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ABSTRACT 

Measurements of the electrcn density in the flow produced by high velocity 

shock waves in air at initial pressures of 5 torr and 10 torr have been per¬ 

formed in an electromagnetic shock tube. The current collected by flush- 

mounted probes mounted in the wall of a rectangular cross section shock tube 

were used to deduce the electron density. Measurements were performed where 

the probes were biased to collect either ion current or electron current, and 

a simple theory was used to describe the probe characteristics. The flow 

conditions surrounding the probe were computed with engineering approximations 

of the wall boundary la/er. A comparison of the measured results and the 

predicted values agree within a factor of two. Additional measurements of 

the current collected by a stagnation point electrostatic probe were also 

performed. Using simple theories, the measured electrcn density agrees with 

theoretical predictions within a factor of three. 
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1.0 INTRODUCTION 

The use of electrostatic probes for the measurement of electron density 

in hypersonic flows is well established. For continum flows the use of flush- 

mounted electrostatic probes offer several advantages in the determination of 

the electron concentration at a particular point in the ionized gas flow. 

Flush probes do not interfere with the local flow and can, therefore, be used 

to measure electron density in regions where protruding probes would cause 

serious flow perturbations due to secondary shocks and related effects. Flush 

probe data can be analyzed with only an estimate of the temperature and mobility 

at the sheath edge since the charged particle density and sheath thickness are 

weak functions of these quantities. The validity of flush probe theory has been 

demonstrated in full scale flight test measurements where the results have been 

compared with a detailed calculation of the electron density at the sheath 

edge ’ . Good agreement with the probe theory of Bredfelt et al coupled with 

careful calculations of the flow field has been shown for a major portion of a 

flight test reentry trajectory. 

The experimental work described here has been designed to measure the 

electron density at conditions of short neutral particle mean free path lengths 

and high values of electron density typical of the conditions encountered during 

low-altitude, high-velocity reentry. The gas is assumed to be in thermodynamic 

equilibrium, and the results are compared with straightforward engineering cal¬ 

culations of a real gas flow field. 

In addition to the flush mounted probe measurements, measurements of the 

current collected by a stagnation point probe protruding into the flow are used 

to deduce the electron density at the sheath rdge. These results are also com¬ 

pared to an approximate calculation of the flow conditions at the sheath edge. 

2.0 EXPERIMENTAL FACILITY 

The experiments described hare were performed in the conica I-electromagnetic 

shock tube using room air as the test gas. The gas in the driver section is 

heated by electromagnetic forces which compress the gas contained in the con¬ 

verging conical region. After bursting a thin diaphragm, the flow expands and 

forms a new moving shock wave system in the driven section. The details of 
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the shock tube and the driving technique have been described elsewhere**. 

The driven section consists of a 3-81 x 1.27 cm rectangular tube with a 

length of 111.5 cm. The driven section was machined from aluminum and several 

observation ports were located along the axis of the tube. Provisions for 

the installation of special dielectric test sections were also provided at two 

locations. A sketch of the facility is shown in Figure '. 

The pressure in the driver section was maintained at 0.5 torr and the 

pressure in the driven section was fixed at either 10 torr or 5 torr. Room 

air was used as the test gas in the driver and driven sections, and all pres¬ 

sures were measured with a precision capacitance-type pressure gage. The 

shock velocity was varied by adjusting the capacitor bank voltage to the desired 

level. Capacitor bank voltages from 7-9 kV provided shock velocities of 2.8- 

4 mm/usec for the prescribed initial conditions. 

The shock velocity was monitored by observing the time intervals between 

the output of fast-rise static pressure probes located at several locations 

along the axis of the shock tube. The voltage output of two static pressure 

probes were processed and displayed on one sweep of an oscilloscope to provide 

the time interval between two discrete locations. Available test time was 

measured by observing the onset of the shock wave and the arrival of the 

contact surface from the output of the electrostatic probes. 

3.0 FLUSH PROBE OPERATION 

The flush mounted electrostatic probes were constructed of a copper center 

electrode insulated from the shock tube wall with a Teflon spacer as shown 

in Figure 2a. The shock tube wall was used as a reference electrode, and the 

entire probe was mounted in a coaxial arrangement. The center electrode was 

biased relative to the shock tube wall with a battery. The collected current 

was measured by observing the voltage drop across a load resistor placed in 

the circuit. The output voltage was recorded on a dual beam oscilloscope which 

also displayed a velocity measurement at the axial location of the probe. The 



-3- 

\ 

DRIVEN SECTION 
•” 10 cm 

DUMP TANK 

Õ Ô O 0 0 08 0 O 0 

1 2 3 4 5 6 7 8 9 
TO CAPACITOR 

BANK 

TO VACUUM 
SYSTEM 

FIG. 1 SHOCK TUBE SCHEMATIC 



-4- 

Fig. 2b FLUSH ELECTROSTATIC PROBE RESPONSE 
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load resistor was selected according to the expected probe current and was 

varied from 10 to 1000 ohms over the range of shock velocity. A typical probe 

response is shown in Figure 2b. 

In addition to the charged particle collection the flush probes were 

used to define the uniform test time. The useful test time is defined as the 

time interval between the passage of the shock wave and the arrival of the 

contact surface. The test time is limited due to viscous effects along the 

walls of the shock tube which causes significant reductions in the theoretically 

available non viscous test time. For the flow conditions in the experiments 

described here, the losses are assumed to be due to a wall turbulent boundary 

layer. The theoretical test time including losses due to a turbulent boundary 
12 layer are calculated with Mirel's theory 

3•1 Probe Theory 

The theory of flush probe operation in an ionized gas has been studied 

for many yeers^’^ For completely general results the equations describing 

the flow field must be solved simultaneously with the electromagnetic equations 

describing the probe influence on the flow. Most of the analyses require a 

number of ossumpt'ons and a knowledge of the flow properties at the edge of 

the sheath. Owing to the difficulty in obtaining exact solutions, the simpli¬ 

fied approach of Bredfelt et al^ was selected as an appropriate theory to 

describe the probe characteristics in continuum flow. 

Following Bredfelt et al, the full random current at the sheath edge is 

assumed to be collected by the probe, 

where the charged particle thermal soeed is 

3kT 1/2 

th (—zr) 

The electron temperature is assumed to be equal to the gas temperature at the 

edge of the boundary layer. For the temperatures of interest the dominant 
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¡on is N0+ and is considered to be the specie collected when the probe Is 

biased negatively. 

The location of the sheath edge is determined from the planar space- 

limited, diode relation 

V2 
j * 9/8 Vs 

where eo = permitivity of free space 

u = mobility of charged specie 

V = probe bias 

ys = normal distance from probe surface to sheath edge 

The ion mobility was calculated from the Langevin equation'* using thermo¬ 

dynamic properties defined at the edge of the boundary layer. By using the 

measured current density and probe potential, the sheath thickness, ys, was 

calculated. 

3•2 Flow Field Theory 

The flow field exposed to the flush probe is created by a moving 

shock wave flowing past the probe surface. Viscous effects cause a boundary 

layer to form next to the wall, and the probe sheath is located within the 

boundary layer for the prescribed experimental conditions. The boundary layer 

is considered to be turbulent and in thermodynamic equilibrium. The condi¬ 

tions at the edge of boundary layer were calculated from the real air shock 

tube tables of Menard and Horton'^. The conditions in the boundary layer were 
1 k 

calculated by the method outlined by Jacobs . These calculations utilize 

the reference enthalpy method for defining the transport properties within 

the boundary layer and define the boundary layer momentum thickness with 

the Blasius relation. The velocity profile is assumed to follow a 1/7 

power law variation, and the boundary layer thickness can then be determined 

from the usual relation between momentum and velocity thickness. The enthalpy 

profile was determined from the Crocco relationship and the fluid properties 
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were determined from real air thermodynamic properties'^. The electron density 

was determined from tabulated electron concentrations'^ for the prescribed 

temperature and density within the boundary layer. The electron density was 

calculated for the sheath edge location determined from the experimental 

measurements. 

3.3 Flush Probe Measurements 

The flush mounted electrostatic probes were installed in the wall 

of the driven section of the shock tube. For an initial pressure of 10 torr 

the probe was located at an axial location of 65.^ cm from the diaphragm. 

For an initial pressure of 5 torr the probe was located at 8^.91 cm. Piezo¬ 

electric static pressure probes were located at the same axial location as 

the electrostatic probe and at a position 10 cm upstream of the probe. The 

static pressure probe outputs were fed into a differential preamplifier and 

displayed on one sweep of a dual beam oscilloscope. The voltage output of 

the load resistor of the electrostatic probe was then fed into the second beam 

of the oscilloscope to provide a simultaneous measurement of shock velocity, 

run time, and probe current. 

3.3.I Run Time Measurements 

The equilibrium run time measured by the flush electrostatic 

probes is shown in Figure 3 as a function of velocity for an axial distance of 

65.^ cm from the diaphragm. The initial pressure in the shock tube was main¬ 

tained at 10 torr for these measurements. Various probe bias was used for 

these measurements and no effect is noticed for the range of shock velocity. 
12 

The theoretical run time assuming losses due to a turbulent boundary layer 

is shown for the experimental conditions. The obvious scatter of the observed 

data and the theoretical prediction can be attributed to the initial discharge 

conditions and the diaphragm opening phenomena. The over-all trend of the data 

does indicate the correct trend with shock velocity and validates the assumotion 

of a turbulent boundary layer. 

The run time for an initial pressure of 5 torr is shown as 

a function of velocity in Figure 4. The probe was located at an axial location 
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of 8A.9I cm and the probe bias was fixed at -12 volts. The scatter of the 

data with theory is similar to the 10 torr measurements, but the correct 

trend with shock velocity is again observed. 

3-3.2 Electron Density Measurements 

The probe current density is defined by the measured current 

and the geometric area of the probe. This assumption therefore neglects any 

fringing field effects. The sheath edge was determined from the planar diode 

relation using the conditions at the edge of the boundary layer to determine 

the charged particle mobility. The sheath edge was determined from the mea¬ 

sured current density, probe voltage, and calculated mobility. The sheath 

location for a fixed probe bias of -I8.6 volts and an initial shock tube 

pressure of 10 torr is shown as a function of shock velocity in Figure 5. 

A curve faired through the data points provides a mean sheath edge distance 

as a function of shock velocity for a fixed bias. 

The sheath location for a probe biased to collect electron 

current is shown in Figure 6. The probe bias was maintained at +I8.6 volts 

and the initial shock tube pressure was 10 torr. The sheath edge was cal¬ 

culated in a similar manner using the appropriate expression for electron 

mobility. The sheath thickness is shown to be slightly larger than the ion 

sheath thickness. 

The electron density was calculated by assuming the full 

random flux was collected by the probe at the sheath edge. Since the sheath 

distance is much less than the boundary layer thickness, convective effects 

were neglected. The electron density deduced from the measured ion current 

density and the calculated mean thermal speed is shown in Figure 7 for a 

fixed bias of -18.6 volts and an initial shock tube pressure of 10 torr. The 

calculated electron density at the average location of the sheath edge is also 

shown as a function of velocity. The electron density profile was calculated 

from the turbulent boundary layer prediction and the measured average sheath 

location. The agreement is within a factor of two and is well within the 

experimental accuracy of the measurements and calculations. 
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ELECTRON DENSITY 
BASED ON ION CURRENT 

SHOCK VELOCITY (mm/usec) 

Fig. 7 ELECTRON DENSITY BASED ON ION CURRENT, 
P = 10 TORR 
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The electron density deduced from measurements of the probe 

biased to collect electron current is shown in Figure 8. The probe bias was 

fixed at +18.6 volts and the shock tube initial pressure was maintained at 10 

torr. The agreement with theory is similar to the ion current measurements. 

Measurements of the probe ion current for an initial shock 

tube pressure of 5 torr were also performed. The sheath edge was calculated 

in the same manner as the 10 torr measurements. The sheath edge is shown as 

a function of velocity for a fixed bias of -12 volts in Figure 9. The electron 

density deduced from the measured parameters is shown in Figure 10. The agree¬ 

ment with theoretical predictions is again within a factor of two. 

4.0 STAGNATION POINT PROBE OPERATION 

The stagnation point electrostatic probe has been suggested as a useful 
17 j g 

means of measuring the electron density in ionized flows ’ . The operation 

of the stagnation point probe is similar to the flush mounted probe for the 

collection of probe current. The advantage of the stagnation point probe is 

the fact that the flow field surrounding the probe is usually known with a 

greater amount of confidence than flow conditions far downstream of the 

stagnation point. For shock tube applications, however, a shock wave will form 

in front of a blunt protruding probe requiring additional flow field calcula¬ 

tions to determine boundary layer edge conditions. The non viscous flow around 

the probe will consist of a region between the stand-off shock and the boundary 

of the viscous layer. The probe sheath will extend into this region depending 

on the probe bias. For the experiments performed here the probe sheath thick¬ 

ness is less than the boundary la^er thickness and the electron density will 

be measured within the laminar boundary layer. 

The construction of the stagnation point probe is similar to the flush 

mounted probe with the copper center electrode biased relative to the shock 

tube wall. A sketch of the probe which illustrates the coaxial configuration 

is shown in Figure 11a. The probe was biased with a battery and the probe 

current was determined from the voltage drop across a load resistor inserted 
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ELECTRON DENSITY 
BASED ON ELECTRON CURRENT 

PROBE BIAS +18.6 VOLTS 
INITIAL PRESSURE 10 TORR 

FLUSH PROBE 

SHOCK VELOCITY (rninMec) 

Fig. 8 ELECTRON DENSITY BASED ON ELECTRON 
CURRENT, P = 10 TORR 
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10 

ELECTRON DENSITY 
BASED ON ION CURRENT 

INITIAL PRESSURE 5.0 TORR 
PROBE BIAS -12.0 VOLTS 

FLUSH PROBE 

3-0 3.4 3.8 4.0 4.4 

SHOCK VELOCITY (mm/usec) 

4.8 

Fig. 10 ELECTRON DENSITY BASED ON ION CURRENT 
P = 5 TORR 
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in the circuit. A typical response of the probe is shown in Figure 11b. The 

velocity at the same axial location of the probe was also measured from the 

output of piezoelectric static pressure probes. The shock wave ahead of the 

stagnation point probe forms rapidly, and the flow relaxes to an equilibrium 

flow in a fe* microseconds. 

4.1 Stagnation Point Probe Theory 

The probe theory used to define the flush mounted electrostatic 

probe was also used to define the stagnation point probe operation. The 

sheath edge was calculated with the same relation used to define the flush 

probe sheath edge. The full random flux was also assumed to be collected by 

the probe at the sheath edge. All properties were determined from conditions 

at the edge of the viscous layer. 

4.2 Stagnation Point Flow Field Theory 

The flow surrounding the probe is the classical hypersonic stagna¬ 

tion point flow field. The most universally accepted solutions to the stagna- 
19 tion point problem are the solutions of Fay and Riddell . The heat transfer 

through the boundary layer has been shown to be adequately predicted by a 

simple correlation formula. For an equilibrium boundary layer the Fay-Riddell 

formula presents a simple relation for Nusselt number. The Stanton number can 

then be calculated from the definition of Nusselt, Prandtl.and Reynolds numbers. 

With the aid of the modified Reynolds analogy between heat transfer and skin 

friction, a relation for the boundary layer momentum thickness can be obtained. 

The momentum thickness for a flow in which the Lewis number ‘s unity is 

Q ^s^s ‘^ (R ) ~ 2= 1.34(-5-1) e 
X p u w w 

where 0 = momentum thickness 

X = probe radius 

p = density 

p = viscosity 

Rg = Reynolds number 

P =Prandtl number 

<%> 

-1/3 
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Fig. lib STAGNATION POINT ELECTROSTATIC PROBE RESPONSE 
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and the subscript s refers to conditions at the edge of the boundary layer 

and the subscript w refers to conditions at the wall. With the assumption of 

a power law velocity profile a relation between the momentum thickness and 

boundary layer thickness can be established from their respective definitions2^. 

An approximation to the velocity profile may be made fron the similar solutions 

of Fay and Riddell. A power law variation of velocity profile with an exponent 

of 1A is an approximation which holds for 80¾ of the total profile. The 

enthalpy profile can now be calculated for the assumed velocity profile by 

using the Crocco integral method. The electron density at the sheath loca¬ 

tion can now be determined with the aid of real gas tables'^’*^. 

^•3 Stagnation Point Probe Measurements 

Measurements of the probe current collected by a stagnation point 

probe located on the centerline of the rectangular test section were made. 

The shock tube initial pressure was maintained at 5 torr and the probe bias 

was set to -12 volts. The electron density and the sheath distance were 

calculated in the same manner as the flush mounted probes. The sheath location 

is shown in Figure 12 as a function of shock velocity for the experimental 

conditions. The electron density as deduced from the probe current measure¬ 

ments is shown in Figure 13 where the results are also compared with the 

theoretical predictions. The stagnation point probe electron density measure¬ 

ments appear to agree within a factor of three with the predicted values. 

5.0 CONCLUSIONS 

Measurements of the electron density in a turbulent boundary layer have 

been performed with flush electrostatic probes for conditions typical of 

low altituoe, high velocity reentry. The use of a simplified probe theory 

appears to agree with an engineering calculation of the electron density at 

the edge of the probe sheath. Owing to the many approximations used to define 

the boundary conditions, agreement within a factor of two is realized. 

Probes biased to collect ion current or electron current appear to give the 

same order of agreement. 
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ELECTRON DENSITY 
BASED ON ION CURRENT 

SHOCK VELOCITY (tim/psec) 

Fig. 13 ELECTRON DENSITY BASLD ON ION CURRENT, 
P = 5 TORR, V = -12 VOLTS 
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The electron density in the stagnation point laminar boundary layer has 

also been measured. The measured electron density agrees within a factor of 

three with an engineering calculation of the stagnation point flow conditions. 

The probe currents measured in these experiments are based upon mean 

currents collected by the probe over the available test time. The variation 

in the current collected by the flush electrostatic probes represent flucuations 

in the ion density due to a turbulent boundary layer. Owing to the limitations 

of available test time in the shock tube flow, the observed ion current flucu¬ 

ations correspond to frequencies above 100 kHz. The observed flucuations appear 

to be relatively mild indicating a low spectral energy density. This observation 

is in agreement with detailed measurements of the spectral energy density of a 

turbulent plasma layer which indicate that the maximum energy density is con- 
21 tained in frequencies below 5 kHz 
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