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A technique and method for measur ing the veloci ty-distr ibut ion function of the atoms in r a r e -  
fied gas flows are descr ibed.  Some resul ts  obtained with flows of binary gas mixtures be-  
hind a sonic nozzle are presented.  The temperature  of the light component (helium) is de te r -  
mined f rom the half width of the distribution function. Incomplete res tora t ion  of the helium 
tempera ture  occurs  in the Mach disk. This effect is examined in relation to concentrat ion.  
A qualitative explanation is proposed for the effect in question. 

The experimental  apparatus used for the present  investigation compr i ses  a low-density gas-dynamic  
tube with a del ivery of about 50,000 l i t e r s / s e c ,  equipped with an e lec t ron-beam sys tem for measur ing  the 
density and tempera ture .  The gas-dynamic  tube and the method of measur ing the density were descr ibed 
ea r l i e r  [1]. 

In order  to determine the t ranslat ional  tempera ture ,  we used a method based on measur ing the Dop- 
pler  contour of the spect ra l  line of the cold gas after excitation by an electron beam, as proposed by Muntz 
[2, 3]. It is well known that if the velocity distribution of the emitting atoms is F(v), then the distribution 
of the emiss ion frequencies in the direct ion of the observer  is 

t(w)aw p(w-wo )o = ~ e d w  (1) 
\ WO WO 

where c is the velocity of light, w 0 is the emission frequency of the atom at rest. From the contour of the 
spectral line I(w), it is easy to determine the velocity distribution function of the atoms in any chosen direc- 

tion. 

In the measurements  we used the helium line with wavelength ~ = 5015.67 A (transition 3ipl - 21%). 
The mode of excitation of this line is quite well known [4]. Resonance diffusion of the radiation does not 
appreciably worsen the spatial resolution.  The excitation of helium by electrons with energies  of 15 keV 
takes place without any substantial  t r ans fe r  of momentum. This conf i rms the investigations ca r r i ed  out 
in [3], and also the methodical experiments  of the authors under equilibrium conditions. 

In order  to measure  the spectra l - l ine  contour,we used a F a b r y - P e r o t  in te r fe rometer ,  together with 
a monochromator  having a dispers ion of 10 A / r a m .  The light excited by the e lectron beam was focused on 
the monochromator  slit by means of lenses with focal lengths of 600 mm.  The in te r fe rometer ,  situated in 
a p re s su re  chamber ,  operated with paral lel  beams.  The distance between the in te r fe rometer  m i r r o r s  was 
t o = 10 ram. The signal was recorded  with a photomultiplier,  using an au tomat ic - record ing  potent iometer .  
The entrance slit  of the monochromator  was a c i rcu la r  diaphragm of radius r = 1 mm placed at the focus 
of the exit lens.  The center  of the diaphragm coincided with the center  of the interference pattern,  so that 
only par t  of the f i rs t  order  of interference passed through to the photomultiplter.  The contour of the spec-  
t ra l  line was recorded  by scanning the interference pat tern.  Scanning was affected by varying the gas p r e s -  
sure between the plates of the in te r fe rometer .  The experimental ly  obtained line contour was distorted by 
apparatus broadening. 

The experimental  intensity distribution recorded  over the line contour u(z) constitutes a convolution 
of the Doppler contour f ( s )  and the apparatus function K(z) [5] 

Novosibirsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnieheskoi Fiziki, No. I, pp. 30- 
34, January-February, 1973. Original article submitted September 25, 1972. 

�9 1975PlenumPublishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission of  the publisher. A copy of  this article is available from the publisher for $15.00. 

24 



~0o 

z00 

~~ 

//  
/ / o  

0/:o zso 3:0 ~sg 

Fig .  1 

oo @ 

ol 

S 
# J- lg 

f l / f l  0 .\ 
Qf.ll:l 

:0 -z ~ o o$ 

zP 
O h- /0 

. ~  x/d 

u ( z ) =  f K ( z - - s ) / ( s ) d s .  
-co 

/ 0  0 

~OQ o 0 
/0-: o 

o 

O $ /0 I0-/ ~/n0 

/0  -Z �9 �9 u .  �9 " z , ~  oi 
oZ 

z/d 
/0 -J i 

0 .Y 10 

(2) 

The p rob lem of de te rmin ing  the function f ( s )  belongs to the c l a s s  
of i n c o r r e c t l y  posed p rob lems  [6]. The use of the method of r e g u l a r i z -  
ing the functions p roposed  in [7], with subsequent  cons t ruc t ion  of an a l -  
gor i thm for the numer i ca l  de te rmina t ion  of f (s), cons t i tu tes  an inde-  
pendent  p rob l em.  

In o r d e r  to de te rmine  the t e m p e r a t u r e  when studying equ i l ib r ium 
gas f lows,we may make use of a p r e l i m i n a r y  ca l ib ra t ion  r e p r e s en t i ng  
the t e m p e r a t u r e  dependence of the half  width of the s p e c t r a l  l ine.  Such 
ca l ib ra t ions  were  in fact  c a r r i e d  out under  equ i l ib r ium condit ions with 
a known hel ium t e m p e r a t u r e .  Equ i l ib r ium condit ions were  ensu red  by 
means  of an independent t he r m os t a t e d  v e s s e l .  The gas t e m p e r a t u r e  was 
va r i ed  f rom 80 to 300~ the t e m p e r a t u r e  f luctuat ions dur ing the m e a s u r e -  
ment  not exceeding I~ F o r  t e m p e r a t u r e s  below 80~ the r e s u l t s  of 
the ca l ib ra t ion  were  ex t rapo la t ed  by a n u m e r i c a l  compute r  in tegra t ion  
of Eq.  (2). The appara tus  function was he re  taken in the form of an A i r y  
function [5] 

K (z) = [1 + 4R (1 --  B) -2 sin '~ ~p]-t (3) 

where R is  the re f l ec t ion  coeff ic ient  of the i n t e r f e r o m e t e r  m i r r o r s ,  p is 
t5 of the o r d e r  of in t e r fe rence  (p ~ z). The function f ( s )  was r e g a r d e d  as 

Maxwell ian.  The r e s u l t s  of the ca l ib ra t i on  a r e  p r e sen t ed  in F ig .  1, in 
which curve 1 co r r e sponds  to the t e m p e r a t u r e  dependence of the Doppler  
half  width of the s p e c t r a l  l ine,  curve 2 to the convolution of the Doppler  
contour  with the A i ry  function, while curve  3 r e p r e s e n t s  the e x p e r i m e n -  
t a l v a l u e s .  Simultaneous m e a s u r e m e n t s  of the he l ium t e m p e r a t u r e  and 

~/~ the dens i ty  on the axis of the he l ium and h e l i u m - a r g o n  je t s  were  c a r r i e d  
/f out under  condit ions which were  t r ans i t iona l  between continuous and 

r a r e f i e d .  The e xpe r i m e n t a l  condit ions were :  nozzle  d i a m e t e r  d = 9.1 F ig .  2 
mm,  r e t a rda t i on  t e m p e r a t u r e  T o = 300~ r e t a rda t i on  p r e s s u r e  P0 = 
1600 N//m ~, p r e s s u r e  in the chamber  Pk = 10 N / m  ~ . The Reynolds  num- 
ber  was kept  constant  at  Re 0 = 750. (The number  Re 0 was de t e rmined  
f rom the r e t a rda t i on  p a r a m e t e r s  and the nozzle d iamete r . )  

o 

The e l ec t ron  beam was se t  on the axis of the je t  and the d is tance  
f rom the nozzle was reckoned to an a c c u r a c y  of 0.1 mm in each  c a s e .  
The d i s c r e t e n e s s  of the m e a s u r e m e n t s  was de t e rmined  by the d i a m e t e r  
of the e l ec t ron  beam (~3 mm) and the a r e a  of the f ie ld of observa t ion  (a 

z/~: c i r c l e  of rad ius  1 mm).  The t e m p e r a t u r e  in the p r e l i m i n a r y  c h a m b e r  
/5 was m e a s u r e d  with a thermocouple  and taken as r e p r e s e n t i n g  the r e t a r -  

dation t e m p e r a t u r e .  

The e r r o r  in the t e m p e r a t u r e  m e a s u r e m e n t  for those pa r t s  of the 
je t  in which the ve loc i ty  d i s t r ibu t ion  function of the atoms was loca l ly  
M a x w e l l i a n e q u a l l e d l 2 ~ .  In the Mach d isk  the e r r o r  r eached  25%. The 
e r r o r  in measu r ing  the t e m p e r a t u r e  in the Mach d isk  was d e t e r m i n e d  

5 on the bas i s  of the r e su l t s  of [8], with due allowance for  the appara tus  

F ig .  3 e r r o r .  

The nozzle  was se t  so as to make the d i rec t ion  of the flow p a r a l l e l  
or  pe rpend i cu l a r  to the axis of the opt ica l  s y s t e m .  The p a r a l l e l  (T]I) 
and pe rpend icu l a r  (T• t e m p e r a ~ r e s  were  m e a s u r e d  accord ing ly .  

F igure  2 shows the r e su l t s  of m e a s u r e m e n t s  made on the axis of a je t  of pure he l ium in r e l a t ion  to the 
reduced  d is tance  x / d  (x is the d is tance  f rom the end of the nozzle) .  The v e r t i c a l  axes give the r e l a t ive  t e m -  
p e r a t u r e s  T / T  0 and dens i ty  n / n  0 (n o is the dens i ty  in the p r e l i m i n a r y  c ha m be r  of the nozzle) .  The cont inu-  
ous l ines  r e p r e s e n t  ca lcu la t ions  for an i sen t rop ic  flow [9]. 
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Within the l imits  of experimental  e r r o r ,  there was no difference between the paral le l  and perpendicu- 
lar  t empera tures .  In the core  of the jet  the temperature  profile was pract ica l ly  isentropic.  The increase  
in temperature  and density relative to the isentropic values for x / d  = 6-10 cor responds  to res torat ion ( re-  
covery) in the Mach disk. The maximum tempera ture  in the Mach disk equals the re tardat ion tempera ture  
T O . The tempera ture  front (leading edge) slightly precedes  the density front.  The fall in temperature  and 
density behind the Mach disk is due to subsequent expansion of the flow. 

The mixed a r g o n - h e l i u m  jet  was studied under the same conditions. The resul ts  of the m e a s u r e -  
ments on the axis of the jet  for a mixture with a volumetric  concentration of argon in the pre l iminary  
chamber  f = 10~c are presented in Fig.  3. The horizontal  axis gives the x / d  ratio,  the ver t ica l  axes give 
the reduced helium tempera ture  T / T  0 and the part ial  densities n / n  0 (1 - helium density; 2 - argon density).  
The continuous lines represen t  the isentropic curves .  

The course  of the part ial  density curves  on the axis of the jet indicate the existence of a p r e s s u r e -  
diffusion separat ion of the mixture into components.  The total picture of the flow agrees  qualitatively with 
the resul ts  of [1, 10]. 

The maximum value of the helium tempera ture  in the region of the Mach disk is slightly below the 
corresponding tempera ture  in the pure gas.  In Fig. 4 the points represen t  the resul ts  of our measurements  
of the maximum relative helium tempera ture  in the Mach disk in relation to the volume concentrat ion f of 
argon supplied to the pre l iminary  chamber  of the nozzle.  We see that the reduction of tempera ture  in the 
Mach disk relative to the retardat ion tempera ture  bears  a sys temat ic  cha rac te r .  Since the geometry  of the 
jet remained constant  in all the experiments ,  the reason for the observed fall in tempera ture  is to be sought 
in a t ranslat ional  deviation of the mixture f rom equilibrium. 

Using appropriate es t imates  as to the number of coll isions between atoms of the same and different 
types, and also the condition of energy conservat ion for the flow in the one-dimensional  case,  we may now 
attempt the creat ion of a qualitative model of the process  for the flow of a mixture of components with dif- 
ferent  atomic weights.  

In the absence of "slippage" of the components in the jet in front of the Mach disk (equal velocities 
of the components),  the velocity of the mixture u$ is re la ted to the veloci ty for the outflow of pure helium 
u 0 by the relation u Z = u 0 / ~ -  + 9 f .  The difference (u 0 - u E) cor responds  to the proport ion of the velocity 
(and energy) of the helium expended in accelerat ing the argon in the initial par t  of the jet. Thus the Mach 
number  M 1 = u z / a  (T1) , where a (Tl) is the velocity of sound in pure helium, T l is the minimum tempera ture  
in front of the Mach disk measured  experimental ly.  This is slightly lower than the Mach number for the 
mixture.  

Let  us assume the absence of t ranslat ional  relaxation between the components in the initial pa r t  of 
the shock front (two-liquid model). Such an approximation may quite proper ly  be made for low concen t ra -  
tions of the heavy component, since even for f = 10% the number of collisions of the helium atoms with 
each other is an o rder  of magnitude grea te r  than the number of coll isions with argon atoms,  in addition to 
this, the difference between the masses  of the helium and argon atoms increases  the relaxation time be-  
tween the components by compar ison with the time in the pure gas by a factor  of more  than two [11]. This 
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Fig. 4 

means that the establishment of t ranslat ional  equilibrium between the 
two components takes place more slowly than between the atoms of the 
light component only. Then the helium tempera ture  in front of the r e -  
laxation zone T 2 may be approximately determined f rom the Hugoniot 
relations 

T2 -- T1 2 (T -- i) 
Vl ( ( ~ 1 ~  (M# - t) (i + ~M#)  (4) 

where ~ is the adiabatic index. The values of the relative tempera ture  
T2/T 0 calculated from Eq. (4) are shown in Fig.  4 (continuous line). 

For  argon concentrat ions of f = 0-10~ the calculated values of T 2 
agree qualitatively with the experimental  values, despite the approxi-  
mate nature of the calculation. The expected r ise  in helium t empera -  
ture behind the relaxation zone remained undetected in the argon case,  
since further  expansion (and hence cooling) of the flow occur red  in the 
same zone. For  high argon concentrat ions the number of collisions be-  
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tween atoms of the same and different types became comparable with one another and estimations based on 
the model here descr ibed were no longer valid. 

The foregoing considerat ion does not allow for a number of subsidiary effects,  such as the d is t r ibu-  
tion of the components in the jet and the influence of lateral  jumps in compress ion  (shock waves); it is only 
proposed in a qualitative interpretat ion.  

A qualitatively s imi lar  effect (a reduction in helium temperature)  was obtained in [12] in calculations 
relating to the s t ructure  of a plane shock wave. 
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