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TIon Density Profiles behind Shock Waves in Air

A. Froex®* anp P. C. T. pE Bogrf
Cornell Unwversity, Ithaca, N. Y.

Experimental results are reported for the ionization rate behind shock waves of Mach num-
bers between 7.2 and 9.2. The results were obtained using a hollow, total collector probe in
combination with a 38-mm-diam, stainless steel shock tube designed to minimize the im-
purity level in the test gas. Good agreement was obtained with a theoretical result based on
Lin and Teare’s rate equations. Equilibrium ion densities in good agreement with theory
were measured behind shocks of Mach number 7.2~12.8, with initial pressures between 0.5 and
40-mm Hg. The effects on the measurements of deviations from ideal shock tube flow were
determined to be small. Jon densities measured range from 10 to 102 ecm~3. At the higher
ion densities there are large space charge effects inside the probe. Under these circumstances,
proper operation of the probe still could be obtained provided the collector potential was not
made too high., This implies that the mobility of the NO ions collected must be rather large.
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I. Introduction

ON density profiles behind shock waves in air have been the
subject of various recent investigations. Lin, Neal, and
Fyfe! made measurements in a low-density shock tube using
microwave techniques and a magnetic induction device, in
the range of shock Mach numbers M, between 14 and 20. A
theoretical analysis of their results based on chemical rate
equations was given by Lin and Teare.? Experimental re-
sults for even higher shock Mach numbers were reported by
Wilson,? who found that for shock Mach numbers above 27,
electron densities become high enough so that electron im-
pact reactions become dominant. At the lower temperature
end experimental data have been obtained by Thompson,*
who used a low-density shock tube in combination with micro-
wave techniques, with infrared emission measurements, and
with a hollow, total collector probe described by de Boer.®
The present investigation was undertaken in order to ex-
tend the range of measured profiles to still lower temperatures.
At these temperatures, both the ion density and the ioniza-
tion relaxation rate become much smaller, and it is impracti-
cal to use a low-density shock tube because the test time re-
quired is too long. A 38-mm-diam shock tube was used in com-
bination with the hollow, total collector probe of Ref. 5. This
probe has a very high sensitivity and can be used without
difficulty in the regime of interest. The main problem to be
overcome was the influence of impurities on the ionization
rates. This problem could be solved by using great care in
the experimental procedures.

II. Experimental Details

The ion density profile behind the shock wave was meas-
ured using a hollow, total collector probe previously described
in Ref. 5. The probe consists of a hollow circular glass tube
with its axis parallel to the flow. Two pairs of electrodes
are painted on the inside surface of the probe, as shown in
Fig. 1a. A constant voltage is applied across each pair of
electrodes, so that charged particles entering the probe will
drift towards the electrodes. When the drift velocity is large
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enough, all charged particles are collected by the first pair of
electrodes. The ion current to the negative electrode is given
by the relation

. Jji = n:AUe @

where A is the probe entrance area, n; the ion density, U the
gas velocity, and e the charge per particle. The second pair of
electrodes should attract negligible current, and serves to
provide a check on the proper operation of the probe.

The shock tube was designed from the point of view that
the impurity level in the test gas should be minimized. In
order to keep the outgassing from the tube walls as low as
possible, the tube was made of stainless steel and the inside
was honed to a 0.5-u finish. Viton-A O-rings were used
throughout the shock tube, and the entire low-pressure sec-
tion could be baked at 120°C. The pumping station for the
shock tube consisted mainly of a two-stage mechanical
pump with a zeolite foreline trap, a four-stage stainless steel
oil diffusion pump, and a continually operated 5-cm Gran-
ville-Phillips liquid nitrogen cold trap. Above this cold
trap were 5-cm Ultek high-vacuum fittings made of stainless
steel and equipped with copper gaskets. An all stainless steel
bellows valve connected the pumping system to the shock
tube. TUpon closing the main valve between shock tube
and pumping system, an ultimate vacuum of 2 X 107¢ mm
Hg could be obtained just before this main valve. After a
baking period of 5 hr, a pressure of 7 X 10~8%-mm Hg was
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Fig. 1 Hollow, total collector probe: a) dimensions of
probe (mm), b) electronic circuit, ¢ and d) position in
shock tube.
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Fig. 2 Oscillogram obtained at shock Mach number
M; = 8.0 and initial pressure p; = 14-mam Hg. Traces,
from top to bottom: main ion collector, auxiliary ion
collector, main electron collector, auxiliary electron col-
lector. Time proceeds from left to right. Horizontal
scale 50 usec/div, vertical scales all 0.2 v/div, load resistors
all 180 @, ion collectors at —25 v, electron collectors at
+3 v. Derived data: Tequn = 3000°K, (o2/p1) ecquit =
7.6, Usquii = 2.4 X 10° em/sec, n; (equil) = 1.1 X 101 em 3,
7 = 60 sec, and tp = 5 usec.

obtained inside the shock tube. Upon ceasing to pump by
closing a secondary valve, located right above the cold trap,
the pressure in the shock tube was found to increase over the
value just given at the rate of 0.1-u Hg/h. The length of the
low-pressure section was 6.20 m. The probe was located 1 m
ahead of the end of this section, so that no reflected waves
could reach the test section during the measurements. In
order to avoid choking of the flow around the probe and the
probe holder, the inside diameter of the shock tube increased
from 38 to 51 mm at the location of the probe, as shown in
Fig. lce. The entrance area of the probe was located just
inside the 38-mm section. The probe is slightly tapered on
the inside to compensate for the displacement effect of the
boundary layer. The probe has a sharp leading edge so that
a standing bow shock ahead of the probe can be avoided. An
analysis of various requirements that must be fulfilled in order
to obtain a satisfactory flow pattern about the probe was
given in Ref. 5. This analysis was followed in designing the
present probe.

The shock wave speed was measured with thin film heat-
transfer gages, which consisted of platinum paint strips
backed by pyrex. The pyrex was made out of 7-mm-thick
rods, the end surfaces of which were ground flush with the in-
side wall of the shock tube. The rods were mounted with
Varian Torr Seal in stainless steel plugs, which were sealed
with Viton-A O-rings to the shock tube. These gages were
located 7.6, 24.0, and 158 cm, respectively, ahead of the
probe. The average shock speed between the last two sta-
tions was somewhat smaller than that between the first tvo,
but the difference was never more than 59,. Once this was
established, the first gage usually was used only to obtain a
trigger signal for the oscilloscopes, while the measurement
of the shock speed was obtained from the other two gages.
The bias voltages for the electrodes of the collector probe
were provided by dry batteries. The electrode current was
measured as a voltage drop across a load resistor of 0.18, 3.3,
or 15 k2 which, in connection with a cable capacity of 200
pF, resulted in response times of 0.04, 0.7, and 3 usec, re-
spectively.

The experiments were carried out using commercial dry air
with a specified hydrocarbon content of less than 2 ppm
_supplied by the Matheson Company. During a few minutes
before each run, the test gas was passed through the shock
tube via a liquid nitrogen cold trap. The gas pressure in-
side this trap was about equal to the pressure in the test sec-
tion, which was 40-mm Hg at most. This precluded the pos-
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sibility of oxygen condensation inside the cold trap, since
the vapor pressure of oxygen is about 150-mm Hg at the boil-
ing temperature of liquid nitrogen at atmospheric pres-
sure.! The tubing between cold trap and shock tube
was long enough to obtain restoration of the gas temperature
to essentially room temperature. At the other end of the
shock tube the gas was continually removed by a mechanical
pump, after first having passed through another liquid nitro-
gen cold trap, a large dump tank, and a zeolite foreline trap.
Thus the impurity level arising from outgassing of the shock
tube could be reduced to 5 parts in 10° for an initial pressure
of 10-mm Hg. The pressure in the test section was measured
on an NRC-Alphatron vacuum gage type 520 B. After the
pressure reached its steady-state value, the valve to this
gage was closed and the diaphragm was broken by increasing
the pressure in the driver section. Either helium or hydro-
gen could be used as the driver gas. The diaphragm con-
sisted of aluminum sheet of 1-mm thickness, scribed to an ap-
proximate depth of 0.4 mm by using a scriber instrument
provided with a glass cutter.

II1I. Experimental Results

Experimental data have been obtained for shock Mach
numbers between 7.2 and 12.8 with. initial pressures between
0.5- and 40-mm Hg. A representative oscillogram of the ion
and electron collector currents is shown in Fig. 2. The cur-
rents colleeted by the first (main) electrodes are displayed,
as well as those collected by the second (auxiliary) electrodes.
The latter are quite small compared with the former, implying
that Eq. (1) may be used to obtain the charged particle den-
sity from the main signal. The main ion signal was found to
be independent of the ion collector voltage over the range of
2090 v. On the other hand, the main electron signal was
dependent on the electron collector voltage. This depen-
dence was also reported in Ref. 5, and is believed to arise from
the large mobility of the electrons. Because of this large
mobility, even a small axial component of the electric field
at the probe entrance will influence the number of electrons
entering the probe. Figure 2 is the result of one experiment
out of a series in which the voltage on the electron collectors
was varied from +2 to +8 v. This resulted in variations of
the amplitude of the electron signal from 1 to 6 times that of
the ion signal, respectively. The ion signal again was found
not to vary in these experiments. In view of this, only the
ion currents were used to obtain data on the ionization profiles
behind the shock.

The main signal in Fig. 2 begins to rise after the arrival of
the shock front and eventually reaches an approximately con-

IOI3 l_

3
Njgq (cn)

10"~

10° L 1 1 { 1 t 1 1
2600 3400 4000 4800
T K

Fig. 3 Equilibrium ion density n; (equil) as a function of

equilibrium temperature Teqil. Open points are results

obtained at an initial pressure of 4~-mm Hg; closed points

are results obtained at different initial pressures p;, re-

duced to equivalent values at 4-mm Hg by multiplication

with [4/p,(in mm Hg)]'2, Line is theoretical result based
on the tables of Refs. 7 and 8.
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stant value. A characteristic relaxation time 7 for the ioni-
zation process is obtained from these oscillograms by using the
relation

7 = ny(equil) /(dn:/dt) max

where (dni/df)max 1s the maximum ion density gradient, and
ni(equil) is the equilibrium value of the ion density as meas-
ured from the oscillogram. Although there may be an “in-
duction time” between arrival of the shock wave and start of
the rise of the signal, no meaningful measurement of such a
time has been made.

The equilibrium ion densities measured are shown in Fig.
3 as a function of equilibrium temperature. All data were re-
duced to equivalent values at a reference pressure P, = 4-
mm Hg by multiplying the value of n;(equil) measured with
the square root of the reference pressure over the actua initial
pressure. Also shown is a theoretical result obtained using
the graphs and tables of Refs. 7 and 8. The experimental
points in general are rather close to the theoretical curve.
The main origin of the scatter is believed to be the uncer-
tainty in the measurement of the shock velocity, which arose
from the use of a cathode-ray beam chopped at a frequency of
2 Me/sec. For equilibrium temperatures below approxi-
mately 3400°K, the records obtained all had the character of
Tig. 2. In order to attain equilibrium temperatures above
3400°K, rather strong shocks are required, which could be
generated only at small initial pressures P;. Under these eir-
cumstances, the effects of boundary layers on the flow behind
the shock wave may become quite pronounced. = As a result,
the temperature and the density behind the shock both in-
crease, and therefore the cquilibrium ion density also in-
creases. Examples of this behavior are shown in Fig. 4. The
maximum increase of n;(equil) which may be encountered cor-
responds to stagnation conditions of the flow behind the
shock. These would occur at the contaet surface, if this sur-
face moves at the same speed as the shock front, and if cool-
ing of the test gas near the contact surface is negligible.

b) Oscillograms obtained at M; = 11.8, p, = 1l-mm Hg

Fig. 4 Oscillograms obtained. Upper traces are derived
from main ion collector, lower traces from auxiliary ion
collector. Vertical scale, all traces, 20 v/div. Load
resistors 3.3 kQ, ion collectors at —30 v, electron col-
lectors at 0 v. Horizontal scale a) 20u see/div, b) 50u
sec/div. Derived data: a) Teqwii = 3550°K, (p2/p1)equil =
10.0, Ucquiit = 3.2 X 10° em/sec, n; (equil = 6.3) X 101
em 3 b) Tequin = 4150°K, (o2/p1)equit = 10.7, Upgunn = 3.7 X
10° em/see, n; (equil) = 1.1 X 1022 em 3,

ION DENSITY PROFILES BEHIND SHOCK WAVES IN AIR 263
|O4 T T T T T
* " a LN, NEAL, ond FYFE
e PRESENT DATA .

3 -~ MANHEIMER-TIMNAT and
4 HI, Low
% 102 h -~ NIBLETT ond BLACKMAN -
£ -
€ ~
5 L _

-~ -

L A‘%kﬁz\ s a
R VY

1

,
3 10 14 I8 22
MS

Fig. 5 Product of relaxation time 7 and initial pressure

p: as function of shock Mach number M;. Solid line is

theoretical result of Lin and Teare.2* Present data are

given by dots (r), and by horizontal bars (r minus probe
transit time #p).

This maximum inerease of n;(equil) was caleulated with the
aid of Refs. 7 and 8, and was found to be of order 109 for the
conditions of interest, which is in approximate agreement with
the experimental records obtained at these higher tempera-
tures.

It is interesting to note that the ion densities measured
range from 108 to 10 em—3. This range includes results ob-
tained in the nonequilibrium regions. Previous measure-
ments, using the hollow, total collector probe, were successful
only in the range below 10! em™?; proper operation at higher
densities presumably was prevented by space charge effects.
The present results at n; > 10 cm—2 were obtained with the
relatively low collector voltage of 30 v; increasing this volt-
age beyond 90v resulted in sizeable currents on both elec-
trodes, or even in electric breakdown. Apparently, secon-
dary ionization can occur easily under these conditions, but as
long as it is avoided the probe will operate properly in spite of
the space charge effects that must occur. The smallness of
the collector voltage implies that the ion mobility ¥ must be
rather high. As a crude estimate we obtain & = 2 X 10 cm?
v~ sec™! for a density 107° times the density at N.P.T.,
compared to 2.5 X 10% em? v~! sec™, which is the result of an
estimate given in Ref. 5. Presumably, this high mobility
arises because the ions are newly created, and no clusters have
formed around them. This would be analogous to the high
mobility of newly formed negative ions described by Cobine,?
who notes that this occurs only when very few impurities are
present in the gas.

The results for the relaxation time 7 are plotted in Fig. 5,
which gives Pyr as a function of shock Mach number M,. Also
shown are the data points obtained by Lin, Neal, and Fyfe,!
and the approximate location of the results of Niblett and
Blackman,® and Manheimer-Timnat and Low.'' The latter
two scts of data are based on indircet measurements of the
ionization profile, namely, measurements of the luminosity;
and as indicated by Lin et al.,* there is some doubt about their
accuracy.i Figure 5 furthermore shows a theoretical result
based on Lin and Teare’s rate equations.? For M, < 14,
this result was evaluated by Thompson,* who used a three
times larger value for the rate constant K of the reaction
N 4 O — NO™* + e than the value assigned to by the former
authors. This change, which in fact was first suggested by
Lin and Teare? (see below), was required in order to fit the re-
sult for v to Thompson’s experimental data. - Thompson also
varied several of the other rate constants pertinent to the
ionization process, but this had Ilittle effect on 7. The

I In addition to the references cited, direct measurements of
using microwave techniques have been carried out in Russia.
For a preliminary account of this work, see Ref. 13.
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Fig. 6 Dimensionless test time T as a function of dimen-
sionless distance X. Line is theoretical result given by

Eq. (2).

agreement between the theoretical result and the present
data is seen to be good. For M, > 14 the theoretical result
shown in Fig. 5 is one calculated by Lin and Teare,? using also
the three times larger value for K. Although this upward
revision gave improved agreement with the experimental
points of Ref. 1, near-perfect agreement could be obtained by
using a factor of 2 instead of 3. Lin and Teare were of the
opinion, however, that such fine adjustments might not be
justified at the time they wrote their paper, in view of uncer-
tainties in their theoretical model. It now appears that this
model should best be used in combination with the upward
revision of the rate constant K.

In evaluating 7, we were faced with the difficulty that for
many experiments the value obtained was close to the char-
acteristic probe transit time ¢,, given by the electrode length
divided by the shock velocity. Only results in which 7/¢, >
2 were included in Fig. 5. The remaining results are re-
garded as inaccurate as far as the measurement of 7 is con-
cerned, although they still gave upper limits for 7, and also
gave correct values for n;(equil). For each datum point
plotted, the value of ¢ — 7, was calculated. This value may
be regarded as a lower limit for the relaxation time, and there-
fore is included in Fig. 5.

It may be mentioned that oscillograms such as Figs. 2 and 4
could be obtained only when the impurity level was sufficiently
low. The permissible impurity level decreases when the
temperature behind the shock becomes smaller. If the im-
purity level is too high, the relaxation times obtained are
much shorter than those given in Fig. 5. The corresponding
records usually show an overshoot in ion density closely be-
hind the shock. After the shock tube has heen thoroughly
cleaned at least once by pumping and baking, the results
become highly reproducible. Typically, for given driver
pressure and test gas pressure, oscillograms are reproduced
within 109,

In order to establish that the decrease of the signal is re-
lated to the arrival of the contact surface, the time 7, from the
beginning of the signal to the beginning of the decrease has
been compared with Mirels’ theoretical resultst? for the test
time in low-pressure shock tubes. The dimensionless test
time T = 7.M,0:/l has been plotted in Fig. 6 against the
dimensionless distance X = (T + x/l,.)p1/p:. Here a; is the
velocity of sound ahead of the shock, I, the asymptotic
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length of the test gas column as given by Fig. 6 of Ref. 12, X is
the distance between the diaphragm and the test station, and
02/ p1is the density ratio across the shock. According to Ref.
12, the relation between X and T is given with sufficient ac-
curacy by

X = 2[=In(l — TV — T2] )

which relation is also plotted in Fig. 6. Although the agree-
ment between theory and experiment is not very good, it is
close enough to make acceptable the interpretation of the de-
crease as the arrival of the contact surface.

We conclude from the present results that the hollow, total
collector probe of Ref. 5 can be used over a wide range of ion
densities. For the experiments reported, this range covers
about four orders of magnitude. For ion densities of 108 cm 3
the currents collected are still of the order of 1 wa and much
lower particle densities can in principle be measured. In the
present work we were limited in this respect because below
Tequit = 2800°K the relaxation time became larger than the
test time, but for different experimental conditions the large
sensitivity of the probe may be very attractive.
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