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Results are g i v e n  on the hydraul ic  res is tance to a flow of unsaturat-  

ed l iquid with boi l ing at  the wal l  at speeds of 50 -210  m / s e t .  
There have  recent ly  been papers [ 1 - 4 ]  on the effects of boi l ing on 

l iquid flow, most  of which have  been done with water  a t  low flow 
rates (Wg ~- t04 k g / m  2 �9 see). 

Here we present results for f low of 96% ethanol  in tubes with boi l ing 
at  the wal l  over a very large  range of speeds. 
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Fig. i 

The apparatus was a closed high-pressure loop with an auxiliary 

heater, working section, mixer (with thermocouples), cooler, control 

valves, and sump. The liquid was circulated by two three-piston 

pumps in series with an auxiliary centrifugal pump. 

The working section was made of iCrl8Ni9Ti stainless steel or al- 

loyed copper with a diameter of 2 or 3 mm and a length Z = 15D. The 

surface finish of the smooth tubes was class 8-9, while the roughened 

tubes had D/A from 3000-12 000 (A of 0.1-0.6 gin). 

Figure i shows the working section, which consists of the confuser 

i, the hydrodynamic stabilization section 2, heated part 3, and dif- 

fuser 4. The input and output  parts had very  th ick  wal ls  with pressure 
nuts 5 to connect  to the rest of the loop. These th ick  parts had two 

rad ia l  holes 6 each  0.4 m m  in d iamete r  at  0.5 m m  from the in le t  and 

out le t  of the heated part,  in order to measure  the pressure and hy-  

draul ic  res is tance.  These holes led to the tubes 7, which were con-  

nec ted  to gauges.  The confuser and diffuser provided flow without 
de t achmen t  in the heated part.  

The high flow speeds m e a n t  tha t  the pressure at  the in le t  some-  
t imes  exceeded 300 bar, whereas the s ta t ic  pressure in the hea ted  

part was only 20-50  bar. Under these condit ions,  even a smal l  effect  

from the dynamic  pressure on the measured s ta t ic  pressure could lead 

to a considerable  error in de te rmin ing  the hydraul ic  res is tance and the 

dev ia t ion  from the saturat ion tempera ture .  For this reason, e spec ia l  

a t tent ion  was g iven  to the in te rna l  finish, espec ia l ly  a t  points where 

the pressure was measured.  To e l i m i n a t e  burrs on the inner wall ,  
holes 6 were dr i l led  before the f ina l  surface finishing of the heated 

part.  The bore of part 3 was finished correct  to 0.O05 ram. As each 
sect ion had two holes each with i ts  own pressure gauge,  the gauge  

readings could be compared in order to establish whether the pressure 

was read correct ly .  The components  were considered accep tab le  if 
the readings agreed exac t ly .  

The heated part was heated by low-vo l t age  ac brought in via  the 

copper leads 8 from an OSU-80 stepdown transormeL An ROT-25 va r i ac  
was used to control  the heat  input.  

Measurements  were m a d e  of the heat  input,  hydraul ic  resistance,  

pressure, flow rate, and exi t  tempera ture .  The hea t  input  was deduced 

from the e l ec t r i c a l  input to the heated part, which was measured with 

an as ia t ic  wat tmeter  of accuracy class 0.2. The  pressure and hy-  
draul lc  resis tance were measured with class 0.4 gauges  whose accuracy  

had been further improved by previous ca l ib ra t ion  agains t  an MP-60 
piston gauge  of class 0.05. 

The flow rate  was deduced from the pressure drop across a throt t le  
as measured with a d i f ferent ia l  mercury manomete r .  This m a n o m e t e r  

had previously been  adjusted to g ivg  me op t ima l  di f ference between 
the mercury  leve ls  and was ca l ib ra ted  by use of a measur ing  vessel ,  
a t h r ee -way  stopcock, and an e l e c t r i c  c lock .  Check  ca l ibra t ions  were 

performed after each run. Runs were accepted  if  the sca le  of the d i f -  
f e ren t i a l  manome te r  had a l tered less than  1% be tween  repea t  c a l i b r a -  

t ions.  The ex i t  t empera tu re  was measured by the three  e h r o m e l - a l u m e l  
couples  9 (Fig. 1), whose hot  junct ions were in  the l iquid within the 

mixe r  10. The emf  was measured  with an R 2 /1  s e m i a u t o m a t i c  po-  

t en t iome te r .  The mixer  produced a uniform tempera ture  distr ibution 

across the cross-section; i t  was a s tee l  tube  f i t ted with semic i rcu la r  

baffles 11. The couples were p laced  in the gaps be tween  the baffles; 
the i r  readings were compared to establ ish the per formance  of the 
mixer .  

The tests were done at  20, 30, 40, and 50 bar with flow rates  of 
1.75 �9 104, 4 �9 104, 5 �9 104, 5.3 �9 104, 5.8 �9 104, 7 �9 104, 8 �9 104, and 

13.5 �9 t04 k g / m  2 �9 sec and deviat ions  from saturat ion of 10"--190 ~ K. 

These condit ions corresponded to Reynolds numbers  R = 2 �9 104 --2 �9 1 0 6  
Some of the measurements  were m a d e  on a tube  of  1Cr l8NigTi  s tee l  

whose in ternal  surface had been  buffed. The results for i so the rmal  
flow up to R of 2 �9 10 s agreed wi th  Nikuradsets result~ for smooth 

tubes.  

The effects of surface roughness were examined  by using two 

s ta in less -s tee l  tubes whose in te rna l  surfaces had been t rea ted with 

abrasive powders of different  gra in  sizes. Resistance measurements  

under i so the rmal  condit ions showed tha t  the results were as for rough 
tubes with uniform roughness for R > 3.2 �9 l0  s in  one case and R > 

> 8.7 �9 l0  s in the other. The heights  of the surface project ions were 
0.25 and 0.60 ,um. 

We also used tubes of a l loy  copper with D of 1.5 and 2 m m  and 
roughness 0 .2 -0 .6  g in .  

The  runs with hea t ing  were performed as series; in each  series, the 
pressure and mass f low ra te  r emained  constant,  the va r iab le  pa ram-  

eter  in the series being ei ther  the hea t  input or the dev ia t ion  from 

saturation.  The former was var ied  from zero up to the c r i t i c a l  load-  

ing.  The results were presented as go (reduced hydrau l i c - res i s t ance  

coeff ic ient )  as a funct ion of q0 (reduced h e a t  flux) and K. (d imen-  

sionless dev ia t ion  from the sa turat ion tempera ture) ,  in  which go is the 

rat io  of g (coef f ic ien t  of hydraul ic  res is tance  for t empera tu re -va ry ing  
flow) to go (the same  for i so thermal  flow). 

0 / g q: 

Fig. 2 

It has been shown [5] tha t  the r e l a t ion  of c r i t i c a l  hea t  flux to 

dev ia t ion  from saturat ion can be extended if we take  the fol lowing 
d imensionless  quant i ty  as the paramete r  def ining the effects  of that  
dev i a t i on  on the c r i t i c a l  flux: 

K ,  ( i '  - -  i) r - 1 1 / p  / p " .  
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S m o o t h  t u b e s  k g / m  ~ �9 sec 
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It has been found [6] that ,  at high flow speeds, there  is a d i rect  

r e l a t i on  be tween  the c r i t i c a l  hea t  flux and the t angen t i a l  stress a t  the 

wal l .  For this  reason, and by analogy with the boi l ing crisis in forced 

flow, we used K. as the gene ra l i zed  pa ramete r  def ining the effects  of 
�9 . . 0 

devzat lon from saturatxon on g . 

The effects  of hea t  load on go with boi l ing  were eva lua ted  v ia  d ie  

above q0  which is the rat io  of the  ac tua l  hea t  flux q to the hea t  flux 

q0 corresponding to the  onset of boi l ing at  the hea ted  wail ,  as deduced 

from the formula  for convec t ive  hea t  transfer without  boi l ing  

~, / ~ ,  ,O. lz t  

= 0.023 ~ R~ TM [--~) (T'-- T). qo 

The results were first worked up as g0 agains t  q0 for each  pressure 

and Wg. Figure 2 shows a set of curves for p = 30 bar and W~ = 5.8 �9 

�9 104 k g / m  z " s e c ,  wi th  K* as pa rame te r  tak ing  the fo l lowing values :  

1) 2.34, 2) 2.6, 3) 2.9, 4) 3.5, 5) 4, 6) 4.3. There is a marked  f a l l  
in go as q0 increases  from 0 to 1, with a m i n i m u m  and a m a x i m u m  in 

the region q0 > 1. The m a x i m u m  corresponds to the precrisis state.  

There  is less than  10% dif ference  be tween the m a x i m u m  and m i n i m u m  
0 > 4 2 13 

values  of g for W ~ - 4 . 1 0  k g / m  . s e c a n d q  >1.  
Figure 3 shows%~ for the m a x i m u m  on g0(q0), whi le  Tab le  1 

g ives  the p, Wg, and D/A for Fig. 3. There are three d is t inc t  regions 

in  K.: 1) < 0.2, 2) 0.2 < K, < 2, 3) >2. Here we consider only the l a t -  

ter  two regions; die  region K. < 0.2 is one of ex tens ive  evapora t ion  and 

requires further study. Figure 3 shows tha t  G O is constant  a t  about  1 in  

the  region 0.2 < K. < 2 and is independent  of the hea t  flux, I(., wa l l  
roughness, p, and Wg. As K, --> 2, g~ fal ts  to 0.9 and remains  con-  

stant in  the range 2 <K.  <2 .5 .  There is a further fa l l  in  g~ K. > 
> 2.5, where for Wg between 4 �9 104 and 6 �9 104 k g / m  z �9 see a l l  the 

points  l i e  on the s ingle  s traight  l i ne  

~o = 1 .36- -0 . t8  K .  

no ma t t e r  what the va lue  of q, p, or Wg. 

Comparison of theory with expe r imen t  shows tha t  the fa l l  in go for 

K. > 2 cannot  be due solely to the nonisod ie rmal  nature of the flow. 

The theo re t i ca l  g~ curves for noniso thermal  f low without boi l ing  

should also show an apprec iab le  dependence  on p and Wg, but  Fig. 
3 does not  r evea l  this.  We may  therefore suppose tha t  the fa l l  in  g0 
for K. > 2 is due to an effect  of boi l ing  on the hydraul ic  res is tance at 

h igh  speeds which is speci f ic  to large  devia t ions  from saturat ion.  

It has been shown [6] tha t  the  region I<. < 2 is charac te r i s t i c  of the 

occurrence  of normal  boi l ing crises in  forced mot ion  of a l iquid.  For 

K.  > 2 there  are extended boiling crises that  differ subs tant ia l ly  from 

normal  ones not only in ex te rna l  features but also in the re la t ion  of 
c r i t i c a l  hea t  flux to dev ia t ion  from saturat ion.  There is a common 

0.7 ~ - I  , - 6  
v - 2  ^ - 7  
o - 3  + -8 
<~-4 x -9  

0.4 v - 5  o - / 0  
O 1 2 ,? g.  

Fig. 3 

boundary for 1) t ransi t ion from normal  crises to extended ones, 2) 
t rans i t ion  from the region go ~ 1 to the reg ion  of lower go. This in -  
d ica tes  tha t  there  is some deeper  and h i ther to  unsuspected r e l a t ion  

be tween  boi l ing crises and hydrodynamic  phenomena  in l iquid flows, 

which here  makes  i t se l f  fe l t  in  the t rans i t ion  to the  region of extended 

boi l ing  crises. 
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