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ABSTRACT

I n  t h i s  e x p e r im e n ta l i n v e s t ig a t io n ,  th e  e f f e c t s  o f  th e  speed  o f  

r o t a t i o n  o f  th e  co n d en se r s u r fa c e  and th e  o v e r a l l  te m p e ra tu re  d i f f e r e n c e  

betw een  th e  c o o la n t  and th e  v ap o u r (AT) on th e  t r a n s f e r  o f  h e a t  from  th e  

v apour t o  th e  co o led  s u r f a c e ,  w ere s tu d ie d .  I t  was found  t h a t  th e  h e a t 

t r a n s f e r  c o e f f i c i e n t  (hm) was n o t a f f e c t e d  a t  low r o t a t i o n a l  sp eed s 

(F r  <  5)*  F o r F r  >  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  in c re a s e d  b y  400$ 

from  i t s  s t a t i o n a r y  v a lu e  f o r  AT = l8 0 °F  and b y  280$ f o r  AT = 110°F .

A lso  a t  AT = 110°F, th e  h e a t t r a n s f e r  c o e f f i c i e n t  e x p e r ie n c e d  a d e c l in e  

f o r  F r  >  6 8 . Two d i s t i n c t  reg im es were o b se rv ed  in  th e  r e l a t i o n s h ip  

betw een  N u s s e l t  number and Weber num ber. F o r We <  500, i t  was found 

t h a t  N u ss e lt  number was a c o n s ta n t  w hereas f o r  We >  500, th e  N u ss e lt  

number in c re a s e d .

i i i
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CHAPTER 1

INTRODUCTION

S in ce  th e  o r ig i n a l  work "by N u sse lt i n  1916, co n d e n sa tio n  s tu d ie s  

have b een  l a r g e ly  c o n fin e d  t o  th e  problem  o f  c o o le d , s t a t i o n a r y  s u r fa c e s  

im mersed i n  a v ap o u r. R e c e n tly , ' how ever, m ethods o f  co n d en sa te  rem oval, 

b y  means o th e r  th a n  g r a v i ty  a lo n e  have b een  c o n s id e re d . When a vapour 

whose co n d en sa te  h as  a v e ry  h ig h  v i s c o s i t y  i s  t o  be  e f f i c i e n t l y  condensed 

o r  when a condenser h as  t o  f u n c t io n  i n  space where g r a v i ty  i s  a b se n t th e n  

n o t o n ly  th e  p r a c t i c a l i t y  b u t  th e  n e c e s s i t y  o f  such  m ethods become 

a p p a re n t .  S e v e ra l m ethods o f  rem oval have been  su g g e s te d :

1 .  R o ta tin g  th e  co n d en se r s u r fa c e  t o  th row  o f f  
th e  l i q u id  b y  c e n t r i f u g a l  f o r c e

2 .  Im p a rtin g  a la rg e  v e l o c i t y  t o  th e  vapour 
t a n g e n t i a l  to  th e  s u r fa c e  to  b low  o f f  th e
co n d en sa te , and - •

3 .  M ech an ica lly  rem oving th e  co n d en sa te  by  
s c ra p in g  o r  o th e r  te c h n iq u e s .

In  t h i s  in v e s t ig a t io n ,  th e  co n d en sa te  was removed b y  r o t a t i n g  

th e  co n d en ser s u r fa c e ,  th e re b y  e f f e c t i v e l y  r e p la c in g  g r a v i t a t i o n a l  fo rc e  

by  c e n t r i f u g a l  fo rc e  a s  th e  p r im a ry  means o f  rem oval.

T hree d i f f e r e n t  h e a t  f lu x e s  were a c h ie v e d  b y  v a ry in g  th e  o v e r a l l  

te m p e ra tu re  d if f e r e n c e  betw een  th e  c o o la n t and th e  vap o u r, and b y  v a ry in g  

th e  r a t e  o f  flow  o f  th e  c o o la n t .  C ooling  w a te r  a t  50°F was c i r c u la t e d  

th ro u g h  th e  condenser tu b e  a t  6 ,600  l b / h r .  f o r  one s e t  o f  t e s t s  and a t  

3 ,600  l b / h r .  f o r  a n o th e r .  The t h i r d  h e a t  f lu x  c o n d i t io n  was ach iev ed  

b y  c i r c u l a t i n g  120 °F c o o lin g  w a te r  th ro u g h  th e  cond en ser tu b e  a t  

k ,800  l b / h r .  For a l l  th r e e  o f  th e  t e s t s  th e  steam  c o n d it io n s  were

1
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2

c o n s ta n t  a t  230 °F and 21 p s i a .  F o r  each, o f  th e  th r e e  co m b in a tio n s  o f  

c o o l in g  w ater, f lo w  and te m p e ra tu re ,  th e  r o t a t i o n a l  speed  o f  th e  co n d en se r 

tu b e  was v a r ie d  in  random i n t e r v a l s  betw een  0 and 2700 REM.
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CHAFER 2

EXISTING THEORY AND EXPERIMENTAL RELATIONS

N u ss e l t  in  1916  made a  t h e o r e t i c a l  e s t im a te  o f  t h e  h e a t  t r a n s f e r  

f o r  th e  ca se  o f  f i lm  c o n d e n sa tio n  o f  a pu re  s a tu r a t e d  v ap o u r on s t a t i o n 

a r y  s u r fa c e s  in c lu d in g  v e r t i c a l  t u b e s . He assumed t h a t  when s te a d y  

s t a t e  was re a c h e d , th e  th ic k n e s s  o f  th e  f i lm  o f  co n d en sa te  in c re a s e d  

from  th e  to p  to  th e  bo ttom  and was m a in ta in e d  b y  a b a la n c e  betw een th e  

r a t e  o f  c o n d e n sa tio n  and th e  r a t e  o f  d ra in in g  due to  g r a v i t y .  He a ls o  

assum ed t h a t  th e  f lo w  o f  th e  co ndensa te  l a y e r  was la m in a r  and t h a t  th e  

t r a n s f e r  o f  h e a t  to o k  p la c e  s o le l y  b y  co n d u c tio n  a c ro s s  i t  in  a d i r e c t i o n  

p e rp e n d ic u la r  t o  th e  s u r f a c e .  The te m p e ra tu re  o f  th e  s u r fa c e  o f  th e  

co n d en sin g  f i lm  i n  c o n ta c t  w ith  th e  vapour was assum ed t o  be a t  th e  

s a tu r a t i o n  te m p e ra tu re , and th e  te m p e ra tu re  o f  th e  s u r f a c e  o f  th e  f i lm  

i n  c o n ta c t  w ith  th e  w a ll  a t  w a ll te m p e ra tu re ,  w hich was assumed u n ifo rm . 

The f i lm  o f  co n d en sa te  was c o n s id e re d  to  b e  so t h i n  t h a t  th e  te m p e ra tu re  

g r a d ie n t  th ro u g h  i t  was a s t r a i g h t  l i n e . F or v e r t i c a l  tu b e s  he o b ta in e d  

th e  fo llo w in g  e x p re s s io n :

Many r e s e a r c h  w orkers have found t h a t  N u s s e l t 's  e x p re s s io n  a g re e s  f a i r l y  

w e ll  w ith  t h e i r  e x p e r im e n ta l r e s u l t s ;  a lth o u g h  th e r e  i s  a te n d e n c y  f o r

1 /3 - 1 / 3

( 1 )

th e  m easured r e s u l t s  to  be h ig h e r .  M c A d a m s ) c o n te n d s  t h a t  N u s s e l t 's

3
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k

assum ption  o f  un ifo rm  co n d en se r w a ll  te m p e ra tu re  i s  one o f  th e  re a so n s  

f o r  t h i s  d isc rep a n cy .-  He th e r e f o r e  su g g e s ts  th e  fo llo w in g  e m p ir ic a l  

r e l a t i o n :

(hm)TRUE = F (hm)NUSSELT ( 2 )

where F i s  o b ta in e d  a s  shown in  T able I .

TABLE I

F ^ o b /A T 0t

O.96  0 .5
1.0 1.0
1 .0 6  2 .0
1 .1 5  5 -0

P erhaps th e  more im p o rta n t re a so n  f o r  th e  d is c re p a n c y  betw een  th e  

r e s u l t s  o b ta in e d  u s in g  N u s s e l t 's  e x p re s s io n  and th e  e x p e r im e n ta l r e s u l t s  

i s  N u s s e l t 's  assum ption  t h a t  f lo w  i s  la m in a r . Many w o r k e r s ^  

have ob serv ed  t h a t  th e r e  a re  i n  f a c t  waves form ed a t  th e  co n d en sa te  f i lm  

s u r f a c e .  The o m iss io n  o f  th e  e f f e c t  o f  th e s e  waves in  N u s s e l t 's  i n v e s t i 

g a t io n  would th e r e f o r e  cau se  h is  e s t im a te s  to  be low .

Colburn^-'-) d e r iv e d  a t h e o r e t i c a l  r e l a t i o n  in  th e  tu r b u le n t  ra n g e , 

w hich was o f  th e  form :

2 l / 3  l / 3  0 .2
hm ( — -) = 0 .0 5 6  (P r)  (Re) (3 )

kf3 pf^g

I t  i s  g e n e ra l ly  ag ree d  t h a t  e q u a tio n  (3 ) shou ld  be used  f o r  v a lu e s  

o f  Reynolds number h ig h e r  th a n  2100.

S ince  th e  o r ig i n a l  work by  N u ss e l t ,  co n d e n sa tio n  s tu d ie s  have been  

l a r g e ly  co n fin e d  to  th e  problem  o f co o led  s t a t io n a r y  s u r fa c e s  immersed 

in  a v ap o u r. R e c e n tly , how ever, methods o f  co n d en sa te  rem oval from  th e
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5

co n d en sin g  s u r f a c e  "by means o th e r  th a n  g r a v i t y  a lo n e  have b e e n  c o n s id e re d . 

One o f  th e s e  i s  r o t a t i o n  o f  th e  co n d en se r s u r fa c e  c a u s in g  rem oval o f  th e  

l i q u i d  c o n d en sa te  h y  c e n t r i f u g a l  f o rc e  and t h i s  i s  th e  m ethod p rop o sed  

f o r  th e  p r e s e n t  i n v e s t i g a t i o n .

A lthough  no work h a s  b een  done on v e r t i c a l l y  r o t a t i n g  c y l in d e r s ,  

t h r e e  s tu d ie s  have b e e n  r e p o r te d  on h o r i z o n t a l l y  r o t a t i n g  c y l i n d e r s .

Each o f  th e s e  w i l l  b e  d is c u s s e d  s e p a r a t e ly  and th e  a s p e c ts  w hich a re  

deemed a p p l ic a b le  t o  th e  p re s e n t  i n v e s t i g a t io n  w i l l  b e  s t r e s s e d .

Y eh(lO ) i n  1953 d id  th e  p io n e e r in g  w ork . H is te c h n iq u e  h a s  b een

c r i t i c i z e d  b y  su b se q u e n t w o r k e r s ^  ) and h i s  r e s u l t s  a r e  c o n s id e re d  

q u e s t io n a b le .  H is  work was c a r r i e d  o u t on a h o r i z o n t a l l y  r o t a t i n g  

c y l in d e r  co o led  on th e  in s id e  b y  w a te r  and e n c lo se d  i n  a steam  cham ber.

The steam  condensed  on th e  o u ts id e  o f  th e  c o o led  c y l in d e r  and th e  con 

d e n sa te  was d ra in e d  and  c o l l e c t e d .  D uring  th e  c o u rse  o f  h i s  w ork, Yeh 

d is c o v e re d  t h a t  th e  f lo w  and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  o f  th e  system  

w ent th ro u g h  th r e e  d i f f e r e n t  p h a s e s .  A t low  r o t a t i o n a l  sp eed s (F r  <  2 .6 ) ,  

t h e  c e n t r i f u g a l  f o r c e  and th e  f r i c t i o n  f o r c e  betw een  th e  s h a f t  and th e  

co n d en sa te  f i lm  te n d e d  t o  c o u n te ra c t  th e  fo rc e  o f  g r a v i t y  and th e  con 

d e n sa te  l a y e r  th ic k e n e d  c a u s in g  a r e d u c t io n  in  h e a t  t r a n s f e r .  The second

phase o c c u rre d  a t  h ig h e r  r o t a t i o n a l  sp eed s (28  >  F r  >  2 .6 )  a t  w hich tim e

th e  l i q u id  was sp ra y e d  o f f  th e  c y l in d e r  i n  a l l  d i r e c t i o n s  c a u s in g  th e  

l i q u i d  f i lm  t o  become th in n e r  and th u s  a l lo w  th e  h e a t  t r a n s f e r  r a t e  t o  

in c r e a s e .  A t h ig h  r o t a t i o n a l  speeds (F r  >  28) th e  f i lm  became v e ry  

t h i n  and d r o p le t s  o f  th e  co n d en sa te  a p p e a re d . F i n a l l y  i t  became d i f f i c u l t  

t o  f in d  any  ev id en ce  o f  a c o n tin u o u s  f i lm  w h ile  t h e  d r o p le t s  e lo n g a te d  

and u l t im a te ly  became s t r e a k s . D uring  t h i s  l a s t  phase  th e  h e a t  t r a n s f e r  

r a t e  became p r o g r e s s iv e ly  s m a l le r .
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Yeh p rop o sed  a  m odel f o r  th e  second phase o n ly  and d e r iv e d .th e  

fo llo w in g  t h e o r e t i c a l  r e l a t i o n :

. hm = ^  Pf V̂ 2 (4 )
og

E x p e r im e n ta l ly  he d is c o v e re d  t h a t  th e  d a ta  co u ld  be c o r r e l a t e d  i n  th e  

t h r e e  reg im es t h u s :

I  = C o n s t. (R e)n  (5 )

where I  = hm/kf  pf  Vm2 /<rg, Re = — - fe
vf

In  t h e  f i r s t  regim e n  = -  1 .4 ,  7 3 -7 6 .1 0 ^  <  C <  1 0 2 .7 -1 0 ^ .

In  th e  second regim e n = 2 .3 4 , 36.42.10®  < C <  8 7 .16 .10® .

In  th e  t h i r d  reg im e n  = 3 -3 4 , C = 0.1956.10-*-®.

T h is  i s  a r a t h e r  poo r c o r r e l a t i o n  s in c e  th e  v a lu e s  o f  th e  c o n s ta n t  

C v a ry  n o t o n ly  f o r  d i f f e r e n t  R eynolds numbers b u t  a l s o  f o r  d i f f e r e n t  

p r e s s u re s  a t  th e  same R eynolds num ber. M oreover, th e  v a lu e  o f  n a ls o  

v a r ie s  w ith  R eynolds number a s  shown above.

S in g e r  and P re c k sh o t^ 9  ) c a r r i e d  ou t h e a t  t r a n s f e r  m easurem ents on 

a p p a ra tu s  s im i la r  t o  Y eh 's  w ith  some m o d if ic a t io n s  w hich p ro b a b ly  made 

t h e i r  r e s u l t s  more r e l i a b l e .  An i n t e r e s t i n g  p o in t  i n  t h e i r  e x p e r im e n ta l 

te c h n iq u e  was th e  f a c t  t h a t  th e y  d id  no t m easure th e  te m p e ra tu re  on th e  

r o t a t i n g  s h a f t ,  th e re b y  o b v ia t in g  any  problem s w hich m igh t have been  

en co u n te red  in  u s in g  s l i p  r i n g s .  They were a b le  t o  m easure th e  o v e r a l l  

te m p e ra tu re  d ro p  betw een  th e  c o o lin g  w a te r  and th e  steam  atm osphere by 

means o f  s t a t i o n a r y  p ro b e s . Knowing th e  h e a t  f l u x ,  from  w a te r  flow  and
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te m p e ra tu re  r i s e  m easurem ents, th e y  were a b le  t o  c a l c u la te  th e  o v e r a l l  

h e a t  t r a n s f e r  c o e f f i c i e n t -  They de te rm in ed  th e  w a te r  s id e  h e a t  t r a n s f e r  

c o e f f i c i e n t  from  th e  r e s u l t s  o f  Kuo e t  a l(D 2 ) .  Knowing th e  o v e r a l l  

and th e  w a te r s id e  c o e f f i c i e n t s ,  th e y  were a b le  t o  c a l c u la te  th e  steam  

s id e  c o e f f i c i e n t .

They a ls o  r e p o r te d  th e  p re sen ce  o f  th e  th r e e  reg im es d e s c r ib e d  by  

Yeh. They, how ever, a l s o  p re s e n te d  p h y s ic a l  m odels and t h e o r e t i c a l  

e s t im a te s  o f  th e  h e a t  t r a n s f e r  f o r  two o f  th e  re g im e s . I n  th e  f i r s t  

reg im e, th e y  were a b le  t o  show t h a t  th e  co n d en sa te  f i lm  th ic k n e s s  

in c re a s e d  w ith  r o t a t i o n a l  speed  and hence t h a t  th e  h e a t  f lu x  d e c re a se d . 

T h e ir  t h e o r e t i c a l  e s t im a te  o f  h e a t  t r a n s f e r  i n  t h i s  regim e was o f  th e  

form :

bX D0 o ^  8 Do3 h fg  (P f-Pv0 , • 3 Cp AT l A  - l / 2
Nux = —-----  = (f)- - - - - - ---------------------- =TT- (1 + } <5 > (6)kf  3 vf  k f  (Ts -  T0 ) 8hfg

where 8+ = f  ( 8 ) and can  be e v a lu a te d .

The average v a lu e  o f  N u ss e lt  number i s  th e n :

2*

<  Nu >  = h  I h  ^  D° / k f ) d  ^  (7 a )
o

and th e  mean v a lu e  i s :
L

Nu = Ĵ< Nu >  dL (7b)

o

V alues o f  N u sse lt number as  o b ta in e d  from  e q u a t io n  (7b) were found to  be 

13 .9 $  below  th e  e x p e rim e n ta l v a lu e s  in  th e  same re g im e . For m oderate 

r o t a t i o n a l  sneeds th e  t h e o r e t i c a l  e s tim a te  o f  h e a t  t r a n s f e r  was o f  th e  form :

hx D0
-  2 ["(I ♦ W h  )1/3 I (8)NUx = = 2 : (1 + 2We / ,

* f  Ju.
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F or v e ry  h ig h  r o t a t i o n a l  sp eed s  th e  a u th o rs  s u g g e s t t h a t  N u ss e l t  number 

i s  a  f u n c t io n  o f  (We r a t h e r  th a n  ¥e ^  a s  i s  t h e  c a se  f o r  low er

sp e e d s , i n d i c a t in g  a l e v e l l i n g  o f f  o f  th e  h e a t  t r a n s f e r .

P re s e n t in g  th e  e x p e r im e n ta l d a ta  i n  th e  form  su g g e s te d  b y  

e q u a t io n  (8 ) ( i . e . ,  p l o t t i n g  N u ss e l t  number v e r s u s  ¥ e b e r  number) proved  

t o  be  u n s a t i s f a c t o r y  s in c e  th e  e x p e r im e n ta l d a ta  n o t o n ly  d is a g re e d  w ith  

th e  t h e o r e t i c a l  e s t im a te  b u t  a l s o  th e r e  a p p ea red  t o  b e  a d e f i n i t e  

fa m ily  o f  c u rv e s  f o r  v a ry in g  v a lu e s  o f  o v e r a l l  te m p e ra tu re  d i f f e r e n c e  

(£dl). F o r t h i s  re a s o n  th e  a u th o rs  p ro p o sed  an  e m p ir ic a l  c o r r e l a t i o n  

o f  th e  fo rm :

Nu (g D0^ p f h f g /v f  k f  AT) = C o n s ta n t . We n  ( 9 )

As j u s t i f i c a t i o n  f o r  th e  u se  o f  th e  m o d if ie d  N u s s e l t  num ber, th e y  c i t e  th e  

f a c t  t h a t  f o r  a s t a t i o n a r y  co n d en se r th e  fo llo w in g  r e l a t i o n  h o ld s  t r u e :

. Nu = C (g  Dq3 Pf h f g /v f kf  AT)+1//4 , (10)

where C i s  a c o n s ta n t .  T h e ir  d a ta  when p l o t t e d  a c c o rd in g  to  e q u a t io n  ( 9 ) 

y ie ld e d :

C = 0 .0 1 3 7 0 , n  = 0 .735  f o r  250 <  ¥e  < 9 0 0

and C = 2 7 .2 0 6 , n = 0.385  f o r  900 <  ¥ e  < 1 7 ,0 0 0

Hoyle and M a t t h e w s ( 5 )  in v e s t ig a t e d  th e  e f f e c t  o f  d ia m e te r  s i z e  a s

w e ll  a s  th e  speed  o f  r o t a t i o n  on th e  t r a n s f e r  o f  h e a t  from  steam  to  

h o r i z o n t a l l y  m ounted, w a te r  co o led  c y l i n d e r s . T h e ir  a p p a ra tu s  was 

s im i la r  t o  t h a t  used  b y  S in g e r  and P re c h sh o t e x c e p t t h a t  p r o v is io n s  had 

to  be made f o r  u s in g  c y l in d e r s  o f  d i f f e r e n t  d ia m e te r s . They a ls o  had
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t o  make p ro v is io n s  f o r  m easuring  th e  s u r fa c e  te m p e ra tu re  on a  r o t a t i n g  

c y l in d e r .  The c y l in d e r s  u sed  i n  t h e i r 's t u d y  were o f  4 , 8 and 10" o u t 

s id e  d ia m e te r s .  B ased on p h o to g rap h ic  s tu d ie s ,  th e y  con tended  t h a t  th e  

co n d en sa te  l a y e r  was i n  lami n a r  f lo w  th ro u g h o u t a l l  th e  t e s t s .  Based 

on th e s e  o b s e rv a t io n s ,  th e y  made a t h e o r e t i c a l  e s t im a te  o f  th e  h e a t t r a n s 

f e r  and o b ta in e d  th e  fo llo w in g  r e l a t i o n s h i p :

The e x p e r im e n ta l r e s u l t s  f o r  t h e  4 , 8 and 10" c y l in d e r s  v a r ie d  

from  e q u a t io n  ( l l )  b y  1 5 -5.? 1 2 .9  and l 6 .8  p e r c e n t ,  r e s p e c t iv e l y .

H oyle and M atthews 1 r e s u l t s  form ed s e r i e s  o f  cu rv es  c o rre sp o n d in g  to  

d i f f e r e n t  c y l in d e r s  such  t h a t  H u sse lt number v a r ie d  d i r e c t l y  w ith  Weber 

number f o r  a l l  v a lu e s  o f  Weber num ber. T h is  o f  co u rse  i s  u n lik e  th e  

r e s u l t s  o f  Yeh where th e  H u sse lt number e x p e rie n c e d  a d e c l in e  f o r  Weber 

number g r e a t e r  th a n  1700 o r  S in g e r  and P re c k sh o t who re p o r te d  a d e c l in e  

i n  H u sse lt number f o r  v a lu e s  o f  Weber number g r e a t e r  th a n  900.

2 kA

I n  o rd e r  t o  compare t h e i r  r e s u l t s  w ith  th o s e  o f  Y eh (io ) and S in g e r  

and P re-ckshot( 9 ) th e y  e x p re sse d  them  i n  te rm s o f  th e  v a r i a t i o n  o f  

N u sse lt  number (h  D0/2  kA) w ith  th e  Weber number (D0 p f/cr)^  (DqW ^/29)/2.
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CHAPTER 3

APPARATUS AND INSTRUMENTATION _

Tlie a p p a ra tu s  and in s tru m e n ts  r e q u ir e d  to  conduct th e  ex p e rim e n ts  

w i l l  h e  d e s c r ib e d  under e ig h t  s e p a ra te  h e a d in g s : Steam S upp ly ; C oo ling

W ater Supp ly  and M easurem ent; D riv in g  M echanism; Steam Chamber; 

C ondensate C o lle c t in g  and W eighing; The C ondenser Tube; S l ip - r i n g  

A ssem bly; Therm ocouple C i r c u i t  and Therm ocouple O utput M easuring  and 

R ecord ing  In s tru m e n ts .  L e t t e r  r e f e r e n c e  i s  t o  ite m s  in  F ig u re  1 u n le s s  

o th e rw ise  s t a t e d .

k

Steam S upp ly

The steam  r e q u ir e d  f o r  th e  ex p erim en t was g e n e ra te d  b y  a 25 H .P . 

Napanee A utom atic B o i le r  (A) w hich d e l iv e r e d  99$ d ry  steam  a t  any  

p re s s u re  betw een 0 and 125 p s ig .  The steam  from  th e  b o i l e r  was co n 

veyed b y  means o f  1 -l/V  lag g ed  s t e e l  p ip e s  to  th e  steam  cham ber ( e ) .  

B efo re  e n te r in g  th e  steam  chamber i t  had t o  p ass  th ro u g h  a flo w  c o n t r o l  

v a lv e  and a p re s s u re  r e g u la t in g  v a lv e  (c )  and (D), r e s p e c t iv e l y .  A t 

th e  low  p o in t  o f  th e  p ip in g  a S arco  BMS-4 Steam T rap  was i n s t a l l e d  (B) 

i n  o rd e r  to  d r a in  o f f  any  co n d en sa te  t h a t  may have form ed in  th e  p ip e s  

up to  t h a t  p o in t  and a llo w  c o n d e n s a te - f re e  steam  to  e n t e r  th e  steam  

cham ber.

C ooling  W ater S upp ly  and M easurement

C ooling  w a te r was o b ta in e d  from  th e  b u i ld in g  m a in s . Cold w a te r  

and h o t w a te r  were p ip e d  to  a 3-way m ix ing  v a lv e  (F) w hich co u ld  su p p ly

10
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50  g a l /m in . o f  w a te r  a t  an y  te m p e ra tu re  betw een  130“i 1 and 5 0 °F w hich were 

th e  h o t and c o ld  w a te r  te m p e ra tu re s ,  r e s p e c t iv e l y .  From th e  m ix ing  

v a lv e  w a te r  e n te re d  a r e c e iv in g  ta n k  (g )  where i t  was m ixed f u r t h e r  b y  

means o f  b a f f l e s .  The r e c e iv in g  ta n k  a l s o  se rv e d  a s  th e  an ch o rin g  

b a se  f o r  th e  p ack in g  h o u sin g  ( k ) ,  a b e a r in g  ( l )  and th e  h o u sin g  f o r  

th e  c o ld  w a te r  te m p e ra tu re  p robe ( h ) . From th e  r e c e iv in g  ta n k  w a te r  

e n te r e d  th e  c o n d en se r tu b e  (M) from  w hich i t  was e j e c te d  th ro u g h  th r e e  

r a d i a l  h o le s  in to  th e  em pty ing  ta n k  ( n ) .  T h is  ta n k  a l s o  se rv e d  a s  

a r e c e p t i c l e  f o r  th e  p ack in g  h o u s in g  ( p ) .  By means o f  th e  p robe (H) 

w hich housed  a c o p p e r -c o n s ta n ta n  the rm o co u p le  w ire , th e  te m p e ra tu re  o f  

th e  c o o lin g  w a te r  a t  any  p o s i t i o n  in s id e  th e  co n d en se r tu b e  (m) co u ld  

b e  m easu red . The co n d en se r tu b e  and th e  p robe  a re  a l s o  shown i n  more 

d e t a i l  i n  F ig u re  3- From th e  em ptying ta n k  (n )  w a te r  was p ip ed  t o  

th e  w eigh ing  mechanism (Q,). As can  be seen  from  th e  f ig u r e  i t  was 

p o s s ib le  to  d is c h a rg e  th e  w a te r  d i r e c t l y  in to  th e  d r a in  o r  t o  c o l l e c t  

and w eigh i t  and th e n  d is c h a rg e  i t . The w eigh ta n k  had  a c a p a c i ty  

o f  k-5 g a l lo n s  and th e  Toledo S c a le  u sed , Model 2 l 8 l ,  h ad  a c a p a c i ty  o f  

725 l b s .  and was a c c u ra te  to  w ith in  0 .1 0  l b s .

D riv in g  Mechanism 

The cond en ser tu b e  was r o t a t e d  b y  means o f  an  l / k  H . P . ,  D. C.

M o to r. The power from  th e  m o to r to  th e  tu b e  was t r a n s m i t t e d  b y  means 

o f  p u l le y s  and a b e l t . The m oto r to rq u e  and speed  were c o n t r o l le d  by  

an  S.C.R.  Dodge C o n tro l U n it .  The power f o r  th e  c o n t r o l  u n i t  was 

o b ta in e d  from  an  o rd in a ry  110 v o l t ,  15 amp. w a ll  o u t l e t .  The r a t e d  

maximum speed  o f  th e  m otor was 1725 R .P.M . b u t  a speed v a r i a t i o n  on
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th e  co n d en ser tu b e  from  0 -  27OO R.P.M . was ach iev ed  h y  re d u c in g  th e  

p u l l e y  s iz e  from  th e  m o to r t o  th e  t u b e .

Steam Chamber

The p o s i t i o n  o f  th e  steam  cham ber w ith  r e s p e c t  t o  th e  o th e r  e q u ip 

ment i s  shown i n  F ig u re  1 , Item  ( D) . I n  F ig u re  2, th e  chamber i s  shown

in  more d e t a i l .  A l l  th e  im p o rta n t d im ensions a r e  g iv en  i n  F ig u re  2 and

w i l l  n o t be re p e a te d  h e r e . . .

As can be seen  from  F ig u re  2 ,  th e  chamber c o n s is te d  o f  two c o n c e n tr ic  

b o x e s . Each box was made i n  two h a lv e s  and p u t to g e th e r  b y  means o f

v e r t i c a l  f la n g e s  w ith  th e  in n e r  box se c u re d  to  th e  o u te r .  Steam

e n te re d  th e  o u te r  box th ro u g h  th e  open ing  i n  th e  back and was d e f le c te d  

b y  a b a f f l e  so t h a t  i t  d i f f u s e d  e v e n ly  th ro u g h  a l l  fo u r  s id e s  o f  th e  

in n e r  b o x . S lo ts  i n  th e  s id e  w a lls  o f  th e  in n e r  box have a combined 

a re a  more th a n  tw ic e  th e  s u r fa c e  a re a  o f  th e  condenser tu b e  to  en su re  

minimum steam  v e l o c i ty  a s  i t  d i f f u s e d  to w ard s th e  c o n d en se r . Louvres 

co v e rin g  th e  s l o t s  were i n s t a l l e d  t o  p re v e n t d r o p le t s  o f  con d en sa te  from  

b e in g  throw n from  th e  tu b e  and o u t th ro u g h  th e  s l o t s . Steam t h a t  con 

densed  on th e  w a lls  o f  th e  o u te r  box was d ra in e d  o f f  th ro u g h  th e  

seco n d ary  co n d en sa te  o u t l e t  (See F ig u re  l )  and d is c a rd e d , and th e  c o n 

d e n sa te  w hich form ed on th e  co n d en se r tu b e  was c o l le c te d  and w eighed 

a t  th e  p rim ary  co n d en sa te  o u t l e t .

Where th e  co n d en ser tu b e  em erged from  th e  o u te r  box , to p  and b o tto m , 

th e r e  was a s e a le d  b e a r in g  f i t t e d  o v e r  th e  tu b e  and a t ta c h e d  to  th e  box , 

which se rv ed  b o th  a s  a b e a r in g  and a s e a l . The o u te r  box was a ls o  

equ ipped  w ith  a p re s s u re  gauge and a steam  te m p e ra tu re  probe (se e  V, 

and T in  F ig u re  1 ) .
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C ondensate C o l l e c t in g  and W eighing 

A h ig h  p r e s s u re  b o i l e r  g la s s  tu b e  was i n s t a l l e d  in  th e  p rim ary  

con d en sa te  o u t l e t  l i n e  and  by means o f  th e  two v a lv e s  (See F ig u re  l ) ,  

th e  co n d en sa te  l e v e l  in s id e  th e  g la s s  tu b e  was h e ld  c o n s ta n t  when i t  

was b e in g  c o l le c te d  f o r  w e ig h in g . The co n d en sa te  was c o l le c t e d  i n  a 

covered  b e a k e r  and w eighed-on  a  sm a ll C e n tra l  S c i e n t i f i c  Company 

s c a le  w hich was a c c u ra te  t o  w i th in  0 .0 1  o z .

C ondenser Tube

The co n d en ser tu b e  can  be se e n  in  F ig u re  2 and a l s o  in  more 

d e t a i l ,  in  some r e s p e c t s ,  in  F ig u re  5 (se e  a l s o  Appendix C ). The tu b e  

was made from  ASE60-61 aluminum tu b e  1" O.D. x  1 /k "  w a ll  x 4 ' lo n g .

Three g rooves ^ /8 "  x V 8" w ere m i l le d  on th e  o u ts id e  o f  th e  tu b e  a t  120° 

i n t e r v a l s ,  ru n n in g  th e  whole le n g th  o f  th e  tu b e  e x c e p t f o r  5" a t  one 

end . S t a r t i n g  a t  th e  bo ttom  o f  th e  groove and moving up ( l "  a t  a  t i m e ) /  

10 c i r c u m f e r e n t ia l  s l o t s  w ere g round , p e rp e n d ic u la r  t o  eac h  g ro o v e , 

a p p ro x im a te ly  l / l 6 "  w ide and su ch  t h a t  th e  bo ttom  o f  th e  s l o t  was l / 8 "  

below  th e  su r fa c e  ( i . e . ,  same d e p th  a s  th e  g ro o v es) a t  th e  end w hich 

in t e r s e c te d  th e  groove and th e n  th e  bo ttom  s la n te d  up so t h a t  i t  was 

a t  th e  o u te r  s u r fa c e  o f  th e  tu b e  when th e  s l o t  was l /V  lo n g , a s  shown

in  F ig u re  3-1*

FIG . 3 -1 :  GROOVE AND 
SLOT DETAIL

C ir c u m fe re n t ia l  Hole

S lo t

Groove
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H oles -0^0" i n  d ia m e te r  w ere d r i l l e d  a t  th e  ends o f  th e  s l o t s  s t a r t i n g  

in  th e  s la n te d  bo ttom  o f  th e  s l o t s ,  f a r  enough from  th e  sh a llo w  end so 

t h a t  th e  d r i l l  co u ld  he s t a r t e d  w ith o u t s p l i t t i n g  th e  s u r f a c e .  H oles 

w ere d r i l l e d  i n  th e  same c i r c u m f e r e n t ia l  d i r e c t i o n  a s  th e  s l o t s  and were 

te rm in a te d  when th e  d r i l l  j u s t  em erged from  th e  s u r fa c e  3 / 32" beyond th e  

end  o f  th e  s l o t .  The w elded ju n c t io n  o f  each  c o p p e r -c o n s ta n ta n  th e rm o 

co u p le  was i n s e r t e d  in s id e  a  c i r c u m f e r e n t ia l  h o le  ( a t  th e  end o f  each  

s l o t ) .  The w ire s  w ere th e n  p re s s e d  in s id e  th e  s l o t s  and l a i d  a lo n g  th e  

bottom  o f  th e  g rooves u n t i l  th e y  emerged a t  th e  end o f  th e  tu b e .  The 

w ire s  were packed  (10 in  each  g ro o v e) so  t h a t  th e y  f i l l e d  a p p ro x im a te ly  

2 /3  o f  th e  groove d e p th . The rem a in d er o f  th e  groove was f i l l e d  w ith  

Devcon Aluminum P a s te  w hich c o n s i s t s  o f  80$ aluminum powder and 20$ 

p l a s t i c  f i l l e r .  When th e  aluminum f i l l e r  d r i e d ,  p o r t io n s  o f  i t  t h a t  

p ro tru d e d  above th e  s u r f a c e  o f  th e  tu b e  were m achined o f f  so t h a t  th e  

g rooves a g a in  assum ed a  t e x tu r e  v e ry  n e a r ly  th e  same a s  th e  rem a in d er 

o f  th e  tu b e .  Two d i s c s  (See F ig u re  2 ) made o f  aluminum were n ex t 

f i t t e d  to  th e  tu b e  10" a p a r t  a t  th e  s e c t io n  o f  th e  tu b e  where th e  

the rm ocoup le  ju n c t io n s  w e re . These d i s c s  e f f e c t i v e l y  d e f in e d  th e  t e s t  

s e c t io n  and a l s o  p re v e n te d  le ak ag e  o f  unw anted co n d en sa te  in to  o r  o u t 

o f  th e  in n e r  box . The d is c s  w ere in s u la te d  from  th e  tu b e  by means o f  

T e f lo n  s le e v e s .  The tu b e  was th e n  i n s t a l l e d  in to  th e  steam  chamber a s  

shown in  F ig u re  2 .

S l ip  R ing A ssem bly 

In  o rd e r  to  convey th e  therm ocoup le  emf. s ig n a l  from  th e  s h a f t  when 

th e  l a t t e r  was r o t a t i n g  to  th e  s t a t i o n a r y  m easu ring  and re c o rd in g  

in s tru m e n ts ,  i t  was n e c e s s a ry  to  employ s l i p  r in g s .  Based on r e p o r te d
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d i f f i c u l t i e s  o f  o th e r  re s e a rc h e r^  ^ 3 .)• who a tte m p te d  to  make t h e i r

own s l i p - r i n g  a s s e m b lie s ,  i t  was d ec id ed  to  buy a  ready-m ade s l i p - r i n g  

u n i t  f o r  th e  p r e s e n t  in v e s t ig a t io n .  A 10 r in g  u n i t ,  m an u fac tu red  by  

M ichigan  S c i e n t i f i c  Company, was p u rc h a se d . T h is  u n i t  i s  shown 

in s t a l l e d  in  F ig u re  1 .

Therm ocouple C i r c u i t s  and th e  

M easuring  & R ecord ing  In s tru m e n ts  

The the rm ocoup le  c i r c u i t  f o r  th e  w ire s  a t ta c h e d  t o  th e  condenser 

tu b e  was o r i g i n a l l y  made up a s  shown i n  F ig u re  1 ( a ) .  O r ig in a l ly ,  i t  

had  been  p lan n ed  t h a t  a l l  o f  th e  therm ocoup les a t ta c h e d  to  th e  condenser 

tu b e  (30  o f  them ) would be connec ted  to  th e  m easu ring  in s tru m e n ts . 

However, th e  c o s t  o f  a s l i p - r i n g  u n i t  h av in g  th i r t y - o n e  (31 ) r in g s  was 

p r o h ib i t iv e  and hence a  te n  r in g  u n i t  was p u rch ased  w hich made i t  

p o s s ib le  to  m o n ito r  th e  s ig n a ls  from  o n ly  n in e  o f  th e  t h i r t y  th e rm o 

c o u p le s . A l l  th e  co p p er le a d s  (9  o f  them ) were s o ld e re d  to g e th e r  and 

th e n  a t ta c h e d  to  a  s in g le  le a d  on th e  r in g  s id e  o f  th e  s l i p - r i n g  u n i t .

The n in e  c o n s ta n ta n  le a d s  w ere a t ta c h e d  s in g ly  t o  th e  rem ain in g  le a d s  

on th e  r in g  s id e  o f  th e  s l i p - r i n g  u n i t .  On th e  b ru sh  s id e  o f  th e  s l i p -  

r in g  u n i t ,  a  copper le a d  was a t ta c h e d  to  th e  b ru sh  co rre sp o n d in g  to  th e  

r in g  to  w hich a l l  th e  copper le a d s  were a t ta c h e d ;  and a  c o n s ta n ta n  le a d  

was a t ta c h e d ,  one t o  each  b ru sh , such  t h a t  th e  b ru s h e s  m ated w ith  th e  

r in g s  w hich had c o n s ta n ta n  w ire s  a t ta c h e d  to  them . The copper le a d  and 

th e  c o n s ta n ta n  le a d s  were th e n  a t ta c h e d  t o  a T herm ovolt In s tru m e n t 

Company m u l t ip le  s w itc h . From th e  o u tp u t te rm in a ls  o f  th e  sw itc h , a 

copper le a d  was a t ta c h e d  to  th e  common copper s id e ,  and  a c o n s ta n ta n  

le a d  was a t ta c h e d  to  th e  o th e r  te rm in a l .  The o th e r  end o f  th e  c o n s ta n ta n
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le a d  was jo in e d  to  a  copper le a d  t o  com prise th e  r e f e r e n c e  ju n c t io n  (See 

F ig u re  4 ( a ) ) .  The two f r e e  co p p er le a d s  w ere th e n  co n n ec ted  a c ro s s  a 

p o te n tio m e te r  and a l s o  a c ro s s  a  r e c o r d e r .  The p o te n tio m e te r  u sed  was a  

H oneyw ell P o te n tio m e te r  Model No. 27^-5* The co n tin u o u s  pen  r e c o rd e r  

M odel 7100B was m an u fac tu red  hy H ew ele tt P ack a rd .

I t  was su g g e s te d  t h a t  a  d i f f e r e n t  c i r c u i t  sh o u ld  he u sed  to  o b v ia te  

th e  p o s s i b i l i t y  o f  a n  e r r o r  a r i s i n g  from , e]_ and -e-^ an d , an -̂ -e2 

(See F ig u re  Ha) n o t c a n c e l l in g .  S e v e ra l o f  th e  therm ocoup le  c i r c u i t s  

w ere th e n  changed t o  th e  c o n f ig u ra t io n  shown in  F ig u re  H (b ) .  The 

m a jo r change was th e  e l im in a t io n  o f  th e  Emf l s a^ an(  ̂ _e2 . However, i t  

was s t i l l  n e c e s s a ry  t o  com pensate f o r  Emf. e-j_ and th e r e f o r e  th e  compen

s a t in g  c i r c u i t  shown in  F ig u re  h (b ) was in c lu d e d . T here was no 

s ig n i f i c a n t  d i f f e r e n c e  i n  th e  p o te n tio m e te r  (a n d /o r  r e c o r d e r )  re a d in g  

when th e  two c i r c u i t s  were in te rc h a n g e d  f o r  any  one th e rm o co u p le . I t  

was f e l t ,  n e v e r th e le s s ,  t h a t  th e  c i r c u i t  shown in  F ig u re  H-(b) was more 

r e l i a b l e  and t h i s  one was u se d .

A l l  o th e r  therm o co u p les  w hich m easured te m p e ra tu re s  on s t a t io n a r y  

members were co n n ec ted  t o  th e  m easuring  in s tru m e n ts  u s in g  a  c i r c u i t  

i d e n t i c a l  to  t h a t  i n  F ig u re  H- ( a ) ,  when th e  l a t t e r  has th e  s l i p - r i n g  

p o r t io n  o f  th e  c i r c u i t  rem oved.
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CHAPTER ^

EXPERIMENTAL PROCEDURE

The p r i n c i p a l  o b je c t iv e  o f  t h i s  i n v e s t i g a t io n  was t o  s tu d y  th e  e f f e c t  

o f  th e  r o t a t i o n  o f  a  co n d en se r tu b e  on th e  o u ts id e  o r  s team  s id e  h e a t  

t r a n s f e r  c o e f f i c i e n t . The e f f e c t  o f  th e  o v e r a l l  te m p e ra tu re  d i f f e r e n c e  

(Ts -  Tw) was a l s o  in v e s t ig a t e d .

B efo re  th e  a p p a ra tu s  was assem bled , th e  o u ts id e  s u r f a c e  o f  th e  t e s t  

s e c t io n  was th o ro u g h ly  c le a n e d  u s in g  s t e e l  w ool; i t  was th e n  p o lis h e d  

u s in g  a b r a s iv e  powder and f i n a l l y  washed w ith  a l c o h o l .  T h is  was done 

in  o rd e r  t o  e n su re  com plete  w e tt in g  o f  th e  co n d en sin g  s u r f a c e . Then th e  

steam  cham ber was c lo s e d .  A t th e  b e g in n in g  o f  each  ex p erim en t th e  e q u ip 

ment was a llo w ed  t o  o p e ra te  w ith  th e  steam  and c o o lin g  w a te r  tu rn e d  on 

f o r  a t  l e a s t  30 m in u tes  b e fo re  th e  f i r s t  r e a d in g s  were r e c o rd e d . A lso , 

when th e  steam  f i r s t  e n te re d  th e  cham ber, a v a lv e  a t  th e  h ig h  p o in t  o f  

th e  chamber was opened to  a llo w  th e  rem oval o f  a i r  from  th e  cham ber.

The steam  p re s s u re  a t  th e  b o i l e r  was a d ju s te d  so t h a t  when t h i s  so u rce  

steam  was t h r o t t l e d  t o  t e s t  c o n d i t io n s  o f  6 .3  p s ig  i t  was a l s o  s u p e r 

h e a te d  b y  2 F ° . A t th e  s t a r t  o f  each  ex p erim en t th e  b a ro m e tr ic  p re s s u re  

was re c o rd e d .

The f i r s t  ru n  was r e p e a te d  a f t e r  30 m in u te s  t o  e n s u re  t h a t  s te a d y  

s t a t e  was a c h ie v e d , and th e n  th e  speed  o f  r o t a t i o n  was changed ( i n  e v e ry  

in s ta n c e  th e  speed  o f  r o t a t i o n  was in c re a s e d ,  i n  random i n t e r v a l s  from  

zero  RPM to  2700 RPM). A f te r  each  speed  change th e  equipm ent was a llo w ed  

to  o p e ra te  f o r  30 m in u tes  b e fo re  t h e  n e x t s e t  o f  r e a d in g s  was re c o rd e d .

17
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F o r e ac h  ru n  two s e t s  o f  re a d in g s  w ere re c o rd e d  and a v e ra g e d . The 

p a ra m e te rs  m e te red  w e re :

1 .  C oo ling  w a te r  te m p e ra tu re  a t  11 p o in ts  a lo n g  th e  le n g th
o f  th e  - te s t  s e c t io n  one in c h  a p a r t ,  s t a r t i n g  a t  th e  t o p .

2 .  Steam  s id e  co n d en se r s u r fa c e  te m p e ra tu re  a t  10 p o in ts
one in c h  a p a r t ,  s t a r t i n g  l / 2  in c h  from  th e  to p .

3• C ooling  w a te r flo w  r a t e .

4 .  C ondensate flo w  r a t e .

5 .  Steam te m p e ra tu re .

6 .  Steam  p r e s s u r e .

7- Speed o f  r o t a t i o n  o f  th e  co n d en ser tu b e .

A l l  th e  te m p e ra tu re s  were m easured u s in g  c o p p e r-c o n s ta n ta n  the rm o 

c o u p le s . The therm ocoup le  s ig n a l s  from  th e  w ire s  a t ta c h e d  to  th e  r o t a t 

in g  s h a f t  were conducted  t o  th e  s t a t i o n a r y  in s tru m e n ts  b y  means o f  s l i p  

r i n g s . These and a l l  o th e r  therm ocoup le  s ig n a l s  were e i t h e r  re c o rd e d  b y  

a  s t r i p  c h a r t  r e c o rd e r  o r  m easured m a n u a lly  on a p o te n tio m e te r .

C oo ling  w a te r  te m p e ra tu re  was m easured b y  means o f  a therm ocouple  

in s e r t e d  in to  a l / l 6 n O.D. x  0 .048" I .D . s t a i n l e s s  s t e e l  tu b e , (H) in  

F ig u re  1 , w hich was i t s e l f  in s e r t e d  in s id e  th e  co n d en se r tu b e  from  th e  

bo ttom  and secu red  to  th e  s t a t i o n a r y  ta n k ,  ( g ) i n  F ig u re  1 .  One in c h  

from  th e  therm ocouple  ju n c t io n ,  a sm a ll p r o p e l l e r  was a t ta c h e d  to  th e  

s t a i n l e s s  s t e e l  tu b e  to  e n su re  th o ro u g h  m ix ing  o f  th e  c o o lin g  w a te r .

The th e rm ocoup le  th e n  m easured th e  b u lk  te m p e ra tu re  o f  th e  w a te r .

D uring th e  w a it in g  p e r io d  r e q u ir e d  f o r  s te a d y  s t a t e  to  o c c u r , th e  probe 

was pushed in  so th a t  th e  p r o p e l l e r  was w e ll  dow nstream  o f  th e  t e s t  

s e c t io n .  In  o rd e r  to  le a v e  th e  flo w , upstream  o f  th e  p o in t  where m easu re

m ents were b e in g  re c o rd e d , u n a f fe c te d , th e  f i r s t  re a d in g  ta k e n  was a t  a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

t e s t  s e c t io n  lo c a t io n  f a r t h e s t  dow nstream . -The p robe was th e n  moved 

u p s tream  one in c h  a t  a  tim e u n t i l  th e  w hole le n g th  o f  th e  t e s t  s e c t io n  

was co v ered .

The te m p e ra tu re  o f  th e  c o o l in g  w a te r was m easured t o  w i th in  + 0 .1 0  F°. 

E lev en  te m p e ra tu re  re a d in g s  w ere p lo t t e d  a g a in s t  t h e i r  a p p ro p r ia te  

l o c a t io n  on th e  s h a f t  and a l i n e  drawn th ro u g h  them  in  o rd e r  to  e s t a b l i s h  

a  co n tin u o u s  c u rv e . A verage te m p e ra tu re  r i s e  o f  th e  c o o l in g  w a te r  

betw een s t a t i o n s  1 and 11 was 1 .5  F ° . S in ce  th e  te m p e ra tu re  i s  m easured 

t o  w ith in  + 0 .1 0  F ° , th e  r e s u l t i n g  e r r o r  i n  Tw i s  2 .0 $ .

C oo ling  w a te r  and co n d en sa te  flo w  r a t e s  were m easured  by  c o l l e c t in g  

and w eigh ing  th e  q u a n t i t i e s  in v o lv e d .

The w eigh s c a le  used  f o r  c o o l in g  w a te r  m easurem ents was a c c u ra te  to  

w ith in  + _0 .10  l b .  The l e a s t  w eig h t o f  w a te r  c o l le c t e d  was 60 lb /m in . 

Hence, th e  maximum e r r o r  r e s u l t i n g  from  t h i s  m easurem ent was 0 .2 $ .  Then, 

th e  maximum e r r o r  w hich co u ld  a r i s e  in  e v a lu a t in g  h e a t  f lu x ,  and hence 

th e  h e a t t r a n s f e r  c o e f f i c i e n t ,  by m u l t ip ly in g  th e  c o o l in g  w a te r  mass 

f lo w  r a t e  and te m p e ra tu re  r i s e  would be 2 .2 $ .

The h e a t  t r a n s f e r r e d  to  th e  c o o lin g  w a te r  was compared to  th e  h e a t  

r e q u ir e d  to  condense th e  co n d en sa te  c o l le c t e d ,  and i t  was found th a t  

th e  d i f f e r e n c e  betw een th e  two was never g r e a t e r  th a n  5$*

Steam p re s s u re  was m easured b y  means o f  a  p r e s s u re  gauge which 

was a c c u ra te  t o  w ith in  1 o z / in  , betw een z e ro  and 10 p s ig .

The r o t a t i o n a l  speed o f  th e  co n d en ser tu b e  was m easured u s in g  a 

ta c h o m e te r  and a s tro b o sc o p e .

S e v e n ty -s ix  (76 ) ex p erim en ts  were p e rfo rm ed , v a ry in g  th e  r o t a t i o n a l  

speed from  z e ro  t o  2700 RPM and th e  c o o lin g  w a te r  te m p e ra tu re  and flo w  

from  ^5°F to  120°F and 36OO l b / h r .  to  7200 l b / h r .  r e s p e c t iv e ly .
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CHAPTER 5 

DISCUSSION OF RESULTS

Some o f  th e  e x p e r im e n ta l d a ta  f o r  th e  t e s t  s e r i e s ,  I ,  I I  and I I I ,  

i s  shown i n  i t s  e le m e n ta l form  in  F ig u re s  5 } 6 and J ,  r e s p e c t iv e l y .  No 

te m p e ra tu re  re a d in g s  were re c o rd e d  f o r  lo c a t io n  d = 6 .5  b ecau se  th e  

th e rm ocoup le  a t  t h a t  lo c a t io n  cou ld  n o t be accommodated on th e  s l i p -  

r i n g .  The re a d in g s  from  th e  therm ocoup le  lo c a te d  a t  d = 7 * 5  were n o t 

re c o rd e d  b ecau se  th e y  were o b v io u s ly  in  'e r r o r .  A l l  th r e e  o f  th e  f ig u r e s  

(5 , 6 , 7) e x h ib i t  th e  same t r e n d .  As th e  speed  o f  r o t a t i o n  was 

in c re a s e d ,  th e  s u r fa c e  te m p e ra tu re  o f  th e  co n d en ser tu b e  a l s o  in c re a s e d .  

A lso  e v id e n t  i n  a l l  th r e e  o f  th e  f ig u r e s  5s th e  te m p e ra tu re  d rop  from  

th e  c e n tre  t o  th e  ends o f  th e  t e s t  s e c t i o n .  T h is  was cau sed  by  end h e a t  

lo s s e s .  From F ig u re  5  i t  can be seen  t h a t  th e  te m p e ra tu re  d i f f e r e n c e  /NT 

v a r i e s  from  70 F° a t  z e ro  RPM to  30 F° a t  2610 RPM. T h is  o f  co u rse  

im p lie s  t h a t ,  o v e r th e  same speed  ra n g e , th e  h e a t  t r a n s f e r  c o e f f i c i e n t  

sh o u ld  in c re a s e  by  more th a n  100$, i f  th e  h e a t  f lu x  i s  h e ld  c o n s ta n t .  I n  

f a c t ,  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  in c re a s e d  by  more th a n  200$ (See 

F ig u re  12) s in c e  th e  h e a t  f lu x  was a l s o  in c r e a s in g  w ith  r o t a t i o n a l  sp eed . 

S in ce  th e  h e a t  f lu x  was n o t c o n s ta n t ,  th e n  th e  co n d en se r s u r fa c e  tem p

e r a t u r e ,  b e in g  a dependen t p a ra m e te r , i s  n o t a  t r u e  i n d i c a t io n  o f  th e  

change in  h e a t  t r a n s f e r  c o e f f i c i e n t .  N e v e r th e le s s ,  i t  i s  o b v io u s ly  a  

good 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  phenomenon and j u s t i f i e s  f u r t h e r  

d is c u s s io n .  F o r t e s t  s e r i e s  I I ,  F ig u re  6 , AT d ropped  from  90 F° t o  25 F° 

a s  th e  r o t a t i o n a l  speed  was in c re a s e d  from  ze ro  RPM t o  2L60 RPM, im p ly in g  

an  a lm o st 300$  in c re a s e  in  h ^  w here, in  f a c t ,  in c re a s e d  by a lm o st lf-00$ . 

F o r t e s t  s e r i e s  I I I ,  F ig u re  "J, ^  d rops from  110 F° t o  1+0 F° im p ly ing  an  

a lm o s t two f o ld  in c re a s e  in  hm, w here, in  f a c t ,  h ,̂ in c re a s e d  by a lm o st kOO$ .

-  20  -
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I n  b o th  th e  l a t t e r  ca ses  th e  rea so n  f o r  th e  d is c re p a n c y  i s  th e  same a s  

c i t e d  f o r  t e s t  s e r i e s  I ;  th e  f a c t  t h a t  TQ i s  a  dependen t p a ra m e te r  makes 

i t  r e l a t i v e l y  i n s e n s i t iv e  to  a  change in  h e a t  f l u x ,  s in c e  t h i s  l a t t e r  

change c a u ses  a  combined change in  b o th  hm. and AT.

A lso  e v id e n t  in  F ig u re s  5 , 6 and 7 i s  a c o n s is te n t  t r e n d  f o r  th e  

s u r fa c e  te m p e ra tu re  a t  th e  to p  o f  th e  t e s t  s e c t io n  t o  change from  a  

v a lu e  l e s s  th a n  th e  av e rag e  a t  ze ro  RPM t o  a  v a lu e  v e i l  above o r  th e  

same a s  th e  av e ra g e  a t  th e  same r o t a t i o n a l  speed  above 1000 RPM. T h is  

i n d i c a te s  t h a t  th e  f i lm  o f  co n d en sa te  i s  t h in n e r  a t  th e  u pper end o f  th e  

c o n d en se r tu b e .  As th e  speed  i s  in c re a s e d ,  th e  te m p e ra tu re  o f  th e  

rem a in d e r o f  th e  tu b e  r i s e s  t o  e q u a l t h a t  a t  th e  topm ost therm ocouple 

p o s i t i o n .  The te m p e ra tu re  a t  th e  bottom  o f  th e  t e s t  s e c t io n  n ev er 

re a c h e s  th e  same v a lu e  a s  t h a t  a t  th e  to p ,  e x c e p t a t  ze ro  RPM when b o th  

p o s i t i o n s  have a  te m p e ra tu re  f a r  b e lo v  th e  a v e ra g e . A lso  e v id e n t  from  

th e  th r e e  f ig u r e s  (5 , 6 and 7) i s th e  f a c t  t h a t  th e  upperm ost te m p e ra tu re  

r e a d in g  changes v e ry  l i t t l e  a t  h ig h  sp eed s , in d i c a t in g  a  l e v e l l i n g - o f f  

o f  th e  s u r fa c e  te m p e ra tu re . T h is  i s  more e v id e n t  in  th e  th r e e  f ig u r e s

8, 9 and 10*

F ig u re s  8 , 9 and 10 w ere drawn assum ing a  c o n s ta n t  cond en ser s u r fa c e  

te m p e ra tu re  a t  any  one r o t a t i o n a l  speed  and p l o t t i n g  th e  a c t u a l  te m p e ra 

t u r e s  a g a in s t  th e  co rre sp o n d in g  sp eed . By d o in g  t h i s  and by  draw ing  a 

l i n e  th ro u g h  th e  m ost f r e q u e n t ly  o c c u rr in g  te m p e ra tu re  p o in t s ,  i t  i s  

im p lie d  t h a t  th e  av erag e  te m p e ra tu re  i s  th e  m ost f r e q u e n t ly  o c c u r r in g  

te m p e ra tu re  r a th e r  th a n  th e  c o n v e n tio n a l ly  a c c e p te d  a v e ra g e . I t  was 

f e l t  t h a t  t h i s  was an  a c c e p ta b le  mode o f  draw ing  th e  cu rv es  s in c e  i n  f a c t ,  

th e  m a jo r i ty  o f  th e  te m p e ra tu re s  w ere a lm o st th e  same and th e  ones t h a t
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w ere n o t (n o rm a lly  th e  end te m p e ra tu re s )  when av erag ed  i n  w ith  th e  r e s t  

i n  th e  c o n v e n tio n a l  manner r e s u l t e d  i n  an  e r r o r  i n  hm. o f  l e s s  th a n  5$ 

i n  t h e  w o rs t c a s e .

F ig u re s  8 ,  9 and 10 show th e  d a ta  i n  a much more m e a n in g fu l fo rm , 

i n  some r e s p e c t s ,  th a n  F ig u re s  5 , 6 and 7 s in c e  now a l l  th e  d a ta  a re  

p re s e n te d  and th e  o v e r a l l  t r e n d  can  be fo l lo w e d . Now, how ever,

( in  F ig u re s  8 , 9 and 10) th e  te m p e ra tu re  change a lo n g  th e  le n g th  o f  

th e  co n d en se r tu b e  i s  somewhat cam o u flag ed . F ig u re s  8 , 9 and 10 

a l l  show b a s i c a l l y  th e  same t r e n d  i n  th e  d a t a : th e  c o n d en se r s u r fa c e

te m p e ra tu re  i n i t i a l l y  d rops a s  th e  r o t a t i o n a l  speed  i s  in c re a s e d  up t o  

a c e r t a i n  r o t a t i o n a l  speed and th e n  th e  te m p e ra tu re  su d d e n ly  r i s e s .

The o n ly  d i f f e r e n c e  betw een th e  f ig u r e s  l i e s  i n  th e  amount o f  th e  te m p e ra 

t u r e  d ro p  and th e  speed  lo c a t io n  a t  w hich th e  te m p e ra tu re  b e g in s  t o  r i s e . 

The f a c t  t h a t  th e  te m p e ra tu re  i n i t i a l l y  d ro p s  in d i c a te s  t h a t  a f i lm  

o f  co n d en sa te  form s on th e  co n d en ser s u r f a c e  and becom es t h i c k e r  a s  th e  

speed  o f  r o t a t i o n  in c r e a s e s .  When th e  c o n d en se r  i s  r o t a t e d ,  th e  r e s u l t 

in g  c e n t r i f u g a l  f o r c e  te n d s  t o  th ro w  th e  c o n d en sa te  o f f  t a n g e n t i a l l y .  

However, th e  s u r fa c e  te n s io n  fo rc e  be tw een  th e  a d jo in in g  l i q u i d  m o lecu le s  

te n d s  t o  keep th e  co ndensa te  la y e r  a t ta c h e d  to  th e  t u b e . When t h i s  

l a y e r  g e t s  l a r g e  enough, th e  s u r fa c e  b re a k s  down and th e  l i q u i d  i s  

th row n o f f  i n  a l l  d i r e c t i o n s . A lthough  i n  f a c t  th e  s u r f a c e  te n s io n  

fo rc e  v a r i e s  in v e r s e ly  w ith  th e  f l u i d  te m p e ra tu re ,  t h i s  i s  n o t b o rn e  

o u t v e ry  c l e a r l y  b y  th e  e x p e r im e n ts . At a s u r fa c e  te m p e ra tu re  o f  

a p p ro x im a te ly  170°F , th e  su r fa c e  te m p e ra tu re  d e c l in e d  u n t i l  a r o t a t i o n a l  

speed  o f  850 REM (F r  = 10 .05 ) was r e a c h e d , a t  w hich tim e  th e  te m p e ra tu re
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s u d d e n ly  r o s e .  F o r a co n d en se r tu b e  a t  130 °F, t h i s  o c c u rre d  a t  ^50 RIM 

(F r  = 2 .8 5 ) .  Looking a t  th e s e  r e s u l t s  i t  would seem t h a t  t h e  s u r f a c e  

te n s io n  fo r c e  i s  l a r g e r  a t  170°F th a n  a t  1 3 0 °F . However, exam in ing  th e  

cu rv e s  more c lo s e ly ,  i t  becomes a p p a re n t t h a t  a t  130°F th e  co n d en se r 

s u r f a c e  te m p e ra tu re  d ro p s  b y  more th a n  20 F° i n  th e  i n t e r v a l  0 -  ^50 RIM, 

w hereas i n  th e  ca se  w here th e  co n d en se r s u r f a c e  i s  170°F when s t a t i o n a r y ,  

t h i s  same te m p e ra tu re  d ro p s b y  a p p ro x im a te ly  8 F° when th e  r o t a t i o n a l  

speed  i s  850  RPM. These l a s t  o b s e rv a t io n s  in d i c a te  t h a t  th e  co n d e n sa te  

f i lm  th ic k n e s s  in c r e a s e s  more q u ic k ly  when th e  co n d en se r tu b e  i s  a t  

130°F th a n  when i t  i s  a t  170°F . The r e s u l t i n g  t h i c k e r  f i lm  i s  th e n  

th row n  o f f  a t  a low er r o t a t i o n a l  speed  th a n  th e  much th in n e r  f i lm  form ed 

on th e  tu b e  whose s u r fa c e  i s  a t  130°F.

When th e  co n d en se r s u r fa c e  te m p e ra tu re  I s  a t  170°F, th e  te m p e ra tu re  

d i f f e r e n c e  betw een  i t  and th e  su rro u n d in g  steam  c a u ses  a  f i lm  o f  con 

d e n s a te  t o  b e  d e p o s ite d  on th e  co n d en se r s u r f a c e .  T h is  f i lm  th e n  grows 

to  a th ic k n e s s  a t  w hich v e ry  l i t t l e  a d d i t i o n a l  steam  i s  b e in g  co n d en sed .

T h is  th ic k n e s s  th e n  p e r s i s t s  and grows s l i g h t l y  a s  th e  speed  o f  r o t a t i o n  

i s  in c re a s e d  u n t i l  th e  c e n t r i f u g a l  f o r c e  overcom es th e  te n s io n  fo r c e  and  

th e  f i lm  b re a k s  down. When th e  co n d en se r s u r fa c e  i s  a t. 130°F when 

s t a t i o n a r y ,  th e  i n i t i a l  r a t e  o f  c o n d e n sa tio n  i s  much g r e a t e r  th a n  when 

t h a t  s u r fa c e  i s  a t  170°F, and th e  te m p e ra tu re  d i f f e r e n c e  betw een  th e  

s u r fa c e  and th e  steam  i s  now la r g e  enough so t h a t  c o n d e n sa tio n  p e r s i s t s  

and an even  t h i c k e r  f i lm  i s  b u i l t  up w hich th e n  h as  to  b e  throw n o f f  a t  much 

lo w er r o t a t i o n a l  sp e e d s . An in te rm e d ia te  ru n  was perfo rm ed  in  w hich 

th e  co n d en se r s u r fa c e  te m p e ra tu re  was i n i t i a l l y  s e t  a t  150°F . I n  t h i s  

c a s e ,  th e  co n d en sa te  la y e r  th ic k n e s s ,  a s  im p lie d  b y  th e  s u r fa c e
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te m p e ra tu re ,  was g r e a t e r  th a n  t h a t  f o r  th e  ru n  where th e  co n d en se r s u r 

f a c e  was h e ld  a t  170°F h u t  l e s s  th a n  th e  co n d en sa te  th ic k n e s s  i n  th e  

c a se  where t h e  cond en ser s u r fa c e  was i n i t i a l l y  a t  130°F . The r o t a t i o n a l  

speed  o f  550 RIM, a t  which th e  s u r fa c e  te m p e ra tu re  s to p p ed  f a l l i n g  and 

su d d en ly  r o s e ,  was a ls o  in te rm e d ia te  betw een th o s e  f o r  th e  o th e r  two 

r u n s .  The r e s u l t s  o f  th e  th r e e  ru n s  a re  p lo t t e d  to g e th e r  i n  F ig u re  11 . 

The o n ly  cu rv e  w hich e x h ib i t s  a  l e v e l l i n g - o f f  and p e rh ap s  even  a d e c l in e  

o f  th e  s u r fa c e  te m p e ra tu re  a t  h ig h  r o t a t i o n a l  speeds i s  th e  one f o r  w hich 

th e  i n i t i a l  s u r fa c e  te m p e ra tu re  was 170°F . However, th e  l e v e l l i n g - o f f  

and  th e  d e c l in e  o ccu r j u s t  a t  th e  l im i t in g  speed  and th u s  make i t  d i f f i 

c u l t  t o  make any  d e f in i t e  c o n c lu s io n s .  The o th e r  two c u rv e s  show no 

t r a c e  o f  a d e c l in e .

F ig u re s  12, 13 and lk  show th e  e f f e c t  o f  r o t a t i o n a l  speed  on th e  

h e a t  t r a n s f e r  c o e f f i c i e n t . A l l  th r e e  f ig u r e s  im ply  t h a t  th e r e  i s  an 

i n i t i a l  reg im e a t  low r o t a t i o n a l  sp eed s i n  w hich hm i s  a f f e c t e d  v e ry  

l i t t l e . A f te r  t h i s  i n i t i a l  reg im e hm r i s e s  t o  a maximum o f  500$ o f  

i t s  i n i t i a l  v a lu e .  F ig u re  12 shows th e  r e s u l t s  f o r  t e s t  s e r i e s  I  

(Tw = 120°F ) . I n  a d d i t io n  to  th e  two reg im es d e s c r ib e d  above, hm in  

t h i s  ca se  a ls o  goes in to  a n o th e r  reg im e . A t a p p ro x im a te ly  2200 REM 

(F r  = 68) hm re a c h e s  a peak v a lu e  and f o r  a d d i t io n a l  speed  in c re a s e  

a p p e a rs  to  d e c re a s e .  However, th e  r e s u l t s  can n o t be a c c e p te d  as  

c o n c lu s iv e  w ith o u t p e rfo rm in g  a d d i t io n a l  ru n s  a t  even  h ig h e r  sp e e d s .

The r e s u l t s  f o r  t e s t  s e r i e s  I I  (Tv  = ^5°F , mw = 3600 l b / h r . )  a re  shown 

i n  F ig u re  13- The peak v a lu e  o f  hm in  t h i s  c a se  o c c u rs  a t  ap p ro x im a te ly  

2500 REM (F r  = 8 8 ) .  However, th e  d e c l in e  o f  hm ( i f  any) i s  even l e s s
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e v id e n t i n  t h i s  case  th a n  f o r  t e s t  s e r i e s  I .  T e s t s e r i e s  I I I  r e s u l t s  

a re  shown in  F ig u re  l 4 .  In  t h i s  c ase  hm shows no s ig n s  o f  a  d e c l in e  

a t  a r o t a t i o n a l  speed o f  2700 RPM. I t  would o b v io u s ly  be  d e s i r a b le  

t o  ex te n d  th e  r o t a t i o n a l  speed f o r  a l l  th r e e  t e s t  s e r i e s .

The b e s t  c o r r e l a t i o n  o f  th e  r e s u l t s  was o b ta in e d  when th e  d a ta  

were p lo t t e d  a s  N u sse lt number (Nu) a g a in s t  Weber number (We) a s  in  

F ig u re  15• From F ig u re  15* i t  i s  c l e a r l y  e v id e n t  t h a t  th e r e  e x i s t  

two d i s t i n c t  re g im e s . Up to  a v a lu e  o f  We = 500, N u sse lt number i s  

e s s e n t i a l l y  c o n s ta n t  a t  a v a lu e  o f  220 . F o r v a lu e s  o f  Weber number 

h ig h e r  th a n  500, N u sse lt number i n c r e a s e s .  In  t h i s  r e g io n  th e  

r e l a t i o n  betw een  N u sse lt number and Weber number i s  o f  th e  form :

Nu = 1 1 .56  We°* 1,886

I t  i s  a l s o  e v id e n t from  F ig u re  15 t h a t  N u ss e lt number does no t 

e x p e r ie n c e  a d e c l in e  f o r  h ig h  v a lu e s  o f  Weber num ber. I t  i s  d i f f i c u l t ,  

how ever, t o  p r e d ic t  what would have happened had i t  been  p o s s ib le  to  

go to  h ig h e r  v a lu e s  o f  r o t a t i o n a l  sp e e d .

In  o rd e r  t o  compare th e  r e s u l t s  w ith  th o s e  o f  o th e r  w o rk e rs , 

th e y  were p lo t t e d  as  shown in  F ig u re  1 6 . A gain , th e  two reg im es 

m entioned  above were e v id e n t . Up to  a v a lu e  o f  We = 500, N u sse lt 

number (Nu&) had a c o n s ta n t v a lu e  o f  120 . F o r We >  500; th e  r e l a t i o n  

betw een Nua and We was o f  th e  form :

Nua = 6 .13. We0 *̂ 957

6 8 0 9 3
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The s t r a i g h t  l i n e  c o r r e l a t i o n  a s  o b ta in e d  i n  F ig u re  16 -was th e n  

draw n on a  g rap h  showing some o f  th e  r e s u l t s  o f  o th e r  w o rk e rs .

T here  a r e  e s s e n t i a l l y  th r e e  m a jo r d i f f e r e n c e s  betw een th e  a u t h o r ’s 

r e s u l t s  and  th o s e  o f  o th e r  w o rk e rs . W hereas in  th e  p r e s e n t  i n v e s t i g a t io n  

th e r e  was a  reg im e o f  c o n s ta n t  Nua. up  to  a  v a lu e  o f  We = 500, none o f  

th e  o th e r  w orkers o b serv ed  t h i s .  S in g e r  and  Yeh re p o r te d  an  i n i t i a l  

d e c l in e  in  Wû _ b u t t h i s  r e p o r te d ly  o c c u rre d  a t  v a lu e s  o f  Weber number 

w e ll  below  100. A no ther d i f f e r e n c e  i s  a  la c k  o f  a  d e c l in e  i n  Nua. £ ° r  

la r g e  v a lu e s  o f  We (We > 9 0 0  f o r  P re c k sh o t and  We > 1 7 0 0  f o r  Y eh).

H o y le 's  r e s u l t s  r e p o r te d  h e re  a re  h i s  r e s u l t s  f o r  a  If" ) .D . co n d en se r 

w hich was th e  c l o s e s t  i n  s iz e  t o  th e  co n d en ser u sed  f o r  th e  p r e s e n t  

i n v e s t i g a t io n .  M oreover,  H o y le 's  cu rve  was draw n a s  a s t r a i g h t  l i n e  

f o r  th e  p u rp o se  o f  com parison w here in  f a c t  i t  was n o t e x a c t ly  a 

s t r a i g h t  l i n e .  The t h i r d  d i f f e r e n c e  i s  th e  o b v io u s ly  la r g e  d i f f e r e n c e  

in  Nua betw een  th e  p re s e n t  r e s u l t s  and th o se  o f  o th e r  w o rkers a t  low  

r o t a t i o n a l  sp e e d s . T h is  d i f f e r e n c e  was n o t t o t a l l y  u n ex p ec ted  s in c e  

i t  was known t h a t  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  h ig h e r  f o r  h o r i z o n ta l  

th a n  f o r  v e r t i c a l  tu b e s .

G a r r e t t  and W ighton 00 and H assan and Jakob  00 r e p o r t  v a lu e s  o f  hm 

to  be a lm o s t tw ic e  a s  h ig h  f o r  h o r iz o n ta l  tu b e s  a s  f o r  v e r t i c a l  tu b e s .

F o r t h i s  r e a s o n , i t  i s  ex p ec ted  t h a t  a t  low  r o t a t i o n a l  sp e e d s , th e  r e s u l t s  

o f  th e  p r e s e n t  in v e s t ig a t io n  sh o u ld  be w e ll  below  th o s e  r e p o r te d  by o th e r  

w orkers (5 , 9 and 1 0 ), s in c e  a l l  o f  t h e i r  r e s u l t s  were f o r  h o r iz o n ta l  

tu b e s .  M oreover, i t  i s  ob serv ed  from  F ig u re  17 t h a t  th e  r e s u l t s  o f  th e  

p r e s e n t  i n v e s t i g a t io n  do in d eed  re a c h  th e  same o rd e r  o f  m agn itude a s  

th o s e  o f  o th e r  w orkers a t  h ig h  r o t a t i o n a l  speeds 'when th e  e f f e c t s  o f  

g r a v i ty  become i n s ig n i f i c a n t  compared to  c e n t r i f u g a l  f o r c e .
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S ta t io n a r y  r e s u l t s  f o r  th e  p re s e n t  i n v e s t ig a t io n  v a r ie d  from  

+ 3$ to  -  15$ from  th o se  p r e d ic te d  by  N u s s e l t 's  th e o ry  f o r  s t a t io n a r y  

v e r t i c a l  tu b e s  (e q u a tio n  l ) .
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CHAPTER 6

CONCLUSIONS '

6 .1  I t  was found  t h a t  th e  co n d en ser s u r f a c e  te m p e ra tu re  i n i t i a l l y -  

d ropped  w h ile  th e  speed  o f  r o t a t i o n  was in c re a s e d  and th e n  ro se  

su d d e n ly , ap p ro ac h in g  more and more c l o s e l y  th e  steam  te m p e ra tu r e .

The i n i t i a l  d ro p  was a t t r i b u t e d  t o  a co n d en sa te  b u i ld - u p  made 

p o s s ib le  b y  s u r f a c e  te n s io n  fo rc e s  w hich p re v e n te d  th e  co n d en sa te  

from  b e in g  th row n o f f  a t  low  F roude num bers. When th e  s u r fa c e  

te n s io n  fo rc e  was overcom e, th e  co n d en sa te  was sp ra y e d  o u t 

t a n g e n t i a l l y  i n  a l l  d i r e c t i o n s .

6 .2  The h e a t  t r a n s f e r  c o e f f i c i e n t  d id  n o t v a ry  from  i t s  " s t a t io n a r y "  

v a lu e  a t  low  sp eed s o f  r o t a t i o n .  However, when th e  r o t a t i o n a l  

speed  was in c re a s e d ,  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  a l s o  in c re a s e d  

u n t i l  i t  became e q u a l t o  500$ o f  i t s  s t a t i o n a r y  v a lu e  f o r  AT = l8 5 ° F . 

F o r AT = 110°F, th e  maximum v a lu e  o f  hm was e q u a l t o  380$ o f  i t s  

s t a t i o n a r y  v a lu e .  A lso  a t  AE = 110°F, th e r e  was a h in t  o f  a d ro p  

o f  hm f o r  v a lu e s  o f  We >  2200 RIM.

6 .3  The d a ta  were s u c c e s s f u l ly  c o r r e l a t e d  i n  th e  form

Nu = 11 .5 6  We0 *11-886

f o r  v a lu e s  o f  Weber number We > 500 . F o r v a lu e s  o f  Weber number 

<  500, N u sse lt  number was found to  be a c o n s ta n t  (2 2 0 ) .

28
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APPENDIX A

DIMENSIONAL ANALYSIS

I n  o rd e r  t o  j u s t i f y  th e  u se  o f  th e  d im e n s io n le ss  g roups u sed  in  

F ig u re s  15 , l 6  and 17, th e  fo llo w in g  was p erfo rm ed .

I t  was assum ed t h a t  f o r  th e  p r e s e n t  in v e s t i g a t io n ,  th e  fo llo w in g

r e l a t i o n s h i p  was t r u e :

km = ~ =  D0 , kf , pf , g,cr)

In  th e  F , L, I ,  0 , system  o f  u n i t s ,  th e  d im e n s io n a l m a tr ix  f o r

th e  p a ra m e te rs  i s :

1 2 3 k 5 6 7

w Do k f Pf g cr

F 0 1 0 1 1 0 1

L 0 -  1 1 0 -  3 1 -  1

T -  1 -  1 0 -  1 0 -  2 0

9 0 -  1 0 -  1 0 0 0

I t  i s  a p p a re n t t h a t  th e  ra n k  ( r )  o f  th e  m a tr ix  i s  f o u r  (4 ) and s in c e  

t h e r e  a re  seven  ( 7 ) v a r i a b l e s ,  th e  number o f  d im e n s io n le s s  g roups i s  

7 - ^  = 3 .

The homogeneous l i n e a r  a lg e b r a ic  e q u a tio n s  whose c o e f f i c i e n t s  a re  

th e  numbers i n  th e  rows o f  th e  d im e n s io n a l m a tr ix  a r e  th e  fo llo w in g :
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K2 + + K5 + K7 = 0  ----- ---------

-  K2,+ K3 -  3K5 + K6 -  K7 ' = 0

-  K1 -  K2 -  K4 -  2K6 = 0 ............ .........

-  K2 -  Kh = ° .  .....................

S e t t i n g  Kk th ro u g h  K7 in  te rm s  o f  K1 th ro u g h  K3, th e  fo llo w in g  

r e l a t i o n s  a re  o b ta in e d :

Kk- = -  K2

K5 = -  1/2K2 + 1/2K3 -  i A e L

K6 = -  1/2K1

K7 = lA K l  + 1/2K2 -  1/2K3

(1 )

( 2 )

( 3 )

A)

Hence th e  m a tr ix o f s o lu t io n s i s :

1 2 3 If 5 6 7

w km Do k f P B cr

Jtl 1 0 0 0 - i A -  1 /2 i A

jt2 0 1 0 - 1 -  1 /2 0 1 /2

*3 0 0 1 0 1 /2 0 - 1 /2

and th e  d im e n s io n le ss  groups a re :

itl =
w ai A

„  l A  n.l/2 Pf 7 g '

it2 =
hm . or

kf  pf

.1/2

i / i -

*3 =
ho P-

1 /2

o~1 /2
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The p ro d u c t jt2 . jt3 y ie ld s  th e  f a m i l i a r  d im e n s io n le ss  group

hm. Do
kf ■ (=Nu)

2 3The p ro d u c t ( i t l )  . (« 3 ) y ie ld s
°g

The two r e s u l t i n g  g roups th e n  a r e :

itl = hjn D0 /k f  

' pfw2DQ3
it2  =  -----------------

°g

and th e  r e l a t i o n s h i p  betw een them  i s  assumed to  be  o f  th e  fo rm :

p-pw^D,-^
hmD0/ k f  = f  ( - £ — 2_)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B

SAMPLE CALCULATIONS

The e x p e r im e n ta l v a lu e s  o f  h e a t  f lu x  qw,  f o r  b o th  th e  s t a t i o n a r y  

and th e  r o t a t i o n a l  c a se s  were found from  th e  fo llo w in g  e x p re s s io n  f o r  

th e  h e a t  t r a n s f e r r e d  to  th e  c o o lin g  w a te r ,

— So • Cp • 1% . AT

where ATW i s  th e  c o o lin g  w a te r  te m p e ra tu re  d i f f e r e n c e  a s  m easured  a t  

th e  e x i t  and e n tra n c e  t o  th e  t e s t  s e c t i o n ,  and mw i s  th e  m easured  

c o o l in g  w a te r  f lo w .

I n  o rd e r  t o  check  th e  a c c u ra c y  o f  th e  c o o l in g  w a te r  f lo w  and 

te m p e ra tu re  m easurem ents, th e  h e a t  lo a d  was a l s o  c a lc u la te d  from  th e  

steam  and co n d en sa te  m easurem ents t h u s :

15 x.q.v -  -jj— . mv . hpg

where h fg  i s  th e  e n th a lp y  o f  e v a p o ra tio n  and was e v a lu a te d  a t  th e  steam  

te m p e ra tu re  and p r e s s u re ,  and mv i s  th e  m easured  co n d en sa te  f lo w .

The e x p e r im e n ta l h e a t  t r a n s f e r  c o e f f i c i e n t  was o b ta in e d  u s in g  th e  

fo llo w in g  e x p re s s io n :

hm ’ = <lw/A ATs

where 'ATS is  the temperature difference between the steam temperature 

Ts and the average condenser surface temperature T0a*

53 '
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The mean v a lu e  o f  N u sse lt number was th e n  e v a lu a te d  in  two 

d i f f e r e n t  w ays:

Nu = hm D0/ k f

where k f  i s  th e  th e rm a l c o n d u c t iv i ty  o f  co ndensa te  e v a lu a te d  a t  mean 

f i lm  te m p e ra tu re  T f , w here:

Tf  = (Toa + Ts ) /2  

and Nua = hm D0/2  kA

where kA i s  th e  th e rm a l c o n d u c t iv i ty  o f  w a te r  a t  a tm ospheric  c o n d i t io n s .  

Weber number was c a lc u la te d  u s in g  th e  fo llo w in g  e x p re s s io n s

We = (D02 P f / c r )  (D0 w 2/2  g ) /2

where Pf and cr a re  e v a lu a te d  a t  th e  mean f i lm  te m p e ra tu re  T f .
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APPENDIX C

VARIATION OF MEASURED AND CALCULATED PARAMETERS WITH ROTATIONAL SPEED
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APPENDIX D

PHOTOGRAPH A: COMPOSITE OF ALL THE EQUIPMENT
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PHOTOGRAPH B: STEAM CHAMBER CLOSE-UP
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