06/120366 A1 IR OO0 O O

(19) World Intellectual Property Organization ‘f Al

International Bureau

(43) International Publication Date
16 November 2006 (16.11.2006)

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

(10) International Publication Number

WO 2006/120366 Al

(51

21

(22)
(25)
(26)

(71)

(71)

(1)

(1)

International Patent Classification:
E21B 47/06 (2006.01)

International Application Number:
PCT/GB2005/001820

International Filing Date: 10 May 2005 (10.05.2005)

Filing Language: English

Publication Language: English
Applicant (for CG, CM, CZ, DZ, EC, GA, GQ, IN, LT, MA,
NA, NE, NG, TD, TN, TT, VN only): PRAD RESEARCH
AND DEVELOPMENT NV [NL/NL]; De Ruyterkade 62,
Willemstad-Curacao (AN).

Applicant (for CA only): SCHLUMBERGER CANADA
LIMITED [CA/CA]; 525-3rd Avenue S.W., Calgary, Al-
berta T2P 0G4 (CA).

Applicant (for GB, NL only): SCHLUMBERGER
HOLDINGS LIMITED; PO Box 71, Craigmuir Cham-
bers, Road Town, Tortola (VG).

Applicant (for AE, OM, SD, SY, TR only): SCHLUM-
BERGER OILFIELD ASSISTANCE LIMITED; Craig-
muir Chambers, Road Town, Tortola (VG).

(71)

(71)

(71)

(71)

(71)

(72)
(75)

Applicant (for EG only): SCHLUMBERGER SEACO
INC. [PA/PA]; 8 Calle Aquilino de la Guardia, Panama
City, Republic of Panama (PA).

Applicant (for CN only): SCHLUMBERGER OVER-
SEAS S.A. [PA/PA]; 8 Calle Aquilino de la Guardia,
Panama City, Republic of Panama (PA).

Applicant (for BR only): SCHLUMBERGER
SURENCO S.A. [PA/PA]; 8 Calle Aquilino de la
Guardia, Panama City, Republic of Panama (PA).

Applicant (for AT, AU, AZ, BE, CO, DE, DK, ES, HR,
ID, IE, IT, JP, KR, KZ, MX, NO, NZ, PH, PL, RO, RU,
SK, TM, UA, ZA only): SCHLUMBERGER TECHNOL-
OGY B.V. [NL/NL]; Parkstraat 83-89m, NL.-2514 JG The
Hague (NL).

Applicant (for FR only): SERVICES PETROLIERS
SCHLUMBERGER [FR/FR]; 42 Rue Saint Dominique,
F-75007 Paris (FR).

Inventors; and

Inventors/Applicants (for US ornly): WHITE, David,
Brian [GB/GB]; 52 Glebe Road, Cambridge CB1 7SZ
(GB). THAMBYNAYAGAM, Rai, Kumar, Michael
[GB/GB]; 20 West Quay, Abingdon Marina, Oxon OX14
5TL (GB). BANERJEE, Raj [GB/GB]; 25 Kennet Road,

[Continued on next page]

(54) Title: METHOD FOR ANALYSIS OF PRESSURE RESPONSE IN UNDERGROURQUND FORMATIONS

Mud Cake

7

b

pa

Formation

—

Invaded Zone

(57) Abstract: A method of analysing a reservoir pressure in an underground formation surrounding a well, comprising: determin-

& ing the permeability of mud cake on the wall of the well in the region in which the pressure measurement is made; determining the

thickness of mud cake on the well of the well in the region in which the pressure measurement is made; determining the hydrostatic

O pressure in the well in the region in which the pressure measurement is made; measuring the formation pressure at the wall of the

well; calculating a pressure decay index from the mud cake permeability and thickness, the hydrostatic pressure and the measured
pressure; and using the pressure decay index to analyse the measured pressure to derive the reservoir pressure.



WO 2006/120366 A1l

O AR O W

(74)

(81)

Abingdon, Oxon OX14 3ST (GB). GOODE, Peter
[AU/GB]; Vetco International, 1 Grosvenor Crescent,
London SW1X 7EF (GB). SPATH, Jeffrey [US/USJ;
9602 Oakland Lake Way, Missouri City, TX 77459 (US).

Agent: HYDEN, Martin; Rouse Patents, Windsor House,
Cornwall Road, Harrogate HG1 2PW (GB).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR,BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ,
OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,

(84)

SM, SY, T1, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,
VN, YU, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, 7ZM,
7ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO,
SE, SL, SK, TR), OAPI (BE, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.



WO 2006/120366 PCT/GB2005/001820

Description
METHODS FOR ANALYSIS OF PRESSURE RESPONSE IN UNDERGROUND FORMATIONS
Technical field

[0001]

This invention relates to methods for analysing the pressure response in
an underground formation, such as might be measured from a borehole

passing through the formation. In particular, the methods apply to such

methods for use when the formation pressure is influenced by the

supercharging effect.

Background art

[0002]

[0003]

[0004]

Formation pfessure measurements made from wells play an important role "
in the management of reservoirs of underground fluids such as oil and
gas. Because of their dynamic nature formation pressure measurements
provide essential information on well productivity and dynamic reservoir
description both in exploration and exploitation scenarios. Static pressure
data can be used to compute formation fluid density and contacts. This
can be important to determine reserves. Pressure transient data on the
other hand can be important for estimating permeability and heterogeneity
and average reservoir pressure.

Traditionally, pressure transient testing has taken the form of Drill Stem
Testing (DST) or conventional well testing in which a well is put under test
for a relatively long duration. While these can be excellent ways to meet
test objectives, environmental and cost considerations do not allow use
these techniques at all times. Wireline and LWD tools have been.
developed to make probe-based formation pressure measurements to
address this issue.

Wireline and while-drilling formation testers counter many of the
restrictions imposed by conventional well tests. While the theory of
pressure transient analysis is applicable to data obtained by such
formation tests, they require formulation to account for additional effects.
Specifically, formation testers can be used during measurement while
drilling. However, interpretation of the pressure data acquired in this
dynamic environment can be challenging. One of the difficulties arises due
fo supercharging which results from mud filtrate invasion and changes
significantly over the duration of drilling. This results in an iricrease in™
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[0005]

[0006]

[0007]

lsandface pressure which is over and above the resen)oir pressure.
Therefore, any calculation of initial pressure and permeability must take
into account the supercharging effect.

While drilling, the well bore pressure is normally maintained at a pressure
substantially greater than the formation pressure by the use of drilling
fluids to control production of formation fluids into the well bore (the drilling
fluids or ‘muds’ are pumped through the wellbore and are also used for
cuttings transport, cleaning of the drill bit and chemical stabilisation of the
well). When a producing zone is penetrated, the wellbore sandface (the
region of the wellbore wall in the producing zone) is exposed to mud
pressure and filtrate immediately invades the near wellbore region. A mud
cake is formed when drilling fluid flows into the formation and solids are
deposited at the surface of the wellbore. This process is referred to as
sta{ic filtration. As the mud cake grows it eventually stabilizes to a
maximum thickness. This is as a result of the shearing action of the mud
circulation as well as the mechanical action of the rotating drill pipe. This
process is known as dynamic filtration. During these processes a pressure
gradient is established in the formation.

A schematic description of the pressure profile with supecharging effect is
shown in Figure 1. The pressure in the wellbore near the surface of the
mud cake is at hydrostatic pressure (pm) but drops rapidly across the mud
cake (pa) and then gradually reduces in the formation, approaching
formation (farfield) pressure (pl ) some distance away from the wellbore.
This near wellbore elevation in pressure above the farfield is known as the
supercharging effect. From the above it is clear that if a pressure transient
measurement were taken soon after drilling, any interpretation technique
would have to take into account the effect of supercharged pressure.
Various techniques have been proposed to address the supercharging
effect. Examples can be found in US 5602334 , PROETT, Mark, et al.
FORMATION TESTING IN THE DYNAMIC DRILLING ENVIRONMENT.
SPWLA 45th Annual Logging Symposium. June 6-9 2004. , PROETT,
Mark, et al. Formation Testing In the Dynamic Drilling Environment.
IADC/SPE Dirilling Conference. 2-4 march 2004. , PROETT, Mark, et al.
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[0008]

Supercharge Pressure Compensation Using a New Wireline Testing
Method and Newly Developed Early Time Spherical Flow Model. SPE
36524. 6-9 October 1996, p.329-342. , GOODE, Peter, et al. Analytical
models for a multiple probe formation tester. SPE 20737. September
1990. , GOODE, Peter, et al. Influence of an invaded zone on a
multiprobe formation tester. SPE Formation Evaluation. March 1996, p.31-
40. |

This invention aims to provide a method of interpreting formation
measurements that can account for the effect of supercharging.

Disclosure of the invention

[0009]

[0010]

One aspect of this invention provides a method of analysing a reservoir
pressure in an underground formation surrounding a well, comprising:

- determining the permeability of mud cake on the wall of the well in the
region in which the pressure measurement is made;

- determining the thickness of mud cake on the well of the well in the
region in which the pressure measurement is made;

- determining the hydrostatic pressure in the well in the region in whichk the
pressure measurement is made;

- measuring the formation pressure at the wall of the well;

- calculating a pressure decay index from the mud cake permeability and
thickness, the hydrostatic pressure and the measured pressure; and

- using the pressure decay index to analyse the measured pressure to

derive the reservoir pressure.

The pressure decay index can be calculated using the following
relationship

W "i‘ﬂ;———k"'(pf"zfp")‘ DR e
S, L lm.k(pa—‘pl)f o
wherein

km = mud cake permeability
Im = mud cake thickness

pm = hydrostatic pressure
pa = measured pressure

pi = reservoir pressure

k = permeability.
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[0011]

[0012]

[0013]

[0014]

[0015]

[0016]

Preferably, the method further comprises deriving at least one of horizontal
permeability, vertical permeability and productivity index of the well in the
region of the measurement.

A method according to the invention can comprise estimating at least one
parameter and using non-linear regression to modify this estimate until the
calculated or derived parameters result in correspondence with measured
parameters.

Typical inputs to the analysis include a calculated invasion rate derived
from mud cake properties, transient pressure computations from reservoir
fluid and rock properties, formation pressure tester probe configuration
parameters, pressure sampling rate and duration, and pressure transient
data obtained from the pressure measurement.

With these inputs, the method preferably comprises determining a
goodness of fit of pressure transient data.

In one embodiment of a method according to the invention, mud and mud
cake properties are used to calculate invasion rate, and this invasion rate
is applied, together with reservoir fluid properties, tester and formation
configuration data and test data to a model with regression to provide
reservoir pressure, permeability and productivity parameters.

The methods according to the invention can be applied to measurements
made with wireline or while drilling formation tester tools.

Brief description of the drawings

[0017]

Figure 1 shows a schematic diagram of a formation with supercharging;
Figure 2 shows a schematic structure of the mathematical formulae
underlying the embodiment of the invention;

Figure 3 is a flow diagram of an interpretation workflow incorporating a
method according to the invention;

Figure 4 shows a comparison of pressure response with and without
supercharging;

Figure 5 is the pressure difference plot;

Figure 6 shows the sensitivity to change in permeability;

Figure 7 shows the sensitivity to change in initial reservoir pressure; and
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Figure 8 shows the sensitivity to change in beta factor (pressure decay
index).

Mode(s) for carrying out the invention

[0018]

[0019]

[0020]

[0021]

This invention applies to measurements of formation pressure made using
wireline pressure measurement tools, such as the MDT of Schlumberger ,
or more recent formation pressure while drilling (FPWD) tools. These are
not described in detail here at their performance and properties are well
known. These tools generally operate by applying a test probe against the
wall of the wellbore (sandface) through any mud cake that might be
present, and making pressure measurements and, optionally, taking
samples of the formation fluid through the probe. Such measurements
typically obtain data in the form of pressure and flow development over a
period of time.

Data from such measurements are obtained digitally and are typically
analysed by means of dedicated software applications to provide an
indication of the formation properties around the well. The method of the
present invention is based on a series of mathematical formulae that are
discussed in more detail below. Variations may be made to these
formulae while still retaining the essential methodology of the invention.

A structure for the derived mathematical formulae underlying one
embodiment of the invention is presented in Figure 2. In this case, the
most important component is the pressure calculator that combines, by
superposition, the formation test pressure response, filtrate invasion
pressure response and diffusion of initial supércharged pressure. The
filtrate invasion rate calculator computes the invasion rate that is used by
the pressure calculator. In this case, the parameters to be computed from
the formation pressure test are horizontal permeability, vertical
permeability and undisturbed reservoir pressure. These parameters are
used to estimate the productivity index of the well (PI). In addition, the
initial pressure decay factor B is also determined.

The equations, presented in more detail below, assume a single-phase
approximation; that is, the mobility of the mud filtrate and the reservoir fluid
are similar. This assumption is approximately true in many cases. The ‘
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[0022]

[0023]

[0024]

[0025]

[0026]

[0027]

effect of any divergence from this approximation can be neglected
because the radius of mud filtrate invasion is generally much smaller than
the radius of investigation, even for a wireline formation test.

A flow diagram of an interpretation workflow incorporating a method
according to the invention is presented in Figure 3.

The pressure calculator is a forward model. It computes pressure
response as a function of time based on input parameters, some of which
it is desired to compute in the first place. The pressure calculator is
therefore used in a non-linear regression loop starting with the first
estimates of the parameters of interest. A first estimate of horizontal
permeability is obtained from logs taken while drilling or subsequently,
vertical permeability is defaulted to 10 percent of horizontal permeability,
and the initial reservoir pressure is considered to be hydrostatic pressure.
A first estimate of the decay factor is taken using the method described
below. The non-linear regression module is a standard, gradient-based
algorithm tuned for pressure transient interpretation. The final outcome is
the matched formation test pressure and the tuned parameters.

Knowing the reservoir pressure the productivity index of the well can be
computed using standard industry methods.

In summary, data entry consists of the following:

a) Mud cake properties to calculate invasion rate.

b) Reservoir fluid and rock properties for the transient pressure
computation. This includes initial estimates of output parameters.

c¢) Formation tester probe configuration.

d) Sampling rate and duration.

e) Corresponding pressure transient data.

The program outputs the following parameters:

a) Reservoir horizontal and vertical permeability

b) Initial reservoir pressure

c) Well productivity index

d) Goodness of fit of the pressure transient data.

The workflow can handle multiple probes. Thérefore, both pre-test and
vertical interference test can be analyzed. Outside the regression loop the
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[0028]

[0029]

pressure calculator is used for test design. Supercharging effect is
generally prominent in low permeability reservoirs. Figure 4 shows a
comparison of pressure response with and without supercharging. Figure
5 is the pressure difference plot. It is clear that the pressure profile is not
only displaced but also has a different shape. This means that the
permeability estimated by using the standard formation tester model would
be different from that obtained by the proposed model, thus reinforcing the
need to use the correct model.

The sensitivity to change in permeability, initial reservoir pressure and beta
factor (pressure decay index) is presented in Figures 6, 7 and 8. Note that
the clear separation of stabilized pressure during buildup in Figure 6. This
shows the effect of filtrate loss during buildup. In Figure 7 the curvature of
the pressure curve increases with the increase in difference between the
initial probe pressure and the initial reservoir pressure. Thus, the larger the
supercharging effect, the higher will be the discrepancy when using a
standard model. In addition to determining the initial distribution of
pressure, the decay factor also determines how fast the supercharging
effect diffuses in the reservoir. This is demonstrated in Figure 8. These
figures also show that the pressure response is sensitive to the above-
mentioned parameters and therefore can be resolved using non-linear
regression. ‘

The pressure calculator hooked to a standard non-linear regression
routine is used to test the interpretation workflow. The observed test data
used in our case is generated synthetically with a-priori knowledge of the
reservoir parameters. Three cases are investigated. The probe pressure at
the start of the test is fixed at 4100 psi. In the first case, the horizontal and
vertical permeabilities are perturbed from the known values but the initial
pressure is fixed. In the second case all the three parameters are
perturbed. A comparison of the two cases suggests that while an increase
in the number of unknowns adversely affects the quality of match, it is still
good enough for all practical purposes. in the third case the initial pressure
and filtrate invasion terms are disabled; that is, the match is obtained with
a standard model used in formation testing. The match obtained is
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extremely poor, which is a clear demonstration of the need for specialized

models. The actual values and the match obtained for the three cases are

‘illustrated in the table below:

Table 1
Actual Value Match with Perm | Match with Perm | Match with
unknown + Initial Pressure | sample-only *
unknown model

Horizontal 1 1.01 1.15 5.0
Permeability (md)

Vertical 0.1 0.99 0.95 20
Permeability (md)

Initial Pressure 4000 4000 4002 4100

[0030] A summary of the essential physical problem to be modelled and the

mathematical formulation underlying the formulae used in the methods of

the invention is given below. It will be appreciated that deviation may be

made from these formulae while still staying within the scope of the

invention.

[0031]

The solution in this case is obtained by the application of successive

integral transforms to the governing equations and to the associated initial

and boundary conditions. A brief exposition of the problem is given below.

[0032]

The medium is bounded by the cylinder r = 2 and extends to « in the

direction of rpositive. There are two cases in the zdirection. In the first, z

is unbounded; that is, (—» < Z< « ), and in the second, the formation is of

thickness #; that is, (0 < z< A) and has a no-flow boundary condition at the

upper and lower boundary. An initial condition is superimposed, given by
Gt ples0mt)=lpy = p e P gy

(1)
[0033]

The supercharged pressure, ps, is greater than the reservoir pressure, pr,

due to the invasion of mud filtrate into the reservoir. Equation 1 shows an

exponential decline of pressure from sandface to reservoir. When time ¢=

fy = 0 (beginning of the test), r= a(at the sandface), p(a,6,z0) = paand as

r-, p= pr. This decline might be represented by any arbitrary function.

However, considering the nature of pressure diffusion, the exponential

representation is accurate enough. The decay factor g determines the
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curvature of the pressure profile in the reservoir and depends on fluid and
rock properties. It is possible to approximate this factor through actual
reservoir simulation. Alternatively, a more simplistic but straightforward
approach is to determine it from actual transient tests by non-linear
regression. Since p, is measured, in theory, if the mud filtrate invasion
process can be rigorously modelled, it should be possible to compute p;
without having to impose an initial condition of the type given by Equation
1. For example, if the invasion history is known and the near well bore
reservoir description is fairly accurate a reservoir simulator can be used to
compute the supercharged pressure. However, this process is laborious
and, often, without sufficient reliable data to validate the model. Hence,
the focus of the methods of this invention is to be able to take advantage
of the recorded pressure transient data. The pressure transient data
influenced by the supercharged formation is interpreted to obtain reservoir
parameters as well as the initial reservoir pressure (p; ), without having to
resort to complex workflows. Instead of modelling how the pressure builds
up to pa from py, an initial condition is imposed that is simple but can be
history matched to the measured pressure transient data.

\

[0034] This approach is illustrated with reference to two cases discussed below
[0035] Case 1.0: The medium is bounded by the cylinder r= a and extends to = in
the direction of rpositive and

o220,

:al'

The |n|t|al pressure S|tuat|on is:
v p(r 9.5,4,)=(p.- p;)e M) (@) =p, o

A contmuous source at [a, 0, Zo] is lntroduced and the resulting pressure

disturbance left to diffuse through a semi-infinite homogeneous porous

medium.
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[0036] The solution in Laplace space is given by
‘ —lz—z[ e’ +s
1.

()™ & 7 '
0.5,5)=
P (a )= wgea’ Z—:o ‘!.5 ﬂr‘fz"'s )i (§a)+1, (fa)}

477, u T 1
ﬁa( ) (s )‘! (nrf +s){J (fa)+Y (fa)}

2(p,—p)e"™ ? Vo (£a) | p
+ ‘ , dé+~L
wa ! (7.8 +5){J2 (Ea)+ 1 (£a)} :
(2)
[0037] and in real time
‘ _(z5)
2U(t t,) @i q(t to r)eqé i

+

, 13(&, 0,z,1)=

npeca’ \/_—,n%") m'H- S (§G)+ i (fa)}
e (—) O {“’“(’ ’)e T

J2(Ea)+1, (ga)}

2(pa pl)eﬂ"ji V(fa)e"’f’ ‘
a 2 {J7 (Sa)+ 17 (¢a)

f PI :
(3)

[0038] For constant q equatlon (3) reduces to

5la.( - U (’ L)g ‘5(""‘)\/—
B( ’O’-zt) Py \[—;,‘Z " 52{ 2 (Ga)+T, (5“)}

{2 | e %({“ O)J_erfc{f,/n, (z- —t)+ \/d___]+elfc(cf,/n, (r- t0

An, (4 = gy (t= r)e T

+”2a( )‘{.H g{J (Ea)+Xy (éa)}?.?f

2(pu p;)e‘g"]’ AG
.Azﬂja‘ { (5a)+y (éa)

© ey §

}“ &+ Pza-' >z 0

(4)

[0039] If z< Zzpwe interchange zand zp. where
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m=1,2,3,..

Gv(grj {1, (£a)J, (&)~ J, (§a)¥, (&r)} and Vo(ga)=]:re"ﬂ’Go(§r)dr

v+2n
ni X
- (-1) (5)
J,(x)=Y ——=4— Bessel function of the first kind of order v
Snl(v+n+l) ,
Y, (x)= L (x)cos. (vz)-J., (%) Bessel function of the second kind of order v
. sin(v7r)

[0040] Case 2.0: The medium is bounded by the cylinder r= a and extends to « in
the direction of rpositive and

0<z<n) 28220 (1)

, 8,
.The initial pressure situation is
| p(r.0:54)=(p, = p)e?"™ + p; p(a.6:5.4) = p,
A continuous source at [a, 0, zg] is introduced and the resulting pressure
disturbance left to diffuse through a semi-infinite homogeneous porous
medium.
[0041] The solution in Laplace space is given by

4 sty oo ) 1 'A:
p(aO s)— qsgl?;;c Za,,,Za cos( )cos(m;jx'
t .

G df

: Oﬁ»[”ré:z'l"]z‘(%?) ){ m (éa)'*' m (é:a)}

e 1 o
8, Ol («é‘a)} M
+2(p,:pf)e""T AG) 4 ‘+£‘f;f

ma (g +s) U7 (Sa)+ X (4a)
(5)
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[0042]

[0043]

[0044]

[0045]

[0046]

[0047]

12

and in real time

o U(e- to) f
p(a,O,.., ) 3ha2¢ct "’_03 1_(’:5 i (fa)-l— " (fa)} .[

X {@3 {_7‘7_(::2___;[_50_)‘, 3_[7—1) " } + ®3 {f(iz;_:o_)_, e-(%) =t }jl e‘rl,izfd T df -

s M J {?’éa)??”r;a)} e

2p,-p)e” t  Vy(£a)e™"
* I 12 )+ 1 (2a)

q(t—to—r)x

dS+ p;
|

wa

(6)

For constant q equation (6) reduces to

z‘é(ago,},t)=U(’":°)qZ g — };[@{ﬂ(-z =) U} {___ﬂ;;;:o),e{%)’.w-H;-msfaéds;

hge, 4L E{T G+ T2 (Ga)

qA,(t—r)e N s
=0 )” RIS i
 2(2.mpr)e” ? F(ga)e™r
a3z ()5 (&)

} ‘=+P1A

(7)
Where

® {x Q} L+ ZZ 0" cos (an) |:|Q| < 1] Elhptlc theta ﬁmctlon of the thlrd kmd‘

The mud f Itrate invasion, gu, could be modelled using any analytlcal
function of time. However, for simplicity it is assumed that the mud cake is
relatively thin compared to the well diameter and linear Darcy’s law can be

applied. This gives,

: 2rahk, "

Q== =——"(p,~P,)
(8)
where kn and [ are the permeability and thickness of the mud cake
respectively and yis the mud filtrate viscosity.
The pressure decay factor S describes the decay of the reservoir from the
supercharged sandface pressure to the initial reservoir pressure. An initial
estimate of B can be derived by imposing continuity of flow across

sandface, which is
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B= &_(&Cﬁg_)_
1k(p, —p;)
(9)
[0048] The effect of tool storage can be incorporated in the pressure solution by
applying Duhamel’s principle.
[0049] Nomenclature:
a wellbore radius, m.
crcompressibility, Pa -1
¢ porosity, fraction.
hlayer thickness, m.
Jv vth order Bessel function of first kind.
Jv derivative of vth order Bessel function of first kind.
Y vth order Bessel function of second kind.
Y'vderivative of vth order Bessel function of second kind.
km mud filirate permeability, m?
k- horizontal permeability, m?
k= vertical permeability, m?2
Im mud filtrate thickness, m.
M viscosity, Pa.s.
p pressure, Pa.
Ppa probe pressure, Pa.
prreservoir pressure, Pa.
pm hydrostatic pressure, Pa.
g sampling rate, md/s.
63 elliptic theta function of the third kind.
guinvasion rate, m3/s.
s Laplace variable.
ttime, s.
fptime at start of test, s.
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Claims

1.

A method of analysing a reservoir pressure in an underground formation
surrounding a well, comprising:
- determining the permeability of mud cake on the wall of the well in the region
in which the pressure measurement is made;
- determining the thickness of mud cake on the well of the well in the region in
which the pressure measurement is made;
- determining the hydrostatic pressure in the well in the region in which the
pressure measuremevnt is made;
- measuring the formation pressure at the wall of the well;
- calculating a pressure decay index from the mud cake permeability and
thickness, the hydrostatic pressure and the measured preésure; and
- using the pressure decay index to analyse the measured pressure to derive
the reservoir pressure.
A method as claimed in claim 1, wherein the pressure decay index is
calculated using the following relationship

. f o a - ﬁ= ;k""(p"" "Pe) )

R oo ;»ul}nk(pa,",'pl)u :

wherein
km = mud cake permeability
Im = mud cake thickness
pm = hydrostatic pressure
pa = measured pressure
pi = reservoir pressure
k = permeability.
A method as claimed in claim 1 or 2, further comprising deriving at least one of
horizontal permeability, vertical permeability and productivity index of the well
in the region of the measurement.
A method as claimed in any preceding claim, comprising estimating at least
one parameter and using non-linear regression to modify this estimate until the
calculated or derived parameters result in correspondence with measured
parameters.
A method as claimed in any preceding claim, wherein inputs to the analysis
include a calculated invasion rate derived from mud cake properties, transient
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pressure computatidns from reservoir fluid and rock properties, formation
pressure tester probe configuration parameters, pressure sampling rate and
duration, and pressure transient data obtained from the pressure
measurement. _

6. A method as claimed in claim 5, further comprising determining a goodness of
fit of pressure transient data.

7. A method as claimed in any preceding claim, wherein mud and mud cake
properties are used to calculate invasion rate, and this invasion rate is applied,
together with reservoir fluid properties, tester and formation configuration data
and test data to a model with regression to provide reservoir pressure,
permeability and productivity parameters.
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