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Hydraulic Fracturing Tt
Introduction

« Why fracture?

— Bypass near-wellbore damage
§ Drilling-induced damage, ...

— Extend a conductive path far into the reservoir
§ increase productivity above its natural level
— Reservoir management

3 E.g., Frac-for-sand-control (reduce the pressure drop)

— In situ stress determination

— This can happen accidentally when drilling —[%]—
5 Lost circulation & mud loss B Ny
« Complexity ~

— Geologic reality ~

—~
~

— Inherent multidisciplinary nature o

T
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Smith & Shlyapobersky, 2000, Basics of HF, Eds: Economides & Nolte, Reservoir Stimulation, 34 Ed., Wiley 1=




Hydraulic Fracturing
Introduction

« Complexity of HF - Engineering Judgement is important!
— Fluid Mechanics: flow within the fracture
— Rock Mechanics: deformation and stress in the rock

— Fracture Mechanics: all aspects of the failure and fracture
Initiation/propagation

— Thermal Process: exchange of heat between the fracturing fluid
and the reservoir

flushing

pagation

Smith & Shlyapobersky, 2000, Basics of HF, Eds: Economides & Nolte, Reservoir Stimulation, 3" Ed., Wiley



Hydrauilc Stimulation
Hydraulic fracturing vs. Hydraulic shearing
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Hydrofracturing l Shmin
== UkA (CI & 1) S

- More dominant in shale gas SH max H max
production —> "’“( } g <«—

Sh min
l Sh min T

S .
SH max Hma< Hydroshearing
’ N X 0| T4 & (A CHI
S| HE (ML)
S\ - More dominant in geothermal reservoir
T for Enhanced Geothermal Systems

Both hydrofracturing (creating fracture) and Hydroshearing (shearing of existing
natural fracture)will play a part for hydraulic stimulation in shale gas reservoir.



Hydraulic Stimulation
Hydraulic shearing

failure criteria of a fracture failure criteria of a fracture
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Hydraulic Stimulation
Hydraulic shearing - direction
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Hydraulic Fracturing
Direction
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Locally, fracture l 0-3“\
follows fabric; S ”
globally, fractures ~ ~><”

follow stress fields
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Dusseault, 2012



DEPTH (KM)

Hydrofracturing

p=(3-K)o, +T,
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2| M Et(hydroshearing)
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- =3I+ 2 E (Pure Opening Mode, POM)

« SHFHL|E (Mixed Mechanism Stimulation, MMS)
— PPS + POM

c pelMEte| X

- 1) ¥l XA G| ME-d(storativity), 2) AtHTEO| Z=7|

= (transmissivity), 3) XA+ L] HAZ L (percolation), 4)
o Eo| XA gtk 5) A7 Eo| W, 6) HESHA 4=
=

*McClure, M., and R. Horne. "Is Pure Shear Stimulation Always the Mechanisms of Stimulation in EGS?" Paper presented at the Thirty-Eighth Workshop on
Geothermal Reservoir Engineering, Stanford, California, US, 2013.



Hydraulic Shearing/Hydraulic Fracturing
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Hydraulic Stimulation
Design parameters
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 Performance Parameters (‘d< H=7)
- 99X M= (Thermal Performance): 2%, 2 25}
— 2| O EA (Hydraulic Impedance)/F= & MSHA HA
— 9 2F (flow rates)
— XNOIA
T H T

= =/2|5= (Water Loss/recovery)
P

arameters (7|2 H=?)
- NFs 58 -XNE NFs5 37|, =7|84, 2L
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Operational Parameters (2 #H ) FAAH, 5

» Other Empirical Parameters (7|E} Z& H=x)

Richards, H. G., R. H. Parker, A. S. P. Green, R. H. Jones, J. D. M. Nicholls, D. A. C. Nicol, M. M. Randall, et al. "The Performance and Characteristics of the
Experimental Hot Dry Rock Geothermal Reservoir at Rosemanowes, Cornwall (1985-1988)." Geothermics 23, no. 2 (Apr 1994): 73-109.



Hydraulic Stimulation
Design parameters
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« @& A5 (Thermal Performance)

o
- 2L 45} Eg. 1°C/year (Rosemanowes)

. 22|™ YUImEA (MPa/(kg/s))

% ololH
o) 31 ] A= w = (MPa) 7 (kg/sec)
]

| =]
FAE(injectivity)=
= (kg/sec) THEn] y)= T4 4= (MPa)

— Rosemanowes = H X|: 0.1 MPa/(kg/s), &-dX| 0.6

« =R &4 EZ/2|3& (Water Loss/recovery)
- 3FE = ’éﬁﬂ%k/%‘—%%ﬁ

— Rosemanowes, 2 & X|: 90%, EFAX|: 70%



Hydraulic Stimulation
Pilot Study
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= KX 2

1977 -1991 RH11 (2.0 km) 100°C @2.6km ==XI:Camborne 19913 =&t
Rosemanoves RH12 (2.0 km) School of Mines =
RH15 (2.6 km) (CSM) M=
KXl &:UK DOE (Eden Project)
TetA 1987- & EPSL (2.2 km) 200 °C @5.0km  Z=X: GEIE 200862
Soultz GPK1 (3.6 km) X2 EU(~2009) H&*
GPK2 (5.1 km) [= S/ ebA & M ~500kW
GPK3 (5.1 km)
GPK4 (5.3 km)
SF 2003- & X Habanero 1 (4.4km) 247°C @4.4km BI2F; 20124
CooperBasin - (Habanero 1  Habanero 2 (4.5km) 278 °C @4.9km  Geodynamics/Origi Habanero 4
A== J|&) Habanero 3 (4.2 km) n(7:3) Open flow test
Savina 1 (3.7 km) &5 90m$ 2t = (35 kgls)
Jolokia 1 (4.9 km) (& X2l 1/3)
Habanero 4 (4.2 km)

*Genter, A., X. Goerke, J.-J. Graff, N. Cuenot, G. Krall, M. Schindler, and G. Ravier. "Current Status of the Egs Soultz Geothermal Project (France)." In Proc
World Geothermal Congress, Paper No.3124. Bali, Indonesia, 2010.



Hydraulic Stimulation
Pilot Study
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Jung R, 2013

Project Stress st. Well Frac-int. Well Traj. Viu Qu P A Cloud-Dip Ref.
[km] [m?] [L/s] [MPa]  [km?]

Falkenberg normal HB4a 0.25 vertical 25 35 22 0.014 60 [23]
Fenton H. | normal 28 sub-vert. 587 0.15 [24]
Fenton H._ | normal 28 sub-vert. 761 016 [24]
Fenton H. | normal 28 sub-vert. 5018 053 [24]
Fenton H. Il normal 3.7 55°115, 150 0.027 [24]
Fenton H. Il normal 3.7 55°11 5, 8490 0.085 [24]
Fenton H. Il normal 37 55%11'5, 3183 027 [24]
Fenton H. Il normal 37 55%115, 3183 1 [24]
Fenton H_II normal 37 55°11'5, 4702 11 [24]
Fenton H. I normal EE2 3.45-3.47 55°115, 22000 108 38 07 65 [8,12]
Camb. I strike s. RH12 1.74-212 60° 11 5, 18500 2090 14 06 sub-vert. [25]
Camb. I strike s. RH15 2.1-2.25 60° 115y 5700* 200 15 0.04 sub-vert. [13]
Hijiori normal SKG-2 1.79-1.80 vertical 2000 17-100 15 0.15 G0 [2,26,27]
Hijicri normal HDR-1 203221 vertical 2100 17-67 26 0.25 G0 [2,28]
Ogachi (rever.) OGC-1 1.00-1.01 vertical 10140 1 19 05 30 [2,28]
Ogachi (rever.) OGC-1 0.71-072 vertical 5440 8 22 03 sub-hor. [2,28]
Soultz | strike s. GPK1 2.85-3.40 vertical 25300 0.2-36 g 1 sub-vert. [20,29]
Soultz | strike s. GPE2 3.21-3.88 sub-vert. 28000 12-50 12 08 sub-vert. [20]
Soultz Il strike s. GPE2 4.40-5.00 sub-vert. 23400 30-50 145 3 sub-vert. [22]
Cooper B. reverse Hab. 1 4.14-4.42 vertical 20000 14-26 &0 3 sub-hor. [9]
Basal strike-s. Basel 1 4.63-5.00 vertical 11650 0.2-55 30 09 sub-vert. [30]

Table 1. Stimulation parameters and of major stimulation tests in HDR-projects, V- injected volume, Q,,: injection
flow rate, p,,.. maximum well head pressure, A: area of the “seismic cloud”



Rosemanowes Project
Overview (7§2h

2 LI 218t A=
2km AlZ=5 20 (A &= RH1L, =21 & RH12), =2l Ak =2 Al

m), 88 =Xl =&, RH12-RH15 4 =3

Phase 1 1977 - 1980

Phase 2A 1980 - 1983

Phase 2B 1983-1986 RH15 (M AtZ, 2

Phase 2C 1986-1988 NS & J|

Phase 3 1988 - 1991  Prototype HDR
40

w

=& H 2 H|(£)
©  MULATIV 8 MURE(EM ©

—

UK Department of Energy K| &

MacDonald, P., A. Stedman, and G. Symons. "The UK Geothermal Hot Dry
Rock R&D Programme.” In Seventeenth Workshop on Geothermal Reservoir

Engineering, 5-11 (SGP-TR-141). Stanford, CA, USA, 1992.



Rosemanowes Project
Overview (7§2h
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- A=9| 72 (Heat Flow) 3

Heat flows are near average
- beoned hoat flow contmeptal values - but there are
. estimated heat flow anomalies

HEATFLOW . . .
gﬂ" The distribution of the heat flow
=120 .
11010 120 measurements is very uneven.

weie | Scotland, Wales and parts of eastern

- England are very poorly sampled.
s ®* Heat flow values peak over the
= radiogenic granites with values up
to 130 mW m=.
® Elsewhere, an average of 58 = 16
mW m-2.

®* Average UK geothermal gradient is
26° C per km, but locally it can be
in excess of 35° C per km.

Rosemanowes
\

©® NERC All rights reserved

Bushy J, 2012, Potential deep resources in UK, 2" UK Deep geothermal symp



Rosemanowes Project
Geology (X| &)

« Carnmenellis Granite;
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Fig. 3.

Location of the Rosemanowes test site.

Richards, H. G., R. H. Parker, A. S. P. Green, R. H. Jones, J. D. M. Nicholls, D. A. C. Nicol, M. M. Randall, et al. "The Performance and Characteristics of the
Experimental Hot Dry Rock Geothermal Reservoir at Rosemanowes, Cornwall (1985-1988)." Geothermics 23, no. 2 (Apr 1994): 73-109.



Rosemanowes Project
Fractures
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Table 4. Joint spacings inferred from BHTV datain RH12 and RH15

Spacing (m)
Set Well N Mean Maximum
1 (cross-course) RHI12 55 1.5 12
1 {cross-course) RHI15 105 1.9 14
1 (cross-course) Both 160 1.8 14
2 (lode) RHI12 6l 3.9 18
2 {lode) RHI15 19 6.0 36
2 (lode) Both ] 4.4 36

= number of joints intercepted

. H0|Z O|0|X|Z S3 X2 315
. £ ho] £EHE|D, o Hol £BHE| D

Richards, H. G., R. H. Parker, A. S. P. Green, R. H. Jones, J. D. M. Nicholls, D. A. C. Nicol, M. M. Randall, et al. "The Performance and Characteristics of the
Experimental Hot Dry Rock Geothermal Reservoir at Rosemanowes, Cornwall (1985-1988)." Geothermics 23, no. 2 (Apr 1994): 73-109.



Rosemanowes Project
In situ stress (X7|2 =)

« QHAE (~790 m)
CSIRO Cell & USBM
— ~10 km, south Crofty &FAt

0
- SEA1

VERTICAL DEPTH (m)

Strike-slip faulting regime
S_H/S_h=24 > Z 0o|&td
- | ™E REjet =4

Pine, R. J., L. W. Tunbridge, and K. Kwakwa. "In-Situ Stress Measurement in the
Carnmenellis Granite—I. Overcoring Tests at South Crofty Mine at a Depth of 790 m. Int J
Rock Mech Min Sci 20(2) (1983): 51-62.

Pine, R. J., P. Ledingham, and C. M. Merrifield. "In-Situ Stress Measurement in the
Carnmenellis Granite—li. Hydrofracture Tests at Rosemanowes Quarry to Depths of 2000 m
Int J Rock Mech Min Sci 20, no. 2 (1983): 63-72.

400 p=

&00

800

1000

1200

1400

1600

1800

Hydrofrocturing
Min. horiz. stress
Max. horiZ. siress
Overcoring
fveroge stresses
% | stondord dev.

Owvarburgen siress o,

:’h —_—
Ty —
—a—

2000

STRESS (MPa}




Rosemanowes Project
Ove rVI ew (7H -LéP) SEOUL NAT] UMNIVERSITY

£ =R o1

Phase 1 1977 -1980 Al=Z 404
F

Phase 2A  1980-1983  2km Al =2 200 (A4 A2 RH1L, =2 2 RH12)
= =4l 75%, Ot 2 2

Phase 2B 1983-1986 RH15(&4&tE,26km), B AR =, L UEH A 1.0 MPal(lls),
Phase 2C 1986-1988 ME= JHH

Phase 3 1988 - 1991  Prototype HDR



Rosemanowes Project

Boreholes
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« RH12 (D=311 mm), BA} Z|Cf{ 32°

1000m
p— —— —yg

N MAX \ / MIN
/N

STRIKES OF MAJOR HORIZONTAL STRESS
JOINT SETS DIRECTIONS
RH11
RH12
RH15

PLAN

TRUE VERTICAL DEPTH (m)

- 500

- 1000

k1500

F 2000

L 2500

CASING SHoE 4 /12

CASING SHOE

RH11" 4 CASING SHOE

Richards, H. G., R. H. Parker, A. S. P. Green, R. H. Jones, J. D. M. Nicholls, D. A. C. Nicol, M. M. Randall, et al. "The Performance and Characteristics of the
Experimental Hot Dry Rock Geothermal Reservoir at Rosemanowes, Cornwall (1985-1988)." Geothermics 23, no. 2 (Apr 1994): 73-109.



Rosemanowes Project
Hydraulic Stimulation
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Phase 2A A|=d (1980-1983)
— o A: 1.5 MPa/(l/s)
- 84448 :70-75%

- Orgf = | CIEMFS g4
(downward mlgratlon) L

- F7t AFoh7 |2 2 8E

]

-—BOTTOM OF RH12 CASING

2km BELOW GROUND LEVEL
N

VIEWING DIRECTION

N
Y., 3kmB.G.L. L4
Ty N

2va* 0

23z*

Pine, R. J., and A. S. Batchelor. "Downward Migration of Shearing in Jointed Rock During Hydraulic Injections.” International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts 21, no. 5 (1984): 249-63.



Rosemanowes Project
Hydraulic Stimulation
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 The unfavourable orientation of the openholes of RH11
and RH12 arose through lack of knowledge of the jointing
pattern and in situ stress regime at depth, before the wells
were drilled. The intention had been to drill the wells such
that the azimuth of the openholes was half way between
what were thought to be the two major jointing directions
(Batchelor, 1985). With hindsight, it appears that the wells
should have been drilled with their azimuths parallel to the
minimum in situ horizontal stress direction. The fact that
this was not done has severely compromised the
experimental programme that followed.

Richards, H. G., R. H. Parker, A. S. P. Green, R. H. Jones, J. D. M. Nicholls, D. A. C. Nicol, M. M. Randall, et al. "The Performance and Characteristics of the
Experimental Hot Dry Rock Geothermal Reservoir at Rosemanowes, Cornwall (1985-1988)." Geothermics 23, no. 2 (Apr 1994): 73-109.



Rosemanowes Project
Hydraulic Stimulation

« Phase 2B (1983-1986)
— RHI15 L A3 (2.6 km) > O{H9| 2 £4& > 47N

X Ol
T d

— RH12/RH15 A|AHEI(E[A 133 m): FO|EHA 1.0 MPa/(l/s), ==
20%

« Phase 2C (1986-1988)
- Ot28 HZ dX[> YuEs 37t (S83H 2| ") 2l+&

k2 80-85%

QY (L5 s) B7|HS BH

2 1° C/month

(Na-fluorescein2} bromine)
A (F7] 1A|Zh & 100A|ZH)

H1 0
M 2 o
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Rosemanowes Project
Hydraulic Stimulation
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Rosemanowes Project
Hydraulic Stimulation
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e Phase 3 (1988-1991)
|t Prototype =&l
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*Harrisson, R., and G.D. Symons. "HDR Economics: A Review of the Uk Geothermal Hot Dry Rock R&D Programme.” Geothermal Resources Council
Transactions 15 (1991): 333-37.



Rosemanowes Project
Hydraulic Stimulation
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Parker, R. "The Rosemanowes HDR Project 1983-1991." Geothermics 28, no. 4-5 (Aug-Oct 1999): 603-15.



Cooper Basin T em
Jolokia 1 2| X}= Al o2

3700

3900

Total depth: 4890m
Well bottom temperature: 278 °C
Open section: 586m

Inclined bottom section:
4350m 14.53 °
4500m 18.13°
4890m 39.06 °

4900

Shen, 2010



Cooper Basin 5
JOIOkIa 1 ¢ EI x}% AI °=4 SEOUL NANAUNIVERSITY

1400 7 ~ 700.0
——Surface Pressure
=———Bottomhole Pressure

—|njection Rate
1200 + T 600.0

5000

4000

NaBr

300.0

Surface Pressure [MPa)
Injection rate {L/min)

200.0

100.0

‘ v 0.0

00 +—m—— T m T T

10/22/100:00 10/25/100:00 10/28/100:00 10/31/100:00 11/3/100:00 11/6/100:00 11/9/100:00

Date and Time



Rosemanowes Project
A AHE

Ditferential

Zhao, J., and E. T. Brown. "Hydro-Thermo-Mechanical Properties of Joints in the Carnmenellis Granite." Quarterly Journal of Engineering Geology 25, no. 4 (1992): 279-90.
Pine, R. J., and A. S. Batchelor. "Downward Migration of Shearing in Jointed Rock During Hydraulic Injections.” Int J Rock Mech and Min Sci 21, no. 5 (1984): 249-63.
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Hydrauilc Stimulation
Hydraulic fracturing vs. Hydraulic shearing

OUL NATIONAL UNIVERSITY

Hydrofracturing l Shmin
== UkA (CI & 1) S

- More dominant in shale gas SH max H max
production —> "’“( } g <«—

Sh min
l Sh min T

S .
SH max Hma< Hydroshearing
’ N X 0| T4 & (A CHI
S| HE (ML)
S\ - More dominant in geothermal reservoir
T for Enhanced Geothermal Systems

Both hydrofracturing (creating fracture) and Hydroshearing (shearing of existing
natural fracture)will play a part for hydraulic stimulation in shale gas reservoir.



Hydraulic Fracturing
Introduction
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« Reasons to develop Hydraulic Fracturing Model

— Perform economic optimization
aWhat size treatment provides the highest rate of return

— Design a pump schedule

— Simulate the fracture geometry and proppant placement by a
specified pump schedule

— Evaluate treatment (compare prediction with actual behavior)

Cumulative production
Discounted revenue (3)

\J
Revenue less cost ($)

Treatment volume

Smith & Shlyapobersky, 2000, Basics of HF, Eds: Economides & Noflte, Reservoir Stimulation, 3" Ed., Wiley




Breakdown Pressure
Generalized Kirsch’'s solution

SEQUL NATIONAL UNIVERSITY

— At the borehole wall (r = R), maximum and minimum
hoop stresses are;

E
® Oymin = SShmin _SH max I:)w + 1—v a(Tw _TO)

E
® Opmax = SSh max Shmin - I:)w + a(Tw _TO)

1-v
. . . 5
— Without considering temperature change, hmin
09, min :SShmin _SH max I:)w
| S SHmax
09 max = 38h max Sh min I:)w H mEax

/I\ Sh min



Breakdown Pressure
Internal hydraulic pressure

SEOUL NATIONAL UNIVERSITY

e Increase of internal mud/hydraulic pressure

1 ............ e o o e 5

R ______________________________ ______________________________ ______________________________ 2 SN,

Tangential i
stress

<
(1]

o
o
™1 1

=
-
I LI

o
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™1 1

o

M
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5

- Normalized Stress (o/P)
i [ o

o
oo
™1 1

o
o
T

Radial distance from the center of the hole {m)



Hydraulic Fracturing
Direction

1) Stress free condition
 Direction of fracturing?

« Condition for fracturing?
— 1) Tensile strength
— 2) Compressive strength
— 3) Elastic modulus

— 4) Poisson’s ratio




Hydraulic Fracturing
Direction

1) Stress free condition
 Direction of fracturing?

« Condition for fracturing?

|

In situ stress (o)

In situ stress (o)




Breakdown Pressure

Hydraulic fracturing vs. borehole breakout *=

J/ Sh min

Tensile stress/
hydraulic fracturing

SH max

7z

-

Tensile stress/
hydraulic fracturing

— Required internal hydraulic
pressure to induce hydraulic
fracturing (assuming that the
formation is impermeable)

| Impermeable, fast pressurization
(upper limit)

PW ZSShmin —S +TO

H max

| Permeable, slow pressuration (lower
limit)

_ 3Shmin - SH max +T0
2—a(l-2v)I{1-v)

W

— Fracturing occurs perpendicular
to the minimum horizontal

stress



Hydraulic Fracturing
Direction

Fracture parallel to the borehole  Fracture normal to the borehole

« For massive hydraulic fracturing for shale gas???

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier



Hydraulic Fracturing

Direction
4
Surface
Wellbore azimuth 0° | 0 State of in situ “dictates”
A faces o Tammerwues | the direction of hydraulic
Tiansverss Madiures fracturing

‘.............'..........' ....................

--------------------------------------------

(MA Dusseault, 2011)



Hydraulic Fracturing
Fluid flow

R A L N T R
%ﬁ 4 A’%ﬂ “h, Idealization .ﬁn-ﬁsﬁaﬁﬁwﬁ

B
3 €SS HE
— ,‘,,_' e ﬁ 5,"' "ﬁ_. . r TF""_"'.'.'_'T" /

##2%  Conceptual model PR e

Idealized rock fracture

« Cubic law: for a given gradient in head and unit width
(w), flow rate through a fracture is proportional to the
cube of the fracture aperture.

« Other equations exist for various kind of geometry



Hydraulic Fracturing
pressure-time response
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P, :breakdown
pressure

P,: shut-in
pressure

Pw

First pump cycle

Fracture initialtion§

= breakdown

Fracture
propagation

Borehole fluid
compression

Second pump cycle

Tensi!g stre| P, :secondary breakdown
A pressure

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier

time




Hydraulic Fracturing
pressure-time response

SEQUL NATIONAL UNIVERSITY

A _ Breakdown pressure

Instantaneous shut-in
/ pressure

Closure stress

Flow rate
/ Fore pressure

Bottomhole pressure

Time

Roegiers JC, 2000, Formation Characterization: Rock Mechanics, Eds: Economides & Nolte, Reservoir Stimulation, 31 Ed., Wiley



Hydraulic Fracturing
Factors - Brittleness

SEQUL NATIONAL UNIVERSITY

| e S L o = Y

Brittle rock Ductile rock



Hydraulic Fracturing
Factors - Brittleness

SEQUL NATIONAL UNIVERSITY

» Different definition exist

Brittleness
\ | * Hucka and Das (1974) - Altindag (2002)

Index 4
= Y=L (o, G, — O, o O
(_?_I/é;IE) HME (B) = Z4k (o) ;44;5(39:50 H,; _ﬁgg(gJ:%
B8 (o) —

YMS_C/PR_C

0.0

5 ; 5 ; é ‘ : be

. . . L, [} L) L7 ‘N o0 .
Lo R e se S SR et o SRR NN

BOY A T L
3.0 : ; : : " e TR S e

= = ST 7, S : : :
'S 40.-. > 0 B PR ERPRe T e

| ' fe 0 e 5 :

0 50 £ S I 0 ........... ...........
= : *e ; o) e s % % : : :

> 8.0 " i 5 ; s ‘, ........... ........... ...........
5 ; e T TY Ead ; : :

7.01 b : y o ], R SR A R g

vl
04 0.13 016 0.19 0.22 0.25 0.28 031 0.34 0.37 04

0.00 14.00 28,00 4200 56.00 10.00

(Rick Rickman et al., 2008)

ltasca Consulting Group, 2012



Hydraulic Fracturing
Factors - Brittleness

VERSITY

e Brittleness from 26 shale cores

e Various definitions exist for brittleness

BI, vs. Bl,
2
Co (USYSZE)
1.5 ° y = 0.1797x + 0.8203 BI, =
. [ ] .. Rz = 0-0601 TO (9_'%"79'.5)
% L |
i [ ]
o 1 L [ ._._..
e’ o Bl — 1 (Egyn [Mpsi](0.8 — ¢) — 1+ Vign — 0.4
j : T2 8 -1 0.15-0.4
[ @ P
0.5
0
0 0.5 1 1.5 2 2.5 3

)'100



Hydraulic Fracturing
Factors — Well configuration

SEOUL NATIONAL UNIVERSITY

« Well configuration effect on fracture growth

I8

s £
Casing shoe Perforations Effect of
gravitational
stress

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier



Hydraulic Fracturing
Factors - Confinement
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« Confinement of a fracture between layers of
higher stress

shale - |
—— r;; "".
sandstone g -
- ‘1 ".'
shale -
——

Pressure required to extend the fracture |
N Pe = p(TUh) + p(flow) + P{?P}

Keep the fracture open Overcome the resistance at the

fracture ti
Drive the fluid flow racture tip

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier



Hydraulic Fracturing
Pressure response

SEQUL NATIONAL UNIVERSITY

A
=,
o1 )]
=
Growth in all _
directions Runaway into
low stress
zone
Confined fracture
growth
i
log¢

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier



Hydraulic Fracturing
Factors
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« Controllable
— Injection rate (2-3bpm to 60 bpm)
— Fluid viscosity (1cp to 10000cp)

— Perforation location

« Might control
— Fracture half length (through injection volume..)

— Fracture perm (through proppant...)

e Uncontrollable
— Stress
— Formation stiffness

— Temperature



Hydraulic Fracturing
Basics

Increasing Flow Capacity

Darcy’s Law

Where: g=flow rate
k=permeability
h=height/thickness
Ap=pressure drop
p=viscosity
Ax=length of flow system

ltasca Short course, 2011



Hydraulic Fracturing

Factors

SEOUL NATIONAL UNIVERSITY

Prats’ Dimensionless Fracture
Conductivity

Where: C;;=F_,=Dim. Conductivity
k=reservoir permeability
k=fracture permeability
w=fracture width
X=fracture half-length

ltasca Short course, 2011

Not all fractures have infinite
conductivity. In this case, Prats
devised the concept of
Dimensionless Fracture
Conductivity, which is essentially
the ratio of fracture capacity to
reservoir capacity.

The numerator, k,w, represents
the flow capacity of the fracture
itself. The denominator, kX,
represents the ability to feed the
fracture.



Hydraulic Fracturing
Factors

L
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ltasca Short course, 2011



Hydraulic Fracturing
Factors

SEQUL NATIONAL UNIVERSITY

ltasca Short course, 2011

Basics

V.=0;1t

V,=H, L[3C\/E+2SP ]

V,=wHL

L = Q tP

3CH, [t, + 28,H,+wH
Q : Pumping rate (ft3/min) to: Pumping time (min)
C : Fluid loss coeff. (ft/Vvmin) H, : Propped length (ft)
H : Total fracture height (ft) Sy spurt loss (ft/ft?)
w : average fracture width (ft) L : tip-to-tip length (ft)

This equation is the basis of hydraulic fracturing design (Smith,
2002)



HF Models
Basic models
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Sneddon (1946) and Sneddon & Elliot (1946) on penny shaped crack

v Pressure required to extend a Crack Radius of R |

(Pret = Perack — Pressure against crack opening) Derived usging

- linear elastic

| myeE fracture
pnet - 2(1_V2)R mechanics
v Volume of Crack )
16(1-Vv3)R®
V= ( ) Pret
3E

Derived using
v' Width of a Static Penny-shaped Crack g theory of linear
(R = penny-shaped crack radius) elasticity

W(r) _ 8pnet:-(é_v )\/a_(r / R)Z




HF Models
Basic models

SEQUL NATIONAL UNIVERSITY

Perkins & Kern (1961)

v Pressure required to extend a Crack Radius of R
= Work done by the pressure in the crack to open
the additional width

1
Ty E 272_3 3E2 5
pnet = - 2 ) pnet = 7/; 2
2(1-v°)R 31-v)V

v Volume of Crack (q;: constant injection rate, t : time)
1

1

v2\p3 3,32 s 242 5
V=qit=16(1 VIR® [ 27 yZFE A 9Eqt :
3E 31-v) gt 1287y (1-V7)

v' Max. Width of a Static Penny-shaped Crack (h; : fixed height)
2 pnethf (l_vz)
W =
E




HF Models
KGD vs. PKN Model
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KGD Model PKN Model
Khristianovich et al. (1959) Perkins and Kern (1961)

Geertsma and de Klerk (1969) /| Nordgen (1972)

3D -> 2D * Plane strain in Horizontal Direction  Plane strain in Vertical Direction

i - Independent horizontal cross section - Independent vertical cross section

* Fracture Height >> Fracture Length * Fracture Height << Fracture Length

« Completely Confined Fracture * Fixed Height
Focus on * Fracture Mechanics and Fracture Tip * Fluid Flow and Pressure Gradient
Ignore * Flow Rate and Pressure in Fracture * Fracture Mechanics and Tip Region Play

Similar to * Planar Fracture

» 1D-Direction Fluid Flow : along the length of the fracture

* Newtonian Fluids

* Leakoff Behavior : Governed by filtration theory (refer to Carter(1957))

* Fracture Propagation : Continuous, Homogeneous, Isotropic Linear Elastic Solid



HF models
Lea k Off SEOQUL NAONAL NIVERSJTT

 Fluid loss rate, g,

— (,: fluid loss coefficient

— A fracture area

— 7 time measured from the start of pumping
— 7. the time when a fracture is created

— Highest rate of fluid loss is always at the fracture tip



HF Models
KGD vs. PKN Model
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KGD Model

PKN Model

Khristianovich et al. (1959)
Geertsma and de Klerk (1969)

Perkins and Kern (1961)
Nordgen (1972)

"‘~\\ Area of pighest
~flow resistance

3D ->2D

. S :
: X N T —
V(M ; Approximatély elliptical
Focus on R P shape of fracture |
g v JEI.

[o]

L

r

Mack & Warpinski, 2000, Mechanics of hydraulic frécturing, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed., Wiley



HF Models
KGD vs. PKN Model
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Fluid Flow d_p:_ 640q.u op _ 12qu
Rate dx  zhw’ ox  hw
o 164G E 14 2.0 3 1/4
Pressure Pret = 7Z'h? L Pretw = 647h, E E
1/4 14
Width at qul 84 uq L2
Wellbore WW_038( E' j WW:[E E'h, N\
e e see s eee e e e e ettt sttt sttt et Leak
Fracture /
Length i S= ZCL_\/% S = 8CL\/E off
(fn of time) W W,

KGD Model

PKN Model

Khristianovich et al. (1959)
Geertsma and de Klerk (1969)

Perkins and Kern (1961)
Nordgen (1972)

Mack & Warpinski, 2000, Mechanics of hydraulic fracturing, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed., Wiley



HF Models
Proppant
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« Physical properties that has impact on fracture
conductivity

— Proppant strength

1000

\ /
Intermediate-
strength proppant ,\
100 X\ \

— Grain size and grain-size distribution
— Quantities of fines and impurities

— Roundness and sphericity

— Proppant density

Permeability (darcy)

« Strength comparison
— Sand ~ 6,000 psi,
— resin-coated proppant(RCP) ~ 8,000 psi, T e

— Intermediate-strength proppant (ISP) ~10,000 psi,
— high strength proppant > 10,000 psi



HF Models
Proppant

SEQUL NATIONAL UNIVERSITY

e Once pumping stops = injected fluids leak off - fracture will close
and new formation area will not be available for production.

« Proppant : sand or high strength granular substitute

Proppant maintain the fracture width to provide a conductive path
for production.

1) Effect of Proppant on Fluid Rheology (7S &t

- viscosity of proppant-laden slurry > viscosity of fluid alone
2) Convection (Gravity Current)

- Effect of convection{(with large width)

3) Proppant Transport

- Hindered settling & clustered settling occur




Presentations
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« Historical papers
— Hubbert & Willis, 1957, Mechanics of HF

— Haimson & Fairhurst, 1969, HF in porous permeable materials, J
Pet Tech, 21(7):811-817

« EGS Hydraulic Stimulation

— Rosemanowes: Pine, R. J., and A. S. Batchelor. "Downward
Migration of Shearing in Jointed Rock During Hydraulic
Injections." JRMMS 1984;21(5): 249-63.

— Soultz: ...

— Germany: Gross Schenebeck (GFZ), Gunter Zimmerman et al.

e Shale Gas HS



