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Releasing Shale-Gas Potential with
Fractured Horizontal Well
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Erdal Ozkan

Appanb O3KaH

0 COLORADOSCHOOLOFMINES.

Society of Petroleum Engineers

Distinguished Lecturer Program
www.spe.org/dl|




CNAHLEBBbIA A3

A NEW
WORLD OF
OPPORTUNITIES

HOBbI MUP HOBbIX BO3MOXHOCTEN




US gas potential increased 4 to 6 times from 1998 to 2008
3a nepuoa 1998-2008 noteHuman razogobbivm B CLUA Bbipoc B 4 — 6 pa3
(c 150 oo 500-1000 TpnH. Ky6.doyTOB)

(150 Tcf in 1998 and 500-1000 Tcf in 2008 — Arthur, 2008)

Billion Cubic Feet

This is due to the
economic
success of the
shale plays

W Barnett mFayettevile mWoodford

o
o
o
o

m Haynesvile mMarcellus mEagle Ford

TomMy npUynHOU
peHTabenbHagd
pa3paboTka
3arnexemu rasa B

ClaHuax 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Munnunapgbl Ky6. pyToB

Source/nctouHuk — IAE, Lippman Consulting
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Key Characteristics of Producti
Unconventional Reservoirs

[ maBHble 0CcCOBeHHOCTM A00ObIYM ra3a u3
HeTpaaMLMOHHBIX KOSITEKTOPOB

Small pore sizes (nanoscale) 10°m<d,,,.<10°m
Manble pa3mepsbl nop (HaHopa3mMmepbl)

Ultra tight formation 10° mD <k <103mbD
CBerHI/I3KaFI NMPOHNUAEMOCTb

Involvement of source rock

MaTtepuHCcKne nopoabl MOryT criaraTb NPOAYKTUBHbLIN MHTEPBan
Natural fractures

[MpupogHasa TpeLnHOBaTOCTb

Hydraulically fractured horizontal wells
['PI1 B ropn3oHTarnbHbIX CTBOMAX




Pore size distribution of Barnett siliceous mudstone samples
PacnpeneneHune nop no pasMepHOCTN B KPEMHUCTbIX
anesponenuTtax dpopmaunn bapHeTT Capillary pressure analysis

AHanus KanunmnapHoro gaBJjieHUsA

Most pore sizes are in
5 to 15 nanometers range
Pasmep G6onblunHcTBa NOp paBeH 5-15 HM

B c D
2167.4 m 2184.8 m 2187.5m 2196.4 m

T 11 T

110.0012 md 110.0004 md
6.5% ’ | 1.3%

NORMALIZED PORE VOL DIST

0.01 0.1
PORE THROAT RADIUS (MICROMETERS)

Mercury porosimeter analysis
PTyTHas nopomeTpus

80% of the pores have a pore size
less than 5 nanometers
80% nop nmetot pasmep meHee 5 HM
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Pore Sizes in Unconventional Reservoirs
Pa3mep rnop B HETPAANLIMOHHbIX KOMNEKTopax

Heterogeneous matrix pore-size distributions
HepaBHOMepHOE pacnpeaeneHne nop pasHoro pasmepa

Most matrix pore volume in nanopores
OcCHOBHOM MOpPOBbLIN 06bEM NPUXOOUTCH HA HAHOMOPHI

Pore network in shale sample - nopoBas cucrema B rMIMHNUCTOM CJIaHLLe (Ambrose et al., 2010)

Sample size: 4 um high, 5 um wide, and 2.5 um deep
Pa3smep kyba: B 4 mkm, 1 5 mkm, L 2,5 mkm

3D Image Showing Surfaces 2D Image Showing Cross Section
3D Bug rpaHen 2D Bug B paspese
2D cross-sectional image shows more kerogen and pore space than the surface

2D BupA B paspese AeMOHCTpUpyeT bornbliee coaepxaHue keporeHa 6onbLIn 06 bLEM NOPOBOro NPOCTpaHCTBa, YeM BUAHO
Ha NOBEPXHOCTHU




Micro-pores - MUKponopbil Nano-pores - HaHONOpPbI

TpaanumoHHble HedTerasoBble KOMMEKTOPbI CnaHueBble KOMNNeKTopbl

Conventional oil and gas Shale gas
10 um 2 d,, = 102 um
14D > k> 102 D

Tight gas
1um 2 @pore = 103 pm
1MmMD=k=>1uD




FLOW REGIMES IN POROUS MEDIA
PEXXVIMbI ®UITLTPALIMN B MOPUCTOW CPELE

Moderate Velocity, No-Slip Flow (Darcy’s Law)
CpenHsisi ckopocCTb huneTpauum 6e3 ckonbxeHust oas (3akoH apcu)

Linear and Laminar Flow: Moderate p, v, & &

Micro-pores
JInHenHbIN NN NaMmMHapPHbIN MNOTOK — CpeaHNe 3Ha4YeHus p, v, kK
Mwukponopbl

Low Velocity, Slip Flow (Klinkenberg effect)
Hunskasa ckopocTb punsTpaunm co ckonbxeHmnem das (apdekt KnuHkeHbepra)

Non-Linear Flow: Low p, v, & &
Nano-pores

HenuHenHbIn NOTOK — HU3KWUE 3HaYeHna p, v, kK
HaHonopbl

Navier-Stokes Equations

Slip-conditions

Continuum Slip Flow Transition Flow Free-molecule
Flow Flow




Mixed Flow in Shale Matrix
CMeLLIaHHaFI CbI/IJ'IpraLI,I/IFI B NMMMHUNCTbIX ClilaHUaX

Contribution of slip flow to apparent shale permeability
BnuaHne ckonbxeHusa dpas Ha KaxyLlycs NPOHULAEMOCTb CllaHLUEB

SG=0.8
M, =16 Ibm/Ibm-mol

T =120 °F
kam

)
00 o
OOO
000 O 0000 CO 00 000 0 0 0 000000-000.0.000000005CocaaRERED
Ky, =1E-2 md

o
£
vl

k., = 1E-8 md

1.E-09 T
1.E+01 1.E+03

DABIEHVE, dywike.aioim PRESSURE, p, psi Ozkan et al. (2010)

nPoHuUAEMOCTb, v PERMEABILI




Fluid flow in Nano-Darcy Shale
dunsTpaums gnonaa B cnaHuax co CBEPXHU3KOW MPOHMULLAEMOCTbIO

“... numerical modeling requires gas permeabilities 2 to 4 orders of magnitude greater
than observed to match flow rates and ultimate recoveries ... Some other, higher
permeability pathway through shale seems necessary.”

«...0ns adanmauyuu mamemMmamudecKkux moodesiel rno oebumam u mMmakcumarbHbIM
ombopam mpebyromcs rnpoHuyaemocmu rio 2asy 8 2 — 4 pasa ebiuie hakmu4ecku
Habrodaembix ... OmMOo yKasblgeaem Ha cyuecmeosaHue UHbIX, boree rnpoHuyaembIX

nymeu ¢unbmpayuu 8 criaHuax»
Field Scale (m) Cluff, Shanley, and Miller, AAPG 2007

EcTtecTBeHHOE OBHaxeHne (M)

Scale
(cm)
KepH (cm)

Micro Scale (mm) MukpoypoBeHb (MM)

FRACTURES IN SHALE
TPELUMHOBATOCTb B CIAHLIAX




THERMAL MATURATION AND MICROFRACTURES
KatareHe3 1 MUKpPOTEPLUNHbI

Volume changes in kerogen and generated hydrocarbons during thermal maturation cause
microfractures — MlameHeHnst 06bemMoOB KeporeHa n YB npu katareHe3e BeAyT kK 00pa3oBaHUIO MUKPOTPELLNH

r__ VOLUME OF ORIGINAL Kerogen
— UNMETAMORPHOSED "IMMATURE"
KEROGEN

O6beM «He3penoro», He NpoLUeaLLIero
KaTareHe3 KeporeHa

"MATURITY™"™

«3penocTb»

KERO-

DRY GAS
GENERATION & STABILITY

D: imArmAl s~ A AEA maA~
DDbIACIICHVIC Uy)\OIU Iasa

- . .

Mi_crofracttjre
MUK oh
> pOTpef.LM.Ha_..

DRY GAS

NET VOLUME INCREASE
CREATED POROSITY
MpupalleHne obbema, .
co3garoulee TPELLMHHY MOPUCTOCTb (Meissner, 2007)




Hydraulic Fracturing Induces and Rejuvenates Fractures in Shale

noRrRenaHue FPI'I r'n'znnn'r HORLIe nﬁl-lnRI'ICIQT f‘\llllpl"TR\Jl

LN A dlodnd o oL LA B B B I W e iiw bkt EFEwr 8 - Bl

TPEeLWunHbI B CllaHL ax

Liue
q LB 4

Microseismic Record of
Fracturing Events
Mwukpocencmuyeckasn permcrtpaums
pacTpecKknBaHns Nopoa

Stimulated Reservoir Volume
(SRV) Representation
O6bem nnacrta, 3atpoHyTbin [Pl

Fractured Well Stimulated Reservoir |

CkBaxuHa c P Volume (SRV)

0O6bem naacta noa
Bo3aencteuem P TpeluvHa PI HeTpelwmHoBaTbI CAaHeL,

FOPU3OHTAALHbI Hydraulic Tight Unfractured

creon Fracture Shale Matrix
Horizéontal \

Well

=

-400 -200 O 600 800 1000 1200 Fracture Stimulated Reservoir
Easting (m) Network Volume (SRV)

L Cerb TpewmH O6bem naacTa nop BosaencTamem IPr

From/no Rimrock Energy, SPE 119896




Microfractures in shale (currently not characterized)
MukpoTpeLunHbl B criaHuax (6e3 nx xapakTepucTukm)

Macro & Micro

Fractures
Makpo- 1 MUKPOTPELLMHBI

TOnbKO MaKpOTPELLMHbI
Fractures —

Seglecting the eflect
of micra=fraciures in
e matrix core
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1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03
BrEms, cyT. | TIME, D

MITH.KYB.OYT./CYT.

OEBUT,

Shale-matrix model with microfractures
Moaenb oCHOBHOM Macchbl criaHua ¢ MukpoTpewmHamu (Apaydin et al., 2011)




Pressure-Dependent Fracture Permeability
3aBNCMMOCTb TPELUMHHOW NPOHULIAEMOCTN OT AaBNeHUS
Experimental Data and Correlation (Cho, 2011)
OnbITHbIE AaHHble U ux cpaBHeHune (Cho, 2011)

¢ Core #22 Data
A Core #32 Data
—Correlation #3 for Core #Z2C

— Correlation #3 for Core #32

—d: A
ki =kse """ Raghavan and Chin (2004)
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Pressure-Dependent Natural-Fracture Permeability
3aBMCMMOCTb NPOHULAEMOCTU ECTECTBEHHbLIX TPELLMH OT AaBneHns

Haynesvili
Agantauus

e Well History Matching
MO CKBa)XMHe XenHecBuslb

Pressure (Field Data)
Pressure (Trilinear Model. No Stress Effect)

—Pressure - (Correlation #3 (Trilinear Model-
Stress Effect)
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[laBneHune, yHT/KB.40NM




Pressure-Dependent Natural-Fracture Permeability
3aBUCUMOCTb NPOHUNLAEMOCTN ECTECTBEHHbLIX TPELLUNH OT AaBJ1IEHNA

ks = 2000 md
p; = 5000 psi

ALITIEVS

E+01 1.E+02 1.E+03
NaBrieHe, yHT/KB.O0MM PRESSURE, P, pS|

[MpoHuLaemocTb, M/
o

—

mLoowsefimHodu qooHmadiol| 9 ‘J)i /




Dual-Mechanism, Dual-Porosity, Dual-Fractured Reservoir Model
[1BOMHON MexaHN3M, ABOMHAs MOPUCTOCTb, MOAESb Nfiacta ¢ ABOVUHOM
TPELLMHOBATOCTbIO

LINE OF SYMMETRY
Vo= 12 ﬂNO-FLOW BOUNDARY)
NO-FLOW

Fopu3oHTanbHbIN cTBON nocne Pl " \ TTITITT | ‘ J | | I | [ l I | “Bounoagy

TR

4|« INNER RESERVOIR _

B NATURALLY 2
FRACTURED

o Krs #10 €

FRACTURE

Hydraulically Fractured Horizontal Well| "
(Ozkan, Apaydin, and Raghavan, 2010) ~

be3 ckonbxeHus a3
C y4eTOM 1 Be3 yyeTa M3MeHeHNi
NMPOHULAEMOCTI OT HaMpPAXEeHUA HORIZONTAL WELL
WITHOUT SLIP FLOW -
WITH AND WITHOUT
STRESS-DEPENDENT
PEMEABILITY

k 51 Ky B e Eim

Co CKOMbXeHneM a3
M@ C Y4ETOM 1 B3 yyeTa M3MEHEHNI
NPOHMLIAEMOCTI OT HaNPSHKEHNS
eO' WITH SLIP FLOW
GOEDO@ WITH AND WITHOUT

STRESS-DEPENDENT
PEMEABILITY
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[MageHne naBnexns, yHT/KB.AONM

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
Bpewms, yac. TIME, hr




What’s the role of Hydraulic Fractures?
Kakyto ponb urpatoT TpewmHbl ['PI17?

IN-
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HW + Homogeneous Reservoir

1.E-07 - -
1.E-02 1.E+00 1.E+02 1.E+04 1.E+06

Bpewsi Ganaxca macc, vac - Nlass Balance Time, ta! hr




Effect of Matrix Permeability
BnuaHne npoHMLaemMoCcT OCHOBHOW MaccChl Nopoabl

Productivity increases
with increasing matrix
permeability

for k,, <10

MpoayKTMBHOCTbL Bo3pacTaeT
Mo Mepe MOBbILEHNS
NMPOHULIAEMOCTM OCHOBHOM
maccbl ao Knp <105

When flow capacity of
natural fractures is
reached, no additional
productivity is possible
[lanbHenwee nosbilLeHUE
npon3BoanTESIbHOCTHU
HEeBO3MOXXHO lNocJlie
OOCTMXEeHUN
domnbTpaLMOHHON EMKOCTH
nnacrta, obecne4yeHHon
eCTeCTBEHHOM
TPELWLMHOBATOCTbIO,
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Natural Fractures
Permeability =2000 md
0.8 fractures / ft

Poct npOHmuaeM?Sgrmeabi Iity
OCH. Maccbl

o, i

Matrix Permeability, md ‘e

Increasing matrix

A

i
" 'oo.’o e 0® seoee d

/

EcTecTBEHHbIE TPELLUMHbI
[MpoHuuaemoctb = 2000 m[
0,8 TpeLUmHbI Ha yT

1E-7 | T | I

1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5

| | |

Bpems, vac. TIME, t, hr




Effect of Natural Fracture Permeability
BrnunsHne npoHnLaemMoCcTn eCTECTBEHHbIX TPELLUH

No difference in productivity
with increasing natural
fracture permeability

lNoBbIWEHNE NnPOHNLUAEMOCTHU
€CTeCTBEHHbIX TPELUNH HE
BITUAET Ha NPOOYKTUBHOCTb

Natural fracture
permeability has little effect
on productivity

[MoBbILWEHNE NPOHNLLAEMOCTH
€CTECTBEHHbIX TPELLUNH Mano

BITUAET Ha NPOoAYKTUBHOCTb

Flow capacity of the matri
is the limiting factor
OrpaHunynBaroLLMmM dakTopom
aBnsieTca dounsTpaunoHHas
€MKOCTb OCHOBHOW Macchl
nopoasbl

TVBHO

P
\

PRODUCTIVIi

KOSCDCDI/ILI,_ICIEHT NPOLYK

E-5

1E-3 1E-2

Matrix Permeability = 10 md
0.8 fractures / ft

[MpOHMLI2EMOCTb OCH.
Maccbl = 108 m[]
0,8 TpeLUmMHbI Ha yT

PoCT TpeLLHHO
MPOHMLIaEMOCTH
Increasing fracture

permeability

Natural Fracture
Permeability, md

2000 [MpoHMLaemMocTb

5000
10000
* 20000

* 50000

€CTECTBEHHbIX
TpewmH, M

, ! I l | !
1E-1
Bpems, vac. TIME, t, hr

1E+0 1E+1 1E+2 1E+3 1E+4
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Effect of Natural Fracture Density
BrninaHne nnoTHOCTU eCTECTBEHHOM TPELLMHOBATOCTH

MpoHnuUaemMocTb ecTeCcTBEHHbIX TpewwmH = 2000 m[
MpoHuuaemMocTb OCHOBHOM Macchl nopogbl = 106 MM

Natural Fracture Permeability = 2000 md
Matrix Permeability = 10°¢ md

Increasing number
PocT uncna TpeLmH
of fractures
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1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5

Bpems, yac. TIME, t, hr

Natural fracture density
has significant effect on
flow capacity of matrix.

[1r1OTHOCTb eCcTeCTBEHHOU
TPEeLWmMHOBaTOCTU UMEET
OonbLUOe BNusiHME Ha
JomnnbTPaLMOHHY EMKOCTb
nnacrta

Greater surface area for
flow allows for a greater
volume of fluid to be
moved

Bonblwasa nnowagb
CYMMapHOro ceveHums
TpelwmnH obecneunBaet
oonbLInN 00beEM

donneTpytoLeroca donovaa
22




Effect of Hydraulic Fracture Conductivity
Bnnanue nposoanmocTtu TpeLwmH [Pl

MpoHuyaemocTb ecTecTBeHHbIX TpewmH = 2000 mA
1,2 TpewWwmHbl Ha yT
— [poHuuaemMocTb OCHOBHOM Macchl nopogbl = 106 m[ o

Natural Fracture Permeability = 2000 md
1.2 fractures / ft

Matrix Permeability = 10 md

PfCT I'IpOHVILI,quOC'm TpewwmH [P
ncreasing hydraulic

[ 9900 00ge, coeq fracture permeability

bl LN Y TP ....::. 4

Incremental productivity
decreases as conductivity
increases.

[lononHuTenbHas
NPOAYKTUBHOCTb CHUXXAETCS
Nno Mepe Bo3pacTaHus
NpPOBOAMMOCTH

-psi?

Mscf/D

Volume of fluid available
to flow is limiting factor

OrpaHuymBaoLLnM
doakTopoM ABMSIETCA OObEM
dontonga, BOBNEYEHHOIO B
domneTpauuto
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Hydraulic Fracture 000 0vses so 00 sooed
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Permeability, md /
- 7

’
[MpoHuuaemocts ¢
TpewmH P, mJ

o KOSOOUUWMEHT M

s 3x10°
E-5 | | | i | | [

1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Bpems,vac. TIME, t, hr
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Modeling Flow in Fractured Shale
MopaenunpoBaHne dunsTpaum B TPELLMHOBATOM ClaHue
Modeling Fractures as a Network of Natural Fractures

MoaenupoBaHue CMCTeMbl eCTEeCTBEHHbIX TPE1WH
Physical System — ®usunyeckas cucrtema

Discrete Fracture Model
Moaenb anckpe
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RS o T [

d

a.\

OcH. Macca_2

} A/ = | \ \ | i) P B |
T\ \ { g \ I 1/ { | LY
| | | ] | vd! [ { | { 1
: 1\ - \ 71 | |
! [ T\ et ! / f
7 "\ J L B | + / 1
| \ L\ f\
. | LX) 2 T
atrix ey ! - / P
| A + J =t 1\
.‘: 'II 1\ | et 1 '] \ ! | LY
\ \ A T3 \ ] [ L y ‘
r 1 \ { 7 \
{ A y \ \ \J "SRR
: | . ol | | | R |
f \ \ + A ! L2
T | A\ X\ \ )
1 - \ T
]




Missing something? — Yero-to HegocTaet?

Where are the reservoir fractures? — r'oe e nnacrosblie
TPpEeLnHbI?

Pressure Buildup Test in Shale Reservoir (Field Data) — Avanus
BOCCTaHOBJ1eHNA AaBJieHn4d B nryiacrte rnmnmHUCTbiX CliaHueB (I'IpOMbICJ'IOBbIe ,EI,aHHbIe)

'RESSURE
aBreHue

00

Nnpon3BpOAHan

No characteristic dual-porosity
Behavior (no derivative dip)
OTCyTCTBYET XapakTepHoe ans
ABOMHOW NOPUCTOCTN NOBEAEHNE
dyHKLMM (Cnag Npon3BOAHON)
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Consequence of Using Conventional Tools
Cnefcreue Ucnosib3oBaHNA TPaaUUMOHHBLIX METOLOB

MOZEb NCEBOOYCTAHOBMBLLETOCA PEXWMA
PSEUDOSTEADY MODEL
[NABNEHVE PRESSURE DERIVATIVE NPOV3BOAHAA

The characteristic dip
is only shown by the
TRANSIENT MODEL pagudosinady mode

MOLE /b MEPEXOAHOO PEXVIMA XapaxTepHbii cnaa rpaduka
1.E-04 T . ' npon3BoaHON BUAEH TOJIbKO Ha

1.E-08 1.E-06 1.E-04 1.E-02 4 MoAenu ncesAoyCcTaHoBMBLIErOCS
pexuma

BE3PASMEPHOE BPEMA DIMENSIONLESS TIME

Transient dual-porosity model is more appropriate in shale — ona cnaHues
ny4yiwe nogxoamT Modenb ¢ ABOMHOM NOPUCTOCTbIO U HEYCTaHOBUBLLMMCS
pexXumMomM counsrpaumnm
(What is in your reservoir simulator? — Kakum cumynsatopom Bbl Nosnb3yeTecb?) 26
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Conclusions - BbiBoabl

Our potential to recover gas from shale has been increasing due to

. new technologies to fracture horizontal wells
. better understanding of flow and production mechanisms

Bo3MoxHOCTb 400bIYM ra3a n3 rMUHUCTbIX CllaHLUEeB NOBbICUI1ACch BCrneacTeme
® MpUMeHeHUA HOBbIX TexHonorun [Pl B ropnsoHTanbHbIX CKBaXXUHaX
® JyyLlero nsydeHusa ounsrpaumum n MexaHM3mMoB U3BrievYeHns HedpTum

Marginal economics of shale-gas projects requires more improvements in

. characterization and modeling capabilities
. analysis and prediction tools and techniques

Huskne skoHoMUYeckme nokasaTenu pa3paboTKu ra3oBbIX 3anexemn B IMUHUCTbIX
nnactax TpebyoT cneayoLero:

® [OBbILLEHMSA KaYyecTBa UccnegoBaHUs U MOAENMpPOBaHNA nnacta

® COBEpLUEHCTBOBaHMA METOAMUK aHanm3a U NPOrHo3npoBaHUS




