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A thickness shear mode (TSM) resonator consists of
metal electrodes deposited on opposite faces of a thin
AT-cut quartz crystal. An RF voltage applied between the
electrodes excites a shear mode mechanical resonance
when the excitation frequency matches the crystal
resonant frequency (Fig. 1). Any material in contact with
the quartz surface perturbs the shear mode resonance.
Rigid mass layers move synchronously with the surface
reducing the electrical operating resonant frequency
according to [1]
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where f; is the series resonant frequency, n is the number
of surfaces contacted, N is the resonator harmonic number
(odd integers), i, and p, are the quartz shear stiffness and
density, and p, is the surface mass density. Liquids are
viscously entrained by the quartz surface, producing both
a resonant frequency shift and resonance damping
(decrease in amplitude) [2]:
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where p and 1 are the liquid density and viscosity, K? is
the quartz electromechanical coupling factor, and C, is the
static resonator capacitance. These shifts in resonant
parameters can be measured using network analysis or
simpler oscillator electronics.

The ability to monitor real-time changes in fluid density
and viscosity and the accumulation of particulates or
precipitates makes the quartz resonator sensors ideal for in
situ lubricant diagnostics, field screening, and vehicle
applications. Resonators and accompanying electronics
are small and inexpensive and can survive in extreme
temperature, vibration, and chemical environments.

Oscillator Electronics In order to accommodate the
large motional resistances of lubricants (AR > 1 kQ), a
“lever” oscillator circuit has been designed and
implemented [3]. This circuit provides two outputs: an
RF signal that closely tracks f;, and a dc voltage
proportional to AR. By actively and variably dividing the
resonator impedance (the lever action), the oscillator
maintains near-constant phase and loop gain over a wide
dynamic range. Recent implementations of the circuit
demonstrated single-sided (n = 1) operation in oils with
viscosity greater than 1000 cP.

Qil Viscosity Monitoring Oil viscosity determination is
important in product formulation and in characterization
of lubricating quality during use. In vehicles, oil viscosity
increases due to oxidation at high temperatures and
pressures and decreases due to fuel or water dilution.
Proper viscosity indication aids in maintenance. We have
shown that quartz resonator lubricant monitors {4]
compare favorably with standard techniques for
determining oil viscosity and viscosity index [5].
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Fig. 1. Cross-sectional view of a TSM resonator.

Resonator measurements cannot yet approach the
accuracy and precision of standard techniques
(approximately 5% compared to < 1%), but their in situ
operation provides for a real-time diagnostic.

Non-Newtonian Characterization The viscosities of
most lubricating oils exhibit shear-rate dependence. The
quartz resonator can be used to interrogate some of these
non-Newtonian aspects of lubricants by measuring the
shift in resonator stored energy (motional reactance, AX,
related to Af) relative to the resonator dissipated power
(AR). For a Newtonian fluid, AX = AR. If the contacting
liquid is described as a Maxwell fluid whose viscosity
exhibits a relaxation response with frequency [6]:
n =no/(1 + jot), where 1, is the low-frequency viscosity
and v is the fluid relaxation time defined by T =1n/y, for p
the high frequency shear modulus; then AR > AX. This
property is illustrated in Fig. 2 for two synthetic
lubricants: a synthetic base stock and its fully-formulated
oil. The polymeric additives in the fully-formulated
lubricant produce greater non-Newtonian character as
indicated by the larger deviations between motional
parameters at the low temperatures.

Cloud Point Detection The critical temperature in crude
oil products where the high molecular weight
hydrocarbons start to precipitate or visibly crystallize is
known as the cloud point. A quartz resonator sensor has
been used to quantify this feature in several different
oils [7]. An abrupt increase in resonator frequency and
resonance damping is measured at the cloud point as the
temperature of the oils is slowly decreased. This precise
indicator correlates well with the visibly-observed cloud
point. As demonstrated in these tests, abrupt shifts in
resonant frequency and damping are often the result of
phase changes in the contacting material.  These
characteristics of the quartz resonator sensors can be
exploited to determine other lubricant properties.
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Fig. 2. Motional resistance (AR) and reactance (AX)
versus temperature for two synthetic lubricants.
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