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(57) Abstract: Provided are methods, systems, and
computer-readable media for determining capillary
pressure in a basin/reservoir. Well log data is obtained
that includes permeability log data, porosity log data,
water saturation log data, and oil saturation log data.
Thomeer parameters for a multi-pore system of a
Thomeer model are determined by evaluating an ob-
jective function that measures the mismatch between
the well log data and modeled data having the
Thomeer parameters as input. The objective function
is iterative!}' evaluated using linear equality con-
straints, linear inequality constraints, and nonlinear
equality constraints until convergence criteria are met.
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PUCT PATENTAPPLICATION

SYSTEMS, METHODS, AND COMPUTER-READABLE MEDIA FOR
CONTINUOUS CAPILLARY PRESSURE ESTIMATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

16661}  This invention relates generally to sedimentary basin exploration and reservoir
hydrocarbon production and, more particularly, to cstimating capiliary pressure for basin

exploration and reservoir development and production.

2. Description of the Related Art

186062}  Various ecxploration and production systems are employed to find and extract oil,
natural gas, and other resources from natural basins and reservoiurs in the earth. Capillary
pressure is a property used for basin exploration and reservoir development and production.
For example, capillary pressure may be used to compute the original hydrocarbon in place
(OHIP) and to costimate a recovery factor. Reservoir modeling and simmlation cnables
characterization of static reservoir properties and prediction of reservoir dynamic behavior,
Exploration and production activities and strategies are strongly impacted by reservoir
maodeling workflows and techniques. Accordingly, accurate capillary pressure estimation will
contribute in reducing uncertaintics on reservoir model predictions and in optimizing the
exploration activities and the reservoir development plan. Capillary pressure may be osed to
deterroine the saturation distribution and the total in situ volumes of fluids {e.g., oil, water,

and gas).

1368637  Capillary pressure data is obtained using special core analysis (SCAL). However,
due to the expense and time associated with SCAL procedures, only a relatively few
measurements of capillary pressure are typically performed. Additionally, the capillary
pressure measurcment support size used for SCAL 18 significantly smaller than the modeling
support size used in reservoir sinmulation that uses the capillary pressure data.  Capillary

pressure is typically measured by mercury injection capillary pressure (MICP). Other
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techniques for measuring capillary pressure may include core analysis using computer

tomography (CT) and miclear magnetic resonance {NMR).

SUMMARY OF THE INVENTION

13604  Various embodiments of methods, coroputer-readable media, and systenms for
determining capillary pressure in a basin and a reservoir are provided herein. In some
embodiments, a method s provided that inchudes accessing well log data from a well log for

well, the well log data comprising perrucability log data, porosity log data, water saturation
log data, and oil saturation log data and dctermining Thomeer parameters from the
permeability log data, the porosity log data, the water saturation log data, and the o
saturation log data. The Thomeer parameters include, for each pore system, a fractional bulk
volume, a pore geometrical factor, and a nuninmim cotry pressure. Determining the Thomee
paramcters includes determining a modeled permesbility, determining a modeled porosity,
and determining a modeled water saturation. Additionally, determining the Thomeer
parameters fnchides evaloating an objective based on one or more linear equality constraints,

one or more lincar inequality constraints, and one or more nonlinear equality constraints, The

22
—7

objective function includes F(Ty=—i1-Sw,,, )~

wherein 7 is the Thomeer parameter, Swray 18 the value of the water saturation data, and
So¢T) 1s a modeled o1l saturation for the current Thomeer parameter 7. The one or

maore Hnear equality constraints include:
E Byv{FPoy=axg.,

wherein Av; s a fractional bulk volurse occupied by mercury, Pe is an applied capillary
pressure, o is the conversion factor from mercury-air to oil-water, # is the number of pore
systeros in the reservolr, and ¢ry is the porosity data. The one or more linear inequality
constraints inchude:

Bot < By (Poy< Bv™ for1<i<n

GM™ <G <G™ forisi<n

wherein G is the pore geometrical factor,

PdP® < Pd, <P for 1<i<n

wherein Pd; is a3 minimum eniry pressure,

It Bv.(Pcy# Othen By, +1(Pe) < Bv (Peyfor 1 <i<n—1,

-
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Pd <Pd +ljori<i<n-1i,

and the one or more nonlinear equality constrainis include:

K({Ty=K, (20}

wherein K(T} is the modeled permeability and Kry is the permeability from log data. The
method further includes determining the capillary pressure of the basin/reservoir using a

Thomeer model having the Thomeer parameters.

[3865] In other embodiments, a non-transitory tangible computer-readable storage
medivm having executable computer code stored thercon for determining capillary pressure
in a basin reservoir is provided. The computer code includes a set of instructions that causes
one or more processors to perform the following operations: accessing well log data from a
well fog for a8 well, the well log data comprising permeability log data, porosity log data,
water saturation log data, and oil saturation log data and determining Thomeer parameters
from the permeability log data, the porosity log data, the water saturation log data, and the oil
saturation log data. The Thomeer parameters include, for each pore system, a fractional bulk
volume, a pore geometrical factor, and a minimoam entry pressure. Determining the Thomeer
parameters includes determining a modeled permeability, determining a modeled porosity,
and determining a modeled water saturation. Additionally, determining the Thomeer
parameters inclades evaluating an objective based on one or more linear equality constraints,
one or more lincar inequality constraints, and one or more nonlinear equality constraints. The

(1 W )

~AHZ
P2rady

objective function mncludes F(Ty=—j{1-8w,, )-

wherein ¥ is the Thomeer parameter, Swpay, is the value of the water saturation data, and
So{T} 18 a modeled oil saturation for the current Thomeer parameter 7. The one or
more linear equality constraints inchude:

X 5 v, { .PL} gy R ‘;Z}FAL

i=i
wherein By, is a fractional bulk volume occupied by wmercury, Fe is an applied capillary
pressure, o is the conversion factor from mercury-atr to oil-water, # is the number of pore
systems in the reservoir, and ¢ry is the porosity data. The one or more linear inequality
constraints include:

Byt < By (Poy< By for1<i<an

Gmﬁ GG fori<isn
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wherein G is the pore geometrical factor,

sy

Pd™ < Pd. < Pd™ for 1<i<y
wherein Pd; is a mininwr cotry pressure,

if Bv,(Pey# Othen By, (FPey< By (Pe)for 1<isn—1,

Pd, < Pd, forl<i<n-1,

and the one or more nonlinear equality constrainis include:

K(Ty=K,,(20}

wherein K(T) is the modeled permeability and Ky is the permeability log data. The
computer code includes 3 set of instructions that causes one of more processors to perform
the following operations: determining the capillary pressure of the reservoir using a Thomeer

model having the Thomeer parameters.

[B006]  Additionally, in some embodiments, a system is provided that includes well log
data, the well log data comprising permeability log data, porosity log data, water saturation
log data, and oil saturation log data, one or more processors, and a tangible non-transitory
computer-readable memory having executable computer code stored thereon for determining
capillary pressure in a basin and a reservour. The computer code includes a set of instructions
that causes one or more processors to perform the following operations: accessing well log
data from a well log for a well, the well log data comprising permeability log data, porosity
tog data, water saturation log data, and oil saturation log data and determining Thomeer
parameters from the permeability log data, the porosity log data, the water saturation log data,
and the oil saturation log data. The Thomeer parameters inchide, for each pore system, a
fractional bulk volume, a pore geometrical factor, and a minimum eotry pressure.
Determining the Thomeer parameters wneludes determining 8 modeled permeability,
determining a modeled porosity, and determining a modeled water saturation for the current
Thomeer parameter 7. Additionally, determining the Thomeer parameters includes evaloating
an objective based on one or more Hnear equality constraints, one or more linear ineguality

constraints, and one or more nonlincar equality constraints. The objective function includes

T

(A—wip,, a2
k // i[ - 'l’

F{Ty= %'\1 L SO(T)E? ERAAEA
L

' 2

wherein 7 is the Thomeer parameter, Swyap is the value of the water saturation data, and

So¢T) is a modeled ot} saturation. The one or more lincar equality constraints
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include:

XB'V!. (Pey=o g,

wherein Bv; is a fractional bulk volume occupied by mercury, Fe is an applied capillary
pressure, o is the conversion factor from mercury-atr to oil-water, » is the number of pore
systems in the reservoir, and ¢eyy is the porosity data. The one or more linear inequality
constraints include:

Byt < By (Po)y< By fori<i<n

G <G <GP fori<isn

wherein ; is the pore geometrical factor,

Pd™ < Pd < Pd™ fori<i<n

wherein Pd; is a mininwr cotry pressure,

if Bv{fcy=Othen By, (Pcy< Bv(Peyfori<i<n-1,

Pd, < Pd, fort<i<n-1,

and the onc or more nonlincar equality constraints include:

K{(T) =K,

wherein K(T) is the modeled permeability and Kpy;, is the permeability from log data. The
computer code further includes a set of instructions that causes one or more processors to
perform the following operations: determining the capillary pressare of the basin/reservoir

using a Thomeer model having the Thomeer parameters.

{6687}  Further, in some embodiments, a computer-implemented method for determining
capillary pressure is provided. The method includes accessing well log data from a well log
for a well, the well log data including permeability log data, porosity log data, water
saturation log data, and o1l saturation log data. The method further jnchudes evaluating an
objective function measuring the different between the permeability fog data and a modeled
permeability, the porosity log data and a modeled porosity, and the oil saturation log data and
a modeled oil saturation, the modeled permeability, the modeled porosity, and the modeled
otl saturation cach a function of Thomeer parameters. Additionally, the method includes
determining the capillary pressures of the basin and a reservoeir using a Thomeer model
having the Thomeer parameters, the Thomeer parameters comprising a fractional bulk

volume, for each pore systern, a pore geornetrical factor, and a minimum entry pressure.
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BRIEF DESCRIPTION OF THE DRAWINGS

166687 FIG. 1 is a graph of a Thomeer function representing an MICP  5,curve for a

mono-modal pore system according to the prior art;

136097  FIG. 2 s a block diagram of a process for estimating Thoraeer parareters from
standard well log data and determining capillary pressure in accordance with an embodiment

of the present invention;

[6818)  FIG. 3 is a block diagram of an optimization process for the objective function and
constraints for estimating Thoroeer parameters in accordance with an embodiment of the

present invention;

16611} FIG. 4 15 a block diagram of a system for estimating Thomeer parameters from
standard well log data and determining capillary pressure in accordance with an embodiment

of the present invention;

166127 FIG. 5 is a block diagram of a computer in accordance with an embodiment of the

present invention;

[B813]  FIGS. 6-10 are graphs depicting the results of validation testing of the estimation

of Thomeer parameters 1o accordance with an embodiment of the present invention;

[BG14]  FIGS. 11-15 are plots of modeled data and actual data for the five synthetic wells
used for the validation testing of the estimation of Thomeer parameters in accordance with an

embodiment of the present invention.

[6615]  While the invention is susceptible to various modifications and alternative forms,
specific ernbodiments thereof are shown by way of example in the drawings and will herein
be described in detail. The drawings may not be to scale. |t should be understood, however,
that the drawings and detailed description thereto are not intended to limit the invention to the
particular form disclosed, but to the contrary, the intention is to cover all modifications,
cquivalents, and aliernatives falling within the spirit and scope of the present invention as

defined by the appended claims.
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DETAILED DESCRIPTIONOF T

[8816]  As discussed in more detail below, provided in some embodiments are systems,
methods, and computer-readable roedia tor determining capillary pressure n a basin and a
reservoir. Well fog data is obtained from a well log for a well and used to determine Thomeer
parameters for each pore system, i.¢., mininmm entry pressure, pore geometrical factor, and
fractional bulk volume occupied, used in a Thoweer model for determining capillary
pressure. The well log data may include permcability log data, porosity log data, water
saturation log data, and oil saturation log data. The Thomeer parameters are determined by
evaluating an objective function that measures the mismatch between the well log data and
modeled data having the Thomeer parameters as input. The objective function is ieratively
evaluated using lincar eoquality constraints, linear inequality constraings, and nonlinear
squality constraints until convergence criteria are met. In some embodiments, the evaluation
may be performed wusing sequential quadratic programming. The determined capillary
pressures for a basin and a reservoir may be provided for basin exploration, prospect

evaluation, and reservoir modeling and reservoir sinulation.

166177  As will be appreciated, mercury injection capillary pressare (MICP) may be used
with core samples to determine capillary pressures and pore size distribations. The mercury-
atr systems used with MICP may be converted to oil-water systems that typically exist in
basin and a reservoir. The Thomeer model is based on an observed hyperbolic relationship
between the amount of mercury entering 3 pore system in an MICP experiment and the
apphied mercury pressures. The Thomeer model provides an empirical formala for the

occupied fractional bulk volume 8, and the mercury pressures £, as shown in Hquation 1 as

follows:
{ e 3 1
, B exp for PP,
Eﬁﬁ} 8§ 48[ (PC) 4 ! \}Og(!i),} . EOg(Pi )/ c 4 ; (1\;

[O elsewhere
16619} Where 8vi/Pcj 15 the fractional bulk volume occupied by mercury at capillary
pressure Pe, Bv,. is the fractional bulk voluome occupied by mercury at infinitely high
capillary pressure, 7 is the pore geometrical factor, Pe is the applied capillary pressure, and
Pd s the miniroum entry pressure,

166267 Thus, the shape of the function described above in Equation 1 is determined by the

three Thomeer parameters described above: £, &, and B, .. The Thomeer parameterization

7-



WO 2014/190261 PCT/US2014/039339

for MICP experiments may be used to describe the internal architecture of a basin and a
reservolr pore system, FIG. 1 depicts a Thomeer function representing an MICP Bv-curve for

a mono-maodal pore system.

166217 As shown in the figure, the asymptotes for the Thomeer parameters £, and £, are
indicated. The pore geometrical factor & determines the curvature of the Hlustrated MICP Bv-
curve, such that a large value of & results in a gradual onset and small value of G resulis in a
sudden and sharp onset. For multi-modal systems (e.g., carbonates), a suromation of up to
three differcnt Thomeer hyperbolas may be used to constitute 3 complete MICP B.-curve.
Because each such hyperbola would upscale independently, mudti-modality is left out of the
upscale derivation. Thus, unless otherwise noted, pore systems employed in the technigues
described below may be assumed to be mono-modal. However, the techniques described
below are not restricted to mono-modal pore systems and may be used with multi-modal pore

system

o

[6622]  Additionally, in some embodiments B, may be assumed to equal ¢ Thus,
applying this assumption to Equation 1, in such embodiments the Thomeer formula is shown

it Equation 2 as follows:

7 ~ 3
, ¢ exp - , Jor £, > F, :
86231 B(P )~ log(P )~ Tog(P) : (2
10 elsewhere J

136247 Where Bvw/Pc) is the fractional bulk volume occupied by mercury at capillary
pressure Pe, ¢ is the porosity, G is the pore geometrical factor, Pe is the applied capillary

pressure, and £¢d is the minimurm entry pressure.

136257  Accordingly, Equation 2 may be expressed in terms of porosity and mercury

saturations, as shown below in Equations 3 and 4 as follows:

10026] B.(P

ks

SH: (P) (?\’

2

166277 Where BviFc) is the fractional bulk volume occupied by mercury at capillary
pressure Fo, ¢ is the porosity, Su{Pc) is the mercury saturation at capillary pressure Fe, and
P is the applied capillary pressure.

< N

log(P)~log(P,) )

8828] 5, (Fy=exp
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0628} Wherein 8i,(Pc) 15 the mercury saturation at capillary pressure Fe, Pe is the
applied capillary pressure, & is the pore geometrical factor, and Pd is the minimam entry

pressure,

166367 As will be appreciated, the conversion from mercury saturation to actual reservoir
fluid saturation (i.c., Syo 10 Soy) may be performed using the interfacial tension values for oil-

brine-rock and for Hg-air-rock (or Hg-vapor-rock).

{6031}  Typically estiroations using Thomeer analysis involve the fitting of the Thorcer
hyperbola to core plug MICP data by determining the Thomeer parameters from such data.
This results in the full characterization of the entire pore space of each core plug. However,
such core plug MICP data is very sparse and Thomeer parameters estimation from MICP data
will generate capillary pressure data with a high degree of uncertainty. For example, a core
plug may have a typical volume of about 10 om’ and reservoir element, as probed by wire-
line logs such as resistivity, may represent a reservoir volume equivalent bitlions of core
plugs, while a typical reservoir model grid cell is about 250m x 250m x I, Consequently,
reservoir modeling and simulation {e.g., for reserve estimation and production forecast) based

on such capillary pressure data may also be highly uncertain.

166327  FIG. 2 depicts a process 200 for estirnating the Thomeer parameters from standard
well logs, such as those obtained from fluid analysis logs. Some or all steps of the process
200 may be implemented as oxecutable computer code stored on a non-transitory tangible
computer-readable storage medium and executed by one or more processors of a special-
purpose machine, e.g., a computer programmed to execute the code. Initially, well log data is
obtained (block 202). The obtained well log data 204 may include porosity data, water
saturation data, oil saturation data, and permeability data. Next, as described in detail below,
the Thomeer parameters for the Thomeer model are estimated from the well log data {block
206) by mimimizing an objective function measuring a mismatch between observed data and
predicted data from a theoretical model having the Thomeer parameters as an input. Next, the
estimated Thomeer parameters are inputted into the Thomeer formula (block 2(38). Based on
these paramecters, capillary pressure 1s estimated for a reservoir using the Thomeer equation
{block 210}. The estimated capillary pressures may then be used in further basin exploration,

prospect evaluation, and reservoir modeling and simulations (block 2120,

16633}  As mentioned above, embodiments of the present invention may estimate Thomeer

parameters from “standard” well logs having, for example, porosity data, water saturation

9.
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data, oil saturation data, and permeability data. As described in detail below, the estimation of
Thomeer parameters from well log data is based on an inverse problem theory. Accordingly,
the Thomeer parameters are ostimated by minminuzing an objective function measuring a
mismatch between observed data and predicted data from a theoretical model having the
Thomeer parameters as an input. In the techniques described below, the Thomeer parameters

may be abbreviated using Equation 5 as follows:
10634] 7T =(RBv.(P).G,Pd ), (5}

8635}  wherein 7 is the abbreviation for the Thomeer parameters, # 15 the number of pore
geometrical factor and (Pdy) ;- is the minimum entry prossure.

36 As explained above, the well log data may include a porosity log, water saturation
#0836 As explained ab th 1l log dat lud ty | t turat
tog, oil sataration log, and permeability log. A porosity model using the mwalti-pore system

porosity definttion may be represented by Equation 6 as follows:

o
(=)
T

[0037)  HTy=a) By
[8638] Where #is the porosity, ¢ is the conversion factor from mercory-air to oil-water, n
is the mumber of pore systems in the reservoir, and Ry, is the fractional bulk volume occupied
by raereury.

8638}  An oil saturation model using the Thomeer equations may be represented by

Equations 7 and 8 as follows:

[0646]  S0,(G,, Pd.) = Bv” *exp( (’ ) (7)
o fog(Pc)y—log{Pd )

13841}  Where So; (G, Pdy) 15 the modeled oil saturation using Thomeer equations for the
pore system 7 described by the Thomeer parameters (Bvi(Pol, G Pdy), BY” s the fractional
bulk volume occupied by mercury at infinttely high capillary pressure, Pe is the applied

capillary pressure, &} is the pore geometrical factor and Pd); is the minimum entry pressure.

108042 So(T)= -;;ng % 80.(G,, Pd.) (8)

i=1

-10-
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18643} Where So(7) s the modeled o1l saturation using Thomeer equations for the mult-
modal pore system described by the Thomeer parameters 7 at capillary pressure Fo, $is the
porosity, So; (G, Pdyj is the modeled oil saturation using Thomeer equations for the pore
systery 7 described by the Thomeer parameters (Bvd{Pc), Gi, Pd;), By, is the fractional bulk
volume occupied by mercury, G; the pore geometrical factor and Pd; is the minimum entry

pressure,

163447  An absolute permeability model may be represented using the Buiting-Clerke

equation, as shown below in Equation 9

[0045]  K(T)=506%Y L exp(-~4.43,JG ) (%)

186467  Wherein K(Tjis the modeled permeability using the using Thomeer equations for
the multi-modal pore systermn described by the Thoraeer parameters T at capilary pressure Pe,
BvitPc) is the fractional bulk volume occupied by mercury at infinitely high capillary
pressure, Pe is the applied capillary pressure, G; is the pore geometrical factor and Pd; s the

MBI cutry pressure.

[B647]  As mentioned sbove, the Thomeer parameters are estimated from well log data
based on an inverse problem theory. The inverse problem formulation inchudes an objection
fonction minimized using hinear and nonlinear constraints. The objection function is shown in
Equation 1{ as follows:

5

2, (1w

oy |

Wy, ~ ~ el PRI
8848 F(T) = f;[lti ~ 8wy, )~ So(T {10)
6649} Whercin F77) is the objective function using Thomeer equations for the nwlt-
modal pore system described by the Thomeer parameters 7, w is the, Swiyy, 18 the water
saturation log value (e.g., from a fhad analysis log), So(T) is the modeled o1l saturation using
Thomeer equations for the multi-modal pore systern described by the Thoraeer parameters 7

at capillary pressure Pe, and 7 is the abbreviation for the Thomeer parameters.

{36567  The linear equality constraints are shown by Equation 11 as follows:

0051] Y Bu(Poi=ad,, (1)

i=1
138527  Wherein Bvi(Pci is the fractional bulk volume occupied by mercury at capillary

pressure Pe, Pe is the applied capillary pressure, o is the conversion factor from mercury-air

-11-
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to oil-water, # is the number of pore systoms in the reservoir, and ¢y 18 the porosity log data

{c.g., from a fluid analysis fog).

8653}  The lincar inequality constraints are shown by Equations 12-16 as follows:

/

[6854] By < By (Poy< BV for1<i<a (12)

N i
{38557 Wherein Bv; 1s the fractional bulk volume occupied by mercary, BviiFe) s the
fractional bulk volume occupied by mercury at capillary pressure Pe, Pe s the applied

capillary pressure, and » is the number of pore systems in the reservoir.

fas

8056] G <G <G™forigi<a (13)

{68577 Wherein G; s the pore geometrical factor and » is the number of pore systems in
the basin/reservotr.

[B0S8] Pd" < Pd, < P for1<i<n {14)

166597 Wherein P4, is the minimmum entry pressure and # 1s the number of pore systems in
the reservoir.

10668  if Bv,(Pcy#Qthen Bv, (Poy< By (Po)for 1Si<n~1 (15}

[B361] Wherein By, is the fractional bulk volume occupied by mercury, BviiFe) is the

fractional bulk volume occupied by mercury at capillary pressure FPe, Pe is the applied

capillary pressure, and » s the number of pore systems in the reservoir.

[0662] Pd <Pd, fori<i<n-| {16}

166637  Wherein P4, is the minimmum entry pressure and # 1s the number of pore systems in
the reservoir.

[6664]  The nonlinear equality constraints are shown by Equation 17 as follows:

[6065] KT} = Ky, (17

13066  Wherein K¢7T) s the modeled permeability using the using Thomeer equations for

the multi-modal pore system described by the Thomeer parameters 7 and Koy is the

permeability log data (e.g., from a fluid analysis log).

68677 In some cmbodimeunts, the objective function is evaluated using sequential

quadratic programming {(SQP). By way of background, SQP may be used to solve
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differentiable nonlinear programming problems having forms shown by Equations 18-22 as

foliows:

[8068]  min £(x) {18)
8869  xeW’ (19)
8670] x <x<x, (20}
0071 g, (x)=0,j=L..m, (21)
8872} gz j=m +L.,m (223

16673} Wherein x is an #-dimensional parameter vector and all problems functions fix/ and
i), =1, ..., m are assurned to be continuously differentiable. As will be appreciated, SQP is
the standard general purpose technique to solve smooth nonlinear optimization problems
under the following assumptions: the problem is not large, functions and gradients can be
evaluated with sufficiently high precision, and the problem is smooth and well-scaled.
Accordingly, in such embodiments a quadratic prograrmoming sub-problern may at solved at
any iteration by linearizing the constraints and quadratically spproximating the Lagrangian

function shown in Equation 23 as follows:

13

(0074 Lixu) = flx)- 3 u.g.(x) (23)
=1

- . . . . . T . . g
[8075] Wherein x is the primal variable and » = fuy, ..., uy)’ i the Lagrange nultiplier

vector.

18676} FIG. 3 depicts the optimization process 300 for the objective function and
constraints described above. Some or all steps of the process 300 may be tmplementad as
executable computer code stored on a non-transitory tangible computer-readable storage
medim and executed by one or more processors of a special-purpose machine, ¢.g., a
computer programmed to execute the code. The process 300 begins at initialization block 302
and is an iterative process that is stopped after convergence criteria are met. The initialization
may nclude obtaining the well log data and receiving any other data or parameters used in
the subsequent determinations. As shown in FIG. 3, Equation 5, the abbreviation for the
Thomeer parameters, is depicted in block 304 and represents the Thomeer parameters to be
estimated via the process 300. Next, the various equations for the well log data as a function

of the Thomeer parameters are determined. As shown in FIG. 3, Equation 7 for estimating the

13-
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oil saturation is depicted in block 306, Subsequently, the modeled oil saturation as a function
of the Thomeer parameters is cstimated, as shown by Equation 8 depicted in block 303,
Additionally, as mentioned above, the modeled porosity as a function of the Thomeer
paramcters is ostimated, as shown by Eguation 6 depicted in block 310, Similarly, the
modeled permeability as a3 function of the Thomeer parameters is estimated, as shown by

Equation 9 depicted in block 312,

{68777  The evaluation of the equations described above is performed by minimizing the
objective function described above in Equation 10 using the linear equality constraints
described above in Equation 11, the lnear inequality constraints described above in
Equations 12-16, and the nonlinear inequality constraints described above in Equation 17
{(block 314). As mentioned above, in some embodiments the objection function may be
optimized using SQFPF techniques. Next convergence criteria are evaluated to determine if the
criteria are met {decision block 316). If the convergence criteria are not met (hine 31R), the
next iteration of the process 300 3 executed (block 320). In this manner, the equations
described above are evaluated until the convergence criteria of the minimization of the
objective function are met. If the convergence criteria are met (line 322), the process may
stop (block 324) and the values for the Thoreer parameters may be used in subsequent

calculations of capitlary pressure.

16678]  FIG. 4 depicts 3 system 400 for determining capillary pressure in accordance with
an embodiment of the present invention. The system 400 may include well log data 402 and
server 404 having a Thomeer parameter estimation process 406 and a capillary pressure
estimation process 408, Additionally, FIG. 4 also illustrates a network 410 and a reservoir
modeling and sinmuldation system 412, As will appreciated, well log data 402 may be obtained
from “standard” well logging techniques, suach as a tloid analysis log, Facimage, and other
techniques. Advantageously, no additional procedures, such as core plugs, are required to
obtain date for estimating the Thomeer parameters and the capillary pressure. As noted
above, in some embodiments the well log data includes porosity data 414, saturation data 416

{e.g., water saturation data and oil saturation data), and permeability data 413,

[B879]  As described above, the server 404 roay exccute a Thomeer parameter estimation
process 4006 1o estimate Thomeer parameters 420 from the well log data 402, according to the
equations and processes described above. As described above, the Thomeer parameters 420
are estimated from the well log data 402 by minimizing an objective function measuring the

mismatch between the observed well log data 402 and the predicted data from a theoretical
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model having the Thomeer parameters as the input. The server 404 may also execute the
capillary pressure estimation process 408 to estimate capillary pressures 422 from the
estimated Thomeer parameters 420 using the Thomeer equations described above, The
estimated capillary pressures 422 may be provided to the reservoir modeling and sinmulation
system 412, such as via the network 410, The reservoir modeling and simulation system may
produce a reservoir model 424 and a reservoir simulation 426 using the capillary pressure as

an input, in addition to other inputs typically provided for such models and simulations.

16088}  Advantageously, the determination of capillary pressure according to the
techniques described above is relatively quick as they are based on numerical modeling and
not laboratory experiences. Additionally, the cost of estimating capillary pressure may be
reduced by using standard well log data for the estimation of capillary pressure as described
above instead of laboratory experiments. Moreover, the capillary pressure for the entire well
is estimated and is not limited to only the relatively small number of score samples having
SCAL. Accordingly, the estimated capiiary pressure reflects the capillary pressures in the
well and not just for the small plug volume used for SCAL. Consequently, the capillary
pressure is more appropriate for reservoir simulation and modeling wherein the modeling cell

size may be closer to the well neighborhood scale than to the core scale.

16681  FIG. § depicts a computer 500, such a8 a server, 1n accordance with an embodiment
of the present invention. The computer depicted in FIG. 5, and other computers providing
comparabie capabilities, may be used in conjunction with the present techniques. The
computer 5300 may cormmunicate over a network 502, described further below. The computer
500 may inchude various internal and external components that contribute o the function of
the device and which may allow the computer S0 to function in accordance with the
techniques discussed herein.  As will be appreciated, varions compounents of computer 500
may be provided as internal or integral components of the computer 500 or may be provided
as external or connectable components. It should further be noted that FIG. S depicts merely
one example of a particular implementation and is intended to illustrate the types of

components and functionalitics that may be present in computer 540,

[B082]  In various croboduments, the computer 500 may be a server, a desktop computer, a
laptop computer, a tablet computer, a smartphone, or other types of computers. As shown in
FIG. 5, the computer 500 may nclude one or more processors 504 and memory 506.
Additionally, the computer 500 may include, for exarople, an interface 502, a display 510, an
mput device 512, input/output ports 514 and a network interface 516,

-15-
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16683} The display 510 may include a cathode ray tube {CRT) display, a hguid crystal
display (LCD), an organic light emitting diode (OLED) display, or other types of displays.
The display 510 may display a user interface (e.g., a graphical user interface) and may
display various function and systern indicators to provide feedback 0 a user, such as power
status, call status, memory status, ete. In some embodiments, the display 510 may include a
touch-sensitive display (referred to as a “touch screen). In such embodiments, the touch
screen may enable interaction with the computer via 3 user interface displayed on the display
510, In some embodiments, the display S10 may display a user interface for implementing the
techniques described above, such as, for cxample, selecting well log data, initiating
deterroination of Thomeer parameters, viewing the status of the processes described above,
viewing the determined Thomeer parameters, viewing the determined capillary pressures, and

5O Ol

[B084]  The onc or more processors 504 may provide the processing capability required to
execute the operating systern, programs, user interface, and functions of the computer 500,
The one or more processors 500 may inchude microprocessors, such as “gencral-purpose”
microprocessors, a combination of general and special purpose microprocessors, and
Application-Specific Integrated Circuits (ASICs). The computer 500 may thus be a single
processor system or g multiple processor system. The one or more processors 500 may
include single-core processors and muilticore processors and may include graphics processors,

video processors, and/or related chip sets.

[B085]  The merory 506 may he accessible by the processor 502 and other components of
the computer 500. The memory 506 {(which may include tangible non-transitory computer
readable storage mediums) may inchide volatile memory and non-volatile memory accessible
by the processor 502 and other components of the compuater S00. The memory 506 may store
a variety of information and may be used for a variety of purposes. For example, the memory
506 may store the firmaware for the computer 500, an operating system for the computer 500,
and any other programs or executable code necessary for the computer 500 to function. The
memory 506 may incltade volatile memory, such as random access memory (RAM) and may
also include non-volatile memory, such as ROM, a solid state drive {SS12), a hard drive, any

other suitable optical, magnetic, or solid-state storage medivm, or a combination thereof.

166867 The wemory may store executable computer code that includes program
mnstructions S18 executable by the one or more processors 502 to mmplement one or more

embodiments of the present invention. For example, the processes 100, 200, and 300

16~



WO 2014/190261 PCT/US2014/039339

described above may be implemented in program instructions 518 Thus, in some
embodiments prograrm instructions 518 may include mstructions 520 for Thomeer parameter
eetimation {e.g., the Thomeer parameter estimation process 406) and instructions 522 for
capillary pressure estimation {c.g., the capillary pressure estimation process 408). The
program instructions 518 may include a computer program {which in certain forms s known
as a program, software, software application, script, or code). A computer program may be
written in a programuning language, including comapiled or interpreted languages, or
declarative or procedural languages. A computer program may include a unit suitable for use
in a computing environment, including as a stand-alone program, a module, a component, a
subroutine, cte., that may or may not correspond to a file in a file system. The program
mnstructions $18 may be deployed to be executed on computers located locally at one site or
distributed across multiple remote sites and interconnected by a communication network

{e.g., network 502},

[B087]  The interface 508 may include mwultiple interfaces and may couple various
components of the computer 500 to the processor 502 and memory 504, In some
embodiments, the interface SO8, the processor 5342, memory 504, and one or more other
componeuts of the computer 500 way be voplemented on a single chip. In other
embodiments, these components and/or their functionalitics may be iroplemented on separate

chips.

{3388} The computer SO0 also includes a user mput device 512 that may be used to
mteract with and control the computer 500, Tn general, eroboduments of the computer 560
may inchude any number of user input devices 512, such as a keyboard, a mouse, a trackball,
a digital stylus or pen, buttons, switches, or any other suitable input device. The input device
512 may be operable with a user interface displayed on the computer 580 to control functions
of the computer 300 or of other devices connected to or used by the computer 506, For
example, the input device 500 may allow a user to navigate g user interface, input data to the
computer 300, select data provided by the computer 530, and direct the output of data from

the computer SO0,

[B089]  The computer 500 may also mclude an input and output port 514 to cnable
connection of devices to the computer 500. The input and output 514 may include an audio
port, untversal serial bus (LUUSB) ports, AC and DC power connectors, serial data ports, and so
on. Further, the computer 500 rnay use the input and output ports o connect to and send or

receive data with other devices, such as other computers, printers, and so on.
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[8698¢]  The computer 500 depicted in FIG. S also includes a network interface 516, such as
a network interface card (NIC), wireless {e.g., radio frequency) receivers, etc. For example,
the network iuterface 516 mav include known circuitry for communicating with
comnmunication networks via electromagnetic signals transmitted over a wired or wireless
connection. Such circuitry may include, for cxample, antennas, amplifiers, transceivers,
receivers, processors, and so on. The network interface 316 may communicate with various
communication networks (e.g., network 502), such as the Internet, an intranet, a cellular
telephone network, a wireless local area network (LAN) a metropolitan area network (MAN),
or other suitable communication networks. The network interface 516 may implement any
suitable communications standard, protocol and/or techuology, including wired Ethernet,
wireless Ethernet {(Wi-Fi) ({c.g., [EEE 202.11a, IEEE 802.11b, IEEE 802.11g and/or [EEE
3(2.11n), a 3G network (e.g., based upon the IMT-2000 standard), high-speed downlink
packet access (HSDPA), wideband code division multiple access (W-CDMA), code division
multiple access (CDMA), time division multiple access (TDMA), a 4G network {e.g., IMT
Advanced, Long-Term Evolution Advanced (LTE Advanced), etc.), and any other suitable

compmnications standard, protocel, or technology.

[6691]  FIGS. 6-10 depict the results of various validation fests o estimate reservoir
capillary pressure in accordance with the techniques described herein, The validation testing
is based on reference sets of Thomeer parameters that are used to populate five synthetic
wells, For each synthetic well, porosity, permeability, and saturation logs are generated using
the models described above in Equations 6-10. For validation, the actual Thomeer parameters
are assumed to be unknown and the synthetic porosity, permeability, and saturation log data

is used to gstimate Thomeer parameters and, thus, the capillary pressure.

166927 FIG. 6 depicts graphs of the model well data vs. the estimated well data and
iustrates the efficiency of the optimization of the objective function using the linear equality
constraints, linear inequality constraints, and nonlincar equality constraints. FIG. 6 depicts a
first graph 600 illostrating estimated saturation data vs. modeled saturation data, a second
graph 602 illustrating estimnated permeability data vs. modeled permeability data, and a third
graph 604 illustrating estimated porosity data vs, modeled porosity data. The process took
less than one minute to reach the convergence criteria and determine a solution that matches
the saturation data and honors the linear constraints on the porosity and the non-hnear

coustraints on the permeability
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[8693]  FIG. 7 depicts graphs of the estimated Thomeer parameters (&, By, and Pd) vs. the
actual Thomeer parameters for a macro system. FIG. 7 depicts a first graph 700 ilhistrating
estimated pore geometry factor G vs. actual pore geometry factor &, a second graph 702
ilustrating estimated fractional bulk volume Bv vs. actual fractional bulk volume Bv, and a
third graph 704 illustrating estimated minimum entry pressure Pd vs. actual minimuom entry
pressure Pd. FIG. 7 also includes bar graphs that depict the distribution of the estimated
Thomeer paramecters as compared to the distribution of the actual Thomeer parameters
obtained from a model database. As shown in FIG. 7, the figure includes a first bar graph 706
that depicts the distribution of estimated and actual pore geometry factor G, a second bar
graph 708 that depicts the distribution of estimated and actual fractional bulk volume By, and
a third bar graph 710 that depicts the distribution of estimated and actual minimum entry
pressure Pd. As shown from these figares, the distribution of the estimated Thomeer
parameters 18 consistent with the distribution of the actual Thomeer parameters. Additionally,

as shown from these figures, the range for the Thomeer parameters is also consistent,

6694} FIG. 8 depicts graphs of the estimated Thomeer parameters (G, By, and Pd) vs. the
actual Thomeer parameters for a second pore system having n = 2. FIG. § depicts a first
graph 800 illustrating estimated pore geometry factor G vs, actual pore geometry factor G, a
second graph 202 itilustrating estimated fractional bulk volume Av vs, actual fractional bulk
volume Sy, and a third graph 304 illustrating estimated minimum entry pressure Fd vs. actual
mininnin entry pressure P, As shown in FIG. &, the figure also includes a first bar graph
806 that depicts the distribution of estimated and actual pore geometry factor &, a second bar
graph 808 that depicts the distribution of estimated and actual fractional bulk volume Bv, and
a third bar graph 810 that depicts the distribution of estimated and actual minimum ontry
pressure Pd. The figures illustrate a higher difficalty of estimation due to the insensutivity of
the permeability to the pore system 2 characteristics. However, these figures show that a
consistent trend for fractional bulk volume Sv is obtained as the porosity is sensitive to the By
vahies for the three pore systerus. For the minimam entry pressure Pd and the pore geometry
factor G, the low sensitivity of the saturation to these two parameters increases the ditficulty
of their estimation and the optinization program may gencrate a sohution consistent with the
prior term inchided in the objective function. As shown in the bar graphs 806, 808, and 8190,

the prior terra will control the consistency of these parameters” distributions.

[6695]  FIG. 9 depicts graphs of the estimated Thomeer parameters (G, By, and Pd) vs. the

actual Thomeer parameters for a second pore system having # = 3. FIG. 9 depicts a first
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graph 900 illustrating estimated pore geometry factor ¢ vs. actual pore geometry factor G, a
second graph 902 illustrating estimated fractional bolk volume Bv vs. actaal fractional bulk
volume Bv, and a third graph 904 illustrating estirnated minimurm entry pressure Pd vs. actual
minimum cniry pressure Pd. The figures itlustrate g higher difficulty of estimation due to the
insensitivity of the permeability to the pore system 23characteristics. Here again, however,
the graphs show a consistent trend for fractional bulk volume By as the porosity is sensitive 1o
the Bv values for the three pore systems. Simularly, as noted above, the low sensitivity of the
saturation to the minimum entry pressure Pd and the pore geometry factor & increases the
difficulty of their estimsation, and the optimization program may generate a solution
counsistent with the prior terro included in the objective function. FIG. 9 also depicts a first bar
graph 800 that depicts the distribution of estimated and actual pore geometry factor G, a
second bar graph R0R that depicts the distribution of estimated and actual fractional bulk
volurne Bv, and a third bar graph 810 that depicts the distribution of estimated and actual
mininum cntry pressure £d that depict the control the prior term of the obiective function

over the parameters” distributions.

[8696] FIG. 10 depicts the Thomeer parameters” distributions from for the model
paramciers and database pararpeters for the three pore systems discussed above and in
accordance with an embodiment of the present invention. FIG. 10 illustrates the consistency
between the modeled and actual Thomeer parameters and thus validates the wtility of the
capillary pressures derived from the Thomeer equation using Thomeer estimated according

the techniques described herein.

16697} FIGS. 11-15 are plots of modeled data and actual data for the tive synthetic wells
used for the validation testing described above and in accordance with an embodiment of the
present jnvention. Bach plot inchudes: the match of the modeled porosity vs. the actoal
porosity data, the match of the modeled saturation va. the actual saturation data; the match of
the modeled permeability vs. the actual permeability data; the geometry factor & for the three
pore systems; the bulk volume By for the three pore systerns, and the minimum entry pressure
Pd for the three pore systems. The plots illustrate that the techniques described estimate the
Thomeer parameters for a multi-pore system that is consistent with the actual Thomeer
parameters and well log data used for validation testing,

[6698] Fuwrther modifications and allernative embodiments of various aspects of the
ivention will be apparcat to those skilled in the art in view of this description. Accordingly,
this description 18 to be construed as illustrative only and is for the purpose of teaching those
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skrilled in the art the general manner of carrying out the invention. It is to be understood that
the forms of the invention shown and described herein are to be taken as examples of
erabodiments, Elements and materials may be substituted tor those illustrated and described
hercin, parts and processes may be reversed or omitted, and certain features of the invention
may be utilized independently, all as would be apparent to one skilled in the art after having
the benefut of this description of the invention. Chaoges may be made in the clements
described herein without departing from the spirit and scope of the invention as described in
the following claims. Headings used herein are for organizational purposes only and are not

meant to be used to Hmit the scope of the description,

136997 As used throughout this application, the word “may” is used n a perroissive sense
(i.e., meaning bhaving the potential to), rather than the mandatory sense {i.e., meaning must).

b1

The words “include”, “including”, and “inchudes” mean including, but not Himited to. As used
throughout this applhication, the singular forms "7, “an” and “the” include phwral referents
unless the content clearly indicates otherwise. Thus, for example, reference to “an element”
includes a combination of two or more clements. Unless specifically stated otherwise, as
apparent from the discussion, it is appreciated that throughout this specification discussions
utilizing terms such as “processing”, “computing”, “calculating”, “deterouning” or the like
refer to actions or processes of a specific apparatus, such as a special purpose computer or a
similar special purpose electronic processing/computing device. In the context of this
specification, a special purpose computer or a similar special puorpose electronic
processing/computing device is capable of manipulating or fransforming signals, typically
represented as physical electronic or magnetic quantities within memories, registers, or other
information storage devices, transmission devices, or display devices of the special purpose

computer or similar special purpose electronic processing/computing device,

13610061 The present techniques will be better understood when considered 1o view of the

following enumerated emmbodiments:

1} A computer-implemented method for determining capiliary pressure in a reservoir, the
method comprising:

accessing well log data trom a well log for a well, the well log data comprising permeability
log data, porosity log data, water saturation log data, and oil saturation log data;

determining Thomeer parameters from the permeability log data, the porosity log data, the
water saturation log data, and the oil saturation log data, the Thoroeer parameters coraprising
a fractional bulk volume, a pore geometrical factor, and a mininwir entry pressure, the

1=
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determining comprising:

determining a modeled permeability;

determining a modeled porosity;

determining & modeled water saturation, and

evaluating an objective function based on one or more linear equality constraints, one
ot roore linear inequality constraints, and one or roore nonlinear equality constraints, the
objective function comprising:

T 07N Wy 3 A s 2 (E - v")
F({Ty= ,—:Hu = Swyy ) = So(T) +——

=

wherein 7 is the Thomeer parameters,
Swiys, 18 the value of the water satuyration data,
So(T) 15 a roodeled oil saturation;

the one or more lincar equality constraints comprising:

ZB‘”}- (Poy=a%g,,

i=1
wherein By;is a fractional bulk volume occupied by mercury,
¢ 18 an apphied capillary pressure;
o 18 the conversion factor from mercary-air to otl-water,
# 15 the number of pore systems in the reservotr,
dri 18 the porosity data;
the one or more linear inequality constraints comprising:
B vf’m SBy(Poy< By forisisn
G LG <G™ for1<i<n
wherein G is the pore geometrical factor,
Pd™ < Pd, < PA™ for1<i<n
wherein Pd; is a minimum entry pressure,
If Bv(Fey# Othen By, (Poy< Bv,(Peyfor1<i<n-1,
Pd, <Pd, fori<i<a-1,and
the one or more nonlingar equality constraints comprising:
K{Ty=K,,
wherein K7} is the modeled permeability,

Kraz, 15 the permeability log data; and
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determining the capillary pressure of the reservoir using a Thomeer model having the

determoined Thomeer parameters.

2) The computer-implemented method of embodiment 1, wherein the modeled permeability
comprises:
L By {Fc)

K(T) = 506 % gm}_);g_;exp(»@aiwg ).

3} The computer-implemented method of embodiments 1-2, wherein the modeled porosity

comprises:

HT)=a> By,.
i

4} The computer-implemented method of embodiment 1-3, wherein the modeled oil

saturation comprises:

. . -,
So G, Pd,. y=Bv" *exp( ]" -
o log(Pc) —log(Fd,)
b o i pas
72[)% *So (G, Pd.y.
[

5} The computer implemented method of embodiments 1-4, wherein the Thomeer model

COMPrISes:

4 B N
/ G \ |
{ TTRF i . H
| for B > P,

\ fog{P )y —log(F,} ) ?

o Egjﬁ-exp
B (P~

O elsewhere

L J

6) The computer-implemented roethod of erabodiments -5, wherein evaluating the objective
function based on one or more linear equality constraints, one or more linear inequality
constraints, and one or more nonlinear equality constraints comprises tteratively evaluating

the objective function until convergence criteria are met.

7} The computer-iraplemented method of embodiments 1-6, wherein evaluating the objective

function based on one or more linear equality constraints, one or more linear inequality
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constraints, and one or more nonlinear equality constraints comprises iteratively evaluating
the objective function evaluating the objective function using sequential guadratic

programming {SQP).

8} The computer-implemented method of embodiments 1-7, wherein the well log comprises a

fluid analysis log.

9} The computer-implemented method of embodiments 1-8, wherein the reservoir comprises

an oif reservoir.

10) The computer-implemented method of embodiments 1-9, comprising providing the
capillary pressures to a reservoir modeling system, a8 reservoir simulation system, or a

combination thercof.

11} A non-transitory tangible computer-readable storage medivm having executable
computer code stored thereon for determining capillary pressure in a veservoir, the computer
code comprising a set of instructions that causes one or more processors o perform the
following operations:
accessing well log data from a well log for a well, the well log data inchuding permeability
tog data, porosity log data, water saturation log data, and ol saturation log data;
determining Thoroeer parameters from the permeability log data, the porosity log data, the
water saturation log data, and the oil saturation log data, the Thomeer parameters comprising
a fractional bulk volume, a pore geometrical factor, and 8 minimum entry pressure, the
deterraiming comprising:

determining a modeled permeability;

determining a modeled porosity;

determining & modeled water saturation, and

evaluating an ohjective function based on oue or more linear equality constraints, one
or more lincar inequality constraints, and one or more nonlinear equality constraints, the
objective function comprising:

3

F(T) = (1= Sw, )~ So(T + ||T -7
e i

wherein 7 1s the Thomeer parameters,

Sweyy 18 the value of the water saturation data,

4.
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So(T) 1s a modeled oif saturation;
the one or more linear equality constraints comprising:

:

}; Bv{Py=ax*¢.,

i=l

wherein 8y, 1s a fractional bulk volume occupied by mercury,
Pcis an applied capillary pressure;
o 1s the conversion factor from mercury-air to oil-water,
# 18 the number of pore systems in the reservoir,
drgr 18 the porosity data;

the one or more lincar incquality constraints comprising:

By™ < Bv(Poy< By for1<i<n

GG <G for1<i<n

wherein & is the pore geometrical factor,

Pd; i o SPd, < PAT for1<izn

wherein £d; is a mindmurm entry pressure,

If Bv{(Pe)y#0then By, (Pe)< Bv(Peifori<i<n-—1,

Pd, <Pd.  forl<i<n-1,and

the one or more nonlinear equality constraints comprising:

K(@)=K,

wherein K7} is the modeled permeability,
Ky is the permeability log data; and

determining the capillary pressures of the reservoir using a Thomeer model having the

deterroined Thomeer parareters.

12} The non-transitory tangible computer-readable storage medium of embodiment 11,
wherein the modeled permeability comprises:

By {Pc)
K(T)= %6*\ Tmm 443./G ).

=]

13} The non-transitory tangible computer-readable storage medium of embodiments 11-12,

wherein the modeled porosity comprises:
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HTD)=aS By,
i-]

14} The non-transitory tangible computer-readable storage medium of embodiments 11-13,
wherein the modeled o1l saturation comprises:

So (G, Pd,y= By” =exp( }; and

log{ Pcy—log(Pd )

i

s

So(Ty == Bv,*So{G,,Pd ).
&5

15} The non-transitory tangible computer-readable storage medium of embodiments 11-14,
wherein the Thomeer model comprises:
/ y N\ 3
A -G R,
¢ - CXD! - — | for £ > F,
Llog(P) ~log(Py )T

B ()=~

D

{0 elsewhere

16} The non-transitory tangible computer-readable storage medium of embodiments 11-135,
wherein evaluating the objective function based on one or more linear equality consiraints,
one or more linear inequality constraints, and one or more nonlinear equality constraints

comprises iteratively evaluating the objective function until convergence criteria are met.

17} The non-transitory tangible computer-readable storage medium of embodiments 11-16,
wherein evaluating the objective function based on one or more Hinear equality constraints,
one or more linear inequality constraints, and one or more nonlinear equality constraints
comprises iteratively evaluating the objective function evaluating the objective function using

sequential quadratic programming {SQP).

18} The non-transitory tangible computer-readable storage medium of embodiments 11-17,

wherein the well log cormprises a fluid analysis log.

19} The non-transitory tangible computer-readable storage medium of embodiments 11-18,

wherein the reservoir comprises an oil reservoir.
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20} A system for determining capillary pressure in a basin and reservoir, the system
comprising:
well log data, the well log data comprising permeability log data, porosity log data, water
saturation log data, and oil saturation log data;
ONe OF MOIe ProCessors;
a tangible non-transitory coraputer-readable moemory having executable computer code
stored thercon for determining capillary pressure in a reservoir, the computer code
comprising a set of instructions that causes the one or more processors to perform the
following operations:

determining Thomeer parameters from the permeability log data, the porosity log
data, the water saturation log data, and the oil saturation log data, the Thomeer parameters
comprising a fractional bulk volume, a pore geometrical factor, and a mininmm entry
pressure, the determining comprising:

cvaluating an objective function based on one or more linear equality

constraints, one or more linear inequality constraints, and one or more nonlinear equality

constraints, the objective function comprising:

-
(= 8wy}~ So( Y+

FT) == e

wherein 7'1s the Thomeer pararneters,
Swryy, 18 the value of the water saturation data,
So(T) is a modeled oil saturation;

the one or more lincar equality constraints comprising:
2

}_‘ By (Pc)=a* e,

i=]

wherein Bv;is a fractional bulk vohue occupied by mercury,
Feis an applied capillary pressure;
o 18 the conversion factor from mercury-air to oil-water,
# 15 the number of pore systems in the reservoir,
gy, 18 the porosity data;

the one or more linear inequality constraints comprising:

B <Ry (Pey< By for 15i<n

G <SG G for1sisn

wherein G is the pore geometrical factor,

7.
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P < Pd, < Pd™ fort<i<n
wherein Pd; 15 a minimum entry prossure,
If By,(Pey#Othen By, (Poy<Bv{Pcyfori<isa-1,
%, < Pd,  forl<i<n-1,and

the one or more nonlinear equality constraints comprising:

K(y=K,,

wherein K(7) 15 the modeled permeability,

K47, 15 the permeability log data; and

determining the capillary pressures of the reservoir using 8 Thormeer mode! having the

determined Thomeer parameters.

21) The systom of embodiments 20, tangible non-transitory computer-readable memory

storing a modeled permeability, a modeled porosity, and a modeled water saturation.

22) The system of embodiments 21, wherein the modeled permeability coraprises:

zqz)_mwv? ;‘C’ sp(—4.43,/G,)

23} The system of embodiment 21, wherein the modeled porosity comprises:

HTy =0 By,

i—1

24) The system of embodiment 21, wherein the modeled oif saturation comprises:

~

S0 G, . Pd)y=8" ( 3o and
v mioou” 3—103(}%4 Vo
r" E - Y S F oo
=—Z By, *8p (G, Pd. ).
P

25} The system of embodiment 20, the tangible non-transitory computer-readable memory

storing a Thomeer model, the Thomeer model comprising:
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for £ > P,

J c “

1 -G )
| ¢-expi - e |
BAE )= {log(F, ) —log(F,) )

0 elsewhere

26) The systom of embodiments 20-25, wherein evaluating the objective function based on
one or more lincar equality constraints, one or more linear inequality counstraints, and one or
more nonlinear equality constraints comprises iteratively evaluating the objective function

until convergence oriteria are met.

27} The system of embodiments 23-26, wherein evaluating the objective function based on
one or more linear equality constraints, one or more hinear inequality constraints, and one or
more nondinear equality constraints coraprises tieratively evaluating the objective function

evaluating the objective function using sequential quadratic programming {(SQP).
28} The system of embodiments 20-27, wherein the well log comprises a fluid analysis log.
29} The system of embodiments 20-28, wherein the reservoir comprises an oil reservoir.

30) The system of embodiments 20-29, comprising a network coupled to the one or more

ProCessor.

31} The system of ernbodiraents 20-30, comprising providing, over the network, the capillary
pressures to a reservoir modeling system, a reservoir simulation system, or 3 combination

thereof,

32} A computer-implemented raethod for determining capillary pressure in a reservoir, the
method comprising:

accessing well log data from a well log for a well, the well log data comprising permeability
log data, porosity log data, water saturation log data, and oil sataration log data;

evaluating an objective function measuring the different between the permeability log data
and a8 modeled permeability, the porosity log data and a2 modeled porosity, and the oil
saturation log data and a modeled oil saturation, the modeled permeability, the modeled

porosity, and the modeled oil saturation each a function of Thoroeer pararucters; and

39
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determining the capillary pressures of the reservoir using a Thomeer model having the
Thomeer pararpeters, the Thomeer parameters comprising a fractional bulk volume, a pore

geometrical factor, and a miniroum entry pressure for cach pore systom.

33} The computer-implemented method of embodiment 32, wherein evaluating the objective
function measuring the different between the permeability log data and a2 modeled
permesbility, the porosity log data and a modeled porosity, and the oil saturation log data and
a modeled oil saturation comprises evaluating the objective function based on a linear
equality constraint dependent on the porosity log data, a linear inequality constraint, and a

nondinear equality constraint dependent on the perrucability log data.

-30-
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CLAIMS
What is clatmed 15
I. A computer-implemented method for determining capillary pressare in a reservoir,

the method corprising:
accessing well log data from a well log for a well, the well log data comprising
permeability log data, porosity log data, water saturation log data, and oil saturation
log data;
determining Thomeer parameters from the permeability log data, the porosity log
data, the water saturation log data, and the o1l saturation log data, the Thomeer
parameters comprising a fractional bulk volume, a pore geometrical factor, and a
minimum eutry pressure, the determining comprising:

determining s modeled permeability;

determining a modeled porosity;

determining a modeled water saturation, and

cvaluating an objective function based on one or more linear equality
constraints, one or more lincar inequality constrainis, and one or more nonlinear
equality constraints, the objective function comprising:

2

~

F(T) =l = 8wy )~ Sol T + el lT -

wherein 7'1s the Thomeer pararneters,
Swiyy, is the value of the water saturation data,
So(T) is a modeled oil saturation;
the one or more lincar equality constraints comprising:
n
}_: Bv(Pe)=o*dry
=]
wherein Fv;is a fractional bulk vohume occupied by mercury,
Feis an applied capillary pressure;
o is the conversion factor from mercury-air to oil-water,
# is the number of pore systems in the reservot,
gy, 18 the porosity data;
the one or more lincar mequality constraints comprising:

By < By (Pey< Bv™ for 1<i<n

GG LG for1<i<n
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L3

wherein (; is the pore geometrical factor,
Pd™ < Pd, < PA™ fori<i<n
wherein Ad; 15 a mainimum entry prossure,
If By (Pcy=#0then By, (Pey< Bv{(Pcifori<isn-1,
Pd, < Pd, forl<i<n-1,and
the one or more nonlinear oquality coustraints comprising:
K([’) = val{(L
wherein K(7) s the modeled permeability,
Ky 18 the permeability log data; and
determining the capillary pressure of the reservoir using a Thomeer model having the

etermined Thomeer parameters.

The computer-implemented method of claim 1, wherein the modeled permeability
COMprises:

[P s . &
K({T)y= 506 ‘é“f

By A{Pcy e
7 J ») ;2
The computer-implemented method of claim 1 or 2, wherein the modeled porosity

COMPrises:

HTy = f:?,,, By, .

The computer-implemented method of claim 1, 2, or 3 whercin the modeled oil
saturation comprises:

G, and

So (G, Pd.y= Bv" = expf - : ) a
o log(Pc) —log(Pd)

So(Iy = %ZB@; #S0,(G,, Pd.).
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-3

9.

10.

IR

-~

The computer implemented method of ¢laim 1, 2, 3, or 4, wherein the Thomeer model
COMPrises:

s Y

| -G b,

o igeexp | for P,

B(F )= \log(F) ~log(Fy) )

0 elsewhere

The computer-implermnented method of claim 1, 2, 3, 4, or § wherein evaluating the
objective function based on one or more linear equality constraints, one or more linear
inequality constraints, and one or more nonlinear equality constraints comprises

iteratively evaluating the objective function untif convergence criteria are met.

The computer-implemented method of claim 1, 2, 3, 4, 5, or 6 wherein cvaluating the
obiective function based on one or more linecar equality constraints, one or more linear
inequality constraints, and one or more nonlinear equality constraints comprises
feratively evaluating the objective function evaluating the objective function using
sequential quadratic programming (SQP),

The computer-implemented method of ¢laim 1, 2, 3, 4, §, 6, or 7 wherein the well log

comprises a fluid analysis log.

The computer-impiemented method of claim 1, 2, 3, 4, 5, 6, 7, or & wherein the
FOSCrvoit comprises an ol reservoir.

The computer-implemented method of claim 1,2, 3,4, 5, 6, 7, &, or 9 comprising
providing the capillary pressures to a reservoir modeling system, a reservotr

stmulation system, or a corabination thereof.

A computer program comprising computer program code means adapted to perform

all the steps of any of claims 1 to 10 when said program is run on a comypruter,

. A computer program as ¢laimed in claim {1 embodied on a computer readable

medium.
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13. A system for determining capiliary pressure in a basin and reservoir, the system
Comprising:
well log data, the well log data comprising permeability log data, porosity log data,
water saturation log data, and oil saturation log data;
ONC Of OIS Processors;
a tangible non-transitory computer-readable memory having executable computer
code stored thercon for determining capiliary pressure in a reservoir, the computer
code comprising a set of instructions that causes the one or more Processors (o
perform the following operations:
determining Thomeer parameters from the permeability log data, the porosity
log data, the water saturation log data, and the oil saturation log data, the Thomeer
parameters comprising a fractional bulk volume, a pore geometrical factor, and a
minimum entry pressure, the determining comprising:
evaluating an objective function based on one or more lincar equality
constraints, one or more linear inequality constrainis, and one or more nonlinear

equality constraints, the objective function corprising:

wherein 7' 1s the Thomeer parameters,
Swie 18 the value of the water saturation data,

el

So(T} is a modeled oil saturation;
the oue or more linear equality constraints comprising:
n
Z““ Bv{Pcy=a*g,,
i=t
wherein Bv; s a fractional bulk volume occupied by mercury,
Pc is an applied capillary pressure;
o 15 the conversion factor from mercury-air to oil-water,
# 1s the number of pore systems 1o the reservoir,
dias, 18 the porosity data;
the one or more linear inequality constraints coraprising:

By < By (Poy< BV for1<i<nm

G <G, <G™ fori<i<n

wherein (& is the pore geometrical factor,

34~
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PAdP" < Pd, < P jor 1<i<n
wherein Pd; is a minimmim eniry pressure,
i Bv.(FPey# O then By, (FPoy< Bv{(Peyfor 1<i<n—1,
Fd, <Pd, jorl<i<n-1,and
the ove or more nonlinear equality constraints comprising:
K(Ty=K,,
wherein A¢7) is the modeled permeability,
Ky 18 the permeability log data; and
determining the capillary pressures of the reservoir using a Thomeer model

having the determined Thomeer parameters.

14, The system of claim 13, tangible non-transitory computer-readable memory storing a

modeled permeability, a modeled porosity, and a modeled water saturation.

18, The system of claim 14, wherein the modeled permesbility comprises:
o <& By (Pey .
K(T) = 506+ Z# exp(-4.43,J5)).

i=l i
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