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PREFACE

In June, 1952, it was announced by the Shock-Tube Laboratories of
both Cornell University and The University of Michigan that high-temper-
ature spectra could be obtained from strong shocks.

This constitutes the first major report giving complete experimental
techniques and results since the inception of the project in October, 1953.

It is believed that the work is of interest to the physicist, to the
missile engineer, and to the astronomer. For the first time it has become
possible to reach, in the laboratory, well-controlled temperatures which
compare with those attained on stars. The considerable interest this sub-
ject is currently arousing is demonstrated by the great amount of research
which is being started in this field by many laboratories all over the
country.

It is intended to continue this work.

Otto Laporte
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OBJECTIVE

The objective of research under ARDC Contract No. AF 18(600)-983
is the study of the hydrodynamics of and the spectra behind very strong
shock waves produced in a shock tube.

ABSTRACT

A small rectangular shock tube has been constructed expressly
for the production of very strong shock waves in the rare gases. The tube
is vacuum tight and driver gas pressures of up to 100 atmospheres can be
used. Wave-speed photographs of shock waves in the tube were made with a
revolving drum camera for a large range of initial pressure ratios and the
primary shock velocities were found to be considerably less than the the-
oretical values. The interaction of the reflected shock with the inter-
face was studied both experimentally and theoretically. The delay time
for lonization was studied in xenon, and an explanation was found for the
shock front appearing as a thin luminous line.

Spectra were taken of the shock~tube luminosity and such fea-
tures as lines of metallic impurities, recombination continuum, and Stark
broadening of the rare-gas lines were observed. It was found that intense
Balmer lines of hydrogen can be produced behind the reflected shock at the
end of the tube by adding about l% hydrogen to neon. Time-resolved spectra
were made of HB and the conditions of temperature, ion density, etc., were
calculated from the measured shock velocity. Comparison with the Holts-
mark theory for first-order Stark broadening showed the experimental pro-
files to be about 20% wider.
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CHAPTER I

INTRODUCTION

1. History and Development of the Luminous Shock Tube

Although the widespread use of shock tubes for hydrodynamic studies
is a rather recent development, the history of shock tubes goes back to
Vieillel who in 1899 showed experimentally that the compression wave pro-
duced by breaking a diaphragm separating regions of different pressure
travels faster than sound. The shock-tube theory was developed by Kbbes2
in 1910 and extended by Schardin3 in 1932, but several scientists who la-
ter derived the ideal shock-tube equations were unaware of this work.

The shock tube came into more general use during World War II. In
England, Payman and Shepherdh recorded the time history of the processes
in a shock tube by means of a revolving drum camera. In the United States
the work on shock tubes was first carried out at Princeton University by
Walter Bleakney and his co-workers. Reynolds5 used a shock tube in 1943
for the calibration of blast gauges. In 1945 Lincoln G. Smith,6'also
working at Princeton University, studied regular and Mach reflections of
shock waves in a shock tube which he brought to The University of Michigan
in 1947, where parts of it are still being used. Supervision of the shock-
tube laboratory at The University of Michigan was undertaken by Professor

7)819

Otto Laporte in 1948. At this laboratory Geiger and Mautz investi-

gated the possibilities of using the shock tube for the study of supersonic

10

flow patterns. ILater Duff considered the effects of nonconstant specific

11
heats of various gases and Hollyer  showed that boundary layer and heat



conduction to the walls would cause an attenuation of the primary shock
wave. These reports contain extensive bibliographies of work in the field.
In April, 1952, Hollyer noticed, in connection with aerodynamic stud-
ies that were being carried on in the 2" x 7" shock tube, that a faint
yellow flash could be seen at the end of the tube when a moderately strong
shock wave was produced in nitrogen. The luminosity was found to be greater
in argon, and when shock waves were produced by expanding hydrogen at sev-
eral atmospheres pressure into krypton and xenon* at about 1 cm Hg pressure,
the resulting flash was extremely brilliant and white. A brief but inten-
sive preliminary investigation was made of the phenomena, using a revolving
drum camera and a spectrograph. The results were reported at the Fluid
Dynamics Division of the American Physical Society at Salt Lake City, Utah,
in June, 1952.12 These results were also published in a letter to Nature.1?
At the same time work was going on independently at Cornell University

1k

under the direction of Arthur Kantrowitz,” ' at Los Alamos Scientific Labo-

ratory by Shreffler and Christian,l5 and at the University of Oklahoma un-
16

der Fowler. Reports of research by the first two of these groups were
also presented at the Salt Lake City meeting. The workers at Cornell Uni-
versity produced very strong shock waves in argon at low pressures by using
high-pressure hydrogen and also explosive mixtures of hydfogen and oxygen
as the driver gas. They studied the conductivity and the spectra of the
ionized gas. At Los Alamos a solid explosive driver was used to produce a
strongly luminous shock wave in argon at the local atmospheric pressure,

and rather strong boundary effects were produced. Fowler, on the other

hand, used a high-energy electrical discharge from a bank of condensers to

*We are indebted to Linde Air Products for their generous gift of these
rare gases.



produce strong shock waves in hydrogen and helium at a few mm Hg pressure.
The 2" x T" shock tube was not well suited to the production of very
strong shock waves, so it was decided to build a small, strong, vacuum-
tight: tube expressly designed for this purpose. The construction of the
tube was financed by a grant from the Regents of The University of Michi-
gan., In November, 1953, a contract was negotiated with the Air Research
and Development Command for the support of this research, and in December,

1953, the tube was assembled and fired for the first time.

2. Description of the Flow

A shock tube is essentially a tube which is divided into two chambers
by a breakable diaphragm with two gases at different pressures on either
side. When the diaphragm is broken, the gas in the high-pressure chamber
expands into the low-pressure chamber, compressing the second gas through
a shock wave which moves down the tube with constant velocity. An x-t
diagram shown in Figure 1 is especially useful in describing the processes
which occur following the rupture of the diaphragm. Pressures are shown
when t = O, when the diaphragm breaks, and at later times t; and tz. The
two gases are separated by an interface which, of course, must move'with
the flow velocity. On the left side of the interface is the gas which has
expanded and thereby is cooled. This region is therefore called the "cold
flow." The gas between the shock wave and the interface has been heated
by compression and is termed the "hot flow." The flow in the tube is the
same as if the interface were replaced by a piston moving down the tube
with constant velocity. Therefore, the high-pressure gas will often be
referred to as the "pusher gas." At the end of the tube the gas behind

the shock is brought to rest and the kinetic energy of ordered motion is
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converted to thermal motion resulting in an additional temperature rise
behind the reflected shock.

It will be shown in Chapter II that the pressure ratio across the
primary shock, called the shogk strength, increases with the initial
pressure ratio and essentially with the ratio of sound speeds of the
pusher gas to the compressed gas. This can also be understood from the
following reasoning. The velocity at which the pusher gas expands is
proportional to its sound speed, so a gas like hydrogen, with a low
molecular weight, expands much faster than nitrogen, for example. For
a shock wave moving into a gas at rest the shock strength necessary to
produce a given flow velocity, which must be the same as the velocity
of the pusher gas, increases with a decrease in the sound speed ahead
of the shock. Thus to produce strong shocks one would use a light gas
in the high-pressure chamber and a heavy gas in the low-pressure cham-
ber. To attain the maximum possible temperatures, it is best to use a
gas where energy does not have to be used in exciting vibrational de-
grees of freedom or in the dissociation of molecules. For this reason
the rare gases are usually used, of which xenon is the most efficient
because it has the lowest sound speed. By shooting hydrogen into xenon,
for example, a shock strength of approximately 100 can be produced with
an initial pressure ratio of only 900. A somewhat higher initial pres-
sure ratio is required to produce the same shock strength in argon. The
temperatures that can be produced in the shock tube are limited mainly
by the ionization potentials of the gases. Beyond a certain temperature,
which is proportional to the ionization potential, increasing amounts of
energy are used to ionize the gas as the temperature is increased.

Since, except for a thin boundary layer on the walls, the gas flow



is one-dimensional, the temperature, density, etc., are constant across
any cross section of the tube. This homogeneity is of great importance
in the analysis of spectra since one does not have to use the radiative
transfer integral as for arcs and sparks. The absence of a cool bound-
ary is shown experimentally by the fact that there is no self-reversal
or absorption lines in the spectra.

By the proper choice of the initial pressures and gases, almost any
temperature up to about 18,000°K and any ion density from lO15 ions per
ce to 1018 ions per cc can be produced. At the lower limit of ion den-
sities the time for the establishment of thermal equilibrium may be too
long, while at the upper limit the radiation of the continuum is so strong
that the gas cools very rapidly. The fact that makes the shock tube unique
among spectroscopic light sources is that the conditions such as tempera-
ture and ion density behind the primary’ and reflected shocks may be cal-
culated from the velocity of the primary shock wave, which can be easily
measured. The luminosity lasts only a few hundred microseconds since the
gas cools by radiation and by turbulent diffusion of the cold gas through

the interface.

5. Statement of the Problems

The development of the luminous shock tube has given the experimenter
a powerful laboratory instrument for the study of many problems concern-
ing the physics of high-temperature, partially ionized gases. It is first
necessary, however, to have a thorough understanding of the hydrodynamics
of very strong shock waves in the shock tube. Much work has been done on

14,17,18

this problem by Kantrowitz and his co-workers at Cornell University.

They have considered theoretically the effect of ionization on the hydro-



dynamics of strong shock waves in argon. ZExperimentally they have pro-
duced very strong shock waves in argon and have studied such problems as
the approach to ionization equilibrium behind the shock and the effect
of radiation cooling. Agreement between the observed red shift of the
argon lines behind the shock and the shift predicted from second-order
Stark broadening theories for the calculated ion densities have indi-
cated that the calculated equilibrium ion density is indeed reached if
the shock is strong enough. An outstanding success of their work has
been the verification of recent theories of electrical conductivity.
The work at Cornell, however, has been concerned almost entirely with
the primary shock wave.

Our work has been mainly concerned with the reflected shock waves
at the end of the tube. It is somewhat easier to obtain high tempera-
tures behind the reflected shocks than behind the primary shock wave, so
most of the spectroscopic observations were made in this region. It was
therefore necessary that the hydrodynamics of the processes at the end of
the tube be understood. A theory has been developed by which the inter-
actions of the reflected shock with the interface can be explained. In-
cluded also is a development of the hydrodynamic equations for partially
ionized gases along with methods for obtaining numerical solutions. Ex-
perimentally it has been found that the predicted interactions do indeed
occur, and also the effect of ionization on the reflected shock velocity
has been observed.

One of the major efforts of this thesis has been the utilization of
the shock tube as a spectrographic light source with which one can study
spectral line broadening, etc., under known conditions of temperature and

ion density. OSeveral time-average spectra have been obtained which, al=~



though they cannot be used for quantitative measurements, do show the
qualitative features of the luminosity very well. In the present work,
however, shapes of spectral lines generated in the shock tube have been
observed quantitatively. This has necessitated the use of a revolving
drum camera for time resolution. Hydrogen lines were chosen for study
because of thelr astrophysical importance and because of the rather
large first-order Stark broadening.* A. C. Kolb, who has worked quite

closely with the author, has developed a theoryl9

to explain the dis-
crepancies found with the line shapes predicted by the Holtsmark theory.
The quantitative measurements of spectral line shapes have made neces-
sary the use of a new film calibrating technique developed with the help
of Mr. Lowell Doherty.

In addition to the experimental observations of the luminosity be-
hind the reflected shocks at the end of the tube, some work has also been
done on the primary shock: wave. Measurements have been made on the de-
lay time for ionization behind the shock in xenon for various shock
strengths and initial xenon densities. The shock front is plainly vis-
ible as a thin luminous line even though there may be no luminosity be-
hind the front. An experimental study was made of this phenomenon and
the luminosity was found to be due to Cs and CN bands presumably arising
fraom the breaking up of complex molecular vapors.

A large part of the work on this thesis problem has been the design
and construction of the equipment. This included the shock tube itself,
which was bullt expressly for the production of strong shocks, the re-

volving drum cameras, the vacuum and pressure systems, and much auxiliary

apparatus.

*In order to obtain high temperatures, about 1% hydrogen was mixed with neon.



The dissertation is organized as follows: Chapter II is devoted en-
tirely to the hydrodynamic theory, including the effect of ionization and
mixtures of small fractions of diatomic gases in rare gases. Chapter III
contains a complete description of the experimental apparatus, including
the shock tube. Chapter IV is concerned with the hydrodynamic experiments
and Chapter V with the spectroscopic observations. Chapter VI contains

the conclusions and a critigue of the work.

4. Other Problems Amenable Eg Solution‘ig the Shock Tube

As far as the author knows, this work represents the first attempt
to obtain quantitative line profiles in the shock tube. So far, only the
first-order Stark broadening of hydrogen has been studied and then only
for one line, HBo Therefore, there is still much work to be done on the
other hydrogen lines. Also, a study of the Balmer limit and the Balmer
decrement should prove fruitful. In addition, line-broadening profiles
can be obtained for other gases such as argon which are subject to second-
order Stark broadening.

A project which is being proposed in this laboratory in cooperation
with the Astronomy Department is the measurement of relative or perhaps
even absolute oscillator strengths, or f-values, of the spectral lines of
gases. ©OGince the temperature ig known, the Boltzmann distribution of the
atoms in the excited states can be determined and thus the oscillator
strengths can be calculated from measured line intensities. If a suit-
able method can be found for introducing metallic impurities into the
flow, one might also measure their f-values. OSuch atoms as carbon and
sulfur can be easily introduced as CO, COs, S0z, etc., which are dis-

sociated.
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Other problems which could be studied with the shock tube are the
effects of magnetic field on the flow of the ionized gas, 1.e., magneto-
hydrodynamics. Also, it has been known for some time that ionized gases
have a natural frequency of oscillation called the plasma oscillation.
For the range of ion densities obtained in the shock tube the wavelengths
would range from about 50p to 500, according to the formula of Tonks
and Langmuir.eo This is the sub-millimeter wavelength range that is just
beyond the limit of electronic techniques and is in the so-called far
infrared where the intensity of thermal sources is very low.

The solution of these problems 1s of great interest in many fields
of physics and astrophysics. The broadening of spectral lines, princi-
pally hydrogen, is used for the determination of stellar atmospheres.

The new theory of hydrogen line broadening by A. C. Kolb has been found
to fit observed absorption profiles of hot stars much better than the
Holtsmark theory.* The f-values of spectral lines are of great use in
the determination of stellar abundances of various elements. A study

of* plasma oscillations would perhaps help explain radio noise from the
sun and might also offer new possibilities for the generation of sub-
millimeter electromagnetic waves. It is obvious, therefore, that the po-
tentialities for research in the luminous shock tube are very great in-

deed.

¥See Sky and Telescope, XV, 4, Feb., 1956, p. 170.




CHAPTER II

HYDRODYNAMIC THEORY

1. Development of the Ideal Shock-Tube Equations

Although the hydrodynamic theory of the shock tube has been de-~

7,8,10 it will again be given in this

rived in several other papers,
dissertation for two reasons. First, many of these papers are not
readily accessible, and second, the theory will be given from a dif-
ferent point of view which can be easily extended to include the theory
of reflected shock waves at the end of the tube. We will use a method
developed by Courant and ]5’riec1r:’Lchs'22 (Chapter III, D) for the analy-
sis of interactions between shock waves, interfaces, and rarefaction
waves, In the first two sections of this chapter the theory will deal
with ideal gases of constant specific heat. The effect of ionization
on the hydrodynamics will be discussed in the third section, while the
fourth section deals with mixtures of gases which may also be partially
ionized.

The theory of a normal shock wave will be considered first and then
the theory of a rarefaction wave, The results of the two will then be
combined to give the ideal shock~tube equations. Most of the derivation
of the basic equations for a normal shock wave and for a rarefaction wave
will be relegated to Appendices A and B, respectively.

In Appendix A relations are derived between the flow variables on

elther side of a shock wave in a one-dimensional channel. The two

states are designated by the subscripts (a) and (b). The relation be-

11



12

tween the absolute flow velocities u, and w, is then given by equation

(A.11) in Appendix A as

Following Courant and Friedrichs we write this equation as
(2.1) Up = UpE ;g(,q_)

where (/1 I)( )
pulb- )1+ /+/H-°-)

The plus sign 1s used for a shock wave facing toward the right and the
minus sign for a shock wave facing toward the left. We say a shock wave
is facing toward the right if the gas moves into the front from the right
and is facing toward the left if the gas enters the front from the left.
Then, for example, if py > py and the shock is facing toward the right,
the shock wave must be moving toward (a) and the velocity of the gas is
increased in the positive direction as indicated by the use of the plus
sign. If, on the other hand, p, < p,, the shock wave must be moving away
from state (a) into gas (b) which then must be on the right. The curve
¢a(p)/ca is plotted in Figure 2 for p = 4, a monatomic gas, and some of
the properties of ¢(p) are derived in Appendix C. This function will be
used both for the solution of the shock-tube problem and in the theory of

the reflected shock waves at the end of the tube.
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Figure 2. Plot of the flow velocity function,
¢a(P), behind a shock wave.
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A function similar to ¢(p) can also be derived for rarefaction waves.
The preparation given in Appendix B is very brief and contains only the
essentials necessary to the solution of this particular problem. Some
use is made of the theory of characteristics, but their properties are
not developed in general. For a more complete treatment the reader is re-
ferred to the book by Courant and Friedriché(22

In Appendix B we have considered a one-dimensional rarefaction wave
separating two constant states (a) and (b). From equations (B.1l2), (B.13),

and (B.15) the flow velocity in region (b) can be expressed in the form

e U= UEYh(B)
where

Ve()= e[ ()71

L}

According to equations (B.12) and (B.13) the plus sign should be used for
a rarefaction facing to the right, and the minus sign should be used for
a rarefaction facing to the left. The curve of WQ(p) is plotted in Figure
3 for u = 6, a diatomic gas such as hydrogen. Some of the properties of
this function are derived in Appendix C.

We now have sufficient preparation to proceed with the solution of
the shock-tube problem, which can be stated as follows: Given that there
are two gases at different pressures in a tube separatea by a diaphragm,
and at time t = O the diaphragm is instantaneously removed. Find the flow
variables at any later time t. A graph of flow velocity vs pressure will
be used for the solution of this problem. For the case of polytropic gases,

the shock-tube ‘problem can be solved analytically without the use of such
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Figure 3. Plot of the flow velocity function,
¥, (P), behind a rarefaction wave.
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a graph, but the graphical presentation gives more physical insight into
the problem and the methods will be found very useful for the theory of
the reflected shocks at the end of the tube. This graph is shown in Fig-
ure 4. Let the high~pressure chamber be at the left and the low-pressure
chamber at the right. The curve u = ¢1(p) represents all states which
can be reached by a shock wave moving toward the right into state (1),
which is at rest. The curve u = -y, (p) represents all states resulting
from a rarefaction moving toward the left into the high-pressure gas,
which is also at rest.* Before the time t = O the pressure difference
between the two gases 1s supported by a diaphragm. When the diaphragm

is removed, however, there is a gaseous interface which must then move
with the flow velocity and which can no longer sﬁpport*a pressure differ-
entlal. If it is assumed that the diaphragm is removed instantaneously,
then the gaseous interface must have an infinitesimal thickness. The
character of the interface then imposes the following two boundary condi-

tions on the flow:

hp=ts o Y (P)=~ Vi (R)
wa PP

The interface therefore is represented by the intersection of the two
curves u = Py (p) and u = -Y,(p). The above conditions result in the

following equation:

/)( ) _ _ .E_ f/
(2.3) -\/(/.4,+/) U ) = (/L(4 /25.4

*Seé Figure 1 for the numbering of the flow regions in the shock tube.
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Figure 4. The pressure-velocity graph of the shock-tube problem.



18

Solving for p4/pl, one obtains

_ L), :éf"/) —%H)'
(st it 1)1 10 %)

This equation was derived by A. H. Taub in the report by Reynolds5 and will

(2.1) .Fi -ﬁz- [

PP

hereafter be referred to as the Taub equation.
It is convenient, as a shorthand notation, to introduce the following

variables:

’

_ L .y _ &
Z=5 , Y ‘g‘/xz/ IZ

In the case of x and y the first subscript denotes the region behind the
shoeck and the second denotes the region ahead of the shock. Thus the Taub

equation will now be written

‘ _ — Q’/"/)'C/ /4/2/ "/) _%-H)
(2.5) Z£= 72/[/ %/)] ,

(U1 )s ATt )1+ p,

The initial pressure ratio Z required to produce a shock wave of a

given strength yo; 1is very sensitive to the ratio

f/a(,"/) £ *
(Us=1) L4

As one can see from the Taub equation, the shock tube is more efficient

(i.e., smaller Z required)if this ratio is small . Table I shows the
sound speeds at 300°K for several gases, and in Figure 5 the initial

pressure ratios required to produce given shock strengths are plotted
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Figure 5. Theoretical shock strengths vs initial pressure ratios
for several combinations of gases (neglecting ionization).
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for various combinatlions of hydrogen and helium with the rare gases. The
shock strength produced by a given initial pressure ratio (say 1000) in
the rare gases goes up in the series neon, argon, krypton, and xenon.
Also one sees that hydrogen is a consliderably more efficient driver gas

than helium.

Table I. Molecular Weights and Sound Speeds of Various Gases

Gas Molecular Weight Sound Speed at 300°K
Ho 2.016 131,600 cm/sec

No 28.016 35,300

He 4 .003% 102,000

Ne 20.183 45,400

A 39.94h 32,250

Kr 83.7 22,300

Xe 13%1.3% 17,800

The maximum theoretical shock strength is limited because the veloc-
ity of the expanding high-pressure gas can be no greater than (ug -1)cy
for an infinite pressure ratio [see equation (2.2)]. In the Taub equa-
tion above, if Z is set equal to infinity, the bracket must be zero. Then

the maximum theoretical shock strength is the sclution to the equation.

Ui=1)L, (gn -/) =
(=1 ) U+ 1) 174y Ya) ‘

This value 1s given for several combinations of gases in Table II. This

(2.6)

table shows that the maximum shock strength increases with the series neon,
argon, krypton, xenonj; that a hydrogen driver gas gives higher maximum

shock strengths than heliumj and that like gases in the high- and low-
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Table II. Maximum Theoretical Shock Strengths

High-Pressure Gas Low-Pressure Gas Max. Theoretical yo1
Ho Ne 467
Ho A 925
Ho Kr 1935
Ho Xe 303%6
He A 200
He Xe 657
Nz N2 Ly
A A 22.2

pressure chambers give rather low shock strengths. An explosive mixture
of hydrogen and oxygen used as a driver gas (described by Resler, Lin, and
Kantrowitzlh) can have a sound speed 67 percent greater than hydrogen and

therefore is somewhat more efficient.

2. The Reflected Shock Waves

As we have previously explained in Chapter I, most of the experimen-
tal observations were made near the end of the shock tube because of the
higher temperatures that can be obtained behind the reflected shock. There-
fore it is necessary to understand the theory of the first reflected shock
wave and of subsequent reflections which occur at the end of the tube.

The problem of the reflection of a plane shock wave from ~a rigid
wall was Tfirst treated by von Neumann.25 In our analysis "we will
again make use of the p-vs-u graph as shown in Figure 4. The gas
behind the primary shock wave has a velocity up and must be brought
to rest at +the end of the tube. This can be accomplished only by a

reflected shock moving toward the left since a rarefaction moving to-
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ward the left would accelerate the gas toward the right instead of bring-

ing it to rest. The condition that the gas velocity be zero at the end

Uz—%/pg)“ 0,

The curve us - ¢2(p) is shown in Figure 4 and its intersection with the

of the tube can be expressed as

p-axis gives the pressure pg for which the gas velocity is brought to
zero behind the reflected shock wave.

Writing out the expressicn for ¢2(p5) in the above condition gives

ﬂ(“/( sz‘/)'cz
(1) {1+ Yz )
where yso = ps/pzo The flow velocity us 1s given by
_ W‘/ljzl‘//@
(/z" /(/92 =
) S

Also, an expression must be found for the sound speed co. Using the fact

(2.7) U,

that the sound speed is proportional to the square root of the temperature,

we have

Lo A

—

ma——

4 T

and using equation (A.7) for the temperature ratio gives

Gl o 77

Now by substituting these expressions for us and cs into equation (2.7)

above, we obtain the equation

(lel"/) _ (f/sz_/)
"/9/2, (/LH- %2,) “//;‘/J%sz

from which ysz can be determined as a function of the primary shock

(2.8)

strength y-y. The above equation is quadratic in yso, so there are two
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roots. One root is ygs = l/ygl, but this would be a rarefaction wave

which would not bring the gas flow to rest. The other root is

(2.9) %52 = W;f%f/ -/ /

which is the physically correct solution.

Once yso is known, the other hydrodynamic variables behind the re-
flected shock can be easily calculated. The density ratio xgz = ps/pz
is found, using the Rankine-Hugoniot equation (A.6),

X [+ MYs2
52 /L(1L 52

The temperature Tg is given by

E. Iz L. 4 /ﬁ*ngz,_%z(ﬂ%z)
T T (7;‘/0{%2/} 0(/'7‘/14%52) /

using equation (A.T). Substituting for ysz from equation (2.9) and re-

ducing, the temperature Ts can be expressed as a function of ys; by the

equation

T [@tp)Ya - (][ M1+24 ]
4 (1F G ) (ut1)

The reflected shock velocity, which will be called U', can be found by

(2.10)

the use of equation (A.12):
U’= U, — [+ U Ys2 A
2 . 2
Mt/
Substituting for uz, ¢z, and ysz and reducing the equation to its simplest

form we have

(2.11) U/———

_ ({yzl 7'“//"//5/
VUt fe)
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The reflected shock velocity is of course negative since the shock moves
to the left. The solution of the variables behind the first reflected
shock is now complete. As we have indicated by equation (A.12), the shock
strength can be easily calculated from the measured primary shock velocity,
and from this all the variables behind the primary shock can be found.
Now we have shown that all the variables behind the reflected shock can
also be calculated from the shock strength yo;. Therefore a measurement
of the primary shock velocity plus a knowledge of the initial conditions
ahead of the primary shock are all that is necessary for a complete solu-
tion of all the variables behind both the primary and first reflected
shock waves.

The conditions at the end of the shock tube are complicated by the
interaction of the reflected shock wave with the interface between the
hot and cold gases (see Figure 1). In all cases a shock wave is trans-
mitted through the interface into the cold flow, but the wave which is
reflected back into the hot gas may be either a rarefaction or a shock
wave, depending on the conditions. The interaction of the reflected
shock with the interface can be best understood by the use of p-vs-u
graphs as shown in Figure 6.

We start with the point (pz, us) which defines both the hot flow and
the cold flow back to the rarefaction foot. The temperatures and densi-
ties of the hot and cold flow are very different, but still the pressures
and flow velocities are the same according to the ideal solution of the
shock-tube problem given in Section l? As in Figure 4, we draw the curve

u = us - ¢2(p) which represents all states behind a reflected shock mov-
ing toward the left into the hot flow, and the intersection with the p-

axis gives the pressure pg when the gas is brought to rest. Next we con-
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sider the shock wave which is transmitted through the interface into the
cold flow. Again starting at the point (pz, us), the curve u = us - ¢3(p)
is drawn. This curve is the locus of all states that can be reached by a
shock wave moving to the left into the cold flow.

The curve u = vo - ¢2(p) is labeled with the symbol EB, which indi-
cates the reflected shock wave moving toward the left into the incoming
hot flow, and the curve u = us - ¢3(p) is labeled with EE, which indi-
cates the transmitted shock wave moving toward the left into the cold
flow. The curve Ez may lie either above or below the curve EB’ depend-
ing on the sound speeds in the hot and cold flows and the pu's of the two
gases. If p is the same for the two gases, then it is obvious from
equation (2.11) that Sp will lie above the curve EB if cg < ¢cz. We will

e_
divide the problem into two cases, Case A where Sp lies above Sy and Case

<« “—
B where Sp lies below Sgy.
«— «—

The problem of the interaction of the reflected shock with the in-
terfaces resolves itself into the following. What sort of wave must be
propagated toward the right into the hot flow in order to fulfill the two
boundary conditions across the interface, namely, that the interface can
support no pressure difference and that the flow velocities are equal on
both sides? ILet us consider Case A first. A rarefaction wave moving
toward the right cannot be a sclution because the pressure pg would then
be less than . But Sq lies above S so only a shock wave S (i.e., a

Ps <£ (ﬁ, Y 5 ( s
shock facing toward the right) can satisfy the boundary conditions on the
interface. A pressure diagram of this interaction is shown in Figure Ta.

To find the values of pg and ug we start from the point (ps, O) and

draw the curve u = ¢5(p). Its intersection with the curve EE then gives

the pressure pg and the velocity ug, both behind the transmitted shock
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moving into the cold flow and behind the reflected shock moving into the
hot gas. The interface must of course move with the flow velocity ug.
Upon hitting the end of the tube the shock moving into the hot gas must
be reflected in the same manner as the primary shock so that the flow
velocity is brought to zero. To find the pressure behind the second re-
flection, from the end of the tube, the curve u = ug - ¢6(p) is drawn
and its intersection with the p-axis gives the pressure p,. This last
shock wave will again interact with the interface producing another re-
flected shock, etc.

The other variables such as the density, temperature, and shock ve-
locity can be calculated for each shock wave by using equations (A.6),
(A.7), and (A.12). The variables in region (3), the cold flow, must be
calculated to construct the function ¢3(p). This can be done by the as-

sumption of isentropic expansion from p, to ps, i.e.,

Next let us consider Case B where the curve 22 lies belOW'EB: The
only type of wave moving to the right into the hot flow which can reduce
the pressure ps to make possible an intersecfion with EE is a rarefaction.
The pressure profile for this type of reaction is shown in Figure Tb. A
shock wave moving into the hot flow would result in an increased pressure,
and therefore the curve u = ¢5(p) for a shock moving toward region (5)
could not possibly intersect the curve Ez. To solve the problem quanti-
tatively we plot the curve u = 4 Vs5(p) for a rarefaction wave facing to-
ward the right. Its intersection with the curve Sy then gives pg and ug,

which represents the flow induced by the transmitted shock in the cold gas

and the flow induced by the rarefaction in the hot gas. The rarefaction
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wave will be reflected as another rarefaction from the end of the tube
with the condition that u; = 0. Thus from the point (pg, ug) we draw the
curve u = Ug - Vg(p) and its intersection with the p-axis gives the value
of the pressure pv.

The other variables behind the rarefaction waves are calculated from
the isentropic formulae

Xa e
Lo B BT - 57T
LS
and the sound speed from
2 T

The head or foot of a rarefaction always moves with the flow velocity plus
or minus the sound speed of the adjacent constant state depending on
whether the rarefaction wave 1is facing right or left.

The curves shown in Figure 6 were calculated using the ideal shock-
tube theory for the cases Ho - Ne, y23 = 50 and Hs - Xe, yo7; = 50. For
the former a shock wave is reflected from the interface and for the lat-
ter the reflected wave is a rarefaction. The wavespeed diagrams for
these two cases, together with the computed temperatures and pressures,
are shown in Figure 8. For Case A the hot gas at the end of the tube is
heated further by the shock reflected back from the interface so that in
region (7) the temperature is considerably higher than in region (5), be-
hind the first reflected shock. For Case B, on the other hand, although
the temperature behind the first reflected shock is the same, the hot gas
is cooled by each passage of the reflected rarefaction until in region (7)
the temperature is 30% lower than in region (5).

At some critical primary shock strength a transition from a reflected
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rarefaction to a reflected shock from the interface will occur. At this
transition point the wave reflected from the interface will disappear and
the first reflected shock will be transmitted into the cold flow with no

change in strength. Also the velocity of the interface will be zero. The

A= 4 (F)

i.e., that the curves Sy and Sp coincide at the p-axis. Written out in
&~

condition at this point is

(/(/'//(isz‘/)/‘fz _ 6%“/)4(252'/)‘3
T Jor i)~ Va7 o)

For the case where p; = uy this reduces to the very simple condition that

(2.12)

Co = Cg. When co < cg a rarefaction is reflected from the interface, and
when co > c3 a shock wave is reflected. It can be easily seen that if
identical gases are used in both chambers of the shock tube, a shock wave
must always be reflected from the interface since co > cz. The solution
of yo1 from equation (2.12) is most easily obtained graphically. The pro-
cedure is somewhat long and will therefore not be included in this thesis.

The results for several combinations of gases are given in Table IIT below.

Table ITII. Critical Primary Shock Strengths

Combination of Gases Critical Primary Shock Strength*
Hs - Ne 24
Ho - A 50
Ho - Kr 102
Hs - Xe 163
He - A 17
He - Xe 60

*Shock strength at which there is no reflection from the interface.
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Figure 8 illustrates that even though the primary shock strengths may
be the same (i.e., 50) there are different types of reflections at the in-

terface for neon and xenon.

5. The Effect of Tonization

As the temperature of the rare gases increases, ionization becomes
increasingly important and must be taken into account in the hydrodynamic
equations. A degree of ionization of only l% has a profound effect on
the flow, and the ideal theory is no longer adequate. In theoretical cal-
culations of the hydrodynamic variables in argon, Shao-Chi Lineh’lu found
that for an initial pressure of 1 cm Hg deviations from the ideal theory
due to ionization became important at a temperature of about 8000°K.* For
the other rare gases this critical temperature varies directly with the
ionization potential. In xenon, for example, ionization would become im-
portant at about 6200°K. We will consider only the rare gases because of
the greater simplicity of the problem. The specific heats for the rare
gases are almost constant up to the temperature where ionization occurs.
For diatomic molecules, however, one must consider the effects of vibra-
tion, excitation, and dissociation which change the specific heat at rela-
tively low temperatures.

For the shock-wave theory of ideal gases given in Appendix A we had

the three conservation equations

*At first glance it may seem strange that appreciable ionization could take
place in argon at a temperature of less than 1 electron volt (L volt is
equivalent to 11,606°K) when the ionization potential is 15.68 volts. The
answer lies in the fact that, according to the Boltzmann distribution of
velocities, there are some particles with enough veloclty to cause ioniza-
tion. Also, according to the mass-action law, the equilibrium is driven
in the direction of producing more particles by the relatively low gas
pressure.
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(A.1) CalVa = G Vi
(4.2) G~ Q= Po—Pa
wa St he s SRy

plus the equation of state and four unknowns, py, pp, Ty, and vy. There-
fore the unknowns could be completely determined. For partially ionized
gases the three conservation conditions above still hold under the origi-
nal assumptions that heat is not added to or removed from the gas and
that viscosity and heat conduction are negligible. There is another vari-
able, however, which is the fraction of the gas ionized, so yet another
equation is required for a complete solution.

The relation between the degree of ionization and the temperature
and pressure was first derived by N. M. Saha from thermodynamical consid-
25

erations. Later Menzel gave g dérivation of this equation, using sta-

tistical mechanics. The Saha equation is

(2.13) ——/!’-/b = (277—”7);{(/%"772 25,(T) e‘%?’
L A B. (7) “

The variables are defined as follows:

Ny number of ionized atoms per cc

Ny = number of neutral atoms per cc
Pe = electron pressure
X = ionization potential of the atom

m = reduced mass of ion and electron (essentially equal to the
mass of the electron)

h = Planck's constant
k = Boltzmann's constant
B1(T) = partition function for the ionized atom

Bo(T) = partition function for the neutral atom.
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Let us designate the fraction of the gas which is ionized by & and let
p be the total pressure of atoms + ions + electrons. The fraction of ion-
ized atoms is a/(1 + @), the fraction of neutral atoms is (1 - a)/(1 + @),

and the electron pressure is Qp/(l + ). The Saha equation can then be

+ . T 2B ok
(1- o2) e 5, (T) d
A A S

The partition function is defined as E
AT
B(T)=/.Gn€
n

where g, 1is the statistical weight of a level of energy E . The energy

written

of the ground state is arbitrarily set equal to zero. Bond26 has calcu=-
lated the partition functions for neutral and singly ionized argon up to
26,000°K. He has found that at temperatures of up to 15,000°K there is
an error of less than l% in assuming that BO(T) = 1 for neutral argon,
the contribution of only the ground state. As the temperature increases,
however, the higher excited states contribute more to the partition func-
tion. The energy-level diagrams of all the rare gases are quite similar
so that one can safely assume that the limit above which Bo(T) = 1 is no
longer accurate varies approximately as the ionization potential. With
xenon, for example, the contributions of the upper levels of excitation
would become important at temperatures of greater than 11,500°K. In this
work it will be assumed that the temperature of the gas is low enough so

that Bo(T) 2 1.
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For the rare-gas ions the lowest lying‘levelsaregPB/ejl/g with asmall
energy difference E; between the levels with different J values. A sche~
matic energy-level diagram is shown in Figure 9. The 2P5/2 level is the
lower of the two, so the contribution of these levels to the partition
function is _f.L
B (T)=4+2& <.

Bond's calculations show that for argon the higher excited states of the
ion do not contribute appreciably at temperatures as high as 20,000°K.
If the numerical values for h, k, and m are put into equation (2.1k4), we

get

~4

0% X
__1'%5_ 7+ e-E%T ShUSSY

where p is expressed in cm of mercury pressure and T in degrees Kelvin.

(2.15) A =

The values for the ionization potential and the energy difference between
the two lowest states of the ionized atoms are shown in Table IV. The

values are given in equivalent temperature in degrees Kelvin.

Table IV. Ionization Energies of the Rare Gases

Gas e =x/k E, /k
Neon 249,000° 1120°
Argon 182,000° 2060°
Krypton 162,000° T720°
Xenon 140,000° 15200°

The equation of state must be altered since additional particles are
being produced by ionization. It will be assumed that the atoms, ioms,
and electrons behave separately as ideal gases and that the interactions

between them can be neglected insofar as the equation of state is concerned.
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Figure 9. Simplified diagram of energy levels
of a rare-gas atom and ion.
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Astrophysical calculations have shown the validity of this assumption in
the range of temperatures and pressures with which we are concerned.” The

pressure of the atoms plus ions is
ot = NAT

and the pressure of the electrons is

R= o NT

where N = number of atoms plus ions per cc. The density is

?: N VY]A ) (mA = mass of atom)

since the electrons contribute very little mass. The equation of state is

ereiore _? (/-/_OC) /é_]_

Ro is the universal gas constant and My is the molecular weight. The equa-

(/+o<)m—

tion of state will usually be used in the form

.
(2.16) -ﬁw— (1t )RT | R= 4/

Finally, an expression for the enthalpy must be derived, or since
h=e+ p/p we can find instead an expression for the specific energy e.
The energy of a rare gas at high temperatures is made up of three parts:

et = translational energy of atoms, lons, and electrons;

energy of excitation of the atoms and ions;

D
0]
1]

]
1l

energy of ionization.

e = e-(_—"_ee'f'el"

The translational energy per cc is

S (o )NRT

*See Chapter III of Ref. 27.
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where N is the number of atoms plus ions per cc. The specific energy et

is therefore

€= S (I+<)RT,

The probability that an atom or ion will have the electronic energy Ep is

Gn € AT
7 B(T)

so the average excitation energy for an atom or ion is

;;3 ZE; g?ﬂ E?‘ZEbﬂé7—
B(T)

The specific energy due to excitation of the atoms and ilons is therefore

Eu g o AT
E, = (It) RT(Z i}n‘; g,_,)e Zroms
_E
(; % ?”9 & /ONS
E ()

Shao-Chi LinglL has calculated, however, that at a temperature of 16,000°K

A ART

the energy of excitation is only 1.7% of the total enthalpy of argon. At
higher temperatures the energy of excitation becomes appreciable. To sim-
plify the theory we will neglect the excitation energy, but the resulting
formulae will be valid only for temperatures of less than 16,000°K for ar-

gon.* The maximum useable temperatures for the other rare gases will be

*The population of the 2Pl/2 state of the ion will be appreciable even at
low temperatures. The specific excitation energy for ions is then

[2R/By (T)] [Ey/xT] [e-B1/kT] at temperatures below which the upper states
contribute. This is to be compared with the ionization energy of Re.

For neon and argon 6 >> El/kT (see Table IV), so the excitation energy of
this level can be neglected. For krypton and xenon the energy of this
level is larger, but even for xenon at 10,000°K, it is only 1-1/2% of the
ionization energy. At a degree of ionization of 5%, the error introduced
by neglecting the energy of the 2Pl/g level is only about 1/2% of the to-
tal enthalpy for xenon.
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approximately in proportion to their ionization potentials.

The ionization energy per cc is

KN X

so the specific energy due to ionization is

g, = AR E = *RE

where © ='X/k. The total specific energy is now

ean) €= I (1+o)RT +«ARH

and the enthalpy is therefore

(218) A = % (1+) RT + oARB,

We now have sufficient preparation to derive some equations for the
hydrodynamic variables behind a shock wave when ionization occurs. Be-
cause of the form of the Saha equation many of the equations will be trans-
cendental, requiring numerical methods of solution. A number of useful
equations may be derived, however, by assuming the degree of ionization
behind the shock wave to be known.

The three conservation equations (A.1), (A.2), and (A.3) are still
valid for ionization, so the Hugoniot relation (A.4k) which was derived de-
rectly from them is also valid. Putting in the expression for the enthalpy
derived above, we obtain a new Rankine-Hugoniot equation which is similar

to equation (A.6),

Sk _
Se Hrp-g

pe !

(2.19) (= Xa) &

(l1+HAa) Ta

2
Doring 8 obtained a 'similar sort of Rankine-Hugoniot equation for very strong

shock waves in nitrogen. For a shock wave moving into a gas which is not
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ionized, such as the primary shock wave in the shock tube,

f——r—l
(2.20) % _E_
‘1‘/{1 .20(4,;-’-“

Here one observes the first important effect of ionization on the
hydrodynamiecs of a shock wave. In the ideal case of no ionization the
density ratio approaches the limit p asymptotically for large shock
strengths. In the above equation, however, the ratio G/Ta'may be almost
200 for the rare gases. Therefore, if the degree of ionization were say
5%, the negative term would subtract about 20 from the denominator. Thus
the density ratio might rise considerably above the ideal limit u~. The
increased density ratio leads to a decrease in the temperature, as one

can see in using the equation of state (2.16).

_ (H‘OQL) _&._ ga_._
Ta (H'O(/r) 3 91,—

(2.21)

The flow velocity and shock velocity are also changed by ionization

but not as much as the density and temperature ratios. In order to derive
an expression for the flow velocity, we use equation (A.9), which is still

valid for the case of ionization.
2

&QOJ_@L_—__‘)_JOQ%=P___E_A'—“-2= %—l‘ paz‘
(l__ %) Up-—Ua (ub_ ua)?-

Solving for (w, - u,)

gives

(2.22) (U(,"ua)z';'g)% E’g_— (%i—') “
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Substituting for pb/pa from the Rankine-Hugoniot equation (2.19), we have

_ KXo\ &
(2.23)  (Up-U ) (l-!'o(&)ﬂ—{( |)(;q%+2(,+do.)n:{(% ,))

or for a shock wave moving into a gas which is not ionized this simplifies

to

B ) 2o
o - e LI g ).

It can be seen from the above equation that the effect of ionization is to
cause an increase in the flow velocity behind a very strong shock wave.
To obtain the shock velocity, U, one uses the conservatlon-of-mass

equation (A.1l)

_:@,___ /U;. Ua._U= (U ua,)
& M W-U  (UpUa)=(U- Ud

Solving for (U - ug) and squaring gives
& \*
ll"

1 2= _ea. _ z
(U-Ua) %i__l (lx u“‘))

and substituting for (up, - ua)2 from equation (2.22) gives

!
225 (U-ua)2=%(9_& )(%i )

O

Putting in the expression for pb/pa from equation (2.19), we have

b

M T < (-
')(Pb-i)wuz(ﬁ’!—ﬁ) P!

(2.26) (U—ua) (I+da)RTy [(p
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Again, for a shock wave moving into a gas that is not ionized,

Bt o
(2.27) (U"Ua)z: RTa (/‘(—‘)(%",)-’_ZOQQT—‘ (px—l) ‘

For a given shock strength the effect of ionization is to decrease the
shock velocity. The net result of ionization therefore is to decrease the
difference between the shock and flow velocities, which is also self-
evident from the conservation-of-mass equation.

It is theoretically possible to obtain equation (2.27) in the form
(U-uy) =F (pb/pa, p., T,), which would then be inverted to find the
shock strength pb/pa as a function of the measured shock velocity U. To
do this, one would have to eliminate Py and I% from the Saha equation, the
equation of state, and the Rankine-Hugoniot equation to get & as a func-
tion of pb/pa and the initial state variables and then substitute for o
in equation (2.27). Besides being transcendental, the resulting equation
would be very complicated and could be solved only by laborious numerical
methods. A more practical method of solution is to use a fast-converging
iteration procedure such as the one described below.

Consider. the primary shock wave in the tube. For this case, equation

(2.27) can be written

U z_. ‘iléZIﬂ'l B yC | -
228 |5 = 3%2'_!)_,_20(1% 5(%(2: )

where p = 4 for a monatomic gas and c; =~N5/3 RT;. Equation (2.28) is

quadratic in yo; and can be solved immediately.

Ul Ut A 32, 8 (UL .
(2.29) 32,"*:_8'_ 31—5(E +5\/[(27) El-l- '5041-,-' (_C_.)
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In addition to this equation we also use the relation for the temperature,

= I /
Fe (1+oA,) —%:.' )

the Rankine-Hugoniot equation,

A/ - ‘4é/é/7k/ ,
# géﬂ f-‘4 "£2CK2_£;L

/

and the Saha equation,

-4
O( - p'}t' /04QZ1 p/ e_g .
2 7{%_ /21‘-@ '%Tz)

The iteration procedure now goes as follows: Assuming a value for

A

0o, calculate the shock strength ys; from the measured shock velocity U.
Calculate xp; from the Rankine-Hugoniot equation and then Ts. From yoi
and T use the Saha equation to calculate a new Qp. Recalculate yoq,
X21, and To, using this second Gz, and from the second yo; and To obtain
a third oz, ete. The number of iterations depends on the accuracy de-
sired. This method converges fairly fast.

It is of course, far more convenient if curves of the hydrodynamic
variables in the shock tube are prepared in advance. Shao-Chi Linga in
his thesis gives curves of temperature, pressure, density, degree of ion-
ization, and flow velocity behind the primary shock wave in argon for
initial pressures of 1, 5, and 15 cm Hg plotted vs the shock Mach num-
ber. He also included curves of temperature, density, degree of ioniza-
tion, and shock velocity for the region behind the reflected shock wave.

The variables behind the reflected shock wave can be found by plot-

ting a p -u curve for the gas behind the shock, as discussed in Section

2% (see also Figure 4). The relation between the pressure and flow ve-

*The variables behind the primary shock must all be known.
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locity is given in this case by equation (2.22) or (2.23). Because Osg
depends on Ty and ps, an equation for the curve cannot be expressed in
closed form, so several points on the curve must be calculated numeri-
cally, one at a time. The boundary condition for the first reflected
shock is that the flow velocity be brought to zero. Therefore the pres-
sure, ps, behind the reflected shock is the point of intersection of the
P - u curve with the p-axis. Usually only a few points on the curve close
to the p-axis are necessary for an accurate determination of psg.

The equations that are necessary to calculate points on the p - u
curve are the Rankine-Hugoniot equation,

Ks2 = 4‘452"" e

%52"'4' 2( H’O(?_ )'—'r‘z

the relation for the temperature,

Is_ [LE=e _‘%& '
T \It&s) Xsa 7

the Saha equation,

)

]

fC) S2 |
= ||+ =
.O< l 5 (N 2 _'_ e %TS) J

and the equation for the flow velocity, equation (2.48),

(Us=Ua)*= (14+ck)RT, % (%sz_‘)

The procedure is as follows: One assumes a value of y'so that is
probably close to the true value (usually ysz & 5.8). Then a value of
Q's 1s also assumed and one calculates x'sz and T'ss. From the Saha
equation a new value of Q" may then be found. If this new value of O''s
is close (within + 10%) to the originally assumed value, the next step

may be taken. If not, a better estimate of O's can be made, x'so and
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T'so can be recalculated, and a new O's found from the Saha equation.
- The accuracy of the next step depends on the fact that ¢ varies slowly
with p. BSubstituting %55 from the Rankine-Hugoniot equation into the

temperature relation, we obtain a quadratic equation in yss.

O<5'_O<z ____ Is ,+°<5 -
(2.20) L}sz [4 (l+d2)+2 T+, 4‘452 T\ +cke 0

Using T*s and "5 in the above, y'sz can be determined and it should be
extremely close to the true value. Now using the above eguation for the
flow velocity, we can calculate ug. The x"zo used in this equation should
be calculated from Q"5 and the new y"sz. This now gives a point (ps, us)
on the curve. Several points on either side of the p-axis will allow one
to interpolate to find accurate values of pg, Og, and Ts. The reflected
shock velocity can be found, using equation (2.25).

If one wishes to calculate the hydrodynamic variables behind succes-
sive shock waves resulting from the interaction with the interface, the
principles of Section 2 can be followed, using the above-outlined method

for calculating points on the p - u curves for the shock waves.

L. Mixtures of Gases

It has sometimes been found very convenient to add to the carrier gas
a small amount of a test gas which is to be studied. For example, in the
study of hydrogen line broadening we have added about 1% hydrogen to neon.
This technique will be discussed further in Chapter V, but here we will
develop the necessary mathematical formulae.

The test gas in most cases is diatomic. It is assumed that the test

gas is completely dissociated behind the primary shock wave but that no
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ionization takes place. Then for the first reflected shock and subsequent
shock waves the gas may be considered as a mixture of monatomic gases.
This latter case will be considered first and later we will return to the

problem of the primary shock wave.

th

Let Ni be the number of atoms plus ions per cc of the i gas and let

ai be the fraction ionized. Then the total pressure is

p= 2N (1+o)RT.

The density of the gas is p = }jNimi where ml is the mass of one atom of

th 1

the i gas. If el is the fraction of the it

h gas before ionization, the

equation of state then becomes

_ ;a‘i (1+oE) T
_)g. AZE"\/?’)'{

The gas constant per gram is

K
/€= £t i
2EM
where Ry is the universal gas constant and MY is the molecular weight of

the ith gas. ©O0 the equation of state is written

(2.50) fj— =%5*’(/+«*‘)/€7‘.

’

The specific internal energy of the gas, neglecting excitation, is
3 ) i LEL Gt
e==3 D eH|+MRT +R -
2 £ 3
A
The first term is the translation energy and the second term is the energy

of ionization. @i is the ionization energy}(i divided by Boltzmann's con-

stant. The enthalpy is therefore

(2.32) %=_2~i.-€+-le 0<4f£,{i9/4.
A
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Putting this expression for h into the Hugoniot equation (A.4), we arrive

at the modified Rankine-Hugoniot equation

a - _,é& 2549"(0(0 4:)
§ T4 2R

The flow velocity is similar to equation (2.22),

o) (Upm )= ZE‘(/M;)/@T (ﬁ,)

S (e ) 225:9 (o -od)
_ZE"‘(/-,LO( RrT, [ 2, E (/7“0(4)7;. (ﬁ, I)
4-7'-2;-/-/ o

and the shock velocity is given by equation (2.25), using equation (2.31)

for p/p or by

(2.35) (U—Ua}z=

i 44k +
L+l ) RT; | —Ea . ‘ 1)
Pe. S (1+ iz ) Ta,

The temperature ratio is

T ZE (L) B
(2.56) T 2 E5(+of) /% o

The hydrodynamic variables behind the reflected shock may be solved

by the same method described in Section 3, except that one must now solve
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several simultaneous Saha equations of the form [see equation (2.13)].

(2.57) Aﬂ(’/ dl)Zd/Qj"“/{]e+5&iT+/?Wmﬁé l‘(r)'

The expression Py is pressure of atoms + ions of the J gas, S0 EjaJpoJ
is the total electron pressure. Logarithms are to the base 10. Putting
in the values of the physical constants, the above equation may be written

as

- /7 at ]'—XLM'_*E_/?T 0477+ ‘35%

where)(i is now given in electron volts.

For the primary shock wave we assume that all molecules are completely
dissociated but that no ionization takes place. ILet &' be the fraction of
the monatomic carrier gas and 8%, 8%, . . ,* be the fractions of the di-
atomic test gases which are much less than 8'. It is assumed that Yy = 7/5
for the diatomic test gases and, of course, y = 5/5 for the monatomic car-
rier gas. The equation of state and the enthalpy in region (1) ahead of

the primary shock are

b _ _
) IQTI— where E—- ZSJ‘M'& and

(2.39) /é, = ‘§§IEW+'§7‘ZS£ET,= %‘_JQ._ |+ %ZSL ’
A=2

*These 's are not the same as the e's used earlier, but they are, of
course, related. SA
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while in region (2) behind the shock the equation of state is
| A
(2.10) -J‘g‘-= (5'/-2 $*)RT,
2 A=2

and the enthalpy is

(2.41) %z": %%+ EZZ SL@L .

1. ED/k where Ep is the energy of dissoclation.

o

Putting these expressions for the enthalpy into the Hugoniot equation

gives
Ly 7/
Xor = o
(2.42) 2/ %,1‘04—225"@;—()
452 I

The flow velocity us may be found by putting this value of %57 into equa-

tion (2.22) and an expression for the shock velocity can be written down

by substituting for xs; in equation (2.25). This gives

| ZLQIZIﬁ—‘
2.83)  U=RT N LB ( 2'—1) .
)+ 275 1) '

Then in the same manner as equation (2.29) was obtained we can write

a2 2 2 2 - Q§i
s o T s ) )
(2.4h) 4 =3 3+5-§R.T.+5 SR IS %R,‘l‘,;é T

From this equation one can solve for the shock strength from the measured
shock velocity. From this primary shock strength one can solve for all
the remaining variables behind the primary shock and also behind the re-

flected shock by using the equations developed previously.



CHAPTER IIT

DESCRIPTION OF APPARATUS

1. The Shock Tube

The first experiments on luminosity behind shock waves done in this
laboratoryle’l5 were carried out using the 2 x T-inch cross-section shock
tube. Almost all the experimental work reported in this dissertation,
however, was done with a smaller tube designed expressly for the produc-
tion of very strong shock waves.

This shock tube has an overall length of about 12 feet and a rec-
tangular internal cross section of 1-5/8 x 2-5/8 inches. The tube was
made from commercial cold-drawn steel tubing of 3/16-inch wall thickness,
the corners of which were round with a 1/8- to 5/16-inch radius. The in~
side surface is about as smooth as cold-rolled steel, and no additional
finishing was done to improve it. One section of the tube was tested at
70®psia* pressure and showed no leaks or disfortion. The high-pressure
chamber was built to withstand a pressure of 2000 psia by putting the rec-
tangular tubing inside a standard 5-inch round steel pipe and pouring con-
crete in between.

The sections of the shock tube were fabricated by welding round steel
flanges to the ends of the rectangular tubing and machining the flanges
for "O" rings. The sections are fastened together with eight 3/8-inch

bolts. The high-pressure chamber is 47 inches long and is made in one

*Psia is an abbreviation for pounds per square inch absolute, and psi is
an abbreviation for pounds per square inch above atmospheric pressure.

50
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section. The low-pressure chamber consists of four sections, exclusive of
the test section, two of 31-1/2-inch length and two of l5-l/2-inch length,
making a length of 94 inches. The relative lengths of the high- and low-
pressure chambers were determined so that the rarefaction wave reflected
from the end of the high-pressure chamber would not reach the luminous re-
gion before the reflected shock met the interface. These calculations.
followed the method described by Mautz.8

The reason that the tube was constructed with a rectangular cross sec-
tion rather than circular was that it was desired to make optical observa-
tions in the region behind the reflected shock. A round glass tube would
not have been strong enough to withstand the high pressure in this region.
A rectangular section permits the use of thick, plane side windows which
make possible the observation of the flow from the top to the bottom of the
tube and also to the very end. The size of the tube was determined mainly
by the limitations of space and the funds avallable. Since it was planned
to use some rather expensive gases such as xenon, the tube volume of only
seven liters made the cost per shot rather reasonable.

The requirements on the gas tightness of the shock tube are quite se-
vere. In order to insure the purity of the gas in the low-pressure chamber,
it is necessary to obtain an ultimate vacuum of less than lp but, after fir-
ing, the pressure in the tube might be as much as 500 psia. A high vacuum
of better than lp is obtained with a VMF-10 oil-diffusion,pump* backed by
a 1405-B Welch Duo-Seal mechanical pump. A vacuum valve was especially de-
signed to provide a one-inch-diameter opening in the tube for fast pumping

but to close flush with the inside wall of the tube and withstand up to

*Manufactured by Distillation Products, Inc., Rochester, N. Y.
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600-psia pressure without leaking after the tube is fired.

A schematic diagram of the shock-tube plumbing is shown in Figure 10.
The oil-diffusion pump is by-passed so that it can be kept hot while the
tube is being pumped down to 1lOOu--=the pressure at which the diffusion pump
can be opened to the system and can start pumping. A thermocouple vacuum
gauge 1s connected to the vacuum manifold for continuous readings while the
Mcleod gauge is used as a check., A thermocouple gauge is more sensitive to
organic vapors than air, so a comparison between readings of the thermo-
couple and Mcleod gauges indicates whether or not organic vapors are pres-
ent in the tube. Both gauges can be read down to about l-y pressure. A
di-butyl phthalate manometer” is used to measure the pressure of gas put
into the low-pressure chamber. The rare gas is added from a 2-liter glass
flask which is filled from a cylinder of "Linde" mass-spectrometer-checked
gas.

The pressure in the high-pressure section is measured with a preci-
sion Bourdon gauge** accurate to l/h% of full scale. This section is evac-
uated to less than 0.5-mm-Hg pressure before filling with hydrogen. The
procedure is to pump out both chambers to 0.5 mm Hg and then fill the high-
pressure chamber with hydrogen to a few pounds over atmospheric pressure
so that any leaks will be outward. Meanwhile the low-pressure chamber is
pumped down to 100y, at which point the valves to the diffusion pump are
opened. The time required to reach this point from the closing of the tube

is about 4 minutes. It usually takes about one hour to pump out the tube

*lﬁlﬂnof di-butyl phthalate is equivalent to l-mm-Hg pressure.

*%
Actually two gauges were used interchangeably. One registered 600 psi
full scale and the other 2000 psi. They were Ashcroft laboratory gauges
manufactured by Manning, Maxwell, and Moore, Inc., Stratford, Conn.
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sufficiently to bring the apparent '"leak rate' down to 5u per minute, which
we consider satisfactory for shooting the tube. For an elapsed time of two
minutes between filling the low-pressure chamber and firing the tube, the
impurity level is 1Ou or O.l% for l-cm-Hg initial pressure. If the tube
has been pumping for several hours, however, the leak rate is sometimes

gs low as lp per minute.

The digphragm material which is used most often is cellulose acetate
sheet in thicknesses of from 0.005 to 0.060 inch. It was found necessary,
however, to outgas the acetate sheets for a couple of days in a vacuum
chamber before they are suitable for use in the shock tube. The diaphragms
are held with flat neoprene gaskets cemented to the diaphragm plates. For
low pressures of up to 200 psia a single diaphragm is used, but for higher
Pressures two diaphragms are used in series separated by a thin chamber of
intermediate pressure. A photograph of this arrangement is shown in Fig-
ure 11. The center plate has a vertical support bar to give added burst-
ing strength to the diaphragm on the high-pressure side. A support bar
was also tried on the diaphragm plate on the low=-pressure side, but it had
to be removed because of the adverse effect on the flow. The difficulty
was that the front diaphragm would burst in two halves, one on each side
of the vertical support bar, a short time apart. When the first half burst
the primary shock was formed in the tube and when the second half burst a
second shock was formed which caught up with the first about halfway - down
the tube. The amalgamation of the two shocks gave rise to a strong contact
surface29 (i.e., temperature discontinuity)‘in the flow behind the primary
shock. A solenoid-operated prod is used to break the thinner diaphragms
up to 20 mils thick, but the device was not powerful enough to break the

heavier acetate sheet. Therefore one method used to fire the tube at a
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Figure 11. Photograph of diaphragm section of shock
tube showing center diaphragm plate.

predetermined pressure is to release the pressure in the intermediate cham=-
ber so that the pressure difference across the rear dlaphragm reaches the
bursting point. The front diaphragm breaks immediately after the rear one
because of the sudden excegs pressure. A 10-mil-thick acetate diaphragm
will hold from 120-150 psia, while a 60-mil sheet will hold about LkOO-psia
pressure. The vertical support bar almost doubles this bursting strength.
The plumbing of the high-pressure chamber was also arranged so that
an explosive mixture of hydrogen and oxygen can be used as the pusher gas.
This mixture gives a large increase in shock strength. According to the
graphs published by Shao-Chi Lin,glF a ratio of Oz to Hs of 0.15, gilves,
due to the high temperatures attained, a 67% increase in sound speed over

hydrogen for a constant-volume combustion.
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A mixture of 18 psia of oxygen and 120 psia of hydrogen is usually
used with a 0.010~inch-thick, soft copper diaphragm. Attempts to prevent
the copper pieces from flying down the tube were unsuccessful and the end
of the aluminum test section sustained considerable damage. Therefore a
block of tool steel was bolted into the back of the test section and this
stopped further damage.

The mixture at first was ignited with the spark from an automobile
ignition coil at the rear end of the high-pressure chamber, but then a
peaked detonation wave travels down the tube until it reaches the diaphragm,
which quickly breaks. This gives rise to an uneven flow behind the pri-
mary shock. The second method was to ignite the mixture near the diaphragm
so that the detonation wave travels to the rear of the chamber, leaving
behind the hot burned gas at rest. This method, however, did not work as
intended. The sound speed of the burned gas behind the detonation is not
much greater than pure hydrogen at room temperature. If a 0.005-inch-
thick copper diaphragm is used, which breaks soon after the ignition, the
shock speed is not much greater than when using a hydrogen driver gas at
1000-1b pressure. If a heavier 0.010-inch-thick copper diaphragm is used,
however, the diaphragm does not break until the arrival of the reflected
detonation from the rear of the tube. The pressure profile of the driver
gas is still slightly peaked at the front, but the flow behind the primary
shock wave, as judged by the evenness of the luminosity behind the reflected
shock, is fairly constant. The resultant shocks are much stronger than when
using the 0.005-inch-thick copper diaphragm.

A better method is to approach a .constant-volume burning by igniting
the mixture at a number of points evenly spaced along the length of the

chamber and thus avoid a detonation wave. After firing, the tube is pumped
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out with a second mechanical pump through a liquid air trap for at least
one-half hour to remove all the water from the tube.

Figure 12 is a photograph of the shock tube, showing a two-prism
glass spectrograph looking into the end of the low-pressure chamber
through a one-inch-thick plexiglas window. Before the test section, de-
scribed below, was fabricated all the spectral observations were made in
this manner. The hydrogen cylinder and high-pressure chamber are at the

far end.

2. The Test Section

In order to observe the flow at the end of the tube, a special test
section was constructed. One-inch-thick glass or plexiglas windows fit
into the sides of the chamber to give an unobstructed view of the last
eight inches of the shock tube. A vacuum seal is obtained by an "O"
ring in a groove on the main chamber and a flat rubber gasket was ce-
mented to the retaining frame which presses against the outside surface
of the window. A photograph of the test section disassembled and also a
photograph of the section with the slit plate are shown in the Figure 13.
The slit cover plate 1s used to obtain wavespeed photographs according to
the scheme of Figure 14. Plexiglas does not transmit very well below
3300 E, S0 a l—l/2—inch—diameter fused-quartz wiﬁdow was mounted in a one-
inch-thick aluminum plate which can be placed in the side of the test sec-
tion in the same manner as a glass window.

Ordinary one-inch-thick commercial plate glass is not strong enough
for the high pressures obtained at the end of the tube. A tempered plate
glass such as Libby-Owens-Ford Tuf-flex or plexiglas is suitable. The
tempered plate glass is not scarred by the acetate diaphragm particles,

but when a hydrogen-oxygen explosive driver was used one shot left the
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Figure 1%a. Test section, disassembled to show window mounting.

Figure 1%b. Test section with slit cover plate.
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Figure 14. Schematic diagram of setup for wave-speed photographs.

glass surface with a ground appearance. Plexiglas was found to be the

safest type of window to use.

3. Revolving Drum Camera

The revolving drum camera was designed to be used with a series 7
Dumore tool-post grinder. This grinder consists of a 5/h-hp, high-speed
electric motor which turns the quill, on which the grinding wheel is
mounted, through a belt and pulley. With a TX-250 quill, which is used
for external grinding wheels, a speed of up to 15,000 rpm may be obtained.
An 8-3/8-inch-ID aluminum drum maede to hold 35-mm film is mounted on the
quill in place of a grinding wheel. This drum was dynamically balanced”
at 10,000 rpm so that the vibration is very small. The drum is enclosed
in a light-tight housing with a removable front cover on which is mounted

an f/h.5, 8—1/2-inch focal length camera lens and a first surface mirror

*The writer is indebted to the General Motors Technical Center in Detroit
for balancing the film drum.
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at a 45° angle to reflect the image onto the film wrapped on the inside of
the drum. A photograph of the camera on a tripod base is shown in Figure
15.

In order to focus the camera, an arm, which holds a small ground-
glass screen at the same radius as the film on the drum, is put onto the
shaft in place of the film drum. The image on the ground-glass screen is
then viewed through the magnifier mounted on the side of the housing as
the camera lens is adjusted for best focus. The film can be easily loaded
into the camera in daylight by enclosing the camera in a commercial photo-
graphic loading bag which has sleeves that fit tightly over the arms. The
camera cover is removed and the film, which has been cut to the correct
length and put in a small light-tight can,*' 1s placed on the inside of
the drum and the cover is replaced. The speed of the drum can be varied
from a few thousand rpm up to 13,000 rpm by using various pulley combina-
tions. The camera housing begins to heat up due to air friction at 13,000
rpm, so this is the highest speed used. The speed is measured by a Hasler®*
revolution counter which, according to the manufacturer, is accurate to +
l/h%. For wavespeed pictures Eastman 103-D unperforated 3%-mm film has
been found to be very satisfactory. It has a low fog level and can take
excessive overexposures without halation. Also it does not have much curl
in contrast to films like Linagraph Pan. This curl makes shock-velocity

measurements more difficult because the film cannot easily be made to lie

flat.

*A standard Kodak 35-mm-film can in which cartridges are placed has been
found to work very well.

*¥
Sold by the Hasler-Tel Co., 32 Vesey St., New York 7, N. Y.
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Figure 15. Revolving drum camera.
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k. Spectrographs

A most important instrument for the investigation of luminosity be-
hind strong shock waves is the spectrograph. As in astronomy, a consid-
erable amount can be learned about the state of a luminous gas from an
analysis of its spectra, or conversely, if the state of a gas is known
from other measurements, information can be obtained about the physics
of radiative processes.

The research profited from the availability of a good spectrograph*
at the start. The instrument uses two glass prisms to give a dispersion
of approximately 10 z_per mm at 4000 2 and 50 R per mm at 5500 K. The en-
tire visible spectrum from 4000 2 to 6500 A can be photographed on a 3-1/k
X h-l/h-inch plate. The spectrograph can also be adjusted to include the
infrared region up to 9000 R, but the dispersion is very poor, only 100 R
per mm at 8000 R. The aperture of the spectrograph is f/lh, which was
sufficiently fast for most of our work. This instrument was designed by
Dr. Ralph A. Sawyer and built in The University of Michigan Physics Shop
in 1924 by Mr. Herman Roemer, the present shop foreman.

The spectrograph at first was set up to observe the luminosity from
the end of the tube (as in Figure 12), which gave both a time and space
average. After the test section was built, the instrument was set up to
observe into the side of the tube. A narrow cross section was focused on
the spectrograph slit so that space resolution was achieved, but the spectra
still represented a time average of the luminous phenomena. Because of the
temperature jumps caused by shock waves which cross and recross the luminous
region, quantitative data cannot be obtained from the spectra without time

resolution.

*For the loan of this instrument the writer is indebted to Dr. C. W. Peters.
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The revolving drum camera was used to provide the time resolution.

A new cover plate, which had a sliding shutter but no lens, was made for
the camera, and a first surface mirror mounted at 45° to reflect the
spectral image onto the film. A schematic diagram of this setup is shown
in Figure 16. Using a slit length of 1 mm and a drum speed of about 9000
rpm, a time resolution of 10 microseconds was obtained, which proved to

be more than sufficient. This arrangement yielded very satisfactory time-
resolved profiles of HB’ but it was difficult to set up and adjust. The
tripod base of the revolving drum camera, for example, had to be positioned
within a fraction of an inch to get sharp spectra and also the correct
spectral region. Because of the temporary nature of the setup it was not
very light-tight and the shock-tube shooting had to be done in almost to-
tal darkness.

The principal disadvantage of a prism spectrograph is the poor disper-
sion at the longer wavelengths. For the spectrograph used, the dispersion
is great enough for line-broadening studies only in the limited spectral
region of 3800 R to 5000 R. But many of the lines of interest, including
the strongest rare-gas lines, are in the red and near infrared. Also, the
near ultraviolet spectrum is not transmitted by the glass. For these rea-
sons it was decided to have a grating spectrograph built with mirror op-
tics which could transmit the near ultraviolet. For maximum flexibility
the spectrograph should be able to photograph a large spectral range for
survey work and also should be adaptable for time-resclved spectra by the
addition of a revolving drum camera.

A.spectrograph meeting these requirements was made for us by the
Jarrell-Ash Co. It was a smaller l-l/E-meter version of the Ebert type

spectrograph which had been recently developed by this company.Bo The
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Figure 16. Schematic diagram of apparatus
for time-resolved spectra.
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instrument uses a ten-inch-diameter spherical mirror of 1-1/2-meter focal
length and a plane grating with a ruled area of 65 x 76 mm. Two gratings
are used interchangeably, one with 300 rulings per mm blazed at 7500 2
and the second with 1200 rulings per mm blazed at 5600 R. The first is
an original grating ruled by the Jarrell-Ash Co. and the second is a
replica grating purchased from the Bausch and Lomb Optical Co. The av-
erage dispersions using these two gratings are 22 2 per mm and 5.3 R

per mm, respectively, in the first order. The grating table can be ro-
tated so that any wavelength may be centered on the plate. A holder for
a 4 x 10-inch plate is provided for photographing a large spectral range
at one time.

A mount was made, which bolts onto the spectrograph table, for hold-
ing a revolving drum camera so that the spectrum can be focused on the film
drum. The camera can be swung away from the spectrograph for loading the
film. Figure 17 is a photograph of the drum camera mounted on the spectro-
graph. The spectrograph proper is set on foam-rubber pads to give vibra-
tion isolation from the revolving drum camera.

It is necessary to measure the primary -shock velocity simultaneously
with the exposure of a time-resolved spectrum since the initial pressure
ratio is not a sufficiently accurate measure of the shock velocity. Ac-
cording to experimental results, which will be discussed in Chapters IV
and V, an accurate measure of the initial pressures predicts the
shock velocity only to within + 1% at best. Since the revolving drum cam-
era was to be used for time-resolved spectra, another method of shock-
velocity measurements had to be devised. Electronic timing circuits with
probes were considered, but it was finally decided to use a second revolv-

ing drum camera since it is Jjust as accurate, more reliable, and gives more
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information, especially about the reflected shocks, than electronic cir-
cuits. As one can see from Figure 12, the shock tube is close to the wall
of the room. The spectrograph is placed on the left side of the test sec-
tion (looking downstream), and the horizontal slit cover plate is put on
the wall side of the test section. A first surface mirror is then used

to reflect the light into the wavespeed camera, which is set off at an
angle from the end of the tube.

It was found necessary to use fast photographic plates to obtain
good spectra with one shot of the shock tube. Eastman Kodak 103-D and
103-F plates are used in the visible spectral region, 103-0 plates are
used for the blue and ultraviolet, and I-N plates with a Wratten No. 16
filter are used in the infrared. The usual development time is 5 minutes
in Eastman Kodak formula D-19 developer at 20°C.

Using the values for the grating area and the focal length of the
spectrograph mirror given above, one finds that the geometrical aperture
of the instrument is approximately f/l9. This is somewhat faster than
the usual spectrochemical instruments, which are about f/30, and a very
good iron arc spectrum can be put on an Eastman SA-1 plate with an ex-
posure of only 2-4 seconds (using the following method of slit illumina-
tion). For spectrochemical work the usual method of slit illumination
is to focus an arc or spark on the slit with a cylindrical lens. The im-
age of a point source is then a line along the slit. This method gives
very even illumination over the entire length of the slit and therefore is
well adapted to calibration methods such as a rotating sector disc. At
the most only about one-fifth of the speed of the spectrograph is utilized,
resulting in an exposure of perhaps 5-10 seconds instead of 1 or 2 seconds.

This exposure time, however, is still relatively short for spectrochemical
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work. Using this method of illumination, our grating spectrograph forms
exceedingly sharp spectra over the entire length of the 10-inch plate.

If, however, the luminous source is focused on the slit with a spher-
ical lens so that the grating is filled with light, or if the luminous
source is large enough tc fill the grating without the use of a lens,
the spectral image deteriorates badly toward the edges of the plate.
Actually only the central region of 2 or % inches of the plate is suffi-
clently sharp. To get sharp spectra across the entire plate, the lumi-
nous source must be masked from the top and bottom and a cylindrical lens
used to image the source on the slit. The height of the unmasked area
should be determined so that, for a very short slit, a horizontal band
across the center of the grating only about one-fifth the total height
is illuminated. For time-resolved spectra only the central 35-mm length
of the spectrum is photographed, so the lines are always imaged sharply.
The writer does not understand the reason for the poor imaging under this
type of slit illumination, anrd this information is being included in the
hope it may be of help to others who may wish to use this type of spectro-
graph.

Recent calculations by the writer have shown that an aperture of
f/19 is not sufficient to obtain good time-resolved spectra in the red
and near infrared at the temperatures that can be obtained in our shock
tube. There are two principal reasons for this. First of all, the maxi-
mum of the Planck black-body distribution curve is at shorter wavelengths
(Mgax T 2900 A at 10,000°K), so the near infrared is on the tail of the
distribution curve where the intensity is only a fraction of the intensity
in the blue. Also, the intensity on the tail of the Planck distribution

curve increases only slowly with temperature. At 15,000°K the black-body
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radiation intensity at 8000 R is only twice that at 10,000°K. Secondly,
the I-N photographic plates, which are sensitive to the near infrared,
are somewhat slower than 103-0 plates, for example, which are sensitive
in the blue.

Therefore at the time of this writing another spectrograph is being
built which will use the 1200-line-per-inch grating mentioned above and
an f/5.6, 20-inch focal length, aerial camera lens. The dispersion will
be approximately 16 z.per mm and the geometric aperture will be f/6.7.

The speed will be about eight times that of the previous grating spectro-
graph and the dispersion will still be adequate for line-broadening stu-
dies.

With a few exceptions, the experimental apparatus has proven to be
very satisfactory. The shock tube with the test section and vacuum plumb-
ing was relatively inexpensive, but yet it has been quite versatile and
has fulfilled all the requirements necessary for the production of very
strong shock waves. Possibly the attenuation of strong shock waves can
be reduced by polishing the inside walls very smooth, but this has not
been investigated. The revolving drum cameras were very easy to build,
costing less than 1000 dollars each, including the mounts, and they have
been most valuable in this research. The problem of the appropriate spec-
trograph has been more difficult to solve, and at present it seems to the
writer that no single spectrograph can meet all the requirements. In spite

of this, however, many valuable data have been obtained from spectroscopy.



CHAPTER IV

EXPERIMENTAL OBSERVATIONS OF FLOW

1. Qualitative Description of Wave-Speed Pictures

Most of the observations of the flow in the shock tube were made by
prhotographing a horizontal slit on the side of the test section with a re-
volving drum camera, as shown schematically in Figure 1k. Photographs ob-
tained in this manner are called wave-speed pictures, and they are essen-
tially x-t plots of the shock waves and luminous phenomena in the shock tube.

Figure 18 is a wave-speed photograph of shock waves produced by firing
hydrogen at 600-psia pressure into l-cm-Hg pressure of argon. The shock
velocity is approximately eight times the speed of sound of the gas ahead
of the shock front. The primary shock wave appears at the left as a thin
luminous line. An explanation for this phenomenon will be given in Section
5 of this chapter. The end of the tube is at the right-hand side of the
wave-speed picture. The primary shock wave upon meeting the end of the
tube is reflected, and the sudden increase in temperature is evidenced by
the intense luminosity behind the reflected shock wave. The original film
was so0 black that to make a usable enlaréement this region had to be exposed
for a much longer time than the primary shock to bring out the detail. The
luminosity ceases when the reflected shock meets the cold hydrogen interface,
and one can dimly see a shock wave, which results from this interaction,
moving back into the luminous gas and reflecting off the end of the tube.

The gas is heated by each passage of a shock wave. When a shock is reflec-

ted from the interface, the flow velocity, and hence the velocity of the

71
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Figure 18. Wave-speed picture of shock waves in argon.
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interface, is still in the positive direction (toward the end of the tube).
Because of this and the spreading of the interface, which will be discussed
later in this chapter, the luminous region decreases rapidly in size with
time. TFigure 18 therefore constitutes experimental evidence of the predic-
tion made in Chapter IT, Section 2, and of the schematic diagram shown in
Figure 8, Case A. In the range of shock strengths studied, a shock wave
usually resulted from the interaction of the reflected shock with the in-
terface. The case of the reflected rarefaction was not often observed,

even for xenon, for reasons discussed in the next section.

2. Shock-Velocity Measurements

If the speed of the revolving drum camera and the obJject-image ratio
are known, the shock velocity can be computed from a measurement of the
angle of the shock-wave image on the film. For each shot the drum speed
is measured with a revolution counter accurate to + l/h%. The object-image
ratio is found by'making‘two white marks six inches apart on the horizontal
slit Jjaws, which are then photographed with the film drum stationary. In
order to provide a reference from which the shock-wave angles can be meas-
ured, this calibration picture is 'made with the slit illuminated from be-
hind. A correction must be made in the object-image ratio because the hori-
zontal slit is a finite distance from the center of the test section. If
one observes the calibration marks on the horizontal slit from the position
of the revolving drum camera, he actually sees a slightly greater distance
at the central axis of the tube because of parallax. For our test section
the slit was effectively 2.5 inches (including the effect of the index of
refraction of the window) from the center of the tube and the camera was

about 72 inches from the horizontal slit. The correction was therefore
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72 + 2.5

7 1.035

The film was placed in a photographic enlarger* and the shock waves
were traced on a sheet of paper from which the measurements were made.

It is estimated that these measurements were accurate to + 1/2%, resulting
in an accuracy of shock-velocity determination of approximately.+ 0.56%.
One must be very careful in using an enlarger since many enlarger lenses
have a large amount of distortion. Recently this proJject has purchased

a comparator with a protractor eyepiece so that the angles can be meas-
ured directly from the film. This promises to be a more accurate method
of shock-velocity determination.

Shock-velocity measurements were made in argon and xenon over a wide
range of initial pressure ratios and in krypton and neon for only narrow
ranges of initial pressure ratios. In Figure 19 are plotted the observed
shock velocities vs initial pressure ratios. Also are shown curves of
shock velocity vs initial pressure ratio computed from ideal theory. The
experimental shock velocities are not shown for neon, but these will be
discussed in the next chapter. The shock velocities are given in terms of
the dimensionless variable Mg which is defined as the ratio of the shock
velocity to the sound speed of the gas ahead of the shock.** It is often
called the shock Mach number, but it should not be confused with the flow
Mach number, which is the flow velocity in the laboratory coordinate system

divided by the local sound speed of the gas. The initial pressure ratio,

*Leitz Focomat enlarger with f/2.0 Summar lens.

*%
Mg is related to the primary shock strength yz; by the equation Mg =
Juy21+l u+l if ionization is neglected. This relation is also approxi-
mately correct for degrees of ionization up to a few percent.
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p4/pl, is dencted by Z.

The experimental points for xenon can be fitted with a smooth curve
rather well, but the shock velocities are considerably below the ideal
theory. (The experimental points for argon are, for some unexplained rea-
son, somewhat more scattered than for xenon, but the trend is the same.)
Although ionization usually occurred behind the primary shock in xenon,
the decrease in shock velocity cannot result from a change in the hydro-
dynamic variables due to ionization since neither the flow velocity nor
the shock strength depart much frdm the ideal theory as the shock velocity,
and hence ionization, increases (see the graphs in Reference 14). For the
stronger shocks in xenon the radiation behind the primary shock becomes
very intense, so a part of the decrease in shock velocity may be due to
energy loss by radiation. In argon, however, there was no luminosity be-
hind the primary shock for even the strongest shocks obtalned. It appears
therefore that there is a rather large attenuation of shock velocities in
the tube for these very strong shocks due to friction at the walls, heat
losses to the walls, or both.” The practical effect of this attenuation
is that initial pressure ratios of from two to four times larger than pre-
dicted theoretically are necessary to obtain a given shock strength.

No satisfactory wave-speed pictures were obtained showing a rarefac-
tion wave reflected from the interface, even in xenon where the critical
shock strength was calculated to be yz; = 163, according to the ideal theory
(see Table III, Chapter II). At shock strengths below the critical value
a rarefaction wave should be reflected from the interface when it is hit

by the first reflected shock, but at shock strengths as low as yzy = 80

*Hollyerll has made a theoretical and experimental study of shock wave at-
tenuation due to these factors at somewhat lower shock strengths(ys;=5-20).



it

in xenon the interface still appeared to be moving toward the end of the
tube after the interaction with the first reflected shock. This would seem
to indicate a shock reflected from the interface rather than a rarefaction.
A shock, even if it were present, could not be distinguished in the wave-
speed pictures, however, because of the extreme blackening of the film in
the region behind the first reflected shock.

There are two effects which would lower the critical shock strength.
First of all the high pressure, py, required to produce a given shock
strength is at least twice as much as predicted theoretically. The cold
gas is therefore expanded more, resulting in a colder gas than predicted
theoretically. The second effect is that ionization behind the reflected
shock lowers the reflected shock strength somewhat. From Figure 6 one
can see that both of these effects are in the proper direction to lower
the critical shock strength. Calculations, however, have shown that these
two effects combined do not account for the apparently large reduction in
the critical shock strength. One possibility is that the spreading of
the interface gives the appearance of motion toward the end of the tube,
after the Interaction with the reflected shock, by quenching of the lumin-
osity, although the center of the interface is actually moving in the
other direction.

The velocities of the reflected shock waves were also measured from
the wave-speed films. This was possible only in argon and neon, however,
because in xenon the intense luminosity behind the reflected shock gave
rise to considerable scattering and halation on the film so that velocity
measurements were very inaccurate. The experimental points for argon are
shown on the graph of U'/cl vs Mg in Figure 20, together with a curve of

reflected shock velocities predicted by ideal theory, i.e., not consider-
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ing the effects of ionization. Also shown is the theoretical curve for re-
flected shock velocities, taking into account the effect of ionization.
This curve was obtained from the paper by Resler, Lin, and Kantrowitz .14
The reason that the reflected shock velocity with ionization falls below
the ideal theory can be seen from equations (2.20) and (2.25) which are
rewritten below for the reflected shock.
Ay +/

Yot 4 - 200 2

7;

(=)= RT; X:S-Z/ (%2-/)

Nso =

The pressure ratio yss across the reflected shock is affected only slightly
by ionization, but the density ratio Xgs is increased. This in turn re-
duces the reflected shock velocity. In fact, the reflected shock velocity
would seem to be a good indication of the amount of ionization.

The experimental points fall mostly a little above the theoretical
curve, indicating slightly less than equilibrium ionization. One possible
explanation might be that energy losses due to radiation and heat conduc-
tivity to the walls reduce the temperature and, hence, the ionization.

This effect, however, has not been computed.

3. Delay Time for Tonization Equilibrium

A very interesting phenomenon observed in xenon shots is the finite
delay time for ionization equilibrium to be attained behind the primary
shock wave.* This is shown by the seriles of wave-speed pictures of shots

into xenon in Figure 21. The shock velocities increase from Mg = 8.9 to

*This Phenomenon was observed previously by Kantrowitz and co-workers in
argon.
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Mg = 10.00

Figure 21. Series of wave-speed photographs of
shock waves in xenon (p1 = 0.5 cm Hg).



81

10.9 in the series. As in Figure 18, the time axis is vertical and in-
creasing upward while the distance axis is horizontal and the end of the
tube is at the right-hand side of the picture. The primary shock wave ap-
pears as a sharp luminous line at the left. After reflection the lumin-
osity becomes so intense that the outline of the reflected shock is not
sharply defined due to the scattered light and halation in the film.

There is a dark space behind the primary shock, followed by luminos-
ity which extends back to the interface.® This onset of luminosity is
well defined and is interpreted as the point at which ionization equilib-
rium is reached. One can see from this series of pictures how the delay
time decreases with increasing shock strength. Also, for the two strong-
est shots the luminosity can be seen to decrease with distance behind the
front before it is finally quenched at the cold hydrogen interface. This
decrease is due to the energy lost by radiation and has been investigated
quantitatively in argon by Kantrowitz et §£.17

Measurements of the delay time were made at a range of shock strengths
for initial xenon pressures of 0.5 cm, 1.0 cm, and 2.0 cm Hg, and the ex-
perimental points are plotted on the graph of Figure 22. The delay time
plotted on this curve is the actual time for a small volume of gas to be-
come ionized after passing through the shock front. If this time be des-
ignated by At and the delay time measured along the time axis of the wave-

speed photograph by AT, then the two are related by the equation

I
U - U,

At = AT

-
In the first two pictures the interface, which is the end of the luminos-
ity, is masked somewhat by the strong scattered light from the intense
luminosity behind the reflected shock.
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which is derived by the following comsiderations. If the luminous front
is a distance Ax behind the shock, it will appear at a particular point
at a time At after the passage of the shock given by AT = AX/U, But now
the actual time for a small mass of gas to traverse this distance Ax is
At = Ax/(U-us) since (U-up) is the flow velocity relative to the shock
front.

The decrease in delay time is at first very rapid and then starts
leveling off with increasing shock velocity. The error in the measure-
ment of AT was approximately + 15%0 The reasons for this were that the
onset of luminosity was not absolutely sharp and the measured AT varied
from one point to another. Also there were often dark streaks exhibiting
the angle corresponding to the flow velocity in the luminous region. These
are apparently regions of un-ionized gas moving with the flow. Such a dark
streak is apparent in the wave-speed photograph for Mé = 10.0.

A theory to explain the delay time for ionization behind a strong
shock front in argon was developed by John W. Bond, JT026 He assumed that
immediately behind the shock front there is no ionization and that the in-
itial process for the production of electrons is the very inefficient re-
action

A+A —= AT +A+E
The small number of electrons produced in this manner then enter into the
far more efficient reaction

e+ A —= AT +26€

with, of course, the inverse reaction also taking place,

e+ AT — A + radiation,

Bond concludes that there is a distance behind the shock front, which he
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calls the onset width, where the amount of ionization is very small. At

this point, however, the transfer of energy from the translational degrees
of freedom to ionization proceeds very rapidly by the second process above

until equilibrium is reached. The onset width is the major portion of the

total width required for ionization to reach its equilibrium value.

Because Bond's calculations were for argon, while our experiments
were done with xenon, his theory cannot be confirmed in detail with our
results although certain features seem to fit his predictions. He states,
for example, that the delay time should be inversely proportional to the
density of the gas ahead of the shock. The curves shown in Figure 22 do
confirm this prediction. For a given shock velocity the delay time is ap-
proximately twice as long for py; = 0.5 cm Hg than for p; = 1 em Hg and
about four times as long as for p; = 2 cm Hg. Bond's theory therefore
seems to explain qualitatively our results on the delay time for ioniza-
tion.

In the range of shock strengths up to Mg = 8.6 in argon, no luminos-
ity was observed behind the primary shock wave. The temperature behind
the primary shock wave was too low to produce appreciable ionization, and
also, according to the foregoing discussion, the delay distance for ioni-
zation was probably far greater than the entire hot flow. However, behind
the reflected shock waves the phenomenon of the delay time for ionization
was observed both in argon and neon.

Very recently more wave-speed photographs were made in order to check
a few points on the curves of delay time vs shock velocity in xenon. The
new pictures show delay times approximately five times as great for the
same shock velocities. This result was very disturbing, so a series of

four wave-speed pictures, with p; = 1 cm Hg, was made over a range of shock
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velocities from Mg = 9.0 to 10.2. These points defined a fairly smooth

curve showing that the discrepancy in delay times was not due to only one

or two isolated shots. The principal difference between the previous and

the new experiments was that xenon from a steel cylinder of mass-spectrometer-
checked gas (a gift from Linde Air Products) was used for the old experiments
while xenon from a flask of spectroscopically pure xenon (also from Linde

Air Products) was used for the new experiments. The flask of xenon was
checked with a mass spectrometer after the shock-tube experiments were com-
pleted and was found to contain less than 0.1% of air. This is about the
same amount of air that leaks into the shock tube in the time it takes to
fire.

These results do not give sufficient information to discover the exact
cause of the difference in delay time, but it appears that it is very sensi-
tive to the amount of impurities present and that a small amount of impurity
decreases the delay time. This could be expected from Bond's theory. The
initial rate of production of electrons would not depend so much on colli-
sions between the rare-gas atoms as on collisions with atoms and molecules

of impurities.

L. The Shock Front

As one can see from the wave-speed photographs in Figures 18 and 21,
the primary shock front appears as a thin luminous line even though there
may be no luminosity behind the front. This phenomenon was first reported
by Petschek,Bl working under Prof. Arthur Kantrowitz at Cornell University.
He determined that for a shock wave in argon with a velocity of Mg = 7,
the thickness of the luminous front was less than 0.6 mm. The writer has

found that the primary shock fronts are not visible on the wave-speed
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photographs at shock velocities below Mg = 5. From Mg = 6 to T the shock
front appears somewhat diffuse, but above Mg = 8 it is extremely thin and
sharp. The appearance of this front was considered toc be a very strange
phenomenon inasmuch as it was not predicted by theories of the shock front.
There were several speculations about the character of the shock front that
would be necessary to produce such a thin luminous front, but these could
not be verified or disproved because of the lack of experimental data. In
particular, a spectrum of the luminosity from the front had not been ob-
tained because the front moved too fast and was too thin to give a suffi-
cient amount of light.

The first experiment that was made in an attempt to explain this thin
luminous front was to take a wave-speed photograph in krypton with the re-
volving drum camera at an angle of 8-l/2° to the perpendicular from the
test section. If the luminosity were a wall effect, one would expect to
see two luminous lines, one from each wall of the tube. The front, however,
was spread out evenly, indicating that the luminosity extended across the
tube.

A second experiment was to place a Bausch and Lomb wedge interference
filter in front of the horizontal slit on the test section and take a wave-
speed photograph of a shot in krypton in the usual manner. The filter was
three inches long and the transmission varied from 7000 ﬁ at one end to
%000 z.at the other. The idea was that the positions along the filter at
which luminosity of the shock front was transmitted would indicate the
wavelengths present in the spectrum. A calibration picture was made by
photographing a krypton Geissler tube through the filter. The resulting
wave-speed picture showed that the luminosity consisted of a line spectrum

rather than a continuum, but the pattern did not match the calibration
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picture of the krypton discharge tube. The only alternative was that the
luminosity must be due to impurities, but the resolution of the wedge in-
terference filter was too poor to make any identification.

At this point Prof. C. W. Peters suggested the experimental setup
shown in Figure 23. The horizontal slit on the side of the test section
1s imaged on the vertical spectrograph slit by a lens and a Dove prism
turned at 45°, and the spectrum is imaged on the film drum. As the shock
front moves down the tube, its image, spread out in a spectrum, moves up-
ward on the film. If the film drum is rotated at the correct speed, the
spectrum of the shock front can be made to appear stationary with respect
to the film. Thus, the shock front can be followed for a distance down
the tube, resulting in a large increase in exposure time.

Figure 24 shows a spectrum obtained in this manner, but the synchro-
nization was not close enough tc define the front clearly. The luminosity
was found to consist of the Cp "Swan" bands, the violet CN bands, and the
lines of sodium and calcium. The molecular bands probably result from the
breaking up of organic vapors at the shock front, while the metallic lines
come from dirt stripped off the walls. We believe that the sharpness of
the front is caused by the dissociation of Cs and CN into carbon and nitro-
gen atoms, which do not radiate so easily. The temperature behind the
shock front for Mg = 8 is more than 6000°K and the dissociation energy of
Cs is only 3.6 volts, causing the Co to be quickly dissociated.

Richard J. Rosa, at Cornell University, independently developed a
technique somewhat similar to the above for photographing the spectrum of
the shock front and also found the luminosity to be caused by Cz, CN, Na,
and Ca. These results were reported simultaneously by Rosa52 and the

writerBB’Bu at the 1955 Washington meeting of the American Physical Society.
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5. The Interface

Ideally one would like the diaphragm between the high- and low-pressure
gases in the shock tube to be removed Instantaneously so that the interface
between the two gases would be thin and plane. Practically, however, this

8 9

condition cannot be realized. Mautz~ and Geiger” have taken excellent
photographs of the bursting of a thin diaphragm and the subsequent forma-
tion of a plane shock wave in the shock tube. They found that it took about
100 microseconds for the diaphragm to rupture completely, and that, as a re-
sult, the interface was very turbulent and contained much vorticity. It
should be expected that with the use of heavy diaphragms, necessary to hold
several hundred psia without bursting, the rupture process would be even
slower, resulting in a considerable amount of turbulence and vorticity at
the interface.

In order to observe the interface in our shock tube, a photograph was
taken of the luminosity behind a strong shock wave in xenon and the border
of the interface showed up by the quenching of the luminosity. The photo-
graph, which is shown in Figure 25, was made in the following manner. The
window of the test section was covered except for a narrow vertical slit
which was then imaged crosswise of the film of the revolving drum camera
as shown in Figure 26. The luminosity moving by the vertical slit gave
the same result as if a focal-plane shutter had been used with an effective
exposure time of about one microsecond. This method was used previously
by Prof. Arthur Kantrowitz and his co-workers. For the shot in Figure 25
the initial xenon pressure was 1 cm Hg and the shock velocity was estimated
to be Mg = 10.2. One can clearly see the thin luminous shock front, the

onset of ionization, the decrease in luminosity due to radiation, and, fi-

nally, the quenching of luminosity by the cold hydrogen interface. This
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boundary is very uneven, showing that the interface is not the plane, thin
boundary assumed ideally. This particular shot was made using two dla-
phragms in series with the heavier diaphragm downstream. It was found that
the interface was less irregular when the thinner disphragm was placed .on
the downstream side.

Another method of photographing the interface was to fire hydrogen
into neon and make a wave-speed photograph in the light of H5 by using an
interference filter in front of the lens of the wave-speed camera. It was
found that the Balmer lines of hydrogen are strongly emitted at the border
of the interface with the hot neon gas. According to the analysis which
will be given in the next chapter, the maximum amount of luminosity occurs
when the concentration of hydrogen in the neon is about l-l/h%.

The wave-speed photograph made in this manner is shown in Figure 27.
In order tc help explain the photograph, the positions of the first and
subsequent reflected shock waves have been drawn in with white ink. As in
previous wave-speed pictures, the time axis is vertical and increases up-
ward, and the end of the tube is at the right-hand side of the picture.
The temperature is not sufficient to excite the emission of the hydrogen
lines until after the first reflected shock. The maximum luminosity comes
from that region of the interface where the concentration of hydrogen in
neon is from 1/2 to 2%. It is of considerable importance in the work on
hydrogen line broadening, which will be discussed in the next chapter, that
the hydrogen does not diffuse through the interface into the region behind
the first reflected shock. The luminosity is confined to filaments the
shape of which indicates vorticity in the interface. There is also some
diffuse luminosity from the highest temperature region at the right, but

this is thought to be due to continuum radiation from neon ionized to 1 or
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Figure 27. Hydrogen interface photographed in the light of the Hﬁ line.
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2%. The interference filter has a band-width of about 150 A, so some of
this continuum radiation will get through. The mixing of the hydrogen and
neon in the interface therefore seems to be primarily due to turbulence

and vorticity rather than diffusion.



CHAPTER V

SPECTRA AND LINE BROADENING

1. Qualitative Description 92 Visible Spectra

The luminous shock tube is a spectrographic light source especially
suited to the study of phenomena involving interactions of atoms and ions.
Except for a thin boundary layer, the temperature is homogeneous across a
section of the tube, resulting in pure emission spectra without any self-
reversal of the lines. Quantitative studies of the spectra are therefore
greatly simplified in contrast to arcs and flames where cooler layers sur-
round the hot core. By varying the initial pressures and the kind of gas
used, almost any conditions of temperature, pressure, and ion density may
be obtained within rather wide limits. Furthermore, these conditions may
be calculated from the measured velocity of the primary shock wave.

A series of shock-tube spectra in argon at increasing shock strengths
is shown in Figure 28. These spectra were obtained by observing the end
of the shock tube through a Plexiglas window. Therefore, they are both a
time and a space average of the luminosity. Because of this the spectra
could not be used for quantitative measurements, but they do show quali-
tatively the effects of increasing shock strength. The estimated tempera-
ture and degree of ionization behind the first reflected shock wave is
given for each spectrum. Subsequent shock waves moving through the lumi-
nous gas (see Figure 8, case A) will, of course, heat it somewhat, while
energy losses by radiation will cool the gas.

First of all one sees the increase of the continuous radiation with
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increasing shock strength. This radiation arises primarily from the re-
combination of ions and electrons, although there is a small effect from
Bremsstrahlen or free-free transitions. A free electron can have any en-
ergy within a continucus range, and the momentum distribﬁtion is given by

the Maxwell-Boltzmann formula,

=
Moiprap = Ale p*e < ap -
A is a constant, Ng is the number of electrons per cc, p is the momentum,
and E = p2/2m is the energy of the electron. Transitions from this con-
tinuum to the discrete energy levels of the bound electron give rise to
the continuous radiation whose frequency, v, is given by
Av= B + (X-5,) .

B is the energy of the free electron, )L is the ilonization potential

free
of the atom, and E, is the energy of the nth discrete level referred to
the ground state of the atom. For the free-free transitions, hv = Ep..o -
E'free' A classical description of the free-free transitions is that the
electron approaches the ion in one hyperbolic orbit, emits radiation, and
leaves in another hyperbolic orbit of lower energy. For both of these
sources of continuous radiation the intensity is proportional to Ne - Nions,
or in our case where Ng = Nions the intensity is proportional to the square
of the ion density.

The series of spectra in argon illustrates this very well. For the
first one the ionization is negligible and the continuum is very weak.
The intensity of the continuum increases with each spectrum until for the
last one, where the degree of ionization is 4%, the continuum is so intense

that the spectral lines can barely be seen. The continuum radiation is

primarily responsible for the radiative energy loss. The line spectrum,
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although intense, contributes only a small fraction of the total radiated
energy when summed over all wavelengths.

Metallic impurities which have rather low excitation energies show up
very well in the spectra observed in the shock tube. Many lines of Na, Ca,
Ba, Sr, Rb, Mg, Al, Ti, and Fe have been identified. The strongest of
these are indicated on the spectra of Figure 28. At lower temperatures,
i.e., 7000°K, both the neutral and ionized lines of Ca, Ba, Rb, and Sr are
fairly strong, but as the temperature is increased to 10,000°K the neutral
lines become weak and the ionized lines predominate, indicating that the
metals have been mostly ionized. The strongest of all the metallic lines
are the H and X lines of Ca II." The alkaline earth metals, such as cal-
cium, upon single ionization, have a spectrum similar to the alkali metals,
and the H and K lines are the resonance radiation resulting from the transi-
tion 2P1/2,3/2 to 281/2. These metallic lines originate from minute amounts
of dust and impurities on the surface of the tube. We have found, however,
that the lines of some elements not ordinarily seen in the spectrum of the
shock tube can be produced by the introduction of a small amount of a
slightly volatile metallic compound. The lines of copper have been pro-
duced by putting a small amount of copper acetyl acetonate in the tube. Hy-
drogen lines are also seen in shots into the rare gasesj; they come from the
mixing of hydrogen with the hot gas at the interface. It should be possible
to observe the lines of almost any element that can be introduced as a gas,
such as 0, N, C, and S from No, O, CO, SOz, etc. Indeed, we have already
observed lines of oxygen introduced as an impurity into neon.

One of the most interesting features of the spectra shown in Figure 28

*The Ca II lines are the most prominent metallic absorption lines seen in
the spectra of most stars.
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is the broadening and red shift of the rare-gas lines. In the first spec-
trum, where the ionization was negligible, the argon lines, identified by
the Geissler tube spectrum above and below the shock-tube spectrum, are
fairly sharp. As the degree of ionization increases, the red shift, which
is about equal to the half-width, increases until for the final spectrum
of the series it is about 3 R. Figure 29 shows a microdensitometer trace
of several argon lines in the third shock-tube spectrum together with a
trace of the Gelssler tube lines. The argon lines appear to be symmetric
with the maximum shifted toward the red.

The qualitative features of these broadened argon lines seem to be in

36

accordance with the theories of Foley55 and Lindholm,”  which predict a
shift in the line maximum as well as a broadening. These theories consider
the effect of encounters with moving perturbers which cause changes in the
phase of the radiation being emitted. They find that the ratio of the shift
to the half-width does not change with the number of perturbers per cc. For-

an inverse power law interaction of the form l/rp, Foley and Lindholm find

that

shift

ireiTE Tz o {Z(P /) }

For the interaction of charged particles on the argon atoms,p = 4, so the
ratio is J372, Since the electrons move much faster than the ions, they
produce many more collisions with the radiating atoms and, hence, in the
collision theory, contribute far more to the broadening of the lines. Lind-

holm and Foley obtain a line shape given by*

I()- Z;@LT)?V-% +1%7)2”' 7]

*See page 248, Reference no. 27.
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The expression S/En is the shift of the line center and 7/2ﬁ is the half-
width; B and y are proportional to the two-thirds power of the second-order
Stark coefficient,* to the cube root of the mean relative speed between a
radiating atom and a perturbing particle, and to the first power of the
density of perturbing particles. Minnhagen57 has measured the second-order
Stark coefficients for argon, and, for the lines designated by wavelengths
in Figure 28, the coefficients are all positive, i.e., the lines are shifted
to the red. Earlier theories by Lorentz58 and Weissk@pf59 for collision
broadening gave a dispersion line shape but no shift.

The broadening of argon lines in shock-tube spectra was studied by
Kantrowitz et gi,,l7 who compared thelr results to a theory developed by
M. Baranger and H. A. Betheuup They considered also the static field of
the ions in addition to collisions with the fast-moving electrons and ob-
tained line shifts about 20% less than Foley and Lindholm. Their experi-
mental values for the line shifts were not quite accurate enough to differ-
entiate between the two theories.

Spectra were also obtained of shots into xenon and krypton, and a couple
of representative spectra are shown in Figure 30. Stronger shocks can be
produced in the shock tube with these heavier rare gases (see Figure 5).
This, combined with the lower ionization potentials, produces greater ion
densities than for the argon shots, resulting in a strong continuum. The
krypton lines are broadened and shifted to the red in the same manner as

the argon lines, but it can be seen that some of the xenon lines are broad-

ened asymmetrically to the red.

*Most radiating atoms in a homogeneous electric field produce spectral lines
which are shifted by an amount proportional to the square of the electric-
field strength. This factor of proportionality is called the second-order
Stark coefficient.
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