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Abstract

The planetary entry flights were conducted in
twenticth century. The heatshield were
significantly damaged because of the severe
heating during the atmospheric entry phase, and
some unknown phenomena were found. For
example, the temperatures at the stagnation points
of the Pioneer-Venus probes were significantly
higher than those at the downstream region. ¢ The
flight results were re-evaluated by varying the
extent of turbulence, but no reasonable
explanations were found. This implies there is an
additional unknown mechanism, which increase
the radiation or turbulence in the downstream
region.

In an ablation process, solid carbonaceous
particles are released into the plasma flow to
vaporise the carbonaceous gas radiating strongly
and flowing with a finite velocity. These
phenomena are called spallation and its maximum
cumulative effect will be expected at the frustum
edge. .
iming at the detection of the spallation, NASDA
has been performing the ablator arc wind tunnel
tests by the spectroscopic measurements at the
various test facilities. In 1997, the spallation were
verified by identifying the emission and the
radiation of carbonaceous species at IRS (Institut
fir Raumfahrt Systeme Universitéit Stuttgart)®®,
In 1999, the detection of the spallation phenomena
were tried using the Erosion Testing Machine at
Japan Ultra-high Temperature Material research
Center (JUTEM), and the NASDA arc heated
wind tunnel located at National Aerospace
Laboratory (NAL).

This paper will discuss the measurement results at
these experiments.

1. Spallation

When the ablator is exposed to intense heating, the
material will be thermally decomposed to produce
the pyrolysis and char layer, and pyrolysis gas. The
char layer is subject to the pyrolysis gas pressure,

the thermal stress, and the shear stress by plasma
flow. As a result, the particles are separated and
¢jected from the ablation surface into the flow.
After the ejection, the particles fly in the flow with
a finite velocity and are vaporised to form a
carbonaceous gas. These gas species function more
as a radiator and carbonaceous species such as
carbon atoms, CO, CN, and C2 molecules, tend to
radiate strongly. The particles, released in the
upstream region, tend to produce the gas species in
the downstream region then the cumulative effect
will be maximum at the frustum edge. The
mechanism is shown schematically in Fig, 1 ® and
the phenomena were observed at the laser heating
experiments in NASA Ames Research Center. ©

2. Test facilities

2.1 The Erosion Testing Machine

A schematic layout of the Erosion Testing
Machine at JUTEM is shown in Fig.2.The facility
consists of a plasma generator, a conical nozzle, the
test chamber with model injection system, a
diffuser and a heat exchanger. It is connected with
a 20 KW DC power supply. The arc heater is
Huels Type. Its cathode is made of Tangsten and
the anode is non oxygen copper. The throat
diameter of the conical nozzle is 75 mm and its
length is 120 mm. The operational mass flow rates
are 25-50 litter/min (Air), 20-40 litter/min
(Nitrogen), 5-20 litter/min (Argon). Test samples
are introduced to the prescribed position in the
plasma flow by traversing mechanism. For more
details, see Reference 6.

2.2 NASDA Arc heated plasma wind tunnel

A diagrammatic view of NASDA arc wind tunnel
at NAL is shown in Fig. 3. The facility consists ofa
plasma generator, different nozzle designs, the test
chamber with model injection system, a diffuser
and a heat exchanger. It is connected with a 750
KW DC power supply. The plasma generator is a
thermal plasma generator of constrictor type. The
constrictor assembly may have up to three
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constrictor packs. Both anode and cathode are
made of copper and are water-cooled. The facility
is equipped with a conical nozzle and a channel
nozzle for different tasks. The conical nozzle with a
throat diameter of 115 mm and a cone half angle of
15 degrees is used for stagnation tests. Mass flow
rates of up to 20 g/s have been realised. Test
samples are introduced into the plasma flow by
rotating a turn head capable of holding three probes
at a time (120 degrees arrangement). This set-up
yields a distance of 100 mm to the nozzle exit.

3. Spectroscopic measurement apparatus
The schematic layout of the measurement
apparatus is shown in Fig4. CT-25 Type by
JASCO (Japan Analytical Spectroscopic Co.) was
applied for the measurement. The apparatus
consists of the focusing lens (made of quartz and its
focus length is 100 mm), the CCD camera, the fiber
cable, the spectrometer, and PC for data analysis.
The emitted radiation is observed through the
observation window at 90° to the axis of the flow
and collected by the focusing lens. The image is
focused on the entrance of CCD camera and
transmitted through the fiber cable to the
spectrometer. The quantity of the radiation is
adjusting the width of the entrance slit and the
exposure time. After the entrance into the
spectrometer, the admitted radiation is collimated
by the spherical mirror, reflected by the flat mirror
and dispersed by the diffraction grating. Then the
radiation is refocused by the aspherical mirror, by
which the aberration of light is corrected, and
imaged on the exit plane.

Three types of the gratings (150, 600, 1800
line/mm ) are prepared and applied in accordance
with the measurement requirement.

In the spallation measurement, the 600 line/mm
type diffraction grating was applied and the
spectral images are processed in the range of 200 -
650 nm by the PC.

4. Ablator sample

The CFRP ablators by Super Resin Plastics Co
were applied. They are composed of the carbon
fiber (CC-509) and the phenolic resin (PL-2211).
At the spallation measurement both at JUTEM
and NAL, the side surfaces are covered with Zr

|[EPC-99-025

cloth to avoid the heat input from the direction 90 °
to the plasma flow.

5. Experimental condition

5.1 Conditions of the experiments at JUTEM
(1) Facility operation

The ablator arc wind tunnel tests were conducted
in the Air, Nitrogen, and Argon flow. The facility
operations of the experiments is shown in Table 1.

(2) Spectroscopic measurement

The position of the focusing lens was fixed and
consequently the observation point in the flow was
fixed. The distances between the observation point
and the ablator front surface were adjusted by
moving the ablators along the plasma flow. The
distances are shown in Table.2.

(3) Heating conditions

Prior to ablator heating, heat flux and Pitot
pressure measurements were performed for each
distance. The measured data are shown in Fig.5
and 6 respectively. For @ -, the pressure
measurements were impossible because of the size
limitation of Pitot Tube and the exhaust nozzle.

5.2 Conditions of the experiments at NAL

(1) Facility operation

Different from the experiments at JUTEM, the
ablator arc wind tunnel tests were conducted only
in the Air. The current and the mass flow were 500
A and 10 g/s respectively.

(2) Spectroscopic measurement

Different from the experiments at JUTEM, the
position of the ablator sample was fixed and the
position of the focusing lens was adjusted along the
plasma flow. The distances between the
observation point and the front surface are shown
in Table 3. The exposure time and the width of the
entrance slit were fixed to compare the intensities
of the emission features. They are 0.02 sec and 0.02
mm,

(3) Heating condition

In this case, the previously measured data,
acquired at the NAL/NASDA co-operation, were
applied. The heating rate is 1.6 KW/m’ and the
surface pressure is 2033 Pa.
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6.Measurement results

The emission features of carbonaceous species
were identified by comparing the acquired
spectrum, when the ablator sample is in and out of
the plasma flow. The identified features for both at
JUTEM and NAL experiments are shown in
Table4 together with those at IRS®®
experiments. The examples of the features
identified at JUTEM and NAL are shown in Fig.7
and 8 respectively.

In addition, the distance between the front surface
to the shock wave was measured at both JUTEM
and NAL. The acquired values are about 30 mm
and 15 mm respectively.

Followings can be said from the obtained results.

6.1 Measurement at JUTEM
In the measurement, the following emission
features were identified.
(1) Air flow test
@ Near the front surface (0, 5 mm)
CN-V: (3,2),(2,1) (1,0),
(3.3),(2.2) (1,1),0,0),
(56),(4.5),(34),(23),(1,2) (0,1)
CH (0,0)
C2 High Pressure (6,8)
@ Upstream (30, 80, 100, 150, 200 rmm)
CN-V: (3’3)’ (2’2) ,(1,1),(0,0) s
@ Downstream (20,40 mm)
CN-V: (3 92)’(29 1 )’( 1 ’0),
(3,3),(2,2) (1,1),(0,0),
(5:6), (4,5), (3,4), (2,3), (1,2) ,(0,1)
CH (0,0)
C2 High Pressure (6,8)
(2) Nitrogen flow
@ Near the front surface (0, 5 mm)
CI 2478
CN-V: (3’2)$ (2’1) ,(1,0),
(3:3),(22) ,(1,1),0,0),
(5,6).(4,5),(3.4),(2,3),(1,2),0,1)
(4,6),(3:5,(2,4),(1,3)0,2)
CH (0,0)
@ Upstream (30, 80, 100, 150, 200 mm)
CI 2478
CN-V:(3,3),2,2),(1,1),(0,0) were also
identified at 30 mm position.
® Downstream (20, 40 mm)
CI2478
CN-V : (3.2), (2,1),(1,0),
(3:3(2.2)(1,1),(0,0),
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(5:6),(4,5)(3,4),(2.3),(1,2),(0,1),
(4.6),(3,5),(2:4),(1,3),(0,2)

CH (0,0)

(3) Argon flow
* (D Near the front surface (0, 5 mm)

CI 2478

CO2* FOX-DB.

CN-V 1 (3,3),2,2),1,1),0,0),
(46),(3,5),(2,4),(1,3),(0,2)

CH (0,0)

C2 High Pressure : (6,5)

@ Upstream (30, 80, 100, 150, 200 mm)

CI 2478

CO2" FOX-D.B

CN-V: (3’3)’(2’2)s(1 ’ 1 ),(0,0),
(4,6).3,5),(2,4),(1,3),(0,2)

@ Downstream (20, 40mm)

CI 2478

CO2" FOX-D.B

CN-V: (3’3)’ (2’2)’(151)5(090),
(5,6),(4,5),(3,4),(2,3),(1,2),(0,1),
(4,6),(3,5),(2,4),(1,3),(0,2)

CH (0,0)

C2 High Pressure : (6,5)

6.2 Measurement at NAL
6.2.1 Identified features
(1) Upstream more than 50 mm
CO2" FOX-D.-B
CN-vV: (3’2)9 (2sl)’ (190)9
(3:3),(2.2), (1,1), (0,0),
(5,6), (4,5), 3.4), (23), (1,2), (0,1)
C2 High Pressure : (6,8)
(2) Upstream 5~30 mm
CO2" FOX-D.-B
CN-V: (3>2)’ (2’1)’ (190),
(3.3),(2,2),(1,1),(0,0),
(5,6), (4,5), 3.4), (2,3), (1,2), (0,1)
CH: (0,0)
C2 High Pressure : (6,8)
(3) Downstream (20mm)
CO2' FOX-D.-B
CN-V : (3.2), (2,1) (1,0),
(3:3), (22),(1,1),(0,0),
(5,6), (4,5), (3:4), (2,3), (1,2), (0,1)
CH: (0,0
The measurement higher than 490 nm was
impossible because of the too strong intensity
of the radiation.
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Concerning the above mentioned (1)-(3), the

unknown radiation were observed in the

wavelength ranges 0f440-510 nm and 600-650.
6.2.2 Intensity Comparison
The measured intensities of CN-V were compared
at the upstream (50 mm), near the front surface (5
mm) and the downstream (20 mm) regions. They
are shown in Fig,9. Those at the downstream are
strongest and at the upstream are weakest.

7.Discussion

(1) Identification in the upstream region

The carbonaceous species (such as CN-V,
CI2048) are seen at the position outside of the
shock wave at both JUTEM and NAL
experiments. This is not diffusive. Ifit is diffusive,
the maximum distance to be seen is the edge of the
boundary layer. It can be thought that the
phenomena are attributed to spallation. However,
the emission lines of carbonaceous particles were
not seen about 75 mm from the front surface at
IRS®, The other reasons can not be denied, then
further investigation is necessary.

(2) Intensity increase in the down stream region
The intensity of CN-V were increased in the down
stream region at NAL experiments. The
downstream region is relatively cold and does not
emit radiation in the absence of radiation. With
ablation, strong carbonaceous radiation is seen.
This is possible only if the amount of carbonaceous
species in the downstream is very high. This is
because of accumulations of the carbonaceous
species produced in the upstream. Similar
g:;lomlawmobsewedatmems experiments
However, conceming the results of JUTEM
experiments, it is difficult to say the intensity
increase because the heating conditions of each
data are different.

(3) Identification near the front surface

It can be thought that the identified carbonaceous

particles were generated by ablation.

(4) Comparison with IRS experiments
Comparing with the identified emission features of

IRS experiments, following difference were found.
+ C2 Swan and CI5798, which were identified at

IRS experiments, were not at JUTEM and NAL.
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+ CH(0,0), which was identified at JUTEM and
NAL experiments were not found at IRS,

+ The unknown radiation were observed only at
NAL experiments.

‘8. Conclusion

(1) The radiation from the carbonaceous species at
a distance far upstream of the ablating surface
were observed at both JUTEM and IRS
experiments. These phenomena can be
attributed to spallation.

(2)The strong carbonaceous radiation in the
downstream region can be attributed to the
cummlative effect of spallation.

(3)Concerning the difference of the identified
emission features at IRS, JUTEM, and NAL
experiments, further research are necessary.
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Table2 Distances from the front surface at JUTEM

Relative
position

Distance
(mm)

Sample in or

Upstream

5

5

30

80

100

150

200

Front surface

0

elele|s|eolole@®le|s §

Down stream

20

40

Table 3 Distances from the front surface at NAL
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Table 1 Facility operation at JUTEM Data Relative Distance | Sample inor
- D position (mm) out
Satﬁl)ple Atmosphere Clg;nt Mass flow ) Upstream 30 o.ut
Ablator 4 Air 120 | 25 litter/min ) 90 in
. : (0.50 g/s) @ 80 in
Ablator 4 N2 120 | 20 fitter/min @ | Upstream 50 in
039gs) @ 30 in
Ablator 2 Argon 180 20 litter/min ® 15 n
(0.55 g/s) ® : =
@ | Downstream 20 in
Table 4-1 The identified emission features (In the Air flow)
Atoms and | wavelength | Transition Naer front Surface Upstream Downstream
molecular (nm) IRS | JUTEM | NAL | IRS | JUTEM | NAL | IRS | JUTEM | NAL
oozt 3370 - NI I — NI 1 - NI I
FOX-D-B.
38547 (3)
CN-V 386.19 22) - I 1 | — 1 I I I I
387.14 i)
38834 0,0)
41524 (,6)
41581 @.,5)
416.78 (3,4 - NI I - NI I I NI I
CN-V 418.10 2.3)
41972 (12)
421.60 0,)
CH 43142 (0,0) — 1 1 — NI | NI 1 NI
(00) 558.55 (1,2 - NI NI - NI NI 1 NI NI
Swan 563.55 0,1)
CI5798 579.78 — NI NI — NI NI I NI NI
C2HighP. | 589.93 68 | — I I | — | N I_| NI I NI

— : Not measured or analysed
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Table 4-2 The identified emission features (In the Nitrogen flow, only at JUTEM)

Atoms and Wavelength | Transition | @ ©) @ ® ® @ ® @®
molecular (nm)
CI2478 — — 1 I I 1 I 1 1 1 1
CO2" FOX- 3370 — NI | NI | NI | NI | NI | NI | NI | NI | NI
D.-B.
358.39 3,2
CN-V 358.59 VX)) 1 NI | NI | NI | NI | NI I I I
359.04 (1,0)
38547 3,3)
CN-V 386.19 22 1 I | N | Nf NN I I
387.14 (LD
388.34 (0,0)
41524 (5,6)
415.81 @.,5)
CN-V 416.78 (3.4 I NI | NI | NI NI | NI I 1 I
418.10 2,3)
419.72 (12)
421.60 0,1)
CH 43142 (0,0) 1 NI NI NI NI NI 1 I I
45148 @,6)
453.19 (.5
CN-V 45531 24 1 NI NI NI NI NI I I I
457.80 (1,3)
460.61 02
C2 High P. 468.02 (6,5) Nl | NI | NI | NI | NI | NI | NI | NI | NI
C2 High P. 589.93 (6,8) NI NI NI NI NI NI NI NI NI
I : Identified NI : Not identified
Table 4-3 The identified emission features (In the Argon flow)
Atomsand | Wavelength | Tramsition | Near front surface Upstream Downstream
moleculars (nm) IRS JUTEM | IRS | JUTEM | IRS | JUTEM
38547 (3,3)
CN-V 386.19 22) I I I I | I
387.14 (L1
38834 0,0)
41524 (5.6) NI
415.81 @5 NI
416.78 (34) NI NI NI NI I NI
CN-V 418.10 23) 1
419.72 (12 1
421.60 ©,1) NI
CH 431.42 0,0) NI I NI NI NI 1
45148 (4,6)
453.19 (3,5
CN-V 45531 24 NI I NI I 1 1
457.80 (1,3)
460.61 0.2)
C2 High P. 468.02 6.5 NI I NI NI NI I
469.76 (3,2
C2 Swan 471.52 2,1) 1 NI NI NI 1 NI
473.71 (1,0
CI5042 504.17 — NI NI NI 1 NI
C2 512.93 (1,1) NI NI NI I NI
Swan 516.52 0,0)
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c2 558.55 12) I NI I NI 1 NI
Swan 563.55 ©o,D

C15798 579.78 — I NI I NI 1 NI

C2HighP. | 58993 6.8) NI I NI NI NI 1

I : Identified NI : Not identified
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