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EFFECTS OF DISSOLVED GAS AND DOWNSTREAM GEOMETRY 
DURING BLOWDOWN OF A SUBCOOLED LIQUID 

Y .S. Cha 
R.E. Henry 

Argonne National Laboratory 

ABSTRACT 

The effects of dissolved gas and downstream geome- 
try during a blowdown transient were investigated ex- 
perimentally. It was observed that dissolved gas did 
not significantly affect the blowdown process if no ad- 
ditional surface was available in the test section to 
provide nucleation sites. However, if sufficient nu- 
cleation sites were available in the system, large am- 
plitude, continuous pressure oscillations were observed 
when the system contained a large amount of dissolved 
gas. The delay in blowdown times caused by these oscil- 
lations were between 20 to 30%. The amplitude of osc'il- 
lations increased with increasing initial pressure in 
the blowdown vessel and the oscillatory frequency was 
between one to five cycles per second. These oscilla- 
tions were likely to be associated with the so-called 
density-wave oscillations sometimes encountered in a 
two-phase flow system. 

A single-phase, incompressible, quasi-steady model 
was developed to predict the pressure history in the 
blowdown vessel and the discharge flowrate. This model 
is able to predict the blowdown process as accurately 
as one can assess the polytropic behavior of the ini- 
tial gas volume in the vessel. 

NOMENCLATURE 

cross-sectional area at the throat of the noz- 
zle, m2 
nozzle discharge coefficient 
diameter of the pipe downstream of the nozzle, 
m 
friction factor 
length of the pipe downstream of the nozzle, m 
mass, kg 
polytropic exponent 
pressure, Pa 
Reynolds number, pQUld/u 
time, s 
velocity, m/s 
specific volume, m3/kg 
volume, m3 
axial distance downstream from the nozzle, m 
void fraction 
density, kg/m3 
viscosity, Pa.s 
skin friction, Pa 

rl critical pressure ratio, Pt/Pi 

Subscripts 

A atmospheric condition 
B blowdown 
e exit 

i initial condition or inlet (stagnation) 
condition 

9, liquid 
t nozzle throat 
o blowdown vessel 
1 location immediately downstream of the nozzle 

throat (see Fig. 2) 
2,3,4 axial locations downstream of the nozzle throat 

(see Fig. 2) 

INTRODUCTION 

Emergency Core Cooling System (ECCS) accumulators 
of a Pressurized Water Reactor (PWR) contain water at 
approximately 65 C at pressures up to 4.24 MPa under 
steady-state conditions. The pressure is maintained 
with nitrogen gas, thus water can be saturated with 
nitrogen at that particular temperature and pressure. 
During a hypothetical Loss-of-Coolant Accident (LOCA), 
these high pressure accumulators would deliver water to 
the reactor pressure vessel. During this decompression 
process, the solution becomes supersaturated and dis- 
solved nitrogen can exit from solution at active nucle- 
ation sites in the form of bubbles. These bubbles, in 
sufficient quantity, could significantly affect the 
discharge rate that is being delivered to the reactor 
by changing the compressible characteristics of the 
fluid. Experimental results reported by Westwater (1) 
indicated that homogeneous nucleation of the gas could 
not be achieved during a fast decompression process in 
a subcooled liquid. Therefore, the sites available for 
nucleation are limited by the availability of solid 
walls to provide active sites. In this study, the ef- 
fects of dissolved gas during a blowdown transient are 
investigated. Three important parameters were varied 
in this investigation: (1) the amount of dissolved gas 
(N2) in water, (2) the rate of depressurization, and 
( 3 )  the number of preferred nucleation sites available 
in the system. The results presented in this paper 
were typical of a large amount of data obtained during 
this investigation which can be found in Ref. (2). 

EXPERIMENTAL APPARATUS 

Figure 1 illustrates the essential features of the' 
apparatus which includes the blowdown vessel, the dis- 
charge nozzle, the piping system, and the instrumenta- 
tion. The stainless steel blowdown vessel was approxi- 
mately 1.22 m long and had an ID of 0.1 m. A bubbling 
device was installed at the bottom'of the blowdown 
vessel to accelerate the dissolving process before each 
test. A relief valve (set at 4.93 MPa) was installed 
on top of blowdown vessel, and a vent line was provided 
at the top to alleviate the gas flow required for bub- 
bling N2 through the water. Absolute pressure trans- 
ducers were used to measure the blowdown vessel and 
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F i g . 1  Schematic of expe r imen ta l  a p p a r a t u s  
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Fig .2  Dimensions (mm) and p r e s s u r e  t a p  l o c a t i o n s  f o r  
d i s c h a r g e  geomet r i e s  A, B ,  and C  

d i s c h a r g e  nozz l e  p r e s s u r e s ,  and t h r e e  thermocouples 
were i n s e r t e d  i n t o  t h e  blowdown v e s s e l  from t h e  top  t o  
measure t h e  g a s  space  and wa te r  tempera tures .  The blow- 
down v e s s e l  was hea t ed  by e x t e r n a l l y  wrapped h e a t i n g  

w i r e s  and was the rma l ly  i n s u l a t e d  i n  o r d e r  t o  minimize ,. 
h e a t  l o s s  du r ing  t h e  n i t r o g e n  d i s s o l v i n g  p roces s .  The 
t r a n s i e n t  was i n i t i a t e d  by a c t u a t i n g  a  pneumat ica l ly  
ope ra t ed  b a l l  v a l v e  upstream of t h e  d i s c h a r g e  nozz l e .  
A l l  measurements were recorded on a  Honeywell v i s i c o r d e r  i 
(Model 1858) .  

Three d i s c h a r g e  geometr ies  which a r e  shown i n  F ig .  
2 were f a b r i c a t e d  f o r  t h e s e  t e s t s .  ~ i s c h a r ~ e  nozz l e  A 
had a  s h o r t  p a r a l l e l  s e c t i o n  downstream from t h e  t h r o a t  
of t h e  nozz l e  which had an  I D  of 3.175 mm, d i s cha rge  
geometry B  had a  l ong  c i r c u l a r  d u c t  downstream from t h e  
t h r o a t  o f  t h e  nozz l e  w i th  an  I D  of 3.175 mm, and d i s -  
cha rge  geometry C  had a  long c i r c u l a r  duc t  downstream 
from l i l e ~ d  nozz le  w i th  an  ID of 4.762 mm. 
F igu re  2  s o  shows t h e  l o c a t i o n s  of t h e  p r e s s u r e  t a p s  
f o r  each t e s t  s e c t i o n .  The length- to-diameter  r a t i o  
of t h e  c i r c u l a r  duc t  downstream of t h e  t h r o a t  was a100 
f o r  both  d i s c h a r g e  geometr ies  B and C .  

A d d i t i o n a l  i n t e r n a 1 , s u r f a c e  a r e a  ( p r e f e r r e d  nucle- 
a t i o n  s i t e s )  was provided i n  some t e s t s  by i n s t a l l i n g  
a  tube  bundle  i n  t h e  blowdown v e s s e l .  Th i s  tube  bundle 
i nc reased  t h e  s u r f a c e  a r e a  i n  c o n t a c t  w i th  water  by a  
f a c t o r  of approximate ly  10 ,  and was made of th in-wal led  
hollow tubes .  These tubes  had an  I D  of 3.937 mm and an  
OD of 4.420 mm and were welded t o  ch ree  L l~ in  p e r f o r a t e d  
p l a t e s .  The tube  bund le  was f i t t e d  i n t o  t h e  v e s s e l  from 
t h e  top  and s topped s h o r t l y  b e f o r e  r each ing  t h e  opening 
l e a d i n g  t o  t h e  d i s c h a r g e  nozz l e .  

EXPERIMENTAL PROCEDURES 

Before  p r e s s u r i z i n g  t h e  sys tem,  t h e  blowdown v e s s e l  
was f i l l e d  w i t h  d imine ra l i zed  wa te r  t o  a  l e v e l  of ap- 
proximate ly  t h r e e - f o u r t h s  of t h e  t o t a l  h e i g h t  of t h e  
blowdown v e s s e l  (only  one water  l e v e l  was used f o r  a l l  
t h e  t e s t s )  and then  heated  up t o  t h e  d e s i r e d  tempera ture  
( t h i s  procedure  u s u a l l y  r equ i r ed  l e s s  t han  one h o u r ) .  
The water  tempera ture  was then mainta ined c o n s t a n t  by 
a d j u s t i n g  t h e  r h e o s t a t  s e t t i n g s  (which c o n t r o l l e d  t h e  
power i n p u t  t o  t h e  h e a t i n g  w i r e s )  d u r i n g  t h e  n i t r o g e n  
dissnlvi .ng  (bubbl ing)  p roces s .  I n i t i a l l y ,  t h r e e  d i f -  
f e r e n t  p r e s s u r i z a t i o n  procedures  were employed: (1) ze ro  
c o n t a c t  t ime between N 2  and w a t e r ,  (2)  6  hour s  bubbl ing 
a t  t h e  d e s i r e d  p r e s s u r e ,  and (3)  48 hour s  bubbl ing a t  
t h e  d e s i r e d  p r e s s u r e .  I n  l a t e r  t e s t s ,  on ly  two pres-  
s u r i z a t i o n  procedures  were employed: (1)  z e r o  bubbl ing 
t ime,  and (2)  24 hour s  bubbl ing s i n c e  no d i f f e r e n c e  
could  be  d i s c e r n e d  between t h e  24 and 48 hour i n t e r v a l s .  
During t h e  bubbl ing p roces s ,  t h e  v a l v e  i n  t h e  ven t  l i n e  
was opened s l i g h t l y .  

Immediately b e f o r e  each t e s t ,  t h e  power supply  t o  
t h e  h e a t i n g  w i r e s ,  t h e  v e n t  l i n e  v a l v e ,  and t h e  n i t r o -  
gen supp ly  v a l v e  (va lve  No. 2  i n  F ig .  1 )  were turned 
o f f .  The r e c o r d e r  was then  turned on and t h e  b a l l  
v a l v e  was a c t u a t e d  t o  i n i t i a t e  t h e  blowdown. 

The r ange  of i n i t i a l  p r e s s u r e  i n  t h e  blowdown ves- 
s e l  i n  t h e  p r e s e n t  t e s t s  were from 1 .48  MPa t o  4.24 MPa. 
A l l  t h e  t e s t s  were conducted by d i s c h a r g i n g  t h e  l i q u i d  
iiltu t h e  atmosphcrc.  Most t e s t s  were conducted a t  a  
tempera ture  of 65 C  and on ly  a  few t e s t s  were conducted 
a t  room t empera tu re  and a t  38 C .  Th i s  was done because  
r e s u l t s  i n d i c a t e d  tempera ture  v a r i a t i o n s  i n  t h i s  range  
had l i t t l e  e f f e c t  on t h e  blowdown behav io r .  

S ince  a  l a r g e  number of t e s t s  were conducted,  i t  
would be  convenient  t o  d e s i g n a t e  each t e s t  run  wi th  a  
name acco rd ing  t o  t h e  p a r t i c u l a r  c o n d i t i o n s  under which 
i t  was conducted.  The d e s i g n a t i o n  adopted i n  t h i s  
paper is: 

Run (R) - t ype  of d i s c h a r g e  nozz l e  (A, B ,  o r  C) - 
w i t h  o r  w i thou t  tube  bundle i n s i d e  t h e  blowdown 
v e s s e l  (TB o r  NO) - i n i t i a l  p r e s s u r e  i n  t h e  
blowdown v e s s e l  (MPa) - tempera ture  (C) - bubbl ing 
t ime (hour s ) .  
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Fig .3  Comparison between c a l c u l a t e d  and measured 
v e s s e l  p r e s s u r e  v e r s u s  t ime  f o r  tests conducted  
w i t h  d i s c h a r g e  n o z z l e  A  and w i t h o u t  t u b e  bund l e  
i n s i d e  t h e  v e s s e l  

F o r  example,  R-A-TB-4.24-65-24 r e p r e s e n t s  a t e s t  
r u n  w i t h  d i s c h a r g e  n o z z l e  A,  w i t h  a  t u b e  bund l e  i n s i d e  
t h e  v e s s e l ,  i n i t i a l  v e s s e l  p r e s s u r e  of  4.24 MPa, a  
wa t e r  t empe ra tu r e  of  65  C, and a  sy s t em bubb l i ng  t i m e  
o f  24 h o u r s  a t  t h i s  t e m p e r a t u r e  and p r e s s u r e .  

EXPERIMENTAL RESULTS 

A. T e s t  R e s u l t s  With D i s c h a r g e  Nozzle A  

( i )  Wi thout  Tube Bundle I n s i d e  t h e  Blowdown Vesse l .  
F i g u r e  3  shows t h e  t y p i c a l  v a r i a t i o n  of  v e s s e l  p r e s s u r e  
w i t h  t ime.  I n  g e n e r a l ,  t h e  v e s s e l  p r e s s u r e  dec r ea sed  
r a p i d l y  i n  t h e  f i r s t  few seconds  and t h e  r a t e  o f  dep re s -  
s u r i z a t i o n  d e c r e a s e d  w i t h  t ime.  The re  were p o i n t s  of  
i n f l e c t i o n  i n  t h e  v e s s e l  p r e s s u r e  v e r s u s  t ime  c u r v e s ,  
which co r r e spond  r o u g h l y  t o  t h e  i n s t a n t  a t  t h e  end of  
t h e  blowdown test ,  i . e . ,  t h e  i n s t a n t  when t h e  l i q u i d  
above t h e  h e i g h t  of  t h e  d i s c h a r g e  n o z z l e  i n  t h e  blow- 
down v e s s e l  was exhaus t ed .  I n  t h i s  pape r ,  t h e  blowdown 
t ime was d e f i n e d  a s  t h e  t ime  r e q u i r e d  t o  exhaus t  a l l  
t h e  l i q u i d  i n  t h e  blowdown v e s s e l  above  t h e  d i s c h a r g e  
nozz l e .  F i g u r e  3  shows t h a t  t h e  decompress ion  p r o c e s s  
o f  a  n e a r l y  s a t u r a t e d  s o l u t i o n  ( w i t h  48 h o u r s  of  g a s  
bubb l i ng )  was s l i g h t l y  'lower t h a n  t h a t  of  a n  unde r sa t -  
u r a t e d  s o l u t i o n  ( z e r o  bubb l i ng  t ime ) .  

T y p i c a l  v a r i a t i o n s  of  t h e  n o z z l e  e x i t  p r e s s u r e  
w i t h  t i m e  a r e  shown i n  F i g .  4. The n o z z l e . e x i t  p r e s -  
s u r e  e x h i b i t e d  two peaks .  The f i r s t  peak occu r r ed  
immedia te ly  ( i n  t h e  o r d e r  o f  one - t en th  of  a second)  
a f t e r  t h e  b a l l  v a l v e  was a c t u a t e d  and i t  decayed t o  
a tmosphe r i c  p r e s s u r e  i n  a  r e l a t i v e l y  s h o r t  p e r i o d  of  
t ime  ( i n  o r d e r  o f  one  s econd ) .  The o c c u r r e n c e  of t h i s  
peak i n  n o z z l e  e x i t  p r e s s u r e  was p robab ly  due  t o  t h e  
i n i t i a l  f i l l i n g  o f  t h e  p r e s s u r e  t a p  l i n e  w i t h  wa t e r  a s  
i t  e n t e r e d  t h e  t e s t  s e c t i o n .  The second rise i n  n o z z l e  
e x i t  p r e s s u r e  was s imp ly  d u e  t o  t h e  f a c t  t h a t  t h e  
l i q u i d  i n  t h e  blowdown v e s s e l  was exhaus t ed  and g a s  was 
be ing  d i s c h a r g e d .  T h i s  o c c u r r e d  s i m u l t a n e o u s l y  w i t h  
t h e  i n f l e c t i o n  p o i n t  i n  t h e  v e s s e l  p r e s s u r e  v e r s u s  t ime  
c u r v e  and  p rov ided  a n  a c c u r a t e  means o f  d e t e r m i n i n g  t h e  
blowdown t ime  f o r  a l l  t h e  tests. I n  g e n e r a l ,  t h e  
h i g h e r  t h e  i n i t i a l  p r e s s u r e ,  t h e  s h o r t e r  t h e  blowdown 
t ime.  P r e s s u r e  p u l s e s  a t  r e l a t i v e l y  l a r g e  i n t e r v a l s  
( s i m i l a r  t o  t h a t  shown i n  F i g .  8 )  we re  obse rved  d u r i n g  
e a r l y  s t a g e  of  t h e  blowdown f o r  t e s t s  w i t h  r e l a t i v e l y  
h i g h  i n i t i a l  v e s s e l  p r e s s u r e  and w i t h  a  l a r g e  amount of  
n i t r o g e n  d i s s o l v e d  i n  w a t e r .  These  p u l s e s  we re  p robab ly  
due  t o  t h e  f o r m a t i o n  o f  l i m i t e d  number of  bubb l e s  i n  

0 5 10 .I5 2 0  25 30 
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F i g . 4  Expe r imen ta l l y  de termined  n o z z l e  e x i t  p r e s s u r e  
v e r s u s  t ime  f o r  d i s c h a r g e  n o z z l e  A  and w i t h o u t  
t u b e  bund l e  i n s i d e  t h e  v e s s e l  

t h e  sy s t em d u r i n g  t h e  t e s t s  s i n c e  t h e r e  were c a v i t i e s  
i n  t h e  s o l i d  boundary of t h e  sy s t em which c a n  s e r v e  a s  
n u c l e a t i o n  s i t e s .  I t  can  be  shown a n a l y t i c a l l y  t h a t , i f  
t h e s e  c a v i t i e s  a r e  l a r g e  enough and c o n t a i n  s u f f i c i e n t  
amounts of  t r a p p e d . g a s ,  bubb l e s  of  f a i r l y  l a r g e  s i z e s  
c a n  b e  formed i n  a r e l a t i v e l y  s h o r t  p e r i o d  of  t i m e  
comparable  t o  t h e  blowdown time of t h e  p r e s e n t  t c s t s  (2) 
These  bubb l e s  would e i t h e r  rise t o  t h e  s u r f a c e  o r  b e  
c a r r i e d  downstream through t h e  n o z z l e  when t h e  d i a m e t e r s  
of  t h e s e  bubb l e s  become e q u i v a l e n t  t o  t h e  d e p a r t u r e  
d i a m e t e r s .  

F i g u r e  5  shows t h e  t y p i c a l  t empe ra tu r e  v a r i a t i o n  
i n  t h e  g a s  r e g i o n  i n  t h e  blowdown v e s s e l .  The measured 
g a s  t empe ra tu r e  dropped s l i g h t l y  d u r i n g  t h e  f i r s t  few 
seconds ,  w h i l e  t h e  p r e s s u r e  was d e c r e a s i n g  r a p i d l y ,  and 
t h e n  r ecove red  d u r i n g  t h e  l a t e r  s t a g e  of t h e  t e s t .  From 
t h e n  on u n t i l  t h e  end of  t h e  t e s t ,  t h e  g a s  t empe ra tu r e  
remained c o n s t a n t .  The t empe ra tu r e  measured by t h e  
thermocouple  i n  t h e  g a s  r e g i o n  may n o t  r e p r e s e n t  t h e  
t r u e  t empe ra tu r e  of  t h e  expans ion  p r o c e s s  s i n c e  t h e r e  
may be  some l i q u i d  d r o p l e t s  e n t r a i n e d  i n  t h e  g a s  s p a c e  
by t h e  i n i t i a l  d e p r e s s u r i z a t i o n .  These  l i q u i d  d r o p l e t s  
would b e  h o t t e r  t h a n  t h e  g a s  and  would h e a t  t h e  s u r f a c e  

R-A-NO-  4.24-65-6 -I 

TlME ( 1 1 ,  s 

Fig .5  Measured v a r i a t i o n  of g a s  t empe ra tu r e  w i t h  t ime  
f o r  test conducted  w i t h  d i s c h a r g e  n o z z l e  A  and 
w i t h o u t  t u b e  bund l e  i n s i d e  t h e  v e s s e l  
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s i d e  t h e  v e s s e l  
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F ig .7  V a r i a t i o n s  of v e s s e l  p r e s s u r e  and p r e s s u r e s  
downstream of t h e  n o z z l e  t h r o a t  w i t h  t ime  f o r  
t e s t  conducted  w i t h  d i s c h a r g e  geometry B, 
w i t h o u t  t u b e  bund l e  i n s i d e  t h e  v e s s e l ,  and  w i t h  
z e r o  g a s  bubb l i ng  t ime.  
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Fig .8  V a r i a t i o n s  of  v e s s e l  p r e s s u r e  and  p r e s s u r e s  
downstream of t h e  n o z z l e  t h r o a t  f o r  t e s t  con- 
duc t ed  w i t h  d i s c h a r g e  geometry B, w i t h o u t  t u b e  
bund l e  i n s i d e  t h e  v e s s e l  and w i t h  24 hour  g a s  
bubb l i ng  t ime  

TABLE 11. MEASURED BLOWDOWN TIMES FOR 
DISCHARGE GEOMETRY B 
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of  t h e  thermocouple  i f  i n i t i m a t e  c o n t a c t  was e s t a b l i s h e d .  
The g a s  was a l s o  r e c e i v i n g  h e a t  from t h e  v e s s e l  w a l l s  -- (by conduc t i on )  d u r i n g  t h e  t e s t .  I n  g e n e r a l ,  i t  was 
observed  t h a t  t h e  h i g h e r  t h e  i n i t i a l  p r e s s u r e ,  t h e  
l a r g e r  t h e  t empe ra tu r e  d rop  d u r i n g  t h e  i n i t i a l  phase  of 
t h e  blowdown p r o c e s s .  

J 

( i i )  With Tube Bundle I n s i d e  t h e  Blowdown Vessel. 
F i g u r e  6  shows t h e  comparison of t h e  t e s t  r e s u l t s  
between a  z e r o  bubb l i ng  t ime and a  48 hour  bubb l i ng  
t ime.  R e s u l t s  s i m i l a r  t o  t h a t  w i t h o u t  t h e  t u b e  bund l e  
i n s i d e  t h e  blowdown v e s s e l  were observed  f o r  tests w i t h  
z e r o  b u b b l i n g  t ime.  However, l a r g e  amp l i t ude  o s c i l l a -  
t i o n s  ( i n  t h e  o r d e r  of  s e v e r a l  a tmospheres)  of  t h e  
n o z z l e  e x i t  p r e s s u r e  were observed  f o r  t e s t s  w i t h  48 
h o u r s  b u b b l i n g  t ime.  The . amp l i t ude  of t h e  o s c i l l a t i o n s  
d e c r e a s e d  w i t h  d e c r e a s i n g  i n i t i a l  p r e s s u r e  (hence ,  t h e  
p r e s s u r e  d rop  a c r o s s  t h e  nozz l e )  i n  t h e  blowdown v e s s e l .  
The o s c i l l a t o r y  f r equency  was app rox ima te ly  4-5 Hz and  
appeared  t o  d e c r e a s e  s l i g h t l y  d u r i n g  t h e  later s t a g e s  
of  t h e  blowdown p r o c e s s .  It was observed  t h a t  t h e  
shape  of  t h e  j e t  a t  t h e  n o z z l e  e x i t  was a l t e r n a t i n g  
between a  r e l a t i v e l y  s t a b l e  c i r cu l a r - co lumn  and a  d i s -  
pe r s ed  c i r c u l a r - c o n e .  The r a t i o s  between t h e  peak  of 
t h e  o s c i l l a t i n g  n o z z l e  e x i t  p r e s s u r e  and t h e  c o r r e s -  
ponding v e s s e l  p r e s s u r e  a t  any  i n s t a n t  ranged  from 0 .25  
t o  0 .30  f o r  t h o s e  t e s t s  w i t h  i n i t i a l  p r e s s u r e  e q u a l  t o  
2.86 MPa o r  h i g h e r .  The r a t i o  was s l i g h t l y  lower  f o r  
t e s t s  w i t h  i n i t i a l  p r e s s u r e  e q u a l  t o  1 . 48  MPa. 

The d e l a y  i n  t h e  blowdown p r o c e s s  caused  by t h e s e  

no d i s s o l v e d  g a s .  For  example,  a  compar ison  between 
r e s u l t s  shown i n  T a b l e  I and T a b l e  I1 (keep  i n  mind 
t h a t  d i s c h a r g e  geome t r i e s  A and B had t h e  same t h r o a t  
d i a m e t e r )  i n d i c a t e d  t h a t  t h e  blowdown t ime  was i n c r e a s e d  
a p p r e c i a b l y  by t h e  a d d i t i o n  of  a  l ong  p i p e  downstream 
of  t h e  nozz l e .  However, t h e  a v a i l a b l e  n u c l e a t i o n  s i t e s  
i n  t h e  sy s t em were n o t  enough t o  produce  t h e  l a r g e  
amp l i t ude ,  c o n t i n u o u s ,  and n e a r l y  p e r i o d i c  o s c i l l a t i o n s  
observed  f o r  tests conducted  w i t h  t ube  bund l e  i n s i d e  
t h e  v e s s e l .  

TABLE 111. MEASURED BLOWDOWN TIMES FOR 
DISCHARGE GEOMETRY C 

Run Des igna t i on  t ~ ( S )  A t ~ ( S )  % D i f f e r e n c e  

l a r g e  amp l i t ude  p r e s s u r e  o s c i l l a t i o n s  was more pro- ( i i )  With Tube Bundle I n s i d e  t h e  Blowdown Vesse l .  
nounced t h a n  t h o s e  t e s t s  conducted  w i t h o u t  t u b e  bund l e s  ~i~~~~ 9 and ~ i ~ .  1 0  show the measured vessel pressure 
i n s i d e  t h e  blowdown v e s s e l .  Tab l e  I is  a  l i s t  o f  t h e  and  p r e s s u r e s  downstream from t h e  n o z z l e  t h r o a t  f o r  
measured blowdown t imes  of t h e  t e s t s  conducted  wi.th t e s t s  conducted  w i t h  d i s c h a r g e  geometry B. Again. - - - .  
d i s c h a r g e  n o z z l e  A. It c a n  be  obse rved  from T a b l e  I smooth p r e s s u r e  p r o f i l e s  were obse rved  f o r  t e s t s  w i t h  no 
t h a t  t h e  e f f e c t  of  d i s s o l v e d  n i t r o g e n  was t o  i n c r e a s e  g a s  bubb l i ng .  Large  amp l i t ude  o s c i l l a t i o n s  o c c u r r e d  i n  
t h e  blowdown t ime  by app rox ima te ly  5  p e r c e n t  f o r  t h e  ~ i ~ e  downstream of t h e  n o z z l e  t h r o a t  f o r  t e s t s  w i t h  
tests w i t h o u t  a  t u b e  bund l e  i n s i d e  t h e  v e s s e l  whereas  
i t  i n c r e a s e d  t h e  blowdown t ime  by app rox ima te ly  25 
p e r c e n t  f o r  t e s t s  w i t h  t h e  t ube  bund l e  i n s i d e  t h e  ves-  
sel. I n  c a s e s  w i t h  no g a s  bubb l i ng ,  t h e  blowdown 
t imes  f o r  t e s t s  w i t h  t h e  t u b e  bund l e  i n s t a l l e d  were 
s h o r t e r  t h a n  t h o s e  w i t h o u t  t h e  t u b e  bund l e .  T h i s  
r e f l e c t s  a  s m a l l e r  l i q u i d  volume because  of t h e  
p r e sence  of  t u b e  bund l e  i n  t h e  former  c a s e s .  

B. T e s t  R e s u l t s  With D i scha rge  Geometr ies  B and C 

( i )  Wi thout  Tube Bundle I n s i d e  t h e  Blowdown 
Vesse l .  F i g u r e  7 and F i g .  8  show t h e  measured 
v e s s e l  Dre s su re  and p r e s s u r e s  downstream from t h e  
n o z z l e  t h r o a t  f o r  t e s t s  conducted  w i t h  d i s c h a r g e  
geometry B (on ly  P I  and PI, a r e  shown s i n c e  P p  and 
P3 e x h i b i t e d  s i m i l a r  b e h a v i o r s ) .  Smooth v a r i a t i o n s  i n  
p r e s s u r e s  were observed  f o r  t e s t s  w i t h  z e r o  bubb l i ng  
t i m e .  T h i s  is  t y p i c a l  f o r  a l l  t h e  tests w i t h  no g a s  
bubbl ing .  For  tests w i t h  24 h o u r s  bubb l i ng  t i m e ,  non- 
p e r i o d i c ,  i n t e r m i t t e n t  o s c i l l a t i o n s  ( a t  r e l a t i v e l y  
l a r g e  i n t e r v a l s )  w i t h  r e l a t i v e l y  s m a l l  amp l i t udes  were 
observed  f o r  t h e  p r e s s u r e s  i n  t h e  c o n s t a n t  c ross-sec-  
t i o n a l  a r e a  p o r t i o n  of t h e  t e s t  s e c t i o n .  S i m i l a r  be- 
h a v i o r s  were obse rved  f o r  tests conducted  w i t h  d i s -  
c h a r g e  geometry C. The blowdown t i m e s  f o r  t h e s e  t e s t s  
a r e  l i s t e d  i n  T a b l e s  I1 and 111. The p e r c e n t a g e  i n -  
c r e a s e  i n  blowdown t ime ,  between tests w i t h  z e r o  bub- 
b l i n g  t ime  and 24 hour  bubb l i ng  t ime,  was app rox ima te ly  
10% f o r  r e l a t i v e l y  h i g h  i n i t i a l  p r e s s u r e s  i n  t h e  blow- 
down v e s s e l  and app rox ima te ly  5% f o r  low i n i t i a l  p r e s -  
s u r e  i n  t h e  blowdown v e s s e l .  The p e r c e n t a g e  i n c r e a s e  
i n  blowdown t ime  f o r  t h e s e  t e s t s  were s l i g h t l y  h i g h e r  
t h a n  t h a t  of  t h e  co r r e spond ing  t e s t s  conducted  w i t h  
d i s c h a r g e  n o z z l e  A. T h i s  i s  because  t h e  l ong  p i p e  
downstream of t h e  n o z z l e  p rov ided  a d d i t i o n a l  f l ow  r e s i s t -  
a n c e  as i l l u s t r a t e d  by t h e  l a r g e r  d i s c h a r g e  t i m e s  w i t h  

24 hbu; bubb l i ng  t i m e .  The o s c i l l a t o r y  f r equency  de- 
c r e a s e d  s l i g h t l y  d u r i n g  t h e  l a t e r  s t a g e  of  t h e  blowdown 
p r o c e s s .  The amp l i t ude  of  o s c i l l a t i o n s  were  observed  t o  
d e c r e a s e  w i t h  d e c r e a s i n g  i n i t i a l  p r e s s u r e  i n  t h e  blow- 
down v e s s e l .  Again,  t h e  shape  of  t h e  j e t  a t  t h e  e x i t  
was observed  t o  a l t e r n a t e  between c i r cu l a r - co lumn  and 
c i r c u l a r - c o n e  when o s c i l l a t i o n s  o c c u r r e d .  S i m i l a r  
behav io r  was observed  f o r  tests conducted  w i t h  d i s c h a r g e  
geometry C. 

The blowdown t imes  f o r  t h e s e  t e s t s  a r e  l i s t e d  i n  

f l ow  o s c i l l a t i o n s  

between 1 0  t o  1 5  p e r  c e n t  f o r  t e s t s  w i t h  low i n i t i a l  
p r e s s u r e s  i n  t h e  blowdown v e s s e l .  

F i g u r e  11 shows t h e  compar ison  of  t h e  v a r i a t i o n  o f  
t h e  a v e r a g e  p r e s s u r e  w i t h  d i s t a n c e  i n  t h e  c o n s t a n t  a r e a  
p o r t i o n  of  t h e  test s e c t i o n  f o r  a  t e s t  w i t h  o s c i l l a t i o n s  
and one  w i t h o u t  o s c i l l a t i o n  a t  two i n s t a n t s .  For t h e  
test w i t h o u t  o s c i l l a t i o n s  ( z e r o  b u b b l i n g  t i m e ) ,  t h e  
p r e s s u r e  was obse rved  t o  d e c r e a s e  f a i r l y  l i n e a r l y  w i t h  
t h e  a x i a l  d i s t a n c e  downstream from t h e  n o z z l e  t h r o a t .  
For  t e s t s  w i t h  o s c i l l a t i o n s  (24 hour  b l tbbl ing  t i m e ) ,  
t h e  p r e s s u r e  was no l o n g e r  a  l i n e a r  f u n c t i o n  of  a x i a l  
d i s t a n c e  and t h e  p r e s s u r e  g r a d i e n t  i n c r e a s e d  s l i g h t l y  
a l o n g  t h e  a x i a l  d i s t a n c e .  T h i s  was caused  by t h e  
i n c r e a s e  i n  v e l o c i t y  a s  a  r e s u l t  o f  i n c r e a s e  i n  v o i d  
f r a c t i o n  a l o n g  t h e  a x i a l  d i s t a n c e .  

A SINGLE-PHASE, INCOMPRESSIBLE, QUASI-STEADY MODEL 

Assuming t h a t  t h e  d i a m e t e r s  of  t h e  v e s s e l  and t h e  
p i p e  ups t ream of  t h e  n o z z l e  a r e  much l a r g e r  t h a n  t h a t  of  
t h e  p i p e  downstream of  t h e  n o z z l e  and t h e  v o i d  f r a c t i o n  
is  ex t r eme ly  s m a l l  s o  t h a t  s i ng l e -phase  i n c o m p r e s s i b l e  
f l ow  r e s u l t s  c a n  b e  a p p l i e d .  The d i s c h a r g e  v e l o c i t y  a t  
any  i n s t a n t  is g i v e n  app rox ima te ly  by: 
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Fig.9 Variations of vessel pressure and pressures Fig.10 Variations of vessel pressure and pressures 
downstream of the nozzle throat for test con- downstream of the nozzle throat for .test 
.ducted with discharge geometry B, with tube conducted with discharge geometry B, with tube 
bundle irisiile thc vessel, and  with zero gas bundle inside the vessel, and with 24 hour gas 
bubbling time bubbling time 

The rate of change of liquid mass in the vessel can be 
approximated by: 

dmn./dt = -AU1p n. (2) 

for small void fractions. Since the total volume of the 
vessel remains un'changed, thus, 

V = V  + V I 1 = v m  + v m  
g g g  9.a 

and 

dV = v. dm + m dv + v dm + madvQ = 0 
g g  g g  n . 1  

( 3 )  

Assuming that no mass transfer occurred at the liquid- 
gas interface and the liquid flow is incompressible; 

dm = dvn. = 0 (4) 
g 

Equation (3) becomes: 

dV/dt = vn.(dmn./dt) + m (dv /dt) = 0 
g g 

(5) 

.Substituting equation (2) into equation (5) ; 

AUl = m (dv /dt) 
. g  g 

(6) 

Assuming that the gas in the vessel expands polytropi- 
cally, 

p vn = constant = P oivgi (7) 
0 g 

I I I Then, > 

0 25 50 75 100 dv /dt = -v (dPo/dt)/nPo (8) 
g g 

P / d  Substituting equations (7) and (8) into equation (61, 

Fig.11 Comparison of the average pressure versus dPo/dt = -AUlnPo (l+l/n)/(v l/n) 
axial distance downstream from the nozzle gi oi (9) 

throat between test with continuous pressure where 
oscillations and test without continuous 
pressure oscillations at two instants . V = m v  

gi g gi 
(10) 

The equation of motion for one-dimensional, incom- 
pressible, unsteady flow in a conduit is (21, 



where 

The s t e a d y - s t a t e  f r i c t i o n  f a c t o r  i s  u s u a l l y  used f o r  f  
(2). I n  t h e  p resen t  a n a l y s i s ,  we s h a l l  assume t h a t  t h e  
flow i n  t h e  p ipe  is turbulent.  and employ t h e  B las ius  
equa t ion  f o r  f :  

From t h e  exper imental  r e s u l t s ,  we s e e  t h a t  t h e  p r e s s u r e  
g rad ien t  a t  any i n s t a n t  i n  t h e  p ipe  i s  nea r ly  cons tan t  
f o r  c a s e s  where t h e  flow is  incompress ible .  Therefore ,  
i t  can be assumed t h a t ,  

S u b s t i t u t i n g  equa t ions  (1 ) .  (13),  and (14) i n t o  equa t ion  
(111, 

(Pe - Pl)/9. + 0.3164 c2(po - ~ ~ ) / ( R e ~ . ~ ~ d )  + 

Equations (11, (9),  and (15) can be  employed t o  s o l v e  
f o r  t h e  t h r e e  unknowns U1, Po, and P1 wi th  t h e  fol lowing 
i n i t i a l  cond i t ions ,  

Under most c i rcumstances ,  t h e  t h i r d  term i s  smal l  
compared t o  t h e  f i r s t  two terms on t h e  l e f t  hand s i d e  
of equa t ion  (15) ,  t hus  equa t ion  (15) can  be  approxi- 
mated by 

S u b s t i t u t i n g  equa t ions  (1) and (17) i n t o  equat ion ( 9 ) ,  

For t h e  blowdown t e s t s  r epor t ed  i n  t h i s  paper ,  t h e  
l i q u i d s  were discharged i n t o  t h e  atmosphere, t h e r e f o r e ,  
i f  incompress ible  f low is assumed 

P = P  < < P  
e A  o (19) 

The Reynolds number i n  t h e  p i p e  ranged from l o 5  t o  6 x 
l o 5  i n  t h e  p resen t  t e s t s .  The corresponding f r i c t i o n  
f a c t o r  f o r  t u r b u l e n t  fl-ow i n  smooth p ipes  ranges  from 
0.178 t o  0.126. I f  one ' adop t s  a n  average va lue  f o r  t h e  
f r i c t i o n  f a c t o r ,  

f  = 0 . 3 1 6 4 / R e O . ~ ~  2 0.015 (20) 

then,  equat ion (18) can b e  i n t e g r a t e d  d i r e c t l y  by em- 
ploying (19) and (20). Th i s  r e s u l t s  i n  a n  a l g e b r a i c  
equa t ion  f o r  Po, 

Comparisons between exper imental  r e s u l t s  and calcu- 
l a t e d  r e s u l t s  by us ing equat ion (21) a r e  shown i n  F igs .  
3 ,  12,  and 13. S ince  t h e  d i scha rge  c o e f f i c i e n t  was no t  
measured, t h e  v a l u e  of C was s e t  equa l  t o  one i n  t h e s e  
calcula . t ions .  During e a r l y  s t a g e s  of t h e  blowdown t ran-  
s i e n t ,  wh i l e  t h e  v e s s e l  p r e s s u r e  was dec reas ing  r a p i d l y ,  
t h e  gas  i n  t h e  v e s s e l  expanded i n  a manner which was 
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Fig.12 Comparison between c a l c u l a t e d  and measured 
v e s s e l  p r e s s u r e  ve r sus  time f o r  t e s t  conducted 

- wi th  d i scha rge  geometry B,  wi thout  tube bundle 
i n s i d e  t h e  v e s s e l ,  and with  zero gas  bubbling 
time 
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Fig .13  Comparison between c a l c u l a t e d  and measured 
' v e s s e l  p ressu re  ve r sus  t ime f o r  t e s t  conducted 

wi th  d i scha rge  geometry C ,  wi thout  tube bundle 
i n s i d e  t h e  v e s s e l ,  and wi th  24 hour gas  bubbling 
time 



much c l o s e r  t o  an  i s e n t r o p i c  ( n  = 1.40) p rocess  than an  
i so the rma l  ( n  = 1 .0 )  one. During l a t e r  s t ages .  of t h e  
t e s t ,  t h e  gas  i n  t h e  v e s s e l  behaved i n  a  manner much 
c l o s e r  t o  an  i so the rma l  process .  -The blowdown time can  
be  c a l c u l a t e d  by employing t h e  fo l lowing  equat ion:  

where V i s  t h e  i n i t i a l  l i q u i d  volume above t h e  l e v e l  
of t h e  %fscha rge  nozz le  i n  t h e  blowdown v e s s e l .  Table  
I V  shows t h e  comparison between t h e  c a l c u l a t e d  and t h e  
measured blowdown t imes  f o r  d i s c h a r g e  geometry B. It 
can be  observed t h a t  t h e  measured blowdown t imes  f e l l  
between t h a t  c a l c u l a t e d  by u s i n g  n  = 1.0  and n  = 1.40. 
For h igh  i n i t i a l  p r e s s u r e s  i n  t h e  blowdown v e s s e l ,  which 
r e p r e s e n t  f a s t e r  d e p r e s s u r i z a t i o n  p rocesses ,  t h e  i s en -  
t r o p i c  assumpt ion provides  a  b e t t e r  p r e d i c t i o n  of t h e  
blowdown times.  For r e l a t i v e l y  low i n i t i a l  p r e s s u r e s  i n  
t h e  blowdown v e s s e l ,  t h e  i so the rma l  assumption provides  
a  b e t t e r  agreement. 

F igu re  14  shows t h e  comparison of t h e  c a l c u l a t e d  
t ime h i s t o r y  o f  t h e  blowdown v e s s e l  p r e s s u r e  between t h e  
approximate. s o l u t i o n  ob ta ined  by us ing  equa t ion  (21) and 
t h e  more e x a c t  s o l u t i o n  obta ined by s imul taneously  
s o l v i n g  equa t ions  (9)  and (15) .  It is  obvious  t h a t  t h e  
d i f f e r e n c e  between t h e s e  two s o l u t i o n s  is  s m a l l  and 
beg ins  t o  appear  only  du r ing  l a t e r  s t a g e s  of t h e  blow- 
down p rocess .  

TABLE I V .  COMPARISON BETWEEN CALCULATED 
AND MEASURED BLOWDOWN TIMES FOR DISCHARGE 

GEOMETRY B WITH C = 1 

Calcu la t ed  t B ( s )  Measured 

R u n D e s i g n a t i o n  n = 1 . 0  n = 1 . 4 0  t B ( d  

EQ (9)  AND EQ (15) I 

0.1 
0 5 10 15 20 25 

TIME ( 1 ) .  s 

Fig.14 Comparison of the  c a l c u l a t e d  v a r i a t i o n  of v e s s e l  
p r e s s u r e  wi th  time between employing t h e  
approximate s o l u t i o n  provided by equa t ion  (21) 
and t h e  more exac t  s o l u t i o n  provided by 
equa t ions  (9) and (15) 

DISCUSSIONS 
. . 

The phenomenon of l a r g e  ampl i tude,  cont inuous  pres- 
s u r e  (and f low) ,  o s c i l l a t i o n s  observed expe r imen ta l ly  
is  l i k e l y  t o  be a s s o c i a t e d  wi th  two-phase i n s t a b i l i t i e s .  
The frequency of o s c i l l a t i . o n  of t h e  p resen t  t e s t s  ( 1  t o  
5 Hz) seemed t o  sugges t  t h a t  t h e  o s c i l l a t i o n s  were t h e  
so -ca l l ed  density-wave o s c i l l a t i o n s .  Density-wave os- 
c i l l a t i o n s  i n  two-phase, two-component flow systems has  
been i n v e s t i g a t e d  both  expe r imen ta l ly  and a n a l y t i c a l l y  
by Stenning and Veziroglu  (4 ,  5) .  The i r  exper imenta l  
se t -up,  which was very  s i m i l a r  t o  t h e  appa ra tus  used i n  
t h i s  s tudy  (d i scha rge  nozz le  A ) ,  c o n s i s t e d  mainly of a  
s u r g e  tank,  an  i n l e t  d u c t ,  a  mixer,  an  e x i t  d u c t ,  and 
an  o r i f i c e  r e s t r i c t i o n .  The mixer was, i n  f a c t ,  a  
bubbler  i n s i d e  a  sma l l  plenum and a i r  could be i n j e c t e d  
through t h e  bubbler  i n t o  t h e  plenum and mixed t h e r e  wi th  
t h e  water  flow from t h e  su rge  tank.  The two-phase 
mixture  was then discharged i n t o  t h e  atmosphere through 
t h e  o r i f i c e .  By i n c r e a s i n g  t h e  a i r  i n j e c t i o n  r a t e  o r  by 
dec reas ing  t h e  water  f low r a t e  from t h e  s u r g e  tank,  t h e  
system could become uns tab le .  The most important  char- 
a c t e r i s t i c  of density-wave o s c i l l a t i o n s  is  t h a t  t h e  :re- 
quency of o s c i l l a t i o n s  is  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
r e s i d e n c e  t ime of t h e  system. The r e s idence  t ime f o r  
t h e  p r e s e n t  system e q u a l s  approximately  t h e  t ime re-  
qu i r ed  f o r  t h e  two-phase mixture  t o  t r a v e l  from t h e  
v e s s e l  t o  t h e  nozz le  i n l e t  ( t h e  d i s t a n c e  is  approximate- 
l y  298.5 mm). Simple c a l c u l a t i o n s  (2) i n d i c a t e d  t h a t  t h e  
f requency was approximately  one cyc le  pe r  second f o r  t h e  
p r e s e n t  system which i s  of t h e  same o r d e r  of magnitude 
of t h e  expe r imen ta l ly  observed frequency. 

The o s c i l l a t i o n s  and t h e  change i n  shape of the  j e t  
a t  t h e  e x i t  can be  expla ined from two d i f f e r e n t  view- 
p o i n t s  depending on t h e  void  f r a c t i o n  of t h e  system 
which was, u n f o r t u n a t e l y ,  no t  measured. Stenning and 
Veziroglu  (4) r epor t ed  t h a t ,  from the  obse rva t ion  of 
t h e i r  exper iments ,  t h e  flow downstream of t h e  mixer was 
a  well-mixed bubbly flow a t  s t e a d y - s t a t e  ope ra t ion .  
However, a t  t h e  o n s e t  of i n s t a b i l i t y ,  a l t e r n a t i n g  bubbly 
s l u g s  con ta in ing  mostly a i r  o r  mostly water was ob- 
served.  This  obse rva t ion  can be app l i ed  t o  the  p resen t  
blowdown t e s t s  t o  e x p l a i n  t h e  p res su re  o s c i l l a t i o n s  and 
t h e  change i n  shape of the  j e t  a t  t he  e x i t  of t h e  noz- 
z l e .  I n  t h e  u n s t a b l e  r eg ion ,  a  h i g l ~ r r  pressu re  was 
measured when a  s l u g  of gas  was pass ing  through t h e  
l o c a t i o n s  of t h e  p r e s s u r e  t a p s  downstream of t h e  nozz le  
and a  lower p r e s s u r e  was.measured when a  s l u g  of l i q u i d  
was pass ing through t h e  l o c a t i o n s .  Slugs  of l i q u i d  were 
incompressible and s l u g s  of gas  were compress ible ,  t hus ,  
a l t e r n a t i n g  s l u g s  con ta in ing  mostly gas  o r  mostly water  
would r e s u l t  i n  p r e s s u r e  o s c i l l a t i o n s  and change i n  
shape of t h e  j e t  a t  t h e  e x i t ,  ( i . e . ,  a  c i r c u l a r  column 
f o r  an  incompress ible  j e t  and a  c i r c u l a r  cone f o r  a  
compress ible  j e t ) .  The d e n s i t y  upstream of t h e  o r i f i c e  
a t  t h e  onse t  of i n s t a b i l i t y  was approximately 5.2 t imes  
t h e  l i q u i d  d e n s i t y  a s  r epor t ed  by Stenning and 
Veziroglu .  Th i s  would r e s u l t  i n  a  void  f r a c t i n n  up- 
s t ream of t h e  o r i f i c e  of approximately 0 .8 .  I t  is  
d o u b t f u l  t h a t  t h e  p r e s e n t  system could a t t a i n  such a  
h igh  void  f r a c t i o n  upstream of  t h e  nozzle .  The p res su re  
d rop  of  t h e  system used by Stenning and Veziroglu  
(%lo4 Pa) was much s m a l l e r  tha? t h a t  of t he  p resen t  
system (%lo5 Pa ) .  It i s  p o s s i b l e  t h a t  t h e  l a r g e r  pres-  
s u r e  drop i n  t h e  p resen t  system may cause  t h e  i n s t a b i l -  
i t y  t o  occur a t  a  r e l a t i v e l y  sma l l e r  void  f r a c t i o n  than 
t h a t  observed by Stenning and Veziroglu.  However, by 
i n c r e a s i n g  t h e  p r e s s u r e  drop of t h e  system, another  
phenomenon ( i . e . ,  c r i t i c a l  f low) may occur be fo re  t h e  
t r a n s i t i o n  of t h e  f low regime desc r ibed  p rev ious ly .  We 
s h a l l  s e e  t h a t  t h i s  phenomenon can be expla ined from 
c r i t i c a l  f low viewpoint  a t  much lower void f r a c t i o n .  

When c r i t i c a l  f low is reached,  t h e  v e l o c i t y  a t  - t h e  
t h r o a t  of t h e  nozz le  equa l s  t h e  s o n i c  v e l o c i t y  of a  two- 
phase mixture .  F igu re  15 shows t h e  v a r i a t i o n  of t h e  
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t i o n  l e s s  than 'L0.1. The c r i t i c a l  pressure r a t i o  
n can be expressed i n  terms of the s tagnat ion void 
f r a c t i o n  ai, based on an equilibrium, homogeneous model 
f o r  s teady two-phase flow(&): 

. , 

I f  a .  <<I, equation (23) can be reduced approximately 
t o  t i e  following equation: 
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Calculated r e s u l t s  by using equations (24) and (25) a r e  
shown i n  Fig. 16. I f  the  i n l e t  o r  s tagnat ion void frac-  
t ion  i s  l e s s  than ~ 0 . 0 2 ,  the e x i t  void f r a c t i o n  w i l l  be 
l e s s  than a O . l .  Under these condit ions a  small d i s t u r -  
bance i n  i n l e t  void f r a c t i o n  w i l l  cause a  r e l a t i v e l y  
l a r g e  change i n  discharge ve loc i ty  a s  shown i n  Fig. 15. 
The change i n  discharge ve loc i ty  w i l l  be fed back up- 
stream t o  cause a  change i n  i n l e t  void and s o  on, thus,  
causing the  flow t o  o s c i l l a t e .  The c r i t i c a l  pressure 
r a t i o  must be l e s s  than ~ 0 . 1 7  (which corresponds t o  
a .  = 0.02) i n  order  t o  have t h i s  kind of o s c i l l a t i o n .  
~ ? i e  pressure r a t i o s  ( i . e . ,  the r a t i o  of the peak of the  
l a r g e  amplitude o s c i l l a t i o n  t o  the  vesse l  pressure) 
observed i n  the  present  t e s t s  were approximately between 
0.2 and 0.3, which were i n  the same order  of magnitude 
a s  t h a t  required t o  cause o s c i l l a t i o n s .  

(2) Experimental r e s u l t s  with tube bundle ins ide  
the blowdown vesse l ,  which increased the 
sur face  area i n  contact  with water by a  
f a c t o r  of a10, showed t h a t  the  dissolved 
ni torgen caused large-amplitude pressure (and 
hence flow) o s c i l l a t i o n s  downstream of the  
discharge nozzle f o r  a l l  th ree  t e s t  sec t ions  
and f o r  the pressure range (1.48 MPa t o  4.?4 
MPa) covered i n  the present  t e s t s .  A s  a  
r e s u l t  of these o s c i l l a t i o n s ,  the time re- 
quired t o  exhaust a l l  the  water i n  the  blow- 
down v e s s e l  was increased by 20 to 30% over 
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Q 
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those t e s t s  where no a d d i t i o n a l  ni t rogen was 
being dissolved i n  water.  The amplitude of 
o s c i l l a t i o n  increased with increaisng i n i t i a l  
pressure i n  the  blowdown vesse l .  The r a t i o s  
of the  peak pressure of o s c i l l a t i o n  t o  the 
pressure i n  the  blowdown~vessel a t  any 
i n s t a n t  were approximately 0.3 f o r  t e s t s  
with r e l a t i v e  high i n i t i a l  pressure and i t  
decreased s l i g h t l y  with decreasing i n i t i a l  
pressure i n  the  blowdown vesse l .  The fre-  
quency of o s c i l l a t i o n  was approximately 1 t o  
5  Hz. 

'i 

Fig.16 Variat ions of c r i t i c a l  pressure r a t i o  and e x i t  
void f r a c t i o n  with i n l e t  (s tagnat ion)  void 
f r a c t i o n  i n  an equi l ibr ium, homogeneous, s teady,  
two-phase flow 

SUMMARY AND CONCLUSIONS 

(1) Experimental r e s u l t s  with discharge nozzle A 
indicated t h a t  the dissolved gas did not 

(3) The simple a n a l y t i c a l  model described i n  t h i s  
paper is a b l e  t o  p red ic t  the blowdown v e s s e l  
pressure a s  accurately a s  one can assess  the  
polytropic  behavior of the i n i t i a l  gas volume 
i n  the vesse l .  

0 
s i g n i f i c a n t l y  a f f e c t  the  discharge flow r a t e  

0 .  I  0 .2  0 . 3  0 . 4  0 . 5  ' without providing addi t iona l  sur face  area i n  
V O I D  F R A C T I O N  ( a )  the blowdown vesse l .  This observat ion was 

a l s o  t r u e  f o r  discharge geometries B and C 

Fig.15 Variat ion of propagation ve loc i ty  with void which had long pipe downstream of the  nozzle, 

f r a c t i o n  i n  a  two-phase mixture although nonperiodic, i n t e r m i t t e n t ,  pressure 
o s c i l l a t i o n s  did occur. The time required t o  

sonic ve loc i ty  with void f r a c t i o n  f o r  a  two-component exhaust the water i n  the blowdown v e s s e l  was 

two-phase mixture i n ' t h e  bubbly flow regime. Large delayed s l i g h t l y  (up t o  %lo%) f o r  t e s t s  with 

v a r i a t i o n  i n  sonic ve loc i ty  is  observed f o r  void frac-  add i t iona l  ni t rogen dissolved i n  the  system. 

- 
(4) The continuous la rge  amplitude o s c i l l a t i o n s  

observed i n  some of the  present  t e s t s  were 
l i k e l y  t o  be associated with t h e  so-called 
density-wave o s c i l l a t i o n s  which has the  unique 



characteristics that the frequency of oscilla- 
lion is inversely proportional to the resi- 
dence time. These oscillations can.be ex- 
plained from critical flow viewpoint. 
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