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METHOD AND APPARATUS FOR ON-LINE MONITORING OF QUALITY AND/OR
CONDITION OF HIGHLY RESISTIVE FLUIDS

FIELD OF THE INVENTION

The present invention relates to the art of fluid
monitoring and analysis. The invention finds application
in conjunction with on-line (i.e., while in use) monitoring
of highly electrically resistive fluids such as, e.g.,
lubricants, natural and/or synthetic motor oils, standard
additives and/or adjuncts, combustion engine fuels, other
hyvdrocarbon-based fluids used in transportation and
industrial applications, and the like, and will Dbe

described with particular reference thereto. More

specifically, the present invention relates to a method and
apparatus for on-line analysis of a highly electrically
resistive fluid’s quality and/or condition using a fluid’s
electrical response, or change in a fluid’'s electrical
response to an applied AC signal to determine, e.g., the
amount or depletion of performance additives, contamination
with unwanted ligquids or solids, general degradation of the
fluid due to chemical breakdown, or other changes 1in the
fluid’s condition or guality. However, the present
invention 1s also amenable to other like applications.

It is understood as used herein, a highly electrically

resistive fluid refers to a fluid that has bulk resistivity

at 20°C greater than about 10° ohm-m, preferably greater
than about 10° ohm-m and more preferably greater than about
10° ohm-m.

It 1s understood as used herein, “AC” 1s used to refer
to a voltage, that i1s, an electrical potential, that has a
non-zero freguency; “DC voltage offset” or “DC offset” 1is

used to refer to the time average value of an “AC voltage”;
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and “AC signal” 1s used to refer to a combination of AC

voltages with DC offsets.

BACKGROUND OF THE INVENTION

Highly electrically resistive fluids are a critical
component for the proper operation of many devices and/or
processes. For example: lubricants are needed for an
internal combustion engine to efficiently provide power
over a long service life; high guality fuel 1s needed for

proper engine operation with minimal emissions; and metal

working fluid i1is needed for rapid waste metal removal and
maximum tool life. Optimum performance 1s achieved when
the fluid in question is of proper quality for the
application, that 1s, the fluid preferably includes an
appropriate base fluid and proper performance additives,
e.g., corrosion 1inhibitors, friction modifiers,
dispersants, surfactants, detergents, and the like. During
use or consumption, the condition of the fluid should
remaln within determined limits, that i1s, chemical and/or
other changes to the fluid should be limited to ensure
proper performance. Changes that can occur to a fluid
during use are, e.g., oxidation of the base fluid,
depletion of performance additives, build-up of
contaminants from external sources and/or from breakdown of
the fluid’s chemical components, and the like.

Often, device owners and/or process operators depend
on suppliers to provide proper quality fluids, and depend
on regular fluid maintenance to maintain proper fluid
condition. However, the foregoing is inherently limited
and does not provide protection against accidental fluid
substitution, or catastrophic fluid failure. In addition,
regularly timed maintenance intervals can be wasteful 1f a
fluid, with remaining useful life, 1s prematurely replaced

or refreshed. Such premature maintenance, however, 1S
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often desirable rather than risk damage or excessive wear
due to overly degraded fluids. In any event, owners and/or
operators can minimize fluid maintenance costs without
risking damage or excessive wear 1f fluid maintenance
occurs only at the end (natural or otherwise) of the
fluid’s usefulness based on the monitored fluid condition.
Hence, an on-1line fluid monitoring method and apparatus 1s
desired which achieves a substantially “real-time”
determination of the fluid’s initial quality and of the
fluid’s continuing condition during use.

Heretofore, achieving an appropriate fluid monitoring
method and apparatus for many applications has been
difficult due to one or more reasons. For example, typical
transportation and industrial fluids are complex mixtures
of base fluids and additives that, even without
contaminants, do not lend themselves to easy analysis.
Often, the fluids are used and/or consumed in a relatively
harsh environment that is not suitable for some analytical
equipment and methods. Additionally when implementing the
method and/or apparatus, there are always cost constraints
to consider, both i1nitial and long term.

To satisfy the cost and environmental constraints
associated with real-time on-1line fluid quality and/or
condition monitoring, methods that measure electrical
properties of fluids offer significant advantage. For
complex fluids, where multiple changes in fluid chemistry

and composition can confound single-point electrical

property measurements, multi-point techniqgues are used.
Two conventional “multi-point” techniques that measure
electrical properties of fluids are voltage-dependent
electrochemical analysis and freguency-dependent Electro-

Impedance Spectroscopy (EIS).

There are a variety of voltage based electrochemical

fluid analysis techniques, e.g., voltammetric techniques
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such as cyclic voltammetry (CV), square wave voltammetry
(SWV), linear scan voltammetry (LSV), differential pulse
voltammetry (DPV), and normal pulse voltammetry (NPV), and

time based technigues such as modified chronoamperometry
(MCA). Generally, in each of these techniques, a fixed or
slowly varying DC voltage is applied between either two or
three electrodes of an electrochemical cell and
measurements of the resulting current are plotted as a
function of voltage and/or time. Voltage based
electrochemical techniques provide information about low-
resistivity fluids. However, these technigques are, 1in
general, not suitable for highly resistive fluids. The
extremely low current levels produced in highly resistive
fluids make analysis difficult, and for many fluids, non-

conductive fluid components can coat the electrodes,

thereby inhibiting meaningful analysis. Off-line, voltage-

based electrochemical analysis of highly resistive fluids
can be conducted with high-cost, high-sensitivity
electronics that solve the low-current-level problems, and

can utilize chemical separation of fluid components before

LR

analysis to solve the electrode-coating problem. The off-
line equipment and methods are, however, unsuited to an on-
line environment with real-time analysis. On the other
hand, U.S. Patent No. 5,518,590 to Fang discloses a
voltage-based on-line electrochemical method and apparatus
for fluid analysis that uses a cell with a conductive
electrolyte liquid or gel-like interphase surrounding the
electrodes to overcome limitations associated with highly
resistive fluid. The Faﬁg technigque, however, suffers from
the limited robustness of the specialized electrochemical
cell, and consequently the technique does not lend i1tself
to broad application.

Conventional frequency-dependent EIS, when applied to

highly-electrically-resistive fluids, has been limited to
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summr OF THE INVENTION |
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electrical responses to the respective first and second
applied electrical potentials.

The method can further include repeatedly applying the
AC potentials, repeatedly measuring the resulting
electrical responses, and analyzing the quality and/or
condition of the fluid using the measured first and second
electrical responses and/or changes 1n the measured first
and second electrical responses to the respective first and
second applied electrical potentials.

The method can further include the step of controlling
the applied AC potentials based on determined electrical
impedance, analyzed fluid gquality and/or condition 1f the
AC potentials are repeatedly applied.

The method can further include measuring the fluid’s
Cemperature.

The method can further include compensating the fluid
gquality and/or condition analysis for variations in fluid
temperature.

The method can further include the step of heating the
fluid to a desired temperature.

The method can further include the step of controlling

the applied AC potentials based on measured temperature.

The method can further include the step of determining
the quality of a refreshment fluid when either a complete
replacement or a partial refreshment of the monitored fluid
occurs.

In another aspect of the invention, the first and

second electrical responses are currents resulting from the
applied AC electrical potentials.

In another aspect of the invention, the fluid guality
and/or condition can be analyzed using electrical i1mpedance
values determined from measured electrical responses

corresponding to applied electrical potentials.
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In another embodiment of the invention, the method
includes the steps of applying across the highly
electrically-resistive fluid an AC signal that includes at
least two different AC electrical potentials with at least
one AC electrical potential having a non-zero DC offset,
measuring the fluid’s electrical response at each applied
potential, and analyzing the gquality and/or condition of
the fluid using the applied AC signal and corresponding
measured electrical responses.

The method can further i1nclude repeatedly applying the
AC signal, repeatedly measuring the resulting electrical
responses, and analyzing the quality and/or condition of
the fluid using the applied AC signal and measured and/or
changes 1n the measured corresponding electrical responses.

In another aspect of the invention, the AC signal can

be AC electrical potentials where DC offset 1s held fixed

and frequency 1is effectively swept from one freguency to

another either in a continuous manner or 1in a series of
discreet frequency steps for at least one non-zero DC
offset.

In another aspect of the invention, the AC signal can

be AC electrical potentials where frequency 1s held fixed

and DC offset voltage 1s effectively swept from one DC
offset voltage to another either in a continuous manner or
1n a serilies of discreet voltage steps for at least one
frequency.

In accordance with another aspect, the present
invention further includes a highly-electrically-resistive-

fluid monitoring apparatus having at least a pair of

separated electrodes that are immersed in a fluid being
monitored; at least one signal generator that applies to
the electrodes an electrical signal with at least two
different AC potentials with at least one potential having

a non-zero DC offset; at least one monitor that measures an
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electrical response to the applied signal; and a controller
that analyzes applied electrical signal and corresponding
measured electrical responses to determine the quality
and/or condition of the fluid.

In another aspect of the invention the monitor(s) 1is a
current sensor, which measures a current generated 1n
response to the applied potentials.

In another aspect of the invention, the controller
that analyzes the quality and/or condition of the fluid can
control the signal generator.

In another aspect of the invention, the apparatus can
further include a temperature sensor that monitors a
temperature of the fluid.

In another aspect of the i1nvention, the apparatus can
further include means for compensating the fluid quality
and/or condition analysis for wvariations 1n fluid
Cemperature.

In another aspect of the invention, the apparatus can
further i1include temperature control means for regulating
the temperature of the fluid.

In another aspect of the invention, the apparatus can
further includes means for controlling the signal

P

generator(s) based on the monitored temperature of the

fluid.

In another aspect of the i1nvention, the apparatus can
further include means for determining when the fluid being
monitored 1s totally replaced.

In another aspect of the i1nvention, the apparatus can
further include means for determining when the fluid being
monitored is partially refreshed and the concentration of
the refreshment fluid.

In another aspect of the present i1invention, the
apparatus for monitoring highly electrically-resistive

fluids includes sensing means 1in contact with a fluid being
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monitored. Further included are signal generating means 1n
electrical communication with the sensing means. The

signal generating means apply to the sensing means
electrical signal having AC potentials of selected
frequencies and selected DC offsets. The frequencies are
selected such that there are at least two different
frequencies for a non-zero DC offset, and/or the DC offsets
are selected such that there are at least two different DC
offsets. Monitoring means measure electrical response tO

the electrical signal via the sensing means. Control means

analyzes the gquality and/or condition of the fluid using
the applied electrical signals and corresponding measured
electrical responses.

One advantage of the present invention 1s that both
the AC and DC dependence of a highly electrically-resistive
fluid’s electrochemical properties are analyzed.

Another advantage of the present i1nvention 1s that the

time requlired to determine the electrochemical detail can
be optionally reduced by fluid heating.

Another advantage of the present invention 1s that the
temperature dependant nature of the electrochemical
measurements can be optionally compensated.

Another feature of the present invention 1s that the
applied electrical signal can be optionally controlled
based on the analyzed fluid guality, or fluid condition,
and/or the monitored fluid temperature.

Another advantage of the present invention i1s that
refreshment of the monitored fluid can be determined to
allow analysis of the refreshment fluid’s quality.

Another advantage of the present invention 1s that the
fluid analysis provided can include an analysis of a highly
electrically-resistive fluid’s solution, bulk, charge

transfer, electrochemical reaction properties and the like.
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Another advantage of the present invention 1s 1ts
compatibility with on-line environments.

Still further advantages, features and benefits of the
present invention will become apparent to those of ordinary
skill in the art upon reading and understanding the
following detailed description of the preferred
embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 1s a schematic 1llustration showing an on-
line fluid monitoring apparatus in accordance with aspects
of the present invention.

FIGURE 2 1s a representative graph i1llustrating the
electrochemical impedance of a fresh highly electrically-
resistive fluid.

FIGURE 3 1s a representative graph illustrating the
electrochemical impedance of the fluid of FIGURE 2 after
being deteriorated due to oxidation.

FIGURE 4 1s a representative graph i1llustrating the
electrochemical i1mpedance of the fluid of FIGURE 2 after
being deteriorated due to contamination.

FIGURE 5 1s a schematic 1llustration showing another
embodiment of an on-line fluid monitoring apparatus 1n
accordance with aspects of the present invention.

FIGURE 6 1s a schematic 1llustration showing another
embodiment of an on-line fluid monitoring apparatus 1n
accordance with aspects of the present invention.

FIGURE 7 includes representative graphs i1llustrating
the oxidation and contamination deterioration dependence of
a highly electrically-resistive fluid’s electrochemical

impedance monitored at three fixed frequencies and offset

voltages.

FIGURE 8 is a schematic illustration showing another
embodiment of an on-line fluid monitoring apparatus 1n

accordance with aspects of the present invention.
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FIGURE 9 1s a representative graph i1llustrating the
temperature dependence of a highly electrically-resistive

fluid’s electrochemical i1mpedance.

FIGURE 10 is a schematic 1llustration showing another
embodiment of an on-line fluid monitoring apparatus 1n
accordance with aspects of the present invention.

FIGURE 11 includes representative graphs i1llustrating
the effect of a total fluid replacement on a fluid’s
electrochemical i1mpedance.

FIGURE 12 includes representative graphs illustrating
the effect of partial fresh fluid additions on a fluid’s
electrochemical i1mpedance.

FIGURE 13 is a schematic 1llustration showing another
embodiment of an on-1line fluid monitoring apparatus 1n
accordance with aspects of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

With reference to FIGURE 1, an on-line fluid
monitoring device or apparatus 1s shown. As 1llustrated,
the on-line fluid monitoring device 1ncludes having a pair
of separated electrodes 1 and 2, and a thermocouple 3, or
other temperature sensing device, which are both immersed
in a fluid 5 flowing or otherwise present in conduit 7.
Fluid 5 in this embodiment, and in all the embodiments
described herein, 1s a highly-electrically resistive fluid
such as, e.g., a lubricant, a natural and/or synthetic
motor o0i1l optionally including standard additives and/or
adjuncts, a combustion engine fuel, a hydrocarbon-based
fluid used in transportation and industrial applications,
and the like. Electrodes 1 and 2 can be constructed of the
same material or can be constructed of different materials.
The materials are selected from the group consisting of any
conductive material, preferably a metal such as stainless
steel, platinum, copper, nickel, aluminum and the like. 1In

a preferred embodiment, electrodes 1, 2 are fixedly held 1in
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and electrically isolated from conduit 7 by mount 9.
Likewise, thermocouple 3 i1s fixedly held in conduit 7 with

mount 11.

The fluid monitoring apparatus also preferably
includes a multi-frequency, multi-offset-voltage signal
generator 13, a current sensor 15, a signal processor 17
and a controller 19. Through an electrical conduit 21,
controller 19 controls the frequency and DC offset of AC
potentials supplied by signal generator 13 to outputs 23,
24. The signal generator 13 via outputs 23, 24, applies an
electrical potential to electrodes 1, 2 using electrical
conduits 25, 26, respectively. That 1s, signal generator
13 applies an electrical potential across electrodes 1, 2,
wherein the electrical potential includes a selected AC
component and a selected DC offset voltage. Optionally, as
shown, electrical conduit 25 is grounded to provide a
voltage reference.

Current sensor 15 measures electrical current flow
resulting from the applied electrical signal and 1s

connected, preferably, to electrical conduit 26 as shown.

Signal processor 17 monitors signal generator 13 through

electrical conduit 28, current sensor 15 through electrical
conduit 30 and thermocouple 3 through electrical conduit
32. Signal processor 17 converts the monitored inputs 1into
sulitable signals that are input to controller 19 through
electrical conduit 34. Controller 19 1n turn uses the
signals from signal processor 17 to analyze a condition

and/or quality of fluid 5 in conduit 7. Controller 19 can

then communicate information about the analyzed condition

and/or quality of fluid 5 through communication condult 36.
In operation, controller 19 i1s programmed to command

signal generator 13 to output AC voltages at a plurality of

determined frequencies and DC offset voltages. For
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example, controller 19 1s preferably programmed to command
signal generator 13 to output AC voltages with a zero DC
offset voltage while effectively sweeping from one
frequency to a second frequency at a determined rate,
followed by a second frequency sweep with a first non-zero
DC offset voltage, followed by a third frequency sweep at a
second non-zero DC offset voltage different from the first
non-zero DC offset voltage, and so on with the seqgquence
being repeated after a desired number of DC offset

voltages. In another embodiment, controller 19 1is
optionally programmed to command signal generator 13 to

output an AC voltage at a first fixed frequency as DC
offset voltages are effectively swept between zero volts
and a determined maximum voltage, followed by a second DC
offset voltage sweep at a second fixed frequency different
than the first frequency, followed by a third DC offset
voltage sweep at yet another third fixed frequency, and so
on with the sequence ultimately repeating 1tself after a

desired number of frequencies depending on characteristic

properties of fluids and degradation modes of fluid. 1In
still another embodiment, controller 19 1s optionally
programmed to command signal generator 13 to output an AC

voltage at a first fixed frequency/DC-offset-voltage for a
determined number of cycles, followed by a different second
fixed freguency/DC-offset-voltage, etc. until a complete
sequence of discrete frequency/DC-offset-voltages 1is
completed, and then repeating the seguence. Optionally,
controller 19 is programmed to command signal generator 13
to output an appropriate electrical signal based on the
analysis of the inputs from signal processor 17. In any
event, for each data set, the applied signal 1s selected
such that at least two different freguencies are included
for a non-zero DC offset, and/or at least two different DC

offset voltages are included.
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In a preferred embodiment, as signal generator 13
applies the designated signal to electrodes 1, 2, signal
processor 17 monitors: the applied electrical potentials
across electrodes 1, 2 via electrical condult 28; the
resulting or associated currents using current sensor 15
and electrical conduit 30; and the temperature of fluid 5
using thermocouple 3 and electrical conduit 32. Signal
processor 17 compares the magnitude and phase of monitored
voltages and currents to calculate or otherwise determine

the electrochemical impedance of fluid 5.

The frequency range used to monitor and analyze the
fluid 1s 1n the range of about 1 millihertz (mHz) to about
100 megahertz (MHz), preferably about 1 mHz to about 10
MHz, and more preferably about 10 mHz to about 10 MHz.

The DC offset voltage is 1n the range of about —-40V to
about 40 V, preferably about -30V to about 30V, and more

preferably about —-15V to about 15V. Switching polarity ot

the applied DC offset to the electrodes 1s not necessary 1f
the electrodes 1,2 are constructed of the same material.
However, 1f the electrodes are constructed with different
materials, the switching polarity of the DC offset voltage

may be helpful in determining the fluid’s electrochemical

detail.

The AC peak amplitude 1s 1in the range of greater than
OV to less than or equal to about 10V, preferably about 0V
to about 3V and more preferably about 0V to about 1.5V.

The rate 1s determined by taking data for at least one
complete cycle for each tested frequency. Generally a
sweep from about 10 MHz to about 10 MHz, using about 116
frequencies, taking data for two cycles at each frequency,

occurs 1n about 50 minutes.

FIGURE 2 shows a graph of electrochemical impedance,

.

known as Nyguist plots, which are representative of data
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obtained in accordance with aspects of the present
invention. FIGURE 2 shows a graph consistent with a fresh,
highly electrically-resistive fluid 5. As shown 1n FIGURE
2, a complete sequence of swept frequencies for zero and
two different non-zero DC offset voltages were obtained.
Referring to FIGURE 2, at DC offset voltage V, fluid 5 has
an imaginary impedance Z;i, and real i1mpedance Zyea:
assocliated with each frequency. The freguency dependent Zip
and Z,.a; are plotted against one another to obtailn the
Nvguist plot for that DC offset voltage. Optionally,
instead of swept frequencies, the graph can contain only
individual data points for discretely applied frequencies,
or may be an appropriate curve fit to individual data.
Referring again to FIGURE 1, using electrical conduit

34, signal processor 17 preferably communicates to

controller 19 calculated impedance values (imaginary and
real) for each signal applied, or alternately equivalent
information related thereto, along with temperature

information from thermocouple 3. Controller 19 uses the

information from signal processor 17 as 1inputs to analyze,
preferably by an algorithm, the gquality and/or condition of
fluid 5. The temperature information is advantageous for
fluid condition and gquality analysis i1nsomuch as the
electrochemical properties of fluids can be temperature

dependent. Preferably, controller 19 or signal processor
17 uses the temperature information to normalize

measurements to a determined standard temperature, which 1s
typically the normal operating temperature of the fluid, or
otherwise compensate for wvariations i1in fluid temperature

from measurement to measurement. Without the temperature

information, changes in temperature of fluid 5 could be

misinterpreted as changes in fluid’s condition.
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Controller 19 analyzes the guality and/or condition of
fluid 5 either from information obtained during the
sequence of applied electrical potentials, or from changes
in information between sequences of the applied electrical
potentials. To illustrate, by way of example, how data
from signal processor 17 contains fluid quality and
condition information, graphs of electrochemical 1mpedance
of a fresh fluid and the same fluid in two different states
of deterioration are described and compared.

In FIGURE 2, curve 40 1s a plot of Z,ea1 and Zin for a
swept frequency range with a zero DC offset voltage. This

1s the curve that 1s produced by a conventional frequency-

dependent EIS technique. The very first portion of curve
40, which i1s a short, essentially linear, region with near

zero Z;i, measured at very high frequencies, 1s associated

with solution resistance properties of fluid 5. The semi-
circular portion of curve 40, measured at mid-range
frequencies, 1s associated with bulk properties of fluid 5;

and the rising tail portion of curve 40, measured at lower
frequencies, 1s associated with charge transfer properties
of fluid 5. Note that curve 40 contains relatively little
information about the detailed nature of the fluid’s charge
transfer properties and no information about

electrochemical reactions that might occur at electrodes 1,

2. On the other hand, curves 42 and 44 show the
electrochemical impedance of the fluid for the same AC
frequency range as curve 40, but with two different non-

zero DC offset voltages as per the invention. The
additional features (i.e., the smaller semi-circular
regions) contained in curves 42 and 44 at lower frequencies
provide additional information about the fluid’s charge

transfer and electrochemical reaction properties.

Consequently, this additional information 1is useful 1in
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analyzing the fluid’'s composition or formulation. That 1s,
for a fresh highly electrically-resistive fluid, with
appropriate selection of DC offset voltages and AC
frequencies for the applied signals, a study or appropriate
analysis of the electrochemical impedance may be undertaken
to determine whether the fluid is of proper quality for the
intended application.

FIGURE 3 shows the same fluid of FIGURE 2 with the
difference being that in FIGURE 3 the fluid has undergone
deterioration due to oxidation. With additional reference

to FIGURE 3, curves 46, 48 and 50 correspond to the same
frequency range and DC offset voltages as curves 40, 42 and
44, respectively, of Figure 2. Comparing the curves of the
two figures, zero DC offset voltage curve 46 and first non-
zero DC offset voltage curve 48 have only minor differences
from curves 40 and 42. However, at the higher DC offset
voltage, curve 50 has significant differences from curve

44. In particular, curve 50 shows a change 1n number and
relative magnitude of individual semi-circular shaped
regions, when compared to curve 44, which can be analyzed
to determine that the fluid’s condition has changed due to
oxidation.

FIGURE 4 shows the same fluid of FIGURE 2 with the
difference being that in FIGURE 4 the fluid has undergone

deterioration due to contamination. With additional

reference to FIGURE 4, curves 52, 54 and 56 correspond to
the same frequency range and DC offset voltages as curves
40, 42 and 44, respectively, of Figure 2. Comparing the
curves of FIGURE 4 and FIGURE 2, the contamination causes

significant change in features for each DC offset voltage.

In particular, the size and shape of region assoclated with

the fluid bulk properties in all three curves 52, 54,56

shows that a major fluid condition change has occurred.
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With particular attention again to FIGURE 1,
controller 19 analyzes, using an appropriate algorithm, the
quality and/or condition of fluid 5 based upon input from

signal processor 17 and communicates designated information
as desired to external components or systems through
communication conduit 36. The communicated information,
for example, is used to power or trigger a signaling device
(not shown) that alerts an operator or service technician
when the fluid i1is not of the proper gquality or 1s out of a

desired condition range. Alternately, the communicated
information passed along conduit 36 1s used by a higher
level system (not shown) that maintains the condition of
fluid 5 or that controls a device using fluid 5. In
addition to using input from signal processor 17 to analyze

fluid quality and/or condition, when optionally programmed,

controller 19 also uses the signal processor input to

regulate the commanded AC voltage frequencies and DC

offsets of signal generator 13 in order to optimize the

monitoring and analysis of the quality and/or condition of

fluid 5.

While the embodiment shown i1n FIGURE 1 has separate
modules for the signal generator, the electrodes, the
current sensor, the signal processor, the controller, and
other elements, any two or more of the functions carried
out thereby are, optionally, incorporated into a combined
module to achieve desired efficiencies in cost, data
processing, design or the like. Likewise, the combining of
elements or modules 1s also contemplated where appropriate
in other embodiments described herein.

With reference to FIGURE 5, another embodiment of the
on~-line fluid monitoring apparatus 1s shown which provides,
consistent with real-time monitoring, a more rapid

measurement/analysis (as compared to the embodiment ot
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FIGURE 1) of fluid 5 in conduit 7. The time saving 1s

realized by employing multiple electrode pairs in parallel

to simultaneously measure the electrochemical properties of
fluid 5 at differing DC offset voltages. More
specifically, as shown in FIGURE 5, there are three 5,
electrode pairs 1 & 2, 61 & 62 and 65 & 66, respectively,
immersed in fluids that are fixedly held in and
electrically i1isolated from conduit 7 by mounts 9, 67 and
69, respectively. While three electrode pairs are shown

for exemplary purposed herein, a greater or lesser number

of electrode pailirs may be similarly employed as desired.

A thermocouple 3 or other temperature sensor 1s also
fixedly held in conduit 7 with mount 11 such that the
temperature of fluid 5 i1s monitored. The fluid-monitoring

apparatus of FIGURE 5 also i1ncludes a multi-frequency,

zero-DC offset, signal generator 71, current sensors 15,
73, 75, a signal processor 17 and a controller 19. Through
electrical conduit 21, controller 19 controls the freqgquency
supplied by signal generator 71 to outputs 23, 24. Output
23 is shown as grounded to provide a voltage reference, and
is connected to electrodes 1, 61, 65 through electrical
conduits 25, 77, 79 respectively. Electrical conduit 26
electrically connects output 24 to electrode 2 and includes
current sensor 15. Electrical conduits 81, 83 electrically
connect output 24 to electrodes 62, 66 respectively and
include current sensors 73, 75 and electrical elements 89,
83 respectively. Electrical elements 89, 83 provide fixed

DC offset voltages V;, V, respectively to the AC voltage

from signal generator 71. For example, electrical elements
89, 83 are optionally batteries with fixed DC output

voltages V;, V3.

Signal processor 17 monitors: the applied voltage of

signal generator 71 through electrical conduit 28; the
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resulting current using current sensors 15, 73, 75 and
electrical conduits 30, 85, 87, respectively; and the
temperature of fluid 5 using thermocouple 3 and electrical

conduit 32. Signal processor 17 converts the monitored

inputs into suitable signals that are 1nput to controller

19 through electrical conduit 34. Controller 19 uses

signals from signal processor 17 to analyze the condition

and/or quality of fluid 5 in conduit 7. Controller 19
communicates information about the condition and/or quality
of fluid 5 through communication conduit 36.

In operation, the components in FIGURE 5 function

similarly to their counterparts i1n FIGURE 1. 1In

particular, controller 19 is programmed to command signal
generator 71 to output AC voltages at a multitude of
determined frequencies. For example, controller 19 1is
optionally programmed to command signal generator 71 to

repeatedly sweep from one fregquency to a second frequency

at a determined rate. In another example, controller 19 1is

optionally programmed to command signal generator 71 to
output an AC voltage at one fixed frequency ftor a
determined number of cycles, followed by a second different
fixed freguency, etc. until a complete sequence of discrete
frequencies is completed, and then the sequence 1is
repeated. Ih another example, controller 19 1s optionally
programmed to command signal generator 71 to output AC
voltages based on inputs from signal processor 17.

For each AC voltage generated by signal generator 71;
using electrical conduits 25, 26, electrode pair 1, 2
applies the generated AC voltage to fluid 5 with zero DC
offset voltage; using electrical conduits 77, 81 and
electrical element 89, electrode pair 61, 62 applies the
generated AC voltage to fluid 5 with a DC offset voltage of

V,;; and using electrical conduits 79, 83 and electrical
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element 91, electrode pair 65, 66 applies the generated AC
voltage to fluid 5 with a DC offset voltage of V;. In this
manner, signal generator 71 1s relieved from providing
multiple DC offset voltages insomuch as they are provided
by electrical elements 89, 91.

In similar fashion to the embodiment of FIGURE 1, as

the signal is applied to fluid 5, signal processor 17
monitors: the output of signal generator 71 through
electrical conduit 28; the currents from current sensors
15, 73, 75 through electrical conduits 30, 85, 87,
respectively; and the temperature of fluid 5 using
thermocouple 3 and electrical conduit 32. As shown 1in
FIGURE 5, signal processor 17 optionally uses only one
input from signal generator 71 to monitor the signal being
applied to electrode pair 1, 2, and the known electrical
characteristics of electrical elements 89, 91, are used to
calculate the composite signal being applied to electrode
pairs 61, 62 and 65, 66, respectively. Alternately, signal
processor 17 directly monitors the signal being applied to
electrode pairs 61, 62 and 65, 66 by having additional
electrical conduits (not shown) attached to electrical
conduits 81 and 83 between electrical elements 89 and 91
and electrodes 62, 66, respectively. As before, signal
processor 17 compares the magnitude and phase of measured
or calculated applied voltages and measured currents to
calculate the electrochemical impedance of fluid 5. As 1in
the embodiment shown in FIGURE 1, signal processor 17

communicates the calculated or otherwise determined

electrochemical impedance and temperature information to

controller 19 through electrical conduit 34 where, with the
use of an appropriate algorithm, controller 19 continuously
analyzes the quality and/or condition of fluid 5, and, when

so programmed, alters the commanded frequencies to be
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output by signal generator 71. As in the embodiment of
FIGURE 1, fluid 5 quality and condition information:
communicated by controller 19 1is optionally used, for
examples, to power or trigger a signaling device (not
shown) that alerts an operator or service technician when
the fluid is not of the proper quality or 1s out of a
desired condition range. Optionally, the information

communicated via conduit 36 1s used by a higher level
system (not shown) that maintains the condition of fluid 5

or that controls a device using fluid 5.

The device of FIGURE 5 supplies the different DC

offset voltages via multiple electrode pairs and electrical
elements 89 and 91 instead of supplying the different DC

offset voltages via the signal generator. In this manner,
a plurality of frequency sweeps at differing DC offset
voltages are obtainable simultaneously with the FIGURE 5
apparatus, thereby reducing the measurement sequence and/or
data collection time relative to the FIGURE 1 apparatus.

In other respects, the two embodiments are substantially
similar.

For many highly electrically-resistive fluids,
catastrophic failure (e.g., water contamination) 1s readily
detected i1in a particular frequency range and/or at
particular DC offset voltages, while long term fluid
degradation (e.g., oxidation or additive depletion) may be
detected in other frequency ranges and/or at other DC
offset voltages. Hence, to improve the response time 1n
each instance, monitoring frequencies and DC offset
voltages where catastrophic failure 1s readily detected
separately from frequencies and DC offset voltages where
longer-term fluid changes are readily detected may be
desired. In this case, the embodiment of FIGURE 6 1s
advantageous. In accordance with aspects of the present

invention, FIGURE 6 shows a fluid monitoring apparatus with
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two independently operated electrochemical monitoring
systems A and B existing simultaneously 1in parallel. Note,
the elements in respective systems A and B are labeled with

their corresponding alpha-character in the reterence
numerals of FIGURE 6, and similar numerically labeled

elements in FIGURE 6 correspond to and operate 1n

L3

essentially the same manner as their counterparts 1in FIGUR:
1. Note that while the embodiment shown i1n FIGURE 6 has
only two parallel systems, alternate embodiments can
optionally include additional parallel systems.

In another embodiment, systems A and B are separately

operated (essentially as described above) 1n parallel at

different frequency ranges and/or different DC offset

ranges suited to the ready detection or analysis of desired

qualities and/or conditions of the fluid 5. For example,

system A is optionally operated at the appropriate
frequency range and DC offset range which provides for
ready detection or detailed analysis related to

catastrophic fluid failure, while system B 1s operated at

the appropriate frequency range and DC offset range which
provides for ready detection or detailed analysis related
to relatively long-term fluid degradation or deterioration.
The embodiments described above employ signal
generators that are capable of producing AC voltage at a
continuous range of frequencies, which are optionally used
to produce electrochemical impedance plots of the type
shown in FIGURES 2, 3 and 4. Additionally, some of the
signal generatdrs (e.g., those of FIGURES 1 and 6) are also
capable of producing AC voltages with a continuous range of
DC offset voltages. Alternatively, however, the signal
generators may only produce a determined number of discreet
frequencies and/or a determined number of discreet DC

offset voltages as desired for particular applications.
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With reference to FIGURE 7, graphs 1llustrate changes
in Z,e,1 and Z;n, as a function of percent deterioration orx
degradation for a particular highly electrically-resistive
fluid. Shown are plots for three discrete pairs of
frequency/DC-offset-voltages, namely, (f£/V):, (£/V), and
(£/V)3. Curves 140, 141 are Zy,.a1 and Zi, respectively for
oxidation degradation and curves 150, 151 are Ziea1 and Zip
respectively for contamination degradation at frequency/DC-

of fset-voltage (£/V);. Curves 143, 144 are Ziear and Zjn
respectively for oxidation degradation and curves 153, 154

are Z,.a1 and Zin respectively for contamination degradation

at frequency/DC-offset-voltage (f/V);. Curves 146, 147 are
Zrea1 and Z;n, respectively for oxidation degradation and
curves 156, 157 are Z,.a1 and Z;, respectively for
contamination degradation at frequency/DC-offset-voltage
(£/V) ;5. In this FIGURE, the electrochemical impedance
changes are linear functions of deterioration; that 1s, the
curves are straight lines that vary as a function of either
P, or P., where P, is percent deterioration due to oxidation
and P. 1is percent deterioration due to contamination. If
the fluid were to degrade only due to oxidation, the fluid
condition could simply be determined from any one of curves
140, 141, 143, 144, 146 or 147. Similarly, 1f the fluid
were to degrade only due to contamination, the fluid

condition could simply be determined from any one of curves

150, 151, 153, 156 or 157. Typically, however, fluids
degrade by multiple modes, and in this example the fluid
degradation expected during normal use 1s due to both
oxidation and contamination. If the fluid’s
electrochemical impedance change due to combined oxidation
and contamination deterioration is a sum of deterioration
due to each mode independently, the total change 1n Zieal
and Z:, for any frequency/offset-voltage shown would be less

than the change that occurs for each mode separately.
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Hence, multiple degradation modes confound a fluid
condition analysis based on only one of the plots shown in

FIGURE 7. Nevertheless, when any two of the plots shown 1in

FIGURE 7 are chosen where the slopes of impedance change as

a function of oxidation and contamination deterioration are
independent, an algorithm may be used to solve simultaneous
equations for unique values of P, and P., thereby
determining the fluid condition.

In general, the slopes of the Z,e.;1 and 2Z2i, curves are
not independent for a given frequency and DC offset
voltage; hence, more than one frequency/DC-offset-voltage
is desirable if one wishes to arrive at the unique
solution. Therefore, in the case where two deterioration
or degradation modes exist, determining the electrochemical
impedance of the fluid at two appropriate points with
different frequency/DC-offset-voltages 1s highly
advantageous. If additional (i.e., more than two)
degradation modes are possible that affect the
electrochemical impedance in a confounding manner, then
determining the electrochemical impedance at an even

greater number of appropriate points with distinct

frequency/DC-offset-voltage 1s desirable to provide an
appropriate analysis of the fluid’s condition.

Note that while FIGURE 7 shows linear curves and the
discussion above is for a case where impedance changes due
to deterioration or degradation modes 1s additive, the same
arguments hold for highly electrically-resistive fluids
with non-linear deterioration curves and where the
electrochemical impedance of multiple modes 1s not simply
additive. Further note, the discussion of fluid condition
based on the discrete curves of FIGURE 7, or even the
continuous curves of FIGURES 2, 3 and 4 1s based on one
sequence of collected data. However, changes of fluid

condition between sequences of data is also optionally used
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to analyze an unacceptable fluid condition. As an example,
a sequence of electrochemical impedance data might show
that the percent water contamination of a hydrocarbon fluid

is within acceptable limits. However, without knowing the

percent water contamination of the previous determination,
the controller cannot analyze 1f water contamination 1s
increasing, decreasing or remalining the same. By knowing
the water contamination history, the controller may analyze
that a fluid condition problem exists before the percent
water exceeds acceptable limits.

With reference to FIGURE 8, another exemplary
embodiment of the fluid monitoring apparatus 1s shown with
a plurality of parallel independently operated

electrochemical monitoring-systems A through F. Note that

while the exemplary embodiment shown in FIGURE 8 has six
parallel systems, alternate embodiments can optionally

include a greater or lesser number of parallel systems.

Preferably, the number of parallel systems use 1n a

particular application is dependent on the composition of
fluid 5, and on total number of deterioration or failure
modes of fluid 5 that are of i1nterest.

In any event, the elements in the respective systems A

through F are labeled with their corresponding alpha-

character in the reference numerals of FIGURE 8, and
similar numerically labeled elements in FIGURE 8 correspond

to and operate in essentially the same manner as their

counterparts in FIGURE 1. However, signal generators 1l3A

through 13F each provide a distinct electrical output

including a fixed frequency/DC-offset-voltage. As shown,

the fixed frequency/ DC-offset-voltage for generators 13A
through 13F are (£/V)a, (£/V)s, (£/V)e, (£/V)p, (£/V)g and

(£/V)p, respectively. Another distinction from the

embodiment of FIGURE 1, is that controller 19 in this
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embodiment does not control the output of signal generators
13A through 13F since they each produce only one
frequency/DC-offset-voltage. The FIGURE 8 embodiment
advantageously obtains a plurality of parallel
electrochemical measurements of fluid 5 simultaneously with
the measurements being at distinct fixed fregquency/DC

offset voltages.
The electrochemical impedance of a highly

electrically-resistive fluid varies as a function of the

fluid’s temperature. FIGURE 9 is a graph showing the
electrochemical impedance of a highly electrically-
resistive fluid taken at a DC offset voltage V, and
temperatures T; and T,;, where T; 1s greater than T,;. Curve
175 at T; and curve 176 at T, where both generated using the
same frequency range. While either analytical or empirical
data is optionally used to temperature correct the data of
curve 176 to the first portion of curve 175, curve 175
contains information about the fluid that is not contained
in curve 176, e.g., note the complete smaller semi-circular
portion of curve 175 which is incomplete 1n the curve 176.
Nevertheless, by using lower frequencies (i1.e., lower than
those used to test the fluid at temperature Ti) to test the
fluid at lower temperature T,, the same level of detail
and/or information regarding the fluid is obtainable.

Lower frequencies, however, require significantly longer
data collection times, thereby negatively impacting the
response time of a fluid quality and/or condition
determination.

Hence, in accordance with a preferred embodiment ot
the present invention, the fluid’s temperature 1s
optionally regulated via heating to optimize the response
time. Preferably, the temperature regulation 1s carried
out within the constraints of available power, packaging,

and possible fluid degradation. Fluid heating 1s
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particularly desirable in applications where the fluid
experiences a wide range of temperatures under normal
operation. For example, in an “intermittent service”
engine, oil temperature frequently varies between ambient
and an ultimate operating temperature. As another example,
the temperature of a metal working fluid often varies as a
function of the hourly throughput and tool condition of the
metal working equipment. Regulating fluid temperature
while monitoring the fluid is also of particular benefit
for the embodiment shown in FIGURE 8 where temperature
compensation of fixed frequency/DC-offset-voltage data may
be more difficult if the fluid’s temperature range 1s
relatively large.

With reference to FIGURE 10, an exemplary embodiment
of the fluid monitoring apparatus 1s shown which

incorporates a temperature regulation feature 1n accordance

with aspects of the present invention. In particular,
FIGURE 10 shows the fluid monitoring apparatus of FIGURE 1
with an additional system or apparatus for temperature

regulation of fluid 5. As shown, the temperature
regulation system includes a heater 178 and temperature
controller 180 for controlling the temperature of fluid 5.
Heater 178 is immersed in fluid 5 and is fixedly held in
conduit 7 with mount 182. Temperature controller 180
monitors thermocouple 3 via electrical conduit 184, and
selectively applies electrical power to heater 178 through
electrical conduits 186, 188 to achieve and maintaln the

fluid’s temperature at a desired level.
Optionally, when fluid 5 is not at the designated

control temperature, e.g. at the start of fluid monitoring,

controller 19 i1s programmed to temperature compensate data
from signal processor 17 to analyze fluid quality and/or

condition, or controller 19 may be programmed to not
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analyze fluid quality and/or condition until the designated

control temperature is reached. If fluid 5, as sensed by
thermocouple 3, 1is not at control temperature, controller
19 is optionally programmed to output information to that
effect. In addition, if the temperature of fluid 5 1s not

achieving the designated control temperature, controller 19

is optionally programmed to output information that the
monitoring apparatus 1s not functioning properly.

Although not shown i1in FIGURE 10, an alternate

embodiment optionally has temperature controller 180
controlled by controller 19 through an electrical condult.

ITn this alternate embodiment, controller 19 determines and
sets the designated control temperature for temperature
controller 180 based on inputs from signal processor 17 or
other relevant inputs.

Note that while shown apart from one another for
illustrative purposes in FIGURE 10, the location of the
heater, electrodes and/or temperature sensor relative to
one another is selected to achieve proximity advantageous
for the particular application. For example, 1f the

apparatus 1s compactly packaged with relatively small

electrode separation, fluid heating 1s optionally
accomplished by heating electrodes 1, 2 and monitoring the
fluid temperature either between or in the 1mmediate
vicinity of the electrodes.

While the descriptions above afford continuous fluid
monitoring in an on-line environment, recognizing when
fresh fluid is added to the system can be advantageous when
monitoring fluid quality and/or condition. There are
essentially two types of fluid refreshment, namely,
substantial or total fluid replacement (e.g., a complete
0il change) and intermittent refreshment (e.g.,refueling).

In accordance with aspects of the present invention, fresh
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fluid recognition suitable to either one or both types of
refreshment i1is an incorporated feature of the fluid
monitoring apparatus or device.

With reference to FIGURE 11, graphs show a highly
electrically-resistive fluid’s Z,ea1 and Zin at a particular
frequency and DC offset voltage as a function of time where

a complete fluid change i1is made at time “A”. Curxrves 190,
192 are Z,.,3 and Z;, respectively for a case of a “closed”

fluid system, 1.e., a system where the fluid i1s not
consumed or loss during use, where the fluid 1i1s replaced

with a fresh fluid of the same quality. At time “A”",
curves 190, 192 return to the time equal 0 values, which 1is
when the replaced fluid was fresh. Curves 194, 196 are
Zrea1 and Zi, respectively for a case where the fluid 1is
replaced with a fresh fluid that is of a different quality.
At time “A”, 194, 196 do not return to the time equal 0
values.

For applications where only complete fluid

replacements occur, one technigque that can be selected for
identifying a fluid change 1s to program controller 19 to
interpret either certain types or all abrupt and
significant electrochemical impedance changes as a fluid

change. In this technique, when controller 19 determines

that a fluid change has occurred, controller 19 uses the
next sequence of electrochemical impedance data to analyze
and communicate information about the fluid quality.
Another method of identifying a fluid change is for
controller 19 to include an input for receiving conclusive
information from outside the fluid monitoring apparatus
that a fluid change has occurred, e.g., the service
technician may manually indicate or enter data into

controller 19 or may reset controller 19 when the fluid 1is

changed.
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While the above methods work well for applications
where only total fluid replacement occurs; many
applications perform fresh fluid additions without all of
the previous fluid being removed, so called, intermittent
refreshment. For examples, certaln applications provide
for partial fresh fluid additions to replace consumed Or
lost fluid during operation, and other applications
maintain fluid quality during use by partial exchanges ot
fresh fluid for used fluid. FIGURE 12 shows graphs of a
fluid’s Zyes1 and Ziy, at a particular frequency/DC-offset-
voltage as a function of time for a case of an “essentially
closed” system, i.e. a system where some fluid consumption
or loss can occur, where two partial additions of fresh
fluid are made at times “B” and “C” and a complete fluid

replacement i1s made at time “D”. Curves 200, 202 are Zrea:

and Z;, respectively. Interpreting the data at times “B”

I

and “C” is problematic without knowing the concentration of
fresh fluid added (i.e. percentage of the fresh fluid to
the total fluid volume). Without fresh fluid concentration
data, the larger change in curves 200, 202 at time “B” than
at time “C” may be due to a larger percentage of fresh
fluid being added, a different quality of the fresh fluid
being added, or both.

In a preferred embodiment, the highly-electrically-
resistive-fluid monitoring apparatus obtains information
about the fresh fluid concentration to allow fresh fluid
quality to be uniquely determined in applications where
partial fluid replacement is selectively being made.
Concentration information is optionally obtained from an

independent external source, e.g., via an 1nput to

controller 19. That 1s, 1in addition to information that a

fresh fluid addition 1s being made, fresh fluid
concentration information or information that allows a

determination of the fresh fluid concentration may also be
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input. In operation, controller 19 uses the 1input
information and the next seguence of data from signal
processor 17 to make a fluid quality analysis and to
communicate information about fluid guality through

communication conduit 36.

In an alternate embodiment, input information about a
complete or partial fresh fluid addition does not come from
an external source. With reference to FIGURE 13, the fluid
monitoring apparatus of FIGURE 1 1s shown with an
additional system for monitoring fresh fluid additions
(complete or partial), thereby providing for fluid quality
analyses to be made without external input.

As shown in FIGURE 13, fluid 5 is contained in a fluid

circuit of a device or system (not shown), which 1ncludes
conduit 7 and fluid reservoir 205. In normal device or
system operation, fluid 5 circulates from reservoir 205,
through the fluid circuit including conduit 7, to where the
fluid is used or consumed. In many applications, eilther
all or a portion of fluid 5 is returned to reservoir 205
after circulating through conduit 7.

Signal processor 17 monitors a level sensor 210
through electrical conduit 212. Signal processor 17

converts the monitored i1nputs into suitable signals that

are input to controller 19 through electrical conduit 34.
Preferably, signal processor 17 continuously monitors level
207 of fluid 5 using level sensor 210 and electrical
conduit 212, and communicates level information to

controller 19 that is programmed to use the level
information to determine the concentration of fresh fluid
additions. Each time a fresh fluid addition 1s determined,
controller 19 is programmed to use the determined fresh
fluid concentration, and voltage, current and temperature

information from signal processor 17, to analyze the
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quality of the added fresh fluid and the condition of the
total volume of fluid 5. Controller 19, using
communication conduit 36, outputs the analyzed.quality and
condition information that, for example, is optionally used
to alert an operator or service technician 1f an 1mproper

quality fluid is added to reservoir 205 or 1f the condition

of fluid 5 is not within acceptable limits. Alternately,

the analyzed quality and/or condition information 1is
optionally used by a higher level system (not shown) that

maintains the condition of fluid 5 or that controls a

device or system using fluid 5.

While electrodes 1, 2 and thermocouple 3 are shown 1in
FIGURE 13 as mounted in conduit 7, optionally, they are
similarly mounted in fluid reservoir 205 where they are

immersed at a point where adeguate mixing of fluid 5

occurs. This 1s advantage insomuch as, when so mounted,
the fluid monitoring apparatus may be package together into
a single module including the level sensor.

Preferably, the embodiment of FIGURE 13 1s used for
applications where removal, consumption or loss of used

fluid 5 i1is not simultaneous with the addition of fresh

fluid, or where fluid removal, consumption or loss 1S

predictable and programmed into the algorithm of controller
19. Optionally, devices other than a level sensor are used
to determine the concentration of fresh fluid additions to
reservolir 205. For example, a fluid flow meter or flow
meters in conduits used to fill or drain fluid reservolr
205 are used in place of or in addition to level meter 210
in fluid reservoir 205 to determine fresh fluid additions
and/or concentrations.

Example

To demonstrate the technigues of the present

invention, the electrochemical impedance of an engine o1il,
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which had an initial 20°C bulk-resistivity of about 10° ohm-

m, was measured for a series of samples removed at fixed

intervals from an operating gasoline internal combustion

engine. Measurements were made using two 1 cm® parallel
plate platinum electrodes, with 0.5 mm electrode

separation, immersed in the flowing fluid. Measurements
were made at fixed temperatures over the range of about 40°C
to about 120°C in about 10°C increments. A Voltalaba0®

electrochemical workstation with Radiometer® Inc. software

was used to provide the signal to the electrodes and to

calculate the electrochemical impedance. The peak AC

voltage amplitude was about 0.5 V. A frequency range from

about 10°MHz to about 10°mHz was employed using about 116

freguencies that required about 50 minutes to collect data
over the range. The DC offset voltages used were about 0,
about 3, about 6, about 9, about 12 and about 14 V. The
data obtained in this example were consistent with the
electrochemical impedance data shown in FIGURES 2 and 3.
The zero DC offset voltage electrochemical i1mpedance curves
show relatively little change as the engine o1l
deteriorated due_to use. The non-zero DC offset voltage
electrochemical impedance curves showed significantly more
detall of the o0il degradation due to use.

While the invention has been described with reference
to the preferred embodiments, obviously, modifications and
alterations will occur to others upon reading and
understanding the proceeding detailed description. The
intent is that the invention be construed as including all
such modifications and alterations i1insofar as they come
within the scope of the appended claims or the equivalents

thereof.
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What is CIaimed:

:1} A method of monltorlng a hlghly electrlcally—

re51st1ve flUld comprlslng

'a) applylng an AC electrlcal potentlal across the
- fluid,. whereln the fluid is one or more ' |

of lubrlcants, natural motor 0115, synthetic
motor oils, standard additives, standard adJuncts,_
combustion engine erls, other hydrocarbon based f1u1ds'
used.in'transportation and 1ndustr1a1 appllcatlons, and
combinations thereof, at a first frequency and a flhst DC.
offset such that a first electrlcal response results,

| b) measurlng the resultlng‘flrst electrical
response; ' o
| C) applying the'AC electrical potential'across the
flUld at a second frequency for a non-zero first DC offset
,voltage a second DC offset or comblnatlons thereof
resultlng 1n -a second electrlcal response, whereln the
second frequency and the second DC offset belng dlfferent

from the first frequency and the first DC offset

reSpectlvely, -
d) measuring the resultingsecondqelectrical
response; and | | ' '
h e) analyzing'the fluidfs quality or .condltlon
from the measured first and second electrical responses to

'the respectlve flrst and second applled electrlcal
potentials. |

2. The method of c1a1m 1 comprising: :

g}} .

i) repeatedly applying the AC potentlals based on -

' determlned electrlcal 1mpedance, analyzed fluld quallty

condltlon and comblnatlons thereof

JJL)repeatedly measurlng the resultlng electrlcal
responses and | | ‘
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idi) analy21ng the fluld‘s quallty or condition
'f'from'the measured first and second electr1ca1 responses
 or changes.ln the measured first and second electrlcal
responses to the respective first and second applied
electrlcal potentlals based on determlned electrlcal
“1mpedance, analyzed fluld quality condltlon and

combinations thereof.

3. The method of clarm 1 comprlslng measuring the

f1u1d’s temperature.

4. The method of clalm.l comprlslng determlnlng the
.quallty of a refreshment fluid when either a complete |

;replacement or a partlal refreshment of the'monltored fluld

occurs

‘:Q\

5,' . The method oﬁ claim 1 whereln the AC signal 1is an
AC electrlcal potentlals, the DC offset is held fixed, and
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'the\frequency'is'swept'from'one frequency to another by a
method selected from a contlnuous manner, a-series of
dlscreet frequency steps for at least one non-zero DC

offset or combinations thereof.

6.'_ The method of claim 1.where1n the AC srgnal is an

AC electrlcal potentials, the-frequency 1s_held fixed, a d. 

the DC offset voltage is swept fromone DC offset'voltage"

- to another by'a methOd selected from'a.oontinuous.manner, a
series of discreet voltage steps for at least one

frequency, or combinations thereof.

7 . ' The method of clalm 1 comprlslng measurlng the
fluid‘'s. temperature variation in the fluld 'S temperature,
controlllng the applied AC potentlals based on measured
temperature, and heatlng the fluid belng monltored to a.

desired temperature.

?&m The method of c1a1m 1 using an apparatus tO
monltor a hlghly electrlcally re51st1ve fluid comprising:
.' a) at least a pair of separated electrodes that

are 1mmersed in a fluld belng monltored '

b) at least one smgnal generator that applies to
the electrodes an electrical signal with at least two
different AC potentials with at 1east one potential. having
a non- zero DC offset '

c) at least one monitor that measures electrlcal
response to the applied signal; ‘and

d) a controller that analyzes applled electrlcal

potentialand.correspondlng measured electrical response to

determine the qualityg Or COndition;of the fluid.

S . 'The.apparatus of claim 8 wherein the electriCal

response monitor is a current sensor, which measures a
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current generated in response to the'applied potentials,

wherein the controller :controls the signal generator.

10. The method of claim 1 using an apparatus to
monltor a highly electrlcally resistive fluid comprlslng
7a)‘a sensing means in contact with a fluid being
. monitored; ' . ' ' g o
b) a signal generator means.in electrical
communioation.with the Sensing means, said signal
generating means:applying to the sensing means an'
electrical signal with at least'two.different'AC potentials
.withpat'least one potential having a non-zero DC-offset-
¢c) a monitoring means that measures electrical_
response to ‘the applied 31gna1
- d) a control means that analyzes applied
electrical potential and corresponding-measured-electrical
response'to determine the'qualityf or 'condition‘of-the
fluid, wherein the control means controls the signal
generator means; ' ' '

e)'a means that monitors'the temperature of the

fluid; |

'_ f) a means'to compensate the,determined Fluid
quality7 or condition with that monitored.temperature'of.
'the fluid; . ' | o

| g) a means for controlling the Signal generator
means Wlth the monitored fluid temperature, ' '
h) a means for regulating ‘the temperature of the
fluid being monltored and
1) a means for the controller to determine. when
the flu1d being monltored is totally replaced 1s partially

refreshed and the concentratlon of the refreshment fluid.
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