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LOG PERMEABILITY MODEL CALIBRATION USING RESERVOIR FLUID
FLOW MEASUREMENTS

Background of Invention

FIELD OF THE INVENTION

[0001] The present invention relates to the field of well logging. More specifically, the

present invention relates to methods for formation permeability estimation.

BACKGROUND ART

[0002] Reservoir characterization is important for oil and gas production. Knowledge of
formation properties is essential for effective management of the production process.
Among all formation properties, permeability (or fluid conductivity) is the most difficult
to determine or predict. Permeability is a measure of the ease with which a formation

permits a fluid to flow through it.

[0003] To be permeable, a rock must have interconnected porosity (pores, vugs,
capillaries, fissures or fractures). Greater porosity usually correlates with greater
permeability. However, this correlation does not always hold true. For example, a
formation of fine-grained sands may have highly interconnected pores. However, these
pores and pore channels are too small and the paths available are too restrictive for fluid
movement. Therefore, the permeability of a fine grained sand formation may be quite

low.

[0004] While formation permeability may be directly determined using core plugs in the
laboratory or using a formation fluid tester in a wellbore, these measurements are only -
practical for providing discrete points of permeability values. Therefore, there has been
an intense interest in using models to predict formation permeability profiles from other

well logging data.
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[0003] Many investigators have attempted to grasp the complexity of permeability
function into a model with general applicability. Most of models developed are empirical
models based on correlation between formation permeability, formation porosity and
irreducible water saturation. See e.g., Balan, B. et al., “State-Of-The-Art in Permeability
Determination From Well Log Data: Part 1 — A comparative Study, Model
Development,” SPE 30978, presented at the SPE Eastern Regional Conference &
Exhibition, Morgantown, WV, September 17-21, 1995.

[0006] The empirical models typically involve measuring porosity and irreducible water
saturation of the core and developing mathematical models relating porosity and
irreducible water saturation to permeability. In order to use this approach, it is necessary
to obtain effective porosity, which is the portion of the porosity that is not isolated and is
connected to the pore network and therefore can contribute to fluid flow, and irreducible
water saturation. These parameters are not available directly from well log. Instead, they
are estimated from other well log data. However, porosity derived from well log data is
not necessarily effective porosity, and methods for deriving irreducible water saturation
often rely on effective porosity. Furthermore, empirical models developed for certain
formation perform poorly when used in other field. See Mohaghegh, S. et al., “State-Of-
The-Art in Permeability Determination From Well Log Data: Part 2 — Verifiable,
Accurate Permeability Predictions, the Touch-Stone of All Models,” SPE 30979,
presented at the SPE Eastern Regional Conference & Exhibition, Morgantown, WV,
September 17-21, 1995.

[0007] It 1s desirable to have methods for providing more accurate formation
permeability profiles, which match formation log data obtained from fluid flow
measurements. In addition, it is desirable that such methods are generally applicable to

various formation permeability models.

SUMMARY OF INVENTION

[0008] An aspect of the invention relates to methods for calibrating a formation

permeability model with respect to data obtained from fluid flow measurements. A
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method according to the invention includes determining a correlation coefficient for a
porosity — irreducible water saturation relationship; determinin g a leading coefficient for
a formation permeability model; and determining at least one exponent parameter for the
formation permeability model by minimizing a basis function that represents a difference
between a formation permeability estimate derived from the formation permeability

model and a formation permeability estimate derived from the fluid flow measurements.

[0009] Other aspects and advantages of the invention will be apparent from the following

description and the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

[0010] Figure 1 shows a graph of effective porosity versus water saturation.

[0011] Figure 2 shows a flow chart of a method for fitting log formation permeability

model using fluid flow measurements according to one embodiment of the invention.

[0012] Figure 3 shows a formation permeability profile computed according to one

embodiment of the invention.

[0013] Figures 4 shows another formation permeability profile computed according to

one embodiment of the invention.

[0014] Figure 5 shows another formation permeability profile computed according to one

embodiment of the invention.

DETAILED DESCRIPTION

[00135] Embodiments of the invention relate to methods for modeling formation
permeability. According to one embodiment of the invention, a log permeability model
calibration program provides a consistent, accurate, and reliable means of calibrating
open hole log permeability model predictions that are in agreement with the values of
formation permeability (conductivity). The formation permeability (conductivity) data
may be derived from fluid flow measurement analyses, such as well transient test

analyses or production performance analyses.

3
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[0016] According to other embodiments of the invention, permeability model calibration
may also be performed using discrete point measurements of permeability. The discrete
point measurements may be obtained from core analyses or from downhole testing using

a formation fluid tester, such as a Repeat Formation Tester sold under the trade name of
RFT™ by Schlumberger Technology Corp. (Houston, TX), or a Modular Dynamics

Tester sold under the trade name of MDT™ by Schlumberger Technology Corp.
(Houston, TX).

[0017] Some embodiments of the invention relate to log permeability model calibrations
that use numerical minimization techniques to determine estimates of the coefficients and
exponents of the log permeability models that provide a formation permeability
(conductivity) profile, which over specified intervals of the wellbore, agrees with the
estimates of reservoir permeability (conductivity) determined from transient test or

production performance analyses, or from discrete point measurements of permeability.

[0018] According to embodiments of the invention, the log permeability models
implemented in the minimization analysis are empirical models that are based on the

* correlation between permeability (k), porosity (@), and irreducible water saturation (S,).
Examples of such empirical models include that proposed by Coates in 1981, Coates,

G.R. and Denoo, S., “The Producibility Answer Product,” Schlumberger Technical
Review (June 1981) Vol. 29, No. 1, 54-63, and that proposed by Timur, A., “An

Investigation of Permeability, Porosity, and Residual Water Saturation Relationships for

Sandstone Reservoirs,” The Log Analyst (July-Aug. 1968) 9, No. 4.

[0019] While the following description uses the Coates and Timur permeability models
as examples, one skilled in the art would appreciate that embodiments of the invention
may be readily adapted to other formation permeability models. Such other formation
permeability models include, for example, the Kozeny model and its modification by
Carman, the Archie model, Archie, G. E., “The Electric Resistivity Log as an Aid in
Determining Some Reservoir Characteristics,” Trans., AIME, 1942, Vol. 146, No. 1, pp.
54-62; the Tixier model, Tixier, M.P., “Evaluation of Permeability From Electric-Log
Resistivity Gradients,” Oil & Gas Journal, (June 1949), pp. 113; the Wyllie and Rose

4
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model, Wyllie, M.R.J., and Rose, W.D., “Some Theoretical Considerations Related to the
Quantitative Evaluation of the Physical Characteristics of Reservoir Rock from Electric
Log Data,” Trans., AIME, vol. 189, pp. 105 (1950); the Sheffield model, see Pirson, S. J.,
“Handbook of Well Log Analysis,” Englewood Cliffs, N.J., Prentice-Hall, Inc., (1963):
and the Coates ad Dumanoir model, Coates, G. R., and Dumanoir, J.L., “New Approach

to Improved Log-Derived Permeability,” The Log Analyst, (January-February 1974), pp.
17.

[0020] The general form of the Coates log permeability model is given in Eq. 1.

_[49° (1=5w)

Swz’ I_l (1)

k

where k is permeability in millidarcies, ¢ is porosity, Sy, is irreducible water saturation, A

is the leading coefficient, and C and D are the exponents.

[0021] Similarly, the general form of the Timur log permeability model is shown in Eq.
2.
[ AgP 1"
k= 2
| Swi I_I ( )
[0022] In both models, it is necessary to know the porosity (¢) and the irreducible water

saturation (S,;) in order to derive the permeability. The irreducible water saturation (S,,;)
of the formation is the lowest water saturation that can be achieved. This parameter is
typically measured by displacing the water in a core plug with oil or gas. The irreducible
water saturation (Sy;) 18 generally not reported in open hole well analyses. Instead, it is

derived from other reported formation properties, for example, total and effective

porosities and water saturation.

[0023] It 1s well known in the art that the irreducible water saturation (Sy;) of a given

formation correlates with the effective porosity (¢,) of the same formation. Schlumberger

Log Interpretation Principles/Applications, Schlumberger Educational Services, Houston
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(1987). A graph of the computed effective porosity (@.) versus the irreducible water

saturation (Sy;) for a given formation tends to exhibit a hyperbolic curve, defined by an

empirically determined coefficient (B) that 1s lithology and formation dependent. This

hyperbolic relationship is shown in Eq. 3.

B
Swi = — (3)
Qe
[0024] An example of the graphical analysis is presented in FIG. 1 for a low

permeability, low porosity, shaly sandstone in the U.S. Gulf Coast. FIG. 1 shows a graph
of log data for effective porosity (¢,) as a function of water saturation (S,,). The points
having the lowest water saturation at each effective porosity (¢,) lie on a hyperbolic curve
1. Curve 1 represents the irreducible water saturation ((S,;) as a function of effective
porosity (¢.). In this particular example, the hyperbolic coefficient B, which depends on

the lithology and formation characteristics, is found to be about 0.026.

[0025] As shown in FIG. 1, curve 1 can be ascertained only if there are sufficient number
of points at the irreducible water saturation. If there are insufficient points at the
irreducible water saturation in the graph, it would be difficult to define this curve. In this

case, 1t 18 more practical to correlate the irreducible water saturation (S,;) with total

porosity (¢, as opposed to effective porosity (¢,), to solve the relationship between the

Bulk Volume Water irreducible (BVWi ) and the irreducible water saturation (S,,;) using

a total porosity versus water saturation analysis. This relationship is defined in Eq. 4.

BVWi
Swi — l (4)
Ot
[0026] Embodiments of the invention may use either analysis (i.e., Eq. 3 or Eq. 4) to

estimate the irreducible water saturation (Sy;). Substituting the irreducible water
saturation—effective porosity relationship (Eq. 3) into the Coates log permeability model

of Eq. 1 gives:
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Ap® (pe—B) |
k=l ——F 1 (5)
|
[0027] The first porosity term (@) on the right hand side of Eq. 5 is generally modeled

using effective porosity (¢,) because the permeability of a formation is generally
considered to be more directly correlated with the effective porosity (¢,) of the formation,

rather than the total porosity (¢) that includes the clay component of the formation. In

embodiments of the invention, the second porosity term on the right hand side of Eq. 5
may be determined directly from the irreducible water saturation—porosity relationship
specified, either effective or total porosity, depending on which porosity—irreducible

water saturation relationship is used in the analysis (Eq. 3 or 4). Therefore, the general
form of the Coates log permeability model where the effective porosity (¢,) is used to
estimate the irreducible water saturation is given by Eq. 6. The corresponding

relationship that uses the total porosity — Bulk Volume Water irreducible relationship is

given by Eq. 7

[ Age® (pe—B) 1
— 5 lJ (6)

k=

T AsD(s Nk
| Age” (¢ ngz)ﬂ -
| BVWi |

[0028] Similarly, the Timur log permeability model may be obtained by substituting the
relationship for the irreducible water saturation correlation (Eq. 3 or 4) into Eq. 2. The
" Timur log permeability model, expressed in terms of the effective porosity—irreducible
water saturation correlation (Eq. 3), is given in Eq. 8. The corresponding Timur
permeability model that utilizes the Bulk Volume Water irreducible relationship (Eq. 4)

1s presented 1n Eq. 9.
[ A P+ 'IC

i

k=
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[0029] Typical values for exponents C and D are approximately 2. The coefficients A
and B are, however, formation dependent and can vary significantly. Most publications
suggest a value of A that is approximately equal to 100. See Schlumberger Log
Interpretation Principles/Applications, Schlumberger Educational Services, Houston
(1987). However, in the course of developing, testing, and implementing embodiments
of the present invention, the inventors have found that there is no typical value for this
coefficient. For example, in low-permeability, low-porosity, shaly sandstones of the U.S.
Gulf Coast the coefficient A has been found to be as low as 1. Because this coefficient
has the most impact on the minimization process in permeability modeling, it is better to
derive this coefficient from actual well log data, as discussed in more detail below, rather

than to assume a value.

[0030] A reliable and accurate way to determine the value of the B coefficient using
actual log data is by making a graphical analysis of the computed effective porosity
versus the water saturation for the formations in question, as shown in FIG. 1. As noted
above, this analysis assumes that at least one point in the interval used in the analysis is at
the irreducible water saturation. The equivalent Bulk Volume Water irreducible analysis
obtained by graphing the total porosity versus the water saturation is however preferred

when none of the intervals are actually at the irreducible water saturation.

[0031] In embodiments of the invention, these graphical analyses are performed
mathematically in the log permeability calibration model prior to minimization of the
remaining variable coefficients and exponents in the problem. If intervals of the
formation are at irreducible water saturation, these points will fall along a hyperbolic
curve that 1s described by Eq. 3. A similar hyperbolic relationship is also observed for

the Bulk Volume Water irreducible function analysis.

[0032] The mathematical solution for the coefficient B (or BVWi) from these graphical

analyses may be performed by partitioning the data of the graph into a selected number of
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contiguous bins of water saturation. The bins are then searched to determine the
corresponding minimum effective porosity (or total porosity) in each bin. The water
saturation - porosity data pairs are bubble sorted in an ascending order with respect to
water saturation in this analysis. Thus, beginning at a minimum water saturation value,
each successive bin searched must have a correspondingly lower porosity value than the
previous valid bin. If a given bin has a higher minimum porosity value than a previous
bin, it is definitely not on the irreducible water saturation curve and is not included in the
determination of the irreducible water saturation - porosity relationship. Using a
sutficiently large number of the water saturation bins, the points identified in this analysis
would closely approximate a continuous and smoothly varying irreducible water

saturation curve, e.g., curve 1 in FIG., 1.

[0033] The above described is only one example of finding data points that lie along the
hyperbolic correlation curves. One skilled in the art would appreciate that other methods
may also be used without departing from the scope of the invention. For example, one
may bubble sort the data points in a descending order with respect to water saturation.
Similarly, one may bin the data points with respect to effective porosity instead of water

saturation.

[0034] In one embodiment, once the valid bin data pbints are obtained, a global sweep of
all of the effective porosity—water saturation data pairs is made to determine the
absolute minimum value of the coefficient B. This minimization process may be
initiated by first assigning an initial estimate of this coefficient to the product of the
appropriate porosity and water saturation of the lowest water saturation bin. The
computation of B (or BVWi) in this manner follows directly from Egs. 3 and 4. This
minimization procedure is repeated for all of the valid water saturation bin values. The
minimum porosity - water saturation product obtained in this manner is the best estimate

of B (or BVWi) that can be derived directly from the open hole well log analysis data.

[0035] Again, the global sweep approach to finding the global minimum for coefficient B

(or BVWi) described above is only for illustration. Other approaches may include, for
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example, fitting the valid data points to either Eq. 3 or Eq. 4. These other approaches are

expressly within the scope of the invention.

The values of the coefficient B (or BVWi) can vary considerably, depending on
the formation lithology and intrinsic properties (e.g., grain sizes). In some low-
permeability, low-porosity shaly sandstones of the U.S. Gulf Coast, values for B have

been found to range from about 0.01 to 0.06 in the same formation over an interval of

~ about 1800 feet. Other published sources indicate carbonate formations may have B

[0037]

[0038]

[0039]

coefficient values an order of magnitude or more higher than the values found in the
shaly sandstone examples discussed. See Schlumberger Log Interpretation

Principles/Applications, Schlumberger Educational Services, Houston (1987).

Once the estimate of the coefficient B (or BVWi) has been obtained from the
porosity—water saturation graphical analysis, minimization of the other variables of the
problem can proceed. One caveat, however, regarding the use of the Coates log
permeability model given by Egs. 6 or 7 in a numerical minimization procedure, is that
the porosity value (either effective or total, whichever is used) must be greater than or
equal to the B (or BVWi) coefficient value in order for the log permeability model to be
applicable. Otherwise, an illegal exponentiation occurs. Therefore, the Coates log
permeability model implemented in the embodiments of the invention uses a Heaviside

unit step function, as given by a general form in Eq. 10.

| (10)

k:[-A¢eDu(B—¢)(B—¢)WC
B |

The Heaviside unit step function has the properties defined by Eq. 11.
, 0, ¢<B
UB—gpNB—¢)= 11
(B-¢)(B~9¢) \5_g) 4>8 (11)

The partial derivative of the product of the unit step function and the difference

between the B coefficient and the porosity with respect to the B coefficient is given by
Eq. 12.

10
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[0040]

[0041]

[0042]

2 [u(B-¢)(8-9)]=} o 12)
| o, B3¢

The Timur log permeability model, on the other hand, does not have this problem.
However, it can be seen in both log permeability models that probably the most
significant parameter (in terms of its effect on the function being minimized) is the
leading coefficient A. A numerical minimization procedure that relies on derivatives to
locate the minimum of the function will never be able to accurately determine this
coefficient because it is a constant. Differentiation of the minimization function with
respect to A and equating the result to zero (to locate the extrema of the function),
eliminates the coefficient from the function minimization analysis. Therefore, the next
step In the minimization process is to evaluate coefficient A using a numerical
minimization procedure that does not rely on derivatives, such as the Downhill Simplex

method or simple Gaussian minimization of the function.

Minimization Procedures

Minimization to Individual Interval-Specified Average Formation Conductivities

If multiple sample points are available over the distribution of the formation, such

as the case of using laboratory permeability measurements of radial sidewall cores

obtained over the formation interval, or from station flow measurements using the RFT™

or MDT™ tools, to calibrate the coefficients and exponents of a specified log
permeability model based on the multiple sample points is a simple non-linear
minimization problem, which can readily be resolved using any one of a number of

numerical techniques.

In contrast, the minimization problem for the calibration of the model to a
representative average permeability (conductivity) value for a specified interval of the
formation can not be resolved in such a simple manner. An analysis procedure that can
use an average formation permeability (conductivity) estimate from fluid flow

measurements, such as the average formation permeability (conductivity) from a pressure

11
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transient test or a production performance analysis, to calibrate the coefficients and
exponents of a specified log permeability model, requires relatively sophisticated
numerical minimization procedures. Generally, a combination of several methods is

required in order to reliably solve the minimization problem.

[0043] The problem associated with this type of minimization results from the
requirement that a summation of the discrete conductivities of the formation must equal
the average formation conductivity of the fluid flow measurement. The minimization
must produce a computed formation log permeability (conductivity) profile that
corresponds to a single data point, the average conductivity of the formation derived from

fluid flow measurements.

[0044] Available information for the minimization includes open hole log analysis results
(porosity and water saturation), an empirical log permeability model, and independent
estimates of the average formation conductivity at given intervals of the well. Assuming
that the reservoir 1s infinite-acting, that all layers of the formation are open to production
at the well bore (whether directly with the well bore or by communication in the reservoir
via a high conductivity conduit such as a hydraulic fracture), and that cross flow does not
occur between the layers in the reservoir except for commingling in the well bore or
fracture, the average formation conductivity is related to the individual interval formation

conductivities as described in Eq. 13.

kh=Y iy (13)
j=1
[0045] The best estimates of the log permeability model parameters are obtained when
the relationship given in Eq. 13 is satisfied. When the summation of the computed
conductivities are either higher or lower than the reference average formation
conductivity, the computed formation conductivity profile deviates from the point where
the best estimates lie. Therefore, the basis function used in this minimization can be

stated mathematically as:

12
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0=|kh—Y kil (14)
j=1
[0046] As noted above, a general minimization procedure that is used in this type of

analysis involves several discrete steps to determine the best set of parameter estimates
for the log permeability model. FIG. 2 shows a flow chart of these steps according to one
embodiment of the invention. The first step 21 is tol determine a correlation coefficient
for a porosity—irreducible water saturation relationship, e.g., the B (or BVWi)
coefficient. This may be accomplished using a porosity—irreducible water saturation
graphical analysis, as described above. The second step 22 is to determine an initial
estimate of the leading coefficient A for a formation permeability model using a
Gaussian minimization, followed by determining a value of A that minimizes the basis
function while other parameters are held constant. Next a global minimization (step 23)
1s performed for the permeability model exponents C and D . using any of the global
minimization techniques known in the art. Examples of the global minimization
techniques include a modern variable metric numerical minimization procedure for multi-
dimensional analysis, such as that disclosed by Broyden et al, Dennis, J.E. and Schnabel,
R.B., “Numerical Methods for Unconstrained Optimization and Nonlinear Equations,”
Prentice-Hall, Englewood Cliffs, NJ, 1983, or conjugate gradient techniques, and less
sophisticated methods such as the Downhill Simplex method of Nelder and Mead,
Nelder, J.A. and Mead, R., Computer Journal, Vol. 7, 308-313.

[0047] It the Downhill Simplex minimization technique is used, the estimate of the
leading coefficient A can also be refined in this global minimization step because this
technique uses only function evaluations and does not rely on derivative evaluations in

the minimization procedure.

[0048] With the Broyden et al minimization technique, partial derivatives of the basis
function with respect to each variable are required. It is more accurate, less
computationally expensive, and generally preferred to derive those relationships
analytically when implementing a minimization technique of this type. Therefore, the

partial derivatives of the basis function (Eq. 14) with respect to the coefficients A and B

13
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and the exponents C and D using the Coates log permeability model are given in Egs.
15-18, respectively. Note that the same general form of these relationships applies,

whether the irreducible water saturation—porosity relationship is obtained using the

etfective or total porosities (B or BVYWi).

—

of C E_E(A¢ejDU(B’¢J’)(¢f_B) JCth i(A¢ejDU(B'¢i)(¢j—B)T "

a——zsgnl- . B Iz B
(15)
aiziesgnfﬁ_fwzﬂw.
oB B ] =1\ B _]
o (AgPU(B-47)(91-B) Y (. U(B-¢)(¢5-B)).
;( B ""'_/ (¢ej )\1+—----——-—-B hj (16)
¥ ol [A0UB-0)(0-B) Y
Yolu sgnl:kh ;[ = J hjj
" p X _n)) P A Mo —RYY
ZIH£A¢eJ U(B-¢;)(¢;—B) .[Aq)e,U(B 65) (95 B)] " (17
j=1 B y B
. 1 D _ _ \C _‘
= -ngn{kh“z(m - ) N@=B) Yy
j=1 J ]
2(A¢ej U(B“B¢f)(¢j“8).] ln(¢ej)hj (18)
[0049] Similarly, the partial derivatives of the basis function when the Timur log

permeability model] is used are defined in Eqgs. 19-22.

F C |— ¢ (Ag»ej”@ JC | & ApeP o ]"
——=——sgn| kh- hj h; 19
A A g |_ ; J_l ;\ B j (19)
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——=—gsgn| kh— | R A S
B B gn[ ;\ 3 ] h; ;( B ] h; (20)
of — & Ads”d; )" | [ Ads®0: . ( Aded;
——=—sgn| kh- ( hi - m( —— |
oC [ ; B d ; B ) B j (21)
of — ( AP 9; )" | & ( Aped;
——=—Csgn|kh— hj L | 1n(oe) by
[0050] The signum function in Eqs. 15-22 has the properties defined in Eq. 23.
[ -1, g(x)<0
sgn(g(x))=4 0, g(x)=0 (23)
’l 1, g(x)>0

Minimization For A Single Set Of Log Permeability Model Parameter Values Using

Conductivity Estimates Of Individual Zones In An Interval Of Interest

[0051] It is often desirable that the log permeability model be calibrated, using a set of
individually-defined formation conductivity values for each of the completed Zones
within the interval of interest, so that it results in a single set of coefficients and
exponents that are applicable and ref)resentative of a given formation or wellbore

interval. The minimization basis function in this case is defined in Eq. 24.

=1

n,-

kh,— " kily

J=l

(24)

[0052] The Broyden et al numerical minimization technique has been found to provide a
better match between the log permeability model (and coefficients) and the specified

formation permeability (or conductivity) values than the Downhill Simplex method of

Nelder and Mead for all of the minimization cases tested. This result is expected

15
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because the Broyden et al method has a higher order convergence than the Downbhill

Simplex method does.

[0053] The partial derivatives of the minimization basis function for the Coates log
permeability model that are used in embodiments of the invention are given in Eqs. 25-
28. These relationships are presented in a general form, with the porosity (¢ or BVWi)

and irreducible water saturation (S,;) relationship determining the exact form of the

required relationships.

¥y_C | [ AgU(B-9)(8-B) Y || &( AgU(B-0))(91-B) Y
Y RRYA ‘{Lsgn _kk, ;[ = h}_l ; 5 hj

o _AC| (A"U(B-4))(¢-B) Y |
YR Z{lsgnl:kh Z ————-—-—-——] hj

o _ ool o[ A0UE-0)(0-B) Y |,
oC i=1 ‘L | J=1 B J_]
1 40U (B-0)(91-B) | 495U (B-0) (91~ )T S
o\ B A b |
i C
o _ v | <[ Ag"U(B-¢i)(4i—B) ,1,
) C;ﬁlsgn kh ;[ = } h,_l
n; oil ! - : — ¢ W
Z[Mﬂﬂ} ln(@;)h;}} (28)
j=1 |
[0054] Similarly, the partial derivatives of the basis function when the Timur log

permeability model is used in the analysis are defined in Egs. 29-32.
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o __C [ 7 (A¢ef”¢f T | (A(ﬂef”(bf )C .|
e ;ltsgn{kh; ; p hl > hy'b (29)

af C [ N\ A¢ej Qj —l ' A¢ej0¢j - ‘]
e leﬁtsgn{kh ;( ] hj Z[ - J hj b (30)

Cy=ie Zl:gsgn[kh Z(Agbe; (z),) _| Z/ A¢§¢J’ T IH[A¢ejD¢f ]hjl]} (31)

_I =1\ B lJ
2{_ _ X [ "_. B i ( A¢ej0¢j JC _I ki (A¢ejD¢j )C | ﬂ
3D — Cé l<Lsg1'l —kh: ; \ B hj_l ; B In (¢e}) h}|J> (32)

Minimization Using a Set of Discrete Permeability Points

[0055] Embodiments of the invention may also be used to calibrate formation log
permeability with respect to a set of discrete permeability data points, as oppose to a

single averaged permeability estimate. The set of discrete permeability estimates may be

obtained at specific points in the wellbore using a formation fluid tester such as MDT™

or RFT™, or from core permeability measurements. For a minimization process of this

type, the minimization basis function using the Coates log permeability formula takes the

general form given in Eq. 33. The corresponding minimization basis function when the

Timur log permeability model 1s used is given in Eq. 34.

. A6 2 (6 —B \¢

O:Z ki._.{_.&f___(gl___). (33)
Jj=1 y

ozgkf—(m; ¢f] | (34)
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[0056] The partial derivatives of the minimization basis function using the Coates log

permeability model that are used in the numerical minimization procedure are given in

Eqgs. 35-38.
v __cal [ (apcuE-p)e-5) ch (se0uE-sitpon) J"‘ﬂ
0A A ﬁt © I_kj \ B I_] B |J> (35)
¥ _ackl [ (apu(s-¢)(p-5) Y|
OB B ;ﬁtsgnik’ [ B ]f
+"U(B-¢;)(¢;i—B)Y -6;)(#;-B) |

(o0 2} O LRI B)]j -
o _ & [ (4pu(B-4)(9-B) Y|
0 ;flsgn[kj [ - ]_'.

m[Af”efDU(B-%)(%—B)V A¢eJ”U(B-¢1)(¢J—B)]C‘]> 67

B J\ B i

aD ]_lll —]
(38)
[0057] Similarly, the partial derivatives of the basis function when the Timur log
permeability model is used are defined in Eqgs. 39-42.
8 C & A e"D \C-l (/A e'D ] C]
gjf.z—-— Lsgn kj_( s ¢ po ¢J) ‘k’ (39)
da C N[ AQei” P | AQei @; CI]
—_—  — foi —
5 Béﬁf’gn[’ ( ll ( - )lj (40)
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Absolute and Effective Permeabilities
[0058] Embodiments of the present invention may also be used to evaluate coefficients of

log permeability models, whether effective permeability or absolute permeability.
Absolute permeability is also known in the art as intrinsic permeability, which is a
measure of the ability to transmit or conduct fluids through a rock, conducted when a
single fluid, or phase, is present in the rock. Effective permeability is the ability to
preferentially conduct or transmit a particular fluid when other immiscible fluids are
present 1n the rock. The relative saturations of the fluids as well as the nature of the rock

(or reservoir) affect the effective permeability.

[0059] Formation permeability (conductivity) values obtained from fluid flow
measurements are representative of effective permeability of the formation. However, in
nuclear magnetic resonsance (NMR) imaging log analyses, it is a common practice to
report the log derived permeability profiles as absolute permeabilities. Therefore,
embodiments of the invention also incorporate an option for minimizing the basis
functions to provide coefficients and exponents of the log permeability models as either

effective or absolute permeabilities.

[0060] When minimization is performed to determine variable values for absolute
permeabilities, the empirical relative permeability correlations proposed by Jones and
others may be used to relate the effective and absolute permeabilities. See Jones, P.J.,
“Production Engineering and Reservoir Mechanics (Qil, Condensate, and Natural Gas),”
Oil and Gas J. (1945); and Boatman, E.MM., “An Experimental Investigation of Some

Relative Permeability — Relative Electrical Conductivity Relationships,” Master’s Thesis,
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Department of Petroleum Engineering, The University of Texas at Austin, June 1981.
The relationships between the effective and absolute permeability are given in Egs. 43-45

for oil, gas, and water, respectively.

ko — ka kro (43)
ks =k, krg (44)
kw = ka Krw (45)

where k,, kg, k,, are absolute permeabilities for oil, gas, and water, respective; Ko, krg, Krw
are relative (effective) permeabilities for oil, gas, and water, respectively, and &, is a

correlation constant.

[0061] The corresponding empirical relative permeability correlations used in the

minimization analysis are presented in Eqs. 46-48 for oil, gas, and water, respectively.

(1-8w)™

kro —
(1""SWE)2

(46)

(1—Swi) _]_ [(I—Swf)Sw]IMJ

3
oy = [S“"S‘"‘ﬂ / (48)
1—Swi J

e e "IIIZ
krg=[1—-(s“’ Sw,)Tfl (Sw— Swi) o

where Sy, and S,; are water saturation and irreducible water saturation, respective; and

Kro» krg, krw are relative (effective) permeabilities for oil, gas, and water, respectively.

[0062] When the minimization procedures are used to evaluate coefficients and
exponents of an absolute permeability model, the effective permeabilities to the
hydrocarbon phase in the reservoir that appear in the applicable minimization basis
function is obtained with Eqgs. 46 and 47 for oil and gas reservoir analyses, respectively.

The corresponding water effective permeability is also evaluated (with Eq. 48) using the
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results of the absolute permeability and the hydrocarbon and water relative permeability

relationships.
Computational Considerations
[0063] Embodiments of the invention include several options for determining best

estimates of coefficients and exponents of log permeability models to provide results that
are 1n agreement with measured formation permeabilities or conductivities. Besides the
previously discussed options for (1) determining the irreducible water saturation —
porosity relationships, (2) individual interval or global parameter estimates, and (3) the
option to perform calibrations to either absolute or effective permeabilities, the following

additional minimization options have been included in embodiments of the invention.

10064] The B (or BVWi) coefficient for each zone of interest can be evaluated using (a)
a separate porosity—irreducible water saturation relationship for each interval, (b) a
globally-determined average B (or BVWi) coefficient value to be used in the analysis

for all intervals, or (c) a globally-determined minimum B (or BVWi) coefficient value to
be used in the minimization analysis of all intervals. An additional option is available in
the minimization analysis program that permits the specification of an upper limit water
saturation threshold cutoff for use in the porosity—water saturation graphical analyses to
provide irreducible water saturation (S,;) at the intervals of interest. As a practical
example, the porosity—water saturation graphical analysis shown in Fig. 1 indicates that

the upper limit threshold for the computed water saturation in that analysis should be
about 0.8.

[0065] Minimization analysis codes according to embodiments of the invention also have
options for specifying whether a particular log permeability model parameter (coefficient
or exponent) 1s permitted to vary in the minimization procedure, as well as options for
specifying the log depths and computed log-derived permeabilities in either conventional
oilfield or SI units. Each of these options makes the minimization analysis software
developed more useful and practical for practicing well log analysts, geologists,

petrophysicists, and petroleum engineers.
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Field Examples
10066] FIG. 3 (Well No. 1) shows results obtained with one embodiment of the

invention. Production logs were run after all zones were put on production and the
results are displayed in the last 2 tracks of the log. Using the production logs and
production performance analysis the permeability of the rock associated with each
fracture stage was determined and is shown as the shaded area of track 8 on the log
(PERMzone). The coefficients for the Coates permeability equation were then

calculated.

[0067] The inputs for the calculation were the average effective formation permeability
to gas for each of the fracture stages (derived from a well production performance
analysis), the formation net pay thickness of each fracture stage interval used in the
production performance analysis, and the water saturation, total porosity, and effective
porosity values determined from the well log analysis. For this example, the B
parameter value used in the analysis was the average of all of the zones, and all zones
were combined to derive one set of parameter estimates for the other variables in the

model (A,C, and D). The B value in this case was computed as the numerical average

of the B values computed for each of the individual fracture stages. The resulting model

computed permeability profile is displayed in track 8 as PERMcom.

[0068] The other curves presented on the log are either the raw data curves or curves
resulting from the log analysis. Track 1 is the depth track, track 2 shows the volume of
clay along with the gamma ray, Spontaneous Potential (SP) and caliper curves, track 3
has the resistivity measurements, and track 4 displays the neutron porosity, bulk density,
density correction and the Photoelectric Effect (PEF) measurements. Track 5 presents a
reservolr flag based on cutoffs of volume of clay and porosity (green) and a pay flag
based on cutoffs of volume of clay, porosity and water saturation (red). The perforations
are indicated in the center of track 5 by the black flag. Track 6 shows the water
saturation as a blue curve. The water saturation in this well was derived using a dual

water model.

22



CA 02509107 2005-06-07

WO 2004/053529 PCT/IB2003/005919

[0069] FIG. 4 (Well No.2) show the same well log data as in FIG. 3, with all of the same
data displayed. For this example, the B value used was the value calculated in each
individual zone (fracture stage interval). The other variables were also calculated
individually for each zone. The Coates permeability equation was then used to compute
different values of log permeability model parameters in each zone (fracture stage) as
well as the resulting formation permeability profile. The resulting permeability profile is

displayed on the log in track 8 as PERMsep.

[0070] FIG. 5 (Well No. 3) shows a well that had several sidewall rotary cores taken.
The types of log data presented in this example is the same as shown in the first two
examples, with the exception of the track showing the reservoir and pay flags, and the
perforations. The permeability equation used is the Coates permeability equation. Since
this well had core permeabilities, the option to derive the coefficients based on discrete
point measurements was selected. The inputs to the software are the core permeabilities
and the corresponding well depths, and the water saturation, total porosity and effective
porosity values from the well log analysis. The resulting computed permeability curve is
displayed in track 7 of the log as PERMcoeq2. Also in track 7 are the permeabilities
from the cores analysis that are identified by the green points on the log. One can clearly
see that there is an excellent agreement between the computed log permeability profile

and the measured core permeability points.

[0071] These field examples demonstrate the ability, robustness, and validity of the
numerical minimization techniques according to embodiments of the invention used in
the log permeability model calibration analyses. This numerical minimization model has
been used to accurately and reliably determine the appropriate log permeability model
parameter values for numerous wells. Typical modern well log analysis models currently
only permit the log analyst to manually shift the computed log permeability profile to
obtain reasonable agreement with measured discrete point permeability values. These

discrete point measurement values of formation permeability can typically be obtained
from core analyses, or source point tests such as with an MDT™ or RFT™ formation

testing tool.
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[0072] Advantageously, embodiments of the invention provide practical, rigorous, and
systematic analysis procedures for obtaining reliable and accurate estimates of parameters
for log permeability models. The general minimization methodologies of the invention
can be readily extended to other log permeability models known in the art. Embodiments
of the invention have been found to be robust and stable, and can be applied to a wide
range of formatipn types, lithologies, and geographical locations. Embodiments of the
Invention also provide practical, systematic, numerical techniques for properly calibrating
log permeability models to obtain reliable agreement with average formation conductivity
estimates obtained from pressure-transient test or well production performance analyses.
The log permeability model calibration analysis is applicable to all formation lithologies,

including sandstones, carbonates, coal, efc.

[0073] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate

that other embodiments can be devised which do not depart from the scope of the

invention as disclosed herein. Accordingly, the scope of the invention should be limited

only by the attached claims.
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CLAIMS:

1. A method for calibrating a formation permeability model with respect to data obtained
from fluid flow measurements, comprising:
determining a correlation coefficient for a porosity — irreducible water saturation
relationship;

determining a leading coefficient for a formation permeability model; and
determining at least one exponent parameter for the formation permeability model
by minimizing a basis function that represents a difference between a
formation permeability estimate derived from the formation permeability
model and a formation permeability estimate derived from the fluid flow

measurements.

2. The method of claim 1, wherein the determining the correlation coefficient uses a

graphical analysis of effective porosity versus water saturation.

3.  The method of claim 1, wherein the determining the correlation coefficient uses a

graphical analysis of total porosity versus water saturation.

4. The method of scl'aim 1, wherein the determining the correlation coefficient comprises

identifying data points having irreducible water saturation.

o.  The .method of claim 4, wherein the identifying data points having irreducible water
saturation, compriSes: \ '
part’ition‘i‘ng data points:bn a porosity versus water saturation graph into a selected
. ' number of bins based on water saturation,; . '
identifying a candidate data .point‘ having a lowest porosity value in each of the
selccted number of bins;
starting from_ a bin having a lowest‘water saturation, collecting the candidéte data

~ point, if a porosity value of the candidate data point is lower than a
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porosity value of the candidate data point in a previous bin having a
lower water saturation value; and
determining a minimum value for the correlation coefficient from the collected
data points.
©. The method of claim 1, wherein the determining the leading coefficient for the formation

10.

11.

12.

permeaoility model comprises:
determining an initial estimate for the leading coefficient using a Gaussian
minimization; and

detemlinirig an dptimal value for the leading coefficient.

The method of claim 1, wherein the determining the at least one exponent parameter

comprises minimizing the basis function using a global minimization technique.

The method of claim 7, wherein the global minimization technique is one selected from
the group consisting of a conjugate gradient technique, a downhill simplex method, and a

variable metric numerical minimization technique.

The method of claim 1, wherein the fluid tlow measurements comprises one selected
from the group consisting of laboratory measurements using a core plug, transient test

measurements using a formation fluid tester in a wellbore, and'production log data.

The method of claim 1, wherein the formation permeability model comprises one

selected from Coates log permeability mOdel and Timur log permeability mOdel.

The method of claim 1, wherein the porosity is one selected from the group consisting of

an effective porOsity and a total porosity.

The method of claim 1, wherein the determining the at least one exponent parameter is
performeéd with partial derivative functions of the basis function with respect to the

correlation coefficient, the leading coefficient, and the at least one exponent parameter.
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13. The method of claim 1, wherein the formation permeability estimate derived from the
formation permeability model and the formation permeability estimate derived from the

fluid flow measurements comprise an absolute permeability.

14. The method of claim 1, wherein the formation permeability estimate derived from the

formation permeability model and the formation permeability estimate derived from the

fluid flow measurements comprise an effective permeability.

15. The method of claim 1, wheren the formation permeability estimate derived from the

fluid flow measurements comprises an average permeability for a selected interval in a

wellbore.

16. The method of claim 1, wherein the formation permeability estimate derived from the

fluid flow measurements comprises a set of discrete permeability estimates from a

plurality of intervals in a wellbore.

SMART & BIGGAR
OTTAWA, CANADA

PATENT AGENTS
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DETERMINE A CORRELATION COEFFICIENT

FOR A POROSITY-IRREDUCIBLE WAIER
SATURATION RELATIONSHIP

22

GLOBAL MINIMIZATION TO DERIVE THE
PERMEABILITY MODEL EXPONENIS

DETERMINE THE LEADING COEFFICIENT
FOR A FORMATION PERMEABILITY MODEL
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