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BACKGROUND OF THE INVENTION

[001] The present invention relates to mechanical oscillators for the
measurement of corrosion and/or deposition. In particular, the invention relates to
the determination of the resonance parameters of a mechanical oscillator in the

presence of noise.

[002] There is prior art on the use of the resonance parameters of
mechanical oscillators to measure corrosion and/or deposition. To determine
small changes in these corrosion and/or deposition parameters, it is necessary to
reliably measure small variations of the resonance parameters. However, noise
often compromises the consistency in determining resonance parameters. The
prior art does not disclose the determination of the resonance parameters in the

presence of noise,

SUMMARY OF THE INVENTION

[003] The prior art describes the application of mechanical oscillators for
the measurement of corrosion and/or deposition. Mechanical oscillators employ
the use of resonance parameters, frequency and the quality factor Q, for the
measurement of corrosion or deposition. However, the prior art does not consider
the required precision for measuring frequency or Q in the presence of noise to
make these measurements. In particular, the ability of the mechanical oscillator to
measure small amounts of metal loss or deposition is not only dependent upon the
mechanical design but is limited by the precision in determining the resonance
frequency and Q. The present invention discloses methods for measuring these

resonance parameters with a high precision in the presence of noise. This degree



t he neasurenent of corrosion and/or deposition. Mechanical oscillators

enpl oy the use of resonance paraneters, frequency and the quality factor Q
for the maasu?v%qgﬁywﬁgk‘ corrosion or deposition. However,,dh&,RiiRfsdrl t does
not consider the required precision for neasuring frequency or In the
presence of noise to make these neasurenents. In particular, the ability of
t he mechani cal oscillator to neasure snall2 amounts of netal |oss or
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Figure 1 depicts a nechanical oscillator with a _Ee_l zo-el ectric transducer.
[6] Figure 2 sHiuting pieecdize. ¢ambmed witiryerasmg adutidaing sigapk preecsaing anal ysi s

I T T T,

Result via FFT résonarive pafapiendrt.y of the resonance of the mechani cal
oscillator.

BRIEF DESCRIPTION OF THE DRAWINGS

[005] Figure 1 depicts a mechanical oscillator with a peizo-electric
transducer.
[006] Figure 2 shows the hardware arrangement for data capture and

analysis in the frequency domain.

[007] Figure 3a shows Frequency Domain Result via FFT over the Full
Spectrum,
[008] Figure 3b shows the Frequency Domain Result via FFT in the vicinity

of the resonance of the mechanical oscillator.

[009] Figure 4a shows the FFT Derived Response in the Vicinity of the

Mechanical Oscillator Resonance Frequency.

[010] Figure 4b shows the FFT Derived Response in the Vicinity of the
Mechanical Oscillator Resonance Frequency Including a Curve Fit Representing a

Simple Harmonic Oscillator



[9] Figure 4a shows the FFT Derived Response in the Vicinity of the
Mechani cal GOscill ator Resonance Frequency. [10] Figure 4b shows the FFT

Derived Respo ' bhe Vicinity of the Mechanical Gscil ance
Frequency | nc%g?fr%gosté‘“‘ar ve Fit Representing a Sinple @ﬁé@?og@%l | at or

3 [011]Figure 4c presents the algorithmfor selecting the electrical
excitation frequencies for the time domaijn nethods. 10121Fi gure 4d
illustrates the order for selecting the frequencies for the tine domain
met hod algorithmoutlined in Figure 4c. 10131Figure 5 shows the hardware
arrangenment for data capture and analysis in the time donain.

[011] Figure 4¢ presents the algorithm for selecting the electrical excitation

frequencies for the time domain methods.

[012] Figure 4d illustrates the order for selecting the frequencies for the

time domain method algorithm outlined in Figure 4c.

[013] Figure 5 shows the hardware arrangement for data capture and

analysis in the time domain.

[014] Figure 6a shows a representative tone burst electrical signal used to

drive the mechanical oscillator.

[015] Figure 6b shows the response of the mechanical oscillator to the

applied tone burst signal of Figure 6a.

[016] Figure 7 shows the result of the frequency sweep in the vicinity of the
resonance.

[017] Figure 8 provides the definitions of the time domain ring-down signal.
[018] Figures 9a/b compare the FFT result with the frequency sweep

method: (a) the resonance frequency and (b) the resonance Q.

[019] Figure 10a/b illustrate how the time domain decay parameter, D, is
computed.
[020] Figures 11a/b compare the FFT result with the ring-down method: (a)

the resonance frequency and (b) the resonance Q.



[ 14] Figure 6a shows a representative tone burst electrical signal used to
drixe thelnecharical oscillator. [15] Figure 6h shows the response of the
mechani cal osgj .0 the applied tone burst signal ' . 16
Figure 7 shoﬁgbf @%%%§0It of the frequency sweep i% the%@FE?%#@gmgg thg !
resonance. [17] Figure 8 provides the definitions of the tinme domain

ri ng-down signal. [18] Figures 9a/b comare the FFT result with the
frequency sweep nethod: (a) the resonance frequency and (b) the resonance
Q [19] Figure 10a/b illustrate how the tine domain decay paraneter, D, is

BACKGROUND OF THE INVENTION

[021] Prior art has disclosed and described the application of mechanical
oscillators for: measuring fouling deposition; measuring metal loss; and service
fluid properties such as density or viscosity. The ability to measure these
parameters is linked to the precision and accuracy of measuring the resonance
parameters of Q (the quality factor) and the resonance frequency of the
mechanical oscillator. The measurement of these resonance parameters may be
compromised by the presence of noise. In some cases, the noise may be the
inherent measurement reproducibility caused by limitations of the electrical
instrumentation. In other cases, noise may be introduced by the environmental
effects presented to the mechanical oscillator. These variations are caused by
changes in the service environment surrounding the mechanical oscillator.
Examples of environmental variables include changes in service fluid density,
viscosity, temperature, flow, pressure. For applications directed at measuring
service fluid properties (such as viscosity), the prior art identifies algorithms to
account for changes in temperature and/or density that occur from a base case
calibration. Even for the case where the aforementioned environmental
parameters are invariant, fluid flow provides random excitation and relaxation to
the mechanical oscillator such as the tines of a tuning fork. These successive
excitations and relaxations randomly impact the tines with random phase. This
randomness can cause very minor variations in the apparent resonance frequency
that would not be observed in the absence of fluid flow. The result is added noise

to the measurement of the resonance parameters.

[022] What is absent in the prior art is a methodology to accurately account
for the following two separate situations: 1) random variations that occur during
the measurement of resonance parameters; and 2) biased drifts in the resonance
parameters that smear their determination if the measurement time is sufficiently

long to permit a significant drift of the resonance parameters.
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consuming) since they require that the excitation frequency precisely match the
resonance frequency. Such methods typically define resonance as the excitation
frequency causing maximum oscillator amplitude or minimum excitation current
draw. The instant invention does not require that the electrical excitation

frequency match the actual resonance of the mechanical oscillator.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[025] Mechanical oscillators have been used for the measurement of
corrosion and/or deposition. However, the accuracy of the measurements depends
on the presence of noise from the medium, such as flow, viscosity, and
temperature. The present invention reduces the noise impact of measuring the
resonance parameters with three embodiments. One of the embodiments uses fast
fourier transform (FFT) and the other two use time domain (frequency sweep and
ring-down) techniques. The ability to determine the resonance parameters in the

presence of noise also enables their automated determination. Accordingly, it is



-5 10231The prior art docunents the ability to apply signal averaging as a
nmeans to reduce variability fromnoise. A though signal averaging is

beneficial a luded in the strategy of this inve S
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i ntroduced because averaging inherently requires an increase in the tinme
required to collect the data. In cases whege the noise is correlated with a
process variable (such as a biased increase in tenperature), the

measur enent of the resonance paraneters will also be biased. This invention
di scl oses enbodi nents that enable a reduction of the asurement tine to
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measuring the resonance paraneters. However, those neth do not consi der
the presence ofemwidgucrdnate dascribed beddivous (time consuming) since they
require that the excitation frequency precisely nmatch the resonance
frequency. Such methods typically define resonance as the excitation

frequency causipigqiEnyy DumalsEKiT Matid anpl i tude or mini mum excitation
current draw. The instant invention does not require that the electrical

excitation freguency mat ch the actual resonance of the nechanical
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described in this invention. An FFT is computed over the desired frequency
range using a pre-selected frequency resolution. Filtering in the time and
frequency domains combined with frequency domain averaging provide
considerable smoothing of the resonance peak. Although increasing resolution
and averaging may be directionally beneficial, each has the undesirable effect of
increasing the data collection time. Increasing the data collection time increases
frequency domain smearing for systems where the resonance parameters are not
time invariant. Figure 2 shows the typical hardware used for the frequency
domain FFT-derived response. The electrical output signal [10] of the mechanical
oscillator typically needs amplification prior to subsequent signal analysis. In the
case where a piezo device is used to transform the mechanical energy into
electrical energy, preamplifier [20] is typically a charge type amplifier. The output
of preamplifier [20] will drive some degree of analog filtering. Bandpass filter
[30] preceding the analog to digital (A/D) [50] conversion for computing the FFT
is a well-known method for reducing noise that is not in the immediate vicinity of
the resonance frequency. Bandpass filtering not only provides reliet from low

frequency noise (such as 60 Hz interference) but also provides high pass anti-



-6 then able to fit the nmechanical oscillator with a hardware/software
systemthat enabl es aut omated successive determ nation of the resonance
paraneters. T, hodi nents are descri bed bel ow. Freq '%Q iQ FFT
Met hod [026] T gszglsds%ﬁggn‘ii‘ti on for this mothod is that tho L PR Cvice
fluid provides the nmechanical excitation of the oscillator. As such, this
FFT approach is said to be operating passively since there is no external
el ectrical excitation to the nmechanical oscillator. As shown in Figure 1,
t he passive signal is provided by transducer [5] attached to the nechani cal
osci |l l at or that. converts the mechanical energy to an elegtrical signal.
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requi red ahead of the FFT anal yzer [50] which includes an analog to digital
(A/D) converter. After A/D conversion, additional digital filtering can
suppl enent nd®23 suppigee Boshansan expmple of thoipinderivesk iseeser dgned) .  However ,
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nmechani cal resonance. . . . X .
the resonance frequency of the mechanical oscillator. The resonance [requency of

the mechanical oscillator in this environment was independently determined using



[29] Figure 3b presents the spectrumof Figure 3a in nore detail around the
resonance frequency of the nechanical oscillator. The resonance frequency
of the mechan] Lllator in this environment was in

det erm ned us#ﬁ%hnﬁéﬁﬁ% ti me domai n nmet hods subsequently gggﬁp%%émthat
provi de consi derably reduced noise. In order to prevent other extraneous

hi gh anplitude peaks to be m staken for_ghe resonance (such as the one at
820 Hz in Figure 3b) a bounded search range is specified enconpassing the
frequency of the nost probable resonance. For nmechanical oscillators with
Qs in the range of  200-4000 and resonance frequenci es between 500-1500Hz,
experi ence i ndif sFesomayy methode sbseriyeaiiy desstiberd ‘;aﬁt pisvide caRsidesthlf act ory. The

search range jguGRHoRieCen Bflict G rERSL oﬂh@xcé&%ltahé’mﬂ%ti%{Jﬁlﬂﬁdd@éﬁaﬁﬁd gt ed
resonance frequency. The search range paraneters (A) for this exanple are

shown i n Fi guméstakan foxghe maonmaco raeh sedic ontat BNz wririgure 2b) s bodtidel ons
associated with hhe resul t,‘sf resent ed. i A g(ié%]glre St}aﬁh%\évstt hatabéhe exact
resonance fre?fﬁ%c 59“%?&?1%61’“1 egg%rn?aﬁlggg}xe Fne %y i rPsz%c Son. At hough
those data shwehahte. Ai@uihddcd@sdinstbsatith Qhaih thdhrangesOImmaaoapgears to be

inthe vicinity of 840-842 Hz, it is not clear if t'g«ﬂej maxi num anpl i tude is
actual |y the tpemaneeBemsneies barget $4hWOHz sxpegprredadirdeyibat 3 #5890yl e to

sel ect the fraguenoy spARERNIMMGNC THERRA AL Litded bl tidiibe ange.

however, that e Is problematic esired to nmake a neasurenent
that w || notrebentiyejoendent! onpstmated sesomate fredqpichcs Tie sehechfraegguency response

at the resonance that ttributable to noi.se. Because of variability of
'l ow ot se. | THEVPTEGeRLHr Bt PR aero 0 T RRSisER Aheh e Bie

840- 842 Hz ragi@frohmenal doalltRns 443361458 padt e rdseitd progenddd ih IFezr@BBlsKdwons t hat
created the Figure 3b results shows that the approxi mate resonance range is

except i onal | ythaighs pxackresonsnee {ragueagyeanngl byracuiatady drterniped by ingaestigno 1z
range are var i tdV TUN Yol Milaly onance
frequency by }ég’g‘%"??ﬁ%&gtdéﬁgﬁgw?‘%F%ﬁﬁ%@%@%’?i‘é@%ﬁwcg‘g{&t r%@ al’ 2&

vari abil ity ibeisehedtinitg of R0-BéAK zaitn rict alter if dre thaximuni amplgdddig usi ng t he

fitted curve to estimate the respnancge . aneters,rather .than i_ng that
sel ection fr(frﬁ"taﬁé d?fctf‘tFarleS‘f“r‘i‘EC"da‘g .O“%i"'dﬁaﬁ » 3¢ %%z%settﬁ%nfj‘égo e{e%g&leusi ng a
curve fit baSﬁa;u@ﬂcereg@dn@ﬂ@ t6 tISsdak hadptitude eflthat ipps. Hb@weverfhguuk 4b). The

resonance frequency is determ ned by finding the maxi num anBI i tude of the
curve fit. Fde prabéenmaticovhearit isylssirad to mpke gamegsueaient that kot btide), fo, and b

are 9 - free ' : o1 j Nhdhe Figure
4b exanpl e, ad %I;scﬁgﬁﬁeornisvs??%%bg?%{e] > “3582?"&‘5&%%%%%‘?% aggltaein%%F%éesear ch

al gorithns t arehumiittitatde tceier Brcalpetofiwaraltility o Vienageses fedtagabnatat a and t he
harmoni c oscillator fit. Sincg th ar. apyet f.interest .are defined at
resonance, t HEMEERApdnedo thepeg W‘pﬁﬂ‘%aé‘f g‘%\&%%‘ﬁ}?rﬁﬁg%‘f Vfr‘ﬂgblﬁ*axi num
spectral anplitude. As shown in Figure 4b, the resonance quality factor Q

is conputed by the conputation of the 3 dB (half power) points of the
har noni ¢ oscilPB8t or JdRepgated testing at the conditions that created the Figure 3b results

shows that the approximate resonance range is exceptionally consistent but the
spectral details within the 840-842 Hz range are variable. That observation
motivates the selection of resonance frequency by applying a curve fit to the
averaged FFT spectra. The variability in selecting the peak amplitude can be
minimized by using the fitted curve to estimate the resonance parameters rather
than making that selection from the actual the data. Figure 4b shows the result of
using a curve fit based on the harmonic oscillator (equations shown Figure 4b).
The resonance frequency is determined by finding the maximum amplitude of the

curve fit. For the 2" order system, the parameters a (Amplitude), f,, and b are



Time Domain Methods [31] In contrast to the previously described ITT

nmet hod, the tinme domain nethods require the application of an external

el ectrical exgi ion. The hardware for the tinme domain j.pcl udi ng
the electri czﬁbtez%)ioé%g?“i on, is shown in Figure 5. The pripnﬁx;%ug%gg?%%gre

di fferences between the tinme domain and the previously described frequency
domain set-up are the added transmt/receigve (T/R) switch [70] and the
required signal generator [60]. Moreover, the tinme donmain nethod does not
use FFT hardware nor does it conpute the full frequency response. Signal
generator [80] provides the electrical .excitation to the transducer (Figure
2, item [5]) i Wre¢maramstasnnyadiabledarcy beskfibadiustmpats fp thaFipystocsamelet 8 ¢ he
mechani cal osci i rak: ' : d is
active and chalrtl)éil’etgﬁt %ﬁtégg%({rﬁ%ﬁéllg%@%?ﬂﬁ ﬂg ara}%lg‘ﬁ)éér,l%gﬁ a?)ésbgliﬂ?rﬁg?)or?ﬁlglgizf he A/ D
and anal ysi s hérechwenr defv@h thehmrragh epactmbddtuiarst the hgmadnid¢ escdiatqr flitn Sgwae

enbodi nents it ,is possible.to for /R switch, 32]. The Frequency Sweep
Met hod and Ri n&eﬁﬂ?ﬁn%ﬁsﬁ’g&“gﬁta%ﬁ?ﬁr‘ﬁgﬁgﬁs?qaﬁﬁe’&e@%glrsr;ﬂ?l%gsmg?ﬁce t here
is no explicit wa@istiBldf @it MAxifRatiPeeR® Amphitudehas Ehdwn infRGuUeabythe esponse.

Bot h net hods enpl oy aver agi n% 1_rbé,corrputi ng each data point in the resonance
cal cul ati on seVSPBINCE AHEYY dtcter isscomputeddytbn 69mputalaon,ef thed WBd@dldint age of

the time donai EOQI@E)?B%S &qupmg?\g/rg{}ngcgﬁgmgtol;a}vg}at hod is their inproved

stability and precision. , I's advantage is - 10 - only nmintained
if the mechanical oscillator can be driven at a sufficient |evel so that
its forced excitation si | is greater than the passive signal, if any.

[ 033] One appro;gﬂipgg@g%&%g the frequencies of the frequency sweep

method is to excite the nechanical oscillator at equally spaced

successively hi@hgr fregufin@kas thebreioud] dédtiibePPT aatibdMHelingeamidhe a
sati sfactory frequency response, it may require the use of nman

frequenci es. CBEEWYsEgirg the applicatipa of gh gutsEahelectipal exeidaiipantle g?’éé‘ﬁﬁfﬁse may
be unaccept abl g..i : f. I =1 . al I m shown in
Fi gures 4c and?%éﬁ'? {élggggglg%?ggtgﬂ&f gl\ég{dé,%)(b ?Sggftr?? erx-ggﬁgg]’ % %@bﬁﬂr@ber of
frequenci es refiguretl The piheryflaedpeea diffeseveepbeteterodie tinG3dbniRec amdihe e

application of the nethod g&s‘?cri bed in. Fi gures a 3%14b c_enabl es
Docesal ve andPieN RISt D MR QOB 0P B5dhe AL AP SRLEETE Th <
capability enafﬂt@ siigh et BaNihe 3équeed ksighall Rhefafor PE0UNBekebVEr ABPLibRAL | ONS
where continual and unattended conputations of the resonance paraneters are
required. Typi demhip mathed daes gawsef Fldimgdvars needeas it gastpuihikie dehfiegspance
frequency wl | nt.er [ . ' ance
frequency. - Exafrebon gty MR b ol ol SR ept e R B e
measur enent s i (ligwede, tandyinthcanghidedliongllaoni TAR swich [70] connects the

mechanical oscillator to the signal generator while the tone burst is active and

changes the connection of the mechanical oscillator to the A/D and analysis

hardware [90] when the tone burst signal is off. In some embodiments it is

possible to forgo a T/R switch.

[032] The Frequency Sweep Method and Ring-Down Method are
considered time domain methods since there is no explicit computation or
measurement of the full frequency response. Both methods employ averaging by
computing each data point in the resonance calculation several times at the same
frequency. The primary advantage of the time domain methods compared to the

FFT method is their improved stability and precision. However, this advantage is



10351l n some enbodi ments, it may be desirable for the tinme domai n nethods
to operate using a lock-in anplifier. Lock-in anplifiers are well-known
devi ces wher ngpass frequency of the receiving ely ni LS
narrow y natc bQEUB% qectronlc excitation frequency. At % ﬁ"?@%ﬁgin
anplifiers may be nost advantageous for | ow Q devices mhere there is high
background noi se, the benefit shoul d be aggessed for nmechanical oscillators
which are typically high Q [036] The electrical excitation nay be a tone
burst signal as shown in Figure ba. The tone burst in this exanple consists

of a sine wave signal whose frequency is_in the viginity of. resonance of

t he mechani cal Qﬂg mafniiged iffisameghanicel pieiliatog can bedrivar a6 suficighicyel i gnal
shoul d be suffigh@ERtfobRd %ﬁédaﬁ@ﬁ §1gh£lEis gﬁﬁ@@ﬂiaﬁ e ;%ﬁ'vé Lighqrirtagy.a | evel
greater than provided by the flow of the service fluid. For the frequency
and Q ranges described for FFT operatlon a typlcal duratlon range for the

burst signal is 0- 500 cles it erlo tq 10 seconds.

Al t hough the bu'r s?l Si gn@fl’e PEPTAST ?Oresf ﬁg?%he ‘C\R/é’\%he fg?qcug?ﬂ’a%we\%l y, it
can be a squar enyyeisas ekciteahé ﬁﬁ:clﬁﬁm@llb@ﬂ&torlht b@mﬁfylsﬁa@ﬂ shéxesdivaihigaemi n
met hod i s that erroneous resonances (such as the peak in the Figure 3b FFT
at 820 Hz) canrf8RAUsRCiesn higiopgh this approach vl gepgrats atsatlﬁfﬁeovoﬁﬁ@usreﬁst
generator [80], swi tch
CTIR auitchy | F6(Poes S P REl o B e oy e Bl o
change t he conrgsotrarthofrequeacy reapebaomy herunpeusprablsHathcpresense of vaatabie to

ei ther the toneoli)ur {ﬁ%nga_ﬂ enenrat 2L 2L tonv\£ rec |\(/)| CLrnc A TR
swi tch woul d ndt”"Fe rS& F Ovép'ﬁl 's F?%‘h% elrse £REOAYT (ﬁ’vvéﬁ‘é ?389& Vi ng
circuit can acgedovedsd surithe of freQitgicieh edlre fRAcRebudrcy Sigecphtethdnsm t
cycle. The actual signal used by the tinme domain nethod occurs after the
tone burst stops (denoted as the ringdown signal of Figure 6b). This
ringdown signaljphgs t hq{efcﬁe%%gncm%lfu{eqnah@dsrﬁemaqm:ﬁgura%cmm cal
oscillator. Its anplitude 1s a tunction of the frequenc t he bur st
signal. The anﬂlalﬂbmdenalslegﬂeatsew amﬁewomedfcpemuehev06fhetrtﬁe>nbtmcst signal is

equal to the resonance e, mec nlc The decay
time of the ri ﬁé@&ﬁﬁer& z{\ a?aé)cl?lt&e%?bg%? tp%m[eﬁﬂ %P Sctolﬁagornlgc uﬁ? cal
oscillator: hi glbpnca@oﬁmhe%abmmat ShdPura@BgRH coml Egﬁﬁm & tBOadsonabés881The

conputer [90] serves two purposes: conbijned with the A
parameters are required. 1ypically, the frequency range to search for the new

resonance frequency will be centered around the most recently determined
resonance frequency. Examples of applications benefiting from successive,

automated measurements include corrosion and fouling monitoring.

[035] In some embodiments, it may be desirable for the time domain
methods to operate using a lock-in amplifier. Lock-in amplifiers are well-known
devices where the bandpass frequency of the receiving electronics is narrowly
matched to electronic excitation frequency. Although lock-in amplifiers may be
most advantageous for low Q devices where there is high background noise, the

benefit should be assessed for mechanical oscillators which are typically high Q.

[036] The electrical cxcitation may be a tone burst signal as shown in Figure
6a. The tone burst in this example consists of a sine wave signal whose frequency

is in the vicinity of resonance of the mechanical oscillator. The amplitude and



D converter, it enables manipul ation of the data in the frequency sweep and
ri ngdown net hods. Secondly, the conputer serves as a controller for the

t one bur st ge&grz&t18554£480] and the T/R switch [70]. [039]P3;q%s§ﬂrl§&gf\0§cy sweep
nmet hod does map “out ‘@ portion of the frequency response function

i edi at el y around resonance, as shown in Figure 7. This nmeasurenent is
made by driving the nechanical oscillatofjat specific frequencies WO
2011/ 005454PCT/ US2010/ 039108 - 12 - near resonance. By operating in a
transcei ve node, the anplitude at the drive frequency is neasured. The

measur enent i de conputing the rogt. nean square (rns). signal |evel
over a tine i_ﬁﬁf@m & h%ﬁs%fﬂl Ruld be plGicd i ieehie ihﬁéﬁ%ﬁ{zlwﬂ ngﬁef% 8)
after the excig Qﬂdvgﬂgrteﬁémh_ﬁﬁ?%i/ideﬁ the BGWORRE SR ANSIQr F& @Y TRqfercs the
excitation frequency. The interval for conputing the rnms signal | evel ends

at tinme t2 inaplQresgs desuriped for FRL enerationed typisal duratiotheangerfiirithadlastof t he
ri ngdown sign LSRG <ShOLI 1 t } C KarQu Qi se.
add t1onal - ar Supghis 206 SR0CHAG AR ool BRAEE 0 7Y ELes SRR MBI IR . e
oscil | ator responsignal il alaadple Brshidnchvehstehesioaani eal begbRneywitd gure 7).
The tinme period ti to t2 renains approxinmately constant for all applied
frequenci es aﬁderﬂﬁd}fé’é‘éﬁﬁ-sAz?e‘F?é@éPW%‘é orpRin sHiRQdl 18 (rat EONGOYR0] The fi r st

appl i ed frequengyarces @M tht BEaK iRihd PloufeSBANANSR20317) TRt BE eﬁéi'%zed.
previ ously determ ned neasured resonance frequency. This frequencCy Is

denoted bel ow as f0. Subsequent frequencies are alternatively sel ected

hi gher and | o than;this.frequency.to. nm ut litudes in the vicinity
of the resonam@] Thi én a#dé% r}'toﬁfr% {(}gélbgvgg%rﬁgag rr[csﬁfﬁgﬁt#’%]ealrb ?eﬁ%tl(fnhe

estimated or RagVhausd yirimasiecesdvadwiechdaVR switete [T0asfsheqh@nBigusd p Si ze.
Step sizes argund this estinmated resonance frequency ?r previ ous] y neasured
resonance fredbeREPO & theddt mvihds s cliages Higonnectioft of the'transducer in'the

mechanical oscillator to either the tone burst signal generator or to the receiving
circuit. A T/R switch would not be required in applications where the hardware
receiving circuit can accommodate the strong signal produced during the transmit
cycle. The actual signal used by the time domain method occurs after the tone
burst stops (denoted as the ringdown signal of Figure 6b). This ringdown signal
has the frequency equal to the resonance of mechanical oscillator. Its amplitude is
a function of the frequency of the burst signal. The amplitude is greatest when the
frequency of the burst signal is equal to the resonance frequency of the
mechanical oscillator. The decay time of the ringdown signal is related to the Q

of the mechanical oscillator: higher Q correlating to a longer ringdown signal.

[038] The computer [90] serves two purposes: combined with the A/
D converter, it enables manipulation of the data in the frequency sweep and
ringdown methods. Secondly, the computer serves as a controller for the tone

burst generator [80] and the T/R switch [70].

[039] The frequency sweep method does map out a portion of the frequency

response function immediately around resonance, as shown in Figure 7. This

measurement is made by driving the mechanical oscillator at specific frequencies



Af =1fo/Q Were: Af - frequency step paraneter fc, = estinmated resonance
frequency or previously neasured resonance frequency Q = estimated quality
factor or preyj reasured quality factor Step sizes v fo
frequency ar gwggﬁ)roaﬁ"ﬁ‘ed as follows: Af/4;A/2 - 13 - P?Z%%i?/%gﬁsthe
applying the electrical excitation at the five frequencies identified
above, the corresponding rns anplitude at. gach frequency is determ ned.

Usi ng these anplitudes and frequencies, the harnmonic oscillator curve fit
described previously is applied to the data to determ ne resonance

frequency and Q__If the curve fit does not satisfy the conditions listed in
Fi gure 3c, addi pf%ﬁ%ﬁonmc;:\%y PP%"G%’Biae‘E"’“é‘Feé"ea‘BB‘iﬁ thepmpifedestdhagnive point s

for the curve firefudnGy BreReRd. the ebflirsmali3OMbiBY cdrhplifie rREGEIFArY to
actually drive the oscillator at its resonance frequency to determne the

exact resonanceSGRredrmynugnabyphbenee 2 timegoerey thas indiatesrafien e dixby titnet duir ve
fit. [42] The g ] ol.se.li e .t.han the FFT

net hod in cases ﬁ%gﬁgﬁﬁgﬁﬁ@bgﬁ%é a%:'esir?g[irht%ifpne&u‘f%g S%ﬁ%ﬂﬁ’%‘gf“ Sd§&el | at or
nore than the féxitagocirtqenon Tie inetvs foredmphiigyithe rhs SRMPHEERS ch@Satltinge from
the FFT nethod to the f uency sweep nethod. This exanple is froma 1
liter reactor V\ﬁzgrh%lgugeté.fﬂg}e téﬁeﬁcgfeﬁéogiatgﬁm#W@@e negslovmpignphis
tenperature is fdospdifafan®ppatedt TSR SuddA R, | - kflkitd ow by
stirring. The Figure 9 rgggﬁs shﬁg’\%ﬁg F;ucr 1ieol.uced vari%?‘?&yﬁ%dgkg?%e
frequency sweeptfalgeethmaisatyssetagteddo nsp onrthepstilaidr respensEiimedintetdaroind a
resol ution of 18 ires .8 econds to conpute
each resonancequg?g%aﬁ]%ﬂgg‘??q‘ﬁgxglggx%ﬁﬁbgﬁgﬁgs?ﬁc“f’%gq???erﬁﬂ’é%y sweep et hod
appl i es 10 averapgsxihatelyorpsthet feasihagpliel ifteqaencis @hd eshrésantsiadiked ndmdad can
conpute a reson C@ frequency estimate in approximately 300 seconds. [43]
The ring- down a‘g&\‘ Se#<(fSes the sane data as the frequency sweep nethod.
The drive signal for ring-down is the same tone burst used for the

frequency sweepgggt hod.,Thi s ri g_ WN. S nati1 is the sane signal used in
the frequency BV\I‘E‘@D et HSd " tﬁpl%ng% g?“(f“f’h% 4 %rcfaﬁf‘fﬂg}alﬁ\?é’@ﬁmi‘%ﬁmﬂ@ Fhe
val ue for t2 (FRhgpiceiodlyidstenained hedswed tddahantd Geqiddy. dUMR itk GiRl id S not
conprom sed by passi ée bacl%ground noi se. Far the ring-down apdpr'oach, t he
frequency is Céﬁﬁ?ﬂ:@ eIBV as t;. Subsequent frequencies are alternatively selected higher and
lower than this frequency to map out amplitudes in the vicinity of the resonance.
This algorithm deploys a search routine using the estimated or previously
measured Q to determine the frequency step size. Step sizes around this estimated
resonance frequency or previously measured resonance frequency are determined

as follows:
Af=£/Q
Where:

Af = frequency step parameter
fo = estimated resonance frequency or previously measured resonance frequency
Q = estimated quality factor or previously measured quality factor

Step sizes around the f, frequency are determined as follows:

+ Aff4; + Af/2



- 14 - counting the nunber of zero crossings that occur between ti and t2.
Since the nechanical oscillator vibrates at it resonance frequency, it is

not necessary, t Jhe drive frequency matches the true
frequency. rb&@gg??&gﬁe signal to noise ratio benefits ﬁ%ﬁﬁggﬁg&ﬁy§ve

frequency is close to the true resonance frequency. (044]Using the
approaches descri bed above for conputingithe resonance frequency via

ri ng-down and frequency sweep, data that follow denonstrate that the

ri ng-down approach provides less variability. That observation is
attributed to directionally nore averagi ng associated with the ring-down
conputation than the frequency sweep conputation. As described previously,

both methods ygg)t he o gl dlyifPihe RIRIRLPRIOSENLRERE five frbqlth8ey. ei ght
points are used to define the curve fit for the frequency sweep net hod.

After fittingiddnéficdinbave, thhsouepandiog rinpamphiyde abeack figgeahcy &5 conput e t he

resonance frequency. .Ip confrast.,. | 6= . he aver age
frequency neagﬁt(raeg f (ri'o_{rryflél céf”sg &pH{e‘Jargsl' #gc{j]tg(ffﬂggmuﬁs’{érg}ei %ﬁ@ggg‘%ga?%r Fi gure

7, In Fi gu; e ‘tusedqh dfeﬁiritbbd pEevEOspUs Bebifed oamthtQatai to getdonins resbharcef ore, t he
resonance frequency for the ring-down nethod uses the average of 80
ring-downs to wansisy énd Re I?Q‘é"dﬂ @F%ﬂﬂéﬁ@i‘fy s CSBB’!W’E? ‘ti‘g“‘rﬁﬁ‘&?dovms per
poi nt). 10451Fhe, g dveRrdghefGlsShdhaRd 1DYerferdty frokd bdihRGoht bagar
regression to the envel ope of the ring-down signal. ere rc = 3.14159...

D = decay r at dittfnfroessonWithetbissitgswithimnit s npuneesssagararciuplly drigsdiance
frequency ( detogcrimttgre a iQX'es%%gr?ce%e%%gﬂcng )determine the exact resonance or Q. The

resonance frequency is determined by the curve fit.

[042] The frequency sweep method is more noise immune than the FFT
method in cases where the assumption of exciting the mechanical oscillator more
than the flow excitation is satisfied. Figure 9 compares results from the FFT
method to the frequency sweep method. This example is from a | liter reactor
with a stirrer operating at approximately 300 rpm. The temperature is fixed at
550°F so the primary noise is from the fluid flow by stirring. The Figure 9 results
show a much reduced variability for the frequency swecp method compared to the
FFT method. The FFT method with a resolution of 0.05 Hz and 400 averages
requires 8000 seconds to compute each resonance frequency estimate. In contrast,
the frequency sweep method applies 10 averages to compute each amplitude
plotted in Figure 8 and can compute a resonance frequency estimate in

approximately 300 seconds.

[043] The ring-down approach uses the same data as the frequency sweep

method. The drive signal for ring-down is the same tone burst used for the
frequency sweep method. This ring-down signal is the same signal used in the
frequency sweep method. Similar to the frequency sweep method, the value for t;
(Figure 8) is selected so that the ring-down signal is not compromised by passive

background noise. For the ring-down approach, the frequency is computed by



- 15 - 10461As shown in Figures 10a/b, the decay rate paraneter Dis
conputed by fitting a linear regression to rns anplitude deci bel (dB) data.

In this exa”p\LVS’zoltx}f)'(%HNB anplitude is conputed on a per Pﬁ¥fhjs§)1 A5los, Where
the start of a Ccyclei's defined as a transition frompositive to negative

signal in Figures 10a/b and the end of the cycle is defined as the | ast
poi nt before the next positive to negativeggtransition. In cases of nore
signal variability, it can be beneficial to increase the conputational tine
period to several cycles. [47] Simlar to Figures 9a/B, Figures Ilal/b

conpare the results of the ring- down nethod to the FFT nethod. Figure 11 a
conpares the re<WREME Bemuahsealcsea’ creptings;thtoscur bepveesipaiidds Pige esonance

(. The data f ofedta@ihRScIBIR vitfted 4G RsHhEe RLuehB),li€S hEthRbsshiiansane time
for the same reactor. Figure 1 la/b show a nmuch reduced variability for the

ri ngdown net hodthe dripafreguency triatchEithe imie liesgnanth dreqiengy d blomveden thefsignaFiogur es
Ila/b are the sane data call ecte ur i t he saj 0 ecan | peri od
required for thlém%corﬁﬁ%gﬁeg S%ge%%g(a?l? %%g%‘f%f/y lsbv‘\‘/erfgsﬁ e ‘“‘ﬁ%“&,re&rﬁ%‘i@eﬁ gures

9a/ b and Fi gur effeddeddyb denonstrate the inproved noise immunity for the time
domai n met hods conpared to the FFT nethod for situations where the
variability has zero bias. In this case, zero bias inplies that the

frequency and Qoahou! d BenghphlBroAR d-hemel TRoRact Qoflinkl. fBGBHECTEN:

To within experinental sta the data collection conditions for
Figures 9 and Ifteqsiancy da eixpidoirn aad Hiieghengs gweep, ditaghattfollaw demonstiategthat

resonance condi tians ,of the chanical oscill.ato The uce
acquisition ti ntée fIB?df’WE @P??énaﬁgrﬁﬁidﬁs !‘?8? HEH: llﬁ% Epaé(foe?eé' T?tfejoni lrs"lg%r?l?l}tué %ns
where factors afifeeGéiallg nidte av@a0NA RSO cARUITE BE SinBR Wi odutadibh ehanithd a

non-zero bias. The other advantage of the tipe domain nmethod  is that it
provi des 2 i ndeframariysveEp somaupien sAsdessabd previondrath mgthodevsedi®nance

e o ey M MRS OR AT OO LT By (B ST (o
are al so anenabdueve fiirfosthe feegaéency sweeg megiode , Afiert foting the curve, the equation in
Figure 6 is used to compute the resonance frequency. In contrast, the ring-down
method computes the average frequency measured from each of the ringdowns
used in the data for Figure 7. In Figure 7 each point is computed from 10 ring-
downs. Therefore, the resonance frequency for the ring-down method uses the
average of 80 ring-downs to compute the resonance frequency (8 points X 10

ring-downs per point).

[045] 'The value of Q is determined by curve fitting a linear regression to the

envelope of the ring-down signal.

_4.34%27* fo

¢ D

where n=3.14159....
D = decay rate (dB/second) as shown in Figures 10a/b

£, = resonance frequency (determined by zero crossings)



- 16 - inplenentation. The primary difference for these time domai n net hods
is that the starting frequency for the signal generator [70] is the

previously de&grz‘{rllg@(j%g%esonance frequency Conbining Ti @C?%ZOEJ/&?Mgncy

Donmai n Met hods e approach for inplenmenting the tine and frequency
dormai n met hods descri bed above is to use the previously determ ned
frequency and Q as the starting point fogsfinding the next values. Al though
this approach is generally reliable for the FFT frequency domai n net hod,
there are cases where changes in noise nay tenporarily conprom se the tine

domai n neasur nt. An exanple_of such a situation is when,one or nore
par anet er s chz&% S vewspﬁgﬁ&} ?‘gﬁﬁﬁﬂﬁ@{btﬁédﬁ%i’tyéat@é’IaTW?riﬂlsiWI . In

such cases, thg fﬁ@ﬁ%&l it 39 rdekdWBiof QBLNaHPRSEE SILR0H (dBMaRE HOMR! bR,
erroneous because of varying anplitudes and frequency snearing. This

probl em can béertaseinydidudsyis oempiged b a peretygtakayisdehert tha sartpf scpde Bhe
starting point ry i Xt t. i ear ch. i t gh this
sort of dual 881];17'%%%23{%%88? ﬁ}]é)c li’%ﬁ“’%nﬁ nﬁ?l%at%/glgl ﬁé/irsm ggg%%éesgle'b%ﬁnﬂ ?Rﬁyt can be
made avai | abl endof @a cade akdiacd bathi $ast fhiheefbreelpmmxe pofRavigenegsth] The data
shown in Figures,9 and 11 are for, necha i,cal,tungng f%rk oscillators with a
| ength scal e gRnsiigneinjcaenof mosgsigha! vadsrili: gan esBmsHel! iragsasdies on the

order of 1000EgmaRg:id lifepBRod BN\Q@Peaf cy2Q- 5000. Data are al so available
for mcrocantilevers with Fength scales on the order of tens to hundreds of

mcrons (1*10'6 neters). Typical resonance frequencies for such oscillators
ot 10, SO0t loblod kA 0 AR AR AR R 27,
in the nmet hoddowrnictiaidead tladdVEmethod 1 FigurdCl N ddiipares the resonance frequencies

and Figure 11b compares the resonance Qs. The data for Figures 9a/b and 11a/b

were all collected at the same time for the same reactor. Figure 11a/b show a

much reduced variability for the ringdown method compared to the FFT method.

The ring-down data for Figures 11a/b are the same data collected during the same

300 second time period required for the collection of the frequency sweep

method,

[048] Figures 9a/b and Figures 11a/b demonstrate the improved noise
immunity for the time domain methods compared to the FFT method for
situations where the variability has zero bias. In this case, zero bias implies that
the frequency and Q should be stable over the time period of the measurement.
To within experimental stability, the data collection conditions for Figures 9 and
11 should exhibit a high degree of stability for the resonance conditions of the
mechanical oscillator. The reduced data acquisition time for the time domain
methods is preferable in situations where factors affecting the resonance
parameters may be variable with a non-zero bias. The other advantage of the time
domain method is that it provides 2 independent data analysis methods for
computing the resonance parameters without increasing the data collection time.
[049] Similar to the frequency domain FFT method, the frequency sweep

and ringdown methods are also amenable for successive, recursive, automated



1. A method for determining the resonance paraneters of resonance frequency,
f, and quality factor, Q for a nmechanical oscillator in the presence of

noi se in an enxi ro/lrl}qrylfg;t of a service fluid, comprising: pruszor@io§XCiting

the mechani cal 04Ye tor by flow of the service fluid or by electrical
excitation; b) determ ning an anplitude response of the oscillator
to said excitation; c) averaging the.response fromnultiple

measur enent s; d) fitting a curve to the averaged oscill ator

response; and e) calculating the resonance frequency, f, and quality

factor, Q fromthe fitted curve, the anpl|tude resppnse being determ ned
by a fast Four i@plemeaitipor khe pipay q“ﬁ%ﬁﬁ?—ﬁ\%ygﬁmm ai, methops 15 gty
excited by thegselvlife rlhidy o] Serhtl Bk BreVRiuB dlcwhthedai d
excitation is e esgtrplﬁgalc{lwfg*ﬁlgqﬁ%t ﬁr(l)zg)égf rcI g?r??l whgrr ein ? aendﬁ%egre

det erm ned f r omsohancstiiegserefy determning a fast Fourier transform of
anplitude as a function of frequency. 3. The nethod of claiml wherein f and

are determ ' i
Q rm n%rgbrh%g]g t111'.'116“1‘3 grtu? 19 rsqugncgf %{o%ari]na Meﬁ%ds

1050] One approach for implementing the time and frequency domain
methods described above is to use the previously determined frequency and Q as
the starting point for finding the next values. Although this approach is generally
reliable for the FFT frequency domain method, there are cases where changes in
noise may temporarily compromise the time domain measurement. An example
of such a situation is when one or more parameters changes very rapidly during
the data collection interval. In such cases, the resulting time domain measurement
may be completely erroneous because of varying amplitudes and frequency
smearing. This problem can be resolved by using the frequency domain results as
the starting point for the next time domain search computation. Although this sort
of dual domain data collection may not always be necessary, it can be made

available on an as needed basis,

Other Frequency Ranges

[051] The data shown in Figures 9 and 11 are for mechanical tuning fork
oscillators with a length scale of a few inches and corresponding resonance
frequencies on the order of 1000Hz and Qs in the range of 200-5000. Data are
also available for microcantilevers with length scales on the order of tens to
hundreds of microns (1* 10~ meters). Typical resonance frequencies for such
oscillators are 10- 300KHz, and Q’s in the range of 200-500. These tuning forks

can operate either with passive or active actuation with the signal collected in the

methods mentioned above.



said electrical excitation and nmeasuring the anplitude of said oscillator
after termnating the excitation, this step being repeated at additional
drive frequencies to obtain the value of anplitude as a function of
excitation frequency for the curve fitting fromwhich f and Q are

determ ned. 4. The nmethod of claim1l wherein f and Q are determ ned fromthe
ri ngdown signal of the oscillator afterivermnating said electrical
excitation as the anplitude of said oscillator decreases, this step being
repeat ed afLeMdMY:ional drive frequencies to obtain the value of anplitude
as a function of time fromwhich f is obtained fromthe nunber of zero
crossings for a known tine interval and Qfromthe fitted curve to

det er mi ne t.he dAchéthed faatdeteohinidgethampbnanad @arameteodhofaicsprancealreruaney, v.adnde f or
f and Q - = 5 _The nethod of claim3 where the initial excitati.on

{r equency TETHeBEPROdH D PorrR<poee Tl de PSkReb il Al PG A L%
function oferficeue@yprisiag: The nmethod of claim 3 wherein an estimte of the
resonance paraneters, for selecting the excitati frequencies i s determ ned
from a f st Foub Srtinedhs FoeR Sali e Tee o Mereryion Toe o ke alerege 7
The met hodey@fiatedn@i m 4 wherein an estinmate for selecting the excitation

frequencies is determned froma fast Fourier transformof anplitude as a
function of frebpsisisempiningsn ampdityderespanssfof gegspilaonospid expiéationci t at i on
frequenci es ar & al agght I €ghb¥ RF Rl heslidieRlsze the Tequired nunber of
frequenci es. 9.) Tﬁgé n'ét odﬁ’o clarm 4%\?\?{1ere the excitation frequencies are
al gorit hmi cal | yd)détiega edve © the averdgeé osdilbatorgeponssdandunber of frequenci es.
e) calculating the resonance frequency, f, and quality factor, Q, from the fitted curve,
the amplitude response being determined by a fast Fourier transform in the frequency domain
of the oscillator excited by the service fluid flow or by a time domain method when said

excitation is electrical.

2. The method of claim 1 wherein f and Q are determined from the steps of determining

a fast Fourier transform of amplitude as a function of frequency.

3. The method of claim 1 wherein fand Q are determined from the steps of terminating
said electrical excitation and measuring the amplitude of said oscillator after terminating the
excitation, this step being repeated at additional drive frequencies to obtain the value of
amplitude as a function of excitation frequency for the curve fitting from which f and Q are

determined.

4. The method of claim 1 wherein f and Q are determined from the ringdown signal of
the oscillator after terminating said electrical excitation as the amplitude of said oscillator
decreases, this step being repeated at additional drive frequencies to obtain the value of
amplitude as a function of time from which f is obtained from the number of zero crossings
for a known time interval and Q from the fitted curve to determine the decline rate of the

amplitude, to obtain an average value for fand Q.



10. The method of claim1l in which the response of the oscillator is
subjected to a band pass filter. 1 1 .The nethod of claim2 in which the
resonance frequency is determ ned by determ nation of the maxi num anplitude
of the curve fit to the fast Fourier transform
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5. The method of claim 3 where the initial excitation frequency is determined from a

fast Fourier transform of amplitude as a function of frequency.

6. The method of claim 3 wherein an estimate of the resonance parameters for selecting

the excitation frequencies is determined from a fast Fourier transform of amplitude as a

function of frequency.

7. The method of claim 4 wherein an estimate for selecting the excitation frequencies is

determined from a fast Fourier transform of amplitude as a function of frequency.

8. The method of claim 3 where the excitation frequencies are algorithmically selected

to minimize the required number of frequencies.

9. The method of claim 4 where the excitation frequencies are algorithmically selected

to minimize the required number of frequencies.

10. The method of claim 1 in which the response of the oscillator is subjected to a band

pass filter.

11. The method of claim 2 in which the resonance frequency is determined by

determination of the maximum amplitude of the curve fit to the fast Fourier transform.



