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UNITED STATES PATENT AND TRADEMARK OFFICE

Applicants: V.F. Lvovich et al. Atty. Docket: 3123B/R
Serial No.:  10/271,885 Examiner: W. Bensu
Filed: 10/16/02 ' Art Unit: 2958
For: Method For On-Line Monitoring of Quality and Condition of Non-Aqueous
Fluids
AMENDMENT

Hon. Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450

Sir:

This is in response to the Office Action mailed March 3, 2004 in the above
identified application. Please review this application in view of the following

amendment to the claims and remarks.

| certify that this correspondence is being deposited with the United States Postal Service as First
Class mail in an envelope addressed to Commissioner for Patents, P.O. Box 1450, Alexandria VA
22313-1450.

i L2004 s Dantar S Dudob_

Date of Depodit Nancy S. Dedgk ’
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Amendment and Response
USSN 10/271,885

Claims Amendment

3123B/R

WHAT IS CLAIMED 1IS:
1. (Currently amended) A method for determining the condition of a non-aqueous
fluid comprising: '

(a) applying i) a low frequency, fixed amplitude, non-zero-offset voltage signal,
ii)a medium frequency, fixed amplitude, zero-offset voltage signal, and iii)a high
frequency, fixed amplitude, zero-offset voltage signal between electrodes immersed in
the fluid,

(b) measuring a fluid’s response to the applied signals and determining i) a low-
frequency fluid property, ii) a medium-frequency fluid property, and iii) a high-frequency
fluid property,

(¢) comparing i) the magnitude and rate of change of the determined low-
frequency fluid property, relative to the peak value of that low-frequency property for the
fluid, to low-frequency thresholds, ii)the magnitude of the determined medium-
frequency fluid property, relative to the peak value of that medium-frequency property
for the fluid, to medium frequency thresholds, and iii) the magnitude of the determined
high-frequency fluid response, relative to that high-frequency property when the fluid is
fresh, to high-frequency thresholds, resulting in the determination of the fluid’s quality
and condition,
wherein each step is conducted continuously, intermittently, repeatedly and combinations

thereof and wherein the thresholds for comparing_the determined fluid properties are

selected from at least one of the group consisting of fixed, updated by external input and

combinations thereof.
2. (Original) The method of claim 1 wherein the frequencies of the applied signals
and offset voltage of the low-frequency applied signal is predetermined as a function of at

least one of the following selected from the group consisting of electrode geometry, fluid
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temperature, fluid temperature range, composition of the fluid being monitored and
combinations thereof.

3. (Original) The method of claim 1 wherein the low frequency is in the range of
about 10 mHz to 10 Hz, the medium frequency is in the range of about 1 Hz to 500 kHz,
the high frequency is in the range of about 10 kHz to 10 MHz, and the low frequency
offset voltage is in the range of about 500 mV to 6.0 V.

4. (Original) The method of claim 1 wherein the fluid response to the applied signals
is measured at fixed temperature with the temperature dependent upon the fluid
employed.

S. (Original) The method of claim 1 wherein the fluid response to the applied signals
is measured at variable temperatures in the range of ambient temperatures to maximum
operating temperatures and the fluid properties determinations are selected from at least
one of the group consisting of converting the properties to essentially fixed-temperature
properties, minimizing the effect of temperature variation, using; a temperature
dependent formulae, using a temperature dependent look-up tables and combinations
thereof.

6. (Original) The method of claim 5 wherein the means for converting the fluid
properties to essentially fixed-temperature fluid properties is selected from at least one of
the group consisting of fixed, updated by external input, automatically updated when
fluid temperature increases between two temperature thresholds at greater than a preset
rate and combinations thereof.

1. (Original) The method of claim | wherein i) the determined low-frequency fluid
property is selected from one of the group consisting of an imaginary-impedance,
imaginary-impedance equivalent and combinations thereof; ii) the determined medium-
frequency fluid property is one selected from the group consisting of: real-impedance,
real-impedance equivalent and combinations thereof; and iii) the determined high-
frequency fluid property in one selected from the group consisting of: dielectric,

dielectric equivalent and combinations thereof.
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9. (Original) The method of claim 1 wherein the high frequency thresholds are

dependent upon a rate of change of the medium frequency response.

10.  (Currently amended) The method of claim 1 that further includes resetting the
comparison values under the conditions selected from the group consisting of an external
input is provided that a fluid change has occurred, change in the determined fluid
properties are used to determine that a fluid change has occurred and combinations
thereof.

11.  (Currently amend) A method for determining the condition of a non-aqueous fluid
comprising:

a) applying i) a low frequency, fixed amplitude, non-zero-offset voltage signal, and ii) a
medium frequency, fixed amplitude, zero-offset .voltage signal between electrodes
immersed in the fluid,

b) measuring a fluid response to the applied signals and deteh'nining i) a low-frequency
fluid property, and ii) a medium-frequency fluid property,

¢) comparing i) the magnitude and rate of change of the determined low-frequency fluid
property, relative to the peak value of that low-frequency property for the fluid, to low-
frequency thresholds, and ii) the magnitude and rate of change of the determined
medium-frequency fluid property, relative to the peak value of that medium-frequency
property for the fluid, to medium frequency thresholds, resulting in the determination of
the fluid’s quality and condition, )

wherein each step is conducted continuously, intermittently, repeatedly, and

combinations thereof and wherein the thresholds for comparing the determined fluid

properties are selected from at least one of the group consisting of fixed, updated by

external input and combinations thereof.

12. (Original) The method of claim 11 wherein the frequencies of the applied signals
and offset voltage of the low-frequency applied signal is predetermined as a function of at

least one of the following selected from the group consisting of electrode geometry, fluid
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temperature, fluid temperature range, composition of the fluid being monitored and
combinations thereof.

13. (Currently amend) The method of claim 11 wherein the low frequency is in the
range of about 10 mHz to 10 Hz, the medium frequency is in the range of about 1 Hz to
500 kHz, and the low frequency offset voltage is in the range of about 500 mV t0 6.0 V.

14. (Original) The method of claim 11 wherein the fluid response to the applied signals
is measured at variable temperatures in the range of ambient temperatures to maximum
operating temperatures and the fluid properties determinations are selected from at least
one of the group consisting of converting the properties to essentially fixed-temperature
properties, minimizing the effect of temperature variation, using; a temperature
dependent formulae, using a temperature dependent look-up tables and combinations
thereof.

15. (Original) The method of claim 14 wherein the means for converting the fluid
properties to essentially fixed-temperature fluid properties is selected from at least one of
the group consisting of fixed, able to be updated by external input, automatically updated
when fluid temperature increases between two temperature thresholds at greater than a
preset rate and combinations thereof.

16. (Original) The method of claim 11 wherein i) the determined low-frequency fluid
property is selected from one of the group consisting of imaginary-impedance,
imaginary-impedance equivalent and combinations thereof, and ii)the determined ’
medium-frequency fluid property is one selected from the group consisting of real-
impedance, real-impedance equivalent and combinations thereof.

17. (Original) The method of claim 11 wherein the thresholds for comparing the
determined fluid properties are selected from at least one of the group consisting of fixed,
updated by external input and combinations thereof.

18. (Original) The method of claim 11 that further includes resetting the comparison

values under the conditions selected from the group consisting of: an external input is
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provided that a fluid change has occurred, change in the determined fluid properties are
used to determine that fluid change has occurred and combinations thereof.
19. (New) The method of claim 11 wherein the fluid response to the applied signals is

measured at fixed temperature with the temperature dependent upo the fluid employed.
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REMARKS

The Examiner has objected to the proper language and format of the abstract of the

disclosure. Applicant has provided a replacement abstract in this amendment.

The Examiner has objected to claims 10 and 13 due to informalities. The Examiner’s
objection is obviated in view of the amendments to claims 10 and 13. Claim 10 has been
amended to add the verb-determine-to complete the sentence. Claim 13 has been
amended to delete the independent language in the claims which has now been added as

new claim 19. Accordingly, this objection should be withdrawn.

Claims 1-7, 9-16 and 18 are rejected under 35 USC 102(a) as being anticipated by
Lvovich et al (US 2002 / 0125899A1). The 35 USC 102(a) rejection is obviated in view
of the amendment to claim 1. Applicants have amended claim 1 by adding limitation
from claim 8 into claim 1. Accordingly, the 35 USC 102(a) rejection should be

withdrawn.

The Examiner has rejected claims 8 and 17 under 35 USC 103a) as being unpatentable
over Lvovich in view of Bauer et al (US Patent No. 6278381). The Examiner has stated
that given the teachings of Bauer a person of ordinary skill in the art would modify
Lvovich to employ the conventional features of sensor monitoring as disclosed in Bauer
in order to efficiently enable the real time and the condition of the lubricating oil over

the operational spectrum. Applicants respectively traverse.

Lvovich is now an issued patent, U.S. Patent No. 6577112 B2, which teaches that
responses can be analyzed to determine fluid quality and/or conditions. In contrast,
Applicants claim how the signals are analyzed for determining the condition of a fluid.
Accordingly, the Lvovich patent does not teach, suggest or disclosed to person of
ordinary skill in the art how to analyze the fluid response to applied signals as claimed by

Applicant. Accordingly, this reference should be withdrawn.
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Bauer teaches “comparing set calculated difference” of responses to applied electrical
signals “to a reference level” either “for pre-determined acceptable fluid condition” or
“characteristic of a pre-determined fluid condition”. In contrast, Applicants claim
thresholds of individual frequency responses relative to initial, fresh fluid or response or
to peak values of the responses. Applicant’s thresholds are not based on calculated
differences between responses. Applicants thresholds are not set to a reference level
for a pre-determined acceptable fluid condition or characteristics of a pre-determined
fluid condition but a set relative to initial or peak responses of a particular fluid be
analyzed. Accordingly, the Bauer reference does not teach, suggest or disclose to a
person of ordinary skill in the art the use of thresholds of individual frequency responses

relative to initial, fresh fluids, responses or peak values of the responses.

Furthermore, the combination of Lvovich with Bauer does not teach what is lacking in
Lvovich in that the combination reference lacks the teaching of the use of thresholds of
individual frequencies responses relative to the initial peak values for determining the
condition of the non-aqueous fluid. Accordingly, the combination of the references do
not teach, disclose or suggest Applicants invention of the thresholds of individual

frequency responses to determine the condition of the non-aqueous fluid.

For the reasons set for above, Applicants believe the present invention is novel
as well as unobvious over the cited references used individually or in combination.
Applicants respectfully request the Examiner to remove the 35 USC 103(a) rejection and

issue to all claims.

Applicants hereby petition for an extension of time to reply to the outstanding Office
Action dated March 3, 2004 for one (1) month to July 3, 2004. The Petition and Fee for
Extension of Time (37 CFR 1.136(a)) is enclosed. Please charge the one-month
extension fee of $110.00 to The Lubrizol Corporation Deposit Account No. 12-2275.

-10-
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If any additional fees are due, the Commissioner is authorized to charge such fees to
The Lubrizol Corporation Deposit Account No. 12-2275. A duplicate copy of this
document is submitted for such purposes.

Respectfully submitted,

THE LUBRIZOL CORPORATION
29400 Lakeland Blvd.

Wickliffe, Ohio 44092-2298
Tel: (440) 347-5072

Fax: (440) 347-1110 Terdsan W, Gilbert
e-mail: tgi@Lubrizol.com Registration Number 31,360

10
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Application No. Applicant(s)
10/271,885 LVOVICH ET AL.
Office Action Summary Examiner Art Unit
Walter Benson 2858
-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address --

Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM
THE MAILING DATE OF THIS COMMUNICATION.

Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, hawever, may a reply be timely filed

after SIX (6) MONTHS from the mailing date of this communication.
- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirly (30) days will be considered timely.
- IfNO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication.
- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133).

Any reply received by the Office later than three months after the mailing date of this communication, even if timely filsd, may reduce any

eamed patent term adjustment. See 37 CFR 1.704(b).

Status

1) Responsive to communication(s) filed on 18 July 2003.
2a)[] This action is FINAL. 2b)[X This action is non-final.
3)[] Since this application is in condition for allowance except for formal matters, prosecution as to the merits is
closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11, 453 0.G. 213.

Disposition of Claims

4)X) Claim(s) 1-18 is/are pending in the application.

4a) Of the above claim(s) is/are withdrawn from consideration.
5 Claim(s) is/are allowed.
8)X Claim(s) 1-18 is/are rejected.
7)J Claim(s) ____isfare objected to.
8)J Claim(s) ____are subject to restriction and/or election requirement.

Application Papers

9)X] The specification is objected to by the Examiner.
10)[] The drawing(s) filed on isfare: a)[] accepted or b)[_] objected to by the Examiner.
Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d).
11)] The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-152.

Priority under 35 U.S.C. § 119

12)[] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
a)JAIl b)[]Some * c)[] None of:
1.[J Certified copies of the priority documents have been received.
2.[] Certified copies of the priority documents have been received in Application No. _____
3.0 Copies of the certified copies of the priority documents have been received in this National Stage
application from the international Bureau (PCT Rule 17.2(a)).
* See the attached detailed Office action for a list of the certified copies not received.

Attachment(s)
1) [X] Notice of References Cited (PTO-882) 4) [ interview Summary (PTO-413)
2) (] Notice of Draftsperson’s Patent Drawing Review (PT0-948) Paper No(syMail Date. __
3) X Information Disclosure Statement(s) (PTO-1449 or PTO/SB/08) 5} (] Notice of Informal Patent Application (PTO-152)
Paper No(syMail Date 10/16/02 & 7/18/03. 6) D Other: _.
U.S. Palent and Trademark Office
~ PTOL-326 (Rev. 1-04) Office Action Summary Part of Paper No./Mail Date 20040219

i\
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Application/Control Number: 10/271,885 Page 2
Art Unit: 2858

DETAILED ACTION

1. Claims 1-18 are presented for examination.

Specification

2. Applicant is reminded of the proper language and format for an abstract of the disclosure.

The abstract should be in narrative form and generally limited to a single paragraph on a

separate sheet within the range of 50 to 150 words. It is important that the abstract not exceed

150 words in length since the space provided for the abstract on the computer tape used by the

printer is limited. The form and legal phraseology often used in patent claims, such as "means”
(i.e., line 6) and "said,"” should be avoided. The abstract should describe the disclosure
sufficiently to assist readers in deciding whether there is a need for consulting the full patent text

for details.

The language should be clear and concise and should not repeat information given in the

title. It should avoid using phrases which can be implied, such as, "The disclosure concerns,”

"The disclosure defined by this invention," "The disclosure describes," etc.

-14-
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Claim Objections

3. Claims 10 and 13 are objected to because of the following informalities:

i. In claim 10, lines 3 and 4, “change in determined fluid properties are used that a fluid
change has occurred” (i.e., should this read as --used to determine that a fluid --).

ii. In claim 13, lines 4 and 3, “the method of claim 11 wherein the fluid response to the
applied signals is measured at fixed temperature with the temperature dependent upon the fluid
employed” (i.¢., this appears to an unnumbered claim which requ.ires appropriate numbering).

Appropriate correction is required.

Claim Rejections - 35 USC § 102

4. The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that form the

basis for the rejections under this section made in this Office action:

A person shall be entitled to a patent unless —

(a) the invention was known or used by others in this country, or patented or described in a printed publication in this
or a foreign country, before the invention thereof by the applicant for a patent.

5. Claims 1-7, 9-16, and 18 are rejected under 35 U.S.C. 102(a) as being anticipated by

Lvovich et al. (US 2002/0125899 Al and Lvovich herinafter).

6. As to claim 1 and 11, Lvovich discloses a method for determining the condition of a non-

aqueous fluid comprising:

-15-
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(a) applying i) a low frequency, fixed amplitude, non-zero-offset voltage signal, ii) a
medium frequency, fixed amplitude, zero-offset voltage signal, and iii) a 5 high frequency, fixed
amplitude, zero-offset voltage signal between electrodes immersed in the fluid (paragraph
[0059], lines 1-3);

(b) measuring a fluid's response to the applied signals and determining i) a low-frequency
fluid property, if) a medium-frequency fluid property, and iii) a high- frequency fluid property (
paragraph [0065], lines 7-15);

(c) comparing i) the magnitude and rate of change of the determined low- frequency fluid
property, relative to the peak value of that low-frequency property for the fluid, to low-frequency
thresholds, ii) the magnitude of the determined medium-frequency fluid property, relative to the
peak value of that medium-frequency property for the fluid, to medium frequency thresholds,
and iii) the magnitude of the determined high-frequency fluid response, relative to that high-
frequency property when the fluid is fresh, to high-frequency thresholds, resulting in the
determination of the fluid's quality and condition (paragraph [0066], lines 1-8),

(d) where each step is conducted continuously, intermittently, repeatedly and combi-

nations thereof (paragraph 0094}, lines 1-4).

7. As to claim 2 and 12, Lvovich discloses a method for determining the condition of a non-
aqueous fluid comprising:
where the frequencies of the applied signals and offset voltage of the low-
frequency applied signal is predetermined as a function of at least one of the following

selected from the group consisting of electrode geometry, fluid temperature, fluid

-16-
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temperature range, composition of the fluid being monitored and combinations thereof (

paragraph [0091], lines 1-10).

8. As to claims 3 and 13, Lvovich discloses a method for determining the condition of a
non-aqueous fluid comprising:
where the low frequency is in the range of about 10 ml-Iz to 10 Hz, the medium
frequency is in the range of about | Hz t0 500 kHz, the high frequency is in the range of
about 10 kHz to 10 MHz, and the low frequency offset voltage is in the range of about

500 mV to 6.0 V (paragraph [0061]).

9. As to claim 4, Lvovich discloses a method for determining the condition of a non-
aqueous fluid comprising:
where the fluid response to the applied signals is measured at fixed temperature with the

temperature dependent upon the fluid employed (paragraph [0090], lines 7-9).

10.  Asto claims 5 and 14, Lvovich discloses a method for determining the condition of a
non-aqueous fluid comprising:
where the fluid response to the applied signals is measured at variable
temperatures in the range of ambient temperatures to maximum operating temperatures
and the fluid properties determinations are selected from at least one of the group
consisting of converting the properties to essentially fixed- temperature properties,

minimizing the effect of temperature variation, using; a temperature dependent formulae,

17-
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using a temperature dependent look-up tables and combinations thereof (paragraph

[0088], lines 1-13).

11.  Asto claims 6 and 15, Lvovich discloses a method for determining the condition of a
non-aqueous fluid comprising:
where the means for converting the fluid properties to essentially fixed-
temperature fluid properties is selected from at least one of the group consisting of fixed,
updated by external input, automatically updated when fluid temperature increases
between two temperature thresholds at greater than a preset rate and combinations thereof

(paragraph [0088], lines 8-10).

12.  Astoclaims 7 and 16, Lvovich discloses a method for determining the condition of a
non-aqueous fluid comprising:
where i) the determined low-frequency fluid prop- eliy is selected from one of the
group consisting of an imaginary-impedance, imaginary-impedance equivalent and
combinations thereof', ii) the determined medium- frequency fluid property is one
selected from the group consisting of: real- impedance, real-impedance equivalent and
combinations thereof; and iii) the determined high-frequency fluid property in one
selected from the group consisting of: dielectric, dielectri_c equivalent and combinations

thereof (paragraph [0083]).

18-
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13.  Astoclaim 9, Lvovich discloses a method for determining the condition of a non-
aqueous fluid comprising:
where the high frequency thresholds are dependent upon a rate of change of the

medium frequency response (paragraph [0084], lines 1-8).

14.  Asto claims 10 and 18, Lvovich discloses a method for determining the condition of a
non-aqueous fluid further comprising:
resetting the comparison values under the conditions selected from the group
consisting of an external input is provided that a fluid change has occurred, change in the
determined fluid properties are used to that a fluid change has occurred and combinations

thereof (paragraph [0095]).

Claim Rejections - 35 USC § 103

15.  The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all

obviousness rejections set forth in this Office action:

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are
such that the subject matter as a whole would have been obvious at the time the invention was made to a person
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the
manner in which the invention was made.

16.  Claims 8 and 17 are rejected under 35 U.S.C. 103(a) as being unpatentable over Lvovich
in view of Bauer et al. (US Patent No. 6,278,381 and Bauer hereinafter).
Although the system disclosed by Lvovich shows substantial features of the claimed

invention (discussed above), it fails to discloses:

-19-
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where the thresholds for comparing the determined fluid properties are selected from at
least one of the group consisting of fixed, updated by external input and combinations thereof.

Nonetheless, theses features are well known in the art and would have been an obvious
modification of the system disclosed by Lvovich, as evidenced by Bauer.

In an analogous art, Bauer discloses a fluid condition monitor having:

where the thresholds for comparing the determined fluid properties are selected from at
least one of the group consisting of fixed, updated by external input and combinations thereof
(col. 5, lines 18-24).
Given the teaching of Bauer, a person having ordinary skill in the art at the time of the invention
would have readily recognized the desirability and advantages of modifying Lvovich by
employing the well known or conventional features sensor monitoring, such as disclosed by
Bauer, in order to efficiently enable real time of the condition of the lubricating oil over the

operational spectrum.

Prior Art Made of Record

16.  The prior art made of record and not relied upon is considered pertinent to applicant’s
disclosure

A. Degrave (US Patent No 6,443,006 B1) discloses a method and apparatus for analyzing
the state of dielectric material;

B. Polczynski et al. (US Patent No. 6,380,746 B1) discloses a method and apparatus for

measuring at least one parameter of material based on a threshold.

-20-
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Conclusion

Any inquiry concerning this communication or earlier communications from the
examiner should be directed to Walter Benson whose telephone number is (571) 272-2227. The
examiner can normally be reached on Mon to Fri 6:30 AM to 4:00 PM.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, N. Le can be reached on (571) 272-2233. The fax phone numbers for the
organization where this application or proceeding is assigned are (703) 872-9306 for regular
communications and (703) 872-9306 for After Final communications.

Any inquiry of a general nature or relating to the status of this application or proceeding

should be directed to the receptionist whose telephone number is (703) 305-4900.

Walter Benson (/\13 / ﬂl/

Patent Examiner

N.Le
Eo Supervisory Patent Examiner
ebruary 20, 2004 Technology Center 2800

21-
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WHAT IS CLAIMED 1S:
1. A method for determining the condition of a non-aqueous fluid comprising:

(a) applying i) a low frequency, fixed amplitude, non-zcro-offsct voltage
signal, ii) a medium frequency, fixed amplitude, zero-offset voltage signal, and iii} a
high frequency, fixed amplitude, zero-offset voltage signal between clectrodes im-
mersed in the fluid,

(b) mcasuring a fluid’s response to the applied signals and determining i) a
low-frequency fluid property, ii) a medium-frequency fluid property, and iii) a high-
frequency fluid property,

(¢) comparing i) thc magnitude and rate of change of the determined low-
frequency fluid property, relative to the peak valuc’ of that low-frequency property
for the fluid, to low-frequency thresholds, ii) the magnitude of the determined me-
dium-frequency fluid property, relative to the peak value of that medium-{requency
property for the fluid, to medium frequency thresholds, and iii) the magnitude of the
determined high-frequency fluid response, relative to that high-frequency property
when the fluid is fresh, to high-frequency thresholds, resulting in the determination
of the fluid’s quality and condition,
wherein each step is conducted conlinuously, intermittently, repeatedly and combi-
nations thereof.

2. The method of claim 1 wherein the frequencies of the applied signals and
offset voltage of the low-frequency applied signal is predetermined as a [unction of
at least one ol the following selecled from the group consisting of clectrode geome-
try, fluid temperature, fluid temperature range, composition of the fluid being moni-
tored and combinations thereofl.

3. The method of claim 1 wherein the low frequency is in the range of about
10 mHz to 10 Hz, thc medium frequency is in the range of about 1 Hz to 500 kHz,
the high frequency is in the range of about 10 kHz to 10 MHz, and the low frequency
offset voltage is in the range of about 500 mV to 6.0 V.

4. The method of claim [ wherein the fluid response to the applied signals is
measured at fixed temperature with the temperature dependent upon the fluid em-

ployed.
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5. The method of claim | wherein the fluid response to the applied signals is
measured at variable temperatures in the range of ambient temperatures to maximum
operating temperatures and the fluid properties determinations arc sclected from at
least one of the group consisting of converting the properties to cssentially fixed-
lemperalure properties, minimizing the effect of temperature variation, using; a tem-
perature dependent formulae, using a temperature dependent look-up tables and
combinations thereof.

6. The method of claim 5 wherein the means for converting the fluid properties
to essentially fixed-temperature fluid propertics is sclected from at least one of the
group consisting of fixed, updated by external input, automatically updated when
fluid temperature increascs between two temperature thresholds at greater than a
presel rale and combinations thereof.

7. The method of claim 1 wherein i) the determined low-frequency fluid prop-
erty is selected from one of the group consisting of an imaginary-impedance, imagi-
nary-impedance equivalent and combinations thercof; ii) the determined medium-
frequency fluid property is one selected from the group consisting of: rcal-
impcdance, real-impedance equivalent and combinations thereof; and iii) the deter-
mincd high-frequency fluid property in one selected from the group consisting of:
diclectric, dielectric equivalent and combinations thercof.

8. The method of claim 1 wherein the thresholds for comparing the determined
fluid properties are selected from at least one of the group consisting of fixed, up-
dated by external input and combinalions thereof.

9. The method of claim 1 wherein the high frequency thresholds are dependent
upon a rate of change of the medium (requency response.

10. The method of claim 1 that further includes resetting the comparison values
under the conditions selected from the group consisting of an cxtcrnal input is pro-
vided that a fluid change has occurred, change in the determined fluid properties arc
used Lo that a fluid change has occurred and combinations thereof.

L1. A mecthod for determining the condition of a non-aqueous fluid comprising:
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applying i) a low frequency, fixed amplitude, non-zero-offset voltage signal, and ii) a
medium frequency, fixed amplitude, zero-offset voltage signal between electrodes
immersed in the fluid,

measuring a fluid response to the applied signals and determining i) a low-frequency
fluid property, and ii) a medium-frequency Muid property,

comparing i) the magnitude and rate of change of the determined low-frequency
fluid property, relative to the peak value of that low-frequency property for the fluid,
to low-frequency thresholds, and i1) the magnitude and rate of change of the deter-
mined medium-frequency fluid property, relative to the peak valuc of that medium-
frequency property for the fluid, to medium frequency thresholds, resulting 1n the
determination of the fluid’s quality and condition,

wherein each step is conducted continuously, intermittently, repeatedly, and combi-
nations thereof.

12, The method of claim 11 wherein the frequencies of the applied signals and off-
sel vollage of the low-frequency applied signal is predetermined as a function of at
least one of the following selected from the group consisting of electrode geometry,
{luid temperature, fluid temperaturc range, composition of the fluid being monitored
and combinations thereof. '

13. The mecthod of claim 11 wherein the low frequency is in the range of about
10 mHz to 10 Hz, the medium frequency is in the range of about 1 Hz to 500 kHz,
and the low frequency offsct voltage is in the range of about 500 mV t0 6.0 V.

The method of claim 11 wherein the fluid response to the applied signals is meas-
ured at fixed temperature with the temperature dependent upon the fluid employed.
14. 'The method of claim 11 wherein the (luid response (o the applied signals is
measured at variable temperatures in the range of ambient temperatures (0 maximuin
operating temperatures and the fluid properties determinations are sclected from at
least one of the group consisting of converting the propertics to essentially fixed-
temperature properties, minimizing the eflect of temperature variation, using; a tem-
perature dependent formulae, using a temperature dependent look-up tables and

combinations thercof.
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15.  The method of claim 14 wherein the means for converting the fluid properties
to essentially fixed-temperature fluid properties is selected from at least one of the
group consisting of fixed, able to be updated by external input, automatically up-
dated when I'lui(i lemperature increases between two temperature thresholds at
greater than a preset rate and combinations thercof.

16. The method of claim 11 wherein i) the determined low-frequency fluid prop-
erty is selected from onc of the group consisting of imaginary-impedance, imagi-
nary-impedance equivalent and combinations thereof, and ii) the determined me-
dium-frequency fluid property is one selected from the group consisting of real-
impedance, real-impedance cquivalent and combinations thereof.

17.  The method of claim 11 whercin the thresholds for comparing the determined
fluid properties are selected from at least one of the group consisting of fixed, up-
dated by external input and combinations thereof.

18. The method of claim 11 that further includes resetting the comparison values
under the conditions selected from the group consisting of: an external input is pro-
vided that a fluid change has occurred, change in the determined fluid propertics are

used to determine that fluid change has occurred and combinations thereof.
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TITLE: METHOD FOR ON-LINE MONITORING OF QUALITY AND
CONDITION OF NON-AQUEOUS FLUIDS

BACKGROUND OF THE INVENTION

The present invention relates to a method for monitoring the quality and the

condition of a highly resistive fluid(s) while in use in transportation or industrial
equipment including but not limited to vehicles, machines, devices and the like. In
particular, the invention relates to a cost-effective method for on-line analysis of a
fluid’s electrochemical impedance resulting in the diagnoses of the initial fluid qual-
ity and of changes of the fluid condition, for examples chemical changes, depletion
of performance additives, contamination with unwanted liquids or solids and the
like. The present invention is of particular value for monitoring the quality and con-
ditions of hydrocarbon-based fluids. )

Fluids are a critical component for the proper operation of many types of
equipment. For example, lubricants are needed for an internal combustion engine to
efficiently provide power over a long service life; quality fuel is needed for proper
engine operation with minimal emissions; and metal working fluid is needed in ma-
chining equipment for rapid metal removal and maximum tool life. For optimum
performance, a fluid must initially be of the proper quality for the application, that is,
the fluid must have an appropriate base fluid and proper performance additives, such
as dispersants and detergents. Also for optimum equipment performance, fluid con-
dition must remain within determined limits. While most device owners and process
operators depend on suppliers to provide proper quality fluids and regular fluid addi-
tions and exchanges to maintain proper fluid condition, these dependencies do not
protect against accidental fluid substitutions, or catastrophic fluid failure. In addi-
tion, owners or operators may be able to reduce operation cost if fluid maintenance
were to occur only when needed based on monitored fluid condition.

There is a need for on-line fluid monitoring that allows essentially “real-
time" determination of a fluid’s initial quality and continuing condition while in use.

Achieving appropriate fluid monitoring method and apparatus, however, has been
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quite difficult for many applications for a variety of reasons. Most transportation
and industrial fluids are complex mixtures of base [luids and additives, which even
without contaminants do not lend themselves to easy analysis. Most fluids are used
or consumed in a relatively harsh environment, which is not suited for typical ana-
Iytical cquipment and methods. Also there are severe cost constraints, both initial
and long term, for any method and apparatus.

Lvovich, et al., USSN 09/803299 entitled “Method and Apparatus for On-
Line Monitoring of Quality and/or Condition of Highly Resisting Fluids” discloses a
means for determining information about highly resistive fluids. In particular, by
applying a multitude of AC electrical signals of unique frequency and offset voltage
to a fluid, measuring the fluid’s electrical response at each applied signal, and ana-
lyzing the responses to determine a fluid’s quality and/or condition. The application,
however, does not provide a detailed method of what signals to apply, which fluid
properties to determine from the measured fluid’s electrical response, and how to use
those properties in an analysis that allows an efficient and effective determination of
a fluid’s quality and/or condition.

Accordingly, the present invention provides a method that includes the sig-
nals to apply, the fluid properties to determine from responses to the applied signals
and the analysis of those fluid properties for essentially continuous, such as intermit-
tent, continuous, repeatedly or combinations thereof, on-line determination of fluid
quality and/or condition while in use in industrial or transportation applications.

SUMMARY OF THE INVENTION

The present invention relates to a method for monitoring the quality and
condition of a highly resistive fluid, in particular, a hydrocarbon-based tluid used in
transportation and industrial applications.

The invention comprises applying a high and a medium frequency, fixed-
amplitude, zero-offset voltage signals and a low frequency, fix-amplitude non-zero-
offset voltage signal between electrodes immersed in the monitored fluid and meas-
uring the fluid-dependent response to the signals. Further, the invention in another
embodiment compriscs applying only the medium and low frequency signals be-

>tween electrodes and measuring the fluid dependent responses for tluids in applica-
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tions wherein changes in the fluid’s high frequency response is substantially less
significant than the changes in the fluid‘s medium and low frequency responses.

The method of the invention comprises comparing the magnitude and the
rate-of-change of the measured fluid responses, relative to initial value for the high
frequency response and peak values for the medium- and low-{requency responses,
to thresholds to determine the quality and condition of the fluid.

One feature of the invention is that the frequency and offset voltage of each
applied signal is predetermined as a function of apparatus electrode geometry, fluid
temperature or temperaturc range, chemical composition of the fluid being moni-
tored or combinations thereof.

Another feature of the invention is that the fluid responses is measured at
fixed fluid temperature or at variable fluid temperature and converted or corrected to
minimize the effect of temperature variation on fluid response using appropriate
formulae or look-up tables.

Another feature of the invention is that formulae or look-up tables used to
convert ot correct fluid responses for temperature variations can be permanently
fixed, or can be updated by appropriate means to allow for changes in formulation of
fresh fluid, that is, unused fluid, added to the equipment.

Another feature of the invention is that formulae or look-up tables used to
convert or correct fluid responses for temperature variations can be automatically
updated each time the fluid temperature increases between two temperature thresh-
olds at greater than a preset rate.

Another feature of the invention is that the thresholds can be predetermined,
can be determined based on response comparisons to other thresholds, or can be up-
dated by appropriate means to allow for changes in formulation of fresh fluid added
to the equipment.

Another feature of the invention is that essentially complete fluid exchanges
made to the equipment can be determined without need for additional input in order
to reset the fluid condition and quality thresholds for the fresh fluid added to the

equipment.
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The present invention may be more readily apparent from the following fig-

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a schematic representation of an apparatus that can be used with the
current invention, where the apparatus controls fluid temperature. )

FIG. 2 is a schematic representation of an apparatus, wherein the fluid tem-
perature is monitorcd but not controlled.

FIG. 3 is a schematic graphic representation of the dielectric (€) response of a
typical transportation or industrial fluid to an applied high-frequency signal with
zero offset-voltage as a function of time in use.

FIG. 4 is a schematic graphic representation of the real impedance (Zyex) re-
sponse of a typical transportation or industrial fluid to an applied medium-frequency
signal with zero offset-voltage as a function of time in use.

FIG. 5 is a schematic graphic representation of the imaginary impedance
(Zim) Tesponse of a typical tramsportation or industrial fluid to an applied low-
frequency signal with a non-zero offset-voltage as a function of time in use.

FIG. 6 is a flow chart of a feature of the present invention using high-, me-
dium- and low-frequency fluid response data obtained at fixed fluid temperature to
determine fluid quality and condition.

FIG. 7 is a flow chart of a feature present invention using medium- and low-
frequency fluid response data obtained at fixed fluid temperature to determine fluid
quality and condition. ‘

FIG. 8 is a flow chart of a feature of the present invention using high-, me-
dium- and low-frequency fluid response data that are corrected for fluid temperature
variations to determine fluid quality and condition.

FIG. 9 is a flow chart of a feature of the present invention wherein high-,
mediom- and low-frequency fluid response data are corrected for fluid temperature
variations to determine fluid quality and condition until the fluid temperature ex-
ceeds a fixed temperature threshold, and where uncorrected fluid response data are

recorded at a fixed temperature.
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FIG. 10 is a flow chart of a feature of the present invention wherein the func-
tions used to convert or correct fluid response data for fluid temperature variations
are determined each time the fluid heats at greater than a fixed rate between two
fixed temperatures.

FIG. 11 is a flow chart of a feature of the present invention wherein the func-
tions used to convert or correct fluid response data for fluid temperature variations
and the thresholds used to determine fluid condition are updated when the fluid is
changed.

FIG. 12 is a flow chart of a feature of a subroutine for use in an embodiment
of the present invention whete the high-, medium- and low-frequency fluid responsc
data are used to determine that the fluid has been essentially completely changed
since the last time the equipment was “on”.

DETAILED DESCRIPTION OF THE INVENTION

The invention relates to a method for on-line monitoring and/or detecting the
quality and condition of a highly resistive fluid in industrial and transportation uses.
The highly resistive fluid is a non-aqueous fluid, that is, not water based, and sub-
stantially water free. The non-aqueous fluid may, however, contain water contami-
nants.

FIG. 1 is a schematic illustration of an apparatus 1 that can be used to collect
appropriate data required for the monitoring and detecting of on-line the characteri-
zation of a fluid.  Apparatus 1 includes three pairs of essentially parallel electrodes
3 immersed in highly resistive fluid 5, in conduit 7. The pairs of electrodes 3 are
fixedly held in and electrically isolated from conduit 7, by mounts 9. Apparatus 1
also includes three signal generators 11a, L1b, 11c that supply sinusoidal signals of
fixed amplitude, frequency and offset voltage through electrical conduits 13, to an
associated pair of electrodes 3. As used herein, a signals offset voltage is defined as
the time averaged voltage of the signal, The frequeﬁcies and offset voltages of sig-
nal generators 11a, 11b, 11c are preset based on the geometry of electrode pairs 3
(each electrode pair need not have the same geometry), and by type and temperature
of fluid 5. Generator 11a, supplies a signal with frequency fy and zero offset-

voltage, generator 11b, supplies a signal with frequency fu and zero offset-voltage,

5
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and generator 11c, supplies a signal with frequency fy, and a non-zero offset-voltage,
where fy > fir > f. One electrical conduit 13 of each signal generator 11a, 11b, 11c
is grounded for a voltage reference and the other conduit 13 includes a current sensor
15, which measures electrical current flow through conduit 13. Apparatus 1 also in-
cludes controller 17 with electrical conduits 19 for powering each signal generator
13, electrical conduits 21 for monitoring output voltage of each signal generator 13,
and electrical conduits 23 for monitoring current flow measured by each current sen-
sor 15. Controller 17 also has electrical conduit 25 to receive power and electrical
conduit 27 to communicate information cither to or from the controller.

Apparatus 1 further includes a temperature controller 29, thermocouple 31,
and heater 33. Thermocouple 31 and heater 33 are fixedly held in conduit 7 by
mounts 35 and 37, respectively and electrically communicate with temperature con-
troller 29 via electrical conduits 39 and 41, respectively, such that in operation con-
troller 29 applies power to heater 33 through conduits 41 to maintain the temperature
of the fluid flowing past the thermocouple 31 at a determined fixed temperature;
thereby maintaining the fluid temperature at electrodes 3.

In operation, fluid 5 flows through conduit 7, in direction shawn by arrow,
and between pairs of electrodes 3, power is applied to controller 17 through electri-
cal conduit 25, and temperature controller 29, monitors the temperature of fluid 5
with thermocouple 31 and electrical conduit 39 and applies appropriate power
through conduits 41 to heater 33 to maintain the fluid in the conduit at a preset tem-
perature. When used with a method of this invention, the method determines when
controller 17 powers signal generators 11a, 11b, 11c to apply signal through conduits
13 and pairs of electrodes 3 to fluid 5. The electrical response of fluid 5 to the ap-
plied signals causes current to flow and to be measured by current sensors 15. Con-
troller 17 monitors the applied Signals and the corresponding current flows through
electrical conduits 19, 21 respectively, and compares magnitude and phase of the
yoltage and current signals to calculate electrochemical impedance of fluid 5 at the
three applied signals (fi1,Vo=0), (i, V=0) and (f;, Vo£0). A method of this invention
uses the impedance data to determine quality and/or condition of fluid 5. Controller

17 can receive information used in the method of this invention through electrical
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conduit 27, for example, information that an essentially complete fluid exchange has
occurred or information that is used in the determination of fluid quality and/or con-
dition can be received. A method of this invention can communicate information
about the fluid quality and/or condition determination from controller 17 through
electrical conduit 27. The fluid quality and/or condition information can be immedi-
ately communicated to a signaling device, for example a warning light, to alert an
equipment operator, to a central maintenance facility to notify maintenance person-
nel when fluid maintenance is needed, or to a device that can turn equipment using
the fluid “off” to prevent damage. The fluid quality and/or condition information
can be communicated from stored memory when quericd by, for example, a scrvice
technician’s diagnostics system.

While FIG. 1 shows apparatus 1 that monitors fluid response to three fixed
applied signals of high, medium and low frequency, the present invention can, for
fluids in applications where changes in the fluid’s high-frequency response is sub-
stantially less significant than the changes in the fluid’s medium- and low-frequency
responses, use apparatus that monitors fluid response to two fixed applied signals of
medium and low frequency. For a two-frequency embodiment an apparatus would
not need signal generator 11a that applies signal (fy,V=0), and electrodes 3, current
sensor 15 and electrical conduits 13, 19, 21, 25 associated with signal generator 11a
shown in FIG. 1.

While FIG. 1 shows electrodes 3 of apparatus 1 in conduit 7 with flowing
fluid 5, apparatus 1 can be mounted in any location where fluid 5 flows between
electrode pairs 3 in a manner that allows the fluid between the electrodes to be, at all
times, maintained at a fixed temperature and representative of the current qual-
ity/condition of the (luid in the equipment being monitored. For example, apparatus
1 can be mounted in a fluid reservoir or surnp where the heater 33 is located in close
proximity and the motion of fluid § is sufficient to allow appropriate heating and
relatively uniform mixing and exchange of fluid within the equipment.

While FIG. 1 shows three signal generators 11a, 11b, 11¢ and three pairs of
electrodes 3, an apparatus embodiment can have a fewer number of generators and

electrode pairs if a signal generator is capable of being controlled v apply one de-
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sired frequency and offset-voltage, for example, fy, V=0, to fluid 5 and the response
measure, for a first period of time followed by being controlled to apply another fre-
quency and offset-voltage for a second period of time, and repeated for a third period
of time and repeating that sequence such that the three signals (fi,Vo=0), (fu,Vo=0)
and (I},V#0), are applied and the fluid responses measured by the apparatus in a
time efficient manner.

While FIG. 1 shows electrodes 3 to be flat rectangle with essentially only one
surface of each electrode applying a signal from a signal generator to the fluid be-
tween the electrodcs, an apparatus embodiment can have electrodes of other geome-
try, for example the electrodes can be concentric-cylinders or can be flat with a mul-
titude of finger-like sections, and an apparatus embodiment can have electrodes with
multiple surfaces or surface sections, which may or may not directly face surfaces or
surfaces sections of the other electrode, for applying a signal to the (luid, for exam-
ple interdigitated electrodes where finger-like sections of one electrode alternate
with finger-like sections of the other electrode.

While FIG. 1 shows apparatus 1 to include temperature controller 29, a tem-
perature controller may not needed if the temperature of fluid 5 is maintained at- or
acceptably close to- a desired temperature by means external to the apparatus. For
examples, if the equipment using fluid 5 operates in a steady-state manner that main-
tains the fluid temperature at a constant temperature, or if the fluid flows through a
heat exchanger to either heat or cool the fluid to maintain a performance property,
temperature controller 29, thermocouple 31 and heater 33 may not be needed.

While FIG. 1 shows apparatus 1 with no communication between tempera-
ture controller 29 and controller 17, un apparatus embodiment can have communica-
tion between the two controllers such that the method of this invention can use tem-
perature information when determining fluid quality and condition or so that infor-
mation about required fluid temperature can be communicated to the temperature
controller.

While FIG. 1 shows apparatus 1 as individual components, the apparatus

embodiment can integrate components and functions of the apparatus into a compact
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package, which, for example reduces cost, size and/or power requirement of the ap-
paratus.

FIG. 2 is a schematic illustration of another apparatus 43 that can be used to
collect appropriate data for another embodiment of the current invention. Apparatus
43 includes three pairs of electrodes 3 immersed in highly resistive fluid 5 flowing in
conduit 7. The pairs of electrodes 3 are fixedly held in and electrically isolated from
conduit 7 by mounts 9. Apparatus 43 also includes three signal generators 11a, 11b,
11c applying signals (fi;,Vo=0), (fm.Vo=0) and (f;,Vo#0) where fy > fiy > fi, through
electrical conduits 13 to associated pairs of electrodes 3. One electrical conduit 13
of signal generators 11a, 11b, 11c is grounded for a voltage reference and the other
conduit includes a current sensor 15 that measures electrical current flow through the
conduit. Apparatus 43 includes thermocouple 31 immersed in fluid 5 and fixedly
held in conduit 7 by mount 35. Apparatus 43 further includes controller 17 with
electrical conduits 19 for powering each signal generator 13, electrical conduits 21
for monitoting output voltage of each signal generator 13, electrical conduits 23 for
monitoring current flow measured by each current sensor 15, and electrical conduit
45 for monitoring the temperature of fluid 5 measured by thermocouple 31. Control-
ler 17 also has electrical conduit 25 to receive power and electrical conduit 27 to
communicate information. Unlike apparatus 1 of FIG. 1, apparatus 43 does pot in-
clude means for maintaining the temperature of fluid 5.

Tn operation, fluid 5 flows through conduit 7 and between pairs of electrodes
3, power is applied to controller 17 through electrical conduit 25. When vsed with a
method of this invention, the method determines when controller 17 powers signal
generators 11a, 11b, 11c to apply signal through conduits 13 and pairs of electrodes
3 to fluid 5. The electrical response of fluid § to the applied signals causes cutrent to
flow and to be measured by current sensors 15. Controller 17 monitors the applied
signals and the corresponding current flows through electrical conduits 19, 21 re-
spectively and compares magnitude and phase of the voltage and current signals to
calculate electrochemical imapedance of fluid 5 at the three applied signals (fj,V=0),
(fm,Vo=0) and (f,V,#0). Controller 17 also monitors thermocouple 31 through elec-

trical conduit 45 to determine temperature of fluid 5. A method of this invention
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uses the impedance data to determine quality and/or condition of fluid 5 and can
communicate information about that determination from controller 17 through elec-
trical conduit 27. Controller 17 can receive information used in the method of this
invention through electrical conduit 27, for example, information that an essentially
complete fluid exchange has occurred or information that updates formulae or look-
up tables for converting variable temperature data to constant temperature data can
be received. A method of this invention can communicate information about the
fluid quality and/or condition determination from coniroller 17 through electrical
conduit 27. The fluid quality and/or condition information can be immediately
communicated to a signaling device, for example a warning light, to alert an equip-
ment operator, to a central maintenance facility to notify maintenance personnel
when fluid maintenance is needed, or to a device that can turn equipment using the
fluid “off” to prevent damage. The fluid quality and/or condition information can be
communicated from stored memory when queried by, for example, a service techni-
cian’s diagnostics system.

While FIG. 2 shows apparatus 43 that monitors fluid response to applied
high-, medium- and low-frequency signals, the present invention can, for fluids in
applications where changes in the fluid’s high frequency response is substantially
less significant than the changes in the fluid’s medium- and low-frequency re-
sponses, use apparatus that monitors fluid response to only medium- and low-
frequency signals. In that case, an apparatus would not need signal generator 11a
and associated electrodes 3, current sensor 15 and electrical conduits 13, 19, 21, 25
shown in FIG. 2.

As described for apparatus 1 of FIG. 1, apparatus 43 of FIG.2 can be
mounted in locations other than conduit 7 as long as fluid 5 flows between electrode
pairs 3 in a manner that allows the fluid between the electrode pairs to be at the tem-
perature measured by thermocouple 31 and representative of the current qual-
ity/condition of the fluid in the equipment being monitored. A fewer number of sig-
nal generators 11a, 11b, 11c and pairs of electrodes 3 can be used if a signal genera-
tor can be controlled to apply multiple desired frequencies and/or offset-voltages.

The electrodes 3 need not be flat plates with only one surface of each electrode op-

10
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posed to the other electrode. An apparatus embodiment can have electrodes geome-
tries with greater than one surface of each electrode opposed to the other electrode.
Apparatus 43 can be individual components, as shown in FIG. 2, or can be integrated
components, which, for example, reduce cost, size and/or power requirements of the
apparatus.

FIG. 3 shows the dielectric (€) response 51 of a typical transportation or in-
dustrial fluid to an applied high frequency signal (fy) with zero offset-voltage (V,=0)
at a fixed temperature as a function of the length of time of equipment operation
since the last fluid change. The actual frequency used for the measurement is a func-
tion of apparatus electrode geometry, fluid temperature or temperature range, and
chemical composition of the fluid being monitored. The required frequency in-
creases as a function of the electrode area divided by the electrode separation. The
frequency also increases as a function of the temperature of the fluid. The frequency
variation as a function of fluid chemical composition is quite complex and is often
determined on a fluid-by-fluid basis. In gencral, however, for a typical organic
based fluid, at a typical operating temperature (in the range of 40°C to 120°C), and
using parallel-plate electrodes with an area to gap ratio of 300 cm, fy is on the order
of 1 MHz. In general, fy is typically in the range of about 10 kHz to 10 MHz.

Referring to FIG. 3, the fluid dielectric response 51 in an equipment has ini-
tial value 53 just after fresh, that is, unused, fluid has just been added to the equip-
ment during an essentially complete fluid change. As the fluid ages with equipment
use, the fluid’s dielectric response increases, relatively slowly- at first and more rap-
idly with age. When the fluid’s dielectric response exceeds a threshold 55, the fluid
condition has degraded to the point that the fluid should be changed soon, and when
the dielectric exceeds a second threshold 57 the fluid has reached the end of its use-
ful life and should be changed now or a as soon as is operationally possible to pro-
tect the service life of the equipment. In general, appropriate thresholds 55 and 57
are each set as a ratio to the fluid’s initial dielectric 51, that is, threshold dielectrics
55, 57 are defined values times the fluid’s initial dielectric 51. The defined thresh-
old values are set as a function of the fluid quality where higher quality fluids would

have higher thresholds. For example, thresholds 55, 57 could be for a premium, i.e.
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a relatively higher quality, fluid, whereas thresholds 59, 61 could be for a standard
fluid.

Also shown in FIG. 3 is the effect on total fluid dielectric when a volume of
fresh fluid is added to the equipment at time t;. The total fluid dielectric 63 at time
t, decreases due to the fluid addition. Typically such fluid additions are a relatively
small percentage (<25%) of the total fluid volume in the cquipment to compensate
for fluid loss or consumption during equipment operation. The change in dielectric
caused by the fluid addition is a function of the volume-percent of fluid added, the
initial dielectric of the fluid added relative to the initial dielectric of the fluid already
in the equipment, and the current condition of the fluid in the equipment. A fluid
addition later in a fluid’s use cycle will generally reduce the total fluid dielectric
more than an addition made early in a fluid’s use cycle. In any case, a fluid addition
extends the useful life of the total fluid in the equipment. Indeed, if the fluid shown
in FIG. 3 is a standard quality fluid, at time t; the fluid response already exceeds first
threshold 59 indicating that the fluid should be changed soon. With the fluid addi-
tion at time t;, however, the fluid’s dielectric 63 is sufficiently reduced such that the
equipment can provide additional service before the “Change Fluid Soon” threshold
59 is again exceeded.

FIG. 4 shows the real impedance (Zyq) response, for two typical transporta-
tion or industrial fluids, to an applied medium frequency signal (fy) with zero offset-
voltage (V,=0) at a fixed temperature as a function of the length of time of equip-
ment operation since the last fluid change. Curve 65 is for a premium or higher
quality fluid, i.e. a fluid formulated for extended service in defined test sequence,
whereas curve 67 is for a standard or relatively lower quality fluid, i.e. a fluid formu-
lated for standard service in the same test sequence. The medium frequency required
for the curves shown in FIG. 4 is a function of apparatus electrode geomeiry, fluid
temperature or temperature range, and chemical composition of the fluid being
monitored, with the same functional dependencies as for the high frequency (fw)
needed for FIG. 3. For a typical organic based fluid, with common performance ad-

ditives, at a typical operating temperature (in the range of 40°C to 120°C), and using
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parallel-plate electrodes with an area to gap ratio of 300 cm, fy is on the order of
100 Hz. In general, fy is typically in the range of about 1 Hz to 500 kHz.

Referring to FIG. 4, a fluid’s real-impedance response 65, 67 rises relatively
quickly, as a function of equipment use, to a4 maximum value (My) 69. The value of
the peak 69 is not as critical to the useful life of the fluid as is the percent decrease
from this peak value during fluid life. Curves 65 and 67 are scaled to have the same
peak value 69. During the same use, the real-impedance of both the premium and
standard quality fluids decrease as a function of time, with the standard fluid de-
creasing more rapidly. When either fluid’s real-impedance decreases below a
threshold 71, the fluid condition has degraded to the point that the fluid should be
changed soon, and when the real-impedance decteases below a second threshold 73,
the fluid has reached the end of its useful life and should be changed now or as soon
as operationally possible to protect the service life of the cquipment. In genetal, ap-
propriate thresholds are set such that the ratios of the threshold-real-impedance to
the fluid’s peak-real-impedance are defined values independent of the quality of the
fluid.

Also shown in FIG. 4 is the affect on total fluid real-impedance when a vol-
ume of fresh fluid is added to the equipment at time t,. The post-addition real-
impedance 75 increases as a function of the volume-percent of the fluid addition, the
peak real-impedance of the fluid added relative 1o the peak real impedance of the
fluid already in the equipment, and the current condition of the fluid in the equip-
ment. A fluid added later in a fluid’s use cycle will generally increase the total fluid
real-impedance more than an addition made early in a fluid’s use cycle. In any case,
a fluid addition, to either a fluid with curve 65 or 67, extends the useful life of the
total fluid in the equipment.

FIG. 5 shows the imaginary impedance (Z;) response 77, for a typical
transportation or industrial flvid, to an applied low-frequency signal (fy) with non-
zero offset-voltage (V#0) at a fixed temperature as a function of equipment use
since the last fluid change. As with both the high and medium frequencies, the low
frequency required for curve 77 is a function of apparatus electrode geometry, fluid
temperature or femperature range and chemical composition of the fluid being

monitored. In general, however, for a t}épical organic based fluid, with common
1
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general, however, for a typical organic based fluid, with common performance addi-
tives, at a typical operating temperature (in the range of 40°C to 120°C), and using
parallel plate electrodes with an area to gap ratio of 300 cm, f,, is on the order of
1 Hz. In generul, fj, is typically in the range of about 10 mHz to 10 Hz. Similarly,
the required offset-voltage is primarily a function of the chemical composition of the
fluid being monitored, and is, in general, in the range of 500 mV to 6 V.

Referring to FIG. 5, a fluid’s imaginary impedance response 77 rises quickly,
as a function of equipment use, to a maximum value (M) 79, after which the re-
sponse decreases quickly at first, then less quickly, dﬁﬁng fluid use. The value of
the peak 79 is not as critical to the useful life of the (lnid as is the percent decrease
from this peak value during fluid life. When the fluid’s imaginary-impedance de-
creases below a threshold 81, the fluid condition has degraded to the point that the
fluid should be changed soon, and when the imaginary-impedance decreases below a
second threshold 73 the fluid has reached the end of its useful life and should be
changed now or as soon as operationally possible to protect the service life of the
equipment. In general, appropriate thresholds are set such that the ratios of the
threshold-imaginary-impedance to the fluid’s peak-imaginary-impedance are defined
values independent of the quality of the fluid.

Also shown in FIG. 5 is the affect on total fluid imaginary-impedance when a
volume of fresh fluid is added to the equipment at time t3, where the post-addition
imaginary-impedance 85 has increased. The change in the low-frequency imaginary-
impedance is a function of the volume-percent of the fluid addition, the peak imagi-
nary-impedance of the fluid added relative to the peak imaginary-impedance of the
fluid already in the equipment, and the current condition of the fluid in the equip-
ment. However, unlike the high-frequency dielectric and medium-frequency real-
impedance rcsponscs where a fluid addition made later in a fluid’s use cycle shows a
greater change, the low-frequency imaginary-impedance shows a greater change
when the fluid addition is made earlier in the fluid’s use cycle.

FIG. 5 [urther shows the effect of polar-coolant contamination, for example
water, on a fluid’s imaginary-impedance. At time t4 a leak occurred such that cool-

ant used in the equipment contaminated the fluid of FIG. 5. A coolant contamina-
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tion on the order of one volume-percent is typically sufficient to decrease a fluid’s
imaginary-impedance to below the “Change Fluid Now” threshold 83.

The change in a fluid’s electrical responses as a function of actual time, what
would typically be used as the X-axis for in Figures 3, 4, 5, at high, medium and low
freqﬁencies is highly dependent not only on the particular fluid, but also on the
equipment in which the fluid is used and the operation variables of the equipment.
As an example, two equipment of different design (or of different age andvperform~
ance condition) performing the same operation can find one equipment stressing the
fluid so that the low-frequency diclectric response crosses the “Change Fluid Soon”
threshold (threshold 81 in FIG. 5) before the fluid’s high- or medium- frequency re-
sponse crosses a threshold; while the other equipment stresses the same {luid so that
the medium-frequency dielectric response crosses the “Change Fluid Soon” thresh-
old (threshold 71 in FIG. 4) first. As another example, two identical equipment op-
erated differently, one operating under intermittent light load and one operating un-
der continuous heavy load, can find the medium-frequency response threshold
crossed first for one operating condition and the low-frequency response threshold
crossed first for the other operation condition.

Hence, in general a fluid’s response is preferably monitored at all three ap-
plied signals (fu,Vo=0), (fm,Vo=0), (fi,V£0) to properly determine fluid condition
under all possible variables of equipment design, condition or operation. There are,
however, fluids in applications where change in the fluid’s high-frequency response
is substantially less significant than the changes in the fluid’s medium and low fre-
quency responses. That is, for fluids in those applications if Figures 3, 4, 5 were
scaled to the same “use” axis, i.e. X-axis, only the very initial portion of FIG. 3
would be shown with the fluid’s high-frequency dielectric response showing little
rise while both the fluid’s medium-frequency real impedance and low-frequency
imaginary impedance responses showing changes similar to Figures 4 and 5. In
those fluid applications, a fluid’s response need only be monitored at medium and
low frequency (fm,Ve=0), (f, Vo#0) to properly determine fluid condition.

Figures 3, 4, 5 show fluid response at fixed fluid temperature. Fluid re-

sponse, however, at any of the frequencies is tempcraturc dependent. For certain
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fluids in particular applications, variation in fluid response over an equipment’s op-
erating temperature range can be greater than the change in a fluid’s response at
fixed temperature between initial or peak values and the thresholds for “Change
Fluid Soon” or “Change Fluid Now”. Hence, where an equipment’s fluid-operating-
temperature range may be large, to accurately determine the condition of the fluid in
an essentially continuous manner, either the measurement apparatus must have
means for controlling the fluid temperature, as apparatus 1 in FIG. 1, or must have a
means for measuring the fluid temperature, as apparatus 43 in FIG. 2, so that a
method of this invention can compensate or correct for changes in fluid temperature.

FIG. 6 shows a first cmbodiment of a feature of the present invention that
uses a fluid’s response to the above described high-, medium- and low-frequency
signals to determine the quality and condition of a fluid in equipment where the fluid
is mainlained at constant temperature for condition determination. Constant tem-
perature can be maintained either by the fluid measurement apparatus, for example
apparatus 1 in FIG. 1, or by the equipment or a means associated with the equipment
in which the fluid is used.

Referring to FIG. 6, the method hegins in block 91 each time the equipment
is started, i.e. turned “on”. A variable “Y” is set equal to zero, and the method pro-
ceeds to block 93 to read fluid responses, Sy, Sym and Sy, to high-, medium- and low-
frequency signals respectively, which are obtained by a fluid measurement apparatus
of the type described in association with FIG. 1. Sy, Sm and Sy, can be dielectric,
real-impedance and imaginary impedance responses respectively, as shown in Fig-
ures 3, 4, 5 respectively, or values that are essentially equivalent. For example, in-
stead of converting the fluid responses to values with appropriate dimensional units,
analogue voltages, currents or digital inputs can be read that can be converted to ap-
propriate fluid responses. As another example, in many fluids the magnitude of the
fluid’s total-impedance ( |Z) at the medium frequency is essentially the same as the
fluid’s real-impedance (Zp.) due to a fluid’s substantially smaller imaginary-
impedance (Zip); hence, for processing reasons total-impedance may be used. Sg,
Swm and Sy, can be data collected by the apparatus over a short period of time with no

filtering, or can be averaged over a longer period of time and filtered to minimize
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noise and to better quantify a fluid’s response to the applied signals. In any case the
method reads the data at fixed intervals of “X"” seconds to determine fluid quality.

Each time inputs Sy, Sy and Sy, are read, the method, in block 95, determines
if an cssentially complete fluid change has been made since the last time the inputs
were read. This determination can be based on an input to the method. For exam-
ple, a maintenance person, or operator, conld provide a signal when a fluid change is
made that is communicated to the controller (e.g. by electrical conduit 27 to control-
ler 17 of apparatus 1 in FIG. 1) and detected in block 95. As another example, a
sensor or sensor system that detects fluid change either by fluid level changes or by
other means could provide a signal that is detected in block 95. The determination
of black 95 can also be made by a subroutine that uses inputs Sy, Sy and Sy, and no
additional input to identify the fluid change. An example of such a subroutine will
be discussed later in conjunction with FIG. 11. In any case, if the determination in
block 95 is “yes”, then in block 97 the initial value Iy for the high-frequency deter-
mination (corresponding tb point 53 in FIG. 3) is set equal to Sy, and the maximum
values My, My for the medium- and low-frequency determinations respectively (cor-
responding to points 69, 79 in Figures 4, 5 respectively) are set equal to Sy, S, re-
spectively as starting points for determining the actual My and My, since the Sy, Sy
immediately after a fluid change are known to be less than what will to be the re-
spective maximum values as the fresh fluid is used in the equipment. Also in block
97, the values of the medium- and low-frequency response read in the previous fluid
quality/condition determination, Smp, Stp, are set equal to Sy, Sy respectively since
the previously stored values are not relevant in determining the fresh fluid’s quality
or condition. Also in block 97 the thresholds for the high-frequency fluid determina-
tion Ly, Lyp are set to “Hi” values (corresponding to thresholds 55, 57 respectively
in FIG. 3) assuming that the fresh fluid is a premium quality fluid; an assymption
that is tested later in the method. After block 97, the method returns to block 93
where X scconds after the provious reading, Sy, Su, St are again read.

If the determination in block 95 is “no”, the method advances to block 99
which determines if the low-frequency response Sy is greater than a stored maximum

low-frequency response Mr. If the answer is “yes”, which means that the low-
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frequency response has not reached its maximum value, than My, is replaced by Sy, in
block 101 and no further analysis of the low-frequency response is done with the
method advancing to block 103 where variable “L” is sct equal to zero to indicate
that the fluid condition, determined by the fluid’s low-frequency response, is accept-
able. If the answer to block 99 is “no”, i.e. Sy is no longer increasing, block 105 de-
termines if the relative rate of decrease of Sy, is greater than a predetermined rate Ry.
The relative rate of low-frequency response change is the low-frequency response
from the previous iteration of the method S minus the low frequency response of
{he current iteration Sy, divided by the maximum value My and by the time between
the iterations, which, except for the first iteration after equipment start, equals X. To
ignore the rate determination during the first iteration after equipment start, block
105 also determines if Y = 1. If the determination of block 105 is “yes”, that is the
relative rate of St decrease is greater than Ry, and this is not the first iteration after
equipment start, there is high probability that coolant is leaking into the fluid being
monitored, and in block 107 a “Coolant Leak” waming is sent. The warning may be
sent to memory for later retrieval, to a signaling device, for example a warning light,
to alert an equipment operator, to a central maintenance facility o notify mainte-
nance personnel, or a device to turn the equipment “off” to prevent equipment dam-
age.

If the determination in block 105 is “no”, or after the warning is given in
block 107, a determination is made in block 109 whether the low-frequency response
Sy divided by the maximum value My, is below a first threshold Ly,. If the block 109
determination is “no”, the variable “L” is set equal to zero to indicate that the fluid
condition determined by the fluid’s low-frequency response is acceptable. If (he
block 109 determination is “yes”, a determination is made in block 111 whether the
low-frequency tesponse Sp. divided by the maximum value My is below a second
threshold Lis. I the block 113 determination is “no”, “L” is sct equal to one to indi-
cate that, based on the low-frequency response, the fiuid should be changed soon,
and if the block 113 determination is “ves”, “L” is set equal to two in block 115 to

indicate that, based on the low-frequency response, the fluid should be changed now.
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After a valuc for “L” is assigned in block 103, 113 or 115, the method in
block 117 determines if the medium-frequency response Sy is greater than a stored
maximum medium-frequency response My. If the answer is “yes”, which means
that the medium-frequency response has not reached its maximum value, than My is
replaced by Sy in block 119 and no further analysis of the medium-frequency re-
sponse is done with the method advancing to block 121 where variable “M™ is set
equal to zero to indicate that the fluid condition determined by the fluid’s medium-
frequency response is acceptable. If the block 117 determination is “no”, i.e. Sy is
no longer increasing, block 123 determines if the relative rate of decrease of Sy is
greater than a predetermined rate Ry. The relative rate of medium frequency change
is the medium-frequency response from the previous iteration of the method Syp mi-
nus the medium-frequency response of the current iteration Sy, divided by the
maximum value My and by the time between the iterations, which, except for the
first iteration after equipment start, equals X. As in block 103, block 123 also de-
termines if Y =1 so as to ignore the rate determination during the first iteration of
the method after equipment start. If the block 123 determination is “yes”, that is the
relative rate of Sy decrease is greater than Ry and this is not the first iteration after
equipment start, there is high probability that the fluid is of a relatively low quality
and in block 123 the thresholds for the high-frequency fluid determination Lus, Ly,
which will be used until the next essentially complete fluid change, are set equal to
“Lo” values (cortesponding to thresholds 59, 61 respectively in FIG. 3).

If the block 123 determination is “no” or after thresholds Ly, Ly, are set to
“Lo” values in block 125, a determination is made in block 127 whether the me-
dium-frequency response Sy divided by the maximum value My is below a first
threshold Lyy;. If the determination is “no”, the variable “M” is set equal to zero in
block 121 to indicate that the fluid condition, determined by the medium-trequency
response, is acceptable. If the block 127 determination is “yes”, a determination is
made in block 129 whether the medium-frequency response Sy divided by the
maximum value My is below a second threshold Lyp. If the determination is “no”,
“M is set equal to one in block 131 to indicate that, based on the medium-frequency

response, the fluid should be changed soon, and if the block 129 determination is
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“yes”, “M” is set equal to two in block 133 to indicate that, based on the medium-
frequency response, the fluid should be changed now.

After a value for “M” is assigned in block 121, 131 or 133, the method in
block 135 determines whether the high-frequency response Sy divided by Iy, the ini-
tial high-frequency response when the fluid was fresh, is above a first threshold Ly;.
If the determination is “no”, the variable “H” is set equal to zero in block 137 to in-
dicate that the fluid condition, determined by the high-frequency response, is accept-
able. If the block 135 determination is “yes”, a detenrﬁnétion is made in block 139
whether the high-frequency response Sy divided by Iy is above a second threshold
L. If thp determination is “no”, “H” is set equal to one in block 141 to indicate
that, baseci on the high-frequency response, the fluid should be changed soon, and if
the block 139 determination is “yes”, “H” is set equal to two in block 143 to indicate
that, based on the high-frequency response, the fluid should be changed now.

After the value for “H” is assigned in block 137, 141 or 143, the method in
block 145 sets variable “F” equal to the sum of variables “H”, “M” and “L”, sets the
previous medium- and low-frequencies response values, Syp, Spp respectively, to the
current values, and sets variable “Y” equal to one so that the method in blocks 105
and 123 knows that the next iteration is not the first iteration after equipment start.
The method then determines in block 151 if the variable “F” equals 0. If the deter-
mination is “yes”, which means that the fluid condition determined by each the
high-, medium- and low-frequency responses is acceptable, the method returns to
block 93 where X seconds after the previous reading, Su, Su, Sy, are again read and
the method repeated. If the block 151 determination is “no”, then in block 153 the
determination is made whether variable “F” equals 1. If the determination is “yes”,
which means that the fluid condition determined by one of the high-, medium- and
low-frequency responses was that the fluid should be changed soon, the method ad-
vances to block 155 where a “Change Fluid Soon” warning is sent. The warning
may be sent to memory for later retrieval, to a signaling device, for example a warn~
ing light, that can alert an equipment operator, or to a central maintenance facility to
notify maintenance personnel. If the block 153 determination is “no”, since block

151 determined that “F” is not equal to 0, then “F” must be greater-than-or equal-to
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2, which means that the fluid condition determined by at least two of the high-, me-
dium- and low-frequency responses was that the fluid should be changed soon, or
that the fluid condition determined by at least one of the responses was that the fluid
should be changed now, the method advances to block 157 where a “Change Fluid
Now” warning is sent. As with a “Change Fluid Soon” warning, the warning is sent
to an appropriate location using an appropriate means, for example electrical conduit
27 of controller 17 of apparatus 1 in FIG. 1. After a warning is sent in either block
155 or block 157, the method returns to block 93 where X seconds after the previous
reading, Sy, Sm, Sy are again read and the method repeated. The method continues
1o repeat until the equipment using the fluid is turned “off”.

In this manner, the method essentially continuously monitors the condition of
a fluid and sends warnings when fluid condition exceeds thresholds. Also the
method determines fhuid quality to sct the thresholds for the high-frequency fluid
condition determination and monitors the relative rate of decrease of the low-
frequency response to determine if a coolant may be leaking into the fluid.

The embodiment of FIG. 6 has the fluid responses Sy, Su, St, being read im-
mediately after the equipment using the fluid is turned “on”. While the embodiment
is for monitoring fluids maintained at constant temperature, there may be applica-
tions/equipment where some equipment operation time is needed before the fluid
reaches constant temperature. For such applications/equipment, an embodiment
similar to that of FIG. 6 can include a step between blocks 93, 95 where after the
equipment is turned “on” the method does not advance to block 95 until the fluid
reaches a desired fluid temperature. Such a block will be shown in the embodiment
of FIG. 9.

As previously discussed in conjunction with Figures 3, 4, 5, there are fluids
in applications where, with a very high level of confidence, the change in the fluid’s
high-frequency response is substantially less significant than the fluid’s medium and
low frequency responses. For those cases the method of FIG.6 would always deter-
mine in block 135 that the relative high-frequency response (Sw/Iy) is always less
than threshold Ly when both the relative low- and medium-frequency responses

(Sp/My, Sm/Myy) cross the first thresholds (Lit, Ly respectively) or when one of the
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responses crosses the second threshold (Lo, L respectively). Hence, for fluids in
such applications, an embodiment of the invention need not monitor the high-
frequency response to determine fluid condition.

FIG. 7 shows an embodiment of a feature of the present invention for use in
determining the condition of a fluid in equipment where change in the fluid’s high-
frequency response is substantially less significant than the fluid’s medium- and
low-frequency responses, and where the fluid is maintained at constant temperature
for condition determination. Since the method is quite similar to the method of
FIG. 6, equivalent blocks are labeled the same.

Referring to FIG. 7, the method again begins in block 91 when the equipment
is turned “on” and Y is set equal to zero. In block 93°, only fluid responses Sy and
S1, are read and in block 95 if the determination is that an essentially complete fluid
change has been made while the equipment was “off”, in block 97°, only My, is set
equal to Sy, and My, and Spp are set equal to Sy, since unlike block 97 of the method
in FIG. 6, the initial value Iy and the thresholds for the high-frequency response Ly,
L are not need for a high-frequency fluid condition determination, and Syp is not
needed for a determination of the relative rate of medium-frequency response change
to set thresholds for the high-frequency response.

With continued reference to FIG. 7, if the block 95 determination is “no”,
then in blocks 99 through 115, the fluid’s low-frequency response Sy is used to de-
termine and warn if a coolant leak exists and to set variable “L” in the same manner
as the method of FIG. 6, and in blocks 117 through 133 uses the fluid’s medium fre-
quency response Sy to set variable “M” in the same manner as the method of FIG. 6.
The method of FIG. 7 does not have blocks 193 and 195 of the method of FIG. 6
since the method does not have to determine the fluid’s relative rate of decrease of
Sy to set thresholds for a high-frequency response fluid condition determination in
blocks 135 through 143 which are also eliminated in FIG. 7.

In block 145° of FIG. 7, “F” is sct equal to the sum of the variables “M” and
“L”, the previous low-frequency response value Syp set equal to the current low-
frequency response Sy and “Y” is set equal to 1 so that the method in block 105

knows that the next iteration is not the first iteration of the equipment after equip-
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ment start. The method then determines in block 151 if the variable “F” equals 0. If
the delermination is “yes”, which means that the fluid condition determined by me-
dium- and low-frequency responses is acceptable, the method returns to block 93’
where X seconds after the previous reading, Swm, Sy, are again read and the method
repeated. If the block 151 determination is “no”, then in block 153 the determina-
tion is made whether variable “F” cquals 1. If the determination is “yes”, which
means that the fluid condition determined by one of the medium- and low-frequency
responses was that the fluid should be changed soon, the method advances to block
155 where a “Change Fluid Soon” warning is sent. If the block 153 determination is
“no”, which means that the fluid condition determined by both of the high-, medium-
and low-frequency responses was that the fluid should be changed soon, or that the
fluid condition determined by at least one of the responses was that the fluid should
bhe changed now, the method advances to block 157 where a “Change Fluid Now”
warning is sent. After a warning is sent in either block 155 or block 157, the method
returns to block 93 where X seconds after the previous reading, Sy, Sy, are again read
and the method repeated. The method continues to repeat until the equipment using
the fluid is turned “off”.

Thus, in this manner, the method of FIG. 7 essentially continuously monitors
the condition of a fluid and sends warnings by determining when the fluid’s low- and
medium-frequency responses exceed thresholds and monitors the relative rate of de-
crease of the low-frequency response to determine if a coolant may be leaking into
the fluid.

As with the embodiment of FIG. 6, the embodiment of FIG. 7 is for monitor-
ing fluid that is maintained at constant temperature for the fluid determination.
Since the fluid may not be at the desired constant temperature immediately after the
equipment is turned “on”, an embodiment can include a block between blocks 93°
and 95 such that after the equipment is turned “on” the method does not advance to
block 95 until the fluid reaches a desired fluid temperature.

There are, however, many applications for in-use fluid monitoring where
maintaining constant fluid is not practical for cost or othcr reasons. FIG. 8 shows

another embodiment of a featurc of the present invention for use in determining the
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quality and condition of a fluid in equipment where the fluid temperature is not
maintained at constant temperature for fluid condition determination. This embodi-
ment is appropriate for use in conjunction with apparatus 43 of FIG. 2.

Referring to FIG. 8, each time the equipment is turned “on”, in block 159 the
variable “Y” is set equal to zcro. The method in block 161 then reads fluid re-
sponses Sy, Sm and Sy, to applied high-, medium- and low-frequencies signals re-
spectively, as previously discussed, and reads the fluid temperature T monitored by
the measurement apparatus. Advancing to block 163, the temperature T is used lo
convert fluid responses Sy, Su, Sy, read at temperature T to constant temperature
fluid responses Su’, Sm’, Si.” such that the response variations due to temperature are
effectively eliminated or minimized to an acceptable level. The response tempera-
ture conversions can be made using predetermined functions or look-up tables. The
functions or tables can be permanently fixed in read-only memory, or the embodi-
ment can allow the functions or tables to be updated, if needed, by appropriate
means, for example by electrical conduit 27 to controller 17 of apparatus 43 in
FIG. 2, to allow for formulation changes of fluid being used in the equipment.

In addition to converting the fluid responses to constant temperature values,
the time interval X between reading the fluid responses is corrected to a constant
temperature interval X’ so that the rates of response change are propetly corrected
for temperature variations. As with the response conversions, the time interval con-
version can be made using a predetermined function or a look-up table that is either
permanently fixed in read-only memory or that can be updated if needed. In any
case, the embodiment of FIG. 8 determines in block 95 if an essentially complete
fluid change has been made since the last iteration and the remaining blocks num-
bered 167 to 227 are the same as the blocks numbered 97 to 157 of the embodiment
of FIG. 6 except that the converted fluid responses Sy’, Sv’, S’ and the converted
time interval X’ are used instead of the read responses Sy, Su, St and the fixed time
interval X.

In this manner, the method essentially continuously monitors the condition of
a fluid that varies in temperature. Also, as the fluid temperature varies, the method

determines the fluid’s quality in order to set the thresholds for the high-frequency

24

-50-




10

15

25

30

WO 2004/036210 PCT/US2003/032233

fluid condition determination and monitors the relative rate of decrease of the low-
frequency response (o determine if a coolant may be leaking into the fluid.

While the embodiment of FIG. 8 determines fluid condition using the fluid’s
high-, medium- and low-frequency responses, there are fluids in applications where
the change in the fluid’s high-frequency response is substantially less significant
than the fluid’s medium- and low-frequency response changes. For fluids in such
applications, an embodiment could be shown similar to the embodiment of FIG. 8
that allows for variation in fluid temperature but uses only the medium-and low-
frequency responses. Such an embodiment would not read Sy and would not include
the thresholds, varables and conversions used to determine the fluid’s high fre-
quency condition shown FIG. 8.

The embodiment of FIG. 8 determines fluid condition as the fluid varies for
any temperature. The response and time interval conversion in block 163, however,
is not an exact conversion due to the complex temperature-dependence of a fluid’s
electrical response. While high conversion accuracy over a wide temperature range
is desired, conversion accuracy outside a fluid’s typical operating temperature range
is sometimes sacrificed to optimize accuracy within the range. In particular, when
equipment is turned “on”, fluid temperature may be sufficiently outside the typical
operating temperature tange that the “converted” fluid response may not be mean-
ingful. Hence, an embodiment of the invention can include a step between blocks
159, 161 of FIG. 8 such that after the equipment is turned “on”, that prevents the
method from advancing to block 163 until the fluid reaches a predetermined tem-
perature range.

FIG. 9 shows another embodiment of a feature of the present invention for
determining the quality and condition of a fluid using high-, medium- and low-
frequency responses in equipment where in addition to converting fluid responses
above a fixed first temperature threshold for temperature variations, fluid responses
at a second fixed fluid temperature are recorded for possible later or additional
analysis of fluid quality and condition. This embodiment is appropriaie for use in
conjunction with cquipment and sensing apparatus where a fluid is not always at

constant temperature.
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Referring to FIG. 9, as in the embodiment of FIG. 8, each time the equipment
is turned “on”, the variable “Y” is set equal to zero in block 159, and the method in
block 161 reads responses Sy, Sm and S, monitored by an apparatus to respective
high-, medium- and low-frequencies signals applied to the fluid by the apparatus, as
previously discussed. Also in block 161 the method reads fluid temperature T moni-
tored by the apparatus, Advancing to block 231, the method determines if the fluid
temperature T is greater than or equal to a fixed temperature T1. Temperature T1 is
selected so that temperature conversion of responses Sy, Sv and Sy, are known to be
meaningfully accurate at this temperature and above. Typically, temperature T1 to
be above the highest ambient temperature experienced by the equipment so that after
relatively long equipment “off” periods, the fluid temperature is below temperature
T1 when the equipment is turned “on”. If the block 231 determination is “no”, that
is the fluid temperature is below preset temperature T1, then the method returns to
block 161 and reads Sw, Sv, Si. and T, X seconds after the previous reading and de-
termines if the fluid temperature T is now at or above preset temperature T1 in block
231. If the determination is again “no” the method continues reading the fluid re-
sponses and temperature every X seconds until the block 231 determination is “yes”
and the method advances to block 163 where the fluid responses Sy, Sy and Sy, are
converted to constant temperature fluid responses Sw’, Sm’, S’ to eliminate or at
least minimize to an acceptable level the effects of temperature variation on fluid
responses. Also in block 233 the time interval X between reading fluid responses is
corrected to a constant temperature interval X* so that the relative rates of response
change are properly corrected for temperature variations. As discussed in the em-
bodiment of FIG. 8, the conversions can be made using functions or look-up tables
that are either permanent or can be updated to allow for changes in formulation of
the fluid being used in the equipment.

With continued reference to FIG. 9, in block 233 the method determines if
the fluid temperature T is equal to pre-selected fixed temperature T2 which, in this
embodiment, is greater than or equal to T1. If the determination is “yes”, the
method, in block 235, records the fluid responses Sy, Sy, St and a time “t” that indi-

cates when the data are recorded either in terms of calendar time or in terms of
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equipment use since the previous data were recorded. The unconverted, fixed-
temperature data are recorded in memory. for possible additional fluid analysis. Such
fluid analysis may be done later when the memory is queried, for example, by a ser-
vice technician using a service device that can communicatc with the memory, to
obtain a history of fluid response. Such additional fluid analysis may be done in
conjunction with the present invention method (o provide, for example, additional
fluid condition or quality analysis. The collection of unconverted data at fixed tem-
perature climinates temperature variability and reduces the memory that would be
needed if all data read every X seconds werc recorded. After the data are recorded,
or if the block 233 determination is “no”, the method advances to block 95 where the
method determines if an essentially complete fiuid change has been made since the
last iteration and blocks 167 to 227 are the same as the method embodiment de-
scribed in FIG. 8.

While the embodiment of FIG. 9 shows temperature T2 being greater than or
equal to temperature T1, an embodiment could be shown with blocks 233 and 235 of
FIG. 9 placed between blocks 161 and 231 so that temperature T2 can be less than
temperature T1. For example, fluid response data recorded in block 235 at a lower
temperature T2 may be used in a block, not shown, to determine if coolant is present
before the fluid reaches temperature T1.

While the embodiment of FIG. 9 shows fluid response data being recorded
for only one fixed temperature, other embodiments can record data at multiple fixed
temperatures for a more detailed fluid analysis.

While the embodiment of FIG. 9 uses low-, medium- and high frequency re-
sponses to determine fluid quality and conditions, a similar embodiment could be
shown where the high-frequency response Sy in not used in the determination for
fluids in applications where the change in the fluid’s high-frequency response is sub-
stantially less significant than the fluid’s medium- and low-frequency response
changes.

FIG. 10 shows another embodiment of a feature of the present invention for
determining the quality and condition of a fluid in equipment where in addition to

convetting fluid responses above a fixed first temperature threshold to eliminate or
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minimize effects of temperature variations, the formulae or look-up tables used for
the data conversions are updated each time the fluid temperature rises between two
temperature thresholds with a rate that is greater than a preset value.

Referring to FIG. 10, when the equipment is turned “on™, variables “Y” and
“A” are set equal to zero in block 241 and variable Tp is set equal to a fixed number
TO, which will be described below. As in other embodiments, the method then in
block 161 rcads fluid responses Sy, Sy and S, and fluid temperature T. As in the
embodiment of FIG. 9, this embodiment in block 231 does not let the method ad-
vance to block 163 until the fluid temperature T equals or exceeds fixed temperature
T1, which is a temperature above which temperature conversion of responses Sy, Su
and Sy are known to be meaningfully accurate. In block 163 the fluid responses and
time interval X are converted to constant-temperature responses and time interval
that are needed in the fluid quality and condition determination. The response con-
versions use formulae or look-up tables that the method has stored in memory. In
block 95, the method determines if an essentially complete fluid change has occurred
to the equipment, and if a change has occurred, the method in block 167 initializes
In, My, Smp, My, Ste, Lup and Ly and returns to block 161 where fluid responses
and temperature are again read X seconds after the previous reading. If the block 95
determination is that the fluid has not been changed then the method advances to
block 243 where the determination is made if the rate of fluid temperature increase is
greater than a fixed rate Ry, and if “A” equals zero. The rate of fluid temperature
increase is the previous iteration’s temperature Tp minus the current temperature T
divided by the time interval between the two temperature readings which for itera-
tions other than the first iteration aftcr equipment start is “X”. For the first iteration
after equipment start, since the time interval is not meaningful, TO in block 241 is
chosen such that (TO-T1)/X is greater than Ry so that Tp in the first iteration will al-
ways result in a “yes” determination of block 243.

If the block 243 delermination is “yes”, in block 245 temperature T and the
actual, non-converted, fluid responses are stored in a temporary memory array,
which is cleared each time the equipment is turned “on”. In block 247 the method

then determines if fluid temperature T is greater than or equal to a fixed temperature
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T3. Temperature T3 is selected such that fluid response data recorded in the tempo-
rary memory array between temperatures T1 and T3 allows a sufficiently accurate
data-curve-fit over the temperature range from temperature T1 to the maximum tem-
perature that the fluid may achieve in the equipment under any operating condition.
If the block 247 determination is “yes” then in block 249 the data are curve-fit and
new formulae or look-up tables substituted for the current formulae or look-up tables
used to convert the fluid responses to constant temperature responses in block 163.

After the data are curve fit in block 249, or if the block 247 determination is

“no”, Tp is set equal to T in block 251 and the method determines fluid quality and
condition in blocks 169 to 227 the same as the embodiments in Figures 8 and 9.
In each iteration of the embodiment of FIG. 10, the method continues to record the
fluid temperature and responses in block 245, and, if the fluid temperature T is
greater than T3, to curve-fit the data and update conversion formulae or look-up ta-
bles, until the rate of fluid temperature increase is determined in block 243 to be less
than Ry. When the block 253 detenmination is “no”, “A” is set equal to 1 before ad-
vancing to step 169, With A = 1, the block 95 determination for all future iterations
until the equipment is turned “off” is “no”. Hence, fluid-response conversion formu-
lae or look-up tables can only be updated once each time the equipment is turned
“on”, and can only occur if the initial rate of fluid temperature increase is greater
than or equal to rate Ry between the temperatures T1 and T3. Rate Ry and tempera-
tures T1 and T3 are selected such that: 1) the conversion formulae or look-up tables
are updated on a sufficiently regular interval, especially when an essentially com-
plete fluid change occurs in the equipment; and 2) the updated conversions are suffi-
ciently accurate for determining fluid quality and condition over the fluid’s operating
temperature range in the equipment.

In this manner, the embodiment of FIG. 10 allows for changes in the tem-
perature dependent variations of {luid responses Sy, Sm and Sy, as the fluid ages dur-
ing use and for changes of temperature dependencies when fluids of different
formulation are added to the equipment.

While the embodiment of FIG. 10 uses low-, medium- and high frequency

responses to determine fluid quality and conditions, a similar embodiment could be
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shown where the high-frequency response Sy in not used in the determination for
fluids in applications where the change in the fluid’s high-frequency response is sub-
stantially less significant than the fluid’s medium- and low-frequency response
changes.

FIG. 11 shows another embodiment of a feature of the present invention for
determining the quality and condition of a fluid in equipment where in addition to
converting fluid responses above a fixed first temperature threshold to eliminate or
minimize effects of temperature variations, the formulae or look-up tables used for
the data conversions can be updated each time a fluid change is made. Also the
thresholds for determining the condition of the fluid can be updated each time a fluid
change is made.

Referring to FIG. 11, as in the cmbodiment of FIG. 9, each time the equip-
ment is turned “on”, the variable “Y™ is set equal to zero in block 159, and responses
Sw, Sm, St and temperature T are read in block 161. Tn block 231 the method deter-
mines if fluid temperature T is greater than or equal to a fixed temperature T1, and if
the determination is “yes”, the fluid responses Sy, Sy and Sy, are converted to con-
stant temperature fluid responses Su’, Sm’, S’ and the time interval X between read-
ing fluid responses is corrected to a constant temperature interval X'. In block 95
the method determines if fluid has been essentially completely changed since the last
method iteration. As previously described, the determination of block 95 can be
based on an input from a sensor or sensor system that detects fluid change by fluid
level changes or other means, can be based on a subroutine that use Sy, Sy and Si,
or Sy’, Sn’ and Sy, or on an external input from a maintenance person or operator.

In this embodiment, however, the determination is typically based on an in-
put from a maintenance person or operator, because if the determination of block 95
is “yes”, the method in block 255 reads fluid response conversion formulae or look-
up tables S(T), Su(T), Su(T) and thresholds L1, Lo, Lai, Lm2, Lt Ly, which, if
different than the fluid used previously, can be input by a maintenance person or op-
erator using a means for inputting, for example a keypad of a remote input, and in
block 257 the method 167 initializes Iy, M, Sme, My, and Stp, and returns to block

161 where fluid responses and temperature are again read X seconds after the previ-
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ous reading. If the block 95 determination is that the fluid has not been changed,
than the method advances to blocks 169 to 227 where except for not having blocks
193, 195 the method is the same as the method embodiment described in FIG. 8,
The determination of block 193 and the setting of the high-frequency thresholds,
L, Lagz, in block 195 of the method of FIG. 8 are not needed since the appropriate
high temperature thresholds for the fluid are read in block 255 of the embodiment in
FIG. 11.

In this manner the embodiment of FIG. 11 allows for changes in fluid tem-
perature response and condition thresholds when a fluid of different formulation is
added to the equipment.

While the embodiment of FIG. 11 does not determine the quality of the fluid
as in blocks 193 and set the high-frequency thresholds, Ly, L, as in blocks 167,
195 of the embodiment in FIG. 8, an embodiment similar to that of FIG. 11 can read
the high-frequency thresholds for a premium and a non-premium fluid, “Hi” and
“Lo” respectively and have the high frequency thresholds set as in as in block 167,
193, 195 of FIG. 8.

While the embodiment of FIG. 11 reads fluid response conversion formulae
or look-up tables Sg(T), Sm(T), SL(T) and thresholds Lis, Lia, L, Loz, Lu1, Lia,
when the fluid is essentially completely chunged, other embodiments need not read
all of these inputs and may also read other inputs, for examples rates Ry and Ry
when the fluid is changed.

While the embodiment of FIG. 11 uses low-, medivm- and high frequency
responses to determine fluid condition, a similar embodiment could be shown where
the high-frequency response Sy in not used in the determination for fluids in applica-
tions where the change in the fluid’s high-frequency response is substantially less
significant than the fluid’s medium- and low-frequency response changes.

In block 95 of the embodiments shown in Figures 6 to 11, a determination is
made whether fluid has been essentially completely change since the last method
iteration in order to determine when variables are reset, and, in the embodiment of
FIG. 11, inputs are read. As previously described, that determination can be based

on an external input, for examples an input from a maintenance person or operator,
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or from a sensor or sensor system that detects fluid change by fluid level changes or
other means, or the determination can be based on a subroutine the uses that uses Sy,
Sy and Sy, or Sir’, Sar’ and S’. Shown in FIG. 12 is a flow chart of a subroutine that
can be used in block 95 of Figures 6 and 7 that uses fluid data to determine if the
fluid has been essentially completely changed since the last time the equipment was
“on”,

Referring to FIG. 12, shown is a dashed outline of decision block 93 with
input at the top and “yes” output on the right and “no” output on the left. Inputied
into block 95 are the fluid responses Sz, Sm and Sy that were read in block 93 of
FIG. 6 and the values for the other variables used by the method. In block 261 a de-
termination is made if variable “Y” equals 0 and if the previous low- and medium-
frequency fluid responses Sip, Smp respectively, are less than their maximum re-
sponse values Mr. My respectively. This subroutine assumes that an essentially
complete fluid change only occurs when the equipment is “off” and fluid change
need only be detected on the first iteration of the method after the equipment is
turned “on”. Hence, if “Y” is not equal to zero, that is, if this is not the first iteration
of the method after the equipment is turned “on”, the determination of block 261 is
“no” and the subroutine exits block 95 with a determination that “no” oil change has
occurred. This subroutine also assumes that an essentially complete fluid change
will not occur before low- and medium-frequency responses have reached their
maximum value. Hence, if the previous responses, Smp, Stp are not less than their
respective maxima My, My, which were recorded the last method iteration before the
equipment was last turned “off”, then a fluid change did not occur, the determination
of block 261 is “no” and the subroutine exits block 95 with 4 delermination that “no”
oil change has occurred. If the determination of block 261 is “yes” the subroutine in
block 263 determines if there has been a major change in at least one of the fluid re-
sponses since the equipment was last turned “off”. A major change in the low-
frequency response is define as the response Sp read the first iteration after the
equipment is turned “on” minus the response Stp, read the last iteration before the
equipment was turned “off” being greater than a fixed value Ar. A major change in

the medium-frequency response is define as the absolute value of the response Sm
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read the first iteration after the equipment is turned “on” minus the response Svp
which was read the last iteration before the equipment was turned “off” being greater
than a fixed value Ay. Similarly, a major change in the high-frequency response is
define as the absolute value of the response Sy read the first iteration after the
equipment is turned “on” minus the response Syp which was read the last iteration
before the equipment turned “off” being greater than a fixed value Ay. The reason
that the absolute value is not taken of the low-frequency data is because a major de-
crease in low-frequency response, with no major change in the other fluid responses
is more likely be a coolant leak than a fluid change. Hence, if the block 263 deter-
mination is “no”, the subroutine exits block 95 with a “no” determination. I the
block 263 determination is “yes”, i.e. at least one of the fluid responses has a major
change, the subroutine stores the current fluid responses Sg, Sw, Si. in block 265 as
Sui, Smi, Swi respectively, pauscs a fixed time “Z” in block 267 before reading new
fluid responses Sy, Sm and St in black 269. The subroutine then determines in block
271 if the new Sy, Sp are greater than the stored previous values Smi, Spi respec-
tively. If the fluid has had an essentially complete change, the low- and medium-
frequency responses will be increasing. Hence, a “no” determination in block 271
causes the subroutine to exit block 95 with a “no” determination, and a “yes” deter-
mination in block 271 means the low- and medium-frequency responses are increas-
ing as would be expected with an essentially complete fluid change, and causes the
subroutine to exit block 95 with a “yes” determination, indicating that an essentially
complete fluid change has occurred since the last time the equipment was “on”.

A similar subroutine could be used for block 95 in the embodiments in Fig-
ures 8 - 11 except that the subroutine would use constant temperature responses Sy’
Sum’, St’, in blocks 263, 265 and 271, and a block would be added between blocks
269 and 271 where the read fluid responses Sy, Sm, S1. were converted to constant
temperature results Sy”, Sn’, S1”.

Also a similar subroutine could be used for block 95 in the embodiment of
FIG. 7 where only medium- and low-frequency responses Sy, Sp are use to deter-

mine fluid quality and condition. A subroutinc for FIG. 7 would exclude the major
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change in the high frequency response condition in block 263, exclude storing Sy as
Sy in block 265 and would not read Sy in block 269.

By using a subroutine that uses fluid responses to determine when an essen-
tially complete fluid change occurs, the invention is less vulnerable to reset errors
that may occur if a service technician or operator must provide an input to the
method.

The method of the present invention allows for the determination of fluid
quality and condition in an equipment where there.are wide variations in the formu-
lation of the [luid, which is shown in the following example.

EXAMPLE

An apparatus, which includes of a impedance/dielectric analyzer and a pair of paral-
lel-disk electrodes each with surface area of about 3 cm” and separated by about
0.1 mm was uscd to determine the signal response of fluids of varying formulation
tested in an industry standard Sequence IIF test that rates oils for passenger car,
gasoline engine application. In particular, the Sequence IIIF test is an about 85.5
hour oil test that uses a specially prepared Buick 3.8 L V-6 gasoline engine operated
under determined conditions. During the test, oil samples are removed from the en-
gine at about 10 hr intervals and at the end of the test, and the oil samples ate tested
using standard laboratory procedures for carbonyl and nitration increases (ASTM
#839E), viscosity increase at about 40°C (ASTM D2270), TBN (ASTM D4739) and
TAN (ASTM D664A). These laboratory procedures are used to determine the oper-
ating condition of the oil, such that when one or more of the procedure results ex-
ceeds a limit, the oil has reached the end of its useful life in the engine. If any oil
sample is found to be at the end of its useful life, that oil has failed the Sequence IIIF
test.

For oils in the Sequence IIF test, the dielectric/impedance analyzer sequen-
tially applied about 3 V peak-to-peak electrical signals to the electrodes immersed in
the oil at about 1 Hz with an about 3 V offset such that the signal oscillated from
about +1.5 V to about +4.5 V relative to ground, and at about 100 Hz and about
1 MHz with about zero volt offset set such that the signals oscillate from about -1.5

to about +1.5 V relative to ground. The dielectric/impedance analyzer detcrmined
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the test oil’s imaginary impedance (Z;,,) at about 1 Hz, the test oil’s real impedance
(Zea) at about 100 Hz and the test oil’s dielectric (€) at about 1 MHz. Engine oil
between the electrodes was maintained at about a constant 80°C temperature. The
method of this invention was used to determine when to signal “Change Fluid Soon”
and “Change Fluid Now” with an determination embodiment similar to that shown
in FIG. 6 except that, since all fluids were tested to meet the same quality standard,
the high frequency thresholds were held fixed, eliminating the need for blocks 123
and 125 and the need for resetting the high frequency thresholds in block 97 when
the fluid was changed in the engine for the next fluid test. For the tests, thresholds
for the method were the following: Ly;=0.6, Liz=0.2, Ly =0.8, Larz=0.5,
Ly = 1.08, and Ly = 1.1. The rate for determining if there was a coolant leak, Ry,
was 0.05/hr.

Four substantially different oil formulations were tested. One oil passcd the
engine test, the other three oils failed the engine test as determine by one or more of
the standard laboratory procedures. No (esls were [ailed due to a coolant leak.
Shown in Table 1 are the engine test times when the method of this invention
warned to “Change Fluid Soon” and to “Change Oil Now”, and when and what labo-
ratory procedure(s) determined the engine oil failed. The “Change Fluid Now” and
“Change Fluid Now” times are rounded to the nearest hour. Since fluids are re-
moved from the engine for the laboratory procedures at about 10 hour intervals, the
laboratory determined “fail” is an upper limit with the failure baving occurred some-
time during the previous 10 hours. Table 1 demonstrates good correlation between

the “Change Oil Now” warning and a failure determined by the laboratory proce-

dures.
Table 1
Fluid “Change Oil Soon”  “Change Oil Now” Laboratory Determined Failure
#1 Pass Pass Pass
#2 24 hr 53 hr Carbonyl — 70 hr
#3 15 hr 22 hr TAN -30 hr
#4 20 hr 21 hr Carbonyl & TAN - 30 hr
35
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While particular embodiments of the present invention have been shown and
described, it is apparent that various combinations, changes and modifications may be
made therein to meet fluid analysis needs of various applications without departing from
the invention in its broadest aspects. In particular, with regard to various functions
performed by the above described invention, the terms (including any reference to a
“means”) used to described individual components or sub-systems of the invention are
intended to correspond, unless otherwise indicated, to any component or sub-system which
performs the specified function of the described component or sub-system (e.g. that is
functionally equivalent), even though not structurally or electronically equivalent to the
described component or sub-system which performs the function in the herein illustrated
embodiments of the invention. In addition, while a particular feature of the invention may
have been disclosed with respect to only one of several embodiments, such feature may be
combined with one or more other features of the other embodiments as may be desired and
advantageous for any given or particular application. )

Where the terms “comprise™, “comprises™, “‘comprised” or “comprising” are used
in this specification, they are to be interpreted as specifying the presence of the stated
features, integers, steps or components referred to, but not to preclude the presence or

addition of one or more other feature, integer, step, component or group thereof.
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The claims defining the invention are as follows:

1. A method for determining the condition of a non-aqueous fluid including:

(a)  applying i) a low frequency, fixed amplitude, non-zero-offset voltage
signal, i1) a medium frequency, fixed amplitude, zero-offset voltage signal,
and iii) a high frequency, fixed amplitude, zero-offset voltage signal between
electrodes immersed in the fluid,

(b)  measuring a fluid’s response to the applied signals and determining i)
a low-frequency fluid property, ii) a medium-frequency fluid property, and
iii) a high frequency fluid property,

(c)  comparing i) the magnitude and rate of change of the determined low
frequency fluid property, relative to the peak value of that low-frequency
property for the fluid, to low-frequency thresholds, i) the magnitude of the
determined medium frequency fluid property, relative to the peak value of
that medium-frequency property for the fluid, to medium frequency
thresholds, and iii) the magnitude of the determined high-frequency fluid
response, relative to that high-frequency property when the fluid is fresh, to
high-frequency thresholds, resulting in the determination of the fluid’s quality
and condition, wherein each step is conducted continuously, intermittently,
repeatedly and combinations thereof and wherein the thresholds for
comparing the determined fluid properties are selected from at least one of
the group consisting of fixed, updated by external input and combinations
thereof.

2. The method of claim [ wherein the frequencies of the applied signals and
offset voltage of the low-frequency applied signal is predeteimined as a function of at
least one of the following selected from the group consisting of electrode geometry,
fluid temperature, fluid temperature range, composition of the fluid being monitored
and combinations thereof.

3. The method of claim 1 wherein the low frequency is in the range of about
mHz to 10 Hz, the medium frequency is in the range of about 1 Hz to 500 kHz, the
high frequency is in the range of about 10 kHz to 10 MHz, and the low frequency
offset voltage is in the range of about 500 mV to 6.0 V.

4. The method of claim | wherein the fluid response to the applied signals is
measured at fixed temperature with the temperature dependent upon the fluid
employed.

5. The method of claim | wherein the fluid response to the applied signals is
measured at variable temperatures in the range of ambient temperatures to maximum
operating temperatures and the fluid properties determinations are selected from at
least one of the group consisting of converting the properties to essentially fixed
temperature properties, minimizing the effect of temperature variation, using; a
temperature dependent formulae, using a temperature dependent look-up tables and
combinations thereof.
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6. The method of claim 5 wherein the means for converting the fluid properties
to essentially fixed-temperature fluid properties is selected from at least one of the
group consisting of fixed, updated by external input, automatically updated when
fluid temperature increases between two temperature thresholds at greater than a
preset rate and combinations thereof.

7. The method of claim 1 wherein i) the determined low-frequency fluid
property is selected from one of the group consisting of an imaginary-impedance,
imagnary-impedance equivalent and combinations thereof; ii) the determined
medium frequency fluid property is one selected from the group consisting of: real
impedance, real-impedance equivalent and combinations thereof; and iii) the
determined high-frequency fluid property in one selected from the group consisting
of: dielectric, dielectric equivalent and combinations thereof.

8. The method of claim 1 wherein the high frequency thresholds are dependent
upon a rate of change of the medium frequency response.

9. The method of claim 1 that further includes resetting the comparison values
under the conditions selected from the group consisting of an external input is
provided that a fluid change has occurred, change in the determined fluid properties
are used to that a fluid change has occurred and combinations thereof,

10. A method for determining the condition of a non-aqueous fluid including:
applying i) a low frequency, fixed amplitude, non-zero-offset voltage signal, and ii) a
medium frequency, fixed amplitude, zero-offset voltage signal between electrodes
immersed in the fluid, measuring a fluid response to the applied signals and
determining i) a low-frequency fluid property, and ii) a medium-frequency fluid
property, comparing i) the magnitude and rate of change of the determined low-
frequency fluid property, relative to the peak value of that low-frequency property
for the fluid, to low-frequency thresholds, and ii) the magnitude and rate of change of
the determined medium-frequency fluid property, relative to the peak value of that
medium-frequency property for the fluid, to medium frequency thresholds, resulting
in the determination of the fluid’s quality and condition, wherein each step is
conducted continuously, intermittently, repeatedly, and combinations thereof and
wherein the thresholds for comparing the determined fluid properties are selected
from at least one of the group consisting of fixed, updated by external input and
combinations thereof.

I1.  The method of claim 10 wherein the frequencies of the applied signals and
off-set voltage of the low-frequency applied signal is predetermined as a function of
at least one of the following selected from the group consisting of electrode
geometry, fluid temperature, fluid temperature range, composition of the fluid being
monitored and combinations thereof wherein the thresholds for comparing the
determined fluid properties are selected from at least one of the group consisting of
fixed, updated by external input and combinations thereof

12.  The method of claim 10 wherein the low frequency is in the range of about
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10 mHz to 10 Hz, the medium frequency is in the range of about | Hz to 500 kHz,
and the low frequency offset voltage is in the range of about 500 mV t0 6.0 V.

13. The method of claim 10 wherein the fluid response to the applied signals is
measured at fixed temperature with the temperature dependent upon the fluid
employed.

14 The method of claim 10 wherein the fluid response to the applied signals is
measured at variable temperatures in the range of ambient temperatures to maximum
operating temperatures and the fluid properties determinations are selected from at
least one of the group consisting of converting the properties to essentially fixed-
temperature properties, minimizing the effect of temperature variation, using; a
temperature dependent formulae, using a temperature dependent look-up tables and
combinations thereof.

15 The method of claim 14 wherein the means for converting the fluid properties
to essentially fixed-temperature fluid properties is selected from at least one of the
group consisting of fixed, able to be updated by external input, automatically updated
when fluid temperature increases between two temperature thresholds at greater than
a preset rate and combinations thereof.

16.  The method of claim 10 wherein i) the determined low-frequency fluid
property is selected from one of the group consisting of imaginary-impedance,
imaginary-impedance equivalent and combinations thereof, and ii) the determined
medium-frequency fluid property is one selected from the group consisting of real-
impedance, real-impedance equivalent and combinations thereof.

17. The method of claim 11 that further includes resetting the comparison values
under the conditions selected from the group consisting of: an external input is

provided that a fluid change has occurred, change in the determined fluid properties
are used to determine that fluid change has occurred and combinations thereof.
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