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I N V E S T I G A T I O N  OF F L O W  IN T H E  C H A M B E R  A N D  C H A N N E L  

O F  A V A R i A B L E - A R E A  S H O C K  T U B E  

A .  M .  N a u m o v  a n d  L .  S .  S h t e m e n k o  UDC 533.6.071.4.071.8 

One f a c t o r  which a f fec t s  the flow uniformity  in a shock tube is the noninstantaneous nature  of the dia-  
ph ragm-open ing  p r o c e s s .  Severa l  inves t iga tors  [1, 2] have calculated the flow in a shock tube channel in 
one-d imens iona l  formula t ion ,  allowing f o r  th is  f ac to r .  

In this p a p e r  the p r o b l e m  is cons idered  two-d imens iona l ly .  The flow p a r a m e t e r s  we re  calculated on a 
Bl~SM-6 compute r  us ing the  L a x - - W e n d r o f f n u m e r i c a l  method.  The following d imens ion less  p a r a m e t e r s  w e r e  
used:  D is the s e m i d i a m e t e r  of the tube;  P0, P0 a r e  the initial p r e s s u r e  and densi ty in the shock tube channel; 
r is the c h a r a c t e r i s t i c  velocity;  and D / ' / ' p o / p  o is the c h a r a c t e r i s t i c  t ime .  The gas  is t aken  t o  be inviscid,  
non-heat-conduct ing,  with constant  speci f ic  heat  ra t io  n. T h e  governing p a r a m e t e r s  of the p r o b l e m  a r e  

P = PJPo;  R = Pl/P0; • t ,  

{t, is the d imens ion less  d iaphragm opening t ime) .  The subsc r ip t s  0 and 1 denote the gas  p a r a m e t e r s  to  the 
r ight  and left  of the d iaphragm.  

The two , s t ep  Lax- -Wendrof f  method used he re  is based  on a d i f ference  approx imat ion  to the Euler  equa-  
t ions of motion,  wr i t t en  in d ivergent  f o rm .  The  smoothing introduced fo r  s t rong detonations [3] al lows us to 
avoid the c h a r a c t e r i s t i c  osci l la t ion of the solution.  The method has s e c o n d - o r d e r  a c c u r a c y  and affords  a con-  
t inuous computa t ion  of the flow field without isolat ing s t rong  discont inui t ies .  In the shock tube sec t ions  with 
curved  boundar ies  the t r ans i t i on  to a des ign field o f  r ec t angu la r  shape is accompl i shed  by the coordinate  
t r a n s f o r m a t i o n  

X = x; Y = y/yc(x) ,  

where  Yc (x) is the function giving the wall  shape.  

The s t r u c t u r e  of the equations of mot ion  does not vary ,  but the new dependent va r i ab l e s  di f fer  f r o m  the 
old by f ac to r s  which depend on the channel shape [4]. The f low field is cove red  by a r ec t angu la r  mesh .  To 
ca lcula te  the flow p a r a m e t e r s  at  each node we deal with a nine-point  cell ,  having the node to be cons idered  
at  its cen t e r .  

For  the  computa t ions  the  flow in the tube with the d iaphragm is modeled as  follows. The d iaphragm is 
rep laced  by a t r a n s v e r s e  m e m b r a n e  of ze ro  th ickness ,  separa t ing  the gases  with different  initial  p a r a m e t e r s .  
At t ime  t = 0  the m e m b r a n e  begins to open f r o m  the cen te r  to the walls  accord ing  to a given t ime  law. The 
p r e s e n c e  of the m e m b r a n e  r equ i r e s  a nonpermeabi l i ty  condition, s i m i l a r  to the channel wal ls .  The nonpe rme-  
abi l i ty  condit ion is achieved by means  of a f ict i t ious flow which, in terac t ing  with the computed flow, makes  
the no rma l  veloci ty  component  z6ro  at  the points  on the solid boundary.  In o r d e r  to sa t i s fy  the boundary con-  
dit ion on the moving m e m b r a n e ,  the ca lcula t ion  uses  two columns of points  spanning the m e m b r a n e .  The flow 
p a r a m e t e r s  at p a i r s  of points  a r e  dis t inct  as  long as  the m e m b r a n e  s e p a r a t e s  them.  When this is not t r ue  
identical  values a r e  g iven to each,  and the point pa i r s  a r e  r ega rded  as  a s ingle  point.  Fo r  this r e a s o n  the 
re la t ive  pos i t ion  of the  ends of the opening m e m b r a n e  and the computat ional  cel l  belonging to it a r e  analyzed 
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at each t ime step. Depending on the resul t  the required computational vers ion  is selected.  An est imate of 
the resul ts  obtained using simple averaging and the formulas  for decay of an a rb i t r a ry  discontinuity at the 
point pa i r s  on the diaphragm showed that the resul ts  obtained for  each of the vers ions  differed insignificantly. 
This allowed us to use the f i r s t  vers ion  in o rde r  to reduce the computational t ime. With this objective the 
calculat ion is made only for  the disturbed par t  of the field at each t ime step. it is assumed in the calculations 
that the diaphragm opens according to the law given in [1], which is in sa t i s fac tory  agreement  with known ex- 
per imenta l  data. Because of flow s y m m e t r y  only one half of the tube is considered,  and the condition is ap-  
plied that no flow passes  ac ros s  the axis, like the condition for  solid boundaries.  It was established in [5], 
by comparing computed resul ts  for a constant a rea  tube with the exact solution, for instantaneous diaphragm 
opening, and with experimental  data, that the flow model adopted with noninstantaneous diaphragm opening 
is valid. 

It is known that the expansion waves excited in a shock tube during noninstantaneous opening a re  not 
centered and a re  nonplanar in shape for  a t ime comparable  with the diaphragm opening t ime [6]. To examine 
this difference,  calculat ions were made for a p lanar  flow with the following values of the governing pa rame te r s :  
1)=100; R=100;  n = l . 4 ;  t ,  =0, 0.5, 1, 2. 

Figure  1 shows the t r a jec to r ies  of points in an expansion wave with constant flow pa rame te r s  at t ,  = 2. 
The results  cor respond to the axis of symmet ry ;  Fig. 1 also shows the s t ra ight- l ine cha rac te r i s t i c s  of a cen- 
tered  wave, corresponding to the same values of the flow p a r a m e t e r s .  It can be seen that, beginning at a c e r -  
tain t ime,  the lines corresponding to the same values of density have the same slope, but have a relative dis-  
p lacement .  The straight  par t s  of the lines a re  given in this case by the relat ion 

( z  - -  s ) / t  = u (•  + 1 ) /2  - a ,  

where s is the displacement  of a par t ic le  having the velocity u at the point x, t f rom its posit ion in the centered 
expansion wave; and a is the speed of sound in the gas at res t .  Figure 2 shows a graph of the relat ion s = 
s(p, t , )  for  various values of t , .  Knowing this relat ion we can determine the flow in an expansion wave in 
the shock tube chamber  in the actual case .  

To verify the computational method, and also to elucidate the wave flow picture in a variable a rea  shock 
tube (Fig. 3a), calculations were  pe r fo rmed  for  a tube configurat ion with the following values of the governing 
p a r a m e t e r s :  1)=19; R = 1 9 ; n = l . 4 ; t . = 3 . 8 .  

Figure 3b shows the field of i sobars  corresponding to the t ime when the per turbat ions  f rom the opening 
diaphragm have reached the nozzle throat .  The location of the greates t  bunching of the lines cor responds  to 
the p resence  of large  p r e s s u r e  gradients  in the secondary  discontinuity generated by overexpansion of the 
gas in the supersonic jet discharging through the diaphragm aper ture  and in the compress ion  waves incident 
and ref lected f rom the convergent  par t  of the nozzle.  The range of p r e s s u r e  variat ion in the isobars  is 0-5. 
The dashed lines here  show the posi t ion of waves obtained experimental ly by the holograph method in the shock 
tube at the Depar tment  of Molecular  Physics  and Mechanics at Moscow State Universi ty (IVIGU). In these tests  
shaped inser ts  coinciding in shape with the configurations used in the calculations were  mounted on the walls 
of a rec tangular  sect ion shock tube at a dis tance of severa l  d iameters  f rom the diaphragm. The values of the 
governing p a r a m e t e r s  were kept constant.  The layout of the holographic equipment is descr ibed in [7]. Figure 
3c, d show photographs,  as an example, of the virtual image of the flow wave pic ture  in the nozzle, obtained 
f rom holograms with different angles of observat ion.  In the photographs one can easi ly see ref lect ion of the 
forward shock f rom the convergent  par t  of the nozzle. 

in the i sobar  fields shown in Fig. 4 one can see the motion of the forward shock wave, the formation 
of compress ion  waves f rom the convergent  par t  of the nozzle, the interact ion of these with the secondary 
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shock (Fig. 4a-e) ,  the genera t ion  of an internal  shock due to overexpans ion  of the gas  in the expanding p a r t  
of the nozzle (Fig. 4f-h), and the genera t ion  of c o m p r e s s i o n  waves  in the c o r n e r  flow at  the nozzle exit (Fig. 
4e-h).  

The sa t i s f ac to ry  a g r e e m e n t  between the computed and the exper imenta l  data is evidence that  one can  
use  this  computat ional  technique to so lve  non - s t eady - s t a t e  gasdynamic  p rob l ems  re la ted  to the cons t ruc t ion  
and opera t ion  of sho r t -du ra t i on  ae rodynamic  fac i l i t ies .  
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A M E T H O D  O F  D E T E R M I N I N G  T H E  P E R F O R M A N C E  

O F  L O W - D E N S I T Y  G A S D Y N A M I C  T U B E S  

S.  N.  A b r o s i m o v  a n d  B .  F .  S h c h e r b a k o v  UDC 629.7.018 : 533.6.071 

The p a r a m e t e r  desc r ib ing  the eff ic iency of a gas -pumping  s y s t e m  is the ra te  or  pumping speed.  In 
c o n t e m p o r a r y  vacuum pumps  this p a r a m e t e r  can have quite high values,  e.g.,  v a p o r - j e t  pumps  having pump~- 
ing speed ~15,000 l i t e r / s e c  and higher  at p r e s s u r e s  of 10-3-10 -4 t o r r  [1, 2], while c ryogenic  pumps  have 
values of 106-108 l i t e r / s e c  at the s a m e  p r e s s u r e s  [3-5]. With these  p a r a m e t e r s  the gas - f low ra te  pe r  second 
under  s teady conditions can  be as high as tens of g r a m s .  To de te rmine  the p e r f o r m a n c e  of gas -pumping  s y s -  
t ems  one usually mus t  m e a s u r e  a cons ide rab le  number  of p a r a m e t e r s .  Here  we p ropose  a method of d e t e r -  
mining the p e r f o r m a n c  e f r o m  the g e o m e t r i c a l  d imensions  of the jet  flow, based on the fact  that  the gas- f low 
ra t e s  through the nozzle and through the pumping s y s t e m  a r e  equal.  The gas- f low ra te  through a nozzle can 
be wr i t t en  in the f o r m  

Gc = ~A(k)F.po/(RTo)  ~ (1) 

where /z  is the m a s s - f l o w  coeff ic ient  (in many  ca se s  we can  a s s u m e  this to be 1 for  s implici ty) ;  A (k)=[2/  
(k +l ) ] l / (k-1)[2gk/(k  +1)] ~ is the d i scharge  coefficient;  k =Cp /Cv i s  the spec i f i c -hea t  ra t io;  F ,  is the, nozzle 
th roa t  a rea ;  P0 and T o a r e  the s tagnat ion p r e s s u r e  and t e m p e r a t u r e ,  respec t ive ly ;  and R is the gas  constant .  

The gas  flow ra te  through a pumping s y s t e m  can  be e x p r e s s e d  in the f o r m  

Cpurnp ~ S~tp~/Pv, (2) 

where  S is the eff iciency;  y is the specif ic  weight; p~ is the p r e s s u r e  in the working volume,  c rea ted  by the 
pumping sys t em;  and p~/is the p r e s s u r e  at  which the speci f ic  weight is de te rmined .  

Then, f r o m  equality of Eqs.  (1) and (2), we obtain the exp re s s ion  
A (k) z~r2pop? 

s = (3) (RTo) 0"5 ~p~' 

which is a s t a r t ing  point for  de te rmin ing  the p e r f o r m a n c e  of the pumping s y s t e m .  It is known [6-8] that  the 
g e o m e t r i c  d imens ions  both longitudinal and t r a n s v e r s e ,  of je ts  d ischarging into a r a r e f i ed  volume,  depend on 
the deg ree  of expans ion  of the gas  flow P0/P~. The quantity that  can  be m o s t  conveniently m e a s u r e d  is the 
dis tance along the jet  axis  f r o m  the nozzle  th roa t  to the point of m in imum total  p r e s s u r e ,  cor responding  to 
the pos i t ion  of the Mach disk.  The m e a s u r e m e n t  is c a r r i e d  out by a very  s imple  total  p r e s s u r e  sensor ,  for  
which the m e a s u r e m e n t  technique is well  developed.  It is a l so  poss ib le  to de te rmine  the posi t ion of the Mach 
disk by some  other  method (e.g., by visual iz ing "cold" jet  flows by the "glow d ischarge  w or  the e l e c t r o n - b e a m  
method,  and a lso  to r eco rd  p a r a m e t e r s  such as  the density or  the stat ic  p r e s s u r e ) .  

For  a wide range  of expansion of the gas  flow (Fig. 1, solid line), the dis tance f r o m  the Mach disk x m at 
Knudsen Kno,d, (po/p~)O.5 < 2 - 1 0  - 3  is x m = 1.35 (po/p.o)~ 5 r , .  
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