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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 nmultiphase fluids. In particular, the

present invention relates to'gﬁé on-stream det ecti on

of metal -1oss corrosion and/or erosion during an
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transfer, storage, and processing equipment. Erosive species typically involve.-

fluid and/or solids turbulence causing metal loss from mechanical actions rather
than chemical. For example, these corrosive/erosive species may be
hydrocarbon, hydrocarbon containing materials, or aqueous, or combinations

thereof. Moreover, streams may be single or multi-phase (solids, liquids, gases).

[0003] High performance, relatively low-cost corrosion (erosion) sensing
technology as in the instant invention would enable, for example, optimization
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



and storage equi prent used for crude oil, fractions
and derived products, and chem cals and ot her
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Further value is achievable with the application to
nonitoring netal -1 oss corrosion in equi pnent 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 orothez depositions that are
adherent to the containnent strface. A feature of the
instant invention is that the netal | oss neasurenent
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(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 =(1/27) V(k/m)
Q = (1/c) * V(k*m)



for estimating a quantitative corrosion rate. [0005]
It is well established in the literature (references 3
wand7apog7hat the |ightly danped harnoni c osci | Parmis2007/005226
wi th single degree of freedomcan be nathematically
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 =(1/2 p) V(kimp Q (I/c), * V(k*m)Wiere m system
mass k systemstiffness ¢ = VEl'ocity dependent danpi ng
fo resonance frequency Q = Quality factor (a neasure
t he system danpi ng and energy dissipation) There is

®®plicit assunption that the danping is light so
that the nechani cal resonance can be observed. [0006]
B4t SKRCST8SH28 877 and US appl i cati on 2006/ 0037399
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mass decreiﬁe fromcorrosion/erosion can also result

resonance 8 b PseRVSthiency decrease. O early this
[0006] Patent US 6,928,877 and US application 2006/0037399 both employ

resonators and teach a relationship between the resonance frequency and mass
change. The relationship taught by the prior art is consistent with the well-known
solution described above for a single degree‘of freedom lightly damped
mechanical oscillator: a mass decrease will result in a frequency increase and a
mass increase will result in a frequency decrease. Tﬁe instant invention teaches
away from the prior art by discovering and utilizing that mass decrease from
corrosion/erosion can also result in a resonance frequency decrease. Clearly this
finding is not obvious in light of the teachings of the prior art. However, this
finding is actually consistent with the governing equations previously listed. The
instant invention has utilized that the stiffness of the resonator device is also
governed by the system mass. Moreover, that relationship between system mass
and stiffness is location dependent: the amount of change to the system stiffness
is dependent upon where the mass is lost (or gained). The instant invention
teaches that by selecting the proper location on the vibrating element, it is
possible that the change in the stiffness to mass ratio of equation (1) can be
stiffness dominated even though mass is being lost. For that case, a loss of mass

will result in a frequency decrease, teaching away from the prior art.

[0007] US 6,928,877 also teaches to make the mass additions or losses at

the tip of the resonator. The instant invention teaches away from making the tip



finding is not obvious in |light of the teachings of

the prior art. However, this finding is actually
woanwisesent with the governing equations previ 8asiUg2007/005226

listed. The instant invention has utilized that the

stiffness of the resonator device is also governed by

the system nass. Moreover, that relationship between

system nmass and stiffness is |ocation dependent: the

anmount of change to the system stiffness is dependent

upon where the mass is | ost (g} gai ned). The i nstant

i nvention teaches that by selecting the proper
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[RﬁmSI t Us %’S{)ﬁcztit?on 2006/0037399 also teaches away from employing

stiffness changes to the resonator inherent mass by the use of installing

corrodible material in pockets. That application describes the use of pockets to
facilitate the periodic replacement of corrodible elements installed in the
pockets. The ability to employ the device stiffness of the instant invention is
dependent upon the corrodible element being an integral element of the
resonator (e.g. attached securely via welding). Corrodible elements attached by
means of pockets in US application 2006/0037399 would not meet the criteria
enabling a stiffness change to the resonator. Attachment via pockets can only

enable a mass change.

[0009] US 6,928,877 does not consider the situation of simultaneous metal
mass loss and fouling deposition. US application 2006/0037399 teaches that

mass loss will increase the resonance frequency and that fouling deposition will



occur near the resonator tip, the added mass woul d

result in a frequency decrease. Any change to the
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[ 0008] US application 2006/ 0037399 al so teaches away

fromenploying stiffness changes to the resonator

i nherent mass by the use of installing corrodible

material in pockets. That application describes the

use of pockets to facilitate Eye periodi ¢ repl acenent

of corrodible elenments installed in the pockets. The

ability to enploy the device stiffness of the instant
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[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.



[0010] The focus of US 6,928, 877and 2006/ 0037399 is to

provide a quantitative estinmate of mass | oss or
wdeposioed7on. Essential ly, both provide an al ar RCTAS2007/005226

function. The instant invention has sufficient

precision, stability, and longevity as to provide a

mass |l oss rate quantity. SUMVARY OF THE | NVENTI ON

[0011] The present invention is a corrosion/erosion

sensor and a nethod for its u?e in a corrosive liquid

or gas environnment. The invention uses the changes in

the resonance paraneters of a nechanical oscillator to
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determned by finite el enent analysis crib
The excitation can be applied at the times it is desired to mterrogate 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



subsequently. These vibrating elenents are attached to

a diaphragm The vibrating elenents (e.g. tines or
woaad)7/lees7e regi ons that respond to the servi cePCrmiSen0anos226

di fferent corrosion rates. The vibrating el enent

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

Qis inversely proportional tz the total system

danpi ng. The nechani cal excitation nmay be provi ded by

the flow of the service fluid or by active excitation
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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.



corrosion scale deposition, it is sufficient to use
resonance frequency todetepnine netal loss, In the
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changes are accounted for using a thernocouple, where
viscosity and density changes take place as a function

of tenperature for a fixed conposition. Changes caused

by depositions are addressed using the Q paraneter.
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shows a schematic drawi ng of “& dual tuning fork

enbodi nent of the present invention. [0015] Figure Ib
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[0027] Figure 13 shows how finite element analysis (FEA) can be used to

optimize the paddle shape by minimizing the effect of deposition material.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0028] This invention represents a new application of existing commercial
technology. The existing commercial applications include the on-line in-situ
measurement of fluid level, density and / or viscosity of process streams in a
wide range of industries. The invention involves the measurement of changes in
the resonant parameters (frequency, Q) of a tuning fork immersed in a process
stream to detect metal loss. The current commercially available devices use these
parameters to determine the density and the viscosity of the medium. The
underlying assumption in these devices for measuring fluid level, density and /
or viscosity is that the mass of the oscillator is fixed and its mechanical
properties are fixed at the operating temperature. Another assumption is that
there is no mass deposition on the tuning fork by the service fluid. Some
commercial systems available include a temperature measurement to compensate

for changes in mechanical properties. Moreover, in these commercial systems,



forks A and B.[0022] Figure 8 shows a conparison

bet ween the experinent results and finite el enent
waneleisss [ 0023] Figure 9 shows the corrosi onPCaUS2@3/005226

a function of inpact angle. [0024] Figure 10 shows the

effect of tenperature on resonance frequency and Q of

anot her tuning fork, Fork C [0025] Figure 11 shows a

case where the probe resonance frequency remai ned

constant in a corroding envirgnnment w th concurrent

car bonaceous deposition. [0026]° Figure 12 show the

sane device of Figure 11 but in an environnment where
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measuring f evel, density and / or viscosity IS
tvoamethmiossscilatoie OseidstRlator weul‘d e thaaledof ¢ material totally

rrechaﬂ%? legP %%er i e ygéﬁwgltg)ﬁ'ggeq%tsﬂlglﬁ:(f&p g}Egmpfg: stainless steel or

other high alloy material known to be fully compatible with the service), and the

other oscillator would include some materials that can corrode. Preferably, this
corroding material would be of the same composition as the service pressure

boundary (e.g. pipe or pressure vessel). This approach of using two oscillators
can be used to minimize effects of corrosion scale or fouling deposition as well

as changes associated with process density, viscosity, temperature.

[0031] In another embodiment, a single mechanical oscillator is used to
fabricate the metal loss probe sensor. Using a single oscillator, the following
characteristics can be used to enhance the corrosion probe performance: a)
shape (e.g. rod, especially shape-configured tines); b) two regions (e.g. tip and
base) with differing corrosion responses (achieved using a bi-metallic
construction or a single metallic construction employing a corrosion resistant
coating (either metallic or non-metallic); d) signal processing (Q and f).
Collectively, this configuration and these parameters are sufficient to measure
corrosion accounting for both forms of deposition: corrosion scale and fouling.

The concurrent measurement of temperature can be used to account for small



there is no mass deposition on the tuning fork by the

service fluid. Sone commercial systens avail able
wonel7udes7a t enper at ure neasurenent to conpensaPeTfise007/005226

changes in mechanical properties. Mreover, in these

commercial systens,the material used for the

oscillator is conpatible (e.g. non-corrosive) with the

process fluid in the intended application. [0029] The

present invention uses the changes in the tuning fork

resonance paraneters caused by a corrosi on/ erosion

mass | oss. However, a conplication arises in that

ever al o (=98 ani.sns. also result j. al
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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



base) with differing corrosion responses (achieved

using a bi-netallic construction or a single netallic
woanst10esTr i on enpl oyi ng a corrosi on resi stant EOAMISHE7/005226

(either nmetallic or non-netallic); d) signa

processing (Q and f). Collectively, this configuration

and these paraneters are sufficient to nmeasure

corrosion accounting for both forns of deposition:

corrosion scale and fouling. TPe concurrent

nmeasur enent of tenperature dh% be used to account for

smal | changes in the tenperature, density, viscosity of
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I'n the oscillator not attributable to corrosion
precepsremvirgnmeits. second oscillator (with a portion of
the material being affected by the process fluid, as

[0034)'e Cagigerefaré Bindimhéitil ]?ﬁﬁ&i)i&%@écitaﬂﬁi withiBhe two oscillator
changes, but in addition it woul d experience the

systenyeThd first prindiple tsrthetthertvweaosatatoys ateecibbelygosithorsed so
ifference in behavior,is then translated intg a al

thyy GRS i BroGiRs cHat bR (CPPRERE genSty. cBhfing; dfg mpact

v obSildERd ih thé'Batht Marddee. A’ RebAA /ggf;ﬁ 1815 i3 Hott? oscillators

determ ne safe operation, effectiven corrosion
responsl tosthsse chimggstinra pledagblecorannet. The third principle is that

RGP et e B s o o
ninfinBZ thel (e dtdBREAEPiti6A I IRE QBH_%E@ng;r@ﬁQQ@i fol Sherdllfhe two
corrodi bl e oscillator can be configured using efenents
ostillatalistweuldntaveosimokir oesomanes charadexistichéfrequerey, Q,
a?rilp %Se,oﬁgljng(lm%s ] "ngrcl) %i Srlrl?tgi)le compensation algorithm is determined
for oscillators having unmatched parameters. An algorithm is established by
measurement using non-identical oscillators with similar resonance
characteristics. An example of tuning fork oscillators with similar but not
identical resonance frequency response is shown in Figure 1b. In this example,
the oscillators do respond to changes in a predictable but not identical manner.
Using two forks, it is not only necessary to monitor the changes as they occur in
the corroding fork but it is also necessary to compare those data with changes in
the reference fork. If the third principle identified above is applied, then it is

sufficient to track frequency changes to measure metal loss. If the third principle

is not applied, then changes in frequency and Q should be monitored.

[0035] Metal thickness loss and deposition gains shown in the examples in
this invention represent the single-sided loss or gain. The actual metal loss or

deposition gain was achieved uniformly over the tuning fork tine. However, it is



[0033] This enbodi nent of using two oscillators can be

used to account for the effects of corrosion scale or
wéanl7imeg7deposi ti on. The approach al so has t hePbemskior/005226

of directly accounting for mnor variations in the

service fluid inpacting tenperature, density, and

viscosity. In the absence of any corrosion, the change

i n resonance paraneters (Q and frequency) of both

oscillators can be directly attributable to paraneters

ot her than mass loss (e.g. dék%éition, density, etc.).

Any di vergence between the resonance paraneters of the
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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.



anpl i tude, harnonics). Then a suitable conpensation
algorithmis determ ned for oscillators having

wanoetiossd paranmeters. An al gorithmis establi saeaskp7/005226
measur enent using non-identical oscillators with
simlar resonance characteristics. An exanple of
tuning fork oscillators with simlar but not identica
resonance frequency response is shown in Figure Ib. In
this exanple, the oscillators,do respond to changes in
a predictable but not identical manner. Using two
forks, it is not only necessary to nonitor the changes
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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



"base" portion of the tuning fork. Figure 3 shows a
simlar plan view of another commercial tuning fork
woOevgloessnsor (FORK B). The tine shape of FORKBCAUSZm7/B05226

are different. As described in this invention, the

ti ne shape has an inpact on the sensitivity to nmeasure
corrosion. The vibratory excitation for tuning FORKS A
and B is achieved with a piezoceram c driver attached

to the diaphragm [0037] Fi gugfs 4a and 4b show t he

ef fect of deposition, achieved by epoxy addition, and
nmetal nmass loss at tine tip and base for FORK A Mass
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Figure 4a of the epoxy deposition at t wer e
dzposidionycanohe expestedin e storikes aid willihage some impact on the

construction. Althou he four . forks used.to coll ect
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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.



deposition is simlar to the FORK A case, the

sensitivity to netal mass | oss is approximately 50%
wanreet1ees7t han FORK A. Table 1 sunmari zes all oPCThs2007/005226

sensitivities for both forks as neasured in air and

wat er. [0039] For sone applications, the primry

source of deposition will be fromthe corrosion scale.

Al t hough deposition fromfouling is possible in

several services where these ?$obes may be used, it is

typically expected that depositional fouling with high

fluid velocity or non-heat transfer conditions wll be

m ni mal . For these non-foulll;@{‘ﬁvi ces, one
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viability of using finite element analysis (FEA) to model the fork resonance

frequency. FEA correctly models the resonance frequency response to metal
mass loss and epoxy deposition. The application of FEA to determine the tine
shape can be used to assist in optimizing the tine design for specific applications.
Details of FEA can be found in references 1 and 2. Oscillators for the metal loss
application may be sized for macro (plant applications) or micro (oscillator
lengths on the order of 125 micrometers) scale applications (laboratory testing

including high throughput experiments).

ALGORITHM FOR THE SINGLE FORK METAL L.OSS PROBE

[0043] As discussed above, the corrosion/erosion sensor determines metal
loss in a corrosive/erosive environment. The measured frequency, f, of the

sensor is related to the metal loss. However, the environment may also deposit




fouling (coking, wax, and/or inorganic salts). In the
event of services subject to deposition from fouling,
woazen7abog7he bi-nmetallic fork will not be suffi BCEMIS2000/005226
prevent deposition on the non-corrodible elenent (e.qg.
fork tip). Therefore, deposition can be expected in
sone services and will have sone inpact on the
resonance frequency. It is well-known in the prior art
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Fork B [0042] The present i nvengtRi on | ncIaudig{séﬁéfﬁafi}{b‘iier trending
owﬁyoﬂ%\[qtto be psadictiyeifabat trend on a similar fork. Although relative
values of specific parameters (frequency, Q and amplitude) may vary, trending

-

will be similar. The steps to prepare an algorithm for the metal loss
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



opti m zation. Although shape optim zation may be

hel pful to inprove discrimnation of nmass | oss versus
weceeal7aoeeposi ti on, there are other potential beaefiSt®r/005226

For exanple, it may be desirable to maxi 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 enent analysis (FEA) to nodel the fork

resonance frequency. FEA corfﬁzgly nodel s the

resonance frequency response nmetal mass | oss and

epoxy deposition. The application of FEA to determ ne
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change in frequency attributable to deposition can be
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related to the change in frequency due to deposition
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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



change in frequency due to deposition, can then be

used to determ ne netal |[oss due to corrosion or
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previ ously described, tuning forks of sim/lar design

and fabrication will have sim/lar but not identica

resonance responses. However, the resonance responses

will be sufficiently simlar enabling paraneter

trending on one fork to be prfgictive of that trend on

a simlar fork. Al though relatTve values of specific

paraneters (frequency Q and anplitude) may vary,
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applépositians, Fohthese ifods gesigns she systeinsQt (ferkcbdepesition) is

iggﬁ}ﬁgﬂ&ﬁ# by ¢ acqtﬁtgtgth}' ef ﬁ%ﬁ&%@rf@p@ Bcreage in the fork Q
fakHsESéﬁ*aié?ﬁw?ﬂh hBf] Mdi8JessTi el d experience suggests

that corrosion product deposition (for exanple iron
sul id cale W ll formrapidly fromthe outset and
t he Bﬁ%ﬁgﬂ b\%‘ efd%ﬁ‘g‘?‘f Al t hough t he
rrec@paélg(ggmgﬁ&l tg@rl{gp{guqlégf)erentl ate between net al

| oss and deposition, the user should assess the
i nrMetaaltlosme H@kfmh@l begs) (Eiguse Sappl i cati on bei ng

ser uct a tun fork referably wth
o+ kst iged Tt cpfiosthat S ieppSitiort
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



nmetal | urgy should be chosen to m nimze corrosion at

the tine tip area and to be representative of the
weubj7aots7net al | urgy at the base area. The net abPCuwugy007/005226

fork di aphragm shoul d be selected to mnimze

corrosion. Exanmple materials for the case of refinery

streans subject to sulfur corrosion would be stainless

steel (non-corrodi ble) and 5Cr 0.5M, respectively for

the tine tip and base. This eﬁﬁnple assunes that the

netallurgy of the subject pipthg is a 5C 0.5M aIon

2. Fork 1. Using a format outlined in Figures 4 or

neasur£. t undanent al nance fr nd >
o Gne et B FRisnRe RAORGy ARG SRe IR e atishs
deggﬁjgcltg)af dﬁémﬁjreshoul d have nechanical stiffness
properties and density simlar to that of the expect ed

BRI o Eorip R pSIRR 3¢ SPSvs Sl s Taainlé Bmonstrates
fﬂdﬂrﬁ‘}ar)3 coﬁ&ftfbnlcasgs 'Mnﬁtlﬁﬁr\ﬂﬁ&e }:stﬁ&ql Afferrd dﬂiﬂr&tl@ﬂ with no

nmeasur € t he fundanental resonance frequency an
mewnnietalioss cate besimmgmlshadrastdﬁposttiorr Eathetrﬂaaanﬂetal loss. As

T PlSpop ABRLTAO T BB ABRRY {1 F1eeHp Sr e imgasigRments of

?écﬁﬁ?n%é Yeddlen yfﬁﬁfoﬂﬁheﬁ@s‘iﬁoﬁj A quﬁctlcﬁpl')f(rrﬁtalqﬁég’sgreﬂ)oval

ormat outlined in Figures , neasure
Higmatatte shawvs ths fregnercyt resguese:ays a fion &P asoBwhnmadsatepokition

taI SS ss at, t he base of he tines with all
aré%sﬁgaldﬁg 3 aRavdass sondrien OF RIgWHF Snont s out | i ned i n

steps 2-4 should continue on Fork 1 in discrete mass
[0047F]) | ncrA lsammm(yabf thed* ®REeBqfarainetedrs mejh ho rhassHoss are

failure. ,5, 1eédglncrerns\nt of nmetal |oss, the
53}3’(5??‘8%?4% 8bletenosi tion (step 3) isrepeated. By
running this calibration pmgrze to failure of the
fork, it

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




provi des information to enabl e replacenent prior to
failure when installed in the service fluid. By
woum7ioed7ng t he resonance frequency and (bt he BOEUSRMII005226
wi || know when the tuning fork has reached a
predefined replacenent thickness. 6. Test cases, shown
in Figure 7, have denonstrated no decrease in Q for
ti ne shapes shown in Figures 2 and 3 of nmetal mass
For these fork

| oss (wi thout scale depositio
the systemQ (fork #

desi gns,

S

eposi tion)

is

controll ed by the deposition rather than any nodest

QRBTBEssdnt PSS ERRLPLG (R b e3Roraion

oss
prepessi tion = | C-:(Q) | (Figure 6) Metal |oss = H(Df
netal |oss) (Figure 5) Df nmeasured = Df corrosion + Df

deposition Fromthe above

}

{Df meas

ured -

XQ |

RRBLELC.

s, Df netal

SS

| oss

H({Df measured

IntépQlation of Flgdfbg B8 109 HORKI BegitRa Iﬁé@dl'!MSss Loss of 0.25¢g

re!at:ng an—effect fl-ui-d fnnm rature on -th
Ar esonancle par aiﬁeters freqLﬂency hnd Q DThe change in E
esonanc ar arrerers I caused D Iﬂe copbie “lable 2
sured Qot;o ﬁj’Pgﬂ and t hée lm"?e% ong gaﬁ asj% on énﬁghgy S;lﬂ due the
'own ameHy \9?20 or t he ed REasy g
1loss agd, he rﬁe&g Cat t errp ari at Ito deposmon corresponc
IOWn a?é’%% | f 10: étl‘,fgbalt htlhg (Flgllre 6a) tc
sition ¢ enper at P‘E} dgye| )We\tﬁl%?fs(ﬁ%/ m::zur&c:ﬂ D)
envi ron ur‘i% i's unI OR:I y t hat | PRS2 ce f|ITgeency
viscositly change causéed by somll{tenperature
Q=9y@riations whb4- 4reve #Eép(a;e&ifohaa N4 178PPC43= 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



However, conpensation for tenperature is readily

i ncorporated into the neasurenent process. By making a
woamruoessnt t enperat ure nmeasurenent, a tabul at POWUS2007/005226
adj ustment factors can be provided to account for

t heconbi ned effects on resonance frequency and Q

caused by the various inpacts of tenperature. [0046]
Exanpl e on using the above algorithm This exanple
denonstrates a boundary condl%jt on case: a situation

where deposition after calibration with no new netal

| oss can be distingui shed as deposition rather than

t t

(TR SeB°Q ifSBHhY ehbitel ' B0 o£0R WRos TG TR However,
t(wvehbﬁm nitaploshd 3} msompfatdtmdljb smallefrBeedusetsithe relative
renmoval . Figure 6b shows the frequency response as a
insansitidty of thedimarshapederinnosition versus metal mass lassal This

oAbt AR lek 168y Bl b Hrofnuite Hea o3 T Rigp senee of

Ngom@h&:o&enﬁ BhE catikORBKe® Paraneters wit h No Met al

ss Loss [0048] In Figure 5 wth a nmetal nass |oss

R T VRN R
PORFiBH ﬂia@ fhé funklidnhl reldfibgship betwédt OkaiRBdeseYifi66 PRAEBe more

to a loss of 0.25g. In this exanple, the intent is to

ceseplek shamin hepreviqusrexammlet d\lﬁmsuw Yo pbservedn thmm may be
b t | d, F

AW PSRl Rl JEATR o £

fﬁﬁ@t’i’éﬁi of tedtildhaS/ oss Tahoussedle WepbiitiohSH isTe@bgnized that

appl yi ng a nmeasured of 976 to account for an unknown
kaowing th¢ vakues oif Q.amplituden and resonanes &equbncxs mdykedtyalways

il i o At 188 g feppSiice. dHaiveygs Byesanipually
rélétrdie fitQe patdrRéREd, 9Re metal mass loss can be tracked. Knowing the

metal mass loss does provide a unique mapping using 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



process. TABLE 3 Interpolation of Figures 6a/b for

FORK B with a Metal Mass Loss of 0.25g [0049] The
wahoraoestanpl e is used to denonstrate that thePCT/US2007/005226

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 netal mass condition

(fromTable 2) to the case with nmetal mass |oss of 2.3

mls results in an estimated Lssonance frequency

Wi t hout deposition of 1176 Hz7“As observed in Figure 5

and Table 3, the actual resonance frequency for 2.

3
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mass loss = 0.1 m |l 2Hz/ 20Hz . Sone error is
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approach wll reduce interpolation error.
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srral | er because of the relative insensitivity of the
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amounts” of metal mass |oss, It is podsible that
clonditi drextal thueabﬁﬂremesmrphbenmﬂnbmlmﬁlmlﬁppszm on may
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may al so result in a decrease of its initial level as
[@0S53] As shown in Figures 2 and 3, some tine shapes are not completely

1

symmetric. Therefore, the orientation of the tines with respect to the process
flow has an important consequence. In the extreme cases, the orientation can
maximize or minimize the flow impact on the tine surface area. As shown in
Figure 9, the metal loss is greatest when the orientation of the tine is such that
the maximum amount of surface area is perpendicular to the flow. The metal
loss is minimized when the least amount of surface area is perpendicular to the
flow. This phenomenon can be used so that the metal loss sensor can be
adjusted to simulate various geometric discontinuities typically found in process

piping and vessels.

COMPUTATION OF METAIL L.OSS RATE

[0054] A procedure has been devised for measuring the amount of metal
loss. Moreover, the quantity of metal loss can be determined independently
from fouling and scale deposition. For the case of constant stream operating

conditions, the metal loss rate sometimes referred to as the corrosion rate, can be



function of nmetal mass | oss (w thout scale

deposition). It is recognized that know ng the val ues
wofoi@1oestpl i t ude, and resonance frequency may ROT/US2007/005226

al ways uniquely map into a nass | oss and deposition.

However, by continually recording these paraneters,

the metal mass | oss can be tracked. Know ng the netal

mass | oss does provide a uni que mappi ng usi ng steps

2-4 to assess deposition. It ﬁ not only necessary to

know t he val ues of anplitude, %{ and frequency but

al so the path taken to get to those values. It should
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ty. S oAES | s follows.to acgount fqr the.
c%étbaq @ﬁg«% %v?gg}ge: ﬁlg °§@‘S§S§PF?IQ @%rca& ) ‘(f%&gyx | corrosion rate,
drdA&yl barl be HBAS BERTER distétd teAlth 2RVEvEraNbH ISR rates during
tenpl ate to assess the corrosion of anhother fork (FORK

aparfigulan exposwesl parest. To mpiimizde thiseeffengs of noidetintrnduced by

are corrosive W thout an eposi ty @n, then .the neasure .
Bl B RS i ey Pt E S Dnth 1 camppibe fue Corosion rate is
t6 Whidutdte i sthistecully RiofedsB8 sfope! P R MdasEd Fe§dhatice FRuency

corrosion using Fork 2 is predicted by using the
asfupetiop of disaerbl i shed during step 2. If the functional

rel ati onship between netal nass | oss and
APPRICATEONS G THE MBPAT! L0%RY SENBORt hi s rate

changes as a function of netal T0SS. Tt has been

ved . . X g . )
O ot ekl plo ey MR RRoR JriRE Mtalldsh sBifor, One
applioati¢io iktRadsassHhguameotiit)ofhmetap oamiaining at tiseprdsyure boundary
constant. Al though.testing has shown sone device to
By PUe VPR y YRR T Soneredd e tholunasrtavall
tRRKAER! f'the prOfsufe BblRAaryO MRS SR Ae®hPtoles the operator of

the process unit with information that it is necessary to take suitable actions to

prevent product leaks from the pressure boundary. This end point of the
pressure boundary may be referred to as the retirement limit. Using the
calibration procedure described in this invention, the amount of quantifiable
metal loss from the metal loss oscillator can be used as an indicator of the metal
loss at the pressure boundary. A second application is to use the metal loss rate
as a predictor regarding when the pressure boundary will reach its retirement
limit and can additionally prompt direct inspections of the pressure boundary.
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.



resonance paraneters are sufficiently simlar to

translate or infer properties neasured on Fork 1 to
weubwaqessnt fork oscillators. [0052] The condi PCOUSBH07/005226

deposition and nmetal mass | oss i s recognized by a

decrease in Q acconpani ed by a decrease in resonance

frequency. By continually recordi ng resonance

frequency and Q it is possible to map the test

conditions to the reference cgnditions established in

steps 2-4. CORROSI ON SENSOR ENTATI ON | N THE PROCESS

STREAM [ 0053] As shown in Figures 2 and 3, sone tine
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[0057] Figure 11 shows an example where the corrosive fluid is injected
into an autoclave operating at 550°F. Although the ambient temperature fluid
causes a short term impact on the resonance frequency, there is no long-term
corresponding impact on the resonance frequency. In this case, the resonator is a
tuning fork device with non-corrodible tine tips and a corrodible tine base.
Although a frequency decrease would have been anticipated, none was observed.
When the tuning fork was removed from the autoclave, it was observed that a
carbonaceous deposit had formed covering the corrodible tine base area. After
removing the carbonaceous deposition, pre- and post exposure mass
measurements confirmed that there was no steel mass loss during the corrosive
exposure. The carbonaceous deposition protected the corrodible tine base from
any mass loss. The tuning fork device behaved as designed: no frequency
change from the deposition. In contrast, Figure 12 shows the result using the

same tuning fork in the same autoclave but where the temperature has been



netal | oss sensor has been exposed to the subject
process stream Cal cul ati ons can be nade over the life
wohod7neossensor to indicate a "long term corr oBCOMWS2007/005226
rate, or they can be made between discrete readings to
give "short term rates during a particular exposure
period. To mnimze the effects of noise introduced by
smal | process variations, a preferred approach for
conputing the corrosion rate_h§_to calculate a
statistically regressed sl ope on the neasured
resonance frequency as function of tinme. APPLI CATI ONS
retfudedt MIRNE AbD dTEEDIRER r
application of thg nmet al cb@@éﬁ%ﬁﬁggrqjﬁggthgg?a&ggﬁgn
tempetatusseeditinns, etheqnmpmsmydfoalcokﬂ@isﬁedﬁcai Fitire 12

e i pe, vessel,, etc.
‘{%% gﬁﬁ%‘?ﬁt ‘?‘L‘Ye ¥|‘&€5§ Saﬁwtﬁﬁévﬂhfhﬁ]msmd mass
(kﬁhggQQ§§nqhehnﬁn§qg ?gbboundary Thi's information
provi des the operato t'he process unit wth
information that it is necessary to take suitable
actions to prevent product |eaks fromthe pressure
boundary. This end point of the pressure boundary may
be referred to as the retirenent Iimt. Using the
cali bration procedure described in this invention, the
anmount of quantifiable netal |oss fromthe netal |oss
oscillator can be used as an indicator of the netal
| oss at the pressure boundary. A second application is
to use the netal |oss rate as a predictor regarding
when the pressure boundary will reach its retirenent
limt and can additionally pronpt direct inspections
of the pressure boundary. For both of these
applications, the operator can conservatively estimte
the maxi mum netal loss or netal |oss rate by selecting
a sensor orientation that maxinm zes the sensor area
that is perpendicular to the flow of the process
stream



In addition to neasuring the retirenent limt of the
pressure boundary, it is possible to define a

woebti7rieoent |imt for the nmetal | oss sensor PCT/US2007/005226
itsel f.[0056] An alternative to measuring the nmaxi mum
metal loss or the maxi mumnetal loss rate is to
measure both the m ni num and maxi numrates. This
approach will provide the operator with informtion
regarding the expected extrenzg of nmetal |oss at the
service pressure boundary as function of geomnetry.
As an exanple, the operator can have information

Pghﬁé tal loss in | ow turbul ence straight pipe
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expected to ica cOr r,0Si on S
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operatlng at 5500F. Although t he anbi ent tenperature
fluid causes a short terminpact on the resonance
frequency, there is no | ong-term correspondi ng i npact
on the resonance frequency. In this case, the
resonator is a tuning fork device with non-corrodible
tine tips and a corrodi ble tine base. Al though a
frequency decrease woul d have been antici pated, none
was observed. When the tuning fork was renoved from
the autoclave, it was observed that a carbonaceous
deposit had formed covering the corrodible tine base
area. After




renmovi ng the carbonaceous deposition, pre- and post
exposure nmass neasurenents confirmed that there was no
webtewl10083s | oss during the corrosive exposur ePCThS2007/005226
car bonaceous deposition protected the corrodible tine
base from any mass | oss. The tuning fork device
behaved as desi gned: no frequency change fromthe
deposition. In contrast, Figure 12 shows the result
using the same tuning fork in,the sane autoclave but
where the tenperature has bee% educed to 4500F and a
di fferent corrosive fluid. Under these reduced
¢E qQ@ture conditions, the propensity for coking is
reduced. Figure 12 denonstrates the frequency decrease

associ at ed, wi t,h_t ed mass . decrease fromthe

t uni ng fork tﬁnglgggﬁ%@a }‘%ﬁﬁ@o&gegmi%ruse Ina
odRidsi bt rdsive edvirdrifiel @irBptisiigal ysi s, Robert D
Cook, David S. Ml kus M chael E. "Plesha. Fourth

Edition, Wl ey)& $SaanSybt hitdRinidal T0Gtdtidy te El enent
Met hod. Vol . |I. Basic Fornul ati ons and Li near

Probl ens. London: MG aw Hil | 989..,648 p. Vol .. 2.
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edi ti on publ i shegarameEes) add vdherekn said wedhaticalroscillator has a

Handbook, Third Edition, McGawHi || Book, any 4.
Sl By

Mechani cal Vi br af PinaRh freqHeRey feand e ghR-
Tranpe Broch, Bruel & Kjaer Equi pnent Conpany, K

Larsen & Sbn, TBehmechanieal mscitla@rainkt] 1ass genser bfiolagal 1 wherein
tESCi l.I at or mst.ﬁl I‘?%s sensor for use in a corrosive or
¥ 635108S AR POUHRRAY I drfsrming hedesananesarpmeters.
nmechani cal excitation b) a nechanical oscillator with
two regi ond tWht mechandeal 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 tuning fork of claim 1 wherein said corrosive environment

is a gas or a liquid or solid.

6. The mechanical oscillator metal loss sensor of claim 2 wherein

said tuning fork has two tines.

7. The mechanical oscillator metal loss sensor of claim 3 wherein
said tuning fork has a tip region not affected by corrosion or erosion metal loss

in said environment and a base region that is affected by said environment.

8. The mechanical oscillator of claim 5 where metal loss results

in a frequency decrease.



differently, where the regions determ ne the resonance
paraneters, and wherein said nechanical oscillator has

wea 0@goeant frequency, f and a quality factor, pPQI/UR2007/005226
The mechani cal oscillator netal |oss sensor of claiml
wherein the regions are positioned to determ ne the
resonance paraneters. 3. The nmechanical oscill ator
netal | oss sensor of claim1l wherein the regions are
shaped to determ ne the resonggce paraneters. 4. The
mechani cal oscill ator netal s sensor of claiml
wherein said nmechanical oscillator is in the shape of

a tuning f@rkeqpa., J4e Ll Jégll ag&kogélgflhg %&ﬂq\l\ﬂl%glflepal loss

sai d corrosSive enV|ronnent

reShliglals6 chah m@@teﬁ@stlﬁﬁ@sé t@élﬁfngﬁﬁhﬂi wb?%ﬁatscﬁiﬂl%é’é a net
of claim?2 erein said tuning fork has two tines.

resenanseHigduenry @dseraaset or netal | oss sensor of cl ai rﬁ3
wherein said tuning fork has a tip region not affected

by corrosipg %e@ﬁé@i@f"cdﬂﬂs@illa!t&sﬁle’td] 1684 é?érﬁBi/bfeIa'iﬁnf wherein
and a base region that is affected by said

sei mesharicel oxillates isrdrivanibyanechanitalapwitatibnaifgheesvironment.
where netal loss results in a frequency decrease. 9.

The mechani rafrhesaédHanied] datilhéd Mebal MBSy SerlsBE ofBladin 6 wherein
| oss results al so changes the systemstiffness to

seithmgshppical gugitatiom is Sluidrféewin seidenvdronmmaqutency
decrease. 10. The nechanical oscillator netal |oss

sensor of g3 alThe n¥éiRmeédl oasilhitoEaRe 168 ses6t bfera% 1 wherein
is driven bﬁ mechani cal excitati on of the environnment

spid mbame exqitptionoisdiyl extenral piezscetassis, shavttomagnetic or
lﬁggﬁemogfric 1ve %lienans.

13. The mechanical oscillator metal loss sensor of claim 1 wherein

said mechanical oscillator has the shape of a rod.

14, 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.

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

said environment produces deposition on said oscillator.

16. 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.

17. The mechanical oscillator metal loss sensor of claim 11 where
the position of the two regions identified in claim 1 minimizes deposition

response to the resonance parameters.

18. 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 rod.



sai d nmechanical excitation is due to fluid flowin

said environment. 12. The mechani cal oscillator netal
woasw/1sea130r of cl ai m 1wherei n sai d nechani cal PCT/US2007/005226

excitation is by external piezoceramc,

el ectromagneti c or magnetostrictive neans. 13. The

mechani cal oscillator nmetal | oss sensor of claim1l

wherei n sai d nechani cal oscillator has the shape of a

rod. 14. The nechani cal osci_lbgt_or netal | oss sensor

of claim1 further conprising a second nechani cal

oscillator that is not affected by the corrosivity of

the enviro ' il oL net al

| oss sensopg'g &%‘?"%@%e@ éﬁgﬂéﬁ%‘ﬂgﬁﬁﬂr%ﬁﬁ‘e“{‘ Shid base has

massdosedue eposirbsion. on said oscillator. 16. The

mechani cal oscillator netal | oss sensor of claim1l

wherein t S ' il [. e e .
s o Des 2.0 8 fn@habif TREANLEH ciRRf 14 Bh&letn said iy is
coespivisesistaithe resonance paraneters. 17. The

mechani cal oscillator netal | oss sensor of claim11l

where the Sirk. ions.identified in .. .
ot m 1 o BerRanl i oGS G O0Rirh IS hbAeBE sl fimis
cpatosfori fisistadttndldlecti®pdiished oscillator metal |oss
sensor of claim4 wherein said nechani cal oscill ator

has a tip at. | I.¢al adine se that i.s.a
rod. 19. Théeﬁngléhgrﬁ%gla ”5‘2@.3?@?%%0%?‘3@23% Hemﬁ%@mp has
depositioasgihas mass | oss due to corrosion. 20. The

mechani cal oscillator of claim1l4 wherein said tipis

corrosion V%Cse.s*ll"ﬁé ﬂ’igc' gﬁ?qaéglg(gillg%:rhoafnélg@rll 1 Sv%érle%% %rrggion to

claim15 erern sal
deposition has a ratio of greater than 50.

24. The mechanical oscillator of claim 17 wherein corrosion to

deposition has a ratio of greater than 100.

25. The mechanical oscillator of claim 18 wherein said fork is

bimetallic.

26. The mechanical oscillator of claim 19 wherein said bimetallic

fork has a corrosion resistant tip and corrodible base.

27. The mechanical oscillator of claim 20 wherein said corrosion

resistant tip is achieved by application of a coating.

28. A method to determine the corrosion or erosion rate for fluid
flow in a corrosive or erosive environment using the mechanical oscillator metal
loss sensor of claim 1 comprising determining said rate by a metal loss

measurement.

29. The method of claim 21 where the corrosion rate is determined

by making successive measurements over time to enable the computation of a



corrosion resistant and el ectro-polished, 22. The

nmechani cal oscillator of claim1l5 wherein said tip has
wdeposined7on gai n. 23. The nmechani cal osci |l | at oPCDfUS2007/005226

claim 16 wherein corrosion to deposition has a ratio

of greater than 50. 24. The nechanical oscillator of

claim 17 wherein corrosion to deposition has a ratio

of greater than 100. 25. The nechani cal oscillator of

claim 18 wherein said fork is,Qinetallic. 26. The

mechani cal oscillator of claimiI9 wherein said

binmetallic fork has a corrosion resistant tip and

SRRAL B3 e 8 B fEN BN Flor 3pdrlanfh Porheters over the

tafdipeyied. by application of a coating. 28. A nethod to
determ ne the corrosion or erosion rate for fluid fl ow

in a corrosjive,or erosi ve.,enviLonpoent usi.ng the ]
mechani cal 3 %’s ?ihlel rg?%ﬂpﬁr%tfcé?lm 2§ swggrﬁgb?algf‘:%gf QYR qr crostve
RTINSt AnelRides Al d¥pasitionl &Niﬁirﬁnéh‘t. a nmetal |oss
measurenent. 29. Thé nethod of claim?2 1 where the

corrosi on te.i s determ ned ki hg_successive .
measur ement & dpsimetied o slaim gégvnﬁ?fgng Bﬂélﬁoﬂqsbw @f erosive rate
iAsludes aldorrdctiondop depesitieh. t he mechani cal oscill ator
resonance paraneters over the tinme period. 30. The

nmet hod of abm 2 1 erei,n_sai,d cortosi.ve or erosive .
envir onman? i1 Fﬁedas@%@ _ecln%%lé’? ?P&Hﬁ%rﬁ\lﬁ _?%‘ﬁrf‘é’ﬁfo.s“éel?r ipatve rate
igﬁ%fé@ﬂliﬂéd BlahBAsUEinNghQ! RidAsedng fCASERRINIBg Phe BAAS R f due to
rate -
Q, correcting f for the change in f, and determining mass loss from the corrected

f.

33. The method of claim 14 wherein said mechanical oscillator
metal loss sensor is oriented so that maximum metal loss at high turbulence flow

can be determined.

34. The method of claim 15 wherein said mechanical oscillator

metal loss sensor is not located at the high turbulence fluid flow.

35. The method of claim 2 where the shape of the tuning fork tines

is optimized for a specific application by employing finite element analysis

36. The mechanical oscillator metal loss sensor of claim 1
incorporating a concurrent method for measuring temperature to account for

changes in temperature, density, and viscosity.

37. The mechanical oscillator metal loss sensor of claim 1 wherein

said oscillator is only excited when it is desired to interrogate the sensor.

38. The mechanical oscillator metal loss sensor of claim 1 further

including a second mechanical oscillator.



includes a correction for deposition. 32. The nethod

of claim?22 wherein said corrosive or erosive rate i s
wdet@rmigted by neasuring Q nmeasuring f, deter RCTiIUSZ07/005226

the change in f due to Q correcting f for the change

inf , and determ ning mass |loss fromthe corrected f.

33. The nethod of claim 14 wherein said nechanica

oscillator netal | oss sensor is oriented so that

maxi num metal loss at high tugpul ence flow can be

det ermi ned. 34. The nethod of cla|n115 wherein said

mechani cal oscillator netal | oss sensor is not Iocated

at the higigt %e%éa%lédll&sgﬁfalt%eg’aﬁl .ge ggg Jaim 30

claim2 where the shape of t unlng
wheriein sadd niechanicgl esicillatorappl $a'ldtsl30®n@ynmhﬁhl B8cillator are in
thﬁ hte e enent anal ysis 36. The nechani cal oscill ator
taFPy ning forksot claim 1 incorporating a
concurrent met hod for neasuring tenperature to account

f or change#.i The enparanicul @scidlane tgtal 466k één%@@&fbhéim 31
The ne hani_cal OSCI[ ator nmetal | oss sensor of

%’('Flﬂ SarRE épﬁd&aéll%? $setllatag ismanscompditdgci t ed when it
is desired to interrogate the sensor. 38. The
mechani cal oscillator metal | oss sensor of claim1l
further including a second nechani cal oscillator. 39.
The mechani cal oscillator netal | oss sensor of claim
30 wherein said nechanical oscillator and said second
mechani cal oscillator are in the shape of tuning
forks. 40. The nechanical oscillator netal | oss sensor
of claim3 1 wherein second nechanical oscillator is
non- corrodi bl e.



