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RESUME

On a utilisé des doubles peignes transverses de sondes ioni-
ques pour étudier la structure du sillage ionis& produit par une sphére
de 2.7 pouces de diamétre, lancée a4 14,500 pi/sec dans une atmosphére
d'azote 3 des pressions de 7.6 torr et de 20 torr. Pour chacune des
positions radiales occupées par une paire de sondes, on a noté la valeur
de la variable aléatoire correspondant i 1'endroit derriére le projectile
oli 1'ionisation se manifestait pour la premiére fois de fagon perceptible,
celui oil le premier tourbillon ionisé faisait son apparition, et finale-
ment celui 4 partir duquel la turbulence devenait continue. La premi&re
de ces quantités nous a permis d'établir une ligne de démarcation délimi-
tant la région ionisée du sillage. Cette ligne est située entre la
frontiére de 1'écoulement non visqueux définie par Wilson a partir de
photographies strioscopiques et celle du sillage &lectronique dé&duite des
pcofils radiaux de la densité du méme nom déterminée par un interférométre
ricro-onde. Par ailleurs les données relatives au premier tourbillon
ionisé ont servi 4 &valuer 1'étendue de l'ionisation en sein du noyau
turbulent du sillage. Il ressort de nos résultats qu'environ les 4/5 de
la portion visible par strioscopie de c2 noyau est ionisée. On a Egale-
ment pu, de fagon identique, définir une frontiére en partant des données
se rapportant au point d'origine de la turbulence continue. Or il s'est
avéré que cette dernidre s'écartait peu de celle délimitant le noyau
turbulent proprement dit laquelle correspond d un facteur d'intermittence
de 50%. D'un autre c6té la différence entre les résultats 3 7.6 torr et
ceux 3 20 torr va dans le méme sens que celle observée pour d'autres
mesures faites au Centre de Recherches pour la Défense Valcartier (CRDV).
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ABSTRACT

Survey arrays of ion probes have been used to study the struc--
ture of the ionized turbulent wakes of 2.7 inch diameter spheres flown at
14,500 feet/second in atmospheres of nitrogen at pressures of 7.6 and 20
torr. For various radial distances measured from wake axis, matrices
of data points have been obtained giving random values of the axial dis-
tance behind the projectile at which ionization begins, the first ionized
eddy occurs, and continuous turbulence begins. A wake radius separating
the significantly ionized wake from the unionized wake has been obtained,
and found to lie intermecdiate between the inviscid wake radius defined
by Wilson from schliercn measurements and an electron density radius
corresponding to the 1/e points of the electron density distribution
defined by microwave interferometric measurements. A radius defining the
extent of the ionized portion of the turbulent core has been determined;
this radius is of the order of 80% of the schlieren radius of the tur-
bulence core.

The continuous turbulence data can also be used to define a
wake radius; this radius has been identified as the mean position of the
turbulent interface for ionized eddies, because it is in agreement with
estimates of the turbulent interface obtained by fitting the radial dis-
tributions of intermittency estimates preparrd from independent 0.5
millisecond long segments of the ion probe signals. The radius corre-
sponding to the mean positiun of the turbulent interface is within the
schlieren radius of the wake core. In addition to determining the mean
position of the turbulent front, the standard deviation of the interface
has been established. These last data have been found to be in broad
agreement with data derived from measurements of the wake edge using
schlieren techniques.

The ditferences in the results nbtained at 7.6 torr and 20
torr have been considered and found consistent with other experimentally
measured data obtained at Defence Research Establishment Valcartier (DREV);
the occurrence of a transitionary type behavior in the frequency content
of the probe signals from the 7.6 torr results has been noted but not
explained.

/1]



TABLE OF CONTENTS

RESUME

ABSTRACT

INTRODUCTION

EXPERIMENTAL TECHNIQUE

OBSERVATIONS AND MEASUREMENTS

3.1 Qualitative Observations

3.2 Measurements of Occurrence Data
3.3 Estimating Intermittency Factor
Ionization Occurrence Frontiers

Continuous Turbulence

Fluctuations at 7.6 torr
4.5 Intermittenc)

DISCUSSION
CONCLUSION
ACKNOWLEDGEMENT
REFERENCES

FIGURES 1 - 17

APPENDIX A - Radial Distributions of Intermittency
Estimates, P = 7.6 torr

APPENDIX B - Radial Distributions of Intermittency

Estimates, Po = 20 torr

S

1

.2 The Extent of the Ionized Turbulent Core
3

4

Appearance of High Frequency Components in the

NTEVAS R NII A 2 4 s

ii

—

00 O (N W

10

11
13

13
14

15
17
18

19



SV AL VNS A F S

1

1.0 INTRODUCTION

The study of hypersonic wakes is a relatively new extension
of fluid physics research, having only become routinely possible with
the introduction of high velocity light gas gun launchers into ballistic
range facilities just prior to the 1960's (Reference 1). Most of the
early experimental work in the field was concerned with the study of the
growth of the turbulent core in the wakes behind hypersonic spheres and
other bodies using schlieren flow visualization techniques in combination
with fast photography (References 2 - 6), although attempts were also
made to infer growth information from microwave cavity measurements
(Reference 7). As an aid to the theoretician, the wake growth data has
proved disappointing because of its insensitivity as an indicator of the
validity of various theoretical models of turbulent diffusion in the wake
(Reference 8). This has led to the demand for more precise information
such as spatially resolved data of the velocity and density distributions
in hypersonic wakes. Recently a large experimental program in the bal-
listic range facilities at DREV has been completed in response to those
needs (References 9 - 13). This program featured 'point' or spatially-
resolved measurements in contrast to the 'integrated' character of the
measurements attributed to optical and microwave techniques. As a
consequence, in addition to optical or schlieren wake radii behavior,
there now are available experimental data on the radii associated with
velocity, mass density, and temperature distributions, at least in the
case of hypersonic sphere wakes (References 14, 15).

Recent experiments at DREV using a transverse array of electro-
static probes sufficiently wide-spaced so as to cover a region of wake
comparable to the wake diameter have also produced wake radii data, par-
ticularly in the case of the wake velocity distribution (Reference 16).
The survey array has also been used to make point measurements of the
behavior of the turbulent interface in the wake of a hypersonic sphere,
both as a function of radial distance and as a function of axial dis-
tance behind the projectile, for several hundreds of body diameters.
These new data are presented in this report. Similar information has
previously been available only indirectly from the measurements on the
edges of wakes as recorded on schlieren photographs, as first reported
by Schapker (Reference 17) and subsequently by Levensteins and Krumins
(Reference 6).

2.0 EXPERIMENTAL TECHNIQUE

As viewed by a schlieren system, the average width of the
turbulent core of the wake of a 14,500 feet/second hypersonic sphere is
about 4 sphere diameters at an axial distance of 125 diameters and almost
twice this value around 1000 diameters behind the prrjectile (Reference 18).
The physical variables which characterize the wake have been shown to
vary significantly across the core and in some cases this variation can
be well approximated by a gaussian curve (Reference 15). Any techrique
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which intends to survey the behavior of some variable across the wake
must consequently make many simultaneous measurements over an extent of
wake comparable to the average width.

Figure 1 shows a transverse survey array of electrostatic ion
probes, typical of those used to observe the wakes of 2.7 inch diameter
hypersonic spheres. The array consists of eight basic elements, each
containing two ion probes. The eight elements are distributed uniformly
along a line perpendicular to the direction of the axis of flight and
separated horizontally by at least 1.25 irches. Depending on the exact
arrangement, the distance between the outermost probes in the array can
be up to 10 inches, or almost 4 sphere diameters. The presence of two
probes in each of the eight elements is related to the velocity measuring
capability of the array (Reference 16); for the present studies, one
probe per element would have sufficed.

The individual ion probes are formed from miniature solid-
jacketed coaxial cable by stripping the outer jacket and teflon insulator
so as to expose a 2 millimeter long segment of the 0.28 millimeter diame-
ter gold wire central conductor. The probes are biased at minus 4 volts
(with respect to ground) so as to collect positive ions. The bias to
each probe is supplied by an operational type current-to-voltage
preamplifier, located in the preamplibier box at the base of the survey
array. The compensating electron current is collected by the external
jacket of the coaxial probe and by the adjacent supporting metal structure,
which are grounded. The plasma of the wake will assume a potential
slightly positive with respect to the metal structure immersed in it,
thus the difference between the potential of the probes and the plasma
will actually exceed 4 volts in magnitude.

The amplifiers for the 16 probes in the array are all located
in the same preamplifier box, which is wedge-shaped to minimize the
reflection of the projectile shock wave system (Reference 19). The fre-
quency response of the preamplifier, as measured with an equivalent probe
at the input, is flat from dc to several hundred kilohertz. Each pre-
amplifier drives a ten to twelve foot length of coaxial cable needed to
transmit the probe signals to the exterior of the range tank. The bias
voltage is then removed by subtraction in a type '0' unit, znd the
residual ion current signal is amplified for transmission to the recording
room. - Recording is carried out by means of Tektronix 551 and 555 double
beam oscilloscopes and Wollensak 35 millimeter Fastax cameras. Timing
marks are introduced in the signal traces by means of Z-modulation of the
oscilloscope beam at intervals of one millisecond; together with pulses
from various trigger stations located in the range which are recorded on
the edge of the film, these assist in sychronization in time of the signals
from various probes. The same trigger stations are used to feed time delay
units and calibrated high-sweep speed oscilloscope recording. By these
means it is possible to link various features on the film traces to thu
time at which the projectile passed over the probes. As a consequence,
each timing mark on the sigral trace can be related to the time either
before or after the instant of passage of the projectile. Equivalently,
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using the measured velocity of the projectile, each timing mark can be
associated uniquely to a point in the wake at a specific axial distance
(measured usually in projectile diameters) behind the projectile. The
array itself is carefully positioned with respect to the range axis
before the launching of the projectile, while the actual flight linec of
the projectile is determined by a series of X-ray flash photographs and
a calibrated catenary wire reference system. The radial distance of
each probe from the axis of the wake is thus completely determined. Any
point on the signals recorded by the probes thus corresponds to a given
radial distance R/D from the wake axis and a given axial distance X/D
behind the projectile.

One additional point deserves to be mentioned. The interior
of the range in the necighborhood of the measuring station is lined with
smoothly profiled fiberglas wedges, oriented so that the plane or
symmetry of the wedges passes through the axis of flight. This treatment
has been found experimentally to significantly attenuate the effects of
the projectile shock wave system (Reference 19).

The interpretation of the current drawn to an ion probe in a
continuum flow, while almost always a problem in using electrostatic
probes (Reference 20), is not considered to produce a difficulty here.

The current is dominated by the existence of charge density, but whether
the fluctuations in the probe current are solely due to fluctuations in
this quantity or also due in part to fluctuations in velocity or in
temperature (Reference 20) is probably irrelevant. We wish mainly to
consider whether the flow appears to be laminar or whether it is turbulent.
We are also interested in certain wake size or growth data, particularly
that related to the existence of charge density in the wake core. The
presence of turbulence is assumed to simultaneously cause fluctuations

in all the physical variables in the wake, so that, experimentally speaking,
it does not matter which fluctuations dominate the probe current signals
being observed.

3.0 OBSERVATIONS AND MEASUREMENTS

3.1 Qualitative Observations

Figure 2 presents signals recorded by each probe in a sym-
metrical transverse survey ion probe array consisting of eight 2-probe
¢lements. These signals are typical of those obtained on firings of
2.7 inch diameter spheres at 14,500 feet/second in nitrougen at 7.6 torr
(Figure 2a) and in nitregen at 20 torr (Figure 2b). Each pair of signals,
characterized by the same value of radial distarce R/D, corresponds to the
signals from a 2-probe element of the array. (Conseqiently, the two
signals of a pair are very similar, except that the features on the signal
from the upstream probe (the uppermost signal of a pair) lead the cor-
responding features on the signal from the downstream probe (the lower
signal of a pair)). In Figure 2, the overall order of the pairs of signais
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corresponus exactly to the geometrical order of the 2-probe elements
across the survey array. As previously mentioned, the signals of
Figure 2 were obtained with symmetrical arrays, so that the projectile
passed somewhere near the vicinity of the pairs of probes in the middle
of the array. This is evidenced by the small values of R/D (0.85 and
0.90) of the probes in the center of the array, compared to the larger
values of the outermost probes.

Unfortunately the number of available recording channels was
limited on these experiments. Since the greatest variation in ion density
with axial distance occurs near the wake axis, the central probes (at
small R/D values) experience the largest variation in probe current. At
least two chanrels of recording at different sensitivities were assigned
to each probe of the 4 probe pairs in the center of the array and one
channel to each probe of the outermost 4 probe pairs; an additional
channel at a different sensitivity for each probe would have provided an
optimum recording arrangement. The signals presented in Figure 2 were
selected particularly to show the beginnings of the signals in the case
of the central probes. The gains shown vary by a factor of 20 from the
central probes to the outermost and the choice is the result of experience.
One other remark should be made regarding this figure. Normally the
cameras which record the signals on 35 millimeter film do not run at
exactly the same speed, so that 1 millisecond may represent a shorter or
a longer length of film on ore signal than on another. The different
signals shown here were enlarged by varying amounts so that 1 millisecond
along each signal corresponded to the same physical length. The time
marks are accordingly in correspondence across the various signal traces,
providing for a more orderly presentation. The amplitude of the signals
are slightly distorted as a result.

The general features of the near wake behind a sphere or
another blunt body travelling at hypersonic velocity have been observed
using schlieren techniques (Reference 5). At small values of X/D, the
turbulent core of a hypersonic turbulent wake is imbedded in a surrounding
cylindrical stream tube of hot inviscid fluid which was shock-heated to
very high (ionizing) temperatures by passage through the near-normal
portion of the bow shock wave of the projectile. This hot, inviscid
flow is surrounded in turn by the cold inviscid flow which passed through
the oblique part of the bow shock wave. The turbulent core of the wake
grows with axial distance; eventually the viscous wake core becomes so
large that it breaks through the 'walls' separating the hot inviscid flow
from the cold inviscid flow. For the conditions of the present experi-
mentation, this breakthrough takes place at about 200 to 300 diameters
(Reference 5). Subsequent to breakthrough, the turbulent core grows by
engulfing the relatively cold gas which surrounds it.

The ionization in the wake is created by the same processes
which generate the high temperature flow in the center of the wake, and is
thus confined mainly to the turbulent core and to the surrounding high
temperature inviscid flow. Consequently, an ion probe situated near the
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axis of the wake but outside the core (whose initial diameter is less
than the sphere diameter) should initially collect a fairly steady
current from the laminar hot inviscid fluid surrounding the core, and
subsequently should collect an increasingly fluctuating current as the
viscous core grows over it. A probe located at a larger distance from
the wake axis should initially be in the relatively cold inviscid
unionized flow and should not collect any current; until suddenly it
begins to collect a fluctuating current as the turbulent ionized core
engulfs the probe some time after breakthrough.

Examination of Figure 2 indicates that the experimentally
observed behavior of t“he pattern of current collection by a survey array
of ion probes is in accord with the above picture. Looking at the signals
obtained by the probes with the smallest R/D values ( 0.85 and 0.90), and
taking account of the channel gains, we see that the probe currents
indicate first a laminar region of intense ionization over the first 30
diameters or so behind the body. The smooth signals from the laminar
flow are occasionally interrupted by a burst of fluctuations associated
with a turbulent blob from the core thrusting out into the laminar flow.
After 30 diameters, the signals from the probes at small R/D values become
continuously fluctuating, indicating the core has completeiy immersed them.

Looking next at the signals from probes situated at roughly
1.4 diameters from the wake axis, we see that the flow is preferentially
laminar until at least 100 diameters or so behind the projectile. Around
this axial distance, intermittent bursts of fluctuations become more and
more frequent, indicating turbulent flow is beginning to engulf these
probes. Finally the signal becomes predcminantly fluctuating.

When the probes are located at about 1.8 diameters from the
wake axis, there is no current detected from the laminar inviscid flow
at the sensitivities employed. Bursts of fluctuations begin in the
axial distance range situated between about 150 and 200 diameters, with i
evidence of considerable amounts of laminar fluid interspersed in the
flow, giving the signals a sawtroth-like appearance. And the same sort
of behavior occurs as one looks at probes located even further from the i
wake axis (Figure 2).

We can conclude from a first examination of the patterns of
ion probe signals such as those in Figure 2 that, qualitatively, the i
behavior of the signals is at least roughly in accordance with the i
behavior of ion probe signals 1hat would be predicted from the schlieren
studies (Reference 5) of blunt body wakes. It is well to note that this
type of probe data is probably unique in the case of hypersonic sphere
wakes. The next step is obviously to make systematic observations on
the various features present in the probe signals and to make quantitative
comparisons of the results with the published schlieren data.

3 m T
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(Another interesting, and in fact striking, feature of the
data in Figure 2 is the difference in frequency content between the
signals obtained at 7.6 torr and those obtained at 20 torr. We will
return to this effect later in the text).

3.2 Measurements of Occurence Data

The ensembles of probe signals, one at 7.6 torr and the other
at 20 torr, were next submitted to systematic measurement. In the case
of probe signals from survey arrays such as that illustrated in Figure 1,
the separation between adjacent probes is almost 0.5 diameter. Since the
average space scale is less than this value (Reference 20), all the signals
from a survey array were considered as being independent. Additional
signals from various special purpose arrays (Reference 21) were also
admitted to increase the size of the sample, provided the independent
data criterion was satisfied. Taken all together, data from 17 survey
array rounds and 8 special array rounds at 7.6 torr have been considered;
as well as data from 6 survey array rounds and 3 special array rounds at
20 torr.

Figure 3 illustrates the type of 'occurrences' that can be
observed in typical ion probe signals obtained in hypersonic sphere wakes.
For a signal from a probe located at a radial distance R/D, one can note
the axial distance X/D at which ‘ionization begins', at which the 'first
eddy' occurs, at which the fluctuation (or the turbulence) becomes
‘continuous’', as well as the additional 'frequency' effects at 7.6 torr.
For each type of 'occurrence' one thus builds up a matrix of data points
for the random variable X/D at which certain events occur for various
values of R/D. Some of these 'occurrences' are better defined tlian some
other types, and some of the results are of more interest than others.

A few remarks on each type of observations are necessary.

Consider the observation un when 'ionization begins', and what
is meant by that observation. The definition of IB (Figure 3) must be
qualified as follows. In these experiments linear recording was employed.
At a maximum, only 2 channels of recording per probe at different gains
were normally available. The lowest gains were chosen so that given a
normal placement of the projectile with respect to the probes, the portions
of the signal just behind the projectile would be recorded as shown in
Figure 3 without off-screen effects. The higher gain channels permitted
the capture of additional signal at larger axial distances behind the
projectile. Now at the smaller radial distances, the point at which the
ionization begins is well defined, independently of any choice of channel
gain. At very large radial distances, there is equally no problem in
defining where ionization begins, because it obviously occurs simultaneously
with the arrival of the first ionized eddy. At intermediate R/D values
there is some problem, because when there is a finite current to the probe
as it traverses the more weakly ionized portions of the hot inviscid laminar
wake, the level of detection is dependent on channel gain. Since the
optimum choice of gain (in this experiment) was aimed at recording the
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.Jddies at as large a gain as possible without off-screen loss on one

channel, with a higher gain on a second channel, the threshold le el at

which ionization was detected correspond to a finite percentage o: the

initial maximum fluctuation amplitude observed at each radial distance.

As a rough estimate, ionization levels below about 10% of the maximum

fluctuation could escape detection. Experimentally speaking, however,

it does not appear from the results that a choice of gain based on the

magnitude of the fluctuating part of the probe current has caused a

problem as regards the determination of an effective point for the j
beginning of ionization. i

Consider now, the decision as to when tte 'first eddy' occurs.
Here again, in choosing the first eddy, there could be > lependence on
the choice of gain. An insignificant feature in the probe current signal
can look very much more important at a gain 20 times larger. The criterion
employed was a simple one and consisted of relating the size of the
fluctuation to that of subsequent fluctuations. To be recognized as the
'first eddy', the size of the fluctuation had to be such that there was
no doubt in identifying the fluctuation on a recording in which nearby
large fluctuations took up the available scale or were even slightly
off-scale. This criterion probably translates into a requirement that the
minimum size of the first eddy had to be of the order of 5 to 10% of the
size of the large fluctuations.

After the 'occurrences' of the detection of the beginning of
jonization and of the detection of the first (ionized) eddy, the next
characteristic to be studied was the behavior of the fluctuations in the |
probe current. The bekavior of the fluctuations is argued to represent
the behavior of the fluctuations of turbulence in the wake flow. In
particular, the points where the flow became predominantly turbulent were
recorded. To accomplish this judgment, reference must be made to those
portions or segments of the probe signals where the fluctuations were
either absent or at a relatively undetectable level compared to the size
of neighboring fluctuations. These segments were designated as representing
laminar wake flow. In Figure 3, arrows are drawn to designate portions of
the typical signals which are relatively smooth or unvarying. (The letter
'L' is used to identify 'laminar' stretches of signal). The 'continuous
turbulence' was said to exist from the point where the portion of fluc-
tuating signal in the total signal exceeded 50%. More precisely, the
continuous turbulence was taken as the axial distance at which began the
fluctuation or a group of fluctuations satisfying the 50% criterion.

An additional effect involving continuous turbulence is
believed to be present in the 7.6 torr data. As previously remarked,
there is obviously a difference in the frequency content of the signals
at 20 torr and 7.6 torr; in fact, inordinately large 'scales' occasionally
are indicated at 7.6 torr by cross-correlating signals from axial pairs of
probes. The additional difference is the fact that in the case of signals
obtained in the wake at 20 torr, all frequencies are evident in the
fluctuations as soon as they are first detected; but in the case of signals

i s ria g e T R 4 o e ¥ - b Yl
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obtained at 7.6 torr, there is a noticeable lack of the higher frequency
components in the initial fluctuations. These higher components appear

in the region between 100 and 400 diameters behind the sphere. Accordingly,
in the case of the 7.6 torr signals, not only was the axial distance at
which the fluctuations became continuous noted, but also the axial dis-
tance at which the higher frequency components seemed to first appear.
Admittedl,, this particular chore of decision-making was not clearcut nor
lacking in a degree of subjectivity. Figure 3a illustrates a signal
showing 'continuous turbulence' as having an initial low frequency segment,
followed by signal where high frequencies were also present. (As will be
discussed later, this phenomenon of the absence and then subsequent
appearance of high frequency fluctuations was initially thought to be
somehow connected with transition (Reference 15)).

3.3 Estimating Intermittency Factor

The concept of intermittency is most easily understood in terms
of the character of the signal obtained by a probe in a turbulent fluid.
If a probe, such as a hot wire, was immersed in a turbulent fluid, and the
electrical signal from the probe was found to contain bursts of random
signal variation separated by varying-length periods of zero-fluctuation
signal, then the flow would be said to be intermittent. Intermittency at
a point in a turbulent fluid can be estimated by the ratio of the time
duration of the fluctuating part of the signal to the total time. In a
turbulent wake, as in a turbulent jet, intermittency would generally tend
towards unity on the axis of the flow and would fall towards zero as one
moves away from the axis of the flow. The behavior of the intermittency
factor in the wake ic important for an understanding of the structure of
the turbulent wake flow (References 8, 22) but almost no data has been
published (References 6, 17, 22).

The raw probe current data from the survey arrays have been
used to estimate the intermittency factors across the wakes of 2.7 inch
diameter hypersoaic spheres in both 7.6 and 20 torr nitrogen atmospheres.
The analysis was carried out in the following way. As previously
mentioned, each signal is divided into one-millisecond segments by a time
mark generator. Based for convenience on these time marks, the signal of
each probe (that provides an independent observation) has been divided
up into 0.5 millisecond segments. Also as previously described, based on
certain reasonable criteria, each signal has been separated irto laminar
and turbulent portions, depending on the absence or existence of fluc-
tuations in the signals. The decision as to which category a segment of
signal belonged was effected by scientifically-trained personnel, and
admittedly allows a degree of subjectivity in the estimation process.
(Figure 3a illustrates well some of the difficult decisions which are
required. An estimate of the sensitivity of the deduced results could
have been made by deliberately biasing the decisions towards the laminar
side and then repeating with a bias towards turbulence, but no effort
was available for this task).

B e P T e w Pre, %
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Once the decision is made as to which portion of a 0.5 milli-
second signal segment represents turbulent flow and which represents
laminar flow, the intermittency factor for the signal segment can be
calculated. For each signal one can construct a histogram-like time or
axial distance history representing the value of this factor estimated
over consecutive sections of wake, each one being about 32 diameters
further behind the projectile than the preceding section. Since each
probe in an array is situated at a different radial distance from the wake
axis, each histogram-like wake intermittency history corresponds to a
particular radial distance. Now the absolute location of the time marks
is different for each round. Consequently, all the histogram-like data
were sampled at 25, 50, 75, 100, etc. diameters behind the projectile,
and radial distributions of intermittency factor estimates obtained at
corresponding axial distances. Figure 4 shows two typical radial dis-
tributions of intermittency factor estimates. Such radial distributions
are susceptible to analysis to determine the mean position of the turbulent
front and the statistics of the scattering of the actual location of the
front about the mean position.

Assume that the instantaneous location of the turbulent front
Y(t) is described by a gaussian density function in the radial coordinate
with respect to the wake axis. The two adjustable parameters in this
function are §/D, the normalized average position of the turbulent inter-
face and o/D, the normalized standard deviation of the interface.

Mathematically, the intermittency factor I' can be written as

I'(y) = prob l'?' £ Y(t) soSJ,

where y is a variable representing radial position
with respect to the wake axis
and Y(t) is a random variable representing the instanteneous

location of the turbulent front.

Assuming the previously described probability tunction for Y(t), the
intermittency factor becomes (Reference 23)

[[ - erf .Q_'_ngil ,
YZ o/D

N|—

I'(y) =

where

erf x = g— fxexp(-Ez)dé.
/T o

The above expression has been used to fit the intermittency
data generated at axial distance iatervals of 25 diameters behind the
spherical projectiles considered in this paper, and as a result, estimates

v sty b 4 |, el /
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of the mean turbulent front position &/D and of the standard deviation
0/D were derived. In passing, it is noted that the mean position of the
turbulent front so-defined corresponds to an intermittency factor of 50%.

4.0 RESULTS

4.1 Jonization Occurrence Frontiers

The matrix of data points for the axial distances at which
ionization was first detected at vavious radial distances of the ion
probes is presented in Figure 5. One can consider that at each radial
distance R/D, the data define a border separating the ionized wake from
the unionized wake. As previously admitted, the exact location of this
border is somewhat dependent on the choice of recording gains. Usually
data such as those of Figure 5 are plotted as a function of X/D, the axial
distance behind the projectile. However, as far as occurrence frontiers
are concerned, X/D is a random variable, while R/D amounts to a variable
whose value is fixed before the experiment. Since one normally plots the
dependent variable on the vertical axis and the independent variable on
the other axis, one obtains a graph where the familiar 1/3 growth law has
been transformed into a cubic growth law. This is not merely a question
of taste. It is of real importance to know which quantity is the inde-
pendent variable if one plans to fit data. A regression of Y on X does
not necessary give the same answer as a regression of X and Y (Reference 20).

Also shown on Figure 5 are different types of wake radius
measurements (the occurrence frontier plotting format is not the standard
way of plotting these quantities but is necessary here to sllow comparisons
to be mad2). The solid curves at the right of the graphs are the edges of
the hnt inviscid wake described by Wilson from his schlieren observations
(Reference 5). The solid circles on Figure 5a give the radius defined from
the 1/e points on the mass density defect distribution measured by Dionne
and Tardif (References 13, 15). Both the inviscid wake and the mass
density radii appears to te beyond the ionization frontier, at least to
almost 400 diameters behind the sphere which produced the wake. The
electron density radius (open squares) was defined by determining the 1/e
points on an assumed gaussian distribution of wake electron density, where
the parameters of the distribution have been determined from simultaneous
dual channel microwave interferometric measurements on the wake
(Reference 24). Also shown are several data points (open hexagons)
rep-esenting the 1/e points on an assumed gaussian distribution of wake
ion density as found by applying ion probe theory to the current dis-
tribution measured with survey arrays of ion probes (Reference 25).

Except for Wilson's inviscid wake radius, all the data points seem to
merge eround 400 budy diameters. This phenomenon is quite obvious at
7.6 torr. Comparing the results as a function of pressure, it appears
that the ionization frontier radius is about the same at both 7.6 and 20
torr.



UNCLASSIFIED
11

Qualitatively the data scem to make sense. The electron and
ion density radii are smaller than the 'frontier' defined between the
ionized and unionized wake. In turn this frontier is smaller than the
mass density radius until at least several hundveds of body diameters,
and in turn, the mass density radius is smaller than the inviscid wake
radius defined at the boundaries between the hot and cold temperature
flows in the wake.

The inviscid wake radius given by Wilson seems to ~ollapse
towards the wake axis for axial distances less than 10 diameters, but the
ionization frontier data doe: not show a similar trend. At axial distances
of the order of 1 diameter behind the projectile, the exact axial distance
at which ionixation is detected can be in error by onc or two hody diameters.

4.2 The Extent of the Ionized Turbulent Core

The matrix of data points defining the axial distances at which
ionized fluctuations or eddies first appeared on the signal of en ion probe
at a known radial position is given in Figure 6. These 'first eddy' data
points provide a measure of the maximum distance from the wake axis at
which one can detect turbulent eddies carrying charge densities which are
significant compared to the mean ionization levels ia the turbulent core.
In fact, these data mark the outer edge of the ionized portion of the
turbulent core, and by fitting the data we can hope to obtain a wake radius
defining the average frontier of the ionized portion of the turbulent core.
This frontier should be the analog of that measured for the mass density
eddies in the wake by the schlieren technique. In both cases, the frontiers
give an indication of the extent of the ionized fluctuations or the mass
density fluctuations. In the first case there can be voids in the
ionization, and in the second case, particles of laminar fluid can be
imbedded in the wake. The analogy is not perfect because in the case of
ionization the probe provides a point measurement, while the schlieren is
an integrated mcasurement. Nevertheless, the analogy could be quite close.

A two parameter power law expression of the form

(/D) g = a (R/D)°

has been fitted to the data. This gives for the values of the parameters
a = 31.3, b = 2.5, P, = 7.6 torr

and
a = 47.2, b = 2.2, P, = 20 torr.

The 90% limits of confidence values (Reference 26) for the powers are

respectively 2.3 ¢ b € 2.7 at 7.6 torr and 2.0 ¢ b ¢ 2.4 at 20 torr.
It thus sppears that the average frontier of the ionlized portion of the

i Sy | ey CE T e F. B -
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turbulent core broadens faster than a cubic growth law. These results

can be compared with the measurements of Lahaye and Doyon (Reference 18)
of the extent of the turbulent core for 15,000 feet/second spheres using
the schlieren technique to detect the outline of mass density fluctuations
over an order of magnitude of variation in ambient pressure. They found
the schlieren radius to be independent of pressure and to be given closely

by
RD) gy = 0.4 /m)'/3,
or

(X/D)geyy = 15.6 ®/0)3.

Although their work was carried out in air wakes, there seems little
reason to believe the result would be significantly different in a wake
of pure nitrogen.

We have previously argued that the 'first eddy' measureaents
provide an estimate of the extent or the frontier of the ionized portion
of the wake core which is analogous to the frontier of mass density
fluctuations in the core as seen by the schlieren tecinique. The results
of Figure 6 show that the extent of the ionized purtion of the core is
significantly less than the extent of the core defined by mass density
fluctuations.

It has already been established by the measurement of the
velocity, temperature, ion density and mass density distributions at DREV
(References 14, 15, 16, 25) that the turbulent core of a hypersonic sphere
wake is not uniformly mixed. In addition it has been established by
several techniques (References 15, 21) that the scale sizes of the
fluctuations are small and on the average of the order of 0.1 - 0.2
diameter compared to wake widths of 6 to 8 diameters. Examination of the
behavior of families of space-time correlation curves obtained in the
hypersonic wake behind spheres by using up to 5 probes in an axial array
configuration has also indicated time scales in the moving coordinate
system of considerable duration and turbulence intensities of 20% to 30%
(Reference 27). The mixing processes that are taking place in the wake
core are thus not so violent as to result quickly in a spatial uni-
formalization of physical properties, given the strongly peaked and
initially different distributions of ionization, tesperature, etc., in
the near wake.

Cosparing the results at the different pressures, it seems
that the ionized core radius at 20 torr is less than the width at 7.6
torr. This could be taken as further confirmation that the fluctuations
at 7.6 torr are larger in size than those ait 20 torr. Now if one
examines the fits, one finds that the 20 torr data indicate a smaller
rad‘us at small axial distances but that the exponent descriding the
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growth of the ionized core with raldial Zistance is somewhat smaller.
The two-parameter curve fit for the 20 torr measurements intersects the
curve for the 7.6 torr measurements at about 400 diameters behind the
projectile. This is roughly the same axial distance at which the radii
of the velocity distributions measured at 7.6 torr and 20 torr in
nitrogen coincided (Refervnce 16).

4.3 Contiauous Turbulence

As described earlier in section 3.2, the notion of continuous
turbulence was introduced to describe the condition of the flow when the
ion probe signal became predominantly fluctuating. Continuous turbulence
was defined to exist from thc point where the portion of the fluctuating
signal in the total signal exceeded S0%. In terms of an intermittency
factor, this is equivalent to defining the point in time from which this
factor exceeded 0.5. From our previous discussion of this quantity, it
would appecr the ensemble of the so-called ,continuous turbulence, data
points shou.d provide a means Hf estimating the position of the turbulent
interface, sritten as /D in nuvimalized coordinates.

The matrix of data points for the occurrence of continuous
turbulence is shown in Figure 7 in a form similar to the presentations
in Figures 5 and 6. Once again the data have been fitted by 8 2-paraacter
powsr curve cof the form

WD), = & R/D),

where

a = 56.3, b = 2,2, P, ®= 7.6 torr
and

a = 78,3, b = 1,9, P, = 20 torr.

The 90V limits of confidence values for the exponents are respectively
2.0 €b ¢ 2.4 at 7.6 torr and 1.6 €b ¢ 2.1 at 20 torr. Once again one
finds a behavior similar to that obtained with the first eddy data:

the fit to the 20 torr data indicates an exponent smaller than that of
the 7.6 torr data. In this case too, the two curves overlap at about

400 diameters. A look at Figura 7 reveals that the radius is smaller

for the case of 20 torr, similar to previous findings in relation with
the detection of the occurrence of the first eddy. In terms of the
interaittency factor; the immediate results indicate that the turbulent
interface is situeted closer to the wake axis at 20 torr than at 7.6 torr.

4.4 Aprearance of Hign Frequency Components in the
Fluctuations at 7.6 torr

As previously described, there is obviously a difference in
the frequency content of the signals at 20 torr and 7.6 torr. Additionslly,
in the case of the signals obtained at 7.6 torr, there is a noticeable

e el 0o o0 =



UNCLASSIFIED
14

lack of higher frequency components in the initial fluctuations, with
higher frequency components appearing rathe: randumly in the region
betwecen 100 and 400 diameters in axial distuacu behind the spheres.
Figure 8 shows a matrix of Jata points for the first occurrence of higher
frequency components in the signal at 7.6 torr. So us to avoid picking
up data points which were solely due to wake edge effects, only data
points were allowed where there was a run of signals deficient in high
frequencies before the point where high frequency components made their
appearance. The data in Figure 8 may give some appearance of following
the wake edge, but this is probably due to thc fact that the choice of
gains employed for the center probes resulted in lower sensitivities in
the center of the wake. In turn, this resulted in signal levels falling
below the minimum level required to give relisble data at smaller axial
distances than near the wake edge, and a consuquent loss of data points.

Almost all of the data points lic in the band of axial dis-
tance excending from 100 to 400 diameters, and ss reasoned above, the
distribution of data points would probably have been uniforms, but for the
problea of lov recording sensitivitics near the wake center. This indicates
a type of transition is taking place in the character of the turbulence at
7.6 torr in this range of axicl distance. According to the measurements
of Xiison (Reference 28), transition from laminar flow to turbulence for
thc 7.6 torr firings (Re = 2x10° ) should begin in the wake neck about

7 diameters behind the projectile, and once initiated transition rakes
pl:ce within a fev diaseters. The present transition-type behavior is
noted, but we have no expianation. One csn perhaps repeat the observation,
made with respect to wake velocity distributions measured at 7.6 torr and
at 20 torr (Reference 16), that the velocity radius was initially larger
for the 7.6 torr data but that the radii for the two conditions coincided
after roughly 4C0 diameters.

~.5 Intermittency

As previously described (Section ..3), the intermittency data
estimated by averaging over 0.5 millisecond long segments of probe signai
have been distributed into radial distributionr corresponding to axial
distances at integer multiples of 2% diaseters bdehind the projectiie.
These radial distributions have been fitted by an interaittency function
developed by assuming that the actual position of the turbulent interface
could dbe described by a gaussian density function with a mean position
given by 4/D and a standard devistion of o/D.

Figure 1 shovs examspies of the intermittency function fits to
the radial distributions of intemmittency at X/D = {00. Mos: of the data
points are confined te within the radlal position band extending from 0.8
to about 2.0 diameters. At {00 diameters behind the projectile the
paraseters of the intermittency function are fairly well determined.
Figure 9 iilustrates the confidence contours at 75%, 920% and 95V for the
paraseters §/0D and 0/D from Figure 4a for I, = 7.6 torr N2 (Reference 1§)
(Yormally the resuits are quoted at 90% confidence). At voveral hundrod



UNCLASSIFIED
15

diameters behind the projectile however, the intermittency function

extends to considerably larger radial distances than those in Figure 4;
however, the band of data points remains restricted to the region extending
irom about 0.8 to 2.4 diameters. As a consequence the parameters
devermined from fitting the intermittency function to the data become

less and less precise. This effect is evident in Figures 10 and 1!.

Figure 10 shows the turbulent front position or the mean (50%)
intermittency radius /0 obtained from the varinus radiai distributions
of intermittency data. (A complete set of the radial distributions of
intermittency factor estimates is given in Appendix A for Pw = 7.6 torr
and in Appendix B for Py, = 20 torr N;). The point at X/D = 25 diameters
should be ignored, because the interval of axiai distance over which the
individual intermittency estimates were derived co*responded to 32 diameters.

From S0 to about 200 - 300 diameters behind the body, the
turbulent interface data follows reasonabiy well the i/3 po~er law growq/3
as can be seen by comparing with the schlieren radius given by 0.4 (X/D)

In addition the data over the first 200 body diamcters appear to be in
agreement with the so-cailed continuous turbuience data at Pe = 7.6 torr
as it can be confirmed by comparing Figure 7 and Figure 10. This iast
fact indicates that the continuous turbuience does in fact correspond to
a wake radius which is a good approxi=ation to the position of the tur-
bulent front or interface as suggested in section 4.3.

The standard deviation 0/D of the scatter of the actual position
of the turbulent interface about the mean position is given in Figure 11.
The vaiues deduced remain sensibly constant un®il axiai distances exceeding
200 diameters, where they apparentiy increase aithough this may be soiely
due to a jack of fit resuiting from the experimentaliy restricted band of
radial distance over which the intermittency estimates are available. One
undeniable fact emerges concerning the infiuence of pressure however. The
standard deviation of the pocition of the interface at 7.6 torr is about
1.5 times the standard deviation measured at 20 torr. This observation is
consistent with previous observations noting the fiuctuation size and the
wake radil measured at 7.6 torr to be greater than the corresponding
variabies seasured at 20 torr, at least over the region of the first 400
diameters behind the projectile,

$.0 DISCUSSiON

The present report would appear to re-emphasize the utility of
the .on probe for the study of hypersonic wakes, despite the well known
objections concerning the interprexation of current siznals fron continuus
probes in flowing plasmas. By studying the structure of the fiuctuating
signals obtained by a survey array of ionm probes, it has been possible to
deduce valuabie information concerming the structure of the turbuience in
the wake not previously determined by other techniques.

= T Y i
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Of the various data obtai'.ed, that concerning the 'ccation of
the turbulent irterface or intermittency radius for the ionized eddies is
probably of major interest. By themselves, the data concerning the radial
position of the front as obtained from fitting the radial distributions of
intermittency estimates are not well determined over a large range of axial
distance. However, by comparison between Figures 7 and 10, it appears that
the continutous turbulence also leads to a wake radius corresponding to the
position of the interface, and at 7.6 torr these results extend to almost
1000 diameteri. Over the range of the measurements, the front lies within
the schlieren radius of the wake.

The normalized standard deviation describing the extent of the
position of the turbulent interface about the mean is shown again in
Figure 12 for the data at 7.6 torr. Also shown in Figure 12 are data
obtained at approximately Mach !° by Schapker (Referencs 17) and by
Levensteins and Krumins (Reference 6) from measurements of wake edge
statistics on schlieren photographs. The Reynolds number rang~, where
the Reynolds number is based on projectile size and free system conditions,
is very similar among the different measurements. It is apparent that the
trend of the DKEV date is similar to that of the other measurements,
althcugh in the regicn around 300 diameters, where the DREV intermittency
Reasurements are very uncertain, the present neasurements scem to lic high
by a factor of 2.

The ratio 0/8 of the standard deviation of the interface
normalized to the mean radius of the interface is given in Figure 13.
Also shown are the measurements of Demetriades, Townsend and Grant of
the ratio 0/§ for self-similar turbulent wake flows (Reference 22). In
order for a wake to be self-similar, the ratio 0/8 should have a constant
value {Reference 29). The data indicate, in effect, the non-similarity
of the flow in the turbulent wake behind u hypersonic sphere in ths first
few hundred diameters.

The transitionary type behavior in the 7.6 torr results where
higher frequency components only aske their appearance in the probe
signals between 100 and 400 diameters seems to be a real effect (not due
to ina probe behavior) which is echoed in the larger extent of the
lonizod core at 7.6 torr, the larger extent of the velocity radius
(Reference 16), the size of the turbulent scales (Reference 20) and the
greater roughness of the wake as indicated by the normalized standard

deviation of the interface.

Some other aspects of the results are not wholly satisfactory.
The determination of the frontier for the beginning of foni:zation leaves
much to be desired becsuse the threshold level of fonization that is
detected is defined in terms relative to the size of the fluctuations,
razher than in absolute terms. Other work in progress (Reference 25) may
enable this criterion to be made more precise. Again, the methods for
deciding that certain segments of signal represented laminar flow while
other segments represented turbulent flow were somewhat arbitrary in

- e—— e J § =
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conception and admittedly subjective in application. At 20 torr, the
decisions were usually obvious, but in the case of the 7.6 torr signals,
they were often particularly difficult and arbitrary. However, while
possible in theory, to have studied the sensitivity of the results to
the actual criteria employed wouid have demanded the computerization of
the whole process, which was beyond the effort available for this task.
In fact, the effort actually employed was probably reasonable given the
amount of the data and the attainable statistical acculacy.

6.0 CONCLUSION

Survey arrays of ion probes have been used to study the
structure of the ionized turbulent wakes of 2.7 inch diameter spheres
flown at 14,500 feet/second in atmospheres of nitrogen at pressures of
7.6 and 20 torr. For various radial distances measured from the wake
axis, matrices of data points have been obtained giving random values of
the axial distances behind the projectile at which ionization begins, the
first ionized eddy occurs, and continuous turbulence begins. A wake radius
separating the significantly {onized wake from the unionized wake has been
obtained, and found to lie intermediate between the inviscid wake radius
defined by Wilson from schlieren measursments and an electron density
radius corresponding to the 1/e points of the electron density dis-
tribution defined by microwave interferometric measurements. A radius
defining the extent of the ionized portion of the turbulent core has been
determined; this radius i< of the order of 80% of the schlieren radius of
the turbulent core.

The continuous turbulence data can also be used to defined a
wake radius; this rad‘us has been identified as the mean position of the
turbulent interface fcr ionized eddies, because it is in close agreement
with estirates of the turbulent interface obtained by fitting the radicl
distributions of internittency estimates prepared from independent 0.5
millisecond long segments of the ion probe signals. The radius corre-
sponding to the mean position of the turbulent interface is within the
schlieren radius of the wake core. In addition to determining the mean
position of the turbulent front, the standard deviation of the interface
has been established. These last data have been found to be in broad
agreement with data derived from measurements of the wake edge using
schlieren techniques.

The differences in the results obtained at 7.6 torr and 20
torr heve been considered and found consistent with other experimentally
measured data obtained at DREV; the occurrence of a transitionary type
behavior in the frequency content of the probe signals from the 7.6 torr
results has been noted but not explained.

i — ’ .
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