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SUMMARY 

*4.u * .^f paper Presents the results of an experimental investigation 
of the turbulence characteristics in the wake of a sharp slender cone. 
The investigation was conducted in a hypersonic shock tunnel and employed 
a new application of the electron beam excitation technique to measure 
directly the scale and velocity of the turbulent density and temperature 
fluctuations and to monitor their axial history in the woke of a sharp 1U“ 
halt-angle cone model free flying in a Mach 12.6 flow. 

The use of the electron beam excitation technique for the investi¬ 
gation of turbulent flows has been analyzed. While the gas densities in 
turbulent wake experiments tend to be higher than those within the 
normal operating range of this technique, it is possible to use the 
technique in turbulent wakes generated in a shock tunnel. In fact the 
electron beam technique and a shock tunnel is demonstrated to be an 
important combination in the study of turbulent hypersonic wakes. 

The new application of the beam technique incorporates a 
linear deflection system at the exit orifice to sweep the electron beam 
in the axial flow direction. The beam is collected in a special elongated 
receiver of precise dimensions which also serves as a timing device to 
accurately measure the axial velocity of the sweeping beam from the 
collected beam current waveform. 

By sweeping the beam as two well separated sweep rates, direct 
measurements of the scale and velocity of the turbulent fluctuations 
have been made. With the sweep rate adjusted to the measured velocity, 
a turbulent fluctuation can be tracked in the axial distance (. 78 ins. ) 
observed by the 10-channel image dissector of density package optical 
system. Extensive measurements ha1 e been made at various radial 
and axial positions in the wake. 

All the tests were run at the same conditions- M = 12 6- 
stagnation temperature of 1200°K, freestream Reynolds number of 
1.3 X 10 /ft., freestream density equivalent to a pressure of 5. 7 mm Hg 
at room temperature, and freestream velocity of 5660 fps. Dry nitrogen 
was used as the test gas. The flow thus closely approximated a perfect 
gas flow since nitrogen vibration is not significantly excited for these 
stagnation conditions. 



RESUME 

, Les auteurs de cet exposé présentent les résultats d'une étude 
experimentale portant sur les caractéristiques de turbulence apparaissant 
dans le sillage d'un cône fuselé et effilé. Au cours de l'expérience, on a 
eu recours a une nouvelle application de la technique d'excitation par 
faisceau d'electrons pour mesurer directement l'échelle et la vitesse 
des fluctuations de densité et de température en régime turbulent, et 
pour contrôler leur comportement axial dans le sillage d'une maquette 
en forme de cone effilé au demi-angle de 10°, évoluant en vol libre à 
une vitesse de Mach 12,6. 

On a analyse l'utilisation de la technique d'excitation par faisceau 
électronique dans l'etude des écoulements turbulents. Dans les expériences 
portant, sur les sillages turbulents, les densités gazeuses tendent à être 
supérieures à celles qui caractérisent le domaine normal d'application 
de cette technique; on peut toutefois utiliser cette dernière dans les sillages 
turbulents engendrés dans une soufflerie à ondes de choc. On démontre, 
en fait que la technique du faisceau électronique s'allie à l'emploi d'une* 
soufflerie a ondes de choc pour constituer un facteur important dans 
1 etude des sillages turbulents hypersoniques. 

Dans sa nouvelle application, la technique du faisceau comporte, 
a 1 orifice de sortie, un système de déflexion linéaire destiné à orienter 
le balayage du faisceau d'électrons dans la direction de l'écoulement 
axiat. On recueille le faisceau dans le récepteur spécial, de forme 
allonge et de dimensions précises, qui sert également de dispositif de 
chronométrage pour mesurer avec exactitude la vitesse axiale du faisceau 
balayeur a partir de la forme d'onde du courant du faisceau recueilli. 

En choisissant pour le faisceau, deux fréquence de balayage bien 
distinctes, on a mesuré directement l'échelle et la vitesse des fluctuations 
urbulentes. En ajustant la fréquence de balayage à la vitesse telle qu'elle 

est donnée par les mesures, on peut suivre une fluctuation turbulente à la 
distance axiale (0, 78 pouces) observée par le dissecteur d'image à 10 
canaux d|un système optique à unité compacte de mesure de densité. On a 
procede a toute une serie de mesures en divers points radiaux et axiaux 
du sillage. 

Tous les essais ont ete effectués dans les mêmes conditions; 
Mach = 12,6 température d'arrêt de 1200°K, nombre de Reynolds en 
écoulement libre de 1, 2 x 10b par pied, densité en écoulement libre équiva¬ 
lent a une pression de 5, 7 mm Hg à température ambiante, et vitesse 
d écoulement libre de 5660 pieds par seconde. Le gaz utilisé était l'azote 
sec. L'ecoulement se rapprochait donc beaucoup de celui d'un gaz parfait 
puisque, dans ces conditions d'arrêt, aucune vibration importante n'est 
suscitée au sein de l'azote. 





1. Introduction 

1. 

In the preceding half decade there has been collected a large assort¬ 

ment of Schlieren, shadowgraph, sell luminosity, racetrack, inter¬ 

ferometer and other photographs of hypersonic turbulent wakes in ballistic 

ranges (c.f. Refs. 1-8 and many others). 

Despite this mass of data there has been little if any information 

relating to many of the important physical characteristics of hypersonic 

turbulent wakes. While wake growth and edge statistics are readily found 

from Schlieren flow photographs, density and temperature fluctuations are 

another matter. Using unfolding techniques the apparent density fluctuations 

have been measured in a few cases. However, because of moderately 

complicated unfolding procedures and associated necessary assumptions 

this type of measurement is unsatisfactory, ¡t would be desirable to have 

direct, point measurements of the density fluctuations at least in enough 

situations to validate the unfolding procedures and other assumptions 

required to obtain densities from Schlieren photographs. Additionally, 

direct temperature measurements would be useful. 

The need for direct point measurements has of course been obvious 

for a long time. Hot wire experiments provide spatially resolved measure¬ 

ments but are difficult to interpret in terms of density or temperature 

fluctuations. Recently an attempt has been made at the Avco Everett 

Research Laboratory to measure point densities in the wake of a sphere 

using Rayleigh scattered light. The light source is a ruby laser with the 
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output focussed at the point of interest in the wake. This technique which 

in principle is very appealing currently has operational difficulties (as do 

all new techniques). These, however, will undoubtedly be overcome. 

Rayleigh scattering also offers the possibilities of temperature measure¬ 

ments through the medium of the Raman effect. 

There is at least one other technique that offers the possibility of 

simultaneous point measurements of density and temperature. This is 

the electron beam excitation technique. While the gas densities in 

turbulent wake experiments tend to be higher than those within the normal 

operating range of this technique it turns out to be possible to use it in 

the turbulent wakes generated in a shock tunnel. The application of the 

beam probe to turbulent property measurements is discussed in the next 

section of this paper. The results of turbulent density measurements in 

the wake of 0.01 nose bluntness ratio, 10° half-angle sphere cones are 

presented in the third section. 

2. Experimental Arrangement and Techniques 

2. 1 Flow and Model Details 

For all the experiments discussed here the Space Sciences Laboratory's 

54-inch exit diameter nozzle shock tunnel was used. This tunnel has a 

large "parallel flow" nozzle designed for Mach 20. It can be run off 

condition, and for the present experiments the Mach number was 12.6 with 

a Mach number gradient of about 0.09/ft. There are approximately 150 ins 
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of good fio», at the nozzle center line. All the tests were run at the same 

condition; M = 12.6, stagnation tempe rature of 1200°K, free stream 

Reynolds number of 1. 3 x 106/f,.. free stream density equivalent to a 

pressure of 5.7 mm Hg at room temperature, and free stream velocity 

of 5660 fps. The gas used was bottled nitrogen, the flow thus closely 

approximated a perfect gas flow since nitrogen vibration is not significantly 

excited for these stagnation conditions. There is good flow in the shock 

tunnel for longer than 10 msec, after the starting shock wave enters the 

test section. The tunnel flow plus the wake flow took about 4 msec, to 

establish under the present conditions. The wakes were sampled either 

for 0.5 or 1 msec, in all the experiments, beginning 8 msec, after the 

starting shock's arrival. Knowledge of test section conditions is based 

on nozzle calibration with pitot pressure surveys. 

Two models were used in the experiments. These were 1.00-in. and 

3.00-in. base diameter 10° half-angle cones with a .01 nose bluntness 

ratio. In all the experiments the models were suspended on light threads. 

The instrumentation remained ftxed in the test section and various locations 

in the wake were examined by suspending the model at appropriate posi¬ 

tions upstream of the measuring station. The model suspension was such 

that the starting shock wave propagating over the model sheared off the 

suspending threads at the model surface and swept them away. The model 

was thus left flying freely in the shock tunnel. It was sufficiently heavy 
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such that its motion was negligible during the approximately 9 msec, 

before the end of the sampling time. In terms of support interferences, 

then, the shock tunnel test is similar to a range experiment in that for 

each the models are freely flying. 

2. 2 The Electron Beam Excitation Technique Applied to Turbulence 

Measurements in a Shock Tunnel 

The electron beam excitation technique has been used for a number 

of years at the Space Sciences Laboratory to measure density and temp¬ 

erature in a variety of shock tunnel flows (12-15). As set up in a 

shock tunnel this equipment is shown in Fig. 1. A beam of 35 kv electrons 

is passed from the electron gun through a small (2 mm dia.) orifice into 

the flow. The beam is collected by the receiver shown in the figure. 

The electrons excite emission from the nitrogen molecules. The 

intensity of the emission at points along the path of the beam is related 

to the local gas density at these points (16). Also, the intensity 

distribution in the rotational fine structure of the first negative system 

of nitrogen, which is one of the systems excited by the beam electrons, 

can be related to the rotational temperature of the nitrogen molecules 

prior to their excitation (17). To observe the overall emission 

intensity and the spectral distribution the instruments shown in Fig. 1 

are used. The total emission is monitored by the instrument marked 

"density package". The lens system forms an image of the beam 
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excited emission on a ten channel image dissector consisting of a pile 

of fiber optic bundles, each bundle leading to a photomultiplier tube. 

The height of each bundle is such that light corresponding to a 1.5 mm 

length along the beam is selected from the image. Also in the optical 

path is a filter that transmits from about 4800 A down to glass cut-off. 

The rotational temperature apparatus, on the other side of the shock 

tunnel, is used to measure flow static temperature at any point along the 

length of the beam. It has been described in previous publications (18) 

to which the reader is referred. 

For previous shock tunnel measurements with the electron beam 

system gas densities were generally below that equivalent to a pressure 

of 500 ^<Hg at room temperature (equivalent pressure). At these 

densities the electron beam excited emission intensity is very nearly a 

linear function of gas density. In the present turbulent wake measure¬ 

ments the densities were rather higher, y Tying from equivalent 

pressures of 1 to 4 mm Hg. As discusseu in Ref. 11, this can cause 

difficulties since the electron beam excited emission intensity becomes 

a noticeably non-linear function of gas density. It remains to be seen 

whether temperature measurements are also severely affected by high 

gas densities. 

The anticipated difficulties involved in applying the excitation 

technique to the investigation of wake turbulence were the following: 
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[• 

there should be sufficient emission intensity such that for the required 

sampling time enough photons reach the detectors to give a reasonable 

statistical accuracy; the relationship between emission intensity and gas 

density must be known, including any effects of temperature on this non¬ 

linear relationship; the high flow densities also introduce the problem of 

beam scattering or spreading which must be kept small; and finally, the 

spatial resolution should be such that the minimum disturbance size that 

can be detected has a characteristic dimension only a few percent of 

the model base diameter. 

Of these problems the most worrisome is that of the non-linear 

relationship between emission intensity and density. At low densities 

(less than 500 Hg equivalent pressure) the emission intensity from 

nitrogen is predominantly in the first negative system. It is closely 

proportional to the gas density and the electron beam current. However, 

as the gas density is increased the curve of emission intensiv versus 

gas density at a constant beam current becomes noticeably non-linear 

due to collisional quenching of the radiating species. For pure nitrogen 

the quenching is significantly less severe than for air (19); thus, using 

nitrogen as the test gas has advantages other than to maintain perfect gas 

flow conditions. 

The quenching curves have not been particularly well defined. 

Variation of quenching collision cross section with relative velocity of 
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collisions, or temperature, is not known. There is some evidence to 

suggest that the cross section varies approximately as ( J~T ) ^ 

(20, 21) at least for foreign gas quenching of resonance radiation. Since 

collision frequency varies as J~T a quenching curve for a ( /t* ) " * 

cross section variation with temperature would have no temperature 

sensitivity. Also, in the measurement of density with the system shown 

in Fig. 1 the filter selects a wide range of wavelengths (approximately 

4800 R to 3900 A). For the low densities this allows light from the 

0-0, 0-1 and 0-2 vibrational bands of the beam excited first negative 

system of nitrogen to reach the detector. However, as the gas density 

is increased the intensity of the beam excited second positive system 

relative to the first negative increases (22). A large number of the bands 

in this system are also passed by the filter. Thus, in order to establish 

the form of the relationship between gas density and emission intensity 

for the detecting system used in the tests it is important that the same 

filter be used. This was done. The results are shown in Fig. 2, where 

observed emission intensity for a constant beam current is plotted 

against density in terms of equivalent pressure at room temperature. 

Experiments were completed at two temperatures with the gas flow 

velocity in the calibration experiments as noted on the figure. The range 

of temperatures in the turbulent wake flows was from 50 to 300°K, with 

flow velocities up to about 5000 fps. Conditions in the calibration 
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experiments thus covered a reasonable proportion of this temperature 

and velocity range (80 to 210°K at 1300 and 2100 fps), although by no 

means exhaustively. It can, however, be concluded that at least for 

the conditions of the present experiments the calibration curve is 

independent of gas temperature and has a reasonable sensitivity through¬ 

out the density range of interest (1-4 mm Hg equivalent pressure). All 

observations both for calibration and in the actual tests were made 

perpendicular to the flow velocity. 

It is important to note that changing the filter band pass significantly 

alters the shape of the calibration curve. Isolating the first negative 

system produces a curve that demonstrates much greater quenching 

and a small but measurable sensitivity to temperature. 

The calibration curve shown in Fig. 2 was used to reduce the experi¬ 

mental light intensity measurements to density fluctuation. This was 

accomplished in the following manner. The wake densities ranged from 

1 to 4 mm Hg equivalent pressure. In this range select any point on the 

calibration curve, draw a straight line through it and the origin, and a 

tangent to the calibration curve at the same point (dashed lines in Fig. 2). 

It turns out that the slopes of the two lines are such that the tangent to the 

curve has very closely 1.3 times less sensitivity than a linear relation¬ 

ship at that point (as indicated by the straight dashed line to the origin). 

This 1.2 factor is constant to within about 3% for the 1 mm Hg to 4 mm 
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Hg range. Consequently, when 

intensity oscillations about 

examining detector outputs, any light 

some average level implies a density 

fluctuation approximately 1.3 times as great. 

For the reduction of the exnerim^^f^i 
me experimental results the technique just 

described for approximating the calibration 

density oscillations 
curve was used. Since the 

were at most not greater than +50% of the 
ave rage 

approximation did not introduce 
density level in any measurement, the 

a serious error. 

The other proHems associated with the turbuience tneasuretpeo.s are 

0£ 3 le5S e*aC,Ínê natUre- T° Prevent unacceptable scattering of the 

electron beana. and thus loss ol spatial resolntion. the hardware 

generating the beam and the bean, receiver were placed only 3 in. apart 

m the flow. This did not disturb the flow at th* 
at the measuring station since 

the wake is well supersonic everywhere that th. , 
ywnere that the apparatus was placed 

,the hardWare iS n0* lar- —- — -nous blockage ejects to 

•he tunnel flow,. The lac. tba, the wake hecon.es supersonic very rapidly 

has been shown by the wind 
y wind tunnel measurements of Cresci and Zakkay 

(23). 

For all the experiments the beam energy was 35 kv. This gave a 

scattering outside of a 2 mm diameter of about i% of the beam curren, 

a distance of 1.5 ’n. from the beam generator (measuring point). 

This was for a density equivale„, ,o a pressure of 3 mm Hg a, room 
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temperature. 

The nominal beam diameter (as defined by the exit orifice from the 

beam generating chamber to the flow field) was 2 mm for these experi¬ 

ments. Because of scattering the effective diameter was certainly no 

larger than 2.3 mm. Thus, roughly, the spatial resolution is equivalent 

to a volume defined by the 2. 3 mm beam diameter and whatever length 

of beam is observed with the monitoring optical system, say 2 mm. 

Accordingly, the spatial resolution may be quoted as being no worse 

than that equivalent to a 2. 3 mm cube. The spatial resolution corresponds 

to 3% of the base diameter for the 3.00 in. base diameter cone. In the 

experiments, only disturbances several times larger than about 3% of 

the 3.00 in. base diameter model could have their density profiles 

measured with any accuracy. The beam technique will likely be able 

to produce a resolution equivalent to about 0. 5 mm in the future. The 

present measurements however were all made with the 2. 3 mm resolution. 

It must always be remembered that the measurements in a shock 

tunnel involve the passage of the flow past the measuring station. In 

the very far wake the turbulent structure will be convected through the 

beam at essentially the freestream velocity. Thus, the time response 

of the entire system must be such that accurate measurements can be 

obtained in times equal to that required to convect disturbance with a 

say 2 mm characteristic size through the beam. Using S000 fps a time 
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response of about 1.3 ytsec. is required. To accomplish this hvo things 

are necessary. First the photomultiplier circuits must have sufficient 

response characteristics. This is no problem and can be easily 

accomplished. Secondly, the light intensity of the electron beam excited 

emission must be sufficient to provide enough photons to the detecting 

photomultiplier so that during 1.sec. a statistically accurate 

measurement can be obtained. As an example, for the f-5 optical system 

used in the present experiments, observation of a 2 mm length of beam, 

and using data from Ref. 11, the amount of light received by the photo¬ 

multiplier measuring the density teas approximately 13,000 photons in 

1.3^ase:. Since the photocathode efficiency is about 10% this leaves 

1300 photo-electrons. Thus a measurement with a probable error of 

t 4% can be made in 1.3^ sec. This was satisfactory for the present 

work. 

For temperature measurements, an increase in the beam excited 

emission intensity is required. Because the available light is split into 

two channels in the Rotational Temperature Apparatus (right hand side 

of Fig. 1), each channel incorporating narrow band pass filters, 

relatively high beam currents must be generated in the test flow in order 

to produce adequate signal levels. Temperature fluctuations are present¬ 

ly under investigation with beam currents up to 15 ma. 

An important feature of the electron beam 
and recording techniques 
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is the ability to make simultaneous density and temperature measure¬ 

ments, permitting direct comparison and phase relation studies. 

Pressure fluctuations can also be deduced from the measurements. 

Further, with the density package yielding simultaneous records of the 

density fluctuations at ten radial positions, radial correlation coefficients 

can be measured. To obtain the axial correlation coefficient, however, 

another beam would be required. 

In addition to the density and temperature studies, a sweeping electron 

beam technique has been developed to measure the scale and local mean 

velocity of wake turbulence. This is a new application of the beam 

technique incorporating a linear deflection system at the exit orifice of 

the electron gun to sweep the beam in the axial flow direction behind 

the model. 

With the sweeping beam, the image dissector of the density package 

is aligned in the axial flow direction, and a time-resolved picture in 

ten segments of the turbulent density fluctuations obtained during one 

pass of the beam across the field-of-view of the fiber optic bundles. 

The beam is collected in a special elongated receiver of precise 

dimensions which also serves as a timing device to accurately measure 

the axial velocity of the sweeping beam from the collected beam current 

waveform and the known geometrical arrangement. 

This type of sweeping beam record will stretch out the fluctuations in 
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proportion to the reduced relative velocity of the beam and turbulence. 

With the known axial velocity of the beam, combining such results with 

stationary beum records affords a direct measurement of both scale 

size and local mean velocity of the turbulence. Alternatively, sweeping 

the beam at a constant velocity with and against the flow will provide a 

suitable change in relative velocity and yield two sets of data from which 

the unknown scale and mean velocity can be determined. 

Figure 3 illustrates the sweeping beam technique and shows 

oscilloscope traces of the photomultiplier outputs recorded with an 

axial beam velocity of 1000 fps. To conserve our instrumentation 

requirements, the ten photomultiplier tubes of the density package are 

coupled in pairs so each oscilloscope trace records the output from two 

channels as the beam passes. The windows of each pair are spaced 

far enough apart so that the beam has cleared one window before it 

reaches its partner. By piecing together the approximately 5^secs, of 

peak signal information from each output, a density-time record of the 

turbulent fluctuations is obtained. The particular traces shown in the 

figure, however, were obtained during calibration and system check in 

a nitrogen free jet facility. The decaying peak signal level is due to the 

strong streamwise density gradient as indicated in the figure. 

Measurements of scale and local mean velocity of wake turbulence 

are planned for future experiments. 
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3. Turbulent Wake Experiments 

3. 1 Procedure 

The measurements were conducted in the Space Sciences Laboratory's 

large shock tunnel that has been described previously. Models were sus¬ 

pended upstream in the nozzle at varying distances depending on the axial 

and radial position under study in the wake. The electron beam was 

passed vertically through the geometric wake axis (suspension accuracy 

is such that the beam can be placed within + 0.015 in. of the geometric 

wake center line with the model having 0° angle of attack to within 

+ 0.1 ). Radial profiles of the wake were obtained using the fiber optics 

arrangement that has been described before. For the 3.00 in. model/o 

obtain a complete radial profile of the wake at one axial position required 

up to three runs with the model being moved off the nozzle axis in a 

vertical plane. 

Signals from the photomultipliers attached to the individual fiber 

bundles were recorded on oscilloscopes. Two sets of data were obtained, 

one with a circuit response time of 10 ^usec., the other with a response 

time of 1 jtfsec. In the first case the wake density was sampled for 1 

msec, from 8,0 to 9.0 msec, after flow initiation in the shock tunnel 

test section. In the latter case the sample was for 500^Äsec. 

beginning at 8.0 msec. Some larger sampling time runs were made to 

observe the flow establishment and help select an appropriate time during 
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the run to study the turbulent wake. 

For the stagnation or reservoir condition of these shock tunnel runs 

there is a characteristic decreasing pressure and temperature. However, 

at 8 msec, after flow initiation relatively constant stagnation conditions 

are achieved. In this connection it is worthwhile remembering that in 

1 msec, the freestream flow will travel approximately 6 ft. Thus, it 

seems reasonable to look at variations in stagnation conditions no more 

than one or two milliseconds ahead of the sampling period. Also as has 

been shown by previous work (14) the response time of these particular 

wakes seem to be of the order of one millisecond. One is thus only 

concerned with flow gradients from say 6 to 8.5 msec. The variation 

in stagnation conditions is not severe for this interval. At 6 msec, the 

flow density is equivalent to a pressure of 6.3 mm Hg at room temperature 

while at 8 msec, the corresponding density is 5.7 mm Hg. About a 

9% change. The corresponding change in Reynolds number is about 

2% (the stagnation temperature also varies slightly, this results in a 

reduced variation in the Reynolds number). This variation is not 

considered significant in terms of say a changing transition distance. 

Some of the features of the experiments have been discussed. It 

is now appropriate to begin a discussion of the results. 

3. 2 Results 

There were two objectives for thes e experiments. The first was to 



16. 

establish that a shock tunnel can be used to study some aspects of 

turbulent wake flows. The second was to investigate a few of the 

properties of the density fluctuations in the turbulent wake of the 3.00 in. 

base diameter 10 half angle cone described previously. 

The observation of transition in a shock tunnel wake is well demon¬ 

strated by the traces in Fig. 4. These traces are for positions as noted 

in the figure. The model was the 1.00 in. base diameter cone. At five 

base diameters the oscilloscope trace of observed emission intensity 

versus time has no large light output fluctuations. The steadily 

decreasing light output with increasing time for this trace is due to a 

decaying electron beam current. In contrast to the trace at five base 

diameters, the light intensity at X/DB = 30 shows large density fluctuations. 

The low level fluctuations at five base diameters are no greater than 

those observed in the freestream of the shock tunnel. This type of trace 

will be associated with laminar flow. The obvious fluctuations at 

X/Db = 30 are associated with turbulent flow. Also, at X/DB = 30 the 

intensity of the fluctuations were fairly constant as a function of radius 

in the wake. As will be mentioned later in describing experiments with 

the 3.00 in. cone this is not characteristic of all axial positions during 

transition. 

The 3.00 in. cone wake was studied in some detail. A limited survey 

of the region between 5 and 20 base diameters was obtained. In this 



work the photomultiplier circuit response time was 10^¿¿sec. This 

response time ' -as used for most of the tests in an effort to simplify the 

traces in this first look at turbulent shock tunnel wakes. The lOy^sec. 

response time corresponded to a length of 9 mm, or about 10% of the 

base diameter, if a local flow velocity one-half of the freestream 

velocity is assumed. Thus, any disturbance many times smaller than 

this would not be detected. The observed root mean square density 

fluctuations are shown in Fig. 5 plotted numerically and appearing 

unbracketed in the position to which they apply. The bracketed numbers 

are discussed below. 

First, it is important to discuss the effect of the 10 //sec. response 

time, dome runs were also conducted with a 1 ^ sec. response time. 

A trace from one of these is shown in Fig. 6 for the X/Dg = 20 position 

in the wake and at Y/Rg = 0.5. The average distance between the 

maximum and minimum of major density excursions (those greater than 

5% of mean) vas found to be around 18sec. For the same position but 

with the 10^/ sac. response (and a different run) the same average 

comes to Ib^sec. This type of comparison leads one to believe that 

the lOytfsec. circuitry did not miss any major density disturbances. 

On the other hand the 1^sec. response circuit gave larger root mean 

square density fluctuations than the 10^sec. circuit. The 1 ^sec. 

results are shown with brackets in Fig. 5. Going to a faster response 
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time than 1 ^/¿sec. would produce no better results because of the finite 

size of the electron beam. 

Close to the base of the cone, say at 10 base diameters, the major 

density disturbances were large in size as indicated by an average 

distance between major excursions of about 35yUsec. for this station. 

This also applies at X/Dß = 7.5. At both these stations the large off 

axis root mean square fluctuations (see Fig. 5) are caused by fluctuations 

with a "wavelength" of about 70^/¿sec. (twice average distance between 

maximum and minimum). At Y/Rß = 0.6 the disturbances are most 

intense. If a stream velocity of 0.8 times freestream is assumed the 

"wavelength" is 3.2 in. or about one base diameter. Towards the wake 

center the disturbances become both smaller and more frequent. 

For the measurements in the first ten base diameters it is felt that 

the 10^ sec. time response measurements provide an adequate 

description of major density fluctuations. It appears that major 

fluctuations in this region are concentrated off the wake axis and have a 

"wavelength" transit time of about 70yUsec. At 20 base diameters the 

wavelength transit time is only about 35^ sec. and the faster time 

response of 1 ^sec. is necessary. 

Several other general observations can be made. At X/Dß = 5.0 

the density fluctuations are only slightly above what would be termed 

laminar for the shock tunnel measurements. Freestream measure- 
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ments in the tunnel give a root mean square oscillation of about 2.5%. 

Some disturbances in excess of this "noise" level are detectable around 

Y/Rß = 0.7 at five base diameters. 

One final qualitative observation resulting from eye examination of the 

traces. For the radial profiles there seem to be three sometimes more, 

sometimes less, distinct regions as one proceeds radially outward from 

the wake center. Near the wake center it was noticed that the density 

excursions are quite clearly high density areas in a lower density back¬ 

ground. This changes to a mixed region and then finally to a region of 

low density disturbances embedded in a high density background. 

4. Conclusions 

The electron beam excitation technique and a shock tunnel show 

promise of being an important combination in the study of turbulent 

hypersonic wakes. 

Transition was observed in the shock tunnel generated wakes. The 

observed transition distances were consistent with predictions based on 

Waldbusser's (24) correlation of range firings. 

The observed root mean square percentage density fluctuations at 

X/Db = 20 behind a 3.00 in. base diameter, 10° half angle cone, at 

M = 12.6 and freestream unit Reynolds number of 1.3 x 106/ft. was 

about 30%. This is approximately one-half of the root mean square 

fluctuation intensity found by Slattery and Clay (1). 
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SUMMARY 

The techniques of cooled-film anemoraetry have been applied to the 
study of mean and fluctuating quantities in the hypersonic wakes of free 
flight spheres launched in the CARDE ranges. The measurements have 
yielded information on the temperature and velocity field over an 
extended length of wakes. Statistical analysis of this data in terms 
of correlation function and power spectral density has also been under¬ 
taken. This information is compared with results of measurements of 
other wake parameters such as mass and electron density. 

RESUME 

On a appliqué la technique des anémomètres à pellicule refroidie à 
1’étude des quantités moyennes et fluctuantes caractérisant le sillage 
hypersonique de sphères lancées en vol libre dans les installations 
balistiques du CARDE. Ces mesures ont permis d'obtenir des données sur 
les champs de température et de vitesse pour une portion étendue du 
sillage. On a également entrepris 1' analyse statistique de ces données 
du point de vue de la fonction de corrélation et de la densité du spectre 
de force. Les auteurs comparent enfin ces données avec les résultats 
de mesures portant sur d’autres paramètres du sillage, tels que masse 
et densité électronique. 
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INTRODUCTION 

The first application of hot wire aneraoraetry to the study of the 

turbulent characteristics of projectiles in free flight was made by 

Fox, Webb, Jones and Hammitt (1). They employed a constant temperature 

anemometer to study the wake of 0.22 calibre rifle bullet 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 the micro scale and integral 

scale of the turbulence were inferred as functions of axial distance 

downstream. 

Early in 1966, studies were initiated at CARDE to investigate 

the turbulence characteristics of the hypersonic wake behind free- 

flight projectiles. One of the experimental techniques employed was 

that of the application of the two-temperature method, using cooled- 

film anemometers, to determine temperature and velocity histories. 

EXPERIMENTAL 

The cooled-film constant temperature anemometer developed by 

Fingerson of Thermosystems, Inc., (2) was chosen as the operational 

tool for these studies. The sensing element consists of a Pyrex-U-tube, 

0.006n in diameter through which a cooling fluid can be circulated. 

On one limb of this U-tube a platinum film, less than one micron thick 

and about 0.040” long, is deposited and electrical contact is provided 

by means of a gold coating on the rest of the tube. A photograph of 

the sensing element is shown in Fig. 1. With the coolant circulating 

through the sensor, the platinum film is maintained at constant resis¬ 

tance (and hence constant temperature) by means of a bridge circuit, of 
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which the sensor forms a part, utilizing a feedback system which 

comprises voltage and power amplifiers to maintain bridge balance. 

The frequency response of this heat flux system is rated at 500 Kcps. 

A schematic of the circuit is shown in Fig. 2. 

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 circulating 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. In this way 

fluctuations in bridge voltage are indicative of changes in the envi¬ 

ronmental conditions. The power balance for hot film and cooled 

film constant temperature operation is illustrated in Figs. 3 and 4. 

In our present work at CARDE the recording of these bridge voltage 

fluctuations is effected by means of oscilloscopes viewed by Wollensak 

Fastax cameras. The signal is displayed on the vertical axis of an 

oscilloscope with a short persistance phosphor screen and recorded as 

a trace on a horizontally-moving film. This film, after development, 

is scanned by an electronic data reader which digitizes on punched 

paper tape the amplitude of the analog signal. Sampling can be made 

by the present data reader at frequencies up to 350 Kcps. 

The GARDE hypersonic range No. 5 facility shown in Fig. 5 consists 

of a light gas gun with a 4" barrel capable of launching projectiles 

into a depressurized tank of 400 ft length at velocities in excess of 

15,OCX) ft/sec. 
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ANALYSIS 

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 situated close to the predicted flight path of the 

projectile as shown in Figs. 6 and 7. The sensing elements are 

maintained at two different but constant temperatures and the two 

outputs are recorded simultaneously on the same Fastax film. The 

heat flux systems and coolant supply is shown in Fig. 8. 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, Nu, and Reynolds number Re of the cylinder, and the 

assumption of constant pressure wake. One such relationship which 

may be employed is that due to Collis and Williams (3), which was 

obtained for the cooling of heated cylinders at relatively low envi¬ 

ronment temperatures and under subsonic incompressible flow conditions 

in undissociated air. This relationship reads 

where subcript -f refers to film conditions (the film tempe rature Tj, is 

usually taken as the mean of the sensor and environment temperatures), 

Tg ia the environment temperature and CX^vn and n are empirical 

constants. 
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Recently Ahmed (4) has investigated the heat Lng of internally 

cooled cylinders in a high temperature environment. His experiments 

were performed in the GARDE plasma-jet facility using various mixtures 

of monatomic, diatomic and triatomic gases. Ahmed's correlation is 

similar to that of Collis and Williams except that he uses a kinematic 

viscosity loading factor instead of a temperature loading factor. His 

correlation reads; 

Cc + (2) 

Values of the empirical constants for these two correlations are 

listed below: 

CORRELATION Ref a b m n 

Collis & Williams 
Collis & Williams 
Ahmed 

0.02 - 44 
44-140 
5 - 40 

0.24 
0 

0.2068 

0.56 
0.48 
0.4966 

0.17 
0.17 
0.15 

0.45 
0.5I 
0.45 

A comparison of the Ahmed correlation with those of Kramer (5), 

Van Der Hegge Zijnen (6), Collis and Williams (3)j Hilpert (?), is 

shown in Fig. 9. 

In terms of the Ahmed correlation we have 

where l/v is the heat transfer coefficient corrected for slip effects, 
c 
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defined according to Collis and Williams (2) by 

1 = 

(4) 

and where 
the heat tranafer coefficient, la given by 

_Q__ 
-ircU lTe- ts) (5) 

Here cl is the cylinder diameter, 

'l is the cylinder length, 

^ is the thermal conductivity of the environment 

fluid evaluated at film temperature, X 
I ' J 

18 th* thennal conductivity of the environment 

fluid evaluated at sensor temperature, X 
■N } ° > 

/is is the mean free path of the environment 

fluid at sensor temperature* 

Q is the power transfer from the environment to 

the sensor. 

From Eq. (3) and (4) 

Nuf = ^ d b _^ \ i / _ v-n / ^ \ 

Ia* 
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where isn = ^ is the Knudsen number evaluated at sensor tempe¬ 

rature. 

Then from Eq. (5) 

TV 

(X + b»(Re^ ■ Q Iß: 
í¿ (^Te' Kn. G¿^ 

(6) 

whence 

V 
d 

1 ( Q 
_b l CTe-Ts)- a k Kn 

a 

i 
ha 

(7) 

where V is the fluid velocity past the sensor. 

For two sensors operating at the same point in the fluid, but at 

différé constant temperatures denoted by subscripts 1 and 2, two 

equations of the form of Eq. (?) pertain. 

V may be eliminated between them and the resulting equation solved 

for the environment temperature ~T"e . Explicity there results a 

quadratic 

ATe + BTe + C = o (8) 

where f\ ) ß and C. are weak functions of , given by 
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\vu 

^ ( 's Ti - Q Q \ ^ o, Wx TFOTk kT 
4- ^ / >4 X^1-/ Vx \^i , 1 't x ' u ; ak) U) 

The solution consist, in using a preiiMna^ estate of Te in ^ 
order to eralu.t. the coefficients ft, B andC. il,. (8) is th.„ 

solved for a new estinat. of le Md the procedure repeated iterative* 

until the solution converges. V m? then be calculated fron, Eq. (7). 

The above „.thud ha. been progresad for solution using a digital 

computer, a pair of values ( T^V) belng 0OTput,d ^ ^ ^ 

Pair (QrQ2). 

ERROR ANAT.YST.^ 

It became evident at an ear* stag, that the method suffered from 

inaccuracies introduced in the calibration, me.surm.nt, recording, 

reading and ana*,!, phases of the experiment. These inaccuracies «„ 

such as to produce an unacceptably large cusmlatlv. error in the final 

detemination of vak, temperature and velocity. 

For ease of perfuming an error analysis Eq. (6) m, simplified to read 

(9) 
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lTe C (10) 

for the two sensors respectively. 

This rspressntation correspond, to the Colli, and Willi,™ corr. 

lation for U,<. 1¾. < 140. 2 is defined 
V VI 

J'or a given anbient pressure, over the range of realisable value, 

of 's, , and ISi , the values of 2 doe, not vary b7 »„re than a few 

percent for typical value, of Te likely t0 b. ,ncount(lr,d ln th<, 

hypersonic wake. Thus we take; 

2,= = Z 
> say 

From Eq. (9) and (10) we obtain 

T ^ - QaTSi 

(12) 

and, 

2 (Q.,-©if V 
(13) 
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Defining a parameter 

K Q, 

Qa 

*« find that a fractional error in K is related to fractional 

in Gc1 and as follows 

Ak. 

K 
_ AG). 

'qI 

Assuming that AQ, 

Qi Qa 

AQ 
Q 

,say, 

the maximum error in K occurs for 

AQ 
Q 

AQ, 
o 

AQ2 

AQ 
© 

AQ, 

Qi 

whence from Eq. (15)^ 

aq2 

Q2 

(H) 

errors 

(15) 
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AK ^ 
K 

^ AQ 

Th® resultant errors and 
AV 
V 

are obtained from Eq. (12) and (13) as follows 

^ W __ -t- / ^ 's_j k \ 

Te Q VkT^T^ “ KM j 

Av . AQ / k + 1 \ 
\/ J Q V K - 1 / 

(16) 

(17) 

(18) 

Further, for T^and K specified, the value of lfe is uniquely 

determined from Eq. (12) as 

K - \ 
(19) 

/.4k M) J4v/ag)\ 
Ve/ Q/a\v/ been evaluated from Eq. (I7) and (18) as 

functions of K for two pairs of sensor temperatures and are shown in 

Figs. 10 to 12, together with a scale of Te as evaluated from Eq. (I9). 
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Fig. 10 is appropriate to sensor temperatures C 400°K, 

= 500°K and Fig. 11 to ^ = 600°K, X;> = fiOO°K. It will 

be seen that for wake temperatures "1^ typically of the order of 

1000°K , the values of/^ /and /-/-¾ 
Q VV 

for values of K less than about 2. 

^increase sharply 

DISCUSSION 

With distilled water as a coolant, the maximum realizable value 

of K under hypersonic wake environmental conditions of~L rw 1000°K 
sE. 

is about 1.2, corresponding to 'X = 400°K and Tr - 500°K. Under 
-i. “ 

these conditions, as will be seen from Figs. 10 and 12, a 10¾ error in 

Cx. ^ will result in a maximum error of 60¾ in ^ and a maximum error 

of 220¾ in V. The reasons for such a low maximum value of K when 

distilled water is used as a coolant are twofold. First, for a 

laminar flow of water through the sensor a maximum sensor temperature 

of about 500°K is realizable before the water boils. If the mass flow 

of water through the sensor is increased to accomodate a higher sensor 

temperature, the water flow becomes transitional or turbulent and the 

resultant electronic noise increases from its value under laminar coo¬ 

lant flow conditions by at least an order of magnitude. Second, the 

minimum sensor temperature is determined by the condition that the 

power transfer to the coolant should exceed the power transfer from 

the environment to the sensor, in order to avoid saturation. 

Recent experiments at CARDE have shown that the maximum sensor 

temperature can be increased by using a coolant fluid of higher visco¬ 

sity than that of water. One may thus increase the mass flow through 

the sensor before the coolant flow becomes turbulent, and sensor tempe- 

temperatures in excess of 800°K have been obtained with the use of 
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such fluids as Silicon oil 70U and Fluorolube FS. These fluids are 

safe, odourless, and have flash points in excess of 500°K. Also 

they are clean, do not coagulate, and thereby do not produce blockage 

of the sensor. Values of K in excess of 2 may thus be obtained using 

these or similar fluids as coolants. With K- 2, Figs. 11 and 12 

indicate that a 10¾ error inQ will result in maximum error of 8¾ in 
1,2. 

Te and a maximum of 60¾ in V , for environmental conditions 

corresponding to ' * 1000°K. 

SOURCES OF ERROR 

Some of the main sources of experimental error which contribute 

to ÁG./& may be mentioned ■ 

(a) Calibration 

The errors introduced in the measurement of sensor length 

and diameter, of sensor holder and cable resistances and of absolute 

resistances in the compensating bridge circuitry can generally be 

minimised by the use of standard calibration techniques. The relation¬ 

ship between sensor resistance and sensor temperature is however one 

which is difficult to ascertain. Measurements made using a high 

resolution infrascope (Huggins Lab. Mkl) have indicated that significant 

departures from uniformity of temperature along the length of the sen¬ 

sing element can exist under certain operating conditions. The effects 

of temperature loading non-uniformity have previously been discussed 

by Betchov (8) and Betchov and Welling (9), and more recently by Champagne, 

Bleicher and Wehrmann(lO). 

Since a known environment approximating hypersonic wake conditions 

is extremely difficult to simulate in the laboratory for periods of 

time sufficiently long to permit calibrations to be performed, 
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frascope. A high r«°^tion in- 

Mgaaurement. 

has b In 0rder t0 det”mlne the P0”r tr“Sf'r l° coolant it 
been aseuaed that, prior to th. arrival of th. h 

"*« ‘be projectile, the e^trical 
element , ^ P0Wr ““PP^ to th. 
element is entire!, dissipated b, th. coolant, fh. .r,cta oí f J 

convection under the,. .+a+4 f fre® 

laborat , 00ndUÍOnS ^ "'^t.d, eino. 
laboratoiy taste conduct.d so far at GARDE hav. falled t 

their importance. t0 

Another factor i, the mutuai interference of th, t 

r’ to each other. 

- - mutuai interference b.t„e„ them due to t 

gradients and bounda^ layer int.raoUon. , 

investigated in our labórate, It la . ld ^ "0t b"" 
-7- « i. evident that th. reeoiutlon of 
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the smallest turbulent eddy depends not only on the finite sensing 

element size but also on the physical spacing between the sensors. 

Experiments to date have been made with spacings of the order of 

0.050'», or about ir,tk of the projectile size. 

As is common to all anemometry techniques there exist 

thermal losses from the sensor to the supports. Because of the 

non-uniformity in the sensor temperature distribution these effects 

are difficult to assess. 

It has been observed also that the sensor at higher tempe¬ 

rature exhibits a higher frequency response than the one at lower 

temperature. Under operating conditions, of course, the overall 

frequency response of the system is limited by the dynamic response 

of the sensing element, which is about one order of magnitude less 

than the frequency response of the electronic feedback system. This 

difference in frequency response between the sensors complicated the 

synchronization problem. At first, smoothing techniques were employed 

to reduce the frequency content of the higher temperature sensor 

signal so that it became compatible with that of the lower temperature 

sensor signal. It appears however that this problem is less acute when 

oils are used as coolants rather than water, since the absolute tempe¬ 

ratures of the sensors are somewhat higher, and also it is possible by 

a judicious choice of sensor temperatures to match the dissipation to 

two different coolants, and hence to match the frequency response of the 

two sensors. 

It must be recognized also that the boundary layer characteris- 
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tics of the two sensors are likely to be different, as are the points 

of boundary layer separation. The latter effect implies that the 

effective heat transfer areas of the sensors are different. No allow¬ 

ance for these effects have so far been made in our analysis. 

There exists also the possibility that in the hypersonic 

wake environment the catalytic effects of the sensors may become 

important. Recombination of dissociation products in the wake may 

occur with the sonsor acting as a third body. From our present limited 

knowledge of the hypersonic wake we calculate that these effects are 

minimal, although experimental verification is much needed. 

Finally, as in the case with all electronic systems, the 

measurements suffer from the effects of electronic noise. For laminar 

coolant flow this noise is of the order of a few millivolts but 

increases by an order of magnitude for transitional or turbulent coolant 

flow. These values are to be compared wiuh a signal level of the 

order of a tenth of a volt in environmental conditions for which the 

ambient pressure is one tenth of an atmosphere. At lower ambient pres¬ 

sures the signal level decreases and so correspondingly does the signal 

to noise ratio. 

(c) Recording 

With an analog recording system, such as we have previously 

described, errors are introduced in the absolute calibration of the 

recording oscilloscopes and by their non-linearity. Additionally the 

magnification of the Fastax cameras amy deviate from their nominal values. 

The effects of these errors are minimized by employing a voltage 
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"staircase" generator which calibrates the Faatax film a few milli¬ 

seconds prior to the arrival of the signal from the projectile 

environment. A major difficulty is that associated with the finite 

spot size resulting from impact of the electron beam on the oscillos¬ 

cope phosphor. This results in a finite trace width on the film which 

is much larger than the scanning spot of the data reader. 

All of these errors may be eliminated by the use of a digital 

recording system. Such a system is under development at CARDE. The 

analog signals from the sensors are first digitized by analog to 

digital conversion units which produce twelve bits of binary information 

corresponding to the analog signal. For most hypersonic range applica¬ 

tions the system is capable of covering the full dynamic range of 

operation at a conversion rate of about 60 Kcps. The binary informa¬ 

tion is then recorded on Fastax film through Z modulation of the 

oscilloscope beam. The developed film is then passed on the data 

reader which transfers the information to punched paper tape. 

(d) Reading 

In reading an analog signal the data reader operates on the 

basis of discrete steps, or counts, rather than on a continuous basis. 

Backlash in the mechanical drive and film imperfections can result in 

spurious readings. 

These problems are likely to be overcome with the use of a 

digital recording system. 

(e) Analysis 

For ease of analysis it has been assumed that the pressure 
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fluctuations associated with coe^essible turbulence are „all in the hypersonic 

vale. Close to thé projectile this assumption is almost certainly invalid. 

Further, in this same region where the flow is at l,.,t transonic past the sensors, 

there exists no established correlation between Busselt number and Reynolds 

number. Such correlation, as do exist pertain to wholly subsonic or wholly 

supersonic flow, which is considerably different, both chemically and 

thermodynamically from a hypersonic wake flow. 

ü¿SER7AriONS 

Investigations concerned with the decay of turbulent energy in low 

speed two dimensional wake flows have been conducted by Townsend (11,12). 

The low speed axially symmetric wake problem has been investigated experimentally 

by Cooper and Lutekv (I3) and by Hwang and ialdwin (H). 
the latter two references 

indicate that similarity considerations can accurately prsdict the characteristic, 

of low speed turbulent axisymmetric wakes. 

The hish epeed turbulent axisysmetric wake has hssn considered by Sch.pker (15) 

based on result, obtatnsd at the Ballistic, n„,,rch Laboratory and the Naval 

Ordnance Laboratory in th. United State,. H. conclude, that similarity 

behaviour is not exhibited until at Last thousand body diameters downstream 

in the case of a sph.re, Slattery (lb), on the other hand, ha, obe.rv.d similarity 

in sphere wake, at downstream distanne, less than a thousand bod, diameters, a 

f.ndinç Which appears to have been substantiated by Fox, et al (1). 

Since the two-temp.r.ture method yield, wake velocity directly a, one of 

the variables, power spectral densities may h, transpos.d immediately to the 

wav, number domain to provide Eul.rian Integral „d micro-,cale,. 

It is hoped then that the preeent inveetiRations will shed light on 

the question of s.lf-simllarity et high sps.d,, that th. important cross correlation 

between wake temperature and velocity may be establiebed a, a function of axial 
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di atanco downatroam (Lykoudia (17)), and further that some information may 

be obtained regarding the laws of turbulent transport in the hypersonic wake, 

Results obtained so far at GARDE are of a preliminary nature, but 

are indicative of the feasibility of the experiment. 
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CONCLUSIONS: 

The technique of cooled film anemometry may be applied to the study of 

the turbulent characteristics of hypersonic wakes in Tree-flight ranges. 

The two-temoerature method, however, suffers from limitations associated 

with the uncertainties in suitable heat transfer correlations under 

transonic flow conditions, the effects of free convection, surface catalysis, 

boundary layer separation, mutual interference, and the effects of 

compressibility. 

Measurements are complicated by such effects as non uniformity in 

sensor temperature distribution, thermal losses, frequency response and 

electronic noise in the system. Nevertheless some progress has been made 

in the measurement by such means as the use of different coolants and the 

development of a digital, instead of analog, recording system. 

In summary, it is felt that in view of the fact that our knowledge of 

the turbulent characteristics of hypersonic wakes is so inadequate, that 

such techniques can be applied successfully to yield a better understanding 

of the phenomena observed. In particular, the method can yield information 

on both the mean and fluctuating components of wake temperature and velocity, 

the important cross correlation between these parameters, and some measure 

cf the turbulence scales. It should be possible also to make some definitive 

statements on the extent to which considerations of isotropy, local homo 

geneity and local similarity can be applied to our model of the hypersonic 

wake and to improve our understanding of the turbulent transport processes 

involved. 
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SUMMARY 

Turbulent wakes of hypervelocity spheres launched from light gas 
guns at the Lincoln Laboratory Re-entry Simulating Range have been 
studied by analyzing densitometer tracings of schlieren photographs. 

The correlation functions, spectral density, and variance of the 
turbulence of gas density in the wake of spheres of 3/16, 3/8 and 
5/8 inch diameter, traveling at 20,000 fps, have been measured and will 
be compared with the author's previous work on 8000 fps spheres. 

The statistical properties of the wakes are independent of pressure 
in the region of 10 to 80 torr. and are independent of the position 
behind the sphere out to about 9000 body diameters. The wakes appear to 
be statistically homogeneous and isotropic, consistent with earlier 
measurements at lower velocities. The rms density fluctuations of the 
wakes peak further behind the bodies than is the case at lower velocities, 
although the three-dimensional spectrum of the gas density falls off with 
the same power dependence. 

Preliminary cross-correlation of the statistical properties of 
successive photographs of the same wake will be presented. By this 
technique one measures the ordered motion of the turbulence and its 
deceleration. 



RESUME 

On a étudie, en analysant les tracés densitométriques de photographies 
Schlieren, les sillages turbulents de sphères catapultées k de très P 

i%V1le^elVar/elCim0nS k gaz 1¿ger; les exP^rienceS ont eu lieu 
dans 1 Installation de Simulation de Rentrée dans l'Atmosphère du 
Laboratoire Lincoln. 

On a mesuré les fonctions de corrélation, la densité spectrale, et 
es variations de turbulence de la densité gazeuse dans le sillage de 

sphères de 3/16e, 3/8e et 5/8e de pouce de diamètre; des me^robíLes 
ont été comparées avec les résultats des travaux précédents menés par 

seconde1" ^ 1 ^ sphkres ^voluant ^ une vitesse de 8000 pieds par 

Les propriétés statistiques du sillage sont indépendantes de la 
pression, lorsque celle-ci varie de 10 à 80 torr. ainsi que de la 
position du point étudié derrière la sphère, jusqu’à une distance 

^ à env;r°n 9000 fois son diamètre. Les sillages s'avèrent 
etre statistiquement homogènes et isotropes, et conformes aux mesures 
précédentes, effectuées à des vitesses inférieures. Les racines carrées 
de la moyenne des carrés des fluctuations de densité survenant dans les 
sillages culminent, derrière les corps étudiés, à des distances plus 
grandes que dans le cas de vitesses inférieures; toutefois le spectre 
tri-dimensionnel de densité gazeuse décroît dans le même ordre de 
dépendance, vis-a-vis de la puissance. 

Les auteurs présenteront des corrélations transversales préliminaires 
des propriétés statistiques des photographies successives prises du même 
sillage. Grace à cette technique, on mesure le mouvement ordonné de la 
turbulence et sa décélération. 
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SOME STATISTICAL PROPERTIES OF TURBULENT WAKES 

1 

J. Herrmann W. G. Clay, R. E. Slattery and R. E. Richardson 
Lincoln Laboratory,* Massachusetts Institute of Technology 

Lexington, Massachusetts 02173 

Turbulent wakes of hypervelocity spheres 
launched from a light gas gun at the Lincoln 
Laboratory Re-entry Simulating Range have been 
studied by analyzing densitometer tracings of 
schlieren photographs. 

The correlation functions, spectra, and 
variance of the turbulence of gas density in 
the wake of spheres of 0.48-, 0.96-, and 1.59- 
cm diameter, traveling at 6 km/sec, have been 
measured and will be compared with the authors' 
previous work on 2.5-km/sec spheres and with 
measurements using electrostatic probes. 

The statistical properties of the wakes 
are independent of pressure in the region of 
10 to 80 torr and are independent of the posi¬ 
tion behind the sphere out to about 3000 body 
diameters but change beyond that distance. The 
wakes appear to be statistically homogeneous 
and isotropic, consistent with earlier measure¬ 
ments at lower velocities. The rms density 
fluctuations of the wakes peak further behind 
the bodies than is the case at lower velocities, 
although the three-dimensional spectrum of the 
gas density falls off with the same power de¬ 
pendence. 

Cross correlation of densitometer traces of 
successive photographs of the same wake are pre¬ 
sented. By this technique wake velocity profiles 
and average wake velocity are measured. 

I. INTRODUCTION 

Turbulent wakes of hypervelocity spheres launched 

from a light gas gun at the Lincoln Laboratory Re-entry 

Simulating Range have been studied by analyzing densi¬ 

tometer tracings of schlieren photographs. Such analyses 

♦Operated with support from the U.S. Advanced Research 
Projects Agency 
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of densitometer tracings have previously been used to meas¬ 

ure the statistical properties of the turbulent wake of 

spheres of 1-cm diameter at a velocity of 2.5 km/sec. In 

the present paper this work has been extended to higher ve¬ 

locities, longer wakes, and other projectile sizes. Gen¬ 

eral techniques have also been developed so that statisti¬ 

cally significant measurements of average wake velocity 

properties as well as the characteristics of the wake edge 

have been obtained. 

These data (with the exception of certain probe re¬ 

sults) are reduced from samples which are taken in submi¬ 

crosecond times and constitute records of gas density gra¬ 

dient fluctuations. These records are between 50 and 190 

correlation lengths long, depending on the size of the 

spheres used. 

Section II of this paper is a short description of 

the equipment used in obtaining these data, followed by 

Sec. Ill in which the statistical properties of the gas 

density in turbulent wakes, the wake edge statistics, the 

wake velocity profiles, and the average wake velocity are 

presented. A short discussion on electrostatic probe data 

of electron fluctuation statistics completes this section, 

and in Sec. IV the results are summarized and some con¬ 

clusions are discussed. 

II. DESCRIPTION OF EQUIPMENT 

All of the data presented in this paper have been 

taken at the larger ballistic range at the Lincoln Labora¬ 

tory. This is a 150-cm diameter evacuatable tunnel serv¬ 

iced by a 20-mm light gas gun capable of firing spheres up 

to 1.6 cm in diameter at 6 km/sec.1 Within the evacuated 

sections, six schlieren systems are permanently installed 
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and these systems have been used to accumulate the data 

presented herein. 

Two of these schlieren systems are quite standard 

and differ in no essential way from the equipment previ¬ 

ously described. The other four, however, are contained 

in our so-called "four-spark" schlieren system. This is 

a set of four double-pass schlieren systems with independ¬ 

ent sparks, cameras, and knife edges, which share a com¬ 

mon main optical axis by means of a common main mirror of 

30-cm diameter and 365-cm radius curvature. The cameras, 

sparks, and knife edges are arranged cart-wheel fashion 

in a plane perpendicular to the axis of the main mirror 

and share this axis by means of a carefully ground, front- 

surface-aluminized, right octagonal pyramid. A sketch of 

this equipment is shown in Fig. 1. The various spark 

sources are independently delayed from a common trigger so 

that successive schlieren photographs of the same wake may 

be taken at arbitrary intervals.^ 

When the moving projectile enters the field of view 

of the schlieren mirrors, its presence is detected and it 

triggers a shadowgraph system, orthogonal to the schlieren 

axis, which photographs the sphere. The trigger impulse 

also actuates delays which in turn fire the schlieren sys¬ 

tem sparks. These delay times are individually preset and 

also measured during each shot. In this way schlieren 

Photographs can be taken at any desired position in the 

wake of the projectile. These measurements, combined with 

the shadowgraph picture of the projectile, determine the 

exact position in the wake of each of the six schlieren 

photographs. 

The treatment of individual photographic plates to ob 

tain significant statistical data on wakes has been de¬ 

scribed previously. when the time intervals between 
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photographs of the same segment of wake are short enough 

so that significant decorrelation does not occur, the four 

pictures obtained from the four-spark system may be ana¬ 

lyzed statistically to obtain the cross correlation be¬ 

tween properties of the turbulent wakes in successive pic¬ 

tures. The cross-correlation functions, combined with a 

knowledge of the inter-picture timing, allow one to meas¬ 

ure the average translational velocity of the wake in the 

laboratory frame of reference. 

The spherical projectiles used in these wake studies 

were fabricated from copper-plated aluminum and are con¬ 

sidered totally nonablating. They are fired from the gun 

while encased in sabots after carefully being checked for 

sphericity and cleanliness. 

III. MEASUREMENTS 

A* Statistical Properties of the Wake Turbulence 

The authors' previous work^ on 0.96-cm diameter 

spheres at velocities of 2.5 km/sec has been extended to 

the 5.6-km/sec regime, and data have also been obtained 

for spheres of 0.48-cm and 1.59-cm diameter. At the higher 

velocity the wakes are visible to schlieren systems for a 

longer time, due to the increased enthalpy content of the 

wakes, and schlieren photographs of wakes up to 50 000 

diameters have been obtained (as compared to several thou¬ 

sand diameters for the earlier work). The limit on the z/d 

value (where z is the distance behind the sphere and d its 

diameter) at the present time is imposed by the growth of 

the wake into the mirror. Once the wake touches the mirror, 

the data are felt to be invalid and are no longer used. 

The distance from the trajectory to the mirror is 15 cm, and 

the largest z/d values are obtained for the smallest spheres. 



The techniques of data reduction are identical to 

those described earlier.2 A computer program is used to 

analyze the fluctuations in film contrast obtained from 

microdensitometer tracings taken parallel to the wake axis 

on a schlieren photograph. The output of the program is 

the correlation function and spectrum of the film contrast 

and a typical result is shown in Fig. 2. A very large „um- 

ber of these have been obtained. 

As with the lower velooiiv pacnc -i a. vtiucuy cases, the results are con¬ 

sistent with the statistical isotropy and homogeneity of 

turbulent wake. Since the wakes are homogeneous, all 

of the densitometer tracings are averaged to obtain a sin¬ 

gle result at any particular z/d. 

In Fig. 2 the change in correlation function and spec¬ 

trum is illustrated as a function of increasing distance 

behind the body. These results, for 0.48-cm diameter 

spheres at 40 torr, are typical of the results obtained for 

all sizes of spheres and all pressures studied. The in¬ 

crease in the correlation length is clearly visible from 

the changes of the correlation function. The spectra re¬ 

veal a decrease in the higher wave number range as a func¬ 

tion of t.ime (or distance behind the body) with little or 

no change in the slope of the final falloff. This falloff 

though unchanged in slope, does tend to translate towards ’ 

lower wave numbers. The flattening of the spectra at the 

highest wave numbers is due to granularity of the developed 

film and represents a limit on the determination of the 
spectrum. 

The normalized correlation functions, R(T), are very 

well fitted by an expression of the form 

R(t) - e"T/,c 

where tc is the correlation length. Thus from the defini 

tion of the integral scale of turbulence a, 
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it follows that the correlation length is equivalent to 

the integral scale; i.e., tc =* A- 

In Fig. 3 the integral scale, or correlation length, 

is plotted against z/d for a variety of gas pressures and 

sphere sizes. At lower velocities it was noted that the 

integral scale was independent of gas pressure and of dis¬ 

tance behind the body. This result is found to hold true 

for the higher velocity case only out to 3000 body diameters, 

after which the integral scale increases with increasing 

distance behind the body. 
o 

As demonstrated earlier, the gas density fluctua¬ 

tions can be derived from the standard deviations of the 

film contrast, oQ, as measured by the densitometer trac¬ 
ings. Some results for a variety of cases are shown in 

Fig. 4, and it may be noted that ac is proportional to Ap/p 

where p is the gas density. These data reveal that the 

general behavior of the density fluctuations is similar to 

that which has been noted at lower velocities.2,4 As z/d 

increases, the value of oc, or Ap/p, increases fairly rap¬ 

idly until a maximum is reached and then it falls off 

quite slowly. The peak of the fluctuations for all values 

of upstream pressure are between 1000 and 2000 body diame¬ 

ters, which is further back in the wake than the 400 body 

diameter value found at 2.5-km/sec velocity. As in the 

earlier cases, the standard deviation of the film contrast 

is proportional to the pressure, and hence the relative 

density fluctuations would be expected to be pressure in¬ 

dependent. For the data shown in Fig. 4 the peak value of 

the relative density fluctuations is 0.°2, somewhat higher 

than at lower velocities. 

The standard deviations scale as the square root of the 

body size, as might be expected from a random volume effect 



where the length of the light path through the wake is di¬ 

rectly proportional to the body size. 

B. Wake Edge Statistics 

The fluctuations of the wake surface as seen by their 

projection in schlieren photographs have been analyzed. 

For the sake of simplicity this projection shall be re¬ 

ferred to as the wake edge. Data of this ty*.e have been 

reduced by several authors. ’ 

These measurements have been made by tracing the wake 

edge onto a separate sheet of paper and digitizing the 

tracings by means of a Gerber plotter. The output of the 

Gerber plotter is an IBM punch card record of the fluctua¬ 

tions, and these records are reduced in a manner analogous 

to the densitometer tracings described in Sec. A. 

The results of several such tracings are shown in 

Fig. 5. Here the correlation lengths (defined as the dis¬ 

tances required for the correlation functions to reduce in 

value by 1/e) of the wake edge are plotted as a function 

of z/d. The points are quite scattered since only the two 

edges can be averaged on each plate; consequently one is 

forced to work with a short data sample. 

The correlation length of the edge, in the early and 

middle portions of the wake, is much longer than the cor¬ 

relation length of the turbulence at the same distance be¬ 

hind the body. This is one more example of the negligible 

contributions of the surface as compared to the volume ef¬ 

fects in schlieren photographs (see also Ref. 2, Sec. III-C) 

C. Wake Velocity Profiles 

The four-spark schlieren system, which was briefly 

described in Sec. I and sketched in Fig. 1, permits one to 

compare sequential photographs of the same portion of a 
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given wake taken at known time intervals. In this fashion 

information is obtained about the development of wake 

structures as a function of time; and, in particular, the 

average wake velocity profile may be found at any point in 

the turbulent wake. 

The structure of the wake turbulence as seen by light 

passing through the wake decorrelates quite rapidly so that 

care must be exercised in taking and reducing data of this 

type. The time intervals required in the near wake are 

quite short (several microseconds); and since the wake moves 

very little in this time, careful spatial calibration of 

each plate is necessary in order that successive plates may 

be compared with accuracy. Because the wake decorrelates 

more slowly further behind the body, lengthened time inter¬ 

vals which one can use do not result in larger spatial mo¬ 

tions since the wake is traveling more slowly. Absolute 

accuracy of 0.1 mm is required on the film, and such things 

as the differences in magnification between the cameras 

must be corrected as these differences result in errors 

which are cumulative in the determination of cross correla¬ 

tion . 

For the purpose of measuring velocity profiles, a 

series of densitometer tracings, parallel to the wake axis, 

are made from individual schlieren plates. The resultant 

record of the photographic transmission through the plate 

is automatically punched onto IBM cards in a manner similar 

to the techniques used to determine wake statistic, from 

individual plates. These outputs constitute sets of four 

random functions f (z) (where n = 1, 2, 3, 4) for each 
t J 

shot. The parameter y numbers the series of densitometer 

tracings parallel to the wake axis. In order to obtain a 

profile, a series of individual passes at different y posi¬ 

tions is made. 
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These records are used to compute (for a fixed value 

of y) 

Rmn(t) = 7T1 Jo fm(z) fn(z - t) dz 

where Z is the length of the record fn(z). For m = n, one 

gets the autocorrelation functions, and for m ^ n, the cross 

correlation functions. 

From the shift of the peak positions of these func¬ 

tions, a velocity can be derived. Let C^(z) represent the 

film contrast random function at time t and C2(z) the con¬ 

trast at a time At seconds later. Then C2 can be consid¬ 

ered a translated and attenuated copy of with additional 

noise due to the random changes in the flow. Writing 

C2(z) = aC^Cz - vAt) + n(z) , 

one may pick constants a and v which minimize the rms value 

of n. Thus we seek to minimize 

$(<*,v) = J n2 (z) dz = J [C2(z) - aC1(z - vAt)]2 dz 

Then òí/òa = 0 implies that 
» 

j (C2(z) - Q'C1(z - VAt) ] C1(z - VAt) dz = 0 

or 

r12 O - ar11(0) = 0 

giving 

r12(vAt) 

T^TÜT 

where rij are the correlation functions 

rij(x) = J ci(z - x) C (z) 

Then the function 

dz 

r22(0) " 2ofr12(vAt) + a'r^d)) = roo(0) - 
r 12 (vA t) 

11 22 
11 W 
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is minimized by taking vat at the maximum of the cross¬ 

correlation function r19. 

As derived here, v represents the velocity of the 

chosen piece of the wake averaged over the length Z and 

integrated through the wake. The quantity a is a measure 

of the decay of the ’’flow pattern." 

The window width scanned by the Jarrell-Ash densi¬ 

tometer had to be taken much larger for the cross¬ 

correlation data than that used for the autocorrelation 

work described in Sec. II. For the velocity measurements 

the width was increased from 0.1 mm to 1.2 mm in order to 

reduce scatter in the results obtained by the cross cor¬ 

relation program. The scatter is a statistical one due to 

limited sample length. In the case of the wake statistics, 

this can be improved by averaging across the wake, as de¬ 

scribed earlier, a technique which cannot be applied to 

the cross-correlation data. 

Figure 6 is an example of cross correlations obtained 

using these techniques. Here four pictures taken at three 

intervals give six cross correlations which are denoted by 

12, 13, 14, 23, 24, and 34. The shift in the peak posi¬ 

tions of the cross-correlation functions are interpreted as 

due to the average translation of the wake in the known 

time interval; from the translation and time the velocities 

are calculated. The decrease of its maximum from the value 

1.0 is an indication of the decorrelation which occurred 

during the time between the light sparks. 

In Fig. 7 the velocity profiles, obtained in this 

fashion, are plotted for a series of positions behind the 

body. The inside surface of the wake edge is sketched in 

to indicate the dimension of the wake at the particular 

stations. Despite fluctuations attributable to a number of 

sources (limited sample length, lack of precision in 
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spatial calibration, uncertainty in the 

correlation function, etc.), the curves 

file are strikingly flat. 

peak of the cross- 

of velocity pro- 

esults of velocity profile measurements made at CARDE7 

by entirely different means seem to indicate a similar re¬ 

sult. The authors wish to point out that the schlieren pro- 

.. COUld be explalned ^ woakt'r Bas density gradients in 
he center of the wake than near its edges, as well as by 

any serpentine formation in the wake tending to shift the 

wake axis about. However, in the absence of evidence to the 

contrary, we propose that the profiles indeed have this 

flat-topped shape. 

„AverageJWake Velocity 

Since the velocity profiles are flat, the velocities 

measured at any given position behind the body have been 

averaged to give an average velocity of the turbulent wake 

as a function of distance behind the body. The results are 

plotted in Fig. 8 as the ratio of the wake to the body ve- 

ocity. They represent the average of a large number of 

cross correlations Since simple incompressible theory 

would predict a z'273 decay of velocity for a wake which 

grows as z"3, a line of slope ^73 ls lnoluded for com. 

parison purposes. The experimental points follow the a' 
decay quite closely. 

-2/3 

E* Electrostatic Probes 

The electrostatic probe equipment consists of a radial 

array of coaxial probes centered about the projectile tra¬ 

jectory. The probes are suitably biased and the data taken 

are records of probe current vs time as the wake grows out 

engulfs the probes. One measures probe currents in 
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order to gain information about electron density fluctua¬ 

tions in the wake. That the probe currents are propor¬ 

tional to electron density is borne out in part by com¬ 

paring the average probe current behavior with microwave 
8 

cavity measurements taken at the same time. 

The collecting electrode is a 0,12-mm diameter gold- 

plated cylinder exposed for 0.1 to 0.2 mm. It is sup¬ 

ported in Teflon within a 0.5-mm diameter gold-plated hol¬ 

low cylinder that serves as a current return path, col¬ 

lecting charges of opposite sign in order that the plasma 

remains neutral. Gold plating is used to facilitate clean¬ 

ing of the probes before each shot and to minimize probe 

surface contact potential difference. The probes are 

placed radially in a plane perpendicular to the pellet path 

and are supported in a brass holder which carries trans¬ 

parent reticles that are photographed along with the pas¬ 

sing pellet by spark photography in order to determine the 

exact trajectory of the pellet relative to the probes. 

Currents collected by the probes are fed to bipolar 

"logarithmic" amplifiers whose outputs are displayed on 

oscilloscopes with various sweep rates and photographed. 

The amplifiers have approximately a logarithmic response be- 
-5 9 

tween 2 x 10 amp (saturation level) and 5 x 10 amp with 

linear gain for smaller signals. Their gain is frequency- 

independent from 0 to 100 kHz,and a known correction can be 

applied so that they are useful to 300 kHz. 

The data thus taken are from a fixed point in space 

and the time variations recorded result from the wake pas¬ 

sing that point. Figure 9 is taken from such a record. 

Notice the general exponential decay with fluctuations 

superimposed. If the fluctuations are autocorrelated, a 

correlation time is obtained. The average velocity for the 

section of wake chosen can then be used to convert the 
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correlation time into a correlation length. For a few rec¬ 

ords this correlation length has been plotted vs z/d in 

Fig. 10. Note that these values are about the same as the 

schlieren results for the same portion of the wake. 

IV- RESULTS AND CONCLUSIONS 

The turbulent statistics of the gas density in the 

wakes of three sizes of spheres have been measured using 

schlieren techniques and have been found to be statisti¬ 

cally isotropic and homogeneous. Out to 3000 body diame¬ 

ters the normalized correlation functions and spectra do 

not appear to vary as a function of gas density or posi¬ 

tion behind the body. Beyond 3000 body diameters the inte¬ 

gral scale grows as the 1/2-power of distance behind the 

body. This is in excellent agreement with Schapker,6 who 

indicates that the correlation length should grow as the 

1/2-power of z but that the conditions for such growth 

should not be reached before z/d »a 103. 

The fluctuations of gas density, Ap/p, peak at a value 

of 0.2 in the region of z/d between 1000 and 2000 and then 

decay quite slowly. This too is similar to results obtained 

at lower velocities and differs from them only in that the 

maximum is further behind the body. Note in Fig. 9 that 

the fluctuations of the probe current are larger, with 

A I/I » i. 

It is appropriate to comment that, due to the rapid 

deceleration of the wake in the observer frame, any point 

spatial measurement of a wake in a hypervelocity facility 

results in data smaples which are short. in fact, any 

given point in the wake only moves a total of about 50 body 

diameters from the time it is generated until it has come 

to a complete stop. In addition, the sample must be di¬ 

vided into still smaller intervals in order to reduce the 
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data. This can be contrasted with a photographic tech¬ 

nique such as schlieren where a typical picture at any 

distance behind a body gives a sample which is many body 

diameters long. 

The behavior of the gas density fluctuations and sta¬ 

tistics tend to reinforce the picture of the turbulent 

wake as being composed of a "marble-cake-like" mixture of 

hot and cold gas. The changes in spectra in Fig. 2 could 

be described as resulting from the smaller sized eddies 

cooling by thermal conduction and disappearing. The shift 

of the falloff toward lower wave numbers leads to the con¬ 

clusion that there is insufficient turbulent kinetic energy 

to regenerate these smaller eddies. Thus we conclude that 

there is no inertial range for the turbulent wakes we have 

studied. This leads to a fluid mechanical model in which 

a large part of the energy of the wake is contained in the 

hotter regions. Uberoi and Kovasznay described this earlier 

as "entropy spottiness."9 The size of the electron density 

correlation length is consistent with this picture. 

The velocity profiles at any given point in the wake 

are measured to be flat topped within the confines of the 

turbulent wake, and the average wake velocity decays about 

as expected from simple theory. 
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Fig. 3. The normalized integral scale, A/d, as a function 
of the normalized distance behind the sphere, z/d, for a 
variety of sphere diameters and pressures. 

Fig. 4. Standard deviations of the film contrast as a 
function of distance behind the body. 
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WAKE VELOCITY PROFILE 

1-cm SPHERE, 5.6km/sec, 40 Torr 

Fig. 7. The wake velocity profiles for spheres at dif- 
erent axial distances behind the body, as determined from 
the shifts of the peaks of the cross-correlation functions, 



AVERAGE WAKE VELOCITY 

1-cm SPHERE, 5.6 km/sec, 40 Torr 

io‘ io3 
DISTANCE (dia.) 

Fig. 8. The average wake velocity normalized to the body 
velocity as a function of the distance behind the body de¬ 
termined with the four-spark schlieren system. 

Fig. g. The probe current as a function of time for a par¬ 
ticular shot (0.96-cm sphere at 40 torr, velocity 5 6 km/ 
sec). ' ‘ ' 
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SUMMARY 

Two 17 Inch diameter copper spheres were fired on the Woomera range as part of 
project Dazzle, and re-entered the atmosphere almost vertically at speeds of 
16000 ft/sec. Head-on V H P. radar returns tro. the turbulent portions of the ..„e, 

rr.rr 'T“1;'111 in e'h°ine camsmains to the suecesslve 
f rmation of peak echoing areas at a frequency of approximately 5 cycles/sec in r 
region several thousand diameters behind the head. These peaks, corresponding it 

thought to sharp maxima in the local electron density distribution, drifted back- 
wards aiong the wake at ambient velocity, decaying rather slowly until overtaken by 
the final electron loss mechanism. ^ 

to proJufion fretJuency is two orders of magnitude lower than that corresponding 

Íhev Lfn ts r f0r VOrteX Sheddlng fr0m the SPhere' and U is s^gested that 
they are due either to a surging process in the near wake or to a periodic break¬ 
through of the turbulent portion of the far wake into the surrounding entropy layer 

RESUME 

deux^nh e n ? P 'f *aZZle °n a Pr°Cédé à la baSe de ^omera au laaca^nt de deux sphères de cuivre, de 17 pouces de diamètre (environ 50 cm), qui effectuèrent 
leur retour dans l'atmosphère verticalement, à une vitesse de 16000 pieds par 
seconde Dans les régions turbulentes de sillage, les données d’un radar à très 
aute fréquence, braqué vers l’avant, indiquèrent une périodicité marquée dans la 

section transversale de 1’écho, correspondant à la formation successive de zones 
d écho maximales d’une fréquence approximative de 5 cycles par seconde, dans une 

Ces h railliers de diamètres en arrière de la partie antérieure. 
Ces zones d écho maximales, correspondant, pense-t-on à des maximas très marqués 
dans la répartition locale de densité des électrons, dérivaient vers l’arrière le 
long du sillage à la vitesse ambiante, pour s’atténuer assez lentement jusqu’à ce que 
survienne le mécanisme final de déperdition des électrons. 

Leur fréquence de production est de deux ordres de grandeur plus faible que celle 
correspondant au nombre de Strouhal pour les tourbillons émanant de la sphère peut- 
être sont-elles dues soit à un processus de surintensité dans le sillage immédiat 
soit à une irruption périodique de la portion turbulente des bords du sillage dans 
la couche entropique environnante. 
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PULSATIONS IN THE WAKES OF HYPERBALLISTIC SPHERES 

DURING ATMOSPHERIC RE-ENTRY 

by 

D. A. Spence*, R. L. Dommett *,* and P.G. Smith***. 

Two 17 inch diameter copper spheres were fired on the Woomera 

range as part of Project Dazzle, and re-entered the atmosphere almost 

vertically at speeds of 16000 feet/sec. The present paper is concerned with 

some fluid mechanical problems related mainly to unexpected flow pulsations 

and vortex motions observed in the firings. The turbulent portions of the wakes 

showed marked periodicity in echoing cross-section, corresponding to the 

successive formation of peaks at a frequency of approximately 5 cycles per 

second in a region several thousand diameters behind the head. These peaks, 

corresponding it is thought to sharp maxima in the local electron density 

distribution, drifted backwards along the wake at ambient velocity, decaying 

rather slowly until overtaken by the final electron loss mechanism. 
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Farnborough, Hampshire.) 

** Space Department, Royal Aircraft Establishment, Farnborough, Hants. 
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(Present address: British Embassy, Washington, D.C.) 
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Their production frequency is two orders of magnitude lower than that 

corresponding to the Strouhal number for vortex shedding from the sphere, 

and it is suggested that they are due either to a surging process in the near 

wake, or to a periodic breakthrough of turbulent portionscf the far wake into 

the surrounding entropy layer, possibly associated with the dynamic motion 

of the head. 

1. INTRODUCTION 

Project Dazzle was an investigation of atmospheric re-entry phenomena 

based on a programme of firings of spheres and other re-entry heads at the 

Woomera range, with re-entry velocities close to 16,000 ft/sec., carried out 

under a joint UK/USA/Australia agreement. The bodies were designed by the 

Royal Aircraft Establishment, Farnborough, and launched by the British two 

stage Black Knight Vehicle. The electromagnetic scattering and optical 

radiation characteristics of the bodies and their wakes were monitored by 

ground based instruments provided by ARPA (USA) and Weapons Research 

Establishment, Salisbury, S. Australia, the radar data for far wakes being 

analysed by the Royal Radar Establishment, Malvern, and the optical data 

by W. R. E. Vehicle systems have been discussed elsewhere and therefore 

are not considered further in this paper. The background of re-entry physics 

and the interest in wakes is also well known so this part will also be ignored 

in this paper. 

Spheres were included in the programme to meet the need for a simple 

shape which would provide a free-flight check, with minimum contamination, 

on more extensive tests of the flow field and wake aerodynamics that could be 

made in ground facilities such as wind tunnels and hypervelocity gun ranges. 



The purest metal commercially available vas copper of 99. 95% purity which 

was therefore used, and there was no optical evidence of ablation during re¬ 

entry, moreover the rounds were recovered with no more than a few ounces 

oss of weight, all of which was attributable to impact damage. (Figure 1 

18 3 phül0Braph of i™* half of the second sphere after recovery). The 

spheres discussed in this paper were both of 17 inch diameter, the re-entry 

velocities (at 250 K ft) being about 16,000 ft/sec. 

Both rounds were spin-stabltsed during re-entry, at a rate of 2.6 

evolutions per second. Calculations have been made of the dynamic 

oscillations of the head that would be expected under the influence of the rising 

drag force during re-entry, which provides a restortng moment to oppose the 

offest centre of gravity, taking account of the angular momentum of the 

spinning motion. The predictions for the two rounds are shown in Figure 2 in 

the form of a plot of the number of incidence peaks from 220 K feet downwards 

(Below 30 incidence, the effect of the oscillation is almost independen, of its 

SmCe 11 !S d0minated by the 8pl" ^ 1» "°t highly sensitive 
to the assumed value of drag co-efficient). 

2. RADAR DATA GATHERING EQUIPMENT 

The radar was a pulsed, coherent system, permitting measurement 

0 r“ and relatiVe Pha8e °f ^ retUm Sig"als- transmitters 
at 55 Mc/s and ,53 Me/s operated simultaneously into an 86 ft. steerable 

parabohe aerial. This was sited sufficiently close to the impact point to 

provide a near nose-on aspect angle to the targe, throughout re-entry, so 

permitting greater range resolution along the target wake. A flexible 
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transmitter pulse coding facility was provided, permitting the pulse code to 

be readily changed between trials as required. 

A scope displays of individual pulse returns were recorded by high 

speed continuous motion cameras during re-entry, providing 30 seconds of 

recording on 35 mm film. A record during the complete trajectory was made 

on 5 Mc/s video tape as a back-up to this system, azimuth, elevation, range 

and time at the radar being recorded on paper print-outs. 

A striking feature of the 55 Mc/s radar data from both sphere trials 

was the periodic variation in amplitude of the wakç echoes which was observed 

at all altitudes. The effect is demonstrated in Figure 4 which plots the 

relative echoing area versus altitude for sections of the wake between 6K ft. 

and 9 K ft. behind the sphere. The general form of the radar echoes was 

practically identical on both shots. As described above, the spheres were 

spin-stabilised with the centre of gravity forward of centre by 0. 6 and 2. 25 

inches respectively, so that the head dynamics were slightly different below 

150 K ft., as shown in Figure 2. No significant change was shown in the period 

of echo modulation in Sphere 1 compared to Sphere 2 as a result of these changed 

dynamics. 

3. INTERPRETATION OF RADAR ECHOES 

3.1 Conditions for V. H. F. Radar Echoes 

The conditions in which V. H. F. radar echoes will be obtained fall into 

two main types. Firstly, those in which the electron content of the wake is 

sufficiently large for the plasma frequency of the wake to be higher than the 

probing V. H. F. (overdense condition) and secondly, those in which the plasma 

frequency is less than the V. H. F. (underdense case). For 55 Mc/s the 
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critical electron density is 3.75 x 10 electrons/cc. whilst for 153 Mc/s the 
8 

value is 2.9 x 10 electrons/cc. 

In the overdense case scattering will occur at the surface of the plasma 

(ignoring the effects of skin depth) whilst in the underdense case the scattering 

will occur from the whole volume of the plasma. In the Dazzle programme the 

radar line of sight to the re-entry was such that only back-scatter would be 

observed and this involved additional criteria on the wake formation. The 

overdense wake will cause back-scatter at low aspect angles when the surface 

has roughness, the actual size and statistical distribution of this roughness for 

optimum effect varying with the particular radar frequency in use. In the 

underdense case the backscatter echoes only when inhomogeneities of electron 

distribution (and hence of dielectric constant) arise in the volume of the plasma. 

Such inhomogeneities are of course always present in a turbulent field. Again 

the amplitude of the backscatter at a given radar frequency is critically 

dependent on the amplitude and distribution statistics of the inhomogeneities. 

Thus it follows that a full interpretation of the radar wake echoes must 

involve theories not only of the backscattering from a random distribution of 

electron density but also of the relation of this electron density distribution 

to the general fluid dynamics of turbulent wakes. 

3. 2. Far Wake Echoes 

The theoretical radar scattering model of an underdense wake based on 

the original work of Booker and Gordon (Ref. 1) can be applied to this region 

but the model does not predict such long wakes if theoretical values of electron 

density are used as the starting point. Recent GASL calculations on the electron 

density in the wakes of cones and spheres appear to show reasonable agreement with 
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ballistic range data particularly over the first few thousand body diameters. 

Illustrated in Figure 3 are the GASL values for Sphere 1 (Refs. 2,3) compared 

with range data quoted by Komegay (Ref. 4) for a copper sphere of 0.187 in. 

diameter at a velocity of 17. 6 K ft/sec. and 18 K ft/sec. into pressure of 80 

and 40 torr. Using binary scaling these pressures correspond to altitudes of 

150 and 175 K ft. for Sphere 1. In the far wake binary scaling is of doubtful 

validity due to the presence of three-body reactions. 

The crucial factor in the explanation of the long wakes observed in the 

Dazzle progremme is the postulation of a mechanism by which the free electron 

lifetime can be maintained for times much in excess of previous theoretical 

predictions. The data from Sphere 1 on the rate at which wake lengths decreased 

during re-entry is not totally inconsistent with dependence on the square of 

the ambient pressure (to be expected if three-body attachment was the dominant 

electron loss mechanism). But if one or two points are ignored, a better fit 

could be claimed against pressure to the first power. 

The results can be taken to indicate that three-body attachment process 

does not in fact operate except possibly as a final clean-up mechanism. The 

reason the attachment process does not operate here is not known, but its 

explanation would probably require a more sophisticated model of temperature 

decay than at present exists. If the temperature is maintained above 700°K 

attachment would be inhibited and therefore a process by which the wake 

temperature was maintained above this value into the far wake is required. 

The marked effect on wake electron density if attachment is prevented has been 

illustrated in the range work of Kornegay where he compared electron decay 

behind spheres fired into air and nitrogen (Ref. 4). The observed rates were 

several orders of magnitude faster in air, where electron-oxygen molecule 

attachment can occur, than in nitrogen. 
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4. OSCILLATION IN SPHERE WAKES 

The most striking aerodynamic effect to emerge was the periodicities 

in amplitude of the echoing area of the wake. The modulations here referred to 

are distinct from those which are attributable to cyclic variations in drag 

coefficient as the result of varying body incidence. The period in the case 

of Sphere 1 appeared to be about 1/5 of a second, with a very slight tendency 

to decrease at lower altitudes. These frequencies are in rough agreement with 

those calculated for the dynamic oscillations caused by' the sphere spinning 

with its c.g. offset. 

A natural explanation when the echoing periodicity was first noted on 

Sphere 1 was a dynamic effect due to transverse body motion caused by the 

oscillations, the c.g. offset being 0. 6 in. in this case. Some light on this 

might have been provided by Sphere 2, on which the c.g. was positioned 2. 25 in. 

forward of centre, which would have increased the number of cycles by a factor 

rising with decreasing altitude (i.e. with increasing drag) from 1 to a value 

at 120 K ft. of approximately 2; unfortunately, however, the return from 

Sphere 2 was lost before any such change was observed. A snaking motion of 

the head could not in any case have greatly changed the effective echoing area 

of the wake under the conditions of the firing, since the aspect angle of the 

radar was very small at the relevant part of the trajectory. 

The last consideration also seems to rule out the possibility of the 

pulsations being sideways translations in the paths due to vortex shedding of 

the type observed by Fay and Goldburg (Ref. 6). Such translations, moreover, 

if they occurred would do so at a frequency related to the Strouhal number U/d, 

which in the present case was approximately 104 cycles/sec., 1000 times too 

high. 
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Another possibility at first sight was that the periodicity was related 

to the large scale intermittency of turbulent "blobs” in sphere wakes described 

by Birkhoff, Eckerman and McKay (Ref. 7), which are attributed by these authors 

to the persistent effect of the long regions of laminar flow that are known to 

follow turbulent spots in the transition region. Examination of Figure 6 in the 

paper cited suggests, however, that the separation distance between "blobs" is 

typically of the order of 10-20 wake diameters. This would correspond on 

Sphere 1 to frequencies of the order of 200 cycles/sec., still much higher than 

that observed. (There remains in this context, however, the rather small 

possibility that what the radar is recording is an amplitude-modulated envelope 

of families of bursts of this type at different initiating frequencies). 

The most obvious mechanism to initiate a periodic motion at a frequency 

comparable with that observed is the dynamic motion of the head. For the 

reasons already discussed, any resulting motion of the body as a whole would 

probably not be detectable, but the head motion would also result in variations 

in the separation line which could affect the wake downstream through its 

structure near the neck. We have to look for a mechanism involving the gross 

structure of the flow over a length scale of the order of 103 body diameters. 

Since regions of high electron density correspond to high temperatures, which 

in the case of sphere and blunt cone wakes are to be found not only in the 

turbulent core, but also in the inviscid entropy layer generated by the bow 

shock, it would be possible for the core to be re-heated at points spaced 

along its length if it were to move laterally far enough to bring it intermittently 

within the entropy layer. In other words a slow snaking motion of the trail 

relative to the enthalpy layer would provide an explanation of the hot spots 

which must be periodically spaced along the wake to produce the observed 

echoes. Since the turbulent core ultimately grows faster than the inviscid 

entropy layer, such "breakthroughs" must ultimately occur. The drift 



9 

velocities in the turbulent core are, however, higher than those in the sur¬ 

rounding entropy layer, so that a turbulent "blob" which has been heated in this 

way would not remain stationary relative to the points in the inviscid wake at 

which it was heated, but would advance relative to this point to show up as a 

hot spot in the centre of the wake. 

Another possibility involving the flow structure would seem to be a 

mechanism of the type indicated in Figure 5 where the neck of the wake moves 

backwards and forwards relative to the body during a cycle, with corresponding 

variations in the electron density at the beginning of the far wake, which would 

then persist along its length at approximately the same frequency. 

These possibilities are highly speculative, but in view of the 

repeatability of the phenomenon between the two sphere rounds fired, it would 

seem worth while to test them by firing in a ballistic range, with spheres 

possessing a range of dynamic characteristics. 
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Fig.2 Estimated number of incidence peaks from 220 Kft 
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Pig.3 Electron density v wake length 
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Pig. 4 Echoing area of the wake measured at different sections behind the sphere 



I 

P
i
g
.
5
 

P
o
s
s
i
b
l
e
 
c
y
c
l
i
c
 
v
a
r
i
a
t
i
o
n
 
o
f
 
n
e
a
r
 
w
a
k
e
 
s
t
r
u
c
t
u
r
e
 
d
u
e
 
t
o
 
v
a
r
i
a
t
i
o
n
 
o
f
 

s
e
p
a
r
a
t
i
o
n
 
l
i
n
e
 
i
n
 
p
h
a
s
e
 
w
i
t
h
 
b
o
d
y
 
m
o
t
i
o
n
 



BLANK PAGE 



RADAR INVESTIGATION OF THE WAKFç oír 
blunt and hypersonic velocity projectiles 

IN THE BALLISTIC RANGE « 

Authors: 

Affiliation: 

S. Zivanovic, Senior Research Engineer 
• E. Robillard, Research Engineer 

R.I.Primich, Head, Microwave Physics Laboratory 

Microwave Physics Laboratory 
Aerospace Operations Department 
AC Electronics Defense Research Laborato 
General Motors Corporation 

6767 Hollister Avenue, Goleta, California 

rie s 

Telephone: (805)968- 101] 

15 February 1967 

Lh:e::crhk pt has been 3upported ^ *h' rch Projects Agency under contract No.DA.01.021-AMC-11359(Z) 



SUMMARY 

This paper describes the study and experimental results of 
sca.tering of electromagnetic waves in the millimeter wavelength ranee 
from the wakes of hypersonic projectiles. g range 

. ., radars employed for the measurements are briefly 
described and their advantages and limitation are discussed. 

The results obtained from wakes of both blunt and slender bodies 
are discussed m some detail. The wake radar cross-section, velocity 
and locahcn of the various transition phenomena can be obtained direcUy 
from the measured amplitude and the phase of the returned signal In 
addition, various statistical properties of wake scattering, such as 
spatial correlation function, probability distribution function and spectra 
of wake fluctuation can be obtained. ^cua 
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1. INTRODUCTION 

The study of electromagnetic wave interaction with the wakes of 

hypersonic projectiles launched in a ballistic range has many aspects. 

For example, the phase shift and the amplitude change of the trans¬ 

mitted wave can, after comparison with the incident wave, yield inform¬ 

ation on the electron density and the effective electron collision fre¬ 

quency.^ These basic measurements can be performed either with a 

simple transmission probe^ or with much more sensitive resonators 

— the result is always in a form which involves an integral of electron 

density and therefore gives an average electron density. Or one can 
(3)- 

study the perturbation of an almost closed cavity - the reimlt will 

again be a volume average of electron density. 

The reflection of an electromagnetic wave from a plasma depends, 

however, not only on the average magnitude of electron density but also 

on the spatial and temporal variation of electron density throughout the 

wake. So the study of reflection techniques provides an understanding 

of the wake structure as a complementary technique to the transmission 

method. 

There is also an additional advantage in the use of reflection 

techniques. At present the only form of interaction of microwaves with 

the wake of a noncooperative reentering projectile is the reflection of 

radar beams from it. The study of the return is chen a way to obtain 

information about the wake and, indirectly, about the vehicle. Duplica¬ 

ting the experiment on the ballistic rangt, can thus provide help in 

understanding the field data. 

Hence the radars described in this report were built to permit us 

to observe and understand the nature of radar reflection from the various 

# Here "effective collision frequency" accounts for all mechanisms 

responsible for the conductivity of the plasma. 
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characteristic forms and parts of the wake, such as the laminar and 

turbulent portions of the wake, breakthrough of the viscous core, trans¬ 

ition from laminar to turbulent flow, etc. 

In the following sections the theory of reflections from ur.derdense 

plasmas is briefly discussed and the radars and some experimental 

results are described in some detail. 

I. SCATTFRT.NG FROM THE UNDERDENSE PLASMAS 

Scattering from underdense plasmas has received very much 

attention compared with scattering from critically dense or overdense 

plasmas. One of the main reasons for this interest is that one can, 
(4) 

with good accuracy, use the first Born approximation to solve a class 

of problems which otherwise, in their general form, simply defy the 

exact solution. The technique for studying turbulent or fluctuating under- 

dense plasmas was indicated by Booker and Gordon' ' in their early 

work* and used successfully by Fejer/^ for example, and others^ to 

explain scattering from the ionosphere. The scattered electric field 

Es and the radar cross section a , evaluated at very long distance 

from the plasma^ ^ are then proportional to the spatiai Fourier trans¬ 

form of electron density n : 

E = E 
s o 

2 . 

q siny — _ 

4ft ( Mc R 
o 

e 
j(oot-kR) 

o 

V 

(1) 

s‘5 The so-called Booker-Gordon Theory which uses the spatial auto¬ 

correlation function of electron density to determine the cross section 

of plasma under observation cannot always be used for the study of re¬ 

flections from the wakes. This is because the Booker-Gordon theory 

requires that the correlation function becomes negligible within a 

distance small compared to the scattering volume. 
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where E is the amplitude of the incident electric field, q is the 
o 

charge of an electron, m is its mass, y is the angle between the 

electric field of the incident wave and the direction of scattering, œ^ 

is the angular frequency of the incident wave, t is time, c is velocity 

of light in the free space, c q is the dielectric constant of the free 

space, j-n , to is the wave vector of the incident wave, and V 

is the volume which contains the scattering plasma. 

It is seen that the magnitude of the radar return depends on the 

single component in the spatial Fourier spectrum of electron density. 

Conversely, the measurement of the radar reflection from an under- 

dense wake gives immediately the value of a point in the spatial Fourier 

spectrum of electron density with the wavelength equal to X =X(2cosOf/2) 

where a is the smaller angle between the incident and the reflected 

wave. Varying the incident frequency or the angle between the trans¬ 

mitter and the receiver, one can deduce the complete spectrum of elec¬ 

tron density fluctuations and compare them with the theoretical predic¬ 

tions as well as the neutral density fluchiations. 

Further, if the electron density changes in time, but the changes 

are slow enough that the condition 

n 

sn(r , t) 

d t 
« to 

o (3) 

is satisfied, one can treat time as an independent parameter in the 

integration by replacing n(r) with n(r,t) . The time variation will 

appear as the change in magnitude as well as in the phase of the receiver 

signal. 

To understand the role of both amplitude and phase of the received 

signal, let us put Eq. (1) in a slightly different form. First, define the 
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constant ^ and the realnutnbers A(t) and „(t) , and vector E 

such that 

n¿ ■ -jkR 

A = E ^ sin y e o o —- _ . 

47T f me ' R 
o 

A(t)e /n(ï, t) eJk-Vr 

(4) 

(5) 

i r 

With this, (1) become! 

E = A e 
s o 

j pot + <p(t)J 

A(t) 

From (5) 

A(t) 
Jk- (r-1^ (^k'1 + j?) 

V 

where ]k is the unit vector in the k direction anH 0 • ^ >= uxrection and J[ iS any vector 
perpendicular to k . Using the substitution 

' ‘k ‘Vr 

(6) 

(7) 

(8) 

= ï- lk <p k"1 + / 
(9) 

in (8) and substituting this result in (7) one has 

E =A ejKt+</5(t)J i u-1 , , * 1 jk-?' 
s o LO -,yn[r”lkk (p(t)+2,teJK rd' 

(10) 

The integration volume could have been 
extended in (1) (and 
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consequently in (8) ) beyond the limits of the plasma, because n is 

zero outside of the plasma. So the volume in (10) is again the volume 

containing the entire plasma, but the whole integral is now a real num¬ 

ber. The integration is performed in a fixed (with respect to the trans¬ 

mitter and the receiver) coordinate system in which the plasma moves 

with an apparent phase velocity u determined by 

r' + 
7r 

‘<p(t) + £ = const (ID 

or 

.- 1 d(p(t) 
k dt 

-4 

11 
dt 

d| 
dt (12) 

where 

1 I 
k k dt 

(13) 

Hence this apparent velocity has the component u^ in the direction of 

k , determined by the phase change of the received signal. Its compon- 
“4 

ent perpendicular to k remains undetermined. 

In the case of frozen flow where plasma moves without rotation 

n(r, t) = n(r - J1 tff(t) dt) 
o 

(14) 

where uf(t) is the velocity of the frozen flow. Here one gets, following 

a similar procedure to that above, 

E = A e 
s o 

oo t + k 
o ‘kV11* /nWe-^db (15) 

i. e., only the phase of the returned signal changes and the amplitude 
*“4 

remains constant. The velocity component of the plasma in the k 

direction can be easily obtained by differentiation, using (13). 
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It is important at this point to clarify what the phase velocity, as 

given by (13) means. In case of the frozen flow, this is the velocity of 

the fluid itself. However, at the other extreme, when creation and 

annihilation of electrons takes place one can observe phase velocity 

without any corresponding motion of the background fluid. 

Hence the interpretation of the phase change from the decaying 

plasmas can be ambiguous if one wants to determine the fluid velocity 

from it, and care has to be exercised whenever large and rapid decays 

of electron density are present. The radar-observed velocity is, loosely 

speaking, only a velocity of a constant electron density contour, and this 

contour can either follow the fluid velocity or the move because of the 

plasma decay. 

In the case of the narrow-beam radars which illuminate only a 

portion of the plasma volume, an additional restriction is imposed on 

the plasma if one wants to determine fluid velocity from the phase 

change. It is necessary that the fluctuations of electron density from 

one end of the scattering volume be uncorrelated in the fluctuations of 

electron density on the other side. This is because it is necessary to 

actively "track" or distinguish a particular eddy so one can determine 

its velocity. 

The amplitude fluctuations, in the case of scattering from a tur¬ 

bulent or generally random medium, describe the fluctuations of a 

particular spatial Fourier component of electron density calculated 

over the scattering volume. In the case of a Gaussian process, these 

fluctuations are also Gaussian. There is, however, no evidence that 

the random fluctuations in wakes are Gaussian. In fact, some experi¬ 

mental results indicate that the process is not Gaussian. Nevertheless, 

the mean value (a time average) of the amplitude of the reflected signal 

is equal to the average value of the Fourier component of electron den¬ 

sity, providing, of course, that all the mean quantities in the observed 
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volume remain the same during the averaging time. Study of the fluc¬ 

tuating quantities in this case can lead to an understanding of the type 

of random process which is responsible for the scattering fluctuations. 

The mean components of received electric fields, if evaluated at 

various frequencies or various angles between transmitter and receiver, 

determine the spectral distribution of electron fluctuations. Present 

efforts in this area of fluid mechanics gives hope that this spectral 

distribution can, in turn, be theoretically predicted and hence it is an 

important connection between the fluid mechanical theory of fluctuations 

and radar scattering. They also can, together with the electron density 

measurements, be used to determine an experimental scattering model 

of the turbulent wake. This work is now in progress. 

3. EXPERIMENTAL ARRANGEMENT 

From the previous discussion, it appears that the scattering 

experiment, in order to yield maximum information, has to give inde¬ 

pendent information about the magnitude and the phase of the returned 

signal. Second, it has to have as many transmitter-receiver systems 

as practical in order to obtain more points on the spectral curve. 

These systems must illuminate the same volume of plasma (or as much 

as practical) so that meaningful comparisons can be made. Finally, it 

would be desirable to illuminate a volume of plasma located a fixed 

distance behind the body for sufficient time to obtain a good average of 

the received signal. 

This last requirement is, of course, difficult to satisfy on the 

ballistic range, where any sort of tracking is extremely difficult to 
% 

achieve. A compromise is achieved by having the radar beam wide 

enough that the plasma will stay long enough in the scattering volume, 

yet still narrow enough that the resolution is sufficiently good; this is 

discussed later in this section. 
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The light-gas gun on the AC Electronics-DRL Free-Flight Ballis¬ 

tics Range is capable of launching blunt and slender saboted models up 

to 25 mm in diameter for spheres and up to 12 mm in diameter for 

slender cones at velocities up to 7, 000 m/sec into a controlled atmos- 

phere. The free-fhght chamber consists of a tube 60 cm in diameter, 

and about 20 m in length, and a 2. 5m-diameter section about 15 m long 

at the end of the range which houses the radar system. (For details 

see Figure 1. ) 

The existing radar system consists of four radars operating at 

frequencies of 9, 17, 35, and 70 CHz Each radar haa a jocused.lens 

antenna oriented at an angle of approximately 45° with respect to the 

flight axis. All four radars are identical in principle, the difference 

being only in operating frequency. Hence, the operating principles 

that are described here apply to all of them. 

Since the radars are operated inside a metal chamber, a relatively 

strong signal is reflected by the chamber walls, even if the walls are 

lined with a microwave absorber. This necessitates the use of doppler 

techniques, i. e. , removing the carrier signal from the receiver and 

observing only the components due to the time-varying target. 

A simple way to achieve this carrier removal was to mix the 

received signal with the original transmission - i « s ircinsmission - i. e., use the autodyne 
system. If the transmitted signal is 

S. = A cos u) t 
10 0 (16) 

where A i 

to 
0 is a constant, and the received signal Sr is proportional 

S 
r A(t) cos 

(17) 
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where A(t) and <p(t) are, as before, the time-dependent amplitude 

and phase, then after mixing the signal would have the form 

S = A A(t) cos ip (t) (18) 
» 1 

where A^ is a constant. 

After amplification with an ac-coupled video amplifier, the carrier 

signal, which now appears as a dc voltage, is completely eliminated. 

This principle was used in one of our early systems. Though it 

has the advantage of being simple to build and operate, it suffers from 

the shortcoming that the amplitude and phase changes appear as a 

product, and it is impossible to separate them if they are obtained in 

this form. 

3. 1 The Superheterodyne Radar 

The use of the superheterodyne radar solves the problem of ampli¬ 

tude and phase separation by superimposing the phase component on a 

high-frequency carrier. 

The choice of the intermediate frequency (IF) is dictated by the 

following requirements: 

(1) It has to be much higher than any expected phase fluctuation 

rate; 

(2) It has to have commercially available components; and 

(3) It has to permit reduction in noise. 

The IF of 30 MHz has been selected because it does meet all the 

above requirements. 

The signal backscattered by the wake is given by expression (17). 

If this signal is mixed with a separate local oscillator signal S. = 

A^ cos (oúo + )t instead of the original transmission, one of the out¬ 

put components from the mixer will be proportional to i^t) cosicü 
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where is the angular frequency difference between the local 

oscillator frequency and the transmitter frequency. If the IF is chosen 

to be much greater than the amplitude fluctuation rate, the amplitude 

of the IF carrier will be proportional to the amplitude of the received 

signal, undistorted by any phase modulation. Amplitude detection of 

the IF carrier gives the amplitude of the received signal directly. 

The phase fluctuations of the received signal appear as a phase 

modulation of the IF carrier. The amplitude fluctuations can be elim¬ 

inated from the IF carrier with limiters. Phase detection of the IF 

carrier, after limiting, provides the phase fluctuations of the received 

signal as a function of time undistorted by amplitude fluctuations. 

4. DESIGN OF SUPERHETERODYNE RADARS 

Four radars, operating at frequencies of 9, 17, 35, and 70 GHz 

have been designed and constructed. The choice of the operating wave¬ 

lengths (33 cm, 1.7 cm, 0.86 cm, and 0.43 cm) was dictated by the 

expected size of turbulent eddies and by the desired spatial resolution. 

The size of the launched bodies varies from 2. 5 mm to 2. 5 cm in diam¬ 

eter. It would be desirable to have the resolution of about one body 

diameter for at least some frequencies. For maximum resolution, an 

f-number equal to one was used at the lowest frequency, and the rest 

of the radars were focused on the same volume. The size of the turbu¬ 

lent eddies is also of the order of the body diameter, so it was desirable 

to operate at a wavelength of around 1 cm, the exact number being 

dictated by the availability of the commercial equipment. 

The design of all four radars is very similar and can be represented 

by the simple block diagram shown in Figure 2. 

In this figure, the transmitter output frequency denoted as f is 

either 9. 17, 35, or 70 GHz. A CW source is used with power output 

in the order of 100 mW. The local oscillator frequency is set at 
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Fq+30 MHz, 30 MHz above the transmitter frequency. Since the phase 

of the received signal is of interest, the local oscillator output frequency 

has been phase-locked to the transmitter output frequency to maintain 

coherence at the mixer output. 

The geometry of the antenna and the range assure that the signal 

backscattered from the moving target is higher in frequency than the 

transmitted frequency. If it is assumed that the received frequency is 

(f +*d). the output frequency from the receiver mixer is 30 MHz-f . 
U G 

Typically, the information bandwidth will be from 28 MHz to within a 

few kilohertz below 30 MHz. 

As a result of using a single antenna for transmission and recep¬ 

tion (monostatic system) in conjunction with a CW transmitter source, 

the problem of transmitter signal leakage into the receiver is very 

severe. The ratio of transmitter power to receiver sensitivity is in 

the order of 120 dB and it is necessary to maintain a transmitter-to- 

receiver isolation of at least this magnitude for an operational period 

of time, in the order of thirty minutes. The problem of transmitter-to- 

receiver leakage is much more severe in the superheterodyne radar 

than the autodyne radar; in the autodyne radar the transmitter-to- 

receiver leakage appears at the receiver mixer as a dc current, and it 

is a trivial problem to separate 10 kHz from dc. In the superheterodyne 

radar, however, the leakage signal appears at the receiver mixer as 

30 MHz and the information data may exist within a few kilohertz of 

30 MHz. The problem of carrier separation is very difficult in this 

case. 

To eliminate some of the transmitter-to-receiver leakage, the 

transmitter output signal is fed to the antenna through a four-port 

short-slot hybrid junction. Reflections from the antenna and the back 

wall of the range are partially suppressed by tuning the junction. Exper¬ 

ience has shown that a maximum of 70 dB transmitter-to-receiver 
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isolation can be maintained on the free-flight range for the length of 

time required to fire the projectile and obtain data. Therefore, the 

transmitter leakage signal at the input of the receiver is approximately 

50 dB above the receiver noise. 

Hence, two frequencies are present at the output of the receiver 

mixer. One is the signal scattered from the moving target, which 

varies both in frequency and in amplitude, and this signal contains the 

desired information. The other is the constànt-amplitude transmitter- 

leakage signal, approximately 50 dB above receiver noise.* This 

transmitter-leakage signal is of no significance and must be removed, 

since it will intermix with the desired scattered signal to produce 

unwanted signals at the receiver output. 

The transmitter leakage signal is removed from the receiver out¬ 

put by a band-reject crystal notch filter centered at 30 MHz. The 

attenuation of the filter is greater than 50 dB at the rejection frequency 

of 30 MHz and has a bandwidth of ± 8. 0 kHz at the 3. OdB attenuation 

level. 

This filter is adequate to remove the leakage signal from the trans¬ 

mitter to the receiver. The bandwidth of the filter attenuates frequen¬ 

cies close to IF, and hence imposes the limit on the lowest velocity 

that can be observed. The influence of the filter is also much greater 

on the low-frequency radars: 8. 0 kHz at 9. 0 GHz represents a velocity 

of about 200 m/sec. 

If the wake motion is slow enough for the doppler frequency to be 

within the filter rejection band, the radar output will, of course, be 

attenuated. However, it is possible that even if the doppler frequency 

is outside the bandwidth of the notch filter, fast transient signalswould 

The level can vary slowly in time, but is constant during observation 

time; 50 dB is merely an orientation figure and can vary slightly 

depending on transmitter-receiver isolation. 
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have frequency components within the filter attenuation region. This 

type of phenomenon could result in severe distortion of the received 

signal. 

The tuned hybrid junction in the transmitter is very sensitive to 

frequency and the transmitter-to-receiver isolation can only be main¬ 

tained if both frequency stability of the transmitter source and mechan¬ 

ical stability of the entire radar system is maintained. The problem of 

mechanical stability can be improved by sturdy assembly of the radar 

components and the radar antenna; on the free-flight range, however, 

mechanical vibrations from vacuum pumps and other equipment always 

exist. 

The transmitter frequency is controlled with a crystal frequency 

standard operating at 1.0 MHz. The output from the standard is 

frequency-multiplied to obtain the necessary reference signal for sta¬ 

bilization of the transmitter output frequency. 

The frequency stabilization system, though very important to radar 

operation, is not described here since it is essentially the same system 
(8) 

described elsewhere by Blore et al. 

The radar head consists of a number of standard waveguide com¬ 

ponents needed for signal level control and measurement and frequency 

measurements. These are mainly required to facilitate radar operation 

and therefore will not be described in this paper. 

* IF Radar Receiver 

The radar receiver has been designed to record the amplitude and 

phase of all possible signals scattered by the wake. A block diagram of 

the receiver is shown in Figure 2. The signal is first amplified in a 

low-noise preamplifier. Following the preamplifier, the 30MHz leakage 

signal is removed by the crystal notch filter and then the received 

aignal is divided into two channels. 

In the first - the amplitude channel - the signal is amplified by 
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means of a logarithmic amplifier-detector.* The logarithmic ampli¬ 

fier is used mainly as a compression amplifier to provide greater dy¬ 

namic range on the recording oscilloscopes. The logarithmic amplifier 

provides approximately 12 dB per cm of deflection on the CRT, or a 

total of 48 dB on a 4. Ocm CRT. The best that can be recorded on a 

linear display is about 30 dB. 

In the second channel ~ the phase channel - the amplitude fluctua¬ 

tions are removed from the IF carrier with a limiter amplifier. The 

IF carrier is then eliminated by mixing the signal with a 30MHz refer¬ 

ence signal. The reference signal is derived from the same source as 

the reference signal used to phase-lock the transmitter to the local 

oscillator. Therefore, coherence is maintained throughout the receiver. 

Following the mixer, the signal is amplified on the wideband video 

amplifier and recorded on an oscilloscope. The output of the phase 

channel is A^sin</?(t) , where is a constant amplitude. 

Because the bodies fired in the range are small, maximum resolu¬ 

tion along the flight axis was desirable to permit measurement close 

to the body. Experience has shown that maximum resolution can be 

obtained with the focused-lens antennas. Focused-lens antenna systems 

have been used on the free-flight range on transverse microwave probe 

experiments, described in detail elsewhere.^ ^ It is shown that this 

maximum spatial resolution can be achieved when the diameter of the 

lens is equal to the distance of the lens to the focal regions, i.e. , an 

f-number of 1:1 . With this geometry, the size of the beam in the focal 

region is approximately 1. 5 wavelengths at the 3dB levels. 

Since maximum spatial resolution was desirable on the oblique 

radar system, the 9GHz antenna was designed with an f-number of 1:1 . 

At 9 GHz (X = 3. 3 cm), the expected resolution is five centimeters. 

* A logarithmic amplifier-detector output is the logarithm of the 

amplitude of the IF carrier which is fed into the input. 
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The same spatial resolution obtained for the 9GHz antenna is 

obtained at the higher frequencies by increasing the ratio of the focal 

length to the lens diameter by the same ratio as the increase in fre¬ 

quency. For example, the 17GHz focused-lens antenna has a focal- 

length-to-diameter ratio of 2:1. Similarly, at 35 GHz and 70 GHz the 

focal length-to-diameter ratios are 4:1 and 8:1 respectively. 

The lens f-number determines the gain and the resolution of the 

lens. For the selected f-number of 1:1 the lens diameter is equal to 

the distance to the flight axis. Because of limited space available, it 

is desirable to have a small lens diameter. However, it is also neces¬ 

sary to have the lens as far away as possible from the flight axis. These 

contradictory requirements resulted in the compromise selection of a 

lens diameter of 50 cm for the 9GHz radar. 

An actual lens consists of two plane-convex lenses, with the plane 

surfaces firmly joined. The first lens has always an f-number of 1:1 

and its purpose is to convert the spherical electromagnetic wave from 

the feedhorn to a plane wave. This plane wave is now focused by the 

second lens which has an f-number selected in the way described above, 

according to radar frequency. 

Each lens is illuminated by an appropriate feedhorn. The feedhorn 

has been designed to reduce the sidelobes 20 dB below the main lobe. 

The feedhorn is oriented with the H-vector in the horizontal plane. 

The beam patterns in the H-plane (horizontal plane) obtained at the 

four frequencies are shown in Figure 3. These patterns were obtained 

by probing in the focal region with an open-ended waveguide. The side- 

lobe level at the four frequencies ranges from 20 to 25 dB below the 

main lobe. 

To assure adequate illumination of the wake in the direction per¬ 

pendicular to the flight axis, the feedhorns were designed to produce a 

beamwidth in the E-plane (plane perpendicular to the flight axis) of at 
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least 10 cm. Since the projectile diameters are under 2. 5 cm, this 

assures adequate illumination with some allowances for dispersion in 

flight trajectory. 

It is desirable to keep the angle between each antenna beam and the 

flight axis at approximately 45 degrees. In the final de sign the angles are 

45° for the 9GHz and 17GHz lenses and 53° for the 35GHz and 70GHz 

lenses. This slight deviation for the last two radars was dictated by 

practical considerations and available space. 

A photograph of the 17GHz, 35GHz, and 70GHz antennas is shown 

in Figure 4, and the 9GHz antenna is shown in Figure 5. 

The details of the yadar operation and calibration are given in 

Reference 9. 

5. EXPERIMENTAL RESULTS 

The radar-scattering measurements on the AC-DRL free-flight 

ballistic range are performed on the wakes of various ablating and non¬ 

ablating models. The diameter of the models can vary from 2. 5 mm to 

25 mm for spheres and a variety of cones (up to 13mm-base diameter 

and 8 half angle at the nose) can be launched. Several other shapes 

have also been successfully launched. The speed at which the above 

projectiles can be stably launched is in excess of 7000 m/sec and the 

pressure of the gas into which they are launched can be varied from 

0. 1 to 760 torr. A variety of gases are used for the ambient atmos¬ 

phere. Air is often used, but depending on the particular program, 

other gases - such as argon and nitrogen can be used. These other 

gases can also be mixed with air in various proportions. 

The radar observation of the wakes of various models is carried 

outfor every launching. The scattered signals are sometimes too weak 

for useful analysis and when one wants to observe the wake of a parti¬ 

cular model, an appropriate choice of the ambient gas has to be made 
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in order to assure sufficient level. This choice of the ambient gas is 

discussed in the following section. 

Various inforrration about wake structure can be extracted from 

the radar returns - the amplitude decay as the function of the distance 

behind the body, statistics of the amplitude fluctuations, turbulent wake 

velocity and so on. But the most explicit observations are the transition 

phenomena in the wake. They are marked by sudden changes in radar 

backscatter and therefore easy to localize and compare with schlieren 

observations. In the remainder of this section the transition phenomena 

of the hypersonic wakes as seen by the doppler radar will be discussed 

in some detail. 

5. 1 Transition Phenomena 

In case of scattering from underdense plasmas, as discussed in 

Section 2, the backscatter radar return is proportional to the spatial 

Fourier transform of electron density with the wavelength of X/2 . 

Any change of structure would, hence, correspond to the change in the 

radar cross section. If, as often is the case, a change of velocity ac¬ 

companies the change of structure, then this change becomes easier to 

detect. This can be seen in Figure 6, in which the transition from lam¬ 

inar to turbulent flow occurs at about 160 ^ sec (or 150 body diameters 

(BD) ) behind the body. However, some transitions are difficult to 

detect only through an amplitude change. Also, in general, the transi¬ 

tion process is distinctly different for blunt bodies such as spheres and 

for slender bodies. Hence, in the next sections the scattering from 

these two types of vehicles is discussed separately. 



19 

5-1.1 Spheres* 

The transition distance in the sphere wake is a function of the 

body Reynolds number. At low Reynolds numbers (below the critical) 

t e vtscous wake cannot become turbulent. However, the whole invis- 

:d Wake Can tU“ b“‘' W viscosity, the trans¬ 
pon occurs very far behind the body - at several thousand body 

■ameters. This inviscid wake turbulence is seen on the backscatter 

ra ars as a sudden mcrease of the radar cross section at about the 

same distance from the body as the schlieren observation of the same 

Phenomenon. Ftgure 7 shows the actual radar return from inviscid 

wake turbulence, and in Figure 8 the processed radar amplitude is 
given. 

As the body Reynolds number increases beyond the critical Rey¬ 

nolds number, the transition point moves near the body and the viscous 

wa e transition occurs within the first ten diameters from the body. 

ventually the turbulent viscous wake grows faster than the inviscid 

-he, fills it completely, then breaks through the inviscid wake into 

surrounding ambient gas. These transition distances as observed 

by schlieren as well as by radar are given in Figure 9. 

Schlieren photographs cannot often penetrate the strong density 

gradients on the outside boundaries of the inviscid wake, so they gener- 

ally show only the breakthrough point Radar« 
g P nt* Radars» °Peratingat a sufficient- 

ly high frequency can. however, penetrate into the viscous core and 

s ows Clearly both viscous wake turbulence and the breakthrough of 

the inviscid wake into the cool air Tn it; , « me cool air. In Figures 10 and 12, one can 

observe first the laminar wake, charartPri^ u 
Ke chäracterized by a slow phase change. 

* The « id mechanics description of sphere wakes transition is based 

on References ,0 and 11. For more details the reader should consult 
these references. 
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The wake is overdense and fairly smooth for 17 GHz right behind the 

body and there is not much phase change. The amplitude drops until 

turbulence occurs because of the rapid electron density decay. The 

phase change is, from the onset of turbulence, proportional to the 

wake velocity. Then, around 500 j^isec (or 200 BD) behind the body, a 

second large change in phase (or body velocity) occurs, corresponding 

to the viscous wake breakthrough. There are no drastic amplitude 

changes associated with the breakthrough in this round. However, in 

some rounds launched under identical conditions, an amplitude de¬ 

crease of about 10 to 15 dB at 17 GHz was observed at the break¬ 

through point. 

It is worth noting that the viscous wake transition from laminar to 

the turbulent flow occurs on the average at the distance given by Wil- 

son,^^ but the individual transition distances fluctuate around this 

mean value. Hence the transition distance, as observed by radar, is a 

random variable (precise statistics have not been obtained due to the 

limited number of rounds launched under the same conditions). The 

radar resolution at 17 GHz is about 23 body diameters for the 15mm 

sphere and transition of the viscous wake has been observed practically 

from the body up to 20 body diameters. 

The transition distance, as measured by radars, is also a function 

of radar frequency. This distance is often (but not always) shorter for 

higher frequencies. The turbulence starts with a small ripple which is 

comparable in size to the shorter wavelength so it is "seen" by the 

highest frequency radar first. As it grows in size, the others begin to 

"see" it. 

To understand the amplitude results given in Figures 10 and 11, 

one must consult the electron density decay for this particular round. 



21 

In Figure 13s- the integrated electron density across the wake is given 

as a function of distance behind the body. There is indication that in 

the laminar wake there is a very strong peak in the radial electron 

density profile corresponding with the viscous core. This highly ionized 

viscous core is underdense for 70 GHz, close to critical density for 

35 GHz, partly overdense and partly underdense for 17 GHz, and 

completely overdense for the 9 GHz radar during the entire laminar 

wake, i.e. , 0-20 BD. This is why one has very strong scattering for 

the 9 and 17 GHz radar, very sharp decay in cross section (with a 

slight increase after the transition point) at 35 GHz and very weak 

scattering at 70 GHz. After the turbulence sets in, this high peak in 

electron density slowly spreads so that the electron density is more 

uniform. The radar return is now due to the turbulent structure; the 

underdense analysis can be applied at 17, 35 and 70 GHz, almost 

immediately after the transition point. The electron density in the wake 

is probably still close to critically dense for the 9GHz radar for at 

least one or two hundred body diameters. Both transition points are 

hard to distinguish at that frequency. 

5. 1. 2 Cones 

The transition from laminar to turbulent flow can be easily observed 

in Figure 6. This is the return of the 17GHz radar from the wake of a 

slender cone, launched into an argon atmosphere. After the practically 

nonexistent return from the laminar part, the signal increases from the 

transition point on and then slowly decreases due to the electron density 

decay. The phase change gives the wake velocity, which is quite accur¬ 

ate up to about 500 body diameters. Measurements beyond that point 

are probably distorted by the notch filter (Section 4). 

V Fi8ure 13 and its interpretation is presented courtesy of Mr. R. A. 

Hayami, from his unpublished work. 
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The radar scattering from sharp, slender cones launched in the 

ballistic range are extremely difficult to observe in air at frequencies 

above 9 GHz due to the very sharp electron density decay, which is 

believed to be caused by the electron-oxygen attachment. The launch¬ 

ings in nitrogen and even in argon, while preserving the essential 

fluid-mechanics characteristics, do exhibit much slower electron 

density decays and also much higher initial levels of electron density. 

So nitrogen is an ideal substitute for air in the case when radar observ¬ 

ables are too low to be distinguished from the receiver noise. 

The transition from a laminar to a turbulent wake is generally 

observed in every cone launching in which sufficient signal is received 

so that it can be processed with confidence. Detailed analysis of the 

transition distance behind cones as a function of the range parameters 

will be the subject of a forthcoming paper. 

CONCLUSIONS 

It is seen that a side-looking radar can be a useful tool ir gaining 

information on the structure and transition points in the wakes of 

hypersonic projectiles. 
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Fig. 2 Block Diagram of Superheterodyne Radar 



Fig. 3 Beamwidth (H Plane) of Multiple Antenna System 



Fig. 4 Antenna for L7GHz, 33GHz, and 70GHz Radars 
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Fig. 12 Wake Velocity as Calculated Using (13) from the 17GHz and 
35GHz Radar Returns 

Fig. 13 Electron Density vs Distance 
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SUMMARY 

Electrostatic probes have been used in the CARDE ballistic ranges 

to investigate the plasma characteristics of the turbulent core of the 

hypersonic wake. Cross correlations of the collected current signals 

obtained with arrays of electron or ion probes yield information relating 

to the space correlation, convection velocity, and moving frame auto¬ 

correlation of the change density fluctuations in the wake cone. Also 

obtained are power spectra and autocorrelations from individual probe 

signals. Experimental data derived in the wake of 1.0 and 2.7 inch 

diameter non-ablating spheres at velocities exceeding 15,000 feet per 

second in air and at pressure between 1 and 100 mmHg, are presented. 

The results are discussed in the light of other experiments being 

conducted at CARDE. 



RESUME 

Dans les tunnels balistiques du CARDE, on a utilisé des sondes 

électrostatiques pour étudier les caractéristiques du plasma dans la 

partie centrale turbulente d'un sillage hypersonique. En procédant h 

des corrélations transversales des différents signaux du courant, 

recueillis h l'aide de séries de sondes ioniques ou électroniques, on 

obtient des données sur la corrélation spatiale, la vitesse de convec¬ 

tion et l'auto-corrélation cinématographique des fluctuations des 

variations de densités dans le tflne du sillage. On obtient également 

les spectres de forces et les auto-corrélations 'â partir des signaux 

des sondes individuelles. Les auteurs de l'exposé présentent les 

résultats expérimentaux obtenus dans les sillages de sphères de 1,0 ^ 

2,7 pouces de diamètres sans ablation à des vitesses supérieures à 

15.000 pieds par secondes dans l'air, et pour des pressions variant de 

1 è 100 mmHg. Ils étudient enfin ces résultats è la lumière d'autres 

expériences effectuées au CARDE. 
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1. INTRODUCTION : 

Electrostatic probes have been used in the ballistic range facilities 

at RARDE (10), KIT (f': •. and CARDE (7) during recent years in an effort to 

determine the characteristics of the plasma convected with the hypersonic 

turbulent wake. The usual technique employed is to mount an electrostatic 

probe in a ballistic range at some distance from the anticipated flight 

path of the projectile and to fire the projectile past the probe. The 

turbulent core of the wake following the projectile grows radially with 

increasing distance behind the projectile and at some point grows onto 

the probe. The pattern of the fluctuating electron density distribution 

in the wake core is reflected in the time history of the fluctuating 

current collected by the probe as the wake is swept past it. 

A number of experimental limitations particular to the experimental 

technique arise because the observer in the ballistic range is required 

to make measurements of the statistical characteristics of the wake plasma 

within an observation time of the order of a few milliseconds. During the 

measurement the position of the fixed probe with respect to the moving 

projectile is continuously changing, and fairly large signal dynamic 

range and bandwidth are required to cope with the nonstationarity of the 

probe signal caused by the rapid decay of electron density with distance 

behind the projectile, the high frequency content of the signal, and the 

frequency shift caused by wake slowdown. The experimental situation 

becomes less difficult as the size of the projectile increases. 

The GARDE Range 5 facility is capable of launching 2.7 inch diameter 

spheres at velocities in excess of 15,000 feet/second. For a sphere of 
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this size, 15,000 feet/second corresponds to a velocity of about 66 body 

diameters (B.D.) per millisecond. A probe located in the wake at a 

diatance of between 0.6 and 0.8 B.D. off the flight axis will experience 

essentially the full wake axial velocity at a distance of about 100 B.D. 

behind the projectile. At this point the axial velocity behind a 2.7 inch 

sphere is decreasing at the rate of about 15 - 20 percent per 60 body 

diameters which in the case of GARDE Range 5 is equivalent to 15 - 20 

percent per millisecond. Thus by restricting analysis to consideration 

of signal segments of about 0.5 millisecond in length, the variation of 

wake velocity can be controlled to within 10 percent even in the very 

near wake. A signal segment length of O.5 millisecond also seems 

appropriate from a consideration of the observed amplitude variation of 

signals from electrostatic probes in the near wake. Assuming a sampling 

frequency of about 300 kilocycles, we can expect to resolve the frequency 

content of 0.5 millisecond long signals into about 25 spectral bands 

each of width of about 6 kilocycles. In the near wake at an axial 

distance X/D of 100 B.D. and a radial distance Y/D of between 0.6 and 

0.8 B.D., the frequency corresponding to an eddy of the body size 

(2.7 inches) would be 11 kilocycles; thus a sampling frequency of 300 

kilocycles will permit the following of over one decade of turbulence 

decay from the body size even in the near wake. 

(A sampling frequency of 300 kilocycles has been used in the above 

discussion because it has been the standard sampling frequency for GARDE 

probe measurements, but the present recording system could be pushed to 

give a sampling frequency of about a megacycle.) 
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2. INTERPRETATION OF ELECTROSTATIC PROBE SIGNALS IN THE PRESENT EXPERIMENT 

""he ambient conditions encountered by the electrostatic probes in 

the Range facilities include pressures varying between 7.6 and 76 mm., 

temperatures between 1000 and 2000 degrees Kelvin, and wake velocities 

varying from 3000 feet/second down to a few hundred feet per second. The 

maximum electron density seen by the probes probably does not exceed 10^0 

electrons per cubic centimeter. The hypersonic wake plasma in the range 

is thus both collision dominated and weakly ionized. 

Most of the CARDE work has been done with positively biased probes. 

There are at least two reasons for collecting electron current. First of 

all electron collection permits greater sensitivity than ion collection, 

and secondly it is well known that ion current collection is affected when 

ilow velocity begins to exceed a few hundred feet per second. (The 

advantages of working with ion collection include the fact that the satura¬ 

ted ion current region of the probe characteristic is well defined and 

essentially independent of probe voltage and also the fact that ion density 

deduced from ion probes agrees well with measurements of charged particle 

densities obtained with microwave techniques.) 

The collecting electrodes of the GARDE probes are biased about 2 volts 

positive with respect to the grounded outer conductors and the stem of the 

array. This latter large metal surface should hold the plasma very close 

to ground potential. The fluctuating current collected by an electrostatic 

probe in a plasma may not only be determined by variations in electron 

density, but in addition may be influenced by fluctuations in electron 
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temperature, potential, and in the case of ion probes, by velocity 

fluctuations. Demetriades and Doughman (2) have carried out a 

careful analysis of electrostatic probe diagnostics of turbulent plasmas 

for the collisionless case. According to their analysis, when the probes 

are operated in the saturated electron current region, the sheath thickness 

is larger than the probe radius, and the probe is in free molecular flow, 

then the fluctuations of the probe current measure the fluctuations in 

electron density. 

The collecting tip of an individual probe consists of a cylindrical 

wire of 0.27 mm. in diameter and between 1 and 2 ram. in length. Under the 

above-mentioned range conditions the mean free path for electron collisions 

is of the same order as the probe radius, and even at the lowest pressure 

and highest electron density the sheath thickness is as great or greater 

than the mean free path. This means that the collisionless theory of 

Langmuir as utilized by Demetriades and Doughman is not applicable under the 

above range conditions. However, for a probe operating at bias potentials 

large compared to the average electron temperature, one would expect the 

collected probe current fluctuations to be dominated by electron density 

variations since these expected to be greater than temperature fluctuations 

and since the probe current tends to follow a square root dependence on 

electron temperature. Guthart and his associates (^) at the 

Stanford Research Institute have carried out extensive measurements and 

comparisons of variou- plasma diagnostic techniques in low pressure 

turbulent flame plasmas. The turbulent flame is in chemical equilibrium and 

under these conditions the temperature modulation of the collected probe 

current is small compared to the modulation due to ion density. Of interest 
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for the present work was the fact that for measurements in which the ion 

mean free path was of the order of the probe radius and the sheath dimen¬ 

sion, microwave measurements confirmed to within 2<K the mean ion density 

values inferred from the electrostatic ion probe results using the simple 

collisionless Langmuir theory. 

In a private communication, Cuthart (6) has describe_ 

comparative measurements of ion collecting and electron collecting electro¬ 

static probes, of geometry almost identical to the CARDE probes. In some of 

these measurements the charged particle mean free paths were about half the 

probe radius and corresponded to conditions in the near wake of projectile 

fired in the CARDE range at % mm. The electron density was varied over 

s range extending from 2 * 10? to 3 X 10H electrons per eubio centimeter. 

The lower limit of electron density used in these experiments is of the 

same order as the maximum values of electron density indicated by collision¬ 

less theory and the electron probe measurements at CARDE, and considerably 

larger than the mean electron density present over most of the range of 

analyzed GARDE probe signals. 

The plasma used at SRI was in thermal equilibrium, which means that 

temperature fluctuations would be small compared to charged particle density 

fluctuations. Fluctuations spectra were obtained with the ion electrostatic 

probe for the ion species. In the ease of electron density, measurements of 

fluctuation spectra were made with a coaxial mic««,. Probe excited by a 

CW microwave source whose input inpedence fluctuated with the electron 

density of the plasma in which the probe tip was immersed. The resolution 

of tms probe was 5 mm., comparable to the resolution of the ion probe. 

I 
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The conclusions of these experiments were twofold. The variation 

of probe current with electron density (measured by a microwave inter¬ 

ferometer) was the same for electron and ion collection and the dependence 

of this current on electron density was approximately linear. Secondly, the 

normalized electron and ion fluctuation current spectra were in good agree¬ 

ment, indicating the electron current fluctuations on the positively biased 

electrostatic probe were linearly proportional to the ion current fluc¬ 

tuations detected with the ion collecting electrostatic probe. 

The experiments of Guthart tend to confirm the validity of the use 

of electron collecting electrostatic probes to measure charge density 

fluctuations only at the higher limit of electron density encountered in 

the range. Nevertheless the results are encouraging, and lend support to 

the assumption that the fluctuating probe current will be proportional to 

the charged particle density variations in the wake even with the larger 

sheath dimensions encountered as the mean electron density decays from 

its maximum values with increasing axial distance behind the projectile. 

3. THE ELECTROSTATIC PROBE ARRAY TECHNIQUE 

Most of the work carried out in ranges in the past has concerned the 

use of single probes, and some assumptions concerning the wake velocity 

field were required before any attempt could be made to interpret the 

observed fluctuations in the probe signals (?, 10). Of course, in a 

turbulent wake flow, the applicability of such a procedure as using mean 

wake velocity to convert from a frequency scale to a space scale (i.e 

Taylors hypothesis) is a question to be investigated. 
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In Jun. 1966, CARDE began beating the t.=hnlq„e of „sing „ lrr„ 

of el.ctro.Utlc probe, to «ea.ur. th. ch.ract.rl.tlc, of wake plaama. 

(7). Th. CARDE arraf con.i,t.O of five ld«tical caaial probe, with 

extended center collector rir., (Eigur. 1), .„uidirtantl, apaced and 

mounted In a thin .apport to mini*!,, flow disturbance. Th. array ha, 

noraally b..n mounted in th. ra^e ,0 that an Un. 

through th. tip. of th. collector wire, would b. parallel to the pro¬ 

jectile line of fltght. A. th. wake following th. projectile flow, over 

the array it i, in turn by th. flr,t probe, then th. .econd, thirt, 

Tourth, «id fúally th. fifth. D.p.nding on th. .pacing of th. probe., 

on. would thu, expect th, fluctuation, obcrv.d on on. probe to be cor¬ 

related with th. fluctuation. on th. neighboring probe,. The oyer- 

all .pacing between the first and th. la.t probe, of th. array u Figure 

1 i. 1.5 inch.,, .lightly greater than half the body diameter of a 2.7 

inch sphere. 

Figure 2 shows an example of a set of _x __.. _ 
ox a set or signals recorded on Range 5 

using th. array. The signais are Obviously very highly oorrelaUd. Such 

signal, can be stipulated to produce a f^iiy of ore„ comUlioa 0U„M> 

autocorrelation., autocorrelation, in th. moving fr», space correlation.’ 

and also to m..,ur. ». velocity. The .lectro.Utic probe arrv technic, 

implemented at CARDE (7) for the ,tudy of th. piase, char.ct.rl.tic. of the 

turbulent wake will be recogí» as the logical ext.„.lo„ to the case of 

transient flowing pi.™, of th. one-.batlonarf-and-one-^yabl.-p^. 

technique u» to iny.,tig.t. steady turtulont flow, »h a. encountered 

with jets (4,5). 
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U. RECORDING AND DATA REDUCTION 

The fluctuating current signal collected by each of the individual 

probes is converted to voltage by a preamplifier unit located in the range, 

and then passed via a line driver unit to one of the sets of vert leal 

deflection plates of a double beam oscilloscope located in a Recording 

Room, whence it is recorded on 35 mm. film using a Wollensak Fastax 

camera. (Film velocity in such a camera is about 2 inches per millisecond). 

Two channels may thus be recorded on each Fastax film. Since each camera 

will run at a slightly different speed, each pair of signals which it is 

desired to correlate are recorded on the same film, thus automatically 

sybehronizing them. Normally, the output of the first probe (P^) is 

recorded with the output of each of the other probes (P1, P3, P)+, and P3). 

A flying spot scanner type of data reader (9) is used to read alter¬ 

natively and essentially simultaneously each trace of a given pair of 

signals. Time marks occur on the signal every millisecond, and ensure 

that possible relative horizontal displacement of the two oscilloscope 

beams is accounted for. 

Once read, the digitalized signals from each pair of probes are 

cross-correlated on a digital computer (3). This produces a set of 

spatio-temporal R(x,r ) correlations (Figure 3) for the various separation 

distances x between Pj and the other probes (?2, P3, P^ and P5). The 

values of R(x,0) for time delay 't equal to zero give an estimate of the 

space correlation function from which a space scale can be estimated. 

An envelope can be drawn over the cross correlation set (Figure 3) and 

the relationship between the separation distance x and the corresponding 
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d'Ur V at "hich th' cross correlation canr, ls tangent to the envelope 

can be used to give th. convection velocity of the turbulence pattern. 

■me envelope of the croas correlation curves establishes th. autocorrelation 

in the moving frame from which a time scale can be inferred. This time 

ecale is a measure of the tmmporal change of the turbulence pattern with 

time. For .ample, if the turbulence pattern were frosen - Taylor-s 

hypothesis would then apply - the envelope or autocorrelation curve in 

th. moving frame would be a straight line parallel to the time delay amis 

and intercepting the R(x, t) vertical amis at the value unity. Thus com¬ 

parison of the space scale and the time scale provides infontation con¬ 

cerning the validity of the use of Taylor., hypothesis to transfon, time 

history autocorrelations and frequency spectra obtained with single probes 

into space correlations and wave number spectra (4). 

Very briefly, the data reduction procedure is a, follows: the various 

pairs of probe signai s are digitalised and cross correlatad. Th. various 

sets of cross correlation curves (normally one set for every 0.5 milli¬ 

second length of usable signal trace) are automatically plotted. Th. wake 

velocity history is derived from, the sets of cross correlation curves end 

a ms fit of the velocity data points versus axial distance x/d behind the 

projectile is produced. This smoothed velocity history is introduced into 

the computer program (1) which autocorrelates and spectmlly analy*., 

of the probe signals (nomUly P,) to produce both frequency and «ve number 

power spectra. Normally one complete analysis is performed for every 0.5 

millisecond segment of signal. 
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5. RESULTS AND DISCUSSION 

The results to be described have been obtained fron four 2.7 inch 

diameter aluminum sphere firings on Range 5. Conditions on these firings 

are listed in the following table: 

Round 

42 

52 

97 

99 

Table 1 

Range Conditions on Electrostatic Probe Firings 

Velocity Pressure 

14,250 ft/sec 76 nun 

15,100 20 

14,620 20 

U,530 9.3 

i/d 

0.83 B.D. 

1.17 

0.93 

0.60 

Unfortunately, in order to stay within the limits on the allowed 

length of this paper, only a minimum of dismission is possible. 

5.1 CROSS CORRELATIONS 

Figures 4 and 5 present typical sets of cross correlation curves 

obtained from electrostatic probe array signals. The equidistantly 

spaced marks on these curves give an indication of the degree of pre¬ 

cision with which wake velocity is determined by the technique. In 

the examples given it will be seen that the temporal scale which measures 

the decay of the envelope (or moving frame autocorrelation) is con¬ 

siderably larger than the time scales which would describe the rate of 

decay of the autocorrelation of the individual probe signals. 

5.2 WAKE VELOCITT 

It has been previously pointed out (?) that the array first enters 
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the wake core at ita edge, and thus sees a wake velocity which is smaller 

than the axial velocity, but that at larger axial distances, when the probee 

are deeply immersed in the wake, they tend to measure the full velocity. 

Figure 6 summarizes the wake velocity data obtained on four rounds. 

No conclusions will be drawn from such a small number of firings. However 

it will be noted that the results for Rounds 42 and 97 appear to fall on 

a continuous curve, and that the velocities measured for Round 99 at 9 mm 

lie below those measured for Round 42 at ?6 mm, even though Y/D was smaller 

for Round 99. 

5.3 AUTOCORRELATION AND POWER SPECTRA 

Figures 7 to 10 present examples of the standard autocorreUtion and 

power spectral density analyses carried out on signals obtained with P1. 

The data have been normalized to unity. Power spectra are corrected for 

preamplifier frequency response characteristics. Wave numbers have been 

calculated from smoothed velocity data obtained using linear ms fitting 

of original velocity data. 

Figures 11 to 14 present the evolution of the one-dimensional wave 

number spectra with increasing axial distance behind the projectile. Here 

the various spectra from a round have received a common normalization to 

present a true picture of the relative intensity of the various spectra. 

While the fluctuation intensity decreases with distance behind the pro¬ 

jectile, the relative shape of the spectra undergoes very little change. 

No detailed analysis of this data has yet been carried out. 
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5.4 CORRELATION FUNCTIONS AND TURBULENT SCALES 

Figures 15 to 18 compare the various correlation functions. 

The space correlation R(x,0) has been plotted against Ya * where 

Vw is the smoothed wake velocity appropriate to mean axial distance behind 

the projectile. 

It will be noted that in general the space correlation decreases 

less rapidly than the autocorrelation function. As noted by Fisher and 

Davies (4), in unfrozen turbulence, the distortion of the pattern as it is 

convected between two measuring positions, causes the autocorrelation 

function to have a value less than the space correlation. 

If we take the distances (or corresponding times) at which the 

various correlation functions decrease to about 0.4 (approximately l/e), 

then we can define a space scale A or an equivalent time scale T0 ■ A/V 

for the space correlation, and a time scale ^ for the autocorrelation 

in the moving frame. The ratio is a measure of the degree of 

frozenness of the turbulence. The greater the value oft'n/tg, the 

greater the degree of frozenness. 

The ratio of V A has been plotted in Figures 19 and 20. 

Comparing the data of Rounds 42, 52 and 99 over a similar range of axial 

distance behind the projectile, it will be seen that the trend of the 

data indicates the degree of frozenness is slightly larger in the case 

of the rounds which were nearest to the wake axis ( smaller Y/D). Con¬ 

sidering now the data of Round 97 which falls at considerably larger 

values of X/D compared to the other three rounds, we find a higher degree 

of frozenness than that present at smaller distances behind the body. 
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Returning to consideration of Figures 15 to 1R we note that the 

space correlation data for Rounds 42, 52 and 99 which pertain to the 

first 300 B.D. behind the projectile indicate a space scale of about 

hali the body diameter. The data for Round 97 extending from 500 to 

600 B.D. seem to indicate a turbulent space scale that is only 15 percent 

of the body diameter. 

5.5 TURBULENT INTENSITY 

Guthart (5) has shown that the turbulent intensity u'/Ü , where 

u is the ms value of the fluctuating velocity and Ú is the mean 

velocity, can be calculated from the data on turbulent scales using the 

formula 

u'/û c [i/3 i0 

where all symbols have been previously defined except , which represents 

the kinematic viscosity. The results are given in Figure 21. 

5.6 RATIO OF RMS FLUCTUATING CURRENT TO KEAN PROBE CURRENT 

ligure 22 presents the ms fluctuating probe current to mean probe 

current ratio obtained from the various analyses as a function of axial 

distance behind the projectile. Interpretation of this figure in terms of 

electron density is not possible without increased knowledge of the behavior 

of electrostatic probes in weakly ionized collision dominated plasmas. 

6. CONCLUSION 

The electrostatic probe array technique developed at GARDE for wake 

plasma diagnostics has been described, and typical results from four 2.7 

inch diameter aluminum sphere firings in Range 5 have been presented. These 

include data on wake velocity, power spectra, correlation functions, tur- 
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bulent scales, the ratios of time scales and space scales, and estimates 

of turbulent intensity. The trends indicated by data from these rounds 

have been briefly discussed. 
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WAKE VELOCITY DETERMINATION FROM CROSS CORRELATIONS OF 

ELECTROSTATIC PROBE ARRAY SIGNALS 

ROUND 42 RANGE 5 

Fig. 4 Cross correlations of Round 43 signals 



WAKE VELOCITY DETERMINATION FROM CROSS CORRELATIONS 

OF ELECTROSTATIC PROBE ARRAY SIGNALS 

ROUND 52 

Fig. 5 
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Fig.16 Comparison of correlation functions, Rd 52 
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Fig.18 Comparison of correlation functions, Rd 99 



Fig.19 Time scale to space scale ratio, Rd 42, 52 
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RESUME 

Des projectiles généralement des spheres sont lancées dans le 
tunnel hyperbalistique de l'ISL k environ 6. 000 m/s. Leurs sillages 
ionisés sont analysés par la méthode de la cavité résonnante (250 MHz) 
dont on enregistre l'impédance d'entrée sur abaque de Smith. On en 
déduit la fréquence des collisions entre électrons et particules neutres 
ainsi que Io nombre total d'électrons présents a l'intérieur de la cavité. 

A partir de ces résultats, on a tracé les courbes de densité 
électronique en fonction de la distance a condition de supposer la 
distribution radiale des électrons uniformes et d'attribuer au sillage 
un diamètre estimé théoriquement. 

Des essais sont en cours en vue de mesurer le diamètre au lieu 
de le calculer, grâce à la mesure simultanée d'un troisième paramètre, 
qui est le déphasage d'une onde hyperfréquence. Un interférometre 
hyperfréquence k fréquence variable pourrait permettre de lever 
l'hypothèse d'une distribution radiale uniforme. L'instrumentation sera 
décrite. 

SUMMARY 

Projectiles, usually spheres, are fired at approximately 
6,000 m/s in the ISL hyperballistic range. Their ionized wakes are 
analysed by the resounding cavity method (2 50 MHz), the input 
impedance of which is recorded on a Smith abacus. The frequency of 
collisions between electrons and neutral particles, and the total number 
of electrons inside the cavity are then derived. 

From these data, the electron density curves as a function of 
distance have been drawn, assuming that the radial distribution of 
electrons is uniform and assigning to the wake a theoretically assessed 
diameter. 

Tests are being conducted to measure the diameter, instead of 
computing it, by measuring simultaneously a third parameter which is 
the phase displacement of a hyperfrequency wave. A varying frequency 
hyperfrequency interferometer might allow the assumption of a uniform 
radial distribution to be discarded. The instrumentation will be 
described. 
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Etudes de sillages électroniques au tunnel de tir hyper balistique 

M.LAUG 

1. Introduction: Le sillage électronique 

Des projectiles sont lancés à grande vitesse (jusque 6 000 m/s) 

par un canon à gaz léger dans un tunnel de tir contenant de Uair (ou 

plus précisément un mélange de 80% d'azote pur et 20% d'oxygène 

pur) à une pression de 1 a 50 mm Hg. On sait que de tels projectiles 

créent dans l’air une ionisation dont il subsiste des traces longtemps 

apres leur passage. Pour disposer de quelques ordres de grandeur 

des l’abord du problème, il est commode de comparer la formation 

du sillage au schéma suivant: l'air est comprimé, chauffé et ionisé 

par une onde de choc droite, se met rapidement en équilibre, puis se 

détend isentropiquement jusqu’à la pression ambiante p^ . Soit Tf la 

temperature en fin de detente. Nous calculons la densité électronique 

neq ^recluence de collision Veq a l'equilibre dans les conditions 

Poo » d’apres la réf, (4). La table I donne neq et pour une 

pression p,^ = 10 mm Hg et une température = 300°K devant le 

choc et pour deux vitesses de projectile: 5000 et 6000 m/s. 

Or les densités électroniques mesurées près du projectile sont 

toujours très supérieures aux valeurs ainsi calculées: l’hypothèse de 

1 equilibre ne peut donc pas £tre retenue, au moins pour décrire le 

début du sillage. On peut alors se demander si l'équilibre peut être 

atteint en un temps inferieur à la durée des mesures (quelques 

millisecondes). Pour tenter de répondre à cette question, nous 

admettrons d’abord que la température reste voisine de 3000°K et que 

les electrons et ions en excès se recombinent suivant la réaction: 

NO+ + e -*. N + O, 

réaction généralement considérée comme très prédominante (1), (2). 
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La vitesse oc de cette réaction a été mesurée d*abord par 

LIN (3) et trouvée de la forme: oc = 3 • 10 ^^cm^/s. Elle est 

définie par: "^dt^ = -oc . 

Le plasma étant supposé neutre: [nO+J = £e^] = n 

dn 
dt 

2 
oc n ou -til.] 

dt 
= oc 

Soit n0 la densité électronique à l'instant 0. On obtiendra la 

densité d'équilibre neq à l'instant t tel que: 

n eq n„ 
oc t 

Si n0 s. »eq ' 1 
1 103T3//2 

ocm 3 n eq -"eq 

l'hypothèse nQ » ne^ n'est pas très restrictive puisque, pour 

nQ = 2neq, on trouverait encore un temps moitié de celui qu'on vient 

de calculer. La fig. 1 représente t pour diverses valeurs de T et 

de p. On remarque que pour T = 3000°K et p = 10 mm Hg, l'équilibre 

est théoriquement atteint en 10 ms (oc = Z.lO^cnrVs, n = 5*10^ cm"3 ). 

Pendant un temps aussi long la température diminue, ce qui accroît 

encore le temps de mise en équilibre. 

On peut donc s'attendre à ce que le sillage soit un plasma hors 

d'équilibre, non seulement près du projectile, mais en tout point. Le 

modèle le plus simple auquel on puisse alors comparer un sillage 

consiste en une détente isentropique pendant laquelle toutes les 

réactions chimiques sont en équilibre sauf iHonisation qui est au 

contraire totalement figée. Celle-ci se calcule alors pour la formule: 

choc 
X 

•Psillage -..1,1.1--111,111 nui 

P choc ’ 
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où p désigne la mas 

table II, la valeur de 
se spécifique. Les résultats sont donnés dans la 

"choc étant touj°urs extraite de la réf. (4). 

——^Positif expérimental 

2L1 _ C_av_11é_a_d.élec_trique: Le projectile traverse une cavité 

cylindrique résonnant à la fréquence de 250 MHz sur le mode TM 

On mesure l'impédance d'entrée de la cavité en parties réelle^êt 

imaginaire à l'aide d'un impédancemé.re à quatre détecteurs, qui 

ournit un enregistrement XY sur abaque de SMITH (fig. 3). Cette 

instrumentation et la théorie de la perturbation de la cavité parun 

P asma on, déjà été décrites (5). Cependant deux modifications ont été 
apportées récemment: 

Ï") La cavité est un bloc de polyéthylène sur lequel on a plaqué 

J eS de CUÍVre- ‘'—Me ¿tant percé autour de l'axe 
(diamètre du trou s 5S mm ^ „ 

v 5 mm, a comparer au diamètre de la cavité 
oOO mm et a sa longueur 120 mml On a ï ^ 

L1„ 1 °n a voulu résoudre ainsi les 

Pr° r™8 d,ét“Chéite' - ^‘Mté. ainsi peut-être que les 
i roblemos de diffusion d'électrons à l'intérieur de la cavité- ces 

avantages compensent notablement les risques d'accroître la pertur- 

ation de l'écoulement et les effets de capture d'électrons par la 
surface du polyéthylène. 

n On s'arrange pour que l'abaque de SMITH ai, son axe réel 

soTtTT et 0" enregÍStre. en f°nCti0n dU ‘""O8 Ie“ signaux de 
orizontale et verticale de l'oscilloscope XY (fig. 4) 0n 

dispose ainsi de deux mesures résolues dans le temps qu'o/ sait 

relier aux deux paramètres caractérisant le plasma. 

Les paramètres mesurés de cette manière sont 

fndV 

Jv V+CJ02 
f nvdV 

J »*+ wo ou : 
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CJ est la pulsation de résonance de la cavité: w = 2 Jt • 250 • 10^s 
o o 
V est la fréquence de collision électrons - molécules, 

n est la densité électronique. 

Les intégrales sont étendues au volume (v) d'interaction entre 

le champ électrique et le plasma. Si on considère v comme constant 

dans (v), on peut dire que la cavité mesure y et N ndV, nombre 

d'électrons dans le volume (v). La fig.2 montre les courbes N/C = cte 

et v/= cte dans le diagramme de SMITH pour une cavité au 

couplage critique: ces courbes sont des arcs de cercle. Le même 

réseau d'arcs de cercles est utilisable pour un couplage quelconque, 

mais avec une graduation différente. (C est une constante sans 

dimension de la cavité.) 

On considère souvent que la densité électronique n est 

elle-même constante dans (v), soit qu'on admette une telle représen¬ 

tation du sillage, soit qu'on lui attribue les mêmes propriétés 

électromagnétiques. 

2 
La cavité mesure alors nd et î> , où d est le diamètre de 

plasma, c'est-à-dire le diamètre du sillage s'il est inférieur à celui 

du trou de la cavité, le diamètre du trou si celui-ci est entièrement 

rempli de plasma. 

2.2 Interféromètre hyperfréquence: Un faisceau hyperfréquence 

(70 GHz) focalisé par une lentille est émis perpendiculairement à 

l'axe de tir. En présence du sillage, le faisceau est affaibli et 

déphasé. Pratiquement, dans les conditions expérimentales habituel¬ 

les, la fréquence de collision y est de quelques GHz si bien que le 

paramètre , qui était voisin de l'unité pour une fréquence de 

250 MHz (cavité), est très petit dans le cas d'un signal de 70 GHz. Il 
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s'ensuit que l'affaiblissement est très faible 
tres faible: exPérxmentalement, on 

constaté qu'il ne pouvait pas être mis en ¿ ^ 
d.recte_ 11 évidence par détection 

L'interféromètre ne mesure donc quM„ paramétre: ie déphasage 

J; ;qUel es; PrOPOrti°”el à/nd/ dans .approximation de ia iame 

Plasma, 1 intégrale étant étendue h la distance d'interaction x du 

faisceau et du plasma. Si la distrih *• 
un„ P distribution radiale est uniforme, on a 

I1: PerS10n dU tUbe de Ia~ - -s son, distants de h. 

X = \/d^~4h2, 

^'analyse simple gui précède „'es, va,able gu'atut deux condi- 
fions suivantes: 

surfac'V6 PllSma eSt a8SeZ PeU ÍOni8é P°Ur qUe leS à la 

condit, ei;eParati°n aÍr'PlaSma SÜÍent "^“«-bles. Dans ces 
conditions, l'expression de l'indice du plasma: 

^ V 
Peuto être déyeloppée au premier ordre. On obtient a,ors pour 

"d (cm-2) = 8,3.1012 (rad)> 

le terme du Zème ordre étant inférieur a , 
pour „ « g. 1013 cm-3_ a Preclslon des mesures 

2-) Le diamètre df de la tache focale es, très inférieur à celui 
du sillage. Celui-ci ¿tant « - , celui 

g ^ cl ota"* généralement estimé à 2,5 à 5,5 fois le 

TT? Pr0jeCtÜe dp' °n “ - - n Peut s'écrL" 
f < p. r df es, de l'ordre de 2 longueurs d-onde (diamètre limitant 



. 6 - 

80% de l'énergie émise par une lentille à faces hyperboliques), soit 

ici 8 mm. Les projectiles utilisés ont été: 

- des sphères de 7 mm lancées par le canon de calibre 10: les 

résultats obtenus sont suspects; 

- des sphères de 12,7 mm lancées par le canon de calibre 20 

construit très récemment à l’ISL: les mesures n'ont pas encore 

fourni un nombre important de données, mais on discutera ci-après 

un résultat expérimental obtenu avec un tel projectile; 

- des cylindres de 10 mm en polyéthylène lancés sans sabot par 

le canon de 10: les résultats doivent être valables, mais leur inter¬ 

pretation est compliquée par l'ablation et par l'incidence du projecti¬ 

le, variable d'un tir à l'autre. 

3, Résultats expérimentaux 

La fig. 3 est un exemple d'enregistrement obtenu à 

l'aide de la cavité. Celle-ci a été surcouplée afin de rehausser le 

domaine des densités électroniques mesurables (6) (dans le cas 

étudié, elles sont multipliées par 2,5). On peut cependant comparer 

les fig. 3 et 2 compte tenu de la remarque faite au chapitre 2.1, et 

remarquer ainsi que la trace est voisine d'un arc de cercle à 

V constant. On s'attend bien à un résultat de cette nature puisque la 

pression est constante (p = p^ ) et que la température varie peu (en 

outre son influence sur v est assez faible). De plus la valeur moyenne 

de v au cours de la mesure (1,6 GHz) est remarquablement proche de 

la valeur théorique trouvée au chapitre 1. 

La fig. 4 représente en fonction du temps les variations des 

amplitudes horizontale et verticale appliquées à l'oscilloscope XY 

(voir chapitre 2.1, 2°). On en déduit la fig.6, courbe de nd2 en 
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fonction du temps dans l'hypothèse d'un plasma homogène (ou plus 

généralement de £ , où L est la longueur de la cavité). 

-liL k?î®*ÎlT?™ktre: On a tracé sur la même fig. 6 la courbe 

de nd en fonction du temps, courbe déduite des mesures interféro- 

metriques (fig. 5). Sur ces dernières, on observe un affaiblissement 

nul (sauf pendant le passage du projectile), comme cela a déjà été dit. 

4, Interprétation 

y vari® P®u au voisinage de la 

valeur théorique trouvée au chapitre 1, où l'on avait supposé la 

detente isentropique et toutes les réactions en équilibre. Il est 

probable que la première hypothèse est fausse et que par conséquent 

la température T du gaz en fin de détente est plus élevée. On devrait 

donc obtenir une fréquence de collision inférieure à la valeur 

calculée plus haut à moins que la température électronique T ne 

soit supérieure à celle des neutres: on peut en effet admettre que y 

est proportionnel à V^/T. Ainsi on aurait la même valeur de v pour 

T = Te = 3 000°K ou par exemple pour Te =:6000oK (température 

constante pendant la détente) et T = 4 20Q°K. 

Plus loin du projectile, on peut penser que les électrons se 

refroidissent plus vite que le gaz, de sorte que v se maintient à une 

valeur à peu près constante, et cela jusqu'à ce que l'équilibre 

thermodynamique soit atteint. Ensuite, le gaz continuant à se 

refroidir, la fréquence de collision devrait augmenter comme T“1/2. 

Bien que les mesures n'aient pas la précision voulue pour donner 

des résultats quantitatifs, nous avons observé une telle tendance à 
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l'accroissement de V à partir d'une certaine distance, d'ailleurs 

peu reproductible. 

Dans l'expérience choisie, l'interféromètre et 

la cavité ont répondu simultanément entre 0,25 et 0,5 ms. Ce 

chevauchement ne se produit malheureusement que dans des 

conditions assez précises de vitesse et de pression. Quand il se 

produit, les mesures simultanées avec les deux appareillages 

permettent de déduire le diamètre du sillage dans cet intervalle de 

temps. Dans l'exemple montré ici (fig.6), le parallélisme des 

courbes de nd et de nd montre que le diamètre est constant pendant 

cette période. Il est trouvé égal à 3 cm, soit 2,4 calibres. 

11 - _ P® ^ ? _ .1^55} îî ? : Nous avons alors supposé un 

diamètre de sillage constamment égal à 3 cm et déduit des courbes 
2 

de nd et nd la variation de n en fonction du temps (fig. 7). 

Si on admet que le processus dominant est la recombinaison, 

on définit une vitesse o<r(comme au chapitre 1), dont la valeur 

expérimentale croît depuis l0-7cm3/s au début de la mesure 

(t = 10 ps) jusqu'à 2 • 10~5cm3/s à la fin (t = 1 600 ps), au lieu de la 

valeur théorique 2 . 10-8cm3/s. Pour décrire le phénomène dans ses 

premiers instants, on peut admettre un coefficient de recombinaison 

corrigé de manière à tenir compte d'autres causes de pertes 

d'electrons: ESCHENROEDER et al.(l) ont suggéré un tel coefficient 

oc = 1,5 • IO-2!"3/2 qui est en accord avec nos mesures. 

Cependant l'écart croissant entre les valeurs théorique et 

expérimentale de oí interdit de considérer la recombinaison disso¬ 

ciative comme prédominante à partir d'une certaine distance 
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* 

derrière le projectile. ZEIBERG (7) et KORNEGAY (2) ont montré 

l'importance de l'attachement des électrons aux molécules O... qui 

devient plus rapide que la recombinaison à des températures infé¬ 

rieures à 700"K. Mais la décroissance de la densité électronique est 

importante avant que cette température soit atteinte: d'autres 

processus, comme la diffusion, jouent probablement un rSle 

important. Si le sillage proche (environ 40 à 50 calibres) peut être 

prédit à l'aide d'un modèle relativement simple (1), il „'en est pas 

de même du sillage lointain. 

Conclusions et projets 

Deux instrumentations sort employe'es simultanément à l'ISL 

pour étudier les sillages ionisés: L'interféromètre hyperfréquence 

est un moyen approprié à l'étude du sillage proche (jusqu'à 100 à 

200 calibres) en raison de sa sensibilité aux densités électroniques 

élevées et de sa bonne résolution spatiale. La cavité résonnante, au 

contraire, permet l'analyse du sillage lointain: elle n'est pas sans 

inconvénient, mais on ne connaît guère de moyen concurrent pour les 

faibles densités électroniques. De plus, dans certaines conditions 

experimentales, un recouvrement entre ces deux parties du sillage 

est possible: la none commune est alors caractérisée par un plus 

grand nombre de paramètres expérimentaux. Ainsi on a pu fournir 

les valeurs de la densité électronique moyenne, de la fréquence de 

collision moyenne et du diamètre en fonction de la distance. 

! Mais les paramètres ne se réduisent au nombre de 3 (a fortiori 

j de 2 ou 1) que dans les théories faisant appel à de nombreuses 

hypothèses. Pour appuyer par l'expérience des théories plus 

élaborées, il faudra mesurer des paramètres en nombre de plus en 

S f 
flij 

I 
î!= 
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plus eleve. C'est pourquoi nous avons commencé à introduire des 

sondes électrostatiques dont on espère déduire par exemple la 

température électronique: la mesure de la fréquence de collision, si 

elle pouvait être rendue plus précise, serait alors une mesure de la 

température du gaz. Nous envisageons d'autre part d'effectuer des 

mesures en hyperfréquence à plusieurs fréquences voisines et en un 

même lieu grSce à un interféromètre à fréquence très rapidement 

variable dans la gamme d'un carcinotron: il sera alors possible de 

définir la distribution radiale des électrons dans les zones où la 

frequence de plasma ne sera pas trop éloignée de cette gamme. 

L'appareillage doit être mis en service prochainement. En fait il ne 

serait pas nécessaire d'employer toutes les techniques dans le même 

laboratoire s'il existait un modèle d'étude commun: malheureuse¬ 

ment, dans l'état actuel des choses, il est presque impossible de 

comparer les résultats théoriques et expérimentaux des divers 

chercheurs, les techniques hyperfréquences ayant été utilisées avec 

des sphères de 15 mm (1), la cavité avec des sphères de 5 mm (2) ou 

des projectiles cylindro-sphériques de 20 mm (10), les sondes de 

Langmuir avec des sphères de 25,4 et 68 mm (9), le modèle théorique 

de LIN et HAYES (11) limité à des sphères lancées à 6 600 m/s, etc. 

Il nous paraît donc nécessaire de mesurer simultanément plusieurs 

grandeurs au cours de chaque essai, et c'est dans cette voie que 

nous sommes engagés. 
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Table I - Ionisation à l'équilibre 

Voo(m/S) log Pchoc 
^atm ^hoc^' Tf (°K) / -3. n (cm ) 

eq 
S> (s ^ 

eq 

5 000 

6 000 

0,53 

0,70 

5 900 

6 900 

2 800 

3 300 

1,5-109 

2,2-101° 

1,6-109 

1,5-109 

Table II - Ionisation figée 

voo (m/s) 
^choc 

/>0 ’chocW nchoc(cm‘3) 
.— silla-fie 

?o rl£igi(cm'3) 

5 000 

6 000 

0,13 

0,15 

5 900 

6 900 

6- 1014 

2.1015 

1,1 -10-3 

_4 
8 .10 

5- 1012 

1013 



1000 

100 

10 

t 
M 

0,1 

0,01 

Fig. 1 Temps de mise en équilibre par recombinaison selon la réaction- 
N0r + e'-*N + 0 
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Fig. 3 Impédance de la cavité (enXY). Période de marquage: 200/xs. 

Conditions de l'essai: sphère alu 0 12,7 mm 
air 10 mm Hg 
vitesse 4850 m/s. 



Fig. 4 Impédance de la cavité (avec résolution en temps) 

Fig. 5 Interférogramme 4 mm. 

Conditions de l'essai: sphère alu 0 12, 7 mm 
air 10 mmHg 
vitesse 4850 m/s. 
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Fig. 7 Densité électronique 



pompe à diffusion 

Fig. 8 Dispositif expérimental 
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SUMMARY 

The experimental data is significant for a number of reasons. 
For spheres, the measured electron density level extends from the 
recompression zone immediately behind the sphere into the far wake 
and so includes all regions of the wake where different electron-removal 
mechanisms are believed to exist. 

Different pressure régimes, in which various measured fluid 
dynamical effects are shown to have a profound influence on electron 
density decay, are also covered. Scalability of near-wake has been 
demonstrated previously and an example which shows binary scaling 
extending to the far wake is presented. 

The wake electron density data behind cone models fired at 
velocities of 23, 000 fps are believed to be unique. Data for firings of 
a 12.5° half-angle cone with | inch base diameter at different range 
pressures and ratios of N2 - O2 concentration will be presented. 



RESUME 

nombre Ho é ultats expérimentaux sont significatifs pour un certain 
» , b de raisons* Dans le cas de sphères, la région où Pon procède 
a des mesures de densité électronique s'étend de la zone de rec^m- 
pression située immédiatement derrière la sphère jusqu'au süíag" 

dXPrentd d°xC t0UteS leS ZOneS dU Sillage ob 1,on Pense q 1 Ste dlfférents mécanismes de soustraction d'électrons. 

auxQuel^dTvPp0rSACff0Tre égale^ent différents régimes de pression 
auxquels divers effets, mesurés, de dynamique des fluides, se révèlent 
avoir, sur la diminution de densité électronique, une profonde influence 

a discretisation du sillage proche a été démontré précédemment et 
es auteurs présentent un exemple qui montre l'effet d'échelle binaire 

s'étendant jusqu'au sillage éloigné. 6 

On estime que les données sur !a densité électronique des 

23 00g0 n HmaqUetteS ? f0rme de CÔneS lancëes à une vi^sse de 
23.000 pieds par seconde, sont uniques. Les auteurs présenteront des 
données sur les lancements de cônes de 12, 5° de demi-angle et d'1 de 
pouce de diamètre de base pour diverses pressions régnant à 

intérieur du tunnel de tir, et divers rapports de concentration de 
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1. INTRODUCTION 

Due to the complexity of the phenomena related to hypersonic 

reentry, controUed laboratory experiments are essential to the under¬ 

standing of the processes taking place and thence to the formulation of 

correct analytical flow-field models. 

While the wake electron density distribution is not accessible to 

direct measurement in the field, it is a particularly useful quantity to 

obtain in a laboratory measurement. This is not only because of its 

influence on the radar-scattering properties of the wake but also, due 

to its intimate coupling with the flow field and the resultant chemistry, 

the measured levels can be used both to set input conditions to the flow- 

field calculations and also to check the correctness of the analytical 

model by comparing the subsequent measured and calculated electron 

density decay in the wake. 

The free-fligbt ballistics range provides the means to make wake 

electron measurements behind scaled models launched at reentry veloc¬ 

ities under controlled conditions. By studying the effects of various 

parameters (such as model size, shape, material, velocity, and range 

gas pressure and composition) on wake electron density levels and by 

correlation with data from a large number of other diagnostics (such as 

schlieren pictures, spectrographs, radiometers and radar-scattering 

equipment), one can aim at understanding the processes which generate 

and remove electrons in the wake. 

Both analytical and experimental efforts are being carried out in 

these studies at AC Electronics-Defense Research Laboratories (AC- 

DRL)’ This paPer wil1 emphasize the experimental aspects of the wake 

electron density studies being carried out here. This inch 'es an out¬ 

line of the instrumentation used to make the measurements, interpre¬ 

tation of the measured data in terms of the wake properties, and a few 

examples of results behind blunt and slender bodies. Also, some 
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will be madf1 of t-u^ ^ 
calculations. =xpenmental data wlth theocet.cal 

sphere?6^1”6"'31 " SÍ8nÍÍ‘Cant “ nUmber °f r—• For 
P es, ,he measured electron density level extends Iront the recom- 

pression zone immediately behind thP 
include »„ . P 6 lnt0 the iar wake and so 

regions of the wake where different electron-removal mech- 
amsms are believed to exist Aleo 

regimes i s- c Ver iiiie^ Pressure 
m W 1C Vari0US measured fluid-dynamical effects are shown 

li haVe 3 PrOÍOUnd - — density decay. ScalahUi; o7 

whi 71Wake haS been dem0nStrated Previously1 ^ and an example 
which shows binary spaIi«« ^ j- ° 

The y , calrng extending to the far wake is presented here 

The wake electron density data behind cone models fired i , 
ities of 7, 000 m/sec arp k i■ j models fired at veloc- 

half , eVed t0 be UnÍqUe- ^ firings of a 1Z 50 
half-an gl?; cone with 1 /4-inch base diameter at differ , 

and gases will also be presented. ^ ^ 

mam ValUe °f the eXperimental data is in the development of 
more accurate analytical flow-field models Th 
wakes heM r, u models. The experimental data for 

both f , 5P ereS 7) reSUlted ¡n recent theMeti“l calculations both for a laminar wake and ale« f m ’ 

effects of various mixi 1 d “ ^ ^ 

more rapid ele -t d °" deCay- The mach 

cones ^ ~ - wakesolslender 

-s stimulated the plesel e;xrParedrth the°rieS•,5• ^ ^ p esent experimental work and ^ i 

new analytical fiow-field models. Ul 8) OP”en‘ OÍ 

2. EXPERIMENTAL techniques 
2' 1 Zree-Flight Range 

are 7 iree'"i8ht balliStiCS range(9, in "hi'h measurements 
ma e uses an accelerating reservoir light-gas gun(10) t 1 

saboted models at hypersonic velocities. 
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In using the free-flight range for wake electron density measure¬ 

ments, certain precautions are necessary to insure the validity of the 

results obtained. Electron density levels are particularly sensitive to 

contamination in either vapor or suspended particulate form^11^ in the 

range a^2°Sphere' °r due to Fouets of spurious ablation from model 

failure. To minimize contamination, gun gases and debris from 

sabot impact are prevented from entering the instrumented section of 

the flight range by a normally closed high-speed valve which opens for 

approximately one millisecond to permit passage of the model before 

closing again. At the completion of its flight, the model is trapped in a 

chamber where the impact debris is prevented from splash-back into 

the range by a valve which closes after the model enters the chamber. 

Contamination of the model and sabot during fabrication is removed 

by special cleaning, and "white-glove” handling thereafter is standard 

practice. 

The flight range is normally pumped down to about .050-torr 

pressure and refilled with bottled gas to the desired final firing pres¬ 

sure just prior to launch of the model. Rate of inflow of the gas is 

carefully controlled to minimize stirring of dust which can cause spur¬ 

ious results. After each firing the flight range is brought back to atmos¬ 

pheric pressure and "purged" by forced flow of air for about twenty 

minutes to remove most of the suspended particulate matter. 

Due to the high stresses imposed on the model during launch, it 

is essential to determine whether model integrity is maintained during 

its flight. Slender cones are particularly difficult to launch at reentry 

velocities and model damage can occur during launch or due to exces¬ 

sive angle of attack during flight. 

Direct visual indication of angle of attack and model integrity is 

given by photos from shadowgraphs located along the range, schlieren 

photos, and a flash X-ray photo taken at the end of the flight range. 
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Effects of spurious ablation on the observables during the model flight 

are monitored by duplicate radiometers and electron-density measuring 

instruments located at several locations along the range. A particularly 

useful diagnostic in determining the type and location of model failure 

has been the time-resolved spectrograph. This instrument and the time- 

integrated spectrograph have also been useful in monitoring range 

atmosphere contamination which typically shows up as sodium lines in 
the spectra. 

2-2 gkctron Density Measurement Techniques 

Instrumentation requirements for wake-electron density measure¬ 

ments in the free-flight range are rather stringent. Sufficient time and 

spatial resolution are required to accurately measure the changes in 

electron density along the wake axis. The dynamic range of the instru¬ 

ments should cover from ,0 down to about 107 e/cm3 Spatial coverage 

should be such that data is obtained on all firings in which the flight 

trajectory is within, say, 2 cm of the range axis. 

The ultimate utility of the studies lies in the scalability of the data 

“U SCale condltlons- Th>s means that measurements should be made 

over as wide a range as possible in model sixes to check any scaling 

relationships that are developed. Since 1, is desirable in many cases to 

study phenomena that extend to 10, 000 body diameters and further 

behind the model, it is important that the measuring instrument does 

no, perturb the flow field during the test period through the bow shock 

reflecting back onto the wake, or by the wake itself impinging on the 

instrument through wake growth with distance behind the model. 

In the present facility, spheres ranging in sise from 2. 5 to 15mm 
and cones with base diamp^of l 

diameter of 6 mm are routinely fired at velocities 

of 22 - 23.000 fps. Since a turbulant wake grows roughly as [c x/d1W 

the wake diameter can be of the order of 15 cm and 33 cm a, poL oí 

1.000 and 10.000 body diameters downstream of the model respectively. 
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This gives an indication of the size of structure required to avoid per¬ 

turbing the wake while making the electron density measurements. The 

problems will be even more severe in the new facility where spheres40 

mm in diameter and cones with a base diameter of 20 mm are now being 

launched at velocities above 22, 000 fps. 

Free-space microwave transmission techniques were chosen as 

best fulfilling the overall requirements. The requirement for high 

spatial resolution, and also the measurement of high electron density 
1^3 7 

levels (about 10 e/cm ), necessitates the use of high frequencies. 

However, since the change in the phase of a signal transmitted through 

an underdense plasma of a given diameter falls off linearly with increas¬ 

ing frequency, resonator techniques must also be used to extend the 

range of measurements to lower levels. 

The following sections will discuss the operating principles of the 

two complementary techniques chosen to make the electron density 

measurements. These are, first the focused microwave beam, single¬ 

pass systems operating at 35 and 75 GHz for high spatial resolution and 

measurement of electron density levels in the range of 1011 to 1013e/cm3, 

and second, open resonators of the Fabry-Perot type, operating at 5 and 

35 GHz, which extend the lower limits of electron density measurements 
7 3 

to about 10 e/cm while still preserving good spatial resolution along 

the wake axis. 

Spatial resolution of the 35 and 70 GHz focused probes is 1. 3 and 

0.65 cm, respectively, and 2. 5 and approximately 7. 5 cm respectively 

for the 35 and 5GHz open-resonator systems. 

2. 3 Focused Microwave Probes 

The difficulties of making meaningful interpretations of wake 

properties from the forward and backscattered signal of unfocused 

microwave energy from a wake with unspecified electron wake diameter 

and radial distribution has led to the development of the focused-beam 
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probeS). Tins technique, which is now seeing quite widespread 

nse takes advantage of the fact that the microwave energy can be 

concentrated in the focal region through appropriate aperture illumina- 

tion and lens contouring. As much as 90% of the energy can be enclosed 

within a beam sire of 2. 3A.(16) This means that if the wake diameter is 

east this size, very little error can result from waves passing around 

the wake and interfering with the part transmitted through the wake. 

Also, since essentially plane-wave conditions exist in the focal region“7’ 

(within depth of field limits), the data interpretation is greatly simpli- 

fied to that of plane-wave propagation through a slab geometry (not 

necessarily uniform distribution in the direction of signal propagation). 

The output of the circuitry used gives the two quadrature compon¬ 

ents of the signal transmitted through the wake. These are A(t) sin0(t) 

and A(t) cos 0(t) , where A(t) and 0<t) are the time-varying ampli¬ 

tude and phase change of the transmitted signal. This permits explicit 

derivation of A(t) and 0<t) which can be used with a nonreflecting 

boundary approximation (NRBA) developed by Zivanovic118> to determine 

the integrated electron density. This approximation is valid with only 

about 2% error at densities as high a, n/n^O. 95 . which is well above 

density levels where the errors due to refractive deviation of the 

focused beam become serious. Of course, when n/n « 1 and 

VJU<<i • simpler approximations can be used as outlined previously.“1’ 

The use of the high frequencies of 35 and 70 GHz permit high 

spatial-resolution measurements along the wake axis and also permit 

measurements of electron densities as high as 1013e/cm3. The lower 

limit is determined by the minimum phase change that can be measured 

accurately, about one degree in these systems. For a wake one centi¬ 

meter in diameter this works out to about lo”e/cm3 for these single- 

pass systems. 

In focusing the beams to these small diameters the probability of 
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the wake missing the beam due to flight trajectory dispersion becomes 

serious. This is avoided by setting up a picket of beams as shown in 

Figure 1, each energized by its own feed system, with adjacent feeds 

cross-polarized to maintain high isolation between the beams. 

Using the measured transmission coefficients obtained from each 

of the multiple focused beams with the nonreflecting boundary approxi- 
(19) 

mation and inversion of the Abel integral, Zivanovic and McLeod 

have been able to obtain contour maps of electron density distribution 

in the near wakes of ablating spheres. A problem with this inversion 

technique is that relative errors in the measured inputs of the multiple 

beams of the order of 10%, which would be considered excellent for an 

integrated electron density measurement from one beam, can generate 

regions of apparent negative electron densities and other anomalies in 

a contour plot. Therefore, while the technique is fairly straight-forward 

in principle, the stringent requirements in accuracy of the signals in 

the various beams make it very difficult to obtain these contour maps in 

practice except for a relatively select set of conditions. 

For routine data reduction, the traces recorded from the beam 

passing through the wake closest to its axis are processed with a digitized 

film reader, then through a computer program, to plot 0(t) , A(t) , 

and the integrated electron density J^^n^rjdr (or more simply as 

n D where n is the electron density averaged over an effective 
6 JD 6 

plasma diameter Dp). 

2. 4 Open-Resonator Technique 

A major requirement for these reentry studies is the measurement 

of wake electron density behind slender nonablating cones fired into air 

at various pressures. The low initial levels and extremely rapid decay 

of electron density levels for many of the conditions of interest (in 

some cases several orders-of-magnitude decay within the resolution 

length of conventional closed resonators) prompted the development of 
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the open-resonator technique for wake measurements. This technique 

has the advantage of high spatial resolution together with good sensitivity. 

Its open structure (shown in Figure 2) also permits measurements 

extending to the far wake of spheres as large as 25 mm in diameter with 

little danger of the growing ionized wake touching the resonator struc¬ 

ture. Since the resonator structure is kept far from the wake axis, the 

effects of the bowshock reflecting back from the structure onto the wake 

appear to be negligible. Thus this technique meets the requirements of 

the measurements behind nonablating slender cones and also permit 

tests of scaling relationships, since wakes behind a wide range in model 

sizes can be measured. Neither of these two important requirements 

can be adequately met by the closed-cavity technique, although for 

small blunt bodies they have provided much useful data/20^ 

Various aspects of the microwave open resonators as applied to 

plasma diagnostics have been reported. This includes the sensitivity 

improvements possible when compared with nonresonant systems,(21) 

excitation and measurement of various modes in the resonator/22^ 

descriptions of operational systems used in transient plasma measure¬ 

ments, analyses of the perturbation of the open resonators by dielec- 
( 24) 3 

trie media, and studies of a quasi-optical imaging resonator with 

the highly desirable features of high resolution along the wake axis, 

multichannel measurement of the radial distribution of electron density, 

good sensitivity, and an open structure.(25) 

The resonator systems used in the present measurements have 

metal reflectors with circular apertures and a spherical radius, with 

the reflector separation distance dr set for non-confocal operation. 

The configuration is shown in Figure 2 with propagation of the signal 

transverse to the wake axis, which is into the plane of the paper. 

A particularly attractive feature of these resonators is that the 

electric field distribution is very accurately predicted by theory/22* For 



10 

the dominant TEMooq mode used, the field consists of standing waves 

with peaks at half-wavelength intervals along the longitudinal axis of the 

resonators between the reflectors, with the longitudinal mode number 

q referring to the number of peaks. The field transverse to the reson¬ 

ator axis (but along the flight axis) is Gaussian and its envelope to the 

1/e power points are shown in Figure 2. 

If an ionized wake (dielectric medium) is underdense enough that 

the electric field in the wake can be approximated (to the first order) by 

the field in the absence of the wake, then first-order perturbation has 

been found to apply with good validity . This assumes, of course, that 

the resonator has been designed so that the desired dominant mode is 

not degenerate with, nor close to, low-loss higher-order modes into 

which it can couple energy when perturbed. Loss of energy out of the 

resonator due to scattering of the wake is also assumed to be negligible. 

These factors have been analyzed in detail by Auston in Ref. 24. 

Applying this first-order theory with the well defined electric field 

distribution in the resonator, one can readily derive the change in effec¬ 

tive dielectric constant Af w n/nc due to the presence of the wake if 

one knows or specifies the radial distribution of the electron density 

across the wake diameter. An effective electron wake diameter D 

must also be defined for a resonator system operating in a single domi¬ 

nant mode, as is the case for the system operating at 35 GHz. 

2. 5 Measurement of Electron Wake Diameter 

It is evident from the above that measurements of the electron 

wake diameter is highly desirable. Some data on electron wake diameter 

behind spheres using a closed-cavity technique have been reported.(26) 

A new technique which shows considerable promise, particularly for 

measuring the electron wake diameter in the near wake of slender cone 

models, has just been developed. 
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Details of this technique are given in a forthcoming report.(27) In 

brief, two dominant longitudinal, adjacent moades, the TEMo, o, q and 

TEMo.o, q+1 modes, are excited by two separate sources. In the 

region near the center of the resonator, the null in the standing wave of 

the electric field of one mode is filled by the peaks of the other. 

When a plasma cylinder is positioned in an accurately known loca¬ 

tion within the resonator, parallel to the Z-axis, the perturbation 

recorded by each mode is dependent only on the electric field distribution 

of that mode because of the frequency separation between the modes. 

Therefore, by measuring the perturbation recorded from each of the 

two modes, a measure of the wake diameter can be obtained. Using the 

value of thus derived, one can reduce the possible errors in the 

derived quantity for electron density obtained for a single-mode system. 

In fact, one can then reduce the data in terms of volume, integrated, or 

line density of electrons. 

The accuracy of the method depends on the plasma diameter (use¬ 

ful range about 0. 02 < D^/A < 0. 5), location of the plasma axis relative 

to the standing waves of the electric field (ideally at y = 0 ; x =nA/4 

n = 0 , 1,2, ---), and the assumption of radial electron density distri¬ 

bution on the calculated value of D 

P 
wo of these dual longitudinal-mode resonators operating near 

5 GHz are operational and results are currently being obtained with 

their use. 

2. 6 Recording Method 

For both the single-mode system operating at 35 GHz and dual¬ 

mode system operating near 5 GHz, the time-varying amplitude and 

phase shifts in the signal transmitted through the resonator due to the 

passage of the ionized wake are recorded on Polaroid film from oscil¬ 

loscope traces. The data is digitized, and then reduced by computer 

processing. 
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2. 7 Error Estimates 

Errors in the results are of three main types — those associated 

with the instrumentation, those due to interpretation of the data in 

terms of a derived quantity for electron density, and those related to 

the free-flight range. 

The possible sources of errors in the focused-probe systems have 

been examined in some detail. These include imperfect beam collimation, 

refractive effects, multiple reflections, cross-coupling between beams, 

and errors due to the finite size of the beam relative to the wake 

diameter. 

Of the above, the most serious possible source of error (providing 

the wake diameter is approximately equal to the beam diameter and the 

electron density is about one-tenth critical or less (n/n^ < 10 S are 

due to cross coupling between beams and multiple reflections. By cross 

polarizing adjacent beams, the cross-coupled signal has been reduced 

but is still high enough to cause possible errors of about 20%. Multiple 

reflections, particularly those set up due to imperfect matching between 
128) 

the transmitting and receiving horns, can cause errors of about 50%' 

unless care is taken to minimize the mismatch at the feed horns. 

If one interprets the measured signal in terms of integrated elec¬ 

tron density using Zivanovic's Nonreflecting Boundary Approximations, 

errors due to interpretation are negligible compared with the possible 

instrument errors. It is important to note that no assumption has been 

made of wake diameter or radial electron density distribution in deriving 

the integrated density. 

For the open-resonator systems, the sources of error are more 

related to interpretation, with errors due to assumptions of radial elec¬ 

tron distribution and wake diameter dominating. This assumes, of course, 

that correct resonator design has been used and that measurements are 

limited to electron densities such that within the dynamic range of the 
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resonatof in terms of frequency perturbation there are no low-loss 

higher-order modes into which energy can be coupled. Through the use 

of mode charts as plotted by Austonand appropriate choice of reflec¬ 

tor aperture size, resonator design is quite straightforward. 

Comparisons of Gaussian and uniform radial electron density 

distributions have shown differences of about 15% in the derived quantity. 

A larger error is possible in the assumption used for wake diameter, 

which is a necessary input to reduce the resonator data. As seen earlier, 

this error is largest when D /A < 1 and measurement of the electron 
It 

wake diameter by the dual-mode resonator will be particularly useful 

in minimizing this error. Prior to the use of the dual-mode resonator, 

errors of 50% were quite possible due to incorrect estimates of wake 

diameter. If the data is reduced in terms of integrated electron density 

neDp ’ then errors due to incorrect assumption of wake diameter be¬ 

come negligible when D /X» 1. 
P 

The major sources of instrument errors in the resonator systems 

has been vibrations caused by strong bowshocks hitting the reflectors 

when they are not located far from the flight axis and drift in the reson¬ 

ant frequency of the device between the time of calibration and firing 

time. The resonator systems installed in the section of the range where 

the diameter is only two feet are particularly susceptible to vibration 

problems. Strong bowshocks, generated particularly by blunt bodies 

fired into high ambient range pressures, limit the useful recording 

time for these conditions. The newer resonator with a more massive 

structure and reflectors much farther from the flight axis permits 

measurements for 20 msec before bowshock problems become evident. 

Overriding both the instrument and interpretation errors are the 

possible errors associated with the free-flight range. This includes the 

possible effects of model and range contamination and, for slender 

bodies, the effects of angle of attack and model ablation. 
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2. 8 Range Contamination Effects 

Through care in all the range procedures, contamination has been 

minimized to a degree that consistent results have been obtained on a 

routine basis. 

In monitoring wake electron density levels for an experiment where 

a large number of spheres were fired at essentially identical conditions 

(15mm-diameter copper-plated spheres flown at about 6. 5 km/sec into 

25torr pressure) excellent reproducibility in data was observed. This is 

shown in Figure 3 where the crosshatched area shows the total spread 

in data, which is about a factor of two for 14 rounds. Some of this spread 

is accounted for by the scatter in flight velocity, which ranged from 

about 6. 3 to 6. 7 km/sec with most centered near 6.5 km/sec. 

Several other rounds which showed evidence of range contamination, 

as evidenced by anomalous results in radar scattering and radiation data 

obtained for these rounds, show the type of scatter that can arise in the 

wake electron density results. Similar results on the effects of contami¬ 

nation have been found at MIT Lincoln Laboratory. 

2. 9 Model Ablation Effects 

For many of the conditions of interest, model ablation is not too 

serious a problem for the sphere firings when the standard 15mm- 

diameter copper-plated zelux sphere is used. Since the product of pres¬ 

sure times diameter, pD , is kept constant when binary scaling is 

used, the range pressure can become quite high for small-diameter 

models. For a 5mm-diameter copper-beryllium sphere, model ablation 

can arise at range pressures above 100 torr, depending on the length 

of the range. The 2. 5mm-diameter spheres are made of solid tungsten 

to permit firings at 150 torr without ablation effects on the model. 

Model ablation has been a much more difficult problem for cone 

firings at velocities near 7 km/sec. Wake electron density data is 

critically dependent on model integrity.0 2) Following a large series of 
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tests, a nonablating configuration has been developed for our 6 35mm. 

base-drame,er cones. This model, which was used to obtain the cone 

data to be presented, is shown in Figure 4. The use of tungsten for the 

trp ma,errai provided the greatest improvement in reducing observables 

due to ablation, as much as two orders of magnitude in the level of 

wake electron density when compared with a model with a copper tip. 

Rounding of the base edge and the use of titanium further reduced spur- 

.OUS ablation to the point that, for firings into air at pressures up to 

150 torr and velocities near 6. 7 km/sec, fairly consistent wake electro, 

dens.ty data has been obtained. Slight amounts of ablation still occur, ar 

evrdenced by faint lines of tungsten and titanium seen in the spectra, 

and this may account for some of the scatter in the data. 

2-10 Model Angle of Attack 

The flight angle of attack of cone models introduces an additional 

varrable. Since the angle of attack is no, constant with distance along 

the flrgh, axis, correlation of data with other observables become, 

more difficult. Also, since excessive angle of attack can affect the flow 

held and onset of turbulence, one can expect some variability in the 

wake electron levels. The dependence of the wake electron density on 

the model's angle of attack has not been determined, so the data used 

here has been arbitrarily restricted to firings which showed an angle of 

attack less than half of the cone half-angle - tha, is, 0 < 6. 25° for 

the 12.5 half-angle cone models. maX 

2- 11 Overall Error Estimates 

The combined possible errors of instrumentation and interpreta¬ 

tion of both the focused probes and resonators is estimated to be of the 

order of 50%. Errors associated with the range can be much higher than 

•his but, when proper care is taken, data for spheres should be accurate 

within a factor o, 2. For cone models the data can have greater scatter 
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for the reasons mentioned and the data is estimated to be accurate 

within a factor of three in absolute leve. An interesting point to note in 

the slender-cone data is that, while there may be considerable scatter 

in the absolute level of the wake electron density data, the shape of the 

electron decay curves for a given condition are very similar. 

2. 12 Data Presentation 

In the results shown, the data is plotted with the integrated elec- 
3 

tron density n D (e/cm )(cm) vs distance behind the leading edge of 
e p 

the model in normalized distance of body diameter in the case of spheres, 

and base diameters in the case of cone models. The quantity n D was 
' e p 

chosen for several reasons. First, where binary scaling is valid, the 

pertinent quantity to use in making scaled comparisons is the integrated 

electron density/*^ The velocity of the models for the two scale con¬ 

ditions must, of course, be the same to permit the comparison. Second, 

the data from the focused probe reduces directly to the integrated elec¬ 

tron density from the measured phase shift without assumptions of radial 

density distribution or electron wake width. Third, for the data from 

the 35GHz Fabry-Perot resonator, the quantity n D is the least 
(23) 

e p 
sensitive to assumptions of wake diameter. This was particularly 

important in minimizing possible error in the results prior to the use 

of the dual longitudinal mode resonators operating at 5GHz, which can 

provide wake diameter information for certain conditions but was not 

available at the time the present data was obtained. 

Where the data covers a wide range in electron density, the 

results shown are based on composite curves obtained from several 

instruments. An example of how the data from the different electron- 

density measuring equipment complement each other for a given firing 

is shown in Figure 5. 
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3. WAKE MODELS 

3. 1 Sphere Wake Model 

The wake model used to estimate the electron wake diameter is 
(31) 

based on Wilson's schlieren observations. For spheres, the effec¬ 

tive electron wake diameter growth in the first 100 body diameters is 

not accurately known. Fortunately, the data in this region is measured 

by the focused probes where this wake width information is not neces¬ 

sary to reduce the data to integrated electron density. From data 

obtained to date, it is speculated that the effective electron wake diame- 
/ \ 

ter is closely related to the inviscid wake width ' which is quite clear¬ 

ly defined by density gradients in the schlieren pictures. The inviscid 
k X / D 

wake diameter grows approximately as (1-e ) to a limiting size of 

about 8 body diameters at a distance of less than 100 body diameters 

behind the sphere. This diameter is maintained until breakthrough of 

the inner viscous core through the inviscid wake boundaries occurs, or 

turbulence develops in the far wake due to inviscid wake boundaries 

occurs, or turbulence develops in the far wake due to inviscid wake 

instabilities of the firings where the Reynolds number is below a critical 

value. Beyond breakthrough or where full turbulence of the whole invis¬ 

cid wake develops, the wake diameter seen on the schlieren photos 
[11/3 Cj^(x/dg)| 

Since the electron density levels were generally quite high in the 

near wake (x/D < 100) measurements were usually made with the open 
B 

resonators well beyond this distance. The electron wake diameter 

assumed for the deduction of the sphere data was the inviscid wake 

diameter until either breakthrough occurred or the whole inviscid wake 
(31) 

became unstable. The turbulent wake width as defined by Wilson has 

been used as the effective electron wake diameter for this part of the 

wake. 

"illllllilli1 
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3. 2 Cone Electron Wake Model 

For slender, slightly blunted cones, where the wake observables 

are dominated by boundary layer effects as opposed to the effects of 

processing of the gases through the bowshock in the case of blunt bodies, 

it appears that the ionized species are confined to the viscous wake. A 

cool inviscid wake which grows rapidly to a limiting size of about four 
(32) 

base diameters surrounds this viscous core until either the whole 

inviscid wake becomes unstable in the far wake for low Reynolds num¬ 

ber conditions or a turbulent viscous core breaks through the inviscid 

boundaries for the higher Reynolds number conditions. After break¬ 

through occurs or full turbulence is established, the wake growth again 
1/3 

quickly approaches the (C^ x/D) law. 

The growth of the electron wake diameter for the low Reynolds 

condition where a long laminar run exists has not been establieshed. It 

is hoped that measurements now being carried out will resolve this 

question. For the cone wake data presented, the electron wake diameter 

was assumed constant in the short laminar run observed. Preliminary 

measurements with the dual mode open resonator have indicated an 

initial laminar electron wake width of about 0.8 base diameter. Growth 

of the wake diameter from onset of turbulence to the breakthrough point 

has been assumed to grow from the initial laminar wake width to the 

inviscid wake width of four base diameters roughly as 

where the exponent n is computed to match the boundary conditions. 

Once breakthrough occurs or far wake inviscid instabilities 

The wake width as observed by Wilson has been used to reduce the data 

obtained from the open resonator systems. 
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4. RESULTS AND DISCUSSIONS - NONABLATING SPHERE 

4. 1 Near-Wake Ionization 

Near-wake ionization data out to 100 to 200 body diameters has 
(11) 

been presented previously, but not published. For completeness, 

one example which has features that are unusual and appear to be explic¬ 

able according to the present investigation will be repeated here. 

For instance, in Figure 6 we see that electron density increases 

monotonically with pressure in the near wake, but beyond some point 

along the axis the trend is actually reversed. It will be seen in the next 

section that this can nuw be explained in terms of the development and 

rapid growth of the turbulence in the viscous wake close to the sphere 

at the higher pressures. 

4. 2 Scaling of Near-Wake Ionization 

At low enough pressures the main ionizing and electron removal 

mechanisms are expected to be governed by two-body reaction processes 

and consequently wake ionization should scale in a binary manner. That 

is, if the product of ambient pressure and sphere diameter is held con¬ 

stant then the electron density integrated along a wake diameter at some 

fixed distance behind the body (measured in body diameters), should 

remain invariant. 

A result where binary scaling is effective is shown in Figure 7. 

At a significantly higher pressure departures from binary scaling are 

noted (Figure 8). It is of interest to note that for the first case, Eschen- 
( 

roeder has calculated that about 90% of the gas processes through the 

stagnation region achieves equilibrium there, indicating that the flow 

can pass through regions which are very nearly in chemical equilibrium 

and still exhibit ionization scaling. When equilibrium regions become 

very extensive, the susceptibility of near-wake ionization to binary 

scaling becomes invalid. Indications of this breakdown in scaling are 
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seen in the second case above where about 99% of the nose-cap is in 

equilibrium. 

Figure 9 shows a recent result for copper spheres of 5 and 15mm 

diameter launched at 6. 5 km/sec and pD - 375 torr-mm. For this firing 

condition, transition to turbulence occurs at about x/D - 10 and break¬ 

through at x/D-150. The good agreement in binary scaling up to 1000 

body diameters where turbulence is well established might be explained 

by one or both of two possible reasons. The first is that homogeneous 

mixing does not take place at the turbulent front but develops gradually 

in a manner similar to the eddy diffusion model proposed by Wen, et 
(8) 

al for cone wakes; therefore, three-body attachment type reactions 

that depend on cooling of the wake with mixing and which would cause 

departure from binary scaling take much longer to become effective. 

This is seen more clearly in a later discussion. Another possibility is 

that some competing chemical reactions dominate over the attachment 

reactions to extend the region of binary scaling. 

4. 3 Effect of Fluid Dynamics on Wake Ionization 

With the microwave instrumentation used to measure electron 

density, time variations in the output signal due to turbulent electron 

density fluctuations, are too small to be detected, so that the presence 

of wake turbulence cannot be detected. Also, at high Mach numbers 

flow visualization techniques, for example schlieren photography, could 

not be used to detect turbulence in the near wake because of the screen¬ 

ing effect of the hot inviscid wake. Thus, it was not clear how wake 

ionization decay was influenced by the onset and growth of turbulence. 

More recently, however, Wilson, using schlieren observations of 

wake phenomena behind nonablating hypersonic spheres in air, has 

developed a comprehensive qualitative description of wake structure. 

Comparison of ionization data with this model now shows quite clearly 
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how wake electron density decays are associated with individual fluid 

dynamical features. 

Electron densities behind 5mm diameter copper spheres are 

shown in Figure 10, for three different pD values. Reference to 

Wilson's model will show that, for pD - 75 and 150 torr-mm, the 

inner wake does not go turbulent (since in each case the ambient Rey¬ 

nolds number is less than Lees critical value) but that the inviscid wake 

does go unstable and becomes turbulent at x/D of about 5000 and 2000 . 

It is clear that the ionization decay now increases rapidly from the 

relatively slow laminar values, presumably due to sharply increased 

mixing rates of the inviscid vake with cold surrounding gas. At pd = 

375 torr-mm the inner wake has gone turbulent close to the body and 

grows until it breaks through the inviscid layer at about x/D = 150. It 

will be noted that the electron density decay increases rapidly beyond 

this point, again presumably due to mixing with cold air. It will be 

shown in the next section how these observations have been used to ex¬ 

amine and improve the analytical model of wake ionization. 

Another example of a laminar wake is shown in Figure 5 where a 

2.5mm diameter copper sphere was fired at 10 torr. For this condition 

schlieren results showed that the inviscid wake became unstable at about 

7000 body diameters. Since the inviscid wake is essentially constant in 

diameters beyond 100 body diameters behind the body to the point of 

inviscid instability, the decay rate seen in the plot of integrated electron 

density with distance appears to be due largely to dissociative recom¬ 

bination. Once the inviscid wake breaks up, we again see the very rapid 

decay of the wake electron density. 

An example of a firing at very high Reynolds is shown in Figure 11. 

For this case a 15mm diameter copper-plated sphere was flown at 4 85 

km/sec into 150-torr air. Transition to turbulence developed very close 

to the body and the effect of turbulent mixing on the decay rate up to the 
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point of breakthrough at 150 body diameters when compared with a 

laminar wake in this region can be seen. Beyond breakthrough we see 

a rapid change in the decay rate as cold air is mixed into the wake. 

While breakthrough occurs at about the same distance behind the 

body (in body diameters) as for the pD - 375-torr-mm case, the rapid 

fall off in electron density occurs considerably earlier for the pD- 

2250-torr-mm case. This might be expected because of the rapid mixing 

with cool surrounding gas which has a higher concentration of oxygen 

than for the lower pD case. The lower wake temperature resulting 

from the lower velocity firing also permits the attachment reactions to 

become effective earlier. 

5. COMPARISON OF SPHERE DATA WITH THEORY 

5. 1 Near Wake (x/D < 200) 

Electron density levels in the near wake of spheres calculated by 

Eschenroeder and Chen* * using the inviscid random convection model 

in the quasi-one-dimensional approximation suggestion by Lin and 

Hayes showed quite good agreement with the measured data.*34) The 

conditions covered a range in pressure-diameter product (pD) of 45 to 

1500 torr-mm and flight velocities of 5.5 to 6.7 km/sec. Besides the 

usual neutral particle species the only reaction considered for electrons 

was N + O* NO+ + e' . 

While the integrated electron density appears to be fairly insensi¬ 

tive to the degree of mixing in the near wake for the lower pD values, 

at the very high pD values (pD = 1500, 2200) where transition occurs 

right near the sphere and turbulence develops very rapidly, a significant 

increase in the electron density decay rate prior to breakthrough. This 

can be seen by referring to Figures 6 and 11. 

5- 2 Extension to Far Wake (pD = 375 torr-mm) 

In extending the calculations to the far wake the analytical model 



23 

employed for this case (5mm diameter copper sphere, 75 torr air, 

6.25 km/sec) is similar to the quasi-one-dimensional treatment pro¬ 

posed by Lin and Hayes.*34* 

The calculations by J.P. Appleton and C.C.Tang135* shown in 

Figure 12 start immediately behind the bowshock wave and extend 

around the body into the far wake (greater than 1000 x/D) taking into 

account the chemical non-equilibrium character of the flow by a consid¬ 

eration of the major neutral and ionising reactions associated with air 

chemistry. Instead of the patched Newtonian blast-wave constant pres¬ 

sure variation assumed for the near-wake calculations,<33) the stream- 

tube pressure distributions, which are an a priori requirement of the 

qua si =one-dimensional treatment, were obtained from inviscid solutions 

of the flow field around suitably chosen sphere-cone body combinations 

m which the assumption of complete chemical equilibrium was made.'37* 

In each calculation the line integral of the electron density across 

the wake, this being the proper quantity for comparison with the micro- 

wave and cavity measurements reported here, was evaluated as a func¬ 

tion of distance behind the body for the two extreme models of turbulent 

miking proposed by Lin and Hayes, (i. e., Inviscid random convection 

and homogeneous mixing). Both models gave results which were in 

close agreement with one another and with the experimental measure- 

meats in the near wake (approximately less than 100 x/D); a result 

which was to be expected provided the calculations used the correct 

chemical model, since the extent of the turbulent central core is only 

a relatively small proportion of the hot inviscid laminar wake in the 

near-wake region. However, as the calculations proceeded into the 

far wake (greater than 200 x/D) the agreement between the two mixing 

models became progressively worse. The inviscid random convection 

model, which does not allow any intimate turbulent mixing between the 

hot central wake and the cool ambient gas surrounding it, resulted in 

Sil 

«<1* ¡¡i( 
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electron densities which were too high in the far wake. On the other 

hand, the homogeneous mixing model gave electron densities which 

were too low in those calculations which used measured values for the 
(31) 

growth of the turbulent front. It was apparent that in this case the 

far-wake temperature fell too rapidly, thus resulting in excessively 

fast removal rates of the free electrons, first by dissociative recom¬ 

bination with the nitric oxide ion and subsequently by attachment to the 
« 

oxygen molecule. However, further calculations carried out using the 

homogeneous mixing model with the assumption that the width in the 

turbulent wake region over which the flow was intimately mixed was 

(31) approximately half the wake width as observed by schlieren photography, 

gave good agreement with the experimental measurements over distances 

in excess of 1000 x/D. Clearly, such a technique is highly empirical, 

but must surely be justified by its relative simplicity and the results 

that it yields. 

5. 3 Long Laminar Wake (pD = 150 torr-mm) 

While the quasi-one-dimensional model provides an excellent 

means of checking various analytical models, axisymmecric finite dif¬ 

ference calculations can provide more detail of the wake flow field. 
(2) 

Figure 13 shows the electron density curve calculated by Wen and Chen 

compared with the experimental result. The separation between the two 

curves can be attributed to the velocity difference and when this is 

taken into account, the agreement is very good. For this firing condition 

the wake is laminar to about 2000 body diameters before instabilities 

occur and hence provides a good test of the kinetics used in the calcula¬ 

tions. 

6. RESULTS-CONE-WAKE IONIZATION 

A few examples of the wake electron density measurements which 

have been obtained are summarized in Figure 14. All the results are 
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for cones with a 12. 5° half angle, 6. 35mm base diameter, nose-to- 

base radius ratio of 0. 06, with tungsten tip and with copper-plated 

aluminum or plain titanium afterbody as detailed in Figure 4. The 

nominal velocity for the firings was 7. 0 km/sec. 

6. 1 20-torr Air 

The wake for the firing at 20-torr air was laminar, as seen by 

schlieren up to 100 body diameters.(32) The wake decay is very gradual 

following a fairly slow temperature change along the wake axis/2) The 

dominant electron removal process for this case is the recombination 

of NO+ + e" ^ N + O . 

The laminar wake case is much simpler to calculate and the com¬ 

parison of data for 20-torr air is shown in Figure 15 with the curve 

calculated by Wen and Chen(2) using their axisymmetric finite difference 

analysis. Only seven species (N2 , 02 , N , O , NO , NO+ , and e‘) 

are considered in their kinetic model. The agreement between the two 

curves is quite good, indicating that the wake model used is adequate 

in predicting the observed wake electron density levels for this condi¬ 

tion. The slightly slower decay of the calculated curve beyond 50 body 

diameters is likely due to omission of attachment reactions. 

6. 2 75-torr Air 

For this case the viscous wake shows first instabilities at about 

30 body diameters; however, turbulence develops gradually with a 

fairly regular sinusoidal pattern up to about 50 body diameters before a 

fully turbulent flow is seen. Calculations by Wen(8) have shown that at 

75 torr a laminar wake has an ionization decay rate very similar to 

that at 20 torr. Therefore, the marked change in slope between the 

20-torr and 75-torr case in the near wake appears to be the result of 

turbulent mixing in the 75-torr wake. This point will be discussed 

further in the next section. 
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6. 3 75-torr Nitrogen 

lhe firing into nitrogen results in a much simpler chemical 

history in the wake while preserving essentially similar gross fluid 

mechanical features in wake such as transition distance to onset of 

turbulence and the development of turbulence. While a somewhat higher 

wake temperature might be expected for the nitrogen case due to the 

absence of 02 dissociation, the major difference in the ionization 

decay rate between the 75-torr air and 75-torr nitrogen case is evidently 

due to oxygen and its various reaction species in removing the electrons 

m the air case by recombination and attachment reactions. 

7. DISCUSSION OF CONE-WAKE IONIZATION 

In the early results obtained for 75-torr air, the wake ionization 

decay rate seemed to correspond to a decay rate for electron attach¬ 

ment to molecular oxygen at 1000°K temperature using a reaction rate 
(37) 

assumed by Lees. Calculations by Wen have shown that with a 

laminar wake, the axis temperature would not decay sufficiently to 

permit this reaction to be effective. 

The previously assumed model of the cone wake resulted in cal- 

culated^electron density curves which showed poor agreement with 

theory. ’ ’ The main difficulty appears to be the use of a constant 

value of the coefficient in the eddy viscosity coefficient. This results in 

an initial precipitous drop in electron density, and axis temperature, and 

in explosive growth in wake diameter which is much more rapid than 

actually observed. 

The wake model proposed by Wen in which he uses a variable 

coefficient K(x) appears tobe more realistic in that it more closely 

represents observations in that turbulence grows gradually and the 

calculated wake growth and the electron density decay agree well with 

experimental data. 
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Figure ló shows a comparison of experimental data with theoreti¬ 

cal calculations which are described in detail elsewhere. In brief, three 

of the curves were computed with seven species (N , O , N, O, NO, 
-f 2 2 

NO , and e ) and same initial conditions but different eddy diffusion 

models. With the laminar wake, the electron density decay is slow as 

might be expected. When a constant value of K is used in the eddy 

diffusion coefficient, the electron density drops precipitously at trans¬ 

ition but eventually would level off to a decay rate similar to the laminar 

condition. 

The proposed model which uses a variable coefficient K(x) which 

varies from an initial value corresponding to an average value for the 

laminar diffusion coefficient at the point of instability to an assumed 

value K^, = 0. 02 , where full turbulence is assumed. In the first case, 

the distance for full turbulence to develop was assumed to be 100 body 

diameters. The decay curve falls between the laminar and "turbulent" 

case and shows reasonable agreement with the data. 

When the assumed distance to turbulence is assumed to be 200 

body diameters and additional species are included, the agreement 

between the calculated and experimental curves (case II) is excellent. 

8. CONCLUDING REMARKS 

The wake electron density measurements which have been presen¬ 

ted for sphere and cone models have demonstrated the very close coupl¬ 

ing between the electron density decay rate with gross fluid mechanical 

features of the wake such as laminar, unstable and turbulent regions, 

and effects of inviscid instability on breakthrough. 

The better understanding of the wake resulting from these corre¬ 

lations has resulted in improved flow field models which more realistic¬ 

ally reflect the measured data. 
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A few examples of the development of improved analytical models 

for both spheres and cones have been shown. The value of the relatively 

simple quasi-one-dimensional approach in testing various mixing models 

and chemistry on the wake electron density behind spheres with consid¬ 

erable economy in computer time has been shown. Wen and Chen have 

used the axisymmetric finite difference analysis which provides detailed 

descriptions of the wake flow field and has shown good agreement for 

the laminar wakes of spheres and slender cones. Wen has proposed an 

eddy diffusion model with variable coefficient to describe the transition¬ 

al region between onset of instabilities and the development of full 

turbulence in the viscous wake of cones. This has resulted in greatly 

improved agreement between theory and data for both wake growth and 

electron density decay. Wen is currently extending this approach to the 

turbulent near-wake analysis of blunt bodies. 

A growing body of data is being accumulated on the effects of 

various parameters on the wake electron density levels. Current pro¬ 

grams include a more extensive study of electron removal mechanisms 

in the far wake of spheres for a wide range in sphere sizes (2. 5 to 

25mm diameter). The effects of cone geometry, size, material, range 

pressure and gas composition on electron density levels are also 

continuing. Close and continual feedback between the theoretical and 

experimental efforts are resulting in a better understanding of complex 

phenomena in the wake. 
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Figure 6 
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PRESSURE DEPENDENCE IN THE NEAR WAKES OF SPHERES 
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Figure 7 BINARY SCALING OF IONIZATION IN THE NEAR WAKE 
OF SPHERES, pD = 250 torr-mm 
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Figure 8 BREAKDOWN OF BINARY SCALING IN THE NEAR WAKE 
OF SPHERES, pD = 750 torr-mm 
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Figure 14 CONE WAKE IONIZATION 
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RESUME 

. Les auteurs résument brièvement les études expérimentales et 
théoriques relatives è la gaine de plasma entourant des maquettes dans les 
souffleries \ arc bref de 1'ONERA: l'étude de la couche de choc à l'aide 
de sondes électrostatiques et de méthodes réflectométriques a permis de 
trouver un accord satisfaisant (pendant une grande partie de la rafale) 
entre les résultats expérimentaux et les déterminations théoriques 
relatives à un écoulement en déséquilibre chimique (ce qui justifie 'a 
postériori 1'utilisation de ces souffleries pour de telles études). La 
determination théorique des caractéristiques d'un sillage ionisé est 
encore trop incertaine pour qu'une confrontation avec l'expérience soit 
possible. Les auteurs décrivent donc ces expériences relatives aux 
sillages qui sont actuellement en cours de réalisation. 

Les maquettes utilisées sont du type hémisphère-cSne avec des 
diamètres de culot de 65 et 186 mm. Elles sont maintenues par des fils 
ins qui se rompent en début de rafale. Le déplacement de la maquette 

pendant la phase utile peut etre court, et est dans tous les cas repéré. 

Le diagnostic du sillage sera effectué par trois séries de 
peignes de sondes (triples-sondes électrostatiques); on obtiendra ainsi 
les caractéristiques locales du plasma, radialement et longitudinalement. 

Enfin des tentatives d'ensencement de la couche de choc sont 
prevues afin de déterminer l'influence sur le gaz ionisé de l'injection 
de corps susceptibles d'augmenter eu de diminuer la densité électronique. 



SUMMAítf 

studies dealing with th^llsraa sheathysurPeriHental Snd theoretical 
arc wind tunnels of ONEPA: the study of models in the short 
electrostatic probes and rcflecwL?! thfu^Pact layer by means of 
reach a satisfactory agreement irinHn C methocls has made it possible to 
the experimental results and the cal^latfriTt^ °f the gUSt) between 
non equilibrium flow (which jusUHes a nLt minatÍOnS for a cb^ical 
tunnels for such studies). Se theoretiLl f.10ri.the USe of these 
teristics of an ionized flow is stilîton 1 debennination of the charac- 
with experimentation. The author* +h .uncertain to permit a comparison 
which is now in progress. ^ therei°re descr,ibe experimentation 

diameters of b^ba- 
gust start. The displacement o/ttU t hln Wires which bre^ at 
short, and is in all cases recorded. 6 uring the nseful phase may be 

combs (electt^ttctrCiptotllSlh0^^ by three Series P™ba 
will be obtained radially and lengthwise. PlaSma charac^ristics 

order to layer in 

substances capable of increasing oî decreaslnf thed“ ínj'eCti°" of 6 uecreasing the electronic density. 



LISTE DES SYMBOLES 

Tensions définies au § 1.1. 

Ji Densité de courant ionique 

ffg Densité électronique en é par cm^ 

(f Charge de l'électron 

k Constante de Boltzman 

T Température 

m Masse 

F Ponction de courant non dimensionnée (cf. Réfi (12) 

Vs Potentiel d'une électrode de sonde 

Vp Potentiel plasma 

R Rayon d'électrode de sonde 

Kf Potentiel flottant 

/ Courant 

S Surface d'électrode 

ta Longueur de Debye 

<Ps Diamètre calotte sphérique 

De Diamètre culot 

L Longueur totale maquette 

Te Température d'arrêt 

Pe Pression d'arrêt 

R* Nombre de Mach amont 

Tint Température d'arrêt moyenne d'un tir 
Indices 

€ Electron 

l ion 

QU/,J Electrode de triple-sonde 



INTRODUCTION 

Depuis quelques années, de nombreux laboratoires étudient 
les sillages ionisés. Les dispositifs expérimentaux sont princi¬ 
palement i le tunnel de tir hyperbalistique et le tunnel de choc. 

Les études les plus nombreuses ont été conduites en 
tunnel de tir, car l'absence de support autorise des mesures non 
perturbées dans les sillages. Cependant les dimensions limitées 
des projectiles ne permettent pas d'études localisées des profils 
de ^densité et de température électroniques. La technique la plus 
fréquente consiste à utiliser un ou plusieurs interféromètres 
hyperfréquences qui ne donnent que des résultats intégrés d'une 
part sur le diamètre du faisceau, d'autre part le long du parcours 
des ondes dans le plasma j ces techniques ne sont d'ailleurs utili¬ 
sables que dans un domaine de densité électronique relativement 
elevé ( ne >1010 e/cm3). 

Il vst possible de déduire des mesures radioélectriques 
des familles de courbes de densité électronique dans les sillages , 
mais ces profils sont si complexes qu'une déduction a priori paraît 
improbable. 

D'autre part, un paramètre important du plasma est la 
temperature électronique. Cette grandeur intervient directement sur 
les vitesses de recombinaison électron-ion, les sections efficaces 
d'attachement électronique sur des gaz électronégatifs ( 0P~ 
sur la propagation d'ondes longitudinales électroniques et les con¬ 
ditions de couplage avec des ondes électromagnétiques, sur 1'inten¬ 
sité de rayonnement de Bremsthralung. 

La température électronique ne peut être déduite de 
mesures d'interférométrie hyperfréquence que par l'intermédiaire 
de la fréquence de collision électron-neutre qui fait intervenir 
¿'autres grandeurs difficiles ? mesurer (pression et température 
locales des particules neutres). 

C'est pourquoi nous avons mis au point, à 1'ONERA, des 
techniques de mesures localisées des grandeurs /7^ et Tg . Ces 

mesures sont effectuées dans le sillage de maquettes larguées dans 
des écoulements en soufflerie à Aro bref. 



2. 

On décrit dans cette note, les dispositifs expérimentaux 
et les premiers résultats obtenus. 

Nous insistons particulièrement sur la technique des 
triplen-sondes (l) car cette méthode, très commode d'emploi, est 
susceptible d'être utilisable dans de nombreuses configurations. 

On décrit les dispositifs de largage et d'ensemencement 
en gaz électronégatif. 

Après l'exposé des conynentaires, on analyse dans la conclu¬ 
sion le programme expérimental et théorique déduit de cette premièie 
série de mesures 

1 * " 1)5 LfESUR£ ELISEE POUR U DETERMINATION DES CA RA CT K- 
BISTIklES ELECTRIQUES DES 5IILACES --~— 

Dans l'étude de la caractérisation des plasmas animés de 
grande vitesse d'ensemble (type plasma de rentrée), la sonde élec- 
trostatique est un outil de diagnostic très employé. Elle permet, 
en effet, d atteindre plus ou moins directement la température 
électronique et la densité des particules ionisées. 

De nombreux auteurs ont fait après Langmuir, des études 
théoriques sur l'emploi des sondes électrostatiques (2). Dans la 
majorité des cas, les sondes étudiées sont supposées en régime 
moléculaire ; cependant elles ont été souvent utilisées à des pres- 
sions elevees (de l'ordre de la pression atmosphérique) et ont donné 
des résultats satisfaisants (Réf (3) par exemple), en particulier 
en ce qui concerne la température électronique (4). 

Les méthodes de sondes simples, initialement utilisées 
pour des tubes à décharge, ont été également employées dans des 
écoulements de plasma; parmi les nombreuses applications les réfé¬ 
rences (5) M8) se rapportent plus particulièrement à des problèmes 
comparables a ceux rencontrés dans les sillages. 

Cependant, dans les plasmas instationnaires et animés de 
vitesse moyenne, la sonde simple s’est avérée difficile à mettre 
en oeuvre; d'une part le courant de collection électronique peut 
perturber le plasma, d'autre part, l'apparition de potentiels induit 
dans les écoulements a grande vitesse risquent de fausser la mesure. 

s 

• • • / • • • 



3. 

L'étude de ces püasmat* a donc nécessité la mise en oeuvre 
de méthodes de sondes doubles (5) et (10) qui n'utilisent que le 
courant ionique et ne sont pas perturbées par les potentiels induits. 
Elles exigent cependant un balayage en tension, car comme dans le 
cas de la sonde simple, toute la caractéristique de sonde est néces¬ 
saire à la détermination des paramètres du plasma (Pour l'étude des 
sillages ionisés, une méthode de double sonde à potentiel fixe a 
cependant été utilisée par TATE fil) en parallèle avec une autre 
méthode de diagnostic). 

La nécessité de balayer en tension pendant une durée où 
les caractéristiques du plasma peuvent varier et la difficulté 
d'exploiter les renseignements tension-courant obtenus, sont des 
inconvénients qui disparaissent en utilisant une triple-sonde (1). 
Dans l'étude présente, cette méthode est bien adaptée à la caracté¬ 
risation des sillages, en particulier ceux rencontrés dans les 
souffleries à arc. 

1.1. - Principe de la triple-sonde 

Après avoir rappelé le principe de la triple-sonde (1), 
nous exposerons brièvement les relations principales permettant de 
calculer les caractéristiques du plasma à partir de résultats de 
mesure. 

0n dispose d© trois électrodes cylindriques de surfaces 
identiques dont les dimensions, dans les conditions des écoulements 
rencontres en soufflerie à arc, permettent de vérifier les trois 
hypothèses suivantes: 

- Régime moléculaire 

- Epaisseur de gaine inférieure aux distances inter-sondes. 

- Distribution maxwellieme pour les électrons. 

Le schéma de principe est rappelé figure 1 5 le circuit 
de sonde 1 est un circuit à haute impédance de sorte que le courant 
circulant dans cette sonde est négligeable par rapport au courant I 
On mesure I et la tension entre sonde 1 et 2. 

La tension Vg étant imposée et la sonde 1 restant au potentiel 

flottant (fig. 2), on peut expliquer simplement le piincipe de la 
triple sonde en considérant que les trois électrodes ont la même 
caractéristique de sonde (cas idéal). 

La méthode revient alors è déterminer trois points de cette carac¬ 
téristique (fig. 3). 

» •. /... 



4. 

'•2- ’ de la température et de la dcn„-it¿ 
électroniques --- 

le courant global circulant dans chaque circuit fait 

¿.uiïuZ lit tenBit.éMvovrants «:^°”jquf:3Î 
se sent montré re3ultat3 de la théorie de LAFRAMBOISE (12) qui 
se sent montrés très commodes d’emploi. Cette théorie a déjà donné 

bons résultats dans des plasmas du type aérodynamique : 

Cf. References (13) à (15) et plus récemment Kéf. (16) # 

Pour ce Qui nous intéresse ici, on retiendra que le 
courant de saturation ionique ^ a là forme: 

J¿ * ne a ( _t \ F# (q R ^ ‘ \ 

\2nm<) «V! kTe 'T’Tj 

La fonction Ft* apparaît comme une densité de courant 

«l»îr?BlPnné!'fel3e e3t d0nnie ^ a^es doît oñ donnern 
exemple figure 4 (exemple déduit de la référence (l2)). 

tri ni D CeS ff 3Ultats 30rit appliqués au schéma précéaent de la 

s;: M^rsotr1’en fauant ie p- 

t+cxp zL y± 
kTz 

avec Oí - 1, 2, 3 relatif à chaque sonde, 

*1 [L V7 krt u tJ\ 

-, Z 
Me 

Mi 

(2) 

Ff est la fonction de courant relative au potentiel flottant. 



V D'autre part le potentiel V eat choisi de aorte que 
2 '' V1 (ce qui est le cas en soufflerie arc pour les 

températures électroniques rencontrées dans ces expériences), le 
bilan des courants permet d'aboutir à l'expression» 

ne (e/cm3) « ft59' f0-*( #1 f 1 (hU fr + * _ 
\Te(ev)J Sfarf) 1 k Te ’x/Ti 

.1 

(3) 

n T V t le gaz utilisé les dimensions des sondes, les quantités 
Vje’ V 168 relations (l), (2), (3) permettent de déterminer 

réseau de courbes paramétrées dont un exemple est donné figure 5. 

Puisque V1 et I sont des grandeurs mesurées et que Aj, 

est une fonction de Te et n^ on voit que deux itérations sont 

nécessaires pour remonter à T et n . 
e e 

REMARQUES» 

a - En pratique il suffit de connaître un ordre de 
grandeur de^la longueur de Debye pour ramener la 
resolution a une seule itération. 

b 
On realise des électrodes de dimensions identiques 
et placées dans un espace réduit pour que l'on 
puisse supposer les densités électroniques au 
voisinage des électrodes très peu différentes. 

Des facteurs correctifs peuvent intervenir si on 
considère un cas moins idéal , en particulier dans 
domaine des expériences réalisées, l’erreur sur la 
température électronique peut atteindre 20^. 

le 

2" ■ -P-SSCBimon DES EXPERIENCES ET DES MSPOSITTFS UTILISES 

C.8 étud„„tlT,f,fl'rlV "Aro 2 A" a été pour toutes 

cette ïne^LÂ 

UC coLod”1.rJ“iZea1^Ä e“ (2 )?* P9M“ ” 



6. 

L'ensemble du dispositif d'étude du sillage est représenté 
schématiquement figure 6 î Les maquettes suspendues dans la veine sont 
larguées au début de l'écoulement; leur chute est visualisée et la 
mesure proprement dite est faite par trois peignes de triples-sondes 
fixes placés dans le prolongement de la veine. 

2*1• “ Üaquettea 

Deux maquettes hémisphère-clothoïde-cône ont été utilisées. 
La première ( <t>s = 105 mm, De = 196 mm, L = 600 mm) a été 
choisie de façon à obtenir un modèle de dimensions maximales, accep¬ 
table dans la veine de la soufflerie. La seconde ( <£s = 35, 
De ** 65, L = 200) pouvait permettre par sa taille, une étude dans 
la partie^éloignée du sillage. Une troisième maquette dont les dimen¬ 
sions extérieures sont celles de la première a été munie d'un dispositif 
d'ensemencement (fig. 7) pour étudier l'influence de l'injection 
d'hexafluorure de soufre dans l'écoulement. 

Le réservoir de gaz prolongé d'un col sonique permet d'éjecter 
le gaz par l'éventail d'ensemencement à débit constant (de l'ordre de 
1 g/s). L'injection est faite à 45° autour de la calotte sphérique 
(fig. 7). L'ouverture d'une vanne qui déclenche l'ensemencement est 
effectues à la cassure du fil de suspension (voir paragraphe suivant) 
avec un temps de réponse de quelques millisecondes. 

2.2. - Largage 

Les maquettes sont suspendues dans la veine par deux fils de 
nylon de 2/10 mm de diamètre. A la formation de l'onde de choc les 
fils se rompent et se détruisent presque totalement, les maquettes 
se trouvent ainsi en vol libre après un temps inférieur à 10 ms. 
Cette durée est courte par rapport à celle de l'écoulement (100 ms) et 
il reste un temps suffisant pour faire une mesure saine dans le sillage. 

La chute des maquettes est cinématographiée à l'aide d'une 
caméra rapide ( 1000 images/s.). Ceci a rendu possible un 
relevé de trajectoires dont un exemple est donné fig. 6. On voit en 
particulier que le déplacement pendant la phase utilisable pour la 
mesure (50 ms environ) est faible, voir négligeable (maquette Dc=196) 
par rapport au diamètre du culot. La position des sondes se trouve 
ainsi pratiquement déterminée par leur position d'origine, et elle est 
connue à chaque instant. 

/ 
• • • / • • • 



7. 

Un exemple de visualisation est donné Figure 9 et 
Figure 10. Pendant toute la phase utile du tir l'incidence des 
deux types de maquette reste pratiquement nulle. Ceci a été vérifié 
sur la majorité des tirs. Certaines expériences ont dû cependant 
être rejetées, les conditions précédentes, pour des raisons aléa¬ 
toires liées aux conditions initiales, n'étant pas satisfaites 
(trop grande incidence, fil restant dans l'écoulement....). 

2.3. - Sondes de sillage 

Trois peignes de quatre triples-sondes sont disposés dans 
le prolongement de la veine comme l'indiquent les figures 6 et 1i| 
leur emplacement a été choisi afin de mesurer les caractéristiques 
électriques dans une zone intéressante du sillage proche (zone de 
recirculation et col...) tout en évitant d'être dans une région où 
le ^sillage pourrait être perturbé par des réflexions parasites 
(réflexion de l'onde de choc sur la couche limite). 

Les peignes et leur support sont aérodynamiquement profilés 
(épaisseur maximale 4 mm) comme l'indiquent les figures 12 et 13. 
D autre part, ils sont disposés à 120° les uns des autres ; dans 
ces conditions, les perturbations aérodynamiques d'un peigne sur 
l'autre sont réduites au minimum ;ceci a été vérifié pour deux tirs 
ayant des conditions génératrices comparables, la présence d'un 
peigne disposé de la façon précédente ne modifie pas de façon appré¬ 
ciable les caractéristiques électriques du plasma mesurées sur le 
second. 

Les triples-sondes sont constituées d'électrodes de 10_1 
«2 

et 5 10 mm de rayon espacées de 1 mm. Dans ces conditions, et 
compte tenu des caractéristiques d'utilisation de la soufflerie à 
arc, les conditions relatives ê la triple-sonde décrites au paragra¬ 
phe 1.1 sont satisfaites dans les sillages. 

Les peignes utilisés sont enfichables (fig. 12) de sorte 
qu'ils peuvent être démontés pour le nettoyage des électrodes après 
chaque tir. 

Enfin les mesures sont amenées par des connections 
noyées dans la masse du support aux dispositifs d'amplification, 
puis d'enregistrement, complètement isolés des masses de la souf¬ 
flerie ; tous les circuits sonde sont rigoureusement indépendants. 
Dans ces conditions le dispositif utilisé était rendu pratiquement 
insensible aux couplages et aux parasites (arc intense...). 
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3. - RESULTATS ET COMMENTAIRES 

3« 1 • - Mesures dans le .jet libre 

Dea expériences préliminaires aux mesures propres aux 
sillages ont été effectuées sur l'écoulement en l'absence de 
maquette. La figure 14a représente pour un tir dont les conditions 
génératrices sont relativement élevées (4 800°K pour la température 
g nératrice) l'évolution des courants collectés sur trois sondes. 
La densité électronique correspondante est représentée figure 14 b* 
elle reste toujours inférieure à 10® e/cm^ . Cependant deux zones 
restent a éliminer l’une en début de tir et l'autre au désamorçage. 

Les quinze à vingt premières millisecondes de l'écoulement 
correspondent à un^taux maximum d'impuretés ou de parasites dont 
1 origine n'a pas été clairement mise en évidence. 

Il faut remarquer que pendant le majeure partie de l'écoule¬ 
ment, celui-ci peut être considéré comme sain, puisque les densités 
électroniques équivalentes dans le jet libre sont de 102 è 1o5 fois 
plus^faibles que celles à mesurer. Cette constatation expérimentale 
est a rapprocher de l'étude théorique effectuée en prenant a priori 
une densité électronique amont non nulle (voir référence 20) égale 
8 10 , et en intégrant le système de cinétique chimique le long aes 
lignes de courant (21). Cette étude montrait qu'une telle "préioni¬ 
sation' choisie a priori, ne modifiait pratiquement pas le profil 
des caractéristiques théoriques, de sorte que les diagnostics du 
plasma créé par l'onde de choc détachée gardaient leur sens. 

3*2* - Mesures effectuées sur les sillages 

Les résultats obtenus sont résumés par les figures 15 à 19 

i V c°rfe®P°ndent è chaque sonde d'un peigne considéré, 
1 indice 1 étant relatif a la sonde située sur l'axe (cf: Fig. 11). 

+ Sur l’exemple d'enregistrement fig. 15, 0n retrouve les 
differentes phases du tir définies dans le paragraphe précédent. 

7*1 h P?nie °0fresP°ndant à 1& Phaae utile du tir, la détermination *11 ¿ température électroniques relative aux trois peignes 

la en fo,;ctîor\du temP8 (fie- 16). On peut ainsi déterminer 
la distribution^spatiale de ces grandeurs, relative aux deux maquettes 
i^ilg. 17 - io; a une epoque déterminée. 

On constate une excellente reproductibilité de la répartition d’un 

tubuîairp PîaSma eSt inhomogrne et Présente une structure 
tubulaire. La densite électronique est plus faible sur l’axe qu'à 

1 extérieurj cette particularité conserve (voir § suivant) quand il y 
a insemendement. se / m j 

• • • / • « • 



% Ija carte de Ia figure I9 n'est pas definitive puisqu' 
obtenue a partir d'un nombre de pointa de mesure limité. Cependant 
ce schema est très utile pour la définition des expériences ulté¬ 
rieures. Quoiqu 'il en soit, il apparaît clairement que la structure 
électronique du sillage proche n'est pas aussi régulière qu'il ne 
semblait auparavant. 

L,fpp^oximation couramment utilisée d'un sillage proche 
cylindrique à décroissance de densité électronique uniforme ne 
semble pas vérifiée, dans les conditions expériences. 

D autre part, on constate que la température électronique 
peut etre supérieure à la température d'arrêt des neutres; on peut 
rendre compte de^ce phénomène en introduisant les termes inélas- 
iques dans les équations hydrodynamiques macroscopiques du plasma 

ivoir ¿2); Si l'on prend uniquement en considération des processus 
de recombinaison, l'augmentation de température obtenue par le 
calcul ne conduit pas aux ordres de grandeur observés dans ces 
exp ri enees ; il apparaît nécessaire d'introduire des chocs superélae- 
tiques résultant de collisions entre électrons et particules exci¬ 
tées (principalement les niveaux de vibration élevés des molécules 
neutres h2). Cette étude est en cours de développement. 

ainsi : 
l'influence de l'échelle des maquettes peut être résumée 

Les valeurs maximales de 

génératrices identiques croissent 
ce qui met en évidence l'influence 
caractéristiques du plasma (2C). 

et de ng pour des conditions 

avec les dimensions des maquettes 
des effets de cinétique sur les 

» 

.. , El? ®e qui concerne la répartition radiale et longitudinale. 
I-ion/53 J d'obtenir des renseignements concernant 

influence de 1 effet d echelle; la résolution spatiale étant in¬ 
suffisante pour l'échelle la plus petite. 

3.3« - Essais d'ensemencement. 

„„ . E affini,t® électronique de certains composés halogénés 

oítrété\?rS+ '1Íte d'!g\r SUr la densit<5 électronique. Des essais 
ont etc effectues avec de 1'hexafluorure de soufre ( S Fc ) oui 
avait donné dans d'autres expériences (23) des résultats plis sa- 

1st comninèfpqUet UtreS^-mP08éS fCF4’ ^°n.).L 'hexafluorure 
mpl.tement oissocie f des températures supérieures à 3000°K 

et a des pressions partielles inférieures è une atmosphère. 
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Il ae produit un processus d'attachement électronique selon 
reaction du type trois corps 

F + e~ + M -J=± F~+ M 
z 

aue la t0mn¡UfaCtÍr da?S Í6 Sens 1 e3t d'autant Plus efficace que la température des electrons est plus basse et que la oressirn 
partiene de fluor est élevée. L'hexafluorure doit êïre ^labîe- 
ment dissocie s un taux eleve pour qu'une réduction notable de la 

!r“Î.éle0tr0nlqU?/f»T H*” f3erVé8- C*«‘ ««»f raison - , “ - - —- a t-te faite dans la zone du nez de la maquette 
tilisee, comme cela a été décrit au paragraphe 2.1.. 

.* , des représentés figure 20 sont relatifs à deux 
tirs dont les conditions génératrices sont comparables, pendant' 
la majeure partie de l’écoulement ( Tom = 5.Z00aKtpo ~ f j¿.) 
~\ rePresente la densité électronique mesurée pendant le 

tii ou une injection d’hexafluorure a été effectuée. (Débit d'injec¬ 
tion ~ 1g/SCC , , ce qui correspond è un pourcentage de Í à If 

en noids, en supposant un mélange homogénr dans la couche de choc). 

On remarque que la réduction maximale de densité évolue 

“wlrTÎ de laH80nde,3 (20 a> à la 2 (20 ») PuiH ïa sonae (2C c), quand on s'avance dans le sillage. 

Ceci correspond à une des 
l'injection, la dissociation puis 1 
avec le meilleur rendement. D'autre 
paraît limitée à une zone du sillag 
(fig. 20 c). Ces premiers essais d' 
que l'injection de 3Fç réduit le 
façon inhomogène et dans un rapport 

trajectoires optimales où 
'attachement se sont effectués 
part la réduction de densité 

e interne qui va en se réduisant 
ensemencement semblent montrer 
3 densités électroniques d'une 
plus faible que prévu. 

Si 1!8Jff!t3 me3Uréa restent faibles dans les conditions 
d injection précédentes, des expériences comparables avec ensemence- 

ficltifs! Chambre 8 arc ont donné de3 résultats bien plus signi- 

danfla^olíh^r ^ C^rants me3Urés sur trois sondes disposées 
ns la couche de choc d'une maquette hémisphère cylindre est carac- 

ÎSrèT de 1 innU8n0e de l'»e»nuoruro, c«/l. „„"tre !a 
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níre d'hexafluorure. Ce rapport tomhe i environ 10 avec 2 5 

temperature du iraz nine. eo-iv,i r Í zones ou la 
avec les lois de variation rie =, t- 3°r'ee ^ ’ C6 qUi fi3t en accor,i ce variation rie section efficace ri'attachement. 

COBCIUSIO«; 

rie maquettea^arguée^en^cours^de0!tenUS f1 l'3 
mettent clairL^ en vi a îruc^e 1,3 

arîLlî^orT 3V î:fîL:n:---3 
¡ZI !. ‘Irï.L f3.3.^38 exPérimentale8 permettent rie véri- 

oeu rians L puLf^^aXuerfeTpVrSc^Hlr^f““88!:'B-^ 
superélastiques pour les électrona).6" PartlcUller' 138 eoHisions 

différence^otabíe^hllr1 -3 38sai8 d'ensemencement montrent la 
dans la chamw I a l0r8tiU3 l'injection est effectuée 
largage ÛÏiHsée oer" ?t la méthode de largage utilisée permettra donc d'optimiser 1 H -n , 

p^frrirs:„^:réi"tisri“ - u“---e-8 
-s interactions 

être effectuées^dans Îef^meH^^:3,3“18688;“1.838 
1 'adaptation de paroi en matérUu^d'îé^tH^e^^iM1^^^: 

puissant où°ïesadi?«rêatÎsrt1 hT "“T 
utilisées simultanément?tea t30hr,1<iU88 d3 -83 P°P88°nt êtrs 
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Summa ry 

For slender ablating bodies in hypersonic flight, the aero- 

thermochemical properties in the wake flow field depend strongly 

on the physical and chemical nature and delivery rate of the ablation 

products released from the body surface. For those ablation materials 

commonly called low-temperature ablators, the mass loss rate is rela¬ 

tively large and the associated wake property influences are corres¬ 

pondingly great. Representative materials in this category, frequently 

employed on practical re-entry bodies, are epoxy resins and Teflon. 

The former are hydrocarbons and the latter a fluorocarbon polymer. 

The thermal and chemical effects of the dissociation, oxidation and 

charged-particle reactions among the ablation species and the air 

species produce important effects on the aerothermochemical property 

distributions in the boundary layer and wake flow field, notably the 

electron density and temperature fields. 

Reported and interpreted in this paper are the results of 

theoretical computations of flow field properties in the non-equi¬ 

librium boundary layer and wake of a slender conical body for both 

epoxy and Teflon ablation materials and for two altitudes. Finite - 

difference numerical solutions are employed to ascertain the importance 

of the various thermal and chemical effects, emphasizing the altitude - 

dependent influences exerted upon electron generation and disappearance 

since the radar scattering properties of wakes are of great interest 

currently. Besides the heat capacity and thermal effects of dissociation 

and oxidation reactions, some chemical processes peculiar to these 



materials and of particular relevance to electron concentration are 

studied. These are hydrocarbon chemi-ionization and electron attach¬ 

ment to fluorine atoms. The significance of these processes in hyper¬ 

sonic flows has received relatively little theoretical analysis in 

the past. 

The results reveal that the physical and chemical characteristics 

of low-temperature ablators create important effects upon the aero- 

thermochemical properties of hypersonic boundary layer and wake flows. 

Furthermore, the relative significance of each causal mechanism is 

found to exhibit a notable sensitivity to the density level (i.e., 

altitude). 



Resume 

Considérons des corps fusiformes d'ablation en vol hypersonique; les propriétés 

thermochimiques du champ d'écoulement de leur sillage dépend dans une large mesure de 

la nature physico-chimique et du taux de dégagement des produits d'ablation émanant 

de leur surface. Pour ces matériaux d'ablation, appelés communément ablateurs à 

basses temperatures, le taux de perte de masse est relativement élevé et, parallèle¬ 

ment, les effets des propriétés du sillage sont importants. Parmi les matériaux 

représentatifs de cette catégorie, citons les résines époxy et le Teflon. Les premiers 

sont des hydrocarbures, le second un fluocarbure (polytétrafluoroéthylène). Les effets 

thermiques et chimiques de cette dissociation, de cette oxydation, et de cette réaction 

de particules chargées qui s’opèrent parmi les substances produites par l'ablation et 

les éléments de l’air se font sentir avec force sur la répartition des propriétés 

aérothermochimiques dans la couche limite et le champ d'écoulement du sillage, et, en 

particulier, sur la densité en électrons et les champs thermiques. 

Au cours de cette communication, les auteurs exposent et interprètent les résultats 

des calculs théoriques portant sur les propriétés du champ d'écoulement au sein de la 

couche limite et du sillage en état d'équilibre instable d'un corps conique fuselé, 

pour des matériaux d’ablation soit d'époxy. soit de teflon, ils font appel à des 

solutions numériques aux différences finies pour vérifier l’importance des divers 

effets thermiques et chimiques, en soulignant les influences qui s'exercent sur la 

production et la disparition d’électrons. Ils étudient par ailleurs la capacité 

calorifique et les effets thermiques des réactions de dissociation et d’oxydation, 

et certains processus chimiques se rapportant particulièrement à la concentration en 

électrons: ionisation chimique des hydrocarbures et fixation d’électrons sur les 

atomes de fluor. On s’est relativement peu attaché, jusqu’ici, à analyser l’importance 

de ces processus dans les écoulements hypersoniques. 
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I. Introduction 

During the hypersonic flight of an object through the atmosphere, 

the heated and ionized wake trail generated is observable from the 

ground by radar and optical detection systems. Also, the transmission 

of electromagnetic signals emitted or reflected from the object 

can be affected seriously by the electrical properties of the flow 

field about the body. The pertinent properties of these flows, in 

general including all of the properties describing the aerothermo- 

chemical state of the gas mixture, can be influenced significantly 

by products of ablation released through response of the surface material 

to aerodynamic heating, especially for slender bodies (References (1) 

and (2)). The extent of such ablation product effects depends, of 

course, on the physical and chemical nature of the ablated species, 

as well as on the quantity of such material added to the air stream. 

For those ablation materials commonly called low-temperature 

ablators, the mass addition rate is large relative to that of other 

heat protection materials. Also, for some such ablators the released 

products exhibit chemical behavior of particular importance with re¬ 

spect to electron generation and disappearance, and so to the electro¬ 

magnetic interaction problems mentioned above. Therefore, it is of 

interest to study the influences exerted by these materials dh the 

aerothermochemical properties of the non-equilibrium chemically 

reacting boundary layer and wake flow fields for slender bodies. 

Two low-temperature ablators, which can create interesting 

chemical effects in the flow field,are the epoxy resins and Teflon. 

The epoxy substances are hydrocarbons which, in the process of 
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degradation and oxidation (combustion) in the air stream, can supply 

free electrons to the flow by chemi-ionization (Reference (2)). 

Teflon, a fluorocarbon polymer, decomposes to yield a considerable 

concentration of fluorine atoms and molecules in the boundary layer. 

These can react with free electrons to form negative fluorine ions, 

thereby reducing the electron density in the field (Reference (2)). 

Of course, for both materials the heat capacities and reaction 

energies (for example, cooling by dissociation and heating by 

oxidation) can produce appreciable modification to the gas temperature 

field, and so also to the rates of the several reactions which affect 

the electron concentration. In addition, the presence of trace 

quantities of impurities, especially alkali metals such as sodium, 

in the ablation material can produce enormous influences upon the 

electron concentration in the flow field for any ablation material. 

In many cases, such contributions can constitute the dominant source 

of electrons in the flow (Reference (1) and (2)). 

Very little theoretical analysis has been performed of all these 

physical and chemical features in combination for the low-temperature 

ablation materials in realistic re-entry environments. Because the 

previously cited problems of electromagnetic interaction with re¬ 

entry flow fields are of great current interest, and since these partic¬ 

ular ablation materials are representative of commonly employed 

heat shield materials, theoretical computations are reported here of 

the aerothermochemical property fields in the non-equilibrium boundary 

layer and wake of a slender body under hypersonic re-entry conditions 
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for both materials. In addition, computations for a nonablating 

vehicle are presented. Because several of the phenomena under study 

are sensitive to the density level, either through Reynolds number or 

chemical reaction rate dependences, computations have been performed 

for two altitudes in the atmosphere, differing in ambient density 

level by an order of magnitude. For the higher density condition, 

the epoxy case also is studied in the absence of alkali metal to ex- 

amine chemi-ionization free of major competing ionization mechanisms. 
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II• Pescrlption of Analysis Methods 

A. Flow Fields 

The analysis of the non-equilibrium chemically reacting flow 

about and behind a slender conical body has been performed through 

the application of numerical solutions on an IBM 7094 digital computer. 

For the viscous flow regions, adaptations of the finite - difference 

formulations developed by Blottner (Reference (3)) for the boundary 

layer and Langan (Reference (1)) for the far wake have been utilized. 

These flow regions are the ones in which significant effects of 

ablation products are realized. Of course, the surrounding inviscid 

flow regions have been analyzed in order to provide the required 

boundary value data for the viscous flow problems. In addition, 

the near wake or base flow has been treated by an approximate semi- 

empirical analysis based on the experimental data of Muntz (Reference 

(4)). An important feature of the near wake analysis in the present 

application is the assumption of chemically frozen flow in this 

region. The methods for the inviscid flow and near wake analysis 

are described in References (1) and (2). 

B. Chemical System 

The reaction mechanisms and rate constants used are given in 

Tables 1-3. The system consists of 30 species and 48 reactions. A 

survey of the kinetics of the system by Kaskan and Browne 

(Reference (5)) provided the basis for the kinetics of CO and H2. 

Some of the reaction rate constants given in that report have since 

been up-dated by Browne and it is these revised values that are listed. 
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The mechanisms and rate constants for the oxidation of acetyiene are 

the results of a recent investigation of lo„ pressure flames and a 

tentative analysis of these data using a computer program which 

provides for diffusion and is capable of handling 30 species and 150 

reactions (heference (6,,. »auction rate constants for the oxidation 

°f C2F4 are those suggested by Browne fro. a survey of the liter.- 

ture, as are those for the air anH »it ,-, 
r and alkali metal systems (Reference (1) 

and (2)). 

The approach tahen to calculate electron production from acetylene 

“ the reSUlt °f a ^““"»logical analysis of data obtained with pre- 

mixed acetylene flames buminc at low nr„cc 
uming at low pressures on flat, water cooled, 

porous metal burners (Reference (6)1 e 
ce (b)). The fraction of acetylene 

molecules that yielded ions were computed takln» ,„r„ 
pucea, taking into account diffusion 

of both ions and fuel, as well as ion recombination. The rate constant 

Tor ion recombination was detensined in that region of the flame ^ere 

ions are no longer produced but decay in a second order process. For 

computational purposes, acetylene is assumed to give „3o‘ ions, the 

principal ion present in f,ame.. „ „as observed that the io„ yield, 

fraction of acetylene molecules oxidized to give ions, decreased 

with increasing ratio of fuel to oxygen in the feed gases and that 

this yield was proportional to the hvdrox*! , 
Lne nyflroxal radical concentration. 

The net rate of production of H„0+ ions R + j r , 
3U ns, RH3q , an(j 0f electrons, R , 

from acetylene is found to be given by: 

SO* ■ «e * >•«! « >03 RC2H2 (OH, . 2.„ « 1017 ,„30r, (e) 

“here Rc2H2 is the rate of disappearance of acetylene and where units 

áre in gin-moles* crn^ <5pr tv»-«*. 
. , sec. This scheme could be readily extended to 

include other fuels if it were founrf < . 
found that ion production from these is 
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-SO proportional to hydr„ryl radica, concentrationa. Busier and 

Psd,ey (Reference ,7„ Kave odtained re,ative ioniration efficienciea 

Por a ,arge „u„ber of foe,a ^ieh 5ho„,d prove useful for 

tions. 

There are aevera, appro„mtio„s that might be ejected to limit 

PHe accuracy of the prenant compotatione. Reeearch programa c„rrent,y 

underway at Cenara, B.eotric Compa„y as „eil aa e,Se„here ahoo.d, in 

the near future, alleviate some of the difficult^ ^ 
oxtriculties and put the results 

current investigation on a firmer footing. The ablation products 

from epoxy resins are approximated by acetylene, hydrogen, carbon 

monoxide and tracen of ^ and »a. To the extent that the ohemiatr. of 

oxidation of the true producta of ablation differ from thoae of the 

assumed products, discrepancies „in arise. Of p.rticu,ar importance 

18 th‘S C°"neCti0" “iU be or rate iimiting steps of 

combustion, fortunate,., on a per carbon atom basis, ail hydrocarbo„s 

6‘ve a rather similar yie,d of ions .Reference <7„. For example, 

the ratio of ions produced from acetylene to 
cetylene to those produced from methane 

0.. a per carbon atom basis is about 3 or 4 to , „ith „at other hydro- 

earhon fuels giving . yield some^ere betveen> ^ ^ 

molecules „hieb yie,d ions on oxidation does not depend ver, strong,, 

on temperature or on reaction conditions in lean . 
aicions in lean systems. Similar 

ypelds have been observed in flames. shocR tubes and flow tubes, in 

on ion production over a temperature range of X»Y In vle„ of £he 

shove and the higher burning velocit, of acet„e„e in co^arison „th 
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”ny hy“n fUeIS' “ 15 the present eilcuIatlons 

"ill give electron concentrations £rom che„i.i„„Izatlon that are some_ 

olves the neglect of particulate matter in the boundary layer and 

"*!e, "hich if present in substantial amounts mi6ht he expected to 

seriously alter electron concentrations by serving as either a source 

or sink for electrons. The chemistry of oxidation is still 

speculative at this time. Nevertheless ^ 
evertneless, the present calculations 

should give a reasonable description of th* j 
ription of the boundary layer and wake 

chemistry, although one uhich may not be correct in 
every detail. 
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To meet the objective'! nf Uric ^ j J t!ves of this study, ,e,e„ body an(J uake ^ 

fields have been calculated Tho«, j , . 
. These include two altitudes, 125 kft. 

and 175 kft,; and three basic ck i 

Hvd K Che”iC<il Tef.on . Sodiu„ . Alr> 

ydrocarbon - Sodium - Air, and Sodium - Air The 
Air* The seventh calculation 

is for the 125 kft. altitude and a Hvdrnc k 
4 u a Hydrocarb°n - Air che,-deal system 

without sodium. 

^ night conditions, hody c„„flguration and boundary layer ^ 

conditions are listed in Tab'e 4 Th 8 

to all ' Ihe ln-íectíon tate appllcabIe 
seven cases is shown in Fleure in . 

d t gUre <U ““ the hormalizing vslues are 
listed theteon. The injection rate for x > 0 t f , 

«ui. ror X > 0.5 feet was varied in¬ 

versely as the square root nf n-. 
root of the vetted length, x. The bl„„ing para. 

meter is defined to be 

B. P. 

ollovs, for constant edge conditions, that the blowing paraveter is 

constant for x > 0.5 feet. In addition to these considerations the re- 

erence injection rates .ere adjusted for the two a.titudes so that the 

valus Of B P. „as nominally the same for all fire large injection cases. 

' ÍOr Iefl°" ^ calculations., The ablation rates 

and the wall temperature are typical for in. - 
ypicai for low-temperature ablators. The 

sodium - air injection rate was calculated tn a 
< t calculated to give the same total sodium 

injection as the T.flon and Hydrocarbon cases, name,,, ,33 pPM. 
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¿iscussion ,„d lntatpretatl0„ ci resultB be done by 

«He, „„e chelea. sÿste» «one aoofaoa Mterl«1) at a tiM. Sbnoa 

air . sodiuni syaten (no„abl.tl„8 bo,,, ls use(1 as ^ 

caaa, a„d sl„Ce the8e calcmationa Mre ha„d«ed dl£fere„tly fro„ the 

other five oaaea, the atr - 8^lu„ 8y8tem ls dIscussed flr(t_ 

alculations pertaining to the boumlary layer for the two 

sodium - air cases consist of finite rfiff 
nite - difference solutions to deter¬ 

mine the overall boundary layer flow field anH 
tieid and an approximate tech- 

ni,ue superimposed on these oalcui.tions for the purpose of deter- 

P th‘ ,eVeI a,,d trendS °f the 80dlU" — .ayers 
or the other five oases, however, were entirely the results of 

£lnlte ' d‘f,eren" —‘»«»"a. Returning to the two sodium . air 

cases, similarity techniques were used to calculate t-h f 
. , calculate the fractional amount 

of sodium ionized at the oeak t-rnnor,,. ^ 
f| P temperature point and to calculate the mass 

ow of sodium ion in the boundary i.ye^ Specifical.y, the tech„iq„e 

f°r °bUinln8 , is due to benard 

(Reference (8)). The actual values of peak temperature, 2"*, ^ * 

Sa. M, etc. mre taken from the existing finite . difference calculation, 

o mass flow of the sodium ion was assumed to be related to that of 

NO by the peak values, i.e. 

The mass flow of »0* „as determined from the existing calculations. The 

*The o symbo, reiars to a „„antity .t the peak temperature point. 
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NO profile should not be greatly affected by varying amounts of sodium 

since it (N0+) is produced mainly in the immediate vicinity of the peak 

temperature and is largely diffusion controlled from there out. The 

mechanism for N0+ production is 

N + OÍS N0+ + e' 

Hear the peak temperature the forward rate prevails so that the mass 

fraction C^-* Is little affected by the presence of additional elec- 

trons due to Na+. 

The gross features of the air - sodium calculations are a high 

value of peak temperature that stays relatively constant and close to 

the wall (Figures (3). (4) and (5)) and a high degree of sodium ioniza¬ 

tion at the peak temperature (Figures (6) and (7)). The peak tempera¬ 

tures are due almost entirely to viscous dissipation for both altitudes. 

At the lower altitude, there is a small decrease in temperature with 

wetted length attributable to the increased chemical activity at this 

altitude. Virtually all of this activity is manifested in the reactions 

(1) 02 + M^20 + M 

(2) N2 + 02e2N0 

which are going to the right (endothermic). 

The level of sodium ionization, as seen in the values of elec¬ 

tron density at the peak temperature point, is relatively high for 

both the 125 kft. and the 175 kft. altitudes (Figures IB) and (9)). 

The several factors influencing the ionization level of sodium in¬ 

clude temperature, density and distance downstream from the start of 

injection. The dominant reaction producing both sodium ions and elec¬ 

trons is the direct ionization reaction (Nq.20) 

Na + MitNa+ + e" + M 
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Two other reactions of lesser importance are Numbers U8) and (W; 

Na + 0 Na* + 0 ' 
2 2 

Na + 0 Na+ + o- 

The „„re important of these t«, is the first (No. (18)) because 

of the large amount of molecular oxygen available in a sharp-cone 

boundary layer. 

Hydrocarbon Boundary Lavers 

An outstanding feature of the hydrocarbon boundary layers is the 

dramatic drop in temperature due to the vail injection (Figures (4) and 

<5». As expected, the sodium-dominated electron density follow, the 

peak temperature trends (Figures (6) and (7)) to reach the lowest 

values of electron density exhibited by the six sodium cases. Only 

the hydrocarbon boundary layer without sodium showed a lower level of 

electrons over the five foot length (Figure (6)). This latter case 

differs from the other 125 kft. hydrocarbon boundary layer only i„ the 

sodium injected. Therefore, they will be discussed concurrently. 

Hydrocarbon Boundary Layer at 175 Kft-- 

The initial drop in temperature from the pure air initial condition 

occurs as the boundary layer adjusts -o the blowing at the wall. The 

temperature drop is due primarily to decreased viscous dissipation 

( <! decreases) and to an increase in average specific heat. 

The velocity profile (Figure (2), indicates that the velocity 

gradients are smaller for the blowing case. This in turn lead, to less 

Viscous heating and therefore, lower temperatures. The average specific 

heat from the wall to somewhat past the peak temperature point i. larger 

than the pure air case due to the presence of large apunta of 
acetylene 
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(CpÄ2-4 Cpair) and molecular hydrogen (C ^ 14 C ). The net effect 
F pair 

on the specific heat is about a 50% increase over the pure air value 

near the peak temperature. 

Except for ion production, there is no important chemistry going on 

because the boundary layer pressure is too low. Mass fractions of the 

dominant injected species are nearly constant at the peak temperature 

points (Figure (10))and the boundary layer mass flux of acetylene, 

CO, and molecular hydrogen are virtually identical to their injected 

values (Figures (11) and (12)). 

Ion production is dominated by the direct ionization mechanism 

(No. (20)) 

Na + M it Na+ + e" + M 

which is quite temperature sensitive. For this reason, virtually all 

of the sodium ions are produced in the vicinity of the peak temperature 

point and are diffusion controlled elsewhere. A manifestation of this 

fact is seen by comparing sodium mass fraction at peak temperature to 

the mass flux of sodium (Figures (13) and (14)) and noting similarities 

in their respective trends. 

2in* “«J cNa+/? £*dy 

* 2T(2T)ijNe S^f'dy 

L a r^Sia+ 
^ V 00 J ^ f*d7 

• 3/2 a 
^a+ = (Const) (X )(CNÄ+<X)) 
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• 'X! O 

JbS wv 
>a+ (X2) ' ^2/ ^ ,x2) 

The above relation will hold generally when profiles are similar 
A 

and ^sPecles^ are functions of X (or ^ ) only. 

The major effect of large blowing in this case is the reduced 

level of sodium ions, attributable to the reduced temperature. A 

secondary effect of blowing, which is also a materials effect, is that 

the element mass fraction at the peak point is lower than for the air 

and Teflon cases. Simply stated, there is less total sodium available 

to be ionized at the peak temperature point. 

The reaction second in importance to direct ipnization is 

+ 
Na +0^ Na + 0 ‘ 

2 2 

This reaction is affected by blowing in the same way as the direct 

ionization. Also, while it is of some importance at the 175 kft. alti¬ 

tude, it will be seen to be of less importance at the lower altitude 

(125 kft.) because burning depletes the available C>2 supply near the 

peak temperature point. 

Hydrocarbon Boundary Laver 125 Kft. 

The initial drop in peak temperature is qualitatively the same as 

for the 175 kft. case. Unlike the higher altitude hydrocarbon boundary 

layer, however, the peak temperature starts to rise at the two-foot 

station (X = 2.0 feet)(Figure (4)). Consistently, the boundary layer 

mass flow of acetylene drops and that of carbon monoxide rises from 

their respective injected values (Figures (17) and (19)). 
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Once the gross flow properties adjust to large mass injection 

(X ~ 0.7 feet), there is a region of approximately constant peak temper¬ 

ature until X~2.0 feet and then the (peak) temperature starts to rise 

due to hydrocarbon burning. The delay experienced in attaining a 

significant temperature rise (0.7' < X<2.0') is due to the time re¬ 

quired for the necessary intermediate radicals (C2H, CH^ CH, etc.) to 

build up (Figures (15), (16), (17) and (18)) so that the overall com¬ 

bustion chain can go fast enough to cause an increase in temperature. 

The dominant exothermic reactions are numbers (36), (38), (39), (41), 

(42) and (43). At this point (X fii 2.0 feet), all of the intermediate 

species are chemically controlled. Acetylene, carbon monoxide and 

molecular hydrogen are controlled by the fluid mechanics of the boundary 

layer (wall injection and diffusion). 

Downstream (X » 5 feet), diffusion is expected to exert more in¬ 

fluence, For example, the value of (^H at the peak temperature point is 

decreasing (Figure (16)). This is due to reaction (36) slowing down and 

leveling off because of decreasing (y^ and increasing CO (Figure (15)). 

Both the C2H2 deficiency and the CO excess are due to diffusion (or 

normal convective) limitations. Another sign of diffusion limiting is 

the relation between molecular and atomic oxygen. From two to five 

feet molecular oxygen went down by a factor of ten (Figure (15)) while 

atomic oxygen went up only by a factor of three and appears to be 

steadying out. Most of the reactions are, in fact, leveling off either 

because the level of the reactants is decreasing or the product level 

is increasing, or both. A "steady-state" is still not reached by the end 

of the body. 
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When sodium is present, its ion is dominant and controls the elec¬ 

tron production (Figures (13) and (14)), The H30+ ion plays a poor 

+ + 
second to Na . However, when sodium is removed, not only does H30 

become the controlling ion but it rises above the level it attains in 

the presence of sodium by a factor of twenty in mass fraction (Figures (20) 

and (21)) and a factor of fifty in total mass flux (Figures (22) and (23)). 

Again, the controlling reaction for the production of Na+ is the 

direct ionization reaction. 

+ 
Na + M Na + e" + M 

Reaction (18) 

Na + 0 ^ Na+ + 0 ’ 
2 2 

is of some importance for X< 2.o', but declines rapidly as the mass 

fraction of O2 drops (Figure (15)). Reaction (19) never assumes a 

prominent role in ion production. 

Virtually all of the H30+ ions are produced in the egion of the 

peak temperature point, in accord with the empirical reaction scheme 

which relates this chemi-ionization process to the acetylene consumption. 

The large amount of electrons produced by sodium suppresses the net 

production of H30 by neutralization. Without sodium-generated elec- 

4* 

trons, there is more H30 and the resulting electron level is quite 

significant by the and of the body (Ne- « 2 x 1010 electrons/cm3, 

Figures (6) and (21)), Thus, it appears that a significant level of 

electron population may be reached at this altitude even without 

metallic contamination. 

As in the 175 kft. case, the major effect of blowing is manifested 

(in the sodium case) by reduced ionization due to a reduced temperature 
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(Figure (20). A secondary blowing effect, also due to the thermo¬ 

dynamic properties and to combustion taking place somewhat beyond the 

peak temperature point, is that the total sodium mass fraction at the 
çNa 

peak temperature point is reduced to a value of c^a (compared with 
'wall 

0.5 and 0.6 for Teflon and air, respectively). The peak temperature point 

has moved out from the wall while the fluid mechanically dominated element 

mass fraction profile has been relatively unaffected by the material 

properties and combustion processes. 

Teflon Boundary Layer 

The peak temperature drop for both altitudes is due primarily to the 

heavy blowing condition at the wall and the associated decrease in 

velocity gradients (Figures (2), (3), (4) and (5)). The drop for Teflon 

is less severe than for the hydrocarbon case mainly because of the differ¬ 

ence in specific heats. Those for the Teflon species are generally 

comparable to pure-air species while the hydrocarbon specific heats tend 

to be much higher. 

At the higher altitude, the temperature is virtually constant while 

at the 125 kft. altitude there is an appreciable temperature decline 

Consistently, there are no important thermal effects due to 

chemistry near the peak temperature point at the high altitude while, for 

the low altitude case, two endothermic reactions are causing temperature 

to drop. These two reactions are 

(27) CF + 0 ->2F + 0 + CO 
2 2 

(29) F CO + M-»2F + CO + M 
2 



-17- 

Reactic (27) ls the more effective because it is going at a 

faster rate. This is mainly due to a higher rate constant (ten times 

greater). 

t both altitudes, is quickly dissociated into CF . At 175 kft., 

the mass flux of CF., is nearly equal to the injected mass flux (Figures 

<25) and (26), implying that there lB „„ ^ ^ ^ ^ ^ 

comparable level. Consistently, the peak temperature is virtually constant 

since the breakup of C^ occurs near the „all and has little direct 

effect on the peak temperature. At ns 
h ature. At 125 kft., there is far more differ- 

cnee bet»en the rass flux of C^ and the injected „ss flux (of c F , 

(Figures (28, and (2,,,. These observations together „ith the trends of 

the peak temperature provide a gross estimate of the level of chemistry 

going on in the boundary layer. 

At the high altitude, the ion chemistry is dominated by sodium 

(Figure ,30, and (31,,. Sodium ions are produced for the most part in the 

vicinity of the peak temperature point. The mass fraction of sodium ion 

produced depends on the temperature (fractional ionixationm ^ being 

quite temperature dependent) and on the element mas. fraction of sodium 

(C"*> at that point. The temperature level is determined mostly by the 

fluid mechanics in this case. The element mass fraction, which is 

approximately proportional to the velocity defect, i.e., 

CNa 
cNa 
wall K'-y 

has a value of 0.5 at the peak temperature point - compared to values of 

-0.6 for air and -0.4 for hydrocarbon. 
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The ions for the 125 kft. case are also sodium dominated, but here 

fluorine attachment has become relatively more important (Figures 

(32) and (33)). Attachment occurs predominately near the wall while 

ionization is controlled farther out at the peak temperature point. 

The major attachment processes are 

F^ + e" F" + F 

F * e' + M F" + M 

both of which have maxima near the wall. The relative importance of F” 

and Na+ may be seen by comparing mass flows (Figure (33)) or mass 

fractions at the peak temperature (Figure (32)). Both figures show 

that the F is rising more rapidly than the Na+. This is due to a 

decreasing peak temperature which inhibits the production of Na+. 

Massive wall injection, as such, has had less effect on sodium 

ionization for the Teflon cases than for the hydrocarbon boundary layers. 

This is primarily because the temperatures do not drop as much for the 

Teflon as for the hydrocarbon species, because of the hea*- capacity 

differences, 

c« Wake 

The discussion of the wake results is confined primarily to the 

axis of symmetry, realizing that the off axis behavior may be significantly 

different. For example, the decay of some particular species concentra¬ 

tion on the axis may be controlled by chemistry, but the concentration 

curvature off the axis may change substantially and cause the diffusion 

to predominate there. Therefore, the axis aerothermochemical behavior 



-19- 

in the following diScuSsio„ is not necessarily indicative of the be. 

havior across the entire viscous wake cross section. 

Temperatur«* 

«-ay along the wake axis is shewn Figures 

<34> and (35, for the Teflon, hydrocarbon and air cases. Chemical 

reactions occurring in the l.mi„ar wake at 125 kft. have a significant 

effect on the temperature. In the hydrocarbon case, the combustion of 

C2H2 raises the temperature; while in the Teflon case, the rapid rate 

Of the endothermic reaction CF + 0 ->C0 + 2F + n rD 
2 2 u + ¿F + 0 (Reaction (27)) 

lowers the temperature. Dissociation of «section (25,, is also 

because of its rapid depletion, its effect on the „is temperature is 

small compared with Reaction n 
Keaction (27). Upon transition to turbulent flow 

at an axial distance of 25 ft. from the wake neck, the assumed sudden 

commencement o, rapid turbulent mixing causes a steep decrease in 

temperature. However, because of the rapid combustion of C« occurring 

off the axis, the hydrocarbon case develops an off.axis temperature 

Peak (Figure ,35,, ^h helps to raise the axis temperature above the 

a.t value after transition. The relative temperature levels in the 

turbulent wake will have an effect nn m * * 
the rate of electron attachment 

for the different cases. At 175 kft., the temperature distribution 

laminar wake is controlled primarily by conduction which is more 

important at this altitude than at 125 kft ThP rfn < 
Ktt. The dominant reactions 

affecting the temperature dis tribut- 
ibution are the same as for 125 kft,; 

however, their rates are not as fW tk L 
as fast. The combustion of C2H in the 

laminar wake for the hvHmrnvk/a.. 
the hydrocarbon case raises the temperature above the 
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Teflon and air values. After transition, the relative temperature 

eveIs are the same as at 125 kft., i.e., the hydrocarbon case has the 

highest temperature, the Teflon case has the lowest, and the air case 

lies in between. 

Electron Density 

Sho«, in Figures (37) and (38) is the electron density decay along 

the vake a«is for each of the seven cases considered. At 175 kft., 

the decay rates are fairly sinilar and the electron level is essentially 

determined by its initial value, the hydrocarbon case has a much lover 

initial electron density than either the air or Teflon cases because of 

its lower temperature in the boundary layer; consequently, the sodium 

ionization is reduced. In the laminar portion of the vake, the decay 

is controlled by diffusion and is not influenced significantly by 

the differences in temperature betveen the three cases. After transition, 

the electron decay is controlled by turbulent diffusion vith molecular 

oxygen attachment (Reaction (24)) becoming more important vith increasing 

distance from the neck. By about 1,000 feet these tvo effects are 

nearly equal in value and by 3,000 feet 02 attachment is depleting elec 

tror.s several times faster than turbulent diffusion. Atomic oxygen 

attachment (Reaction (23)) and fluorine atom radiation (Reaction (33)) 

are the most rapid electron removal reactions in the initial laminar 

wake; hovever, their effect on the electron decay is decidedly less than 

that of diffusion. For the hydrocarbon case, there is no significant chemi 

ionization to alter the electron level. 

The effect of the different heat shield materials on the electron 

density becomes more pronounced at 125 K. This is to be expected since 
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the higher density causes the chemical reactions 
reactions associated with the 

;ster rates' a"d -—- -. SMUer thM at 

k- "e chMist- - Mse raises the electrons ab 
the level of t-ho • electrons abov 

creasingl CaSe, ^ ^ ^ Chem in- 

P d|y than the hydrocarbon curve her 
curve becauae of rapid electron attach- 

ment to molecular j ^i-i-acn- 
01ecular and atomic oxygen (th* mrri 

yg (the molecular attachment is fhe 
more important of the two) rh 

the Tef1 * eSe reaCtÍOnS Pr0Ceed more rapidly in 
on case because of a higher mixture densitv 1 

different degree of Dro , , ^ 
Proximity to equilibrium, and hieher av.ilabiHty 

■ “ "• •“ —- -. -. V ... - ., ,. J 
during combustion.) ^ 

Another interesting comparison at 125 kft is h . 

carbon cases. F„r rh ^ ^ ^dr°- 
the case with sodium o aM-orsv. 

> C>2 attachment (Reaction (24)) 
becomes important about 100 ft f 

significantly to the electron ^ 
f ^ decay beyO"d ‘hin location. „„„ever, 

case without sodium, this reaction is nor , 

reason being that it is , ^ 
is nearly in eguilihrium because of the rapidity 

of the reverse rate (O’ + M-*.0+o- + mx V 

the reverse rate is not ' With SOdlUin‘ 
not as rapid because of the depletion of 0 ‘ by 

Reaction (18) (Na+ + 0 + n ï 2 Y 
2 O2). Thus the speed at which 0 atr u 

electrons is influenced by the meeh , 2 heS 
be chemi , »“hAnisms for removal (whether they 
be chemical or diffusive). The relatí , , 

vely large amount of electrono f 
‘he case without sodium were generated h w 

g nerated by chemi-ionization and not fron, 

Reaction (7) (N * 0-|lo+ r e-) This ,, 
’• all0"s £P‘ ‘he possibility of 
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significant electron population in the wakes behind "clean" heat shields. 

Species 

Figure (39) shows charged species concentrations (proportional to 

mole fraction) for the comparison mentioned above. In both cases, the 

electron decay follows the dominant positive ion until C>2 attachment be¬ 

comes important, The levels of the other charged species do not affect 

the electron concentration. 

The variation of charged species concentration along the wake axis 

is shown in Figures (40) and (41) for the hydrocarbon (with sodium) 

and Teflon cases. Both altitudes have rapid chemical reactions occurring 

far into the turbulent wake. The species whose axis mass fractions in¬ 

crease after transition develop off-axis peaks in the laminar regime 

which diffuse toward the axis because of the large turbulent diffusivity. 

The most notable of such species is 0^, whose off-axis peak results 

from rapid electron attachment. Again, the several other ions shown 

are observed to be insignificant in determining the wake axis electron 

level. Although F has the largest negative ion concentration, it does 

not control the electron decay in the wake. Its concentration increases 

in the laminar regime because of attachment (Reactions (31), (32) and 

(33)) and diffuses away after transition. Since these reactions are 

attaching electrons at a rate which is far from equilibrium, their 

effectiveness would not be influenced by some F removal reaction, 

e.g., F’ + Na+~* F + Na. 

For completeness, Figures (42) and (43) show the variation of the 

neutral degradation products along the wake axis for the hydrocarbon 

case at 175K and 125K. Also included is the variation of Oj and 0. 



-23- 

The behavior of 02 and 0 at 175 kft. indicates that the combustion of 

C2H2 is not very pronounced; however, their rapid decrease in the 

laminar position at 125 kft. shows that the combustion is proceeding 

much more rapidly at this altitude. Generally speaking, the concentra¬ 

tion of the intermediate species seems to be most affected by the com¬ 

bustion process as compared with the major degradation neutrals which 

tend to be controlled by diffusion. 

Shown in Figures (44) and (45) is the variation of the Teflon 

neutrals along the wake axis at 175 kft. and 125 kft. The initial rapid 

decay of is caused by Reactions (25) and (26) which proceed very 

rapidly near the wake axis, causing an off-axis peak to develop. The 

initial minimum occurs where the diffusion of C2F4 towards the axis is 

balanced by its depletion by chemical reaction. Diffusion controls 

the decay downstream from this point with Reaction (26) becoming slightly 

important in the turbulent regime. All of the other species are con¬ 

trolled by diffusion and Reaction (27) (CF2 + 02-^C0 + 2F + 0), ex¬ 

cept for C02 which is controlled by diffusion and Reactions (16) and 

(17), and F2C0 which is entirely diffusion controlled. 



IV, Conclusions 

Given below is a summary of the major conclusions derived from 

the present theoretical study of the effects of the physical and 

chemical properties of low-temperature ablators on the aerothermo- 

chemical properties of hypersonic boundary layer and wake flows. 

(1) The flow field temperature is cooled appreciably by de¬ 

creased viscous dissipation due to boundary layer blowing, 

the heat capacity of ablation species and the endothermicity 

of the reactions through which ablation products are de¬ 

graded. 

(2) For hydrocarbon materials such as epoxy, combustion of the 

ablation products can create a significant temperature 

rise. 

(3) These effects on temperature are reflected directly in the 

ionization of sodium, a common impurity in heat materials. 

(4) During hydrocarbon combustion, the chemi-ionization process 

can yield important concentrations of electrons. 

(5) For Teflon bodies, the relative importance of fluorine 

attachment of electrons increases rapidly with increasing 

density level, although the present quantitative results 

(based upon speculative reaction rate information) indicate 

little absolute significance of this process. 

(6) Regardless of the ablation product composition (for those 

studied, at least), the process which controls electron 

decay in the far turbulent wake is the attachment to 

molecular oxygen. The rate of this process, however, is 
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influenced by the ablation material effects through the 

temperature and other indirect paths. 

(7) In general, the n*terl.l affecte of low-tenperature ablator, 

can be very Important in determining the fl„„ propertiea, and 

the phyaical and chemical mechaniams through which theae 

effects are realited can exhibit appreciable sensitivity to 

the imposed density level (altitude). 
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V. Recommendations for Future Study 

Several influential phenomena associated with low-temperature 

ablators have been found in the present study. Some of these have 

been examined here on the basis of uncertain data or methods. There¬ 

fore, the questionable features to which the important effects are re¬ 

lated are summarized here for the purpose of stimulating interest in 

their continued study by the scientific community. 

The present boundary layer analysis utilizes conventional boundary 

layer theory. For the large mass addition rates associated with low- 

temperature ablators, the boundary layer can be sufficiently thick that 

a higher order boundary layer theory, including all the thermochemical 

and kinetic features of the present work, is required. 

The detailed ablation mechanisms require further investigation in 

order to specify better the chemical composition of the ablated material 

Since numerous gas phase chemical processes have been shown to exert 

significant influences, accurate knowledge of the relative proportions 

of ablation species is essential. 

The gas phase chemical kinetics can be questioned, as has been 

pointed out. In particular, the scheme describing the reactions among 

Teflon ablation products and air requires considerable refinement, per¬ 

haps also in combination with alkali metals. (For example, can an 

important fraction of the alkali metal be consumed through formation 

of its fluoride?) 

For hydrocarbon/air systems, a few questions remain to be answered. 

The detailed mechanism of chemi-ionization is not yet understood, even 

though the empirical method of the present analysis should constitute a 
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1ro- 

able estimate of its overall rate. Similar techniques are re- 

Quired for hydrocarbons other than acetytene, stnce M„y other hyd, 

carbons can be released during ab.ation. The prohle» of particulate 

-Iter (soot, is potentially portant for the .ou-tenperature ablators 

since their high ablation rates give riSP m k , 
8 se to boundary layer gas mixtures 

which can be very "fuel rich". 
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Table L 

Chemical Reactions 

1. 0 + M 
2 1 

20 + M 
1 

2. n2 + m2 2N + Mr 

3. NO + M„ N + 0 + M. 

4. NO + 0 0 + N 
2 

5. n2 + 0 NO + N 

6. 
N2 + °2 

2N0 

7. N + 0 NO + e' 

8. OH + H. H 0 + H 
2 

9. H + 0 OH + 0 

10. 0 + H OH + H 

11. 20H H 0 + 0 
2 

12. 

13. 

U. 

2H + M, 

H + OH + M. 

H + 0 + M6 

»2 + M4 

h2o + m5 

OH + M, 

15. 

16. 

OH + CO 

CO + 0 + M. 

C02 + H 

C02 + M-. 

17. CO + 0 CO + hj/ 
2 
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Table 1 

Chemical Reactions (Continnorn 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

Na + o 

Na + o 

Na + M 

Na + e‘ 

Na + 

0 + e- + Mc 

°o + e' + 

C2F4 + M9 

C2F4 + 0 

CF + o 
2 2 

CF4 * «. 

F2C0 + M 

F2 + M 

F + e" 
2 

F + M 

F + 

S», * H 

Na + o^’ 

Na + o* 

Na + e + 

Na+ + e + e 

Na + 

°- * „8 

°2- * Me 

2CF, + M 
2 9 

F2co + CF2 

CO + 2F + o 

CF2 + 2F + M 
9 

CO + 2F + Mg 

2F + M 
9 

F + F- 

F + e + M. 

F + Hk 

C2H + H2 
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Table 1 

Chemical Reactions (Continued) 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

C H + OH 
2 2 

c2h2 + 0 

C2H + OH 

C H + 0 
2 

C2H + °2 

CH + 0 
2 

CH2 + OH 

CH + OH 

CH + 0 

HCO + H 

HCO + OH 

HCO + 0 

HCO + M 

c2h + h2o 

ch2 + CO 

CH + HCO 

CH + CO 

HCO + CO 

HCO + H 

HCO + H 

CO + H 

CO + H 

CO + H 

^ CO + H 0 
2 

CO + OH 

CO + H + M 

Chemi-ionization process (See text) 
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Reaction Rates 

Notes: k = aTb exp(-E/RT) Units are gm-raoles, sec., cn,3, cal, 

Reaction Forward Rate 

b 
Reverse Rate 

b 

1 2.5 X 1016 

2 2.0 X 1021 

3 5.5 X 1020 

A 3.2 X 109 

5 6.8 X 1013 

6 6.69 X 1024 

7 6.4 X 109 

8 5.0 X 1012 

9 5.0 X 101A 

10 4.0 X 1013 

11 7.6 X 1012 

12 2 X 1018 

13 2.3 X 1021 

14 3 X 10lA 

15 1.5 X 1011 

16 5 X 1015 

17 2 X 106 

18 1.07 X 1017 

19 1.46 X 1019 

20 1.62 X 1012 

21 2.16 X 1031 

22 1.2 X 1014 

23 2 X 1019 

JL 

-0.5 117,945 

-1.5 225,014 

-1.5 150,002 

1.0 39,100 

0 75,011.5 

-2.54 128,454 

0.5 64,356.5 

0 4,600 

0 16,750 

0 10,200 

0 1,000 

-1.0 0 

-1.5 0 

0 0 

0 200 

0 3,500 

0 3,200 

0.07 107,521 

-0.7 83,842 

1.46 117,621 

-3.04 117,621 

-0.75 0 

-0.5 0 

8.9 X 1014 -0.44 

1.91 X 1020 -1.57 

1.67 X 1020 -1.52 

2.67 X 1010 0.92 

2.13 X 1013 -0.04 

2.4 X 1023 -2.5 

-, ,«18 7 X 10 -0.9 

13 
1.85 X 10 o.Ol 

4.17 X 10 0.27 

1.29 X 1013 0.03 

8.65 X 1013 -0.02 

1.43 X 10 -0.82 

6.06 X 1021 -1.31 

6.96 X 1013 0.21 

1.41 X 1016 -0.8 

-0.58 

0 

0 

-0.6 

- 0 

-4.5 

0 

1.05 

l.UV X iU 

0 

2 X 10 
17 

2 X 10 19 

20 
3 X 10 

4 X 1039 

0 

1.48 X 1011 

E 

0 

0 

0 

7,042.5 

0 

85,500 

0 

19,387 

97.5 

8252.5 

17,734.5 

103,240 

118,027 

101,292.5 

24,642.3 

129,235 

0 

0 

0 

0 

0 

0 

33,779 
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Reactlon Forward Rate 
, _â_ 18 _L 

24 2 X 10 -0.5 

25 7.82 X 1015 0.5 

26 6.0 X 1011 0 

27 2.92 X 1010 0.5 

28 9.24 X 10 0.5 

29 4.29 X 1011 0.5 

30 7.9 X 1012 0.2 

31 3.3 X 1015 0 

32 3.0 X 1011 0.7 

33 2.0 X 109 o 

34 2 X 1014 o 

12 
35 5 X 10 o 

36 5 X 1012 0 

37 1.6 X 1014 -.08 

38 2.0 X 1013 0 

39 1.0 X 10*3 0 

40 3.0 X 1013 0 

41 3.0 X 1013 0 

42 3.0 X 1013 0 

43 3.0 X 1013 0 

44 3.0 X 1013 0 

13 
45 3.0 X 10 0 

46 3.0 X 1013 0 

47 5.0 X 1013 0 

48 (See Text) 

Table 2 

Reaction Rates (Continued) 

E 
0 

55,690 

0 

13,280 

95,648 

55,575 

36,714 

0 

79,521 

0 

19,000 

6,000 

2,500 

28,627.5 

0 

10.000 

0 

0 

0 

0 

0 

0 

0 

24,418 

1.87~T 1010 

0 

0 

0 

0 

0 

3.29 X 1012 

3.0 X 107 

1.36 X 1019 

0 

1.92 X 1011 

1.78 X 1010 

2.73 X 108 

3.0 X 1013 

3.7 X 10U 

2.47 X 1011 

6.25 X 1014 

1.95 X 1015 

3.4 X 1015 

1.1 X 1015 

1.8 X 1013 

6.5 X 1013 

4.1 X 1013 

5.83 X 1012 

Reverse 
b 

0.9 

0 

0 

0 

0 

0 

0 

1.4 

-0.9 

0 

0.58 

0.60 

1.1 

0 

0.5 

1.08 

-.28 

-.31 

-.01 

.02 

.29 

.30 

.11 

.32 

(See Text) 

Rate 
E 

10,100 

0 

0 

0 

0 

0 

0 

42,807 

0 

0 

8250 

10,037 

48,004.5 

9,000 

61,274.5 

154,402 

102.352.5 

104,300 

178,102 

176.154.5 

78,822 

93,609 

76.874.5 

0 
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Figure 1. Normalized Injection 
Rate Figure 2. Boundary Layer 

Velocity Profiles 

Figure 3. Boundary Layer . ¿ , 
Temperatura Profiles FlgUr® 4" Boundttry Layer Peak 

Temperature Trentto 



Figure 5. Boundary Layer Peak 
Temperature Trends 

Figure 7. Boundary Layer Electron 
Density at Peak Temperature Point 

Figure 6. Boundary Layer Electron 
Density at Peak Temperature Point 
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Figure 8. Boundary Layer Ion Mass 
Fractions at Peak Temperature Point 
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Figure 9. Boundary Layer Ion Mass 
Fractions at Peak Temperature Point 

Mass Flux 
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Figure 13. Boundary Layer Ion Mass Figure 14. Boundary Layer Ion 
Fraction at Peak Temperature Point Mass Flux 





M
A

S
S
 

F
L
U

X
 
(S

L
U

G
S

/S
E

C
) 

1 

Figure 18. Boundary Layer Mass Flux of Neutral Recles 

Figure 19. Boundary Layer Injected Mass Flux 
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Figure 22. Bomdary Layer Ion Mass Flux Figure 23. Boundary Lnyer Ion Mass Flux 

Figure 24. Boundary Layer Neutral Mass Fractions at Peak Temperature Point 
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Figure 26. Boundary Layer Injected Mass Flux 
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Figure 27. Boundary Layer Neutral Mass Fractions at Peak Temperature Point 

WETTED LENGTH, X(FEET) 

Figure 28. Boundary Layer Mass Flux of Neutral Species 



m
a
ss
 
P

lu
*

 (
S

L
u
G

s/
S

E
C

í 

Figure 29. Boundary Layer Injected 
Mass Flux 

Mass Flux 
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Figure 38. Wake Centerline Electron Density Distribution at 125 K 
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Figure 39. Wake Axis Species Concentrations for Hydrocarbon Cases at 125 K 
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Figure 40. Wake Axis Secies Concentrations at 175 K 
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Figure 41. Wake Axis Species Concentrations at 125 K 
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Figure 42. Wake Axis Species Mass Fractions at 175 K for Hydrocarbon Case 
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Figuiie 43. Wake Axis Species Mass Fractions at 125 K for 
Hydrocarbon Case (With Sodium) 
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Figure 44. Wake Axis Species Mass Fractions at 175 K for Teflon Case 

Figure 45. Wake Axis Species Mass Fractions at 125 K for Teflon Case 



MEASURED AND PREDICTED ABLATION-PRODUCT RADIATION 

IN THE NEAR WAKE 

by 

Jack D. Stephenson 
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Moffett Field, Calif. 



SUMMARY 

The present study is nn * 

the near wake of models fired in a ballist^ ^ measure mission from 
conducted in the Mes Prototype Hypervelocitv1'?1^’!?! The experifflents were 
ballistic range with a counter-cuírent Ího îyKFree"Fllght Facility, a 
spherically blunted models, 1.3 cm in diwí¡ airstream, in which 

nitrogen at speeds of approx. 7. 5 M pe^ec ’ThT" thr°Ugh air or 
near wake was resolved .;pectrallv in K ^ nadiation from the 
to 0.64 n with two photographic or 3” Ie "f''elens*h f™ 0.3 „ 
set of bandpass radiometers^ which cover a f and sPatiaHy with a 
1.2 fi. The radiometer bandwidths varv f P®ctral range from 0.2 to 

testât? ^,5°° resP«tively i„ the ™3ible“inf0 V" the “»Panolot 
tests the models attain essentiallv steadv lnfrared- during the 

the station where the radiation mensúremeos ^ made“0" bef°re reaChing 

To calculate the wake radiatinn the 
in the region being studied must first íe St prTrtÍes and a™Positior. 
presented here it is assumed that tL vïseôÎs v ' F°r the aalPHations 
which appears as a luminous trail behind ahí COmPrises that region 
converter photographs taken from the side a&H 8 m°delS in imaSe- 
on shadowgraphs. The local gas properties tTtT *absorbing area 
wakes are obtained from a digital eLí t edge of the viscous 

around blunt bodies; the apparent eS ^ ^ ÍnVÍÔCÍd flow 
a solid boundary. The mass fractioS of aiï 3 ^ ÍS trea^d as 
the wake are determined by taking the total d ablatlon Products in 
forebody boundary layer id the cal ^ ^88 ?°W °f air within the 
calculated from the computed cold wall flUX Pf ablati°n products as 
effective heat of ablation of modelTr^i6 heSting rate and the 
have oeen performed at free-stream Revnoldi1"13)!* SlnCe the exPerirfients 
.he air and ablation products are conïïdered^^8^6^61, than 100»0°0, 
reaching the brightest part of the wake i?6 thorouShly mixed upon 
mg shock wave. Within the viscous wake S^rally Just aft of the trail- 
computed for various assumed tempiratute; £ 8PeC1f distribation is 
equilibrium program developed by the Lewi¡ Ra , o3 thermochemical 
and energy conservation relations annliaí t !!ar Center- C°ntinuity 
solved to obtain the average wake + V'SC0US flow are then 
and the corresponding concentrations of in Vfing tilis temperature 
the equilibrium chemistry program thp iJ°r radlatinS species given by 
this estimate, the method of Willies and^Tríí ^ ÍS estimated. For 
the emission from CN and C- band systems ¿n °^1S USed t0 calculate 
as calculated by Stull and2PlaSs and MaÍ 6 scatteriag theory, 
the emission from particulate carbon. ¿ B ’ 15 USed to estimate 

Most of the data discusseH in +v,D 
polyethylene as the ablation material hpPer obtained with 
chemical properties are well known. ’ cause lts thermodynamic and 



RESUME 

de ^iziTiTs'^:utii:érMe ^ 
«aquettes lancées dras „„ t^eî ba °s iímÍSeS,Par le,sill>«a Proche de 
conduites dans l’Installation r.rotoUu' ? , !. " exPirie”oes furent 
an vol libre du Centre d’Anes- 5ms S t, trt3Jgrand» ''“«“c pour essaie 
courant chauffé par choc, on a procédé ^ Ur tComPortant un contre- 
1 azote, et ^ des vitesses d’environ 7 Z a Xavers l-air ou 
extrémités sphérique, de 1 cm 3 de dinmi.+ PaTr seconde* de maquettes 'k 
le sillage proche furent décomposées LeS radiati°ns émises par 
longueur d’onde allant de 0 3 loti &pectraleJnent dans un intervallede 
graphes photographiques a prisme ’et "1Cí’ons, ^ l'aide de deux spectro- 
radiométres k bande pass^te o^anl , ^ 1,aide d’une'séHe de 
0,2 k 1,2 microns. Les larZTZ Z u \ ^ sPectral s’étendant de 
^environ 250 Â pour l'ultra-violet k^OOO Tet^on radiom^tres varient 
le visible et 1'infra-rouge. Au cours t 500 A’ resPectivement, pour 

un stade d'ablation essentiellement stahl CSSaiS’ ^68 maciuettes arrivent 
oh sont effectuées les mesures dHadiaÎioÎ;6 aVant d’atteindre da station 

connaître'les pfopSSés^tt'^^i^rLr le/illag3’ °d 
ans le cas des calculs présentés ici nn 3 gaZ dans la r^Sion étudiée 

comprend la région qui apparaît sons f s^PP°se que le sillage visqueux’ 

es maquettes l abla’tiop^uTúVphbtoríhfluT1^6 
dd d®té' et seus forme de zoae »bsortm ï’ôbôeÎr ?7erSi°" d'ima«e Prlses 
graphiques. On obtient les propriétés 1' .„í, “ ST les lmaees radio- 
sillages visqueux k partir d’une solntin ^ / gaz a la Périphérie des 
écoulements non visqueux autour de Mrps^Íronírnurnéri(lue P°ur 
billage visqueux est traité comme une £ dl3’ le bord aPParent du 
fractions de masse d’air et de produits d^latio01^' °n détermine les 
sillage en prenant le débit-masse to+ei a afdatl0!1 Présents dans le 
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measured ABU PREDICTED ABUTIOM-PRODUCT radiation 

in THE WEAR WAKE 

By Jack D. Stephenson* 

Ames Research Center, NASA 

Moffett Field, Calif. 

1- INTRODUCTION 

A need for information on the details of flow in the near 

wake of ablating blunt bodies has been recognized by various 

investigators who have developed methods of analyzing wake flows. 

It is pointed out (1) that even though the far wake may be the 

region of primary Interest (because of its importance to the under¬ 

standing of radar echoes produced by bodies entering the atnosphere) 

theory for calculating far-vake characteristics can be considerably ’ 

improved if its starting conditions in the near wake are known. 

Information on the near wake is also important in the study of 

radiative heating of rearward-facing surfaces of hypersonic bodies. 

When some heat-shield materials ablafp v, -u 
late, it has been observed that 

there can be intense thermal emission from the wake (2). 

I>uring recent years, ballistic-range experiments have been an 

important source of data on radiative heating from air and ablation 

products in shock lavers f 3 M -l 
i-ayers 13,4). it was observed that these and 

similar experiments <5-8) can also Ornish usem wake-flow data, 

because the wakes of models made of most plastic materials are 
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luminous. Thus, they can be photographed (6,8,9), and radiometers 

can be employed to record such features of the luminosity as its 

longitudinal and temporal variations as well as absolute spectral 

intensity. Information of this type can be analyzed to reveal vari¬ 

ous wake characteristics. Ref. 7 describes the use of streak photo¬ 

graphs of luminosity to determine the flow velocity in the near wake 

and the analysis of radiometer data to detect the existence of lam¬ 

inar, turbulent, or transitional structure in wakes. The investi¬ 

gation described here was undertaken to study the use of radiometer 

measurements of wake-radiation spectral intensity as a method for 

determining gas properties in the near wake. 

A general theoretical treatment of blunt-body wakes is mathe¬ 

matically very complex (10,11), even when ablation and chemical 

reactions can be excluded. An objective of the study reported here 

was to ascertain whether wake properties and the corresponding radi¬ 

ation, as predicted by a theory based on rather extreme simplifica¬ 

tions of the problem, might show any correlation with detailed 

radiation measurements. A major simplification is the assumption 

that, under the conditions of the experiments, the viscous flow is 

isolated from the external inviscid flow with respect to chemical 

interaction, heat transfer, or mass exchange everywhere except on 

the forebody. 

The primary purpose of this paper, then, is to test such a 

simplified model of the flow. As one test of this model, calcu¬ 

lated temperatures are compared with temperatures derived from 
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measurements of molecular radiation from CN. Where a significant 

difference between predictions and experiment is observed, it is 

expected that the experimental results presented will be of value 

in guiding the development of improved analytic techniques. 

2. APPARATUS, TECHNIQUES, AND INSTRUMENTATION 

Experiments that are described herein were conducted in the 

Hypervelocity Free FI jht Radiation Facility, at Ames Research 

Center, shown in Fig. 1. This is a ballistic range in which models 

are fired through an instrumented test section 5-5 m in length, 

past four stations with shadowgraph optics in vertical and hori¬ 

zontal planes and one station where radiation is measured with an 

array of 16 radiometers. The facility can be operated with a 

countercurrent hypersonic air flow in the test section, supplied 

by a reflected-wave shock tube and hypersonic nozzle. The experi¬ 

ments discussed here were all conducted without flow in the test 

section. 

The radiometers are Bausch & Lomb l/4-m monochromators (66 Â/mm 

reciprocal dispersion) equipped with photomultipliers and electronic- 

amplifier packages. The instrument rise time is 50 nsec. During 

the present test program, the monochromator entrance slits were 

maintained at a width of 1 mm and the exit slits were set at widths 

varying from 1 to 9 mm. Examples of the response characteristics 

of some of the radiometers with these slit settings are illustrated 

in Fig. 2, and a complete listing of the channels by center wave¬ 

length and half-response bandwidth is given in table 1. One 
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additional radierter was assayed by co.Mnin« a photo«ltiplier 

and spectral filters, rather than a monochromator, centered at a 

vavelenetd of 0.75 w its ta„d pa5s at ^ 

0-030 p. ae radiometers viewed a segment along the axis of the 

waits, the length of which varied slight!, with the location of the 

radiometer relative to the test section, .ese lengths, deseed 

as the field of view are i • . 
view, are also listed in table i mu 

in taoie 1. The method of 

calibrating the radiometers was «eneranv c- n 
was generally similar to that described 

in Refs. 3 and 4. 

Photographic spectra were obtained with two prism spectro¬ 

graphs. The plates were exposed daring the time interval from the 

appearance of the model in the e . 
n the field view until an explosive- 

«ven shutter was closed 50 psec later. One of the spectrographs, 

a HUat m0del W 24 recorded spectra in the range 

from 0.29 to 0.48 and the other, a Huet model 0! (iO.? aperture) 

covered the spectral range from 0 * t„ n is 
nge from 0.36 to O.65 p. The resolving power 

vat degraded to some degree because of the need t 
01 the need to operate these 

instruments with rather wide slit onenW« 
sj.it openings, Up to 200 p, in order 

to obtain adequate exposure. 

^ ge0metry Md the ™ tion of luminosity l„ wahes 

were obtained with two i^e-converter cameras. Oependi^ on the 

model flight velocity and ambient density, shutter speeds were 

varied from 10 to 200 nsec. 
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The models used in the teste were short spherically blunted 

cylinders having a nose radius of O.92 cm and a diameter of I.3 cm 

(see Fig. 3). All of the models considered here were made of high- 

density polyethylene. 

3- GAS COMPOSITION AND RADIATION CALCULATIONS 

In this section, calculations are described which were used 

to estimate the gas composition and temperature and radiative 

properties of the region in the viscous flow behind the trailing 

shock wave. In this region, the diameter of the luminous flow is 

a minimum, and, in general, the wake is the brightest. First, a 

solution for the inviscid flow around the body is obtained; next, 

the equilibrium species concentrations and gas properties in the 

viscous wake neck are confuted; then, the spectral intensities of 

the species that are judged to be dominant are calculated. 

3-1 Inviscid Flow Around Body 

The inviscid flow surrounding and behind the body is obtained 

from theory in order to define the pressure, flow velocity, and 

enthalpy at the edge of the viscous regions. The body shape of the 

model used in the present study was well suited to the application 

of a computer solution programmed at Ames for the flow around a 

blunt hypersonic body (12,13). (The fact that the sonic line on 

the body occurs naturally ahead of the forward corner greatly 

facilitates the use of the programmed solution.) The program 

utilizes real, equilibrium gas properties. The inviscid flow field 

is bounded by the body shape until the flow separates from the body 
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at the base, at which point it is assumed that the streamline 

denoting the inner boundary of the inviscid flow shown in Fig. 4 

coincides with the edge of the luminous viscous wake. The geometry 

of the luminous regions, photographed with an image-converter 

camera during tests at two free-stream densities, is shown in Fig. 5 

It is apparent that there is a significant difference in the two 

wakes as a result of the change from the low stream density and 

corresponding low Reynolds number to a higher Reynolds number. At 

low Reynolds number, the wake is laminar for many body diameters 

and the separated boundary layer persists as a bright annulus. At 

the higher Reynolds number, turbulence is observed in the recompres¬ 

sion zone at the termination of the converging flow from the model 

base, resulting in a more uniform distribution of luminosity. The 

analysis presented here is limited to conditions under which the 

latter type of wake flow prevails. 

Results of the inviscid-flow calculation are used in the fol¬ 

lowing analysis primarily for estimating the pressure at the 

viscous-inviscid interface at the edge of the region of maximum 

luminosity. It is assumed that the pressure is constant across 

the inner wake, so that this calculation furnishes one of the 

properties of the gas mixture comprising the viscous wake. 

3-2 Viscous Wake Neck 

The method used to solve for the temperature and concentrations 

of chemical species in the (recompression) neck region of the wake 

is based on the assumptions that the mass flow in the viscous wake 
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iS equal to the mass flow in the body boundary layer, and that 

essentially all the boundary layer is generated on the spherical 

surface of the body. The rate of mass injection into the boundary 

layer was calculated from the known effective heat of ablation of 

polyethylene (l4) and the computed cold-wall convective heating rate 

(15). The total mass flow in a boundary layer with nass injection 

is obtained, for example, by the method given in Ref. l6, and so 

the mass flow of air is readily determined as the difference of 

the total and the ablation-product flow rates. Ref. 17 discusses 

another method that was found to be especially useful for estimating 

the mass flow in the boundary layer. 

Before a mean wake velocity can be estimated, it is necessary 

to know the density and composition of the mixture of chemical 

species that exist in the wake. For this calculation, the materials 

comprising the forebody boundary layer are assumed to become thor¬ 

oughly mixed by the time they reach the heck region. As has been 

mentioned, this is not a plausible assumption if the Reynolds num¬ 

ber is low and the wake remains laminar. For the conditions con¬ 

sidered here, however (a free-stream density of 0.07 atm and Reynolds 

numbers in excess of 10s), the observed turbulence indicates complete 

mixing is a realistic possibility. Ihe experimental results indicate 

that variations of some properties within the wake cannot be 

neglected. Observed effects of the nonuniform wake will be discussed 

later. 

Ihe equilibrium concentration of chemical species at any loca- 

tlon can be calculated if the temperature, pressure, and mass ratios 
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01 t,le 0rl*lnai 8PeCieB ^ location, mu calculation 

has been made for the wake neck, ansuming that the original constit¬ 

uents are those comprising the horary layer on the body and that 

the pressure is equal to that from the invlscid solution. At 

selected temperatures, the distribution of species „as calculated 

1=7 use of a computer-programmed thermoequilibrium chemistry solution 

developed at Lewis Research Center (18). mis solution handles up 

to 15 chemical elements and a total of 90 reaction products i„cM- 

ing condensed species. The mole fractions nf • 
iractions of various species plotted 

as functions of temperature, for polyethylene models in flight in 

air and in a nitrogen environment are shown in Fig. 6. A velocity 

of 6.7 Jan/sec and an ambient pressure of 6o tnrr r ome ox ou torr are assumed^ for 

which the wake pressure was computed to be 1 so * 
0 De I.50 standard atmospheres. 

KS. 6 shows that there is Urge concentration of carbon in the con¬ 

densed phase when textures are low, and that the CN concentration 

increases rapidly with temperature in the range from 3100° to 

3700° K. 

Expressing the eonservatioh of mass in the viscous flow from 

the boundary layer to the wake furnishes the relation 

V = “w 
P A 
w w 

(d 

m Uhieh My is the total mass flow. Ay is the area of the viscous 

«e based on the diameter of the luminosity, and Py ls the wake 

density from the equilibrium ehemlstry solution. 

Another relation is obtained from conservation of energy. 

Assuming that no heat is exchanged between the viscous flow and the 
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surroundings, after the formation of the boundary layer on the 

forebody, the total enthalpy is calculated as the sum of the free- 

stream stagnation enthalpy times the mass fraction of air in the 

viscous flow and the enthalpy (based on the heat of formation from 

elements in their reference states) of the unheated ablation mate¬ 

rial times the mass fraction of the ablation products. Thus it is 

assumed that all the heat, transferred from the boundary layer to 

the body appears in the products of ablation. This is the case 

when the ablation has attained a steady state. Heat exchange 

between the body and the boundary layer resulting from departure 

from steady-state conditions has been neglected. At any assumed 

wake temperature, with the static enthalpy h from the equilibrium 

chemistry solution, and total enthalpy, H, defined above, the veloc¬ 

ity in the wake is given by the equation 

Vw = VSbÍH - h) (2) 

where B is a constant converting enthalpy to units of velocity 

squared. Eqs. (l) and (2) are solved simultaneously for wake veloc¬ 

ity and temperature. For conditions corresponding to tests of poly¬ 

ethylene models at a flight velocity of 6.? km/sec in air and in 

nitrogen environments at a pressure of 60 torr, the following tem¬ 

peratures are obtained: air, 3172° K; nitrogen, 31250 K. Table 2 

lists the calculated mole fractions of the species from the equilibrium 

solution at these temperatures. 
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3-3 Calculated Radiative Spectral Intensity 

The theory developed by Williams and Treanor (19), as applied 

by Woodward (20), -which presents data in terms of radiation intensity 

per molecule for six molecular species, was used to estimate radia¬ 

tion from the predicted concentrations of CN, C2, and Na. The 

spectral intensity of CN(violet) was obtained from a computer- 

programmed solution in use at Ames which takes into account the ? 

and R electronic-vibrational-rotational branch structure of the 

transition. The equations on which this program is based are out¬ 

lined in Ref. 21. Results of the calculations for CN(violet), 

CN(red), and C2(Swan) systems are shown in Fig. 7 for a model veloc¬ 

ity of 6.7 km/sec and a nitrogen environment, for which the calculated 

temperature is 3125° K. Fig. 7 shows that the maximum C2(Swan) inten¬ 

sity is considerably below the prominent sequences of both the red 

and the violet CN bands. Radiation from molecular nitrogen Na 

(first positive) is computed to be negligibly small. In Fig. 7, 

the radiation intensity is in units of watts per micron-steradian 

per square centimeter. The radiating area has been computed on the 

assumption that the emission of the radiating wake volume is dis¬ 

tributed uniformly over the projected area, as viewed from the side, 

of the luminous core. Self-absorption was not considered in obtain¬ 

ing these results. It is seen by con^arison to the black-body curve 

that for the Av = 0 band sequence of CN(violet), self-absorption 

cannot properly be neglected. 
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The output signal of any specific radiometer that would result 

from the calculated molecular radiation can be evaluated with the 

equation 

(3) 

where Wm is the indicated mean intensity over the interval £\ 

to which the radiometer is responsive; RA is the normlized response 

of the photomultiplier-monochromator combination; and s is the 

component of the transfer function determined by the radiometer 

slits. In Fig. 2 sRa is shown for each monochromator. 

At the temperatures that have been estimated in the wake, the 

equilibrium-chemistry solution indicates that a significant fraction 

of the carbon from ablated polyethylene exists as soot. The radia¬ 

tion from solid particles cannot be calculated uniquely from only 

the temperature and the mass concentration, because the emissivity 

per unit mass of an aggregation of very small particles can depend 

upon particle size. This effect is shown in Ref. 22, which presents 

solutions of the Mie theory for carbon, and Ref. 23 (based on the 

same theory), which extends considerably the applicable ranges of 

wavelengths and particle sizes. Absorption coefficients from 

Ref. 23 were used to calculate the radiation from the soot particles 

assuming several particle sizes. 

EXPERIMENTAL RESULTS 

4.1 Spectrograph Data 

Densitometer traces of photographic spectra obtained during 

the flight of polyethylene models flying at 7.4 km/sec at a pressure 
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of 60 torr are shorn in Fig. 8. Because the shock layer on the 

model forebody is in view for only a fe» microseconds, this region 

does not contribute appreciably to the spectra shovn. !he spectra 

do not, of course, represent only the wake at Its brightest station, 

but are the integration of the possibly varying spectral-intensity 

distributions extending up to 80 diameters behind the model, aere 

is evidence, however, (a) that the wake spectra may not vary greatly 

with distance, so that integrated spectra can furnish a good indica¬ 

tion of the spectral quality in the region of interest here. In the 

wavelength range from agOO Ä to «00 A, upper spectrum, the OK(violet) 

band sequencies at 3590 A (Av - 1), 3883 A (Av = 0), and telfi A 

(Av - -1) are prominent, and a band probably due to NH at 3360 A is 

evident. In the spectrum covering wavelengths from 36OO A to 

6500 A, CN(violet) bands are again in evidence at 3883 A and kai6 A. 

Strong bands are also apparent at wavelengths near Vfho A, 5200 A, 

5600 A, and 6200 A that are identified as the Ca(Swan) system. A 

background continuum is also evident in the red portion of the 

visible spectrum. 

^.2 Radiometer Data 

Data obtained with the set of 15 radiometers were analyzed to 

give the absolute intensity of the wake radiance in the brightest 

part of the wake. Besults are shown in Fig. 9 for tests conducted 

in air and in nitrogen at a free-stream pressure of 60 torr. The 

data from each radiometer are plotted as a function of the model 

flight velocity. Die ordinates are in the same units as those 
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defined for the intensities calculated from theory (Fig. 7). With 

the aid of these graphs, which permitted some minor smoothing of 

the data, the measured radiation is plotted as a function of wave¬ 

length in Fig. 10 for velocities of 6.9 and 6.74 km/sec, respectively, 

for air and nitrogen. The data are shown as a series of rectangular 

bars, the widths of which represent the wavelength intervals of 

half-peak sensitivity of the radiometers. 

The data show that at equivalent velocities, the wake radiation 

measured in the tests conducted in nitrogen was significantly greater 

than that measured in air. Also, the spectral distributions tend 

to be similar for the two different atmospheres, with minor excep¬ 

tions. The spectral radiometer data can be interpreted as an under¬ 

lying continuum upon which is laid enhanced intensities in discrete 

spectral regions. For example, the radiometer set to observe the 

CN(violet) band sequence for Av = 0, O.380 to O.388 ji, indicates 

the highest intensities in the violet portion of the spectrum, both 

in the air and the nitrogen tests. As will be developed in more 

detail later, the variation in the measurements of adjacent radiom¬ 

eters (in the visible and infrared) are attributed in part, at 

least, to the bandheads of CN(red) and C2(Swan). The C2(Swan) 

system is particularly to be expected because it was observed in 

the spectrogram (Fig. 8). in addition, the identification of 

CN(violet), both in the spectrogram (Fig. 8) and in the radiometer 

data (Fig. 10), implies that some evidence of CN(red) should be 

found in the radiometer data. The strong bandheads of CN(red) 

should appear at O.695, O.79O, and O.92 
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•3 Absorption Measurements 

A series of tests was conduc+PH 

0, th. , d t0 meaSUre Mormon characteristics 
of the soot particles in the wake n,. » 

absorption was estimated from 

shadowgraphs obtained at selected wavelengths s t 
. avelengthe, determined by the trans- 

misston or optical interference filters inserted ■ t 

“t0 t,le 6tlad°BeraPh 
(I > t g transmitted throngh the center of the wake 

/ ° tranEaltteí -Id outside the absorbing 

77 re8i°n “ absorptivity, a, which is 
related to the wake thickness (i.e D ) anri 

U.e.y dwj and the number density N 

of carbon particles by the formula 

i - a = ic/!o = expC-NagDy) 

xn vhxch N is a function of the mass density of solid carbon and 

H1- SUe' and 16 —1 cross section given 

J:;" tlle017 aB a ^ - wavelength. dhe 

Pa tides are assumed to be of constant site and are spherical: Onlv 

ir— — - - -Uy were obtained' 

curate step wedge calibrations of the photographic emulsion. 

- measurement was obtained at a wavelength of 0.57 p, where 

the indicated absorptivity was 0 v 
•137' corresponding to a particle 

ra us of 0.55 M. other measurements in the wavelength ra^e from 

°-4 t0 °-57 d ldd— -a 0.38 to 0.55 p. Ho 

effect of wavelength was discernible but + u 
' but t0 shov conclusively that 

here was no such effect would require n 
require additional data to assess more 

accurately the effects of scatter in the data. 

5. THEORY AND EXPERIMENTS COMPARED 

The most prominent feature of th* 
LUre oi the radiometer data (Fig. io) 

that iP, the strong CN(violet) intensitv at intensity at a wavelength of 0.39 
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is emphasized by comparing the data with the Planck black-body 

function for the calculated wake temperature, shown in Fig. 11 for 

conditions corresponding to tests in a nitrogen environment. Even 

with the relatively broad bandwidth of 400 Ä, the radiometer set 

to measure this band sequence indicates an average intensity about 

twice that of the black body. This result implies immediately that 

the CN gas temperature is considerably higher than the computed wake 

neck temperature of 3125° K. A detailed discussion of this tempera¬ 

ture discrepancy is presented later. In order to quote quantitatively 

the observed contributions of the various CN bands, it is necessary 

to consider the effect of the background radiation. Regions in the 

data that can be expected to be relatively free of the major molecular 

structure lead to the conclusion that the background at the longer 

wavelengths is primarily a continuum from soot particles. 

5.1 Continuum Radiation 

It will be shown in the next section that temperatures calcu¬ 

lated from the intensity of CN radiation are substantially greater 

than 3700° K, for which there is essentially no solid phase carbon 

present at equilibrium. Examination of shadowgraphs in which absorp¬ 

tion is attributable to soot in the wake indicates that the distri¬ 

bution of the bulk of the absorbing material across the wake differs 

from the luminosity distribution. The diameter of the absorbing 

wake is slightly smaller than the radiating wake, and the greatest 

absorption is near the axis, decreasing toward the edges. xt iB 

concluded from this that the radiating CN is concentrated toward 

the periphery of the viscous core and exists at a temperature 
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considerably higher than that of the inner wake. Thus the method of 

computing the mean wake temperature described earlier is considered 

to be applicable to the estimation of soot tenderature only. 

If the size of soot particles is known, the theory of Ref. 22 

can be used to calculate the radiation from a given concentration 

of condensed carbon at a known temperature. As mentioned earlier, 

an effective particle radius of O.38 to 0.55 n is indicated by the 

absorption measurements. For this range of sizes, the emissivity 

of the aggregation is relatively insensitive to wavelength varia¬ 

tion. An analysis of the effects of soot radiation from boundary 

layers of ablating blunt bodies (24) indicates that the particles 

in boundary layers are of a size similar to those estimated here 

from absorption measurements in wakes. These apparent sizes are 

substantially larger than particle sizes that have been quoted 

for soot particles collected from diffusion flames and measured 

with an electron microscope. As mentioned in Ref. 24, the process 

by which the carbon particles are formed and enter the flow is 

possibly so different from the formation of soot in flames that 

large differences in the average particle sizes are not necessarily 

unexpected. 

The computed continuum radiation based on the absorption 

coefficients given in Hef. a3 is show in Fig. 11 for a series 

of particle sizes and a temperature of 11¾0 K. At this tempera¬ 

ture, the calculated radiation from soot particles having a constant 

radius between 0.3 and 0.4 p is in general agreement with the 
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measured continuum, as indicated by the data (at wavelengths above 

0.6 n) in the intervals that exclude CN and C2 bands. The effects 

of varying the temperature of the soot between 3000° and 360O0 K 

were calculated for particle sizes of 0.3 and 0.4 ^ and are illus¬ 

trated in Fig. 12. The soot concentrations, as before, are from 

equilibrium calculations, Fig. 6. Temperature variations in the 

range from 3OOO0 to 3^00° K resulted in only relatively small vari¬ 

ation in radiation intensity at wavelengths greater than O.7 ji. 

5-2 Radiation From CN 

Assuming that the background spectral intensity is primarily 

a continuum from soot with little molecular structure other than 

from CN affecting the radiometer data in the wavelength intervals 

where the radiometers cover the various CN band sequences, the data, 

shown again in Fig. I3, obtained from tests in a nitrogen atmosphere 

indicate effects of two sequences of the CN(red) system, one with a 

bandhead at 7895 Â and one with a head at 9172 A, as well as the 

CN(violet) sequence at 3883 A. There is also evidence of molecular 

structure in the radiometer measurement centered at 7100 A, covering 

the CN(red) Av = 3 band. This measurement is too large to be 

accounted for by CN alone and undoubtedly includes contributions 

by other molecules (C2 is a likely contributor). The results of 

applying Eq. (3) to the calculations in five wavelength intervals 

where radiometer measurements were made, covering portions of the 

two CN(red) bands and three CN(violet) bands, are shown in Fig. 13. 

In table 3 the results of these calculations are compared with 
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the measured averaged power (with continuum removed) in the same 

intervals. It is evident that the experimental values are signifi¬ 

cantly greater than the predictions, and that the ratio of the power 

from the CN(red) sequence for Av = 2 to the power from the sequence 

for Av = 1 is also larger in the experimental data. The higher 

intensities as well as the larger ratios would occur if the gas 

temperature is higher than assumed; hence these results, too, indi¬ 

cate that the temperatures in the wake are substantially greater 

than those obtained from the calculations. 

The theory presented is not adequate for predicting the absolute 

intensity of the CN gas radiation because of the variation of tem¬ 

perature and an accompanying variation of the species concentration 

across the wake. However, the experimental results can be utilized 

to estimate the temperature of the CN gas producing the intense 

molecular radiation. For this estimate, Eq. (3) is used to compute 

the intensities of two of the CN(red) band sequences. These inten¬ 

sities divided by the intensity of CN(violet), Av = 0, (also obtained 

from Eq. (3)) are plotted in Fig. 14 as functions of temperature for 

the following four wavelength intervals, designated by the center 

wavelengths of the intervals to which the radiometers responded: 

O.79, 0.825, O.92, and O.93 p. For each of these intervals, the 

ratios of the measured CN intensities, shown in table 4, were used 

with Fig. 14 to obtain the temperatures shown in Fig. 15 and listed 

in table 4. The temperatures range from 5200° to 617O0 K. Fig. I5 

also shows the temperatures calculated for the viscous and inviscid 
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wake flow. At the velocities where experimental data are shown, 

inviscid wake temperatures were calculated to be between 63OO0 and 

6600° K. 

Some qualitative information on the-temperature of the CN in 

the wake is supplied by the Huet Cl spectrograph data. The CN(violet), 

Av = -1 band sequence, reproduced in Fig. l6, shows the relative 

intensities of the stronger vibrational transitions. The figure 

also shows relative strengths of these transitions calculated for 

temperatures of 3OOO0, 4000°, 5000°, and 6OOO0 K from Ref. 20. The 

wavelength at which the intensity is a maximum suggests that the 

temperature is near 5000° K. The spectrum shown here was obtained 

in an air environment with a model velocity (7-5 km/sec) somewhat 

higher than that at which the radiometer measurements were made, 

but the predicted temperature in the viscous wake (36OO0 K) is still 

relatively low compared with that indicated by the spectrum. 

6. CONCLUDING REMARKS 

Spectral intensities of the radiation from the wakes of small 

ablating polyethylene models in flight at speeds between 6 and 

7 km/sec in air and in nitrogen environments have been measured at 

wavelengths ranging from 0.27 to 1.0^- p. Several of the major 

sources of radiation were identified, and from the tests conducted 

in nitrogen, CN radiation intensities were analyzed to show gas 

temperatures in the brightest part of the wake. The temperatures 

thus obtained were significantly greater than the average viscous 
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»aka temperatures calculated, assumlag now in chemical equilibrium 

and no mixing of the viscous and inviscid nows, ft-om this, it is 

concluded that most of the gas radiation is from a region at the 

outer edges of the viscous core, where ablation products mix with 

the higher temperature inviscid flow. !t is interesting that this 

distribution of the radiation is shown visually by the image converter 

photograph of a laminar wake (Fig. 5(a)). 

When models were fired into a nitrogen atmosphere, the presence 

of solid carbon particles in the wake was indicated by absorption, 

and by radiation that was apparently continuum.' If a particle size 

deduced from the absorption experiments is used to calculate radia¬ 

tion from the soot, and the mass density of the solid phase carbon 

calculated for equilibrium chemistry, comparison of the radiation 

with measurements indicates that the te^erature of the inner carbon¬ 

bearing part of the wake agrees with that predicted by the theory 

presented, üfoe carbon particles wert» fnnnH u 
paincxes were found to have a radius of the 

order of 0.4 ji. 
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TABLE 1.- RADIOMETER CHARACTERISTICS 

Center 

wavelength 

h 

0.275 

•35 

•39 

•39 

A3 

.405 

• 50 

• 55 

•55 

•55 

•59 

.60 

• 65 

•71 

•71 

•79 

.825 

.85 

.88 

.88 

• 92 

•93 

•93 

1.00 

1.04 

• 75 

Bandwidth 

for l/2-peak 

sensitivity, 

AÂrj Â 

595 

397 

388 

125 

39^ 

395 

595 

590 

390 

64 

269 

600 

390 

600 

388 

388 

388 

598 

600 

400 

394 

600 

594 

594 

600 

297 

Bandwidth 

total (2$ 
sensitivity), 

AVp, Ä 

658 

454 

454 

I92 

444 

46o 

660 

645 

446 

125 

336 

667 

447 

657 

445 

444 

444 

666 

667 

467 

451 

665 

652 

652 

658 

920 

Field of 

view, cm 

I.79 

I.60 

I.67 

I.67 

I.60 

I.67 

I.67 

I.60 

I.60 

I.67 

1-55 

1.55 

1.55 

I.60 

I.79 

1.67 

1.67 

I.79 

I.79 

I.79 

1.67 

I.79 

1.67 

1.67 

I.60 

I.49 

Radiometer 

component for 

spectral 

resolution 

Monochromator 

Spectral filters 
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TABLE 2.- CALCULATED MOLE FRACTIONS OF CHEMICAL SPECIES 

IN WAKE AT EQUILIBRIUM, p = 60 TORR 
00 

Environment Air Nitrogen 

Flight velocity, km/sec 6.7 6.7 

Computed temperature, °K 3172 3125 

Species mole fractions 

Ha 0.286 0.274 

Na .219 .279 

CO .144 .000 

H .105 .084 

hcn .081 .081 

CaHa .033 -027 

CN .012 .0104 

Ca 9X10-5 5.7XIO-5 

C(solid) .113 .238 

Other species mole fractions were less than 0.1% 
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TABLE 3-~ CALCULATED CN RADIATION COMPARED WITH MEASUREMENTS} 

CALCULATED TEMPERATURE, 3125° K 

Transitions 

CN(v), Av = +1 

CN(v), 0 

CN(v), -1 

CN(R), -+2 

CN(R), +1 

Radiometer 

center 

wavelength, 

Ac, 

0-35 

•39 

-^3 

•79 

•93 

calculated 

Eq- (3), 

W/^-sr-cm2 

0.051 

.84 

.083 

1.54 

3-97 

experimental 

W/n-sr-cm2 

Total 
Continuum 

removed 

5-1 4.9 

2O.9 20.0 

8.2 6.8 

13-3 2.4 

15.2 3.6 
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TABLE b.- EXPERIMENTAL DETERMINATION OF CN TEMPERATURE 

Test 

round km/sec 
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NOTATION 

Aw wake cross-section area, cm2 

Planck black-tody radiation function, W/n-sr-cm2 

Dw wake diameter, cm 

h static enthalpy, cal/gm 

H total enthalpy, cal/gm 

I, intensity of transmitted light, erg/cm2 

I0 intensity of incident light, erg/cm2 

Ip radiation intensity per particle, W/p-lw-sr 

My mass flow rate, gm/sec 

N soot particle number density, cm'3 

Pw pressure in the wake, atm 

pœ free-stream pressure, torr 

R carbon particle radius, n 

normalized response of radiometers 

s normalized effect of radiometer slits 

Tv temperature in the wake, °K 

Vw velocity of viscous wake flow relative to body, km/sec 

velocity of model, km/sec 

wm mean radiation intensity for specified wavelength interval, 

W/|i-sr-cm2 

Wx radiation intensity, W/p-sr-cm2 

A wavelength, p 

a particle cross section, cm2 



R
A

D
IO

M
E

T
E

R
 

R
E

L
A

T
IV

E
 

R
E

S
P

O
N

S
E

 

Fig. 1 The Arnes Hypervelocity Free-Flight Radiation Facility 



DIMENSIONS ARE IN cm 

Fig.3 Model geometry 

BOW SHOCK WAVE 

TRAILING SHOCK WAVE 

INVISCID FLOW BOUNDARY 

VISCOUS WAKE 

RECIRCULATING FLOW ^ WAKE NECK LOCATION 

Fig.4 Sketch of the flow-field geometry used in the calculations 
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Densitometer records of photographic spectra; polyethylene 
model in air 
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Fig. 9 Radiometer measurements as functions of model velocity 
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Fig.10 Radiometer measurements as functions of wavelength 
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— EXPERIMENTS 

Fig.11 Calculated radiation from soot particles compared with 
radiometer measurements; nitrogen environment 
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—- experimental data 

Fig. 14 

10- 

CN(RED) Av s+2 

TEMPERATURE, #K 

Ui?î®iÎatiHSpSf inîenfitie8 of various band sequen 
CN(red) and CN(violet) as functions of temperature 
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SUMMARY 

Experiments in ballistic ranges have been made, to determine the 
electron density and the spectral emission from the wake of projectiles 
subjected to re-entry flight conditions. T^sse projectiles have lien 

of “ rt12’£°H Í0 19'000 fe0t/sec- at altitudes OÎ 50,000 to 125,000 feet. Models range in size from .25 to 1.25-inch 
base diameters and include spheres, cones and hemispheres-cylinder shapes 
In addition to varying the flight condition, and the model size and shape 
the model material is also varied. Materials include stainless steel P ’ 
copper, aluminium, titanium, nylon phenolic, teflon and many others. 

Wake electron density is determined as a function of distance behind 

iÎteSfS« J1®8 thS0Ugh the USe °f 5 and 25 Reused microwave 
interferometers. Since there is a 40-foot separation between inter¬ 
ferometers, angle of attack effects for bodies of revolution can be 
i sol ati6cl. 

The spectral emission in the visible and near infrared region is 
also determined as a function of the distance behind the projectile. 
Spe-tral resolution is achieved through the use of prism and grating 
dispersion elements as well as the use of filters. 

of ÍS n0t possible t0 Preheat models, the surface temperature 
hLul a ! glVe? POint ln the ran«e is determined by the aerodynamic 
heating during its rather short trajectory. This factor is troublesome 

marbe q;iteedírferentC0Tre mate"ial aff9Cts since the ablation processes 
may be quite different. Nine spectrophotometers located along the range 
tube yield the radiation intensity from the model as a function of distance 
along the range. With certain simplifying assumptions these data can be 
converted to give the ablation rate history of the projectile. 

hP nT'hetCa?aVÍutÍe\0f eaCh °f the various diagnostic techniques will 
be illustrated through a brief presentation of recent representative 
results The main portion of the paper will be concerned with the 
presentation of wake electron densities, spectral emission and ablation 
rate data for various materials. 



RESUME 

déteríLe/u d^né balisti^a ^ de 

de Pr„jectiles placía daaa des cenditiona^ríêâtXIaS6!'atmea^T9 

pLsdrsr^^ãd-\ádiaTítsUd\ad^^:Less8 nvaiiT “ri2-o»“p"-- 
Piada. Lea maqueites dont ea dî„ J a f11“1 ^ 50-000 ^ 126-°°° 
pouces comprennent dea aphires des cBne ■ at ^vaflent de 0-25 d 1.25 
Outre les conditions de vol et'les dimen ■ Cf ayllndres hémiaphiriques. 
a fait varier lea matériaux comíosa^ c^T3 °l f0n"eS des "-aquettes, on 

cuivre, aluminium titane, nylon phénolique. etc.161, Ín°Xydable> 

distance du point^tudie^pa^raînort^6’^ S^lage en foncti°n de la 
des interférométres 'a micro-ondes de 5 dupproJecti1^ S^ce ïi 

étant séparas par une distance de 40 pieds'^on^ut isor^T^1’0'?^1'63 
1 angle d'attaque pour des corps de révolution. etS de 

est ¿femenrdéteminé^en^onction^rird-hî6 ^ de Vin{raro^ 
projectile. C'est h l'aidP la dîs^ance ^ 1'arrière du 
réseau, ainsi que de filtres nüeTon ebtd’^ements de dispersion en 

q îiltres, que 1 on obtient une décomposition spectrale. 

leur t'pérSÎ^upLÏÏclSe^n^^Întd P1adabl-ent' d^ermine 
leur échauffoment aérodynamique au coures î du tunneJ sur la base de 
Ce facteur est gênant 1 oron S. leUr aSSez bròve ^ajectoire. 

utilisés, car les processus d'ablation peuvent^ifférí^t^t^3 matériaux 
spectrophométres situés le lom? du k ^ • ^fferer totalement. Neuf 
des radiati ons émises pVla^ëurêff™^, “‘‘f ,indi?ue"t l'intensité 
faisant appel ï, certaiLs silíff Í ^ E” 

trajectoire. ^°Ur °btMir 133 ta“X d’abla“- dd P^hue^l^r^ 

techniques diagnostijueesen présentant'soíf^om61'^^’3^163 diverses 
résultats représentatifs obtenus récerLent condens^e certains 
communication sera consacrée à l'étude des'densités ?art^e de la 
émissions spectrales et des taux d'ablatLn p'o^tvera S^.' deS 



NOTATION 

- angular frequency of transmitter 

W/» - angular plasma frequency 

^ - collision frequency 

ne - electron density (cm”3) 

nc - critical electron density (cm“3) 

- phase shift (radians) 

X - wake width 

ITgX or NEL - Integrated electron density across wake width 

i.e., ñeA - f ne(x) dx 

K - constant 

T - transmission coefficient 

GHz - K)9 cycles per second 



BALLISTICS RANGE MEASUREMENTS 

OP WAKE ELECTRON DENSITY AND 

SPECTRAL EMISSION 

C, J. Infoslno, R. R. Gaatrock 
and R. A. Leveranee 

1. Introduction 

The ionized flow field around and behind hypervelocity 

vehicles as they re-enter the earth's atmosphere has received 

considerable attention for many years. A thorough under¬ 

standing of the formation and structure of this ionized 

flow and its interaction with electromagnetic radiation has 

proved difficult to achieve even in the simplest cases. 

Complex mathematical treatments and solutions have been 

carried out but to date solid experimental verification is 

lacking either in whole or in part. The chemical species 

present and their rates of reaction, the turbulent scale, the 

mean electron density, and the wake temperature are just a 

few of the properties which must be determined experimentally. 

To tnis end, controlled laboratory experiments on models 

can be performed in a ballistics range. By simulating as many 

of the full-scale flight conditions as possible, the electro¬ 

magnetic properties of the wake can be studied using an 

assortment of conventional plasma diagnostic tools. In 

particular, in the ranges at the Naval Ordnance Laboratory 

(HOL) the mean electron density and the spectral emission in 

the wake behind hypervelocity models can be measured. This 



paper will discuss the range instrumentation at HOL and 

show some of the results obtained to date. 

2. Range Facilities 

2.1 10QQ-foot Hyperballistics Range 

The largest range at NOL is 1000 feet long, 10 feet in 

diameter, and can be evacuated down to 3 x lO“4 atmospheres. 

Using a two-stage light-gas gun, models varying in size from 

,25-to 1,25-inch base diameter have been launched in this 

range up to velocities of 20,000 ft/sec. Twenty-seven spark 

shadowgraph stations located within the range provide accurate 

velocity and trajectory information. In addition, two micro- 

wave interferometers, a Doppler radar, 12 luminosity stations, 

and an optical spectrograph are presently being used in this 

range. 

2.2 Aerophysles Range 

The Aerophysles Range is 50 feet long, 5 inches in diam¬ 

eter, and can be evacuated to 1 x 10"^ atmospheres. While 

velocities up to 25,000 ft/sec can be attained in this range, 

the maximum projectile size is 1/2 inch. This facility is 

primarily used to study optical phenomena of the flow field 

around and behind hypervelocity projectiles. In addition, it 

is used as a pilot facility to develop new instrumentation 

and techniques for later use in the larger ranges. 

2 



--n ln the 1000-foot 

Ppfcic&l Radiómetera 

Over the first 6oo feet, the 1000-foot Hyperballistica Range 

“ ■“ ■ •' U. .„J 

*—-*• ——•..— 
« . The phototube3 pre3ently tn uae are a 

— 3,800 10 10,000 ; (1,., Si cathoies);° 

These radiometers were -t 
t. f , Were P1“'* ln We range to Inveetigate 
he transient behavior of thp ¡ski 4-r 

la, h ^ 0r°í l0n rate °f Plaa«= todeia 
launched in the ranee ^ u/ho *.u range. When the model enter3 the 

range environment surized 

gun the raPld a0°elerat1“ tn the iaunehlng 
gun, there win necesaarllv be some pi 

, y 30me flnlte time period before 
Its skin temperature and material ahiat* 

material ablation rate reach a state 

consistent with the aerodynamic flight conditions. 

and tu' the data 0btalned fr0m the mlerowave Interferometers 

d ""h —-on - used to compare the effect on 

e wake of different ablatlee materials, it is important that 

:r °f ablati°n f°r - -aei - - sajne at the point 

te range Where these data a- collected. If this were 
not the case, then It would not be possible t 

ue possible to compare one 
material against another. 

Since the radiation Intensity is dir.„fi„ 
. y 13 “Erectly proportional 
so the amount of radiating 

thin med , Pre8ent f°r “ »OWcally shin medium, the outout nf i a 
Put of the luminosity stations is pro_ 

portional to the maaa nf* 

material h " Pr°dUCt8 present P°r a given 
material and consequently proportional to th» 

F^nonai to the mass ablation 
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rate of the material released from the model's surface. Thus 

by recording the change in optical luminosity as a function 

of the flight path length, the transient behavior of the 

model's ablation rate can be determined. 

Data obtained for two such ablative plastic models, 

teflon and a reinforced phenolic material, are shown in 

figures 2 and 3, respectively. The results for teflon show 

that a "steady state" condition with respect to ablation was 

reached prior to station one. The decrease in intensity is 

due to the decrease in velocity as the model proceeds down 

the range. In the case of the phenolic material, It is clear 

that a flight path length of several hundred feet is neces¬ 

sary before a steady-state ablation process is approached. 

3*2 Microwave Interferometers 

A schematic of the basic components of the focused beam 

microwave interferometer is shown in figure 4. Each focusing 

lens is 30 Inches in diameter and has a focal length of 30 

inches. The lens system,by careful design, focuses the micro- 

wave energy such that the distance between half power points 

at the focus is about 1.5\. 

Just prior to a missile launching in the range, the 

interferometer is balanced so that the portion of the electro¬ 

magnetic energy passing through the range (unknown path) and 

that passing through the reference path arrive in phase at 

the crystal detectors. After the missile is launched, the 

wake (or plasma) passing through the focused beam upsets 
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thla balance, producing a phase shift proportional to the 

average electron density across the section of the wake m 

the beam. 

Assuming for the moment that the collision frequency of 

the plasma Is small compared to the microwave operating fre¬ 

quency, l.e., ^ <</. the resulting phase shift can be written 

A (f C' - •)*] A cLf. (') 

where ^ 

Substituting = and assuming that vVte « 

to first order in we have, 

s K f fa) ¿/y 
' 0 

= K 
where /h, l3 30me average electron den31ty aoros3 ^ 

Note that the measured phase shift does not give the electron 

density directly but Is an Integrated electron density across 

the wake width. The interferometer results must consequently 

be expressed as some average or integrated electron density 

(designated by He/ ) until tne distribution function for 

electrons across the wake Is known. 

Any change In the transmitted amplitude Is simultaneously 

recorded with the phase shift. Thus, If the transmission 
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coefficient devlatee significantly from unity, the simplified 

analysis given above can no longer be used. In this case both 

neX and are computed from more exact equations based on 

the two measured quantities û/and 7~ . 

For transmission through the plasma, the underdense 
I r y \ 

<< / must be maintained. This condition I ^ ^ ) 
I / - ¿ 

obviously places an upper limit on the range of electron 

densities that can be measured. In particular, it can be 

shown that negligible error is incurred when the associated 

plasma frequency is^l/3 the microwave operating frequency. 

We have then 

ne (max) ■ 8.5 x 1011 electrons/cm^ for 25 GHz 

3.^5 x 1010 electrons/cm^ for 5 GHz 

The lower limit is determined by the smallest phase shift 

that can be measured. Por the instrumentation being discussed, 

this corresponds to approximately one degree. Assuming a 

uniform distribution of electrons across the wake, values for 

the minimum electron density, at 5 and 25 GHz and for several 

values of the wake width, are shown in Table I. 

Table I 

ne (minimum) for 1* phase shift 

Wake Width 1" 3" 6" .si 
25 OHZ 2.04 X 1010 6.8 x 109 3.3 x 109 2.3 x 108 

5 0Hz 4.09 x 109 1.36 x 109 6.8 x 108 4.5 x 107 
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rast test results using the Interferometer have shown the 

effect of different model configurations and flight conditions 

on the electron density levels and decay rates m the wake. 

Blunt and slender configurations, made up of heat sink or 

ablative materials, and launched at different velocities into 

different range pressures, have all been shown to have consld- 

erably different wake signatures. 

Figure 5 is a sample of some recent data obtained m a 

program where the objective was to Investigate how the wake 

electron density Is affected by changes In the model velocity. 

Heat sink (copper) spheres, 0.75 Inch In diameter, were used 

1" these tes£s- The results indicate that the Integrated 

electron density (NEL) is exponentially dependent on the 

velocity at least In the region from 14,000 to 19,000 ft/sec 

at a range pressure of 37 Torr. The data points tend to be 

more scattered in the far wake because the phase angles 

measured here are approaching 
-- ws. viic xm,er- 

ferometer. To complete this study,data will be obtained at 

several different pressures as well as for cone configurations. 

To investigate the effect of material ablation on the 

electron density, spheres of different materials were launched 

in the range, all at very close to the same flight conditions 

06,500 ft/sec and 26 Torr). Figure 6 shows the results for 

Just a few of these materials, namely: lexan, teflon, and 

linen phenolic. As a reference level, the electron density 

signature for a heat sink body (stainless steel) is also shown 
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on the graph. These experimental results represent only a 

small portion of the body of data necessary to evaluate the 

effect of ablators on the wake electron density, if slender 

cone models are used or the flight conditions are changed 

appreciably, the behavior or effect of each of these materials 

may be quite different. 

3.3 Experimental Doppler Radar 

An oblique Doppler radar, operating at 25 GHz, is also 

being used in the range to monitor the reflected signal from 

the missile and its wake. Figure Ja is an abbreviated schematic 

of this system. 

The antenna (25 db gain) is mounted at a 45-degree angle 

with respect to the range axis so that the moving target reflects 

the incident signal back to this antenna at a slightly differ¬ 

ent frequency (Doppler effect). This provides a convenient 

method of separating the desired target signal from the high 

background return produced by the wall reflections in the tank. 

The return signal is mixed in a crystal detector with a small 

portion of the power from the transmitter and the resultant 

beat or Doppler frequency recorded directly on an oscilloscope. 

The amplitude of this signal is directly proportional to the 

unknown signal reflected from the wake. Figure 7b shows a 

sample of the type of data obtained with this system. The 

model used in this illustration was a 1 1/4-inch diameter 

stainless steel sphere. 
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4* gfttlGaI Instrumentation in the Aerophy3iC8 RanRe 

^ *1 Rotating-Mirror Camera 

When the velocity of a model can be predicted, the rotat- 

Iny-mlrror camera, figure 8, provides an excellent means of 

obtaining sharp exposures of the shock wave and gas flow near 

the model. The camera shown in figure 8 was designed to use 

a 70-mm film strip on an 18-lnch radius semicircle and a 4- 

elded mirror driven by an air turbine capable of 3000 rps. 

Tnls rotational speed is adequate to "pan" or freeze the 

motion of a 30,000 ft/sec projectile. The image that is 

recorded is 1 1/2 times the object size. 

Typical photographs taken with the rotatlng-mirror 

camera are shown in figures 9 and 10. Figure 9 Illustrates 

With Sharp definition the shock detachment m the case of a 

0.5-inch sphere moving at 8,020 ft/sec. Figure 10 brings 

out the flow field at the base of a 0.75-lnch hollow cylin- 

drical slug at 6,000 ft/sec, 

One important feature of the camera is its ability to 

integrate the light from the spark source and/or the model, 

thereby permitting the use of lower speed, fine grain, clear 

base films, or permitting narrow-band light filtering to 

eliminate chromatic aberration problems when using large, 

simple lenses. 

This integrating feature was used recently to photo¬ 

graph and study the increase in radiation when a reflected 

shock wave passed through the wake of a highly luminous 
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ablating model. Figure II, taken with the camera, clearly 

shows the reflected bow shock crossing the wake behind a 

3/8-lnch projectile. This can be correlated with the sudden 

Increase in wake radiation as Indicated by the photodetector 

signal shown in the same figure. The bow shock was reflected 

from two large plates placed in the range, one positioned 

3A inch above range center, the other 3/4 inch below. 

Figure 12 shows this same effect, but in this case the model 

flight path was closer to the bottom reflecting plate. 

Consequently, the reflected shock from each plate is observed 

to cross the wake core separately, i.e., at different points 

in the wake. 

4.2 Mach-Zehnder Interferometer 

A Mach-Zehnder Interferometer has been used in the range 

for gas density measurements. Figure 13a illustrates a 

typical photograph of a 1/2-lnch sphere launched at 6,000 

ft/sec into a pressure of 78 Torr when the Interferometer 

plates are adjusted for multiple fringes. Here, variations 

in the local gas density are determined by the shift of the 

fringes relative to the unperturbed interference pattern. 

Figure 13b, on the other hand, for the same model and con¬ 

ditions, illustrates a single fringe setting. Here zones of 

equal path length are connected by light or dark fringes 

which can be interpreted in a manner similar to topographical 

maps. This single fringe interferogram, however, is seldom 

used to obtain quantitative data. Color photographs of the 
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interferograms can also be taken and have proved to be quite 

useful, particularly In turbulent wake studies. 

Radiation Detectors 

To study air radiation intensities, the range la equipped 

with several single detector units similar to those Installed 

in tre 1000-foot Hyperballistlcs Range (fig. i). A better,( 

but more complicated, arrangment for observing the radiation 

la shown in figure It. This system, utilizing four to seven 

Phototubes and a grating spectrometer unit, can measure narrow 

band radiation and spans the region from the ultraviolet to 

the near infrared. 

Figure 15 Illustrates radiation data obtained from several 

materials, using the above detection system. The seven photo¬ 

tube channels, each with a 20 Î bandwidth, were spaced 500 Â 

apart so that the spectral region 2900 to 5900 À could be 

covered. The model spheres used in this program were all 

launched at 18,000 ft/sec Into a range pressure of 8 Torr. 

While only the peak signals (radiation from the stagnation 

region) are plotted in the bar graph of figure 15, the 

complete record from each photodetector shows the radiation 

emitted by the wake 

In analyzing these 
, as well as that from the stagnation region, 

records, three different radiation profiles 

or signatures could readily be distinguished. The first, 

illustrated in figure 16, is characterized by low wake radiation 

compared to the stagnation or peak radiation. All of the 

materials exhibiting a similar characteristic output signal 
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and the associated wavelength channels on which auch a 

signal was recorded are listed together under this curve 

and referred to as Group I materials. The second. Illustrated 

In figure 17, la characterized by medium level wake radiation 

compared to the peak radiation. Only nylon, polyethylene, 

and linen phenolic at 5900 l (labeled Group II materials) 

were observed to have this type of profile. The third. 

Illustrated In figure 1¾ is characterized by very strong 

and extensive wake radiation compared to the stagnation 

region radiation. Again,only three materials (nylon, 

polyethylene, and linen phenolic) exhibit this behavior 

but in this group similar profiles were recorded on four 

of the wavelength channels (3900 À, K400 A, 4900 Â, and 
5400 Â). 

5. Future Plana 

The range facilities and capabilities mentioned in this 

paper are undergoing considerable modification. The present 

1.5-inch bore, light-gas gun in the 1000-foot Hyperballistics 

Range will be replaced by a more advanced design gun capable 

of operation with either a 2-inch or a 4-inch barrel. This 

will enable larger projectiles to be launched (up to 3 1/2 

inches) at higher velocities (up to 25,000 ft/sec). Con¬ 

versely, by reducing the velocity, some of the more fragile 

types of model configurations can be launched, since the 

inertial forces will be lower than those pr^ently 
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encountered MOO.OOO g). High quallty ^ 

•a owgraph etatlons are also being installed. 

The 25ao interferometer „ill be converted to a 

beam system in thoi- 
that measurements can be taken through 

several transverse paths across the wake This wlll 
inrnmr,*^ nis w111 provide 
nation concerning the radial distribution of the „ake 

electron density. “ 

beamIra^dltl0n, 3 ^35 sP«trometer, a focused 
ar and a closed OHp resonant cavity are under 

development for use 1„ this range. 

The Aerophysics Range will be relocated in , 
this year Th1 „ ,, n a new bulldlng 

test sect! Pr°Vide addltl0nal 3Pa0e 80 that — 
sections and instrumentation, microwave as well as onti , 

can be added. S °Ptlcal, 
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FIG. 13a MULTIPLE FRINGE MACH ZEHNDER INTERFEROGRAM 

FIG. 13b SINGLE FRINGE MACH ZEHNDER INTERFEROGRAM 
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SUMMARY 

Ballistic range tests were conducted to determine the extent of 
laminar flow which may be attainable on ablating cones. The experiments 
consisted of free flights of 1 cm diameter 30° half-angle plastic cones 
in air at velocities up to 7 km/sec and maximum local Reynolds numbers 
from 3 to 12 million. The ballistic range was long enough to allow the 
models to decelerate aerodynamically to low speeds and to be recovered 
intact. Microscopic examination of the surfaces of recovered models 
showed several interesting patterns depending on the type of boundary- 
layer flow experienced. Four distinct orderly patterns have been 
observed: 

1. Wavelets which cover the entire conical surface regardless of the type 
of boundary-layer flow. The frequency of the wavelets is believed to be 
a function of the shearing stress shortly before the melt layer solidified 
and the thickness of the molten layer and, therefore, of the launch 
velocity. 

2. Wedge-shaped patterns alined with apexes upstream which are thought to 
be produced by transverse spread of turbulence initiated by small surface 
imperfections. 

3. In some cases, well-defined hyperbolic-shaped curves occurring 
downstream of the apexes of "turbulence wedges" indicating ordered 
vorticity in the region of laminar to turbulent transition. 

4. Cross-hatch patterns which seem to be associated with fully developed 
turbulent flow. Two types have been observed. In one, at low magnifi¬ 
cation the patterns are diamond-shaped, but at high magnification they 
look like elongated hexagons. The arrangement of the hexagons is 
similar to a composition shingled roof or to fish scales. In the other, 
at low magnification the pattern again appears diamond-shaped but at high 
magnification they form a gradually undulating cross-hatched pattern. 

In addition to the surface features observed, the mass ablated was 
measured and compared to predictions for fully-laminar and fully turbulent 
boundary layer flow. At local Reynolds numbers below 5 million, fully 
laminar flow seems to predominate. Tip recession from ablation was also 
measured and found to agree reasonably well with theory. These and various 
other surface features will be described and related to the model-material 
properties and to the flight environment. 



RESUME 

Pr°c¿dé^ des essais en tunnel balistique afin de déterminer le 
ablation rí6 la™^ire susceptible d’être atteint sur des cônes à 
ablation. Ces essais consistaient k faire évoluer, en vol libre et dans 

air, des cones de plastique de 1 cm de diamètre et de 30° de demi-anfde 
a des vitesses atteignant 7 km 'a la seconde et k des nombre de Rey^ds 

suf?“r/ariant de 3 3 12 ^ildions. Le tunnel balistique était 
long pour permettre aux maquettes de retrouver, par décéléra¬ 

tion aérodynamique, de faibles vitesses, et d’être récupéré^ intactes 
Jn examen microscopique de la surface des maquettes récupérées a révélé 

coüchriimit!1 gUratî°?S intéressantes suivant le type d’écoulement de 
couche limite rencontré au cours des expériences. On a pu observer Quatre 
configurations régulières distinctes: ^ 

! De petites ondes couvrant la totalité de la surface conique 
indépendamment du type d’écoulement de la couche limite. On estime que 

Lu dfqtw f T °"dr est fmcti0n de ^ cisaillement6subi 
peu de temps avant que la couche en fusion ne se solidifie ainsi que de 

lancement!11' C°UCh6 f0ndUe et' Par d* la vitesse de 

2. Des motifs en forme de coins alignés sommet vers l’amont; on pense que 

créér^fde^netUeÎ1-1'8 T T étalement transversal de la turbulence creee par de petites imperfections de la surface. 

3. Dans certains cas, des courbes bien définies, en forme d’hyperboles 
se produisant en aval des sommets des "coins de turbulence" dont il est 
ait mention^ci-dessus, et indiquant la présence d’un régime tourbillon- 

écoulement turbulent6 ^°11 ^ tran3itio" entre Roulement laminaine et 

4. Des contre-hachures qui semblent accompagner l'écoulement turbulent au 

runl lelZît TT- ,0n Peut “ °bSerïer catlgorS U1dLs une, les motus, faiblement grossis, revêtent la forme de losanges mais 
ressemblent sous fort grossissement h des hexagones alionas. I.a dLposí- 

noPosons vappelie un toit de bardeaux ou des doailles de 

LssembLt üücnLTd6 cfegorie' sous faible grossissement, les motifs 
ssemblent encore k des losanges, mais observés sous fort grossissement 
s forment une configuration de contre-hachures qui ondule graduellement. 

Outre ces observations de la surface, on a procédé h des mesures de 
la masse éliminée par ablation, et on a comparé les résultats de ceo 

nurementT PrédÍCtÍOnS Portant sur le^ Roulements de couche limite 
purement laminaires et purement turbulentes. Pour des nombres de Reynolds 
locaux inférieurs k 5 millions, la forme d’écoulement purement liminaire 

Í ’ ex rêmi fé rrr' ^ ! ë??lement —¿ la Agression présent ^ar 
1 extrémité k la suite de l’ablation; il s’est avéré qu’elle concordait 
assez bien avec la théorie. Les auteurs de l'exposé décriront les 
caractéristiques de la surface dont il est question ci-dessus ainsi que 

LrZueU r8ef les.UPPOrtfrtmt T ^ Lisant les maquettes, et au milieu ambiant où se déroulèrent les vols. 



NOTATION 

constant in Eq. (2) 

mass of body 

mass of body at launch 

body base radius 

rate at which nose radius of curvature is changed by ablation 

flight velocity 

launch velocity 

tip recession 

rate of tip recession at the nose as a result of ablation 

transpiration effectiveness parameter 

air density in stream normalized by sea-level density 

cone half-angle 

energy required to ablate unit Bass 
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relation to phenomena observed by earlier investigators, and speculation 

on the detailed mechanisms responsible are the principal subjects of 

this paper. Preliminary results of the initial study (1-2) are summa¬ 

rized in part herein, and then the surface features are discussed. 

2. EXPERIMENTAL PROCEDURE 

Models.were launched in free flight in air at 1, l.p, or 2 atm 

static pressure. The plastic models were 30° half-angle cones with base 

diameters of 1 cm. A typical calculated variation of model velocity and 

heating rate, and also a spark shadowgraph taken at 2.6 km/sec are shown 

in Fig. 1. After the cones were recovered, their surfaces were examined 

minutely with a metallurgical microscope. The depth of the surface pat¬ 

terns was measured by three methods (all described in (3)): (a) by 

focusing on high and low points and measuring the vertical movement of 

the microscope tube; (b) by surface interferometry; and (c) by wire- 

shadow techniques. The plan form of the features was measured from 

photomicrographs or directly with the microscope. 

The cones were mde of either of two plastics: Delrin (an acetal) 

and Lexan (a polycarbonate). The first essentially sublimes at high 

heating rates; whereas the second forms a very thin liquid layer in 

addition to vaporizing, even at the extremely high heating rates 

encountered. 

3 • ANALYSIS 

The extent of laminar and turbulent boundary-layer flow during the 

period of ablation was determined by two methods: measuring the mass 

loss resulting from ablation, and studying the surface patterns found on 
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recovered models. The ablation of the tip of the cone »as also 

calculated and compared to measurements on recovered models. With the 

exception of a fe» ne» points, the data sho»n are the same as in (a). 

However, the preliminary results shown in (a) have since been refined. 

3-1 Mass ablated 

To relate the mass-loss measurements to the surface features of the 

recovered cones, it is very important to hnov at what stage of the flight 

-features were formed. The most deeply etched features formed doubt¬ 

less resulted from ablation during the 'high speed portion of the flights, 

•hen both the Bejmolds number and the heating rate are maximum. 

3-1-1 Comparison with theory 

The mass loss resulting from ablation of the models was compared to 

theoretical mass losses computed for the limiting cases of fully laminar 

and fully turbulent heating; the boundary-layer flow was assumed to be 

either laminar or turbulent during the entire period of ablation except 

at the tip (in the .icinity of the stagnation point) where it was always 

assumed to be laminar. The comparison between the mass losses determined 

from weighing the models and from theory (see (2) for details) is shown 

Fig. 2. The data are seen to lie between limits provided by the 

theory for all laminar and all turbulent boundary layers. The four 

points s^ed With solid blaeh flags are for models into which craters, 

about 0.1 mm deep and 0.07 to 0.09 mm in diameter, were impressed to 

serve as boundary-layer disturbance sources. (The protrude rim formed 

around each crater during the impressing was removed before the models 

were launched.) Both the number and location of these craters were 
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varied, but in most cases they were situated 0.2^ cm from the tip and 

spaced 30° apart. The data points marked with white flags represent 

cones that, upon recovery, showed signs of irregular erosion at the tip; 

in many cases there were indications that the boundary layer was tripped 

at, or immediately aft of, the tip. It is believed that the tips of 

these cones were damaged by lateral accelerations experienced during 

launching. These data points are included since they indicate the mass 

losses to be expected with predominantly turbulent boundary layers . 

Although suspected earlier, it was found, after these data were 

published (l,2), that most of the models showed definite signs of 

imprinting during launch from the four-finger sabot which completely 

encapsulated the model. This occurred usually toward the base of the 

model, and these imprints frequently tripped the boundary layer. In 

fact, on the great majority of models it is now possible to identify the 

location of the rougnness element responsible for tripping the boundary 

layer. If the areas downstream of sabot imprints and deliberately made 

craters are excluded from consideration, the success in attaining pre¬ 

dominantly, and even completely, laminar flow at Reynolds numbers up to 

8 million is high. 

3-1-2 Variation of mass loss with extent of turbulence 

The fraction of the area on each model showing evidence of turbu¬ 

lence was estimated from photomicrographs or by direct viewing with the 

metallurgical microscope. A plot, showing the mass loss as a function 

of the amount of surface area covered by turbulence, is shown in Fig. 3 

for a launch velocity of about 6.1 km/sec. (The data shown were adjusted 
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to a common velocity from the actual values which ranged from 5-35 to 

6.^ km/sec.) The correlation between the mass loss and the percent of 

the surface covered by turbulence is generally good and supports the 

hypothesis that the turbulence occurred during the high speed part of 

the flight when most of the mass loss occurs. The mass-loss data for 

Lexan show similar trends. 

3-2 Tip ablation 

The equations for nose recession given in (2) have since been modi¬ 

fied. This change was made following the recent discovery that the 

value used for the constant, k, (Eq. (2), below) had been in error. Use 

of the correct value indicates that a nose ablation model consisting of 

a hyperboloid asymptotic to the cone is an improvement over the spherical 

section. The nose recession rate is related to the change in nose radius 

of curvature by the relation 

xn = VW ec (!) 

This simple mathematical model leads to a closed-form solution, although 

rather lengthy, for the tip recession at the end of ablation. At launch 

velocities greater than about 4 km/sec, the equation for the tip reces¬ 

sion can be greatly simplified if the wall and free-stream static 

enthalpies are neglected; and it becomes 

An 

rb .prt, sin8 ec 

1/3 

^ t s vyjj 
-,2/3 

(2) 

where k - 1.25X10 3 meter 1/3 and the base radius rb is in meters. 

The comparison between theory and experiment is shown in Fig. 4. The 

agreement with the data is good. 



6 

4 • OBSERVED FEATURES 

Thus far the connection between the measured mass loss and the 

extent of turbulent flow has been mde . Exhaustive microscopic study, 

m addition to that required for assessing the turbulent area, of the 

many models recovered during this exploratory study has revealed many 

surface features produced by laminar, transitional, and turbulent flows. 

These suggest that a high degree of order exists in turbulent and tran¬ 

sitional flows produced by isolated three-dimensional roughness elements 

Many of the features appear as a result of particular properties of the 

model materials themselves as influenced by local imperfections therein, 

for example, viscosity of the melt layer and nonhomogeneities. It is 

necessary when observing and discussing these features to keep in mind 

that each surface is the end of a history which starts during final 

preparation of the model, before it is loaded into the gun, and ends at 

its recovery. Some of the smallest surface features must, of necessity, 

have been formed immediately prior to the cessation of ablation; others, 

more deeply engraved, must have been formed early in the flight when 

ablation rates were high. In all cases ablation commences after less 

than a meter of flight. Since the bodies decelerate very rapidly at 

first, the time available for ablation at the high-speed high Reynolds 

number conditions is short (see Fig. 1). As long as the adiabatic-wall 

temperature remains slightly above the melting point of the plastic the 

surface layer will reme-in fluid. For both mterials this temperature is 

reached at about Mach 2, when the boundary-layer-edge Mach number is 

about 1. The residual features, therefore, are a sort of "geological 

overlay," and considerable uncertainty surrounds their interpretation. 



Ihe only features found in tne continuously laminar regions were 

ring waves on the noses of Lexan models tFig. 5), like those found on 

tekUtes (4) and a multitude of similar, although smaller, wavelets 

d ln the m0lten suriace on the conical portions of the Lexan bodie 

(Fig. 6). In contrast to the wavelets on the lexan models, the Delrin 

surfaces show a pebhled appearance not unlike that of Scotch grain 

leather as may be seen in Fig, 7. ^ fine structure ¡6 belleve(i to 

represent the individual powder grains from which the Delrin bar-stock 

was made . lhe individual bumps are typically dp microns across and 

about 3A micron high. Bo further discussion of these features is 

included. 

Figure 6, in addition to showing the minute surface waves in Lexan, 

also displays a series of interesting patterns immediately downstream of 

a visible imperfection in the surface. Such patterns were observed 4uit 

frequently and could be induced by the aforementioned indentations or 

craters. Visible features include arrav-c; nr c+ 
arrays of streamwise grooves, origi- 

hating inside a triangular region, with apex at the surface imperfection. 

These patterns were eroded appreciably deeper than the surrounding sur¬ 

face, and are interpreted as evidence of so-called "turbulent wedges" in 

the transition process. 

In areas thought to have completely turbulent boundary layers dur¬ 

ing the high-speed part of the flight, the same kind of longituiinal 

grooving is apparent as in the transitional flow, m addition, a com¬ 

pletely different set of orderly grooves and lines, running obliquely i„ 

both directions around the cones was sometimes identified (hereafter 

referred to as groove- and line-type crosshatching (Fig. 8)). 
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These features, the conditions under which they are produced, their 

analogs in other studies where available, and possible boundary-layer 

mechanisms to produce them are discussed at length below. 

'»•I Roughness-induced transitional flow 

The turbulent wedge patterns produced by controlled model indenta¬ 

tions are usually barely visible to the naked eye, but with a metallurgi¬ 

cal microscope reveal great detail. Epical wedges in both Lexan and 

Delrin are shown in Pig. 9. The forward parts of these wedges appear to 

subtend a half-angle of about 5°; farther downstream this envelope 

.creases to about 10°. The ablation within these areas greatly exceeds 

that outside as attested by the mass-loss results described earlier. 

Additional features which can better be seen in Fig. 6 are, in 

spatial order of their appearance behind the roughness element, a pair 

of grooves trailing downstream, a second pair of grooves Just outboard 

of the first pair, and a sequence of new grooves each outboard as before. 

Then, on some Lexan models, and sometimes faintly suggested in photo¬ 

graphs of the Delrin bodies, there is a low ridge (hyperbolic in shape) 

which crosses the wedge-shaped area containing the multitude of grooves. 

This ridge lies obliquely transverse to the flow and appears eventually 

to cross the leading edge of the wedge from which the grooves emanate. 

One model was purposely impressed with craters so as to produce 

several overlapping wedges and hyperbolic-front ridges. It was found 

that the ridges turned more transverse to the stream as they approached 

one another and met in a smooth curve. 
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Bie Une-type crosshatching believed to be characteristic of 

turbulent boundary-layer regions is seen occasionally within individual 

turbulence „edges on Laxan bodies. This crosshatching appears to be 

similar to that observed on large areas but the pattern size increases 

P y with increasing distance from the roughness element. The angle 

of obliquity of the lines varies as „ell as a result of the "fanning 

out" of the pattern. No analogous observations are imo», to the authors 

and no hypotheses are advanced regarding its fomation. 

Relation to other observations 

'Turbulent wedges originating at point disturbances in laminar 

boundary layers are well-known phenomena (see, e.g., (5,7)). ^ lat_ 

eral growth rate of the forward ^ 
rward part of the wedges eroded into the 

recovered models matches rather well that of continuous turbulent flow 

downstream of single elements of roughness In subsonic flow as reported 

m (7). In doth cases the lateral-growth half-ar«le is about 5°. 'The 

lateral growth of the rearward portions of the wedges is about 10«, 

matching that observed for intermittent turbulent flow (7). No consis¬ 

tent differentiation between the inner and outer regions has been noted 

in the present study. 

The details of erosion within the wedge have essentially no counter¬ 

part in earlier results except that (8) reports that the wakes of single 

projections from surfaces persist downstream for over a hundred boundary- 

layer thicknesses. The authors know of „0 published description of the” 

other details noted, that is, the successive longitudinal grooves or 

hyperbolic front. 
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^-1-2 Interpretation 

The succeeding discussion of possible mechanisms for the formation 

of the observed erosion „ithin the wedges is, necessarily, predominantly 

conjecture; it is included only to suggest possible mecteinisms for the 

sudden transition from laminar to turbulent flow at the wedge leading 

edges . 

The successive creation of longitudinal grooves at the leading edge 

of the forward part of a given wedge appears to result from periodic 

induction of vortices outboard of the existing vortices. Ho single sur¬ 

face feature suggests a wave front or vortex along the leading edge of 

this region; the grooves simply appear to start. This apparent start 

may represent coalescence of vorticity in the approaching boundary layer. 

No mechanism is postulated with confidence to explain the increase, 

from 5° to 10°, of the lateral induction rate. It is tempting to guess 

that the hyperbolic-front ridge records the location late in the flight 

of a strong, transverse, single-vortex filament in the boundary layer 

capable of producing a sharply local reduction in shear. In fact, the 

ridge is suggestive of a separation line in oil-film, flow-visualization 

tests.* Such a vortex might easily produce sharply defined transition 

from laminar to turbulent flow in the boundary layer, thus establishing 

the wedge leading edge. 

It is believed that the hyperbolic-front feature probably is formed 

very late in the flight, while the wedge is certainly formed at high 

^Gh hyPerbolic-fr°nt ridge is 'formed because of disturbances from 

a single roughness element. No ridge of this nature has been found in 

the absence of such an element. 
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speeds. A similar ridge may actually exist at the wedge leading edge 

during high-speed ilight and be erased or moved progressively as the 

model decelerates. No direct connection has been established to exist 

between them. The lateral propagation angle of the wedge approaches the 

boundary-layer-edge Mach angle at the highest test speeds (it is always 

relatively slower at lower speeds); consequently, no conclusion can be 

drawn about the level within the boundary layer at which disturbances 

propagate . 

These observations show that a high degree of order exists in what 

is usually considered to be chaos. If such is the case, a revision of 

accepted physical models for turbulent flow may be in order. 

4.2 Turbulent-flow areas 

Two classes of surface markings observed in regions of turbulent 

boundary layers are streamwise grooves persisting from transition 

regions, and crosshatch patterns believed to indicate systems of diago¬ 

nal vortices or waves lying deep in the boundary layer. The streamwise 

grooves, previously discussed, may persist over the entire surface from 

theix origin in the region of influence of a roughness element. These 

longitudinal features vary in distinctness from the sharply defined 

grooves emanating from obvious surface imperfections to undulations so 

subtle that microscope illumination must be adjusted carefully to reveal 

their presence. The nonhomogeneities in the flow which produce these 

grooves, however small, with perhaps the stabilizing influence of the 

grooves themselves, persist downstream for many hundreds of boundary- 

layer thicknesses . 
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Another feature which nay be seen to cover substantial areas, 

sometimes more than 90 percent, of the recovered body's surface consists 

01 extremely regular oblique markings which divide the surface into 

diamond- or hexagonal-shaped areas (Fig. tí). This figure consists of 

six photomicrographs of surfaces of two recovered Lexan cones after 

flight through air at 2 atm static pressure. Those in the upper group 

Bhow one area of the high-speed model at three magnifications. The same 

magnifications are used on the low-speed model. Ihis class of marking 

must be further subdivided into what is here called "groove crosshatch¬ 

ing" and "line crosshatching" in order to distinguish their very differ¬ 

ent appearances. The grooved type consists of periodically spaced, 

shallow grooves running obliquely, symmetrically in both directions, 

which intersect at regular intervals. The relief of this feature can be 

much deeper than that of the line type described below. The depth of 

the deepest of these grooves was found to approach 10 percent of the 

total surface recession. The grooves are therefore believed to form 

early in the flight when the heating is most severe. 

The line crosshatching has been seen only on Lexan models. Tie 

lines are actually edges of relatively flat surfaces, each of which 

resembles a hexagonal roof tile. Each element slopes gradually up in 

the ilow direction and ends abruptly in a step. 

Under similar ambient conditions, and once on the same recovered 

model, the groove-type patterns were observed to be about twice as long 

as the others. Tüs contrast is illustrated in Fig. tí. The dimensional 

properties of both appear to vary from place to place on a given model 

and do not appear to follow any rigid systematic pattern. The wavelength 
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of groove crosshatching was about + 
^ wdo duout three to lour times the turbulent 

boundary-layer thickness calculated for a nonablating surface at the 

highest speed and decreased cere rapidly than the boundary-layer 

thickness with increasing ambient pressure. 

Ihe obliquity of the Barkings, the angle measured from the cone 

generator, differs for the too types of crosshatching. The groove-type 

angles range from 23° to 260. ^ line tipe generally ranges from 28° 

to 37° with two observations oyer 41° and one under 24°. No systematic 

behavior with varyi,« ambient pressure or initial speed could be found. 

^•¿•1 Relation to other observations 

IVO other fluid-flow environments have produced features nearly 

identical to, or suggestive of, the crosshatch patterns described above: 

Wind tunnels and shallow water flowing over sand. The first wind-tunnel 

te„t to come to the authors’ attention was an ablation experiment, as 

yet unpublished, on a Teflon-covered cone. The test was conducted at 

»ASA Marshall Space Plight Getter for the Douglas Aircraft Compaay. The 

test facility was the 164 HT Burnpr 1¾a-¡n + . +u 
urner Facility, the grooves etched in the 

model closely resembled those in the Dreqpn+ trw 
n the present groove-crosshatching areas. 

The other wind-tunnel observation was made by Naganatsu (9), who 

used a spark schlieren system to observe the structure of a thick turbu¬ 

lent boundary layer on a large sharp cone in a hypersonic shock tunnel. 

He found a "waffle-like appearance due to the turbulent eddies" i„ hls 

Pictures. Studies of good photographic enlargements show the length of 

these patterns to be about four times the local boundary-layer thickness. 

Most of the crosshatch t-rtteras in shallow-water flow over sandy 
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bottoms have been evident on the sand after wave recession from beaches; 

occasionally these patterns have been observed to cover areas as great 

as 300 square meters . 

Two photographs of patterns, taken just after wave recession from 

the beach, are presented in Fig. 10. The coloration results from dif¬ 

ferential deposition of fine black flakes and coarse light sand. The 

darkest parts of the large pattern were recessed well below (perhaps d 

or 3 grain diameters) the adjoining light areas. 

A further casual observation of steady water flow in a stream about 

1 meter deep also exhibited crosshatching from time to time. The sandy 

bottom was not visible because of sand entrained in the water, but 

regular diamond patterns of peaked surface waves formed. The maximum 

wavelength observed was about 1.5 meters; the waves grew steadily in 

height to about 20 cm at which point they broke, and then quickly sub¬ 

sided. This cycle was repeated over the course of a few minutes. 

^•2.2 Interpretation 

It is felt that the two orderly patterns both longitudinal and 

oblique, eroded into many of the recovered models, may be clues to 

unexpected, orderly phenomena in turbulent boundary layers. The per¬ 

sistence of the streamwise grooves, over the length of the cone, repre¬ 

senting a several-million increase in Reynolds number, suggests that 

each groove resulted from a stable longitudinal vortex in the boundary 

layer. The uniformity of this sheet of discrete vortices suggests 

vortices of preferred size and strength; it is intuitively plausible 

that the compliance of the surface to the local variations in heating 
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^ EtaMliZe the »°°Mons of the vorticec. 

Even more surprising than the longituh• , 
coverv Of th ^itudina! grooves was the dis- 

rV OI t)}l0 fiTfOOVP Qnrî 1 * 
and line crosshatchiing. Their eenm»* • 

argue that th, geometric siffiiiarities 
they result from the same houndary-layer flow 

tho^h they differ in detail. ^ 

11 15 temPting to draw a has+v r>m 
y between the "waffle'' 

pattern observed bv Marr-u + oy Wagamatsu and the 
ne Present patterns, it ls nn+ 

^own, however, whether the f n 
f J-laraents shown by his seh i ■ 

cores or sinmlv • hJ-ieren are vortex 
simply regions of different density n • 

these filament0 lie i 12 11 Whether 
lie along the stream direction or are hT 

rrhrJ+ 4.U or are oblique to it 
That the wavelength in both cases ann 

caoes appears to be ahnn+ +i 

the boundary-layer thirb 0r f0Ur tlmes 
y layer thickness suggests a connection. 

The appearance of simitnr no++ 
^ ’erns in shallow-water flowc; 

that the free 11 sPßgests tree suriace may play a role 

J-ayer edge in c„ • 1 f the i°'tndary- 
" tn forming the patterns observed there. rf a t ♦ 

can be found in which th SE facility 

flow . t Phen0mena Can be read^ created In steady 
°“' 11 my be - study the flow itself as opn a 

ablation patterns. The uicerta • t t0 the 
feat rtamty of the tit* of foration of each 

e argues for this experimental approach. 

5 • CONCLUDING REMARKS 

®>e technique of recovering ablating ballist, 
oing oaiiistic range models in 

undamaged condition has proven to be 
b , P n to be a powerful research tool for 
boundary-layer transition studies p . . 

y combining the measurements of 
mass loss and microsconin a ntE 0f 

gained under conditions Û ' ^ ^ can be 

investigation. ^ ^ ^ °f 
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From a study of the data collected so far, it appears possible to 

maintain laminar flow to local Reynolds numbers of 6 to 8 million on 

30° half-angle cones, with edge Mach numbers in the neighborhood of 

4.5. A study of the surfaces of the recovered models suggests that a 

high degree of order (as opposed to essentially random phenomena) must 

exist in the transitional and turbulent boundary layer. 
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Discussion of the Paper 
FLUID MECHANICS OF WAKES 

presented by 
Lester Lees, USA 

H. K. Larson 

(i) With regard to your statement that turbulent flow on the body results in an 
a -turbulent waKe, there is considerable evidence in the literature that sufficiently 

2 LfhIP"Sl0".0f * tUrb"lent b0U"d,rï lw" in 1.11' i; *11™ 
« not brH1.“d n°’S- “ hl|!,,8r MMh jour st.te.en- 

rerpníi Wfth Hegalf t0 y0Ur correlation of the spreading parameter, sigma we have 
Tul 1 fthnm ï a dÎSCrePaI1Cy betw6en ">easurements at Ames and some by Gray at ARO Inc 

1 o ofirill Ca“ae °f thlS 15 be,leved t0 be ,h' dilrèn 2 ratio of the length of measurement relative to the initial boundary-layer thickness 

0 r sigma was based on the old, conventional definition. We have not compared the two 
sets of measurements using the momentum-thickness definition of sigma 

L. Lees 

(i) 1 »«ree with Mr Larson’s observation. However, I have riie impression that 

I“! !..!!! “1"“ b0""d“'ï '”"r 18 eí,tahl1'""I °n . body there 1. . 
«mor sub-layer that re»ains turbulent soon otter .«passion around the base. 

i JlslTlLlVl“8“5' 18 redUC8d e^e*tl, 8t hl|!h ",ch •“‘•‘tor’ (f»r 
turbulenlalfH l f * con8ld'r»b1« to esttóllsh a full, d.y.loped 
turbulent half-jet. Many of the published results suffer from this defect In 

thicknessTf or^Íies"?“1" ^1 SPreading df?/dX ' of the momentura tntckness if one tries to correlate data from many different sources. 

D. Ellington 

How important are the pressure fluctuations compared with the fluctuations in 
entropy and vorticity in a compressible hypersonic turbulent wake? 

L. Lees 

There are numerous experts in the audience who are much better qualified to answer 
is ques ion. However, in the wakes behind blunt bodies it is mylpression that 

IfCthat ïsetnhe8ÎrUCtihre \8„n0t Very dlfferent from "hat it is at low speeds, 

the wake Of courle near fluctuations not be important in most of 
turhuW chhi 1 i ^ °ne 0b8erves the «"ali “shock waves” produced by 

across the wake8 Au/I 8 ^168, °n the other hand> the relative Mach number 
across the wake, Au/a0 , is supersonic for a fairly long distance, and it is quite 
possible that pressure fluctuations are significant in this zone. 
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L. S. G. Ko va.szii ay 

(i) Is there a theoretical 
by the turbulent fluctuations 

treatment of the 
of the inner wake? 

instability of the outer wake driven 

(U) A 
turbulent ^ °f ™igeStS 

noo»l the streamline and 'il is the bw;»gL",”.:i:c‘,rIe„ïel°Cltï flUCtUStI° 

L. Lees 

■Hie theoretical treatment of the instability nf ev, 
“classical” lines, in that the eigensolÎtionl Lh I ™rtical Wake follows 
found »«bout reference to an. Impressed ist,,rh Ch,r“terl!rt1' fmouencles are 
to follow up Dr Kovasznay’s suggestion to «¡turf tv,06'** ^011^ be ver3r Interesting 
from the inner wake as a trigSgereSUOn ^ ^ effeCt °f lnput spectr^. especially 
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Discussion of the Paper 
KINETIC PROCESSES IN HYPERSONIC »IKES 

presented by 
Alan Eschenroeder, USA 

E. A, Sutton 

che^í"Cl0LNpCrls:2NLentlvbeetn & nUmber °f Quillbrlu™ 
interpretations of the disappearance'of thfreactlts i^temT 0^7 

are erroneous. They show that the rate which was studied L the 

N, + 0, NjO + 0 

to m erroneously^ig^production fíô' f!'Íd "“¡j“1“1“' MU 

Now, as Dr Eschenroeder has roentioneri t u/miin ± 
chemistry of electrons in the far wake. ’ * 16 S°rae comraents about the 

We have a fluid mechanical model that 1¾ mD tho r> r, , 
I would like to talk about the chemist™ h R , Dr Eschenroe<Jer desciibed, so 
remarks to the far wake * " Particularl* 1 ^uld like to confine my 

the'line'density as LMÜrlS Une 
J auraegay m the Lincoln Laboratory ballistic range. 

likeTe^aTnlTîhiTir^ 'VeT^ ^ ^ ^ ^ta. I would 
wakes is also of importance for th! el f ^ ^ cheniistry of these Pore air 
this reason there has been a large effort™11 C°nCentJations ln the ionosphere. For 
dominant reactions of the ionosphere. Rec7í|8 Be°physicists to rasure the pre- 
for the ion-molecule reactinna h s ‘V 0 ^arge numl)or of the rate constants 
Fehsenfeld, pêr^Ón Z sZuT b“°”Z:"1*“'- I" ^ticul.r the „rk et 

so many of the rates needed tor tlV.akrchemLtr"'1"'1^ ** theï h“V' recentlï *e»sdred 
hy many others on the chemistry of „e„?“ " î™”1"' f1“ 
be made that the chemistry controlling ts constituents, allows the statement to 

™.t is, in the sen" thaí aU tí 1Í, t ?” Ie,e“ PUre “r •*'* 18 »"°«i. 
neutral and ionic. P rate constants h»ve been measured, both 

Dr ^“r^dertfs“:1::?“?:““0” *h? Pl“ »‘»«ron chmalstry. 
region, 1, detenalned pred^lnLuy b, ? t“1»” ”f th» ”»«r- »"d mld-.ake 

the f. the nent/aCîr 0.V c ‘Z f h’^o'?*11““”" °' N ' 18 
effectively reduce the level of free electrons otb»r/rocesses which 
_ ctrons. Once the atomic oxygen concentration 

Printed at the end of this Discussion 
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is reduced, the electrons no longer become detached as quickly as before it* moin 
electron-determining chemistry then becomes a complicated series of negative ion 

“ ~rr; l0" ',Ch“8e’ “d »e Ln ‘1 th‘s eh™1“1 s),st“ »re sh»™ in Fisnre B. He nu.bers follo.ine the 

p 0«;r S°'e ect™ re h' “e Ptartlcull,r conlParetl tp the neutralie.tien 

th^d^íJ^e60 See" 10 CÏCle >60nt ”rt"S “f — 

n r* T21 8P!CieS 'hlCl1 “ ln,1,ort“t role in the .ake are seen to be 
0 , 0, . 0, , NO , and NO, . The most Important of these Is the atomic oxygen It is the 
large concentration of atomic oxygen In the earl, parts of the „.he *=h allÓÍs the 

todÎMc\Î° S;‘J’'ieineiied. thus allo.lng the dissociative neutralisation to 
dominate the electron depletion in this region. 

to al noint^er""“0? "d„turb"le”t '“l«1»''. eventually the atomic oxygen Is reduced 
íh. !!ch!l!lí ÜÜ"..8 *!1 fraction of the negative species are Ions. Finally. '-v - X. VltCã literal 

the exchange processes which lead to the formation of 
electrons from the cycle permanently. 

N02 and NO remove the 

One of the main features of this system is the dominance of exothermic reactions 
Although many endothermic reactions are included in the program, none were found to'be 
as important as the exothermic reactions. The lack of endothermic reactions with their 
strong dependences on temperature through the Boltzmann factor leaves the present 

th^ if endothemi ^ ^ ^ Pr°Per Calculation of the temperature man ir endothermic reactions were important. 

In Figure C, the role played by atomic oxygen is illustrated by calculations where 

r ; «T : :t0nt ^ieft o,,t'ieadine 10 *he ^ -=- «-»gb >«111 
tlo“ 1 1“ ,,ry 8 0O8en “""'"««'l»» mb > «Odel contslulug „„1, neutralisa- 

fini! ri6 D !he initial flUXeS 0f nltric oxide have been varied to show how the 
final electron decay is strongly affected by the NO and its product, NO 

Summarising one can make the following points: 

™e. °n femistry is so rapid compared to the rates of neutral species that 
while the electron level relative to the negative ion concentrations is determined 
y the ion reaction rates, the rate of change of the electron concentration follows 

the more slowly varying neutral species. 

Secondiy, the reaction rates used in this work were all taken from measurements 
at the lower temperatures one finds in wakes. Many of the present reviews of 
chemical reaction rates mix measurements from low and high temperatures, which 
often leads to large errors when rates are extrapolated too far. 

R. Legendre 

When the experimental results are compared 
supposed to correspond to axisymmetric flows, 
there is certainly a slight incidence, making 

with the theoretical ones, both are 
Whatever the stability of the model, 

no change in the near wake, but, when 



the results 
vortices is 
gases. 

are studied for x/D greater than 100, 
significant, even for small incidences,’ 1 imagine that the mixing by the 

and increases the cooling of the 

A. Eschen roedor 

? Ia"n0hI”' Sl™to “"«• 
incidence has been found to be less than the 6 0 extent' influence of 
(approximately +50¾) for incidence angles smaHSCatter axid uncertainty 
incidence angle is monitored in all fights Idlhe ^ 
to he representative of Zero incidence within the limil: 

D. Ellington 

reacti”" a nun on electron density concentrations? 

(Ü) Have m, comparisons been made with Lees and Hromas theory? 

A. Eschenroeder 

ntova«“tehis“iSi0s:°okciier“^—1»=^ 
reverse reaction (for which the rate is nft g h®ve found that the products of tl 

has just pointed out. thTe/ctron COnCent aL f6 + ° ‘ As Dr S“tton 
sensitive to NO production; therefore in the^ ^ Slender bodles is highly 
reaction to be significant. 6 CaSeS We Dlight exPect the 2 NO 

various methods. FbrIdentiell^i& ^ field comparlson for 
coefficients the Unite-difference aDnL :di1?na’ rate constants, and transport 

-thods (e.g. Lees and Hrlragle^h: ’w^ folaT^ and the integral 
electron density. 11 for axls values of temperature and 

C.F. Dewey, Jr 

where rate c^alTiT^ 8Caled to conditions 

A. Eschenroeder 

(i) As long as we consider the near 
ci ative recombination reaction it will 
preserving both the flight velocity and 
constants. The sub-scale experiment is 

wake as that part controlled by the disso- 
obey binary similitude; i.e. that similitude 
product of ambient density, with length as 
a more severe test of scaliny because tertiary 
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processes become important relatively earlior in u, i 
that the near wake is an extremely limited region in term's of'fieïd“/6111186 
Therefore, it appears necessary to develop a theoretical IhÍt Í observation«- . 
description where direct scaliny may not e v lid ' ^ & COmPlete 

BALLISTIC RANGE DATA AND COMPUTED WAKF 

ELECTRON DENSITY 
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Pig. C 

10 
12 

x/rn 
5000 10,000 

1 r 

O-BALLISTIC RANGE DATA 
KORNEGAY 

(LINCOLN LABORATORIES) 

NEUTRALIZATION 
/ONLY 

[0]°* PREDICTED- 
VALVE 

CALCULATION 
WITHOUT \ 
CHEMIDETACHMENT \ 

10 
[o]°**i PREDICTED IN \ 

0 INVISCID FLOW—A 
FIELD CALCULATION 

-I-1-1-1-1-1_I_L 
\ 

12 3 4 
TIME, MILLISECONDS 

Sample calculations for the 40 torr case showing the result of partial models 
based on neutralisation only, neutralisation and attachment only, and less 
atomic oxygen than calculated from the near-flow-field program. The rapid 

ecay due to attachment when the chemi-detachment reactions are left out 
is clearly shown 
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Pig. D 

x/rn 
5000 10,000 

O-BALLISTIC RANGE DATA 
KORNEGAY 

(LINCOLN LABORATORIES) 

-[N0]°PREDICTED IN INVISCID 
FLOW CALCULATION 

,10 

10 

8 

-[no]°= A predicted 

[no]0 = ^ 

3 X PREDICTED^ \ 

\ 
\ 

\ 
\ 
\ 
\ 
\ 

U 1 2 5 
time, milliseconds 

Ssinple calculations showine hnw t-hn Tin«! i 

lniti.1 no concentration in the ,*e. LlToT °n ^ 
«rectir proportional to the initiale ^ntí«^ 
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Discussion of the Paper 
DIAGNOSTIC STUDIES OF LAMINAR HYPERSONIC CONE WAKES 

presented by 
E.M.Murman (Speaker), C.W. Peterson and S.M. Bogdonoff, USA 

T.N.Canning 

The change from frozen adiabatic wall conditions to cold-wall conditions should 
change the wake-core details only in that a very thin region of slightly higher 
density may be formed. 

E.M.Murman 

This is the sort of change in the fine structure of the wake that one would expect 
to uncover in the cold-wall case. If a temperature maximum exists off the wake axis, 
then the density profile will reflect this as a local minimum. Such detailed 
differences are not expected to alter the overall structure of the wake as found for 
the adiabatic bodies. 

L.Lees 

I am impressed with similarities between the axi-symmetric and two-dimensional 
flows; the viscous wake edge, if defined as the boundary where total temperature equals 
free-stream total temperature, lies outside the trail of the body base and, downstream 
of the wake shock, is nearly parallel to the wake axis; the chief difference between 
this study and Ball’s work at M = 6 is the difference in local Mach number. The 
trailing Mach ray of the expansion fan will be pointing toward the axis in this case, 
which accounts for the differences in static pressure, laterally. 

E.M.Murman 

The Mach number effects are definitely quite important, and are evidenced in the 
lateral and axial pressure distributions. The structure and strength of the trailing 
shock appear to be different in this experiment from that of Batt. This may be due 
either to the Mach number difference or to the change from two-dimensional to axi- 
symmetric flow. 

E.P.Muntz 

(i) Could you sketch the static pressure profile used in the calculations? The 
point is that I would like to emphasise the static pressure overshoot that has been 
observed in other facilities by previous investigators for cone wakes; perhaps some 
comparison is in order. 

(ii) It would be of interest to compare your results with other cone wake measure¬ 
ments at similar Mach numbers, which are available for both cold and hot walls. 
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E.M. Murai an 

(1) The static pressure profile in the sketch is obtained from measurements with 
conventiona! static pressure probes. Hie determination of the axial static pressure 
distribution is not yet completed. Several probes are being used to isolate and correct 
for any viscous interaction effects on the instrument. However, the general profile 
appears to be as shown 

21 

P_ 

Poo 
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1 
—r-1-r 

3 4 5 

z/D 

(ii) Several sets of data are available in the literature covering the same régime 
of Mach number and Reynolds number. Comparisons with data from General Electric show 
qualitative agreement with the density profiles and static pressure distributions. 
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Discussion of the Paper 

WAKE MEASUREMENTS BEHIND A CONE SUSPENDED MAGNETICALLY 

IN A MACH NUMBER 4.3 STREAM 

presented by 
M. Pinston, F. Browand (Speaker) and D. McLaughlin, USA 

E. J.Softley 

(i) Why is observed real stagnation point as far back as 4 base dimeters? 
Observation by Lees for low (blunt wedges) and for cones at higher identifies 
the rear stagnation point at X/Dn = 0.75 ! 

(ii) What is the basis for the statement that the measurement probe does not 
interfere with the flow? Our observations (at General Electric) suggest that an 
extremely small probe can interfere with the flow field, moving the rear stagnation 
point back! 

F. Browand 

(i) The rear stagnation point was placed about 3½ diameters downstream of the base, 
but this is admittedly only a rough estimate. Increasing , decreasing wall 
temperature, or the onset of turbulence would all have the effect of moving the rear 
stagnation point closer to the body. 

(ii) We have no guidance that the probes we have used affect the flow, although with 
larger probes asymmetries and wake movement are noticed. Schlieren observation of the 
wake region, with no probes present, gives a similar estimate of the recirculation 
régime length. 

S. M. Bogdonoff 

I am concerned with the author’s use of pitot pressure surveys alone to draw con¬ 
clusions about the location of the stagnation point and details of the velocity 
defects downstream of a cone. We have found it almost impossible to do this without 
other measurements by other techniques and perhaps these difficulties may be the 
reason for some of the discussion. 

F. Browand 

I agree with Professor Bogdonoff. But I still feel that the rear stagnation point 
can be roughly located, in this fashion, to be about 3 to 3½ base diameters downstream. 
We have some supporting evidence from schlieren observations also. 

, 

i 
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T. N. Canning 

The bifurcation represents the discharge of the trailing vortex "horseshoe” due to 
lift, even at the smallest angle of attack mentioned. Therefore I fail to share the 
surprise of the earlier conversation at the appearance of the two lobes at 0.4° angle 
of attack. 

F. Browand 

Yes, it should not be surprising, what is surprising is the magnitude of these 
effects. 
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Discussion of the Paper 
ANALYSE EXPERIMENTALE DU PROCHE SILLAGE D’UN 
CORPS ELANCE, LIBRE DE TOUT SUPPORT LATERAL 

presented by 
M.Sirieix and Jean Delery (Speaker), France 

L. S. G.Kovasznay 

Please define the quantity N . 

J.Delery 

N Is the equivalent frequency of the harmonic oscillation tangent to the auto¬ 
correlation curve of the turbulent signal. This frequency is a representation of the 
characteristic scale of the turbulence, \ . 

J.T.Ohrenberger 

With regard to using the method of rotational characteristics to calculate the 
expansion of the boundary layer into the near wake, my experience has been that the 
pressure field can indeed be predicted to good accuracy (as determined by comparison 
with experiment). However, in my case the reason was that the pressure boundary 
conditions on the characteristics were forced at the onset of the calculation to agree 
with the experimental data. Contrary to this, the streamline pattern, i.e. flow 
inclination distribution, was found to be in substantial disagreement with that 
inferred from experimental data (taken by R.G.Bail at CIT and discussed by Professor 
Lees earlier in the paper "Fluid Mechanics of Wakes”). The reason was traced to the 
use of a centered expansion originating at the sonic line in the boundary layer at the 
base station, together with the assumption that the streamlines were parallel to the 
body surface at this station. We now know that there is an upstream influence of the 
base pressure on the boundary laver structure and hence that the expansion process 
begins upstream of the corner. Recalculating the flow by characteristics assuming a 
non-centered expansion again gave good agreement of pressure with flow inclination. 
The point to be made here is that the good agreement of pressure between experiment 
and theory shown by Sirieix and Delery is not necessarily an indication that the 
characteristics method is accurately predicting the flow field. 

J. Delery 

In our calculations we disregarded the subsonic portion of the boundary layer, and 
the influence of the expansion must certainly be felt upstream of the base through 
this subsonic portion. However, when the boundary layer is turbulent and the outside 
Mach number high, the subsonic portion is extremely thin, and the displacement of the 
expansion in the upstream direction must be very small. 
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NEAR WAKE of A slender cone in hypersonic wake 
presented by 

Schmidt and R.J.Cresci (Speaker), ÜSa 

0. F. Dewey 

srr oi/ou- —«»n .cro5B 
greater thaa one »„uld ejp,ct fr0, “ '7' ‘ es,at « «tack .re e.or.ou.1, 
»0«ld jou ele.ee e™,ent. B'e '«“»‘“b of d.t. .t zero mgle of at^ok. 

standard technlqu^be »fnî'ÎÔ’veHfMnffh”“111"’‘ hot-*lr' »s>sore.ents or other 
'olocttyo verlf«"* ‘"a order of .«„.„ode of this reolrcol.Uon 

R.J. Cresci 

(i) A Possible explanation of the laree *u 
region is that they are caused by the larg¡ ZZ l ^ t0 °CCUr in this 
(recirculation) region, if the bifurcated r! that ««ur in the base 
y Finston, et al.), then the flow in the plane^f region exists (“s Proposed 

recirculation regions and therefore v^t^h^cît1;. ^686 

tk^L^irh:rrd:tu:Lan?t°Lr::lo:[tl-” bi“ —-o. 
not performed these measurements as yet. l0CitleS “irately; however, we have 

E. IW. Wurman 

viscous Interlu'Ü StóVÕ"8“". ^ d"ta for 
»stM.t. of such corrections been nado. 

R.J.Cresci 

been made for «osVd^^ÎeL^utLns^ïIrgesTîach^ ^ COrrect,on 

~“tS ““18 - -“TzsrfoT.srLM. 
H.K.Larson 

Measurements showing laminar flow nt th* ^ - no 
determine that the flow is laminar inbetween p ^ 9° 8tations do not necessarily 

incidence showed the most forward transition locatioTto'be8 t” ^15° 15° 
location to be at about the 45° position - 
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in fact the distance to transition from the cone apex was about twice as large at 
0 = 90°, compared with the 45° position. B 

B.J. Cresci 

Unfortunately, in the present tests no transition data were obtained at inter- 
roedlate peripheral locations around the cone surface, so there w b" soae 
ransitional flow even in the low Reynolds number tests (Re =01¾¾ 1061) 

Z^Z1 te8t! Wil!„be perf0nned t0 verif>' or Adíate this point before the 
final PIB report on this test program is issued. 



Discussion of the Paper 
REYNOLDS NUMBER EFFECTS IN THE NEAR WAKE BEHIND A WEDGE 

AT SUPERSONIC AND HYPERSONIC SPEEDS 
presented by 

W.Merzkirch, Germany 

F. Hama 

The analysis presented in this paper is cased on an earlier inviscid rotational 
theory by Weiss and Weinbaum. However, recent experimental investigation by Hama 
(JPL TR 32-1033, December 1966 and AIAA Preprint 67-29, January 1967) indicates that 
the viscous separation phenomena must play important roles in the formation of lip 
shock. It is also recognised, as discussed already by Dr Ohrenberger, that the 
upstream effect of the expansion is also an important factor. The results obtained 
without taking these additional features into account are highly suspect. 

W. Merzkirch 

The present model cannot predict an upstream influence since it is based on a 
centered corner expansion. As indicated in an earlier paper (Merzkirch: DGRR/WGLR 
annual meeting, October 1966) the secondary wave system in connection with a non- 
centered expansion will change the flow geometry and is able to explain the upstream 
influence. In the present paper, however, a centered expansion was used, since the 
main purpose was not to investigate the lip shock but the wave reflection conditions 
in the free shear layer. I admit that a non-centered expansion - or the upstream 
influence - will slightly change the criterion for the lip shock formation. But the 
principle itself will not change as long as the model of the secondary wave system is 
used. 

E.J.Softley 

Concerning the existence of a lip shock, the model should recognise the extent of 
upstream influence - at least 3 boundary layer thicknesses - and this may modify the 
flow (and wave) geometry. 

W. Merzkirch 

No comment. 

R. White 

The conclusion that the lip shock *111. not form at hypersonic Mach numbers must be 
questioned, since tests with an approach Mach number of 7 performed at the Aeronautical 
Research Institute of SWGSON clearly show such a shock. 
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W. Merd<irch 

Itie upstream influence of the corner expansion might be of influence on the lip 
shock formation The helium flow tests referred to in this paper were performed with 
a highly sensitive optical system and gave (even at high Reynolds numbers) no 
indication of the existence of a lip shock. 
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... discussion of the Paner 
«íes OF CYLINDFRS A»0 ,F„CES IN ,mnc¡) ^ ^ 

by 
E Brun, France, presented by M. VI viand, France 

W.G.Hill, Jr 

Did you attempt to determine the effects of end 
no»s? I noted that one end of your „odel e.t.ndl u"' °" !'“Ur oïer,11 b“e 
While the other end was within the jet It hew a th^ough the ed8e of the Jet, 

effects can greatly affect separ te „ions on -h“ s î” "“y that 
»Pears two-di.ensional. Old you tr, ”st 

M. Viviand 

noted that, in thfstudy "of'the „'"'’J™'1“10”5 of the *ed«e. It should be 
extends throughout the jet, including the nortî PreSSUre "«aancehents, the »odel 

the nozzle. It is only the rtsu'n tion n't the ^ »' 

the adjustment is made, is located at the edge of thê'ismî'pîc'co«8' ^ °" *M';h 

We did not try end-plates. 

L. S. G.Kovasaiay 

»> »d you measure and plot the recover temperature ,e,uilIbri„» temperature,, 

noiza/zt ::,r: Äro^^rdw y°u not tri to '»p ^ piece of information, such as pitot pressure? 

M. Viviand 

(i) Yes, Figure 12 shows the 
the base flow area. curves of equal temperature of the wire friction in 

due to viscosiTeffecis0' ^'díverlen^' S t0 the theorebicai pitot pressure, 

free flow, can be much higher in the near’ Ll ^efmta a low Percentage in the 

it. We are at present developing local density8" 18 Very dlf£icult to estimate 
gun, which will enable us to determine raea8Ure,nents by means of an electron 

aetermine the local parameters of the flow 

E. M.Murman 

layer on the wedge'surfK: ^C^thi: fl'd ““ tlle *d8e 0, th» boundary 
lace. Cm thia bounds be interpreted as something other thm 
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a boundary-layer edge? Could it be an outer boundary of an expansion process emanating 
from the rear corner and felt far upstream? Could it be another rotational region 
which is different from the viscous boundary layer? The dark region in the glow dis¬ 
charge picture of Figure 17 does not seem to coincide with the line constructed in 
Figure 16. 

M. Vi vi and 

This line is the location of tho point of break of slope of the pitot pressure 
profiles, which point characterises the boundary layer edge. On the photograph (Fig.17) 
the transition from the dark region to the light region is continuous and it is 
difficult to determine the boundary layer edge accurately. However, determining this 
edge with the pitot tube is an accurate process. 
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Discussion of the Paper 

AiN4METlP*oRIIt,ENTAL investic*tion OF BASE MASS INJECTION ON 
LAMINAR WAKE BEHIND A 6-DECREE HALF-ANCLE WEDGE AT M = 

presented by 
üíiapkis (Speaker), Jay Fox, L.Hromas and Lester Lees, USA 

THE 
4. 0 

K. M. Tho'<ir\s 

Professo^Zolkoz^f^YV,^wherein W°rk °f 
of mass injected into a hypersonic wake thr^eh^ 7 C°nClUs^Vely that Slîia11 amounts 
the entire base region could indeed »H ^ m- Îk 0:18 SUrface' covering virtually 
region. In contrist é thî 17 77 * recirculatlon region from the base 
General Electric Space SciencesI ahnrPre ml.nary injection results obtained at the 

TJT- ,2 L^e8e r"1"“4» *ere f- » sharp 10“ hJL.i La 
in an 1^-12 shock-tunnel-generated flow. Our result« «r» f 
■eMurenenta nada alth the electron bean In eddlti™ „0 “ d “ “"“"tratlon 
injection experleente .ere »erferüLTor ï H jota^'„e ^ 
and Development Center on the ..ter tÍble i .¿“¡JHlii T‘. ¡'T EieC‘r‘C 'ie8e,rC'' 
table le by no „eene a elmeletion ofThTper on „v L“ »t Î,“ ^ ^ 
in illustrating gross effects and in thiT so"lc eavironnient- It is, however, useful 

than the detach oVt^Lr^ 

preaervatlon^^the^eclrculatiot^reglon^and T "‘l* experl"le,,t» «-a. 
small amounts of mass from the enti/ k ¿ alS0 8h°Wed that lnJectlon of relatively 
and fon, the ao-ceUed i e thTír SZi? ^ ^ reoion that in ““e“ DUDD‘e tnat Dr Chapkls mentioned. The point of all this is 

R.L.Chapkis 

No comment. 

B.H.Goethert 

rzrrr r 'T“- z “ 
la .bather the injèc L râtë held T t',r0”!l,0“t *■“ b"«atlon injection rate used was determined through experiments with 
ratee or .«e »elected more or l,»e colncldent^lp as thë eSTaÎne * 

.*****0mm¡r* 
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Also, all Injection tests were conducted for very small riifform,™ k 4. 
pressure of the injected ea« and k . . . y sma-ii differences between total 

pressure „( the Injectlou l H ItL?, . 1 ‘gree ““ 

tor the configuration *erc the'gas is injêctld^í ^ ”1’ daU 
jets with big velocities? J th b thro«gh one or more small 

R. L. Chapkis 

h.s^;r“sr ,,s chrr pri'ariiï ™ 

simifi injt,Cti0n rate °f about 3% would be large enough t^affect the^^ke reSUUS 
gnlficantly. and this was the rate chosen for this first series of testl 

e^í^a'ihTíu'rWe« «‘a” "”“he7T t“^ S“e *‘nd tU"Ml “iel 

higher^han f„?t^ T’T ^ 
importance of injectant Mach numbers a* 18 es should help to determine the 

the gas is injected through small jets ratSe'rtî^thXVa po^ufbase' ^ 

C. F. Dewey 

pre"r;r Lzcr^i‘: on;r“ -t1 the— 

ITouZr *S1Ch -1^ ^ Permed Lë Z LVtüu 
R.L. Chapkis 

One nice feature of the wake structure with injection io ifa ». i +4 

A. B. Bauer 

The fluid injection phenomena presented by Dr Chapkis are similor «■», 
ments made recently at Philco-Ford for the use of injection he measure‘ 

dimensional nature of our conejo, in r“‘S *‘th the three- 
strength showed a gre.ui ”d 
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Discussion of the Paper 

RADIAL AND AXIAL VELOCITV PROFILES OF HYPERSONIC AND SUPERSONIC 

wakes MEASURED BY THE SEQUENTIAL SPARK METHOD 
presented by 

C. Lab aye, E.G. Leger and A.Lemay (Speaker), Canada 

B. H. Goethert 

» J":““0! the as““pt,on that the ^ °f 
" evaluation of the absolute local speeds. I »¡der^h«'^^!«1'8 “? f “ ‘U°,S 

=^rbr:b8eTai'“sir-reit:v”:^ :r r: ^ 
slgnmLt reSl°nS °f '*rge l0Cal *re “e deviation „„ht be 

A. Lem ay 

have been workingt up to^nw ^ HhÍS tÍme the accuracy of the basic assumption. We 
For wl?! s ’ Under experimental conditions minimising the errors i ::r a 8 „? r«.:;: zti °xiet\ ^tha “-a ----- 
a large error This Z LZ T l ^ PEth Can occur ^ thua lead to 

rr.rœS—S's—ï™ 
Ibe «roTtÎrôo8^^ îhLBtZat0“8 ah”rtaSt ^ » -"»n, »"ature, 

sonewbat higher d uaU e u„d"r ,? “?!? bl at 
a «ne louis'ed f^'L “ 

H. H.Kurzweg 

Did you observe any ablative material in the wake? 
materials other than aluminium for your spheres? 

In other words did you use 

A.Lemay 

aon“ áníèüê^rn8?1'T.1"”'8 been U8ed up t0 n0* ln tbese bubbureaent 
rÔtbrSod”. l8te' bUt ,Ub b,Pera0”1C 5pbare8 bblation h„ t 

The super- 

evidenced 



24 

S.M.Bogdonoff 

Is there any information concerning the effects of the waves reflected from the 
electrodes on the wake development? 

A. Lem ay 

Hie reflected bow and recompression shocks off the electrodes should not affect the 
wake development, since the electrodes present a very thin area along the axis of 
flight. Moreover weak shocks are also generated by the sparks themselves. These 
shocks vary slightly above Mach 1, under the conditions prevailing in the range out¬ 
side the wake, and appear to have no influence on the wake. 

R. E. Slattery 

In reply to Professor Bogdonoff’s remarks: a large number of schlieren motion 
pictures taken at Lincoln Laboratory fail to indicate any effects of weak reflected 
shocks on either the structure or velocity of the wake. Rather, the variation in 
density of the turbulent wake tends to break up and refract the shock. 
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AN EXPERIMENTAL STLDy 0F tV/ 

ON THE BASE OF 9° fONFS lí HV^V^ HEAT TR4NSFKR 
IONES IN HYPERSONIC FLOWS 

Presented by 
Softley (Speaker) and B.C. Gräber, USA 

M- Holden 

I would like comment on the time tn no*- k** l 

Aeronautical Laboratory we have made a Terl cTefn^ ^ At Cornell 
a steady separated flow over a flat-plate ^ °f the tline to establish 
high Mach number and low Reynold. numLí (M = 20^^8^^ -Tface in the regime of 

e s. We find that, whereas the attached hn w ft ) in our various shock 
up to 2 „S are r,qulred to e” lb . ^ 7 1W0rS are .t 

The character of the heat transfer and pressure ^ SeParated region over our models 

thaartkethly fr0m th0Se ln the attached boundary iLírTlí" 8eparated flow differed' 
that the records you presented show no simifi^nt whereas I noticed 
measurements made in the Shock Tunnels at^Íb fh Pendent features' So®® 

as 2 aXiSymmetric 8teP- also exhibited the^am bÍ ic8^^^ ^ fl°W do*natream 
he ‘'“"'■““‘d «ver the co.preB.lon s„r,.ce quoted“ U"e-de'Je"'le"d» 

E. J. Softley 

wen tne flow formation time is raoid nn o ** 
formation times arp nf ^ (in a small coniuai nozzip) 

ion times are of order 1.5 milliseconds (fn* = 0 * t 0ZZIe) wie uoserved w 
the large constant nozzle, the free stream itsiu t V " base-diajI,eter model), m 
the density and pressure (etc ) rising Jí, lf takes Bme 2*3 milliseconds with 
condition, the d.ta indlcáte il!at tie b.T Î™ 
model does not need any additional Hm» hi ! , formatlon for a 5 in. base-diameter 
stream flow formation. b ^68 place durinR the period of free- 

R. Sedney 

How do you determine whether 
laminar or transitional? the state of the boundary layer 

or the shear layer is 

E.J. Softley 

deteralned onTran'^n the“^^«!^^ ™ bou,ia»''J’-IWM- tnw.ltlon ,. 
program,K ttl, lr,fo„ation lg c0 ‘ E’ec‘r c sb°ck '“""cl (In <u, .Item.te 

I“' “r Reir,,“IdS "“"ber- “ leant 2 S ft ,or * sll*rl> c°"e 
transition begins. The «.del used here for b.L r“" ‘S e,Pect'd "‘'»re 
Shell nose bluntness delays transition basa ,nea8Urenients is 1.4 ft long, 

the paper, the boundary layer would be expected tTle iZlll' ^ ln 
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Discussion of the Paper 

HYPERSONIC INVESTIGATION ON THE LOCAL AND AVERAGE HEAT TRANSFER 
IN CAVITIES AND AFTER STEPS OF BODIES OF REVOLUTION 

presented by 

W. Wyhorny (Speaker), H. P. Kabelitz and H. J. Schepers, Germany 

J. Dewey 

j. *®neral cominent, one must be very careful about interpreting the heat transfer 

trLsfeïT"8 a\the ¡'eattachment on the body surface behind the cavity; the heat 

1 "i LProenV T ^ ^ ^ ^ nui"be- has s^wn verfÎarge 
p aks, within one or two boundary-layer thicknesses of reattachment such neaks don’t 

revf iou 1 solution with the local boundary-layer thickness at reattachment? 

W. Hybomy 

Surely, one can do; we will do it 
hypersonic tunnel, where we are able 

temperature of the separation point, 

in the future. We can make measurements in a 
to change the total temperature and the wall 

and so have different boundary-layer thickness. 

S.M.Bogdonoff 

“¡"Î rfVST “d the l0C*tl”n °f the cl°se to the „ose 
•ssumes th.t the local »ach „umber la probably „0 more than 2 or 3. So the testa are 

X7 L, CS,Uï *ln be variable“Zuíe “ 
rh« thl ! di tfl0"' 11118 raakeS U somewhat difficult to compare the results with 
the theory, which assumes uniform external flows. 

W. Ryborny 

y0U f0r,(y0Ur remark: you are riKht. the local Mach number on the separation 

Ce™„îrL,T7rêlC7'' °“m T'' ^ *' ^ def‘"ed °“r »0 
d«U iuS the ZZ 7 !“ n"6er' “ betler botPdrlson of the measured 

anî thl cZutZ“0 ■ ,e “Ve ‘“"d t0 PreSSUrS dl8triblltlon .„»„rementa 

R. White 

oniri^rr fapptr°ach' ^ nmber ls ^«^omc and the local Mach number is 
only supersonic, due to the proximity of the nose. For supersonic cavities acoustical 

tr^s^r'is^rasUcan8 T" ^ Char,,at' ^ ^686 CaSe8’ re8°nailt Cavltles’ the heat 
unsteady c™dml "“St ^ '°r the Pr*Se"" °f »"■* 
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W. Wyboray 

We have not observed acoustical reasonance till now. 

T.N. Canning 

.. T¡ÜHtC8tl Sh0W the perfonnance of a single cavity in changing the net heat flux to 
the body. The perfonnance of a series of consecutive cavities might be very different. 

W. Wyborny 

It may be so; probably it will be, I don’t know yet, because the test! 
made in the near future, and I hope we can present these results within . 
in comparison with drag measurements. 

are being 

few months 
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Discussion of the Paper 
SOLUTION OF THE TIME DEPENDENT NAVIER STOKES EQUATIONS FOR 

THE FLOW OF DISSOCIATING GAS OVER A CIRCULAR CYLINDER 
presented by 

M. Scala (Speaker) and P. Gordon, USA 

A. Eschenroeder 

(i) How much computer time is required to achieve a steady-state solution to the 
problem treated here? 

(ii) Have you attempted comparisons with solutions to the steady-state formulation 
of the equations? 

M. Seals 

(i) The amount of computer time required to achieve a steady state in the class 
of problems treated here is of the order of five hours of CDC 6600 computer time. 
This corresponds to approximately 20 microseconds of elapsed time in the physical 
problem. 

(ii) Yes, we have. By using the same transport properties as Becker did (i.e. 
Prandtl number = 0.75), we were able to match his analytical solution to the one¬ 
dimensional steady-state shock wave structure problem to within one percent. The 
accuracy we achieve depends on the fineness of the computational mesh used. Hence, 
we can achieve solutions which are arbitrarily close to the earlier classical steady- 
state solutions of the Navier-Stokes equations by reducing our mesh size until two 
successive computations produce results which are within E of each other. It must 
be noted that, when the spatial mesh is reduced at a certain rate, the temporal mesh 
must be reduced at a faster rat. in order to satisfy the conditions required for 
convergence. 

L. Lees 

(i) How can you apply a boundary condition on radial velocity in the “wake" behind 
the body at a finite distance? 

(ii) Why don’t you pick up the growing unstable waves for the dynamically unstable 
flow? 

M. Scala 

(i) The mathematical character of the system of governing non-linear partial 
differential equations is parabolic-hyperbolic. In order to have a well*posed problem, 
this necessitates the specification of initial conditions throughout the entire 
computational domain of interest, and the specification of boundary conditions on 
velocity, temperature and density along the boundaries. In particular, for the 
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"/Tí» 0“terfto"d^ »” “« -"»»»tr.«. slde. whe„ 

Would like to specify these boundary conditlons0^!^!1^ temperature- One 
are known precisely; but due to practicni 1 lnfinity- where these quantities 
choice but to specify these ocundarvcoîit?’^6 con8iderations. one has no 

I» fact. mle6s these «ZuTZ f™ ““ b^' 
one cannot proceed with the computations Hus althifh dl““°e fron thc '“'tf. 
"exact", It Is also "appro.i.ate" to the'exUnt oftíê nU,lerlCal ‘a 
conditions Invoked at the outer boundarv „ fa' J th "bitr,rj’ choloe of boundary 
arbitrarily chosen to »Ply tound™ ™du,0 In °“r TOrt « b»*e 
toes to infinity fro. 7, tt ^„l„tely_ correct as R¡ 

the sonic surface *lch ¿nrolopes ä. tody .e ^ 7« “T ^ Pla'e ** b'™- 
approximate boundary condition to be small’ L UT th® “pstreani ^fluence of the 
in which the radius R was taken twice »« i ave verlfietl this in a computation 

structure remained the^ame exfepí n th^ ^ the floff fleld 
the supersonic flow must adjust itself to ™edi“te ^lcinlty <>* the boundary, where 

suggested that ,e us. en wroîi™t, roî°t on „ 7 “nditl0"8- 11 ^ 
stream boundai^ conditions, ibis howeíer luid íe Tt t0 SPeCify the dom- 
done and does not appear to be worth while’ duetothíh “ arbltrary “ what we have 
upstream effect introduced at th, dLsÍÍLtuTd“' ‘bS'",CC °f * 

properties derivto fro. Stic the“," ‘h“80““ 
order of HT8 seconds; hence only oscillation«3’ Î ^ 6P W® Utllize is of the 
neglected in our computations Conseouentlv f eXîr®raely hlgh frequency would be 
used (Re * 25-50) is sufficiently small so thlt .¡nfer that the Reynolds number 
no vortices are shed. that the flow is ^“ically stable and 

M. Giddens 

can be determined. “rtoTrorTÏÏ temÍSs ™ber” ^81 deU”S °f ^°°11 8trUcture 

M. Seala 

rather tZ “.“u" g1* ,,rl8ble «o. field 

required, Including th. etroctn” of de“U 18 
coarse mesh at larger distances from thi d °f the viscous layer. and a 
the spatial mesh size used must be comnarah^ t Ib 18 noted that- near the shock wave, 
ferabl, ...ll.r, ln order tô ôítLnT T ' í° l0cl11 fr“ Pf» »U Pre- 

the maximum Reynolds number that we híve usedMaCCUrRCr ,ÜP t0 the present tiBie' 
ft us, .. do net yet k„„. ho. l“,é a k ealeulatlon. Is «pproxl..tely ». 

however. If the etonrge cwlcltr óf tl7? fv ? r *' C”" P«heiPl.. 
should be no ll.lt to the Reynolds nuaber thT “T'" 18 8u,tlclentlf large, there 
nuaerlcal for.ul.tlon. “** Cm ^ 80hl8,8d Preeent 
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Discussion of the Paper 
HASS DENSITY MEASUREMENTS IN HYPERSONIC WAKES 

presented by 
J. G. G.Dionne (Speaker), C.M. Sadowski, L.Tardiff and J. E. H. Vanoverschelde, Canada 

R. Legendre 

You underlined that the spectrum of density fluctuation does not contain high 
frequencies. Even if the beam is narrow, I suppose that there is some mean value, 
eliminating the high frequencies. 

J.G.G.Dionne 

The beam diameter does contribute to the high frequency cut-off. However this does 
not seem sufficient to explain the rapid cut-off. 

S.M. Bogdonoff 

It was not clear to me why the density fluctuation data presented were averaged 
over four runs. Data for a single run would provide information on the actual density, 
while the averaging process seems to me to destroy the value of any data point (one 
axial position). Is single-run data available? 

J.G.G.Dionne 

Prom the single-firing data, it was noticed that the density variation around the 
mean density can be any value from 0 to 20-25%. So the data were averaged over the 
four firings available in order to get an approximation to the density variations one 
can expect at various axial distances. Nevertheless the original information for each 
firing is available and the actual density measured for each firing is shown in 
Figure 3. 

W.Merzkirch 

Would an optical method, e.g. an interferometer system, be sensitive enough for 
mass density measurements under these conditions? 

J.G. G. Dionne 

I would think that the interferometer techniques can measure density down to 
ambient pressures of a few torr. However these techniques give an integrated density 
value unless the density profile is already known. The electron beam technique 
described here can provide a point-to-point density measurement. 
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Discussion of the Paper 

TURBULENCE CHARACTERISTICS IN THE HYPERSONIC WAKE 
OF A SHARP SLENDER CONE 

presented by 
A. G. Boyer (Speaker) and E.P. Muntz, USA 

R.E.SÎ tery 

Please discuss the statistical significance of the relative root mean square values 
jou have presented, in the light of the limited sample presented by your method. 

A. G. Boyer 

The sampling time of the particular traces shown is ½ msec and approximately 
10 density fluctuations are recorded in this time. I agree this is rather limited 

from a statistical viewpoint. However, let me point out that longer sampling times 
up to 2 milliseconds, which recorded about 40 fluctuations, gave approximately the ' 
same r.m.s. value. Also, the r.m.s. values shown in the flow-field plot represent 
the average of 3 runs, the individual results all agreeing to within 10%. At each 

of these axial locations in the wake the density fluctuations are reasonably uniform 
and the r.m.s. values do appear statistically significant. 

J. Fox 

(i) The finding of maximum turbulent density fluctuations of an off-axis position 
correlates with the ideas available from low-speed incompressible turbulent shear 
flows, where the peak production of turbulence occurs near the maximum velocity 

gradient. Did you attempt to relate the peak density fluctuation with the velocity 
gradient? 

(ii) In the presentation, you described the changing of one large fluctuation into 
smaller fluctuations as the “decay” of an eddy as it moves downstream. It seems more 
likely that we are seeing the development of turbulence in the near wake, where a 
single eddy is breaking down into many eddies with a range of sizes. 

A. G. Boyer 

(i) No, not yet. We intend to look at this, however, particularly when we obtain 
mean velocity measurements, i would expect to find a dependency or correlation of 
the density fluctuations with the velocity gradient, as you suggested. 

(ii) Precisely. I have described this breaking-down process with respect to scale 
or size as a decay. In other words the average size of the fluctuations, averaged 

over our sampling time at each location, decreases as one proceeds downstream in the 
axial wake direction. 
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L.£. G. Ko vas ai ay 

At your station, X/D = 15 , the intensive pulses are highly correlated across the 
flow. Is this really turbulence? 

A. G. Boyer 

I do not pretend to interpret these density fluctuations as being indicative of 
fully-developed turbulence. Certainly they represent the initial development of 
turbulence. These particular measurements extend to 20 base diameters only, which is 
in the mid-wake or transitional region, as Dr Eschenroeder pointed out and discussed 
in his paper. 

A.Eschenroeder 

In answer to Dr Kovasznay’s question, I would like to say that the high degree of 
radial correlation over relatively large radial distances is consistent with the 
observations by means of schlieren photography of wakes in free-flight ranges. In 
these first few tens of diameters of sharp cones, any laminar instabilities which may 
occur persist as periodic large scale disturbances for considerable distances at 
comparable Mach numbers and Reynolds numbers. Thus, the pattern observed is not likely 
to be representative of fully developed turbulence, as pointed out by J.Pox. 



»lacuoHion or the Paner 

sp„sf»°ef, TiEir,BiE,N1" r ™e ,,ke »'■ H»fE«soNic 
s lJNDER simulated re-entrv conditions 

presented by 
D.Ellington (Speaker) and G.Trottier, Canada 

B. Legendre 

Is it possible to 
calibration? use either a shock tube or the shock in the tunnel 

itself for 

D. Ellington 

m Lm .To“ ToT“.XtheT ZllTt0 c;nbr*te the 
way on the frequency response of the probe. 0 ^8° be obtained in this 
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Discussion of the Paper 
STATISTICAL PROPERTIES OF TURBULENT WAKES 

presented by 
J.H.Herrmann (Speaker), W.G.Clay and R.E.Slattery, USA 

E.P. Muntz 

I would like to know from what volume the probe gathers signal or current. If the 
sheath size is large, then the probe may miss small-scale fluctuation, where the 
important dimension determines the volume from which the wake collects current and 
not the probe size itself. 

J.H. Herrmann 

In the range of electron density encountered in this work the probe size and the 
Debye length are approximately the same. Both are very much smaller than the measured 
correlation length. However, the speaker is Quite correct in that Debye length and/or 
sheath volume constitutes the limit on the smallest size fluctuations which can be 
detected. 

L. S. G.Kovasznay 

How did you transform the statistical results obtained on the photographic plate 
into statistical data of the gas density fluctuations? What assumptions did you use? 
Did you think of a hollow model of the wake? 

J.H.Herrmann 

Statistical results from the film contrast may be transformed by the techniques 
described in detail in Reference 2. In effect the measured correlation lengths are 
unaffected by this transformation and hence are unchanged. The transformation 
assumes a homogeneous isotropic wake. Evidence for this is presented in Reference 2. 
The possibility of a "hollow” wake seems extremely unlikely on the basis of the 
exnerimental evidence. 
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Discussion of the Paper 
RADAR INVESTIGATION OF THE MAKES OF BLENT AND SLENDER HYPERSONIC 

VELOCITY PROJECTILES IN THE BALLISTIC RANGE 
presented by 

S.Zivanovic (Speaker), P.E.Robillard and R. I.Primich, USA 

D.Ellington 

Your curve of distance to break through as a function of ReJ) shows a discontinuous 
derivative at Re^D - 106 . The scatter on the data does not seem to justify the nature 
or existence of such a discontinuity. If such a physical discontinuity does in fact 
exist, what is the reason for it? 

S. Zivanovic 

The black curve is representative of many schlieren measurements. It is borrowed 
from References 10 and 11 with the author’s permission. The schlieren results, as 
given in Figure 9, are selected points which correspond to radar measurements. Hie 
number of observed radar transitions was smaller than the number of schlieren 
transitions because the schlieren was put in operation earlier than the radar. 
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Discussion of the Paper 

ELECTROSTATIC PROBE MEASUREMENTS IN THE TURBULENT WAKE 

OF HYPERSONIC SPHERES FIRED IN A BALLISTIC RANCE 
presented by 

A.Kirpatrick, A. Cantin (Speaker) and D.Heckman, Canada 

P. Muntz 

I am somewhat concerned about the effects of the probes on the isolated wake plasma 

in the range. My concern is principally with the effect on plasma potential, and the 
region of operation of the wake; i.e., whether the probe is put in some sort of 
retarding field region where the measurement would be sensitive to plasma potential 

fluctuations. 

A. Cantin 

The plasma associated with the wake is thermally generated and should be floating 

at zero potential. The large metallic plate, which both supports and serves as an 

electrical return for the probes, is, at ground potential, in electrical contact with 
the range. Once the wake has grown over this plate, its potential may become very 
slightly positive with respect to ground. We have not yet thoroughly investigated the 

characteristic V-I curve of our probes in a wake plasma, but from the work done we 
know that, in contrast to ion collection, the electron collection region does not 
appear to truly “saturate" in accordance with theoretical prediction for collision- 
dominated plasmas. However, we are quite sure we are operating above the “retardation" 

region and should not be overly sensitive to potential fluctuations. Our program for 

the near future includes some investigations of these matters. 

S.M.Bogdonoff 

Have you made any studies with the probes at other distances from the flight axis, 

so that some information on radial distributions could be found? 

A. Cantin 

Up to now, a total of ten firings have permitted us to make measurements at radial 

distances between 0.6 to 1.8 body diameters. The low electron density precludes 
measurements at large radial distances. Soon, an array of probes mounted perpendicular 

to the flight axis will permit us to compare axial and radial corrective velocities. 
Also, measurements have been performed in the wakes of 25.4 mm diameter spheres and 

the results obtained will be compared with those obtained in the wakes of 68.6 mm 

diameter spheres. 

M.Taillet 

(i) How far from the envelope is the probe nose? 



A. Cantin 

(i) The nose is 1.3 mm from the end of the envelope. 

M. Tall let 

(ii) Are the electronic density fluctuations correlated with the neutral density 
fluctuations? 

A. Cantin 

(ii) The comparison cannot uc made at present, as we do not have neutral 
fluctuations measurements yet. At pressures ranging from 20 to 76 torr, such 
measurements will be provided by means of the experiment using the Rayleigh 
diffusion of a Laser beam. This experiment, however, has not reached its final 
stage of development. 
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Discussion of the Paper 
WAKE electron density measurements 

HYPERSONIC SPHERES AND CONES 
presented by 

R. A. Hayani (Speaker) and R. i. primich, 

behind 

USA 

J.Cresswe11 

density eîceêdl tie' clsHt ÍÍ/mTsL“,’ pL“s"r“si„cé th ‘"T eleCtr0" 
oxygen present, what is the positive inn „m V Since there ls much less 

« e^not he nitric etihe t‘h™ „’“'eVd'eZe“ y“' ^ el—’ 

R. A. Hayani 

noie™ietCtr^:e“ee;“irero;rsiaS8:ref M nUro8“ 
flight condition because flow field temn T T h!gher th“ th°Se in air for the s™e 

occurs because the hiaher dLo"^™^-:/';18 
energy into the chemical mode Consennent-iw N! suppresses the absorption of 
N »d N. . „espite thelrtgk “ “"8 c-ugh to ionite 
for example. P°tential in comparison with nitric oxide, 
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Discussion of the Paper 
UTILISATION DES SOUFFLERIES A ARC BREF POUR 

L’ ETUDE DES SILLAGES IONISES 
presented by 

Jacques Dorey and Didier Compard (Speaker), France 

A. Eschenroeder 

of bT hf«"? “I? effectlve lf the *'« injected in colder pnrte 

regions »here the SP L ôcU ê" “"rta' ^ ““‘d“' *re 
caused b, ett.ch.ent t‘o free fluorine. d8Cre8SeS ,re llkelï “> 

.enû'lnttrire^rîîz P8akS n8*r th8 0,88 n°* *re “-nintent .ith .e^ure- ments in the free-flight range reported previously. 

Regarding arc-heated facilities, I have reservations about the impurity effects onri 
nozzle non-equilibrium influence on ionisation experiments. Your measured test secHon 

wo atr°ioZn Îm0"! T C0n8istent with calculations we made for pure air some years 
nell. This tends to indicate that impurity effects are not too serious 

Have you any measurements of impurity levels? serious. 

D. G. Compard 

is irr;:níSgrLrMr:eiper1"'ts 88e"to sto- -8 ^ 

in the hot gas region. First, dissociation of SF 

‘«„TetUctlT8 fl“°ri"e 'lth " i"Cr8“1,,í emCímC’ “ 

thln'foTpróbéV^lcí11? rf1*t!,H8 rd"Ctl°" el8Ctr°n densltï 15 ‘rM‘r '»r P"»* 3 
agreement .1th »bet 0„„d L 

obf zr ‘"Ject the 6888 — ~ - zzz 
6 * 

1 .en^tZroneZd,«r,er; ¡.“‘"ï “ 1S ^ 1,Port"t that ”“r ■»«««re- mènes agreed on the fact that the wake can be "hollowed”. 

et l'f'îir1 T?’ V111 fr th,t thla ProbU" la ««Per ln.estlg.tlon 
frsp str i /Ut S™1181 rgCa11 that the measured plasma characteristics in the 
free streu, ue lo» <* 10' to 10* for electron density, less thu, 0 1 ev for electron 

““th*8 IT T'»*1115 ,e"d9 t0 indlCate that ‘"P"1» •«•«» ^ not too serious. On the other huid, I »ould like to uld that our hot-shot has a long run 
duration (o, 100 .s> and that the data are taken fro. the leas perturbed part of the 

lnterestlng°resúlts.inben,lediabe (HeMO) .111 he used «.d should ,1». v.ry 

/ 
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MATERI 4L EFFECTS OF LOW TEMPERATURE ABLATORS ON HYPERSONIC 
WAKE PROPERTIES OF SLENDER BODIES 

presented by 

James D.Cresswell (Speaker), Brent Kaplan, Raymond P Porter and 
Constantine P.Sarkos, USA 

A, Eschen roeder 

« !U8tra!eS the concludlng remark ln ny paper about the need to include 
dl!ÎîfÎ1C etl * SUCh aS ablatlon- and 1 believe it is a significant advance in that 

îf! J”1 re!!nt 0bservatl0ns' two Posible areas of improvement seem to be 
appropriate. (1) The sudden jump of transport coefficients at the wake transition 

point could be replaced by a transitional diffusion formulation, such as that suggested 
by K.S.Wen. (ii) The oxygen negative ion kinetics should include some of the additional 

TZ\TT\ia ?r SUtt0n’S COmment t0 my paper: !-el^ ne«ative ion charge transfer 
from molecular to atomic, ion associative detachment which returns electrons to the 

' “d.attach“ent t0 oxldes of nitr08en or carbon as chain-termination steps. 
■ftese effects may be so dominant that we may even be able to simplify the ablation 
cnemistry. 

J.D.Cresswell 

ZZ f° ! C 8 iS ,,ye8” In particular' the suggestion of incorpora- 
ting the additional chemical processes governing the ultimate electron population decay 
in the far turbulent wake, as suggested by Dr Sutton in commenting on your paper is 
attractive in a practical sense, since the wake flow computer program permits inœr- 

P°ra“°n. 0 “°fe reactions- 't'*™** computer-storage limitations preclude much extension 
to the chemical system for the boundary-layer analysis. It is fortunate that these 
reactions are important only in the wake. 

i 

Miil:: Sy**' 
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BALLISTIC RANGE MEASUREMENTS OF WAKE ELECTRON DENSITY 
AND SPECTRAL EMISSION 

presented by 

C.F. Infosino (Speaker), R.R. Gastrock and R. A.Leverance, USA 

R. Sedney 

For the situation where the shock reflection had a large effect on the wake, was 
the wake turbulent? 

C. F. Infosino 

I do not know whether the wake was turbulent or not. We were not concerned with 
this in these tests. 

I think it worth mentioning at this point that, in addition to the luminosity 

records, we set up an experimental microwave interferometer in the range and noticed 
an increase in the phase shift (or electron density) when the shock wave crossed the 
wake. 

S.M.Bogdonoff 

You showed some excellent pictures of the interaction of reflected waves from the 
walls with the wake in some special experiments. Have you ever observed such inter¬ 
actions in the large range where your main data were taken. 

C.F. Infosino 

The range is large enough so that any reflections would appear much too far back 
in the wake to be of any consequence. The results that I have indicated here were 
a result of reflections in a 5 in. diameter range. I would like to emphasise, 

however, my statement that reflections, even in a large range where there are a lot 
of obstructions, may indeed influence the wake measurement, but I do not have any 
direct experimental evidence to support this. 
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BOUNDARY LAÏÜR PHENOMENA OBSERVED ON THE ABLATED SURFACES OF 
CONES RECOVERED AFTER FLIGHTS AT SPEEDS UP TO 7 KM/SEC 

presented by 
Michael Tauber, Thomas N. Canning (Speaker) and Max E. Wilkins, USA 

R. E. Wilson 

You showed a photograph of waves in the sand on a beach. I would suggest that these 
correspond to shock waves which existed in a supercritical water flow. 

T.N.Canning 

I agree that this may be the case through the influence of the free surface in 
setting up a standing-wave iystem. On the other hand this spatially fixed type of 

pattern has appeared without the presence of an obviously free surface. Professor 
Lees has suggested that an eigenwave may exist, which should explain the observed 
patterns as well. 

The principal reason for describing these observations is to demonstrate further 
the high degree of two- and perhaps three-dimensional order that appears to exist in 
laminar transitional and turbulent flows. 

M. Laug 

A similar work is being done at ISL by Luneau. He fires metal projectiles, because 
metals ablate more than plastics at such high pressures. Do you have a particular 
reason to choose plastic projectiles? 

T.N.Canning 

We used plastics because the models changed shape only slightly during the flight. 
When we tested metal spheres, they eroded more deeply and achieved a sharp-pointed 
nose, indicating static stability and complicated heat transfer. 


