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Results are presented from an experimental investigation of the interaction between a hot 
gas jet and a liquid bath with different schemes of organization of the iet. 

The eff icient  use of energy  r e s o u r c e s  is an impor tan t  p r o b l e m  in modern  industry.  The use of p l a s m a  
je ts  as  sources  of highly concent ra ted  energy ,  with a broad  range  of the rma l  and chemical  potent ia ls ,  makes  
it poss ib le  to signif icantly i n c r e a s e  the t he rma l  eff ic iency of p r o c e s s e s ,  intensify heat and m a s s  t r a n s f e r  in 
a sy s t em,  and inc rea se  useable  output. The advantages  of p l a s m a  technology become evident in real iz ing high- 
t e m p e r a t u r e  g a s - l i q u i d  p r o c e s s e s  connected with the t he rmomechan i ca l  p roces s ing  of a mol ten  bath. P l a s m a  
appl icat ion he re  is  cu r ren t ly  based  on the use of the products  of combust ion of a hydrocarbon  fuel as  the 
ene rgy  c a r r i e r ,  which means  that the heat uti l ization fac to r  is  low. Blowing equipment based on e l e c t r i c - a r c  
gas  h e a t e r s ,  in con t ras t  to fuel combust ion c h a m b e r s ,  makes  it poss ib le  to obtain hot gas  flows with inde-  
pendently specif ied t h e r m a l  and chemical  potent ia ls  in accordance  with the r equ i r emen t s  of a specif ic  indus-  
t r i a l  p r o c e s s .  

Fig. 1. Photographs  of the d ischarge  of a h i g h - t e m p e r a t u r e  jet  of 
ni t rogen into wa te r  with top and bot tom blowing: a) F r  o = 438, 
T O = 5320 ~ H/d  0 = 0, d o = 6 .10  -3 m; b) 850, 3580, 5, 4 .10-3;  c) 
650, 5790, 32, 4.3" 10-3; d) 5120, 5720, 32, 3 .10  -3. 
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Fig. 2. Schemes of measurement of the geometric charac- 
teristics: a)top blow; b) lateral blow (transitional regime); 
c) bottom blew (regime of developed jet discharge, Fr o > 
300o). 

The realization of gas-liquid processes using plasma technology involves the localized action, on the 
melt, of high-enthalpy gas jets blown onto the surface or into the body of the melt. The interaction of plasma 
flows with a melt has been the subject of investigation in works devoted to the development of plasma technology 
[i, 2], although the dynamic effect on the melt of gas heated in a refining plasmatron is very slight. The cir- 
culation of the melt is determined by the electromagnetic field of the arc discharge [2]. The gas-melt phase 
boundary is undeveloped in this case, which means that mass transfer takes place slowly. The contact area 
can be increased and the effects of pulsative transport can be enb.nced by increasing the d~mamic effect of the 
plasma jet on the melt. 

A large number of works have experimentally studied different aspects of transport phenomena in the 
interaction of high-velocity gas jets with a liquid, the main goal of these researches having been to establish 
a correlation between the parameters of the blow and the characteristics of the blowing zone. The studies have 
been conducted under isothermal or slightly nonisothermal conditions with heating of the gas and with the blow- 
ing of jets of cold gas onto melts. The character of dispersion of hot (plasma) jets, under nonisothermal condi- 
tions, is quite different from the laws for isothermal conditions, so that the above results may not apply to the 
interaction of a plasma jet with a liquid both under pronounced nonisothermal conditions. The features of heat 
transfer in such systems remain nearly unexplored in both the theoretical and empirical senses. 

Heat transfer from a hot argon jet to a water bath was studied in [5]. The anthors investigated a variant 
of organization ofthe process which used extended top nozzles at gas exit velocities -< 120 m/sec and gas exit 
temperatures -< 3000~ An attempt was made to describe the effects of the interaction within the framework 
of boundary-layer theory, which limits the possibility of application of the results for analyzing features of 
the discharge of high-velocity (N 103 m/sec) submerged plasma jets into a liquid, accompanied by the mutual 
mixing of the phases as the gas jet is broken down into individual bubbles under conditions of turbulent pulsa- 

tire transport (Fig. i). 

The goal of the present work is to experimentally study heat transfer from a plasma jet to a liquid both 
end characteristics of propagation of the jet in the liquid with different schemes of organization of the blow 
(top, lateral, and bottom blowing) for a broad range of gas mean-mass exit velocities (150-3000 m/see) and 
temperatures (1.7-6.5).I03~ The tests were performed on a unit consisting of an electric-arc gas heater 
with vortical stabilization of the discharge, with a nominal power of 20 kW. The unit had baths of different 
geometries (cylindrical b~th with a diameter of 0.17 m and a height of 0.19 m and a bath of rectangular cross 
section with sides 0.3 • 0.16 x 0.35 m). The interaction of plasma jets with a liquid b~th was studied in nitro- 
gen (helium)-water (glycerine) systems differing significantly in their physical properties. The heat-transfer 
studies were conducted with the water flowing through the bath, and the measurements were based on the 
calorimetric method. The characteristics of the blow were calculated for equilibrium mean-mass parameters 
of the gas flow at the outlet of the plasmatron nozzle. The characteristic dimensions of the interaction zone 
were determined on the basis of quantitative analysis of photographs (Fig. 2). 

Top Blow. The macroscopic picture of the process of interaction of the liquid with a plasma jet flowing 
normal to the bath surface corresponds to that described in the studies conducted under isothermal conditions 
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Fig. 3. Dependence of the d imens ion less  depth of the c r a t e r  (a) and 
the h e a t - t r a n s f e r  function (b) with top blowing of a h igh -ve loc i tygas  
jet  onto the liquid on the Froude c r i t e r ion  fo r  different  d i s tances  of 
the p l a s m a t r o n  nozzle  f r o m  the bath sur face  (the points  denote ex-  
p e r i m e n t a l  va lues ,  while the  curves  denote calculat ion by Eq. (1) 
(a) and Eq. (3) (b): 1) H /d  0 = 0; 2) 5; 3) 13; b - 1) H/d  0 = 0; 2) 7.5; 3) 
13. 

[3]. The s t ruc tu re  of the in te rac t ion  zone is  de te rmined  by the flow of momen tum of the incident jet at the 
level  of the liquid. 

An i n c r e a s e  in the F r  o num ber  i n c r e a s e s  the t r ans i ence  of the g a s - l i q u i d  boundary,  and this  is  a c c o m -  
panied by comminut ion of the gas  flow into individual bubbles.  During the invest igat ion of the p r o c e s s  in a c i r -  
culating s y s t e m ,  with the fixed t e m p e r a t u r e  of the liquid at the bath outlet  not exceeding 310~ we preven ted  
boiling in the volume and the dis tor t ion of the in teract ion zone that  would have accompanied  it. 

The d imensions  of the zone of in te rac t ion  between the h igh-ve loc i ty  p l a s m a  jet  and the sur face  of the 
liquid a r e  de te rmined  by the modif ied Froude  number  (Fro) (Fig. 3a). The v i scos i ty  of the liquid does not,  
within the range  inves t iga ted ,  affect  the cha rac t e r i s t i c  d imensions  of the in terac t ion  zone. However ,  during 
blowing with a high veloci ty ,  we did not ice pronounced gas sa tura t ion  of the bath  volume with smal l  gas  bub-  
b les  about 10 - a m m  in d i ame te r .  These  bubbles  were  capable  of staying in the bath for  a long per iod  of t ime.  
This  fact  m a y  have a significant  effect  on m a s s  t r a n s f e r  p r o c e s s e s  in s i m i l a r  sy s t ems .  

Sta t is t ical  ana lys i s  of the exper imenta l  data gave us theore t ica l  re la t ions  for  de termining  the mean  
d imens ion less  depth of penet ra t ion  of the p l a s m a  jet  into the liquid (h/d0) and the d i ame te r  of the in terac t ion  
zone (d/d0): 

" ( g ~.=k~ ~r. 
h = A Fr '~+'~ 1 + (1) 
do " --~-o / " ' 

where  A =  1.2; m : 0 . 4 4 ;  a = ~  1.7.10-z; n = - - 0 . 2 6 ;  b =  1.3.10-~; 

(2) 

where  m : 0.33 and n : 0.08. The mean  re la t ive  deviation of the t e s t  data f r o m  the theore t ica l  values obtained 
with Eqs.  (1) and (2) i s  7%. 

Compar i son  of Eq. (1) with the equation h/d0 = Fr~ "5 [3] for  i so the rma l  conditions with the nozzle  edge 
located at the bath  level  (H/d 0 = 0) shows that ,  f o r  a b road  range  of blowing r e g i m e s ,  the depth of pene t ra t ion  
of the jet  does  not d i f fe r  much f r o m  the value corresponding to i so the rma l  conditions. 

The d i ame te r  of the in te rac t ion  zone i s  l a r g e r  when the bath is  blown under i so the rma l  conditions than 
when tt is  blown by the p l a s m a  jet ,  a fact  which is  explained by the decis ive  effect  of the re f l ec ted  gas  flow on 
the c r o s s - s e c t i o n a l  d imens ions  of the c r a t e r .  Upon in terac t ion  with the liquid, the re f l ec ted  jet  undergoes 
rap id  cooling,  leading 'to a reduct ion in i t s  dynamic cha rac t e r i s t i c s .  

The r e s u l t s  of expe r imen ta l  s tudies of heat  t r a n s f e r  in a p l a s m a - j e t  - l iquid-bath  s y s t e m  a re  r e p r e -  
sented by an in tegra l  c h a r a c t e r i s t i c  of the p r o c e s s  - the h e a t - t r a n s f e r  function (Kt) , defined as  the ra t io  of 
'the heat  taken up by the liquid, without considerat ion of energy  expendi tures  on evaporut ion,  to the avai lable  
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Fig.  4. Dependence of depth of p e n e t r a -  
t ion of  h i g h ; t e m p e r a t u r e  and i so the rma l  
gas  je t s  in a Iiquid on the Froude  c r i t e -  
r i ch  with la te ra l  blowing: 1) i so the rma l  
je t s  (the equations [5] lmin /d  o = 0.27 
Fro~ "ss, Imax/d o = 1.85 Fr~ 2) high- 
t e m p e r a t u r e  jets  (Eqs. (5), (6)}. 

thermal energy of the high-temperature gas jet at the edge of the nozzle of the blowing apparatus. The tem- 
perature of the liquid at the outlet from 'the vessel, measured directly during the experiment, is taken as the 
determining value in calculating the available thermal energy of the jet. It is not possible to unambiguously 
determine the temperature of 'the phase boundary under the transient conditions of the interaction, accom- 
panied by evaporation of the liquid and mutual mixing of the gas and liquid. It has been established that the 
value of the heat-transfer function in a top-blown system is determined by the value of the modified Froude 
number, calculated from the parameters of the jet at the edge of the nozzle, and the distance of the nozzle 
from the surface of the liquid. The following relation was obtained from statistical analysis of empirical re- 
sults to calculate the heat-transfer function 

/~ =[ !  + A Fr~+aH/ao (I + H/4)"+~ - ' ,  (3) 

where  A = 3.2; m = - 0 . 8 ;  a = 3.3"10-2; n = 0.56; b = -9"10  -5. The mean  re la t ive  deviat ion of the exper imenta l  
data f r o m  that  eaclula ted  with Eq. (3) i s  5%. 

Equat ions  (1)-(3) were  obtained with the following p a r a m e t e r  ranges :  w 0 = 150-800 m / s e e ,  do = (3.6-8). 
!0  - a m .  H /d  0 = 0-13, F r  o = 20-1500, T O = 1700-6300~ 

Within the l imi t s  of a ccu racy  of the expe r imen t  (the m a x i m u m  re la t ive  deviation of the r e su l t s  ca lcu l -  
ated with Eq. (3) f r o m  the empi r i ca l  r e s u l t s  does not exceed 20~), the the rmophys ica l  p r o p e r t i e s  of 'the gas  
do not effect  the in tegra l  c h a r a c t e r i s t i c  of the h e a t - t r a n s f e r  p r o c e s s  when using p l a s m a  je t s  of he l ium and 
ni t rogen.  The r e a s o n  fo r  this  i s  evidently as  follows: the developed sur face  of contact  between the in terac t ing  
p h a s e s  and the high f requency  of the pulsa t ions  of the boundary have a decis ive  effect  on the hea t -  t r a n s f e r  r a t e  
when a liquid bath is  blown with a h igh-ve loc i ty  p l a s m a  jet; the di f ference in the value of the h e a t - t r a n s f e r  func-  
t ion fo r  g a s e s  with different  t he rmophys i ca l  c h a r a c t e r i s t i c s  may  p rove  to be substant ia l  as the dynamic effect  
of the je t  on the bath d e c r e a s e s  (H/d 0 > 10; F r  o < 20). 

The value of the h e a t - t r a n s f e r  function i n c r e a s e s  significantly as  the edge of the p l a s m a t r o n  nozzle  
app roaches  the liquid sur face  and as  the in tens i ty  of the blow, de te rmined  by the F r  o c r i t e r ion  (Fig. 3b), in-  
c r e a s e s .  Locat ion of the nozzle  at 'the bath level  en su re s  n e a r - m a x i m u m  heat intake by the bath at F r  o > 200. 
In connection with this  fact ,  mol ten  baths  may  be eff icient ly t h e r m a l l y  p r o c e s s e d b y  using unsubmergednozz l e s .  

Changes which o c c u r r e d  in the s t ruc tu re  of the p l a s m a  jet  due to the loe~tion of w a t e r - c o o l e d  adap te r s  
with L / d  ~- 12 behind the p l a s m a t r o n  nozzle  did not affect  the c h a r a c t e r i s t i c s  of t h e r m a l  and dynamic i n t e r a c -  
l ion of 'the jet and liquid bath. Thus,  the study r e su l t s  can be used to design a broad  range  of p l a s m a  blowing 
devices .  

L a t e r a l  Blowing. Two r e g i m e s ,  t r ans i t iona l  and jet ,  were  seen to cha rac t e r i ze  the flow of the gas  ir~to 
�9 the liquid, depending on 'the dynamic  effect  of the p l a s m a  jet  on the bath (the above r e g i m e  c lass i f i ca t ions  were  
taken f r o m  [4]). The t rans i t iona l  r e g i m e  co r re sponded  to min imum gas  exit  veloci t ies  in the inves t iga ted  
range  (Fr  o < 5-102), while jet  flow was o b s e r v e d  at F r  o > 5-102. 

The study r e s u l t s  showed that  the depth of pene t ra t ion  of the h igh-ve loc i ty  gas  jet  into the liquid with 
l a te ra l  Mowing is  de te rmined  by the value of F r  o (as in [4], by the depth of pene t ra t ion  we mean  the length 
of 'the straight section of the jet (see Fig. 2b and c)). Due to lengthwise pulsations, the depth of penetration 
of 'the jet into the liquid during the transitional regime is of a statistical nature. The range of this depth, 
given a constant blowing regime, may be as great as 50~ at the minimum Fr o values. 

The following relations were obtained to determine the mean, minimum, and maximum depths of pene- 

tration of plasma jets into a liquid (l i/d0): 
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TABLE 1, Resul ts  of Experimental  Studies of Heat Trans fe r  with 
Latera l  and Bottom Blowing 

Lateral 

-E- n mm/mm 
do ' 

4O 
--5 

8 

4O 
6 

90 
- -  15 

6 

blowing 

Fro To, K 

57 6180 
24 6260 
84 6200 
31 6240 

85 4720 
231 5190 
292 5180 
86 3820 

181 5110 

Ill 6030 
144 6010 
261 575O 
77 5700 

152 5800 

K t 

0,95 
0,96 
0,96 
0,93 

0,90 
0,86 
0,87 
0,93 
0,86 

0,96 
0,99 
0,99 
0,99 
0,92 

rmJmm 
do ' Fr~ 

140 256 
- - - ~ - 2 3  141 

210 
103 

104 140 
--~---~- 17 169 

256 
106 
364 

139 
55 ~9 110 
6 221 

329 
411 

Bottom bl0wing 

To, K 

6140 
6380 
6250 
6270 

6350 
6230 
6150 
6290 
5930 

6320 
6370 
6290 
6130 
6080 

K t 

0,99 
0,96 
0,95 
0,99 

0, 79 
0,94 
0,86 
0,89 
0,93 

0,70 
0,77 
0,71 
0,70 
0,80 

~vldo = 1,1Fr ~ (4) 

lminldo = 0.63Fro~ (5) 

lmax/d o = 2.4FroO.3 (6) 

for  the following b lowing-parameter  ranges:  w 0 = 160-3000 m / s e c ,  d o = (3-8).10 -3 m, T o = 3500-6400~ 
H/d  0 = 5-40, F r  o = 20-5300. The mean deviation of the experimental  values f rom the theoret ical  does not 

exceed 10%. 

The depth of penetrat ion into the liquid is significantly less  for  a h igh- tempera ture  jet than under i so-  
thermal  conditions (Fig. 4), which is explained by the additional dissipation of kinetic energy along the jet as 

a resul t  of heat t r a n s f e r  to the liquid. 

The resul ts  of study of he~:t t r a n s f e r  in a p l a sma- j e t  - l iquid-bath sys tem with la teral  blowing show that 
nea r ly  complete t r ans f e r  of the heat to the liquid phase (K t -> 0.95 with H/d  0 = 15 and F r  o > 20) (see Table 1) 
is  ensured  when t h e  nozzle edge is  submerged (except for  "breakthrough" of the bath [4]). 

The value of the hea t - t r ans fe r  function in the "breakthrough" regime is within the range 0.85- 0.95 (H/d o = 
7, Fro = 30-300), which shows th,~t the main role in the the rmal  interact ion of the p lasma  jet and the liquid bath 

is played by the jet breakdown region,  not be the bubble region. 

Bottom Blowing. The s t ructure  of the g a s - l i q u i d  sys tem in the case of bottom blowing of the liquid bath 
with p lasma  jets is determined by the immers ion  of the nozzle of the blowing device. At F r  o > 100 and H/d 0 ~ 
10, a spouting d i spe r se -gas  zone is fo rmed  over  the b~th surface as a resul t  of breakthrough of the liquid by 
the gas jet. The result ing value of the hea t - t r ans f e r  function for  heat t r ans f e r  to the liquid in the bath and in 
the spouting l ayer  lies within the range 0.7-0.8 for  H/d0 N 10 and F r  o = 100-400. As H/d 0 inc reases ,  the 
effects of the interact ion of the p lasma jet d i rect ly  with the liquid bath become predominant:  the hea t - t r ans fe r  
function under these conditions approaches the maximum value (see Table 1). 

The studies show that the use of high-veloci ty  p lasma  jets on a liquid bath makes  it possible to conduct 
the p r oce s s  with a high the rmal  efficiency using different methods of organizing the blow. The resul t s  obtained 
here  can be used to design h igh- tempera tu re  apparatus  intended for  real izing s t rongly nonisothermal  g a s -  

liquid p roces ses .  

NOTATION 

F r  o = pow2/pwdog, modified Froude cr i ter ion;  Po, Wo, To, m e a n - m a s s  density,  velocity, and t e m p e r -  
~ture of the p lasma  jet; Pw, density of the liquid; d o, d iameter  of the nozzle of the blowing equipment; g, ac -  
celera t ion due to gravity;  H, height of nozzle above bath; h, d, depth and d iameter  of c r a t e r  with top blowing; 
li, depth of penetrat ion of jet into liquid; Kt = Qw/(AH~- o-  zk~-I'rz), hea t - t r ans fe r  function; Qw, heat taken up by 
liquid bath, without considerat ion of energy expended on evaporat ion,  r e f e r r e d  to the m a s s  of the gas blown; 
AHL0 , AHt2 , change in mass  enthalpy of gas with heating f rom 0 ~ K to the t empera tu re  of the p lasma jet and the 

t empera tu re  of the liquid at the bath outlet,  respect ively.  
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RELATIVE INCREASE IN HEAT TRANSFER IN 

VISCOUS-INERTIAL REGIMES OF FLOW OF 

HELIUM AT SUPERCRITICAL PRESSURE IN 

A HEATED PIPE 

V. A. B o g a c h e v ,  V.  M. E r o s h e n k o ,  
a n d  L .  A.  Y a s k i n  

UDC 536.24 

Resu l t s  a re  p r e s e n t e d  f r o m  an expe r imen ta l  study of an i nc r ea se  in heat  t r a n s f e r  to a turbulent  
flow of supe rc r i t i ca l  he l ium in a pipe.  

It  follows f r o m  [1, 2] that ,  g iven suff icient ly high heat  f luxes on the wall,  the h e a t - t r a n s f e r  ra te  in the 
fo rced  turbulent  pipe flow of supe rc r i t i ca l  he l ium can i n c r e a s e  signif icantly in the case  of heat  exchange with 
constant  liquid p r o p e r t i e s .  According to the co r re l a t ions  in [3, 4], based  in the region Nu > Nu 0 on l imi ted  
data f r o m  [1], th is  effect  is  governed  by the specif ic  heat ra t io  ~p/Cpq. No specia l  conditions have been ob-  
s e r v e d  fo r  a re la t ive  i n c r e a s e  in heat  t r a n s f e r  in the case  of v i scous - ine r t i a l  r e g i m e s  of flow of superc r i t i ca l  
hel ium. The preser~t work  is  devoted to expe r imen ta l  invest igat ion of this question. 

The experimer~ts were  conducted on a c r y s t a l - t y p e  unit. H i g h - p r e s s u r e  hel ium t r ave led  f r o m  a r a m p  
through a r e d u c e r  and a cor~trol valve into the l iqu id-n i t rogen-f i l led  c ryos ta t .  The hel ium was cooled in the 
c ryos t a t  in two heat  exchangers  to about 80~ by ref lux flow of the hel ium with the vapor s  of the boiling n i -  
t rogen.  The he l ium was then sent to an a d s o r b e r  with ac t iva ted  charcoal  where  it was  cleaned and dried. It 
then t r a v e l e d  along a c ryogenic  pipeline tO a KG 60/300-1 c ryos ta t  with liquid hel ium. Here ,  i t  was f i r s t  
g radua l ly  cooled to 8-15~ in the main  heat  exchanger  by ref luxing with the liquid helium. Then it was cooled 
to 5-6~ in an in t e rmed ia te  heat  exchanger  by outgoing vapors  f r o m  boiling helium. Final ly ,  it was  cooled 
in a liquid heat exchanger  to 4,2 ~ The supercooled  he l ium en te red  a ver t ica l  sect ion located in a vacuum 
chamber  s u b m e r g e d  in liquid hel ium. The r e v e r s e  hel ium flow, a f t e r  throt t l ing and heating,  was  p a s s e d  
through a me te r ing  sect ion with a r ing and then d i rec ted  into a gas  holder .  

The working sect ion was  a s ta in less  s teel  pipe 1.8 m m  in d i ame te r ,  510 m m  in length, and 0.1 m m  in 
wall th ickness .  It  had a heated sect ion 490 m m  (222 d iamete r s )  long which p receded  the 78 -mm- long  unheated 
hydrodynamic  s tabi l izat ion section.  The walls  of the pipe were  heated by the p a s s a g e  of a d i rec t  e lec t r i ca l  
cu r ren t  through them f r o m  niobium stannide leads.  The wall t e m p e r a t u r e  was m e a s u r e d  at 15 s ta t ions along 
the working sect ion with TSG-2 g e r m a n i u m  r e s i s t a n c e  t h e r m o m e t e r s  ins ta l led 25 m m  (about 14 d iamete r s )  
apa r t  in ho lders  made of e lec t ro ly t i c  copper.  The ho lders  were  s ecu red  t ightly against  the heated pipe through 
a lavsan f i lm 10 #m thick. The m e a n - m a s s  t e m p e r a t u r e  of the hel ium at the inlet  and outlet  of  the working 
sect ion was m e a s u r e d  with s i m i l a r  t h e r m o m e t e r s  ins ta l led  in mixing chambers .  The t e m p e r a t u r e  of  the ou te r  
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