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ABSTRACT

The results of an experimental investigation of the
reflection of strong shocks in xenon from the end wall of
the GALCIT 6" shock tube are presented. The reflection of
the'incident shock structure, consisting of a frozen shock
front, a region of relatively uniform frozen flow, and an
ionization front, was observed with a fast-rise (0.3 p sec)
pressure gauge mounted in the shock tube end wall. The
interaction between the reflecting shock and the ionizing
gas in the incident shock structure was of particular
interest. This interaction produces a complicated series
of shock and rarefaction waves; those waves that propagate
back to the end wall were observed with the pressure gauge.
The incident shock Mach number was varied from 11 to 20,
and the initial pressure was varied from 0.1 to 1.5 mm Hg.

A simple model which includes the gross features of
the shock reflection process is used to calculate end wall
presguresg. The calculated presgssures agree well with the
experimental observations. In addition, ionization relax-
ation times for xenon behind the incident and reflected
shocks are determined from this simple model and the
measured pressure histories. The relaxation time data yield
a better understanding of the ionization relaxation process
in monatomic gases and provide an estimate for the electron-

atom, inelastic excitation cross section for xenon.
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T. INTRODUCTION

The ionization of a monatomic gas, uncomplicated by
other internal degrees of freedom, represents one of the
simplest reactions that one can observe and analyze in a
shock tube. Previous investigators (Refs. 1, 2, 3, 4) have
observed the ionization relaxation process behind the
incident shock in order to better understand the ionization
mechanism. Petschek and Byron (Ref. 1), using probes to
measure the diffusion potentiai and photomultipliers to
measure radiation intensity, and Wong and Bershader (Ref. 2),
using an interferometer to measure electron and mass density
profiles, have given a fairly complete understanding of the
ionization relaxation process behind the incident shock in
argon. The work reported in references 3, 4, and 5 involves
a study of the initial phase of the relaxation process
behind strong shocks in argon, krypton, and xenon. Other
investigators (Refs. 6, 7, 8) have measured heat transfer
to the end wall from ionized monatomic gases in the region
behind the reflected shock.

In the present investigation a fast-rise pressure
gauge similar to the one developed by Baganoff (Refs. 9,

10) is used to measure the time history of the pressure on
the end wall behind reflected shocks in xenon. The shocks
considered are of sufficient strength to produce relatively

high equilibrium degrees of ionization (a > .07) behind

i



both the incident and reflected shocks. Of particular
interest is the manner in which the reflected shock inter-
acts with the ionizing gas behihd the incident shock. This
interaction produces a complicated wave pattern (a series
of shocks and rarefaction waves); those waves which prop-
agate to the end wall can be observed with the pressure
gauge.

In this paper the term shock or shock structure

denotes the transition region between one equilibrium state
and another, i.e., including the region in which the
internal degrees of freedom equilibrate. Later it will be
useful to consider separately the part of the shock
structure in which only the translational degrees of freedom
are excited. This region is denoted by the term frozen

shock front.

Before discussing the shock reflection process in
ionizing monatomic gases (xenon in particular), it is useful
to discuss briefly the shock reflection process in general.
Schematic x-t (distance versus time) diagrams for the shock
reflection process for different types of incident shock
structure are shown in figure 1. The profile depicted on
each x~t diagram corresponds, qualitatively, to the density
variation for each type of shock structure. Figure la
represents the simple x-t diagram for a shock propagating
into an ideal, nonreacting gas. The incident and reflected

shocks are idealized by discohtinuities. If the initial



density (region 1) is decreased sufficiently, the thickness
of the incident and reflected shocks is increased to the
point where the shock structure can be observed experi~
mentally. This case is depicted in fiqure 1lb. Except for
a distance of a few shock thicknesses in the vicinity of
the end wall, the reflected shock propagates with constant
velocity into a uniform gas, and the flow is described by |
the steady flow, shock jump equations for an ideal gas.

The density profile for the incident shock structure
in figure lc is typical of profiles observed for vibra-
tionally relaxing polyatomic gases. (See the interferograms
in reference 11, for example). The initial, discontinuous,
density increase corresponds to that for a calorically
perfect gas in which only the translational and rotational
degrees of freedom are excited. The equilibration of the
vibrational degrees of freedom produces the gradual or
continuous density increase which follows. With respect
to the mean free path in the undisturbed gas, the structure
of this shock may be hundreds or thousands of mean free
paths thick; whereas the frozen shock front, in which the
translational and rotational degrees of freedom are excited,
is only a few mean free paths thick. The shock reflection
process is now much more complicated because the frozen
reflected shock front must propagate into a nonuniform,

chemically nonequilibrium gas. Since the gas properties



ahead of the reflected shock are changing in a continuous
manner, this interaction between the reflected shock and
the relaxing gas into which it propagates does not produce
any discontinuous waves. (See, for example, the end wall
pressure histories for vibrationally relaxing carbon-dioxide
observed by Baganoff (Ref. 12).) In other words, the
interaction proceeds smoothly and the reflected shock
attains a constant velocity after a time that is of the
order Tovib"
The density profilé depictéd in figure 1ld corresponds
to what one observes for strong shocks in monatomic gases
such as argon and xenon. The interferometer measurements of
Wong and Bershader (Ref. 2) show that the ionization
relaxation part of the incident shock structure is charac-
terized’by a region of practically frozen flow (the
properties of which are given by the equations for an ideal
gas, Y = 5/3, since relatively little of the atoms®
translational energy is expended in ion production) followed
by a relatively thin region in which the gas goes quickly
to equilibrium*. The latter region is denoted by the term

ionization front**. The dehsity profile in figure 1ld is

* This behavior can also be inferred from the radiation
measurements made by earlier investigators (Refs. 1, 13,
14), but it is most clearly shown by the measurements in
reference 2.

** Camac and Feinberg (Ref. 7) were the first to use the
term ionization front in their discussion of heat
transfer measurements in argon.




shown as it appears in the experimental results of reference
2. Later it will be useful to treat this ionization front
as a discontinuity.

The shock reflection process in this case (Fig. 1ld) is
quite different because the interaction between the
reflected shock and the ionization front produces a series
of finite amplitude waves, some of which propagate back to
the end wall and can be observed by the pressure gauge.
These waves are shown schematically in figure 1d and are
labeled interaction waves. For incident shock Mach numbers
greater than 13 in xenon, the density increases more across
the ionization front than it does across the frozen shock
front. To anticipate the nature of these interaction waves,
we can see qualitatively that if the density increase across
the ionization front were infinitely large, a shock would
be reflected back toward the end wall. It then follows
(e.g., from a pressure-velocity diagram) that a shock must
be transmitted into the equilibrium gas in region 2e. These
qualitative arquments appear very similar to those used in
shock-shock interaction theory, but it will be shown later
that the ionization front should not be treated as a shock
front: it is simply part of the shock structure.

Although it is not indicated on the x-t diagram in
figure 1ld, this complicated interaction process must even-

tually decay. 1In other words, when viewed from infinity



(time), the shock reflection process in figure 1ld must look
qualitatively like the shock reflection depicted in figure
1b. Later, in section VII, it is shown that the interaction
process is, for all practical purposes, complete at a time
~ ZTZion after the incident frozen shock reflection. 1In
this respect the shock reflection processes in figures 1b,
¢, and d are similar in that, except for a distance of a
few shock thicknesses in the vicinity of the end wall, the
flow is described by the steady flow, shock jump equations.
However, the relevant shock thickness is Tovib in figure lé

and T in figure 1d.

2ion
This investigation does not represent the first
attempt to describe the shock reflection process in ionizing
monatomic gases. In their end wall measurements of heat
transfer rates in argon, Camac and Feinberg (Refs. 6, 7)
observed a second sharp increase in heat transfer after

the one due to the frozen incident shock reflection. This
second heat transfer increase occurred at a time approxi-

mately equal to 7T (Fig. 1ld). They postulated that the

2ion
interaction between the reflected shock and the ionization
front behind the incident shock creates a disturbance,
probably a shock, which propagates back to the end wall
with approximately the same velocity as the incident shock.
However, they were not able to give any more details about

the x-t diagram for the shock reflection process, nor were

they able to assess from their measurements the strength of



the wave which produced the second heat transfer rate.
increase.

The end wall pressure gauge, on the other hand, can be
used to measure the strength of the shock which results from
the interaction. In addition, other waves which propagate
to the end wall are observed with the pressure gauge, and
the resulting pressure changes and arrival times (at the
end wall) lead to a more complete understanding of the shock
reflection process in highly ionized monatomic gases.

In the next two sections a description of the experi-
mental technique (Sec. II) and some of the experimental
results (Sec. III) appear. In the discussion of the
experimental results it may be helpful to refer to the x-t
diagram of the shock reflection process in figure 8. This
X-t diagram has been deduced from the measured end wall
pressure histories. The considerations involved in the
construction of this x-t diagram are presented ih sections

IV and V.



II. DESCRIPTION OF THE EXPERIMENTAL TECHNIQUE

2.1 A Brief Description 0of the Shock Tube

A more complete description of this facility is con-
tained in Appendix A. The features pertinent to this
experiment are discussed here. The GALCIT 6" shock tube
consists of a 6.02" I.D., stainless steel low pressure
section, 37' in length, and a 6.5' long, 6.50" I.D.,
stainless steel driver section. Room temperature hydrogen
was used as a driver gas to produce incident shock Mach
numbers ranging from 10.9 to 20.5 in the xenon test gas.
The initial pressure, Pl' of xenon was varied from 0.1l to
1.5 mm Hg} however the bulk of the ekpefimental data was
obtained at an initial pressure of 0.5 mm Hg.

In the course of a run, the driver was evacuated to
5 4 Hg with a Welch, Model 1397B, mechanical Vacuum pump.
The driven section was evacuated to approximately 5 p Hg
using either the Welch pump or a Kinney, Model KC46, pump.
A liquid nitrogen cold trapped{ oil diffusion pump'was then
used to evacuate the driven section to a pressure of 0.03 p
Hg. Normal procedure was to diffusion pump for half an hour.

The initial combined leak rate and out-gassing rate after

this amount of pumpihg was less than 3.0 i Hg per hour. In
order to minimize contamination, the test gas was introduced
within seconds after the diffusion pump was closed off, and

-the run was completed a few minutes later.



2.2 Measurement of the Incident sShock Mach Number

The incident shock velocity was determined by
observing the response of two platinum thin film heat
transfer gauges. The platinum films, deposited on Pyrex
plugs, were mounted flush with the shock tube wall at
distances of 67.8 and 17.8 cm from the end wall. The port
17.8 cm from the end wall is shown in figure 3. The con-~
ventional method using a microsecond counter to measure
the time interval for shock passage over the 50 cm distance
was unsatisfactory because the gauge response was affected
by the ionized gas behind the shock and the familiar
precursor signal (Ref. 15) ahead of the shock. (The
response of thin film gauges under conditions similar to
those encountered in this investigation is described in
detail in referenée 16.)

Because of the uncertain triggering time, the output
of these gauges was recorded with a Tektronix, Model 555,
dual beam oscilloscope. One beam of the oscilloscope was
triggered>by the precursor signal from the upstream thin
film gauge (67.8 cm from the end wall), the response of
this gauge being recorded oh this same beam. Triggering of
the first beam activated a delayvcircuit in the oscillo-
scope; after theidelay time had elapsed, the second beam,
which recorded the output from the downstream gauge, was
triggered. The delay time was carefully measured on a ten-

megacycle counter before each run. Knowing the delay time,
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the time interval for shock passage could be determined
from the oscillograms. A conservative estimate of the
error in determining the incident shock Mach number in this
manner is + 1%.

This uncertainty in the Mach number makes the com~
parison between some of the measured and predicted pressure
levels more difficult since a 1% variation in Mach number
produces a 2 to 3% variation in the predicted pressure

levels.
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2.3 Measurement of Initial Pressure Pl

Two calibrated volumes were used to f£ill the shock
tube with the desired amount of xenon. One of these
volumes is 0.005 times the volume of the shock tube. It
was filled with xenon to a pressure 200 times greater than
the desired initial pressure Pl. This larger pressure was
read on a 0-50 mm Hg, bellows type Wallace and Tiernan
gauge which had been calibrated with a McLeod gauge. For
initial pressures of 0.5 mm Hg or more, a second volume
0.035 times the volume of the shock tube was used in the
same manner. The error in determining the initial
pressure was.less than 1% for each run. This produces a

1% uncertainty in the end wall pressure measurements.
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2.4 Description of the Pressure Gauge

The pressure gauge used to measure the pressure
history on the end wall of the shock tube was a modified
version of the type briginally developed by Baganoff
(Ref.‘9). The principle of operation of the modified gauge
is the same, but its performance is much better than
Baganoff's original gauge. Basically the gauge consists
of a capacitor which is placed on the front surface of a
cylindrical elastic rod of Lucite. The dielectric material
for the capacitor is usually Lexan, a polycarbonate plastic,
which is similar to Lucite, but it has better high voltage
characteristics and a lower modulus of elasticity, thus
increasing its sensitivity over Lucite. (Refef to
reference 9 for the theory of operation of the gauge.)

The modifications from which the present gauge re-
sulted were made by Baganoff, while he was still at Caltech,
with the author's assistance. The design of the gauge is
depicted schematically in figure 2. The important feature
to note ié the threé—electrode design which gives two
capacitors in parallel and thus doubles the sensitivity of
the gauge over the original two-eclectrode design (plate
areas and spacing being equal). The plates of the capaci-
tive sensing elements are made by grinding down a one inch
diameter deposit of conducting epoxy to approximately one-

half mil thickness. The conducting epoxy leads from the
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outer two plates. to ground are not shqwn in figure 2. The
Lucite backing rod is 5 3/8" in diameter and when mounted
in its stainless steel housing (Fig. 3) forms the end wall
of the 6" shock tube.

It was found necessary to protect the capacitive
sensing element of the gauge from small diaphragm particles
which were released in the diaphragm bursting process. |
Occasionally these particles would penetrate the outer
ground electrode and short out the capacitor. A .0ll to
.012" thick layer of Lexan cemented to the outer surface
of the pressure gauge served to protect the gauge very well.
Even though this protector plate was pitted and scarred in
many places after 250 runs, the gauge continued to perform
satisfactorily. (The pressure gauge had been used for
230 runs when the calibration oscillogram shown in figure 4
was obtained, and this oscillogram is exactly the same as

one obtained just after the gauge was constructed.)
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2.5 gCalibration of the Pressure Gauge

The rise time and the sensitivity of the pressure
gauge are determined by using a relatively high initial
pressure, low Mach number run with nitrogen as the test gas.
The pressure jump is assumed to be given by the Rankine-
Hugoniot jump conditions. In this way a pressure-voltage
conversion factor is obtained. Baganoff showed that this
factor was a constant for various pressure jumps and various
values of initial voltage on the gauge capacitor. This is
also true for the present gauge.. The shock wave at this
condition is so thin (e.é., the incident shock front passes
by a stationary observer in approximately 20 n sec) that
it approximates a Heaviside function input to the gauge and
cathode follower circuit. (This circuitry is discussed in
more detail in Appendix B.) A typical response from such
a run is shown in figure 4. The sensitivity of the gauge
determined from this and other runs is 30.0 microvolts per
mimm Hg pressure jump for each kilovolt of charging voltage.
A maximum of 6.5 kilovolts was used with the present gauge
design, resulting in a maximum sensitivity of almost 0.2
millivolts per mm Hg.

The rise time of the gauge and circuit can also be
found from figure 4. The rise time for this gauge is
approximately 0.3 | sec (0 to 95%). The notch in the trace

behind the initial jump is associated with an acoustic
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impedance mismatch between the protector plate and the
- outer ground electrode. |

In the upper trace of figure 4, the end wall pressure
history is undistorted for approximately 24 u sec. This

period is called the dwell time of the éauge. The dis-

turbance which begins after 24 | sec is due to stress waves
propagating in from the radial boundary of the Lucite back-

ing rod causing the gauge to '"ring" (Ref. 9).
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III. EXPERIMENTAL RESULTS

3.1 The Effect of the Ionized Gas on the Pressure Gauge

The ionized gas near the end wall had an effect on
the response of the pressure gauge. An extreme example of
this so-called "electrical effect" is shown in figure 5.
The top and bottom curves are reproductions of oscillograms
obtained from two runs with identical initial conditions
and incident shock Mach numbers. The only difference
between these two cases is that the pressure gauge charging
voltage was negative for the upper curve (producing a
positive voltage output) and positive for the lower curve.
If the ionized gas had no effect on the pressure gauge, the
lowest curve would simply be the mirror image about the
time axis of the top curve. |

Since the time to reach equilibrium behind the
reflected shock is very long (2 100 y sec) compared to the
time shown, no pressure variation due to ionization relaxa-
tion should be observed. However, there are electrons and
ions present in relatively small quantities behind the
frozen reflected shock front (n_ = 1010 émf3). If one
assuhes that the upper trace is the sum of two functions of
time P(t) + E(t) (where P(t) represents the pressure and
E(t) represents the "electrical effect") and the lower trace
is -P(t) + E(t), subtracting the lower trace from the upper

trace and dividing the result by two should yield the "net"
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pressure history. _

The "net" pressure history obtained in this manner is
also shown in figure 5. For this condition the reflecting
shock has an cbservable thickness of approximately 1 u sec.
This is followed by a slow rise in the end wall pressure
due to the decay of the negative pressure perturbation
resulting from heat transfer to the end wall. The latter
effect has been discussed in detail in references 12 and 17.
After a period of approximately ten shock thicknesses, the
pressure approaches the asymptotic value which is equal to
the Rankine-~Hugoniot jump for an ideal gas (y = 5/3),
within the experimental accuracy. Thus, the assumption that
the "electrical effect" can be considered as a linear com-
bination with the pressure history is justified.

This is an extreme example because the "electrical
effect" perturbed the actual pressure history by 40%. For
the higher shock Mach numbers and higher initial pressures
used in this investigation, the "electrical effect" per-
turbed the wall pressure history by approximately 10%. No
appreciable variation of the absolute magnitude of the
"electrical effect” pérturbétion was observed when the
incident shock Mach number or the magnitude of the charging
voltage was variea.

This procedure, requiring two runs with opposite
charging voltage polarity for each condition was followed

throughout. An alternative would have been to design a
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gauge with two separate capacitive sensing elements. With
each capacitor charged with a voltage of equal magnitude
but of opposite polarity, a difference amplifier would give
the "net" pressure history directly. Rather than undertake
this extensive pressure gauge modification, it was decided
to rely upon the repeatability of the shock tube. The
repeatability of the incident shock Mach number was well
within allowable limits, but the ionization relaxation time
To behind the incident shock varied from run to run (at most
+ 20%). It will be shown later that while this relaxation
time is most important in determining the scale of the
shock reflection process, its variation does not change the

magnitude of any of the end wall pressures measured.



19

3.2 Typical Pressure History

The end wall pressure histories resulting from a
pair of runs in xenon with an incident shock Mach number
MS = 15.1 and initial pressure Pl = 0.5 mm Hg are shown
in figure 6. The sweep speed in both oscillograms is the
same, and time increases from left to right. The bright
spots on the traces are 3.00 . sec apart*. On the upper
oscillogram, which corresponds to a negative charging
voltage, various time intervals of interest are noted.
These time intervals are discussed later in this and
succeeding sections. On the lower oscillogram, which
corresponds to a positive charging voltage, various
pressure levels of interest are noted. On the upper
oscillogram a pressure increase is upward and on the lower
oscillogram increasing pressure is downward. (The "net"
pressure history constructed from these two oscillograms
appears next to the x-t diagram for the shock reflection
process in figqure 8.)

The first preésure rise is due to the frozen incident
shock front reflecting from the end wall. It is followed
by a slight pressure increase resulting from the decay of
the heat transfer perturbation. Before an asymptote for

this initial pressure rise (Psf) can be reached, the

* See Appendix B for details regarding the technique of
putting the timing marks on the oscillograms.
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pressure begins to decrease slightly. This decrease is due
to the ionization relaxation process behind the reflected
shock. A minimum pressure (Psé) is reached. (This is more
apparent on the lower oscillogram since the "electrical
effect” tends to mask this change in the upper one.) The

time between the beginning of the frozen incident shock

reflection and the minimum pressure point is defined as the

ionization relaxation time Té for xenon behind the reflected

shock*. Other definitions might be appropriate, such as
midway between the maximum of the first pressure rise (Psf)
and the minimum pressure point (PSe)' but none would define
a point as easy to determine experimentally as with the
definition chosen. (Choosing the mid-point would reduce
the measured values of Té by 10 to 30% over the range of
conditions used in this investigation.) The minimum
pressure point is also less easily distorted by the
"electrical effect" than other defined points. Moreover,
the minimum pressure point corresponds to the time at which
the relaxation process is complete.

Pollowing the relaxation to equilibrium behind the
reflected shock, the pressure remains almost constant,

increasing only slightly, for a time that is approximately

two times Té. Then, there is an abrupt pressure increase

* The relationship between the value of 7! observed on the

5
end wall and the relaxation time 75 in the flow outside

of the thermal layer is discussed in section 6.4.
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(PSe - P6f) that is approximately twice the initial jump
(PSE - Pl)‘ This pressure increase is the most interesting
part of the end wall pressure history. Both the steepness
and the magnitude of this pressure rise are remarkable. It
arises from the interaction between the reflecting shock and
the ionization front behind the frozen incident shock front
(Fig. 1d). This interaction produces a weak shock that
propagates back to the end wall. (This shock is weak in the
sense that the pressure ratio P6f/P5e is approximately
three.) Thus, the time Té is related to the ionization
relaxation time Ty behind the frozen incident shock front
(Fig. 14). Té is defined as the time between the beginning
of the first pressure rise and the mid-point of the second

pressure rise.

Following the maximum pressure point ( the

Peg) s

pressure decreases slightly to a constant level (P6e).
This is terminated by a sharper (though small) pressure

decrease.
The other times Té and tl on the upper oscillogram

are explained in the next section.
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3.3 A Series of Pressure Histories for Pl=const.=0.5 mm Hg

The results from a series of runs in which the initial
conditions (pressure, temperature, and density) were kept
constant while the Mach number was varied are shown in
figﬁre 7. All of these oscillograms have the same sweep
gspeed and all correspond to a negative charging wvoltage on
the pressure gauge. It is instructive to examine this
'series because the dependence on initial density in the
relaxation phenomena has been removed. This means that the
time scale changes on the complicated shock reflection
process are due only to changes in temperature.

Various time intervals have been indicated on the
oscillograms in figure 7. The first two time intervals
marked (Té and Té) correspond to the "relaxation times"”
discussed in the preceding section. As expected, these two
time intervals decrease with increasing temperatﬁre (Mach
number). A discussion of the relaxation time results
appears in sectionl6.2. The third time indicated, Té:

denotes the slight pressure decrease (P - P6e) behind

6f
the maximum pressure point. The similarity between this

pressure decrease and that due to the ionization relaxation
behind the frozen reflected shock front (P5f - PSe) implies
that this may also be associated with a relaxation process.

In the theoretical discussion that follows, the steep

increase in pressure to the maximum pressure point (P6f)
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is considered to be due fo a shock wave reflecting from the
end wall followed by an ionization reiaxation process

(P6f - P6e)' Thus Té is considered to be a measure of the
relaxation time behind this second reflecting shock; it
can be observed to decrease as the Mach number increases.
The fourth time interwval, denoted by tl' (visible on the
lower three oscillograms only) indicates the arrival of a
weak rarefaction pattern at the end wall. The values of
tl and Té taken from the oscillograms are used to construct

the x-t diagram for the shock reflection process which is

discussed in the next section.
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IV. THE SHOCK REFLECTION PROCESS

Shock fronts in reacting gases are different from the
ordinary gas dynamic shocks encountered in an ideal gas. In
the first place, these shocks may be hundreds or thousands
of ﬁean free paths thick, as contrasted with shocks in ideal
gases which are only a few mean free paths thick. The
x-t diagram must describe, in effect, the reflection of a
very thick shock from the end wall. Secondly, these shocks
have an internal structure which consists of a relatively
thin region in which the effects of viscosity and heat
conduction are important (the frozen shock front) followed
by a relatively thick region in which these effects may be
neglected. The latter is where the internal degrees of
freedom equilibrate with the translational and rotational
degrees of freedom. Entropy is produced throughout the
shock, first by heat conduction and viscous dissipation and
then by the transfer of translational and rotational energy
to the internal degrees of freedom.

The analysis of the shock reflection proceés is
complicated by the fact that the reflected shock structure
interacts with the relaxing gas behind the incident shock.
Determining the changes in gas properties across the
reflected shock is difficult because the flow is usually
unsteady with respect to an observer stationed on the shock.

Also the gas ahead of the shock is not in a state of
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chemical equilibrium.

On the other hand, the peculiar ﬁature of the ioniza-
tion relaxation process in a monatomic gas like xenon
creates an incident shock structure that can be thought of
as being composed of two discontinuous fronts, a frozen
shock front and an ionization front, with a density profile
similar to that shown in figure 1ld. With this simple model
Qf the incident shock structure, it becomes possible to
descri@e some of the details of the reflection process,
which is not smoothly continuous as in the case of vibra-
tionally relaxing structures (Fig. lc). The method of
analysis is similar to that used in shock~shock interaction
theory. The purpose of the analysis is to determine the
gross features of the shock reflection process and, in
particular, to deﬁermine the pressures on the end wall in
order to compare them with the experimental results.

4.1 The Structure of Strongly Ionizing Shocks in Monatomic
Gases

The experimental results from Wong and Bershader's
(Ref. 2) study in argon were discussed qualitatively in
section I. Their interferometer measurements show that the
ionization relaxation process has essentially two time
scales. They also found that conditions immediately behind
the frozen incident shock front are given by the shock jump
equations for an ideal gas, Y = 5/3, (this is why we have

called it a frozen shock front) and that the initial phase
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of the relaxation process progresses very slowly toward
equilibrium. During the first 75 to 80% of the total
relaxation time, the electron number density increases to
only 20% of its equilibrium value. This is accompanied by
a proportional change in the measured mass density. Thus
80% of the change between the frozen conditions and the
equilibrium conditions occurs during the remaining 20 to
25% of the total relaxation time. (The latter region,

characterized by relatively steep grédients in gas

properties, is denoted by the term ionization front (Refs.

6,7).)

As is the case for the experiments in reference 2,
in the present investigation the incident shock is always
of sufficient strength to produce a high equilibrium degree
of ionization in the xenon test gas (o 2 .07). Since the
measured end wall pressure histories show a second large
pressure increase (P5e ~- P6f) after the one due to the
frozen shock reflection, we conclude that an ionization

front exists behind the incident shock for all cases of

interest in the present investigation*, and that the

* This means that the ionization relaxation process is
qualitatively the same in xenon as it is in argon. This
similarity has been observed during the initial, atom—atom,
collisional phase of the relaxation process (Refs. 3, 4).
Furthermore, the similarity in the shock reflection process
can be deduced from the qualitatively similar end wall heat
transfer histories in argon (Refs. 6, 7) and xenon (Ref. 8).
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interaction between fhis ionization front and the reflected
shock produces the large pressure increase.

Thus, the model for the incident shock structure
consists mainly of two simple elements, the frozen shock
front and aﬁ ionization front, separated by a region of
uniform frozen flow. This simplification is justified by
the experimental results for argon (Ref. 2) and by a
numerical analysis of the relaxing gas within the incident
shock structure in xenon. The numerical analysis was made
in connection with some of the relaxation times measured in
this investigation. A full discussion of the relaxation

time data and the numerical calculation appear later.
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4.2 The Nature of an Tonization Front

The pressure is approximately constant, the density
and particle velocity increase, and the atoms' and ions'
translational energy decrease across the ionization front.
Since the pressure is approximately constant across it, one
might be tempted to treat the ionization front behind the
incident frozen shock front as a contact discontinuity.

But this is ruled out by the fact that the particle
velocitiés are not the same on both sides and because it
is stationary with respect to an observer on the frozen
shock front. On the other hand, because the density and
the particie velocity (momentum) increase across this front,
one may be tempted to treat it as a strange type of shock
wave in which there is a temperature decrease across the
wave. If this were truly a wave, however, it would over-
take the frozen shock front. It is, in fact, just part of
the incident shock structure. However, it is useful to
consider the ionization front as a discontinuity (Fig. 1d4)

for the purpose of analyzing the shock reflection process.
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4.3 An x-t Diagram for the Shock Reflectlon Process in an
Ionizing Monatomic Gas

Part of the x-t diagram for the shock reflection
process in a highly ionized monatomic gas is shown quali-
tatively on the next page. From the considerations dis-
cusséd at the end of section 4.1, the gas in region 2f is
assumed to be completely frozen, and the gas in region Z2e
is assumed to be in equilibrium.

Initially, the frozen reflected shock front leaves the
wall with the velocity URSf' corresponding to that for an
ideal gas. However, the lagging internal degrees of free-
dom of the gas act like a series of heat sinks distributed

in the vicinity of the reflected shock ionization front.

This heat sink distribution creates a rarefaction pattern%*

* In Camac and Feinberg's papers (Refs. 6 and 7) reference
is made to some unpublished work in which the reflected
shock ionization front was assumed to be discontinuous.
A simplified wave pattern, consisting of a centered
expansion fan emanating from the end wall at t = Tgr

assumed to represent the wave pattern resulting from the
ionization relaxation process. According to this model,
deceleration of the frozen reflected shock front begins
when the leading edge of the expansion fan overtakes the
frozen shock front. If this model is used to calculate the
earliest possible deceleration point for the conditions in
the present investigation, this point is found to be further
from the wall than the interaction point for the highest
shock Mach numbers. (The interaction point lies within the
dashed circle on the x-t diagram on the next page. Also,
see figure 8.) In other words, our results imply that the
deceleration occurs earlier than can be accounted for by a
centered expansion fan emanating from the end wall at

t = Tg e The' procedure for determining the interaction point

was

from the end wall pressure measurements is described later
in this section and in section 3 of Appendix C.
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which overtakes the frozen reflected shock front, telling it
£§ decelerate, and it reduces the pressure on the end wall
(P5f - P5e)‘ This effect is not unlike that of the cold
wall, except that in this case, the heat sink distribution
extends out into the gas away from the end wall.

~Thus, even though the gas behind the reflected shock
ionization front is in chemical equilibrium, it is in a |
nonuniform region'due to the fact that the gas has passed
through a shock of varying strength. However, the degree

of nonuniformity can not be too severe since the end wall
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pressure histories show that the pressure is almost constant
(for Té < t < Té),and the equilibrium.temperature is a very
weak function of the reflected shock velocity (e.g., the
value of TSe increases by only 25% when the frozen reflected
shock speed, URSf' is increased from 0.9 to 1.8 mm/usec
corresponding to a change in incident shock Mach number
from 10 to 20). Therefore, in our simplified model, it 1is
assumed that the gas behind the reflected shock ionization
front is in a uniform condition. The largest error in this
assumption is that the reflected shock structure does not
attain its equilibrium velocity UR5e until just before
(t < T2) it interacts with the incident shock ionization
front. Nevertheless, for the reasons just given, the gas
properties behind the reflected shock ionization front are
given approximately by the equations listed in the next
section (Egs. (2)) corresponding to a reflected shock
velocity UR .
5e

The steep pressure rise to the maximum pressure point
(P5e - P6f) noted on the oscillograms in figures 6 and 7
implies that the interaction between the reflected shock
and the incident shock ionization front produces a shock
wave which propagates back to the end wall and reflects
from it.

A complete x-t diagram for this process with the

corresponding end wall pressure history is shown in figure

8. This corresponds to the experimental conditions used to
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obtain the oscillograms in figure 6. In figure 8 the

ionization fronts I and I and the interaction

2£-2e 5f-Se

shock SSe—4e* are depicted as discontinuities when, in
fact, they are not. It is not possible to tell whether
the finite width of the steep pressure rise in the experi-
mental data is due to the thickness of the weak shock
SSe—4e**’ the finite thickness of 12f-2e’ or a combination
Qf the two. The oscillograms in figure 7 do show that the
thickness of the steep pressure rise decreases as the
incident shock Mach nunber is increased, but increasing
Mach number should have the effect of reducing the thickness
of both SSe—4e and sz 2e SO that no conclusion can be made.
The interaction occurring between the reflected shock
structure SZf-5e and the ionization front Ir¢%e is shown
as occurring at a point (the interaction point) on figure
8; however, the ionization front and the reflected shock

structure both have a significant thickness so that the

interaction point is actually a diffuse interaction region

* 1In this and the discussion that follows, the symbols I
and S denote an ionization front and a shock front, respec-
tively. The subscripts refer to the regions ahead and
behind the front. For example, I is the symbol for the

2f-2e
incident shock ionization front, Sl—Zf denotes the frozen
incident shock front, and SZf—Se is the symbol for the

reflected shock structure which encompasses the frozen
reflected shock front and the ionization front that follows.

*¥% This shock is weak in the sense that the pressure ratio
Py/Ps, S 2.0,
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(the region indicated by the dashed circle in the x-t

diagram on page 30). The interaction shock 8 and

S5e-4de
the transmitted shock S are assumed to emerge from

2e~3e

this interaction region and propagate into regions 5e and
2e, respectively. For the purpose of determining the gross
features of the shock reflection process, particularly for
determining the pressures on the end wall, the details of
this interaction are not important. Also, the details of
this interaction can _not be determined from the measured
end wall pressure histories. (In figure 8 the ionization
front behind the reflected frozen shock front is depicted
as terminating on the line representing the trajectory of
the shock SSe—4e' This is just a schematic representation
of what is actually taken to be part of the interaction
region.)

Due to the fact that the temperature and electron

number densities are high ahead of the shocks S and

Be-4e
SZe—Be’ the gas in regions 3e and 4e is assumed to be in
a uniform, equilibrium condition. There may be a small
frozen region as part of the structure of these shocks, but
for reasons which are discussed in section 6.7, the
relaxation times must be very short (~ 0.1 p sec).

The arrival time (t = Té) of the interaction shock

Sse—4e at the end wall is determined experimentally.

Similarly, the measured pressure history gives the arrival
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time (t = Té + tl) of the leading edge of the rarefaction
R6e—7' Furthermore, these two.times Té and tl'
be derived from the simple theory developed in the following

can not

section, even if the velocities U_, U u, , and a can

I IR’ T4e e

be calculated, because the simple theory does not give the
trajectory of the reflected shock structure. Therefore, in
order to construct the x~-t diagram in figure 8 and determine
the interaction point, it was necessary to use the experi-
mentally determined values of Té and tl*'

One should also note that there are two different
times Té and Tg shown in figure 8. The time Té is

determined from the end wall pressure histories and denotes

the beginning of the minimum pressure level P it is not

5e’
the same as the "free stream" relaxation time T5. The
presence of the end wall thermal layer has the effect of
increasing the "relaxation times* observed'on the end wall.
Ts is the relaxation time for the gas outside of the
thermal layer. The discussion of this effect on the

measured values of Té is taken up in section 6.4.

* In figure 6 one can see that Té varied from run to run
for the same initial conditions. This variation in Té is

discussed in section 6.3 in connection with the effect of
impurities on the measured relaxation times. The scale
of the entirc x-t diagram for the shock reflecction process
(figure 8) is heavily dependent upon the magnitude of Tor

but wvariations in T, do not alter the magnitude of

pressures observed “on the end wall. The value Té on the

x-t diagram in figure 8 was chosen arbitrarily from the
upper trace in figure 6.
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The "relaxation time" Té is also not the same as the

“"free stream" relaxation time T (not indicated in figure
8), but the relationship between these two times is

difficult to determine since the nature of the thermal layer

‘behind the shock S, .. is not known.



35
V. A THEORETICAL MCDEL

5.1 Calculating Conditions in Regions 2e, 3e, 4e, 5e,
and b6e

Since the flow across the incident shocdk front can ke
assumed steady with respect to an observer stationed on the
shock, the conditions in regions 2f and 2e may be obtained
from the following equations in terms of the measured

incident shock Mach number M (Ref. 18):

i=1+ M2(l-l/) a)
Pl Yl s n
h (vy,-1)

2 1 2 _ 2
-h—l'~—].+—----—'----2 MS (1 1/m%) b)

(1)

)
ol M, (1 - 1/m) c)
equation of state d)

where Pl’ h, u, Yl' a,; m are respectively the pressure,
enthalpy, particle velocity, ratio of specific heats in
region 1 (5/3), speed of sound in region 1, and the

density ratioc pz/pl. The conditions in region 2£f, denoted
by the subscript 2f, are given by equations (1) using the
familiar equation of state for a perfect gas. Conditions
in region 2e are given by equations (1) using the equation
of state for the partially ionized, equilibrium gas (in the
form of a Mollier diagram). Conditions for region 2f are

tabulated in reference 19, and conditions in region 2e are
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tabulated in reference 20.

Since the frozen reflected shock front is assumed to

propagate initially with a constant velocity UR p
5f
conditions in region 5f may be determined from the ideal

gas, steady flow, shock jump equations. 1In order to cal-
culate conditions in region 5e, we have assumed that the
reflected shock front attains its equilibrium velocity
URSe before it interacts with the ionization front I ser
Region 5e can not, in fact, extend to the wall, but for
the reasons outlined in the preceding section, it may be
assumed to do so with relatively little resulting error
in the predicted pressure and equilibrium temperature.
With these assumptions the conditions in regions 5f and
5e can be determined from the following set of egquations

written as a function of the incident shock Mach number

MS (Ref. 18):

p (n - 1)(§ - 1)
-5 . 2 _laf
Pl l * Yl Ms (g - Tl2f) a)
h Moe ¥ 1) (§8 - 1)
25 _ _ 2 lof
By 1+ (vy - 1) Mg Myg (8 = Mog) b)
(2)
U it -1
R _ _2f -
a4 M <'§ - n2f> °)

equation of state d)
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where Up, M,., and § are the reflected shock velocity, the
density ratio pzf/pl’ and the density ratio psf/pl or pSe/pl
(as the case may be) for the gas behind the reflected shock
front. The equation of state for an ideal gas is used to

compute P5f, h5£’ UR , and §5£. The equilibrium conditions

5f
§5e, U ., etc., are found using a Mollier

5e 5e R5e

diagram* for equation (24).

P h
The procedure for calculating the conditions in
regions 3e and 4e (refer to the x-t diagram in figure 8) is
straightforward albeit tedious. A unique solution is
supplied by the fact that the pressures and flow velocities
on either side of the contact surface C3e—4e are equal.

The simplest way to describe this is to consider the
pressure-velocity diagram shown in figure 9. The line
labeled SSe—4e represents the locus of all shocks propa-
gating into region 5e with equilibrium conditions behind
the shock. The line labeled SZe—3e represents the locus
for shocks propagating into region 2e. The point where
these locii intersect determines the pressure and velocity

in regions 3e and 4e. These locii may be computed from

* The Mollier diagram in reference 20 could have been used
to calculate conditions in region 5e, but it was more con-
venient and accurate to use a Mollier diagram prepared at
Aerospace Corporation since it had much smaller increments
of temperature. This Mollier diagram was lent to the
author through the courtesy of Dr. Alan F. Klein. By
calculating conditions in region 2e and comparing them to
the results in reference 20, it was concluded that there is
no difference between the two Mollier diagrams.
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the conservation equations and a Mollier diagram. The
details of the equations used and the calculation pro-

cedure are presented in Appendix C.
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5.2 Assumptions Concerning Region 6f
In the discussion of figure 7, it was observed that

the pressure decrease (P £~ P6e) just behind the maximum

6
pressure point appeared in every way analogous to the
pressure decrease behind the frozen reflected shock front
(P5f - PSe)' On the other hand, for these conditions the
relaxation time behind the shock S4e—6e should be extremely
small, and one should expect to see only the single pressure
level P6e' The most reasonable explanation for this is that
the cold wall inhibits the relaxation process inside the
thermal layer with the result that the gas first reaches
equilibrium near the outer edge of the thermal layer. It
then takes a finite time for the pressure signal resulting
from the relaxation process in the "free stream" to
propagate back through the thermal layer and be observed

by the pressure gauge on the end wall.

An estimate of the pressure Per is obtained by making
an analysis very similar to that made for the frozen inci-
dent shock front reflection, i.e., in a very small region
near the end wall the flow is assumed frozen behind the
reflected interaction shock. The only difference is that
the reflected interaction shock is assumed to move into an
equilibrium ionized gas (region 4e). The details of the
assumptions made and the equations used to predict P6f are

found in Appenc.x C.
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VI. COMPARISON OF THE EXPERIMENTAL AND THEORETICAL RESULTS

6.1 End Wall Dressurcs

The various end wall pressures in regions 5f, 5e, 6f,
and 6e have been calculated using equations (1), (2),and
the equations in Appendix C. A comparison of the theoreti—
cally predicted pressure levels and those observed experi-
mentally is presented in figure 10. Since the pressure
ratios PSe/Pl’ P6f/Pl’ and P6e/Pl' are weak functions of
the initial pressure, P,, a constant initial pressure of
0.5 mm Hg was used for the theoretical and experimental
values shown in this figure. The theoretical and experi-
mental pressure levels for conditions at different initial
pressures are summarized in Table I.

The measured values of P are as much as 20% below

5f
the corresponding predicted vaiues. This is due to heat
transfer to the end wall, which produces a negative
pressure perturbation. In order to help explain this
apparent discrepancy, two different wall pressure histories
have been sketched on the next page.

Case A represents a typical wall pressure history for
an ideal or nonreacting gas in which the negative pressure
perturbation due to heat transfer to the wall persists for

a significant time. The time t marked on this pressure

5%

history corresponds to the time at which the pressure

perturbation has decayed to within 5% of Pye- Baganoff,
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who proposed this definition, gives a convenient formula for
computing tS% in reference 12, He derived this formula from
Goldsworthy's boundary layer theory for the end wall thermal
layer (Ref. 17).

Trace B is what a wall pressure history for the case
of ionizing xenon might look like with an adiabatic end
wall. The pressure decrease, Pse ~'P5e, results from the
ionization relaxation process behind the frozen reflected
shock fropt, reachipg equilibrium at t = Té. (Case B also
depicts what one would observe for Té >> ts% with a heat
conducting wall.) For the conditions in this investigation,-
ts% and Té are of the same order of magnitude. Therefore,
the beginning of curve A, the dashed line, and the end of
curve B depict what is observed experimentally for most of

the conditions used in this study in xenon.

Figure 1l shows a comparison between the "relaxation
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times", Té, measured on the end wall and the time t57 over a
range of incident shock Mach numbers. The time t57 is
computed from Baganoff's (Ref. 12) formula assuming that the

coefficient of thermal conductivity k varies with the

5f

3/4 power of the frozen temperature T It is clear from

5f°
figure 11 that for the higher Mach numbers in this investiga-
tion, the ideal or frozen gas pressure jump, PSf’ will not.
be observed. On the other hand, for Ms < 12.5 the measured
values of PSf do agree with the predicted frozen values

(Fig. 10).

Turning now to the equilibrium pressures, the observed
values of P5e agree with the theoretical predictions to
within + 10% for all cases except the two data points at
Ms = 14.0. A conservative estimate of the uncertainty in
the experimentally determined magnitudes of P5f and PSe is
+ 7%. This estimate does not include the + 1% uncertainty
in the measured incident shock Mach number, Mg, which is
noted separately in figure 10, but it does include con-
sideration for the errors made in (1) measuring the initial
pres