WO 2011/ 152970PCT/ US2011/ 036052 -1- A TUNI NG FORK OSCI LLATOR ACTI VATED OR
DEACTI VATED BY A PREDETERM NED CONDI TI ON BACKGROUND OF THE | NVENTI ON

[ 0001] Thewpresiersedmonventi on rel ates to the detecti on an@#CFARsU1Os@A2 Of
corrosive or foreign materials. The invention rmay be applied generally to

t he detection of netal-1oss by corrosion and/or erosion and/or deposition
species in single or nmultiphase f1uids. ltn particul ar, the present
invention relates to the on-stream detection of netal-1oss corrosion and/or
erosi on and/ or deposition during an industrial production process. In other
enbodi nent s, ANENINENFORIK D Tbé AIEER ACTAVASKED UIDRAMEAC TI¥ A BiiDnant s i n
an industrial process stream The actual service enyironment may be
aqueous, hydrocarbon, cheBiYcal PREDBRIEBMINED GANINION . [0002] Corr osi ve
species involved in the productlon and processing of crude oil and
hydrocarbons may cause metal -1oss corrosion of production, transfer,
storage, ACKOREASNDIOEANPTRIVVENPIOR types of corrosion degradatlon may
al so occur which do not result In netal |oss but which nonethel ess affect
the integrity of the material of construction. Erosive species typically
involve fluid and/or solids turbul ence causing netal |oss from nmechani cal
actions rd0ABH thaﬁf@mm@éunvqn@pnéﬁ@mt@th@ ﬁé@étléﬁﬁﬁéémfiﬂéﬂ@m@lt\ﬂé speci es

be hyd b hy.d nt. |
Conbi nat | SHEEHe Gforeigh PER6ERT. JFRHEN e B el dhghed BenfF R Thae
(sol i ds. 1ol of9ASE ) oss BEcAHRNIGEaR of Bosid1PAbr AANRMAPE AR He used

to generate an arm ase n remal ni ng net a S or chani cal
integrity sigla opmﬂaph&eb@mﬂd.aMpaﬂmmﬁ@ytter}ﬁbédnmgqmmh&emeto&h@@duI i ng.

stream detection of metal-loss corrosion and/or erosion and/or deposition during
an industrial production process. In other embodiments, the invention may be
used to detect unwanted contaminants in an industrial process stream. The
actual service environment may be aqueous, hydrocarbon, chemical, or a

combination thereof.

[0002] Corrosive species involved in the production and processing of
crude oil and hydrocarbons may cause metal-loss corrosion of production,
transfer, storage, and processing equipment. Other types of corrosion
degradation may also occur which do not result in metal loss but which
nonetheless affect the integrity of the material of construction. Erosive species
typically involve fluid and/or solids turbulence causing metal loss from
mechanical actions rather than chemical. For example, these corrosive/erosive
species may be hydrocarbon, hydrocarbon containing materials, or aqueous, or
combinations thereof. Moreover, streams may be single or multi-phase (solids,
liquids, gases). The device of the instant invention can be used to generate an
alarm based on remaining metal thickness or mechanical integrity of a pressure

boundary thereby enabling maintenance scheduling.



-2- 10003] A high performance, relatively | ow cost detection of a
predeterm ned anmount of material |oss or material degradation, as in the

i nstant iwoentvise97owoul d enabl e, for exanple, optim zedPaTiuSe@as@n2 of
corrosive crudes and corrosion inhibitor additions, and reductions in

unpl anned capacity | oss, turnaround tin§, and inspection costs due to
corrosi on-induced equi pnent fail ures. r exanple, the instant invention
woul d provide a direct, |ow cost alarm when the corrosion allowance of the
process contai nment has been expended. Additional value is achievable with
t he i nst ari0003) ent irohighyparhendecectelasively law-aopt det@ranadsa i n a process
stream whi ch_nmay be corrosive or .problematic for t he |ndustrh producti on
process. mxﬁdﬂelfmwd@énwt@émfé@rml@sw matasial dggradation.qas ingheywtands i ng

nmet al - Iossc [.FQsi on edf n..of. CL S oil from
subsurface a rgloglugvouégeagl%gs g‘?&é@‘%gmg&%gb@fﬁ P EORES &Y %%«s-ﬁd wher e

me”mm%&W%MMM%M%W%%%M%Mﬁ%ﬁﬁﬁ%%%@ﬁm%ﬁwemmm
In these and ot her services, a by-product of the corrosion i5 scale or

ot her depasirtarowmsd tilnat asd ms@dhmasreudasti du¢ hecemodiandindudedsigquipaent A feature

of the instant invention is that the netal |oss neasurenment is not

conpr oni s@ilbiest hesexami] %hemsraelt@éwﬂonlw rovis|aglirecénove6pstosi on

sensi ng technol &% exanmpl e el ei rical resistance es, fall far

Short " g uturiRe sh@or gl ot PLis Bosen QU ERETLBATBRE 1 ncent i ves
descr{ bed ABoKeq THBLIIGAPIAIRT, AthibediBatigt e IRSARER chABeLEm. S1 onal

variability cause erna anges conductive deposits, n other

factors t ft&&ecﬁfofn&qttrﬁheeﬁarteﬁ@lh i apreé@esaeamiehicheny bt corresigalory
unsui table to provide a quantitative indication of material |ost from

cor r osi on/mobkenmtic fphitheindustviah prathstioslpsecass ¢ furthesvaluancachjevihde ar e
t hese probes often ovi de | ow

b d h | |
rgf.eab?r. ?@ rSt %@wtaggﬁég %Qﬁﬁ@%@@f #@%. ORISR QP EN| Wﬁtfgh ons in
their des'tﬁ@ eQ‘H‘gc Hl{ @I%tdg r0?1 fra-l}ﬂ suho)élﬁ)llf%@é l%’éthgea' (fegggttse r'O?:ﬂefr toll%)atgt f or

estimating a quanti ive corrosion ra nol 69y

used for tiibgesmtlek@ibddOwheRRRE iR tARverRidNEMbaSoriiredas 8 PréRaHON .
coupon. In this case, a coupon fabricated fromthe naterial of interest is

i nserted |0ﬂterrmhmtmewdm$1$ bt theaenandotler pesdedse n byRgdducne, the coimsoanoved
and exam ned and/ or. wej ghed to assess_the amount of material that has been
|l ost. A silgffaleoast edrdﬁﬁlé%ll%n%)f at presadlisperdde khe sontpmmentstytacemp cati on of

i nserting n on from er hi gh t enperat ure and/ or
i g pr eadsref AR Ardn B8R LaR B MeaRel T i de B RSBt e

t echnol 09y gn$piblifisdd ]gytﬁe@g n@ﬁgﬁg@ﬁgcyd ﬁ5Q)S§fgg=,*ﬁuatel y detect and verify a
change in corrosion rates can then subject the equipment being
nonitored to an unnecessarlly extended period of high corrosion rates
before corrective neasures can be inplenented. [0005] Patent US 6,928, 877
and US apd0084k i on GooB1t 008?809 ssbsingdegiingjogies, for example electrical

resistance probes, fall far short of the performance level required to achieve the
economic incentives described above. Their shortcoming is that the probes’
inherent signal variability caused by thermal changes, conductive deposits, and
other factors that affect electrical resistance make them intrinsically unsuitable to
provide a quantitative indication of material lost from corrosion/erosion. While
conventional electrical resistance probes are based on understood theoretical
principles, these probes often provide low reliability and poor sensitivity to
corrosion rates due to limitations in their design and manufacture. The typical
output is often difficult for estimating a quantitative corrosion rate. Another

technology that may be used for this material loss application is known as the



resonators and teach a rel ationship between the resonance frequency and
mass change. The rel ationship taught by the prior art applies the

wel | - knowsoformsbkeré rel ating oscillator mass to it resor@mAS2@aN3@EL ers. I n
particular, the prior art nonitors frequency and Q A deficiency in the
prior art is that a quantitative relatignship is not established between
the material |oss, corrosion product degositi on and t he resonance
paranmeters of anplitude, frequency, and Q The instant invention teaches
away fromthe prior art by enploying a binary nonitoring of the oscillator
anpl i t ude amrrdsragempoy. 1@dhtsicase wscdupendabigeated himm tegoiatestil oCimeardsy t hi s
finding is not ohvious in |ight of the teachings of the prior art. In one
enbodi ment!s lwéteriﬁgtpéf}? PrORAShEIeHN h A %Plieathé@ﬂ%qﬁiatﬂm?h’é iy {ﬁﬂl%‘gedgm can be

i bilized fusi ik, 06]..The f f 77and

2006/ 0037308184 ugbE et g SRRl g B Rty ool BELERSy,

deposi ti oniokigie et drdlvbdek BOH{s BpSVaER iﬂhe?sb?étﬁiiﬂ?hf:m bPhsert@ dnstant
invention also provides an alarmng function.” Unlike the prior Tart where it

is difficukmovingalkobpat froanah ppedeahghighenteeatuas ged/bohighheresdvaem tri gger,
the instant invention has no such anbiguity. Once the fusing elepent is
removed oringvgrahprocpss. | Ahaethar dial’i‘()ié'ﬁki(%rﬁh@@é@eliltrtﬁ@hfml%w%éél.me lag 1t is
not necessary to esti nat% a range over.which this alarm n%de i initiate
because t HECRely KRadimafly dreeband ¥ ipnaingednniiosiod RISWHIEH ehe i e
of fabricat : : g od I by
fabricati ﬁg&gg%tg}e?tot\%ggg{slg%z%g?g“%:@r?ﬁgggen irhr%&g?]elc?%sgk ! e?%‘i%ggzg&]?ﬁ)éggl arm ng
i s achi evagd Hiyh toirbkiog rotes ®efiryicogrettiee hehbaes spade impesmédtedshel | of the
resonator holes through. Not only is this fabrication nore conplicated than
the instant invention, but it does not provide a procedure to precisely

predet er m e change in resa ce ramet ers vi de an exact
measur e oflﬂﬁﬂé mat El,!’@f%t 69 HANceyS appbcaion 2@9@5@5’?@?%‘30%% ¥

i nstant | . on, g i nci ith the
ot eet on RS g A Ea PR PR ARG AT DR BTRAE B GRS AT ot esont
i nventi on dhainge SRS Rélalielesap et BYI (RubribPaflipPhibs teswelioas condition in
a medium Thi S includes the detection and nmeasurenent of corrosive or

f or ei gn ndbemukleselating dsoilkaten massteyit besonppdd Edtametees.allhattoculéine thket ect i on

of netal-1oss by corrosjon and/or, erosion and/qor depgsition species in
single or Hﬂﬂftqréﬁl&éléoﬁ fipauency angd4+ | A defiencyan ghceriaen art W@ﬁf fon rel at es

he on- det ect i f _d i ned ) -]
bor t osi on GBRBPMET BrishSDp S B Rl AR et BT AL s Bhuct s on
br ocess. Aol ANRKAR!BE réiofiah &2 rkinet GY0F alrb1GId, TRIGYRE kAN TeNt s

whi ch are i ntend to operate without” interruption for several” years.

Al t hough aQ- heaastantnispentiomwteaoktdwdsy o theapriadreby enployinde bindgr mat i on
on the integrity of the pressure boundary, typically the nost reliable

i nspect i ormaRiteordes o ths eseHisdon aapbndg gdraqugney beonsnuqusetrendingat nPthvent i on

° et o e t hod. 1 : .
o1 o- ost abi FANE coRAD! B HALRBasof eathunih FRheTghs fE PR ke Peghai ¢ on
m ght necegsi ALk Anbyiiman; ﬁ%riﬁ&%;lﬂciﬂ% 1ol A utﬁl%o Chat ﬁlféacﬂgﬁ% fofi Pr ocess

shutdown to pertorm nal nt enance, _ n sone e ment s, I'nvention
may be usedntte idahebilizad Bier st lned amount  of

[0006] The focus of US 6,928,877and 2006/0037399 is to provide a
quantitative estimate of mass loss or deposition. Essentially, both provide an
alarming function. The instant invention also provides an alarming function.
Unlike the prior art where it is difficult to calibrate and predetermine the range
for the alarm trigger, the instant invention has no such ambiguity. Once the

fusing element is removed or broken, the instant invention goes into alarm mode.



-5- material loss and in other enbodi ments the invention can detect
unwanted contam nants in an industrial process stream The actual service
envi r onmewo 20|y1sgoaqueous, hydrocarbon, chem cal, or aPCoseMans@s2 | n
anot her enbodi nent, the invention nay be used to detect a pre-specified
anount of fouling or deposition of a material due to a reaction with the
environnent. [0008]In the nost general -Bnbodi ment, the oscillator has a
vi brating el ement such as tuning fork tines. As exarrpl es, the
cross-sectional shape of the tines or rods nmay be circular, or rectangul ar.
These vi brlais mgf reicessanyt ® estienatt ashgeover whthaplsradgmm niitermay sniihteo a
fusing restricting tine tion that react with the seryice flyid. The
vi brat i ng ReCARSCHNE AEpRISG ww&waofﬁhggu%@ﬁde SMENpAtCHIoR T atrthp it PtL/J t he

t f I t | | at h
resonance #PagiEfk, 17PB0G NS 387 o TR TANE b bep SHRIRSE e ™ "
resonance, faﬁ}lcéﬁn%qé ﬁ§98@%%ﬁa@&t OThéd d&HendMRY Sethe %Eﬂ@@rthb%ﬁimhg j{ he total
syst em danpi ng e nechani cal excitation nay be provided by the fI ow of

the servi caehfdveddyofilling aahptgimexibicthal loonsice twteendthaphelhgiitheAssamtexanpl e,
this active excitation may be prow ded by a piezoceram c, inductive, or
magnet ost rhqi@s Khéowh vipt OWXelﬁ thysi Wmcwnénow@@nmat@hﬂww gouftdd, such as
a pi ezocer.an ; (ft i not. .requi red t contlfuoua%lgrovbde t he
excitation™V bone ¢ {:ﬂ(’ieéﬁlo BIPWBLC & pRvGedirato RISt RISAPErPINCAhEi red t o

i nterrogat nts to
the pr esen@ahggéﬁﬁsgﬁ%& %%%ER%S %@v?&?ﬁﬁg@cﬁgﬁ% Fﬁ';etaéofrtﬁc ngg? from

vi brati ng lats @rach@are the atirangeedhoddudioe Yhd hsess éitdnalohy thel dhaage g Wi th zero
anplitude. In other enbodinents, this change may be from zero anplitude to
r esonance rasqianceperaneiees Qﬂh@mg@m\mthlﬂee defectiomthreshold arsaalyegt. by a reacti on
of a fusing elenent of the instant invention with its environnent.

Dependi ng on the particular application, the fusing elenent may be netallic

o non- met @A i [ Gt riAREREENTORMP! | tude of

[0007] The present invention is a sensor (described below) to detect a
specified condition in a medium. This includes the detection and measurement
of corrosive or foreign materials. The invention may be applied generally to the
detection of metal-loss by corrosion and/or erosion and/or deposition species in
single or multiphase fluids. In particular, the present invention relates to the on-
stream detection of a pre-determined amount of metal-loss corrosion and/or
erosion or a contaminant during an industrial production process. Application
examples are readily found in refinery environments which are intended to
operate without interruption for several years. Although on-stream inspection
methods are available to provide information on the integrity of the pressure
boundary, typically the most reliable inspection methods are scheduled on a
periodic basis. The instant invention provides an on-stream continuous
monitoring method to assess if a pre-established condition has been reached.
This pre-established condition might necessitate a full on-stream inspection,
process changes, a process shutdown to perform maintenance, etc. In some

embodiments, the invention may be used to detect a pre-determined amount of



-6- oscillation changes dramatically fromessentially zero to resonance or
resonance to essentially zero. An advantage of all these enbodinents is

t hat the wbasmisentdi ti on can be set without external coPCediS@N®3¢062 account
for changes in the oscillator resonance paraneters caused by tenperature,
viscosity, density. BRI EF DESCRI PTION Of THE DRAW NGS [0010] Figure 1 shows
a schematic drawing of a tuning fork oserllator indicati ng the tip, base,
and di aphragmregions. [0011]Figure 2a illustrates an enbodi nent applying a
fusing elenent that is rigidly and directly attached to both tines of a

t uni ng f orkateiial lesk dném otHed @fithodimeants tRd inventishcan elsteah upwbnttidnent

applying a rigid elenent, imobjlizing the tines that is attached to both
tines of eFOPEﬁﬁPH’QHFSdPI@WPQU%ﬁaLB@@?SSf HEGAHY gﬂ‘éﬁé‘i‘ﬂ@. service environment

may be aqueous, hydrocarbon, chemical, or a combination. In another
embodiment, the invention may be used to detect a pre-specified amount of

fouling or deposition of a material due to a reaction with the environment.

[0008] In the most general embodiment, the oscillator has a vibrating
element such as tuning fork tines. As examples, the cross-sectional shape of the
tines or rods may be circular, or rectangular. These vibrating elements are
attached to a diaphragm. There is also a fusing restricting tine motion that may
react with the service fluid. The vibrating tine element includes a base and a tip
region. Typically, the motion of the oscillator will be a maximum at the tip.
The oscillator has a resonance frequency, f, and the quality factor associated
with the resonance, Q. The resonance factor Q is inversely proportional to the
total system damping. The mechanical excitation may be provided by the flow
of the service fluid or by active excitation at the diaphragm. As an example, this
active excitation may be provided by a piezoceramic, inductive, or
magnetostrictive driver. When driven by an external energy source, such as a
piezoceramic driver, it is not required to continuously provide the excitation.
The excitation can be applied at the times it is desired to interrogate the

COITOSIONn Sensor.

[0009] There are several embodiments to the present invention. In some
embodiments, the oscillator changes from vibrating at or near resonance
frequency to essentially vibrating with zero amplitude. In other embodiments,
this change may be from zero amplitude to resonance amplitude. This change in
the oscillation is caused by a reaction of a fusing element of the instant invention
with its environment. Depending on the particular application, the fusing

element may be metallic or non-metallic. In all cases, the amplitude of



[ 0013] Figure 3a shows the result using a netallic elenent for the rigid
fuse of Figure 2a. [0014] Figure 3b shows the result using a connector of

Fi gure 2bwoTPha/rsegdd connector is attached to the tinesPoy/uSpanp3szch is
the fusing conponent. [0015]Figure 4 illustrates an enbodi ment applying a
fusing elenent that may swell (or shrink) to enable (or disable) the notion
of tines. In the unexposed case, the f ubr ng el enent prevents notion of the
tines. WD 2011/152970PCT/ US2011/ 036052 - 7-

oscillation changes dramatically from essentially zero to resonance or resonance
to essentially zero. An advantage of all these embodiments is that the alarm
condition can be set without external corrections to account for changes in the

oscillator resonance parameters caused by temperature, viscosity, density.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Figure 1 shows a schematic drawing of a tuning fork oscillator

indicating the tip, base, and diaphragm regions.

[0011] Figure 2a illustrates an embodiment applying a fusing element that is

rigidly and directly attached to both tines of a tuning fork via weldment.

[0012] Figure 2b illustrates an embodiment applying a rigid element
immobilizing the tines that is attached to both tines of a tuning fork via an epoxy

fusing element.

[0013] Figure 3a shows the result using a metallic element for the rigid fuse

of Figure 2a.

[0014] Figure 3b shows the result using a connector of Figure 2b. The rigid

connector is attached to the tines by epoxy which is the fusing component.

[0015] Figure 4 illustrates an embodiment applying a fusing element that
may swell (or shrink) to enable (or disable) the motion of tines. In the unexposed

case, the fusing element prevents motion of the tines.

[0016] Figure 5 illustrates an embodiment applying a damping fuse element

that is held in contact with (or away from) the tines via a bellows arrangement.



Changes in pressure can cause the danping materi al
contact with) the tines permtting oscillation.

deposi ti onoab11s97huse naterial at the tip of the tuni ngCrASRIIIABEGS2

[ 0018] Figure 7 shows the change in frequency of a rod with deposition on
| ength of the rod and di aphragm [0019]Figure 8 shows the change
in frequency of a rod with deposition Wi | e di aphragm was protected from
[ 0020] Figure 9 shows the change in frequency of a tuning fork

the full

deposi tion.

with the deposition on the full Iength of fork, including diaphragm

Changes in pressure can cause the damping material to move away from (or in

contact with) the tines permitting oscillation.

[0017] Figure 6 shows the deposition of the fuse material at the tip of the

tuning oscillator.

[0018] Figure 7 shows the change in frequency of a rod with deposition on
the full length of the rod and diaphragm.

[0019] Figure 8 shows the change in frequency of a rod with deposition

while diaphragm was protected from deposition.

[0020] Figure 9 shows the change in frequency of a tuning fork with the
deposition on the full length of fork, including diaphragm.

[0021] Figure 10 shows the change in amplitude of a rod with deposition on
the full length of the rod.

[0022] Figure 11 shows the change in amplitude of a tuning fork with
deposition on the full length of the fork and diaphragm.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0023] This invention is directed to commercial tuning fork technology. As
shown in Figure 1, the tuning fork consists of a two tines [40] attached to a
diaphragm [10]. The tines are comprised of a tip [20] and a base [30] region.
Various shapes are possible for the tines including round, hemi-cylindrical, and a
non-uniform shape for the tip and base region. The existing commercial

applications include the on-line in-situ measurement of fluid level, density and /

to nmove away from (or
[0017] Figure 6 shows the

in



[ 0021] Figure 10 shows the change in anplitude of a rod with deposition on
the full length of the rod. [0022] Figure 11 shows the change in anplitude
of a tuniwg@2baris2emwt h deposition on the full |ength of P&/ USREH/036082
di aphragm DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS [ 0023] Thi s
invention is directed to comrercial tuning fork technology. As shown in
Figure 1, the tuning fork consists of adtwo tines [40] attached to a
di aphragm [10]. The tines are conprised of a tip [20] and a base [ 30]
region. Various shapes are possible for the tines including round,
heni - cyl i mdniisaisjty arf¢racasentreams ar mvetapangeoof inHesttiep dhd ifda® regi on. The
exi sting comerci al ?ppli'lcat i ons incl %gde the on-line in-situ neasurenent of
fluid | evaNVeRfEHkinypIvg§dhg meagurement o changes in the resonant parameters (in

particular amplitude) of a tuning fork immersed in a process stream to detect

material loss. The current commercially available devices use the resonance

parameters of frequency, Q, and amplitude to determine the density and the

viscosity of the medium. The underlying assumption in these devices for

measuring fluid level, density and / or viscosity is that the mass of the oscillator

is fixed and its mechanical properties are fixed at the operating temperature.

Another assumption is that there is no mass deposition on the tuning fork by the

service fluid. Some commercial systems available include a temperature

measurement to compensate for changes in mechanical properties. Moreover, in

these commercial systems, the material used for the oscillator is compatible (e.g.

non-corrosive) with the process fluid in the intended application.

[0024] The present invention uses the changes in the tuning fork resonance
parameters caused by a corrosion/erosion mass loss. In the prior art, gradual
changes of resonance parameters to measure material loss and/or the material
loss rate are considered. In contrast, the instant invention alarms when a
predetermined measure of material is lost. Although cited prior art also claims
to alarm at certain levels of material loss, the accuracy of the alarming parameter
is compromised by changes to the resonance conditions caused by variations in
temperature, viscosity, and density of the service fluid. In cases where both
deposition and corrosion are occurring simultaneously, there is a further
complication of interpreting changes to the resonance parameters. The advantage
of the instant invention is that the alarming is coincident with a precise measure
of material loss independent of these parameters. In the case of the instant
invention, the resonance device is fused to alarm when the fuse material is

consumed. Since the fuse material is deposited prior to installing the device in



or viscosity of process streans in a wde range of industries. The instant
i nvention involves the neasurenent of changes in the resonant paraneters

(i n partiwol2ary/segbi t ude) of a tuning fork inmersed i n RCPASCEIHIGEL eam t O
detect material |oss. The current commercially avail abl e devices use the
resonance paraneters of frequency, Q and anplitude to determ ne the
density and the viscosity of the nedi unm?- The under| yi ng assunption in these
devices for neasuring fluid level, density and / or viscosity is that the
mass of the oscillator is fixed and its nmechanical properties are fixed at
t he oper atthegetvecegpBuial apeccignoicharre ad shplaimmg sortdition thiebe pis no nmass
deposition_on the tuning fork by the service fluid. Some comrercial systens
avai | abl e detamyged.a t enper ature neasurenent to conpensate for changes in
mechani cal properties. Mreover, in these commercial systens, the nmaterial
used for the oscillator is conpatible (e.g. non-corrosive) with the process
fluid in ti8025ht ende dthapmiséntaniertior, G disdhan qer s ambternwmentaused tises t he
changes in the tuning fork, resonance paraneters caused by a

cor r osi on/IBilEsi GalIRKES transiion wheme psedesermined agroamt of maieidletheof resonance

paranmeters to ne e. material .l oss and/ or_ the teri.al Ss rate are

one! der ecronewnan i sECIERES. ket B To0ead maPa MR R obMu8ec or mi nea
measur e ofriiRigefihAlvel tadsifin irﬁbleé@légéhaﬁgé R hbYr 181t BBti6h b PR L0 al arm
at certain levels of material |oss, theTaccuracy of the alarm ng paraneter
i s conpr onmimkediotiyn absuegisd Wath Rsonarendhceosendy,itho sranatisedndybyar i at i ons

in tenmperature, viscosity, and density of the service fluid. In cases where
bot h deposiemdieandtionaswsiased st seenanceng the lay levséontion asspeipedi s a

furth | icati f int ti h to th t .

The advantBgROSIS §E TYCRERE 1 AvHT PERORutErs e sRbrdPYHG 1 s coi nci dent

with a preg s IRASLS EeloBlEAbRIliAa 1dAARPEIeNcal) JiES RupREamet ers. In
e | nstan e u

t he case of _ “invention, 8 resonance vice is fused to al arm
when the fdle@entisghibadatéd froanaiaidthls Hlanate hbecdmisgibidiwill abrrbde, dep@si t ed
prior to installing the device in WD 2011/152970PCT/ US2011/ 036052 -9- the
servi ce fldepdsiteomrtbeiveise msasluwsh dlie sdreical fuidi Adedordiandshe daphibagm

det ined. [0025]Ip the p toi ti th . t
Caused 10 SR B IgH] b5/ @0PEARGI Lo AR AN B OB RE Hhabat of —
terial, t ' t £r he tuni
or k resorstars TRt aerr e s AT elshhn BoR0ERIERs A m o or T ow

tine notioprdiee Flagl ti ne notion associated with resonance. O conversely,
the transition may be fromtine notion associated with resonance to the | ow
| evel notion associ ated by noving off resonance. Various enbodi nents are
enabl ed by the confiquration of the consumable fusing el enent. The nateri al
of the fugEWQDM}?TlWHEM LEHT EMSFINGYEMMEMELSREG{Dare not conpati bl e
(will corrode, erode, deposit, or otherwi se react) with the service fluid.
The tines and the di aphragm shown in Figure 1 are fabricated frommaterials
that are d00pek i bl énhis knibreliment itloefifsk wlanenfyipcompliged ofihy t he fusing

el enent is not conpatible with the service fluid. o
substantially rigid element [50]. In this embodiment, a link rigidly connects the

tips of the two tines [40] (Figure 2a and Figure 2b). In Figure 2a, the link is
consumable and is welded to the tines. In Figure 2b, the link is not consumable.
The Figure 2b link is attached to the tines by epoxy, the consumable (fusing)
material. This rigid link in both cases prevents oscillation of the tines. The fuse
material (metallic or nonmetallic) and dimensions are determined by the detection
application. In Figure 2a, the fuse (the consumable material) is the link itself. In
Figure 2b, the fuse is actually the epoxy [70]. For a corrosion/erosion

application, typically the fuse material would be the same material as the material



EMBODI MENT WHERE THE FUSI NG ELEMENT IS RIG D [0026] I n this enbodi ment, the
fuse elenent is conprised of a substantially rigid elenment [50]. In this
enbodi merwg 2011/i520r i gi dly connects the tips of the twoPCTAS301148405% Fi gur e
2a and Figure 2b). In Figure 2a, the link is consunmable and is welded to
the tines. In Figure 2b, the link is not consumable. The Figure 2b link is
attached to the tines by epoxy, the condrmabl e (fusing) material. This
rigid link in both cases prevents oscillation of the tines. The fuse
material (metallic or nonnetallic) and di mensions are determ ned by the
det ect i on cppteresit loromerafdsghrsemanp betthe pfassere(hdvadegnsatial.e Imatheri al ) i s
the link itself. In Figure 2b, the fuse is actually the epoxy [70]. For a
COrr oS on/‘@ﬁ%%ﬁtéﬁugblm ﬁl@éﬂﬂ@ﬁ?l ol imteranl gprpa@nef%eTﬁﬁpat?raal GYBENSIOBE t he

sanme materjal,.3as the rial .+-10- of i.nterest. | one .this. may be
the. pr essa Q3T ARy TRl teptiont of MALER oy Bl RERIEBERE S oY of
i nternal Qe enEMbEm p-Bli‘[ﬁt).”Wl%ﬂ SdrréHiARRBRIAHS cRUL thedfise € BEdaRdiRased on the
amount of nmaterial |oss that would be of interest (e.g. the alarm point).
When cor r ascilat@r asplotudeavitlesx pehenées s1gnofidane akcreddeefromicd zdratonrveayrfuiw t ude

wi || experience a significant increase froma_ zero or very |ow val ue.

Moni t or i ngrale Mosieanedhe sesensnes BarpBgas A8 chms|anpldade or Q) wrddd tri gger

the alarm that the. pre-establish condition has been reached. [0027] Figure
o ool qubitatr BT Rt SRR chh Ao B st B80S i otk of
carbon steel wire with a dianmeter of 0.064 inch. This carbon steel fuse

el ement was welded to the stainless steel tines. The tines and wel ded ends

of the fugqe0RTpk waligureGatmdvidet An@xuiplé whpretetusidgrdlemennof Pigard 280
hydrochloric acid solution at anbient tenperature. Since the wax is
i nper vi ousconsistshel heatbou stest ivdreawith a damgter o Ocirt mchofThihearbosistegl el ement

ill b id tacked. T i f.or k g he .dat I ti f

F gur e 3a Mas Clpiepbn Gaovelied R aiBlest PRsuRGy BOF tng axbuelde B odnent

tThe out putyy, ofy, L NG Wehe X‘&ﬁeMﬁé’?ﬁQ tb@'ré\%ﬁft 0550k iB'a?lZSQ/%?l&ach?ﬂ&Jigmnt 'n
ranscei ve node. shown in'the figuré, there I's no signifrcant anplitude
until apprRxd sshEby aSQm@%ﬁ&ﬁ?él@ﬁJr@f SasdthexpasHitfeavieus taared.

Concurrent visual nonitoring of the fusing elenment confirmed that the

change i n lympoctlade adidd oobyr thesyeoted of the fisinghglsineat whl dalkacot attduketiuse.
The tuning fork used for the data collection of Figure 3a was driven at its
resonance frequency by a piezoceramic element. The output of the fork was
monitored using the same piezoceramic element in transceive mode. As shown in
the figure, there is no significant amplitude until approximately 80,000 seconds of
acid exposure have elapsed. Concurrent visual monitoring of the fusing element

confirmed that the change in amplitude did correspond to the physical break of
the fuse.

[0028] A few example applications are provided in the refining process
industry. Fluidized catalytic cracking units employ solid catalyst particles to
promote the reaction. During upset conditions, these solids may be inadvertently
carried over to an improper process stream. This inadvertent carry-over may
cause accelerated erosion of the process containment (e.g. the pipe wall). The
availability of a corrosion fuse element fabricated from the pressure containment

material could provide an early warning of this undesirable condition. Another



[ 0028] A few exanpl e applications are provided in the refining process

i ndustry. Fluidized catalytic cracking units enploy solid catal yst
particl eswoeoprisebe t he reaction. During upset conditi ®a3/USei1e98608Dl i ds
may be inadvertently carried over to an inproper process stream This

i nadvertent carry-over may cause accel erated erosion of the process
contai nnent (e.g. the pipe wall). The th1Iab|I|ty of a corrosion fuse
el enent fabricated fromthe pressure contai nment nmaterial could provide an
early warning of this undesirable condition. Another WO

2011/ 1529 %3RO &/8201 103606y intlustry examagiverténtdiquitheamgidvee oy silfigust ry is
i nadvertent liquid carry-over of sulfuric acid in an al kylation unit.
[0029]AnoﬁWé}H¥%ﬂﬁ%@%?“FHHH§try exanple is the application of the fusing
el enent as a detection for an excessive amount of chlorides. In refinery
crude distillation units, chlorides enter as part of the crude oil.

Al t hough niB829kchl orAmtekeraretfiathiemdostry esamplesisebe epplstadioncbilibe fesmged i n
advance of the crude uniit hy the desalter, this renoval process is

typi cal |y sleraeniset @etﬁﬁ*do%ﬁ?feﬁtfi Hessinaamgquat ef cldariges. dhsrefnsry paKle ¢ hr ough

tenper at ur i EbIes B sBleERS BoltP A FRHIGHRE o ELARRSRR st PRSETR he
tol erabl e 4 Qh (ﬁﬁﬁ’i\aé %ﬁ%ﬂ;s SBLA blFoved BRVAn&OHEERAdd ﬁﬁ'lt Ibgqﬁ@ase of

chl orides or the net tion or loss of the chemcal neutralization
usual | y erttﬁs@lyﬁdtmayemavwlq)rpce:sbIlet};qn(tadlycmbmqﬂaaandmotﬂenmesaﬁmdequfatemy be
desirable to fabricate the fusing elenent froma nore corrosion resistant
material t@Rleridaethas pess thieugh thatcendeadistiHatien proceshmay paupgadidisnent i s not
So robust as to restilgt corr S|on at a desired oncentr&w B | eve

exanpl e, |Cf°r‘E(ﬁ5’np?So SERdGh e TRTAfe RR9ls APG CopArSeaa Y Seow leig fust ng
el enent Cgiefl il de%trﬁélﬂﬁ?%élerc‘e{b othe"l:o:n]lilﬁlaml% et&lgﬁg uasérﬂg el ement woul d

not corro nor operat i on wi corr05| on. However,
it woul d h@nsesesitn Rlcfoak® oflBhionicles @8 ehhetGBH @It dteorClons 8Ntheathicaiical

[ 0030] Fi gure 3b provides an exanple using the tuning fork described in
neutralization usually employed may cause problematic corrosion. In this case, it
may be desirable to fabricate the fusing element from a more corrosion resistant
material than the containment material. However, the fusing element is not so
robust as to resist corrosion at a desired concentration level. As an example, if
the process containment material were carbon steel, the fusing element could be
stainless steel. In this case, the fusing element would not corrode under normal

operation with a low level of corrosion. However, it would be susceptible to an

increase of chloride concentration.

[0030] Figure 3b provides an example using the tuning fork described in
Figure 2b. The example of Figure 3b uses a rigid connecting element [50]
fabricated from a carbon steel wire attached to the tines by epoxy [70]. In this
example, the epoxy is the consumable fusing element. The incompatible fluid, a
solvent, can attack the epoxy but not the carbon steel wire nor the stainless steel
tines. As shown in Figure 3b, the amplitude of the resonator increases after
approximately 3000 seconds of exposure. Visual inspection confirmed that the

carbon steel link had separated at the epoxy joint from one of the tines. This



Figure 2b. The exanple of Figure 3b uses a rigid connecting el ement [50]
fabricated froma carbon steel wre attached to the tines by epoxy [70]. In
t hi s exampbDes1ises7epoxy i s the consumabl e fusing el enenPCT/iseoliL08@IPpat i bl e
fluid, a solvent, can attack the epoxy but not the carbon steel w re nor
the stainless steel tines. As shown in Figure 3b, the anplitude of the
resonat or increases after approxi natel y123000 seconds of exposure. Visual

i nspection confirmed that the carbon steel |ink had separated at the epoxy
joint fromone of the tines. This WD 2011/152970PCT/ US2011/ 036052 - 12-
separ at i orsepamtidntfheedtthe ¢ines naddlingyresesuwancetiomas owliceed hyithat ed by t he
anplitude increase. [0031]In an also preferred enbodinent, the rigidly
connect ed FRIFUAS 1NGH83%L | ed in a fashion that provi des either tension or
conpression to the fuse elenent. This tension or conpression can be
achieved at the time of fabrication by conpressing the tines toward each
ot her or t[@A831pni ndnthealdd preseraadbgmbodmadcthe aighély. cdnmettedSusaisodi nent, a
fuse reaction with the environnent that caused a change i n pechani cal
strengt h viBeirHed #ua dashien thas ereddes either teurion PheoBPEsHBIN trdhe Susdue to the

h i hani.cal i he f | d i d
orovide artiangsm fgs IR Rt tGiprsitnih b PR AN JIRRETHER ¢ or ea.
Exanpl es 053/ ﬁﬂgﬁregﬁﬁgi‘ﬁé‘%iheﬁtdwnﬁhgﬁ% DiHeEBF t&f%'idrﬁﬁ% AL GRACKIV AT frofif 9h

t enper at ur ogen-attack, and decarburization. T0032] A fusing el enent

t hat att acdaek otle. Mhghid ehdbodiment)a fusaaicoan wieh thedavironbensgeei fic for a
particul ar solvent, water, or hydrocarbon material. The fusing elenment can
al so be f awubehe ebange mhaechanienl skiregthbveeldsapsethegose ta bwakonkben rat i on.

As an exanple, a ystyrene fusing.elenent. could be put into an agueous
Stream t o Beclortiatsiits e dRnEintperEm s Shphees Se fotk RodhuERe.
would become active and provide an alarm for similar degradation of the
equipment being monitored. Examples of such degradation include stress

corrosion cracking, high temperature hydrogen attack, and decarburization.

[0032] A fusing element that attaches the rigid bar to the tines can be made
to be specific for a particular solvent, water, or hydrocarbon material. The fusing
element can also be fabricated so that it breaks above a pre-specified
concentration. As an example, a polystyrene fusing element could be put into an

aqueous stream to detect the presence of an aromatic solvent such as toluene.

EMBODIMENT WHERE THE FUSING ELEMENT EMPLOYS A MATERIAL
THAT MAY SHRINK OR EXPAND

[0033] In another highly preferred embodiment, a fusing element [80] is
employed that may swell (or shrink) to enable (or disable) the motion of tines.
The fusing element is positioned by supporting structure [90]. This embodiment,
shown in Figure 4, is particularly attractive for applications where it is desired to
detect a low concentration of a contamination fluid in a process stream. The rigid

supports [90] are attached to the area supporting the diaphragm. For example,



EMBODI MENT WHERE THE FUSI NG ELEMENT EMPLOYS A MATERI AL THAT MAY SHRI NK OR
EXPAND [0033]1n another highly preferred enbodi nent, a fusing el enent [80]
i s enpl oywo 20hats29may swel |l (or shrink) to enable (or di abiusporiiossosnti on of
tines. The fusing elenent is positioned by supporting structure [90]. This
enbodi nent, shown in Figure 4, is particularly attractive for applications
where it is desired to detect a | ow conkEntration of a contanination fluid
in a process stream The rigid supports [90] are attached to the area
supporting the diaphragm For exanple, -13- industrial processes often use
wat er as tihdustoel progessesioftchmsa vsited ds thadovlibg fluedin @xkdlbagdtubellteat s of t en
very desirable to qujckly detect a breach in the boundary between the

cool i ng wet*ehanggd. dhis iichceasy depigalie to ﬁutq@%d%tﬁah%lg@,ac i thseb@ndaty on of

process fluid to.the l.i [ esq.t-ne (process. fh ui { he

Cont am narfe ey Ul 0% 18 Al GRS THUHR R B SR Rwbt s el
hydr ocar DQgtprbb&s FREH kb Bid Qb1 Wakt b e plRcéUghTAGoYafBNt touches the
tines. [OOSAP] In one configuration, the fusing el ement does not interfere

w th the nohtoninaht.t Bg sticogag wifesingredarpestatiat expfands edrehasxiposed to

I ntroduction of the contam nant causes the fusing elenent to expand

(swel 1), domiregprbandbaosaetlatipe nitliséon whes thefising elgaent typches thertings. t he
tines. In a separate configuration, the fusing elenent is in direct contact
with the tines preventing their notion when unexposed to the contam nant.

| ntroduct i[0034f t hénoaoicantipanitionatieeisingeelémshindpes!ivemerfere withithk,

pul ling away fromthe tines and thereby enabling tine notion. The selected
conf i gur atthehompf thenieneseplberdenexnasen ta He condamune Inttodwetionsof de shri nki ng

or swellin ith the cont.anm. nant .and service .fluids of .interest. Fo

oxampl e, EootinibghbCyReR i b Ben] & irahd dner b capind ShEFRAG B,
alle VR i g Lol

EvBoD! ven i BHRE R Ritte WBfb olih finePind Bibalf (B REMALEH, feel o

fusing element is in direct contact with the tines preventing their motion when

unexposed to the contaminant. Introduction of the contaminant causes the fusing
element to shrink, pulling away from the tines and thereby enabling tine motion.
The selected configuration will be dependent upon the available materials for
shrinking or swelling with the contaminant and service fluids of interest. For
example, a silicone-based polymer will have considerable swelling for aviation

grade kerosene but very little swelling for a heavier fuel oil.

EMBODIMENT USING A DAMPING FUSE ELEMENT AND A BELLOWS

[0035] In another preferred embodiment, a fusing element is attached to a
bellows. The bellows may compress or expand depending upon the pressure of
the process fluid. As depicted in Figure 5, a damping material [100] is attached
to the bellows [110]. Depending upon the pressure, the amount of bellows
compression will change. The damping material moves with changes in the
amount of bellows compression. When the compression is such that the
damping material is in contact with the tines, the tine motion will be disabled. A

suitable change in pressure and the bellows compression will move the damping



[ 0035] I n another preferred enbodi nent, a fusing elenent is attached to a
bell ows. The bell ows may conpress or expand dependi ng upon the pressure of
t he procese 201wised70As depicted in Figure 5, a danpi ng nRCEAS2011[/03@®83 | s
attached to the bellows [110]. Dependi ng upon the pressure, the anount of
bel | ows conpression will change. The dargt)i ng material noves with changes in
t he anount of bell ows conpression. Wienl4-he conpression is such that the
danping material is in contact with the tines, the tine notion will be

di sabl ed. A suitable change in pressure and the bell ows conpression wl |
nmove the duaateiinboffiof-thertines emdblmizfmofion.hdhtibaes casegisitin obthealampihg base
case position ,OL t he darr%i,ng[ material (e.g. the an;f{)i ent press,U{e case) my
cause t he 'RalspRhG-gdhe AMbicHiPressurerasse may cayse tha dyppwggapiial 1 om t he

tines. The,_ ien [ re Lt oniing,. of  the danpi terial.w.ll|l be
dependent SIBR0F e BRFET O RaPl GoRTURARS R PRI O Shithid e
device is 3iSpé dhﬁlp%gafrfé‘téri%ﬂ Al &V@épeﬁﬂeﬁmﬂﬁi’n the %ﬁﬁ%ﬁa%ﬂichﬁ@ﬂ andl 0036] A
vari ant nethod on'the bell ows approach is to deploy a binetallic fixture

wher e t he widinktessinenwhethéethp eleatoerie vdep enalent .foByn suet @abheles Presstircon of
the binetallic materials, this strip can be configured to interfere with
the tine residdPiahen a pre-specified tenperature limt (high or low) is
exceeded. EMBODI MENT USI NG A DEPCSI TED FUSE ELEMENT AT THE TIP OF THE TI NES
[0037] I n another highly preferred enbodiment, a fusing elenent [120] shown
in Figure [0086] applA edridm thédotliopsthobetlbwstappesmchThisdépley adinleeatiiot is not
conmpatible with the corrosive or contamnating fluid. The tines are

f abri cat ediftpemwheresthe cogipressaan isgeapapuicolepenient. thheswitable sdeetian d. The

d thigk f the fusin terial is.k d/ d aft
e depast kS5l OGS BB REL B, nEENlo SREER MRS TRERe L Lo
d . | ' terial.
and Q) on nfEAT WA PSR bR ARRH AR R 0L ki blise meteria
prescribed anmount corresponding to the renmoval of a substantial amount of

t he fusing. jmteria he se i r@ﬁ%wsgmgﬁﬁgﬁ u'ijlfgg% be

adj ust ed by BODIMENT U ;,._

deposi ti onrﬁ@efms the threshold sensitivity because there is |ess
mat eri al to pe removed. An exanple of this enbodinment is the fabrication of
a hydrogen fluoride (HF) detector. By using glass as the fuse deposition

terial h il | - ifi t of i
raterral, [b9§?ﬁ:n8(ﬂ’l a\rllmother ﬁ}g%rbr/n pre g{}eg e?nrb%d?rggr?tl, alfﬁsc,img e eurplent 128J ass s

e

di ssol ved
shown in Figure 6 is applied to the tips of the tines. This fusing element is not

compatible with the corrosive or contaminating fluid. The tines are fabricated
from a material that is compatible with the service fluid. The mass and thickness
of the fusing material is known and/or measured after the deposition. Likewise,
the resonance parameters (frequency, amplitude, and Q) are measured before and
after the application of the fuse material. The device goes into alarm mode when
the resonance parameters change a prescribed amount corresponding to the
removal of a substantial amount of the fusing material. The sensitivity or the
alarming threshold can be adjusted by the amount of fuse deposition: reducing
the amount of deposition increases the threshold sensitivity because there is less
material to be removed. An example of this embodiment is the fabrication of a
hydrogen fluoride (HF) detector. By using glass as the fuse deposition material,

the sensor will alarm when a pre-specified amount of glass 1s dissolved by the



- 1 5- presence of HF. In contrast to thin filmglass etching HF sensors
whi ch cannot be reused after exposure, the instant invention can be
re-armed Wo 2bog2er8 al |l of the glass has not been expen@€a/USTig/0bfds5ensor
could also be fabricated by a rigid glass fuse as illustrated in Figures
3a/b. In this enbodiment with a rigid connector, the fuse would need to be
repl aced before reusing the sensor. [00@] When it is desired for the sensor
to alarmfroma specified amount of material |oss caused by the process
fluid, then the fuse deposition material should be selected to reflect this
appl i cat i gmesdnec afdttheln eqytdsc &t thom filint glasyetblingddF seasorowhidtecaensor to
alarmin the pr ce of contanination nat normal ly nd in the process
stream | P& ngei@fg%r expRaucy e laétaagmveaHOHﬁ% PEds- aﬁmgg a@éonﬁa?ﬁ)%kl PBbl e with

t he proce m _hant 039] Ty vent u

el ect r ont dbe et ¥ BBH AT Rd gk e el kNG osPh R féblﬁ‘?ﬁ&%zre 6. The
el ectroni %glﬁ@aﬁefu%ﬁs ﬂRlsErﬁteﬁQﬁfFlgﬁi&%s @'a?d rmnnfﬁijseerﬁ%dlﬁld?ﬁ%vlﬁpﬁ?ﬂ d ed change
in the resonance paraneters of anplitude, frequency, and 0040] The
data in f|cgmnestoi,,thBfuwwoﬁlddmdrtetheabplabmbefdmmmgﬂles;enm is used to
measure mass increase (e.g. fouling), the tuning fork is significantly
better than the resonating rod. A beaker of wax was heated to its rrelting

B0l ar o (RRSBES Wh ?%ﬁﬁéﬁﬁgref@ﬁﬁé%?g?%%ﬁ@@% B g g Lo,
woul d havﬁﬁ%rlﬁ WsDEAbde % ?éé%%%uld déa F'd@goﬁﬁﬁ KaeriPNe a tuni ng

fork and e ot er a sin were in |ppe into the liquid

wax/ coke rshyuld e seldctad toveftbct @m@@pphcaiffuns Iprmﬁchtra@pnemugedm@yrbel atively
uniformsolid | ayer on the sensor. After application of wax/coke the

r esonance deswqd épicthesensdrdo séarsom thapressase oé dontihenaizes oot wamallyen di pped
again int m xt ure and wed to cool. In this way. repeated
measur ener0a S Dease oo cirBEycase, BE dhas epositon maerial it be

compatible with the process fluid contaminant.

[0039] To prevent premature alarming, electronics can be configured with
the tuning fork device of Figure 6. The electronics can be set to trigger the
alarm mode for a pre-specified change in the resonance parameters of amplitude,

frequency, and/or Q.

[0040] The data in figures 7, 8, and 9 demonstrate that, where the sensor is
used to measure mass increase (e.g. fouling), the tuning fork is significantly
better than the resonating rod. A beaker of wax was heated to its melting point
and blended with very fine carbon coke powder. This was done to simulate the
impact that coke, formed in a process reactor environment, would have on a
vibrating mass sensor. Two vibrating sensors, one a tuning fork and the other a
single rod, were individually dipped into the liquid wax/coke mixture and
allowed to cool. This procedure produced a relatively uniform solid layer on the
sensor. After application of wax/coke the resonance frequency of the sensor was
measured. The sensor was then dipped again in the warm mixture and allowed

to cool. In this way repeated measurements were made of the sensor’s resonant



-16- frequency as the mass of wax/coke increased. Figure 7 shows a plot of
frequency vs. weight of wax/coke for the vibrating rod. In this exanple the
sensor disphloagiseevas al so coated as part of this di ppi ngCpruse@dose®s2 | n a
process environment the di aphragm would normally be exposed and woul d
therefore become coated with foulant. The resonant frequency is expected -
by the laws of notion - to decrease w tdP7increasing nass. It can be seen
fromFigure 7 that this nonotonic decrease did not happen in the case of
the resonating rod. In fact, there is no clear trend. Figure 8 denpnstrates
t he resul tfrafueacyastheamaexpEwareoke weasethd igimphstagys apbtmfot ect ed and
wax/ coke only coated the vibrating rod whjl e the diaphragmrenmai ned cl ean.
It is appdf&MENERAS. Wﬁlgﬁhpé\v@éé@k@ﬁaﬂ h@LYQé@ﬂdﬁge,ln&]@éﬁéégip ther equency as

ma i ncre d, i t ained, 1] Fi gur ) h esukt of imlar
per | mont bon R TAB ThC P soBRA bR Fink OB WOERIER b a T <
case, the éﬂv%ﬂh%ﬂﬂ@éiaﬁﬁﬁagﬁ{ Ao 86341 Bé‘@xﬁ@éﬁ%‘iﬁh@wmm%ﬁé&f&@s, al | owed
to coat both tines of the tuning fork and the diaphragm The data in Figure

9 i ndi cat ébeichate ddacedietthdaskant.n'The ecpoaantyfraguemesss exprctasebyvhs lavd ai ned
even though the diaphragmwas coated. This result represents a significant
practi cal Menefion —de dep@asqwithgnerpaxingyBasst Hecan be aeqmigomodigure’ 8hdr ocess

reactor it,would be.difficult to prevent exposure,of the.diaphr

Ther et or e thiaHpRRRL Sesrieseslia s By (ERBS Hae reaonanng TG pRT Bt on.

[ 0042] Anot : ' ofpithicSg | ' ' ' &ao%lr with the
t uni ng fort &;enl Qfﬁﬁédtrﬁggn\% bglglg{e?]%u%gﬁgqr@e% hﬁg‘ﬂfe gl?lrt%gf flgﬁh%){?lpa fu]J“s?ﬂllﬁlgt

el enent. Wiksretthe dpbeadi®nis prefcasiedidestak@oke ghlyecstydthecdbiatingaddand 20
granms of wax/coke were deposited on the tuning fork tines, the tuning fork
st opped vivhide thegdiapimagneiemeiingédaleanc liris apphrsos thae in Has qasenthat theof wax/ coke
was sufficient to bridgttla he ?ga bet ween thge(f{jwo tinesC{resuIting in a

conpl et e dEMANG TRCTEFING, [TEAUTH RS- MASSINEAR WratBiNedThi s resul t
represents a further enbodi nent of the sensor fuse concept. In this case,
when a sufficient mass is -17- deposited on the tuning fork the fork is

swi tched qy04nhen FHeu@apsiovPihedead: ol MSingigaSAlpeihcdk cyhdickéd Rathi £ easily
nmeasured and serves as a indication of significant mass buil d-up.
Qbvi ousl y,resonatingatining foddobcHatoo. dathis oadsy thbgdiaphchgnhwad aopprogeated
vibrating with mass increase is re gradual . ) )
and the wax/coke mixture was allowed to coat both tines of the tuning fork and
the diaphragm. The data in Figure 9 indicate that the decrease in frequency as
mass increased was attained even though the diaphragm was coated. This result
represents a significant practical benefit of the tuning fork over the vibrating rod.
In a process reactor it would be difficult to prevent exposure of the diaphragm.

Therefore the tuning fork is a preferred embodiment in this application.

[0042] Another embodiment of this invention, which is only possible with
the tuning fork and not the vibrating rod, is the formation of a fusing element.
When the experiment represented in Figure 9 was continued and 20 grams of
wax/coke were deposited on the tuning fork tines, the tuning fork stopped
vibrating. This condition occurred because the quantity of wax/coke was
sufficient to bridge the gap between the two tines resulting in a complete
damping of the vibration — a fuse had formed. This result represents a further

embodiment of the sensor fuse concept. In this case, when a sufficient mass is



[ 0043] The frequency change with deposition on the rod in Figure 8 is in the
range of 1-2%for 10 grans of deposition. In contrast, for the sane

deposi ti oNp 20hie15e97@ quency change on the fork in Figure ®CraSappossosmat el y
15% for 10 grans of deposition. Hence, the sensitivity of the tuning fork
is greater than the vibrating rod. [0044] Figures 10 and 11 respectively
denonstrate the effect on anplitude forlthe rod and the tuni ng fork. Wen
the fuse bridges the gap, the fork resonance anplitude is zero. Wen the
tuning fork oscillation stops, the deposition thickness is determ ned from
t he spaci nigpbeiteben thehmningbsk tit farbugkwitabed off when tesgapie busleddt o assess
deposition_based on ifs, anplitude, it cannot provide a fused shut-down |ike
the tuni nglHeofessatiapabyibratingeiscasily mareredifadiSERT SRS PoNKIGaE0N$Ed t 0 neasur e

deposi tion, t. S f er{;al. change.an.the tine tins, is.: | i cation
dependent .S’lgril%ﬁ%@ 1%3%1%@%@%1 gj tivé(_)%%_lqg’eci/lbgé}%gt lgol’dl l}ﬂs %%%%gt_é) rﬁ%ﬁ% ce the
deposi ti onnhe @hfpPhg bPvIMRAGHL HeIRARLLS iRPredte IsNBoRY &Ea8]. Pi pi ng or vessels.
The material change may consi st of surface roughening, a coating, a weld
overlay, or a different netal. -18- CLAINME:

[0043] The frequency change with deposition on the rod in Figure § is in

the range of 1-2% for 10 grams of deposition. In contrast, for the same

deposition, the frequency change on the fork in Figure 9 is approximately 15%

for 10 grams of deposition. Hence, the sensitivity of the tuning fork is greater

than the vibrating rod.

[0044] Figures 10 and 11 respectively demonstrate the effect on amplitude
for the rod and the tuning fork. When the fuse bridges the gap, the fork
resonance amplitude is zero. When the tuning fork oscillation stops, the
deposition thickness is determined from the spacing between the tines. Although
the rod can also be used to assess deposition based on its amplitude, it cannot

provide a fused shut-down like the tuning fork.

[0045] In the case where the tuning fork is used to measure deposition, the
use of a material change on the tine tips is application dependent. It may be
desirable to effect a material change to enhance the deposition rate or to match
deposition on the process piping or vessels. The material change may consist of

surface roughening, a coating, a weld overlay, or a different metal.



1. A sensor to detect the presence of a specified condition in a nedium
conprising (a) a tuning fork including a diaphragmand tines having an
anpl i t udewandiiaseggonance frequency, (b) a fuse fixed t®CIAISAMOBG08Z f or k
wherein the presence of the specified condition will cause the fuse to
change the anplitude and/or frequency of said oscillator to or fromthe
anplitude and/or frequency at the r esonkttice frequency wherein said fuse is
fixed to the tines to allow notion of said tines. 2. The sensor of
claiml wherein the fusing element is a nmaterial deposited at an end of the
tines. CLAIMS: The sensor of claim2 wherein the specified condition is
a corrosive material in said medium 4. The sensor of claiml
wherein the specified condition is a deposition material in said medium

5. The sensor of ¢lajm4 wherejn, the 0si td_on rial,.bridges the space
between the ti nes&' A Reiisof tﬁqg{faﬁﬁhs?é?{gg&cgfw@]S&’Fﬁﬁf@ﬁ@ﬂ&f% 1(sélgﬁld mat eri al
:‘S ﬁorrodqge@mg{@(;mﬁﬁ%gd t hereby changi ng the frequency of said tuning

or k.

(a) atuning fork including a diaphragm and tines having an

amplitude and a resonance frequency,

(b) a fuse fixed to said tuning fork wherein the presence of the
specified condition will cause the fuse to change the
amplitude and/or frequency of said oscillator to or from the
amplitude and/or frequency at the resonance frequency
wherein said fuse is fixed to the tines to allow motion of said

tines.

2. The sensor of claim 1 wherein the fusing element is a material

deposited at an end of the tines.

3. The sensor of claim 2 wherein the specified condition is a

corrosive material in said medium.

4. The sensor of claim 1 wherein the specified condition is a

deposition material in said medium.

5. The sensor of claim 4 wherein the deposition material bridges the

space between the tines.

6. The sensor of claim 2 wherein said material is corroded and/or

eroded thereby changing the frequency of said tuning fork.



WO 2011/ 152970PCT/ US2011/ 036052 -19- 7. The sensor of claim?2
wherein said material is corroded and/ or eroded thereby changing the

anpl i t udewof20sai5e970uni ng f or k. 8. The sensor of PCTAISA012/034062 ei n
said material is corroded and/or eroded by a prescribed anount thereby
changi ng the frequency of said tuning fork. 9. The sensor of claim
2 wherein said material is corroded andlr eroded by a prescribed anount

t her eby changing the anplitude of said tuning fork. 10. The sensor
of claim4 wherein the tips of the tuning fork are roughened to enhance
deposi tion. 7. The stheoradrdam dfwldrainrsadd whaéareil ns coreodet @id/ar gy of t he
tuning fork tips are changed to nodify the deposition rate. 12. The
sensor of eéP‘é"fCﬁ?hfr%Ye‘ﬁ@ntngg el 1tnde pheaid fning P8k k resonance frequency
and anplitude caused by the specified condition is confirmed by measurenent
that replicates the specified condition.

8. The sensor of claim 2 wherein said material is corroded and/or

eroded by a prescribed amount thereby changing the frequency of said tuning
fork.

9. The sensor of claim 2 wherein said material is corroded and/or
eroded by a prescribed amount thereby changing the amplitude of said tuning

fork.

10. The sensor of claim 4 wherein the tips of the tuning fork are

roughened to enhance deposition.

11. The sensor of claim 4 wherein the metallurgy of the tuning fork

tips are changed to modify the deposition rate.

12. The sensor of claim 1 where the change to the tuning fork
resonance frequency and amplitude caused by the specified condition is

confirmed by measurement that replicates the specified condition.



