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Conical Electrostatic Probe Response in a
Weakly Ionized Gas Flow

C.F. Bruce* and L. Talbot?
University of California, Berkeley, Calif.

The current-voltage characteristics of conical electrostatic probes were measured in a partially ionized argon
flow over the range of ion number density 103-1013 ¢m 3. The characteristics were compared to theoretical
predictions of various thin and thick-sheath theories, inciuding the Stahl and Su theory, modified for the conical
geometry. No theory gave completely satisfactory predictions, but the thin-sheath theories, when modified to in-
clude a dependence of the current on the square root of the probe voltage, were somewhat more satisfactory than

the thick-sheath ones.

Nomenclature

=probe area, cm?

=diffusion coefficient, cm?/sec

=charge on electron, coulombs

= Blasius stream function, Qu,».x) ~ "¢

=enthalpy

‘=current density, amps/cm?

=probe current, amps

=Boltzman constant

=probe length along centerline

=probe length along surface

=Mach number

=number density, cm ~3

=pressure, Torr

=stagnation pressure

=heat flux

=velocity vector

= Reynolds number

=radial position

=ion Schmidt number, v/ D’

=temperature, Kelvin

=stagnation temperature

=velocity in x- or r-direction

V,, V. =probe potential, volts

=velocity in the y- or f-direction

=cartesian coordinates

=ratio of specific heats

=angular position ‘

=matching position between sheath and quasi-
neutral regions

=cone half angle

=Debye length, 6.92(7%/n¢)":, cm,T¢ ,in Kelvin,
n¢incm~?

=mean free path for species o« and 8

=kinematic viscosity, u/p

=density

=stess tensor

=viscous dissipation function

=probe potential, volts
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Subscripts

c =refers to properties of inviscid flow at cone sur-
face

w =refers to probe surface .

oo =refers to properties of freestream

Superscripts,

e =refers to electrons

i =refers to ions

Introduction

O characterize flows such as flames, rocket ex-

hausts, or flows that occur on bodies moving at high
speed in the earth’s atmosphere, the local ionized gas proper-
ties, electron temperature, and ion number density must be
determined. One widely used method for measuring these
properties is to calculate them from measured current-voltage
characteristics (probe responses) of electrostatic probes. !

The theoretical relationships between the current-voltage
characteristics and the electrical properties of the gas are sim-
plest for probes of cylindrical and spherical geometry, but the
use of these geometries is often precluded by the hostile en-
vironment presented by a high-temperature flow. On the other
hand, a slender conical probe shape provides the sturdy struc-
ture and the ability to absorb a high rate of heat transfer
required by these applications.

The disadvantage in the use of conical probes is that the
theory necessary to interpret their response is less developed
than for cylindrical or spherical probes, and in particular if
small conical probes are used to improve spatial resolution in
flow measurements, the situation can arise where the region
of electrical influence of the probe (the probe sheath) can ex-
tend out beyond the region of fluid-dynamical influence. This
domain of probe operation is not well-understood on a
theoretical basis.

The purpose of this investigation was to measure the
current-voltage characteristics of conical electrostatic probes
in continuum flows with a wide ion density range and
correspondingly wide sheath thickness range, and to compare
these characteristics with those predicted by thin and thick-
sheath theories in order to study their utilization in the
measurement of ion densities.

Several theoretical studies have been made of probes with
sheath thicknesses much larger than the boundary layers.?®
Of these so-called thick-sheath theories, only the paper by
Hammitt* was in the proper form for direct comparison with
the measurements because of the restrictive assumptions and
geometries.



78 C.F.BRUCE AND L. TALBOT

Sheaths much thinner than the boundary layer thickness
were considered in theories by Chung and Blankenship” and
Denison.® They derived expressions directly relating ion den-
sity to conical probe ion saturation current.

Moderately thin sheaths, of boundary layer size, have been
treated by Baum and Denison® and Stahl and Su.'® The Stahl
and Su theory yields typical current-voltage characteristics of
flat-plate flush probes for both uniform and Blasius boundary
layer models of the neutral species flow. In the other analyses
referred to, current-voltage characteristics were not
calculated. »

In the following study we first present a theoretical treat-
ment of conical probe response based on the formulation of
Stahl and Su. In the subsequent sections the experimental
work is described, and comparisons with the several theories
mentioned are made.

Theory

The equations used to model the flow are the in-
compressible momentum and continuity equations for singly
charged ions and electrons and Poisson’s equation (assuming
T =T =T). ‘

V-[gni—-D'vn —(eD'/kT)n' v ¢] =0
(ion continuity and momentum)

V-[gne—-D¢vnt+ (eD¢/kT)n*vV ¢l =0
(electron continuity and momentum)
V2¢p= —4me(n' —n?)
(Poisson’s equation)

. The following analysis considers the conical probe
geometry (see Fig. 1). It is based on the thin-sheath theory,
which Stahl and Su'® proposed and applied to the flat-plate
flush probe. The flowfield is divided into two regions: a quasi-
néutral region in which it is assumed that ion and electron
densities are equal, and a sheath near the probe surface where
the charge separation occurs.

For conical geometry we use spherical polar coordinates
and 6, and we first consider the sheath region. We assume
axisymmetric flow with n,, =71’ =n.°, and we introduce the
following nondimensional variables:

r*=r/L, 0*=(umr/Di)l/20’
o*=ed/kT, u*=ulu, v*=(r/Diug)"v

n*=n/ng

The subscript oo denotes the value of the variable at the outer
limit of the sheath. If it is reasonable to assume that the
sheath is thin so that sin #=sin 6, and that u,L/D> 1, then
we can write the three equations (retaining only -normal
derivatives of n; and ¢*) as

(d/d6*) (n;*v*) =d%n;*/d6*? + (d/d6*) (n;*do*/d6*)

(d/d6*)(n,*v*y =d?n,*/d6*? — (d/d6*) (n,*do*/do*)
and

d?¢*/do*2 = (Dir/Ap2ug ) (n,* —n,*)

7>0,QUASI~
NEUTRAL
REGION

<0 SHEATH

Fig.1 Coordinate system and flowfield regions.
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Now if —¢*> 1, we can neglect the electron current reaching
the probe surface. Integrating the electron continuity-
momentum equation from the surface to the sheath gives

dn,*/d6* —n, *d¢*/d6* =0
We can integrate again to obtain
n.* =exp(¢*)
The conservation equation for ions can be integrated yielding‘
dn;*/d6* +n;* d¢*/d6* = —n; *v,*=I*

At the inner limit of the quasineutral region, we use the
usual boundary condition, n,*—0. In order to match the
sheath solutions to this behavior, we require the dependence
of n;* on 6* to be that of a first-order Taylor series, that is,
for the sheath outer boundary condition we take n;* = A4 (9*
—0,*) where A =(dn;*/d6*) and the subscript b denotes the
value of the variable at the outer limit of the sheath (also the
inner limit of the quasi-neutral region). Since the sheath is
thin, for its analysis we introduce a small parameter ¢, and we
stretch the variables by setting

n=(A/e) (6*—0,*), N=n,*/e, and y=¢*—t ¢

Note that ¢ is a negative quantity and 5 is negative within the
sheath. The ion equation becomes

dN/dn+N(dy/dn) =1*/A
and Poisson’s equation becomes
d?y/dn? = (D'r/A° Npuy ) (N—e?)

This form of Poisson’s equation indicates that the choice of e
should be

e=(A?\p?u,/Dir) ¥
The boundary conditions at the wall n=17, are
N(n=mno) =0
Y(n=ng)=¢,*—tm e

At the outer boundary of the sheath region, the boundary
conditions are

n*(8,*) = (dn;*/d9*) (6*—0,*)=N(g—~1,) —n(dN/dn),
Y(n—np)~tN—m 7
Now the governing differential equations and boundary con-

ditions are identical to those of Stahl and Su. Hence their
numerical solution for ¥, (1,) can be used directly, where

¥y (n0) =ed,/kT—n[ (J/2) ¥ N3] o
and
Mo =~ (J/2) " r (6, ~05) o

The subscript 0 denotes the value of the variable at the cone
surface, J is given by

J=(24/7p?) (1o, /Dir)*%

and /™ =2A. The expression for y, still includes the quantity
A, which we must relate to the neutral flow properties by con-_

,
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sidering the boundary layer on the cone and the quasi-neutral
region. .

The neutral flow continuity, momentum, and constant
pressure energy equations are written

3p/0t+ V- (pG) =0
0(3q/3t) +pG-V g+ Vp=div 4
p(8h/3t) +pg - Vh=&—~div O

Assume that for the boundary layer u,r/v,,>1, sin 8=
sin ©,, and that the flow is steady. Then the three above
equations can be written

8/9r) (p u)+2pu/r+(1/r) (8/36) (pv)=0
oflu(du/dry + (v/r) (Bu/d36)1="(1/r?) (8/86) [u(ou’/d0)]

and

( oh v
U — + —
e or r

oh _ p  u , I 8 k ok
— Y= (= 4+ = ——(— —
a9 ) r2 90 ) r’ 98 ( c, a6 )

P

Following the analysis of Hantzsche and Wendt, !! we assume
u and A& are functions of one independent variable, 7. We
define 4 and v, as follows:

1= (3Uor/2ve) " (6—0,)

Vo= (¥)Ug + (U / 6V ) VU
Then the three boundary-layer equations reduce to

—(§/2) (d/d9) (p u)+(d/dp) (ov.)=0
(20 /us) [ (—pui/2) +pv.]du/di= (d/d7) (pdu/dj)

and
(2ve /U (—pun/2) +pv Jdh/df=(d/dq) [ (k/c,) (dh/d7)]
+p(du/dq)?
The boundary conditions at the cone surface are
u(p=0)=0 and v.(7=0)=0 " (because v=0)
At the outer edge of the boundary layer |
U(~ )~y v(—00)—0, and h(j—om)—h,

The above equations and boundary conditions are identical to

those for a flat plate if %, u (%), v. (%), and h(#) are replaced °

by _ '
m= V,uoo/szxy: u(n]):vf.p, = VumX/ZVmU(n)))

and h (9, ), respectively.

To model the physical flow under consideration we assume
T, =T. (In the experiment to be discussed subsequently, the
probes were water-cooled and the temperature of the flow at
the nozzle exit was near to room temperature.) Also, as shown
in Schlichting,'? Fig. 13.11, the maximum temperature within
the boundary layer for M, =2.16 is only about 20% larger
than the wall or freestream temperature. Since the pressure is
assumed constant across the boundary layer, the density can
vary by only about 20%, and the flat-plate boundary layer is
not badly modeled by that of an incompressible flow.
Therefore we set u=uq,f' (%) and v,= (U/2) [%f" () —
S(#)], where f(5) is the solution to the Blasius equation
S" " +ff” =0 (see, e.g., Rosenhead, I Table V.1), and we drop
the energy equation altogether.
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In the quasineutral region the conservation equations for
ions and electrons are (assuming n= n’=n°)

V-[lgn—D'vhn—(eD/kT)nv ¢] =0
and
V-[gn—D¢Vn+(eD¢/kT)nvV ¢l =0

We divide each equation by its diffusion coefficient and add
the two equations to obtain

[(D'+D¢)/2D'De1V -gn=v2n
which becomes (using axisymmetric, spherical polar coor-
dinates and the boundary-layer assumptions, together with
the neutral gas incompressibility and charge neutrality con-
ditions)

[(D/ +D*)/2D' D¢} (udn/dr+van/af) = (1/r?) (3°n/36?)

We use the formulation in terms of #% as before, and sim-
plify by assuming

Voo (D' + D)/ 2D D = v, /2D =]
The resulting equation for n(#) is
d?n/d#? +£(5)dn/di=0
with boundary conditions
n(ip) =0 and n(j—~o)—n,

The solution can be written as (with primes denoting dif-
ferentiation with respect to 7)

i =1={(I=f" (7)) (1=f" (75))]

Hence
Lodn S L 2., dn
ne d7 " I=f(i,) N 3ugr = df
or
dn o Buar o f (i)
a0 )p=No( —-——2% Y7 17—f'(ﬁb) ]
Thus
dn* B ()
AE = — —_———
ar 0= | 1—=f"(7p) ]
and
1 6Ug S (Gp)
J= 123
oo ver D LTy ! ®
where \
o Bugr v (g .
iy = (5,5 )" (6= 60) @

The probe current is given by

I,= SI(r)dA = S

Licosy

. I(r)2=r sin 8,dr

where

U,D

I(ry=I*teny( Y =e heuNp?DiJ
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TRAVERSE TRAVERSE
SUPPORT _ MECHANISM

RF
POWER COPPER SETTLING
RINGSA ~CHAMBER

% CHA
":_D__ﬁ_ﬂ__\_

TORCH

0
ARGON PUMPS
NozzLE SRNCAL

TANTALUM
INDUCTION HONEYCOMB
SECTIONS

TEST SECTION

TUNNEL/ RIS AND
WALL STAGNATION TEST SECTION GATE VALVE
PRESSURE. PRESSURE

Fig.2 Apparatus schematic.
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|- SYMBOLS FOR PROBE . -
EXPER|MENTAL LENGTH

DATA {cm)

. [e) 0.153
- [m] 0.393 1
& 1.00

SOLID LINES ARE PROBE CURRENTS
FROM CALCULATIONS BASED ON THIN
(— SHEATH THEORY OF STAHL AND SU T

2h 0 o o 00o0ae— L0
16 < 7

L=0393cm
M

{amperes)
]

Ip

1071

//uoklsmm .
5 o 0009° ’{

o) o

-Vp (volts)
Fig.3 Conical probe current measurements, ' =7.6 X 10’2 cm. 3.

and thus

SL/cos o

I =

» (27 sin Oge n L, ApDHYJr dr )

To calculate the current-voltage characteristic for a conical
probe, we specify the probe voltage, and, for each value of 7,
we make an initial estimate of the value of 6,, the limiting
angle corresponding to the sheath outer limit and quasi-
neutral region inner limit. We calculate the corresponding
quantities 7,, J, 1o and ¢, using Egs. (4), (3), (2), and (1)
respectively. If ¢, is not equal to the probe voltage (within a
specified accuracy), we make a new estimate for the value of
0, and iterate until we obtain the specified accuracy. We then
calculate the contribution to the probe current from the probe
area element at r, and integrate over the probe area, Eq. (5),
to find the total probe current. Then one probe voltage and its
corresponding current will be known, and other voltages can
be specified to determine the desired current-voltage relation-
ship for the probe. The theoretical current-voltage charac-
‘teristics are presented in Figs. 3-4 as smooth curves drawn
through the calculated values. It may be observed that a
modest amount of numerical effort is necessary to apply the
Stahl and Su results to the interpretation of conical probe ion

N
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T T
L=1L00Ocm |

L=0.393cm

L=0.153¢cm

(amperes)

Ip

SYMBOLS FOR PROBE {
EXPERIMENTAL LENGTH
DA {cm)

o 0.153 7
=] 0.393
< 1.00

SOLID LINES ARE PROBE CURRENTS
FROM CALCULATIONS BASED ON THIN
SHEATH THEORY OF STAHL AND SU

n'=5.8x%107 cn3

169 1 ] Lo 1 1 I

1.0 10 100
—Vp (volts)

Fig.4 Conical probe current measurements, n’ = 5.8 x 107¢m —3,

current measurements. Details of the calculations that were
actually carried out for comparison with the experimental
results are presented in Appendix A of Ref. 14.

Experimental Equipment

The test gas (argon) was ionized in a radio frequency in-
duction heated torch of length 19.1 cm and diameter 7.6 cm.
An argon flow rate of 0.25 g/sec and a torch power setting of
6.25 kw were selected for the experiments. The argon ex-
panded through a converging-diverging nozzle with a 2.54 cm
throat diameter and a 6.8° half-angle conical diverging con-
tour. The 1.22 m diameter test section was maintained at low
pressure by three stages of mechanical pumping and two oil
booster pumps. A traverse mechanism provided positioning in
axial, vertical and horizontal directions. The test set-up is
shown in Fig. 2.

To obtain the large sheath sizes required for the ex-
periments, deionization of the flow by surface recombination
was employed to decrease the ion density by several orders of
magnitude. A water-cooled copper chamber 7.6 cm in
diameter and 10.2 cm long was added to the flow path bet-
ween the torch exit and the nozzle. Placed inside this chamber
were honeycomb sections 0.5 cm long with 1.3 mm square
holes through them, fabricated from 0.13 mm thick tantalum
sheet. Electrons and ions in the flow diffuse to the metal sur-
faces of the honeycombs as the gas passes through them. The
ions recombine with electrons at the metal surfaces and return
to the flow as neutral argon atoms. By adding up to six of
these tantalum honeycombs the flow ionization was lowered
from about 10! to less than 10% ions/cc without greatly
altering the neutral flow.

The butyl phthalate precision manometer with a least count
of 1.94x 103 Torr was used for pressure measurements.
Static pressure taps were located in the wall of the copper
deionization chamber (downstream of the tantalum
honeycombs and just upstream of the converging section) and
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Table 1 Flow conditions for conical probe measurements?

Number of
Honeycombs To(K) M, Re,, /cm? T (K) Te(K) T (eV) nf(cm)
0 1480 2.15 ; 63 582 1380 0.119 7.6 1012
1 1030 2.15 99 405 1100 ) 0.095 1.3x 1010
2 1080 2.15 94 425 650 0.056 2.3%10°
3 900 2.16 117 352 430 0.037 9.5%x 108
4 820 2.17 132 319 370 0.031 4.2x108
5 730 2.17 157 284 300 0.026 1.2x 108
6 675 2.17 173 263 270 0.023 5.8%x107

“py =1363 cts 0il =2.62 torr; L, =0.153, 0.393, 1.00 cm.

5The Reynolds number is based on an argon kinematic viscosity determined from the.expression

2
Iy 2 0.0225)

Voo (

Too (K) 372
sec 0 Do (torr) Q2°

where ©(22)" is the value of the Leonard-Jones potential integral taken from Hirschfelder et al.?

in the wall of the test section. Impact pressure probes were
mounted on the traverse mechanism. Each pressure
measuring site was connected through valves and copper
tubing to the manomieter.

A variety of electrostatic probes was. used for the ex-
perimental work. Cylindrical single and double probes were
made from 0.038 ¢cm diam tungsten wire. A small spherical
probe (0.54 mm diam) was constructed using 0.008 cm
diameter copper wire. Three 15° half-angle conical probes
were designed and built for this study. They were copper, with
lengths (from cone tip to base along the axis) 0.153 cm, 0.393
cm, and 1.00 cm, measured with a microscope. The nose radii
were 1.1, 2.0 and 0.5% of the probe lengths, respectively. The
base of each probe was extended conically with boron nitride
electrical insulation to a 1.27 cm diam cylinder.

The voltage supply for the elctrostatic probes was a 45 v
battery pack with a 10 k@ potentiometer. Keithley Model
600A electrometers measured the probe current and voltage
with respect to the tunnel wall. The electrometer outputs were
fed to an x-y recorder to give current-voltage curves. For the
spherical probe potential measurements an oscilloscope dif-
ferential amplifier was used. The experimental equipment is
described in more detail in Ref. 14,

Flow Calibration

Seven different flow conditions were established for conical
probe measurements. Each condition was characterized by the
‘gumber of tantalum honeycomb sections (0-6) placed in the
deionization chamber. The measured conditions are listed in
Table 1. The methods used to determine those flow conditions
are explained following.

Neutral Flow Properties

A chromel-alumel thermocouple in the settling chamber
measured the stagnation temperature at the flow axis up-
stream of the converging nozzle. The measured values of
stagnation temperature were corrected for thermal radiation
losses to the surrounding cooled chamber.

The stagnation pressures of all the flows were maintained at
2.62 Torr (£0.2%) as measured in the deionization chamber.
Radial and axial surveys of impact pressure were made with
0.64 cm and 1.91 cm o.d. open-ended probes. Corrections
were made for viscous effects!’® and shock standoff distan-
ces.'®

The neutral flow properties at the nozzle exit were deter-
mined from the measured impact pressure, stagnation tem-
perature and stagnation pressure using the tables of Muel-
ler,!” assuming an ideal gas with isentropic expansion through
the nozzle. 4

Charged-Particle Properties

The electron temperature for the two highest ion density
conditions (no honeycomb and one honeycomb) were
measured with the double cylindrical probe using the method
of Johnson and Malter.'® Collisional corrections to the elec-
tron temperature measurements were negligible.

Collisional effects were present in the single probe
measurements used to obtain the ion density in the flow. The
ion density was therefore calculated from the single cylin-
drical probe ion current using the mixing formula of Thorn-
ton.'® For lower values of ion density, the theory of Lafram-
boise?® as presented by Sonin?! was used to determine the
collisionless current required by the Thornton formula. But at
the highest ion density (no honeycomb) the cold ion theory of
Allen, Boyd, and Reynolds?? (as applied to the cylinder by
Chen?®) was used to calculate the collisionless current. We
now believe that although N, /r, may be large, when (\;/r,)
<1 the aligned probe current increases from that predicted by
Laframboise to that predicted by Chen. (For further
discussion of this effect see Ref. 24.)

Thus the ion densities and electron temperatures of the two
highest ion density flows were determined. But at lower ion
densities (2-6 honeycombs) the double-probe ion current had
no well-defined saturation, and the logarithm of the single-
probe electron retarding field current plotted against probe
voltage did not yield a straight line. Thus the .direct
measurement of electron temperature was impossible by con-
ventional methods. Under these conditions, an approximate
calculation (Appendix B, Ref. 14), using an electron energy
balance together with the measured cylindrical probe currents
in an iterative scheme, was employed to determine the elec-
tron temperatures and ion densities of the flows.

For the intermediate flow conditions (2-4 honeycombs) the
estimated uncertainties in electron temperatures and ion den-
sities were 15% and 4% respectively. Uncertainties in the
values for the extreme flow conditions were smaller either
because the values could be measured directly or because the
electron and neutral atom temperatures were nearly equal.

Results

Each of the three conical probes, with respective lengths L
=0.153, 0.393, and 1.00 cm, was centered with its tip at the
nozzle exit in the flows with measured properties listed in
Table 1. The applied probe voltage of each was varied from
the floating potential to about —30 v with respect to the tun-
nel wall. For each flow condition the current was plotted as a
function of applied voltage at least tweive times on the x-y
recorder. Values were scaled from the plots, and the average
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current and experimental standard deviation were calculated
at regular intervals of voltage. The characteristics were quite
reproducible —the average sample standard deviation was less
than 2%.

The averages of the measured currents at each voltage
are presented as data points in Figs. 3 and 4. Figure 3 presents
the data obtained at the highest value of 7’ (no honeycomb),
whereas Fig. 4 shows the data obtained at the lowest value of
- ng' (6 honeycombs). Data for intermediate values of n,,’, as
listed in Table 1, followed a systematic trend, and fell in-
termediate to those shown in Figs. 3 and 4. Data for all of the
values of n,.! are plotted in Ref. 14.

For the highest ion density (Fig. 3), the probe measure-
ments show good agreement with the calculations based on
the thin-sheath theory of Stahl and Su. Even for the lowest ion
density flow (Fig. 4) where the current is systematically
overestimated, the theoretical curves model the slopes of the
characteristics very well. For this case (as well as the in-
termediate cases not shown) the disagreement between the ex-
perimental and theoretical values is not surprising because the
assumption in the theory that the sheath size is smaller than
the distance along the probe surface is not satisfied in the
calculations for n,’ =1.3 x10%° cm™3. It was characteristic of
all of the data, as typified by Figs. 3 and 4, that the slopes of
the log-log plots of current versus voltage increased for
decreasing values of L,/Ap, and increasingly negative values
of the probe potential.

For three points of each measured current-voltage charac-
teristics, chosen to be —eV,/kT® =25, 100, and 250, the
measured dimensionless ion densities Do L,/ oo (n
contained in the term Ap,, ~?) are shown in Fpg Sas functlons
of the corresponding dimensionless conical probe currents,

I L’
p 2 Yoy (- K17 ) v
Ny'eus,A, )\Doo Unl, ev,

The largest estimated uncertainties in D /L ,/t Ao
(about 20%) occur at intermediate values of this parameter
due to uncertainties in 7° and ‘. The nondimensionalization
for the current, which was suggested by Baum and Denison,®
was found to give the best correlation for all of the data.

For the data presented in this fashion an interesting com-
parison between experiment and theory can be made using the
results of Chung and ‘Blankenship? and Denison.® In both
these analyses the freestream ion density could be related to
the conical probe ion current in terms of an expression of the

108

1ot
Vao [ad
n,,,,eua,,A,J )‘D loly eVp

Fig. 5 Data compared with modified thin sheath theories of Chung
and Blankenship (solid lines), and Denison (dashed lines).
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following form:
Do'ly o L Ll (=g
Uoshp, ’ nyleud, Ap,,? uyL,

- where, in the work of Chung and Blankenship,

uoo L c 1, DOOi d
C=(0304)y( 2= Ls Yo yu Do’ na’ €V,
u. L, v D! n/ kT
and, in Denison’s work
U, L, v D,/ ngl ev
C=(0508)(—= = L) =2 2 (. _LZyn
( )¢ u. L, v ) D/ n/ ¢ kTe® )

The values of the ion diffusion coefficient were calculated ac-
cording to-the formula given by Kirchhoff,?* and the ratios of
freestream ion density to the boundary layer edge ion density
were taken to be the same as the ratios for neutral gas den-
sities with y=5/3.

For a given probe current and voltage, the Chung and
Blankenship value for (Dy,'L /1 o) is larger than that of
Denison by a factor of about 1.5 if we take the value of » at
the boundary layer edge to be S/3 (where the flow velocity is
within 0.01% of the inviscid surface flow velocity, a
somewhat arbitrary choice).

It may be observed that in these theories (Do,'L,, /1, )\quz)
is in fact independent of probe potential. (They assume 1on
current saturation to simplify their results.) However, the
theories are cast in the above form in order to be consistent
with the nondimensionalization used in Fig. 5. If we had
followed strictly the results of the theories by removing the
probe potential dependence from the abscissa, the measured
data at the lower ion densities would not have collapsed into
such a thin band, but the data at the highest ion density, in
which saturation of the ion currents was observed, would
have been correlated very well. In effect, by using the non-
dimensionalization of Fig. 5 we have shown that good
correlation can be obtained by assuming the probe current is
proportional to the square root of probe potential for most of
the ion densities measured, rather than independent of probe
potential, as predicted by the thin sheath theories. Correlation
of probe current with the square-root of probe potential has
been observed by Scharfman and Hammitt* and Boyer and
Touryan.?
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Figure 6 presents the conical probe, shock: tube data of
Scharfman and Hammitt?® over the same range of probe
potentials, 25< —eV,/kT* <250. These data are consistent
with the thin sheath theories, but the scatter in the data is too
great to permit definitive comparisons with the theories. Ac-
cording to the authors the scatter is due mainly to un-
certainties in the measurement of electron and ion con-

centrations, and to spatial and temporal nonuniformities in

these quantities.

The experimental data of the present study are compared to
the thick-sheath theory of Hammitt* in Fig. 7. It is clear that
the present data are not correlated very well by the parameters
of Hammitt’s theory. The data are also compared to the
thick-sheath boundary layer theory of Baum and Denison® in
Fig. 8. (The comparison is not completely accurate since
Baum and Denison carried out their calculations for a M, =3
flow of a v =1.4 gas, whereas the present measurements were
at M, =2 and for y=1.67. We also use 7¢ as the reference
temperature rather than 7%.) The data follow the predicted
decrease in J(Sc'/—¢*)” for increasing £/Sc¢’ with the
theoretical ordinate a factor of two larger than the
measurements for lower values of §£/Sc¢’ and excellent
agreement for higher values. This agreement is clearly better
than that of the Hammitt theory (note the linear scale for
J(Sci/ —¢*)").

For overall data correlation the thin-sheath theories of
Chung and Blankenship and Denison are clearly superior to
the available thick-sheath theories if the data are related to the
thin-sheath theories, as is done in Fig. 5. Moreover, these
theories yield explicit expressions for ion number density from
probe current measurements. However, like the Hammitt and
Baum and Denison theories, they do not yield any current-
voltage dependence such as is provided by the Stahl and Su
theory.

The relative success of the thin-sheath theories in predicting
the ion current collected by the cone even under conditions

where the assumptions on which these theories are based are:

clearly violated, suggests that the sheath may remain ap-
proximately one-dimensional even when its thickness exceeds
-the local cone radius. An experiment was designed to test this
conjecture, by carrying out measurements of the local per-
turbation in plasma potential in the vicinity of the cone caused
by the application of a negative potential to the cone. The
tests were carried out for the largest cone, L, =1.00 cm, using
the small spherical probe described earlier for the local
measurements. The procedure used was to measure ‘the dif-
ference between the potential of a spherical probe positioned
at a fixed point in the flow outside the domain of influence of
the conical probe, and a similar spherical probe that was
traversed throughout the region of influence of the cone. In
this way relative changes in plasma potential in the vicinity of
the cone due to changes in cone voltage could be measured.
This procedure was carried out for a number of cone probe

voltages, between —5 and —30v. .

The electric potentials measured with the small spherical
probe in the vicinity of the large conical probe for the case V.
= —30, n;, =3.7% 10® cm™ are shown in Fig. 9. The change
in potential of the 0.54 mm diameter spherical probe was
measured for the above cone voltages in radial surveys (of
0.06 cm steps) at nine axial positions (every 0.25 cm) near the
cone. The direct measurements were then interpolated to ob-
tain the points of equal change in spherical probe potential
shown in the figure.

When the sphere contacted the conical probe surface its
voltage assumed the value applied to the cone, but when it was
within a sphere diameter of the cone, its potential change was
smaller than that measured at larger radii. This behavior may
have been caused by interference—the sphere may have
disturbed the flow in its vicinity enough to affect the
measurements. Only the measurements several sphere
diameters from the cone were considered to be valid.
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The measured points of equal potential lie roughly parallel
to the cone surface, with only a gradual curving toward the
axis at the conductor-insulator interface and upstream of the
cone tip. Most of the drop from the plasma potential to the
cone surface potential occured too near to the cone to be
resolved by the 0.54 mm spherical probe. But as a more
negative conical probe voltage was applied, the influence of
the cone voltage on the potential extended further out into the
flow. The near parallelism of the equipotentials and the cone
surface may explain why the boundary layer type ap-.
proximation for the electric potential in the thin-sheath
theories yields useful results.

Conclusions

Partially ionized argon flows were produced in the
laboratory to study the use of conical electrostatic probes for
measurement of ion number densities over a wide range. Im-
pact pressure, stagnation pressure, and stagnation tem-
perature measurements were used to determine the neutral
flow properties. Thin cylindrical electrostatic probes aligned
with the flow were used to determine the electron tem-
peratures and ion number densities of the flows.

Conical electrostatic probes of lengths 0.153, 0.393, and
1.00 cm were placed in seven flows of differing ion density. At
the highest density, 7, =7.6x10'2 cm, the ion-attracting
probe current-voltage characteristics agreed well with values
calculated by applying the thin-sheath continuum theory of
Stahl and Su to the conical configuration. From the lowest ion
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density, n./=5.8x107 cm™, where the sheath extends out
beyond the conical shock and boundary layer, to the highest
ion density, where the sheath is embedded in the boundary
layer near the cone surface, the measured probe currents
followed reasonably well the thin-sheath theories of Chung
and Blankenship and Denison, modified to include a depen-
dence of current on the square root of probe voltage.
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