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ABSTRACT: The experimental results for the excited time of the nonequlibrium radiation and
the ionization behind strong shock waves are presented. Using an optical multichannel analyzer, InSb

infrared detectors and near-free-molecular Langmuir probes, the infrared radiation, the electron density

of air and the nonequlibrium radiation spectra at different moments of the relaxation process in nitrogen

test gas behind normal shock waves were obtained, respectively, in hydrogen oxygen combustion driven

shock tubes.
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1 INTRODUCTION

In order to learn more about the relaxation pro-
cess in the flow around hypersonic vehicles, consid-
erable attention has been paid to the effects of high
temperature real gas!'™~. In recent years, much ef-
fort has been devoted to numerically analyze this type
of phenomena and the corresponding effects. How-
ever, not only the accuracy of such calculation is as
yet to be verified, but also there are some physical
parameters unknown for high temperature real gas.
Because the excitation of the diatomic molecules re-
sulting from shock front and the relaxation process
of these molecules determine, to a large extent, the
flow field and the radiation field around hypersonic
reentry vehicles, the experimental research of the ex-
citation and the relaxation of the molecules is quite
important. The instantaneous translational temper-
ature just behind strong shock waves is much higher
than the equilibrium temperature. The process from
the nonequilibrium state to the equilibrium state de-
pends on the rates of vibrational relaxation, dissocia-
tion and ionization.

In this paper, we report the measurement re-
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sults of the infrared radiation, the electron density of
air and the nonequlibrium radiation spectra at differ-
ent moments of the relaxation process in nitrogen test
gas behind normal shock waves. A brief discussion on
the experimental results is also given.

2 EXPERIMENTAL EQUIPMENT

In our experiment, one of the two shock tubes is
20m in length and 800mm in diameter, as shown in
Fig.1. Its driver pressure is 3~8 MPa and the initial
pressure in the test section can be set from 1.33Pa to
133 Pa. The shock tube can provide shock waves with
velocity in the range of 3~7km/s (Ma = 10 ~ 20)6].
Two ionization probes are used to detect the shock
arrival to measure shock velocity, as well as for trig-
ger of the optical multichannel analyzer (OMA). An
InSb infrared detector in a radiometer and an oscillo-
graph are used to record the radiation profile of the
test gas behind the shock wave which passes through
the Sapphire window. With a standard blackbody
source and a mirror, the absolute radiation intensity
of these gases can be detected.
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Fig.1 The experiment setup of ¢ 800 mm shock tube and the measurement instruments

Figure 2 shows the other shock tube of 78 mm
in diameter and the measurement instruments for the
radiation intensity profile, the shock velocity and the
spectra. With an aluminium diaphragm of 2mm
thick, the shock tube can produce a stable shock
wave with velocity of 6.4km/s. The radiation pro-
file and the signals from ionization probes 1 and 2 for
shock velocity are recorded by a photo multiplier tube

and a computer with a fast A/D converter. OMA is
used to obtain the radiation spectrum at one moment.
The initial pressure of oxygen, nitrogen and hydro-
gen in the driver section are 0.08 MPa, 0.08 MPa and
0.72 MPa, respectively. And the pressure of the driven
section is firstly evacuated to 15 Pa by a vacuum pump
and then increased to 100 Pa with the addition of ni-
trogen gas.

to vacuum pump e—

optical multichannel analyzer

(OMA)

computer

L=
i

PG10
SP-275 B

pulser

|

driver section

ionization probe

Ll \
-

1l

1-

2 .

|
ignition wire
aluminium diaphragm

driven section
3—— — 1
L SN

quartz window

— to vacuum pump

measurement system for shock
velocity and intensity waveform

T filter

S

photomultiplier
tube

computer

Fig.2 The experiment setup of ® 78 mm shock tube and the measurement instruments
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3 EXPERIMENTAL RESULTS

Figure 3 shows a typical infrared radiation pro-
file of high temperature gas behind normal shock from
¢ 800 mm shock tube where I}, is the peak of nonequi-
librium radiation, I, the value of equilibrium radiation
and ¢, the interval from the arrival of shock wave to
the appearance of the nonequilibrium radiation peak.
In addition, ¢, is defined as the relaxation time of
infrared nonequilibrium radiation of air, as shown in
Fig.3.

Otpte t

Fig.3 Infrared radiation profile of high
temperature gas behind normal
shock from ¢ 800 mm shock tube

2002

Using two InSb infrared detectors of wavelength
of 1~3 ym and 1~5 ym, we record the radiation wave-
forms of the nonequilibrium state for the 2.7 ym first
overtone band and the 5.3 um fundamental band of
NO in high temperature air behind a normal shock
with different experimental parameters. And the ra-
tios of the nonequilibrium radiation peak I, to equi-
librium radiation I, are given in Table 1 where the
unit of us is kilometer per second (km/s). It can be
seen that the nonequilibrium radiation peak I, is as
high as 2~7 times of equilibrium radiation I.. With
the same method, the excited time ¢, and the relax-
ation time ¢, of nonequlibrium infrared radiation with
different parameters are also obtained. The experi-
mental results are given in Table 2.

Table 1 The ratio of I, to I

P;= 80.0 Pa P1= 26.6 Pa P1= 12.0 Pa
us Ma Ip/le us Ma Ip/le us Ma Ip/le
3.20 9.4 1.7 3.62 10.7 2.3 5.15 15.2 24
3.86 11.4 2.5 4.35 12.8 3.8 5.95 17.5 5.5
447 13.1 4.1 5.32 15.6 6.9

Table 2 Excited time ¢, and relaxation time t. for different parameters

P1=80.0Pa P1= 26.6Pa P1=12.0Pa

Ug Ma tp te Ug Ma tp te Ug Ma tp te
3.18 9.35 14.0 134.0 3.57 10.5 13.0 73.0 5.05 149 7.0 27.0
3.21 944 14.0 110.0 3.62 10.6 13.0 82.0 5.05 14.9 5.0 25.0
3.21 944 120 72.0 3.62 10.6 12.0 63.0 5.21 153 6.0 26.0
3.62 10.6 8.0 68.0 3.65 10.7 15.0 55.0 5.26 15,5 7.0 27.0
3.94 11.6 6.0 44.0 4.27  12.6 8.0 54.0 581 17.1 5.0 18.0
4.03 119 5.0 35.0 4.35 12.8 6.0 39.0 5.81 17.1 4.0 16.0
431 127 4.0 24.0 4.35 12.8 4.0 38.0 595 17.5 3.5 155
4.46 13.1 3.0 23.0 4.46 13.1 4.0 32.0 6.02 17.7 3.5 135
4.63 13.6 3.0 21.0 5.26 15.5 5.5 15.5

5.32 15.6 4.0 17.0

5.32 15.6 3.0 15.0

The excited time ¢, and the relaxation time ¢,
of infrared nonequilibrium radiation versus shock ve-
locity at different initial pressure P; are plotted in
Figs.4 and 5, respectively. It is clearly seen that the
ratio I, /I, increases, as shown in Table 1, and the
values of the excited time ¢, and the relaxation time
te multiplied by the initial pressure P; decrease, as
revealed in Figs.4 and 5, with the rising of the shock
velocity .

The electron density behind normal shock waves
and nonequilibrium ionization excited time t., from
the arrival of shock front to the appearance of elec-

tron density peak have also been measured by near-
free-molecular Langmuir probes. The structure of the
Langmuir probe was described in Ref.[7]. Its receiv-
ing part of about 2mm in length and 0.06 mm in di-
ameter can provide a fairly high resolution in time
and space. The experimental values of nonequilib-
rium ionization excited time t., behind normal shock
at a series of Mach number are given in Table 3 and
plotted in Fig.6.

For several sets of shock velocity and initial
pressure, spontaneous emission spectra of air behind
normal shock waves are acquired by OMA. From
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Fig.4 The infrared radiation excited times
versus shock velocities
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Fig.5 The relaxation time of infrared radi-
ation versus shock velocities

Table 3 Shock velocity us and te, - P;

us/(km - s71) Ma tep - P1/(us - Pa)

4.59 13.5 70
4.86 14.3 70
4.93 14.5 100
5.10 15.0 42
5.20 15.3 44
5.58 16.4 26
5.78 17.0 34
6.15 18.1 17
6.26 18.4 17
6.32 18.6 17
6.46 19.0 13
6.77 19.9 12
7.48 22.0 9

these spectra, the intensity ratios at a certain
wavelength in these spectra of nonequilibrium state
and equilibrium state are computed, which are in
agreement with the experimental results from the
monochromator and photomultiplier tube.

We have also measured the intensity ratios
at three wavelengths of 306.64nm, 310.12nm and
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312.74nm, where the first two locate at the (0,0) vi-
bration band of OH A%2X+ — X2II and the third at
(1,1) vibration band, in the experimental spectra of
high temperature air behind the normal shock. Based
on these ratios, the corresponding rotational and vi-
brational temperatures can be computed and the nu-
merical results are given in Table 4. The equilibrium
temperatures in Table 4 are calculated by ideal shock
wave equations. It can be concluded that the rota-
tional temperature quickly reaches its highest point,
then declines to the equilibrium temperature, but the
vibrational temperature directly rises to the equilib-
rium temperature according to the data in Table 4.
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Fig.6 The ionization excited time
versus shock velocities

Table 4 Rotational and vibrational temperatures
based on OH spectra
(a) P1=80.0Pa, us;=3.40km/s, T.q=3 320K

Time/ us T:/K
0 4600

80 3400
164 3480

(b) P1=26.6Pa, us=4.20km/s, Te(q=4380 K

Time/ us T:/K T, /K
—20 3900 2880

0 7600 3840

80 4200 4400

(¢) P1=12.0Pa, us=5.88km/s, Toq=5560K

Time/ us T:/K 7. /K
—4 3700 2600
0 7800 4920
12 5300 5300

Using the experiment setup shown in Fig.2, the
nonequilibrium spectra at up-side and down-side of
the radiation profile are obtained, respectively. Fig-
ures 7(a’) and 7(b') display the radiation profile and
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the gate pulse of OMA and Figs.7(a) and 7(b) the
corresponding spectra of the test gas at two moments
for up-side. From Figs.7(a) and 7(b), it can be found
that the nonequilibrium spectra at two moments are
similar. The bands of NI (1-)(0,0), NJ (1-)(1, 1) and
N3(2+4)(0,2), clearly seen in the experimental results
of Sharma and Gillespiel®, appear in our experimen-
tal spectra. Table 5 gives the peak ratios of the three
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bands of our experiment of a shock velocity 6.4km/s
and initial pressure 100 Pa and Sharma and Gillespie’s
experiment of a shock velocity 6.2km/s and initial
pressure 133Pa. The work of obtaining vibrational
and rotational temperature by comparing the com-
puting spectrum with the experiment spectrum is un-
der way.

0 30 60 90 120 150
t/ps

Fig.7 (a') and (b') the radiation profile of test gas and gate pulse; (a) and
(b) the corresponding nonequilibrium spectrum. A, B and C indicate

the three bands: Nj (1-)(0,0), N

Table 5 The peak ratios of three bands of
N3 (1-)(0,0), N (1-)(1,1) and N»(2+)(0,2)

Peak ratios of
N;—(l_)(oao)a N;—(l_)(la 1)
and N2(24)(0,2)

Fig.7(a) 1:1.86:0.821
Fig.7(b) 1:1.79:0.882
Sharma et al.[3] 1:1.19:0.594

Another interesting phenomenon on non-
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equilibrium spectrum distribution is that the spectra
at different moments of down-side are different from
those of up-side, as shown in Figs.8(a), (b) and (c),
although they share a similar feature. Several strong
bands around 425nm can be seen. The nonequi-
librium spectra on down-side are obviously different
from equilibrium spectra in previous experiments!®].
In fact, from Fig.7(b), the bands around 425nm can
be observed. The further research on nonequilibrium
spectrum is continuing.
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Fig.8 (a'), (b') and (c) the radiation profile of test gas and gate pulse;
(a), (b) and (c) the corresponding nonequilibrium spectrum
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4 CONCLUSIONS

The infrared nonequilibrium radiation peak I, is
as high as 2~7 times of equilibrium radiation I, in air
behind normal shock waves with the initial pressure
of 12.0~80.0 Pa, the Mach numbers from 9.4 to 17.5.
It is obvious that the ratio I,/I. increases, and the
values of the excited time ¢, and the relaxation time
te multiplied by the initial pressure P; decrease, with
the rising of the shock velocity Us. The experimental
values of nonequilibrium ionization excited time tqp
multiplied by the initial pressure P; decrease, with
the rising of the shock velocity U (P is 1.3~133 Pa,
Us is 4.59~7.48km /s).
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