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Abstract : Nonequilibrium radiation phenomena behind strong shock waves in low-density air are
observed by using a couple of CCD camera systems in a shock tube experiment. The simultaneous
observation for total radiation and its spectral radiation is carried out in order to elucidate space-
dependent contribution of an individual radiation spectrum to the total radiation intensity. The results are
shown for the shock velocity range from 9.0 km/s to 12.1 km/s at the initial pressure 13.3 Pa.
Wavelength range is selected from 300 nm to 445 nm to investigate mainly the contributions from UV
radiation. It is found that the band spectra due to the molecular species N: and CN mainly contribute to
the first-peak, while the spectra due to the atomic species O and N mainly contribute to the formation of
the second-peak. It is also found that the Balmer series in H spectra strongly contributes to the second-
peak. The radiation along the tube wall surfaces is composed of the same constituents as those around the
tube axis as well as the spectra coming from the impurities.
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1. Introduction

In the heating problem of space vehicles reentering onto the atmosphere, great efforts have been made to
understand high-enthalpy flows. When the reentry velocity exceeds 10 km/s, radiative heating from the shocked
air ahead of the vehicle plays an important role for the heat flux to the wall surface as well as convective heating.

In order to clarify the radiative characteristics of the shocked air, experimental studies have been carried out
during the last decade by many investigators using shock tube facilities (Honma and lizuka, 1991, Sharma and
Gillespie, 1991; Sharma, 1993). The techniques for radiation observation in shock tube experiments have been
limited for a long time within such a few means as photomultipliers, rotating cameras and so on. However, recent
technical developments of high-speed photography and photonics make it possible to explore a new system for
observing radiation phenomena of the shocked air.

Recently, a CCD camera system was introduced into radiation observation of strong shock waves in low-
density air (Koreeda et al., 1996; Koreeda et al., 1998). The system consists of an imaging spectrograph, a streak
camera, a gated image-intensified CCD camera and a personal computer. Some interesting features were obtained,
independently, for the total radiation and for the spectral radiation behind strong shock waves in air above 10 km/s
velocity (Honma et al., 1996; Morioka et al., 1997). The observations using an analogous technique were also
conducted by Dumitrescu et al. (1997). Their observations were made in mixtures as N,/CH,/Ar, CO/N, and so on
in relation to the reentry into Titan and Martian atmospheres. In relation to a sample return mission of a near-earth
asteroid (MUSES-C), which is currently programmed by The Institute of Space and Astronautical Science, spatial
distribution of emission spectra of the shock front in air was obtained by means of one-dimensional imaging
spectroscopy (Fujita et al., 1997; Fujita et al., 1998).
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The present paper describes the simultaneous observation for the total radiation and its spectral radiation are
carried out by using a couple of CCD camera systems, since it is necessary to elucidate the space-dependent
contributions of an individual radiation spectrum to the total radiation intensity for nonequilibrium radiation behind
strong shock wave in low-density air. In the present paper, our attention is focused on the formation of 2-peaks
profile of total radiation intensity, which occurs as the shock velocity exceeds 11 km/s at the initial pressure 13.3
Pa.

2. Experimental Apparatus and Diagnostic System

Figure 1 shows a configuration of the free-piston, double-diaphragm shock tube which is used to generate strong
shock waves in low-density air (Honma, 1993). The cross section of low-pressure tube is 40 mm x 40 mm square.
The observation window of test section is made from quartz for transparency over the UV radiation range, and its
viewable area is 40 mm X 150 mm rectangular for taking a two-dimensional image of radiation.

Figure 2 shows a layout of diagnostic system for simultaneously observing the total radiation and its
spectral radiation behind a strong shock wave by the coupled use of a pair of CCD camera systems. The two-
dimensional, time-frozen total radiation is observed by the system of left hand side of the shock tube, and the
space-resolved spectral radiation at a point of the tube axis of shock tube is observed by the system of right hand
side.

The former system consists of a UV camera lens, a gated image-intensified CCD camera (ICCD), a
delay/pulse generator and a personal computer. The UV camera lens is Nikon, model UV-Nikkor 105 mm F4.58S.
This camera lens consists of a set of 6 lenses chosen to provide low degrees of astigmatism and wavelength
aberration. The ICCD is Hamamatsu Photonics, model C5987, whose two-dimensional diode array is composed
by 512 x 512 square pixels of 12 um x 12 um, each pixel producing up to 1024 shades of gray. The effective
wavelength range of this system is from 200 nm to 840 nm. The spatial resolution depends on the distance of CCD
camera from the central plane of shock tube, and is about 0.2 mm/pixel in the present experiment.
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Fig. 1. Free-piston, double-diaphragm shock tube.
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Fig. 2. Layout of diagnostic system.
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The latter system consists of two UV camera lenses, an imaging spectrograph, a streak camera, an ICCD, a
delay/pulse generator and a personal computer. The imaging spectrograph is a Chromex S00IS, focal length f=
500 mm with f/8 internal optics. This spectrograph is a one-pass, Czerny-Turner type. The reciprocal linear
dispersion is 1.25 nm/mm. The entrance slit width is set to 100 ym throughout the observation. In order to get the
space-resolved spectra, the streak camera is mounted at the exit plane of spectrgraph. The streak camera is a
Hamamatsu Photonics, model C2830 with slow streak unit M2548 and a microchannel plate. The streak time
(sweep speed) is set to 10 ps/15 mm. There is a horizontal slit of 10 mm length in the entrance optics, and the
width in the present observation is set to 100 ym. The ICCD is mounted at the focal exit of streak camera. This
ICCD consists of a gated image intensifier (I.I.), Hamamatsu Photonics, model C2925 and a CCD camera,
Hamamatsu Photonics, model C4742. The L.I. and CCD camera are connected by means of a customized optical
fiber. The two-dimensional diode array is composed by 1000 x 1018 square pixels of 12 um x 12 um, each pixel
producing up to 1024 shades of gray. This system has the same effective wavelength range as the former system.
A space-dependent spectral image can be obtained with a 25 nm wavelength range and an 80 mm space-interval.
The spectral and the spatial resolutions are, respectively, 0.028 nm/pixel and 0.08 mm/pixel. The spectral
broadening of this system is measured using a mercury spectral line, and its FWHM (Full Width at Half
Maximum) is approximately 0.4 nm. The spatial broadening is 0.667 mm for a shock wave of 10 km/s velocity.

The shock velocity is measured by using ion probes mounted on the side walls of shock tube. The signal of
ion probe at the upstream side is also used as a trigger of overall diagnostic systems. Considering the delay times
of delay/pulse generators, Stanford Research Systems, model DG535, at both sides of shock tube, one can obtain
the spatial relationship between both images of the total radiation and its spectral radiation.

3. Total Radiation Profile

Figure 3 shows a total radiation profile behind strong shock wave in air, whose shock velocity U, is 9.6 km/s at the
initial pressure p, = 13.3 Pa. Figures 3(a) and 3(b) show, respectively, a time-frozen, total radiation image and the
axial radiation intensity profiles.
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(a) Time-frozen, total radiation image. (b) Axial radiation intensity profiles.

Fig. 3. One-peak profile of total radiation intensity behind strong shock wave in air: U; = 9.6 km/s, p, =13.3
Pa.

In the total radiation image, the shock wave is propagating from right to left. The gate time of image
intensifier is 10 ns. This small time-interval means that the image can be considered as time-frozen, since the
movement of wave front in this interval is less than an order of 0.1 mm, whose distance is small enough compared
with the width of radiation zone. The camera lense is focused on the central plane of shock tube. However, it is
inevitable to take a radiation image integrated over the tube width for radiative gas with transparent nature. The
resultant image exhibits a two-dimensional one integrated over the tube width in depth. The ordinate exhibits the
height of tube inside, /# in mm. The locations of 7 = £20 mm are corresponding to the tube wall surfaces. The
abscissa exhibits the distance of shock propagating direction, x in mm. The origin of abscissa is defined at the peak
of total radiation profile along the tube axis of # = 0 mm just behind the shock front. The variety of color in the
figure indicates degree of intensity shown by the bar on the right hand side in the image.
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The radiation front is slightly curved in a convex form towards the negative direction of x-axis. This two-
or three-dimensional behavior of radiation front is attributed to the curve of shock front itself, which is induced by
the frictional effect on the tube wall surfaces. The radiation intensity along the tube wall surfaces is higher and its
horizontal length is longer than those along the tube axis. As it will be described later in the present paper, it may
be attributed to the effects of nonequilibrium boundary layer on the tube wall surfaces. From the axial profiles, it is
found that the total radiation profiles within /# = £10 mm are almost the same. Namely, the total radiation profile
around the tube axis can be considered as quasi-one-dimensional.

Figure 4 shows a total radiation profile for a higher velocity case, in which the shock velocity U, is 11.6
km/s at the initial pressure p, = 13.3 Pa. The two-dimensional image and the axial profiles show that the radiation
intensity along the tube axis reaches a secondary peak at x =5 mm after a primary peak at x =0 mm.

It is easily noted that the total radiation profiles along the tube axis in Figs. 3(b) and 4(b) are remarkably
different from each other: the former has one peak, while the latter has two peaks. We call them as the 1-peak
profile and the 2-peaks profile, respectively, and each peak as the first-peak and the second-peak in the case of 2-
peaks profile. As the shock velocity increases above 11 km/s, the second-peak is formed, and the total radiation
profile along the tube axis changes from the 1-peak profile to the 2-peaks profile.
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(a) Time-frozen, total radiation image. (b) Axial radiation intensity profiles.

Fig. 4. Two-peaks profile of total radiation intensity behind strong shock wave in air: U, = 11.6 km/s, p, =
13.3 Pa.

4. Simultaneous Measurement for the Total Radiation and its Spectral
Radiation

4.1 Radiation along the Tube Axis

The simultaneous observation for the total radiation and its spectral radiation along the tube axis are carried out by
using the diagnostic system shown in Fig. 2, since it is necessary to elucidate the space-dependent contributions of
the individual radiation spectrum to the total radiation intensity.

Figure 5 shows images obtained by the simultaneous observation for the shock velocity U, = 12.0 km/s at
the initial pressure p, = 13.3 Pa. The left- and right-hand side images exhibit, respectively, a time-frozen, total
radiation image and a space-resolved, spectral radiation image. Unlike Figs. 3 and 4, the shock wave is
propagating from bottom to top. After a time-resolved spectral image is obtained, the time is transformed to the
distance by multiplying the shock velocity. Referred to the spatial relationship, both images are positioned to
coincide with each other in the ordinate, i.e., the distance, x in mm, along the tube axis. The origin is fixed at a
position where the total radiation profile along the tube axis exhibits a peak just behind the shock front. Each
image is obtained independently with a relative intensity.



Morioka, T., Sakurai, N., Maeno, K. and Honma, H. 55

Test gas : air

Shock velocity : 12.0 km/s Initial pressure : 13.3 Pa
Mach number : 34.8 Image intensifier gate : 10 ns
Strong
E
E
: "
E
M
Weak
20 -0 0 10 20 344 348 352 356 360 364
Height i [mm] Wavelength & [nm]

Fig. 5. Resultant images for total radiation (left) and its spectral radiation from 342 nm to 367 nm (right) in
the case of the 2-peaks profile: U, =12.0 km/s, p, = 13.3 Pa.

In the total radiation image, the abscissa indicates the height of tube inside, # in mm. The radiation
emission is cut off by shield sheets within 5 mm apart from both tube wall surfaces in order to observe the
radiation around the tube axis with higher intensity resolution, since much stronger radiation is observed along the
tube wall surfaces as previously shown in Figs. 3 and 4. From this image, the total radiation profile along the tube
axis exhibits the 2-peaks profile, namely, the first-peak at x = 0 mm and the second-peak at x =5 mm.

In the spectral radiation image, the abscissa indicates the wavelength, A in nm. The wavelength range is
selected from A = 342 nm to A = 367 nm to inquire into the spatial relationship between the total radiation and the
spectral radiation due to the band spectra of N, (1-) system, which are expected to appear at the wavelength range
from A =350 nm to A =360 nm. As seen from this image, the spectra begins to emit at the same position with the
first-peak of total radiation profile.

In order to elucidate more clearly the contribution of the spectral radiation to the total radiation intensity, the
total radiation profile along the tube axis is compared with the spectral radiation profile along the tube axis, as
shown in Fig. 6. Figures 6(a) and 6(b) correspond to, respectively, the cases of 1-peak profile (U, = 9.8 km/s) and
2-peaks profile (U, = 12.0 km/s) at the initial pressure p, = 13.3 Pa. The solid line indicates the total radiation
profile, and the dotted line indicates the spectral radiation profile, which is obtained by integrating the radiation
intensity over the wavelength range from A = 350 nm to A = 360 nm, including the band spectra of N; (1-) system.
Both profiles are normalized by their peak value just behind the shock front, as /7,
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Fig. 6. Total radiation profile and spectral radiation profile including the band spectra of N;(1-) system
along the tube axis. Comparison between the cases of the 1-peak profile (a) and 2-peaks profile (b): p, =
13.3 Pa.
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In the case of the 1-peak profile (a), the profile of the dotted line nearly coincides with the profile of the
solid line. On the other hand, in the case of the 2-peaks profile (b), the dotted line does not coincide with the solid
line. Although the second-peak is formed in the total radiation profile, the spectral radiation profile exhibits a
gentle falling and any peak is not formed at the position of second-peak. Consequently, these results suggest us
that the spectral radiation due to the band spectra of N; (1-) system gives some contributions to the first-peak of
total radiation profile for both cases of the 1-peak and 2-peaks.

Figure 7 shows the resultant images for a different wavelength range. In this case, the shock velocity U, is
11.7 km/s at the initial pressure p, = 13.3 Pa. In the total radiation image, the total radiation profile along the tube
axis exhibits the 2-peaks profile, although the intensity of second-peak is weaker than that of Fig. 5. In the spectral
radiation image, the wavelength range is selected from A = 412 nm to A = 435 nm to inquire into the spatial
relationship between the total radiation and the spectral radiations due to the band spectra of N;(l-) system and the
spectra of O, which are expected to appear at the wavelength range from A = 412 nm to A = 420 nm and the
wavelength around A =434 nm. As clearly seen in this image, the former spectra concentrate around x = 0 mm at
the first-peak, while the latter spectra concentrate around x = 5 mm at the second-peak. As for the spectra around
A = 434 nm, it should be noted that the /7, spectral line of Balmer series can also appear around the same
wavelength. The existence of hydrogen atoms and their spectra is confirmed by the fact that the /; spectral line of
Balmer series is also observed around x = 5 mm. Therefore, the spectra around A = 434 nm will be referred to the
spectra of O and H ,in the following. The hydrogen is considered to be included in the original test gas, which 1s
the laboratory air.
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Fig. 7. Resultant images for total radiation (left) and its spectral radiation from 412 nm to 435 nm (right) in
the case of the 2-peaks profile: U, = 11.7 km/s, p, = 13.3 Pa.

Figure 8 shows the total radiation profile and the spectral radiation profiles along the tube axis for the 2-
peaks. Figures 8(a) and 8(b) illustrate two cases, where the intensities of the second-peak relative to those of the
first-peak are different from each other. The solid line indicates the total radiation profile. The dotted line
indicates the spectral radiation profile, which is obtained by integrating the radiation intensity over the wavelength
range from A =412.5 nm to A = 417.5 nm, including the band spectra of N;(l-) system. The dashed line indicates
another spectral radiation profile, which is obtained by integrating the radiation intensity over the wavelength range
from A = 432 nm to A = 435 nm, including the spectra of O" and H,. The intensities are also normalized by their
peak values just behind the shock front for the solid and dotted lines. The peak value of the dotted line is also used
as a reference value for the dashed line, in order to illustrate the relative intensities of integrated spectra of O and
H, to integrated band spectra of N;(l-) system.
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Fig. 8. Total radiation profile and spectral radiation profiles including the band spectra of N;(1-) system
and the spectra of O" and H, along the tube axis. Comparison between the cases of the 1-peak profile (a)
and 2-peaks profile (b): p, = 13.3 Pa.

It should be noted that the peak positions of the dashed lines nearly coincide with the second-peak positions
of the solid lines, while the peak positions of dotted lines nearly coincide with the first-peak positions of the solid
lines. Furthermore, when the shock velocity increases, the relative magnitude of the peak of dashed line to the
peak of dotted line increases in accordance with the tendency of the relative magnitude of the second-peak to the
first-peak of total radiation profile. These results suggest us that the delayed spectra of O and H, give some
contributions to the formation of the second-peak of total radiation profile. On the other hand, the band spectra of
N;(l -) system contribute to the formation of the first-peak.

In order to inquire into the contribution of the spectra in each wavelength range to the total radiation,
spectral observation is extended to the wider wavelength range. Figure 9 shows the resultant images for the shock
velocity U, = 12.1 km/s at the initial pressure p, = 13.3 Pa. The wavelength range is selected from A =302 nm to
A =445 nm. This spectral radiation image is constructed from seven spectral radiation images obtained in different
wavelength range. The total radiation image is one of the seven shots. In the seven shots, the shock velocities are
reproducible within 0.6%.
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Fig. 9. Resultant images for total radiation (left) and its broadband spectral radiation from 302 nm to 445
nm (right): U, =12.1 km/s, p, = 13.3 Pa.

As seen from the total radiation image, the total radiation profile along the tube axis exhibits the 2-peaks
profile. From comparison among these images, the spectral radiation in this wavelength range begins to emit
nearly at the same position as the total radiation. However, it is found that the spectra around A =410 nm and A =
434 nm appear at the same position with the second-peak.
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Figure 10 shows the local interrelationship between an averaged total radiation profile (solid line) and four
integrated spectral radiation profile (the other lines). Figures 10(a) and 10(b) correspond to the shock velocities of,
respectively, U, = 9.0 km/s and U, = 12.1 km/s, which are chosen as typical cases of the 1-peak and the 2-peaks
profiles of total radiation intensity. One spectral radiation profile is obtained by integrating the intensity over the
20 nm wavelength-interval in the spectral radiation image for a shot. Four different shots are needed to obtain four
profiles, and then four total radiation profiles are obtained in the corresponding shots. The averaged total radiation
in the figure means that the solid line is obtained by averaging the four profiles, for which the normalized intensity
of the first-peak is commonly fixed at x = 0 mm. The experiments are carried out with good reproducibility in the
shock velocity (0.6%) and the total radiation profile along the tube axis. The selected wavelength ranges are 342
nm ~ 362 nm, 362 nm ~ 382 nm, 402 nm ~ 422 nm and 422 nm ~ 442 nm, which include, respectively, the band
spectra of N;(l-) system, the band spectra of CNV system, the spectra of N and the band spectra of N;(l-) system
and the spectra O and H. ,- Four spectral radiation profiles are normalized by a common value, i.¢., the peak value
of profile including the band spectra of CNV system.

In the case of 1-peak profile, i.e., in Fig. 10 (a), the spectral radiation profiles exhibit a similar form to each
other in a look of steep rising and rather gentle falling. The contribution to the peak of total radiation profile can
be considered to come from three wavelength ranges, except the profile of O and H , with vanishing intensity. In
particular, the profile of CNV system (green line) is considerably dominant, which may be attributed to the carbon
impurities. It should be noted that there is a difference of the radiation rising between the profile of N;(l-) system
(red line) and the profile of N and N;(l-) system (blue line). This difference may be attributed to the dissociative
process of nitrogen molecules.

In case of 2-peaks profile, i.e., in Fig. 10(b), these four spectral profiles can be categorized into two types.
Two profiles of shorter wavelength (red and green lines) exhibit the steep rising and the gentle falling of the
radiation intensity, while two profiles of longer wavelength (blue and pink lines) exhibit the gentle rising and
falling of radiation intensity. The former spectral radiation with shorter wavelength can be considered to contribute
to the formation of first-peak of total radiation profile, since the peaks of spectral radiation profile are situated near
at the first-peak (x = 0 mm). On the other hand, the latter spectral radiation with longer wavelength can be
considered to contribute to the formation of second-peak of total radiation profile, since the peaks of spectral
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Fig. 10. Local interrelationship among total radiation profile and its spectral radiation profiles along the
tube axis Comparison between the cases of the 1-peak profile (a) and 2-peaks profile (b): p, = 13.3 Pa.
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radiation profile are situated near at the second-peak (x = 5 mm). The steep falling of intensity near the peak in the
shorter wavelength case also contributes to the formation of valley between the first-peak and the second-peak.

The spectra at the first-peak and the second-peak obtained from Fig. 9 are shown in Fig. 11, in order to look
at their detailed constituents in the case of 2-peaks profile of total radiation intensity. The black and red lines
exhibit the spectra centered at, respectively, the first-peak (x = 0 mm) and the second-peak (x = 5 mm) of the total
radiation profile, and integrated for 2 mm space-interval. As seen from these spectra, the band spectra of N;(l-)
and CNV systems are distinctive around the first-peak. On the other hand, around the second-peak, the intensities
of spectra of N, O and H become relatively strong, while the intensities of band spectra of molecular species
become relatively weak.
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4.2 Radiation along the Tube Wall Surface

As shown in Figs. 3 and 4, much stronger and longer radiation is observed along the tube wall surfaces. Due to the
previous conclusions by Keck et al. (1959) and Honma and lizuka (1991), the radiation was attributed to the
impurities coming from Na and K. In order to inquire exactly into the constituent, the simultaneous observation is
carried out along the tube wall surface. In this observation, the system of space-resolved spectral radiation, which
is shown on the right hand side in Fig. 2, is focused on a point of 0.5 mm apart from the tube wall surface.

Figure 12 shows the total radiation profiles and the spectral radiation profile. The solid and dashed lines
exhibit the total radiation profile and the spectral radiation profile along the tube wall surface, respectively. For
comparison, the total radiation profile along the tube axis is plotted by the dotted line. The spectral radiations in
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Fig. 12. Comparisons between the total radiation profiles and its spectral radiation profile along the tube
wall: (a) U, = 11.8 km/s, p, = 13.3 Pa; (b) U, = 12.4 km/s, p, = 13.3 Pa.
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Figs. 12(a) and 12(b) are integrated over the wavelength ranges from A = 350 nm to A = 360 nm and from A =410
nm to A =435 nm, respectively, which include the band spectra of N;(l-) system, and the spectra of N, O and H ,
and the band spectra of N;(l -) system. In both cases, the total radiation profiles along the tube axis exhibit 2-peaks
profile. However, the total radiation profiles along the tube wall surface are different from them, and exhibit the
long and gentle falling. It should be noted that both spectral radiation profiles exhibit the same profiles as the total
radiations along the tube wall surface.

In the present observation, the spectra of Na emitted around A = 589 nm are also observed. However, it is
overlapped by the continuum radiation, and is weaker than the spectra as described above. Therefore, it is difficult
to consider whether the spectra of Na or K mainly contribute to the stronger and longer radiation along the tube
wall surfaces. Consequently, it is found that the constituents of radiation along the tube wall surfaces are almost
the same as those of radiation along the tube axis. We consider that the radiation may be attributed to the effects of
nonequilibrium boundary layer on the tube wall surface. Although the radiation images are integrated over the
tube width for radiative gases with transparent nature, it cannot be observed the effects of boundary layer from the
profile along the tube axis. Thus, we expect that the boundary layer is considerably thin.

5. Conclusion

Nonequilibrium radiation phenomena behind strong shock wave in low-density air is observed by using a couple of
CCD camera systems in the shock tube experiment. The simultaneous observations for the total radiation and its
spectral radiation are carried out in order to elucidate the space-dependent contributions of an individual radiation
spectrum to the total radiation intensity. It is found that the band spectra due to the molecular species N; and CN
mainly contribute to the first-peak, while the spectra due to the atomic species O and N mainly contribute to the
formation of the second-peak. It is also found that the Balmer series in H spectra strongly contributes to the
second-peak. The radiation along the tube wall surfaces is composed of the same constituents as those around the
tube axis as well as the spectra coming from the impurities, and may be attributed to the effects of nonequilibrium
boundary layer on the tube wall surfaces, which is considerably thin.

The present results by the coupled use of a pair of CCD camera systems provide the more detailed and
useful information on nonequilibrium radiation phenomena. From a viewpoint of flow visualization, the present
study exhibits an up-to-date of the CCD camera system for spectroscopy on hypervelocity flow phenomena.
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