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The protect ion of s u r f ace s  f r o m  the t h e r m a l  action of gas flows by  set t ing up cooling cur ta ins  is c a r r i e d  
out in p r ac t i ce  under conditions where  acce le ra t ion  of the flow and its c o m p r e s s i b i l i t y  can have a cons iderab le  
effect  on the ef fec t iveness  of the flow. The c rea t ion  of metheds  for  calculat ing the ef fec t iveness  of gas cur ta ins  
for  such  flows and the i r  exper imenta l  ver i f ica t ion  r e m a i n s  an important  p rac t i ca l  p roblem.  The exist ing ex-  
pe r imen ta l  invest igat ions in this f ie ld have been main ly  made  for  plane subsonic flows with smal l  ve loc i ty  
gradients  of the main flow [1-7]. 

The p resen t  a r t i c l e  gives exper imen ta l  data on the af fec t  ~of a s t rong  acce le ra t ion  of an a x i s y m m e t r i c  flow 
on the  ef fec t iveness  of a t h e r m a l  curtain.  The cur ta in  i s , f o rmed  by blowing a i r  along the su r face  of an a x i s y m -  
me t r i c  nozz le  through an annular  sli t  with a height of 2.7 :ram, a r r anged  at the inlet to the nozzle.  

The exper imen t s  w e r e  made in a continuous ae rodynamic  tube, having the following main pa r t s :  an inlet 
conical  dif fuser ,  a f o r e c h a m b e r  with equalizing gr ids ,  a v e r g e r ,  a feed chamber  for  the injected gas,  the work -  
ing sect ion,  an outlet  cy l indr ica l  channel,  and a noise  a b s o r b e r .  

The work~lg sec t ion  is a supersonic  conical  nozzle  made of textol i te .  The exper imen t s  were  made  using 
two �9 having an identical  g e o m e t r y  of the i r  superson ic  and n e a r - c r i t i c a l  pa r t s .  The subsonic pa r t s  of the 
nozz les  differ  in the ha l f -ang les  of  the conical  region,  equal to 30 and 60 ~ . This  pe rmi t s  se t t ing  up different  a c -  
ce le ra t ions  of the flow, co r respond ing  to max imal  values  of the ve loc i ty  gradient  of  2.2" 104 and 4.2.104 sec  -1. 
F igure  1 gives the scheme  of one of the nozzles  and shows its pr inc ipa l  geomet r i c  d imensions  (in ram). The 
calcula ted  Much number  at the outlet  of the nozzle  is equal to 3.4. Along  the nozzle ,  N i c h r o m e - C o n s t a n t a n  
the rmocouples ,  made of w i r e  with a d i ame te r  of 0.2 ram, a r e  let  in f lush with the internal  su r face ,  along one of 
the g e n e r a t r i c e s  of the nozzle.  In the s a m e  c r o s s  sec t ions  where  the the rmocoup les  a r e  instal led,  the re  a r e  
openings with a d i am e t e r  of 0.4 m m  for  measu r ing  the s ta t ic  p r e s s u r e  at the wall.  The holes in different  c r o s s  
sect ions  a r e  located at different  g e n e r a t r i c e s  of the nozzle .  

In the expe r imen t s  descr ibed ,  a the rmocouple  was used to m e a s u r e  the s tagnat ion t e m p e r a t u r e  of the 
main and secondary  flows, and the t e m p e r a t u r e  of the gas at the wall  along the nozz le  was de te rmined  with and 
without a curtain.  The e l ec t romot ive  fo r ce  of the the rmocouples  was m e a s u r e d  with an R-348 c l a s s  0.002 
potent iometer  and an e lec t ronic  digital a m p e r e - v o l t m e t e r  F-30.  The total  p r e s s u r e  and ve loc i ty  of the flow 
were  m e a s u r e d  at the inlet to the nozzle.  The dynamic head was r eco rded  using a DT-50 d i f f e r e n t i a l m a n o m -  
e t e r .  The tota l  p r e s s u r e  was m e a s u r e d  with a s tandard  manomete r .  The s tat ic  p r e s s u r e  at the wall  along 
the nozzle  was r e c o r d e d  using a GRM-2 c l a s s  0.5 group r eco rd ing  m a n o m e t e r  and, in reg ions  of low p r e s s u r e s ,  
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with standard ~mnometers  and vacuum meters .  The field of the velocit ies  of the main and secondary flows in a 
c r o s s  sect ion of the slit was measured using a total-head tube with a height of 0.36 ram. The mass  flow rate of 
the injected air was determined using a calibrated f low-measuring  disk. 

The air of the main flow was fed into the working section from a s y s t e m  with a pressure  up to 20 tech. 
atm.  The m a s s  flow r a t e  of the a i r  was 0.3-1.0 k g / s e c .  The ve loc i ty  at the inlet to the nozz le  was 14-15 m / s e c  
arid the stagnation p r e s s u r e  P0=5 �9 105-15.105 N /m 2. The stagnation t empera tu re  of the main flow var ied f r o m  
20 to 35~ The injected air  was heated by electr ic  heaters  up to 80-100~ The rat io of the mass  velocit ies of 
the main and secondary  flows m=psWs/poW o in the experiments  var ied f r o m  0.05 to 0.30 (P0, w0 and Ps,  Ws a re  
the densit ies and the veloci t ies  of the main and secondary  flows in a c ross  section of the slit). 

The experiments  s ta r ted  with an investigation of the dynamics of the flow in the inlet part  of the nozzle. 
The uniformity of the field of the velocit ies of the main and secondary  flows and the presence  of fully developed 
turbulent flow at the inlet to the nozzle were  demonstrated.  The thickness of the boundary layer  of the main 
flow in a c ro s s  section of the slit was *,3 nun and, in the secondary flow, 0.5 mm. Fur ther ,  the distribution of 
the static p r e s s u r e  at the wall along each nozzle was measured.  Measurements  were  made in experiments with 
the blowing of air through a slit  and without blowing. It was found that slit injection has pract ical ly  no effect on 
the distribution of the static p r e s s u r e  at the wall in the whole investigated region of change in the re la t ive  blow- 
ing pa ramete r  (m< 0.30). The experimental  data a re  in good agreement  with a calculation for a one-dimensional  
isentropic flow. Then an investigation was made of the dynamic effect of blowing on the distribution of the adia-  
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bat ic  t e m p e r a t u r e  of the gas at the wall  along the nozzle .  For  this purpose ,  the a i r  fed had an adiabatic  s t agna-  
t ion t e m p e r a t u r e  at the wall  in the c r o s s  sect ion equal to the stagnation t e m p e r a t u r e  of the main  flow. The ex-  
p e r i m e n t s  showed the independence of the adiabat ic  t e m p e r a t u r e  at the wall  of i soenerge t ic  sl i t  blowing. The 
exper imen ta l  data  co r r e spond  with an accu racy  of 1% to a calculat ion using the f o r m u l a  

with a r e c o v e r y  coeff icient  r =0.9 (T O is the s t a ~ a t i a n  t e m p e r a t u r e  of the  gas  in the c o r e  of the flow; M is the 
Much number) .  Thus,  the exper iments  c a r r i e d  out (with m < 0.3) showed the absence  of a dynamic effect  of sl i t  
blowing on the p a r a m e t e r s  of the main  flow at the wall.  

To find the effect  of  acce le ra t ion  of the main flow on the ef fec t iveness  of a gas cur ta in ,  a compar i son  was 
made of exper imenta l  data in nozz les  with different  ve loci ty  gradients  of the flow and data on the ef fec t iveness  
of a cur ta in  in a flow without a gradient .  The la t t e r  we re  obtained in a cyl indr ica l  channel made of tex to l i tewi th  
a d i ame te r  of 80 mrn and the s a m e  geom e t ry  of the sl i t .  In these  exper imen t s ,  m = 0 . 1 - 0 . 6  and w0=25-80 m / s e c .  
The exper imenta l  data  in a cyl inder  a r e  well  c o r r e l a t e d  by  a dependence obtained in [8] for  g rad ien t less  flow: 

i t + Beax ~| i.25 --0,8 

where  ReAx=poW~X/tto; Re s =psWsS/ t t s ;  A x = x - x e ;  it0 and ~s  a r e  the v i scos i t i e s  of the main  and injected gas 
flows at  the i r  s t r i a t i o n  t e m p e r a t u r e s ;  s is the h6ight of the slit ;  a n d x  0 is the length of the initial  sect ion,  i .e. ,  
the dis tance along the wall  downs t ream f r o m  the outlet  c r o s s  sec t ion  of the sl i t ,  at  which the ef fec t iveness  of 
the cur ta in  is equal to unity. The de te rmina t ion  of the ef fec t iveness  of the cur ta in ,  given in the f o r m  [8] 

O = ( r ~  - -  r~) / ( r :~  • To),, (2) 

is appl icable  to any a r b i t r a r y  flows of the main s t r e a m .  Here  T w and T w a r e  the t e m p e r a t u r e s  of the gas at an 
adiabat ic  wall  with and without a cur ta in ,  r e spec t ive ly ;  the subsc r ip t  1 means  that  the indicated values of the 
t e m p e r a t u r e  w e r e  taken in the outlet  c r o s s  sec t ion  of the slit .  The exper imenta l  data  on the ef fec t iveness  of a 
cur ta in  in two nozzles  with different  angles of cons t r ic t ion  and in a cyl inder  w e r e  analyzed using fo rmu la  (2). 
It was  found that in any of the th ree  working sec t ions  the expe r imen ta l  data s t r a t i fy  depending on the r e l a t ive  
m a s s  r a t e  of blowing m; the ef fec t iveness  r i s e s  with an inc rease  in m. Compar ing  the exper imenta l  data  in 
different  working sec t ions  with identical  va lues  of m, the effect  of  acce le ra t ion  of the flow on the ef fec t iveness  
of a gas cur ta in  can be c lar i f ied .  

F igure  2 gives data f r o m  expe r imen t s  on the ef fec t iveness  of a gas cur ta in  in nozz les  and in a cylinder ; 
the expe r imen t s  of each  of the groups  a, b, and c have c lose  values  of m. The ef fec t iveness  of the cur ta in  O is 
given as a function of the r e l a t i ve  d is tance  x / s ,  where  x is r eckoned  f r o m  the outlet  c r o s s  sect ion of the s l i t  
along the genera t r ix .  Some of the laws governing the change in O along the su r f ace  can be demons t ra ted  using 
the example  of the expe r imen t s  b, c a r r i e d  out with m=0 .15 .  F r o m  a c o m p a r i s o n  of exper imen t s  1 and 2 in a 
nozz le  with a ha l f -angle  of the subsonic  par t  equal to 30 ~ made,  r e spec t ive ly ,  with p0=11.7 �9 105 N / m  2, it can be  
seen  that for  an a r b i t r a r y  value of x / s  the value of O in the subsonic pa r t  of the nozzle  in these  e x p e r i m e n t s  is 
p rac t i ca l ly  identical.  This  r egu l a r i t y  is r e t a ined  in the whole invest igated reg ion  of change in P0. 

An analys is  of the exper imenta l  data showed that the ef fec t iveness  of a gas  cur ta in  is lowered with an in- 
c r e a s e  in the veloci ty  gradient  of the main flow. Thus,  for  example ,  with m=0 .15 ,  the maximal  lowering of the 
ef fec t iveness  o f  a cur ta in  in compar i son  with a g rad ien t less  flow (experiment  4, P0 = 1.3.105 N / m  2) in a nozzle  
3 0 - 6  ~ is equal to 30% (experiment  2, p0 = 7.2- 105 N/m~), and in a nozz le  6 0 - 6  ~ 40% (exper iment  3, p0=7.2 �9 105 
N/m2). F r o m  a compar i son  of the exper imen t s  a, b, and e it can be seen  that,  with an inc rease  in m, the re  is a 
dec r ea se  in the effect  of the veloci ty  gradient  Of the flow on the ef fec t iveness  of a cur ta in  [exper iments  a: 8) 
nozzle  3 0 - 6  ~ m=0 .22 ;  9) nozzle  6 0 - 6  ~ 0.21; exper imen t s  c: 5) cy l inder ,  m=0.09 ;  6) nozzle  3 0 - 6  ~ m=0 .07 i  
7) nozzle  6 0 , 6  ~ m=0.07] .  F o r  all  the exper imen t s ,  in the nozzles  a different c h a r a c t e r  of the r a t e  of d ec r ea se  
in the e f fec t iveness  of a cur ta in  in the subsonic and supersonic  pa r t s  is cha r ac t e r i s t i c .  The d e c r e a s e  in the 
r a t e  of drop  of the e f fec t iveness  in the supersonic  pa r t  of the nozz les  can be  explained by the effect  of the c o m -  
p re s s ib i l i t y  of the flow. Thus,  on the bas i s  of the exper iments  made,  it can be argued that in the subsonic par t  
of a nozzle  acce le ra t ion  of the flow lowers  the ef fec t iveness  of a gas curtain.  

The question of the effect of the ve loc i ty  gradient  of the flow on the value of the initial sect ion is of in t e r -  
est ,  s ince  this value plays  a significant ro le  in the co r r e l a t i on  of exper imenta l  data on the ef fec t iveness  of a 
curtain.  The value of x 0 was de te rmined  f r o m  the exper imenta l  data using a method proposed  in [9]. It was 
found that  acce le ra t ion  has p rac t i ca l ly  no effect on the length of the initial sect ion.  This  is conf i rmed  by the 
data of Fig. 3, where  values  of x0/s a r e  given as a function of m for :  1) a cyl inder ;  2) nozzle  30-6~  3) nozzle  
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60-6~  4) a plate [9]. Sat isfactory agreement  is observed  between the experiments and calculation for a plane 
semibotmded jet, in accordance  with the formula  [10] 

T =  ~ • 0 . 4 t 6 T T ] ~ - - l ]  " 

The experimental  data obtained on the effectiveness of a gas curtain permit  evaluating the charac te r  of the 
change in the thickness of the energy losses  in nozzles  with adiabatic walls. F r o m  the integral relat ionship of 
the energy at an impermeable  surface  under the conditions of a surface  it follows that [8] 

Pt ** o ( oT),~I (8) 
Re~* D ' 

where Re~* is the Reynolds number ,  constructed with respec t  to the thickness of the energy losses  8 T at an 
adiabatic wall; D is the instantaneous diameter  of the channel; and the subscr ipt  1 re la tes  to the outlet c ro s s  
section of the slit. Since, with a s l i t - type organizat ion of the curtain,  (Re~?*)l=Res(/~s/#0), then f r o m  (3} the ** 
following expression is obtained for 8 T : 

ST* = m s  D, (4) 
0 D 

Figure 4 gives values of 6 T in a nozzle with a half-angle of the subsonic conical part of 30 ~ calculated from 
the experimental data of an experiment with m=015 using formula (4). The dashed line marks the critical 
c ros s  section of the nozzle. 

Corre la t ion of experimental  data on the effectiveness of a gas curtain in accelera ted flows is of great  
pract ical  importance.  

A method for calculating the effectiveness of a curtain in a flow of compress ib le  gas with an a rb i t r a ry  
distribution of the velocity at the external boundary of a turbulent boundary layer  is set forth in [8]. For  axi- 
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symmet r i c  flow in nozzles  with the blowing of a cooling gas through a sli t ,  f r o m  (3) an express ion  is obtained 
for  the effect iveness  of the curtain:  

. ~ /Dcr\ 0.75 _]--0,8 (Dcr ]i,25 Recr {lao~l,25 ~ [~w\0,25 
o :  +025  j , 

where  

Becr = 4GI~onDcri  x =  xlDcr , Xo ---- xolDcr ; 

Dcr is the d iameter  of the c r i t i ca l  c ro s s  sect ion of the nozzle;  D O is the d iameter  at the end of the initial s ec -  
tion; and G=pw~rDS/4=const  is the mass flow r a t e  of the main flow. 

The exper iments  in nozzles  were  worked up using fo rmula  (5). Taking account of the quas i i so thermal  
conditions of these  exper iments ,  it can be assumed that ~I, T =1, (pw/P0)~ The exper imenta l  data were  c o r -  
re la ted  using the complex 

A fDcr'll'25 necr /~~ ? ~  /Dcrk~ - 

$Cr 

Figure  5 gives the resu l t s  of a co r re la t ion  of some of the exper imenta l  data in nozzles .  The exper iments  
in a n o z z l e  3 0 - 6  ~ (open symbols) were  made with: 1) m=0.29;  2) m=0.22;  3) m=0.08;  the exper iments  in a 
nozzle  6 0 - 6  ~ (dark symbols) were  made with: 4) m=0.21;  5) m=0.13 .  The same f igure  gives exper imental  
data on the effect iveness  of a cur ta in  in a flat nozzle  f r o m  [7] (points 6). The curve  in Fig. 5 r ep re sen t s  calcu-  
lation using formula  (5). To c la r i fy  the way in which this fo rmula  takes account of the acce lera t ion  and com-  
press ib i l i ty  of the flow, in Fig. 6 we compare  a calculat ion of the effect iveness  using fo rmula  (5) with a ca lcula-  
t ion of the effect iveness  using formula  (1) for  a gradient less  flow (the solid and dashed l ines,  respect ively) .  

These  exper iments  a r e  compared  with the data of an exper iment  in a nozzle  3 0 - 6  ~ with m=0.22  (points 1), 
analyzed with r e spec t  to the inlet pa rame te r s  of the main flow. The same f igure gives exper imenta l  data in a 
cyl inder  (points 2). It is evident that calculation using formula  (5) be t te r  r e f l ec t s  the cha rac te r  of the change 
of the effect iveness in a nozzle  than calculation using fo rmula  (1), although it can be noted that fo rmula  (5) in- 
c r e a se s  the value of | in the subsonic part  of the nozzle  and lowers  it in the supersonic  part .  A calculat ion 
using formula  (5) cor responds  bes t  of all to exper imental  data in the region of the c r i t i ca l  c ros s  section. At 
the same t ime it can be noted that fo rmula  (1) can be used for  evaluation of | in nozzles ,  par t icu lar ly  in the 
subsonic and supersonic  par ts ,  if, in it, ReAx is calculated with r e spec t  to the inlet values of the density and 
veloci ty of the main flow. 

Thus,  exper iments  on determinat ion of the effect iveness  of s l i t - type  blowing with acce le ra ted  ax i sym-  
met r ic  flow of the main s t r e a m  have made it possible to evaluate the effect of the veloci ty gradient  of the main 
flow on the effect iveness  of a cur ta in ,  and conf i rm the possibi l i ty of the successful  use of dependence (5) for  
the cor re la t ion  of exper imenta l  data on the effect iveness.  
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S T A B I L I T Y  O F  A P L A N E  J E T  I N  A M E D I U M  W I T H  R E L A X A T I O N  

V.  V. S o b o l e v  a n d  O.  Y u .  T s v e l o d u b  UDC 532.5 

1. Presen ta t ion  of the P r o b l e m  and Basic  Equations. Let  us cons ider  the s tabi l i ty  (relat ive to infinitely 
sma l l  per turba t ions)  of the s t e a d y - s t a t e  jet  flow of a l iqu idhaving  the following equation of s ta te  [1, 2]: 

d d~ (~P = co28P + [~ -~- 60 + x ~-~ ~0, (1.1) 

where  5 p and 5p a r e  sma l l  per tu rba t ions  of p r e s s u r e  and density;  c 0 is the veloci ty  of sound in the medium;  and 
fl and x a r e  the re laxa t iona l  v i scos i ty  and d i spers ion  coeff ic ients .  A detai led der ivat ion of the equations was 
given in [2, 3] for  pe r tu rba t ions  of the veloci ty  v and p r e s s u r e  p. If we exp re s s  the per tu rbed  quanti t ies  inthe fo rm 

i (z ,  y,  z, t) = l(v) exp { ~ ( x - c t )  + Vez], 

where  f is the per tu rba t ion  of the p r e s s u r e ,  dens i ty ,  o r  ve loci ty  components ;  x, y,  z a r e  the spat ia l  coordina tes ;  
a ,  ~ a r e  the wave number s ;  and c is the veloci ty  (c =c r +ici) ~ the equations for  the two-dimens ional  p e r t u r b a -  
t ions v(y) and p(y) take the f o r m  [3] 

v" - -  V '  (V - -  c) Av '  - -  (B  V" + V - - c  - -  AV'2)  v =  O; . (1.2) 

p,  _ 2v" p,  _ B p  = O, 
V - - v  

A ----- M ~ (2 + t a f i M  2 (V - -  e)) (1.3) 
( t  + i ~ M  ~ (V - -  c) - -  xcc2M ~ (V - -  e) 2) (M ~ ( t  + ~r 2) (V - -  c) 2 -  ir162 ~ (V - -  c) - -  t ) '  

B = ~ ( l  - -  M2(V--c)~/(l  + i~pM~(V--c)  - -  •162 

where  V is the veloci ty  prof i le  of the main  flow; M is the Much number  (M=Vmax/C0). In th i s  paper  we have 

V = ltchng, (1.4) 
where  n is a na tu ra l  number .  

The p rob l e m  as to the s tabi l i ty  of s t e ady - s t a t e  flow (1.4) r educes  to a de terminat ion  of the eigenvalues of 
c for  the equations (1.2), (1.3). The s tabi l i ty  may  be studied on the bas i s  of Eqs. (1.2), (1.3) for  two-dimens iona l  
pe r tu rba t ions ,  s ince it m a y  be shown that the p rob lem of s tabi l i ty  r e l a t ive  to t h ree -d imens iona l  per tu rba t ions  
is equivalent to the p r o b l e m  of s tabi l i ty  r e l a t i ve  to two-dimens iona l  per tu rba t ions  with a s m a l l e r  Much number  
and a l a r g e r  p a r a m e t e r  ft. 

The boundary conditions for  Eqs.  (1.2), (1.3) involve the r e q u i r e m e n t  that v and p should be finite at y =~ r162 

Let us cons ider  s o m e  re la t ionsh ips  for  c. The s e m i c i r c u l a r  t h e o r e m  l imit ing the r ange  of unstable e igen-  
values  for  pa ra l l e l  f lows in an incompress ib le  s t ra t i f i ed  liquid was proved in [4]. Let us consider  the conditions 
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