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CORIOLIS DIRECT WELLHEAD MEASUREMENT
DEVICES AND METHODS

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to Coriolis direct wellhead measurement devices
and methods, and more particularly, to Coriolis direct wellhead measurement devices
and methods that provide continuous monitoring and greater accuracy in quantitative
and qualitative measurements of well performance.

Statement of the Problem

Direct wellhead measurement refers to the ability to continuously measure
production in an individual wellhead or a series of wells. This type of particular
measurement is desired as the data provided is relevant to day-to-day operational
decisions including the determination of which wells to decommission in a field and
which techniques to implement to produce the most oil or gas from a particular well.

From a measurement perspective, wells in different geographic locations vary
widely. In the Middle East, many wells flow liquids (oil and water) along with small
amounts of gas in a relatively smooth and continuous manner, with steady flow rates
that decline gradually over time as the well is depleted. In the United States as well as
other countries, it is often necessary to pump fluids such as water or carbon dioxide
down-hole to produce oil and gas, or to directly pump the oil and gas to the surface. This
tends to result in highly variable flow rates, and gas fractions that cycle from 0 to 100%.
These type of wells often involve a measurement environment similar to an empty-full-
empty batch, where the meter is blown out with gas before and after the liquid portion of
a batch. Another type of well involves primarily natural gas flow, including small
quantities of oil, water, or condensate, resulting in a “wet gas” measurement
environment.

In the absence of a reliable and cost-effective direct wellhead measurement
device, the most common workaround is to use a “test separator” and intermittently (i.e.
once per month) test each well, and then presume that no changes have occurred prior to

the next test.
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An alternative solution is to use a permanent separator or a multiphase flow
meter at each wellhead. However, both of these options are extremely expensive, and
often involve significant maintenance and/or customization on a per-well basis. Many
operators have hundreds or thousands of small wells in a given location, and it is often
cost-prohibitive and time-prohibitive to consider these options at each individual site.

Accordingly, there is a true need for a direct wellhead measurement device that is
cost-effective, low maintenance, and provides reliable, accurate, and timely
measurement data. There is a need to provide more frequent data on well performance,
including data pertaining to water cut and flow rate. By providing this information,
better decisions can be made regarding various everyday reservoir management issues,
such as whether a well should be shut down or a change in production technique is
necessary regarding a particular well.

SUMMARY OF THE INVENTION

The present invention overcomes the problems outlined above and advances the
art by providing a Coriolis direct wellhead measurement device and method that allows
for greater intelligence in well testing, is sufficiently reliable and provides more frequent
data, and yet, is more cost-effective than devices and methods that are currently known
in the art.

In particular, the present invention provides more frequent measurement of well
performance as compared to known test separator methods. Moreover, the present
invention provides solutions to several everyday operational questions including: which
wells are producing only water and should be shut down; when does a historically
liquid-only well start producing gas; has the well’s flow rate changed significantly since
yesterday; and is this well multiphase right now?

ASPECTS OF THE INVENTION

In one aspect of the present invention, a method for direct wellhead measurement
of at least one well, the method comprising: determining an entrained gas severity of the
at least one well, where the entrained gas severity is based on the amount of entrained
gas exceeding a determined drive gain threshold; outputting at least one variable based
on the determined entrained gas severity; and outputting a respective confidence

indicator correlating to the at least one variable.
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Preferably, the at least one variable includes at least one of: flow variables,
diagnostic information, and user alerts.

Preferably, flow variables include at least one of: mass flow, volume flow,
density, water cut, and net oil.

Preferably, the diagnostic information include at least one of: temperature;
detection of multiphase conditions; time durations within measurement time intervals
where the entrained gas is above the determined drive gain threshold; and information of
multiphase conditions, the information of multiphase conditions including at least one
of: gas void fraction, continuous entrainment, and slugging gas entrainment.

Preferably, the outputting the at least one variable includes continually averaging
the at least one variable over a predetermined time interval and outputting a respective
single averaged data value of the at least one variable.

Preferably, the predetermined time interval is determined by one of a user and
flow conditions, the flow conditions including one of intermittent slugging and
continuous entrainment.

Preferably, the predetermined time interval is one of uniform and non-uniform in
duration.

Preferably, the at least one continually averaged variable includes at least one of:
flow variables, diagnostic information, and user alerts if the entrained gas severity is
below the determined drive gain threshold.

Preferably, the at least one continually averaged variable includes at least one of:
diagnostic information and user alerts if the entrained gas severity is above the
determined drive gain threshold.

Preferably, the outputting the at least one variable includes outputting at least one
instantaneous variable at predetermined and uniform time intervals.

Preferably, the outputting the at least one instantaneous variable includes at least
one of: flow variables, diagnostic information, and user alerts if the entrained gas
severity is below the determined drive gain threshold.

Preferably, the outputting the at least one instantaneous variable include at least
one of: diagnostic information and user alerts if the entrained gas severity is above the

determined drive gain threshold.
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Preferably, the outputting the at least one instantaneous variable further includes
holding a last data value of flow variables and outputting the held last data value
correlating to the predetermined and uniform time intervals.

Preferably, the respective confidence indicator is based on a time duration within
a measurement time interval where gas entrainment is detected.

Preferably, the respective confidence indicator is based on a computed
comparison of a portion of one of mass or volume flow occurring with gas entrainment
and one of a total mass and total volume flow during a measurement time interval.

Preferably, the respective confidence indicator is based on a computation of flow
conditions, the flow conditions including one of intermittent slugging and continuous
entrainment.

Preferably, the respective confidence indicator is based on at least one of: a
percentage of mass during the predetermined time interval where the entrained gas
severity is above the determined drive gain threshold, a percentage of time where the
entrained gas severity is above the determined drive gain threshold, and total volume
flow.

Preferably, the respective confidence indicator is based on at least one of: a
cumulative moving average of a percentage of time the entrained gas severity is above
the determined drive gain threshold, a percentage of mass flow where the entrained gas
severity is above the determined drive gain threshold, a quantity of time durations where
entrained gas severity is below the determined drive gain threshold, and total volume
flow.

Preferably, the at least one well includes electric submersible pumps.

Preferably, determining the drive gain threshold includes determining if flow
conditions include at least one of: gas void fraction, continuous entrainment, and
slugging gas entrainment.

Preferably, determining the drive gain threshold includes: storing at least one
factory baseline drive gain values set during meter calibration; computing at least one
time period where a measured drive gain is low and steady; and setting the drive gain
threshold based on the measured drive gain correlating to the at least one time intervals.

Preferably, correcting the drive gain threshold based on a measured water cut and

increases in viscosity.
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In one aspect of the present invention, a method for direct wellhead measurement
of at least one well, the method comprising: detecting an entrained gas severity of the at
least one well, where the entrained gas severity is based on the amount of entrained gas
exceeding a determined drive gain threshold; and outputting at least one variable based
on the determined entrained gas severity, wherein the outputting the at least one variable
includes continually averaging the at least one variable over a predetermined time
interval and outputting a respective single averaged data value of the at least one
variable.

In one aspect of the present invention, a method for direct wellhead measurement
of at least one well, the method comprising: determining an entrained gas severity of the
at least one well, where the entrained gas severity is based on the amount of entrained
gas exceeding a determined drive gain threshold; and outputting at least one variable
based on the determined entrained gas severity, wherein the outputting the at least one
variable includes outputting at least one instantaneous variable at predetermined and
uniform time intervals.

In one aspect of the present invention, a method for direct wellhead measurement
of at least one well, the method comprising: determining an entrained gas severity of the
at least one well, wherein the entrained gas severity is based on the amount of entrained
gas exceeding a determined drive gain threshold, and wherein the determining the drive
gain threshold includes: storing at least one factory baseline drive gain values set during
meter calibration; computing at least one time period where a measured drive gain is
low and steady; and setting the drive gain threshold based on the measured drive gain
correlating to the at least one time intervals; and outputting at least one variable based
on the determined entrained gas severity.

In one aspect, meter electronics for a direct wellhead measurement device, the
meter electronics comprising an interface configured to communicate with a flowmeter
assembly of the direct wellhead measurement device, and receive a vibrational response,
and a processing system coupled to the interface and configured to: determine an
entrained gas severity of an at least one well, where the entrained gas severity is based
on the amount of entrained gas exceeding a determined drive gain threshold; output the
least one variable based on the determined entrained gas severity; and output a

respective confidence indicator correlating to the at least one variable.
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In one aspect, a Coriolis direct wellhead measurement device comprising: a
flowmeter assembly to generate a vibrational response; and meter electronics connected
to the flowmeter assembly configured to receive and process the vibrational response to
generate respective values of an at least one variable; the meter electronics further
configured to: determine an entrained gas severity of an at least one well, where the
entrained gas severity is based on the amount of entrained gas exceeding a determined
drive gain threshold; output the least one variable based on the determined entrained gas
severity; and output a respective confidence indicator correlating to the at least one
variable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a direct wellhead measurement device comprising a meter
assembly and meter electronics.

FIG. 2 shows a block diagram of the meter electronics according to an
embodiment of the invention.

FIG. 3 illustrates an implementation of the present invention according to an
embodiment of the invention.

FIG. 4 is a flowchart of a method of the wellhead measurement device according
to an embodiment of the invention.

FIG. 5 is a flowchart of a method of the wellhead measurement device according
to an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

FIGS. 1-5 and the following description depict specific examples to teach those
skilled in the art how to make and use the best mode of the invention. For the purpose of
teaching inventive principles, some conventional aspects have been simplified or
omitted. Those skilled in the art will appreciate variations from these examples that fall
within the scope of the invention. Those skilled in the art will appreciate that the
features described below can be combined in various ways to form multiple variations
of the invention. As a result, the invention is not limited to the specific examples
described below, but only by the claims and their equivalents.

FIG. 1 shows a direct wellhead measurement device 5 according to the invention.
The direct wellhead measurement device 5 comprises a flowmeter assembly 10 and

meter electronics 20. The meter electronics 20 is connected to the meter assembly 10 via
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leads 100 and is configured to provide measurements of one or more of a density, mass
flow rate, volume flow rate, totalized mass flow, temperature, or other measurements or
information over a communication path 26. The wellhead measurement device 5 can
comprise a Coriolis mass flow meter. It should be apparent to those skilled in the art that
the wellhead measurement can comprise any manner of wellhead measurement device,
regardless of the number of drivers, pick-off sensors, flow conduits, or the operating
mode of vibration.

The direct wellhead measurement device assembly 10 includes a pair of flanges
101 and 101’, manifolds 102 and 102, a driver 104, pick-off sensors 105 and 105’, and
flow conduits 103A and 103B. The driver 104 and the pick-off sensors 105 and 105" are
connected to the flow conduits 103A and 103B.

The flanges 101 and 101" are affixed to the manifolds 102 and 102'. The
manifolds 102 and 102’ can be affixed to opposite ends of a spacer 106 in some
embodiments. The spacer 106 maintains the spacing between the manifolds 102 and
102" in order to prevent pipeline forces from being transmitted to flow conduits 103A
and 103B. When the direct wellhead measurement device assembly 10 is inserted into a
pipeline (not shown) which carries the flow fluid being measured, the flow fluid enters
the flowmeter assembly 10 through the flange 101, passes through the inlet manifold
102 where the total amount of flow fluid is directed to enter the flow conduits 103A and
103B, flows through the flow conduits 103A and 103B and back into the outlet manifold
102', where it exits the meter assembly 10 through the flange 101",

The flow fluid can comprise a liquid. The flow fluid can comprise a gas. The
flow fluid can comprise a multi-phase fluid, such as a liquid including entrained gases
and/or entrained solids. The flow conduits 103A and 103B are selected and
appropriately mounted to the inlet manifold 102 and to the outlet manifold 102" so as to
have substantially the same mass distribution, moments of inertia, and elastic modules
about the bending axes W-W and W'-W' respectively. The flow conduits 103A and
103B extend outwardly from the manifolds102 and 102’ in an essentially parallel
fashion.

The flow conduits 103A and 103B are driven by the driver 104 in opposite
directions about the respective bending axes W and W' and at what is termed the first

out of phase bending mode of the vibratory flowmeter 5. The driver 104 may comprise
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one of many well-known arrangements, such as a magnet mounted to the flow conduit
103A and an opposing coil mounted to flow conduit 103B. An alternating current is
passed through the opposing coil to cause both conduits to oscillate. A suitable drive
signal is applied by the meter electronics 20 to the driver 104 via the lead 110. Other
driver devices are contemplated and are within the scope of the description and claims.

The meter electronics 20 receives sensor signals on the leads 111 and 111/,
respectively. The meter electronics 20 produces a drive signal on the lead 110 which
causes the driver 104 to oscillate the flow conduits 103A and 103B. Other sensor
devices are contemplated and are within the scope of the description and claims.

The meter electronics 20 processes the left and right velocity signals from the
pick-off sensors 105 and 105’ in order to compute a flow rate, among other things. The
communication path 26 provides an input and an output means that allows the meter
electronics 20 to interface with an operator or with other electronic systems. The
description of FIG. 1 is provided merely as an example of the operation of a direct
wellhead measurement device and is not intended to limit the teaching of the present
invention.

The meter electronics 20 in one embodiment is configured to vibrate the
flowtubes 103A and 103B. The vibration is performed by the driver 104. The meter
electronics 20 further receives resulting vibrational signals from the pickoff sensors 105
and 105'. The vibrational signals comprise a vibrational response of the flowtubes 103A
and 103B. The meter electronics 20 processes the vibrational response and determines a
response frequency and/or phase difference. The meter electronics 20 processes the
vibrational response and determines one or more flow measurements, including a mass
flow rate and/or density of the flow fluid. Other vibrational response characteristics
and/or flow measurements are contemplated and are within the scope of the description
and claims.

In one embodiment, the flowtubes 103A and 103B comprise substantially
U-shaped flowtubes, as shown. Alternatively, in other embodiments, the wellhead
measurement device can comprise substantially straight flowtubes. Additional
flowmeter shapes and/or configurations can be used and are within the scope of the

description and claims.
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FIG. 2 is a block diagram of the meter electronics 20 of direct wellhead
measurement device 5 according to the invention. In operation, direct wellhead
measurement device 5 provides various measurement values that may be outputted
including a measured or averaged value of water cut, oil flow rate, water flow rate, and
total flow rate, including, for example, both volume and mass flow.

The direct wellhead measurement device 5 generates a vibrational response. The
vibrational response is received and processed by the meter electronics 20 to generate
one or more fluid measurement values. The values can be monitored, recorded, totaled,
and output

The meter electronics 20 includes an interface 201, a processing system 203 in
communication with the interface 201, and a storage system 204 in communication with
the processing system 203. Although these components are shown as distinct blocks, it
should be understood that the meter electronics 20 can be comprised of various
combinations of integrated and/or discrete components.

The interface 201 is configured to communicate with the flowmeter assembly 10
of the measurement device 5. The interface 201 may be configured to couple to the
leads 100 (see FIG. 1) and exchange signals with the driver 104 and the pickoff sensors
105 and 105'". The interface 201 may be further configured to communicate over the
communication path 26, such as to external devices.

The processing system 203 can comprise any manner of processing system. The
processing system 203 is configured to retrieve and execute stored routines 205 in order
to operate the direct wellhead measurement device 5. The storage system 204 can store
routines including a wellhead measurement routine 205, a mass-weighted density
routine 209, a mass-weighted viscosity routine 210, a mass-weighted temperature
routine 211, and a gas entrainment detect routine 213. Other measurement/processing
routines are contemplated and are within the scope of the description and claims. The
storage system 204 can store measurements, received values, working values, and other
information. In some embodiments, the storage system stores a mass flow (m) 221, a
density (p) 222, a viscosity (u) 223, a temperature (T) 224, a mass-density product (m p)
234, a mass- viscosity product (m p) 235, a mass-temperature product (m T) 236, a
mass-weighted density (pmass-weighted) 241, a mass-weighted viscosity (pmass-

weighted) 242, a mass-weighted temperature (Tmass_weighted) 243, a gas entrainment
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threshold 244, and a gas entrainment fraction 248. The measurement routine 205 can
produce and store fluid quantifications and flow measurements. These values can
comprise substantially instantaneous measurement values or can comprise totaled or
accumulated values. For example, the measurement routine 205 can generate mass flow
measurements and store them in the mass flow storage 221. The measurement routine
205 can generate density measurements and store them in the density storage 222. The
mass flow and density values are determined from the vibrational response, as
previously discussed and as known in the art. The mass flow can comprise a
substantially instantaneous mass flow rate value, can comprise a mass flow rate sample,
can comprise an averaged mass flow rate over a time interval, or can comprise an
accumulated mass flow rate over a time interval. The time interval may be chosen to
correspond to a block of time during which certain fluid conditions are detected, for
example a liquid-only fluid state, or alternatively a fluid state including liquids and
entrained gas. In addition, other mass flow quantifications are contemplated and are
within the scope of the description and claims.

In FIG. 3, several individual wells are shown in a field, all outputting some
quantity of oil, water, and natural gas. All of these wells flow into a field separator,
where the gas and liquid streams are measured separately, then recombined and sent
downstream to a production separator. A smaller test separator is also typically used to
test single wells on an intermittent basis, for example, once per month. With this
system, performance of an individual well is only known once per month, and
conditions may change significantly in between. However, according to the present
invention of direct wellhead measurement including a direct wellhead measurement
device 5, at each of the red circles, constant monitoring of each well is possible and
better day-to-day operational decisions may be made.

According to example embodiments, Coriolis wellhead measurement devices
have the ability to detect even small amounts of entrained gas in a liquid stream via a
measurement of tube drive power, known as the diagnostic drive gain. Drive gain is a
measure of the amount of drive power required to keep the flow tubes of a Coriolis
meter vibrating to constant amplitude. For single phase measurement of gas or liquid,
the drive gain is low and steady, as relatively little power is required to vibrate a

structure at its natural frequency. However, when even small amounts of gas is present
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in a liquid, or small amounts of liquid are present in a gas, the drive power required for
vibration increases dramatically. This makes drive gain a very reliable detection
diagnostic for entrained gas.

However, gas is not the only condition that affects drive gain. According to the
present embodiments, for example, each direct wellhead measurement device has a
different baseline drive gain determined when the fluid in the meter is single phase.
Different meter baselines are due to size of flow tubes and the damping of various
components. Also, within a given measurement device, each individual unit, or serial
number, has a slightly different baseline drive gain. Additionally, fluid viscosity may
also affect drive gain. Higher viscosity liquids cause slightly higher drive gain. Though
neither the sensor model nor fluid viscosity influence drive gain to the degree that
entrained gas impacts drive gain, both of these effects should ideally be compensated
for, in order to allow for the most sensitive detection of entrained gas.

The presence of gas is said to exist when drive gain exceeds a threshold. In one
embodiment, the drive gain threshold may be determined by the use of factory baseline
drive gain values established during meter calibration or during testing at the factory.
This eliminates the variation of a given measurement device or serial number on the
baseline drive gain. In another embodiment, the drive gain threshold may be determined
by an algorithm to establish various threshold levels during operation. For example, an
approximately 0% gas volume fraction drive gain may be established when flow and
density parameters are steady, as, of the above mentioned influences on drive gain, only
multiphase conditions typically cause increased noise. In implementation, this may
involve making corrections for known viscosity and/or measured water cut, as both can
have a small impact on drive gain. Furthermore, after compensating for the above
influences using a baseline drive gain and a drive gain threshold algorithm, the drive
gain threshold may be lowered to more accurately detect the presence of very low gas
volume fractions. This can lead to greater accuracy in the reporting of liquid-only
measurement values. In yet another embodiment, a drive gain threshold may be
determined by a baseline value established during installation of the present
measurement device or as part of a startup process at each well.

At times when a drive gain is low and stable, gas is not present in the pipeline

and all measurements may be assumed to be accurate within normal flowmeter

11



10

15

20

25

30

WO 2015/073013 PCT/US2013/070179

specifications. Many wells involve only intermittent entrained gas (referred to as
“slugging” among other names), and over the course of an hour or days, it is likely a time
interval exists where no gas is present. During this time, the drive gain is low and
stable, and flow rate, density, and any other measurement made by the meter may be
trusted and output to the user or recorded for statistical analysis. This would allow an
accurate determination of water cut, oil flow rate, and water flow rate at that period of

low drive gain, as the requirements for the following equations are satisfied at that time:

1. Qo+ oy =1

2. Pmeasured = PoPo T PwPw

Where ¢,,and ¢, are the respective volume fractions of water and oil in the fluid
and p,, and p, are the respective known densities of water and oil. The first equation
states that the volume fractions of the phases sum to 1, and the second equation states
that the measured density is a weighted sum of the oil and water components. The
flowmeter electronics may use the above equations to determine phase fractions in the
absence of gas. If gas is entrained, three phase fractions actually exist, and therefore the
above equations are not valid. Unlike phase fractions, water cut and individual oil/water
flow rates, which may be inaccurate in the presence of gas, the total mixture mass or
volume flow rates can be output at any time with more reasonable accuracy, as they do
not rely on equations 1 and 2. In embodiments, the measurement outputs may be in the
form of instantaneous values or in the form of an averaged value over a particular time
interval.

By way of example, and not limitation, the direct wellhead measurement device
may have two output modes. The measurement device may operate in these modes
either individually or simultaneously. In example embodiments, the output variables in
each of the modes may be similar; and, in other embodiments may include differences in
how the variables are processed and output. For example, the variables output may
include, but are not limited to: flow variables, diagnostic information, and user alerts. In
embodiments, flow variables (also referred to as quantitative variables) may include, but

are not limited to: mass flow, volume flow, density, water cut, and net oil. In
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embodiments, diagnostic information, also referred to as qualitative variables) may
include, but are not limited to: temperature, a confidence level in the flow variables’
accuracy, detection of multiphase conditions, the time durations of snapshot time
intervals (as defined in the following paragraphs) during which gas may be detected
(weighted by a mass, volume, or time component of the flow), and information
regarding multiphase conditions; for example, gas void fraction, and continuous or
slugging gas entrainment.

FIG. 4 shows a flowchart of a method of the wellhead measurement device
according to a first output mode of example embodiments. For convenience, the first
output mode will be referred to as “snapshot” mode throughout the description.
According to FIG. 4, a wellhead measurement device is incorporated on an individual
wellhead of a field of wellheads. As part of the setup, in 401, the measurement device
includes customizable settings and configurations for the benefit of the operator of the
device. For example, configurations and settings may be determined by a well site
survey or well test, the geographic location, the well type (e.g. free-flowing or assisted
lift), the flow rate, the density, and the behavior of the entrained gas in the measured
fluid. Accordingly, an operator may determine proper setup of the measurement device,
including what outputs are appropriate for the particular well site. For example,
according to snapshot mode, proper set up may include, but are not limited to: a
predetermined snapshot time interval (as discussed below) for well performance
measurement, a determined drive gain threshold (as previously explained), threshold
levels for the detection of the nature and severity of multiphase conditions, and the
particular output variables required by the operator.

In 402, upon commencement of various configurations and settings, the
measurement device is ready for operation. As an embodiment, in snapshot mode, a
snapshot time interval clock is initiated (403). In this mode, for example, the snapshot
time interval is determined by either the operator, or is automatically determined by the
measurement device based on flow conditions, and may be either uniform or non-
uniform in duration. Over the span of a snapshot time interval, each output variable is
averaged. At the end of a snapshot time interval, an averaged value of each variable is
output. However, to improve the accuracy of the outputs of flow variables, the

averaging may occur only when drive gain is below the drive gain threshold (404).
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During durations of the snapshot time interval where drive gain is above the drive gain
threshold, in 405, continuous averaging of flow variables is stopped; nevertheless, the
measurement device may still monitor the flow in order to determine the above
mentioned diagnostic information and user alerts. In this instance, the measurement
device operates to continually average values of other variables, or qualitative variables,
which do not require a high accuracy of measurement or are not materially distorted by
the presence of entrained gas. For example, these variables may include, but are not
limited to: temperature, gas void fraction, or confidence indicators related to the current
snapshot time interval (405). When the snapshot time interval is complete (406); for
example, when the initiated snapshot time interval equals the predetermined snapshot
time interval, a single averaged data value for each variable, respectively, is outputted.
In 407, if severe multiphase conditions exist throughout the entire snapshot time
interval, in embodiments, some variables, for example flow variables, may not be
reported or may be reported along with a low confidence level indicator. In this
instance, averaged values of qualitative variables may be outputted. Moreover, a user
alert may be generated as a warning that no accurate measurement values for flow
variables were obtained during the respective snapshot time interval.

In aspects of the snapshot mode, the factors in determining the confidence level
indicator include, but are not limited to the: percentage of mass that traveled through the
measurement device during a snapshot interval where the entrained gas severity
exceeded the drive gain threshold and the percentage of time during a snapshot interval
where the entrained gas severity exceeded the drive gain threshold. In aspects of
snapshot mode, the confidence measurement may be determined over the course of a
snapshot time interval. For example, at the end of the snapshot time interval, a single
confidence value is output for a particular snapshot time interval. Moreover, in instances
where two or more averaged data variables are outputted, a single confidence value is
outputted for each averaged data variable, respectively, at the end of the snapshot time
interval.

Advantageously, the use of snapshot mode may allow the user to view only the
data values that are measured when drive gain is below the drive gain threshold, and
thus is more accurate. Accordingly, the use of snapshot mode may reduce the amount of

data values that are output, may allow the operator to visualize more long term trends in
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the data values, and may filter out variability and inaccuracy in the flow data values that
is created by multiphase conditions.

FIG. 5 shows a flowchart of a method of the wellhead measurement device
according to a second output mode of example embodiments. For convenience, the
second output mode may be referred to as “instantaneous” mode throughout the
description. According to FIG. 5, a wellhead measurement device is incorporated on an
individual wellhead of a field of wellheads. In 501, as part of the setup, the
measurement device includes customizable settings and configurations for the benefit of
the operator of the device. For example, configurations and settings may be determined
by a well site survey or well test, the geographic location, the well type (e.g. free-
flowing or assisted lift), the flow rate, the density, and the behavior of the entrained gas
in the measured fluid. Accordingly, an operator may determine proper setup of the
measurement device, including what outputs are appropriate for the particular well site.
For example, according to instantaneous mode, proper setup may include, but are not
limited to: an output uniform rate for instantaneous mode (as discussed below) for well
performance measurement, a determined drive gain threshold (as previously explained),
threshold levels for the detection of the nature and severity of multiphase conditions, the
particular output variables required by the operator, and the specific measurement data
values (if any) that are to be held during instantaneous mode and output at a
predetermined rate.

Upon commencement of various configurations and settings, the measurement
device is ready for operation (502). Similar to snapshot mode, in the instantaneous
mode, the quantity of the data output may be determined by the measurement device or
may be set by the user. However, in contrast to the snapshot mode, for example, each
data value is an instantaneous reading of the measurement device. Accordingly, in
embodiments, the output quantity in instantaneous mode may be far greater than in
snapshot mode. In the instantaneous mode, when entrained gas severity is below a
determined drive gain threshold, all variables are output at a predetermined rate (503). If
multiphase conditions exist within the flow, Transient Bubble Remediation (TBR) may
be used concurrently with the measurement device and may be enabled automatically by
the measurement device or can be manually initiated by the operator. However, if a well

has a high gas fraction with continuous entrainment, TBR does not work well for the
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needs of the operator. In this scenario of continuous gas entrainment, the instantaneous
mode will no longer output quantitative flow variables. In 504, when entrained gas
severity is above a determined drive gain threshold, the instantaneous mode outputs
variables that do not require accuracy or are not materially distorted by the presence of
entrained gas (also referred to as qualitative variables), including, but not limited to:
user alerts and diagnostic information including confidence indicators. Moreover, for
example in this instance, with respect to flow variables that require accuracy in
measurement, the instantaneous mode may holds the last value of the desired flow
variables and outputs these values at a predetermined and uniform time interval.

In contrast to holding the last value of desired flow variables (as explained
herein), TBR is utilized to hold last value of density when drive gain is elevated, for
purposes of outputting a volume flow rate of the liquid portion of a flow stream (and
rejecting the volume flow of gas). During the TBR routine, the mass flow is allowed to
fluctuate. In TBR, the intention is for mass flow to continue to read accurately (for
example, to decreases proportionally to the amount of gas), while the density value is
held at the liquid-only value. Thus, when dividing mass by density, the volume flow rate
output is the liquid-only volume flow rate. The problem with this is that decoupling
causes an under-reporting of mass flow which can be quite large and is difficult to
predict. Consider an example of a sudden introduction of 10% gas volume fraction to a
water flow at 100 1b/min. The density would normally drop from 1 g/cc to about 0.9
g/cc due to the introduction of gas, but due to TBR, the density instead is held constant
at 1 g/cc. The mass flow should drop from 100 Ib/min to about 90 Ib/min (due to the
negligible mass of the gas). However, decoupling might cause the mass flow to instead
drop to 75 Ib/min, which then causes a large under-prediction of liquid volume flow rate

during the passage of the gas slug.

: _ mmixture
Qliquid -
P liquid
Here, m,xur. 18 the measured mass flow rate during the gas slug and pj;z.q 18 the
“held” value of density from before the gas slug. The true mixture mass flow is

essentially equal to the liquid mass flow due to the negligible mass of the gas.
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In example embodiments of the present invention, an assumption may be made
which improves over known implementations of TBR. The assumption states that the
total volume flow rate of the mixture of liquid and gas is constant during the time
duration of the passage of an occasional slug of gas through the measurement device.
This assumption may be made for direct wellhead measurement because the total
pressure loss (or head loss) of the entire piping system is not significantly affected by
the passage of occasional slugs of gas. Head loss in a piping system is affected by many
things including viscosity, but is most dramatically affected by velocity, because
velocity is the squared term in the head loss equation for pipe flow (see Darcy-Weisbach
equation). If head loss remains constant, which is expected over the relatively short
duration of the passage of a gas slug through the meter, it follows that velocity may
remain relatively constant during the same time duration, and therefore, volume flow
rate, also, may remain relatively constant.

Accordingly, assuming a constant total volume flow rate, we may use the
measured value of density during the passage of a slug of gas (for example, the mixture
density), along with the known liquid-only density, found during time durations of low
drive gain (where entrained gas severity is detected to be below the predetermined drive
gain threshold), to determine the phase fraction of liquid. This liquid phase fraction
may be multiplied by the total volume flow rate (which is being held constant) to give a
liquid volume flow rate, which is the desired quantity. A major distinction between this
approach of the present invention and TBR, is that in aspects of the present invention we
make use of the density measurement, instead of the mass flow measurement, during the
slug of gas to determine liquid flow quantities. Like mass flow, density may also be
affected by decoupling, and is somewhat in error during the gas slug. However, the
density error may be much less severe, and much more predictable, resulting in a
significant improvement in the overall liquid-only flow rate during passage of slugs.
This described aspect of the present invention may only be feasible due to the
assumption of constant volume flow, which is specific to wellhead measurement
involving long pipe networks and relatively stable flow rates, at least on the timescale of

a passage of a slug of gas through the meter.
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_ Pmix—Pgas
Pliquid =
pliquid_pgas

Qliquid = (pliquideixture

Here, ¢4 15 the phase fraction of liquid, pj,.. is the “held” value of density,
Pmisure 15 the measured value of density during the gas slug, and p,,, can be estimated
according to pressure or assumed equal to zero. While p,iur 18 1n error due to
decoupling, the magnitude of the error is much less than the error in 1,4, the
measured value of mixture mass flow used in the standard TBR algorithm. The
decoupling effect on density is also much more predictable, and can be partially
compensated for by assuming a constant decoupling ratio.

Accordingly, for example, in embodiments of the instantaneous mode, the
measurement device may monitor flow in any flow condition, whether multiphase or
single phase to generate diagnostic information and user alerts related to the outputted
measurement variables. By way of example, and not limitation, while the above
discussed features related to holding the last value of desired flow variables have been
described in relation to the instantaneous mode, in other embodiments of the present
inventions, these features may be implemented in the snapshot mode.

In operation, the use of instantaneous mode allows the operator to view short
term trends of the well, but in some embodiments, the mode may not give accurate
results within a desired time duration when multiphase conditions are severe or
persistent. In these instances, for example, the operator may be provided alerts and
warnings related to the quantitative and qualitative variables and respective confidence
level indicators.

In aspects of the instantaneous mode, the factors in determining the confidence
level indicator include, but are not limited to: a cumulative moving average of the
percentage of time the entrained gas severity is above the determined drive gain
threshold, the percentage of mass that flows through the measurement device when the
entrained gas severity is above the determined drive gain threshold, and a measure of the
quantity of durations where the entrained gas severity is below the determined drive

gain threshold.
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In other embodiments of the present invention, the confidence indicator can be
based on the amount of time during a given time interval during which gas entrainment
is detected. Alternatively, the confidence indicator may be calculated based on the
portion of mass or volume flow which occurs with entrained gas compared to the total
mass or volume flow during a given measurement time interval. Alternatively, the
confidence level indicator may be based on a calculation of the flow variability.
Alternatively, the confidence level indicator may be based on a weighted combination of
the above methods. The confidence indicator may be represented through a display,
error bars, alarms, and/or any known scale to illustrate relative confidence in the
measurement.

In example embodiments, the confidence indicator may be configured to be
periodically measured and outputted to help the operator interpret relative changes to the
measurement variables of the well. For example, if the measurement device determines
severe continuous entrained gas, and thus the confidence in measurements is low, a
small relative change in the flow rate of the well may be safely ignored until higher
confidence measurements are obtained. If, however, entrained gas is mild or
intermittent, with corresponding high confidence in measurements, an operator may
interpret a change in the measured flow rate of the well as a real change in production
rate. The relative changes and confidence values may be determined for hourly, daily,
and weekly increments. In instances where a greater relative change is determined, the
operator may determine whether a more accurate test is necessary.

In an aspect of embodiments, an alert to the operator may be provided if the
water cut flow variable has exceeded predetermined thresholds. For example, if the
water cut flow variable is measured to be greater than 99%, then a well is no longer
producing enough oil to justify continued service, and an alert is provided to notify the
operator.

In an aspect of embodiments, the measurement device may include a historical
graph showing the measurement values of flow variables and corresponding timestamps
to indicate relative changes in the well output over time.

In an aspect of embodiments, a statistical analysis of measurement variables

along with confidence level indicators with regard to those measurements, respectively,
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is provided. The analysis of measurement variables and confidence level indicators
would aid the operator in the prevention of false alarms.

In an aspect of embodiments, the measurement time intervals may vary from
hourly, daily, and weekly; and also may be customizable to the needs of the operator.

In an aspect of embodiments, an alert or alarm to the operator may be provided if
flow variables of a well have changed dramatically due to changing flow conditions
based on entrained gas severity exceeding a predetermined drive gain threshold.

In one aspect, an alarm is provided to recommend that the well be analyzed with
a test separator due to a detected major change in flow variables including: flow rate,
water cut, or other measured or calculated variables.

In other aspects, a totalized quantity of oil and water is given on a periodic basis
if enough high confidence flow rate values are recorded during a predetermined time
duration. Moreover, a rough indication of total mixture flow rate including an estimate
of confidence in the measurement may be provided.

In embodiments, electric submersible pumps (ESPs) may be required in wells to
actively pump liquids to the surface. The pumps may be installed down-hole, and
historically have been difficult to control efficiently due to the lack of flow rate
information. Pumps such as ESPs are designed to be operated most efficiently at
specific flow rates. Flow rate measurements taken directly at the wellhead, as provided
by embodiments of the present invention, allow the operation of the pumps at optimal
efficiency, reducing electricity costs and preventing damage to the pumps.

Further, if a water cut probe, sonar-based gas volume fraction meter, or second
wellhead measurement device is used in combination with an example embodiment, an
approximate indication of water cut, gas volume fraction, and oil and water flow rates
may be provided, along with confidence indicators, even when gas is present. In such
instances, historical graphs and alerts based on these measurements may be provided.
Also, various diagnostics indicating length of time for when multiphase conditions
existed as opposed to single phase conditions may also be provided.

Advantageously, in an embodiment of the present invention, a single direct
wellhead measurement meter may be configured on each well or a series of wells.

Advantageously, the inventive aspects of the present invention provide much more
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information than a once-a-month well test, and costs far less than known multiphase
measurements means known in the art.

Those of ordinary skill in the art will appreciate that the direct wellhead
measurement device may operate continuously or operate only at various times based on
a specified drive gain threshold or conditions of flow materials. By way of example, and
not limitation, it is within the scope of the present invention to allow the operator to
select which mode of wellhead measurement is optimal. By way of another example,
and not limitation, the measurement device may be preprogrammed. By way of yet
another example, different measurement diagnostics and indicators may be required for
different types of measurement configurations.

The present description depicts specific examples to teach those skilled in the art
how to make and use the best mode of the invention. For the purpose of teaching
inventive principles, some conventional aspects have been simplified or omitted. Those
skilled in the art will appreciate variations from these examples that fall within the scope
of the invention.

The detailed descriptions of the above embodiments are not exhaustive
descriptions of all embodiments contemplated by the inventors to be within the scope of
the invention. Indeed, persons skilled in the art will recognize that certain elements of
the above-described embodiments may variously be combined or eliminated to create
further embodiments, and such further embodiments fall within the scope and teachings
of the invention. It will also be apparent to those of ordinary skill in the art that the
above-described embodiments may be combined in whole or in part to create additional
embodiments within the scope and teachings of the invention.

Thus, although specific embodiments of, and examples for, the invention are
described herein for illustrative purposes, various equivalent modifications are possible
within the scope of the invention, as those skilled in the relevant art will recognize. The
teachings provided herein may be applied to other embodiments than those described
above and shown in the accompanying figures. Accordingly, the scope of the invention

is determined from the following claims.

21



10

15

20

25

30

CLAIMS

We claim:

l. A method for wellhead measurement of at least one well using a Coriolis
flowmeter, the method comprising:

determining an entrained gas severity of the at least one well, where the entrained
gas severity is based on the amount of entrained gas exceeding a determined drive gain
threshold, wherein determining the drive gain threshold comprises: storing at least one
factory baseline drive gain values set during meter calibration, computing at least one
time period where a measured drive gain is low and steady, and setting the drive gain
threshold based on the measured drive gain correlating to the at least one time intervals;

outputting at least one variable based on the determined entrained gas severity;

and

outputting a respective confidence indicator correlating to the at least one
variable.
2. The method of claim 1, wherein the at least one variable includes at least one of:

flow variables, diagnostic information, and user alerts.

3. The method of claim 2, wherein flow variables include at least one of: mass flow,

volume flow, density, water cut, and net oil.

4. The method of claim 2, wherein the diagnostic information include at least one
of: temperature; detection of multiphase conditions; time durations within measurement
time intervals where the entrained gas is above the determined drive gain threshold; and
information of multiphase conditions, the information of multiphase conditions
including at least one of: gas void fraction, continuous entrainment, and slugging gas

entrainment.
5. The method of claim 1, wherein the outputting the at least one variable includes

continually averaging the at least one variable over a predetermined time interval and

outputting a respective single averaged data value of the at least one variable.
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0. The method of claim 5, wherein the predetermined time interval is determined by
one of a user and flow conditions, the flow conditions including one of intermittent

slugging and continuous entrainment.

7. The method of claim 5, wherein the predetermined time interval is one of

uniform and non-uniform in duration.

8. The method of claim 5, wherein the at least one continually averaged variable
includes at least one of: flow variables, diagnostic information, and user alerts if the

entrained gas severity is below the determined drive gain threshold.

9. The method of claim 5, wherein the at least one continually averaged variable
includes at least one of: diagnostic information and user alerts if the entrained gas

severity is above the determined drive gain threshold.

10.  The method of claim 1, wherein the outputting the at least one variable includes
outputting at least one instantaneous variable at predetermined and uniform time

intervals.

11.  The method of claim 10, wherein the outputting the at least one instantaneous
variable includes at least one of: flow variables, diagnostic information, and user alerts

if the entrained gas severity is below the determined drive gain threshold.

12.  The method of claim 10, wherein the outputting the at least one instantaneous
variable include at least one of: diagnostic information and user alerts if the entrained

gas severity is above the determined drive gain threshold.
13.  The method of claim 12, wherein the outputting the at least one instantaneous

variable further includes holding a last data value of flow variables and outputting the

held last data value correlating to the predetermined and uniform time intervals.
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14.  The method of claim 1, wherein the respective confidence indicator is based on a

time duration within a measurement time interval where gas entrainment is detected.

15.  The method of claim 1, wherein the respective confidence indicator is based on a
computed comparison of a portion of one of mass or volume flow occurring with gas
entrainment and one of a total mass and total volume flow during a measurement time

interval.

16.  The method of claim 1, wherein the respective confidence indicator is based on a
computation of flow conditions, the flow conditions including one of intermittent

slugging and continuous entrainment.

17.  The method of claim 5, wherein the respective confidence indicator is based on
at least one of: a percentage of mass during the predetermined time interval where the
entrained gas severity is above the determined drive gain threshold, a percentage of time
where the entrained gas severity is above the determined drive gain threshold, and total

volume flow.

18.  The method of claim 10, wherein the respective confidence indicator is based on
at least one of: a cumulative moving average of a percentage of time the entrained gas
severity is above the determined drive gain threshold, a percentage of mass flow where
the entrained gas severity is above the determined drive gain threshold, a quantity of
time durations where entrained gas severity is below the determined drive gain

threshold, and total volume flow.

19. The method of claim 1, wherein the at least one well includes electric

submersible pumps.
20.  The method of clam 1, wherein determining the drive gain threshold includes

determining if flow conditions include at least one of: gas void fraction, continuous

entrainment, and slugging gas entrainment.
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21.  The method of claim 1, including:
correcting the drive gain threshold based on a measured water cut and increases

in viscosity.

22.  Meter electronics (20) for a wellhead measurement device (5), the meter
electronics (20) comprising an interface (201) configured to communicate with a
Coriolis flowmeter assembly of the wellhead measurement device (5), and receive a
vibrational response, and a processing system (203) coupled to the interface (201) and
configured to:
determine an entrained gas severity of an at least one well, where the entrained
gas severity is based on the amount of entrained gas exceeding a determined drive gain
threshold wherein determining the drive gain threshold includes:
storing at least one factory baseline drive gain values set during
meter calibration;
computing at least one time period where a measured drive gain is
low and steady; and
setting the drive gain threshold based on the measured drive gain
correlating to the at least one time intervals;
output the least one variable based on the determined entrained gas severity; and

output a respective confidence indicator correlating to the at least one variable.

23. A Coriolis wellhead measurement device (5) comprising:

a Coriolis flowmeter assembly (10) to generate a vibrational response; and

meter electronics (20) connected to the flowmeter assembly configured to receive
and process the vibrational response to generate at least one variable; the meter
electronics further configured to:

determine an entrained gas severity of an at least one well, where the entrained
gas severity is based on the amount of entrained gas exceeding a determined drive gain
threshold, wherein determining the drive gain threshold includes:

storing at least one factory baseline drive gain values set during

meter calibration;
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computing at least one time period where a measured drive gain is
low and steady; and
setting the drive gain threshold based on the measured drive gain
correlating to the at least one time intervals;
output the least one variable based on the determined entrained gas severity; and

output a respective confidence indicator correlating to the at least one variable.
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