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(57) ABSTRACT 

A sensor system and method for analyzing a fluid contained 
within an environmental control system, comprising the 
steps of providing a system including a passage for contain
ing a thermal change fluid; placing a sensor including a 
mechanical resonator in the passage; operating the resonator 
to have at least a portion thereof translate through the fluid; 
and monitoring the response of the resonator to the fluid in 
the passage. A preferred sensor includes a tuning fork 
resonator. 
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ENVIRONMENTAL CONTROL SYSTEM FLUID 
SENSING SYSTEM AND METHOD 

CLAIM OF BENEFIT OF FILING DATE 

[0001] The present application claims the benefit of the 
filing date of U.S. Provisional Application Ser. No. 60/505, 
943 (filed Sep. 25, 2003) and International Application 
PCT/US03/32983 (filed Oct. 17, 2003), which are hereby 
incorporated by reference. 

TECHNI CAL FIELD 

[0002] The present invention generally relates to the field 
of fluid sensors and more particularly to a fluid sensor 
incorporating a mechanical resonator adapted for and as 
used in an environmental control system, such as a refrig
eration system or other temperature management system. 

BACKGROUND OF THE INVENTION 

[0003] The use of a quartz oscillator in a sensor has been 
described in U.S. Pat. No. 6,223,589. U.S. Pat. No. 5,741, 
961 also discloses a quartz resonator for use in an engine oil 
sensor. Yet another piezoelectric sensor for engine oil is 
disclosed in Hammond, et aI., "An Acoustic Automotive 
Engine Oil Quality Sensor", Proceedings of the 1997 IEEE 
International Frequency Control Symposium, IEEE Catalog 
No. 97CH36016, pp. 72-80, May 28-30, 1997. 

[0004] An improved system for measuring characteristics 
of fluids using mechanical resonators is disclosed in com
monly-owned U.S. Pat. Nos. 6,401,519; 6,393,895; 6,336, 
353; and 6,182,499. 

[0005] The use of acoustic sensors has been addressed in 
applications such as viscosity measurement in J. W. Grate, 
et aI, Anal. Chem. 65, 940A-948A (1993)); "Viscosity and 
Density Sensing with Ultrasonic Plate Waves", B. A. Martin, 
S. W. Wenzel, and R. M. White, Sensors and Actuators, 
A21-A23 (1990), 704-708; "Preparation of chemically 
etched piezoelectric resonators for density meters and vis
cometers" S.Trolier, Q. C. Xu, R. E. Newnham, Mat.Res. 
Bull. 22, 1267-74 (1987); "On-line Sensor for Density and 
Viscosity Measurement of a Liquid or Slurry for Process 
Control in the Food Industry" Margaret S. Greenwood, 
Ph.D. James R. Skorpik, Judith Ann Bamberger, P. E. Sixth 
Conference on Food Engineering, 1999 AlChE Annual 
Meeting, Dallas, Tex.; U.S. Pat. Nos. 5,708,191; 5,886,250; 
6,082,180; 6,082,181; and 6,311,549; and "Micromachined 
viscosity sensor for real-time polymerization monitoring", 
O.Brand, J. M. English, S. A. Bidstrup, M. G. Allen, 
Transducers '97, 121-124 (1997). See also, U.S. Pat. No. 
5,586,445 ("Low Refrigerant Charge Detection Using a 
Combined Pressure/Temperature Sensor"). 

[0006] Notwithstanding the above, there remains a need in 
the art for alternative or improved sensors for analyzing 
fluids used in machines (such as those in residential, com
mercial, industrial, food service, and transportation vehicle 
environmental control systems), particularly for measuring 
changes in fluid amounts, changes in fluid quality or com
binations thereof. 

SUMMARY OF THE INVENTION 

[0007] The present invention meets the above need by 
providing an improved fluid sensor and method of using the 
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same, premised upon the employment of sensitive mechani
cal resonators, whose resonance performance can be moni
tored and correlated with fluid characteristics. 

[0008] The present invention is thus predicated upon the 
discovery of an improved method for analyzing a fluid 
contained within an environmental control system (e.g., 
including a cooling apparatus), comprising the steps of 
providing an environmental control system including a 
passage or reservoir for containing a fluid; placing a sensor 
including a mechanical resonator in the passage or reservoir, 
the size of the resonator optionally, but preferably being 
substantially smaller than a wave length of an acoustic 
wave; operating the resonator to have a portion thereof 
translate through the fluid; and monitoring the response of 
the resonator to the fluid in the passage or reservoir. 

[0009] According to one preferred embodiment of the 
method, the resonator is operated as a mechanical transducer 
in a non-resonant mode with at least a portion of the 
transducer being translated through the fluid while a prop
erty such as mechanical impedance or the like is measured 
preferably using the monitored response. 

[0010] The monitoring that occurs in the method above 
may also employ suitable hardware package or configuration 
for monitoring the change of frequency of the mechanical 
resonator while maintaining the input signal to the resonator 
as a constant. It may alternatively employ the monitoring of 
the change in electrical feedback from the resonator while 
maintaining a constant frequency. 

[0011] In one particular embodiment wherein the input 
signal is a variable frequency input signal and the monitor
ing step includes varying the frequency of a variable fre
quency input signal over a predetermined frequency range to 
obtain a frequency-dependent resonator response of the 
mechanical resonator. One or more frequency sweeps may 
be employed, with each respective sweep being the over the 
same range or a different range (e.g., smaller or larger than 
the previous range). 

[0012] Though other structures may be employed, in one 
highly specific embodiment the mechanical resonator is 
configured generally as a tuning fork, and thus includes at 
least two opposing free-ended tines that share a common 
base. 

[0013] The systems, methods and apparatus of the present 
invention generally employ a resonator that is operated at a 
frequency less than 1 MHz. The resonator is adapted to be 
in fluid communication with a thermal change fluid being 
analyzed, such as by placement in a passage of an environ
mental control system, and is also adapted for signaling 
communication with a source of an input signal and a device 
for monitoring the response of the resonator to the signal. 
The systems, methods and apparatus of the present invention 
may further comprise other components, such as a computer, 
a micro controller, an energy source (e.g., a power, stimulus 
or excitation source) (e.g., for providing a variable fre
quency input signal to the resonators), a device for convert
ing a signal drawn from a power source of a vehicle into a 
variable frequency input signal or the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIG. 1 shows a schematic view of one system of 
the present invention. 
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[0015] FIG. 2 shows a view of an illustrative resonator 
element of the present invention. 

[0016] FIGS. 3A-3G illustrate alternative structures for a 
resonator according to the present invention. 

[0017] FIG. 4 illustrates an example of an equivalent 
circuit in accordance with the present invention. 

[0018] FIG. 5 illustrates an example of a sensing system 
in accordance with the present invention. 

[0019] FIGS. 6 and 7 illustrate examples of data obtain
able using the present invention. 

[0020] FIGS. 8 and 9 illustrate examples of sensor con
struction in accordance with the present invention. 

[0021] FIGS. 10 and 11 illustrate additional examples of 
data obtainable using the present invention. 

[0022] FIG. 12A illustrates an example of a fixture for use 
in the present invention. 

[0023] FIGS. 12B illustrates data that can be produced 
using the fixture of FIG. 12A. 

DETAILED DESCRIPTION 

[0024] As will be appreciated from the description herein, 
the present invention is directed primarily for analyzing 
fluids that are contained (whether in a sealed system, an 
unsealed system or a combination thereof) in a cooling 
apparatus or other environmental control system. One spe
cific use of the present invention is the analysis of fluids (and 
particularly the viscosity, density, viscosity/density product, 
conductivity or dielectric properties of fluids) that are used 
in an environmental control system adapted for residential 
building use, commercial building use, industrial use (e.g., 
as part of a power plant system), transportation vehicle use 
(e.g., as part of a passenger environmental control system, as 
part of an engine or other vehicle component environmental 
control system, combinations thereof or the like), such as 
fluids that are part of a sealed and/or self-contained operat
ing system, and more specifically, fluids that are part of a 
circulating or reservoir fluid system. 

[0025] As gleaned from the above, reference to an "envi
ronmental control system" in accordance with the present 
invention is not intended to limit the application of the 
present invention. Rather, "environmental control system" 
contemplates a system for application in heating, ventilation, 
air conditioning and refrigeration systems for residential 
use, commercial use, industrial use or two or more of the 
forenoted uses. "Environmental control system" may also 
contemplate a system for application in food processing, 
temperature management for food storage or material stor
age units (e.g., refrigerators, freezers, or the like). "Envi
ronmental control system" may further contemplate a pas
senger comfort system in transportation vehicles such as rail 
cars, ships, submarines, boats, aircraft, automotive vehicles, 
farming vehicles, earth-moving vehicles, heavy trucks, 
spacecraft, military vehicles, or the like. "Environmental 
control system" may also contemplate a system for control
ling temperature in engines, other power plant devices, or 
other components (e.g., a radiator, an oil cooler, or both) for 
such transportation vehicles. "Environmental control sys
tem" may also contemplate another system, such as without 
limitation, chillers, nuclear, coal or gas fired power genera-
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tion facility equipment environmental control system, incin
eration equipment environmental control system, industrial 
furnace environmental control system, reactors, baths, elec
tronic component environmental control system, fluid dis
pensing system, ice rink system, materials processing heat 
treatment system, or otherwise. In short, the present inven
tion contemplates application in any of a number of different 
types of environmental control systems, whether the systems 
are mobile, stationary or combinations thereof, or whether 
the environmental control system includes features such as 
humidity control, pressure control or otherwise. 

[0026] To the extent that heat exchangers are contem
plated as within environmental control systems, it will be 
appreciated that in many such systems, the heat exchanger 
system contains one or more fluids such as refrigerants or 
other heat transfer fluids, aqueous based coolants, refrigerant 
oils and lubricants (e.g., to lubricate internal moving parts 
for machines used to compress, regulate and move fluids), 
protective fluids for corrosion protection and leak detection 
or visualization fluids. Thus, it should be appreciated that the 
present invention also contemplates within its scope the 
employment of the present sensors to monitor not only fluids 
that are used for accomplishing heat exchange, but fluids 
that are used elsewhere in an environmental control system, 
such as in generators ("gensets") or motors used to drive 
compressors to move fluids for effecting temperature 
change. 

[0027] Further in connection with the above, it should thus 
be appreciated that "thermal change fluid" refers not only to 
fluids that are regarded as refrigerants, but also to other heat 
exchange fluids, including but not limited to refrigerants, 
refrigerant lubricants, coolants (e.g., without limitation, a 
radiator fluid), combinations of two or more of such fluids. 
A fluid may be a liquid, a gas or a combination thereof. 
Examples include hydrocarbon refrigerants, chlorofluoro
carbon refrigerants, hydrochlorofluorocarbon refrigerants, 
hydrofluorocarbon refrigerants, synthetic refrigerants, natu
rally occurring refrigerants, CFC-free refrigerants, combi
nations of two or more refrigerants, or the like. Even more 
specific examples include Freon®, ammonia, hydrogen, 
compressor oil, ethylene glycol, water, air, brine, tetrafluo
roethane, R-134A, R-ll, R-12, R-22, R-40, R-125, R-152A, 
R-170, R-290, R-406A, R-41OA, R-404A, R-502, R-507, 
R-407C, R-290, R-600A, R-717, R-764, other National 
Refrigeration Safety Code Group I, II or III refrigerants, or 
the like. Thus, it should be appreciated that many such 
thermal change fluids are complex solutions or mixtures of 
components mentioned above, making it difficult to predict 
performance values over time. The ability of the present 
invention to reliably and reproducibly monitor performance 
of such fluids offers yet additional benefits. 

[0028] Thus a thermal change fluid might be a fluid that 
changes state upon application or absorption of heat, and as 
a result, removes heat from a region to be cooled. It may also 
be a fluid that is initially cooled by an initial environmental 
control system, and then passed in the region to be cooled, 
and returned with accumulated heat to the initial environ
mental control system. One specific example of the latter 
type of fluid is substantially free of a lubricant. 

[0029] The present invention is particularly attractive 
because of its ability to yield reproducible and reliable fluid 
analysis, particularly over a broad range of operation tem-
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peratures. It also affords a relatively low cost alternative to 
other existing sensors. In one particular embodiment, though 
not required in every embodiment, the sensors of the present 
invention can be operated with success at a relatively low 
frequency range. The present invention also affords the 
unique ability to operate in certain heretofore impractical 
applications where a reliable sensor would have been desir
able, such as in the superheating of fluids. 

[0030] The present invention is thus predicated upon the 
discovery of an improved method for analyzing a fluid 
contained within an environmental control system, compris
ing the steps of providing an environmental control system 
including a passage or reservoir for containing a fluid; 
placing a sensor including a mechanical resonator in the 
passage or reservoir; operating the resonator to have a 
portion thereof translate through the fluid; and monitoring 
the response of the resonator to the fluid in the passage or 
reservOIr. 

[0031] The present invention thus is directed in one par
ticular aspect to a method for sensing a fluid in a circulating 
or reservoir thermal change fluid system, and includes the 
steps of providing a sealed circulating or reservoir fluid 
system; incorporating a mechanical resonator into the sys
tem, the mechanical resonator being in electrical communi
cation with a source of an input signal; coupling the 
mechanical resonator with diagnostics hardware; exposing 
the fluid of the circulating or reservoir fluid system to the 
mechanical resonator; optionally applying an input signal; 
and monitoring a response of the mechanical resonator to the 
fluid with the diagnostics hardware. 

[0032] When employed, the input signal for the sensors of 
the present invention may be any suitable signal. It may be 
generated from a direct current source or an alternating 
current source. It can be a constant frequency or a varying 
frequency. In one highly preferred embodiment, the signal is 
a varying frequency input signal. In another embodiment, 
the signal is a result of a voltage spike, sine wave burst, 
mechanical shock, pressure impulse, combinations thereof 
or the like. 

[0033] The step of monitoring may be performed under 
any of a variety of different conditions. For example, in one 
embodiment, the monitoring step includes monitoring the 
change of frequency of the mechanical resonator while 
maintaining the input signal to the resonator as a constant. 
In another embodiment, the monitoring step includes moni
toring the change in electrical feedback from the resonator 
while maintaining a constant frequency. In yet another 
instance, the monitoring can be in the substantial absence of 
a signal, where for example, the frequency change, the 
amplitude decay or both of a resonator is observed over a 
period of time after an input signal has been terminated. 

[0034] The monitoring step will typically be guided by the 
nature of any input signal. In one embodiment, for example, 
the monitoring step includes varying the frequency of a 
variable frequency input signal over a predetermined fre
quency range to obtain a frequency-dependent resonator 
response of the mechanical resonator. 

[0035] One or more frequency sweeps may be employed, 
with each respective sweep being the over the same range or 
a different range (e.g., smaller or larger than the previous 
range). 
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[0036] The sensor of the present invention preferably 
includes at least one mechanical resonator, still more par
ticularly one that is capable of operating at a frequency range 
less than 1 MHz. For example, a highly specific resonator 
according to the present invention is operated at a frequency 
of less than 500kHz, more specifically less than 100 kHz, 
and even still more specifically less than 75 kHz. Aparticu
larly specific operational range is from about 1 kHz to about 
50 kHz and more specifically about 5 to about 40 kHz. One 
highly specific embodiment operates at about 20 to about 35 
kHz. 

[0037] Though other resonators are also possible, such as 
thickness shear mode resonators, surface acoustic wave 
resonators or the like, a specific exemplary resonator is 
selected from the group consisting of tuning forks (e.g., 
having two tines, or more tines such as a trident tuning fork), 
cantilevers, bimorphs, unimorphs, membrane resonators, 
disc benders, torsion resonators, or combinations thereof. A 
highly specific example of an attractive resonator is a tuning 
fork resonator, such as a two tine tuning fork or a trident 
tuning fork. For some applications, a tuning fork may be 
employed in which the geometry of the resonator is such that 
two tines each resonate in different planes relative to each 
other, such as perpendicular to each other. 

[0038] The structure of the resonator may be any suitable 
structure taking into account the specific environment into 
which it is to be introduced. As indicated, a preferred 
resonator is a tuning fork, and thus will include a plurality 
of tines projecting from a common base wherein the tines 
and base may be arranged in a variety of configurations. 

[0039] It will be also appreciated that the resonator of the 
present invention, though potentially free standing, will 
generally be carried by a suitable support medium, such as 
a connector device for connecting the resonator with a 
source of an input signal, a device for monitoring the 
response of the resonator to the signal, or both. The nature 
of the connector device may vary from application to 
application. In one embodiment, it is a molded plastic (e.g., 
polyamide or the like) device into which electrical wires can 
be inserted in electrical communication with an inserted 
resonator. The connector may itself be configured for pro
viding a suitable attachment (e.g., using a quick-connect 
mechanism) to a surface of the machine into which it is 
introduced. Alternatively, the connector may be adapted for 
insertion into or otherwise may comprise an integrated 
portion of a receptacle within the machine. It is also con
templated that the connector device, the receptacle or both 
may include a chip (e.g., a computer chip) for assisting in the 
communication of date to other components described 
herein. 

[0040] The present invention is not limited to the use of a 
single resonator, but rather a plurality of resonators may be 
used. There may be plural resonators that are operational 
over the same or a different range of frequencies. There may 
be a plurality of resonators each of a different material or 
having a different coating or surface treatment. Plural reso
nators may be carried by a common carrier, or by separate 
carriers. Further, the resonators may be placed in the same 
general or proximate region of the environmental control 
system or at remote locations relative to each other. An array 
of at least three resonators on a common carrier may also be 
employed. 
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[0041] As seen in FIG. 1, one embodiment involves the 
incorporation of a sensor according to the present invention 
into an environmental control system 100 that includes a 
compressor 102, a condenser 104 (e.g., a dual pass con
denser) and an evaporator 106, through which a thermal 
change fluid is cycled via one or more passages, such as in 
a conduit. Other components may also be employed as 
desired, such as one or more suitable pumps, a filter, a dryer, 
a suitable flow cell, or a combination of two or more thereof. 
Likewise, any of the above components may be omitted 
from a system of the present invention. An expansion valve 
is typically employed. Other suitable valving may also be 
employed. 

[0042] One or more of the sensors 108 according to the 
present invention is adapted for permanent or temporary 
placement within in one of the system components or 
between one of the system components. For example one or 
more sensors 108 may be situated between the compressor 
and the condenser, between the condenser and evaporator 
(as illustrated without limitation in FIG. 1), between the 
evaporator and the compressor, within one or more of the 
components (e.g., in the compressor oil sump), or combi
nations of two or more of such locations. Likewise, one or 
more sensors may additionally or alternatively be incorpo
rated in another component, such as a conduit, coil, filter, 
nozzle, dryer, pump, valve or other component, or posi
tioned upstream or downstream therefrom. The sensor may 
be located in the flow path of the thermal change fluid (e.g., 
in a conduit), a headspace or both. In a particular embodi
ment, the sensor is included along with (and optionally 
integrated therewith) a condition monitoring device such as 
a temperature measurement device, a pressure measurement 
device, a mass flow meter, or combinations of two or more 
of such devices. Without limitation, an example of a com
bined pressure and temperature sensor is discussed in U.S. 
Pat. No. 5,586,445 (incorporated by reference). 

[0043] Accordingly, it will be appreciated that in one 
preferred embodiment, a system operates in which an 
elevated pressure, elevated temperature vapor is formed 
(e.g., in a compressor), heat is removed from the vapor to 
condense it to an elevated pressure liquid (e.g., in a con
denser). The elevated pressure liquid is then reduced in 
pressure (e.g., in an expansion valve) and expanded to a 
lower pressure vapor (e.g., in an evaporator), and the system 
recycles. Optionally the liquid, vapor or both are filtered, 
dried or both. Sensing in accordance with a sensor of the 
present invention may be performed prior to or during 
formation of the elevated pressure, elevated temperature 
vapor, prior to or during formation of the elevated pressure, 
reduced temperature liquid, prior to or during expansion to 
the vapor, optionally during filtering, drying or both, or a 
combination of two or more such times. 

[0044] Sensing in accordance with the present invention is 
particularly attractive for evaluating one or more of the level 
of a fluid (e.g., indicative of a system leak, a blockage in the 
system, or the like), the superheat condition of a fluid (e.g., 
the level of superheat), subcooling of a fluid, concentration 
of refrigerant in the fluid, concentration of anti-freezing 
component in the fluid, or the presence of contaminants in 
the fluid. In particular, the sensor is effectively employed to 
monitor (continuously or periodically) small changes in 
conditions of the fluid, such as viscosity, density, viscosity / 
density product, dielectric constant, conductivity or combi-
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nations of two or more thereof, which are indicative of a 
change of state of the fluid or the presence of contaminants, 
and to output the results thereof. 

[0045] Optionally, the sensor, the condition monitoring 
device or both are in signaling communication with a 
processing unit 110 (which may include a user interface) for 
controlling operation of the environmental control system. 
The processing unit optionally is also in signaling commu
nication with a condition monitoring device 112 (shown as 
part of an integrated assembly (e.g., a common fixture such 
as a manifold), but which can be split into one or more 
separate devices, which may be located at the same site as, 
upstream, downstream, or combinations thereof, as the sen
sor 108). Thus, data obtained from the sensor may be 
processed along with other data to assist in monitoring and 
establishing operating conditions of the environmental con
trol device. Of course, other environmental control systems 
are also possible and the above illustration is not intended as 
limiting. 

[0046] Thus, for example, in one aspect of the present 
embodiment, a sensor according to the present invention is 
employed to monitor at least one property of the thermal 
change fluid (e.g., the simultaneous monitoring of viscosity 
and density). Data obtained from the condition monitoring 
device (e.g., temperature, pressure, flow rate, or combina
tions) is communicated to the processing unit 110 along with 
the signal response from operation of the sensor. From the 
data provided, the processing unit, which typically will be 
programmed with a suitable algorithm, will process the data, 
and perform at least one operation of the environmental 
control system selected from switching the environmental 
control system or one or more components therein to an on 
or off state, closing or opening a valve in the environmental 
control system, changing a flow rate of the refrigerant, 
changing a pressure of the refrigerant, changing the operat
ing speed or condition of one or more components of the 
environmental control system, otherwise controlling opera
tion of the environmental control system or a component 
thereof, providing a visual output signal, providing an 
audible output signal, or a combination thereof. For 
example, in connection with operating a system employing 
a superheated refrigerant, it is contemplated that data 
obtained from the mechanical resonator is used to perform 
an operation selected from switching on a compressor, 
switching off a compressor, operating an expansion valve, 
selecting the appropriate number of operating compressor 
cylinders, or a combination thereof. 

[0047] In this manner, it will be seen that many advanta
geous operations are possible by use of the present inven
tion, including but not limited to the use of a sensor of the 
present invention to monitor the superheat condition of a 
thermal change fluid by correlating viscosity and density 
measurements observed with observed measurements for 
temperature, pressure or both. The nature of the sensing that 
is performed by the sensor can be varied depending upon the 
parameter or condition that is desired to be monitored. 
Among the various other applications are the use of the 
sensors herein for detecting the presence or absence of a 
fluid, the level of a fluid, the physical properties of a fluid, 
the presence of a contaminant in the fluid, the fluid pressure, 
the fluid flow rate, the fluid temperature, physical property, 
a change in physical property, condition or parameter of a 
fluid or a combination thereof. 



US 2005/0145019 Al 

[0048] Of course, basic conditions of the fluid such as 
viscosity, density, viscosity/density product, dielectric con
stant, conductivity or a combination thereof may also be 
monitored and reported, and in a highly specific embodi
ment, these are the properties that are analyzed. 

[0049] It will be appreciated that the above configuration 
of FIG. 1 permits the use of one or more measurement 
modes (which can be measured using electrical techniques, 
optical techniques or a combination thereof) such as exci
tation at one or more frequencies around resonance, passive 
oscillations due to ambient noise, vibrations, EMI or the 
time decay of oscillation after an electrical or mechanical 
impulse (e.g., a voltage spike). 

[0050] The sensors of the present invention may be used 
continuously. Alternatively, they can be disposable, so that at 
predetermined intervals it is removed and replaced with a 
different sensor. 

[0051] The step of monitoring may be performed under 
normal operating conditions of the machine into which the 
present sensor is placed. The present invention is particu-
1arly advantageous in that it operable over a broad range of 
temperatures. Thus, in one specific aspect, it is contemplated 
that the monitoring step occurs at a temperature below _400 

C. or possibly the monitoring step occurs at a temperature 
above 4000 C. Generally the monitoring will occur between 
these extremes. 

[0052] It is also possible that during or following a moni
toring step the response of the sensor is compared against 
another value, such as a prior response of the resonator, a 
response of another resonator located elsewhere in the 
system, a known reference value for the fluid, or a combi
nation of two or more such comparisons. For example, in the 
context of thermal change fluid, fresh fluid can be analyzed 
upon its introduction into an environmental control system. 
The observed response may then be stored in memory or 
otherwise recorded. It may also be possible to have data 
about a particular fluid stored in memory of a suitable 
processor, which can be retrieved in response to a triggering 
event, such as inputting by a technician or reading of a fluid 
type by an optical detector, such as a bar code scanner. 

[0053] As the fluid is used, further analysis can be made 
and the response compared with those of the fresh fluid. The 
identification of a difference between responses could then 
be used as a trigger or other output signal for communicating 
with diagnostics hardware, which would provide an audible 
or visual signal to the operator. It is also possible that a 
signal is outputted to a remote telemetry device, such as one 
located external of the system. Thus, as with any of the 
embodiments herein a "wireless" communications system 
might be employed, pursuant to which a signal that is 
outputted may be a radiofrequency signal or another elec
tromagnetic signal. 

[0054] Comparison against reference values from the 
original fluid is not the only approach for generating a 
communication to a user about the fluid condition. It may be 
possible to pre-program certain expected values into a 
device, which then compares the real-time values obtained. 
Moreover, it is possible that no comparisons are made, but 
rather upon obtaining a certain threshold response, an output 
signal is generated for triggering a user notification, for 
triggering a system control unit to alter one or more func-
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tions of the system or a combination thereof. It is also 
contemplated that a sensor in a controlled fluid sample may 
be employed as an internal reference. 

[0055] It is also possible that the response obtained from 
the monitoring is stored in a memory, with or without 
communicating the response to the user. In this manner, a 
service technician can later retrieve the data for analysis. 

[0056] It should be appreciated that, by use of the term 
"passage" herein, it is not intended to limit to structures that 
would be defined by walls of a conduit. Passage may include 
a reservoir, a well, an open-channel, a closed-channel, a 
container, or the like. Thus, generally the term "passage" 
herein contemplates any structure into which a fluid may be 
introduced, contained temporarily, contained permanently, 
passed through, removed from or otherwise. 

[0057] Incorporation into an automotive vehicle is in 
accordance with the inventive principles herein, therefore, it 
will be appreciated that the location of the resonator or 
plurality of resonators may be any suitable location for the 
intended measurement. Locating a resonator within a pas
sage thus encompasses (among others) the location of a 
resonator in a conduit, a manifold, a sump, a filter device, or 
any other suitable location. Preferably the resonator is 
surface mounted, suspended or both, and positioned so that 
is analytical capability is not substantially compromised by 
fluid velocity, turbulence, mechanical oscillations, harmon
ics, vibrations or other extreme operating condition. If 
necessary to be subjected to an extreme operating condition, 
then preferably the resonator will be suitably housed (e.g., in 
an enclosed chamber) or otherwise shielded as described 
herein. 

[0058] Diagnostics hardware for use in monitoring the 
response of a resonator according to the present invention 
may comprise any suitable art-disclosed hardware, and the 
discussion herein is not intended as limiting. Without limi
tation, it is possible to employ hardware such as disclosed in 
commonly owned U.S. Pat. Nos. 6,401,519; 6,393,895; 
6,336,353; and 6,182,499, hereby incorporated by reference. 
Another approach herein for measurement hardware is to 
employ an electrical readout system in communication with 
a computer and any resonators. For example, one or more 
hard-wired circuits may be employed, or more preferably, 
one or a plurality of printed circuit boards is employed to 
comprise the readout board, thereby affording a compact and 
reliable structure. An application specific integrated circuit 
might also be employed in the present invention for signal 
generation, data acquisition or both. An example of one such 
device is illustrated in commonly owned U.S. application 
Ser. No. 10/394,543 (filed Mar. 21, 2003) (incorporated by 
reference). In addition, the hardware might also be part of or 
include a field programmable gate array (FPGA). 

[0059] It should be appreciated that to the extent that the 
discussion herein, in conformance with the drawings, is 
specifically addressed to a system including one sensor 
adapted for analysis of a single fluid, the invention is not 
intended to be limited thereby. It will be appreciated that the 
present invention also covers the use of a plurality of 
different sensors for measuring one fluid or a plurality of 
different fluids. 

[0060] Turning now to FIG. 2, there is shown an illustra
tion of one preferred resonator element 114 in accordance 
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with the present invention. The resonator element 114 pref
erably includes a base 116 that has at least two tines 118 
having tips 120 that project from the base. The shape of the 
tines and their orientation relative to each other on the base 
may vary depending upon the particular needs of an appli
cation. For example, in one embodiment, the tines 118 are 
generally parallel to each other. In another embodiment the 
tines diverge away from each other as the tips are 
approached. In yet another embodiment, the tines converge 
toward each other. The tines may be generally straight, 
curved, or a combination thereof. They may be of constant 
cross sectional thickness, of varying thickness progressing 
along the length of the tine, or a combination thereof. 

[0061] Resonator elements are suitably positioned in an 
element holder. Alternatively, the elements (with or without 
a holder) may be securably attached to a wall or other 
surface defining one of the passages into which it is placed. 
In yet another embodiment, the element is suitably sus
pended within a passage 104, such as by a wire, screen, or 
other suitable structure. 

[0062] Element holders may partially or fully surround the 
elements as desired. Suitable protective shields, baffles, 
sheath or the like may also be employed, as desired, for 
protection of the elements from sudden changes in fluid flow 
rate, pressure or velocity, electrical or mechanical bombard
ment or the like to help locate an element relative to a fluid 
or combinations thereof. It should be appreciated that reso
nator elements may be fabricated from suitable materials or 
in a suitable manner such that may be employed to be 
re-useable or disposable. 

[0063] Examples of approaches to materials combina
tions, or the packaging of sensors that may be employed in 
accordance with the present invention are disclosed, without 
limitation in commonly-owned U.S. Provisional Application 
Ser. Nos. 60/456,767 and 60/456,517 (both filed Mar. 21, 
2003) (and incorporated by reference). Thus, one particular 
approach contemplates affixing a sensor having a exposed 
sensing surface to a platform, wherein a spaced relationship 
is created between the exposed sensing surface and the 
platform. A suitable protective layer may be applied to cover 
the platform and/or the sensor while maintaining an exposed 
sensing surface. The latter exposed sensing surface may be 
prepared by the use of a consumable protective layer (e.g., 
a polymer, starch, wax, salt or other dissolvable crystal, low 
melting point metal, a photoresist, or another sacrificial 
material) that is used to block the exposed sensing surface 
prior to applying the protective layer. 

[0064] One or both of the resonator element holders 
preferably is configured with suitable hardware so that the 
resonator can be connected in signaling communication with 
an input signal source, an output analyzer or a combination 
thereof. One preferred construction thus contemplates a 
device in which an exposed resonator is formed integrally 
with or attached to a chip or like surface mountable substrate 
that optionally has suitable circuitry built thereon. The chip, 
in turn, may also include other sensing elements, or may be 
attached in signaling communication with another substrate 
having sensing elements associated with it. 

[0065] The resonators holders may be configured for tem
porary placement into a passage, such as by use of potted 
connector incorporating two or more wires. 

[0066] A highly preferred embodiment of the present 
invention contemplates employing a tuning fork as a reso-
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nator for the resonator elements. Preferably a two tine tuning 
fork is employed as the resonator. However, the method and 
system of the present invention can use any type of tuning 
fork resonator, such as a trident (three-prong) tuning fork or 
tuning forks of different sizes, without departing from the 
spirit and scope of the invention. 

[0067] As indicated, the present invention is not intended 
to be limited to tuning fork resonators. Other types of 
resonators can be used, such as tridents, cantilevers, torsion 
bars, bimorphs, membrane resonators, torsion resonators, 
unimorphs or combinations thereof. Still other types of 
resonators can be used if modified from their conventional 
art disclosed forms or if they are used in combination with 
a preferred resonator. Examples of such resonators include 
thickness shear mode resonators, length extension resona
tors, various surface acoustic wave devices or combinations 
thereof. A plurality of the same type or different types of 
resonators of resonators can be used in combination. For 
example, a low frequency resonator may be employed with 
a high frequency resonator. In this manner, it may be 
possible to obtain a wider range of responses for a given 
sample. 

[0068] Specifically it is preferred that the resonator of the 
sensors of the present invention are mechanical resonators, 
and more preferably flexural resonators, torsional resonators 
or a combinaton thereof. In one embodiment, preferred 
resonators may be selected from the group consisting of 
tuning forks, cantilevers, unimorphs, bimorphs, disc bend
ers, and combinations thereof. 

[0069] The size of the resonators can be varied. However, 
it should be appreciated that one advantage of the present 
invention is the ability to fabricate a very small sensor using 
the present resonators. For example, one preferred resonator 
has its largest dimension smaller than about 2 cm, and more 
preferably smaller than about 1 cm. One resonator has length 
and width dimensions of about 3 mm by 8 mm, and possibly 
as small as about 1 mm by 2.5 mm. Geometry of the 
resonator may be varied as desired also. For example, the 
aspect ratio of tines of the tuning forks, or geometrical 
factors of other resonators can be optimized in order to 
achieve better sensitivity to the properties of the gas phase, 
liquid phase or its particular components (e.g., a lubricant). 
For example, the aspect ratio of a tuning fork tine may range 
from about 30: 1 to about 1: 1. More specifically, it may range 
from about 15:1 to about 2:1. 

[0070] It is thus seen that a preferred resonator is config
ured for movement of a body through a fluid. Thus, for 
example, as seen in FIG. 2, the resonator may have a base 
and one or a plurality of tines projecting from the base. It is 
preferred in one aspect that any tine has at least one free tip 
that is capable of displacement in a fluid relative to the base. 
FIG. 3A illustrates a cantilever 122 having a base 124 and 
a free tip 126. Other possible structures, seen in FIGS. 3B 
and 3C contemplate having a disk 128, a plate 130 or the 
like that is adapted so that one portion of it is displace able 
relative to one or more variable or fixed locations 132 (132'). 
As seen in FIG. 3D, in yet another embodiment a resonator 
134 is contemplated in which a shear surface 136 of the 
resonator has one or more projections 138 of a suitable 
configuration, in order that the resonator may be operated in 
shear while still functioning consistent with the flexural or 
torsional resonators of the present invention, by passing the 
projections through a fluid. 
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[0071] In still other embodiments, and referring to FIG. 
3E-3G, it is contemplated that a resonator 200 may include 
an elongated member 202 supported on its sides 204 by a 
pair of arms 206. As shown respectively in FIGS. 3E-3G, 
the elongated member may be configured to oscillate side
to-side, back and forth, in twisting motions or combinations 
thereof. 

[0072] The embodiment of FIG. 3B may be constructed as 
a monolithic device. Yet another structure of the present 
invention contemplates the employment of a laminate or 
other multi-layer body that employs dissimilar materials in 
each of at least a first layer and a second layer, or a laminate 
comprised of layers of piezoelectric material of different 
orientations or configurations. According to this approach, 
upon subjecting one or more of the layers to a stimulus such 
as temperature change, an electrical signal or other stimulus, 
one of the materials will respond different than the other and 
the differences in responses will, in turn, result in the flexure 
of the resonator. In yet another embodiment, it is contem
plated that plural resonators can be assembled together with 
an electrode at least partially sandwiched therebetween. In 
this manner, it may be possible to further protect electrodes 
from harsh conditions, while still achieving the desired 
flexure. One specific example might include a two or more 
lithium niobate or quartz tuning forks joined together with a 
gold electrode therebetween. Other configurations (e.g., an 
H-shaped resonator) and material combinations may be 
employed as well, as disclosed in U.S. Provisional Appli
cation Ser. Nos. 60/456,767 and 60/456,517 (both filed Mar. 
21, 2003), incorporated by reference. 

[0073] As can be seen, the selection of the specific reso
nator material, structure, or other characteristic will likely 
vary depending upon the specific intended application. 
Nonetheless, it is preferred that for each application, the 
resonator is such that one or a combination of the following 
features (and in one highly preferred embodiment, a com
bination of all features) is present: 

[0074] 1) a coating, if placed upon the resonator in a 
thickness greater than about 0.1 micron, will not 
substantially detract from resonance performance; 

[0075] 2) the resonator is operable and is operated at 
a frequency of less than about 1 MHz, and more 
preferably less than about 100 kH,; 

[0076] 3) the resonator is substantially resistant to 
contaminants proximate to the sensor surface; 

[0077] 4) the resonator operates to displace at least a 
portion of its body through a fluid; or 

[0078] 5) the resonator responses are capable of 
de-convolution for measuring one or more individual 
properties of density, viscosity, viscosity/density 
product, conductivity or dielectric constant. 

[0079] The resonator may be uncoated or coated or oth
erwise surface treated over some or all of its exterior surface. 
A preferred coating is a metal (e.g., a conductive metal 
similar to what may be employed for electrodes for the 
sensor, such as silver, gold, copper, aluminum or the like), 
plastic, ceramic or composite thereof, in which the coating 
material is substantially resistant to degradation from the 
fluid to which it is to be exposed or to surface build-up, over 
a broad temperature range. 
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[0080] For example, one preferred embodiment, contem
plates the employment of a base resonator material and a 
performance-tuning material. Among the preferred charac
teristics of the resonators of the present invention is the base 
material is generally thermally stable. For example, in one 
preferred embodiment, the material exhibits a dielectric 
constant that is substantially constant over a temperature 
range of about 0 0 C. to about 1000 c., more preferably about 
_20 0 C. to about 1500 c., and still more preferably about 
_40 0 C. to about 2000 C. For example, it is contemplated 
that a preferred material exhibits stability to a temperature of 
at least about 3000 c., and more preferably at least about 
4500 C. In another aspect, the dielectric constant of the 
performance-tuning material preferably is greater than that 
of quartz alone, such as by a factor of 5 or more, more 
preferably by a factor of 10 or more and still more preferably 
by a factor of 20 or more. 

[0081] A highly preferred base material will not undergo 
a phase transformation up to a temperature of at least 5000 

c., and more preferably at least 10000 C. The base material 
may include a piezoelectric material, an electrostrictive 
material, a magnetostrictive material, a piezoresistive mate
rial, an elasto-optic material, an anisotropic material, or 
combinations thereof. By way of example, the particular 
material may be a metallic material, a crystalline material, a 
ceramic material or a combination thereof. Particular 
examples of base materials include, without limitation, 
quartz, lithium niobate, zinc oxide, lead zirconate titanate 
(PZT), gallo-germanates (e.g., Langasite (La3 GasSi0l4)' 
Langanite, or Langatate), diomignite (lithium tetraborate), 
bismuth germanium oxide gallium phosphate, gallium 
nitride, aluminum nitride or combinations thereof. 

[0082] A preferred characteristic of the performance tun
ing material is that it is relatively hydrophobic and exhibits 
a relatively low porosity, e.g., less than about 5% of its 
volume, more preferably less than about 3% and still more 
preferably less than about 1% and even still more preferably 
less than about 0.1 %. A preferred performance tuning mate
rial will be stable at about 1500 C. Preferably it will be 
resistant to absorption of oils. 

[0083] Examples of particularly preferred performance
tuning materials include one or a combination of two or 
more materials selected from the group consisting of poly
mers, ceramics, diamond, diamond-like carbon (e.g., Dia
monex® DLC or another amorphous carbon, such as hydro
genated amorphous silicon), and combinations thereof. For 
example, preferred performance-tuning materials might 
include one or a combination of two or more materials (e.g., 
specifically for exhibiting high hydrophobicity, a low coef
ficient of friction, or a combination thereof), selected from 
the group consisting of fluoropolymers (e.g., PTFE, a flu
orinated carbon, a fluorosilicone, a fluoroether (one example 
being NOVECTM from 3M), or the like), silicones, silanes 
(e.g., trimethyl silane or the like), siloxanes, polyolefins 
parylene, carbides (e.g., metal carbides), nitrides, oxides, 
diamond, diamond-like carbon, and combinations thereof; 
and even more particularly might include one or a combi
nation of two or more materials selected from the group 
consisting of polytetrafluoroethylene, fluorosilicone, poly
ethylene (e.g., high density polyethylene), polypropylene 
(e.g., high density polypropylene), silicon carbide, silicon 
nitride, diamond, diamond-like carbon, and combinations 
thereof. It is also possible that a material selected from the 
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above identified examples of base materials may be 
employed as a performance tuning material. 

[0084] It can thus be seen that the morphology of the 
resonators and any performance tuning material may vary. 
Amorphous materials might be employed in one or both 
devices, as may be polycrystalline materials, monocrystal
line materials or a combination thereof. 

[0085] The performance tuning materials of the present 
invention can be incorporated into a resonator in any of a 
number of different forms. By way of example, the perfor
mance tuning materials might be applied as one or a plurality 
of layers partially overlying a base resonator material; as one 
or a plurality of layers entirely overlying a base resonator 
material; as the entirety of the resonator material; as an 
intermediate layer in the resonator; as a matrix material 
having a different material dispersed therein; as a material 
dispersed within a different matrix material; or combinations 
thereof. When employed as a layer, the performance tuning 
material may be employed continuously or intermittently, 
along edges of the resonator base material, within the 
interior of the resonator base material, or a combination 
thereof. One or more of the performance tuning materials 
may also be employed to coat electrodes of sensors (which 
are typically going to be a precious metal, such as gold or 
silver, or another conductor) in accordance with the present 
invention. 

[0086] One or a plurality of layers of the performance 
tuning materials therefore may be fabricated into a resonator 
using any of a number of different art-disclosed techniques, 
such as one or a combination of solvent coating, laser 
ablation, plasma deposition, physical vapor deposition, 
chemical vapor deposition, in situ polymerization, dipping, 
adhesive bonding, sintering, plating, fastening, chemical 
bonding or a combination thereof. By way of example, in 
one embodiment, a surface coating is applied to a resonator 
by masking the resonator and depositing performance-tun
ing material over the unmasked region. A step of photoli
thography may also be employed using suitable photoresist 
in order to achieve even more precise control over the size 
and shape of the coating. Preferably the deposition process
ing temperature is maintained below about 5000 c., and 
more preferably below about 2500 C. 

[0087] Any coating process may also be accompanied 
with a suitable cleaning step, such as a rinse or wipe with a 
suitable solvent, such as water, alcohol or the like, and 
optional ultrasonic cleaning. A polishing step might also be 
employed. 

[0088] In one embodiment a plurality of resonators are 
fabricated upon a common substrate and the resonators are 
separated from each other after fabrication by suitable 
separation techniques, such as cutting or the like. For 
example, in one aspect, the resonators are prepared by 
art-disclosed processing techniques, such as are practiced in 
the semiconductor device fabrication industry. Thus, a wafer 
may be provided, one or more layers deposited thereon (e.g., 
by vapor deposition, sputtering, spin coating, curtain coat
ing, laminating wafer bonding, or the like). Steps may be 
performed for shaping the resonator, such as photolithogra
phy, laser cutting, etching, dicing or the like. Other fabri
cation techniques, such as casting, molding, or the like may 
also be used. 

[0089] In a highly preferred embodiment in which the 
performance tuning material or other coating is deposited as 
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a layer onto a surface of another material, the layer thickness 
preferably ranges up to about 10 fA, and more preferably is 
about 0.005 fA to about 5 fA, and more preferably is about 0.1 
fA to about 1 fA. 

[0090] Also as discussed, in certain instances it is prefer
able for the resonator to be optionally coated with a material 
to change the performance characteristics of the resonator. 
For example, the material can be a coating, such as to protect 
the resonator from corrosion, degradation or other factors 
potentially affecting resonator performance. Alternatively, it 
may be a specialized "functionalization" coating that 
changes the resonator's response if a selected substance is 
present in the composition being tested by the resonator. For 
example, adding a hydrophobic or hydrophilic functionality 
to a resonator tine allows the tine to attract or repel selected 
substances in the fluid being analyzed, changing the mass, 
effective mass, geometry or a combination thereof of the 
tuning fork and thereby changing its resonance frequency. 

[0091] Thus, in one particularly preferred embodiment the 
resonators used in the present invention include a surface 
that is substantially resistant to contaminant build-up (e.g., 
impurities, soot, varnish, sludge, or the like) over all or a 
portion thereof. Accordingly, it is preferred that at least or 
portion of the resonator surface includes a material or 
texture that exhibits a relatively low affinity to contaminant, 
relatively high affinity to the fluid under test, a relatively 
high degree of hydrophobicity, or a combination thereof. 
Under separate circumstances, however, it may be desirable 
that the resonator surface include a material or texture that 
exhibits a relatively high affinity to contaminant, and a 
relatively high degree of hydrophilicity. 

[0092] The resonators can also be functionalized with a 
polymer layer or other selective absorbing layer to detect the 
presence of specific molecules. The coating or functionality 
can be applied onto the resonator using any known method, 
such as physical vapor deposition (PVD), chemical vapor 
deposition (CVD), plasma enhanced chemical vapor depo
sition (PECVD), pulsed laser deposition (PLD), spraying or 
dipping. Further, the specific material selected for the coat
ing or functionality will depend on the specific application 
in which the resonator is to be used. 

[0093] A single resonator may be coated or functionalized. 
Alternatively, multiple resonators having the same or a 
different structure but different performance tuning materi
als, other coatings, functionalities or combinations thereof 
can be incorporated into one sensor. For example, a plurality 
of resonators may have the same structure but have different 
functionalities, each functionality designed to, for example, 
bond with a different target molecule. When the sensor is 
used in such an application, one resonator can, for example, 
be functionalized with a material designed to bond with a 
first substance while another resonator can be functionalized 
with a material designed to bond with a second substance. 
The presence of either one of these substances in the sample 
composition being tested will cause the corresponding reso
nator to change its resonance frequency. It is also possible to 
employ one or more sensors in which one resonator is 
coated, and another is not coated. 

[0094] As discussed elsewhere, the manner of operating 
the sensors of the present invention may vary. In one 
embodiment, the sensor is operated continuously. In another, 
it may be intermittently operated. It is possible that the 
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sensor may be operated only in preselected conditions, such 
as prior to starting system operation, upon starting system 
operation, during system operation, upon concluding system 
operation, or otherwise. 

[0095] Under any or all of the above conditions, it will be 
recognized that the integrity of the measurement may be 
impaired as a result of some environmental condition, such 
as temperature. The present invention thus also contem
plates as one of its embodiments, the employment of an 
environment conditioner, pursuant to which at least the 
environment proximate the location of the sensor is moni
tored or controlled to a predetermined condition. For 
example, it may be preferred with certain sensors to main
tain the optimal sensing capability to be within a certain 
range of temperatures. A fluid that is outside of that range 
preferably will be detected and a temperature regulating 
device will heat or cool the fluid appropriately so that it can 
be efficiently sensed by the resonators of the present inven
tion. 

[0096] It is also possible that the environmental condi
tioner is operated to maintain the environment in a constant 
condition. In this manner, it can be seen, for example, that 
it is possible to employ a sensor of the present invention with 
a suitable heater for heating a frigid fluid to a certain 
temperature and preferably maintaining the fluid at that 
temperature for the duration of a measurement. 

[0097] The employment of an environmental conditioner 
also offers the advantage that certain environmental condi
tion-sensitive properties of the sensed fluid (e.g., the 
temperature dependency of viscosity) will be relatively 
unaffected during measurements, and provide a more repro
ducible and reliable data. 

[0098] In certain instances, it is contemplated that data 
obtaining from the sensors may be graphically displayed, 
such as on a video display screen (e.g., a desk-top screen, a 
hand-held screen, or both). It may also be outputted in 
printed format, as will be seen with reference to the 
Examples. 

[0099] Examples of suitable systems that may be 
employed herein include the systems illustrated in FIGS. 5 
and 6 of 60/419,404 (filed Oct. 18,2002 (incorporated by 
reference), as well as the systems described in U.S. appli
cation Ser. No.1O/394,543 (filed Mar. 21, 2003) (incorpo
rated by reference). 

[0100] For example, one system employs a signal genera
tor such as a sweep oscillator in signaling communication 
with a resonator. The signal generated from the resonator 
might be transmitted to an analog-to-digital converter. Data 
from another sensor may also be sent to the converter. The 
converter (if used), the sweep oscillator or both communi
cate with a suitable processor (e.g., an embedded microcon
troller), which may in turn is in signaling communication 
with one or both of an internal bus or external bus, via for 
example a suitable interface (e.g., a CAN interface). Another 
possible system further includes a suitable environmental 
conditioner driven by a suitable driver in communication 
with the processor. 

[0101] It will be appreciated from the foregoing that, in 
one preferred embodiment, the present invention is 
employed for sensing the condition of a thermal change 
fluid, and is founded upon analysis of changes in resonance 
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characteristics that occur when the resonator is in contact 
with a thermal change fluid. The response is thus correlated 
with one or more fluid properties. Without intending to be 
bound by theory, to help with such a correlation, in a highly 
preferred embodiment, applicable for highly preferred reso
nators in accordance herewith, a mathematical or equivalent 
electrical circuit model can be constructed that includes the 
mechanical and electrical characteristics of the resonator, the 
properties of the surrounding fluid, and the coupling 
between resonator and fluid. Comparison of the model to 
measured data can help to yield the properties of interest. 
The parameters of the model can be found by fitting to the 
measured response using standard data fitting methods, such 
as (without limitation) least squares minimization. In one 
procedure, the parameters corresponding to the resonator 
alone are first determined by calibration in air or vacuum. A 
second calibration in a liquid of known properties such as 
viscosity, density, viscosity/density product, dielectric con
stant, conductivity or a combination thereof, gives param
eters for mechanical and electrical coupling between reso
nator and liquid. With the model parameters then 
established, the properties of other liquids can be deter
mined. Data acquisition and analysis can be simplified for 
incorporation in a fluid monitoring system. 

[0102] An example of one such analysis is set forth in L. 
F. Matsiev, "Application of Flexural Mechanical Resonators 
to Simultaneous Measurements of Liquid Density and Vis
cosity", IEEE Ultrasonics Symposium Proceedings, pp. 457-
460 (1999), hereby incorporated by reference. By way of 
illustration, for the equivalent circuit depicted in FIG. 4, it 
is assumed that Cs ' Ra, La are equivalent characteristics of a 
preferred resonator in a vacuum, Cp is the equivalent parallel 
capacitance, p is the liquid density, 11 is liquid viscosity, C!J 

is oscillation frequency. 

[0103] Accordingly, it can be seen that viscosity and 
density can be de-convoluted by the following "deconvolu
tion formulae": 

Z(()))~Ai())p+Bv())pll(l+i) 

Z( ()) )~i())M+~VQ(l +i) 

L\.L~Ap, L\.~Bvpll 

[0104] The above is not intended as limiting of the present 
invention. Other alternative models might be derived with 
reference to publications such as "Frequency response of 
cantilever beams immersed in viscous fluids with applica
tions to the atomic force microscope", 1. E. Sader, 1. Appl. 
Phys. 84, 64-76 (1998); "Resonance response of scanning 
force microscopy cantilever", G. Y. Chen, R. 1. Warmack, 
T.Thundat, and D. P. Allison, Rev. Sci. Instrum. 65, 2532-
2537(1994); and "Lecture notes on shear and friction force 
detection with quartz tuning forks" Work presented at the 
"Ecole The matique du CNRS" on near-field optics, March 
2000, La Londe les Maures, France by Khaled Karrai, 
Center for NanoScience, Section Physik der Ludwig-Maxi
milians-Universitatt Mucnchen D-80539 Munchen, Ger
many, the teachings of which are hereby incorporated by 
reference. 

[0105] Further, it will also be appreciated that the above 
protocol need not be performed in every instance. For 
example, where the specifics of the resonator geometry and 
electronics are accurately known, a reduced set of measure
ments, such as the frequency and amplitude of the resonance 
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peak and mllllmum could suffice to determine particular 
liquid properties. In this case, simplified detector electronics 
and analysis methods advantageously might be employed to 
facilitate incorporation in a system for on-line or real time 
fluid condition monitoring, which is also contemplated 
herein. 

[0106] The sensors in accordance with the present inven
tion advantageously provide excellent performance charac
teristics. Without limitation, for example, the sensors herein 
require less than 5V AC of excitation voltage, and on the 
order of less than 1 micro-amp current (e.g., about 0.1 
micro-amps). Accurate measurements are obtainable in less 
than one second, and often less than about 0.25 seconds. The 
measurement range for viscosity is from about 0 to at least 
about 20 cPs (and possibly as high as at least about 5000 
cPs) at 19/cm3. The measurement range for density is from 
about 0 to at least about 20 g/cm3 at 1 cPo Dielectric 
constants are measurable over at least the range of about 1 
to about 100. Resolution (density, viscosity) values of less 
than 1 % are also possible. 

[0107] As addressed elsewhere, it should be appreciated 
that the sensors and other devices described herein are not 
intended strictly for use in environment control systems, but 
may be employed in other systems as well, such as machine 
fluid sensing systems (e.g., an oil condition sensor), a 
microbalance, in a flow detection system, in a petroleum 
exploration, drilling or processing system, or other applica
tions. 

EXAMPLES 

Example 1 

[0108] Referring to FIG. 5, there is shown a specific 
schematic illustration of one type of general system 300 in 
which the present invention might be employed. The system 
generally includes a circulation loop (e.g., a closed loop or 
open loop, not shown), which includes at least one conduit 
302 in which a thermal change fluid is introduced as a liquid 
or condensable gas (e.g., via an initial charge prior to sealing 
the system, by a thermal change fluid reservoir or other 
source 304, or otherwise) that is connected to the loop via 
one or more suitable ports. Associated with the conduit 
(whether contained therein, in series therewith, in a parallel 
branch or otherwise), is one or more of a temperature 
measurement device, a pressure measurement device, a mass 
flow meter, or other optional condition monitoring device 
306. Also associated with the line (whether separate from or 
integrated with the condition monitoring device 306 (e.g., as 
part of a manifold unit), upstream therefrom, downstream 
therefrom, in series with the conduit, in a parallel branch or 
otherwise), is one or more of the sensor 308 of the present 
invention, adapted for exposure to the thermal change fluid 
for monitoring a change in condition of the fluid. The sensor 
308 is in signaling communication with a suitable signal 
source, and suitable data acquisition monitoring instrumen
tation. 

[0109] Thus, in the present example, a tuning fork reso
nator sensor that is smaller than about 10 mm is placed in a 
system (using a potted two-wire connector) that includes one 
or a combination of refrigerant (e.g., R-134A refrigerant), a 
lubricant (e.g., an ester lubricant) or both. In the embodi
ment shown, an optional transfer manifold 310 is employed 
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for housing the condition monitoring device 306 in combi
nation with the tuning fork sensor. The tuning fork sensor is 
in signaling communication (e.g., via a 50 ohm cable) with 
a Hewlett Packard network analyzer, which is employed to 
vary the frequency of a variable frequency input signal over 
a predetermined frequency range and which obtains a fre
quency-dependent resonator response of the mechanical 
resonator (e.g., via a high impedance probe), and outputs the 
response. Results are recorded in a computer via a suitable 
GPIB interface and may be transferred as desired to a 
suitable server or other storage unit for subsequent storage. 

[0110] FIG. 6 illustrates results obtainable using an 
approximately 3x8 mm silver coated ceramic tuning fork 
sensor. As can be seen sensor response is stable and a clear 
differentiation is observed as between the gas phase and the 
liquid phase, whether the liquid is a refrigerant, a lubricant, 
or a combination thereof, it being particularly noted that the 
refrigerant and lubricant combination is comfortably with 
the optimal sensitivity for the sensor. It should be noted that 
effective measurements are obtainable at different concen
trations of lubricant, it being observable on the basis of 
experimentation in which a small chamber is constructed to 
receive lubricant and refrigerant combinations delivered via 
syringe dispensing, with refrigerant being cooled into liquid 
state by dry ice. 

Example 2 

[0111] The setup of Example 1 is employed, with a resin 
coated (e.g., enamel) lithium niobate tuning fork sensor 
substituted for the tuning fork sensor of Example 1. Repro
ducibility across a range of different fluids is shown in FIG. 
7. It will be noted from FIG. 7, that the sensors generally of 
the present invention is suitable for use in aqueous and saline 
media. 

Example 3 

[0112] The setup of Example 1 is employed, using each of 
the sensors of Example 1 and Example 2, The sensor 400 
(400') is coated with a coating 402 (402'). For example, the 
coating may include a stove enamel (e.g., an acrylic 
enamel), which is coated by plural brief (e.g., about 0.5 sec) 
spray passes, with intermediate drying (e.g., by hot air, such 
as above 80 C). The base portion 404 (404') and the leads 
406 (406') of the sensor are optionally further coated with a 
resin (particularly epoxy resin) to help avoid electrical 
coupling with a conductive fluid to be monitored. The tuning 
fork in its entirety, the sensor in which it is incorporated, the 
tuning fork tines 408 (408'), optionally the base of the 
sensor, or combinations thereof are coated with a stove 
enamel (e.g., an acrylic enamel), such as by plural brief (e.g., 
about 0.5 sec) spray passes, with intermediate drying (e.g., 
by hot air, such as above 80 C). FIG. 8 illustrates a sensor 
like that of Example 1, and FIG. 9 illustrates a sensor like 
that of Example 2. It will be noted that the sensor of FIG. 
9 may include one or more internal passages 410' such as for 
permitting isolation of electrical contacts. For example, 
conduits 412' (the number of which may be selected as 
desired) might be aligned relative to each other by one or a 
plurality of common manifolds 414' that are spaced relative 
to each other as shown, in contact with each other or both. 
The sensor may have a further resin coating between the 
manifolds and the conduits, at the base of the sensor or 
elsewhere. For example, FIG. 9 illustrates a resin coating 
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416' adjacent the base portion of the sensor. The resin may 
function as an adhesive, a protective coating or both. 

[0113] FIG. 10 illustrates exemplary results from the 
employment of the sensor of FIG. 8 in the monitoring of 
pure refrigerant (noted as "R"), refrigerant and lubricant. 
Successful measurements are possible in both classes of 
fluids. Likewise, as seen in FIG. 11 (representative of results 
from other resonators of the present invention as well), 
successful measurements are obtainable using the present 
invention to measure a conductive fluid such as a coolant 
(e.g., a glycol such as ethylene glycol). 

Example 4 

[0114] Sensors in accordance with the present invention 
are used in a fixture 500, such as the illustrative example 
depicted in FIGS. 12A-12B. As seen in FIG. 12A, generally 
the fixture 500 includes a fluid chamber 502 (e.g., having a 
volume less than 100 ml, such as 20 ml) into which a thermal 
change fluid, thermal change fluid in the gas state, or other 
gas (e.g., air, nitrogen, or otherwise) is introduced with a 
fluid dispenser (e.g., via a syringe needle or other capillary, 
such as a 23 gage needle "RN"504), a valve, or a combi
nation thereof, associated with an inlet portion 506. The inlet 
portion 506 (which may be a permanent or removable 
adapter for receiving the needle 504) is optionally connected 
with the chamber by way of a septum 508 portion. The 
sensor (e.g., including a tuning fork 510) may be removably 
attached to the fixture via a fitting 512, such as by use of a 
threaded fitting, an interference fitting, a magnetic fitting, 
adhesive (e.g., an epoxy or otherwise), a combination 
thereof, or the like. Suitable electrical connections, such as 
described previously may be coupled with the sensor, of 
course, for signaling communication with an input signal, 
monitoring device or both. The sensor may alternatively, or 
additionally employ an electromagnetic wireless device for 
achieving signaling communication with other components. 
The sensor (e.g., including a tuning fork) may be positioned 
so that it is exposed directly to the thermal change fluid, and 
optionally may be located in a relatively low turbulence 
region, (e.g., in a well 514, within a cage, at least partially 
surrounded by a protective wall, or a combination thereof). 
The septum portion may be any suitable structure and may 
include, for example, a septum fitting 516 (e.g., a nut), and 
a seal 518 (e.g., an elastomeric seal such as a fluorocarbon 
elastomeric Merlin Microseal® formed or placed in the 
fitting). The fixture might also be suitable configured for 
housing a condition monitoring device such as one or both 
of a temperature or pressure measurement device, as well as 
including one or more suitable ports for fluid drainage. The 
FIG. 12B illustrates examples of data obtained using such 
fixture, where a tuning fork having the following approxi
mate characteristics is employed: 

Size I 
Tuning Fork 

- 2 mm 32KHz 10mm 

crreS(lvRMS) 

-30 nm 

b Re-

11.4 J.lffi 0.9 

[0115] To illustrate the sensitivity of the sensor to the gas 
phase of the refrigerant, having pressurized nitrogen in the 
head space as noted in FIG. 12B, the following viscosity 
data is observed (in cPs(O C.lOlkPa)): air-1.70SE-03; 
carbon dioxide-1.390E-03; helium-1.S60E-03; hydro-
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gen-8.345E-04; methane-1.026E-03; nitrogen-1.660E-
03; and oxygen-1.919E-03. The above, of course, takes 
into account the values for air at ambient of the speed of 
sound of about 330 mis, a density of about 1.3 kglm3

, and 
a viscosity of about 1.70SE-03 cPs, and applies the corre
lations of: 

1 P 
P = j, RT 

'I = _1_) 8mkT , (T = nd2 
3{2;; n 

[0116] Thus, it can be seen that this system affords the 
ability to measure independently the pressure and the tem
perature in one or more particular points of the gas flow for 
a known gas or to discriminate between different gases by 
the molecular weight or compressibility parameters if a 
mixture of gases is present and the temperature or pressure 
is known. 

[0117] As with all of the graphically depicted data herein, 
though illustrated with reference to measurements using a 
particular type of resonator (e.g., a tuning fork resonator), 
with a particular type of fluid (e.g., nitrogen fluid), like 
results are possible using the alternative resonators of the 
present invention, different fluids, or a combination thereof. 
For example, it is contemplated that one specific data output 
of the present invention will exhibit an upwardly sloping 
generally sinusoidal wave configuration, with a signal peak 
exhibited at a frequency between 10 kHz and 30 kHz. It 
should be appreciated, however, that the traces provided in 
the figures herein are not intended to limit the geometry of 
any resulting data outputted, and that other shapes of traces 
may be produced and fall within the scope of the present 
invention. 

[0118] In short, the above examples demonstrate how 
sensors of the present invention can measure properties of 
thermal change fluids of a variety of different types. 

[0119] It will be further appreciated that functions or 
structures of a plurality of components or steps may be 
combined into a single component or step, or the functions 
or structures of one step or component may be split among 
plural steps or components. The present invention contem
plates all of these combinations. Unless stated otherwise, 
dimensions and geometries of the various structures 
depicted herein are not intended to be restrictive of the 
invention, and other dimensions or geometries are possible. 
Plural structural components or steps can be provided by a 
single integrated structure or step. Alternatively, a single 
integrated structure or step might be divided into separate 
plural components or steps. In addition, while a feature of 
the present invention may have been described in the context 
of only one of the illustrated embodiments, such feature may 
be combined with one or more other features of other 
embodiments, for any given application. It will also be 
appreciated from the above that the fabrication of the unique 
structures herein and the operation thereof also constitute 
methods in accordance with the present invention. 

[0120] The explanations and illustrations presented herein 
are intended to acquaint others skilled in the art with the 
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invention, its principles, and its practical application. Those 
skilled in the art may adapt and apply the invention in its 
numerous forms, as may be best suited to the requirements 
of a particular use. Accordingly, the specific embodiments of 
the present invention as set forth are not intended as being 
exhaustive or limiting of the invention. The scope of the 
invention should, therefore, be determined not with refer
ence to the above description, but should instead be deter
mined with reference to the appended claims, along with the 
full scope of equivalents to which such claims are entitled. 
The disclosures of all articles and references, including 
patent applications and publications, are incorporated by 
reference for all purposes. 

What is claimed is: 
1. A method for monitoring a thermal change fluid in an 

environmental control system, the method comprising 

operating a mechanical resonator in an environmental 
control system selected from heating, ventilation, air 
conditioning and refrigeration systems, the environ
mental control system including a passage for a thermal 
change fluid, the mechanical resonator being a flexural 
resonator, a torsional resonator or a combination 
thereof, 

translating at least a portion of the resonator through the 
thermal change fluid, and 

monitoring the response of the resonator to the thermal 
change fluid in the passage. 

2. A method for monitoring a superheat condition of a 
refrigerant in an environmental control system, the method 
comprising 

superheating a refrigerant in an environmental control 
system, and 

monitoring the superheated refrigerant with a mechanical 
resonator. 

3. An method for monitoring a fluid in an environmental 
control system, the method comprising 

pressurizing and heating a reduced pressure vapor in an 
environmental control system to form an elevated pres
sure, elevated temperature vapor, 

condensing the elevated pressure, elevated temperature 
vapor to form an elevated pressure liquid, 

expanding the elevated pressure liquid to form a reduced 
pressure liquid, 

evaporating the reduced pressure liquid to form a reduced 
pressure vapor, and 

monitoring a fluid selected from one or more of the 
elevated pressure, elevated temperature vapor, the 
elevated pressure liquid, the reduced pressure liquid, 
the reduced pressure vapor and combinations thereof, 
the fluid being monitored with a mechanical resonator. 

4. The method of claims 1 or 3 wherein the thermal 
change fluid includes a lo liquid, gas, or combination 
thereof, selected from refrigerants, refrigerant lubricants, 
coolants, or combinations of two or more of such fluids. 

5. The method of claims 1 or 3 wherein the thermal 
change fluid comprises R-l 34Arefrigerant, a mineral oil, an 
ester lubricant or a mixture thereof. 

6. The method of claim 2 wherein the refrigerant further 
comprises refrigerant lubricant. 
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7. The method of claims 1,2 or 3 wherein the resonator 
is coated over at least a portion of its outer surface. 

8. The method of claims 1, 2 or 3 wherein the resonator 
comprises a resonator element made of a piezoelectric 
material. 

9. The method of claims 1,2 or 3 wherein the resonator 
comprises a resonator element made of lithium niobate. 

10. The method of claims 2 or 3 wherein the mechanical 
resonator is a flexural resonator, a torsional resonator or a 
combination thereof. 

11. The method of claims 1, 2 or 3 wherein the resonator 
is selected from tuning forks, cantilevers, unimorphs, bimor
phs, membrane resonators, torsion bars or combinations 
thereof. 

12. The method of claims 1, 2 or 3 wherein the resonator 
is a tuning fork resonator. 

13. The method of claims 1, 2 or 3 wherein the resonator 
is a piezoelectric tuning fork resonator. 

14. The method of claims 1, 2 or 3 wherein the resonator 
is operated at frequencies of less than about 1 MHz. 

15. The method of claims 1, 2, or 3 further comprising the 
step of employing data obtained from the monitoring step to 
perform at least one operation of the environmental control 
system or a component thereof. 

16. The method of claim 15 wherein the at least one 
operation of the environmental control system is selected 
from switching the environmental control system or one or 
more components therein to an on or off state, closing or 
opening a valve in the environmental control system, chang
ing a flow rate of the thermal change fluid or refrigerant, 
changing a pressure of the thermal change fluid or refriger
ant, changing the operating speed or condition of one or 
more components of the environmental control system, 
providing a visual output signal, providing an audible output 
signal, or a combination thereof. 

17. The method of claims 1, 2 or 3 wherein the monitoring 
step comprises monitoring at least one of fluid viscosity, 
fluid density, fluid conductivity, fluid viscosity/density prod
uct, or fluid dielectric constant. 

18. The method of claim 1,2 or 3 wherein the monitoring 
step further comprises a step selected from monitoring a 
change of frequency of the resonator while maintaining an 
input signal to the resonator as a constant, monitoring the 
change in electrical feedback from the resonator while 
maintaining the input signal to the resonator as a constant, 
varying the frequency of a variable frequency input signal 
over a predetermined frequency range to obtain a frequency
dependent resonator response of the resonator, comparing 
the response of the resonator with a prior response of the 
resonator, comparing the response of the resonator with a 
known reference value for the thermal change fluid, com
paring the response of the resonator with the response of 
another resonator in the system, or a combination of two or 
more such steps. 

19. The method of claims 2 or 3 wherein the environ
mental control system is an air conditioning or refrigeration 
system. 

20. An environmental control system selected from heat
ing, ventilation, air conditioning and refrigeration systems, 
the system comprising 

a passage for receiving a thermal change fluid, 

at least one mechanical resonator adapted for relative 
translation with the thermal change fluid, the mechani-
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cal resonator being a flexural resonator, a torsional 
resonator or a combination thereof, and 

a circuit for monitoring a response of the resonator to the 
thermal change fluid. 

21. A superheat monitoring system for use in an environ
mental control system comprising a refrigerant, comprising 

at least one mechanical resonator adapted for contact with 
a superheated refrigerant in the environmental control 
system, and 

a circuit for monitoring a response of the resonator to the 
superheated refrigerant, the monitoring circuit com
prising a processing unit adapted to receive a signal 
from the resonator, the processing unit being pro
grammed with an algorithm for monitoring the super
heat condition of a fluid in the system. 

22. An environmental control system, comprising 

a compressor for compressing a reduced pressure vapor to 
form an elevated pressure, elevated temperature vapor, 

a condenser for removing heat from and condensing the 
elevated pressure, elevated temperature vapor to form 
an elevated pressure liquid, 

an expansion device for reducing the pressure of the 
elevated pressure liquid to form a reduced pressure 
liquid, 

an evaporator for evaporating the reduced pressure liquid 
to form the reduced pressure vapor, 

at least one passage for containing a refrigerant, the 
refrigerant comprising a fluid selected from one or 
more of the elevated pressure, elevated temperature 
vapor, the elevated pressure liquid, the reduced pres
sure liquid, the reduced pressure vapor, and combina
tions thereof, 

a mechanical resonator positioned to contact the refrig
erant in the passage, and 

a circuit for monitoring the response of the resonator to 
the refrigerant in the passage. 

23. The system of claim 20 wherein the thermal change 
fluid includes a liquid, gas, or combination thereof, selected 
from refrigerants, refrigerant lubricants, coolants, or com
binations of two or more of such fluids. 

24. The system of claim 20 wherein the thermal change 
fluid comprises R-134A refrigerant, a mineral oil, an ester 
lubricant or a mixture thereof. 

25. The system of claims 21 or 22, wherein the refrigerant 
further comprises refrigerant lubricant. 

26. The system of claims 20, 21 or 22 wherein the 
resonator is coated over at least a portion of its outer surface. 

27. The system of claims 20, 21 or 22 wherein the 
resonator comprises a resonator element made of a piezo
electric material. 

28. The system of claims 20, 21 or 22 wherein the 
resonator comprises a resonator element made of lithium 
niobate. 
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29. The system of claims 21 or 22 wherein the mechanical 
resonator is a flexural resonator, a torsional resonator or a 
combination thereof. 

30. The system of claims 20, 21 or 22 wherein the 
resonator is selected from tuning forks, cantilevers, unimor
phs, bimorphs, membrane resonators, torsion bars or com
binations thereof. 

31. The system of claims 20, 21 or 22 wherein the 
resonator is a tuning fork resonator. 

32. The system of claims 20, 21 or 22 wherein the 
resonator is a piezoelectric tuning fork resonator. 

33. The system of claims 20, 21 or 22 wherein the 
resonator is operated at frequencies of less than about 1 
MHz. 

34. The system of claims 21 or 22 wherein the environ
mental control system is an air conditioning or refrigeration 
system. 

35. The system of claims 20, 21 or 22 wherein the 
environmental control system comprises a passenger com
fort system of a transportation vehicle. 

36. The system of claim 20 wherein the environmental 
control system comprises an electronic component environ
mental control system. 

37. The system of claim 20 wherein the environmental 
control system comprises a motor used to drive a compres
sor, and the thermal change fluid comprises a fluid used in 
the compressor motor. 

38. The system of claim 20 further comprising a source of 
an input signal in signaling communication with the reso
nator, the input signal resulting from an electrical impulse, 
a mechanical impulse or combinations thereof. 

39. The system of claim 38 wherein the input signal is an 
electrical signal selected from a variable frequency input 
signal; a constant frequency input signal; a voltage spike, a 
sine wave burst or combinations thereof. 

40. The system of claims 20 or 22 wherein the monitoring 
circuit further comprises a a processing unit adapted to 
receive a signal from the resonator. 

41. The system of claim 21 wherein the monitoring circuit 
further comprises an amplifier for amplifying the signal 
from the resonator for receipt by the processing unit. 

42. The system of claim 40 wherein the monitoring circuit 
further comprises an amplifier for amplifying the signal 
from the resonator for receipt by the processing unit. 

43. The system of claim 21 wherein the system further 
comprises a temperature measurement device, and the pro
cessing unit is in signaling communication with the tem
perature measurement device. 

44. The system of claim 40 wherein the system further 
comprises a temperature measurement device, and the pro
cessing unit is in signaling communication with the tem
perature measurement device. 

* * * * * 


