SOVIET PHYSICS JETP

VOLUME 24, NUMBER 5

MAY, 1967

TOTAL ABSORPTION COEFFICIENTS OF AIR HEATED BY STRONG SHOCK WAVES

A. 1. PETRUKHIN and V. A. PROSKURYAKOV

Institute of Physics of the Earth, Academy of Sciences, U.S.S.R.

Submitted to JETP editor June 15, 1966

J. Exptl. Theoret. Phys. (U.S.S.R.) 51, 1348-1357 (November, 1966)

The emissive power of air is investigated at temperatures from 13 000 to 65 000°K. A power-
ful spark discharge created shock waves in a tube. The law of motion of the shock front for
initial air pressures from 0.1 to 500 mm Hg is established. The temperature and charged par-
ticle distributions behind the shock front are measured optically at initial pressures of 0.1,
0.2, and 0.5 mm Hg, and small regions are found (with dimensions of 1.5-2 cm) in which the
plasma parameters are close to their equilibrium values. Radiative losses of the plasma in
the equilibrium region adjacent to the front are calculated on the basis of the measured tem-
perature and density distributions. The total absorption coefficients of the plasma are deter-

mined.

1. INTRODUCTION

SHOCK waves having velocities of tens or even
hundreds of kilometers per second can be produced
in electromagnetic shock tubes. In these devices
gas temperatures behind the shock front reach
tens or even hundreds of thousands of degrees.
The gasdynamical processes occurring at such
temperatures are strongly influenced by radiation.
In electromagnetically driven shock tubes high ve-
locities and temperatures are usually realized at
relatively low gas densities, where the radiation
mean free path is usually much greater than the
dimensions of the disturbed region. Under these
conditions the radiation merely transfers energy
from the shock wave to the tube walls and the gas
flow behind the front becomes essentially nonadia-
batic.

Nonadiabaticity of the flow affects primarily the
damping of shock waves, and induces a consider-
ably steeper decrease of shock front velocity along
a tube than in the adiabatic case. The temperature,
density, and pressure distributions behind the
front are also affected. Radiation changes these
conditions to a lesser degree at the shock front.

If the relaxation zone has small dimensions
and radiation out of this region does not strongly
affect the energy of gas traversing the region, the
Rankine-Hugoniot conditions for shock fronts re-
main the same as in the case of adiabatic flow.
Therefore, for the purpose of investigating gas-
dynamical processes in strong shock waves we
must know the emissive powers of gases heated
to high temperatures.

The radiative properties of hot gases are im-
portant for many physical and gasdynamical proc-
esses in high-temperature gases as well as spe-
cifically for shock waves. Therefore the determi-
nation of the emissive power possesses independent
interest. However both the theoretical calculations
and experimental measurements of the emissive
power encounter considerable difficulties that re-
sult from the diversity and complexity of high-
temperature gas processes.

The greatest experimental difficulties arise in
the production of plasmas having the requisite pa-
rameters. Great experimental difficulties are also
associated with the complexity of the radiation
spectrum. At tens or hundreds of thousands of de-
grees a considerable fraction of the plasma radia-
tion energy lies in the far ultraviolet and soft x-
ray regions, where optical measurements require
a highly refined and complicated technique.

Information concerning the total emissive power
of a hot gas can sometimes be derived by studying
the gasdynamical flow parameters in strong shock
waves. If the gas behind a shock front is in a state
of local thermodynamic equilibrium, the flow be-
hind the front is described by the conventional gas-
dynamical equations. Specifically, energy conser-
vation is described by the equation

de de v ov
§+ll(7—r‘+P<§+ll5>=*‘f; (1)

here e is the energy per mass unit, u is the flow
speed, p is the pressure, v = 1/p is the specific

volume, p is the gas density, and { is the energy
loss per mass unit in a unit of time.
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The energy and pressure are functions of the
temperature and density (or specific volume):

e =¢e(T, v) and p = p(T, v). Therefore, when the
temperature and density distributions behind the
front have been measured, Eq. (1) can be used to
calculate f, which receives its main contribution
from the radiation. The problem becomes consid-
erably simpler when we know the law of motion in
any flow region behind the front that possesses
known gasdynamical parameters. It has been
shown'!! that in this case the gasdynamical equa-
tions yield derivatives of the flow parameters with
respect to the mass-position coordinate, whichare
expressed in terms of the known values for the
aforementioned region and the specific energy
loss f.

It follows from the equations that f can be de-
termined by measuring the derivative with respect
to the mass-position coordinate for a single pa-
rameter of flow behind the front (temperature,
density, or pressure). However, the experimental
determination of the distributions of these param-
eters with respect to the mass-position coordinate
is considerably more complicated than plotting
the time dependences of these quantities at fixed
points in the flow behind the front. It is therefore
advantageous to obtain f in terms of the time de-
rivative of a flow parameter; this can be done by
the method that was used in "7,

If the relaxation zone behind a compression
shock front is small and emits little radiation,
then the required region that is subject to a known
law of motion and has known parameters can be
the region of thermodynamic equilibrium immedi-
ately adjacent to the front. We shall now deter-
mine f for this zone. The customary equations of
motion for a nonstationary one-dimensional flow
are

v dv ou ou ou op
U——v— = —vu, ——(ﬁ—kua-l—v:;r—(),
(2)

where r is the distance from the detonation source,
and v =1, 2, 3 for plane, cylindrical, and spheri-
cal flow symmetry, respectively.

Let r = R(t) be the law of motion of the shock
front, where R is the coordinate of the front. Us-
ing the symbolic identity d/dR = 8/dr + Do /at,
where D is the shock front velocity, we eliminate
the derivatives with respect to the coordinate from
(1) and (2). Then, using the relations at the front:

es — eo ="'/2(Ps + po) (vo —vs),
u=D{1—vs/wvy), (3)

— po = D?vy~1(vy — vs),
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to calculate the derivatives d/dR, we obtain by
means of simple transformations
—f=

—+B (4)

dRr + ¢

where

[(9e/0v)r + p
~ D/vy+ vD~1(6p/0) 1

x| 1=y (+ 290+ 2022 ] 4 (1)
Y(%)—Yu(ap)v
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X
o=[( )] B 5] M min

(4a)

B
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Here 7y = vg/vy; the index s denotes parameters
at the front; the index 0 denotes parameters ahead
of the front.

In Eq. (4), f depends on 98T /ét; similar equa-
tions can be derived in terms of 9p/dt or dv/ot.
Equation (4) shows that in order to determine f
the dependence of the shock front velocity on dis-
tance must be measured, as well as the temporal
variation of temperature at some point for a known
velocity of the front. The other quantities in these
equations can be calculated from the equations of
state and from the conditions at the front.

We have previously shown!?! that air behind a
strong shock created by a spark discharge in a
tube is in a near-equilibrium state and satisfies
the Rankine-Hugionot conditions. In virtue of the
foregoing discussion, we can in this case use (4)
to calculate the specific energy loss of air that is
heated by a shock wave to a few tens of thousands
of degrees.

In the present work we present measurements
of shock front velocity in an electromagnetically
driven tube as a function of distance from the dis-
charge gap, and of the temperature and density dis-
tributions behind the front. These measurements
then serve as a basis for calculating the emissive
power of air under the experimental conditions.

2. INVESTIGATION OF THE LAW OF MOTION
OF SHOCK WAVES

For the purpose of determining the law of mo-
tion of the shock waves we measured simultaneous-
ly the shock front velocity at different distances
from the discharge gap and the energy released by
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the discharge. The experimental work was done
with the same apparatus that we have described in
£2,3] 4t a constant potential of 16 kV on the battery
of condensers. The spark gap was located in the
end face of a steel tube that consisted of four in-
terchangeable sections with a total length of 2 m.,
The inside diameter of the tube was ~110 mm.

The electrodes were a brass ring and a rod posi-
tioned coaxially. To fix the spark gap, both the
ring and the rod were provided with projections,
the gap between the latter being ~6 mm. Following
each shot the tube was refilled with air to atmos-
pheric pressure and was then reevacuated to the
required initial pressure.

In order to measure the energy released in the
speak gap oscillograms of the current and voltage
in the gap were recorded; typical examples are
shown in Fig. 1. The highly damped oscillatory
discharge had a period ~ 17usec. The maximum
current during the first half-period was 3% 10° A
and the average rate of energy release was
(2-3) % 1015 erg/sec. The simultaneous currents
and voltages on the oscillograms were multiplied
together to provide curves of the power released
in the spark gap; the curves were integrated
graphically. At initial air pressures from 0.1 to
500 mm the energy released in the spark gap was
only slightly dependent on the pressure. The aver-
age total energy was about 3000 J, 80% of which
was released during the first half-period of the
discharge (8.5 usec). Control experiments per-
formed with magnetic probes showed that plas-
moids and filamentary currents were not observ-
able at distances =26 cm from the spark gap.

Shock wave velocities were measured at dis-
tances of 26, 85, 146, and 197 cm from the spark
gap by high-speed schlieren photography of the
luminous shock front using an SFR-2m camera.

Since the depth of the observed object was only
~ 110 mm the schlieren apparatus was set up with

V. A. PROSKURYAKOV

FIG. 1. Current and voltage in the spark gap. 1 — voltage,
2 — current. Time markings 2 pusec apart.

a single spherical mirror that directed a conver-
gent light beam through the experimental object.

The light-source gap and knife edge of the system
were located at distances equal to twice the focal
length of the mirror. The function of the knife edge
was performed by the entrance diaphragm of the
SFR camera, which was operated as a two-lens
framing camera. Figure 2 shows the optical
scheme of the schlieren cinematography. Figure 3
shows typical schlieren photographs of one experi-
ment; the shock front appears clearly in a series
of frames. These photographs were obtained in the
case of 4-mm initial air pressure with the distance
R =85 cm between the spark gap and the center of
the window. The shock front velocity was

2.4 km /sec. We do not completely understand the
nature of the light that was removed from the

front by the dark space.

It was determined from the schlieren cinema-
tography and shock speed measurements that at
speeds =6 km/sec (M = 18) the luminous front
coincides (within the 2-4-mm experimental accu-
racy limits) with the viscous compression shock,
independently of the distance from the discharge
gap.

FIG. 2. Optical arrangement of the schlieren cinema-
tography.



ABSORPTION COEFFICIENTS OF AIR HEATED BY SHOCK WAVES

In the high-speed photographs used to measure
velocities the light wave front coincided with the
shock front. Figure 4 is a photograph of a lumi-
nous shock wave; a region of almost uniform
brightness, 1.5-2 cm wide, is clearly visible im-
mediately adjacent to the front.

Figure 5 shows the dependence of the measured
shock velocities on the experimental conditions.
Here M = D/c,, where D is the front velocity at
a distance R from the spark gap; c; is the veloc-
ity of sound in undisturbed air; I = P4SR/E,/; is a
dimensionless parameter, where E;/,; is the en-
ergy released in the spark gap during a half-period,
P, is the initial air pressure in the tube, and S is
the cross sectional area of the tube.

We observe that with the exception of the short-
est distance from the discharge (R = 26 cm) all
experimental results fit well on a common curve
(10% accuracy was estimated for the velocity
measurements). This indicates that the fraction of
the discharge energy expended in forming the shock

FIG. 4. Streak photograph of shock wave. P, = 0.1 mm Hg,
D =48 km/sec. The time markers are 2 usec apart.
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FIG. 3. Schlieren photographs of shock wave. R = 85 cm.
P, = 4.0 mm Hg, shock front velocity D = 2.42 km/sec; F
is the shock front, P is a reference line, and M is the lum-
inous mirror edge. The separation of the reference lines
is 62 mm.

wave is independent of the initial pressure in the
tube; otherwise the experimental results for dif-
ferent pressures would lie on different curves. It
appears that the shock wave is still being formed
up to R = 26 cm, i.e., the motion of the shock here
still depends on the properties of the source, so
that the experimental results for this distance lie
on different curves. The dot-dash line that is
shown for comparison describes the propagation
of a shock wave in the case of a strong planar de-
tonation’*! having 25% of the energy actually re-
leased during the first half-period of the dis-
charge. This curve agrees well with experiment
below M =20 (D ~ 7 km /sec).

The high-speed shock waves (M> 20) are damped
at distances R = 85 cm from the spark gap much
more strongly than one would expect from the
propagation law for strong-detonation shock waves.
Similar results were obtained in '%) in the case of
an electromagnetically-driven shock tube with a
conical discharge space, at 0.03 mm initial air
pressure.

3. TEMPERATURE AND DENSITY DISTRIBU-
TIONS BEHIND THE SHOCK FRONT

For temperature measurements we employed
a method involving the relative intensities of two
spectral lines with known oscillator strengths. The
collimated light beam from a moving shock wave
was split into two beams by a semitransparent
mirror; the two beams passed through two differ-
ent monochromators and entered photomultipliers
whose signals were registered by a double-beam
oscillograph. The simultaneous registration of
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two line intensities enabled us to plot a time curve
of the gas temperature behind the shock front at a
fixed distance from the discharge; several pairs of
lines belonging to atomic and ionized nitrogen were
used for this purpose.

Gas densities were calculated from the meas-
ured concentrations of charged particles in the
plasma behind the shock front. The same mono-
chromator system was used to plot H,B line shapes
averaged over several identical experiments. The
Hg line shapes plotted for different times following
the passage of the shock front through the observa-
tion point enabled us to calculate the concentra-
tions of charged particles.[e’ ™ On the basis of
these concentrations together with the measured
temperature distributions and thermodynamic ta-
bles for airt®! we calculated the gas density dis-
tribution behind the shock front. A detailed ac-
count of the measuring technique and treatment of
the results has appeared in (27,

Figures 6 and 7 show the measured tempera-
ture and gas density distributions behind the shock
front at 85 cm from the spark gap for initial air
pressures of 0.1, 0.2, and 0.5 mm. It should be
noted that at the initial pressure Py = 0.1 mm the
time dependences of T/Tg and p/pg (Where Tg
and pg are the temperature and density at the
wave front) coincided within experimental accu-
racy limits for the two distances from the spark
gap, 85 and 142 cm, at which measurements were
obtained.

A region of 1-2 cm near the front exhibits ap-
proximately uniform temperature and density ac-
cording to Figs. 6 and 7. We have previously
shown!?! that in this region the state of the gas
satisfies the Rankine-Hugoniot conditions.

4. CALCULATION OF ENERGY LOSS FOR
HEATED GAS LAYER AT A SHOCK FRONT

The gas temperature and density measurements
behind the shock front show that in our case the
conditions satisfied Eq. (4) for the specific energy
loss rate of the air layer adjacent to the front. The
derivatives appearing in (4) were calculated by
using simple step functions to extrapolate the ex-
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FIG. 6. Temperature distribution behind a shock front.
R =85cm, P, in mm Hg: @ - 0.1, 0 — 0.2, + — 0.5.
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FIG. 7. Density distribution behind a shock front. R = 85 cm,

P, in mm Hg: x — 0.1, 0 — 0.2, + — 0.5.
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perimental dependences and the equation of state.

The law of motion of a shock front within the
velocity limits considered by us permits good ex-
trapolation (for 10% experimental accuracy) by the
expression D = A/R, where the constant A de-
pends on the initial air pressure in the tube. The
temperature distribution was extrapolated by
means of the linear equation T/Tg = 1 — at, where
the constant a depends on P,. Kuznetsov’s ta-
bles'®! were used to extrapolate the density and
temperature dependences of the internal energy of
air, Table I gives the results of calculations
based on (4).

Under our experimental conditions the main
contribution to f comes from the first term on the
right-hand side of (4), and is approximately one
order of magnitude greater than the contribution of
the second term. Therefore the extrapolation for
T/Tg does not require great accuracy, and for the
same reason the errors of air temperature distri-
bution measurements behind the shock front have
practically no effect on the accuracy of the f val-
ues.

The specific energy loss can be calculated from
the experimentally measured density distribution
behind the front. As already stated in our Intro-
duction, an expression for f that resembles (4) is
obtained in this case. However, Fig. 7 shows that
the experimental time derivative of the density
may be very approximate, thus leading to a large
error of f. While the calculation based on (4)
yields about 40% error for f, the calculation based
on the derivative of density can yield a result that
is accurate only to within the factor 2. Neverthe-
less, the latter calculation was performed as a
control, yielding results that differed from those
in Table I by at most the factor 2. Therefore the
values of f calculated from the temperature dis-
tribution and from the density distribution agree
within the limits of experimental accuracy.

Among the possible mechanisms of plasma en-
ergy losses behind a shock front, radiation cooling
and thermal conduction are the most important.
Since we are here considering only a narrow re-
gion of heated gas immediately adjacent to the

915

shock front, the boundary layer has only a small
influence. Since the measured frontal temperature
practically agrees with the temperature calculated
from the shock adiabatic curve, we do not expect
to find appreciable radial temperature gradients.
This inference is confirmed by direct calculations
of temperature distributions in shock tubes.t?
Therefore thermal conduction can cause appreci-
able thermal energy loss only along the tube axis.

To evaluate the energy loss per unit volume of
the postfrontal plasma we write the thermal con-
duction equation for the plane case in the coordi-
nate frame of the flow:

_a(kaf)
q-(?r\ “or)

where ke is the electronic thermal conductivity
and q is the rate of thermal loss per unit gas
volume.

The time derivative of temperature can be ex-
pressed through the derivative with respect to the
coordinate:

®)

9 dt o9 19
or drot  uat’

where u is the flow speed. Making this substitu-

tion in (5) and taking from [10) the electronic ther-

mal conductivity coefficient kg = aT%? | where

@ =17x%10"% erg/cm-sec (°K)7/2, we obtain

1 5 a7 \2 T
= 1.7-10-6—[_ %(__) /,_]
1 url 2 T ot +r orl’

(6)

()

which under the most severe conditions —shock
front velocity D ~ 50 km/sec and T~ 70 000°K—
yields q = 108 erg/cm3—sec. This comprises less
than 0.01% of the total energy loss. It therefore
appears that the energy loss of the plasma in a
narrow region directly behind the front results
mainly from radiation cooling. The quantity fpg
is then simply the total emissive power per unit
volume of the plasma, which is related to the total
absorption coefficient k¥ by the equation
Kk =1pg /40T 1) where ¢ is the Stefan-Boltzmann
constant.

Total absorption coefficients calculated from
the data in Table I are given in Table II, together

Table I
P, R, cm | D X107 Tgt0-s, ok | es X 107° | tomta, | LB | qo-ut fpg
mm Hg ’ cm/sec erg/g sec” Y s erg/cm’-sec
0.1 85 4.8 65.0 990 7 14,4 [10(2,80+1)
0.1 142 2.88 33,6 360 7 14,8 3.7+1.5
0.2 85 2,6 31,7 292 5 14,2 T4+3
0,2 142 1.6 15.4 114 0 16,9 1.0+0.4
0.5 85 1.25 13.3 68 —9 15.6 1.14+0.4
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Table II

. | . .

10-3 T, °K | 10* & =10 ::orm 10-11 fps,ﬁfe—c' “exp €M | %tpeor cm™
65.0 1.8 28 5.4-10™¢ 1,9.1073
33,6 1.9 3,7 1,3-1078 3.6-1073
3.7 3.5 71 3.3-1073 9.8.1073
15.4 4.2 1.0 8.2.1073 2.3-1072
13.3 9.7 141 2.2-1072 3.2.1072

*Phorm = 1.3 X 10" g/cm® is the density of dry air at atmospheric
pressure; Ps is the air density immediately behind the wave front.

with the theoretical values taken from Kuznetsov’s
thermodynamic tables.t®!

As already mentioned, the temperature and den-
sity distributions for P; = 0.1 mm are identical at
85 and 142 cm from the discharge. If it is assumed
that the distributions have these same values uni-
formly at all intermediate distances, the total ab-
sorption coefficients can be calculated for these
distances. It is seen in Table II that the measured
total absorption coefficients differ from the theo-
retical values by a factor not exceeding three or
four.

If it is assumed that the theoretical absorption
coefficients in '8! are accurate to within the order
of magnitude while the error of k is estimated at
60%, good agreement between theory and experi-
ment must be acknowledged. Thus, if the foregoing
conditions are fulfilled the total absorption coeffi-
cients of high-temperature gases can be deter-
mined from measurements of gasdynamical param-
eter distributions behind the front of a strong
shock wave.

The authors are indebted to I. L. Zel’man for
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able comments, as well as to N. M. Kuznetsov,
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