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Why bother with connectivity? 3ayem Ham CBA3HOCTbL?
Connectivity is everywhere! CBA3HoOCTL — Be3pe!

 We depend on connections Mebl 3aBUCKMM OT BCSKOro poga cBsiseun
— Flip switch & lights come on - LenkHynu BbIKto4aTenem 1 3aXrnu ceeT
— Drive & get to destination - Cenu B MmawmHy n gobpanucb Ao
MecTa Ha3Ha4yeHud

« We also need reservoir connections

* Hawm Takxe Heobxoanma nHdopmaumsa o BHyTPEHHEN =
CBSA3HOCTM MnacToB =




70 years’ of connectivity
70 neT UCTOPUU U3YyYEeHUA CBA3HOCTH

“...discontinuous variations in
permeability...provide the
explanation for large variations in

production capacities frequently
observed...” (Muskat, 1937)

“Detailed knowledge of sand-channel
... stacking and connectedness
are essential ... within fluvial
systems.” (Henriquez et al, 1990)

“Connectivity represents one of
the fundamental properties of a
reservoir that directly affects
recovery.” (Larue and Hovadik, 2006)

5

“...BHe3anHble U3BMeHeHUus

NMPOHMLAEMOCTUN NO3BONSAOT
OOBACHUTb NPUYMHBI 3HAYUTENBHbIX
N3MEHEHUN O00bIYN, KOTOPbIE YacTo
HabnogatTes Ha npakTuke...” (Muskat,
1937)

“Ham HeobxogmMbl TOYHbIE CBEAEHUS O
cucTeEMax HaKOMMNeHUA N BHYTPEHHEU
CBA3HOCTU PYCIOBbIX MECYAHUKOB ... B
PeYHbIX CUCTEMAaX OCaKOHAKOMMEHUS.

"(Henriquez n gp., 1990)

“CBA3HOCTb eCTb OZHO 13
doyHAaMeHTanbHbIX CBOUCTB
KOMSIeKTOpa, OT KOTOPOro Hanpsmyto
3aBUCUT KOS PULMEHT N3BNevYeHns.”
(Larue 1 Hovadik, 2006)
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Thief zones 30Hb! NOrNOLLEHNS,

HW3KOro AaBfieHNS
Bypassed regions Llenukun, HepaboTatoLme nnacTbl
Connectedness CBSI3HOCTb
Continuity BbloepxaHHOCTh, HEMPephIBHOCTb. ..
Communication CBs3b Neutral
Sl . He Tak

onductivity POBOAMMOCTb e

Tortuosity Wseummctocp
Compartmentalization PacuneHeHHOCTb N0 BepTUKany,

BEpTUKalibHaaA CBA3HOCTb Mnacta

Barriers Bapbepbl NpoHMLaeMocTu
Flowpath obstructions [penaTcTeBuma Ha nyTu ABWKEHWS
dnionaa

6
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ction methods

wieTOAbl NMPOTrHO3NPOBaHWA CBA3HOCTU
« Static « CraTtnyeckne
— Do not need flow — He TpebytoT gaHHbIX 400bIYM
— Examples — [Npunmepsl
« Averaging core data » OcpefHeHVe JaHHbIX aHanusa KepHa
« Percolation * OunbTpauus
» Geometrical * AHanma reomMeTpuyecKkux napameTpoB
* Dynamic « [NunHamunuyeckne
— Use flow data from — Wcnonb3yloT gaHHble
Improved recovery NHTEeHCcUUuKaummn goobIum
processes — Mpumepbl
— Examples « Bpems npopbiBa Bogbl UnNu rasa
« Breakthrough time * AHanus c npumMeHeHnem
« Tracer analysis paguoaKkTUBHbBIX N30TOMOB
» Capacitance model » [locTpoeHne eMKOCTHOMN MoAENU
2 Multi-well productivity » OueHka nokasaTtens NPOAYKTUBHOCTHU

index HECKOIbKNUX CKBaXXWH



* Model assessment .

Connectivity applications
CBA3HOCTbL NnacTta: obnacTtv npuMeHeHus

screen geostatistical realizations

compare competing geological _
models

assess impact of geological

OueHka moaenwu
— Bbibopka reoctaTUCTU4ECKNX

peanusauum mogenen

CpaBHeHME paBHO3HAYHbIX
reoriorm4ecknx Moaenen

OueHka BNUAHUSA reoriorm4ecknx

characteristics XapaKkTepucTmk
' - KoHTponb paspaboTku
* Field management MeCTOpPOXAeHUsA

screen data —

adjust injection and production B
rates

identify & risk drilling strategies

assess need/effectiveness of —
remedial measures

calibrate fluid flow simulation

g models

Beibopka gaHHbIX
KoppekTupoBka aebutor nobbium
N HarHeTaHu4

[MnaHnpoBaHne 6ypoBbIX paboT u
OLleHKa puUCKOB BypeHUs

OueHka HeobxoaMMoCcTn un
9O PEKTUBHOCTU PEMOHTHbIX
paboT

YTo4yHeHne moaeneu punbtpauum
dorntonga



Many things affect connectivity in geological systems

CBA3HOCTb BHYTPU reoJiorm4eCknux CUCtem 3aBMCNT OT MHOIUX CbaKTOpOB

« System properties
— Size
— Dimensionality 2D or 3D
« ‘Sand’ properties v A
— Amount (net-to-gross)
— Size
— Qirientation
— Aspect ratio

— Configuration r
» Side by side
» Overlapping

« CBOWCTB reofiornyecKmx cucTem
— Pa3mepa
— PasmepHocTu (2D nnmn 3D)

« CBOWCTB NPOAYKTUBHbIX NNacToB
— [lecyaHucrocTy
— MouyHocTm
— [lpocTpaHCTBEHHOrO NONOXEHWS/OPUEHTALMN
— CooTHoLLeHus pa3mepoB
— Xapaktepa 3aneraHus

9 * [lapannensHo / Ha 0gHOM CTpaTUrpadoMyeckoM YPOBHE
* TpaHcrpeccuBHO / Ha pasHbIX CTpaTUrpadnYeCcKnX YPOBHSIX



Geosystems and percolation - N
eonornyeckune cucremol n punbTpaums ,

A
200 M
AVERAGE

« Percolation =
connectivity of
random systems

— Beganin 1940’s
— Many applications

 OunbTpaumsa = CBA3HOCTb
Clly4auHbIX CUCTEM

— Havano nsy4vyeHuns — 1940-e
roabl

— O6nacTtu npMMeHeHus 0.4 km

Traffic |  [BVxeHue aBTOTpaHCHOPTaH
For.est fires  JlecHble noxapsbl P
Fluid flow . dunbTpauus IonLos B

 Reservoir systems

, * Cucrembl NpoaYKTUBHbIX
have unpredictable

MN1acTtoB Henpeackasyembl

aspeF;ts Mo MHOMMM napameTpam:
B cS):iZeenS:t:t?odns — Pasmepam n 3aneraHuto
_ Clusters vs — DopMMpOBaHUIO TPy UK
, NHONBUAYaNbHbIX OO bEKTOB
dispersed

10 Modified from Kuuskraa et al., 1997




Obcyxn

« Two wells in sand not enough

Percolation is about connection

ad Teopuro d)I/InI:TD UM, Mbl roBOPUM O CBA3HOCTMU

— A and B disconnected
— B and C connected

* Percolation theory tells us
— Probability of wells in same

— Fluid travel time between wells

cluster

- Easy and fast to calculate

« Assumptions often include .
— Sand geometries
— Two rock types
— Unit mobility process (travel

11

time)

Htia B | D

[OByX CKBaXXVH Ha OAMH NecYaHbIN UHTepBan
Hea4oOCTaTO4YHO

— A n B He nmetoT cBAa3n

— B 1 C cBd3aHbl mexagy cobon
Teopus cpunbTpaunm roBOpuUT Ham oO:

— BeposaTHOCTU BypeHuns CKBaXmH

Ha ofHYy rpynny o6bLEKTOB

— BpemeHu aBmxkeHna dononga Mexay CKBaXuHamm

PaccunTtbiBaeTcs nerko n 6bICTpoO

lNMpepnonoXxeHUsa 4YacTo BKIOYaKOT
— [eomeTputo necyaHbIx TEN
— [Ba Tuna nopopg
— EanHunuy namepeHnsa MobmnnbHOCTU (BpeMs OBUKEHUSA)



Example 1: Monument Butte Field
[Mpumep 1: MectopoxaeHne Monument Butte

Fluvio-lacustrine

Approximately 17 thin
zones

Many areas already drilled
to 40ac (16hec) spacing

Apply percolation to NW
target area
— Approximately 35 wells
— 6 sg mi (1600 hec)

Tasks for target area

— Define zone-by-zone
probability of connection
vs well spacing

— Estimate uncertainties

12

O3sepHo-anntoBunarbHblie haumn
OocagKoHaKonneHus

[1o 17 manomoLlHbIX UHTEPBANOB

MHorne y4yactku yxe pasbypeHsol
(NIOTHOCTL ceTkn - 1 ckB. Ha 16 ra)

[lpmeHeHne Teopun punbTpaunmn Ha
ceBepo-3anagHoOM LienieBoOM yyacTke

— Ok. 35 ckBaXuH
— 6 kB. Mmunb (1600 ra)

3apgauun nccrnegoBaHus LEeneBoro yvyacTka:

— OueHUTb BEPOATHOCTb MOMHTEPBATbHOM
CBSI3HOCTW NIIaCTOB OTHOCUTENbHO
MNNOTHOCTWN Pa3MeLLLEHUSI CKBaXKWH

— OueHnTb HeonpeaeneHHOCTH



Monument Butte connectivity evaluations

OueHka cBa3HOCTK nnactoB MectopoxaeHnsa Monument Butte

[lo KaXkaon 30He
HeobOXxoAuMbl cnegyroLne
ANaHHbIE:

— «Pasmepbl» necyaHoro nnacra
— KoadpduumeHT necyaHUCTOCTH

* Evaluated connectivity. Quenka cBszHocTn nnactos ¢

« Data needed for each °
zone
— Sandbody “size”
— Net-to-gross ratio

using MCMONb30BaHUEM:
— Percolation model — Mogenun punbTpaLui
— Monte Carlo simulation = — MogenupoBaHuda no metoay
— Simplified geometrical «MOHTE-KapTo»
approach — YnpoLleHHoW reomeTpusaLmm

— MopenupoBaHusi pa3paboTku
3anexwu

— Reservoir simulation
13



Monument Butte Zone D1 connectivity: Percolation agrees with 3 other methods
M-Hue Monument Butte, cBA3HOCTb 30HbI D1: OueHka hunbTpayum cornacyeTtcs ¢

pe3yrnibTataMu Tpex Apyrux MmetogoB

O
oo

- simple geometrical model
] rlpocTasi reomeTpuyeckasl Mmogesib

— reservoir simulation

MopoenupoBaHue pa3paboTku 3anexu

O
(o))
|

Monte Carlo estimates
~ OueHka no MeToay «MOHTEe-Kapro»

/ ercolation estimate with error bars

LieHKa ounsTpaunm 1 ee NOrpeLlHoCcTH

O
AN
|

=)

N
|
4

-
-
-
| | - e

o

BGPOHTHOCTb CBA3HOCTH paGOTbI ABYX CKBaXUH
probability of two wells connecting
V4

0 T 2000 4000 6000 8000 10000
20ac well spacing (ft) |
40ac 3000 m

MNOTHOCTb CEeTKU CKBaXXUH

Modified from Li et al., 2009



Percolation summary
UToroBsas oueHka domnbTpauuu

Static method

Allows for random
aspects of connection

Quick to compute

Useful for scoping

studies

NlAan
INCO O

ds
— “Simple” geology
— Sand geometries

— Sand proportions

_No simulation needed

CtaTnyeckun meton

[lo3BONSEeT oUueHUTb cryvYanHble
acnekTbl, BNuaowme Ha
CBSI3HOCTb

BbICTpbIN pacyeT

[lones3eH onsg npegBapuUTeEnbHOU
OLEHKU

Hy>XHbI

— “lNpocTasa” reonorus

— OueHka reomeTpun nec4aHoro nnacra

— OueHKa necyaHUcTocTn (3pdekTnBHON
MOLLIHOCTN)

— MopenupoBaHusi He TpebyeTcs



Dynamic connectivity: Well-by-well material balance
OduHammnyeckasi CBA3SHOCTb:

OueHKa maTepuanbHOro 6anaHca No CKBaXXMHam

A W,

o

Injection well
HarHeTaTenbHasi CKBaXXuHa

A measures influence of well / on producer j
A onpeaenser BNuUsHWE CKBaXWHbI i Ha 400bIBAIOLLYHO

CKBaXXMHY J
O Production well
qj NobbiBaioiliasi CKBaXXuHa

dp
¢V, P 2 Wi =4,

change in stored fluid = fluid in - fluid out

N3meHeHne obbema akkyMynupoBaHHoro drntomaa = obbeMbl 3akaykm — 00beMbl 0TOOpa

16



Dealing with response delays, t
OueHKa BpeMeHU 3aepPXKKN T

- convert p to flow rate g and BHP pwf
* npeobpasoBaHue p B OebuTbl g n 3aborHOe OaBreHune p,,

17

i Py i|_s . _| &by
) = 2 AW =g =
dt dt i J ;
W.
XYY
/’Q’ Injection Pulse Production Response
TemMmn HarHeTaHus BospacTaHiie 400biti

fe.




The ‘capacitance model’
EMKoCTHasa mogensb

—tlt
q,(0=2.4

NPEe*CHUU  BAUAHUE

J‘Wie_t'”dt' +q,+ f(p,,)
.

NPOCHO3 GRUsAHUE 5 predicted waterflood prior bhp
= + yposeHv + 3a001iH020 _ = + .+
000bIYU 30A600HeHUs production effect production effect
000bIYU  O0aABJIEeHUS
« Problem is similar to « Ota npobnema aHanorn4yHa npobrnemawm,
electrical network prob|em BO3HUKAKLLNM B 3NNIEKTPUHECKUX CETAX
e Uses existing waterflood * MCI'IOJ'Ib3yeT AaHHblE 3a1€PXXKN BPEMEHU
responses Ha4dalla BbITECHEHUA MNMPU 3aBOOHEHNI
« Need to estimate 2 « TpebyeTtcsa oueHKa OBYyX NapamMeTpoB,

parameters, A and t ANT

18



Calculating the \’s and 1’s
PacueT napamMeTpoB A uU 1

Use injection and production ¢ Vicnonb3ynte aaHHble HarHeTaHUS U
data [,00bI4K

 Hawngute 3HayeHuns A u t, KOTOpbIe galoT

Find A’s and t's which give HaUIyYLLyH COrNMacoBaHHOCTb C AaHHbLIMY
best production match ncTopum JoobIYn

150

125

100 +

5~

50 A

— Actual Production

Production rate (Total B/D)

25 ~
——Modeled Production
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Best fit A’s and t’s across all well pairs history matching production
MakcumanbHoe coBnageHue 3Ha4eHUn A U T NO BCeM napam CKBaXXUH
obGecneynT cornacoBaHHOCTb MoAesiM C AaHHbLIM UCTOPUM [00bLIYK
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Testing the \’s and T'S
2

NMrnAPDANRYA 25LIAUALIE A
“puncpnaonaﬂcn MAWNT

« Compare with production excluded from history match
« CpaBHUTe C AaHHbIMUX AO00OLIYM Oe3 cornacoBaHuA ¢ CTopuen [4oObLIYN

90
80 - - Actual Production
5 -Modeled Production ,p
= 70 1 : : {
o = = Predicted Production M
£ 60 1 A
< v \ L s
t SD N ,1“1, - fh‘- Y - 1 B ‘:"_%"IQI.F.__."'-_:‘.
E " :-"l:51 .:, _'J !V‘-“Fh;rﬁ} E_‘,.__._, .::;.":::ft’.o:_' :: 1:_.‘ -11..?-. _I.:!
S 40 4 P T A v AV L
= i o‘_(r‘ L/ il ¥ i\
__g 30 - AN Ir“l
= 1\ '
o 20 ] ‘...__{.. — :‘._\-”_!:?;_J:- T
o \V
a 10 4+ v
D | | T T T T T T T
S N R S qgé‘ N
N CANEE N A A A A A
21 Time




Testing the A’s and t’s
MpoBepka 3HAYEHUN A U T

» Create vector maps using A’s .
and/or t’s
« Compare with other data (e.g., .

channel orientations)

Gross-sand thickness and A\’s
OOwan MOWHOCTb NacTa U 3Ha4YeHus A

Ncnonb3ys 3HadyeHns A n/nnm ,
MOCTPONTE BEKTOPHbIE KapThl

[lpoBeguTe cpaBHEHME C
OPYrMMy OJaHHbIMU (Hanpumep, ¢
OpVEHTaUnen peydHbIX pycen)

A values and directions
3HayeHua A u HanpaBreHus

Tidal Channels Shoreface
MpunueHo- | | " MpubpexHas 3oHa
OT/IUBHbIE I

NMPOTOKU

Flood tidal-delta
ObnacTb 3aTtonneHnsa —
NpuUNUBHas gensra

180

[No Zaitlin and Shultz, 1990

22



Example 2: How do we use the results?

NMpumep 2: Kak ucnonb3yrTcs pe3yribTaTbl OLEHKN?

« Well A CkeaxunHa A
— 3 injectors with good connectivity
— 3 HarHeTaTerlbHblE CKBaXXWHbI C xopomeVl CBA3HOCTbIO

— 3 injectors with poor connectivity
— 3 HarHeTaTenbHble CKBaXXWHbI C NIIOXOMN CBA3HOCTbLIO

e WellsB&C KBaXXUHbl B n C @

— Little connection with existing injectors
— [lnoxas cBA3b C CYLWECTBYIOLWMMN HAarHeTaTenbHbIMU CKBaXKMHaMM
— Needs injection wells along channel axis

23
— HeO6XO,EI,I/IMbI HarHeTaTtelibHbl€ CKBaXXUHbl BAOJIb OCU PYCJ10BbIX KaHAJ10B



Example 3: North Buck Draw

NMpumep 3: MectopoxaeHue North Buck Draw
+ Gas injection  HarHeTaHue rasa
- Two proposed geological * PeANoxXeHbl 2 reonornyeckme
models Moaenu
— Sellars and Hawkins (1992)  — Sellars and Hawkins (1992)

 MHoOronnacrtoBbie NecyaHukn oTmMmerneun
N PYCMNOBLIX OTIIOXEHWUM

« Xopollas BblAEPXaHHOCTb

» Stacked point bars,
channels
» Good continuity

— Gardner et al. (1994) — Gardner et al. (1994)
° Pe‘-IHbIe-SCTyapVIeBbIe OTITIOXKXEeHU4

* PeyHble OTNnoXeHus ¢ Xopownmu
KOJTJTEKTOPCKNMU cBoMCTBaMm

« BnoxeHHble 3cTyapueBble OTNIOXEHUS
CHMKaIOT BEPOATHOCTb MEXMNNAaCTOBbIX
NepeToKoB

* Fluvio-estuarine deposit
* Fluvial good quality

» Estuarine incises and
reduces communication

24



KapTbl mecTopoxaeHna Buck Draw oTpaxaroT reoniormyeckoe CTpoeHue

25

Buck Draw maps reflect geology

A map
KapTa 3Ha4yeHun A

T map
KapTa 3HayeHuum t
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Buck Draw estuarine deposits and 4
JcTyapueBble oTnoxeHna nu A mecropoxaeHmna Buck Draw

* Relation between estimated deposits and 4

« Corresponds with geology and petrophysics
— Fluvial good quality
— Estuarine deposits poor

 Based on limited data 1
® o
. 0.8 —\
 BsaunmocBsizsb uccnegyembix £ 06 - _ o
2 4 = Decreasing Connectivity
i
?THO)KeHMM v o 0.4 CHMKeHne CBA3HOCTH
 CooTrBeTcTBUE reosiormm u E i
neTpodusnyecKum CBOMCTBaM 8 59 o \
— BbICOKOE KauecTBO PeyHbIX < = W
OTNOXEHUI 5 0 l . .
o o
— Hwuskne konnektopckue cBoucTea | & 0 25 50 (5 100
9CTyapuneBbIX OTITOKEHUN S Proportion of estuarine deposits
+ OLeHKa No orpaHNYeHHOMY 06beMy [poLeHT aCcTyapueBbIX OTITOXEHUN
o OAaHHbIX ® Maximum B Minimum




Capacitance model summary
EmMKoCcTHas mogenb: BbiBoabl

EmKocTHas mogenb cTpounach Ans AByX

« Two CM field applications

Matched production

Results compared well with
geological maps

Identified wells with little support

Gave basis for choosing a
geological model

 Advantages .

No reservoir simulation needed

Can accommodate shut-ins,
workovers, conversions

Can use A’s alone or use with t’s
for connectivity

 Limitations .

27

Assumes constant reservoir
parameters & mobility

High compressibility, low perm
problematic

MECTOPOXAEHNN

XopoLuas cornacoBaHHOCTb C AaHHbIMW 00bIYK

Pe3ynbTaThbl XOPOLLO COrNacytTcs C
reoriorm4yeckMMmn KapTamm

BbisiBNeHbl CKBaXXMHbI C HEA(PEKTUBHBLIM
HarHeTaHnem

CosgaHa ocHoBa BblIOOpa reonorndeckon mogenu

[MpenmyLlecTBa

He TpebyeT mogenupoBaHua pa3paboTku nnacra

[Mo3BonseT yuntbiBaTh nepuogbl npoctos, KPC,
nepeBof, CKBaXXMH Mo, HarHeTaHne nnu goodblvy

[1na oueHKn CBA3HOCTU MO3BOMNSET UCMOMNb30BaTb
NI TOSIbKO 3HAYEHUA A, UNN 3HAYEHUSA A U T

OrpaHnyeHusd

[TapameTpbl Nfiacta U NOABMXHOCTL doritonga
NPUHUMAOTCA NOCTOAHHBbIMN

[Tnoxo paboTaeT Npu BbICOKOW CXXUMAEMOCTU
dontonga n HU3KOW NPOHMLAEMOCTU NfacTta



Percolation (PC) vs Capacitance Model (CM)
Bbi6op moaenu domnbtpauum (PC) unu emkoctHon mogenu (CM)

Connectivity defined differently
by each method
— PC: probability of any
connected path

— CM: influence of injector upon
production rate

SITUATION
BapuaHTbl

“Simple” geology
«lpocTaga reonornsa»
“Simple” flow

«l'pocTon xapaktep dounsTpaumnm
dontongar»

Core & log data
HaHHble kepHa n N'MC

Inj & prod data
[laHHble HarHeTaHMAa n 0o0bIYn

3T MeToabl No-pa3HOMY onpeaensoT
CBA3HOCTb

— PC: no BepodaTHOCTU /1106bIX
COeVHEHHbIX NyTen murpaunmn grovga

— CM: no BnusaHWIO HarHetatenbHOWn
CKBaXXUHbl Ha AebuTbl 4O0ObLIYN

LIMITED or NO
UHdopmauma orpaHnyeHa
WUIu oTCyTCTBYET

AMPLE or YES

Bonbwon unu
JOCTaTOYHbIN 00bLEeM

nHdopmaummn
CM PC or/unn CM
CM PC or/unn CM
CM PC or/unn CM
PC CM




29

Conclusions

Connectivity

— recognized as important for
> 70 years

— numerous ways to measure
— many applications

Static method (Percolation)

— Statistical method; does not
require flow data

— Good scoping tool

Dynamic method
(Capacitance model)

— Requires flow data

— Robust: based on material
balance

— Results help integrate
geology and flow information

BbiBOAbLI

CBA3HOCTb

— [lpusHaeTca oaHUM N3 BaXKHbIX
napameTtpoB 6onee 70 net

— MHoxecTBO cnocoboB n3MepeHnd
— PasnunyHble obnactn npuMeHeHns

CraTtndecknn meton (punbrtpauus)

— CTtaTtncrtunyeckum metoq; He TpeodyeT
ONHAMUYECKNX OaHHbIX

— Y[OobHbIN MeToa NpeaBapuUTeEibHOM
OLIEHKM

OuHamunyecknn meTtop (EMKOCTHaZA

MoJernb)

— TpebyeT AaHHble unbTpaumm
dontongos

— HapexHbin meToa: OCHOBAH Ha
mMatepunanbHoMm H6anaHce

— PesynbtaTtbl N03BOMIAT KOMMNEKCHO
MCnonbL30BaThb JaHHbIE reosiorum u
NHOopPMaLMIO O ounbTpauUnm
dontongos



