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SYNOPSIS

T his th e s is  i s  concerned, w ith  a ttem p ts  to  examine the  
problem o f the su p e rsa tu ra te d  c o n d itio n  i n  the expansion  o f  steam 
through sim ple nozzles® In  p a r t ic u la r  two o f  the reopgn lsed  
d i f f i c u l t i e s  o f  the s u b je c t  ©re explored® One i s  the p e c u lia r  
form o f the flow  curve o r ig in a l ly  e s ta b l is h e d  by MelXanby and Kerr© 
The o th e r i s  the" f a i lu r e  o f d i r e c t  tem perature measurements i n  the 
jet®

P a r t  I. o f the th e s is  endeavours to  p re se n t the  somewhat 
c o n f l ic t in g  f a c t s  and op in ions o f  the v a rio u s  a u th o r i t ie s  on. the 
sub ject, and review s b r i e f ly  the experim enta l evidence and the Ideas 
th a t  have been expounded® I t  em phasises the Im portance given* In  
a l l  hypotheses* to  the super s a tu ra t io n  r a t i o  and the  wide and 
u n c e r ta in  v a r ia t io n s  th a t  would appear to  have been shown In  t h i s  
value o

P a r t  I I '  i s  w holly devoted to  the  experim enta l work w hich' 
I s  in  two sec tio n s*  d ea lin g  re s p e c tiv e ly  w ith  flow and tem perature 
measurements® In  bo th  two types o f nozzle were used -  convergent 
and divergent® In  the flow and p ressu re  t e s t s  the main o b je c t 
was to  check the  MeXlanby and K err type o f r e s u l t s  over a w ider 
range and w ith  v a r ia b le  su rface  r a t i o  as  an  a d d i t io n a l factor®
The tem perature test©  were based on a new method which gave very  
s t r ik in g  results®

In  P a r t  I I I*  th e  main feature©  o f  the t e s t s  a re  discussed® 
The flow  curves a re  analysed  by the d i f f e r e n t  methods employed by 
Mell&nby and Kerr and by Powell© I t .  i s  shown th a t  n e i th e r  method 
i s  s a t i s f a c to ry  and th a t  a b e t t e r  agreement I s  o b ta in ed  on th e  
assum ption o f sudden reversion®  The r e s u l t s  o f  the tem perature 
In v e s tig a tio n s  are  th en  advanced a© proof o f  sudden r e v e r s io n  and 
©n ex p lan a tio n  i s  g iven  o f why* b e fo re  rev ersio n *  the tem perature 
read in g s are  high© The reaso n  fo r  f a i lu r e  in  the measurement o f  
•undercooled tem perature i s  th u s maae clear© The s u p e rs a tu ra tio n  
r a t io s  and v e lo c i t ie s  a t  the  p o in t o f  re v e rs io n  a re  examined b u t 
i t  i® f in a l l y  concluded th a t  the sudden change to  the  eq u ilib riu m  
s ta te  i s  r e a l ly  caused by the  shock wavs in  h ig h  ©peed flow®



• I  -  REVIEW

Ao THE EXPERIMENTAL KVISKNQB

An accurate knowledge o f  the expansion o f  steam through a 

nozzle i s  o f  outstanding p r a c t ic a l  Im portance and o f g re a t  theoret-* 

ie a l  in te re s t®  I t  has been the s u b je c t  o f  v a r io u s  a n a ly t ic a l  

e f fo r ts  and a m u ltitu d e  o f experim en ta l research es*  and y e t  th e re  

s t i l l  remain d isc re p a n c ie s  between th eo ry  aud experiment®

One ©f the most I n te r e s t in g  I s  the  w ell known oxporlm ental 

re s u lt*  th a t  the r a te  o f  flow  o f  i n i t i a l l y  dry o r s l i g h t l y  super^

h ea ted  steam through a  nozzle  i e  i n  excess o f th a t  c a lc u la te d  on the
/

assum ption of expansion in  thermodynamic equilibrium ®

This excessive  d isch arg e  has s© o f te n  been confirm ed th a t  

the f a c t  i s  w ell estab lished®  A r e s u l t  o f  t h i s  k in d  c a s ts  doubt on 

the soundness or adequacy o f the u n d erly in g  theory® The u su a l

ex p lan a tio n  r e s t s  on the assum ption th a t  r a p id ly  expanding steam  

may li® in  a s ta te  o f  super s a tu ra t io n  i®e® condensation is*  fo r  the 

time being* suspended and the  steam  i s  expanding as  a d ry  gas®

S u p e rsa tu ra tio n  i© based  upon the f a c t  th a t  the vapour 

p ressu re  o f a l iq u id  a t  a g iven  tem perature i s  g re a te r  above a 

curved su rfa ce  than, over a p lane one© Thus s u f f i c i e n t ly  sm all 

d ro p le ts  o f w ater w i l l  evaporate  i f  they  a re  p laced  in  a  space o f 

s a tu ra te d  steam© The space* th e re fo re*  become© su p e rsa tu ra te d  and 

the f lu id  d e n s ity  w il l  be higher®



Equilibrium  can e x i s t  between the steam and the d rop lets  

only i f  the vapour pressure o f  the d rop lets i s  equal to the  pressure 

o f  the steam© This con d ition  has been  considered by Lprd K e lv in ^  

and by V on~Helm holtz^5) and le a d s  to  the w ell known equations

i° g e —  * ( i )

where P8 i s  the  s a tu ra t io n  vapour p ressu re  correspond ing  to  the 

tem perature T w hile <T i s  the su rfa ce  te n s io n  o f w ater o f  d e n s ity  I) 

and R i s  the u su a l gas constant® T h is r e l a t i o n  give© th e  r a t i o  o f 

the a c tu a l  p ressu re  to  the s a tu r a t io n  p ressu re  corresponding  to  the 

e x is t in g  tem perature i f  a d ro p le t  o f  c e r t a in  ra d iu s  ( r )  i s  to  be in  

eq u ilib riu m  w ith  the vapour about it© I f  t h i s  r a t i o  i s  lowered* 

the d ro p le t  w il l  evaporate  and i f  i t  I s  ra ised *  the  d ro p le t w i l l  

grow© T his r a t io  between the two pressure©  i s  g e n e ra lly  r e f e r re d  

to  as  the su p e rsa tu ra tio n  (S©S©) ratio©

Since su rface  te n s io n  dec reases  w ith  in c re a s in g  tom peratur 

u n t i l  i t  reaches zero  value a t  the  c r i t i c a l  cond ition*  i t  fo llo w s 

th a t  the S©S© r a t io  a t  low tem peratu res i s  h ig h er and decrease© 

g rad u a lly  to  u n ity  a t  the  c r i t i c a l  condition© On the  o th e r  hand* 

i f  the d ro p le ts  a re  v ary  minute* the SoS© ra ti©  w il l  a cco rd in g ly  be 

very  la rge*  and f i n a l l y  in  the  lim it in g  case when© ( r  » zero) no 

d ro p le ts  e re  p re se n t a t  a l l*  I t  w i l l  be th e o r e t ic a lly  p o ss ib le  to  

o b ta in  in f in it e  super saturation©  Thus for  a pure steam to  condense

th e re  must be some n u c le i o f f i n i t e  dimensions©



The E xcessive Discharge and The glow Curve Form 

The flow  o f  su p e rsa tu ra te d  steam* or ©team which would 

normally become wet during expansion* in  a nossl© i s  co nsidered  to  

b© flow  i n  a therm ally u n s ta b le  condition* Duo to  the high speed 

of flow  i t  I s  unable to condense w ith in  the tim e l im i t s  available®  

Condensation require©  n u c le i o f s u i ta b le  s iz e  and a c e r t a in  m argin 

o f time | in  the absence o f  the f i r s t  or the In s u f f ic ie n c y  o f the 

second 0 the ©team f a i l s  to  develop i t s  normal therm al changes and 

a c ts  very  n e a rly  as a ga©0 Thu© the r e la t io n s  fo r  expansion o f 

superheated  steam ©an be a p p lie d  to  th i s  c o n d itio n  o f  su p e rsa tu ra te  

Under th ese  circumstances* the steam a tta in s  low er tem

perature o Thu© i t s  d e n s ity  i s  g re a te r  and i t  follow© that the 

flow  m  determined i s  i n  excess o f  that g iv en  by the o rd in a ry  the or 

of wet expansion®

The th e o re t ic a l  maximum d ischarge  can be expressed  f o r  

t h i s  c o n d itio n  o f  supersaturation  by the  equations

v  (X -  jT ^ ) ^  _ _ _ _ _ _ _  (2)wrctfaaK* a «sisu7sd5*fe«93xas£i» '*fnanBWjta « fa j jBn«»sa»tt»wai?-gg3a»& > . . « » | [ - i n m  »„r ..ni. f

T ?  oTFUs •wBarcgrsa^:*

Wwhere J  == th eo retica l flow  in  Ibo/seco/sqoinch* and &x*e the
P

i n i t i a l  condition©* r -  r a t io  o f  expansion p  where P i s  the
1

p ressu re  a t  the p o s i t io n  where A i s  measured® n  i s  th e  index o f 

expansion in  P0VB ~ $ and In  t h i s  case « 1

Using equation (2) for 3?x a 65®9 lb a /sq .In ch  Abe® and 

r =5 o®527.» the curve AB- f ige(X) 1 © obtained showing the v a r ia tio n  

o f flow rate w ith i n i t i a l  temperature and in d ic a te s 'a  continuous
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drop with higher superheats®

In  o rd e r to  e s ta b l i s h  the  corresponding  curve fo r  s ta b le

expansion* the law o f  a d ia b a t ic  expansion i s  tak en  as  approxim ating

to  p.V® * Const® where m ~ I o035 + 0®Xq where q i s  the  dryness 

f r a c t io n  and equal to  u n ity  in  t h i s  case® Thus th e  curve GB i s

derived* the shape o f  which depends on th e  v a r ia t io n  o f  the

c r i t i c a l  p ressu re  r a t i o  and i t  can be assumed a at® line© The 

p o in t B marking th e  l im it in g  amount o f  su p e rh ea t th a t  g iv e s  an 

expansion e n t i r e ly  w ith in  the su p erh ea t re g io n  i s  o b ta in ed  by the 

A d iaba tic  r e la t io n

® i  = i _   _____________ ( 3 )
T2 "y lS L

where Tg i s  the ab so lu te  tem peratu re  o f  s a tu ra te d  steam  a t  the 

th ro a t  pressure®

A curve re p re se n tin g  the  flow  i n  which lo s s e s  a re  tak en  

in to  c o n s id e ra tio n  i s  o b ta in ed  by employing the equation

I  = 07§x§ 7f K|    —  (4)

where X i s  the lo s e  factor®  With a c o n s ta n t K value* eq u a tio n  (k•} 

g iv es  such a curve a s  EP® I t  i s  n e a r ly  p a r a l l e l  to AB b u t in-* 

d ie  at© s lower v a lu es  o f  flow® I t  i s  found by experim ent th a t  

nojs&le e f f ic ie n c y  d ec reases  g ra d u a lly  w ith  h ig h e r su p e rh ea ts  and 

th i s  could r e s u l t  in  a curve such as EHG-®

Any d ep artu re  o f the a c tu a l  flow  curve from th i s  th e o r e t

ic a l  curve would appear to  in d ic a te  a c e r t a in  f a i lu r e  to  ach ieve



the f a l l  degree o f  undercooling® Such actu a l curves have been  

obtained by Mellahby and Kerr^26fd °̂ These are o f  the form In

dicated  by KHG- and show a t  one and the same time high discharge  

ra tes  -  presumably due to  supersaturated flow  -  and a f l a t  top 

ch a ra c te r is tic  that seems to  be in  agreement w ith  flow  in  thermal 

equilibrium®

This double feature o f  these flow  curves has never been 

f u l ly  explained® I t  has to  be emphasized th a t these flow  exper

iments* es ta b lish in g  the fa o t  o f  ex cess iv e  d isch arge, g iv e  a curve 

form not apparently in  keeping w ith the idea o f  complete super- 

saturation©

The Cloud Chamber Phenomena

The cloud chamber method* w ell known to  p h y sls ts  was 

f i r s t  used by W i l s o n ^ i n  1897 to  in v e s t ig a te  the nature o f  

th is  phenomenon by expanding a ir  saturated  w ith  water vapour 

ad la b a tio a lly  in  a g la s s  cy linder provided w ith  a l ig h t  g la s s  

piston®

He observed* on expanding from an i n i t i a l  temperature 

o f  20°C* that a p e r s is te n t  cloud was formed on sudden expansion  

when the vapour pressure was about 8 tim es the sa tu ra tion  value  

corresponding to  the pressure® Thus steam can e x i s t  in  a super

saturated  con d ition  u n t i l  th is  l im it  i s  reached© A fter th is  

condensation takes the form o f  a th ick  fog  o f  very f in e  p a r t ic le s



as I f  the vapour i t s e l f  contained innumerable nuclei® I f  th is

value o f  8 i s  su b stitu ted  in  the Ke X vin-HeImhoit z equation (1)*

and using an appropriate value fo r  the surface tension* the

e f fe c t iv e  radius o f the n u c le i i s  found to  be o f the order o f  
-85o0 x 10 cm© which i s  a value approaching molecular dimensions®

At Wilson’ s suggestion* the cloud  chamber method has 

a lso  been used by Powell(31»a) to  make an  a c cu ra te  t e s t

o f the phenomenon a t  d i f f e r e n t  i n i t i a l  temperatures® With an

improved apparatus Powell in v e s t ig a te d  the l im it in g  r a t i o  a t

four tem pera tu res and ob ta in ed  the v a lu es  of 7 5<>07* 3®I k  and 

2087 a t -1 6 oil* 3®2* 19® 1 and h7°C respective ly®

To extend hi® r e s u l t s  to  h ig h er tem peratures*  be mad© 

use o f the two f a c t s  th a t  the  cloud  l im i t  SoS© r a t i o  i s  u n i ty  a t  

the c r i t i c a l  tem perature and th a t  the  S©S® r a t i o  approaches t h i s  

l im i t  steadily®  I t  follow© th e n  th a t  the S©So r a t i o  i s  a  fu n c tio n  

o f the i n i t i a l  temperature®

Pow ell9© c a lc u la t io n s  r e s u l te d  in  a  d ro p le t  ra d iu s  o f  

6®h x 10 cm© a s so c ia te d  w ith  condensation  a t  th ese  l im it in g  

conditions©

The O ptical Demonstrations

StodoXa^*^ seems to  have been the f i r s t  to  u t i l i s e  the 

o p t ic a l  method fo r  the  study  o f flow in  tra n s p a re n t nozzles® He 

found th a t  condensation  took p lace  im m ediately beyond the  th ro a t  

and i t  re ta in e d  i t s  p o s i t io n  no m a tte r  how h igh  the i n i t i a l  p ressure*



80 long as the steam was i n i t i a l l y  dry and saturated© With 

I n i t ia l  superheat th is  p o s it io n  was found to  move In to  the  c o n ic a l 

part o f the nozzle to  a sm all ex ten t*  n o tic e a b le  only  i n  very  

slender nozzles©

He recorded some t e s t s  w ith  a  high v e lo c i ty  je t*  showing 

th a t  th e re  was not any v is ib le  s ig n  o f  condensation  u n t i l  the 

steam tod cleared  the nozzle by a  co n s id e rab le  distance©  These 

te s ts *  however* seam to  b© d i f f i c u l t  to  re c o n c ile  w ith  others©

He concluded th a t  i n  a nozzle* condensation  tak es  p lace  

even before the throat though to  a v ery  s l i g h t  ex ten t*  b u t th a t  

expansion to  a p ressu re  somewhat below the c r i t i c a l  i s  the  inane- 

d la te  cause o f an alm ost sudden increase in  condensation© Ha 

a lso  es tim a ted  the time taken by the d rop lets to  fo ra  to  b@ o f
»k

the o rder of 1 x 10 o f a second©

The flow  o f low p ressu re  steam through n o zz les  s im ila r

to  those used in  tu rb in e s  has a ls o  hmm  s tu d ie d  o p t ic a l ly  by 
(h i )YeXXoi a s s is te d  by p ressu re  measurement a long  the  nozzle © He 

found th a t  the f a l l  in  p ressu re  along the a x is  was no t con tinuous 

b u t was m om entarily a r r e s te d  at. a c e r t a in  p o in t i n  -the expansion  

w ith  which the beginning o f condensation* as determ ined v isu a lly *  

coincided© E© found th a t  the l im it in g  SeSQ r a t i o  v a r ie s  from 

5«3-at  Q Zdfy  to  about 3o0k a t 198© ^©  The d rop lets ra d iu s  a t  

these l im itin g  co n d itio n s  v a r ie s  from (3©9 to  7©0) x XCTS am© 

respectively©  Thee© f ig u re s  would have to  b© a l te r e d  i f  a llow 

ance were made fo r  flow  losses©



Y e llo t  a s s is te d  by Holland' "w carried  out further t e s t s  

with improved apparatus and under d iffe r e n t  con d ition s o f  expan*™ 

©ion* These t e s t s  show h igher S*S« r a t i o s  than those m entionedi
above9 which le d  them to  conclude th a t  the v e lo c ity  o f the steam 

in  the condensation reg ion  i s  the co n tro llin g  faotoro
( 3h)Using the same ap p ara tu s  as Y ellot*  R e t t a l i a t a v* 

showed th a t  w all roughness caused the condensation  p o in t to occur 

a t  h igher pressxire and f a r th e r  downstream th an  in  a smooth n o z z l e « 

He suggested  th a t  the  So§* r a t i o  depends on th e  r a te  o f  change o f 

v e lo c ity  along the nos25X0 and th a t  i t  cannot be f ix e d  .for a l l  

cond itions*

The o p tic a l  method appear© th e re fo re  to le a d  to  v a rio u s  

conclusions depending on ap p ara tu s  and cond itions*  There 1© 

nothing very  conclusive excep t the f a c t  th a t  the s ta r t  o f condense.* 

t io n  can be observed* But th e re  a re  d if fe re n c e s  a s  to  where arid 

how i t  s t a r t s  and as re g a rd s  the main deciding- influences*

Attempts At Tcnmarature Measurement
(gA\

Callendar and N i c h o l s o n ' ' seem to  have been f i r s t  to  

attempt the measurement of tli© tem perature o f  steam expanding in  

an engine cylinder* They used a d e lic a te  platinum thermometer 

constructed o f  0*001 inch w ire . The temperature© recorded showed 

a departure from the s a tu ra t io n  values* Under favourable con

d itio n s  th i s  was as much as lO^P*



Stodola endeavoured to  measure the temperature along a 

nozzle by a copper o quo tan tan element stretch ed  along the axis*

This fa ile d  to  record any degree o f  undercooling© On the contrary  

the r e su lts  sere rather In  excess o f the sa tu ra tion  values©
M a r t ln ^ ^ k ) has recorded temperature measurements w ith  

an ordinary mercury thermometer sh ield ed  w ith hygroscopic su b stan ces 

f i t t e d  a t the exhaust flange o f  a steam turbine© These tem perature 

were lower than the sa tu ration  values* in  some oases by as much as  

10°P.
( 2)Bath© * by arranging a thermo fu n c tio n  i n  a wire

stretched  along the a x is  o f  a nozzle in  such a way th at i t  could

be moved fr e e ly  along the nozzle has obtained records o f temperature

along the length© Those showed about h to  departure from the

saturation  values©
(29)Mullen' ' has used a measuring device made o f magnesia 

tube containing the thermocouple w ires in  ex p lo rin g  the tem perature 

along the nozzle© He obtained a temperature curve which was lower 

than the saturation  curve at some p o in ts by as much as 10°!?©

I t  i s  gen era lly  supposed th at the  fa ilu r e  to  re c o rd  the

actual temperature i s  due to  the form ation o f  a  film  o f  m oistu re  

on the surface o f  the measuring device© The tem peratu re  o f t h i s  

film  depends upon the rate o f  Interchange o f it©  m olecules w ith  

the undercooled vapour© I f  more siolecule® condense th an  evaporate* 

the film  w il l  thicken and r i s e  in  temperature owing to  the l i b e r a 

tion  o f la te n t  heat© I n  a quiet space* the f i lm  w ill  soon surround



i t s e l f  w ith a Jacket o f  m olecules not d if fe r in g  much In tem perate1© 

from i t s e l f *  while i f  exposed to  the f u l l  rush o f underoooled 

steam* th is  Jacket w i l l  he swept away and a  larger  number o f  low 

temperature m olecules w i l l  reach the surface o f  th e  film©

The film  w i l l  con tinue to  in c re a se  i n  th ickness and rl©@ 

in  tem perature u n t i l  a ©tag® i s  reached  a t  which the number o f 

molecule© evapora ted  in  u n i t  time i s  equal to  the  number condense do 

The number condensed depends e n t i r e ly  upon th e  p re ssu re  o f the 

surrounding vapour* so th a t  the  tem perature in d ic a te d  by a th e r 

mometer immersed in  a super s a tu ra te d  steam co rresponds r a th e r  to  

the p ressu re  o f the surrounding steam  th an  to  I t s  temperature o 

The presence ©f a therraojunstion* however d e l ic a te  i t  

may be* i n  a stream  o f undercooled steam* i s  th u s  supposed to  

upset the  co n d itio n  o f super s a tu ra tio n *  a t  l e a s t  In  it©  v ic in i ty *  

and a l l  tem peratures reco rded  by i t  a re  those corresponding  to  the 

pressure© T his i s  the reaso n  advanced to  e x p la in  why B todola was 

unable to  d e te c t any undercoo ling  in  M s attempts© Th© smm  

a p p lie s  to  the o b se rv a tio n s  o f  Bath© who M s suggested  th a t  th e  

impinging o f the stream  a g a in s t  the Ju n c tio n  would cause to© h igh  

a tem perature to  be reg istered©

I t  is*  however* c le a r  that no experim enta l a ttem p t a t  

tem perature measurement ha© succeeded in  o b ta in in g  d i r e c t  evidence 

e i th e r  o f  undercooling  to  the degree co n sid ered  p o ss ib le  o r  o f 

re v e rs io n  to  the s a tu ra te d  condition©



B. THB VARIOUS HYPOTHESES

M artina  In terp reta tio n

Martin was the f i r s t  to  b r in g  the phenomenon o f su p e r-  

saturation  to the a t te n t io n  o f  en g in ee rs  by h is  w ell taown 

p a p e rs^ ^ * ^ ®  He assumed th a t  condensation  always commences w ith  

d ro p le ts  o f c e r t a in  s i s e ? mmaly 3 2£ 10 ^ cm® as  found from the 

c l a s s i c a l  experim ents o f Wilson® He allow ed f o r  the v a r ia t io n  o f  

su rface  te n s io n  w ith  tem perature and apply ing  the Kelvin-HeltihGlts 

eq u a tio n  he found that the  S®S® r a t i o  v a r ie s  from 11 a t  0°G to  

ho3 a t  100GC®

With the a id  o f C allendar's equations^  he was abl© to  

c a lc u la te  the p ro p e r tie s  o f  steam  a t  th e  l im it in g  c o n d itio n  o f  

super Batura t i  on 9 and M s r e s u l t s  where p lo t te d  on the X~ 4* C hert 

give a sto l in e  which he c a l le d  the "Wilson line*'® T his W ilson 

l in e  rep la ce s  the s a tu ra t io n  l in e  i n  the c t a r t  i f  M artin's theory  

i s  accep ted 5 and d iv id e s  i t  in to  two f i e ld s  o f  dry and wet steam® 

This Wilson l in e  l i e s  between the 3 and 4 per c e n t moisture l i n e s  

on the u su a l c h a r t .

He dem onstrated th a t  steam  as  f i n a l l y  d isch arg ed  from a 

modern steam tu rb in e  was s t i l l  underoooled® He assumed the  vapour 

i t s e l f  rem ains a t  the tem peratu re corresponding  to  the 8®S® l im i t  

so th a t  f re s h  n u c le i can be formed c o n tin u a lly  throughout th e  whole 

expansion^ b u t the tem perature o f the d ro p le ts  r i s e s  very  ra p id ly  

to  that corresponding to  the normal eq u ilib r iu m  c o n d itio n  and i m 

maintained in  the neighbourhood o f th is  tem perature by evaporation



with further expansion©

He a lso  pointed out th a t the occurence o f  condensation  

or even i t s  com pletion does not n ec e ssa r ily  imply the simultaneous 

establishm ent o f  thermal equilibrium,, and he advanced strong  

reasons in  favour o f  the view that there must he a se n s ib le  la g  

between the two*
■Vs

O allendartts Assumptions

To apply the conception o f  supers& turatlon to  the thermo

dynamic theory o f  the steam turbine G&Handar^1̂  assumed th a ts-  

ao Th© time in terv a l o f  the flow  through a nozzle i s  too 

small t© allow  condensation to  occur©

bo Th© SoS© r a t i o  a t  th e  cloud  l im i t  i s  equal to  8 a t  a l l  

times©

Co The ©©-aggregated m olecules -  re q u ire d  f o r  ex p la in in g  th© 

d e v ia tio n  o f the vapour from the laws o f g ases -  a c t  a© s u ita b le  

c e n tre s  o f condensation  when th i s  l im i t  i s  reached©
a

do At t h i s  l im it 9 the d ro p le ts  s iz e  i s  5 x 10 cm© a© 

a lread y  suggested  by Martin©

Callendar was a ls o  o f the id ea  th a t  some degree o f su p e r-  

saturation  must p e r s i s t  throughout the whole rang© o f expansion* 

s in ce  -  as h© b e lie v e d  -  the tran sfo rm a tio n  cannot be instantaneous©  

Using th© records o f  pressure d is tr ib u tio n  i n  th e  steam- 
turbines o f  th© SoS© M auritania* Callendar showed th a t  th© l im it in g  

co n d itio n  might b© presented'by the 3 p©r c e n t m oistu re  l in e  on the



chart* which agrees very c lo s e ly  w ith the Wilson l in e  a t  low  

pressurea©

He re a liz ed  th at the a p p lica tio n  o f  W ilson’ s  r e s u lt  a t  

high pressures g iv e s  undercooling much in  ex cess  o f  wt|&t i s  r e a l l y  

possib le* and a lso  g iv e s  r e s u lts  obviously im possib le in  the 

neighbourhood of, the c r i t i c a l  pressure© Thus while Ip adopted 

the new Wilson lin e*  he suggested the r e v is io n  o f  the SoS© r a t i o  

than commonly accepted©

Keenan’ s Explanation

Keenan^20* ^  defined the supersaturated con d ition  o f  

steam in  two c la s s e s : -

a© S u p ersa tu ra ted  steam of the f i r s t  c la s s  i s  any steam 

e n tir e ly  f re e  from w ater d ro p le ts*  b u t a t  a  tem peratu re  low er than 

the steam ta b le  s a tu ra t io n  tem perature corresponding  to  i t s  pressure© 

bo S u p ersa tu ra ted  steam o f  the second c la s s  i s  steam  in  

therm al eq u ilib riu m  w ith  sm all d ro p le ts  o f  water© In  th i s  caee* 

d e sp ite  the presence o f  w ater d ro p le ts*  the  ©team 1© undercooled  

r e la t iv e  to  th e  conven tiona l saturation  tem perature which corresponds 

to  a m ixture o f  steam and r e la t iv e ly  la rg e  d ro p le ts  o f  w ater in  

equilibrium©

In  h is  d isc u ss io n  on Y e llo t’ s paper* Keiman demonstrated 

th a t ,  i f  c e r ta in  assumptions are  made* the commencement o f condensa
tio n  must be accompanied by a sudden r i s e  in  pressure© I f  

su b scr ip ts^  and 6  re fe r  to  s e c tio n s  above and below the condensation



point In  a n o zz le , then the equations o f  

co n tin u ity , energy and momentum oan he 

w ritten  su ccess iv e ly  a ss 

i .  -
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Where v « stream  v e lo c i ty ,  V =*

's

(6)

(7)

a rea  o f  the stream , w * r a te  o f flow  and H « enthalpy*

Keenan assumed th a t  a t  e the water d ro p le ts  a re  r e l a t i v e l y

la rg e ,  la rg e r  than  X x  loT^  inoh  d iam ete r, and thus th e  o rd in a ry

©team ta b le s  provide a fo u r th  r e l a t io n  and o f fe r  the p o s s i b i l i t y  o f

s o lu t io n  by a wc.ut and t r y ” process* For more ex a c t c a lc u la t io n s

the  s iz e  o f the w ater d rop lets a t  © has to  fe® assumed! then

applying the Kelvin-Helmholtz equation fo r  m ix tu res o f  vapour and

d ro p le ts  i n  eq u ilib riu m , w ith  the S to d o la 's  eq u a tio n  fo r  c a p i l l a r y

energy o f  the  d ro p le ts ,  and u sin g  th e  a d ia b a tic  expansion eq u a tio n  
_ ,-1*316jPoV̂  ss co n s tan t!  the r e l a t io n  between P_, H_ and V can bee e @
found, and the sudden p ressu re  r i s e  can be eaXeuXate&o

He concluded th a t  steam expanding in  a n o ss le  in v o lv es  

complete su p e rs a tu ra tio n  u n t i l  a vapour s ta te  i s  reached  which 

would e x i s t  i n  © table eq u ilib riu m  w ith  d ro p le ts  o f about 6*b % 10a° 

om, radius -  based on Yellot*® deduction® , -  b u t which i s  s t i l l  

undercooled compared w ith  steam in  eq u ilib riu m  w ith  la rg e r  droplets-o



atodola 'a  Conception

Stodola assumed th a t  supersaturated steam always co n ta in s  

droplets o f water o f cer ta in  s iz e  which could  e x i s t  i n  thermo

dynamic equilibrium  according  to  th e  K elvin-H eim holts equation®

I f  in  the a c c id e n ta l p lay  o f the  m olecu lar im p ac ts , a sm a lle r 

d ro p le t i s  formed i t  w i l l  v ap o rise  very rapidly© On th e  o th e r  

hand, i f  a s  a r e s u l t  o f the c o l l i s i o n s ,  a  la rg e r  d ro p le t  I s  formed, 

though i t  ha© the same tem perature as  th e  ©team the  d ro p le t i s  

below i t s  b o il in g  p o in t and thus forms a nucleus o f  condensation© 

-This process continues u n t i l  the d ro p le t  ha© become s u f f i c ie n t ly  

la rg e  to  render th e  c a p i l la ry  p ressu re  n e g l ig ib le  and thus u p se ts  

the su p e rsa tu ra te d  co n d itio n  o f  ©team w ith  the  com plete t r a n s 

fo rm ation  in to  the normal s a tu ra te d  condition®

This case i s  e n t i r e ly  d i f f e r e n t  from the case when a  

large number o f  d ro p le ts  o f equal s iz e .a r e  formed sim u ltaneously  

and a l l  o f which grow uniformly© As long a© the  a im  does n o t 

exceed the l im itin g  s iz e  necessary fo r  thermodynamic eq u ilib riu m  

w ith  the vapour, the steam remains undercooled®

Stodola found m athem atically that the time n ecessary  fo r  

eq u a liz in g  the tem perature in  b o th  the  droplet©  and the surrounding  

steam  i s  a  sm all fra c tio n  o f the  d u ra tio n  o f the flow  in  th e  nozzle 

and the tem perature may be regarded  as  uniformly distributed© .The 

tem perature o f  the d ro p le ts ,  i f  th ey  exceed the l im it in g  s iz e ,  w i l l  

r i s e  r a p id ly  towards the s a tu ra t io n  value and th e  corresponding- 

duration o f  time i s  p r a c t ic a l ly  in fin ites im al©  On the o th e r  hand.



wxuu condensation seatin g  in  a t an inare'aaing rate  as the expansion  

proceeds* They a lso  doubted the p o s s ib i l i ty  o f  assy sudden con

densation suoh a© i s  u su a lly  assumed to take place a t  the lim it in g  

condition®

Powell*© Method

PowelX^1 ^  has attem p ted , apply ing  h is  new d a ta  on  tho 

S©So r a t io  and i t s  v a r ia t io n  w ith th e  i n i t i a l  tem p era tu re9 to  

exp lain  the. form o f the flow  curve d i e d  ©Bed by MeXXsnby and K err’ s 

experiments© He assumed t h a t 2-  (a ) The steam rem ains dry  and

expand© according to  GaXXeM&r’ s  eq u a tio n  fo r  dry and su p ersa tu ra te s! 

steam up to  the p o in t a t which the aloud condensation  begins*

(b) A fte r the  cloud l im it  i s  p assed , the ©team r e v e r ts  g ra d u a lly  

to  i t s  wet condition® The vapour i s  a t  the cloud l im it  tem perature 

while the d ro p le ts  formed a s  th e  expansion  proceeds r i s e  suddenly 

to  the normal s a tu ra t io n  temperature®

H is a n a ly s is  i s  i n  f a i r  agreem ent w ith the  flow  ourva f o r  

the nozzle in  which the f r i c t i o n a l  lo s s e s  war© l e a s t ,  b u t i t  has 

n o t been ap p lied  to the other©® I t  must be admitted her© th at  

Powell* s a n a ly s is  g iv es  a tendency i n  the  r ig h t  d i r e c t io n  and le a d s  

to  a b e t t e r  .estimate ©f the flow®

But the r e s u l t s  o f such an a n a ly sis  depend on the 

assum ptions made and u n le ss  th e re  i s  com plete agreement w ith  

experim ental f a c t s  th e re  i s  no r e a l  p roo f th a t  the assumptions a re  

eorrect®  I t  doe© no t fo llow  from the  agreem ent e s ta b l is h e d  th a t



the idea o f  gradual reversion  a fte r  the oloud l im it  i s  passed, 

which i s  introduced in  Powell* s  method, i s  conclusive® I t  tend© 

to meet a p ecu lia r ity  i n  curve form and th a t i s  i t s  main j u s t i f i 

cation®

V ariation  o f the S®S® R atio

Wilson afforded no evidence o f  the constancy of h is  

lim itin g  SoS* r a t io  o f 8 , although i t  i s  m athem atically p o ssib le  

that i t  might hold throughout the p r a c tica l range o f p ressu res, but 

i t  appears more l ik e ly  th a t  there i s  a continuous dim inution i n  t h i s  

r a t io  w ith higher pressures u n t i l  I t  reaches u n ity  a t  th e  c r i t i c a l  

point©

M artin , assuming the e f f e c t iv e  ra d iu s  o f  th e  condensation
oftn u c le i to be co n s tan t and equal to  5 ac 10 cm®, has found the 

lim itin g  SoS® r a tio  to  vary  from 11 a t  0°G to  about ko3  a t X0G°0© 

C allendar has assumed th a t  the S©S© r a t i o  a t  the  c loud  

l im i t  i s  equal to  8 a t  a l l  tim es , b u t he has adm itted  th a t  f u r th e r  

experim ents were d e s ira b le  e s p e c ia l ly  a t  h ig h er pressures©

S to d o la , i n  M s account o f the s u b je c t ,  has shown th a t  an 

expansion to  a p ressu re  somewhat below the c r i t i c a l  i s  the Immediate! 

cause o f an alm ost in s tan tan eo u s  re v e rs io n  to  the  wet condition©

In  h is  t e s t s  the h ig h e s t 8©So r a t i o  a t ta in e d  was abou t (3®I -  3*3) 

so long as  the steam was i n i t i a l l y  dry and saturated©

Powell has found th a t  th e  S©S© r a t i o  i s  a fu n ction  o f  the 

i n i t i a l  tem perature o f  steam , reach in g  a  va lue  o f  ?©8 a t  2 o5®F,



I



decreasing gradually to  2„87 a t  116°H* and f in a l ly  reaching u n ity  

a t  the c r i t i c a l  temperature where n a tu r a l ly  no co n d en sa tio n  can 

ex ist*

Y e llo t by d i r e c t  measurement i n  a nozz le  has found th a t

the So So r a t i o  a t  the ooramenoemant o f co n d en sa tio n  v a r ie s  from

5*3 a t  S2ok°$ to  3o05 a t  198®h°^° His r e s u l t s  a re  s l i g h t ly

higher th an  Pow ell’ s r a t i o s  b u t lower th a n  M artin ’ s  values*
( 3  'lB innie and Woods' '  i n  th e  course o f  t h e i r  p re ssu re  

measurements along a n o z z le 9 have d e te c te d  a  sudden p re ssu re  r i s e  

a s so c ia te d  w ith  the re v e rs io n  o f steam  a t  i t s  l im i t in g  co n d itio n ^  

an o b se rv a tio n  f i r s t  dem onstrated  m a th em atica lly  by Keenan* They 

analysed  these  p re ssu re  '*jumps’8 and deduced SoS* r a t i o s  v ary in g  

from 5*0 a t  21+0°^ to  about k ° l  a t  320°Po

These v a r io u s  and r a th e r  w idely  d i f f e r e n t  v a lu es  f o r  the 

SoS* r a t io  are  b rough t to g e th e r  i n  f ig * ( 2 ) from which i t  w i l l  be 

c le a r  th a t  'the a u th o r i t i e s  a re  by no means in  agreem ent about th e  

a l l  im portant l im it in g  v a lu es  supposed to  govern the  s t a r t  o f  

condensation  in  nozzle flow*

Temperature D is t r ib u t io n  Along the Nozzle

The tem peratu re o f s u p e rsa tu ra te d  steam  a t  th e  d i f f e r e n t

stage© of expansion along th e  nozzle  can be c a lc u la te d  from
n ** 1

Callendar* s r e l a t i o n  fo r  dry expansion th u s ; Tg « T^ x

where T^ » Absolo temp* o f  steam  a t  i n l e t  condition*, Tg th a t  a t  a

s e c tio n  where the  p re ssu re  r a t i o  i s  r  and n i s  the  index  o f  expaasi
* Xo3o
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A ccordingly, the ateam temperature along the nozzle can 

be ca lcu la ted  on the assumption o f complete supers&turation® Th© 

saturation  values can be obtained from the pressure d is tr ib u tio n  

curve and thus the degree o f  undercooling a t the various se c tio n s  

o f the noasle can be e a s i ly  found as seen  in  flg « (3 )«

Using the temperature curve a© a mean© to  in te rp re t  the 

various ideas on the subject* the point o f rev ersio n  to  the m t  

condition  according to Stodola appear© to  be a t  a pressure r a t io  

o f Qo 54 where the steam temperature r i s e s  suddenly to the sa tu ration  

value® C allendar’ s idea means a p a r t ia l reversion  only a t about 

Oo35 pressure r a t io  where the So So r a t io  i s  about 8® Thereafter  

the temperature rise© gradually® Martin*© theory would in d ica te  

d iffe r e n t  degrees of undercooling depending on the i n i t i a l  tem

perature o f  steam and thus the poin t of  reversion  would appear 

between S todola9© and Gallendar*s® Again the temperature would 

r is e  graduallyo According to  Y e llo t  and(hia co llea g u es , Bismie

and Woods, the reversion  point tatoss p lace before QaXXendai?5© 

l im it  and the steam temperature rise®  very rap id ly  to  the sa tu ra tion  

value®

The id eas and experim ental investigation©  b r ie f ly  summar

ized  and i l lu s tr a te d  have fa i le d  to show c o n s is te n t and d e f in ite  

r e s ta te  regarding the degree o f supersaturation  to  be expected in  

nozzle flow® The evidence in  favour o f  the theory i s  convincing  

as regards the ex isten ce  o f supersaturation , but i t  does not provide 

d e fin ite  views about the p o s it iv e  lim ita tio n s  and consequence©® The



important experim ental evidence on flow  q u a n titie s  i s  not fu l ly

met, while the evidence on the temperature measurements along  

the nozzle i s  e n t ir e ly  Inconclusive®

The in v e s t ig a t io n s  which are described in  the next part 

o f th is  th e s is  were undertaken to  confirm and extend the evidence 

on flow s and pressure d is tr ib u t io n s , and to  attempt a further
f

study o f  the temperature changes along the j e t  i»t the hope that 

these and th e ir  co r re la tio n  would provide p o s it iv e  inform ation o f  

value in  th is  subject®



-j=fcfc=

— 0 =

t11

S'
5I

.  *
uj

* Ku:



EXPERIMENTAL IMVESTISATIOMS

I

Ac PRESSURE AND FLOW HKPBRIMMTS

The main fea tu res o f  the p lant used are shown in  fig® (I*.)® 

The ©team from the b o ile r  passe® through the two Buperheaterso 

Th® f i r s t  I s  a double h e l ic a l  © oil d ir e c t ly  heated by gas j e t s  

from a two ring hurnorj @aoh can be ©ontroXXed separately® There 

i s  a cy lin d r ica l s t e e l  sheet between the two c o i l s  t© ©ontrol the 

draught® The second superheater i s  eXectrioaXXy heated® With 

the gas jet© f u l ly  opened* a superheat of about 300°P a t 73 Xb/sqoin« 

absolute can to© attained®

The receiver* d ir e c t ly  supplying the nozsle* 1© f i t t e d  

with a pressure gauge and a thermometer® These allow  o f  the 

determ ination o f  the supply value® o f pressure and volume® Th® 

control o f  the pressure i s  by the stop valve (A) w hile the temperator 

i s  con tro lled  by the adjustment o f the gas jets® The superheaters 

and the receiver ana provided with drains ©o that the establishm ent 

o f superheat i s  not hindered toy any c o l le c t io n  o f  water®

The nozzle 1© screwed in to  the n o ssle  plat© ( b) and 

oarrSeS also* on the in le t  aide* a stirru p  fo r  centring th© search
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tube. This tu b s  i s  o f  c o p p e r , clo sed  a t the free  end and f ix e d  

to  the pipe (C) which passes out through the s tu ff in g  box (F) to  

the fix ed  head which i s  screwed on the p ipe. By means o f  the 

handwheel, the r e l a t i v e  motion be tween the tube and th is  f ix ed  

head r e s u lts  i n  m oving the tube out. At one point near the free  

end o f  the search tube, a small hole 1 /3 2** diameter i s  d r il le d  

d iam etrica lly  through the w a lls , consequently the pressure a t any 

p o sitio n  can be determined, the tube being s e t  in  the d esired  

p o sitio n  by means o f  the handwheel. The pressure i s  in d ica ted  

on the gauge (S ) .

The p o s it io n  o f the hole i s  a ltered  by the handwheel 

operating the tube and i t s  exact lo c a tio n  i s  obtained by the read 

ing o f  the micrometer (M) which 1© c e n tr a lly  f ix e d  to  th is  hand

wheel. The zero reading I s  determined by s e t t in g  the apparatus 

with the hole in  the search tub© in  l in e  w ith the in l e t  edge of 

the n o zz le .

The pressure in  the exhaust chamber i s  .con tro lled  by ths 

valve (x) o The steam from th is  chamber passe© through a small 

atmospheric condenser and the issu in g  condensate la  le d  to the 

tank on the platform  balance. An a ltern a tiv e  arrangement allow© 

the exhaust chamber to  be connected to  a r e la t iv e ly  large condenser 

so that vacuum can be e s ta b lish ed . In  th is  case the condensate i s  

led  to  a measuring tank.

In  carrying out a flow  t e s t ,  the required degree o f super 

heat was approached slow ly and steam allowed to  pass fr e e ly  through



the system fo r  some time* This continued u n t i l  i t  was ce r ta in  

that the in l e t  steam temperature could not vary more than * 

with dry and s l ig h t ly  superheat t e s t s  and ~ 1°P w ith  higher super

heats® In  very few eases d id  the average d if fe r  from th e  extreme®
o „by a s  much a s  1®5 The search tube was s e t  so th a t the exploring

hole was in  a p o s it io n  about £ inch behind the in le t  edge® One© a 

steady con d ition  was e s ta b lish ed , the flow  t e s t  corameiped, the perio* 

of which was determined by the time necessary to  pass about 70 lbs© 

o f condensate which varied  o f  course w ith  the d iffe r e n t  conditions©

J e t  pressures were read a t a x ia l i n te r v a l s  vary ing  w ith  

the ra p id ity  o f  the expansion® These were as low a© 0«GQ5 o f  an 

inch in  the convergent part where the pressure g ra d ie n t to  th e  

throat i© steep  and 0*025 o f  an inch  i n  the p a r a l l e l  o r d iv e rg e n t 

part where the expansion i s  slower® When the se a rch  tub© wms moved 

to a new p o s it io n , the gauge need le  f e l l  slow ly then  ro se  w ith  a 

5erfc, then f e l l  again and rose w ith  a jerfc* I t  was the  custom, whom 

exploring the convergent p a r a lle l nozzle to  co n sid e r th e  re ad in g s  

meanway between th© e x tre m itie s , but a t  cer ta in  p o s it io n s  along the 

divergent nozzle  the need!© vibration© were so v io le n t  th a t ' an ample 

time had to  be g iven  u n t i l  the nae&X© became more steady«

N ozzles Used
c a A in iM a n K in B M H k a M a N W M M M *

Three n ozzles have been used in  these in v e s t ig a t io n s , mi

fOllOWSJ-

a® Convergent P a r a lle l nozzle -  I made o f  b ra ss , has a 

throat diameter o f  1 1 /3 2  in c h , an entry curve o f 5/16 in c h  and th©



len gth  o f  the p a r a lle l t a i l  was equal to  the throat diameter®

A fter e s ta b lish in g  the flow  and pressure curves fo r  th is  

n o zzle , i t  was a lter e d  to provide a d iffe r e n t  t a i l  len gth , th is  

being reduced to  11/6^ in ch , thus g iv in g  a nozzle o f  p a r a lle l len gth  

to throat r a t io  £ to 1® A fter experimenting w ith .th is second form 

I t  was again  a lter ed  to  provide a purely convergent type®

A ll three form© were te s te d  without search tubes for fl©t- 

result®  and with an £ inch diatn® search tub® for  combined flow  and 

pressure data® This g iv e s  6 flow  curves and 3 pressure curves for  

the ©erica®

bo Convergent P a r a l l e l  nozz le  -  I I  -made o f  Mans! m e ta l, 

of the convergent p a r a l l e l  type having th® same dim ensions a© the 

f i r s t  nozzle® T his n ozz le  was o p e ra ted  f i r s t  w ith  th e  f u l l  bom  

open to  flow  th en  w ith  a b ra s s  sea rch  tub© o f  £ in ch  d iam eter u n ite  

the same cond itions*  The nozzle was a lso  exp lo red  w ith  a 3 /16  I;-,oh 

diam eter sea rch  tub© and f i n a l l y  w ith  a £ In ch  diam eter sea rch  tube ® 

In  th i s  way d i f f e r e n t  h y d rau lic  maan depths wer© ob ta in ed  so th a t  

the e f f e c t  o f  surface r a t i o  on flow  and pressure could  be determined* 

c® Convergent D ivergent Nozzle -  XII ©n which only p ressu re  

and tem perature measurements were made, i s  o f b ra s s  having th® same 

th ro a t  diameter o f 1 1 /3 2  inch  and e n try  curve o f 5 /16  inch* Beyond 

the th ro a t  the nozzle p r o f i le  has a d iv e rg e n t angle o f  6°* The 

overa ll le n g th  i s  1- 1 /3 2  inch®

Convergent Nozzle R esu lts

The in le t  pressure was kept constant a t U5°5. lb/©q®ln®. Afes*
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and the back pressure was k ep t always a t  22® 7 Ib/sq® in  Abe. ‘xae 

in le t  temperature was ra ised  to  g ive  the required degree and kept 

steady a t th at throughout the period o f  the test® The condenser 

supply was a lso  co n tro lled  to  g iv e  a steady condensate temperature 

which was maintained constant fo r  a l l  tests® Changes in  supply 

pressure during ja t e s t  were very © light and e a s i ly  co n tro lled  by 

the valve®

The Convergent P a r a lle l l / l  Noz2l e  w ith  Search tubes 

The flow  curve fo r  th is  n ozzle w ith  varying i n i t i a l  tem perature and 

with the flow  q u a n titie s  reduced to the standard pressure o f  

h5o5 Ib /sq .in *  Aba. are shown in  fig® (7)® The pressure d is t r ib u t io n  

along the nozzle i s  shown in  fig® (8) where the value in d ic a te d  a t  

any point represents the r a t io  o f  the pressure a t  th a t  p o in t t© the 

standard pressure® This pressure curve re p re s e n ts  th e  average o f  

three exp loration s a t  hhO* 360 and 350°^ i n i t i a l  tem peratu res 

although there i© a tendency to r i s e  w ith  f a l l  o f su p erh ea t b u t too 

s l ig h t  to  a f fe c t  the curve® The pressure r a t i o  reco rd ed  a t  the 

o u tle t  se c t io n  viz® 0<>5k i s  used la te r  w ith  d iscu ssio n  o f  th e o re t ic a l  

flow curves.

The curve of  th e o r e t ic a l  flow  rat©  on th e  assum ption o f 

©table expansion  i s  in d ic a te d  on fig® (7) and the f a c t  th a t  the 

a c tu a l flow  i s  i n  excess o f  t h i s  i s  c le a r ly  i n  evidence® The 

th e o re t ic a l  su p e rsa tu ra te d  flow  r a t e  a t  the d i f f e r e n t  i n i t i a l

temperature® i s  a lso  in d ic a te d  and a curve p a r a l l e l  to  i t  and 

tangent to  the a c tu a l  flow  curve w il l  in d ic a te  a co n s tan t lo s s  s®s. 

flow rate® The p o in t o f tangency i s  about i n i t i a l  tem perature
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and the actu a l flow  curve departs from th is  constant lo s s  curve 

both above and below th is  temperature» S h is departure w i l l  be 

dealt w ith  f u l ly  in  the discussion*

The Convergent P a r a lle l £ / l  Ratio nozzle w ith Search Tubes 

The flow  curve fo r  th is  nozzle i s  shown in  f ig * (9) where the flow  

q u an tities are reduced to  the standard pressure. Thip nozzle g iv e s  

flow ra te s  rather higher than those in  the previous case and shows 

more c le a r ly  the ex cess iv e  discharge condition*

The pressure curve f ig * (10) in d ica te s  a higher pressure 

ra tio  a t the o u t le t  se c tio n  o f  the nozzle* This r a t io  0*555 i s  

used la t e r  in  determ ining the th e o re tic a l flow  curves fo r  th is  

case* The constant lo s s  curve based on the assumption o f complete 

super sa tu ration  i s  tangent to the actu a l curve a t an i n i t i a l  tem- 

perature o f  about 320°P , and the actual curve depart® In  the same 

manner as in  the previous case but w ith larger d iscrepancies  

e sp e c ia lly  a t the low temperature side*

The Convergent Nozzle w ith Search Tubes The flow  curves 

for th is  form are shown in  fig*  (11) and the pressure curve la  

fig®(12)*

In  th is  nozzle* the flow  lo s s e s  w i l l  be low* but i t  doss 

not fo llow  th a t the flow  q u a n titie s  measured with i t  are maximum* 

Since the pressure curve in d ica tes  a r a t io  o f  0*606 a t the e x i t  

section* s l ig h t ly  higher than the c r i t i c a l  r a t io  w ith which the flow  

i s  maximum* the th e o r e t ic a l flow  curve based on complete super- 

saturation shows lower values than the corresponding curves in  the 

two previous cases*



p

* <=>/• -X>s/<J/ -



%£
£s
o

oo no
o

2i9
o 

3/0
 

33
0 

35
o 

37
0 

zg
0



The constant lo s s  curve i s  tangent to  the actu a l curve 

at an i n i t i a l  temperature, a ls o  o f about 320^ ,  but i t  i s  nearer 

to the th e o r e t ic a l curve than in  the previous cases* The actu a l 

curve departs in  the same way from the constant lo s s  cprve and it©  

shape on the low temperature s id e  i s  d e f in ite ly  more convex in  

form*

The Convergent P a r a lle l 1 /1  Ratio Nozzle Without Search
*<wiMTT*>*nMff^r<>m^i*^rMi,iMMliiriwiriiri^ii»n»ina*i»i><M»w»M*w»»iu»*^i«Miiww*Tl<»>OTiMirrMr>*ww>i^**iimwiiiii|iiiriwin^*iiiwiiianwi*>>niiwMi m i^n— iwiiim i^w nniiniirii umnirinminiimniiiiii

Tube; When th is  nozzle i s  operated w ith the f u l l  bore open to  

the flow , no pressure readings are ava ilab le  to  provide an o u tle t  

pressure r a t io ,  but the th e o re tic a l flow  curves are determined by 

assuming a r a t io  © ligh tly  lower than that obtained with the search  

tube* This r a t io  i s  taken as 0*52 ,  and the flow  curves a r e a s  

shown in  f ig * (13)®

The most n oticeab le  d ifferen ce w ith the previous r e su lts  

i s  the more d e f in ite  f la tte n in g  o f the curve near the i n i t i a l l y  dry 

condition* The experimental point® are as regular a© in  the 

previous ca ses and the curve form i© w ell in  l in e  w ith the general 

type showing c lo s e ly  sim ilar  feature©*

The Convergent P a r a lle l h fl Ratio Nozzle Without Search 

s The actu a l flow  curve i s  given on f ig * {14} along w ith the 

th eo retica l curves based on the c r i t i c a l  r a t io  o f  0*5U« The 

@2coe©sive discharge cond ition  in  th is  nozzle i s  more noticeab le  than 

in  the previous oases* At the time when th is  nozzle was te s te d , 

the b o ile r  con d itions were such a© to  make i t  d i f f i c u l t  to e s ta b lish  

the flow  ourve for i n i t i a l  cond itions c lo se  to the dry state*

The actu a l flow  curve 1b bazsgent to  the constant lo s s
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curve at about 320°F and i t  departs from th is  in  the usual way, and 

i t  i s  c lo s e ly  in  l in e  w ith the general type®

The Convergent Nozzle Without Search Tube; The flow  

curve fo r  th is  nozzle i s  shown in  fig© (15) and the value o f  0*58 for  

the pressure r a t io  a t escit se c t io n  i s  assumed to determine the 

th eoretica l flow  curves* The actu a l flow  curve i s  tangent to the* 

constant lo s s  curve a t  the temperature o f  320°F and i t  s t i l l  

maintains the general type* but the obvious d ifferen ce  w ith the 

previous result©  l i e s  in  the much pronounced curvature o f  the top 

par to

T ests With Varying Surface R atio

To stu d y  th e  v a r ia t io n  o f flow  q u a n t i t ie s  w ith  d i f f e r e n t  

surface r a t i o  $ the convergen t p a r a l l e l  n o ss le  -  I I  -  i s  used  w ith  

search tubes o f  v a rio u s  diam eters* Oar a was taken  to  ensure th a t  

the condition©  were the same in  a l l  te s ts*  The in le t  p ressu re  mm 

constant a t  65*9 Xbs/eq* in  Abs* and the back p ressu re  a t  3 k *7 l b s /  

so*into Abe* A© in  o th e r  t e s t s  the  condensate o u t le t  was m aintainod 

a t lkO°Fo The nozzle  was f i r s t  used w ithou t a sea rch  tubs and 

th e re a f te r  w ith  tube® o f  3 /1 6  and & inch  d iam eter and thus 

providing fo u r case© r e a l ly  correspond  to  h y d rau lic  moan depths Qf 

OoOdSlp 0*0548^ 0*039X5 and 0*0236 inch  re sp e c tiv e ly *  The roeuXtn 

for the d i f f e r e n t  ca ses  a re  p resen ted  below*

■ Without Search Tubes The flow  curve for  th is  case i s  

shown in  f i g . (16) for  the standard pressure o f S5°9 lb© /sq*in* Aba* 

$he value of 0*52 f o r  the pressure r a t io  a t the o u tle t  se c tio n  hsm
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been taken fo r  the establishm ent o f  the th e o re tic a l flow  curves as  

shown in  the same f ig u r e « The con d ition  o f  ex cess iv e  discharge 

i s  very c le a r ly  shown*
. 4

The actu a l curve i s  tangent to  the constant {loss curve a t  

about 3W °P. In  gen era l9 the fea tu res are sim ilar to  those already  

presented fo r  otfier ca ses  but the much more stron g ly  definedi

curvature in  the lower temperature f i e ld  w il l  be noticed.*

With :L Inch Diameter Search Tube: The flow  curve for

th is  case i s  shown in  fig© ( 17) and i s  sim ilar to the la s t  except 

that the top part i s  more nearly horizonta l and the flow  rat® i s  o f  

lower value due to  the increased losses*  The value o f 0*50 i s  used 

in  es ta b lish in g  the th e o re tic a l flow  curves a© b efore,  and the a c tu a l 

curve i s  tangent to the constant lo s s  curve a t about 3k0°¥ i n i t i a l  

temperature*

Both above and below th is  temperature 9 the actual curve

departs in  the same way and i s  w e ll in  l in e  w ith the general type*

With 3/16 Inch Diameter Search Tube: The flow q u an tities

for th is  case are drawn fo r  the same standard pressure as above in  

fig©(18)* The pressure r a t io  curve for  th is  n ossle  has been  

obtained and i s  shown In  fig© ( 19)® I t  in d ica tes  a value o f  OolfB 

at e x i t  se c tio n  which i s  used to e s ta b lish  the th eo re tica l flow  

ourveso The actu a l flow  curve i s  tangent to the constant lo s s  

curve a t about 3hO®F«

This curve, although w ell in  l in e  w ith the general type,

slopes upwards in  the low superheat region in stead  o f being
C 0 r v f; /

horizontal or curvex as in  the previous two cases©
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Hit3.h . a:. .jlmqto jximati'gw &r 0a j-uo©» in  t h i s  ©as© i*gH8

fr ic tio n  lo s s e s  ar© highest and the flow  Quantities are n atu ra lly  

the lowest o f  the series© The higher lo ss  tends to obscure the 

effect o f ex cess iv e  discharge and in  fig*  (20 ) ,  in  which the theoret

ical flow curves are drawn on a pressure r a t io  o f  0*46 a t  ex it  

section, the to p ’ p o in ts o f  the actu a l flow  curve are w ell below the 

theoretical curve on the assumption o f  wet expansion©

The actu a l curve i s  tangent to the constant lo s s  ourv® .it. 

a temperature o f  about 340% and H ob quite c lo se  to i t ,  showing 

that the assumption o f constant lo se  i s  perhaps more nearly  correct

the higher th© surface ratio©

Divergent Nozzle JResults -  S er ies  I
Th© in l e t  pressure was kept constant a t 33*4 lb e /sq o in  At©- 

and the steam was ^ust dry or only very s l ig h t ly  superheated® The 

back pressure was varied  to  giv© 14*7» 17*7, 20© 7 , 23© 7  and 26©7 

3-bs/gqaino Ah®© thus providing f iv e  d iffe r e n t  r a t io s  o f  expansion  

under which the nozzle was tested© These d iffe r e n t oases are 

distinguished by symbol® A* B, 0 § D and JS respectively®

This s e r ie s  o f  teat® c o n s is ts  o f  pressure measurement® 

along the nozzle under these d iffer e n t cases o f  expansion© Ample 

time waa g iven  to  the search tube pressure gauge to read the accural 

final values © sp ecia lly  in  the divergent part o f  the nozzle© in  
these cases th@ temperature was a lso  explored as i s  explained later©  

The pressure curves are presented in  fig© (22) in  which the 

value indicated a t any se c tio n  in  any case i s  the r a t io  of'th©
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pressure a t  that point to  th© standard pressure o f 33 ok Xbo/isq«in® 

Ab®o The curves are o f  the usual type and show the recexpression  

points very clearly*  This sudden r is e  in  pressure i s  n earest the 

outlet in  case (A) where the expansion r a t io  i s  the lowest* and 

approaches the nozzle throat with higher back pressures u n t il  

f in a lly  in  case (is) i t  i s  w ithin  the throat section*

t

Divergent Nozzle Heaults «■» S er ies  II

T ests sim ilar  to those already described were carried  out 

but with constant back pressure and varying i n i t i a l  pressures® With 

the former kept a t atmosphere, the supply cond itions were con tro lled  

to give v a r ia tio n s between 3k° 1 and 22®7 Ibs/sqoin* Abs* In the 

five d iffe r e n t t e s t s  mad© (oases A to 13, s e r ie s  I I )  the in le t  

pressure was reduced by step s o f  3 Xbs/sqoin* The same procedure 

was follow ed and the same precautions taken* Temperature measure

ments were a lso  made and these are considered later®

The pressure r a t io  curves are shown in  fig® ( 23 ) from which 

i t  can b© seen  that they have the same ch a ra c te r is tic  as in  s e r ie s  I* 

In fa c t they do l i t t l e  more than provide a v e r if ic a t io n  o f the 

practice o f  basing pressure stu d ies in  nozzle flow  on pressure r a t io s  

instead o f absolute values*

In  th is  s e r ie s ,  the apparatus was connected d ir e c t ly  to  a 

re la tiv e ly  large surface condenser where vacuum could be maintained 

to any degree® Shoeing a pressure ra tio  allow ing f u l l  expansion
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uiong me n ozzle9 fa© ix tie f am  oaai; pressures were dauM BQci to r  

five d iffe r e n t  eases*

The r e su lt in g  pressure curves are shown in  fig® (24)* The
>

pressure drops s te e p ly  in  the convergent part in  the usual way and 

than gradually along the d ivergence, hut near the o u t le t  a pressure 

"Jump" is  recorded in  a l l  cases* Although in  actu a l pressure terms 

this disturbance 1© © light -  about J lb/aq*in* -  i t  i s  c le a r ly  

disclosed* These curves have been p lo tted  in  actu al pressures @© 

as to show up the fea tu res  c learly*  I f  pressure r a t io s  had been 

used her© the curve© would nearly  co incide *

Temperature exp loration  was a lso  carried  out in  these  

cases and th© records o f  temperature diagrams have to  be examined 

in order to ahow the s ig n if ica n ce  o f the wjump*V

Be TBMPBRATUEK INVMXGATXQM

The w Hidden88 Thermoiimotion

Th© fa c t  th at a l l  experimental temperature determ inations 

ia high epeed steam j e t s  had fa i le d  to give r e s u lts  o f  value or 

oortainty seemed to make any further attempts, on same l in e s  rather  

hopeless* The common argument that condensation cam© down on 

Exposed surfaces was convincing in  view of. the general fa c t  that a l l  

thermocouples in ser ted  in  the stream read e ith er  the saturation  

®̂mP®rature or something ©lose to that*



n* %m  beginning  o f  ®mg&ixons a t t e n t io n  was

concentrated on th© flow  curve type and i t s  v a r ia tio n s*  I t  was 

early e s ta b lis h e d  th a t  th© M ellanby and K err form o f  curve could b©
r>

fu lly  su b s ta n tia te d *  I t  was in  f a c t  found th a t  th© p e c u l ia r i ty  o f  

th© o r ig in a l  form  was even more pronounced th an  had bean supposed*

The assum ption made by th e  o r ig in a l  au th o rs  th a t  the  curve shape 

implied e a r ly  and p a r t i a l  condensation was a t l e a s t  p la u s ib le  in  

view o f t h i s  shape* I t  was in  f a c t  supposed that th© 81 frac tions:.! 

rev e rs io n 58 ap p a re n tly  shown by the cu rves re p re se n te d  the  condensf&tlr 

on th© surface bounding th© flow* In  the sm all elementary type o f 

noszla, th© su rface  r a t i o  I s ,  o f  co u rse , high*

When, however, su rfa c e  r a t i o  was made a main v a r ia b le  « 

Convergent p a r a l l e l  nozz le  s e r ie s  I I  -  the r e s u l t s  o b ta in ed , when 

analysed, u p se t t h i s  l i n e  o f  reasoning* Th© r e s u lts  o f the  analysis- 

are g iven  la te r  and meantime i t  i s  s u f f i c i e n t  to  say th a t  th ey  showed 

a very marked re d u c tio n  o f  th© so c a l le d  18f r a c t io n a l  re v e rs io n 68 i l t h  

increase o f  su rfa c e  r a t io *  T his d id  more th an  malt© the id e a  doubt- 

ftil® I t  meant th a t  i t  was in  c o n f l i c t  w ith  th© su rfa c e  condensation  

argument and th a t th© fa ilu r e  t© read  undoroooled steam  tem pera tu res 

oorreotly m ight no t b© due to  any such cause*

Then rem ained the  p o s s ib i l i t y  th a t  d i r e c t  impingement en 

the thermo junction  was th e  d iff icu lty ®  Henoe th© co n c lu s io n  wag' 

beached th a t  i f  the su rfa ce  were no t m ain ta ined  a t  s a tu ra t io n  

temperature by co n densa tion , a thermo ju n c tio n  18 hidden68 from th e  

Btj?eam and in s u la te d  from th© w all o f  th© sea rch  tub© th a t  c a r r ie d  

^  might re ad  c o rrec tly *
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This led  to the attempts and resu lts  now presented* I t

may he admitted that the lin e  o f reasoning, in  view o f the la ter  

interpretation o f data, doee not now appear wholly lo g ica l hut i t  

indicated a mere approaoh to the temperature problem and immediately 

on tr ia l give resu lts  o f in terest and significance,,
%

F irst Thermo,1unotlon Type

The principle followed was that of insulating the ~Shermo'- 

junction and preventing exposure to the fluid® This was f i r s t  

attempted by ^bedding" a ©liver soldered junction of fine eonstantan 

and copper wires in  a email block o f cement mad© o f alundum powder 

and water and se t in  a s lo t  out in  the wall o f the search tube being  

thereafter hardened by indirect flame® The cement surface was 

smoothed o ff  to the contour o f  the wall® Special care had to bo 

exercised to ensure that the junction was not exposed® The scheme 

will be clear from the sketch in  fig® (21a)® Calibration was carried  

out in  the usual way using a railli-voltmeter®

In the tr ia l  run, the tube was f it te d  in  the noEsle and 

steam at 50 Ibs/sqoln® gauge was supplied® After a few minutes 

drop® of water were seen to issue from the free end o f the search 

tube indicating leakage at the cement® This was taken to mean that 

the small cement in se t could not withstand the pressure used and a 
low pressure of 13 lbs/aq®ln® gauge was adopted for further tests®

It was also decided to remake the cement using sodium nitrate in  

Place of water to give more adhesion®

The convergent parallel nozsle XX was used in  these tests®
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Before the temperature observations were mades th© pressure 

distribution was explored so that the saturation temperatures at 

all points in  the length oould be compared with the actu a l readings*,

The pressure curve i s  shown in  f i g . ( 2 5 )0  :

Test With I n it ia l  Temperature o f 2i4j6°g» The temperature was 

measured a t in tervals of 0 .0 2 5  inch along the fu l l  nosale length.

The curve showing the readings i s  given in  f ig .  (26) which a lso

shows the saturation temperatures corresponding to  the p ressures.

I t  w ill  be seen that some undercooling Is  recorded just 

beyond the in le t  and that th is  increases thereafter reaching a value 

of about 1 1 ^  at the throat and a t ta in in g  a maximum of 19°F at a 

position 0.15 inch before the ou tle t. At th is  point i t  takes a 

very sudden r is e  meeting the saturation temperature curve within a 

short distance.

This was the f i r s t  In d ica tion  that the method had m erits 

se the degree o f  undercooling shown wa© d is t in c t ly  higher than had 

been obtained in  any other thermo junction  a p p lica tio n  while the 

sudden r is e  was a new m anifestation  in d ica tin g  that the method had 

the power to  g iv e  p o s it iv e  evidence of reversion .

On a repeat o f  th is  te s t*  however^!t was discovered that 

the readings were d if fe r e n t . This sudden r is e  was s t i l l  shorn but 

the recorded undercooling was reduced. Another repeat t e s t  showed 

a s u n  further reduction . The f i t t in g  was then removed fo r  

Examination and i t  was found that the high ©peed o f f lu id  had swept 

â ay a layer o f  the cement and exposed the junction . A new junction





toad to  bo arranged and oemented but i t  was already d e a r  that the 

schema used, while giving promise ot  success** was going to be 

trouble some o
ft

Test w ith  I n i t ia l  Temperature o f  2h8® A fter renewal o f  the 

cemented function  the f i t t in g  was used w ith an i n i t i a l  temperature 

of 2k&°Wo The curve o f  temperature fo r  th is  case i s  a lso  shown on

fig® (26) and can be compared w ith the previous result® The under

cooling appears l e s s  and the point o f  reversion  occurs lower down

stream®

le s t  w ith  I n i t i a l  Temperature o f 25h°ffc Th© tub© was again f i t t e d  

with a new fun ction  and cement f i l l i n g  and te s ted  a t the higher 

temperature o f 25h°^« Th® curve for th is  i s  included in  w ith  the 

others in  fig® (26)® This i n i t i a l  temperature i s  now high enough to 

lim it considerably the rang© o f p ossib le  undercooling and th is  i s  

reflected  in  th© curve which shows superheat to a point beyond the 

throat and a  r e la t iv e ly  small maximum undercooling o f  6°F near th© 

outlet whereP however9 reversion  i s  again shown quite clearly®

Second Thermo jun ction  Type

Other sy n th etic  ro sin s were tr ied  in  place o f  the alundum 

powder, but they fa i le d  to withstand the high temperature and v e lo c ity  

of the flow ing steam fo r  even as short a time as the alunfium powder®

It wa© then decided to try  a new arrangement using an asb estos bonded 

a&tei»ial commercially known as wSendanio"®

The d esign  o f  th is  second type i s  shown in  fig®( 27)0  A 

tû Q £ inch diameter i s  used® I t  i s  cut tran sversa lly  for  th©
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introduction o f the ,,Sendaniow part which i s  sp ec ia lly  f it te d  to

the bore o f the tube to ensure a steam tigh t Joint© She thermo-

junction wires are passed in  as indicated through separate holes
' •> 

to meet in  the small radial passage where the function i s  formed

and se t close to the surface© Attempts to f i l l  the radial hole

with s ilv er  solder fa ile d  as the adhesion with the material was

unsatisfactory and alundum powder was used for the purpose of
shrouding the thermo function*

The nossle used with the f i r s t  type of Junction was ag a in

investigated with the new arrangement and under the same conditions.,
The pressure d istribution  with a Jw diameter search tub® was f i r s t

determined under the same conditions of expansion as w ith  th e  f i r s t

junction type* This i s  given in  fig©(28) and the corresponding
saturation curve in  fig© (2 9 )

Soot with an I n it ia l  Temperature of 2U6°Fa The temperature was 

measured a t Intervals of 0*025  inch and the curve obtained i s  ©horn 

In fig©(29)© The curve form i s  c losely  similar to that obtained 

with the f i r s t  Junction type and show© about lO^P undercooling at 

the throat© The degree9 however, increase® gradually ©long th® 

Parallel part u n til the steam leave® the nossle where i t  suddenly 

reverts to the normal saturated temperature©

£tet with an I n it ia l  Temperature o f  2h8°ff© The same t e s t  was 

S ea ted  with an I n it ia l  temperature of 21*8^ and the curve obta ined  

similar to the la s t  but about higher and the point o f

Aversion appears a l i t t l e  farther downstream©
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Testi jy ith  an I n i t i a l  Temperature o f  With th is  degree o f

superheat (about 10??) there appears to he no reversion  o f the 

steam within the nozzle length or beyond the ex it  se c t io n  so far  a© 

i t  has been explored. The undercooling atta in ed  a t tfye throat i s

about 3°? and in crea ses to  Q°8 a t the extreme ©nd o f  the n ozzle .
>

The r e s u lt s  obtained with th is  second themopunotion. have 

the same c h a r a c te r is t ic  as those g iven  by the f i r s t  but whereas the 

earlier type had to  be renewed for  every test*  the improved form 

displayed a somewhat higher degree o f  r e l ia b i l i t y  and endurance. 

Nevertheless i t  proved fa u lty  and fo r  the seme reason as b efo res 

v is. erosion  o f  the alundura plug.

A fu rth er improvement was then e ffe c te d . A small copper 

pin was ©crewed in to  the ra d ia l hole in  the 8fSandanioM part and the 

thermojunotion w ires were s i lv e r  soldered to th is  pin. Thus-, when 

smoothed and rounded o f f , the outer surface i s  wholly m eta llic  and 

aot a ffe c ted  by the flow . This schema i s  shown in  f ig .  (21b). The 

m odification proved very su ccessfu l and represents the f in a l  form 

used. i t  was employed in  obtaining a l l  the r e s u lts  w ith the 

divergent nozzle which are now presented.

Divergent Moggie R esu lts -  S er ies I

The temperatures along the divergent nozzle when operating  

under the same con d itions as for th© f i r s t  s e r ie s  o f  pres sura 

measurements were explored*. Th© temperature curve together with  

the saturation  temperature curve corresponding to  the pressures are 

shown together fo r  each case in  the s e r ie s  o f  diagrams marhed oases
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A, B Refer ©no© to  f i g . ( 22) already given  w i l l  show'tbe h«w
preseur© curve© correspond.

Thus i t  would appear* as though the degree o f  undercooling  

varies in v erse ly  w ith the pressure r a t io  a t the point p f reversion

which would seem to  Indicate a dependence on v e lo c ity  hut th is  i s  

not n ecessa r ily  $ le g itim a te  deduction u n less i t  i s  cep ta in  that 

undercooling i s  being properly recorded®

Divergent Ho^ale R esu lts r„_Seriee._Il

The temperature curve® for th is  s e r ie s  are given  m  th& 

series o f  diagram© sa&r&ed cases A* B e tc . and correspond to  the 

second s e r ie s  o f  pressure t e s t s  with variab le in le t  and constant 

back pressure conditions* They show the same fea tu res  as in  th® 

previous case w ith  in creasin g  undercooling to the point o f  sudden, 

reversion and again comparison with the corresponding pressure 

curves shows th a t th© p o s it io n s  o f  the d isc o n tin u it ie s  are p ra c tica l  

identical*

Although in  th is  series a® in  th© previous* the maximum
measured u ndercoo ling  i s  only  about one th i r d  of the th e o r e t ic a l ly  

poaslble i t  s t i l l  represen t©  the h ig h est value so f a r  observed 

a tta in in g  16 flit* 11»9 and 6°^ fo r  ©a©a© h 9 D aa^ ® re sp e c tiv e ly

Divergent wngale  Result©. „,!!_JB©r i e i iMS £ .
She in s ta b ility  o f  the back pressure in  th is  s e r ie s  mtie 

i t  d iff ic u lt  to obtain the temperature curves with certa in ty . But 

in two oases the cond itions wen® favourable and the r e s u lts  o f these
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are shown In  fig*  (32)* In  th is  series*  the pressure drop was 

continuous along the nozzle length  and only very s l ig h t  pressure 

irreg u la r ities  weg»e observed around the o u t le t« I t  w il l  be seea

that the temperature reversion  p oin ts are In corresponding p o s it io n s  

for the two oases exploredo
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A. THB PU)W 0DRVE3
ww a w iw a m m w —iw —Ma riawniT an iw j —niMMrruM

A ll th© flow  curve© t h a t  have been , p re se n te d  her© confirm  

tfe© p e c u lia r  curve type o r ig in a l ly  e s ta b lis h e d  by MeXXantoy and K©rr 

in 1922® They measured the flow  th rough  two nozzle® o f  the  sim ple 

convergent and convergent p a r a l l e l  types* s im ila r  to  those used  i n  

the®® In vestiga tion s*  and b o th  w ith  and w ithou t a sea ro h  tube* In  

a l l  eases©* flow  determ inations wen© made w ith  vary ing  I n i t i a l  su p er

heats a t  a supply  p ressu re  o f  about 75  lbfi/sq»in» Absolut©* Th© 

back p re ssu re  was always below the c r i t i c a l  value*

The r e su lts  they  o b ta in ed  w ith  the p u re ly  convergent 

nosssle having the f u l l  bore open to  flow  are reproduced in  fig*  (33)* 

This diagram  i s  s im ila r  to  figs® 7*9* 13 and 1 o f  th is  paper and i s  

repeated h@r© fo r  convenience* T his ©as© i s  th a t  o f  minimum lo s s  

effect© and th e  ssoessiv©  disoharg© fe a tu re  i s  c le a r ly  shown* Tm  

f la t top o f  the flow  ©urv® 1® p a r t ic u la r ly  w ell d e fin ed  in  the®© 

testso

In  the more ex ten siv e  t e s t s  o f  the p re se n t in v e s tig a tio n s *  

the curve top  i s  found to  b© convex in  form* T his i s  w ell shown i n  

figB®(lx and 1$) fo r  the pu re ly  convergent n o as le  w ith  and w ith o u t 

search  tube raspectiv@ lyo As the lo s s e s  in crea se , the curve



top f la t t e n s  somewhat but does not wholly lo se  th© characteristics  

o f convexity* This i s  p a r ticu la r ly  w ell shown in  the r e s u lts  o f  

th© t e s t s  w ith  varying surface r a t io  -  U

The twp fa c t s  e sta b lish ed  by a l l  these flow  purves would 

appear to be in  c o n f l ic t  w ith each other* They m y  be s ta ted  

co n c ise ly  as fo llow © :-

(a) The flow  a t and near the i n i t i a l l y  dry con d ition  i s  

excessive  when compared w ith  the th e o re tic a l as obtained on the 

assumption o f  s ta b le  expansion© Th® curves show the nature and 

magnitude o f  the excessive discharge which i s  supposed to h© the 

consequence o f expansion in  th© supers©turated state©

(b) Th© form o f  th© curves a t  and near the i n i t i a l l y  dry 

condition* whether f l a t  or convex, i s  not e a s i ly  recon ciled  w ith  

the idea  o f  complete super sa tu ra tion , being in  fa  o t  rather sim ilar  

to th© th e o r e tic a l form for  sta b le  expansion©

P a rtia l Reversion Before th© S©Sc Limit

Mellanby and Kerr* by comparing th© measured flow  curve 

^ith the the ore t i e a l  based on normal equilibrium  expansion and th at  

based on complete supersaturation  to  © r a t io  o f  3 fold* have 

suggested that steam revert© p a r t ia lly  a t condition© w ell w ith in  th© 

limit* They have expressed doubts a lso  of th® p o s s ib i l i ty  o f  any 

sudden reversion  a t the lim it*

In  view o f  th® curves obtained in  which excess flow  i s  

associated 'w ith  a form l ik e  that to be ©xpeotcd from, expansion in  

thermal equilibrium  %tmm assumptions would appear to  be quite



Their a n a ly tic a l method c o n s is ts  o f  measuring the 

discrepancy between the actu a l flow  and the constant lo s s  super

saturated flow  « shown before -  referred  to  as (y) and then in tr o 

ducing i t  in to  Qallendar's steam formulea to obta in  the actual 

volume Vg a t  Pg* I f  x represents the actu a l wetness fr a c t io n  a t  

Fg and v and hg are r e sp e c t iv e ly  th© liq u id  volume and heat per 

pound a t Pg th em -

where V and H are the volume and to ta l  heat o f steata a t Pg*

Applying Callendar9 s r e la t io n  between H and Y* equation  

(2) become©

Where a 9 G and B are constants*

S u b stitu tin g  for V and n eg lectin g  (v  -  o) there r e s u lts

la th is  Yg I s  the volume a fte r  dry expansion w ith loss*  I t  could  

be w ritten  a s s -

Yg(!n+ y) « xv * (1  -  x) V

Hg s  xh2 * (1 -  x) H

(1)
(2)

(3)

where K i s  the usual lo s s  factor,, 3 - n
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i t  complete reversion  i s  &&&mled to taka place, the water
present in  each lb© ot  steam would bet***

it Ha ~ HoM -    (6)

wh©re H0 and L2 are the total and latent heats of dry steam at V%9

but
*2

H2 58 “a* V̂2 -  o) 4- B ------ ------  (7)

t h e n   ̂ p ^ y

la
Jr-Vi ex

« .JLA (K. + v  ) + B —

And by substituting in  (6) there re su ites-

M * I~ [(H0 -  B) -  ^i(K + a?”*))  ------   II

By d iv id in g  I by II  there r e s u lts  what Mellanby and Kerr 

have o a lled  the " fraction a l reversion'9 and used to  in d ica te  th® 

extent o f  the e f f e c t  which they thought most probable as an 

explanation o f  the flow  curve shape©

When th is  method i s  applied  to the present r e s u lt s ,  curves 

of fra c tio n a l reversion  percentages sim ilar to  those shorn by 

Mellanby and Kerr are obtained© They are presented here by fig© (34) 

for the t e s t s  o f  the second s e r ie s  in  which the surface r a t io  was 

varied© These have been chosen for i l lu s t r a t io n  as they bring in  

the e f f e c t  o f  surface more d e f in ite ly  than in  the o r ig in a l study 

and thereby stron gly  emphasise th® fea tu res that weaken th is  lin o  

of reasonlnge

I t  w i l l  be n oticed  from figo  (3k )  that as the surface r a t io  

iaoreaees the ca lcu la ted  degree o f reversion  diminishes© This

Eduction i s  very marked©



I n  a l l  p o s s ib i l i t y  the p a r t ia l reversion  argument was 

prompted by the established idea that condensation comes down o n  

a l l  surfaces in contact with the 3et« I f  this i s  so* then greater
'3

surface should mean higher reversion* I’his i s  certainly not the
case on the present b a s is  o f  an alysis*  I t  must therefore be

•• f-
concluded that w hile the idea o f  p a r tia l reversion  before the l im it  

doe® serve to  meet the p ecu lia r ity  o f the curve forms i t  f a i l s  to  

provide a ra tio n a l exp lanation  o f  the variations*

Gradual Reversio n  A fter the S»d* Limi t

Powell* a t  Wilson’ © suggestion* used the cloud chamber 

method to  ma&e accurate t e s t s  a t  d iffe r e n t  temperatures sin ce  

Wilson3 m experiments war® a l l  done a t  room temperature* He found 

that the S*S* r a t io  i s  not equal to 8 a t a l l  times* but a fu n ction  

of th© i n i t i a l  temperature -  ©@e f ig * ( 2 ) .  He employed h is  new 

d a ta  to  e s ta b lis h  the th e o re tic a l flow  curve and compared th is  w ith  

th© Hellanby and Kerr flow  curves* He i s  the only other in v e s t

igator who tea  endeavoured to exp la in  th© pecu liar curve fom *

Powell made the assumption®.th a t: -

(a) Up to  th© pressure a t which condensation s ta r t s  to  s e t  in* 

m  determined by h is  te sts*  the steam remains dry and expands in  

accordance with C allendar's equation for dry steam*

(b) A fter that pressure* th© vapour i s  s t i l l  under cooled* but 

any condensed water droplets w il l  be a t the sa tu ration  temperature

responding to th© ex is t in g  pressure*

In  ca lcu la tin g  the th eo re tica l curve 9 he ignored the lo s s e s



that take place in  nossle flow* H is curve has a f l a t  top slop ing  

upwards towards the saturated condition and thus g iv in g  a tendency 

in  the right direction* The method may he b r ie fly  explained as 

follows

I f  the i n i t i a l  con d ition s o f  steam are % a:̂ ‘

the f in a l  known con d ition  i s  P2 > then the expansion can be d ivided  

into two portions (a) from P^ to  F@e in  dry con d ition  (b) from &{m 

to Pg in  p a r t ia lly  dry and wet condition* where P@8 i s  th© lim itin g  

pressure o f the supersaturated condition* To determine Pgg5j 

Callendar’ s equation fo r  dry steam i s  used to  ca lcu la te  th© to ta l  

heat at su ccessiv e  pressures P lower than and the in te r se c t io n  

of the curve o f  H aga in st P with that e s ta b lish ed  by Powell of HajS 

against g iv e s  th© required P@s* I t  fo llo w s then th a t the heal 

drop in  the f i r s t  portion  i s  simply (H  ̂ -  Hsg ) c

Th© gradual reversion  a fte r  th is  pressure n ecessitates ti© 

adoption of a ©tep by step  method o f  approximation In ca lcu la tin g  

the heat drop from PSB to  P2 by d iv id in g  i t  in to  successive step#

a® (*@8 “ ( pl  ~ pa)? (Pg “ P3) ©to** such that w ith in  each step

the Index n o f  th© expansion equation PoVn » constant can he> assieaed 

to be constant* Since n i s  not r a a lly  known* the heat drop in  each 

step can be ca lcu la ted  approximately a t  f i r s t  and then used i© 

calculate th® mixture volume a t  the end o f  each step* Thi© i s  

Introduced in to  th® general equation for th® heat drop to  gat a more 

accurate value * This method o f  ca lcu la tio n  ha© been f u l ly  expl-aiim  

by PoweXl^l.b).
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S\anmlng up the heat drop in  these suooesslve stops gives  

the heat drop from Paa to Pg and by adding that from to Paa the 

to ta l heat drop through the noz2&e I s  estimated* The equation o f  

continuity i s  usqd then to  determine the flow rate thuq? . 2̂gJ(Hi" ̂A v2

where Vg i s  the f in a l volume o f the mixture at P2 while g, 3 have 

their usual meanings and A i s  the e x it  area o f the nozzle*

The theoretical maximum discharge based on th is  method for 

the conditions o f expansion o f  the f i r s t  aeries o f flow experiments 

i s  shown in  fig* (35)* This curve has a straight top sloping upwards 
towards the saturation temperature and while the actual curves have 

a point o f in flex ion  where th is  ourve departs from theoretical curve 

for superheated flow , there i s  otherwise a marked difference in  forme 

Flow lo sses  of course prevent the actual curves from 

approaching the theoretical more c lo se ly  but no rational law of lo ss  

could serve to explain the disagreement in  form* Thus an increase 

of lo ss  with temperature such as i s  indicated by the forms in  the 

high temperature region would, i f  system atic, lead to a closer  

resemblance in  the supersaturated range of flow* I t  would seem, 

therefore, that Powell*s assumption of partial reversion after  the 

limiting condition i s  reached, while providing a better estimate of 

the theoretical flow than other methods, f a i l s  to give a complete 

explanation of flow ourve type*

Sudden Reversion At the S*S* Limit

There would not appear to  be any p articu lar  m erit in
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1.0

‘t* rn UnlWJk' r'ie •A'kc idQiAia o t  premature 02? gradual reversion* ih©

M ellariby  an d  K e rr  m ethod  c o n s id e r s  th e  l o s s  e f f e c t s  and  m a t s  th e  

f lo w  o u rv e  fo rm , b u t  i o  n o t  r a t i o n a l  I n  i t s  co n seq u en ces*  The j

P o w ell m ethod  on  th e  o th e r  hand  n e g le c t s  th e  l o s s e s  ax^d g iv e s  a 

th e o re tic a l curve only approximating to  the actu a l form and therefor® [

not w holly convincing* |

The question  n a tu ra lly  a r is e s  as to  whether a study on f

th© b a s is  o f  sudden reversion  a t  th© lim itin g  con d ition  as esta b lish ed
I

by Powell and includ ing a con sid eration  o f  lo s s  e f f e c t s  would not give#
if

a c lo se r  agreement* This n e c e s s ita te s  a m od ification  o f  the Pow ell1©!; 

method as follow © ;-

Steam expanding ise n tr o p lc a lly  from point (a) cro sses  th© j

sa tu ration  l in e  in  the chart a t  point (a^) but remains dry and ,’!

supersaturated u n t i l  i t  reaches point (b) on the supersaturated I
[

pressure l in e  pfl8. At (b) condensation takes p lace and thermal j

equilibrium  i® restored  instantaneously* This i s  represented by 1

th© constant enthalpy lin e  (be) wh©r© (o) l i e s  on th© sa tu ra tion  j

pressure curve corresponding to P@s and represent© th® con d ition  o f  |

w@t steam® The assumption i® mads here that th© transform ation j

takes place a t constant pressure, whereas probably some degree o f  

recotaprassion occurs® A fter (0) the expansion proceeds under thermal; 

equilibrium  condition© t i l l  point (d) i s  reechad on the wet pressure 

lin e

In any expansion, th© pressure Ps® i s  determined as  

explained before and the heat drop from (a) to (b) i s  ca lcu la ted  !

from C allender1© equation for dry ©team* The expansion from (©)
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m  ici) takes p lace under wet con d itions and the heat drop la  

obtained from a Mol H e r  Chart or can be ca lcu la ted  from the steam  

ta b le s0 B esides t h is ,  an estim ate o f  the volume o f  wet steam a t  

(d) i s  made and Introduced together w ith the to ta l  heat drop Into
■t

the equation o f  co n tin u ity  to  obtain  th© rate o f f lo w ‘through the 

nos&X®*

This method has been applied  to  th® oas© o f  the convergent 

p a r a lle l aosa le  previously  consider©do Th© r e su ltin g  form fo r  no 

lo s s  e f f e c t s  i s  shown by the upper curve in  f i g e (36 )o The other 

curves in d ica te  th© in flu en ce o f  assumed lo s s  fa o torso

I t  w i l l  fo® m e n  that th© convex top now appears quite  

c le a r ly  in  th© th e o r e t ic a l form and th a t th© decrease in  th© degree 

of convexity  w ith lo s s ,  already noted m  an experim ental f a c t ,  i s  

a lso  domonstratode These rather surprising r e s u lts  o f  a oompar™ 

a t iv e ly  simple m od ification  o f P ow ell's  method have probably h ith er

to been m issed because flow  t e s t s  had not e s ta b lish ed  curves w ith  

th© convex c h a ra c te r is tic  and because d iscu ss io n  has been lim ited  

to th© con d ition  o f  flow  without loss®

I t  would appear to be , a  sound conclusion  that as fa r  as  

flow curves can g iv e  guidance, the sudden reversion  idea a t th® 

lim itin g  con d itions i s  more sa t is fa c to r y  than otherso

Influence o f  Siirfao© Ratio
Wiraffwwyim aummg w w  it * i  nrnwr r  n t u n  <r mm*\ m ix  triai wn»e>

In  view o f th© agreement 3ust e s ta b lish ed , i t  saem© 

taslrablo to carry th© comparison in to  th is  second s e r ie s  o f flow  

PQsulta and i t  i s  necessary now to Include th© actu a l lo s s  e f f e c t s
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in  tii® analysis*

Th© r e la t io n  for th© rat© o f  mass flow  through a nozzle#  

previously  g iven  oan he m odified to :«

0 .7 1 8  ( l i ) i  X I  -  (1  " K "
P 1  A  K + r  n

Th® r ig h t  hand s id e  o f  th© eq u a tio n  i s  denoted by th e  | e t  fu n c tio n  

,SFW i n  which when the experim en ta l value o f  r  i s  known i t  become® 

p o ss ib le  to  determ ine th© T e lo c ity  and -volume co n d itio n s  a t the p o in t 

considered], and the t o t a l  expansion  lo s s  MKM th a t  has occu rred  t© 

that point©

I n  determining th is  UKM fa c to r^  expansions f a l l in g  e n t ir e ly

in  the su p e rh ea t re g io n  were ohosen and the curve® o f  MKW a g a in s t 

i n i t i a l  tem peratu re  as determ ined from th© nozzle® read in g s  were 

construe  ted© These war® s l i g h t ly  curved in  form b u t fo r  th© p re se n t

purpose an approxim ate l in e a r  r e l a t io n  i s  s u f f i c i e n t ly  accurate* 

Having th u s o b ta in ed  an estim ate of th® probable lo s s  fac to r,, i t  can 

be in c lu d ed  in  th e  c a lc u la t io n  o f h ea t drop and used with the 

assumption o f sudden re v e rs io n  a t  P ow ell’ s l im it in g  cond ition*

As b efo re9 th© ©xpansion i s  d iv id ed  in to  two p o r tio n s ;

(ab) and (<sd) in  dry and wet co n d itio n s  r e s p e c t iv e ly e A ccord ing ly? 

the h e a t drop in  th e  f i r s t  p o r tio n  i s  a sso c ia ted  w ith  a lo s s  o f  & II 

in  h ea t u n i t s  and the p ath  o f  the s ta te  p o in t (a  -  b) depends e n t i r e 

ly upon th e  nature of those lo sses*  This c H -  '*n

unit per lb* 9 where each  term b e a rs  th e  same meaning as explained

before* This lo s s  o f h ea t in c re a se s  th© s p e c if ic  volume by X l£r
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beyond the value of JjJZZJEIL• The reversion takes place at
r

constant to ta l heat as shown before? and the expansion then proceeds 

under conditions of thermal equilibrium (od) and the reheat i s  equal 

t0 PgVgKjffhpre n * 1*135 in  th is  case and P0, V0 pro the 

conditions a t (c)* The f in a l eondltlon o f steam can now be obtained.

This analysis i s  applied to the te s ts  of the second ser ie s  

and the resu lts  are shown in  fig* (37) where the fu l l  l^nes show flow  

curves calculated as explained above and the dotted lin e s  show the 

corresponding experimental flow curves* The agreement in  form in  

the s lig h t superheat range beyond the lu st dry condition seems fa ir ly  

satisfactory  and indicates that the idea of sudden reversion at the 

lim iting conditlon? with lo ss  e ffe c t  emboded in  the analysis? gives  

flow curves that are more c lo se ly  in  agreement with the experimental 
types than can be produced on any basis o f argument involving gradual 

reversion*

The maximum flow of steam expanding to the c r it ic a l  
condition in  a nozzle i s  attained only i f  there i s  uniformity o f 

pressure across the throat* Any other pressure value above or below 

the cr it ica l?  over even a minute portion of th is  area? would en ta il 

smaller flow quantities since such values require larger areas than 

when at the c r it ic a l  pressure condition*

Xn practically  a l l  nozzle calculations and theoretical 

considerations? the assumption i s  ta c it ly  made that the flow i s  in  

parallel stream lin e s  and hence the pressure and ve loc ity  across a 

flow section  are uniform* But since the steam i s  compressible? i t s  

inertia  i s  bound to produce a condensation at the axis near the



throat and a corresponding ra re fa c tio n  on the w alla a t the same 

tim e» w ith  an inverse v e lo c ity  range in  keeping there withe This

e f f e c t  would r e s u lt  in  a wave flow  beyond t h is  p o in t and thus the
°

stream l in e s  w i l l  not be p a r a lle l hut ainoousa The magnitude o f  

th is  wave depends on the shape o f  the entry curve to  the n o zz le , 

being greater the shorter the curve9 and i t  i s  a fa c t  that w ith  

a sharp entry type nossl© the maximum flow  i s  considerably a ltered  

and in  the l im it ,  w ith  a hole in  a th in  p la te , there i s  no maximum 

flow  but the flow  in crea ses w ith  the reduction  o f  back pressure 

towards a lim ita

The v e lo c ity  ourve, as shown by S todola , i s  p e r fe c tly  

constant over k / 5 t h  o f  the diameter and drops rap id ly  to  aero 

towards the periphery. The v e lo c ity  (v) a t a radius (r )  i s  g iven

»  -  %  ( i - < £ > ■ “ )  ---------------------^ o
where (vQ) i s  th© v e lo c ity  at the a x is  and (m) i s  a constant v a r ies  

between 20 and 30 according to  the shape o f the entry ourve.

Mellanby and Kerr a lso  g ive a sim ilar r e la t io n  which gave f a ir ly  

co n sisten t r e s u lts  w ith  th e ir  experim ents.

The f l a t  form o f the v e lo c ity  curve in  the ©entre o f  the 

Jot doe® not imply absenc© o f f r ic t io n a l lo s s e s ,  but th© type of  

th is  f r ic t io n  i s  d iffex^ at from the f r ic t io n  o f the w a lls and 

irregular eddy currents d iffer e n t from the c la s s ic a l  ©ddias o f  

Helmholtz are superimposed upon the n oszle  flow  and u su a lly  referred  

to as turbulence. This turbulence has been stud ied  by Lorents^22  ̂

ĥo concluded th a t the eddies projected the periphery eq u a lise



th© v©X©cities across the d if fe r e n t  m o ttX o m  o f  th© nosszXe* Thus 

for h e©rtai?i percentage ©t  lo ss*  th© t lo w  ra te  I s  high©** the sm aller  

th© hydraulic mean depth o f  th© j@t<,
f r  .

Thus i t  becomes c lea r  th a t the surface r a t io  o f  a j e t  

affect©  the flow* sine©' turbulence together w ith  w all f r ic t io n  

produce a p&rtia^ superheat a t  the periphery w hile in  |h e  undisturbed  

inner region  o f  th© ;}®t expansion takas p lace w ith conaifierabl© - 

condensation® The approaching o f  th© actu a l flow  curve to the 

constant lorn curve w ith increased  surface r a t io  (figs® 16-20) con

firm© th is  conelusiono

L im itations Of Flow Curve Data

In  h is  tr e a t is e  on the "Properties o f  Steam96 GaXXendar has 

used soma result®  quoted by MeXXanby and Kerr and represented them 

in such a way as to  appear In complete agreement w ith the usual 

theory regarding super sa tu ra tion  in  n o ssle  flow® This theory based 

on W ilson's r e s u lt s  assumes that steam expand® under oonditibna o f  

complete super sa tu ra tion  with a lim it in g  S©8® r a t io  o f  8 a t  a l l  

times© I n  d iscu ssin g  the- MeXXanhy and Kerr ourve GaXXendar ignored  

th© f l a t  top0

MeXXamby and Kerr in  analysing th e ir  own r e s u lt s  have 

accepted the Wilson l im it  and to  account for  the p ec u lia r ity  o f  th© 

-low %urw® form they found i t  necessary to  assume ear ly  reversion®  

Powell has demonstrated that the S©&© r a t io  i s  not fix ed  

for a l l  co n d itio n s9 but i s  a fun ction  o f  the i n i t i a l  temperature®

Hq explained the Mellahby and Kerr flow  curve form by applying hi®



rev ised  data and the conception o f gradual rev ersio n  beyond the 

l im it in g  con d ition  o f super saturation®

I t  has now been shown that non© o f  these methods r e a lly  

g iv e s  a f u l l  exp lanation  o f  th© ourve form© The i^ea o f  sudden 

and complete re v e r s io n  a t  the o o rre o t S®@® l im i t  a p p lie d  in  

co n ju n c tio n  w ith  a c o n s id e ra tio n  o f  lo s s  e f f e c t s  i n  -th© flow  g iv e s  

a f u l le r  exp lanation  o f  the more ex ten s iv e  d a ta  now obtained®

The t r u t h  is*, however» that th© flow  curves a re  n o t i n  

them selves adequate to  e x p la in  th e  phenomenon® They dem onstrate

that some such phenomena o cc u r, and giva by th e i r  p e c u l ia r i ty  and
vv • us *! r . ••

v a r ia tio n  o f  form c e r ta in  e f f e c t s  t h a t  must b© met by assy exp lan 

ation® But I t  i s  contended that they do not deny the p o s s ib i l i t y  

o f  sudden reversion^ and® i f  further evidence in . favour o f that 

type o f  change can be advanced® the flow  ourve evidence i s  i n  

support® ' That a d d itio n a l evidence comes from the temperature 

experiment© carried  out in  the course o f  these in v e s t ig a t io n s  and 

the various fea tu res o f these w il l  now be discussed©

B* THB TKMPBRATURB QUHVBS

The temperature curves obtained in  these in v e s t ig a t io n s  

and already presented show cer ta in  fea tu res that may be summarised 

con cisely  as fo llo w ss-

The thermo junction  i s  66hidd©nw from the stream and so per,
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what Is  a search tube surface temperature and probably very close
■' t

to the boundary layer temperature* i
: j

The combined pressure and temperature observations d isclose i!
i1!

a small amount o f undercooling just beyond the nozzle jLnlet. This* |||

however9 increases along the nozzle reaching values that have not I

hitherto been obtained experimentally* ? !•4
At some positions along the nozzle length or just around 

the nozzle ou tle t in  the case of the convergent p arallel nozzle,
;i

the temperature reading "jumps" to the saturation value* This 

occurs in  such a way that the only interpretation i s  that condensation 

has suddenly occurred«

Thus the temperature curves give what would appear to be 
a positive demonstration o f sudden reversion. ?4

Although these e ffe c ts  are Quite d e fin ite , the actual 
thermo junction readings only give a small proportion of the amount 

of undercooling th eoretica lly  possible. The maximum registered  

undercooling in  one case i s  about 1&°&9 as against 60^  theoretical i
undercooling. I t  has to be realized that lo sses  taking place in  

expansion w ill raise the temperature above that o f isentroplc

expansion, but even then there i s  a considerable discrepancy between
'

the recorded temperatures and those that must hold In the flow. In 

the case mentioned i t  might be about 3 0 ?̂*
The relationship between the various temperatures may be 

seen in  f ig .  (38) which approximately represents the case o f a 

convergent parallel nozzle o The recorded temperature curve for  

the case o f in it ia l ly  dry and saturated steam i s  shown by the heavy



l in e  w ith  the sudden step-up  a t  the ou tle t*  w hile the others a llow  ! 

comparison o f  t h is  w ith  the ad iab atic  temperature* the same w ith  

lo s s  e f f e c t s  added, and the sa tu ra tio n  temperature corresponding to  

the pressureo

Readings before R eversion

Throughout the range w ith in  which undercooling i s  recorded*, 

the measured degree o f  i t  la  only a sm all amount o f  what i s  p hysica lly  

p ossib le*  in  the case quoted above 18°P have been detected  as  

aga in st 60^P on th e o r e t ic a l considerations* in  other words* I f  the 

steam I s  supersaturated* the thermofunction i s  reading su rp ris in g ly  

high* n ev er th e less  d e f in ite  undercooling i s  shown* a tta in in g  much 

higher va lu es than have h ith er to  been recorded by d ir e c t  attem pts 

many o f  which have f a i le d  even to  record more than a few degree s e 

While* therefore* th is  method p o s it iv e ly  d e tec ts  under

cooling  i t  may a lso  be accepted as proving that an exposed thermo- 

junction in  the supersaturated steam w il l  read f a ls e ly  because i t  

i s  open to  d ir e c t  impingements I t  i s  a lso  c le a r , however* that the 

reaorded temperatures even under the improved con d ition s o f  measure

ment are higher than the main streaia temperatures can p o ssib ly  be*

This in  I t s e l f  maless the margin fo r  d e tectio n  small and th is  a lso  

t e l l s  aga in st the d ir e c t  method® These high readings in  the super

saturated range* therefore* require explanation®

I f  the readings had bean on or c lo se  to the sa tu ra tio n  

temperature a l l  along that range* i t  would have been p o ssib le  to  

olaim that condensation came down on the metal surface* and so  to



te  f u r th e r  the  &de& g tiu p ra liy  accep ted  a s  *© tae  m s o ^  

for  high readings® But the diagram o f undercooling d isc lo sed  

prevents th is  explanation* The sudden ;lurap la te r  i s  d e f in ite ly  

the r e s u lt  o f  condensation and thus to that p o in t9 the temperatures

do n o t mean condensation® S q u a lly  they  do n o t mean a c tu a l  ©team |j

temperatures® The q u e s tio n  o f what they  do r e a l ly  aes^n becomes !j

important® j

I t  i s  n a tu ra l  to  co n s id e r h e a t conduction  a long  th e  tub© j

w all as  an in flu en c e  „ h u t the  sm allness o f  the tube and the v ery  j
!l

low tem pera tu re  grad ien t©  invo lved  in d ic a te  th a t  t h i s  cannot be a j
tj

f u l l  explanation® The tube i s  n o t a t  a h igh  tem peratu re  a t  one !;ji
end o n ly * b u t th e re  a re  h igh  tem p era tu res  a t  b o th  ends and conduction  j 

would b® b o th  ways w ith  a ba lance  o f  e f f e c t  somewhere between® !

Conduction* th e re fo re ,  w il l  n o t se rve  fo r  more th an  a

minute f r a c t io n  o f  the effect©  co n sid ered  and th e  ex p lan a tio n  r e s t s  j
|

on a much more fundam ental f e a tu re  i n  the flow® j

The e x p lan a tio n  i s  most sim ply g iv en  by r e c a l l in g  th e  

conception  o f Osborn© Reynolds reg a rd in g  the mechanism o f  h ea t 

tran sm iss io n  and i t s  i n t e r - r e l a t i o n  w ith  fric tio n ®  I n  t h i s  i t  i s  

assumed th a t  therm al c o n d u c tiv ity  i n  the th in  la y e r  a t  th e  boundary 

may be n e g le c te d  and th a t  a l l  tran sm iss io n  tak es  p lace  by eddy motion® 

I t  then  fo llo w s th a t  the momentum l o s t  by f r i c t i o n  i s  to  

the t o t a l  momentum o f  the f lu id  as  the h ea t a c tu a l ly  su p p lied  i s  to  

that which would have been su p p lied  i f  a l l  the  f lu id  had reached  the



surface® x&  symbols tn is  may m  expressed aas~

hF.A m CW. * ©  _ _ _ _
M*V Gw7 ( t -@ ) (1)

In  t h i s  eq u a tio n  A J? i s  the  p re ssu re  drop In  a  s h o r t  le n g th  i n  

which A ©  I© the tem perature r is e *  M and W a re  mass and w eight

flow  per seoonflj v I s  the  v e lo c i ty * S  f l u id  tem peratu re  and q i s  j

t h e ’s p e c if ic  heat®

Ab i t  stands*  t h i s  i s  a s ta tem en t f o r  th e  tra n sm iss io n  o f  

h e a t from a w all a t  T to  a  f l u i d  a t  0  * The w all i s  m ain ta ined  a t  j !
i|

T by o th e r  ag en c ies  and th e  p r in c ip le  e x p la in s  how the  f l u i d  p ick s  | j

up heat* In  the p re se n t ease* the s i t u a t io n  i s  d i f f e r e n t  b u t th e  I

mechanism I s  the  same* The h e a t comes only  from the  f l u i d  f r i c t i o n  j
| i

and a m utual in te rch an g e  occurs*. In  such a  ease,, the eq u a tio n  

reduces to  a  very  sim ple resu lt®  The aim i s  to  o b ta in  a c lu e  to  

th© value o f  (T -  ©  ) which i s  a r e p re s e n ta t io n  o f  the  d iffersno©  iI
being  considered® [

On the  assum ption th a t  the r e s is ta n c e  i s  p ro p o rtio n a l to  ?
i

the square o f  th© speed and th a t  the  f r i c t i o n  work i s  th e  h e a t taken  j

"up* we have th a t  j

by s p e c ia l  c o n s id e ra tio n  o f  the co n d itio n s  w ith in  the boundary la y e r  

and more e x a c t r e la t io n s h ip s  fo r  th© dependence o f f r i c t i o n  on

velocity*  i t  i s  e a s i ly  p o ss ib le  to  b r in g  in to  eq u a tio n  (3) f a c to r s

J
v (2)

and th en
v**

(T -  6  ) = oJg (3)

T his sim ple r e s u l t  i s  capable o f  co n s id e rab le  re fin em en t



oil tow r a t io  o f the spe^d in  the 'boundary layer  to  that  

o f  the stream and on the v is c o s it y  and thermometrio qondnotivity o f  

the f lu id .

The e lab oration s so p o ss ib le  are in  e f f e c t  tjie main
1 /  A /  \  ( £fea tu res o f  suoh treatm ents as those by Stantoir '  and by G oldstein  

The l e t t e r ' s  treatm ent o f  the problem o f  the k in e t ic  temperature i s  

p a r ticu la r ly  appropriate here* By the k in e t ic  temperature a t  a 

point o f  a body immersed in  a stream o f v e lo c ity  UQ i s  meant the 

temperature which i s  taken up by the body when i t  i s  non-conducting0 

Using the symbol & T̂  fo r  the k in e t ic  temperature r i s e  and from the 

fundamental equations o f energy and h eat, G oldstein  e sta b lish ed  the 

formula

6T 1 a 25jo p"  | j -  -  Sj;2  (« -*  -  1 ) ]   ((+)

where U i s  the v e lo c ity  a t  the edge o f  the boundary la y er  and U0 

i s  th a t  o f  the stream w hile CT" i s  the r a t io  o f  the kinematic 

v is c o s ity  to  the thermometrio con d u ctiv ity  and g en era lly  referred  to  

as the Frandtl number, g and J have th e ir  usual slgnificant& and Cp 

i s  the s p e c if ic  heat a t  constant pressure* This equation cou ld , 

however, be s im p lif ied  by taking U0 as nearly equal to  U, and then  

i t  becomesi
U

A T1 = ’JgTOp * Q ----------------  (5)

The more complete traatnjsnt would be out o f  place here, 

since the data on fr ic t io n a l e f f e c t s  can only be approximately 

treated and the other cond itions are not certain* In any ca se , the 

problem i s  one o f providing a reasonable explanation  and not of



adducing p re c is e  f a c t s  on lo s s e s  and temperatures<>

The conception  o f  the k in e t ic  temperature as th a t
i

esta b lish ed  on a non-c onduc tin g  body a p p lies  w ell to  the present
" •  w  j T  ....    . . . . . . . . .  ft

case as the measuring tube used in  these experiments p r a c t ic a lly

s a t i s f i e s  the condition*

To em phasise t h i s ,  th e  r a t i o  o f  the h ea t conducted to

th a t  in te rc h an g ed  may be co n s id e red  b r ie f ly *  T his may be exp ressed

as  fo llo w s , f o r  a s h o r t  le n g th  £x

H eat condu c ted  K .a f t& i  €*» „ K3 > a 1 ^ T
H eat In te rch an g ed  * Up ^ * Op i  # P  (6)

in  which K i s  c o n d u c tiv i ty , G i s  a f r i c t i o n  c o e f f ic ie n t ,  a  and @ are  

re s p e c tiv e ly  a re a  and p erim e te r o f  tu b e , v i s  v e lo c i ty  and T i s  

w all tem perature*

The f a c to r s  KJ/Gp and l /v ^  would app ly  to  any b o d ies 

immersed i n  the  f l u i d  and the l a t t e r  i n . the  case o f  the  h igh  speeds 

of flow  co n sid ered  h e re , would keep the ra ti©  low in  general*  The 

dim ensional f a c to r  j |  ® -p when® ^  i s  the r a d iu s ,  i s  © sp ec ia lly  sm all 

fo r the se a rch  tub© u sed , w hile exam ination o f  the cu rves o f  reco rded  

tem perature w i l l  show th a t  ^ T /  has a low v alue  i n  th e  im p o rtan t 

length* A c tu a lly  i t  may reach  a h igh  f ig u re  where re v e rs io n  occu rs 

but the q u e s tio n  does n o t a r i s e  there*

An approx im ate . c o n s id e ra tio n  o f  the d a ta  a v a ila b le  shows 

that th e  r a t i o ,  a t  th e se  p o in ts  on the  tem perature curve's where the 

speeds a re  r e l a t i v e l y  low and the value® o f 0  r e l a t i v e l y

high, may amount to  a few per c e n t,  b u t i s  g e n e ra lly  below 1 p er cento 

^his j u s t i f i e s  th e  n e g le c t o f conduction  o f f  c o ts  i n  th e  exam ination
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ox tem p era tu res  i n  th e  g e n e ra i e x p la n a tio n  o f the h igh  

readings©

The Temperature Discrepancy

The e x p la n a tio n  advanced in  th e  p rev ious s e c t io n  means 

th a t  the thermo ju n c tio n  a® a p p lie d  in  th e se  experim ents w i l l  f a i l  

to  read  th e  tru e  range o f  undercoo ling  by an  amount which depend© 

on the  square o f the ©peed -  eq u a tio n  (3)=> I t  i s  ad m itted  th a t  a 

more ex a c t r e la t io n s h ip  may be s u i ta b le  a s  i s  expressed  by eq u a tio n  

(4) b u t the  d a ta  do n o t perm it o f the g re a te r  p re c is io n  and i n  any 

eas© only  q u a l i ta t iv e  v e r i f i c a t io n  i s  required©

To c a rry  t h i s  out§ i t  i s  n ecessa ry  to  make an  es tim a te  

of the a c tu a l  speeds o f flow© This Invo lves a  d e te rm in a tio n  o f 

flow lo s s e s  which can* i n  th e  cases  availab le*  only  be deduced fro®, 

the ex perim en ta l p re ssu re  cu rves and mass flows©

The convergent p a r a l l e l  nozzle w ith  the ^  d iam eter 

search  tub® i s  tak en  as an example© V alues o f  the  lo s s  f a c to r  ”K" 

a t  th e  v a r io u s  s ta g e s  of expansion  a re  determ ined  fo r ' th e  t e s t  

results©  They a re  as  shown by the curve i n  fig© (39) i n  which the  

shape o f  the p a r t  to  the th ro a t  i s  u n c e r ta in  b u t the rem ainder i s  

reasonable b o th  in  form and magnitude©

With the trKM value© known* the h ea t d is s ip a te d  to  any

point i n  th e  expansion  can be determ ined from the  r e l a t i o n

A H =. (K) -----------------  (7 )

in  h ea t u n i t s  per lb© o f flow  and each item  b e a rs  the same meaning
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can be estimated® This has been done using simply an average 

value fo r  the s p e c if ic  heat* The re la tio n sh ip  between the probable 

temperatures and the th e o r e t ic a l has already been I llu s tr a te d  in  

f ig o (3 8 ) .

The lo s s  f a c to r s  being  known* the v e lo c i ty  a t  any p o in t 

can be c a lc u la te d  the u su a l way from th e  eq u a tio n

V .  [ M  PXV1(1 - K - i     (8)
and s in ce  th e  a c tu a l  v e lo c i t i e s  and tem p era tu res  a re  now approxim ate 

ly  known,, the d isc rep an cy  in  thermo jun ction  re ad in g s  can be r e la te d  

to the velocity®  T his i s  shown by th e  p lo t  o f  tem perature 

d if fe re n c e  (T -  ©) a g a in s t  (v e lo c ity )  a s  shown i n  figo(i4*0)o I t  

i s  c le a r  from t h i s  th a t  th e  d if fe re n c e  I s  rough ly  as  th e  square o f  

the speed j, and the agreem ent i s  p robably  a s  c lo se  a s  cou ld  be 

expected in  view o f the  d a ta  a v a ila b le  and the approxim ate method ■ 

of treatment®

The d iv e rg e n t nozsl© w ith  I t s  g r e a te r  expansion  and speed 

ranges p ro v id es more ex ten s iv e  d a ta  b u t somewhat more u n c e r ta in  as 

reg a rd s  lo s s  effoots®  The r e s u l t s  o f th© f i r s t  two s e r ie s  o f 

experim ents on the d iv e rg e n t n©82l e  have been ana lysed  in  a s im ila r  

way and a l to g e th e r  have provided 86 r e s u l t s  g iv in g  probable c o r re s 

ponding v a lu es o f  v e lo c ity  o f flow  and excess tem perature readings® 

Theeej? to g e th e r  w ith  the convergent p a r a l l e l  nozzle r e s u l t s  a lre ad y  

presented* are  shown in  figo(/*X) which in d ic a te s  a massing o f a l l  

r e s u l ts  around the  l in e  denoting  dependence on the square o f  the



I t  may therefore be allow ed th at the high readings o f  

the thermo junction  before the sudden "jump" a t  rev ersio n  are 

reasonably explained* I f  the exp lanation  i s  va lid *  i,t fo llo w s  

that a l l  arguments claim ing th a t high temperature readings are due 

to  condensation on exposed su rfaces must be discarded® There i s  

no proof o f  any condensation u n t i l  the sharp r is e  in  the temperature 

occurs® The curve shape* the values* and the explanation  o f  these  

a l l  combine to deny any prior condensation in  the stream or on the 

boundary®

C onditions At Reversion

Having e s ta b lish ed  the fa c t  that the thermo junction  

readings* in  the period o f supersaturated flow* are mainly in fluenced  

by heat interchange phenomena and cannot show the f u l l  exten t o f  the 

undercooling^ A tten tion  may be d irected  to  that aspect o f  the 

temperature curves which i s  so c le a r ly  d isc lo sed  by the experim ental 

re o or da o The sudden r is e  of temperature to the sa tu ration  value 

at some p o s it io n  in  the nozzle length* shown in  a l l  cases* i s  

unmistakeable in  i t s  meaning® I t  e s ta b lish e s  the fa c t  and d efin es  

the p o s it io n  o f reversion  w ith  ce r ta in ty . As the readings before  

that p o in t are h igh , the f u l l  exten t o f the "jump" i s  not demon-*

stra ted  but i t  i s  n everth eless clear and d e c is iv e .
&/■}■>-c
Sum previous c a lcu la tio n s  have esta b lish ed  the approximate 

conditions a t a l l  p o in ts on the flow® The d e f in it io n  o f  the point 

of reversion  by the temperature records allow  the fa c t  o f  reversion
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to  be re la ted  to  the f lu id  con d ition s obtained a t  i t s  position®

I t  i s  p o ss ib le  thus to  consider reversion  in  the l ig h t  o f the 

p ressure„ v e lo c ity  or S«S© r a t io  e x is t in g  a t the point o f  occurrence* 

The method o f  estim atin g  probable actu a l f l \ | id  temper

atures already described can b© applied  to  the f lu id  a t  the p o s it io n  

o f  the temperature U ûmprt s in ce  the pressure there i s  known® I f  

the pressure and temperature are P and Ttf then th© r a t io  o f  P to  

the sa tu ra tio n  pressure oorr©spending to  T g iv e s  the So8® ratio®

The v e lo c ity  a t  the p o s it io n  can a lso  be approximately determined 

and so the  sim ultaneous values o f  pressuree v e lo c ity  and SoS® r a t io  

are known reasonably w ell for  each recorded case®

I t  w il l  bo appreciated th a t  w hile the in tro d u c t io n  o f  

somewhat u n c e r ta in  lo s s  f a c to r s  in to  thee© ca lcu la tio n ©  ren d e rs  a l l  

r e s u l t s  approxim ate only* the  n e g le c t  o f  lo s s  e f f e c t s  would make

them com pletely  m isleading* T his i s  i n  f a c t  a weakness o f n e a rly

a l l  s tu d ie s  i n  s u p e rsa tu ra te d  flow  a s  S®S® r a t i o s  based on th e o re 

t i c a l  c o n d itio n s  a re  In co rrec t*

The SoSo r a t i o s  as  determ ined i n  the manner ex p la in ed  ar© 

p lo tte d  a g a in s t  the  f l u id  v e lo c ity  a t  the  p o in t o f  re v e rs io n  in  

fig® (l\2) ® The r e s u lts  f o r  b o th  the  convergent p a r a l l e l  and 

d iv e rg en t n ozales a re  in c lu d ed  so th a t  the range o f  v e l o c i t y . i s  wide® 

There would appear to be a sy stem a tic  v a r ia t io n  w ith  v e lo c ity  and 

the curve m ight reaso n ab ly  b e  h e ld  a© In d ic a tin g  a tendency toward©

u n it &®So r a t i o  at zero  velocity®  I t  may a ls o  be remarked th a t  a t

'the h ig h e r v e lo c i t i e s  the reco rd ed  undercooling I s  a ls o  high® the 

v a r ia t io n  with v e lo c i ty  being  q u ite  marked from the  X8°P in  case A
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o f the same aer ies®

These various features would appear to lend strong support 

to  the arguments of those authorities who have considered that 

v e lo c i ty  ex$i*bises a dominant influence©  In p a r t i c u la r  Hettall&ta* 

who employed two rate®  o f flow  accounted  f o r  the d if fe re n c e  between 

the So-So r a t i o s  o b ta in ed  a s  due to  the d i f f e r e n t  v e lo c i t i e s  in  the 

condensation  region© But a c tu a lly *  and In  spit©  o f  the ap p a re n tly  

w ell o rd ered  re la tio n sh ip * , th e re  i s  no j u s t i f i c a t i o n  fo r  such a 

conclusion©

As v ery  h igh  speeds o f  flow*, around and above the  a c o u s tic  

v e lo c i t i e s  a re  inv o lv ed  in  th ese  c o n s id e ra tio n s  i t  1® n a tu ra l  to  

use the iaaoh number as a b a s is  fo r  p lo t t in g  s in c e * thereby* th e  

v e lo c ity  I s  re p re se n te d  by i t s  r a t i o  to  the  speed o f  sound which* 

o f  course* v a r ie s  w ith  the f l u id  cond itions*  The Maeh Ho* i n  th e  

p re se n t a p p l ic a t io n  i s  o b ta in ed  from th e  equations -

Maoh Ho. = “ r^-ST2 ) ]  5 _ _ _ _ _  ( ,
[gnP2V2 ]  *

Where Pp and ^  a re  the c o n d itio n s  a t  reversion p o in t and cou ld  b© 

o b ta in ed  by the a d ia b a t ic  equation* and when ev a lu a ted  f o r  a ll  the 

oases a v a ila b le  give© the relationship between S©S© r a t i o  and 

Maoh No* ehom  In  fig *  (k3) ° T h is o f  course m erely g iv e s  the 

r e s u l t s  o f  f ig * 042) on an a l te r n a t iv e  base* b u t the sim p ler form, 

ob ta in ed  would seem to  in d ic a te  th a t  the Maoh No® was a su p e rio r  

v a r ia b le  to  employ In  p re se n tin g  th e  r e la t io n s h ip 0

The p o in ts  o f re v e rs io n  can a ls o  be shown on the i - +
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don© fo r  the sake o f  s im p lic ity  in  treatment and because I t  has j

been necessary to emphasize th e ir  meanings and r e l a t iv e  s ig n if ic a n c e » 

Two have so f a r  tjean considered , the high reading© in  ĥ© underoooled |

son© and the su&4en r is e  a t  reversion., But th e re  i s  |  th ir d , vis*  

the coincidence Qf r e v e r s io n  w ith  the p o in t o f recompreseion i n  the  

d iv e rg e n t nozzle*

Comparison o f the  tem peratu re and pressure - r a t io  curves :

f o r  the divergent nozzle i n  a l l  ca ses  i n  which the back p re ssu re  was j j

such as  to  compel a r©com pression w ith in  the nozzle len g th , shown j|

c o n c lu s iv e ly  th a t  the tem peratu re 5*Jump1* and the  r a p id  pressure r i s e  ji

p r a c t i c a l ly  co in c id e  in  positions, T h is i s  h ig h ly  s ig n if ic a n t .,  jl* I!||

W ithout such p o s i t iv e  measurements as  th ese  experimants have allow ed ||I !|
the  f a c t  could n o t b© assumed* With th e se  i t  i s  unescapablco j j

I
The recorapression that occur© in  a d iv e rg e n t 'nozzle j

o p e ra tin g  a g a in s t  too high a back p re ssu re  i s  a p o in t of ab ru p t j,
Hi

d isc o n tin u ity *  I t  i s ,  In  f a c t ,  a p o in t o f shook* There a re  jj

ex trem ely  sudden changes i n 'State and speed* I f  i s  th e  p o s i t io n

where the shock wav© i s  established®  , |
jj

The f a c t  o f  co in c id e n t re v e rs io n  le a d s  a t  once to  th e  j
co n c lu sio n  that th i s  occurrence i s  no t prim arily determined in  h ig h  jj

speed ateam flow  by the p h y s ic a l l im it  to  the su p e rsa tu ra te d  s ta te ,  

exp ressed  by the S*S® r a t i o ,  b u t by the sudden o b s tru c tio n  o f  the
i

shock wav©* This at.once tran sfo rm s the problem in to  one In  jl
j i

hydrodynamics and the  s ig n if ic a n c e  o f  the So So r a t i o  i s  g r e a t ly  jj

reduced® I f  i t  were p o ss ib le  to  imagine a p e r f e c t ly  smooth un- 1

d is tu rb e d  flow  in  the development o f th e se  h igh  speeds, th en  the



ixw itixig r a t i o  would e v e n tu a lly  o p era te  to  end the super

saturated  condition* With anything o f  the nature o f  a shook wave 

in  the flow  a compulsory change i s  Imposed a t  th a t position*

There ape  two asp ects o f  these phenomena which deserve 

n o tice  as pro v id in g  f u r th e r  argum ents i n  favour o f th e  conclusion® 

One i s  t h a t  the  s u p e rs a tu ra te d  c o n d itio n  i s  h ig h ly  unstable and 

shock i s  probab ly  th e  s u r e s t  way o f  causing  reversion®  The o th e r  

i s  t h a t  b o th  the shock e f f e c t  i n  f lu id  flow  and re v e rs io n  from the 

su p e rsa tu ra te d  c o n d itio n  a rc  n a tu ra l  phenomena c h a ra c te r is e d  a l ik e  

by the fe a tu re  o f  a lm ost in s ta n ta n e o u s  en tropy  increase*

While the co n c lu s io n  reached  can  h a rd ly  be q uestioned  as  

a reaso n ab le  in t e r p r e t a t i o n  o f  the  d iv e rg e n t nozz le  r e s u l t s ,  ©semin

a t io n  o f  the  convergen t nozzle  cu rves does n o t d is c lo s e  the  same 

d e f in i t e  fa c tso  Well d efin ed  recorapressions do n o t e x i s t  i n  the  

expansion w ith  the  convergent p a r a l l e l  type o f nozzle  and so the 

a s s o c ia t io n  made so c le a r  by th e  d iv e rg e n t type canno t be d e te c te d  

in  the same way i n  the other®

But the reaso n in g  i s  based  on the  e x is te n c e  o f  shook waves 

and n o t on the  e s tab lish m en t o f  ma^or r  ©compressions® But th e  

convergent nozzle  can expand to  th e  c r i t i c a l  c o n d itio n  and re v e rs io n  

ha© been d e te c te d  by the tem perature measurements i n  a l l  oases in  

which i t  does® Since the  a c o u s tic  v e lo c i ty  I s  reached  shock waves 

ar© possible®  These do n o t always d icftlose them selves by marked 

p ressu re  rises®  In  f a c t  the  method o f  m easuring  p re ssu re  i n  these  

experim ents i s  n o t a b le  to  d e te c t  © light p re ssu re  i r r e g u l a r i t i e s  

except o c c a s io n a lly  o r by sp e c ia l  precautions®
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That prassur©  ^uiiip" aoea occur xn such c a se s  has oeen 

n o ticed  by sev era l In v estig a tio n s  and has been under ce r ta in  

con d ition s observed in  the present experiments® At an ea r ly  stage  

i n  the f i r s t  ser3.es o f  p re ssu re  and flow  t e s t s 9 p re ssu re  d is 

c o n tin u itie s  were o b ta in ed  In the Convergent P a r a l l e l  nozzle® Th© 

n a t e s  o f  th ese  i s  shown i n  £ ig 0(/*5) i n  which w ith  d i f f e r e n t  i n i t i a l
: I*

co n d itio n s^  the  p o s i t io n  o f  the  p re ssu re  wJurapw v a r ie d  © lig h tly « 

These cannot be r e la te d  to  the l a t e r  re v e rs io n  d e te rm in a tio n s  as 

the  same i n i t i a l  co n d itio n s  were n o t repeated® But th e  f a c t  o f a 

t r a n s i to r y  p re ssu re  r i s e  would appear c e r ta in s  and i t  i s  always 

f a i r l y  c lo se  to  the nozz le  o u t l e t  i n  which re g io n  re v e rs io n  in 

v a r ia b ly  occurso I t  a ls o  ©hows th a t  w ith  d i f f e r e n t  i n i t i a l  

tem p era tu res  the re v e rs io n  p o s i t io n  v a r ie d  slig h tly ®

But th i s  m ild  experim en ta l d em o n stra tio n  i s  h a rd ly  

n ecessa ry  I f  i t  i s  allow ed that the  shock wave,, when i t  e x is ts .,  can 

compel reversion®  There i s  always a shook wave a s s o c ia te d  w ith  the 

o u t l e t  c o n d itio n s  in  a convergent n o ss le  expanding to  th e  c r i t i c a l  

co n d itio n s  or d e liv e r in g  in to  a  space w ell below the c r i t i c a l  

pressure® The wave may be anywhere around the nozzle o u t le t  and 

th a t  i s  p r e c is e ly  what ha© been found fo r  the re v e rs io n  p o in ts  i n  

th a t  p a r t ic u la r  nozzle  ty p e? as can be seen  by re fe re n c e  to  figs®

(29 and 32)»

Hence9 a lth o u g h  the sim ple nozzle  form does n o t provide 

the same p o s i t iv e  evidence a s  the d iv e rg e n t type* the  f a c t s  which i t  

g iv es  do no t c o n f l ic t  w ith  the co nc lusions drawn from the evidence 

of the la tte r®  I t  may th e re fo re  be claim ed th a t  the  tem perature



wurveb have o o ta in ea  in  tnes© in v e s tig a tio n ®  ao , in

e f f e c t ,  e s ta b l i s h  the  shock e f f e c t  i n  h igh  speed flow  a s  th e  con

t r o l l i n g  f a c to r  i n  reversion®

Some reaso n s  have a lre a d y  been advanced to  sipw th a t  th e  

c h a r a c te r i s t i c  flow  curve type i s  n o t i n  c o n f l i c t  w ith  th e  id e a  o f 

sudden re v e r s io n , i t  may be claim ed th a t  a l l  o f  the  experim ental 

evidence i s  in  accord  w ith  the sim ple co n c lu sio n  reached® I t  may 

be added th a t  t h i s  co n c lu sio n  se rv e s  a ls o  to  e x p la in  the v a r ia t io n s  

and u n c e r ta in t i e s  o f  the  S»S« r a t i o  h i th e r to  co n s id e red  a® the  

determ in ing  influence®

C® CONCLUSIONS

This s tudy  o f  flow , p re ssu re  and tem peratu re  e f f e c t s  in  

sm all e lem entary  nozzle© under condition®  o f su p e re a tu ra tio n  le a d s  

to  th e  fo llo w in g  g e n e ra l co n c lu sio n s ;

1® The flow  curve type o r ig in a l ly  e s ta b lis h e d  by M ellanby and 

K err I s  f u l l y  substan tia ted®  The p e c u l ia r i ty  they  found i s  even 

more pronounced® I t  p e r s i s t s  even in  cases  where h igh  lo s s e s  

p rev en t flow s above the  th e o re t ic a l  on s ta b le  expansion®

2® The v a r ia t io n  o f flow  curve form w ith  su rfa ce  r a t i o  

in d ic a te s  th a t  the M ellanby and K err id ea  o f p a r t i a l  re v e rs io n  b efo re  

the S®S® l im i t  i s  no t r a t i o n a l ,  and the support which th a t  th eo ry  

give® to  the argument th a t  condensation  comes down on exposed su rfa ce



i s  w iereoy lost®

3® There la  no ap eo la l j u s t i f ic a t io n  fo r  the id ea , used by 

P ow ell, o f  gradual reversion  beyond the S®S* limit® I t  would seem 

that the con sid eration  o f  lo s s e s  in  the flow  combined ipith the 

idea  o f  sudden reversion  i s  in  b e tte r  agreement w ith  the fa c ts  in  

so fa r  as flow  curves oan d isc lo se  them®

By the use o f  a thermo junction  so arranged ap to  be hidden 

and Insu lated  i t  i s  p o ssib le  to  obtain  records o f  undercooling and, 

p a r tic u la r ly , o f  the fa o t  and p o s it io n  o f  sudden reversion®  

Temperature curves obtained in  th is  way provide the evidence that 

flow  determ inations cannot give®

5o The undercooling in  the range o f  supersaturated flow , as 

recorded by the sp ec ia l thermo ju n ction , I s  much l e s s  than i t  w i l l  

be in  the fluid® The discrepancy l i e s  in  the fa c t  that the junction  

i s  reading the boundary layer  temperature and t h is  i s  above the 

stream temperature by v ir tu e  o f the transform ation o f lo s s e s  in to  

heat® The th e o r e tic a l reasoning that e s ta b lish e s  the d ifferen ce  as  

approximately dependent on the square o f the v e lo c ity  i s  f a ir ly  

supported by the values deduced from these experiments®

6® Since the temperature measurements show some undercooling  

and the fa ilu r e  to  show a i l  o f i t  has been r a t io n a lly  exp lained , 

there i s  no j u s t i f ic a t io n  for  the b e l i e f  that condensation w il l  occur 

on a l l  su rfaces exposed to the flow®

7® As the occurrence o f reversion  i s  c le a r ly  shown and i t s  

p o s it io n  s p e c if ic a l ly  in d icated  by the temperature records, the values  

of pressure, v e lo c ity  and S®S® r a t io  are ©11 deducable f o r  the



experiments® While systems t ie  variation o f the s«s® ratio  with 

ve lo c ity  would appear to  be shown th is  i s  not fundamental® This 

veloo lty  i s  merely re flectin g  the flow condition that actually  

enforces reversion®
8® Reversion i s  a consequence o f  the shock wave that e x is t s  

in  high speed flow  around and above the a co u stic  velocity®  The 

fa c t  i s  f u l ly  demonstrated by the divergent nozzle t e s t s  where 

reversion i s  always co in cid en t w ith the recompresslon® I t  i s  a lso  

supported by the convergent nozzle r e s u lt s  where reversion  takes 

place around the nozzle o u t le t  which i s  the p o s it io n  o f the shock 

wave in  such a case®

9o I t  fo llo w s th at the S®S® r a t io  h ith er to  always employed 

as determining the l im it  o f  the supersaturated flow  cannot be so  

used in  the case o f  high speed expansion where the l im it  i s  r e a lly  

s e t  by these hydrodynamic con d ition s that create a shock wave®
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