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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
' TECENICAL NOTE 1900

PRELIMINARY INVESTIGATION OF THE USE OF AFTERGLOW FOR
VISUALIZING LOW-DENSITY COMPRESSIBLE FLOWSb

By Thomes W. Williams and James M. Benson
SUMMARY

An investigation 1s described in which the phenomena of afterglow
were utilized to make visible the low-density supersonic flows of various
gases. Photographs of the afterglow in the supersonic flow about wedges
are compared with schlleren photographs for densities corresponding to
static pressures of from 3 to 8 millimeters of mercury. The afterglow
is shown to be effective in visualizing some of the features of the flow
in this range of low densities where 1t 1s difficult or impracticable to -
obtain comparable results with schlleren methods. It is suggested that
the method employing afterglow is applicable to considerably lower
densities vwhere conventional schlieren methods are not suiteble for flow
visualization.

INTRODUCTION

The usual methods of visualizing flow patterns in gases become
difficult to use or altogether useless when the density of the stream i1s
decreased to the low values required for the mean free path of the mole-
cules to become appreciable in comparison to the thickness of boundary
layers or dimensions of obJects In the flow. The range of densities
below which new methods must be employed for visualizing the flow cannot
be unequivocally specified. As the density of the stream 1is reduced,
the optical disturbances due to the flow patterns become weaker in pro-
portion to the disturbances caused by optical imperfections of windows
and mirrors used in schlieren techniques. In a number of schlieren
systems, experience has indicated that the imperfections existing in the
windows imposed practical limitations on the sensitivity. Reference 1
includes estimates of the range of densities for streams in wind tumnels
below which schlieren methods are impractical.

The purpose of this paper 1s to describe preliminary tests of a
method that visualizes compressible flow by means of afterglow . in a
gas of low density. This method was first proposed (references 2 and 3)
by Dr Joseph Kaplan, presently professar at the Institute of Geophysics,
University of California at Los Angeles. Dr. Kaplan also contributed
meny suggestions that were an invaluable ald in this investigation. The
apparatus was constructed, put into operation, and the first observations



2 ' ' "NACA TN 1900

were made with nitrogen afterglow in a supersonic nozzle dﬁring his
visit to the Langley Laboratory of the NACA from July 1 to August 6, 1948.

Afterglow is a term descriptive of the luminescence that pérsists
in certain gases for an apprecieble time after the gases are excited to
states capable of emitting light. The afterglow of nitrogen in particular
has been the subject of many investigations that have shown the phenomena
to be complex. Kaplan (reference 4) applied the name "Lewis-Rayleigh
‘afterglow" to the well-¥mown type discovered by E. P. Lewis (reference 5)
and extensively investigated by Rayleigh, whose papers are listed in the
.bibliography of referencé 6. A striking feature of the Lewis-Rayleigh
afterglow is the long lifetime, which ranges from minutes to hours.

Other gases, for example, oxygen, argon, helium, and mercury vapor, are
well known to exhibit afterglows for which the lifetime ranges from
microseconds to minutes.

Among the many studies of afterglow by Rayleigh are two interesting
papers (references 7 end 8) describing methods he used for measuring the
velocity of a subsonic stream of mercury vapor by means of the afterglow.
Experiments by Rayleigh (reference 9) and by Kneser (reviewed in refer-
ence 6) showed that the intensity of the Lewis-Rayleigh afterglow
increases with a sudden increase in density of the glowing gas. For
pressures of the order of 0.l millimeter of mercury the intensity increased
as the cube of the density. Under other conditions the increase was pro-
portional to lower powers of the density. This variation with density
permits qualitative observations of density patterns in a stream of
glowing gas. Quantitative interpretations would require more information
regarding the phenomena than appear to be available. ‘

The tests of the investigation described herein were carried out
principally to show the possibility of visualizing and photographing
density patterns by means of afterglow in compressible flow. Speclal
attention was directed to flow having a density that was considered low
enough to be within the range where schlieren methods are of limited
value although still capeble of providing some information that may be
compared with results from afterglow methods. These experiments in a
range of density where results can be obtained with both schlieren and
afterglow methods are considered to be preliminary to applications of the
afterglow at low densities where conventional Schlieren apparatus is
ineffective. Of secondary interest in this paper are the experimental
results obtained with a representative schlieren system at low densities.

APPARATUS

A schematic diagram and a photograph of the apparatus are shown as
figures 1 and 2, respectively. The gas flows from & storage tank through
a throttling valve and into an alternating current discharge tube where
the gas is excited. In the glowing state it flows through the settling
chamber and supersonic nozzle. The gas then discharges into & large
vacuum tank.
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The electric discharge tube 1s made of pyrex glass tubing of 1-inch
inside dlameter and 18 inches in length. Pyrex glass side arms support
the electrodes by means of rubber stoppers which allow adjustment in ‘the
length of the arc path. . The arms are spaced 5 inches apart. The elec-
trodes are aluminum rods 1/4 inch in diemeter. Tungsten wires 0.04 inch
in diameter with approximately %—inch'exposed length are inserted into
the ends of the electrodes. These wires diminish the sputtering of the
aluminum.

The arcs are powered with 60-cycle alternating-current equipment
which was readily available, although higher frequencies or direct
current may also be used. For the first arc two transformers rated
at 3000 volts on the secondary and 300 volt-amperes output are
connected in series. A capacitive impedance 1j 1s used as a current
limiter. The other two arcs are each supplied by & transformer rated
at 7000 volts on the secondary and about 3000 volt-amperes output.

A resistive load limiter Ip 1is used in the primary circuit  for the
second arc and & capacitive limiter L3 in the secondary circuit for
the third arc.

The nozzle assembly is designed for two-dimensional flow through a
channel 1.5 inches wide. It includes a settling chamber 3 inches high
and approximately 16 inches long, & throat 0.5 inch high, and a super-
sonic nozzle with an exit 3.75 inches high. The over-all length of the
agsembly 1s 30 inches, which includes two inches of straight section at
the exhaust end. The supersonic nozzle was designed by the method of
characteristics for a final Mach number of 3.59. The assembly is con-
gstructed of two transparent plastic blocks contoured to form the two-
dimensional channel with two side plates of the same material 0.5 inch
thick. Optical glass .windows are installed in the side plates for use
in taking schlieren photographs. At the entrance of the settling chamber
an electrically grounded fine-mesh stainless-steel screen was provided
to eliminate corona.effects in the flow. .

Two double-wedge aluminum-alloy models were used. The leading-edge
angle of one is 30° and that of the other, l5°. The models are mounted
between the windows in the theoretically constant Mach mumber section
of the nozzle.

The vacuum tank has a capacity of 12,000 cubic feet. The assoclated
vacuum pumps could evacuate the tank to & pressure of approximately
0.5 millimeter of mercury. The pumping speed of the system was insuffi-
-cient for continuous operation of the nozzle. In the tests, an inter-
mittent type of operation was used. The supersonic nozzle discharged
directly into & 10-inch pipe which connected to the vacuum tank.

The schlieren system was conventional with two parabolic mirrors
6 inches in diameter &nd 48 inches in focal length. The knife edges were
used in the horizontal position. The optical quality of the components
and the sensitivity of the assembly are believed to be representative of
current practice in wind tunnels.
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TESTS

The rate of flow of the gas from the high-pressure tank through the
exclter tube was regulated to produce the desired pressure in the
settling chamber. With the limitations of the available vacuum system,
3 millimeters of mercury was the lowest static pressure p, at which
the flow appeared to fill the test section for an adequate length of test
run. This pressure indicates a test Mach number of 2.6 which is in agree-
ment with the Mach numbers computed from the flow photographs. Under
these conditions and with dry nitrogen, the afterglow was bright enough
for visual observation of the patterns around the model and for photo-
graphs to be taken with an f£/1.5 lens with a 20-second exposure. At _
higher pressures, the intensity of the afterglow produced by this apparatus
was less and exposures up to 45 seconds were required. The pressure in
the exciting tube ranged from 1/6 to 1/2 atmosphere. The total power
dissipated in the system was measured by a wattmeter and was found to
increase with the density of the stream from &bout 2000 to 3200 watts
with the electrodes spaced about 1 inch apart. The brightness increased
with increase in power for a given density of the stream up to the 1limit
_ that was readily availlable. .

A usable afterglow was first obtained with tank nitrogen designated
commercially dry nitrogen. The Impurities in a typical sample were
reported by the manufacturer to be as follows: :

Water vapor, percent Ey weight . . . . . v v ¢ v v . . 0.03
Hydrogen, parts in 10 ., ... . . . . . . . .. ¢ . .. Less than 20
Oxygen, percent by volume* . . . . . . . ... . . . ,Not more than 0.3
Argon, percent . « v v v o v v v e v e e e e e e 0.06

. A brief trial was made with an extra dry grade of nitrogen designated
Seaford grade, & typical sample of which was stated by the manufacturer to
contain the following impurities: o ‘

Water vapor, percent « o « o ¢ 4 4t 6 4 4 . e 6 0 s 0 o 0 o 8 o o . 0.003
Hydrogen, percent « « « « ¢ v v v 4 v 4t 4 o i bt e e v v e .. 0.5
Oxygen, Percent « + + o o ¢ ¢« 4 o« o o 4+ s 4 4 e 6 a0 s 4 e o o s 0.002
Argon, percent « ¢ ¢ 4 ¢ o i e i i i i it et e e e e e e e .. 0.06

The afterglow from the dry nitrogen varied in color fram orange at
the low densitles to bluish-white at the higher densities. Two ship-
ments of tank nitrogen from different menufacturers differed considerably
in characteristics of afterglow. Tests were made to determine the effect
of varying proportions of carbon dioxide in the nitrogen on the afterglow.
Its presence caused color changes and a diminution in the afterglow.
Cyanogen bands have been observed (reference 4) to increase the bright-
ness when carbon compounds are added to glowing nitrogen, but in the pres—
ent tests the composition and density of the stream were not sufficiently
well controlled to establish whether the intensity of the patterns can
be increased markedly over the best results so far obtained by adding or
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removing traces of other gases to the stream of nitrogen. Of the few
gases that were tried, nitrogen appeared to have the brightest afterglow
and was used in surveying the possibilitles of visualizing the flow.

The afterglow from the extra dry nitrogen (Seaford grade) was
markedly weaker and appeared to have less blue in the color. ZEvidence
exists (references It and 6) that both hydrogen and water vapor have
strong effects on the afterglow, and presumably differences in concen-
tration of one or the other impurity contributed to the differences in
the afterglow.

Flow patterns were observed also in the afterglow of argon, oxygen,
and air. Helium was also passed through the apparatus with the arcs
operating. With this gas a bright afterglow appeared for a foot or so
downstream of the arcs but decayed abruptly before reaching the settling
chamber.

A 1limited number of measurements were made of the stagnation
temperature by means of an unshrouded thermocouple in the settling
chamber. A stagnation temperature of about 150O F was indicated for full
power input.

Static pressures for given stagnation pressures were measured at
orifices in the walls of the nozzle both with and without the discharge
tube in operation. The Mach number calculated from these pressures was
unaffected by the electrical discharge; however the Mach number did very
somewhat with the stagnation pressure. At 60 millimeters of mercury the
Mach number was approximately 2.6 and increased slightly for higher
stagnation pressures.

Schlleren photographs were made at stagnation pressures of 60 120,
and 180 millimeters of mercury and corresponding static pressures of 3,
5, and 8 millimeters of mercury, respectively, for comparison with
photographs of the afterglow at the same pressures. Exposure times for
the schlieren photographs were approximately 0.04 second. The schlieren
photographs included runs with and without the arcs operating to deter-
mine whether the flow is notice&bly affected by the arcs.

RESULTS AND DISCUSSION

The sensitivity of schlieren systems is estimated in reference 1 for
representative conditions. When the results of figure 4 of reference 1
are modified for the present width of the test section and the focal
length of the mirrors, it is indicated that & normal shock should be
barely visible at M = 2.6 with a stream density of L.t X 10°° grams
per cubic centimeter (8.5 x 10-6. slugs per cubic foot). The density
of the stream in the present tests with a static pressure of 3 milli-
meters of mercury in the test section Just ahead of the double-wedge
model was approximately 10 X 107° grams per cubic centimeter. A schlieren
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photograph at this density is compared (fig. 3) with one obtained at a
higher density. The original negative from which figure 3(b) was made
showed that shocks from the leading edge of the wedge were barely visible
vwhen the knife edge was horizontal. This agreement between experiment
and calculation is as good as could be expected from the arbitrary
agssumptions involved in the calculations and the variatlions to be
expected in experimental techniques.

Photographs of the nitrogen afterglow in the nozzle with no model
are included as figure 4. The photographs were made with different
pressure ratios across the nozzle, all of whicH were too low to £1ll the
nozzle with the supersonic flow.

For a starting pressure ratio greater them 40 and the 15° double-
wedge model in place, supersonic flow 1s established in the nozzle.
The pattern of the flow with afterglow is shown in figure 5 for a static
pressure of 3 millimeters of mercury and a Mach number of approximately 2.6
calculated from the pressure ratio. :

Figures 6 and 7 include photographs of the afterglow in the flow
over double-wedge models spanning the nozzle with values of the static
pressures of approximately 3, 5, end 8 millimeters of mercury. Schlieren
photographs of the seme flow are included (figs. 3(b), 6, and 7) for
comparison with the afterglow patterns. Similarities will be observed
in that the afterglow shows an abrupt change in brightness that corre-
sponds to the shock from the leading edge as seen in the schlieren
plcture. Examination of the photographs shows that the afterglow patterns

- generally resemble the schlieren photographs with the notable exception

that the afterglow 1s more effective at the lower densities.

One of the schlieren photographs for a static pressure of 8 milli-
meters was made with an unexcited stream of nitrogen from the tank, the
other wilth the nitrogen passing through the electric arcs used to produce
afterglow. The two photographs appear not to differ significantly. The
intensity of the light from the afterglow 1s very much less than that of
the schlieren so that the afterglow does not show in the schlieren
photographs .

A marked decrease In brightness of the afterglow is observable in
the wake of the models. Rough measurements of pressure at the wall of
the tunnel indicated that separation of the flow occurred near the maxi-
mum thickness. The reason for the decrease in brightness 1in the wake is
not evident. A possibility that should be investigated is that the
excitation of the nitrogen may suffer some degradation in reglons of
turbulent flow over the model. This possibllity 1s suggested by experi-
ments reviewed by Mitra (reference 6) which show a strong quenching effect
due to walls unless they are suitably conditioned. A spanwise gradient
in brightness of the glow along the plane of the shock was observed, the
glow being weekest near the side walls.
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Figure 8 is similar to figure 6(e) except that the screen over the
entrance to the settling chamber was wngrounded. The model wés also
ungrounded and the space charges accumulated on the model sufficiently
to cause a corona discharge near the trailing edge.

Figure 9(a) is & photograph of the afterglow in a stream of argon
with the 300 double-wedge model in the test section. This test was run
in a nozzle designed for a gas characterized by 7y = 1.4, where 7 1is
ratio of specific heats, instead of the value of 7y of 1.67 for argon.
Therefore, the Mach number distribution and the shock angles are different
from those observed in nitrogen. Good agreement is observed in the
shock pattern when figure 9(a) is compared with the schlieren photograph
in figure 9(b). This schlieren photograph of the flow was taken at the
same pressure but without the ‘exciter tube in operation.

CONCLUDING REMARKS

The results of these tests demonstrate that afterglow in streeams
of various gases may be photographed to show general features of the
flow in a manner similar to that of schlieren photography. Commercially
available nitrogen produced the brightest afterglow of any of the gases
tested. The intensity of the afterglow may possibly be found to be
greater if other methods of excitation or other gases are employed.
Since nitrogen is the principal constituent of air and has essentially
the same thermodynemic characteristics as air, it appears to be well
suited to aerodynamic investigations employing afterglow. Dry air
exhibited afterglow sufficiently bright to be photographed. - It is
possible that further experimentation on the effects of water vapor and
traces of impurities would result in methods for producing afterglow in
air that would be at least equal to the present results with nitrogen.

The excitation necessary to cause the afterglow introduces heat
and possibly disturbs the stream in other ways. These effects, including
ionization and dissociation in the stream, should probably be investigated
more carefully then was done In these preliminary experiments. The.
correlation between schlieren and afterglow photographs presented herein
appears to Justify the use of afterglow at least for preliminary
investigations where the general features of the flow are of more interest
than accurate details.

Langley Aeronautical Labaratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va., April 5, 1949
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(2) p, = 8 millimeters; p = 27 X 106 grams per cubic centimeter.

(b) p, = 3 millimeters; p = 10 X 106 grams per cubic centimeter.

Figure 3.— Photographs at two different static pressures, showing decreased
effectiveness of the schlieren system as the density in the stream is
decreased.
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(a) Pressure ratio approximately 9 to 1.

(b) Pressure ratio approximately 10 to 1.

(c) Pressure ratio approximately 11 to 1. SSUNACA

Figure U4.— Photographs of a stream of glowing nitrogen with a stagnation
pressure of approximately 20 millimeters of mercury. The pressure
ratios across the nozzle were insufficient to fill the nozzle with
supersonic flow,
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(a) Schlieren, py = 180 millimeters. (d) Schlieren, p, = 120 millimeters,
Arcs off, Arcs off.

(b) Schlieren, po = 180 millimeters. (e) Afterglow, p, = 120 millimeters.
Arcs on.

A

(c) Afterglow, p, = 180 millimeters. (f) Afterglow, p, = 60 millimeters.

Figure 6.,— Schlieren and afterglow photographs of flow over & 30° double
wedge at three different stagnation pressures (po) at Mach number

of approximately 2.6. S_NACA
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(a) Schlieren, py = 180 millimeters. (d) Schlieren, p, = 120 millimeters.
Arce off.

% Y

T
> -

(b) Schlieren, p, = 180 millimeters. (e) Afterglow, po = 120 millimeters.
Arcs on.

s_

(c) Afterglow, p, = 180 millimeters. () Afterglow, p, = 6C millimeters.

Figure 7.— Schlieren and afterglow photographs of flow over a 15° double
wedge at three different stagnation pressures (po) at Mach number of

approximately 2.6. “_NACA ~
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Figure 8.— Photograph of streaming nitrogen without grounded screen showing
afterglow and corona off trailing edge. QZN§&§:;7

(b) Schlieren,

Figure 9.,— Afterglow and schlieren photographs of streaming argon,
Po = 120 millimeters. Afterglow photograph exposed 4 minutes

with £/1.5 lens. TNACA
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