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ABSTRACT

A description is given of exploratory measurements, by means of a
two-color pyrcmeter, of the temperature and concentration of solid con-
taninants near the throat ¢f a spark-heated hyperveloclty wind tunnel.
Because of 1ts rapid response, the method is capable of providing a
time-resolved history of the contamination during & run. Although some
initial success can he reported, additional work remains to be done
before the method can be made reliably quantitative and before the
temperature of the flowing gas can be related to that of the contaminants.
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1.0 INTRODUCTION

A program of experimental and theoretical study of the performance
of a spark-heated hypervelocity wind tunnel has been in progress at
Stenford University since the summer of 1958. Reports by Karamcheti et
al. (1961,1962), Vincenti (1961), and Emanuel and Vincenti (1562)
describe some aspects of the work with regard toc the state of the gas
in the arc chamber, nozzle, and test section. This report describes
the investigations being performed concerning the temperature and con-
tamination level cof the gas at a position 2.25 inches downstream of
the throat of the wind-tunnel nozzle. If the chemical composition
and/or vibrational energy freeze at some point in the flow, the static
temperature will differ considerably from that for equilibrium flow.

It would be valuable therefore to measure independently the static
temperature of the gas and compare the value so obtained with that
given by theoretical calculation.

Additional informestion obtained concerning the presence in the
ges stream of fine contaminant dust is also of importance. These metal-
lic or metal-oxide particles, formed in the arc chamber, are accelerated
to a high veloeity in the test gection. The presence of the psrticles
in the gas can affect aerodynamice measurements to a considerable
degree. A method of monitoring and perhaps measuring the amount of con-
taminant present in the flow would therefore be desirable.

A variety of methods have been used for measuring the temperature
of flames and hot gases and are well summarized by Broida {1955). 1In
selecting a method to be used in the present case it must be remembered
that the contaminant partiecles radiate with a continucus spectral
distribution. This radiatlion from the contaminant immediately suggests
the possibility of measuring the contaminant temperature and inferring
the gas temperature. If the contaminant is in thermal equilibrium
with the gas, then the gas and contaminant temperatures are identical.
If we assume that this eguilibrium does exist, then a method for meas-
uring the contaminant temperature must now be found.

A cocmmonly used method to measure directly the temperature of a
gas 1s the line-reversal method. In this method, the radiaticn from a
source gas of known temperature is compared with the radiaticn from the
gas whose temperature is tc be measured. The temperature of the source
is adjusted until the intensity of radiation from the two gases is the
same, While the adjustments of the source temperature are usually made
menually, they could be done electronically, and so obtain the rapid
regponse necessary for temperature measurement in the wind tunnel,
Because of the difficulties inherent in the line-reversal method (the
thermodynamic states of the source and the test gns have to be identi-
cal, i.e., same pressure, temperature, compositicon, ete. ), the so-
called two-color method was chogen instead for the present application.

* References are given at the end of the veport., A biblicgraphy of
other escurces of pertinent information is also appended.
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The two-color method measures the intensity of radiation from the
contaminant at two wave lengths in the ceontinucus spectrum and deduces
the temperature from the intensity ratioc. If photomultiplier tubes
are used as the intensity-measuring device, very rapid temperature
Tluctuations can be observed., Since the intensity of radiation must
be measured in this metheod, it 18 also available as an indicator of
the amount of contaminaticn present in the gas. The following will
describe the theory of this method and the results thus far obtained.

2.0 TWD-COLOR PYROMETER

2.1 THEORY

The electromagnetic radiation emitted by a solid or liguid body
is in general distributed contimucusly over all wave lengths. The
intensity I as a function of wave length * at a given temperature
T 1is deseribed by Planck's distribution law

_ a
= h5(eb/kT 1) ’ (1)

where a and b are constants. Planck's law 1s strictly valid only
for bodies that absorb all of the incident radiation ("black body™).

Any physically realizable surface, however, is not black, The absorb-
tivity, as well as the emissivity, are in general functions of wave
length and temperature. The Intensity of radiation emitted by a surface
is therefore rewritten as

I= ks(eb/i; e (2)

where € 1is the emlssivity of the surface, which varies with tempera-
ture and wave length. For moderate temperatures (a few thousand

degrees K) and radiation cobserved in or neer the visible range AT < b R
we can approximate equation (2) by

I = can™ e_b/hT . (3)

By measuring the intensity of a light in the narrow wave-length
bands arcund A and A, , we can express the ratlc of the intensities
as a functicn of temperature from equation (5) as
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Jout

2 e e(b/T)(l/?x.g- /M)

From this we find

1
o2 = (A E) - e

In equation (4) the single constant b has the value

b= %§-= 1.42 cm deg K .

Thus, by measuring the intensity of radiation in two narrow wave-length
bands, the temperature can be calculated provided the emissivities are
known.

In the present case the two wave-length bands have actually been
taken a few thousand angstroms wide. The choice of wide bands has two
important advantages: first, it Increases the total intensity of radi-
ation, and second, it simplifies the equipment considerably. As a
result, however, the simple equation (h) can no longer be used to find
the temperature. The total emission 1in & wide band is

hl+ Ahl

I, = aL/ E(T,h)k_B e_(b/kT)dk s (5)
A

where Ah is the band width. Since the photocurrent is the quantity
gcetually Fecorded, the phototube output is given by

Kl+ Ahl
i= e e(r, N () e (AT g (6)
A

where n(h) is the guantum efficiency of the photesensitive surface of
the photomultiplier tube. The ratio of the photoccurrents of the two
wave-length bands is therefore
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hl+ AN
JF E(K,T)nl(X)K-B e-(b/hT) an
it i (1)
T; - Nt Dy )
Jf e(h,T)qE(k)h's e'(b/hT) ar
h2

The ratlo of the photocurrents is thus a function of temperature. If
the emissivities and quantum efficiencies are known, the temperature can
be caleculated. The numerical integrations involved in equation (7) are
avolded, however, through the cslibration of the instrument by means of
static high-temperature sources. A detalled description of the method
of calibration will be given later.

2.2 DESCRIPTION OF INSTRUMENT

As shown 1in Fig., 1, the pyrometer consists essentially of two
photomultiplier tubes. No filters or prisms are used tc make the two
wvave-length bands narrow, Instead, the tubes have been chosen so that
one (Dumont 6292) has a sensitivity range of 35Q0 A to 5500 A, while
the other (Dumont 6911) is sensitive from 6000 A to 9000 A . The photo-
tubes themselves thus act as broad-band filters. Light entering the
pyrometer through the window i1s collimated by a lens of 3-inch focal
length. An adjustable diaphragm is used t¢ obtain a suitable lens
opening during calibration. This is necessary since the intensity OE
radiation increases s the temperature of the source increases { ~ T ).
The lens opening therefore has to be decreased in order to maintain the
amplifier gain at the same setting as used during the run of the tunnel.
After passing through the diasphragm, the 1ight beam 1s split into two
parts by a half-silvered mirror. The two beams thus formed then fall
simultanecusly on the two phototubes.

The electronic circuit for the photomultipliers ig shown in
Fig. 2, It was decided to use negative high wvoltage on the photo
cathode and thus obtain an output close to the ground potentisl., This
necessitated the use of two cathocde fellowers for the following reascn:
The coutput from a cathode follower without & signal voltage on the
grid is a few volts. The signal, being negative, decreases this zero
output voltage. In order tc observe these small changes in the output
potential, it is necessary to balance out the zero voltage. The sim-
plest way to accomplish this is through the use of a second cathode
follower whose output can be varied manually until its output balances
the zero cutput of the first follower. The power supply used for the
phototube is a Model 4L12A from the John Fluke Co.
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2.3 CALIBRATION

Equation (7) contains the empirical function n(N\) , the efficiency
of the photosensitive surface., Sinece this varies considerably from one
phototube to another and also with time, 1t was decided to calibrate the
phototubes statically. To accomplish this, a heated platinum sirip is
placed behind the small window in the nozzle wall., The light emitted by
this strip passes through the window and the lens and is reflected by
the mirrors - the same light path as used during the actual run. This
procedure eliminates the neceszity of correcticons due tco the somewhat
gselective transmilssivities and reflectivities of the optical components
cf the pyrometer.

The voltage on the photomultiplier tubes for most runs 1s between
800 and 1000 volts. The output of both phototubes is adjusted to zero
with the diaphragm closed. After cpening the diaphragm, the outputs
are then recorded on a dual-beam oscilloscope, At the same time, the
temperature of the platinum strip is measured by means cof a Leeds and
Northrup hot-wire pyrcmeter. This procedure is repeated at intervals of
about 50C from 1300¢ to 1TC0PK. A typical calibration curve is shown in
Fig. 3., The absolute value of the ratic as recorded on an oscilloscope
can be adjusted arbitrarily by changing the amplification of the bal-
anced input amplifiers (part of the cscilloscope).

The Fforegoing calibration was also repeated with an oxidized ni-
chrome vibbon whose emissivity is closer to unity than is that of the
platinum. The difference in calibration curves is noticeable., It is
probable that the emissivity of the dust in the flow is somewhere
between those of platinum and nichrome.

An additional calibraticn is performed after the wind ftunnel is
fired. The calibration curve changes considersbly as shown in Fig. 3.
This 1s due to deposition of dust on the inside surface of the window.
As seen from Fig. 3, the transmissivity of the red light decreases less
than deoeg that of the blue. This is to be expected from the theory of
absorption and scattering of light.

Calibraticon is routinely performed immediately betfore and after
each run. The calibration curves used to compute the temperature are
generally the "before-run" curves, since it seems plausible that most
of the dust is deposited on the window during the final part of the run.
Before calibration, the power supplies and filsments are allowed to
warm up for & minimum of 30 minutes.
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3.0 EXPERIMENTAL RESULTS

3.1 TYPICAL RECORDS

All temperature messurements were made at a position 2.25-inches
downstream of the throat of the nozzle. At thls position the theoret-
ical equilibrium gas temperature is around 10009K. This is somewhat
lower than the minimum temperature used for the calibration. The
actual measurements, however, put the cobserved contaminant temperature
well within the range of the calibration.

The pyrometer is used during nearly every run of the tunnel.
Because of the large variation of the intensity of the emitted light,
the data from only sbout half the runs are usable., The output of the
phototubes is displayed on a dual-beam oscilloscope, which is triggered
by a signal from a coil placed near one of the capaclitors of the main
wind-tunnel bank. Sweep speeds are generally between 1 and 5 millisec
per cm. The traces are recorded on Polaroid 3000-speed film. After each
run a zerc-cutput trace is recorded con the film,

As mentioned, the intensity variation from shot to sghot is consid-
erable, This makes it difficult to set the preamplifier galn correctly.
If the galn is too low, then one or both of the trace deflections are
too small to be measured accurately. If it 1s too high, one or both of
the traces are deflected off secale., (This difficulty will be circum-
vented in the future by the use of a simple analogue computer whose
output is the ratic of the two photomultiplier outputs.)

Fig. 4a shows the record of Run 222. It is typical of the usable
records., The high contamination level started about 1.5 millisec after
the start of the run. Fig. 4b shows a similar run on an expanded time
scale showing clearly a relatively clean flow for the first 2 millisec.
Both of these runs were made with the arc-chamber conflguraticn desig-~
nated "without fecing electrode” (see Fig, 13). Figs. Sa and Sb show
two typical shots with the facing electrcde in the arc-chamber. A
noticeable feature is the relatively long pericd of clean flow (approx-
imately 10 millisec) compared with the previcus results wilthout the
electrode. Once arrived, the contamination continues at a relatively
high level for a longer pericd of time.

Some meagurements were alse made of the teotal amount of contami-
nant dust as cbserved by one vhotctube (Dumont 6911), The integrated
light output is shown on one trace of Fig. 6. The other trace is the
direct output from the same phototube.

An sttempt was made to measure the size of the dust particles with
an optical microscope. As seen from Fig, 7, the size of single parti-
cles {(not agglomerates) is less than 1 micron in diameter, which makes
the use of an optical mlcrosccpe questionable, An electron microscope
would he needed to give reliable particle-gize measurements,.
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3.2 RESULTS AND DISCUSSION

Fig. b4a gives the recorded photomultiplier outputs as previously
described. The corresponding calibration before the run is shown in
Fig., 8. By taking the ratic of the deflection of the upper trace in
Fig. La to that of the lower trace at the same instant, the tempersture
can be cobtained from the calibration curve. The temperature as a func-
tion of time is plotted in Fig. 9. The same procedure was repeated for
Ran 217, the results for which are shown in Fig. 10. These plots also
include the equilibrium-flow temperature for various area ratios as
calculated theoretically on the basis of the measured arc-chamber
conditions. At the pyrometer station the geometric area ratio is 15.
Since the boundary-layer thickness is al present unknown, the effective
area ratio cannot be estimated accurately,

It is evident that the measured contaminant femperatures are con-
slderably higher than the calculated gas temperatures. In the light,
however, of the recent spark-disturbance measurements of the velceity
of flow in the test section (Karamcheti, Vali, and Kyser, 1962), it
appears that the calculated temperatures should be increased by up to
60 per cent. This would bring the calculated temperatures fairly close
to the observed temperature.

As seen from Figs. 4 and 5, the light intensities vary rapidly with
time. Variaticns in light intensity will cccur only when either the
radiating-surface area changes or the temperature changes. Since the
temperature variations during the run are small (cf. Figs. 9 and lO),
the main fluctuations appear to be caused by the change of radiating-
surface area at the pyrometer position. It follows Trom this that the
dust cloud oppesite the pyrometer windew is optically thin ané that the
dust density must vary considerably during a run.

Some preliminary measurements were made to compare the time-inte-
grated output from a photcmultiplier with the weight of dust collected
on a disc placed on the center line of the test section. The results
are shown in Fig. 11. The relatively large scattering of the points can
probably be attributed to a nonuniform distribution of the dust in the
gas, both radially and (especially) in time. Whereas the time Integration
of the phetomultiplier cutput includes practically ail of the flow cut of
the arc chamber, the disec probably collects dust only for the duration of
the supersonic Tlow in the test sectlon. Therefore, in the shots where
the large amounts of dust come late in the flow from the arc chamber, the
collector-disc pickup is considerably decresgsed. There is also some
guestion concerning the minimum size of dust particle that the disc can
collect. Particles of a very small diameter tend to follow the flow and
thus never hit the collector disc. These very small particles contrib-
ute relatively more strongly to the radiation than to the collected
welght, since, for the same specific gravity of dust, the radiation isg
proportional to the radius squared, while the weight is proportional to
the radius cubed.
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As shown in Fig. 12, the amount of contaminant collected by the disc
depends strongly on the arc-chamber configuration. It may be that, in the
absence of the faclng electrode, the relatively clean, central core of the
arc-chamber gas flows out first, giving the dust in the chamber more time
to collect on the cool walls, With the facing electrode present, however,
the gas may flow out peripherally, thus carrying with it socmewhat more
dust. The fact that the supports for the facing electrode are difficult
to clean between runs may also contribute to the situation. (The data of
Figs. 1l and 12 were taken over a considerable period of time and are not
necessarily representative of current best practice; cf. van der Blilek
(1962) and Bianchette and Sivier (1962).)

With regard to the question of thermal equilibrium between the dust
and gas, no definite conclusicns can be drawn at present. The decrease
of the temperature of the dust as it flows down the nozzle proceeds through
two independent processes: (1) radiation, and (2) conduction of heat to
the surrounding gaes. The radlation losses are easlly evaluated for small,
spherical, highly conducting bodies. It can be shown that the time
required for a dust particle to drop from temperature T2 to temperature

T1 is

- efl 1

- E(5-5)
1 2

where r 1 the radius of the particle, p 1its density, < 1its specific
heat, € 1its emissivity, and o 1is the Stefan-Boltzmann constant.
Applied to O.l-micron iron spheres, this gives about 60 microseconds for
the time required for a temperature drcp from LOCOPK to 2000°%K. This is
considerably longer than the time required for the ges to travel from the
throat to the pyrometer window ( ~ 25 microsec ). The rate of heat loss
through conduction to the gas has not yet been calculated. The results
presented by Hoglund (1962) indicate, however, that the temperature of
particles of dlameter less than g micron will follow the gas temperature
fairly closely.

There are a number of factors that need to be investigated further
before completely reliable temperature measurements can be made. Some
of these are:

(l) Nonuniformity of the gas temperature at the pyrometer station,

(2) Rate of heat loss from the dust through conduction,

(3) Scattering of radiation coming from the arc chamber {opacity
of the dust between the throat and the pyrometer station),

(4) Emissivity of the dust,

(5) Effect of particle size on the distributicon of radiated energy.
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Fig. 7 Microscopic Picture of Dust.
Scale: 1inch = 21
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Fig. 8 Calibration for Run 222. Ratio of Photomultiplier Currents vs. Temperature
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Fig. 9 Gas Temperature vs. Time for Yarious Area Ratios Near Throat -

Run 222, without Focing Electrode
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Fig. 10 Gas Temperature vs. Time for Yarious Arec Ratios Near Throat -
Run 217, without Facing Electrode



Integrated light output (arbitrary units)
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Fig. 11 Integrated Light Output vs. Weight of Contaminant Collected on Disc
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Fig. 12 Comparison of Dust Collected on Disc in Test Section
for Two Arc-Chamber Configurations
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Fig. 13 Arc-Chamber Configurations

25






