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STRACT

\

Experiments beimg undertaken to investigate both the mean
and fluctuating properties of turbulent wakes are described. The
diagnostic techniques which-are used to make local measurements in
the wake utilize an electron beam fluorescence probe, sequential
spark velocity apparatvs, cooled-film anemometers, and electrostatic
probe arrays. These provide measures “of mass density, velocity,
temperature and charge density fluctuations, as well as the means for
inferring some properties of the wake turbulence. In each case
some typical results are used to illustrate the capability of the
techniques. Some comparisons are made between the results obtained
by different experiments.
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1.0 INTRODUCTION

The Canadian Armament Research and Development Establishment
(CARDE) in cooperating with the Advanced Research Projects Agency (ARPA)
has undertaken a wide-ranging program of experimental investigations
of turbulent wake characteristics. These experiments are being carried
out behind hypersonic projectiles in free flight in the CARDE ballistic
range facilities. The emphasis of the program is on the use of local
or point measurement techniques, with the objective of measuring both
the mean properties of the turbulent wake and the characteristics of
various turbulent fluctuations. The need for basic experimental data
concerning the properties of turbulent wakes of hypersonic bodies in
order to provide some foundation for further theoretical effort has
been the theme of two recent review articles by Lykoudis (1,2).

1,1 THE PROGRAM

The program of wake investigation can be classified under
three main headings: the operational experiments, the new experiments
under development and the conventional monitoring facilities. The
operational experiments involve the measurements of velccity, mass
derisity, temperature and electron density using respectively the
sequential spark, electron beam, cooled film anemometer and electro-
static probe techniques. The new experiments under development include
the evalustion of wake chemistry using mass spectrometric analysis
and the use of a hot filament of gas to study the turbulent transport
in the wake. The conventional monitoring facilities comprise both
the photographic techniques such as spark X-ray shadowgraph and optical
schlieren systems a3 well as microwave interferometric and cavity systems.

The present paper will concern itself principaly with
the main CARDE experiments. Since the CARDE program has not previously
been treated as one entity in the open literature, the component parts
will be described in some detail. Before beginning this discussion,
a brief tour of the CARDE range facilities will be in order.

1.2 CARDE_HYPERSONIC RANGE FACILITIES

Two hypersonic ballistic range facilities are being used
for the turbulent wake program, these being Range 3 and Range 5.

Range 3, which is used almost exclusively for the sequential
spark experiment, has a 6~foot diameter flight chamber of about 180
feet in overall length. The light gas gun launcher in use on this
range has a 4-inch base diameter pump tube of 32 feet in length and a
1.5-inch diameter launch tube of 4LO feet in length. This gun, using
constant base pressure cycle, is capable of projecting saboted cones
and spheres at velocities from 4LOOC to 18000 feet/second. Standard
projectile base diameters on Range 3 are 1 irch for spheres and 0.7
inch for cones.
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On the Range 5 facility, the flight chamber diameter
is 10 feet while its length is over 400 feet (Figure 1). The 2-stage
helium launcher has a 10-inch diameter pump tube of 3L feet in length
while the L-inch diameter launch tube is almost 70 feet long (Figure 2).
On this range, 2.0-inch base diameter cones and 2.7-inch diameter
spheres can be launched. These projectiles (Figure 3) are among the
largest flown in ballistic range facilities in North Amerjica.

All projectiles are launched in sabnts which support
and guide the models during acceleration in the .zunch tubes. Sabots
of various geometries fabricated from polycarbonate resin are used.
Aerodynamic separation of model and sabot and mechanical deflection of
sabot components are achieved in the dump tark sghead of the flight
chamber itself. The dump tank is normally held at a higher pressure
thah that of the range tank, and mylar diaphragms are used to isolate
sach tank.

Standard optical techniques are used to align the gun,
and to locate the sabot discard plates, and the target. These same
techniques are also used in positioning the ha:rdware of the varicus .
experiments with respect to ths predicted fiight axis. The actusl
flight trajectory down the renge is determined from a series of 30°
stereo X-ray shadowgraph stations., Catenary wires and plumb lines are
used as references. Shadows of the model and reference lines produced
by each X-ray source are recorded on single vaertical X-ray films from
which the positien of the model can be calculatez.

The X-ray stations nn Range 3 zre 10 feet apart while the
ones on Range 5 are 30 feet apari with provision on both ranges for
additional stations on cone firings. The standard instrumentation for
velocity measurements is based on time counters which are triggered by
the photographic (X-ray) stations. Measurement= of velocity include
correction for the dicplacemant of the prujectile centar {rom the
vertical reference lines as measured on tae X-ray films. With this
system, positional determiration accursciss zra 0.1 inch with 0.2
degree in attitude on Range 3, and 0.03 inch and O.1 degree on Range 5.
The accuracy of the velocity determination is tc within 100 feoet/second
for both facilities.

Control of the degree of purity of the range eimosphers
is ar important consideraticn for certain types of experiment. As
a result of several firings a large amount of carbon dust is deposited
on the range walls and some remains in the atmosphere. The accumulation
of carbon on the tank wails is periodically removed by steam and hand
cleaning. Experience obtained with an experiment using Rayleigh
scattering of a laser beam as a mass density prc¢be has indicated the
possibility of dust particles in the ambient air, and it was confirmed
that these could be effectively eliminated by purping the range to a
lower pressure than desired, allowing the particles to scttle, and
then bleeding air into the tank to obtain the desired pressure. On
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Range 3 a complete system of filtering and drying of the range atmosphere
by high efficiency filtration and dehumidification units is under
accelerated development to achieve a higher degree of purity of the

range atmosphere. Equipment has been purchased for monitoring the

dust and moisture content of the range atmosphere and this technique

will le applied to Range 5 in the reasonable future. A microwave
interferometer and a Fabry-Perot cavity are also planned for installation
on Range 5 next summer and these monitoring instruments will serve to
provide independent measurements of atmospheric purity. A high-speed
framing camera has been coupled with a schlieren system to ensure the
detection of small particles originating from damaged sabots which may
follow the projectile down the range. Finally effort has recently been
applied to determine and reduce the effects of shock waves reflected

from the walls of the range tanks; using absorbent materials.

1.3 RECORDING FACILITY

Several of the techniques now in use at CARDE to make
local measurements in the turbulent wake have necessitated considerable
development effort because of their novelty, and this has resulted in
a bias towards a method of recording which is both simple and visual.
However, the recording interval for a given wake probe may exceed a
period of 20 milliseconds, with the requirement of an initial time
resolution of the order of a few microseconds. The ordinary oscilloscope
recording using Polaroid photography has the disadvantage of providing
a relatively short period of recording time when high time resolution
is required. Consequently, the recording technique adopted makes
use of the vertical deflection of the beam of an oscilloscope set at
very low horizontal sweep velocity. The luminous spot on the tube
face is focussed on a film moving parallel to the horizontal axis.
The film velocity provides time resolution. Short duration persistence
of the spot has been achieved by using P-16 type phosphor screens.
The Wollensak WF-7 synchroballistic Fastax camera using 100 feet
rolls of 35.mm 4X film easily attains velocities of 5 centimeters/
millisecond. Figure 4 shows a row of oscilloscope-~camera recording
channels in the Range 5 recording room. The analog record on the
film was initially digitized by a moving-film flying-spot-scanner
~eader capable of about 3-microsecond resolution. This machine
has now been replaced by an automatic film reader consisting of a
precision cathode ray tube and optical system together with a
Programmed Data Processor, (PDP-5) computer and an interface operating
as a curve-follower. Speed and precision on the new reader have both
been increased by a factor of five compared to the old reader, and
sampling frequencies up to one megacycle are available.

2.0 EXPERIMENTAL TECHNIQUES
2.1 SBQUENTIAL SPARK EXPERIMENT

2.1.1 Description of Experimental Technique
The technique of using sequences of sparks for the
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measurement of flocw velocities has been treated by various authors (3,4).
This technique is a quantitative flow visualization experiment wh.ch
operates on a very simple principle. When an electric spark is

produced between a pair of electrodes, a low resistance ionized path is
created between the electrodes and appreciable ionization persists for
about 0.1 millisecond. Subsequent sparks produced during this time
interval will follow the ionized path made by the first spark. When a
series of sparks of short duration are made across the wake of the
projectile at properly selected time intervals, the ionized path due to
the first spark is displaced at the velocity of the gases in the wake and
each succeeding spark re-illuminates the ionized path. By open shutter
photography of the spark traces, a profile of the displacement of the
gas is obtained and the wake velocity can be calculated knowing the time
interval between the sparks. ' :

The instrumentation designed to produce the sparks
generates O.8-microsecond pulses at 90 kilovolts across the electrodes
with a maximum current of 20 amperes in the discharge. These high-
voltage pulses are sufficient to obtain with ease the formation of
a spark path acr s gaps of 5 to 7 inches at pressures from 10 to 200
torr. The time interval between the sparks can be adjusted to any valus
from 3 to 150 microseconds. A typical train of p..lses for velocity
measurement, in the wake consists of a series of f.ur pulses at intervels
of 3 microseconds in order to form the spark path, followed by a series
of L pulses at properly selected time intervals. It was found
experimentally that large curvatures of the spark path may reduce the
accuracy of the measurement. These large curvatures can be avoided by
a proper adjustment of the spark intervals. Satisfactory results are
obtained when the wake displacement between two sparks is 10 to 20%
of the viscous wake width.

With the recent deveiopment of a method to select the
position of the spark in an array of electrode pairs, it is now
possible to measure multiple radial profiles in the wake of the same
projectile. Figure 5 shows the stereo photographs of the three
sequences of sparks made in the wake of a one-inch aluminum sphere
‘travelling at 14,300 ft/sec at ambient pressure of 4O torr. These
three sequences (from left to right) in each of the stereo photographs
were made at axial distances of 450, 1000, and 2400 body diameters
using spark intervals of 35, 75 and 150 microseconds respectively.
The switching of the spark position is made in the following way:
The threse anodes (top electrodes in Figure 5) are connected in
parallel and the <+ 90 kilovolt trains of pulses are applied to the
anodes. The cathodes are insulated from one another and a 10—
microsecond, -30-kilovolt pulse is applied to one of the cathodes
to establish a preferred position for the spark to occur between this
cathode and its corresponding anode. The reliavility of the spark
switching depends heavily on the synchronization of the positive®
pulses fed to the anodes with the negative pulse on the cathode.

The switching is greatly helped by the fact that between sequences,
the moving wake removes the column of gae heated by the previous
sparks. Switching of the spark position has been achieved with
intervals as short as 0.75 millisecond between sequences.
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Preliminary measurements have indicated that the sparks .
do not necessarily pass through the center of the wake along a straight
path and therefore, a three-dimensional anulysis of the spark path is
required. This is achieved by a precision stereo system consisting of
two crmeras at 60 degrees from the flight axis together with horizontal
and vertical reference lines to define the geometry. A film reader
reproducing the range geometry is used to perform the three-dimensional
analysis of the spark traces. The flight trajectory of the projectile
with respect to the spark paths is determined to an accuracy of 0.1l inch
from the X-ray shadowgraph system.

2.1.2 Data Reduction Method

An example of the data reduction procedure is given using
the sequence of sparks shown in Figure 6. In this case, a series of
sparks were made at a distance of 600 body diameters behind a one-inch
diameter aluminum sphere travelling at 14,560 feet per mecond at an
ambient pressure of 4O torr. The sequence of 7 sparks at 4O-microsecond
interval is shown together with a schlieren photograph taken immediately
after the occurrence of the fourth spark. It is seen that, in this case,
the diameter of the turbulent wake is greater than the elactrode gap.

In order to obtain radial velocity profiles from this data,
it is necessary first of all to locate accurately the flight path
of the projectile with respect to the horizontal reference lines. The
plates from the stereo spark cameias are then mounted in the stereo
projector reading assembly which is aligned hy using the vertical and
horizontal reference lines. The co-ordina”es of numerous points of
each spark in the xz and yz planes are determined by standard photo-
grammetric techniques. Projections of the sparks are shown in Figure 7
where the x axis is the direction of flight, the z axis is the vertical
direction and the y axis is the horizontal one. This figure also shows
the displacement of three of the sparks in the yz plane and it is seen
that none of them passes through the axis of the wake. This was the
case for all seven sparks of this sequence. The analysis is done by
measuring the distance between points on consecutive sparks and by
computing the velocities using the measured time interval between the
sparks, It is assumed in the analysis that the velocity in the z
direction is zero.

Graphs, of the resulting velocity profiles obtained from
every pair:of consacutive sparks are shown in Figure 8A., The notation
V23 means the velocity profile computed from the second and third
sparks. It is seen in this figure that no measurements closer than
0.3 body diameters from the axis are available because the sparks
did not pass through the center of the wake. lateral wake velocities
are shown in Figure 8B, (the direction towards the cameras being
positive). Profiles averaged for the total duration of the sequence
for the axial and lateral wake velocity are obtained for each round
and these averaged profiles are usually used for further analysis.
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A considerable amount of wake velocity data has already
been gathered behind one-inch diameter spheres travelling at supersoric
and hypersonic velocities. Measurements behind supersonic spheres
(4000 ft/sec) cover a range of axial distance from 3 to 300 body
dinmeters at ambient pressures between 10 and 200 torr. Measuremerts
behind hypersonic spheres (12000 - 15000 ft/sec) are spread over a
range of axial distance from 150 to 1000 body diameters and a range of
pressure from 20 to 76 torr. Some of this data has already been published
in the literature (5,6).

2.2 ELECTROSTATIC PROBE EXPERIMENT

The use of electrostatic probes to investigate turbulent wake
plasmas is somewhat unsatisfactory because of the difficulty in inter-
preting probe current. The requirement of having turbulence in the
ballistic range prevents operation at sufficiently low pressures for
the established collisionless probe theory to be applicable and an
appropriate continuum theory is not available. Nevertheless it has
been observed at Lincoln Laboratories (7) that the mean current to an
electrostatic probe in a wake follows the mean electron density, and
there is some supporting evidence from turbulent flame study at SRI (8)
that a major contribution to fluctuations in probe current is due to
fluctuations in charge density. Of course some results can be obtained
with probes which do not depend on the interpretation of the probe
current. For example in measurements of convection velocity, velocity
fluctuations, and to a lesser extent, time scales of the turbulence,
the electrons in the wake may be considered as a kind of passive con-
taminant or tracer.

The original and still the final objective of electrostatic
probe work in the turbulent wake at CARDE is to measure the charact-
eristics of electron density fluctuations. The most valuable results
to date, however, have been obtained by exploring other promising
avenues, in particular, velocity. Beginning with the use of single
probes, it was rsalized that interpretation of a probe signal time
history in terms of a spatial pattern would require the use of Taylor's
hypothesis and a suitable mean wake velocity. Rather than rely on the
results of another experiment, an attempt was made to measure wake
velocity with a device consisting of two probes aligned parallel to
the lire of flight. When this technique gave promise of success, it
was only a short series of steps to the adaption of the classical one
fixed probe and one moving probe technique used to investigate
turbulence in steady jets (9) to produce the electrostatic probe
array technique currently in use at CARDE to investigate wake
turbulence in the ballistic range (10).

Figure 9 shows a typical axial elsctrostatic probe array
consisting of five equidistantly spaced electrostatic probes mounted
in a thin support which is aligned along the flight trajectory so
as to present a minimum interference to the flow. Because of
dispersion the radial distance of the wake axis from the tips of the
probes is determined only when the projectile is fired. After the
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passage of the projectile, the wake grows onto the array. As the wake
is convected past, it is seen first by the first probe in the array,
then the second, {hird, fourth, and finally the fifth. To simplify
synchronization and data reduction, the signals of each of the four
last probes are recorded individually on a Fastax film along with the
signal of the first probe. Figure 10 shows a typical example of the
four pairs of probe signals from five probes (Pl designates the first
probe, Py, P3, P, and Pr the following probes). The pair of signals
on each film are digitized and a cross-correlation curve of each probe
signal with the signal of the first is obtained.

Because of the decay ¢f the mean wake velocity and the
decay of the mean electron density in the wake, the sets of electrostatic
probe signals are divided into short segments. The normal length of
a correlated interval of signal is about 3.5 milliseccnd, which
corresponds to a change of axial distance behind the projectile of
about 30 body diameters. Figure 1l gives an example of a family of
cross-correlation curves from a given set of probe signal segments.

The envelope drawn over the four cioss correlation curves represents
the autocorrelation in the moving frame (9) from which a time scale
measuring the temporal change <f the turbulence pattern can be inferred.
The points cf tangency between the crcss--correlaticn.curves and the
envelope measurs the time¢ lag arising befcre the pattern which first
passed the firsi. probe Py arrives at successive probes. By plotting
the distancs between pairs of probes as a function of the time lags
obtained corresponding to the various points.oaf tangency; we arrive

at a curve such as the oneg given in Figure 12. The slope of the
straight line fitting the points is a measure of the convection velocity
of the wake past the array of probes. Successive sets of signal
segments provide successive estimates cof the velocity history along

the wake at a given radial distance, thasireby allcowing a cocmplete

profile of normalized wake velocity versus axial distance to be plotted.

Space correlaticn data nas also been obtaired from the
probe array signals. In this paper, however, this data will be
overlooked to concentrate on the velocity results and their comparison
with the data obtained from the sequential spark technique.

2.3 COOLED-FIIM ANEMOMETER EXPERIMENT

" The first application of hot wire anemometry to the
study of the turbulent characteristics of projectiles in free flight
was made by Fox, et al (11), employing a constant temperature anemometer
to study the wake of 0.22 calibre rifle bullets travelling at
supersonic speed in a ballistic range. These measurements were
aimed primarily at determining the frequency content of the wake and
from the measured power spectral density they inferred the micro
scale and integral scale of the turbulence as functions of axial
distance downstream.

In the hypersonic wake the envirormental temperature
ray cxceed the operating temperature of conventional hot wires and it
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becomes attractive to consider the use of the cooled-film anemometer
developed by Fingerson (12). The experimental technique in use at CARDE
is an application of the two-temperature method, where two anemometers
are employed to determine both temperature and velocity.

In the cooled-film constant temperature anemometer, the
sensing element consists of a tiny pyrex-U-tube, 0,006" in diameter,
through which a cooling fluid can be circulated. A platinum film, one
micron thick and 0.040" long, is deposited on one limb of the U-tube and
electrical contact is provided by a gold coating on the rest of the tube
(Figure 13). With the coolant circulating through the sensor, the
platinum film is maintained at constant resistance (and hence constant
temperature) by means of a bridge circuit (of which the sensor forms a
branch) and a feedback system.

In the absence of any heat transfer between the film and
the environment, the electrical power supplied to the film element is
dissipated by the coolant circuvlating through the sensor. When this
element is exposed to environmental conditions such that a power
transfer between the environment and the element occurs, the power
supplied to the element by the heat flux system is adjusted so that
the power dissipation to the coolant is unaltered (Figure 13). In this
way fluctuations in bridge voltage are related to changes in the
environmental conditions.

For the determination of wake temperature and velocity
histories, the two-temperature method is employed. Two sensing elements,
each controlled by its own heat flux system, are placed in close proximity
to each other and to the predicted flight path of the projectile.

The sensing elements are maintained at two different but constant
temperatures and the two outputs are recorded simultaneously on the
same Fastax film., The signals from the two probes can then be analysed
to yield wake temperature and velocity as functions of distance behind
the projectile.

The analysis involves the use of an empirical relation
between Nusselt Number, N,, and Reynolds number, Rq, of the probe
cylinder, and the assumption of constant pressure wake. One such
relationship which may be employed is that due to Collis and Williams
(13) which was obtained for the cooling of heated cylinders at
relatively low environment temperatures and under subsonic incom-
pressible flow conditions in undissociated air. This relationship reads

n
Nug T,\" = a+b (Reg) (1)
Te

where subscript f refers to film conditions (the film temperature T
is usually taken as the mean of the sensor and environment temperatures),
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Te is the environment temperature and a, b, m and n, are empirical
constants as given below
Res a b m n
0.02-44 0.24 0.56 0.17 0.45
L4=140 0] 0.48 0.17 0.51°

Substituting for the quantities in equation (1) we obtain

1
v Y, [ qQ -l m (2
L.af_l:b { T kf('re-'rs)-zk_f k"QJTrm j]
- kg T,

where V is the fluid velocity past the sensor,
d is the cylinder diameter,
,l is the cylinder length,
ke is the thermal conductivity of the environment fluid, evaluated
at film temperature, Tyr,
kg 18 the thermal conductivity of the environment fluid, evaluated
at sensor temperature, Tg,
’\S is the mean free path of the environment fluid at sensor
temperature, Ts,
Q is the power transfer from the environment to the sensor.
k, = A8 is the Knudsen number evaluated at sensor temperature.
d
For two sensors operating at the same point in the fluid,
but at different constant temperatures denoted by subscripts 1 and 2, two
equations of the form of Eq. (2) pertain. The velocity V may be
eliminated between them and the resulting equation solved for the
environment temperature To. An iterative technique for solution of
the equations has been described by Ellington and Trottier (14) and
the method programmed for solution using a digital computer. A pair
of values (Te, V) is computed from each input pair (Q, Q).

It became evident at an early stage that the method
suffered from inaccuracies introduced in the calibration, measurement,
recording, reading and analysis phases of the experiment. These
inaccuracies were such as to produce an unacceptably large cumulative
error in the final determination of wake temperature and velocity.

For ease of performing an error analysis Eq. (Z) can be written in

a simplified form as
Q= (To-T,) < v )5 (3)
1l Z1

Q= (T, -T,) v \?
o= (Tq ,,2<_z?_) (4)
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for the two sensors respectively corresponding to the Collis and
Williams correlation for 44 < Rep < 0. 21,2 is defined

.Qf
212 " : 1,2 ~(5)
PR A S L 0.34
, 2 haf 10
T

e

For a given ambient pressure, over the range of realizable
values of Ty , and Tgy, the values of Z do not vary by more than a
few percent 1 for typical values of Tg likely to be encountered in the
hypersonic wake. Thus we take:

Z1 = 22 = 7, say.

From equations (3) and (4) we obtain

T « KT, - T (6)*
e 82 Sl
K - 1
and,
V= zqg (k-1)2 (7
(Tg+ ~ Tg )=
5 %

where we have defined the parameter K,

K= Ql = T, - TS (8)
Q, .

e
T -7
e 52

The fractional error in K is related to fractional error
in Q) and Qp. Assuming 4 Q/Q2 = A 0,/Q = A UQ we note
that the maximum error in K occurs when

_A_QLL = - AQ/Q = AQS, .

The resultant errors in T, and V are given by

aT, = + 2 4249 KT, - X Y@
‘T— Q 2 K-1
KT, =-T
e
s, 5,
4

and AV =12 (K 5 1) (10)
v Q K -1
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Equations 9 and 10 have been evaluated as functions of K
for various combinations of sensor temperatures. Figure 1L is appropriate
to sensor temperatvres Tg, = 10N and Tg, = 700%. It will be seen
that the values (ATe/Te) /(4Q/Q) .crease sharply for values of K less
than 2,

With distilled water coolant and laminar coolant flow in
the sensor, sensor temperatures are restricted from 350°K to 450°K,
Under hypersonic wake environmental conditions of T, = 1000°K, and
Tg, = 400° and Tg, = 5009, the maximum realizable value of K is about
1.%. Under these conditions, the results of an error analysis show that
a 10% error in the measured heat transfer signals can result in a
maximum error in estimated wake temperature of 60% and a maximum error
in estimated wake velocity of 220%. The corresponding figures for Tg; =
600°K, Ts, = 800°K, T = 1000°K are 8% and 60% on temperature and
velocity respectively, corresponding to a 10% error in measured signal.

Consequently, some effort has been expended to increase the
maximum operating sensor temperature and also to improve the accuracy
of the measurement. With regard to the former, it has been found that
with the use of a coolant of higher viscosity than that of water, the
mass flow of coolant can be increased to accomodate a higher sensor
temperature before the coolant flow becomes turbulent. Temperatures
in excess of 800°% have been obtained in this way, with the use of
fluids such as Fluorolube FS,

The use of fluorolube in one of the sensors also permits
the power dissipation to the coolant to be equalized for the two
sensors. This is necessary, because as can be shown analytically (15)
the frequency response of the system is proportional to the power
dissipation to the coolant.

Trials have been made using sensor temperatures of LOOOK
(water coolant) and 700°K (Fluorolube). Under these circumstances
the frequency response of the two sensors is reasonably matched.
Some typical raw data signals are shown in Figure 15.

Figure 16 shows temperature results using the two-
temperature method in the inviscid region of the wake and in the
viscous core. Although the mean temperature values are probably
reasonable the fluctuations observed are still subject to question. It
has been decided that further progress in this technique will require
the additional precision capability of digital data recording now
under procurement.

2.4, ELECTRON BEAM EXPERIMENT

The principle of operation of the electron beam experiment
is as follows: when a beam of electrons traverses low density air,
a small number of electrons collide with nitrogen molecules leaving
the nitrogen in an excited state. The intense fluorescence released
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by the almost instantaneous deexcitation is well defined within the

width of the beam of electrons. The intensity of the fluorescence

is then a measure of the gas density in any small volume from which the
fluorescence is observed. At gas densities low enough to prevent non-
radiative deexcitation processes, the light output is a linear function of
gas density and electron beam current.

This technique which has been successfully used in the study
of densities in shock tubes and shock tunnels (16, 17, 18) is most
appropriate for the measurement of mass density in the wakes of hypersonic
projectiles because the probe is capable of temporal and spatial resolution
without mechanically interfering with the wake flow. As the beam electrons
are attenuated and scattered by oxygen and nitrogen molecules, ambient
pressures (densities) are restricted to less than 10 torr. This pressure
limitation permits measurements of average density in both laminar and
turbulent regimes but reduces the capability of the probe to measure
fluctuations at densities corresponding to the turbulent regime.

A detailed analysis of the excitation emission processes
was reported by Muntz (1) and Davidson and OYNeill (20) have made a
complete spectrographic study of the radiation. The bulk of radiation
is emitted by the second positive system of the neutral nitrogen molecule
No (2 1) and by the first negative system of the singly ionized nitrogen
N, (1-). For pressures above one torr which are of most interest, the
intensity is found to be both stronger and more linear from the Ny (2+)
system than that from the Nﬁr(l-). Tests conducted in pure nitrogen at
pressures up to 10 torr have shown that the intensity of the Ny (24)
system is more linearly dependent than is the case in air.

The density measuring apparatus is illustrated in Figure 17.
The 100 Kev beam generator, capable of a beam current of one milliampere
has multiple pumping stages allowing operation at test section pressures
up to 10 torr. The light collecting and field defining system consists
of a quartz lens and a slit defining a 1.2 mm by 12 mm field of view
with its smaller dimension along the beam direction. The photodetector
thus measures the fluorescence originating in a cylindrical volume
geometrically defined by the field of view and the beam diameter and
spectrally limited by an interference filter centered at 33758 with
bandwidth of 558 and a transmission of 45%.

Calibration under static conditions at room temperature
and various nitrogen pressures ranging from 0.5 to 10 torr has shown
some departure from an exact linear dependence. The calibration data
can be fitted by

S = k ag (11)
a P
where S is the output sighal from the photodetector
k is a normalizing factor
a is a parameter to fit the curve shape
ﬂbis the gas density.
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By a least mean squares fit of the calibration data points over
equation (11) the value of "a" can be determined. The determination

of the normalizing factor "k™ is more difficult as this value depende on
various experimental and instrumental parameters such as the solid angle
of the light collecting system, amplifier gain and detector sensitivity,
as well as filter and lens transmission. However, k can be determined by
measuring the fluorescence intensity under ambient conditions just prior
to the arrival of the projectile. Then we have

Sco = k 2fw (12)
atPoo

and the density ratio normalized to ambient conditions becomes

P/f - aS (13)
o fw (ka-S)
where k is determined by equation (12).

The parameter "a" which is related to the quenching
efficiency of the gas may have a temperature dependence. Shock tube
results of Camac (21) have shown the temperature effect to be negligible
at all temperatures of interest here.

Typical density measursments of relative wake density versus
downstream distance are shown in Figure 18, These densities are measured
along the axis of wakes of 2.7-inch diameter titanium sphere fired at
15000 ft/sec in nitrogen and air atmosphere at 8.0 torr. Recent wake
density computations performed by K.S. Wen (22) allowing variable
diffusivity along the turbulent wake have shown excellent agreement
with these experimental axial wake density results for axial distances
from 10 to 1000 body diameters.

3.0 MEAN CHARACTERISTICS OF THE TURBULENT WAKE

The determination of the mean characteristics of the
turbulent wake is of primary importance in the verification of a
theoretical model of the wake. The four main wake experiments described
above are designed to yield mean distributions of mass density,
temperature and velocity. The determination of these mean character-
istics,however, requires a statistically reasonable amount of data.
Most of the data available at the present time wus gathered at the
same time as refinements were still being w-de to the experimental
techniques., The data also usually covers a large number of ambient
conditions so that it is difficult to extract accurate mean character-
istics of the wake. Consequently the discussion on mean wake
characteristics will be limited to velocity where data obtained by
the sequential spark technique can be compared to the convection
velocities obtained from the cross correlation of the signals collected
by axial arrays of electrostatic probes.
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3.1 SEMI LOGARITHMIC DECAY OF WAKE VELOCITY

Wake velocity data from the sequential spark experiment
is in the form of radial velocity profiles at fixed axial distances
in the wake. Convection velocities from the electrostatic probe array
experiment, on the other hand, are obtained in the form of axial
velocity profiles at a fixed distance from the axis of the wake. - In
order to permit comparison of the experimental results from the two
techniques, a large number of radial velocity profiles at various
axial distances as meesured by the spark technique were transformed
into axial profiles in the following way: the normalized mean velocity
values of each radial profile are plotted and linear interpolation is
made between data points of the mean curve to obtain velocity data at
fixed radial distances, say, 0.1, 0.2, 0.3, O.4, etc., body diameters.
The axial distributions of data points thus obtained can be compared
directly with the axial distributions of data points obtained by the
probe array at the same radial distance. Because of the large scatter
in the sequential spark data due to turbulence which masks differences
resulting from various ambient conditions, relatively large variations
in ambient conditions have been tolerated in the data used to obtain
the axial distribut.ions of velocity, in order to increase the statistical
accuracy. Radial profiles measured behind spheres travelling at
velocities between 12,000 and 15,000 ft/sec were used because the
normalized wake velocity shows a very weak dependence on projectile
velocity in that range of velocities. Measurements made at pressures
varying between 20 and 76 torr have been utilized despite the
appreciable dependence of the wake velocity on pressure. Assuming a
linear dependence of wake velocity on ambient pressure, however, the
distribution of data points is reasonably balanced giving an average
pressure of 4O torr. A total of forty radial profiles were used in
the formation of these distiibutions of points. A least mean square
fit of an equation of the form

Vw/Vgg = a+b log X/D, (1)

where a and b are functions of radial position, was made on the
distribution of velocity data points at each preselected radial
distance. This particular form of equation has no theoretical
Justification and the best reason for using it is that it fits the
data very well., Figure 19 shows a typical example of the semi-
logarithmic least mean square fit (open circles and full line) of
the sequential spark wake velccity data at a radial distance of 0.7
body diameter. Only relative importance should be attached to the
scatter of the data points because of the large range of ambient
conditions pertinent to these data. The wake velocity data cover a
range of axial distance from 130 to 1000 body diameters. For purposes
of comparison, Figure 19 also shows a least mean square fit of wake
velocity data obtained from the electrostatic probe arruy technique
behind a 2.7-inch Titanium sphere travelling at 15000 ft/sec at an
ambient pressure of 20 torr (black circles and dotted line). The
scatter of the probe array data points is typical of the velocity
fluctuations that can be observed on a single measurement of an axial
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velocity profile. More measurements in the same conditions may
increase the scatter, however, the agreement between the results
obtained by the sequential spark and the probe array techniques is
remarkably good.

Figure 20 shows a family of mean axial wake velocity profiles
obtained from semi-logarithmic fits of the sequential spark data.
Profiles are given at every 0.2 budy diameter between 0.4 and 2.0 body
diameters of radial distance. For values of normalized radial distance
(R/D) smaller than 0.4 and larger than 2.0 body diameters, the number of
data points in the distribution is too small to obtain statistical accuracy
in the least mean square. fit of the data. The decrease in the number
of data points at small R/D is due to the fact that the spark often
passes at some distance from the wake axis. At large R/D, the decrease
is either due to the width of the moving core of the wake, or to the
relatively small separation of 5% inches between the electrodes. It
can be seen in Figure 20 that the slope of the axial profiles decreases
fairly smoothly with radial distance and that all the profiles converge
to an almost gommon value of Vwﬂho = .03 at an axial distance of 1000
body diameters.

3.2 POWER LAW DECAY OF WAKE VELOCITY

There is more theoretical justification for plotting the
velocity decay data on a log-log scale, and looking for a power law
type fit. It has been shown by Townsend (23) that in the case of
the incompressible "self-preserving'" axisymmetric turbulent wake,
the growth of the viscous core varies as the 1/3 power of the distance
behind the body, while the decay of the wake velocity varies as the
minus 2/3 power of the distance. For the hypersonic turbulent wake,
there is a large amount of wake growth data (24, 25) to show that the
1/3 power law is obeyed over a range of axial distance from 100 to
10,000 body diameters behind a body. Least mean square fits of an
equation of the form

C2
Vw/Vp = Cy (X/D) (15)

were made on the distributions of sequential spark velocity data
points previously used for the semi-logarithmic fits. Data points
obtained at axial distances smaller than 300 body diameters have
been neglected in order to reduce the range of axial distance since the
distributions of data points at small X/D tends to deviate somewhat
from the power law particularly at small radial distance (R/D £ 1.0
body diameter). Figure 21 shows a typical plot of sequential spark
data and least mean square fitted curve (open points and full line)
at a radial distance of 1.2 body diameter. Also shown (solid pcints)
are probe array results obtained behind a 2.7 inch sphere at 15000
ft/sec and 20 torr and the corresponding least mean squares fit
(dotted line). The agreement between the two least mean square
curves is very good. The slope of the sequential spark curve ig
minus unity while the probe array data indicate a slope of 0.9.

The scatter of the velocity data points for both sets of data is



UNCLASSIFIED
16

TURBULENT WAKE STUDIES

appreciably larger at R/D = 1.2 body diameters (Figure 21) than at
R/D = 0.7 body diameter (Figure 19) because the radial velocity profile
is relatively flat at R/D = 1.2 body diameters (6).

Figure 22 shows a family of mean axial wake velocity profiles
obtained from the least mean square fit of equation 15 on the sequential
spark data. The slope of the axial profiles decreases gradually from
minus 1.2 at R/D = 0.4 body diameter to minus 0.4 at R/D = 2.4 body
diameter:.

3.3 WAKE VELOCITY DEPENDENCE ON REYNOLDS NUMRER

Both the electrostatic probe array and sequential spark
results indicate an appreciable dependence of the wake velocity on
Reynolds number, or more specifically on ambient pressure times body
size. Figure 23 shows probe array velocity results obtained in the
wake of one inch spheres (solid circles) and of 2.7 inch spheres
(open circles) at a pressure of 20 torr and at velocity from 14000
to 15500 feet/second. These results are compared with semi-logarithmic
fits of sequential spark data. The results indicate that the electrostatic
probe array data obtained behind the 2.7 inch spheres (P4 D = 135 torr-cm)
are in consistent agreement with the sequential spark curves (average
Po D = 100 torr-cm). On the other hand, the probe data obtained behind
one inch spheres (Pe D = 50 torr-cm) lie consistently low with respect
to the 135 torr-cm data (26).

Further evidence of the dependence of wake velocity on
Reynolds number can be seen in Figure 24A and 25A showing the mean
radial profiles obtained from measurements at the same projectile
velocity (15000 ft/sec) and axial distance (X/D = 1000 B.D.) and for’
pressures of 20 and 76 torr. At 20 torr the normalized velocity on
the axis is 0.021 while at 76 torr, this value is 0.026.

4.0 FLUCTUATING CHARACTERISTICS OF THE TURBULENT WAKE

The distributions of data points in Figures 19 and 21 show
an appreciable scatter which can be mainly attributed to turbulent
fluctuations. 1In this section, estimates of the turbulence intensity
of the wake velocity will be given. An attempt to measure a character-
istic time scale for turbulence wili be briefly described and pre-
liminary results will be compared with moving frame autocorrelation
time scales obtained from cross correlation results of axial electro-
static probe array signals.

4.1 WAKE VELOCITY FLUCTUATION INTENSITY

Estimates of turbulent intensity can be obtained from
the sequential spark experiment by collecting a certain number of
radial velocity profiles under the same ambient conditions. From
these measurements, a mean profile can be extracted and the standard
deviation of these profiles from the mean is a measure of the
turbulent intensity. Measurements in the inviscid region of the wake

\
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of supersonic spheres have shown the repeatability of the measurement
technique in the absence of turbulence (6), so that the fluctuations
observed in turbulent wake measurements can be attributed in large part
to turbulence.

Figure 24A shows the mean radial profiies of axial and
lateral wake velocity obtained from 1l profiles measured at 1000 body
diameters behind one inch spheres travelling at 15000 ft/sec in an
ambient pressure of 20 torr. The mean lateral velocity profile Vyw/\eo
is gratifyingly close to zero. Figure 24LB shows the intensity of the
velocity fluctuation as a function of radial distance. The standard
deviation has been normalized to the mean axial wake velocity on the
axis (R/D = 0), The value used for normalization is Vwo/Vw = 0.021.
A turbulence intensity level varying between 10 and 20% is observed.
Figure 25 shows similar results obtained from 6 measurements under
conditions identical to those appropriate to the results of Figure 24°
except that the pressure is 76 torr, Because of the smaller amount
of data, the mean lateral velocity does not average as close as before.
In this case, a value of Vyo/Wo = 0.026 has been used to normalize
the standard deviation. The fluctuation level is comparable to that
observed at 20 torr.

Similar estimates of "turbulence intensity" can be made
from the electrostatic probe array data. Taking the results from
an individual firing, a semi-log mean square fit of Vw/Ve versus
X/D was obtained. Using this fit, the r.m.s. deviation of the points
from the fitted curve in each of four ranges of axial distance were
obtained (X/D < 300, 300 - 600, 600 - 900 and 900 - 1200). The
number of points in each band of axial distance is quite small, which
leads to quite a large scatter in the results. Therefore the results
of a large number of firings (fir 1.0 < R/D € 1.5) were averaged to
obtain a mean rms velocity fluctuation Vg (Figure 26) and also a
mean local wake velocity Vw/Vep (for 1.0& R/D< 1.5). From these

two curves, //Vw was computed to estimate the intensity of turbulence.

The rms velocity fluctuation (42//) was also normalized to the wake
velocity value at the wake axis using the sequential spark estimate
of Vwo. All these results are plotted in Figure 28, which shows the
turbulence intensity to be of the order of 20 to 30%.

4.2 CHARACTERISTIC TIME SCALE FOR TURBULENCE

The study of turbulent mixing is generally based on the
measurement of the time required for a given configuration or pattern
of turbulence to be replaced by a non-correlated turbulent pattern.
The time history of electrostatic probe signals yield a measure of
turbulence decay at a localized spot but it seems interesting to
study the time decay of a known pattern.

To produce this pattern, a series of 7 closely spaced
(4 seconds) sparks of short duration (.8 sec) are used to form a
hot filament of gas in the wake. The filament is photographed with
the fast framing camera of a schlieren system. At a downstream

|
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distance of 1200 body diameters the filament is distinctly observed

for 7 to 12 frames before degradation of the pattern due to mixing

in the turbulent wake renders it undetectable. Figure 27 gives a typical
sequence of schlieren photographs. In order to define a criterion to
obtain the decay of the pattern, each photograph was scanned by a
microdensitometer in a direction parallel to the flight axis. Preliminary
tests have shown that a scanning field of two body diameters in height
enhances the spark definition by averaging the background fluctuation.
Typical microdensitometer traces are given in Fig 28 showing the background
{luctuation as well as the spark amplitude. Figure 29 shows the decay

of the average peak amplitude of the spark compared with the average peak
amplitude of the background, both amplitudes being averaged over a frequency
band corresponding to the spark frequency.

A characteristic time scale can be obtained from the moving
fvame autocorrelation associated with the family of cross correlation
curves obtained from the axial electrostatic probe array signals as shown
in Figure 11. The time at which the moving frame autocorrelation has
decreased to a value of exp (-1) is tuken as an integral time ccale.
Figure 30 shows examples of time scales measured by the axial array probe
technique in the wake of 2.7 inch spheres at 15000 ft/sec and 1.0 to 1.2
body diameters off axis for ambient pressures of 7, 20 and 76 torr. The
time scales at an axial distance between 100 and 4LOO body diameters are
appreciably longer for a pressure of 7 torr (Figure 30A) than for
pressures of 20 and 76 torr (Figures 30B and C respectively). (However,
the differences apparent in the trend of the results at 7 torr and at 20
and 76 torr cannot be judged significant on the basis of one or two
rounds) .

Only a few tridls have been made with the hot filament
technique. Despite the difference in resolution and criteria between
the filament and array techniques, it would appear that the "time scales"
obtained by the two methods are in coarse agreement.

5.0 CONCLUSIONS

An outline of the experimental investigation of the
turbulent wake of hypersonic projectiles being undertaken at CARDE using
ballistic range facilities in the joint CARDE-ARPA program has been
presented. The main experiments in the program for observing local
variations of velocity, mass density, temperature and electron density
have been described in some detail, and a few typical results presented.
Definitive data havenot yet been produced in the case of every experiment,
but a considerable amount of information has been amassed on velocity,
using the sequential spark technique. This data has been presented
on mean velocity profiles in the wakes of hypersonic spheres, and the
close agreement between sequential sperk results and velocity data from
arrays of electrostatic probes has been demonstrated. Pre?iminary
estimates of the level of velocity fluctuations in the wake as
obtained from the sequential spark experiment and by the probe arrays
have shown good agreement.
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FIGURE 1 - Range No. 5 flight chamber.
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FIGURE 2 - Four inch light gas gun launcher on Range No. 5.
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FIGURE 4 - Recording installation of oscilloscopes and Fastax cameras.
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FIGURE 7 - Projections in the XZ (axial) and YZ (lateral) plane of the
series of sparks of Figure 6
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FIGURE 9 - Axial array of electrostatic probes.
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FIGURE 10 - Segments of a set of typical electrostatic probe axial

array current signals obtained behind a 2.7 inch Ti sphere

Voo = 14.5 kfps P = 9.3 torr R/D = 0.6 B.D.
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FIGURE 11 - Family of cross correlation R(x,)-) curves obtained by

cross correlating corresponding 0.5 millisecond sections
from the pairs of probe current signals shown in Figure 10.
The envelope of the curves represents the autocorrelation
in the moving frame (temporal correlation).
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for the cooled film anemometer. The insert shows the
sensor element.
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FIGURE 14 - Errors induced in the determination of the flow
temperature by fractional errors in the input data
for operating temperatures of 400 and 700° Kelvin,
(F11ington, Priva‘te Communication).
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FIGURE 15 - Fluctuating voltage signal from two cooled film
anemometers in a 2.7 inch sphere wake with minimum
spacing between the sensors. The bow shock occurs
about 0.3 millisecond after the zeroth timing mark.
The probes traverse the inviscid wake until about
the 3rd timing mark, when they encounter the viscous
core. The sensor temperatures were 423° and 678°
Kelvin.

Voo = 14.6 kfps Poo® 75.9 torr R/D » 2,2 BD
(Ellington, Private Commmnication).
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FIGURE 16 - Temperature in the inviscid wake and viscous core
obtained from analysis of the signals of Figure 15,
(Ellington, Private Communication).
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FIGURE 17 - Schematic of Electron Beam equipment on Range 5.
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WAKE DENSITY RATIO VS AXIAL DISTANCE

FIGURE 18 - Typical measurements cf mass density normalized to
free stream density near the wake axis as obtained
with the electron beam equipment. Correction for
the reduction of attenuation of the beam in the
presence of the wake would slightly lower the
estimates of normalized wake mass density on the
axis,

Voo = 15 kfps P_ = 8 torr R/D L 0.5 BD
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FIGURE 19 - Semilogarithmic rms fits of sequential spark and probe
array normalized wake velocity data, compared at R/D = 0,7,
The sequential spark data were obtained on 40 rounds at
the following conditions: one inch diameter spheres
12 < Voo < 15kfps, and 20£2 Pos £ 76 torr. The
probe array data were obtained on one 2.7 inch diameter
sphere firing at 15 kfps and 21 torr.
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FIGURE 20 - Family of mean axial wake velocity profiles at various
radial distances R/D using semilogarithmic rms fits.
One inch diameter spheres
12 < Voo < 15 kfps 20 < Pay < 76 torr,
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FIGURE 21 - Logarithmic rms fits of sequential spark and probe
array normalized wake velocity data at R/D = 1,2 BD,
The sequential spark data were obtained on 4O rounds
at the following conditions: one inch diameter spheres,
12< Voo < 15 kfps, and 20 &« Poo & 76 torr. The
probe array data were obtained on a 2.7 inch diameter
sphere firing at Vco = 15 kfps and Poo = 21 torr.
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FIGURE 22 - Family of mean axial wake velocity profiles at

various radial distances R/D using log rms fits.

(Same data as Figure 20 except data points fcr
X/D < 300 have been dropped).
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FIGURE 23 -~ Comparison of electrostatic probe array wake velocity
data with the sequential spark data of Figure 20 (R/D
= 0.8 and 1.0 BD). The open points were obtained with
2.7 inch diameter spheres at 20 torr (P, D = 135 torr-cm)
while the solid points were obtained with one inch
diameter spheres at the same pressure (P D = 50 torr-cm).
Velocities were between 14 and 15.5 kfps.
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FIGURE 24 - Mean wake velocity profile at X/D = 1000 deduced from
11 sphere firings. V.. = 15,000 fps Poo = 20 torr.
The rms velocity deviation of the data obtained from
the average over the individual rounds is also given.



UNCLASSIFIED

46
V. /[
w
- C>CDC)C)C)C)
024 OOOOOO o Vew/’Va O
o20{- "o Vo /V., O
O
O} (®)
02 © O
008}
004
b panap000
° = A A
A [AYAYWaY A FaYyaY
-.004 1 1 ] 1 [ AW,
4 8 1.2 1.8 20 24
R/D (BODY DIA.)
2 ’
C'IVIF ”‘/v“ o
24 o o AA ”,/V'o 7a)
(o] o ®)
0o o} Aaoo
N ] od Oo fo) N [}
fa o [ A
L Ay
osl
B
0 | L 1 1 1 1
4 8 1.2 L6 20 24

R/D (BODY DIA.)

FIGURE 25 - Mean wake velocity profiles at X/D = 1000
deduced from 6 sphere firings. Voo = 15,000 fps
Poo= 76 torr. The rms velocity deviation of
the data obtained from the average over the
individual rounds is also given.



WAKE VELOCITY FLUCTUATIONS
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FIGURE 26 - Wake velocity fluctuations inferred from the electrostatic
probe array data, averaged over radial distinces from 1.0
to 1.5 body diameters. The fluctuation data have been
normalized to the mean wake velocity Uw deduced by the
probes for 1,0< R/D < 1.5 and also by the axial wake
velocity Vwo measured by the sequential spark experiment.
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OPTICAL DENSITY
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FIGURE 28 - Microdensitometer traces obtained by reading
schlieren photographs of Figurs 27, Slit width
wvas equivalent to 2 body diameters long by .02
body diameters wide.
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FIGURE 29 - Comparison of averags peak amplitude of spark with

averags background fluctuations from microdsneitometer
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FIGURE 30 - Moving frame autocorrelation time scales as a function

of axial distance obtained with the probe array at
various pressures.
2,7 inch diameter spheres 1L £V o £ 15 kfps.



