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The interaction with a liquid jet  from immersed and external nozzles as a function of the degree 
of assimilation of the gas and the methods of blowing are experimentally studied. 

In metallurgy and chemical technology, processes  and apparatus in which melted materials  and solutions 
are  blown with a s tream of gas are  extremely important. The degree of absorption of the gases of the blast by 
the liquid bath or,  as used in metallurgy, the degree of assimilation (due to absorption, chemisorption, and 
phase changes), may differ considerably not only for different equipment but may change considerably during 
the course of a single technological process.  It is obvious that the degree of assimilation of a gas not only in- 
t reduces considerable differences into the hydrogasdynamic tank, which is the basis of mass and heat - t rans-  
fer  processes ,  but also changes the mechanism of these processes  itself. 

Compared with unassimilated gas flows, which have been studied in considerable detail in [1-3, etc.], at 
the present  time the hydrogasdynamics of assimilated jets has not been sufficiently investigated. In [4-6] the 
authors confine themselves to a fairly narrow range of variation of the assimilation coefficients, and they con- 
cluded [5] that the degree of assimilation has very  little effect on the jet parameters .  

In this paper, which differs from the previous investigation [7], we experimentally investigate the fea-  
tures of the hydrogasdynamic interaction for quite different degrees of assimilation of the gas and the liquid. 

Experimental Method. The experiments were carr ied out using the model system described in [7] using 
a similar method of making measurements and of processing the results.  Taking into account the aggressive 
nature of the majori ty of simulated systems, we gave particular attention to visual investigations using motion- 
picture and photographic apparatus. The degree of assimilation for the gas -wa te r  system was quantitatively 
determined as in [8~ 9], and for a gas -a lka l i  system using a formal recording of the chemical reactions. We 
used a variety of model gases and liquids in the experiments,  the parameters  of which together with the char-  
acter is t ics  of the model equipment are  shown in Table 1. 

When the gas is introduced from the side through a horizontal nozzle immersed in the liquid, we de te r -  
mined the range of the jet  l - t h e  length of the horizontal part  of the flow from the opening of the nozzle to the 
intersection of its axis with the external boundary of the flow, the largest  diameter of the horizontal part of 
jet d (ignoring the bubbling gas), the breakaway frequency r ,  and the dimensions of the character is t ic  gaseous 
formations. When using vert ical  nozzles we determined, for immersed jets, the depth of introduction of the 
jet into the liquid l ,  and the largest  jet diameter d; for external jets we measured the depth of the "cavity" h 
and its greatest  diameter d 1 ignoring the "c ra te r"  close to the liquid surface, the t ra jec tory  and the velocity 
of the circulation motion of the liquid, the boundary and structure of the bubbling region, and the r ise  and os-  
cillations of the level of the bath. 

Discussion of Results. Side Input of Gas. Figure 1 shows the interaction of the immersed gas jet with 
the liquid. Analyzing these we notice considerable changes both in the nature of the development of the jet and 
in the hydrodynamic situation in the bath due to different assimilations of the gas, in which the effect of as-  
similation is different depending on the gasdynamic modes of discharge from the nozzle. 

For  gases with weak and medium degrees of assimilation (the physical meaning and quantitative charac-  
ter is t ics  of these ideas will be considered below) the behavior of the jet discharge from the nozzle is the same. 
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TABLE i .  Charac te r i s t i c s  of the Exper imental  Equipment and the 
Gas -L iqu id  Vapors  Employed 

Dimensions, 
mm, AXBXH 

500X IOOX 1500 

400X 150X500 

500•215 

mi 

1, 
2; 
4; 
7; 

OrX 
(I0"~*: 
~g/_ SeC 

1--30 

Material 

Gas 
Air 
Clg 
CO2 

H20 (vapor' 
Liqdid 

H~O 
NaOH (15%) 
NaOH (40~) 

~fl/sec 

,3 256,7 
,.q 

R, �9 
N .m/ 
kg ,deg 

292,7 
116,5 
191,4 

cm__!j 
, ' ; )~  GI s 

1,29 
3,22 
1,98 

1000 2,3 
1170 51,1 
1430 162,5 

as/era a liquid 
CO, HsO 

0,0187 
2,3 
0,878 

0,0 
t9,7 
H,I 

For  side flows we can dist inguish four cha rac t e r i s t i c  gasdynamic modes:  bubble, pulsation, t rans ient ,  and jet ,  
considered for an unassimila ted gas in [7]. The conditions for any par t icu la r  mode to build up a re  de te rmined  
by the d ischarge  veloci ty  of the gas Va, and mo re  accura te ly  by the ra t io  of the veloci ty  of the gas to the 
veloci ty  of sound in the gas Va/a, i .e . ,  the ra t io  of the supply p r e s su re  P0 to the back p r e s s u r e  in the sect ion 
of the nozzle  Pb = PlgHl (Pl and H! a re  the densi ty and level  of the l iquid),  and the geomet ry  of the nozzle  
(the Mach number  at  the nozzle c ross  sect ion Ma). Since for ass imila ted gases  (C12, CO2) the veloci ty  of 
sound is l ess  than in a i r ,  the supply p r e s s u r e s  (which de te rmine  any par t icu la r  mode) a r e  correspondingly  
shifted into the reg ion  of lower values of P0- The f requency of pulsations - b r e a k a w a y  f rom the nozzle or  
stable gas "p inch"  of coa r s e  gaseous formations - remains  wi th in the l imi ts  5-15 Hz. In the t rans ien t  and je t  
modes,  as K inc reases  the stabil i ty of the gas flow increases .  The intensity of the pulsations is reduced and 
the values of the maximum and minimum range l~ and 12 [7] approach one another.  For  an excess  p r e s s u r e  
P0 > (0.4-0.8) �9 10 ~ N / m  2 for gases  with an average  degree  of ass imila t ion at the c r o s s  sect ion of the nozzle,  a 
stable j e t  sect ion occurs ,  at  the end of which a cha rac te r i s t i c  curvi l inear  t r a j e c to ry  of floating of the flow due 
to the act ion of buoyancy (Archimedes) fo rces  occurs  [7]. In this case the expansion angle of the je t  | = 16-  
22 ~ . The boundaries  of the je ts  a re  m o r e  stable,  and the je t  d iamete r  i n  the immedia te  vicini ty of the nozzle  
c ros s  sect ion r eaches  1.5-2.5 d i ame te r s  of the output sect ion of nozzle d 0. Changes in the values of l and d 
for  medium-ass imi la ted  flows compared with unassimilated gas a re  smal l  in the bubble and pulsation modes 
and do not exceed 20-40% at the jet. 

At the same t ime,  for  average  ass imi la t ion  of the gases  in the je t  mode cons iderable  d i f ferences  a r e  ob-  
se rved  in the hydrodynmnic situation in the bath. For  intense blowing for weakly and unass imi la ted  jets ,  the 
dimensions of the bubble region a re  considerable:  Gas with velocities: up to 1.5-4 m / s e c  floats up in the form 
of large  m a s s e s ,  and c lose  to the nozzle  wall  an additional intense c i rcula t ion  region occu r s  with a high gas 
content and average  veloci t ies  of up to 1.0-1.5 m / s e c .  The whole bath, with the exception of the region under 
the nozzle,  is set  in motion with average  veloci t ies  of up to 0.5-0.8 m / s e c  ( reaching 1.5-2 In / sec  close to the 
surface) ,  and is  intensely saturated with gas bubbles,  which increase  the initial level  of the liquid H l by a 
factor  of 1.2-1.5.  In the region of the output at the surface  of the bubbling gas considerable  spikes of liquid 
and sur face  osci l la t ions a r e  observed,  reaching up to (1.8-2)H/. In the case  of average  ass imi la t ion  in the 
d i rec t ion  toward the sur face ,  the dimensions of the bubbling region and the individual floating gaseous m a s s e s ,  
thei r  number  and r a t e  of floating (which approximates  to the ra te  of f r ee  bubbling) dec rease  considerably.  The 
c i rcula t ion  in the bath is reduced due mainly  to floating gas, gaseous formations close to the nozzle wall' 
p rac t ica l ly  d isappear  and liquid spikes and osci l la t ions of the surface  decrease .  The inc rease  in the level  due 
to gas saturat ion does not exceed seve ra l  percent .  Of the four hydrodynamic modes  (bubble, jet ,  foam, and 
splashing) cha rac te r i s t i c  for  unassimilated gases  [10], in the case  of average  ass imi la t ion  in the bath only 
the bubble and je t  modes  averaged over  the whole volume of the bath, and also local  foam and bubbling regions,  
can be rea l ized .  

When rea l iz ing  gasdynamic modes  of flow f rom the nozzle connected with the format ion,  breakaway,  and 
floating up of individual gaseous masse s ,  reaching,  for  d o = 1 . 8 . 1 0 - S m  and dimensions q~ = (20-40) -10 -~ m 
(bubble - t r ans ien t ) ,  the conditions for  gas ass imi la t ion  in the bubbling reg ion  (it occurs  on the sur face  of the 
gaseous volumes) a r e  difficult ,  which does not enable the output of gas at the sur face  to be liquidated for  im-  
m e r s e d  nozzles  up to (150-200)d 0. However ,  the t r an s f e r  of the flow into the je t  flow mode ( increasing P0) 
considerably  inc reases  the e ject ion of liquid into the jet  and mixing and breakdown of the flow, which intensifies 
the in terac t ion  and enables the eject ion of the gas f rom the bath to be sharply  reduced or  liquidated for suf-  
f iciently high values  of K and H l. 

When the re  is considerable  ass imila t ion of gas, the jets  undergo more  important  changes. Thus, in the 
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Fig. 1. In teract ion with the liquid bath  of a gas flow f rom an i m -  
m e r s e d  nozzle.  Weak as s imi la t ion  of the gas ,  a i r - w a t e r :  a) d o = 
3 . 1 0 - S m ~ P 0  = 2 .3 -105N/m2;  d) d o = 4 . 1 0  -3 m , p  0= 2.5-105 
N / m  2. Average  ass imi la t ion  of the gas:  b) CO 2 + 40% NaOH, d o = 
1 - 8 " 1 0 - S m ,  P0 = 1 .5"105N/m2;  e) CO 2 +40o/o NaOH, d 0= 1.8. 
10- 3 m,  P0 = 2 .2"10 s N/m2.  S t rongass imi l a t ion  of the gas:  c} 
C h + 40~ NaOH, d o = 1 . 8 - 1 0 - S m ,  P0 = 1.5"105 N/m2; f) C12 + 
40% NaOH, d o = 1 . 8 " 1 0 - 3 m ,  P0 = 2"105 N/m2- 

bubble flow modes  when P0 -< (0.05-0.15)" 105 N / m  2 (depending on the value of K) the gas flow in the sect ion of 
the nozzle  p rac t i ca l ly  d i s appea r s  and the en t rance  of liquid, intensively d issolving gas ,  into the nozzle  and 
pipeline is poss ible .  At a p r e s s u r e  P0 = (0.1-0.3)  �9 105 N / m  2 the flow modes  a r e  s im i l a r  to the pulsat ion 
modes ,  studied in [7], for nonass imi la ted  gas.  They a re  cha rac te r i zed  by the fo rmat ion  and b reakaway  (at a 
f requency  of 5-.10 Hz) of individual la rge  bubbles  with ~ = 15-30" 10 -3 m (d o = 1.8 �9 10- s m). For  P0 > (0.2-  
0.5) �9 105 N / m  2 ( lower values  cor respond  to higher va lues  of K) the a s s imi la t ion  p r o c e s s e s  in the turbulent  
two-phase  flow formed occur  much m o r e  intensively than at the su r face  of the individual gas volumes.  As a 
r e su l t ,  a j e t - m o d e  of flow is rea l i zed  cha rac t e r i zed  by flow stabi l i ty ,  the absence  of a pulsat ing boundary 
l aye r ,  and of longitudinal jet  pulsat ions [7], and cons iderably  reduced d imensions  l and d of the jet. In this 
mode  the flow axis  is horizontal .  The absence  of l a rge  gaseous  m a s s e s  and, consequently,  of  Arch imedes  
buoyancy forces ,  doesnot  cause  cu rva tu re  of the t r a j e c t o r i e s .  Above the je t  t he r e  a r e  p rac t ica l ly  no gas bub-  
b les .  In the je t  i t se l f  one can dist inguish a gas "nucleus"  sl ightly vary ing  along the length /n,  the shape of 
which for  some  K depends on the Mach number  a t  the sect ion of the nozzle,  and for constant  gas en t ry  condi-  
t ions,  on K. The nucleus changes into a pe r tu rbed  mul t iphase  liquid containing s m a l l  gas  bubbles  (~ _< (1-2)" 
10-3 m),  and in terac t ion  products ,  a reg ion  of length lb.  Lower  along the flow the je t  changes into a moving 
flow of liquid consis t ing of reac t ion  products  and individual unass imi la ted  tiny gas  bubbles (as K inc reases  
the number  and d imens ions  of the la t te r  contract) .  An inc rea se  in P0 hardly  changes the p a r a m e t e r s  of  the 
gas  nucleus.  As K i n c r e a s e s  the length of the nucleus cont rac ts .  Since, i r r e s p e c t i v e  of the degree  of a s s i m i -  
lation of the gas ,  the je t  momen tum is t r a n s f e r r e d  to the liquid flow, when P0 inc rea se s  the value of lb a lso  
i nc r ea se s .  However ,  an e s t ima te  of the to ta l  length of the moving hor izonta l  flow is difficult  to make  due to 
the weak optical  con t ras t  between the moving liquid with r e s p e c t  to the only sl ightly moving surrounding 
medium.  The ave rage  veloci ty  in the hor izonta l  flow de te rmined  f rom the r a t e  of d i sp lacement  of a hydrokine-  
ma t i c  indicator  [7] r e aches  (0 .4 -0 .6 )m/sec  for P0 = (1-2) �9 105 N / m  2. The ave rage  veloci t ies  of c i rcula t ion  
flow in the bath  due to nonsymmet r i ca l  input and e ject ion in the jet  a re  smal l  and do not exceed hundredths of 
a m e t e r  per  second. In the case  of a v e r y  a s y m m e t r i c  gas the bubbling reg ion  p rac t i ca l ly  d i s appea r s ,  the re  is 
no r i s e  in the level  of the bath,  and liquidation of the output of gas  at  the su r face  e l imina tes  spikes of liquid 
and waviness .  

Top Supply of Gas.  As can be  seen  f rom Fig. 1, for  top je t s  one obtains gasdynamic  flow modes s im i l a r  
to those cons idered  previously .  In the bubble, pulsat ion,  and t rans ien t  modes  [7], l a rge  gas bubbles of d i ame te r  
(10-30)" 10- 3 m (d o = 1.8- 10- s m) separa ted  f rom the end of the flow with f requency 4-6 Hz float upwards,  flow 
around the m a i n  jet  and s c r e e n  the gas  f rom the liquid - a s s imi l a t ion  both in the je t  and in the bubbles is r e -  
duced. The la t t e r  de t e rmines  the la rge  instabi l i ty of the boundar ies  of the je t  and the ampl i f ica t ion  of the longi-  
tudinal pulsa t ions ,  and for the whole flow the re  is a deviation f rom the nozzle  axis by 5-10 ~ 
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Fig. 2. Exper imenta l  curves  of the maximum dimens ionless  
values  of the l eng thT=  Zmax/d  0 (the range for the side noz -  
zle) and d iamete r  ~ = d /d  0 of the jet  f rom an immersed  
nozzle ,  depth h = h m a x / d  0 and d i ame te r  dl  = dl /d0 of a 
cavi ty fo r  a r emo te  je t  as a function of the d imensionless  
p r e s s u r e  P0 = P0 /Pn  for  d i f ferent  degrees  of  ass imi la t ion  
of the gas K and the corresponding approximation fo rm u -  
las.  The continuous line is for  a side nozzle and the approx-  
imation formulas ;  the dashed l ines a r e  for  a top im m er sed  
nozzle;  the d a s h - d o t  line is for  a top nonimmersed  nozzle;  
the d iamete r  of a c r a t e r  in the region of the surface  of the 
liquid (the c ra te r )  TIc = I4c /d  0 = 10,30. 1) A i r - w a t e r ;  2) 
C12 + H20; 3) CO 2 + 4 0 ~  NaOH; 4) C12 + 15% NaOH; 5) C12 + 
40% NaOH; 6,7) heated wa te r  v a p o r - w a t e r ,  6) T l = 35~ 
7) T / =  25~ a l ld0  = 1 . 8 . 1 0 - ~ m .  I) N2 + 15% NaOH; H) 
CO2 + 15% NaOH; III) C12 + (6-10%) NaOH; IV) C12 +(15- 
20%)NaOH; V) C12 + 40% NaOH, al l  d o ~ 1 . 8 - 1 0 - 3 m ;  VI) 
a i r  -water~  d o = 4" 10-3 m. The approximation formulas :  
8) [4]; 9) [12]; formula  c): 10) f o r n  = 1; 11) 0.5; 12) 0.1; 
13) 0.03. In the case  of s trong ass imi la t ion  by l m a x  and 
d m a  x we mean  I n and d n. 

In the case  of average  ass imi la t ion  of the gas  when P0 ~ (0.3-0.8)- 105 N / m  2 a j e t  mode is real ized.  At 
a ce r t a in  d is tance  f rom the sect ion of the nozzle  a t  the boundar ies  of the je t  la rge  gas fornmtions  of d iamete r  
(20-40) �9 10- 3 m occur ,  which b reak  away with a f requency of 5-10 Hz and which float along the je ts  and the 
nozzle.  During bubbling the bubbles a re  par t ia l ly  ass imi la ted ,  but  for all  the im m er sed  nozzles  investigated 
(H c = 0-0.2 m) the outpu~ of gas at  the sur face  r em a in  the same.  At the end of the je t  smal l  bubbles of d i ame-  
t e r  (1-5) - 10" 3 m axe formed,  which a r e  ca r r i ed  downwards in the flow to a d is tance  of up to half  the length of  
the je ts .  F o r  higher  values of K they complete ly  ass imi la te  during this t ime. When K is reduced,  reaching  
maximum immers ion ,  the bubbles begin to  float upward but a r e  complete ly  ass imi la ted  before  emerging at  the 
surface.  A la rge  par t  of the jet ,  when keeping values  of ~ close to the unassimila ted gas,  unlike the la t ter  is 
not surrounded by  floating gaseous m a s s e s ,  as a r e su l t  of which the je t  d i ame te r  is  considerably  reduced  and 
the d i rec t ion  of  motion of the circulat ing liquid close to the jet  is or iented deep into the flow unlike weakly 
and unassimilated je ts ,  where  the d i rec t ion  always coincides with the d i rec t ion  of bubbling, i .e . ,  to the surface.  
In the case  of s trong ass imi la t ion  of the gas in the p r e s s u r e  range  P0 -< (0.1-0.3) .  105 N /m  2 t h e r e  is a pulsa t -  
ing mode with the format ion  of individual large bubbles,  which in the p roces s  of  floating upward a r e  able to 
complete ly  ass imi la te  and e m e r g e  at  the surface .  For  la rge  Po a je t  mode is establ ished with a nucleus d n 
and a per tu rbed  region ~b. The je t  d iamete r  in the reg ion  of  the nozzle  sec t ion  does not exceed (1.5-2)d 0. The 
je t  length is c l o s e  to the values of I for  a side nozzle ,  whereas  the reduct ion in d n compared  with the unas-  
s imilated gas for  the top je t  is much g rea te r .  At the surface  of the bath the re  a r e  no spikes and the sur face  is 
calm.  The intensity of the c i rculat ions  of liquid in the neighborhood of the je t  is sm a l l e r  than when blowing an 
unassimilated gas but the excited jet  of ve r t i ca l  liquid flow acts  at  much g rea t e r  depths in the bath, introducing 
gas into it, t r a n s f e r r i ng  momentum to it, and bringing about additional motion. Since with the top jet  bubbles of 
gas,  until  they e merge  at the sur face  r will  t r a v e r s e  prac t ica l ly  two bubbling levels  (downward with r e spec t  to 
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the flow and in the d i rec t ion  of the sur face) ,  the l a t t e r  enables  the height of the bath to be  reduced o r ,  keeping 
the height the s ame ,  to ensure  increased  gas  d i scharge ,  e l iminat ing overshoots  of gas f rom the bath. 

In the case  of blowing f rom a r e m o t e  nozzle  over  the level  of the liquid, due to intense eject ion of a t -  
m o s p h e r i c  a i r  in the je t  and the fo rmat ion  of a "p ro tec t ive  jacket ,"  the nature  of  the introduction of the jet  
into the liquid and the depth at  which cavi t ies  a r e  fo rmed  a re  fa i r ly  close for  a l l  the gases  invest igated,  while 
the deg ree  of a s s imi l a t i on  of a wide range  of va lues  of K has  only a sma l l  effect  on the depth a t  which the 
cav i t ies  a r e  fo rmed.  This  r e s u l t  co r r e sponds  to the conclusions reached  in [5, 6]. However ,  for intense b low-  
ing of a s s imi l a t ed  gas ,  beginning a t  ce r t a in  values  of  P0, depending on do, Hc, and K, a reduct ion in h is ob-  
se rved .  The effect  of K on the d i am e t e r  of a cavi ty  is m o r e  considerable .  Although the change in d I a lso  
does  not exceed 20-30%, the s t ruc tu re  of a cavi ty ,  the nature  of the overshoots  of gas ,  and the liquid s ta te  
of the su r face  depends to a cons iderable  extent  on K. 

P a r a m e t e r s  0f the Je t_  F igure  2 shows the exper imen ta l  r e la t ions  

-[-~ l/do(h = h/do) ~ f (Po, K) d : d/do (d, = d,/do) --= f (Po, K) 

for  side and top je t s ,  re f lec t ing  the complex re la t ionship  between the geome t r i ca l  p a r a m e t e r s  of the jet  and a 
cavi ty  on the feed p r e s s u r e  P0, the deg ree  of a s s imi la t ion  of the gas by  the bath  K, and the method of blowing. 
I t  can be seen  f rom the f igure that  in the jet  mode the effect  of the degree  of a s s imi la t ion  is quite considerable ,  
and when K is  inc reased  s e v e r a l  tens of t imes  the va lues  of I n d e c r e a s e  by a fac tor  of 3-5,  whe reas  in the 
bubble,  pulsation,  and t rans ien t  gasdynamic  modes  over  this  range  of values  of K the d i f fe rences  do not e x -  
ceed 20-30%. For  gas  flows with K _< (2-3) (C12 - H 2 0 ,  CO2 + NaOH with concentra t ions  of l ess  than 15%, and 
a l l  gases  which d i s so lve  only sl ightly in water),  m a x i m u m  l-~ (constructed in Fig. 2), t h e  min imum l--l, the 
lengths of the je t s  d i f fer  f rom the s i m i l a r  va lues  l 1,2 for  unass imi la ted  gas  [7] by not m o r e  than 10-15%, 
which is within the l imi ts  of expe r imen ta l  e r r o r .  Consequently,  one can neglect  changes in the length, and the 
side and v e r t i c a l  i m m e r s e d  je ts ,  as  a lso  the hydrodynamic  s i tuat ion in the bath,  and we have  weak a s s i m i l a -  
t ion of the gas.  For  weakly a s s imi l a t ed  side je t s  the t r a n s v e r s e  d imens ions  (d) of the flow a r e  c lose  to unas -  
s imi la ted  gases .  However ,  the d i am e t e r  of the top i m m e r s e d  je t s ,  even  for  weak a s s imi l a t i on  due to co n t r ac -  
t ion of the total  amount  of the ma in  je t  of gas  f loating to the boundar ies  and a reduct ion in the d imens ions  of 
the bubbles ,  is reduced considerably ,  and for K = 2-3  (for C1 z and CO 2 ) hi the jet  mode by 30-60% less  than 
the s i m i l a r  va lues  compared  with unass imi la ted  gas.  

In the case  of ave r age  a s s imi la t ion  of gas  (K = 5-20 for C12 and CO 2 with concentra ted  alkal i)  in the r e -  
gion of jet  flow the values  of l ' f a l l  by 20-50%, both for  top and for  side jets.  In this case,  dueto  the m o r e  in-  
t ense  in terac t ion  at the boundar ies  of the jet ,  the values  of ~" for  side nozzles d e c r e a s e  by 20-30%, and addi-  
t ional liquidation of a l a rge  pa r t  of the backward  flow (bubbling along the ma in  je t )  reduces  the t r a n s v e r s e  d i -  
mens ions  of the top i m m e r s e d  jets  by a fac tor  of 2-2.5.  In this r ange  of K it is n e c e s s a r y  a lso  to make  a c o r -  
r ec t ion  for the hydrodynamic  c h a r a c t e r i s t i c s  of the bath taking into account the fac to r s  considered previously .  
Final ly,  for K > 30 for C12 and when using vapor  and water* [11] with T b = 300"C and T l < 40~ (for CO 2 
these  conditions were  not r e a l i z e d ) ,  in the je t  mode the values  of l n may  fall  by a fac tor  of 2-5,  in which case  
the  conditions for s t rong a s s imi l a t ion  a r e  sat isf ied.  

In this case ,  intensif icat ion of the in teract ion at  the boundar ies  of the je t  and liquidation of the bubbling 
along the je t  leads to a reduct ion in the t r a n s v e r s e  d imens ions  of the side jet  (d n) by a fac tor  of 2-4,  while the 
t r a n s v e r s e  d imens ions  of the top i m m e r s e d  jet  a r e  reduced by  a factor  of 5-8. Under s t rong ass imi la t ion  con-  
dit ions there  is p rac t i ca l ly  no bubbling region,  no overshoots  of gas  and liquid, and no inc rease  and osc i l l a -  
t ions of the ba th  level.  

Hence,  the physica l  meaning of the ideas of weak, medium,  and s t rong a s s imi l a t ion  is de te rmined  by the 
cont rac t ion  in the jet  lengtlu l ess  than 15% is weak, up to 50% is medium,  and higher  than 50% is strong.  The 
r ema in ing  p a r a m e t e r s  of the flow a re  de te rmined  within the f r a m e w o r k  of the achieved deg ree  of ass imi la t ion .  

Compar i son  of the d i a m e t e r s  of the reac t ion  zone for side and top i m m e r s e d  je ts  conf i rms  the qual i ta -  
t ive  conclusion reached  in [7] r ega rd ing  the identical  na ture  of the mechan i sm of the flow of gases  f rom an 
i m m e r s e d  nozzle for an or ienta t ion of the nozzle  axis  with r e s p e c t  to the horizontal .  In fact ,  liquidation at  the 
boundar ies  of the top je t s  of ex te rna l  bubbling gas flow leads to convergence  of the i r  t r a n s v e r s e  d imensions  
with the hor izonta l  pa r t  of the side jet, which is pa r t i cu la r ly  c h a r a c t e r i s t i c  for  the jet  gasdynamic  mode and 
occurs  for any de g ree  of ass imi la t ion .  

*R. D. Kuzemko and O. N. Shlik, Zhdanov Meta l lurgica l  Insti tute,  par t ic ipa ted  in the exper iments  with heated 
vapor .  
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Fig. 3. Dependence of the d imensionless  length l" of the je t  on the 
Archimedes  number (At): VII) calculated f rom [13] ; VHImax,mi n 
calculated f rom [7]; IX) according to (c); X) according to (b); 1) 
according to (a). The remaining notation is the same as in Fig. 2. 

Investigation of  the geomet ry  of the cavity formed when a gas je t  is introduced into the liquid f rom a 
nonimmersed  nozzle,  conf i rms that  in the case  of open (" je t" )  cavi t ies  the depth and d iamete r  of the reac t ion  
zone a re  c lose  in value. The g rea tes t  t r a n s v e r s e  dimensions of a cavity (close to the liquid sur face)  in this 
case  is fa i r ly  sa t i s fac tor i ly  descr ibed  by the re la t ion  a) d i / d  0 = nl/3Ar I/~ for n = 0.1 [4] for  nonassimila ted 
flows and gases  which we have r e f e r r e d  to as  medimn and weak degrees  of ass imila t ion (8, Fig. 2). The d i ame-  
t e r  of the je t  cavity for  s t rong ass imi la t ion  of the gas is be t t e r  descr ibed  by the express ion  b) d l / d  0 = 1 + 0.67 
Arc '~  (12) (9, Fig. 2). 

When the je t  cavi ty changes into a closed ("bubbling") cavity (the conditions for this t rans i t ion  have been 
analyzed in [14]), i ts g r ea t e s t  d iamete r  is extended (with the exception of a b lu r red  zone close to the c r a t e r  of 
the cavity) and becomes  c lose  to the t r a n s v e r s e  dimensions  of the top im m er sed  jet. In this  case,  for  all gases  
with the except ion of  s t rongly ass imi la ted  gases ,  approximation b) introduced abovecan  be  used with an e r r o r  
of 20%. For  s t rongly ass imi la ted  gases  the d i ame te r  of the bubbling cavity can be es t imated  to a f i r s t  approx-  
imation using the formula  c) d t / d  0 = nl/SAr 1/3 for n = 1 (10, Fig. 2). It a l so  holds for  a top immersed  nonas-  
s imilated jet. 

The values n = 0.5 (11, Fig. 2) s a t i s fy  side unassimilated and top weakly ass imi la ted  jets  of gas; n = 
0.5-0.2 is for  gases  of medium ass imila t ion,  and n = 0.2-0.03 is for  s trongly ass imi la ted  gases  (K = 30-160) 
(12, 13, Fig. 2). In Fig. 3 we show graphs o f T =  f (Ar )  in the case  of im m er sed  and nonimmersed  je ts  for  
gases  with different  degrees  of ass imila t ion,  which can be approximated by the following equation: l '= 0.96- 
Ar ~ -- weak ass imi la t ion  - a i T  = 1.8 Ar  ~ - medium a s s i m i l a t i o n -  b ; T  = 3.0 Ar ~ Ar<_ 3.10~; ~ = 18 
Ar~176 Ar  > 3- 103 :- s t rong assimilat ion - c (Fig. 3). 

N O T A T I O N  

Hc and H 1 , d is tance of the nozzle f rom the level  of the liquid and the initial level  of the bath; d0, c r i t i ca l  
(output) d iamete r  of the nozzle;  P0, excess  blowing p r e s s u r e ;  l and d, length (range of the hor izonta l  je t )  and 
the l a rges t  d iamete r  of the jet;  h and dt, depth of a c r a t e r  and its g r ea t e s t  d iamete r  for  a nonimmersed  noz-  
zle;  k, p ,  Pl,  v ,  V l ,  adiabatic index, and the densi ty  and v iscos i ty  of the gases  and liquids; 4 ,  d i ame te r  of the 
individual gas bubbles;  Ar = V 2 a p / g d o p l ,  Archimedes '  c r i t e r ion ,  where  Va~ is the flow r a t e  of the gas f rom 
the nozzle;  g, acce le ra t ion  due to gravity;  and K, ass imila t ion coefficient of the gas by the liquid. 
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R A D I A T I V E  - C O N D U C T I V E  H E A T  T R A N S F E R  UNDER 

C O N D I T I O N S  OF A R E G U L A R  MODE OF T H E  F I R S T  

KIND 

I.  A. G o r b a n  T a n d  Yu.  V. L i p o v t s e v  UDC 536.33:536.241 

The regulari t ies of heating a plane layer of a semitransparent condensed medium with optically 
smooth surfaces are  analyzed under the conditions of a regular  mode of the f i rs t  kind. 

The question of the existence of regular modes in partially transparent  mater ials  was studied in [1, 2]. 
It was shown in these papers that regularization of the temperature field sets in fo r  a linear change in the 
temperature  of the layer  boundaries, just as this is observed in the classical  theory of heat conduction. The 
present  paper is devoted to a theoretical  investigation of the regularization process for radiat ive-conductive 
heat t ransfer  under conditions of a constant coefficient of convective heat t ransfer  and constant temperature  
of the environment when the radiant heat flux in the plate is equal to or exceeds the heat flux because of mo-  
lecular heat conduction. 

To clarify the dynamics of temperature  field development under the combined heat- t ransport  mechanism, 
let  us consider the problem in the following formulation. Let a semitransparent  plate with optically smooth 
surfaces,  within which heat t ransport  is subject to the Fourier  general  law, have a uniform temperature d is -  
tribution T(0, x) = T ~ at the initial t ime r = 0. The plate is placed in a plane chamlel (Fig. 1) over which flows 
a hot gas whose temperature  T e and convective heat- t ransfer  coefficient h e a re  given and constant in time. 
The channel walls a re  force cooled and their emissivity is one. The thermophysical and radiation charac ter -  
istics of a partially transparent  layer are  independent of the temperature.  

The process of combined heat t ransport  by radiation and heat conduction is described by a coupled sys-  
tem of essentially nonlinear integredifferential equations [3] 

cos 0 0 ~  (1) 

O~ = K ~ + 2 d~ o: [~ (q)+ + q f )  ~ 2n2Bl sin OdO. (2) 

(~t) 0 

Since the emissivity of the surfaces bounding the channel is one, then in pract ice all the radiation inci- 
dent is absorbed and none ref lected.  The intrinsic radiation of the channel surface and the gas can be neglected 
since the channel walls are  cooled, and the optically thick gas layer is considered small. Therefore,  the ex- 

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 36, No. 3, pp. 449-453, March, 1979. Or ig ina l  
ar t ic le  submitted April 24, 1978. 
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