
ANALYSIS OF TI~E "TAILORED" 

REGION IN A SHOCK TUBE 

C O N T A C T  S U R F A C E  

R.  L .  P e t r o v  UDC 533.6.011.72 

A s imple  method is  p r e sen t ed  for  the computat ion of the ini t ial  p a r a m e t e r s  of the gas ,  the work-  
ing t ime,  and the opt imal  re la t ionship  between the lengths of the h i g h - p r e s s u r e  c h a m b e r  and the 
l o w - p r e s s u r e  channel of a shock tube in the " ta i lored"  contact  su r face  region which p e r m i t s  a 
substant ia l  i nc rea se  in the working t ime.  

The " ta i lored"  contact  sur face  region p roposed  for  shock tubes in [1] p e r m i t s  an i nc rea se  in the work-  
ing t ime,  an i m p r o v e m e n t  in the homogenei ty of the working gas  p a r a m e t e r s ,  and turns  out to be useful in 
many cases ,  for  instance,  in ae rodynamics  and ae rophys ics  invest igat ions in hypersonic  shock tubes equipped 
with nozzles  of l a rge  l inear  d imensions ,  in invest igat ions on chemica l  kinet ics ,  and in the operat ion of quantum 
and MI-ID g e n e r a t o r s  [2, 3]. 

The x vs t flow d iag ram in a shock tube of opt imal  length in the " ta i lored"  in te r face  region is  p resen ted  
in Fig. 1 in the ve r s ion  when the re f lec ted  shock wave, the r a re fac t ion  wave tail ,  and the bow ref lec ted  r a r e -  
faction wave m e e t  at a single point (B). 

Dist inct ive methods  for  computing the " ta i lored"  in ter face  region,  which requi re  success ive  determinat ion 
of the gas  p a r a m e t e r s  in different  flow domains (Fig. 1), a re  p resen ted  in [4, 5]. 

i n  ~addition to the fo rmu la s  contained in [4, 5], let us p resen t  a s imple  express ion  which will p e r m i t  
computat ion of the ra t io  T~/T 1 between the init ial  t e m p e r a t u r e s  of the working and driving gases  with the 
ra t ios  ~l, 74 between the specif ic  heats  and the known m o l e c u l a r  weights ~ 1, /z 4, by using just  the given 
incident shock-wave  intensi ty P2/Pt. 
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Fig. 1. x vs t d i ag r a m of per tu rba t ion  propagat ion in a shock 
tube of opt imal  length in the " ta i lored"  in te r face  mode. 
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31, No. 3, pp. 537-542, Sep tember ,  1976. Original  a r t ic le  submit ted  June  24, 1975. 
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Fig. 2. The ra t ios  T4t between the initial t empera tu res  of the 
driving and working gases  (a) and P4i between the initial p r e s s u r e s  
of the working and driving gases  (b) as a function of the number 
Mlt.i.r" of the shock in the "tailored" interface region: 1) helium, 
~/4 = 5/3;: air ,  ~1 = 7/5; 2) helium, 74 = 5/3; argon T1 = 5/3. 

Taking account of the condition that the p r e s s u r e s  are  equal in regions 5 and 6 (Fig. 1), the condition 
that changes in the s t r eam velocity on the ref lected shock are  equal in the working and driving gases,  and 
using the known relat ionships of e lementary  shock-tube theory [6], we obtain 

bt41(~, - I  ) {<[p2a(%a4+2a,+l)+%--a,](P~-+-%) 

_ )]2 
+ 1 / ~4(P21 - -  1 , 

where 
a = ? §  ? - - 1  - - ;  [~-- 

? - -  1 2"~ 

(1) 

Here and henceforth, the number  subscr ipts  will denote the domains with homogeneous gas pa ramete r s  
(Fig. 1) in conformity with e lementary  shock-tube theory. The double subscript  denotes the ratio of the gas 
pa r ame te r s  in definite flow domains, for instance, P21 = P2/Pi. 

The initial ratio P4i between the p r e s s u r e s  on the diaphragm for a given ratio P21 and the rat io T4i found 
f rom (1) can be calculated by means  of a known formula  written in the form 

1 

P41= P21 [] __ (,4 __ 1) f ~t41 P~1-1 ]~4  (2) 
2?4(Y1-- 1)'l/- T41(aap21 @ 1) 

Let  us note that (1) and (2) determine the initial gas pa r ame te r s  in a constant section shock tube with a 
blind end face. 

Graphs represent ing the dependence of the relat ive initial gas pa rame te r s  T41 , P41 on the incident shock 
Mach number M 1 in the "tailored" interface region (t. i. r. ) are  presented in Fig. 2 for combinations of the 
gases  hel ium--a i r  and helium--argon.  

A computation of the gas pa r ame te r s  behind a reflected shock by means of the relationships of e lementary 
shock-tube theory for the initial working and driving gas pa rame te r s  found by means of (1) and (2) shows that 
a high value of the p re s su re  " recovery  factor" P54, close to 1 and varying slightly with the increase  in the 
shock number MI, is cha rac te r i s t i c  for the "tailored" interface region. 

In addition to the formulas  derived for strong shocks [4], let us present  an expression for the ratio 
between the gas pa r ame te r s  on the interface behind the incident shock in the " tailored" interface region, which 
is valid for a rb i t r a ry  intensity shocks. 
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F ig .  3. The  p a r a m e t e r  s g~lt.i,r ., ~work, t A . r .  
twork.  ~m (see) c h a r a c t e r i z i n g  the l inea r  d i m e n -  
s ions  and working t ime  of a Stloek tube of opt i -  
m a l  length in the " t a i lo red"  in t e r f ace  reg ion ,  
h e l i u m - - a i r  e a s e  "/4 = 5/3 ,  `/1 = 7/5.  

The  r a t io  a32 between the  speeds  of sound can  be r e p r e s e n t e d  as 

I/ 71(`/i + 1) V i  + 1/~1p5 2 - ( 3 )  

Taking account  of the s m a l l n e s s  of and the sma l l  d i f fe rence  between the quant i t ies  1/~4p52 and 1/~1P52 , 
let  us  wr i t e  an app rox i m a t e  e x p r e s s i o n  fo r  the ra t io  a32 in the f o r m  

_ 1//~`/~ (`/, + I )  ch--c~, ) .  
a~, v ~ T ~ )  ('l + 2~I~,p-----~T/ (4) 

Manipula t ions  ana logous  to  those  p e r f o r m e d  fo r  the r a t io  u 32 r e s u l t  in the following: 

31 re f l3  ~ ( 1/" 
Mrefl2 tUrefl2! + u2 a23 = V al~lpa2 + ~1 

a l  - -  a ,  (5) 

T,, = a2[z, ffl, ~ ~ql - ~ - - i -  \ 1 + __al%p,, ,* , (6) 

Ps~ = T ' ~ a l ' ~  21 + 1 ( 1 v .  + 1 czl--(x4)=l~.p., ' (7) 

O~ 1 - -  6~ 4 

(Pa)a2 : P32as2 ~-~ V a~4 . 2el%P52 

( ]Urefl3' + u~ ) (  U2 ] -Uteri- 3 = 1 + " 1 1 2- 
Urefl2 ]Urefl2! "+- U 2 ]Urefl~ ) 

, , ~ 1 +  `/1(`/a - -  `/0 [ 1 +  2 3" / , - -1  ] (9) 
7 2 - -  1 (`/1 + 1 ) P s ,  2 ` / i ( 7 t - - 1 )  M~ ' 

where  p is  the dens i ty ,  u is  the cof low ve loc i ty ,  Ure f l  is  the ve loc i ty  of the r e f l e c t e d  shock. 

F o r m u l a s  (4)-(9) show that  the  r a t i o s  c o n s i d e r e d  (az2 etc. ) in the " t a i lo red"  in t e r f ace  reg ion  a r e  in-  
dependent  in the c a s e  T1 = Ta, while they a r e  s l ight ly  dependent  in the c a s e  "/1 ~ 3'4, o n  the incident  shock 
n u m b e r  M1. Thus ,  fo r  the h e l i u m - - a i r  combina t ion  (Ta = 5/3 ,  a a = 4, 134 = 1/5,  T1 = 7/5 ,  c~ 1 = 6, 131 = 1/7) 
under  the condi t ion  T41 > i ,  we have M 1 i-- 3.4, P52 >- 5.46, (~1--~4)/c~1~4P52 "a 0 . 0 1 5 s o t h a t w e e a n  c o n s i d e r  the 
ra t io  between the gas  p a r a m e t e r s  on the in t e r f ace  to be independent  of the shock and we can se t  

a~z " M~3 = 1.15; Mrefl3 _ 0.97; Ts~ = 0.t53; P33 = 0.91; Utetls -- 1.39; 
Mrefle Ureflz 

(pa)s , = 1.034. 

The f o r m u l a  

a e s = l /  (71--I )71 V P 5 2 + a l  
(10) 
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is  val id  fo r  the ra t io  a65 between the speeds  of  sound on the in t e r face  behind the r e f l ec t ed  shock  in the 
" t a i lo red"  i n t e r f a c e  reg ion ,  and it does not  p e r m i t  the quant i ty  a65 to  be c o n s i d e r e d  independent  of the in ten-  
si ty p~ in the case  "/1 ~ T4. 

Taking account  of the inf luence of the n u m b e r  M 1 on the ra t io  a65 can be done for  a s e l ec t ed  range  of lV[ 1 
n u m b e r s  by in t roduc ing  the m e a n  ra t io  P52m, s ince  even for  m o d e r a t e  n u m b e r s  M 1 the in tens i ty  P52 g r o w s  
s l ighf lywi th  the i n c r e a s e  in the n u m b e r  M 1. 

Thus ,  taking the ra t io  P52m = 6.25 in the h e l i u m - - a i r  c a s e  ~vith T4t = 1-3,  M 1 = 3 .4-6.27,  P52 = 5.46-7.05,  
we will  have a65 = 1.3; T65 = 0.196; P65 = 0.705; (pa)65 = 0.916. 

The r e l a t ionsh ips  (1), (4)-(10) p e r m i t  app rox ima te  e x p r e s s i o n s  to be obtained for  the computa t ion  of the 
op t ima l  lengths  L1, L4 and working  t i m e s  twork  in the " ta i lo red"  in t e r f ace  reg ion  by m e a n s  of a given shock 
n u m b e r  M 1. 

In t roduc ing  the r e l a t ive  length L1 = L1/L4 of the l o w - p r e s s u r e  channel  and the d i m e n s i o n l e s s  t ime  

Ework = (a~/L4) twork  , let  us wr i te  

. ,~ ,~  (71+ I) ~ ( 1 
I t .ur .--  (7, + 1)(371-- 1) 

+ [B Mla14 2 (7i7, -- I) [ 
(7, + I)(371 - -  i) 

L1t.i.r. a4 i 
work.t.i.r. '~ t~ + r 2  (% + 2) 

% (% + l) P21 

{ 1 1 / - 2 ( c  h + 2 )  p~i [ 1 + 
• t - - - ~ i  V r z l ( ~ l + l  ) 

3 -- 71 .h 

(371-- l) M~ . } 

a 1 (3 - -  71) ] 
l + 2(371-- l)M~ j ' 

4(z I (cq + 2) P~i 

4a 1(a i+2) p~1 J 

(11) 

where  

3,1_i [i+ I+4,1-5, I i_o56,- 
71 (71 + i) 271 (37~ -- I) M ~, a,6 L, t.i.~. 

3 --'~4 

(12) 

�9 2 

v4+l 
~_Bl~, ( l __~_ 74__ 1 ) 2(?.--1) 

P s i -  1 ( 1 5 )  

In the  c a s e  T1 = T4, the working  t ime  can  be c o m p u t e d  by m e a n s  of the exact  f o r m u l a  p r e s e n t e d  in [4] 
fo r  a shock  tube with a l onge r  h i g h - p r e s s u r e  c h a m b e r  than the op t imal  (Fig. 1). 

The r e l a t i ve  d i f f e rence  between the  r e s u l t s  of comput ing  the quant i t ies  twork ,  t. i. r. and L1 t. i. r. by 
m e a n s  of the app rox i m a t e  and exact  f o r m u l a s  is  s e v e r a l  pe r cen t  and d imin i shes  with the i n c r e a s e  in the n u m -  
be r  M 1. 

T h e  r e s u l t s  of comput ing  the r e l a t ive  p a r a m e t e r s  L 1 t. i. r . ,  twork ,  t. i. r. "and the working t imetwork .1  m 
of a shock  tube L 1 + L4 = 1 m long as a funct ion of  the shock  n u m b e r  M 1 a r e  p r e s e n t e d  in Fig .  3 for  the 
h e l i u m - - a i r  gas  combinat ion .  

The r e l a t ionsh ips  (1), (2), (11), (12) p r e s e n t e d  can  be used  to e s t i m a t e  the ini t ia l  p a r a m e t e r s ,  g e o m e t r i c  
d imens ions ,  and working  t ime  of r e l a t ive ly  sho r t  shock  tubes  working with pure  g a s e s  o r  d i f ferent  m i x t u r e s  
at m o d e r a t e  incident  shock  in tens i t i es .  

Formula (i) can be extended to the case when there is a hole in the end face of the shock tube channel. 

However, it can be shown that the influence of the hole on the shock number M 1 is negligible in the "tailored" 
interface region [7]. 
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N O T A T I O N  

x, coordinate  measu red  f rom the diaphragm along the shock tube channel, m; L, length, m; t, t ime 
m e a s u r e d  f rom the t ime of diaphragm rupture ,  sec;  T, t empera tu re ,  ~ p, p r e s s u r e  bar ;  p, densi ty,  kg]m3; 
a, speed of sound, m / s e e ;  u, s t r eam velocity,  m / s e c t  U, shock velocity,  m / s e c ;  ~,  molecu la r  weight, kg/  
kg. mole;  M, s t r e am or  shock Mach number;  ~], ra t io  of the specific heats;  L, d imensionless  length, =L, 
d imensionless  t ime. 

L I T E R A T U R E  C I T E D  

1. C . E .  Whitliff, M. R. Wilson, and A. Her tzberg ,  in: Mechanika [Periodic  Collection of Trans la t ions  
of Fore ign  Ar t ic les] ,  No. 1 (1960). 

2. V. Ya. Bezmenov,  L.  B. Belyaev,  and P. M. Shirmanov, survey,  N. E. Zhukovskii Centra l  Aerohydro-  
dynamics Institute [in Russian],  No. 365, ONTI TsAGI (1971). 

3. A . G .  Gaydon and I. R. Hurle ,  Shock Tube in High Tem p era tu r e  Chemical  Phys ics ,  Reinhold. 
4. H. Er te l ,  in: Phys ics  of High-Speed P r o c e s s e s  [Russian translat ion],  VoL 3, Mir,  Moscow (1971), 

p. 103. 
5. D . W .  Holder  and D. L. Schultz, ARC Report  and Memoranda,  No. 3265 (1960). 
6. I. Glass  and G. Pa t te r son ,  in: Shock Tubes [Russian translat ion] ,  IL, Moscow (1962), p. 138. 
7. Hickman and Kaise r ,  Raketn. Tekh. Kosmonavt. ,  No. 7 (1973). 

F L O W  O F  A V I S C O U S  T W O - T E M P E R A T U R E  

N O N E Q U I L I B R I U M  I O N I Z E D  R A D I A T I N G  G A S  

O V E R  B L U N T  B O D I E S  

L .  B .  G a v i n ,  Y u .  P .  L u n ' k i n ,  
a n d  V.  F .  M y m r i n  

UDC 533.6.011 

This  paper  invest igates  hypersonic  flow of a monatomic viscous two- t empera tu re  nonequil ibrium 
ionized radiating gas over  blunt bodies. The t r anspor t  coeff icients  are  evaluated to a high- 
o rde r  approximation and the i r  influence on the heat flux to the wall is analyzed. 

An investigation of flow of a nonequil ibrium ionized radiating gas over  blunt bodies is a ma t t e r  of grea t  
in teres t .  The analogous problems  were  examined in [1-6] for  a per fec t  gas, in [7, 8] ( s ing le- tempera ture  
approximation),  and in [9, 10] ( two- tempera ture  approximation) for  a viscous gas. However,  it is suggested 
even in [9, 10] that the ionization react ions  are  f rozen,  radiation is absent ,  and the t r anspor t  coeff icients  are  
calculated using ve ry  simple c lass ica l  theory  [11]. 

In this  paper  the problem of flow over  a blunt body is posed in the mos t  genera l  form: the gas is r e -  
garded as viscous,  heat-conducting,  two- tempera tu re ,  nonequil ibr iam-ionized,  and radiating, and the t r ans -  
port  coeff icients  are  de te rmined  f rom h igh-order  approximation theory.  

The kinetic model  of a gas (argon i s  chosen here) provides  for  a tom--atom and e lec t ron- -a tom coll isional 
ionizing reac t ions  via an exci ted level  

A + A.,~A* + A, A* + A~:~:A+ + e +  A, (1) 

A +e.~-A* + e, A* + e-~--A* + 2e, (2) 

and also photon-ionization reac t ions  with the ground level  

A. F. Ioffe Physicotechnical  Institute, Academy of Sciences of the USSR, Leningrad. Trans la ted  f rom 
Inzhenerno-Fiz ichcski i  Zhurnal,  Vol. 31, No. 3, pp. 543-549, September,  1976. Original  a r t ic le  submitted 
June 25, 1975. 
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