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MECHANI CAL OSCI LLATOR BACKGROUND OF TFI E | NVENTI ON
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measur enent system for the detection of corrosion and
for neasuring the rate of netal mass | oss. The
i nvention may be applied generally to the detection of
netal -1 oss by corrosion and/or erosion species in
single or nultiphase fluids. 1n particul ar, the
present invention relates to tfhie on-stream detection
of netal -loss corrosion and/or erosion during an
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that are adherent to the contai nnent surface. A
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utilization of corrosive crudes and corrosion inhibitor additions, and reductions

in unplanned capacity loss, turnaround time, and inspection costs due to
corrosion-induced equipment failures. Additional value is achievable with the
application of the instant invention to corrosion monitoring of transfer, process,
and storage equipment used for crude oil, fractions and derived products, and
chemicals and other industries concerned with corrosion and erosion. Further
value is achievable with the application to monitoring metal-loss corrosion in
equipment used for the extraction of crude oil from subsurface and subsea

deposits. In these and other services, a by-product of the corrosion is scale or



[ 0004] Current corrosion sensing technol ogies, for

exanpl e electrical resistance probes, fall far short
w@Roothesper f or mance | evel required to achi eve pdEUS2007/005226

econom c incentives described above. Their

shortcom ngs are that: One |imtation relates to

sensitivity versus useful sensor life. Increasing

sensitivity of the conventional electrical resistance

probe is achi eved by decreasing the thickness of the

sensing el emrent. However, the“decrease in thickness

results in a reduced |ife of the probe. Once corrosion
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factors that affect electrical resistance necessitate long data collection periods
(often a week or longer) to establish a reliable trend. While conventional
electrical resistance probes are based on understood theoretical principals, 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.

[0005] It is well established in the literature (references 3 and 4) that the
lightly damped harmonic oscillator with single degree of freedom can be
mathematically expressed by a second order differential equation. If the forcing
function is sinusoidal, the resonance frequency and quality factor, Q, can be

represented by:

fo =(1/2m) V(k/m)
Q = (1/c) * V(k*m)



Q= Quality factor (a neasure of the system danping
and energy dissipation) There is an inplicit
was@umpisyon that the danping is |ight so that edweUS2007/005226
mechani cal resonance can be observed. [0006] Patent US
6, 928,877 and US application 2006/ 0037399 both enpl oy
resonators and teach a rel ationship between the
resonance frequency and mass change. The rel ationship
taught by the prior art is consistent with the
wel | - known sol ution descri bed® above for a single
degree of freedomlightly danped nmechani cal
scillator: a mass decrease will result in a frequency
FPease and a mass increase will result in a
frequency decrease. The instant invention teaches away
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- 5 - decrease the resonance Q Therefore,

2006/ 0037399 teaches that the fouling condition in the
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recogni zed by the Q nmeasurenent. The application

teaches that a neural network or artificia

intelligence can be used to infer corrosion and

fouling conditions fromthe resonance paraneters. The

i nstant invention teaches away fromthese enpirica

and unreliabl e approaches by ‘téesi gning a probe where

the resonance frequency is primarily dependent upon
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excitation at the
nihisapbssagitl inkgease theaepimnct Hrejueoty waddhat foalingrdepayition will
be provided by a piezoceram c driver. Wien driven by

an external energy source, such as a piezoceramc

driver, it is not required to continuously provide the
excitation. The excitation can be applied at the tines

it is desired to interrogate the corrosion sensor.

1001311 n one enbodi ment, a single tuning fork with two

regi ons of



differing corrosion resistance is used. Regions of

differing corrosion resistance include the case where
w@p®7ebosthe regi ons does not corrode at all. |PCEUS2007/005226

preferred enbodi nent, both regi ons are subjected

simul taneously to the corrosive environnent. In

anot her enbodi nent, a second non-corrodi bl e tuning

fork is used as a reference fork. In both enbodi nents,

bot h resonance frequency and are available in the

determ nation of nmetal mass Tdss and scal e/fouling

deposition. In the dual sensor enbodi nent, the second
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enbodi nent of the present invention 0015 F| gure |b
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but .not i tical. t f 001 .
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[0017TFigure 3 illustrates the plan viewof

longavitycisdio providega fask lossate quandityect dat a ( referred
to as fork B).

SUMMARY OF THE INVENTION

[0011] The present invention is a corrosion/erosion sensor and a method for
its use in a corrosive liquid or gas environment. The invention uses the changes
in the resonance parameters of a mechanical oscillator to determine the metal
mass loss of the oscillator. However, several corrosion mechanisms also result
in scale deposition. Since the desired result is metal mass loss, the effects of
scale deposition should be considered. An example of corrosion scale in
refining processes is iron sulfide: formed by the iron removal from the pressure
containment boundary reacting with various sulfur species in the process fluids.
In addition, some processes are fouling resulting in deposits such as coke,
inorganic salts, or wax. Ammonium chloride is an example of a salt deposition
that occurs in various aqueous containing streams in the processing of crude oils.
Coking can occur when the temperature of the metal surface is higher than the
temperature of the service fluid. The present invention determines metal loss,
including loss from, corrosion employing a mechanical design that minimizes

the interference from deposition.



[0018] Fi gure 4a distinguishes the effect of deposition
and mass loss at the tine base fromthat at the tine
wo p@7fes7f ork A. Figure 4b nakes a direct sensp¢T/us097/005226

conparison to netal | oss and deposition at the base of
Fork A. [0019] Figure 5 shows the effect of deposition
over the entire fork fine and mass | oss at the tine

base for fork B. [0020] Fi gure 6a shoms the effect on Q
and relative change in frequegcy, , of deposition on
tines and di aphragmfor fork;"B wth netal mass |oss

equal to. 0.25g. Figure 6b shoms the absol ute effect
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subsequently. These vibrating elements are attached to a diaphragm. The
vibrating elements (e.g. tines or rod) have regions that respond to the service
fluid at different corrosion rates. The vibrating element includes a base and a tip
region. 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 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

corrosion Sensor.

[0013] In one embodiment, a single'tuning fork with two regions of
differing corrosion resistance is used. Regions of differing corrosion resistance
include the case where one of the regions does not corrode at all. In a preferred
embodiment, both regions are subjected simultaneously to the corrosive
environment. In another embodiment, a second non-corrodible tuning fork is
used as a reference fork. In both embodiments, both resonance frequency and Q
are available in the determination of metal mass loss and scale/fouling
deposition. In the dual sensor embodiment, the second fork is used to track
process fluid changes such as viscosity, density and temperature not attributed to
corrosion. In the special case that uses a reference oscillator and where the
corrodible oscillator is constructed to minimize the frequency change caused by

corrosion scale deposition, it is sufficient to use resonance frequency to



[ 0025] Fi gure 11 shows a case where the probe resonance

frequency remai ned constant in a corrodi ng environnent
wowdoh/iasmcur rent car bonaceous deposition. [ 00280 FUse0B005226

12 show the sane device of Figure 11 but in an

envi ronnment where corrosive fluid has an inpact on

resonance frequency. [0027] Figure 13 shows how finite

el enent anal ysis (PEA) can be used to optim ze the

paddl e shape by mnimzing t ef fect of deposition

mat eri al . DETAI LED DESCRI PTI'ON" OF THE PREFERRED

EVMBODI MENTS [0028]This i nvention represents a new
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oscllator I's conpatib P non-corrosive) with the
topcalbexs slatd (rleﬂerrad tohas fmrkeﬁn)ied application. [0029] The .
present invention uses the changes in the tuning fork

[0NaNCfigure 3 illustrates the plan view of a commercial tuning fork used

to collect data (referred to as fork B).

[0018] Figure 4a distinguishes the effect of deposition and mass loss at the
tine base from that at the tine tip for fork A. Figure 4b makes a direct sensitivity

comparison to metal loss and deposition at the base of Fork A.

[0019] Figure 5 shows the effect of deposition over the entire fork tine and

mass loss at the tine base for fork B.

[0020] Figure 6a shows the effect on Q and relative change in frequency, f,
of deposition on tines and diaphragm for fork, B with metal mass loss equal to.
0.25g. Figure 6b shows the absolute effect of resonance frequency and Q with

respect to deposition.

[0021] Figure 7 shows the change in Q from mass loss at the tine base for
forks A and B.



paranmeters caused by a corrosion/erosion nmass | oss.
However, a conplication arises in that severa
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or may be acconpanied by fouling deposition. Since the
desired result is to nmeasure netal mass |oss, the
effects of these depositions should be considered.
Several distinct enbodi nents have been devel oped to
address these issues. [OOBO]mg one enbodi nent, a
devi ce woul d be constructed i"ch enpl oys two
mechani cal oscillators. One oscillator would be nade
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fpredrctrng remaining wall_ in_piping and vessels. O her
enblangasingnashanieal Properics Mernegvebsrtheseicommercial systems,
mnimze the inpact of corrosion scale deposition, the
corrodi bl e oscillator can be configured using el enents
with different corrosion rates as describe in the
single oscillator enbodi nent. [0033] This enbodi nent of
using two oscillators can be used to account for the
effects of corrosion scale or fouling deposition. The
approach also has the beneflt of dlrectly accountlng
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mul ti ple corrodible elenents described in the

preferred enbodi nents. There are two reasons the
worndoviigiser t uni ng fork approach may be | ess despeBUOE®07/005226

than the single oscillator approach of the preferred

enbodi nents. One reason is the cost of materials and

installation of the second oscillator. The other

reason i s the assunption that both oscillators will be

exposed to the sanme corrosion_and process

envi ronments. [0034] There arz?tundanent al principl es

aSSOCIated wWth the tmo oscillator system The first

princi t hat two, osci | | are cl ose .
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corro ut I't is also ecesgary to conp
otlkﬁr&ﬁcﬂbiter woutd ofvdnde soma mztterlah;fthaEmecénode Pteihh:ebly, this

third prlncl Ie| i.ed above is applie then it
cpyoding W@F?é ﬁﬁ%ﬁ‘c& ﬂ}eesggg‘nwngﬂgﬁl@gsasttge FEBCHF gressure

Ry €32 it PR REhG TS pbethlofiBihg Bg gucilators

caf ®32isbé taminimideneffacts of comodictewals of foulge deposiitiomas well
in the exanples, in this |n ention, represent the

ag chapgesasge n\g‘aF“é%%”%‘rPrQé‘ﬁfi? erﬁgya&saaﬁ%éﬁmpemge ‘or
deposition gain was achieved uniformy over the tuning

[0@31 t i ndn ddmthersembodiment, a sirigle m@@mniceﬂl oleillator iasised to
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typi cal the interior of a pipe or a vessel
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GDOSI tion are a function of pOSI tion on he tuni n‘g
cboting (¢ither rﬁer@unceoﬁnommqt@lh@t d}signel provessiog (& an f)

fork | FORK
CEReBivES g Bt it i Fost BRRghpiege pee MUEHER t Sngpoure

coftioBRIN &Q:Ghntmé'fﬁr baﬂfjforﬁﬁsﬁ' déi)%l's{ticﬁ{‘ Sbrrb§ieniseRlethd fouling.
fork. Figure 3" shows a simlar "plan view of another

Thenvomcoiteht measwgnientiof] templeratarescan b&EoRK B) accthmt fpnemall
shape of FORKS A and B are different. As described in
this invention, the tine shape has an i-npact on the
sensitivity to neasure corrosion. The vibratory
excitation for tuning FORKS A and B is achieved with a

pi ezoceram c driver attached to the di aphragm




[ 0037] Fi gures 4a and 4b show the effect of deposition,
achi eved by epoxy addition, and netal mass | oss at
wo 2ove/1bdsp7 and base for FORK A, Mass | 0ss at t hect/usm07/005226
tip causes an increase in resonance frequency and nass
| oss at the tine base causes a decrease in the
resonance frequency. Deposition at either the tine tip
or base causes a decrease in resonance frequency.
Addi ti onal key observations: . At the base, the
effect on the resonance chaﬁg%st much nore pronounced
for metal mass | oss than for deposition (difference by
roximately a factqr aof 100)..For. direct. c ri son

HRBES paRenfat i, dhn by oS BaseRins HEG ATy have
a':dogiérsﬁoﬂ@in%]affécttoﬂechta irBfoddnke #agcﬁné@@g@va%dlﬂjpact s of

steel " mass |1 oss and depositio iffer by only a factor

R usnd e iR RS T oRYE PRl e
i simlar construction. Al though the four
5@%@% clol | ect these gatla are the ggms nodel -
i.ngl f . .
(0B8R e ST S Sl FoisSenaiio s used
ak Qﬁ'ege%r fite ﬁle%%ﬂéﬁlerﬁ!oﬁﬂﬁ {tRPbRAD s dd YoStratkf f)ﬁfc% fluid changes

t he ect of epoxy deposition on the relative changes
(sucht dseviseasityg density end éermperatunm) ¢biatowabldeindlugnce the observed

g s ot TonmRit o taBls e RO CIgHi T 47).1 Bhg Aepond
oEEi&tdt @;ﬁ?r y‘o'?ﬁoﬁ Brehd hié'térzaltn&i@ta?ﬁecﬁﬁg%i gféiﬁrdcéss fluid, as in

appr oxi e 50% greater than FORK A Tabl
tiseioaser o z@sradidn odxjenenses thda samé¢ changdesy bbbirhadditika ibeould
measured_ in_air agd wat.er %%0039] For

eXPpiiPach thsrhangru dis Filis Sartesion camsebhy e Agig-yThis gjgference

ith b8Avior is then translated into a metal loss rate for the material at the process

conditions, and is used to monitor the corrosion/érosion rate to determine safe
operation, effectiveness of corrosion inhibitors, inhibitor dosage control and / or
predicting remaining wall in piping and vessels. Other embodiments are also
possible and described. To minimize the impact of corrosion scale deposition, the
corrodible oscillator can be configured using elements with different corrosion

rates as describe in the single oscillator embodiment.

[0033] This embodiment of using two oscillators can be used to account for
the effects of corrosion scale or fouling deposition. The approach also has the
benefit of directly accounting for minor variations in the service fluid impacting
temperature, density, and viscosity. In the absence of any corrosion, the change
in resonance parameters (Q and frequency) of both oscillators can be directly
attributable to parameters other than mass loss (e.g. deposition, density, etc.).
Any divergence between the resonance parameters of the two oscillators is
attributable to mass loss in the oscillator fabricated with the corrodible
components. If the two oscillator approach is to be deployed, the effects of

corrosion scale deposition can be minimized using the oscillator design using



the corrosion scale. Although deposition fromfouling

is possible in several services where these probes nay
wmeoonsad;7 it is typically expected that deposipdDusd007/005226

fouling with high fluid velocity or non-heat transfer

conditions will be mniml. For these non-fouling

services, one oscillator design approach is to

fabricate the tine tip froma corrosive-resistant

material (e.g. stainless steigkfor some services) and

fabricate the base fromthe Todible material of

interest (e.g. carbon steel |n sone services). Since
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frequency effects from deposition on the base area
(341" €S THRD aronHMmEAR Dricitie asiibisel Wik Bhd Uy Bsci

eff ct on emfesonaffnce fﬁgqucéﬁ'cyasT erg ore, tévr scillator

sydtem. CEbe firstgunaciple ik rtbamha a¢wooaseilbetorssae casseﬂjn posmoned SO

I ndi cator, for netal Rat her t han usi ng

ss | oss.
thal GhREin Brasessaendiioes (GHRPOHBORCAenSIY SPHInS. sty Empact
baﬁPB Hlé‘to‘r§ il heePhy Ffinﬁef t §Rb QRS Eﬁhbgﬁe @bt BSth oscillators
[i1c or non-netallic, to the tine tiIps.
re{s@ﬁﬁﬂ]tblaheseetrharigns ot hgredieableanannér €Tlee thisd principle is that

pQsi,ti on,_ from source ther than,the corrosion
88@%? OS%ffé@rslé cppsiucigdan aeprek vith guidelings ofdhis inygntion to
S
“2‘3*3%%*%*‘%??&?%%2“‘?& sit16Pthd S 6ABh Do Tp lcletallothe two
osmﬂam‘rs il ihavetsahilacrdsonined tharacteristics gﬂréqmrﬁ:;m Q‘, 0
cEft deposi tion_on the non-corrodi bl e el enent _(e.

f of Ben aé%@bl@. compensagen algrrdthey is «fmetermmed
fmlﬁa&eﬁ Qﬂmfmtkffe&@ 'mzaaf r@@hﬁ Ree stablished by
resonance req ency novvn n prior ar
nicaatretieqriaising nonAdéticnd osmh}amrwdh birgilad wseﬂmce

(often, various alloys |ike stainless steel) can be
cl%fr@ﬁmsssﬁt P}éfemeéoofaynmge rk@SﬁBlatgﬁ Wgﬁﬁepﬂaabut net

o P CPRR AL R T g
tH@ osci Batovs do mespond to dhahpes Asa @hedmtablhe bugnteidéhtical manner.

oSiti o decr eases both Q and t he,  resonance
"g%q%?u 59 SEItgS MOt ealssPeRRssHY orpoRites theichapges as they occur in

;
AL RIS JBSLERSE10 SOUAL s it shangesin
ttai reférenbe ferkd dé thenthirdjerincipkeid@ntified abol e sl appi&‘aed cuhem it is

n al gorithm (subsequent| escrl bed

i ok Stfﬁg{l%ﬁemw %@@gpﬁtq MeapRiesBf hlrc? principle
5?’5‘@?“?‘;{1%28@‘. SlngeR 3 FeqBA s?fg&mﬂﬁa]b}ﬁ?"g Q%é’ of
. Ao TSt e
t}ﬁ§ he\?kﬁlégid"l%ﬁ&é&nbﬁfe ﬁﬂ%%??ﬁ??ace xggfgﬁf Hihe ‘f@zﬂ%ﬁeﬁl loss or

ape mnim a to volune rat
dépasmm)n igain was achieved undfoendy exvehdise tunéng dsrkr tiid. eHowever it is
effect of mnimzing the area for deposition. As shown
in Figure 13, minimzing surface area with the
spherical shape results in a reduced frequency
decrease per thickness of deposition. WO
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Summary of Resonance Frequency Response: Fork A and

Fork B Loadi ng Par aneter M Loadi ng Fork AFork B
wO\ddoenodsoadi ng Fork AFork B Base netal |oss (HxTrusdodds226

20 9 16 Base deposition (Hz/ml)
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reported herein as the single-sided result to be consistent with the metal loss (or
scale deposition) as it would occur on the interior of the pressure containment

boundary (typically the interior of a pipe or a vessel).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS USING
A SINGLE FORK MECHANCIAL OSCILLATOR CORROSION/EROSION
PROBE

[0036] It has been discovered that the resonance effects of mass loss and
scale deposition are a function of position on the tuning fork tine. Figure 2
illustrates thé tines of a commercial tuning fork level sensor (FORK A) used to
collect some data that follow. The figuré identifies a "diaphragm”, "tip" and
"base" portion of the tuning fork. Figure 3 shows a similar plan view of another
commercial tuning fork level sensor (FORK B). The tine shape of FORKS A
and B are different. As described in this invention, the tine shape has an impact
on the sensitivity to measure corrosion. The vibratory excitation for tuning
FORKS A and B is achieved with a piezoceramic driver attached to the
diaphragm.

[0037] Figures 4a and 4b show the effect of deposition, achieved by epoxy
addition, and metal mass loss at tine tip and base for FORK A. Mass loss at the
tine tip causes an increase in resonance frequency and mass loss at the tine base
causes a decrease in the resonance frequency. Deposition at either the tine tip or

base causes a decrease in resonance frequency. Additional key observations:

1. At the base, the effect on the resonance change is much more pronounced
for metal mass loss than for deposition (difference by approximately a factor
of 100). For direct comparison, these parameters are plotted on the same

axis in Figure 4b.

2. At the tine tip, the relative impacts of steel mass loss and deposition differ

by only a factor of 5.



-0.1 <0.1 -0,1 <0.1 Ratio: netal |oss to base
deposition - 120 -200 -90 - 160 Tip deposition gain
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3. The data in Figure 4a of the epoxy deposition at the fork tip were actually
collected on four forks of similar construction. Although the four forks used
to collect these data are the same model from a single manufacturer, one has
a base case resonance frequency approximately 100 Hz lower than the other
3 forks. Notwithstanding this difference, the effect of epoxy deposition on

the relative changes in the resonance frequency is predictable and consistent.

[0038] Figure 5 shows similar data for FORK B. Although the impact of
deposition is similar to the FORK A case, the sensitivity to metal mass loss is
approximately 50% greater than FORK A. Table 1 summarizes all of the

sensitivities for both forks as measured in air and water.

[0039] For some applications, the primary source of deposition will be from
the corrosion scale. Although deposition from fouling is possible in several
services where these probes may be used, it is typically expected that
depositional fouling with high fluid velocity or non-heat transfer conditions will
be minimal. For these non-fouling services, one oscillator design approach is to
fabricate the tine tip from a corrosive-resistant material (e.g. stainless steel for
some services) and fabricate the base from the corrodible material of interest
(e.g. carbon steel in some services). Since the diaphragm of the tuning fork now
forms the pressure boundary, it should be fabricated from a material that will not
fail from corrosion. With this fabrication scenario, metal sulfide, oxide or other
scale deposition caused by corrosion will be limited to the base section. Since
the tip is configured from a material that will not corrode, there will be no
corrosion scale deposits there. Therefore, if the deposition is limited to the by-
product of corrosion (in this case iron sulfide), the very limited frequency effects
from deposition on the base area (Figures 4a/b, 5 and Table 1) will have virtually
no effect on the resonance frequency. Therefore, under this case resonance ’

frequency can be used as the indicator for metal mass loss. Rather than using



1.8 (wax) 3 (epoxy) 2 (wax) [0042] The present

i nvention includes a conponent to enpl oy shape
wepiormd@at i on. Al t hough shape optim zati on maypPdRUS2007/005226

hel pful to inprove discrimnation of mass | oss versus

scal e deposition, there are other potential benefits.

For exanple, it may be desirable to nmaxi m ze the probe

sensitivity near end of probe |life. As shown in Figure

8, this work has denonstrated the viability of using

finite el ement anal ysis (PEQ‘%b nmodel the fork

resonance frequency. FEA correctly nodels the

.resopange freguency r onse,to tal s ass..and .
i8S 0 AR Tmet PR FOHNmlcRERY AR Bl rfiRis neEhech IsHRagly pouitable

pidictive Bosiif tnéaNider HoRInétallRs 36 She tifie @Ppsi M zi ng the
tine design for specific applications. Details of PEA

be found in references 1 and 2. %cillat. rsrfgor
(G0 e o PRV e o PR E Petyicossa Hitse Taay; B deppSifig from sources
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the order of 125 mcroneters) scal e applications
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non-corrodible elements (often various alloys like stainless steel) can be
significantly reduced by electro-polishing methods. In cases where fouling
deposition is still problematic, the presence of deposition can be detected by
trending Q as shown in Figure 6a/b. As shown in Figure 6b, deposition
decreases both Q and the resonance frequency. Figure 6a shows how to
estimate the relative frequency decrease corresponding to a measured Q.

Figure 7 also shows that metal mass loss at the base does not decrease Q. These
findings form the basis of an algorithm (subsequently described) to estimate

metal mass loss'in the presence of scale deposition on all fork components.

[0041] The data in Table 1 and Figures 4/5 demonstrate that the shape of
the tines can be used to improve the differentiation of metal mass loss and
deposition. Using a ball shape at the tine tip has an additional benefit because a
spherical shape minimizes surface area to volume ratio. Minimizing the tip
surface area has the desirable effect of minimizing the area for deposition. As
shown in Figure 13, minimizing surface area with the spherical shape results in a

reduced frequency decrease per thickness of deposition.
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alter the neasured frequency fromwhat it would have
whemn/ivwisth only corrosion or erosion. Althoughp¢tes2007/005226

corrosion sensor of the instant invention is designed

to mnimze the inpact from deposition, there may be

situations where it is necessary to account for

deposition. In these situations, the change in

frequency attributable to dep iltion can be determ ned

by the neasured val ue of Q Cf an be related to the

change in frequency due to deposition over what it

woul d have been with only l.oss from corrosion or
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deposition on the tine near the base. The deposition
mat eri al shoul d have nechani cal stiffness properties
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5. These neasurenents outlined in steps 2-4 should
continue on Fork 1 in discrete mass | oss increnents

wq@ ado7tbus7base of the tine) to fork failure. ForCcEESIN07/005226
increnent of netal |oss, the application of deposition
(step 3) is - 18 - repeated. By running this
calibration procedure to failure of the fork, it
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measurement are outlined below. Fork 1, Fork 2, etc. are physically different

forks but they are of similar geometric design and fabrication.

[0045] ‘The most general case allows for the possibility of both metal mass
loss and deposition. However, it is noted that in cases of heavy organic
deposition corrosion losses are typically small. In contrast, aqueous applications
may have thick depositions that may be a precursor as well as a direct cause of
the corrosion. A deposition of amine chlorides is an example that absorbs water
and becomes locally corrosive. For hydrocarbon (organic) applications, the
primary deposition is the corrosion scale and its impact on the resonance
frequency measurement is minimized by the bi-metallic fabrication of the tines.
Field experience suggests that corrosion product deposition (for example iron

. sulfide scale) will form rapidly from the outset and then grow very slowly if at



conmbi ned effects on resonance frequency and Q caused
by the various inpacts of tenperature. [0046] Exanpl e
w@monsoesgr t he above al gorithm This exanple  PCT/US2007/005226

denonstrates a boundary condition case: a situation

where deposition after calibration with no new net al

| oss can be distingui shed as deposition rather than

netal loss. As outlined in Step 2 above, FORK B shown

in Figure 5 had neasurenentsng resonance frequency

(wi thout deposition) as a functtion of netal nass

removal . Figure 6h shows the frequency response as a

u i on,0f, wax Jmss_.de i.tion for. th i,nal netal
ol 2518 G g Rl SR i b erafinle rgtal loss and
ifiIRI(HR WRRF SHBIIANARsids! the IpIREEOhO F5r Rk B | i
dePSITbRIthg Rl AL dkses the IMpIRAR0N B HebRHERRF afBflcation
bringsserved FORK B Conditi on Resonance Frequency (Hz) Q
No deposition and no mass | oss (Resonance frequency

15 h@éhstrchh $hig ¥k peeferably with tines of bi-metallic metallurgy. The

metallurgy should be chosen to minimize corrosion at the tine tip area and to

be representative of the subject metallurgy at the base area. The metallurgy
fork diaphragm should be selected to minimize corrosion. Example
materials for the case of refinery streams subject to sulfur corrosion would
be stainless steel (non-corrodible) and 5Cr 0.5Mo, respectively for the tine
tip and base. This example assumes that the metallurgy of the subject piping
is a 5Cr 0.5Mo alloy.

2. Fork 1: Using a format outlined in Figures 4 or 5, measure the fundamental
resonance frequency and Q as a function of deposition on the tine near the
base. The deposition material should have mechanical stiffness properties
and density similar to that of the expected depositions. These measurements
should be made in a medium of representative viscosity of the actual test
fluid.

3. Fork 1: Using a format outlined in Figure 6, measure the fundamental
resonance frequency and Q as a function of deposition over the entire tine
and diaphragm. These measurements should be made in a medium of

representative density, temperature, and viscosity of the actual test fluid.

4. Fork 1: Using a format outlined in Figures 4 or 5, measure the fundamental
resonance frequency and Q as a function of metal mass loss at the base of

the tines with all depositions removed.

5. These measurements outlined in steps 2-4 should continue on Fork 1 in
discrete mass loss increments (at the base of the tine) to fork failure. For

each increment of metal loss, the application of deposition (step 3) is



1039 Wth 1.199g deposition / no mass | oss (not shown
in figures) 1192 976 Change caused by deposition of

wd 2009900837 Hz (decrease) 63 (decrease) [0048]|PCFHUSODE005226
5, with a netal nass |loss causing 2.3 ml|s thickness
reduction (total thickness loss of 4.6 mls); the
resonance frequency with no deposition is 1178Hz. This
metal thickness corresponds to a loss of 0.25g. In
this exanple, the intent is tqQ use the Table 2
calibration to shom1hom1depo§| Ton can be correctly
assessed For this exanple, it is desired to knOM/the

net al at _the tine en.the senso rds
97631’3?‘5 7.5 ruinliie hiiceat oo Brdcaby of R hedugled. i

Q @rovides ‘il@f@ﬁfhﬁ%ﬂttofeﬁbb&nrekb%é%%t%ﬁb f@flure when installed in
deposition. In an actual case, it is |ikely that
i nthe pervies BnidaoBYy inodritoriog itheanesphanmﬁnqagmyemd @Dthe
20%?)43%21%818 ZVZFCKT{OL\;VS%V 07/'( g 2r%?1g fork has reached a predefined

replacement thickness.

6. Test cases, shown in Figure 7, have demonstrated no decrease in Q for tine
shapes shown in Figures 2 and 3 of metal mass loss (without scale
deposition). For these fork designs, the system Q (fork + deposition) is
controlled by the deposition rather than any modest increase in the fork Q

associated with metal mass loss.

The following functions are defined:

Af deposition = | G(Q) | (Figure 6)

Metal loss = H(Af metal loss) (Figure 5)

Af measured = Af corrosion + Af deposition

From the above equations, Af metal loss = {Af measured - G(Q) | }
» Metal loss = H({Af measured - | G(Q) | D

7. Figure 10 provides an example relating an effect of fluid temperature on the
resonance parameters: frequency and Q. The change in resonance
parameters is caused by the combined impact of temperature and the
corresponding impact on density and viscosity. For the intended refining
and petrochemical applications, temperature variations are likely limited to a
range of +10°F. Because the high temperature already provides a low
viscosity environment, it is unlikely that the service fluid viscosity change
caused by small temperature variations will have a significant impact.
However, compensation for temperature is readily incorporated into the
measurement process. By making a concurrent temperature measurement, a

tabulation of adjustment factors can be provided to account for the



- 20 - Qdid not exactly correspond to a Q that was
tested during the calibration process. TABLE 3

wo mjoen@usbat i on of Figures 6a/b for FORK B wi t hpar/ivkioad/005226
Mass Loss of 0.25g A B CDE slued Q for an Lown
amount of 1 |oss and an Lown anount of sition
Resonance frequency resulting fromnetal mass |oss of
2.3m | (from Figure 5a) Estimated deposition
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combined effects on resonance frequency and Q caused by the various

impacts of temperature.

[0046] Example on using the above algorithm. This example demonstrates
a boundary condition case: a situation where deposition after calibration with no
new metal loss can be distinguished as deposition rather than metal loss. As
outlined in Step 2 above, FORK B shown in Figure 5 had measurements of
resonance frequency (without deposition) as a function of metal mass removal.
Figure 6b shows the frequency response as a function of wax mass deposition

for the final metal mass loss condition of Figure 5.

[0047] A summary of the FORK B parameters with no mass loss are

summarized in Table 2:

TABLE 2
FORK B Parameters with No Metal Mass Loss

FORK B Condition . Resonance Frequency (Hz) Q
No deposition and no mass loss 1225 1039
(Resonance frequency shown in
Figure Sa)
With 1.19g deposition / no mass loss 1192 976
(not shown in figures)
Change caused by deposition of 33 Hz (decrease) 63
1.19¢ (decrease)

[0048] In Figure 5, with a metal mass loss causing 2.3 mils thickness
reduction (total thickness loss of 4.6 mils); the resonance frequency with no
deposition is 1178Hz. This metal thickness corresponds to a loss of 0.25g. In
this example, the intent is to use the Table 2 calibration to show how deposition
can be correctly assessed. For this example, it is desired to know the metal loss
at the time when the sensor records a Q of 976. Table 3 shows the results of
applying a measured Q of 976 to account for an unknown amount of deposition.

In an actual case, it is likely that interpolation would be required if the measured




(g) for Q=976 (from Figure 6b)

Shift (Hz) fromdeposition and netal

Measured frequency
| oss (Fig 6a,

wax76)0sAppl y Tabl e 2 frequency shift due the pOI/US2007/005226
deposition corresponc to = 976 (Figure 6a) tc the

measured frequency (col D)

Deposition - 1.31g 1178- 1143= 35 Hz
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Q = 976 1225-47= 1178Hz

Q did not exactly correspond to a Q that was tested during the calibration

process.
TABLE 3
Interpolation of Figures 6a/b for FORK B with a Metal Mass Loss of 0.25g
A B C D E

sured Q for an Resonance Estimated Measured Apply Table 2
iown amount of | frequency deposition frequency Shift frequenc.y. shift due the
1 loss and an resulting from (g) for (Hz) from to deposnmn.corresponc
wown amount of | metal mass loss | Q=976 deposition and to Q=976 (Figure 63_) tc
sition of 2.3mil (from | (from Figure | metal loss (Fig the measured

Figure 5a) 6b) 6a, Q=976) frequency (col D)

Q=976 1225-47= Deposition~ | 1178~ 1143= 35 33+1143= 1176
1178Hz 131¢g Hz

starting metal is | This frequency | Not 1178 is the Applying the above corr
g corresponding | is the target in explicitly starting underestimates the targe
3 mil of thickness | the absence of used in the frequency from | frequency of column B 1
zase. The " | either deposition | calculation column B Hz
ured Q is to and no process
1ate deposition additional metal

loss

[0049]

"The above example is used to demonstrate that the frequency shift

due to wax deposition can be accounted for using the application of Q. In Table
3, applying the Q established for the no metal mass condition (from Table 2) to
the case with metal mass loss of 2.3 mils results in an estimated resonance
frequency without deposition of 1176 Hz. As observed in Figure 5 and Table
3, the actual resonance frequency for 2.3 mils of metal thickness loss with no
deposition is 1178 Hz. Ifthis entire 2Hz frequency discrepancy is attributed to
metal mass loss, the overestimated metal mass loss = 0.1 mil (=2Hz /
(20Hz/mil). Some error is attributable to the interpolatioﬁ of Figure 6 to find a Q
value corresponding to the calibration condition. In practice, the calibration will
consist of a series of measured depositions and corresponding Qs. This approach

~ will reduce interpolation error. In Table 3, the estimate of wax deposition



33+1143=1176 starting netal is g corresponding 3 m |
of thickness ,ase. The Lured Qis to |ate deposition
wdbios/1éasequency is the target in the absence obCEUSI87/005226
deposition and no additional netal [oss Not explicitly
used in the calculation process 1178 is the starting
frequency from colum B Applying the above con
underestimates the targe frequency of colum B | Hz
[ 0049] The above exanple is uszeld to denonstrate that
the frequency shift Bkl
(1.31g) using Q is slightly greater than the actual deposition of 1.19g. However,
the error in metal mass loss is comparatively smaller because of the relative
insensitivity of the tine shape to deposition versus metal mass loss. This
example demonstrates the viability of measuring metal loss in the presence of

deposition covering the entire tines.

[0050] For the generalized case with larger amounts of metal mass loss, it is
possible that the functional relationship between Q and deposition may be more
complex than in the previous example. Although not yet observed, there may be
cases where metal loss may also result in a decrease of its initial level as a
function of metal mass loss (without scale deposition). It is recognized that
knowing the values of Q, amplitude, and resonance frequency may not always
uniquely map into a mass loss and deposition. However, by continually
recording these parameters, the metal mass loss can be tracked. Knowing the
metal mass loss does provide a unique mapping usingr steps 2-4 to assess
deposition. It is not only necessary to know the values of amplitude, Q, and
frequency but also the path taken to get to those values. It should also be
anticipated that there may be applications which result in a spalling or erosion of
~ the corrosion scale. That condition would be identifiable by a rapid increase in
resonance frequency accompanied by a Q increase. Mathematfcally, the above
equations apply, but should be modified as follows to account for the metal mass

loss:
Af deposition = IG(Q, Amass) |

[0051] The measurements outlined above provides a template to assess the
corrosion of another fork (FORK 2) in the actual test fluid. If the test conditions
are corrosive without any deposition, then the measure of resonance frequency
established in step 2 is sufficient to estimate the corrosion using Fork 2. The
corrosion using Fork 2 is predicted by using the "mils/Hz" established during

step 2. If the functional relationship between metal mass loss and resonance



due to wax deposition can be accounted for using the

application of Q In Table 3, applying the Q
we@sdoahbisshed for the no nmetal nass condition (PCDUS2007/005226

Table 2) to the case with netal nass loss of 2.3 mls

results in an estimted resonance frequency w t hout

deposition of 1176 Hz. As observed in Figure 5 and

Tabl e 3, the actual resonance frequency for 2.3 mls

of nmetal thickness |oss wth %#) deposition is 1178 Hz.

If this entire 2Hz frequency U Screpancy is attributed

to met al mass loss, the overestimated nmetal mass |oss
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-22 - frequency is non-linear, then this rate changes
as a function of nmetal loss. It has been observed that

wo bios/1éasmcti onal relationship will be simlar POr/US2007/005226
simlarly designed forks (as exanple Fork 1 and Fork 2
in Figure 1b) but possibly offset by a constant.
Al t hough testing has shown sone device to device
variability regarding the absol ute resonance
paranmeters, for a given comnﬁfﬂal desi gn the
resonance paraneters are sufficiently simlar to
translate or infer properties neasured on Fork 1 to
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For both of these applications, the operator can conservatively estimate the
maximum metal loss or metal loss rate by selecting a sensor orientation that
maximizes the sensor area that is perpendicular to the flow of the process stream.
In addition to measuring the retirement limit of the pressure boundary, it is

possible to define a retirement limit for the metal loss sensor itself.
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resonance frequency as function of time. APPLI CATI ONS
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claimed is: 1.A nechanical oscil tor
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means for exclitation



b) a nmechanical oscillator with two regions that
corrode differently, wherein said nechanica

wos@rhoé@dtor has a tip region not affected by tker/us2007/005226
corrosion or erosion environnent and a base region
that is affected by the environnment where the regions
determi ne the resonance paraneters, and wherein said
mechani cal oscillator has a resonant frequency, f, and
a quality factor, Q so that said netal |oss results
in a resonant frequency decrease of the nechanica
oscillator. 2.The nechanical oscillator netal |oss

Rﬁ;@g %fq]?ﬁl aim1 wherein the regions are positioned
t‘gr e the resonance pararreters 3. The
me hani caI sci |l | at.or I S sensor ot
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-28- 8. The nechanical oscillator netal |oss sensor
of claim1l wherein said corrosive environnent is a gas
or aliquid. 9. The nechanical oscillator of claim1l
wherein the corrosion or erosion environment changes
the systemstiffness to change in a way that causes a
net resonance frequency decrease. 10. The mechani cal
oscillator netal |oss sens@7-of claim1l wherein said
mechani cal oscillator is driven by nmechani cal
excitati on of the environnent in which the nechani cal
osglllat is placed. 11. The nechani cal oscillator

What isglaimg és sensor of claim 10 wherein said nechani cal
excitation is due to fluid flow in said environnent.
12. The mechani cal oscillator netal |oss sensor of

L. cl a;Archixanmlroaclﬂanohme@hbaese@wrtfwewmmmwe or erosive
ascil | response and mnim zes

en‘é‘éoﬁ'géen?ﬁjgtg g{géplg}r?s%? %cﬁhep onance paraneters. 13.
The ajrechamieamd foﬁﬁrechahmhbexonitwml aim 12 wherein

corr05|onto deposi t,j on h a ratio, of qgreat. t han \
50. b) 14, a#ﬁ@%@ﬂ%ﬁ?ilb&? @’ctWPlfSﬂ‘%‘Is t°8&°$o‘i‘§£§8ﬂ%8¥he"em
of Cl ai Myglq WREKAlcAl SR{IRtdTRe R fedlonGDE afféctddly thé corrosion or

excited by external piezoceramc, elect rorm%detl cC or
magnet ostiosion iergronmentand altpse Egion that isaffested bydhg enviprment

met al Ios of, cl al m el ehn a e
osci | | atS’ eng fe 'Eeﬁlém‘%aape the résgﬁ(iﬂ(iil Efﬁ@t&%%gs %rnedc herein spid
osci | | at gfechaical odcﬂ&ﬁoﬁh&msrmoniht fréquency] f, fandhfqaallty factor, Q,
conprising_a second. nech aril cal oscillator IS ﬂg
af f ect edshihat spid mgtal logs feylts 1pp resppang, 9‘1"}"8 ‘?‘ffease" 9

- 17, TRRRERERBicRBkorosci | lator netal | oss sensor of
claim1l ereln sald environnent produces deposition

on said oscillator.

2. The mechanical oscillator metal loss sensor of claim 1 wherein the regions are

positioned to determine the resonance parameters.

3. The mechanical oscillator metal loss sensor of claim 1 wherein the regions are

shaped to determine the resonance parameters.

4, The mechanical oscillator metal loss sensor of claim 1 wherein said mechanical

oscillator is in the shape of a tuning fork.

5. The mechanical oscillator metal loss sensor of claim 4 wherein said tuning fork
has two tines.
6. The mechanical oscillator metal loss sensor of claim 4 wherein said mechanical

oscillator has a tip that is spherical and a tine base that is a

7. The mechanical oscillator of claim 6 wherein said fork is a bimetallic fork. rod.
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18. The mechani cal oscillator of claim17 wherein said
tip region is corrosion resistant and

el ectro-polished. 19. The nechani cal oscillator netal
| oss sensor of claim1l where the position of the two
regions mnimzes deposition response to the resonance
paranmeters. 20. The mechanical oscillator of claim 19
wherein corrosion to deposi)gi-on has a ratio of greater
than 100. 21. The nechanical oscillator of claiml
wherein said base region has nass | oss due to

5. o s o e P s S8 3 o e
enviliniBREaPab 8 a BG4 | ator of claim 22 wherein said

corrosion resistant tip region is achieved by
application of a coating. 24. The mechanica

oscidlatar of. cl ai ' ' ' ' S
9- Gopdtt BieBleafa) Groftialicbr i Fuel de bbbl dibedfbalis.
enVigsigneatetangesahie glsebmstifnkssrtd bange angivap thagcansesmaies résarance

nmeasur.i ng tenperature and for conpensating the
frefyeagyi d8/ESASEtecr ease of the mechanical oscillator for

changes in tenperature, density, and viscosity based
upon the neasured tenperature. 26. The nmechani cal
100s c iTh¢ sechanivat escillatss snetal tess senser of|claimn [ 1whiagein seid mechanical

o BRI A o

osdflatedie pRicéd.sai d nechani cal oscillator and said second
nmechani cal oscillator are in the shape of tuning
forks.

11. The mechanical oscillator metal loss sensor of claim 10 wherein said mechanical

excitation is due to fluid flow in said environment.

12.  The mechanical oscillator metal loss sensor of claim 11 wherein the shape of the
mechanical oscillator maximizes metal loss response and minimizes deposition response

to the resonance parameters.

13.  The mechanical oscillator of claim 12 wherein corrosion to deposition has a ratio

of greater than 50.

14.  The mechanical oscillator metal loss sensor of claim 1 wherein said mechanical
oscillator is excited by external piezoceramic, electromagnetic or magnetostrictive

means.

15. The mechanical oscillator metal loss of claim 1 wherein said mechanical

oscillator has the shape of a rod.

16.  The mechanical oscillator metal loss sensor of claim 1 further comprising a

second mechanical oscillator that is not affected by the corrosivity of the environment.



28. The nechani cal oscillator nmetal | oss sensor of
claim 27 wherein said second nechanical oscillator is
non-corrodi ble. 29. A nethod to determ ne the corrosion
or erosion rate for fluid flowin a corrosive or
erosi ve environnent using the nmechanical oscillator
netal | oss sensor of claiml1l conprising: a) exciting

t he nmechanical oscillator @9 .said mechani ca

oscillator nmetal |oss sensor; b) neasuring the
resonant frequency f and Quality factor Q of the

| | deter mining ,a fesona ,
177t e meshansal esstl Bt perd ook Semar R Hian S F 2R B3 brppprment
prdmlcéi%ﬁédﬁdﬂélﬂsaﬁﬁésdllraﬁi—e by the frequency decrease
measurenent due to a netal | oss.

18.  The mechanical oscillator of claim 17 wherein said tip region is corrosion

resistant and electro-polished.

19.  The mechanical oscillator metal loss sensor of claim 1 where the position of the

two regions minimizes deposition response to the resonance parameters.

20.  The mechanical oscillator of claim 19 wherein corrosion to deposition has a ratio

of greater than 100.

21.  The mechanical oscillator of claim 1 wherein said base region has mass loss due

to corrosion.
22.  The mechanical oscillator of claim 1 wherein said tip region is corrosion resistant.

23.  The mechanical oscillator of claim 22 wherein said corrosion resistant tip region

is achieved by application of a coating.
24.  The mechanical oscillator of claim 1 wherein said tip region has deposition gain.

25.  The mechanical oscillator metal loss sensor of claim 1 further comprising a means
for measuring temperature and for compensating the frequency decrease of the
mechanical oscillator for changes in temperature, density, and viscosity based upon the

measured temperature.

26.  The mechanical oscillator metal loss sensor of claim 1 further including a second

mechanical oscillator,



e

30. The nethod of claim 29 where the corrosion or
erosive rate is determ ned by maki ng successive
measurenents over tine to enable the conputation of a
statistical regression of the nechanical oscillator
resonance paraneters over the tinme period. 31.The

nmet hod of claim 30 wherein said determ nation of said
corrosive or erosive rate.isgcl udes for deposition.

32. The nethod of claim30 wherein said corrosive or
erosive rate i s determ ned by neasuring Q neasuring

, deter chan et ' f. -
275 or TEe@egiRirgEo s Histor e e Symsonl ol 2P WHETA Ayhchanical
osdlﬂ’a?&' Jnﬁ@ﬁﬂits&%nﬂ HecRatfi@Y odcillafor-afdia theedhapsloOimiak Forky. 30

wherel n said nmechanical oscillator is In the shape of
a -31 - tuning fork and wherein the shape of the

tun rk. t ' h
28,0 TP meftaichl S ol ¥ 66on o 27 Siefeif said seogn
memﬁumbitﬂﬁt&flsﬁd;ﬁdﬁoaﬂawmyei n said corrosive or
erosi ve environment includes a deposition environnent.
35. The nethod of claim 29 wherein said nechani cal
290SCigl h3hod toﬁ%‘é%ﬂﬂe‘lﬁéc&ﬁﬂﬁ)ﬁ lor bfdsiBh kRO TR AuRPISW M a corrosive
maxi mum et oss at high turbulence flow can be
or eetive paviEdmenBGingthe meehanisel estillatonmetad spprmser of claimd
nechani cal oscillator netal |oss sensor is not |ocated
compriifg hi gh turbul ence fluid flow

a) exciting the mechanical oscillator of said mechanical oscillator metal loss

Sensor,

b) measuring the resonant frequency f and Quality factor Q of the mechanical

oscillator;

c) determining a resonant frequency decrease in the mechanical oscillator;
and

d) determining said rate by the frequency decrease measurement due to a
metal loss.

30.  The method of claim 29 where the corrosion or erosive rate is determined by
making successive measurements over time to enable the computation of a statistical

regression of the mechanical oscillator resonance parameters over the time period.

31. The method of claim 30 wherein said determination of said corrosive or erosive

rate includes for deposition.
32.  The method of claim 30 wherein said corrosive or erosive rate is determined by

measuring Q, measuring f, determining the change in f due to Q, correcting f for the

change in f due to Q, and determining mass loss from the corrected f.

33.  The method of claim 30 wherein said mechanical oscillator is in the shape of a



37. The nmethod of claim29 wherein the excitation of
sai d nechani cal oscillator is only performed when it
is desired to interrogate the sensor.

-31-

tuning fork and wherein the shape of the tuning fork tines is optimized for a specific
application by employing finite element analysis.

34, The method of claim 29 wherein said corrosive or erosive environment includes a

deposition environment.

35. The method of claim 29 wherein said mechanical oscillator metal loss sensor is

oriented so that maximum metal loss at high turbulence flow can be determined.

36. The method of claim 35 wherein said mechanical oscillator metal loss sensor is
not located at the high turbulence fluid flow.

37.  The method of claim 29 wherein the excitation of said mechanical oscillator is

only performed when it is desired to interrogate the sensor.





