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STRONG ACTION OF A STRONGLY UNDEREXPANDED 

LOW-DENSITY JET ON A PLANE OBSTACLE 

E. N. Voznesenskii and V. I. Nemchenko UI~C 532.525.6.0!1.5 

One o f  the fundamental cha rac te r i s t i c s  of the s t rong action of a f ree ly  expanding gas jet  or  a s t rongly 
underexpanded gas jet on an obstacle is the p ressu re  distribution on the surface .  For  a phenomenological 
descript ion of the interaction and development of engineering computation methods, it is also useful to know the 
shape of the shock which occurs  here .  Investigation of the interaction between a s t rongly underexpanded gas 
jet and a plane obstacle paral le l  to  the jet  axis should be extracted as a separate  problem.  All the resul ts  
published in the l i tera ture  [1-5] for  the analysis of this problem have substantially been obtained in dense jets .  
Examples of specific p r e s su re  distributions on an obstacle are presented in [1-3], and in addition, methods are  
given for  an approximate computation of the magnitude of the induced p re s su re .  As a rule,  different modif ica-  
tions of the Newton method or  the method of tangential wedges are  recommended.  According to es t imates  
[2, 4], the accuracy  of such computations is not more  than sa t i s fac tory  and drops rapidly downstream. A sea rch  
for  other means of solving the problem, par t icu lar ly  for  modeling the phenomena in wind tunnels with subse-  
quent representa t ion  of the results  in c r i te r ia l  form,  is of interest .  Such an approach is used in [4, 5], where 
s imi lar i ty  c r i t e r i a  are  const ructed for  the dimensionless  representa t ion of the shock and the extension of the 
p re s su re  distr ibution to a plate paral le l  to the je t  axis on the basis of s imi lar i ty  theory and the c r i t e r ia l  cha r -  
ae te r i s t ics  of a s t rongly tmderexpanded jet  der ived in [6], and appropriate empir ical  dependences are  proposed 
for  dense je ts .  

Data of an experimental  investigation of an analogous problem, pe r fo rmed  on low-density jets,  are  p r e -  
sented below. 

The Conditions charac ter iz ing  the jet  outflow (air is the working gas} are  the following: stagnation p r e s -  
su re  P0 = 4.13 �9 104-6.67 �9 104 Pa, stagnation t empera tu re  T o = 395-780~ p r e s s u r e  in the working chamber  
Poo = 1.33-13.3 Pa,  degree of flow expansion N = P0/P~ = 0.5 �9 104-4 �9 10 ~ for  nozzle Mach numbers  determined 
without taking account of the boundary layer ,  M a = 1.0-3.92. The distance h = H / r  a between the model surface 
and the jet  axis, expressed  in nozzle exit section radii  r a var ied  between 4-20. Under conditions of the ex-  
per iment  Re L = Re . /N1/~,  where Re .  is the Reynolds number  computed with respec t  to the cr i t ical  gas pa-  
r ame te r s  and the d iameter  of the nozzle cr i t ical  section,  var ied  between 14 and 160, i .e. ,  was substantially 
less  than the value Re L ~ 103-104 charac te r i s t i c  for  [1-5]. Therefore ,  according to the classif icat ion of the 
flow s t ruc ture  in a jet by the Reynolds numbers  Re L [7, 8], the investigation represented  occupies a domain be-  
tween the domain of interaction with a diffuse jet  surface  on the one hand, and a jet with a turbulent mixing lay-  
e r  on the other,  and corresponds  to the case of interaction of a completely laminar  je t  with an obstacle when the 
effects of viscosi ty  and rarefact ion still do not reach that par t  of the jet core  in every  case,  by which the s trong 
load on the obstacle is defined for  the range of values of h presented.  

Included in the paper  are  data of just  those experiments  in which the influence of a hanging shock or  the 
external p r e s su re  on the measurement  resul ts  is not detected. 

1. The experiments  were per formed in a vacuum wind tunnel, fo r  which the d iagram of the working sec -  
tion is shown in Fig. l a .  The gas goes through the leak 1 to the mixing chamber  2 equipped with a labyrinth 
type res is tance  hea te r  and closed by a cooled screen ,  then escapes  through the cooled nozzle 3 in the s t rong 
tmderexpansion mode into the working chamber  where the cooled model 5 is mounted on the plotting board 4 
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by using a holder.  The working chamber  is connected to the buffer capacity 7 through a vacuum seal  6, and the 
gas is then evacuated by a sys tem of booster  and roughing pumps. 

The nozzle wall t empera tu re  was var ied  in a number  of experiments ,  and the nozzle was covered by a 
special  cooling shield, a mask, to s c r een  out the radiant heat  flux f rom the nozzle to the model. 

The p re s su re  P0 in the mixing chamber  was measured  by a U-shaped m e r c u r y  manometer  8, the p r e s -  
sure  in the working chamber  p~ by the cal ibrated lamp PMT-2 with the conver te r  V1T-1A (positions 9 and 10, 
respect ively) .  The gas t empera tu re  in the mixing chamber  (the stagnation jet t empera tu re  T o ) was determined 
f rom readings of the cal ibrated C h r o m e l - C o p e l  thermocouple,  whose hot j u n c t i ~  was in f ront  of the nozzle 
entrance on its axis. Research  was pe r fo rmed  with six nozzles:  Ma = 1, 1.675, 2.30, 2.88, 3.31, 3.92. ~ae 
cr i t ical  d iameter  fluctuated between 1.5 �9 10 -s and 1.65 �9 10 -3 m in the se r i e s  of nozzles .  The exit section of 
all the supersonic  nozzles  was conical with a 10 ~ half-angle.  Each nozzle is provided with an annular cooling 
jacket,  a r ranged  around the entrance section,  but because of the relat ively moderate  nozzle size and the high 
heat conductivity of the mater ia l  effective cooling of the nozzle as a whole was assured,  as well as of the vacu-  
um seal (rubber or  fluoroplastic) used to maintain the neces sa ry  seal at the nozz le -hea te r  connection. More-  
over,  each nozzle has a special  adjusting ring for  mutual adjustment of the nozzle,  the coordinate mechanism 
and the model. 

The inodel of the cooled flat obstacle is a square  copper housing with the dimensions 1.5 �9 10 -1 x 1.5 �9 
10 -1 m2cove redon the  s t r eam side by a thin layer  of low-heat-conducting mater ia l .  The coating is provided 
with a set  of microthermocouple  t r ansducers  to measure  the thermal  fluxes to the obstacle by the method of an 
auxiliary wall [91, whose values were used to es t imate  the accuracy  of the p r e s s u r e  measurement  resul ts .  
The model housing has three  cavities: a center  measur ing cavity to sample the p ressu re  Pw on the obstacle 
surface,  and two la teral  cavities with inputs for  thermosta t ic  control of the fluid (Fig. lb). Above the cer~ral 
cavity, the model wall is drained along the axial line by severa l  orif ices with diameters  0.55 �9 10 -S and 0.8 �9 
10 -3 m, only one of which was used in each specific measurement ,  while the res t  were plugged. The relative 
length of the drainage channel was 1.7-3.8 for  different models and different or if ices .  The measuring cavity 
is connected to the cal ibrated manometer  sensor  MT-6, shielded f rom the thermal  action of the jet by a cool-  
ing s c r een  (positions 12 and 11 in Fig. la ,  respectively) by a copper connector.  The length of the connecting 
pipe is 1.7 �9 10 - i  m for  a mean diameter  of about 1 �9 10 -2 m. An instrument  analogous to a VSB-1 vacuum- 
gauge {position 13 in Fig. la) converts  the signal f rom the MT-6.  Distil led water  delivered from a t he rmo-  
stat  at room tempera tu re  cools the sc reens ,  the mask,  the nozzle and the model.  After  the model has been set  
up in the working chamber  on the coordinate plotting board, and the model and nozzle have been adjusted r e l a -  
tive to its directr ix,  the model surface and the nozzle axis were out of paral lel  by not more  than 3', which p e r -  
mitted bypassing a comparat ively moderate  number  of drainage holes (usually three-four)  to obtain the p r e s -  
sure  distribution on the obstacle because of using longitudinal and t r ansve r se  model displacements .  The co-  
ordinates of the maximum Pw on the obstacle were determined here  simultaneously with high accuracy (0.1- 
0.2 ram). 

The model mounted in the chamber  before the beginning of the set  of measuremens was kept under vacu-  
tam for 4-5 days. Then in o rder  to es t imate  f~e influence of conductivity and degassing,  the model was cali-  
brated, which showed that the difference in the t imes  of p r e s s u r e  equilibration in the working chamber  and in 
the center  cavity of the model was not more  than 1 min, as is la te r  taken into account in the measurements .  

The influence of thermal  t ranspi ra t ion  in the measur ing cavity of the model and the pipeline on the p r e s -  
sure  measurement  was excluded in advance because the model housing and the whole measur ing mainline, in- 
cluding the MT-6 housing, were at the identical t empera ture ,  equal to the tempera ture  of the thermosta t  fluid. 
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The influence of the rmomolecu la r  effects on the p r e s s u r e  measuremen t  resul ts  was es t imated by the 
method in [10]. Computations showed that  in the most  unfavorable case (Ma = 2.88, T O = 780~K, P0 = 4.13 �9 
104 Pa) the magnitudes of the cor rec t ions  do not exceed 4.5%. They are  around 1% and less  in all the r e -  
manning regimes ,  which permit ted  giving up through cor rec t ion  of the resul ts .  

In o rder  to study the geometry  of the flow wave s t ruc ture ,  it was visual ized in the plane of symmet ry  (the 
plane passing through the nozzle axis perpendicular ly  to the obstacle surface).  A scanning electron beam p r o -  
duced by an electronic gas discharge gun 14 (see Fig.  la) was used for  this [11]. The electron energy in the 
beam was i0 keV. 

2. Examples of the flow wave pat terns  above the obstacle are  presented  for  certain cases  inthe plane 
mentioned in Fig. 2 f o r h = 4 :  a) M a = 1 . 6 7 5 , N  = 1 . 1 0 4  , Re .  =7430;b)  M a =2.88, N = 2 . 3 0 " 1 0 4  , R e .  = 
7810; c) M a =3.31, N = 1 . 7 .  104 , R e .  =7750;d)  M a =3.92, N = 1 . 1 . 1 0 4  , R e ,  =7990. 

The shock above the obstacle is curved in both the longitudinal and t r a n s v e r s e  directions,  the per turbed 
flow behind it is substantially three-d imensional ,  and the p r e s s u r e  distribution above the obstacle surface  
should have a peak. A typical view of such a distribution is shown in Fig. 3a for  the regime charac te r ized  by 
the following pa rame te r s :  M a = 1, h = 4, P0 = 5 �9 104 Pa, T o = 535~K, N = 1.61 �9 104-2.95 �9 104, R e .  = 5340, 
where x = X / r a ,  z = Z / r a  are dimensionless Car tes ian  coordinates of points of the plane passing through the 
surface of the obstacle.  The measurement  of x is f rom the plane of thenozzle exit. The value of the coordinate 
of the absolute maximum p r e s s u r e  of the obstacle x m with respec t  to the "local" focus of the jet, i .e.,  the quan- 
tity x m - f ,  where f = F / r  a (F is the absc issa  of the project ion of the je t  focus on the obstacle), is predicted 
fair ly by (6) f rom [5] for  the case presented 

xr~ - -  I = O , S h ~ I 1 / ( i  - -  11). (2.1) 

However, for g rea te r  h a more  forward location of the maximum Pw was obtained for  Ma = 1 in exper i -  
ments on low-density jets as compared with the computation by (2.1). The downstream shift of the maximums 
of the longitudinal side distributions Pw as z increases  also deviates gradually f rom the hyperboloid dependence 
recommended by the authors  [4, 5] (the dashes in Fig. 3b), and actually proceeds more  slowly and, moreover ,  
pract ical ly  l inearly for z 9 3. The shape of the isobars  for  the Pw/P0 distribution, represented in  Fig. 3a, is 
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shown in Fig.  3b: 1) Pw/P0 " 102 = 0.70; 2) 1.07; 3) 1.475; 4) 1.90. A l l t he i soba r s  nea r  the maximum Pw =Pwm 
are  compressed  along the x axis, f rom which there follows that in this neighborhood -(aZpw/P0)/ax2 > 

-(o Yw/po) / oz2- 
An approximate analysis of the  p r e s s u r e  distribution [12] based on the Newton method and the Roberts 

fo rmula  for  the density field of a f ree  jet yields an analogous resul t .  

A compar ison of the data fo r  measur ing  the coordinate x m and the computation using (2.1) is presented  
in Fig. 4 for  different numbers  M a = 1, R e .  = 5340, h = 4, 8, 12, 16, 20, respect ively;  6-8) Ma = 1.675, Re .  = 
5390, h = 4, 8, 12, respect ively;  9-12) Ma = 2.30, Re ,  = 3020-6820, h = 4 , 6 ,  8, 9, 35, respect ively;  13-15) 
M a =2.88,  Re .  =2800-6300, h =4,  6, 8, respect ively;  16) M a =3.92, Re ,  =8440, h =4 .  In cont ras t  to M a =1,  
the measured  values of x m for  a low-density jet  sys temat ica l ly  exceed the computed values for  Ma = 1.675, but 
are  subject  to a l inear  dependence as axe these lat ter .  Experiments  showed that x m is independent of Re ,  in 
the range R e ,  = 2.8 �9 10-3-8.4 �9 103. 

However, a change in the number  Re ,  is ref lected by the magnitude of the induced p ressu re :  The p re s -  
sure  on the obstacle dec reases  somewhat in the neighborhood of the maximum as Re ,  diminishes,  as is shown 
in Fig. 5 for  M a = 2.88: 1) Re .  = 2820; 2) 3150; 3) 3470; 4) 4840; 5) 6250. The change in Re ,  was achieved 
by varying the pa rame te r s  P0 and T 0. 

All the information presented  r e fe r s  to jets escaping f rom nozzles with cooled walls,  whose tempera ta re  
T c equals the model housing t empera tu re  T m. In order  to clar i fy the influence of the thermal  nozzle regime 
on the force  loads comparat ive measurements  of the distribution Pw were  made for  severa l  Ma and fixed Re .  
numbers  for  different values of the nozzle wall t empera tu re  fac tor  t c = Tc / To : Tin /To ~ t c ~ 1. It was hence 
establ ished that the p r e s s u r e  distribution on the obstacle is not responsive to a change in t c. 

3. The c r i te r ia l  representa t ion of the measuremen t  data for  the induced p r e s s u r e  distribution on the ob-  
stacle along the absc i ssa  axis is presented  in Fig. 6a for  the recommendat ions  of [4, 5], where ~ = (x - f) �9 
(x m _ f)-l,  ~ = ( P w / P a ) h 2 / ( 1  +~ M2a)(1 - It), Pa is the p re s su re  of the nozzle exit computed according to the 
number  Ma.  Results  of p rocess ing  exper iments  on dense je ts  (Re L ~ 104, R e .  ~ 106) f rom [12] are  shown 
there  (points 1-3), as are  also data of tes ts  f rom [4, 5] (the symbol 4) obtained under analogous conditions, and 
the curve proposed in [5] for  the approximation of the experimental  points .  The remaining clarif icat ion is con-  
tained in Table 1o 

The point spread  relative to the curve mentioned is actually much g r ea t e r  than in [4, 5]. It reaches  - 2 0 % -  
+60% in the neighborhood of the maximum. 

So grea t  a d iscrepancy cannot be the resul t  of the influence of the number  Re ,  or  a consequence of p r o -  
cessing the measurement  data for  a low-densi ty jet without taking account of the boundary layer  on the nozzle 
walls. A diminution of Re .  should resul t  in a reduction in the value of ~ (see Fig. 5}; however,  a major  p o r -  
tion of the a r ray  of points in Fig. 6a, displaying the resul ts  of tes t s  on low-density jets,  is noticeably above 
the curve in the a rea  of the maximum, and on the other hand, the substantial  deviation downward is cha r ac -  
ter is t ic  for  points corresponding to the case of leakage of a dense jet  (points 1) when the influence of the hum- 
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TABLE 1 

Point 
number 
in Fig. 
6a and b 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
l l  
12 
13 

�9 M a 

2 
2 
2 

t,0--3,0i 
i 
i 
i 
i 
i 
i 
i 
2,30 
2,30 

i ,98 
3,96 
6,05 

1,97--3,96 
4 

12 
4 
8 

12 
t6 
20 
4 
8 

Re. 

~8. l0 ~ 
~8. l0 ~ 
~8.10~ 
~8.tO~ 
ii500 
1i340 
5340 
5340 
5340 
5340 
534O 
682O 
682O 

Point 
number 
in Fig. 

l[ 6a and b I 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

M a 

2,88 
2,88 
2,88 
2,88 
2,88 
2,88 
2,88 
2,88 
2,88 
3,i4 
3,i4 
3,t4 
3,92 

6 
6 
8 
8 
8 
4 
4 
4 
4 

Re~. 

6250 
4840 
2820 
6250 
4800 

28i0 
6300 
482O 
2820 
8700 
6000 
4990 
8440 
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Fig .  6 

b e r  R e ,  and  the bounda ry  l a y e r  on the  nozz le  wa l l s  is  i n s ign i f i c an t .  On the  o ther  hand,  i n t r o d u c t i o n  of the 
r ea l  nozz le  n u m b e r  M and the d i m e n s i o n l e s s  d i s t a n c e  be tween  the je t  axis  and the  obs tac le  in  t e r m s  of e f fec-  
t ive  exi t  s ec t i on  r a d i i  ir~o the compu ta t ions  (by u s i ng  dependences  f r o m  [13, 14], say) y i e ld s  a su f f i c i en t ly  s m a l l  
(to 5%} c o r r e c t i o n  t o t h e  va lue  of ~ in  the  R e ,  r a nge  inves t iga t ed ,  which i s  m o s t  of ten a l so  of i n c r e a s i n g  d i -  
v e r g e n c e .  P r o c e s s i n g  the r e s u l t s  is  h e r e  compl i c a t e d  un jus t i f i ed ly .  

Reasons  fo r  the d i s c r e p a n c i e s  be tween  the r e s u l t s  in  th i s  p a p e r  and in  [4, 5] a r e  appa ren t ly  the fol lowing.  

F r i s t l y ,  a ba tch  of data  qui te  bounded  in  the  p a r a m e t e r  h (1.6 -< h ~ 4) i s  t a ke n  in  [4, 5] f o r  the  ex t ens ion ,  
whi le  the r e s u l t s  of l~e i nves t iga t ion  r e p r e s e n t e d  a r e  s i gn i f i c a n t l y  outs ide  th i s  f r a m e w o r k ,  e n c o m p a s s i n g  even  
a l a rge  r ange  of Ma v a l u e s  as we l l .  
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TABLE 

'Point 
number 
in Fig. 
6c an~t d 

1 
2 
3 
4 

5 
6 

.7 

2 

M a 

3 
3 
3 
2,35 
1,94 
i,64 
t,655 

h 

L51 
i ,60 
2,40 
i,5i 
t ,48 
i ,43 
4 

Re.  

~8.105 
~ 8 .  i0~ 
~>8-t0 ~ 
>~8. l05 

~8- t05 
7430 

Point 
number 
in Fig. 
6c and d 

9 

10 
11 
12 

13 
14 

~a 

1,675 
2,30 
2,30 
2,88 
2,88 
3,3t 
3,92 

h B.e~ 

7430 
7040 
7040 
78i0 
78i0 
7750 
7990 

Secondly, utilization of the law of Pwm/Po variat ion with respec t  to h in the fo rm Pwm/Po ~ h-2 for  
forming the s imi lar i ty  p a r a m e t e r  ~ in the above-mentioned range of h is not completely c o r r e c t  since this law 
is asymptotic in nature  and, therefore ,  sat isf ied for  large  h [3]. For  smal l  and medium h an approximation of 
the fo rm Pwm/Po ~ (hZ + ah  +b) -1, where a > 0, b > 0, is more  justified. It hence follows that the product  
(Pwm/Po)h 2 grows monotonically as h increases  (tending to a cer ta in  constant value), which agrees  with the ex-  
per iments  in this paper  and in [2], as well as with the resu l t s  of computations by the Newton method. 

Thirdly, as follows f rom Fig. 6a, the p a r a m e t e r  V does not remain  unchanged as M a changes (but with 
~ 1, h, Re .  conserved).  A monotonically increas ing functional dependence is actually t r aced  between them. 

Let us note that use of the ra t io  Pw/Pa is undesirable since the p r e s s u r e  at the nozzle exit is not usually 
measured .  It is more  convenient to operate with the quantity Pw/P0 in pract ical  applications. 

On the basis  of the ideas in [4, 5], the authors t r i ed  to give a new cr i te r ia l  representat ion of a force  load 
on an obstacle in o rde r  to refine the influence of h and Ma and to take account of the number  R e , .  The follow- 
ing s imi la r i ty  var iables  are  const ructed  f rom the process ing  resul ts  and analysis  of experiments  for  an a i r  
jet  (n = 1, 4): 

Here I l l  is the value of I 1 for  Ma = 1. 

Going over  to the pa rame te r s  ~ 0, 70 resu l t s  in a diminution of up to ~ 10% in the sca t t e r  of data near  the 
coordinate ~0 = 1 in the range M a = 1-3.92, h = 1.98-20, and Re .  >- 2800 (see Fig.  6b, where the points are the 
same as in Fig. 6a). The points in Fig. 6b are approximated sa t i s fac tor i ly  by the dependence 

Go = [5~28(~0 + 0.4i)~/(5,80 + (~o + 0.4i)1,5)1. 

It. must  be s tated that  a gradual deviation of a cer ta in  par t  of the resul ts  in [4, 5] f rom the resul ts  in this 
paper  and in [2] occurs  for  ~ 0 ~ 2 in the new var iables ,  which it  is not possible to explain since the formation 
and conditions for  performing the experiments  are not presented  in [4, 5]. 

The shock front  configuration above the plane in the plane of symmet ry  of the flow pattern (the plane of 
visualization) f rom the resul ts  of p rocess ing  the photographs (see Fig. 2a-d) is represented  for  Re .  ~ const 
in the variable of [5] in Fig. 6c, where the coordinate y = Y/r  a is measured  along the normal  f rom the plate 
surface in the visualizat ion plane, Presen ted  here  are  data on the shock shape f rom [5], obtained by shadow- 
graphs on dense jets  (points 1-6). A compar ison shows that upon interaction of a low-density jet  with an ob- 
s tacle,  the compress ion  shock is substantially forced  back f rom its surface,  especial ly at its per iphery,  by a 
thick boundary layer .  Moreover ,  within the family of points by which the compress ion  shock profi les  above 
the obstacle are  represen ted  for  a low-density flow, s t ra t i f icat ion by M a number  is observed.  As is seen f rom 
Fig. 6d, sa t i s fac tory  general izat ion of all groups of data into a single dependence is achieved by introduction of 
the var iables  y ~  = (y/h)[1 - 3 5 / ( R e , ) l / 2 ]  and ~ 0 Explanations of Fig. 6c and d axe given in Table 2. 

The resul ts  presented  in this paper  for  an experimental  investigation of the "side ~ effect of a strongly 
underexpanded jet on a plane obstacle permi t  ref inement  of the cr i te r ia l  dependences governing the shock shape 
above the obstacle and the induced p r e s s u r e  distr ibution on its surface,  and exhibit the possibil i ty of their  ap- 
plication in both the case of a jet  with a turbulent mixing layer  and in the case of purely laminar  jets .  
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D E V E L O P M E N T  O F  S M A L L  P E R T U R B A T I O N S  

IN A S L I G H T L Y  N O N P A R A L L E L  S U P E R S O N I C  F L O W  

S .  A .  G a p o n o v ,  A .  D .  K o s i n o v ,  
A .  A.  M a s l o v ,  a n d  I .  V .  S e m e n o v  

UDC 532.526 

P re sen t ly  the l inea r  theory  of s tabi l i ty  of p l ane -pa r a l l e l  f lows of a c o m p r e s s i b l e  fluid has  been r a t h e r  
well  developed [1]. Flows encountered in p rac t i ce  a re  nonuniform in space  as a rule .  Often one can as sume  
this  nonuniformity  to be weak (for example ,  the flow in a boundary layer ) .  In r ecen t  y e a r s  s eve ra l  a l te rna t ives  
have been  developed fo r  the construct ion of a solut ion when the average  p a r a m e t e r s  of the flow va ry  weakly in 
some  d i rec t ions .  The f i r s t  theore t ica l  r e su l t s  fo r  a boundary l aye r  of i ncompres s ib l e  fluid which take account 
of nonpara l le lness  of the f low were  obtained in [2, 3]. An exper imenta l  check of the conclusions obtained in 
those pape r s  was  p e r f o r m e d  in [4]. The development  of per tu rba t ions  in a supersonic  boundary l aye r  with non- 
pa ra l l e lnes s  taken into account was d iscussed  theore t ica l ly  in [5-7]. Two-dimens ional  pe r tu rba t ions  were  
t r e a t ed  in [5], and per turba t ions  of a more  g e n e r a / k i n d  were  t r e a t e d  in [6, 7]. These  pape r s  give significantly 
di f ferent  r esu l t s  fo r  the ve ry  s a m e  conditions. Thus,  a s t rong  effect  of nonpara l le lness  on the s tabi l i ty  c h a r a c -  
t e r i s t i c s  is obtained in [6], but a weak effect  is obtained in [5, 7]. There  are  no exper imenta l  pape r s  fo rmula ted  
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May-June,  1982. Original ar t ic le  submit ted  April  16, 1981. 

398 0021-8944/82/2303-0398507.50 �9 1982 Plenum Publishing Corpora t ion  


