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ABSTRACT 

The  p r e s e n t  w o r k  is c o n c e r n e d  wi th  a t h e o r e t i c a l  and an e x p e r i -  
m e n t a l  t r e a t m e n t  of n o n - e q u i l i b r i u m  f low of a c h e m i c a l l y  r e a c t i n g  gas  
m i x t u r e  t h r o u g h  a s h o c k  w a v e .  The  two c h e m i c a l  r e a c t i o n s  g i v e n  by  
N 2 0  4 + M = 2NO 2 + M = 2NO + 0 2 + M, w h e r e  M r e p r e s e n t s  the  i n e r t  
c a r r i e r  g a s e s  a r g o n  o r  n i t r o g e n ,  w e r e  s t u d i e d .  The  e x p e r i m e n t s  w e r e  
c a r r i e d  out in a t e m p e r a t u r e  c o n t r o l l e d  s h o c k  tube  and  a l ight  a b s o r p -  
t ion  t e c h n i q u e  p e r m i t t e d  the  t i m e  d e p e n d e n t  c o n c e n t r a t i o n  of the  s p e c i e s  
NO2 to be  d e t e r m i n e d .  F o r  s h o c k  s t r e n g t h s  w h e r e  the  t e m p e r a t u r e  
d id  not  e x c e e d  400°K only  the  f i r s t  c h e m i c a l  r e a c t i o n  took  p l a c e .  
S t r o n g e r  s h o c k  w a v e s  e x c i t e d  bo th  c h e m i c a l  r e a c t i o n s  wi th  t e m p e r a -  
t u r e s  up to 2100°K, and  f o r  t h i s  r e a s o n ,  f low f i e l d s  w i th  two non-  
e q u i l i b r i u m  m o d e s  cou ld  be i n v e s t i g a t e d .  S ince  the  r e l a x a t i o n  t i m e s  
of t h e s e  two r e a c t i o n s  w e r e  d i f f e r e n t  by  about  t h r e e  o r d e r s  of m a g n i -  
tude ,  t h e y  cou ld  be e x p e r i m e n t a l l y  u n c o u p l e d .  A s tudy  of the  r e a c t i o n  
m e c h a n i s m s  and  r a t e  c o n s t a n t s  f o r  both  r e a c t i o n s  was  c a r r i e d  out .  
In g e n e r a l ,  the  e x p e r i m e n t a l  w o r k  a g r e e d  w e l l  wi th  an a n a l y t i c a l  
d e s c r i p t i o n  of the  n o n - e q u i l i b r i u m  flow f i e l d s ,  and wi th  the  w o r k  of 
p r e v i o u s  i n v e s t i g a t o r s  at  co nd i t i ons  w h e r e  d i r e c t  c o m p a r i s o n s  c o u l d  
be m a d e .  At s h o c k  s t r e n g t h s  e x c i t i n g  on ly  the  f i r s t  c h e m i c a l  r e a c t i o n  
the  c o m p l e t e  p i c t u r e  of a n o n - e q u i l i b r i u m  flow f i e ld  wi th  only  one non-  
e q u i l i b r i u m  m o d e  cou ld  be  i n v e s t i g a t e d .  In th i s  s i t ua t ion ,  the  s h o c k  
s t r e n g t h s  w e r e  v a r i e d  f r o m  weak ,  fu l ly  d i s p e r s e d  w a v e s  to s t r o n g ,  
p a r t l y  d i s p e r s e d  w a v e s .  It is b e l i e v e d  tha t  fu l ly  d i s p e r s e d  w a v e s  w e r e  
o b s e r v e d  f o r  the  f i r s t  t i m e  in a c h e m i c a l l y  r e a c t i n g  s y s t e m ,  in c o n -  
t r a s t  to p r e v i o u s  o b s e r v a t i o n s  invo lv ing  v i b r a t i o n a l  n o n - e q u i l i b r i u m .  
F i n a l l y ,  it is d e m o n s t r a t e d  tha t  fu l ly  d i s p e r s e d  w a v e s ,  w i th  t h e i r  
i n h e r e n t l y  long r e l a x a t i o n  l eng ths  and  s m a l l  g r a d i e n t s  in s t a t e  v a r i -  
a b l e s ,  m a y  be  u s e d  as a p a r t i c u l a r l y  s i m p l e  t e c h n i q u e  f o r  the  c h e m i c a l  
k i n e t i c  s tudy  of f lows  wi th  one n o n - e q u i l i b r i u m  m o d e .  

° . o  
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SECTION I 
I N T R O D U C T I O N  
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At the tamperatures achieved in hypersonic flow fields, ~ s e s  
such as vibrational excitation, thermal dissociation, chemical reactions, 
icmization, radiation, and electronic e~citation may occur. In air for 
example, at Mach ntm~_rs above 5, Stupochenko (i) lists six different 
chemical reactions alcm~. For the short flow times ordinarily character- 
istic of high velocity gas dynamics, and in particular at higher altitudes, 
the assumption that the fluid is everywhere in local ~ c  equili- 
bri~ is not always valid, and the non-equilibrium mechanisms must be in- 
cluded in a description of the flow field. 

The large number of simultaneous reactions in air, and the high 
temperatures required to excite these reactions causes experimental in- 
vestigations in air to be complicated. In order to investigate certain 
aspects of the fundamentals of non-equilibriun flow in the laboratory, a 
different gas system may be chosen in which the temperatures necessary to 
induce excitation are readily obtaiD~%ble, and in which the non-equilibrium 
mechanisms under study may be resolved and uncoupled from each other. For 
these reasons (2) a flow was chosen in which the following reactioms occur: 

N204 +MS 2NO2 + M~ ~O + 02 + M (i) 

where M represents an inert gas, either nitrogen or argon. Also, the 
reactant mole fraction did not exceed 10%. The flow fields were produced 
in a temperature controlled shock tube in which shock waves of different 
strengths were propagated through a known equilibri~ mixture of the gases 
of Equation (i). 

The work was concerned with three major objectives. 

(A) One aim was to investigate the complete picture of a non-equilibri~n 
flow field for shock waves varying from weak, fully dispersed waves 
to strong, partly dispersed ones. The waves were to be propagated 
through a gas mixture with a single active non-equilibri~ mode whose 
reaction mechanism and rate constants are well understood. 

(B) A second objective was to include a flow field with two non-equilibriun 
processes. Since the relaxation rate for the second reaction of Equa- 
tion (i) is much slower than that for the first reaction, these two 
processes could be experimentally separated. 

(c) The third goal was to repeat and extend meas~rEm~mts of the rate con- 
stants for both reactions. In particular an extension of results at 
different temperatures and reactant cc~oentratioms than currently 
available in the literature appeared to be important. Existing rate 
equations were to be examined in this process and compared with the 
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results of References 3 through 9. 

A shock wave may be defined as a non-equilibrium layer separating 
two equilibrium states in a gas. As the gas flows through this non- 
equilibrium layer, molecular collisions change the state of the gas from 
one equilibrium state to the secov~. Each degree of freedcm of a mole- 
cule requires a certain ntmber of collisions to achieve the new equili- 
brium state. The time required for these collisions to take place is 
known as the relaxation time and each degree of freedom has its own 
characteristic relaxation time. 

A characteristic time may also be ascribed to the flow. For 
exan~le, in our flows the time required for a particle to traverse the 
non-equilibrium layer of a shock wave may be chosen. The ratio of the 
relaxation time to this particle flow t/me has often been called the 
Damk~hler paraneter D .* For D - ® , the process is frozen since there 
is no change in the degree of freedum across the region of interest. For 
D = 0 , the process is in equilibrium since the degree of freedcm relaxes 
instantaneously. For most applications in flow systems, conditions at 
these two limits provide an adequate description of the flow fields. How- 
ever, for situaticms where D -~ 1 , non-equilibrium effects nust be con- 
side_red. For the system under consideration in this work, 

<< T (2) TT' ~R << TV << Ta 8 

in which the subscripts refer to the translational, rotational, vibrational 
and the two chemical relaxation processes respectively. The translational 
and rotational modes are here listed together since they are close to each 
other with respect to the relaxation t/me for vibrational adjustment. 

In the region of interest for the first chemical reacticn, the 
translational, rotational and v/brational degrees of freedum may be con- 
sidered in equilibriun. In addition, the second reaction is frozen. In 
the region of interest for the second reaction at higher temperatures, all 
the other degrees of freedom, including the first reaction may be considered 
in equilibrium. 

An essential feature of a reacting gas mixture is the fact that 
the mixture behaves as a dispersive mediun from th~ viewpoint of acoustics. 
There is no unique acoustic velocity and frequency enters as a parameter 
(11). The acoustic equations for flow with vibrational or chemical non- 
equilibriun are developed by Vincenti and Kruger (12). TWo limiting 
sound speeds may be defined c o ~ g  to the frozen and equilibriun 
limits (13). The frozen sound speed af prc~agates as if all processes 
in the gas were frozen. The equil/bri~m sound speed a e ~li~h is always 
less than af , (14), propagates as if all processes in the gas were in 

*wegener and Buzyna (i0) give some of the history of this pa~.~m~ter and 
its significance in the description of non-equilihriu~ flow fmelds. 
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equilibrium. 

These two limiting sound speeds 
The frozen sound speed af is given by 

(12) are expressed as follu~. 

h 
af2 _-- (~) - 2__ (3) 

s,s,8 h _ 1 
P 

where af 2 = 7Rr with 7 = C.~.~ if...the species are individually ther- 
mally perfect. Furthermore, the equllibrlun sound speed a e can be 
shown to be 

h + h a * + h88p* 
ae2 - (~0) = - P 1 a p (4) 

-; + h%* + hBBp* 

Here, the asterisk refers to the equilibrium values of the quantities, 
and the variables with subscripts ipxlicate partial derivatives. These de- 
rivatives were first evaluated by Wegener and Cole (15), specifically for 
the first reaction of Equation (i). As mentioned first by Bethe and 
Teller (16) the possibility of shock waves traveling between these two 
limiting sound speeds exists, and Griffith and Kenny (17) demonstrated the 
existenoe of these waves for vibrational relaxation in 002 . 

In this work, these waves were observed for the first ~ in a 
chemically reacting system. Waves traveling between the limiting sound 
speeds were called fully dispersed by Lighthill (18), while waves propa- 
gating at velocities above the frozen sound speed were called partly dis- 
persed. 

In a partly dispersed wave, there is a normal shock jump in which 
the rapidly adjusted degrees of freedom relax. In our case they are trans- 
lation, rotation, and vibration. In this short interval the slow degrees, 
i.e. the chemical reaction, remains frozen. After the normal shock jump, 
the slow degrees of freedom proceed to the final equil/briun conditions. 
As the shock strength is decreased, the overall change in state caused by 
both the normal shock jump and the chenical reaction decreases. However, 
the chemical reaction produces an increasing fraction of the total change 
in state. Finally, for a shock wave propagating exactly at the frozen 
sound speed, the normal shock jump goes to zero, and the entire change in 
state is due solely to chemical relaxation. In other words, if the flow 
velocity is related to the frozen sound speed, at a Mach n~aber of one 
(M -- U/af) the normal shock vanishes. Below the frozen sound speed, fully 
dispersed waves pro~-ide a continuous transition between the two equilibriun 
states. 
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Partly Dispersed ~ Fully Dispersed 
Shock Wave 

p P 

X X 

Fig. 1 Schematic Pressure Change for Partly and Fully Dispersed Shock Waves; 
Flow Direction from Left to R ight 

Figure 1 shuws the typical bebmvior for pressure of partly and 
fully dispersed shock waves for an endothermic* reaction. The partly dis- 
persed wave is characterized by the normal shock jump followed by the re- 
gion of non-equilibriun relaxation. The fully dispersed wave emh/bits a 
continuous non-equilibrium transition between the two equilibrium states, 
with no normal shock j~mp apparent. 

There are several reasons why the use of fully dispersed waves is 
ideally suited for a study of chemical kinetics. The chief reason is that 
the temperature of the reaction can be very accurately determined since the 
initial temperature of the wave is measured statically. Typically in our 
work, the total temperature change across the wave is only about ten de- 
grees Kelvin. This accuracy in temperature is important since rate con- 
stants are temperature sensitive since they obey laws such as k = A exp 
(- B/T) where A and B are constants. Another reason is that the 
smcoth transition between states in these waves facilitates the measure- 
ments of slopes. Also, the low velocities and long relaxation times in- 
crease the resolution of the experiment. Finally, the small gradients in 
the flow variables make these waves amenable to simplified theories. 

The dispersion owing to the chemical reaction proceeding "slowly" 
tends to spread the shock wave out in time (or space). This effect is 
balanced by the convective terms in the conservation equations which tend 
to steepen the wave. In the steady state, the particles flowing into the 
shock front pass through the same sequence of states as the preceding ones. 
The distribution of the variables across the shock front thus forms a fixed 
picture which moves during this period as an entity together with the front 
(14). 

*Heat is absorbed by the chemical reaction as typically in dissociaticm. 

4 
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SECTION II 
EQUILIBRIUM PROPERTIES OF THE NITROGEN DIOXIDE 

SYSTEM AND EQUATIONS OF STATE 

were: 

The chemical reactions observed in the non-equilibriun flow field 

N20 W + M $ 2NO 2 + M ~ 2NO + 02 + M (5) 

in which M , an inert ~ t ,  was either nitrogen or argon. 

The mole fractions of tb~ constituents are;* 

x (i - 0~) 
0 

XN~o~ 1 + ~o + Bxo 

2X (a- 8) 
0 

~ 1 + .~x o + sx 

xNo 
2XoB 

1 + ~x o + sx o 
(6) 

and t 

Xo8 
XO = 2 1 + (~x o + ~x o 

I - X  
0 

l+~Xo+ = o 

In terms of these quantities, the laws of mass action for the reactions 
are: 

*In all the equaticms to be given, values of numerical constants etc. are 
consistent with the units given in the list of symbols. 
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and 

X 
O 4(s - 8) 2 (7) 

= P  1 + °% + Bx ° 

X 
o 8 3 

~ 2  = P  1 + ~ o  + BXo (0, - B)2 (8) 

where subscripts 1 and 2 refer to the first and second parts of the reac- 
tion respectively. 

led KDlby has been measured by Bodenstein & Boes (6). 
compi Giauque and Kemp (19) and by Strehlow (20). 
critical evaluation yields, 

The results were 
The latter' s 

2989 + 9.187 (9) 
l°gl° %1 = T 

where T is in degrees Kelvin and the equilibrium constant, .Epl in 
atmospheres pressure.* This part of the reaction takes place zn the range 
200 OK < T < 400 °K. 

The second part of the reaction of Equation (5) was investigated 
by Bodenstein and Lindner (6) and also compiled by Giauque & Kemp (19). 
From their data we find in the units of Equation (9): 

5995 
logl 0 ~K- 2 = T + 7.803 (i0) 

This reaction takes place in the range 500 °K < T < 1200 °K. Much further 
information including thermodynamic and transport properties is reviewed in 
References 21, 22 and 23. 

At the temperature and relatively low pressures used in the shock 
tube in the following experiments, the constituents of the gas may indivi- 
dually be considered as thermally perfect gases since intermolecular forces 
are negligible. 

If W , the molecular weight of the mixture is considered as a 
variable of the non-equilibrium flow field, the thern~l equation of state 
for the mixture becomes 

p=RT 
~ (11) 

*i atmosphere = 760 torr. 

6 
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where R is the universal gas constant. We ha~:* 

w -- w~ + 92.02 XN~o~ + 46.01 XNo ~ + 30.01 XNo + 32.00 Xo~ (12) 

The caloric eq~ti~ of state is 

1 [ c p ( ~ -  ~o ) + m3846 h =  W 
~Xo 

+ 27020 ] (13) 
i + ~x o + sx o i + ~o + BXo 

where 

%- ~ c~ + ~o~ C~o~ + ~ C~o~ + ~ c~ + %~ cm~ (~4~ 

Values of the specific heats of the constituents and of the heats 
of reaction were taken from References 24 and 22 respectively. 

*With the tabulated values of molecular weights of the National Bureau 
of Sta~__ards. 
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SECTION III 
ANALYSIS OF ONE-DIMENSIONAL NON-EQUILIBRIUM FLOW 

THROUGH A SHOCK WAVE 

The shock tube (25) is a length of tubing divided into two sec- 
tions by a breakable diaphragm as shown in Figure I.l in Appendix I, where 
initially a pressure difference exists between the sections. 

Figure 2 is a characteristic x-t diagram of the flow in a shock 
tube. When the diaphragm is broken, the high pressure driver gas expands 
into the driven tube. The front of the driver gas, called the contact sur- 
faoe, acts as a piston and drives a shock wave in front of it. A rare- 
faction wave meanwhile passes through the driver gas and lowers its pres- 
sure and temperature. The testing time available at the observation window 
depends on the lengths of the two tube sections. It is limited by either 
the passage of the contact surface, the passage of the reflected shock wave, 
or the passage of the reflected rarefaction wave. 

In a shock tube, at a sufficient distance downstream of the dia- 
phragm, the shock wave, across which the variables of state jump and re- 
main fixed relative to each other, propagates at a constant velocity into 
the quiescent gas in front of it.* 

i.\\ I  efacti°n   I 
I I i 

Drlver x 

Fig. 2 Characteristic Diagram of Non-Equilibrium Flow in a Shock Tube 

In Figure 2, state 1 applies to the initial equilibrium gas mix- 
ture at rest. State 2 occurs after the normal shock j~np in which the 
translational, rotational, and vibrational degrees of freedom relax and 
the chemical reacticr~ are frozen. At state 3 the first reaction of Equa- 
tion (I) reaches equilibrium while the second reaction is still frozen. 
Finally, at state 4 all degrees of freedom are again in equilibrium. Typi- 
cal values of our relaxation times are ~T ' ~R ~ 10-3 ~s , ~; = 0.3 "~s , 

*For the actual starting process in a shock tube see Spence (26). 

8 
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and x = i0 ~s at T = 320 °K and p = 250 tort. 

In the experiments considered in this work, a temperature range 
of 280 < T < 2100 °K and a pressure range of 200 < p < i000 torr was in- 
vestigated. Since the gradients in the flow properties were not great, 
except in the normal shock junp, the effects of viscosity, heat ccr~uction, 
and diffusion we+-e neglected. Also, a one dimensional flow approach was 
valid since boundary layer effects that slow dawn the shock were shown to 
be negligible. 

In the analysis that follows (36) a coordinate transformation is 
made in which the sh~ck is fixed while the flow entering the shock front 
has the measured shock velocity U I . 

The steady state, one dimensional conservation equations are, 

Mass: PlUI = p'U' (15) 

Mcmentun: Pl + PlUI 2 = P' + P'U'2 (16) 

1 = h' 1 U, 2. Energy: h I + ~ U12 + ~ (17) 

The primes denote conditions anywhere in the flow field. For given initial 
and boundary conditions, these three equations are not sufficient to cal- 
culate the four variables p , U , p , and h , and an equation of state 
is necessary to relate these variables. If a gas is in uncc~strained 
t h ~ c  equilibriun, two variables are sufficient to describe the 
~ c  state of the mediun. For example, 

h* = h* (p, p) (18) 

If the gas is not in equilibria, then additional variables of 
state are required for each non-equilibriun mode. The canonical equation 
of state (12) becumes, 

h = h (p, p, %, e, 8) (19) 

Here CD, the specific heat, refers to the translational, rotational and vi- 
bratic~al modes, and ~ and 8 refer to the two chemical non-equilibri~n de- 
grees of freedom. At equilibrium, Equation (19) reduces to Equation (18) 
since the Dmn-equilibrit~n variables become functions of p and p alone. The 
caloric and thermal equations of state for the gas system under consideration 
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are qiven by Equations (13) and (ii). 

These equations together with the ccmservaticm equations and for 
the given initial conditions of Pl , P l , U1 , and h I are sufficient to 
solve the flow conditions at the states 2, 3, and 4 of Figure 2. 

State 2 occurs after the normal shock jtmp in which the transla- 
tional, rotational, and vibrational degrees of freedom adjust. As a first 
approximation to this state, Cp , ~ , and 8 are frozen aD~ the caloric 
equation of state for a thermally perfect gas becomes simply, 

1 T' h' = W %1 (20) 

where the reference enthalpy, h I , has been set equal to zero. The solu- 
tion of Equations (15), (16), (17), (ii) and (20) represents the well- 
known Rankine-Hugoniot solution (27) for a thexn%~lly am~ calorically per- 
fect gas, and cne obtains p' , p' , U' , and h' . We define, 

i 
2 

1 C dT (21) 
= T2 - T 1 P 

T1 

where C D is the relaxed heat capacity at T . With this, the caloric 
equation- of state becomes, ' 

1 
h2 = W ~ (T2 - TI) (22) 

Setting h2 equal to h' initially, Equations (15), (16), (17), (ii) and 
(22) can be solved by iteration to obtain the conditions for state 2. 

At state 3, the first reaction of Equation (i) goes to equilibriun 
while th~ second reaction is considered to remain froz%n. To obtain con- 
ditions at this point tb~ law of mass action, Equation (7), is employed. 
From Equations (7) and (9), the degree of dissociation is calculated for 
particular values of pressure and ~ature. Ini£ial values of state 3 
are assumed, and with Equation (7) the Equations (15), (16), (17), (ii) and 
(13) may again be solved by iteration to obta/n cQnditicms for state ,3. 

The .final state 4 occurs after all degrees of freedcm have r e ~  
to their equilibrium values. The law of mass action for the second reac- 
tion of Equation (i) is Equation (8). This equation together with ~qua- 
ticms (7), (15), (16), (17), (ii) and (13) are again solved by iteration 
to obtain conditions for state 4. 

10 
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For the fully dispersed wave, state 1 and 2 are equivalent; that 
is, there is no normal "shock jump". Since the initial temperature T I 
was low in our experiments and since fully dispersed waves are weak, the 
second reaction was not excited, and states 3 and 4 therefore uoipmided. 

In order to descr ibe  the non-equilibriun flow field in detail, it 
is necessary t o  knc~ the t ime dependent behavior of the non-equilibriu~ 
variables of state. These relationships are given by the rate equaticms. 
Both reactions of Bquation (I) have been previously investigated and the 
reacticm mechanisms appear to be known. These two rate equaticms are dis- 
cussed in Section VI. Utilizing tb~ thermal equation of state (ii), with 
the relationships of ~quation (6), the two coupled rate equations (61) and 
(68) can be rewritten as, 

4Xo¢e- B)2 
(23) 

and 

2Xo(e - S) 2 de 
aB . z  (e - B) + . z  + (24) 

The one dimensional steady state conservation equaticms, differ- 
entiated with respect to time in a shock fixed coordinate system are, 

dU d~ Mass: ~ ~-~ + U = 0 (25) 

dr~ dU + 0 (26) ~mP_ntum: ~ ~U ~ = 

dh dU 
Energy: ~ + U ~ = 0 (27) 

It is noted, that conditions are fixed at a given time or distance down- 
stream of the normal shock jump, and the t/me dependence of the variables 
is a functic~ of position from the shock front. 

Differentiating the thermal equations of state (ii) logarithmically 
yields 

--~ + ~ -  & -  ~ = 0 (28) 
p W p T 

II 
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where 

and 

m -- 

W 

Xo(dU + d8) 

o 

X , 

de dB i~o i dT 
pdt!  ~ _  1 +  ~x ° + B x  ( ~  + ~ )  - ~ ~ T at  =0 

(29) 

(30) 

From the caloric equation of state, (13), 

dh ~h dT de ~h d8 
(~)T,~ (31) 

where the partial derivatives, evaluated from Equation (13) are, 

Oh) = 
~,B Cp (32) 

and 

Finally, 

X 
(~h)T, 8 = O W(1 + o.X 0 + 8 % )  2 

X 

(~8) T, e O = w(1 + ~x o + Bxo)2 

(13846 - 13174 8X o) 

(27020 + 13174 ~X o) 

(33) 

(34) 

dx 
d"-~- U = 0 (35) 

where x is distance measured behind the shock front. 

In the fixed shock coordinates used, the time t is the flow time. 
This is the t/me for a particle to travel from the shock fromt to some 
position x downstream. In the laboratory, hc~=ver, time is measured 
from the passage of the shock front across the observation winduw till the 

12 



passage of a particle a distance 
tla b , is equal to; 
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X behind the shock front. This t/me, 

X 
tla b = (36) 

where UI is the shock velocity. 

These two times are related through Equations (35) and (36) and 
Figure 2 graphically demonstrates the difference between these two times. 
It is seen that t > tla b . This causes a time "compression" on oscillo- 
scope traces since such observations of e.g. pressure, record changes of 
state at a fixed location in the shock tube. 

Equations (23) through (27), (30), (31) and (35) comprise eight 
coupled first order non-linear equations in the variables a , 8 , p , U , 
p , h , T , and x . These equations were nt~erically integrated on an 
IBM 7090-7094 DCS ccmputer using Milne's seccr~-difference method with a 
Hamming Predictor-Corrector. (Referenoes 28, 29). 

The initial conditions for these eight equations ocme from the 
measured values of Xo , Pl , T1 and U 1 from which ~i , 81 , 01 and 

h I are calculated. The integration is carried out until ~ and 8 are 
within one percent of their equilibri~n values at state 4. Since the f!c~ 
variables asymptotically approach their final values, the relaxation time 
literally goes to infinity. It is physically more meaningful therefore to 
ascribe a value to T when the reaction has reached a certain stage near 
the final equilibrium state. For this work, T was arbitrarily taken as 
the time when s and 8 have reached 99% of their final values, there- 
fore, 

T ~t 
a ~ = 0.99 ~ 

and (37) 

T8 -= t8 = 0.99 84 

For a fully dispersed wave, the initial conditions are the values 
at state i. A difficulty arises since this is an equilibrium state ap~ 
the right hand side of Equation (23) is equal to zero. Hence, u will 
not progress to its value at state 4. A computational device was used to 
overcume this. The initial conditions were perturbed slightly and the in- 
tegration then proceeded. The perturbation consisted of adding I0 -6 to the 
initial value of ~ . The effect of this perturbation was shown to be 
negligible by doubling the perturbation in the calculation with no appre- 
ciable effect noted in the result. 

13 
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As discussed by Vincenti and Kruger (12) a continuous solutlcm for 
a partly dispersed wave does not exist if the initial uunditicms are d%csen 
as those of state 1. Therefore, a disccmtinuity in the flow variables re- 
sulting in the conditicms at state 2 provides tb~ initial ucndi~ for 
this case and the equations may then be integrated to the final ucnditicms 
at v~ and T 8 . 

~ne comcemtration of NO2* is, 

2Xo(~- B) 
= (38) 

From this relationship, the ratio of the ccmcentration of NO 2 at 
any point in the flow field to the initial ccmcentraticm of NO 2 is obtained. 
These values are cumpared to the experimental values in Section VII. Also, 
the calculated values for several experir-~nts of ~ , 8 , T/T 1 , P/Pl and 
U/U 1 vs. t are given. 

Pi 2_ Xi *We recall the definition of concentration given by [i] = ~ = RT 

14 
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SECTION IV  
E X P E R I M E N T A L  E Q U I P M E N T  A N D  M E T H O D S  

Figures I. 1 and I. 2 in Appendix I show a sketch and a photograph of 
the shock tube, chemical mixing station, and instrumentation. The shock 
tube is 28 feet long overall, with an inside diameter of 3 inches. The 
driver section is 4 feet long and the entire tube is constructed of stain- 
less steel to permit the use of the highly corrosive nitric oxides. A 
jacket surrounds the tube so that the walls may be heated or cooled by cir- 
culation of suitable liquids. Thermocouples monitor the temperature along 
the tube length. Shock speeds are measured by timing the shock passage 
between two optical trigger stations. These stations use an "absorption" 
trigger for weak shocks and a conventional schlieren type trigger for 
stronger shock waves. Between these two stations is the light absorption 
station which measures the t/me dependent concentration of NO2" In the 
mixing station, the reactant gases and the inert gas are introduced into a 
cylinder in which they are thoroughly mixed prior to introduction into the 
shock tube. A detailed description of the equipment is given in Appendix I. 

To determine the non-equilibrium flow through a shock wave, it is 
necessary to find the initial conditions of the flow variables entering the 
wave and the time depemz~ent history of the non-equilibrium relaxation pro- 
cesses. 

A gas mixture is prepared as described in Appendix I, giving the 
initial reactant mole fraction X o . This mixture enters the shock tube 
where the pressure is recorded to _+ 0.i torr and the tesperature to _+ 0.i °K. 
The shock velocity is measured by timing the shock passage between two trig- 
ger stations as described in Appendix I. Using this technique the shock 
velocity is known to better than 0.3%. The initial conditions Xo, Pl, T1, 
and UI are thu-~ determined. 

The t/me dependent concentration of one species of the reaction, 
[NO 2 ], was furthermore measured photometrically to determine the ncn- 
equilibri~n mode. The absorption spectra of N204 and NO 2 are given by Hall 
and Blacet (30) and it is found that at 4350 A, NO 2 absorbs strongly while 
N20 ~ is transparent. The inert gases nitrogen or argon are, of course, also 
transparent at this wave length as is NO. Figure 3 is a plot of I/I o vs. 
[NO 2 ] with I/I o as the ratio of transmitted to incident light. A linear 
relationship between the concentration and the logarithm of I/I o is 
observed. Lambert-Beer's law is therefore experimentally validated and we 
can write 

I__ = 10-E [NO2]d (39) 
I 
o 

where d is the optical path length. 

IS 
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Over the large temperature range investigated in this work 
(280 < T < 2100 °K), the molar extinction coefficient, ~ , was found to 
have a small temperature dependence. Hc~a~r, within tb~ small tesperature 

induced by the weak shock waves utilized in investigating flow 
fields with only one ~x~n-equilibrium mode, i.e. the dissociation of N20 W , 
the value of ~ was taken to be constant. 

Using the slope of the line in Figure 3 and Equation (39), a value 
of ¢ is obtained, and 

= 132.5 £/mole-cm (40) 

in the temperature range 280 < T < 310 OK. These measurements were made 
directly in the shock tube, with I and I o measured as explained in 
Appendix I, and with [NO2] calculated from Equation (38). Since all reac- 
tions are very rapid, the system remains at equilibrit~m during gas handling 
operations making the measurements valid as described. This value is in 
agreement with that of Wegener (4). A series of neutral density filters 
was employed to investigate the possibility of photo-dissociation. It was 
found that by successively reducing the incident light intensity, I o , by 
a factor of two, the output signal, I , a/so varied by the same factor so 
that I/I o remained comstant. Since photo-dissociation would have varied 
I/I o as a function of I o , the constant ratio of I/I o showed photo- 
dissociation to be negligible. 

At the higher temperature interval (T > 1200 °K) in which the sec- 
ond part of reaction (i) takes place the temperature dependence of c could 
no longer be neglected. Also, c could not be measured directly as it could 
at room temperature. This is due to the fact that NO 2 is unstable at these 
temperatures. Therefore, an indirect approach, based on the kinetic record: 
of the dissociation was employed to find the molar extinction coefficient. 
In the following relation; 

V 3 I3/I o 

= i1/z ° 
(41) 

Vl and V 3 are the measured voltages at states 1 and 3 respectively. 
Ii/I o is the transmitted to incident light ratio at state i, and I3/I o 
may than be determined. State 3 oorresponds to the maximun concentration 
of NO 2 as described in Section VII. 

From the analysis of Section III, [NO 2 ] 3 can be calculated at ten- 
perature T3 - Ncw using Equation (39) a value of c is achieved for a 
specific temperature. 

Figure 4 is a plot of -: vs. T frcm a series of experiments 
using a variety of conditions of state 3. The lack of dependence of E on 

17 
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comcentration of NO 2 is evidence that Lan~t-Beer's law is still valid 
at the higher temperatures. The values of Schott and Davidson (31), and 
Huffman and Davidson (8) agree well with this work. The results shown in 
Figure 4 may be represented by the relationship 

lOgl0 c = - 1.113 x i0 -4 T + 2.161 (42) 

for a range of temperatures 300 ~ T s 2100 °K. 

This method of obtaining E has the effect of forcing the theore- 
tical and experin~tal values of [NO 2 ] to coincide at state 3. For the low 
temperature results of the first reaction of Equation (i) this was not the 
case since E was determined independently of the analysis. In Section 
VII, it will be seen that the theoretical and experimental values for con- 
ditions at state 2 compare well for the first reaction. This would indicate 
that the prediction of conditions at state 3 for the second reaction essen- 
tial for the measurement of E (T) my also be assumed to be reliable. 

In the photometric measurea~t of the NO 2 conoentration a narrow 
parallel beam of light is employed. This beam passes at right angles to 
the tube wall through the gas mixture and impinses upon the photcmultiplier 
tube. The accuracy of these measurements depends upon two factors, the 
electronic response t/me of the photomultiplier system, and the width of the 
parallel light beam. The electronic response time of the photcmultiplier 
system used was measured to be less than 0.5 ~s (see Appendix I) and there- 
fore it is roach more rapid than the phenomena that concern us here. 

In Section I the concept of the DamkShler parameter was introduced 
as the ratio of the relaxation time to a characteristic flow t/me. Simi- 
larly, a DamkShler paraneter may be defined in terms of the ratio of a 
relaxation length to a flow length. The appropriate flow length for the 
measurements made in this system is the slit width of the light absorption 
measuring system. The slit width was here chosen to be large enough so that 
D << 1 (equilibri~n) was valid for translational, rotational, and vibrational 
relaxation. On the other hand the slit width was chosen to be small com- 
pared to the chemical relaxation length. 

The effect of the slit width on such measurements is discussed by 
Stupochenko (i). With a finite width, ~ , the signal, V , measured at any 
given instant is an average of the actual signal, I , over the slit width 
so that 

V = ~- I dt (43) 

- 6/2U 1 

If the signal, I , is approximated by an exponential, 
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I = I °eap ( - t/T) (44) 

where. T is a chemical relaxation time, then, 

2TIoUI --t/T 6 
V = ~ e sinh --2UIT (45) 

This equation may be expanded in a series to yield 

e _ t /  . +2 
T (i + 24 UI2T 2 V = I ° + ...... ) (46) 

Tb~ effect of the slit width will be negligible if the foll~ing condition 
holds: 

~2 
<< 1 (47) 24 U 1 zT2 

In cur experiments the slit width was 0.6 mm and if an extreme 
example of the results to be shown later is ocrsidered, values of 
U 1 = 356 m sec -I and T = 3 ~s may be ass%~ed. For this situation, the 
term on tb~ left hand side of Equation (47) is equal to 0.013. This value 
may be ccmsidered negligible compared to one. For the above shock speed, 
the time required for the shock front to pass across the slit is equal to 
1.7 ~s. At 320 °K, tb~ vibrational relaxation time for N20 ~ is 0.3 ~s 
(32,33). ~he Damkd~ler parameter for vibrational relaxation is therefore 
equal to 0.18. This value of D is sufficiently small to justify the as- 
sumption of vibrational equilibrit~n as stated at the b e g ~  of the dis- 
cussion of the effect of the slit width. The more rapidly adjusted degrees 
of freedom of rotation and translation will achieve equilibriun in an even 
shorter period of time. 
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SECTION V 
EXPERIMENTAL RESULTS 

The non-equilibriun flow fields were experimentally investigated 
using the following technique. A gas mixture with a prescribed mole frac- 
tion of N204 at a point where there is no dissociation, X 0 , was prepared. 
This mixture was admitted to the shock tube at a measured Pl and T 1 . 
From these values, the frozen sound speed afl of the mixture was computed 
by Equation (3). A shock wave was propagated through this gas mixture and 
its velocity Ul was measured, giving the shock Mach number M s = Ul/afl . 
As shown in Figure 5, oscilloscope traces of voltage versus time are obtained 
in which the voltage is proportional to the transmitted light intensity. 
From these traces, and from the previously measured value of I o , the time 
dependent NO 2 concentration may be ccmputed using Equation (39). 

In light of the objectives of this work, the experiments were di- 
vided into two groups: weak shock waves in which only one non-equilibri~ 
degree of freedom was excited; and shock waves with two non-equilibrit~n 
degrees of freedom. 

Figure 5 shows oscilloscope traces for fully dispersed and partly 
dispersed shock waves propagating through a gas mixture of N204 , NO 2, am~ 
A. In all these experiments, the conditions at state 1 were the same, and 
the shock strengths were varied by changing the pressure in the driver sec- 
tion of the shock tube. In these experiments the voltage which is directly 
proportional to light intensity, is inverted so that the positive direction 
corresponds to NO 2 concentration or to ~ , the progress variable or degree 
of dissociation. The first three experiments (506, 505, and 504) give re- 
sults for fully dispersed shock waves and it is believed that they represent 
the first demonstration of these wave~ for a chemically relaxing system. 
The continuous transition from equilibriun state 1 to the final equilibri~n 
state is clearly seen. The next six experiments involve partly dispersed 
shock waves. These waves continuously increase in strength as seen in the 
traces for experiments 503, 500, 498, 497, 494 and 496. Partly dispersed 
waves are characterized by a normal shock jump across which only the trans- 
lational, rotational, and vibrational degrees of freedom equilibrate. This 
shock jump is followed by the chemical relaxation of the first reaction of 
Bquation (i) to its final equilibri~n value. If the shock waves are looked 
at in order of decreasing shock strength, it is seen that as predicted be- 
fore, the normal shock j~mp decreases in proportion to the total change of 
state. At waves propagating at the frozen sound speed, afl , the normal 
shock jump goes to zero. Utilizing the methods of Section III, conditions 
can be measured at state i, the initial conditions and ccmputed at state 2, 
uonditions after the normal shock jump, and at state 4, conditions at the 
final equilibri~n state. These values are presented in Table II.l of 
Appendix II for the nine experiments of Figure 5. In Figures 12, 13 add 
14 in Section VII, the calculated ccncsntration ratios with respect to con- 
ditions at state 1 are compared to the experimental concentrations obtained 
using Equation (39). The agreement is seen to be good. 
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The second series of experiments is concerned with shock waves 
strong enough to raise the temperature sufficiently to cause the dissocia- 
tion of NO 2 in the second reaction of Equation (i). In these experLmsnts 
it was found expedient to vary the initial pressure, Pl , in the shock 
tube. This had the effect of keeping the pressure fairly constant after 
the normal shock jt~p. Figure 6 shows oscilloscope traces for these strong 
shock waves for two series of exper'%ments using gas ~ e s  of different 
Xo • As reported in Huffman and Davidson (8), an orange light glow was at 
first observed to emanate from tb~ shock tube for these strong shock waves. 
Since the carrier gas itself and th~ reacting gas were not nearly hot enough 
to radiate at the shock strengths observed, and since no explanation of this 
ph~on was available, work was performed to determine the origin of the 
glow. 

At first, experiments carried out with pure argon, nitrogen and 
helium cmitting the reactants also showed this glow. This demsnstrates that 
the glow clearly was not caused by the reacting gas. Experiments with 
stronger shocks, up to M s = 8 shx~ed a color shift of the radiation to 
the blue indicating a continuum black body radiation. Calculations on the 
heat transfer through the boundary layers though, showed that the walls of 
tb~ tube were not heated above i00 °C and therefore did not radiate. By 
inserting a carefully cleaned glass tube into the shock tube, the possibi- 
lity of radiating scale or grease on the walls was also eliminated. Experi- 
ments were then performed in which the vacuum pu~p was cold trapped, and 
research grade gases of high purity were used. In these experiments the 
radiation was greatly reduced and the radiation effect was therefore shown 
to be caused by the organic impurities, such as pu~p oil, present in the 
tube. 

o 

In the e~periments shown in Figure 6, the 4350 A absorption filter 
and a series of collimating slits were placed between the photcmultiplier 
tube and the shock tube window. In this configuration with the research 
grade gases, no radiation was detectable and tb~ effect was eliminated. 

In Figure 6, voltage is again shown as in Figure 5 and in experi- 
ments 577 to 567 the effects of increasing the shock strengths are seen. 
A normal shock jump occurs across which the translational, rotational, and 
vibrational degrees of freedum, and the first chemical reaction equilibrate. 
Following the normal shock jump the second chemical reaction is observed. 
As the shock strength increases, as expected the rate of dissociation of 
NO 2 is seen to increase. Therefore NO 2 disappears and consequently the 
light absorption decreases. In experiment 577, the oscillations at the end 
of the trace can be shown to be due to the arrival of the contact surface. 
This was not observed in the other experiments which were taken at higher 
sweep speeds. Experiments 587, 590, 596 and 599 show a similar trend of 
dissociation for a gas mixture at a lower value of X o . 

In Table II.2 of Appendix II, a number of parameters are shown which 
were calculated for these nine experiments. We recall that state 1 cor- 
respo~xls to the initial measured conditicms. At state 2, the translational, 
rotational, and vibrational degrees of freedom are in equilibrium, while the 
chemical reactions are frozen. At state 3, two sets of conditions are give_n: 
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the ocr~litions at whid% the second reaction is frozen while the first 
reaction goes to equilibri~n, and the conditions at which the second reac- 
tion proceeds while the first reaction goes to equilibrit~n. This second 
set of values corresponds to the maximun NO 2 concentration observed. 
Finally, state 4 is the coD~litions for final equilibrium. Figure 18 shows 
the experimental versus the theoretical values of the NO 2 concentration 
ratio versus x , the distance downstream of the normal shock front. 
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SECTION Vl 
CHEMICAL KINETICS 

At this point, all experimsmtal parameters have been measured or 
cumputsd and this section is concerned with a study of tb~ chemical reac- 
tions of Equation (I) as inferred from the results. For the two react/atom, 
the relationship ~a << T~ is valid as will be dm~mstrated in Section 
VII and therefore, tb~ two reacticms can be uncoupled. In the analysis that 
fol/mws, ~ is considered frozen in'the first reacticm which takes place 
at temperatures below 400 "K. In turn for the secured reaction, at tempera- 
tures above 600 °K, ~ is in equilibrium. 

A rate equation for a d~mical reaction may be of the general form 

: k D T ,  : )  (48) 

where the derivative on the left hand side refers to the fact that the 
reaction is forced to take place at a constant temperature. In such an 
envi~t k D represents a ccmstant. However, if the reacticm does not 
take place at a constant temperature, which is the case for th/s work, the 
temperature dependence of the rate "oomstant" k D must be ccmsidered. If 
a rate equation is of the form of Equation (48), then the coefficient, k D , 
may be found frum the oscilloscope traoes whid~ give the t/me rate of change 
of the concentration of NO 2 with respect to a fixed observation point in the 
shoak tube. The following procedure was used to determ/ne kDl as defined 
by ~luaticm (23). It is seen that this equaticm is furthermore of the form 
of Equation (48). Later in this section, Equation (23) will also be shown 
to be the rate equation for the first reaction of Equation (i). If we de- 
fine a parameter 

then: 

= 1 - I / I  o ( 4 9 )  

(50) 

Laboratory time is related to the flow time by Equaticms 
give 

(35) and (36) to 

dt dx/dtlab Ul 
dtla b dx/dt U (51) 
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(~) T, 8 
(59) 

~quations (54) to (59) form a set of six first order differential equa- 
tions which may be n~,erically solved to give values of d~/ds , ~ , p , 
T , and U as functions of a . Now using Equations (52) aD~ (48), values 
for k D are finally obta/red as a function of temperature. 

For the second reaction involving tb~ dissociation of NO 2, the rate 
equation is more complex and contains terms expressing two cumpeting mech- 
anisms, as seen in Equation (24). These two mechanisms are a unimolecular 
and a bimolecular process. Since ~8 >> ~ , ~ remains at its final 
equilibrium value throughout tb~ second reaction, and the rate equation has 
the form 

(~)T = ~2u fl (P, T, 8) + ~2b f2 (P, T, 8) (60) 

The procedure used in obtaining these two rate constants is as follows: 
The derivatives in Equations (52) and (54) to (59) are rewritten with re- 
spect to B instead of a . These equations are again solved nurerically 
to give values of d~/d8 , 8 , p , T , and U as functions of B • Two 
limiting cases may now be calculated from Equation (60). In the first case, 
kD2 b is set equal to zero so that the rate equation reduces to the form of 
Bquation (48). Now using the 8 equivalent of ~quation (52) and the first 
term On the right hand side of Equation (60), values for kD2 u are obtained. 
Similarly, kD2u maY be set equal to zero as the other limiting case and, 
in turn, values of kD2 b may be obtained. 

The physical significance of the results obtained by these methods 
will be discussed next. Both of the chemical reactions in Equation (I) have 
been extensively investigated in certain ranges and the reaction mechanisms 
appear to be well known. The pioneering work on the first reaction was done 
by Carrington and Davidson(3). It is interesting to note that the study of 
this reaction represented the first application of a shock tube to research 
in chemical kinetics. The dissociation rate constant Was found in a manner 
similar to that employed here. Wegener (2) utilized the inverse technique, 
i.e. the cooling of the gases in a supersonic nozzle to measure the re- 
ccmbination rate constant in the first application of supersonic nozzles to 
studies of chemical kinetics. Other work on this reaction was performed by 
Bauer and Gustavson (33) who measured relaxation times in a Kantruwitz type 
impact tube, am~ by Sessler (34) and Cher (5) who measured the dissociation 
rate constant using the classical method of ultrasonic absorption. 

The different techniques mentioned have given results in good agree- 
ment and the rate equation deduced from the experLTents is given by, 

[N204 ] 
( )T = - kD1 [N204] [M] + [NO2] [M] (61) 
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Here, the brackets denote oomcentration and M stands for any molecule 
participating in the reaction. Furtb~rn~re, kDl and kRl denote the dis- 
sociation and recumbination rate constants respectively. At equilibrium, 
~[N204]/~t - 0 , and the right hand side of Equation (61) reduces to the 
law of mass action (7) so that 

(62) 

mole -2  ].has units of liters mole -I sec -I , kRl has units of liters 2 
so that the equilibriun constant KCI has units of mole 

liter -I • Kml has units of atmospheres so that the universal gas ccmstant 
is R = 0.0~205 liter arm. mole -I °K -I . Reaction (61) exhibits a second 
order rate of dissociation and a third order recombination rate.* The dis- 
sociation rate constant was measured using oscilloscope traces similar to 
those of Figure 5. Utilizing the measured values of ~ and d~/dtlab ob- 
tained from these traces, kD1 was calculated by the methods presented 
above. 

Figures 7 and 8 are plots of kDl vs. I/T for inert gases of 
nitrogen and argon respectively. The data is seen to fit the Arrhenius 
equation:** For N 2 

~i = 2.85 x 1014 exp (- ll,000/RT) £/mole-sec (63) 

and for A ; 

~i = 2.23 x 1014 exp (-11,000/Rr) ~/mole-sec (64) 

Here, as is customary R = 1.987 cal mole -I °K-I . 

These results, in accord with those of Char show that nitrogen was 
more efficient in causing a reaction than argon. The results of this work 
are seen to be in good agreement with those of Carringtcn and Davidson (3), 
and Chef (5). ~mploying Equation (62) recumbination rate constants may be 
calculated from the measured kD and the known ~C • These results are 

*We recall that the order of a reaction may be inferred by adding the ex- 
ponents in the concentration terms. 

**In equations such as (63) and (64), the expoDential constant refers to the 
activation energy. The pre-exponential term is a function of the collision 
rate, and the probability that a sufficiently energetic collision will 
actually result in a reaction. This last term is also known as the steric 
factor (35). 
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plotted vs. ~ature in Figure 9 and agreement with the measurements of 
Wegener (2) is found. We note tb~t kRl is plotted on a linear scale em- 
phasizing the customary scatter of such findings. 

The original work on the second reaction of Equation (i) was done 
by Bodenstein and Ramstetter (6) using a furnace heated reaction vessel in 
the temperature range 592 to 656 °K. Similar experiments were carried out 
by Rosser and Wise (7) in the temperature range 630 to 1020 "K, and by 
Ashmore and Burnett (9) in the temperature range 473 to 707 =K. Huff~an 
and Davidson (8) also investigated this reaction in a shock tube in the 
temperature range 1400 to 2300 °K. Our work covered a ~ature range of 
1300 to 210~ °K. The results of all these efforts indicated that the reac- 
tion mechanism for this reaction was not as straightforward as for the first 
reaction. Bodenstein and Ramstetter (6), and Rosser and Wise (7) suggested 
a simple bimolecular reaction, 

[NO 2 ] 
= - [NO2 ] 2 (65) 

where the value kD2 b = 4.0 x 109 exp (- 26,900/~) E/mole-sec was obtained. 
Ashmore and Bt~let~-(9) observed a faster initial rate of dissociaticm than 
the previous two investigators. But as the reaction proceeded and NO was 
produced they achieved a similar result. The anomalously fast rate was 
ascribed to the additicmal following mechanisms: 

and 

k2 
~02 ~ NO 3 + NO (66) 

k3 

NO 3 + NO 2 

k~ 
--~ NO 2 + NO + 02 (67) 

Huffman and Davidson (8) proposed the result 

[No2 ] 
= - [NO2] 2 _ [NO ] [M] (68) 

in which the seum~ term is important at high temperatures and low NO 2 con- 
centrations. Values of the rate c~mstants of kD2 b = 2.5 x 1010 exp 
(- 25,000/R~) ~/mole-sec and kD2 u = 3.06 x 1013 exp (- 65,400/RT) 
A/mole-sec ware proposed. This value of kD2 b is eight times higher than 
the previous values, holms.r, no explanation of the discrepancy was given. 
In this work, a rate equation of the form of Equation (68) was asstm~d, but 
summ4nat different values of the rate constants were obtained ,than those of 
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Huffman and Davideon (8). 

In Equation (68) both terms on the right hand side are of second 
order. Following Huffm~n and Davidson (8) they may also be denoted as the 
bimolecular and tb~ un/molecular dissociation terms respectively. For the 
high temperatures observed for this reaction, the effect of recombination 
was negligible and it could be neglected. 

Figure I0 includes a kn plot of 2b vs. I/T determined from our 
experiments by assuming a rate equation-of the form proposed by Rosser and 
Wise (7), Bquation (65). It is seen that these points approach the values 
of Rosser and Wise shown by a curve at the low temperature end of the scale 
(large values of I/T), but they are mud% too large for higher temperatures. 

The ex~tal constant, in expressions for the rate constants 
such as (63) and (64), refers to the activation energy for a specific reac- 
tion. Accordingly, the results of Rosser and Wise (7) corresponds to the 
activation energy of the bimolecu/ar reaction. Since the points of Figure 
i0 indicate a nuch larger value of the activation energy at high tempera- 
tures (i.e., an increased value of the slope) a second reaction was con- 
sidered corresponding to a higher value of the activation energy. This 
second reaction path would dcminate the bimolecular react/on at high tem- 
peratures, but %Duld be insignificant in the tem~_rature range ccmsidered 
by Rosser and Wise (7). 

We note that in Figure i0 and in Figure ii, the solid lines repre- 
sent the values of the rate constants arrived at by a trial and error pro- 
cedure discussed later. It is also noted that the points in Figures i0 
and ii serve to indicate the form of the rate equation rather than to give 
values of the rate constants. 

Following Huffmmn and Davidson, the mechanism for a unimolecular 
reaction was examined suggesting, 

and 

~2u 
NO2 + M --~ NO + O + M (69) 

k5 
0 + NO 2 --~ 02 + NO (fast) (70) 

Reaction (69) gives the unimolecular dissociation med~anism while reaction 
(70) is sufficiently fast (z < 8 ps) to be considered in equilibrium (8). 
Accordingly, the rate equation for reaction (69) is proposed to be, 

[No2] 
= - (71) 

where M is any particle participating in the reaction. Using this equation, 
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the results of Figure I0 were ~iled and they are shown in Figure ii. 
Here, the slope of the line drawn through the high temperature points cor- 
responds to the activation energy predicted for the uninDlecular process. 
The eaperimental points therefore suggest that the rate equation for the 
complete reaction is indeed tb~t of Equation (68). 

As mentioned, the rate constants themselves were arrived at by 
using a trial aD~ error procedure. Initial values of the rate constants 
were chosen as the assymptotes of the two sets of points in Figures i0 and 
ii. Using the theory presented in Secticm III, the theoretical NO 2 concen- 
tration was calculated as a function of tla b . These values ware then 
compared directly with the experimental traces of Figure 6. The rate con- 
stants were then adjusted until the calculated results fit the experimental 
traoes for both high and low temperature experiments. The details of this 
technique are presented in Section VII. The rate constants thus derived 
were0 

~2b = 3.0 x 109 exp (- 26,900/R~) £/mo]e-sec (72) 

and 

~2u = 3.60 x 1013 exp (- 65,400/RT) £/mole-sec (73) 

These are plotted as the solid lines in Figures i0 and Ii respectively. 
These values are in agreement with those of Rosser and Wise (7) for the low 
temperature limit, and with those of Huffman and Davidson (8) for the high 
temperature limit. 
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SECTION VII 
NON-EQUILIBRIUM FLOW FIELDS WITH CHEMICAL REACTIONS 

When the values of the rate constants are known tog@ther with the 
appropriate rate equations, the methods of Section III can be emplcyed to 
solve the conservation equations for the time ~ t  variables of state. 
The resulting set of eight simultaneous finn-linear first order differential 
equations may be solved nm~rically. With these results, "~/uaticm (38) pro- 
vides the NO 2 concentration which can be plotted vs. the distance downstream 
of the shock front. The experimental traces and Equation (39) similarly can 
provide a plot of [NO2] vs. xwhere x = U! tla b . 

Figures 12, 13 and 14 give the N02 concentration normalized by the 
NO 2 concentration at state 1 as a function of distanue x for the nine 
exper~ts shown previously in Figure 5. Argon was present as the inert 
gas. The experiments shown are for shock strem~/ths applicable to the first 
reaction of Equation (i) only. The chief source of error in obtaining the 
rate constants from the oscilloscc~e traces is incurred in the measurements 
of slope of the photumultiplier signal with a certain amount of electronic 
noise present. Figures 12, 13 and 14 serve as a d%eck on the validity of 
the rate constant measurements, and they help to el/minate tb~ uncertainty 
of the slope measurementS. Not only do these graphs corroborate the values 
of the rate ccmstants, but they justify the analytical methods of Section 
III. Figures 13 an~ 14 demonstrate that the calculated conditions after the 
normal shock jump are within a few percent of the experimental values. 
Similarly, the conditicms for final equilibrium are in good agreement. 

Figure 12 shows the conditions for three fully dispersed shock waves 
of different strengths. The fit between theoretical and experimental values 
is excellent, demonstrating why the use of these wavas is ideal for a study 
of chemical kinetics as suggested in Sectic~ I. Similarly, Figures 13 and 
14 show the experimental vs. the theoretical NO 2 concentration ratio for 
six partly dispersed waves. The agreemant is again seen %0 be good. In 
experiment 496 though, the experimental points fall slightly below the 
theoretical curve. This is due to the fact that the limit of resolution of 
the equipment is being reached and there appears to be an electronic lag in 
the signal. 

Figures 15, 16, am~ 17 show the calculated properties of a , 8 , 
P/Pl , T/T1 , and U/U 1 vs. time in the shock fixed coordinate system. For 
these experiments the solutions were integrated from the appropriate equa- 
tions from the initial conditions of t = 0 at the shock front to t = T a 
where ~a is defined in Equation (37). The initial properties for these 
graphs are given in Table II.l. 

Figure 15 shows the continuous Qhange in state variables for a fully 
dispersed wave. Figures 16 and 17 show the change of variables after the 
normal shock front at t = 0 . The behavior of the temperature ratio is of 
interest in that it first rises and then falls to its final value. This is 
due to the energy added by the convective motion of the slc~ing gas flow as 
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opposed to the energy subtracted by the endothermic chemical reaction. 
For sufficiently strong shocks, the endothemnic reaction dominates and the 
~ature decreases mm~tnnically. 

A flow field with nnre than one non-equilibrium mode may be experi- 
mentally investigated by one of several methods. If the relaxation times 
for these degrees of freedom are of the sane order of magnitude, and the 
reactions occur in the same temperature interval, then it is neoessary to 
measure a time depemx~ent variable of state for each non-equilibriun mode. 
For example, in a chemical relaxing flow with two sin~itaneous reactions it 
would be necessary to concurrently measure ~o state variables such as the 
concentrations of two species of the reaction. In this work, we have the 
advantage that the t~o reactions can be uncoupled since T 8 >> ~ , and it 
was only necessary to measure cme progress variable i.e. the t/me dependent 
NO 2 concentration. Because of the large tenloerature changes introduced by 
strong shock waves, it was found necessary as described to account for the 
temperature depem~lence of the extinction coefficient e in Equation (39). 
Due to this it was necessary to measure the rate constants and the extinc- 
tion coefficient sinultaneously. An iterative procedure was employed in 
which values of the rate constants were assuned and adjusted by ccmparing 
the calculated and experimental values of the time dependent NO 2 concentra- 
tions. Finally, the calculated conditions at state 3 and Equation (39) were 
used to obtain the values of e (T) shown in Figure 4. 

Figure 18 shows the theoretical and experimental NO2 concentration 
ratios for four experiments utilizing the values of Equations (42), (64), 
(72), and (73). At state 3, values of [NO2183/[N02]I were calculated as- 
suming that the second reaction is frozen while the first reaction goes to 
equilibrium. Since the initial rate of dissociation of NO 2 is fairly rapid 
tb~ maximum value of [NO213/[NO2] 1 obtained, as cumputed kinetically, is 
less than the frozen value (Figure 18). Therefore, state 3 was defined as 
the actual conditions at which the first reaction goes practically to equi- 
libri~n. This state correspo~_ed to the ~ NO2 concentration. Since 
the first reaction reached equilibrium within 0.1 us, the asstm~tion that 
state 3 exists immediately folla~ing the normal shock jump was justified. 
In calculating conditions at state 3, the Ashmore and Burnett (9) reaction 
mechanisms of Equations (66) and (67) were not considered. Tnis was justi- 
fied since the mechanism of Equation (69) dominates the reaction at high 
temperatures. In Table II.2 a comparison of the values at state 3 for 8 
either frozen or relaxed is given. Finally, Figure 19 shows several cal- 
culated properties for experiment 599. 
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Fig. 18 Theoretical and Experimental NO2 Concentration Ratios versus Distance 
for Strong Partly Dispersed Shock Waves. Conditions Given after Normal 
Shock for Beta Frozen and Relaxed 
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SECTION VI I I  
SUMMARY 

This work is concerned with the non-equilibrium flow of a chemi- 
cally reac~ gas mixture through.a shock wave in a shock tube. Two chemi- 
cal reactions: N20 ~ + M ~ ~NO 2 + M ~ 2NO + 02 + M , were observed utilizing 
a light absorption technique pen~tting the time ~I~maent o~=entration of 
the species NO 2 to be determined. -Argon and nitrogen ware used as the inert 
carrier gas M . The eecond of the two reactions studied has a relaxatiom 
t/me several orders of magnitude larger than the f i r s t  reaction and msreover 
it takes place at higher temperatures. This allowed the t~o reactions to be 
experimentally unuoupled. In turn, both chemical relaxation times were 
large ompared to the translational, rotaticmal and vibrational relaxation 
times. Tb~fore, all molecular degrees of freedom other than those per- 
raining to the chemical rpa__ctions could be considered in equilibrium through- 
out the flc~ field. 

One aim of this work was the investigation of the passage of shock 
waves in a shock tube through a gas mixture in which only one non-equilibrit~ 
degree of freedom was excited, i.e., the first of the above chemical reac- 
tions. The interplay between the nozmal shock jur~ and the chemical relaxa- 
tion zone was examined as a function of shock strengths. This produced a 
oomplete picture of the flow field as the shock strengths were varied from 
weak fully dispersed waves, (propagating below the frozen sound speed), to 
the stronger partly dispersed waves, (propagating above the frozen sound 
speed). Fully dispersed waves in a chemically reacting system were observed 
for the first t/me and these waves were found to be ideally suited for chemi- 
cal kinetic studies due to the inherently long relaxation lengths and small 
gradients in the state variables. 

For stroDx/er shock strengths, the second reaction was observed where 
the t~o reactions were u~oupled due to the large difference in their re- 
spective relaxation times. Utilizing this technique, a composite picture of 
a f!cw field with two non-equilibriun degrees of freedom was formed. Because 
these two reacticms could be examined independently, it was only necessary 
to measure one t/me dependent variable of state, the NO 2 concentration, in 
order to describe the flow field. 

Finally, a study of the reaction mechanisms and rate constants for 
both reactioms was carried out. For the first reaction, following Wegener 
(2) the rate equation was taken to be d[N204]/dt = - kDl [N204] [M] + kRl 
[NO2 ] 2 [M] . For argon as the inert gas, the rate constant was found to be 
kDl = 2.23 x 1014 exp (- II000/RT) ~ mole -I sec -I where kRl is related to 
kDl by the equilibrit~ constant. This value was in good agreement with the 
values of other investigators. For the second reaction, following Huff~an 
am~ Davidson (8) the rate equation was taken to be d[NO2]/dt = - kD2 b 
[NO2] 2 - kD2 u [NO 2 ] [M] . For argon again taken as the inert ~ the two 
dissociation rate constants were found to be kD2 b = 3.0 x I0 ex@ (- 26900/RT) 
£ mole -l sec -I and kD2 u = 3.60 x 1013 exp (- 65400/Rr) ~ mole -I sec -I 
The first term was found to be important for temperatures below 1200 °K ~ile 
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the second term became dominant for higher temperatures. 

An analytical description of the flow fields was performed with the 
asst~pticns made that effects of viscosity, heat conduction, and diffusicm, 
were negligible outside the classical shock region. Also, the species of 
the gas mixture were individually considered to be thermally perfect. Tb~ 
steady state conservatiou equations were then solved ntm~rically together 
with the equations of state and the two appropriate rate equations. This 
determined the time dependent histories of the state variables in the flow. 
The NO 2 concentrations calculated in this fashion agreed well with the ex- 
per/mental values determined by tb~ light absorption technique. 

By observing the behavior of a particular well k~xm~n set of chemi- 
cal reactions in a fluw with shock waves of varying strength the generalized 
behavior of a nora-equilibrium flow field with shock waves was evidenced. 

49 



A E D C-T R -69-229 

APPENDIX I 
DESCRIPTION OF EQUIPMENT 

Figures I.l and 1.2 are a sketch and a phot~/raph respectively of 
the shock tube, chemical mixing station, and ins~tation. The overall 
length of the shock tube is 26 feet 8 inches and the tube is constructed of 
seamless stainless steel 304 tubing. The I.D. of the tube is 3.020 inches 
and the O.D. is 3.25 inches, except for the test section whose O.D. is 3.50 
inches. Tb~ driven tube is divided into three sections as shown. These 
sections are bolted together across 1 inch inserts which hold teflon "0" 
rings. The inside of the tube was honed to insure a uniform cross-section 
and smooth walls. Around each length of the driven tube, a concentric 4 
inch steel pipe has been welded, forming a jacket which may be cooled or 
heated by an apprcgriate fluid. A foam rubber insulation covers the jacket 
and the manifold connected to the jacket. Fourteen copper-constantan ther- 
mocouples at 20 inch intervals are inserted in the jacket to monitor the 
tube temperature. At the end wall a thermDcouple is inserted directly into 
the tube to measure the gas temperature. 

Flats were milled on the test section for three sets of 0.5 inch 
thick quartz windows. The flats reduce the wall thickness of the tube at 
the windows to 1/32 inch so that the windows lie fairly flush with the in- 
side diameter. The spacing between the windows was measured to be 8.136 cm, 
and this is the optical length used in the absorption meas~ts. The 
two outer pairs of winduws are used for the passage of light beams acting 
as trigger staticms for timing the shock speed and initiating the scope trig- 
ger. They are 1.00 meters apart. The center windows are used for the light 
absorption station. 

The 4 foot driver section is mmanted on rollers so that the tube may 
be easily opened to insert the diaphragms. (For certain exper/ments, a six 
foot driver section was used). The driver section is attached to tb~ rest 
of the tube by fast acting clamps. A housing is welded on the driver sec- 
tion oontaining a spring loaded firing pin used to rupture the diaphragms. 
Tb~ entire shock tube is rigidly mounted on a welded frame of 4 inch I beam 
and 4 inch pipe. The frame is belted to the floor of the laboratory. 

Tb~ driver and driven sections are connected to the chemical mixing 
station and to vacut~ pimps by 0.5 inch O.D. stainless steel tubing. The 
driver section is independent of the driven section so that it may be 
evacuated and filled simultaneously with the driven section. The system may 
be connected to one of the two vacuum ptml~, a Nash-Hitor roughing pump or 
a Welsh Duo-seal floor pu~. By atta~dmg a diffusion pur~ with a cold 
trap the system could be pimped down to I0 microns. The outer two windows 
of the test section as shown in Figure l. 1 are used for shock detection. As 
described by ~rstein (37) an optical triggering system was found advisable 
for the weak shocks and relatively high pressures (above 30 torr) of interest. 
T~ detection system may be used in one of t~ configurations. The first 
configuration is a standard schlieren deflection system. A narrow slightly 
ccrm~rging bean of light is focused just outside a 0.125 ind% diameter fiber 
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optic light guide. The light guide leads to a RCA 931 A photomultiplier 
tube. The density change across the shock deflects the beam into the light 
guide and the resulting signal is fed into a pulse amplifier giving a re- 
sponse time to the shock of less than 0.5 ~s. This ted%nique was not suc- 
cessful for the extremely weak fully dispersed shocks and at pressures be- 
low 80 mm Hg for shocks of moderate strength. A trigger system dependent 
on the absorptive properties of NO 2 WaS developed for these situations. In 
this configuration, a 4350 ~ filter is plaoed in the light beam, and the 
beam is focused directly on the fiber optic light guide. Since NO 2 strongly 
absorbs light at this wave length, the increase in density of NO 2 through 
the shock causes a sharp decrease in signal. This method of triggering was 
successful for all shock strengths and pressures used. The signal from the 
first trigger station was used to start the type 5233L Hewlett Packard 
Electronic Counter and to trigger the delay unit in the oscilloscope. The 
other station 1 meter downstream stopped the counter giving the shock speed. 
The absorption station as shcwn in Figure I. i eonsists of a narrow parallel 
monochrcmatic beam of light passing through the shock tube at right angles 
to the direction of fluid flow and in~inging on a ~~tiplier tube. The 
light source used was a PEK high pressure mercury arc l~mp type 107 with a 
storage battery power supply to insure a steady DC light signal. The light 
was collimated by a series of sl/ts to produce a parallel beam. The light 
was then passed through a Bausch and Lomb 4350 ~ absorption filter with a 
half width of 50 ~. After passage through the tube, the light entered a 
RCA IP21 photomltiplier tube powered by a Hanmer high voltage power supply 
type N401. An emitter-follc~er was used to increase the electronic response 
time and the resulting signal was recorded on a Tektronix type 647A oscil- 
loscope with a built in delay unit, and a Polaroid camera attachment. 

A high speed chopper wheel may be placed in the light path and it 
is used for calibration purposes prior to a run. The chopper is run by an 
air driven drill turbine and it is capable of chopping at a rate of 20 Khz. 
Besides being used to measure the incident DC light signal, the chopper is 
used in c~njunction with meas~ts to measure either the electronic re- : 
sponse t/me or the slit width. Since the measured rise time is a ccmbination 
of electronic response and the t/me necessary for the chopper blade to pass 
through the light beam, by measuring the rise time of the signal for a known 
chopping rate the electronic rise time was computed for a known slit width. 
The electronic rise ~ was of the order of 0.5 us which was sufficiently 
fast compared to the chemical processes studied. Calibrated neutral density 
filters may also be placed in the light path to measure the linearity of the 
photcmultiplier, and to control the light input. 

The mixing system, as shown in Figure I. 1 ccmsists of a tank of 
volute 34.4 liters, a circulating p~r~, and a system of valves to admit 
gases to the tank, connect vacu~n pu~ps to the tank, and allow the gas mix- 
ture in the tanks to flow into the shock tube. Due to the poisonous and 
corrosive nature of the gases used, the ccmlscments of the mixing station 
were constructed of stainless steel and teflon, and it was placed in a walk- 
in type fume hood. The temperature in the tank was measured with a copper- 
oonstantan th~uple, and the pressure was measured roughly with a bourdon 
type gage and n~re accurately with a differentia/ stainless steel diaphragm 
strain gage pressure transducer (Dynisco model DPT 85-2). The transducer 
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acts as a null gage in which the pressure in the tanks was balanced by a 
manostat and the pressure was read cn a Wallace and Tiernan type FA 187 
mercury manometer or on a Wallace and Tiernan pressure gage model FA 145 to 
an accuracy of 0.i tort. This technique was necessary since the reacting 
gas attacks mercury. 

In practice, the mixing tank was evacuated to less than 1 torr and 
flushed with the inert gas to be used in the mixture. The procedure was 
repeated twice. The tank was then filled to a pressure of about I00 tort 
with the inert gas. The N204 - NO 2 was then admitted to achieve the de- 
sired mole fraction. Inert gas was then added to a pressure of 2280 tort. 
At each stage the pressure and temperature were recorded after the system 
had been allowed to reach equilibriun. The gas mixture was continually cir- 
culated through the tank and connecting tubing by means of a Ran4blf pu~p. 
This ensured that the mixture was hcmogeneous. The gases used were supplied 
by the Mathescn Co. Prepurified nitrogen with a minimum purity of 99.997% 
by weight and high purity argon of purity 99.995% were used. As a check, 
research grade argon with a maxim~n impurity of 1 ppm was used. The 
N204 - NO 2 had a mizdmum purity of 95.5% with the following impurities: 
water 0.1% max., nitrosyl chloride 0.08% max., nonvolitile (ash) 0.01% max. 
Additional water vapor was removed by passing the nitrogen dioxide gas 
through a silica gel drier. To check the purity of the N204 - NO2, a series 
of experiments were performed in which oxygen was allowed to circulate for 
eight hours through the liquid N204 in order to oxydize inpurities. This 
procedure did not affect the properties of the gas. 

The procedure followed in running the shock tube with a reacting 
gas mixture was as follows: An N204 - NO 2 inert gas mixture was prepared 
as previously discussed. A diaphragm of cellophane or Mylar was placed be- 
tween the driver and driven sections and the tube was clamped together. 
Either one or two sheets of diaphragm were used depending upon the pressure 
ratio. The diaphragm was near its bursting pressure when it ruptured. The 
shock tube was then evacuated to less than 0.5 torr and was flushed with the 
inert gas and ~ down again. The reactant gas ~ was next admitted 
to the tube and its pressure and temperature ware measured with the differ- 
ential pressure transducer and the copper-constantan ~ p l e .  The 
driver section was evacuated and the driver gas, argon, nitrogen, or helium 
was brought up to the required pressure. For very weak shocks, a diaphragm 
with a bursting pressure of only 250 torr was used. Therefore, care was 
taken so that this pressure difference was not exceeded when the sections of 
the tube were being evacuated and filled. The chopper wheel was inserted in 
the light path and the incident light intensity was calibrated. The chopper 
wheel was removed from the light path and the shock was initiated by re- 
leasing the firing pin. After an experiment, the reactant gas was flushed 
cut of the tube through the f~e hood. This was done by filling the tube 
to 2280 tcrr with nitrogen and venting it through the hood. This procedure 
was repeated three times. The tube was then evacuated twice before it was 
opened to the air. After every few runs a rag soaked in acetone was pulled 
through the tube to clean it, then a chamois cloth was pulled through to re- 
move any remaining dust or lint. 
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APPENDIX II 
TABULATED VALUES OF THE CALCULATED CONDITIONS 

ACROSS TH E SHOCK WAVE 

Tables II.l and II.2 give tb~ calculated conditicms of the flow 
variables after the vx=mal shock jump (state 2), after the first reacticm 
of Equation (i) has reached equilibriua (state 3), and at the final equili- 
brium state (state 4). Table II. 1 refers to the experimsnts of Figure 5, 
and Table II.2 refers to Figure 6- 

The initial conditions at state 1 refer to the measured values of 
Pl , TI , and U 1 from which ~i , 81 , and [NO2] 1 are calculated. 

In Table II. 2, t~D values are given for conditicms after the first 
reaction has reached equilibrium. The first condition was calculated 
holding B frozen. The second uc~diticm is the value at state 3 with B 
at its actual value. 

55 



t~ 
0% 

Exp 506 M s 

8 

P Torr 

T °K 

U m/sec 

[NO2] moles/liter 

Exp 505 M 

8 

P Torr 

T "K 

U m/see 

[NO 2 ] moles/liter 

TABLEII-1 

Initial Conditions 
State i 

After Normal Shock 
State 2 

= 0.921 X = 0.0793 
O 

0.4735 

0.68 x 10 -4 

200.0 

280.6 

272.2 

0.827 x 10 -3 

-- 0.961 X = 0.0793 
O 

0.4735 

0.68 x 10 -4 

200.0 

280.6 

283.8 

0.827 x 10 -3 

Final Equilibrium 
State 4 

0.5231 

0.9x10 -4 

230.6 

285.7 

241.3 

0.103 x 10 -2 

0. 5551 

0. ii x 10 -3 

252.0 

289.0 

233.4 

0.118 x 10 -2 

m 
O 
? 
-4 

& 
? 
t*3 

W 

Exp 504 M = 0.989 
S 

X = 0.0793 
O 

0.4735 0.5774 



TABLE I1-1 Continued 

Initial Conditions 
State 1 

After Normal Shock 
State 2 

Final ~quilibrium 
State 4 

8 

PTorr 

T °K 

U m/sec 

[NO 2 ] moles/liter 

0.68 x 10 -4 

200.0 

280.6 

292.1 

0.827 x 10 -3 

0.13 x 10 -3 

267.8 

291.3 

228.4 

0.129 x 10 -2 

Ib~ 503 

8 

P Torr 

T °K 

U m/sec 

[NO2] moles/liter 

M = 1.02 
S 

Xo= 0.0793 

0.4735 

0.68 x 10 -4 

200.0 

280.6 

299.9 

0.827 x 10 -3 

0.4735 

0.68 x 10 -4 

209.2 

285.3 

291.4 

0.851 x 10 -3 

0. 5980 

0.i4 x 10 -3 

282.8 

293.4 

223.9 

0.140 x 10 -2 

Exp 5OO 

B 

PTorr 

T °K 

M s = 1.09 X = 0.0793 
O 

0.4735 

0.68 x i0 -'~ 

200.0 

280.6 

0.4735 

0.68 x 10 -4 

247.3 

303.5 

0.6559 

0.20 x 10 -3 

327.9 

299.6 

m 

O 

u) 



U m/sec 

[NO 2 ] moles/liter 

TABLE I1-1 

Initial Conditions 
State 1 

321.8 

0.827 x 10 -3 

Continued 

After Normal Shock 
State 2 

281.3 

0.946 x 10 -3 

Final Equilibrium 
State 4 

212.5 

0.173 x 10 -2 

> 
m 
O 
9 

& 

Exp 498 M =i.i0 
S 

X = 0.0794 
o 

t~ 
Oo P Torr 

T OK 

U m/see 

[NO 2 ] moles/liter 

0. 4790 

0.68 x i0 -% 

200.0 

281.0 

326.5 

0.837 x 10 -3 

0.4790 

0.68 X I0 -~ 

255.2 

307.5 

279.9 

0.976 x 10 -3 

0.6730 

0.22 x 10 -3 

337.3 

301.3 

210.6 

0.1821 x 10 -2 

Exp 497 M =1.12 
S 

X = 0.0794 
O 

8 

PTorr 

T OK 

U m/sec 

[NO2] moles/liter 

0. 4790 

0.68 x 10 -4 

20000 

281.0 

331.6 

0.837 x 10 -3 

0.4790 

0.68 x 10 -4 

264.8 

311.7 

278.0 

0.998 x 10 -3 

0.6860 

0.24 x 10-3 

348.3 

302.8 

208.5 

0.191 x 10 -2 



TABLE I1-1 Concluded 

Initial Conditions 
State 1 

After Normal Shock 
State 2 

Final Equilibrium 
State 4 

Exp 494 M =1.19 
S 

X = 0.0794 
O 

~D 

8 

PTorr 

T °K 

U nVsec 

[NO 2 ] moles/liter 

0.4790 

0.68 x 10 -~ 

200.2 

281.0 

348.3 

0.837 x 10 -3 

0.4790 

0.68 x i0 -~ 

296.1 

325.4 

272.2 

0.107 x 10 -2 

0.7288 

0.31 x 10 -3 

385.2 

307.7 

201.9 

0.220 x 10 -2 

EKp 496 M = 1.21 
S 

X = 0.0794 
O 

8 

PTorr 

T °K 

U m/sec 

[NO 2 ] n~les/liter 

0.4790 

0.68 x 10 -4 

200.2 

281.0 

356.1 

0.837 x l0 -3 

0.4790 

0.68 x 10 -4 

311.5 

331.8 

270.0 

0.ii0 x l0 -2 

0.7487 

0.35 x 10 -3 

403.3 

310.2 

199.0 

0.234 x 10 -2 

m 

9 

& 



Exp 577 

TABLE 11-2 

Initial Conditions 
State 1 

After Normal Shock 
State 2 

M = 3.55 
S 

X = 0.0812 
O 

After Alpha Relaxation 
Beta Frozen State 3 

Final Equilibrium 
State 4 

m 
[2 

;:0 
& 
,,p 

{D 

O% 
O 

G 

8 

P Torr 

T °K 

U m/sec 

[NO2] moles/liter 

Exp 581 M 
S 

0.8448 

0.32 x 10 -3 

60.30 

294.7 

1104 

0.421 x 10 -3 

= 3.91 X 
O 

0.8448 1.000 1.000 1.000 

0.32 x 10 -3 0.32 x 10 -3 0.162 0.962 

945.0 945.0 986.0 1035 

1322 1305 1276 994.6 

316.1 315.8 302.4 235.6 

0.147 x 10 -2 0.174 x 10 -2 0.154 x 10 -2 0.881 x i0 -4 

= 0.0812 

0.8589 

8 0.35 x 10 -3 

P Torr 57.00 

T "K 295.6 

U m/sec 1218 

[NO 2 ] moles/liter 0.403 x 10 -3 

575 = 4.07 x 

0.8589 1.000 1.000 1.000 

0.35 x 10 -3 0.35 x 10 -3 0.141 0.989 

1088 1087 1104 1164 

1546 1533 1476 1225 

333.5 334.9 321.0 268.3 

0.147 x 10 -2 0.171 x 10 -2 0.153 x 10 -2 0.241 X 10 -4 

= 0.0812 

0.8646 0.8646 1.000 1.000 1.000 



TABLE 11-2 Continued 

Initial Conditions 
State 1 

After Normal Shock 
State 2 

After Alpha _Relaxation 
Beta Frozen State 3 

Final Equilibrium 
State 4 

8 

PTorr 

T °K 

u m/sec 

[NO 2 ] moles/liter 

0.35 x 10 -3 

49.00 

294.6 

1269 

0.356 x 10 -3 

0.35 x 10 -3 0.35 x 10 -3 0.126 ~.993 

1040 1038 1076 1102 

1650 1639 1588 1336 

341.1 343.1 332.4 283.0 

0.132 x 10 -2 0.152 x 10 -2 0.139 x 10 -2 0.128 x 10 -4 

Exp 566 M = 4.23 
S 

X = 0.0799 
O 

0% 

8 

P Torr 

T °K 

U m/sec 

[NO2] moles/liter 

0.8846 

0.37 x 10 -3 

40.00 

294.2 

1318 

0.288 x 10 -3 

0.8846 1.000 1.000 1.000 

0.37 x 10 -3 0.37 x 10 -3 0.116 0.996 

898 896.3 1457 943.6 

1755 1748 1699 1454 

350.1 352.3 341.8 299.0 

0.108 x 10 -2 0.122 x 10 -2 0.111 x 10 -2 0.601 x 10 -5 

Exp 567 M 
S 

8 

P Torr 

T °K 

= 4.44 X 
O 

0. 8971 

0.40 x 10 -3 

35.00 

294.3 

= 0.0799 

0.8971 1.000 1.000 

0.40 x 10 -3 0.40 x 10 -3 0.i03 

869.5 867.4 875.0 

1906 1901 1855 

1.000 

0.997 

904.0 

1617 

> 
111 
O 
o 

:m 
& 



U m/sec 

[NO 2 ] moles/liter 

Initial CoD~litions 
State 1 

1385 

0.255 x 10 -3 

TABLE 11-2 Continued 

After Normal Shock 
State 2 

After AiDha Relaxation 
Beta Frozen State 3 

Final Equilibrium 
State 4 

361.0 363.7 354.6 318.8 

0.978 x 10 -3 0.108 x 10 -2 0.995 x 10 -3 0.315 x 10 -5 

> 
m 
O 
? 
-4 

Exp 587 M =4.03 
S 

X = 0.0431 
0 

(~ 

8 

P Torr 

T "K 

U m/sec 

[NO 2 ] moles/liter 

0.9163 

0.44 x 10 -3 

50.20 

294.6 

1274 

0.208 x 10 -3 

0.9163 1.000 1.000 1.000 

0.44 x 10 -3 0.44 x 10 -3 0.0841 0.997 

1020 1018 1024 1054 

1687 1683 1663 1516 

359.3 360.0 355.1 326.2 

0.736 x 10 -3 0.802 x 10 -3 0.745 x 10 -3 0.247 x 10 -5 

590 M =4.13 
S 

X = 0.0431 
O 

8 

PTorr 

T °K 

U m/sec 

[NO2] moles/liter 

0.9307 

0.48 X 10 -3 

40.30 

294.6 

1304 

0.169 x 10 -3 

0.9307 1.000 1.000 1.000 

0.48 X 10 -3 0.48 x 10 -3 0.0698 0.998 

856.1 856.2 860.0 883.5 

1753 1750.5 1734 1586 

365.0 365.7 361.7 334.3 

0.604 x 10 -3 0.648 x 10 -3 0.610 x 10 -3 0.148 x 10 -5 



TABLE 11-2 Concluded 

Initial Conditions 
State i 

After Normal Shock 
State 2 

After AiDha Relaxation 
Beta Frozen State_ 3 

Final Equilibrium 
State 4 

EXp 596 Ms= 4.31 X = 0.0431 
O 

0% 

PTorr 

T °K 

u m/sec 

[NO 2 ] moles/liter 

0.9435 

0.54 x 10 -3 

34.90 

295.7 

1364 

0.148 x 10 -3 

0.9435 1.000 1.000 1.000 

0.54 x 10 -3 0.54 x 10 -3 0.0570 0.999 

810.0 809.8 812.0 830.8 

1893 1891 1877 1731 

376.1 376.9 373.8 350.2 

0.536 x 10 -3 0.567 x 10 -3 0.540 x 10 -3 0.859 x 10 -5 

599 M =4.44 
S 

X = 0.0431 
O 

8 

PTorr 

T °K 

U m/sec 

[NO 2 ] moles/liter 

0.9522 

0.58 x 10 -3 

29.00 

295.7 

1406 

0.124 x 10 -3 

0.9522 1.000 1. 000 1.000 

0.58 x 10 -~ 0.58 x 10 -3 0.0483 0.999 

716.0 716.4 717.1 783.2 

1993 1991 1979 1802 

383.8 384.6 382.0 351.1 

0.454 x 10 -3 0.476 x 10 -3 0.456 x 10 -3 0.529 x 10 -6 

m 

o 
f) 

-m 
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