SYSTEM AND METHOD FOR OPTI M ZI NG GRAVEL DEPCSI TI ON | N SUBTERRANEAN
VELLS TECHNI CAL FI ELD OF THE | NVENTI ON [ 0001] Thi s invention rel ates,
in general, to controlling sand production in subterranean wells that
traverse fluid bearing formations and, in particular, to systens and
met hods for real tinme and automatic control of gravel packing
operations to optim ze gravel deposition in the well.

SYSTEM AND METHOD FOR OPTIMIZING GRAVEL
DEPOSTITION IN SUBTERRANEAN WELLS

TECHNICAL FIELD OF THE INVENTION

[0001] This invention relates, in general, to controlling
sand production in subterranean wells that traverse fluid
bearing formations and, in particular, to systems and methods
for real time and automatic ceontrel of gravel packing operations

to optimize gravel deposition in the well.
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[c002] Without limiting the scope of the present invention,

ite background is described with reference to the production cf
hydrocarbong through a wellbore traversing an unconsolidated or
loogely congolidated subterranean formation, as an example.

[0003] rt igs well known in the subterranean well drilling and
completion arts that particulate materials such as sand may be
produced during the production of hydrocarbons from a well
traversing an unconsolidated or loosely consolidated
subterranean formation. Numerous problems may occur as a result
of the production of such particulate. For example, the
particulate causes abrasive wear to components within the well,
such as tubing, fluid flow control devices, safety devices and
the like. In addition, the particulate may partially or fully
clog the well creating the need for an expensive workover.
Also, 1f the particulate matter is produced to the surface, it
must be removed from the hydrocarbon fluids by processing
equipment on the surface.

[c004] One method for preventing the production of such
particulate wmaterial to the surface is gravel packing the well
adjacent the unconsolidated or loosely consclidated production
interval. In a typical gravel pack completion, sand control

screens are lowered into the wellbore on a work string to a



subt erranean formation. Nunerous problenms may occur as a result of

t he production of such particul ate. For exanple, the particul ate
causes abrasive wear to conponents within the well, such as tubing,
fluid flow control devices, safety devices and the like. In addition,
the particulate may partially or fully clog the well creating the
need for an expensive workover. Also, if the particulate matter is

producedpb@i ¢ 1ih SHEERGRtd t LRBISheBEr&LMBVEA diM the ddrocar Roryy 4
fluids by processing equi pnent on the surface. [0004] One nethod for
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I's gravel packing the well adjacent the unconsolidated or |oosely
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conpl etion, sand control screens are lowered into the wellbore on a

work stri,;Bg1tQ@nBulus formed between the sand control screens and the
perforated well casing or open hole producticn zone. Typically,
the liquid carrier is returned to the surface by flowing through
the sand control screens and up a wash pipe. The gravel is
deposited around the sand control screens to form a gravel pack,
which is highly permeable to the flow of hydrocarbon fluids but
blocks the flow of the particulate carried in the hydrocarbon
fluids. As such, gravel packs can successfully prevent the
problems associated with the production of particulate materials
from the formation.
[0005] It has been found, however, that a complete gravel
pack of the desired production interval is difficult to achieve
particularly in long production intervals that are inclined,
deviated or horizontal. One technique used to pack a long
production interval that is inclined, deviated or horizontal is
the alpha-beta gravel packing methed. In this method, the
gravel packing operation starts with the alpha wave depositing
gravel on the low side of the wellbore progressihg from the near

end to the far end of the production interval. Once the alpha

wave has reached the far end, the beta wave phase begins wherein



position proximate the desired production interval.A fluid slurry
including a liquid carrier and a particulate material known as gravel
is then punped down the work string and into the well annul us forned
bet ween the sand control screens and the perforated well casing or
open hol e production zone. Typically, the liquid carrier is returned
to the surface by flowi ng through the sand control screens and up a
wash pi pgraddie o auglosiscdepRstiethaPWdet B $80dweONbS.Ql, ShT @RS o0
forma gravel pack, which is highly permeable to the flow of _
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t he hydrocarbon fl uids. such, gravel packs can successfully
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materials fromthe formation. [0005]1t has been found, however, that
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also arisen for such an improved apparatus and method that

achieve a complete gravel pack of such production intervals.
Further, a need has arisen for such an improved apparatus and
method that provide for automatic c¢ontrel over the gravel

deposition process in real time.



[0006] It has been found, however, that as the desired | ength of

hori zontal formations increases, it becones nore difficult to achieve
a conpl ete gravel pack even using the al pha-beta technique.

Therefore, a need has arisen for an inproved apparatus and nethod for
gravel packing a long production interval that is inclined, deviated

or horizontal. A need has also arisen for such an inproved apparatus
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operable to repeatably achieve complete gravel packs of such
production intervals while reducing the occurrence of bridging.
Further, the system and method of the present invention provide
for automatic control over the gravel deposition process in real
time.
{ooo8] In one aspect, the present invention is directed to a
system for optimizing gravel deposition in a completion interwval
of a well. The system includes a pumping system that is
cperable to deliver a gravel pack slurry to the completion
interval, an actuator system that is operable to control
properties of the gravel pack slurry and a sensor system that is
operable to monitor parameters representative of gravel
deposition in the completion interval. A dynamic gravel pack
model is defined in a computer that is operable to receive data

from the sensor system and provide estimates of gravel

deposition in the completion interval. A control system is



[0008] I n one aspect, the present invention is directed to a system
for optim zing gravel deposition in a conpletion interval of a well.
The systemincludes a punping systemthat is operable to deliver a
gravel pack slurry to the conpletion interval, an actuator system
that is operable to control properties of the gravel pack slurry and
a sensor systemthat is operable to nonitor paraneters representative

of gravebfggm% td ONeddt Ahe tmw@u%&aﬁ kpbesy akng Akl NGt CatdraVlsten
pack nodel is defined in a conputer that is operable to receive data
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the conpletion interval. control systemis operable to control the
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depositi on plan and the dynam c gravel pack nodel, wherein the gravel
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the control systemto automatically nodify the gravel pack deposition
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I n one enbodi nent, the sensor systemiricl udes at |east one of a
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sensor systemincludes at |east one of a pressure sensor and a fluid

flOVV"at§s§§E¥¥¥hing the viscosity of the gravel pack siurry and an
actuator relating to inputting at least one liguid additive into
the gravel pack slurry. In one embodiment, the sensor system
includes at least one of a surface sensor and a downhole sensor.
In another embodiment, the sensor system includes at least one
of a pressure sensor and a fluid flow rate sensor.
[0010] In one embodiment, the dynamic gravel pack model
includes a fluid behavior model, a mass conservation model and a
gravel deposition model. In ancther embodiment, the dynamic
gravel pack model includes a time bhased and location based
description of gravel depcsition in the completion interval. In
vet another embodiment, the gravel deposition estimates of the
dynamic gravel pack model are automatically error corrected
based upon data from the sensor system. In one embodiment, the

gravel pack deposition plan includes a time based and location



[ 0010] I n one enbodi ment, the dynami c gravel pack nodel includes a
fluid behavior nodel, a mass conservation nodel and a gravel

deposition nodel. I n another enbodi nent, the dynam c gravel pack
nodel includes a tinme based and | ocation based description of gravel
deposition in the conpletion interval. In yet another enbodi nent, the

gravel deposition estimates of the dynam c gravel pack nodel are
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estimating gravel deposition in the completion interval in a
dynamic gravel pack model based at least .in part upon the
monitored parameters; and automatically modifying a first gravel
pack deposition plan implemented by a control system that
controls the composition and pumping of the gravel pack slurry
based upon the gravel deposition estimates of the dynamic gravel
pack model.

[(06012] The method may also include meonitoring the parameters
with at leést one of a surface sensor and a downhole sensor;
monitoring at least one of a pressure sensor and a fluid flow
rate sensor; modeling fluid behavior, mass conservation and
gravel deposition in the dynamic gravel pack model ;
automatically correcting errors 1in the model based upon the
monitored parameters; developing a time based and location based

description of gravel deposition in the completion intervel in a

dynamic gravel pack model; developing a time based and location



[ 0012] The nmet hod may al so i nclude nonitoring the paraneters with at

| east one of a surface sensor and a downhol e sensor; nonitoring at

| east one of a pressure sensor and a fluid flow rate sensor; nodeling
fluid behavior, mass conservation and gravel deposition in the
dynam c gravel pack nodel; automatically correcting errors in the
nodel based upon the nonitored paraneters; developing a tine based
and | ocabhead baredrdpsten ptdfontheé gienieleddegosvdl OriepB st Beosonpl etthen
interval in a dynam c gravel pack nodel; developing a tinme based and
| ocat.i oncohpsad ddesertptvan ofn t ke desveed avekegeposidn orplan t had
completion interval in a gravel pack deposition plan and
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[0013]In a further aspect, the present invention is directed to a
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wel | . The systemincludes a punping systemthat is operable to
deliver amgnmvel pack slurry to the conpletion interval, an actuator
systemthat is operable to control properties of the gravel pack
slurry andogzdownhal @ seASEr SYkFl-RM, OPRE Pt &sd® MBREhOLoPal Anel i ed
representative of gravel deposition in the conpletion interval. A
downhol e gynand & @mavelr paskinedel dafadveed depodidoynhehe £ ot jos
operable to receive data fromthe sensor system and provi de estinmates
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gravel pack nodel defined in a surface conputer is operable to
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provi de estimtes of gravel deposition in the conpletion interval. A
control sygtefmi,s @per abl@addx CeRkeh t hRapUNR Ngpsysbea ansl tdhtrol
actuator systemin relation to a gravel pack deposition plan and the

dynam c gray&tt iRACKoAARks, gmienei paélbe slurry and a downhole sensor
system operable to monitor parameters representative of gravel
deposition in the completion intexrval. A downhole dynamic
gravel pack model defined in a downhole computer is operable to
receive data from the sensor system and provide estimates of
gravel deposition in the completion interval. A surface dynamic
gravel pack model defined in a surface computer is operable to
receive estimates from the downhole dynamic gravel pack model
and provide estimates of gravel depositicn in the completion
interval. A control system is operable to control the pumping
system and the actuator system in relation to a gravel pack

deposition plan and the dynamic gravel pack models, wherein the



gravel deposition estimates of the surface dynam c gravel pack node
are input into the control systemto automatically nodify the gravel
pack deposition plan. [0014]In one enbodi nent, the downhol e sensor
systemincludes at |east one of a pressure sensor, a viscosity
sensor, a tenperature sensor, a velocity sensor, a specific gravity
sensor, a conductivity sensor and a fluid conmposition sensor. 10015]

gravel deposition estimates of the surface dynamic gravel pack
model are input inteo the control system to automatically modify
the gravel pack deposition plan.

[0014] In one embodiment, the downhole sensor system includes
at least one of a pressure sensor, a viscosity sensor, a
temperature sensor, a velccity sensor, a specific gravity

sensor, a conductivity sensor and a fluid compesition sensor.



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0016] For a nore conplete

under standi ng of the features and advantages of the present

I nvention, reference is now made to the detail ed description of the

i nvention along with the acconpanying figures in which correspondi ng
nunmerals in the different figures refer to corresponding parts and in

which: [0017]Figure 1 is a schematic illustration of an offshore oi
and gas ph@idyorm operating a systemfor optimzing gravel deposition
in a subterranean well in accordance with an enbodi ment of the

present invention; [O00)F0uE8cRA TR0 055 SeGithesal view of a
conpl etion

fo016] For a more complete understanding of the features and

advantages of the present invention, reference is now made to
the detailed description of the invention along with the
accompanying figures in which corresponding numerals in the
different figures refer to corresponding parts and in which:
[(0017] Figure 1 is a schematic illustration of an offshore
0il and gas platform operating a system for optimizing gravel
deposition in a subterranean well in accordance with an
embodiment of the present invention;

{ool8] Figure 2A is a cross sectional view of a completion
interval having gravel packing components installed therein
including downhole sensors for a system for optimizing gravel
deposition in a subterranean well in accordance with an
embodiment of the present invention;

[0019] Figures 2B-2F are partial cross sectional views of a
completion interval depicting various stages of a gravel packing
operation using a system for optimizing gravel deposition in a
subterranean well in accordance with an embediment of the
present invention;

[0020] Figure 3 is a block diagram illustrating surface and

downhole systems of a system for optimizing gravel deposition in

10



i nterval having gravel packing conponents installed therein including
downhol e sensors for a systemfor optimzing gravel deposition in a
subterranean well in accordance with an enbodi nent of the present

i nvention; [0019] Figures 2B-2F are partial cross sectional views of a
conpl etion interval depicting various stages of a gravel packing
operation using a systemfor optimzing gravel deposition in a

subt erraaea%bég\g%%ah@aé%giﬁa%eb%(%}dgflcs"%%% Ofnd QEndESENT the

i nvention; Figure is a lagramillustrating surface and
domnholep§¥§éﬁgn%n9%n@igg§téﬁg for optim zing gravel deposition in
{o021] Figure 4 1is a process flow diagram illustrating an

embodiment of a system for optimizing gravel deposition in a

subterranean well in accordance with the present invention.
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a subterranean well in accordance with an enbodi nent of the present
I nvention; and [0021]Figure 4 is a process flow diagramillustrating
an enbodi nent of a systemfor optim zing gravel deposition in a
subt erranean well in accordance with the present invention. DETAILED
DESCRI PTI ON OF THE | NVENTI ON [ 0022] Wi | e t he maki ng and usi ng of
vari ous enbodi nents of

DETAILED DESCRIPTION OF THE INVENTION

[0022] While the making and using of various embodiments of
the present invention are discussed in detail below, it should
be appreciated that the present invention provides wmany
applicable inventive concepts which can be embodied in a wide
variety of specific contexts. The specific embodiments
discussed herein are werely illustrative of specific ways to
make and use the invention, and do not delimit the scope of the
present invention.

[0023] Referring initially to figure 1, a system for
optimizing gravel deposition in a subterranean well operating
from an offshore o0il and gas platform is schematically
illustrated and generally designated 10. A semi-submersible
platform 12 is centered over a submerged cil and gas formation
14 located below sea floor 16. A subsea conduilt 18 extends from
deck 20 of platform 12 to wellhead installation 22 including
blowout preventers 24. Platform 12 has a hoisting apparatus 26
and a derrick 28 for raising and lowering pipe strings such as
work string 30.

[0024] A well 32 extends through the various earth strata
including formation 14. A casing 34 1is cemented within a
generally vertical portion of well 32 by cement 36. Work string

30 extends beyond the end of casing 34 and includes a series of

12



the present invention are discussed in detail below, it should be
appreci ated that the present invention provides nmany applicable
i nventive concepts which can be enbodied in a wde variety of
specific contexts. The specific enbodi nents di scussed herein are
merely illustrative of specific ways to make and use the invention,
and do not delimt the scope of the present invention.
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the surface then implements a gravel pack deposition plan,.as
explained in greater detail below, by contrelling varicus
characteristics of the gravel packing operation including £luid
slurry composition and puwmping rates. Thereafter, the fluid
slurry including a liquid carrier and a particulate material
referred to herein as sand, gravel or proppants is pumped down
work string 30.
[0025] In one embodiment, the fluid slurry is injected into
cempletion interval 42 through cross-cover assembly 40. Once in
completion interval 42, the gravel in the fluid slurry is
deposited therein using the alpha-beta method wherein gravel is
deposited on the low side of completion interval 42 from the
near end to the far end of completion interval 42 then in the
high side of completicn interval 42, on teop of the alpha wave
deposition, from the far end to the near end of completion
interval 42. While scome of the liguid carrier may enter

formation 14, the remainder of the liguid carrier travels
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30 extends beyond the end of casing 34 and includes a series of sand
control screen assenblies 38 and a cross-over assenbly 40 for gravel
packi ng the generally horizontal open hole conpletion interval 42 of
well 32. Wien it is desired to gravel pack conpletion interval 42,
work string 30 is lowered through casing 34 such that sand control
screen assenblies 38 are suitably positioned within conpletion

interval {dhbuch GAART ObnSYSIt &BRBEN B SH1fi_GE 38 hetnhi S0l epmnt ilgegﬁﬁa@l
pack deposition plan, as explained in greater detail below,

control | hng Mauh ouaachgr ast efd Sdi:9scal viRe ghavmel paciing gaercairl@@
including fluid slurry conposition and punping rates. Thereafter, the
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referred to herein as sand, gravel or proppants is punped down work

string 3004022l Itla %tp@@?&h Meiterfdie 44 uld éé}&r ra(s' Schidected tpd o
conpletion interval 42 through cross-over assenbly 40. Once in

conpl etign dnkeryal; 42 the Havelrddcehe felé-go@la'tearmtﬁ dgposii g6

therein using the al pha-beta nmet’hod wherein gravel |s deposited on
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estimates are provided to the control system to auvtomatically

modify the gravel pack deposition plan and optimize the gravel
deposition operation. For example, real time changes to various
characteristics of the fluid slurry such as sand concentration,
fluid viscosity, fluid flow rate and the 1like can be
accomplished to avoid or correct, for example, sand bridging in
completion intexval 42 and to insure a complete gravel pack
within completion interval 42.

[0026] Even though figure 1 depicts an offshore, open hole,
horizontal wellbore and even though the term horizontal is being
used to describe the orientation of the depicted wellbore, it
should be understood by those skilled in the art that the
present invention is equally well suited for use in wellbores
having other orientations and configurations including onshore

wellbores, cased wellbores, vertical wellbores, inclined
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t hrough sand control screen assenblies 38, into a wash pipe (not
pictured) and up to the surface via annulus 44 above packer 46.
During the treatnent operation, sensors positioned within and
proximate to conpletion interval 42 as well as sensors on the surface
nonitor various paraneters associated with the fluid slurry and the
gravel packing operations. This data is feed to one or nore dynamc
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with ot h‘%‘% tghraveienfc’nlac Iilng ecl:—'hnl gliel" ahd c??'ﬁe?cgeret‘frearf’?jf"é’r various
operatl ons as_fracturi ng frac_packi acid o i cal
treat men %:Imggl nPEGRS O Fatd nélsecf)ﬁjf 4‘?15’%0&% Fggltli% el't?‘r 75 "Bt her
t r eat ment cE)r Qcesses |]{1vtol ving the punping of a fluid into a dovvnhol e
envi r onght“Sier8i h°31 ' beneficial to noni tor var| ous treat nent

propert| S0 ]%hl S. data t ul ate Ezg ment rocess

r eal rrg 027]%% T How CEtoefglgdﬁ?ces R s& FHgtr Eje‘gi &

a horizontal open hole completion interval of a well that is
generally designated 50. Casing 52 is cemented within a portion
of a well 54 proximate the heel or near end of the horizontal
portion of well 54. A work string 56 extends through casing 52
and 1into the open hole completion interval S8. A  packer
assembly 60 is positioned between work string 56 and casing 52
at a crogg-over assembly 62. Work string 56 includes one or
more sand control screen assemblies such as sand control screen

assembly 64, Sand conktrol screen assembly 64 includes a base

pipe 70 that has a plurality of openings 72 which allow the flow
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hori zontal open hole conpletion interval of a well that is generally
designated 50. Casing 52 is cenented within a portion of a well 54
proxi mate the heel or near end of the horizontal portion of well 54.
A work string 56 extends through casing 52 and into the open hol e
conpletion interval 58. A packer assenbly 60 is positioned between
work string 56 and casing 52 at a cross-over assenbly 62. Wirk string
56 i ncl uglesr1NBsOrhdRI &1 eRBE . control screen assenblies such as sand
control screen assenbly 64. Sand control screen assenbly 64 includes
a base piqRgf0 thptahiass aapbt@l bh¥e 0fpipREN N0 572 Waleheal oWt ey
flow of fluids therethrough. [0028]wf%pped around base pipe 70 is a
Screen WidiQefyiBel SN ML o/ 110 1B A S Whiahbt 1 0f dAENS M Re0aPsn
t her ebet ween through which fluids flow but which prevent solids of a
predet eryReEnS| 8Y9cHh T OMNRSSI RYoH hesat hreuah. Jhe diibel, 19kst USRS 4
and the gap between the turns are determ ned based upon the

char act efi&idreSm@hied N8i £&4 MaLLRNpEESMINE K- deidodghS beig puRsuceds
and the size of the gravel to be used during the gravel packing

operati of,rnICrRRN Md &afft HBY,RE WiRPReGndi reet |4etQinPAsSE BhPE 70p&X
may be wapped around a plurality of ribs (not pictured) that are

gener al | g, Sy, eeak by i st 1 B el ,aheubnt Reaxi,8: 0f ??ﬁ%\%?i@ebg%g

It should be understood by those skilled in the art tha le a wTe

wrapped sand eanLrgl cseTEeR i g8 GiAkL QLNBL LYLeSe ;g 'tt‘h%r gPBdL R

could alternatively be used in conjunction wth the presén

I nventi %hc}éi%%! f'b?ie@ﬁti&&‘.t NALrLLM LEfb 19y Aa ;Pédwﬁ}%ﬂé‘ 1280 oyl e

restricting, usi on bonded or sintered ne mat eri a as a

plurality, of J:avers of f?na}(yi be WesPoddalrd ML ARSI B8 TBSD (not
screen designed to allow fluid flow therethrough but prevent the tlow

P ARSI LS St e R Lt el smonsn Mo, e
axis of base pipe 70. It should be understood by those skilled
in the art that while a wire wrapped sand control screen is
depicted, other types of filter media could alternatively bke
used in conjunction with the present invention, including, but
not limited ¢to, a fluid-porous, particulate restricting,
diffusion bonded or sintered metal material such as a plurality
of layers of a wire mesh that form a porous wire mesh screen

designed to allow fluid flow therethrough but prevent the flow

of particulate materials of a predetermined size from passing

therethrough.
[0028] Disposed within work string 56 and extending £from
crogg-over assembly 62 is a wash pipe assembly 76, Wash pipe
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cross-over assenbly 62 is a wash pipe assenbly 76. Wash pi pe

assenbly 76 extends substantially to the far end of work string 56
near the toe or far end of conpletion interval 58. In the illustrated
enbodi ment, wash pipe assenbly 76 is a conposite coiled tubing 78
that includes a series of sensors 80 enbedded at predeterm ned
intervals al ong wash pi pe assenbly 76 each of which is connected to

one of - a,pLupal) b L. engt % eonduoLers B2 Lt edrally posif.ened oo

wi t hi n conposite ubi ensors nay be one or

vari et sensor, types that_ are |l kno to those skilled in the
art inglgéiﬁ%a%r%%%ﬁggaé%%s ?%,e%|s%%s??“qgﬁﬁgﬁré?t?ﬁﬁ%%r% ure™™® e
sensors, . vel Qci sensor.s, specifi ravity sensors, conductivity,
sensors,l¥ﬁﬁ?&a%éﬁp5§|Fﬁéﬁegghsg?gﬁa &p?h@sﬁﬁwgfy[%ésdfﬁvﬁnCFﬁgﬂéhte
sensors 80. are depict as bei,ng.directly coupled to ener

conduct o?%l%fl,e ti@% oﬁgd %‘Slgur’f&g}g?%%da by HSs € s K938 Si %%t frabgAged
that sensors_BO coul.d alternatively comunjcate wth energy_con uct or
82 by ot Rer SREIHETHEP TGS  Kike e MPAEBAPLBe PRABEETY el GobpPr gt
Al so, even, though sensors BO are depicted . as being directly coupled
to wash ﬁ'ﬁgld§§§ﬁBP§c9%$t§éﬁ?§r§g88 BiuﬁﬁﬁéV P§pg§efﬂy§%ﬂ§%F§ogﬁu§%
additionally or  alternatively be coupled to sand control screen
assenbl y* ﬁ%ﬁﬁléyheﬁﬁféglﬂ?% os@%ﬁ%ﬁ%ﬁﬂ??qﬂPSbF%xiﬁﬁ% *fo EBRPRRLI W

i nterval 58. Further Even t hough sensors 80, are quicted as being
at

di scr et eSTERESr €0 B8t PRUSTES Ledithss Aodl gariety of sensor types t

are well known to those skilled in the art including pressure
sensors, viscosity sensors, temperature sensors, velocity
sensors, specific gravity sensors, conductivity sensors, fluid
composition sensors and the like.

[0030] Even though sensors 80 are depicted as being directly
coupled to energy conductors 82, it should be understcocod by
those skilled in the art that sensors 80 could alternatively
communicate with energy conductor 82 by other means including,
but not limited to, inductive coupling. Also, even though
sensors 80 are depicted as being directly coupled to wash pipe
assembly 76, sensors 80 or other types of sensors could
additionally or alternatively be coupled to sand control screen
assembly 64 or otherwise disposed within or proximate to
completion interval 58, Further, even though sensors 80 are

depicted as being discrete sensors, continuous sensors could
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additionally or alternatively be deployed external to or internal to
sand control screen assenbly 64. Such continuous sensors may incl ude,
for exanple, optical fibers operating as distributed tenperature
sensors. [0031] Any of these sensors including sensors 80 nonitor
various paraneters associated with the fluid slurry and the gravel
packi ng operations such that the data nay be used in real tine by one
or nore gyddichagl@vebr paskcamarlisedl tbe pagsRifled Ne&kkAALI Nto  or
generating estimtes of the gravel deposition in conpletion interval

42. Thesen@stddrates a4l et denowdednt askbrbTPntL 0l SHEHemdr inuous
automatically nodify, as necessary, the gravel pack deposition plan,

thereby e@iddnszimg, t heciGiry el tdeposdnidien eperakl OfibAre0Bpkest Oy as
interval 42. [0032] An exenpl ary al pha-beta gravel packing operation

i mpl emeng et By kbe systamrofot Bengd@sent invention will now be
described with reference to figures 2B-2F. After the gravel pack

deposi ti gspflian hasybeen chesd edehased upRAIuIR I ieAlsodat ag0 PREYEEYS
operations in simlar conpletions or other techniques, the plan is

i mpl ement e R t hersmitleral SysiQBkedharicantyid sysi@msaeRds COmBPHS
to various actuators and controllers associated with the constituents

of f1 ui dgsdeuyr )pa%ﬂiﬁ@dopzs&%iixsﬁg keedbacl frmemyes i Riis IRBRSRIS in real

associ ated therewith. For exanple, commands are sent to various

control | g% aSp0Ghat 88 more dynamic gravel pack models of the present
invention in generating estimates of the gravel deposition in
completion interval 42. These estimates are then provided to
the control system to automatically modify, as necessary, the
gravel pack deposition plan, thereby optimizing the gravel
depositicn operation in completion interval 42.
[6032] An exemplary alpha-beta gravel packing operation
implemented by the system of the present invention will now be
described with reference to figures 2B-2F. After the gravel
pack depeosition plan has been created based upon empirical data,
previous operations in similar completions or other techniques,
the plan iz implemented by the control system. The control
system sends commands to various actuators and controllers
asgociated with the constituents of fluid slurry 84 and receives

feedback from various sensors associated therewith. For

example, commands are sent to various controllers associated
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wi th val ves, delivery screws, blenders, punps and the |like such that
the required constituents, sand, viscosifiers, fluids, liquid
additives and the like, may be m xed together to formfluid slurry 84
with the desired conposition, in accordance with the gravel pack
deposition plan. Fluid slurry 84 is then punped down the well via the
work string at the desired rate, in accordance with the gravel pack
deposi tion_plan.  Sensgrs _nonitor variqus .aspects of the m xing and
bIendingwﬁFﬁc%égﬁég‘aéﬁﬁér?r%ss??ﬁ¥ﬁduﬁgfﬁgeﬁrtxﬁﬂﬁ?%aﬁ %fggﬁ gﬁgg such
informat L on bagk to the control systemfor_error .corrections. :
0033] CncESTT it | AFFY T r SRARELTCOIpI et PBR1 n{'aroar 655 TonddPédso
nonitor data relative to variqus properties of fluid slurry 84 and

t he downho eldéna\l/(?rlotnlr‘r’gﬁt &% ctglr?plgjt}?egn Tt e}?%ainl%%é ‘?ﬂ%etflh%%i%? E?ﬁr&e
of the grave epasi tions,_pracess i.s hest seen.in figure 2 Durin
Che or avsUiboereros “BreEcdt i tedr iimied tp R s ehd iy ok
rel ayed to a downhole or surface dynam c_gr.ave ack_podel to aid the
odel 1 ne PR Sloarer | TeS e ieh BIAST () SuePRferhar it utped

conpletiogn interval .58. As | ai ned in greater detajl ,bel.ow, one or
bot h of gﬁ‘%réekﬁ'ﬁde‘“feggi svjtiasegﬁgo W%vi%temﬁé’al atj ﬁ'gec ForFdovette: 1n
vari ous rqg%%%:es of fluid slurr% 84 and delivery of ihe sane such
as flui d29FFHEEEy, "shd CEnc8heTat i| 87K | SWIHd BndPIFR: | i k§ensSors
Preferably,. comuni,cati on betwee ensqrs 80 and ot her downhole and
sur f ace BYAYEHs S LHADAERE Ui Tndily "BoMBECRo P BTN G OREFSBR 25
optical fihers, electrical wires or the Jlike. Comunication nma

al t er nat Y&t y2He® %hP%’Q}%HI%s?’ffEeé‘sd(ﬁKhEh(#e@lét e RetiPf OSV_E 1R s}ﬂ%‘H{ ak®
an electronquetiﬁ telenetr¥ sgstenl an acoustic telenetry system
pressur e BUISEE TG BYFET™ iCFeFEESY (S ERELFS Syst ens that are known or
subsequent | discovereg in the art. Additionally or alternatively
during t Ir’l%o%’r]avel OREDOS I P ONEL WL e, THATE DRENEG 1B) SBREHYR! ord
the surface may be relayed to a surface dynam c gravel pack nmpdel to
ai'd the SERRSES fFOmEERAGOF cARta | e Adr kLol abt o4 O AFRSTER SeBbs FL R
in conpletion interval 58 which are used to provide real .tinme contro
over varFBﬁngr%%e?F§e§h8fdPWUPﬁlilﬁ?Y§F9¥Te&Ed1@eFFWEP?t6PntH€t§5ﬁ@%

0034] During a gr.avel packing operation, the objective is to
[ ] 58.g ThéJinitiaP stagéJofpthe gravel depos%tgons process is best

seen in figure 2B. During the gravel depositions process, data
okbtained by sensors 80 may be relayed to a downhole cr surface
dynamic gravel pack model to aid the model in making real time
estimates of the gravel deposition in completion interval 58.
As explained in greater detail below, one or both of these
models is used to provide real time control over varioﬁs
properties of fluid slurry 84 and delivery of the same such as
fluid viscosity, sand concentraticon, flow rate and the like.

Preferably, communication between sensors 80 and other downhole
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uniformy and conpletely fill horizontal conpletion interval 58 with
gravel. This is achieved by delivering fluid slurry 84 down work
string 56 into cross-over assenbly 62. Fluid slurry 84 exits
cross-over assenbly 62 through cross-over ports 90 and is discharged
into horizontal conpletion interval 58 as indicated by arrows 92. In
the illustrated enbodinent, fluid slurry 84 then travels within

product i gny | o3l s@%t@héhlgo%hhﬁﬂédovléf%%éyg%Vka@L%EBkQQBQUtwHIch
the slurry and building up on the 1ow side of wellbore 54 fromt

heel to rhsgﬁ tpe ofpryell bokgrads as Lidhcated by,;gkpha yavejid onil@é

of the al pha wave portlon of the gravel pack. At the sane tine,

porti OnscaﬁmJnﬁ%aE%ﬁ' ﬁ'l"a f lé’!lt%rﬂ@%%v&w OBQh a%%&gvgentlfsqlngscé €&lwnhole
assenbly 64 and travel ?hrough annul us 96 between wash pi pe assenbly

76 and thg d ke stpémsm% ca%ntahotelégﬁmgagﬁggbwl%t@%%téﬁt uartn

fluids enter the far end of wash pipe asserbly 76, flow back through

wash pi pgcmq%b'tyel@newycr wQve 8;)1%%%@9@' ¥iZesdSy,l NAL AL equméless

arrows 98, and flow into annulus 88 through crossover ports 100 f

return tPfé&%f&grf %gerﬁ P§§JA§ L NenBiPPSgaL Lo ap@hgogl\é@}ﬁe}é&”{n

94 conti nues to t e toe of orizon ction

i nterval 158, ggnsor ﬁdﬁgtggﬂéfhl@”eogonéft%rrngggvé%: dﬁ?&ﬁ relpdi }_{Iga\t/@l

fluid slurry and t | e environnment s as viscosity

t enper at jl Gy Hgﬁéuﬂézgo Q 0%1' kY% obliy cf%gggégééﬁij% fﬂ;giﬁeh% r'flége

best seen1n ure or examnpl e occurs
into the fo rro c t ter or o o
oo et omb o it Lounihpg. combles o, Labraal St o .

54. The changes i RREESBULE @ﬁﬁgseéﬂst%ggeg Qk"}lfél Af, dihesd 'ogffélon in

deposition are det sensors as we surfac pressure
t

af or ey Bias éqﬁénﬁ%ﬁe@&%@iﬁéﬁm‘agﬂ%@ve e inser SR A8 H

use this gatatg 99“% 1 §uSLILET 8 of NEL H AVE AP LN ge] BGery

esti mat s are the

of the same.

[0034] During a gravel packing operation, the objective is to
uniformly and completely fill horizontal completion interval 58
with gravel. This is achieved by delivering fluid slurry 84
down work gtring 56 into cross-over assembly 62. Fluid slurry
84 exits cross-over assembly 62 through cross-over peorts 90 and
is discharged into Thorizontal completion interval 58 as
indicated by arrows 92. In the illustrated embodiment, €£luid
slurry 84 then travels within production interval 58 with
portions of the gravel dropping out of the slurry and building

up on the low side of wellbore 54 from the heel to the toe of
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to the control systemsuch that fluid slurry characteristics such as
fluid viscosity, sand concentration, flowrate or the |ike may be
automatically adjusted to correct and prevent undesired sand
bridgi ng. [0036] As best seen in figure 20, responsive to the real
time indications that the al pha deposition is too high, the
conposition, flowrate or other characteristic of fluid slurry 84 is

automati ca adjusted by.th t.im zation system of the present
i nvent i o‘ﬁeisiog?rﬁa{%ts h&® hé¥%h‘f§to IOt e %f%‘?a “&F’e‘%osﬁqn%n %%no’getﬁﬁt B REY
to a desirable |evel hntgubstantiall r eal Ebne as i) lustrated.

e

Hence, bYAYFHRGARG Che “EBnEFdIch gr a?él “pFad@fent  The HorEdene of

i nvention insures a r.e. conpl ete gravel fack al gng the entire | ength
of the cbi¥pl 8R0S H¥3P€%ﬂ9asﬁntbﬁPg$%u?%T, T I eSETES N FERETBNY 0%
ensures conpl ete gravel packs of |ong, horizontal wellbores_by

provi di ng*Subst 4t itiﬂrpygﬁeavnﬂ% 916dg’r?tti”“1e?’6a‘f’?’i}'h RIRE GSEBELY oA ofnd
gravel deposition prohlens. As best seen in figure 2E, as_the beta
wave por EPonitieiife e S4EN OB bRes S VY rassEs 1Y séAsor SPBELaRgtyULD
surface sensors continue to nonitor the progress of beta wave front

118, fluftsturesFes Qi e @Rt Bbr gaéﬁ\eP?BﬁnﬁﬁFe‘&Wd’ coht i htew ¢ Back

relay the nonitored data to one of the dynam c gravel pack_nodels so
that t he*¥ERYBusv 3t aRePer 58P} i d6sIte r §FEF PG bR SSEFRL Yt & i S
real tinme to ensure a conplete gravel pack, as best seen in figure

2F. (0037RStEEA Ry AEXPYE 084 ik B ovsdpnfacenantidfthHdieugh cross-

over ports 100 for return to the surface.

[0035] As the propagation of alpha wave front 94 continues
from the heel to the toe of horizontal production interval G5B,
sensors 80 continue monitor and relay data relative to fluid
slurry 84 and the downhele environment such as viscosity,
temperature, pressure, velocity, fluid composition and the like.
As best seen in figure 2C, if, for example, excessive leak-off
occurs into the formation surrounding completion interval 58,
portions of the alpha depositicon may build up toward the high
side of wellbore 54. The changes in pressure caused by the
buildup of the alpha deposition are detectable by sensors 80 as
well as surface pressure sensors such that this pressure data is
relayed to one of the aforementioned mentioned dynamic gravel
pack models. The models then use this data to generate

estimates of the gravel depcsition. The estimates are then send
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conponents and processes of the systemfor optimzing gravel
deposition of the present inventions are depicted in block diagram
format and general ly designated 200. In general, a gravel pack plan
202 is used in conjunction with one or nore real tine dynam c gravel
pack nodels 204, 206 that estimate gravel deposition in the
conpletion interval to automatically control flow rates and
propertigs ohe the,grayels Back fLihd Sl rehuiBealy Ll oRasiueneolpcof
vari ous properties repregentatlve of ‘gravel deposition are nade using
sensor af( 3y 2080k Opllonal.,Senson MohAk. St el AAMRle IdL che
0 an ow C

certain e I ments, pressure aracteristics associ ated
wth the fluid_ slurry LLgui et_ut can be L hed S
array 20 ]E? t'hé g%?féﬁggmﬁkgg%ﬁ'reauéggt%§ &%ﬁe?g%gégfneﬁgkiﬁgéggnt

estinateﬁugg.%rgvel(ﬂgﬁg;%&ion in the conpletion interval. These
esti mat €¥ W e TaSed TN T t'Pire to automatical |y nanipul ate surface

physi cal onenjs to control, _the flo ate and properties_of.the
PIE ool RGO ONoras Jhdes e 1y, PEmers o e esBoRahil "Gt el e
depositipon is used ip determni the error._fromthe desired gravel
depositi%ﬂﬂlcfﬁéog?rogh%%n % eus%%ﬂﬁy éﬁ%ﬁﬁfFé?nsy§?eng§32 E%Q%Eri€h9
various set-paoints to.be used to control. the _processin ut pment

del i ver | SRR PR dT5PHr F5-0 PRaPt PT e WO REAET ohs Obf TR NBHRTEY
can be made, by conpar.ing.sensor neasurenents aqf .actual grave

doposi t15h By TS LT naTRT R Bl i ATRCAr CoRhe™ AR, S Tt PG
the nodel for inaccuracies. Real ti updates _to t ravel ,pack plan
205 can BE SHtie LBy R oHBhAhd PEt FAF TR S5 PR ed] Pud] JGELE LR
then adjusting to.achieve optimal results. 10038] Successfu ravel
packi ng ??uﬁqﬁiigegcﬁPeeiﬁﬁsgrvgﬁﬂlfws bﬁcﬁ&gf% ﬁ%i Yeﬁ??ﬁegfﬁﬁgtﬁﬁ
of -the conpletion_ interval. Accordingly, many factors are considered
when preﬁ@ﬁﬁﬁ&aFﬁ%'graJ@Pcﬁackb%ldﬁpgﬁél?%cl n§°ﬁ5¥?€of€?§ndgravel
formati on characteristics, inc¢luding nmechanical properties and
per meabi PIASFEDCf FOPd PFEERRE ThRVGHavE PREKEPI &n 062, C‘\Bﬁ‘Piﬁt?sg‘éa‘f‘?lne
based and | ocation based descrjption of the desired gravel deposition
in the A R4 i MiSer 7RELT fl?ethde‘?/fe|6*b%dc%%]eﬁﬂ?%orﬁ‘btﬁﬁivﬁgca| In
data, nodeling, open |oop dynam c prediction, optim_zation algorithns
or otherp%ﬁﬁﬁﬁﬁﬁﬁﬁftEEﬁnPg .t‘Hﬂ?egFéQ%le?ﬁﬁﬁ?%ﬂ%ﬂ??iﬁiei§r6§%g Bycks
control system 212 to derive the initial set-points to be used to
control ¢helPrdcelST PR pRPRCIERi VT iRV ERADP| FPssPRF+3L LyThesal
gravel pack plan 202 is nodified in real tinme based upon by estinptes
gener at ety diARAHIE IGREYET paBR mS@sFeoBPthhi Bh plRERYELs &ePPaRtion

based and | qcati on based description of gravel deposition in the
conpl et i FPHIAIEr vaPSphREEH GBBR LT osEI ISR méFel Sl AesPngavpupgrtion

of the treatment process progresses, sensors 80 and surface
gensors continue to moniter the progress of beta wave front 118,
fluid =lurry 84 and the wellbore envirgonment and continue to
relay the monitered data to one of the dymnamic gravel pack
models so that the various parameters of fluid slurry 84 may be

regulated in real time to ensure a complete gravel pack, as best
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behavi or nodel s, mass conservation nodels, gravel deposition nodels
and the like in conjunction with data received fromsensor array 208
and optionally, fromestinmates received fromdynam c gravel pack
nodel 206. [0039]In the illustrated enbodi nent, control system 212
received information fromgravel pack plan 202 and dynam c grave

pack nodel 204. In addition, control system 212 sends comrands to and
recei ves feedback from various processing equi pnent conmponents

i ncl udi n§EFarnd y§tEMm 9A14, viscosity system 216, liquid additive
systen12%8 fluid_system 220, bl ender_system 222 and punp system 224.
Each of tHh&yd sysﬁﬁﬁfinﬁ’aﬁg vEFFbust R orfttPEFFerdy: afrééRsorad h&PWalrPHiv
control system 212 to nanage each individual conponent such that
control SYRRBFISE2 3¢ BTXFFEntWgr Bte FHELEMt fPE PRGIBIgIRg r gravel
processiqg and delivery systemto achieve the desired results.

[ 0040] FORCRSGPPE, LandConPFHiqndr / SRHRIBIICREL Rehr €6BAEESRuner obsock
actuators, and nonitors associated with achieving desired sand

concent r@t3HRM stRfMats, apf eAGRETI LYY | €9I9E88Er ddQ%r s, IR ePRRATHei ght
sensors, blender sand concentration controllers, volunetric sensors,
sand scre&vEIntRIN 9N pt¥hdet BFeAniVaFoR] RiHicH |ith one 1o Toke.
Simlarly, viscosity controller/sensor 216 represents nunerous

act uat or &€&ndt R TYPAMES sGEREEbd PAFEh TeelRl BYi2Pg - de2(§ elhdt uiegtinatg y

vi scosity, such o _
gravel deposition in the completion interval to automatically

control flow rates and properties of the gravel pack fluid
glurry, Real time measurements of various properties
representative of gravel depositiqn are made using sensor array
208 and optional sensoxr array 210. For example, 1in certain
embodiments, pressure and flow characteristics associated with
the fluid slurry and liquid returns can be obtained by sensor
array 208 at the surface, which are used by model 204 in making
estimates of gravel deposition in the completion interval.
These estimates are wused in real time to automatically
manipulate surface physical components to control the flow rate
and preoperties of the fluid slurry. More specifically, the real
time model of gravel depeosition is used in determining the error
from the desired gravel deposition. The error can be used by a
control system 212 to derive various set-points to be used to

control the processing equipment delivering the fluid slurry.
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as, gel tub level controllers, gel height sensors, gel viscosity
controllers, gel screw controllers, gel valve controllers and the

i ke. Likewi se, for each liquid additive used in the fluid slurry,
liquid additives controller/sensor 218 represents numerous actuators
and nonitors associated with achieving certain desired fluid slurry
properties, such as, liquid additive tub level controllers, liquid
addi ti verdigli tmeS BRSHIFS cakh@bé dofdehé | ¥8aEPNEER! ber maabi gyl doagdiihye
val ve controllers and the like. Further, fluid controller/sensor 220

I epr esendsn JHHTBRQUS 3GkHAE ObE muamnigtr@wglasﬁ?@@saﬁe@h bhhahdddrd to
i nput, such as, fluid tub I evel controllers, fluid height sensors,

fluid vaiie eRRkEeHEEr Daafetbes | idkR OHhs®, iRRUehgCOoMd Oldoakl Sensor
222 represents numerous actuators and nonitors associated with final
bendi ng angbdirsbng8s of A canst Lpasids R tseOhrihel fhdtid p3bHr by2 such
as, level controllers and sensor, speed controllers and sensor,

t enper at g en[RNHY Sonph RS A HANSRES] t¥ at ¥ eqEoNtd Ol dediS taNdngenses s
and the like. In addition, punp controller/sensor 224 represents

NUIMET 0US, BGiHaher So afchMRAI LOF SmAassReLated with delivery of the fluid
slurry into the"well, such as, speed controllers and sensors,

te”DeratEUG%8%enSOéé@céﬁé%%ﬁurékéﬁ%ﬂsggébﬁi& thethidke. £hie¥ehg eRCHoAd
t hese systens 214, 216, 218, 220, 222, 224 receives conmands from and

provi desefeedbagk §0RPiHdl edyisteMenbent @ enabl &ddiersyat emeatvihe
present invention to prepare and deliver a fluid slurry having the

desired QMeshbh PN Harbherfasdedatd OWnat e A8 WelhlenaSp B fi¥agl Nehe
real tine the conposition and flow rate based upon the 1 nformation

from modgl,.2Q4. {0041 The syghem;ob1LAgndr esenind W enkhen m¥mbeion
integrated with vari ous downhol e systens 1ncl udi ng downhol e t ool

syst em 236, - dewphet e.cont r hl-e18iK?8, oRlchanabadownholg.senser argay

210 and optional dynam c gravel pack nodel 206. As descri bed
permeability to fluid flow. The gravel pack plan 202, which is
a time based and location based description of the desired

gravel deposition in the completion interval, may be developed

based upon empirical data, modeling, open loop dynamic
prediction, optimization algorithms or other suitable
techniques. The gravel pack plan 202 is used by control system

212 to derive the initial set-points to be used to control the
processing equipment delivering the £fluid slurry. The gravel
pack plan 202 is modified in real time based upon by estimates
generated by dynamic gravel pack model 204 which provides a time
based and location based description of gravel deposition in the

completion interval based upon closed loop modeling using fluid
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above with reference to figure 2A, downhol e tool system 226 incl udes
various tool required for conpleting the well including service
tools, cross over tools, sand control screen assenblies, wash pipe
tools and the |Iike. The downhol e controllers 228 may include various
components for fluid flow control as well as safety systens. The
optional downhol e sensor array 210 may include various sensors for

moni tori B?hgélao‘ée' md80Ps! t Lo gfdn%%&(}gtP&?S%B&Slé?”%%%elyi@egs%%iiﬁgn

Sensors, enperature sensors, vel ocitysensors, specl fi cgravit ensors,

CondUCtiVi&gigegﬁgrﬁﬂ“{lHigicﬁgﬁgféé%%ﬁ?zgﬁf%%%haq%§£$ﬁﬁkgg§b?gg%ﬁﬁ%n

optiona!maynan1c gravel pac 'S preferab enent e

Erﬁeogggggx?%%xgo%‘{‘% ?%ﬁﬁgéﬁé d%E:E%n%ll‘%/,' Seldh Us&MRdel 3Q0.RQYT 988, 2
dynamic gravel pack model 206,
[0039] In the 1illustrated embodiment, control system 212
received information from gravel pack plan 202 and dynamic
gravel pack model 204. In addition, control system 212 sends
commands to and receives feedback from various processing
egquipment components including sand system 214, viscosity system
216, liguid additive system 218, fluid system 220, blender
system 222 and pump system 224. gBach of these systems has
various controllers and sensors that allow control system 212 to
manage each individual component such that control system 212 is
able to integrate the entire fluid slurry processing and
delivery system to achieve the desired results.
[0040] For example, sand controller/sensor 214 represents
numerous actuators and monitors asscciated with achieving
desired sand concentration, such as, blender tub level
controllers, blender height sensors, blender sand concentration
controllers, volumetric sensors, sand screw contreollers, blender
clean valve controcllers and the like. Similarly, viscosity

controller/sensor 216 represents numerous actuators and monitors

assoclated with achieving desired fluid slurry viscosity, such
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description of gravel deposition in the conpletion interval based
upon cl osed | oop nodeling using fluid behavior nodels, nmass
conservation nodels, gravel deposition nodels and the like in
conjunction with data received fromsensor array 210. Preferably, in
enbodi ments that utilize dynam c gravel pack nodel 206, nodel 206
comuni cates with nodel 204 to provide real tine estimates of grave
deposi tia#, igell habcdepekt tartraiflersal ge] GxijhtRetesorsg qewtiacbegty e
4, therein is depicted a flow di agram of one enbodi nent of a system
for optidserrglgrayelgedepasielvi aioricirodl stibl egeaneabvaelcont hoAtexy dange
with the present invention that is generally designated 300. System
300 can tiee usie .t 0 IdGRdted, afisk cantlr dliguhhe giaielvedepesi tinorhpr 6Lass
bei ng used to gravel pack conpletion interval 58 as described above

with referenge toifggur esaddAt2fkes G avat robickr pleaBos02 218 a ddpresbased
and | ocation based description of the desired gravel deposition in

t he conphetdromsi ntzetvatoadd dmy berdevekopadsbesettdpan tenpiaddhialying
data, nodeling, open |oop dynam c prediction, optimzation algorithns
or ot hercettdiabl éekeebfi qfbsid [ (43N bhepétd itsd,r atsedhembedi meatuia@
gravel deposition signal 304 is output fromgravel pack plan stage
302 in tamiifrare tpb= 1kl Z copt ¥larea sgr avghi dep@di diven Hel)ghtS sensors,
function of time (t), longitudinal position within the conpletion
i nterval1{g)icansbdiadival deasirblDersy t hiquitdheaddinplet ivan vent@ntabl{eys
As such, the gravel deposition function represents the placenent of
gravel paek s@ndl ate poi phrditar,l )fladidl idBRLEb) 1oAY LORWEN 20N represents
numerous actuators and meonitors associated with fluid input,
such asg, fluid tub level controllers, fluid height sensors,
fluid valve contrcllers and the like. Also, blender
controller/sensor 222 represents numerous actuators and monitors
associated with final bending and mixing of the constituent
parts of the fluid slurry, such as, level controllers and
sensor, speed contrellers and sensor, temperature sSensors,
viscosity senscrs, valve controllers and sensors and the like.
In addition, pump controller/sensor 224 represents numerous
actuators and monitors associated with delivery of the fluid
glurry into the well, such as, speed contreollers and sensors,
temperature sensors, pressure sensors and the like. As such,

each of these systems 214, 216, 218, 220, 222, 224 receives

commands from and provides feadback to control system 212 to
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matri x 306 uses gravel deposition signal 304 as a feed forward of the
gravel pack plan to determne a feed forward of the fluid slurry flow
stream properties such as sand concentration, viscosity, liquid
additives, fluids and flowrate, as fluid slurry properties signal
308. The gravel pack plan, as gravel deposition signal 304, is
conpared agai nst the current state estimte from dynam c gravel pack

nodel 310, state signal 312, .in summ ng stage 314. 0044] The error
0f the aBhakTe Sthfe SUTs Phe HihnROHECTS: o TRaRE (en e HEGIG and

rovi de orrecti of the fluid slurr roperties, as error signal
e e BabirdrCt: 10608, 51y o ving | the” CoRiEet s ehmooRELish oot O he

signal 320 of stage 314 can be multiplied by a predeterm ned gain,
Tmtrx 3995FHReh THRHc285BGST HBhIg e BFGFE th ToHeraBe nhls | G 1tk An
this stage 0#he i nverse of the ghavel ack,nndgl IS us$d to convert
the errof"Cori¥efAGR PATH Y6 a EaHVEQW@FﬁP?eFﬁm‘EQHS coftentration
Vi scosi t | iquid additives, fluids, flowrate, etc.) far controlling
the flui dOR#YH Ty BREpEVEFER. oBpkls roEesny lpﬁﬁgtg%géaxae%umf@@rﬁﬁ@d
Cross couEIe of the states,_so that the fluid slurry properties can
be cont r Bf FRd VPRISPENFOHERGLE THESEEPH UL NEEUSHIR e SV SIvEPSE FESFPYR
324 is then adjusted by cross coupl ed tenporal delay stage 326. Del ay
stage 326%8nsgPERhals %‘H’étlfﬂ'dl?tl? &% drIRFEFTEE (RUPESHE GPRECE0REERY .
For exanple, rate can be changed instantly, but_ viscosity is del ayed
by the ggb% FRAVEPTIPTIRE dBEP AT T G dPﬁ‘ﬁ}éof“Ofiﬁ% 38Furre%r eReThERE .
[ 0045] The out put of stage 318, in the formof the corrected fluid
proper t y2BP¥fhal18Bg FEEETFRGF t 5OcomMARE Vet ofOERYE 3Bt 0SYRHET aféd

t he command vector 332 which is fed to contral system _ ,
includes various tool required for completinhg the well inecluding

service tools, cross over tools, sand contreol screen assemblies,
wash pipe tools and the like. The downhole controllers 228 may
include various components for £luid flow control as well as
safety systems. The optional downhole sensor array 210 may
include various sensors for monitoring gravel deposition
including pressure sensors, Viscosity sensors, temperature
sensors, velocity sensors, specific gravity sensors,
conductivity sensors, fluid composition sensors and the like,
The optional dynamic gravel pack model 206 1is preferably
implemented when the optional downhole sensor array 210 is in
use. Model 206 provides a time based and location based
description of gravel deposition in the completion interval

based upon closed loop modeling using f£luid behavior models,
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334. As descri bed above with reference to figure 3, control system 334
generates various drive signals 336 for controlling surface
conponents 338 that are used to nake and deliver the fluid slurry.
Control system 334 receives feedback signals 340 from surface
conponents 338 and may include a state feedback decoupling stage to
renove nonlinearities. [0046] Dynam c gravel pack nodel 310, which may

include RO @it aeSofNdode doWhahe1 Madehs ASi i $de38d adB0ae W § Re
reference to figure 3, is used to estimate the current state of

gravel dﬁﬂoﬁﬁﬁﬁQﬁcE@OﬁhGngHnﬂdﬁkgonré@éﬁﬁﬁﬁlfEereéénééf“LafEﬁ&s 210.
estimate is based in part on real tine sensor data from sensor array

342, such @& lhese SANSQmBoAERAIPednRDOVR 12328 UTdAGR i SENGRLvAT I BYck
208 and downhol e*sensor array 210. Model 310 uses fluid behavior

model s spGh1as, Navishe St AE S REAMALLIASs JBS mEABE S YA { O IRAGLS real
gravel deposition nodels and the Iike that are known those skilled in

the art, cife @3l HBE & WAElaAePASHd 101 chN: f) NG QRRLELE O | &I .1 n

relation the rate and volune at which the fluid slurry i s punped as

vell as {heuz1Pr oPREELES Y ddie cbl WiiduSbusT yeDdeln 310 £20 2kaoamedbiy
diagram of one embodiment of a system for optimizing gravel
deposition in a subterranean well in accordance with the present
invention that is generally designated 300. System 300 can be
used to conduct and control the gravel deposition process being
used to gravel pack completion interval 58 as described above
with reference to figurss 2A-2F, Gravel pack plan 302 is a time
based and location based description of the desired gravel
deposition in the completion interval and may be developed based
upon empirical data, modeling, open loop dynamic prediction,
optimization algorithms or other suitable technigues.

[0043] In the illustrated embodiment, a gravel deposition

sigrnal 304 is output from gravel pack plan stage 302 in the

form: ¢ = f(t,z,r) where gravel deposition (¢) is a function of
time (t), longitudinal position within the completion interval
(z} and radial position within the completion interval (x). As

such, the gravel deposition function represents the placement of

gravel pack sand at point (z, r) at time (t). A conversion
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itself by conparing actual results of neasurenents obtained by sensor
array 340 to predicted results to correct for any inaccuracies.

[ 0047] Model 310 estimates of the current state of gravel deposition
and generates state signal 312 which is used to deternmne the error
in the current state fromthe planned state in sunmm ng stage 314 as
described earlier. Mdel 310 can also supply the same information to
al l ow gravel. pack plan 302 t e updated to a.n gravel pack plan
Using antAUH T SYSterf AR ACBPaGe F0Z B PE ARl §, e dPavard
pack plan_302 is determ ned froma desired performance target for the
Oravel pAEKFIR Truek PORK TS Gt PEHETBI e TREHoSPTYoH dut ey gluid
predicts the res Itin% gerfornance based1gg}the progress and trends
of the cBFrem dr&aVel SHEPYRI tHRWETFFET he® Wit 0r2Si s S3BBvecgncentration,
predet erm ned val ue, an adaptjve nodel w thin gravel pack plan 302,
then adj UsF@% - debiFdd g?gisﬂé]lvﬁéposfijﬂltﬁ‘ﬁ o Ehevr dken) e t fhBid
for the process to better achieve the gggired per f or mance.

[ 0048] WP T Ehi REGRRFFEAFP oA T AAR! belthr debes | Fetlsii (RECKePePBnc &St gravel

illustrative enbodi ments, this description is not intended to be
const r uedePPE i o0  $i9HG Is etfe. VT | GEEPRHERM f PEAIIUnstmgcurrent  state

estimate from dynamic gravel pack model 310, as state signal
312, in summing stage 314.

[0044] The error of the actual state versus the planned state
can then be used to provide a correction of the fluid slurry
proberties, as error signal 316, to summing stage 318. To
provide the correction, the output signal 320 of stage 314 can
be multiplied by a predetermined gain matrix 322 then processed
through conversion inverse matrix 324. In this stage, the
inverse of the gravel pack model is used to convert the error
correction input to a wusable form (e.g. sand concentration,
viscosity, liquid additives, fluids, flow rate, etc.) for
controlling the fluid slurry properties. Specifically, this
stage decouples the cross couple of the states, so that the
fluid slurry properties can be controlled independently. The
output of conversion inverse matrix 324 is then adjusted by
cross coupled temporal delay stage 326, Delay stage 326 ensures

all the inputs are driven at the same time context. For example,
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conmbi nations of the illustrative enbodi nents as well as ot her

enbodi nents of the invention will be apparent to persons skilled in
the art upon reference to the description. It is, therefore, intended
that the appended cl ai nr8 enconpass any such nodifications or

enbodi nents. Wiat is clainmed is: 1. A systemfor optimzing gravel
deposition in a conpletion interval of a well, the system conpri sing:

rate can be changed instantly, but viscosity is delayed by the
pipe travel time due to the hold-up of the velume of the well.
[0045] The output of stage 318, in the form of the corrected
fluid property signal 328, is fed to command vector stage 330 to
generate the command vector 332 which is fed to control system
334. As described above with reference to figure 3, control
system 334 generates various drive signals 336 for controlling
surface components 338 that are used to make and deliver the
fluid slurry. Control system 334 receives feedback signals 340
from surface components 338 and may include a state feedback
decoupling stage to remove nonlinearities.

[0o46] Dynamic gravel pack model 310, which may include both
a surface and a downhole model as discussed above with reference
to figure 3, is used to estimate the current state of gravel
deposition in the completion interval in real time. This
estimate is based in part on real time sensor data from sensor
array 342, such as those sensors described above as surface
sensor array 208 and downhole sensor array 210. Model 310 uses
fluid behavior models such as Navier-Stokes equations, mass
conservation models, gravel deposition models and the like that
are known those skilled in the art, to estimate gravel
deposition in the completion interval in relation the rate and

volume at which the fluid slurry 1s pumped as well as the
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a punping systemoperable to deliver a gravel pack slurry to the

conpletion interval; an actuator system operable to control
properties of the gravel pack slurry; a downhol e sensor system
operable to nonitor paraneters representative of gravel deposition in
the conpletion interval; a downhol e dynam c gravel pack nodel

defined in a downhol e conputer that is operable to receive data from

the sensetsysi er agd RQVT £, 85TLITALES Of JaLaYel, GePost tianal hdd1gy

conpl et i erval ; a surface dynam c gravel pac
defi ned i, f t I ' t,
from t he 43ahhort. Sonem B it s RBE P e SR L P Pae Yy

gravel d jfianJnt C | et L0t er. ; .an o] ol
system o%gggﬁe &{}oa on ?%I %e%géﬁgf%%& sf\sét%grlnt%ngtcf h&4¢ ﬁgt g’%rgrsyéaflgm
in rel ati.ﬁgc(g%&i%rsa}vel pack deposition plan and the dynam c gravel

pack modé erein the gravel deposition estimtes of the surface

oo, PHE) 3Py TRochr Bl My S L, BIPEERL SHBLETHEO oraves
deposition and generates state signal 312 which 1is used to
determine the error in the current state from the planned state
in summing stage 314 as described earlier. Model 310 can also
supply the same information to allow gravel pack plan 302 to be
updated to a new gravel pack plan using an adaptive system
within stage 302. Specifically, the gravel pack plan 3202 is
determined from a desired performance target for the gravel
packing operation. The current gravel deposition estimate
predicts the resulting performance based on the progress and
trends of the current gravel deposition. If the error is above
a predetermined value, an adaptive model within gravel pack plan
302 then adjusts the desired gravel deposition over the
remaining time for the process to better achieve the desired
performance.

[0048] While this invention has been described with reference
to illustrative embodiments, this description is not intended to

be construed in a limiting sense. Various modifications and

combinations of the illustrative embodiments as well as other
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2. The systemas recited in claim1 wherein the actuator system
further conprises an actuator relating to establishing the sand
concentration of the gravel pack slurry, an actuator relating to
establishing the viscosity of the gravel pack slurry and an actuator
relating to inputting at least one liquid additive into the gravel
pack slurry. 3. The systemas recited in claim1l wherein the
downhol ecsiehsitens ¥SLEM AT RN tGBAPKE SE oS efpRrSns et 8 Ch&eb =0kt heed
group consisting of a pressure sensor, a viscosity sensor, a

t enper at yf e 1KENSY updnV 8L PEHdNS@BSChe desROPichibs. Or avily, sanRsekora,
conductivity sensor and a fluid conposition sensor. 4. The system as
recited iR Gl@iam 1 pher eiReeacipigbhe downhel e andrpaskaceadlynasien

gravel pack nodels further conprises a fluid behavior nodel, 'a nass
conser vat i@ imdebnand, A gbndgposition nodel. 5. The system as
i .

recited in claiml wherein each of the downhole and surface dynamc
gravel pack nodels further conprises a tine based and | ocati on based
description of gravel deposition in the conpletion interval.
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6. The systemas recited in claiml| wherein the gravel pack
deposition plan further conprises a tinme based and | ocati on based
description of the desired gravel deposition in the conpletion
interval. 7. A nmethod for optimzing gravel deposition in a
conpletion interval of a well, the system conpri sing: punpi ng a
gravel pack slurry to the conpletion interval with a punping system
control | ipgPEOPerdi@s 9. the gravel pack slurry with an actuator
system noni toring parameters representative of gravel
deposition in the conpletion interval with a downhole sensor system
recei ving dat & fsie8ehk hi%rseﬁﬁﬂﬁlz&y@t erad appevitdicngiesd idvabest @fn
gravel de osition in th&j letion interval with a downhol e dynam c

gravel SFBatI O ér if S YOWHhSPEPE Gt er

a pumping system operable to deliver a gravel pack slurry
to the completion interval;

an actuator system operable to control properties of the
gravel pack slurry;

a downhole sensor system operable to monitor parameters
representative of gravel deposition in the completion interval;

a downhole dynamic gravel pack model defined in a downhole
computer that is operable to receive data from the sensor system
and provide estimates of gravel deposition in the completion
interval;

a surface dynamic gravel pack model defined in a surface
computer that is operable to receive estimates from the downhole
dynamic gravel pack model and provide estimates of gravel
deposition in the completion interval; and

a control system operable to control the pumping system and
the actuator system in relation to a gravel pack deposition plan
and the dynamic gravel pack models, wherein the gravel deposition
estimates of the surface dynamic gravel pack model are input into
the control system to automatically modify the gravel pack

deposition plan.

2. The system as recited in claim 1 wherein the actuator
system further comprises an actuator relating to establishing the
sand concentration of the gravel pack slurry, an actuator
relating to establishing the viscosity of the gravel pack slurry
and an actuator relating to inputting at least one liquid

additive into the gravel pack slurry.

3. The system as recited in claim 1 wherein the downhole
sensor system further comprises sensors selected from the group

consisting of a pressure sensocr, a viscosity sensor, a
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receiving the gravel deposition estimtes fromthe downhol e dynam c
gravel pack nodel and providing estinmates of gravel deposition in the
conpletion interval with a surface dynam c gravel pack nodel defined
in a surface conputer; and controlling the punping system and
the actuator systemin relation to a gravel pack deposition plan and
t he dynam c gravel pack nodels with a control systemby inputting the

gravel depgsitLon£3thuBles;, obibbesukhace dynantcear gyel: Backnpdel
into the control systemto automatically nodify the gravel "pack

deposi ti oh PrERCtIBLYTRENRt K88 astdei EeBPISH té PRI TRATP hher ei n
controlling properties of the gravel pack slurry with an actuator

system further conprises controlling the sand concentratiopn of the
gravel patk sI¥r g?SE%FFoF??htfq hB rETbsi PYETF 1t ﬁ%‘:lbroagvépe pack
slurry angbwadblé addd R rFacpidynadtd tgraeel npitk mptield Hargheaw elompatkes
slurry. 9f'Th nq}hod as gpiteg in ckgépuﬂﬁggeégéq_gggigoggggl

par anet ers FEpF RBHACT VECTH 7 gF aVal® §EposT 119n 1 Aot e “Conpl Bt on

i nterval dapcsheiorampeilses nonitoring paranmeters selected fromthe
group consisting of pressure, viscosity, tenperature, velocity,
specific gravity, conductivity and fluid conposition. 10. The nethod
as recited i n Weapns 7emwesr 68 el fRcovn df Figi e st Vhgiteds 68 clyrofv éhe

deposi ti ofbinol B kOBRL &Lt OyhBLES A vih thh & deuenol® dyoaddmpgt avel
pack nodel further conprises nodeling fluid behavior, npdeling nass

conser vat? drim&n®e RSt éPPEnte Gt 78I P §pefpiption of gravel deposition

in the completion interval.

6. The system as recited in claim 1 wherein the gravel pack
deposition plan further comprises a time based and location based
description of the desired gravel deposition in the completion

interval.

7. A method for optimizing gravel deposition in a completion
interval of a well, the system comprising:

pumping a gravel pack slurry to the completion interval
with a pumping system;

controlling properties of the gravel pack slurry with an
actuator system;

monitoring parameters representative of gravel depcsition
in the completion interval with a downhole sensor system;

receiving data from the sensor system and providing
estimates of gravel deposition in the completion interval with a
downhole dynamic gravel pack model defined in a downhole
computer;

receiving the gravel deposition estimates from the downhole
dynamic gravel pack model and preoviding estimates of gravel
deposition in the completion interval with a surface dynamic

gravel pack model defined in a surface computer; and
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11. The method as recited in claim7 wherein providing estinmates of
gravel deposition in the conpletion interval with a surface dynamc
gravel pack nodel further conprises nodeling fluid behavior, nodeling
mass conservation and nodeling gravel deposition. 12. The nethod as
recited in claim?7 wherein providing estimtes of gravel deposition
in the conpletion interval with a downhole dynam c gravel pack node

flurther compr s el A6 &yl S based andhacatd v, pased Jescr i pt i on

of gravel deposition inm the co I étion interval . The nethod as
reci ted i¥rlataPm® whereveal ma@% geRREiE4 R rods 2B @rea@épa%b@ﬁwbn

in the commliehbasmd Wl%hvé-lcdﬂttrglasﬁﬂefnaﬁﬁ R £g WAV ekapack nodel
further conprises using a tinme based and | ocati on base descrl tion

of graveld%ﬁﬂ§6§f?9(ﬁ?tﬁﬁaf?ﬁaQ§oﬁﬁ?eﬁqﬁ§ﬁc?n?¥ﬁ%ﬂ&F gravel PAGK MY¥Kod as
recited Ii'thb' 8h8) donMien es yis it @BBddtahkycandi mpingy tihe gramal ppark
depositio | an, further conprises nodifying a tinme based and | ocation
based de§%?cﬁﬁfﬁﬁléﬂaphe desired gravel deposition in the conpletion
i nterval .

8. The method as recited in claim 7 wherein controlling
properties of the gravel pack slurry with an actuator system
further comprises controlling the sand concentration of the
gravel pack slurry, controlling the viscosity of the gravel pack
slurry and controlling liquid additive input into the gravel pack

slurry.

9. The method as recited in claim 7 wherein monitoring
parameters representative of gravel deposition in the completion
interval further comprises monitoring parameters selected from
the group consisting of pressure, viscosity, temperature,

velocity, specific gravity, conductivity and fluid compesition.

10. The method as recited in claim 7 wherein providing
estimates of gravel deposition in the completion interval with a
downhole dynamic gravel pack model further comprises modeling
fluid behavior, modeling mass conservation and modeling gravel

deposition.

11. The method as recited in claim 7 wherein providing
estimates of gravel deposition in the completion interval with a
surface dynamic gravel pack model further comprises modeling
fluid behavior, modeling mass conservation and modeling gravel

deposition.

12. The method as recited in claim 7 wherein providing
estimates of gravel deposition in the completion interval with a

downhole dynamic gravel pack model further comprises using a time
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based and location based description of gravel depositicen in the

completion interval.

13. The method as recited in claim 7 wherein providing

estimates of gravel deposition in the completion interval with a
surface dynamic gravel pack model further comprises using a time
based and location based description of gravel deposition in the

completion interval.

14. The method as recited in claim 7 wherein automatically
modifying the gravel pack deposition plan further comprises
modifying a time based and location based description of the

desired gravel deposition in the completion interval.
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