SYSTEM AND METHOD FOR OPTI M ZI NG GRAVEL DEPGCSI TI ON | N SUBTERRANEAN VELLS
TECHNI CAL FI ELD OF THE | NVENTI ON [0001] This invention relates, in general,
to controlling sand production in subterranean wells that traverse fluid
bearing formations and, in particular, to systens and nethods for real tine
and automatic control of gravel packing operations to optimze gravel
deposition in the well. 1 BACKGROUND OF THE | NVENTI ON [ 0002] W't hout
limting the scope of the present invention, its background is described

with reference to tRkesprfdugbi RETROD FYR'GFRRPONGd rawah, a wel | bore
traversing an unconsol i gias & Of on 'ﬂo%%'B%Eﬁﬁﬂ.Eﬁkkdﬁﬁﬁﬁssum erranean

formation, as an exanple. [0003] It is we nown 1 n the subterranean well
drilling and conpletion arts that particulate naterials such as sand may be
produced during the praogd i of dr acar han oma well traversing an
unconsol i dated or | oosety e -': tf e “:-‘-*-" mati on. Numer ous

probl ens_may occur as a result of the pructi on of _such particul ate. For
exanpl et0¢ partiiéul aP¥cRaLSRs HrHSGe WRar 980 Edhporeht SRR 1P He

wel |,
sand production in subterranean wells that traverse fluid

bearing formations and, in particular, to systems and methods
for real time and automatic control of gravel packing operations

to optimize gravel deposition in 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 produced
to the surface, it nust be renoved fromthe hydrocarbon fluids by
processing equipnent on the surface. [0004] One nethod for preventing the
production of such particulate material to the surface is gravel packing

the well adjacent the unggrse@ricgabedroryk 0PSEYT €SOl | dat ed producti on
interval. In a typical gravel "‘pack conpletion, sand control screens are

| over edp g9 t he waldhar el%%%lrjliggét rSS:CE},?,ret Q2 Yﬁe pﬁggggﬂe AL maLe the

desired production I nterval. y 1 ncl udi iquid carrier and

a particula terial._known a ravel is.then pupped,down the work string
ana | nt ol T RS RE Pt Ao L C e T S d R ool fsl BEAEh ek ¢ he
perforated well casi or_open hole production zone. Typically, the liquid
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screens_and up a wash E%E%% The gravel is deposited around the sand control
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hydr ocar bon fl ui ds but
[0003] It is 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.

[0004] One wmethod for preventing the production of such
particulate material to the surface is gravel packing the well
adjacent the unconsolidated or loosely consolidated production
interval. In a typical gravel pack completion, sand control

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



bl ocks the flow of the particulate carried in the hydrocarbon fluids. As
such, gravel packs can successfully prevent the problens associated with
the production of particulate nmaterials fromthe formation. [0005] It has
been found, however, that a conplete gravel pack of the desired production
interval is difficult to achieve particularly in |Iong production intervals
that are inclined, deviated or horizontal. One technique used to pack a

long  ppegduet bon grataruak tiad s sipeki nashaevicat edn @£ - P91 1 zonjaleig g the
al pha-beta gravel packing nethod. In this method, the gravel packing

oper at i @n,sEAr 4§ M nbhe; ahnpha . wave, deposi tipg ¥€Hc9 aE? . S ge of

the wel |l bore progressing fromthe near end to t e e production
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the desired length of horjzontal formations increases, it becones nore
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the liquid carrier is returned to the surface by flowing through
the sand contrcl 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
blccks 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 1inclined,
deviated or horizontal. One technique used to pack a long
production interval that is inclined, deviated or horizontal is
the alpha-beta gravel packing method. In this method, the
gravel packing operation starts with the alpha wave depositing
gravel on the low side of the wellbore progressing 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



techni que. Therefore, a need has arisen for an inproved apparatus and

net hod for gravel packing a long production interval that is inclined,
deviated or horizontal. A need has also arisen for such an inproved
apparatus and nethod that achieve a conplete gravel pack of such production
intervals. Further, a need has arisen for such an inproved apparatus and
nmet hod that provide for automatic control over the gravel deposition

processgi-ByvEeak st WEBos 4t SYMARYLOFLTHE EWENEEONhIeO%lthQ% PIESep o

|nvent|on di scl osed herein is a systém and nethod or optim zing gravel

deposi tipg 'ari %htv%r r ARl - Uﬁe@éﬁ § ¢, mBihog, pf JLhe [r esent

i nvention inp Fove |C|ency avel ing in long production

i ntervals r|chud |ncI| devk%t%d nd horizontal production intervals.
In addi {'on, ?%e ndl 1Hod "SR 'present invention are operable to
repeat a hi eve conpl ete gravel packs of s roductlon intervals while
reducingoﬁﬂéfoccu¥?e%% Bfehr Fdgithy. hoﬁﬁﬁ??ﬁﬁ Shid STetHRESE t he

present invention provide for automatic control over the gravel deposition
prOcessoﬁnhpgaponggheformatlons increases, 1t becomes more difficult to

achieve a complete gravel pack even using the alpha-beta
technique. Therefore, a need has arisen for an 1improved
apparatus and method for gravel packing a 1long production
interval that is inclined, deviated or horizontal. A need has
alsc arisgen 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 contrcl over the gravel

deposition process in real time.



[0008] In one aspect, the present invention is directed to a systemfor
optim zing gravel deposition in a conpletion interval of a well. The system
i ncl udes a punping systemthat is operable to deliver a gravel pack slurry
to the conpletion interval, an actuator systemthat is operable to control
properties of the gravel pack slurry and a sensor systemthat is operable
to nonitor paranmeters representative of gravel deposition in the conpletion

interval. A dynamic gravel pagkarto8e! rhs defdedy N a conputer that is
operable to receive data rcwrrhe*sensvr—sysrewrand provide estimates of

gravel (48B9FI Li oft, nuLhe. SOMALELLON N lvalo. A ontiol SYStemis, B -

operable to contro e punpi ng systen1an S actuat or sys

to a gra ack _deposi tion _plan _and the dynam c r ack nodel mhereln
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gravel pack slurry and an
including inclined, deviated and horizontal production intervals.

In addition, the system and method of the present invention are
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.

{ooos] In one aspect, the present invention is directed to a
system for optimizing gravel deposition in a completion interval
of a well. The system includes a pumping system that is
operable to deliver a gravel pack slurry to the completion
interval, an actuator system that 1s operable to control
properties of the gravel pack slurry and a sensor system that i1s
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 1is



actuator relating to inputting at |least one liquid additive into the gravel
pack slurry. In one enbodi nent, the sensor system includes at |east one of

a surface sensor and a downhol e sensor. In another enbodi nent, the sensor
systemincludes at |east one of a pressure sensor and a fluid flow rate
sensor. [0010] In one enbodinent, the dynam c gravel pack nodel includes a

fluid behavior nodel, a mass conservation nodel and a gravel deposition
nodel . bpeaBpt ek ceredirEntsnd heufynadm sysBsmvehdpask nrdeladdiclddasa tine
based and | ocati on based description of gravel deposition in the conpletion
interval;, 1) #8t2n0t her emhadi nent, 4 Eay Sition esti . of the
dynaniclaravel paék nodel are au?%ﬁ%picggﬁg er?gr?gggﬁeiéﬁdt %aégg&ﬁﬁéﬁ dat a
from Lhe, sensor, systemcjn one enbodiaent, . 1he qgravel, pack depasiLion. plan

i ncl ude ased and' | ocatron escription of the desire

| itionin th letion interval . [0011] | th t, th
ot csont PRVBKITORC) 80 PhoPRR® (698 mBthod FUF OpLrm g GRave Wened {ion

in a conpletion jinterval of a well. The nmethod includes punping a gravel
pack sFGr AFYEPRE b Ehel EdMRIE di'S MréMFal PRRENAEBPF gl parkh®t er s
[0009] In one embodiment, the actuator system includes one or

more of 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. In one embodiment, the sensor system
includes at least one of a surface sensor and a downhole sensor.
In ancother 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 meodel, a mass conservation model and a
gravel deposition model. In another embodiment, the dynamic
gravel pack meodel includes a time based and location based
description of gravel depositicon in the completion interval. 1In
yet 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



representative of gravel deposition in the conpletion interval; estimating
gravel deposition in the conpletion interval in a dynamc gravel pack node
based at least in part upon the nonitored paraneters; and automatically
nodi fying a first gravel pack deposition plan inplenmented by a control
systemthat controls the conposition and punping of the gravel pack slurry
based upon the gravel deposition estinmates of the dynam c gravel pack

nodel . £Q04@] dde-rBidiedh My akse 'BEEHQ@d”D@H@éI NGId s RAATELGN S Lhwi th at

| east one of a surface sensor and a downhol e sensor; nonitoring at |east
one of @OH%H SHLe SENsaf,and a fluid flow rate sensor; nodeling fluid
behavi or SS conservatlon and gravel deposition in the dynam c gravel

pack noggbla}autqpatlca%% correc% tl§%rbgniﬁ%&1%1Vg@dﬁ%hbgggddp er%he

nmoni t or anet et s e¥op| and*Toca

descrlptlon of gravel dep05|t|on in the completion.interval in a_ dynamc
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deposition plan . _
slurry 1into the completion interval; monitoring parameters

representative of gravel deposition in the completion interval;
estimating gravel deposition in the completion interval in a
dynamic gravel pack model based at 1least 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 depcsition estimates of the dynamic gravel
pack model.

[0012] The method may also include monitoring the parameters
with at least one of a surface sensor and a downhole sensor;
monitoring at least one of a pressure sensor and a fluid flow
rate senscor; modeling fluid behavior, mass conservation and
gravel deposition in the dynamic gravel pack model ;
automatically correcting errors 1in the model based upcon the
monitcred parameters; developing a time based and location based
description of gravel deposition in the completion interval in a

dynamic gravel pack model; developing a time based and location



if the gravel deposition estimates of the dynam c gravel pack nodel deviate
fromthe first gravel pack plan by a predeterm ned anount. [0013] In a
further aspect, the present invention is directed to a systemfor

optim zing gravel deposition in a conpletion interval of a well. The system
i ncludes a punping systemthat 1is operable to deliver a gravel pack slurry
to the conpletion interval, an actuator systemthat is operable to control

propertbaseaf &becHigyvebn pask SHY r¥ieandea dgwabele §epsortisysta aperabl e
to nonitor paraneters representative of gravel deposition in the conpletion

I ntervabonf1dovshol endypaim ¢ 3 grayel opagky model), defdned i, dowphol g4
conputer is operable to receive data fromthe sensor system and provide
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[0013] In a further aspect, the present invention is directed
to a system for optimizing gravel deposition in a completion
interval of a well. The system includes a pumping system that
is operable tc deliver a gravel pack slurry to the completion
interval, an actuator system that 1is operable to control
properties of the gravel pack slurry and a downhole sensor
system operable to mcenitor parameters representative of gravel
deposition in the completion interval. A downhole dynamic
gravel pack model defined in a downhole computer is coperable 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 deposition in the completion
interval. A control system is operable to ccntrol 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 nodel are
input into the control systemto automatically nodify the gravel pack
deposition plan. [0014] In one enbodinment, the downhol e sensor system
includes 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 conposition sensor. 9 [0015] BRI EF

DESCRI P340 OFad 6 DRAV NGSc(A0165 Ber ihdmoser il @y gamndegshandi pacaf the

features and advantages of the present invention, reference is now nmade to

the detgihed depscrhphionneh the iRyenbion akang W thihe 126G 9PPHINIRG

figures in which corresponding nunerals in the different figures refér to
corresp i rt i i.ch: 17] Figure 1 is a schematic
iIIustrgﬁ?dﬁgﬁgggﬁ%g%?gﬁgggﬂnégﬁ gﬁgggas pl atf orm operating a systemfor
optim zi avel__deposition in a bterranean well in accordanc ith an
ebodi mAT-8T "t he bratent AT on: - FOGTET RLGurE ER" § 18 (o (ABLE Fonal
view of a conpletion interval having gravel packing conponents installed
thereinat least one of a pressure sensor, a viscoslty sensor, a

temperature sensor, a velocity sensor, a specific gravity

sensor, a conductivity sensor and a fluid composition sensor.



i ncl udi ng 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 subterranean well in
accordance with an enbodi nent of the present invention; [0020] Figure 3 is
a blockighagramillustrating surface and downhole systens of a system for
optim zing gravel deposition in 10 a subterranean well in accordance with

an enbodi ment of the pBSENLHREeRELER o8N E 0Ll fdgure 4 is a process
flom/dlagranllIIustratrﬂg—an~—eﬂ§b§¥ﬂﬁﬂf—0+~a—systeﬁ#¥o opt|n12|ng gravel
deposi ti ubterranean we in accor sent i nvention
11 DETAltﬁﬁbégE BT ON"OF® TﬁEmP 5 g i 9 EEE‘S 5 ngSn& si ng

of variogs enbodlnegts of the present |nvent|oE?are dlscussed i n_detai

bel ow, PEVAROWH BE 4Pl RTRIYY t hRY SRR Pr eSEAET FRTRNESorm Pt oURdRs tRany

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 1is a schematic illustration of an ocffshore
0il and gas platform operating a system for optimizing gravel
deposition 1in a subterranean well in accordance with an
embodiment of the present invention;

[0018] Figure 2A 1is a cross sectional view of a completion
interval having gravel packing compcnents installed therein
including downhole sensors for a system for optimizing gravel
deposition in a subterranean well 1in accordance with an
embodiment of the present invention;

[0019] Figures 2B-2F are partial cross secticnal views of a
completion interval depicting wvarious stages of a gravel packing
operation using a system for optimizing gravel deposition in a
subterranean well 1in accordance with an embodiment 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



applicabl e inventive concepts which can be enbodied in a wde variety of
specific contexts. The specific enbodi nents discussed herein are nerely
illustrative of specific ways to nake and use the invention, and do not
delimt the scope of the present invention. [0023] Referring initially to
figure 1, a systemfor optimzing gravel deposition in a subterranean well
operating froman offshore oil and gas platformis schematically

i I'1ustrat edirardgepenal Ly designgtedrdthcd §80h- SUbMREBRlRenp! atf Okme12 is
centered over a subnerged oil and gas formation 14 |ocated bel ow sea fl oor

16. A sybsea.conduit. 18, e ds from deck 20 of platform 12 to well head
installgt?on gz i nc J%?Hgﬁﬁﬁ?omout preventers 24. Platform 12 has a hoisting
appar at and.a derrick 28 for_raising,and ].owering.pipe strings _such as
Wk ot EPRETR0" LOOBHE Alwel] 32 RkIGrds EAPBugH e Uar hBES SAT 1 seTat
includin% formation_14. A casin%,34 i S_cenent ed withi}ndg3 enerally verti cal
porti onSBPORETF 820y Tef¥ALB6. Por RP 51T H'Y 38T 8Y¥Een ¢t hE? efid of

casing 34 and includes a series of 12 sand control screen assenblies 38 and
a CrOSS-SB}\?’%?r]é%%%%FbI”SFWO in accerdance with the present inventioen.
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for gravel packing the generally horizontal open hole conpletion interval
42 of well 32. When 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 42. A
control systemon the surface then inplenents a gravel pack deposition
plan, as explained in greater detail below, by controlling various

characteristics of thggarel ppackirbgrenesat+on iedhweidag fluid slurry
conposi tion and punping rates. Thereafter, the ffuid sfurry including a

liquid ggssser and,a Parid CH%E‘%&%@B@” 'mlg’; ‘%f_er6%91%\8%2%.8})81&3:1@”%

gravel or proppants ’is punpe ing 3 n-one

enbodi the fluid r SN ect ed |nto Ietlo interva
througﬂggéo §68$%% é?géngﬁg¥46 Cﬁ%gcusseconﬁﬁéfﬂgg in %?va1 5 #ﬁ ¥15r avel
in the f|UId slurrg ?POSIt%i t herei n using the al pha-bet met hod
wher ei n°gr a7BPTFE? H%@osF 84 or'the FOWSide v%%%ﬁWétIBHOVﬁ BF val"®#¥ from
the near end to the far end of conpletion interval 42 then in the high

si de of 2eBhptaERioninveet vae @?ncéﬁtﬁoﬁ’héf: t ol Pha RBPE1cdepdsi i ¥Adef r om

the far end to the near end of conpletion interval 42. Wile sonme of the
liquid Yarisley may efecific contexts. The specific embodiments

discussed herein are merely 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 o©0il and gas platform 1is schematically
illustrated and generally designated 10. A semi-submersible
platform 12 is centered over a submerged o0il and gas formation
14 located below sea floor 16. A subsea conduit 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



formation 14, the renmainder of the liquid carrier travels 13 through 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 proxinmate to conpletion interval

42 as wel |

as sensors on the surface nonitor various paraneters associated with the
flurd slurry and the gravel packing operations. This data is feed to one

or noreggdynanbar ghavekrRagk smdehs ithabggenes at ecestimptes ek Lpe, guavel

deposition in conpletion interval 42. These estinates are provi

ded to the

| i cal l if | K i I d
cont ol esYSLEN L puLermll ol |y, Ipdl Ly e Aravel hack dsposidion plan an

optim ze the grav opera exa rea

changes to
ration

various., characteristics the fluid slurry such as sand conce ,
Tt o vinbBsiey . TR oih Frdw e adiihelF e cne b attor ST LRk d s avo d
or correct, for exanple, sand bridging in conpletion interval 42 and to
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t hough figure 1 depicts an offshore, open hole, horizontal well

bore and

even t hdtiglFuthie Ferin HoYiZoRPAFIPE IFEIREn UBBIETR! s cBiBbed¥hie Soviitaptst i on

of the depicted wellbore, it

positioned within completion interval 42. A control system on

the surface then implements a gravel pack deposition plan, as

explained 1in greater detail below, by controlling various

characteristics of the gravel packing operation including fluid

slurry composition and pumping rates. Thereafter, the fluid

glurry 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

completion interval 42 through cross-over assembly 40. Once in

completion interval 42, the gravel in the fluid slurry 1is

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 completion interval 42, on top of the alpha wave
deposition, from the far end to the near end of completion
interval 42. While some of the 1ligquid carrier may enter

formation 14, the remainder of the 1liquid carrier travels

13



shoul d 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 well bores, verti cal
wel | bores, inclined 14 wellbores, deviated wellbores, nultilateral
wel | bores and the |ike. Al so, even though a particular gravel packing
technique has been referred to with reference to figure 1, it should be

under st oReL Ry thase skidded ddrddie Ardertiabst RE, PRESENL WaRWERLLEN (¢
equally well " suited for use with other gravel packing techniques and ot her

wel | trzﬁf‘é@@fgd)Opﬂc?tLilém§oSHﬁQ a4 f%&é‘%&'éi Qﬂnuiﬁg%ﬁ’a%%@@’ agld, oy cot her

chem cal treatnents, esin-consof i ati ons, conformance {reat iENLS oOf any

ot her Ll eatment processes invoIvi@thhe Hgging ofj%iEJuid int.o. a aggmmhole
a ni

ht Fit S Hen@f FEF af Ot o 5% WA GaS T et e

envi r onfrien erein’i en |
properties and use this gata to,re%ulate t he treatnent rocess in real
time. [BEPATRS el Pi FTTROF- L8 iLGUFEY22ASPF, 2% hSel f PGurte Tt oR the
hori zontal open hole conpletion interval of a well that is generally

desi gnat @Bt HEE RS R 52V S Tehe RREGVRF ERF n 3Egs6titdted 6ith wdlg $4uid

proxi mate the heel or near end of the horizontal
slurry and the gravel packing operations. This data is feed to

onne or more dynamic gravel pack models that generate estimates
of the gravel depcsition in completion interval 42. These
estimates are provided to the control system to automatically
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 wviscosity, fluid flow rate and the like «can be
accomplished to avoid or correct, for example, sand bridging in
completion interval 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 1s equally well suited for use in wellbores
having other orientations and configurations including onshore

wellbores, cased wellbores, vertical wellbores, inclined
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portion of well 54. A work string 56 extends through casing 52 and into the
open hole conpletion interval 58. A packer assenbly 60 is positioned

bet ween work string 56 and casing 52 at a cross-over assenbly 62. Wrk
string 56 includes one or nore sand control screen assenblies such as sand
control screen assenbly 64. Sand control screen assenbly 64 includes a base
pipe 70 that has a plurality of openings 72 which allow the flow 15 of

f I uids &,@ﬁ&slrgsougeevﬁgggé] WHARRRY AT otk PASE P 1PewEQ1bSrBsSCIRENLWET € 74,
Screen wire 74 f orns a plurality of turns wth gaps therebetween through

whi ch f{pids f w.but, \}%e he e‘r’eé‘tpﬁj‘?{ié?'&ﬂ S‘rﬁ%fdgggk%e%%he guyom

paSS|ng theret rough turns and urns are

deternlged ased u an_ chan:cter S}ICS o{ ge for t|o ﬂ% h fluid
i s bei ng®® progucéd and ghe the Yrav lﬁgrﬁ 8 Favel

packlng operatio Screen wire 7 may he wwapped dlrectly on base pipe 70
or g %ﬁﬁ%ﬂ Fourd' ¥ DI FH Zﬁﬁf’}?iyofmrlﬁ?e(nSF pléﬁﬁre&ﬁethQFeéﬁﬁg

generally symmetrically distributed about the axis of base pipe 70. It
shoul d bevemdeist 36d ByuRhbse Wiy | edited thr arEet huithnidte sy werevet apped

sand control screen is
packing technigues and other well treatment operations such as

fracturing, frac packing, acid or other chemical treatments,
resin consolidaticns, conformance treatments or any other
treatment processes invelving the pumping of a fluid into a
downhole environment wherein it is beneficial to monitor various
treatment properties and use this data to regulate the treatment
process in real time.

[0027] Referring now to figures 2A-2F, these figure depict a
horizontal open hole completion interval of a well that is
generally designated 50. Casing 52 1s 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 58. A packer
assembly 60 is positioned between work string 56 and casing 52
at a cross-over assembly 62. Work string 56 includes one or
more sand control screen assemblies such as sand control screen
assembly 64. Sand control screen assembly 64 1includes a base

pipe 70 that has a plurality of openings 72 which allow the flow
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depicted, other types of filter nedia could alternatively be wused in
conjunction with the present invention, including, but not limted to, a
fluid-porous, particulate restricting, diffusion bonded or sintered netal
material such as a plurality of layers of a wire nesh that form a porous
wire nmesh screen designed to allow fluid flow therethrough but prevent the
flow of particulate materials of a predeterm ned size from passing

t her et hgpughi 1 d O3 - dorspesed within work string 56 and extendi ng from
cross-over assenbly 62 is a wash pi pe assenbly 76. wash pipe 16 assenbly 76

ext ends b@?fanti I r]ﬁﬂ% of .wark,string_. 5 t toe,or far
end of é@np etiogﬂ%ﬁﬁg%eaF?gggéln the Eﬁﬁgus ?af@g gnbgﬁgﬁgétﬁn§ﬁéhgéfpe
assenblg 76 1s a c osite coiled.t. big& 78 that .includes

cern w orms lurali tunn i t e§e igs of
sensor s~ 80" BmbEdded © atCPredet i HitHed Y ftervalrS 4y dR&sh §i6€ 8546l y 76
each of _which is cqonnected to one of a plurality of energy_caonductors 82
integraF?VmﬁgéiﬂY \éﬁWﬁQ?cdﬁﬁﬂ%iF%wcoﬁ%%&htuﬁFﬁﬁe?ﬁ. %Séﬁéﬁrsoéo fray be
one or nmore of a variety of sensor types that are well known to those

ski | | edPTeAR R HMed net 43¢ nd e SFE NS ersRF et N AR osi t igensyrzer of

tenperature sensors, velocity
turns and the gap between the turns are determined based upon

the characteristics of the formation from which fluid is being
produced and the size of the gravel to be used during the gravel
packing operation. Screen wire 74 may be wrapped directly on
base pipe 70 or may be wrapped around a plurality of ribs (not
pictured) that are generally symmetrically distributed about the
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 be
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.
[00289] Disposed within work string 56 and extending from
cross-over assembly 62 1s a wash pipe assembly 76. Wash pipe
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Sensors,

sensors
directl

skilled in the art that sensors 80 could alternatively

ener gy

coupl eda £ Q-MBBN PE PExt 83FE BN/ fnt SENSPT S 8OO £ 9F h@ﬁdtx@e%o% $eRSAES

specific gravity sensors, conductivity sensors, fluid conposition

and the |like. [0030] Even though sensors 80 are depicted as being

y coupled to energy conductors 82, it should be understood by

t hose

conmuni cate with

conductor 82 by other nmeans including, but not limted to, inductive
coupling. Also, even though sensors 80 are depicted as being directly

could additionally or alternatively be coupled to sand control screen
assembl y 6 erw se_ di S Wi_t:hi r,QXI copl et L jon

i nterva éegéugkﬁeﬁﬁkéﬁﬁﬁ ?%%ug dsgﬁséggggsgégé q%&%%%%éd as be?ng glscrete
sensors on

t
depl oyed' eXt et

conti nu

di stri btPetet ehpetBe ur

sensors
the gr

i nuous sensors could .17 additiona al.ternati vel
i A g e L S S
ous. sensors naé i nclude, for exanple, op tlcal fibers operatin

§@ﬁ§oﬂ§m’F§§§1F1A®®I%ﬁst%%séegéﬂg%réolﬁﬁ#ﬁ@ﬁﬁ

eﬁsas§eﬁﬁwyoé&t68uch

as

80 nonitor various paraneters associated with the fluid slurry and

avePrpdekfAgloper aAnrenAsatachlphdt veHE ddg s lsed | aagkakt

which is connected to one of a plurality of energy conductors 82
integrally ©positioned within composite coiled tubing 78.
Sensors 80 may be one or more of a variety of sensor types that
are well known to those skilled in the art including pressure
sensors, viscosity sensors, temperature Sensors, velocity
sengors, specific gravity sensors, c¢onductivity sensorg, fluid
composition sensors and the like.

[0030] Even though sensors 80 are depicted as being directly
coupled to energy conductors 82, it should be understood 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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time by one or nore dynam c gravel pack nodels of the present invention in
generating estimtes of the gravel deposition in conpletion interval 42.
These estinates are then provided to the control systemto automatically
nodi fy, as necessary, the gravel pack deposition plan, thereby optim zing
the gravel deposition operation in conpletion interval 42. [0032] An
exenpl ary al pha-beta gravel packing operation inplenented by the system of

the pres@itidventy onomi |élﬂ@ﬂ‘h$3@ive§jlef$crkb@eddé‘%i@yé&f ecRpsensp fieures
2B-2F. After the gravel pack deposition plan has been created based upon

enpi ricahcdatd, cBr @UrRUS.APSLAL | 0B84 §5ALEBLCRIP! et kP UL RLRGLys
techniques, the plan is inplenented by the con¥ro| system The control
system o] n ari rs nty.allers cj at W th
The condfrtusht oy TIURAS ey BEMBNST SoBPY A R Eop FEEF O B
sensors assogéq%q? therewith. For exanple, commands are sent to various
cont r ol T&7 5* HEEOTT &tEWSTES Wit KEUSPYEs, delivery screws, blenders, punps and
the like such that the required constituents, sand, visccsifiers, fluids,

liquid 88R%F}) ves Ahd e FPRES n3EPIRFShi X8F1H63BEhePeRH°PFDr MO f MGrdteFurry

84 with the desired composition, in accordance with
various parameters associated with the fluid slurry and the

gravel packing operations such that the data may be used in real
time by one or 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
deposition operation in completion interval 42.

[0032] 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 deposition plan has been created based upon empirical data,
previous operations in similar completions or other techniques,
the plan is implemented by the control system. The control
system sends commands to various actuators and controllers
associated with the constituents of fluid slurry 84 and receives
feedback from various sensors associated therewith. For

example, commands are sent to various controllers associated

18



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 grave
pack deposition plan. Sensors nonitor various aspects of the m xing and

bl endi ng processes as well as the punping process and feed this information
back to the control systemfor error corrections. [0033] Once fluid slurry
84 reaches conpletion interval 58, sensors 80 nonitor data relative to

various, prperiyes oé%%wér sbyLLy %@ﬁ&}%ﬁﬁt Oéﬁ?egwer%@“tsuicﬂ

conpl etion interval e initial stage o e gravel depositions process

is best _, seen.in figure 2S. During the gravel .depositions proce .dat a
obtaine%h 5 ggﬁ%ofgg%ﬁlﬁﬁﬁ ESHFEFaVSHE%o aF%EQWﬂuﬁ%f%ﬁsggi' ace %3yﬁ§ﬁfc

gravel pack pnodel .to aid the del .jn making real time estimtes qof the

O avel Dol RO FRvEB et 1 DI | hiSFuaross DS AR BRI T g SatEF et ai |
bel ow, one or both of these nodels is used to provide real tinme control
over vaftetd shioperis edl'dt 1 P SIHRT FwBWOEiE 1881/ V& P CoPrERBCSaidtBuch as
fluid viscosity, sand concentration, flow rate and the like. Preferably,
comruni et | bl vikerk sasorid 180 addnot hél uddwsholkey 89 and tdenf avepsgst ens

is enabled via energy conductors 82, which
down the well via the work string at the desired rate, in

accordance with the gravel pack deposition plan. Sensors
monitor variocus aspects of the mixing and blending processes as
well as the pumping process and feed this information back to
the contreol system for error corrections.

[0033] Once fluid slurry 84 reaches completion interval 58,
sensors 80 monitor data relative to various properties of fluid
slurry 84 and the downhole environment in completion interval
58. The initial stage of the gravel depositions process 1is best
seen in figure 2B. During the gravel depositions process, data
obtained by sensors 80 may be relayed to a downhole or surface
dynamic gravel pack model to aid the model in making real time
estimates ©of the gravel depcsition in completion interval 58,
As explained 1in greater detail below, one or both o©f these
models is used to provide real time control over wvarious
properties of fluid slurry 84 and delivery of the same such as
fluid viscosity, sand concentration, flow rate and the like.

Preferably, communication between senscrs 80 and other downhole
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may be optical fibers, electrical wires or the like. Comrunication may
alternatively be achieved using a downhole telenetry system such as an

el ectromagnetic telemetry system an acoustic telenmetry system pressure
pul ses or other wireless telenetry systens that are known or subsequently
di scovered in the art. Additionally or alternatively, during the gravel
depositions process, data obtained by sensors on the surface may be rel ayed

to a sugface, fypan EyEEéﬁ@ iRack ndel i al g the apgele 4k Meki ngR&@ﬁl tine

estimates of the gravel deposition in conpletion interval 58 whi are used

to provi real time contr gver various operties of fluid sluyr 84 and
@gf &2 o’¥3c§% §§%efﬁfine eC%rlCBF L br | Wi #ﬁ%g'

del i ver of "The Sane. T 00 g a grave pd%kfﬁ@ oper ati on,

objectiye is to,  uniformy and conpletely fill .horizontal conpletion

|t or val CEBIGAH G alaF. T S BetevE B A STer PROEI T d SSMBPPYS 84
down work string 56 into cross-over assenbly 62. Fluid slurry 84 exits

cr oss- oVeteRESENBIXF X tHIUFT Ao GIEPTFERES 160 taAGMEFEYdF¥EREPged™i nt 0
hori zontal conpletion interval 58 as indicated by arrows 92. In the

i |1 ust rateekefbodrhBRELTY| BBt .ur Pye8gurherruls®rel STwW RHIGE pradaéeren
interval 58 with portions of the gravel dropping out of the slurry and
bui | di ngelemetry systems that are known or subsequently discovered in

the art. Additionally or alternatively, during the gravel
depositions process, data obtained by sensors on the surface may
be relayed to a surface dynamic gravel pack model to aid the
model in making real time estimates of the gravel deposition in
completion interval 58 which are used to provide real time
control over various properties of fluid slurry 84 and delivery
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 B84
down work string 56 into cross-over assembly 62. Fluid slurry
84 exits cross-over assembly 62 through cross-over ports 90 and
is discharged intc 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 tce of
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up on the low side of wellbore 54 fromthe heel to the toe of 20 wellbore
54 as indicated by al pha wave front 94 of the al pha wave portion of the
gravel pack. At the same tine, portions of the carrier fluid pass through
sand control screen assenbly 64 and travel through annulus 96 between wash
pi pe assenbly 76 and the interior of sand control screen assenbly 64. These
return fluids enter the far end of wash pi pe assenbly 76, flow back

t hrough, wash.ni p 4a%%e@rhaic7n§ﬁé@9 ggoagpggerwa%seﬁm 62, oxd S&ggggﬁggg by

arrows 98, and flow i nto annul us through cross- over por return
to the ggréacg.tlooqgi gﬁ t he Qrgpa% tion gf Elphg way e frontr%§ conti_nues
fromt h& heel 1o  The t oe of Th3TF2oRtal - prBduttFofi®lMht erlar 58X “*8BRsSFs 80
continue nmonitor and_relay data relative to fluid_slurry 84 and the
downhol ERenGRFonfEnt 18480 PASSyiSEGRIHY  Sanenpdt i Ur eSCHFER sBFESTHEY 0t y,
fluid conposition and the like. As best seen in figure 2C, if, for exanple,
excessi 99| BBRVDF f ChEeedr s bus h2t f behue¢onwasl r R AgSeshpy ef Poand
interval 58, portions of the alpha deposition may build up toward the high
si de ofthel ibbeeidn, oTheackanged ricd FEesswy e swEuyed B4 + heThbael depuoh t he
al pha deposition are detectable by sensors 80 as

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

through wash pipe assembly 76 to cross-over assembly 62, as

indicated by arrows 98, and flow into annulus 88 through 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 58,

sensors 80 continue monitor and relay data relative to fluid

slurry 84 and the downhole environment such as viscosity,

temperature, pressure, velocity, fluid composition and the like.

As best seen in figure 2C, 1if, for example, excessive leak-off

occurs into the formation surrounding completion interval 58,

portions of the alpha deposition 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 1is

relayed to one of the aforementioned mentioned dynamic gravel

pack models. The models then use this data to generate

estimates of the gravel deposition. The estimates are then send
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wel | as surface pressure sensors such that this pressure data is relayed to
one of the aforenentioned nentioned dynam c gravel pack nodels. The nodel s
then use this data to generate estinmates of the gravel deposition. The
estimates are then send 21 to the control systemsuch that fluid slurry
characteristics such as fluid viscosity, sand concentration, flow rate or

the |ike may be automatically adjusted to correct and prevent undesired
sand bri dgipg. %o 05116011 AS Q‘E%P’n Ssqx{}l ' Phékg%rﬁl ha%ac%.eyigtri%g' time
i ndi cat 7ons "tha e al Ha eposition s too osition, Tlow

rate or_other cgﬁracterrstrctef fluh$ slurr¥ 84 |s agﬁ)omatrctte ad'usted
by the DptH nfdatiton IsystEMB % he®2 1 eSERT I MREMTon §0°Fhd@ Fhe®hef gfit of
t he al pha deposition can be returned_to a desirable level in substantially
real tihEre adi@y | Bgst CHCORAtHEREEY bYWV P t KOEEH T 0PNy e Pr§VaVEI
pl acement the present invention insures a nore conplete gravel pack along
t he entunrcesiamy lvagid thwedgampl-etion interval. In particular, the present
i nvention ensures conplete gravel packs of long, horizontal well bores by
provi di pego3dibst amts adsy reemn itn e gudentDf, i cabponsand cor cbeet realotigeavel
deposi tion
indications that the alpha depcsition is too high, the
composition, flow rate or other characteristic of fluid slurry
B4 1is automatically adjusted by the optimization system of the
present invention so that the height of the alpha deposition can
be returned to a desirable level in substantially real time, as
illustrated. Hence, by improving the control over dgravel
placement the present invention insures a more complete gravel
pack along the entire length of the completion interval. In
particular, the present invention ensures complete gravel packs
of long, horizontal wellbores by providing substantially real
time identification and —correction of gravel deposition
problems. As best seen in figure 2E, as the beta wave portion
of the treatment process progresses, sensors 80 and surface
sensors continue to monitor the progress of beta wave front 118,
fluid slurry 84 and the wellbore environment and continue to
relay the monitored data to one of the dynamic 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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probl ens. As best seen in figure 2E, as the beta wave portion of the
treatment process progresses, sensors 80 and surface sensors continue to
nonitor the progress of beta wave front 118, fluid slurry 84 and the
wel | bore environnment and continue to relay the nonitored data to one of the
dynam c gravel pack nodels so that the various paraneters of fluid slurry
84 may be regulated in real tine to ensure a conplete gravel pack, as best
22 seenséghngqﬁg %@.2@0037] Referring next to figure 3, surface and

downhol & conponéﬁ%s and processes of the systemfor optim zing gravel

deposi ti f the esent inventions are depicted in block diagramformat
and genbﬁgrﬁ& deSigrated9208°%Fn 58ne$b$?r% Yr artt I5sS&k pigh 8677helgised in

conjunction with one or nore real tinme dynam c gravel pack nodels 204, 206
that estPTRAEN G adBl RPUEIITEN Ph tthe carpreti %ﬁ’fi nPRE /Bl Z i1 agraiati cal |y
control flow rates and properties of the gravel pack fluid slurry. Real
time medepeshems of vaheousresoper tinventriepsesant atdemwi afedyr dvel bdepbsi ti on
are made using sensor array 208 and optional sensor array 210. For exanpl e,
in certdiagranbédirment ssndr gesdrel and ddsownehedact @t i sti €a agsootaAt,edawi t h

gravel pack plan 202 1is used in conjunction with one or more

real time dynamic gravel pack models 204, 206 that estimate

gravel deposition 1in 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 deposition are made using sensor array

208 and optional sensor array 210. For example, in 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 used 1in real time to automatically

manipulate surface physical components to control the flow rate

and properties of the fluid slurry. More specifically, the real

time model of gravel deposition 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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the fluid slurry and liquid returns can be obtai ned by sensor

the surface, which are used by nodel 204 in naking estinmates of gravel

deposition in the conpletion interval.
time to automatically manipul ate surface physica

These estimates are used in real
conponents to contro

array 208 at

t he

flowrate and properties of the fluid slurry. Mre specifically, the real
time nodel of gravel deposition is used in determning the error fromthe

desi redrggavel mdepesiilriiefcidH8 @ ThLahodel UsEH B anadOnb{olconyst-eay212 to

deri ve

vari ous set-points to be used to control the processing equi prent

del i veringdhe fLUldoSLHELY of 23-Redl LimBemodiddsations

made by conparing sensor neasurenents of actual gravel d§p05|t|on
parametgrs t , edi_ct r.a rs t hen adj usting the del. for

inaccurg%?eé§%$é£§%%§lﬁ%aﬁﬁgggggstgg%ﬁe 6$§€e|a %ﬁijgﬁbntfgé ggﬁgqbefﬁﬁde by
ng actual. results to desired results and thenp adjusting_to achieve
MG 400581 SR RSV eP paek g EncF ddss BAER 29PN oa vor d

conpari
opti ma

free pack along the entire length of the co

np .
many faetoP’darBY c6R¥PAEIRY RREWA pr EBAFI Y FRedegiuoel rpaEKEPI aRd2gben

i ncl udi

qg wel | bore and formation
adijusting to achieve optimal results.

[0038] Successful gravel packing includes achieving a wvoid
free pack along the entire length of the completion interval.
Accordingly, many factors are considered when preparing the
gravel pack plan 202 including wellbore and formation
characteristics, including mechanical properties and
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 1is 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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characteristics, including nechanical properties and perneability to fluid
flow The gravel pack plan 202, which is a tinme based and | ocation based
description of the desired gravel deposition in the conpletion interval,
may be devel oped based upon enpirical data, nodeling, open |oop dynam c
prediction, optim zation algorithns or other suitable techniques. The
gravel pack plan 202 is used by control system 212 to derive the initial

set - POi BE8adHPe rksRd o O GOBET Olod e vaARiREeSebAL] §9Ui PPBALL deldgverithgnt he
fluid slurry. The gravel pack plan 202 is nodified in real tinme based upon

by estl ﬂ@é%fsé . %I’&ﬁgg%n?gnP%%é:yg%m 809§ 39{8%1&?0‘6«1%0'%%94 WU, Y g‘ft&%gs a

time base ed description of grave eposition

conpl etion interval ed_upon_cl.osed.] oop_nodel i.ng ysing fluid .24 behavi or
ool 5. PR CBRLaY VAo B dOFL L B F hEI a508s 1T o Rtar SEANES e FTke | n
conjunction wth data received from sensor array 208 and optionally, from
est i mat B¥NFRLeI VY Fh A dYRaRilc2§Pavel pack nodel 206. [0039] In the
illustrated enbodi nent, control system 212 received infaormation from gravel
pack pl &P03BL and Ty dif ¢ 11dMar&RtpackeRpedi M4, |FPTHAW L | VS €8Nt KOF

system 212 sends
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
equipment components including sand system 214, viscosity system
216, liguid additive system 218, fluid system 220, blender
system 222 and pump system 224. Each o©f 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
numercus actuators and meonitors associated with achieving
desired sand concentration, such as, blender tub level
controllers, blender height sensors, blender sand concentration
controllers, wvolumetric sensors, sand screw contrellers, blender
clean wvalve contreollers and the like. Similarly, viscosity
controller/sensor 216 represents numerous actuators and monitors

associated with achieving desired fluid slurry viscosity, such
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commands to and receives feedback from various processing equipnent
conponents including sand system 214, viscosity system 216, |liquid additive
system 218, fluid system 220, bl ender system 222 and punp system 224. Each
of these systens has various controllers and sensors that allow control
system 212 to rmanage each individual conmponent such that control system 212
is able tointegrate the entire fluid slurry processing and delivery

system 49, aghi eves t hey desisedrdesdd s .gd10040G O 2Rl € geSaRd scosity
controll er/sensor 214 represents nunerous actuators and nonitors associ ated

Wi th achievidig e desi [ed sand,congentdatd,an, sueh.as.DHl egderoiub-d evgh

controllers, blender hei ght sensors, blender~sand concentration

cont ol Leg sy 49l UTBLLLG, sensers. sandy schew cantiellergeablendse sglean

val ve contr e li Imlar VI SCOSI control I'er/ sensor 216

represents numerous agtuators .and nonitor associated wth achi evin
desiredS#T{ﬁ%’slgFFVl iséﬁ%ﬁfﬁf%ﬁﬂﬂFo%ﬁ¥é;%er(ﬁeQF&B'Ie%%é céﬁ?VSFFB?E, ge
hei ght sensors, gel viscosity _controllers, gel screw controllers, gel valve
control Perr &’  FREHFTRE L?%%mﬁ§8P1F%¥SeaéﬁSPFhﬁFﬁdadﬁFFPvea&@éﬁvﬁﬁgthe

fluid slurry, liquid additives controller/sensor 218 represents
certain desired fluid slurry properties, such as, liquid

additive tub level controllers, liquid additive height sensors,
liguid additive controllers, liguid additive wvalve contrcllers
and the 1like. Further, fluid controller/sensor 220 represents
numerous actuators and monitors associated with fluid input,
such as, fluid tub 1level contreollers, fluid height sensors,
fluid wvalve controllers and the like. Also, blender
controller/sensor 222 represents numerous actuators and monitors
associated with final Dbending and mixing of the censtituent
parts of the fluid slurry, such as, level contrellers and
sensor, speed controllers and sensor, temperature sensors,
viscosity sensors, 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 controllers 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 feedback to contrel system 212 to
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nuner ous actuators and nonitors associated with achieving certain desired
fluid slurry properties, such as, liquid additive tub Ievel controllers,
liquid additive height sensors, |iquid additive controllers, liquid
additive valve controllers and the like. Further, fluid controller/sensor
220 represents nunerous actuators and nonitors associated with fluid input,
such as, fluid tub level controllers, fluid height sensors, fluid valve

control Leggs) and e d 'gks%m Ab%o,t@éef}ﬁeersen%on%%hgﬁéﬁe o Jggn%greeor%ﬁ%m S

nunmer ous actuators and nonitors associated wth final and m xi ng of

the congfityent . payis;objphe fluid sfurdy. d%#%?eés’co'm veliGontrol lers and
sensor, speedrcontro er S and’ sensor, tenperatdr € 'sensors, VIscosity
sensors valgﬁ ntrollers aq%kiensors and the Ier“ I n.addition, punp

cont rol PEF 1 58hsbr U rept estnts UMt et it ors Snd HorfiY8Ps 14488ci at ed
W th deliveryoof the fluid slurry into the well, such as, speed controllers

and sendBfsf1oV giet RAAE IBTEose préssurblieenst?® et P4 ke. As such,

each of these systens 214, 216, 218, 220, 222, 224 receives commands from
and proVP@es] f eedBacksYot@onef oFheypreaeRl 2 ingenpéocrnable behae rhpsiramedf t he

present invention to prepare and
with various downhole systems including downhole tool system

226, downhole controllers 228, optional downhole sensor array
210 and optional dynamic gravel pack model 206. As described
above with reference to figure 2A, downhole tool system 226
includes various tool required for completing the well including
service tools, cross over tools, sand control screen assemblies,
wash pipe tools and the like. The downhole controllers 228 may
include various components for fluid 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 is preferably
implemented when the optiocnal downhole sensor array 210 1is 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 fluid behavior models,
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deliver a fluid slurry having the desired conposition at the desired flow
rate as well as nodify in real tine the conposition and flow rate based
upon the information from nodel 204. [0041] The system of the present
invention may be integrated wth various downhol e systens incl uding
downhol e tool system 226, downhole controllers 228, optional downhol e
sensor array 210 and optional dynam c gravel pack nodel 206. As descri bed

above wWhidsrebgseres: 1 fihosk e Zpgréj@é’\f'h@éﬁoép@lorﬂ’rﬁé@éﬂs?Z@nd' ppkudese
vari ous t ool reqU|red for conpleting the well including service tools,

Cross 0 I‘?r é $noSRA ﬁ%ﬁt}{ ol asc%re%caei% 'g‘%%m washL p p%r&%% ?'ad the

like. ole cont ers 228 may in e various conponent or fluid

f|OMICOPtéR£ q%@”ﬁ emggd§&¥n§ st.eny. E@%logtlongg?dgégggFflOﬁnsorkarray

210 may P hel arlous sensors for nonitoring gra |nclud|ng

pressure sors cosity sensors, tenperature _sensors, velocity sensors,
speci fi® @?Q %lrSZOé/c‘bCH‘HMﬁc\ﬁttef §”éﬁ§op‘§deﬂl gi°d (’58rr§5§vt1%8n t&énsors
and the |iKke. The opt i onal {nanlc gravel pack nodel 206 is preferably

i mpl eneht®Y SHETANRE Pt iS6RAIELdSRRRBE B SR nEOr R reffART o ilmtegyel - Model
206 provides a tine based and | ocation based description of gravel

deposi t {®#¢3h t heedemlieg aww Mierikgure 4, therein 1is depicted a flow

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 figures 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 techniques.

{0043} In the illustrated embodiment, a gravel deposition

signal 304 is output from gravel pack plan stage 302 1in 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 (r). 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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based upon cl osed | oop nodeling using fluid behavior nodels, 27 mass
conservation nodels, gravel deposition nodels and the like in conjunction
with data received fromsensor array 210. Preferably, in enbodi nents that
utilize dynam c gravel pack nodel 206, nodel 206 communi cates w th nodel
204 to provide real tinme estimtes of gravel deposition in the conpletion
interval. [0042] Referring nowto figure 4, therein is depicted a flow

di agr amyof , ope-gabadient 0 12 AYALERLLAT QBT 210 At ayelc denositian in a

subt erranean we ance wth the present " 1nvention
general |y desi natgf 30q§ Sgsten13 0 can be ed to _conduct. and ntrol the
gravel QbpbSttFon' Tt oess BEThG © LRSS 0 Gt 4y oo Padl Eanm Gt ool Aterdal 58
as described above wth reference to figures 2A-2F. G avel pack plan 302 is
a time Shased ahtPY ocit THH baREPITSES ptIH of2% hS ks rsd Gravét1on,
deposition in the conpletion interval and nmay be devel oped based upon
enpi ri calS@EEY nodéldudg, apeht 1 wp dyAarre predi dtlicsh, rabpti M atfiload
al gorithms or other suitable techniques. [00433 In the illustrated
enbodi nehtrra pravefrt deposigieh 38§BgnalTi804ravedut patk f pbamgr aseldrpaek pl an
stage 302 in the form p = f(t,z,r) where gravel deposition (p) is a
functi ofiepbsition signal 304, is compared against the current 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
properties, as error signal 316, to summing stage 318. To
provide the correction, the ocutput signal 320 of stage 314 can
be multiplied by a predetermined gain matrix 322 then processed
through conversicn inverse matrix 324. In this stage, the
inverse of the gravel pack model is used to convert the error
correcticn 1input to a usable form (e.g. sand concentration,
viscosity, ligquid additives, fluids, flow rate, etc.) for
controlling the fluid slurry properties. Specifically, this
stage decouples the cross couple o¢f 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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time (t), longitudinal position within the conpletion interval (z) and
radial position within the conpletion interval (r). As such, the gravel
deposition function represents the placenment of gravel pack sand at point
(z, r) at time (t) A conversion 28 matrix 306 uses gravel deposition signal
304 as a feed forward of the gravel pack plan to determne a feed forward
of the fluid slurry flom/strean1properties such as sand concentrati on,

vi scosi tave | Lo deadilatires. Ly andyf] W a5 1 4 thy sl LEEY che

properties signa he grave as gr ep03|t|o si gna

304, 1 SEOUMALSAL QA tduteh%ocséyegglazggeofetsge TSl 9 WG 0 avel

4s state signal 3 sunmi ng st age The error

of the versus th Ianned tate ~can_then sed to provide a

orrect?@%ﬂﬁf 3ﬁﬁ|ﬁ%fgﬂﬁn?§ Ft¥pertd est? %h%rf8?m398ngﬁ 3fé>rrf38rc nm ng
st age 318 To provide the correction, the output S|gnal 320 of stage 314

can befhtd i RTIRIF By & Preederdr mlr’?e(fe&altﬁ FRFPRAZY2 C-REN SEPEEed$8d O

t hrough conversion inverse matrix 324. In this stage, the inverse of the
gravel perkrapielhe scogedndoveshosr B3Rhavhéchoris cled ek®i eAntRpLt SY6t&musabl e

form (e.g. sand concentrati on,
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.

[0046] Dynamic gravel pack model 310, which may include both
a surface and a downhole model as discussed above with reference
to figure 3, 1s used to estimate the current state of gravel
deposition in the completion interval in real time. This
estimate 1s 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 Dbehavior models such as Navier-Stokes eguations, mass
conservation models, gravel deposition models and the like that
are known those skilled 1in the art, to estimate gravel
deposition in the completion interval in relation the rate and

volume at which the fluid slurry is pumped as well as the
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viscosity, liquid additives, fluids, flowrate, 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
i ndependently. The output of conversion inverse matrix 324 is then adjusted
by cross coupled tenporal delay stage 326. Del ay stage 326 ensures all the
inputs are driven at the sane tinme context. For exanple, 29 rate can be

changedpi-gstapily, Jput (MLSCOSI{Y k3udelayedmbyiethes; i @%ntrgygé tLidHp sque to
the hol d-up of the volune of the well.” [0045] The output of stage 318, in

t he forquglkhggc?%%%%&qﬁ%igégé%ﬂﬂ§%§ﬂf%%S&E”ﬁ%agégem%ﬁg e?gkggﬁgﬁg%ﬁgntro

vector stage 3 gene e the comrmand vector

system 334. As_descri bove with reference to figure 3, control __system
334 gen&rares varidls %ﬁ?vgxéiéﬁfﬁ§c§§g f5F58§E?r&Fh|ﬁfrgﬁﬁ§agéubo 3%ents

338 that are used to nake and deliver the fluid slurry. Control system 334
recei ves"feedback®3i gnal s 340 from surface conponents 338 and may incl ude a
state feedback decoupling stage to renpbve nonlinearities. [0046] Dynamc
gravel Pa8&7hodelMaAp! \%gcrﬁwqtrﬁﬂ uié Bdth carsertacEadtd af damdslle
nodel as discussed above wth reference

deposition and generates state signal 312 which 1is wused 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 302 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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to figure 3, is used to estimate the current state of gravel deposition in
the conpletion interval in real time. This estimte is based in part on
real tinme sensor data from sensor array 342, such as those sensors

descri bed above as surface sensor array 208 and downhol e sensor array 210.
Model 310 uses fluid behavior nodels such as Navier-Stokes equations, mass
conservation nodels, gravel deposition nodels and the |like that are known

those skjhb@thdrit 4 ner af e ir%é%i&tl'dﬂitmﬁl 91 aelapderesi tt'oorriae'r%otn@e <%QnRkat i on
interval in relation the rate and volunme at which the fluid slurry is

punped a3 g\ﬁ% % J.ngé)f@rpceé t%&%yﬂ! &Jé%rfll LHJ.Q) IurI 1%%@1'&:[%%%:(%8‘” al so
nodify 1tse nparlng actu results of neasurenents ‘obt @i ne

sensor aré 340 tgiQre %ted resul to gcarrect for an% |n%§cura0|e

[0047] Mbde &8%0f TR rrent*?ﬁmﬁe of g7 AVeT® deptsi t iP0H tand
gener at es s%ate si gnal 31 ich is used to determne the error in the

cur r ent "SEAt EFIT AT KEF A ge8f§te in summing stage 314 as descri bed
earlier. Model 310 can also supply the sanme information to allow grave

pack plan 302 to be updated to a new gravel pack plan using an adaptive
system
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wi thin stage 302. Specifically, the gravel pack plan 302 is determ ned 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 predeterm ned val ue, an adaptive nodel w thin gravel pack plan 302 then
adjustélthe desired gravel deposition over the remaining tinme for the

process - Tt"Detter achieve the desired performance. [0048] Wile this

i nventi on has been described with reference to illustrative enbodi nents,
this description is not intended to be construed in a limting sense.
Various nodifications and conbinations of the illustrative enmbodi nents as

well as other 3A espetementtorof adteinimierd i oprawel beepppatentt t airpersons
skilled in the art upon reference to the description. It is, therefore,

i nt endedmp hat i dheirppendeds £l fi el BENcomPasssody Sotehr 1 ek f i cations or
enbodi nents. 32 Clains: 1. A systemfor optimzing gravel deposition in a

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

a dynamic gravel pack model defined in a computer that is
operable to receive data from the sensor system 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 model, wherein the gravel deposition
estimates of the dynamic gravel pack model are input into the

control system to automatically modify the gravel pack

deposition plan.
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completion interval of a well, the systemconprising: a punping system
operable to deliver a gravel pack slurry to the conpletion interval; an
actuat or system operable to control properties of the gravel pack slurry; a
sensor system operable to nonitor paraneters representative of gravel
deposition in the conpletion interval; a dynam c gravel pack nodel defined
in a conputer that is operable to receive data fromthe sensor system and
provide estimates of gravel deposition in the conpletion interval; and a
control system operable to control the punping systemand the actuator
systemin relati'dretavatgrapel yesck afeposi ¢4 anmplawheaed it Hadyaaiat g avel
pack nodel, wherein the gravel deposition estimtes of the dynam c grave
pack negeterar Eurtpet totpribes eonfleaktsyskemit @rawanstcal teyl avoihid ytd he
gravel pack deposition plan. 33 2. The systemas recited in claim1l wherein

the acésedolisisysg ephburddiel eonPEhsLst bnl e@strnegebvan adat oTuFLfati ng
to establishing the sand concentration of the gravel pack slurry, an

actuatoy Lelatidg 10158148l t8hbRg bhE oWl SE0ShEY AlsdE (& Welthe 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 or 2 wherein the
sensor system further comprises at least one of a surface sensor

and a downhole sensor.

4. The system as recited in any of claims 1 to 3 wherein
the sensor system further comprises at least one of a pressure

senscr and a fluid flow rate sensor.

5. The system as recited in any of the preceding claims
wherein the dynamic gravel pack model further comprises a fluid
behavicr model, a mass conservation model and a dgravel

deposition model.
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pack slurry and an actuator relating to inputting at |least one Iliquid
additive into the gravel pack slurry. 3. The systemas recited in claim1 or
2 wherein the sensor systemfurther conprises at |east one of a surface
sensor and a downhol e sensor. 4. The systemas recited in any of clains 1
to 3 wherein the sensor systemfurther conprises at |east one of a pressure
sensor and a fluid flow rate sensor. 5. The systemas recited in any of the
preceding clains wherein the dynam c_gravel pack nodel further conprises a
fluid beha®ior TRIeFYSheRasS corseredt Bn dMydert ahbea Ryesrsl i N epbai®s on
nodel. 34 6. The systemas recited in any of the preceding clains wherein

t he grelveteteposiet ignaest i depesishonhesslyimmies grdvethe pdekamidel guaesl
automatically error corrected based upon data fromthe sensor system 7.
The sys&em amdedci hed iauamyatofcdley peeeedi ngoct@cted Wisierl nupba dyHedn ¢
gravel pack nodel further conprises a time based and |ocation based

descri ptbpncid gLyel geposhtion in the conpletion interval.

7. The system as recited in any of the preceding claims
wherein the dynamic gravel pack model further comprises a time
based and lccation based description of gravel deposition in the

completion interval.

8. The system as recited in any of the preceding claims
wherein the gravel pack depcsition plan further comprises a time
based and location based description of the desired gravel

deposition in the completion interval.
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8. The systemas recited in any of the preceding clains wherein the gravel
pack deposition plan further conprises a tine based and | ocation based
description of the desired gravel deposition in the conpletion interval, 35
9. A nmethod for optimzing gravel deposition in a conpletion interval of a
wel |, the nmethod conprising: punping a gravel pack slurry into the
conpletlon |ntervaI@8ﬁgE |to |ng araneters re reant ive of grave

deposition “in the 5 ont R&ﬂlz%ﬂﬁlnﬁ hGL gr 86BPSGEFSSi tildh iB the
conpletion interval in nam c_gravel pack nodel based at least in part
upon tﬁ@mph%ﬁ%@%rb@t%’é‘ﬁahe@ r&: wahd aubongtled | gomEi $y%y a first gravel
pack deposition plan |nplenented by a control systemthat controls the
conposi ti onpuaptnguapingvel paek gs avety packo st hue ryolyasedi apoint devagk avel
deposition estimtes of the dynam c gravel pack nodel. 10. The nethod as

recited in mbaitwdinderRinan@Ridor roprepahagei €€s depyesedliat dyeooit gravel
deposition in the conpletion interval further conprises nonitoring the

par amet gr s Lhngter | £851n00e Q1 ; a surface sensor and a downhol e sensor.

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 o©f the gravel pack slurry based upon the gravel

deposition estimates of the dynamic gravel pack model.

10. The method as recited in claim 9 wherein monitoring
parameters representative of gravel deposition in the completion
interval further comprises monitoring the parameters with at

least one of a surface sensor and a downhole sensor.
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36 11. The nmethod as recited in claim9 or 10 wherein nonitoring paraneters
representative of gravel deposition in the conpletion interval further
conprises nonitoring at |east one of a pressure sensor and a fluid flow
rate sensor. 12. The nethod as recited in any of clains 9 to 11 wherein
estimating gravel deposition in the conpletion interval in a dynamc gravel
pack nodel further conprises nodeling fluid behavior, nodeling nass
conservation and nodeli ng gravel deposition. 13. The nethod as recited in
any of claifk-9 ?%?12m%%%9%iHases¥??&ﬁ¢%g gt aveladepodi t$Bn 1Hh tHeerein
conpletion interval in a dynamc gravel pack nodel further conprises

aut omandehl Pying opreanehgrer repsesantheivedef Basee lupepasia ironiitrorde
paranmeters. 14. The nethod as recited in any of clainms 9 to 13 wherein

est i matomgl gt evel i dieposati 60rthetheosprpketi aBninbeival aitn laeastynad cofr avel
pack nodel further conprises developing a time based and |ocation based

descri pthans OfrIrsvelofensi i oMuid they conwl &tigninterval . 37

12. The method as recited in any of claims 9 to 11 wherein
estimating gravel deposition in the completion interval in a

dynamic gravel pack model further comprises modeling fluid

behavicer, modeling mass conservation and modeling gravel
depcsition.
13. The method as recited in any of claims 9 to 12 wherein

estimating gravel deposition in the completicon interval in a
dynamic gravel pack model further comprises automatically
correcting errors in the model based upon the menitored

parameters.

14. The method as recited in any of claims 9 to 13 wherein
estimating gravel deposition in the completion interval in a
dynamic gravel pack medel further comprises developing a time
based and location based description of gravel deposition in the

completion interval.
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15. The method as recited in any of clains 9 to 14 wherein the gravel pack
deposition plan further conprises a tine based and |ocation based
description of the desired gravel deposition in the conpletion interval.
16. The method as recited in any of clains 9 to 15 further conprising
automatically inplenmenting a second gravel pack deposition plan if the
gravel deposition estimnmates of thnggynanic gravel. pack nodel_ deviate from

the first gtavel IPacketPPAnaByr8Cptedet Br APHed Tafd@it™s £7.5 &4 st s o?

optim zing gravel deposition in a conpletion interval of a well, the system
conpr i sh@goravpdnmans syeresd oper ablant ¢ uddhevercenpf sves padk ™ upgsedto
the conpletion interval; an actuator system operable to control properties

of theangr dvebkt paak balsedr We sscxdigynihgl eoBenker degstred eperaddl edd oo dor
paranmeters representative of gravel deposition in the conpletion interval;

a downhgl endyhanp Ce & @Y einPaskanpdel defined in a downhole conputer that is
operable to receive data fromthe sensor system and provide estimtes of
gravel deposition in the conpletion interval;

16. The method as recited in any of claims 9 to 15 further
comprising automatically implementing a second gravel pack
deposition plan 1if the gravel deposition estimates of the
dynamic gravel pack model deviate from the first gravel pack

plan by a predetermined amount.

17. A system for optimizing gravel deposition in a
completion interval of a well, the system compriging:

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

an actuator system operable tc contrcl 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;
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38 a surface dynam c gravel pack nodel defined in a surface conputer that
is operable to receive estimates fromthe downhole dynam c gravel pack
nodel and provide estinmates of gravel deposition in the conpletion
interval; a control system operable to control the punping systemand the
actuator systemin relation to a gravel pack deposition plan and the
dynam c gravel ck nodel s, wherein_the gravel, _deposition.estinmates of the
surface dyn%nﬁ%3%¥5V%l BRI o dERVedr L3 Thul°Ffit o EﬁéjﬁﬁﬁtFBIE%ngEﬁ?F%
automatically nodify the gravel pack deposition plan. 18. The system as
reci t eHOTMRUERA] F1E? WHePEISTHE &Gt ARG Ve sttt higFoe obpe i desnapleeast
one of an actuator relating to establishing the sand concentration of the
gr avel dpaekis| ugrgyel anpackuatodet el anfingptovede abésshiragesheofi sgosvey of
the gravel pack slurry and an actuator relating to inputting at |east one
| i qui daagdstitveni hhothbecgmpvet ipacknseuray; 19. The systemas recited in
claim17 or 18 wherein the downhole sensor system further conprises at

l'east one of BonPLEISULL BRI Yera® ¥l SCOHINK FANSAe SubSIRET 8LLF EnSLAJOT, @
vel ocity sensor, a speCific gravity sensor, a conductivity
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.

18. The system as recited in claim 17 wherein the actuator
system further comprises at least one of an actuator relating to
egtablishing 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.

19. The sysgstem as recited in claim 17 or 18 wherein the
downhole sensor system further comprises at least one of a
pressure sensor, a viscosity sensor, a temperature sensor, a
velocity sensor, a specific gravity sensor, a conductivity

gensor and a fluid composition sensor.
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sensor and a fluid conposition sensor. 39 20. The systemas recited in any
of clainms 17 to 19 wherein the downhol e and surface dynam c gravel pack
nodel s further conprise a fluid behavior nodel, a mass conservation nodel
and a gravel deposition nodel. 21. The systemas recited in any of clains 17
to 20 wherein the downhol e and surface dynam c gravel pack nodels further
conprise a tinme based and | ocation based description of gravel deposition
in the conpletion interval. 22. The systemas recited in any of clainms 17 to
21 wherein the gravel pack deposition plan further conprises a tine based
and | ocati oA®basedcdex st Pti Gif off echéeesiPed®iyr avel depds tildn tA the
conpletion interval. 40

wherein the downhole and surface dynamic gravel pack models

further comprise a fluid behavior model, a mass conservation

model and a gravel deposition meodel.

21. The system as recited in any of c¢laims 17 to 20
wherein the downhole and surface dynamic gravel pack medels
further comprise a time based and location based description of

gravel deposition in the completion interval.

22. The system as recited in any of c¢laims 17 to 21
wherein the gravel pack deposition plan further comprises a time
based and location Dbased description of the desired gravel

deposition in the completion interval,
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