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'mine properties of o1l and gas wells 8 comprises: applying oscillations to the tlow

rate and/or pressure at multiple wells 8 wherein the oscillations applied at different wells of the multiple wells are at different test
frequencies; receiving measurements of flow rate i tlows downstream of a production header that combines the flows from the mul -
tiple wells 8, and/or receiving measurements of pressure and/or temperature from imndividual wells 8; carrying out a frequency ana-
lysis of the pressure, tlow rate and/or temperature measurements to determine pressure, tlow rate and/or temperature variations in-
duced by the applied oscillations; and determining properties of the different wells 8 of the multiple wells 8 based on the results of
the frequency analysis at the test frequencies for the wells 8.
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WELL TESTING

The present invention relates to a well testing apparatus and a method of well testing,
both being for determining properties of oil and gas wells.

Well testing methods are used Iin the oll and gas industry to measure the properties of
oill wells and to monitor ongoing performance of the wells. It is desirable to determine
properties of a well such as gas-oil ratio (GOR), water cut (WC), skin, permeability thickness,
productivity index (Pl), inflow performance relationship (IPR) and reservoir properties. Well
tests are performed on a regular basis in order to monitor well performance and to meet
regulatory requirements. Data obtained by the tests can be used to optimise production, for
example maximisation of oil production within constraints on water and gas production. An ol
reservoir will typically be accessed by multiple wells, each connected to a production header
that combines the flow from each well and conveys the fluid stream from the well to a
production separator where the oll, gas and water is separated. Since the flow from each well
IS combined, the fluid stream at the separator provides hardly any information about individual
wells. In order to obtain data for the individual wells a dedicated test header is used. The
header includes valves enabling the flow from individual wells to be controlled, for example to
shift flow from the production header to the test header. To test a well the production flow rate
at the well is controlled and pressure data is gathered, which will relate to that well. The
conventional test procedures involve measurements for one well at a time.

Various types of well tests are known. The different well test types are characterised
by different flow steps and are used at different points in the life of the well. A drawdown test
IS carried out after a well is put on production either initially or when valves are re-opened
after an extended shut in period. Pressures are monitored as the flow rate is changed from
zero flow to production flow rates. For wells that are on production a build-up test is used. In
a build-up test a producing well is shut in by closing the valves and pressure data is
measured. Soon after a well is shut in, the fluid in the wellbore usually reaches a state In
which bottomhole pressure rises smoothly and is easily measured. Multi-rate tests are also
used, in which the flow is stepped between different rates. Testing of producing wells can be
used to monitor and optimise well performance. There is also generally a regulatory
requirement for routine testing to be carried out.

The pressure data from each well is analysed to determine the well properties of
Interest. Since the test state of the well differs from its normal production state then
reconciliation of the data is required. For example, it is necessary to allow for changes in the
gas-liquid equilibrium that occur during production when the flows from multiple wells are

combined in the production header.
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These conventional well testing methods are time consuming and expensive.
Sequential testing of multiple wells takes a large amount of time, and the loss in production
when the wells are shut in can be considerable. A typical set of build-up tests covering ten
wells might require a week long test campaign with an eight hour shut in period for each well.

Viewed from a first aspect, the invention provides a method of well testing to determine
properties of oil and gas wells, the method comprising: applying oscillations to the flow rate
and/or pressure at multiple wells, wherein the oscillations applied at different wells of the
multiple wells are at different test frequencies; receiving measurements of flow rate in flow(s)
downstream of a production header that combines the flows from the multiple wells and/or
receiving measurements of pressure and/or temperature from individual wells; carrying out a
frequency analysis of the pressure, flow rate and/or temperature measurements to determine
pressure, flow rate and/or temperature variations induced by the applied oscillations; and
determining properties of the different wells of the multiple wells based on the results of the
frequency analysis at the test frequencies for the wells.

With this method the properties of individual wells can be determined without the need
to carry out individual tests for each well and without the need to shut in the wells. A
dedicated test header is not required, and this can reduce the complexity and cost of the field
equipment. Production continues via the production header throughout the course of the test,
and although the applied oscillations will likely reduce the average flow rate the reduction in
production is low compared to the reduction in production for a conventional test, such as a
build-up test. For a field with ten wells, production during a test campaign can be over 4%
higher for the method of the invention as compared to an equivalent build-up test. The wells
are tested in parallel with measurements of each individual well being determined by looking
at the effects of the oscillation frequency applied for that well. By means of the frequency
analysis, these effects can be isolated from other variations in the output flow. The testing
occurs with production online and with normal flow patterns during the mixing of flow from the
multiple wells. Thus, in contrast to conventional testing, because there is no shut-in of the
well during testing then there is no need for subsequent reconciliation of measured results to
take account of changes in the flow patterns arising from the test process. This removes a
source of errors from the test procedure. As discussed below the method can also be used
for batches of wells when there Is a large number of wells. In this case some reconciliation
will be necessary, but at a reduced level.

In preferred embodiments the pressure/flow rate for the multiple wells is controlled at
the wellhead in order to apply the oscillations. The step of applying oscillations may include
sending control signals to equipment at the wellhead and/or may include the step of

controlling flows and/or pressures at the wellhead. The oscillations may be applied via an
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existing valve in the wellhead. Using existing valves in this way means that the method
requires no modifications to existing field equipment to apply the oscillations, aside from
changes to the control system to implement the required control of the valve opening/closing.
It Is preferred to use the choke valve to apply the oscillations to the flow rate from the well.
Choke valves can be easily controlled to open and close gradually in order to apply a
waveform of the selected frequency to the flow rate.

The oscillations are preferably approximately sinusoidal, for example waveforms
applied via stepwise changes in the valve position in order to approximate a sine wave. The
use of a sine wave, or an approximation thereof, provides accurate results when the output
data Is analysed using conventional frequency analysis techniques, such as techniques based
on the Fourier transform.

Preferably, the method includes selecting the frequencies for the oscillations based on
characteristics of a typical production frequency spectrum for the wells. This allows the
frequencies to take account of the underlying frequency spectrum that occurs in typical
variations in pressure, flow rate and/or temperature occurring during normal production, and
thus can enable the frequencies to be selected to avoid frequencies where factors such as
damping or noise might interfere with the results of the test. The production waveform may be
a measurement of total production flow rate or production pressure over a period of time, for
example over several days. The selection of frequencies Is preferably based on a recent
measurement of the production waveform, which may be a waveform measured directly
before the time of the well test.

The method may hence include selecting frequencies for the oscillations by carrying
out frequency analysis of the production waveform and identifying a suitable frequency range,
preferably a frequency range with low damping and low noise. It has been found that
production waveforms typically exhibit damping and hence reducing amplitudes at higher
frequencies, and that at lower frequencies there Is noise arising from operational processes.
Thus, preferably the frequency range is selected by removing higher frequencies that exhibit
damping and/or by removing lower frequencies that are obscured by noise. The frequency
range Is also preferably a range with a stable baseline in a frequency/amplitude plot. The
frequency range may be a range selected from frequencies between 0.01 mHz to 10 mHz.
The frequency range may exclude frequencies below 0.1 mHz and/or may exclude
frequencies above 1 mHz, depending on the specific characteristics of the field. Thus, in one
preferred embodiment the frequency range is 0.1 mHz to 1 mHz.

The frequency analysis used Iin identifying suitable oscillation frequencies is preferably
based on a Fourier transform. The use of a fast Fourier transform (FFT) algorithm is

preferred, since this provides considerable advantages in relation to the speed of the analysis.
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When a suitable frequency range has been selected it is necessary to determine the
test frequencies to be used for the oscillations at the wells. The step of determining the test
frequencies preferably includes determining frequency slots within the frequency range that
will not interfere with one another. The step of determining frequency slots preferably
iIncludes determining a spacing for the frequency slots based on the number of frequencies
required and/or on the total test period available.

The selected frequencies should avoid interference with each other and with
significant harmonics. Thus, they should be spaced apart and they should avoid the main
harmonic (2nd harmonic) of other test frequencies. The main harmonic will be double the test
frequency. Thus, for example, if a first test frequency is set as 0.1 mHz then this means that
0.2 mHz should not be another test frequency. When selecting test frequencies the method
may hence include avoiding the selection of frequencies that will be affected by and/or will
mask the second harmonics of other, previously selected, test frequencies.

In a Fourier analysis the total test period required to provide resolution for a given
frequency spacing is the inverse of the frequency spacing. Thus, for example, a spacing of
0.5 mHz requires a minimum total sampling time of about 30 minutes, and a spacing of 50
UHz requires a minimum total sampling time of about 6 hours. Reducing the frequency
spacing too much can hence result in an excessively long test time. The frequency spacing
may be selected to ensure that the total test time is limited to be 60 hours or less (i.e. a
spacing of 5 uHz or above), preferably 12 hours or less (i.e. a spacing of 25 uHz or above),
more preferably 6 hours or less (i.e. a spacing of 50 uHz or above). When it is desired to limit
the test time to 6 hours then with a frequency range of 0.1 mHz to 1 mHz there will be a
maximum of 11 test frequencies available. Allowing for twice the sampling time will provide
around double the number of available test frequencies, with the frequencies at a closer
spacing.

The number of frequencies required will relate to the number of wells that need to be
tested. In the simplest case, the method may include selecting a number of frequency slots
that will provide available test frequencies for the total number of wells to be tested. However,
for large numbers of wells it is not necessarily desirable to simply divide the available
frequency range into sufficient frequency slots to provide available frequencies for all the
wells. To allow the testing of large oll fields without the need to use an undesirably small
frequency spacing the method may include grouping the wells and testing them in batches.
The groups of wells may each include 2-25 wells, preferably 5-20 wells. This batch testing is
still considerably quicker than conventional well testing, since the oscillation test for each
batch of ten wells might require 6 hours, whereas an equivalent build-up test for each set of

ten wells would require five days.
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The amplitude of the oscillations should be set to ensure that the frequency analysis
provides results that can be distinguished from the baseline amplitude of variations of the
production waveform, for example the amplitude may be set to be an order of magnitude
higher than the amplitude for the selected frequency range in a normal production waveform.
The amplitude of the input oscillations may be in the range of 10-10000 Sm®/h, preferably 50-
1000 Sm°/h. Production constraints may set a maximum for the amplitude, since an increase
in amplitude can give rise to a decrease in production. The method may include determining
a baseline amplitude for the selected frequency range by determining a line of best fit for the
frequency/amplitude data, for example by a least squares analysis. The amplitude for the
input oscillations may then be set to be at least five times larger than the baseline, preferably
ten times larger. All the oscillations may be applied at the same amplitude, which could for
example be a factor larger than the average baseline amplitude for all frequencies. This
simplifies control of the valves (or other mechanism) used to apply the oscillations. However,
In one preferred embodiment the amplitudes for each test frequency are scaled to match the
baseline amplitudes at the test frequencies. This can enhance accuracy whilst avoiding
unnecessary loss in production. It allows the accuracy to be set to a desired minimum based
on the baseline amplitudes, without introducing unnecessarily large amplitudes.

The minimum sampling time sets a minimum time for the well test process. The total
time for the test time may be set at this minimum. This provides the quickest test, which could
advantageously be used for regular monitoring of wells whilst minimising production losses. |t
may however also be beneficial to apply the oscillations for a longer period in order to provide
a more accurate set of results. If the input waveform was repeated for the entire test time
then the accuracy of the frequency analysis would not be affected by increasing the sampling
time. However, in practice there will be variations in the production waveform and intermittent
events occurring during production that will introduce noise into the waveform. As a result a
longer sampling time allows the testing to smooth out such variations and provide a better
iIndication of the properties of the tested wells. Hence, the test time may be larger than the
minimum sampling time, for example five or ten times larger. In a typical scenario even with a
test time that is ten times the minimum testing period the test time will still be around half that
required for a conventional build-up test.

In a preferred embodiment, the method includes applying oscillations to the well for a
total test time In excess of the minimum sampling time, and then selecting a sampling time
from the total test time for further analysis, the sampling time being shorter than the total test
time. This enables the sampling time to be selected to avoid disturbances in the flow, for

example as might be caused by shut-in of a well. Conversely, it also allows the oll field
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operator to proceed with required operations with minimal restrictions, since even if it Is
necessary to disturb the flow during a test period then the test can still provide useful results.

The measured pressure, flow rate and or temperature may include one or more of
wellbore pressure, wellbore temperature, wellhead pressure, wellhead temperature, oll flow
rate, gas flow rate, and/or water flow rate. The method may include measuring of this data,
for example by means of sensors placed to sense the flow in the relevant flow passages.
Flow measurements for flow rate of the total flow or separated flow(s) may be taken at any
point downstream of the production header. Preferably, the flow measurements are taken at
a point downstream of a separator that receives the flow from the production header. After
the separator more measurements are possible since they can be measurements of the
separated flows.

The step of carrying out a frequency analysis to determine pressure, flow rate and/or
temperature variations induced by the applied oscillations may include the use of a Fourier
transform as set out above, preferably a fast Fourier transform (FFT) algorithm. This
produces an output frequency/amplitude plot in which the effects of the oscillation frequencies
can be seen. The method preferably comprises determining properties of the different wells
by determining output pressure and/or flow rate amplitude values at the test frequencies and
using these amplitudes to determine the basic properties of the individual wells. The baseline
amplitude for the measured output pressure/flow rate may be determined by removing data
points relating to the test frequencies and their second harmonics, and then determining a line
of best fit for the remaining results, for example by means of a least squares analysis as
above, and this baseline amplitude may be used to provide an indication of the accuracy of
the results.

Further properties of the wells may then be calculated based on the flow and/or
pressure data. For example, using data relating to oll flow rate and water flow rate error
propagation theory can be used to determine water cut (WC) and productivity index (P1).
Given A, and A,, as amplitudes for oil and water flow rates respectively then WC = A,/(A,+Ay).
Similarly, Pl = AJ/A,, where A, is the amplitude of downhole pressure. Also, GOR = Aj/A,
where A, is the amplitude of gas flow, and IPR can be calculated by Pl measured at two
operating points, or using the second harmonic if the input is large enough.

The step of applying oscillations may include applying the different frequencies at
different phases. If the oscillations are all applied in phase then this creates a large peak in
the cumulative effect on the total production rate. This is not a problem when the production
Is well-limited, since the effect of the oscillations on the production output will be the same

whatever the phase relationship. However, it has an adverse effect when the production is
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process-limited. Thus, in a preferred embodiment the phases of the applied oscillations are
shifted to reduce production variations in the output flow.

The method may include a step of measuring the level of the second harmonic for the
applied test frequencies. This can be used as a test to check for non-linearity in the system,
since If the second harmonic is low then this is a good indicator of an absence of higher
harmonics. In addition, the amplitude of the second harmonic can be used in conjunction with
the amplitude of the test frequency to determine the parameters of higher-order polynomial
models for the IPR or other relationships.

The method may include a step of advising users of the test results via a control or
support system, and/or a step of automatically controlling the wells in response to the results
of the testing. For example, well production rates may be controlled to optimise production for
the oilfield or for a group of wells.

Viewed from a second aspect, the present invention provides a well test apparatus for
determining properties of oll and gas wells, the apparatus comprising: a pressure and/or flow
rate controller for controlling pressure and/or flow rate at multiple wells; and a data analysis
device for recelving and analysing measurements of flow rate in flow(s) downstream of a
production header that combines the flows from the multiple wells, and/or measurements of
pressure and/or temperature in individual wells; wherein the pressure and/or flow rate
controller is configured to apply oscillations in the flow rate and/or pressure at the multiple
wells using different test frequencies for different wells; and wherein the data analysis device
IS configured to carry out a frequency analysis of the measurements of pressure, flow rate
and/or temperature to determine pressure, flow rate and/or temperature variations induced by
the applied oscillations, and to determine properties of the different wells of the multiple wells
based on the results of the frequency analysis at the test frequencies for the wells.

The pressure/flow rate controller may control the wells by sending control signals to
pressure/flow rate control devices at the wells. In some preferred embodiments, the
apparatus includes these pressure/flow rate control devices, which may be at the wellhead
and which preferably comprise existing valves in the wellhead. Alternatively, the control
devices may be a part of a different apparatus, whilst being directly or indirectly controllable
by the controller. In a preferred embodiment the pressure/flow rate control devices are choke
valves. The pressure/flow rate controller may be configured to apply oscillations with
waveforms, frequency, phase and/or amplitude as described above in connection with the
method of the first aspect. The controller may be configured to apply the oscillations for a test
time as discussed above.

In a preferred embodiment the data analysis device Is configured to analyse a

production waveform to find a typical production frequency spectrum and to thereby select
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test frequencies to be used for the oscillations based on characteristics of a typical production
waveform for the wells. The production waveform may be as described above. The data
analysis device may be configured to identify a suitable frequency range and optionally to
determine available test frequencies as in the method discussed above.

The data analysis device is preferably configured to analyse the measured data and to
determine properties of the wells as discussed above in relation to the method of the first
aspect. The apparatus may include a user interface for presenting the results of the analysis
to the user and/or for permitting the user to select properties to be determined.

Viewed from a third aspect, the present invention provides a computer program
product comprising instructions for execution on a data processing apparatus, the apparatus
including hardware or software connections to permit the control of flow rates and/or
pressures of multiple wells; wherein the instructions, when executed, will configure the data
processing apparatus to carry out a method of well testing as set out above. The computer
program product may configure the apparatus to carry out method steps as in any or all the
preferred features set out above. The data processing apparatus may include features as
discussed above for the well test apparatus.

Certain preferred embodiments of the invention will now be described by way of
example only and with reference to the accompanying drawings, in which:

Figure 1 is a schematic of a typical set-up for oil and gas wells;

Figure 2 shows an arrangement of field equipment in an ollfield simulation used to
demonstrate embodiments of the invention;

Figure 3 shows oil saturation and pressure for the ollfield simulation;

Figure 4 illustrates the results of a frequency analysis of real-world production data
from an oil field;

Figure 5 illustrates the same frequency spectrum of Figure 4, with an added oscillating
term;

Figure 6 Is a graph derived from the olilfield simulation showing variations in production
flow rate during a standard build-up test campaign and variations in production flow rate
during a well test in accordance with an embodiment of the invention;

Figure 7 shows the results of a frequency analysis of the well test in Figure 6 including
wellbore pressure, water flow rate and oil flow rate;

Figure 8 is a graph derived from the ollfield simulation showing variations in production
flow rate during a standard build-up test campaign and variations in production flow rate
during a well test in accordance with another embodiment of the invention;

Figure 9 shows the results of a frequency analysis of the well test in Figure 8 including

wellbore pressure, water flow rate and oil flow rate;
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Figure 10 is a graph derived from the oilfield simulation showing variations in
production flow rate during a standard build-up test campaign and variations in production
flow rate during a well test in accordance with a further embodiment of the invention;

Figure 11 shows the results of a frequency analysis of the well test in Figure 10
iIncluding wellbore pressure, water flow rate and oll flow rate;

Figure 12 is a graph derived from the oilfield simulation showing variations in
production flow rate during a well test in accordance with an embodiment of the invention
similar to that of Figure 8, with the addition of noise;

Figure 13 shows the results of a frequency analysis of the data in Figure 12 including
wellbore pressure and flow rate;

Figure 14 is a graph derived from the oilfield simulation showing variations in
production flow rate during a well test in accordance with an embodiment of the invention
when the test occurs in parallel with well shut in and start up;

Figure 15 shows the results of a frequency analysis of the data in Figure 14 including
wellhead pressure, wellbore pressure and flow rate;

Figure 16 shows the results of a frequency analysis of the data in Figure 14 when the
step changes arising from shut in and start up are excludeq;

Figure 17 illustrates sinusoids of oscillations applied in accordance with an
embodiment of the invention along with a plot of resultant variations in pressure;

Figure 18 shows a similar set of sinusoids with phases adjusted to optimise
production; and

Figure 19 shows an alternative field equipment set up.

A typical setup for conventional well testing is shown in Figure 1. A production header
2 connects via a production flow line 4 to a production separator 6. In this case the production
header 2 is connected to three wells 8. The wells 8 in this example all draw oil and gas from
the same oll field. Each well 8 is connected to the header by a master valve 10, wing valve
12, choke 14 and check valve 16. Isolation valves 18 connect the production header to the
lines from the wells 8. The lines from the wells are also connected via another set of isolation
valves 19 to a test header 20. The test header 20 is a dedicated header used only for testing
purposes. It connects via a test flow line 22 into a test separator 24. The production
separator 6 and test separator 24 are tanks that separate oil and gas. Under the influence of
gravity the oll settles at the base of the tank, with the gas occupying the space at the top of
the tank. Each separator 6, 24 is equipped with a pressure control line 26 connecting the gas
filled headspace of the separator 6, 24 to a valve on the gas outlet line 30. For each of the
production separator and the test separator there is also a sampling and metering device 28

on the oll outlet line 32. After separation oil and gas are piped separately for further
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processing via the oll outlets 32 and gas outlets 30. The separators 6, 24 can also include a
water outlet for extracting water from beneath the oll.

As explained above, during well testing one well 8 is tested at a time using prior art
methods by controlling the flows in the production header 2 and the dedicated test header 20.
The present well test system avoids the need to test only one well 8 at a time, and instead
permits multiple wells 8 to be tested in parallel.

As described above, the present well test system of involves the use of oscillations
applied to the wells 8 at set frequencies using the choke valves 14. A different frequency is
used for each well 8, thereby enabling data to be obtained about multiple wells 8
simultaneously by the use of a subsequent frequency analysis. In the frequency analysis the
different frequencies are used to earmark data relating to a particular well 8. There is no need
to adjust the flows compared to normal production, and so this testing method gives data that
directly relates to properties of the wells 8 during normal production.

With an equipment set-up of the type shown in Figure 1 the invention is implemented
by applying oscillations to the pressure and flow rate of the wells 8 via the choke valves 14. A
typical choke valve 14 can be opened and closed in 200 steps over a period of about five
minutes. The choke valves 14 can therefore be used with a suitably configured controller to
apply oscillations in the flow rate over a wide range of possible frequencies. During
application of these oscillations with choke valves 14 the well test also includes measurement
of pressures at the wellhead and well bore, measurement of flows for oil and gas out of the
separator 6, and also measurements of water flow rate if the separator also allows for
separation of water from the oil. The test can also include gathering data relating to the gas-
oll ratio, water cut and so on. The measured data is analysed and effects arising from the
outputs of the various wells are identified based on a frequency analysis of the type discussed
below.

The frequencies that are used are determined based on the characteristics of the ol
field and wells in a manner set out in more detail below with reference to Figure 4. In
accordance with various different embodiments of the invention, the oscillations can be
applied for only a short period of time as described below with reference to Figures 6 and 7 or
for a longer period of time which may be equivalent to the length of a conventional testing
campaign as discussed below in connection with Figures 8 and 9, or in a further alternative
the oscillations might be applied not only with different frequencies but also with varying
amplitudes as discussed below in connection with Figures 10 and 11. The analysis in relation
to those figures is derived from a simulation of an oll field using the Eclipse black oll
simulation modelling package as supplied by Schlumberger Limited. The test model used an

array of 20 blocks square by 20 blocks high with a grid spacing of 25 meters square by 10
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meters high. The permeability was set at 300 mD and the porosity at 25%. In the model oill
saturation was set at 0 in layers 1 through 7 and layers 15 through 20 and above zero in the
central layers, peaking in layers 9 though 12. Pressure increases through the layers as is
conventional. The simulation includes 10 vertical wells, perforated in layer 12. For the
purposes of the Eclipse model the field equipment is as shown in Figure 2. Figure 3 shows
the oll saturation and pressure for the model.

For the purposes of illustration Figure 2 shows only two out of the ten wells 8. The
wells 8 connect through choke valves 14 to a production header 2 that then feeds into a
production separator 6 in a similar manner to the system described above in connection with
Figure 1. The production separator 6 has an oll output 32 with an oll flow rate F,, a gas output
30 with a gas flow rate Fg, and also a water outlet 34 with a water flow rate F,,. As with the
system of Figure 1 there Is a pressure control 26. As noted above, when operating in a real
world system it is envisaged that oscillations in accordance with the invention will be applied
through the wells via the wellhead chokes 14. The choke valves 14 would be opened and
close in order to induce oscillations in the flow rate and in the wellhead pressure. However,
for the purposes of this model and due to constraints in the Eclipse modelling package the
variations in wellhead pressures are applied in a simulation not by a choke valve 14, but
instead in a simulated wellhead pressure variation created by the software. It will of course be
understood that the end result is the same. The field equipment set up in Figure 2 relates to
platform wells without a subsea manifold, although the well test is not limited only to this
setup. An alternative setup is discussed below in connection with Figure 19.

In order to achieve the best results using the current well test method it is important to
select an appropriate set of frequencies that will enable multiple wells to be tested
simultaneously, with the frequencies minimising interference with one another, and with it
being possible to clearly identify oscillations induced in the outputs of the oll field, I.e. In
measurements of the well bore pressure, oil flow rate and water flow rate during the text
procedure. It will be understood that in the well bore pressures and output flow rates for an oll
fleld there are ongoing variations in production rate. Figure 4 shows a production waveform
based on real world data from an oil field with multiple wells. The production flow fluctuates
considerably about its mean flow rate and the production waveform also includes a degree of
noise. |n order to determine the frequency components of this signal a Fourier transform is
applied. Several variations of Fourier transform can be used such as discrete Fourier
transforms discrete time and discrete frequency transforms and so on. A fast Fourier
transform (FFT) algorithm can also be used and this is preferred since FFT tends to be
considerably faster and more efficient in terms of computing power. The input to the

frequency analysis is a production waveform for total pressure or flow rate for an oilfield and
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the output is a complex data series whose absolute value can be depicted as shown in Figure
4 as a series of points showing frequencies and amplitudes of those frequencies.

It will be seen from Figure 4 that in the relatively large frequencies, i.e. frequencies In
excess of 1 mHz and approaching 10 mHz and above, there are some damping effects, and
so the increasingly high frequencies have a generally decreasing amplitude. Also, with low
frequencies, below 0.1 mHz for this example, high amplitude events start to appear as a
consequence of processes occurring during the oil production operation and these create
excessive noise In the system. Similar phenomena will be seen Iin the production waveforms
for other oll fields. The frequency window for oscillations to be applied to the wells should be
selected to avoid these issues. Hence, in this case an appropriate frequency window to select
for frequencies that should not suffer from damping and should be easily distinguishable from
other frequency components of natural variations in the oll filled production flow would be a
frequency window between 0.1 to 1 mHz, which roughly equates to periods of between 15
minutes and two and a half hours.

It Is expected that frequencies Iin this type of range will be appropriate for many oill
flelds. However, an analysis of production data should be carried out for each oll field in order
to find an appropriate set of frequencies that can be used in order to provide effective results
from the well testing method. Another point to note is that although frequencies within the
window of 0.1 to 1 mHz will generally be best for this particular oll field, it can also be useful to
consider higher frequencies for some types of testing, such as composition tests, since for all
composition testing the damping effects that arise at high frequencies will not be such a
problem.

As an illustration of how oscillations applied at the wellhead can be used to generate
data which is visible even in the context of a real world production, Figure 5 shows similar
data to that in Figure 4 when the input production waveform is altered by the addition of a
sinusoidal wave at 0.3 mHz with an amplitude of 200 cubic meters per hour at standard
temperature pressure. There is no discernable effect in the original plot of production flow
rate, but the frequency analysis naturally includes an extra point for the additional sinusoid as
can be seen in Figure 5, in which an additional point appears with an amplitude of 200 Sm®/h
and a frequency of 0.3 mHz. It will hence be appreciated that when oscillations are
iIntroduced via the choke valve 14 at the wellhead in accordance with the present method,
then the effects of these oscillations on outputs such as the flow rate can be seen when an
appropriate frequency analysis.

Once the frequency range has been determined, it is also necessary to select
appropriate frequencies within that range. The selected frequencies should avoid interference

with each other and with significant harmonics. The relationship between the bottom pressure
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of the well and the wellhead pressure is nonlinear and therefore will be expected to produce a
second harmonic and possibly further ones. |deally the second harmonic should be checked
to see that it is small. A low or negligible output at the second harmonic of the input frequency
IS an indicator that there are no higher harmonics and that there is no problem with non-
linearity that could skew the results of the analysis. The test frequencies should hence be
selected to avoid frequencies which will be affected by or will mask the second harmonics of
other test frequencies. Hence, for example if one test frequency is set at 0.1 mHz, then 0.2
mHz should not be used as another frequency in a test. Similarly, if a frequency is set at 0.15
mHz, then 0.3 mHz should not be used as a frequency for another well in the test. In addition,
the selected frequencies should have a spacing that is small enough to provide a sufficiently
large total number of frequencies to cover all the wells, but large enough to avoid an
excessively large sampling time. The total sampling time required is the inverse of the
minimum spacing between the selected frequencies.

In the present example with a frequency window of 0.1 mHz to 1 mHz then in order to
test the simulated oll field with ten wells we will naturally need ten frequencies. Since a
number of frequencies will not be available for use, then in order to obtain ten test frequencies
It Is necessary to consider frequencies spaced close enough together to produce somewhat
more than ten frequencies. This can be done by providing twenty frequency slots, allowing for
up to half of the frequency slots to be removed by conflict between harmonics and so on. For
this example, the range available for test frequencies is 0.1 mHz to 1 mHz, and so the
potential frequency slots should be spaced apart from one another by 50 uHz to provide
twenty possible frequencies. With a frequency spacing of 50 uHz, then the total time required
to complete the test in order to provide a full set of results in the frequency analysis will be six
hours. This compares very favourably to the minimum total time for an equivalent build-up
test campaign, which might required five days.

With the frequency range of 0.1 mHz to 1 mHz and a spacing of 50 yHz it is relatively
straightforward to determine a set of frequencies are available and do not cause conflict with
the second harmonics of other frequencies. One possible set of frequencies is 0.1 mHz, 0.15
mHz, 0.25 mHz, 0.35 mHz, 0.4 mHz, 0.45 mHz, 0.55 mHz, 0.6 mHz, 0.65 mHz, 0.75 mHz and
1 mHz. In our example simulated oll field, which has ten wells, we can select ten out of these
eleven frequencies to be applied to the ten wells. As noted above, the oscillations should be
applied to the wells for a minimum time period of six hours.

Figure 6 shows the total output flow rate for the simulated oll field of Figure 3 when it is
tested in a conventional build up test and also when it is tested over a six hour period using
the present method with oscillation frequencies selected from those listed above. The two

different test regimes can easily be distinguished. In the build-up test there are ten clear
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cycles including a significant drop in overall flow as one well after the other is shut in and then
started again. For the oscillation based testing method, a considerably shorter time period is
required. As will be seen from the Figure the build-up test takes place over five days whereas
the oscillation based test needs only six hours. The oscillations are applied during the final six
hours of the graph. It will be understood that as a consequence of avoiding the need to shut
down each well in turn production during the test campaign is greatly increased production
continues uninterrupted with the only change being oscillations applying from normal changes
In flow rate and wellhead pressure until the final six hours of the week long period. The
consequence of this Is that production using this six hour oscillation based well testing method
IS considerably higher in total over the text period. With the example shown total production is
approximately 4.3% higher than production when the build-up test is carried out. In the
example shown the flow rate for the oil field is of the order of 6000 m” per hour and this
means that the added production over the test period shown can be about 42,000 m°. This
added oll production would have a value of several tens of millions of dollars at current rates,
hence providing a significant benefit.

Whilst the test is carried out with the oscillations being applied at the resultant changes
in well bore pressure, water flow rate and oll flow rate are measured and then subjected to a
frequency analysis of the type described above. The results are shown in Figure 7. As can
be seen, there are clearly identifiable oscillations in the outputs of the test which correspond
to the input oscillations at frequencies of 0.1 mHz, 0.15 mHz, 0.25 mHz, 0.35 mHz, 0.4 mHz,
0.45 mHz, 0.55 mHz, 0.6 mHz, 0.65 mHz and 0.7/75 mHz. These can be seen most clearly In
the measurement of well bore pressure, but are also clearly identifiable in the flow rate
measurements. Since the amplitude of the input oscillation is known, then by measuring the
amplitude of the output oscillation it is possible to determine properties of the well.

By way of an example, we can consider oll flow F,, water flow F,,, and wellbore
pressure p for wells 1, 5 and 10 (frequencies 0.1 mHz, 0.4 mHz and 0.75 mHz) and the
information that can be derived from the results shown in Figure 7. The oil and water
production and the wellbore pressure can be read-out from the appropriate plot of Figure 7,
and the baseline amplitude, which can be determined as discussed below in relation to Figure
11, Is used to estimate the uncertainty in the value:

Forwell 1, F, =30+ 14 Sm?h, F, =3.7 1.5 Sm*h, p =3.3 £ 0.7 bar.

Forwell 5, F, =335 5Sm%h, F,=4.3+0.55Sm?%h, p=2.81%0.3 bar.

Forwell 10, F, =314+ 2 Sm?h, F,=4.2+0.25Sm?h, p=2.74 £ 0.01 bar.

We can then use error propagation theory to calculate water cut (WC) and productivity
index (PI):

Forwell 1, WC =0.11 £ 0.07 and Pl =9.1 £ 4.5 Sm?/h bar
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Forwell 5, WC =0.115 2 0.02and Pl = 11.7 £ 2.2 Sm?h bar

For well 10, WC =0.118 £ 0.01 and Pl =11.5 £ 0.7 Sm?h bar

It is clear that uncertainty is very high for well 1, because the baseline (and thereby
uncertainty) is higher at low frequencies.

Figures 8 and 9 show similar information to Figures 6 and 7 with an alternative
Implementation of the test method. Thus as can be seen in Figure 8 the oscillations are
applied not only during the final six hours of the five day test period for the equivalent build-up
test, but are also applied throughout this five day test period. This produces clearer
iInformation and a better baseline in the frequency analysis, which hence means that the
output data is more accurate. Naturally, since the five day test requires a drop in production
for a longer time than the six hour test then the added production compared to the
conventional build-up test is smaller, being approximately 2.2% or in this case about 22,000
m°. In practice, the length of the test can be set for a given oil field and for a given test
requirement based on prior experience of the accuracy of the data in a short test, and based
on the nature of the testing. If the test is a simple routine test for monitoring of well
performance without any need to for highly detailed and accurate data, then a short test could
be performed. On the other hand if | it is necessary to obtain highly detailed information about
various properties of each one, then it may be appropriate to perform a longer test.

Considering the measurements for wells 1, 5 and 10 in a similar manner to that set out
above, the following is found:

Forwell 1, F,=31.3x25Sm*h, F,=6.6 1.5 5Sm%h, p=3.31 % 0.05 bar.

Forwell 5, F,=32.3+ 0.8 Sm*h, F, =4.45+ 0.4 Sm?h, p=2.89 + 0.02 bar.

For well 10, F, =31.0+ 0.4 Sm?*h, F, =4.45 % 0.2 Sm?h, p=2.78 £ 0.01 bar.

From which we get:

For well 1, WC =0.174 £ 0.04 and Pl = 9.5 £ 0.6 Sm?h bar

For well 5, WC =0.121 £ 0.012 and Pl = 11.2 £ 0.7 Sm?/h bar

For well 10, WC =0.126 £ 0.006 and Pl = 11.15 £ 0.15 Sm?/h bar

These values are much more precise, although for well 10 additional precision was not
necessarily required compared to the 6 hour test. It should be noted that these values are not
directly comparable to the previous case, as they measure WC and Pl over five days: a
source of uncertainty is also the variation of parameters over the five days of sampling: the
uncertainty around F,, iIs about the same as the previous case.

Figures 10 and 11 show another alternative embodiment. The testing that is applied is
similar to the test of Figure 8 in that it is applied only for six hours and is shown at the end of

the conventional build-up test period. However, the applied oscillations differ from those In



10

15

20

25

30

35

CA 02856128 2014-05-15

WO 2013/072490 PCT/EP2012/072897

- 16 -
Figure © in that they are scaled with larger oscillations for low frequencies. This avoids
iInaccuracies introduced by the baseline gradient in the underlying frequency spectrum.

Figure 11 includes an illustration of a baseline amplitude approximated by a line that is
fit to the underlying data. To determine a line of best fit the data points at the test frequencies
and their second harmonics are ignored and a line is fit to the remaining data using a least
squares analysis or similar. As can be seen in Figures 7, 9 and 11 the baseline has a
gradient that increases for lower frequencies. The use of scaled oscillations can therefore
Improve the accuracy of the output data by keeping it clear of the baseline. The increase In
production compared to production during the build-up test is similar to the increase in
production for the non-scaled oscillations.

Applying the same analysis of for wells 1, 5 and 10, we find:

Forwell1, F, =81.3+ 10 Sm?h, F, =10.5+ 1 Sm?¥h, p=7.05% 0.2 bar.

Forwell 5, F;, =32.2+55Sm?h, F, =4.2+ 0.6 Sm?h, p=3.05 % 0.08 bar.

For well 10, F, =20.1 £ 25Sm?h, F, = 2.6 £ 0.3 Sm?¥h, p =1.58 + 0.02 bar.

From which we get:

Forwell 1, WC =0.114 £ 0.018 and Pl = 11.5 £ 1.45 Sm?h bar

For well 5, WC =0.115 % 0.024 and Pl = 10.6 £ 1.7 Sm?h bar

For well 10, WC =0.115 %2 0.018 and Pl = 12.7 £ 1.28 Sm?h bar

The precision in estimated parameters is now uniformly about 10% as a result of the
scaled oscillations. These results are comparable with the first batch as they are measured
over the same time frame. Precision can be further increased either by extending the
sampling time or by increasing the oscillation amplitude.

Figure 12 shows another set of data from the simulation in which the frequency
oscillation well test is applied over a five day period. In Figure 12, random measurement
noise Is added to the date in order to simulate noise that might be shown in real world data.
Figure 1135 shows the output from a frequency analysis of well bore pressure and oil flow
rate for the noisy data of Figure 12. It will be seen that in comparison to the equivalent data
shown Iin Figures 8 and 9 there is no significant additional difficulty in extracting information
regarding the properties of the various wells, even when the noise has been added. Instead
the noise generally simply creates additional data points at the higher frequencies, which of
course are outside the selected frequency range for the applied oscillations.

Figure 14 shows another simulation with the oscillation well test being carried out from
day two onwards, but with shutting in of a well at 2.5 days and start-up of a well at 3.5 days.
With the oscillation based well testing method it is possible to extract useful data from a test
campaign even if shut-ins and start-ups occur in parallel. If the entirety of the data is analysed

then the results are as shown in Figure 15, and there is an additional baseline arising from
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interference applied by the shutting and start-up. However, with the oscillation based method
it is possible to avoid this additional noise in the data to generate suitably accurate results by
selecting only some of the data from the test run. For example, in this case it is possible to
select only the data occurring prior to the shut-in, and to use that data as the basis for the
analysis. Figure 16 shows how a cleaner data set can be obtained in this way. Since the
region of data to be analysed can be selected after the data has been gathered, then it is
possible to avoid adverse effects on a test campaign that might otherwise occur when there
was an unexpected need for a shut-in or similar event.

As well as selecting appropriate frequencies for the oscillations to be applied at the
wellhead it is also advantageous in some cases to apply the oscillations with a carefully
selected phase difference. This has particular benefit during process limited operation of an
oll field, since it can reduce variations in production. Figure 17 shows a set of sinusoidal
waves with ten frequencies selected from twenty frequency slots in a similar manner to the
frequencies discussed above. The lower plot in Figure 17 shows the spacing of the
frequencies. The middle plot shows sinusoidal waves representing production, each with their
peak starting at a time zero, and the upper plot shows the sum of these waves. It will be seen
that the peak pressure variation is above 2 on the scale shown.

Synchronisation of the peaks of the sinusoidal waves as in Figure 17 will produce the
highest possible peak pressure variation. A large production variation is a disadvantage for
process limited operation. It is therefore beneficial to adjust the phase of the applied
waveforms in order to reduce the production variation. Figure 18 shows an alternative where
the sinusoidal waves are applied with phase optimisation. In this case the phase variation
was selected using a brute force method. The maximum deviation from average production is
reduced by more than half and is approximately 1 on the scale shown. The output of the
testing will be identical since the same frequencies are applied and the different phase of the
frequencies will not affect the frequency analysis. However, the adverse effect on the
production process is greatly reduced. This type of phase optimisation should hence be
applied for process limited operation.

As noted above, although the simulation uses field equipment based on platform wells
without a subsea manifold, it is also possible to make use of the oscillation based well test
method in other equipment setups. Figure 19 shows an arrangement with a subsea manifold
36 which connects to a platform choke 38. As with Figure 2 only two wells 8 are shown,
although naturally more wells 8 could be connected to the manifold 36. The wells 8 connect
to the subsea manifold 36 via valves 14. With this arrangement when an oscillation is applied
to the valves 14 a problem can arise since the manifold 36 may oscillate with both

frequencies. The reason that this can arise with a subsea manifold arrangement as shown in
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Figure 19 is that there is often no pressure control of the subsea manifold 36. The manifold
pressure can therefore vary and it will be affected by the oscillations of the choke valves 14.
Thus, when a first valve 14 is excited with the frequency w, and a second valve 14 is excited
with the frequency w, then there is frequency leakage and the manifold 36 may oscillate with
both frequencies w4, and w,. As a consequence, both wells 8 will be excited with the two
frequencies and the frequency earmarking of the wells 8 is lost. This does not prevent
application of the oscillation based method of well testing to set-ups using a subsea manifold,
but steps have to be taken to avoid frequency leakage.

One solution is to apply pressure control to the manifold 36. Another solution is to use
supersonic flow in the check valves 14. Many wells already run using supersonic flows and
existing systems could be adapted to use the supersonic flow rates. With supersonic flows
the pressure in the manifold will have no effect on the flow rates through the valve and any
pressure variations in the manifold are essentially invisible to the valve and to the flow and
pressure at the opposite side of the valve. The choke flow will be affected only by the well
pressure and by the choke position. As a consequence, an oscillation can be applied which
will only affect the well connected to that particular choke valve and will not leak into other
wells. A more comprehensive solution, that does not require changing the flow regimes in the
wells, is to account for all frequencies by means of matrix inversion. In this more general
approach, the oscillation amplitudes of all test frequencies in the downhole pressure of every
well is related to the oscillation are measured, and related to the oscillation amplitudes of oll,
gas and/or water flow by means of the wells' productivity indices. The result is, for every test
frequency, an equation in the form:

Ji pritdp2it...=F
Where F; Is the oscillation amplitude in the gas, oil or water flow at frequency I, and p;; is the
oscillation amplitude in downhole pressure for well | at frequency I. Having measured all the
oscillations F; and p;;, the values of the productivity indices J can be found by matrix inversion.
There are also methods available in the open literature to calculate error propagation through

a matrix inversion.
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CLAIMS:

1. A method of well testing to determine properties of oil and gas welis, the method
comprising:

applying oscillations to the flow rate and/or pressure at multiple wells, wherein the
oscillations applied at different wells of the multiple wells are at different test frequencies;

receiving measurements of flow(s) downstream of a production header that combines the
flows from the multiple wells and/or receiving measurements of pressure and/or temperature from

individual wells:

carrying out a frequency analysis of the pressure, flow rate and/or temperature
measurements to determine pressure, flow rate and/or temperature variations induced by the
applied oscillations; and

determining properties of the different wells of the multiple wells based on the results of the

frequency analysis at the test frequencies for the wells.

2. A method as claimed in claim 1, wherein the pressure/flow rate for the multiple wells

is controlled at the wellheads of the well via choke valves in order to apply the oscillations.

3. A method as claimed in claim 1 or 2, wherein a frequency range for the test

frequencies is a range selected from frequencies between 0.01 mHz to 10 mhz.

4. A method as claimed in claim 1, 2 or 3, comprising selecting the test frequencies for
the oscillations by carrying out frequency analysis of a production waveform for the wells to find a
typical production frequency spectrum and identifying a suitable frequency range for the test

frequencies.

5. A method as claimed in claim 4, wherein the frequency range is selected by
removing higher frequencies that exhibit damping and/or by removing lower frequencies that are

obscured by noise.

0. A method as claimed according to any one of claims 3 to 5, comprising determining
the test frequencies to be used for the oscillations at the wells by determining a spacing for
frequency slots within the frequency range based on the number of frequencies required and/or on

the total test period available.
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7 A method as claimed in claim 6, wherein the frequency spacing for the test
frequencies is selected to ensure that the minimum required test time Is limited to a predetermined

maximum value.

8. A method as claimed according to any one of claims 3 to 7 comprising avoiding the
selection of test frequencies within the frequency range that will be affected by and/or will mask the

second harmonics of other, previously selected, test frequencies.

9. A method as claimed according to any one of claims 1 to 8, including grouping wells

and testing them in batches.

10. A method as claimed according to any one of claims 1 to 9, wherein the amplitude of
the input oscillations is in the range of 10-10000 Sm°/h, preferably 50-1000 Sm4/h.

11. A method as claimed according to any one of claims 1 to 10, comprising determining
a baseline amplitude for the selected frequency range by determining a line of best fit for the

production frequency spectrum and setting the amplitude for the input oscillations to be at least five

times larger than the baseline amplitude, preferably at least ten times larger.

12. A method as claimed in claim 11, wherein the amplitudes for each test frequency are

scaled to match a gradient in the baseline amplitudes at the test frequencies.

13. A method as claimed according to any one of claims 1 to 12, wherein the test time 1s
set to be the minimum sampling time for the frequency analysis of the pressure, flow rate and/or

temperature measurements.

14. A method as claimed according to any one of claims 1 to 12, wherein the test time 1S
set to be at least five times larger than the minimum sampling time for the frequency analysis of the

pressure, flow rate and/or temperature measurements.

15. A method as claimed according to any one of claims 1 to 12, wherein the method
includes applying oscillations to the well for a total test time in excess of the minimum sampling

time for the frequency analysis of the pressure, flow rate and/or temperature measurements, and
then selecting a sampling time from the total test time for further analysis, the sampling time being

shorter than the total test time.

CA 2856128 2018-11-14
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16. A method as claimed according to any one of claims 1 to 15, wherein the measured
oressure, flow rate and or temperature includes one or more of wellbore pressure, wellbore

temperature, wellhead pressure, wellhead temperature, ol flow rate, gas flow rate, and/or water

flow rate.

17. A method as claimed according to any one of claims 1 to 16, wherein the measured
flow rates are taken in the flow(s) downstream of a separator that receives the flow from the
production header, whereas the measured pressures and/or temperatures are measured at the

wellhead and/or at the wellbore of the wells.

18. A method as claimed according to any one of claims 1 to 17, comprising determining
properties of the different wells by determining wellhead and/or wellbore pressure and/or flow rate

amplitude values at the test frequencies and using these amplitudes to determine the basic

properties of the individual wells.

19. A method as claimed in claim 18, comprising using a baseline amplitude for the
measured wellhead and/or wellbore pressure and/or flow rate values to provide an indication of the
accuracy of the results, wherein the baseline amplitude Is determined by removing data points

relating to the test frequencies and their second harmonics, and then determining a line of best fit

for the remaining data points.

20. A method as claimed according to any one of claims 1 to 19, wherein frequency

analysis of includes the use of a Fourier transform

21. A method as claimed according to any one of claims 1 to 20, wherein the step of
applying oscillations includes applying the different frequencies at different phases, wherein the

phases of the applied oscillations are shifted relative to one another to reduce production variation

in the output flow.

22. A method as claimed according to any one of claims 1 to 21, wherein the frequency

analysis includes a step of measuring the level of the second harmonic for the applied test

frequencies.

CA 2856128 2018-11-14




22

23. A well test apparatus for determining properties of oil and gas wells, the apparatus
comprising:
a pressure and/or flow rate controller for controlling pressure and/or flow rate at multiple

wells; and
a data analysis device for receiving and analysing measurements of flow rate In flow(s)

downstream of a production header that combines the flows from the multiple wells, and/or

measurements of pressure and/or temperature in individual wells;

wherein the pressure and/or flow rate controller is configured to apply oscillations in the flow
rate and/or pressure at the multiple wells using different test frequencies for different wells; and
wherein the data analysis device is configured to carry out a frequency analysis of the

measurements of pressure, flow rate and/or temperature to determine pressure, flow rate and/or

temperature variations induced by the applied oscillations, and to determine properties of the

different wells of the multiple wells based on the results of the frequency analysis at the test

frequencies for the wells.

24 An apparatus as claimed in claim 23, wherein the pressure and/or flow rate

controller is for controlling pressure and/or flow rate via choke valves at the wellheads of the wells.

25. An apparatus as claimed in claim 23 or 24, wherein the pressure and/or flow rate

controller is configured to apply oscillations as set out in any one of claims 2 to 15.

26. An apparatus as claimed in claim 23, 24 or 25, wherein the data analysis device Is

configured to select test frequencies and/or amplitudes of the oscillations as set out in any one of

claims 4 to 12

27 . A computer program product comprising instructions for execution on a data
processing apparatus, the apparatus including haraware or software connections to permit the

control of flow rates and/or pressures of multiple wells; wherein the instructions, when executed,

will configure the data processing apparatus to carry out a method of well testing as claimed Iin any

one of claims 1 to 22.
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