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GUARDED CAPACITANCE PROBES FOR
MEASURING PARTICLE CONCENTRATION
AND FLOW

This invention was made with Government support
under Contract No. DE-AC22-91PC-90183, awarded by the
Depaniment of Energy. The Government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

The present invention relates in general to guarded
capacitance probe structures that are particularly useful for
non-invasively measuring particle concentration and/or par-
ticle flow.

Capacitance probes have been used in the past to measure
particle concentration or flows non-invasively. These probes
are based on the principle that the capacitance between two
conductive surfaces (e.g. electrodes) held at different voli-
ages can be varied by changing the nature of a dielectric
substance placed within the electric ficld generated between
them. Since the dielectric constant of a particle containing
liquid or gas varies depending upon the pariicle concentra-
tion, a capacitance probe can be employed to measure
panticle concentration non-invasively by positioning it on a
vessel or pipe containing the liquid or gas to be analyzed,
and causing the electric field generated between the probe’s
clectrodes to pass through a portion of the liquid or gas near
the vessel or pipe wall. As the particle concentration in the
liquid or gas varies, so does it diclectric constant, and thus,
the capacitance of the probe also varies. If two of the
capacitance probes are placed a predetermined distance from
one another on the vessel or pipe, their outputs can also be
employed to determine the flow rate of the liquid or gas
through the vessel by cross correlating the signals generated
by each probe to determine the difference in time when
portions of the flow stream having like dielectric constant
pass cach of the probes, and dividing the distance between
the probes by this time difference.

Traditional capacitance probes have suffered from the
possibie interference of other charged surfaces in their
vicinity and from considerable reductions in the signal-to-
noise ratio. associated with the capacitance of a cable
connecting the output of the probe to a necessary signal
amplifier. In order to solve these problems, numerous probes
have been devised that include a guard electrode in addition
to the sensor and ground electrodes fournd in traditional
probes. One such prior art probe is illustrated in FIG. 1. In
particular, a probe 10 is shown that is positioned contiguous
to the outside surface of a pipe 12 containing a fluid
suspension 14 to be monitored. The probe 10 includes a
centrally disposed ground clectrode 16. a coaxial scnsor
clectrode 18 and a guard clecrode 20. The sensor electrode
18 is connected to a source of voltage (not shown) by means
of a coaxial conductor 22 and generates a plurality of curved
electric ficld lines 24 which pass through a portion of the
Nuid suspension 14 ncar the wall of the pipe 12 and
terminate on the ground electrode 16.

As is typical, the guard clectrode 20 surrounds the sensor
clectrode 18 everywhere except where the measurement is to
be made. The guard electrode 20 is driven by a scparate
circuit, but its voltage is precisely matched to that of the
sensor electrode 18. Consequently, no charge can accumu-
late in the cable between the guard and the sensor so that
cable capacitance is effectively cancelied. The guard elec-
trode 20 also shields the sensor electrode 18 from any
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charged surface in the vicinity of the probe 10 so that stray
capacitances arc also virtually eliminated.

Unfortunately, prior art guarded capacitance probes suffer
from one significant drawback. [n panicular, a large portion
of the vessel or pipe wall must also be held at the guard
voltage in order for this geometry 10 work in a non-invasive
wall probe. This constraint constitutes a significant impedi-
ment to industrial measurements.

SUMMARY OF THE INVENTION

The present invention seeks to overcome the aforemen-
tioned drawback of previous guarded capacitance probe
designs by providing guarded capacitance probes in which
the relative locations of the three probe electrodes, i.e.,
sensor, ground and guard, are reversed. In a first embodi-
ment, the probe's sensor electrode is formed in the shape of
an axisymmetric ring and the guard electrode includes both
a portion disposed within the middle of the ring, and an outer
portion surrounding the ring. The ground electrode then lies
outside the guard electrode and is created simply by ground-
ing the wall of the vessel to which the probe is attached. The
ring shaped sensor electrode is employed to insure that the
electric field lines that it sheds toward ground are confined
1o the near vicinity of the probe so that a finite volume of the
flow stream near the vessel wall will be covered by the
electric ficld lines. If the sensor electrode were a solid circle,
the field lines emanating from the center of the circle would
continue straight through the vessel wall into the flow stream
and toward infinity, thereby causing an inaccurate measure-
ment.

The rclative dimensions of the sensor and guard elec-
trodes must therefore be chosen carefully to satisfy certain
criteria. In particular, the sensor electrode must be close
cnough to the periphery of the probe so that the electric field
lines that it sheds toward the ground are confined to the near
vicinity of the probe. On the other hand, the sensor electrode
must not be so close to the ground that the capacitance
between these two surfaces becomes too large to detect.
Mathematical calculations have been made to determine the
range of relative dimensions of the sensor and guard elec-
trodes which result in a probe of superior measurement
accuracy.

The basic concept of the present invention can be embod-
ied in capacitance probes of different configurations. In
another embediment, the sensor and guard clectrodes are
formed integrally along the inside wall of a conductive
cylindrical pipe with the pipc again forming the surrounding
ground electrode. In a third embodiment, two sensor elec-
trodes are provided which arc each surrounded by their own
guard electrodes that are adjacent to one another. This
configuration is particularly useful for measuring flow rates
through cross correlation of the output signals from the two
probes. In a variation of the two probe embodiment useful
for flow measurement, the sensor and guard electrodes are
formed as adjacent cylindrical rings disposcd on a cylindri-
cal rod which is inserted in a flow stream parallel to the
direction of flow. Inall of these alternative embodiments, the
relative dimensions of the guard and scnsor electrodes are
chosen in the same manner as in the first embodiment so that
the elcctric ficld lincs formed between the sensor and ground
clectrodes are confined, while at the same time, the effect of
variations in the probe dimensions on the capacitance and
the extent of the measurement volume are minimized.

BRIEF DESCRIPTION OF THE DRAWINGS

The advantages and features of the present inveation will
become apparent trom the following detailed description of
a number of preferred embodiments thereof, taken in con-
junction with the accompanying drawings, in which:
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FIG. 1 is a schematic illustration of a prior ant guarded
capacitance probe;

FIG. 2 is a schematic cutaway illustration of a guarded
capacitance probe constructed in accordance with a first
preferred embodiment of the present invention:

FIG. 3 is a schematic illustration of the front of the
capacitance probe of FIG. 2;

FIG. 4 is a graph illustrating the output voltage of the
amplifier connected to the probe of FIG. 2 as a function of
particle concentration in a dry fluid-cracking-catalyst;

FIG. 5§ is a graph of the complex plane of a two-
dimensional system of electrical surfaces;

FIG. 6 is a schematic illustration of a sccond preferred
embodiment of the present invention;

FIG. 7 is a graph illustrating the notation for the geometry
of the second preferred embodiment;

FIG. 8 is a schematic illustration of a third preferred
embodiment of the present invention;

FIG. 9 is a graph illustraling the compiex planc for the
electrical surfaces of the probe of FIG. 8:

FIG. 10 is a graph illustrating the pattern of electric ficld
lines generated by the probe of FIG. 8 for RMS voltage ratio
v=0.5;

FIG. 11 is a graph illustrating limiting values of X,/a. X./a
and b/a represented as a function y vs. ¢/a where the value
of the dielectric constant, K,,,,=2:

FIG. 12 is a graph illustrating the same functions as in
FIG. 11 but with K_,.=15;

FIG. 13 is a graph illustrating the minimum design values
of ¢/a versus the maximum expected value of the suspension
dielectric constant K,...; and,

FIG. 14 is a schematic illustration of another two sensor
capacitance probe constructed in accordance with the third
preferred embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Turning now to a more detailed consideration of a number
of preferred embodiments of the present invention. FIGS. 2
and 3 ustraie a first preferred embodiment comprising a
guarded capacitance probe 50. The probe S0 includes an
apertured annular sensor electrode 52 which is received in a
circular slot 54 formed in a cylindrical guard clectrode 56
that surrounds the scnsor electrode 52 on three sides. A
central raised inner portion 58 of the guard electrode 56
substantially fills the aperure in the sensor electrode 52,
while an outer portion 59 surrounds the sensor electrode 52.
A thin insuiation layer 60 is disposed between the walls of
the slot 54 and the sensor ¢lectrode 52 which electrically
insulates the guard electrode $6 from the sensor electrode
52,

The probe 50 is disposed in an aperture formed in a
conductive wall 62 of a vessel or pipe containing a fluid (i.c..
liquid or gas) suspension 63 whose concentration is to be
measured. Ancther thin insulation layer 64 electrically insu-
lates the conductive wall 62 from the guard electrode 56.
The conductive wall 60 is clectrically grounded so that it
acts as a ground clectrode for the probe 50.

A shivlded coaxial cable 66 electrically connects the
sensor efectrode §2 and the guard electrode 56 10 a conven-
tional guarded capacitance probe amplifier 68, which by
way of example can be either a Model 4000 serics amplificr
manufactured by Capacitec. Inc. of Ayer, Mass. or an
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Accumeasure System 1000 manufactured by MTI, Inc. of
Latham, N.Y. This amplifier supplies a sinusoidal current of
constant amplitude at a typical frequency of 16 kHz to the
sensor clectrode 52 through a central conductor 70 of the
coaxial cable 66, and supplies a voltage through an outer
conductor 72 of the coaxial cable 66 to the guard electrode
56, this voltage being automatically controlled so that it is
equal to the varying voltage on the sensor electrode 52. The
amplifier 68 generates a rectified voltage on an output 74
which is directly related to the particle concentration in the
fluid suspension contained within the vessel or pipe as
illustrated by the function in the graph of FIG. 4.

The sensor electrode 52 generates a plurality of curved
electric field lines 76 which terminate on the grounded
conductive wall 62 in such a manner that they encompass a
measurement volume within the vessel or pipe that is
confined close to the inner surface of the wall 62. The
purpose of the guard electrode 56 is 10 protect the electric
field lines 76 originating from the sensor electrode 52 from
outside electrical interferences and stray capacitance. The
central raised inner portion 58 of the guard electrode 56 also
insures that no electric field lines emanate from the center of
the sensor clectrode 52 because they would travel in a
straight line toward infinity, thus producing an inaccurate
measurement. The outer portion 59 of the guard electrode §6
is sized so that the electric ficld lines emanating from the
sensor electrode 52 will not immediately curve back upon
themseives onto the grounded conductive wall 62 without
passing through the fluid suspension, thus also causing an
inaccurate measurement. The calculations employed for
determining the optimum dimensions of the sensor electrode
52 and guard electrede 56 are discussed in detail below.

Before deriving the optimum dimensions of the grounded
probe. it is useful to derive the pattern of clectric field lines
emanating from the two-dimensional system of clectrical
surfaces shown in FIG. 5. This geometry is convenient since
the Laplace equation is identically solved upon finding
analytical functions in the complex plane. Then it is straight-
forward to extend the calculation to the axisymmetric geom-
etry. This calculation is not original since it involves solving
the Laplace equation in a classical gcometry.

For convenience, consider a homogencous medium above
the planar electrodes of FIG. 5. The purpose is merely to find
a complex function in the plane x.y that satisfics the fol-
lowing boundary conditions on the x-axis:

V=V, for-a<x<+a;

V=0 elsewhere.

The corresponding complex function is

Vo )
0=T (-iln(z =a) +iln(z +a)),

where i°=-1 and z is the location of point M in the complex

plane. Dcfining
z-a=r, exp [ 8, (2a)

+a=ry exp i 0,) 2v)

then

k)
SURPPNNES]! i

The corresponding lincs of constant voltage V are such that
the real part of @ is constant and equal to V.

V=V /n}(8,-8,) 1)
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The electric field lines form an orthogonal set.
On any field line the imaginary part of @ is constant.
Consequenuy, for a given ficid line.
ry/ry=consunt. (&)
The field lines are therefore a family of circles with center
located on the axis. From (5) it can be shown that the field
line centered at x=x_ has a radius R, given by

Ria=N(zday -1 . ©
Note that because the field line is centered on the x-axis, its
height above the plane is R.. The guarded capacitance probe
50 can be described using this formalism.

Because the guard electrode 56 is maintained at the same
voltage as the sensor electrode $2, the guard/sensor bound-
ary is transparent to the pattern of electric field lines. In a
homogeneous medium, the measurement volume is bounded
by the electric field lines 76 emanating from the edges of the
sensor electrode 52. A measure of its extent away from the
plane is the height h of the outermost ficld line,

=P -V M

This calculation also leads to a prediction of the capaci-
1ance of the cormresponding axisymmetric arrangement. The
electric field consistent with the complex potential @ is

Eo-grad V;

The magnitude of E a1 the wall determines the charge
distribution there.

8)

E={clKe,)n, 9)

where ¢,=8.854 107'2 F/m is the dielectric permittivity of
free space. K is the cffective dielectric constant of the
medium above the probe (K=1 for air; K#1 for dielectsics),
& is the charge density (C/m®) and n is the outward normal
to the plane. Combining (4) . (8) and (9) yields

(10)

d:v‘,:m ( X’lﬂ -x-la )!m'-a<x<+a.
The corresponding total charge Q on the sensor electrode of

an axisymmetric probe is (FIG. 3 )

()

b al-cl

Q=I Ozudl:thVoln(—z—z— ):
x=c¢ a’-¥b

The resulting capacitance between ground and sensor elec-
trodes of the axisymmetric cmbodiment of FIG. 3 is

ﬂz-fz (l2]
¢=0%= 2 Kate| = |

in the amplifiers manufactured by MTT or Capacitec. the
guard clectrode voltage is rectificd in a manner similar 1o
that of an AM radio. The resulting dc voltage constitutes the
amplificr’s outpmt V. This output is then proportional to the
amplitude of the scnsor clectrode voltage. Because the
sensor electrode is supplied by a current of constant ampli-
tude.

v=a, a3)

the amplificr output becomes proportional to the impedance
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Z between the sensor clectrode and ground. In the case
where the impedance is purely capacitive,

=1/Cp. ()
where p=i2nf and f is the frequency of the amplifier.
Therefore, the amplifier output is inversely proportionai to
the capacitance between sensor and ground. In this case, one
can measure the effective dielectric constant of the medium
above the probe by recording the voltage output of the
amplifier in the presence of air (V,) and in the presence of
the dieleciric medium of interest (V). For media with a
negligible imaginary par of K,

K=C/C, =V V. as)
where C, is the capacitance of the probe in air. The voltage
output for a typical industrial powder is shown in FIG. 4. For
media with a significant imaginary part of K, the phase lag
between V and i may be measured to infer the phase of K,
while V_/V provides the magnide of K.

Because it relies on a relative measurement. the dielectric
constant can be determined with excellent accuracy. In the
case of a suspension of solids, it remains to infer the
concentration of the solids from the dielectric constant. A
significant advantage of these types of capacitance probes is
that they do not require any in situ calibration i.e., a
calibration in the actual unit where the measurement is
performed. Instead. it is sufficicnt to determine separately
the effective dielectric propertics of the suspension of inter-
est. For suspensions with a well-known dielectric behavior
this determination is even superfluous. For example, dielec-
tric spheres satisfy the Meredith & Tobias model:

X X-2+v-2133Z 16

K  X+o+7-09062Z

where  X=(2K,+K,¥(K,-K,), Y=0.40907?(6K,+3K,}(
4K,+3K,), Z=0'%" (3K,-3K M(4K,+3K,). In this expres-
sion, @ is the particlc volume traction (“‘concentration™), and
K, and K, are the diclectric constants of the material of the
particles and the host medium respectively.

However, industrial powders arc sometimes too complex
to permit a straightforward model of their cffective proper-
ties. In some cases, it is therefore necessary 10 establish the
dependence of K on particle concentration through indepen-
dent calibration experiments.

Because the pattern of electric ficld lines that emanates
from the guard/sensor elcctrodes is not bounded, the chal-
lenge with a grounded capacitance probe is to confine the
measurcment volume near the probe. In the axisymmetric
embodiment of FIG. 3 for exampie, the field line originating
from the centerline of the probe is a straight line perpen-
dicular to the plane. Therefore it is essential to avoid placing
the electrode’s surface at the center of the probe. Failing to
do this would make it very difficult to interpret the signal. as
the far away structure of the suspension would influence the
character of the signal.

To confine the measurement volume it is natural to bring
the sensor electrode’s surface closer to the singularity at x=a.
As Eq. (7) indicatcs, increasing the value of ¢ reduces h.
However. increasing ¢ makes it more difficult to control the
value of the probe's capacitance. In the extreme where b and
c nearly equal a. the value of the capacitance is very difficuit
to predict. as it becomes excessively sensitive 10 smail
cxcursions in the values of ¢/a and b/a. The simple sensi-
tivity analysis that follows captures this effect.
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Rewrite Eq. (12) in dimensionless form,

an

2
1-¢ 1

14
¢= 1-p"% 7

[of
pr el
where bi=b/a and ct=c/a. Consider scparately the effects of
a small error in the ratios b/a and c/a. These crrors could
result, for example, from machining tolerances or from the
deterioration of the probe after prolonged use in an industrial
facility. Differentiating (17) yields

act 2 ' (182)
c [ d-c?
(1-% )ln[w—
act 2 st (18b)
CI = l 17
” -c
(l-c }h[l—_cn—]

It is reasonable to assume that the errors in bt and ct are
statistically uncorrelated and both equal to t/a, where L is a
characteristic uncenainty common to b and c,

Abt=Act=t/a. a9
The parameter t{ may be interpreted. for example, as a
mechanical tolerance in the construction of the probe. In this
case, the relative error in Ct may be written

act (20
<

b'l
TR

c'I

T

-(c

+) m[ﬁHJ

In order to limit AC1/Ct, one should minimize the term in
curly brackets.

Similarly, it is judicious 10 minimize excursions in the
height of the measurement volume that would result from
uncertainties in ¢/a. Defining ht=h/a. Eq. (7) may be differ-
entiated to give:

o' 1+ @an
hi = e’ -c'! Pc '

Assuming again that the uncenainty in c/a is Act=t/a. (21)
yields

2 22)

1« B!
Y'Y =( 77‘;—,;—- Fl/a).

In order to limit the relative uncentainty in ht. one should
minimize the term in parentheses. This is achieved with

Coun = \I\F -2 =04859.

Substituting this value of ct in (20), the valuc of bt that
minimizes the term in curly brackets in that equation is

(23)

bt n~0.8221. 24)

Thus, for the axisymmetric cmbodiment of FIG. 3. the
optimum rclative dimensions of the probe are b/a=0.8221
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and c/a=0.4859. These dimensions of the probe make its
capacitance and the extent of its measurement volume least
sensitive to machining tolerances or deterioration of its front
surface in an industrial environment. Because unintentional
excursions of the measurement volume arc minimized, these
dimensions permit robust measurements and unambiguous
interpretation of the probe signals in terms of local concen-
tration.

Other embodiments of the grounded capacitance probe
nced not be axisymmetric. However, they should exhibit the
following general configuration:

a guard electrode surface where straight field lines emerge
from the plane:

a sensor electrode surface surrounded by the guard elec-
trode on all sides except at the probe face where the
measurement is carried out;

a connection to the amplifier through a shielded cable
whose center and exterior conductors are held at the
sensor and guard electrode voltages, respectively;

a ground surface or clectrode at the periphery of the
probe.

Whaicver the geometry, three criteria yield optimum probe
dimensions:

the sensor surface electrode should not exhibit straight
field lines perpendicular to the probe face:

the capacitance between sensor electrode and ground and
the height of the measurement volume should be as
insensitive as possible 1o small excursions in the probe
dimensions.

Many industrial applications require capacitance probes
to be mounted flush with the inside surface of a grounded
pipe. Because in this case the grounded surface on the
opposite wall facing the probe may attract clectric field lines
from the sensor electrode surface, the measurement volume
may exhibit an excessive extent away from the probe. For a
probe of fixed dimensions, the risk associated with this
situation increases with decreasing pipe diameter. The pur-
pose of the following calculation is to establish a criterion
valid for cylindrical pipes in the presence of a probe embodi-
ment consisting of long surfaces parallel] to the axis of the
pipe. This geomelry is unlikely to be employed in a real
industnial situation. However, because it permits analytical
solutions for the electric ficld, it is employed to illustrate the
present discussion.

Consider the cylindrical pipe 100 of FIG. 6 in which a
guarded capacitance probe 102 is formed integrally in the
wall of the pipe 100. Similar to the probe S0 of the FIG. 2
embodiment, the probe 102 includes an apertured scnsor
electrode 104 which is surrounded on three sides by a guard
clectrode 106. When power is supplied to the sensor elec-
trode 104, an electric ficld is generated as indicated by the
field lincs 108 which pcnetrates a portion of the volume
within the pipe 100 and 1erminates on the inner surface of
the pipe 100 since it is grounded. As before, the height of the
measurcment volume is defined as the extent of the outer-
most ficld line above the pipe wall. In this configuration, the
complex potential can be obtaincd by mapping the solution
of (1) into a cylindrical gecometry,

Vo (25)
®= - i (In(riry) + ¢ (02 - 8) ~ ),
where a is the angle shown in FIG. 6 and 1, r,, 0, and 6,

are shown in FIG. 7. The comresponding height of the
measurcment volume is
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J—;’ (26)
h o R, ( R,
Tl N R ’ :
where
R _cova) 1 @n
R "sntp Cmo

where v is shown in FIG. 6.

In order to confine the measurement volume near the wall
of the pipe 100, h must be within a small fraction € of the
radius of the pipe,

R/R<ec<]. (28)
In this formulation, ¢ is the maximum relalive extent of the
measurcment volume that the designer is willing to accept.
The solution of (26) indicates that this condition is nearly
equivalent to
R /R<e. 9

or expanding (27) in series and retaining the lowest order
terms,

(o?~F)2yce.

Note that the angles & and y are nearly equal to a/R and c/R,
respectively. Therefore, (30) may be writien as

(30)

. [€])]
& ';," ke

Using the optimum value of ct from (23), the following

criterion is found:

AR (1 ~C o). 32
or

a/R<1.27e. (33)

An inspection of (32) shows that in the limit of small € it is
equivalent to (7). Therefore, if the measurement volume
remains confined ncar the wall (WR<<!), the cylindrical
pipe behaves no differently than an infinite flat wall.
Another useful embodiment of the present invention is
illustrated in FIG. 8. In particular, a two scnsor guarded
capacitance probe 150 is illustrated which includes first and
second scnsor electrodes 152 and 153, each of which is
surrounded by its own guard clectrode, 154 and 155, respec-
tively. As illustrated, the two guard clectrodes 154 and 155
are contiguous 1o one another along onc of their edges.
although they are electrically insuiated from one another by
a thin layer of insulation (not shown). As with the other
capacitance probes, the surface surrounding the guard elec-
irodes 154 and 1S5S is grounded and therefore acts as a
ground clectrode 156. The idea behind this two sensor
embodiment is 1o drive the guard and scnsor clectrodes by
two scparate channels of an ampiifier 160 having synchro-
nous current sources of constant amplitude. One such ampli-
fier is also manufactured by Capacitec, Inc. In addition 10
recording the local concentration as before, cach sensor
electrode 152 and 153 can now detect separately the passage
of a disturbance in the local dielectric constant. If such a
disturbance travels at a finite speed above the probe 150. the
cross-correlation of the signals from the two amplifier
channels can yield its time-of-flight, hence its velocity.
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An approximate calcutation needs to be carried out lead-
ing to the optimum dimensions of the probes that will avoid
shedding straight clectric field lines perpendicular to either
of the two sensor clectrode surfaces. To illustrate this new
calculation. it is assumed that the probe face is narrow, so the
pattern of electric field lines is nearly two-dimensional. In
this case, because the two cument sources are nearly in
phase, the electrical surfaces of the probe 150 can be
sketched as shown in FIG. 9.

Because in general the two sensor electrodes 152 and 153
(left and right, respectively, in FIG. 9) are exposed to
different local concentrations in their vicinity, they experi-
ence a slightly different panem of electric field lines and,
consequently, they exhibit two different voltages V, and V,.
The ratio of these voltages is defined as

wV,/V, (34)
Because in a flowing suspension inhomogeneities appear
randomly in front of the two sensors, yis a function of time.
However, because in typical suspensions the oscillating
frequency of the amplifier is much larger than a character-
istic time for the evolution of these inhomogeneities, a given
value of ¥ persists long enough to establish a steady pattern
of electric field lines. In principle, this pauern depends on
the detailed structure of the suspension since the dielectric
permittivity €=Ke, is a function of position. For simplicity,
it is assumed in the present calculations that the suspension
above the probe is homogeneous enough with the average

dielectric permittivity € to establish the following complex
potential:

o=-L (Vo lin ™+ (V- Vot @ - Vitain e®p. &

The corresponding electric ficld lines are described by the
equation

. 36)
Y = constant
)
or in canesian coordinates,
lx—a) + yjie? e 3! (£)))

Ty =%

l&x+a) «y|

where x is a constant. This equation may be used 10 identify
where straight ficld lines rise from the plane. For such lines
the gradient of x is horizonual,

Tic-y=0, (38)
or equivalently, from (37),
3 2
(39
()3 s )+ b
a 2 1+y N a 2 lry )
There is only one rcal solution to this equation. It is
1 (40)

=—p’p:lD+D.

Qe

where

p (12X -yl +y
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-continued
and

palp-p*+N P+ @ -p2f* '™

For the potential of (35) the charge density is

v “n

“x+e

gV V=V

= +
€ x-a x

where e is the value of the diclectric permittivity at the
location x. Combining equations (34) and (41) reveals that
the local charge vanishes at the location

x 1-v 42
a 14y

A typical pattern of electric field lines is sketched in FIG.
10 for y=0.5. In FIG. 10 the straight, vertical field line at the
location (x,/a) defined by (40) is distinguished, and observe
that electric field lines accumulate around the location (x,/a)
where the local charge vanishes (Eq. 42). This pattern
dictates the placement of the sensor surfaces outside the
vertical field line,

c/a<lx,/al, 43)

where x,/a is given by (40) in terms of y. Further, in order
to ensure that the measurement volume always extends
outward, it is also judicious to locate the sensor surfaces
ocutside the point where the charge vanishes,

c/aclzy/al, 44)

where x, is a function of y through (42). Note that this latter
constraint is not as compelling as that of (43), since failure
to enforce it would not lead to measurement volumes of
excessive extent.

Upon integrating (41) over the area of the two sensor
electrodes 152 and 153, the ratio of the total charges on these
is

(45)
q € ¥ A )'
— vy o —ITY-I—

where g, and g, are the charges on the left and right sensor
electrodes 152 and 153 of FIG. 9, respectively, and the
constant A combines physical dimensions of the probe 150,

SUEERTS NN .
[z 15 I 151

where O<A<l. Because the amplifier 160 supplies the two
sensor clectrodes 152 and 153 with an oscillating current of
the same amplitude and nearly the same phase. the ratio of
the total charges in (45) ncarly equals one. Thus from (45),
the ratio y satisfies

a+c
atb

l+c
1+5'
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€ Y-i

o "V U=re
If the suspension is homogeneous. the permittivities ¢, and
€, are equal and (47) yields y=1. In this case, the probe 150
has an electric field pattern identical to that of the probe 50
of FIG. 2. In the suspension of greatest inhomogeneity, one
of the sensor electredes 152 or 153 is covered with a closely
packed suspension of dielectric constant K,,,, while the
other is held in air. Because the probe 150 is symmetrical
about its central axis, it may be assumed without loss of
generality that the greatest inhomogeneity occurs when the
left sensor electrode 152 is covered, while the right sensor
electrode 153 is clear. The pattern of FIG. 10 approximates
this situation. In this case, € /¢=1/K,,,.. Therefore, from the
least to the most homogeneous suspension,

@n
)

(UK oSede st 48)

Combining (47) and (48) provides a conservative lower
bound for ¢,

1 +AKmar s
TR STE

Unlike the conditions of (43) and (44), this lower bound
combines all physical dimensions of the probe through A and
it is specific of a given value of K,.,,.

The last constraint on the design of the two sensor probe
is derived from the earlier analysis of the probe 50 with a
single sensor electrode. When the suspension is homoge-
neous, ¥ is unity and the two sensor probe has an identical
pattern of field lines as the single sensor probe. In this case,
for a given ct, it is judicious to choose the value of bt that
minimizes the term in curly brackets of (20). This renders
the excursions in the probe capacitance least sensitive to
errors in b¥ or ct. To satisfy this condition, a least-squares
fit shows that ¢t and b¥ should be related by the approximate
expression

49

b70.35¢c1+0.65 (50)
for design values of ct in the range 0.2=c$£0.9. Using (50)
to eliminate bt in (46), the lower bound for yin (49) is found
to be a function of ¢t and K, . alone.

Therefore for a given value of K., the optimum dimen-
sions of the probe 150 should satisfy the four constraints of
Egs. (43), (44), (49) and (50). To summarize, these condi-
tions achieve the following objectives:

Equation (43)—>prevent vertical field lines from originat-
ing on the sensor electrode surfaces:

Equation (44)—ensure thai the measurement volume

extends outward from the sensor electrode;

Equation (49)—recognize a conservative lower bound for

Y

Equation (50)—make the capacitance least sensitive to

efrors in physical dimensions.

It is convenient to plot these constraints on a single graph.
In FIGS. 11 and 12, the region above the heavy solid lines
represents values of 'y and ct where no verical ficld lines
originates from the sensor (Eq. 43). The region above the
dotted line is where the sensor clectrode does not include the
point where the charge vanishes (Eq. 44). For given values
of ct, possible values of y may be found in the region
between the line y=1 and the dashed line. In these figures, the
shaded areas represent values of ct and ¥ where all con.
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straints are satisfied.

Two cases may now arise. The first concerns relatively
low values of K,,, (FIG. 11). Here any value of ct to the
right of the diamond may be chosen. For these values, by
virtue of (49) and (50), the magnitude of y will always be
such that the point (ct, ) lies in the shaded arca of the graph.

The second case is for large values of K, (FIG. 12).
Here. in order to satisfy the constraint of (44) it is necessary
to select a value of ct (o the right of the open circle. For
example, if values of ct between the diamond and the circle
are chosen, possible values of y located in the dashed region
of FIG. 12 would fail to satisfy (44).

In FIG. 13, the minimum design values of ¢t are plotted
in terms of the maximum dieleciric constamt K,,,, cxpecied
for a given suspension. For values of ct above the solid
curve. no straight electric field line originates from any of
the sensor electrodes. For values of ct above the dashed
curve, the sensor electrodes do not exhibit a point where the
charge vanishes. The two curves intersect al a critical value
of the maximum dielectric constant K,,,,“™=5.77. Because
the solid line of FIG. 13 asymptotes to ci=0.4741, all
constraints are satisfied with c¢t20.4741 provided that
K,...S5.77. In this case, the optimum value of ct=vy3-2
used in the single sensor probe is recommended, since this
value minimizes the error in Aht/ht as well.

In the case where K,...5.77. the most restrictive con-
straint is associated with the location of the vanishing charge
point (Eg. 44). Unforwnately, if this constraint is satisficd,
the resulting minimum value of ¢t grows with K,,,. An
empirical fit of the minimum value of ct is

ot B 1-exp [-1.449 1075(K,0,~3)°+1.806 1073(K - 1)*-0.098
(Kmas-1)-0.2121 (s1)

in the range 5.775K,,,,550. As ct approaches unity, it
becomes increasingly difficult 10 construct probes with such
narrow sensor electrode surfaces. In this case, it is recom-
mended that the constraint (51) be relaxed. The resulting
consequences of a failure to enforce (44) arc not very
serious. In this case, the measurement volume delimited by
the electric field lines emanating from one of the sensor
clectrodes may extend inward as well as outside the probe.

The last design issue of the two sensor probe concerns the
lateral cxtemt of the guard clectrode surface. In order to
protect the electric ficld lines of the sensor electrodes from
the effects of the ground at cither end of the probe. it is
necessary to extend the guard electrode 154 over a sufficient
distance G as illustrated in FIG. 8. A reasonable prescription
of the minimum distance is

GsP, (52)

where P is the perimeter of the outermost clectric ficld line
emerging from the sensor electrade surface. For simplicity,
this perimeter is calculated with y=1. From (7), it is

P=mth=n(a*~cV2c=ra(1-c et [£3))

Thus, the following condition is imposed:

Glagnatl-ct*)2ct. (54)

To summarize, the following design criteria are proposcd:
for K, =5.77—make ct=vy3-2 and bt=0.8221:
for K, ..>5.77—>make ct Sct,,, from (51) if consiruction
permits; and make bt=0.35¢t+0.65.
FIG. 14 illustrates another variation of the two scnsor
probe cmbodiment. In particular, a two scnsor guarded
capacitance probe 200 is shown in which a plurality of
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annular ring electrodes are mounted on a grounded cylin-
drical rod 202. The electrodes include first and second
sensor electrodes 204 and 206 and four guard clectrodes
208, 210, 212 and 214. All of the electrodes are electrically
insulated both from one another and from the grounded
conductive rod 202. The operation of the probe 200 is the
same of that of the probe 150 of FIG. 8, and the relative
dimensions of the various electrodes are calculated in the
same manner as well,

The probe 200 of FIG. 14 is paniculary useful for
measuring material flows passed a pylon 220 on which the
cylindrical rod 202 is mounted. A particular application of
the two sensor probe 200 is in measuring variations in snow
density and velocity in an avalanche flowing across the test
pylon 220. This is a particularly useful application because
the physics of snow avalanche flows are far from being well
understood and economic and mortality costs due to ava-
lanche hazards continue to escalate. If the probe 200 is
positioned as illustrated so that the flow direction of the
avalanche is parallel to the longitudinal axis of the rod 202,
the probe 200 can be employed to measure simultaneously
the density and velocity of the snow flowing passed the test
pylon 220. Experiments have established that the magnitude
of the effective dielectric constant for dry snow is a linear
function of density and that the resulting K, is large so that
the signal-l0-noise ratio in the flow will be very strong. The
two sensor capacitance probe 200 can thus record accurate
snow densities varying as fast as 3 kHz. Because in a typical
avalanche the scale of snow grains is on the order of 1
millimeter or less, with occasional clumps as large as a few
centimelers, a good scparation distance for the two sensor
electrodes 204 and 206 should be approximately 15 mm.
With the 3 kHz bandwidth of thc amplifier output, a wide
range of time lags can be recorded between the two sensor
electrodes 204 and 206 which correspond to velocities less
than or equal 10 45 meters per second.

In summary, the present invention provides a number of
guarded capacitance probe structures in which particular
arrangements of guard electrodes are employed to confine
the electric ficid lines generated by the probes in such a
manner that very accurate measurements of fluid flow and
particle concentration of fluid suspensions can be made. In
particular. the relative dimensions of the guard clectrodes
are chosen so that all clectric ficld lines emanating from the
sensor clectrode or electrodes will curve around and termi-
nate on a ncarby grounded surface with all of the ficld lines
passing through a confined measurement volume of the fluid
suspension. This arrangement, in which the relative posi-
tions of the scnsor and ground electrodes arc reversed, is
advantageous because the resulting probe does not need to
be calibrated and an electrical potential nced not be applied
to the vessel or pipe on which the probe is mounted.

Although the present invention has been disclosed in
terms of a number of preferred cmbodiments, it will be
understood that numecrous varations and modifications
could be made thereto without departing from the scope of
the invention as sct forth in the following claims.

What is claimed is:

1. A guarded capacitance probe structurc comprising:

a sensor electrode having an aperure formed therein:

a guard clectrode having an outer portion surrounding
said scnsor clectrode and an inner portion contained
within said aperture. said guard clectrede being elec-
trically insulated from said sensor electrode; and

an electricaily grounded surface surrounding said guard
clecirode and clcctrically insulated therefrom.

2. Thc probe structure of claim 1, further including;
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means to apply a first clectrical signal to said sensor
clecrode, wherein a volitage potential difference is
formed between said sensor clectrode and said
grounded surface so that all electric field lines emanat-
ing from said sensor electrode curve over said sur-
rounding portion of said guard electrode. and terminate
on said grounded surface: and.

means 10 apply a second clectrical signal to said guard

electrode, said second electrical signal having a voltage
magnitude substantially equal to the voltage magnitude
of said first electrical signal.

3. The probe structure of claim 1, wherein said sensor
electrode is ring shaped and said aperture is centraily
disposed in said sensor electrode.

4. The probe structure of claim 1, wherein said sensor and
guard electrodes are attached to a surface of a vessel
containing a fluid whose dielectric constant is to be mea-
sured by said probe structure, and said electrically grounded
surface comprises an electrically conductive wail of said
vessel.

S. The probe structure of claim 4, further including:

means to apply a first electrical signal to said sensor
electrode, wherein a voltage potential difference is
formed between said scnsor clectrode and said
grounded surface so that all electric field lines emanat-
ing from said sensor clectrode are confined to a small
measurement volume of said fluid contained in said
vessel, curve over said surrounding portion of said

15
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guard electrode and terminate on said electrically con-
ductive wall of said vessel; and,

mcans 10 apply a second electrical signal 1o said guard
clectrode. said second signal having a voltage magni-
tude substaniially equal to the voltage magnitude of
said first electrical signal.

6. The probe structure of claim 1, wherein said sensor and
guard electrodes are formed integrally in a wall of a vessel
containing a fluid whose dielectric constant is to be mea-
sured by said probe structure, and said electrically grounded
surface is formed by said wall.

7. The probe structure of claim 6, further including:

means to apply a first electrical signal 1o said sensor
clectrede, wherein a voltage potential difference is
formed between said sensor electrode and said
grounded surface so that all electric field lines emanat-
ing from said sensor electrode are confined 10 a small
measurement volume of said fluid contained in said
vessel, curve over said surrounding portion of said
guard electrode and terminate on said electrically con-
ductive wall of said vessel; and,

means 10 apply a second electrical signal to said guard
electrode. said second signal having a voltage magni-
tude substantially equal to the vollage magnitude of
said first electrical signal.
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