UREP

UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT

Advisory Board
Meeting
May 4, 2016

Agenda

Wednesday, May 4, 2016
08:00 am — 08:30 am Continental Breakfast
08:30 am — 08:40 am Opening Remarks — E. Ozkan

08:40 am — 11:45 am Presentations

08:40 am — 09:00 am Anomalous Diffusion Models for Unconventional Reservoirs — A. Albinali
09:00 am — 09:25 am Production Data Analysis Based on Anomalous Diffusion — R. Holy
09:25 am — 09:40 am Numerical Modeling of 1D Anomalous Diffusion — R. Holy

09:40 am — 10:00 am Gas Flow Inside Nano-Fluidic Chips — E. Parsa

10:00 am — 10:15 am Coffee Break

10:15 am — 10:40 am Impact of Confinement on Flow: Black Oil Simulation — T. Calisgan

10:40 am — 11:05 am Potential of Thermal Methods to Enhanced Recovery in Unconventional
Oil Reservoirs — J. Huseynova

11:05 am — 11:20 am Experimental Study of the Membrane Properties of Nanoporous Reservoirs
—Z. Zhu

11:20 am — 11: 30 am Slkp Flow of Gas in Nanoporous Media using Lattice Boltzmann and
DSMC-Z. Zhu

11:30 am — 11:45 am Pseudotransient Linear Flow in Unconventional Reservoirs — 1. Assiri
11:45 am — 12:00 pm Discussions
12:00 pm — Adjourn

Boxed lunch will be available for the guests attending the meeting
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Address

Colorado School of Mines
Petroleum Engineering. Dept.
Marquez Hall

1600 Arapaho Street

Golden, Colorado 80401

Meeting Room
Marquez Hall (MZ) 106

Contact Person

Ms. Denise Winn-Bower
Research Administrator
Phone: 303-273-3945

Fax: 303-273-3189

E-mail: dwinnbow@mines.edu

Driving Directions
From Denver Int. Airport:

Take Pefia Blvd and drive 11.4
miles to merge onto I-70W; in
18.1 miles take exit 265 to merge
onto CO-58Wtoward Golden
/Central City; drive 4.6 miles
and take Washington St exit;
turn left to Washington St and
drive 0.7 miles; turn right to 16"
street; Marquez Hall is on the
left at the corner of the 16™ St
and Arapaho.

From Downtown Denver:

Take US-6W/6™ Ave; drive 10
miles and turn right to 19" St;
in 0.3 miles turn left to Illinois
St and in 0.2 miles turn right to
16" St. Marquez Hall is on your
right at the corner of the 16™ St
and Arapaho.

Parking Instructions
Parking on campus during
operational hours (Monday-
Friday 7 a.m.-5 p.m.) requires a
metered parking permit. Park in
the General (blue), street parking
(blue) or Commuter (yellow)

lots (http://www.mines.edu/
MapsDirectionsParkingInfo).
All visitor parking areas have a
pay and display parking meter.
Please visit the pay stations to
receive a parking permit. Pay
station meter rates for General
(blue) parking are $1.50 per hour
or $8 daily; rates for Commuter
lots are $1.25 per hour or $6 daily.
Metered parking permits must be
displayed on your dashboard.
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Research Summary

Anomalous Diffusion Models for
Unconventional Reservoirs

Ali Albinali, Colorado School of Mines
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Status of Research

« Mathematical equations derived.
* Fortran FO0 computer code built.
 Solution verified and sensitivity analysis conducted.

« Solution applied to field data.
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Scope of Research

« Unconventional reservoirs:
 Different levels of heterogeneities.
e Abrupt variations.

* Conventional fluid flow models.

« Using anomalous diffusion to model fluid flow in
unconventional naturally fractured reservoirs.

 Derive an analytical solution for multi-fractured
horizontal wells.
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Approach

* Modifying Darcy’s law following Fomin et al. 2011,
Raghavan 2011, Chen and Raghavan, 2015:

Cky 017 (ap)
oy otlme \ox

Ux

* Tri-linear (TLM) flow scheme by Ozkan et al. (2009).

e Describe flow in matrix and natural fractures
independently (a,, and a,).

* Tri-linear anomalous diffusion and dual-porosity
solution (TADDP).
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Results/Sensitivity Analysis

» Diffusion Exponents a,and a,,.
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Figure 1: Sensitivity Analysis-Diffusion Exponent
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Results/Sensitivity Analysis

« Diffusion Exponents and Regional Impact.
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Figure 2: Sensitivity Analysis-Regional Impact
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Results/Sensitivity Analysis

* Flow Capacity: k;‘fhf and k,™h,, .

1.LE+6 1.LE+6

1.E+5

1.LE+4

1.E+3

1.LE+2

1.LE+1

Pressure Drop, psi
Pressure Drop, psi
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Time, hour Time, hour

—af=am=1 of=0.1,oam=1 © af=0.1,0m=0.6 © of=0.1,am=0.4 | — af=0om=1 of=1,am=0.1 °© af=0.6,am=0.1 © af=0.4,am=0.1

Figure 3: Sensitivity Analysis-Flow Capacity
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Field Application

« Eagle Ford Shale formation.

 Single pad with 3 laterals (RRC Texas):

» Each lateral make up 33% of the total production.

» Similar simulation programs — hydraulic fractures are of
uniform properties — equal contribution.

« Monthly rates were converted to daily rates assuming full
month production.

* |nitialized with DPDK CMG model by Curnow (2015).
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Field Application

 Match Results.

Table 1: TADDP Match Parameters

Distance to boundary parallel to well (1/2 well spacing), x.,ft 625 1 E+2

Distance to boundary perpendicular to well, y,, ft 170

Viscosity, y, cp 0.5

Radius of Spherical matrix, r,,,ft 3 = LE+L

Matrix permeability, k,, md 1E-4 E

Matrix porosity, ¢,, 0.1 -:-\ 1.E+0

Matrix total compressibility, c,,,, psi- 1E-6 *5

Matrix diffusion exponent, a, 1.0 :; 1.E-1 -

Natural fracture permeability, k;, md-day*-of 1E-1 ° o o
Natural fracture porosity, ¢; 0.001 = 1.E-2 -

Natural fracture total compressibility, ¢, psi- 1E-6 ©

Natural fracture thickness, h, ft 3E-3 1.E-3 ‘ : : :
Density of natural fractures, p;, n{/ft 1 Jan-12 Oct-12 Aug-13 Jun-14 Apr-15
Natural fracture diffusion exponent, a; 0.2 Date

Hydraulic fracture porosity, ¢g 0.38

Hydraulic fracture permeability, k., md 5E+4 © Field Data — TADDP —DP
Hydraulic fracture total compressibility, c,, psi- 1E-6 Figure 4: Field Application
Hydraulic fracture half-length, x, ft 550

Hydraulic fracture width, wg, ft
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Future Work

 Field application.

» Characterization of nano-porous reservoirs
(Fractals).

 Elucidation about time-dependent transport.
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Production Data Analysis Based on
Anomalous Diffusion

Ralf Holy
Colorado School of Mines
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Outline

Motivation
Background - Anomalous Diffusion

Single-Phase Flow Model
» Constant terminal pressure solution

* Production characteristics under anomalous diffusion
Production Data Analysis Procedure
Application to Barnett Shale Gas Wells

Conclusions
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Motivation

« Decline-curve analysis approaches are empirical

 Empirical approaches are only justified for the conditions they are
developed for

Decline-curve analysis assumes that the last flow regime observed on
data is the terminal flow behavior. Otherwise, they have to make
assumptions about the terminal flow behavior

Parameters obtained from decline-curve analysis cannot be used to
construct analytical or numerical flow models

« Current modeling approaches may be inadequate or impractical

* Dual- or (multi-) porosity idealization requires continuum of the media
involved in the model

Discrete fracture network models are financially and computationally
costly

Upscaling petrophysical heterogeneity characterized at pore level is
usually not very successful and does not necessarily lead to an
accurate flow model
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Background-Anomalous Diffusion

« Anomalous diffusion — heterogeneous/disordered media

 Sub-diffusion — flux hindrance 3%C(x,t) _p 9% C(x,t)

922 v O0<a<l1

« Particles can get trapped
 Mean square displacement growth slower

« Severity increases with decreasing exponent a

« Super-diffusion — flux facilitation a1tk C(x,t)_D aC(x,t)
axt+B TP 9t

0<p<1
 Particles can travel further

« Mean square displacement growth faster

superdiffusion
c - g g (1% ecorh o]
« Severity increases with decreasing exponent 8

norm. diffusion
(yecD1

= Complexity of the heterogeneous media and Subdiffusion

ére) oCer i <]

flow mechanisms captured in a, f, D,g
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Anomalous Diffusion, Production Characteristics

* Analytical transient linear flow solution for constant pressure
production: Chen and Raghavan (2015)

1
1o
1 Pi—D duc B+1 1
log(q; (1)) = log < o )1411 ZufB <0 006;28) *rhkegtt | =

2nl’ (m

=> Log-log straight line: 10g(q/(t)) = log(a) — mlog(t)
« Case 1: pure sub-diffusion (f = 1)

a
slope: 0.5<m=1—E<1 for 0<a<1
« Case 2: pure super-diffusion (a = 1)

|
slope: 0<m=1—m<0.5 for 0<pB<1
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Anomalous Diffusion, Production Characteristics

Constant pressure production — sensitivity on time fractional order o , (B =1)

—a=1, analytical

—a=0.9, analytical

—o=0.8, analytical
—oa=0.6, analytical

—oa=0.4, analytical

—a=0.2, analytical

—a=0.01, analytical

Pressure distribution after
1,000 days, p;=5,000 psi

« a=1, numerical

o
~
[aa]
[
2
Q
)
1]
o

Pressure [psi]

L d
+« ¢ 0=0.9, numerical
+ 0=0.8, numerical
" a=0.6, numerical

>
¢ 0=0.4, numerical

¢ a=0.2, numerical

+ a=0.01, numerical ' !\\ o=1

1.E+01 1.E+02 1.E+03 100 150 200

Time [days] Distance from fracture face [ft]

Sub-diffusion (a<1):

« Steeper transient slopes, boundary felt later

e Smaller areas drained in same amount of time
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Anomalous Diffusion, Production Characteristics

Constant pressure production — sensitivity on time fractional order o , (B =1)

« Boundary dominated flow period: late time responses follow power-law
decline

T
S~
=]
-
<,
[)]
-
L]
[« 4

Cumulative Production [STB]

1.E-05
1.E+00 1.E+01 1.E+02 1.E+03 1.E+01 1.E+02 1.E+03

Time [days] Time [days]

! ) UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT 7
’ Advisory Board Meeting, May 4%, 2016, Golden, Colorado




Anomalous Diffusion, Production Characteristics

Constant pressure production — sensitivity on space fractional order G, (a =1)

Pressure change at outer
—P=1, analytical boundary during first 250 days
—B=0.9, analytical
—B=0.8, analytical
—B=0.6, analytical

B=0.4, analytical
—B=0.2, analytical
—B=0.01, analytical

+ B=1, numerical

+ B=0.9, numerical

—
O
S~
[+4]
-
1%, ]
Nl
Q
4
1]
o

Pressure [psi]
w
o
8

+ B=0.8, numerical

+ B=0.6, humerical

+ B=0.4, numerical

+ B=0.2, numerical
« B=0.01, numerical

100 150
Time [days] Time [days]

Superdiffusion (8 <1):
« Gentler transient flow slopes, boundary felt earlier

« Rapid drainage of system
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Anomalous Diffusion, Production Characteristics

Constant pressure production — sensitivity on space fractional order G, (a =1)

« Boundary dominated flow period: late time responses follow exponential
decline

o
~
[aa]
-
Lk
[}
o
1]
o

T —
\

\\\
400 500 600 700 800 900 1000

Time [days]
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Production Data Analysis Procedure

4-Step Approach:
1. ldentify straight-line slope from log-log plot of rate vs. time
log(q) = log(a) —mlog(t) |, m= (1 — ﬁ)

2. ldentify sub-or super-diffusive state of flow and solve for a and 8

0.5<m<1 => sub-diffusion =>8=1, a=2(1—-m)

|
0<m<0.5 => super—diffusion => a=1, B = T 1

Solve for phenomenological coefficient k, g
1

« Analytically a | pi—pf< duc, )1—m 1

N hk. .B+1
211'[‘( a ) 141.2uB \0.006328 Xrhke,g
F+1

* Numerically: history-match production data used for straight line

Forecast production using a, 8 and k, 4
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Field Application —-Barnett Shale Gas Wells

Assumptions

« Hydraulic fractures
» |dentical, equally spaced, infinite conductivity
» Well chocking effects neglected.
* Produced at same pressure ps = ppp,

« Reservoir
 [Initially in equilibrium with uniform pressure p;
* Flow restricted to SRV, linear and perpendicular to fractures
SRV extends 1 fracture half-spacing beyond the first/last fracture
* No-flow boundary between hydraulic fractures

* Reservoir Fluid
» Single-phase gas
« Conventional PVT correlations apply
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Application — Barnett Shale Gas Well 1

AP| 42-497-36312 WELL PROPERTIES

’ PrOd Start June ,08 \I:V:rlilz::tpatr\’/vfetll length, ft

« Status: active as of January 2016 g

* 91 monthS Of reported prOdUCtion Average fracture spacing, ft
RESERVOIR PROPERTIES

Temperature, F

 First 27 month of data used for match

Porosity, fraction

Pressure gradient, psi.ft
FLUID PROPERTIES

Gas specific gravity, fraction

ASSUMED PROPERTIES

Initial pressure, psi

Bottomhole flowing pressure, psi

Hydraulic fracture half-length, ft

Hydraulic fracture drainage length, ft

Hydraulic fracture height, ft
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Application — Barnett Shale Gas Well 1

42-497-36312: Rate vs Time (first 27 month) 42-497-36312: Log-Log Plot Straight Line Fit

y = 3817.3x0-302
R?=0.9746

e

q [MSCF/d]

0 <n=0302 < 0.5 ...superdiffusion
=>a=1

1
=>f —m—l = 0.433
[
1.E+02
Time [Days]

400 600
Time [Days]

42-497-36312: Matching Phenomenological Constant 42-497-36312: Forecast (qg_limit=10 MSCF/d)
1.E+04

o

. 3

q [MSCF/d]

From match:

kop = 5.0E-5md.d'~! ft0433-1 Transition to BDF:
= 5.0 E-5 md. ft 0567

Tgpr = 1,000 days
I

1.E+02 1.E+02 1.E+03
Time [Days]

Time [Days]
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Application — Barnett Shale Gas Well 1

42-497-36312: Forecast vs. Actual, Log-Log plot 42-497-36312: Forecast vs. Actual, Rate vs Time

1.E+03 ;

q [MSCF/d]
q [MSCF/d]

e S5

1,100 1,600 2,100 2,600
Time [Days]

1.E+03

Time [Days]

T
oy
Q
7))
=
=
o

42-497-36312: Forecast Comparison

—Duong
—Modified Hyperbolic

—Power-Law

_mx\ —Anomalous Diffusion |
\%\\

N

1.E+02 1.E+03
Time [Days]
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Application — Barnett Shale Gas Well 2

API| 42-439-33141 WELL PROPERTIES
PrOd Start June ,08 \Iilvoerlilz::tpatr\’/vfetll length, ft
Status: Active as of January 2016 Nomber of Fydraulic fraciures
3 month ShUt'in 2014 Average fracture spacing, ft
88 months of reported production R RGN RORERIIIES

Temperature, F

Porosity, fraction

First 23 month of data used for match [Er————

FLUID PROPERTIES
Gas specific gravity, fraction
ASSUMED PROPERTIES

Initial pressure, psi

Bottomhole flowing pressure, psi

Hydraulic fracture half-length, ft

Hydraulic fracture drainage length, ft
700 ft 1,400 ft Hydraulic fracture height, ft
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Application — Barnett Shale Gas Well 2

42-439-33141: Rate vs Time (first 23 month)

2.E+03
&
-
4

o 1.E+03
-I:i: L 3
b .
= e
o T 0

5.E+02 —

&
0.E+00
o 200 200 00 .
Time [Days]
42-439-33141: Matching Phenomenological Constant

1.E+05

1.E404 ™
i \
t * * M
S 1.E403
o -%%\

: From match:
1.E+02
ke p = 7.0E-2 md. d1=0-6%f¢1-1
= 7.0 E-2 md. d%3!
1.E+01 |

1.E+01

1.E+02
Time [Days]

1.E+03

42-439-33141: Log-Log Plot Straight Line Fit

X
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y = 37102x70-655
. R%2=0.9899
T 1.E+03 T
b M
Q
[72]
Z
o *
1.E+02
0.5 <n = 0.655 < 1 ...subdiffusion
=> ﬁ =1
=>a=2(1—-n)=0.69
1.E+01 |
1.E+01 1.E+02 1.E+03
Time [Days]
42-439-33141: Forecast (qg_limit = 10 MSCF/d)
1.E+04
\.
o
T 1.E+03 \%“&
= \
Q
172 ]
=
o +
1.E+02
Transition to BDF:
Tgpr = 50 days
1.E+01 \
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Time [Days]
16




Application — Barnett Shale Gas Well 2

42-439-33141: Forecast vs Actual, Log-Log Plot 42-439-33141: Forecast vs Actual, Rate vs Time
1.E+04

q [MSCF/d]

q [MSCF/d]

w
1.E+03

1,100 1,600 2,100
Time [Days] Time [Days]

42-439-33141: Forecast Comparison

—Duong

— Modified Hyperbolic

—Power-Law

— Anomalous Diffusion

Duong (g_inf=0)

q [MSCF/d]

1.E+03
Time [Days]
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Conclusions

An anomalous diffusion based model has been developed for production
data analysis in unconventional wells

Unlike existing empirical decline-curve analysis methods, this model is
theoretically rigorous.

The complexity of the heterogeneous media and the flow mechanisms is
captured in 3 parameters: a, g and k, g

With limited completion, reservoir, and production data the flow
characteristics of two Barnett shale gas wells were captured

The numerical model can be extended to incorporate:
* Multiphase flow
« Complex reservoir, fracture, well geometries
« Changing operating conditions
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Numerical Modeling of 1D Anomalous Diffusion

Ralf Holy
Colorado School of Mines
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Outline

« Slightly compressible flow model
e Linearized implicit scheme
 Model validation (constant terminal rate & pressure solution)

« Hydraulic fracture coupling

e« Compressible flow model
» |terative implicit scheme

 Model validation

* Multiphase flow model
« |MPES formulation

 Model validation
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Slightly Compressible Flow Model

Initial boundary value problem Fracture Face
(Constant q or p) =~ | No-Flux

» Hydraulic fracture ¥ drainage volume € Boundary

d [kypg 31 (3Fp(x,t
a,p < P( )> for 0<x<Lt>0

ox\ u otl-x\ 9xP

p(x,0) = p; for 0 <x <L uniform initial pressure

kyp 017% <aﬁp(L, t))

Lt)=—
w(l,t) u otl-a\ 9xP

for t >0 no-flow boundary

u(0,t) = —

for t >0 constant rate boundary

Kop 3177 (0319(0, t)> qsB

u atl-« axﬁ th

or

p(0,t) = py constant pressure boundary
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Slightly Compressible Flow Model

Time fractional derivative (Caputo, 1967)

n+1

o1~ (9Fp(x,t) _ 1 (19 aﬂp(xin/z,l')
atl-a\ gxP [(@) Jy,—o 9T oxP

)(tn+1 —7) " @-®Dgr n=0,.,N—-1

XiF1/2

aﬁp(x, tk) _ aﬁp(x, tk—l)

At

. 1 axﬂ ) kAt
(after Murio, 2008) = j (ty1 — 7)1 Ddr
= (

k—1)At

0@ P p(xiz1/2 thr2—k) B 0P p(xi71/2 thr1-k)
k dxP dxh

1 1
rl1+ a)Atli-«

where o, = and o®=10® =k*- (k-1 k=2,..,n+1
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Slightly Compressible Flow Model

Space fractional derivative:
 General 2-sided Caputo derivative ( after Klimek and Lupa, 2011)

0Pp(Xis1/2 tns1)
lax/ﬁ M= 96Dh,, , — (A= 9)y,, D] 0<BI<1

9... bias (or weighting) factor: allows for consideration of upstream/downstream
flux dependencies

x=0 gDE.
e Leftsided derivative (after Caputo, 1967) _
CDB Xi+1/2 ap(f tn+1)( f) dz -----
Xit+1/2 r(l B ), (i X3 MBS

i
= 0gx {Z(Pn+1 P?H)“’Ef)l + z w;l:)(P?:Zl—m - P m)}

1 1 B) B 1 1
where Uﬁ,Ax=r(2_ﬁ)Ax,; and ;' =10, =m™¥—-m-1)"F m>1
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Slightly Compressible Flow Model

Space fractional derivative:
* Right sided derivative (after Kilbas et al., 2006)
cpf _

P (S, thi1) _
xis12 DL (11— ﬂ) j (§ — Xit1/2) Bag L

Xy 2
o _
— ol fe]e]-]

= —0pa ) o (PR — P

m=1

« General two-sided finite difference approximation:

.

9 Z(Pn+1 P?-I-l)wff)l + z w(ﬂ)(P:l-l-_i-zl "=

aﬁp(xl+1/2» n+1) )
axP BAx Imax—i

Ha-0) Y @ (PP

\
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Compressible Flow Model

Assumptions

« Conventional PVT correlations apply
e Sutton (1985): pseudo-critical properties based on specific gravity
 Dranchuck and Abou-Kassem (1975): z-factor

« Leeetal (1966): viscosity

e Single-point upstream weighting using fractional potentials

(1/uB); /4 for P |1 >0
2

= _ n+1lv
( n+1,v 61 * (aﬁp(x: t)>

atl—a

[ 61—0(

(1/uB);™™"  for atl_a(

ABP(x,t)\]
oxP

\
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Model Validation — Constant Terminal Pressure

Gas model verification

—a=1, B=0.01
a=1, p=0.2
—a=1, =0.4
—a=1, p=0.6
—ua=1, p=0.8
—a=1, f=0.9
—a=1, =1
—a=0.9, f=1
—o=0.8, p=1
—a=0.6, f=1
—a=0.4, p=1
a=0.2, B=1
a=0.01, =1

[y
m
+
&

—ECLIPSE

- Anomalous Diffusion

Rate [MSCF/d]

(=
m
e
3

1.E+00
Time [days]

g
L
Q
%]
=
[
v
=
]
o

Transient Slopes

Analytical] Numerical
0.010
0.167
0.286
0.375
0.444
0.474
0.500
0.350
0.600
0.700
0.800
0.900
0.995

Transient slope validation
with analytical slightly

1EvoL 1es02 ; compressible flow model
Time [days]

W |||

=|olo|e|e|e|e=

iz vz G

ECLIPSE comparison for
normal diffusion case

oo lo|o|o|o|c(ac(a|a|2
o fr o fafrfofrprfprfnfn

olo|lo|o|o|o|=|= = ==2l=
D“I'\)“-D“O') oo (o
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Multiphase Flow Model

Fracture Face |
(Constant q or p) || ¢ \ . No-Flux

f/Boundary

Oil + water 1D flow — constant terminal pressure ‘
e Assumptions

o Caplllary pressure and rel. perms defined in conventional way

« Same set of exponents a and B used for oil and water flux

* Po(0,t) =py(0,¢t) = ps(t)
 QOil Phase:

e Flux: un,=-k

By at1-a\ 9xB
 Global pressure eq. (Cp, = 1 if dp./at negligible over sim. Step)

Krm 0" <aﬁpm)
m=oorw

( )

0 [ kopgkso a1« (afp,
°dx\ B,u, oti-*\ 9xP

Swcy + chw> ap,

() (Socf + 8,¢, + Cpc ot

B, d ka.ﬁkrw i <aﬁ(po —Pc)

* Cp,0x\ B,pu, ot~ dxP

\
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Multiphase Flow Model

e Single-point upstream weighting using fractional potentials

( a1~ (9Pp, . (x, O\
CHm e e

>0

il
al-« (3Pp, ., (x,O)\]"

O e e )

. oxP
(kro,w/ﬂo,w)H% = <

<0

1
)

\

« Solve for oil saturations at t,,,1:

B 1\" T .1 _atl_“

o | i

¢Ax>i (kg 1 [al-« OBPO(x,t) 1
atl-« oxP

(91 (3PP, (x,t)\]
oxP

Sottt = 8,11 — (cf + o) (Pot = P,1)] + At(
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Model Validation — Constant Terminal Pressure

Multiphase model verification e poswe

—a=1, f=0.75 MP
a=1, B=0.9 MP

—a=1, =1 MP

—a=0.9 B=1 MP

—a=0.75, B=1 MP

—a=0.5, =1 MP

+ a=1, B=0.5 SP

+ a=1, =0.75 SP

+ a=1,B=0.9 SP

+ a=1,p=1 SP

+ a=0.9 B=15SP

+ a=0.75, =1 5P

+ a=0.5, B=15P

Liguid Rate [STB/d]

o
S
[=4]
=
[7]
el
Q
-t
4]
o

1.E+01 1.E+02
Time [days]

1.E+01
Time [days]

ECLIPSE comparison for
normal diffusion case
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Model Validation — Constant Terminal Pressure

Sensitivity on exponents aand 8 , (6 =1)

i
8
5

o
S
21
=
(74
—_
1]
e}
3]
o
-l
=
g
-

LiquidRate [STB/d]

1.E+01 1.E+02
Time [days]

1E+01 1.E+02
Time [days]

Sub-diffusion (a < 1) Super-diffusion (B < 1)
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Research Summary

Gas Flow Inside Nano-Fluidic Chips

Elham Parsa, Colorado School of Mines
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Outline

Background

Tasks Report

Literature Review
Laboratory Experiments
Modeling

Conclusion
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Background

e Prediction of unconventional reservoir life depends on the
understanding of the phase behavior of hydrocarbons inside.

Unconventional reservoirs have abundant nano-pores in which phase
behaviors of hydrocarbons deviate from the expected conventional
behaviors i.e. condensation/ vaporization can happen at conditions
different than those measured in PVT cells.

Objective of this study: Direct visualization of phase change of
confined hydrocarbon fluids inside the nano-fluidic chips.
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Tasks Report

Completed and reported:

- Propane condensation experiments inside the nano-fluidic chips
(confinement).

- Comparing the experimental results with standard database and
Kelvin equation.

Currently undertaken :

- Propane condensation experiments inside the micro-fluidic chips
(Bulk).

- Building an insulated box around the experimental set up in order to
minimize the temperature issue.

- Investigating the pressure sensors use, instead of pressure gauges.

Final (expected) outcome:

- Repeating the bulk and nano-fluidic chips experiments in the
iInsulated set up at different temperatures.

- Kelvin equation can duplicate our experimental results.
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Experiment Setup

Condensing the %99.99
pure propane gas into the
micro/nano-fluidic chips

Observing the
condensation with
microscope

Different temperatures ot Propane Tank

P-P : Propane Pump

G : Pressure Gauge
F: Filter

Different nano-channels ;mn
sizes

! Y ’ UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT
Sp

N2-D : Liquid Nitrogen Dewar
N2-P : Nitrogen Pump

T-C : Temperature Controller
M : Microscope

I : Cooling Stage

== : Tubing
pff—
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Different Nano-Fluidic Chips

* lonic bonding the silicon chip to the Pyrex plate at 300 C and 800 volts.
* Gluing the coned ports to the holes on silicon chip

G | -

 Random pattern channels (30 nm or 300 nm depth)
» Parallel pattern channels (10 nm, 50 nm and 500 nm depth)

i
/ ‘.“”i"-‘; ﬂ|
R
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Laboratory Experiment

Bulk:
Condensing the propane in micro-channels (bulk)
Reproduction of standard bulk vapor pressures (NIST database)

—NIST ™ Experiment, Bulk
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Laboratory Experiment

Confinement:
Condensing the propane in nano-channels (confinement)
At 500 nm channels, we were able to duplicate the NIST bulk value

At 300, 50, 30 and 10 nm channels we observed lower condensation
pressures than NIST

—NIST ¢ Experiment, 500 nm
X Experiment, 300 nm A Experiment, 50 nm
® Experiment, 30 nm @ Experiment, 10 nm
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Modeling: Kelvin Equation

Kelvin equation includes the effect of confinement on condensation pressure.

Vall

I —NIST —Kelvin Eq, 50 nm
n( ) - (_ _) —Kelvin Eg, 10 nm A Experiment, 50 nm
ss @ Experiment, 10 nm

P, : Standard saturatlon pressure
P.: Confined saturation pressure
v' : Liquid molar volume

o : Interfacial tension

I, and r, : Pore width and depth
R: Gas constant

T: Temperature
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Modeling: Kelvin Equation

- In random pattern channels, condensation happened in the corners first.

- Kelvin equation does not includes the effect of corners on condensation
pressure.

—NIST Experiment 300 nm
m Experiment, 30 nm Kelvin Eq, 300 nm
—Kelvin Eq, 30 nm
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Insulated Box

Room temperature is higher than cooling stage temperature

Chip temperature is not exactly the temperature of the cooling
stage, leading to errors

Building an insolated box, with an AC unit, around the set up to
provide better environmental control
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Conclusion

Reproduced the standard (bulk) vapor pressure of propane

Based on our experiments at 300 nm and smaller confinements,
propane saturation pressure is less than its bulk value (most
literature say that confinement effect starts at 10 nm or less)

Kelvin equation can predict our experimental results in parallel
nano-channels

Kelvin equation couldn’t predict our experimental results in
random pattern nano-channels
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Research Summary

Impact of Confinement on Flow: Black Oill
Simulation

Tugce Calisgan, Colorado School of Mines
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Scope of Research

Firincioglu et al. (2013)

single porosity

2D model

vertical wells

single Pcgo distribution

New study

- multi porosity

- 3D model

- vertical/horizontal wells

- different Pcgo distribution
- realistic case study

- history match

Verify the impact of confined PVT behavior (pore size
Impact) on flow in unconventional reservoirs using a black oll

simulator
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Application — Simulation Model

» Dual-porosity concept assumes discrete matrix blocks in the
continuous fracture network formed by intersecting horizontal and
vertical fractures (Warren and Root, 1963)

Extension of the dual-porosity formulation to n-porosity is performed
In two different approaches: parallel (matrix-fracture) and serial
(matrix-matrix-fracture)

Serial Parallel

F
“ T

! Y ’ UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT 3

Advisory Board Meeting, May 4, 2016, Golden, Colorado




Application — Case Design

e 10mD matrix permeability & 20% matrix porosity
 Bulk Pb =975 psi; Rs = 158 SCF/STB

Initially undersaturated

STRUCTURE
5028

10 x 54 x 3 grid
dx = 100 ft; dy = 100 ft; dz = 64 ft

! Y UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT 4
’ Advisory Board Meeting, May 4, 2016, Golden, Colorado




Application — Case Design

Single layer

Multi-layer

Pcgo = 100 psi (mean)
= 200 psi (mean)

= 300 psi (mean)

=400 psi (mean)

Multi-region
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Results — Impact of different Pcgo distributions

Single porosity system

Production Cumulative: Total System
MdistPci00_Phi1  [lldistPc200_Phi1  [lldistPc00_Phi1  [[lldistPca00_Phid Pega= 100 psl (mean)

= 200 psi [mean)

= 300 psi (mean)

=400 psi [mean)

Gas Volume (MMSCF)

14000

Qil Volume (MSTB)

2000. 4000. 6000. 8000. 10000. 12000

172020 1/2050
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Results — Impact of different Pcgo distributions

Single porosity system

Production Ratios: Total System
Wdistrcioo_phi1  [lldistPc200_Phi1  [[lldistPc300_Phi1  [ldistPc400_Phi1
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Results — Impact of different Pcgo distributions

Single porosity system

stPc400_Phi1

A

1/2020
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Results — Impact of different Pcgo distributions

Single porosity system

Production Cumulative: Total System
.distPc1GD_F’hi1 .dischZOO_F’hH .distPc300_Phi1 .distPc400_Phi‘1 distPcbylayer_Phi1

Gas Volume (MMSCF)

Qil Volume (MSTB)

2000. 4000. 6000. 8000. 10000. 12000. 14000

A L 7 )
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Results — Impact of different Pcgo distributions

Single porosity system

Production Ratios: Total System
.disthOG_F’nH .distPcZUO_PhH .distPcJOD_PhH .distPc400_Ph11 distPcbylayer_Phi1

o
2
17}
@
frd
[}
w
3
o
o
o

..112020...;..4. S S S S R ‘..;4.4.1’2050.‘.4...;4
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Results — Impact of different Pcgo distributions

Single porosity system P

Production Cumulative: Total System
.disthwO_PhH .dlstPcZOD_PhM .d|stPc3OU_F’hi1 .disch4DD_Fh|1 distPcbylayer_Phi1 distPcbyregion_Phi1

Gas Volume (MMSCF)

'
v
H
'
H
'
'
v
.
'
:
'
ol
=
'
'
'
'
'
'
.
H
H
v
H
'
g |
2
s
s |

10000. 120

8000.

Oil Yolume (MSTB)

6000.

2000. 4000.

'1)‘2020IIII‘III .lll.llIUZUSO.
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Results — Impact of different Pcgo distributions

Single porosity system

Production Ratios: Total System
.disth‘IOU_th .dlstF'cZUU_F'hH .dlstPcBOD_Phi‘l ldistPc400_Fh|1 distPcbylayer_Phi1 distPcbyregion_Phi1

)
2
w
@
L
O
w
=
x
o
o

pem 112050
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Results — Impact of different Pcgo distributions

Dual porosity system

Production Cumulative: Total System
Waistrc100_Phi2  [lldistPc200_Phi2  [WldistPc300_Phi2  [lldistPc400_Phi2

Pego = 100 psl (mean)
= 200 ps! (mean)

= 300 psi (mean)

=400 psi [mean)

Pc B (pore size 3

recovery ¥

Qil Volume (MSTB)
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Results — Impact of different Pcgo distributions

Dual porosity system

Production Ratios: Total System
BaistPc100_Phi2  [lldistPc200_Phi2  [ldistPc300_Phi2  [lldistPcd00_Phi2

o
-
2
[
O
2]
Zz
14
o
o

Pc B (pore size 3

recovery ¥

772030 .
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Results — Impact of different Pcgo distributions

Dual porosity system

SATN-GAS MATRIX
T
01 02 03 04 05

Pc B (pore size 3

recovery ¥

-
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Results — Impact of different Pcgo distributions

Dual porosity system

Production Cumulative: Total System
.d\stPc‘lOD_PhlZ .dlstPcZDU_F’hiZ .distPcBDU_Ph|2 .distPchU_PhlZ distPcbylayer_Phi2

Gas Volume (MMSCF)

g
g
=
8
e
8
=
2
8
2

Oil Volume (MSTB)

2000. 4000. 6000. 8000

. L E )
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Results — Impact of different Pcgo distributions

Dual porosity system

Production Ratios: Total System
.distF‘c1UU_Phi2 W distPc200_Phi2 .dlStF’C3UU_F’hI2 .dlschADU_PhlZ distPcbylayer_Phi2

Wm0 12080 172050
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Results — Impact of different Pcgo distributions

Dual porosity system

Production Cumulative: Total System
WdistPc100_phi2  [Wldistrc200_Phi2  [lldistPc300_Phi2  [ldistPc400_Phi2 distPchylayer_Phi2 distPcbyregion_Phi2

—
™
(&)
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=
=
<
@
£
3
o
>
@
@
(&)

0000. 12000. 14000

8000.

QOil Yolume (MSTB)

5000.

2000. 4000.

A . L L 5 ]
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Results — Impact of different Pcgo distributions

Dual porosity system

Production Ratios: Total System
.dile‘C100_F‘hi2 W distPc200_Phi2 .distPC300_Ph12 .dile‘C400_F‘hi2 distPcbylayer_Phi2 distPcbyregion_Phi2

1/2020
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Results — Impact of different Pcgo distributions

Triple porosity system

Production Cumulative: Total System
WistPc100_Phiz  [ldistPc200_Phi3  [[lldistPc300_Phia  [lldistPc400_Phi3

Pego = 100 psl (mean)
= 200 psi (mean)
= 300 psi (mean)

= 400 psi [mean)

Gas Yolume (MMSCF)

Pc B (pore size 3

recovery &

14000

0000. 12000

8000. 1

Oil Volume (MSTB)

6000.

2000. 4000.

N
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Results — Impact of different Pcgo distributions

Triple porosity system

Production Ratios: Total System
WdistPc1oo_phiz  [WdistPc200_Phi3  [Jdistrc300_Phiz [ distPc400_Phi2

Pc B (pore size 3

recovery &

T
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Results — Impact of different Pcgo distributions

Triple porosity system

Production Cumulative: Total System
MaistPcto0_phiz  [JlldistPc200_Phi3 distPcbylayer_Phi3  [[ldistPc300_Phi3  [lldistPc400_Phi3

Gas Yolume (MMSCF)

s
g
g
g
8
8
s
g
g
=}

Oil Volume (MSTB)

2000. 4000. 6000. &000.

A )
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Results — Impact of different Pcgo distributions

Triple porosity system

Production Ratios: Total System
WdistPc100_Phi3 [l distPc200_Phi3 distPcoylayer_Phi3  [[ldistPc300_Phi3  [[ldistPc400_Phi3

112020
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Results — Impact of different Pcgo distributions

Triple porosity system

Production Cumulative: Total System
.dlstPc100_Phi3 W distPc200_Phi3 distPcbylayer_Phi3 distPcbyregion_Phi3 .distF‘cBOO_PhB .d\SlPE400_F‘hI3

Gas Volume (MMSCF)
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Results — Impact of different Pcgo distributions

Triple porosity system

Production Ratios: Total System
Wdistec100_phiz  [JldistPc200_Phi3 distPcbylayer_Phi3 distPcoyregion_Phi3  [ldistPc300_phiz [ distPc400_Phi2
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Results — Impact of different Pcgo distributions

Quintuple (serial connection) porosity system

Production Cumulative: Total System
Wdistc100_Phis  [[ldistPc200_Phis  [[distPc300_Phis  [[distPca00_Phis

Pego = 100 psl (mean)
= 200 ps! (mean)
= 300 psi (mean)

=400 psi [mean)

Gas Volume (MMSCF)

Pc B (pore size $)

recovery &

Oil Yolume (MSTB)
8000, 10000

6000. i

4000.

2000.
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Results — Impact of different Pcgo distributions

Quintuple (serial connection) porosity system

Production Ratios: Total System
Wdistrc100_Phis  [lldistPc200_Phis  [[distPc300_Phis  [distPc400_Phis
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Results — Impact of multi porosity systems

Production Cumulative: Total System
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Results — Impact of different Pcgo distributions

Quintuple (serial connection) porosity system

dist1400Phi5 case: ‘wowm MATROX M EDIA MATRIX MEDIA MATRXMEDIA  MATRXMEDIA

Pc=100 ps (mean) Pc=200 psi (mean) Pc=300 ps (mean) Pc=400 p=i (mean)

Production Cumulative: Total System
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Gas Volume (MMMSCF)

QilVYolume (MM STB)
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Results - Sensitivity of serial and parallel connection

Quintuple porosity system
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Results - Sensitivity of serial and parallel connection

Quintuple porosity system

Production Ratios: Total System
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Conclusions

Predicted production profiles from single porosity models do not show any
sensitivity to bubble point suppression formulations

Dual-porosity models predict highest cumulative gas production profiles

At large uniform pores, serial n-porosity models predict highest cumulative oil
production profiles

When serially connected matrix Pcgo model is organized in a manner to
approximate the natural connectivity of large and small pores, the predicted
cumulative oil production profile is higher and the predicted cumulative gas
production profile is significantly higher than single-porosity models

Parallel connected n-porosity models match the results obtained by simpler dual-
porosity models
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Future Work

Horizontal well model:

 New 5-phi model: include four different rock types with realistic
unconventional porosity and permeability values

 New dual-phi model: use averaged values find in new 5-phi model /
compare

History match:.
« Work with real model = history match = prediction
- Frac property enhancement around the wells to represent hydraulic
fracturing
- Add more layers (bigger grid size)
- Compare / show the confinement impact
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Questions?

Thank you
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Research Summary

POTENTIAL OF THERMAL METHODS TO ENHANCED
RECOVERY IN UNCONVENTIONAL OIL RESERVOIRS

Jamila Huseynova
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Tight unconventional reservoirs display membrane properties.

 Determine the composition distribution.
e Determine the size of hydrocarbon molecular components.
o Establishing filtfration properties

Two phase compositional flow model
e Derivation of model

« Mathematical description
e Solufion approach
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Methodology

van der Waals Equation of State

a
P +—| [V, — b] = RT

m

RN

B 27 RZTCZ b — RTC
“TT6ap ch
b

V=—
Ny

‘a’ represents attraction between the particles
‘b’ represents molecular volume
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Methodology

Compositional Variation

Asphaltenes

Aromatics H

Naphtenes [
Paraf fins {ei
ﬂHq_.
Na ..

Molecular diameter of components
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Problem Statement

System i
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Methodology

o Perform flash calculations
Overall Composition

o Assume filfration pressure Z=(Z1,Z3, ..., Zpc)

Pr = D1 — P2

« Compute fugacities X1, Xg5ues Xnc

Ly _ gL _ fl2 _ &L \ \
fe, = Pexc, P —fcx = O¢ xc, P>

. . 4 L
« Compute membrane efficiency

i
by
o
%
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Preliminary Results

X

Case 1:

2 Components

Mole fraction:
50% 50%

Constant temperature:
660 °R= 220 °F=93 °C

Pressure change:
500 psi-4000 psi

UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT 7

Advisory Board Meeting, May 4, 2016, Golden, Colorado




Preliminary Results

X

Case 2:

cl-c2-c3
c2-c3-c4
c3-c4-c5
c4-c5-c6
=——5-c6-c7

c6-c7-c8

3 Components

Mole Fraction:
20% 30% 50%

Constant temperature:
660 °R= 220 °F=93 °C

Pressure change:
500 psi-4000 psi
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Preliminary Results

Case 3.
e 2 Components

Mole fraction:
50% 50%

3
[))
-
=]
=)
@©
o
<))
Q.
5
=

Constant pressure:
10000 psi

Temperature range.:
660 °R — 1200 °R
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Preliminary Results

Case 4.
« 3 Components

= c1-c2-c3

mad o N ole fraction:

B  00% 30% 50%

¢c5-c6-c7

—
e
[}
S
>
=)
(4]
S
(%
Q.
£
(<
=

Constant pressure:
10000 psi

Temperature range:
660 °R — 1200 °R
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Two Phase Compositional Flow Model

Molar balance equation
_V(YCSEgUg + xcfovo) + (YCSEgQg + xc€oQo) — ch(fgs + 605 )]

— Constraints:
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LHS: Space derivative

LA
i

yc,tfg ik
_V(ycfgﬁg + xcfoﬁo) + (ycggc_lg + xc’foc_lo) — 2 o1 (

Ax;

nen N qn n
YeiSagik: 1A 1/ n+1 n+1 veisgik! 1 A" n n
PO i oty (ol Roia | | THTOT by givy (Pegun~Fagi )

Axi Ax_ 1
l+§

nzsn ,n N
_1 . . xc,ifo,ik-_l__}L + pntl _pnti
g, g, , it3 o) 0,i+1 o,i .
Bl
Ax; Ax
j ! i+2
2 2

negn N 9n
xXq i€k 14
C,lfo,l i—l .1 (Pn+1_Pn+1

2 Ol73

Ax;

Ole, :l 1) + (V6,689 + *¢,i$0,i90)

2
x=0
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Two Phase Compositional Flow Model
RHS: Time derivative

d
ot [Q)Zc (9(050 + fgSg)]

1
(&0So +€4Sg)

Ut=

d
ot [Q)ZC(SCOSO + fgSg)] =

(Z)ZC _Eﬁ n n(,,n+1 ny _ N
at[ = At (v,?@ ){(%"‘C O™ (psitt = pl) LZ;{
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Two Phase Compositional Flow Model

The coupled fluxes concept may be applied for filtration in
nanoporous media by considering a single-solute system (M
= 1 and for dilute solutions V,,= 1).

_5 op N w K . oC s . solute, hydrocarbon

T — component that is
L OX Y7, OX

Ja_@Ckap (¢D; @ICKk) .

hindered by the pore-
T oC, throat size

— +
° OX RT OX
- L # J D," : effective self-diffusion
where coefficient for hindered
D, =7,D, hydrocarbon component

T, : Dimensionless apparent
tortuosity
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Conclusions

e Transportation through membrane causes
produced mixture lighter.

* Pressure change increase and femperature
decrease causes lower membrane efficiency.

o« Compositional flow model will allow to observe
mixture behavior with respect to time and distance.
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Experimental Study of the Membrane
Properties of Shale Reservoirs

Ziming Zhu
Ph.D. Petroleum Engineering
Colorado School of Mines
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Problem Statement

» Pore sizes of shale are in nano range

Same order of magnitude
Pore/throat « > Hydrocarbon molecule

= Shale can act as a semi-permeable membrane

Light
+ Light
Heavy _

Light components can pass through

Heavy components will be completely or partially filtered
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Objective

= Verify/Test the membrane property of shale

* |nvestigate factors controlling the membrane efficiency of shale

Ni_produced

Membrane efficiency: w = 1 —

Ni_reserved

What factors have effects
AP T component species ...
How they affect the membrane efficiency

=  Qualitative

= Quantitative
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Experimental Setup

Complete setup

Hydrocarbon

Transfer Vessel

Current setup (leakage test)

1
Huwawy

-

! ) UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT
’ Advisory Board Meeting, May 4, 2016, Golden, Colorado

Membrane (shale)
> -
e

=




Experimental Setup

= |n-Line Filter

Pressure: 0-2500 psi
Temperature: -20 °F to 100 °F

Epoxy Core Sample
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Composition Measurement

» Gas Chromatography (GC)

Injected fluid : n-C, (50%) + n-C,, (50%)

Filtered fluid:

Composition Pore Volume (PV) injected

of
Filter Fluid

Z(n-C)

Z(n-C12)
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Expected Results

AP — Pressure difference across shale w — Membrane efficiency
T - Temperature
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Expected Results

By using this plot

» Determine the membrane efficiency

(w) of shale to the reservoir fluid at a

certain T and AP

= Composition of reservoir fluid

Membrane Efficiency

Composition of produced fluid
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Thank You

Questions?
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Slip Flow of Gas in Nanoporous Media using
Lattice Boltzmann and DSMC Method

Ziming Zhu
Ph.D. Petroleum Engineering
Colorado School of Mines
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LBM - Slip Flow

Geometry/Parameter

Gas: N, T=273.15K

R,=0.5L Porosity(¢)=0.4764
Body force=1e-6

TMAC=1.0 (diffuse wall accommodation coefficient)
Simulation Case

Slip flow (Kn=0.05)

Result
Vx=7.9373e-7 (lattice velocity)
Vs x = 0.07672 m/s (converted)
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DSMC - Slip Flow

Flow direction

UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT
Advisory Board Meeting, May 4, 2016, Golden, Colorado

Parameter/Geometry

Gas: N, T=273.15K
Rs,=0.5L=1.497e-7 m
Porosity(¢)=0.4764
TMAC=1.0

(Diffuse wall accommodation coefficient)
Simulation Case

Slip flow (Kn=0.05)
AP=0.716 psia

Result

V, » = 0.0868 m/s

(Vsx)psuc _ 0.0868

(Vsx) gy 00767 ~ L




Thank You

Questions?
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Research Summary

Pseudotransient Linear Flow in Unconventional
Reservoirs

Wisam Assiri, CSM
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Introduction

Interpretation of pseudotransient production data:
« Naturally fractured
« Hydraulically fractured

Such as, shale-gas and tight-oll plays

Assumption
e Single phase

e Constant bottomhole pressure
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Motivation

Most production comes from NF network within SRV.

Hydraulic fracturing is expected to create or
rejuvenate NF network.

Boundary-dominated flow can be reached in the
natural fractures.

Transient flow continues in matrix blocks.

This will help us accurately interpret production data
from tight, unconventional reservoirs
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Background

« Pseudotransient flow has been observed in literature.
(Carlson and Mercer 1991; El-Banbi and Wattenbarger 1995; Mayerhofer et al.
2006; Medeiros et al. 2008)

Ozkan et al. (1987) characterized the
pseudotransient flow (referred to Flow regime 4).

Ignoring pseudotransient flow leads to
underestimating reserves.
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Background cont’d

——Actual datal
s Constant pwf Analytical

Production data from a shale-gas well displaying linear flow
behavior for a period of over 20 years (Arévalo-Villagran et
al. 2001).
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Scope of Research

« Define pseudotransient linear flow for fractured

horizontal wells in dual-porosity unconventional
reservoirs.

Analytical model to describe pseudotransient
linear flow

Verifying the model
Analysis of production data

Compare it with existing analysis approaches
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Approach

Continue on previous work of Ozkan et al. (1987)
and Brown et al. (2009)

Derive the asymptotic solutions for each flow regime

Compare the asymptotic approximations to the full
solution and their start and end time to revert the
reservoir properties

Compare the model with other theoretical and field
data
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Approach cont’d

 Brown et al. (2009)

Ye 3@3’2
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OUTER RESERVOIR COMPRESSIBLE

HYDRAULIC 1-D SYSTEM
FRACTURE Kor . o Cto

BRI,

INNER RESERVOIR — | COMPRESSIBLE,
NATURALLY - DUAL

FRACTURED =1 POROSITY,
kl'- tr Ctfs —_ - 2-D SYSTEM

kmr - mr Ctm
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EREBE K
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1
]
1
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»+»- HORIZONTALWELL. . . ..

&

The setup for trilinear model, a top view.
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Approach cont’d

 Possible Flow Regimes

flow rate for naturally fractured well with HF
| T .
full solution .

Intermediate
Time

>
<L
o
[ud]
=
oL
o
o
S
[=]
=

10°
time (hours)
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Approach cont’d

 Flow regime 1: Linear flow in HF only (no contribution from NF)

flow rate for naturally fractured well with HF
T T , I
full solution
- Flow Regime 1 |

>
T
o
o
=
%
i
o
S
=]
=

10°
time (hours)
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Approach cont’d

* Flow regime 2: Bilinear flow as a result of linear flows in HF and NF

flow rate for naturally fractured well with HF
T T , I
full solution
Flow Regime 2 |

>
T
o
o
=
%
i
o
S
=]
=

10°
time (hours)
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Approach cont’d

 Flow regime 3: Linear flow in NF only (no contribution from HF)

flow rate for naturally fractured well with HF
T T , I

full solution

Flow Regime 3 |

>
T
o
o
=
%
i
o
S
=]
=

10°
time (hours)
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Approach cont’d

* Flow regime 5: Bilinear flow in the NF and IM (no contribution from HF)

flow rate for naturally fractured well with HF
T T , I
full solution
Flow Regime 5 |

>
T
o
o
=
%
i
o
S
=]
=

10°
time (hours)
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Approach cont’d

* Flow regime 6: Linear flow in the IM (no contribution from HF or NF)

flow rate for naturally fractured well with HF
T T , I
full solution
Flow Regime 6 |

>
T
o
o
=
%
i
o
S
=]
=

10°
time (hours)

! Y UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT 14
’ Advisory Board Meeting, May 4, 2016, Golden, Colorado




Approach cont’d

flow rate for naturally fractured well with HF
[ — T T
full solution
— Flow Regime 1
Flow Regime 2 |
= Flow Regime 3 |
Flow Regime 5 |
Flow Regime 6 ?

>
T
o
o
=
%
i
o
S
=]
=

10°
time (hours)
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Approach cont’d

 Flow regime 1: Linear flow in the HF (no contribution from NF)

.......... [
wF=0.001 5
— wF=0.002

wF=0.005
wF=0.01
wF=0.015
wF=0.02
wF=0.025
wF=0.03
wF=0.035
wF=0.04
asymptotic flow 1 |

L L
1014 10°12 1010
dimensionless time
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Approach cont’d

Flow regime 2: Bilinear flow in HF and NF

Y 2CFD —1/4
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wF=0.002

wF=0.005

wF=0.01

wF=0.015

wF=0.02

wF=0.025

wF=0.03

wF=0.035

wF=0.04

asymptotic flow 2
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Approach cont’d

 Flow regime 3: Linear flow in NF only

flow rate for natural_lyr_ f_ra::tured well _with HF

T 1 T

104
dimensionless time
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Approach cont’d

 Flow regime 5: Bilinear flow due to linear flows in the NF and IM

kFf=2g-3

kf=2e-5

kf=2e-7 i
asymptotic flow 4 | |

1072
dimensionless time
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Approach cont’d

 Flow regime 6: Lilinear flow due to linear flows in the IM

flow rate for naturally fractured well with HF
T Hil | T T

kf=2e-1
kf=2e-2
kf=2e-3 BE
asymptotic flow & | 4

10"
Dimensionless time
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Approach cont’d

Table 2: The Pressure Response for the remaining flow regimes

Flow

. Equation
regime

This flow regime is expected when all
p ( 3 >§ T t1/8 the system is in transient flow where
P 2 Cpp T

the productivity of HF, NF and IM are
close to each other

A @°

D
/g

This flow regime is when the whole
+ E(yeD —wp/2) + T system goes to BDF and no flow is
6 3Crp expected beyond SRV

P _ 7TtD
P T 2 (1 + @) Yep — wWp/2)

This flow regime shows linear flow
T from OM after the SRV goes under
3Crp BDF.

3 \Ttp

P,p = |[———
wb A& Yep —wWp/2)

T
+g(YeD - WD/Z) +

T[tD n
_ - xD_l +g(yeD—WD/2)+
2(1+ @) Yep — wp/2) (1 TaT a3noDCRDyeo)

n This flow regime is akin to flow 8 but
3Crp when OM goes into BDF
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Way forward

ldentifying and verifying all possible flow regimes under
the proposed model,;

Deriving and testing the complete suite of equations
governing these flow regimes;

Finding the start and end time of the flow regimes in
terms of intrinsic properties;

Verifying the model with actual field data;

Analyzing actual field data to demonstrate and verify the
proposed analysis technigue; and,

|dentifying the limitations of the proposed solution and
the analysis technigue.

! Y UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT
’ Advisory Board Meeting, May 4, 2016, Golden, Colorado




	Agenda May.04
	02. A. Albinali May 04 2016
	03. R. Holy May 04 2016
	04. R. Holy May 04 2016
	05. E. Parsa May 04 2016
	06. T. Calisgan May 04 2016
	07. J. Husynova May 04 2016
	08. Z. Zhu May 04 2016
	09. Z. Zhu May 04 2016
	10. W. Assiri May 04 2016

