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MODELLING A CONDENSATE
BLOCKAGE EFFECT IN A SIMULATION MODEL

BACKGROUND

[0001] In gas condensate wells, condensate blockage is understood as a reduction in
gas mobility near or at a distance from the wellbore. Generally, the condensate blockage
phenomenon is typically exhibited when the well pressure falls to less than a dew point
pressure for a given composition, that is, a pressure value where a liquid phase

condenses from a gas phase of the given composition.

SUMMARY

[0002] This Summary is provided to introduce a selection of concepts that are further
described in the Detailed Description. This Summary is not intended to identify key or
essential features of the claimed subject matter, nor is it intended to be used as an aid

in limiting the scope of the claimed subject matter.

[0003] In one aspect, embodiments disclosed herein relate to a method including:
providing, by a computer processor, a coarse grid model comprising a plurality of grid
cells in a plurality of layers, including grid cells corresponding to a wellbore and grid
cells not corresponding to the wellbore; providing, using the computer processor, model
data for a reservoir region of interest, determining, using the computer processor, a
plurality of pressure values for the grid cells corresponding to the wellbore and for the
grid cells not corresponding to the wellbore, based on the model data for the reservoir
region of interest; and determining, using the computer processor, a flowrate at the grid
cells corresponding to the wellbore based on the determined pressure values and on a
predetermined flowrate metric. The predetermined flowrate metric is a function of well
index, a pressure quantity, and a mobility variable, and the mobility variable is a non-
linear function of gas condensate saturation and pressure. The method further includes:
determining, using the computer processor, a subset of the grid cells not corresponding
to the wellbore where a determined pressure value is less than dew pressure; and
determining, using the computer processor, a flowrate for the determined subset of the
grid cells based on the determined pressure values and on the predetermined flowrate

metric.
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[0004] In one aspect, embodiments disclosed herein relate to a system including a
reservoir simulator comprising a computer processor. The reservoir simulator includes
functionality for: providing a coarse grid model comprising a plurality of grid cells in
a plurality of layers, including grid cells corresponding to a wellbore and grid cells not
corresponding to the wellbore; providing model data for a reservoir region of interest;
determining a plurality of pressure values for the grid cells corresponding to the
wellbore and for the grid cells not corresponding to the wellbore, based on the model
data for the reservoir region of interest; and determining a flowrate at the grid cells
corresponding to the wellbore based on the determined pressure values and on a
predetermined flowrate metric. The predetermined flowrate metric is a function of well
index, a pressure quantity, and a mobility variable, and the mobility variable is a non-
linear function of gas condensate saturation and pressure. The reservoir simulator
further includes functionality for: determining a subset of the grid cells not
corresponding to the wellbore where a determined pressure value is less than dew
pressure; and determining a flowrate for the determined subset of the grid cells based

on the determined pressure values and on the predetermined flowrate metric.

[0005] In one aspect, embodiments disclosed herein relate to a non-transitory computer
readable medium storing instructions executable by a computer processor, the
instructions comprising functionality for: providing a coarse grid model comprising a
plurality of grid cells in a plurality of layers, including grid cells corresponding to a
wellbore and grid cells not corresponding to the wellbore; providing model data for a
reservoir region of interest; determining a plurality of pressure values for the grid cells
corresponding to the wellbore and for the grid cells not corresponding to the wellbore,
based on the model data for the reservoir region of interest; and determining a flowrate
at the grid cells corresponding to the wellbore based on the determined pressure values
and on a predetermined flowrate metric. The predetermined flowrate metric is a
function of well index, a pressure quantity, and a mobility variable, and the mobility
variable is a non-linear function of gas condensate saturation and pressure. The
instructions further include functionality for: determining a subset of the grid cells not
corresponding to the wellbore where a determined pressure value is less than dew
pressure; and determining a flowrate for the determined subset of the grid cells based

on the determined pressure values and on the predetermined flowrate metric.
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[0006] Other aspects and advantages of the claimed subject matter will be apparent

from the following description and the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

[0007] Specific embodiments of the disclosed technology will now be described in
detail with reference to the accompanying figures. Like elements in the various figures

are denoted by like reference numerals for consistency.

[0008] FIG. 1 schematically illustrates a wellbore and related components in

accordance with one or more embodiments.

[0009] FIG. 2A schematically illustrates a geological region in accordance with one or

more embodiments.

[0010] FIG. 2B schematically illustrates a reservoir grid model in accordance with one

or more embodiments.

[0011] FIG. 3 schematically illustrates one layer of a conventional coarse grid model
for a condensate rich gas reservoir, where a pseudo-pressure function is applied solely

to a wellbore location.

[0012] FIG. 4 schematically illustrates one layer of a coarse grid model for a
condensate rich gas reservoir, where a pseudo-pressure function is additionally applied

away from the wellbore location.

[0013] FIG. 5 shows a flowchart of a method in accordance with one or more
embodiments.
[0014] FIG. 6 schematically illustrates a computing device and related components, in

accordance with one or more embodiments.

DETAILED DESCRIPTION

[0015] In the following Detailed Description of embodiments of the disclosure,
numerous specific details are set forth in order to provide a more thorough

understanding of the disclosure. However, it will be apparent to one of ordinary skill
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in the art that the disclosure may be practiced without these specific details. In other
instances, well-known features have not been described in detail to avoid

unnecessarily complicating the description.

[0016] Throughout the application, ordinal numbers (for example, first, second, third,)
may be used as an adjective for an element (that is, any noun in the application). The
use of ordinal numbers is not to imply or create any particular ordering of the elements

nor to limit any element to being only a single element unless expressly disclosed, such

"non
2

"non
2

as using the terms "before", "after", "single", and other such terminology. Rather, the
use of ordinal numbers is to distinguish between the elements. By way of an example,
a first element is distinct from a second element, and the first element may encompass
more than one element and succeed (or precede) the second element in an ordering of

elements.

[0017] Turning now to the figures, it should be noted that the flowchart and block
diagrams therein illustrate the architecture, functionality, and operation of possible
implementations of systems, apparatuses, methods, and computer program products
according to one or more embodiments. In this regard, each block in the flowchart or
block diagrams may represent a segment, module, or portion of code, which comprises
at least one executable instruction for implementing the specified logical function(s).
It should also be noted that, in some alternative implementations, the functions noted
in the block may occur out of the order noted in the figures. For example, two blocks
shown in succession may be executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order, depending upon the functionality involved.
Additionally, any block shown in a flowchart or block diagram may in instances be
regarded as individually dispensable or interchangeable, thus not necessarily dependent
on being included with one or more other blocks shown in the same diagram. It will
also be noted that each block of the block diagrams or flowchart illustrations, and
combinations of blocks in the block diagrams or flowchart illustrations, can be
implemented by special purpose hardware-based systems that perform the specified
functions or acts, or combinations of special purpose hardware and computer

instructions.
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[0018] To facilitate easier reference when describing FIGS. 1 through 6, reference
numerals may be advanced by a multiple of 100 in indicating a similar or analogous

component or element among FIGS. 1-6.

[0019] The modelling of condensate blockage effects in gas reservoirs is known, but
the complexity inherent in modelling such condensate rich gas reservoirs presents

unique challenges.

[0020] In general, embodiments of the disclosure include systems and methods for
simulating a hydrocarbon-bearing reservoir, particularly a gas condensate reservoir.
For example, a gas condensate reservoir may have hydrocarbon deposits that are
primarily a gas-phase hydrocarbon (that is, “natural-gas”) at an initial reservoir
pressure. When natural-gas production begins from a production well, the reservoir
pressure decreases more rapidly near the wellbore than at distances away from the
wellbore.  The reduced pressure around a wellbore may cause liquid phase
hydrocarbons to condense from the natural-gas (that is, gas condensates; for the
purpose of this application gas condensate and hydrocarbon liquids, such as crude oil,
are referred to collectively as “o0il”) and accumulate in a region around the wellbore
called the “oil condensation zone”. As oil may be less mobile than gas, oil may have
greater difficulty flowing through rock pores. Furthermore, a build-up of condensed oil

in a region near a wellbore may also block paths for gas through the rock pores.

[0021] As such, by way of general background in accordance with one or more
embodiments, FIG. 1 schematically illustrates a wellbore and related components. As
shown in FIG. 1, a well environment 100 includes a hydrocarbon reservoir (“reservoir”)
102 located among subsurface formations (“formations™) 104 and a well system 106.
The formations 104 may include a porous or fractured rock formations that resides
underground beneath the earth's surface (“surface”) 108. In the case of the well system
106 being a hydrocarbon production well, the reservoir 102 may include a portion of
the formations 104. The formations 104 and the reservoir 102 may include different
layers of rock having varying characteristics, such as permeability, porosity, and
resistivity. In the case of the well system 106 being operated as a production well, the
well system 106 may facilitate the extraction of hydrocarbons (or “production”) from

the reservoir 102.
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[0022] The well system 106 includes a wellbore 120, a well sub-surface system 122, a
well surface system 124, and a well control system (“control system”) 126. The control
system 126 may control various operations of the well system 106, such as well
production operations, well completion operations, well maintenance operations, and
reservoir monitoring, assessment and development operations. The control system 126
includes a computer that may be the same as or similar to that of computer 885

described in FIG. 6 and the accompanying forthcoming description.

[0023] The wellbore 120 may include a bored hole that extends from the surface 108
into a target zone of the formations 104, such as the reservoir 102. An upper end of the
wellbore 120, terminating at or near the surface 108, may be referred to as the “uphole”
end of the wellbore 120, and a lower end of the wellbore, terminating in the formations
104, may be referred to as the “downhole” end of the wellbore 120. The wellbore 120
may facilitate the circulation of drilling fluids during drilling operations, the flow of
hydrocarbon production (“production”) 121 (for example, oil and gas) from the
reservoir 102 to the surface 108 during production operations, the injection of
substances (for example, water) into the formations 104 or the reservoir 102 during
injection operations, or the communication of monitoring devices (for example, logging
tools) into the formations 104 or the reservoir 102 during monitoring operations (for
example, during in situ logging operations). If the well system 106 facilitates the
extraction of natural gas, the wellbore 120 may be referred to as a gas condensate

wellbore.

[0024] In accordance with one or more embodiments, during operation of the well
system 106, the control system 126 collects and records wellhead data 140 for the well
system 106. The wellhead data 140 may include, for example, a record of measurements
of wellhead pressure (Pwn) (for example, including flowing wellhead pressure),
wellhead temperature (Twn) (for example, including flowing wellhead temperature),
wellhead production rate (Qwn) over some or all of the life of the well system 106, and
water cut data. In some embodiments, the measurements are recorded in real-time and
are available for review or use within seconds, minutes, or hours of the condition being
detected (for example, the measurements are available within 1 hour of the condition
being sensed). In such an embodiment, the wellhead data 140 may be referred to as

“real-time” wellhead data 140. Real-time wellhead data 140 may enable an operator of



WO 2024/025836 PCT/US2023/028493

the well system 106 to assess a relatively current state of the well system 106, and make
real-time decisions regarding development of the well system 106 and the reservoir

102, such as on-demand adjustments in regulation of production flow from the well.

[0025] In accordance with one or more embodiments, the well surface system 124
includes a wellhead 130. The wellhead 130 may include a rigid structure installed at
the “up-hole” end of the wellbore 120 at or near where the wellbore 120 terminates at
the Earth's surface 108. The wellhead 130 may include structures for supporting (or
“hanging”) casing and production tubing extending into the wellbore 120. Production
121 may flow through the wellhead 130 after exiting the wellbore 120 and the well sub-
surface system 122, including the casing and the production tubing. In some
embodiments, the well surface system 124 includes flow regulating devices that are
configured to control the flow of substances into and out of the wellbore 120. For
example, the well surface system 124 may include one or more production valves 132
that are operable to control the flow of production 121. For example, a production valve
132 may be fully opened to enable unrestricted flow of production 121 from the
wellbore 120, the production valve 132 may be partially opened to partially restrict (or
“throttle”) the flow of production 121 from the wellbore 120, and production valve 132
may be fully closed to fully restrict (or “block™) the flow of production 121 from the
wellbore 120, and through the well surface system 124.

[0026] In accordance with one or more embodiments, the well surface system 124 may
include a surface sensing system 134. The surface sensing system 134 may include
sensors for sensing characteristics of substances, including production 121 passing
through or otherwise located in the well surface system 124. The characteristics may
include pressure, temperature, and flow rate of production 121 flowing through the
wellhead 130, or other conduits of the well surface system 124 after exiting the wellbore

120.

[0027] In accordance with one or more embodiments, the surface sensing system 134
may include a surface pressure sensor 136 configured to sense the pressure of
production 121 flowing through the well surface system 124 after production 121 exits
the wellbore 120. The surface pressure sensor 136 may include a wellhead pressure
sensor that senses a pressure of production 121 flowing through or otherwise located in

the wellhead 130. In some embodiments, the surface sensing system 134 may include

7
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a surface temperature sensor 138 configured to sense the temperature of production 121
flowing through the well surface system 124 after it exits the wellbore 120. The surface
temperature sensor 138 may include a wellhead temperature sensor that senses a
temperature of production 121 flowing through or otherwise located in the wellhead
130, referred to as “wellhead temperature” (Twn). In some embodiments, the surface
sensing system 134 includes a flow rate sensor 139 configured to sense the flow rate of
production 121 flowing through the well surface system 124 after it exits the wellbore
120. The flow rate sensor 139 may include hardware that senses a flow rate of

production 121 (Qwn) passing through the wellhead 130.

[0028] In accordance with one or more embodiments, the well system 106 includes a
reservoir simulator 160. For example, the reservoir simulator 160 may include
hardware or software with functionality for generating one or more reservoir models
regarding the formations 104 or performing one or more reservoir simulations. For
example, the reservoir simulator 160 may store model data for a reservoir region of
interest (that is, a reservoir region for which a modelling of flowrates is desired),
including well logs and data regarding core samples for performing simulations. Model
data may also include a plurality of rock properties, a plurality of fluid properties, and
a plurality of relative permeability values within the reservoir region of interest. A
reservoir simulator may further analyze the well log data, the core sample data, seismic
data, and other types of data to generate and update the one or more reservoir models.
While the reservoir simulator 160 is shown at a well site, embodiments are
contemplated where reservoir simulators are located away from well sites. As such,
the reservoir simulator 160 may constitute a portion of a computer system that is the
same as or in communication with the computer system 885 described forthcoming

with regard to FIG. 6.

[0029] FIG. 2A schematically illustrates a geological region in accordance with one or
more embodiments. As illustrated, geological region 200 may include one or more
reservoir regions (for example, reservoir region 230) with various production wells (for
example, production well A 211, production well B 212). For example, a production
well may be similar to the well system 106 described above in FIG. 1 and the
accompanying description. Likewise, a reservoir region may also include one or more

injection wells (for example, injection well C 216) that include functionality for
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enhancing production by one or more neighboring production wells. As shown in FIG.
2A, wells may be disposed in the reservoir region 230 above various subsurface layers
(for example, subsurface layer A 241, subsurface layer B 242), which may include
hydrocarbon deposits. In particular, production data and/or injection data may exist for
a particular well, where production data may include data that describes production or
production operations at a well, such as wellhead data 140 described in FIG. 1 and the

accompanying description.

[0030] FIG. 2B schematically illustrates a reservoir grid model in accordance with one
or more embodiments. As illustrated in FIG. 2B, reservoir grid model 290 corresponds
to the geological region 200 from FIG. 2A. More specifically, the reservoir grid model
290 includes grid cells 261 that may refer to an original cell of a reservoir grid model
as well as coarse grid blocks 262 that may refer to an amalgamation of original cells of
the reservoir grid model. For example, a grid cell may be the case of a 1x1 block, where
coarse grid blocks may be of various sizes, such as 2x2, 4x4, and 8x8 blocks. Both the
grid cells 261 and the coarse grid blocks 262 may correspond to columns for multiple
model layers 260 within the reservoir grid model 290. Thus, in this connection, a
plurality of grid cells 261 (in different layers) may correspond to a wellbore within the

grid model.

[0031] Conventionally, prior to performing a reservoir simulation, local grid
refinement and coarsening (LGR) may be used to increase or decrease grid resolution
in a certain area of reservoir grid model. For example, various reservoir properties,
such as, permeability, porosity, or saturations, may correspond to a discrete value that
is associated with a particular grid cell or coarse grid block. However, by using discrete
values to represent a portion of a geological region, a discretization error may occur in
a reservoir simulation. Thus, finer grids may reduce discretization errors as the
numerical approximation of a finer grid is closer to the exact solution, however, through
a greater computational cost. As shown in FIG. 2B, for example, the reservoir grid
model 290 may include various fine-grid models (that is, fine-grid model A 251, fine-
grid model B 252) that are surrounded by coarse block regions. Likewise, the original

reservoir grid model without any coarsening may also be a fine-grid model.

[0032] In some embodiments, proxy models or reduced-order models may be generated

for performing a reservoir simulation. For example, one way to reduce model

9
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[0033]

[0034]

[0035]

dimensionality is to reduce the number of grid blocks or grid cells. By averaging
reservoir properties into larger blocks while preserving the flow properties of a
reservoir model, computational time of a reservoir simulation may be reduced. In
general, coarsening may be applied to cells that do not contribute to a total flow within
a reservoir region because a slight change on such reservoir properties may not affect
the output of a simulation. Accordingly, different levels of coarsening may be used on
different regions of the same reservoir model. As such, a coarsening ratio may
correspond to a measure of coarsening efficiency, which may be defined as a total
number of cells in a coarse reservoir model divided by the original number of cells in

the original reservoir model.

Flow properties, such as flux, may be defined as a reservoir fluid (for example,
oil or natural gas) that flows between any two grid blocks. Likewise, grid cells or blocks
may be upscaled in a method that reduces the computational demand on running
simulations using fewer grid cells. However, a grid model may lose accuracy in a
reservoir simulation if the underlying properties differ too much from the original fine-
grid model. Accordingly, one or more solutions as broadly contemplated are effective
in providing accurate modelling in a context of utilizing coarse grid blocks while

avoiding the computational cost often associated with the use of fine grid blocks.

As such, the disclosure now turns to working examples of systems and methods
of simulating flowrate in a reservoir model in accordance with one or more
embodiments, as described and illustrated with respect to FIGS. 3-6. It should be
understood and appreciated that these merely represent illustrative examples, and that
a great variety of possible implementations are conceivable within the scope of

embodiments as broadly contemplated.

Generally, the presence of liquid condensate in the pore system of rich gas
reservoirs blocks the flow of gas in a manner to reduce gas permeability. Normally,
this may be observed via pressure transient analysis (PTA), which involves analyzing
well pressure data that has been obtained from well testing. The PTA may include the
calculation of pressure derivatives (that is, a function of rate of change of pressure over
time). However, as it is often cost-prohibitive to carry out such analysis, a “pseudo-

pressure” (PP) modelling option may be pursued.

10
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[0036] Asis generally known, pseudo-pressure is a mathematical pressure function that
accounts for the variable compressibility and viscosity of gas with respect to pressure.
Indeed, the PP function is often used because the PP function is computationally less
expensive. For instance, under a general assumption that the extent of significant
condensate blockage is limited to areas close to the wellbore (for example, on the order
of merely a few feet), a coarse model utilizing PP can replace what normally would be
a model involving local grid refinement (at a fine scale) in the immediate region of the
wellbore. Typically, the only related modification in the PP function is in simulating
the wellbore area to account for further pressure drops at the wellbore location in light

of the noted assumption.

[0037] However, in the case of rich gas condensate reservoirs, condensate blockage
effects often occur up to several hundred feet away from the wellbore. As can be
appreciated with reference to FIG. 2B and its related discussion, the distances may
equate to several model cells in coarse modelling. The conventional PP function is

comparatively less reliable at this distance if not otherwise modified.

[0038] In accordance with one or more embodiments, an improvement over
conventional PP modelling in the context of rich gas condensate reservoirs, where
condensate blockage can be modelled for locations up to a considerable (lateral)
distance from the wellbore may be made. Particularly, fundamental flow modelling
equations associated with the pseudo-pressures determined for grid cells corresponding
to the wellbore location can be extended to all cells in a model where pressure is
determined to be less than the dew point pressure (or dew pressure) Pa.
Advantageously, this may avail the practical and cost-effective use of coarse grids in
simulation along with considerable accuracy where the course grids are applicable on

a larger scale, such as full field modelling.

[0039] In accordance with one or more embodiments, the following equation may be
utilized for modelling inflow at the wellbore (for example, via a simulator such as that
indicated at 160 in FIG. 1). The equation may be utilized when using the PP function
(particularly, via applying a pseudo-pressure blocking factor ) and applying the PP
function to solely the well cell location as noted. Thus, the equation relative to each

layer /, is:

11
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qei =L x Wi x Aeg X (pi — pwi) (Eq. 1)

where, gc:1s flowrate (for a given layer /'), W1, is the well index at the layer /, Ac;is a
variable representing upstream hydrocarbon component molar mobility, p: is the well
grid cell pressure, and pw; is a term representing wellbore pressure taking into account

gravity and friction effects for a given layer [.

[0040] In accordance with one or more embodiments, in a context of producing
completions, the “mobility” variable from fundamental Equation 1 may be defined as

provided for in Equation 2:

Aei = ((kro < polto) * xc) + ((krg ¥ pg/igh < ye)  (Eq.2)

where in Equation 2 k,, represents relative permeability, p, corresponds to molar
density, and p, is viscosity, where subscript p conveys a hydrocarbon phase (that is, oil
o or gas g). Also, in Equation (2), xc and yc represent oil and gas component-mole-
fractions, respectively. Thus, the mobility variable for a given cell and layer (Ac;) is a

function of simulated saturation and pressure in the cell (or grid block).

[0041] In accordance with one or more embodiments, 8 may be determined in any

suitable manner, of which an illustrative and non-restrictive example is as follows:

f;‘; ! Anc dp
B = ' (Eq. 3)

Ahcap; X @i—Pw,)

[0042] As shown in Equation 3, in accordance with one or more embodiments, the
pseudo-pressure blocking factor f is a function of grid cell mobility relative to
hydrocarbon phases existing at different pressures. Particularly, A,. represents grid
cell mobility as a function of different hydrocarbon phases that exist when pressure is
at a given value (from pw, to pi with respect to the integral function in the numerator).

At the same time, Ay.@p, represents grid cell mobility when pressure is at p:.

[0043] In accordance with one or more embodiments, the use of Equations 1, 2 and 3
(in modelling via a PP function) is expanded to those cells in the model where the
pressure is determined to be less than Ps. Thus, Equations 1, 2 and 3 are applied to grid

cells away from the wellbore as well as at the wellbore itself, where pressure is

12
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determined to be less than Ps. The effect of this modification is illustrated in FIGS. 3
and 4.

[0044] As such, in accordance with one or more embodiments, FIGS. 3 and 4 each
schematically illustrate one layer of a coarse grid model (362 and 462, respectively) for
a condensate rich gas reservoir. In both figures, those cells where pressure is
determined to be less than P, are shaded 364 or hatched (366, 466). The wellbore
location in both figures is indicated with a black dot (368, 468). Further, among the
cells where pressure is determined to be less than P4, the hatched cells (366, 466) are
understood as being treated with the PP function, while the shaded cells 364 are not so
treated. FIG. 3 represents a conventional coarse grid model 362, where a pseudo-
pressure function is applied solely for the grid cell corresponding to the wellbore
location 368. FIG. 4 schematically illustrates a coarse grid model 462, where a pseudo-
pressure function is additionally applied to grid cells away from the wellbore location

468.

[0045] Thus, FIG. 3 illustrates that in a conventional coarse model employing a PP
function, relative to a given layer, only the hatched cell 366 corresponding to the
wellbore location 368 benefits from what is understood to be a more accurate flowrate
calculation. However, for the numerous shaded cells 364 outside of the wellbore
location 368, where pressure is likewise determined to be less than Pg, will not be
similarly treated, constrained by the conventional assumption that the PP function need
only be applied to the wellbore location 368 and by an assumption that a more accurate
calculation of pressure losses away from the wellbore 364 is not warranted by additional
computational expense. Thus, the calculated flowrates in these numerous shaded cells
364 are likely to be inaccurate.  On the other hand, in accordance with one or more
embodiments as shown in FIG. 4, all of the cells around the wellbore location 468 with
pressure less than P are shown as hatched 466 to indicate that a flowrate calculation is
applied there similarly to the wellbore location, leading to more accurate calculations
overall. Here, the need to mitigate condensate banking problems by improving
hydrocarbon recovery is more aptly recognized, and extending the aforementioned
flowrate calculation to the hatched cells 466 results in greatly improved calculations to

exponentially greater practical effect.
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[0046] FIG. 5 shows a flowchart of a method that may be carried out in accordance

with one or more embodiments.

[0047] As such, in accordance with one or more embodiments, a coarse grid model may
be provided for use by a computer processor, as shown in Block 570. The computer
processor may correspond to that indicated at 891 in FIG. 6, and may for use with a
reservoir simulator such as that indicated at 160 in FIGS. 1 and 6. The coarse grid
model may include for its part a plurality of grid cells in a plurality of layers, including
grid cells corresponding to a wellbore and grid cells not corresponding to the wellbore.
Also provided for use by the computer processor are model data for a reservoir region
of interest (that is, a reservoir region for which a modelling of flowrates is desired). By
way of illustrative and non-restrictive example, the coarse grid model could be similar
to either or both of the coarse grids 262 and 462 described and illustrated in FIGS. 2
and 4, respectively, and the model data could correspond to the reservoir data indicated

at 898 in FIG. 6.

[0048] In accordance with one or more embodiments, using the computer processor, a
plurality of pressure values may be determined for the grid cells corresponding to the
wellbore and the grid cells not corresponding to the wellbore based on the model data,

as shown in Block 572.

[0049] Using the computer processor, a flowrate may be determined at the grid cells
corresponding to the wellbore based on the determined pressure values and on a
predetermined flowrate metric, as shown in Block 574. The flowrate metric may be a
function of well index, a pressure quantity, and a mobility variable. The mobility
variable may be a non-linear function of gas condensate saturation and pressure. By
way of illustrative and non-restrictive example, a related equation and variables may
correspond to those shown and described with respect to Equations (1) and (2). A
reservoir simulator such as that indicated at 160 in FIGS. 1 and 6 may be used for

determining flowrate.

[0050] As such, in accordance with at least one embodiment, the flowrate metric may
be a product of the well index (W1I)), the pressure quantity (p: — pw; ), the mobility
variable (Ac;) and the pseudo-pressure blocking factor (f). Further, the mobility

variable may represent upstream hydrocarbon component molar mobility and may be a
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sum of an oil component ((kro X po/lio)t X xc) and a gas component ((krg x pg/lig) %
v¢). The oil component may be a product of an oil component mole fraction (x¢) and
a relative permeability term ((kro X po/lo)i). The gas component may be a product of a

gas component mole fraction (yc) and a relative permeability term ((krg X pg/ttg)).

[0051] In accordance with one or more embodiments, using the computer processor, a
subset is determined of the one or more grid cells not corresponding to the wellbore,
where a determined pressure value is less than the dew pressure, as shown in Block
576. Additionally, using the computer processor, a flowrate is determined for the
determined subset of the one or more grid cells based on the determined pressure values
and on the predetermined flowrate metric, as shown in Block 578. By way of
illustrative and non-restrictive example, this is generally described and illustrated with
respect to FIG. 4, while a reservoir simulator, such as that indicated at 160 in FIGS. 1

and 6, may be used for determining flowrate.

[0052] FIG. 6 schematically illustrates a computing device and related components, in
accordance with one or more embodiments. As such, FIG. 6 generally depicts a block
diagram of a computer system 885 used to provide computational functionalities
associated with described algorithms, methods, functions, processes, flows, and
procedures as described in this disclosure, according to one or more embodiments. In
this respect, computer 885 may interface with a reservoir simulator 160 such as that
described and illustrated with respect to FIG. 1, either directly (for example, via hard-
wired connection) or over an internal or external network 899. Alternatively, the
computer 885 illustrated in FIG. 6 may correspond directly to, or house, the reservoir

simulator 160 described and illustrated with respect to FIG. 1.

[0053] In accordance with one or more embodiments, the illustrated computer 885 is
intended to encompass any computing device such as a server, desktop computer,
laptop/notebook computer, wireless data port, smart phone, personal data assistant
(PDA), tablet computing device, one or more processors within these devices, or any
other suitable processing device, including both physical or virtual instances (or both)
of the computing device. Additionally, the computer 885 may include a computer that
includes an input device, such as a keypad, keyboard, touch screen, or other device that

can accept user information, and an output device that conveys information associated
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with the operation of the computer 885, including digital data, visual, or audio

information (or a combination of information), or a GUL

[0054] The computer 885 can serve in arole as a client, network component, a server,
a database or other persistency, or any other component (or a combination of roles) of
a computer system for performing the subject matter described in the instant disclosure.
The illustrated computer 885 is communicably coupled with a network 899. In some
implementations, one or more components of the computer 885 may be configured to
operate within environments, including cloud-computing-based, local, global, or other

environment (or a combination of environments).

[0055] At a high level, the computer 885 is an electronic computing device operable
to receive, transmit, process, store, or manage data and information associated with the
described subject matter. According to some implementations, the computer 885 may
also include or be communicably coupled with an application server, e-mail server, web
server, caching server, streaming data server, business intelligence (BI) server, or other

server (or a combination of servers).

[0056] The computer 885 can receive requests over network 899 from a client
application (for example, executing on another computer 885) and responding to the
received requests by processing the said requests in an appropriate software application.
In addition, requests may also be sent to the computer 885 from internal users (for
example, from a command console or by other appropriate access method), external or
third-parties, other automated applications, as well as any other appropriate entities,

individuals, systems, or computers.

[0057] Each of the components of the computer 885 can communicate using a system
bus 887. In some implementations, any or all of the components of the computer 885,
both hardware or software (or a combination of hardware and software), may interface
with each other or the interface 889 (or a combination of both) over the system bus 887
using an application programming interface (API) 895 or a service layer 897 (or a
combination of the API 895 and service layer 897. The API 895 may include
specifications for routines, data structures, and object classes. The API 895 may be
either computer-language independent or dependent and refer to a complete interface,

a single function, or even a set of APIs. The service layer 897 provides software
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services to the computer 885 or other components (whether or not illustrated) that are
communicably coupled to the computer 885. The functionality of the computer 885
may be accessible for all service consumers using this service layer. Software services,
such as those provided by the service layer 897, provide reusable, defined business
functionalities through a defined interface. For example, the interface may be software
written in JAVA, C++, or other suitable language providing data in extensible markup
language (XML) format or another suitable format. While illustrated as an integrated
component of the computer 885, alternative implementations may illustrate the API 895
or the service layer 897 as stand-alone components in relation to other components of
the computer 885 or other components (whether or not illustrated) that are
communicably coupled to the computer 885. Moreover, any or all parts of the API 895
or the service layer 897 may be implemented as child or sub-modules of another
software module, enterprise application, or hardware module without departing from

the scope of this disclosure.

[0058] The computer 885 includes an interface 889. Although illustrated as a single
interface 889 in FIG. 6, two or more interfaces 889 may be used according to particular
needs, desires, or particular implementations of the computer 885. The interface 889
is used by the computer 885 for communicating with other systems in a distributed
environment that are connected to the network 899. Generally, the interface 889
includes logic encoded in software or hardware (or a combination of software and
hardware) and operable to communicate with the network 899. More specifically, the
interface 889 may include software supporting one or more communication protocols
associated with communications such that the network 899 or interface's hardware is

operable to communicate physical signals within and outside of the illustrated computer

885.

[0059] The computer 885 includes at least one computer processor 891. Although
illustrated as a single computer processor 891 in FIG. 6, two or more processors may
be used according to particular needs, desires, or particular implementations of the
computer 885. Generally, the computer processor 891 executes instructions and
manipulates data to perform the operations of the computer 885 and any algorithms,
methods, functions, processes, flows, and procedures as described in the instant

disclosure.
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[0060] The computer 885 also includes a memory 892 that holds data for the computer
885 or other components (or a combination of both) that can be connected to the
network 899. For example, memory 892 can be a database storing data consistent with
this disclosure. Although illustrated as a single memory 892 in FIG. 6, two or more
memories may be used according to particular needs, desires, or particular
implementations of the computer 885 and the described functionality. While memory
892 is illustrated as an integral component of the computer 885, in alternative

implementations, memory 892 can be external to the computer 885.

[0061] The application 893 is an algorithmic software engine providing functionality
according to particular needs, desires, or particular implementations of the computer
885, particularly with respect to functionality described in this disclosure. For example,
application 893 can serve as one or more components, modules, and applications.
Further, although illustrated as a single application 893, the application 893 may be
implemented as multiple applications 893 on the computer 885. In addition, although
illustrated as integral to the computer 885, in alternative implementations, the

application 893 can be external to the computer 885.

[0062] In one or more embodiments, the reservoir simulator 160 may be an
application that is operated on the computer 885 when utilized; thus, in FIG. 6, reservoir
simulator 160 is depicted as coincident with application 893. When utilized, data for
the reservoir 898 is loaded from memory 892 and utilized by the reservoir simulator
160. In one or more embodiments, the reservoir simulator 160 may be an application
893 residing in, or in memory 892 on the computer 885. In one or more embodiments,
the reservoir simulator 160 may reside on the network 899. In such an instance,
reservoir data 898 is acquired by the reservoir simulator 160 and may be processed
through the computer processor 891, processors in communication with the network
899, or both. In this connection, both the reservoir simulator 160 and reservoir data
898 may be accessed and run on a remote server, with results displayed locally on

computer 885.

[0063] There may be any number of computers 885 associated with, or external to, a
computer system containing computer 885, wherein each computer 885 communicates

29 CC

over network 899. Further, the term “client,” “user,” and other appropriate terminology
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may be used interchangeably as appropriate without departing from the scope of this
disclosure. Moreover, this disclosure contemplates that many users may use one

computer 885, or that one user may use multiple computers 885.

[0064] Although only a few example embodiments have been described in detail above,
those skilled in the art will readily appreciate that many modifications are possible in
the example embodiments without materially departing from this invention.
Accordingly, all such modifications are intended to be included within the scope of this
disclosure as defined in the following claims. In the claims, any means-plus-function
clauses are intended to cover the structures described herein as performing the recited
function(s) and equivalents of those structures. Similarly, any step-plus-function
clauses in the claims are intended to cover the acts described here as performing the

recited function(s) and equivalents of those acts.
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CLAIMS

What is claimed:

1. A method, comprising:

providing, using a computer processor, a coarse grid model comprising a plurality of
grid cells (261) in a plurality of layers (260), including grid cells (261)
corresponding to a wellbore (120) and grid cells (261) not corresponding to the
wellbore (120);

providing, using the computer processor, model data for a reservoir region of interest
(200);

determining, using the computer processor, a plurality of pressure values for the grid
cells (261) corresponding to the wellbore (120) and for the grid cells (261) not
corresponding to the wellbore (120), based on the model data for the reservoir
region of interest (200);

determining, using the computer processor, a flowrate at the grid cells (261)
corresponding to the wellbore (120) based on the determined pressure values
and on a predetermined flowrate metric,
where the predetermined flowrate metric is a function of well index, a pressure
quantity, and a mobility variable, and
where the mobility variable is a non-linear function of gas condensate saturation
and pressure;

determining, using the computer processor, a subset of the grid cells (261) not
corresponding to the wellbore (120) where a determined pressure value is less
than dew pressure; and

determining, using the computer processor, a flowrate for the determined subset of the
grid cells (261) based on the determined pressure values and on the

predetermined flowrate metric.
2. The method according to claim 1, wherein the predetermined flowrate metric is a product

of the well index, the pressure quantity, the mobility variable and a pseudo-pressure blocking

factor.
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3. The method according to claim 2, wherein the pseudo-pressure blocking factor is a function

of grid cell mobility relative to hydrocarbon phases existing at different pressures.

4. The method according to claim 1 or claim 2, wherein the mobility variable represents

upstream hydrocarbon component molar mobility.

5. The method according to any one of claims 1 to 3, wherein the mobility variable is a sum

of an oil component and a gas component.

6. The method according to claim 5, wherein the oil component is a product of an oil

component mole fraction and a relative permeability term.

7. The method according to claim 5 or claim 6, wherein the gas component is a product of a

gas component mole fraction and a relative permeability term.

8. The method according any one of claims 1 to 7, wherein the wellbore (120) is a gas

condensate wellbore.

9. A system, comprising:
a reservoir simulator (160) comprising a computer processor, wherein the reservoir

simulator (160) comprises functionality for:

providing a coarse grid model comprising a plurality of grid cells (261) in a
plurality of layers (260), including grid cells (261) corresponding to a
wellbore (120) and grid cells (261) not corresponding to the wellbore
(120);

providing model data for a reservoir region of interest (200);

determining a plurality of pressure values for the grid cells (261) corresponding
to the wellbore (120) and for the grid cells (261) not corresponding to
the wellbore (120), based on the model data for the reservoir region of
interest (200),

determining a flowrate at the grid cells (261) corresponding to the wellbore
(120) based on the determined pressure values and on a predetermined

flowrate metric,
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where the predetermined flowrate metric is a function of well
index, a pressure quantity, and a mobility variable, and
where the mobility variable is a non-linear function of gas
condensate saturation and pressure;
determining a subset of the grid cells (261) not corresponding to the wellbore
(120) where a determined pressure value is less than dew pressure; and
determining a flowrate for the determined subset of the grid cells (261) based
on the determined pressure values and on the predetermined flowrate

metric.
10. The system according to claim 9, wherein the predetermined flowrate metric is a product
of the well index, the pressure quantity, the mobility variable and a pseudo-pressure blocking

factor.

11. The system according to claim 10, wherein the pseudo-pressure blocking factor is a

function of grid cell mobility relative to hydrocarbon phases existing at different pressures.

12. The system according to any one of claims 9-11, wherein the mobility variable represents

upstream hydrocarbon component molar mobility.

13. The system according to any one of claims 9-12, wherein the mobility variable is a sum of

an oil component and a gas component.

14. The system according to claim 13, wherein the oil component is a product of an oil

component mole fraction and a relative permeability term.

15. The system according to claim 13 or claim 14, wherein the gas component is a product of

a gas component mole fraction and a relative permeability term.

16. The system according to claim anyone of claims 9-15, wherein the wellbore (120) is a gas

condensate wellbore.
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17. A non-transitory computer readable medium storing instructions executable by a computer
processor, the instructions comprising functionality for:
providing a coarse grid model comprising a plurality of grid cells (261) in a plurality of
layers (260), including grid cells (261) corresponding to a wellbore (120) and
grid cells (261) not corresponding to the wellbore (120);,
providing model data for a reservoir region of interest (200);
determining a plurality of pressure values for the grid cells (261) corresponding to the
wellbore (120) and for the grid cells (261) not corresponding to the wellbore
(120), based on the model data for the reservoir region of interest (200);
determining a flowrate at the grid cells (261) corresponding to the wellbore (120) based
on the determined pressure values and on a predetermined flowrate metric,
where the predetermined flowrate metric is a function of well index, a pressure
quantity, and a mobility variable, and
where the mobility variable is a non-linear function of gas condensate saturation
and pressure;
determining a subset of the grid cells (261) not corresponding to the wellbore (120)
where a determined pressure value is less than dew pressure; and
determining a flowrate for the determined subset of the grid cells (261) based on the

determined pressure values and on the predetermined flowrate metric.
18. The non-transitory computer readable medium according to claim 17, wherein the
predetermined flowrate metric is a product of the well index, the pressure quantity, the mobility

variable and a pseudo-pressure blocking factor.

19. The non-transitory computer readable medium according to claim 17 or claim 18, wherein

the mobility variable represents upstream hydrocarbon component molar mobility.

20. The non-transitory computer readable medium according to any one of claims 17-19,

wherein the mobility variable is a sum of an oil component and a gas component.

23



WO 2024/025836 PCT/US2023/028493

17
Well Environment
w100
Well System Flow Rate
106~ Sensor
199 Te@gﬁ;fg " Well Surface
126 . [Pressure 138 System
Well Control Sensor w124
136
14@\System Surface Sensing
Wellhead Data ||| - / System /160
_— Reservoir
: f Wellhead :
Pm?ggtson — @ Que P Twh b~ 130 Simulator
o ? 3?2 g OB 108
Production Valve Surtace
3‘ ?{&é%EEbore
122" ol
Well Sub-Surface “
System Formation
| 104
——T Reservoir
Pres 102




PCT/US2023/028493

WO 2024/025836

27

Ve 'Ol

5%7 ¢ toheT soBUnsgng

7 v iekeq mum?

/il.ll!;

AT
d e UORINpoId 0c7
toifes Joalessy

7 9le

< e
uonosiu

174

Y e
LORONROId

007"
uoibay jeaibiojosn




PCT/US2023/028493

WO 2024/025836

317

8¢ 'Ol

162
Y wwoé
me wﬁ zmﬂm
g I9POW 29¢ slied pUg
Dub-aul 4 SHI0IE
DLC) 851R07)
062"

[OPOW DUS) JIOAIBSEY

09¢
518487

ISP



WO 2024/025836 PCT/US2023/028493

47

Legend
364 - Pressure < Py -- PP Function not Applied

366 - Pressure < Py -- PP Function Applied

@ 368 - Wellbore Location

362"



WO 2024/025836 PCT/US2023/028493

57

{ egend

466 - Pressure < Py -- PP Function Applied

@ 468 - Wellbore Location

462"



WO 2024/025836 PCT/US2023/028493

617

570~

Provide both a coarse grid model comprising gnd cells
{corresponding to welibore and not corresponding o wellbore)
and model data

572~ i
Determine pressure values for the grid cells, based on
model data
574~ ¥

Determine flowrate at grid cells corresponding to wellbore, based
on pressure values and on a predetermined flowrate metric

576‘\\ ¥

Determine subset of the one or more grid cells not corresponding
to wellbore where pressure value is less than the dew pressure

578~ ¥

Determine a flowrate for the determined subset based on the
determined pressure values and on predetermined flowrate metric

FIG. 5



WO 2024/025836

899~

717

PCT/US2023/028493

160~

% /"'885
interface
: Computer
88g-
891~
Processor e
893~ 897
Application ®
| Reservoir | e Memory
Simulator PR
Reservoir
895~ ™\ Data
AP < 887 \-72_‘-.«/
Service Layer e




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2023/028493

A. CLASSIFICATION OF SUBJECT MATTER
INV. E21B43/00 G01v99/00

ADD.

E21B47/10

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

E21B GO1lVv

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

24 March 2022 (2022-03-24)

[SsA]; ARAMCO SERVICES CO [Us])

paragraphs [0015] - [0063]; figures 1-7

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2020/318468 Al (ALQAHTANI GHAZI DHAFER 1-20

[SA] ET AL) 8 October 2020 (2020-10-08)

paragraphs [0006] — [0081]; figures 1-12
X WO 2022/061126 Al (SAUDI ARABIAN OIL CO 1-20

I:‘ Further documents are listed in the continuation of Box C.

‘z‘ See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

16 October 2023

Date of mailing of the international search report

24/10/2023

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Brassart, P

Form PCT/ASA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2023/028493
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2020318468 Al 08-10-2020 NONE
WO 2022061126 Al 24-03-2022 Us 2022090496 Al 24-03-2022
WO 2022061126 Al 24-03-2022

Form PCT/ASA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report
	Page 34 - wo-search-report

