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ABSTRACT

A shock tube has been used to produce gas samples which are at suf-
ficiently high temperature to emit atomic and molecular spectra, The
observed intensities of atomic lines are correlated with the predicted
state of the gas to determine gf-values (transition probabilities) for
the lines.

The gas initially present in the shock tube has a total pressure
of about 1 cm Hg and consists of neon plus a small percentage of a spectro-
scopic additive, such as methane (CH,) or chromium carbonyl (Cr(CO)sg).
The driver gas is hydrogen at pressures of 100 to 700 psi. The ranges
of temperature achieved behind primary and reflected shock waves are ap-
proximately 3000-5000°K and TO00-1C000°K, respectively. Radiation by
atoms, ions and molecules is observed under transient, non-equilibrium
conditions as well as from steady states in thermal equilibrium.

The duration of any ore steady state in the shock tube is limited
to about 100 microseconds. Since a succession of events occurs at any
place in the tube, the emission spectra and the motions of luminous
shock waves are time-resolved by photography on moving films.,

The velocities of shock waves and flow particles are not entirely
in accord with the usual hydrodynamic theory of the shock tube. Devia-
tions from theory arise from the viscosity and heat conductivity of the
gases. Direct measurements are performed on some of the spectroscopically
important flow variables. The absclute pressure and the kinetic temper-
ature of the gas near the end wall of the tube are found to be in good
agreement with theory.

The presence of organic additives in neon leads to luminosity which
is useful for flow visualization. Strong transient emission by Co and
CN molecules is observed near shock waves and in turbulent boundary
layers, A theory is proposed which accounts for many aspects of this
phenomenon., The theory considers simultaneous chemical creation and
radiative annihilation of molecules in excited electronic states.

With chromium carbonyl as the additive, the gas behind the re-
flected shock emits intense lines of neutral and singly ionized chromium
(CrI and CrII)., Line intensities are measured by heterochromatic photo-
metry, using the anode crater of a carbon arc as the primary radiation
standard., The state of the gas is computed from shock tube theory,
taking account of dissociation, ionization and excitation. Computed
atomic populations are used, in conjunction with the theory of radiative

o o &
X111l



transfer, to derive absolute gf-values of the lines from their observed
intensities. The measurements cover twenty lines of CrI and eight lines
of CrII in the wavelength regicn 450C-5000 KO The relative magnitudes
of the Crl gf-values are quite different from the relative values
previously found in a furnace experiment, The new values rectify the
anomalies attributed to Crl in arcs and the sun on the basis of the
previous work., The results of other experiments are compared to a few
of the new absolute gf-values of CrI, The new values are three to

Tive times greater, The gf-values for Crll are apparently the first

to be measured for this lon.

Observations are made of the ionizatiorn relaxation of CrI immedi-
ately behind the reflezted shock. The delay time for this process is
tetween 1 and 10 microseconds and depends inversely on the computed
electron pressure in the primary flow.

Thermodynamic functions governing dissociation, ionization and

excitation have been computed for several atoms, ions and molecules
and are presented in tabular form,

xiv



CHAPTER I

INTRODUCTION

1. INTRODUCTION

For the past nine years, the Shock Tube Laboratory at The University
of Michigan has been studying the use of the shock tube as a spectroscopic
source. Specifically, our experiments have dealt with the emission spectra
of gases in the temperature range 3000-15;000°K. The purpose of this work
has been to measure transition probabilities and line~broadening coeffi-
cients, in the hope of contributing new data for diagnostic studies in
plasma physics and astrophysies.

By means of the shock waves generated in,a shock tube, any gas can be
rapidly heated to a condition of high temperature and luminosity. This
method of excitation has, for our purposes, a number of advantages over
more familiar light sources such as the arc or the glow discharge. Usually
the shock-heated gas is in a well-defined equilibrium state which is uni-
form along the line of sight. The gas temperature can be computed from
a straight forward hydrodynamic theory and can be varied over a wide range
by simple changes of the experimental parameters.

We generate shock waves in a low pressure gas (e.g., neon at 1 cm Hg)
by subjecting it to the sudden expansion of a gas at much higher pressure
(e,gv, hydrogen at 100 to 1000 psi). The gases are contained in a long tube
of uniform cross section and are initially separated from one another by a

diaphragm perpendicular to the tube axis. When the diaphragm is broken, a

1



shock wave propagates through the low pressure gas (the "test gas") at
supersonic speed, compressing and heating the gas and setting it into-a
trailing motion. The shock wave reflects from the closed end of the
tube back into the once-heated gas,compressing and heating it again and
bringing it virtually to rest. Though later interactions with the ex-
panded hydrogen cause the gas to cool, its state of rest at high temper=-
ature persists for about 100 microseconds. A typical state achieved
during this time is a temperature of 11,000°K and a pressure of 2,5
atmospheres.,

The hot gas 1s generally quite luminous, though the character and
brightness of its spectrum naturally depend on the initial composition of
the test gas and the degree of heating by the shock waves. The radia-
tion that one observes can be classified into two types, one steady, the
other transient. Our principal interest lies in that radiation which
has a steady intensity during a steady hydrodynamic state. Assuming the
condition of thermal equilibrium, we correlate the observed emlssion with
the state of the gas; e.g., the intensities of spectral lines are combined
with atomic abundances and level populations to yleld transition probabil-
ities. The thermal state is computed from measured shock speeds and the
theory of shock wave hydrodynamics; in addition, the state variables are
sometimes verified by direct measurement. The theory of radiative trans-
fer is then lnvoked to convert the line intensities into atomic constants.

The spectrum of the test gas, neutral neon (Ne I), is naturally a

prominent feature in the emissionwe observe, Many other spectra are



easily generated by premixing small amounts of the appropriate gases with
the neon. We estimate that the spectra of at least fifty elements may
be so generated and studied under conditions of thermal equilibrium., In
the work done in this laboratory, the gaseous additive method has yilelded
the spectra of the following atoms and molccules:

Ne I, AI,HI,CI, 01I, CrI, Cr II,

Kr I, Xe I, Xe II, 8 I, C1 I, C1 II, Cu I,

C=, CN, CO, CrO.
We have further studied those in the top row with respect to absolute line
intensity.

For this program it is essential to separate out the transient rad=--
iation that is often seen in the vicinity of shock waves. The most sud-
den change in a gas passing through a shock front is the re-establishment
of translational equilibrium at the higher temperature; other equilibria,
such as dissociat ion and ionization, require more time to be set up. Dur-
Ing these relaxation processes, line intensities are quite unsteady and
related to no distribution of level populations which one could easily
calculate a priori. Inversely, the shock tube is often used to study the
approach to equilibrium. Though this has not been our main concern, we
have studied a few transitory processes to relate their rate of completion
to the hydrodynamic variables. Fortunately these processes are usually
complete in times of the order of 1 to 10 microseconds; i.e., they oc=-
cupy only 1% to 10% of the total observing time of spectroscopic interest,

For the phenomena described above, it is clear that any experimental



procedure must involve the time display of both radiant intensity and shock
wave position. We employ photography on moving films for both purposes.
The films are wrapped on rotating drums which spin rapidly enough to per=-
form the necessary resolution of time, A time-resolved spectrogram has
wavelength and time as orthogonal axes, while the third "dimension” of in-
tensity, I(h,t), is provided by the degree of blackening at any point of
the film. A "world-line” diagram of shock wave motion is easily obtained
on moving film when the shock fronts are luminous. Their dlrection of
motion {the shock tube axis) is imaged across the film, so that the film
coordinates (X,t) represent the space-time of the laboratory. For a
luminous shock of constant velocity, the x-t photograph shows a straight
line whose slope is directly related to the laboratory speed of the shock.
With moving films one has the advantage of a continuous presentation of
data over the maximum number of dimensions. At the expense of generality,
one may go to other methcds for the purpose of simplifying the data reduc-
tion., OSpectral line intensities can be studied with high sensitivity and
good time resolution by means of photomultipliers in the image plane of a
spectrograph. ©Shock wave velocities are often measured by time=-of-flight
techniques. The only such method used in our experiments is the recording

of pressure nistories at certain stations along the shock tube,

2, EARLY HISTCRY CF RELATED EXPERIMENTS
Since the present field of study is a combination of hydrodynamics and

spectroscopy it is felt to be worthwhile to discuss here the early experi-



ments in both areas which have bearing on our present work. We hope that
this may be of some interest to those readers who are more familiar with
one field than the other, We will emphasize here those experiments which
gave rise to new interpretations of phenomena by means of either their
qualitative results or their simplicity of quantitative measurement. For
now, the discussions of theory and modern experimentation will be minimized,
though we will return to these subjects in following chapters.

Many present day methods were already well developed by 1900 for the
study of supersonic waves in closed tubes. The first reports of such
phenomena were made independently in 1881 by two groups of workers-—
Berthelot and Vielle,® Mallard and Le Chatelier®—vwho were attempting to
understand the thermochemical laws of combustion. They initiated flames
in combustibie gas mixtures, such as cyanogen and oxygen, and observed the
propagation of high pressure waves with speeds as great as ten times the
speed of sound. The velocities were measured with smoked revolving drums
which were marked when the waves passed various tube stations. Some in-
genious transducers were used for this purpose and were later carried to a
high level of development by Berthelot and Vielle.

In another direction, Mallard and Le Chatelier soon succeeded with
x-t photography of the combustion waves, particularly for such gas mixtures
as carbon disulphide and oxygen, "these mixtures yielding highly actinic
flames." We quote here from Dixon et §£°5 who, in 1903, published a com-
prehensive review of both the earlier work and their own extensive studies.

This article contains some eighty x=t photographs illustrating the various



(@)

kinds of combustion waves and their interactions with one another and with
different terminations of the tube. Several early spectroscopic studies

are also reported here, as well as measurements of high pressure in detona-~
tion waves and the marked temperature dependence of molecular specific heats.
For a summary of combustion studies to 1951, we refer the interested reader
to the book by Lewis and von Elbeolir

V161165 was the first to demonstrate, in 1899, that supersonic pres-
sure discontinuities could propagate in non-combustible gases and were not
necessarily due to exothermic processes. Vielle's apparatus was the first
shock tube per se and operated like the gas-driven tubes used today. In
one of his experiments, for example, a skock wave propagated at about twice
the speed of sound through several meters of air at atmcspheric pressure.
The driver gas was air at 27 atmos., and the diaphragm was collodion sheet
of 0,3 mm thickness. By means of lightweight pistons‘which marked a rotating
drum, Viellie measured the flight times for shocks between several stations
and observed decreases in speed at iarge distances from the diaphragm.

By the time of Vielle's experiments, the theory of finite amplitude
waves in gases had already been welil laid down, princlipally by Rankine
(1869) and Hugorniot (1887). Eariier studies by Earnshaw (1858) and Rie-
mann (1860) also contributed to tﬁis development., Chapman {i899) had ex=-
tended the theory of shock waves into the realm of combustion, as Jouget
was independently to do in 1905. The year 1910 saw a re-deriving and
clarification of the shock conditions by Rayleigh and the developument, by

Kobes,6 of a theory which Schardin7 later applied to the gas=driven shock
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tube (1932}. Courant ard Friedrichs® summarize most of this eariy work in

addition to presenting the theory in its modern form.

A significant experimental advance was made by Payman, Shepherd et 3;09
in 1928, They applied Toepler’slo schlieren method (1866) to the photography
of shock waves and detonation waves. In this method, the gases are not re-
quired to be luminous since an external light source ililuminates the flow
field from one side. As in the Foucault test for optical surfaces, knife
edges are put in the light path to preferentially block out or pass deviated
rays, the deviation in this case arising from refraction at density gradi=-
ents in the gas. Thus shock fronts may be photographed as dark lines on a
light background or vice versa. Paymen, Shepherd et al. combined this
technique with x-t photography to study shock velocity and wave interac-
tions over a wide range of parameters. In their sixth article {19L6) they
reported verification of the theory for shock velocity as a function of
driver gas pressure, for the case of atmospheric pressure in the test gas.

Muraour and Michel-Lévyll (19%34) seem to have been the first to recog-
nize the essential role of shock waves in creating the luminous halos near
explosions.* They made several experiments ("micropyrotechnics") with
rows of lead azide grains laid out on photographic plates, one grain being
detonated externally, the others then following in order. Since the detona-

tion of each grain generated an expanding shock, a train of shock waves was

*Dixon5 et al., report that this phenomenon was photographed by the Ause
trian artillery in 1896. Two grenades were simultaneously set off near
one another, and a distinct zone of luminosity was observed equidistant
between them.



led along any row, and interactions between snocks were set up at inter-
sections of the rows. At these intersections, unique halos of light were
seen which could not be ascribed to the luminescence of detcnated mate-
rial {or to a deposit of lead azide on the plate). Muraour and Michel-
Levy concluded that the halos were due to strong shock-heating of the
amwbient air itself. They later showed that the intensity of the halo was
strongly affected by the choice of ambient gas, being the greates® for
argon and diminishing as one went to gases with more internal degrees of
freedom.

The present phase of interest in the shock tube began with the second
world war. Under Bleakngy at Princeton, shock tubes were used to calibrate
pressure gauges and to generate gas Ilows for wave interaction studies.
Related work soon'began at Micoigan and Teronto and, by 1955, many labora-
tories were using and studying the shock tube for a wide variety cf pur-
poses. It is not possible to do justice to all this work here, and we
must refer the reader to Turne'r,12 Zel“dovich,lB and Glass and HallllL for
summaries to the period 1956-58. In Section 3 we will discuss the devel-
opment of shock tube spectroscopy at Michigan, and we would agalin have
recourse to additicnal biblicgraphies=—e.g., the article by Laporte and
this author15 and the chapter by Kolb and CGriem in Bates' forthcoming
book.,16

The remainder of this section is devoted tc the early history of ex-
periments on radiative transfer in gases, partiéularly the work of Gouy17

in 1879, By this time, several important results had been reported; we



k18 for this bibliography. The absorption lines

may refer to White's boo
in the solar spectrum were first observed by Wollaston (1802) and later
by Fraunhofer (1817). In 1860, Foucault demonstrated that Fraunhofer's D
lines could be duplicated in the laboratory by interposing a sodium flame
between an arc and a spectroscope. By introducing various elements into
flames, Kirchoff and Bunsen discovered many emission lines which could be
correlated with the solar absorption lines. Thus several facts were al-
ready falrly clear, namely that to every element there corresponded a
characteristic spectrum, that the composition of the earth and the rest
of the universe were to some extent the same, and that the phenomena of
emission and absorption of light were fundamentally interrelated. This
last idea was quantitatively set forth by Kirchoff in his famous lectures
of 1859-60., In its modern form, Kirchoff's principal law is the follow-
ing: For any body in thermal equilibrium at the temperature T, and for
any frequency v, the ratio between the coefficients of emission and ab=-
sorption is equal to the Planck function B{v,T), i.e., the brightness in
the frequency v of a black body whose temperature is T,

In 1879, Gouy reported his extensive studies of the transparency of
salted flames to their own radiation. He thereby elucidated the appli-
cation of Kirchoff'®s law to spectral lines—a problem which Kirchoff him-
self had not fuily understood. On either a monochromatic or "square wave"
picture of spectral lines, Kirchoff had asserted that the line intensity
would naturally saturate at the black body level appropriate to the flame

temperature, as one increased the density or thickness of the flame. Though
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agreeing to this saturation in each wavelength, Gouy emphasized that a con-
tinuous variation of emission coefficient from very small to large values
was customarily hidden well within the width of the slit image, and that
one would perforce measure the integrated intensity of this shape, I =
j&%gk, in most cases. For a given slit width, the integrated intensity
would continue to grow long after one approached saturation in the center
of the line, since the unsaturated wings could still add their increasing
brightness to the illumination of the slit image.*

Gouy verified this phenomenon of "growth" by means of a simple and
ingenious procedure, an essential part of which was the comparitor-spectro-
scope he used to relate all intensities to the steady emission of a gas
lamp. He studied several lines each for a number of elements whose salts
he sprayed into flames. The intensity Is of a line emitted by two identi-
cal flames viewed in tandem was measured as a function of the line intensity
I, from either one of the flames alone, and the ratio I»/I; was plotted vs.
I,. As I was varied from small to large ﬁalues, Ig/Il was Observed to
diminish smoothly from 2 and finally settle at about 1.4. Though the curves
varied from one line to another, they all possessed the same asymptotes,
none of them leading to the saturation asymptote (Ig/Il = 1) suggested by
Kirchoff.

This sort of measurement constituted a large part of Gouy's work, but

*Gouy brought out the spectral line shapes by keeping the slit width fixed
at a reasonable value and passing to exceptional conditions of density in

the flame. In this regime, the lines were so wide as to present an essen-
tially constant intensity over the width of any slit image, and Gouy veri-
fied Kirchoff's law in this case.
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he did much more which we can describe here only briefiyo Multiple flames
were tried in tandem; mirrors were used with single and double flames to
duplicate the above effects. Gouy showed that the optical properties of any
flame depended only on the product of flame thickness and atomic abundance,

assentially what we now call the optical depth T. Further, the brightness

varied linearly with T for T smail, and withff?;\for < large, the asymp-
tote 1.4 (above) representing wﬁi“O These results anticipated by many years
the theory of the curve of growth which we shall treat ia Chapter V. Gouy
correctly surmised that the ultimate t\ dependence and the rapidity with
which it was achieved must somshow reflect the nature of the line profiles.
Though a satisfying description of atomic radiation had to await the
development of wave mechanics in the 1920s, several aspects of radiative
transfer were well understood by that time. In particular, two important
parameters had been introduced which are still in use today, namely the

damping ratio and the f-value of a spectral line. Both of these quantities

originated with the electron-oscillator mecdel of atomic emission.

The damping ratio is a measure of the relative contributions of dis-
persion effects vs. the Doppler effect in giving a shkape to spectral lines,
The line profile combining both these effects was first derived by Voigtl9
(1912) and Reiche®C (1913), who showed that the ebsorption coefficient of

a gas of damped oscillators was a convolution integral of the dispersion

and Gaussian functions.* Additional contributions to the dispersion width

*The quantum mechanical derivation of this form was given by Weisskopf in
1932,k
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were known to arise from collisions in the gas, aflter Michelson22 (1899)
and Lorentz°” (1905). The evaluation of the integrated intensity from the
Voigt function proved, with good reason, to be difficult and generally
amenable only to numerical methods We will discuss the up-to-date re-
sults (i.e., the curve of growth) in Section 5 of Chapter V. Suffice it
to say here that the integrated intensity I of an emission line depends
very much on the damping ratio : )when the line is bright, but very lit=-
tle when the line 1s faint. For a fixed value of a > o0, an increase of
atomic abundance causes I to first grow linearly with, and later as the
square root of, abundance. The cases a = o and a = 0, respectively, were
treated by Ladenburg and Reichegu (1913) and Ladenburg and Levy25 (19%0).
Schﬁtzg6 computed curves of growth for intermediate cases 1n 1930 and gave
a complete explanation of Gouy's results in 1931. This year also saw the
first application of the curve of growth to the Fraunhofer lines by Min-
naert and Slob.27
The f-value 1s a measure of the inherent strength of a spectral line.
Once 1t was realized that the intensity of each line was directly related
to the number N of atoms in the appropriate state, the f-value was intro-
duced as that fraction of N which brought the line intensity into agree-
ment with the electron-oscillator theory. This method of specifying line
strength is still the most common today, particularly so in the astronomi-
cal literature. The concept was apparently introduced by Ladenburg circa
1910, since one sees a continual emphasis on the "number of dispersion

electrons" in his work and that of his colleagues and students during suc-
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ceeding years. The work of Fuchtbauer and Hofmann2S (1914) and of Senft-
leben®? (1915) are good examples of the spectroscopic studies of this pe-
riod. Following Einstein’s (1917) derivation of the transition probability,BO
Ladenburg (1921) demonstrated the simple connection betwen the f-value and
the Einstein A coefficient,al

For the purpose of connecting this history to the present time, we
may refer to a number of useful sources. The most complete and modern des-
cription of wave mechanics and atomic spectroscopy is Condon and Shortley's
bookn32 The subject of transition probability is treated here much more
fully than in other similar texts. The book by Mitchell and Zemansky55
unifies most of the work to 193k on rescnance radiation. Hinnov and
Koh1r15LL (Duke University) describe their experiments on f-values, damping
constants and line-reversal and cover much cf the related work to 1956.
Doherty35 (Michigan) surveys the various methods used to measure f-values.
An extensive review of f=value results to 1960; with particular applica-
tion to determining the abundances of elements, is given by Goldberg,

6

Mulier and Allero5 Further references on radiative transfer will be

given in Chapter V.

5. DEVELOPMENT OF THE SPECTROSCOPIC PROGRAM AT MICHIGAN

This work dates from Hollyer's observation (1952) of luminosity near
the end of a hydrogen-driven shock tube he had been using for purely hy-
drodynamic experiments in nitrogen. Krypton and xenon were subsequently

used to intensify the phenomenon, and preliminary reports of emission spec-
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tra and shock velocities were communicated to the American Physical Society
and to Nature§8 Simultaneously, related studies were also being carried out
and reported on by three other laboratories. Taken altogether, the four
means of generating strong shocks at that time comprise a set of methods
which is still today the principal one. At Cornell University, Kantrowit259
et al. employed the combustion of hydrogen=-oxygen mixtures to drive lonizing
shocks through low pressure argon, Shreffler and Christianuo at Los Alamos
used s0lid explosives to create luminous shocks in argon at atmospheric pres-
sure. At the University of Oklahoma, Fowlerul et al. generated luminous
shocks in low pressure hydrogen and helium by discharging a capacitor bank
through a portion of the test gas.

The next phase of the Michigan work was bhegun in 1953 by Turaer who
designed and built the shock tube currently in use. Turner's principal
experimentl2 consisted of measuring the first-order Stark effect broadening
of HB as a function of computed ion density behind the reflected shock,

For nyg ~«1O‘6/cm3, the observed half-width of Hﬁ was about 10 A, The pro-
files were wider by 20(+10)}% than predicted by the Holtsmark theory. The
test gas in these experiments was neon with an additive of l% hydrogen.
Using other gases, Turner zlso measured the relaxation time for ionization
behind primary shocks in xenon and qualitatively studied the second-order
Stark effect broadening of the lines of argon, krypton and xenon.

In 1956,Doherty initiated a program of intensity measurements on
spectral lines of astrophysical interest. Thke operating temperature, as

in Turner's case, was around 12,000°K. By ineluding such additives as CHy,
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0o and argon with the neon test gas, Doherty35 was able to measure f=values
for a few lines of CI and OI and many lines of AI and Nel.

Midway in Doherty's work, the success of the program was cast in
doubt by the discovery of inadequacies in the usual shock tube theory.
Charatis,ug DohertyLLB and this authorLL2 observed discrepancies between
theory and experiment for the reflected shock speed and other hydrodynamic
observables, Other laboratories began reporting similar effects, and it
was then clear that they were of a general nature rather than peculiar to
our shéck tubes. None of this work, however, dealt. directly with pressure
or temperature, and it was necessary for us to examine the possibility of
errors in these variables. The temperature is particularly important be-
cause of the dependence of atomic level populations on the Boltzmann fac-
tor. Doherty's method of dealing with this problem was to attribute the
new effects to "sinks" of momentum and energy not allowed for in the usual
theory. Hollyeruu had previously founcd that sink calculations were useful
for treating the attenuation of primary shocks. In Doherty's work, the
failures of theory led to values for the sinks and to empirical corrections
for the shock tube state variables. Doherty shbwed that the temperature
error was at most only a few percent and would not obviate the intensity
measurements. Further he showed that the ion density had to be increased
by 20%, thereby resolving the puzzle which still remained from Turner's
work on HBO Doherty's Hﬁ profiles are consistent with his corrected ion
densities and the newer Stark broadening theory of Griem, Kolb and Shen,LL5

This theory gives results which are similar to Holtsmark's for the range of



conditions in the shock tube experiments and, in addition, has been
tested in the water-stabilized arc.

Taken together, the studies of Pg by Turner and Dokherty demonsﬁrate
that collisional equilibrium can indeed be attained in the shock tube,
Further, this condition is shown to be {1) capable of rapid establish-
‘ment, (2} recognizable from tnre end of relaxation processes and the onset
of steady emission, and (3} reproducible with the composition of the test
gas and the speed of the primary shock.

These favorable conclusions had not been firmij established when the
present author s work was begun., It was decided to attempt a verification
of excitation temperature by means of relative spectral iine intensities.
For this, an element was required for which relative f=-values were known
over a range of excitation potential, so that measurements of intensity
could be reduced to the Bolitzmann distribution of atoms over their energy
levels. Neutral chromium was chosen as the thermometric element since its
line spectrum is not toc densely packed, many of its f-values had been

6 and it ccould be put into the

measured (relatively) by Hill and King,4
shock tube in the gas phase as chromium carbonyl, Cr(CO)g.* The lines of

Cr I and Cr II were easily brought out, and the relative intensities of

the appropriate Cr I lines were measured.

*Due to their stability at room temperature, the carbonyls serve this
purpose very well (see Appendix B). Dcherty reports unsuccessful at-
tempts to generate titanium {Ti I) lines using TiCl, as an additive.

Unless extreme care is taken to avold water vapor and (hencé)hydroly-
sis, TiCly yields only HCLl as the additive. Doherty observed a rich
spectrum of C1 I and C1 IT in this case.
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Charatis and the writer reported the first res.ultslL7 of this study in
late 1959. We found an apparent discrepancy between the measured excita-
tion temperature To(~6000°K) and the computed kinetic temperature T(~10,000°K)
behind the reflected shock. It will subsequently be shown that, though
these experiments still stand, their interpretation with regard to tempera-
ture was in error. The fault 1lay in the set of relative f-values employed
at the time. A systematic error in the determination of these values had in-
deed been suspected by other workers for some time. However, this interpre-
tation was not then readily believed by us because of our previous observa-
tions of non-ideal shock tube behavior.

A number of alternatives were considered and later abandoned. In par-

48 of the shock tube gas

ticular, the author proposed an "atmospheric" model
wherein heat conduction set up a thermal boundary layer in the line of sight.
Because of strong Cr I ionization in the main body of gas, the principal Cr I
emission was supposed to originate in the cooler layer. This model appeared
to succeed at first, because of overestimates of the main stream ionization,
but was discarded when the simultaneous ionization equilibria of all con=-
stituents (Cr I, C I, O I, Ne I) became better understood. Non-equilibrum
distributions of the electrons and Cr I were also considered and discarded
on the basis of density and excitation ecross sections.

The chromium experiments were re-interpreted as valid determinations
of the f-values on the strength of two developments. The first of these

was Doherty's demonstration of near-ideal equilibrium conditions for atoms

whose excitation and ionization potentials are much higher than in the case
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of chromium. Secondly, we had directly shown in the meantime that the pres-
sure and kinetic temperature were very close to the computed values. We
report these latter measurements here. Our principal task, then, has been
the determination of chromium f-values using line intensity measurements
together with the theories describing shock waves and radiative transfer.
The dissertation is organized according to the plan given in the following

Section.

L, OUTLINE OF THE DISSERTATION

The theory of the changes of state caused by shock waves is treated
in Chapter II. We consider the effects arising from ionization, dissocia-
tion, etc., particularly for the case of neon with a chromium carbonyl ad-
ditive. The thermodynamic functions we have computed for a number of atoms
and molecules are tabulated in Appendix A. The last section discusses the
use of simultaneous measurements of shock velocity and flow velocity for
determining the change of state across a shock wave.

Chapter III describes various experiments of a thermo-hydrodynamic
nature. The vapor pressure of chromium carbonyl was remeasured to insure
our knowledge of the chromium abundance in the shock tube. The non-ideal
behavior of the shock tube flow was observed by means of the luminosity
which organic additives induce in neon. The results of other workers
bearing on our experiments are discussed. The last two sections describe
our direct measurements of pressure and kinetic temperature, which support

the use of the shock tube as a spectroscopic source.
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Chapter IV considers (primerily theoretically) the transient molecular
luminosity observed wlth organic gases added to neon. A non~equilibrium
theory was previously proposed for this phenomenon, and we examine it fur-
ther here via a chemical-kinetic calculation.

The theory of radiative transfer through a uniform atmosphere in
thermal equilibrium is given in Chapter V. The dependence of the integrated
intensity of a spectral line on its f-value and its shape is discussed and
illustrated by means of the curve of growth.

The experiments on chromium line intensity are described in Chapter VI.
The hydrodynamic effects observed with chromium carbonyl as the additive
are summarized here rather than in Chapter III. The lonization relaxation
of chromium at the reflected shock is studied as a funetion of primary flow
conditions. By means of photographic photometry, absolute f-values are
found for neutral and singly ilonized chromium lines emitted from the gas
behind the reflected shock. We also discuss the previous chromium f=value
results of other workers.

Chapter VII summarizes the results of our investigations and assesses

the utility of the shock tube for spectroscopic studies in the future.



CHAPTER ITI

HYDRODYNAMIC THEORY

1. INTRODUCTION

A complete theory of shock tube flow can be constructed under the
assumptions that the gases are inviscid and undergo one-dimensional mo-
tion. The theory gives the velocity and thermodynamic state of the
gases as functions of distance and time, and it consists of a piecing
together of the various simple solutions of the Euler equations. These
equations express the conservation of fluld mass, momentum and energy,
in terms of first-order time and space derivatives alone. The class of
solutions includes both continuous and discontinuous waves.

The first wave to propagate into the low pressure section of a
shock tube is a shock wave, a surface across which all the flow variables
change abruptly. In discussing the subsequent phenomena, we will con-
sider this primary shock wave as the essential one and treat most of
the other waves as incidental, though they are all interrelated. The
primary shock travels entirely within the low pressure gas, setting the
gas into motion and increasing its pressure and temperature. When the
primary wave arrives at the closed end of the shock tube, & reflected
shock is sent back into the primary flow field. This wave brings the
gas to rest and further increases its pressure and temperature,

The general theory for these changes of state is outlined in Sec-

tion 2, Section 3 treats the simple theory for gases of constant

20
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specific heat, particularly the rare gases. The flow variables are shown
to follow from the primary shock speed. In Section L, we consider the
modifications which are required by the variability of specific heats
due to excitation, dissociation and ionization. Computed thermodynamic
functions for several substances are given in Appendix A. In Section
5, numerical results are given for a test gas consisting of neon and
chromium carbonyl. Even when the fractional abundance of the carbonyl
is less than 1%, large effects are predicted for the state variables
behind strong shocks. Section 6 discusses the principles of measuring
thermodynamic state variables by observing the flow velocities on both
sides of a shock transition.

Since much of the pertinent theory is now well known, we have ab-
breviated its presentation wherever possible. A good source reference
on the compressible flow of simple gases is the book by Courant and

Friedrichs,8 Turner's dissertationl2

contains computation of wave in-
teractions and the effects of variable specific heat. A concise deriva-
tion of the general conditions on fluid discontinuities is given in an

k9

appendix of Johnson's dissertation.

2. THE GENERAL SHOCK RELATIONS

A diagram showing the ideal wave motion in a shock tube is shown
in Figure 1. This x-t diagram shows the space-time loci of the waves
and (superposed) the pressure profiles along the tube at three different

times. Until the time t,, a diaphragm separates the high pressure (p,)
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and low pressure (po) sections. The flow processes begin when the
diaphragm opens at time to5. The primary shock wave moves to the right
with constant speed U, setting all the test gas into motion with con-
stant velocity u; < U and increasing its pressure and temperature from
(pg> To) to (py, T1). The shock speed is greater than than the speed
of sound in the test gas. The dotted line represents the motion of a
particular element of fluid. The increase of fluid density p caused by
the shock 1s shown by the greater proximity of the dotted line to the
end of the tube when the shock arrives there than when the shock overran
the element, The gas is further compressed to the state (pz, Ts) when
it is brought to rest again by the reflected shock, whose speed we will
denote by V.

Assuming that no fluid is lost in this process of double compres-

sion, one can easily derive the kinematic relations
£o
e
£

= (1= 20 ().

L // P/

u,/u::\/——

(1I.1)
These relstions will emerge later as part of the general treatment of
shock transitions., Here they serve to illustrate the connections between
thermodynamic quentities and.the speeds of signals and mass motion,

The shock phénomena in the test gas are "driven" by the expansion

of high pressure gas (L) from the chamber on the left of Figure 1. The
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removal of the diaphragm sends a rarefaction signal into region (4) at
the speed of sound., From the "head" to the "tail" of this wave, the

gas is gradually accelerated, cooled and rarefied. The x-t history of

a particular fluid element is again shown by a dotted path., Ultimately,
the driver gas achieves a constant state in the primary cold flow; here
the pressure and velocity are equal to the values (p;, u;) describing

the primary hot flow. The interface between the expanded driver gas

and the compressed test gas is a surface of discontinuity for the density
and temperature,*

The meeting of the interface with the reflected shock wave gives
rise to a new set of waves. Only in exceptional cases are the properties
of the cold flow such that it can be brought to rest at the same pres-
sure as the hot gas behind the first reflected shock. The general prob-
lem of this interaction has been treated by Turner,l2 In Figure 1, the
ensuing wave pattern represents the case of low pressure neon driven by
hydrogen at sufficiently high pressure. One shock is transmitted into
the cold hydrogen, and another is reflected back into the hot neon. Be-
tween these two shocks the flow speeds of both gases (and thus of the
new interface) are the same. The neon is subjected to several shock
reflections, each of which increases the pressure and temperature of

the gas. In Section 5 of Chapter III, experiments will be described

*The expansion of gas (L) takes place at constant entropy, while the
shock compression of (0) is irreversible. The interface may be con-
sidered as an entropy discontinunity supporting the initial difference
across the diaphragm plus the increment arising from the shock transi-
tion,



which show that the theory of these interactions is qualitatively cor-
rect. However, the actual interface is a zone of turbulent mixing, and
the interactions of shocks with it cannot proceed according to the
simple theory. Therefore we will not further discuss these interactions
here, and will confine our attention to the gas behind the primary and
first reflected shock waves.

The conditions on a normal shock discontinuity are that the fluxes
of mass, momentum and energy into the surface are balanced by the cor-
responding fluxes outward. Johnson has shown how these conditions fol-
low directly from the Euler equationsnu9 The shock conditions are most
simply written for the frame of reference in which the shock is at rest.
For the primary shock, the incoming fluid has the velocity vy = U, and
the speed of the outgoing fluid is vi = U - ui., In the above order, the

conservation equations are
pv = HVs

v 4P = Ve + P

- =
v, , %
h(g,P)+Yd = )10(90\740) + Yo
2 -

(11.2)
where h(p, p) is the enthalpy per unit mass. Under the appropriate sub-
stitutions, similar equatioms describe the reflected shock transition.
These conditions are valid locally; i.e,, they apply at any normal skock
no matter what the form of the flow field away from the shock, We will

assume in addition that the flow fields of interest are uniform and are
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thus described throughout by these equations.

Assuming the initial fluid state (pgy, Do, v,) to be known, these
conditions completely prescribe the state (01, P1, V1) behind the shock,
For gases in which the enthalpy is a simple function of pressure and
density, the relations may be so rearranged as to present the flow
variables in vefy simple forms. We will return to this topic in the
following section after leying the necessary groundwork here,

The first equation and its reflection-analogue lead to the lab-
oratory-coordinate Equations (II.1). The relation for the reflected
shock speed V follows from the assumption that the primary flow is
brbught to rest by the reflected shock, In the frame of reference of
this shock, we denote by vs the speed of the incoming primary flow, and
by vo the speed of the denser outgoing gas (which is at rest in the

laboratory frame). From the mass flux equation

Pljv&' = f% N{S )

and the relation

it follows that
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We will later use the equivalent relation

(II1.3)

Together with the conservation of mass, the dynamical condition on
the momentum flux leads to a general connection between the primary and

reflected shock transitions. From the first two shock conditions,

T Po,%/']é" —_-i&-(j/o—/)
| y e - € b Xio (K™ l)

s Pl LT re - j_)_g 'DC’O(jlo_o‘

VvV, = 2L . =
(Oo P,‘Po I @:0_’)

(T1.L4)
where X10 = p1/po and the "shock strength" yig = pi/po. The reflection-
analogue to the second of these equations is

'vg*:- f.’ Xy Cﬂfu "'>

—

SO’ (xu‘/)

which may be written in terms of ui by Equation (II.3). Also, usz is
given by both Equations (II.L), and can thus be eliminated. The re-

sulting thermodynamic relation is

(y/o"')\(“xm"’) (VL/”’)(X’L/'—/)

y/o JC7./
(1I.5)
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The thermodynamics of each of the shock transitions is determined
by all three conservation laws. Substituting Equations (II.4) into the

third (energy) shock condition, one derives the Hugoniot relation

(%/'#J ( A _’_3‘

h(b, gy —hoe(h,p) = —— P, R

2
(11.6)

Again, an analagous equation holds for the reflected shock., Through the
equation of state for the gas, the Hugoniot relation determines the num-
ber of possible states behind a shock. For most gases there are (in
principle) two available states which differ in that the shock is com-
pressive in one case and rarefying in the other. The rarefaction shock
is usually disallowed by the restriction of increasing entropy; i.e.,

S,/ > So = 6 2F% = VL. (11.7)

3. THE SHOCK RELATIONS FOR GASES WITH A CONSTANT NUMBER OF DEGREES OF
FREEDOM

The equation of state for an ideal gas is
7@/P = RT /o
(I1.8)
where R is the gas constant (8.314 x 107 ergs/mole °K), T is the tem-
perature, and o the molecular weight. The enthalpy per gram of an ideal

gas is

h=fr24 - prt 2

2 P EURN

(I1.9)



29

where f is the (fixed) number of degrees of freedom of the gas particles,
and p = £+1, Substitution of this form into the Hugoniot relation (II.6)
leads directly to two consequences,

In the first instance, the Rankine-Hugoniot equation expresses the

density ratio as a function of the shock strength alone.

y Y+ 1
X, = o
/0 S Ut s M Sk A A <R

At Yo (1I.10)

Even for very large shock strength, the density ratio is limited to the

value u(L4 for the rare gases). Thus the temperature ratio

—T;D = T //71 = ﬁUoi/ X0

(II.11)
may grow without bound for successively stronger shocks in gases with a
fixed number of degrees of freedom, The efficacy of shock heating is
much greater than that of adiabatic heating where no such limitation on
pl/po exists, It is the density-pressure relation of Equations (II.10)
which ensbles the association (in Equation II.7) between increasing
entropy and density.

The second consequence of combining Equations (II.9) and (II.6) may
be seen by rewriting pi end pi1 in terms of the unknown velocity vi. The
Hugoniot relation then becomes a gquadratic polynomial in vi, the coef-
ficients being combinations of the "influx variables" (poy Pos VO), of

the two solutions, one is vi = vy and is extraneous to the shock problem,
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Tt is easily shown that the other solution satisfies Equation (II.7) only

if the incoming flow is supersonic; i.e,, the Mach number of this flow is

M, = % /c, >4

9

VI

where c, = (7RT,/0)2 is the speed of sound, and y = (£+2)/f = (u+l)/(p-1).

Thus the laboratory speed U = v, of a primary shock wave 1s always
greater than the speed of sound in the test gas.

The connection between the strength of a shock and its speed 1s
derived by substitution of the Rankine-Hugoniot Equation (II.10) into the

second of Equations (II.4). The various forms which result are

S

(V]

&
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b

(11.12)
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The parameter r, = GUQ/RTO is particularly useful for shock waves in gas
mixtures.

In turn, the strength yo1 of the reflected shock follows from yig
via Equation (II.5) and the Rankine-Hugoniot equations for both transi-

tions:

M+2) Y, — 1

oy =
M Y
(11.13)

The other state variables behind the reflected shock are calculated from
this quantity. This completes the program of computing all the flow var-
ibles from the primary shock speed and the initial conditions of the test
gas. In terms of the parameter r,, we have compiled the appropriate
identities for the rare gases (f = 3) in Table I.

We note here the asymptotic behavior of some of the quantities for
large shock strength (large ro), since the violation of these limits
forms the basis of the experimental discussion of Chapter III., 1In dis-
cussing a limiting number n, we will denote it by n(+) or n('), according
as the limit is approached from above or below. We have already men-
(-)

tioned x10 > L -, Correspondingly, the primary flow speed up -~ .75 ‘U,

For the reflected shock, the strength yo1 + 6(-) and thus the density
ratio xo1 »> 205(—), Thus the over-all density ratio xgg = pg/po is no
greater than 10. The reflected shock speed V - 050(+)U.

The previously mentioned theory for the entire shock tube flow pre-

dicts the primary shock strength from the initial pressures in the tube.
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TABLE I

IDENTITIES FOR SHOCKS IN THE RARE GASES (NO IONIZATION)
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Defining z = p4/p09 the Taub equation¥* is

c, (Mo_/)(]j,g-—/> —{/Ml}'f’])

Cy (My-1) muﬂ)( I+ My ‘J/")\

The possibility of using different gases in the two chambers is allowed

2= Y. |4-

(II.14)

by the subscripts on p and c. As one would expect, yip increases mon-
tonically with z for any combination of gases. 1In addition, this equa-
tion predicts that the strongest shocks are obtained in a gas of low
sound speed driven by a gas of high sound speed, as long as the values
of p are not too different. Except for these trends, the Taub equation
is generally not borne out by experiment (see Section 6 of Chapter III),
The flow variables are usually inferred from direct measurements of the
primary shock speed.
L4, THE SHOCK RELATIONS FOR GASES WITH A VARIABLE NUMBER OF DEGREES OF

FREEDCM

For shock transitions to states of high temperature, the simple
theory outlined in Section 3 is not adequate. At sufficiently high tem-
perature, a fraction of the total thermodynamic energy of an atomic gas
appears in electronic excitation and ionization; molecules demonstrate
electronic, vibrational, and rotational excitation as well as ionization
and dissociation., The extent to which these degrees of freedom come into

play under a given set of conditions is determined by the gquantum-

*See References 12 and 1L for discussions of this equation,
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mechanical properties of the particles such as the degeneracies and term
values for bound states and the potentials for ionization and dissocia-
tion., If these properties are known, the enthalpy per unit mass may be
computed in any situation, and the Hugoniot relation (II.6) allows a
complete analysis of shock transitions in the given substance. The dif-
ficulty of such calculations arises from the transcendental relation be-
tween the state variables and the added contributions to the enthalpy.
For many purposes, a useful method is iteration, starting with the state
variables predicted via the simple relations of the previous section.
Tonization, dissociation, etc., are computed in this zeroth state. The
implied consumption of energy is then included in the Hugoniot relation,
and a new state behind the shock is calculated, etc. Computations of
this sort have been performed by many workers in the shock tube field,

50

the most recent being those of Faneuff, Anderson, and Kolb” for helium,
Alpher and Greyber51 for No and Oz, and Turner’® for Ho. The case of
interest to this author i1s that in which the shock tube test gas is a
mixture of neon with a small amount of Cr(CO)g vapor. Following a survey
of the pertinent energy-consuming processes, the modified shock rela-
tions are derived. Their application is discussed for the example of a

nitrogen impurity in neon, The effects of a chromium carbonyl additive

are discussed in Section 5.

A, Tonization

Let Q)1 represent the extent of the ionization reaction
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X
AT & AT + e

(II.15)
for a neutral atom AI of ionization potential y.
o 6
o =’Y\/’n
i
AT A AT (II.16)
where n®

AT is the number density of atoms if no ionization were to take
place, and OATT is the number density of ions resulting from the establish-

ment of the ionization equilibrium. Q) is the degree of ionization and

is given by the Saha equation,

X

T b, = T, (T

AT
b= T
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"
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(II.17)

P and m, are electron pressure and mass, h and k are the Planck and
Boltzmenn constants, and Z,;y and Z,; are the internal partition func-

-E,/kT
tions for the ion and the atom. Z = Zgn e En/ , the quantum numbers
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n labeling the stationary states whose degeneracies are gn and energies
above the ground state are E,. Tables of fAI(T) computed by S.C.C. Ting

and the writer are given in Appendix A for the first ionization equilibria

of:
neon, chromium, cobalt,
carbon, molybdenumn, caesium,
nitrogen, tungsten, and
oxygen, nickel, mercury.

Also included are partition functions and internal energies for the atoms

and ions.

If (II.15) is the only electron-producing reaction, then pe = 0y1p37,

© _ .0
where Por = Dop kT, and (17) becomes

| AT = J;PVI'(:TN)/// 1)i~ff'

f— AT

To compute the ionization equilibria for a mixture of Cr, C, O and Ne in
any given state, one must simultaneously solve four equations of type

(II.17) subject to the condition
4 o

L=

This is most easily done by rewriting the equations as
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j Z‘f IS - £1)/pe
- 17&4'{\(7) | + ft'CT)

L =
Pe

i

Pe

(11.18)
By trial and error, a solution pe may be found for the first equation;

the second then gives each o3 directly.

B. Dissociation of Diatomic Molecules

Consider the isolated reaction

AR = A+R
(I1.19)

Defining a,. (as in the case of ionization) by

AB

(=]
¢ = "N - oM
A E s ) (II.20)

the analogous equilibrium condition is

f ('T)i ZTM"T@ LJQ’/J. Sl Zf\ Zr o 7(/4—57'

Mz l\\’ 'Z.A B3

(11.21)

Z A and ZB are electron-excitation partition functions.



38

In the Born- Oppenheimer approximation, one considers separately the
electronic, vibrational, and rotational "degrees of freedom" of & mol~-

ecule. Thus

%k@ = %'*P’,E '%’*2)\/ I%An”z
(11.22)
The excited electronic terms of the molecules of interest (CO and Na)
are all many electron-volts above the lZ ground state, so that ZAB,E ~ 1
for T as high as 10,000°K (~1 ev.). Also the approximation will be made

that the vibration is simple-harmonic and the rotation is rigid. Thus

kB v TRT I =€ (k) ?

% ( e_. whe 7/ < - w(w:D /. 43%5’01«1%)—/
= () — =

kT T Cle)
95 R = — = — >
ok Bhe B (es) 1438 e

(II.23)
where w and B are the vibrational and rotational term-constants, re-
spectively. These approximations are sufficiently accurate for the
present purposes because the inpurity level of interest is quite low.

The dissociation equilibrium for a homonuclear diatomic molecule
AL—: ZA (1I.2L4)
differs in some respects from the previous case because of the indistin-

guishability of the constituent (and therefore product) atoms. If U,
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is analogously defined by

= | — oL ©
A, ( ALS Na, |
(1I.25)
then ny = aAenze. Also my, = 2mA, Therefore
-
oL %AL(T) ‘
___:;__ — 3
! AL.V ALA
’( | 3[" S’/ S = — —
£7) = = (mma) R 1 5h Za e /e
B A b 2
Ay
(11.26)

With regard to the partition functions, everything goes through as be-
fore except that the rotational phase space of the molecule must be re-
duced by half because of the symmetry of the rotator; i.e.,
7z L kT
Ac R £ Bho (11.27)
This is of course not true for a molecule AA¥ in which A¥ is an isotope
of A,

Dissociation equilibria for CO and No were computed with the above

approximation and the results are included in Appendix A,

C. Energies Assoclated With Various Degrees of Freedom

The translational energy per particle is &p = 2 kT, For the tem-
2

peratures of interest, rotational energy may be derived classically. Thus
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Ep [T = f5 /7_—)
(I1.28)
where fR is the number of rotational degrees of freedom. Vibrational
energy level spacings for No and CO are roughly equivalent to 3000°K, so

one must use the quantum-mechanical partition function in computing

T 9
9T (11.29)

Define fy = ev/kT; then

L W) 1438 ek
{ = 3 w = G —
T Ck) (11.30)

The average electronic excitation energies per particle (GE) must gen-
erally be computed from the defining equation, and we write the corre-

sponding "degree of freedom" as

E T RT g | (11.31)

d €g  _

np— —

In Appendix A, fy is given for CO and Np, and fE is given for several

atoms and their ions,

D. Equations of State

It is advantageous for computing purposes to retain the form

Pl = RT/a

(I1.32)
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of the equation of state., For multi-component gases o is now the effective

molecular weight; i.e.,

{ (11.33)

For the species 1, oy is the molecular weight and n; is the fractional
abundance, This equation is equivalent to the representation p/p = (1+)

RT/OA often used as the equation of state for a partially ionized gas.

E., The Generalized Hugoniot Relation

The foregoing processes are entered into the theory of shock transi-
tions simply by computing the total enthalpy per gram and substituting
into the Hugoniot relation (II.6). By definition, the enthalpy h = e+§;
e is the internal energy per gram and may be subdivided according to the

various degrees of freedom,

€

1

e.r. + @R + ev + eE + eD N (IIOBLP)
where ep is the energy per gram that has gone into ionization and dis-
sociation. eq = BKTNO/EGQ where N° is Avagadro's number,

Therefore, by Equation (II.32),

(1I1.35)

= Tt

~

-
-
)

(II.36)
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¢ vy (N
(11.37)
£ g ‘ (I1,38)
The dissociation energy per gram can be written
e, = - ¢ 8,
D ? X &i0, (11.39)

where X4 1s dissociation energy or ionization potential, a; 1is the frac-
tional dissociation or ionization, and ®; 1s the number of particles per

th

gram available for dissociation or ionization, all for the i™" species.

Summing all these contributions enables the enthalpy to be written as

(II,L0)

Substitution into the Hugoniot relation (II,6) yields
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_ <&'_/>yl0 + 4
Joo + (€)= (8- 80) L}

X

lo )

(IT.41)
where again y;q = pl/po and X;o = pl/po. This relation, when abbreviated

as

pd _-:ﬂl‘ylo-‘.i

/U — )

2/,‘) + Ko (II.k42)

is quite similar to the Rankine-Hugoniot Equation (II.10), but in the
place of p we now find the general unequal numbers B; and K;o which de-
pend in a complicated way on the gas conditions. As before y = y(U) is

derived from the third Equation (II.12) with the result that
q\ﬂi VI = (ﬁ"‘> (h" +'>
+ V(ﬁ,-I>L(RO+a>L+ ua, (140, Nuk,o)

(II.43)
An expression for the strength of the reflected shock which brings the
primary flow to rest is again derivable from Equation (II.5), only now

it is more convenient simply to define

_ﬁj— - (710' '>(X'O'D= (HL, - ')(xu "’)

1" ylu xLI (T1.44)

n =
/

In analogy with (II.L2), the appropriate Rankine-Hugoniot equation is
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Yo, + Ka (11.45)

whence

+ Y[-.-]"— 4 (ﬁL-l>(1<,_'-’L‘—/>\.

The reflected shock speed follows from the density ratios Xio and xoi

(11.L46)

as in Equation (II.1).

As an example, consider a shock of speed U moving into a mixture of
neon and molecular nitrogen whose temperature is T, and total pressure is
p,- The initial fractions of the components are No(Ne) and n,(Nz). By
Equation (II.33), the initial effective molecular weight is Og =
o(Ne)no(Ne) + o(No)ng(No), and thus ry = o, Ug/RTO is known. From the
collection of simple shock identities in Table I, zeroth-order y;o and
Tio are computed, and thus approximate values for p; and T, are known.
The partial pressures of Ne and Ny available for dissociation ionization
follow from their initial fractional abundances, and all the equilibria
can be computed from the zeroth-order conditions. Assuming the neon to
be truly permenent, the only such fractions to be considered behind the
shock are ;(Ns) and ¢;(NI). Their computation at any temperature is al-

lowed by graphical presentation of the thermodynamic tables given in

Appendix A. In front of the shock, Qg(Ns) = Qo(NI) = O; therefore
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(in reference to Equation (II.MO))fz = 0.

lg}' = ZZ% 7< i O(L' S. !

L

0
= o [xeny) o (D) ;'ﬁ- M, (N2)

.

Y (VD) %, (VD) X () 2 ()

Therefore

IQ, & = 2-7]0("’1) °(|(NL>
b b T, {X(NL) + L X(NT) Q.(NI)}.

Thus the dissociation-ionization contributions to the Hugoniot relation
are spelled out in gquantities which can be computed from the zeroth-
order approximations.

In order that the effective degrees of freedom be computed behind
the shock, the fractional abundances of the various species must be
known. Aside from their obvious dependence on the associated dissocia-
tion-ionization equilibria, each of these fractions depends on all the
reactions through the net change in the number of particles per gram.

The ratio of effective molecular weights is

ol
T, = % /la = (_’Z_ + 7, (Ny) 0(.(N,,>{|+7_0(,(NI)}>

)



L6

and the fractional abundances for the various species behind the shock

71,(1\19,) = 9 'ﬂQ(Ne,))
M (N = 9 770(/\/1—) {I - d,(N;B])

7, (NI) = 10, WQ(NO a(,(NL) §|— o (NI)? )

N, (NE) = 29, M, (N of (N «, (NT) .

These fractions, together with the numbers fy{(Nz), fp(NI), etc.,
tabulated in Appendix A, completely determine the sums % fin; which enter
as the degree-of-freedom contributions[?in.the enthalpy (II.40) and the
Rankine-Hugoniot Equation (II.L1). Together,ﬂg and JY determine B, and
K10, the generalized p-values. Then the combination (ro, By, kip) implies
the first-order value of yio from (II.43). With this, the pair (Bi, kip)
determines a first-order x,o from (II.42). Finally, the first-order

value of Tip is given by

T,=T [T, = Tio Y 1u /’Q/o

Thus the thermodynamics of the gas mixture in the zeroth-order state
leads, through the generalized shock relations, to an evaluation of a
corrected first-order state. If the state variables have changed so

markedly that even the newly-derived state is suspect, then the process



may be repeated until the change per iteration is within some specified
limit. Once the primary shock flow field has been thus computed, then
one can enter into a similar analysis of the reflected shock transition

via Equations (II.44) through (II.L6).

5. SHOCK WAVES IN MIXTURES OF NEON AND CHROMIUM CARBONYL

This section gives numerical results for the temperature T, and pres-
sure ppo behind reflected shock waves when the test gas is a mixture of
neon and chromium carbonyl. Two fractional abundances are considered,
nemely 1,[Cr(C0)e] = 3 x 107* and 3 x 103 (3/100% and 3/10%). The
initial temperature of the test gas is taken to be Ty = 300°K, and the
total initial pressure Py = 1.027 x 10% cgs.* The range of assumed shock
strengths is such as would ordinarily cover a range of Ts from 4200 to
11,600°K for a permanent rare gas (u = 4). These choices are appro-
priate to the spectroscopic experiments described in Chapter VI.

A small contamination of air was also common to these experiments
(Section 3, Chapter III), but in no case contributed more than l/lO% to
P The thermodynamic effects of this level of air impurity were eval-
uated by means of the Ny-in-neon theory given in the preceding section.
The largest perturbation on T, was a drop of only 2% in the highest value,

and the air impurity was thenceforth neglected in the calculations of the

much stronger effects of chromium carbonyl.

*We will use this abbreviation for dynes/cm®., This value of D, is ap-
proximately l/lOO atmosphere ~ 7.5 mm Hg ~ 100 mm dibutylphthalate.
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The equations specific to the perturbations by Cr(CO)g on neon are
obvious extensions of those given in Section 4 and will not all be written
out here. They run on into many terms since one must in general consider
the dissociation of Cr(CO)g and CO, the ionization of Cr, C, O and Ne,
the vibrational excitation of CO, and the electronic excitation of the
four types of atoms and their ions. For example, the molecular weight

ratio across the primary shock is given in general by

1 b, (Cr (e

+7”"O(NQ'I) o(.(NeI) + ‘Y]D(CVKCD)Q O(,(Cr\l)

+ b1, (Celeals) o (Co) {:u 4,(¢x) v (01)]

Mo

Pl

since the carbonyl is completely dissociated* behind the shock. The oc-
curence of thermodynamically significant amounts of the molecules Cs, Og,
and CrO is ruled out by their low dissociation energies. Spectroscopic

observations of small concentrations of Cs and CrO are discussed in suc-

ceeding chapters,

*¥The dissociation equilibrium for Cr(CO)g is discussed in Appendix B. In
spite of its stability at room temperature and its moderately high dis-
sociation energy (8 ~ eV), the carbonyl is completely dissociated at
100°K for the pressures of interest.
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We will also illustrate how the dissociation contribution to the
enthalpy 1s computed for the reflected shock transition. With reference

to the modified Rankine-Hugoniot Equations (II.L1, 42, L45), we compute

(82_" t’l>:ﬁ =
b,

i

Lo o (NeT) Y(NeD) o, (NeI)
T

K(CrT, )% (enT) =, (¢ T)5

a A

, 6 X(Coi Lo, (o) = (e
+9. 7 W?O(C'w('«ia)@) { * I &

< FOY(CI) o (co) o (CT)|

+ 6 (0D Ay (co) A (0T)

where X 1s the energy of dissociation or ionization and k is the Boltz-

mann constant. The carbonyl dissociation dces not enter here because

of its completion behind both the primary and reflected shocks. The lack

of symmetry in this relation is due to the low primary flow temperatures

of interest (2,000 to 5,000°K) whereby q,(NeI, CI, OI) = O, Table II

gives the various binding energies used in our computations. The ioniza-
53

tion potentials were taken from Charlotte Moore's”~ compilation of atomic-

energy levels. We assumed the dissociation energy of CO to be 11.11 eV.*

*For a review of the problem of x(CO), we refer the reader to the publica-
tions by Toennies and Greene,
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Appendix B discusses our derivation of x[Cr(C0)g] from thermochemical

data.
TABLE II
BINDING ENERGIES
Process Species x/k

Molecular Dissociation Cr(CO) g 8.61 x 10* °K

" " CcOo 12.89 "
Atomic Ionization CrI 7.8h92 "

" ! CI 1%.073 "

" " 01 15.800 "

) " Nel 25.020 :

I"igures 2, 3, and 4 present the computed conditions behind the re-
flected shock as functions of the parameter r, which characterizes the
primary shock., The curves are drawn to connect smoothly the points com-

puted for seven values of r. spanning the range from 30 to 85. In order,

0
these figures show the temperature, the pressure and the degrees of dis-
sociation and ionization. The zero-impurity curves for To and po were
calculated from the relations given in Section 3. These states (and
those for the primary flow) were the starting points for the iteration
procedures required by the carbonyl additive, All of the iterations
were carried out until the change in temperature from one to the next

had diminished to 1/2% or less., At this stage the corresponding fluctua-

tion in pressure was usually about 1/5%. The term "fluctuation" is
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Figure 2. Temperature behind reflected shock vs. ry-value of primary
shock, for a permanent gas and two mixtures of CI‘(CO)6 in neon.
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Figure 3. Pressure behind reflected shock vs. rg-value of primary
shock, for a permanent gas and two mixtures of Cr(CO)g in neon.
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Figure 4. Degrees of dissociation and ionization behind reflected
shock vs. rg-value of primary shock, for two mixtures of Cr(CO)g in
neon.
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appropriate since the iteration procedure typically yields successive
over- and under-estimates to the true state. When finally this oscil~-
lation fell within the above limits, the final state (p2, T>) was chosen
to be midway between the last two iteration results. The equilibria
shown in Figure L4 were computed in this final state.

In Table III, we list the maximum number of iterations required by
the above criterion for the two impurity levels of interest and the pri-

mary and reflected shock transitions.,

TABLE TITI

ORDER OF ITERATIONS REQUIRED FOR COMPUTING STATE VARTIABLES
BEHIND SHOCKS IN TWO MIXTURES OF NEON AND Cr(CO)g

Shock 1oLCr(C0) 6] nolCr(C0) g ]

Transition = % x 10-4 = 3 x 10-3
0O~ 1 2 3
1+2 L 6

These numbers apply strictly to the higher temperature cases (ro = 70
above) ; the required number was generally one less for ry as low as 30
or 40, For the reflected shock transition (1 - 2) at nO[Cr(GO)s] =
5/10%, the carbonyl effects were so strong that the usual procedure had
to be by-passed by some judicious guessing. The first two iterations

from the permanent gas states showed fluctuations so large that 10 or
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or 15 customary steps appeared likely. This was particularly marked for
ro = 50 and 60 where the fractional dissociation of CO was very sensitive
to the assumed temperature, Fortunately, the new states chosen at this
stage were sufficiently good that the number of subsequent iterations

had only to be about half what it might have been with the straight for-
ward procedure.

From Figures 2 and 3, one can see that the chromium carbonyl affects
the temperature far more than the pressure. For ry = 80(Ts ~ 11,000°K for
a permanent rare gas) the temperature decrements are about 500 and 2,000°K
for additive fractions of 5/100% and 3/10%, respectively. By contrast,
the corresponding pressures are all within 1% of each other. This kind
of behavior of the state variables is typical for real gases when they
are sufficiently heated that their latent impermanence comes into play.
The temperature decrease is due primarily to the binding energies X which
must be drawn from the gas to establish the dissociation and ionization
equilibria.* The extents of these reactions appear (together with their
energies) as subtractive terms in the denominator of the generalized
Rankine-Hugoniot Equation (II.41). Thus, for a given shock strength,
the density can be significantly greater than for a permanent gas, and
the temperature correspondingly less.

In our case, the details of this effect are somewhat clouded by our

having to treat two successive shock transitions. Nonetheless, our com-

*Roughly speaking, these energies are of the order of 10 eV, compared
to the nominal values of leV for the mean translational energy of the
particles and 1/10 to 1 eV for their internal excitation.
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putations indicate that the major part of the T, - decrement comes from
the increased density ratio (xs1) across the reflected shock. This is
due, in turn, to the considerable break-up of atoms and molecules behind
the reflected shock, of which the most effective is CO dissociation. For
stronger shocks, the fractional ionization of neon (the principal con-
stituent) would become large enough to induce even larger temperature
decrements. A hint of this already appears in Figure 2 as a dip in the
upper end of the middle curve, For ry = 85 and no[Cr(C0)g) = 3 x 104,
the ionization of neon is already contributing about 3/10 of the total
electron pressure, compared to contributions of 1/10 each by chromium
and oxygen and 1/2 by carbon.

In Chapter VI we will discuss the use of our calculations in spectro-
scopic experiments whose conditions are very close to those we have con-
sidered here. One may also use the curves in Figures 2-4 to make good
guesses of the state variables in other situations and thus be able to
shorten the iteration procedure in computing accurate states. For the
chosen value of p,(~ 1/100 atoms), any value of n,[Cr(C0)g] up to about
1% could be thus accommodated, For higher values of Do, the percentage
effects of a fixed fraction of the carbonyl will be reduced, since the
extents of dissociation and ionization will be suppressed by the higher
absolute pressure of the carbonyl fragments. Also for higher Pys & fixed

initial partial pressure of Cr(CO0)g is equivalent to a reduced 7,, and

the curves can again provide upper bounds on the percentage changes of

p2 and Ty from their permanent gas values., The effects with other car-
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rier gases, such as helium and argon, could similarly be estimated except
for ionization of the carrier at high temperature (e.g., argon at
10,000°K) . The effects of other metallic carbonyls (see Appendix B)
would be similar to those of Cr(CO)g, since the principal cooling agent
is CO for this range of shock strength, and these other compounds have

similar metal-to-CO ratios,

6. THEORY OF ADDITIONAL VELOCITY MEASUREMENTS

We close this chapter by discussing the utility of simultaneous
measurements of wave and particle velocities. Some workers have used
this technique to determine (via the Hugoniot relation) the equation of
state of a particular gas. For example, Christian, Duff and Yarger5u
have measured the dissociation energy of N- by observing the velocities
of both the primary shock and the flow behind it. The relevant theory
has been given in the previous section,

The simple shock relations of Section 3 allow a different sort of
measurement on an ideal gas of unknown temperature., The pressure and den-
sity ratios across a shock wave and the absolute temperatures on either
side of it may be computed from both flow velocities in the shock-sta-
tionary frame. Since this frame of reference is usually not the one in
which laboratory experiments are performed, an additional measurement
of the absolute shock speed is required. In Section 7 of the next chapter
we describe such experiments with the reflected shock transition; the

pertinent theory is given here,
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Figure 5 is an x-t diagram for the flow near the end of a shock tube
as it would be viewed by an observer moving with the reflected shock
velocity. In this frame, the primary flow speed is denoted by vi. Some-
what in anticipation of the experiments of Chapter III, we have relaxed
the assumptions as to the uniformity of the primary flow and the state of
rest behind the reflected shock. In general, vo # V. The reflected

shock conditions for an ideal gas are

Pl V‘B = PLVL )

P V‘:— +j’l = PLVS_ 'Mjh )

(M‘f')ﬁ FVRm = W*—\)fﬁ +V,-.
£ (o

(I1.47)
Regarding the velocities as known, these conditions constitute a system

of three equations in the four unknowns (p1, P1, P2, P2). Ratios of

three of these to a fourth (e.g., p1) can be found, and one derives

3C7—/ = faz.//fD’ = ’U's /,v...L

yo, = h /b = Q/‘VB"Vl)/(/V‘VL-VS) ,
T, = ovy (pM-vi)/ R (u+)
T~ o (/R ()

(11..48)
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The velocities follow from laboratory measurements of the reflected shock
speed V, the primary flow speed u;, and the (small, positive) flow speed

Uz behind the reflected shock,

V3 ="V' + W, y

'V—Z. =V-+ u-L
This method enables a direct check on the temperatures computed
from the primary shock speed alone. The method may be supplemented (as
in Section 8, Chapter III) by measurements of absolute pressure in both
regions of flow. A consistency check is provided by comparison of the
y21 as computed from the velocity measurements (second of Equations

(I1.48)) and derived from the pressure measurements.



CHAPTER IIT

HYDRODYNAMIC EXPERIMENTS

1. INTRODUCTION

At the Michigan Shock Tube Laboratory, the majority of the observa-
tions of high temperature rare gas flows 1s made by photographing the
luminosity which results from the addition of contaminants to the rare
gases. Following the discussion of equipment and techniques in Sections
2, 3, and 4, Section 5 describes the space-time visualization of shock
waves, interfaces and boundary layers by means of molecular emission.

This emission differs markedly from steady, thermal equilibrium radiation,
which 1s the topic of Chapter V. We will discuss the origins of transient
molecular emission in Chapter IV.

The self-luminosity of the gases makes immediately evident several
departures of shock tube behavior.fromtthe simple theory of the previous
chapter. These departures and their relation to viscosity are discussed
in Section 6. The quantitative understanding of shock tube viscosity
effects is as yet incomplete, and we have had to inquire whether the
ideally-computed state variables are significantly in error.

Sections 7 and 8 describe the direct measurements of flow velocity
and pressure which were made to test the adequacy of the observed primary
shock speed as an indicator of the flow variables near the end of the
shock tube. We have paid particular attention to the thermodynamic condi-

tions behind the reflected shock because of our interest in this gas as a
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spectroscopic source.

The measured state of this gas is in good agreement with ideal theory

in spite of the non-ideal effects observed in the primary flow.

2. GENERAL DESCRIPTION OF EQUIPMENT

The shock tube used for our measurements has already wveen described
in large part by Turner,12 and the reader is referred to his dissertation
for those details omitted here. Figure 6 shows the present experimental
arrangement. The shock tube is supported above a long table which is al-
so a platform for most of the gas-filling and evacuation accessories. From
right to left, the shock tube sections are first the compression chamber
(120 cm long) and then the expansion chamber (265 cm long) of which the
test section is the terminal part. Manometers and MclLeod gauges are
mounted on the tall vertical panels near the diaphragm breech between the
high and low pressure sections. Behind these gauges are the lines used
in filling the expansion chamber with gas from flasks and bottles. Not
visible are the common manifold to which these lines run, the flush valve*
between the manifold and the expansion chamber, and the oil diffusion
pump connected to this manifold. The mechanical pump on the floor pro-
vides rough vacua for the diffusion pump exhaust, the manometer reference,

and the initial pumping of the entire tube. In use, the high pressure

*Contrary to what one might expect, this name derives not from a procedure
but rather from the mechanical design. The valve may ove described as a
very blunt right-angle needle valve whose seat is an O-ring on the outer
side wall of the shock tube. The "needle" is so shaped that when the valve
is closed the inner wall is practically continuous.
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section is filled with hydrogen from the tank at the right. The main body
of the test section was machined from an aluminum forging and has the in-
ternal cross-section of 4.13 (horizontal) by 6.67 cm (vertical) which is
common to the entire tube. The side walls of this section are 1" thick
Plexiglas windows which are held in place by retaining rings with double
O-ring seals. These windows allow an unoostructed view of the top, bottom,
and end walls of the section. In Figure 6, all of the front window is
covered except for a narrow slit which is parallel to the direction of

gas flow. This slit is imaged across a moving film in the rotating-drum
camera (foreground) for x-t photography of luminous phenomena. At the ex-
treme left is a spectrograph with another rotating-drum camera. The
spectrograph is illuminated by means of a mirror which collects light from
the gas in the test section through the back Plexiglas window. This ar-
rangement enables the simultaneous recording of x-t data and time-resolved

spectra.

3. GENERAL OPERATIONS WITH GASES AND VAPOR PRESSURE MEASUREMENTS ON Cr(CO)e
For all experiments the gas in the compression chamber is high pressure
hydrogen at room temperature. This chamber is first evacuated to 100 mi-
crons and then filled directly from a 2000 psi tank; the high pressure is
then read with a Bourdon gauge. The diaphragms used to separate the high
and low pressure sections are cellulose acetate sheets of various thick-
ness. For this particular cross-section of tube, a .060" diaphragm holds

400 psi for several minutes but ruptures in a few seconds under a 600 psi
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load. These diaphragms always break out over the entire tube cross-section.
A solenoid-driven prod is sometimes used to break the diaphragm at a prede-
termined driver pressure. The gas-dynamic phenomena take place very rapidly
as soon as the diaphragm breaks, and certainly within 5 seconds the tube is
simply a pipe containing primarily hydrogen (at roughly 1/5 the driving
pressure) and diaphragm particles of various sizes. The hydrogen over-
pressure is released through a pipe to the atmosphere outside the building.
The tube is again closed up and the residual hydrogen is pumped outside

with the mechanical pump. Air is let into the tube which is then opened for
cleaning and diaphragm replacement. The diaphragm fragments are removed

by swabbing with a dry-or alcohol-scaked cloth. In each shot some damage

is done to the test section windows by high speed diaphragm particles. So
far this has been tolerated by buffing or (eventually) replacing the windows.
Metal diaphragms are now being tried with some success. An aluminum sheet,
.050" thick ahd milled with an X pattern of grooves .015" deep, breaks

under a 350 psi load in this cross-section of tube. The four petals flap
out violently against the inside walls of the expansion chamber, but do

not tear away from the rest of the diaphragm.

The low pressure side of the shock tube (consisting of the expansion
chamber, manifold, and gas-delivery lines) can be pumped down with the dif-
fusion pump to a pressure of less than 1/10 micron (10-% mm Hg). For all
parts of this sytem, the static leak rate can be made as low as 4/10 micron
per minute if some care is taken in the cleaning of the tube, assembly of

ground glass joints, ete. The running of an experiment is generally preceded
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by a S5-minute interval during which the diffusion pump is closed off and the
appropriate gases are loaded in the tube. The temperature of the test gas
is read to an accuracy of l/lO°C on a thermometer strapped to the expansion
chamber. The test gas pressure is usually of the order of 10 mm Hg, so
that the impurity level due to leaks is always less than l/lO%. The range
of gas pressures from 10-4 to 103 mm Hg is covered by coarse and fine McLeod
gauges (gauge constants of 5.25 x 104 and 5.16 x 1076 mm~1), a dibutyl
phthalate manometer, and a mercury manometer. In addition a thermocouple
gauge is used as a continuous, qualitative pressure monitor. All of these
gauges are connected to a common manifold through which gases are loaded
into, and evacuated from, the expansion chamber. The flushvalve connecting
this chamber to the manifold is closed just before the tube is fired to
prevent the flow of high pressure hydrogen into the manifold.

The test gases used in these experiments were usually mixtures of
Linde "mass-spectrometer-checked” neon with small amounts of contaminants
added for spectroscopic purposes. In qualitative work with additives such
as CH, and NHg, the mixtures were made in the shock tube just before firing.
For the quantitative studies with Cr(CO)s, mixtures were made up in separ-
ate flasks several days prior to their use. In either case the neon (or
argon) was taken directly from the Linde bottle. The vapor pressure of
an additive determined the method by which it could be introduced. CHg4
and NHg (Matheson, CP grade) were obtained directly from their supply
bottles. Less volatile liquids, such as pyridiné (CglHg) and carbon di=-

sulfide, were frozen with liquid air in vacuum test-tube flasks. After
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the air was pumped out, the flasks were closed off and allowed to return
to room temperature. The resultant liguid-vapor equilibrium in the
flasks provided a more than adequate gas supply. The required pressures
of these additives in the shock tube were low enough that they could be
read on the McLeod gauges without fear of condensation.

Considerable discussion will be given here to the handling of the metal
carbonyls because of the difficulties involved on the one hand and, on
the other, the great promise which these compounds hold for spectroscopic
studies in gas-dynamic devices. Gifts of various carbonyls were made to
this laboratory by Dr. Leslie Brimm* of Linde Air Products and Dr. Irving
Wender of the U. S. Bureau of Mines. Most of the carbonyls are highly
toxic, primarily because of the valence states in which the metals occur;
also these compounds are flammable and yield large amounts of carbon mon-
oxide upon decomposition. With respect to volatility at room temperature,
Ni(CO), and Fe(CO)s can be classed with the liquids discussed above, but
Cr(C0)g, Mo(CO)g, and W(CO)g are crystalline substances which sublime to
pressures of the order of 100 microns. Because of condensation, these
pressures cannot be read on a MclLeod gauge. It proved possible to con-
trol and measure the abundance of Cr(CO)g by means of the temperature
variation of its vapor pressure. We have not yet worked with the other
s0lid carbonyls, but the similarity of their physical properties implies

that they can be handled by identical methods.

*We are particularly grateful to Dr. Brimm for a discussion of vapor pres-
sure data for the carbonyls.
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A reservoir of Cr(C0)g vapor was obtained in a vacuum test-tube flask
(as above). This flask was then connected to a larger flask, and the two
were allowed to come to vapor equilibrium over a period of an hour. During
this time the room temperature was held constant at a few degrees below the
normal condition. Finally, a predetermined amount of neon was added to the
larger flask which then constituted a reservoir of pre-mixed neon and
Cr(C0)g of known composition, and was subsequently used to fill the shock
tube.

It proved necessary to re-determine the Cr(CO)6 vapor pressure curve,
for which two rather different results had previocusly been published, This
was done by the writer and David M. Brown* of the Mass Spectroscopy Laboras-
tory, Chemical and Metallurgical Engineering Department, The University of
Michigan. The vapor pressure was measured at four temperatures with a
Consolidated Electrodynamic micromanometer. Each of these pressures was
null-checked by providing the manometer with non=-zero reference pressures
of air which were read on a McLeod gauge. Our results agree with the 1935

determinations55 by Hieber and Romberg** and are listed in Table IV. The

*We are greatly indebted to Mr. Brown for his assistance in these measure-
ments. This study was materially aided by the low temperature vacuum=-dis-

tillation technique developed by him for growing large, flawless crystals
of Cr(CO)8 and thereby ridding the solid of occluded gases.

**The paper referred to here is the twenty-first in a series, "Uber Metall-
carbonyle," by Hieber and co-workers at the Technische Hochschule, Stutt-
gart. These publications contain much useful information on the properties,
preparation and handling of the carbonyls. The 1934 determinations by
Windsor and Blanchard5 yield room-temperature vapor pressures of Cr(CO}6
which are too high by a factor of two. Their data apparently were affected
by partial decomposition of the carbonyl into carbon monoxide (see Appen-
dix B),
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heat of sublimation implied by our measurements is

AHS)Cr(CO)s = 17.2 kilocalories per mole = 8650°K per particle.

TABLE IV

MEASURED VAPOR PRESSURE OF Cr(CO)g

T pv(Cr(CO)e)
0.17°C 13.4 + 1 microns
12.8 51.1 + 1
21.L 121 + 2.5
26.5 195 + b

These measurements were also used by Brown to make standard neon-Cr(C0)g
mixtures which were analyzed in the mass spectrometer. The mass spectrum
of the various carbonyl fragments was reproducible within the accuracy of
the above data, and was used for calibrating the"cross check" analyses of
mixtures made up later at the Shock Tube Laboratory. In all cases the pre-
dicted abundances of neon and Cr(CO)g were verified by these checks.
Therefore the absolute amount of the carbonyl was known with at least 2%
accuracy in all the shock tube experiments, and the abundance of chromium
in the various portions of shock tube flow was subject to good control.
Precautions were always taken to insure that neither the vapor pressure
measurement nor the making of mixtures was subject to contamination by
air, water vapor, or carbon monoxide. Prior to freezing the carbonyl for
removal of air, the test-tube flask was pumped on for several minutes to
remove condensible vapors, and the freezing was done at dry-ice tempera=
ture. A cold trap was required to keep the carbonyl out of the vacuum

pumps .
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L. PHOTOGRAPHIC METHODS

Space-time photographs of the shock tube flow are taken with the re-
volving=drum camera. The addition of contaminants to neon causes many
portions of the flow to be self-luminous* and there is no pressing need
for the optical accessories (e.g., schlieren systems and external light
sources) required in low temperature shock tube studies. In all cases
the field of view of the camera is restricted to a narrow slit which runs
in the space-direction of interest. This slit is formed by ruled metal
straight-edges screwed onto the outside of the test section window. The
rest of the window is covered with black paper. The slit is imaged across
a 35-mm film wrapped once around a drum inside the camera. Time resolu-
tion is achieved by rotating the drum at high speed with an external
motor. The "writing rate" of this camera (in microseconds per millimeter
of fiim length) is W = 89,960/drum rpm. The rpm is measured to 1/4% with
a Hasler-Tel speed indicator. Usually the rpm is about 15,000 and the
corresponding W is roughly 7 psec/mm. The camera lens has an aperture of
f/4.5 and a focal length of 8.5". With the camera placed 6' from the
test section, the reduction factor M from slit to slit-image is approxi-
mately 7; thus the image of a 20-cm long slit is easily fit into the 35
mm width of the film.

For measuring the velocities of shock waves moving along the tube

axis (x—direction)y the slit is horizontal. The trace of a luminous

*¥As will be shown in following sections, there is a wealth of information
contained in the kinematic diagrams which this method provides. Naturally,
some care must be taken in identifying the features in the diagrams.
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shock front on a x-t film is a black line cutting diagonally across the
film. For a shock whose speed is 3 x 105 cm/sec, the angle between its
trace and the direction of film motion is about 70°. For accurate computa=-
tion of shock speedy various calibrations of the x-t picture are required.
The drum rpm (and therefore W) is measured just as the shock tube is fired.
Prior to each experiment, still pictures are taken of the slit to deter-
mine its angle with respect to the direction of film motion. The reduc-
tion factor M is obtained from the images of the slit-jaw rulings; this
is suitably corrected for the difference between (optical) camera dis-
tances from the slit and from the luminous gas inside the test section.
The time axis on the film is determined by spinning the drum with the
camera shutter open, thereby exposing the film to the image of a point
light-source temporarily mounted in front of the slit. The resulting
"time-line" is the base against which all image angles are later meas=-
ured with a Gaertner protractor microscope. These angle measurements
yield the shock speed vy in film coordinates, and the application of M
and W converts Ve to the laboratory shock speed U. The net accuracy to
which U can be measured is between 1/2% and 1%.%

Space=time photographs are also taken through a vertical slit. These
pictures record the time variations of luminosity across the flow channel
(y-direction). Accessible to this method are such determinations as the

relative planarity of a luminous shock, the shape of the driving interface,

*The alignment precautions necessary for this kind of photogra

hy are
fully discussed by Doherty in Chapter II of his dissertation.5g
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and the nature of wall luminosities.

Emission spectra of luminous portions of the flow are obtained with an
f/7 grating spectrograph. This instrument will be described more fully in
Chapter VI. For the experiments relevant to this chapter, a small portion
of the test section is imaged on the spectrograph slit. The (x,y) loca-
tion of this portion is easily varied. The succession of fluid-dynamic
events at any particular place in the tube requires time-resolution of the
spectra, and this is accomplished by the rotating-drum camera in the image
plane of the spectrograph. The 35-mm film in the drum takes the place of
the customary spectrographic plate. The wavelength "direction" runs across
the film and, again, time runs along the length of the film.

All black and white pictures are taken with the Eastman Kodak 103
emulsion in the spectral classes D, F, and O. The films are unperforated
and anti-halation backed. Most of the processing is done with D-19 developer
(5 minutes) and F-6 hypo. A few films were developed with Ethol UFG, but
no significant improvement was observed in the blackening of faint images.
By taking some snapshots in the laboratory, we have estimated the ASA speed
of the 103-D emulsion to be between 2500 and 3000. This high speed is ap-
parently not seriously reduced for the short exposure time (1 to 100 usec)
encountered’ fn.the moving-film:photography.

We have taken x-t and y-t pictures in color with the Anscochrome and
Super-Anscochrome emulsions developed for ASA 128 and ASA 200/400, respec-
tively. Comparison of these pictures with time-resolved spectra indicates

that the color reddition is much more faithful than one might expect for
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the short exposure time. It proved possible to identify and locate in

space-time some of the more characteristically-colored emitters.

5. FLOW VISUALIZATION VIA ORGANIC ADDITIVES

The luminosity of moderately strong shock fronts in the rare gases
was a puzzle for several years following its discovery in 1951 by Pet-
schek°57 In x-t photographs, this luminosity is recorded as a thin

12,58,59 60

diagonal line across the film. In 1955, Turner, and Rosa
identified the emission as primarily the Swan bands of Cz and the violet
bands of CN. The presence of carbon and nitrogen was attributed to small
amounts of air and pump-oil vapor in the test gas. When the vacuum sys-
tem of the Michigan shock tube was later improved, the primary shock lum-
inosity vanished. Charatis, Doherty and the writer then undertook a
study of how the luminosity might systematically be restored with organic
additivesoél The resulting photographs enabled the direct visualization
of many portiohs of the flow. Simultaneously, several phenomena were ob-
served which were inconsistent with the one-dimensional, inviscid flow
theory of the shock tube. Most of these will be discussed from a hydro-
dynamic standpoint in Section 6. This section describes the method of
generating the luminosity and the hydrodynamic objects which may then be
seen.,

A, We found that many organic additives would lead to luminosity at
and behind shocks that would otherwise have been invisible. For photog-

raphy with the equipment described above, the required shock strength was
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Yio = 40 (Mg > 5.5, Ty > 3%00°K) and the partial pressure of the contam-
inant was between 10 and 100 microns. With the additives, CHg, CSp, CgHp,
CoHy, CoHg, and CglHg, the primary shock luminosity in the visible spectrum
consisted of the Cz Swan bands. In addition, the CN violet bands appeared
with the additives CH, + NHs, CgNHs (pyridine), and CNH, (pyrimidine). A
typical x-t pilcture is shown in Figure 7. The conditions for this particu-

lar experiment are listed in Table V. We have computed the flow variables

TABLE V

COMPUTATIONS FOR THE EXPERIMENT OF FIGURE 7

Driver pressure: p, = 645 psi

Initial test gas pressure: Po = 15.5 mm Hg neon + CH4(kop)
Initial temperature: To = 297°K

Primary shock speeds: U = 3.07 x 10° cm/sec

Primery shock strength: pl/po = Yo = 57.5

Primary shock Mach number: M, = 6.8

Behind primary shock

Pressure: p; = 0891 mn Hg

Temperature: T, = U550°K

Behind reflected shock

Pressures: P = 4990 mm Hg

Temperature: T, = 10,500°K
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from the shock speed and the initial conditions, neglecting CH, dissociation
and all possible ionizations.

Strong C- emission occurs in much of the primary flow and in the re-
flected shock front; these regions are a rich blue in a color photograph.
During the "dark time" following the reflected shock, the relaxation to
equilibrium ionization is occurring. Its completion is signalled by a sharp
increase in luminosity consisting primarily of the red lines of neon and
Stark-broadened Balmer lines of hydrogen. Faint C, bands are also emitted
from this region. The color of the light is a vivid pink. The subsequent
wave pattern shows repeated shock passages between the cold hydrogen inter-
face¥* and the end Wall.» Each passage increases the pressure and temperature
of the gas and the intensity and broadening of the emitted spectral lines.

B. For the experiment of Figure 7 and all similar experiments, the
original x-t films showed many faint streaksof exposure in the region be-
tween the luminous front of the primary flow and the apparent locus of the
non-luminous interface. For lower initial pressure p,, the primary flow
field was shorter and smoothly luminous throughout. We discovered the
cause of the streaks by taking y-t pictures through a vertical slitLLg
placed far enough from the end wall of the tube that the reflected shock

was not seen. Figure 8 is such a photograph of an experimert similar to

¥Apart from turbulence and mixing at this surface, we regard it as the inter-
face and not some counterfeit arising from strong waves entirely within the
driven gas. The hydrogen content of the mixing region was verified by Tur-
ner. Even when the test was pure neon, he observed strong Balmer line emis-
sion from the region following its interaction with the first reflected
shock. Moreover, the subsequent flow and shock lines match reasonably well
with a one-dimensional theory of the interface-reflected shock interaction;
e.g., see Turner, p. 30.
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the one of Figure 7. Only the lower half of the flow is visible; since
the camera had purposely been aligned so that its line of sight grazed the
floor of the tube. The luminosity behind the primary shock separates
gradually from the floor of the tube. The growth of the dark intervening
zone suggests the development of a cool laminar = boundary layer. As the
main stream luminosity fades, an increasingly thick layer of ragged
luminosity develops near the wall. It appears that the assumed laminar
layer undergoes a transition into turbulence. All luminosity disappears
when the driving interface passes the slit about 150 psec later than the
shock. Time-resolved spectra were taken at various y positions behind
the vertical slit and showed that the erratic boundary layer emission also
consisted of the C, Swan bands. Both the main stream and boundary layer
luminosities were blue in color y-t photographs. For most experiments of
this type, the original y-t films showed some randomly distributed patches
of Co emission up above the layer. These apparently were luminous eddiles
of the turbulent layer on the side walls of the tube. It was these patcres
which, by their motion down the tube, had made the streaks on the x-t films.
For experiments with lower p,, the Co turbulence=luminosity did not appear
in the y-t pictures and thus the associated streaks did not occur on the
x-t films. The emission did not occur in any experiment with pure neon.
The identification of the luminous and non—luminous gases with the
customary boundary layer zones is supported by comparison of our data with
other experiments and with theories of viscous flow. Such comparison pro-

ceeds from the Reynolds number
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where n, p, and v are respectively the viscosity coefficient, density,

and speed of the gas, and L is a characteristic length of the flow proc-
ess. The definition of Reynolds numoers appropriate to the shock tube

problem is discussed in a recent Lehigh University report by Chabai.62
This report gives an excellent set of references to theoretical and ex-
perimental studies of shock tube boundary layers. The Reynolds number
which seems most appropriate for the primary flow 1s given by the main
stream values of viscosity, density, and laboratory flow speed, and the

lengthul over which the gas moves after being set in moticn by the

shock, i.e.,
. O L
Re = - (III.1)

If observations of the flow are made at a fixed station (eagoﬁ the verti-
cal slit in the case of y-t photography), this Reynolids number is zero at
the moment of shock passage and increases with time as gas originating

from further and further upstream comes into view. This is expressed by

setting ,@ equal to

)

at- U % —/)

where At is the time interval elapsed since shock passage, and the multi=
plier is the kinematic factor expressing the conservation of mass. This

substitution and the simple shock relations of the previous chapter enable
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the Reynolds number to be written

-
Re = OL——M——‘M)" at | (p ) Oj’”") , (III.2)
T (Mt Yo )"

From the classical theory of the incompressibie boundary layer on a flat

—\
plate, one may derive the approximate boundary layer thickness 8==L7/%E;.

With the previous relations, this becomes
’ / t
§ = \/"%M, = VV' Y (1I1.3)
\\...,O g(;r, g{\u )

where the second radical varies only from 1 to 2 in the rare gases as

Vio is varied from 1 to large values. As shown by Duff,é3 the size of
the compressible laminary boundary layer is not qualitatively different.
Essentially his result is that (p /po)é above should be replaced by a
constant of the order of 2.5, over a wide range of shock strength.

We found that the thickness of the non-luminous layer in the primary
flow agreed with these predictions. The measured size for At = 50 psec
was

1+ 1/2 mm for Po ~ 15 mm Hg of neon, and

2 + 1/2 mm for po ~ 4 mm Hg of neon.
The corresponding values predicted from Equation III.? above were 0.8 and
1.6 mm, respectively.

The Reynolds number describing the laminar-turbulent transition was
estimated by measuring the onset time for ragged C, luminosity in experi-
ments with py ~ 15 mm Hg. Our derived value of 3.0 (+ 1.0) x 105 is cer=-

tainly of the right order. According to Chabai's heat gauge measurements
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behind weaker shocks in air (y,, ~ 2 to 10), the critical Reynolds number
is 7.5 (+ 2.5) x 105,

The absence of turbulence-luminosity in lower pressure experiments
(po ~ 4 mm Hg) was due partly to the correspondingly lﬁwer Reynolds number
given in Equation IIT.2. Maintenance of the transition condition:in exper-
iments of successively lower pressure (but of the same shock strength)
would have required a compensating increase in At and hence in the length
of the shock tube. Moreover, it is now well known that, in low pressure
shock tube flows, gas which is set in motion from positions far upstream
does not reach the observing station as part of the primary hot flow.
Equivalently .one may say that the effective length of a shock tube de-
creases strongly with decreasing py, this effective length being measured
either by fhe length to which the primary flow column grows or the dura-
tion of the primary flow at a downstream station. This marked deviation
from ideal shock tube theory is among those discussed in Section 6.

In the next section, we will also discuss the theorybyMark6lL for
the interaction between the reflected shock wave and the boundary layer
of the primary flow. Following the publication of Mark's thesis, Char-
atls and the writer attempted to see the detalls of such an interaction
by the Co emission method. A resulting vertical slit picture is shown
in Figure 9. In order to make the laminar boundary layer thick enough
that the interaction zone eould be photographed, we had to use a fairly
low initial pressure (~4 mm Hg neon). The primary shock speed was

~3% x 10° cm/sec. In Chapter IV, we will demonstrate that, for most of
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Figure 9. y-t picture showing
effect of laminar boundary layer
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REFLECTED
SHOCK

PRIMARY FLOW
(BARELY VISIBLE)

Figure 10. y-t picture of primary
flow boundary layer. Camera views
entire flow channel (asymmetri-
cally).
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our experiments, C, emission by the reflected shock arises from CE, in the
boundary layer. Here, the reflected shock shows a slight wavy distortion
and does not quite reach the floor of the tube. Figure 9 indicates that
the boundary layer fluid flows under the "foot" of the reflected shock and
expands somewhat before its CH,4 is dissoclated by the hot gas behind the
shock. The expansion is consistent with Mark'’s prediction that the stagna=-
tion pressure of the boundary layer gas would be greater than the pressure
behind the reflected shock. The arrival soon afterward of the hydrogen
interface is due to the placement of the vertical slit at a considerable
distance from the end wall of the tube.

Figure 10 shows a very striking C, picture of turbulent boundary layers.
For this film, the drum camera was moved farther away from the test section
so that both the top and bottom walls of the tube were seen, although not
symmetrically. The test gas was argon (po ~ 15 mm Hg) with CH, contaminant
(~80 microns) and was driven by hydrogen (580 psi). The shock strength was
Yio ~ T4 and the primary flow temperature was T, ~ 5800°K. A time-resolved
spectrum of the boundary layer showed the same history of Cs emission as in
the lower temperature neon experiment of Figure 8. For this high tempera-
ture argon case, we also observed the sodium D lines {5890, 5896 k) and the
H and K lines of singly-ionized calcium (3968, 393k A), These faint lines
appeared earlier than the strong C, turbulence emission but were confined
to the wall layer, being recorded only when the spectrograph was "looking
edge on" to the entire layer. Thus it appears that this wall layer was re-

sponsible for these lines as observed near very strong shock fronts by
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Rosa and Turner. The impurity lines were not seen by us in either neon or
argon experiments when the primary flow temperature was less than 5000°K.
At lower temperatures, we assume that our luminosity phenomena are not
influenced by these impurities. For higher temperatures, they may prove
to be valuable adjuncts to the flow visualization by organic additives.

C. The ease with which shock waves and boundary layers are seen by
their luminosity contrasts with surrounding gases suggests that the mole-
cular (and atomic*) emission method may find useful application in studies
of a more aerodynamic nature. In this connection, C, emission by reflected
shock waves will be further investigated at this laboratory for the purpose
of visualizing stationary shock waves in the vicinity of models.

Also we believe that the general method should be investigated for
measuring the viscosity coefficients of high temperature gases by obser-
ving (1) the rate of laminary boundary layer growth behind the primary
shock and (2) the extent of the reflected shock-primary boundary layer
interaction. Even a factor-of-two estimate of the transport properties
of partially ionized gases (e.g., hydrogen and helium) would be of con=-
siderable interest in present studies of low pressure, electrically-driven

shock tubes.

*Evidences of boundary layer growth also appeared in the vertical slit pic-
tures taken by Turnerl® in his studies of ionization-relaxation behind
strong primary shocks in xenon. The intense main=-stream luminosity (contin=-
uwum and neutral xenon lines) was separated from the top and bottom walls of
the tube by fuzzy dark zones which became 2 to 5 mm thick near the driving
interface.
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6. NON-IDEAL HYDRODYNAMIC EFFECTS IN SHOCK TUBES

One of the principal values of flow luminosity is to make readily
visible the shortcomings of the simple theory of shock tube flow. The
failure of the Taub equation to predict the primary shock speed is im-
mediately evident, and so also are the failures of what we will call the
"ideal" theory of the flow. This theory assumes that the flow field be-
hind the shock is uniform; the principal datum for its application is
the observed shock speed, rather than the initial pressures in the tube.
Deviations from this ideal theory often take the form of excesses or de-
fects which put the observables well outside the bounds of even the asymp-
totic, or strong-shock, relations. For the experiments discussed in this
chapter, the effects of ionization and dissociation are not so great as to
liberalize significantly either these bounds or the exact equations. The
inadequacy of the ideal theory is further highlighted by observations of
flow velocities which are greater even than the Taub equation would allow,
while the shock speed is usually less in the same sense. This section
describes such effects as they have been observed by us and many other
workers. We also discuss here some theoretical treatments of real shock
tube flows. The failure of the simpler theory can usually be traced to
the viscosity of the gases and the concomitant three-=dimensionality and
time~-dependence of the flow fields.

A, To illustrate the kind and amount of information which may be
derived from a luminous flow picture, we will first discuss the measure-

ments made on the original x-t film of Figure 7. The conditions for this
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experiment were previously listed in Table V. All velocities here are

given either as fractions of the primary shock speed U or in units of

mm/sec

10° cm/sec. The effects of ionization and dissociation are

subsumed under the name of "real gas' effects.

(1)

The measured shock speed (3.07) is much less than the value
3.41 predicted from the initial pressures p, and Py via the
Taub equation.

The distance from the interface-reflected shock interaction

to the end wall is only 1% or 14 cm. This is about 1/2 of the
minimum value (26.5 cm) which one would expect from the expan-
sion chamber length (265 cm) and the strong shock limit (10)
on the density ratio xpy = pa/po.

The flow speed associated with the streaks near the interface
ig about 2.70 = .87% U. This value exceeds all the velocities
which the simple theory might predict. In order of decreacing
magnitude these predicted values are the Taub velocity 2.51,
the asymptotic velocity, .750 U, and the computed velocities
.7T43 U (real gas) and .734 U (permanent gas).

The reflected shock speed is V = 1.43% = 466 U. This value is
less than all the speeds predictable from the ideal theory and
the primary shock speed. The asymptotic speed is .500 U and

the computed speeds are .502 U (real gas) and .511 U (permanent

gas).

At lower initial pressures the deviations from theory were even more
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pronounced. For p, = 1.82 mm Hg of neon, we observed a shock speed U =
2.66 while the Taub prediction was 3.53. The maximum length of the gas
column behind the reflected shock was avout 6 or 7 cm or roughly 1/4 of
the theoretical value. The short primary flow was entirely luminous,

and the speed of its back edge was equal to the shock speed and slightly
greater than the flow speed predicted by the Taub equation. The reflected
shock speed was .475 U and about 9% less than expected.

B. The failure of the Taub equation is well known and is due to a com-
bination of imperfect diaphragm opening and viscous losses at the walls of
the shock tuve. For summaries of the many studies of the problem to 1958,
the reader is referred to Sections 3% and 4 of the shock tube compendium

14

by Glass and Hall™" (University of Toronto) and to the article on wall ef-

fects by Emrich and Wheeler65 (Lehigh University). The relevant data for
the strong-shock tube at Michigan are the most extensive for the case of
hydrogen-driven neon at initial pressures p, ~ 7.5 mm Hg (~10* dynes/cm?) .
The driving pressure p, has been varied from 100 to 1000 psi, the highest
values arising in Turner's work, and the lowest in the recent work on

chromium spectra (see Figure 26, Section 5, Chapter VI). The data are

satisfactorily represented by setting Yip at 25(i5)% below the values pre-

dicted by the Taub equation. Since this equation may, then,not be relied
upon, the point of view taken in most applications of the shock tube is that
the separate measurement of shock speed is necessary for definlng every
experiment. That this is also sufficient 1s an assumption which, in view

of the other non-ideal effects, must have its limitations.
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C. Already in 1953, the outlines of this reservation had been sketched
by Glass, Martin, and Patterson at Torontoo66 They made x-t schlieren rec-
ords of the entire primary flow history, and found that the shock speed had
a maximum, and the interface speed a minimum, at a certain "formation dis-
tance" xp from the diaphragm. These extrema were, respectively, less and
greater than the Taub predictions. The shock acceleration for x > xf was
attributed to the catch-up of compression waves from the gradually opening
diaphragm. Viscosity and heat conduction were held responsible for the sub-
sequent shock attenuation (x < xp) and for the defect ("formation decrement")
in shock strength at x = xp. That the Interface accelerates beyond this
point (while the shock is attenuated) clearly implies that the flow field
near the interface cannot correctly be described by simply wedding the ob-
served downstream shock speed with the uniform flow theory. Various exper-
iments have demonstrated the time-dependent character of this flow field;

67

early examples are the measurements by Curtis, Emrich, and Mack™' of in-

creased density near the interface and the measurements by Hollyeruu of

increased flow Mach number and decreased length of the primary flow column.
We will not cite here all of the more recent literature which de=-

scribes, in one context or another, the failure of the primary flow to

achieve its ideal length. For most of this information, we must refer

the reader to the bibliographies of our previous and immediately follow=

ing references. The defect in the flow length is variously represented as

an acceleration of the interface behind an attenuating shock, a short

duration of the primary flow past a downstream station, or a decreased
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"age" of the flow near the interface.* The phenomenon is due to the loss

of material from the primary flow through boundary layers on the walls. The
engulfing of these layers by the driver gas consumes much of the gas that
ideal theory would predict to reside in the primary hot flow. Even a thin
boundary layer may cause considerable mass transport and thereby strongly
perturb the main primary flow. Further disturbances arise from inter-
actions with the viscous flow field of the driver gas. The primary flow

column is prevented from growing to its ideal size and is made non-uniform

along its length and over any cross-section. These phenomena also dictate
the attenuation of the primary shock which forms the flow field. The two
effects are not separable. We will describe here the attenuation theory

68

by Mirels and Braun~- which seems to classify the observed flow-shortening
effects. We consider a few experimental observations, particularly some
which indicate the existence of a quasi-steady viscous flow behind shock
waves in low pressure gases. Also discussed is the model advanced by
Durr® to explain this state of flow.

D. The report by Mirels and Braun (NACA, Cleveland) is a good ex=
ample of the existing theories of shock tube flows with boundary layers.

Shock attenuation and the primary flow variables are computed by a pertur-

bation method for Mach 1.25 to 6 shocks in air (constant p = 6) driven by

*In our early studies of the effect, it was named the "anomalous compression”
by virtue of the high flow density apparently implied. Though certainly an
anomaly in terms of the ideal theory, the effect is more nearly the rule ra=-
ther than the exception in actual shock tube flows. Neither does this "cus-
tomary anomaly" truly represent a compression of all the test gas into the
primary flow column.
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high pressure air. Since most of the experiments discussed below were made
with neon and argon, it is perhaps an oversimplification to present them in
the context of this theory. However, the comparison is Jjustified by the
similarities of the thermodynamic functions and the transport coefficients,*
and the theory of the boundary layer itself is apparently insensitive to the
small differences which do exist.¥** <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>