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Fig. 2 Orifice results.

closely approximated by using the are length of the entrance
rather than the straight length from the entrance plane. In
the case of Carley and Smetana’s experiment this would give
a total effective length of 7.32 cm and an L/D of 6.37. This
effective length should probably be even greater due to the
larger surface area seen by the flow in the smooth entrance,

which is not fully accounted for by using the arc length’

alone. Hence, in this region, it is also not accurate to attempt
comparison with a theory acecounting for only the tube length
downstream of the entrance even though this does make the
assumption of fully developed flow at the effective entrance
more valid.

One of the main reasons, the rounded entrance is used in
experiments is to prevent entrance flow separation at larger
Reynolds numbers and thus allow more favorable com-
parison with theories which do not account for separation.
It is noted, however, in Fig. 1 that at the highest Reynolds
numbers at which data were taken for the square-edged tube
there is no indication of entrance separation. One would
expect such separation to reduce the discharge coefficient
significantly, causing a lower flow rate in the tube with the
abrupt entrance than for the smooth entrance case. The
opposite is indicated in the figure. However, this trend
should change as the Reynolds number continues to increase
and inertial effects assume increasing importance. Increased
inertial effects should cause entrance separation and the
vena-contracta effect reducing the discharge coefficient in
the tube with the square-edged entrance. It appears that
if the data were extended to higher values of Reynolds
number a maximum would be reached for the discharge
coefficient through the square-edged tube beyond which
there would be a decrease and a crossing of the two curves.

This analysis is supported by the earlier orifice data of
Smetana, Sherrill, and Schort® as shown in Fig. 2. Orifice
A had an entry radius of 0.317 em with a 1.15-cm diam open-
ing. Orifice B had the same opening diameter with a 0.579
cm entry radius. The comparison with a thin knife edge
orifice exhibits the maximum in discharge coefficient which
preceeds a decrease to a limit somewhat below that for the
other 2 orifices.

Conclusions and Recommendations

The bell-mouth entry which is used by most experimentors
in tube flow study may give deceptive results for flows at low
Reynolds numbers. At free molecule conditions, the effective
length of the tube is shorter than the actual tube length but
not as short as it would be if the entrance length is neglected.
In the upper transition or slip-flow regime, the effective
tube length is longer than the distance between the entrance
and exit planes and results in deceptively low discharge
coefficients. It is only above the Reynolds number for
entrance separation that the smooth entrance tube provides
a better comparison with tube flow theory.
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Unfortunately, it is not yet possible to predict the oceur-
rence of entrance separation accurately for tubes of varying
lengths. 1t has long been suggested that the onset of separa-
tion is a function of L/D and L/(DRep). However, neither
theory nor experiment has yet determined this relationship.

- Hence, the experimentor should carefully choose his entrance

shape when working with low Reynolds number flows, choos-
ing the square-edged entrance in the transition to free-
molecule range and the smooth entrance in the slip to con-
tinuum region. Proper entry choice should result in more
meaningful comparison between experiment and existing
theory.
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A Study of High-Velocity (4.0-6.5
cm [, sec) Jet Propagation through
Expansion Chambers
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Introduction

N recent years, considerable effort has been expended in
studying the propagation of high-energy gas jets. One
aspect of this work has been the development of experi-
mentall™® techniques for investigating the radiation precursor
associated with the propagation of high-velocity gas jets
under low-pressure conditions. These experiments have en-
couraged qualitative discussions*™® and theoretical models®?
for interpreting and understanding the precursor phenomenon.
The present report describes two Voitenko® compressor ex-
periments which were conducted to study the radiation pre-
cursor and the effects of divergence and expansion chambers on
the propagation of plasma gas jets. In the first experiment,
the compressor was connected to a steel outlet pipe, as shown in
Fig. 1. In the second experiment, a constant 2.7 cm diam
was maintained across the two expansion sections. By
direct comparison of the experimental TOA (time-of-arrival)
results, the relative effect of chambers on high-velocity gas

Received January 30, 1969; revision received June 16, 1969.
Work performed under the auspices of the U.S. Atomic Energy
Commission.

* Research Physicist.

t Physicist. Member ATAA.



NOVEMBER 1969

TECHNICAL NOTES 2149
Pressure chamber Polished lucite
High explosive Expcnr(:led Muffler
. section .
Detonator Diaphragm diam 2.7 cm diam 9 cm b
Fi "

Lens Fibre optics thre epiic

w ; ; Vacuum connection

7 7 Straight section
y. ///\ 2 diom 2 cm

)

<
-

Fig. 1 Compressor assembly, outlet
pipe, and diagnostics systems used in
plasma jet propagation studies.
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jets was examined. In addition, certain characteristi.cs (e.g.,
radial and axial shape, luminosity profile) of the gas jet were
identified.

Experimental System

The principal features of the compressor and outlet pipe
are illustrated in Fig. 1. The high explosive drives a metallic
plate that compresses the chamber air (pressure initially at
11.2 bars) into a small volume and high pressure before the
0.025-cm-thick aluminized] Mylar diaphragm breaks. This
highly compressed plasma gas then jets down a smooth (40-u-
cm honed finish?) 2-em-i.d. steel outlet pipe. The two ex-
periments were conducted with an initial pressure of 25 u in
the outlet pipes.

As the plasma jet moved down the outlet pipe, its TOA and
luminosity were monitored® by light pipes!? (fiber optics)
placed at preselected positions in the steel pipe. One end of
each light pipe was recessed 0.32 em from the inner wall of the
outlet pipe and viewed the bore through a 0.16-cm circular
hole in the steel wall. The light pipes were then brought
radially out through the steel wall and tied into a display
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Fig. 2 Luminosity profiles of jet plasma propagation for
light pipes at 4.77, 9.78, and 29.79 cm from the diaphragm.

1 Aluminized to reflect the luminosity until the diaphragm
breaks.
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board. In addition, a light pipe was mounted in the vacuum

connected (Fig. 1) and was oriented to look axially up the
outlet pipe. This light pipe was used to determine the time
at which the jet emerged from the diaphragm. As the plasma
jet progressed down the outlet pipe, luminosity was trans-
mitted via the light pipes to the external board which was
scanned by a streaking camera. The writing speed of the
streaking camera for both experiments was 5.0 em/usec.

In the first experiment, the side walls of the expansion
chambers were fitted with polished lucite windows. Framing
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Fig. 3 a) Plasma jet motion for the experiment with ex-

pansion chambers and b) plasma jet motions for the ex-
periment without expansion chambers.
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Fig. 4 Passage of jet plasma through the first expansion
chamber at various times after the diaphragm breaks.

cameras focused on the windows recorded the radial and axial
progress of the jet as it moved through the chambers. These
motion picture studies provide a more qualitative understand-
ing of the interaction of the jet with the chambers.

Experimental Results and Discussion

A Wratten 57 optical filter was used on the streaking
cameras which monitored the light pipes. This filter reduced
exposure to a linear region of the film response curve. This
curve was determined by using a photographic step tablet and
Xenon flash tube. The curve was used to convert the densi-
tometer readings of the light pipe traces into the jet plasma
luminosity profiles shown in Fig. 2 for the light pipes at 4.77,
9.78, and 29.79 em from the downstream center of the Mylar
diaphragm. These profiles are representative of light pipe
Iuminosity outputs all along the outlet pipe.

To characterize the plasma jet motion down the outlet
pipe, four TOA points (see Fig. 2) from each light pipe record
are plotted in Figs. 3a and 3b. The TOA plots indicate that
a gradual dispersion of the luminosity peaks is taking place as
the plasma jet continues down the outlet pipe.

The first indication of luminosity is observed simul-
taneously with the diaphragm breaking time (within an ex-
perimental error of 0.06 usec) at the first two light pipes
located at 2 and 5 em. Therefore, this first luminosity point
appears to be a radiation precursor phenomenon.

The first, relatively low, luminosity peak is the second point
plotted; it has a velocity =6 cm/usec. If the density of this
6-cm/usec portion of the jet was comparable to the density
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of atmospheric air (1072 g/em?), it would act like a 6-cm/ usec
piston, and a shock with velocity >6 ¢cm/usec would be gen-
erated in atmospheric air. However, when atmospheric air
was used in an outlet pipe, a shock with velocity 4 em/usec
was generated.’®* Consequently, the 6 cm/usec portion of the
jet is probably a relatively low density (<1072 g/cms?).

The second luminosity peak travels at about 4 em/usec
and has a much greater intensity than the first peak. The
chamber gas jet that generated the 4-cm/usec air shock was
calculationally shown to have a velocity of nearly 4 em/usec
and densities in excess of 1072g/em?.13  Because of the similar
velocities and much larger luminosities, the second peak may
be associated with this higher-density section of the jet.

A significant feature of Fig. 3 is that there appears to be
little velocity attenuation of the first two luminosity peaks.
Therefore, the propagation of those regions of the plasma jet
which are associated with the peaks appear to be little af-
fected by interactions (such as friction, heat transfer, abla-
tion) with the pipe walls. By contrast, a similar experiment
that was performed with a straight, 2-cm-i.d. outlet pipe
containing atmospherie air indicated an attenuation of the air
shock velocity from 4 to about 1.6 em/usec within 70 di-
ameters. Theoretical studies!® attributed this attenuation
to wall interactions in the high-energy and high-density
shocked air region. By comparing Figs. 3a and 3b, it also
appears that the expansion chambers had little effect on the
propagation of the regions of the plasma jet which are asso-
ciated with the luminosity peaks.

Motion of the plasma jet through the two expansion cham-
bers of the first experiment was recorded by a framing camera
with optical filters. To determine just what optical filters
would be needed, a preliminary experiment with similar
expansion chambers was performed. A Beckman and Whit-
ley 189B with a ND 2.0 filter was focused on the first chamber.
A second framing camera (LRL Model 6) with a ND 1.0 filter
was focused on the second expansion chamber. High-speed
Ektachrome film was used in both cameras. Figure 4 shows
passage of the jet plasma through the first chamber at various
times. Results for the second chamber were similar to those
shown in Fig. 4, but not as well defined because of slight
overexposure. Comparison of the photographic results at
various times with Fig. 3a indicates the first peak underwent
little radial expansion in passage through the chambers.
Radiation blowoff from the chamber wall and turbulence
tended to obscure photographs at a time just prior to arrival
of the second peak.
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Supersonic Wake Flow Visualization
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Introduction

HERE has been great interest throughout the history of

aerodynamics in making flow patterns visible. In
addition to the qualitative picture of the flow hoped for, the
possibility of obtaining quantitative flow measurements
without introducing probes which invariably disturb the
flow has provided the necessary incentive for development
of these techniques. Optical methods of investigation which
depend on density changes are especially suited to the visual
study of supersonic flows. The interferometer, the schlieren,
and the shadowgraph are commonly used optical methods
of this type.

The use of smoke for flow visualization at low subsonic
speeds is quite common and may be traced to L. Mach of
Vienna in 1893.! Mach used an indraft low-speed wind
tunnel (10 m/sec) with a piece of wire mesh to straighten the
flow. The flow was observed and photographed by using
silk threads, cigarette smoke, and glowing iron particles.
The production of well-defined smoke streamlines (ie.,
steady-state streaklines) at supersonic speeds was first ac-
complished by V. P. Goddard at the University of Notre
Dame in 1959.2 V. P. Goddard also developed a modified
schlieren system that permits the simultaneous photograph-
ing of both the smoke and shock wave patterns. When
nitrous oxide is used in place of smoke, the streamlines be-
come visible along with the shock pattern in any ordinary
schlieren system. The principal objectives of the investiga-
tion deseribed herein were to extend and to improve super-
sonie flow visualization techniques for the study of laminar
supersonic wake flows.

Experimental Apparatus and Technique

A schematic diagram of the small indraft planar super-
sonic smoke tunnel (PSST) utilized for these experiments is
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Fig. 1 Sketch of planar supersonic smoke tunnel.

shown in Fig. 1. The PSST consists of inlet screens, con-
traction section, nozzle section including a plug which pro-
duces a wake, and a diffuser section. A total of seven inlet
screens are located at the inlet to the contraction section in
order to reduce the turbulence level of the flow. The con-
traction section has about a 100:1 contraction in area to the
nozzle throat without the plug. With the plug in position,
the contraction in area is about 200:1. The nozzle section
counsists of a contoured planar nozzle with a 2-in. piece of lucite
in the center of the nozzle block. The parallel outflow nozzle
was designed for a Mach number of 1.40 and had a 2.5-in.2 test
section. A lucite wedge-shaped plug with a rounded leading
edge was inserted into the nozzle to produce a wake. This con-
figuration resembles a plug nozzle referred to as the expansion-
deflection nozzle, or may be thought of as representing a
strut, a flame holder, a scram-jet fuel injector, ete. The
diffuser section connects the nozzle with a continuous opera~
tion vacuum pump that produces a pressure difference of 18
in. of mercury. A somewhat larger, though geometrically
similar, PSST with a planar expansion-deflection nozzle test
section was also used in this investigation. This larger
nozzle section (i.e., about 4 in. X 5 in. in the working section
downstream of the plug) contained an adjustable total and/or
static pressure probe for conventional measurements. A
complete description of this PSST is given in Ref. 3. Auxil-
iary equipment includes smoke generator and smoke rake,
schlieren systems (to be described below), pressure taps,
probes and manometers, high intensity lights, and a camera.

A standard single-pass, parallel-light schlieren system was
used. The standard schlieren system was converted to an
opaque-stop system by replacing the slit source by a circular
source and the knife edge by a small circular opaque-stop,
i.e., a piece of glass with a +%-in. diam spot. Proper adjust-
ment of this system yields a schlieren picture where the un-
deflected light (i.e., no density gradient) hits the opaque
stop producing a black background and deflected light
misses the stop and shows up white. This black background
is necessary for simultaneous schlieren and smoke photog-
raphy. A single-frequency gas laser§ was also used as a
light source in place of the 1000 w Bantam Super Spot in the
opaque-stop schlieren system. Two double-convex lenses
were used to diverge the laser beam for use in the schlieren
system.

Smoke is generated by dripping kerosene on to electric
strip heaters in each of the four legs of the generator. This
smoke is forced to the smoke rake by a squirrel cage blower.
By passing through a system of vertical pipes, the smoke is
cooled to room temperature. Finally, the smoke passes
through one or more of the horizontal tubes whose outlets are
placed flush with the first screen at the PSST inlet. These
tubes introduce the smoke into the PSST at any desired
location.

§ Spectra-Physics Model 119, Helium-Neon Laser, wave-
length 632.8 nanom, output power greater than 100 uw, uni-
phase, single frequency, beam divergence approximately 10
mrad.



