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Separat ion and combining of supersonic  flows often occurs  in elements  of con temporary  h igh-ensrgy  de- 
vices.  Many studies have been made on flow around project ions ,  cavit ies,  and angular configurations [1-7]. 
Because of the difficulties of developing methods for determining convective turbulent thermal  exchange in 
s imi la r  flows, detailed exper imenta l  investigations must  be conducted. 

The purpose of the study is to determine the effect on flow and heat exchange of a change in the form of 
a cavity with a project ion placed against  the flow. The cavity is situated on the wal lof  a Laval nozzle,  i.e., 
there i s  internal s t reaml ine  flow with a negative p res su re  gradient .  

Exper iments  have been done on a horizontal  jet sys tem [8]. The experimental  model is a p lanar  nozzle 
with a width of 32 mm and with two cavit ies on its genera t r ix  symmet r i ca l ly  placed relat ive to the axis. One 
of the cavit ies is shown in Fig. la,  where h i and h 2 are  the heights of the ver t ical  walls of the cavity toward 
and against the flow. P r e s s u r e  t r ansmi t t e r s  are  located on one genera t r ix  and a the rmal  exchanger is located 
on the other.  The cone half-angle of the nozzle is 24 ~ h 1 = 7.5; 12 mm, h 2 = 6 mm. The length of the cavity 
L may be varied f rom 0 to 67 ram. The boundary layer  in front  of the separat ion region is turbulent.  The 
measured  thickness of the boundary layer  d i rec t ly  in front of the cavity is 5 i = 2 ram, the Mach number  in front 
of the separat ion is M 1 = 2.6, and the Reynolds number,  which was determined ac ros s  the cr i t ica l  c ross  section 
of the nozzle in experiments ,  is 5 �9 10 G. The gas p a r a m e t e r s  (for air) in the antechamber  of the nozzle are  as 
follows: the p r e s s u r e  is P0 = 1.0-1.3 MPa, and the stagnation t empera tu re  is T O = 255-270 K. 

Shadow d iagrams  with microsecond exposures  allow one to detect, as was done in [7], insignificant ~vibra-  
tion" of a sys tem of discontinuities with amplitudes much less  than the average thickness of the displaced layer .  
For  L /h  1 = 3.5, a sys t em of discontinuities is observed related to instabili ty in the flow apparently due to some 
type of hys te res i s .  

The local heat -exchange coefficients under quas is teady-s ta te  conditions of flow are  measured  using the 
special ly developed methodology in [9], which is valuable for  making m e a s u r e m e n t s  of heat exchange in supe r -  
sonic flows under complex conditions [8]. This method involves using a smal l  e lect r ic  p rehea te r  of graphite 
film mounted with glue in the fo rm of a rectangle  along the channel wall. Thermocouples  are  mounted flush 
with a wall made of a insulating mater ia l  along the axis of the rectangle  under the film and their  signals are  
passed into the m e m o r y  of a microcompute r .  The t ime resolut ion of this method allows for sensi t ivi ty to non- 
s teady-s ta tes  with a frequency above 5 Hz. Under experimental  conditions, heat loss  in the wall is no more  
than 1.5% of that input into the film. Total losses  in the nozzle unrelated to convective heat exchange are  no 
g rea te r  than 2%. Nonuniformity of the film over  its thickness is accounted for  by cal ibrat ions made before 
and after  the exper iment  under any conditions. The e lec t r ica l  res i s tance  of the film is controlled over  the 
duration of the experiment  and has no impact  on the measurement  resu l t s .  Measurement  of the p r e s s u r e s  on 
the walls of the model are  done with the GRM-2 group reg is t ra t ion  manomete r  with working ranges  of - 0 . 1 . . .  
+0.1 and - 0 . 1 . . .  + 0.7 MPa. The response  t ime of the ins t rument  under experimental  conditions is determined 
by the volume of the pneumatic path and is on the o rde r  of a few seconds.  The accuracy  class  of the GRM-2 
is 0.5. 

Obtained shadow d iagrams  with microsecond exposures  (Fig. 1) indicate the charac te r i s t i c  s tates  of flow 
around the cavities.  On the flow schemat ic  (Fig. la) constructed f rom the photographs (Fig. lb), one may find 
the state corresponding to a closed cavity. It is evident that the boundary layer ,  which separa tes  f rom the 
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Fig. 1 

leading edge of the cavity, expands and combines with the horizontal  wall of the cavity. Hence, a region of r e -  
duced p r e s s u r e  is closed off near  the leading wall of the cavity, while a boundary discontinuity 1 sits on the edge 
due to overexpansion.  Near the region where the boundary layer  becomes attached, an intense discontinuity 2 
a r i ses ,  and the flow rota tes  and moves along the wails of the cavity forming a wide region of highly turbulent 
flow. A discontinuity a r i ses  in  front of the t ra i l ing wall of the cavity and forms a closed separat ion region of 
compress ion ,  where one observes  the separat ion discontinuity 3, and the discontinuity 4 is separated in front 
of wall h 2. Atlmchment of the boundary layer  does not occur  at its edge but somewhat ea r l i e r  on wall h 2. This 
was indicated in [3] in experiments  conducted on external flow around a step. Because of attachment to wall 
h2, which is against the flow, par t  of the gas in the boundary layer  perpendicular  to the external high-veloci ty 
flow rota tes .  As a result ,  a separat ion region with a size on the o rder  of 6 1 appears  in the flow, which is evi-  
dent in the shadow diagrams (Fig. 1b-d). Expansion occurs  beyond the edge of the cavity (up to overexpansion 
of the flow) with the format ion of a boundary discontinuity 5, after which the p re s su re  is res tored.  

If L /h  I is decreased,  a new state a r i s e s  in which a discontinuity is generated after  at tachment of the bound- 
a ry  layer  on t:he edge of the cavity (Fig. lc) .  The discontinuities observed ea r l i e r  for at tachment 2 and sepa ra -  
tion 3 merge  together.  For  a fur ther  decrease  in L /h  1, the f ree ly  displaced layer  (which separa tes  the bound- 
a ry  layer) is forced as ide  to the flow and the cavity opens (Fig. ld). In these cases ,  the displacement  layer  
continutes to grow and the highly turbulent flow expands, while the sys tem of shock waves are  pushed aside 
into the flow f rom the walls of the cavity. 

For  flow around a cavity without an opposite project ion (Fig. ld), a closed expansion region is formed,  
there  is a boundary discontinuity near  the separat ion region, and there  is an intense attachment discontinuity 
in the at tachment region. For  the s tates  indicated in Fig. 1b-e, it is evident that the large vort ices formed in 
the f ree ly  displaced layer  reach the walls of the cavity, while this does not occur  for others .  

The p r e s s u r e  distr ibutions on the cavity wall without the project ion against the flow, on the nozzle wall, 
on the wails of a cavity with a project ion against the flow, and on the walls of the nozzle beyond the cavit ies 
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are  indicated in Fig. 2 [5) h i = 12 mm, h 2 = 0, L = 60 mm, while in the remaining cases ,  h i = 12 mm, h 2 = 6 ram, 
L = 27; 31.5; 44.5; 60 mm (points 1-4)]. 

Local  heat exchange coefficients c~ indicated in Fig. 2 are  represented  in Fig. 3 (P0 = 1.2 MPa, T o = 261 K). 
The data are  situated so that the t ra i l ing wall of all the cavit ies are  along a single vert ical .  The Mach numbers  
before the separat ion f rom the leading edge of the cavity are  equal (M 1 = 2.6). The p r e s s u r e  distr ibution and 
the heat exchange on the wall of a closed cavity with a project ion against the flow are shown in Fig. 4, where 
h 1 = 7.5 ram, h 2 = 6 mm, and L = 67 mm. 

A compar ison of the p r e s s u r e  distr ibutions on the wall of the cavity without the project ion against the flow 
(Fig. 2, curve 5) and the closed cavity with the project ion (Fig. 4, curve 2) indicates that they coincide with 
the region where the flow expands af ter  separa t ion f rom the leading edge of the cavity and in the region of at-  
tachment  to the horizontal  wall of the cavity. After at tachment (Fig. 2, curve  5), the p r e s s u r e  is constant be-  
fore the edge of the cavity and then sharply dec reases  on the nozzle wall. In Fig. 4, curve 2, the p re s su re  be-  
gins to rapidly grow before the project ion against  the flow, and separat ion then occurs .  Hence, a local maxi -  
mum is found in the separa t ion zone, and the p r e s s u r e  sharply increases  up to a second maximum in a narrow 
region before the projection.  The nonmonotonic cha rac t e r  of the p r e s s u r e  distr ibution in the compress ion  r e -  
gion before the project ion is due to the intense rec i rcu la t ion  of the flow and to the p resence  of discontinuity 3 
(see Fig. la) .  The high relat ive level of the p r e s s u r e  maxima in this region in compar ison  with external flow 
around a step [1, 3] is re lated to pecul iar i t ies  in the internal flow. For  an es t imate  of the increase  in the p r e s -  
sure  in the at tachment regions of the cavity, a one-dimensional  calculation was made for  a nozzle without a 
cavity and is shown (with a line) in Fig. 2. 

When L /h  1 is decreased  {h a = 6 mm remains  constant), the flow is r es t ruc tu red  (Fig. 2, curve 4), and the 
separa t ion regions  for expansion near  the wall h 1 and compress ion  near  the wall h 2 begin to combine. The 
cr i t ica l  length of c losure  of the cavity for a given nozzle cone half-angle Lcr/h~ = (LD/h ~) + (LF/h2)[h2/h ~] =14 
is g rea te r  than the total length of the closed regions of expansion and compress ion .  Evidently, this is related 
to the appearance of a type of hys te res i s ,  which has been observed in aerodynamic flows. A fur ther  decrease  
in L/h  1 leads to equalization of the p r e s s u r e  gradients  longitudinal with respec t  to the pe r ime te r  of the cavity 
(Fig. 2, curves  1-3). The p r e s s u r e  dec reases  near  the t ra i l ing wall of the cavity but inc reases  near  the leading 
edge, which agrees  with the experimental  data f rom [10, 11] obtained for  external flow around a rec tangular  
cavity. When L/h  1 = 3.6 (Fig. 2, curve 3), relat ive instabili ty is observed in the p r e s s u r e  distr ibution (indicated 
with the dashed lines), which is determined by the deviation of the experimental  points f rom the average position. 

A fas te r  increase  is observed in the distr ibution of local heat exchange coefficients in the at tachment r e -  
gion to the horizontal  wall without the project ion (Fig. 3, curve 5) in compar ison with a closed cavity with a 
project ion (Fig. 4, curve 1). Hence, the intensity of heat exchange is two to three  t imes  g rea t e r  than the ca l -  
culated values for a nozzle without a cavity (curves in Fig. 3) obtained with the method in [12]. The t ime r e s -  
olution of the measurements  of the local heat exchange coefficients allows one to determine the relat ive non- 
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s teady-s ta te  c]~aracter of the heat exchange coefficients with a scale of 1-5 Hz in the narrow region of the maxi-  
mum, which is defined by the ver t ica l  dashed line for the cavity (Fig. 4, curve ] ) and in a Wide range for the cavity 
(Fig. 3, curve 5). The amplitude of the osci l lat ions is on the o rde r  of 15% of the average value of the heat ex- 
change coeffic:ients. Evidently, the nature of heat exchange in these cases  is affected by perturbat ions gen- 
erated by the sys tem of discontinuities in the separat ion region. Near the repeated separat ion of the boundary 
layer  before the project ion (Fig. 4, curve 1), heat exchange is increased by the discontinuity before some con-  
stant level and then inc reases  past  the bend up to the maximum values direct ly  near  walt h 2. 

When L i b  t is decreased,  the cavity opens, and the heat exchange coefficients decrease  in the region in 
f ront  of wall h 2 (Fig. 3). In the region attached to wall h 1 of the cavity, a decrease  in L / h  1 does not lead to an 
inc rease  in the p r e s s u r e  due to heat exchange {Fig. 2), but the p r e s s u r e  is kept constant at about 40% below 
the calculated curve (Fig. 3), obtained for  a nozzle without a cavity [12]. A sharp reduction in heat exchange 
occurs  on the wall of the nozzle beyond the cavity, but, in contras t  to the p ressure ,  the values of the heat ex- 
change coefficients do not immediate ly  r each  a level corresponding to that fo r  a nozzle without a cavity but ex- 
ceed by about 80% the values for  unperturbed flow. 

Because of increased  turbulence,  (see Fig. lb-d) ,  the presence  of two maxima oz near  wall h 2 of the cavity 
(Fig. 3, curve.,~ 2-5) does not seem to explain t heease  when M~ = 0.85 [13] due to a change in the state of the 
thin boundary layers  near the walls f rom laminar to turbulent. In addition, if there exist two separat ion zones 6-7 
and 8-9 (see Fig.  I a) ,which appear ,  for example,  during subsonic flow around a step [13], curve 6 correspond s to the 
f i rs t  maximum ~ and curve 8 cor responds  to the second. The condition for separat ion of flow (dp/dx > 0) nea r  
point 9 is also satisfied for an open cavity because there  is a sharp salient point in the p r e s s u r e  distribution 
curve (Fig. 2, curves  2-5). Regarding the behavior of ~, one can conclude that the size of region 6-7 changes 
over  t ime when L / h  1 > 2.3. The second maximum is c lear ly  expressed,  and its position is independent of the 
change in L/h:[ (Fig. 3, curves  3-5). Consequently, the separat ion zone 8-9 is stable, but its position and size 
under equivalent conditions are  determined by the dimension h 2. 

The experimental  resul ts  indicate that a l a r g e - s c a l e  nonsteady state occurs  only in the transi t ional  state 
of flow around a cavity for  L /h  t = 3.6, when instabil i ty is observed with measurements  of the p re s su re  and heat 
exchange over  the entire length of the Cavity (Fig. 2, curve 3, and Fig. 3, curve 3, the amplitude of the osc i l la -  
tions is indicated with the dashed lines). One may distinguish the nonsteady-s ta te  nature of heat exchange in 
the cases  of Fig. 3, curve 5, and Fig. 4, curve 1, which is due to the close proximity of discontinuities 2 and 3 
(see Fig. la) to the wall and is local. 

A change in the geometr ic  fo rm of the cavity has an effect on the heat exchange coefficients and the p r e s -  
sure  pertaining to the separat ion point (Fig. 5, where 1 and 2 are  the maximum values of the heat exchange co-  
efficients and p ressu re ,  respect ively,  while 3 and 4 are  their minimum values). K for L/h~ = 6.7, the maximum 
values of a/oQ and P/Pl differ by 1 0 ~  then for L /h  i = 10.6 the diKerence is 27%. Therefore ,  the quantity o ~ / ~  
for  all L/h~ exceeds P/P1" On the other  hand, the minimum values of P/Pl exceed the minimum values of ~ /~1 ,  
and both of these quantities are  weak functions of L/h~. 
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The p r e s s u r e  and heat exchange distributions on the walls of two types of cavit ies are  shown in Fig. 6: 
1) without a project ion against the flow (h 1 = 12 ram, h 2 = 0, L = 27 ram), 2) with a project ion (h i = 12 mm, h 2 = 
6 mm, L = 27 mm). It is evident that as the p r e s s u r e  on the wall of the cavity in the f i rs t  case is less  than in 
the second case,  the heat exchange is on the average  1.5 t imes  g rea te r .  The p r e s s u r e  distr ibution on the nozzle 
wall beyond the cavity is independent of the cavity form,  but the heat exchange is dependent and takes on higher  
values for  a cavity without a project ion against the flow. 

On the basis  of experimental  data, one can conclude that the p r i m a r y  feature of convective heat exchange 
in flows with local separat ion zones is the intensification of its high level of turbulence in the flow attached to 
the walls. The amount of turbulent t r ans fe r  is basical ly determined by large  vort ices ,  and the intensity of heat 
exchange di rec t ly  depends on the nearness  of the l ayers  of large vor t ices  (see Fig. la ,  where a rcs  near  the 
upper boundary of the viscous surface  flow are used to define the vortices) to the heat exchange surface.  Con- 
sequently, control of the separat ion flow for decreas ing  the very high level of heat exchange in the at tachment 
region and in the relaxat ion section beyond it is possible by changing the geometr ic  form of the cavity. Effec-  
tive compress ion  of heat exchange in these regions is achieved by pushing large  e n e r g y - c a r r y i n g  vor t ices  gen-  
erated near  the outer  boundary of the f reely  displaced layer  into the flow f rom the heat exchange surface,  and, 
although the region of intense surface  vortex flow inc reases  on the whole (see Fig. ld,  e), only small  vor t ices  
are  observed nea r  the heat exchange sur face  that acce lera te  the t ransi t ion of the flow to an equil ibrium state.  
This external effect on the cha rac t e r i s t i c s  of turbulent t r a n s f e r  nea r  the at tachment region of the flow can be 
organized by different means,  such as using an intake, a blower, or  thermal  sc reens .  The method applied in 
this study (Fig. 6) is very  s imple and can be used for optimization of the form of dis tor t ion on a channel wall. 
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S P E E D  A N D  A T T E N U A T I O N  O F  S O U N D  IN G A S -  V A P O R -  L I Q U I D  

S Y S T E M S .  R O L E  O F  H E A T  AND M A S S  E X C H A N G E  

D.  A .  G u b a i d u l l i n  a n d  A .  I .  I v a n d a e v  UDC 534.2:532.529 

Seve ra l  t h e o r e t i c a l  and expe r imen ta l  p a p e r s  have been devoted to the study of the propaga t ion  of acous t ic  
exc i t a t ions  in one and two-component ,  two-phase  media  of the gas suspens ion  type [1-13]. The propagat ion  of 
s m a l l - a m p l i t u d e  acoust ic  exc i ta t ions  in a mix tu re  of vapor  or  gas  with l iquid drops  was cons ide red  in [1-3]. 
Exc i ta t ions  of f ini te  ampl i tude  were  cons ide red  in [4, 5]. The d i s p e r s i o n  and absorp t ion  of weak sound waves 
was s tudied in [6-12] fo r  a mix tu re  of an i n e r t  gas  with l iquid drops  and wa te r  vapor .  The propaga t ion  of f in i te -  
ampl i tude  exc i ta t ions  in fog was analyzed in [13]. The effect  of the unsteady in t e rac t ion  of the phases  on the 
p ropaga t ion  of h igh - f r equency  exc i ta t ions  was s tudied ia  [2, 3] for  s ing le -componen t  mix tu re s  of vapor and 
liquid d rops .  In the p r e s e n t  pape r  we s tudy the d i s p e r s i o n  and at tenuat ion of sound in one and two-component  
g a s - l i q u i d  m i x t u r e s .  

1. Basic; Equations of Motion and Equat ions  of State.  We cons ide r  monod i spe r sed  m i x t u r e s  and a s s u m e  
acous t ic  homogenei ty .  In o r d e r  to s tudy the phenomena,  we use the model  of a two-ve loc i ty  and t h r e e - t e m -  
p e r a t u r e  continuum [14]. We cons ide r  the l i ne a r i z e d  equations of motion in the plane,  one -d imens iona l  case  
in the p r e s e n c e  of phase  t r a n s i t i o n s .  In a coord ina te  s y s t e m  in which the unper turbed  mix ture  i s  at  r e s t ,  the 
conse rva t ion  equations of m a s s  and momentum for  the phases  a r e  

r i s t ' , p op~ O~, 1 OPv or 1 . op, 0% 
o--/- + Pie ~ -  = - -  n ] w ,  -gi- + Pv~ = - -  hive,  ~-( + P2o-~'z = n]~, 

t r r 

Ov t Opl 0% 
Pie - ~  + ~-~ + n / =  O, P2o "g/" = nL  (1.1) 

o o = t ,  4 3 
PlO = 05101910, 020 = O~2oP'~o, 0~1o -1- 0~o g2o = ~" ha on, 

9 1 =  9v + 9a, Pl = Pv  + P~,. 

where  p and p0 a r e  the reduced  and t rue  dens i t i e s ;  v and p a re  the veloci ty  and p r e s s u r e ;  a is  the volume con-  
tent;  n is  the number  of p a r t i c l e s  p e r  unit  volume; f is  the fo rce  on an individual  liquid drop due to the c a r r i e r  
phase;  JVZ is  the diffusive flux of vapor  to the s u r f a c e  Z of a drop; JZ is  the r a t e  of condensat ion onto the s u r -  
face  of an individual  drop.  Here  and below the s u b s c r i p t s  1 and 2 r e f e r  to the gaseous  phase  and the suspended 
phase ,  V and G r e f e r  to the vapor  and gas  components  of the c a r r i e r  phase ,  and the p r i m e s  denote s m a l l  p e r -  
tu rba t ions ,  while the s u b s c r i p t  0 denotes  the in i t i a l  unper turbed  s ta te .  

The equat ions governing  the supply of heat  to the  gaseous  phase ,  to the d rops ,  and to the su r face  of an in-  
d ividual  drop  can be wr i t t en  as 

P , t t 

Oi v Oi G Op 1 au 2 
Pro ~ + P~o"i[" = 0:1o ~ - -  nqlz, P2o -~- = --  nq~z, (1.2) 

ql~ + q2,~ = - -]z l ,  
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