 7 310 . 2 6 0 1 . 1 2 5 -  . 8 6 5 j
28 320 . 2 9 5 1 . 1 0 0 -  . 8 0 5 t
29 330 . 3 4 5 1 . 0 4 3 -  . 6 9 8 |
30 3 4 0 . 4 1 0 . 9 8 5 -  . 5 7 5 1
31 350 . 4 6 0 . 9 3 0 - . 4 7 0 '
32 0 . 4 8 0 . 9 1 3 i -  . 4 3 3
33 0 . 4 3 5 . 8 6 5 -  . 4 3 0 !
34 180 . 2 3 0 1 . 0 6 7 -  . 8 3 7 may be low. :
35 200 . 2 2 5 1 . 0 7 0 -  . 8 4 5
36 2 2 0 . 2 1 7

. 2 1 7
1 . 0 9 0
1 . 0 8 0

-  . 8 7 3
-  . 8 6 3 u n s t a b l e .  j

37 2 4 0 . 2 0 0
. 2 0 0

1 . 1 2 0
1 . 1 1 0

-  . 9 2 0
-  . 9 0 0

i!
u n s t a b l e

38 2 5 0 . 1 9 0 1 . 1 0 2 -  . 9 1 2 i
39 2 6 0 . 1 8 0 1 . 1 1 4 -  . 9 3 4
4 0 2 7 0 . 1 7 2 1 . 1 2 0 -  . 9 5 2 kink i n  p i p e .  i
41 2 7 0 . 1 5 5 1 . 1 4 5 -  . 9 9 0



Table 2 .5  A

In v e s tig a tio n  of asymmetry o f normal p ressu re a t  the su rface
of the cen tre  tube of the 7th  How. -  Staggered arrangem ent.

—1
Expt« 
No.

Distance
from
back
w all.

Angle
of

Rotation

In let
pressure

Cms • of 
Water.

Outlet
pressure

Cms. of 
’Water •

Total re­
sistance 
of Nest. 
Cms. of 
Wator•

Exploration Tube 
Pressure above 

atmosphorc•
Cms. of Water.

1 iff& 0 -1 .084 -2 0 .2 19.1 -1 1 .4
2 180 -2 0 .3 19.2 -2 1 .6
3 60 19.2 23.1 -22 .4
4 300 -2 0 .5 19.4 22.7  -22 .3
5 90 -1 .093 -2 0 .6 19.5 -24 .8
6 0 -1 .101 -2 0 .5 19.4 -1 1 .7
7 60 -2 0 .6 19.5 21.4 -21 .2
8 90 -2 5 .7
9 180 -2 0 .8 19.7 -2 2 .8

10 270 -1 .110 -2 0 .7 19.6 25.4  -2 5 .0
11 300 -24 .2
12 2i 0 -2 0 .8 19.7 12.9 -12 .2
13 60 -2 0 .9 19.8 22 .7  -2 1 .7

t 14 90 25.9 -2 5 .3
15 180 23.1 -22 .9
16 270 -25 .0 :
17 300 24.9  -2 3 .7
18 s - | 0 -1 .128 -2 1 .1 20.0 13.7 -13 .2
19 60 25.2 -23 .3
20 90 28.5  -2 8 .1
21 180 -1 .120 24.2 -2 3 .5
22 270 28.0  -27 .5
23 300 27.2 -2 6 .0
24 si 0 -1.128 -21 .1 20 14.0 -13 .5
25 60 27.2 -26 .5
26 90 29.0  -28 .2
27 180 24.2 -23 .7
28 270 28.2 -27 .7
29 300 27.2 -25 .2
30 3i 0 -1.110 -2 0 .9 19.8 13.2 -1 2 .5
31 60 25.5  -25 .0
32 90 -2 5 .0
33 180 -22 .7
34 270 -2 5 .9
35 300 2 4 .7  -2 3 .0
36 ° -1 .120 -20 .9 19.8 -12.2
37 60 -2 5 .7
38 90 -2 1 .0 19.9 -25 .9
39 180 -23 .3
40 270 -2 6 .7
41 300 -1 .1 2 8 19.9 -2 2 .3
42 si 0 -12 .2

i 43 60 25.7  -2 5 .0
| 44 90 -2 6 .5

45 180 -2 3 .1
! 46 270 -26 ,7
J 7 son 24.7  -22 .8



Table 2 .5  B

I n v e s t i g a t i o n  o f  asymmetry o f  normal p r e s s u r e  a t  s u r f a c e  o f  
th e  c e n t r e  tube o f  th e  1 s t  Row. -  S t a g g e r e d  a r ra n g e m e n t .

Expt. 
No.

Distance 
from back 
wall in  
inche s ,

Angle
of

Rotation

In let 
Pressure.

Cms. of 
Water.

Exploration Tube 
Pressure above at­
mosphere .
Cms. of Water.

1 i_ 60° 1.21 -7 .8 -7 .3
2 i f

s|
-7 .5 -7 .2

3 -7 .9 -7 .5
4 2-J -7 .9 -7 .6
5 3 -8 .0 -7 .7
6 -7 .9 -7 .7
7 3 f -7 .9 -7 .68 4-J -7 .8 -7 .5
9 5# * -8 .2 -7 .7

10 i
i f

30 a3 1.21 -7 .4 -6 .811 -7 .5 -6 .9
12 i -7 .9 -7 .0
13 -7 .7 -6 .7
14 3 -7 .2 -6 .8
15 3 i -7 .2 -6 .7
16 3§ -7 .3 -7 .1
17 4-| -7 .3 -6 .9
18 c i

'
-7 .4 -6 .8



Table 3 ,6

Normal p r e s s u r e  a t  s u r f a c e  o f  c e n t r e  tube o f  4 t h  Row. 
( i . e . l a s t  row) P a r a l l e l  Arrstfigement. 2 1 . 6 ° C  3 0 . 3 4 ' JHp

Expt. 
No.

Distance 
from 
back 
w a ll.

Angle
of

Rotation.

In let
pressure
Cms. of 
Water.

Outlet
pressure
Cms. of 
Water•

Total re­
sistance 
of Nest. 
Cms. of 
Water.

Exploration Tube 
Pressure above 

atmosphere.
Cms ̂  o f Water •

1 t l  tr 
-*•8 0 -1 .454 -21 .4 19.9 -1 5 .6

2 10 -1 5 .7
3 20 -16 .3
4 30 -21 .5 20.0 -17 .4
5 40 -21 .4 19.9 - l f r . l
6 50 -2 1 .6
7 60 -2 1 .5 20.0 -2 4 .8
8 70 -28 .2
9 80 -30 .6

10 90 -31 .4
11 100 -30 .4
12 110 -28 .4
13 120 -2 6 ,6
14 130 -2 5 .8
15 140 -2 5 .5
16 150 -2 5 .5
17 160 -25 .4
18 170 -25 .1
19 180 -25 .1
20 190 -21 .5 20.0 -25 .1
21 200 -2 5 .3
22 210 -25 .5
23 220 -25 .6
24 230 -26 .0
25 240 -26 .9
26 250 -2 8 .9
27 260 -30 .9
28 270 -21 .5 20.0 -31 .7
29 S80 -30 .5
30 290 -27 .6
31 300 -24 .0
32 310 -20 .7
33 320 -18 .3
34 330 -16 .6
35 340 -15 .9
36 350 -15 .7
37 360 -1 .454 -2 1 .5 20.0 -15 .6

1 3 0 -1 .445 -21 .5 20.1 -15.75
2 10 -15 .8
3 20 -1 6 .1
4 30 -1 7 .0



Table 2 .6 ,  continued

Expt« 
No.

Distance
from
back
wall.

Angle, 
of

Rotation

In let
pressure
Cms. of 
Water«

Outlet
pressure
Cms. of 
Water.

Total re­
sistance 
of Nest. 
Cms, of 
Water•

Exploration Tube 
Pressure above 

atmosphere.

Cms. of Water.

5 3” 40 -1 .445 -21 .5 20.1 -18 .8
6 50 -21 .4
7 60 -24 .6
8 70 -28 .1
9 80 -3 0 .7

10 90 -31 .6
11 100 -3 0 .7
12 110 -2 8 .7
13 120 -26 .9
14 130 -2 6 .0
15 140 -25 .6
16 150 -25 .6
17 160 -25 .4
18 170 -25 .3
19 180 -25 .3
20 190 -25 .3
21 200 -25 .5
22 210 -25 .6
23 220 -25 .6
24 230 -2 6 .0
25 240 -27 .0
26 250 -29 .0
27 260 -31 .1
28 270 -31 ,8
29 280 -30 .5
30 290 -27 .7
31 300 -24 .1
32 310 -20 .8
33 320 -18 .4
34 330 -16 .8
35 340 -16 .0
36 350 -15 .8
37 360 -1.445 -21.5 20.1 -15.75

i 4 i 0 -1 .454 -21 .5 20.0 -15 .6
2 ! 10 -15.75
3 20 -21 .5 20.0 -16.2
4 30 -17.2
5 40 -18 .8
6 50 -21 .4
7 60 -21.4 19.9 -24 .5
8 70 -28 .0
9 80 -21.4 19.9 -30 .6

10 90 -21 .5 20.0 -31 .8
11 100 -30 .7



Table 2 .6 ,  continued

0P, o

Distance 
from 
back 
wall •

Angle
of

Rotation

In let
pressure

Cms. of 
Water•

Outlet
pressure
Cms. of 
Water.

Total re­
sistance 
of Nest. 
Cms. of 
Water.

Exploration Tube 
Pressure above 

atmosphere.

Cms. of Water.

12 110 -1.454 -2 1 .5 20.0 -28 .7
13 120 -2 6 .9
14 130 -25 .9
15 140 -1.454 -2 1 .4 19.9 -25 .6
16 150 -25 .4
17 160 -25 .3
18 170 -25 .3
19 180 -2 5 .1
20 190 -25 .1
21 200 -21 .3 19.8 -25 .3
22 210 -25 .4
23 220 -25 .6
24 230 -2 6 .0
25 240 -27.2
26 250 -29 .1
27 260 -3 1 .1  ?
28 270 . -31 .8
29 280 -2 1 .4 19.9 -30 .5
3P 290 -27 .5
31 300 -23 .9
32 310 -2 0 .5
33 320 -18 .0
34 330 -16 .5
35 340 -15.75
36 350 -15 .5
37 360 -1.454 -21 .4 19.9 -15 .5



Table 3.3
D e te rm in a t io n  o f  " s h i f t ” o f  v e l o c i t y  d i s t r i b u t i o n  c u r v e  f o r  
an a i r  j e t  2 c m s .d i a m e te r  when r e c o r d e d  w i th  c y l i n d r i c a l  
P i t o t  t u b e .

S ta n d a rd  P i t o t  tube 0 . 0 9  i n s i d e  d i a m e t e r  0 . 2 4 4  e x t e r n a l  
d i a m e t e r .

C y l i n d r i c a l  P i t o t  tube 0 . S 3 5  c m s . e x t e r n a l  d ia m e te r  -  
P r e s s u r e  h o l e  0 . 1 6 5  cms. d i a m e t e r .

A ir  V e l o c i t y  u0 “ 3 , 9 0 0  c m s .p e r  s e c o n d .  2 4 . 5 ° C
S tan d ard  P i t o t  1-|- D = 3 c m s . , f r o m  n o z z l e .

Expt. 
No.

Total
Hoad Zero,

------  --- -■]
Total 
Head — 
Zero 
= H.

Cms •
y -

39.25
Pitot 
Tube.

Pitot 
Tube — 
Zero 
= h.

h
H

i|U
I u0 ~

H

1 7 5 . 8 1 0 . 5 0 6 5 . 3 3 7 . 5 - 1 . 7 5 1 0 . 5 0
2 3 7 . 8 - 1 . 4 5 1 0 . 4 5 - 0 . 0 5
5 3 8 . 0 - 1 . 2 5 1 6 . 5 0 6 . 0 . 0 9 1 9 . 3 0 3
4 3 8 . 1 - 1 . 1 5 2 4 . 1 1 3 . 6 . 2 0 9 . 4 5 7
5 7 5 . 2 6 4 . 7 3 8 . 2 - 1 . 0 5 3 7 . 3 2 6 . 8 . 4 1 4 . 6 4 4
6 3 8 . 5 . 9 5 5 3 . 7 4 3 . 2 . 6 6 7 . 8 1 7
7 3 8 . 4 -  . 8 5 6 6 . 0 5 5 . 5 . 8 5 5 . 9 2 5
8 4 0 . 1 + . 8 5 6 6 . 5 5 6 . 0 .8 6 2 . 9 2 8
9 4 0 . 2 .9 5 5 3 . 0 4 2 . 5 . 6 5 4 . 8 0 9

10 75 o 6 6 5 . 1 4 0 . 3 1 . 0 5 3 9 . 0 2 8 . 5 . 4 3 8 . 6 6 2
11 4 0 . 4 1 . 1 5 2 6 . 0 1 5 . 5 . 2 3 8 . 4 8 8
12 4 0 . 5 1 . 2 5 1 8 . 9 8 . 4 .1 2 9 .3 5 9
13 4 0 . 6 1 . 3 5 1 3 . 7 3 . 2 . 0 4 9 . 2 2 2
14 4 0 . 8 1 . 5 5 1 0 . 6 .1 .0 0 1 5 .0 1 2
15 4 1 . 0 1 . 7 5 1 0 . 4 5 -  . 0 5
16 4 1 . 5 2 . 2 5 1 0 . 5 0 0 0
17 7 5 . 6 6 5 . 1 3 8 . 5 -  . 7 5 ■ 73.6 6 3 . 1 . 9 6 8 . 9 8 3
18 3 8 . 6 -  . 6 5 7 5 . 1 6 4 . 6 . 9 8 4 .9 9 2
19 3 8 . 7 -  . 5 5 7 5 . 5 6 5 . 0 . 9 8 4 .9 9 2
20 3 9 . 4 + . 1 5 7 5 . 0 6 4 . 5 .9 7 2 . 9 8 6



Table 3 .3 ,  continued.

Expt. 
No.

Total
Head Zero.

Total 
Head -  
Zero 
= H.

y
Cms.

y
-39.25

Pitot 
Tube.

Pitot
Tube-
Zero 
8 h

h
H

u

/ °  
*TT _

21 75.6 10.50 65.1 39.9 + 0.65 75.0 64.5 0.968 0.984
22 39.0 -  .25 76.8 66.3 .993 .996
23 77.6 67.1 39.4 + .15 76.0 65.5 .977 .988
24 75.7 65.2 40.0 .75 72.0 61.5 .944 .972
25 39.8 .55 75.1 64 • 6 .991 .995
26 75.6 65.1 39.7 .45 74.9 64.4 .989 .994
27 37.8 -1 .45 10.8 .3 .0046 .068
28 37.7 -1 .55 10.4 - .1
29 37.9 -1 .3 5 12.4 1.9 .029 .171

C y l i n d r i c a l  P i t o t .  5 cm.from n o z z l e .—
yT-42.13

0.04&1 75.0 10.5 64.5 40.5 -1 .63 13.6 3.1 .219
2 40.7 -1 .43 19.9 9.4 .146 .382
3 43.8 1.67 12.8 2.3 .035 .189
4 44.0 1.87 11.7 1.2 .019 .136
5 44.5 2.37 11.0 .5 .008 .088
6 45.0 2.87 10.7 .2 .003 .055
7 45.5 3.37 10.5 0
8 10.5 46.0 3.87 10.5 0
9 38.7 -3 .43 10.55 .05 .0008 .028

10 38.9 -3 .23 10.55 .05 .028
11 39.2 -2 .93 10.6 .1 .0015 .039
12 39.4 -2 .73 10.7 .2 .003 .055
13 39.7 -2 .43 11.0 .5 .007 .088
14 75.5 65.0 39.9 -2 .23 11.3 .8 .0123 .111
15 40.0 -2 .13 11.5 1.0 .0153 .124
16 40.1 -2 .03 11 • 65 1.15 .0175 .132
17 40.3 -1 .83 12.0 1.5 .0228 .151
18 40.5 -1 • 63 13.4 2.9 .044 .210
19 40.7 -1 .43 20.2 9.7 .146 .385
20 | 40.8 -1 .33 27.8 17.3 .260 .510
21 j 43.6 + 1.47 18.3 7.8 .117 .342
22 1 43.5 1.37 22.9 12.4 .185 .431
23 77.5 67.0 43.4 1.27 31.6 21.1 .315 .561



Table 3 .3 , continued.

Expt. 
No.

Total

Head.
Zero.

Total 
Head- 
Zero 
= H

VV

Cms
y

-42.13
Pitot
Tube

Pitot 
Tube -  
Zero 
= h

h
H

ii

24 67.0 43.3 1.17 42.0 31.5 .470 .685
25 43,2 1,07 53.4 42.9 .640 .800
26 43.1 .97 62.3 51.8 .771 .878
27 77.8 67.3 43.0 .87 67.6 57.1 .849 .921
28 40.8 -1 .3 3 27.5 17.0 .252 .503
29 40.9 -1 .23 38.2 27.7 .412 .642
30 41.0 -1 .13 50.5 40.0 .595 .772
31 77.8 67.3 41.1 -1 .03 61.2 50.7 .754 .868
32 41.2 - .93 68.0 57.5 .855 .925
33 41.3 - .83 71.7 61.2 .909 .952
34 41.4 - .73 73.8 63.3 .941 .970
35 41.5 - .63 74.5 64.0 .948 .974
36 41.6 -  .53 75.7 65.2 .974 .987
37 41.7 - .43 76.1 65.6 .981 .990
38 77.2 66.7 41.8 - .33 76.2 65.7 .986 .993
39 42.0 - .13 76.6 66.1 .992 .996
40 42.2 + .07 76.5 66 • 0 .995 .998
41 42.4 .27 75.7 65.2 .984 .992
42 42.5 .37 75.4 64.9 .979 .990
43 42.6 .47 74.5 64.0 .967 .984
44 42.7 .57 73.5 63.0 .950 .975
45 42.8 .67 72.1 61 • 6 .927 .963
46 42.9 .77 70.0 59.5 .907 .953
47 76.2 10.5 65.7 43.0 .87 66.7 56.2 .856 .926
48 44.2 2.07 11.4 .9 .0137 .117

C y l in d r ic a l  P i t o t .  3 .D  = 6 cms.from n ozz le .
y-42.15

1 76.0 10.5 65.5 39.5 -2 .65 10.8 .3 .0046 .068
2 39.7 -2 .4 5 11.0 .5 .0076 .087
3 40.0 -2 .15 11.3 .8 .0122 .110
4 40.3 -1 .85 12.9 2.4 .0367 .191
5 40.5 -1 .65 16.0 5.5 .084 .290
6 40.7 -1 .45 22.2 11.7 .179 .423
7 40.8 -1 .3 5 27.1 16.6 .253 .503
8 40.9 -1 .25 33.2 22.7 .347 .589
9 76.1 65.6 41.0 -1 .1 5 40 29.5 .450 .670

10 43.2 + 1.05 45.1 34.6 .527 .726
11 43.3 1.15 38.3 27.8 .424 .651
12 43.4 1.25 32.3 21.8 .332 .577
13 43.5 1.35 27.0 16.5 .252 .502
14 43.6 1.45 22.5 12.0 .183 .428
15 43.7 1.55 19.2 8.7 .133 .364
16 43.8 1.65 16.5 6.0 .092 .303



Table 3 .3 ,  continued.

Expt. 
No.

Total
Head Zero.

Total 
Head - 
Zero 
= H.

y
Cms.

y
-42.15

Pitot 
Tube.

Pitot 
Tube - 
Zero 
= h .

h
H

u _ 
u0-

V Tv H

17 76,1 10.5 65.6 43.9 1,75 14.8 4 .3 • 066 .256
18 44.0 1.85 13.4 2 .9 .044 .210
19 * 44.2 2.05 11.8 1.3 .0198 .141
20 44.4 2.25 11.1 .6 .0092 .096
21 44.6 2.45 10.9 .4 .0061 .078
22 45.0 2.85 10.7 .2 .0031 .055
23 75.9 65.4 45.5 3.35 10.5 0 0 0
24 43.2 1.05 45.3 34.8 .532 .730
25 43.1 .95 52.2 41.7 .638 .798
26 43,0 .85 58.5 48.0 .734 .857
27 42.9 .75 63.5 53.0 .810 .900
28 42.8 .65 67.3 56.8 .870 .933
29 42.7 .55 70.0 59.5 .910 .954
30 42.6 .45 72.1 61.6 .942 .971
31 42.5 .35 73.1 62.6 .957 .978
32 42.4 .25 73.9 63.4 .970 .985
33 42.3 .15 74.2 63.7 .974 .987
34 42,2 .05 74.6 64.1 .980 .990
35 42.1 -  .05 74.8 64.3 .982 .991
36 10.55 65.65 42.0 - .15 74.7 64.15 .977 .989
37 41.9 - .25 74.5 63.95 .975 .988
38 76.2 41.8 - .35 74.2 63.65 .970 .985
39 41.7 -  .45 73.2 62.65 .954 .977
40 41.6 - .55 72.3 61.75 .941 .970
41 41.5 - .65 70.2 59.65 .909 .954
42 41.4 - .75 66.9 56.35 .858 .926
43 41.3 - .85 61.6 51.05 .778 , .882
44 41.2 - .95 55.3 44.75 .682 .826
45 41.1 -1 .05 47.9 37.35 .569 .754
46 41.0 -1 .15 39.9 29.35 .447 .669
47 39.0 -3 .15 10.7 .15 .0023 .048
48 38.5 -3 .65 10.55 0
49 10.55 |

i
38.0 -4 .15 10.55 0

Stan dard  P i t o t .  3 .D ® 6 cms .from  n o zz le .

y-3$.3
1 76.2 10.55 65.65 37.3 -2 .0 10.6 .05 .0008 .028
2 37.5 -1 .8 10.9 .35 .0053 .073
3 37.7 -1 .6 12.6 2.05 .031 .177
4 37.9 -1 .4 17.5 6.95 .107 .326
5 38.0 -1 .3 21.5 10.95 .168 .410
6 38.1 -1 .2 26.8 16.25 .251 .500
7 38.2 -1 .1 33.9 23.35 .361 .601
8 38.3 -1 .0 42.0 31.45 .488 .699



Table 3 .3 ,  continued

Expt« 
No*

Total
Head. Zero.

Total 
Head - 
Zero 
-  H.

y
Cms.

y
-39.3

Pitot 
Tube •

Pitot 
Tube -  
Zero
= h .

h
H

u _
«o"
V T

H

9 38.4 -  .9 50.5 39.95 .621 .788
10 74.8 64.25 38.5 - .8 59.6 49.05 .764 .874
11 76.2 65.65 38.5 -  .8 60.6 50*05 .762 .873
12 40.0 + .7 62.8 52.25 .794 .891
13 40.1 .8 56.1 45.55 .689 .830
14 40.2 .9 47.7 37.15 .560 .749
15 40.3 1.0 39.5 28.95 .435 .660
16 40.4 1.1 32.9 22.35 .335 .579
17 40.5 1.2 26.5 15.95 .238 .488
18 40.6 1.3 22.1 11.55 .172 .415
19 78.0 67.45 40.7 1.4 18.3 7.75 .115 .339
20 76.0 65.45 40.7 1.4 18.0 7.45 .114 .337
21 40.8 1.5 15.3 4.75 .073 *270
22 41.0 1.7 12.1 1.55 .024 .154
23 65.00 41.2 1.9 10.9 .35 .0054 *073
24 41.4 2.1 10.6 .05 .0008 .028
25 41.6 2.3 10.5 -  .05
26 ‘ 10.55 42.0 2.7 10.55 0 0 0
27 74.9 64.35 39.2 -  .1 74.9 64.35 L000 1.000
28 76.1 65.55 39.2 -  .1 75.8 65.25 .997 .999
29 39.0 -  .3 75.8 65.25 .997 .999
30 38.8 -  .5 74.2 63.65 .972 .986
31 38.6 -  .7 66.6 56.05 .854 .924
32 38.6 -  .7 67.0 56.45 .861 .928
33 38.7 -  .6 71.9 61.35 .934 .966
34 38.5 - .8 59.4 48.85 .744 .862
35 39.4 + .1 75.7 65.15 .977 .989
36 39.5 .2 75.5 64.95 .989 .995
37 39*6 .3 75.0 64.45 .980 .990
38 39.7 .4 73.8 63.25 .962 .981
39 39.8 .5 71.6 61.05 .927 .963
40 39.9 .6 68.2 57.65 .874 .935
41 76.6 66.05 40.0 .7 62.9 52.35 .793 .890



Table 5.4C (See a lso  table 1 1 .2  and 1 1 .3 )

E f f e c t  o f  v a r i a t i o n  o f  a i r  speed on mean o r d i n a t e  of  
form drag  diag ram .

E x p e rim e n ts  were c a r r i e d  out on the  f i r s t  row, c e n t r e  
tube a t  a d i s t a n c e  o f  3 . 8  cm s .from  th e  back w a l l  -  
P a r a l l e l  a r ra n g e m e n t .

1 s t  Row.

E x p t . 
No.

C a th e  - 
tome t e r  
R eading .

Tach^om eter Anemometer Mean O rdinate

1 1 .0 2 1 cm s 1 9 4 0  R.P.M. 9 8 . 5  m . p . h . 7 . 3 4 2  cms.

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

3 1 . 1 6 0 2 0 6 5 1 0 6 . 2 5 8 . 3 9 7

4 1 . 1 9 3 2 1 1 0 1 0 9 . 0 8 . 8 2 5

5 1 . 2 1 8 2 1 4 0 1 1 0 . 5 9 . 0 6 0

6 1 . 2 7 5 2 1 8 2 1 1 3 , 2 5 9 . 4 4 7

7 1 . 3 2 5 2 2 2 0 1 1 5 . 7 5 9 . 7 8 2



Table 5 .5

R e l a t i o n s h i p  between ,fc e n t r a l  o r d i n a t e ” and ”mean o r d i n a t e ” 
o f  form d ra g  d i a g r a m s .

P a r a l l e l  a r ra n g e m e n t .

F i r s t  Row, c e n t r e  t u b e .

V a r i a b l e  speed t e s t  -  s e c t i o n  5 . 4

Mean O r d i n a t e . 7 . 3 4 2 7 . 7 3 5 8 . 3 9 7 8 . 8 2 5 9 . 0 6 9 . 4 4 7  9.781

C e n t r a l  O rdinate 1 0 . 1 8 1 0 . 7 1 1 1 . 6 5 1 2 . 2 5 1 2 . 6 0 1 3 . 0 6  1 3 . 5 7

Other Diagrams.

Mean O r d i n a te . 8 . 3 5 8 . 7 8 7 8 . 4 0 5 8 . 1 6 7 8 . 5 0 5 8 . 8 7 5

C e n t r a l  O r d i n a t e . 1 1 . 5 3 1 2 . 1 5 1 1 . 6 5 1 1 . 1 6 1 1 . 7 3 1 2 . 2 5

1 s t  Row -  Topi t u b e .

Mean O r d i n a t e . 7 . 9 0 5 7 . 9 5 5 8 . 1 5 8 . 1 1 2 7 . 8 8 2 8 . 0 3 7

C e n t r a l  O r d i n a t e . 1 1 . 1 5 1 1 . 2 7 1 1 . 5 5 1 1 . 3 6 1 1 . 2 0 1 1 . 3 7

Second Row.- c e n t r e t u b e .

Mean O r d i n a t e . 5 . 1 3 2 5 . 0 8 2 5 . 1 5 3 5 . 2 4 3 4 . 9 9 2 4 . 7 8 0

C e n t r a l  O r d i n a t e . 5 . 4 0 5 . 3 0 5 . 0 7 5 . 1 4 4 . 8 6 4 . 4 7

T hird  Row -  c e n t r e  t u b e .

Mean O r d i n a t e . 5 . 1 4 5 . 0 5 . 1 8 5 . 2 7 5 . 3 8

C e n t r a l  O r d i n a t e . 6 . 7 6 . 4 6 . 8 7 6 . 8 8 6 . 7

F o u r t h  Row.- c e n t r e t u b e .

V a r i a b l e  speed t e s t -  s e c t i o n  1 0 . 2

Mean O r d i n a t e . 6 . 5 1 5 . 4 6 3 . 3 9 5 2 . 1 1

C e n t r a l  O r d i n a t e . 8 . 7 5 7 . 4 0 4 . 4 5 2 . 7 6

Other D iagram s.

Mean O r d i n a t e . 5 . 5 7 5 . 4 4 5 . 4 9 7 5 . 3 6 7 5 . 6 5

C e n t r a l  O r d i n a t e . 7 . 4 3 6 . 9 1 7 . 4 7 . 1 2 7 . 4 5



F o u r t h  .Row -  Top Tube.

Mean O r d i n a t e ,  6 . 1 8 2  5 . 8 7 7  5 . 7 8 2  6 . 1 3 5  5 . 9 8 7  6 . 0 9 2

C e n t r a l  O r d i n a t e .  7 * 6  7 . 5 8  7 . 3 2  7 . 2 9  7 * 5  7 . 6 5

6 . 2 1 5

7 . 8 5



Table 5 .8

The E f f e c t  o f  I n i t i a l  Turbulence  i n  th e  A i r - S t r e a m .

These e x p e r im e n ts  were c a r r i e d  out b e f o r e  the s l i d e  damper 
was f i t t e d  t o  the  f a n  o u t l e t .  The a i r  speed was c o n t r o l l e d  
by p l a c i n g  a s a c k  o r  a s i e v e  o r  bo th  o v e r  th e  fa n  d i s c h a r g e .

A ir  Temperature  1 0 ° C .

F r e e  I n l e t .

fexpt.
■

T o t a l  F r i c t i o n C e n t r a l  O rdinate Remarks•
No. i

1 1 5 . 2  cms. 1 1 . 5 1  cms. With s a ck  and s i e v e  on
2 1 3 . 7 6 1 0 . 2 1 o u t l e t  of  f a n .
3 1 .U 8 8 . 6 1  .
4 9 . 2 5 6 . 5 6
5 9 . 3 0 6 . 6 1
6 8 . 4 0 5 . 9 6
7 6 . 7 5 4 . 6 2
8 6 . 1 3 4 . 1 9
9 1 0 . 5 0 7 . 6 8 Sack removed.

10 1 2 . 0 2 8 . 8 8 S ie v e  removed.
11 1 3 . 3 9 9 . 9 5
12 1 5 . 2 1 1 1 . 4 6
13 1 6 . 9 7 1 3 . 0 0 P l o t t e d  0
14 1 8 . 0 2 1 3 . 9 0
15 1 8 . 4 2 1 4 . 3 9
16 1 6 . 2 6 1 2 . 5 0

With c o r d s  o v e r  i n l e t  of n e s t .
i

i 1 6 . 1 1 2 . 2 6
2 1 6 . 8 2 1 2 . 8
3 1 7 . 1 8 1 3 . 1 3
4 1 7 . 7 0 1 3 . 6 5
5 1 8 . 8 5 1 4 . 5 6
6 1 8 . 2 0 1 4 . 0 9 P l o t t e d  w i t h  d o t s .
7 1 7 . 8 2 1 3 . 7 0
8 1 7 . 5 9 1 3 . 4 8
9 1 6 . 8  t o  1 6 . 9 1 1 2 . 8  t o  1 2 . 9 2

10 1 6 . 3 8 1 2 . 4 3
11 1 6 . 0 5 1 2 . 1 5
12 1 5 . 0 8 1 1 . 4 0
13 1 3 . 9 7 1 0 . 4 3
14 1 3 . 0 7

i
9 . 7 0



Table 5 .8 ,  continued

With c o r d s  and c i r c u l a r  s i e v e  o v er  i n l e t .

E x p t . 
No. T o t a l  F r i c t i o n C e n t r a l  O rd in a te Remarks.

1 1 7 . 7 0  cms. 1 3 . 4 2  cms.
2 1 6 . 3 9 1 2 . 2 2
3 1 5 . 3 5 1 1 . 4 0
4 1 4 . 4 8 1 0 . 6 2 P l o t t e d  x
5 1 3 . 3 7 9 . 7 0

With cord s and p e r f o r a t e d  z in c  o v e r  i n l e t .

1 1 6 . 6 8 1 2 . 6 5
2 1 6 . 0 9 1 2 . 0 1
3 1 5 . 3 0 1 1 . 5 1
4 1 4 . 5 5 1 0 . 9 0 P l o t t e d
5 1 3 . 5 5 1 0 . 1 2
6

i
1 2 . 2 0 8 . 9 0

With p e r f o r a t e d  z in c  8 # 2 5  c m s . i n  f r o n t  o f
f i r s t  row o f  t u b e s .

1-----------1
1 1 0 . 7 8 7 . 2 6
2 9 . 9 0 6 , 6 5
3 9 . 3 2 6 . 2 0 P l o t t e d  rCJ

j 4 8 . 8 5 5 . 8 3
! 5 
1i. ■ —i

8 . 1 3 5 . 3 2



T a b le s  7 .5  A and B

V e l o c i t y  d i s t r i b u t i o n  i n  eddy A o f  f i g u r e  7 . 3  B r

1
f A B a/ b

[
Length of  S t r e a k .

1 0 .35cm s 2 . 8  cms 0 . 1 2 5 0 . 2  cms.
2 . 5 3 . 0 . 1 6 7 . 2
3 . 7 3 . 4 . 2 1 . 3
4 . 8 3 . 2 . 2 5 • 6
5 . 7 5 2 . 7 5 . 2 7 . 65
6 . 6 3 . 5 5 . 1 7 . 3
7 . 5 5 4 . 6 . 1 2 . 2
8 . 5 4 . 2 . 1 2 . 3 5
9 . 8 4 . 2 . 1 9 . 4

10 1 . 3 4 . 6 . 2 8 . 2 5
11 1 . 5 5 4 . 6 . 3 4 . 2 5
12 1 . 9 4 . 1 . 4 6 . 7
13 2 . 3 4 . 2 . 5 5 . 9
14 1 . 5 2 . 8 5 . 5 3 1 . 1
15 1 . 8 5 2 . 8 • 66 . 9 5
16 2 . 0 5 2 . 8 . 7 3 . 8 5
1 7 1 . 4 4 . 2 . 3 3 . 6
18 1 . 7 4 . 2 . 4 0 . 8
19 2 . 3 4 . 1 . 5 6 1 . 4
2 0 3 . 0 4 . 3 . 7 0 1 . 1
21 3 . 3 4 . 2 . 7 9 1 . 1 5
22 3 . 3 3 . 9 . 8 5 1 . 0
2 3 2 . 3 4 . 6 . 5 0 1 . 0
24 1 . 5 4 . 0 . 3 7 . 7
2 5 1 . 0 4 . 2 . 2 4 . 4 5
2 6 . 8 2 . 9 . 2 8 . 6 5
2 7 . 9 3 . 2 . 2 8 • 6*
2 8 1 . 1 3 . 1 . 3 5 . 7
2 9 1 . 2 2 . 8 . 4 3 . 8 5
30 1 . 4 2 . 8 . 5 0 . 8 5
31 2 . 1 3 . 4 . 6 2 . 8 5
32 1 . 5 2 . 8 . 5 3 1 . 0
33 2 . 1 3 . 0 . 7 0 1 . 0 5
34 2 , 3 3 . 0 . 7 7 1 . 2
35 2 . 5 2 . 7 5 . 9 1 1 . 1 5
3 6 2 . 8 3 . 0 . 9 3 1 . 1
37 3 . 2 3 . 4 . 9 4 1 . 2
38 4 . 6 4 . 6 1 . 0 0 1 . 5
39 3 . 5 3 . 5 1 . 0 0 1 . 4
40 2 . 9 5 4 . 6 . 6 4 . 5 5
41 4 . 2 4 . 5 5 . 9 2 . 7 5
42 4 . 5 4 . 5 1 . 0 0 . 7
43 2 . 8 3 . 7 . 7 6 . 6 5
4 4 3 . 1 4 . 1 .7 6 . 7
45 3 . 6 4 . 0 . 9 0 . 5 5
4 6 3 . 7 4 . 4 . 8 4 . 8 5
4 7 4 . 2 4 . 5 . 9 3 . 6 5
4 8 L _ ± l i ______ 4 . 4 1 . 0 0 . 7 5



T a b le s  7 .5  A and B . c o n tin u e d

V e l o c i t y  d i s t r i b u t i o n  i n  eddy B o f  f i g u r e  7*3  B !
—

A B a/ b Length o f S tre a k .

1 0.3 cms 3 ,0  cms 0.10 0.5 cms.
2 • 6 3 .0 .20 .4
3 .7 3.2 .22 .4
4 .9 3.4 .26 .35
5 1.1 3.3 .33 .6
6 1.0 3.2 .31 .8
7 1.1 3.1 .35 . 9
8 1.2 3.0 .40 .9
9 1.5 2.9 .52 .9

10 1.9 2 .7 .70 1.0
11 2.1 2.7 .78 1.1
12 2.1 3.4 .62 .9
13 2.5 3.2 .78 .8
14 2.5 3.1 .81 1.0
15 3.1 3.1 1.00 1.2
16 3.0 3.3 .91 .8
17 3.4 3.4 1.00 1.0
18 1.5 3.4 .44 .8
19 1*6 3.4 .47 .85
20 1.9 3.4 .60 .9
21 1.6 3.0 .53 1.2
22 1.7 3.0 .57 1.2
23 2.6 3.2 .81 .9
24 2.7 3.1 .87 1.0
25 2.0 2 .8 .71 1 o 1
26 .7 3.1 .22 .4
27 1.1 3.1 .35 .5
28 1.6 3.0 .53 1.1
29 1.9 2 .9 .65 1.0
30 2.0 2 .9 .69 1.0
31 2.1 2.9 .72 1 .0
32 1.5 3.1 .48 .55
33 1.3 3.2 .41 .5
34 .8 3.3 .24 .3
35 .45 3.3 .14 .3
36 .2 2 .8 .07 .4
37 1.7 3.3 .52 .5
38 2.1 3.2 .66 1.0
39 2.5 3.2 .78 1.0
40 2.7 3.2 .84 1.0
41 1.2 3.2 .37 .5
42 1.8 3.4 .53 .6
43 1.9 3.3 .57 .7
44 2.2 3.3 .67 1.0
45 2.3 3.3 .70 .6
46 2.9 3.1 .94 1.0



Table 7 .5  A and B, continued

A B a/ b Length o f  S t r e a k .

47 3 . 3  cms 3 . 3  cms 1 . 0 0 0 , 8  cms
48 1 . 6 3 . 0 .5 3 . 6 5
49 1 . 7 2 . 9 . 5 9 . 7 5
50 2 . 0 2 . 9 . 6 9 1 . 1
51 2 . 5 2 . 9 . 8 6 1 . 2
52 2 . 7 2 . 7 1 . 0 0 1 . 5



T able 8 .6

V e l o c i t y  a t  th e  tube s u r f a c e  as  d eterm in ed  by th e  e l e c t r i c  
t r a y  e xp erim en t w ith  wakes i n  p o s i t i o n .

I n  a i r  f lo w  e x p e rim e n ts  f o r  c e n t r e  tube o f  f i r s t  row shown 
in  f i g . 5 . 2 F ,  c a th e t o m e te r  r e a d in g  was 1 . 1 7 1  cms. o f  w a t e r .

P V20
— 2------* 1 . 1 7 1  x  n o z z le  c o e f f i c i e n t  0 . 9 6  ( i n  c m s .o f  w a t e r ) .

■ = 1 . 1 2 4  " " " "

i vN.max )

\ Vo  J
2

T h e re fo re

8 . 7 6

f> XT̂r v N.max
* 1 , 1 2 4  x  8 , 7 6

-• 9 .8 5  c m s .o f  w a t e r .

On th e  e l e c t r i c  t r a y  Vm max was r e p r e s e n t e d  by a r e a d in g  o f  
705  and th e  head o f  w a te r  ”h tf i s  p r o p o r t i o n a l  to  q2

At 6 0 °  q =  657  t h e r e f o r e x  9 . 8 5  = 8 . 5 5

S e n s i t i v i t y  80 -  P e r f e c t  p h a se .

% .m a x  from 1 .0 4 8  ^centre l i n e  - 705
v H.max from 2 . 9 7  VQ 705

9 705q

^N.max

h .

9 0 ° 8 1 7 . 5 1 3 . 2 4
85 825 1 3 . 4 8
80 811 1 3 . 0 3
70 744 1 0 . 9 6
60 657 8 . 5 5
50 533 5 . 6 3
40 4 3 8 3 . 8 0
30 323 2 . 0 7
20 211 .8 8
10 106 .2 2

0 0 0

V o . l . 673
Vy ~ 1 6 . 5  
Vy^ 2 4 . 3  
Vo

703
7 0 2 .5
2 3 7 . 5



Curve p l o t t e d  on f i g .  3 .1 CT ab le  9 .2

3 /  2C2 -  0 .2 0 9 7r
V.

I ̂  2___
x  .6 6 0 5 where y  i s  in  i n c h e s .

T h e re fo re  y  =  0 .6 6 0 5 " ^  *  0 .1 3 8 1

\/2G 2

$J2G2
2 s i d e  
i n  i n c h e s .

u u i n  c m s /s e c .
TJ0

0 * 9 8 1 0 .1 3 5 5 1 . 0 0 0 4 2 6 0
0 .7 3 1 0 .1 0 0 9 .9 6 9 4 1 2 7
0 .4 8 1 0 . 0 6 6 4 .8 9 5 3 8 1 1
0 .2 3 1 0 . 0 3 1 9 .7 9 1 3 3 7 0

- 0 . 0 1 9 - 0 . 0 0 2 6 .6 6 8 2 8 4 4
- 0 . 2 6 9 - 0 . 0 3 7 1 .5 3 8 2 2 9 1
- 0 . 5 1 9 - 0 . 0 7 1 7 .4 1 1 1 7 5 0
- 0 . 7 6 9 - 0 * 1 0 6 1 .2 9 6 1261
- 1 . 0 1 9 - 0 . 1 4 0 7 .1 9 3 822
- 1 . 2 6 9 - 0 . 1 7 5 2 .1 1 2 4 7 7
- 1 . 5 1 9 - 0 . 2 0 9 8 .0 4 9 209
- 1 . 7 6 9 - 0 . 2 4 4 2 .0 1 2 51
- 2 . 0 1 9 - 0 . 2 7 8 8 0 . 0 0
- 2 . 0 3 9 - 0 . 2 8 1 5 0 . 0 0

Uo * l , 2 4 2 * J h and h « 1 1 .7 5  cms.

T h e re fo re  U0 -  4 2 6 0  cm s .p e r  se c



E f f e c t  o f  v a r i a t i o n  of a i r  speed on mean o r d i n a t e  o f  form  
d rag  d ia g ra m s .

T ab le  1 0 *3  (S ee a ls o  ta b l e s  1 1 .2  and 1 1 . 3 ) .

S ta g g e re d  a rra n g e m e n t. -  F i r s t  Row -  C e n tre  Tube 3 . 8  cm s.fro m
b ack  w a l l .

A ir  C o n d itio n s  2 0 .5 ° C  2 9 . 7 9 ffHg.

E x p t . 
No.

C a tb e -  
tome t e r  
c m s .o f  

w a t e r .

^N.max 
cm .p er  

s e c .

^N .m ax.d P
h f~  mean 
o r d i n a t e  
cm s. o f  

w a t e r .

1,
p =  h 'f V 2 N>maxV .max

1 0 .2 4 9 2 1 , 8 5 7 1 5 , 6 3 0 0 .2 3 8 5 1 . 7 4 0 .4 1 5 5 . f V 2 N>max

2 0 .3 2 1 1 2 , 1 0 7 1 7 , 7 2 0 0 .1 8 5 3  h» 2 . 2 5 0 .4 1 7 2  ^ v 2 N>max

3 0 . 4 5 9 2 ,5 2 2 2 1 , 2 2 0 0 .1 2 9 6 3 .2 4 5 0 .4 2 1 0  P v 2 H#max

4 * 1 . 1 7 9 3 , 9 5 0 3 6 , 0 0 0 0 .0 5 0 5  h* 8 . 4 8 0 .4 2 8 5  /°V2 N#max

S '? ’ 1 . 1 4 4 139.8 1 6 ,7 3 0 1 . 5 2 8  h T 8 . 3 3 0 . 4 1 7 6  f V 2 N<max

k A ir  c o n d i t i o n s  9 .0 ° C  2 9 .8 3 " H g

*o- W ater Flow .’Water 1 7 .8 ° C



T able 1 1 ,2  (S ee a l s o  ta b le  and f ig u r e  5*4C )

E f f e c t  o f  v a r i a t i o n  o f  a i r  speed on mean o r d i n a te  o f  form  
drag d ia g ra m s .

P a r a l l e l  arran gem en t -  F o u r th  row -  C e n tre  Tube -  3 , 8  cms. 
from back w a l l .

A ir  c o n d i t i o n s  1 0 ,6 ° C  3 0 , 1 3 nHg,

E x p t .
No.

C a t h e t -  
om eter , 
Cms . o f  

w a te r

^N.max 
cm s.
p e r  s e c .

VN.max d( 

V
P

h* ~  
mean 
o r d i n ­
a t e  cms 
o f  water

---------------------------- 11i

p = h T/>v2-^#maxN.max

1 1 . 4 3 2 4 , 3 5 5 3 9 ,6 0 0 0 .0 4 1 9 5 h* 6 . 5 1 ° - 2 7 3 2 ^ W
2 1 . 1 6 3 3 , 9 2 1 3 5 ,7 0 0 0 .0 5 1 7 h* 5 . 4 6 0 .2 8 2 5  fV^jj.max

3 0 . 6 6 5 2 , 9 6 6 2 7 ,0 0 0 0 .0 9 0 5 h r 3 .3 9 5 0 . 3 0 7 5 , •‘V21}>max
4 0 . 4 0 6 2 , 3 1 9 2 1 , 1 0 0 0 .1 4 7 8 h* 2 . 1 1 0.3120/>V2 Namax

T ab le  1 1 . 3

E f f e c t  o f  v a r i a t i o n  o f  a i r  speed on mean o r d i n a te  o f  form  
d ra g  d ia g ra m s .

S ta g g e re d  arran gem en t -  S i x t h  Row -  Tube above c e n t r e  l i n e  -
3 . 8  cms. from  back  w a l l .

A ir  c o n d i t i o n s  1 7 .0 ° C  3 0 . 1 0 "  Hg.

Exp t • 
No.

C a t h e t -  
om eter  
Cms. o f  

W ater

N.max 
cm s .p e r  

s e c .
^N.max d 

V

P h» =
mean 
o r d in ­
a t e  cms 
of water

p = h V V 2 H. max^ ^ N .m a x

1 1 .1 6 8 3 , 9 7 3 3 4 , 5 3 0 0 .0 5 0 9  h f 4 .2 1 5 0 . 2 1 4  6/^V2 ,tr N.max
2 1 . 0 4 0 3 , 7 5 3 3 2 ,6 0 0 0 .0 5 7 1  h T 3 . 6 9 0 0.2108/JV^N.m ax

3 0 .6 3 2 2 , 9 2 4 2 5 ,4 0 0 0 . 0 9 4 2  h> 2 .3 6 2 0 . 2  22 5p w max

4 0 .2 5 5 2 1 , 8 5 8 1 6 ,1 5 0 0 .2 3 3 2  h» 1 .0 8 8 0 .2 5 3 8 P v 2 ^ #max
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