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PIEZOELECTRIC TRANSDUCER AND DOWNHOLE TOOL FOR MEASURING FLUID
PROPERTIES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Patent Application No. 13/420,190
filed March 14, 2012, which claims priority to U.S. Patent Application No. 13/411,710 filed
March 5, 2012, which further claims priority under 35 U.S.C. §119(¢) to U.S. Provisional
Patent Application No. 61/453,323, filed March 16, 2011, entitled PIEZOELECTRIC
TRANSDUCER FOR MEASURING FLUID PROPERTIES, all of which are hereby

incorporated by reference in their entireties.

BACKGROUND
1. Field of the Invention

[0002] The present invention generally relates to instruments for measuring fluid
properties and, particularly, to a piezoelectric transducer for measuring properties of borehole
fluids.

2. Description of the Related Art

[0003] In underground drilling applications, such as oil and gas exploration and
recovery, a borehole is drilled into the earth. The drilling process can include taking
measurements of fluids in the borehole while the borehole is being drilled (logging while
drilling (LWD)). In some cases, a wireline is used to lower a measurement instrument into
the borehole after a stage of the drilling process has been completed to measure properties of
fluids in the borehole.

[0004] Measured fluid properties can include, for example, the density and viscosity
of the fluid. The properties can be measured by placing a mechanical oscillator in the flow
path of the fluid. Fluid density is measured primarily by measuring changes in the vibrational
frequency of the oscillator while viscosity is determined primarily by monitoring the decay
time of the resonance.

[0005] Other properties can be measured either directly or indirectly by utilizing
speed of sound measurements taken in the fluid. These measurements are typically referred
to as “sound speed” measurements and can be used, for example, to determine a gas-to-oil

ratio (GOR) of the fluid.
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[0006] Presently, there exist devices that can measure two of three of sound speed,
density and viscosity. In particular, instruments exist that can measure density and viscosity
or that can measure density and sound speed. Instruments that can be used to measure all

three do not.

BRIEF SUMMARY

[0007] According to one embodiment, a downhole tool including a body that includes
a sample port through which a sample fluid can be drawn into the downhole tool and a
sample channel passing through the body in fluid communication with the sample port and
through which the sample fluid travels is disclosed. In this embodiment, the sample channel
includes a sample chamber having an inlet and an outlet located along the sample channel,
the sample chamber including three cylindrical chambers including a middle resonator cavity
surrounded by two outer resonator cavities, one of the two outer resonator cavities including
a sensor inlet for receiving a sensor and allowing it to fluidly contact the sample fluid as it
travels through the sample channel.

[0008] According to another embodiment, a method of evaluating a sample fluid is
disclosed. The method includes: drawing a fluid from a downhole location into a sample
chamber in a downhole tool; passing the fluid through a sample chamber, the sample
chamber including an inlet and an outlet located along the sample channel, the sample
chamber including three cylindrical chambers including a middle resonator cavity surrounded
by two outer resonator cavities, one of the two outer resonator cavities including a sensor
inlet for receiving a sensor and allowing it to fluidly contact the sample fluid as it travels
through the sample channel; and evaluating the sample fluid with the sensor as it passes
through the sample chamber.

[0009] According to another embodiment, a transducer that includes a preload adapter
having a sleeve portion and an end and a housing including a seating portion and a shaft
portion that extends from the seating portion is disclosed. In this embodiment, the transducer
further includes a piezoelectric element contained completely within a chamber that is
defined by the sleeve portion and shaft portion and a diaphragm coupled to an external side of
the end such that motion of the piezoelectric element causes motion of the diaphragm.

[0010] According to another embodiment, an instrument for measuring properties of a
borehole fluid that includes a body, a fluid chamber formed within the body and providing a
fluid path at least partially through the instrument and a transducer mounted in the body and

2



WO 2012/125934 PCT/US2012/029461

having a movable diaphragm located at least partially within the fluid chamber is disclosed.
The transducer in this embodiment includes a preload adapter having a sleeve portion and an
end, a housing including a seating portion and a shaft portion that extends from the seating
portion and a piezoelectric element contained completely within a chamber that is at least
partially defined by the sleeve portion and shaft portion. The diaphragm in this embodiment
is coupled to an external side of the end such that motion of the piezoelectric element causes
motion of the diaphragm.

[0011] According to yet another embodiment, a transducer that includes a sleeve
portion having an end, a housing including a seating portion and a shaft portion that extends
from the seating portion and a piezoelectric element contained at least partially within a
chamber that is at least partially defined by the sleeve portion and shaft portion such that the
piezoelectric element does not contact a fluid during a sampling operation is disclosed. The
transducer of this embodiment also includes a diaphragm coupled to an external side of the

end such that motion of the piezoelectric element causes motion of the diaphragm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The following descriptions should not be considered limiting in any way.
With reference to the accompanying drawings, like elements are numbered alike:

[0013] FIG. 1 illustrates an instrument deployed into a borehole;

[0014] FIG. 2 is a perspective view of a transducer according to one embodiment;

[0015] FIG. 3 is a cut-away side view of the transducer shown in FIG. 2;

[0016] FIG. 4 shows a cut-away side view of the transducer shown in FIG. 2 installed
into an instrument;

[0017] FIG. 5 is a perspective view of an example of diaphragm that can be utilized
with an embodiment of a transducer;

[0018] FIG. 6 is a cut-away view of the instrument showing an embodiment of
sample channel; and

[0019] FIG. 7 illustrates the sample channel of claim 6 having a sensor disposed

therein.

DETAILED DESCRIPTION
[0020] A detailed description of one or more embodiments of the disclosed apparatus

and method presented herein by way of exemplification and not limitation with reference to
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the Figures. In particular, disclosed herein is a transducer that can be utilized to measure one
or all of density, viscosity and sound speed of a fluid. In the following description the fluid
being examined shall be assumed to be a fluid existing in or that can be extracted from a wall
of a borehole penetrating the earth but the transducer disclosed herein could be utilized on
other fluids as well. Further, while a transducer is particularly described, it shall be
understood that embodiments of the present invention can extend to any instrument that
carries a transducer as disclosed herein or equivalents thereof.

[0021] Referring now to FIG. 1, fluid sampling in the borehole environment generally
involves disposing an instrument 10 into a borehole 5 via a wireline 8. Oppositely located on
the outer portion of the instrument 10 are a sample port 14 and an urging means 12. When
the sample port 14 is proximate to a formation of interest 6, the urging means 12 is extended
against the inner surface of the borehole 5 thereby engaging the sample port 14 into the
formation 6. The engagement of the sample port 14 pierces the outer diameter of the
borehole 5 and enables fluid communication between the fluid in the formation 6 and the
sample port 14. The instrument 10 can also include a sample channel 15 though which the
fluid contacting the sample port 14 can be drawn by a pump or other device in a manner such
that it flows through the sample channel 15. Measurements of the properties of the fluid can
be measured by one or more measurement instruments disposed in or around the sample
channel 15. As discussed in greater detail below, a transducer according to an embodiment
can be arranged with respect to the sample channel 15 in a manner that allows it to be used to
measure one or more of the density, viscosity and sound speed of a fluid.

[0022] It shall be understood that the wireline 8 can be connected to a drilling rig and
include a stress member and various conductors for transmitting commands to the instrument
10, for receiving data from the instrument 10 as well as providing power. The wireline 8, as
such, can be coupled to an electronics module (e.g., a computing device), and allow for the
transmission of required operating commands to the instrument 10 for bi-directional data
transfer. The data may be recorded on an archival storage medium of any desired type for
concurrent or later processing. The data may be transmitted in analog or digital form. Data
processors such as a suitable computer may be provided for performing data analysis in the
field in real time or the recorded data may be sent to a processing center or both for post
processing of the data.

[0023] FIG. 2 is a perspective view of a transducer 20 according to one

embodiment. The transducer 20 can be arranged within or on the instrument 10 shown in
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FIG. 1 such that it can perform measurements on the fluid passing through the sample
channel 15. In one embodiment, the transducer 20 is a piezoelectric transducer as described
in greater detail below. Generally, a piezoelectric transducer is a transducer that includes one
or more piezoelectric elements.

[0024] The transducer 20 illustrated in FIG. 2 includes a housing 22. As illustrated,
the housing 22 includes a shaft portion 23 coupled to a seating portion 24. The shaft portion
23 extends away from a mating surface 25 of the seating portion 24. The shaft portion 23 can
be cylindrical as illustrated in FIG. 2 or any other shape. The shaft portion 23 surrounds at
least a portion a piezoelectric element in one embodiment. As illustrated, the shaft portion
23 has an outer diameter that is smaller than the diameter of the seating portion 24. In this
manner, the shaft portion 23 can extend into a hole in a measurement instrument while the
seating portion 24 (and particularly, the upper surface 25) is rotationally secured with respect
to a surface surrounding the hole. In one embodiment, the seating portion 24 includes one or
more fastening holes 30 through which a bolt (preferably unthreaded) or other rigid member
can pass to prevent rotation of the housing 22 relative to the surface surrounding the hole.
The hole into which the shaft portion 23 extends can provide access, for example, to a fluid
passing though a sample channel 15 (FIG. 1).

[0025] The shaft portion 23 includes one or more access holes 27 through which a
wire or other conductor can pass in order to carry a voltage or current to the piezoelectric
element within the housing 22. In one embodiment, the access holes 27 also allow a wire or
other conductor to carry a voltage or current away from the piezoelectric element. Of course,
the number of holes 27 in the shaft portion 23 can be varied from that shown in FIG. 2
depending on the particular implementation and can be omitted in some instances. In one
embodiment, the holes 27 can be moved to another location in the housing 22. The shaft
portion 23 may optionally include a sealing groove 32 into which a sealing o-ring or other
sealing mechanism may be inserted

[0026] The transducer 20 also includes a preload adapter 34. The preload adapter 34
provides a mechanism by which the piezoelectric element within the shaft portion 23 can be
loaded in compression. To that end, the preload adapter 34 can be threaded or otherwise
mated to the shaft portion 23 in order to impart a preload compressive force on the
piczoelectric element within the housing 22. The preload adapter 34 includes a mating face
35 configured to mate with an inner shoulder in the hole into which the shaft portion 23 is

inserted.
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[0027] The transducer 20 also includes a sensor retaining device 40. Sensor retaining
device includes mating features illustrated as threads 42 that allow it to force the housing 22
towards the preload adapter 34.

[0028] The transducer further includes a diaphragm 50. In operation, the diaphragm
50 is exposed to a fluid in the sample channel 15 (FIG. 1). The diaphragm 50 serves to
translate an oscillation created by the piezoelectric element into a fluid in the sample channel
15 (FIG. 1) without the piezoelectric element being exposed to or otherwise in contact with
the fluid. In addition, in one embodiment, the diaphragm 50 can be utilized to sense the
resistance (impedance) of the fluid to the oscillation of the piczoelectric element. Further
details of the diaphragm 50 are discussed below.

[0029] FIG. 3 is a cut-away side view of the transducer 20 illustrated in FIG. 2. In the
illustrated embodiment, a piezoelectric element 60 is disposed with a chamber 62 formed
within the preload adapter 34 and the shaft portion 23. The piezoelectric element 60 is
completely enclosed within the chamber 62 in one embodiment.

[0030] As illustrated, the preload adapter 34 includes an inner sleeve portion 36
configured to extend into an inner diameter of the sleeve portion 23. The depth which the
inner sleeve portion 36 extends into the shaft portion 23 can vary depending on the
application. The inner sleeve portion 36 is fixedly attached to the sleeve portion 23 to impart
the preload compression on the piezoelectric element 60. In one embodiment, the inner
sleeve portion 36 has an outer diameter that is smaller than the inner diameter of the sleeve
portion 23. It shall be understood, however, that the preload adapter 34 could surround a
portion of the sleeve portion 23. In such a case, the inner diameter of the inner sleeve portion
36 could be greater than the outer diameter of the sleeve portion 23.

[0031] The preload adapter 34 includes a mating surface 65. An external side 67 of
the mating surface 65 is coupled to the diaphragm 50. In one embodiment, the external side
67 can include a boss 66 or other implement extending from it to which the diaphragm 50 can
be attached. Of course, the boss 66 can be omitted and the diaphragm 50 can be directly
connected to the external side 67 of the mating surface 65. Of course, the mating surface 65
can have varying thickness across its diameter to accommodate measurement accuracy while
maintaining structural integrity.

[0032] The mating surface 65 of the preload adapter 34 also includes an internal side
68 that can be utilized to either directly or indirectly apply pressure to the piezoelectric

element 60. The shaft portion 23 also includes an inner shelf member 64. In one
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embodiment, the piezoelectric element 60 is contained between the inner shelf member 64
and the internal side 68 of the mating surface 65 of the preload adapter 34.

[0033] Of course, the exact configuration of the shaft portion 23 and the preload
adapter 34 can be varied from that shown in FIG. 3. Regardless of the exact configuration,
the housing 22 and the preload adapter 34 cooperate to impart a compressive force on the
piezoelectric element 60.

[0034] A preload spring 70 is displaced between the retaining mechanism 40 and the
housing 22. Rotational motion of the retaining mechanism 40 will cause the housing 22 to
travel towards the inner shelf due to threads 42. This motion compressing preload spring 70
urges housing 22 in the direction indicated by arrow C. In effect, the causes a preload to be
created between surface 35 and the inner shelf.

[0035] Any type of piezoelectric element 60 can be utilized. In general,
piczoelectricity is characterized by the ability of certain crystals to develop an electrical
charge when subjected to mechanical stress. This behavior is denoted as the direct
piezoelectric effect. Conversely, these crystals undergo a deformation when subjected to an
electric potential field. This behavior is denoted as the inverse piezoelectric effect. The
piczoelectric effect is exhibited by certain ceramic materials belonging to the ferroelectric
group (e.g., lead zirconate titanate (PbZT) consisting of mixed crystals of PbZrOs and
PbTi0Os3). The piezoelectric element 60 can be formed of any crystals or combination of
crystals that exhibit the piezoelectric effect as long as the resulting structure can convert
mechanical quantities, such as stress and strain, into electrical voltage and, conversely,
transform electrical voltages into mechanical forces and displacements.

[0036] In one embodiment, the inverse piczoelectric effect can be created by coupling
a voltage supply 71 to the piezoelectric element 60. Similarly, a current meter 72 can be
utilized to measure the current produced due to compression/expansion of the piezoelectric
element 60 due to the piezoelectric effect. In operation, and as described briefly above, the
piezoelectric element 60 is preloaded. The magnitude and frequency of the voltage provided
by the voltage supply 71 to the piezoelectric element 60 controls the travel distance and the
frequency with which the diaphragm 50 moves in the fluid. The current meter 72 can
measure the current flowing (I) from the piezoelectric element 60. The relative displacement
of ends of the piezoelectric element 60 follow the received charge (Q) with good linearity
and, as a consequence, the flowing current (I = dQ/dt) is proportional to the relative velocity

of the ends (76, 77) of the piezoelectric element 60 (v = ds/dt). Accordingly, the steepness
7
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(slew-rate) of fluctuations in the current (dI/dt) are proportional to the relative acceleration (a
= dv/dt) of the ends 76, 77.

[0037] In operation, when driven by voltage supply 71, the resulting displacement
response of piezoelectric element 60 is a complex function of the applied voltage and the
coupled interaction of boundary reaction forces. The boundary reaction forces are based, at
least in part, on one or more of the density, viscosity and sound speed of a liquid to which the
diaphragm 50 is exposed. In more detail, the boundary reaction forces develop a counter-
acting strain that modify the relative displacement of the ends 76, 77 from the expected no-
load (direct piezoelectric effect) response. The modification in relative displacement of the
ends 76, 77 of the piezoelectric element 60 due to the combination of applied voltage and
reaction force generally trends in a relationship with reaction force from the no-load
condition. In this manner, the voltage provided by voltage source 60 and the currents read by
the current meter 72 can be used to analyze one or more of the density, viscosity and sound
speed of a fluid.

[0038] In prior applications, piezoelectric sensors have been used to determine the
physical properties of fluid. For example, acoustic wave sensors have been developed based
on mechanical resonance, including thickness-shear mode (TSM) resonators or surface-
acoustic-wave (SAW) resonators. All of these resonators had the contact with the fluid being
sampled. In contrast, according to one or more embodiments of the present invention, the
piezoelectric element does not contact the fluid being sampled. This can be advantageous
because the impedance response of a piezoelectric resonator is strongly affected by the fluid
conductivity when its electrodes are located on the surface of the fork and the fork is
immersed in a conductive fluid. This is because the conductive fluid is coupled to the
piczoelectric resonator as a low-impedance parallel component in a circuit. The impedance
response is still affected even when the electrodes are coated by a thin (tens to hundreds of
microns) layer of dielectric materials. Consequently, they are only capacitively coupled to the
fluid. In such cases, it is almost impossible to accurately measure the densities and
viscosities of conductive or ionic fluids. By separating the piezoelectric element from the
fluid being sampled, the inaccuracies caused by contact between the element and the fluid
can be reduced or eliminated.

[0039] FIG. 4 shows a cut-away side view of a transducer 20 having its diaphragm 50
presented into a fluid chamber 15 of an instrument 10. As illustrated, the instrument includes

an inner shelf 100 that contacts the mating face 35. As described above, the retaining
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mechanism 40 includes mating features 42 that mate with the instrument 10 and allow it urge
the housing 22 towards inner shelf 100 and, thereby place a compressive force on surface 35
mating with shoulder 100. Application of a voltage to the piezoelectric element 60 causes the
diaphragm 50 to oscillate in the fluid chamber 15. Of course, the fluid in the chamber will
oppose such oscillations. This opposition will result in a modification of current that can be
measured as described above. In one embodiment, the upper surface 25 does not contact a
surface 75 that surround a hole 76 into which the transducer 20 is inserted.

[0040] FIG. 5 is a perspective view of an embodiment of a diaphragm 50. As
described generally above, excitation of a piezoelectric element 60 (FIGs. 3-4) imparts linear
motion on the diaphragm 50 when it is coupled to the preload adapter 34 and a fluid being
examined opposes that motion. The amount by which the linear motion is opposed can be, in
some instances, measured and utilized to determine viscosity, density and sound speed of the
liquid in the flow chamber. For viscosity measurements, the diaphragm 50 is preferably
shaped such that it imparts a shearing force on the fluid while minimizing the turbulence it
imparts because turbulence can create unwanted effects on the linear motion of the
diaphragm. In one embodiment, this can be accomplished if the Reynolds number for the
boundary layer flow over the diaphragm 50 can be maintained at a sufficiently low value over
the range of fluid density and viscosity values to be measured. This is accomplished if the
product of shearing surface transverse characteristic length and fluid velocity are below some
threshold value. Practically, this can be accomplished by providing a recessed area 102 and
through-cut perturbations 110 formed within the diaphragm 50. To promote fluid flow and to
minimize obstruction due to sedimentation through the diaphragm 50 it may include holes
104 formed on its side 108. However, sufficient viscous work in the fluid needs to be
developed to establish a highly correlated feedback in the measurement of fluid viscosity.

To this end, the recessed area 102 can include one or more perturbations 110 formed on its
surface and extending though diaphragm 50 as shown in FIG. 4. The shape of the
perturbations 110 can vary and, in some cases, they can be aligned with the holes 104. As
illustrated, the perturbations 110 are in a multi-finger resonantor cell configuration.
Regardless of the shape, in one embodiment, the perturbations 110 are formed such that the
maximum Reynolds number is kept below 100 for the extreme in values expected for fluid
sample parameters (e.g., density = 300 - 1500 kg/m’, viscosity =0.1 - 100 centipoise). In
one embodiment, the perturbations 110 pass entirely through the diaphragm 50.
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[0041] In the above description the reference has been made to the sample channel 15
contained in instrument 10 that receives fluid from a borehole via a sample port 14 (FIG. 1).
The transducer 20 shown above is arranged such that its diaphragm 50 is disposed within the
same channel 15 so that it can make measurements. In this sense, the transducer 20 can also
be referred to as a sensor herein because it provides an output that includes information about
one or more properties of the fluid passing through the sample channel 15.

[0042] It has been discovered that in some instances, the shape of the sample channel
15 in the region into which the diaphragm 50 of the sensor 20 is installed can improve the
measurement capability of the sensor 20. With reference now to FIG. 6 a cut away of a
portion 200 of the instrument 10 is shown. The portion 200 includes some or all of the
sample channel 15 shown in FIG. 1. In particular, the portion 100 includes a sample cavity
202 through which a sample fluid can flow and into which a portion of a sensor can be
inserted. In one embodiment, the sensor is the sensor 20 described above. Of course, other
sensors could be provided into or otherwise in fluid communication with the sample cavity
202 without departing from the scope of the present invention.

[0043] The illustrated sample cavity 202 includes three resonator cavities 204, 206
and 208 all in fluid communication with one another. In one embodiment, each resonator
cavity 204, 206, 208 defines a substantially cylindrical volume having a respective radius rjo4,
T106, T10s. In more detail, the middle resonator cavity 206 is surrounded by two outer
resonator cavities 204, 208 that may, from time to time herein be referred to as first and
second resonator cavities, respectively. In one embodiment, the radius ;o6 of the middle
resonator cavity 206 is greater than the radii (r104, r103) of one or both of the outer resonator
cavities 204, 208. In one embodiment, ;o4 is roughly equal to rys.

[0044] As illustrated, the resonator cavities 204, 206, 208 are concentric about a
vertical center line Y, Each resonator cavity 204, 206, 208 also has a respective height hyoa,
hooe, haos. In one embodiment, the height hy of the middle resonator cavity 206 is greater
than the height (hyo4, haos) of one or both of the outer resonator cavities 204, 208. In one
embodiment, hyo4 s roughly equal to hygs.

[0045] The sample cavity 202 includes an inlet 220 through which fluid enters the
sample cavity 202 and an outlet 222 through which fluid exits the sample cavity 202. The
inlet 220 is coupled to an inlet tube 224 and the outlet 222 is coupled to an outlet tube 226.
As illustrated, both the inlet 220 and the outlet 222 formed in the middle resonator cavity

206. In one embodiment, the inlet 220 and outlet 222 are offset on opposing sides of a center
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line X of the middle resonator cavity 206. Of course, the exact location of the inlet 220 and
outlet 222 could be varied. In one embodiment, the inlet 220 and outlet 222 are offset from
one another such that fluid entering the sample cavity 202 via inlet tube 224 must change
direction before entering outlet tube 226.

[0046] One of the outer resonator cavities 204, 208 also includes a sensor inlet 230
into which some or all of a sensor may be inserted into the sample cavity 202 such that it can
interact with a fluid traveling through the sample cavity 202. In the illustrated embodiment,
the sensor inlet 230 is formed in the second resonator cavity 208 but could, alternatively, be
formed in the first resonator cavity 204.

[0047] Referring now to FIG. 7, the sample cavity 202 shown in FIG. 6 is illustrated
including a sensor 240 that includes a diaphragm 242 inserted into the sample cavity 220 via
the sensor inlet 230. In one embodiment, the sensor inlet 230 defines the inner shelf 100
(FIG. 4) described above.

[0048] The illustrated sensor 240 can be the same or similar to any of the
sensors/transducers disclosed herein or could be any other type of sensor. The area within the
second resonator cavity 208 not filled by the sensor 240 in general, and the diaphragm 242 in
particular, shall be referred to herein as the baffle gap and is generally indicated by reference
numeral 244. In one embodiment, the diaphragm 242 is sized and arranged within the sample
cavity 202 so it is enclosed within the volume defined by both the middle 206 and second
resonator 208 cavities.

[0049] It has been discovered that certain geometries of the resonator cavities 204,
206, 208 can be varied to allow an impedance matching between the diaphragm 242 of the
sensor 240 and the fluid in the sample cavity 202. Referring now to both FIGs. 6 and 7, it has
been discovered that the relative diameters, heights, and locations of the resonator cavities
can improve measurements made by the sensor 242. The size of the baffle gap 244 can also
be helpful in matching the impedance of the diaphragm 242 and the fluid in the cavity 202.
In particular, the size of the baffle gap 244 may control the phasing of anterior baffle
reflections (e.g., between the bottom 243 of the diaphragm 242 and the outer portion 245 of
the sample chamber 202) that may contaminate exterior-surface reflections. In one
embodiment, the size of the baffle gap 244 may be based on relative height of the gap
between the bottom 243 of the diaphragm 242 and the outer portion 245 compared with the
resonator heights hyg4, hos, hoos and the diameter of the diaphragm 242.

11
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[0050] In more detail, in operation, standing wave patterns can be formed in the fluid
in the sample chamber 202 due to motion of the diaphragm 242 due to application of a
voltage to a piezoelectric member within the sensor 240 as described above. The standing
wave pattern in the fluid sample interacts with the diaphragm 242 to create impedance
feedback in the form of perturbations on the electrical admittance frequency response. The
electrical admittance characteristics tend to change in a highly structured manner with fluid
density, viscosity, and sound speed variations.
[0051] The acoustic wave patterns velocity v is governed by the underlying physics
associated with the nonlinear Navier-Stokes equation shown in equation 1 below:
2o+ !
Co PoCo
and, the conservation of mass relation for pressure P, temperature 7, and pattern velocity v :

VP=I1 Vdivo-I curlcurlv (1)

pocodivu+iwl[P—,éf]= 0 2)

Co
where:

y = ratio of fluid specific heats (constant pressure, constant volume)
o = coefficient of thermal expansion

~ a
ﬂ = _pocg

¢, = bulk fluid sound speed
o = steady - state angular frequency of forcing function
P, = bulk fluid mass density

kil
l,= SHET
PoCo L3
Z'_ ‘Ll

TP ,
u = shear viscosity coefficient
1 = bulk viscosity coefficient

[0052] These pattern trends have been observed to closely follow functions of
cylindrical harmonic type solutions and simple exponential decay responses (Bessel
functions, and natural logarithms).

[0053] Elements of the embodiments have been introduced with either the articles “a”
or “an.” The articles are intended to mean that there are one or more of the elements. The
terms “including” and “having” are intended to be inclusive such that there may be additional
clements other than the elements listed. The conjunction “or” when used with a list of at least

two terms is intended to mean any term or combination of terms. The terms “first,”
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“second,” and “third” are used to distinguish elements and are not used to denote a particular
order.

[0054] It will be recognized that the various components or technologies may provide
certain necessary or beneficial functionality or features. Accordingly, these functions and
features as may be needed in support of the appended claims and variations thereof, are
recognized as being inherently included as a part of the teachings herein and a part of the
mnvention disclosed.

[0055] While the invention has been described with reference to exemplary
embodiments, it will be understood that various changes may be made and equivalents may
be substituted for elements thereof without departing from the scope of the invention. In
addition, many modifications will be appreciated to adapt a particular instrument, situation or
material to the teachings of the invention without departing from the essential scope thereof.
Therefore, it is intended that the invention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out this invention, but that the invention

will include all embodiments falling within the scope of the appended claims.
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CLAIMS
What is claimed is:

1. A transducer comprising:

a preload adapter having a sleeve portion and an end;

a housing including a seating portion and a shaft portion that extends from the seating
portion;

a piezoelectric element contained completely within a chamber that is defined by the
sleeve portion and shaft portion; and

a diaphragm coupled to an external side of the end such that motion of the
piczoelectric element causes motion of the diaphragm.

2. The transducer of claim 1, further comprising:

a retaining mechanism on an opposite side of the seating portion from the shaft
portion; and

a preload spring disposed between the retaining mechanism and the seating portion.

3. The transducer of claim 2, wherein the retaining mechanism includes mating
features configured to mate with corresponding mating features in an instrument.

4. The transducer of claim 1, wherein the preload adapter and the housing are
arranged and configured to apply a compressive force on the piezoelectric element.

5. The transducer of claim 4, wherein the housing includes an inner shelf formed
within the sleeve portion that defines a first end of the chamber and wherein the end of the
preload adapter defines a second end of the chamber and wherein variation of a distance
between the first end and the second end causes the compressive force to be applied.

6. The transducer of claim 1, in combination with a voltage supply configured to
provide a voltage to the piezoelectric element.

7. The transducer of claim 1, in combination with a current meter configured to
measure a current produced by the piezoelectric element.

8. The transducer of claim 1, wherein the diaphragm includes a recessed area
formed therein.

9. The transducer of claim 8, wherein the recessed area includes one or more
perturbations passing from a surface of the recessed area to an exterior of the diaphragm.

10.  The transducer of claim 1, wherein the diaphragm includes one or more holes

formed in a sidewall thereof.
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11.  The transducer of claim 10, wherein the diaphragm includes a recessed arca
that includes one or more perturbations formed on a surface thereof and wherein at least one
of the perturbations is formed over one of the holes.

12.  The transducer of claim 1, wherein the end of the preload adapter has at least
two different thicknesses.

13.  An instrument for measuring properties of a borehole fluid, the instrument
comprising:

a body;

a fluid chamber formed within the body and providing a fluid path at least partially
through the instrument; and

a transducer mounted in the body and having a movable diaphragm located at least
partially within the fluid chamber, the transducer including:

a preload adapter having a sleeve portion and an end;

a housing including a seating portion and a shaft portion that extends from the seating
portion; and

a piezoelectric element contained completely within a chamber that is at least partially
defined by the sleeve portion and shaft portion;

wherein the diaphragm is coupled to an external side of the end such that motion of
the piezoelectric element causes motion of the diaphragm.

14.  The instrument of claim 13, wherein the body includes an inner shelf that
contacts the preload adapter.

15. The instrument of claim 14, wherein the transducer further includes:

a retaining mechanism on an opposite side of the seating portion from the shaft
portion and including mating features configured to mate with the body; and

a preload spring disposed between the retaining mechanism and the seating portion;

wherein mating the retaining mechanism with the body causes the preload spring to
urge the preload adapter toward the inner shelf and to create a compressive force between
them.

16. The instrument of claim 13, further comprising:

a voltage supply coupled to the piezoelectric element.

17.  The instrument of claim 13, wherein the end of the preload adapter has at least

two different thicknesses.
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18.  The instrument of claim 13, wherein the body includes:

a sleeve portion having an end;

a housing including a seating portion and a shaft portion that extends from the seating
portion;

a piezoelectric element contained at least partially within a chamber that is at least
partially defined by the sleeve portion and shaft portion such that the piezoelectric element
does not contact a fluid being sampled during a sampling operation; and

a diaphragm coupled to an external side of the end such that motion of the
piezoelectric element causes motion of the diaphragm.

19. The transducer of claim 18, wherein the sleeve portion is part of a preload
adapter the preload adapter and the housing are arranged and configured to apply a
compressive force on the piezoelectric element.

20. The transducer of claim 18, further comprising:

a retaining mechanism on an opposite side of the seating portion from the shaft
portion and including mating features configured to mate an instrument; and

a preload spring disposed between the retaining mechanism and the seating portion;

wherein mating the retaining mechanism with the instrument causes the preload
spring to urge the preload adapter towards an inner shelf within the instrument and to create a
compressive force between them.

21. A downhole tool including a body comprising:

a sample port through which a sample fluid can be drawn into the downhole tool;

a sample channel passing through the body in fluid communication with the sample
port and through which the sample fluid travels, the sample channel including:

a sample chamber having an inlet and an outlet located along the sample channel, the
sample chamber including three cylindrical chambers including a middle resonator cavity
surrounded by two outer resonator cavities, one of the two outer resonator cavities including
a sensor inlet for receiving a sensor and allowing it to fluidly contact the sample fluid as it
travels through the sample channel.

22. The downhole tool of claim 21, wherein middle and outer resonator cavitics
are concentric.

23, The downhole tool of claim 21, wherein the inlet and the outlet are both

formed in the middle resonator cavity.
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24. The downhole tool of claim 23, wherein the inlet and outlet are staggered
relative to one another.

25.  The downhole tool of claim 21, further comprising;:

a sensor disposed in the sensor inlet.

26. A method of evaluating a sample fluid, the method comprising:

drawing a fluid from a downhole location into a sample chamber in a downhole tool;

passing the fluid through a sample chamber, the sample chamber including an inlet
and an outlet located along the sample channel, the sample chamber including three
cylindrical chambers including a middle resonator cavity surrounded by two outer resonator
cavities, one of the two outer resonator cavities including a sensor inlet for receiving a sensor
and allowing it to fluidly contact the sample fluid as it travels through the sample channel;
and

evaluating the sample fluid with the sensor as it passes through the sample chamber.

27.  The method of claim 26, wherein evaluating includes providing a voltage that
causes an piezoelectric element within the sensor to cause a diaphragm of the sensor to move.

28. The method of claim 26, further comprising:

disposing the sensor in the sensor inlet.
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