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The method and resul t s  a re  presented for an experimental  determination of the p re s su re  
dis tr ibut ion in shor t  cyl indrical  and conical channels with cooled walls  during the laminar  
flow of a compress ib le  gas. A calculation of this flow is made using the simplified 
N a v i e r - S t o k e s  equations and the experimental  and calculated p re s su re  distributions 
a r e  compared .  

It  was shown in [1, 2] that the laminar  flow of a compress ib le  gas in a long channel with a smooth 
contour can be descr ibed  by the simplif ied Nav ie r -S tokes  equations corresponding in form with the bound- 
a ry  layer  equations. The laws of s imi lar i ty  for hSis flow were  also established in [2]. In [3], as  a resu l t  
of  an analysis  of experimental  data on the s ta r t -up  of cyl indrical  a i r  intakes with allowance for these laws, 
the hypothesis  was advanced that the laminar  flow in a channel of relat ively short  length can also be de-  
scr ibed  by the simplified N a v i e r - S t o k e s  equations. In this repor t ,  moreove r ,  in o rde r  to crea te  well 
controlled conditions in the entrance sect ion of the channel being studied with a Mach number  less  than one 
in this sect ion it was proposed to place the channel in a supersonic s t r eam and using a choke located be -  
yond the channel to provide that mode of flow for which the shock wave is located in the entrance section 
of the channel. A numerica l  (finite-difference) method of integration of the equations mentioned above was 
la ter  suggested in [4] and calculations were  made of the gas flow in flat and round channels with uncooled 
walls .  

We have at tempted to study experimental ly  and through calculation the flow of a compress ib le  gas in 
shor t  cyl indrical  and conical channels with cooled walls.  (The resul ts  of [3], like [4], per tain to the case 
of uncooled walls.) 

The exper iments  were  ca r r i ed  out by the method of [3] and therefore  a low-densi ty wind tunnel in the 
working sect ion of which a supersonic  a i r  s t ream was produced was used for their  per formance .  

The nozzle of  the tunnel was conical with a d iameter  of 5 mm at  the cr i t ica l  section, an aper ture  
half-angle of 22 ~ and a d iameter  of 19.3 mm at the exit section. 

Since in the working range of p r e s s u r e s  P0 in the tunnel fo rechamber  the value of P0 markedly  affected 
�9 e pa rame te r s  of the supersonic s t r eam beyond the nozzle cut, before conducting the main experiments  the 
longitudinal and t r ansve r se  fields of Maeh numbers  of this s t r eam were determined for different values of 
P0. The fields of  Mach numbers  were  determined at  the stagnation tempera ture  T O = 576"K since all the 
exper iments  were  conducted at just this tempera ture .  

The dependence on P0 of the distance [X]M = 4.5 from the nozzle cut at which the same Maeh number 
M = 4.5 is attained was constructed f rom the longitudinal fields of Mach numbers .  This was done in con-  
nection with the fact that the study of the flow in channels was designed to be conducted at a constant Math  
number  M 1 at  the entrance sect ion of the channels. (We note that M 1 = 0.4236 when M = 4.5 in the case of 
the method used in [3].} 
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Fig.  1. Schematic  d i ag ram of model  and choke 
chamber :  1) body of model ;  2) coil ;  3) d ra in  open-  
ings; 4) thermocouple ;  5) body of coke c h a m b e r ; 6 )  
tube fo r  m e a s u r e m e n t  of p r e s s u r e  in chambe r ;  7) 
choke.  

The channels  studied consis ted  of the inner channels of models  which were  placed in the supersonic  
s t r e a m  of the tunnel in accordance  with the method of [3]. The models  with a choke chambe r  we re  placed 
on a mechan ica l  vacuum coordina tor .  

A schemat ic  d i ag ram of the models  and the choke chamber  is p resen ted  in Fig. 1, where  the d i r e c -  
tion of the s t r e a m  impinging on the model  is shown by an a r row.  

Two models  were  used  in conducting the exper imen t s :  the f i r s t  with a cyl indr ical  inner channel 6.37 
m m  in d i ame te r  and 20.50 m m  long and the second with a conical  inner channel with a d i a m e t e r  of 6.26 m m  
at  the en t rance  sect ion,  a length of 20.55 ram,  and a hal f -angle  of t aper  of 0.25 ~ 

The body 1 (Fig. 1) of  each model  was made of copper .  The coil 2 through which w a t e r  was c i r c u -  
la ted to cool the model  was a lso  made of copper  and so ldered  to the body. Two drain  openings 3, c o m -  
municat ing with U-shaped  m a n o m e t e r s  filled with s i l icone liquid, were  made in the walls  of each model .  
The rmoeoup les  4 we re  p laced  in specia l  cav i t ies  a t  a dis tance of ~ 1 m m  f rom the inner  su r f aces .  

The dra in  openings s e rved  for  the m e a s u r e m e n t  of the s ta t ic  p r e s s u r e s  P(1) and P(2) at  the f i r s t  and 
second m e a s u r e m e n t  sect ions  f rom the en t rance ,  while the thermocouples  s e rved  for  the m e a s u r e m e n t  of 

the wall  t e m p e r a t u r e  Tw which, l ike the t e m p e r a t u r e  T 0, was  kept 
P~,~,PI~ / ~  constant  and equal to 288~ in the expe r imen t s .  
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Fig.  2. Dependence of p r e s s u r e s  
in conical  channel on p r e s s u r e  in 
choke chambe r  for  P0 = 4.68" 103 

N/m 2- i) PO)~ 2) ~(~). 

The p r e s s u r e s  P(1) and P(2) which a r e  at tained with different  
P0 when the shock wave is located in the ent rance  sec t ions  of the 
models  we re  chosen  as the exper imenta l ly  de te rmined  values  sub-  
ject  to l a t e r  calculat ion.  The method of de te rmin ing  these  p r e s -  
s u r e s ,  denoted below as p*, was  based  on the fact  [5] that the m o v e -  
ment  of the shock wave downs t ream f rom the ent rance  sect ion within 
the model  is discontinuous and i s  accompanied  by a discontinuous 
dec r e a se  in P(1) and P(2)- 

To de te rmine  P~l) and P(*2) for  some P0 this P0 and the a i r  t e m -  
pe r a tu r e  T O = 576~ were  f i r s t  se t  in the f o r e c h a m b e r  of the wind 
tunnel. Then using the coordina tor  the model  with a c losed choke 
chambe r  5 was mounted in such a way that  i ts  en t rance  sect ion was 
located at  the dis tance Ix]M=4.5. After  this the flow r a t e  of the 
wa t e r  cooling the model  was regula ted  and the t e m p e r a t u r e  of its 
wal ls  was  brought  to 288~ Then the choke 7 was  gradual ly opened 
and the s ta t ic  p r e s s u r e s  P(t) and P(2) in the f i r s t  and second dra in  
openings f rom the model  en t rance  w e r e  m e a s u r e d ,  as  well  as  the 
p r e s s u r e  pp in the choke chamber  using the tube 6. Then the 
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Fig.  3. T r a n s v e r s e  p rof i l es  of u, T ,  and roY for  different  reduced  lengths x. a a n d b i  1) x = 0; 2) 
0.00146; 3) 0.01252; 4) 0.04016; 5) 0.13090; 6) 0.21930; 7) 0.23640; 8) 0.24860; c: 1) x = 0.04016; 2) 
0.08440; 3) 0.22480; 4) 0.23650; 5) 0.24450. 

dependences P(1)(Pp) and P(2)(Pp) w e r e  cons t ruc ted  which, as  noted e a r l i e r ,  h a d  discontinui t ies  at the s a m e  
value of  pp = pp* (typical dependences of  P(t) = P(i) /Pl  and P(2) = P(2)/Pl on pp = Pp /P i ,  where  Pi is the 
s ta t ic  p r e s s u r e  behind the d i rec t  shock wave at  M = 4.5, a r e  p re sen ted  in Fig.  2) Final ly ,  the m a x i m u m  

$ $ 
p r e s s u r e s  P(1) and P(2) for  pp = pp*, equal to P(1) and P(2), r e spec t ive ly ,  we re  de te rmined .  

Then  a new value of P0 was se t ,  the sequence of opera t ions  desc r ibed  above was repea ted ,  new values  
of p(~) and P(2) we re  de t e rmined ,  e tc .  

$ 
As a r e su l t  the dependences of P(*l) and p(2)_on P0 could be cons t ruc ted  both for  models  with cy l indr i -  

cal  and with conical  channels  at  M l = 0.424 and Tw= T w / T  0 = 0.5. The Reynolds number s  Re 1 c o r r e s p o n d -  
ing to the P0, ca lcula ted  f rom the p a r a m e t e r s  behind the d i r ec t  shock wave and the en t rance  sect ion d i a m -  
e t e r s  of the mode l s ,  va r i ed  f rom 56 to 124 in the case  of the f i r s t  model  and were  65.6, 79.3, 108.9, and 
138.8 in the case  of  the second model .~  

The s impl i f ied  N a v i e r - S t o k e s  equations ment ioned above were  used to calcula te  the flow under con-  
s idera t ion ,  while the numer i ca l  method p re sen ted  in [4] was used for  thei r  solution. 

The s y s t e m  of~ these  equations for  the descr ip t ion  of the flow of an ideal gas in an axial ly  s y m m e t r i c a l  
channel has  the following fo rm:  
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Fig.  4. C o m p a r i s o n  of e x p e r i m e n t -  
al and ca lcula ted  values  of p r e s s u r e s  
in channel,  a: 1) Tw = 0.5; 2) Tw 
= 1.0; points:  expe r imen ta l  va lues ;  b: 
1) Re 1 = 65.5; 2) 79.3; 3) 108.9; 4) 
138.8. 
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All the values  in this s y s t e m  a r e  d imens ion less  and a r e  
re la ted  to the dimensional  va lues  by the equations 

]: 4x y 2r u ~ r e ,  

D I R% D1 ul 

2ut Plu~ Pl u~ ~1 

Here  x is the dis tance along the axis  of the channel f rom 
its en t rance ;  r is the dis tance along the no rma l  f rom the chan-  
nel ax is ;  u and v a r e  the longitudinal and rad ia l  veloci ty  c o m -  
ponents ,  r e spec t ive ly ;  p is the p r e s s u r e ,  constant  a c r o s s  the 

"~The v i scos i ty  coeff icients  ~l needed to de te rmine  the Reynolds 
number s  R e l w e r e  taken f r o m  the tables  of [6]. 
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channel c ro s s  section; p is the density; h is the enthalpy; H = h + u2/2 is the stagnation enthalpy; /~ is the 
v iscos i ty  c~efficlent; P r  is  the Prandt l  number;  ~t is the adiabatic index; D Is  the d iameter  of the chan- 
nel section; the index 1 cor responds  to the initial channel section. 

The sys tem presented was solved with the following boundary and initial conditions: 

- - - -  - 0 ,  ~ = 0  fo~ F = 0 ,  
Or Or 

u = v = 0, h = h w = const for r = 2rw 
. . . . . . . .  D 1 

u=const ,  p=cons t ,  h= 'const  for x = 0 .  

The initial data needed for the calculations were set  in accordance  with the conditions under which 
the experiments  were  conducted. For  example, it was assumed that ~ = 1.4 and P r  = 0.71 and an expo- 
.nenttal dependence of the v iscos i ty  coefficient on the tempera ture  was adopted: ~ ~ T n, n = 0.76. The 
channel walls were  considered to be cooled to a constant tempera ture  Tw = 0.5 T 0. The Much number M l 
at  the channel entrance was set  at  0.4236. 

We note also that the dependence of r w = 2 r w / D  l on x must  be given when integrating the sys tem,  
where r w is the channel radius.  In the present  case of channels with s t ra ight  genera t r ices  this dependence 
has the form 

r w = l - R e  l tg~  x 
2 " 

where r is the half-angle of the channel taper.  F rom this it foUows direct ly  that in the case of a cyl indr i -  
cal channel (r  = 0) the resu l t s  of the calculations represented  as a function of x do not depend on Re 1, while 
converse ly ,  in the case of a conical channel (r  r 0) they depend on Re 1. 

In connection with this, in the ease of a conical channel the calculations were conducted for Reynolds 
numbers  Re 1 = 65.6, 79.3, 108.9, and 138.8. 

In all cases  the calculations were  reduced pract ical ly  to the cr i t ical  reduced lengths x, i.e., to the 
maximum channel lengths consistent  with the conditions indicated above in the entrance section of the 

channel. 

As a resul t  of the calculations the t r ansve r se  profi les u(r), v(r),  and T(r) = ( r )T /T  l at  different 
values of x were  obtained, as well as the distributions p*(x) for both the cylindrical  and conical channels. 

The nature of the development of the t r ansverse  profiles of velocity u, t empera ture  T,  and the value 
rpv in the cylindrical  channel is shown in Fig. 3. 

As seen f rom Fig. 3c, at small  values of x the t r ansve r se  velocity v is directed toward the channel 
axis,  but as x increases  and approaches the cr i t ical  value it changes sign and is directed f rom the channel 

axis toward the walls.  

A compar i son  of the experimental  and calculated distr ibutions p*(x) for a cylindrical  channel is p r e -  
sented in Fig. 4a, whil~ the experimental  and calculated values of p* for a conical channel are  presented 

in Fig. 4b.T 

It can be concluded f rom this compar ison  that the simplified Nav ie r -S tokes  equations used, which 
coincide in form with boundary layer  equations, a re  also feasible for the descr ipt ion of flow in short  chan- 

nels with cooled walls .  

In conclusion it should be mentioned that it is seen from Fig. 4a, where in addition to the distribution 
p*(x) for T-w = 0.5 the corresponding distribution is presented for Tw = 1.0 (dashed curve),  that the cooling 
of the channel wails has a ve ry  marked effect on the flow within the channel. In par t icu lar ,  at x = 0.04 the 
relat ive p r e s s u r e  p* is a lmost  1.4 tL'nes grea te r  for Tw - 0.5 than for Tw = 1.0, while the cr i t ical  redi]ced 
length x of the channel for Tw = 0.5 is a lmost  four t imes grea ter  than this length for Tw = 1.0. 

~AII the values of p* obtained were  used to const ruct  the experimental  dis tr ibut ion p*(x} for the cylindrical  
channel since the corresponding calculated distribution does not depend on the Re;molds number  Re I 
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N O T A T I O N  

M is the Mach number ;  
Re is the Reynolds number;  
# is the v i scos i ty  coefficient;  

is hhe ra t io  of specif ic  heat capaci t ies ;  
D is the d iamete r  of channel c ros s  sect ion;  
x is the distance f rom entrance  sect ion of channel;  
r is the distance f rom channel axis ;  
p is the p r e s s u r e ;  
T is the t empera tu re ;  
p is the densi ty;  
u, v a r e  the veloci ty  components ;  
h is the enthalpy. 

S u b s c r i p t s  

0 denotes the fo rechamber ;  
1 denotes the entrance sect ion of channel;  
(1), (2) denote the f i r s t  and second measu rem en t  sect ions f rom ent rance .  
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