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HIGH PRESSURE UTILIZATION OF QUARTZ CRYSTAL MICROBALANCE

CROSS REFERENCE TO RELATED APPLICATIONS

FHLEY This application claims the priority benefit of United States patent application
number 61/989,850 filed May 7, 2014 entitled HIGH PRESSURE UTILIZATION OF
QUARTZ CRYSTAL MICROBALANCE, the entirety of which 1s incorporated by reference

herein.
FIELD

FHE s The mvention relates to certain techniques, embodiments, and implementations

related to a sensor for measuring properties of a fluid at a high pressure.
BACKGROUND

FHIRY in mdustrial environments, working fhurd analysis constitutes an important role m
preventive maintenance programs. One approach to a montioring a thud’s quality 1s 1o
measure the properties of the thid via an electrochemical mpedance techmque.  Presently
there are a number of diffcrent types of wmstruments and methods for faking such
measurements,  For example, quartz crystal mucrobalances {(QCMs) are commercially

available for measuring certain hiquid properties.

{33004 ] The QUM techmque 15 based upon the piezoelectric effect, which 18 a Crystal
oscillation brought about by an alternating clectnie ficld applied across opposite sides of a
quartz crystal. In general, a quartz crystal's oscillation frequency shifts if a mass 18 bound 1o
the crystal surface. The mass required to create a detectable shift 1s only about 1 nanogram,
tustrating the extreme wmass sensitivity of the QUM technique.  Appropriate oscillator
circuits connected to the surtace clectrodes can overcome cnergy 1osses and stabilize the
mochanical oscillation at the resonance frequency. The cut-angle with respect 1o crystal
orientation (“AT-cut”) determines the mode of oscillation. For example, AT-cut quartz
crystals may have a cut angle of 35%10° with rospect to the optical axas.  Such crystals

pertorm shear displacoments perpendicular to the resonator surface.

LHEERY QCMs have been used at atmospheric pressure i gaseous environments and in
hquid environments. Froquency measurements may be made 10 high precision, pernutiing
mass density measurement down to a low level. In addition to measuring the frequency,

dissipation may also be measured. Dissipation 18 a parameter quantifying the damping i the
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system, and 15 related to the sample's viscoelastic properties. However, QUM usage i high
pressure fhad environments has remamed problematic due, m part, to the bnttleness of
(JCMs and the various pressures to which QCMs may be exposed. Consequently, there exasts

a need for techniques to permit usage of QUMS m high pressure Hluid environments.
SUMMARY

FHHIDY One embodiment includes a QCM sensor apparatus comprising a QCM mounting
insert having a first opening, a second opening, and a barrier fluid chamber disposed between
the first opening and the second opening, and a QCM watfer sealably coupled to the second
opening, wherein the QCM wafer has an electrode contact exposed to the barrier fluid

chamber and a sensitive layer that 1s not exposed to the barrier fluid chamber.

L Another embodiment includes a QCM sensor system comprising a QCM
mounting insert comprising a first opening, a second opening, a barrier fluid chamber
disposed between the first opening and the second opening, and a barrier fluid port
configured to receive a barrier fluid and direct the barrier fluid to the barrier fluid chamber, a
QCM wafer sealably coupled to the second opening of the QCM mounting insert, comprising
a sensitive layer on a first face, and an electrode contact layer on a second face, a QCM
sensor housing comprising an annulus configured to recerve the QCM mounting 1nsert, a
working fluid inlet, a working fluid outlet, and a working fluid chamber, and a pressure leg
coupled to the barrier fluid port and configured to transfer a pressure to the barrier fluid
chamber, wherein the QCM mounting insert 18 configured to expose at least part of the first
face of the QCM wafer to the working fluid chamber and expose at least part of the second
face of the QCM wafer to the barrier fluid chamber when the QCM mounting insert 1s

recerved 1n the annulus of the QCM sensor housing.

EHEHEY Still another embodiment includes a method of measuring a deposit on a quartz
crystal microbalance (QCM) sensor, comprising placing in service an apparatus comprising a
QCM watfer coupled to a QCM mounting insert, wherein the QCM mounting insert comprises
a first opening, a second opening, and a barrier fluid chamber positioned between the first
opening and the second opening, wherein the QCM wafer has a first face having a sensitive
layer and a second face having an electrode contact, wherein the QCM wafer 1s sealably
coupled to the second opening such that at least part of the second face 1s exposed to the

barrier fluid chamber, and wherein the QCM mounting insert 18 received 1n an annulus of a
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QCM housing, wherein the QCM housing comprises a working fluid inlet, a working fluid
outlet, and a working fluid chamber, applying a first pressure on the first face of the QCM
wafer using a barrier fluid and applying a second pressure on the second face of the QCM
wafer using a working fluid, wherein the first pressure and the second pressure are
substantially equal, flowing the working fluid from the working fluid inlet to the working
fluid outlet such that the working fluid 1s passed across the first face of the QCM wafer in the
working fluid chamber, wherein flowing the working fluid deposits a substance on the first
face of the QCM wafer, substantially stopping the flow of the working fluid across the first

face of the QCM wafer 1n the working fluid chamber; and measuring a resonance frequency

of the QCM wafer.
BRIEF DESCRIPTION OF THE DRAWINGS

FHERY The advantages of the present techniques are better understood by referring to the

following detailed description and the attached drawings, 1n which:

31 (3 Fig. 1A 1s a schematic 1llustration of a QCM watfer.

LT Fig. 1B 1s a perspective view of a QCM wafer.

2] Fig. 218 an exploded perspective view of a QCM sensor system.

143438 3] Fig. 3 1s a line diagram of a QCM sensor system 1n situ.
DETAILED DESCRIPTION

LY In the following detailed description section, specific embodiments of the present
techniques are described. However, to the extent that the following description 18 specific to
a particular embodiment or a particular use of the present techniques, this 1s intended to be
for exemplary purposes only and simply provides a description of the exemplary
embodiments. Accordingly, the techniques are not limited to the specific embodiments
described herein, but rather, include all alternatives, modifications, and equivalents falling

within the true spirit and scope of the appended claims.

L RY At the outset, for case of reference, certain terms used 1n this application and their
meanings as used 1n this context are set forth. To the extent a term used herein 1s not defined
herein, 1t should be given the broadest definition persons in the pertinent art have given that
term as reflected 1n at least one printed publication or issued patent. Further, the present

techniques are not limited by the usage of the terms shown herein, as all equivalents,
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synonyms, new developments, and terms or techniques that serve the same or a similar

purpose are considered to be within the scope of the present claims.

{3431 6} As used herein, the term “about” when used 1n reference to a quantity or amount

of a material, or a specific characteristic thereof, refers to an amount £ 10% of the reference

value, unless otherwise noted.

138317 As used herein, the term “barrier fluid” expressly includes electrically nert and/or
benign fluids, e.g., mineral o1l, fluorocarbon-based fluids, liquid nitrogen, liquid helium, etc.
The term “barrier fluid” may additionally include any non-corrosive fluid with respect to a
protective coating, layer, or other barrier used for ensuring electrical connectivity between a
QCM and an clectrical connection. The term “barrier fluid” may further include any “clean™

or substantially contaminant-free and/or deposit-free fluid.

tHEn] As used herein, the term “fluid” may refer to a continuous, amorphous substance
that can flow, has no fixed shape, and offers little resistance to an external stress. Unless
otherwise noted, the term “fluid” may be used interchangeably with the term “liquid” for

purposes of this disclosure.

HHAY As used herein, the term “pressure” 1s taken to mean the force exerted per unit
arca by the gas on the walls of the volume. Pressure can be shown as pounds per square inch
(ps1). “Absolute pressure” (psia) refers to the sum of the atmospheric pressure (14.7 psia at
standard conditions) plus the gage pressure (psig). “Gauge pressure” (psig) refers to the
pressure measured by a gauge, which indicates only the pressure exceeding the local

atmospheric pressure (1.¢., a gauge pressure of 0 psig corresponds to an absolute pressure of

14.7 psia).

i As used herein, the term “‘substantial” when used 1n reference to a quantity or
amount of a material, or a specific characteristic thereof, refers to an amount that 1s sufficient
to provide an effect that the material or characteristic was intended to provide. The exact
degree of deviation allowable may 1n some cases depend on the specific context as

understood by those of skill in the relevant art.

G821 ] As used herein, the term “working fluid” expressly includes hydrocarbons, for
example, natural gas (e.g., liquetied natural gas (LNG)), kerosene, gasoline, or any number of
other natural or synthetic hydrocarbons such as CHy, C,H,, C,H4, CoHg, Cs 1somers, Cy

1Isomers, benzene, base stock oils, natural crude oils, and the like, as well as composite fluids



10

15

20

25

30

CA 02944033 2016-09-26

WO 2015/171298 PCT/US2015/026696

comprising a mixture of any of the foregoing with at least one additional fluid and/or
component, €.g., nitrogen, sulfur, oxygen, metals, or any number of other elements. The term
“working fluid” may further include any fluid for which QCM monitoring may be desirable,
wherein the fluid possesses certain electrically conductive or fouling characteristics so as to

make problematic the exposure of the QCM’s electrical contacts to the fluid.

(G322 This disclosure 1ncludes techniques for using a QCM 1n a high pressure
environment. QCM wafers are susceptible to cracking, breaking, or other fracturing when
exposed to comparatively slight differential pressures. Further, many working fluids for
which QCM measurements are desirable are not suitable for exposing to the non-sensing side
of the QCM. For example, corrosive or electrically conductive fluids may not be suitably
exposed to the electrical connections of the QCM, and fluids with fouling characteristics may
be problematic for similar or other reasons. The disclosed techniques include minimizing
and/or keeping substantially constant the differential pressure seen by QCM wafers by
creating and pressurizing a rear chamber, understood as a volume or special region for fluid
accumulation, on the non-sensing side of the QCM. The rear chamber on the non-sensing
side of the QCM may be pressurized using a suitable fluid. For example, substantially
debris/contaminant-free fluids (“clean™ fluids) and/or electrically benign fluids may be

housed

G823 The QUMs described heremn can be higuid phase QUM systems.  Such systems
may consist of an oscillator circust and a slice of AT-cut pigzoclectric quartz crystal, Metal
film clectrodes may be depostied onto both sides of the quartz crystal, one side bemng a
working clectrode in an electrochemical ccll.  The metal electrodes may produce an
alternating electric field that drives the quariz crystal to oscillate at a characteristic constant
freqquency, determined by the crystal mass. An mcrease in any form of bound clastic mass on
the quartz crystal surface will cause the crystal to change s oscillation trequency according
to the Sauerbrey equation, which may be used to quantily the amount of mass added to the
crystal surface. For energy dissipating bound masses on the crystal surface, the change n
crystal frequency reflects fwo attributes: the bound mass magnatude and the viscoelastic

propertics of the bound mass.

241 FIG. 1A 18 a schematic illustration of a QCM water 100 which can be packaged
and/or placed within a mechanical system, for example, in an o1l reservoir or sump of a

mechanical system (not shown), mm an o1l delivery manifold or bypass manifold of a
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mechanical system (also not shown), or other system requiring lubrication or use of a
working fluid where monitoring 1s desirable. As shown in FIG. 1, the QCM watfer 100 has a
quartz crystal 102 positioned between similarly constructed outer layer films having a first
face or sensitive layer 104, ¢.g., an about 10 to about 40 nanometer (nm) gold (Au) film, a
barrier layer 106, ¢.g. an about 20 nm silicon dioxide (S10,) film, an electrode layer 108, ¢.g.,
an Au film of about 150 nm, and an adhesion layer 110, ¢.g., an about 10 nm titanium (T1)
film. As will be understood, the conducting element of the QCM water 100 can optionally be
made of any suitable conducting material, such as a metal (e.g., gold, silver, platinum or
palladium) or a conducting polymer (e.g., polypyrrole or polythiophene, or polyaniline) based

on customary design criteria.

{3825 Electrodes 114 and 116 arc clectrically coupled to the electrode layer 108 on a
first end and an analysis apparatus (not depicted) on a second end. Electrodes 114 and 116
may be used to apply a sinusoidal waveform across the quartz crystal 102 to create a
measurable output that can be analyzed. This construction 1s selected from a plurality of
known constructions for ease of demonstration and not by way of limitation; other
constructions will be readily apparent to those of skill in the art and are considered within the

scope of the present disclosure.

G261 FIG. 1B 1s a perspective view of the QCM wafer 100. The components of FIG.
1B the same as the components of FIG. 1A. FIG. 1B shows one side or face of the QCM
wafer 100 having a sensitive layer 104 and clectrodes 114 and 116. The embodiment of FIG.
1B has a sensitive layer 104 with a diameter of about 4.5 millimeters (mm) and the QCM
wafer 100 with a diameter of about 7.5 mm. The second face of the QCM wafer 100 may be

similarly configured.

2T QCMs generally rely on the piezoelectric properties of quartz, in particular a
single crystal of quartz, ¢.g., quartz crystal 102, that has been cut 1into a thin wafer at an angle,
¢.g., an angle of about 35 degrees with respect to the polar z-axis of quartz. AT-cut quartz
crystal has near-zero frequency drift with temperature around room temperature, making it
preferable for certain applications. Other such QCM 1mplementations are well known to
those of skill in the art and may be desired 1n other contexts. QCMs may be used to measure
the mass of thin deposits that have adhered to its surface. The electrodes, e.g., electrodes 114
and 116, may be used to establish an electric field across the crystal. The crystal can be made

to oscillate at 1ts resonant frequency using a sinusoidal and/or alternating electric field and
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appropriate electronics. Most crystals of current interest resonate between about 5 to about
30 megahertz (MHz). The measured frequency 1s dependent, at least in part, upon the
combined thickness of the quartz wafer, metal electrodes, and material deposited on the
quartz crystal microbalance surface. Changes 1n frequency will result from mass changes
occurring at the QCM surface result in known frequency changes, ¢.g., according to the
Sauerbrey equation. High precision frequency measurements allow the detection of minute
amounts of deposited material, e.g., as small as 100 picograms on a square centimeter, as
understood by those of skill in the relevant art. Further, while the depicted QCM water 100
1 circular, a variety of surface gecometries are available and may be used within the scope of
this disclosure. For example, the selective substrate film may be planar, spherical, concave,
convex, and textured. The surface geometries of the substrate are generally planar and may
be comprised of any two-dimensional shape. The planar substrates can optionally be
continuous or micropatterned upon the underlying gold or conducting material surface using
existing micropatterning technology. For example, binding sites may be placed on the
surface of the QCM watfer 1n such a way to produce a micropatterned support that contains a
large number of separate coated areas. Micropatterning the surface may be desired to provide
selective adhesion on specific regions of the micropatterned surface. These and similar
construction techniques will be apparent to those of skill in the art and are within the scope of

this disclosure.

LHEREY FIG. 2 1s an exploded perspective view of a QCM sensor system 200. The QCM
sensor system 200 comprises a QCM 1nsert 202 having a first opening or QCM mounting
recess 204 for receiving a QCM mounting assembly 206. QCM mounting assembly 206
comprises a QCM mounting structure 208, a QCM wafer 100, which may be the same as the
QCM wafer 100 of FIGS. 1A and 1B, a QCM sealing assembly 210, and a second opening or
QCM exposure window 212 configured to fixably couple to the QCM insert 202, ¢.g., using
screws, bolts, glue, or other equivalent fixing structures. The QCM mounting structure 208
has an electrical wiring port 214 to accommodate passing an e¢lectrical connection and/or
clectrical lead (not depicted) therethrough to electrically couples electrodes 114 and 116 to an
analysis apparatus (not depicted), ¢.g., an impedance frequency analyzer, etc., via wiring port
215. Other embodiments within the scope of this disclosure may utilize direct-butt coupling,
terminal-based systems, or other wiring connections as known in the art. The QCM

mounting structure 208 1s constructed so as to create a barrier fluid chamber bounded by the
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QCM mounting structure 208 and the QCM wafter 100. The QCM mounting structure 208
has a barrier fluid port 216 for admitting a barrier fluid into the barrier fluid chamber. The
barrier fluid chamber may be pressure sealed to prevent fluid communication between the
barrier fluid chamber and the working fluid chamber. The QCM insert 202 comprises a

barrier fluid port 220 1n fluid communication with the barrier fluid chamber via barrier fluid

port 216. The QCM insert 202 has mounting holes 222, described further below.

A The QCM water 100 1s positioned 1n the QCM mounting assembly 206 so as to
position a sensing surface of the QCM wafer 100 facing the QCM exposure window 212 and
a non-sensing surface of the QCM wafer 100 facing the QCM mounting structure 208. The
non-sensing surface has electrodes, e.g., electrodes 114 and 116, facing the barrier fluid
chamber. The placement and/or dimension of the electrodes 114 and 116 may depend on
their positioning within the mechanical system and the nature of the working fluid being
analyzed. The sensing surface 1s configured for exposure to a working fluid (not depicted)
via the QCM exposure window 212. QCM sealing assembly 210 may comprise on¢ or more
O-rings, seals, gaskets, etc. to sealably couple the QCM exposure window 212 and the QCM
wafer 100 1solating the barrier fluid chamber from exposure to the working fluid and/or

keeping the QCM watfer 100 1n place.

LHERTHE FIG. 2 further shows a QCM sensor housing 230 having a working fluid inlet 236,
a working fluid outlet 238, and an annulus 234 for receiving the QCM insert 202 and
mounting holes 232. Mounting holes 232 may be coupled to mounting holes 222, ¢.g., using
screws, bolts, or other equivalent fixing structures. When the QCM 1nsert 202 1s recerved 1n
the annulus 234, a working fluid chamber 1s bounded by the annulus 234, the QCM 1nsert
202, the working fluid inlet 236, and the working fluid outlet 238. As shown, the mounting
holes 232 and 222 may be aligned at a plurality of angles, thereby accommodating receipt of
the QCM mounting nsert 202 in the annulus 234 at a plurality of sensitive layer incidence
with respect to the direction of flow 1n the working fluid chamber. For example, the direction
of flow 1n the working fluid chamber may be along the sensitive layer. In some
embodiments, this may extend in the same general direction as from the working fluid inlet
236 to the working fluid outlet 238. Other embodiments may redirect flow 1n the flow i1n the
working fluid chamber such that the direction of flow may not be 1n the same general
direction as from the working fluid inlet 236 to the working fluid outlet 238, c.g., a

tumultuous and/or circular flow path, but may nonetheless be at an about zero incidence
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angle with respect to the sensitive layer. These and similar embodiments are within the scope
of the present disclosure. The QCM sensor housing 230 may further comprise a sealing

assembly 240 comprising one or more O-rings, seals, gaskets, etc. for sealably coupling the

QCM 1nsert 202 and the QCM sensor housing 230.

LHIRSE Other embodiments of the QCM sensor system 200 may be constructed so as to
dispose the QCM mounting recess 204 and QCM mounting assembly 206 on the lower end of
the QCM 1nsert 202. Such embodiments may be referred to as bottom-facing QCM sensor
systems as opposed to the side-facing QCM sensor system 200 illustrated in FIG. 2. Such
embodiments may be placed in service in a variety of ways, as would be apparent to those of
skill 1n the art. For example, a flow diverter may optionally be utilized in the lower end of

the annulus 234 to orient the flow of the working fluid across the sensing face of QCM wafer

100.

LHIRDL Still other embodiments of the QCM sensor system 200 may be constructed so as
to utilize a plurality of QCM wafers (e.g., 2, 3, 4, or more) mounted 1n a variety of optionally
selected orientations on the QCM insert 202. For example, two QCM wafers may be
disposed on the same side of a QCM 1nsert 202 so as to provide redundancy, for calibration
purposes, for error monitoring, etc. In other embodiments, a plurality of QCM wafers may be
disposed on opposing sides of the QCM insert 202. In still other embodiments, bottom-
facing and side-facing QCM sensor designs may be employed on a single QCM 1nsert 202.

FHIRRY FIG. 3 1s a line diagram of a QCM sensor system 300 positioned 1in an example
working fluid system 302. The components of QCM sensor 300 may be substantially similar
to the equivalent components of QCM sensor 200. For example, QCM sensor 300 has a
working fluid inlet 336 corresponding to the working fluid inlet 236 of FIG. 2, a working
fluid outlet 338 corresponding to the working fluid outlet 238 of FIG. 2, and a barrier fluid
port 320 corresponding to the barrier fluid port 220 of FIG. 2. The QCM sensor 300 further
comprises a pressure leg 350 coupled to the barrier fluid port 320 and having an 1solation
valve 352. The pressure leg 350 may contain a barrier fluid separate from the working fluid
of the working fluid system 302, e.g., using a liquid-liquid interface. In some embodiments,
the pressure leg 350 utilizes a mechanical separation device (not depicted), e.g., a piston, a
diaphragm, etc., between the barrier fluid and the working fluid, and wherein the mechanical
separation device 1s configured to transmit pressure from the working fluid to the barrier

fluid. In some embodiments, the pressure leg 350 comprises a coiled tube or other nonlinear

9
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flowpath, ¢.g., for ensuring a sufficient volume of barrier fluid 1s present to prevent working
fluid from entering the barrier fluid chamber and/or for ensuring barrier fluid remains present
in the barrier fluid chamber 1n the event of a leak upstream of the barrier fluid port 320.
Isolation valve 352 may be used to 1solate the pressure leg 350 from the working fluid system
302. The working fluid system 302 further comprises 1solation valves 354 and 356 for
1solating the QCM sensor system 300. The working fluid system 302 optionally comprises a
deposition tube 358 having 1solation valves 360 and 362. As will be understood by those of
skill 1n the art, FIG. 3 1s illustrative and the working fluid system 302 may comprise any
number of additional or alternate components, ¢.g., chemical addition tanks, recirculation

pumps, clamp-on flow meters, heat recovery steam generators, etc.

{33341 Operation of the assembled QCM sensor system 300 may begin with placing the
QCM sensor system 300 1n service 1in the working fluid system 302. Such a technique may
begin with filling a barrier fluid chamber or the electrical side of the QCM, e.g., at the QCM
mounting assembly 206 (including the barrier fluid chamber) of FIG. 2, with barrier fluid
using the barrier fluid port 320. The barrier fluild may be pumped into the QCM sensor
system 300 until no further air bubbles are observed leaving the pressure leg 350, ¢.g., at
1solation valve 352. Next, barrier fluid may be exposed to working fluid pressure by placing
the barrier fluid in pressure leg 350 1n fluid communication with the working fluid in working
fluid system 302. Consequently, pressure changes 1n the working fluid will be transmitted to
the barrier fluid, thereby maintaining a substantially constant and/or near-zero pressure
differential across the QCM watfer, e.g., the QCM wafer 100 of FIG. 1. As described above,
other embodiments may utilize a diaphragm design, a piston design, or other to ensure
separation of the working fluid and the barrier fluid while still permitting pressure to be
transmitted across the boundary; such other embodiments are within the scope of the present

disclosure.

3335 Thus, the QCM sensor system 300 1s suitably employed in conjunction with
working fluid systems at high and ultra-high pressures. For example, because the differential
pressure across the QCM wafer 18 substantially constant zero or near-zero pressure, the QCM
sensor system 300 1s compatible with a variety of working fluid systems, e.g., working fluid
systems having a pressure of at least 100 psia (689.4 x 10° pascal (Pa)), at least 1,000 psia
(689.4 x 10° Pa), at least 10,000 psia (689.4 x 10’ Pa), and/or at least 20,000 psia (120.7 x 10°

Pa). As pressure will be transmitted to the barrier fluid during operation, the barrier fluid port

10
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320, and thus the QCM sensor system 300 as a whole, may be configured to receive barrier
fluid at a pressure of at least 100 psia, at least 1,000 psia, at least 10,000 psia, and/or at least
20,000 psia. Consequently, pressure ranges suitable for using the above techniques may
include 100-50,000 psia, 1,000-50,000 psia, 10,000-50,000 psia, 20,000-50,000 psia, 100-
20,000 psia, 1,000-20,000 psia, and/or 10,000-20,000 psia. Similarly, 1t will be understood
that the QCM sensor system 300, and particularly the working fluid chamber, 18 compatible
with a variety of working fluid temperatures, ¢.g., working fluid systems having temperatures
between -40° Celsius (C) and 300 °C. The suitability of these and other variations of
pressure and temperature, including extrapolated ranges and interpolated ranges, will be

apparent to those of skill 1n the art.

LHIRT(Y While the present techniques may be susceptible to various modifications and
alternative forms, the exemplary embodiments discussed herein have been shown only by
way of example. However, it should again be understood that the techniques 1s not intended
to be limited to the particular embodiments disclosed herein. Indeed, the present techniques

include all alternatives, modifications, and equivalents falling within the true spirit and scope

of the appended claims.

11
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CLAIMS
1, A quartz crystal microbalance (QCM) sensor apparatus comprising;

a QCM mounting insert having a first opening, a second opening, and a barrier fluid
chamber disposed between the first opening and the second opening;

a QCM wafer sealably coupled to the second opening, wherein the QCM wafer has an
electrode contact exposed to the barrier fluid chamber and a sensitive layer that is not exposed to

the barrier fluid chamber; and
a QCM sensor housing, wherein the QCM sensor housing includes
an annulus configured to receive the QCM mounting insert,
a working fluid injet,
a working fluid outlet, and

a working fluid chamber defined by the annulus, the QCM mounting insert, the
working fluid inlet, and the working fluid outlet,

wherein at least part of the sensitive Jayer is exposed to the working fluid chamber when
the QCM mounting insert is received in the annulus of the QCM sensor housing,.

2. The QCM sensor apparatus of claim 1, wherein the QCM sensor housing is configured to
receive the QCM mounting insert in the annulus such that a direction of flow in the working
fluid chamber is along the seasitive layer.

3. The QCM sensor apparatus of claim 2, wherein the QCM sensor housing is configured to
fixably receive the QCM mounting insert in the annulus at a plurality of sensitive layer incidence
angles with respect to the direction of flow in the working fluid chember from the working fluid
iniet to the working fluid outlet,

4, The QCM sensor apparatus of claims 2-3, wherein the working fluid chamber is
configured to receive working fluid at a temperature between -40° Celsius (C) and 300 °C.

5. The QCM sensor apparatus of claim 1 or claims 2-4, wherein the QCM mounting insert
further comprises an opening suitable to passably disposc an clectrical connection to the QCM

wafer.
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6. The QCM sensor apparatus of claim 1 or claims 2-5, wherein the second opening
comnprises a sealing assembly for sealably coupling the QCM wafer to the second opening, and
wherein the sesling assembly comprises an o-ring.
7. The QCM seasor apparatus of claim 1 or claims 2-6, wherein the QCM mouating insert
further comprises a barrier fluid port configured to receive barrier fluid.
8. The QCM sensor apparatus of claim 7 or claims 2.7, wherein the barrier fluid port is
further configured to receive barrier fluid at a pressure of at least 100 pounds per square inch
absolute (psia) (689.4 x 10° pascal (Pa)).
9.  The QCM sensor apparatus of claim B, wherein the barrier fluid port is further configured
to receive barrier fluid at a pressure of at least 10,000 psia (689.4 x 107 Pa).
10. A quartz crystal microbalance (QCM) sensor system comprising:
a QCM mounting insert comprising:
a first opening,;
a second opening;
a barrier fluid chamber disposed between the first opening and the second
opening, and '
a batrier fluid port configured to receive a barrier fluid and direct the barrier fluid
to the barrier fluid chamber;
a QCM wafer sealably coupled to the second opening of the QCM mounting insert,
comprising:
a sensitive layer on a first face; and
En electrode contact 1ayer on a sscond face;
8 QCM sensor housing comprising:
an annulus configured to receive the QCM mounting insert;
g working fluid inlet;
a working fluid outlet; and
8
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a working fluid chamber defined by the annulus, the QCM mounting insert, the
working fluid inlet, and the working fluid outlet; and

a pressure leg coupled to the barrier fluid port and configured to transfer a pressure to the
barrier fluid chamber, wherein the QCM mounting insert 13 configured to expose at Jeast part of
the first face of the QCM wafer to the working fluid chamber and expose at least part of the
second face of the QCM wafer to the barmier fluid chamber when the QCM mounting insert is

received in the annulus of the QCM seasor housing.

11.  The QCM sensor system of claim 10, wherein the pressure leg comprises a coiled tube to
ensure a sufficient volume of barrier fluid is present to prevent working fluid from eatering the
barrier fluid chamber and/or for ensuring barrier fluid remains present in the barrier fluid
chamber in the event of a leak upstream of the barrier fluid port.

12. The QCM sensor system of claim 10 or cleim 11, wherein the pressure leg comprises a

barrier fluid in communication with a working fluid using a liquid-liquid interface.

13,  The QCM sensor of claim 10 or claims 11-12, wherein the pressure leg comprises an
isolation valve for preventing the transmission of pressure from the working fluid to the barrier

fluid.
14, The QCM sensor of claim 10 or claims 11-13, wherein the pressure leg comprises a
mechanical separation device between a barrier fluid and a working fluid, and wherein the

mechanical separation device is configured to transmit pressure from the working fluid to the

barrier fluid.

15. The QCM sensor of claim 10 aor claims 11-14, wherein the QCM sensor housing is
configured to fixably receive the QCM mounting insert in the annulus such that a direction of
flow in the working fluid chamber is along the sensitive layer.

6. The QCM sensor of claim 10 or claims 11-15, wherein the QCM sensor housing is
configured to fixably receive the QCM mounting insert in the annulus at one of a plurality of
sensitive layer incidence angles with respect to the direction of flow in the working fluid
chamber from the working fluid inlet to the working fluid outlet.

17. A method of measuring a deposit on a quartiz crystal microbalance (QCM) sensor,
comprising;

9
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placing in service an apparatus comprising a QCM wafer coupled to a QCM mounting
insert, wherein the QCM mounting insert comprises a first opening, a second opening, and a
barner fluid chaml;er positioned between the first opening and the second opening, wherein the
QCM wafer has a first face having a sensitive layer and a second face having an electrode
contact, wherein the QCM wafer is sealably coupled to the second opening such that at least part
of the second face is exposed to the barrier fluid chamber, and wherein the QCM mounting insert
is received in an annulus of 8 QCM housing, wherein the QCM housing comprises:

a working fluid inlet;
a working fluid outlet; and

a working fluid chamber defined by the annulus, the QCM mounting insert, the
working fluid inlet, and the working fluid outlet; |

applying & first pressure on the first face of the QCM wafer using a barrier fluid and
applying a second pressure on the second face of the QCM wafer using a working fluid, wherein
the first pressure and the second pressure are substantially equal;

flowing the working fluid from the working fluid inlet to the working fluid outlet such
that the working fluid is passed across the first face of the QCM wafer in the working fluid
chamber, wherein flowing the working fluid deposits a substance on the first face of the QCM

wafer;

substantially stopping the flow of the working fluid across the first face of the QCM
wafer in the working fluid chamber; and

measuring a resonance frequency of the QCM wafer.

18.  The method of claim 17, wherein disposing the QCM mounting insert in thc annulus of
the QCM housing comprises:

fixably coupling the QCM mounting insert in the annulus of the QCM housing at an
incidence angle with respect to the flow in the working fluid chamber.

19.  The method of claim 17 or claim 18, wherein the working fluid is a hydrocarbon.

20.  The method of claim 17 or claims 18-19, wherein the QCM mounting insert comprises a
barrier fluid port configured to receive barrier fluid, further comprising pressurizing the barrier

10

AR AL T Dk, Sl e & R AR AR A AP A ARk - b, s s A,

ration; U7.03.2016 16:38.07 - 07.03 2016 16 5242, This page 19 of AMENDED SHEET 208 v6522¢
Received at the EPO on Mar 07, 2016 16:52:42. Page 19 of 20

4 07/03/2016



CA 02944033 2016-09-26

Printed: 15/03/2016 CLMSPAMD US2015026696

8326485107 09.51:25 03-07~2016 20720

PCT/US 2015/026 696 - 07.03.2016

Atromey Docker 2HAENM Y
e Wit Chpioien dated Angase ), 3018

1R 2} K

POLUSMMSMGNNG R

fluid to the first pressure at an interface using the working fluid.

21.  The method of claim 20, wherein the interface is selected from a group consisting of: a
piston, a diaphragm, and a liquid-liquid interface.

22, The use of an apparatus of claims 1-8 or a system according to claims 10-16 for
measuring a deposit on a quartz crystal microbalance (QCM) sensor for 8 fluid having greater
thary 100 pounds per square inch absolute (psia) (689.4 x 10° pascal (Pa)).

11

HONEGOCGH DI MNN g A A A

cotion: 07.03,2016 16-36:07  07.03.2016 16 5242, This page 20 of AMENDED SHEET 2oveves2 4z
Received at the EPO on Mar 07, 2016 16:52:42. Page 20 of 20

5 07/03/2016




CA 02944033 2016-09-26

PCT/US2015/026696

WO 2015/171298

“ 4
LR R R L R

Vi Oid

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

e

':..0..0..0..0..0..0..0..0..

Q‘0"0"0"0"0"0"0“0“0“0“0“0“0“0‘0
L4
+ L4
’
LR R B B B I R N L4 L4
+ L4
*
L4
L4
’
L4
L4 L4
*
L4 L4
L4
’ ’
L4
L4 L4
*
L/ L4 L4
< L4
* ’ L L R LR
LR R R R R E R R R R R R EEEEEEEEEEEEEBEEEEEBEREREERBEE . re
L4 9 ¢ ¢
*
L4
L4
’ -’
L4
L4
* LR
L4
L4
’
L4
L4
*
L4
L4
*’
L4
L4
*
L4
L4
*’
L4
L4
*
L4
L4
’
L4
.' "4
* -
L4 +
L4
’ +
LR U U L B B L R R
4
*
L4
L4
*
L4
L4
* .
L4
L4
*
* L4
H &
$,
-
L4
< +
L4
*
L4
L4
*
+
L4
L4
*
L4
’
L4
0‘0 L4
LB E R EE R EE R E R B E R B E R B EEEEEEEBEEEBEEEEEEBEEEBEEBEREEBIEIERIEIN
L4
’
L4
L4
*
L4
L4
’
L4
L4
*
L4
L4
’
L4
L4
*
L4
L4
’
L4
L4
*
L4
+ L4
’
< L4
L4
L/ *
L4
M . *’
.CQthCQOCQOCQOCQOCQOCQOCQOCQ.CQ.CQ.CQ.CQ.CQ.CQ.CQ.
L4
’ *
L4
L4
’
L4
L4 4
*
L4
L4
00600600600600600600600600600600600600600600
L4
*
L4
L4
’
L4
L4
*
L4 N

L B B I I I I I N I N I I N I I I I I I I I I I

»
f AR RN EEEEEE RN EEEEEEEEEEEEEEEEEEIEEEN]



CA 02944033 2016-09-26

WO 2015/171298 PCT/US2015/026696

Q.‘..QQQQ‘QQ

200

- 4
“« 4 4 4 s
‘IR R R D DR DR D )

4 4 44N 4 4 4 4 4 4 s
. 4 s 4 4 &

- -
LR DE DR B B D D DL D D DR D B B B
L RN

L R R RN

-
-
“-
-
-
- +
- -
- -
-
-
“-
-
-
“- -
. -
-
- - -
- -
- -
- “-
- - -
& "
“-
- -
- -
- -
-
-
-
-
-
-
-
* .
-
-

+
“
.
& +
.
+
< .
«
.
“
. f
+
LYy )
<
Ky
- <
" - #
“ "‘
- - x ‘“
- ‘-‘
.
- - ’“
A M
. M \
. ot

G, 2

~
“-
-
g
-
-
-
“-
-
"l
“-
-
-
~
-
-
-
-
-
“-
“-
- 4
-
-
-
-
-
-
- 4
- 4
- 4
“ 4
- 4
- 4
4 4 4 4 4 444N
-
-
-
-
. - -
- N
- N - . .
LR DR I B D I D D D DR D D D D U D D D B B - L DD D B B I I I I B I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I D D I B I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I B I I I I I I I I I N I N N N N I N I I I I I I I I I I I ) - LR R I B D D D D D DR D D D D U D D D B B
. - - -
- - - -
<« - . -
-
LR DR D B B B D B I I I D D D D B D D B D D B I I I I I I D I D B B D B B B D D B B B D B B D D D D O D D D D D B B B B D B B B B I I I I B B I I D D DR D D I D D D D DR D D D D D DR D D D D D D D D D D D DR D N

AR R R R R R I R R I R I R R I R R I R I R I R I I I I I R N T .

L O

-
-

- -
4 4 4 4 4 - 4. 4 4 4
-
-
-
- -
- -
-
- -

BRE ~ g v o S oo s o o o s s o oo o N

“-
MR R R R R R .

«
MR R R R R T .

L

-
-

“-

-
-

-
“-

-
“-

-
-

-
“-

-
“-

-
-

-
“-

-
“-

-
-

-
“-
-
-

-
LR DR L B B D D B IR
4 4 4 4 444 se

TRl

L N 2

LR B B B B B A I B I A B I N B I DR D D A D D D D D U B D D B B D B B DR )

:
:
;
S350 m;
N €

G 3



Q.‘..QQQQ‘QQ

200

-
“« 4 4 4 s
‘IR R R D DR DR D )

L R R RN

G, 2

4« 4 4 4 -
4 4 4 4 4 444N



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - abstract drawing

