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ABSTRACT

Part I: Qualitative Spectroscopic Studies of Heated Salts
Behind Shock Fronts
Experimental studies have been conducted on the type of
radiation produced from various materials by means of shock
waves. As is to be expected, the cbserved spectra, which are
similar to spark and arc spectra, are strongly dependent upon

the shock conditions.

Part II: Quantitative Spectroscopic Studies

Experimental studies were made to determine whether an
estimate'of population temperature could be cbtained from
spectrographic records. These tests suggest that excessive
cooling occurs in the shock tube. The data relating to temper-

ature measurement are incomplete.
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PART I
Qualitative Spectroscopic Studies of

Heated Salts Behind Shock Fronts
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I, INTRODUCTION

The shoeck tube has found many diverse applications as
a research tool because it can be used to produce exceedingly
high temperatures for short periods of time. For this reason,
it is an ideal instrument for providing excitation of materials
at known temperatures. The first part of the experimental
program has been devoted to a qualitative study of the emission
spectra that result when solids are excited in a shock tube.
Our studies constitute an extension of earlier work described

by Nicholls et al (reference 1).
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1I, THE SHOCK TUBE AND ASSOCIATED MEASURING EQUIPMENT

In preliminary tests, a low pressure shock tube »made
from pyrex gless was employed. This tube was constructed of
one inch pyrex tubing. In operation, the low-pressure section
was sealed by means of a Saran Wrap diaphragm and the ambient
atmosphere was used as the driver gas. Temperatures of the
incident a.nd reflected shocks could be varied by changing the
pressure of the driven gas. Farly studies on NaCl, which has
an easily excited spectrum, showed that no spectral radiation
could be féund with the available instrumentaﬁion. For this
reason, the glass tube was sbandoned in favor of a metal tube
which could be used to obtain higher temperatures. )

The shock tube was constructed of one inch stainless
steel seamless tubing. The low-pressure section was 51 inches
long end the high-pressure section was 24 inches in length.
The two sedtions were separated by means of a mylar disphragm
0.005 inches thick. The low-pressure section was connected,
by means of copper tubing, to a vacuum pump, manometer and s
gas loading system. The high~-pressure section was connected
to a pressure gage and a bottle of high-pressure helium.
Figure 1 shows ya schéma’cic diagran of the shock tube and
gas-handling equipment. In all of the tests made in the fivrst
part of the program, .argon was used as the driven gas in the
low-pressure section. To provide for optical observation of
the materials tested in the shock tube, a flange with a glass
window was used at the end of the tube. With this window it

wes possibleq to obtain spectra by looking along the longitudinal
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axis of the tube. Since the optical cutoff for the glass
window was about 3600 ﬁ, a similar flange was constructed with
a quartz window having & cutoff of about 1800 ﬁ. In conmnection
with some of the later work, where it was desirsble to have a
short optical path, a lucite block was connected to the end of
the tube and the instruments focused in a direction perpendicular
to the tube axis. Thig arrengement is shown in Figure 2a. The
lucite block was used for pressures up to 400 psi in the driver
section. For pressures above 400 psi, the lucite block was
replaced by one of the flanges.

The temperature and density of the shocked gases could
be varied by adjusting the argon pressure in the low-pressure
section together with the helium pressure of the high-pressure
section. In operation, the solid msterials under study were
placed at the back end of the shock tube so that they were heated
by the reflected shock waves. The low-pressure section was
evacusted, flushed with argon and re-evacusted. It was then
relosded with argon to pressures of 5 to 60 mm depending upon
the desired tempersture. Subsequently, the high-pressure section
was loaded with helium by means of a throttling valve until the
nylar disphragm bufst. A single disphragm, 0.005 inches thick,
gave bursting pressures that varied from 275 to 330 psi. Pres-
sures up to 580 psi could be obtained using two diaphragms.

The window of the shock tube flange or the lucite block
was imaged on the slit of a Hilger £/9 spectrograph. The

arrangement used is indicated in the schematic diagrems of
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Figures 2a and 2b. The spectrum provided by the shock
excitation was recorded on Royal X Panchromatic film, ASA
1600. After each shot, a mercury lamp was focused on the

81it to provide a comparison spectrum.
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III. OUTLINE OF THE EXPERIMENTAL PROGRAM

The first part of the experimental program was
devoted to obtaining qualitative information gbout the
emission spectra of various materials. Usually sbout 0.2
grams of solid material were placed in the shock tube at the
point of observation. The arrangement used in these tests
is that indicated in Figure 2a. When the shock passed over
the salt, a very intense flash of light resulted and was
recorded 5y the spectrograph. Several sodium and calcium

salts were studied.
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IV. DISCUSSION OF THE EXPERIMENTS AND ANALYSIS OF DATA

With a driver pressure of 300 to 330 psi and & driven
pressure varying from 50 to 5 mm, it is possible to obtain
calculasted reflected shock temperatures between S,SOOOK and
11,000°K, These temperatures have been calculated according
to the methods outlined in references 2 and 3 and neglect the
jonization of argon. As indicated in reference 4, a correction
for argon ionization should be made at temperatures above
9,000°k. TFor this reason, the 11,000°K estimate represents an
upper limit. A typical spectrum obtained with sodium chloride
is shown in Pigure 3. Several other sodium salts were exasmined
(e.g., Nal, NaBr, etc) and all of them gave spectra similar to
those shown in Figure 3. The shot indicated by Figure 3 was
made with a driver pressure of 235 psi and a driven gas pres-
sure of 35 mm. Under these conditions, a calculated reflected
shock temperature of about T,000°%K was obtained, The most
striking fact about the spectra is the very intense darkening
of the plate in the region of 5,0&0 R, i.e., in the vicinity
of the sodium D lines which have an estimated effective width
of 80 A, Arc and spark spectra of this material give similar
spectra but the darkening is considerably more diffuse and less
sharp. |

In addition to the sodium compounds, a series of shots
was made vsing caleium chloride. Figure I represents the
spectral record of CaCl2 obtained with a reflected shock temper-

ature of about 8,000°K. Some of the lines have been identified
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and marked. It is to be noted that ilonic as well as atomic
lines were identified. A series of shots was also made with
driven gas pressure of 50 mm, 30 mm, 15 mm, and 5 mm, under
essentially constant driver pressure conditions (i.e., about
300 psi). The fesul’cs of these shots are shown in Figure 5
and calculated reflected shock temperatures are indicated
for each shot. At the lower temperatures, the atomic and
molecular spectral lines are somewhat faint and the ionic
lines fainter still. As the temperature is raised by lowering
the pressure of the driven gas, the atomic and ionic lines
become more intense. However, at the highest temperature
(cerresponciing to 5 mm in the low-pressure section) the
entire spectrum becomes very faint although the relative
intengity of the ionic lines to the atomic lines has cone-
tinued to increase. In Figure 5a we have shown the effective
line widths as a function of temperature. Qualitatively we
can ex;plain Figures 5 and 58 on the basis that, even though
the temperature has increased to rather high values, the
nunber of exciting atoms aveilsble is considersbly reduced so
that a decrease in intensity is actually produced. On the
other hand, when a collision does occur, the high temperatures
involved cause the ionic excitation to predominate.

It has become apparent as a result of the tests described
above that very small amounts of any of the salts give rise to
rather intense spectra. Thus when the tube is cleaned at the

conclusion of a test with sodium salt and then a shot is made
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with nothing but argon in the low-pressure section, sodium
spectral lines still appear faintly on the spectrograph;

particularly the strong sodium D lines tend to persist.
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Part II

Quantitative Spectroscopic Studies
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V., INTRODUCTION

It would be extremely useful to develop a relatively
simple method for tempersture measurements based‘upon
spectroscopic observations. This procedure would provide an
~excellent toel in serodynamic studies where the shock tube
is used as a short duration wind tunnel. For example, an
aerodynamic model could be coated with a salt (such as
calcium chloride) and then a spectrographic record obtained
of the radiation that results when it is subjected to the
gags flow of a shock tube. From this record gas temperatures
in the vicinity of the model could presumsgbly be cbtained.

Methods for measuring temperatures spectroscopically
are described in reference 5. One of the procedures involves
the pesk spectral radiancy I for twn‘different gpectral lines
belonging to the seame emitter at the temperature T; the
relative values of the integrated intensity S must also be
known. The basic relation for equilibrium radistion is
exp (hcwo,g/kT~1) (1
exp (hewg,1/kT-1)

3
ImO,l/Two,z = (wb’l/@o’g) (31/52) )

Equation (1) applies provided (a ) the slit function is
essentially'constant over the ﬁave number range covered by
the emitting species and (b) no self ebsorption occurs. From
the spectrographic record it should be possible to determine
the ratio Iﬂ‘@,l /I‘”o, , While the ratio S1/S, can usually
be obtained theoretically. Hence T should be calculable

from the spectrographic record as long as the specified

assumptions are met in practice.



10

VI, INSTRUMENTATION

The system used for the qpantitative measurements included
all of the equipment used in Part I (see Figure 2a) together
with photoelectric measuring eguipment which provided time-
regolved spectra at a given wave length. A Jarrell-Ash
scanning monochromator was imaged on one side of the lucite
block (see Figure 6a). A TP28 photomultiplier tube was used
together with the network indicated in Figure 7. The signal
was smplified on a Tektronix 535 oscilloscope and recorded
photographically with a Polarold Land Camera.

The monochromator was set at a given wave length (e.g.,
5042 A) and the emitted radiation in the reglon of this
wave length was recorded., Preliminary experiments with the
monochromator, arranged as shown in Figure 6b, were made and
strong intensity readings were obtained at the dominant wave
lengths., Tésts'were then conducted with the instrumentation
arranged as shown in Figure 6a. This arrangement provided a
short optical path and sufficient radistion still existed to
give good records. All further tests were therefore made
with the instrument as shown in Figure 6a. The instruments
were imaged on the back end of the shock tube so that

reflected shock conditions prevailed.
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VII., OUTLINE OF EXPERIMENTAL PROGRAM

The same exper:!mén’cal procedure was used as in Part I
except that measured amounts of calcium chloride were placed
in the tube. A series of tests was made under essentially
constant shock conditions (15 mm of argon in the low-pressure
section and about 300 psi in the high-pressure section) with
varying amounts of CaCl,.

Next a series of tests was made using a fixed amount
of salt (0.005 gms.) and varying shock conditions. Records
were taken with both the Hilger and Jarrell-Ash instruments.

It was planned to use the Hilger records to obtain
temperatures. The time-~resolved spectra added additional
information (and, as it turned out, the more important
information). On the basis of the results of Part I, it
was decided to use the wavelengths 5042 A, 4878 A and 4527 A
for temperature meassurements. Tests were made on the 5042 A

and k527 A lines with the Jarrell-Ash monochromator.



12

VIII. DISCUSSION OF EXPERIMENTS AND ANALYSTS OF DATA

Relevant date for all of t_he tests are given in Table I.

To determine what, if any, effect is produced by varying the
amount of CaCl,, tests 4O to W7 were made. These tests were
conducted under essentlally constant shock conditioms (i.e.,

15 mm in the low-pressure section and about 300 psi in the
high-~pressure gection). The monochromator was set at 5042 A.
Each test provided a time resolved intensity curve similar to
that shown in Figure 8. By measuring the peak intensity and
plotting it against the smount of CaCl, used, the curve shown‘

in Figure 9 was obtained. This curve indicates that the peak
intensity goes through a maximum at sbout 0,030 gns, The
observed maximum value is probably associated with self-reversal.
All later tests were‘made with ecarefully weilghed amounts of
Cé.Clz (0,005 gms was used in each case).

The records obtained from the momochromator (Figure 8)
showed that the intensity decayed with time at a falrly rapid
rate. This decay could be produced by either a relaxstion
phenomenon associated with chemiluminescent excitation or a
cooling effect. The instrumentation was arranged in such a way
that & certain minimm radistion intensity was required before
the oscilloscope besm would trigger. The radiation was produced
by an excited state and corresponded to a kP to 3D transition
* for the 5042 K 1line. A relaxation effect would be characterized

by either a rise in intensity to some equilibriuwm value or else

by a decay from an apparent initial maximm value. Similarly
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a cooling effeect would be characterized by a decay from an
initial maximum value,

‘ Since the tests run at 5 mm in the low-pressure section
provide temperatures of the order of 10,000°K behind the
reflected shock wave, it is to be expected that a considersble
amount of radilation cooling occurs. Shot 59 was mede to obtain
the time-resolved intensity curve with an initial pressure of
5 mm in the driven gas. Then the lucite block was covered with
aluninum foil except for a narrow slit upon which the |
monochromstor was imaged; test 60 was then performed under
conditions vhich were otherwise similar to those employed in |
test 59. The results of these two tests are shown in Figures
10 and 11. Reference to the results shows that the decay rate -
has been considerasbly decressed by simply encasing the lucite
block with aluminum foil, Since this foil could have no effect
if the decay curve were produced by a relaxation phenomenon, we
conclude that the data correspond to a cooling process., If we
assume that the intensity (I) varies with the time (t) according

Yo the expression

I(t) = Ig exp (- Bt) (2)
then the data from the oscillograph traces can be plotted on
| semi-log paper and the "cooling rate constant' P determined
from the slope., This programme has been carried out for
represéntative shots at different temperatures (see Figure 12),

The value of P is indicated with each curve. The data in
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Figure 13 correspond to all the tests made with 5 mm in the
driven gas section both with and without aluminum foil covering
the lucite block. It i1s apparent from Figure 13 that considerable
variation in the cooling rate constemt ( B ) occurs from shot to
shot. However if sn average is taken for all the tests made
under the same shock conditions and ln I/I, plotted as a function
of time based on this average, the effect of the foil is quite
pronounced as shown by the date of Figure 1l3a. The rate of
decay is larger at the high temperatures as is to be expected.
At temperatures of about TOOOK no difference in rate was noticed
with or without the aluminum foil.

Since 1t was esteblished that a strong cooling effect
existed in the tube, it was felt that using the Hilger recoxrds
for temperatui'e measurement would at best provide only an
average value, If we re-examine the significance of a typical
monochromator record, such as shown in Figure 8, and assume
that the intensity corresponds to thermodynamic equilibrium
at all times, with the intensity decrease produced by a cooling
effect, then it should be possible, knowing the peak intensitiés
at two different wavelengths, to estimate temperature.

In order to obtain relisble information concerning the
possibility of making temperature measurements from peak
intensity data, it was decided to repeat at 4527 f; a series of
tests similar to those made st 5042 A (shots 68 to 76 in

Table I). From the test results mede at both wavelengths,
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the peak intensities were measured and plotted against
temperature using the data given in references 2 and 3. The
results are shown in Figurve 14. A straight line has been
dravn through the data in such a way that each line represents

s mean peak intensity. Equation (1) may be used to derive the

expression

3
(15042) = (4527) (SI/SZ> exp (hC/‘KT (u527) - 1)
(T4527 ) pesx  (5042) exp (he/kT (5042) - 1)

This result may then be pubt in the form

I5042 _he (1/us27 - 1/5042)
1452#/‘( ) =2 (3)

or

3270

d (1:::1

)/ & =)

it

()

From Figure 14 we may obtain ln I5042/I4527 which can be plotted
against l/T and then grephically differentiated. The resulis

of this operation ave shown in Figure 15 where d(In I50k2/Ik527/a(1/T)
is plotted against l/T for the experimentsl data. The theoretical
result is indicated by the dotted line. The experimental curve
shows that the derivative is strongly temperature dependent. This
surprising temperature dependence of the intensity ratio probably
cannot be accounted for on the basis Qf a number of secondary
factors which invalidate the use of equation (2), viz, self
absorption, lack of reproducibility of successive shots, ete;
but rather stems from a nonequilibrium shock phenomenon which

requires further detailed study.
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FUNCTION OF TIME.
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