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Shale Gas Production Modeling

Using Response Surface Method
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Fracture permeability in xz,v.z direction

Figure 2.1 Flow diagram for shale gas reservoir modeling
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Table 2.1 Measure for fracture intensity (Dershowitz, 1992)

Dimension of features

0

i

2

uordald Jurdwes Jjo uoIsuawWi(]

Pgo: Number

of fracture

o
o samples per
O e
5 | point sample
~ | rock mass [-]

porosity

Pio: Number Pt Length of
— | of fractures intersects
= | per unit length | fractures per
=
® | of scanline or | unit length of
2
~ | borehole [L7'] | scan line[-]

intensity porosity

Psgt Number Psi: Length of

Poo: Area of

of trace fracture traces
() ) fractures per
oy centers per per unit . i
P ) ) . unit sampling
o unit sampling sampling area =
= 3 _ areal-—

area [L7°] B

density intensity porosity

Pap: Number Pss: Area of
o Pss: Volume of
—~ | of fracture fractures per
= . fractures per
S | centers per unit volume of .
5 _ unit volume of
2 | unit rock rock mass K i
& s rock mass [-
2 | volume [L 89 L]

density intensity porosity

11
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trend = strike — 90 ° = dip azimuth— 180" (2.1)

plunge =90 ° —dip (2:2)
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¢ =y + b (2.4)
¢ = (1= ;)8 (2.5)

br,err = (1= ), (1= S,5)
By = Py (2.6)
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Actual Reservoir

matrix fractures

Conventional Dual-
Porosity Model

Figure 2.3 Idealization of a fractured system (Warren and Root, 1963)
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A7 4 AgHE £25 4 299 20| Ficks 3 WA FAEH oA
3gEe] W2 AHoPAth(Poling, 1987). FAEHE 0.1md, TZE 2%
9] Devonian M Y7t A FFolA FAAFT 0.09299 ft/day (10" em*/sec)d
o] 4#A ATH(Kucuk, 1979).

ax;
Ji=—cD; (2.9)

Tod

7|1 A, J;: the molar fluz of component i perunitarea

c: thetotalmolar concentration givenbyc =
m

U, : themolarvolume of mizture

D; s thedif fusioncoefficient of component i

: themole fractionof componenti

= d : the gradientinthe directionof flow

ld g F58 ZAE o HE¥® 2 d(discretized matrix model)S Z £-3}
o ofd Ul AA7F BAAsub grid)® UHolA Aok spAstE ALYt
& AFFTY F554HS HANZTEY {F5=E EAT 4 U™ Cipolla, 2009).
gy #4d 7t 52 d-FE AZ A (matrix-fracture coupling factor)®l
FEFS won, ol wWAd #9 1Y HF=EE JEr] Hs AHEET
(Kazemi et al., 1975). AAHe] gk 4 (2.10)3% Zo] AA x, y, z T It
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2.2 HFS Y

A WH(response surface method, RSM)2 Fig 2.49} o] tha=2o] H5HZ

%l A ™ 5 (explanatory variables)7} FJE38 02 ©de] T o] wheH
“(response variables)?ll IS WA w W e BAE ALFS(transfer
function)?l ¥HEEHOZ Yeil= Aot #Ae Za Jl= FEWHFIT A
e W HlA A8 v 433 L vAdFFHA FFE ™
gk A2 (explicit estimation)?] THF2A 082 FEEFTE 54 ARGl A<
vh3-A 9] qFaAY A, Aok, HsFg T sk d 83T
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A2 € BAT F AN A, dH¥EFY HAE AFEA 238 F
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X=(z),2q, Zgy <>+~ 2,) 213
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Figure 2.5 The concept of response surface method
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Figure 2.6 Response surface design of experiment for two factors:
(a) two-level factorial design with center point
(b) central composite design with a =/2

(c) central composite design with o = 1 or two-level full factorial design
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Figure 2.7 Response surface design of experiment for three factors:
(a) face-centered central composite design
(b) central composite design with a=+/2 or Box-Wilson central composite design
(c) three-level full factorial design
(d) Box-Behnken design
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Collect data

!

Generate naturally fractured reservoir using FRACMAN
: DFN(discrete fracture network) model

)

Upscale DFN to dual porosity - dual permeability
: Oda’s permeability tensor, fracture porosity analysis

'

Simulate scenarios using ECLIPSE
> Dual porosity - dual permeability model

!

Sensitivity analysis

{

Select the most influential parameters

}

Generate response surface (RS)

)

Add data point Verify RS results with randomly selected

input parameters

Error
satisfied?

Completed developing a reliable prediction method

Fig 3.1 Flow diagram to develop shale gas production modeling

using response surface method
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Figure 3.2 Schematic diagram of the synthetic reservoir
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Table 3.1 Input properties of the base synthetic reservoir

Reservoir Property Value

Reservoir grid, X xY xZ 31 x16x9

Reservoir grid including sub-grid cells, X xY x Z 31 x 16 x45

Reservoir size, ft’ 900 x 1600 x 200
Initial reservoir pressure, psia 1130.49
Temperature, °F 96.52
Bottom hole pressure, psia 300
Reservoir depth, ft 3600
Reservoir thickness, ft 200
Well length, fi 900
Matrix permeability, md ik
Matrix porosity, dimensionless 0.05
Rock density, Ib/ft® 63
Diffusivity coefficient, ft*/day 0.09
Total organic content, dimensionless 0.08
Matrix-fracture coupling coefficient, ft* 0.01
Hydraulic fracture conductivity, md-ft 5
Hydraulic fracture width, ft 0.1
Hydraulic fracture half-length, ft 800
Hydraulic fracture height, ft 200
Hydraulic fracture spacing, ft 300

32 R e 1A

——



Table 3.2 Natural fracture properties of the base synthetic reservoir

NEO°E

N38°E

Model

Fracture intensity, ft™

Trend, degree

Plunge, degree

Fisher constant, dimensionless

Fracture size, ft

Enhanced Baecher
0.35
0
70
25
Lognormal(30, 15)

Enhanced Baecher
0.15
338
70
15
Lognormal(30, 15)
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Table 4.1 Range of candidate input variables used during screening process

Reservoir Property Minimum - Maximum

Matrix permeability, md 10° 10° il
Matrix porosity, dimensionless 0.03 0.05 0.07
Fracture intensity, ft' 0.1 0.5 1
Total organic content, dimensionless 0.04 0.08 0.10
Bottomhole pressure, psi 225 300 400
Matrix-fracture coupling coefficient, fie® 0.005 0.01 0.015
Hydraulic fracture conductivity, md-ft 0.5 3 50
Hydraulic fracture width, ft 0.05 0.1 0.15
Hydraulic fracture half-length, ft 400 800 1200
Hydraulic fracture height

(Reservoir thickness), ft - e -
Hydraulic fracture spacing, ft 225 300 450
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Figure 4.4 Sensitivity of all parameters on shale gas cumulative production
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Table 4.2 Range of explanatory variables

Design of experiment # of 5
. Polynomial model R value  Error
(# of input data) coefficient
Linear 4 0.9089 0.3405
Linear with 7 0.9883  0.0825
Ccross terms
Three-level factorial )
Quadratic 7 0.9168 0.3398
(27)
Quadratic with 10 0.9962  0.0690
cross terms
Cubic 13 0.9957 0.0785
Linear 4 0.9233 0.3434
Linear with 7 09911  0.0505
Ccross terms
Box-Behnken .
Quadratic q 0.9297 0.3391
(13)
Quadratic with
S T 10 0.9975 0.0716
Cubic 13 0.3980 289.4
Linear 4 0.8919 0.4015
s M 7 09854  0.1128
Face-centered
composite Quadratic 7 0.9031 0.4013
(15) B .
Quadtafic with 10 0.9966  0.0748
cross terms
Cubic 13 0.6150 0.9774
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Figure 4.5 Validation of prediction model using R value
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Table 4.3 Design of experiment for three-level factorial design

Hydraulic Hydraulic Hydraulic Hydraulic Hydraulic Hydraulic

fracture fracture fracture fracture fracture fracture

spacing (ft) hall-length (ft) height (ft) spacing half-length height
225 1200 350 1 1 1
225 1200 50 1 1 i
225 1200 200 1 1 0
220 800 350 1 0 1
225 800 50 1 0 -1
225 800 200 1 0 0
225 400 350 1 = 1; 1
225 400 50 1 =1 it
225 400 200 1 =1 0
300 1200 350 0 1 1
300 1200 50 0 1 =il
300 1200 200 0 1t 0
300 800 350 0 0 1
300 800 50 0 0 =
300 800 200 0 0 0
300 400 350 0 =1 1
300 400 50 0 = =1
300 400 200 0 = 0
450 1200 350 =1 1 i,
450 1200 50 =1 1 =
450 1200 200 =il 1 0
450 800 350 =1 0 1
450 300 50 =] 0 =1
450 800 200 =il 0 0
450 400 350 =1 =l 1
450 400 50 ] =) =1
450 400 200 =] ~1 0
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Abstract

Shale gas is natural gas stored in low permeability shale formation. Even
though technological enhancement of horizontal drilling and multi-stage hydraulic
fracturing has made economic feasibility, it is expensive to produce shale gas
because of high cost of production and low ultimate recovery of 5~15%. For
this reason, there is growing need of decision making based on production
prediction for effectively designed multi-stage hydraulic fracturing. Earlier studies
on shale gas production modeling use initial production rate to predict ultimate
cumulative production, which is hard to be practically utilized ahead of hydraulic
fracturing operations. Other studies need a huge amount of input data.

In this study, hybrid model is applied to response surface method(RSM) and
a new production modeling is developed to predict shale gas cumulative
production. Hybrid model is a numerical model which combines discrete fracture
model and dual porosity - dual permeability model. This reflects the production
mechanism of shale gas reservoir such as desorption, diffusion, and transient
flow, and anisotropy of fractured reservoir.

Regulation on RSM design of experiment helps to test less number of data
than other modeling method such as artificial neural network. For the purpose of
selecting the most impactful parameters on shale gas production, sensitivity
analysis is conducted for parameters such as reservoir properties and multi-stage
hydraulic fracturing design factors. Hydraulic fracture spacing, height, and
half-length are in order of importance. RSM is developed using the three
effective parameters. For the design of experiment used for RSM, three-level

factorial design and quadratic polynomial model with cross terms are the most
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reliable as its R® value is higher and error is lower than other models. The
production modeling using response surface appears to be credible since its R’

value is 0.9828 and average error is 1.34%.
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