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(57) Abstract: Disclosed 1s a method for transient testing of an o1l well to determine the individual, distinct skin factor components
of an apparent skin factor, which includes opening the well to a first predefined choke setting to allow the reservoir tluid to tlow
through the well for a first predetined period of time, and measuring a production rate of the reservoir tluid through the well, when
the first predetfined period of time expires. The method further includes performing a shut-in of the well for a first predefined build-
up period, and repeating, when the first predefined build-up period expires, the steps of the flowing, the measuring, and the perform -
ing for at least two additional choke settings. Each of the additional choke settings 1s consecutively lower than a preceding choke
setting. Further, the method includes determining an apparent skin factor for each measured production rate. The apparent skin factor
1s a tunction of the measured production rate. When each of the determined apparent skin factors 1s plotted against a respective
squared-measured production rate value, the plotted values form a linear relationship. The method further includes determining a

well skin factor and a completion skin factor based on the dete:

'mined apparent skin factor. The well skin factor 1s defined by an in -

tercept of the linear relationship when the squared-measured production rate 1s zero and the completion skin factor 1s defined by a
product of the slope of the linear relationship and the squared-measured production rate.
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METHOD FOR TRANSIENT TESTING OF OIL WELLS
COMPLETED WITH INFLOW CONTROL DEVICES

BACKGROUND
Field of the Invention:

16001} Emboduments of the invention generally relate to a method for transient testing of
an o1l well completed with an inflow control device (ICD), and more particularly, to a
method for transient testing of an oil well completed with one or more ICDs, which
deternuine reservoir and well parameters for deciding whether stimulation of the oil well

would improve well productivity.
Description of the Related Art:

(6002} Transient well testing provides an indirect determination of reservoir and well
paramelers tor optimizing the productivity of an oil well. Transient testing is one of the most
important tools in a spectrum of diagnostic tools used by petroleum engineers to characterize

hydrocarbon assets and predict their future performance.

0003} The long-term productivity of an oil well is influenced by many factors, including,
for example, petrophysical or fluid properties of the oil, the degree of formation damage in
the well and/or stimulation of the well, well geometry, well completion charactenistics, the

number of fluid phases in the wellbore, and the flow-velocity type of fluids through the

wellbore.

[0004]  When a well is drilled, it is preferred to have a positive differential pressure acting
trom the wellbore to the formation to prevent inflow of reservoir fluid. Consequently, some
of the drilling fluid can penetrate the formation and particles suspended in the mud can
partially penetrate pore spaces in the wellbore, reducing formation permeability and causing

formation damage around the wellbore. Formation damage around the wellbore causes
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additional resistance to fluid flow through the wellbore, which can gencrate an additional
pressure drop or loss of fluid How mio and through the wellbore, nunumzing well

productivity.

{805] On the other hand, stimulation operations, for cxample, use of specifically
designed tluids m a well can decrease the effect of the pressure drop in the near-wellbore
region caused by the formation damage by wmproving the formation permeability around the
wellbore. The mmpact of permeabibity mmpamrment/improvement around the wellbore caused
by dritling, production, and stimulation operations can be quantified in terms of a mochanical

sian tactor.

{6006} An ICD 15 a completion hardware device that has been deploved as a part of a well
completion ammed at distributing the milow of oil evenly through the well, Even though
various designs have been used for the ICD, the principle for cach KCD is the same — resirict
fluid flow by creatimg an addibional pressure drop that balances or equalizes the wellbore
pressure drop caused by, for example, formation damage to achieve an ovenly distributed
flow profiic along the length of the well. With a more evenly distributed flow profile, one can
reduce, for example, water or gas coning, sand production, and address other drawdown-

related production problems encountered m wells duning production.

{3607 ] Conventional transient testing methods have been used to evaluate reservoir and
o1l parameters for deternuning whether a well compieted with 1CDs should be stimulated to
improve the well’s productivity. Conventional transient testing methods measure onge or more
production rates of the well to deternune an apparent skin factor which 1s the summation of a
well skin factor (f.e., representing a change in pressure [ the bore] caused by an aliered
rogion around the wellbore m comparison o an unalicred reservoir) and a completion skin
factor {(1.e., representing a pressure reading at a point in the production tubing downstream of
the ICD or ICDs). Because these conventional transient testing methods are only able to
determine the apparent skin factor as a summation of the well skin factor and the complietion
skin factor {i.e., does not distinguish between the mdividual well skin and completion skin
factors), petroleurn engmneers are unable to specifically deternune whether the well should be

stimulated to improve the well’s productivity.
{BOGB] Therefore, what 15 needed 1s a method for transiont testing of an ol {Or gas, as
would be contemplated by one of ordimary skill i the relevant art) well completed with one

or more [CDs, which deternunes the mdividual components of the mechamcal skan factor
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{e.g., the respective well skin factor and the completion skin factor), so that an operator can
determine {from the well skin factor whether shimntlation of the well would 1mprove the well's

productivity.
SUMMARY

THERYS Embodiments of the invention are directed (o a method for transient testing of a
well completed with one or more ICDs. In particular, various embodiments of the mvention
provide for a mothod for transient testing of an o1l well completed with one or more 1CDs,
which determunes, for cxample, reservoir permeability, well skin factor, and ICD
characteristic parameters of the well under field conditions, ecnabling reservoir management
and production engineermg personnel to assess the effects of formation damage of a well

with a higher probability of certamty, and o determme whether stinulafion of the well would

improve the well’s productivity.

{G8106]  In particular, there i1s provided a method for transient testing of an oil well to
determune the mdividual, distinct skan factor components of an apparent skin factor, which
mcludes opening the well to a fust predetined choke setting to allow the reservoir fluid to
flow through the well for a first predefined period of time, and measuring a production rate of
the reservorr fHluid through the well, when the first predetined pertod of time expires. The
mothod further mcludes performung a shut-mn of the well for a first predetined buiid-up
period, and repeating, when the first predefined build-up period expires, the steps of the
tlowing, the measuring, and the performing for at least two additional choke sctiings. Each
of the additional choke settings 18 conscculively lower than a preceding choke sething.
Further, the method mcludes determuning an apparcnt skin factor for cach mecasured
production ratc, 'The apparent skin factor i1s a function of the measured production rate,
When cach of the determined apparent skin factors 1s plotted against a respective squared-
measured production rate value, the plotted vahies form a lmear relationship. The method
turther inchides defernuning a well skin factor and a completion skin factor based on the
determined apparent skin factor. The well skin facior 1s delined by an mtercept of the linear
relationship, when the squared-maeasured production rate s zere and the completion skin
factor 1s defined by a product of the slope of the Imear relationship and the squared-measured

production rate.
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BRIEF DESCRIPTION OF DRAWINGS

[0011] So that the manner in which the features and advantages of the invention, as well as oth-
ers which will become apparent, may be understood in more detail, a more particular description
of the invention briefly summarized above may be had by reference to the embodiments thereot
which are illustrated in the appended drawings, which form a part of this specification. It 1s to be
noted, however, that the drawings illustrate only various embodiments of the invention and are
therefore not to be considered limiting of the invention's scope as it may include other effective
embodiments as well.

[0012] FIG. 1 shows a mechanism of reservoir fluid flow when a well 1s completed with one or
more ICDs, in accordance with an embodiment of the invention.

[0013] FIG. 2 shows a method for transient testing of a well completed with one or more ICDs,
in accordance with an embodiment of the invention.

[0014] FIG. 3 is a schematic diagram showing a comparison of pressure drop sequencing be-
tween a transient testing method, in accordance with an embodiment of the invention, and a con-
ventional transient testing method.

[0015] FIG. 4 1s a graph showing a relationship between apparent skin factors and production
rate-squared values for a transient testing method, in accordance with an embodiment of the in-
vention.

DETAILED DESCRIPTION

[0016] Although the following detailed description contains many specific details for purposes ot
1llustration, it 1s understood that one of ordinary skill in the relevant art will appreciate that many

examples, variations, and alterations to the following details are within the scope of the inven-
tion. Accordingly, the exemplary embodiments of the invention described herein are set forth
without any loss of generality, and without imposing limitations, relating to the claimed inven-
tion. Like numbers refer to like elements throughout. Prime notation, if used, indicates similar
clements 1n alternative embodiments.

{0017] As used herein, the term "inflow control device" or "ICD" shall be used to refer to a com-
pletion hardware device used in a well, which distributes the inflow of a material, for example,
oil or gas, evenly through the well. The ICD can create an additional pressure drop that balances
or equalizes the wellbore pressure drop caused by, for example, formation damage to achieve an
evenly distributed flow profile along the length of the well. With a
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more evenly distnibuted flow profile, one can reduce, for example, water or gas coning, sand
production, and address other drawdown-related production problems cucountered m wells
durimg production. The term “apparent skin factor” shall be used to refer to a parameter used
to predict the performance of a well, For example, the apparent skin factor can refer (0 a
parameter calculated {rom pressure testing the well, which defines the degree of formation
damage m the well, The apparent skan factor represents, for example, a lincar combmation of

the mechanical (well) skin factor and a completion skin facior.

{38181 The term “well skin factor” shall be used to refer to a parameter of the well, which
defines a change {(positive or negative} m pressure of a reservow tHuid flowing through a
welltbore caused by an aliered region (improvement or damage) around the welltbore n
comparisen to a virgin reservoir. The well skin factor is positive when the formation around
the wellbore 1s damaged, negative when the formation around the wellbore 1s improved, and

zero when tormation around the wellbore 18 netther damaged or improved.

[3819]  The term “completion skin factor” shall be used to refer (o a parameter of the well,
which defines a change in pressure of a reservorr fluid flowing through a wellbore caused by
the operation of an ICD {(i.e., distinct from the pressure drop caused by formation damage).

The completion skin factor 1s usually positive.

{G026]  FiG. | shows a mechanism of reservorr fluid flow through a well completed with
one or more ICDs, m accordance with an ecmbodiment of the mvention. According (o various
embodiments of the mvention, the reservorr fluid flowmg through the wellbore 102
cxperiences a change {(posiive or negative) m pressure due to the altered region 104
(improvement or damage) around the wellbore 102 m comparison with 4 virgin reservoir. As
previousiy noted above, this pressure change is characterized by the well skin factor, The
reservorr Huid flows from the undamaged formation 106 through the altered region 104 of the
wellbore, enters the anonulus 108 of the wellbore 102, and passes through one or more {CDs
110 and tubing 112 of the wellbore on route to the production siring 114 of the wellbore. The
number of ICDs 110 are selected, for example, based on the additional pressure drop that s
needed to balance or equalize the wellbore pressure drop tor oplimizing oid production. In
accordance with at least one embodiment, one or more packers 116 are provided, for
cxample, 1 the annulus 108 of the wellbore 102, to isolate sections of onc or more {CDs n

place.
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186211 FiG. 2 shows a method for transient testing of a well completed with one or more
ICDs, m accordance with an embodiment of the mvention. According to an embodiment of
the mvention, the transient testing method includes a selection of at least three choke seftings
tor which transient testing measurements are taken for different values of conirolled
production rates. In accordance with an embodiment of the mvention, the dificrence between
cach production rate fested should be a specified distance apart from one another, for
cxample, at least 300 stock tank barrels/day, which would generate a spread of data points for

calculating the apparent skin factor {or the well

(60221  In accordance with at least one embodiment, one or more measurement gauges are
inserted mito the wellbore at a proxamity close (o the foed reservorr to, for example, mmimize
the amount of trictional pressure drop between a position at the end of the completion string

and the measurement gauge(s), and to, for example, mmimize wellbore storage etiects.

{30231 According to an embodiment of the mvention, the method mmcludes opening the
well to the highest selected choke setting to allow the reservow fluid o flow for a specified
period of time, for exampie, 72 hours, without allowing the pressure m the wellbore to fall
below the bubble-point pressure i the reservolr at any time during the specified period. At
the end of the specitied pertod, the production rate 1s measured for each mdividual phase of
the reservorr fluid, The well 1s shut-in for a first budd-up peniod, which should be long

enough o establish an mfinite-acting radial flow regime.

{3824  Once the infimic-acting radial tlow regime is established, the method further
mcludes opening the well {0 the next highest selected choke setting to allow the reservorr
fluid to flow for a specitied period of tume, tor cxample, 24 hours, without allowmg the
pressure i the wellbore to fall below the bubble-point pressure 1 the reservoir at any time
during the specified period. At the end of the specified period, the production rate is
measured for cach mdividual phase of the reservorr fluid, The well 15 shut-in for a second

build-up period, which should be long enough to cstablish an infiniic-acting radial flow

regIme,

{33251 The method further mcludes openmg the well to the lowest selected choke setting
to aliow the reservorr fluid to flow tor a specified pertod of time, for example, 24 hours,
without allowmg the pressure 1 the wellbore to fall below the bubble-poimnt pressure in the
reservolrr at any time during the specified period. At the end of the specitied period, the

production rate 18 measured for cach individual phase of the reservorr fluid.



CA 02862963 2014-07-25

WO 2013/130551 PCT/US2013/027949

[0826] At the end of the third tteration, cach of the gauges are removed from the wellbore,
The measured production rates from cach of the three erations, downhole pressure data, and
tomperature data are gathered to calculate respective apparent skin factors for the measured
production rates. As will be discussed in more detail below, cach calculated apparent skin
factor 1s plotted on a Cartesian graph agamst a corresponding squared production raie {7.e
vs. ¢} to determine individual, distinet skin factor conponents {e.g., the well skin facton s,
and the completion skin factor associated with the ICD characieristic parameter, g), for the
apparcnt skin factor, &7, where the intercept of a line, drawn through the plotted pomnts, on the
s-axis (g7=0) defines the well skin factor, s, and the slope of the line defines the
charactenistic parameter of the ICD, @, which can be used to estimate the complefion skan

tactor using Equation 1 discussed below.

{38271 In accordance with an ecmbodiment of the mvention, cach tlow/build-up sequence
cant be carried out over a specified period of time as tong as the well skin factor can be
assumed not to vary over this specitied period of time. In accordance with anothe
cmibodiment, nmore than three choke settings may be selected to obtain measured production
rates, downhole pressure data, and temperature data to delermine the apparent skin factors for

ditferent production rates.

{6028] FIG. 3 18 a schematic diagram showing a comparison of prossure drop sequencing
between a transient testing method, in accordance with an embodiment of the invention, and a
conventional transient {esting method. As shown m FIHG. 3, a conventional transient testing
method, for example, a single-rale, transient festing of a well generates an apparent skin
factor, s, caused by the effective pressure drop 310, which 1s the summation of a first
pressure drop 320 {e.g., well skin factor, 8} and a sccond pressure drop 330 {(eg., ICD
characienistic parameter, @) Thus, the apparent skin factor represents the fosal pressure drop
between the mlet pomt of the wellbore at an aliered region (A) (i.e., caused by damaged
tormation} and a point i the production tubing downstream of the one or more 1CDs (B).
Because the apparent skin factor determuned by conventional ifransient testing methods
mcludes the additional pressure drop caused by the presence of the one or more ICDs,
roservolr and production engineers are unable (0 accurately deternune, based solely on a well
siin factor value, whether stimulation of a well would mprove the well's productivity.
Theretore, conventional transient testing methods are unable o accuraiely determmne which

well{s) to stimulate,
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18629} Certain embodiments of the mvention provide a transient testing method, as
iusirated im FIG. 2 and discussed above, which deternunes apparent skin tactors at ditterent
production rates, which can be detined m terms of ifs mdividual, distinet skin factor
components: the well skin factor 320 and a completion skin factor associated with the ICD
characteristic parameter 330, Accordingly, the transient testing method, according (o certain
cmbodiments of the mnvention, allows reservoir and production engineers (o determine with
more cerfainty, based on the component well skin factor 320, whether stinwlation of a well
would mprove the well's productivity. Furthermore, the iransient iesting method, mn
accordance with certam embodiments of the mvention, provides [CD design engineers with
the component ICD charactenistic parameter 330 for improving the design of the ICDs for
tuture well completions. Furthermore, once the D characteristic parameter 330 1s known,
tuture design and placement of IUDs can be significantly optimized, based on the assumption
that the ICD characteristic parameter 330 should not significantly change over a period of

fime.

(8387  FIG. 4 1s a graph showing a relationship between apparent skin factors and
production rate-squared values for a transient testing method, in accordance with an
cmbodiment of the mvention, According to an embodiment of the mmvention, mulfiple (e.g.,
three or more) transient tests, i accordance with an cmbodiment of the mvention, as shown
in FIG. 2, can be conducted for the reservoir fhuid flow through the wellbore, as shown in
FIG. 1, at varous production rates {(i.e., at different g-values to gencrale a spread of data
pomnts) to generate an apparent skin factor, 87, for cach respective production rafe {see FIG. 4,

where a production rate squared, g°, of approximately 11,000,000 correlates to an apparent

skin factor, 87, of approximately 2.73, eic.).

08311  According to certaimn embodiments of the mvention, the apparent skin factor, §7, for

4 given production rate, g, can be represented by the following equation:
3 i , )
s{gy=s8+aq (1)

{38321 where s = the well skin {actor and o = a characteristic parameter of an ICD under
field conditions (two unknown parameters). The second term of Equation 1 {e.g., ag’) defines
the completion skin factor due to the pressure drop caused by one or more 1CDs i the
wellbore. According to an embodiment of the mveniion, the well skin factor 1s not expected
to change in value, while the characternistic parameier of the one or more ICDs 1s a function of

the production rate 1o the wellbore.
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68331  As shown m FIG. 4, cach calculated apparent skin factor can be plotted agaimst a
respective squared production rate on a Carlesian graph o show a relationship, as detined by
Equation 1, where the calculated apparent skan factors should fall on a straight line, As
brietly noted above, the intercept of the line on the s'-axis at ¢"=0 defines the well skin
tactor, s. The well skin factor may have a negative, posttive, or zero value based on the
pressure drop generated by the formation damage m the wellbore, The slope of the ling
defines the characteristic parameter of the one or more ICDs, g, which can be used to
cstimale the completion skin factor usimg Equation 1. This characteristic parameter mdicates

how restrictive the IUDs are to the reservorr fluid tlow while im operation.

10834]  Accordingly, the transient testing roethod according to various embodiments of the
invention has non-obvicus advaniages over conventional transient testing methods mn that an
apparent skin factor can be determined m ferms of s mdividual, distinct skin factor
components of well skin factor and completion skan factor. Using these component skin
factors, reservoir and production engincers ¢an determne with more certamty, based on the
component well skin factor, whether stimulation of a well would mprove the well's
productivity, and [CD design engineers can improve, based on the component ICD

charactenistic parameter, the design of 1CDs for future well completions.

13835]  Embodiments of the present mvention may suitably comprise, consist or consist
essentially of the clements disclosed and may be practiced m the absence of an element not
disclosed. For example, it can be recognized by those skilled in the art that certain steps can

be combined mto a single step.

[3036]  Unless defined otherwise, all technical and scientific terms used have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention

belongs.

18837}  The smgular forms “a,” “an,” and “the” mnclude plural reterents, unless the context
clearly dictates otherwise.

e B

{3038]  As used heremn and m the appended clamms, the words “comprise,” “has,” and
“mclude” and all grammatical variations thereof are cach mitended to have an open, non-

Hrniting meaning that does not exclude additional elements or steps.
{3839} Although the present mvenfion has been described in detarl, it should be

understood that various changes, substifutions, and alicrations can be made hercupon without

departing from the principle and scope of the invention. Accordingly, the scope of the present
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mvention should be determuned by the following claims and thewr appropriate legal

cquivalents,
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What 1s claimed 1s:
I. A method for transient testing of a well, the method comprising:

opening the well to a first predefined choke setting to allow the reservoir fluid to

flow through the well for a first predefined period of time;

measuring a production rate of the reservoir fluid through the well, when the first

predefined period of time expires;

performing a shut-in of the well for a first predefined build-up period;

when the first predefined build-up period expires, repeating the opening the well, the
measuring of the production rate of the reservoir fluid through the well, and the performing
the shut-in of the well for at least two additional choke settings, wherein each of the

additional choke settings is consecutively lower than a preceding choke setting;

determining an apparent skin factor for each measured production rate, wherein the
apparent skin factor 1s a function of the measured production rate, and wherein, when each
of the determined apparent skin factors is plotted against a respective squared-measured

production rate value, the plotted values form a linear relationship; and

determining a well skin factor and a completion skin factor based on the determined

apparent skin factor, wherein the well skin factor is defined by an intercept of the linear
relationship when the squared-measured production rate is zero and the completion skin

factor 1s defined by a product of the slope of the linear relationship and the squared-

measured production rate.
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2. The method of claim 1, wherein the opening the well comprises controlling the
reservoir fluid flow through the well for the first predefined period of time being 72 hours,
and controlling the reservoir fluid flow through the well for a predefined period of at least

24 hours for each of the at least two additional choke settings.

3. The method of claim 1, wherein the opening the well further comprises
controlling the reservoir fluid flow through the well without allowing the pressure 1n a
wellbore of the well to fall below a bubble-point pressure in a reservoir of the well at any

time during the first predefined period of time.

4. The method of claim 1, wherein the measuring comprises determining the

production rate for each individual phase of the reservoir tluid.

5.  The method of claim 1, wherein the performing comprises controlling the shut-
in of the well for the first pre-defined build-up period and the shut-in of the well for each

of the at least two additional choke settings to establish an infinite-acting radial flow

regime.

6. The method of claim 1, wherein the repeating comprises repeating the tlowing,

the measuring, and the performing for the at least two additional choke settings, wherein
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each of the additional choke settings differs from the preceding choke setting by at least

500 stock tank barrels per day.

7. The method of claim 1, wherein the determining the apparent skin factor for
each measured production rate comprises calculating the apparent skin factor as a function

of the measured production rate based on the following equation: s'(g) = s + ag”.
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