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Methods, systems, and techniques for detecting at least one of an influx event and a loss event during well drilling involve using one
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ated and measured tlow out, to identify or determine whether the influx or
loss event is occurring, or to sound some other type of related alert. These
determinations may be performed in a computationally efficient manner,
such as by using one or both of a time and depth sensitive regression.
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METHOD AND SYSTEM FOR DETECTING AT LEAST ONE OF AN INFLUX EVENT
AND A LOSS EVENT DURING WELL DRILLING

[0001]
TECHNICAL FIELD

[0002] The present disclosure is directed at methods, systems, and techniques for detecting

at least one of an influx event and a loss event during well drilling.
BACKGROUND

[0003] During conventional oil and gas well drilling, a drill bit attached to one end of a
drill string is rotated into and through a formation in order to drill the well. Drilling fluid, also
known as “drilling mud”, is pumped through the drill string and into the well to provide lubrication,
to flush away drill cuttings, and to counter the pressure of formation fluid. Examples of formation

fluid comprise oil, gas, and water.

[0004] In some situations, however, the pressure of the drilling fluid against the annular
surface of the well (“drilling fluid pressure”) substantially differs from the opposing pressure of
the formation fluid (“formation fluid pressure”). If the drilling fluid pressure is too low relative to
the formation fluid pressure, formation fluid may enter the well; this is referred to as an “influx
event” or a “kick”. In certain situations, an influx event may lead to a blowout, which is potentially

a devastating drilling event.

[0005] If the drilling fluid pressure is too high, it can overcome the fracture strength of the
formation, which can result in loss of drilling fluid to the formation; this loss of drilling fluid is
referred to as a “loss event”. A loss event can consequently reduce the drilling fluid pressure, which

may result in an influx event.

Date regue/Date received 2023-06-09
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[0006] Given that both influx and loss events may lead to a blowout, there exists
continued research and development into methods, systems, and techniques for detecting influx
and loss events.

SUMMARY

[0007] According to a first aspect, there is provided a method for detecting at least one of
an influx event and a loss event during well drilling, the method comprising (a) determining (i) a
pit volume difference between estimated pit volume and measured pit volume; (ii) whether the
magnitude of the pit volume difference exceeds an influx event threshold and the measured pit
volume exceeds the estimated pit volume; and (iii) whether the magnitude of the pit volume
difference exceeds a loss event threshold and the estimated pit volume exceeds the measured pit
volume; (b) when the magnitude of the pit volume difference exceeds an influx event threshold
and the measured pit volume exceeds the estimated pit volume, identifying the influx event as
occurring; (¢) when the magnitude of the pit volume difference exceeds a loss event threshold
and the estimated pit volume exceeds the measured pit volume, identifying the loss event as

occurring, wherein the estimated pit volume comprises a time sensitive regression.

[0008] The estimated pit volume may further comprise a depth sensitive regression.
Alternatively, the estimated pit volume may comprise the depth sensitive regression and not the

time sensitive regression.

[0009] A first estimated pit volume may be used to identify the influx event and a second
estimated pit volume may be used to identify the loss event. The first estimated pit volume may
be determined as a trailing minimum of the measured pit volume and the second estimated pit

volume may be determined as a trailing maximum of the measured pit volume.

[0010] According to another aspect, there is provided a method for detecting at least one
of an influx event and a loss event during well drilling, the method comprising (a) determining
(i) a pit volume difference between estimated pit volume and measured pit volume; (ii) whether
the magnitude of the pit volume difference exceeds an influx event threshold and the measured
pit volume exceeds the estimated pit volume; (iii) whether the magnitude of the pit volume
difference exceeds a loss event threshold and the estimated pit volume exceeds the measured pit

volume; (b) when the magnitude of the pit volume difference exceeds an influx event threshold

-
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and the measured pit volume exceeds the estimated pit volume, identifying the influx event as
occurring; and (c) when the magnitude of the pit volume difference exceeds a loss event
threshold and the estimated pit volume exceeds the measured pit volume, identifying the loss
event as occurring, wherein the estimated pit volume is determined from a difference between a
sum of flow out measurements and a sum of flow in measurements. Each of these sums may

comprise an integral of flow measurements.

[0011] The flow in measurements that are summed may take into account the time for

drilling fluid to travel from a mud tank to an input flow meter.

[0012] The flow out measurements that are summed may take into account the time for

drilling fluid to travel from a return flow meter to a mud tank.

[0013] According to another aspect, there is provided a method for detecting at least one
of an influx event and a loss event during well drilling, the method comprising (a) determining
(1) a flow estimate difference between estimated flow out and measured flow out; (ii) whether the
magnitude of the flow estimate difference exceeds an influx event threshold and the measured
flow out exceeds the estimated flow out; (iii) the magnitude of the flow estimate difference
exceeds a loss event threshold and the estimated flow out exceeds the measured flow out; (b)
when the magnitude of the flow estimate difference exceeds an influx event threshold and the
measured flow out exceeds the estimated flow out, identifying the influx event as occurring; and
(c) when the magnitude of the flow estimate difference exceeds a loss event threshold and the
estimated flow out exceeds the measured flow out, identifying the loss event as occurring,
wherein the estimated flow out comprises a sum of measured flow in readings measured during
or around one or both of pump on and off transient events. Any one or more of the measured

flow readings may be scaled prior to being summed.

[0014] The estimated flow out may further comprise a sum of scaled readings based on

changes in bit depth compared to hole depth.

[0015] According to another aspect, there is provided a method for detecting at least one
of an influx event and a loss event during well drilling, the method comprising (a) determining

(1) a pit volume difference between estimated pit volume and measured pit volume; (ii) a flow

-3 -
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estimate difference between estimated flow out and measured flow out; (iii) whether the
magnitude of the pit volume difference exceeds an influx event threshold and the measured pit
volume exceeds the estimated pit volume and when the magnitude of the flow estimate
difference exceeds an influx event threshold and the measured flow out exceeds the estimated
flow out; and (iv) whether the magnitude of the pit volume difference exceeds a loss event
threshold and the estimated pit volume exceeds the measured pit volume and when the
magnitude of the flow estimate difference exceeds a loss event threshold and the estimated flow
out exceeds the measured flow out; (b) when the magnitude of the pit volume difference exceeds
an influx event threshold and the measured pit volume exceeds the estimated pit volume and
when the magnitude of the flow estimate difference exceeds an influx event threshold and the
measured flow out exceeds the estimated flow out, identifying the influx event as occurring; and
(c) when the magnitude of the pit volume difference exceeds a loss event threshold and the
estimated pit volume exceeds the measured pit volume and when the magnitude of the flow
estimate difference exceeds a loss event threshold and the estimated flow out exceeds the
measured flow out, identifying the loss event as occurring, wherein the estimated pit volume
comprises a time sensitive regression and wherein the estimated flow out comprises a sum of
scaled and measured flow in readings measured during or around one or both of pump on and off

transient events.

[0016] According to another aspect, there is provided a method for detecting at least one
of an influx event and a loss event during well drilling involve using one or both of errors
between 1) estimated and measured pit volume, the estimated pit volume being determined in
accordance with any aspect or embodiment for estimating pit volume as described in this
disclosure, and 2) estimated and measured flow out, the estimated flow out being determined in
accordance with any aspect or embodiment for estimating pit volume as described in this

disclosure.

[0017] According to another aspect, there is provided a method for detecting at least one
of an influx event and a loss event during well drilling. The method comprises (a) determining,
using a processor, an estimated pit volume, wherein the processor determines the estimated pit
volume as one of a value less than or equal to a trailing median of a measured pit volume and a

value greater than or equal to the trailing median of the measured pit volume; (b) determining,

-4 -
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using the processor, a pit volume difference between the estimated pit volume and a measured pit
volume, and (i) when the processor determines the estimated pit volume as the value less than or
equal to the trailing median, whether the magnitude of the pit volume difference exceeds an
influx event threshold and the measured pit volume exceeds the estimated pit volume; and (ii)
when the processor determines the estimated pit volume as the value greater than or equal to the
trailing median, whether the magnitude of the pit volume difference exceeds a loss event
threshold and the estimated pit volume exceeds the measured pit volume; (¢) when the processor
determines that the magnitude of the pit volume difference exceeds the influx event threshold
and the measured pit volume exceeds the estimated pit volume, identifying the influx event as
occurring; and (d) when the processor determines that the magnitude of the pit volume difference
exceeds the loss event threshold and the estimated pit volume exceeds the measured pit volume,

identifying the loss event as occurring.

[0018] The estimated pit volume may be determined as the value less than or equal to the

trailing median of the pit volume.

[0019] The value less than or equal to the trailing median of the pit volume may be less

than or equal to a 15% order statistic of the pit volume.

[0020] The estimated pit volume may be determined as the trailing minimum of the

measured pit volume.

[0021] The estimated pit volume may be determined as the value greater than or equal to

the trailing median of the pit volume.

[0022] The value greater than or equal to the trailing median of the pit volume may be

greater than or equal to an 85% order statistic of the pit volume.

[0023] The estimated pit volume may be determined as the trailing maximum of the

measured pit volume.

[0024] The method may further comprise (a) determining, using the processor, an
additional estimated pit volume as the other of the trailing minimum and the trailing maximum

of the measured pit volume; (b) determining, using the processor, an additional pit volume

-5
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difference between the additional pit volume and the measured pit volume, and (i) when the
processor determines the additional estimated pit volume as the trailing minimum, whether the
magnitude of the additional pit volume difference exceeds the influx event threshold and the
measured pit volume exceeds the additional estimated pit volume; and (ii) when the processor
determines the additional estimated pit volume as the trailing maximum, whether the magnitude
of the additional pit volume difference exceeds the loss event threshold and the additional
estimated pit volume exceeds the measured pit volume; (c) when the processor determines that
the magnitude of the additional pit volume difference exceeds the influx event threshold and the
measured pit volume exceeds the additional estimated pit volume, identifying the influx event as
occurring; and (d) when the processor determines that the magnitude of the additional pit volume
difference exceeds the loss event threshold and the additional estimated pit volume exceeds the

measured pit volume, identifying the loss event as occurring.

[0025] According to another aspect, there is provided a method for detecting at least one
of an influx event and a loss event during well drilling. The method comprises (a) determining,
using a processor, an estimated flow out, wherein the estimated flow out comprises a sum of
scaled and historical measured flow in readings, wherein weights used to scale the measured
flow in readings are determined using the measured flow in readings measured during or around
one or both of pump on and off transient events; (b) determining, using the processor, a flow out
difference between the estimated flow out and measured flow out, and at least one of (i) whether
the magnitude of the flow out difference exceeds an influx event threshold and the measured
flow out exceeds the estimated flow out; and (ii) whether the magnitude of the flow out
difference exceeds a loss event threshold and the estimated flow out exceeds the measured flow
out; (c) when the processor determines that the flow out difference exceeds the influx event
threshold and the measured flow out exceeds the estimated flow out, identifying the influx event
as occurring; and (d) when the processor determines that the flow out difference exceeds the loss
event threshold and the estimated flow out exceeds the measured flow out, identifying the loss

event as occurring.

[0026] The processor may determine whether the magnitude of the flow out difference

exceeds the influx event threshold and the measured flow out exceeds the estimated flow out,
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and not whether the magnitude of the flow out difference exceeds the loss event threshold and

the estimated flow out exceeds the measured flow out.

[0027] The processor may determine whether the magnitude of the flow out difference
exceeds the loss event threshold and the estimated flow out exceeds the measured flow out, and
not whether the magnitude of the flow out difference exceeds the influx event threshold and the

measured flow out exceeds the estimated flow out.

[0028] The processor may determine whether the magnitude of the flow out difference
exceeds the influx event threshold and the measured flow out exceeds the estimated flow out,
and whether the magnitude of the flow out difference exceeds the loss event threshold and the

estimated flow out exceeds the measured flow out.

[0029] The weights may be determined from the measured flow in readings measured

within five minutes of one or both of pump on and off transient events.

[0030] The weights may be determined using a time sensitive regression.
[0031] The time sensitive regression may be a linear regression.
[0032] The estimated flow out may further comprise a sum of scaled and historical

readings of changes with respect to time of a difference between hole depth and bit depth.

[0033] The weights used to scale the readings of changes with respect to time of the
difference between hole depth and bit depth may be determined during or around events during

which bit depth changes while hole depth stays constant.

[0034] The weights used to scale the readings of changes with respect to time of the
difference between hole depth and bit depth may be determined within five minutes of events

during which bit depth changes while hole depth stays constant.

[0035] The weights used to scale the readings of changes with respect to time of the

difference between hole depth and bit depth may be determined using a time sensitive regression.

[0036] The time sensitive regression may be a linear regression.

-7 -
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[0037] The weights may also be determined using measured flow in readings measured

during times other than during or around one or both of pump on and off transient events.

[0038] According to another aspect, there is provided a method for detecting at least one
of an influx event and a loss event during well drilling. The method comprises (a) determining,
using a processor, an estimated pit volume, wherein the processor determines the estimated pit
volume by using historical flow in measurements; (b) determining, using the processor, a pit
volume difference between estimated pit volume and measured pit volume, and at least one of (i)
whether the magnitude of the pit volume difference exceeds an influx event threshold and the
measured pit volume exceeds the estimated pit volume; and (i1) whether the magnitude of the pit
volume difference exceeds a loss event threshold and the estimated pit volume exceeds the
measured pit volume; (c) when the processor determines that the magnitude of the pit volume
difference exceeds the influx event threshold and the measured pit volume exceeds the estimated
pit volume, identifying the influx event as occurring; and (d) when the processor determines that
the magnitude of the pit volume difference exceeds the loss event threshold and the estimated pit

volume exceeds the measured pit volume, identifying the loss event as occurring.

[0039] The estimated pit volume may comprise a difference between a sum of historical

flow out measurements and a sum of historical flow in measurements.

[0040] The flow in measurements that are summed may be compensated for the time for

drilling fluid to travel from a mud tank to an input flow meter.

[0041] The flow in measurements that are summed may be compensated for the time for

drilling fluid to travel from a mud tank to an input flow meter.

[0042] The flow out measurements that are summed may be compensated for the time for

drilling fluid to travel from a return flow meter to a mud tank.

[0043] The historical flow in and flow out measurements may correspond to flow in and

flow out during or around one or both of pump on and off transient events.

[0044] The historical flow in and flow out measurements may correspond to flow in and

flow out within five minutes of one or both of pump on and off transient events.

-8-
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[0045] The processor may determine the estimated pit volume by determining a sum of
scaled and historical measured readings of changes with respect to time of flow in, wherein
weights used to scale the readings of changes with respect to time of flow in are determined from
measured flow in readings measured during or around one or both of pump on and off transient
events; and summing the sum of scaled and historical measured readings of changes with respect

to time of flow in to determine the estimated pit volume.

[0046] The weights may be determined from measured flow in readings measured within

five minutes of one or both of pump on and off transient events.

[0047] The weights may be determined using a time sensitive regression.
[0048] The regression may be a linear regression.
[0049] According to another aspect, there is provided a method for detecting at least one

of an influx event and a loss event during well drilling. The method comprises (a) determining,
using a processor (i) an estimated pit volume and an estimated flow out, wherein the estimated
flow out comprises a sum of scaled and historical measured flow in readings, wherein weights
used to scale the measured flow in readings are determined using the measured flow in readings
measured during or around one or both of pump on and off transient events; (ii) a pit volume
difference between the estimated pit volume and a measured pit volume; (iii) a flow out
difference between the estimated flow out and a measured flow out; (iv) at least one of (1)
whether the magnitude of the pit volume difference exceeds a pit volume influx event threshold,
the measured pit volume exceeds the estimated pit volume, the magnitude of the flow estimate
difference exceeds a flow out influx event threshold, and the measured flow out exceeds the
estimated flow out; and (2) whether the magnitude of the pit volume difference exceeds a pit
volume loss event threshold, the estimated pit volume exceeds the measured pit volume, the
magnitude of the flow out difference exceeds a flow out loss event threshold, and the estimated
flow out exceeds the measured flow out; (b) when the processor determines that the magnitude
of the pit volume difference exceeds the pit volume influx event threshold, the measured pit
volume exceeds the estimated pit volume, the magnitude of the flow estimate difference exceeds
the flow out influx event threshold, and the measured flow out exceeds the estimated flow out,

identifying the influx event as occurring; and (c) when the magnitude of the pit volume

-9
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difference exceeds the pit volume loss event threshold, the estimated pit volume exceeds the
measured pit volume, the magnitude of the flow out difference exceeds the flow out loss event
threshold, and the estimated flow out exceeds the measured flow out, identifying the loss event

as occurring,

[0050] The processor may determine whether the magnitude of the pit volume difference
exceeds a pit volume influx event threshold, the measured pit volume exceeds the estimated pit
volume, the magnitude of the flow estimate difference exceeds a flow out influx event threshold,
and the measured flow out exceeds the estimated flow out, and not whether the magnitude of the
pit volume difference exceeds a pit volume loss event threshold, the estimated pit volume
exceeds the measured pit volume, the magnitude of the flow out difference exceeds a flow out

loss event threshold, and the estimated flow out exceeds the measured flow out.

[0051] The processor may determine whether the magnitude of the pit volume difference
exceeds a pit volume loss event threshold, the estimated pit volume exceeds the measured pit
volume, the magnitude of the flow out difference exceeds a flow out loss event threshold, and the
estimated flow out exceeds the measured flow out, and not whether the magnitude of the pit
volume difference exceeds a pit volume influx event threshold, the measured pit volume exceeds
the estimated pit volume, the magnitude of the flow estimate difference exceeds a flow out influx

event threshold, and the measured flow out exceeds the estimated flow out.

[0052] The processor may determine whether the magnitude of the pit volume difference
exceeds a pit volume influx event threshold, the measured pit volume exceeds the estimated pit
volume, the magnitude of the flow estimate difference exceeds a flow out influx event threshold,
and the measured flow out exceeds the estimated flow out, and whether the magnitude of the pit
volume difference exceeds a pit volume loss event threshold, the estimated pit volume exceeds
the measured pit volume, the magnitude of the flow out difference exceeds a flow out loss event

threshold, and the estimated flow out exceeds the measured flow out.

[0053] The weights may be determined from the measured flow in readings measured

within five minutes of one or both of pump on and off transient events.

[0054] The weights may be determined using a time sensitive regression.

-10 -
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[0055] The time sensitive regression may be a linear regression.

[0056] The estimated flow out may further comprise a sum of scaled and historical

readings of changes with respect to time of a difference between hole depth and bit depth.

[0057] The weights used to scale the readings of changes with respect to time of the
difference between hole depth and bit depth may be determined during or around events during

which bit depth changes while hole depth stays constant.

[0058] The weights used to scale the readings of changes with respect to time of the
difference between hole depth and bit depth may be determined within five minutes of events

during which bit depth changes while hole depth stays constant.

[0059] The weights used to scale the readings of changes with respect to time of the

difference between hole depth and bit depth may be determined using a time sensitive regression.
[0060] The time sensitive regression may be a linear regression.

[0061] The weights may also be determined using measured flow in readings measured

during times other than during or around one or both of pump on and off transient events.

[0062] The processor may determine the estimated pit volume by applying a time

sensitive regression.

[0063] The processor may determine the estimated pit volume by applying a depth

sensitive regression.

[0064] The processor may determine the estimated pit volume by applying a time and

depth sensitive regression.
[0065] Each of the time and depth sensitive regressions may be a linear regression.

[0066] The estimated pit volume may be determined as a sum of the depth sensitive
regression and the time sensitive regression; each of the depth and time sensitive regressions may

be linear; the depth sensitive regression may be determined from historical measurements of hole

-11 -
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depth and the pit volume; and the time sensitive regression may be determined from historical

values of the depth sensitive regression.

[0067] The time sensitive regression may be linear and determined from historical

measurements of the pit volume.

[0068] The processor may determines the estimated pit volume as a value less than or
equal to a trailing median of the measured pit volume, and the processor may use the estimated

pit volume to identify the influx event as occurring.

[0069] The value less than or equal to the trailing median of the pit volume may be less

than or equal to a 15% order statistic of the pit volume.

[0070] The estimated pit volume may be determined as the trailing minimum of the

measured pit volume.

[0071] The processor may determine the estimated pit volume as a value greater than or
equal to the trailing median of the measured pit volume, and the processor may use the estimated

pit volume to identify the loss event as occurring.

[0072] The value greater than or equal to the trailing median of the pit volume may be

greater than or equal to an 85% order statistic of the pit volume.

[0073] The estimated pit volume may be determined as the trailing maximum of the

measured pit volume,

[0074] The processor may determine the estimated pit volume by using historical flow in
measurements.
[0075] The estimated pit volume may comprise a difference between a sum of historical

flow out measurements and a sum of historical flow in measurements.

[0076] The flow in measurements that are summed may be compensated for the time for

drilling fluid to travel from a mud tank to an input flow meter.

-12 -
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[0077] The flow in measurements that are summed may be compensated for the time for

drilling fluid to exit a mud tank as a result of a stroke of a mud pump.

[0078] The flow out measurements that are summed may be compensated for the time for

drilling fluid to travel from a return flow meter to a mud tank.

[0079] The historical flow in and flow out measurements may correspond to flow in and

flow out during or around one or both of pump on and off transient events.

[0080] The historical flow in and flow out measurements may correspond to flow in and

flow out within five minutes of one or both of pump on and off transient events.

[0081] The processor may determine the estimated pit volume by determining a sum of
scaled and historical measured readings of changes with respect to time of flow in, wherein
weights used to scale the readings of changes with respect to time of flow in are determined from
measured flow in readings measured during or around one or both of pump on and off transient
events; and summing the sum of scaled and historical measured readings of changes with respect

to time of flow in to determine the estimated pit volume.

[0082] The weights may be determined from measured flow in readings measured within

five minutes of one or both of pump on and off transient events.

[0083] The weights may be determined using a time sensitive regression.
[0084] The time sensitive regression may be a linear regression.
[0085] According to another aspect, there is provided a method for detecting at least one

of an influx event and a loss event during well drilling. The method comprises (a) determining,
using a processor, an estimated pit volume, wherein the processor determines the estimated pit
volume by applying at least one of a time and depth sensitive regression; (b) determining, using
the processor, a pit volume difference between the estimated pit volume and a measured pit
volume, and at least one of (i) whether the magnitude of the pit volume difference exceeds an
influx event threshold and the measured pit volume exceeds the estimated pit volume; and (ii)
whether the magnitude of the pit volume difference exceeds a loss event threshold and the

estimated pit volume exceeds the measured pit volume; (c) when the processor determines that
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the magnitude of the pit volume difference exceeds the influx event threshold and the measured
pit volume exceeds the estimated pit volume, identifying the influx event as occurring; and (d)
when the processor determines that the magnitude of the pit volume difference exceeds the loss
event threshold and the estimated pit volume exceeds the measured pit volume, identifying the

loss event as occurring.

[0086] The processor may determine the estimated pit volume using the time sensitive

regression and not the depth sensitive regression.

[0087] The processor may determine the estimated pit volume using the depth sensitive

regression and not the time sensitive regression.

[0088] The processor may determine the estimated pit volume using the depth sensitive

regression and the time sensitive regression.

[0089] The processor may determine whether the magnitude of the pit volume difference
exceeds the influx event threshold and the measured pit volume exceeds the estimated pit
volume, and not whether the magnitude of the pit volume difference exceeds the loss event

threshold and the estimated pit volume exceeds the measured pit volume.

[0090] The processor may determine whether the magnitude of the pit volume difference
exceeds the loss event threshold and the estimated pit volume exceeds the measured pit volume,
and not whether the magnitude of the pit volume difference exceeds the influx event threshold

and the measured pit volume exceeds the estimated pit volume.

[0091] The processor may determine whether the magnitude of the pit volume difference
exceeds the influx event threshold and the measured pit volume exceeds the estimated pit
volume, and whether the magnitude of the pit volume difference exceeds the loss event threshold

and the estimated pit volume exceeds the measured pit volume.
[0092] Each of the time and depth sensitive regressions may be a linear regression.

[0093] The estimated pit volume may be determined as a sum of the depth sensitive
regression and the time sensitive regression; each of the depth and time sensitive regressions may

be a linear regression; the depth sensitive regression may be determined from historical
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measurements of hole depth and the pit volume; and the time sensitive regression may be

determined from historical values of the depth sensitive regression.

[0094] The time sensitive regression may be linear and determined from historical

measurements of the pit volume.

[0095] In any of the foregoing aspects of the method or suitable combinations thereof,
the method may further comprise measuring one or more of pit volume, flow in, and flow out.
These measurements may be performed using a volume meter that is connected to the mud tank
(for pit volume measurements) and input and return flow meters located along fluid input and
return lines, respectively (for flow measurements). Additionally or alternatively, flow in
measurements may be performed by counting the number of strokes of the mud pump and
multiplying that number by the mud pump’s displacement per stroke while taking into account

the volume of the fluid input line.

[0096] According to another aspect, there is provided a system for detecting at least one
of an influx event and a loss event during well drilling, the system comprising a mud tank; a
fluid input line fluidly coupling the mud tank to the well; a fluid return line fluidly coupling the
mud tank to the well; a mud pump fluidly coupled to and located along the fluid input line for
pumping drilling fluid from the mud tank into the well; an input flow meter fluidly coupled to
and located along the fluid input line for measuring flow in of the drilling fluid into the well; a
return flow meter fluidly coupled to and located along the fluid input line for measuring flow out
of the drilling fluid into the mud tank; a volume meter affixed to the mud tank for measuring
total pit volume of the drilling fluid stored in the mud tank; a data analysis device
communicatively coupled to each of the input and return flow meters and to the volume meter,
the data analysis device comprising a processor communicatively coupled to a memory, the
memory have stored thereon program code that, when executed, causes the processor to perform
the method of any of the above aspects or suitable combinations thereof. In this aspect, the data
analysis device may measure input flow either directly using readings obtained by the input flow
meter, or by counting the number of strokes of the mud pump and multiplying that number by
the mud pump’s displacement per stroke while taking into account the volume of the fluid input

line.
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[0097] According to another aspect, there is provided a system for detecting at least one
of an influx event and a loss event during well drilling, the system comprising a mud tank; a
fluid input line fluidly coupling the mud tank to the well; a fluid return line fluidly coupling the
mud tank to the well; a mud pump fluidly coupled to and located along the fluid input line for
pumping drilling fluid from the mud tank into the well; a return flow meter fluidly coupled to
and located along the fluid input line for measuring flow out of the drilling fluid into the mud
tank; a volume meter affixed to the mud tank for measuring total pit volume of the drilling fluid
stored in the mud tank; a data analysis device communicatively coupled to each of the return
flow meter, the mud pump, and to the volume meter, the data analysis device comprising a
processor communicatively coupled to a memory, the memory have stored thereon program code
that, when executed, causes the processor to perform the method of any of the above aspects or
suitable combinations thereof. In this aspect, the data analysis device may measure input flow by
counting the number of strokes of the mud pump and multiplying that number by the mud
pump’s displacement per stroke while taking into account the volume of the fluid input line.
Through addition of an input flow meter, the data analysis device may additionally or

alternatively measure input flow directly using readings obtained by the input flow meter.

[0098] According to another aspect, there is provided a non-transitory computer readable
medium having encoded thereon program code that, when executed, causes a processor to

perform the method of any of the above aspects or suitable combinations thereof.

[0099] This summary does not necessarily describe the entire scope of all aspects. Other
aspects, features and advantages will be apparent to those of ordinary skill in the art upon review

of the following description of specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[00100] In the accompanying drawings, which illustrate one or more example
embodiments:
[00101] FIG. 1 is a diagram of a system for detecting at least one of an influx event and a

loss event during well drilling, according to one embodiment.

[00102] FIG. 2A is a graph showing the mode estimation results of the system of FIG. 2B.

-16 -



10

15

20

25

ca 02994479 2018~02-01

WO 2017/035658 PCT/CA2016/051040

[00103] FIG. 2B a block diagram of one embodiment of a system for mode determination
that comprises part of one embodiment of the system for detecting at least one of an influx event

and a loss event during well drilling.

[00104] FIG. 3 shows curves showing various drilling parameters illustrating application
of one embodiment of the system for detecting at least one of an influx event and a loss event

during well drilling.

[00105] FIG. 4 illustrates one embodiment of a method performed by one embodiment of
the system for detecting at least one of an influx event and a loss event to determine the

relationship between flow out and flow in.

[00106] FIGS. 5 and 6 show curves of drilling parameters during normal drilling operation
(FIG. 5) and when an influx event is detected (FIG. 6) by one embodiment of the system for

detecting at least one of an influx event and a loss event.

[00107] FIG. 7 shows a schematic of a closed fluid circuit comprising part of one

embodiment of the system for detecting at least one of an influx event and a loss event.

[00108] FIGS. 8A and 8B show flowcharts of example methods for detecting at least one

of an influx event and a loss event during well drilling, according to additional embodiments.

[00109] FIG. 9 shows curves of drilling parameters during normal drilling operation as
determined by one embodiment of the system for detecting at least one of an influx event and a

loss event.

[00110] FIG. 10 illustrates one embodiment of a method performed by one embodiment
the system for detecting at least one of an influx event and a loss event to determine the

relationship between residual flow and change in bit depth.

[00111] FIG. 11 shows curves of drilling parameters during normal drilling operation as
determined by one embodiment of the system for detecting at least one of an influx event and a

loss event.
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[00112] FIGS. 12 and 13 show examples of data analysis devices that may be used to
detect at least one of an influx event and a loss event during well drilling, according to additional

embodiments.

[00113] FIG. 14 shows an example user interface that may be displayed on an
embodiment of the data analysis device comprising a touchscreen, according to another

embodiment.
DETAILED DESCRIPTION

[00114] Referring now to FIG. 1, there is shown a system 100 for detecting at least one of
an influx event and a loss event during well drilling, according to one embodiment. The system
100 comprises a derrick 102 from which downwardly extends into a formation 106 a drill string
110 at the end of which is a drill bit 112. A top drive or kelly drive (not shown) suspended by the
derrick 102 is rotatably coupled to the drill string 110 and operates to rotate the drill string 110
and, consequently, the drill bit 112. Rotation of the drill bit 112 through the formation 106 drills
awell 108.

[00115] At surface, a reservoir 120 for drilling fluid (hereinafter interchangeably referred
to as a “mud tank 120” or “mud pit 120”) stores drilling fluid for pumping into the well 108 via
the drill string 110. A volume meter 122 is affixed to the mud tank 120 and is used to measure
the total volume of the drilling fluid stored in the mud tank 120 at any particular time (this
volume is hereinafter interchangeably referred to as “pit volume™). A closed fluid circuit
comprises the mud tank 120, a fluid input line 118a for sending the drilling fluid down the
interior of the drill string 110 and subsequently into the annulus between the drill string and the
annular surface of the well 108, and a fluid return line 118b for returning the drilling fluid from
that annulus to the mud tank 120; the direction of drilling fluid flow along this closed fluid
circuit is shown by arrows in FIG. 1. A mud pump 116 is fluidly coupled to and located along
the fluid input line 118a and is used to pump the drilling fluid from the mud tank 120 into the
drill string 110. An input flow meter 114a and a return flow meter 114b are fluidly coupled to
and located along the fluid input line 118a and fluid return line 118b, respectively, and are used
to monitor flow rates into and out of the well 108. While the depicted embodiment shows the

input flow meter 114a, in a different embodiment (not shown) the flow through the fluid input
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line 118a may be determined differently. For example, the number of strokes of the mud pump
116 may be counted and multiplied by the mud pump’s 116 displacement per stroke and the

volume of the fluid input line 118a to arrive at the flow rate.

[00116] Also at surface is a data recording device 104, an example of which is the Pason
Rig Display™. The data recording device 104 obtains sensor readings from various surface
sensors such as the flow meters 114ab and the volume meter 122 in addition to other surface
sensors (not shown) and any downhole sensors, such as those comprising part of a measurement-
while-drilling tool (not shown) that may comprise part of certain example embodiments. The
sensor readings are stored as data points in a text file and may comprise readings such as the hole
depth of the well 108; the rate of penetration of the drill bit 112; the depth of the drill bit 112; the
on bottom rate of penetration of the drill bit 112 through the formation 106; the weight on the
drill bit 112; the rotations per minute of the drill string 110 as measured at the surface; the rotary
torque applied to the drill string 110 as measured at the surface; the total pump output of the
pump 116 as measured by the input flow meter 114a (“flow in”); the total flow of drilling fluid
out the well 108 and back to the mud tank 120 (“flow out”); and the pit volume. In different
embodiments (not shown), the sensor readings may be stored in a different format, such as in a
database. An example data recording device 104 may comprise a 19” touchscreen, 4 GB of
random access memory, a 60 GB hard drive, and an Intel Core i7™ processor running at 1.5
GHz. The touchscreen and the enclosure comprising part of the data recording device 104 may

be sufficiently rugged and durable to permit extended use at rig sites.

[00117] A data analysis device 124 is communicatively coupled to the data recording
device 104 and is used to perform certain methods using the data obtained and recorded using the
data recording device 104. More particularly and as described in further detail below, the data
analysis device 124 determines whether at least one of a loss event and an influx event have
occurred, taking into account parameters such as the flow out and pit volume. More particularly,
certain embodiments described herein comprise computationally efficient techniques to estimate
flow out and pit volume and to use those estimates to identify whether a loss or influx event is
occurring. For example, certain embodiments apply one or both of a time and depth sensitive
regression to computationally efficiently estimate pit volume and flow out. An example data

analysis device 124 may comprise a 15” touchscreen, 2 GB of random access memory, a 16 GB
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SATA hard drive, and an Intel Core2Duo™ processor running at 1.5 GHz. The touchscreen and
the enclosure comprising part of the data analysis device 124 may be sufficiently rugged and
durable to permit extended use at rig sites. When used at rig sites, the data analysis device 124
may be located within the doghouse on the rig floor. An example user interface displayed on the

touchscreen of the device 124 is depicted in FIG. 14.

[00118] While FIG. 1 depicts the data recording device 104 and data analysis device 124
as being distinct, different configurations are possible. Furthermore, while the depicted
embodiment of the data recording device 104 stores sensor readings in a text file, in different
embodiments (not depicted) different formats may be used to store those readings. In other
embodiments (not depicted), the functionality of the devices 104,124 may be combined into a
single device or distributed between three or more devices. Additionally or alternatively, some or
all of the functionality of the data recording device 104 may be missing; for example, in one
different embodiment, the system 100 may collect and analyze data using the data analysis
device 124, but not store the data on a long term basis using the data recording device 104. As
another example, one or both of the data recording device and data analysis device 104,124 may
store data locally for one or more of display, analysis, and retrieval, but not send the data

remotely via any type of network.
Mode Determination

[00119] As discussed in further detail below, in certain embodiments the analysis device
124 may apply different methods to determine whether one or both of a loss and influx event is
occurring depending on the current drilling mode. By virtue of being connected to the recording
device 104, the analysis device 124 has access to drilling parameters such as pump output and bit
depth and uses those parameters to determine the current drilling mode. In the depicted example
embodiment, the analysis device 124 determines the following modes using the following

criteria:

(a) Pumps Circulating, Non-transient: flow in on, and flow in has been on for a

minimum flow in period, such as five minutes or ten minutes, or longer;
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(b)  Pumps Off, Transient: flow in off and has been for less than the minimum flow in
period;

(¢)  Pumps On, Transient: flow in on and has been for less than the minimum flow in
period; and

(d)  Idle: flow in off.

where “flow in on” refers to total pump output > 0. As the above is an example list for one
embodiment, different embodiments may use different criteria. For example, some example
embodiments may additionally or altematively use user specified criteria, such as whether tripping

is occurring.

[00120] FIG. 2B shows a graph of the analysis device’s 124 mode estimation results. In
regions 1, 3, 5, and 7, generally the analysis device 124 determines that flow in is on and the drill
bit 112 is on bottom and accordingly determines the mode as “pumps circulating”, although
intermittently the analysis device 124 also determines the mode to be in one of the pumps on or
off transient states. In regions 2 and 6 the analysis device 124 determines that the mode is
“tripping” in response to user input, such as through a user interface on the device 124. In region
4 the analysis device 124 determines that the mode is “partial tripping” or “reaming” also in

response to user input.

[00121] Referring now to FIG. 2A, there is shown a block diagram of one embodiment of a
system 200 for mode determination that comprises part of the system 100 for detecting at least one
of an influx event and a loss event. The system 200 comprises a data source 201 of a data stream
comprising drilling data, such as the data recording device 104. The data stream is sent to a mode
estimation module 202 that determines whether the system 100 is in pumps circulating, pumps off
transient, pumps on transient, idle, or tripping mode, as described above. The outputs of the mode
estimation module 202 are connected to various alarm modules: the mode estimation module 202
sends information relevant to the determination of whether the system 100 is in “tripping” mode
to an Alarms During Tripping (“AT”) alarm module, which determines whether to sound an alarm.
Similarly, the mode estimation module 202 sends information relevant to the determination of

whether the system 100 is in “pumps off transient” mode, “pumps circulating”
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mode, “idle” mode, and “pumps on transient” mode, to an Alarms at Pumps Stop Transients
(“AS”) alarm module, to an Alarms While Drilling (“AD”) alarm module, to an Alarms During
Idle Times (“AI”) alarm module, and to an Alarms at Pumps On Transients (“AQO”) alarm
module, respectively, and each of those modules is able to determine from the information it
receives from the mode estimation module 202 whether to sound an alarm. Each of these alarm
modules is communicative with a user interface module 204 that can alert the user of the system
100 to the system’s 100 current drilling mode. Each of the alarm modules is also communicative
with a cross-mode aggregation module 206, which may be used for cross-mode information
sharing. For example, one of the alarm modules may not trigger an alarm based only on the
information that it receives from the mode estimation module 202, but it may receive
information sent to the other alarm modules from the mode estimation module 202 via the cross-
mode aggregation module 206 and take other action in lieu of sounding its alarm (e.g., the
system 200 may trigger a different, cross-mode alarm). The cross-mode aggregation module 206
is also communicative with the user interface module 204. The modules 202,204,206 may be

implemented, for example, in software as objects in an object-oriented programming language.

Pumps Circulating Mode

[00122] When the data analysis device 124 determines that the rig is in the “pumps
circulating” mode, the device 124 uses one or both of pit volume and flow out, as described

below, to determine whether a loss or influx event has occurred.
[00123] In this disclosure, the following terms have the following definitions:
t —time
hd(t) — hole depth
bd(t) — bit depth
fin(t) — flow in
foue(t) — flow out
pv(t) — pit volume
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Posr(t,n) —the n™ most recent “pumps off event” prior to time “t”

Pon(t,n) — the n® most recent “pumps on event” prior to time “t”

Pevent(t, ) — the n™ most recent pumps on or pumps off event prior to time “t”
po(t) — Estimate of pit volume at time t

four(t) — Estimate of flow out at time t

[00124] The device 124 uses the following methods to estimate pit volume and flow out
during pumps circulating, and from one or both of pit volume and flow out determines whether

one or both of a loss event and an influx event are occurring.
Pit Volume

[00125] During pumps circulating, the device 124 presumes that the drill bit 112 is being
propelled through the formation 106 and that the pit volume approximately linearly decreases
with hole depth (i.e., the depth of the well 108), as more of the drilling fluid is used to fill an
increasingly deep well 108. Conventional attempts to determine the decrease in pit volume with
increasing hole depth using only a priori measurements of various drilling parameters (i.e.,
measurements of various drilling parameters obtained prior to drilling commencing, such as the
size of the bit 112 and diameter of the drill string 110) are typically prejudiced by their failure to
take into account parameters that arise during drilling (e.g., losses in pit volume due to cuttings,

and incomplete hole cleaning).

[00126] Notwithstanding those parameters that arise during drilling, the relationship

between pit volume and hole depth is approximately linear:
Poa(t) = a «hd(t) +y 1)

[00127] In Equation (1), @ and y are parameters that the device 124 determines from
historical measurements of hole depth and pit volume, including a fixed number of {hole depth,
pit volume} measurements from the most recently drilled N meters (typically, N = 100 m) using

any suitable method, such as least squares. Additional long-term activities at the rig on surface,
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such as adding fluid to the mud tank 120, pumping a pill, turning solids control machinery on or
off, and re-organizing one or more of the mud tanks 120 in embodiments comprising multiple
mud tanks 120, may also affect the observed pit volume. To the extent that the effect on the pit
volume is consistent over relatively long time periods, such as from approximately 10 minutes to

approximately 1 hour, the device 124 may estimate them using Equations (2) and (3):
po.(t) = pv(t) — pra(t) )

po. (1) ~ Bt 3

where f is a parameter that the device 124 determines using historical values of pv,(t) and
pv(t) over the most recent T seconds, where T may vary with different embodiments. For
example, T is typically between 600 seconds (10 minutes) and 3,600 seconds (1 hour). The

device 124 determines resulting pit volume error using Equations (4) and (5):

po(t) = poa(t) + po(t) )
PP (t) = pv(t) — po(t) ®)
[00128] The device 124 implements Equation (4) to generate an estimate for pit volume

that comprises a joint depth and time sensitive regression. The device 124 implements Equation
(5) to mark deviations in the pit volume by tracking the magnitude of p¥,(t). The device 124 is
accordingly able to track influx and loss events by tracking the deviations in the pit volume using
Equation (5) without requiring the user to specify additional drilling parameters such as loss due
to cuttings, bit depth, and hole cleaning. For example, in one embodiment the device 124
acquires one sample of data per second. For each sample of data, the device 124 estimates o and

B, and updates pv(t) and pv(t) by applying Equations (4) and (5).

[00129] In some embodiments, such as when the pit volume is not well modeled by hole
depth (e.g., the user may be changing drilling fluid weights or adding/removing fluid from the
system), the device 124 may apply different versions of Equations (4) and (5) that comprise the
time sensitive regression but not the depth sensitive regression. In these embodiments, the device

124 determines £ so that pv(t) directly estimates pv(t) by using historical values of pv(t) (as
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opposed to pv4(t) and pv(t) in embodiments in which the pit volume is well modeled by hole

depth) and then applies Equations (6) and (7):

po(t) = po.(t) (6)
PP (t) = pv(t) — Bo(t) )
[00130] Regardless of whether the device 124 implements Equations (4) and (5) or (6) and

(7), the device 124 is able to identify influx and loss events by tracking the sign and magnitude
of pv,.(t). In some embodiments, the device 124 identifies a loss event when the absolute value
of pp,(t) exceeds a loss event threshold and is negative, and identifies an influx event when the

absolute value of p, (t) exceeds an influx event threshold and is positive.

[00131] Referring now to FIG. 3, there are shown six curves showing various drilling
parameters for the well 108 over approximately 80 minutes: a flow in curve 302 showing flow in
for the well 108; a transient curve 304 showing whether the well 108 is in a transient state
resulting from the pump 116 being shut off and turned back on; a pit volume curve 306 showing
measured pit volume; a pit volume estimate curve 308 showing estimated pit volume as
determined using Equation (4); a hole depth curve 310 showing hole depth; and a bit depth curve
312 showing bit depth. As the flow in curve 302, transient curve 304, and pit volume curve 306
show, during a transient caused by a change in the state of the pump 116 the pit volume
temporarily jumps, with the jumps not resulting from a loss or influx event. In some
embodiments, the device 124 accordingly disregards estimates determined using Equations (4) —
(7) during transients and during other periods in which the mode estimation module 202

determines the mode not to be pumps circulating.

[00132] In some embodiments, the linear approximations relied on to determine Equations
(4) — (7) are relatively poor approximations for pit volume; for example, in certain situations
fluids may be added or removed from the mud tank 120 that cause the models used to determine
Equations (4) — (7) to behave unexpectedly due to the time-lagged nature of the linear models.
Accordingly, in some embodiments the device 124 may estimate the pit volume using a trailing

minimum and a trailing maximum:
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PVeroge(t) = min(Pv(t - l)) 3
PVaitate (t) = max(pv(t — 1)) €))

where i ranges from 0 to M samples or a corresponding number of seconds, with the result being
that the erode and dilate variables of Equations (8) and (9) represent trailing minimum and
maximum, respectively. Using Equations (8) and (9), the device 124 determines whether changes
in pit volume indicative of influx and loss events exist by determining whether €y, (t) of
Equation (10) exceeds the influx event threshold and whether e;,.;(t) of Equation (11) exceeds

the loss event threshold, respectively:

einflux(t) = pv(t) — PVerode(t) (10)
€loss(t) = PVaitate (£) — pv (L) an
[00133] Equations (8) and (9) represent special cases of order statistics (specifically, the

0% and 100% (1st and nth) order statistics of a vector of length n). Different embodiments may
use different order statistics. For example, one different example embodiment may respectively
use the 10% and 90% order statistics for pvg,oqe(t) and pvgiace (t), while another different
embodiment may use the 15% and 85% order statistics for pveroqe(t) and pvgigce (t).
Similarly, depending on the thresholds, in certain embodiments the trailing median (50% order
statistic) can also be used for both the erode and dilate values. More generally, in certain
embodiments any two order statistics for pv,-0qe(t) and prgiqare (t)may be used, with the order
statistic for pveroqe(t) being less than or equal to the the trailing median, and the order statistic

for pvg;q:e(t) being greater than or equal to the trailing median.
Flow Out

[00134] In addition to determining pit volume and pit volume error estimates, the device
124 also predicts expected flow out during normal drilling operations (e.g., any time the pumps
are on and the system is not in a transient state) using flow in as the independent variable. During
normal drilling operations, the relationship between flow in and flow out is relatively static; that
is, a fixed flow in provides a relatively fixed flow out. Consequently, it is relatively difficult to

determine the relationship between flow in and flow out that manifests during flow in transients
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(e.g., the time immediately following the pump 116 shutting off) from static drilling data.
Instead, the information about the relationship between flow in and flow out is primarily
contained in the time regions around the pump transients; i.e., the time periods immediately after
the pump 116 transitions from on to off or vice versa. The device 124 uses the information

contained in these transient regions to determine flow out based on Equation (12):
fout(t) - Z ﬁifin(t — i) (12)
i

where i varies over a fixed range, e.g. i € [0,120s]. Since the relatively important parts of the
drilling data are around (e.g., within five or ten minutes of) pump on and pump off transients,
Four (®) is determined using the N most recent Popene(t, 1), n € 1 ... N, where N may be varied to
control the speed with which f; updates. In one example embodiment, N € [1,10] have been
found to be useful for influx event detection, although in different embodiments different N

values, and in particular larger N values, may be used.

[00135] Referring now to FIG. 4, the device 124 concatenates multiple vectors of flow out
and flow in data around each pump event pgyen:(t, 1) into a matrix and applies a least squares
linear regression to determine the underlying relationship between flow out and flow in, £. In
FIG. 4, X represents flow in and Y represents the regression target, flow out. The device 124
extracts data from the N most recent pump transient events Peyen:(t,1) and using this data
determines B as (XX’)'XY. In certain embodiments, the model of FIG. 4 may be modified to
determine Sy, which acts as a DC offset in Equation (12); this offset accounts for non-zero flow
out measurements with zero-valued flow in measurements (e.g., measurements resulting from a
stuck or an erroneously calibrated paddle). While in the depicted embodiment a least squares
linear regression is used, in different embodiments (not depicted) one or both of a non-negative
least squares regression and a robust least-squares regression may be used. Furthermore, in
different embodiments, the device 124 may use an adaptive regression in which it updates f;
using information not only during or around pump transient events, but during or around
additional events as well. For example, in one example embodiment, the device 124 may

continuously update f; with the same frequency with which it applies Equation (12) to determine

fout (©).
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[00136] After the device 124 determines f,,.(t), the device 124 determines the difference
between f,,.(t) and the observed f,,.(t) and is able to identify influx and loss events by
tracking the sign and magnitude of this difference. In some embodiments, the device 124
identifies a loss event when the absolute value of this difference exceeds a loss event threshold
and this difference is negative, and identifies an influx event when the absolute value of this

difference exceeds an influx event threshold and this difference is positive.
Combining Pit Volume and Flow Out

[00137] In some embodiments, the device 124 uses only one of pit volume error and flow
out error to determine whether an influx or loss event is occurring, however, in other
embodiments, the device 124 uses both pit volume and flow out error to make this determination.
Using both pit volume error and flow out error may help to reduce false alarms due to spurious
noise without sacrificing sensitivity (i.e., while maintaining relatively high probability detection
of both influx and loss events). For example, determining that an influx event is happening based
on flow out error in addition to pit volume error slightly delayed in time may help to decrease the
false alarm rate by reducing the likelihood that bad data (e.g., resulting from a stuck paddle) is
triggering the determination that an influx or loss event is occurring. “Slightly delayed in time”
refers to the length of time for the drilling fluid to travel from the return flow meter 114b to the
mud tank 120; example lengths are anywhere from approximately 30 seconds to approximately 3

minutes.

[00138] Referring now to FIGS. 5 and 6, there are shown curves showing drilling
parameters during normal drilling operation (FIG. 5) and when an influx event is detected (FIG.
6). As in FIG. 3, each of FIGS. 5 and 6 comprises the flow in curve 302, transient curve 304, pit
volume curve 306, pit volume estimate curve 308, hole depth curve 310, and bit depth curve 312.
FIGS. 5 and 6 additionally comprise a flow out curve 502 and flow out estimate curve 504, with
the flow out curve 502 representing the reading from the return flow meter 114b and the flow out
estimate curve 504 being determined by the device 124 by applying Equation (12). Each of
FIGS. 5 and 6 also comprises a graph 506 of hole depth vs. pit volume and a graph 508 of pit

volume error vs. measured flow out.
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[00139] In FIG. 5, pit volume error is relatively low, as evidenced by the graph 508 of
predicted pit volume error vs. measured flow out and by comparing the pit volume and pit
volume estimate curves 306,308. Additionally, flow out error is relatively low, as evidenced by
the comparing the flow out and flow out estimate curves 502,504. This holds true during pump

transients and during pumps circulating.

[00140] In contrast, at approximately time = O minutes in FIG. 6, pit volume error is
relatively high, as evidenced by the graph 508 of predicted pit volume error vs. measured flow
out and by comparing the pit volume and pit volume estimate curves 306,308. Additionally, flow
out error is relatively high, as evidenced by the comparing the flow out and flow out estimate

curves 502,504. As pit volume error is positive, these errors indicate an influx event.

Pumps On Transient and Pumps Off Transient Modes

[00141] As discussed above, in some of the above embodiments the device 124 disregards
pit volume estimates resulting from pump transients. In the embodiments described in this
section, the device 124 estimates, during pump transient events, the relationship between flow in,
flow out, and pit volume, so that during subsequent pump transient events the expected flow out
and pit volume may be reconstructed from flow in data alone. This is referred to as well
fingerprinting and in certain situations may enable improved influx and loss event detection
when conventional fingerprinting approaches may fail (e.g., due to changing pump transient
lengths or changing pump behaviors). The well fingerprinting embodiments of this section use
the flow out model described in association with Equation (12), above; however, unlike the
embodiments used to estimate pit volume described in association with Equations (4) — (11),
these well fingerprinting embodiments do not rely on either a time or hole depth sensitive

regression.

[00142] Instead, the well fingerprinting embodiments primarily use transient data.
Referring now to FIG. 7, there is shown a schematic of the closed fluid circuit comprising the
mud tank 120, fluid input line 118a, fluid return line 118b, well 108, volume meter 122, and flow
meters 114a,b. FIG. 7 also shows time delays 11, 72, and T3, which represent the time delays
before a change in flow measured by the return flow meter 114b results in a change in volume

measured by the volume meter 122, before a change in volume measured by the volume meter
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122 results in a change in flow measured by the input flow meter 114a, and before a change in
flow recorded by the input flow meter 114a results in a change of flow measured by the return
flow meter 114b, respectively. In one different embodiment, instead of the input flow meter 114a
the device 124 is communicatively coupled to the mud pump 116 and tracks the mud pump’s 116
strokes, and measures the volume of mud pumped over a period of time by multiplying the
number of pump strokes during that period by the displacement per pump stroke. In this different
embodiment, T2 represents the delay between the pump stroke and when the resultant volume

change manifests in the mud pit 120.

[00143] As volume that the volume meter 122 measures is the integral of flow, and taking

into account time delays 11 and 12, results in Equation (13):

pv(t) = [ four(t — 1)dt — [ fin(t —T2))dt + [n(®) + C (13)

where n(t) represents variations due to factors such as changing hole depth and manually adding
or removing drilling fluid from the mud tank 120, and C is a constant offset representing initial
volume of the mud tank 120. Equation (13) holds if units used for the pit volume, flow in, and
flow out are all compatible and the meters 114a,b,122 are all calibrated. Practically, however,
flow in may be measured in m*/minute but measurement accuracy may be prejudiced by hidden
assumptions about pump efficiency and fluid compositions. The situation for flow out may be
worse, with direct measurement of flow out rarely occurring as flow out paddles typically are
highly variable and measure flow in terms of percent as opposed to volume; instead, flow out is
typically measured in angular displacement of a flow paddle. Therefore, to a first order

approximation:
pv(t) = y[ fo(t —t)dt — af f;(t — v2)dt + [ n(t) (14)

where f, represents normalized flow measurements so a percentage measurement from a flow
paddle is expressed in volume per unit time such as m3/min, f; is typically left in its original
units (f; = f;), and some linear or non-linear relationship between f, and f; is used to determine

the flow out in approximate units of m® per unit-time (e.g., f, = 6.1, + 85).
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[00144] Depending on the well 108, the parameters &1, 8o, T1, T2, @, and y may be different
and the device 124 accordingly determines on a per well basis what these parameters are from
historical flow out, flow in, and pit volume data, with recalibration being done periodically (e.g.,
at pump on and off events, or once a day). The device 124 determines 61 and 8o using flow out
and flow in data measured during pump transient events, as described above in respect of the

pumps circulating mode. Equation (14) can then be recast as:

pr(®) ~ (f fo(t — T)dt — af fi(t — 2)dt)B as)
Taking the derivative of each side results in Equation (16):

BV (1) ~ (ot~ 1) — afilt ~ 7)) B (4
[00145] Under normal drilling operations, absent gains or losses and ignoring secondary
effects, the flow-out is well represented by a scaled version of the time-delayed flow-in, which
permits the computationally efficient approximation of Equation (16.1):

%(t) ~ 3, dfi(;t—-j) (16.1)
[00146] Depending on the particular well 108 (e.g., whether it is more numerically
acceptable to integrate flow or differentiate pit volume), the device 124 may apply any one or
more of Equations (15), (16), and (16.1) to determine 71, 12, 0, and B using any suitable
technique. To simplify this determination, the device 124 may constrain 11 and 12 to be on the
order of the maximum feasible delay between 1) the return flow meter 114b and the mud tank
120 and 2) the mud tank 120 and the input flow meter 114a, respectively; example constraints
for each of 11 and 12 range from approximately 10 seconds to approximately 5 minutes. Similarly,
the device 124 may constrain o and 3 to be near one, such as between approximately 0.8 and
approximately 1.5, assuming the flow in units agree with the pit volume units and 8, and & are
estimated correctly. The device 124 may, for example, determine 1, 12, o, and B by performing

an exhaustive search over reasonable parameter ranges, such as the ones provided above.

[00147] Referring now to FIG. 8A, there is shown an example method 800 for detecting at

least one of an influx event and a loss event during drilling, according to another embodiment.
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The method 800 is expressed as computer program code and is stored within a memory
comprising part of the device 124 for execution by a processor comprising part of the device
124. While the method 800 of FIG. 8A is directed at influx event detection at a pumps off
transient event, in different embodiments (not depicted) the method 800 may instead be directed
at loss event detection at a pumps off transient event or at loss or influx event detection at either

a pumps on or pumps off transient event.

[00148] As shown in FIG. 8A, the method 800 uses four parameters: flow in, flow out, pit
volume, and bit depth; data streams for each of these parameters are aligned at the time
corresponding to flow in equaling zero (i.e., the beginning of the pumps off transient event). The
device 124 proceeds to block 802 where it assesses data validity for use in future applications of
the method 800. In the depicted embodiment the device 124 assesses validity by determining
factors such as whether the well 108 is shut in, whether flow has been on for less than a
predetermined threshold such as three minutes, whether the sensors have output anomalous data
(e.g., negative flow readings, unrealistically high flow readings such as 1,000 m*/min, constant
flow readings for unrealistically long durations that are indicative of a stuck flow paddle), and
whether any expected data is missing. If the device 124 determines the data is valid, the method
800 proceeds to block 804 where the data is added to a model history for future use and then to
block 806 where the device 124 proceeds to blocks 810 and 818, as described below, to apply the
flow out and pit volume models as described by Equations (12), (15), and (16). In the depicted
example embodiment, if the device 124 determines that the data is not valid, it does not store the
data for use in future applications of the method 800, but still performs the method 800 starting
at blocks 810 and 818 as described below. In different embodiments (not depicted), if the device
124 determines that the data is not valid, it may terminate the method 800 and not perform
blocks 810 or 818.

[00149] The device 124 also determines whether to terminate the method at block 808 by
applying one or more termination criteria. In this example embodiment, the termination criteria
comprise whether flow in is greater than zero, and whether the paddle is stuck. In different
embodiments the termination criteria may be different any may additionally or alternatively
comprise whether the drill bit 112 is in motion. If one or more of these termination criteria are

satisfied, the device 124 ends the method 800. In the depicted example embodiment, the device
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124 performs block 808 after every data sample and block 802 at the end of a pumps off event;
however, in different embodiments (not depicted), the device 124 may perform both blocks 802

and 808 at every data sample, at the end of a pumps off event, or at a different rate.

[00150] The device 124 performs the branches of the flow chart beginning at blocks 810
and 818 in parallel; the device 124 determines flow out error with the branch beginning at block
810 and determines pit volume error with the branch beginning at block 818. At block 810, the
device 124 determines the flow out estimate by applying Equation (12). The device 124 then
proceeds to block 812 and determines flow out error by determining f,,.(t) — foue(t) and then
at block 814 applies Equation (17):

fout(t) - fout(t) (17)

Ooue(l)

fourerror =
Prior to applying Equation (17), the device 124 updates ¢,,;:(t) by determining the standard
deviation of £, (t) — fou:(t) over the last N pumps on or pumps off transients.

[00151] At block 818, the device 124 estimates pit volume from expected flow out by
applying Equation (18):

po(t) = (f fEst_(t — 7y)dt —af fi(t — T,)dt)B (18)

where f ¢ represents the expected flow out, corrected with 8 and &,. In a different embodiment,

the device 124 may alternatively directly apply Equation (16.1).

[00152] At block 820, the device 124 determines the pit volume error by determining
pv(t) — po(t) and then at block 822 applies Equation (19):

PVerror = (V(t) — @(t))/apv(t) (19)

Prior to applying Equation (19), the device 124 updates 0,,(t) by determining the standard

deviation of pv(t) — pw(t) over the last N pumps on or pumps off transients.

[00153] After determining foucerror and pve,ror, the device 124 at blocks 816, 824, and

826 determine that a loss event has occurred if both f,,.error and pv,,,. exceed their loss
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event thresholds and each is negative, and that an influx event has occurred they both exceed
their influx event thresholds and each is positive. At blocks 816 and 824, the device 124 removes
relatively small values of f,,.error and pv.,, o, (e.g., values having a magnitude < 1) from
consideration, and proceeds to block 826 where it determines an error metric as the product of
the cumulative sum of f,,;error and the cumulative sum of pvg,,.,-. By removing relatively
small values at blocks 816 and 824, the device 124 avoids the situation where very large errors in
one of flow out and pit volume are multiplied at block 826 with very small errors in the other of

flow out and pit volume to skew the determination of whether a loss or influx event is occurring.

[00154] While FIG. 8A and Equations (17) and (19) in particular refer to g,,,.(t) and
Opy (1), in different embodiments (not depicted) the device 124 may apply FIG. 8A and omit
these variables, in effect setting them to always equal 1. The device 124 can therefore instead use

raw sensor values not divided by one or both of 6,,,.(t) and 65, (t).

[00155] Other embodiments in addition or as an alternative to those described above that
shown in FIG. 8A are possible. For example, in one different embodiment blocks 816 and 824
are omitted, and the outputs of block 814 and 822 (regardless of whether they are divided by
Oou:(t) and oy, (1)) are used directly in block 826. In some different embodiments, a function

other than cumulative sum is used at block 826.

[00156] FIG. 8B depicts a flowchart for one alternative embodiment of the method 800. In
this embodiment, blocks 814, 816, 822, 824, and 826 are omitted. At block 812, f,,.error is
determined as fT ';0 fourerror(t) dr, and at block 820 pv,,,. is determined as one of

PVerror; = MAX PVerror(T) for influxes, or pverror, = tn})in PVerror(T) for losses. From block
t=0..1t =0..T

812, the device 124 proceeds to new block 828 where it determines whether fT ;0 fourerrordt

exceeds its influx event threshold and is positive or exceeds its loss event threshold and is
negative; similarly, from block 820 the device 124 proceeds to new block 830 where it

determines whether pv,,,.,, has a magnitude that exceeds its influx event threshold and is
positive (for influxes) or pve,or, has a magnitude that exceeds its loss event threshold and is
negative (for losses). The device 124 then proceeds to new block 832 where, if both

t ... . ..
fT —o fourerror dt and pVe .o, are positive and have magnitudes that exceed their influx event
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thresholds the device 124 identifies an influx event; if both f; o Jourerror dt and pveyyor, are
negative and have magnitudes that exceed their loss event thresholds the device 124 identifies a

. t . . '
loss event; and where if szo fout€rror dt exceeds its influx threshold, and pv.,,o,, exceeds its

t . . .
loss threshold or fmo fourerror dt exceeds its loss threshold and pve,,ror; €xceeds its influx

threshold, the device alerts the user to a potential problem indicated by this incongruity.

[00157] Referring now to FIG. 9 there are shown four graphs 902a-d: a measured flow in
graph 902a showing measured flow in using a measured flow in curve 904; a flow out graph
902b showing measured and predicted flow out using a measured flow out curve 906 and a
predicted flow out curve 908; a pit volume graph 902¢ showing measured and predicted pit
volume using a measured pit volume curve 910 and a predicted pit volume curve 912; and an
output metric graph 902d with an output curve 914 that substantially deviates from zero if the
device 124 determines that a loss or influx event has occurred. As FIG. 9 shows normal drilling,

the output curve 914 is substantially equal to zero.
Modifications to Flow Out Embodiment

[00158] The embodiment for estimating flow out based on flow in and described in
association with Equation (12), above, may experience artefacts attributable to axial motion of

the drill string 110 while hole depth stays constant (e.g., washing, reaming, pumps circulating).

The error in that flow out model is referred to as fresidual(t) = fout(t) — f. f in(t) where the

out
superscript f;, of ff n(t) indicates that fout(t) is determined using only the flow in

out

measurements. As a predictor of this residual flow, the device 124 may apply Equation (20):

d
bds(t) = — (hd(t) — bd(2)) (20)

where bdg(t) measures relative motion of the drill string 110 (bit depth) compared to the hole
depth. At any particular time, the residual flow out error may be determined using the recent

history of bd z(t), such as by using Equation (21):

fresidual(t) ~ f4 = Ya;bds(t — i) (21)
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and thus the device may estimate total flow out using Equation (22):

fout(®)=Ffrin(t) + f24(¢) (22)

[00159] The data for the device 124 to apply Equations (21) and (22) may be extracted
from a certain number of minutes’ worth of data (e.g., ten minutes) preceding the N most recent

pumps off events where:

(a) the previous flow-out estimate was less than or equal to a maximum error
threshold, such as at no point during that certain number of minutes was the error
greater than a predetermined threshold such as approximately 5% or

approximately 10%;

®) there is sufficient axial motion of the drill string 110, such as the drill string 110
moved more than a predetermined threshold (e.g., 1 m) off bottom and returned to
within that predetermined threshold off bottom during that certain number of

minutes;

(©) there is no evidence of bad data, such as sudden jumps in flow in, flow out, or

drill string 110 motion; and

(d N can be adjusted, with larger values of N resulting in more accurate
determinations, and lower values of N resulting in faster adaptations to new well

behaviors. In certain example embodiments, N = 20.

[00160] In different embodiments, the data for the device 124 to apply Equations (21) and
(22) may be extracted from a certain number of minutes' worth of data (e.g., any of 1, 2, 3, 4, or
5) preceding or around the N most recent bit motion events, which are events in which the drill
bit 112 moves more than 1 meter off bottom and the velocity of the drill bit 112 is greater than

10 cm/second for at least 10 seconds.

[00161] FIG. 10 demonstrates the method by which the device 124 determines the data
that permits it to apply Equations (21) and (22). The derivative with respect to time of the
difference between hole depth and bit depth at different times during a transient event populates

X, while the residual flow for that difference populates the corresponding entry in Y. a then
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equals (XX’)'XY. While this embodiment describes a least squares regression approach, as
described above different regression approaches, such as a non-negative least squares, robust

least squares, support vector machines, and random forest approaches, may be used.

[00162] The device 124 may apply Equation (22) to flag influx and loss events and other
phenomena such as ballooning. Additionally, the relationship between flow out and pipe motion
embodied by Equation (22) may be used to flag swabbing, which refers to reducing pressure in
the well 108 by moving the drill string 110, wireline tools or rubber-cupped seals up the well
108. As the drill bit 112 may move significantly during any phase of drilling, at least for a short
period of time, in some embodiments the device 124 may apply Equation (22) at all times while

in operation.

[00163] Referring now to FIG. 11, there are shown curves showing drilling parameters
during normal drilling operation. As in FIGS. 5 and 6, FIG. 11 comprises the flow in curve 302,
hole depth curve 310, bit depth curve 312, flow out curve 502, a first flow out estimate curve
1102 determined using Equation (12), and a second flow out estimate curve 1104 determined
using Equation (22). Periods of time of relatively fast drill string motion are circled in FIG. 11.
As evident from FIG. 11, during periods of relatively rapid drill string motion, the second flow
out estimate curve 1104 more closely tracks measured flow out than the first flow estimate curve,
particularly immediately prior to a pumps off transient event when the drill string 110 is moved

significant off the bottom of the well 108.

[00164] The embodiments have been described above with reference to flowcharts and
block diagrams of methods, apparatuses, systems, and computer program products. In this
regard, the flowcharts and block diagrams in the figures illustrate the architecture, functionality,
and operation of possible implementations of various embodiments. For instance, each block of
the flowcharts and block diagrams may represent a module, segment, or portion of code, which
comprises one or more executable instructions for implementing the specified logical function(s).
In some alternative embodiments, the functions noted in that block may occur out of the order
noted in those figures. For example, two blocks shown in succession may, in some embodiments,
be executed substantially concurrently, or the blocks may sometimes be executed in the reverse

order, depending upon the functionality involved. Some specific examples of the foregoing have
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been noted above but those noted examples are not necessarily the only examples. Each block of
the block diagrams and flowcharts, and combinations of those blocks, may be implemented by
special purpose hardware-based systems that perform the specified functions or acts, or

combinations of special purpose hardware and computer instructions.

[00165] Each block of the flowcharts and block diagrams and combinations thereof can be
implemented by computer program instructions. These computer program instructions may be
provided to a processor of a general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a machine, such that the instructions, which
execute via the processor of the computer or other programmable data processing apparatus,
create means for implementing the functions or acts specified in the blocks of the flowcharts and

block diagrams.

[00166] These computer program instructions may also be stored in a computer readable
medium that can direct a computer, other programmable data processing apparatus, or other
devices to function in a particular manner, such that the instructions stored in the computer
readable medium produce an article of manufacture including instructions that implement the
function or act specified in the blocks of the flowcharts and block diagrams. The computer
program instructions may also be loaded onto a computer, other programmable data processing
apparatus, or other devices to cause a series of operational steps to be performed on the
computer, other programmable apparatus or other devices to produce a computer implemented
process such that the instructions that execute on the computer or other programmable apparatus
provide processes for implementing the functions or acts specified in the blocks of the flowcharts

and block diagrams.

[00167] An illustrative computer system 1200 in respect of which the methods herein
described may be implemented is presented as a block diagram in FIG. 12. The computer system
1200 may, for example, be used as the analysis device 124, recording device 104, or any
combination thereof. The computer system 1200 comprises a display 1202, input devices in the
form of keyboard 1204a and pointing device 1204b, computer 1206, and external devices 1208.
While the pointing device 1204b is depicted as a mouse, other types of pointing devices may also

be used. In alternative embodiments (not depicted), the computer system 1200 may not comprise
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all the components depicted in FIG. 12. For example, when used as the analysis device 124, the
computer system 1200 may lack the keyboard 304a and mouse 304b. The analysis device 124
may, for example, be used only to present data to the user, or the display 1202 may be a
touchscreen display that also allows the user to enter commands such as the touchscreen

interface depicted in FIG. 14.

[00168] The computer 1206 may comprise one Or more Processors or microprocessors,
such as a central processing unit (“CPU”) 1210, which is depicted. The CPU 1210 performs
arithmetic calculations and control functions to execute software stored in an internal memory
1212, such as one or both of random access memory (“RAM”) and read only memory (“ROM”),
and possibly additional memory 1214, The additional memory 1214 may comprise, for example,
mass memory storage, hard disk drives, optical disk drives (including CD and DVD drives),
magnetic disk drives, magnetic tape drives (including L.TO, DLT, DAT and DCC), flash drives,
program cartridges and cartridge interfaces such as those found in video game devices,
removable memory chips such as EPROM or PROM, emerging storage media, such as
holographic storage, or similar storage media as known in the art. This additional memory 1214

may be physically internal to the computer 1206, or external as shown in FIG. 12, or both.

[00169] The computer system 1200 may also comprise other similar means for allowing
computer programs or other instructions to be loaded. Such means can comprise, for example, a
communications interface 1216 that allows software and data to be transferred between the
computer system 1200 and external systems and networks. Examples of the communications
interface 1216 comprise a modem, a network interface such as an Ethernet card, a wireless
communication interface, or a serial or parallel communications port. Software and data
transferred via the communications interface 1216 are in the form of signals which can be
electronic, acoustic, electromagnetic, optical, or other signals capable of being received by the
communications interface 1216. Multiple interfaces can be provided on the computer system
1200.

[00170] Input to and output from the computer 1206 is administered by the input/output
(“I/O”) interface 1218. The /O interface 1218 administers control of the display 1202, keyboard

1204a, external devices 1208 and other analogous components of the computer system 1200. The
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computer 1206 also comprises a graphical processing unit (“GPU”) 1220. The GPU 1220 may
also be used for computational purposes as an adjunct to, or instead of, the CPU 1210, for
mathematical calculations. However, as mentioned above, in alternative embodiments (not
depicted) the computer system 1200 need not comprise all of these elements. For example, the
analysis device 124 may lack the keyboard 1204a, mouse 1204b, and GPU 1220.

[00171] The various components of the computer system 1200 are coupled to one another

either directly or indirectly by shared coupling to one or more suitable buses.

[00172] FIG. 13 shows an example networked mobile wireless telecommunication
computing device in the form of the smartphone 1300. The smartphone 1300 may, for example,
be used as the analysis device 124 or be used as a client to control the analysis device 124. The
smartphone 1300 comprises a display 1302, an input device in the form of keyboard 1304, and
an onboard computer system 1306. The display 1302 may be a touchscreen display and thereby
serve as an additional input device, or as an alternative to the keyboard 1304. The onboard
computer system 1306 comprises a CPU 1310 having one or more processors or microprocessors
for performing arithmetic calculations and control functions to execute software stored in an
internal memory 1312, such as one or both of RAM and ROM, is coupled to additional memory
1314 that typically comprises flash memory, which may be integrated into the smartphone 1300
or may comprise a removable flash card, or both. The smartphone 1300 also comprises wireless
communication circuitry that allows software and data to be transferred between the smartphone
1300 and external systems and networks. In the example embodiment of FIG. 13, the wireless
communication circuitry comprises one or more wireless communication modules 1324
communicatively coupled to a communications interface 1316, which for example comprises a
wireless radio for connecting to one or more of a cellular network, a wireless digital network,
and a WiFi™ network. The communications interface 1316 also enables a wired connection of
the smartphone 1300 to an external computer system. A microphone 1326 and speaker 1328 are
coupled to the onboard computer system 1306 to support the telephone functions managed by the
onboard computer system 1306, and GPS receiver hardware 1322 may also be coupled to the
communications interface 1316 to support navigation operations by the onboard computer
system 1306. The smartphone 1300 also comprises a camera 1330 communicative with the

onboard computer system 1306 for taking photos using the smartphone 1300. Input to and output
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from the onboard computer system 1306 is administered by an I/O interface 1318, which
administers control of the display 1302, keyboard 1304, microphone 1326, speaker 1328, and
camera 1330. The onboard computer system 1306 may also comprise a separate GPU 1320. The
various components are coupled to one another either directly or by shared coupling to one or

more suitable buses.

[00173] The term “computer system”, as used herein, is not limited to any particular type
of computer system and encompasses servers, desktop computers, laptop computers, networked
mobile wireless telecommunication computing devices such as smartphones, tablet computers, as

well as other types of computer systems.

[00174] As will be appreciated by one skilled in the art, embodiments of the technology
described herein may be embodied as a system, method, or computer program product.
Accordingly, these embodiments may take the form of an entirely hardware embodiment, an
entirely software embodiment (including firmware, resident software, micro-code, etc.) or an
embodiment combining software and hardware that may all generally be referred to herein as a

" (19

“circuit,” “module,” or “system.” Furthermore, embodiments of the presently described
technology may take the form of a computer program product embodied in one or more non-
transitory computer readable media having stored or encoded thereon computer readable

program code.

[00175] Where aspects of the technology described herein are implemented as a computer
program product, any combination of one or more computer readable media may be utilized. A
computer readable medium may comprise a computer readable signal medium or a non-
transitory computer readable medium used for storage. A non-transitory computer readable
medium may comprise, for example, an electronic, magnetic, optical, electromagnetic, infrared,
or semiconductor system, apparatus, or device, or any suitable combination thereof. Additional
examples of non-transitory computer readable media comprise a portable computer diskette, a
hard disk, RAM, ROM, an erasable programmable read-only memory (“EPROM” or “flash
memory”’), a portable compact disc read-only memory (“CD-ROM”), an optical storage device, a
magnetic storage device, or any suitable combination thereof. As used herein, a non-transitory

computer readable medium may comprise any tangible medium that can contain, store, or have
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encoded thereon a program for use by or in connection with an instruction execution system,
apparatus, or device. Thus, computer readable program code for implementing aspects of the
embodiments described herein may be contained, stored, or encoded on the memory 1312 of the
onboard computer system 1306 of the smartphone 1300 or the memory 1212 of the computer
1206, or on a computer readable medium external to the onboard computer system 1306 of the
smartphone 1300 or the computer 1206, or on any combination thereof, the onboard computer

system 1306 may thereby be configured to perform those embodiments.

[00176] Program code embodied on a computer readable medium may be transmitted
using any appropriate medium, including but not limited to wireless, wireline, optical fiber cable,
radiofrequency, and the like, or any suitable combination thereof. Computer program code for
carrying out operations comprising part of the embodiments described herein may be written in
any combination of one or more programming languages, including an object oriented
programming language and procedural programming languages. The program code may execute
entirely on the user's computer, partly on the user's computer, as a stand-alone software package,
partly on the user's computer and partly on a remote computer or entirely on the remote
computer or server. In the latter scenario, the remote computer may be connected to the user's
computer through any type of network, including a local area network (“LAN”) or a wide area
network (“WAN™), or the connection may be made to an external computer (e.g., through the

Internet using an Internet Service Provider).

[00177] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting. Accordingly, as used herein, the singular
forms "a", "an" and "the" are intended to include the plural forms as well, unless the context
clearly indicates otherwise. It will be further understood that the terms "comprises" and
"comprising," when used in this specification, specify the presence of one or more stated
features, integers, steps, operations, elements, and components, but do not preclude the presence
or addition of one or more other features, integers, steps, operations, elements, components, and
groups. Directional terms such as “top”, “bottom”, “upwards”, “downwards”, “vertically”, and
“laterally” are used in the following description for the purpose of providing relative reference
only, and are not intended to suggest any limitations on how any article is to be positioned during

use, or to be mounted in an assembly or relative to an environment. Additionally, the term
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“couple” and variants of it such as “coupled”, “couples”, and “coupling” as used in this
description are intended to include indirect and direct connections unless otherwise indicated.
For example, if a first device is coupled to a second device, that coupling may be through a direct
connection or through an indirect connection via other devices and connections. Similarly, if the
first device is communicatively coupled to the second device, communication may be through a

direct connection or through an indirect connection via other devices and connections.

[00178] It is contemplated that any part of any aspect or embodiment discussed in this
specification can be implemented or combined with any part of any other aspect or embodiment

discussed in this specification.

[00179] One or more currently example embodiments have been described by way of
illustration only. This description is been presented for purposes of illustration and description,
but is not intended to be exhaustive or limited to the form disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the art without departing from the scope
of the claims. It will be apparent to persons skilled in the art that a number of variations and
modifications can be made without departing from the scope of the claims. In construing the
claims, it is to be understood that the use of a computer to implement the embodiments described
herein is essential at least where the presence or use of computer equipment is positively recited

in the claims.
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CLAIMS

1. A method for detecting at least one of an influx event and a loss event during well drilling,

the method comprising:

(@

(b)

©

(d)

determining, using a processor, an estimated pit volume, wherein the processor
determines the estimated pit volume as one of a value less than or equal to a
trailing median of a measured pit volume and a value greater than or equal to the

trailing median of the measured pit volume;

determining, using the processor, a pit volume difference between the estimated

pit volume and the measured pit volume, and:

® when the processor determines the estimated pit volume as the value less
than or equal to the trailing median, whether the magnitude of the pit
volume difference exceeds an influx event threshold and the measured pit

volume exceeds the estimated pit volume; and

ii when the processor determines the estimated pit volume as the value
p p

greater than or equal to the trailing median, whether the magnitude of the

pit volume difference exceeds a loss event threshold and the estimated pit

volume exceeds the measured pit volume;

when the processor determines that the magnitude of the pit volume difference
exceeds the influx event threshold and the measured pit volume exceeds the

estimated pit volume, identifying the influx event as occurring; and

when the processor determines that the magnitude of the pit volume difference
exceeds the loss event threshold and the estimated pit volume exceeds the

measured pit volume, identifying the loss event as occurring.

2. The method of claim 1 wherein the estimated pit volume is determined as the value less

than or equal to the trailing median of the measured pit volume.
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The method of claim 2 wherein the value less than or equal to the trailing median of the
measured pit volume is less than or equal to a 15% order statistic of the measured pit

volume.

The method of claim 3 wherein the estimated pit volume is determined as the trailing

minimum of the measured pit volume.

The method of claim 1 wherein the estimated pit volume is determined as the value

greater than or equal to the trailing median of the pit volume.

The method of claim 5 wherein the value greater than or equal to the trailing median of

the pit volume is greater than or equal to an 85% order statistic of the pit volume.

The method of claim 6 wherein the estimated pit volume is determined as the trailing

maximum of the measured pit volume.
The method of claim 1 further comprising:

(a) determining, using the processor, an additional estimated pit volume as the other

of the trailing minimum and the trailing maximum of the measured pit volume;

(b)  determining, using the processor, an additional pit volume difference between the

additional pit volume and the measured pit volume, and:

@ when the processor determines the additional estimated pit volume as the
trailing minimum, whether the magnitude of the additional pit volume
difference exceeds the influx event threshold and the measured pit volume

exceeds the additional estimated pit volume; and

(i)  when the processor determines the additional estimated pit volume as the
trailing maximum, whether the magnitude of the additional pit volume
difference exceeds the loss event threshold and the additional estimated

pit volume exceeds the measured pit volume;
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when the processor determines that the magnitude of the additional pit volume
difference exceeds the influx event threshold and the measured pit volume
exceeds the additional estimated pit volume, identifying the influx event as

occurring; and

5 (d)  when the processor determines that the magnitude of the additional pit volume
difference exceeds the loss event threshold and the additional estimated pit
volume exceeds the measured pit volume, identifying the loss event as occurring.

9. A method for detecting at least one of an influx event and a loss event during well drilling,

the method comprising:

10 (@
15 (b)
20
(c)
@
25

determining, using a processor, an estimated flow out, wherein the estimated flow
out comprises a sum of scaled and historical measured flow in readings, wherein
weights used to scale the measured flow in readings are determined using the
measured flow in readings measured during or around one or both of pump on and

off transient events;

determining, using the processor, a flow out difference between the estimated

flow out and measured flow out, and at least one of:

® whether the magnitude of the flow out difference exceeds an influx event

threshold and the measured flow out exceeds the estimated flow out; and

(i1)  whether the magnitude of the flow out difference exceeds a loss event

threshold and the estimated flow out exceeds the measured flow out;

when the processor determines that the flow out difference exceeds the influx
event threshold and the measured flow out exceeds the estimated flow out,

identifying the influx event as occurring; and

when the processor determines that the flow out difference exceeds the loss event
threshold and the estimated flow out exceeds the measured flow out, identifying

the loss event as occurring.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

The method of claim 9 wherein the processor determines whether the magnitude of the
flow out difference exceeds the influx event threshold and the measured flow out exceeds
the estimated flow out, and not whether the magnitude of the flow out difference exceeds

the loss event threshold and the estimated flow out exceeds the measured flow out.

The method of claim 9 wherein the processor determines whether the magnitude of the
flow out difference exceeds the loss event threshold and the estimated flow out exceeds
the measured flow out, and not whether the magnitude of the flow out difference exceeds

the influx event threshold and the measured flow out exceeds the estimated flow out.

The method of claim 9 wherein the processor determines whether the magnitude of the
flow out difference exceeds the influx event threshold and the measured flow out exceeds
the estimated flow out, and whether the magnitude of the flow out difference exceeds the

loss event threshold and the estimated flow out exceeds the measured flow out.

The method of any one of claims 9 to 12 wherein the weights are determined from the
measured flow in readings measured within five minutes of one or both of pump on and

off transient events.

The method of any one of claims 9 to 13 wherein the weights are determined using a time

sensitive regression.
The method of claim 14 wherein the time sensitive regression is a linear regression.

The method of any one of claims 9 to 15 wherein the estimated flow out further comprises
a sum of scaled and historical readings of changes with respect to time of a difference

between hole depth and bit depth.

The method of claim 16 wherein weights used to scale the readings of changes with
respect to time of the difference between hole depth and bit depth are determined during
or around events during which the bit depth changes while the hole depth stays constant.

The method of claim 17 wherein the weights used to scale the readings of changes with

respect to time of the difference between the hole depth and the bit depth are determined
-47 -
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19.

20.

21.

22.

within five minutes of events during which the bit depth changes while the hole depth

stays constant.

The method of claim 17 or 18 wherein the weights used to scale the readings of changes
with respect to time of the difference between hole depth and bit depth are determined

using a time sensitive regression.
The method of claim 19 wherein the time sensitive regression is a linear regression.

The method of claim 9 wherein the weights are also determined using measured flow in
readings measured during times other than during or around one or both of pump on and

off transient events.

A method for detecting at least one of an influx event and a loss event during well drilling,

the method comprising:

(@ determining, using a processor, an estimated pit volume, wherein the processor

determines the estimated pit volume by using historical flow in measurements;

(b) determining, using the processor, a pit volume difference between estimated pit

volume and measured pit volume, and at least one of"

o whether the magnitude of the pit volume difference exceeds an influx
event threshold and the measured pit volume exceeds the estimated pit

volume; and

(i)  whether the magnitude of the pit volume difference exceeds a loss event

threshold and the estimated pit volume exceeds the measured pit volume;

() when the processor determines that the magnitude of the pit volume difference
exceeds the influx event threshold and the measured pit volume exceeds the

estimated pit volume, identifying the influx event as occurring; and
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23.

24.

25.

26.

27.

28.

29.

(d)  when the processor determines that the magnitude of the pit volume difference
exceeds the loss event threshold and the estimated pit volume exceeds the

measured pit volume, identifying the loss event as occurring.

The method of claim 22 wherein the estimated pit volume comprises a difference between

a sum of historical flow out measurements and a sum of historical flow in measurements.

The method of claim 23 wherein the flow in measurements that are summed are
compensated for the time for drilling fluid to travel from a mud tank to an input flow

meter.

The method of claim 23 wherein the flow in measurements that are summed are
compensated for the time for drilling fluid to travel from a mud tank to an input flow

meter.

The method of claim 23 or 24 wherein the flow out measurements that are summed are
compensated for the time for drilling fluid to travel from a return flow meter to a mud

tank.

The method of any one of claims 23 to 26 wherein the historical flow in and flow out
measurements correspond to flow in and flow out during or around one or both of pump

on and off transient events.

The method of claim 27 wherein the historical flow in and flow out measurements
correspond to flow in and flow out within five minutes of one or both of pump on and off

transient events.
The method of claim 22 wherein the processor determines the estimated pit volume by:

(a) determining a sum of scaled and historical measured readings of changes with
respect to time of flow in, wherein weights used to scale the readings of changes
with respect to time of flow in are determined from measured flow in readings

measured during or around one or both of pump on and off transient events; and
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30.

31.

32.

33.

(b) summing the sum of scaled and historical measured readings of changes with

respect to time of flow in to determine the estimated pit volume.

The method of claim 29 wherein the weights are determined from measured flow in

readings measured within five minutes of one or both of pump on and off transient events.

The method of claim 29 or 30 wherein the weights are determined using a time sensitive

regression.
The method of claim 31 wherein the regression is a linear regression.

A method for detecting at least one of an influx event and a loss event during well drilling,

the method comprising:
(@) determining, using a processor:

@ an estimated pit volume and an estimated flow out, wherein the estimated
flow out comprises a sum of scaled and historical measured flow in
readings, wherein weights used to scale the measured flow in readings are
determined using the measured flow in readings measured during or

around one or both of pump on and off transient events;

(i)  apit volume difference between the estimated pit volume and a measured

pit volume;

@iii)  aflow out difference between the estimated flow out and a measured flow

out;
(iv)  atleast one of:

(1)  whether the magnitude of the pit volume difference exceeds a pit
volume influx event threshold, the measured pit volume exceeds
the estimated pit volume, the magnitude of the flow estimate
difference exceeds a flow out influx event threshold, and the

measured flow out exceeds the estimated flow out; and
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34.

35.

(2)  whether the magnitude of the pit volume difference exceeds a pit
volume loss event threshold, the estimated pit volume exceeds the
measured pit volume, the magnitude of the flow out difference
exceeds a flow out loss event threshold, and the estimated flow out

exceeds the measured flow out;

(b)  when the processor determines that the magnitude of the pit volume difference
exceeds the pit volume influx event threshold, the measured pit volume exceeds
the estimated pit volume, the magnitude of the flow estimate difference exceeds
the flow out influx event threshold, and the measured flow out exceeds the

estimated flow out, identifying the influx event as occurring; and

() when the processor determines that the magnitude of the pit volume difference
exceeds the pit volume loss event threshold, the estimated pit volume exceeds the
measured pit volume, the magnitude of the flow out difference exceeds the flow
out loss event threshold, and the estimated flow out exceeds the measured flow

out, identifying the loss event as occurring,

The method of claim 33 wherein determining using, the processor, step (iv) comprises
the processor determining whether the magnitude of the pit volume difference exceeds
the pit volume influx event threshold, the measured pit volume exceeds the estimated pit
volume, the magnitude of the flow estimate difference exceeds the flow out influx event
threshold, and the measured flow out exceeds the estimated flow out, and not determining
whether the magnitude of the pit volume difference exceeds the pit volume loss event
threshold, the estimated pit volume exceeds the measured pit volume, the magnitude of
the flow out difference exceeds the flow out loss event threshold, and the estimated flow

out exceeds the measured flow out.

The method of claim 33 wherein determining, using the processor, step (iv) comprises
the processor determining whether the magnitude of the pit volume difference exceeds
the pit volume loss event threshold, the estimated pit volume exceeds the measured pit

volume, the magnitude of the flow out difference exceeds the flow out loss event
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36.

37.

38.

39.

40.

41.

threshold, and the estimated flow out exceeds the measured flow out, and not determining
whether the magnitude of the pit volume difference exceeds the pit volume influx event
threshold, the measured pit volume exceeds the estimated pit volume, the magnitude of
the flow estimate difference exceeds the flow out influx event threshold, and the measured

flow out exceeds the estimated flow out.

The method of claim 33 wherein determining, using the processor, step (iv) comprises
the processor determining whether the magnitude of the pit volume difference exceeds
the pit volume influx event threshold, the measured pit volume exceeds the estimated pit
volume, the magnitude of the flow estimate difference exceeds the flow out influx event
threshold, and the measured flow out exceeds the estimated flow out, and determining
whether the magnitude of the pit volume difference exceeds the pit volume loss event
threshold, the estimated pit volume exceeds the measured pit volume, the magnitude of
the flow out difference exceeds the flow out loss event threshold, and the estimated flow

out exceeds the measured flow out.

The method of any one of claims 33 to 36 wherein the weights are determined from the
measured flow in readings measured within five minutes of one or both of the pump on

and off transient events.

The method of any one of claims 33 to 37 wherein the weights are determined using a

time sensitive regression.
The method of claim 38 wherein the time sensitive regression is a linear regression.

The method of any one of claims 33 to 38 wherein the estimated flow out further
comprises a sum of scaled and historical readings of changes with respect to time of a

difference between hole depth and bit depth.

The method of claim 40 wherein weights used to scale the readings of changes with
respect to time of the difference between hole depth and bit depth are determined during
or around events during which the bit depth changes while the hole depth stays constant.
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42.

43.

44.

45.

46.

47.

48.

49.

50.

The method of claim 41 wherein the weights used to scale the readings of changes with
respect to time of the difference between hole depth and bit depth are determined within
five minutes of events during which the bit depth changes while the hole depth stays

constant.

The method of claim 41 or 42 wherein the weights used to scale the readings of changes
with respect to time of the difference between hole depth and bit depth are determined

using a time sensitive regression.
The method of claim 43 wherein the time sensitive regression is a linear regression.

The method of claim 33 wherein the weights are also determined using measured flow in
readings measured during times other than during or around one or both of pump on and

off transient events.

The method of any one of claims 33 to 45 wherein the processor determines the estimated

pit volume by applying a time sensitive regression.

The method of any one of claims 33 to 45 wherein the processor determines the estimated

pit volume by applying a depth sensitive regression.

The method of any one of claims 33 to 45 wherein the processor determines the estimated

pit volume by applying a time and depth sensitive regression.

The method of any one of claims 45 to 48 wherein each of the time and depth sensitive

regressions is a linear regression.
The method of claim 48 wherein:

(a) the estimated pit volume is determined as a sum of the depth sensitive regression

and the time sensitive regression;

(b)  each of the depth and time sensitive regressions is linear;
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51.

52.

53.

54.

55.

56.

57.

58.

() the depth sensitive regression is determined from historical measurements of hole

depth and the pit volume; and

(d)  the time sensitive regression is determined from historical values of the depth

sensitive regression.

The method of claim 46 wherein the time sensitive regression is linear and determined

from historical measurements of the pit volume.

The method of any one of claims 33 to 45 wherein the processor determines the estimated
pit volume as a value less than or equal to a trailing median of the measured pit volume,

and the processor uses the estimated pit volume to identify the influx event as occurring.

The method of claim 52 wherein the value less than or equal to the trailing median of the

pit volume is less than or equal to a 15% order statistic of the pit volume.

The method of claim 53 wherein the estimated pit volume is determined as the trailing

minimum of the measured pit volume.

The method of any one of claims 33 to 45 wherein the processor determines the estimated
pit volume as a value greater than or equal to a trailing median of the measured pit
volume, and the processor uses the estimated pit volume to identify the loss event as

occurring.

The method of claim 55 wherein the value greater than or equal to the trailing median of

the pit volume is greater than or equal to an 85% order statistic of the pit volume.

The method of claim 56 wherein the estimated pit volume is determined as the trailing

maximum of the measured pit volume.

The method of any one of claims 33 to 45 wherein the processor determines the estimated

pit volume by using historical flow in measurements.
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59.

60.

61.

62.

63.

64.

65.

The method of claim 58 wherein the processor determines the estimated pit volume as
comprising a difference between a sum of historical flow out measurements and a sum of

historical flow in measurements.

The method of claim 59 wherein the flow in measurements that are summed are
compensated for a time for a drilling fluid to travel from a mud tank to an input flow

meter.

The method of claim 59 wherein the flow in measurements that are summed are
compensated for a time for a drilling fluid to exit a mud tank as a result of a stroke of a

mud pump.

The method of claim 59 or 60 wherein the flow out measurements that are summed are
compensated for a time for a drilling fluid to travel from a return flow meter to a mud

tank.

The method of any one of claims 59 to 62 wherein the historical flow in and flow out
measurements correspond to flow in and flow out during or around one or both of pump

on and off transient events.

The method of claim 63 wherein the historical flow in and flow out measurements
correspond to flow in and flow out within five minutes of one or both of pump on and off

transient events.
The method of claim 58 wherein the processor determines the estimated pit volume by:

(a) determining a sum of scaled and historical measured readings of changes with
respect to time of flow in, wherein weights used to scale the readings of changes
with respect to time of flow in are determined from the measured flow in readings
measured during or around one or both of the pump on and off transient events;

and

(b)  summing the sum of scaled and historical measured readings of changes with

respect to time of flow in to determine the estimated pit volume.
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The method of claim 65 wherein the weights are determined from measured flow in

readings measured within five minutes of one or both of the pump on and off transient

events.

The method of claim 65 or 66 wherein the weights are determined using a time sensitive

regression.

The method of claim 67 wherein the time sensitive regression is a linear regression.

A method for detecting at least one of an influx event and a loss event during well drilling,

the method comprising:

(@

(b)

©

(d)

determining, using a processor, an estimated pit volume, wherein the processor
determines the estimated pit volume by applying at least one of a time and depth

sensitive regression;

determining, using the processor, a pit volume difference between the estimated

pit volume and a measured pit volume, and at least one of:

o whether the magnitude of the pit volume difference exceeds an influx
event threshold and the measured pit volume exceeds the estimated pit

volume; and

(i)  whether the magnitude of the pit volume difference exceeds a loss event

threshold and the estimated pit volume exceeds the measured pit volume;

when the processor determines that the magnitude of the pit volume difference
exceeds the influx event threshold and the measured pit volume exceeds the

estimated pit volume, identifying the influx event as occurring; and

when the processor determines that the magnitude of the pit volume difference
exceeds the loss event threshold and the estimated pit volume exceeds the

measured pit volume, identifying the loss event as occurring.
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70.

71.

72.

73.

74.

75.

76.

77.

The method of claim 69 wherein the processor determines the estimated pit volume using

the time sensitive regression and not the depth sensitive regression.

The method of claim 69 wherein the processor determines the estimated pit volume using

the depth sensitive regression and not the time sensitive regression.

The method of claim 69 wherein the processor determines the estimated pit volume using

the depth sensitive regression and the time sensitive regression.

The method of any one of claims 69 to 72 wherein the processor determines whether the
magnitude of the pit volume difference exceeds the influx event threshold and the
measured pit volume exceeds the estimated pit volume, and not whether the magnitude
of the pit volume difference exceeds the loss event threshold and the estimated pit volume

exceeds the measured pit volume.

The method of any one of claims 69 to 72 wherein the processor determines whether the
magnitude of the pit volume difference exceeds the loss event threshold and the estimated
pit volume exceeds the measured pit volume, and not whether the magnitude of the pit
volume difference exceeds the influx event threshold and the measured pit volume

exceeds the estimated pit volume.

The method of any one of claims 69 to 72 wherein the processor determines whether the
magnitude of the pit volume difference exceeds the influx event threshold and the
measured pit volume exceeds the estimated pit volume, and whether the magnitude of the
pit volume difference exceeds the loss event threshold and the estimated pit volume

exceeds the measured pit volume.

The method of any one of claims 69 to 75 wherein each of the time and depth sensitive

regressions is a linear regression.
The method of claim 72 wherein:

(@ the estimated pit volume is determined as a sum of the depth sensitive regression

and the time sensitive regression;
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(b)  each of the depth and time sensitive regressions is a linear regression;
(c) the depth sensitive regression is determined from historical measurements of hole
depth and the pit volume; and
(d)  the time sensitive regression is determined from historical values of the depth
sensitive regression.
78.  The method of claim 70 wherein the time sensitive regression is linear and determined

from historical measurements of the pit volume.

79.  Asystem for detecting at least one of an influx event and a loss event during well drilling,

the system comprising:

@
(b)
©
(d)

®

8

a mud tank;
a fluid input line fluidly coupling the mud tank to the well;
a fluid return line fluidly coupling the mud tank to the well,

a mud pump fluidly coupled to and located along the fluid input line for pumping
drilling fluid from the mud tank into the well;

a return flow meter fluidly coupled to and located along the fluid return line for

measuring flow out of the drilling fluid into the mud tank;

a volume meter affixed to the mud tank for measuring total pit volume of the

drilling fluid stored in the mud tank;

a data analysis device communicatively coupled to each of the mud pump, the
return flow meter, and the volume meter, the data analysis device comprising a
processor communicatively coupled to a memory and the memory have stored
thereon program code that is executable by the processor and that, when executed,

causes the processor to perform the method of any one of claims 1 to 78.
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80. A non-transitory computer readable medium having encoded thereon program code that
is executable by a processor and that, when executed, causes the processor to perform the

method of any one of claims 1 to 78.
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