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SUMMARY

is described in which the phenmnena of efter~ow
visible the low-density superscmic flows of ;arious

An investigation
were utilized to make “
gases. Photographs of the afterglow in the supersonic flow a%out wedges
exe compared with schl.ierenphotographs for dermities corresponding to
static pressures of from 3 to 8 mi~imeters of mercury. The after~ow
is shown to be effective in visualizing some of the features of the flow
in this range of low densities where it is difficult or iqracticable to
obtain comparable results tith schlieren methods. It is suggested that
the method employing sfter@.ow is applicable to considerably lower
densities where conventional schlieren methods are not suitable for flow
visualization.

INTROIIJCTIQN

The usual methods of vieualizlng flow patterns in gases become
difficult to use or altogether useless as the density of the stream is
decreased to the low values required for the mesn free path of the
molecules to become appreciable in comparison to the thichess of
boundex’yleyers or dimensions of objects in the flow. The rsnge of
densities, below which it is essential to employ new methods for
visualizing the flow, csnnot be uneqy.ivocall.yspecified. As the
density of the stresm is reduced, the optical disturbances due to the
flow patterns become weaker in prqortion to the disturbances caused
by opticsl impefiections of schlieren windows snd mirrors. b a
number of schlieren systems, experience has indicated that the imper-
fections existing in the windows tiposed practical limitations on the
sensitivity. Reference 1 includes estimates of the range of densities
for streszusin tind tunnels below which schlieren methods are
impractical.

The purpose of this paper is to describe preliminary tests of a
method that visualizes compressible flow by mesns of afterglow in
gas of low density.
by Erofessor Joseph

This ~tiod was first-proposed (refer~nces 2
Kaplan, presently at Institute of Geophysics,

a
end 3)
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University of California, Los Angeles, California, who also contributed
_ suggestions that were an invaluable aid-in this Investigation” The

*-

apparatus was constructed, put in operation,and the first observations
.-

were made with nitrogen afterglow in a supersonic nozzle, during his
visit to Langley Laboratory extending from July 1 to August 6, 1948.

Afterglow is a term descriptive of the luml.nescencethat yerslsts
in certain gases for an appreciable time after the gas-esare 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. Kaplen (reference 4) applied...then-.Lewis-~yleigh
afterglow to the well-lmown type discoveredby E. P. Lewis (reference ~)
‘&ndextensively investigated by Rayleigh whose payers are listed in the
bibliography of reference 6. A striking feature of the Lewis-Rayleigh
afterglow is the long lifetime which is measured in minutes or hours.
Other gases, among them oxygen, argon, heliti, and mercury vapor, sre
well lmown to exhibit afterglows rsnging fro~ the order of microseconds
to *u*s.

.—

Among the many studies of aftergl.owby~yleigh are two interesting –
papers, references 7 and 8, describing methods he used for measuring the
velocity of a subsonic streem of mercury vapor by meens of the aftergluw.
Experiments by Rayleigh (reference9) and by~eser (reviewed in reference 6) . -
showed that the intensity of the Lewis-Rayleigh afterglow Increases with
a sudden increase in density of the glowing es. l?orpressures of the

.—

order of 0.1 millimeter of mercury the intensity increased as the cube of
the density. Under other conditions the increase was proportional to

●

lower powers of the density. This veriation with density pemd.ts quali-
--

tative observations of density pattezms in a stream of glowing gas.
Quantitative interpretationswould require more information regarding
the phenomena than appear to be available. —

The tests described in this paper were carried out principally to
show the possibility of visualizing and photographing density pattezms }y
means of afterglow in compressible flow. Special attention was directed
to flow having a density that was considered low enough to be within the
rsmge where schlieren methods are of limited”vslue but stiJJ-capable of
providing some information that may be compared with results from after-
glow. These experiments in a renge of density where results can be
oltained with both schl.ierenand afterglow S&S considered to le preli.mlnary
to applications of the afterglow at low densities where conventional.
schlieren appam3tus is ineffective. Of secondary interest in this paper
are the experimental results obtained with a representative schlieren

—

system at low densities.
...—
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APPARATUS -

3“

A sketch snd a photograph of the apparatus s&e shown in figures 1
snd 2, respectively. The gas flows from a storage tank through a
throttling valve and into an alternating c~nt discharge tube where
the gas is exoited. In the glowing state it flows through the settling
chauiberand supersonic nozzle. The gas then discharges into a large
vacuum tank.

The electric discharge tube is made of pyrex glass tubing l-inch
inside diemeter and 18 inches in length. Pyrex glass side arms support
the electrodes by mesnk 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 diameter. Tungsten wires 0.04 inch

in diameter with approximately ~-tich exposed length are inserted.into

the ends of the electrodes. These diminished the sputtering of the
alundlluln.

The srcs were powered with 60 cycle alternating-current equipmgnt
that was readily available although higher frequencies or direct current
may also be used. For the first arc two transfomners rated at 3000 volts
secondery and 300 volt amperes each eze connected in series. A capaci-
tive impedsnce (Lo is used as a current limiter. The other two arcs
are each supplied by a transformer rated at 7000 volts on the secondery
and about 3000 volt-amperes output. A resistive load limiter (LJ is
used in the prinmry circuit for the second arc and a capacitive

(d
limiter L , in the seconday circuit for the third arc.

The nozzle asseniblyis desi~ed for two-dimensional flow through a
chsnnel 1.5 inches wide. It includes a settling chsmber 3 inches high
and approximately 16 inches long, a throat 0.5 inch high, snd a super-
sonic nozzle with an exit 3.’75inches high. The ove~eJJ_ leng~ of

the assetily is 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. ‘Theassemb~ iS

constructed of two transparent plastic blocks contoured to form the
two-dimensional charuielwith two side plates of the same material
0.5 inches thick. Optical @ass windows are installed in the side plates
for use in taking schlieren pictures. At the entrsnce of the settling
chsmber an electrically grounded fine-mesh stainless-steel screen was
provided to eliminate corona effects in the flow.

Two double-wedge aluminum-sllloymodels were used. The vertex
angles of one is 300 and that of the other, 15°. The models are
mounted between the windows in the theoretically constsnt Mach number
section of the nozzle.
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The vacuum tank has a capacity of 12,000 cubic feet. The associated d
vacuum ‘pumpscould evacuate the teds to a pressure of approximately
0.5 millimeter of mercury. The pumping speed of the system was insuffi-
cient for continuous operation of the above described nozzle. b the
tests, an intermittent type of operation was used. The supersonic nozzle “- –
discharged directly into a 10-inch pipe which connected to the vacuum tank. —

The schlieren system was conventional, having two psrabolic mirrors
6 inches in diemeter and48 inches in focal length. The lmife edges were
used in the horizontal position. The optical quaMty of the components
emd the sensitivity of the assembly are.believed to be representative al?
current practice in wind tunnels.

TESTS — —

The rate of flow of “thegas from the high-pressure tsmk through the
exciter tube was regulated to produce the desired pressure in the settling
chamber. with the limitations of the available vacuum system, 60 mil.l.i-
meters of mercury was the lowest stagnation pressure (PO) at which the

flow appeared to fill.the test section for = adequati”length of test
run. ‘T4eaccom~ing static pressvre In the test seclion was approxi-tely “*
3 millimeters of mercury. These pressures indicate a.test Mach number
of 2.6 which is in agreement with the Mach numbers ccmputed from the
flow photographs. Under these conditions and with “dry” nitrogen, the

.

afterglow was lright enough for visual observation of the patterns around
the model and for photographs to be taken with an f/1.> lens with a
20-second exposure. At higher pressures, the afterglow produced by
this appsratus was not as bright and exposures of as much as 45 seconds
were made. The pressure In the exciting tube ranged from 1/6 up to

.

1/2 atmosphere. The total power dissipated @ the system was measured
by a wattmeter and found to increase with the density of the stresm

—

from about 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 limit that was readily available.

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

Water vapor - 0.03 percent by weight —

Hydrogen - Less than 20 psrts in 106
Oxygen - Not more than
Argon 0.06 percent

0.3 percent by-volume
,—

4

-.
—

—-
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A lrief triel was made with an extra dry grade of nitrogen designated
“Sesford grade,” a tyyical sam@e of which was stated by the manufacturer
to contain the following impurities:

Water vapor - 0.003 percent
Hydrogen - 0.5 percent
Oxygen - 0.002 percent
Argon 0.06 percent

The sfter@ow from the dry nitrogen varied in color from an oz%mge
color at the low dehsities to a bluish-white at the higher densities. Two
shipments of tsmk nitrogen f- different manufacturers 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.
Cysnogen bsnds have been observed by others to increase the brightness
when carbon compounds are added to glowing nitrogen, but in the present
tests the composition and density of the stream were not sufficiently welIL
controlled to establish whether or not the intensity of the pattezms can
be increased msrkedly over the best results so far obtained by adding or
remo-g traces of other gases to the stream of nitrogen. Of the few gases
that were tried, nitrogen appesred to have the brightest after@m and was
used in surveying the ~ossibilities of visualizing the flow.

The afterglow from the extra dry nitrogen (Seaford grade) was markedly
weaker and apyesred to have less blue in the color. From references 4 snd 6
it is evident that both hydrogen and water vapor have strong effects on
the sfterglow, smd it is presumed that differences in concentration of one
or the other impurity contributed to the differences in the afterglow.

Flow patterns were observed also in the afterglow of srgcn, oxygen,
and air. Hellum was also passed through the apparatus with the arcs
operating. A bright afterglow appeared for a foot or so downstream of
the arcs, but it decayed abruptly before reaching the settling chaniber.

A limited number of measurements were made of the sta@ation
temperature by mesns of an unshrouded thermocouple in the settling
chamber. A stagnation temperature rise of about 1500 F was indicated
for full power input.

Static pressures were measured at orifices in the wslls of the
nozzle both with and without the discharge tube in operation. The Mach
nuniber,calculated from the settling chamber pressure of 180 millimeters
of mercury and the wall static pressure dust upstream of the model, is
approximately 2.7. This decreased slightly with decreasing settling
chamber pressure. The effect of the discharge on the Mach number thus
determined was negligible.
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Schlieren photographs were made at stagnation pressures of 60, 120, #
and l&) millimeters of mercury f~r comparison with photogra@s of the
afterglow at the same pressures. Exyosure times for the schll_erenphoto-

—

_Phs were approximately 0.04 second. The schlieren photographs included
= with and-~ thout the arcs.o~eratingto see if the-
affected by the arcs.

flow is noticeably
.. —

RISULTS AND DISCUSSION

The sensitivity of schlieren systems is esthated
representative conditions. When the results of figure
modified for the present width of the test section and

in reference 1 for
4 of reference 1 are
the focal length of

the mirrors, it is indicated that a nomnal shoe++should be barely vi8ihle
at M= 2.6 with a stream density of 8.5 x 10 slugs per cubic foot. The
density of the stream in the present tests with a static pressure of

3 millimeters in the test section was roughly 20 x 10-6 slugs per cubic
foot. A schlieren 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 when the knife edge was horizontal. ‘This
agreement between experiment and calculation is as good as could be
expected from the arbitrary assumptions involved in the calculations
and the variations to be expected in experimental tecmques.

Photographs of the nitrogen afterglow in the nozzle with no model
sre included as figure 4. The photc~phs were made with different
pressure ratios across the nozzle, all of which were too low to filJ.
the nozzle with the supersonic flow.

For a starting pressure ratio greater than hO and 15° double-wedge
model in place, supersonic flow Is 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 nuniberof approximately’2.6
calculated from the pressure ratio.

Figures 6 and 7 include photographs of the afterglow in the flow
‘over diamond-shaped models spanning the nozzle with values of the
stagnation pressure of 60, 120, and 180 millimeters of mercury. Schlieren
photographs of the same flow are included for .com~arison-withthe sfter-
glow patterns. Similarities wild be observed”-inthat the afterglow
shows an abrupt change in brightness that corresponds to the shock from
the leading edge as seen inthe schlieren pict~e. lMm&nation of the .
~hotographs shows that the afterglow patterns generally ~semble the
schlieren photographs with the notable exception that tineefterglow is
more effective at the lower densities.

—

,.

.

.

——

.—
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One of the schlieren pictures was made with an unexcited stream of
nitrogen from the tank, the other with the nitrogen passing through the
electric arcs used to produce titerglow. The two pictures appear not
to differ significantly. The intensity of the light from the afterglow
is very much smaller thsn that of the schlieren so that it does not
show in the schlleren photographs.

A marked decrease in brightness of the afterglow is observable in
the wake of the models. Rough measurements of pressure at the wsJ2 of
the tunnel indicated that separation of the flow occurred near the maximum
thiclaless. The reason for the decrease in brightness in the wake is not
evident. A possibility that should be investigated is that the excitatirm
of the nitrogen may suffer some degradation in regions of turbulent flow
over the model. This yossihility is suggested by experiments reviewed
by Mitra (reference 6) showing strong quenching effect due to walls
unless they sre suit~b~ conditioned. It was obsened that there -S a

spanwise gradient in brightness of the glow along the plane of the shock,
the glow leing weakest near the side wells. .. .. .

Figure 8 is similsr to figure 6(e) except that the screen over the

entrence to the settling chsniberwas ungrounded. The model was also
unsounded and the space charges accumulated on the model sufficiently
to cause a corona discharge near the trailing edge.

Figure 9(a) is a photograph of the afterglow in a stream of argcm
with the 300 double-wedge model in the test section. ~is test ~s ~
in a nozzle designed for a gas characterized by Y = 1.4 (ratio of
specific heats) instead of the value of 1.67 for argon. Therefore,
the hhch numler distribution and the shock angles are ‘differentfrcnu
those observed in nitrogen. It will be noted that good agreement is
obtained in the shock pattern on comparing figure 9(a) with the schlieren
photogmph 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 streams
of various gases may be photographed to show general features of the flow
in a msnner similar to that of schlieren photography. Cmnerclally
available nitrogen produced the brightest sfter@ow of any of the gases
tested. Possibly the intensity of the afterglow may be found to be
greater if other methods of excitation or other gases me employed.
Since nitrogen is the p?ticipal constituent of air and has essentially
the sane thermodynamic characteristics as air, it appesrs 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
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traces of impurities would result in methods for produci~ afterglow in
—

air that would be at least equal to the lresen~--r?sfitswfth nitr?geno
*—

The excitation necessary to cause the afterglow introduces heat and
possibly distudbs the stream In other ways. These effects, including ioni-
zation and dissociation in the stree.m$shotid probal~ be ~~estigated more
carefully than WE done in these preliminary experiments. The correlation
between schliereh and afterglow photographs presented heiwin appears to
Justify the use of afterglow at least for preliminary tivestigations
where the general fea@es of the flow are of’mbre interest than accurate
details. Many of the present pro%lems inflow at low density are
concened with means of obtaining suitable stresms for the tests and
are of the type for which the observation of the afterglow yatterns
appears to %0 a useful.technique.

Langley Aeronautical Laboratory
National Advisory Cotittee for Aeronautics

Langley Air Force Base, Ta.
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Figure 2.- Photograph of apparatus.
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(a) Stagnation pressure, 180millim@ers; static yessure, 8 mi~imeters.

(b] Stagnation premure, (Xlmillimeters; static pressure, 3 miIIAmeters.

Figure 3.– Photographs at two different static pressmes, showing
decreased effectiveness of the schl.ierensystem as the de~ity
in the stream is decreased.
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(a) I%essure ratio approximately 9 to 2.

.

.

(b) Pressure ratio approximately 10 to 1.

(c) Pressure ratio approximate= 11 to 1.

w
Figure 4.- Photograpb of a stream of glowing nitrogen with a stagnation

pressure of approximate~ 20 millimeters of mercury.
The pressureratios across the nozzle were insufficient to fill the nozzle with

supersonic flow.
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Figure 5.- Photograph of af%erglw flow @tern over a 15° dmibla-uedge model at a .siia%nationpresmme
of 60 millimetersof’mmwury and an indicated Wch nuniber of 2.6. =@=C
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(a) Schlleren, P. = 180 millimeters.

Arcs off.

(b) Schlieren, p. = 18o mi~imeters.

Arcs on.

— .

----- =7-. ”‘
.- T.-. .. .

-. J-.?-.. <

(c) Afterglow, p. = 18o mi~imeters.
.

(d) sc~ieren, Po = 120 millimeters.

Arcs off.

IPE@
.--——.,..-+.,:=>==. .

.. . .. . . . . --- ..
.. ?.=-=.:=+,. -. .:.- .<.. ..3

., +lBBir
,

(e) Afterglow, p. = 120 millimeters.

(f) Afterglow, p. = 60 millimeters.

Figure 6.- Schlieren and afterglow photographs of flow over a 300 double
wedge at three different stagnation pressures (po) at Mach nmiber
of approximate 2.6. -
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.

a) Schlieren, p. = 18o mf~imeters.

Arcs off.

(%) Scmieren, P. = I-80 ~JJ~ters.
Arcs on.

(a) ScKLieren, p. . EO ti~~tersO

(e) Afterglow, Po = 120 millimeters.

> (c) Afterglow, PO = 18o mf~-ters. (f) Afterglow, PO = 60 millimeters.

Figure 7.- Schlieren and afterglow photographs of flow over a 15° double
wedge at three different stagnation pressures (~) at Wch nmiber of
approximately 2.6.

T
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Figure 8.- Photo~aph of streaming nitrogen without ~ounded screen showing
afterglow and corona off trailing edge.-

~

(a) Afterglow.

-,”,-.= .

(b) Schlieren.

Figure 9.- Afterglow and schlieren photograph

PO y 12CI mUMmeters. Afterglow photograph

with f/1.5 lene.

of streaming argon,
exposed 4 minutes

T


