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ABSTRACT 

Experimental measurements have been performed 'n the wake of 

a 10 half angle cone at 0 and 10 angle of attack with respect 

to the flow, and of a blunted cone of .333,and .666 bluntness 

ratio at 0° angle of attack. A rake of closely spaced (l" apart) 

electrostatic probes was utilized to obtain the relative electron 

density distribution at several stations behind the base of the 

cone. These electron densities can, under certain conditions 

and in most parts of the wake, be interpreted in terms of the 

neutral density distributions. It is concluded that the hypersonic 

shock tunnel in conjunction with simple electrostatic probes can, 

within limxts, provide a good qualitative insight into the flow 

field of complex aerodynamic models. 
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SECTION I 

INTRODUCTION 

The electron, as well as the neutral density distribution in 

the near wake and recirculation region of reentry type configurations 

has been receiving considerable attention. The interest in this 

aspect of wakes, apart from purely fluid-mechanical phenomena, is 

significantly related to the thermal ionization effects associated 

with reentry and the relevant problems of observation and communica¬ 

tion. The electron density distribution in the wake is of particular 

interest in that respect. To obtain the latter, ground-based as 

well as in-flight measurements have been made ¿ The ground-based 

facilities utilized for the electron density measurements in the 

wake, in the above reference cited, were of the ballistic range 

type. In this work an attempt is being made to obtain the electron 

density distribution in the recirculation region and near wake 

region of a lO1" half angle cone at 0° and 10° angle of attack with 

respect to the flow direction, and of blunted cones of .333 and 

.666 bluntness ratio at 0° angle of attack, utilizing the flow of 

a hypersonic pressure driven shock tunnel, operated at a density 

equivalent to about 250.000 ft. altitude. The free stream flow 

in these tests is slightly ionized and chemically frozen. The 

neutral and electron densities here are substantially higher than 

those in the ionosphere. Thus, although partial simulations relevant 
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to ionospheric flight disturbances could be attempted, this is not 

the purpose at present. The fluid dynamics associated with hyper¬ 

sonic flow at about 250 k ft. altitude is reasonably well-simulated 

here. Continuum effects dominate the flow over the present models. 

The correspondence between the neutral and electron density distri¬ 

bution in the flow field is, due to the chemically frozen conditions, 

maintained throughout, except possibly in the recirculation region 

where convection and diffusion effects are coupled and of comparable 
# 

magnitude. Without entering into a lengthy discussion concerning 

the parameters which are simulated, it suffices to point out that a 

good qualitative insight into the flow field pattern can be obtained 

by this method as discussed in Ref. 4. As the diagnostic tool, a 

rake of negatively biased electrostatic probes was used. At this 

point the authors would like to express their appreciation to 

Dr. M.H. Bloom for stimulating and enlightening discussions and for 

his very valuable criticism and suggestions during the course of 

this work. 

SECTION II 

EXPERIMENTAL APPARATUS 

The apparatus used in this research program was the hypersonic 

shock tunnel of the Polytechnic Institute of Brooklyn, located at 

the Graduate Center in Farmingdale. A detailed description of the 

facility and its performance capabilities are given in Refs. 5 and 

6. The operating initial conditions of the shock tunnel were fixed 
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throughout this investigation, with an initial driven pressure 

of 38 m Hg air, and a driver pressure of 1800 psi Helium, a shock 

Mach number of about 7 was obtained. This resulted in a pressure of 

about 23 atmospheres and a temperature of about 3800°K behind the 

reflected shock. After expansion, the test chamber conditions 

were: Mach No. -18, density -1.7.10-5 atm., mean free path about 

6 mm. The free stream electron density was measured and found 

to be between 2-9(10)8el/cm3. When compared with the ambient 

neutral density of about 5(10)14p/cm3, this results in about one 

ionized particle in one million and can therefore, for all practical 

purposes, be neglected as far as its influence on the flow field is 

concerned. It can, however, in the context outlined in Ref. 4, be 

considered as a convenient tracer of the neutral density variation 

in non-diffusive regions since the flow is chemically frozen. The 

uniformity of the flow in the test section was determined6 and found 

to occupy a central core of the test section of about 24". The 

models tested were a 10° half angle cone of 4" base diameter at 0° 

and 10 angle of attack, and a half angle cone of 6" base diameter 

of .333 and .666 bluntness ratio at 0° angle of attack. The models 

were suspended in the center of the test section by 0.020" wires. 

Flow field interference resulting from these supports could be con¬ 

sidered negligibly small, since their dimensions are considerably 

less than the mean free path of the test gas. 
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As mentioned in the introductory remarks, the electrostatic 

probe was chosen as the diagnostic instrument. The choice of this 

type of a diagnostic tool was dictated by the desire to obtain 

pointwise, or near pointwise, electron or neutral density distri¬ 

bution in the wake and by the fact that this device is one of the 

simplest diagnostic tools, not only in terms of its construction, 

but also in terms of the necessary external circuitry for its use. 

Furthermore, it is suitable,in view of its simplicity and size, 

to be arranged in the form of a rake and thus permit the simul¬ 

taneous acquisition of data at different stations. 

Flow field considerations in the near wake, and particularly 

in the recirculation region, resulted in the design of an electro¬ 

static probe rake configuration as seen in Fig. 1. The number 

density of the probes in the rake was limited not only by the 

desire to avoid interference of the probes with each other, but 

also by the requirement for the rake to be as small as possible 

in order to minimize the flow field disturbances. It must be kept 

in mind that each probe requires additional interconnecting cables 

with the resulting increases in rake size requirement. Therefore, 

in view of the known uniform test section flow core of about 

24 inches at the exit of the conical nozzle, a rake equipped with 

33 probes uniformly spaced at one inch between centers of the probes 

was designed. The construction of the rake was such that plug-in 

4 



type probes could be used. 

In order to obtain better spacial resolution than that 

dictated by the one-inch spacing of the probes, the rake was moved 

back and forth one-half inch off-center in each alternate test to 

give an effective one-half inch spacial distribution, while mini¬ 

mizing the flow field interference. The probes used in this 

investigation had an effective length-to-diameter ratio of 50. 

In all the tests the model remained stationary and the rake 

was moved. Tests were performed in the case of 0° angle of attack 

wherein the nondimensional distance of the rake behind the center 

of the model base to the diameter of the model, X/D, was varied 

from .25 to 4. In the case of the cone at 10° angle of attack, 

the cone was aligned with the flow direction parallel to 

one of the generating lines. A schematic diagram of the test 

section arrangement of the model and rake in the latter case is 

shown in Fig. 2. Included in this figure is a schematic diagram 

of the external circuit used to obtain the data from the electro¬ 

static probes. The data, as indicated in the diagram, were recorded 

on Tektronix 565 oscilloscopes equipped with Polaroid cameras. 

In Fig. 2a, a schematic representation of the blunted cone is 

shown. 
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SECTION III 

THE ELECTROSTATIC PROBE 

The diagnostic tool used in this work is the biased cylindrical 

electrostatic probe used as an ion current collector operating 

under free molecular conditions. A collisionless theory applicable 

7 
to such conditions has been detailed by Laframboise and, for a 

cylindrical probe, can be expressed as follows: 

for X <0 
P 

J.= 
X 

8kT 

nm e) ^ (1) 

8kT , 
en, ev *5 

J = -(--) exp X 
e 4 TTm P 

^2) 

where T. and T are the ion and electron temperature, respectively, 
i e 

e (V-Vqq ) 
X = ——- is a dimensionless potential difference between the 
p kT 

e 

probe and plasma. The proportionality of the current density and 

the ion or electron number density is evident from the above 

equation. The proportionality factor, a , the so-called normalized 
P 

nondimensional current, was calculated by Laframboise and presented 

in Ref. 7. As pointed out by Laframboise, and later confirmed by 

g 
Sonin , this proportionality factor as obtained from the collision¬ 

less free molecular theory under the assumptions made was valid 

6 



only in the regime of Rp/X >3. Under certain conditions this 

restriction may be viclated. In the case of the near wake# as 

will be seen later, the electron density may vary over a range 

of three orders of magnitude. This, in conjunction with the 

desirability of using as small a diameter wire as possible for 

the probe in order to minimize the flow field interference while 

keeping the length-to-diameter ratios large but finite, resulted 

in RpAD values much smaller than one. h knowledge of the behavior 

of this proportionality factor, ap, for various L/D ratios, and 

i-s therefore necessary. Ref. 9 presents an experimental 

study of this parameter. 

In Fig. 3, a plot of a as a function of Rp/X is presented 
Jj 

for the type of probes used herein, which is reproduced from 

The collisionless free molecular theory as applied to 

cylindrical current collectors assumes, in the case of a flowing 

ionized gas, that the current collector is aligned with its axis 

pcraliel to the flow. Since, in the recirculation region of a 

near wake, this cannot always be the case, a knowledge of the 

effects of the angle of attack on the current collection is of 

importance. Fig. 4, reproduced here from Ref. 9, presents this 

effect. Since the theory of Laframboise is valid in the case of 

cylindrical probes only for infinitely long probes, the effect of 

finite length of the probes on current collection is of importance. 
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This was investigated in Ref. 9 and the conclusions are presented 

in Fig. 5. With these curves. Figs. 3, 4, and 5, the currents 

were reduced to electron densities. 

SECTION IV 

EXPERIMENTAL RESULTS 

As pointed out above, a 4" base dia.neter 10° half angle cone 

was tested in the course of this work. The model was suspended 

in the test section at zero and 10° angle of attack. A schematic 

diagram of the test configuration is shown in Fig. 2. The rake 

of probes was mounted successively at a number of stations behind 

the model from X/D=.25 to X/D=4. With this type of configuration 

a number of tests were conducted. Fig. 6 presents a sample of 

the oscilloscope traces as obtained in these tests. Some of these 

traces show, after an initial peak, a relatively uniform time 

amplitude response, which can be considered the response of the 

probe to the established uniform flow. The data as obtained were 

analyzed utilizing both the peak values and the uniform flat 

response. As shown in Ref. 4, the qualitative behavior of the 

flow field could be obtained using either. In each case the data 

were normalized with respect to the free stream conditions. Thus 

the peak values in the wake were normalized to the free stream 

peak values, and the flat portions of the response in the wake, which 
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are indicative of the actual electron number densities, were 

normalized to the flat portions of the free stream probe responses. 

Fig. 7 presents the normalized electron density distribution 

in the near wake of the 10° half angle cone with the rake located 

at X/D=.25. In this case the angle of attack of the cone with 
it 

respect to the flow was 0°. 

In Figs. 8 through 12, the normalized electron density distri¬ 

bution as a function of X/D from .25 to 3,with the model at an 

angle of attack of 10 with respect to the flow direction, is 

presented. 

Fig. 13 shows a composite of the normalized electron number 

density with X/D as a parameter for the case of the cone at 0° 

angle of attack. Fig. 14 presents the same kind of composite for 

the case of the cone inclined 10 to the flow direction. 

In Fig. 15, a composite of the radial distribution of the 

electron density in the wake of this cone at 0° and 10° angle of 

attack is shown at the two extreme stations, i.e., X/D=.25 and 

X/D--3 . 

Fig. 16 shows the expe"imental shock shape as obtained for * 

the case of 0 angle of attack, and Fig. 17 presents the experi¬ 

mental shock shape for the case of the inclined cone. 

Figs. 18 through 21 present the normalized electron density 

distribution in the wake òf the blunted cone of .333 bluntness 

o 
ratio at 0 angle of attack, while Figs. 22 through 25 present 
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the same distribution for the cone of .666 bluntness ratio. The 

shock shape obtained from these measurements are presented in 

Figs. 26 and 27 for the bluntness ratio of .333 and .666, respec¬ 

tively. As expected, the shock shapes in both cases are identical. 

A close inspection of the electron density distribution along the 

centerline of both blunted cones reveals a slightly lower density 

for the bluntness ratio of .333 than for .666. Although this 

feature appears to be consistent throughout the range of X/D 

measured, it is not possible at this point to draw any definite 

conclusions about this because oi the limitations on accuracy 

imposed by some properties of the electrostatic probe method as, 

for example, the angle of attack of the probes. 

A comparison of the radial electron density distribution of 

the blunted cones of different bluntness ratios with the cones of 

zero bluntness, as given in Figs. 18, 22, and 7, respectively, 

for the same X/D ratio, reveals a remarkable similarity in quali¬ 

tative as well as quantitative distribution, although some minor 

quantitative differences do occur along the centerline distribution. 

There is an apparent decrease in the centerline electron density 

with the decrease in bluntness ratio. This may be due in some 

measure to some production of electrons at the stagnation point 

in the case of the blunted cones. 

10 



SECTION V 

DISCUSSION OF RESULTS AND CONCLUSIONS 

The relative electron density distribution in the near wase 

as presented above can. within limits, provide a qualitative insiqht 

into the flow field. ss is evident from an inspection of any of 

the figures from 7 through 12. the overshoot of the electron density 

at the outer edges of the wahe. its decrease in amplitude with its 

simultaneous increase of its distance from the axis as the distance 

from the base of the model increases, is an indication 

shock location. This feature is quite evident from Fig. 13, 

Which is a superposition of the data obtained behind the cone at 

angle of attack. The same feature, although to a lesser degree, 

emerges from Fig. 14. which represents a superposition of the 

electron density profiles behind the 10° half angle cone at a 10° 

angle of attack. This feature has been utilized in Figs. 16 and 

17 to construct the shock location in the wake of the cone at 0° 

and 10° angle of attack, respectively, and in Figs. 26 and 27 to 

construct the shock shape behind the blunted cones of different 

bluntness ratio. A superposition of two of the extreme radial 

density distribution profiles.obtained in this work for both the 

0° and 10° angle of attack of the cone to the flow direction. 

P ts out very clearly these features. The asymmetry in the wake 

distribution profiles is quite evident in comparison with the 



The same is profiles at 0° angle of attack (Figs, 13 and 14). 

true for the shock shape as evident from a comparison of Figs. 16 

and 17. 

It can, therefore, be concluded that a hypersonic shock 

tunnel in conjunction with simple electrostatic probes can provide 

a good insight into the flow field around complex aerodynamic 

models, providing almost pointwise electron density distributions 

which,under certain conditions, can be related to neutral density 

profiles. 
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