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The r e su l t s  of an ex~perimental invest igat ion and genera l iza t ion  of expe r imen ta l  data concerning 
the t e m p e r a t u r e  dis t r ibut ion ~t the init ial  sec t ion  of a s u b m e r g e d  s t e a m  je t  flowing out of a con-  
ve rgen t  nozzle  into unbounded space  a r e  given. 

Most of the inves t iga tors  in te res ted  in the outflow of a s t e am je t  into wa te r  l imi ted  t h e m s e l v e s  to v isual  
obse rva t ions  or  photographing of the p r o c e s s  [1-4]. Only in [5] was the t e m p e r a t u r e  field of the je t  m e a s u r e d  
and a conclusion drawn concerning the l inea r i ty  of the t e m p e r a t u r e  field. Th is  a s sumpt ion  was  a l so  used in the 
theore t i ca l  study in [6] with the a im of de t e rmin ing  the geome t ry  of a condensing jet.  The t e m p e r a t u r e  along 
the je t  axis  was m e a s u r e d  in [7] fo r  de te rmin ing  the length of the vapor  cone. In the theore t i ca l  solution, the 
t e m p e r a t u r e  field was  found to be l inear .  However ,  a theore t i ca l  pape r  [8] where  the t e m p e r a t u r e  f ield is non-  
l inea r  has  been published.  

We shall  inves t iga te  he re  the t e m p e r a t u r e  f ield of the initial  sect ion of a s t e am je t  flowing into a tank with 
underheated  wate r .  

The d i ag ram  of the expe r imen ta l  device is shown in Fig. 1. The working sect ion is located between the 
two ve r t i ca l  o r g a n i c - g l a s s  side walls  of the opera t ing  tank 2; i t  cons is t s  of nozzle  4 and two wal l s ,  which f o r m  
the opera t ing  channel 3. The channel width is equal  to 0.0293 m. A convergent  nozzle  4 is used;  i ts  height at  
the outlet  is equal to 0.0112 m,  while the f o r e c h a m b e r  height  is equal to 0.060 m. The nozzle has  a long (l = 
0.145 m) na r rowing  sect ion with s t r a igh t  g e n e r a t r i c e s .  The nozzle convergence  angle is ~ = 5 deg. This  en-  
su r e s  the outflow f r o m  the nozzle  of wet  s t e a m ,  which is c lose to t he rmodynamic  equi l ibr ium.  The top and the 
bottom b r a s s  wai ls  of the nozzle  a r e  t he rma l ly  insulated f r o m  wa te r  on the outside at  the nozzle cut -off  by 
thick Teflon pads over  a length of 0.05 m;  they a re  beveled at the nozzle cut-off  at an angle of 40-45 ~ The 
lower  inside su r face  of the nozzle is hor izontal .  
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Fig. 1. D i ag ram  of the expe r imen ta l  device:  1) mixing tank; 
2) opera t ing  tank; 3) working sect ion;  4) f ia t  s t e a m  nozzle;  
5) outlet  channel; 6) supply channel; 7) s e p a r a t o r ;  8) m o i s t e -  
n e r - r e c e i v e r ;  9) coordinate  space r ;  10) and 11) s t e am va lves ;  
12) and 13) wa t e r  supply va lves ;  14) d i f ferent ia l  p r e s s u r e  
gauge; 15) KSP-4 au tomat ic  po ten t iomete r ;  16, 17, and 18) 
r e f e r e n c e  p r e s s u r e  gages.  
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Fig. 2. Temperature field and temperature  pressure  distr ibu-  
t ions over transverse  sect ions  of the jet; t (~ AP (mbar); x , y  
(mm). 

The opera t ing  channel ,  f o r m e d  by in terchangeable  t r a n s p a r e n t  p l a t e s ,  made of organic  glass  or  LK-7  
h e a t - r e s i s t a n t  g la s s ,  is located  beyond the cut-off .  The channel is open at the top and bottom for  the inflow 
of wa te r .  The total  height of the channel is equal to 0.8 m ,  while its length is equal to 0.230 m;  the height  of 
the wa te r  l aye r  above the nozzle  is equal  to 0.3 m. 

F r o m  the opera t ing  channel ,  the je t ,  which now contains condensed vapor ,  a r r i v e s  in the outlet  channe l  5 
and flows with a ce r ta in  head into the mixing  tank 1, where  control led mixing with additional cold wa te r  f r o m  
the supply line is  effected.  

The l a rge  open su r face  a r ea  (approximate ly  2.5 m 2) and the low flow veloci ty  c r ea t e  condit ions for  con-  
s ide rab le  deaera t ion  of w a t e r ,  which f lows  f r o m  the mixing tank with the opera t ing  tank 2 through the supply 
channel 6, A constant  wa t e r  level  in the opera t ing  tank is ensu red  by overf low through an opening. 

Saturated s t e a m  at a p r e s s u r e  of approx imate ly  10 bar  is throt t led in va lves  10 and 11 to ensu re  the 
opera t ing  p r e s s u r e  P0 in the nozzle  f o r e c h a m b e r .  Before  the s t e a m  r eaches  the f o r e c h a m b e r ,  i t  is sa tu ra ted  
a t  the p r e s s u r e  P0 by pass ing  it  through m o i s t e n e r - r e c e i v e r  8 and s e p a r a t o r  7. The opera t ing  chamber  in 
the nozzle  c h a m b e r  v a r i e s  f r o m  1.3 to 1.7 bar .  

The t e m p e r a t u r e  inside and outside the je t  is m e a s u r e d  by means  of two N i c h r o m e - C o n s t a n t a n  t h e r m o -  
couples.  One the rmocouple  is fas tened to the coordinate  space r  9, while the other  is fixed outside the je t  and 
s e r v e s  fo r  checking per iod ica l ly  the t e m p e r a t u r e  of the w a t e r  toward flowing the jet .  The thermocouple  w i r e s  
have each  a d i a m e t e r  of 6 . 1 0  -5 m ,  while the bead d i a m e t e r  is  equal  to the i r  sum.  The w i r e s  a r e  placed in a 
s tee l  syr inge  needle wi th  an inside d i a m e t e r  of 20" 10 - s m  and an outside d i a m e t e r  of 40 �9 10 -5 m.  

The w i r e s  a r e  fas tened  and the rma l ly  insulated by fi l l ing the space between them and the inside su r face  
of the needle with epoxy res in .  The the rmocouple  bead p ro t rudes  0 .7 .10  -3 m f r o m  the needle.  The t h e r m o -  
couples  a r e  ca l ib ra ted  in an oil t h e r m o s t a t  by means  of a KSP-4 au tomat ic  po ten t iomete r .  This  po ten t iomete r  
is  a l so  used  for  r eco rd ing  the t h e r m o - e m f  in p e r f o r m i n g  the expe r imen t s .  The thermocouple  needle is fas tened 
on a b l adewi th  a th ickness  of 3 . 1 0  -3 m and p ro t rudes  f r o m  its leading stage into the oncoming flow to a d i s -  
tance of 2 . 1 0  -3 m .  

One side of the blade is  t ape red  to a fea the r  at  the leading edge. The other  s ide,  which is pa ra l l e l  to the 
l a t e r a l  wal ls  of the opera t ing  channel,  has  an opening with a d i ame te r  of 0.8" 10 -3 m at a dis tance of 3 . 1 0  -3 m 
f r o m  the leading edge. The opening is connected to the channel inside the blade and the tube leading to the dif-  
fe ren t ia l  m e r c u r y  p r e s s u r e  gage. 

Af te r  the device is switched on, i t  is lef t  to opera te  for  30-40 min to provide  a wa rming -up  per iod for  the 
steam supply pipes and establish a steady-state outflow of steam into water at the assigned temperature. The 

thermocouple is moved by means of a coordinate spacer in steps of 0.5" 10 -3 m over transverse sections of the 

jet. The section closest to the nozzle at located at a distance of 1 �9 10 -3 m from the cut-off; the spacing between 
sections is usually equal to 0.5- 10 -3 or 1.0- 10 -3 m. 
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Fig.  3. T e m p e r a t u r e  d is t r ibut ions :  a) | = (t - too)/(tin - too) in the 
to ta l  t h e r m a l  mixing l aye r  Y/bto; b) | = (t - too) / ( t s  in - too) in the  
t h e r m a l  mixing l aye r  with condensat ion y/bc;  1) a f te r  [8]; 2) [7]; 3-5) 
P0 = 1,3 ba r ;  3) t~ = 14.7~ 4) 16.3; 5) 26.5; 6-9) P0 = 1.5 bar ;  6) too = 
18.5~ 7) 21.2; 8) 27.4; 9) 33.0; 10-12) P0 = 1.7 bar ;  10) too = 21.0~ 
11) 42~ 12) 42.3. 

Record ing  at  each  point by means  of the au tomat ic  po ten t iomete r  is p e r f o r m e d  over  a per iod of 10-15 
sec .  While moving the the rmocoup le ,  a ze ro  vol tage  is supplied to KSP-4 for  ma rk ing  the ze ro  point of the 
ins t rument .  

Using the ca l ibra t ion  data for  the the rmocoup le ,  we de te rmine  the coordinates  of the points in space  with 
ce r ta in  t e m p e r a t u r e s  with r e s p e c t  to each  t h e r m o g r a m ,  and then use  these  data to plot  i s o t h e r m s  (Fig. 2). The 
i s o t h e r m s  plotted for  each  se t  of opera t ing  conditions a re  all  l inear  and converge  to a single point - the pole 
II. This  indicates  the s imi l a r i t y  of t e m p e r a t u r e  p ro f i l e s  for  t r a n s v e r s e  sec t ions  of the je t  which a r e  pa ra l l e l  
to each other .  We use  the following l imi t ing  i s o t h e r m s  for  the total  t h e r m a l  mixing l aye r :  the inside i s o t h e r m  
tin at  the locat ion where  the t e m p e r a t u r e s  on the t h e r m o g r a m  r each  a constant  value (in the vapor  cone) and 
the outside i s o t h e r m  tou I at  the point where  the t e m p e r a t u r e  exceeds  the wa te r  ambien t  t e m p e r a t u r e  t~  by 0.01 
(tin - too). The t e m p e r a t u r e  tin is a s s u m e d  to be equal to the sa tura t ion  t e m p e r a t u r e ,  which co r r e sponds  to 
the s t e a m  p r e s s u r e  in the nozzle  f o r e c h a m b e r .  On the bas i s  of the i s o t h e r m s  (Fig. 2), we de te rmine  the data 
for  an a r b i t r a r y  x = const  to plot  the re la t ionship  (Fig. 3a) 

, , -  
O , o =  = r . 

Curve  1 c o r r e s p o n d s  to the t e m p e r a t u r e  d is t r ibut ion based on the e x p r e s s i o n  [8] 

o ~ =  t--t" = l  2 f ,  
t i n ~ t .  - -  V---- ~ # exp(--c~2)d~' 

0 

where 

~ 
=" ~max" bile ~max= 1.8215. 

The s t ra igh t  line 2 co r r e sponds  to a l inea r  t e m p e r a t u r e  va r i a t ion  a c r o s s  the t h e r m a l  mixing l aye r  [5, 7]. 

A compar i son  shows qual i ta t ive a g r e e m e n t  between the theore t i ca l  [8] and the expe r imen ta l  data.  

We a lso  m e a s u r e d  the s ta t ic  p r e s s u r e  in the jet .  As an example ,  Fig. 2 shows the curve  of p r e s s u r e  
dis t r ibut ion in one of the t r a n s v e r s e  sec t ions  of the je t  along with the t e m p e r a t u r e  profi le .  The s t e a m  p r e s -  
sure  in the nozzle f o r e c h a m b e r  was equal to P0 = 1.5 b a r ,  while the t e m p e r a t u r e  of the wa te r  ambient  was too = 
18.5~ The p r e s s u r e  dis t r ibut ion curve  indicates  that  a l o w - p r e s s u r e  region ex is t s  inside the jet .  This  region 
e n c o m p a s s e s  the in terna l  vapor  cone and a p a r t  of the t h e r m a l  mixing l aye r .  The development  of r a r e f ac t ion  
is m o s t  probably  caused by condensat ion p r o c e s s e s .  The m a x i m u m  degree  of r a r e f ac t ion  is encountered in 
the zone of m o s t  intensive condensation.  This  sect ion co r r e sponds  to a l aye r  with a t e m p e r a t u r e  in the range 
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f r o m  75 to 109~ which has  a th ickness  of the o rde r  of 1 �9 10 -3 m. It is poss ib le  that  a cons iderable  pa r t  of 
the vapo r  in the core  condenses  in th is  thin layer �9  Subsequently,  the p r e s s u r e  i n c r e a s e s  and a lmos t  r eaches  
the ambien t  p r e s s u r e  in the t h e r m a l  mixing l a y e r ,  which is c h a r a c t e r i z e d  by a th ickness  of the o rde r  of (1-3) 
�9 10 -3 m and t e m p e r a t u r e s  in the range  f r o m  75 to 25~ It  is p robab le  that  condensation of all  of the s t e am 
is comple ted  in this l aye r .  

The sa tu ra t ion  t e m p e r a t u r e  cor responding  to the p r e s s u r e  in the l aye r  cha r ac t e r i z ed  by intensive con-  
densat ion i s ,  on the a v e r a g e ,  equal  to 98~ for  the opera t ing  conditions under  invest igation.  We shall  use  the 
t s in = 98~ i s o t h e r m  as  the boundary  i s o t h e r m  for  the t h e r m a l  mixing l aye r  with condensation. Fo r  the out-  
side boundary of the mixing l a y e r ,  we shal l  use  the i so the rm  at  which the t e m p e r a t u r e  t s o u  exceeds  the t e m -  
p e r a t u r e  of the wa t e r  ambien t  too by 0.01 (t s in - t~o): 

ts out= t| + 0,01 (tsin-- t| ). 

F igure  3b shows the d imens ion le s s  t e m p e r a t u r e  | = (t - too)/(ts in - too) as a function of y/b c for  the 
inves t iga ted  s t e a m  outflow conditions.  

The theore t i ca l  cu rves  1 and 2 a re  the s a m e  as  in Fig. 3a. Compar i son  shows that  the expe r imen ta l  
points  in Fig.  3b a r e  c h a r a c t e r i z e d  by a lower  deg ree  of s ca t t e r  and that  they lie c l o se r  to curve  1 than in 
Fig. 3a. This  sugges ts  that  following conclusions:  

1) The theo re t i ca l  re la t ionsh ip  p roposed  in [8] is in sa t i s f ac to ry  a g r e e m e n t  with expe r imen ta l  data; 

2) the equi l ib r ium i s o t h e r m  with r e s p e c t  to the min imum p r e s s u r e  in the je t  can be used  as the inside 
boundary of the mixing l aye r ;  

3) for  the ha l f - th ickness  of the t h e r m a l  mixing l a y e r  {y/b c = 0.5), the va r ia t ion  of the re la t ive  t e m p e r a -  
tu re  O e is approx ima te ly  l inear :  

Oc : t--t_______~ = 1-- 1.6 Y-~-, 
tsin--t~ be 

while y/b  c = 0.5 for  Oc = 020. 

These  conclusions hold for  a fully developed turbulent  t h e r m a l  mixing l aye r .  At the ve ry  edge of the noz-  
z le ,  the development  of the init ial  sect ion of the t h e r m a l  mixing l aye r  [over a dis tance on the o rde r  of (1-2) �9 10 -3 
m f r o m  the nozzle  edge K (Fig. 2)] is affected by intensive s t eam and liquid shoots thrown out to both s ides  of 
the mixing l a y e r ,  which leads  to v i r tua l ly  s tepwise  i nc r emen t s  in i ts  th ickness .  T h e r e f o r e ,  the pole II to which 
the s t r a igh t - l ine  i s o t h e r m s  of the t h e r m a l  mixing l aye r  converge ,  is not located at  the outlet  edge K of the noz-  
z le ,  but is shifted to the left  and sl ightly upward.  Fu r the r  invest igat ions  a r e  n e c e s s a r y  for  de te rmin ing  the 
condensing je t  geom e t ry  and the posi t ion of pole IIo 
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N O T A T I O N  

is the coordinate axis coinciding with the inside boundary isotherm tin or t s in of the thermal mix- 
ing layer; 
is the coordinate axis perpendicular to the x axis; 

are  the d imens ion less  coordinates  d i rec ted  along the j e t  axis  and perpendicu la r  to i t ,  r e spec t ive ly ;  
is the nozzle height at the outlet  sect ion;  

i s  the p r e s en t  t e m p e r a t u r e ;  
is the t e m p e r a t u r e  at  the boundary between the mixing l aye r  and the vapor  cone; 
is the sa tura t ion  t e m p e r a t u r e  cor responding  to the min imum p r e s s u r e  in the je t ,  used as the inside 
boundary i so the rm of the mixing l aye r ;  
is the t e m p e r a t u r e  of the ambient  water ;  

a r e  the t e m p e r a t u r e s  at the outside boundary of the mixing l aye r  exceeding too by 0.01 t imes  the 
total  t e m p e r a t u r e  d rop  in the mixing l aye r :  
tou 1 = too + 0.01 (tin - too), and t s o u i  = too + 0.01(ts in - too); 
a r e  the d imens ion less  t e m p e r a t u r e s  in the t he rma l  mixing l aye r :  @to = (t - too}/(tin - Lo) and 
@c = (t - t ~ / ( t  s i n -  too), r e spec t ive ly ;  
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a re  the th icknesses  of the t h e r m a l  mixing l a y e r ,  equal to the dis tance along the y axis f r o m  
tin to tou 1 and f r o m  t s in to t s o u  1, respec t ive ly ;  
is  the s t e a m  p r e s s u r e  in the nozzle  f o r e e h a m b e r ;  
is the p r e s s u r e  drop between the wa te r  ambien t  and points in the mixing layer .  
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I N V E S T I G A T I O N  O F  S U B M E R G E D  T U R B U L E N T  G A S  

J E T S  W I T H  D I F F E R E N T  D E N S I T I E S  

V.  A .  G o l u b e v  a n d  V .  F .  K l i m k i n  UDC 532.525.2 

The r e su l t s  obtained in m e a s u r i n g  the p a r a m e t e r s  in t r a n s v e r s e  sect ions  and along the axis of 
submerged  he l ium,  a i r ,  and F reon  je t s  a r e  given along with the t rends  in the var ia t ion  of the 
apparen t  additional m a s s  of these  je ts .  

Although the invest igat ion of turbulent  submerged  je t s  has been t r ea t ed  in many pape r s  [1-4], some p r o b -  
l ems  concerning the t rends  of the i r  propagat ion  have not ye t  been reso lved .  We provide  here  the r e su l t s  of in-  
ves t iga t ions  of he l ium,  a i r ,  and Freon  je t s  and the genera l iza t ion  of ce r ta in  c h a r a c t e r i s t i c s  of je t s  with dif-  
fe ren t  densi t ies .  F igure  i shows the dis t r ibut ion of f ie lds  of the veloci ty  head q = pU2/2, the enthalpy i (or the 
t e m p e r a t u r e  T),  the concentra t ion C (%), and the veloci ty  U in t r a n s v e r s e  sec t ions  of he l ium,  a i r ,  and Freon  
j e t s ,  m e a s u r e d  in the main  pa r t  of the je t  at d i s tances  of 50, 70, 95, 120, and 145 m m  f r o m  the nozzle cutoff. 
The je t s  of the above gases  flow into an a i r  a t m o s p h e r e  ve r t i ca l ly  upward f r o m  a prof i led nozzle with the d i am-  
e t e r  dj = 5 m m  with fourfold contract ion.  The p a r a m e t e r s  of the opera t ing  conditions for  the invest igated je t s  
a r e  given in Table  1. 

The veloci ty  head in the je t  is m e a s u r e d  by means  of a t o t a l - p r e s s u r e  tube, while the t e m p e r a t u r e  is 
m e a s u r e d  by means  of a thermocouple .  The concentra t ion of admix tu res  in the hel ium je t  is m e a s u r e d  by 
means  of a r e c e i v e r  with a tungsten f i l ament ,  which is connected to a r e s i s t a n c e  bridge circui t .  

The veloci ty  U, the densi ty p, and the enthalpy i in the je t  a r e  de te rmined  by m e a s u r i n g  the veloci ty  head 
pU2/2  = q, the t e m p e r a t u r e  T,  and the concentra t ion C. The Freon  concentra t ion by weight is calculated on the 
bas i s  of m e a s u r e m e n t s  of the mix tu re  t e m p e r a t u r e  T m i  by means  of the re la t ionship  [6] 

Sergo Ordzhonikidze Moscow Aviation Inst i tute .  T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 
34, No.3,  pp. 493-499, March ,  1978. Original  a r t i c l e  submit ted  March 17, 1977. 

0022-0841/78/3403-0333 $07.50 �9 1978 Plenum Publishing Corpora t ion  333 


