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SUMMARY 
A converging channel of area ratio 34 : 1 has been developed to 

produce strong shock waves in a tube. Shock waves of speeds 
M1=3-7*5 in oxygen and Ml=5-10 in nitrogen have now been 
studied with an interferometer, and values of the relaxation time 
T for the approach to vibrational equilibrium behind the shocks 
have been measured. The value of T (atmospheric) varies from 
5 4 p e c  at 800" K to 1.3 p e c  at 3000" I( for oxygen and from 19 psec 
at  3500" K to 5 psec at 5500" K for nitrogen. For oxygen, the graph 
of log7 against 2-1/3 is not quite the straight line predicted by the 
Landau-Teller theory. The density ratios across the shocks were 
measured and compared with values calculated by the Bethe-Teller 
method for variable specific heats. Agreement between the 
measured and calculated values is satisfactory. Experiments 
were also perfor,med on oxygen-nitrogen mixtures to determine 
the effect of nitrogen on the approach to equilibrium of the oxygen. 
It was found that 0, and N, collisions at approximately 2000" K are 
40% as effective in transferring energy to the oxygen as O2 and 0, 
collisions. A device that detects a shock with a time lag of less 
than 1 psec, consisting of an evaporated gold film yhich changes its 
resistance when heated by the shock, was also developed. 

INTRODUCTION 
The purpose of this investigation was to determine the state variables 

for a strong shock wave whose Mach number, Ml = .,/a1 (v ,  is the velocity 
of the incoming gas relative to the shock and a, is the velocity of sound 
in it), is so high that the approximation of constant specific heats is no 
longer applicable, and, where possible, to measure the relaxation times for 
the approach to equilibrium behind the shock." Particular effort was made 
to study oxygen and nitrogen in the range M,~3-10,  and the results are 
compared with certain theoretical work concerning relaxation effects, and 
also with the relatively scarce experimental data for 0, and N, that already 
exists. 

* A  fuller description of the work reported in this paper can be found in the 
author's doctoral dissertation, on file at the Princeton University library. 
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Owing to variation of the specific heats of oxygen and nitrogen for 
temperatures much above a few hundred degrees Kelvin, the Rankine- 
Hugoniot equations with constant specific heat ratio are not accurate for 
shock waves of Mach number 2 or greater. As the Mach number in- 
creases, this discrepancy also increases. For these stronger shock waves, 
the equilibrium static temperature behind the shock; T,  , is so high that the 
vibrational modes of a diatomic gas become excited, thus changing the 
specific heat of the gas. (This static temperature of the gas is a measure 
of the random molecular velocity, irrespective of the mass flow as a whole.) 
If the shock strength becomes great enough, and T,  high enough, dis- 
sociation of the molecules can take place, and, for still higher temperatures, 
even ionization may occur. In the present investigation, however, only 
vibration effects are studied since T ,  was low enough for bissociation and 
ionization effects to be negligible. A method of calculating the shock wave 
properties, taking into account this variation of speciEc heat With tempera- 
ture, has been developed by Bethe & Teller (1951). 

The process by which a sudden increase in energy is distributed a m h g  
the various degrees of freedom of a gas is very complex. Such a sudden 
increase in energy occurs when a shock wave passes through a gas. How- 
ever, if the gas is diatomic, the redistribution of energy is not instantaneous. 
The translational degrees of freedom arrive at a Maxwellian distribution in 
the space of a few collisions. It can also be shown that the energy of 
rotation approaches equilibrium with energy of translation very rapidly, 
again within several collisions. This state is not the final equilibrium 
state of the gas, since, for molecules having vibrational states, the time 
necessary for the energy of vibration to come into equilibrium at the final 
temperature is known, in some cases, to be many thousand times that 
required for translation and rotation. This time, which is characteristic 
of the process, may be represented by a relaxation time for vibration, T. 

Pierce (1925), udng the magnetostriction oscillator for determining 
sound velocities, was the first to measure sound dispersion. Herzfeld & 
Rice (1928) showed that dispersion could be explained by ascribing a time 
for readjustment of the vibrational energy which was long compared with 
the time for adjustment of translation and rotation. This led to the 
designation of translation and rotation as ' external ' degrees of freedom, 
and modes such as vibration or ionization, which take a relatively long time 
to adjust themselves to external conditions, as ' internal ' degrees of freedom. 
In the theory of sound dispersion the total specific heat C ,  may be thought 
of as being made up of two parts: 

c, = C,' + c,,, 
where C,' is the specific heat due to the external degrees of freedom, and 
C,, is the specific heat in Gibration. Since the energy in the vibrations 
responds slowly to external changes, C,, depends on the frequency of the 
sound. Thus, for very low frequencies, Cvib can follow the effects of the 



Vibrational relaxation in oxygen and nitrogen 63 

compressions, but, for much higher frequencies, the time between com- 
pressions and rarefractions can become short compared with the adjust- 
ment time for vibration, and the effective specific heat of the gas does not 
include Cfib. This means that the effective value of y for the gas increases, 
which in turn means that the velocity of sound also increases. 
At intermediate frequencies, the energy in vibrafion partially follows the 
changes in pressure but is out of phase with it. This causes the sound 
absorption to pass through a maximum. Thus, measurements of sound 
absorption as a function of frequency enable vibrational relaxation times to 
be determined. 

A second method for measuring relaxation times was suggested by 
Kantrowitz (1942). In this method one allows a jet of gas to expand 
through a nozzle in a time which is long compared with the relaxation time, 
so that the full C ,  of the gas is active. If this jet is then stopped at the head 
of a pitot tube in a time which is short compared with the' relaxation time, 
only the specific heat of the external degrees of freedom is important. Then 
the difference between the tank pressure before the expansion and the stag- 
nation pressure measured by the pitot tube is a measure of the energy lag in 
the gas. When the jet is stopped in a time of the order of T ,  the relaxation 
time for this lag can be determined from the dimensions of the tube and the 
streamlines of the flow. Kantrowitz & Huber (1947) and Griffith (1950) 
have used this technique to determine the relaxation times for a number of 
gases, and the method seems well established. 

A third method for determining relaxation times, which makes use of a 
shock tube and interferometer, was suggested in 1950 by Griffith. 
Measurements of T for CO,, N,O, and methane have been made by this 
method at Princeton by Griffith, Brick1 & Blackman (1956), and measure- 
ments on CO, and C1, have been made by Smiley, Winkler & Slawsky (1954). 
The big advantage of this method over the two previous methods is that, by 
using various shock strengths, the value of T for widely different tempera- 
tures can be determined. This serves to give a convenient check on a 
theory by Landau & Teller (1946) which predicts the dependence of T on 
the temperature. 

The method is well described by Herzfeld (1953). 

THEORY 
The Rankine-Hugoniot equations are exact expressions only for perfect 

gases with constant specific heat. Since the specific heat changes with 
temperature, it is clear that these equations are not accurate for strong 
shock waves. For argon, Resler, Lin & Kantrowitz (1950) have shown 
that this change in  specific heat is slight up to M, = 9 ; however, above MI = 9 
in argon, where temperatures greater than 8000" K are produced, ionization 
begins to occur and the specific heat may no longer be treated as a constant. 

For diatomic gases such as oxygen or nitrogen the dependence of C ,  on 
temperature is of importance at about 500" K, and for carbon dioxide this 
variation of C ,  is of considerable significance even at room temperature. 
The translational and rotational modes of 0, and N, are fully excited to the 
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classical value of R / 2  per degree of freedom per mole at room temperature, 
while vibration and especially dissociation and ionization are excited to 
such a small extent that the energy in these modes may be neglected. As 
the temperature of the gas increases, these internal degrees of freedom can 
become excited, with the vibrational mode being the first excited since it 
has the lowest energy. For diatomic gases the energy in vibration, Evib, 
is given by  

where 0 = hv/k is the characteristic temperature for vibration. For nitrogen 
8 = 3336" K, while for oxygen 9 =  2228" K. For oxygen C ,  increases, due to 
vibrations, by 1-27R for an increase of temperature from 300" to 3000" I(, 
while for the same increase of temperature in nitrogen 6, increases by 
0.95R. In  oxygen about 6% of the molecules are dissociated at 3500"K, 
and in nitrogen only about 17; are dissociated at 5000" K (according to Bathe 
& Teller 1951). Here, only the energy in vibration will be considered, 
since the change in C ,  due to dissociation, even though appreciable at the 
strongest shocks obtained, is characterized by such a long relaxation time 
that these effects did not show up in the region behind the shock that could 
he observed. 

In  the Bethe-Teller method for calculating the shock parameters for 
the case of variable specific heat, one considers a one-dimensional shock 
wave moving through a gas. Then the conservation equations may be 
written : 

mass, p,v,= P2Uz ; (3)  
momentum, P, + p,v'ff=Pz + P A  ; (4) 

energy, E1+plip1+vf/2= E2+p2/p2+v;/2.  (5) 
For most gases at ordinary densities the perfect gas law applies : 

p / p  = RT. 

These four equations uniquely determine the equilibrium values of the 
shock wave parameters, independently of the manner in which the equili- 
brium is attained. 

From these equations, one is able to calculate the density, temperature, 
and pressure ratios as functions of M,  for any strength of shock, provided 
the dependence of C, on temperature is known. In  order to facilitate 
thzse calculations, Bethe & Teller define a new quantity: 

where E(T) is the total energy content per unit mass. 
it can be shown that ,B is a function of temperature only. 
equation can be rewritten in terms of ,B: 

If equilibrium exists., 
The energy 

&RT, + vfi'2 = P2RT2 + e@. 
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The density ratio The solution of these equations can now be obtained. 
across the shock is given by 

p2/pl=b+ \'ba+ Tl /T , ,  (9) 

b=&- 1/2-(&- 1/2)TJT,. (10) 

(1 1) 

where 

The Mach number is given by 

in which y1 is the ratio of the specific heats at the temperature Tl. For the 
calculations on oxygen and nitrogen, values for /3 were taken from the 
reports on these gases by Woolley (1953 a, b). I t  should be remembered 
that p, and T2 refer to the final equilibrium values behind the shock wave. 
According to this viewpoint, the shock thickness includes the region that is 
necessary for vibrational equilibrium to be reached. - This transition 
region may be very broad and depends on the pressure and temperature 
behind the shock. 

Since the density and the speed of the shock are the two quantities that 
are measured directly by experiment, they are of the most importance as far 
as comparing theory with experiment is concerned. The pressure ratio 
across the shock may be obtained from the equation 

M,2= 2(PzT, - 81T,)/Y1T1[1- (Pl/P2)$1! 

PdP, =P2T2IP1Tv (12) 
Figure 1 shows the pressure, density, and temperature ratios across a 
shock of speed MI in oxygen, as calculated by the method outlined above. 
The  same quantities, as found by the Rankine-Hugoniot relations with 
constant specific heat ratio, are plotted for comparison. Table 1 gives 
numerical values for the quantities used in the calculation, while table '2 
gives the same quantities for N,. 

In  figure 1, the curves for constant specific heat are labelled as pa/pI, 
etc. State a here represents the region immediately behind the shock 
which is characterized by equilibrium between translation and rotation 
but no change in the vibrational energy. For any gas, the variables at state 
a can be calculated from the Rankine-Hugoniot equations if the contri- 
bution of the vibrational energy to C, is omitted. For oxygen and nitro- 
gen, the Rankine-Hugoniot equations with y = 1.40 can be used to calculate 
variables in state a, since the amount of vibrational energy at room tempera- 
ture is negligible. 

The transition between state a and the final equilibrium is characterized 
by a changing energy of vibration, Evib, for which Landau & Teller have 
derived the relaxation equation from general quantum considerations. 
They assume that the molecules are free to vibrate in any quantum level, 
but that changes in energy occur for n =  zt 1 only. If k,, and ko, are the 
probabilities of de-excitation and excitation per unit time respectively, 
between the ground and first excited states, then 

kol = K, exp( - hv/k T )  (13) 
F.M. E 
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from the principle of detailed balancing. 
states, 

Likewise, for other q u a n ~ r n  

and 
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Figure 1. Density, pressure, and temperature ratios for shock waves in oxygen. 
The ratios with subscript a were calculated assuming constant Cp, while 
those with a subscript 2 are calculated by the Bethe-Teller method for variable 
CP . 
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3.041 1800 4.034 

2000 4.082 3.138 2315 
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2555 

2810 2400 
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Table 1, Shock parameters for oxygen. Values of @ were taken from the report 
by Woolley (1953 b). 

Then, if y n  is the number of molecules in nth quantum state, 

(16) 95- dt -kn- 1,n Y n - l - k n , n - l  Y n  +',+I,, Y n + l - k n , n + l Y n .  

as at = h l 0 { 1  - exp( - ~ ~ / R T ) ) ( E ~ ~ ~ ( T )  - &b), 

By multiplying equation (16) by nhv, and summing over n, one can 
obtain the expression for the rate of change of Evib with time: 

( 1 7 )  

where Evib ( T )  is the energy in vibration when the gas is in equilibrium with 
the external temperature T. If the external temperature does not change 
much during the process, the solution of equation (17) is given by 

with 
Evib - Evib( T )  = c eXp( - t / T )  (18) 

(19) 
1 - = klo{  1 - exp( - h v / k T ) ) .  
7 

E 2  
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For shock speeds of Ml=7.5 in oxygen and Ml=10 in nitrogen, 
the assumption that T remains constant in the above integration may be in 
error by as much as 20%. 
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Table 2. Shock parameters for nitrogen. Values of ,3 were taken from the report 
by Woolley (1953 a). 

Since the measurements that are carried out are actually on the density 
field Eehind the shock, it is necessary to find an expression connecting the 
change of density with the relaxation time. 

If one assumes the transition region to be at a constant pressure, then 
the following relation between state a and the final state holds: 

For linear diatomic molecules, C,' = 7R/2, and this may be considered as 
constant in the transition region, since translation and rotation are already 
fully excited. Equation (20) may then be integrated to give 

so that 

dEvi, = Cvib dTvib = - C,'dT. (20) 

Eab- CebT2 = - C,'T f C,' Tz , 
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Equations (17), (20), and (21) can then be combined and integrated to give 
T -  T, -- - exp( - C,  t/C,’,). 

T a -  T2 

From the perfect gas law, and the assumption that the pressure remains 
constant, this may be converted into an expression for the density change : 

II P a  

- -  - p2 - exp( - C ,  t /Cpl~)  1 + pa exp( - C ,  t/C;i)]-’. (23) 
P a - P 2  P a  

The term ‘9 exp( - C ,  t/C,’i) in equation (23) is about 0.1, or less, for 
Pa 

most of the experimental work reported here, so that to a first approximation, 
the whole term in square brackets may be set equal to 1. Therefore, not 
only the temperature, but also the density, approaches the final equilibrium 
value in an exponential manner. 

The relaxation region is characterized by Tvib increasing from TI to 
T,, and T,A decreasing to T2. The energy in vibration Evib also increases 
rapidly with time. The density and pressure both increase to the final 
equilibrium value with the same time constant as temperature. The 
change in pressure from state a to the final value, as shown by figure 1, is 
quite small and may be neglected in many calculations. However, the 
relatively large change in temperature and density is evident in the figures. 
It is this large change in density that makes the interferometer particularly 
suited to these measurements. 

Landau & Teller have also developed a theory that helps to give a 
better understanding of the relatively slow exchange by collisions of vibra- 
tional energy in comparison with rotational energy. According to their 
work, the effectiveness of a given collision in exciting or de-exciting a 
periodic degree of freedom depends on the degree to which the collision 
can be considered as adiabatic. In this sense, a collision is assumed to be 
strictly adiabatic if the degree of freedom under consideration undergoes 
an infinite number of cycles during the time of contact. In  such a case, 
there is zero probability that the mode will change its state during the 
coIlision. However, if the collision is not adiabatic, that is, if there is only 
a finite number of oscillations during the perturbing effect of the collision, 
then energy may be transferred from the translation to the degree of free- 
dom being considered. To express this fact mathematically, they use the 
ratio 

where T, is the duration of the collision, and To the natural period of the 
degree of freedom. If x is of the order of unity or less, then only a few 
collisions are necessary to bring the degree of freedom inio equilibrium, 
while if x is much larger than unity, many collisions will be needed for 
equilibrium. In their report, Bethe & Teller show that x 6 1 for rotation, 
and therefore the rotational energy of a gas should come into equilibrium 
with the translatonal energy in just a few collisions. Experiments on 
the thickness of shocks in gases have shown this to be the case. 

x = TcITo, (24) 
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For a gas that has vibrational levels, this equilibrium between trans- 
lation and rotation is not the final equilibrium state, since the vibrational 
energy will also change. When one considers vibration, T, in equation 
(24) may be written 

T, + r/iG', (25 1 
where r is the range of strong molecular interaction, and V' is the relative 
velocity of the two colliding molecules. In equation (24), T, is simply 
the reciprocal of 277 times the frequency of vibration, so that 

For nitrogen at room temperatures this ratio is about 15. Since this is 
much larger than unity, it will take many hundreds of thousands of collisions 
to excite the vibrational states of nitrogen. 

When x $1, as is the case for vibration, Landau & Teller show that P,,, 
the probability per collision of de-exciting a molecule in the first excited 
state, is given by 

PIC = c exp( - x), (27) 

where C is a factor which depends on the geometry of the collision and is 
arbitrarily set equal to 1/10. 

It may be noted from equations (26) and (27) that, as the temperature 
increases (V' increases), the probability of de-excitation per collision in- 
creases, which in turn shortens the relaxation time. 

Now equation (27) must be generalized to include all of the molecules 
in the gas by averaging over the Maxwell velocity distribution. When 
this is done, it can be shown that one arrives at the following expression : 

Kl and K2 are constants which depend on collision cross-sections and which 
cannot be accurately determined. Now P,, is related to k,, by the equation 

PI,= K1T-1'3exp(-K,/T1'3), (28) 

NP1o = 9 (29) 
where N is the number of collisions per unit time. Therefore, 

or since 
N a PT-,~~,  

7 = K;T1l6 e~p(K,/Tl/~)/p{l-  exp( - hv/kT). (31) 
For relatively low temperatures (< 1000" K) equation (31) shows that 

log7 cc T-43, and this affords a convenient method of checking the theory. 
However, as the temperature rises, the factor { 1 - exp( - hv/kT)) can 
become important and must be taken into account in trying to compare 
.experiment with theory if the accuracy of the experiments warrants it. 
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In recent years Schwartz & Herzfeld (1954) have elaborated on this 
theory, and have arrived at an equation which allows numerical compu- 
tation of PI,,. They give the result 

where E and E' are related to molecular constants. 

EXPERIMENTAL EQUIPMENT 

In the course of normal operation, with helium at three atmospheres 
pressure in the high pressure chamber, and air at about 8mm Hg pressure 
in the channel, experiments in the shock tube have been limited to Ml = 4 
in air. Experiments on vibrational relaxation times in CO,, methane, and 
especially N,O have been very successful with the present arrangement 
for two reasons. First, at the temperatures obtained behind shocks of 
this strength, there is sufficient vibrational excitation in these gases to 
cause a significant change in density from region a to the final equilibrium 
state in region 2. Second, the relaxation time is of such a value that the 
actual physical extension of the relaxing region behind the shock can be 
easily photographed' and measured. 

Measurements with the Mach-Zehnder interferometer on shock waves 
in nitrogen showed that the density ratio across the shock corresponded to 
p , / p l  instead of p2/p1. Hence, the vibrational adjustment has not taken 
place within the region of flow behind the shock that can be studied by this 
means. This was to be expected since it has been known for some time 
that relaxation times for diatomic gases are considerably longer than for 
polyatomic ones. An estimate of the lower limit of T for nitrogen showed 
that 7 >200 psec at 900" K for atmospheric pressure behind the shock. 
Since the relaxation time decreases as the temperature or pressure increases 
(according to equation (3 l)), it was necessary to devise a method of obtaining 
st,ronger shock waves. It was not practical to do this by simply reducing 
the pressure at the downstream end below 8 mm Hg, since the interfero- 
meter would have become increasingly insensitive. 

After considering several possible methods for obtaining stronger 
shocks, it was decided to construct a converging channel which could be 
mounted inside the present tube. This plan permitted use of the inter- 
ferometer, together with the associated optical equipment and many of the 
existing electronic triggering circuits and devices. The incident shock, of 
speeds up to M,=4, was formed in the channel of the tube and allowed to 
converge through an area ratio of 34 : 1 to a channel of constant area. 

The interferograms of the shock were taken after the wave had travelled 
about 20 inches along this final straight channel. Thus, if one assumes 
that the shock strength is constant in the straight section, then, for a density 
ratio of 6 across the shock, there should be over 3 inches of uniform flow 
behind the shock by the time it reaches the centre of the window. In 
practice, it was noticed that, as p ,  increased, irregularities in the flow 
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became more evident in the photographs. This is due to the increase in 
sensitivity of the interferometer as the density increases. However, in: 
general, there were at least two inches of uniform flow behind the shock, 
and this distance was more than sufficient to measure relaxation times. 
The increase in shock strength was very considerable, and, for a wide range 
of initial pressure ratios across the diaphragm, the Mach number .of the 
shock was almost doubled upon convergence. With helium as the driver 
gas, the upper limit for work in oxygen, nitrogn, and air was M,=7.5. 
For some of the work, hydrogen was used in the high pressure end in order 
to obtain shock strengths up to M I =  10 in nitrogen. At these shock 
strengths, relaxation effects were evident in both oxygen and nitrogen. 

In  order to check the Bethe-Teller method of calculation, two inde- 
pendent shock parameters had to be determined for each shock wave. The 
first of these measurements was the velocity of the shock, since from this 
velocity, and the speed of sound ahead of the shock, the Mach number can 
be determined. In  order to measure the shock velocity, the time of passage 
of the shock past two points had to be determined. The detecting device 
that was used consists of a very narrow strip of evaporated gold whose 
resistance changed when it was heated up by the passage of a shock." 
These gold films were of the order of 100 to 300 atoms thick, l j2 mm wide, 
and 7 mm long. The resistance of the films was between 15 and 20 ohms, 
although films of widely varying resistance could be made to work. I n  
use, a 22 volt battery and 2000ohm resistance were set up in series with a 
film, then, when a shock passed over the film, a small change in voltage 
occurred across it. The rise time of this voltage pulse is determined only 
by the transit time of the shock across a film. As a test of this, a shock was 
allowed to travel lengthwise along a film one inch long, and the signal was 
put on an oscilloscope (see plate 2). The velocity of the shock, determined 
from the transit time of the shock along the film and the length of the film, 
agreed with the velocity measured by other means to within 1%. T h e  
narrow gold films that mere used in the channel were oriented perpendicular 
to the motion of the shock, and the signal rise time was about 0.5 p e c  or less. 

The gold films were made by evaporating a thin layer of gold directly on 
to sound recorder mending tape. This tape was chosen because it is the 
thinnest of the commercial adhesive tapes, with a thickness of about 2 mils. 
Strips of this tape could then be cut to the proper width and pressed in place 
gently, without harming the gold surface. The thickness of the films was 
estimated by weighing the filament both before and after the gold was 
evaporated and measuring the distance from the surface to the gold. From 
this information and the assumption that every atom of gold that strikes 
the surface sticks to it, a simple calculation gives the thickness of the film. 
It was found that the gold strips were extremely durable, showing no 
measurable change in resistance from shot to shot, and would last for dozens 
of shots if they were not scratched by a piece of the diaphragm. These 
strips of tape with the evaporated gold on the surface were stuck fast to 

* The development of this technique was aided by information from R. J. Emrich, 
of Lehigh University, concerning a heat flux meter made of thin gold foil. 



Vibrational relaxation in oxygen and nitrogen 73 

lucite plugs mounted flush with the surface of the upper wedge, as shown 
in plate 1. Contact from the film to the lead through screws was made by 
painting DuPont silver paint over the ends of the strip and the screw. 
This arrangement proved very satisfactory and enabled a broken film to be 
replaced with a minimum loss of time. 

Provisions were made so that five of these thin films could be mounted 
along the upper wedge, aIthough in most cases only two films were used. 
These were mounted five inches apart and situated so that ul was measured 
just before the photograph of the shock was taken. 

The voltage output from the thin films amounted to 10mv or more for 
the shock strengths used. This was more than 100 times the noise level of 
the apparatus. A typical oscilloscope trace of a thin film pulse is shown in 
plate 2. Since the signals were flat topped, they were differentiated before 
entering the chronograph. The timing traces on which the signals appeared 
had 5 psec markers and the time of transit of the shock between the 2 films 
could be read to 0-2psec, giving an error in the time measurement of about 
& 0.40/;, for Ml = 7 .  The distance between the films was measured to 
within +0.2%, so that the error in the Mach number determined in this 
manner is about +_ 0.6% at Ml = 7. As the Mach number decreases this 
error decreases, since the time measurement becomes increasingly accurate. 
For many shocks two separate measurements of the shock velocity were 
made, and these two measurements usually agreed very well. 

The second measurement that was taken on each shock was the measure- 
ment of the density of the flow, which was made photographically with the 
use of the Mach-Zehnder interferometer. The illumination for the inter- 
ferograms was obtained from a barium titanate spark with an effective 
duration of less than 0.3 psec, which was sufficiently short to stop the motion 
of the shock. When charged to 10,000 volts, the illumination was intense 
enough for all purposes. The electrodes were made from stainless steel 
rods which were cleaned from time to time in order to keep the sparking 
reliable. The time at which the spark fired could be varied by an adjust- 
able delay, the delay being triggered by the signal from one of the thin films. 

From the interferograms the density in the region behind the shock 
can be determined from the fringe shift in the given region, as described 
by Bleakner, Weimer & Fletcher (1949). If 6 is the shift of a fringe from 
its position at a given point in the field, andp, is the pressure ahead of the 
shock, then the density p at this point is given by 

P W - = 1 + - 6 ,  
P1 Pl (33) 

where W is a constant depending on the gas. The value of W can be 
either determined experimentally, by counting the fringe shift 6 past a 
given point as the pressure in the shock tube is slowly changed and using 

the expression W= *A, or calculated from the equation 
6 

TPk W =  
T, l(n, - 1) ' (34) 



74 Vernon Blackman 

where I is the width of the tube, ?Z,,T,~, and p ,  are the index of refraction, 
temperature, and pressure of the gas at S.T.P., and X is the wavelengthof 
light used. Values of W obtained by these two methods differ by less than 
0.5 %. 

EXPERIMENTAL RESULTS 

Shock waves in argon, oxygen, nitrogen, and oxygen-nitrogen mixtures 
have been studied by the methods just described. Typical interferograms 
of shock waves in these gases, and the flow behind the shocks are shown in 
plates 3, 4, and 5. From these pictures and the simultaneous measure- 
ment of q, a check on the Bethe-Teller method of calculation has been 
carried out, and the vibrational relaxation times have been measured. The 
density ratios pa/pl and p2/p1 were determined from the pictures and the use 
of equation (33) where 6, is the fringe shift from in front of the shock to 
region a and 6 ,  is the fringe shift to the equilibrium region. The fractional 
fringe shift can be measured, reproduceable to i 0.04 fringes, by the use of 
an optical comparator. However, the determination of 6, and 6, are not 
always this accurate. The value of 6 ,  depends on the point at which the 
fringe meets the shock. This measurement is greatly affected by the 

--- 

Figure 2. A schematic diagram of the offset prism technique which shows how the 
The interferometer has been light is sent diagonally through the shock. 

omitted. 

apparent width of the shock in the ipterferogram (due to the spark duration 
and any slight angle the shock may have with the optical axis) and also by 
the rapid change of fringe position immediately behind the shock for short 
relaxation times. Thus the value of S, may be in error by as much as 0.2 
fringes. The value of 6, for a gas showing relaxation may also be in error 
due to curvature of the undisturbed interferometer fringes. Since 6, must 
be measured 1 inch or more behind the shock in some cases, errors in 6, may 
be as high as 0.1 fringes. In general, errors in 6, increase as the relaxation 
time decreases, and errors in 6, increase as the relaxation time increases. 

In  order to identify the integral number of the fringe shift across the 
shock, a technique using small angle offset prisms was used to send light 
obliquely through the shock." A schematic diagram of the offset prism 
arrangement is shown in figure 2. This method of identifying the total 
fringe shift is a slight modification of a technique using an off-axis 

* The offset prisms were first used in this laboratory by D. R. White. 
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Vernon Blackman, Vibrational relaxation in oxygen and nitrogen, Plate 2. 

Plate 2. Typical voltage traces from the thin gold films. The sweep speed of the 
scope is 10 p sec,/cm. 
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Plate 4. Disturbed and undisturbed interferograms showing total fringe shift 
and relaxation in N2. 
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light source. Plate 4 shows an interferogram in which the shock can be 
seen in the channel and, at the same time, in the prism. I t  should be noted 
that a fringe can now be traced through the shock and the total fringe shift 
established. 

As a check on the validity of the method of measuring M* and pip,, 
measurements were first made on a number of shocks in argon up to MI = 8. 
Since there is no excitation of any internal degrees of freedom (y = constant) 
for these shock strengths, the values of p2/pI as a function of M ,  can be 
calculated from the Rankine-Hugoniot equations with essentially no error. 
The measured values of p2/p1 and M, were compared with the calculated 
values, and the agreement proved satisfactory. A shock wave passing 
through argon is shown in plate 3. It can be seen that the fringes do not 
shift in the region behind the shock, indicating that the density is constant. 
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Figure 3. The experimental and theoretical density ratios in oxygen. 

A comparison of the two interferograms of shocks in oxygen with the 
one in argon (plate 3) shows a considerable difference in the region behind 
thz shock. In oxygen, the fringes shift from the value at the shock to a 
higher final value in the equilibrium region. This shift in fringes reflects 
the density change in the transition region from state a to the final equili- 
brium state. From the interferograms the values of pa/pl and p2;pI have 
been determined for a number of shock waves in oxygen. 

Values of Aplp, where, Ap is the difference between the experimental 
and theoretical values of pa for the one case, and the difference between the 
experimental value of p2 and the theoretical value of pa €or the other case, 
are plotted against the experimentally determined Mach number in figure 3. 
The difference between the theoretical values of p2/p1 and p,/pl has been 
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plotted for comparison. I t  can be seen from the figure that the experi- 
mental values of pa/pl agree very well with the theoretical calculation. 
However, the results also show that the measured values of p2/pl lie con- 
sistently below the calculated values by about 1 to 2%. Since there is only 
one vibrational mode in oxygen, and since any dissociation effects would 
tend to make the density higher instead of lower, this discrepancy in p2/pl is 
believed to be due to impurities and errors in measurement. The purity 
of the oxygen was not very high, and, for the strongest shocks, there was 
about 5 %  of nitrogen present in the gas ahead of the shock. As the value 
of p ,  increased, this percentage of nitrogen decreased. It is difficult to 
obtain a tube of oxygen of high purity with the present arrangement, since 
the pumping system takes the pressure down to only about 0-5 mm Hg, and 
the oxygen cannot be flushed through the shock tube like argon or nitrogen, 
since it would react with the pump oil. Hence, the purity of the oxygen 
varied between 95% and 99% for the work reported here, with the main 
impurity being nitrogen. The nitrogen still has essentially no energy in 
vibration by the time the density ratio reaches p2/pl, so that the role of nitro- 
gen as an impurity should be to cause the density in the region after the 
oxygen relaxes to be lower than the calculated value. Therefore, this may 
explain part of the discrepancy, but it is believed that another error was 
present in the determination of the pressure which may have been as large 
as 1% for some cases. 

The relaxation time in oxygen has also been determined from the inter- 
ferograms. Equations (23) and (33) can be combined to give an expression 
relating the fringe shift in the transition region to the relaxation time. Thus, 

Since the denominator is nearly equal to 1, by taking the natural logarithm 
one obtains the result 

log S=i= - Cpt/Car + K (36) 

or, since t = x/Z, where x is the distance behind the shock and 5 is the average 
velocity of flow behind the shock, 

This equation may now be used to calculate 7 from the interferograms. 
Figure 4 shows some experimental plots of log6 versus the distance 
behind the shock front. The fact that these points lie approximately on a 
straight line justifies the replacement of the term in square brackets in (35) 
by unity. These plots give one confidence in this method of measuring r. 
The values of ( x b - x , )  and log(6,/Sb) are determined from plots such as 
these, and V is taken as the arithmetical average of va and v2. 
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X 
Figure 4. Typical plots of fringe shift versus distance behind the shock. 6 and x 

are in arbitrary units. 

The values of r for oxygen using this method have been calculated for 
a number of shock strengths and the logarithm of the results has been 
plotted against 1 - 4 8  in figure 5 .  To the extent that the factor 
{ 1 - exp( - hv/kT)} in equation (3 1) can be neglected, this sort of plot gives 
a direct check on the validity of the Landau-Teller theory. The relaxation 
time calculated from equation (37) is T at the pressure p,, so that these 
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Figure 5. Vibrational relaxation times for atmospheric pressure in oxygen. 

The oxygen, and also the other gases, were dried in a +foot long drying 
Since the percentage of water vapour de- 

creases as the pressure of the gas in the drier increases, the gas was flowed 
through this pipe at 20 to 30p.s.i. However, with the large quantity of 
gas to be handled in the shock tube, it is difficult to obtain the same purity 
as one can in a small volume. For the experiments in oxygen, the amount 
of water vapour varied from about 1 part in 4000 for Ml = 7, p ,  = 10 mm Hg, 
to about 1 part in 20,000 for &Il = 4.25, p ,  = 50 mm Hg. Since it is known 
that water vapour is very effective in bringing about vibrational equiIibrium 
in many gases, it was believed that, for the stronger shocks, the greater 
amount of water vapour was lowering the relaxation time. Hcwever, data 
on the relaxation times in the air, in which the gas was not dried, seem to 
show that, for strong shocks, water vapour in these concentrations does not 
shorten T by a measurable amount. Later experiments also showed that 
nitrogen did not have a large effect in reducing the relaxation time of the 
oxygen, so that the effect of impurities on 7 is believed to be very small. 

.system containing CaSO,. 
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Results of measurements of pa/pl in the range of M,=5-10 for N2 are 
plotted in figure 6. For the pictures in which relaxation was evident, 
pa/pI was measured, and these values are also plotted in figure 6. As in 
figure 3, the values actually plotted are Ap/p,, where Ap is the difference in 
p, as explained before. The agreement between theory and experiment 
is within the experimental limits for these values. It can be seen that, for 
the stronger shocks and smallerp,, the accuracy of the experiments decreases. 
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Figure 6. The experimental and theoretical density ratios in nitrogen. 

The purity of the nitrogen used in these experiments was considerably 
greater than the purity of the oxygen. The shock tube was pumped out to 
0.5 mm Hg pressure and then nitrogen which had been dried by the CaSO, 
drier was flushed though the tube for about three minutes before the final 
value of p ,  was set. This technique should keep the presence of water 
vapour in the experiments to less than 1 part in 105. 

Relaxation times in nitrogen have also been calculated from pictures 
such as in plate 4 by the method outlined above. The results of these 
measurements are shown in figure 7, in which log7 is again plotted against 
F l I 3 ,  as an experimental check on the Landau-Teller theory. From the 
few points plotted, it appears that the data check the theory within the 
accuracy of the measurements. 

Figure 8 shows a much wider range of r and T,  and includes relaxation 
times from shock tube measurements in oxygen, nitrogen, and CO,, Pitot 
tube measurements in nitrogen, and sound dispersion measurements for 
oxygen (Kneser & Knudsen 1935, and Knotzel & Knotzel 1948). 



80 Vernon Blackman 

OKelvin 

40 

30 

20 

15 
T atm. 
p sec 

10 

8 

6 

4 

3 
.065 .070 .055 7-b OKelvin 

Figure 7. Vibrational relaxation times for atmospheric pressure in nitrogen. 

From the relaxation times, which are directly calculated from the 
experimental data, one can, also obtain transition probabilities. In the 
theoretical work by Herzfeld & Schwartz (1954) on oxygen and nitrogen, 
theoretical values of Plo for temperatures up to 3000°K are reported. 
Consequently, for the purpose of comparison, it is convenient to express 
the results in terms of Plo as well as T.  

From equation (30), 

But 

1 - = NPl,(l - exp( - hv/kT)} .  
7 

N = NqV‘, (38) 
where&” is the number of molecules per unit volume, q is the collision 
cross-section, and 3, the mean relative velocity of the molecules, is 

J(- 8 -). kT 
z - m  (39) 

Now values of collision cross-sections are not well known and depend 
greatly on the type of molecular model that is used. I t  is also known that 
the value changes with temperature, decreasing to approximately a constant 
value as the temperature increases. Therefore, it will be assumed here 
that, in the temperature range under consideration, the value of q is constant. 
Values of N as a function of temperature were calculated assuming that, for 
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collisions between oxygen molecules, q= 3.6 x cm2, and, for collisions 
between nitrogen molecules, q = 4.1 x cm2. From these values of N 
and the average experimental values of 7, P,, was calculated for a number of 
temperatures. These values are tabulated along with those of Herzfeld & 
Schwartzjn table 3. Values of Pin from the Kantrowitz & Huber (1947) 
measurements on nitrogen, and those of Knotzel & Knotzel(l948) in oxygen, 
are also included in the table. The agreement is really excellent considering 
previous attempts to calculate relaxation times. 

7x10' 

I 0" 

I 0' 

T atm 
p sec 

I0 

I 

5000 7 OKelvin 

KEY 
o Nitrogen 
x Oxygen 

Carbon Dioxide 

0 

0 

v 

0 
0 0  

0 

5 1 

1000 
__t__. 

I 

X 

x x  
X 

X 
X 

x 

0 

0 

8 

Shock Tube 

30 

0 
0 0  0 

I i 

Figure 8. Relaxation times in N,, Oa, and C 0 2 .  
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288 
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2400 
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4 x 10-8 1 x 10-8 
1.1 s 10-6 3 x 10-6 
2.4 x 1.3  x 10-6 
9.8 x 10-5 8.6 x 
3.7 x 10-4 
1.2 x 10-3 

5.5 x 10-4 
1.5 x 10-3 

ToK I plo exptl. Plo calc. 

Oxygen q = 3 6  x 1O-l6 cm2 

600 
1800 
3000 
4000 
5000 

3 x 10-8 17 x 
1.1 x10" 

3.1 x lo-' 1.6 x 
9.7 x 10-6 
2.5 x 1 0 4  

Table 3. Experimental and theoretical values of Plo. q is the gas-kinetic collision 
cross-section. The experimental values for oxygen are due to Knotzel & 
Knotzel (1948) ; those for nitrogen are due to Kantrowitz & Huber (1947). 
The calculated values are taken from Herzfeld & Schwartz (1954). 

Investigations were also conducted on oxygen-nitrogen mixtures, and 
the effect of N, - 0, collisions on the approach to equilibrium for 0, was 
determined for a narrow range of temperature. The oxygen and nitrogen 
for these experiments were mixed in a tank outside the shock tube and 
allowed to stand for several hours. By this means, it is believed that the 
gases were adequately mixed before being used in the tube. Values of 
p2/p1 for these mixtures for the intermediate state have been calculated by 
the Bethe-Teller method. I t  is assumed that, in this intermediate state, 
the energy in the vibrational states of nitrogen had not had time to change, 
so that the value of B,(N,) is still 3.50, which is the value appropriate to 
300°K. The value of B for the mixture is then given by 

B = 2 Pit% (40) 
i 

where pi and are the partial pressure and energy content of the ith com- 
ponent. The values of p2/p1 for this intermediate state have been measured 
for four different mixtures of oxygen and nitrogen including air. These 
experimental values, together with the theoretical curves, are plotted in 
figure 9. Values of pa/pI have also been measured for these mixtures and are 
included in the figure. The numbers plotted here are the actual values of 
p/pl instead of the changes in this quantity. 

The relaxation times of the oxygen in the mixtures have been calculated 
for a number of pictures like those in plate 5. As a first approximation, these 
relaxation times were reduced to atmospheric relaxation times by assuming 
that 0, - N, collisions were not effective in bringing about equilibrium 
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in the oxygen. Thus, it was assumed that the relaxation was taking 
place at a pressure equal to the partial pressure of the oxygen. The value 
of T, corrected for this pressure, is too low, which means that the relaxation 
takes place at a higher effective pressure. Now, if one assumes that 0, - N, 
collisions are 40% as efficient as O2 - 0, collisions in bringing about equili- 
brium in the oxygen, then the relaxation time, as shown by the experimental 
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Figure 9. The density ratios in 02-N, mixtures. 

points in figure 10, is in good agreement with the average curve for oxygen. 
For higher efficiencies for 0, - N, collisions, the value of T becomes cor- 
respondingly higher. Therefore, for this range of temperature at least, 
0, - N, collisions are only about 40% as effective in transferring a quantum 

F 2  
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of energy to the oxygen as 0,- 0, collisions. Previous estimates have 
placed the effectiveness of 0, - N, collisions at about 5 times that of 0, - 0, 
collisions. 

However, 
some experiments were conducted in undried air to see if the effect of 
water vapour could be detected. The relaxation times for 3 different 
shock strengths in undried air are also included in figure 10, and it may be 

Most of the experiments were carried out on dried gases. 
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Figure 10. Relaxation times in 0,-N, mixtures for atmospheric pressure assuming 
0,-N, collisions are only 40% as effective in transferring energy as 02-02 
collisions The curve is the average value of T for pure 0,. 

seen that the water vapour did not have a measurable effect on T.  The 
amount of water vapour in these shots was estimated to be 1 to 3 parts in a 
thousand. It is known that the effectiveness of impurities in bringing 
about equilibrium decreases as the temperature increases, and it is believed 
that this is the reason the nitrogen and water vapour had a smaller effect on 
the oxygen than anticipated. For example, if an 0, - H,O collision is only 
SO t o  100 times as effective as an 0,- 0, collision, this would not affect T 
enough to be detected in these experiments. 
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