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ABSTRACT

Condition Based Maintenance (CBM) aims at

highly meaningful knowledge on the erosion state
of the choke valve

regulating maintenance scheduling based on data 1 |\TrRobucTION

analyses and system condition monitoring. Clear
advantages of optimizing maintenance scheduling
include relevant cost savings and improved safety
and plant availability. A critical aspect is the
integration of CBM strategies with condition
monitoring technologies for handling a wide range
of information sources and eventually making
optimal decisions on when and what to repair. In
this work, a practical case study concerning
maintenance of choke valves in offshore oll
platforms has been investigated. Choke valves used
in offshore oil platforms undergo erosion caused by
the sand grains transported by the oil-water-gas
mixture extracted from the well. Erosion is a
critical problem which can affect the correct
functioning of the valves, result in revenue losses
and cause environmental hazards. In this respect,
this work proposes a diagnostic-prognostic scheme
for assessing the actual health state of a chdke va
and eventually estimating its Remaining Useful
Life (RUL). In particular, the focus has been oa th
identification of those parameters which contribute
to the actual erosion of the choke valve, the
development of a model-based approach for
calculating a reliable indicator of the choke valve
health state, the actual estimation of the choké RU
based on that indicator using statistical approsiche
and, finally, the investigation of methods to regluc
the uncertainty of the RUL estimation by adding

In oil and gas industries, choke valves are nonrlatated
on top of each well and are used to balance thespre on
several wells into a common manifold to contro| gis and
water flow rates and protect the equipment fromsual
pressure fluctuations. Figure 1 sketches a choke va

The throttle mechanism consists of two circularkslis
each with a pair of circular openings to creatéa@e flow
areas. One of the disks is fixed in the valve bodyereas
the other is rotated either by manual operationbgr
actuator, to vary or close the opening. For largesgure
drops, the well stream containing gas, liquid arehds
particles can reach 400-500 m/s and produce heatglm
loss mainly due to solids, liquid droplets, cavdat and
combined mechanisms of erosion-corrosion, resuliimg
choke lifetimes of less than a year. Erosion mamey is
vital to avoid failures that may result in lossoointainment,
production being held back, and increased maintaan
costs. Moreover, several chokes are located subgeare
the replacement cost is high (Andreves al., 2005;
Bringedal et al., 2010; Haugeret al., 1995; Hovda and
Andrews, 2007; Hovda and Lejon, 2010; Jaetedl., 2004;
Ngkleberg, and Sontvedt, 1995; Wallatal., 2004).

For these reasons, attention has focused on the
maintenance of choke valves. Currently, fixed naiance
is the most common way to manage choke replacerent.
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more effective way to handle maintenance is to libsa
indications of the actual condition (i.e. healthts} of the
choke valve and possibly on the estimations afeitsaining
useful life (RUL) (Gola and Nystad, 2011; Kiddy, 30
Nystadet al., 2010; van Noortwijk and Pandey, 2003).

In  general,
approaches rely on data analysis and condition tamg

systems. In fact, the measurements of those pagasnet

considered relevant to assess the health stateahponent
are first processed by condition monitoring systeméch
return the diagnostic indication of the currentltieatate.
This indication can be then used within prognostistems
to eventually estimate the remaining useful life tbg
component (Fig. 2).

The integration of condition monitoring systems hwit
CBM strategies is critical for handling a wide rangf
information sources and providing a reliable intdmaupon
which optimal decisions can be made on when and twha
repair.

In this work, the diagnostic-prognostic scheme ched
above is applied to a real case study of chokeevatesion.
In this respect, an empirical, model-based comdlitio
monitoring system is developed to process the ciaite
measurements in order to give a reliable indicatérihe
erosion state of the choke. A statistical progrgstystem
based on the gamma process is then used for tineatish
of the remaining useful life of the choke.

The work is organized as follows: Section 2 dessib
the parameters used to assess the choke valveresiaie;
Section 3 reports the case study under analysigioBed
illustrates the diagnostic-prognostic scheme
proposed to assess the choke erosion state astrt@aee its
remaining useful life. Conclusions are drawn in thst
Section.

2.

In the generic choke valve fluid dynamic model, th&al

CHOKE VALVE EROSION ASSESSMENT

hereb

abnormal increase of the valve flow coefficienthwiespect
to its expected theoretical value, hereby denose@a.

For this reason, for a given choke opening theediffice
5Cv between the actual value of the valve flow coedfit,

condition-based maintenance  (CBM)hereby simply denoted &, , and its theoretical valu€!

is retained as an indication of the choke erosibhe
difference JCV =C, - " is expected to monotonically

increase throughout the choke life since it shoeftect the
physical behaviour of the erosion process. Whaig

eventually reaches a pre-defined failure threshbie choke
must be replaced.
The actual valve flow coefficienC,, cannot be directly

measured, but it can be calculated from the folhgwi
analytical expression which accounts for the plalsic
parameters involved in the process:

Wy + W, + W, f f fg

0 4w 4

NGFp Pn=Pout | Po Pu ngZ

C,/ = (2)

wherep,, and p,, are the pressures upstream and

downstream of the chokew,, w, and w, are the flow

g
and fg the

corresponding fractions with respect to the totaWwfrate
and p,, A, Py and the corresponding densities,is the

rates of oil, water and gasf,, f,

gas expansion factoir, is the piping geometry factor and

Ng is a constant equal to 27.3 (Andregisal., 2005; Gola

and Nystad, 2011; Hovda and Andrews, 2007; Metso
Automation, 2005; Nystae al., 2010).

3.

A case study on a choke valve located top sidehen t

CHOKE VALVE EROSION: THE CASE STUDY

flow w through the choke is proportional to the pressurélorwegian continental shelf is here considered.

drop Ap through the choke:

=c, |2P
WCV\/;

where p is the average mixture density a@j is called
valve flow coefficient.C,, is related to the effective flow

cross-section of the valve and is proportionalhte thoke
opening according to a function depending on thee tgf
choke valve and given by the valve constructoss, for a

@

Measurements and calculations related to the palysic
parameters involved in the process are availablelady
values. In particular, the pressures upstream and
downstream of the choke are directly measured, edseoil,
gas and water flow rates are calculated based eraily
production rates of other wells of the same fiéldessure
measurements are considered reliable since thegiraely
related to the well under analysis, whereas theutations
of oil, gas and water flow rates expected form tivatl
might not be realistic and therefore might not eeflthe
actual physical composition of the extracted migtum

given choke Openinq:v is expected to be constant (Metso addition to the da”y measurements and Calcula,tiSBBen

Automation, 2005).

When erosion occurs, a gradual increase of theeval
area available for flow transit is observed everatstant
pressure drop. Such phenomenon is therefore retated

well tests are carried out throughout the valve &f regular

\)’ntervals, during which oil, gas and water flowestare

accurately measured using a multi-phase fluid sgpar
The valve choke opening is also provided as a pete&m
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Since oil, gas and water flow rates are used topcohen

models, hereby ensured by randomizing the traimitcal

the actual C, (Eg. 2), inaccuracies in their calculation conditions of the ANNs, and the aggregation of the

might negatively affect theC, calculation itself and thus

the quality of the erosion indicatiozﬁCv .

Figures 3 and 4 illustrate the parameters usednpate
the actualC, and the resulting erosion indicatiod, ,

respectively.

outcomes of the individual models, hereby perfornbyd
retaining the median of the individual estimates.

In this work, Virtual Sensor is used to providechable
estimation of the actuaC,, based on the set of available
input parameters, namely the pressure drop, theecho
opening and the oil, water and gas flow rates. Githe

flow rates daily calculated accounting for the otlells

been trained by using as output targef, a obtained by the

and the values of the same three parameters mdasungear interpolation of theC, values calculated with the

during the well tests is evident in the bottom dapn
Figure 3. Notice that there is instead no mismdtchthe

pressure drop and, obviously, for the choke opening

indication (top graphs in Fig. 3).

As a consequence of the inaccurate daily calculstaf
oil, water and gas flow rates, the daily erosiodigation
5Cv (black line in Fig. 4) results non-monotonic areryw

noisy, generally showing an unphysical behavioun. t@e

other hand, Whené'q is computed using the well test

measurements of oil, water and gas flow rateqdtgaviour
results monotonic and provide a reliable informatim the
physical erosion process.

well test measurements.
indication 5Cv

Figure 5 shows the erosion
obtained with the Virtual Sensor daily

estimations ofC, compared with the one obtained using

the Equation (2). Despite the erosion indicationaiied
with the Virtual Sensor is still not completely natanic,
the improvement with respect to the one obtaineidgus
Equation (2) is evident.

The erosion indication obtained with the VirtuainSer
conveys a more physically reliable indication of #rosion
state of the choke and can be used both withiragndistic
frame to assess the valve performance in the preseh
within a prognostic system for predicting the temgbo

Nevertheless, a diagnostic assessment on the erosigyolution of the erosion, eventually estimating whibe
state of the valve and a prognostic estimation tsf i erosion will cross the failure threshold and théveaneeds

remaining useful life cannot be made based on tif d

erosion indications. In the next Section, an eralrimodel-

to be replaced.
To this aim, a statistical approach based on gamma

based approach is used to produce a reliable dailyrocess (van Noortwijk and Pandey, 2003) is hered.us

calculation of the erosion state which is then feda
prognostic system for estimating the choke remainiseful
life.

4. |MPROVING THE EROSION STATE CALCULATION FOR
ASSESSING THE CHOKE REMAINING USEFUL LIFE

A method developed at the Norwegian Institute foefgy
Technology and called Virtual Sensor
(PCT/NO2008/00293, 2008). Virtual Sensor is an eitgli

method based on the use of an ensemble of feedifdrw

Artificial Neural Networks (ANNSs). In general, gimea
number of input parameters correlated to a quartiity
interest, the Virtual Sensor aims at providing #abde
estimate of that quantity.

In general, a subset of the available data (infoheat
input-parameters/output-target) is used to trai@ ANN
models, i.e. to tune its parameters, with the gédbarning
the ANN to estimate the output target. Once the ehisl
trained, it can be used on-line by providing aatref input

is here use

Gamma process is a statistical analysis based okoVian
principles and gamma probabilistic distribution.

In a generic prognostic problem, the gamma process
exploits the knowledge embedded in the health state
indications to calculate the parameters of the tealp
evolution of such indication. According to the gamm
process, the increments of the health indicatioagamma-

&iistributed and can therefore be only positive espnting a

monotonic quantity. This makes the approach suétabl
model the choke valve erosion process which israbyu
monotonic.

The expected temporal trend of the health indicatat
time t (i.e. the expected value of the gamma distribuéibn

time t) is h(t):étb, where b is the parameter which
c

regulates the concavity/convexity of the trend shapd a
and c determine the spread of the gamma probability
distribution.

Given a failure threshold for the health indicattire

measurements in order to obtain an estimate of thﬁamma process calculates the conditional probgphitiat

(unknown) output.
Virtual

accuracy and robustness of the estimation witHoeitnieed
of developing one single optimal model. Criticapests of
ensemble modelling are the diversity of the indinad

Sensor exploits the concepts of ensembl
modelling which bear the advantages of ensuringh hig

the component fails at time>T given that it has survived

eup to time T (hereby called time-based approach). The

quality of this additional information is critickd define the
failure time probability distribution.
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In this work, a different approach (hereby call¢ates
based approach) has been adopted which accountbefor
knowledge of the actual valve health state. In Wésv, the
gamma process calculates the conditional probgltitiait
the component fails at time>T given the knowledge of
its current health state is(T) = H . This approach exploits
information of noticeably higher quality, given tha pre-
defined list of discrete health states for a congmbnis
available based on expert analysis (Gola and Nyg@d1;
Kiddy, 2003).

Another critical issue is the calculation of thegraeters
of the expected gamma function. In particular, doeurate
determination ofb is fundamental to obtain meaningful
values of the remaining useful life.

Different methods can be used to calculate In this
work, b
optimization. Given a time series of health statlewdations
b(t), t=1,...T, b at current timeT is determined by the

least-square method using the log-transformed esje
for h(t), i.e. In(h(t)):ln(3j+bln(t). Parameterb is
c

therefore the angular coefficient of the straighte lwhich
best interpolates the log-transformed health
calculations up to timeT given the condition that the
interpolation passes by the last available healdites

calculation, i.eln(h(T))=In (%J +bin(T).

is determined by a weighted least-square -

least-square error, for the last 50 collected nremsents,
which indeed bear the most recent and thereforeatse
information on the valve erosion state.

The estimation of the RUL and its uncertainty isrth
carried out every operational day until the chakadtually
replaced. The failure threshold for the erosiondatbr JCV

is set equal to 16. Since the gamma process reqaire
monotonic data series, the erosion indicat@:/ is first

filtered with a combination of moving average andving
maxima.

Results of the remaining useful life estimation stiewn
in Figure 6 and compared to those obtained whenhthe
parameter is set constant and equal to 2.2 whittieivalue
that best fits the last 50 available erosion siatkcations
O interms of least-square error.

The slowly increasing values calculated for thesino
indicator 5Cv up to 273 operational days (Fig. 5) lead to

having values of b with the weighted least-square
optimization smaller than 1. As a consequencerdhbelting
convex shape of the expected gamma function higs th
failure threshold at considerably large times, thetsirning

an overestimated value of the choke remaining bédu

state On the other hand, when values of the erosion atdic

5Cv show a sharp increase towards the end of the choke

life, the weighted least-square optimization allows
quickly update the value d§ with the effect of obtaining a
more precise estimation of the remaining usefel, Nhich,

The so-called weighted least-square optimizationyger 290 operational days is comparable to theined by

amounts to improving the calculation &f by assigning
more importance to the most recent health statauleions

which are conjectured to be the most informative. |

practice, this is done by artificially adding teettime series
of the health state calculations a numierof replicates of
the last N health state calculations, i.e.h(t),

t=T-N,...,T. This way of proceeding forces the least-

square optimization to better approximate thosdtihesate
calculations considered most relevant to deteritiineshape
of the gamma function. Once the value bf is set,

fixing b equal to the value which best fits the last 50
measurements.

5. CONCLUSIONS

In this paper, a practical case study concernigien in
choke valves used in oil industries has been aedlygth
the aim of defining a diagnostic-prognostic framer f
optimizing maintenance scheduling of such companent
Two objectives have been identified: 1) the develept
of a condition monitoring system capable of providi

parametersa and ¢ can be analytically determined using rejiable calculations of the erosion state baseddaiected

the method of moments (van Noortwijk and Pande®320

measurements of physical parameters related tahbke

In this case study, measurements correspondin®%o 3 ergsion and 2) the development of a prognosticesysb

operational days are available.

Approximately  2353ccurately estimate the remaining useful life @f thoke.

operational days of measurements are collected and ap empirical, model-based approach has been used to

processed with the Virtual Sensor to produce rigiab fyjfi|

the diagnostic objective of providing relilb

erosion state indication§CV before the gamma process is calculations of the erosion state, whereas a ttatis

devised to estimate the choke remaining useful IMeis
amount of measurements is conjectured to be seffficio
achieve reliable calculations of parameters b and c.
The weighted least-square optimization is done
consideringK =1000 replicates of the lasN =50 erosion
state indications. This augmented virtual measun¢rset
forces the gamma process to provide the bestfterims of

by

method based on the gamma probability distributi@s
been adopted to reach the prognostic goal of atmyra
estimating the remaining useful life of the choke.

Although the results obtained so far are encouragin
with respect to the goal of defining a diagnostiocgmostic
frame for optimizing maintenance scheduling of ahok
valves, a strong limitation of the proposed procednas
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been envisioned in the amount and the quality & th(Kiddy, 2003) J.S. Kiddy, Remaining Useful Life Bigtion

available data. In fact, it is evident that havidgta
corresponding to one single valve considerablycaffae
general applicability of the approach which hashbesn yet
demonstrated. With a larger amount of data reladedany
similar valves one could in fact perform a more sisient
training of the Virtual Sensor and eventually defian
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Figure 1: Typical choke valve of rotating disk tyj rotating the disk the flow will be throttlegi¢ture taken from
www.vonkchokes.nl
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Figure 2. General diagnostic-prognostic frame.
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Figure 3. Choke opening and pressure drop (tophg)aand oil, water and gas flow rates (bottom gsaplaring daily
measurements (black line) and well tests (red)stars
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Figure 4. Erosion indicatiorf{;,) obtained withCy; calculations based on daily measurements andlatitms (black line)
and computed using the measurements of the wédl fiesd stars).
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Figure 5. Erosion indicatiordt;,) obtained withCy, calculated with Eq. (2) (black line) and with tigtual Sensor (light
blue line).
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Figure 6. RUL estimation and uncertainty obtainetth the gamma process when paramdter calculated with the
weighted least-square optimization (red lines) when it is fixed to 2.2 (black line). The actual Ri$ indicated by the
green dashed line.



