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Study for Improvement of Multi—stage Hydraulic
Fracturing Design for Eagle Ford Shale Reservoir
Using Rate Transient Analysis

Lee, Hyeongseok

Department of Ocean Energy and Resources Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Multi-stage hydraulic fracturing ~has become common and proved
technology to develop tight reservoirs such as shale for commercial
production. Since production performance for shale reservoir highly
depends on applied hydraulic fracture design, it remains a continuous
challenge for the industry for improvement. In this study, rate
transition analysis has been performed to estimate fracture geometry
for various fracture design with different fluid selection in order to
gain insight into their effect on production performance in U.S. Eagle
Ford shale. The wuncertainties on both reservoir properties and
fracture distributions have been quantified by the probabilistic rate
transient analysis using Monte-Calro simulation. Through the studies,
the guidance on fracturing design has been derived by analyzing the

relationship with fracture geometry growth with each design application based on

v
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rock physical characteristics. Fracture fluid systems with higher
viscosity were found more favorable fracture fluid in the investigated
area since it created more stimulated reservoir volume with higher
productivity as well as contacted greater volume to drain hydrocarbon

in place than those with slickwater.

KEY WORDS : Shale reservoir A9 *7#%; Multi-stage hydraulic fracturing T
A et 34); Rate transient analysis A 4Hd ©]4-4]; Hydraulic fracturing design
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4 A FFAFHF (stimulated reservoir volume, SRV)¢F & T A<l
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A 2% ALY AFE AWA B

21 AlY AFFY FAFT 54

THIHAEE AFS W 9 d9dE IS AFFT- A 1 749
Fredes MAET AY AFRTe 1A Fe B@Erad fu5s Adiste A
7o 489 Tl o3 #dxuA Y HE R wet AAHHH GRS

= Z

T ALHe AFFol dAd(ductile)oll Y FHAES e

= L =

B Fdrbdo](fracture half length)®t v &% % = (fracture conductivity)”7} %
2 Zhgsiy, 533 A 74d WES A7}

PR = vde A de Gdd FdEREYG O FEE S 29E

S str] ol Hoh(Fig. 1).

Simple Fracture

Complex Fracture
Network .

= Complex Fracture
With Fissure Opening

Fig. 1 Types of fracture growth(Warpinski et al., 2008)
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olg|3t o] &2 A AFFTY T aHE BEHr] & 324 SRV
Mol AL&=m, 1A/ d(micro-seismic) RUEH S ©]&3] Fotua] A
Akl WAl we} SRVel Z7|ek AibsEo] BFE &IF H
(Mayerhofer et al., 2008).

ﬁd
%0
o

SRV Fig. 29} #Zo] el s FAFAE MAHAE A/rS A= F
& 9w, SRV W HAHFEe] L} FEEHZ (fracture surface)e] &
g A7} Aibsgdd AR FgFoE L3I Maxwell et al, 2006). 71
o2 SRV U FdI o o FAE FIEEHLS 2 ()G 2o 231z
w28 F AoH, L, SRV U & 3 Zolo) &, o= ddvbdo], ¢, &
g Unl, 2 = FEHS A S SR gt

a
1o

Stimulated Reservoir Volume
in a multi-stage hz well

Fig. 2 Basic concepts related to multi-fractured well(Fekete Inc., 2014)
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2.2.1 AFZAZHsquare-root time) £21H
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(Anderson et al., 2010).
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Fig. 4 Flow regimes identification in square root time analysis
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FEddel e 242 FATIY] BFH YA E 4R (decline curve
A4 po vmdto g B sissitt ZE XS] Hed o

2t A ¥ f-5(linear flow, b=2), °]FA 3 & (bilinear flow, 1<p<2) I ZHH7|
73 A A 8 & (apparent boundary dominant flow, <l)22 TF&& F Utk

(Kupchenko et al., 2008; Seshadri and Matter, 2010).

analysis) 9] 7+

2.2.2 fr5E3 93 Y(flowing material balance, FMB)
o]

Qw9 AFFNA AAAMGES F2 wFolu pinchout 5 AAH<

A mE AT Aggae] MaEHe FHA o pdEI o8 B

N

|
|
Conventional reservoir |

1 ] 1
1
D>
I_.__I____ |_“l
| 2N VY Y1
|
True no-flow boundary / .
No flow boundaries Fractured shale reservoir

(Caused by interference) |

Fig. 5 Boundary dominated flow comparison(Anderson et al., 2010)
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A e g M FE5EEH P (flowing material balance,
FMB)& ©] &3t EAsd = dvt. fFrs=dHIH S Yol AT 7
T+ AFTY Fedd Adte FE5 34 %9 (flowing bottom hole pressure) 7
stE HigtE Mo m V€ =dE I A8 E st EFEFHUL
o, A AFSH 2ol AFS BIEdHY ASol A A5 &
NEE2HFS d3F3t7] g4ds 7|Holth. A AR ¥ f-5(pseudo  boundary
dominant flow, PBDF)ol|l ¢J3l dAst= AdF3bs &8st FAF5 HA
7} AR =M (Fig. 6), 21 (8)= °l&std A 7T A=A (stimulated area, Asgy)

= Adg Ao

Flowing Material Balance

5'%

Oil Normalized Rate (bbl/d/psi)

Normalized Oil Cumulative Production (Mstb)

Fig. 6 Contacted HCPV estimation in flowing material balance(Anderson, 2015)
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Two-wing fracture without SRV Connected SRV Isolated Fracture Clusters

LU | IO || M
T || e |

[ 1 Enhanced permeability region

Fig. 7 Possible SRV/fracture patterns(Samandarli et al, 2014)

FHEA7E HEd ARSTS FAH LR A XA (proppant) FUE AR AR
% Tad, olol R FPHE= 227 A, A=A Fe 7
Fo2 & ¥ 4 9 th(Sureshjani and Clarkson, 2015). Brown et

=
reservoir) & 2 F8tal Zb oA BAEE fEs AESHske AsAdF

& (tri-linear flow) 22-& A|A3IAT.

LINE OF SYMMETRY

Yo=d:12 'ﬂno-FLow BOUNDARY)
TTTTTIT omoar
|| e
SN 1
J(. ---------------------------

& INNER RESERVOIR _| 5
NATURALLY
Xg FRACTURED
ki 81 €

Kmi #ms Com

[RE ]

HORIZONTAL WELL

Fig. 8 Schematic of Tri-linear flow model(Brown et al., 2009)
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Fig. 9 Multiple branch fracture model(Stalgorova and Mattar, 2012)
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o7 JHHE & Un.
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P — y
2 I No-flow. No-flow
Region 3: Region 4: y| ZZzZZZZZ 7
ks, s, €3 ky, b4 €4 Region 3 Region 4
H Jul No-flow\ ‘ J J(Hl
NN NN, ,—l; v v v
s, = e
5 :;; g yi=(x), P17P3 P27Ps
.é - = 3 < ol 4,
5 ) E —— SIS
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= 3 : I
2 \ — —— 2 | P
g 3 ) S 3
é . . 2 3 < * < \ “é
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Fracture: =
ks by ;7| J x ¥
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Fig. 10 Schematic and dimensions for Five-region model(Stalgorova and Mattar, 2012)
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< 98 FEREFest FAH0lor g, F49 FERT P EHIER
Mg Rl sH e Axg 48¢ sk AF 2 A

Table 1 Probabilistic model parameters for Eagle Ford shale

Parameter Description(unit) Source
P, initial Pressure(psi) Measured(welltest, DFITs)
L, horizontal well length(ft) Measured(drilling reports)
e del hist tch
kspy permeability in the SRV(md) mo eparasncigerma ¢
k,, permeability outside the SRV(md) modelp?rias;crcigermatch
ny number of fractures Measured(completion)
special plots, analytical

Ty fracture half length(ft) model history match
hy fracture height(ft) Measured(logs)

Y distance to adjacent(ft) Measured(well spacing)
¢ porosity(%) Measured(logs)

S, water saturation(%) Measured(logs)

15
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32 A7 AY

t] = gAR2Fol #1213 Eagle Ford AlY AF5S Fl=ollA 7B 2ol 7
TH Ald AFS T skuelth 2008 f7k= 7RO Aol HEC La
Salle CountyollAl 3 AF& 3 o]F EAZQI o] AP om AYiFaFs
20159 & 7jEo® 4t 15M ek Wi, w439 WY FERE HAFHIL 9
H(US. EIA, 2016). Eagle Ford AlY& F7] We}7|(Late Cretaceous
Cenomanian - Turonian)®l| Texas ##E Wz} SW-NE W&oz gy =
% T ¥ (shelf margin)olA EZ ¥ Organic/Carbonate rich marine deposits
o= HAZF A Austin Chalk, 3o Buda Limestone¥} 7 A3tal 1o m
(Fig. 11), Aol w2t AFS 5 FA2 =4do] vFsA Exstal Aok A+
o AL oF 60%°] A-FA4HHIES A retrograde gas condensate 73

o}
o2 z7] 7k2dHHE 2,000~8,000 scf/stbo] Th(Fig. 12).
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Fig. 11 Cross-section view of Eagle ford shale(Condon and Dyman, 2006)
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Mexico

o 235

N
IR el )
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Fig. 12 Eagle Ford play map(U.S. EIA, 2014)
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Eagle Ford®} Barnett Ald<= tidoE 4 2 Alde FEXHY A&
B (Fig. 13), Eagle Ford Ad<& Atz
Barnett ARt Aol & AFES
-2 Barnett Al¥2 °F 6106 psi T+ &
Eagle Ford Al ¥ wlaal 3/ (brittle)d] 44

mlo
)
L
o

Total Clay
0.00,1.00

/ \ Clay-rich gas-bearing mudrock

+ \ 0.00
0.00 0.25 0.50 0.75 1.00
Quartz Total Carbonate

Fig. 13 Mineral composition in Eagle Ford and Barnett shale(Passey et al., 2010)

Table 2= Barnett % Eagle Ford AlY 739 X F(outcrop)ollX HH =
FoAMEY FAFES UEH AT Bamett M Y2 T2 illites} 22 sl A
E(marine clay) ¥ 44 quartzE o] Fo]& om, RS Barnett Al Y-
quartz d&°] FHI 4 o] Y(siliccous mudstones) OS2 #+7FE T Ut
"I, Eagle Ford MY Atz o®E @Fe quartz FFH dHHozE FHI
calcite R clay F=2 o] FojA djHorw AA EAS AU, Ao o
2} clay @t calcite §H&Fo] theFatAl &A1tk (Morsy and Sheng, 2014).
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Table 2 Mineral Abundances for shale samples

Quartz Clays Calcite Feldspars Pyrite
]?f;?/e? 35~50 10~50 0~30 7 5
Ea ist%’rd 9 2% 53 2 4
Fig. 14+ F&AS F3l vl=moA T T AYL3FS Brinell BEAF

(Brinell Hardness Number, BHN)E WEIH 3Tt Eagle Ford Al¥-& £412 3}

228 BHN< UeHY dtizles dAo M=t E4S XUAl Hol H

A G JHo ddlE FA4SHA "otk WA HA S E FF5 S Barnett

A4 (BHN No. 80)2 434l 28 A FiA oz f4A B3 ¥4 HEYA
A

g45m we 9B FFOR AAA UF 9F Axs} FUHow B

=

tlo

Woodford  Marcellus. Floyd Eagle Ford Haynesville Bossier Barnett CVLime OhioSS Coal

Fig. 14 Brinell hardness number from core tests in North America(Chaudhary et al., 2011)
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33 EHUE A4 oA o H8 %

Eagle Ford A4 39 ¢AEDEH EAS nig g2 F4us 24 A, 54
A

Slickwater Frac

3 |

T 7%, slickwaters} 2 W2 HAe| FA % 22 YA AANAE w
FFoRE FUFOEN TrFe] AdtH(shear fracture)s =t T,
QA4 H(tensile fracture)S frEsdt] ZE3I 749 A=ELE 713 FETE
o FAo] 875 A5, gel BHYY =& A FAY H& AR AA
AE FYth Hybrid AA= slickwateret gel B F4E F4 =AE9
el £AF o R FUSHE WHOE 27 slickwaterE T3l vAS A
de FAsta, FHke gel BHY FAIE FUAT 2N FAH ddUY A=
EE FAII7] A HHoE AHEET

t

Eagle Ford A€ A#F3ol A&d tdA sdas 27 A= 452 7
Q] Barnnet AY A FZol &8&H slickwater THEAE 7%
dA=EETY EAYL FAIER & AEste AL

‘é% %—EH/\HV] AR Gt A=) o] FoiA AL



-
spacing), U 7, FU AAA FF,

71A gkl 32 Fig. 163 o] s
Zdol2 F4Edl 24 (cluster spacing)¥ THE T

Table 3 Multi-stage hydraulic fracturing treatment design

Avg. Stage Total Total

PAD  Well Rate spacing Fluid Proppant Pgﬂfgy
(bbls/min) (ft) (bbls) (Ibs)

A1 20 600 187,560 3,822,800 Slickwater
A A-2 91 600 188,289 3,826,400 Slickwater
A3 20 600 187,327 3,816,260 Slickwater
B-1 89 300 181,334 3,573,120 Slickwater
B B-2 20 300 178,706 3,590,583 Slickwater
B-3 0 300 167,684 3,398,510 Slickwater
C1 20 300 169,961 3,381,940 Slickwater
- C-2 91 300 168,624 3,348,880 Slickwater
D-1 85 300 158,295 4,216,560 Slickwater
D D-2 85 300 167,195 4,415,300 Slickwater
D-3 88 300 156,091 4,241,560 Slickwater

E1 71 300 109,626 3,621,280 Hybrid

E-2 69 300 103,064 3,379,920 Hybrid

£ E-3 66 300 110,585 3,529,650 Hybrid
E4 69 300 106,571 3,462,530 Hybrid
F-1 50 300 68,680 2,357,330 Linear gel
F E-2 50 300 73,378 2,317,343 Linear gel
F-3 50 300 67,935 2,190,050 Linear gel
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Cluster Spacing

M MM

Horizontal
Well —>

Stage Spacing

Fig. 16 Schematic of stage spacing and cluster spacing

Fig. 172 7 PAD2| At Sl &9 A 733 I 7339 24
£ Yehdth PAD-A, B, C, D9 A4S Fotas FARE slickwaterS A
st3Th PAD-Av ARl&3 AZe]l &84S Est 600 fto Fda T
& ALtk PAD-B, C ¥ Do A4 300 fto] 5L @9 T4
TS A3, PAD-CE H &3S 502 PAD-B9 Hlws| 75%<F

o FA7F FAHUSH, PAD-DE PAD-B thr] ¢F 10% =7FE A XA HFo] F
PEAT AXA PAAZ7] 9 HIEL FL3A @%Hi’iguﬁ, T
bbls/min & 2 FY3lth PAD-E, F= AAA Y &9 88 A4S 93|
sl AR slickwater®} linear gelS

473 9] linear gelol 27+ &= STh
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Fig. 17 Completion design for stage and cluster spacing
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34 o4l &4 78 2 TIVHIT A=

| SR = g A wE ME e ddd % S4e U
WH, ¢t 2% 54 ol we 57 gl 2T, sobude] A A
Ae v548or 39 AAA TS F2Ho= o, ¥4 2 SAH ¥T
Aol IRARESY] TEIRA Y] FFES vuFoEN HAH Fdf E29}
& 79l 8-S A A4 IekE B2 F Urh B dFdAE g A
d AFTY s B FEELS st mHANE dS5S fe gabHelR
J

Fig. 182 AFIAIEA Y] Aoz sdus 53 3l #dd 22 SA4S
watr] fs] EAUe]l ¥ 2E AAAS dEdeE Ao, 22
%‘ﬁ%ﬂl AAZE A&¥ PADHEERE A} AIFHe Holes ZoR Yt
Table 4= 2} PAD®¥ A9 AlFTAIE =
HolA AP*5 TEAF(time at the end of linear flow, t¢,,)> 27€ A ¢F
o/l d= 28" FAddd 2A0 w2t g ARE el ey, dEA s
7F 1olst= ol wet &5 F7HAF 52| A8 S Sk

Legend
65|04 PAD A
oa PAD A
60|22 PAD
aa PAD
55{0a PAD
aa PAD
50|=a PAD
ea PAD
45| .. pap
s PAD
40| .. pap

aa PAD E-
35| .. pPaD E-

aa PAD
30 =4 PAD
25|c4 PAD F-
oa PAD F-
20|22 PAD

15
10

Normalized Pressure (psi/(bbl/d))

©0.001.00 2.00 3.00 4.00 5.00 6.00 7.00 8.009.00 10.50 12.00 13.50 15.00 16.50 18.00 19.50 21.00 22.50 25.00
Square Root Time (d'/2)

Fig. 18 Square-root time plot for Eagle Ford wells
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Aol TodA e 71&71E ol AFFTIAAE =&F A} 600 fto]
FAFH TS LD A A1, A2 D A3 A AT 29.316md'
24,968 md'*ft*, 38,914md'*ft*<) WHH, 300 ftE& &3 B-1, B2 ¥ B3 AHA
o A 27 43,658md'’ft?, 48,005md'*ft* R 41,165md"* ' 2 UERY} FUT
A3t Aol mE B WHIE FQAsATE 3L slickwaterS FUFA =
A’k PAD-A, B, C 3! D¢} Hluls) w2 HAFAE U= PAD-ES}H Fo| A
AREANN AUHon B FAAE THAE AeR EAEH gt

AFAZ A BAAET vlus] v Fdd YdE 7HA

e

o},

slickwaterE
J

= Aer 44

Table 4 The Square-root time results for Eagle Ford wells

m A C\/7( tel f
PAD  Well b
(slope) (md"*t)  (days)
Al 29,316 38 0.80
A A2 132 24,968 47 0.82
A3 38,914 32 0.95
B-1 43,658 58 0.96
B B-2 117 48,005 72 0.80
B-3 41,165 69 0.92
C-1 54,977 27 0.92
C 111
C2 31,240 117 0.96
D-1 46,738 108 0.93
D D-2 121 80,734 116 0.98
D-3 39,506 163 0.90
E-1 100,849 45 0.97
E-2 71,399 52 0.92
E 0.28
E-3 76,667 30 0.89
E-4 84,912 51 0.95
F-1 89,663 209 0.92
F F-2 091 58,782 134 0.83
F-3 66,562 138 0.9
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Fig. 195 a2 Q3 SRV} HiF5-E Rludt Fe=dd Y £42
#2, ZF PADS A4 WM A= Table 59 Z2th PAD-A= oA A FZAT
oA 71 S 717t B /5 TEA™] ERIFHIOH, FEEEHY

4 A ME T8 PADS LA S Blws] A2 722 SRV Hi

> ¢ 2 A
o
il

M= AR ZRIFEAY. PAD-B, C 2 D slickwatergE FUFAIZ
g3k ANGAHEL OOIPsve] TEOA & AolE YehlA  Fgkond,
OOIPprainage =X A T AL 2ol & SRt ol FHrAeF AAAZF

< 2] me B E = vF 3 (un-propped) TEU TR gk A=z 3

A 5 Ao,
HHH, linear gel= 483 PAD-F A4 52 OOIPsrye F-1, F-2 ¥ F-30) A
—1
wal oF 2uf FEe] SRVE st AR UEH O™, OOIPoring w4142 3
12
=

% 1,581.8 Mstb, 1,803.5 Mstb, 2,087.0 MstbZ FAE o T Y-
GRS AN ZoR Sl ek

Legend
oa PAD A
|04 PAD A2
4a PAD A3
a PAD B
@a PAD B-2
aa PAD B-3
ma PAD C-
es PAD C-2
ma PAD D1
ea PAD D-2
aa PAD D=3
sa PAD E41
ea PAD E-2
aa PAD E3
sa PAD E4
oa PAD F+
oa PAD F-2
aa PAD F-3

Oil Normalized Rate ((bbl/d)/psi)

0.00lt . RGN e ey s o ..
050 150 250 350 450 550 650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750 1850 1950 2100
Normalized Oil Cumulative Production (Mstb)

Fig. 19 Flowing material balance for Eagle Ford wells
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Table 5 The Flowing material balance results for Eagle Ford wells

OOIPsgy OOIPprainage
PAD Well
(Mstb) (Mstb)
A-1 1994 281.0
A A-2 213.2 318.9
A-3 181.2 261.8
B-1 4239 809.5
B B-2 541.8 883.1
B-3 534.6 801.1
C1 460.3 634.2
¢ C2 316.3 599.1
D-1 417.7 1,132.7
D D-2 559.5 935.5
D-3 549.9 1,557.5
E-1 641.6 894.4
E-2 611.0 885.0
. E-3 491.0 670.4
E-4 720.8 827.6
F-1 963.0 1,581.8
F F-2 1,051.7 1,803.5
E-3 971.9 2,087.0

Eagle Ford Al939 A4 A& SASE H& SRV £X5 7HA

| e e |
do] AgAolth. AFAHfF5 E2LH Fiveregion B2

E EBae Fave ¥
g ol§@ RS AT A FYTY TA FYS AN B F FAR
Ask AAAY FFRAE BT 4F Y FERD 2§ A, Ny e
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2 o % QUnhFig 20). ol STl o5 A=H A
gal M Ao FAukdols el Aow 4Y

ATH(Table 6). olo ¥ ATl A = Eagle Ford MY AFTNA 2L 7b5
A

P AL AR FEHE 2ASE] #18) Five-region model& o83 E4<& I3
=

Tri-linear flow model Five-region model

Fig. 20 Analytical model comparison(Tri-linear model vs. Five-region model)

Table 6 Comparison of different model applications and the results

Tri-Linear Model Five-Region Model
x 4 (ft) 109 283
kfyq0(md) 3.94E-04 7.81E-05
k,, (md) 1.63E-04 7.36E-06
X;(ft) - 26
EUR(Mstb) 463.4 462.8
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Fig. 21 Input distribution for probabilistic rate transient analysis
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Table 7 The Statistics of reservoir properties in Eagle Ford shale

Performance Well Net Pay Porosi Sy

Group Count (ft) (%) (%)
Deep Gas 46 20~ 358 40~11.0 52~40.0
Deep Oil 34 112 ~ 200 6.6 ~11.0 15.0~38.0
Dry Gas 5 134 ~ 319 53~ 90 94~ 46.0
Northeast Oil 22 42 ~195 5.0~10.2 15.0~47.0
West Gas 18 118 ~ 312 45~10.0 10.2~31.6
West Oil 55 63 ~ 285 5.7~14.03 93~331
West Shallow Oil 31 76 ~ 201 83~10.0 124 ~36.3

dt) AEe} ARS FAFHE} Zo] 2FAG0] SAsts 4= @
f ZHZIER AEHCA 3 A, AdelHdA Y HMer AAste] Fox
BAZED W Aoy AolE Hisbets oz AEsiila, € 2AHEA
Wor AEd Aol dA A HEear ge AEdode] ez
2 Agstdtt. 72 A S ddeE 50039 AlEH oA TUA Tt

92
ATh(Fig. 22). EEH TF7

FA el ti$k Pyp/Po Hl= 4017 A4S <oF
1189 A5 RIstg o, nE EAUoA dF32Ae WSS AlEg oA
T3 37t ¢F 10031 E 23T H$ Pio/Po BIZ7F AR 28-S A

ATt
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Ultimate Recoverable Oil (Mstb)

40 28%
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s
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Fig. 22 Probabilistic rate transient analysis using Monte-Calro simulation
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Fig. 25 OOIP matchs between analytical model and FMB
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Table 8 The Probabilistic rate transient analysis results for Eagle Ford wells

PAD Well v X Unit EUR
(® () (P Metb/fy)
Al 105.6 132 212
A A2 1092 98 24.60
A3 1104 9.4 25.30
B-1 1285 26.0 39.83
B B-2 187.1 183 40.49
B-3 1368 97 44.84
c1 935 264 36.68
¢ C2 174.9 3.6 478
D-1 1617 10.0 55.32
D D-2 1853 136 19.81
D-3 2178 76 70.92
E-1 2417 141 76.98
E-2 207.1 88 7298
: 50 2125 17.2 51.36
E4 2281 202 57.19
F1 2505 202 5410
F F-2 250.1 18.0 84.16
F3 2829 256 99.50

_7"_-
TT o —
°of T/, 7%, X]X]iﬂQl 7)ok 2 sk A
o} 2
|

A
Al
(shear force)JJr ?17 ¥ (tensile force)o = 2
pis
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Ultimate Recoverable Qil (Msth)

100.000 113.260 128000

(x4l 100.296 127.202
k; 104662 121.228
X 114424 114424
Lex 113.260 113.909
Ky 113422 113.427
Y, 113,260 113.250

(a) Well A-1

Ultimate Recoverable Oil (Mstb)

131.000 138.588 146,000

(xrly 131.452 145.715
Kz 133.909 143.009
Ly 138.588 138.875
¥ 138739 138739
Ky 138.541 | 138.645
Y, 138.588 138.588

(b) Well A-2

Ultimate Recoverable Oil (Mstb)

126.000 132.846 140,000
x¢ly 126,205 139.480
kg 128444 137.027
X, 132.323 132323
Ly 132,846 133.009
ky 132.795 132810
Y, 132.846 132846

(c) Well A-3

Fig. 28 Sensitivity analysis for PAD-A wells(slickwater)
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Ultimate Recoverable Qil (Mstb)

296,000 314.513 339,000

(xrly 296.533 326.450
X 338.233 338.233
ks 304.741 17.379
Lex 311.513 320,840
ki 311.331 311,726
Y, 31513 1513

(a) Well F-1

Ultimate Recoverable Qil (Mstb)

{xe)y 257.612 279.979
X 284772 284772
ky 262.090 275.032
La; 268796 269,775
ky 286.474 269474
Y, 268.796 268.796

(b) Well F-2

Ultimate Recoverable Oil (Mstb)

394.000 409.547 455.000
X 457418 457.418
(%rly 394435 421991
Ly 409.547 430,570
k; 405.817 412,457
Ye 403.784 409.947
ky 407.963 41143

(c) Well F-3

Fig. 29 Sensitivity analysis for PAD-F wells(linear gel)
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Nomenclature

A, = surface area cross sectional to the flow, ft*
B, = formation volume factor for oil, bbl/stb
B, = formation volume factor for oil at initial reservoir pressure

and temperature, bbl/stb

b’ = y-intercept of linear flow straight line in the square-root

time plot, psi/bbl/d

Cp = dimensionless wellbore storage, dimensionless

¢ = total compressibility, 1/psi

¢ = total initial compressibility, 1/psi

Fqp = dimensionless fracture conductivity, dimensionless

h = formation thickness, ft

k = permeability, md

Kfrae = permeability enhanced region by hydraulic fracturing, md
Ko atrin = permeability of reservoir matrix, md

k, = permeability of stimulated position in reservoir, md

ky = permeability of unstimulated position in reservoir, md
L,, = effective horizontal well length in x-direction, ft

Ly total = total composite fracture length, ft

m = slope of linear flow straight line in the square-root time

plot, psi-d*/?/bbl

N, = cumulative oil production, Mstb
ny = number of fractures
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Dpp = dimensionless pressure in the fracture, dimensionless

D, = rate normalized pressure, psi/bbl/d

Dob = dimensionless pressure in the n-th region, dimensionless
Dpi = initial pseudo-pressure, psi’/cp

Dy = flowing wellbore pseudo-pressure, psi’/cp

@, = normalized cumulative production, stb(or MMscf)

q = flow rate, stb/d

G = normalized flow rate, stb/d

q = flow rate at time 't’, stb/d

S, = oil saturation, fraction

S, = water saturation, fraction

s = Laplace transform parameter

s’ = apparent skin factor, dimensionless

t = time, d

bons = end of half slope(linear flow)

Ty = fracture half length, ft

(z,), = fracture half length in y-direction, ft

X; = distance to permeability boundary in x-direction, ft

x, = hydraulic fracture network width from microseismic event

pattern, ft
x, = orthogonal fracture spacing, ft

Yp = dimensionless coordinate perpendicular to the horizontal

well, dimensionless
Y = half of fracture spacing, ft

n = oil viscosity, cp
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¢ = porosity, fraction

o = total porosity, fraction

Nb dimensionless diffusivity in the n-th region, dimensionless
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