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TECHNIQUES FOR RADIATION MEASUREMENTS AND FLOW
VISUALIZATION OF SELF-LUMINOUS HYPERSONIC WAKES

R. L. Taylor
J. C. Keck
W. K. Washburn
D. A. Leonard
B. W. Melcher, II
R. M. Carbone

AUE&usT™ - /9%)5\’

Avco-Everett Research Laboratory
A Division of Avco Corporation
Everett, Massachusetts

ABSTRACT

Various techniques developed at the Avco-Everett Research Laboratory for
observing the flow field behind hypervelocity bodies in ballistic ranges are
discussed. These techniques fall into two categories: (1) photoelectric in-
struments for measuring the radiation intensity and its distribution in the
wake, and (2) instruments for visualizing oxr vhotographing the flow field.

In the first category a photoeleciric recordser is discuized, This instrument
measures the radiation intensity as a function of distance cownsiream ia the
wake. Also, a wake scanner is described by which it is possible to repeti-
tively scan the wake every few microseconds and obtain profiles of the radia-
tion distribution in a plane nearly perpendicular to the flight direction.

"In the second category drum camera technigques including a "race track"
adaptation are described for photographing the seli-luminous flow field.
Data available from these drum camera technigues include gas particle
velocity in the wake, shedding fregueacy of turbulent eddies, and width
and rate of growth of the luminous wzke., A schlieren technique is dis- 1
cussed in which the refractivity of the test gas is increased by using a
small partial pressure of sodium vapor in the gas and taking the schlieren
photograph with light of wavelength close to the sodiun: resonance line at
5896 A'. Good quality schlieren photographs have bee= obtained at densi-
ties less than 1% of atmospheric. The use of an imag: converter to take
snapshot photographs of the self-luminous wake is discussed. Pictures
showing the details of the luminous flow field in the base region have been
obtained. :

The description of these instruments is given, tv—ical data are shown, and
the types of information obtainable from the data are illustrated.

This work was supported jointly by Headguarters, Rallistic Systems Division,
Air Force Systems Command, United States Air i'orce under Contract No.
AF 04(694)-33 and the Advanced Research Projec:s Agency monitored by
Army Ordnance Missile Commana, United States Army under Contract No.
DA-19-020-ORD-5476.
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INTRCDUCTION

This paper describes several techniques developed at the Avco-Everett
Research Laboratory (AERL) for investigating the wake generatec by hyper-
velocity projectiles in a ballistic range. The importance of the study of the
hypersonic wake rests in the fact that most of the energy dissipated by an
object re-entering the atmosphere goes into the wake. The processes oc-
curring during the redistribution of this energy into the random ther‘mal
motion of the air molecules produce the re-entry observables, such a
optical emission and radar signature. The obszrvable phenomena of the
wake are a complex interaction of aerodynamic eifects, chemistry, ioniza-
tion, and radiation. Experimental study of these observables is neegded in
order to guide the development of analytical descriptions of the wake.

The ballistic range is the primary laborztory facility which has been
used to simulate the wake phenomena of re-entry (1). Because of the low
level of radiation intensity and the short times involved in these experiments, |
detailed, quantitative measurements of the self-luminous fiow field behind -;
the body have been difficult to obtain (2). Also, visualization of the flow :
field by ordinary shadowgraph and schlieren tcuhmoues has been difficult
at the low densities required for simulation (3). The techniques described
in this paper fall into two general categories: (a) photoelectric instruments
for measuring the radiation intensity and its distribution in the wake, and
(b) instruments for visualizing (photographing) the flow field. The insiru-
ments are described, typical daba are shown, and some of the information
available from the data is discussed. Other pupers (4), (5), (b) illustrate
the importance of these data in guiding the understanding of wake phenomena.

The experiments described herein were carrisd out either in {l.. LERL
ballistic ranges, using arc-heated light gas guns, or at the Canadian Arma-
ment Research and Development Establishment (CARDE) ballistic range fa-
cility. * The models were unsaboted plastic spheres of 0. 22, 0.55 and 0. 88-
inch-diameter fired at Mach numbers of 15-25. In most cases air at controlled

FThe authors wish to thank Mr. Ceorge Tidyv, Superintendent, Aero/Physics
Wing, and Dr. Andre Lemay, Section Leader, Racbatlon Physms Section,
for their assistance and cooperation in the CARDE program.
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density and ambient temperature was the test fluid., For some experiments,
argon, nitrogen, or xenon were used to change the flow conditions or to in-
crease the optical radiation. The optical radiation observed in these experi-
ments is due predominately to ablative impurities in the viscous core of the

wake (7).
PHOTOELECTRIC INSTRUMENTS -

Photoelectric Recorder

Two photoelectric techniques have been devised for obtaining quantitative
measurements of the radiation intensity from selected volume elements of the
self-luminous hypersonic wake. In the simpler of these instruments, the
photoelectric recorder, the radiation from the pro*:ct‘;_ﬁe and its wake is
monitored by a photomultlpher tube looking through a %hin slit oriented per-~
pendicular to the flight direction. A S"L".E}:‘"atu, of J’l_s instrument is shown-
in Figure 1. A slit, positioned in front of the photcmuliiplier tube, is imaged
into the range by a spherical mirror. The dimensions of the slit and the op-
tical magnification control the area in the test section from which the radiant
intensity is integrated by the instrument., At AXRIL, a 10" focal length mirror
is used to give an optical magnification of about one. Thus the image size is

nearly the slit size, typically 1.0" x 0.Cz0". The phot omultlpher used has
S-11 response g1v1ng it a spectral senaltlvlty f‘ om 3200-6200 A, No filters
have been used in obtaining data discussed her The electronics and os-

cilloscopes employed with this instrument are. suffic'ently fast that the re-
sponse of the instrument is the transit time of events across the sllt—-app‘rom.ﬂ
mately 0.1y sec for a projectile flying at 15, 000 ft /sec.

A sample oscillogram from the photoelectric recorder for a firing of a
0. 22-inch-diameter nylon sphere into air at a pressure.0of-7.0 cm Hg is shown
in Figure 2. The projectile crosses the slit about 6 u sec after the scope has
been triggered. The first sharp rise in intensity results from the stagnation
point radiation. The gas cools as it expands around the body, and the radia-
tion intensity falls., A few microseconds later, a second but less abrupt rise
in intensity occurs. The timing of this rise is consistent with the position of
the recompression shock as seen in schlieren or shadowgraph photographs.
Following this second peak, the radiation gradually decays downstream in
the wake. The fluctuation in intensity associated with the decay can be cor-
related with turbulent eddies in the wake. The photoelectric recorder, to-
gether with the streak drum camera-technique discussed below, achieved
the first experimental evidence of transition from laminar to turbulent flow

in the viscous core of the hypersonic wake (4).

Wake Scanner

The second of the photoe1ectric techniques developed at AERL is the wake
scanner, This instrument makes it possible to *ercv..n.rely scan the wake and
obtain profiles of radiation intensity across the flow field, i.e., in a direction
perpendicular to the flight path., The instrument is siown schematically in
Figure 3. The optical system images the 17 fixed mirrors, each of which
is masked to form a rectangular slit, into the range. As the turbine-driven
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Sample oscilloscope record of photcelectric recorder output.
The sketch at the top of the photograph hes been drawn approxi-
mately to scale to aid in correlating the recorder signal with
the flow field events. The data were taken on the AERL range
firing 0. 22-inch-diameter nylon spheres. Note that the hori-
zontal scale, time, may be converted into distance downstream
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hexagonal mirror is rotated the image of each slit is moved across the range
from top to bottom. The intensity of radiaticn seen by an image as it tra-
verses the range is monitored by a photomultiplicr tube and displayed on an
oscilloscope. A photomultiplier tube with S-~11 response is also used in this
instrument. The wake scanner is designed so that the 17 fixed mirrors are
seen sequentially by each of the six faces of the rotating mirror. Thus 102
equidistant scans across the wake are made per revolution of the rotating
mirror. At a mirror speed of 1500 revolution/sec a scan of the wake can
be made every 6.5 pu sec. Increasing the scanning frequency may be achieved
by increasing the mirror speed., Conversely, the scanning frequency may be
decreased by masking off intermediate fixed mirrors or decreasing the rota-

tional speed of the mirrors,

As used on the AERL range (firing 0. 22-inch orojectiles) with a 7-inch
focal length, £/2.5 lens, the image of each slit in the range is typically 1/4 -
inch long by 1/16-inch high, Thereiore, normal to the wake axis in the scan-
ning direction the instrument resolves about 1/4th of a body diameter, while
its resolution axially is about on= diameter., The distance between images
is about 1. 2 inches (measured normal to the wake axis). This distance can
be increased at a sacrifice in the number of scans per mirror revolution by
masking off some of the fixed mirrcrs. With the conditions listed above and
with the rotating mirror driven at 1500 revclutions/sec, the linear velocity
of each image traversing the range is about 15,600 ft/sec.

A sample of data from the wake scanner is shown in Figure 4 from a

firing of a 0. 22-inch~-diameter nylon sphere into argon at a pressure of 2.0

In the left-hand oscillogram the upper ceam displays the signal from

cm Hg.
the photoelectric recorder while the lower beam records the wake scgnner
output. The two instruments are observing the same position in the range.

The display of the photoelectric recorder is seen to be qualitatively some-
what different than that in Figure 2. This is a result of the facts that the
test gas in Figure 4 is argon, and that the wake is laminar under these
flight conditions. It can be seen that as the model passes the test station
the wake scanner records a large signal and drives the oscilloscope off
scale. The sensitivity of the instrument has been set high in order to ob~
serve radiation in the far wake and, therefore, details around the body have
been lost. The instrument soon recovers, and scans across the wake are
obtained about every 7 u sec. On the right-hand oscillogram three of the
scans are presented at a faster sweep speed illustrating the detail available
by this technique. An interesting feature of this data is that it can be inter-
preted to indicate that the laminar wake is either a luminous axisymmetric
shell with a darker center core or a multiple filament structure.

Besides this interesting qualitative feature, quantitative results can be
obtained from this data. For example, from pictures such as Figure 4 the

*The rotating mirror is manufuctured by Avco Research and Advanced

Development Division, Wilmington, Mass. and can be operated up to
3000 revolutions/sec.
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width of the luminous wake and its growth downstream of the projectile can
be determined. Such information is now available for a number of runs in
air, argon, and xenon for a range of free stream pressures and velocities.
Wake width measurements made with the wake scanner have been compared
with such data from other techniques; e. g., shadowgraph and race track
pictures.

A reconstruction in projectile coordinates of the wake scanner data is
shown in Figure 5. The intensity profiles obtained in the individual scans
are displayed at their proper positicns downstream of the model. From such
a reconstruction the real time development of the luminous wake can be ob-
served. The results in Figure 5 are for a firing of a 0. 22-inch-diameter
lexan sphere into xenon at 1.0 cm Hg pressure; for such conditions the wake
is turbulent. The asymmetric pattern of the intensity profiles is indicative
of large scale turbulent motion in the luminous wake.

FLOW VISUALIZATION TECHNIQUES

Streak Drum Camera

In early attempts at AERL to visualize the wake by its own luminosity,
a streak drum camera (8) was used to photograph the ilcw fieid at low pres-
sures. The experimental arrangement is shown in Figure §. The drum
which carries the film is pneumatically driven and rotates the film at a
velocity of up to 0.1 mam/u sec at the focal plane. The optical system of
the camera (f/2.5) images the moticn of the model and its wake on the film,
As the model and its wake move down the range, their image moves trans-
verse to the motion of the film, procducing on the film an x-t diagram ef the
flow field events. The film used in these studies was Royal-X-Pan develop-
ed to obtain the highest film speed.

Figure 7 shows typical streak drum camera records for nylon spheres
fired into argon. Figure 7 (a) is an x-t diagram to 2id in interpreting the
pictures. The bright diagonal streak across eacn photograph is caused by
the luminosity in the stagnation point region., The luminous flow field shows
up as a family of curved streaks in Figure 7 (b). These streaks are inter-
preted as being luminous, large scale turbulent eddies which start out with
the model velocity and slow down as the gas expands and flows back into the
wake. In Figure 7 (c) the wake appears as luminosity without structure.
This is interpreted as a laminar wake. The two vertical dark lines at the
left in each picture are calibration masks placed on the window about one
inch apart. Each picture shows about 18 inches of flight path, The drum
camera photographs, such as Figures 7 (b) and (c), together with the photo-
electric recorder data described earlier are used to differentiate between
laminar and turbulent wakes (4).

From photographs such as Figure 7 {b) the velocity of the luminous
eddies can be determined. Such data are shown in Figure 8 where the eddy
velocity in a coordinate system fixed in the mocdazl, Vg, normalized by the
model velocity, V,, , has been plotted against distance downstream in the
wake, for several pressures of air and argon. It can be seen that for air
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the velocity of the turbulent eddies has decayed
velocity as close as 15 body diamot t
lines on Figure 8 ave theorelical
At the (‘\{5‘;(‘ of the viscous (G 5 ot S B
ing information on eddy velocity in ti
can also be analyzed for the shedding frecurency of
have been useful in drawing comparisons between the wake behing ayse
models and the wake behind bluff bodies in incompressible flow (6).

Race Track Flow Visualization Technique

The race track methed is a technique of flow visualization {8}, {9) which
enables self-luminous events in the wake tc be photographed when the illu-
mination is too low and the motion is too fast for conventional high speed
movies and snapshots. The basic principie of the method is as follows: A
drum camera is used to form an image of the object on a moving film strip,
The orientation of the moving image and the rotating film is 90 different
from the streak drum camera technique dascribed previously; & tuaE v
film is moved parallel to the nroject :
to match the image speed, : actd ¢ ex~
posures may be employed without blurring the image. The exposure is de-
termined by the time, t., ii takes the cbject to cross a slit placed in front
of it, perpendicular to its motion. Of course, tracking is possible in only
one direction and some resolution is lost if the event to be photographed
does not move parallel to the film motion. The amount of blurring which
results from miss~tracking is (Vi - V§) te, where Vi is the vector velocity
of the image and V¢ is the vector velocity of the filzn., For the hypersonic
wake the radial motion is expected to be a small fraction of the axial motion,
and, therefore, the loss in resolution resulting from Iniss—tracfcing can be
kept smail. In any event the resolution and the exposure are controlled by
the slit width.

A schematic diagram of a race track set-up is shown in Figure 9. It
consists of (a) an £/2.5 drum camera, (b) a row of 3 vertical slits 0, 2 inches

wide mounted on the range window 0, 67-inch apart, and (c) an array of mirrors

. to preserve a constant optical path from each slit to the film. The purpose of
the multiple slits is to produce several images for studying the spatial cor-
relation of luminous events as they move downstream in the wake. The ar ray
of mirrors displaces vertically the image from each slit so that the succes-
sive images do not write over each other on the film. A different arrange-
ment of the slits and optical system is used to allow orthogonal viewing of

the wake, By using slits of different widths, the dynamic range over which
the luminosity can be recorded may be greatly increased,

In the present work the system was adjusted to track luminous events
far downstream of the model. The wake velocity was determined from
streak drum camera data such as Figure 8, For projectile velocities of
about 15,000 ft/sec:, the effective exposure times were about 5 L sec, Since
a tracking accuracy of about 10% was achieved, the image quality is the same
as that which would be obtained in a snanshot at one-tenth the exposure,
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Some typical race track cvhotographs are shown in Figures 10 and 11.
Figure 10 shows photographs taken at AZRL of 0. 22-inch-diameter lexan
spheres fired into xenon and argon. Both turbulent and laminar wakes are
shown, The pictures in Figure 11 were taken at CARDE firing 0. 55-inch-
diameter lexan spheres into air. The development of the turbulent wake as
the free stream pressure (Reynolds number} increases is evideat. Note that
the region close to the pellet where the difference between the gas velocity
and film speed is large is not tracked and no detail is evident in this portion
of the picture.

In interpreting these photographs it is important to keep in mind that they
are not snapshots. As in the case of focal plane shutters, different parts of
the picture are exposed at different times. is leads to a distortion of the
photograph in which, although the apparent h of the wake is shortened,
the structure of the events which are Leing tracked

is correctly reproduced.
The scales shown in Figure 10 give the distance between the projectile and
an event at the instant that the chnt is photosraphed. However, that scale
does not represent the true distance between events in the wake (2).

Besides providing information about the development of the turbulent wake
these race track photographs can be analyzec for the growth of the luminous
wake. In this respect the technique complements the wake scanner. Ortho-
gonal race track photographs have alsc yielded evidence of asymmetries in

the hypersonic wake (6).

Sodium Schlieren

&+

In attempting to use schlieren photography for the study of transition from
laminar to turbulent flow in the wakes of high speed projectiles, it has been
found necessary to reduce the gas density to levels close to the limits of
scnsitivity‘ of current techniques. Under these conditions, when one loocks at
a set of photographs of decreaulr pressure, it is exceedingly diificult to de~-
termine whether the dlsappeara-,ce of the characteristic pattern of small
scale turbulence in wakes results irom laminar ilow or from loss of sensi-
tivity, The present work was undertaken in an attempt to remove this am-
biguity by achieving at least an order of magnitude improvement in schlieren

sensitivity (10).

At the time the work was begun, it was felt that refinement of the optics-
had already been pushed to the point of diminishing returns. Since the sensi-
tivity of a schlieren system is directly proportional to the refractivity of the
test medium, it was decided to explore the possibility of enhancing the refrac-
tivity of the gas by using radiation close to a resonant transition. One advan-
tage of enhancing the refractivity is that spurious refractive variations in the
windows become less important. Calculatiors using the dispersion formula
of classical radiation theory {11} show that the ﬁbsol ute valué of refractivity
of a gas close to a resonance line can be mary orders of magnitude larger
than that of air in the visible vortion of the swectrum, far from its resonance
in the vacuum ultraviolet., Since the technical c'_jf.;.cul‘u.es associated with
working in the vacuum ultraviolet are very substantial, it appeared more
attractive to attempt enhancement of the refractivity by using a gas with
strong resonances in the ultraviolet or visible region. Sodium vapor with
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:

0.70 cm Hg AIR
18,450 f.p.5.

0.90 ¢cm Hg AR
19,250 f.p.s.

1.5 cm Hg AIR
18,825 f.p.s.

4.0 ¢m Hg AIR
18,190 f.p.s.

10.0cm Hg AIR
19,700 f.p.s.

Fig. 11

Race track photographs of 0, 55-inch-diameter lexan spheres
fired into air for a range of free stream pressure, The develop-
ment of the turbulent wake as the pressure (Reynolds number) is
increased is evident.
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its strong resonance lines near 5896 A seemed the most convenient choice
for an initial experimental study., The radiation is in the visible range of
the spectrum, so that standard light sources and schlieren instrumentation
can be used, and for which appropriate narrow band filters are readily
available.

The absolute value of the refractivity of sodivm {12) as a function of
pressure for various wavelengths close to its rescnance lines is compared
with that of air in Figure 12, it can be seen for example; that if one operates
with light 20A" from resonance one obtains with sodium vapor a refractivity
more than two orders of magnitude larger than is obtained with air at the

same pressure.

A schematic of the apparatus us ed in the present WOrK is shown in Fig-
ure 13. The optical system is thé usual schilieren off-axis parabolical mirror
arrangement with a narrow band interference filter placed just in fzont of the
knife edge. The remainder of the apraratus concizts of an oven constructed
of two 30'* lengths of 2'' diameter pipe in the form of a cross which is placed
inside the test section of the balligtic range. The ceniral 6t of the cross can
be heated to temperatures of 500°C to maintain the required partial pressure
of sodium vapor (Figure 12). The arms of the cross are water-coolzd to keep
the sodium vapor from condensing on the windcws. Sodium is placed in the
center of the cross and the total pressure is Iixe 3 with the working fluid of
cither argon or nitrogen.* The absolute vapor density of sodium is deter-
mined as a function of wall temperature by reacuring the percent trans-
mission through the vapor of light seie i by an interference filter and
comparing with similar test cell transmission calibrations {12}, The sodium
level reached in the central region has been observed to be close to the equili-
brium vapor pressure for the measured wall temperature. ’

Figure 14 shows six wake photographs taken using a filter 70£ wide with
the peak transmission 202 toward the red from the resonance line, and an
exposure of one microsecond. These are photographs of 0. 22-inch-diameter
nylon spheres fired into nitrogen with O. 1% of atmospheric density of sodium
vapor added. The three pictures in the right-hand column, taken at about
the same velocity, represent a +ransition sequence as the free siream den-
sity (Reynolds number) is increased. The photographs at constant pressure
(top row, middle row and lower left) indicate decreased structure as the free
stream velocity increases. Sodium schlieren pictures have now been obtained
at densities of 0. 51 to 10 0% atmospheric and at velocities between 1,300 and .
13,000 ft/sec for O. 22 -inch-diameter nylon spheres, The results of this
study are contributing to the understanding of the aerodynamics of the wake {5).

Y¥AiT cannot be used with sodium vapor st theze temperatures because of the
reaction of sodium with oxygen.
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Image Converter

Although the low levels of luminosity and shert exposure times necessary
for taking snapshots of the hypersonic wake have 12d to the development of the
race track technique discussed previously, the recent development of the
image converter camera has brought about re-examination of the direct photo-
graphic technique. The image converter camera {13) is an instrument in
which both electronic light amplification and fast shuttering are available.

An image converter camera® was recently purchased by the laboratory and
installed on the AERL range to photograph the base region of the flow field.
This instrument utilizes an RCA tube with S-11 response and has a light

gain of about 50 from the photocathode to the photoanode. A framing unit is
available which allows three consecutive exposures to be made with independ-
ently adjustable intervals between frames. The frames are electronically
deflected on the photoanode face to prevent double exposures,

Photographs by this technique for 0.22-inch-diameter lexan spheras are
shown in Figure 15 for three gases air, argon, ard xenon. In all cases the

- free stream pressure is sufficiently high so that the wakes are turbulent.

Considerable detail is evident in these pictures, and it is hoped that this data
may provide information on the mzchanism oI vcriex shedding and the onset
of turbulence in the wake.

SUMMAKY

This paper has discussed a variety of technicues that have been developed
for obtaining data on the wake behind hypersonic prcjectiles in the baliigtic
range. Photoelectric instruments, the recorder and wake scanner, are now
available for measuring the intensity of radiation from selected volume ele-
ments of the wake. The streak drum camera and iis race track adaptation
allow the self-luminous flow field to be visualized. The sensitivity of the
schlieren photographic technique has been increased by the use of resonance
radiation to the point where pictures showing wake structure at densities
less than 1% of atmospheric density can be obtained. The development of
the image converter camera has made it possible to take snapshot photographs
of the self-luminous flow field with exposure times sufficiently short that de-
tails of the base flow region are now available. :

The types of wake data available from these instruments are: (a) rate of
decay of radiation, (b) transverse profiles of radiation, (c¢) eddy velocity his-
tory, (d) eddy shedding frequency, (e) width and growth of the luminous v ake,
(f) Reynolds number for transition from laminar to turbulent flow, and (g)
statistical structure of the turbulent wake. These data are having a signifi~
cant effect upon the development of the understanding of the wake behind
blunt bodies flying at hypersonic Mach numbers.

*Model C Image Converter Camera manufacturec by STL Products, Inc.,
Los Angeles, Calif, .
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Fig. 15 Image converter photograshs of the base flow region of 0. 22-inch-
diameter lexan spheres in air, argon and xenon. There are three
frames per picture, the time sequence running from top to bottom.
The projectile is moving from left to right in each photograph. The
range conditions are given at the top of the pictures and the image
converter camera conditions at the boitom.
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