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Description

FIELD OF THE INVENTION

�[0001] The present invention relates to production sys-
tems for the production of oil and gas, and in particular
to the validation of sensors installed in such systems for
measuring physical properties of the flow through the pro-
duction system.

BACKGROUND OF THE INVENTION AND PRIOR ART

�[0002] Oil and gas production systems typically con-
tain sensors for measuring physical properties of the flow.
Sensor measurements in the production system are for
instance used as input (initial values) for simulations of
the reservoir.
�[0003] A well- �known problem in the oil industry is that
sensors in the production system become inaccurate, or
even fail completely, after some time in operation. The
problems are mainly due to the harsh conditions under
which such equipment is operated, such as the high pres-
sure, the high temperature, or the corrosive environment
present in the production system.
�[0004] New oil wells are being equipped with sensors
increasingly often. An example of a sensor that is being
used in an oil and gas production system is a venturi
down-�hole flow meter, such as disclosed in WO
01/22041. A venturi down-�hole flow meter is a sensor
that in itself comprises several sensors such as pressure
sensors. It is getting more and more common to install
venturi down- �hole flow meters in new wells. Venturi
down-�hole flow meters feed other parts of the production
system with essential information: the values from venturi
down-�hole flow meters are essential for critical functions
such as well allocation.
�[0005] An example of a flow meter based on a process
model of an oil well implemented in a data processing
system is the software product WellocateTM (currently
known as OptimizeIT Well Monitoring System) supplied
by ABB AS of Billingstad, Norway, the assignee of the
present application. A paper, "Oil Well Allocation: the Ul-
timate Interpolation Problem" (L.T. Biegler, A. Bramilla,
C. Scali, G. Marchetti (editors), Advanced Control of
Chemical Processes 2000, Elsevier, 2001) describes
how WellocateTM identifies the flow rate in an oil well by
checking the consistency of an assumed flow rate with
the observed pressure and temperature drop over the
tubing and the production choke in an oil well.
�[0006] The sensors in the production system constitute
an integral part of the operating philosophy of the oil field
and the work routines of the oil field operator. Therefore,
it would be beneficial to be able to detect whether a sen-
sor is trustworthy or whether it fails.
�[0007] A common approach to this has been to define
a set of allowable values for a particular sensor. Such an
allowable set of values may be constant over time, e.g.,
the operator may specify a minimal and a maximal value.

The allowable set may also depend on historical meas-
urement data, e.g., the operator may specify a maximal
rate of change. Unfortunately, it is often very difficult if
not impossible to specify an allowable set of values. On
the one hand, the set must have a limit that is small
enough or sensitive enough to discriminate between cor-
rect and incorrect readings of a particular sensor other
than those indicating complete failure of the equipment.
Further, the allowable set must have a range large
enough to accommodate for a wide variety of possible
operating conditions of the system, which can be consid-
erable in number and extent.
�[0008] WO 02/46848 (as published on 13 June 2002)
describes an example of such an approach, relating to
tracking systems for detecting errors in sensor outputs
of a wide range of machines, such as gas turbine engines.
�[0009] Further prior art related to systems and meth-
ods for detection of sensor failures are as follows.
�[0010] US-�A-�5 764 509 relates to a system for moni-
toring an industrial process, and in particular a system
for monitoring the function of sensors supplying informa-
tion on the process. The system estimates "learned" val-
ues for a sensor within a limited ranged of time correlated
data, and compares these values with actual sensor val-
ues. If a sensor is faulty, its output is substituted with a
"learned" value. The "learned" values are taken from a
previous training session of normal training data in a nor-
mally operated system, i.e. the "learned" values are sole-
ly based on historical data. This general system is appli-
cable to a lot of different applications, such as petro-
chemical (refineries), power generation, automotive,
manufacturing, medical, aeronautical, financial, etc., and
thus requires historical data that in addition is only taken
over a certain period of time on a normally operated sys-
tem to establish a set of modelled data. The modelled
data is generated and processed to identify a pattern for
the data. In order to be widely and generally applicable,
the system does not use a current or an actual model of
the system and does not rely on analytical modelling by
itself.
�[0011] WO 99/57417 discloses a system for remote
actuation of downhole tools employing chemical tag-
gants, and a method for detecting inflatable tool failure.
When a tool has failed, the inflatable tool releases a
chemical taggant, indicating the failure. By choosing sep-
arate taggants for separate tools there is a way to identify
which tool that has failed. The identification of the tool
may initiate actions. The chemical sensors may be em-
ployed singly, in groups of different chemical sensors or
in groups with sensors for other types of parameters such
as pressure, temperature and flow rate.
�[0012] WO 99/34187 A1 relates to a particular method
for monitoring a pressure sensor in a fuel supply system,
such as in fuel injection systems for internal combustion
engines which operate with very high injection pressures.
The method determines a pressure in a pressure accu-
mulator regulated by a pressure actuator and includes
the steps of calculating an expected pressure value in
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the pressure accumulator for a given point in time based
on a holding pressure preset by the pressure actuator
and based on a detected rate of change in a mass bal-
ance of a medium contained in the pressure accumulator.
A pressure value in the pressure accumulator is deter-
mined with the pressure sensor at the given point in time.
The expected pressure value is compared with the de-
termined pressure value and a fault in the pressure sen-
sor is detected if the pressure values deviate from each
other beyond a predetermined value, wherein the faulty
sensor is physically substituted.
�[0013] US-�A-�4 249 238 relates to a gas turbine engine
control system, which maintains a selected level of en-
gine performance despite the failure or abnormal oper-
ation of one or more engine parameter sensors. The con-
trol system employs a continuously updated engine mod-
el which simulates engine performance and generates
signals representing real time estimates of the engine
parameter sensor signals. The estimate signals are
transmitted to a control computational unit which utilizes
them instead of the actual engine parameter sensor sig-
nals to control the operation of the engine. The estimate
signals are also compared with the corresponding actual
engine parameter sensor signals and the resulting differ-
ence signals are utilized to update the engine model. If
a particular difference signal exceeds specific tolerance
limits, the difference signal is inhibited from updating the
model and a sensor failure indication is provided to the
engine operator.
�[0014] JP 06 229 791 A relates to an abnormality di-
agnostic method which can determine an abnormal ma-
chine or sensor in a plant or machinery. A machine model
and an actuator model calculate a first prediction data
similar to the dectection data of a selected sensor based
on detection data from three other sensors. Another ma-
chine model and another actuator model calculate a sec-
ond prediction data of the selected sensor based on the
detection data of two of the other three sensors. A diag-
nostic section then compares the detection data of the
selected sensor, the first prediction data, and the second
prediction data with each other and combine the com-
parison results to diagnose abnormality in all of the sen-
sors.
�[0015] JP 59 005 913 A relates to a method for facili-
tating the detection of abnormality by judging the output
value of sensors as abnormal when the difference be-
tween the value of least squares which are estimated by
a specific determinant equation and the output value of
the sensors is a specified value or more in an unspecified
process.
�[0016] WO 97/07439 describes a statistical method for
detecting a faulty sensor within a process control system
having a set of sensors, each of which produces an as-
sociated sensor output signal. The method produce a set
of sensor estimate signals from the sensor output signals
using principal component analysis and then determine
a validity index for each of the sensors as a ratio of two
residuals, wherein each of the residuals represents a dif-

ferent measure of the difference between the sensor out-
put signals and the sensor estimate signals. The deter-
mined validity indexes are then used to detect a failure
of one of the sensors and/or to identify which one of the
sensors has failed.
�[0017] EP-�A-�0 362 011 relates to a method of analyz-
ing a multi- �phase fluid flowing along a hydrocarbon well
in order to determine, at each depth, the average static
proportion of one of the phases by means of a local meas-
urement performed by one or more sensors.
�[0018] Another problem related to failing sensors is
that, unfortunately, it is often prohibitively expensive to
replace such sensors by new ones. This is particularly
true when the sensors are installed in remote locations
in the production system, such as down in a well or on
the bottom of the sea or other body of water. Therefore,
it would also be beneficial to have a back-�up value or
reading available instead of the sensor itself for monitor-
ing purposes when the sensor fails. A possible solution
to this problem is to install multiple sensors of the same
kind close to each other in the production system in order
to obtain redundancy. In case any one of the sensors
fails, one of the other sensors may be used to supply the
data. This approach is costly and inefficient, since mul-
tiple sensors are involved to do the work of one. Another
drawback of this approach is that such sensors of the
same kind may be subject to the same errors due to the
same well conditions.

SUMMARY OF THE INVENTION

�[0019] An object of the present invention is to provide
a method that solves the above-�mentioned problems.
�[0020] This object is achieved by the present invention
by a method for detecting sensor failure in an oil and gas
production system according to claim 1.
�[0021] The present invention provides a method per-
formed in a data processing system for detecting sensor
failure in an oil and gas production system. The method
is performed under control of a set of computer- �readable
instructions contained in a computer program storage
device. With the present invention, an expected value for
a measurement from a sensor in the production system
is generated. The expected value is compared against
an actual measurement. If the expected value is within
some acceptable specified limit of the actual measure-
ment, the validity of the actual measurement is con-
firmed. If such is not the case, a failure of the sensor is
indicated. The invention provides a model-�based method
for generating an expected, or back up, value for a meas-
urement from a specific sensor. This expected value is
the value that is most consistent with the measurements
from the other sensors in the system. The model used in
the invention comprises descriptions of subsystems of
the entire production system.
�[0022] In preferred embodiments, the method includes
one or several of the following steps:�
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- generating an expected value by means of one or
more generated back-�up values, the back- �up values
primarily being generated by means of the process
simulation model;

- generating an expected value for a sensor measure-
ment comprising the step of obtaining a probability
distribution of expected values for the sensor meas-
urement;

- obtaining a probability distribution of expected val-
ues comprising the step of performing multiple sim-
ulations of the oil and gas production system using
the other sensors in the production system than the
first sensor over a range of possible sensor readings
from the other sensors;

- obtaining a probability distribution of expected val-
ues comprising the step of performing multiple sim-
ulations of the oil and gas production system using
a range of model parameters for the production sys-
tem;

- making a probability distribution of measured sensor
values available, wherein the step of comparing the
expected output value with an actual measurement
comprising the step of obtaining a probability distri-
bution of the difference between the expected value
and the actual measurement obtained from the sen-
sor;

- comparing the expected output value with an actual
measurement from the sensor (first sensor) compris-
ing the step of obtaining the acceptable specified
limits for the difference between the expected value
and the actual measurement by means of the prob-
ability distribution of the difference between the ex-
pected value and the actual measurement.

�[0023] The present invention also provides a computer
program product directly loadable into the internal mem-
ory of a computer, comprising computer readable instruc-
tions for causing a data processing system to monitor for
sensor failure in an oil and gas production system, com-
puter program product comprising software for perform-
ing the steps of the appended claim 1.

BRIEF DESCRIPTION OF THE DRAWINGS

�[0024]

Figure 1 is a schematic diagram of a typical offshore
oil field in which the present invention is used.

Figure 2 is a schematic diagram of a venturi down-
hole flow meter with on- �board computing capability
used in the oil field of Fig. 1.

Figure 3 is a schematic diagram of the venturi down-
hole flow meter with on-�board computing capability
of Fig. 2 in place in an oil well.

Figure 4 is a data plot showing a comparison be-
tween the down- �hole pressure measured by a down-
hole pressure sensor (gauge) and the corresponding
estimated pressure according to an embodiment of
the invention.

Figure 5 is a schematic diagram of a directed graph
representing an example oil and gas production sys-
tem.

Figure 6 is a flow chart indicating the basic steps of
an operating sequence for detecting and correcting
sensor failure in an oil and gas production system
according to the present invention.

Figure 7 shows a flow chart of steps performed by a
data processing system implementing the second
basic step of the present invention of Fig. 6.

Figure 8 is an example of a graph showing a prob-
ability distribution for a calculated sensor value and
a probability distribution for the corresponding meas-
ured sensor value.

DESCRIPTION OF THE PREFERRED EMBODIMENT

�[0025] In the drawings, an example oil and gas pro-
duction system S is shown in Figure 1. The system S
contains the typical components of a production system
for the production of oil and gas, such as wells, flowlines,
manifolds, risers, and topside facilities, as well as sys-
tems for gas-�lift and systems for the injection of chemi-
cals. These elements comprise basic components for
guiding, controlling, and observing the flow such as
pipes, joints, bends, chokes, valves, pumps, separator
tanks, heat exchangers, pressure gauges, temperature
gauges, (multi- �phase) flow meters, densitometers, and
water cut meters.
�[0026] The system S includes a production platform M
in a body of water 12 connected to a set of wells, as
shown schematically at 13 and 14 beneath a subsurface
floor 15 in the body of water 12. The wells 13 and 14 are
connected together through a set of flowlines 16, mani-
folds 18 and risers 19. The production system further
contains a vessel 10 for the injection of chemicals. As is
conventional, a number of sensors 22 are located in the
production system S. Such sensors include pressure
gauges, temperature gauges, multi-�phase flow meters,
densitometers, and water cut meters. These sensors are
connected to a subsea control system or computer 17,
which in its turn is connected to a topside control system
or computer P.
�[0027] The sensors 22 send readings or measure-
ments as indicated schematically to a process control
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system or computer P operating under control of an op-
erator station O and exchanging sensor readings and
results as indicated schematically at 26 and 28. A well
monitoring data processing system W in communication
with the operator station O also exchanges instructions
as indicated at 30 and receives sensor readings as indi-
cated at 32 from the process control system O. The well
monitoring system W and process control system P may
be, for example, the WellocateTM system of the type
available from ABB, the assignee of the present applica-
tion. According to the present invention, a computer pro-
gram product C operating under a sequence of instruc-
tions described below causes the well monitoring data
processing system W to monitor for failure of sensors 22.
�[0028] Flow models in oil and gas production systems
of the conventional type operate based on measure-
ments obtained from the sensors 22. It is well known that
the flow rate in an oil well may be found by measuring
the pressure drop and/or the temperature drop over cer-
tain parts of the well and by identifying the flow rate that
is most consistent with the measured pressure and/or
temperature drop according to a model of the flow.
�[0029] An example of a sensor 22 in Figure 1 may be
a downhole model-�based flow meter 23 shown schemat-
ically in Figure 2. The flow meter 23 is available, for ex-
ample, from the Expro International Group, PLC in the
UK under the name SUREFLO down-�hole flow meter.
The flow meter 23 includes a contracting tube (a Venturi
tube) 34 inside tubing 36 in the production system S, and
a down-�hole pressure gauge 38. Pressure and temper-
ature gauges 40 and 42 are located on both ends of tube
34. The down-�hole flow meter 23 in Figure 2 operates
according to a model of the pressure drop over the Ven-
turi tube 34 as a function of the flow rate (the Venturi
equation). Further, such a down- �hole flow meter 23 in
Figure 2 has an embedded computer 44 in order to fa-
cilitate certain calculations. Such a flow meter in Figure
2 measures the pressure drop over the tube 34 and de-
termines the flow rate by identifying the rate that is most
consistent with the observed pressure drop according to
the Venturi equation.
�[0030] With the present invention a simulation is used
to calculate previously unknown flow rates. The method
of the present invention further uses those calculated flow
rates to validate sensor measurements and further re-
place measurements from failed sensors in an oil and
gas production system S.
�[0031] A well 48 of the type in the production system
S is shown in Figure 3 including a tubing 50 contained in
an annulus 52. Production enters the well 50 through the
perforations in the inflow 54. On the wellhead 56 on the
seabed 15 the production is contained by a production
choke 58. The well is equipped with a down-�hole venturi
flow meter 23 as in Figure 2, a wellhead pressure and
temperature gauge 60 and a downstream pressure and
temperature gauge 62. The down- �hole flow meter is ac-
cording to Figure 2, including pressure/�temperature
gauges 38, 40, and 42 and a flow computer 44 for cal-

culating the flow rate of oil and water.
�[0032] The present invention involves the following
three phases as indicated schematically in Fig. 6.
�[0033] Phase 1: Configuration: In the configuration
phase 70 a user of the method of the present invention
chooses and identifies which portion of the system S is
to be monitored according to the present invention.
�[0034] Phase 2: Simulation/ �Operation: In the simula-
tion or operation phase 72 a number of steps are per-
formed to obtain a simulated solution to the problem that
the user has configured in configuration phase 70.
�[0035] Phase 3: Analysis/�Presentation: In the analysis
or presentation phase 74 the results of the simulation or
operation phase 72 are analyzed and presented to the
user. It is in this phase that the system creates the most
benefit for the user.

Phase 1: Configuration Phase:

�[0036] In the configuration phase 70, the user of the
invention sets up the problem that is to be solved. Con-
figuration phase 70 according to the present invention
involves choosing the following items in a group of steps: �

1) The relevant part of the production system S under
consideration for the problem at hand.

2) The number of distinguishable fluids of interest in
the relevant part of the production system S selected
in step 1) .

3) For each of the fluids identified in step 2), a char-
acterization of the composition.

4) For each of the fluids in step 2), an indication as
to whether the flow rate of the fluid through the sys-
tem S is a known variable, an unknown variable, or
a function of another variable in the system S.

5) The division of the relevant part of the production
system S selected in step 1) into a suitable number
of subsystems for which elementary flow models ex-
ist.

6) For each of the subsystems selected in step 5),
which flow model out of a set of possible flow models
is to be used to best represent the behavior of the
flow through the subsystem in question.

7) For each of the flow models chosen in step 6),
which values for the model parameters are to be
used so that the model best represents the behavior
of the flow through the subsystem in question.

8) Which measured flow properties in the system S
are assumed a priori to be trustworthy, and which
measured flow properties are assumed a priori to be
flawed.
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9) Which of the measured flow properties assumed
a priori to be trustworthy in step 8) are to be subject
to a consistency check by the present invention.

10) For each of the flow properties chosen in step
9), the specification of an interval to validate the
measured flow property prior to the operation of the
invention.

11) For each of the flow properties chosen in step
9), the specification of a test to determine whether
the measured and the estimated flow property are
consistent with each other or not.

12) Which of the measured flow properties assumed
a priori to be flawed during step 8) are to be estimated
by the present invention.

13) The point in time on which the system is sup-
posed to operate.

�[0037] These choices of steps 1) through 13) do not
have to be made in the stated order as long as they are
consistent with each other.
�[0038] The relevant part of the production system S
must be a connected subsystem of the production system
S. Examples of such subsystems are a single oil well, a
cluster with a number of wells, or the entire production
system. Even though the present example is about the
solution of a single problem in a single part of the pro-
duction system S, it will be appreciated that the process
of one or more instances of the present invention may
be made concurrently in order to tackle various problems
at the same time. Such multiple use of the invention may
be seen as the repeated use of a single instance of the
invention for a single problem as described in this exam-
ple.
�[0039] A preferred embodiment of the invention is em-
bedded in an oil and gas production administrative sys-
tem W, such as shown according to Figure 1, which al-
lows for the specification of a comprehensive production
system from which connected subsystems may be se-
lected for processing by the invention. The surrounding
administrative system W also allows for repeated and
parallel execution of multiple versions of the present in-
vention.
�[0040] Without loss of generality it is possible to identify
at least one fluid of interest in the system S. To illustrate,
it is customary in the oil industry to distinguish at least
one oil (e.g., oil from a certain appraisal zone in the res-
ervoir), possibly one or more gases (e.g., gas associated
with the oil, free gas from a gas cap, injected lift gas),
and possibly one water (e.g., an aquifer), from every well
in an oil field.
�[0041] In the preferred embodiment of the present in-
vention a user defines a number of sources, that is, a
number of points where fluids enter the production sys-
tem S. Each of these sources allows for the specification

of at most three distinguishable fluids, at most one oil, at
most one gas, and at most one water.
�[0042] There exist two common ways to describe the
characterizing properties of such fluids:�

1) The black oil fluid model distinguishes between
oil, gas, and water. A fluid is described by means of
the gas- �oil- �ratio and the water cut. The oil is charac-
terized by its API gravity, the gas is characterized by
its relative density, and the water is characterized by
its density, all at standard conditions.
2) The compositional fluid model distinguishes be-
tween individual chemical components in the fluid.
These components may be pure substances (e.g.,
methane, carbon dioxide) of which all relevant prop-
erties are known, or they may be hypothetical sub-
stances for which the density at standard conditions
and the molecular weight is specified. The fluid is
characterized by the mole fraction of the various
components together with the fraction of water.

�[0043] In the preferred embodiment of the present in-
vention the compositional fluid model is used to describe
the fluids of interest in the production system. There are
a number of models based on an equation of state that
describe the physical properties of flow characterized by
a compositional fluid model. In the preferred embodiment
of the invention the model by Peng and Robinson (R.C.
Reid, J.M. Prausnitz, B.E. Poling, The Properties of Gas-
es & Liquids, McGraw- �Hill Book Co, 1988) is used to
calculate such flow properties.
�[0044] A user is in principle free to choose which flow
rates are unknown variables to be determined by the in-
vention in operation or simulation phase 72 and which
flow rates are known variables or functions of other var-
iables. To illustrate the foregoing, it is typical in the oil
industry to assume that the rate of oil from a well is either
an unknown variable, or a function of the difference in
pressure between the reservoir and the down- �hole pres-
sure in the well bore, and, as such, a function of an other
variable in the system, the down-�hole pressure. To give
another example, it is typical to assume at least in the
short term that the rate of gas in an oil well without a gas
cap is a constant fraction of the rate of oil.
�[0045] It is important to note that there typically is a
limit on the total number of unknown variables that the
present invention can estimate in operation or simulation
phase 72, based on the total number of independent,
trustworthy measured flow properties identified in step
8) as previously described.
�[0046] For all relevant components in an oil production
system S such as shown in Figure 1, there is at least one
model available in the literature to describe the flow
through the component with a certain degree of accuracy,
based on the granularity of the division of the system into
subsystems. The optimal model of a production system
is the one with a minimal number of subsystems that
provides an acceptable degree of accuracy for the range
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of expected flow conditions.
�[0047] The measurements assumed a priori to be trust-
worthy are the known reference points for the simulation
in phase 2. It is important that there are enough of such
reference points.

Phase 2: Simulation/ �Operation Phase

�[0048] The operation phase 72 is composed of three
steps: �

Step 1: Data Collection: In the Data Collection step
of the simulation/�operation phase 72, data from the
sensors 22 in the relevant part of the production sys-
tem S selected in the configuration phase 70 is col-
lected for the point in time selected in the configura-
tion phase 70.

Step 2: Data Validation: In the Data Validation step
of the simulation/ �operation phase 72, the measured
data is validated according to the a priori rules for
validation of data that the user has selected in the
configuration phase 70. As a result of this data val-
idation step, a flag is set for all sensors in the selected
part of the production system S indicating whether
the associated measured physical property of the
flow is believed to be valid prior to operation of the
invention.

Step 3: Simulation: In the Simulation step of the sim-
ulation/�operation phase 72, the flow in the selected
subsystem is simulated at the selected point in time
on the basis of the collected data by using the con-
stituted simulation model of the production system.
In the simulation step of operation phase 72 the
present invention determines the value of relevant
flow properties in the relevant part of the production
system S, based on the choices made in phase 70.

�[0049] Simulating the flow in the production system S
is in effect knowing the value of all the relevant properties
of the flow through the system. Without loss of generality,
it suffices to know a set of characterizing properties of
the flow, that is, a set of basic properties of the flow from
which all other properties may be derived by means of
models. In the preferred embodiment of the present in-
vention, track is kept of the pressure, the temperature,
the flow rate, and the composition of the flow. It should
be noted that this is merely one possible set of charac-
terizing properties: another characterizing set would be
the pressure, the enthalpy, the flow rate, and the com-
position of the flow.
�[0050] For practical applications, it is only necessary
to know flow properties in a limited number of selected
locations in order to obtain an impression of the behavior
of the flow everywhere in the system. Therefore in the
preferred embodiment of the invention the simulation
phase estimates the characterizing flow properties at the

inlet and at the outlet of every subsystem of the produc-
tion system identified during the configuration phase 70.
�[0051] In the preferred embodiment of the present in-
vention the production system is represented as a direct-
ed graph, where the edges represent the basic flow con-
taining components, where the direction of the edges rep-
resents the designated direction of flow, and where the
vertices represent the components where the flow con-
taining components are linked together, as well as the
locations of the sensors in the system. The locations
where flow enters the system or where it flows out of the
system, known as sources and sinks in graph theory, are
also represented as vertices.
�[0052] In the preferred embodiment of the present in-
vention the relevant part of the production system is rep-
resented as a directed graph for the purpose of the sim-
ulation portion of phase 72. The following elements in
the relevant part of the production system S are repre-
sented in a directed graph:�

1. the sources, that is, the locations where fluids flow
into the system;

2. the sinks, that is, the locations where fluids flow
out of the system;

3. the manifolds, that is, the locations where more
than one flow get commingled;

4. the routers and separators, that is, the locations
where the flow is split into more than one flow; and

5. the sensors, that is, the locations where at least
one flow property is being measured.

�[0053] Figure 5 shows a directed graph G representing
an oil and gas production system. The main structure of
a directed graph such as shown in Figure 5 includes
leaves 80, nodes 82, branches 84, and a root 86. The
leaves 80 in directed graph tree of Figure 5 represent the
sources in the oil and gas production system S, that is,
points where oil and gas enters the production system
S. A source may be an inflow, that is, a hole in the tubing
down in a reservoir through which oil/gas enters the pro-
duction network. It may be an inlet into a pipeline with a
given pressure and/or flow rate. A source may also be a
gas injection point in a gas- �lifted well, as well as other
locations of inflow into various types of wells. The word
source must be read in the designed direction of flow,
since there are circumstances where production flows
back from the production facilities into a source. The di-
rection of flow of the oil and gas from the sources to a
separator is represented by the direction in the tree from
the leaves to the root.
�[0054] Nodes 82 in the directed graph tree of Figure 5
may represent reference points and further represent
what are known as manifolds in the oil industry. A man-
ifold is a blending point where the flow from a number of
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inlet flow lines comes together and continues its way
through a single outlet flow line. A reference point is a
point where some piece of information is available, such
as a measured value of the pressure, the temperature,
or the flow rate, or some constant value, such as the
pressure in a separator.
�[0055] A branch 84 in directed graph G represents the
flow lines that comprise a sequence of pipes and chokes.
The root 86 is the most downstream node in the network,
in the sense that all production eventually arrives to the
root. The root in a directed graph that describes an entire
oil and gas production system typically represents an in-
let to a separator.
�[0056] The edges in the directed graph G of Figure 5
represent the basic flow containing components in be-
tween these vertices and the direction of the edges indi-
cates the designated direction of flow.
�[0057] There is a unique directed graph associated
with any production system, but it should be understood
that the use of a directed graph is not the only method
available to build a model suitable for simulation accord-
ing to the present invention of the production system S.
�[0058] In the preferred embodiment of the present in-
vention, the production system S is modeled as a linked
list of components that is derived from a directed graph.
Each component is modeled as a list of parameters of
the component. Such sets of parameters refer to elemen-
tary models of such components that are available to the
system in the form of a library of models. There are many
ways to model flow in elementary flow containing com-
ponents such as pipes and chokes. The preferred em-
bodiment of the invention contains common models such
as: �

a mechanistic model for pressure drop in pipes
based on mass, energy, and momentum balances,
as described in the previously mentioned paper
entitled" "Oil Well Allocation: the Ultimate Interpola-
tion Problem,"

a mechanistic model for the pressure drop in chokes
known as the Perkins model, as described in the
previously mentioned paper entitled "Oil Well Allo-
cation: the Ultimate Interpolation Problem,"

a heat transfer model between the flow in pipes and
the environment based on an overall heat transfer
coefficient, as described in the previously mentioned
paper entitled "Oil Well Allocation: the Ultimate In-
terpolation Problem,"

�[0059] It is important to note that these models are ex-
amples of models that describe the behavior of flow in
elementary flow containing components and that they
may be replaced by other models from the literature or
devised on the basis of experiments on the equipment.
It is also important to note that for many of the physical
processes involved there is no such thing as an exact

model since the processes are too complicated to be fully
understood. However, the available models in the litera-
ture, including the models mentioned above, have shown
to be reasonably accurate and at least accurate enough
for the purpose of this invention.
�[0060] In the simulation step of operation phase 72,
the present invention tries and solves a system of equa-
tions in order to find previously unknown properties of
the flow on the basis of previously known properties of
the flow. There are many ways to solve such a system
of equations. The following is a description of the pre-
ferred embodiment of the invention.
�[0061] The variables in the system are the pressure,
the temperature, the flow rate, and the composition of
the flow in all the vertices of the directed graph that rep-
resents the production system. The equations that need
to be observed are the physical models for pressure and
temperature drop over the edges of the graph as de-
scribed above. In addition there are a large number of
what is known as constitutional relations in the graph:�

The pressure in all edges into and out of a vertex is
identical.

The flow out of a vertex is the sum of the flows into
a vertex.

The main steps in the simulation step 72 are as fol-
lows (see Figure 7): �

1. During a step 72a, some of the variables are
known due to measurements that have been val-
idated, other variables are unknown.

2. Next, during step 72b, a solution process or
technique performed in the data processing sys-
tem as described below assumes the value of
some of the unknowns, such as the flow rates
from all the sources and the pressure in all the
vertices.

3. Then, during step 72c, the unknowns in the
graph are calculated in the direction of the graph
on the basis of known values and the available
models.

4. During step 72d, when all unknowns are
known in this iteration step, the mismatches be-
tween calculated values and values that were
known due to measurements, as well as the mis-
match between calculated values and the con-
stitutional relations in the graph are collected
and assembled.

5. If these mismatches are determined to be un-
der a pre- �specified level during step 72e, the
simulation is done as indicated at step 72f. Oth-
erwise the mismatch is used by the solution
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technique to assume better values and start over
in step 72b.

�[0062] The computation of the calculated values is
based on a system of ordinary differential equations
(ODEs) describing the behavior of the pressure and the
temperature along a pipe with a multi-�component, multi-
phase fluid. In addition, models for the change in pressure
and temperature across other equipment such as venturi
down-�hole flow meters and chokes are evaluated. The
ODEs are non-�linear and they are based on conservation
of energy, mass, and momentum along the pipe. Evalu-
ation of the derivatives defining the ODEs involves ther-
modynamic equilibrium calculations for each fluid com-
ponent at each integration point along the pipe. Integra-
tion of the ODEs along the pipes, together with evaluation
of the models for the rest of the equipment, gives the
pressure, the temperature, and other physical quantities
like velocities, densities, and viscosities at all points of
interest in a fluid transport pipe network.
�[0063] The preferred embodiment of the invention us-
es a state-�of-�the-�art solution technique for a system of
nonlinear equations. A state of the art method for the
solution of nonlinear least-�squares problems is for exam-
ple the Levenberg- �Marquardt method. Techniques of this
type are described, for example, in the following litera-
ture: �

1. Marquardt, D. (1963), "An algorithm for least-
squares estimation of nonlinear parameters, SIAM
Journal on Applied Mathematics", 11, 431-441.

2. Dennis, J.E., Jr., and Robert B. Schnabel (1983),
Numerical Methods for Unconstrained Optimization
and Nonlinear Equations, Prentice-�Hall, Englewood
Cliffs, New Jersey.

3. Gill, Philip E., Walter Murray, and Margaret Wright
(1981), Practical Optimization, Academic Press,
New York.

Phase 3: Analysis/�Presentation Phase

�[0064] The Presentation or Analysis Phase 74 in-
cludes in general several actions. For the available sen-
sors, the mismatch is registered between the simulated
and the measured value of the property of the flow. For
all unavailable sensors, the simulated value is registered
in order to replace the unavailable measured value of the
property of the flow.
�[0065] In the analysis phase 74, the simulated flow
properties obtained during operation phase 72 are com-
pared with the measured flow properties selected in con-
figuration phase 70. This is done in order to check the
consistency of these measured flow properties. In the
analysis phase 74 a method according to the present
invention also supplies estimated flow properties. Those
flow properties are results of simulations made in phase

72 as a replacement of the results from the failed sensors
indicated in configuration phase 70.
�[0066] This is done according to the present invention
based on probability distribution of measurement values
and model parameters for the sensors. Figure 8 shows
an example of a graph representing probability distribu-
tion of a sensor, such as the devices described above in
the production system S. Such devices measure any of
the following properties of a fluid inside a pipe or any
other pressure containing equipment: absolute pressure,
differential pressure (e.g. used in venturi tubes), temper-
ature, density (e.g. nucleonic densitometers), phase frac-
tions (e.g. fluid dielectricity, capacitance and impedance
meters), molecular compositions, salinity (e.g. with con-
ductivity meters and or nucleonic densitometers), veloc-
ity and momentum.
�[0067] The detection of sensor error according to the
present invention is based on a comparison of the prob-
ability distribution of the value for the calculated sensor
value (calculated during the simulation phase 72 with the
probability distribution of the measured sensor value.
This is illustrated in Figure 8, which is an example with
normal distributions for both. The wider probability distri-
bution indicated at 90 is the calculated sensor value dur-
ing the simulation phase 72, while the more narrow dis-
tribution indicated at 92 is the probability distribution for
the sensor to be validated.
�[0068] An important observation to make at this point
is that the definition of a probability distribution or confi-
dence interval for the deviation between an estimated
flow property and a measured flow property is a com-
pletely different task than the definition of a confidence
interval for the measured flow property as such, as is
done in the prior art. It is to be expected that an educated
guess of a certain flow property based on trustworthy
observations is a considerably more selective bench-
mark, hence, that the confidence interval for the deviation
is typically much smaller than the confidence interval re-
quired for the measured flow property as such. One ex-
ample of a criterion for valid sensor is that the "union
area" is larger than a certain limit.
�[0069] The probability distribution 90 of the calculated
sensor value is found with the present invention by per-
forming multiple simulations with the process simulation
model for the sensors other than the test sensor to be
validated, which is not used for the simulation. The proc-
ess simulation model measured sensor values with a
probability distribution (error) added to each sensor and
using model parameters with errors added to each of the
main model parameters. The probability distribution 92
of the measured value for each sensor is defined or may
be obtained from the data available from the vendor of
the particular sensor.
�[0070] In a preferred embodiment the present inven-
tion also defines and presents the expected error distri-
bution for a back-�up value of a sensor based on a calcu-
lated error distribution. This is done by what can be
termed validating a sensor model parameter.
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�[0071] It can be assumed that every sensor and every
model parameter has a known variance. Then the vari-
ance of the simulated value or soft sensor value can be
estimated. Once these variances are known any sensor
may be validated.
�[0072] For this purpose, one can define 

where u is the simulated value and m is the measured
value from the sensor which is to be tested. The variance
of y is then 

since the simulated value u and the measured value m
are uncorrelated. A further assumption is that both the
simulated value and the measured value are distributed
according to a Gauss probability function. In that case
one may perform the following validation test:
�[0073] Let the result of a specific measurement and
the corresponding simulation be 

�[0074] Let P0 be the probability that the values are as
above or more extreme (| y | > | y0 |), given that the ex-
pected value of y is zero (in which case the expected
value for u and m is the same), 

�[0075] The sensor cannot be trusted if P0 <α, where

α is chosen in advance. A typical choice would be α =5%,
in which case the sensor would be rejected if

.

Computing the variance of the simulated value

�[0076] Let u be the simulated or back-�up value ob-
tained with the model parameters and sensor values
α1.,..., �αn. All these values have known accuracies, given

by their variance. The variance (which is the square of
the standard deviation) of sensor (or model parameter)
αi is denoted by Var �(αi). The simulated value may be
written as some function of the parameters, i.e. 

�[0077] For a given set of parameters let the simulated
value be denoted by u0, 

�[0078] Assume that locally u can be well approximated
by a linear function such that 

where xi are coefficients to be determined. By perturbing
one parameter at a time the unknown coefficients can be
estimated in the following way: 

�[0079] Subtracting the two equations gives 

from which x1 may be found. This means that the coef-
ficients are the partial derivatives of f with respect to each
of the variables, i.e. 

�[0080] Once the coefficients are determined, the var-
iance of the simulated value is found in a standard way as 
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�[0081] If a certain sensor value is evaluated as being
unreliable the calculated sensor value is used as back-
up value. The back- �up value can be sent to the control
system to be used for control purposes or optimization.

Example on case:

�[0082] As an example result, the foregoing analysis
was performed on a sensor layout of the type shown in
Figure 3. The relevant part of the production system S in
this example runs from the pressure and temperature
gauge 38 down-�hole in Figure 3 to the well head pressure
and temperature gauge 60 in Figure 3.
�[0083] In this example there is only one relevant fluid
flowing through the well, an oil with an unknown flow rate
and a known composition.
�[0084] The relevant part of the production system S is
subdivided into the following subsystems; �
a lower tubing from the down- �hole sensor 38 to the inlet
of the venturi 40 in Figure 3; �
a venturi inlet tube from the gauge 40 to the gauge 42 in
Figure 3; �
a venturi outlet tube from the gauge 42 to the top of the
venturi downhole flow meter 23 in Figure 3; and
an upper tubing from the top of the venturi downhole flow
meter 23 to the gauge 60 in Figure 3 in the well consisting
of a number of pipe segments with different properties.
�[0085] The measured flow properties in the relevant
part of the production system are

(a) the pressure at the inlet to the venturi 40;

(b) the temperature at the inlet to the venturi 40;

(c) the pressure inside the venturi 42;

(d) the temperature inside the venturi 42;

(e) the flow rate of oil through the venturi;

(f) the pressure on the well head 60;

(g) the temperature on the well head 60;

�[0086] A priori we assume that all of these properties
are trustworthy. In addition we measure the downhole
pressure 38 but we assume that this pressure is untrust-
worthy.
�[0087] The flow rate of oil (e) is subject to a consistency
check by the invention. This means that we use the in-
vention to calculate (simulate) the flow rate of oil and then
check whether the measured flow rate of oil (e) is con-
sistent with the calculated flow rate of oil.

�[0088] We also use the invention to check whether the
downhole pressure is valid or not and we provide a back-
up value for the down- �hole pressure in cases where it is
not valid.
�[0089] Figure 4 shows a comparison between the
measured downhole pressure 65 and the calculated
downhole pressure 66 according to an embodiment of
the invention. It is obvious that the sensor is severely
flawed since measurements are only available at some
point in time. The results show that the estimated pres-
sure is very close to the measured pressure at times
when the measured pressure is available. The estimated
pressure provides a reliable back- �up value for the down-
hole pressure measurement at times when the sensor is
not available.

Claims

1. A method for monitoring and detecting sensor failure
in an industrial system (S) comprising a number of
sensors (22), said method comprising the steps, per-
formed in a data processing system (W), of:�

- generating an expected output value for a first
of said sensors,
- comparing the expected output value with an
actual measurement obtained from the first sen-
sor,
- confirming the validity of the actual measure-
ment obtained if the expected output value is
within acceptable specified limits of the actual
measurement, and
- indicating the failure of the sensor, and replac-
ing the value of the actual measurement with
the expected value, if the expected value is not
within the acceptable specified limits of the ac-
tual measurement,

characterized in
that the expected output value for the first of said
sensors is generated based on a process simulation
model of an oil and gas production system (S), said
oil and gas production system (S) being a production
pipe network, wherein the expected output value is
the value that is most consistent with the measure-
ments from at least one of the other sensors in the
system, �
that said sensors (22) are adapted for measuring
physical properties of a multi-�phase flow (16)
throughout the production pipe network, and
that said process simulation model used is a model
of said multi-�phase flow in the production pipe net-
work.

2. The method according to claim 1, wherein said ex-
pected value is generated by means of one or more
generated back-�up values, the back- �up values pri-
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marily being generated by means of the process sim-
ulation model.

3. The method according to claim 1 or 2, wherein the
step of generating an expected value for a sensor
measurement comprises the step of:�

- obtaining a probability distribution (90) of ex-
pected values for the sensor measurement.

4. The method of claim 3, wherein the step of obtaining
a probability distribution (90) of expected values
comprises the step of: �

- performing multiple simulations of the oil and
gas production system (S) using the other sen-
sors in the production system than the first sen-
sor over a range of possible sensor readings
from the other sensors.

5. The method of claim 4, wherein the step of obtaining
a probability distribution (90) of expected values
comprises the step of: �

- performing multiple simulations of the oil and
gas production system using a range of model
parameters for the production system.

6. The method of claim 4 or 5, wherein a probability
distribution (92) of measured sensor values is avail-
able and the step of comparing comprises the step of:�

- obtaining a probability distribution of the differ-
ence between the expected value (90) and the
actual measurement (92) obtained from the sen-
sor.

7. The method of claim 6, wherein the step of compar-
ing comprises the step of:�

- obtaining the acceptable specified limits for the
difference between the expected value and the
actual measurement by means of said probabil-
ity distribution of the difference between the ex-
pected value (90) and the actual measurement
(92).

8. A computer program product (C) directly loadable
into the internal memory of a computer, comprising
computer readable instructions for causing a data
processing system (W) to monitor for sensor failure
in an oil and gas production system, the computer
program product comprising software for performing
the steps of claim 1 when executed in the computer.

Patentansprüche

1. Ein Verfahren zum Überwachen und Detektieren
von Sensorstörung in einem industriellen System
(S), das eine Zahl von Sensoren (22) umfasst, wobei
das Verfahren die in einem Datenverarbeitungssy-
stem (W) ausgeführten Schritte umfasst:�

- Erzeugen eines erwarteten Ausgabewerts für
einen ersten der Sensoren,
- Vergleichen des erwarteten Ausgabewerts mit
einer tatsächlichen Messung, die von dem er-
sten Sensor erhalten wird,
- Bestätigen der Gültigkeit der tatsächlichen er-
haltenen Messung, wenn der erwartete Ausga-
bewert innerhalb akzeptabler spezifizierter
Grenzen der tatsächlichen Messung ist, und
- Hinweisen auf die Störung des Sensors und
Ersetzen des Werts der tatsächlichen Messung
mit dem erwarteten Wert, wenn der erwartete
Wert nicht innerhalb akzeptabler spezifizierter
Grenzen der tatsächlichen Messung liegt,

dadurch gekennzeichnet, �
dass der erwartete Ausgabewert für den ersten der
Sensoren basierend auf einem Prozesssimulations-
modell eines Öl- und Gasproduktionssystems (S) er-
zeugt wird, wobei das Öl- und Gasproduktionssy-
stem (S) ein Produktionsrohrnetz ist, wobei der er-
wartete Ausgabewert der Wert ist, der am konsisten-
testen mit den Messungen von mindestens einem
der anderen Sensoren in dem Systems ist,�
dass die Sensoren (22) geeignet zum Messen phy-
sikalischer Eigenschaften des Multiphasenflusses
(16) überall in dem Produktionsrohrnetz sind, und
dass das benutzte Prozesssimulationsmodell ein
Modell des Multiphasenflusses in dem Produktions-
rohrnetz ist.

2. Das Verfahren nach Anspruch 1, wobei der erwar-
tete Wert vermittels eines oder mehrerer erzeugter
Back-�up-�Werte erzeugt wird, wobei die Back-�up-
Werte vorzugsweise vermittels des Prozesssimula-
tionsmodells erzeugt werden.

3. Das Verfahren nach einem der Ansprüche 1 oder 2,
wobei der Schritt des Erzeugens eines erwarteten
Werts für eine Sensormessung den Schritt umfasst:�

- Erhalten einer Wahrscheinlichkeitsverteilung
(90) von erwarteten Werten für die Sensormes-
sung.

4. Das Verfahren nach Anspruch 3, wobei der Schritt
des Erhaltens einer Wahrscheinlichkeitsverteilung
(90) von erwarteten Werten den Schritt umfasst:�

- Ausführen mehrerer Simulationen des Öl- und

21 22 

Profrac Holding Corporation 
U.S. Well Services, LLC

PGR2023-00023 Ex. 1034, p. 12 of 20



EP 1 393 136 B1

13

5

10

15

20

25

30

35

40

45

50

55

Gasproduktionssystems (S) unter Verwendung
von anderen Sensoren als dem ersten Sensor
in dem Produktionssystem über einen Bereich
von möglichen Sensorangaben von den ande-
ren Sensoren.

5. Das Verfahren von Anspruch 4, wobei der Schritt
des Erhaltens einer Wahrscheinlichkeitsverteilung
(90) von erwarteten Werten den Schritt umfasst:�

- Ausführen mehrerer Simulationen des Öl- und
Gasproduktionssystems unter Verwendung ei-
nes Bereichs von Modelparametern für das Pro-
duktionssystem.

6. Das Verfahren nach einem der Ansprüche 4 oder 5,
wobei eine Wahrscheinlichkeitsverteilung (92) von
gemessenen Sensorwerten verfügbar ist und der
Schritt des Vergleichens den Schritt umfasst:�

- Erhalten einer Wahrscheinlichkeitsverteilung
der Differenz zwischen dem erwarteten Wert
(90) und der tatsächlichen Messung (92), die
von dem Sensor erhalten wird.

7. Das Verfahren nach Anspruch 6, wobei der Schritt
des Vergleichens den Schritt umfasst:�

- Erhalten der akzeptablen spezifizierten Gren-
zen für die Differenz zwischen dem erwarteten
Wert und der tatsächlichen Messung vermittels
der Wahrscheinlichkeitsverteilung der Differenz
zwischen dem erwarteten Wert (90) und der tat-
sächlichen Messung (92).

8. Ein Computerprogrammprodukt (C), das direkt in
den internen Speicher eines Computers ladbar ist,
und welches computerlesbare Instruktionen um-
fasst, um ein Datenverarbeitungssystem (W) zu ver-
anlassen, Sensorstörung in einem Öl- und Gaspro-
duktionssystem zu überwachen, wobei das Compu-
terprogrammprodukt Software umfasst zum Ausfüh-
ren der Schritte von Anspruch 1, wenn es in einem
Computer ausgeführt wird.

Revendications

1. Procédé pour surveiller et détecter une panne de
capteur dans un système industriel (S) comprenant
un nombre de capteurs (22), ledit procédé compre-
nant les étapes, exécutées dans un système de trai-
tement de données (W), consistant à :�

- générer une valeur de sortie attendue pour un
premier desdits capteurs,
- comparer la valeur de sortie attendue à une
mesure réelle obtenue au moyen du premier

capteur,
- confirmer la validité de la mesure réelle obte-
nue si la valeur de sortie attendue se trouve dans
des limites spécifiées acceptables de la mesure
réelle, et
- indiquer la panne du capteur, et remplacer la
valeur de la mesure réelle par la valeur attendue,
si la valeur attendue ne se trouve pas dans les
limites spécifiées acceptables de la mesure
réelle,

caractérisé en ce que
la valeur de sortie attendue pour le premier desdits
capteurs est générée d’après un modèle de simula-
tion de processus d’un système de production de
pétrole et de gaz (S), ledit système de production de
pétrole et de gaz (S) étant un réseau de conduites
de production, dans lequel la valeur de sortie atten-
due est la valeur qui est le plus en accord avec les
mesures provenant d’au moins l’un des autres cap-
teurs du système,�
en ce que lesdits capteurs (22) sont adaptés pour
mesurer les propriétés physiques d’un écoulement
polyphasique (16) dans le réseau de conduites de
production, et
en ce que ledit modèle de simulation de processus
utilisé est un modèle dudit écoulement polyphasique
dans le réseau de conduites de production.

2. Procédé selon la revendication 1, dans lequel ladite
valeur attendue est générée au moyen d’une ou plu-
sieurs valeurs de sauvegarde générées, les valeurs
de sauvegarde étant essentiellement générées au
moyen du modèle de simulation de processus.

3. Procédé selon la revendication 1 ou 2, dans lequel
l’étape de génération d’une valeur attendue pour une
mesure de capteur comprend l’étape consistant à
obtenir une répartition de probabilités (90) de valeurs
attendues pour la mesure de capteur.

4. Procédé selon la revendication 3, dans lequel l’étape
d’obtention d’une répartition de probabilités (90) de
valeurs attendues comprend l’étape consistant à ef-
fectuer plusieurs simulations du système de produc-
tion de pétrole et de gaz (S) en utilisant les autres
capteurs du système de production que le premier
capteur sur une plage de lectures de capteurs pos-
sibles à partir des autres capteurs.

5. Procédé selon la revendication 4, dans lequel l’étape
d’obtention d’une répartition de probabilités (90) de
valeurs attendues comprend l’étape consistant à ef-
fectuer plusieurs simulations du système de produc-
tion de pétrole et de gaz en utilisant une gamme de
paramètres de modèle pour le système de produc-
tion.
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6. Procédé selon la revendication 4 ou 5, dans lequel
une répartition de probabilités (92) de valeurs de
capteur mesurées est disponible et l’étape de com-
paraison comprend l’étape consistant à obtenir une
répartition de probabilités de la différence entre la
valeur attendue (90) et la mesure réelle (92) obtenue
au moyen du capteur.

7. Procédé selon la revendication 6, dans lequel l’étape
de comparaison comprend l’étape consistant à ob-
tenir les limites spécifiées acceptables pour la diffé-
rence entre la valeur attendue et la mesure réelle au
moyen de ladite répartition de probabilités de la dif-
férence entre la valeur attendue (90) et la mesure
réelle (92).

8. Produit de programme informatique (C) pouvant être
chargé directement dans la mémoire interne d’un
ordinateur, comprenant des instructions lisibles par
ordinateur pour faire surveiller par un système de
traitement de données (W) les pannes de capteur
dans un système de production de pétrole et de gaz,
le produit de programme informatique comprenant
un logiciel pour exécuter les étapes de la revendica-
tion 1 quand il est exécuté dans l’ordinateur.
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