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Abstract. Absolute intensity measurements of impurity
emissions in a shock tunnel nozzle flow are presented.
The impurity emission intensities were measured with a
photomultiplier and optical multichannel analyser and cal-
ibrated against an intensity standard. The various metallic
contaminants were identified and their intensities measured
in the spectral regions 290 to 330nm and 375 to 385nm.
A comparison with calculated fluorescence intensities for
predissociated laser-induced fluorescence signals is made. It
is found that the emission background is negligible for most
fluorescence experiments.
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1. Introduction

The application of optical techniques to hypervelocity flows
in shock tubes allows non-intrusive measurements in regions
that are otherwise difficult to access. These techniques in-
clude interferometry, absorption and emission spectroscopy,
schlieren, Laser-Induced Fluorescence (LIF) (Paul et al.
1989; Meier et al. 1991; Palmer et al. 1992) and various
non-linear spectroscopic schemes. Planar LIF is particularly
atfractive as it offers instantancous two dimensional imag-
ing of flow parameters such as temperature, species con-
centration and velocity. The major limitation of LIF is that
collisional quenching affects the accuracy of this method
at high temperatures and pressures. A variation of this LIF
method involves using a fast predissociating upper state to
reduce the possibility of a collision occurring within the
predissociation lifetime (Andresen et al. 1988). However
this technique significantly reduces the LIF signal intensity.
It is possible that the predissociated LIF signals may be
“swamped” by the background luminosity which occurs in
hypervelocity flows. The experiments described in this pa-
per were designed to measure the absolute intensities of the

Correspondence to: A.F.P. Houwing

shock tunnel flow emissions and compare these results with
theoretical calculations of predissociated LIF signals.

A major constituent of the background emissions is
produced by atomic impurities which have been eroded
from the interior surfaces of the shock tunnel and heated by
the flow. A comprehensive study of the impurities in a free
piston shock tube facility was performed by Kilpin. Iron,
chromium, nickel, molybdenum, manganese and titanium
were identified as well as several other trace elements.
Hornung and Sandeman (1974) found by interferometric
means the concentration of chromium in the ANU T3 shock
tunnel to be approximately 1 in 3000.

2. Experiment

The experiment was conducted in the Free Piston Shock
Tunnel T3 at the Australian National University. The shock
wnnel is shown schematically in Fig. 1. A description of
the shock tunnel and its operation is given by Stalker (1970,
1972). LIF experiments are planned for this facility to inves-
tigate combustion phenomena in a Supersonic Combustion
Ramjet (SCRAMIET). These LIF experiments will aug-
ment studies using Coherent Anti-Stokes Raman Scattering
(CARS) currently in progress (Pulford et al. 1992). Hence,
the observation volume for the following emission measure-
ments was inside the duct of a SCRAMIET model. The
SCRAMIET model is as described by Stalker et al. (1984,
1988). The adjustable floor of the duct was placed in the
zero degree posidon producing a duct of constant width
(50 mm) and height (25 mm). A fused silica window {diam-
eter 25mm) was mounted in the top of the duct to view the
flow (25 mm downstream of the hydrogen injector).

Figure 2 illustrates the optical arrangement for the ex-
periment. The radiation from the flow was imaged with a
fused silica lens (f/2.5) onto the entrance slit of a 1 metre
spectrometer (Spex 1704 with a 1200mm~! grating). The
spectrometer was positioned above the optical table for the
CARS experiment, which was in progress at the time, in
order to view the emissions through the top window of the
test section. The optical periscope arrangement was neces-
sary to avoid a steel girder above the test section which is
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Fig. 1. The T3 free piston shock tunnel (Stalker 1970, 1972). Metallic contaminants are believed to be introduced into the flow in the high temperature
nozzle reservoir region and from the surfaces exposed to the flow in the nozzle and test section regions
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Fig. 2. Mustration of experimental arrangement. This is a view from the end of the shock tunnel with the flow coming out of the page

used to support the nozzle during set up procedures. The
linear dispersion of the spectrometer was measured to be
0.83nmmm™! at 300nm. The spectral regions of interest
were from 290 to 330nm and 375 to 385 nm which corre-
spond to LIF emission wavelengths for molecular oxygen
(Andresen et al. 1988). Pressure transducers located along
the shock tube provided a method for measuring shock
wave velocities and determining the triggering times for the
optical experiments.

Three methods were employed to measure the spectrally
dispersed impurity emissions. Photographic exposures were
made with high speed infrared film (Kodak 2481) which
had a maximum spectral sensitivity in the 250 nm to 400 nm
spectral region. The negatives were exposed for the entire
test time to ensure adequate exposure. To allow accurate
calibration, a spectrum from a mercury-zinc-cadmium lamp
was placed alongside the impurity spectrum by masking
half the entrance slit of the spectrometer. These exposures
allowed identification of the spectral lines and the various
atomic species from which they originated. A photomulti-
plier (Thorn EMI 9783B) was used to measure the time
resolved intensity of specific emission lines. The photomul-
tiplier output signal was recorded on a digital storage oscil-
loscope (Tektronix 2232) and later transferred to a micro-
computer. The oscilloscope was triggered at shock reflection
by the nozzle reservoir pressure transducer and proceeded
to collect data for approximately 2ms. An Optical Multi-
channel Analyser (Princeton Applied Research OMA-2) was
used to obtain spectrally dispersed intensity measurements.
The OMA was gated for approximately 30 us at different
times after shock reflection. Finally, the experimental system
was calibrated with an intensity standard (tungsten ribbon
filament lamp from Philips).

3. Results

Table 1 shows the experimental conditions for the shock
tunnel operating in shock-reflected mode with the contoured
nozzle used in previous SCRAMJET studies (Stalker et al.
1984, 1988). The photographic negatives were examined
with a digital readout microscope and the lines centres were
measured with an accuracy of 0.01 nm. Approximately 100
lines were observed in the region from 290 to 330nm,
half were due to transitions in iron and a quarter were due
to chromium transitions which are the major elements of
stainless steel. Seven weaker nickel lines were also identi-
fied. Four molybdenum lines were identified including two
stronger ones at 313.259 and 315.816 nm. Three lines were
attributed to tin at 303.412, 317.505 and 326.234nm and
two strong aluminium lines were identified at 308.215 and
309.271 nm. Three copper lines were identified at 296.116,
324.754 and 327.396nm. They are an order of magnitude
greater than the surrounding emission lines and most likely
originate from the brass hydrogen injector in the SCRAM-

Table 1. Conditions for the experiment. The compression tube was filled to
48 kPa of Helium and the reservoir was 3.7 MPa of air. The diaphragm was
1.6 mm thick (B.P. 50 MPa)

Condition  Shock tube Shock  Reservoir
filling pressure  speed enthalpy
(kPa) (km/s) (Mlkg)

(a) 6.7 51 25

) 13.3 42 17

©) 26.7 3.6 12

) 53.3 3.0 83

() 150 2.1 44
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Fig. 3a—d. Variation of intensity with enthalpy for the 300.506 nm chromium line: a 8.3MJkg~1; b 13MJkg™%; ¢ 17MIkg~1; d 25MJkg™!

JET. The observation region is 25 mm downstream of the
brass injector.

Figure 3 shows the time resolved intensity of the
chromium 300.506 nm line at various flow enthalpies. No
signals were detected for the lowest enthalpy condition of
4.4MJkg~!. Figure 3¢ illustrates the various details of the
nozzle starting process (Smith 1966). Heat-transfer rate mea-
surements performed by East, Stalker and Baird (1980) show
a remarkable resemblance to the intensity measurements of
Fig. 3c. The initial peak corresponds to the arrival of the
primary shock followed closely by the recovery shock. The
gradual increase in intensity between 300 and 450 us after
shock reflection is due to the rearward facing expansion
wave. Finally, the intensity decreases due to development of
boundary layers on the interior surfaces of the shock tunnel
which decreases the rate at which impurities are introduced
into the flow. The establishment of the nozzle flow stabi-
lizes the flow temperature and this may also contribute to
the decrease in intensity. This is followed by a period of
steady flow which continues until the arrival of the helium
driver gas (East et al. 1980). Figure 3d shows saturation
of the photomultiplier at 45 W sr—!. Calibration showed
that the photomultiplier was linear to at least 34 W sr!
and the OMA measurements indicate that the intensity may
have been as high as 100 uWsr™!.

The OMA results performed at 210 us after shock re-
flection and at an enthalpy of 25MJkg~! are shown in

Fig. 4. The general background is found to be of the or-
der of 1mW st~ nm~! between 290 and 330nm. The two
copper lines at 324.8 and 327.4nm are the most prominent
features of the spectrum. Measurements were also made at
400 and 800 us after shock reflection for the 25MJkg™!
condition. Only the copper lines at 325 nm were detectable.
The peak intensity of the 325nm line was approximately
100 times less at 400 us and approximately 200 times less
at 800 ws. Therefore intensities during the steady flow period
were several orders of magnitude less than those during the
nozzle starting process and it is for this reason measure-
ments were made during the starting process. Uncertainties
after calibration were found to be approximately 10 % and
20 % for the OMA and photomultiplier results respectively.

4. Calculations

Detailed studies and calculations of fluorescence spectra for
0O, have been performed (Andresen et al. 1988; Lee and
Hanson 1986; Kim et al. 1991). Here, for simplicity, we
consider a tunable krypton fluoride excimer laser (248.0-
248.9nm) exciting one triplet component (P(9), v/ =2
v” =7) at 248 nm and observing the fluorescence from one
triplet component (P(9), v’ =2 — v” = 14) at 325 nm.

For a laser pulse of duration ¢ (sec), cross sectional
area S (m%) and spectral energy density p, Jm—3Hz ') at
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Fig.4a—e. Absolute intensity measurements of background emissions at 25MJkg~! and 210 us after shock reflection. The OMA was positioned at the

wavelengths: a 295 nm; b 305nm; ¢ 315nm; d 325nm; e 380nm

frequency v, the number of absorption transitions per laser
pulse is Np,BtLS. L (m) is the length of the absorbing
medium and B (s~!(Jm—3Hz~!)~!) is the absorption tran-
sition probability. N (m~3) is the number density of the
lower state (v J'") for the absorption transition and is given
from Boltzmann statistics to be

_ _P_ 2J" +1 exp
kT Q:Q\Q:

where T (K) is the temperature and P (Pa) is the par-
tial pressure of the absorbing species. Q., @y and @, are
the electronic, vibrational and rotational partition functions
respectively, while T, G,» and Fj» are the electronic,
vibrational and rotational energies of the lower state.

The fluorescence signal is determined by the frac-
tion of the excited molecules which radiate via the
particular emission transition. This fraction is given by

A. / (z Ay gn 4 Qpre +ch) where A. is the transition

probability of the transition we are observing, > A,» v is
the sum of transition probabilities for all possible transitions
from the excited state, and Qg and Qg are the predisso-
ciation and collisional quenching rates respectively. Since
predissociation dominates all other de-excitation processes
at pressures of the order of 1 atmosphere, 3~ A,»j» and Q4
are negligible when compared with Qpr. The fluorescence
signal (photons per steradian per laser pulse) is

h
{é(:rca,cw +FJ,,)} (1

A, .
Qe @

1
F=_—Np,BILS

The spectral energy density can be estimated by E/(Stc6,)
where E (J) is the laser pulse energy, ¢ (ms™!) is the speed
of light and 8, (Hz) is the laser linewidth. Substitution of
this approximation into (2) eliminates the laser pulse dura-
tion ¢ and cross sectional area S. For a sample of O, at
2000K and a pressure of 0.21 atm, the number density of
the lower state from (1) is N = 2.72 x 10'® molecules m™3.
Values used to calculate the partition functions and energy
levels were found in Huber and Herzberg (1979). If Qpr =
7.35 x 10'%s71, A, =398 x 10°s™!, B = 1.47 x 10"¥s~!
m™Hz"Y)', E = 650mJ, §, = 1.5 x 10!°Hz and
L = 1cm, then from (2), F =2 x 10° photons sr~! pulse~!.
The predissociation quenching rate was calculated from
linewidths found in Lewis et al. (1986). Band transition
probabilities and Honl-London factors were from Allison et
al. (1971) and Tatum (1966) respectively.

The background signal at 25MJkg~! and 210us af-
ter shock reflection is approximately 7mWsr~!nm~! at
325 nm (Fig. 3d). The LIF signal falls directly on the copper
emission line at 325nm. The number of background pho-
tons collected by the detector depends on the bandwidih of
the detector (or filter) and the detector gating time. For a
gate of 90ns and filter of 1 nm bandwidth, the number of
background photons emitted into 4 steradians is 1 x 10°.



This gives a signal to background ratio of 2 to 1. This is
a worst case situation since the background signal will be
one to two orders of magnitude less when the experiment is
performed at a more realistic enthalpy and flow time. The
general background level at 25MJkg~! and 210us was
1mWsr~!nm™!, Further OMA results showed the inten-
sities to be 100 times less at 400 us and 25MJkg~! and
20 times less at 210 us and 8.3 MJkg~!. The steady flow
period, signified by a drop in background intensity, does
not commence until about 400 us at 8 MJ kg~! which would
make the signal to background ratio approximately 2000 to
1.

Andresen et al. (1988) have shown by experiments in
an atmospheric flarne that in most cases OH is the strongest
emitter by a factor of 10 over transitions in the (0,6) band
of Oy, and a factor of 100 for transitions in the (2,7) band
of Oy. Hence careful selection of the LIF transition used
and other experimental parameters (detector gating time,
filter bandwidth) will significantly improve the signal to
background ratio. I.IF experiments in O, conducted on the
ANU T2 free piston shock tunnel using a tunable argon
fluoride excimer laser confirms these results (Sutton et al.).

5. Conclusions

In this experiment the absolute intensities of thermal emis-
sions from a shock tunnel have been measured. A spec-
troscopic survey of the regions between 290 and 330nm
and 375 to 385nm was conducted. Elements such as iron,
chromium, nickel, molybdenum, copper, tin and aluminium
were identified. These elements have been eroded from the
surfaces exposed to the flow inside the shock tunnel. The
variation of emission intensity with time was found to be due
to the nozzle starting process. In general, the background in
the 290 to 330nm spectral region was found to be of the
order of 1mWsr~'nm~! at 25MJkg~! and 210us after
shock reflection. A comparison with calculations of predis-
sociated LIF signals from O, indicate a very favourable
signal to background ratio. The background should be neg-
ligible for most LIF transitions unless the experiment is
conducted during the nozzle starting process. One method
used to reduce the impurities is to line the interior of the
shock tube with copper (Hornung 1992). This removes the
metallic impurities eroded from the shock tube walls at the
expense of the few strong copper lines. Experiments involv-
ing the application of LIF to shock tunnels are continuing
in this laboratory.
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