wo 2015/108865 A2 || 00 0O Y O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

23 July 2015 (23.07.2015)

WIPOIPCT

(10) International Publication Number

WO 2015/108865 A2

(51
eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification: Not classified

International Application Number:
PCT/US2015/011201

International Filing Date:
13 January 2015 (13.01.2015)

Filing Language: English
Publication Language: English
Priority Data:

61/927,561 15 January 2014 (15.01.2014) US
14/595,684 13 January 2015 (13.01.2015) US

Applicant: CONOCOPHILLIPS COMPANY [US/US];
Legal Dept. - Technology and Intellectual Property - Attn:
Docketing, 600 N. Dairy Ashford, Houston, Texas 77079
(US).

Inventor: NGUYEN, Viet Hoai; 201 S. Heights Blvd.,
Apt. 2433, Houston, Texas 77007 (US).

Agent: PIO, Michael Sungjoon; Conocophillips Com-
pany, Technology & Intellectual Property, 600 N. Dairy
Ashtord, Houston, Texas 77079 (US).

(8D

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: AUTOMATIC CARTESIAN GRIDDING WITH LOGARITHMIC REFINEMENT AT ARBITRARY LOCATIONS

(57) Abstract: Method for generating a grid with progressive refinement in one or more one spatial dimensions to account for het-
erogeneity at multiple locations in the one or more spatial dimension is described. One example includes: using, as an input for a
computer processor, the total number of grid cells in the one or more spatial dimensions to be gridded, and locations of features re-
quiring grid refinement; calculating cell divisions via equations derived from geometric or logarithmic series that provide refinement
at the multiple locations; and c) adjusting the cell divisions by an iterative process to obey the total number of grid cells used as in -

put.



WO 2015/108865 PCT/US2015/011201

AUTOMATIC CARTESIAN GRIDDING WITH LOGARITHMIC REFINEMENT
AT ARBITRARY LOCATIONS

FIELD OF THE INVENTION
[0001] The present invention relates generally to computer simulation of flow in
subterranean formations. More particularly, but not by way of limitation, embodiments
of the present invention include tools and methods for generating a grid with refinements

at multiple locations for use in computer reservoir models.

BACKGROUND OF THE INVENTION
[0002] Reservoir simulation can be used to build a computer model of a field
(e.g., model of flow in a porous media) useful for reservoir development and
management. The model can be utilized to forecast production behavior of oil and gas
fields, optimize reservoir development schemes, as well as evaluate distribution of
remaining oil. Numerical methods (e.g., finite volume discretization, finite-difference)
are often used during reservoir simulation to solve systems of nonlinear partial
differential equations associated with a particular flow model. In such cases, calculation
of flow at boundaries between specific cells may be required. Distribution of grid points
in space and location of cell boundaries with respect to grid points can significantly affect
accuracy of the numerical methods. Thus, grid generation or gridding can be a crucial
element for accurate reservoir simulation. Grids enable various heterogeneous geological
features to be described as representations in discrete elements, which allows simulations

to be performed according to suitable numerical patterns.

[0003] Currently, there are limitations to some conventional grid generation tools.
Some conventional tools may be considered inflexible and do not automatically change
the grid cell size (refine) to maintain discretization accuracy around elements of
heterogeneity. Some conventional tools lack scalability that allows for applications in

core-scale experiments as well as full field reservoir simulations.

BRIEF SUMMARY OF THE DISCLOSURE
[0004] The present invention relates generally to computer simulation of flow in

subterranean formations. More particularly, but not by way of limitation, embodiments
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of the present invention include tools and methods for generating a grid with refinements

at multiple locations for use in computer reservoir models.

[0005] One example of a computer-implemented method for generating a grid
with progressive refinement in one or more one spatial dimensions to account for
heterogeneity at multiple locations in the one or more spatial dimension, comprising: a)
using, as an input for a computer processor, the total number of grid cells in the one or
more spatial dimensions to be gridded; b) calculating cell divisions via equations derived
from geometric or logarithmic series that provide refinement at the multiple locations;
and c) adjusting the cell divisions by an iterative process to obey the total number of grid

cells used as input in step a).

[0006] One example of a non-transitory computer readable medium storing a
program causing a computer to execute gridding process, the gridding process
comprising: a) using as an input the total number of grid cells in the one or more spatial
dimensions to be gridded; b) calculating cell divisions via equations derived from
geometric or logarithmic series that provide refinement at the multiple locations; and c)
adjusting the cell divisions by an iterative process to obey the total number of grid cells

used as input in step a).

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] A more complete understanding of the present invention and benefits
thereof may be acquired by referring to the following description taken in conjunction

with the accompanying drawings in which:

[0008] FIG. 1A illustrates an example of a grid according to one or more
embodiments of the present invention. FIG. 1B illustrates modeled fluid pressure

corresponding to FIG. 1A.

[0009] FIG. 2 shows comparison of two gridding models as described in
Example.
[0010] FIG. 3A illustrates a generated grid according to one or more

embodiments. FIG. 3B illustrates an oriented grid corresponding to FIG. 3A.
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DETAILED DESCRIPTION
[0011] Reference will now be made in detail to embodiments of the invention,
one or more examples of which are illustrated in the accompanying drawings. Each
example is provided by way of explanation of the invention, not as a limitation of the
invention. It will be apparent to those skilled in the art that various modifications and
variations can be made in the present invention without departing from the scope or spirit
of the invention. For instance, features illustrated or described as part of one embodiment
can be used on another embodiment to yield a still further embodiment. Thus, it is
intended that the present invention cover such modifications and variations that come

within the scope of the invention.

[0012] The present invention provides tools and methods for generating a grid
with logarithmic refinement at multiple arbitrary locations. As used herein, the term
“grid” refers to a regular spatial arrangement of points that can be mapped to a particular
coordinate system (e.g., Cartesian coordinates). The related term “gridding” refers to the
process of converting irregularly spaced points to a regular spacing by interpolation. As
used herein, the term “arbitrary location” refers to any point or any collection of points
within the grid, wherein points may represent various subterranean structures such as, but
not limited to, wells, natural fractures, artificial fractures (e.g., hydraulic fractures),

geological features such as zones of enhanced permeabilities, and fluid contacts.

[0013] One of the goals of the present invention is to generalize logarithmic
refinement to situations involving multiple arbitrary locations while being able to specify
the number of grid cells as input. In some embodiments, logarithmic refinement allows
smaller cells to be used around man-made or natural heterogeneity features (e.g., wells,
hydraulic fractures, faults), which can be larger away from the wells. One or more
embodiments of the present invention may be generalized such that the tools and methods
may be applied to one-, two-, or three- dimensional problems. The generated grid can be
integrated ecasily in 3D models. At least one advantage is usefulness in reservoir
simulation situations where refinement may be required around multiple subterranean
features, which may be regularly or irregularly spaced (e.g., transverse hydraulic
fractures, en echelon fractures or faults). Implementation of the present invention can be

simple and may be readily integrated into commercially available spreadsheet software
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programs such as, but not limited to, Excel sold by Microsoft® (Redmond, WA). Other
programs and scripting languages may also be used. Other advantages may be apparent

from the disclosure herein.

Generation of Grid

[0014] A core routine is often used to create a grid in one dimension. This core
routine can be independently applied to 2D and 3D situations to create a multi-
dimensional Cartesian grid. The core routine may be used alone or in combination with
other gridding schemes such as uniform spacing. Core routine can generate grid-lines

located away from refinement spots at radii determined by a multiplicative progression.

[0015] Methods of the present invention include: (1) providing input values for
length to be discretized (L), number of cells require (r), size of smallest cells at refine
spots (2*r,, small enough for required resolution), and list of refine spot locations; (2)
merging any neighboring spots closer than a specified separation (e.g., number of cells >
3*number of refine spots); (3) calculating progression factor (a) by equation 6 (described
later); (4) calculating number of cells surrounding each refine spot by rounding off
equation 3 (described later); (5) adjusting the number of cells around each refine spot
until the required number of cells n is obtained if total number of cells is different from n
(go through a priority list); (6) recalculating a using the number of cells after adjustment
above (for each refinement spot); (7) calculating cell divisions according to equation 1

(described later); and (8) outputting cell divisions (or grid spacings if required).

[0016] Some embodiments provide a computer-implemented method for
generating a grid with progressive refinement in one or more one spatial dimensions to
account for heterogeneity at multiple locations in the one or more spatial dimension,
comprising: using, as an input for a computer processor, the total number of grid cells in
the one or more spatial dimensions to be gridded; calculating cell divisions via equations
derived from geometric or logarithmic series that provide refinement at the multiple
locations; and adjusting the cell divisions by an iterative process to obey the total number
of grid cells used as input in step 1). Optionally, the method may further comprise:

repeating steps 1-8 for a second or third dimension.
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[0017] In some embodiments, the heterogeneity is natural or man-made.
Heterogeneity can be characterized by high permeability features including natural
fractures, hydraulic fractures, high permeability faults, or high permeability formations.
The heterogeneity may be characterized by boundaries of volumes of stimulated rock
volume created by hydraulic fracturing. According to some embodiments, the
heterogeneity is introduced by a number of vertical or horizontal wells. Causes of
heterogeneity include fluid interfaces selected from the group consisting of: water-oil
interface, water-gas interface, oil-gas interface, and any combination thereof. Locations
of heterogeneity may be regularly or irregularly spaced.

[0018] Equations useful to the method include: a progression factor a in

2

k a\n .. .
a= (%) wherein n is total number of cells, d; .. x are coordinates of the refinement
0

locations, k is number of multiple locations to be refined, and r, is a dimension of the

: : d; o
heterogeneity. The total number of cells in n; = log, — wherein 7 is 1 to £.

[0019] Some embodiments provide a non-transitory computer readable medium
storing a program causing a computer to execute gridding process, the gridding process
comprising: using as an input the total number of grid cells in the one or more spatial
dimensions to be gridded; calculating cell divisions via equations derived from geometric
or logarithmic series that provide refinement at the multiple locations; and adjusting the
cell divisions by an iterative process to obey the total number of grid cells used as input

in step a).

[0020] The following example of a certain embodiment of the invention is given.
Each example is provided by way of explanation of the invention, one of many

embodiments of the invention.
EXAMPLE

[0021] The process of logarithmic gridding may be simplified as a problem of
dividing a length of L into » cells with logarithmic refining at & spots whose positions are

given.

METHOD
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[0022] Logarithmic spacing around a point, given the inner-most radius 7,:
r=a-r=d-ry where i=1...n (D)
[0023] Relationship between the number of spacings and the maximum radius:
n =log, (r/1y) (2)
[0024] For the given problem, logarithmic spacing are required for £ segments of

half lengths dj, i = 1...k

[0025] Number of spacings for each segment:
2n; = 2log, L fori=1.k 3)
0
[0026] The total number of spacing is specified:
d;
Z?=1 2n; =2 Z?=1 logag =n 4)
[0027] This equation can be solved for a:
n ni{z di
2 =log. =5 )
« 2
_ (Hizp di\?
a = (=) ©)

When this value of a is used to calculate the spacing positions, the actual total number of
spacings X n; will approximate n. Any difference is due to rounding off (»; are round
numbers). This can be corrected by recalculating a for each segment. However, in the
end, a for different segments should be similar and hence, the spacing schemes for
different segments should be similar. Finally, locations of grid lines around each
refinement spot are calculated by equation (1). The method is implemented as a Visual
BASIC for Applications (VBA) routine. For a two-dimensional problem, the same

routine can be applied to each dimension.

[0028] FIG. 1A illustrates an example of an X-Y grid created with refinements
around each of multiple hydraulic fractures. As shown in FIG. 1A, rectangular blocks
represent cells which are small around the hydraulic fractures (vertical lines) but become
larger further away. The hydraulic fractures have different lengths and spacing. Top and
side graphs in FIG. 1A show cell sizes in X and Y directions, respectively. The X-Y grid

6
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captured the geometry of pressure gradients around each fracture. FIG. 1B illustrates

modeled fluid pressure as a result of production through the hydraulic fractures.

[0029] FIG. 2 compares grid refinement method (labeled “new grid”) according
to one or more embodiments with a non-structured gridding technique (labeled
“unstructured grid”). FIG. 2 plots flow (thousands of standard cubic feet per day) as a
function of time (days). Two insets show pressure distribution in the Cartesian model
during linear flow (left) and boundary-dominated flow (right) periods. As shown, the
new grid correlates well with the conventional method but provides increased input

flexibility as well as fast computation.

[0030] FIG. 3A illustrates another grid generated to provide refinements around
well locations. As shown in FIG. 3B, the generated grid can be applied in an optimized
orientation. Optimization of orientation can minimize simulation numerical errors by

aligning grid with dominant flow directions.

[0031] In closing, it should be noted that the discussion of any reference is not an
admission that it is prior art to the present invention, especially any reference that may
have a publication date after the priority date of this application. At the same time, each
and every claim below is hereby incorporated into this detailed description or

specification as additional embodiments of the present invention.

[0032] Although the systems and processes described herein have been described
in detail, it should be understood that various changes, substitutions, and alterations can
be made without departing from the spirit and scope of the invention as defined by the
following claims. Those skilled in the art may be able to study the preferred
embodiments and identify other ways to practice the invention that are not exactly as
described herein. It is the intent of the inventors that variations and equivalents of the
invention are within the scope of the claims while the description, abstract and drawings
are not to be used to limit the scope of the invention. The invention is specifically

intended to be as broad as the claims below and their equivalents.

REFERENCES
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[0033] All of the references cited herein are expressly incorporated by reference.
The discussion of any reference is not an admission that it is prior art to the present
invention, especially any reference that may have a publication data after the priority date

of this application. Incorporated references are listed again here for convenience:

1. M.R. Carlson, (2003) Practical Reservoir Simulation: Using, Assessing,

and Developing Results.

2. Khalid Aziz and Antonin Settari (1979) “Petroleum Reservoir

Simulation”, Applied Science Publishers.
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CLAIMS

1. A computer-implemented method for generating a grid with progressive
refinement in one or more one spatial dimensions to account for heterogeneity at multiple
locations in the one or more spatial dimension, comprising:

a. using, as an input for a computer processor, the total number of grid cells
in the one or more spatial dimensions to be gridded;

b. calculating cell divisions via equations derived from geometric or
logarithmic series that provide refinement at the multiple locations; and

c. adjusting the cell divisions by an iterative process to obey the total number

of grid cells used as input in step a).

2. The method of claim 1, further comprising:

repeating steps a), b), and c) for a second or third dimension.

3. The method of claim 1, wherein the heterogeneity is natural or man-made.

4. The method of claim 1, wherein the heterogeneity is characterized by high
permeability features including natural fractures, hydraulic fractures, high permeability

faults, or high permeability formations.

5. The method of claim 1, wherein the heterogeneity is characterized by

boundaries of volumes of stimulated rock volume created by hydraulic fracturing.

6. The method of claim 1, wherein the heterogeneity is introduced by a

number of vertical or horizontal wells.

7. The method of claim 1, wherein the heterogeneity is caused by a fluid
interface selected from the group consisting of: water-oil interface, water-gas interface,

oil-gas interface, and any combination thereof.
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8. The method of claim 1, wherein the locations of heterogeneity may be

regularly or irregularly spaced.

9. The method of claim 1, wherein the equations include:
2
. . n{:‘zl d;\n . . .
a progression factor @ in a = — wherein n is total number of cells, k is
0

number of multiple locations to be refined, d; x are coordinates of the refinement

locations, and r, is a dimension of the heterogeneity.

10.  The method of claim 1, wherein the equations include:

the total number of cells is 2 Zf=1 loga?
0

11. A non-transitory computer readable medium storing a program causing a
computer to execute gridding process, the gridding process comprising:

a. Using as an input the total number of grid cells in the one or more spatial
dimensions to be gridded;

b. calculating cell divisions via equations derived from geometric or
logarithmic series that provide refinement at the multiple locations; and

c. adjusting the cell divisions by an iterative process to obey the total number

of grid cells used as input in step a).

12.  The non-transitory computer readable medium of claim 11, further
comprising:

repeating steps a), b), and c) for a second or third dimension.

13. The non-transitory computer readable medium of claim 11, wherein the

heterogeneity is natural or man-made.

14.  The non-transitory computer readable medium of claim 11, wherein the
heterogeneity is characterized by high permeability features including natural fractures,

hydraulic fractures, high permeability faults, or high permeability formations.

10
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15. The non-transitory computer readable medium of claim 111, wherein the
heterogeneity is characterized by boundaries of volumes of stimulated rock volume

created by hydraulic fracturing.

16. The non-transitory computer readable medium of claim 11, wherein the

heterogeneity is introduced by a number of vertical or horizontal wells.

17.  The non-transitory computer readable medium of claim 11, wherein the
heterogeneity is caused by a fluid interface selected from the group consisting of: water-

oil interface, water-gas interface, oil-gas interface, and any combination thereof.

18.  The non-transitory computer readable medium of claim 11, wherein the

locations of heterogeneity may be regularly or irregularly spaced.

19. The non-transitory computer readable medium of claim 11, wherein the

equations include:

2

k
ni:1di
rok

: : n L :
a progression factor @ in a = ( ) wherein n is total number of cells, k is

[¢]

number of multiple locations to be refined, d; i are coordinates of the refinement

locations, and r, is the dimension of the heterogeneity.

20.  The non-transitory computer readable medium of claim 11, wherein the

equations include:

the total number of cells is 2 Y%, log, C:—Oi

11
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FIG. 1B



WO 2015/108865 PCT/US2015/011201
3/4

100000 - T - ) T N - "1 O unstructured grid, 1000
‘ | Q unstructured grid, 5

B new grid, 1000

@ new grid, 5

10000

1000} -+ - -

R




WO 2015/108865

4/4

4000

3500 .

3000
2500
2000
16500
1000

600 -

Well locations In the generated grid

7
v
!
£

(o] 1000 2000 3000 4000

5000

6000

FIG. 3A

PCT/US2015/011201

FIG. 3B



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - claims
	Page 11 - claims
	Page 12 - claims
	Page 13 - drawings
	Page 14 - drawings
	Page 15 - drawings
	Page 16 - drawings

