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I N T R O D U C T I O N  

In modeling the supersonic flow of a relaxing gas around a solid body it is important  to make a detailed 
physicochemical  analysis  of the internal s t ruc ture  of the flow. The working gas used to simulate the rea l f low 
often comprise 's  gas mixtures  obtained by the combustion of hydrocarbon fuels and contains CO2, N2, O2, and 
H20 molecules .  Of special  interest  in simulation problems is the circumfluence of a nonequilibrium flowwith 
an inverted population of the vibrational levels of the CO 2 molecules .  A calculation of the amplification fac tor  
for the (0001)- (1000) t ransi t ion of the CO 2 molecule  during the development of indirect  jumps in compress ion  
(shock waves) in an inverted medium was presented in [1]; there  was a reduction in amplification factor  for 
the v ib ra t iona l - ro ta t iona l  t ransi t ion P(20) over  the p r e s s u r e  range in which the grea tes t  contribution to spec-  
t ra l - l ine  broadening was due to the coll ision mechanism.  A fall or  r i se  in amplification factor  was observed 
in [2], according to the intensity of the shock wave and the rotational quantum number.  

In this paper  we shall study the changes taking place in the amplification fac tor  when blunt solids are  
immersed  in a gas flow (both in the subsonic and in the supersonic par ts  of the shock wave) as the angle of 
inclination of the shock wave to the direct ion of the incident flow varies f rom 90 ~ to the Math angle; we shall 
also study the influence of small  per turbat ions t ravel ing through the inverted medium on the amplification 
factor .  

w It is well known [3] that for  the v ib ra t i ona l - ro t a t i ona l  t ransi t ion (0001)- (1000) the amplification 
factor  of a weak signal may be wri t ten 

G = (t) A..js~v~-c)iN~ -- (g./g=)N,d (a/Ac)H(a ,0), (1.1) 

where ~. is .the wavelength of the transit ion;  Anm is the Einstein coefficient for the spontaneous t ransi t ion 
u ~ m ;  c is the velocity of light; the pa r ame te r  a = (Ac/A D) J~'~'; Ac is the half-width of the line accounted 
for by collisions; A D is the Doppler half-width; N n, Nm, gn, gm are  the populations and stat is t ical  weights of 
the upper and lower levels,  respect ively;  and H(a, 0) is the Voigt function in the center  of the line. The t em-  
pe ra tu re  dependence of the shock half-width was taken as proport ional  to T -1/2. 

Let us cons ider  the ax tsymmetr ica l  passage  (around a cyl inder  with spherical ly  blunted ends) of a non- 
viscous supersonic  homogeneous flow of relaxing gas mixture with an inverted population in the incident flow 
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Fig.  1 

between (00~ and (1000) levels  of the CO 2 molecule .  

~'5 i // 

O 1 2 B, rad 

Fig. 2 

The pr inc ipa l  shock wave is fo rmed  in front  of the solid. 
In the shock wave the re  is a sudden r i s e  (extending o v e r  s eve ra l  m e a n  f r ee  paths of the molecules )  in density 
and in the t e m p e r a t u r e  of the act ive  degrees  of f r eedom of the molecu les  compr i s ing  the gas mix ture .  The 
internal  degrees  of f reedom,  however ,  have a cons iderably  g r e a t e r  re laxa t ion  length. Thus,  on pass ing th rough  
the leading edge of the shock wave the populations of the v ibra t ional  levels  a r e  p r e s e r v e d  intact.  

In the f rontal  pa r t  of the body the shock wave is a lmos t  at r ight  angles to the d i rec t ion  of the incident 
flow; then it cu rves  and u l t imate ly  p a s s e s  into the Mach line. 

The ampl i f ica t ion  f ac to r  of a smal l  signal in the shock l aye r  was calculated by the method of s t r e a m -  
l ines .  The e s sen ce  of this method l ies  in integrat ing the equations of gasdynamics  and the equations of v ib ra -  
t ional  re laxa t ion  of the gas  mix tu re  in quest ion along the s t r e a m l i n e s  for  a known p r e s s u r e  dis tr ibut ion with 
r e spec t  to the l a t t e r  and a specif ied shape of the pr inc ipa l  shock wave.  In the calcula t ions  we used the co-  
ordinate  s y s t e m  S, r (r is the s t r e a m  function; S is the dis tance along the s t r eaml ine ) .  The or ig in  S = 0 was 
taken at the jump of compact ion.  Corresponding  to each s t r eaml ine  is a specif ic  angle fl cha rac t e r i z ing  the 
point of t r ans i t ion  through the shock wave (Fig. 1). The shock wave is r egarded  as infinitely thin, so that in 
pass ing  through it the composi t ion  of the gas  r e m a i n s  unchanged. The pos i t ion  and shape of the shock wave 
a r e  taken  f r o m  [4, 5]. 

The geome t ry  of the s t r eaml ine s  and the p r e s s u r e  dis t r ibut ion along them appea r  in [6]. The p r e s s u r e ,  
density,  and enthalpy (velocity) in the shock wave a r e  comple te ly  de te rmined  in accordance  with the R a n k i n e -  
Hugoniot conditions [7]. 

The p a r a m e t r i c  calculat ions so executed enable us to explain the behav io r  of the ampl i f ica t ion  fac tor  at 
the leading edge of the shock l aye r  for  var ious  m e c h a n i s m s  of spec t r a l - l i ne  broadening.  Figure  2 gives the 
resu l t s  of some  calculat ions regarding  the changes taking p lace  in the ampl i f ica t ion  f ac to r  of a smal l  signal 
for  the P(20) t r ans i t ion  at the leading edge of a shock wave fo rmed  by the flow of a CO2-N2-H20  gas  mix tu re  
around a thin cy l inder  with spher ica l  ends (radii of spheres  R = 1.5 cm).  The horizontal  axis gives the values  
of the angle fl (Fig. 1). The calculat ions were  c a r r i e d  out for  a mix tu re  of the following composi t ion:  C~CO 2 =0.1, 
teN_ = 0.89, aH20= 0.01 (concentrat ions given in m o l e c u l a r  pa r t s ) .  The conditions in the incident flow were  
t ~ e n  f r o m  the calculat ions of [1, 8]. 

The Mach number  of the incident flow Moo= 6; the t e m p e r a t u r e  T~o = 200~ Curve  1 co r r e sponds  to an 
incident flow densi ty of poo = 10 -4, 2 to Po~ = 10-6, 3 to poo =10 -7 g / c m  3. (The cor responding  values of aoo l ie in the 
following ranges :  aoo >1.4; 0.2< aoo< 1.4; aoo< 0.2. 

In the high-densi ty  region in which the spec t r a l - l i ne  broadening is due to col l is ions both in the incident 
flow and at the leading edge of the shock wave,  the p a r a m e t e r  a >> i ,  and the ra t io  of the ampl i f ica t ion  fac to r  
behind the jump to its value in front  of the jump (G/Goo) is independent of density,  s ince the r i s e  in G/Goo due 
to the i nc r ea se  in the number  of act ive pa r t i c l e s  in the shock l aye r  is comple te ly  compensa ted  by the reduct ion 
in G/Goo due to col l is ion broadening.  The change in G/Goo is he re  l a rge ly  influenced by the t rans la t iona l  t e m -  
p e r a t u r e  assoc ia ted  with the populations of the rotat ional  levels  of the CO 2 molecu les  (curve 1, Fig. 2). Since 
the shock wave fo rmed  in front  of the body has different  angles of inclination (r re la t ive  to the incident flow, 
a r c s i n  (1/Moo) < a<-Tr/2, the inc remen t s  in the t rans la t iona l  t e m p e r a t u r e  at the leading edge of the shock wave 
will a lso  be  different .  In the shock wave adjacent  to the frontal  pa r t  of the body the t e m p e r a t u r e  r i s e  is at a 
max imum;  a long way f r o m  the body it is at a min imum.  The value of the quantum number  I m a x = ~ )  - 
1/2, co r responding  to the m a x i m u m  in the dis tr ibut ion ove r  the rotat ional  levels ,  i nc r ea se  with r i s ing  t e m -  
p e r a t u r e .  Hence for  fixed l a rge  values of the rota t ional  quantum number  I n the t e m p e r a t u r e  r i s e  at the jump 
may  lead to an inc rease  in the invers ion  of populat ions as Ima x approaches  in. 
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Fig. 3 

On fur ther  increasing the translat ional  t empera tu re  the degree of inversion s tar ts  falling. However, 
the expansion of the spectra l  line increases  monotonically with rising tempera ture .  If the contribution f rom 
the inversion behind the jump to the amplification fac tor  exceeds the contribution due to the spect ra l - l ine  
broadening, we have G/G~ > 1. 

It may be shown that on satisfying the condition 

~x = (@IT~) I r , ( l  -- I~) ~ t, where 0 = hcB/k ,  (1.2) 

the curve G/G~ =f(a) has a maximum; the inclination of the' shock wave for  which the maximum change i n  
G/G~ is real ized at the front of the jump {for fixed conditions in the incident flow) may be obtained f rom 

= arcsin ~(• -- t)2 -- 4z 4- (• 4- 1/3 ~ + ]/l(~ -- 1)~ -- 4• § (z-- t) ~ a] 2 § 16z (• -- 1) ~ ~i/2, 
O 

t 4~ (~ ~ t )  ) 

where ~4 is the effective adiabatic index~ If condition (1.2) is not satisfied, the change in G/G~ along the shock 
wave will bear  a monotonic charac te r .  

We see f rom Fig. 2 (cur~/e 1) that for  small  values of the angle fl the rat io G/G~ < 1, since as a result  of 
the intensive r i se  in t empera tu re  close to the frontal surface of the solid a sharp broadening of the spectral  
line takes place.  With increasing angle fl, i.e., falling intensity of the shock wave, the role of broadening di- 
minishes and there  is a r i se  in the contribution to the amplification factor  ar is ing f rom the increment in the 
population of the rotational level In= 19. The effect is that G/G o tends toward unity. 

For  low densit ies in the incident flow (when a<< 1, i.e., a Doppler line contour is realized) an increment  
in G/Go at the leading edge of the shock wave takes place by virtue of an increase  in the population of the 
rotational levels,  and a reduction in G/G~o as a result  of Doppler broadening. 

The m a x i m u m  t empera tu re  increment  takes place in the par t  of the shock wave lying neares t  to the 
cr i t ical  s t reamline,  with a corresponding change in line broadening, which is proport ional  to ~ The in- 
c rease  in density cannot compensate the reduction in G/G~ due to the line broadening. Hence in this region 
G/Go < 1. For  smal le r  inclinations of the shock wave the jump in translat ional  t empera tu res  at the leading 
edge diminishes;  this is responsible for  the sma l l e r  reduction in G/G~ on account of the line broadening. On 
fur ther  reducing the intensity of the shock wave, the contribution to G/Go due to the increase  in the population 
of the rotational level s ta r t s  exceeding the reduction in G/Go due to the Doppler broadening of the line, and 
G/G~ r ises  above unity. For  a low intensity of the shock wave (fl > 1) on account of the slower r i se  in density 
the increase  in the population of the level In= 19 cannot any longer compensate the influence of the l ine-broad-  
ening factor,  and the rat io G/G~ s tar ts  falling (curve 3, Fig. 2). If the coefficient a lies in the range 1.4 >a > 
0.2 both in the incident flow and in the shock layer,  the broadening of the spectra l  line is affected by both the 
collisions and the Doppler effect. In this case  there  may be either a r ise  or  a fall in the amplification factor  
at the leading edge of the shock wave, depending on the inclination of the shock wave to the velocity vector  of 
the incident flow {curve 2, Fig. 2). 

w The increase  in density and translat ional  t empera ture  behind the leading edge of the shock wave 
leads to a change in the charac te r  of the relaxation p rocesses  in the shock layer,  in which (as a result  of the 
equalization of the t ranslat ional  and vibrational tempera tures)  slight changes in tempera ture  and density and 
substantial changes in the population of the levels take place, leading to a fur ther  change in the amplification 
factor .  

In calculating the populations of the vibrational levels of the molecules  in the shock layer  we used a sys-  
tem of kinetic equations allowing for  p rocesses  of mult iple-quantum v ibra t iona l -v ibra t iona l  exchange (with 
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part icipat ion of degenerate modes) and for the contribution of t ransi t ions between highly excited vibrational 
states [8]. The choice of such a sys tem of kinetic equations a rose  from the fact that any calculation of the 
reLtxation zone behind the shock wave based on the approximate kinetic equations leads to ser ious e r r o r s  in 
the distribution of vibrational t empera tu res  and the populations of the vibrational levels of the CO 2 molecules 
[81, 

Figure 3 shows the variat ions in amplification factor  along the s t reamlines  in the relaxation zone of the 
shock layer  f o r  the following conditions in the incident flow: Mo~ = 6, Po~ = 10 -6 g / c m  ~, To O = 200~ Go o = 0.475. 
10 -3 cm-3. Here S iS the length of the s t reamline;  S=0 corresponds  to the shock wave. The dashed-dot  line 
cor responds  to the s t reamline  passing through the direct  shock wave (fl = 0 ~ (Fig. 1), the dashed curve to the 
s t reamline  defined by the angle fl = 70 ~ and the continuous curve to the s t reamline  defined by the angle/3 = 110 ~ 

The calculations show that as a resul t  of the equalization of t empera tures ,  there  is always a fall in the 
amplification factor  for the v ib ra t iona l - ro ta t iona l  t ransi t ions (0001)- (1000) in the relaxation zone behind the 
principal  shock wave. However, in contras t  to the flows behind the direct  shock wave [2], the substantial fall 
in t empera tu re  along the principal  shock wave and also the large tangential component of the velocity of the 
incident flow have the effect that the gas entering into the shock layer  in the supersonic region of circumfluence 
retains the inverted population for fa i r ly  large distances along the s t reamline.  This leads to the development 
of a region of high amplification factor  in the supersonic region of the shock layer  (continuous curve in Fig. 3). 
In the subsonic region of the shock layer  there  is pract ica l ly  always a fall in the amplification factor,  both at 
the leading edge of the shock wave and in the actual shock layer  (dashed-dot curve  in Fig. 3). Thus if the con- 
ditions o f  the medium with inverted population in the incident flow promote a r ise  in the amplification factor  
of a weak signal at the leading edge of the shock wave, then for low intensities of the shock wave there  will be 
a fair ly wide zone with an increased amplification factor  in the shock layer .  

w Let us cons ider  the change in the amplification factor  of a weak signal for the (00~176 t r an -  
sition of the CO 2 molecule when a weak shock wave or  a wave of ra refac t ion  acts upon the flow. Let us con- 
s ider  the flow around an obtuse angle c lose to the vertex. In this case the direct ion of the main flow paral lel  
to the x axis is deviated by a small  angle A0.  The angle A0 > 0 for  a convex angle and A0< 0 for a concave 
angle (Fig. 4: above, rarefact ion;  below, compression) .  Here w and w are the absolute values of the flow 
velocities before and after  perturbation;  w'  is the change in the velocity of the main flow. 

Since the change in the states of the vibrational degrees of f reedom of the molecules  takes place on a 
far  l a rge r  scale than that of the gasdynamic pa ramete r s  during the per turbat ion of the flow, the flow close to 
the point 0 may be regarded as f rozen and the Mach line m as the Mach line of the f rozen flow. Using the r e -  
sults of [7] as regards  l inearized flow around an obtuse angle, for the additional downstream p r e s s u r e  on the 
line m we obtain 

~2A0 

p ' = - p ~  1 / - ~ _  ~ , 

where Moo =w/~/x~/m)Too is the f rozen Mach number.  The increments  in the p rog re s s ive  t empera tu re  and 
density for  the CO 2, N2, H20 mixture  have the form 

T'.-- =,~-A~ [ 7k k + a~ 7 ',. ]-~; (3.1) 
aco, ~-m + C~mo4 ~ ~', 2 m J 

V , ,  - -  

In the case of a purely  Doppler mechanism of spect ra l - l ine  broadening, for the P branch of the vibra-  
�9 t i ona l - ro ta t iona l  t ransi t ions  and for  h e ~ T -1/x Eq. (1.1) may be reduced to the following form after  l inear iza-  

tion of the gasdynamic quantities with respec t  to the p a r a m e t e r  A 0: 

612 



where  ~ = 2(1 +In)O/T~;  T 3 and T 1 a r e  the v ibra t ional  t e m p e r a t u r e s  of the a s y m m e t r i c a l  and s y m m e t r i c a l  
v ibra t ions  of the CO 2 molecules ;  @3 and | a r e  t he i r  r e spec t i ve  c h a r a c t e r i s t i c  t e m p e r a t u r e s .  

Since the exis tence  of an inver ted population | 1 7 4  > 0 is  a s sumed  in the unper turbed flow, while 
for  the t r ans la t iona l  t e m p e r a t u r e s  rea l ized  in the nozzles  of ae rodynamic  insta l la t ions ~?<< 1, the express ion  

~1 ~< 1, and the las t  t e r m  in Eq. (3.2) may  be omit ted.  [exp( -0a ' 01-~-3t-~ +~)--i] 
The second t e r m  on the r ight -hand side of (3.2) desc r ibes  the change in G/G~ accounted for  by the b road-  

ening of the spec t ra l  line; the third and fourth desc r ibe  the change in population due to the change in t e m p e r a -  
t u r e  and density.  

On using Eq. (3.1), Eq. (3.2) may  be reduced to the f o r m  

c _ _ = l  - M:A0 [2 7~1~ (l + I~) + 2 + c~i,o]. (3.3) 
~ V ML- t (5 + ~ o )  

It follows f r o m  (3.1) that on pass ing  through a weak jump in compres s ion ,  i .e. ,  fo r  Ae< 0, T ' / % o  > 0 and p' /  
Pc| > 0. Thus according  to (3.2) behind a weak shock wave the re  is an inc rement  in the population of the ro t a -  
t ional  quantum level  with quantum number  I n such that  OIn(1 +In) /T  ~ > 1, both on account of the r i s e  in densi ty 
and also on account of the red i s t r ibu t ion  with r e s p e c t  to I n which occurs  on inc reas ing  the t e m p e r a t u r e .  

For  the lower  rotat ional  l eve l s  [when | +In)/Too< 1] the d i sp lacement  of the dis t r ibut ion with r e spec t  
to I n on inc reas ing  the t e m p e r a t u r e  behind the weak shock wave leads to a reduct ion  in population, but t aken  
toge ther  with the r i s e  in density the population i n e r e a s e s .  In both eases  the r i s e  in G/G~o due to the inc rease  
in population is g r e a t e r  than the fall  in G/Go| due to the Doppler  broadening of the spec t r a l  line [second t e r m  
in (3.2)]. As a r e su l t  of this t he re  is a r i se  in G/Go| behind the weak shock wave for  all  values of the rotat ional  
quantum number .  It follows f r o m  (3.3) that the l a r g e r  the rotat ional  quantum number  I n or  the s m a l l e r  the 
p r o g r e s s i v e  t e m p e r a t u r e  of the gas  before  the jump,  the m o r e  significant is the inc remen t  in G/Go| for  the 
s a m e  value of Moo. For  a wave of r a r e f a c t i o n  Tt/T,< 0 and pr/poo< 0 so that G/G~o< 1. 

In the ease  of pure ly  col l is ion broadening of the spec t ra l  line H(a, 0)/H(aoo, O)~p oo/P and Eq. (1.1) may  
be reduced to the fo rm 

~ = ~ -  ~ Vj + r~ l r~" 

We see  f r o m  Eq. (3.4) that a r i s e  in the t rans la t iona l  t e m p e r a t u r e  behind the weak jump in c o m p r e s s i o n  for  
low quantum levels  I n reduces  the population of these  levels  and leads to the broadening of the spec t r a l  line 
by  v i r tue  of col l i s ions .  T h e r e f o r e  behind the weak jump the re  is a d e c r e a s e  in the value G/Go| In the case  
of  OIn( l+ In)/To~ > 1, i .e . ,  the upper  ro ta t ional  leve ls ,  a r i s e  in t e m p e r a t u r e  behind the jump leads to an in-  
c r e a s e  in the i r  population, and for  a ce r t a in  ro ta t ional  quantum number  In= I .  the r i s e  in G/Go| accounted for  
by the i n c r e a s e  in population s t a r t s  predominat ing  over  the fal l  in G/G~o due to col l is ion broadening.  By using 
Eq. (3.1) we m a y  reduce  (3.4) to the fo rm 

G 2• [3 OIn( i+ /~ )  ] (3.5) 

G-~ = l +  1 / ~ _ ~ ( 7 + ~ . ~ o  ) 2 ~ 
The express ion  in square  b r acke t s  is g r e a t e r  than ze ro  for  values of In< I ,  =4i /a  + 3/2(T~/| and s m a l l e r  
than ze ro  for  I n > I , .  

Thus for  I n > I ,  a weak shock wave leads to a r i s e  in the ampl i f ica t ion  fac tor  and a wave of r a r e f ac t ion  
to a fall .  F o r  In< I ,  the shock wave reduces  the ampl i f ica t ion  fac tor  and the wave of r a r e f a c t i o n  i n c r e a s e s  it. 
For  Too= 300~ and I ,  =28 these  conclusions regard ing  the weak shock wave ag ree  with those  drawn in [2] a f te r  
numer ica l  shock-wave  calcula t ions .  

In the range  of values 0.2 < a< 1.4 in which the broadening of the spec t ra l  line is de te rmined  by the col l i -  
sion and Doppler  m e c h a n i s m s  H(a, 0)/H (no| 0) ~ (1 + 1.5a~o)/(1 + 1.5a) andthe  change in the ampl i f ica t ion fac to r  in 
the pe r tu rba t ion  wave has the f o r m  

G __V l~ T' J.5am p, _~Op_.__~ T" Oln( I , l+l  ) (3.6) 
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The express ion  in the cur ly  b racke t s  co r r e sponds  to the change in thepopu la t ion  of the rotat ional  quantum 
level  and the expres s ion  in the square  b racke t s ,  to the change in spec t ra l  linewidth due both to the col l is ions 
and to the Doppler  effect .  A weak jump in c o m p r e s s i o n  produces  a fall in G/Go~ on account of the broadening 
of the spec t ra l  line (which is de te rmined  by the dens i ty - inc remen t  factor)  and the t e m p e r a t u r e  at the leading 
edge of the jump, while a r i s e  in G/Go~ behind the weak front  occurs  as a resu l t  of the inc rease  in population. 
Using (3.1) we may  t r a n s f o r m  (3.6) to the f o r m  

G =j_}_ M~A0' 2 [ 3 OIn(1+I~)1 i } 

It follows f r o m  this that  for  

i V i T~r 3 5-{-aH~O ] 
I'~ > I** -- 2 -}- --4-- -]- --O -2- --  2 (l + t.5acc)J 

the re  is an i nc rea se  in the ampl i f ica t ion  coeff icient  in a shock wave and a diminution in a wave of r a re fac t ion .  
If In< I** ,  the ampl i f ica t ion  fac to r  is reduced in the shock wave and increased  in the wave of r a re fac t ion .  

We should note the way in which the change in ampl i f ica t ion fac tor  depends on the number  Moo. For  
M ~ = J ~ ,  we see  f r o m  Eqs.  (3.5)-(3.7) that  an e x t r e m u m  of the function is reached;  this is a ssoc ia ted  with the 
behav ior  of the gasdynamic  p a r a m e t e r s  c lose  to M = 1 [7]. 

By cons ider ing  the examples  of flow around an obtuse angle or  around a sharp  wedge we see  that  weak 
per tu rba t ions  of the gasdynamic  p a r a m e t e r s  lead to a change in the ampl i f ica t ion  fac to r  of a weak signal for  
the P branch of the v i b r a t i o n a l - r o t a t i o n a l  (0001)- (1000) t rans i t ion  of the CO 2 molecu les  in the sense  of a r i s e  
o r  fall,  according to the p a r t i c u l a r  range  of values of the number  a and the rotat ional  quantum number  I n. 
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