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METHOD OF TESTING AN INTEGRITY OF A STRUCTURE SEPARATING A CHAMBER FROM
AN ADJACENT ENVIRONMENT, AND RELATED APPARATUS

Field of invention

The present invention relates to the field of integrity testing, and in particular, it relates to a method

of testing an integrity of a structure which separates a chamber from an adjacent environment, and
related apparatus. In certain embodiments, such a structure is tested as to what extent it may with-
stand a fluid leakage from the environment into the chamber.

Backqround

In a wide range of contexts, it can be important to check that a structure is of the necessary integ-
rity for its intended purpose, e.g. before it is brought intc normal cperational use or as part of regu-
lar operational testing or troubleshooting. One such example may be a structure of a wellbore,
such as a portion of a pipe in the wellbore which may be intended to separate an environment on
one side of the pipe from a region inside the pipe.

A “structure” in this context may typically be what in the petroleum-extraction industry may com-
monly be referred to as a “well barrier” — an envelope of one or more well barrier elements separat-
ing a chamber in a well from one or more adjacent environments. A well barrier element may be
defined as a component part of a well designed to prevent fluids from flowing unintentionally from
e.g. an adjacent formation, an annulus or a chamber in a production tubing into e.g. another for-
mation, another chamber or a surface.

*Fluid” in this context may include both liquid and gas.

In order tc verify that the structure is suitable and adequately isolates against the adjacent environ-
ment, it may be necessary to perform a test. In the oil and gas exploration and production industry,

itis known to perform a so-called “inflow pressure test” on a structure to determine if there is a leak
of fluid through a part of a structure, the part typically being referred to as a “barrier element”.

Such tests may identify whether the structure leaks or not when subjected to a pressure differential,
and therefore it may be inferred from the test whether the structure has sufficient integrity.

A first type of inflow pressure test known from prior art may be referred to as a leak-metering by
pressure-buildup-analysis test. The graph in figure 4 illustrates how the first type of inflow pressure
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test is performed by illustrating a simplified example of how the pressure in a chamber may typi-
cally change over time during such a test and at what stage metering is performed:

The chamber has an initial pressure which is reduced over a significant pericd of time by bleeding
down the pressure (bleed down period) by allowing fluid to flow through an cpen bleed valve, sc as
to create a pressure differential in the chamber compared te a surrocunding environment. The sur-

rounding environment may e.g. be an annulus, a formaticn, a lower pipe section, etc.

The chamber is subsequently closed off by closing the bleed valve. If there is a leak through the
structure during the period when the chamber is closed off, the pressure in the chamber will typi-
cally increase over time (in the build up pericd). The pressure in the chamber is monitored to regis-
ter the pressure increase over a period of time, and the leak rate based on a calculation including
dividing change of pressure on the period of time (AP/At).

The first type of inflow pressure test is inefficient, as it requires considerable reduction of pressure
in the chamber followed by a period of monitoring of pressure further followed by a period of pres-
sure build-up, before normal operation can commence. As a chamber being tested can be very
large, the pressure bleed down and pressure build up pericds can be very time consuming. In

some cases, the bleed down period can last more than 24 hours.

This kind of inflow test is further explained in the publication SPE 117961 titled "Design and Fabri-
cation of a Low Rate Metering Skid to Measure Internal Leak Rates of Pressurized Annuli for De-

termining Well Integrity Status”, published by Society of Petroleum Engineers in 2008.

A second type of inflow pressure test may typically be known as a leak rate evaluation by direct
leak metering method. The graph shown in figure 5 illustrates how the second type of inflow pres-
sure test is performed by illustrating how the pressure in a chamber may typically change over time
during such a test, and at what stage metering is performed.

As in the first type of inflow test, a bleed valve is opened to bleed down the pressure in the cham-
ber during a bleed down period. However, in this second type of inflow test, the bleed down period
is shorter, and a constant differential pressure across the structure, between the chamber and the
adjacent environment(s) is kept for a subsequent period of time. During this period of constant dif-
ferential pressure, a flow path is kept open to allow fluid to flow from the chamber through a flow

meter. As the differential pressure is kept constant, the fluid that flows threcugh the flow meter pro-
vides infoermation on the flow rate of fluid intc the chamber in a leak. Under certain conditions, flow
rate through the flow meter equals or at least approximates flow rate intc the chamber through the

leak.

This test may be advantageous over the first type under certain conditions, as the bleed down pe-
riod and a subsequent pressure build up period may typically be shorter. However, despite the peri-
ods being shorter, they still require a considerable amount of time. This method may be challenging
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in wellbores where the fluid in the chamber/in the flow comprises a multiphase mixture of gas and
liquid.

The second type of test is described in WO 2010151144 A1.

Both the above-mentioned tests may suffer from having to lower the pressure of the chamber sig-
nificantly prior to obtaining results for determining the conditicn of the structure. Having to reduce
the pressure of the chamber can be undesirably time consuming, particularly if the volume of the

chamber and the present gas volume is large.

An object of the invention is to remedy or to reduce at least one of the drawbacks of prior art.

Summary of the invention

According to a first aspect of the invention, there is provided a method of testing an integrity of a
structure separating a chamber from an adjacent environment, wherein the method comprises the
steps of:

a. letting out gas from the chamber in a flow through a flow line, increasing a pressure dif-
ferential between the chamber and the adjacent environment;

b. using at least ocne sensor to cbtain at least cne parameter associated with the flow or a
condition of gas in the flow line;

c. determining whether fluid has entered the chamber in step a, and/or determining a rate
of fluid entering the chamber in step a, using the cbtained parameter, the determination being

based on the amount of gas that has left the chamber.

The method may be a method of perferming an inflow pressure test.

The structure may e.g. be a well barrier comprising cne or more well barrier elements. The method
of testing the integrity of the structure may be a method of testing the integrity of a particular well
barrier element or of the well barrier. The adjacent environment may e.g. be a formation, an annu-
lus, a lower portion of a production tubing, etc.

The determination in step ¢ may be performed during step a, or subsequently, e.g. by analysis of
acquired data.

The period of letting out gas from the chamber in a flow may typically be referred tc as a "bleed

down period”.

The method may be a method of testing an integrity of a structure separating a chamber from an
adjacent envircnment, wherein the method comprises the steps of:

a. letting out gas from the chamber in a flow through a flow line, increasing a pressure dif-
ferential between the chamber and the adjacent environment, during a bleed down period;

b. using at least one sensor to obtain at least one parameter associated with the flow or a
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condition of gas in the flow line during the bleed down period;
¢. determining whether fluid has entered the chamber during the bleed down period, and/or
determining a rate of fluid entering the chamber during the bleed down period, using the cbtained

parameter, the determination being based on the amount of gas that has left the chamber.

The method may be advantagecus compared to the prior art as the data used tc determine if fluid
has entered the chamber and/or to determine a rate of fluid entering the chamber, and/or the deter-
minaticns may be performed during the bleed down period. As scon as enough information has
been obtained and/or determined, the bleed down may be stopped and acticns may be undertaken
to return to normal operations, e.g. re-building the pressure in the chamber to restart production.
The invention thus provides a more efficient method of performing an inflow pressure test com-
pared to prior art.

The graph shown in figure 6 illustrates how the pressure development may be in a chamber during
and after a test according to the first aspect of the invention, and when during the test the parame-
ters used in the determinations are obtained:

As can be seen in the illustration, and as previcusly discussed, the parameters are obtained during
a pressure bleed down period, and the test can thus be completed in significantly shorter time com-

pared to the time required to perform inflow pressure tests known from prior art.

A valve may be used to control the pressure in the chamber. The valve will typically be closed prior
in a preparatory phase and opened to allow gas to flow from the chamber as the test is started.
During the preparatory phase, initial parameters used for later calculations tc determine the condi-
tion of the structure may be determined. At least one step of the method may be performed while
lowering a fluid pressure in the chamber. A plurality and/or all the steps of the method may be per-
formed while lowering the pressure in the chamber.

The determination in step ¢ may comprise evaluating the amount, €.g. mass of gas that has left the
chamber.

The determination in step ¢ may further be based on the amount of gas remaining in the chamber
after an amount of the gas has left the chamber in the flow.

The parameter may be a pressure of the gas in the flow. The parameter may be obtained by use of

a pressure sensor placed in fluid communication with the flow line.

The parameter may be a rate of flow through the flow line. The parameter may be obtained by use

of a flow rate sensor placed in fluid communicaticn with the flow line.

The parameter may be a temperature of the gas. The parameter may be cbtained by use of a tem-

perature sensor placed in fluid communication with the flow line.
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The parameter may be a density of the gas. The parameter may be obtained by use of a gas den-
sity sensor placed in fluid communication with the flow line.

The parameter may be ancther parameter providing relevant informaticn with regards tc the fluid,

obtained by a suitable means of obtaining said parameter.

A plurality of parameters may be cbtained. The plurality of parameters may comprise any one of or
a plurality of a pressure of the gas, a flow rate of the flow, a temperature, gas compositicn and/or
any other parameter that may be used to determine whether a fluid has entered the chamber

andfor to determine a rate of fluid entering the chamber.

The structure may e.g. be a portion of a pipe of a wellbore. The adjacent envirctnment may be an
annulus, a centre pipe, a formation or another environment. The structure may otherwise be e.g. at
least a portion of a pipeline or at least a portion of a fluid container such as a tank.

An initial mass of gas in the chamber, mi may be calculated using the following formula:

P+ V=MW
Zij+ R4Ty

m; =
where:

m,; = initial mass of the gas in the chamber;

P; = initial pressure in the chamber;

V; = initial gas volume in the chamber;

MW = molecular weight of the gas in the chamber;

N
|

; = initial compressibility of the gas in the chamber;
R = rankine constant; and

T; = initial temperature of the gas in the chamber.

A current mass of gas in the chamber may be calculated using the following formula:

Pes Vet MW
et R4 T

me =
where:

m, = current mass of the gas in the chamber

P. = current pressure in the chamber;

V7. = current gas volume in the chamber;

MW = molecular weight of gas;

Z, = current compressibility of the gas in the chamber;

R = rankine constant; and

T, = current temperature of the gas in the chamber.

A mass of gas having leaked through the barrier may be calculated using the following formula:
my = me— my+ omy,

where:
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m,; = mass of gas having leaked into the chamber;
m, = current mass of the gas in the chamber;
m; = initial mass of the gas in the chamber; and

m, = mass of gas produced.

The step of obtaining the parameter or parameters may be performed a plurality of times. The plu-

rality of times may be spread out over a time interval.

The above-mentioned calculaticns may be repeated for each of the plurality of times the parameter
or parameters are determined. By determining the parameters and making the calculations a plu-
rality of times over a time interval, it may be possible to perform a dynamic leak metering, and/or it

may be possible to see if a leak rate changes as a pressure differential changes.

A pressure response for a theoretical zero-leak situation may be calculated using the following for-
mula:

P, = [rti— mpl» ZovRe T,
== Ve MW

where:

P,, = pressure response with zero leak through the barrier.

The theoretical pressure response, P,;, may be used to compare 10 a pressure response deter-
mined from the determined parameters. It may be possible to use a value determined from the
coemparison to deduce and/or calculate if there is a leak into the chamber and, if there is a leak, to

quantify the leak.

The fluid in the chamber may comprise a gas and a liquid. The amount of liquid in the chamber
may be determined. To determine the amount of liquid in the chamber, an acoustic measuring de-
vice may be used. The acoustic measuring device may be used to determine a gas-liquid contact
in the chamber. The gas-liquid contact in the chamber defines the height of a liquid column in the
chamber and may thus be used as a parameter to determine the volume of liquid in the chamber.

The information gathered from determining the amount of liquid in the chamber may be used to de-
termine an amount of gas in the chamber, and/or to determine an amount of gas and/or liquid
which has entered the chamber in a leak in a barrier of the structure from an exterior of the struc-
ture into the chamber. By knowing the total volume of the chamber and the height and volume of a

liquid column in the chamber, the remaining volume cccupied by a gas can be determined.

The step of determining an amount of liquid in the chamber may be performed a plurality of times
over a time interval. The plurality of times may include at least once prior to letting out gas from the
chamber in a flow, and/cr at least once while letting out gas from the chamber in a flow, and/or at
least once after having let out gas from the chamber in a flow. Determining the amount of liquid a
plurality of times over a time interval may be advantageous to determine if the amount of liquid in
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the chamber changes over time, e.g. to determine if there has been an influx of liquid into the
chamber over the time interval.

The volume in the chamber and/or of gas in the chamber and/or of liquid in the chamber may be
known. If one of the volumes is not known, in some cases an approximate volume based on as-
sumptions may be sufficient for sufficiently accurate analyses. If an approximate based on assump-
tions does not suffice, e.g. if unknown factors makes an assumed approximation likely to be inac-
curate, the volume of gas, liquid and/or of the chamber may be determined by use of a method and
apparatus of determining said volume or volumes acoustically and/or by use of an alternative, suit-

able method and apparatus.

According to a second aspect of the invention, there is provided an apparatus for testing an integ-
rity of a structure separating a chamber from an adjacent environment, the apparatus comprising:

at least one flow line section for containing a flow comprising gas from the chamber;

at least one sensor for obtaining at least one parameter associated with the flow or a condi-
tion of gas in the flow; and

at least one determiner configured tc use the obtained parameter for determining whether
fluid has entered the chamber and/or determining a rate of fluid entering the chamber, the fluid en-
tering chamber after gas is let cut of the chamber in the flow, the determination being based on the

amount of gas that has left the chamber.

The apparatus may be an apparatus for performing the method according te the first aspect of the
invention. The apparatus is advantagecus over known apparatuses as it may be used to test the
integrity of a structure comprising a chamber, e.g. a chamber of a wellbore, while lowering the
pressure in the chamber, and thus allowing for obtaining results in significantly shorter time than
known apparatuses for testing integrity of a structure comprising a chamber, e.g. apparatuses for
performing known inflow pressure tests. The apparatus allows for integrity testing in real-time.

The apparatus may comprise a pressure sensor and/or a flow meter. The determiner may comprise
a computer device for performing calculations to determine whether fluid has entered the chamber
and/or determining a rate of fluid entering the chamber.

The apparatus may comprise the structure. The pressure sensor and the flow meter may be in fluid

communication with the chamber.

The apparatus may further comprise a temperature sensor for determining a temperature and an

acoustic measuring device for determining a gas-liquid contact.

The apparatus may further comprise a computer device.

The structure may comprise a portion of a pipe of a wellbore.
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According to a third aspect of the invention, there is provided a computer program for use in per-
forming the method according to the first aspect of the invention. The computer program may be
configured for determining whether fluid has entered the chamber and/or determine a rate of fluid
entering the chamber wherein the fluid entering the chamber after gas is let out of the chamber in

the flow. The determination may be based on the amount of gas that has left the chamber.

The computer program may comprise machine-readable instructicns for performing the determina-

tion.

The computer program may be further configured tc utilise at least one cbtained parameter asscci-

ated with the flow or condition of the gas of the flow.

According to a fourth aspect of the invention, there is provided a computer device for use in per-
forming the method according to the first aspect of the invention. The computer device may com-
prise at least one processor. The processor may be configured to execute the computer program
according to the third aspect of the invention.

According to a fifth aspect of the invention, there is provided a storage medium containing the com-

puter program according tc the third aspect of the invention.

Description and drawings

There will now be described, by way of example only, embodiments of the invention, with reference

to the accompanying drawings, in which:

Figure 1 shows a schematic representation of an apparatus for testing an integrity of a struc-

ture according tc an embodiment of the invention;

Figure 2 shows a schematic representation of an apparatus for testing an integrity of a struc-

ture according to another embodiment;

Figure 3 shows a graph illustrating results from use of the apparatus of Figure 1 or 2, includ-
ing a calculated theoretical zero-leak pressure response, a determined pressure re-
sponse from a leak test, a mass leak rate and a volumetric leak rate;

Figure 4 shows a graph illustrating how the first type of inflow pressure test from prior art is
performed by illustrating a simplified example of how the pressure in a chamber may
typically change over time during such a test and at what stage metering is per-

formed;

Figure 5 shows a graph illustrating how the second type of inflow pressure test from prior art
is performed by illustrating how the pressure in a chamber may typically change over

time during such a test, and at what stage metering is performed; and
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Figure 6 shows a graph illustrating how the pressure development may be in a chamber dur-
ing and after a test according to the first aspect of the invention, and when during the

test the parameters used in the determinations are obtained.

Figure 1 shows an apparatus 1 for testing the integrity of the structure 2. More particularly, the ap-
paratus 1 is used to determine if there is a leak through a part of the structure 2, and it is used to

determine an amount of fluid leaking through the part of the structure 2 per unit time.

The structure 2 forms a chamber 22, which in this embodiment is a first portion 22 of a wellbore 21

of a petroleum well. The structure 2 comprises a barrier 23 for separating the chamber 22 from an

adjacent envircnment, in this embodiment a second portion 24 of the wellbore 21. The chamber 22
contains a fluid including a gas. The apparatus 1 is employed to determine if there is a leak associ-
ated with the barrier 23.

A pipe 25 forms a flow path for the gas from the chamber 22 to a receiving end (not shown) for re-
ceiving the gas. There is a pressure differential between the chamber 22 and the receiving end.
The pressure in the chamber 22 is higher than the pressure in the receiving end, such that a flow of

gas through the pipe 25 can be directed from the chamber 22 to the receiving end.

The receiving end has for example a closed drain system, a tank, a flaring system, a process plant,

or other low-pressure receiver.

The apparatus 1 has a valve 13 placed in the pipe 25 for blocking or opening the flow path. Fur-
thermore, the apparatus has a pressure sensor 11 for determining the pressure of the fluid in the
chamber 22, and a flow meter 12 for determining a rate of flow of gas from the chamber 22, both

placed in the pipe 25.

The purpose of the apparatus 1 in this embodiment is mainly to determine if there is a leak of fluid
from the second portion 24 into the chamber 22 and to determine a flow rate of fluid from the sec-
ond portion 24 into the chamber 22 if there is a leak.

A method of testing the integrity of the structure 2, using the apparatus 1, is performed as follows.

The structure 2 forms the chamber 22, and initially the valve 13 is closed. The chamber 22 is
therefore a closed volume containing the gas. The pressure senscr 11 determines an initial pres-

sure of the gas in the chamber 22.

The valve 13 is then opened. Gas is let cut of the chamber 22 and is conveyed in a flow along the
pipe 25 toward the receiving end. The flow rate of the gas in the flow is ocbtained and pressure ob-
tained from the pressure sensor 11 cn a continuous basis while the gas is being let out of the

chamber 22 and flows through the pipe 25.

By making use of the measured flow rate and pressure, it is then determined as to whether a leak
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has occurred. The rate of leakage is determined if there is found to be a leak. These “leak” deter-
minations are based upon the amount of gas that has left the chamber 22 at a given “later” point in

time, after opening the valve 13 and letting out gas from the chamber 22.

The leak determinaticns are made in this example through determining the mass of gas (i.e. an

amount of gas, m,) that has leaked into the chamber 22 by applying the following formula:

where:
m; = mass of gas having leaked into the chamber22 ;
m, = current mass of the gas in the chamber 22 at the later point in time;
m; = initial mass of gas in the chamber 22; and

m, = mass of produced gas.

Each of the variables on the right hand side of the above equaticn are determined and combined to

obtain the desired quantity (), as explained now further.
Initial mass

This is the mass of the total amount of the gas that is contained in the chamber 22 before the valve
13 is opened. The initial mass of gas m; may be determined by use of the following formula:

_Pi*Vi*MW
m-i_Zi:r.R:k'Fi

where:
m; = initial mass of a gas in the chamber 22;
P; = initial pressure in the chamber 22;
V; = initial gas volume in the chamber 22;
MW = molecular weight of the gas in the chamber 22;
Z; = initial compressibility of the gas in the chamber 22;
R = rankine constant; and

T; = initial temperature in the chamber 22.

An operator generally knows the volume of the chamber 22 as this is dictated by the physical de-
sign of the structure 2 being investigated. The initial pressure from the pressure sensor 11 is used
to determine the initial mass of gas in the chamber 22. The initial pressure P;is obtained from the
pressure sensor 11. The initial gas volume in the chamber 22 the molecular weight of the gas in
the chamber 22, the initial compressibility of the gas in the chamber 22 are also generally known to

the operator, as is the initial temperature T; in the chamber 22.

The variables discussed above can be determined if not known. The initial temperature T; can be

determined by use of a temperature sensor. The initial gas velume V; can be determined from
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determining or knowing the total volume of the chamber 22 and determining a gas-liquid contact in
the chamber 22 by use of an acoustic measuring device. The molecular weight MW and the initial
compressibility of the gas Z; can be determined by use of a gas chromatograph. A skilled person
will understand that other methods of obtaining the variables than those mentioned may be used to
obtain the variables.

As can be appreciated, any measurements that are dependent upon live conditions, such as for ex-
ample the temperature measurement, initial pressure, and the amount of the gas that is fed into the
chamber 22 to prepare it for the test are made in a preliminary stage, before opening the valve 13
to let out of the chamber 22 through the pipe 25.

Produced mass

When the initial mass of the gas and the initial pressure have been determined, the valve 13 is
opened and gas flows from the chamber 22. As a result of the flow of gas from the chamber 22,
pressure drops over time. The gas that leaves the chamber 22 and flows through a section of the

pipe 25 is referred to as “produced gas”.
The mass (i.e. amount) of produced gas can be determined by use of the following formula:

m, = 0y B+ At
where:

m, = mass of produced gas;

Q = average gas flow over a period of time;

9, = average density of produced gas over the period of time; and

At = period of time.

Over a period of time, the gas flow is determined and recorded by use of the flow meter 12. Other

means for determining the flow are in other embodiments used instead of the flow meter 12.

The pressure is determined and recorded by use of the pressure sensor 11, and the determined
pressure is used to determine the density of produced gas. Together with the determined density,
the determined gas flow is used to determine a mass of produced gas, i.e. gas that has moved
from the chamber 22 through the flow meter 12, at a certain point in time, a period of time after

opening the valve 13.
Current mass

The current mass of gas in the chamber 22 at the later point in time can be determined similarly to

how the initial mass, with current, rather than initial, values for the variables in the formula:
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P+ V., » MW

Me =70 R « T,

The current values for the variables can be determined by use of previously mentioned methods, or
they can, in some cases, be assumed. E.g. the temperature in the chamber 22, the molecular
weight, the compressibility and the volume of gas may be assumed to stay substantially constant
during the course of a test.

The current mass of gas in the chamber 22 refers to the mass of gas at the later point in time after

the method is initiated and gas is flowing or has flowed cut of the chamber 22 through the pipe 25.
The pressure continucusly being measured from the pressure senscr 11 gives the pressure Pc.
Leak determination

In light of the above, by finding the initial mass of gas in the chamber 22, the mass of produced
gas, and the current mass of gas in the chamber 22, the mass m is readily obtainable and it is
therefore possible to deduce if there has been a leak of gas into the chamber 22 and to quantify

such aleak, e.g. obtain the leak rate

The presence of the leak may be determined as follows. If there is a positive value obtained for the
mass ml, then there is a leak. If the leak value is above a predefined threshold, then it could be in-
ferred from the leak value that the structure 2 is not of sufficient integrity, i.e. it fails the test.

From the determined mass mj, the leak rate can be found by use of the following formula:

U=
VTG, At

where:
Q, = average leak rate of gas into the chamber 22 over a period of time;
m; = mass of gas having leaked into the chamber 22;
8, = average density of gas having leaked into the chamber 22 over the period of time;

At = pericd of time.

In some variants, the calculations are autcrmmated. Recorded data and/or parameters from the flow
meter 12 and the pressure sensor 11 are fed as input data to a computer device 17, and the com-
puter device uses the data to perform the necessary determinations and/or analysis tc find if there

is a leak into the chamber 22 and/or quantify the leak rate if there is a leak.

In some variants of the method, a dynamic leak metering may advantageously be achieved. De-
pending on the case in question, the leak rate may change as a differential pressure between the
chamber 22 and the second section 24 changes as gas flows from the chamber 22 and the pres-
sure in the chamber 22 drops. By taking measurements of flow rate and pressure repeatedly and/or
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continuously, the leak rate development over time can be determined.

The determined pressure development can be compared to a modelled pressure development, to
determine a characteristic of an inflow intc the chamber 22 from the second portion 24. The mod-
elled pressure development can be a calculated pressure development given a determined leak
rate in a no-inflow scenaric. The comparison of the determined pressure development to the mod-
elled, no-inflow scenario, pressure development could give a clear indication of whether or not
there was an inflow of fluid into the chamber 22, and possibly also a rate of leak intc the chamber
22.

Note that other devices may be used to obtain data than those mentioned as part of the apparatus
described above with reference to Figure 1. It is possible to determine the gas flow from the cham-
ber 22 by other means than by use of a flow meter 12. The density of the gas may be determined
e.g. by use of a density sensor. The temperature may be determined e.g. by use of a temperature
sensor. The compressibility and/or the molecular weight of the gas may be determined e.g. by use
of a gas chromatograph. The volume of gas and/or liquid in the chamber 22, the temperature, the
compressibility and/or the molecular weight may in many cases be readily available and known to

an operator e.g. from earlier knowledge about or earlier operations performed at the site.

In Figure 2, ancther variant of the apparatus 1 has an acoustic measuring device 16 for determin-
ing a gas-liquid contact in the chamber 22 in a case where it is expected that the chamber 22 not
only contains gas, but also contains liquid, and/cr that the inflow fluid can contain liquid. Neverthe-
less, the technique as described above in relation to Figure 1 can still be used in the scenario of

Figure 2.

By way of the acoustic measuring device 16, the apparatus 1 can be used to determine an inflow of
fluid where the fluid is at least partly in liquid form. The acoustic measuring device 16 is used to
determine where in the chamber 22 the gas-liquid contact is, to determine the volume of the liquid
to determine the volume of the gas. The volume of gas in the chamber 22 will then be the total vol-
ume of the chamber 22 minus the volume of the liquid.

The acoustic measuring device 16 may be used a plurality of times over a time interval to deter-
mine if and potentially how the gas-liquid contact in the chamber 22 changes over time. The infor-
mation gathered from the plurality of times the acoustic measuring device 16 may be used to deter-
mine a leak rate of liquid into the chamber 22, and/cr for more accurately calculating the leak rate

of gas into the chamber 22.

Furthermore, the apparatus 1 of Figure 2 includes a computer device 17 for making calculaticns
using the data obtained by using the pressure sensor 11, the flow meter 12 and the acoustic meas-
uring device 16. The computer device 17 is connected to the pressure sensor 11, the flow meter 12
and the acoustic measuring device 16 for receiving data therefrom.
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The computer device 17 has a storage medium (not shown) for storing a computer program for per-
forming the calculation using the data. The program is executed by the processor of the computer
and determines whether fluid has entered the chamber 22 in the form of a leak and determines the

rate of entry of any such fluid that has enters the chamber 22.

Embodiments of the invention can be advantagecus in that they may avoid needing to lower pres-
sure in the chamber 22 to the same degree as in the inflow pressure tests of the prior ant. In partic-
ular, parameters can be obtained from the sensors 11, 12 whilst gas is let out of the chamber 22,
such that results may be cbtained more quickly. For example, a leak may be revealed and quanti-

fied continucusly from the moment that the gas is let cut of the chamber 22 in the flow.

It can be advantageous in various embodiments of the invention to determine the temperature of
the gas, as itis a parameter of the above-mentioned formulas for determining mass. The tempera-
ture can be determined if it is not known by an operator initially and/or if it may change during an
execution of the method. Likewise, it may be advantageous to determine at least one of: a molecu-
lar weight of the gas; and a compressibility of the gas. Either one of, or both of the molecular
weight of the gas and the compressibility may be determined by use of a gas chromatograph. The
molecular weight of the gas and the compressibility of the gas are variables in the formulas men-
tioned above. The variables may be known by an operator, but may be determined if the variables
are not known. The gas composition of the gas in the volume may change during an execution of
the method, which may result in a change of the molecular weight and compressibility. Therefore, if
there is a risk of the gas compaosition changing during an execution of the method, the molecular
weight and the compressibility of the gas could advantageously be determined as part of the step

of obtaining the parameter of the gas of the flow.

The method described above may be advantageous compared to prior art, as it may be carried out
and even completed while lowering the pressure in the chamber 22, without any preparatory lower-
ing of the pressure prior to obtaining relevant parameters to determine the condition of the struc-
ture. The pressure drop in the chamber 22 during the test may typically be lower than in prior art
tests, and the pressure build-up needed after completing the test may typically be lower. Thus, an
integrity test may be completed in significantly less time than in the prior art.

Figure 3 shows a graph illustrating a calculated theoretical zero-leak pressure response 200, a de-
termined pressure response 100 from a leak test, a mass leak rate 400 and a volumetric leak rate
300 from a test case wherein a method as described in relation to Figures 1 or 2 was applied and
used toc detect the presence of a leak and determine the mass of material leaked. Such a graphical
representation of the data may be used as part of the method to present obtained data, to illustrate
clearly if there is a leak, the rate of the leak, and how the leak rate changes over time as the pres-
sure of the fluid in the chamber 22 changes. Figure 3 further illustrates that it may be possible to
determine early whether there is a leak and whether said leak is of a rate that is not accepted ac-
cording to industry standards early, while the pressure in the chamber 22 is being reduced.
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Whether there is a leak may become apparent just by comparing the determined pressure re-
sponse 100 to the calculated theoretical zero-leak pressure response 200. As shown in Figure 3,
there can be a significant, clear difference between the thecretical pressure response 200 and the

determined pressure response 100.

Although the apparatus 1 described above and shown in Figures 1 and 2 comprises both a pres-
sure sensor 11 and a flow meter 12 for obtaining parameters associated with the flow or a condition
of gas in the flow, the method may be performed using cnly cne sensor 11, 12 for obtaining such a

parameter.

Given that the flow from the chamber 22 through the pipe 25 is restricted to a known flow rate, e.g.
by use of a type of flow-restricting device (not shown), it is enough in some variants to obtain infor-
mation on the pressure of fluid in the chamber and/or gas in the flow by use of a pressure sensor
11 to be able to determine whether fluid has entered the chamber 22.

It may also be possible to determine whether fluid has entered the chamber 22 by using a flow me-
ter 12 only, without using a pressure sensor 11. This may be done, e.g. if a pressure downstream
of the flow meter 12 is known and substantially constant. It may then be possible to deduce an ex-
pected development of flow through the flow meter 12 for a theoretical scenario where there is no
inflow into the chamber 22. A comparison of expected development of flow to a flow measured by

use of the flow meter 12 may then be used to determine whether fluid has entered the chamber 22.

It should be noted that the above-mentioned embodiments illustrate rather than limit the invention,
and that those skilled in the art will be able to design many alternative embodiments without depart-

ing from the scope of the appended claims.

Methods of determining parameters of a fluid, such as pressure, gas volume, molecular weight of a
gas, compressibility of a gas, temperature of a gas, mass of a gas, and more, that may be relevant
for the method according to the invention, that are not mentioned in this text, that are known to a
skilled person, or that will in the future be known to a skilled person, may be performed as part of
the method according to the invention. The invention is not restricted to the specific methods of ob-
taining said parameters mentioned in this text.

In the claims, any reference signs placed between parentheses shall not be construed as limiting
the claim. Use of the verb "comprise" and its conjugations does not exclude the presence of ele-
ments or steps cther than those stated in a claim. The article "a" or "an" preceding an element

does not exclude the presence of a plurality of such elements.

The mere fact that certain measures are recited in mutually different dependent claims does not

indicate that a combination of these measures cannot be used to advantage.

SUBSTITUTE SHEET (RULE 28)



10

15

20

25

WO 2019/209121

16 PCT/NO2019/050095

Claims

A method of testing an integrity of a structure (2) separating a chamber (22) from an adja-
cent environment, the methodbeing characterised in thatitcom-
prises the steps of:

a. letting out gas from the chamber (22) in a flow, increasing a pressure differ-
ential between the chamber (22) and the adjacent environment;

b. using at least one sensor (11, 12) to obtain at least one parameter associated
with the flow or a condition of gas in the flow; and

c. determining whether fluid has entered the chamber (22) in performing step a,
and/or determining a rate of fluid entering the chamber (22) in performing step a, using
the cbtained parameter, the determination being based on the amount of gas that has left
the chamber (22).

The method according te claim 1, wherein the method is a method of perferming an in-

flow test.

The method according to claim 1 or 2, wherein the determination in step ¢ is performed
during step a, or subsequently by analysing acquired data.

The method according to any one of the preceding claims, wherein step a further com-
prises reducing fluid pressure in the chamber (22) and the determination is performed so
as to determine whether fluid has entered the chamber (22) in step a, and/or determine
the rate of fluid entering the chamber (22), in a period over which the pressure in the

chamber (22) has reduced.

The method according to any cne of the preceding claims, wherein the determination in

step ¢ further comprises evaluating the amount of gas that has left the chamber (22).

The method according te any one of the preceding claims, wherein the method further
comprises performing at least one calculation to determine an amount of fluid that has

entered the chamber (22) based on any cne or more of:

i. the amount of gas remaining in the chamber (22) after step a is started;

ii. the initial amount of gas in the chamber (22) before step a is started; and

ii. the amount of gas that has left the chamber (22) in performing step a.
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10.

11.

12.

13.

14.

15.

The method according to claim 8, wherein the method further comprises calculating any
one or more of said amounts i. to iii. using the parameter obtained by use of the sensor
(11, 12).

The method according to any cne of the preceding claims, which further comprises using
the parameter cbtained by way of the sensor to evaluate or calculate the amount of gas
that has left the chamber (22).

The method according to any cne of the preceding claims, wherein the determination in
step c is further based on the amount of gas remaining in the chamber (22) after said

amount of the gas has left the chamber (22) in the flow.

The method according to any one of the preceding claims, wherein the parameter com-
prises a pressure of gas in the flow, and is obtained using a pressure sensor (11) in fluid
communication with the flow.

The method according to any one of the preceding claims, wherein the parameter com-
prises a flow rate of the flow, and is cbtained using a flow rate sensor (12) in fluid com-

munication with the flow.

The method according te any cne of the preceding claims, wherein the parameter com-
prises a temperature of the gas, and wherein the parameter is cbtained by use of a tem-

perature sensor in fluid communication with the flow.

The method according to any cne of the preceding claims, wherein the determination in

step ¢ comprises determining, calculating, or estimating any cne or more of:
i. the amount of gas remaining in the chamber (22) after step a is started;
ii. the initial amount of gas in the chamber (22) before step a is started; and
iii. the amount of gas that has left the chamber (22) in performing step a.

The method according to claim 13, wherein: the amount of gas comprises a mass of the
gas; the initial amount of gas comprises an initial mass of the gas; and the amount of gas
that has left the chamber (22) comprises a mass of the gas that has left the chamber
(22).

The method according to claim 14, wherein the initial mass of gas in the chamber (22), m;

is determined, calculated, or estimated using the following formula:

P+ Vi MW

m; =
Zi+*R+T;

where:

m; = initial mass of the gas in the chamber (22);

SUBSTITUTE SHEET (RULE 28)



10

15

20

25

35

18

WO 2019/209121 PCT/NO2019/050095
P; = initial pressure in the chamber (22);
V; = initial gas volume in the chamber (22);
MW = molecular weight of the gas in the chamber (22);
Z; = initial compressibility of the gas in the chamber (22);
R = rankine constant; and
T; = initial temperature of the gas in the chamber (22).

16. The method according to claim 13, 14 or 15, wherein the amount of gas remaining in the

17.

18.

19.

chamber (22) comprises a current mass of gas in the chamber (22) which is determined,

calculated, or estimated using the following fermula:

Pg Ve r MW
ZerR*Te

m, =
where:

m, = current mass of the gas in the chamber (22)

P. = current pressure in the chamber (22);

V. = current gas volume in the chamber (22);

MW = molecular weight of the gas in the chamber (22);

Z. = current compressibility of the gas in the chamber (22);

R = rankine constant; and

T. = current temperature in the chamber (22).

The method according to any one of the preceding claims, wherein the method further
comprises determining an amount of fluid which has entered the chamber (22) in a leak in
a barrier (23) of the structure (2), from an exterior of the structure (2) into the chamber
(22).

The method according to claim 17, wherein the determination of the amount of fluid which
has entered the chamber (22) in the leak comprises calculating, determining, or estimat-
ing a mass of a gas that has leaked through the barrier (23) portion in the structure (2)
using a linear combination of a current mass of gas in the chamber (22), an initial mass of
gas in the chamber (22), and a mass of the gas that is produced by the gas leaving the
chamber (22) in the flow.

The method according to claim 18, wherein the mass of the gas that has leaked is calcu-
lated, determined, or estimated using the following formula:

m, = Mme— m;+ my
where:

m, = mass of gas having leaked into the chamber (22);

m, = current mass of the gas in the chamber (22);

m; = initial mass of the gas in the chamber (22); and

m,, = mass of gas produced in the flow.
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The method according to any one of the preceding claims, wherein the step of obtaining
the parameter or parameters is performed a plurality of times.

The method according to claim 20, wherein a plurality of calculations are performed using
the parameter or parameters cbtained from obtaining the parameter or parameters a plu-

rality of times to determine how a leak rate changes over time.
The method according te any one of the preceding claims, which further comprises:
calculating a pressure response for a theoretical zero-leak situation;

using the sensor tc determine at least one pressure of the gas in the flow from the
chamber (22);

comparing the calculated response for the theoretical zero-leak situation to the de-
termined pressure response (100) obtained by use of a pressure sensor (11); and

using the comparison to determine a condition of the structure (2).

The method according to claim 22, wherein the pressure response for the theoretical
zerc-leak situation is calculated using the following formula:

_ [mi=mp]e ze4Be T

P
z VerMW

where:
P,, = pressure response with zero leak through the barrier (23).

The method according te any one of the preceding claims, wherein the structure (2) com-

prises a pipe (25) or a part thereof.

The method according te any cne of the preceding claims, wherein the structure (2) forms

a portion of a well.

The method according toe any cne of the preceding claims, which further comprises deter-

mining an amount of liquid in the chamber (22).

The method according to claim 26, wherein the step of determining an amount of liquid in
the chamber (22) comprises determining a gas-liquid contact in the fluid in the chamber
(22).

The method according te any one of claims 26 or 27, wherein the step of determining an

amount of liquid in the chamber (22) comprises using an acoustic measuring device (16).
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The method according to any one of claims 26-28, wherein the step of determining an
amount of liquid in the chamber (22) is performed a plurality of times, including prior to,

during and after letting out gas from the chamber (22) in a flow.

The method according te any one of claims 26-29, wherein the determined amount of lig-
uid in the chamber (22) is used as a parameter in determining an amount of liquid which
has entered the chamber (22) in a leak in a barrier (23) of the structure (2), from an exte-

rior of the structure (2) intc the chamber (22).

The method according to claim 30, wherein the determined amount of liquid which has
entered the chamber (22) in the leak in the barrier (23) of the structure (2) is used as a
parameter to determine an amount of gas which has entered the chamber (22) in a leak
in the barrier (23) of the structure (2), from an exterior of the structure into the chamber
(22).

Apparatus (1) for testing an integrity of a structure (2) separating a chamber (22) from an
adjacent environment, the apparatus (1) comprising:

at least one flow line secticn for containing a flow comprising gas from the
chamber (22);

at least one sensor for obtaining at least one parameter associated with the flow
or a conditiocn of gas in the flow; and

at least one determiner configured tc use the cbtained parameter for determin-
ing whether fluid has entered the chamber (22) and/or determining a rate of fluid entering
the chamber (22), the fluid entering chamber (22) after the gas is let cut of the chamber
(22) in the flow, the determination being based on the amount of gas that has left the
chamber (22).

Apparatus (1) according to claim 32, wherein the sensor further comprises either or both
of: a pressure sensor (11) for obtaining at least one pressure in the flow; and a flow meter
(12) for obtaining at least one flow rate of the flow.

Apparatus (1) according to claim 32 or 33, wherein the determiner comprises a computer
device (17).

Apparatus (1) according te any of claims 32 to 34, wherein the sensor is in fluid communi-

cation with the chamber (22) and/or the flow from the chamber (22).

Apparatus (1) according tc any one of the claims 32 to 35, wherein the apparatus (1) fur-
ther comprises a temperature sensor for determining a temperature and an acoustic

measuring device (16) for determining an amount of liquid in the chamber (22).
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Apparatus (1) according to any of claims 31 to 36, further comprising at least one valve
(13) operable for opening and closing a flow line for letting gas out of the chamber (22)
for performing the test of the integrity of the structure (2).

A computer program for use in perferming the method of any of claims 1 to 31.

The computer program according to claim 38, wherein the computer program comprises
machine readable instructions for determining whether fluid has entered the chamber
(22) and/or determine a rate of fluid entering the chamber (22) wherein the fluid entering
the chamber (22) after the gas is let out of the chamber (22) in the flow, the determination

being based on the amount of gas that has left the chamber (22).

A computer device (17) for use in performing the method of any of claims 1 to 31, the
computer device (17) comprising at least one processor, the processor being configured
to execute the computer program of claim 38 or 39, to perform the determination.

A computer-accessible storage medium on which at least part of the computer program of

claims 38 or 39 is stored.
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