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THE EFFECT OF LENGTH

m

N O Z Z L E  L O S S E S .

INTRODUCTORY.

The s u b j e c t  o f  s team  n o z z l e s  I s  by no means a  new one, 

a s  i t  h a s  been  c o rn e re d  by many i n v e s t i g a t o r s  i n  th e  l a s t  few 

y e a r s .

A c o n s id e r a b le  amount o f  t h i s  has  been c a r r i e d  o u t  i n  

th e  H eat E ngine L a b o r a to r i e s  o f  The R oyal T e c h n ic a l  C o lleg e  by 

D rs .  M ellanby  and K e r r .  They a d o p te d  in  t h e i r  f i r s t  p a p e r  ^ 

a  method com bining  th e  m easurement o f  f low  and  s e a r c h  tube  

i n v e s t i g a t i o n s  a lo n g  th e  a x i s  o f  th e  n o z z l e .  They deduced a  

number o f  e q u a t io n s  and  fo rm u lae  which made th e  a n a l y s i s  o f  

n o z z l e s  p o s s i b l e .  From t h e i r  i n v e s t i g a t i o n s  i t  would seem t h a t  

th e  c o n v e r g e n t - p a r a l l e l  n o z z le  i s  th e  most s u i t a b l e  f o r  d e t a i l e d  

e x a m in a t io n ,  and  in  a  p a p e r ^ r e a d  b e f o r e  th e  N .E .C . I n s t ,  o f  

E n g in e e r s  and  S h i p b u i l d e r s , th e y  showed t h a t  th e  t o t a l  l o s s e s  

i n  n o z z l e s  a r e  d i v i s i b l e  i n t o  two p a r t s  namely f r i c t i o n  and 

e n t r y  l o s s e s .  I t  may be h e re  m en tioned  t h a t  i n  a l l  t h e i r  

e x p e r im e n ts  th e y  u se d  round  n o z z l e s ,  b u t  D r. D. S . Anderson 

h a s  co n firm ed  the  method o f  t h e i r  a n a l y s i s  by a p p ly in g  i t  t o  

r e c t a n g u l a r  n o z z l e s . ^  I t  was found  n e c e s s a r y  t h a t  th e  w r i t e r  

sh o u ld  c a r r y  o u t  the  p r e s e n t  work to  p ro v id e  a  f u r t h e r  l i n k  in  

th e  c h a in  o f  n o z z le  r e s e a r c h .

The l o s s e s  were i n v e s t i g a t e d  by a  s e r i e s  o f  p r e s s u r e  

f lo w  e x p e r im e n ts .  The f low  q u a n t i t i e s  were n o te d  down a t  

s e v e r a l  p e r i o d s  d u r in g  th e  e x p e r im e n t  and a  mean o f  th e s e  was

1 . "Steam A c tio n  i n  Simple Nozzle Forms" B .A .S e c t io n  G.
A u gus t,  1920.

2 . "L osses i n  C onvergen t N ozz les"  N .E .C . I .  o f  Eng. & S h ip :
r b u i l d e r s ,  F e b ru a ry ,  1921.

3 .  "L osses i n  N ozz les  o f  R e c ta n g u la r  C ross S e c t io n "
Greenock Soc. E ngs. & S h i p b u i l d e r s :  March, 1922 .
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nam ely 2 0 , 40 and  $0  lb s*  gauge were t a k e n .  The n o z z le  was o u t  

down by a  J  o f  an  in c h  f o r  e v e ry  s e r i e s .  R e fe ren c e  to  th e s e  

t e s t s  w i l l  be h e r e i n a f t e r  c a l l e d  a s  Case I ,  Case I I  and Case I I I  

a c c o rd in g  to  th e  d i f f e r e n t  back  p r e s s u r e s  and S e r i e s  I ,  I I ,  I I I  

e t c . ,  a c c o rd in g  to  th e  s h o r te n e d  l e n g t h .

To a v o id  c o m p l ic a t io n s  due t o  s u p e r s a t u r a t i o n  i n  th e  

n o z z l e ,  th e  s team  was s u p e rh e a te d  t o  a  f a i r l y  h ig h  d e g re e .  I t  

w i l l  be seen  from  Table  I  t h a t  th e  te m p e r a tu re s  were c o n s ta n t  

o v e r  a  f a i r l y  wide range  a s  i t  was p r a c t i c a l l y  im p o s s ib le  to  g e t  

a  f i n e r  a d ju s tm e n t  o v e r  th e  gas  r i n g s  h e a t i n g  th e  steam  b e fo re  

i t s  e n t r y  to  th e  n o z z le .

F ig  I I I  shows th e  n o z z le  b e fo r e  i t  was c u t  down. I t  

i s  made o f  s o f t  b r a s s  and i s  machine f i n i s h e d  and 1 .4 0 4 ” t o t a l  

l e n g t h ,  th e  p a r a l l e l  l e n g t h  was 1 . 144” * A l l  f u r t h e r  d e t a i l s  

a f t e r  th e  n o z z le  was c u t  down a r e  g iv e n  i n  Table  I .  The n o z z le  

showed in  th e  t a i l  p o r t i o n  th e  marks o f  the  t u r n in g  t o o l ,  and a  

l a r g e  number o f  f a i n t  r i n g s  o r  r i d g e s  b e in g  c l e a r l y  p e r c e p t i b l e .  

The d u r a t i o n  o f  each  t e s t  was betw een 30 and 35 m in u te s .  From 

th e  s e a r c h  tu b e  and m ic ro m e te r  r e a d i n g s ,  th e  p r e s s u r e  r a t i o  ( i . e  

r a t i o  o f  th e  p r e s s u r e  a t  any p o i n t  to  the  su p p ly  p r e s s u r e )  was 

o b ta in e d .  On a  b a se  o f  d i s t a n c e  a lo n g  the  n o z z le  a x i s , p r e s s u r e  

r a t i o  c u rv e s  were draw n, t h i s  a lo n g  w i th  th e  f lo w  q u a n t i t y  and 

i n i t i a l  s team  c o n d i t i o n s  was a l l  t h a t  i s  n e c e s s a r y  f o r  th e  

a n a l y s i s  o f  th e  n o z z le .

A l l  g a u g es ,  therm om eter  and w eigh ing  ta n k s  were 

c a l i b r a t e d .

The " t o t a l  l e n g th "  o f  th e  n o z z le  i s  g iv e n  on a l l  the

g r a p h s .

THEORETICAL ANALYSIS.

The method o f  a n a l y s i s  u sed  i n  th e  p r e s e n t  w ork, h a s  

been  a d o p ted  from  D rs .  M ellanby*s and K err*s i n v e s t i g a t i o n s ,  due 

acknowledgem ent b e in g  h e re  made.
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T h is  i s  g iv e n  f u l l y  in  t h e i r  p a p e r s  m en tioned  a t  th e  

b e g in n in g  o f  th e  p r e s e n t  w ork , b u t  i t  was th o u g h t  a d v is a b le  to  

g iv e  an  o u t l i n e  o f  th e  th e o r y  in v o lv e d .

The e x p r e s s io n  c o n n e c t in g  th e  flow  q u a n t i t y ,  c ro s s  

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

•f-

WÜ1CÙ IS roundëdTôn th e  h y p o t h e s i s ,  “t h a t  when s team  i s  expanded 

a d i a b a t i c a l l y  a l l  th e  work done g oes  to  c r e a t e  onward v e l o c i t y ,  

th e  a d i a b a t i c  in d ex  -jv i s  f i x e d  and u n a l t e r a b l e .

Cn m Flow q u a n t i t y  l b s / s e c .

s  C ro ss  S e c t i o n a l  a r e a  in s ^

s  I n i t i a l  p r e s s u r e  l b s / i n s ^  a b s .

v; s  I n i t i a l  s p e c i f i c  volume f t ^ / l b .

f  = P r e s s u r e  r a t i o  = ^

F o r  s u p e r h e a t e d  s team  ox = /*3

s u b s t i t u t i n g  t h i s  va lue  f o r

and a l s o  s u b s t i t u t i n g  a  f o r  n -  1 , th e  above
n

e x p r e s s io n  re d u c e s  t o :

(i/i =
The l e f t  hand s id e  o f  ( l )  i s  l e s s  th a n  the  t h e o r e t i c a l ,  hence 

i t  was found n e c e s s a r y  to  in t r o d u c e  a  l o s s  f a c t o r  "K" to  the  

r i g h t  hand s id e  o f  ( l )  so t h a t  b o th  s i d e s  may become i d e n t i c a l  

The form  o f  th e  e x p r e s s io n  may be w r i t t e n  a s :

f  = t  ^  V (2 )
A y ^ ^ AT.

where K i s  a lw ays p o s i t i v e ,  and th e  e x p re s s io n  a s  i n  ( 2 ) 

becomes a p p l i c a b l e  to  any form o f  a c t u a l  e x p a n s io n .
.){• ^rr>vc  ̂ j 6 -A.

/6c-/r Pk/Cs. fits.
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F i s  known a s  th e  j e t  f u n c t i o n .  The q u a n t i t i e s  in  

th e  e x p r e s s io n  a re  e i t h e r  g o t  by measurement o r  c a l c u l a t i o n .

Vj i s  c a l c u l a t e d  by means o f  C a l l e n d a r  E q u a t io n  f o r  su p e rh e a te d  

s team  w here:

Vj s  0 *6 9 4 -8 .^  ^  o  ̂ *Of ( ^ )

w here . T, i s  in  a b s o l u te  d e g re e s .

C o n s id e r in g  a g a in  the  l e f t  hand form o f  F , i t  i s  seen 

t h a t  f o r  f i x e d  i n i t i a l  and f i n a l  c o n d i t i o n s  G v / i l l  be c o n s ta n t  

and  th e  o n ly  v a r i a b l e  w i l l  be A. Hence the  v a lu e s  o f  F 

o b ta in e d  u n d e r  th e s e  c o n d i t i o n s  w i l l  v a ry  a lo n g  th e  n o z z le  

l e n g t h .  I f ,  h ow ever, a t t e n t i o n  i s  c o n c e n t r a t e d  on one p a r t i c u :  

: l a r  s e c t i o n  o f  th e  n o z z le  and  th e  f i n a l  c o n d i t i o n s  v a r i e d ,

V|  ̂ A and P, w i l l  be  c o n s t a n t  and  G th e  v a r i a b l e .

The v a lu e s  o f  th e  j e t  f u n c t i o n  w i l l  th en  g iv e  a  flow  

c u rv e  t o  some s c a l e  f o r  d i f f e r e n t  p r e s s u r e  r a t i o s  o f  o p e r a t io n .  

The most c o n v e n ie n t  s e c t i o n  i s  u n d o u b te d ly  th e  n o z z le  o u t l e t  

and  th e  j o i n i n g  o f  th e s e  t e r m in a l  p o i n t s  o f  F w i l l  g iv e  the

f lo w  c u rv e .  Having found F ,  K th e  l o s s  f a c t o r  c o u ld  be e a s i l y

s p o t t e d  on th e  c a l c u l a t i n g  c h a r t  F i g .  X.

Knowing K o t h e r  im p o r ta n t  e x p r e s s io n s  can be e a s i l y

o b ta in e d .
'Vv •“ (

L e t  th e  volume f a c t o r  « — — - «
V

J e t  f low  a r e a  v a r i e s  a s

J e t  e n e rg y  v a r i e s  a s  (P m )  t h a t  i s  a s  ( l -  K -  v* )

Flow v e l o c i t y  v a r i e s  a s  t h a t  i s  a s  ^ I -  K v ^

The e x p re s s io n  f o r  th e  n o z z le  e f f i c i e n c y  i s :

( I -  Y^
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The o o - e f f i o i e n t  o f  d i s c h a r g e

C j « G a c t u a l   = F a o t i i a l _____
^  G t h e o r e t i c a l  F t h e o r e t i c a l

(5 )

The c o - e f f i c i e n t  o f  v e l o c i t y  i s  e q u a l  to  th e  sq u a re  

r o o t  o f  th e  e f f i c i e n c y

r  ?2 ( 6 )

The r e h e a t i n g  e f f e c t  i n c r e a s i n g  th e  s p e c i f i c  volume makes

These a r e  th e  e x p r e s s io n s  d e r iv e d  from  the  e x p re s s io n  f o r  th e  

j e t  f u n c t i o n ,  t h e i r  p r a c t i c a l  a p p l i c a t i o n  w i l l  be i l l u s t r a t e d  

l a t e r .

T ab le  I  g iv e s  th e  r e s u l t s  o f  th e  t e s t s  and F i g s .  IV , 

V, V I, VII and V II I  show th e  p r e s s u r e  r a t i o  c u rv e s  f o r  th e  

n o z z le  a s  i t  was c u t  down.

I t  w i l l  be n o t i c e d  t h a t  th e  t h r o a t  p o s i t i o n  o f  th e  

n o z z le  l i e s  on a  s t e e p  p a r t  o f  the  c u rv e ,  t h i s  i s  p ro b a b ly  due 

to  th e  v e n a - c o n t r a o t a  e f f e c t  a t  e n t r y ,  and owing t o  t h i s  e f f e c t  

a  new t h r o a t  had to  be t a k e n .  T h is  f a c t  i s  b e t t e r  i l l u s t r a t e d  

by th e  f i g u r e  below .

The s team  on l e a v in g  th e  n o z z le  f o l lo w s  th e  l i n e s  i n d i c a t e d  a t  

o u t l e t  a s  above so th e  o u t l e t  s e c t i o n  had to  be ta k e n  a t  a  l i t t l e  

d i s t a n c e  b e fo r e  the  o u t l e t  so a s  to  be su re  o f  p a r a l l e l  s t r a i g h t  

l i n e  m otion .
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The p r e s s u r e  r a t i o  c u rv e s  a r e  ve ry  smooth and w e l l  

d e f i n e d .  The d e t e r m i n a t i o n  o f  F depends on A ( th e  a n n u la r  

space  be tw een  n o z z le  and s e a r c h  tu b e )  and t h e r e f o r e  i t  becomes 

an  e a sy  m a t t e r  f o r  th e  c a l c u l a t i o n  o f  F from  th e  r e l a t i o n s h i p :

F b e in g  found  th e  l o s s  f a c t o r  K c o u ld  be e a s i l y  d e te rm ined  

from th e  c a l c u l a t i n g  c h a r t  F ig  X, The d i s c h a r g e  c o e f f i c i e n t  

i s  a t  once o b ta in e d  by d i v id i n g  th e  v a lu e  o f  th e  j e t  f u n c t io n  

a t  any p o i n t  on the  f low  cu rv e  by th e  t h e o r e t i c a l  v a lue  o f  th e  

f u n c t i o n  c o r r e s p o n d in g  to  th e  same p r e s s u r e  r a t i o .  The t h e o r e :  

r t i o a l  v a lu e  o f  th e  j e t  f u n c t io n  i s  o b ta in e d  from  th e  c h a r t  

where K = o

I t  was found  a d v is a b le  to  p l o t  a l l  th e  p r e s s u r e  r a t i o  

c u rv e s  o f  Case I  f o r  d i f f e r e n t  l e n g t h s  o f  th e  n o z z le  t o g e t h e r  

F ig  IX.

I t  i s  ve ry  i n t e r e s t i n g  to  n o t i c e  t h a t  a l l  th e  c u rv e s  

fo l lo w  th e  same p a th  w h ile  the  p r e s s u r e  r a t i o s  a t  the  t h r o a t  

d rop  w ith  th e  s h o r t e n in g  o f  th e  n o z z l e .

The n e x t  t h in g  t o  be d e a l t  w i th  i s  th e  l o s s e s  i n  th e

n o z z le .

F i g s .  X I, X II  and  X I I I  show th e  l o s s  c u r v e s , f o r  

Cases I ,  I I  and I I I  r e s p e c t i v e l y  f o r  d i f f e r e n t  n o z z le  l e n g t h s .  

The c u rv e s  a re  p l o t t e d  on a  b a se  o f  n o z z le  l e n g t h  and i n d i c a t e  

c l e a r l y  th e  grow th  o f  l o s s  a s  th e  e x p a n s io n  p ro c e e d s  a lo n g  th e  

n o z z l e .  The l o s s e s  a r e  r a t h e r  slow a t  e n t r y  and  th e y  grow 

r a p i d l y  a lo n g  the  t a i l  o f  th e  n o z z l e .  T h is  shows t h a t  th e  

l o s s  a t  e n t r y  i s  e n t i r e l y  d i f f e r e n t  from t h a t  o c c u r r in g  i n  th e  

t a i l ,  and a l s o  s i g n i f i e s  th e  f a c t  t h a t  t h e r e  i s  a  f r i c t i o n a l  

e f f e c t  d ep en d en t  on th e  sp e e d .  The f r i c t i o n a l  l o s s  w i l l  be 

d e a l t  w i th  a t  a  l a t e r  s t a g e .
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C o n s id e r in g  th e  l o s s  c u rv e s  f o r  any o f  th e  t h r e e  

o a s e s ,  a t  s h o r t e n e d  l e n g t h s ,  one i s  a t  once s t r u c k  a t  th e  

d im in u t io n  i n  l o s s  a t  e n t r y ,  th e  o p p o s i t e  e f f e c t  would seem 

more r e a s o n a b l e ,  t h i s  w i l l  be d e a l t  w i th  a t  a  l a t e r  s t a g e .

On th e  c a l c u l a t i n g  c h a r t  i s  g iv e n  a  l i n e  a c o u s t i c  

v e l o c i t y  o r  v e l o c i t y  o f  sound in  th e  medium a t  th e  c r i t i c a l  c o n :  

: d i t i o n s .  T h is  l i n e  marks th e  p r e s s u r e  r a t i o s  a t  w h ich , w i th  

d i f f e r e n t  l o s s e s ,  th e  l i m i t i n g  v e l o c i t y  o f  sound i s  re a c h e d  and 

sh o u ld  d e f i n i t e l y  mark th e  end p o i n t  o f  th e  e x p a n s io n  in  th e  

n o z z l e .

FRICTION LOSSES.

T h is  l o s s  can  be c a l c u l a t e d  by d i r e c t  m ethods, and 

th e  d i f f e r e n c e  be tw een  t h i s  and th e  t o t a l  l o s s e s  g iv e s  th e  

o t h e r  l o s s e s .

The f r i c t i o n a l  r e s i s t a n c e  t o  th e  f lo w  o v e r  a  bou ndary  

s u r f a c e  depends e n t i r e l y  on the  d e n s i t y ,  th e  sp eed  o f  th e  f l u i d  

and th e  e x t e n t  o f  th e  s u r f a c e .  I t  a l s o  depends on the  n a tu r e  

o f  th e  s u r f a c e ,  th e  i n f lu e n c e  w i l l  be on th e  c o n s t a n t  c o - e f f i c :  

: i e n t  i n  th e  e x p r e s s io n .

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

-  t o t a l  p e r i m e t e r  (n o z z le  4- s e a r c h  tu b e )

Ü -  v e l o c i t y  o f  f l u i d .

V = s p e c i f i c  volume o f  f l u i d

th e n  ^  s  d e n s i t y  o f  f l u i d

• * • dK z  A X* dx-

where m and a  a r e  c o n s t a n t s  

Energy l o s s  p e r  s e c .  i s : -

= a .  ^ (7)
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The E q u a t io n

A 144- Vi
-  Y'*’

c o u ld  be r e w r i t t e n  t h u s : -

or;-
I -  K  -

From th e  E q u a t io n  o f  c o n t i n u i t y

(8 )

6>cr>v
where "E" i s  th e  e n e rg y  change i n  th e  ■u p g es o t sa

i s  p r o p o r t i o n a l  to  th e  e n e rg y  Change w i th  a d i a b a t i c  e x p a n s io n  

hence

i s  p r o p o r t i o n a l  to  th e  e n e rg y  l o s s  on th e  e x p a n s io n  p r o v id e d

t h a t :  V, K
“

r e p r e s e n t s  th e  i n c r e a s e  in  volume due t o  th e  r e h e a t i n g  e f f e c t  

o f  th e  l o s s .

. ' .  Loss p e r  l b .  i s  g iv e n  b y : -  K

where b i s  c o n s t a n t .  Hence th e  t o t a l  l o s s / l b  must be

Cl6. » d k .

E q u a t in g  t h i s  to  E q u a t io n  ( 7 )  g iv e s

6%. ^ ' Vi d  K =. . X  d

S u b s t i t u t i n g  th e  v a lu e  o f  G from  th e  c o n t i n u i t y  e q u a t io n

A ' b .  f'lV, a  K s .  . W ?  X , K .
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and  s u b s t i t u t i n g  i n  th e  c o n t i n u i t y  e q u a t i o n ,  th e  v a lu e  o f  

Q  from e q u a t io n  ( 2 )

where i s  th e  t o t a l  l o s s  a t  a  p r e s s u r e  r a t i o  f

L et r  F r i c t i o n a l  l o s s .  Hence

The v a lu e  o f  ”m" u s u a l l y  ta k e n  in  p r a c t i o  i s  2 and s u b s t i t u t i n g

t h i s  w e, sh o u ld  g e t .

( 9 )

Where C i s  th e  f r i c t i o n a l  c o n s t a n t  d ep en d in g  on th e  s u r f a c e .  

I n t e g r a t i n g  e q u a t io n  ( 9 )

k r  = C  ^ C i - i C v - ^  . ( 1 0 )

t h u s  th e  f r i c t i o n a l  l o s s  o v e r  an  e le m e n t  o f  l e n g t h  5 x  , i s  

p r o p o r t i o n a l  to  th e  p r o d u c t  o f  th e  e n e rg y  l i b e r a t e d  o v e r  t h a t  

l e n g t h .

A method f o r  th e  e v a l u a t i o n  o f  th e  c o n s t a n t  t h e r e f o r e  

l e n d s  i t s e l f  p o s s i b l e .  A l l  t h a t  i s  r e q u i r e d  i s  to  m easure th e  

in c re m e n t  frpm  x ,  to  on th e  t o t a l  l o s s  c u rv e s  and d i v id e  

t h a t  by th e  i n t e g r a l  o f

o v e r  th e  same l e n g t h  from x ,  t o  ic%

o r

C  =     1  K j la . .__________  (1 1 )

I C I— ^  cLk '

The method f o r  f i n d in g  t h i s  c o n s t a n t  f o r  th e  n o z z le  i s  c l e a r l y  

i l l u s t r a t e d  i n  f i g u r e  XIV f o r  Case I .  The i n t e g r a t i o n  was 

c a r r i e d  o u t  by a  g r a p h i c a l  method.
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The c o n s t a n t s  g iv e n  below  a r e  th o se  o f  Case I ,  I I  

and I I I  a s  fo u n d  from  th e  lo n g  n o z z le  b e fo re  c u t t i n g  i t  down.

Case I  C s  .0042

Case I I  C -  .0046

Case I I I  0 = .00478

Mean V alue f o r  C .  .00452

SEARCH TUBE EFFECT.

The i n t r o d u c t i o n  o f  th e  s e a r c h  tu b e  i n t o  th e  n o z z le  

c a u s e s  a  change i n  t h e  f r i c t i o n . c o - e f f i c i e n t  which must be 

c o r r e c t e d .

A c t u a l l y ,  t h e  tu b e  h as  i t s  own c o - e f f i c i e n t  and i t  

i s  th e  sum o f  th e  two c o - e f f i c i e n t s ,  ( i . e .  n o z z le  and t u b e )  

e a c h  m u l t i p l i e d  by i t s  c o r r e s p o n d in g  s u r f a c e  a r e a  exposed  to  

s te a m , which i s  e q u a l  to  th e  c o e f f i c i e n t  a s  fo u n d , m u l t i p l i e d  

by th e  a r e a  t o  which i t  r e f e r s

T h is  may be  e x p re s s e d  a s  : -

where m t r u e  c o e f f i c i e n t  o f  n o z z le

= t r u e  c o e f f i c i e n t  f o r  s e a r c h  tu b e .

(2 = c o e f f i c i e n t  a s  c a l c u l a t e d .

= n o z z le  p e r i m e t e r .

= tu b e  p e r i m e t e r  

|3 = p e r i m e t e r  o f  ( n o z z le  4- t u b e ) .

i  s  l e n g th  o f  n o z z le

T h is  may be  w r i t t e n  a s : -

^1 I’D ss Cj,.

T h is  e q u a t io n  has  two unknowns i n  th e  q u a n t i t i e s  C ^ cy C ^ b u t 

Cf cs( c o u ld  be made e q u a l  assum ing  t h a t  b o th  th e  s u r f a c e s  

o f  s e a r c h  tu be  and  n o z z le  a r e  o f  same f i n i s h .

F o r  th e  sak e  o f  e a s i n e s s  and  a l s o  to  a v o id  i n t e g r a :  

: t i o n ,  th e  c o n s t a n t  C c o u ld  be w r i t t e n  th u s  ^  ^  and  th e
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r e c i p r o c a l  o f  th e  h y d r a u l i c  mean d e p th ,  and th e  v e l o c i t y  may be 

b o th  assum ed u n i f o r m ,  th e  o p e r a t io n  o f  i n t e g r a t i o n  th e n  becoming 

e q u iv a l e n t  to  m u l t i p l i c a t i o n  by l e n g t h  and  th e  e x p r e s s io n  

b e c o m e s :-

\  A

where b r  n o z z le  p e r i m e t e r  

and /C = n o z z le  l e n g th

T o ta l  l o s s / s e c .  i s  t h e n : -

2 a  A

o r  l o s s / u n i t  s u r f a c e / s e c

E . S  ^  (1 2 )
2 ^  A 

Now from  D 'A r c y 's  e q u a t io n

F r i c t i o n  head. .  A  .  ^  (1 3 )

which g iv e s  th e  l o s s  i n  c i r c u l a r  p i p e s  o f  d ia m e te r  " d ” f o r  a  

f r i c t i o n  c o e f f i c i e n t  .

E q u a t io n  ( 1 3 ) may be r e w r i t t e n

X  »  i l  . - t  . ^
A

which i s  e x a c t l y  o f  th e  same form a s  e q u a t io n  (1 2 )  when changed

t o  g iv e  th e  e n e rg y  l o s s  p e r  u n i t  s u r f a c e  p e r  s e c . : -

i . e .  ?  -  - i l  P Ly* (1 5 )

where ^  = d e n - s i t y  o f  w a te r

Comparing e q u a t io n s  ( 1 2 ) and  ( 1$ )  i t  i s  ob v io u s  t h a t  

0 f o r  th e  n o z z le  = ^  f o r  w a te r  f lo w .

# . l o s s  o f  o v e r  any s e c t i o n  o f  th e  n o z z le  i s

=  C . ^  t ,A

For d e s ig n  p u rp o s e s  i t  i s  much b e t t e r  t o  w ork  w i th  th e  t r u e  

f r a c t i o n a l  l o s s  which i s : -

^
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w hich re d u c e s  t o : -^
n e g le c t in g  th e  v e ry  sm a ll  l o s s ,  we c o u ld  w r i te

I  ^  C . l . l

f o r  th e  f r a c t i o n a l  l o s s  i n  any p a r t  o f  th e  n o z z le  f o r  w hich th e  

f r i c t i o n  f a c t o r s  have been  assum ed c o n s t a n t .

The v a lu e s  o f  C and a g re e  f o r  s i m i l a r  s u r f a c e  

c o n d i t i o n s .

BOUNDARY LOSSES.

I t  c o u ld  be e a s i l y  deduced  from  e q u a t io n  ( 1 1 ) t h a t : -

where i s  th e  b oundary  l o s s ,  th e  v a lu e s  o f  C  f o r  C ases I ,  

I I  and  I I I  f o r  th e  lo n g  n o z z le  a r e  g iv e n  and  a  mean was a l s o  

c a l c u l a t e d ,  and  i  c o u ld  be e a s i l y  d e te rm in e d  from  th e

f i g u r e s  o f  p r e s s u r e - r a t i o  c u rv e s ,  and  t o t a l  l o s s  c u r v e s ,  hence  

d e te rm in e d .

When i t  i s  c o n s id e re d  t h a t  th e  l o s s  f a c t o r s  r e p r e s e n t  

,th e  r e s id u e  from  th e  r e d u c t io n  d a t a ,  and  c o r r e c t  to  a b o u t 1^ ,  

th e  ag reem en t w i l l  be  a d m it te d  to  be rem ark ab ly  c lo s e .

C o n s id e r in g  th e  c u rv e s  F ig s .  X I, X II and  X II 

i t  w i l l  b e  n o t ic e d  t h a t  th e  g rap h  o f  i s  n o t  q u i t e  a  s t r a i g h t  

l i n e  i n  th e  p a r a l l e l  p o r t i o n  b u t  h a s  a  s l i g h t  c o n c a v ity  u p w ard s. 

T h is  i s  due to  th e  in c r e a s in g  sp eed  o f  th e  f l u i d  a lo n g  th e  t a i l .  

But by d e d u c tin g  t h i s  c u rv e  from  th e  a c t u a l  l o s s  cu rv e  we a r e  

l e f t  w ith  a  l o s s  o c c u r r in g  w ho lly  in  th e  c o n v e rg e n t p o r t i o n .

T h is l a t t e r  l o s s  i s  th e  l o s s  t h a t  c a u s e s  th e  d im in u tio n  o f  

e f f i c i e n c y  w ith  d e c re a s in g  p re s s u re  r a n g e . P r o f .  A. L. M ellaaby 

and  D r. K e rr have p ro v ed  t h a t  th e  v i s c o s i t y  h a s  v e ry  l i t t l e  

e f f e c t  on th e  l o s s  o c c u r r in g  in  th e  c o n v e rg en c e . The lo s s  

must th e n  be  a t t r i b u t e d  to  th e  eddy c u r r e n t s  in  th e  m ain floS k»  

T h is  eddy e f f e c t  w i l l  v a ry  w ith  d i f f e r e n t  c o n v e rg e n c e s .
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PRESSURE RATIO CURVES.

D e a lin g  w ith  th e  f u l l  ran g e  e x p a n s io n  c u rv e , Case I  

S e r i e s  I ,  th e  p r e s s u r e  r a t i o  a t  th e  o u t l e t  i s  a p p ro x im a te ly  

•535  and  .708 a t  th e  t h r o a t .  The t h e o r e t i c a l  v a lu e  o f  th e  

p r e s s u re  r a t i o  i s  .546  f o r  s u p e rh e a te d  s team . W ith p e r f e c t  

e x p a n s io n  and  no l o s s e s ,  th e  e n e rg y  l i b e r a t e d  by e x p a n s io n  to  

a  p r e s s u r e  r a t i o  o f  .546  i s  s u f f i c i e n t  to  g e n e r a te  in  th e  f l u i d ,  

a  sp eed  e q u a l  to  th e  sp e ed  o f  sound in  th e  f l u i d  a t  th e  c r i t i c a l  

p r e s s u r e  c o n d i t io n s .

S in c e ,  how ever, th e  e x p a n s io n  i s  im p e r fe c t  and l o s s e s  

ta k e  p l a c e ,  some o f  th e  e n e rg y  a v a i l a b l e  w i l l  be a b so rb e d  by 

th e s e  l o s s e s ,  and  th e  f l u i d  w i l l  n o t  a t t a i n  th e  sp eed  o f  sound 

a t  a  p r e s s u r e  r a t i o  o f  .546* I t  w i l l  a l s o  be n o t ic e d  t h a t  

th e r e  i s  a  b ig  d ro p  in  th e  p r e s s u re  r a t i o  be tw een  th e  t h r o a t  

and  o u t l e t  w hich  shows t h a t  th e re  i s  a  b ig  d rop  o f  p r e s s u r e  

a lo n g  th e  t a i l .

I t  w i l l  be o f  i n t e r e s t  to  n o te  th e  d ro p  o f th e  p r e s s :  

: u r e - r a t i o  a t  th e  t h r o a t ,  and th e  r i s e  o f  p r e s s u r e  r a t i o  a t  

th e  o u t l e t  a s  th e  n o z z le  i s  s h o r te n e d  down a s  shown i n  F ig .  IX . 

Of c o u r s e , t h i s  i s  n o t  o n ly  a p p l ic a b le  to  Case I , b u t  by com:

: p a r in g  th e  p r e s s u r e ^ r a t i o s  o f  Case I I  and  Case I I I  f o r  th e  

d i f f e r e n t  s h o r te n e d  l e n g t h s ,  th e  same e f f e c t  i s  n o t i c e a b l e .

T h is  e f f e c t  i s  b ro u g h t a b o u t by th e  f a c t  th e  l o s s e s  a r e  s m a l l e r ,  

and a l s o  th e  f r i c t i o n  l o s s e s  a re  l e s s .  T h is  l a t t e r  f a c t  makes 

th e  flo w  q u a n t i t y  in  l b s . / s e c .  g r e a t e r ,  fo r/th e  same steam  i n l e t  

c o n d i t io n s  th is /s h o w n  c l e a r l y  in  T able  I .

LOSS CURVES.

The t o t a l  lo s s  c u rv e s  f o r  any  o f  th e  th r e e  c a s e s ,  

and f o r  s h o r te n e d  le n g th s  o f  th e  n o z z le  a r e  d e f i n i t e l y  p a r a l l e l  

to  one a n o th e r .  The s h o r t e r  th e  n o z z le  th e  s m a l le r  th e  l o s s e s .

I n  S e r i e s  I I I ,  IV , and  V, i t  w i l l  be  s e e n  t h a t  i f  

th e  a c t u a l  v a lu e s  o f  F be p l o t t e d  on th e  c a l c u l a t i n g  c h a r t  on





-  15 -

a  p r e s s u r e  r a t i o  b a se  t h a t  th e  p o in t s  w i l l  be th row n o u t o f  

th e  t h e o r e t i c a l  l o s s  v a lu e  K. « O T h is  i s  due to  th e  steam  

n o t  f i l l i n g  th e  n o z z le  and  th e  t h r o a t  a r e a  w hich was ta k e n  in  

th e  f i r s t  two s e r i e s  becom es i n e l i g i b l e  f o r  th e s e  l a s t  s e r i e s  

owing to  th e  c o n t r a c t io n  o f  a r e a  a t  t h r o a t .  The c o - e f f i c i e n t  

o f  s u r f a c e ,  b e in g  known f o r  th e  th r e e  c a s e s  o f  th e  f u l l  l e n g th  

n o z z le s ,  was u se d  f o r  c a l c u l a t i n g  th e  b oundary  lo s s e s  o c c u r r in g  

a t  th e  t a i l ,  and  th e  t o t a l  l o s s  d e r iv e d .  T h is  m ethod a ls o  

g iv e s  u s  th e  c o n t r a c t io n  o f  a r e a  a t  th e  t h r o a t  a s  i t  w i l l  be 

th e  d i f f e r e n c e  o f  th e  F c a l c u l a t e d  a s  above and  th e  F g iv e n  

by e x p e r im e n t.

F ig .  XV shows th e  v a r i a t i o n  o f  lo s s e s  a t  th e  t h r o a t  

p l o t t e d  to  a  b a se  o f  p r e s s u r e ,  t h i s  i s  done by th e  m ethod o f  

c r o s s  i n t e r p o l a t i o n  from  th e  p r e s s u r e  r a t i o  c u rv e s  and th e  l o s s  

c u rv e s .

The c u rv e s  a r e  w e ll  d e f in e d  and a r e  o f  th e  same shape 

f o r  th e  th r e e  c a s e s  w ith  d i f f e r e n t  l e n g th s .  T h is  shows d i s :  

r t i n c t l y  t h a t  the  l o s s e s  a t  th e  t h r o a t  d e c re a se  w ith  th e  

p r e s s u r e - r a t i o s .

T h is  i s  n o t  w hat was e x p e c te d , b e ca u se  i f  we c o n s id e r  

one n o z z le  w ith  th e  d i f f e r e n t  b a ck  p r e s s u r e  az\d th e  same steam  

i n l e t  c o n d i t io n s ,  we would a t  once se e  t h a t  th e  c u rv e s  a r e  o f  

o p p o s ite  c h a r a c t e r i s t i c s ,  i . e .  th e  lo s s e s  in c r e a s e  w ith  th e  

p r e s s u r e  r a t i o s  a t  t h r o a t .

T h is  i s  e a s i l y  e x p la in e d  by  th e  f a c t s  t h a t  th e  s e a rc h  

tu b e  i s  no lo n g e r  f i t  to  i n v e s t i g a t e  th e  l o s s e s  in  th e  t h r o a t ,  

owing to  some sm a ll l o s s e s  w hich amount up in  th e  c a l c u l a t i o n s ,  

and t h a t  on d e a l in g  w ith  th e  f u l l  l e n g th s  o f th e  n o z z le  th e  

f lo w  a r e a  a t  th e  t h r o a t  was q u i te  s t a b l e  and  a s  th e  l e n g th s  

were s h o r te n e d  down, th e  f lo w  a r e a  was more and more u n c e r t a in  

u n t i l  a t  s h o r t e s t  l e n g th  th e  steam  was n o t  f i l l i n g  th e  n o z z le  

a t  a l l ,  t h i s  e f f e c t  c o u ld  be v e ry  e a s i l y  n o t ic e d  i f  th e  v a lu e s  

f o r  th e  s h o r t e s t  l e n g th  w ould be s p o t te d  on th e  c a l c u l a t i n g
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c h a r t  F ig .  X, th e y  w ould f a l l  o u t s id e  th e  K = o  l i n e .  T h is  

shows c l e a r l y  and d e f i n i t e l y  t h a t  o t h e r  m ethods th a n  th e  s e a r c h  

tu b e  sh o u ld  be d e a l t  w ith  f o r  f u r t h e r  work on t h r o a t  l o s s e s .
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JET ACTION OUTSIDE THE NOZZLE REGION.

T h is  s h o r t  work was c a r r i e d  o u t on th e  n o z z le  a p p a ra :  

: t u s  d e s c r ib e d  a t  th e  b e g in n in g  o f  t h i s  p a p e r ,  th e  o b je c t  b e in g  

to  i n v e s t i g a t e  th e  j e t  c o n d i t io n  a f t e r  le a v in g  th e  n o z z le .

A c o n v e rg e n t p a r a l l e l  n o z z l e ,  1 " lo n g  and  . 25" d i a ,  

a t  th e  t h r o a t  was u s e d .

The s e a rc h  tu b e  was c u t  a t  r i g h t  a n g le s  to  i t s  own 

a x i s  and  im pact r e a d in g s  o f  th e  p r e s s u r e s  a s  th e  s e a rc h  tu b e  

was moved from  th e  n o z z le  o u t l e t  t a k e n .  D u rin g  th e s e  e x p e r i :

: m ent8 i t  was n o t ic e d  t h a t  when th e  s e a rc h  tube  was pushed  in to  

th e  n o z z le  th e  p r e s s u r e  r a t i o  was th e  same a t  any  le n g th .

The i n l e t  p r e s s u r e  was k e p t c o n s ta n t  a t  60 I b s . / s q .  

i n .  G. and th e  b ack  p r e s s u r e s  were k e p t c o n s ta n t  a t  20 , 30  and 

40 I b s . / s q .  i n .  G . , w h ile  th e  te m p e ra tu re  was k e p t a t  410° F . 

th u s  e n s u r in g  a  h ig h  d e g re e  o f  s u p e rh e a t  so  a s  to  a v o id  any 

c o m p lic a tio n s  due to  s u p e r s a tu r a t io n .  The r e s u l t s  o f  th e s e  

t e s t s  a re  g iv e n  in  f ig u r e  in  a  g r a p h ic a l  fo rm .

The flo w  q u a n t i t i e s  f o r  th e  th r e e  t e s t s  w e re : -
#

(6 0 /2 0 )  = .3 9 0  I b s / s e o .

(6 0 /3 0 )  .  .3 5 3  X bB/eec.

(6 0 /4 0 )  s  .2 7 0  l b s / s e c .

PRESSURE RATIO CURVES.

F ig  Ig  ̂ shows th e  p re s  s u r e - r a t i o  c u rv e s  p l o t t e d  

a g a i n s t  th e  j e t  l e n g th .

In  a l l  "t he t h r e e c a s e-s  i t  wi l l  be seen  t h a t  th e  j o t  

f e llo w s  a e tT sn im- ld im m st&m* a le n g th  o f  n e a r l y  a f  t e r

# iio h  tho  flo w  becomes t u r b u le n t  and  lo s e s  a  g r ewt ' dea l  of- i t s

onorgyf— In  e a s e 4-k-)  i t  w i l l  b e -n e t  l e e d t h a t  s een  a f t e r  th e —

o u t l e t  t h ^ ^ te a a -w a s in  a  som ew hat- tu rb u le n t  s t a t e ? b u t  a -me a n 

I tn e  eeulflb bo draw n h e r i s en t a l -ly  t e  r e p r e s e n t  th e s e  p o i n t s-:—

T ab le  I  g iv e s  th e  r e s u l t s  o f  th e  t e s t s  ta k in g  a s  a  

u n i t ,  th e  d ia m e te r  o f  th e  n o z z le .

The r e s u l t s  a re  p l o t t e d  on F ig .  I I  on a  b a se  o f  th e



s

cciriTi

rs..i L!

ti  [Tii~î
U _ L L . N  J

y m a :



LTN
r —

o
v o

LT\iH
VO LA LA
VO v o CVJ ON
o h~ o O t—IKN KN

VO
K\O

LA

O h-oj OJm LAo o rHKN orA

KNH

i-H
H

P lA LA LA LA
ON o VO ON r 4 H ONo OO o OJ K-

•
1—1 CVI LA

O
VO

r \
LA LA 

ON
OJ ^

I—I
LA

ON
rH LA
rH KN ON
rH OO O

VO O  
MN VO

OO
r ^

o o
rH

LA
v o

LA LA 

OJ
OJ
LA

OJ
1 ^

r -
v o

KN LA
ON

rH CO

LAo
v o

CO
M -

LA
GO
OO

LA LA LA 
OO rH 
OJ h -  OO

VO
CO

ON
lA

LA
KN VO OO KN

OO

LA O
OJ

CO
ON

LA LA
OJ VO 

OJ ON ON
OO
ON

OO
KN

LA
ON

LA
K -
ON

LA
LA CQ O  
ON ON

LA
ON

VO
ON

KN
KN
KN
KN

O VO O Q. o O KN O
o CU o o o o LA O

r4 rH rH H 1—1 rH

'HH-
I

P
P

a

o

9EH
CQ

Q

Ù)
>
A
0
O

LA LA
a KN VO
o M - OJ
A • •

44
1 H*

V
V •

O
•d

L

0

;
O

n
o
A44

O
VO

0

;
o

g KN I
o  sd" LA I
A  •  • \44 I— I L

o

0 0 

KN rH Cd



-  19 -

r e c i p r o c a l s  o f  th e  j e t  l e n g th s .

The re a s o n  why th e  sq u a re  r o o t  s c a le  o f  th e  p r e s s u r e  

r a t i o  was c h o s e n , was b e c a u se  t h i s  a p p ro x im a te ly  v a r i e s  a s  th e  

j e t  sp e e d .

The g ra p h s  o f  a  No. 11 tu r b in e  n o z z le ,  a  r e c ta n g u la r  

n o z z le  3 : 1 , an d  a  sq u a re  n o z z le ,  were k in d ly  g iv e n  by Mr. J .  

Brown, M .B .E ., due acknow ledgem ent b e in g  h e re  m ade. They were 

ta k e n  from  h i s  i n v e s t i g a t i o n s  on low p r e s s u r e  a i r  in  n o z z le s .

P l o t t i n g  th e s e  on th e  same o r d in a te s  a s  th e  round  

n o z z le s ,  shows s i m i l a r  c h a r a c t e r i s t i c s .  The d i s t i n g u i s h in g  

f e a t u r e  i s  t h a t  th e  sq u a re  r o o t  v a lu e  becom es z e ro  b e fo r e  i n :

: f i n i t e  d i s t a n c e  and i s  d o u b t le s s  due to  c o n f in e d  sp ace  in  th e  

e x h a u s t  s id e  o f  th e  a p p a r a tu s .  The r e s u l t s  a r e  c lo s e  f o r  th e  

fo llo w in g  d e d u c t io n s .

(1 )  A ir  and  steam  show i d e n t i c a l  c h a r a c t e r i s t i c s .

( 2 ) Over wide ran g e  o f  steam  p r e s s u r e  th e r e  i s  no

e v id e n ce  o f  any  seco n d ary  f a c t o r s .

In  c o n c lu s io n ,  I  beg to  th a n k  P ro f e s s o r  A .L .M e lla n b y , 

D .S c . ,  f o r  th e  i n t e r e s t  he h as  t a k e n ,  and  th e  f a c i l i t i e s  g r a n te d  

f o r  th e  p ro g re s s  o f  th e  w ork; I  a l s o  beg to  th a n k  A s s o c ia te -  

P ro fe s s o r  Wm. K e r r , P h .D ., A .R .T .C . f o r  th e  s u g g e s t io n  o f  t h i s  

l i n e  o f r e s e a r c h  and f o r  th e  k in d ly  h e lp  and  a d v ic e  he h a s  so 

f r e e l y  g iv e n .





ô liK clc  Ic ^ tà
Qt^d<L W (dth .

^ c a I c / âooy ŷocc.
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INVESTIGATION ON TURBINE BLADE LOSSES.

INTRODUCTORY.

I n  s p i t e  o f  t h e  c o n s i d e r a b l e  amount o f  r e s e a r c h  

t h a t  h a s  b e e n  done on t h e  s u b j e c t  o f  b l a d e  l o s s e s ,  t h e r e  i s  

s t i l l  v e r y  l i t t l e  known abou t  t h e s e  l o s s e s .

I n  e v e r y  c a se  t h e  e x p e r i m e n t a l  work h a s  been  c a r r i e d  

ou t  w i t h  a  v iew t o  d e t e r m i n i n g  t h e  v a l u e s  o f  t h e  b l a d e  v e l o c i t y  

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

A s u i t a b l e  v a lu e  o f  t h i s  c o e f f i c i e n t  f o r  any g iv e n  

c a se  h a s  t o  be  o b t a i n e d  by a n a l y s i n g  t h e  p e r fo rm ance  o f  t h e  

m achine  o r  by  t h e  u s e  o f  some e m p i r i c a l  f o r m u la ,  b u t  o p i n io n s  

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

f o r  a  g i v e n  b l a d i n g  a r r a n g e m e n t .

R a te a u  fo u n d  from e x p e r im e n t in g  w i t h  a  s e r i e s  o f  

b l a d e s  h a v in g  a n g l e s  v a r y i n g  from 25 t o  34 t h a t  t h e  v e l o c i t y  

c o e f f i c i e n t  v a r i e d  from .7  t o  .8 2 .

B r i l i n g ^ ï ^ i v e s  t h e  f o l l o w i n g  e q u a t i o n  a s  deduced 

from h i s  e x p e r i m e n t a l  w o r k . ,

where  ^ 5̂  -  ,9  t o  .97  when t h e  b u c k e t  edges a r e  rounded  

and  from .9 5  t o  .99  when t h e y  a r e  s h a r p .

Ô = t h e  t o t a l  c u r v a t u r e  o f  t h e  b l a d e  a s  m easured  

i n  d e g r e e s ,  

and  ^  55 b l a d e  v e l o c i t y  c o e f f i c i e n t .

I n  t h e s e  e x p e r im e n t s  B r i l i n g  v a r i e d  th e  b l a d e  p i t c h  and th e  

v e l o c i t i e s  r a n g e d  from 25O t o  1 ,3 0 0  f t / s e c ,  b u t  t h e  v a lu e

( i ) " E n g i n e e r i n g "  -  2 5 th .  A p r i l ,  1910,
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o f  t h e  p i t c h  g i v i n g  t h e  l e a s t  l o s s  was i n d e p e n d e n t  o f  t h e  

s team sp e ed ,  th o u g h  t h e  b l a d e  e f f i c i e n c y  r o s e  a s  t h i s  speed  

. i n c r e a s e d .

8 t o d o l a * s ( 2 )  work i s  a b o u t  t h e  most r e c e n t  work 

o f  any i n t e r e s t  on t h e  s u b j e c t ,  where he g i v e s  t h e  f o l l o w i n g  

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

where * i n l e t  p r e s s u r e

= mass f lo w  p e r  u n i t  t im e  

t h e  sp e e d  o f  t h e  f lo w  

as n o z z l e  a n g le

g e o m e t r i c a l  o u t l e t  a n g le  o f  t h e  b l a d e .

He f i n d s  however t h a t  i f  a i r  e s c a p e d  i n  w h i r l s  t h r o u g h  t h e  

o p e n in g  t h e n  ^  does n o t  m easure  t h e  r e 8.1 d i m i n u t io n  o f  speed .

A l l  t h e  above e x p e r i m e n t e r s  u s e d  some s p e c i a l  k i n d  

o f  a p p a r a t u s  c o n s i s t i n g  o f  g ro u p s  o f  im pu lse  n o z z l e s  and 

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

i n  a  t u r b i n e .

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

c o e f f i c i e n t  i s  r a t h e r  u n r e a s o n a b l e  b e c a u se  on examining  some 

o f  t h e  v e l o c i t y  c o e f f i c i e n t s  t h e y  were fo u nd  t o  be so low a s  

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

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

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

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

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

Such c o n s i d e r a t i o n s  a s  t h e s e  led. t o  th e  f o l l o w i n g  

e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  b l a d e  l o s s e s  a t  t h e  Heat 

Engine  L a b o r a t o r i e s  o f  t h e  Royal  T e c h n ic a l  C o l le g e  o f  Glasgow.

For  t h i s  pu rp o se  a  s p e c i a l  a p p a r a t u s  was d e s ig n e d

(^)"Dampf und  Gas T urb inen"  pp. (145 t o  160) By P r o f .  S to d o la .



and  a r r a n g e d  by t h e  a u t h o r ,  which  w i l l  be  r e f e r r e d  t o ,  

h e r e i n a f t e r  a s  "The S t a t i o n a r y  B lade  A p p a r a t u s " ,  and  t e s t s  

were  c a r r i e d  ou t  by t h e  a u t h o r  w i t h  d i f f e r e n t  b l a d e  c u r v a t u r e s ,  

and  f o r  making t h e  i n v e s t i g a t i o n  c o m p le te ,  some o f  t h e  r e s u l t s  

o f  Mr. John  G. E. E l l i s ,  B . S c . ,  A . R . T . C . , on " S t a t i o n a r y  

Torque T u rb in e  T e s t s "  were t a k e n  i n t o  a c c o u n t .  A lso  some of  

t h e  power t e s t s  on t h e  T u rb in e  were t a k e n .  These being- 

c a r r i e d  o u t  by t h e  P o s t  G radu a te  c o u rs e  o f  t h e  Royal T e c h n ic a l  

C o l l e g e  o f  whom t h e  w r i t e r  was a  member i n  t h e  y e a r  1923.

B oth  t h e  " S t a t i o n a r y  Torque T u rb in e  T e s t s "  and  t h e  

"T u rb ine  Power T e s t s "  were c a r r i e d  out  on t h e  T u rb in e  a t  t h e  

Heat  Engine  L a b o r a t o r i e s  o f  t h e  Royal  T e c h n ic a l  C o l l e g e ,  

Glasgow.

These  t e s t s  made p o s s i b l e  t h e  i n v e s t i g a t i o n  o f  t h e  

b l a d e  l o s s e s  b o t h  i n  t h e i r  s t a t i o n a r y  and moving c o n d i t i o n s .

RANGE OF EXPERIMENTAL WORK.

( a )  S t a t i o n a r y  B lade  A p p a r a tu s  T e s t s .  F ig  ( l )  g i v e s  a  

d e t a i l e d  s e c t i o n a l  v iew o f  t h e  " S t a t i o n a r y  Blade  A p p a r a tu s " .

I t  c o n s i s t s  o f  a  b l a d e  c a r r y i n g  l e v e r  f i x e d  a t  one end by 

two p i n s  t h a t  a l l o w  f r e e  m o t io n  i n  e i t h e r  t h e  upward o r  

downward d i r e c t i o n s ,  and  s u p p o r t i n g  a  s e t  o f  s t a t i o n a r y  b l a d e s  

a t  t h e  o t h e r  end. T h is  l e v e r  i s  en v e lo p ed  by a c a s t  i r o n  

c a s i n g  t o  r e p r e s e n t  t h e  t u r b i n e  c a s i n g .

The b l a d e  c a r r i e r  i s  so d e s ig n e d  a s  t o  a l l o w  t h e  

b l a d e s  t o  be  moved i n  any d i r e c t i o n  w i th o u t  s h i f t i n g  t h e  

h o r i z o n t a l  o r  z e ro  p o s i t i o n  o f  t h e  l e v e r .

The f o r c e  on t h e s e  b l a d e s  i s  m easured  by a  s p r i n g  

b a l a n c e  o u t s i d e  t h e  c a s i n g ,  t h e  l e v e r  b e in g  k e p t  a lways i n  

i t s  z e ro  p o s i t i o n  by means o f  a  t h i n  s t e e l  w i r e  a t t a c h e d  t o  

i t  and  p a s s i n g  t h r o u g h  a g l a n d  on t o p  o f  t h e  c a s i n g ,  and
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r o u n d  a  smooth r u n n in g  p u l l e y  on b a l l  b e a r i n g s  t o  m in im ise  

f r i c t i o n  which i s  a t t a c h e d  a lo n g  w i t h  t h e  b a l a n c e  t o  a  f i x e d  

f ram e .  A b a l a n c e  w e ig h t  i s  a t t a c h e d  t o  t h i s  end of t h e  s t e e l  

w i r e  t o  keep  t h e  l e v e r  i n  i t s  z e ro  p o s i t i o n ,  b e f o r e  steam i s  

a l l o w e d  t h r o u g h .  A n o z z l e  box i s  f i t t e d  a t  l6'^ t o  t h e  

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

T h is  n o z z l e  box c o u ld  s l i d e  backw ards  and  f o r w a r d s  p e r p e n d i c u l a r  

t o  t h e  n o z z l e  a n g l e ,  so a s  t o  e n a b le  t h e  a d ju s tm e n t  o f  t h e  

gap b e tw ee n  t h e  n o z z l e  o u t l e t  and  t h e  b l a d e  i n l e t .

A Vane I n d i c a t o r  i s  f i t t e d  t o  t h e  c a s i n g .  T h is  

i n s t r u m e n t  c o n s i s t s  o f  two a luminium v a n e s ,  one b e in g  

su sp en d e d  o p p o s i t e  t h e  n o z z l e ,  b u t  on t h e  f a r  away s i d e  o f  t h e  

b l a d e s .  Each vane c o n s i s t s  o f  a  t h i n  p l a t e  a t t a c h e d  t o  a  

t h i n  s t e e l  r o d ,  which  p a s s e s  t h r o u g h  t h e  c a s i n g  and a t  r i g h t  

a n g l e s  t o  i t ,  and  i s  i n  such  a  p o s i t i o n  t h a t  t h e  vane l i e s  i n  

t h e  a c t u a l  l i n e  o f  f lo w  o f  t h e  steam i s s u i n g  from t h e  b l a d e s .

To t h e  o t h e r  end o f  t h e  r o d  i s  a t t a c h e d  a  n e e d l e  which moves 

over  t h e  f a c e  o f  a  g r a d u a t e d  b r a s s  p l a t e  i n  d e g r e e s ,  so t h a t  

i n  w h a te v e r  p o s i t i o n  t h e  vane t a k e s  up ,  t h e  a c t u a l  a n g le  can 

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

s team l e a v e s  t h e  b l a d e s .

When s team i s  a l l o w e d  t h r o u g h ,  t h e  l e v e r  i s  b ro u g h t  

back  t o  i t s  z e ro  p o s i t i o n  by means o f  a  sm a l l  hand  wheel  

a t t a c h e d  t o  t h e  s p r i n g  b a l a n c e  and  a l s o  t o  t h e  f i x e d  frame 

t h a t  s u p p o r t s  t h e  s p r i n g  b a l a n c e .

A l l  b a l a n c e  r e a d i n g s  a r e  t a k e n  w i t h  t h e  l e v e r  f i x e d  

i n  t h i s  z e ro  p o s i t i o n .

I n  a d d i t i o n ,  p r o v i s i o n  i s  made f o r  m ea su r in g  th e  

p r e s s u r e  and  t e m p e r a t u r e  a t  t h e  s t o p  v a l v e ,  n o z z l e  box ,  and  

a l s o  i n  t h e  v i c i n i t y  o f  t h e  e x h a u s t  p i p e .

The amount o f  s team consumed i s  m easured  by 

c o l l e c t i n g  i n  a  t a n k  and  w e ig h in g  t h e  c o n t e n t s  a t  p e r i o d s  o f





two m i n u t e s ,  t h u s  g i v i n g  t h e  consum ption  i n  l b s  p e r  seco n d .

A P h o to g ra p h  o f  t h e  a p p a r a t u s  u n d e r  work ing  c o n d i t i o n s  

i s  shown i n  f i g .  ( 2 ) .

Four  s e t s  o f  b l a d e s  o f  d i f f e r e n t  s i z e s  were t e s t e d  

i n  t h i s  a p p a r a t u s .  Each s e t  b e i n g  mounted on a s p e c i a l  b l a d e  

c a r r i e r  t h a t  c o u ld  be  e a s i l y  f i x e d  on t h e  l e v e r  a s  shown by 

t h e  d raw in g ,  e v e ry  s e t  c o n t a i n i n g  seven  b l a d e s  and sh rouded  

on t o p  i n  t h e  o r d i n a r y  way. The b l a d e s  were c u t  down t o  1^"  

i n  h e i g h t .

The p o s i t i o n  o f  t h e  b l a d i n g  r e l a t i v e  to  th e  n o z z l e  

was f i r s t  f i x e d  a n d  t h e  h o r i z o n t a l  p o s i t i o n  o f  t h e  l e v e r  was 

marked on t h e  p u l l e y ,  t h i s  b e i n g  t h e  z e ro  mark.

The gap b e tw een  t h e  n o z z l e  and  b l a d e s  was k e p t  a t  

^ / l 6 "  t h r o u g h  t h e  whole t e s t i n g  o f  t h e  f o u r  b l a d e  s e t s .

S u p e r h e a t e d  steam o n l y ,  was u s e d  so a s  t o  a v o i d  any 

c o m p l i c a t i o n s  a r i s i n g  from s u p e r s a t u r a t e d  s team c a l c u l a t i o n s .

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

p r e s s u r e  and  k e e p in g  t h e  e x h a u s t  p r e s s u r e  a  c o n s t a n t  a t  

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

b a l a n c e  r e a d i n g s ,  and  c o n d e n s a te  f o r  each  s e t  o f  b l a d e s  und e r  

t e s t .

A s e c t i o n a l  v iew o f  t h e  b l a d e s  u s e d  i s  g iv e n  i n  

f i g u r e  ( 3 ) .

(b )  S t a t i o n a r y  Torque T u rb in e  T e s t s . These e x p e r im e n t s  and 

a l s o  t h e  Power e x p e r im e n t s  were c a r r i e d  ou t  on "The T u r b in e " .

The t u r b i n e  was b u i l t  by  P a r so n * s  & Go. L t d . ,  and 

had  a  r a t i o  o u tp u t  o f  2^0 K. W. when r u n n in g  a  speed  o f  

3 ,0 0 0  R.P.M.

O r i g i n a l l y  t h i s  t u r b i n e  was f i t t e d  w i t h  t h r e e  b l a d e  

w hee ls  and each  o f  t h e  t h r e e  w hee ls  c a r r i e d  a  s e t  o f  b l a d e s  

h a v in g  s t a t i o n a r y  b l a d e s  be tw een  each  wheel .
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Twelve n o z z l e s  were employed f o r  s u p p l y i n g  s team 

and t h e s e  were a r r a n g e d  c i r c u m f e r e n t i a l l y ,  n o t  e q u a l l y  sp a c e d  

a ro u n d  t h e  r o t o r ,  b u t  g ro u p ed  t o g e t h e r  i n  an  a r c  a t  t h e  t o p  

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

These n o z z l e s  were a r r a n g e d  i n  f o u r  g ro up s  o f  t h r e e  

n o z z l e s  eac h .  A dm iss ion  t o  t h e  f i r s t  o f  t h e s e  g ro u p s  was 

o b t a i n e d  by m e re ly  o p en in g  t h e  main s to p  v a lv e  a f t e r  which one 

o r  a l l  t h e  o t h e r s  c o u ld  have  steam by means o f  t h e  t h r e e  

s e p a r a t e  hand  w h e e ls  c o n t r o l l i n g  th e  a d m is s io n  v a l v e s  t o  each  

o f  t h e  l a t t e r  t h r e e  g ro u p s .

I n  o r d e r  t o  f a c i l i t a t e  e x p e r i m e n t a l  work t h e  t u r b i n e  

had  b e en  c o n s i d e r a b l y  a l t e r e d .

F i g .  ( 4 ) g i v e s  a  s e c t i o n a l  e l e v a t i o n  of  t h e  t u r b i n e  

and i n d i c a t e s  f u l l y  t h e  c o n s t r u c t i o n a l  a r ra n g em e n t  aud  t h e  

en g in e  d e t a i l s .  The r o t o r  now c a r r i e s  o n ly  one b l a d e  wheel ,  

t h e  o t h e r  two h a v in g  b e e n  removed. C o n se q u e n t ly ,  t h e  number 

o f  n o z z l e s  had  t o  be  d i m i n i s h e d  and  so t h e  whole a r c  o f  n o z z l e s  

was removed,  and  f o r  t h e s e  o n ly  two were r e p l a c e d ,  one b e in g  

a c o n v e rg e n t  d i v e r g e n t  and t h e  o t h e r  a  c o n v e rg e n t  p a r a l l e l ,  

and  b o t h  b e i n g  o f  r e c t a n g u l a r  c r o s s  s e c t i o n .  Two of  t h e  

v a l v e s  which p r e v i o u s l y  a d m i t t e d  steam t o  t h e  p r e v i o u s  n o z z l e  

g ro u p s ,  a r e  now u t i l i z e d  t o  su pp ly  s team t o  t h e  two n o z z l e s .

On open in g  t h e  main  s to p  v a l v e ,  steam i s  a d m i t t e d  t o  t h e  

v a lv q b h e s t  and  by  one o f  t h e  v a l v e s  o r  t h e  o t h e r ,  s team i s  

a l l o w e d  t o  p a s s  t h r o u g h  t h e  c o r r e s p o n d i n g  n o z z l e s .  The 

b e a r i n g s  a r e  2-J-" d i a m e te r  by 6^" l o n g  and a r e  o f  t h e  Parson* s 

e l a s t i c  s l e e v e  t y p e .  A t h r u s t  b l o c k  a b s o r b s  a x i a l  t h r u s t s  

which owing t o  t h e  b l a d e  a n g le  may be o f  no mean o r d e r  when 

l a r g e  q u a n t i t i e s  o f  s team a r e  p a s s i n g .  The l u b r i c a t i o n  of  

b e a r i n g s  and t h r u s t  b lo c k  i s  o b t a i n e d  by o i l  r i n g s .  A "Run- 

Away" g o v e rn o r  i s  c o n n e c te d  w i t h  a  v a lv e  c o n t r o l l i n g  t h e  

p a s s a g e  be tw een  t h e  main s t o p  v a lv e  and t h e  n o z z l e  c h e s t .  T h is  

g ov e rn o r  c l o s e s  t h e  v a lv e  when t h e  t u r b i n e  sp e ed  i s  a b o u t
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a n g le  i n d i c a t o r  i s  f i t t e d  t o  t h e  t u r b i n e .  For t h e  p r e s s u r e  

m easu rem en ts  s m a l l  t u b e s  a r e  l e d  t o  v a r i o u s  p o i n t s  i n  each  

n o z z l e ,  v i z .  n o z z l e  i n l e t ,  n o z z l e  o u t l e t ,  r o t o r  i n l e t  and  r o t o r  

o u t l e t ,  t h e s e  t u b e s  b e i n g  i n  communica t ion  w i t h - g a u g e s  on t h e  

i n s t r u m e n t  b o a r d .  See f i g  ( 3 ) .

For  t h e  measurement o f  t h e  t o r q u e  w i t h  t h e  r o t o r  

s t a t i o n a r y ,  a  s p e c i a l  dynamometer was u s e d .  T h is  c o n s i s t e d  

o f  a  t o r q u e  b a r  h a v in g  a t  one end a, f l a n g e  which  was b o l t e d  

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

e x te n d e d  c i r c u m f e r e n t i a l l y  t o  p e r m i t  o f  a d ju s tm e n t  o f  t h e  

r e l a t i v e  a n g u l a r  p o s i t i o n s  o f  t h e  b a r  and  r o t o r .  Near i t s  

o u t e r  end two s p r i n g  b a l a n c e s  a r e  a t t a c h e d  to  t h e  b a r  and t o  a  

f i x e d  f ram e r e s p e c t i v e l y  so t h a t  one b a l a n c e  e x e r c i s e s  an  u p :  

:ward  p u l l  and  t h e  o t h e r  a  downward p u l l  on t h e  t o r q u e  b a r .

A mark a t  t h e  o u t e r  end o f  t h e  b a r  was p u t  so a s  t o  s e t  up 

t h e  b a r  i n  t h e  h o r i z o n t a l  p o s i t i o n ,  t h i s  b e i n g  o b t a i n e d  by 

m a n i p u l a t i n g  t h e  b a l a n c e  a d j u s t i n g  hand  w h e e l s ,  so a s  t o  b r i n g  

t h e  z e ro  mark on t h e  b a r  i n t o  l i n e  w i th  a  sm a l l  f i x e d  p o i n t e r  

on t h e  b a l a n c e  f ram e .  A l a r g e  f i x e d  p o i n t e r  a t t a c h e d  t o  t h e  

r o t o r  s h a f t  and an  accompanying s c a l e  f i x e d  t o  t h e  t u r b i n e  

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

r o t o r  and  n o z z l e s  f o r  t h e  d i f f e r e n t  s e r i e s  o f  t e s t s .

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

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

t o  t h e  n o z z l e s  was e x p e r i e n c e d .  T h is  d i f f i c u l t y  was t o t a l l y  

overcome i n  t h e  w r i t e r * s  a p p a r a t u s  i n  d e t e r m i n i n g  t h e  a c t u a l  

p o s i t i o n  o f  t h e  b l a d i n g  r e l a t i v e  t o  t h e  n o z z l e s .  I n  t h e s e  

" S t a t i o n a r y  Torque T u rb in e  T e s t s " ,  t h e  r o t o r  p o s i t i o n  was 

a r b i t r a r i l y  chosen  and  marked on t h e  s c a l e ,  p r o v i d e d  f o r  t h e  

p u r p o s e ,  so t h a t  t h i s  p o s i t i o n  was t h e  same th ro u g h o u t  t h e  

f i r s t  s e r i e s ,  so lo n g  a s  t h e  t o r q u e  b a r  was s e t  t o  t h e  ze ro  

mark. Two r o t o r  p o s i t i o n s  were t a k e n  i n  t h e s e  t e s t s .
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( c )  T u rb in e  Power T e s t s . A f u l l  d e s c r i p t i o n  o f  t h e  m achine  

h a s  a l r e a d y  b e en  g iv e n  u n d e r  t h e  " S t a t i o n a r y  Torque T u rb in e  

T e s t s " .  F i g  (6 )  shows a s e c t i o n a l  view o f  t h e  vane a n g l e  

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

o f  t h e  n o z z l e s  and  b l a d i n g .

These t e s t s  were made on t h e  t u r b i n e ,  t h e  s team 

su p p ly  p r e s s u r e  r a n g i n g  from 20 t o  120 I b s / s q . i n s . , gauge 

and t h e  sp e ed  from 500 t o  3 ,2 0 0  R.P.M. The r e q u i r e d  v a r i a t i o n  

i n  j e t  speed  was o b t a i n e d  by  v a r y i n g  b o t h  t h e  s t o p  v a lv e  

p r e s s u r e  and  t h e  vacuum, . th i i s  g i v i n g  t h e  same j e t  sp eed  f o r  

d i f f e r e n t  s team p r e s s u r e s ,  t h a t  i s  t o  say  f o r  d i f f e r e n t  mass 

f l o w s .

Each t e s t  was o f  t h i r t y  m in u te s  d u r a t i o n ,  t h e  sp eed  

and t o r q u e  r e a d i n g s  b e in g  t a k e n  e v e ry  f i v e  m in u te s  and  t h e  

o t h e r  r e a d i n g s  a t  t e n  m in u te s  i n t e r v a l s .

The t u r b i n e  was a l l o w e d  ample t im e  i n  which  t o  r e a c h  

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

r u n  s lo w ly  f o r  a t  l e a s t  îwo h o u r s  b e f o r e  commencing any t e s t s .

P a r t i c u l a r  c a r e  was t a k e n  t o  m a i n t a i n  s t e a d y  

c o n d i t i o n s  d u r in g  each  t e s t ,  and i n  t h i s  r e s p e c t  t h e  speed  

r e g u l a t i o n  was t h e  most t r o u b le s o m e  f a c t o r ,  t h e  dynamometer 

b e in g  d e s ig n e d  f o r  a  l o a d  many t i m e s  g r e a t e r  t h a n  any d e a l t  

w i t h  i n  t h e s e  t e s t s .  T h is  made i t  somewhat d i f f i c u l t  t o  

m a i n t a i n  a  c o n s t a n t  speed  and t o  o b t a i n  a c c u r a t e  b r a k e  r e a d i n g s .  

I n  s p i t e  o f  t h i s ,  however ,  t h e  t e s t s  f o r  t h e  g r e a t e r  p a r t  a r e  

v e ry  s a t i s f a c t o r y ,  t h e  p r i n c i p a l  weakness  b e i n g  t h a t  i t  was 

n o t  p o s s i b l e  t o  cov er  t h e  same sp e ed  r a n g e  f o r  each o f  t h e  

p r e s s u r e s  a d o p te d  owing t o  t h e  v e ry  low t o r q u e  n e c e s s a r y  to  

g iv e  a  h i g h e r  r o t o r  sp e ed  w i t h  low steam p r e s s u r e .

The s team  f lo w  was m easu red  d u r i n g  t h e s e  t e s t s  by  

c o l l e c t i n g  t h e  c o n d e n sa te  i n  a  c a l i b r a t e d  t a n k ,  th e  t o t a l  s team
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p a s s e d  d u r in g  each  t e s t  b e in g  measured# D e t a i l e d  c o n s i d e r a t i o n  

of  t h e  f low  q u a n t i t i e s  w i l l  be  found  i n  t h e  appendix#

A l l  t h e  t e s t s  i n  t h i s  pape r  were made w i t h  a  

c o n v e r g e n t ^ d iv e r g e n t  nozz le#  The f lo w  q u a n t i t i e s  m easu red  

d u r in g  t h e  Power & S t a t i o n a r y  t e s t s  (b )  and  ( c )  a r e  n o t  u s e d  

a s  t h e y  s t a n d  i n  any o f  t h e  su b sequ en t  c a l c u l a t i o n s ^ .

TEST RESULTS.

(a )  S t a t i o n a r y  Blade  A p p a r a tu s .  " J e t  I m p u l s e s ". The r e s u l t s  

f o r  t h e s e  t e s t s  a r e  e x h i b i t e d  i n  t a b l e s  ( l ) & ,  ( l ) ^ ,  ( l ) c ,

( l ) & .  The j e t  speed  depends v e r y  n e a r l y  on t h e  p r e s s u r e  

r a t i o  a l o n e ,  t h a t  i s ,  i t  i s  i n d e p e n d e n t  o f  t h e  su p p ly  p r e s s u r e  

o f  t h e  s team ,  b u t  t h e  mass f lo w  th r o u g h  t h e  n o z z l e ,  i s  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  n o z z l e  i n l e t  p r e s s u r e .

The s team l o a d  on t h e  b l a d e s  i s  e x p r e s s e d  a s  " J e t  

Im pulse"  i n  l b s .  p e r  l b .  o f  s team p e r  seco nd .  T h is  g i v e s  an 

e x c e l l e n t  check on t h e  r e s u l t s  s i n c e  t h e  t e s t s  cover  a  l a r g e  

r a n g e  b o t h  of  steam p r e s s u r e s  and o f  p r e s s u r e  r a t i o s  i r r e s :  

: p e c t i v e  o f  t h e  steam su p p ly  p r e s s u r e .

I n  a l l  t h e s e  t e s t s  t h e  vane a n g l e s  m easu red  were 

e x a c t l y  e q u a l  t o  t h e  g e o m e t r i c a l  o u t l e t  a n g le  o f  t h e  b l a d e ,  

t h e  p a s s a g e  o f  steam b e i n g  a l s o  c l e a r l y  marked on th e  b l a d e  

c a r r i e r  and i n d i c a t e d  t h e  g e o m e t r i c a l  o u t l e t  a n g le  o f  t h e  b l a d e ,  

which a n g le  was t a k e n  f o r  t h e  su b seq u e n t  a n a l y s i s  o f  t h e  

r e s u l t s .

The Im pulse  on th e  b l a d e s  i s  e x p r e s s e d  a s  a l r e a d y  

e x p l a i n e d  i n  l b s  p e r  l b  o f  s team p e r  second ,  and  a r e  shown 

p l o t t e d  a g a i n s t  t h e  p r e s s u r e  r a t i o  " t "  i n  f i g  ( 7 ) and  a g a i n s t  

t h e  j e t  sp e ed  i n  f i g  ( 8 ) .  The d o t t e d  l i n e  i n  f i g  (8 )  w i l l

^See a p p e n d ix .  ' ' ' " •
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Ibe r e f e r r e d  t o  l a t e r ,  u n d e r  t h e  " S t a t i o n a r y  Torque T u rb in e  

T e s t s " .  The b l a d e s  were so f i x e d  i n  each  s e r i e s  o f  t e s t s  

'so a s  t o  a s s u r e  t h a t  a l l  t h e  b l a d e  p a s s a g e s  w i t h i n  t h e  j e t  

a r e  r u n n i n g  f u l l  and  so g i v i n g  t h e  b e s t  v a l u e  o f  j e t  i m p u l s e .

The norm al  p r e s s u r e  r a t i o  o f  t h e  c o n v e r g e n t - d i v e r g e n t  

in o zz le  u s e d  i s  a bou t  .15  and  f o r  t h e  h i g h e r  p r e s s u r e  r a t i o s  t h e  

j e t  u n d e rg o e s  r e c o m p r e s s io n  w i t h i n  t h e  n o z z l e  a  c o n d i t i o n  which 

I c o n s i d e r a b l y  r e d u c e s  t h e  n o z z l e  e f f i c i e n c y .  Ho doubt  t h e n ,  

t h a t  t h e  b i g  d rop  o f  J e t  Im pu lse  v a l u e s  i s  due t o  t h e  poor  

q u a l i t y  o f  j e t .

The c u rv e s  show a  p ronounced  change o f  d i r e c t i o n  

where t h e  n o z z l e  i s  working  a t  i t s  b e s t ,  and  t h i s  i n d i c a t e s  n o t  

“■ on ly  i s  t h e  e f f i c i e n c y  o f  t h e  n o z z l e  a  maximum f o r  t h i s  

p r e s s u r e  r a t i o ,  b u t  a l s o  t h a t  t h e  j e t  i s  o f  p a r t i c u l a r l y  good 

q u a l i t y  a t  t h i s  p o i n t ,  i n  t h a t  t h e  f u r t h e r  l o s s e s  t o  which i t  

i s  s u b j e c t e d  beyond  t h e  n o z z l e  o u t l e t  a r e  l e s s  t h a n  f o r  any 

I o t h e r  p r e s s u r e  r a t i o .

I (b) S t a t i o n a r y  Torque T urb ine  Tests (Jet Impulses). The 

r e s u l t s  f o r  t h e s e  " S t a t i o n a r y  Torque T u rb in e  T e s t s "  a r e  sh o rn  

i n  f i g s .  ( 9 ) and ( l O ) .  The t o r q u e  v a l u e s  and  j e t  sp e ed s  a r e  

I t a k e n  from Mr. E l l i s * s  c u rv e s  which  a r e  r e p r o d u c e d  i n  f i g s .

(9 ) and  ( 10 ) .

No doubt  t h a t  p a r t  o f  u n c e r t a i n t y  which e x i s t s  a s  

J t o  t h e  t o r q u e s  a t  t h e  h i g h e r  p r e s s u r e  r a t i o s  i s  due t o  some 

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

s e n s i t i v e  f o r  t h e  measurement o f  t h e  v e ry  sm a l l  b a l a n c e  l o a d s ,

I  o b t a i n e d  i n  t h a t  r e g i o n .

A mean cu rve  t h r o u g h  a l l  t h e  p o i n t s  a v a i l a b l e  was 

drawn f o r  t h e  two p o s i t i o n s  o f  t h e  r o t o r ,  f%g. ( l l )

I t  would c e r t a i n l y  have been  d e s i r a b l e  t o  i n v e s t i g a t e  

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

and a l s o  f o r  a  v a r i e t y  o f  r o t o r  p o s i t i o n s .  The t o r q u e  v a l u e s



•  a o i p i ^ i  ?si(3
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r e p r e s e n t e d  by t h e  d o t t e d  l i n e s  i n  f i g .  ( l l )  a r e  o b t a i n e d  

by assum ing an o u t l e t *  g e o m e t r i c a l  a n g le  o f  t h e  b l a d e  and a  

b l a d e  v e l o c i t y  c o e f f i c i e n t  e q u a l  t o  u n i t y .

The f u l l  l i n e  cu rv e  a p p ro a ch e s  most  c l o s e l y  t o  t h e  

i d e a l  cu rv e  f o r  a  j e t  sp e ed  o f  2 ,500  f t / s e c  c o r r e s p o n d i n g  t o  

a  p r e s s u r e  r a t i o  o f  . 1 ,  which  i s  th e  most e f f e c t i v e  r a t i o  f o r  

t h e  c o n v e r g e n t - d i v e r g e n t  n o z z l e  f i t t e d  t o  t h e  t u r b i n e .

We now come t o  t h e  d o t t e d  l i n e  g i v e n  i n  f i g  ( 8 ) .  The 

p o i n t s  f o r  t h a t  l i n e  were t a k e n  from t h e  t o r q u e  cu rv e  i n  f i g u r e

( l l )  and e x p r e s s e d  i n  t e r m s  o f  im pu lse  i n  l b s  p e r  l b  o f  s team 

p e r  second  by s im ply  d i v i d i n g  t h e  v a l u e s  o f  t h e  t o r q u e  i n  f t  

l b .  p e r  l b  steam by t h e  r a d i u s  o f  t h e  r o t o r  i n  f e e t .  The

w id th  o f  t h e  b l a d e s  i n  t h e  t u r b i n e  a r e  . 787” and  t h e  b l a d e  

p i t c h  i s  e q u a l  t o  *559. T h i s  l i n ^ i s  n o t  i n  b a d  ag reem ent  w i t h  

t h e  w r i t e r ’ s t e s t s  c o n s i d e r i n g  t h e  d i f f e r e n t  t y p e s  o f  n o z z l e s  

u se d  i n  t h e  w r i t e r ’ s a p p a r a t u s  and  t h e  t u r b i n e ,  a n d  a l s o  t h e  

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

" S t a t i o n a r y  Torque T u rb in e  T e s t s "  which a r i s e  from f i x i n g  t h e  

r o t o r  i n  t h e  r i g h t  p o s i t i o n .

(c) Turbine Power Tests (Jet I m p u l s e s ) .  The t e s t  r e s u l t s  a r e  

shown i n  f i g s .  ( 14 ) ,  ( 16 ) and  ( l o a ) ,  and  a l l  o f  t h e s e  t e s t s  

were made w i t h  t h e  c o n v e r g e n t - d i v e r g e n t  n o z z l e  a lo n e  i n  

o p e r a t i o n .  The r e s u l t s  a r e  o n ly  a  few o f  t h e  t e s t s  c a r r i e d  

o u t ,  t o  e n a b le  o f  t h e  su b seq u e n t  a n a l y s i s .  The t o r q u e  v a l u e s  

a r e  a l s o  se en  e x p r e s s e d  a s  " J e t  Im p u lse s "  an d  p l o t t e d  a g a i n s t  

J e t  speeds  i n  f i g  ( l 6 a ) .

B e fo re  c a l c u l a t i n g  t h e  t o r q u e  v a l u e s  i n  t h e s e  t e s t s  

we have many o t h e r  t h i n g s  t o  c o n s i d e r .

i_l) Disc and Bearing F r i c t i o n  Power. A f t e r  o b t a i n i n g  t h e  

b ra k e  h o r s e  power f o r  each  t e s t ,  we have t o  d e te r m in e  t h e  power 

a c t u a l l y  d e v e lo p ed  i n  t h e  b l a d i n g .  Now t h e  o n ly  s o u r c e s  o f  

l o s s  b e tw een  t h e  b l a d i n g  an d  t h e  b r a k e  a r e  t h e  f r i c t i o n a l  

r e s i s t a n c e  be tw een  t h e  t u r b i n e  r o t o r  and  t h e  steam i n  t h e
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c a s i n g  and  t h e  f r i c t i o n  a t  t h e  r o t o r  s h a f t  b e a r i n g s ,  t h e  

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

Fo r  t h e  d e t e r m i n a t i o n  o f  t h e  power l o s t  i n  d i s c  

f r i c t i o n ,  t h e  f o l l o w i n g  f o r m u la  was d e r i v e d  some y e a r s  ago by 

P r o f e s s o r  fm. K e r r ( l )  f rom e x p e r i m e n t a l  d a t a  o b t a i n e d  from 

t h i s  same m ach ine .

where

-  d i s c  f r i c t i o n  power ............................................... H .P .

j  r  mean b l a d e  spe ed  ........................................................  f t / s e c .

cl * mean d i a m e te r  o f  b l a d i n g .....................................  i n c h e s .

\/ =s S p e c i f i c  Volume o f  Steam i n  c a s i n g   f t 3 / l b .

Y" a  T em pera tu re  o f  t h e  s team  i n  c a s i n g   ^F,  Abs.

I n s e r t i n g  t h e  n u m e r i c a l  v a l u e s  o f  "d" we h a v e : -

=  //• S-(o
/oo V yV

The l i m i t i n g  v a l u e s  o f T  d u r i n g  a l l  t h e  power t e s t s  a r e  

662. 7^F, Abs. and  672. 9^F, A b s . , so t h a t  we may i n s e r t  t h e  mean 

v a lu e  o fT "  i n  t h e  fo r m u la  w i t h o u t  any s e n s i b l e  e r r o r  s i n c e  

t h i s  t e rm  o c c u r s  a s  T h is  mean v a lu e  i s  667 .7*^5’, A b s . ,

and making t h e  s u b s t i t u t i o n  ( l )  r e d u c e s  f i n a l l y  t o

F i g .  ( 13 ) g i v e s  a  s e r i e s  o f  c u rv e s  o f  P̂  ̂ a g a i n s t  

r o t o r  sp eed s  i n  R.P.M. f o r  a  number o f  d i f f e r e n t  c a s i n g  

p r e s s u r e s  s u f f i c i e n t  i n  co v er  t h e  p r e s e n t  t e s t s .

For  t h e  d e t e r m i n a t i o n  o f  t h e  b e a r i n g  f r i c t i o n  power

^ ^ b a p e r  by  P r o f .  Uto. K e r r ,  Roya l  T e c h n ic a l  C o l le g e  J o u r n a l
1924. .
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we have i n  f i g .  (12)  a  cu rve  o f  f r i c t i o n  c o e f f i c i e n t s  f o r  

v a r i o u s  h e a r i n g  s u r f a c e  sp e ed s  a s  g iv e n  by P r o f e s s o r  Vfm.

K e r r ,  and  from t h i s  t h e  cu rve  of  f r i c t i o n  H.P .  i n  t h e  same 

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

(2)  Blade  Power and % i r l  V e l o c i t i e s . To t h e  b r a k e  power 

f o r  each t e s t  we can  now add ,  t h e  d i s c  and  b e a r i n g  f r i c t i o n  

power o b t a i n e d  a s  shown above ,  t h e  sum o f  t h e s e  t h r e e  q u a n t i t i e s  

b e in g  th e  power a c t u a l l y  d e v e lo p e d  i n  t h e  b la-d ing .

The b l a d e  power p e r  l b  o f  s team p e r  second  i s  shown 

p l o t t e d  a g a i n s t  r o t o r  sp e ed  i n  f i g .  ( 14 )#

The d a t a  may now be s t i l l  f u r t h e r  r e d u c e d  by 

c a l c u l a t i n g  f o r  each  t e s t  t h e  t o r q u e  f o r  u n i t  s team f lo w  and 

t h e  v e l o c i t y  o f  w h i r l .

C o n s id e r in g  t h e  u s u a l  v e l o c i t y  d iag ram  a s  shown i n

f i g .  ( 1 5 ) .

Let  *—

/U sf a b s o l u t e  steam v e l o c i t y  a t  i n l e t  ........................... f t / s e e

V -  r e l a t i v e  s team v e l o c i t y  a t  i n l e t  ............................ f t / s e c

yU, = a b s o l u t e  steam v e l o c i t y  a t  o u t l e t ............................ f t / s e c

V, * r e l a t i v e  steam v e l o c i t y  a t  o u t l e t ............................ f t / s e c

0 a  J e t  Angle .

p a  g e o m e t r i c a l  a n g le  o f  b l a d e  a t  o u t l e t

a  a b s o l u t e  e x i t  a n g le  o f  s team

S  = b l a d e  sp eed  ............................................................................f t / s e c

= v e l o c i t y  o f  w h i r l ........... ................................................. f t / s e c

a  f o r c e  e x e r t e d  by steam on b l a d i n g . . l b s / l b  s t e a m /s e c

7  ̂ = Torque p e r  l b  s t e a m /s e c  ............................................ l b s .  f t .

pj = b l a d e  power p e r  l b  s t e a m /s e c  ..................................  H.P.

Gf a  mass f low  ........................................................................... l b s / s e c

-  3 2 .2

R = mean r a d i u s  o f  b l a d i n g ................................................. i n c h e s

M = r o t o r  sp e e d  . . . . .  i . .  4    R.P.M.

Then we have
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Change o f  v e l o c i t y  o f  s team =

The component i n  t h e  d i r e c t i o n  o f  t h e  m o t io n  o f  t h e  b l a d i n g
i T  ^  C x r o  Ù  —  X A - G g z ,  " i f  J

The change o f  momentum p e r  l b  o f  s team

=  ^  0 + i r , c «  4 -  5 9  =  - y

- f  _  . A -  { jiK 6 -nr^6m fi -  s \
b /J. 4  ̂ ^

-

iTcCsT
22/73

.1 zr J  l/L/

a l s o  : -

f f * ' ?

—%—  ( dA^<L  ̂6  -f- <T ^  ^  y'  * y

7 j  _  3 3 <tot> ^
j  X r /

A

F ig .  ( 16 ) shows ~C 1 t h e  t o r q u e  p e r  I h  o f  s team p e r  s e c ,  i n  

l b s .  f t .  p l o t t e d  a g a i n s t  t h e  b l a d e  sp e ed  S  f o r  b o t h  t h e  

S t a t i o n a r y  and  Power T e s t s  on t h e  t u r b i n e .

A s e r i e s  o f  c u r v e s  a r e  drawn i n  t h i s  f i g u r e ,  each  

Icurve b e i n g  f o r  a  p a r t i c u l a r  j e t  sp e e d  b u t  t h e s e  c u r v e s  a r e  

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

d e te rm in e  t o r q u e  v a l u e s  i n  p r e f e r e n c e  t o  t h e  p l o t t e d  p o i n t s ,  

The i n d i v i d u a l  t e s t  f i g u r e s  w i l l  t h u s  be  r e t a i n e d .  The 

above c u rv e s  a r e  a l s o  shown e x p r e s s e d  a s  J e t  i m p u l s e s  

and p l o t t e d  a g a i n s t  b l a d e  s p e e d s .
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BLADE VELOCITY COEFFICIENTS.

The r e s u l t s  a r e  now i n  a  form to  e n a b le  t h e  e x a m in a t io n  

of  th e  b l a d e  v e l o c i t y  c o e f f i c i e n t s .

F ig .  (18) g i v e s  th e  v e l o c i t y  d iag ram s  o f  th e  1" b l a d e  

from the  a u t h o r ’s a p p a r a t u s .  S ince  the  b l a d e s  were k e p t  

s t a t i o n a r y ,  t h e n ,  n a t u r a l l y  th e  b l a d e  sp e ed  becomes zero  

and the  two p o i n t s  a  and b ( 15 )& wil l  c o in c id e  a t  th e  p o i n t  

(A) F ig .  (1 7 ) .

jiX & o( f i x  th e  d i r e c t i o n  and m agn i tude  o f  th e  

j e t  speed  jm , b e in g  th e  n o z z l e  a n g l e .

The v e l o c i t y  o f  w h i r l  i s  e q u a l  to  t h e  h o r i z o n t a l  change 

of  v e l o c i t y .

I . e .

Itv — 33 T
M

where
K  -  t h e  p u l l  on the  b l a d e s  i n  l b s .

M -  t h e  c o n d e n sa te  in  l b s / s e c .

^  i s  t h e n  s e t  o f f  a s  shown i n  f i g .  ( 17) and th e

o u t l e t  speed  o f  th e  s team  from th e  b l a d e s  i s  measured from the  

f i g .

The b l a d e  v e l o c i t y  c o e f f i c i e n t  ^ =

C o n s id e r in g  a g a in  f i g .  (17 ) we have : -

But

% /LL Ora 

S  /tc Ccr> M- 6 S
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The above method f o r  d e t e r m i n i n g  th e  v e l o c i t y  c o e f f i c i e n t s  

was used  i n  a l l  the  s t a t i o n a r y  t e s t s .

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

from th e  power t e s t s  were made by d raw ing  th e  o r d i n a r y  v e l o c i t y  

d iag ram  f i g .  (15 ) .

The b l a d e  v e l o c i t y  c o e f f i c i e n t s  f o r  t h e  " S t a t i o n a r y  

Blade A pp a ra tu s"  o f  t h e  a u th o r  a r e  shown p l o t t e d  a g a i n s t  a  

p r e s s u r e  r a t i o  b a se  i n  f i g .  ( 19 ) ,  whereas  t h o s e  f o r  th e  

" S t a t i o n a r y  Torque" and "Power" Turb ine  t e s t s  a r e  shown i n  

f i g  ( 2 0 ) .

The c o e f f i c i e n t  "b" ha s  a  sudden d rop  a f t e r  i t  r e a c h e s  

i t s  maximum v a lu e  a t  a p r e s s u r e  r a t i o  o f  .15 i n  " S t a t i o n a r y  

B lade  A ppara tus"  T e s t s  f i g  (19) and a f t e r  a maximum v a lu e  

o f  a b o u t  .1  in  a l l  t h e  Turb ine  T e s t s  f i g .  ( 2 0 ) .

These p r e s s u r e  r a t i o s  c o r r e s p o n d  w i t h  t h e  b e s t  p r e s s u r e  

r a t i o ^ o f  th e  n o z z l e s  i n  o p e r a t i o n  r e s p e c t i v e l y .

The o c c u r re n c e  o f  th e  maximum v a lu e  o f  "b" a t  t h i s  p o i n t  

c o n f i rm s  th e  im p r e s s io n s  g iv e n  by th e  J e t  Impulse  c u r v e s ,  

namely,  t h a t  i n  a d d i t i o n  t o  h a v in g  th e  h i g h e s t  e f f i c i e n c y ,  

th e  j e t  â-lso has the  b e s t  form a t  t h i s  r a t i o ,  r e s u l t i n g  i n  a 

r e d u c t i o n  o f  th e  l o s s  i n  th e  gap,  and b l a d e  p a s s a g e .

At th e  low j e t  spe ed s  th e  c u rv e s  seem t o  t e n d  t o  th e  

h o r i z o n t a l  and keep a c o n s t a n t  v a lu e  which c o u ld  e a s i l y  be 

e x p l a i n e d  by  th e  f a c t  t h a t  th e  j e t  i s  so  p o o r  t h a t  i t  has  no 

f u r t h e r  e f f e c t  on the  b l a d e  c o e f f i c i e n t .

X
See a p p en d ix .
i



3 ^ d c  V elocity C o i / f i d i o t -
•  SlO'de, v itd th  / '

s

? '4-  ̂ "f
P id ^ ^ o  i c  V ^



fS\/cY cy /o  rypc Iburhio^
Rlà̂ de, Veloc/fy Câfhc(<̂ nt'. b

s. fo^ €Ÿ  Tabl'd  ■ H—  •  ^
X  dtà. t fOQè, iŸ ^ W

2 3 ^



— 1 7  —

LOSSES IN BLADE PASSAGE

I t  h a s  a l r e a d y  been  s t a t e d  t h a t  we can n o t  assume a 

s i n g l e  b l a d e  v e l o c i t y  c o e f f i c i e n t  t o  c o v e r  q l l  t h e  e n e rg y  

l o s s e s  i n  t h e  b l a d e  p a s s a g e ,  f o r  t h e  s im p le  r e a s o n  t h a t  i t  

would have a  v e r y  h ig h  v a l u e .

T h is  b e i n g  th e  Case we a re  l e d  t o  th e  c o n c l u s i o n  t h a t  

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

th e  r e d u c t i o n  o f  t h e  j e t  v e l o c i t y  o r  a r e  e q u i v a l e n t  to  su ch  

a r e d u c t i o n .

T h is  f a c t  i s  c l e a r l y  shown by  th e  b l a d e  c o e f f i c i e n t  

c u r v e s .

The s e p a r a t i o n  o f  t h e s e  e f f e c t s ,  t h en  become e s s e n t i a l  

and i s  u n d o u b te d ly  a  d e c id e d  improvement on th e  method which 

slumps t o g e t h e r  a v a r i e t y  o f  e f f e c t s  due to  s e v e r a l  

o c c u r r e n c e s  which a r e  d i s t i n c t l y  d i f f e r e n t  i n  t h e i r  modes o f  

a c t i o n  and i n  t h e i r  im p o r ta n c e .

The l o s s e s  i n  t h e  b la d e  p a s s a g e  w i l l  t h u s  be summed up 

as f o l l o w s

(1) Boundary Lose,

($) C u rv a tu re  Loss .

(3)  J e t  Q u a l i t y  e f f e c t .

The b l a d e  v e l o c i t y  c o e f f i c i e n t  c u rv e s  have a  maximum 

ja lu e  a t  t h e  b e s t  w ork ing  p r e s s u r e  r a t i o  o f  the  n o z z le  which 

lows t h a t  a t  t h a t  p a r t i c u l a r  p o i n t  th e  l o s s e s  a re  due to  

►undary & C u rv a tu re  l o s s e s .

L e t  = maximum b la d e  v e l o c i t y  c o e f f i c i e n t .

2Then (1 -  b^ ) -  boundary  Loss 4-  C u rv a tu re  Loss .

Thé d ro p  i n  t h e  curve  t a k e s  p l a c e  im m ed ia te ly  a f t e r  th e  b e s t  

w ord ing  p r e s s u r e  r a t i o  o f  t h e  n o z z l e  i s  r e a c h e d  which shows 

t h a t  th e  l o s s  o c c u r r i n g  a t  t h a t  p a r t  o f  t h e  cu rv e  where th e
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j e t  i s  v e r y  p oor  i s  due t o  an e f f e c t  t h a t  i s  b r o u g h t  f o r w a r d  

by th e  q u a l i t y  o f  the  j e t .

Le t = b l a d e  v e l o c i t y  c o e f f i c i e n t .

T hen ;-

(1 -  b ^ )  -  (1 -  bu^)  o r  th e  d ro p  i n  th e  v e l o c i t y

c o e f f i c i e n t  must be e q u i v a l e n t  to  t h a t  e f f e c t .

(1) Boundary L o s s . C o n s i d e r in g  th e  f a c t o r s  which  d e t e r m i n e  

th e  m agn i tude  o f  th e  l o s s  to  which th e  f l u i d  i s  s u b j e c t e d ,  one 

of  th e  o b v io u s  f a c t o r s  i s  th e  f r i c t i o n a l  r e s i s t a n c e  o f f e r e d  by 

th e  b l a d e  s u r f a c e  to  th e  p a s s a g e  o f  s te am .

T h is  boundary  l o s s  t a k i n g  p l a c e  i n  th e  b l a d e  p a s s a g e  

s h o u ld  v a r y  a s :

whe re  :

and i s

/
f =

A = 

& =

1  = 

L  =

cCL___

a v e ra g e  h y d r a u l i c  mean d e p t h

Blade  p i t c h

O u t l e t  a n g le  o f  s team .

Blade h e i g h t .

T o ta l  l e n g t h  o f  mean c u r v a t u r e  o f  b l a d e  
(See F i g .  2 1 ) .

A s m a l l  i n c re m e n t  i n  t h e  l e n g t h  o f  mean 
c u r v a t u r e  o f  b l a d e .

Let  = F r i c t i o n  c o e f f i c i e n t .

Then:

Boundary Loss

c
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( 1 )
(2̂  i s  t a k e n  as  ,005  f o r  t h i s  k i n d  o f  f i n i s h  o f

s u r f a c e .

The v a lu e  o f  J ^  L  was found  by g r a p h i c a l  

i n t e g r a t i o n  f i g .  (21)  by  t a k i n g  s e c t i o n s  a c r o s s  t h e  b l a d e  

p a s s a g e  and c a l c u l a t i n g  th e  v a lu e  o f  and th e n  p l o t t i n g

i t  a g a i n s t  t h e  c o r r e s p o n d i n g  v a lu e  o f  t h e  l e n g t h  o f  mean 

c u r v a t u r e  o f  b l a d e  L. “ > a r e a  u n de r  t h e  cu rv e  b e i n g  

th e  v a lu e  o f
/ i L  ctL/a

(2) C u r v a tu r e  Lose .  This  l o s s  i s  b r o u g h t  a b o u t  by  th e  

c o n t in u o u s  change o f  d i r e c t i o n  o f  the  s team  g o in g  th r o u g h  th e  

b la d e  p a s s a g e .

I t  w i l l  be a g r e e d  t h a t  s team  f l o w i n g  th r o u g h  a s t r a i g h t  

p ipe  o n ly  e n t a i l s  a  f r i c t i o n  l o s s  which v a r i e s  a c c o r d i n g  to  

the  f i n i s h  o f  t h e  s u r f a c e  i n  c o n t a c t  w i t h  t h e  s team  , where  

as in  a c u rv e d  p a s s a g e  t h e r e  i s  a n o th e r  f a c t o r  which p l a y s  a  

b ig  p a r t  i n  a d d in g  t o  t h e  l o s s e s ,  t h i s  b e in g  t h e  c u r v a t u r e  

l o s s  and i s  due to  t h e  chan g ing  d i r e c t i o n  o f  t h e  s te am .

This  c u r v a t u r e  l o s s  sh o u ld  v a r y  as

or to  some power o f

I t  has  a l r e a d y  b e e h  s t a t e d  t h a t  t h e  l o s s  a t  t h e  maximum

p o in t  o f  the  b l a d e  v e l o c i t y  c o e f f i c i e n t  i s  due to  bou n da ry  and 

c u rv a tu r e  e f f e c t s .

L

(1 -  bo^ )  “ / ' a  ^  C u r v a tu r e  l o s s ----- (1)

(1) ft7 /Y8Z&/C6,
Paper on P ip e  Losses,vby P r o f s . ,  A.L. M e l lan b y  and Wm. K e r r .

P r o o .  K E . C . E .  & S.
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Let  t h i s  c u r v a t u r e  l o s s  bp /<, and as we. know a l l  th e  

o t h e r  p a r t s  of  e x p r e s s i o n  ( l )  t h e n  we can f i n d  th e  c u r v a t u r e  

l o s s  K f o r  a l l  t h e  f o u r  s e t s  o f  b l a d e s  u s e d .

P l o t t i n g  t h i s  v a lu e  o f  K  a g a i n s t  ^  th e  n e t t  

c u r v a t u r e  o f  th e  b l a d e  f i g .  ( 22 ) shows t h a t  i t  c o u ld  be l o g -  

p l o t t e d  to  f i n d  th e  power.  A lo g  p l o t  i s  shown i n  f i g .  2J 

and g i v e s  a  g r a d i e n t  o f  1 , 055 .

From th e  l o g  p l o t  f i g .  (23 ) we have

The l i n e  shown i s  o f  t h e  o r d e r  ^  ^  ^

(I o*'
where ^2  is* a  c o n s t a n t  and e q u a l s  t h e  b l a d e  c u r v a t u r e  

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

■iKI'W

Table  I I  g i v e s  the  v a lu e  o f  as  WÊÊ/Ê * i l34-

/. Ù sV

^  = .1134  ( - l ^ j

(1 -  bo^)  = C, j t ^ L  f  q

4

S u b s t i t u t i n g  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  and the  index  

we have : /

(1 -  bgZ) = .005 I
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The in d ex  1 .05 5  i s  so n e a r  u n i t y  t h a t  we can w r i t e  

e q u a t i o n  (2)  a s  f o l l o w s :

, (Z'C) = - o o s j ^ ^ l -  -f ( r ^ )

(3)  J e t  Q u a l i t y  E f f e c t .  The b l a d e  v e l o c i t y  c o e f f i c i e n t  as  

a l r e a d y  e x p l a i n e d  i s  b e s t  when t h e  p r e s s u r e ,  r a t i o  o f  o p e r a t i o n  

or  t n e  n o z z l e  i s  a t  i t s  b e s t ,  which  i n d i c a t e s  t h a t  n o t  o n l y  

i s  the  e f f i c i e n c y  o f  th e  n o z z l e  a  maximum a t  t h i s  p r e s s u r e  

r a t i o  b u t  a l s o  t h a t  t h e  j e t  i s  o f  p a r t i c u l a r l y  good q u a l i t y  

a t  t h i s  p o i n t .

Had th e  b l a d e  v e l o c i t y  c o e f f i c i e n t  k e p t  s t e a d y  a t  i t s  

maximum v a lu e  bg t h e n  th e  l o s s e s  would have o n ly  been  due to  

bo u nd a ry  and c u r v a t u r e  e f f e c t s ,  b u t  the  drop  i n  th e  cu rv e  shows 

t h a t  t h e r e  i s  s t i l l  a n o t h e r  f a c t o r  to  be a c c o u n te d  f o r ,  which 

co u ld  be none o t h e r  th a n  th e  e f f e c t s  r e s u l t i n g  from the  p o o r  

q u a l i t y  o f  the  j e t .

The s team  a t  th e  h i g h e r  p r e s s u r e  r a t i o s  i s  o f  W  a  

v e ry  p o o r  q u a l i t y  a s  th e  l o s s e s  r e s u l t i n g  from re c o m p r e s s io n

w i l l  i n c r e a s e  as  th e  j e t  sp e ed  f a l l s ,  t h e  r e c o m p r e s s io n  l o s s

b e in g  t h e  more s e v e r e  a t  t h e  h i g h e r  p r e s s u r e  r a t i o s .

The p r e s s u r e  r a t i o  te rm  has  t h u s  t o  be r e d u c e d  t o  cov e r

j e t  q u a l i t y  s i n c e  th e  d e g re e  o f  t u r b u l e n c e  depends  upon th e  

p r e s s u r e  r a t i o  a t  which  th e  n o z z l e  i s  o p e r a t i n g .

C o n s i d e r in g  a l l  t h e  above e f f e c t s  the  q u a l i t y  e f f e c t  

shou ld  v a r y  w i t h  th e  e x t e n t  o f  c o m press io n  i n  th e  n o z z l e .

Let  = P r e s s u r e  R a t io
B e s t  P r e s s u r e  R a t i o .  

pQ = Maximum b l a d e  v e l o c i t y  c o e f f i c i e n t ,  

b = b l a d e  v e l o c i t y  c o e f f i c i e n t .

The p e r c e n t a g e  e n e r g y  l o s s  a t  t h e  maximum p o i n t  b^ must t h e n  

e q u a l  t o

( 1  -
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This  h as  a l r e a d y  been d e a l t  w i t h  and i s  e q u a l  t o  b o unda ry  

and c u r v a t u r e  l o s s e s :

The d ro p  i s  due t o  q u a l i t y  e f f e c t s  and must  be some 

f u n c t i o n  o f  Q.

“ b^) -  (1 -  bg ) -------------(3)

T his  v a l u e  o f  i s  c a l c u l a t e d  and i s  shown p l o t t e d

a g a i n s t  a  p r e s s u r e  r a t i o  base  i n  f i g .  (2 4 ) .  The v a l u e s  

b e i n g  shown i n  Table ( l l . )

T h is  was a g a in  l o g  p l o t t e d  t o  g e t  an e x p r e s s i o n  to

s a t i s f y  t h i s  c u r v e .

This  l o g  p l o t  i s  shown on t h e  same s h e e t  a s  th e

c u r v a t u r e  p l o t  F i g .  ( 2 3 ) .

The l o g a r i t h m i c  curve  shown i s  o f  th e  form

l o g  j - i O , )  -  l o g  = l o g  C o

where i s  a  c o n s t a n t .BL
y

/(a; = <-o v ” '

'y\^ ( from th e  l o g  c u rv e )  = .48

•4'i
Z Co Y

But  c ,  = .396

Then i ( c Q  = .396 Y :

From E q u a t io n  (3)  we h a v e : -

j  (< ^) * (1 -  = (1 - ( 5 ) a
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B u t : -  ^
A osrr

2
(1 - = . 0 0 5 ^ - ^ ^  -t '" h ( ^ L )

0

S u b s t i t u t i n g  t h i s  v a lu e  o f  (1 -  and o f  j ' ( ^ )

i n  e q u a t io n  ( 3 ) ^  we have : -
/ C  / / 'Off

(1 -  b ^ )  = . 0 0 5 / ^  4f . 1134/ ^  ^  /  i

. . The p e rc e n ta g e  e n e rg y  l o s s  in  a  b la d e  p a s sa g e  c o u ld  be

s e p a r a t e d ,  in  te rm s o f  a  boundary  l o s s ,  a  c u r v a tu r e  l o s s ,  and

a j e t  q u a l i t y  e f f e c t ,  th u s :
L.

where = F r i c t i o n  c o e f f i c i e n t .

^2 -  C u rv a tu re  c o e f f i c i e n t .  

4  ^ o  = A q u a l i t y  c o e f f i c i e n t .

ENERGY LOSSES,

F ig .  ( 25 ) g iv e s  th e  t o t a l  E nergy  Loss $  (which i s  e q u a l  

to  (1 -  b ^ )  ) a g a i n s t  a  p r e s s u r e  r a t i o  b a s e ,  and shows t h a t  

th e  l a r g e r  th e  b la d e  th e  l e s s  th e  l o s s  o f  e n e rg y  fo. Fran 

F i g s .  (26 -  29) i t  w i l l  be se en  t h a t  th e  boundary  l o s s  

d e c r e a s e s  w i th  th e  i n c r e a s e  o f  b la d e  w id th ,  so does th e  

c u r v a tu r e  l o s s  d e c r e a s e  w i th  th e  i n c r e a s e  of th e  b la d e  w id th ,  

w h i le  th e  e f f e c t  t h a t  i s  b ro u g h t  by th e  j e t  q u a l i t y  i s  c o n s t a n t  

as th e  n o z z le  used  i s  th e  same f o r  a l l  th e  a u t h o r ' s  e x p e r im e n ts .
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The c u r v a t u r e  l o s e  p l a y s  the  b i g g e s t  p a r t  i n  t h e  amount o f  

e n e rg y  l o s s e s  i n  t h e  b l a d e  p a s s a g e .

The v a lu e s  o f  were next a p p lie d  to  the

t e s t s  on th e  turb in e  both  s ta t io n a r y  and Power and the  

curves are shown in  f i g .  (3 0 ) .

I t  w i l l  be n o t i c e d  t h a t  t h e  v e l o c i t y  c o e f f i c i e n t  b i s  

much lo w er  in  t h e  Power T e s t s  t h a n  in  th e  s t a t i o n a r y  t e s t s  

on th e  Turb ine  f i g . , ( 2 0 ) .

T h is  w i l l  mean, o f  c o u r s e ,  t h a t  the  b l a d e  i s  s u b j e c t e d

to  more e n e rg y  l o s s e s  when ru n n in g  th a n  when i t  i s  s t a t i o n a r y

and s e e i n g  t h a t  th e  boundary  and c u r v a t u r e  l o s s e s  must be th e

same f o r  t h e  same b la d e  w he th e r  i t  be moving o r  s t a t i o n a r y  and

t h a t  t h i s  e x t r a  l o s s  c o u ld  n o t  be due to  some j e t  q u a l i t y

e f f e c t ,  t h e n  i t  sh o u ld  be due to  some s team  b e i n g  k e p t  i n  th e

b l a d e  p a s s a g e  by  th e  c e n t r i f u g a l  f o r c e  w h i le  t h e  t u r b i n e  i s
i t :

r u n n i n g .  That q u a n t i t y  o f  s team  though^may be s m a l l ,  w i l l  

d i s t u r b  th e  f low  o f  t h e  s team  th rougV the  b l a d e  p a s s a g e ,  t h a t  

i s  i n  t h e  s t a t i o n a r y  t e s t s  and hence cause  t h i s  f u r t h e r  l o s e .

We may subm it  t h e n  t h a t  t h i s  use  o f  s e p a r a t i n g  th e  v a r i o u s  

l o s s e s  i n  a b l a d e  p a s sa g e  i s  q u i t e  r a t i o n a l .

I t  m ight  be w e l l  to  n o te  t h a t  the  t u r b i n e  from which 

th e  e x p e r i m e n t a l  d a t a  f o r  th e  S t a t i o n a r y  Torque and Turb ine  

Power T e s t s  were o b t a i n e d  i s  a somewhat abnorm al  machine in  

t h a t  t h e  a r c  o f  a d m is s io n  i s  e x c e p t i o n a l l y  s h o r t ^ ^ ^  and t h a t  

t h e  n o z z l e  used ( se e  Appendix)  was o f  r e c t a n g u l a r  s e c t i o n .

I t  i s  n o t  s u g g e s t e d  t h a t  on t h i s  a c c o u n t ,  however, t h a t

th e  method o f  s e p a r a t i o n  o f  the  d i f f e r e n t  l o s s e s  i s  n o t  

a p p l i c a b l e  h e r e ,  as t h e r e  can  be no dou b t  t h a t  t h e s e  l o s s e s  

o c c u r  i n  a l l  t y p e s  o f  m ach ines .

( l )  J e t  a c t i o n  in  T u rb in es  w i t h  s h o r t  ad m iss io n  a r c s
by P r o f ,  Wm.Kerr.
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APPENDIX.

ESTIMATION OF NOZZLE SFFIGIENOY AND JET SPEED.
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STEAM FLOW.

The f low  q u a n t i t i e s  a s  d e te rm in e d  from t h e  

o b s e r v a t i o n s  made i n  t h e  Power T e s t s  a r e  shoivn p l o t t e d  a g a i n s t  

s t o p  v a lv e  p r e s s u r e s  i n  f i g .  ( 31 ) .

I t  w i l l  be se en  t h a t  t h e  p l o t t e d  p o i n t s  l i e  v e ry

c l o s e l y  on t h e  d o t l i n e  b u t  a s  t h i s  does n o t  p a s s  t h r o u g h  

t h e  o r i g i n ,  t h e s e  v a lu e s  a r e  i n a d m i s s i b l e .  The l i n e  t h r o u g h

t h e  o r i g i n  and p a r a l l e l  t o  t h e  d o t t e d  l i n e  g i v e s  f lo w  q u a n t i t i e s

abou t  .0 1 2  l b s  p e r  sec  lower  t h a n  t h e  o b s e r v e d  f low s  from which 

i t  would a p p e a r  t h a t  t h e r e  h a s  b een  a  c o n t i n u o u s  l e a k a g e  o f  

steam which h a s  p a s s e d  from t h e  steam p i p e  t o  t h e  condense r  

w i th o u t  p a s s i n g  t h r o u g h  th e  n o z z l e s .  As t h e r e  i s  a  h a l f  i n c h  

p i p e  p a s s i n g  from th e  b o i l e r  s i d e  o f  t h e  s t o p  v a lv e  t o  t h e  

c o n d e n s e r ,  l e a k a g e  may e a s i l y  have p a s s e d  th r o u g h  t h e  v a lv e  

on t h i s  p i p e .  The f u l l  l i n e  i n  t h e  f i g u r e  may a c c o r d i n g l y  

be  t a k e n  a s  g i v i n g  t h e  q u a n t i t y  o f  steam a c t u a l l y  p a s s i n g  

t h r o u g h  t h e  n o z z l e s  f o r  any s t o p  v a lv e  p r e s s u r e .  T h is  curve  

i s  v a l i d  o n ly  when t h e  p r e s s u r e  i n  t h e  c a s i n g  o f  t h e  T u rb in e  

i s  l e s s  t h a n  th e  c r i t i c a l  p r e s s u r e ,  i . e .  about  .6  o f  t h e  s to p  

v a lv e  p r e s s u r e  and  t h i s  l i m i t  i s  n o t  exceeded  i n  any o f  t h e  

p r e s e n t  t e s t s .

STEAM CONDITION DURING EXPANSION.

For  t h e  d e t e r m i n a t i o n  o f  t h e  n o z z l e  e f f i c i e n c y  i t  

i s  n e c e s s a r y  t o  know w hether  o r  n o t  th e  steam rem ains  i n  th e  

d ry  s t a t e  d u r i n g  e x p a n s io n ,  i . e .  w he ther  we a r e  h a v in g  

s u p e r s a t u r a t e d  o r  wet s team.

For  s u p e r s a t u r a t e d  expa.nsion th e  a d i a b a t i c  law i s  

^ ^  -  c o n s t a n t

and t h e  c r i t i c a l  r a t i o  i s  . 55 . For  t h e  g iv e n  d i v e r g e n t  n o z z l e
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o p e r a t i n g  w i t h  a  supp ly  p r e s s u r e  o f  100 l b s .  p e r  sq, i n .  

a b s . , . t h e  t h e o r e t i c a l  f lo w  i s  .219  l b s .  p e r  s e c .  unde r  

s u p e r h e a t e d  c o n d i t i o n s ,  b u t  w i t h  e x p an s io n  i n  t h e  ivet f i e l d  

t h e  c r i t i c a l  r a t i o  i s  .577  and  t h e  t h e o r e t i c a l  f lo w  i s  .207 

l b s  p e r  s e c ,  t h i s  b e in g  o n ly  v e ry  l i t t l e  g r e a t e r  t h a n  t h e  

f low  q u a n t i t y ,  from t h e  curve  i . e .  .205 l b s / s e c .  S ince  t h e  

a c t u a l  e x p a n s io n  must be  accompanied  by l o s s e s  which  re d u c e  

t h e  f lo w  q u a n t i t y  t o  a  v a lu e  l e s s  t h a n  t h e  t h e o r e t i c a l ,  we 

a r e  j u s t i f i e d  i n  c o n c lu d in g  t h a t  t h e  ex p an s io n  up  t o  t h e  

n o z z l e  t h r o a t  i s  w i t h i n  t h e  s u p e r s a t u r a t e d  f i e l d .  I t  i s  n o t  

c e r t a i n  t h a t  t h i s  steain c o n d i t i o n  w i l l  p e r s i s t  r i g h t  t h r o u g h  

t o  t h e  b l a d e  o u t l e t  b u t  we w i l l  assume t h a t  t h i s  i s  so .

ESTIMATION OF EFFICIENCY.

The n o z z l e  e f f i c i e n c y  has  no t  been  d i r e c t l y  

d e te rm in e d ,  so h a s  t o  be  e s t i m a t e d  by e v a l u a t i n g  th e  l o s s e s  

due t o

1 .  Boundary l o s s .

2. Convergence l o s s .

3 . Recom press ion  l o s s .

For t h e  boundary  l o s s  we have

( I )

o r  v e r y  n e a r l y

( 1 )a

where

Cf = F r i c t i o n  c o e f f i c i e n t

-* d i s t a n c e  from n o z z l e  i n l e t  t o  t h e  p o i n t  a t  which 

re c o m p r e s s io n  commences.
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Y = P r e s s u r e  R a t io  = P ressu re  i n  Nozzle
/   ̂ P ressu re  at I n l e t ,

'vv = a d i a b a t i c  in d ex  » 1 .3

l> *  n o z z l e  p e r i m e t e r

/4 a  A rea  o f  c r o s s  s e c t i o n  o f  n o z z l e ,  

e lem ent  o f  l e n g t h  o f  n o z z l e .

The c o n v e r g e n c e lo s s  i s  g iv e n  by

^  y .............................

o r  a p p r o x i m a t e ly

................................. ( 2 ) a

where

=s convergence  l o s s  c o e f f i c i e n t

* i n i t i a l  p r e s s u r e   .................l b s .  p e r  s q . i n s . a b s ,

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

a  p r e s s u r e  r a t i o  a t  t h r o a t  

f o r  t h e  l o s s  due t o  r e c o m p re s s io n

where
IÇ Area a t  N ozzle  O utlet ^
^  -  Area at N ozzle Throat.
Y « p r e s s u r e  r a t i o  a t  end o f  co m press ion
I#

Vj a  p r e s s u r e  r a t i o  a t  b e g in n in g  o f  com press ion .

The n o z z l e  e f f i c i e n c y  i s  g iv e n  by

n  = '--*'-7 °'  (3 )
/ -  y*"

where = t o t a l  l o s s  f a c t o r  ra ^

Y  a  p r e s s u r e  r a t i o  a t  n o z z l e  o u t l e t .

For t h e  e v a l u a t i o n  o f  t h e s e  e x p r e s s i o n s  a  s e r i e s  o f  p r e s s u r e
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r a t i o  c u rv e s  f o r  t h e  n o z z l e s  a r e  n e c e s s a r y .  These c u rv e s
/a lo n g  w i t h  t h e  e f f i c i e n c y  c u rv e s  a r e  shown i n  f i g .  ( 32 ), and 

(33), f o r  t h e  t u r b i n e  n o z z l e  and t h e  S t a t i o n a r y  Blade 

A p p a r a t u s ’ n o z z l e  r e s p e c t i v e l y .  The e f f i c i e n c y  e s t i m a t e d

i n  t h e  above manner t a k e s  accoun t  o n ly  o f  t h e  l o s s e s  which t h e  

f l u i d  i n c u r s  up t o  t h e  n o z z l e  o u t l e t ,  any f u r t h e r  l o s s  i n  t h e  

gap b e in g  t h e r e f o r e  n e g l e c t e d ,  b u t  t h e  e r r o r  on t h i s  a cc o u n t  

i s  n o t  l i k e l y  t o  be a p p r e c i a b l e  s i n c e  t h e s e  n o z z l e s  do no t  

g iv e  a  sudden p r e s s u r e  change a t  t h e  o u t l e t  e xce p t  f o r  

p r e s s u r e  r a t i o s  lower  t h a n  .1  i n  t h e  t u r b i n e  n o z z l e  and  .15 

i n  t h e  S t a t i o n a r y  Blade  A p p a ra tu s  n o z z l e .

I  beg t o  thank  P r o f e s s o r  A. L. M el lanby ,  D .S c . ,  f o r  

h i s  i n t e r e s t  and k i n d  a d v ic e  i n  t h e  whole c o u rs e  of  t h i s  work 

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

t h e  p r o g r e s s  o f  t h e  work.

I  a l s o  beg t o  th an k  P r o f e s s o r  Wm. K e r r ,  P h .D . ,  f o r  

s u g g e s t i n g  t h e  above l i n e  o f  r e s e a r c h  and f o r  t h e  v e ry  

v a l u a b l e  h e lp  and a d v ic e ,  so r e a d i l y  g iv e n  d u r in g  t h e  

subsequen t  a n a l y s i s  o f  t h e  r e s u l t s .
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INTRODUCTION.

In  s p i t e  o f  th e  v e ry  la r g e  amount t h a t  h a s  been  

w r i t t e n  on c o n d e n s e r s ,  no com plete  r u l e s  have y e t  been  g iv e n  

to  se rv e  a s  th e  b a s i s  o f co n d en se r d e s ig n .

I t  i s  a  v e ry  c o m p lic a te d  m a t t e r ,  e s p e c i a l l y  on th e  

steam  s id e  o f  th e  c o n d en se r  tu b e s ,  and  i t  would n o t  be p o s s ib le  

from  th e o ry  a lo n e ,  to  d e s ig n  a  c o n d e n se r .

Some v e ry  th o ro u g h  e x p e r im e n ts  have b een  c a r r i e d  o u t 

a  good many y e a r s  ago by D r. J .P . J o u l e .  These e x p e r im e n ts  were 

c a r r i e d  o u t ,  u n d e r g r e a t  accu racy ^  b u t  u n f o r t u n a t e l y , one very  

im p o rta n t datum  i s  l a c k in g ,  w hich i s  n e c e s s a ry  in  o rd e r  th a t  

th e  r e s u l t s  may be a n a ly s e d  c o m p le te ly , nam ely th e  te m p e ra tu re  

o f  th e  tu b e s  th e m se lv e s .

I t  was in  O c to b e r , 1874a t h a t  P r o f e s s o r  Osborne 

R eynolds b ro u g h t fo rw a rd  h i s  p a p e r  on "The E x te n t  and A c tio n  

o f  the  H e a tin g  S u rfa c e  o f  Steam  B o i l e r s ” . In  h i s  p a p e r  he 

endeavoured  to  deduce from  t h e o r e t i c a l  c o n s id e r a t io n s  th e  law s 

o f  H eat T ran sm iss io n  and l a t e r  v e r i f i e d  th e  law s by e x p e rim e n t.

Many o th e r  i n v e s t i g a t i o n s  to o k  p la c e  a f t e r  t h a t ,  

nam ely by D rs . S ta n to n , N ic h o lso n , e t c .  One o f  th e  m ost i n t e r :  

t e s t i n g  e x p e rim e n ts  was t h a t  c a r r i e d  o u t by Mr. Gordon C. 

W ebster a t  th e  Royal T e c h n ic a l C o lle g e  and re a d  to  th e  I n s t ,  

o f  E n g in e e rs  and  S h ip b u i ld e r s  in  S c o tla n d  in  I9 1 3 . G re a t c a re  

and th o ro u g h n ess  were e x p e r ie n c e d  and in  a d d i t io n  th e  e x p e r i :  

:m en ts c o n ta in  some d a ta  re g a rd in g  th e  tube  te m p e ra tu re s ,  

w hich were d e te rm in e d  by u s in g  th e rm o co u p le s .



- 6m ALL E.XPCK I n  E.HTAL G O h DC.h 5  £  R -

S ii
^ 1 M .

is  fo <tf‘

ü i t e ^

!11
l l ' '  1J

JO 3(m-

I/qGudAH.tAl&_JwLih foot6E-F



— 2 —

W ith th e s e  d a ta  i t  was q u i te  p o s s ib le  to  exam ine th e  

s team  and th e  w a te r  s id e s  s e p a r a t e l y ,  and f i n a l l y  to  combine 

th e  law s so  o b ta in e d  so a s  to  exam ine th e  b e h a v io u r  o f th e  

c o n d e n se r .

W ebste r d ed u ces  a  c e r t a i n  num ber o f  law s and  fo rm u lae  

b u t  he d oes n o t^ le a v e  th e  s u b je c t  in  a  form  w hich i s  most 

c o n v e n ie n t to  a  d e s ig n e r .

DESCRIPTION OF CONDENSER.

F ig .  1 shows a  s e c t i o n a l  v iew  o f  th e  c o n d e n se r . Steam  

i n  "Steam  to  W ater" o r  "Hot w a te r  i n  W ater-W ater" t e s t s  r e s p e c :  

r t i v e l y  f lo w s th ro u g h  th e  m iddle  p ip e  l i "  D to  th e  r i g h t  hand 

end  o f  th e  tu b e ,  i t  th e n  changes i t s  p a th  backw ards and comes 

o u t a t  th e  c o n d e n sa te  o u t l e t .  A n o ther tu b e  o f  i f "  D i s  c irc u m : 

r f e r e n t i a l  w ith  th e  f i r s t  tu b e ,  b o th  tu b e s  a re  o f  f "  th ic k n e s s .  

The c i r c u l a t i n g  w a te r  from  th e  m ains ta k e s  th e  a n n u la r  space  

betw een  th e  two tu b e s  f o r  i t s  p a th .

The fo llo w in g  i s  a  d iag ram m atic  s k e tc h  o f  th e  flo w s 

in  th e  c o n d e n s e r : -

Bcr»d

HcrrWAtlv_ 
cwirlfcV ©

CONDENSER DETAILS.

L ength o f  w a te r  p a th  « 3*10 f t .

S e c t io n a l  a r e a  o f  w a te r  f lo w  « .0021 s q . f t .

C oo ling  s u r fa c e  o f  tu b e s  in
c o n ta c t  w ith  steam = 2 .5  sq . f t
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I t  was n e c e s s a ry  in  th e  c a se  o f  th e  W ater-W ater t e s t s  to  have 

a  therm om eter p o c k e t a t  th e  f a r  o f f  f la n g e  o f th e  co n d en se r so 

a s  to  g e t  th e  te m p e ra tu re  a t  th e  he,nd in d ic a te d  in  th e  sk e tc h  

by (B ), and so t r e a t  the. c o n d e n se r  a s  two' s e p a ra te  c o n d e n s e rs , 

one a s  a  p a r a l l e l  f lo w  and th e  o th e r  a s  a  c o u n te r  flow  c o n d e n se r

"STEAM-WATER TESTS I'

E x p erim en ts  on H eat T r a n s f e r  were c a r r i e d  o u t by th e  

w r i t e r  a t  th e  R oyal T e c h n ic a l  C o lle g e  on th e  s u g g e s t io n  o f 

P ro fe s s o r  A. L. M e llan b y , D .S c , ,  f i r s t  on "S team -W ater" and 

seco n d , on "W ater-W ater" . The p l a n t  f o r  th e  "Steam -W ater" 

t e s t s  c o n s is te d  o f  two c o n d e n se rs  a s  in  F ig .  3 * The steam  was 

a llo w ed  from  th e  m ains by means o f  a  v a lv e  to  r e g u la te  th e  amouni 

o f steam  flo w . A p r e s s u re  gauge was f ix e d  a t  th e  i n l e t  p a ssa g e  

o f  s te am , and a  t h r o t t l e  v a lv e  was a d ju s te d  a t  th e  o u t l e t  o f  

steam  from  th e  f i r s t  c o n d en se r  to  in c r e a s e  o r  d e c re a s e  th e  

p re s s u re  o f steam  in  th e  c o n d en se r  a s  r e q u i r e d .  The steam  

th e n  fo llo w ed  th e  p a ssa g e  in d ic a te d  by th e  a rro w s from  ( 2 ) to  

( 3 ) when i t  e n te r e d  th e  second  co n d en se r where i t  l e f t  by th e  

p assag e  in d ic a te d  by a rro w s from  (4 ) to  ( 5 ) to  an  o rd in a ry  

w eigh ing  ta n k .  The main o b je c t  o f  th e  second  c o n d e n se r  was to  

condense th e  p a r t  o f  steam  w hich p a s s e d  uncondensed  from  th e  

f i r s t  c o n d e n se r . The c o n d e n se rs  were so c o n n e c te d  t h a t  each  

had  a  s e p a ra te  su p p ly  o f c i r c u l a t i n g  w a te r  nam ely , ( l )  A and

( l )  B. The w a te r  l e f t  by ( 2 ) A and ( 2 ) B a f t e r  p a s s in g  th ro u g h  

th e  r e s p e c t iv e  c o n d e n s e r s ,  and th e  w a te r  from  th e  f i r s t  conden: 

: s e r  w hich was u se d  a s  th e  e x p e rim e n tin g  one , was c o l l e c te d  in  

an  o r i f i c e  ta n k ,  w h ile  t h a t  from  th e  second  co n d en se r was l e t  

o u t to  w a s te .

TANKS.

The o r i f i c e  ta n k s  have f o u r  h o le s  3 " ,  4 " ,  5 " and 6" 

d ia m e te r  r e s p e c t iv e ly .  A s l id in g  d i s c  w ith  a  h o le  c u t  th ro u g h
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i s  a d ju s te d  to  f i t  c lo s e ly  to  th e  b o tto m  o f  th e  ta n k .  The d is c  

co u ld  be tu rn e d  round so a s  to  g e t  th e  d e s i r e d  o r i f i c e  in  u s e .  

The re a d in g s  g iv e n  on th e  m easu ring  g l a s s ,  a lo n g s id e  F ig , 4 

g iv e  th e  head  o f w a te r ,  and  amount o f  c o o lin g  w a te r  c o u ld  th e n  

be e a s i l y  re a d  from  a  g ra p h  o f  h e ad s  and  amount o f  c o o lin g  

w a te r /m in u te  f o r  e v e ry  o r i f i c e ,  and  th e n c e  th e  speed  o f w a te r  

c o u ld  be c a l c u l a t e d  b y : -

i  js a

where q -  c o o lin g  w a te r  in  l b s .  p e r  m in u te .

dst  s e c t i o n a l  a r e a  o f w a te r  f lo w  s q . f t .

V» sp eed  o f  w a te r  f lo w , f t .  p e r  seco n d .

The o rd in a r y  w eigh ing  ta n k s  have a  s h u t  v a lv e  a t  th e  

b o tto m , and condensed  s team  i s  re a d  o f f  on th e  m easu ring  g la s s  

in  l b s .

A p h o to g rap h  showing th e  b o tto m  o f  th e  o r i f i c e  ta n k  

w ith  c o v e r  removed and a lso  th e  bo ttom  o f th e  w eigh ing  ta n k  

i s  shown a lo n g s id e  F ig ,  5 .

The steam  e n te r in g  th e  f i r s t  co n d en se r was about 

2 o r  3^ w e t.

In  th e s e  e x p e r im e n ts  th e  w a te r  sp eed s were v a r ie d  and 

a ls o  th e  o u t l e t  w a te r  te m p e ra tu re s ,  th e  steam  flo w  and p re s s u re  

b e in g  k e p t c o n s ta n t  th ro u g h o u t th e  t e s t s .  The p r e s s u re  was 

o n ly  v a r ie d  f o r  e v e ry  s e p a ra te  s e r i e s  o f  t e s t s .

"WATER-WATER TESTS" .

The p la n t  was a r ra n g e d  f o r  th e s e  t e s t s  a s  shown in  

p h o to g ra p h . F ig .  6 . I t  c o n s i s t s  o f  th r e e  c o n d en se rs  c o n n ec te d  

a s  shown, w ith  th re e  s e p a ra te  c o o lin g  w a te r s .  Steam  i s  l e t  

th ro u g h  th e  f i r s t  c o n d e n se r  by an i n l e t  v a lv e .  The steam  o u t :  

: l e t  from  t h a t  c o n d e n se r  i s  le d  by a  p ip e  to  th e  t h i r d  condensez 

th e  main o b je c t  o f  w hich was to  condense th e  steam  p a sse d  by 

th e  f i r s t  c o n d e n se r . Hot w a te r  was l e t  from  th e  o u t l e t  o f  

f i r s t  co n d en se r to  i n l e t  o f  second  c o n d e n se r . T h is h o t w a te r



m

»
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was c o o le d  down in  th e  second  c o n d e n se r  by a  f r e s h  su p p ly  o f 

c o o lin g  w a te r .  Both h o t  and  c o ld  w a te r  were m easured  in  o r i f i c e  

t a n k s ,  th e  sp eed  o f  th e  fo rm e r  b e in g  k e p t c o n s ta n t  a t  4«25 f t . /  

s e c .  r i g h t  th ro u g h , w h ile  th e  speed  o f  th e  l a t t e r  was ta k e n  a t  

s ix  s te p s  o f  1 , 2 , 3 > 5 > and  6 f e e t  p e r  seco n d . The i n l e t

te m p e ra tu re  o f  th e  h o t  w a te r  was d e c re a s e d  a f t e r  e v e ry  s e r i e s  

o f  t e s t s  by open ing  th e  t h r o t t l e  v a lv e  f i t t e d  on th e  h o r i z o n t a l  

steam  p ip e  le a d in g  to  the  t h i r d  c o n d e n se r .

A ll  thermometer read in gs were c o r r e c te d  and a ls o  

the tanks c a lib r a te d  fo r  a ccu ra cy ..

The method a d o p te d  f o r  ta n k  c a l i b r a t i o n  was to  l e t  

th e  w a te r  f lo w  a t  a  c e r t a i n  speed  in to  th e  o r i f i c e  ta n k ,  and  

th e n  remove t h e ‘ta n k , and  d is p la c e  i t  by an  o r d in a ry  w eigh ing  

ta n k ,  and a  c a l i b r a t i o n  g rap h  draw n.

THEORY OF HEAT TRANSMISSION.

The s im p le s t  form  o f h e a t  t r a n s m is s io n  i s  t h a t  o f  

h e a t  t r a n s m is s io n  by c o n d u c tio n , in  w hich th e  o p p o s i te  s id e s  

o f th e  m e ta l o f  i n d e f i n i t e l y  la rg e  a r e a  a re  k e p t a t  two d i f f e r :  

: e n t  c o n s ta n t  te m p e r a tu re s ,  T and t . H eat th e n  flo w s a c r o s s  

th e  p l a t e  a t  a  s te a d y  r a t e ,  and  th e  amount b e in g  p r o p o r t io n a l  

to  th e  te m p e ra tu re  d i f f e r e n c e  and in v e r s e ly  a s  th e  p la t e  t h i c k :  

:n e s s ,  i . e . : -

a .  K .T =-L —

where T and t  a re  th e  te m p e ra tu re s  in  d e g re e s  F a h re n h e i t  o f  

th e  two s u r f a c e s ,

d  i s  th e  th ic k n e s s  o f th e  p l a t e  in  in c h e s  and K i s  

th e  th e rm a l u n i t s  p a s s in g  p e r  hour a c r o s s  a  p l a t e  one in c h  t h i c k  

when i t s  s id e s  a re  k e p t a t  a  te m p e ra tu re  d i f f e r e n c e  o f  1 d e g re e  

F a h re n h e it  in  one h o u r . Supposing  f o r  an  exam ple to  i l l u s t r a t e  

t h i s ,  we t a k e ,

T  s  t S O o ' F  ,  t  p  ,  K  g  4 - 5 o .





-  6 -

th e n  we sh o u ld  h a v e : -

Q  «  4 S O X  — --------  a  x i o ^  B . T . o / 6 ^  y * /

C o n s id e r in g  th e  e f f e c t  o f h ig h  speed  on c o n d u c tio n , we know 

t h a t  th e  more q u ic k ly  g a s e s  move, o r ,  th e  s h o r t e r  th e  tim e th e y  

rem ain  in  c o n ta c t  w ith  th e  p l a t e s ,  th e  g r e a t e r  th e  h e a t  t r a n s :  

:m i t te d .

I t  w ould in d e e d  seem t h a t  th e  a c t  o f  in c r e a s in g  th e  

g as  sp eed  r e l a t i v e l y  to  th e  h e a t in g  s u r f a c e , i s  e q u iv a le n t  to  

an  a lm o s t p r o p o r t io n a l  a u g m e n ta tio n  o f  th e  a r e a  o f  t h a t  s u r f a c e

When one f l u i d  e x t r a c t s  h e a t  from  a n o th e r  th ro u g h  

a  m e ta l s u r f a c e , i t  i s  cu sto m ary  to  e x p re s s  th e  r a t e  o f  h e a t  

t r a n s f e r  in  B .T .U . /S e c . /S q . f t /d e g r e e  F a h re n h e i t  te m p e ra tu re  

d i f f e r e n c e .

T h is  te m p e ra tu re  d i f f e r e n c e  v a r i e s  c o n s id e r a b ly  and  

i t  i s  u s u a l ly  n e c e s s a ry  to  u se  a  mean v a lu e  w hich i s  n e v e r  

th e  a r i t h m e t ic  mean.

The q u e s t io n  o f  f in d in g  t h i s  mean v a lu e  w i l l  f i r s t  

be c o n s id e re d

C o n s id e r  th e  c o n d e n sa tio n  o f  steam  in  a  tu b e  o r  a t  

any f l a t  s u r f a c e .  W ith  a  c o n tin u o u s  flo w  o f  steam  th e  tem p era : 

: t u r e  on th e  steam  s id e  may be supposed  c o n s ta n t  a t  T and  may 

be g r a p h ic a l ly  r e p r e s e n te d  by th e  l i n e  AB.



R&YMOLD6 f/N CroR . D  
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The water e n te r s  a  tem perature -fc, , and le a v e s  a t  

tem perature , the form o f  the curve b e in g  g iv e n  by c  D 

Let -  Rate o f  h e a t tr a n sm iss io n  B .T .U . p e r  s e c .  

p er  d eg . Fah. d i f f .

U z  Rate o f  w ater f lo w , l b s .  per secon d .

s- A JrUa Qcf sûû tiasn  # f-
ù i  - J -  u  t ?  "

U l^  a  ^  - ^ C T -  f c ) 4 A

s/iŷ uùcXsi ttjL

- a -  ^

— ' gL 4‘ A
urC<r̂  Q-M  ̂ A

t ,

■■ ' - y
T -  b k _  =  +

T -  b

/ L  : -)• 7%. t .

D ealin g  w ith  the tube a s  a  w h o le .

Ur

Ur m

U lw t t ^ =  mean te n ^ e r a tu r e  d i f f e r e n c e .

... * &A = —--------------------- ‘- ‘■̂

¥yo>v (a*) ^

AX l o g . ^  T ^

(1)

&  A .  2  
^  T L  fc

X  -  - r "  t



He/w Coe-fFiciLmT K

fl^L l

iS



« .  0 —

. ' . u l =  ^  —  ( 2 )
A 0 T -  

Where ^  « B .T .U ./S eo ./O F / o f  d i f f e r e n c e .

A s  f t ^  c o o lin g  su r fa c e .

T  = steam  ten ^ eratu re ( s a tu r a te d )  

uTs lb s .  w a te r /s e c .  

t^and t^as I n le t  and o u t le t  w ater tem p era tu res.

When exam ining the manner in  which w ater g a in s  and 

steam  lo s e s  h e a t ,  u se  i s  made o f  the R eyn old 's Law.

(3 )

where H •  Rate o f  h e a t tr a n sm iss io n  

A -v C «  E xperim ental c o n sta n ts

t  = tem perature d if fe r e n c e  o f f l u i d  and m etal 

•  F lu id  d e n s ity .

Y •  F lu id  v e lo c i t y .

C on siderin g  f i r s t  the h ea t f lo w  from m etal to  w a te r ,  

then w ith  any rea so n a b le  v e lo c i t y  the second term in  E qn. ( 3 ) 

i s  so la rg e  th a t  the f i r s t  term i s  n e g le c te d .

H .  C ( 4 )

w *  .   ̂ J£ -  bLCL

y y  —  —  - iir>

•ML

a g a in : -

I f  t  = tem perature d if fe r e n c e  

B  m m etal tem perature  

we mm h a v e :-

H f o r  th e  w a te r.s i d e ............. ( 6 )



a  =

-  V =  _ Z 3 J L É 2 L _ _  d
/  y . ^
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In  th e  c a se  o f  th e  h e a t  t r a n s m is s io n  on th e  steam  s i d e ,  i t  i s  

q u i te  r e a s o n a b le  to  assum e t h a t  on c o n d e n sa tio n  ta k in g  p l a c e ,  

th e  v e lo c i ty  d ro p s  to  a  n e g l i g i b l e  q u a n t i ty  so  th e  second  te rm  

o f  R e y n o ld 's  F a c to r  may be n e g le c te d  and  we may w r i te

H ^ A C t -  a )  ' ( 7 )

#iw  with

Now ta k in g  th e  in n e r  and o u te r  c o o lin g  s u r f a c e  m e ta l  

te m p e ra tu re  a s  th e  same Ô (w hich  i s  o n ly  an  a p p ro x im a tio n  

a s  i t  assum es t h a t  b o th  s u r f a c e s  a re  e q u a l ly  e f f e c t i v e )  and  

a ls o  t h a t  th e  d rop  th ro u g h  m e ta l may be n e g le c te d ,  w hich i s  

p ro b a b ly  q u i te  sound w ith  th e  tu b e s  u s e d ,  we c o u ld  a p p ly  th e  

above la w s .

In  E q u a tio n  ( 7 ) th e  c o n s tam t A i s  g iv e n  by W ebste r 

a s  n e a r ly  e q u a l  to  u n i ty ^  /do ^  H

Now c o n s id e r  any e lem en t o f  le n g th  th e n  th e

h e a t  t r a n s m i t t e d / s e c .  1 6 : -

( 1 )a  4- Sx. (S team  S id e )

( 2 )a  5 A  = C 4- S x  (W ater S id e )

( 3 )a  fQ =  ur<St< (W ater S id e )

E q u a tin g  (1)% and (2)&

We sh o u ld  h a v e : -

( t -  a )  ^

-44- &LV- +  <̂ 3 g
oi

uT
-  (P- B a.

H i Jw
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,  ( e - t )  =■ —

A gain e q u a tin g  ( 2 )a and  ( 3 )« we sh o u ld  g e t : -

C  ̂ S ̂
ûL v^^JL,^ <OiV̂ y0r> X Z Ù Z X C t^  (r>C^^40C ^  <SL>^TinA4.

• ' •  tl' ‘(iVij) ' « ît-
o r

T L  t  ^  .
/ «  . ,.r \  ^ T 4 4 . ^  ^ 3}  <S 3t =- = f- 4̂#

oka (% =  J  Ir
5  -V- ( h  3 + <Ax)

A j _  .  4 - t .
T - -  t
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L

  =  \ — -----------------------4 - & K _____________ _

{ ,  i  < ^ 5  -

• ' •  ^ < .  7 . _  ___________ _________________ ________ ̂ 0:-
From the l a s t  e x p r e ss io n

V. e. -"'
T  -

Where cL^,  and ^  are in  in c h e s ,

and ^  in  l b s / s e c .

A. in  f t . 2 ^  e> ^

The su rfa ce  a s  such does n o t  e n te r  d i r e c t ly  in to  the e x p r e ss :

: io n s ,  th e  main p o in t b e in g  th a t the tube le n g th  /& must be

s u f f i c i e n t  to  d e a l w ith  the proposed w ater tem perature r i s e  a t

proposed sp eed ,

Rate o f  Heat T r a n s m is s io n /s e c /s g .f t . /^ F /B .T .U * s *

Let the c o o lin g  w ater/m inute =

I n le t  w ater tem perature = t ,

O u tle t w ater tem perature -

Mean tem perature d if fe r e n c e  •

C ooling su rfa ce  in  tub es in
c o n ta c t w ith  steam  s  ^

Heat tra n sm iss io n  r a te  « A .

Then from above e x p r e s s io n s , we sh ou ld  h a v e :-

^ -yvv ^

l e t

( t - x  -  t ,  )  =  T "
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T h e n :-

EXAMPLE.

Take a s  an  exam ple T e s t 1 o f  S e r ie s  1 , ( a tm o s p h e r ic )

I n l e t  te m p e ra tu re  o f  c o o lin g  w a te r  = ^2oF

O u tle t  te m p e ra tu re  o f  c o o lin g  w a te r  ■ 206 . 5*F

C oo ling  w a te r  « 3*5 lb s /m in u te  « .0 6  l b s / s e c .

Mean te m p e ra tu re  d i f f e r e n c e  = 3 2 . 3^ F .

C oo ling  s u r f a c e  o f  tu b e s  in  c o n ta c t
w ith  steam  = 2 .5  s q .  f t .

A pp ly ing  th e  fo rm u la  on th e  p re v io u s  page f o r  f in d in g  

th e  r a t e  o f h e a t  t r a n s m is s io n  in  th e  u s u a l  m ethod , we h a v e : -

t z  — - J d z -----------

i  = -06,  C2DL,.& - a j . )
S ^•'5 X 2*5

5 2 . 2  g

•O L  S  IL
S ■Sx 2 - S

.0752  B .T .U .S q . f t . / s e e . / ° F  o f  d i f f e r e n c e
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A gain to  f in d  th e  v a lu e  o f  ^

Where u3T i s  th e  amount o f  c o o lin g  w a te r  p e r  s e c .

and A. i s  th e  s e c t i o n a l  a r e a  o f w a te r  flow  in  sq u a re  f e e t :

Take Kj o f  th e  above ex am p le , i . e . : -

u r«  *06 l b s / s e c .

,0021  s q .  f t .

Ü  = .0 6  « 2 8 ,7  I b s / s e o . / s q . f t .
^  .0021  = = = = =

From E q u a tio n  (8 )  we can  g e t  th e  v a lu e  o f  R e y n o ld 's  F a c to r  B 

f o r  th e  w a te r  s i d e : -

The E q u a tio n  i s :

T - -

o r D = —̂ „

‘T*- t

EXAMPLE

The tube  d ia m e te r s  on th e  w a te r  s id e  a r e  a s  fo l lo w s

l i " d i a .

i f " d i a .

3 .1 0 f t .

then

4 ^ _  4-  X 3 . I

3

^  Ü Î 1

This value of    i s  constant for a l l  te s ts
l i  t  -

Again

T  = 2 1 3 . 9 9 ° ? .

b  s  4 2 .0  °F . 

t ^ r  206.5
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T h e re fo re :
n  u ..a ^

‘  - r -  ^  ^ -1 . ^ 9

=  A e  2 2 - 9 4 -

f
=  3  > U 9

. ’ . P  (W ater s i d e )  > t i f g  % - ■   -> ^ f '~ l
3 - 1 3 9

ss. 3 - “7 J ^  ^ ‘"7 

z :  3  4 - 9  * 6

F o r f in d in g  th e  w a te r  v e lo c i ty  th e  fo llo w in g  e x p re s s io n  i s  

u se d

® =z f VGo J

where j? = d e n s i ty  o f  w a te r  in  l b s / f t ^

V •  v e lo c i t y  o f  c i r c u l a t i n g  w a te r  i n  
f e e t  p e r  seco n d .

s  s e c t i o n a l  a r e a  o f  w a te r  f lo w .

Q s  q u a n t i t y  o f  w a te r  in  Ib s /m in .

In  o u r c a se  c \  s  .0021  s q .  f t .

P = 62.5 Ihe/ft^
(Q = 60 X .0021  X 6 2 .5  X

= 7.875
«  Vn

Where ^  i s  a  c o n s ta n t .

The d e s ig n  o f  s u r f a c e  c o n d e n se rs  i s  fu n d a m e n ta lly  

b ased  upon th e  r a t e  o f h e a t  t r a n s m is s io n  betw een  th e  c o n d e n s in g  

steam  and  th e  c o o lin g  o r c i r c u l a t i n g  w a te r .

There a r e  s e v e r a l  f a c t o r s  a f f e c t i n g  th e  r e s i s t a n c e  to  

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



F» 6̂  10
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r e s is ta n c e s  taken  in  s e r i e s .  The most in f l u e n t i a l  fa c to r s  

a f f e c t in g  the r e s is ta n c e  on the steam  s id e  o f  the tu b es a r e ,  

the amount o f  a i r  p resen t w ith  the steam , the d e s ig n  o f  the  

condenser w ith  r e sp e c t to  the v e lo c i t y  o f  f lo w  or the e lim in a t io n  

o f stagn an t sp a c e s , and the c le a n l in e s s  o f  the su r fa ce  of th e  

tu b e s . On the w ater s id e  th e  v e lo c i t y  o f  the w ater and the  

c le a n l in e s s  o f  the tu b es are im p ortan t. The r e s is ta n c e  o f  the  

tubes depends upon the m a ter ia l and the th ic k n e s s .

R e sis ta n ce  to  h ea t t r a n s fe r  betw een tube and
«=+=■* 1000 X

= B .T .U . /S q .f t . /h r .

FRICTIONAL RESISTAHOE.

F r ic t io n a l  r e s is ta n c e  o f  p ip e  in  l b s / s q . f t .  i s  eq ual

to  K f v ^

F zz «g

Where f  i s  the f r i c t io n a l  , r e s i s tance in  p ip e in  l b s / s q . f t .  

d e n s ity  o f w ater in  

^  in  ^  / < k ^

V i s  th e  v e lo c i ty  o f  c o o lin g  w a te r  in  f t / s e c . ,  b u t  f o r  

b ra s s  tu b e s  a s  in  the c o n d e n se r  u se d  f o r  th e  e x p e r im e n ts  shown 

l a t e r : -

K e .005

f  z . oo s  p y ^

EXAMPLE.

C onsidering aga in  the case  o f  T est 1 o f  the 1 s t .  

s e r i e s ,  to  f in d  the r e s is ta n c e  to  h ea t tr a n s fe r  betw een tube  

and w ater and a ls o  the va lue o f



F»4 (I

I
1-^ KU
X  ^
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1 s t.

t ^ =  5  2 - 1» ' F

^  2  3 0 * 3  X -= g'

K =  VfrûO -'Ŵ =  3 . F

2nd.

y .  =.
F

1 .
. o o s / V

| t jïv w  J - i U r ^  f  =  4  2 -  2  C«V | f  /  /fa

y_ = % 26— ^  4 -T 4
^ 5* X 4» 1-2. X-4-4 -S

MEAN TEMPERATURE DIFFERENCE fo r  w ater on b oth  s id e s  o f  the tu b e .

'vw = I n i t i a l  Temp, d i f f e r .  -  F in a l Temp* D i f f .

t ira  I n i t i a l  Temp. D i f f o e .
Fin a l  Temp. D tf£ c e .

which i s  a p p lic a b le  to  e i t h e r  p a r a l l e l  or  cou n ter  f lo w .

REYNOLD»S FUNCTION.

Now fo r  f in d in g  the R eyn o ld 's  fu n c tio n  fo r  w ater  

from the "Water-Water" t e s t s ,  and then  ap p ly in g  i t  to  the steam  

t e s t s : -



F(4^3
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We h a v e :-

I , ( t  -  e)d .A ^ r f  ^ ( 0  - t )  c*-Ax.

Where ^  = C a  + 6  )

Where -j- -  R ey n o ld 's  fu n c t io n  f o r  w ater

. T ~  e  _ A . cL  A^_ _
6 - 4  f  I A  ,

t u  =  V

Tr - Ô  =  i ô  -  r(-

or

8  =  _ X ± J L t
/ - +  V

/&iV' / ,  { - r -  -j r  ,_ r  , 4  ^  ^ C T - ^ t ) c i A
* / -f' V J

f ,  [  -T-I: Y T ^  T. - y  Ç: j  =  X ( T - 4 j o C A

♦ L  ■—  ■- t*. A  X ^  A- A  '*• r< /^y /

and hence f  found

1
a ls o  Y =  — — >  ^

f ;  ^ A ,

hut take /

t"
from curve o f  mean r a te  , and th e r e fo r e  f  known, and 

and cou ld  he found.

Now a p p ly in g  the v a lu e s  o f thu s fou n d , a  graph

o f  ^  a g a in s t  speed w ith  the mean v a lu e  o f  as a  p o in t

on the graph i s  drawn and we are in  a p o s i t io n  to  f in d  J. | 

fo r  the steam .

= T i C T - e ) c L A , ^  -^ (0  -  (:^ clA i_ :

=  - &  o t A  u _  y
^ - 4  ^  ^  -  y
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As b e fo re

a  -  T  -±  j r 4
/ - h Y

Ph  X  d x - 4- j  ^  A

I L —  £<- A — ^  £>C A>-
/-fa r ^

/ ^  T  -  - x - ^ - ^ h  hence  if’ fo u n d
^  A  ^ A p r

=  - X C t - 4 > a

• ' •  / <  .r - F Y T ^ r - Y - ÿ -   ̂=  - ^ ( t - 6 J c:<.a

• • ~fi C~T- 4  ) — ------  =  {̂ "4 —' (■) ' ^ A
. ^  /-fa-V ^

• • ^  ^  A  / — ^  .
i '  / f - y  /

and hence found  f o r  s team .

Apply th e  Y' fo u n d  above to  t h i s  l a s t  e q u a t io n  in  

which we know f o r  s team  from  th e  assum ed mean l i n e  and  we 

know ^ - A :  t h e r e f o r e  4 -, f o r  steam  c o u ld  be e a s i l y
n

d e te rm in e d .

jpITHOD FOR TUBE TEMPERATURE CALCULATION.

D iv id e  th e  tu b e  le n g th  i n to  a  number o f  e q u a l d i v i s i o n s  

Bs shown aassee. T  Ar r  ami. a r e  th e  two i n l e t  t e m p e ra tu re s .

We h a v e ; -

A. t )  cL Ai s: c i. d

s  ^  C t -
cL A ^

henoe d  d  fonnd*
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b u t ckGi r  t

w here  ̂ « l b s  s te a m /s e c .  and lb s  w a te r / s e c .

. A (r and A - f  found

. . G raph f o r  T  and t  i s  draw n.

Now f o r  g rap h  o f  Ô

We know Ÿ from  th e  r e s u l t s  c a l c u l a t e d ,  so by s u b s t i t u t i n g  

th e  v a lu e s  f o r  "T  an d  t  in  th e  fo rm u la ,

e  -  X i x t
V

we g e t  B  f o r  e v e ry  d i v i s i o n ,

and th e n  f o r  f in d in g  th e  mean B  ta k e  th e  a r e a  u n d e r  th e  c u rv e .  

EXAMPLE.

C o n s id e r in g  t e s t  No. 1 o f th e  1 s t .  s e r i e s ,  th e  mean 

te m p e ra tu re s  w ere c a l c u l a t e d  a s  f o r  two d i f f e r e n t  c o n d e n se rs  

s t a r t i n g  and f i n i s h i n g  a t  th e  tu b eb en d  (where a  therm om eter was 

f i t t e d  to  r e a d  th e  bend  te m p e r a tu r e ) .  The te m p e ra tu re s  u se d  

in  th e s e  c a l c u l a t i o n s  were m arked by A , B, C, ^  , and  C  in  

the  t a b l e s  o f  R e s u l t s .

k ^ o r  p a r a l l e l  f lo w  was

— V V D — ;  (2.)( A - (^1  —— ( b --  c l
a
4C

b tu fo r  c o u n te r flow

( b - < ^ ) (2 )

_ B = _ ^
c \

F ig . 2 g iv e s  an  i n d i c a t i o n  o f th e  f lo w s .'

A .  190OF: B = I8 I .7 5 O F : 0 « 1 7 3 .5 °F .

» 5 2 . 0°F : = 1 1 7 .3®F.

C a lc u la t in g  f o r  th e  p a r a l l e l  f lo w  we sh o u ld  have

^  = (190 -  5 2 )  -  ( 1 8 1 .7 5  - 1 1 7 . 3 )

lo g .  190 -  52 :
1 Ü1 . 7 5  -  1 1 7 -3 ' ' ■
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^  .    m . . -  6 4 .4
lo s e  13L ,

5 4 T T

=  Z l i i   .  9 6 .5 .
Loge 2 .1 4  — .

W hereas f o r  c o u n te r  f lo w  s  8 8 .8 .  By e q u a t io n  ( 2 ) 

The h e a t in g  s u r f a c e s  f o r  th e  p a r a l l e l  and c o u n te r  f lo w s  r e s p e c :  

r t i v e l y  a re  1 .0 8  and 1 .3 7  s q .  f t .

So by th e  e q u a t io n

H

Where H. i s  th e  t o t a l  h e a t / s e c ,  A th e  h e a t in g  s u r f a c e  and 

mean te m p e ra tu re  d i f f e r e n c e ,  /L  th e  r a t e  o f  h e a t  t r a n s m is s io n  

c o u ld  be c a l c u l a t e d .

Now t h a t  we have ^  f o r  b o th  f lo w s , a  mean ^  was 

c a l c u l a t e d  and  a  g ra p h  was p l o t t e d  a g a in s t  th e  v a ry in g  sp eed s  

o f  th e  c o o lin g  w a te r .

REYNOLD*S FUNCTION FOR WATER.

We mean by R e y n o ld 's  F u n c tio n  th e  e x p re s s io n

^  w hich i s  d e n o te d  by and ^2- T able  2 .

b e in g  f o r  th e  h o t  w a te r  and f o r  th e  c o ld  W ater.

DESCRIPTION OF GRAPHS.

The c u rv e s  F i g .7 ( p p .4>) on steam  w a te r  t e s t s  show th e  

h e a t  t r a n s m i t te d  in  B .T .U . 's /  j l  / s e c  ®F. d i f f e r e n c e  a g a in s t  

a  b a se  o f  c o o lin g  w a te r  in  f t .  s e c .  in c r e a s e s  w ith  th e  w a te r  

v e lo c i t y .  I t  i s  th e r e f o r e  n o te d  t h a t  th e  c o o lin g  w a te r  in  a  

c o n d en se r w ould be s e n t  th ro u g h  a t  a  f a i r l y  h ig h  sp eed  f o r  th e  

b e s t  r e s u l t s .  Of c o u rse  th e r e  i s  a  l i m i t ,  a t  l e a s t  in  p r a c t i c e  

i f  th e  c o o lin g  w a te r  h a s  to  be pumped th ro u g h  th e  c o n d e n se r , a s  

th e  r e s i s t a n c e  to  f lo w  in c r e a s e s ,  a s  th e  v e lo c i ty ^ to  th e  power 

som ething  l ik e  ij^ to  2 ] ^  o r  p e rh a p s  m ore. A compromise h a s  

th u s  to  be made to  g e t  th e  b e s t  c o n d i t io n s  f o r  any p l a n t .  Thus 

4 # te re a se s  w ith  th e  in c re a s e  o f  p r e s s u r e .
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The cu rves which come n ext under c o n s id e r a t io n  are  

th o se  o f  the h ea t tr a n sm itte r  in  B .T .U .»s / s e c /S q .f t . /® F  in  the  

"Water-water" t e s t s ,  page8 , The i n l e t  tem perature i s  g iv e n  

fo r  each  case  and the l in e s  fo llo w  a very d e f in i t e  path which  

i f  ex ten d ed , w i l l  p ass through the z ero  p o in t .  They show th a t  

as in  the ca se  o f steam  w ater iv in c r e a se s  w ith  the in c r e a se  o f  

sp eed . At th e  h ig h er  i n l e t  tem peratures the ra te  o f  h ea t tra n s:  

em ission  i s  b ig g e r  than in  the low i n l e t  tem peratures o f  the  

h ot w ater . This i s  p o s s ib ly  due to  some very sm a ll e rr o r  in  

the experim ent as i t  cou ld  be o b v io u s ly  seen  th a t the whole 

p o in ts  in  the d i f f e r e n t  t e s t s  should  l i e  on a mean l i n e .

The d if fe r e n c e  how ever, i e  very sm all ind eed  and a 

mean l in e  was taken f o r  fu r th e r  c a lc u la t io n s .

The cu rves shewn o p p o site  page % are th o se  o f  

R eyn o ld 's f a c t o r ,  fo r  the w ater s id e  p lo t t e d  a g a in s t  an in c r e a s :  

: in g  ^  ; Where i s  the amount o f c o o lin g  w ater in  l b s / s e c ,  

and i s  the s e c t io n a l  a rea  o f  w ater flo w  in  square f e e t ,  

h as been c a lc u la te d  from the form ula below

HL =  '

I t  W ill be n o t ic e d  th a t  R eyn o ld 's  fa c to r  from the above eq u a tio n  

i s  a  l in e a r  fu n c t io n  w h ile  in  the graph i t  fo llo w s  a p a r a b o lic  

p a th , t h i s  i s  probably due to  a pow er, (very  s m a l l ) ,  o th er  than  

u n ity  which has been n e g le c te d  in  the above e x p r e ss io n  to  a vo id  

fu r th e r  c o m p lic a t io n s . The curve shews th a t g  in c r e a se s  a s ^  

in c r e a s e s ,  bu t a t  the h igh  v e lo c i t y  does n ot in c re a se  so  

r a p id ly  a s  a t  the low er v e l o c i t i e s .

I t  w i l l  be in t e r e s t in g  to  see  th a t  in  f ig u r e  ( 6 ) 

o f R eyn o ld 's  f a c to r  th a t  a t  atm ospheric p ressu re  the v a lu e  o f  

R eyn old 's f a c t o r  i s  h ig h e s t  and th a t a s  we in c r e a se  the p ressu re  

o f  steam , th e  v a lu e  o f  d e c r e a se s . We know th a t  the va lu e

o f  In  e x p r e ss io n  (7 ) depends on the p ressu re  and the
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h ig h e r  th e  p r e s s u r e  o f  s te a m , th e  h ig h e r  i s  i t s  s a t u r a t i o n  

te m p e r a tu re , and  th e  v a lu e  o f   i s  a  c o n s ta n t

th e n  th e  ab o v e-m en tio n ed  change depends m o stly  on th e  two o th e r  

v a r i a b le s  w hich  a re  f  ^  iiC th e  f i r s t
d - r -  ^

o f  w hich ch an g es c o n s id e r a b ly  w ith  th e  change o f  p r e s s u r e . ,

FRICTIONAL RESISTANCE.

The f r i c t i o n a l  r e s i s t a n c e  cu rv e  page ( l 4 ) betw een  th e  

w a te r  and th e  tube  in  th e  w a te r -w a te r  t e s t s  was c a l c u l a t e d  from  

th e  fo rm u la

-  K  iT

where K. = c o - e f f i c i e n t  o f  f r i c t i o n  and ta k e n  a s  .005 

The e q u a tio n  above i s  t h a t  o f  a  p a ra b o la  p a s s in g  th ro u g h  th e  

o r i g i n .

The g ra p h s  ppiSj'^^'tlshow th e  r e s i s t a n c e  to  h e a t  t r a n s ;  

: f e r  betw een tu b e  and  w a te r  p l o t t e d  a g a in s t  ^  w hich shows 

t h a t  th e  r e s i s t a n c e  d e c re a s e s  w ith  th e  in c re a s e  o f  v e lo c i t y .

I t  w i l l  be  s e e n  t h a t  th e  c u rv e  su d d e n ly  changes i t s  p a th  a t  

a b o u t 180°F ( f o r  th e  c o o lin g  w a te r  te m p e ra tu re ) .  T h is  sudden 

change in  th e  r a t e  o f  h e a t  t r a n s f e r  i s  due to  th e  p r e s s u r e  o f  

a i r  d i s s o lv e d  in  th e  w a te r  which i s  b u t  s lo w ly  l i b e r a t e d  a t  

th e  low er te m p e ra tu re s .

When th e  w a te r  moves fo rw a rd , th e  te m p e ra tu re  o f  th e  

f i lm  a lo n g  th e  w a lls  w i l l  r i s e  a s  th e  mean te m p e ra tu re  r i s e s .

The sudden change in  th e  c u rv e  i s  t h a t  th e  l i b e r a t i o n  

o f  a i r  a t  th e  h ig h  te m p e ra tu re  w i l l  be so  r a p id  t h a t  th e  f i lm  

in  q u e s t io n  w i l l  be b ro k en  up and th e  law  o f  h e a t  t r a n s f e r  

su d d en ly  changed .

I t  w i l l  a l s o  be n o t ic e d  t h a t  on exam in ing  th e  s e t  o f  

g ra p h s  m en tioned  a b o v e , (and  s t a r t i n g  by s e r i e s  1 , w hich i s  

a tm o sp h e ric  to  s e r i e s  5 , w hich i s  10 I b s / s q .  I n .  G) t h a t  th e
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c u rv e s  become f l a t t e r  th a n  th e  p re v io u s  o n e s . T h is  i s  a c c o u n te d  

f o r  a s  f o l lo w s :

The w a te r  e n t e r s  th e  tu b e s  by  sa y  an  a v e ra g e  tem p era :

: tu r e  o f a b o u t 40^ F . and  le a v e s  a t  a b o u t 2 12 . In  th e  f i r s t  

c a se  th e  s a t u r a t i o n  te m p e ra tu re  o f  s team  i s  a b o u t 213*7^F.

’z 7 / / / / / / / / / / / / ) ( / / / ^7777777/ / / / / / / .
i6ol*r 160'P

In  t h i s  c a se  th e  c r i t i c a l  te m p e ra tu re  w i l l  be n e a r e r  

to  s id e  o f  o u t l e t  a s  we in c r e a s e  th e  p r e s s u r e  th e  s a t u r a t i o n  

te m p e ra tu re  becom es h ig h e r  and th e  c r i t i c a l  te m p e ra tu re  moves 

to w ard s  th e  l e f t .

The f i g u r e s  pp 2 jO. show th e  r e s i s t a n c e  to

h e a t  t r a n s f e r r e d  p l o t t e d  a g a in s t  sp eed  i n l e t  h o t  w a te r  tem p era :

: tu r e  and V<i>i r e s p e c t i v e l y .

They show v e ry  d i s t i n c t l y  t h a t  th e  r e s i s t a n c e  h a s  a  

sudden d ro p  o v e r  th e  sm a ll speed  r a n g e , and a t  ab o u t a  speed  

o f  3 f t . / s e c .  th e  r e s i s t a n c e  i s  v e ry  much l e s s  and  i s  p r a c t i c a l l y  

c o n s t a n t .  F o r  t h i s  re a s o n  i t  would be a d v is a b le  f o r  f u r t h e r  

i n v e s t i g a t i o n s  on th e  s u b je c t  t h a t  sp eed  o f  c o o lin g  w a te r  sh o u ld  

a lw ay s be ta k e n  above 3 f t . / s e c .

The c u r v e s ,  page 2 4 , a r e  o b ta in e d  from  th e  above ones
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by means o f  c r o s s - in t e r p o la t io n .

In  c o n c lu s io n  I beg to  thank P r o fe sso r  A .L .M ellanb y, 

D . 8 c . ,  and Dr. Wm. K err, f o r  the encouragem ent and v a lu a b le  

h e lp  d u rin g  th e  course o f  th e  work.
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