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Agenda ENERGY
/ I———
+ Conventional well testing — brief summary

+ Introduction to tight gas reservoirs — characteristics, behavior

& challenges
+ Methods
+ Multi-fractured horizontal wells
+ Remarkable conclusions

v Q&A



Conventional Well Testing

/

+ Most of the conventional well testing techniques rely on
boundary dominated flow, identification of pseudo-radial or
radial flow, mass balance (P/Z) and decline curve analysis

Pan American

ENERGY
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+ Common methods include Build-Ups, Flow-after-Flow,
Isochronal Tests, Modified Isochronal Tests and others

+ Techniques based on measuring pressures rather than
rates. Pressure Transient Analysis (PTA)

RATE =

Q,

M— ) =

WHP —&=

DL —-

Pwf,




Tight Gas Reservoirs ENERGY
/ —
+ Very low permeability. By definition less than 0.1 mD
+ Low porosity. In general less than 15 %
+ Heterogeneous rocks 'f = H m::"t: - *’jt i'[ l;i%'
+ Highly anisotropic SIS
+ Water saturation hard to quantify ‘Eﬁ‘ i é |
+ Difficult to define gross to net pay j; I fﬁ '
+ Multilayer reservoirs i i §
+ Commingled production g I ;
+ Complex depositional systems .
+ Presence of natural fractures
either open or healed | S
+ Require hydraulic fractures to be |
commercially viable
Log from: Using Multi-layer Models to Forecast Gas Flow Rates in Tight

Gas Reservoirs. Sergio Armando Jerez Vera. MsC. TAM

Pan American
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Hydraulic Flow Units (HFU) ENERGY |
/ I——
+ Multilayered Reservoirs
+ Difficult to allocate flow rate to every zone as it is also difficult to define pay

zone Input Rock Properties

+ Multiple fractures with different B HFU1 m’ HEU HRT b K 4 S

No. () (md) (%) (%)

characteristics
. . 10 0.0729 5 10.0
+ Commingled production 30 0.0175 7.45 200

R 120 0.0042
+ Results from well testing
+ Volume averaged solutions

+ Approach
+ Reservoir or Hydraulic Flow Unit concept (RFU, HFU)

+ Defined as correlatable and mappeable regions in the reservoir that
practically possess consistent petro-physical and fluid properties that control
fluid flow and characterize its static and dynamic behavior. Their definition is
based usually on comparing porosity and permeability but definition can be
further refined utilizing other parameters such as water saturation, pore
pressure, etc

+ Well logs are mainly available data for units definition

Picture from: SPE 109625

+ Average properties can be geometric or arithmetic
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Time to Reach BDF

/

Non-stimulated Reservoir Stimulated Reservoir

Start Start Formation Fracture Start

Pseudo-steady Pseudo-steady Permeability Half-Length Pseudo-Radial
[days] [mD] [ft] [days]

Formation

Permeability
[mD]

Drainage
Area
[acres]

Start

Pseudo-Radial
[years]

1 acre = 0.4 ha=0.004 km?

0.001 40 11000 30.1 0.001 100 2528 6.9
0.001 640 176000 482.2 0.001 500 63203 173.2
0.01 40 1100 3.0 0.001 1000 252813 692.6
0.01 640 17600 48.2 0.01 100 253 0.7
0.1 40 110 0.3 0.01 500 6320 17.3
0.1 640 1760 4.8 0.01 1000 25281 69.3
1 40 11 0.0 0.1 100 25 0.1
1 640 176 0.5 0.1 500 632 1.7
10 40 1 0.0 0.1 1000 2528 6.9
10 640 18 0.0 1 100 3 0.0
100 40 0 0.0 1 500 63 0.2
100 640 2 0.0 1 1000 253 0.7
=7 O [fason + During transient flow, reservoir acts as
p=7 .02]cp
Ct="? 2.00E-04|1/psi H 2 Y] H
o g iz infinite acting

Strictly speaking the term “pseudo-steady

production

state” only applies to constant rate
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Impact on Well Testing ENERGY
/— I—
+ |t takes a very long time to reach boundary dominated flow
(BDF) in low to very low permeability reservoirs such in tight gas

ones ! This implication could mean weeks, months or even years
for very low permeability reservoirs

+ Approximately linear 1D flow geometry due to combined effects
of very low permeability and the practical necessity of hydraulic
fracturing

+ For instance most of the time well is under transient flow and
drainage area is changing as time goes by

+ In multilayered formations that could be either hydraulic
fractured or not, due to variations in permeability and and
fracture half length, different flow regimes may co-exist. Layers
with lower permeability may be in transient flow while higher
zones may be in BDF

+ Need to use other approaches such as Rate Transient Analysis
(RTA) instead of PTA



What We Want to Know "ENERGY

F

mCe (GIP), drainage area
K, P0t‘]Sw (Reservoir prop’s) \

+ “...Atight gas reservoir can not produce commercial volumes
of gas at economical flow rates unless stimulation and / or
hydraulic fracturing treatments are stccessfully designed and
implemented...”

Quote from: lysis from Long Term Behavior in Tight Gas Reservoirs.

o Arevalo Villagran. PhD. TAM

Gas rate, K, depletion

+ “...Hydrautic_fracturing QAQC axiom: pump the job as
deSigned and prove 't- . -” Quote from: Onshore Hydraulic Fracturing QA / QC Manual. V1.0. BP

Xf, Kf, S, (Frac prop’s), Optimized ?



Rate Transient Analysis (RTA) "ENERGY "

/

+ Another approach to predict field performance (past and future)

>

¢ ¢

¢ ¢ ¢ +

v C

¢ ¢ ¢ ¢ ¢

c

F‘

Also known as Production Data Analysis (PDA)

Analysis of rate-time instead of pressure-time (pressure is also required !)

Semilog (Rate) Production Data Analysis Plot for North Mexico Gas Well

Combined analysis of rate and bottom | History Plot — Gas Flowrate
10 TIrTrT l' TTrTrT l TTrTrT I rrrrT I rrTrrT I rrrr I rrrr I rrrr I rrrT 'I lllll
. o ' ' ; Rule: 3
hole flowing pressure e N ate Fancton It = 10 ol ]
qg Model Function (g = bgy expl-may 1) Model.
. 3 H | , i i qg = b.!.l‘y e:p[-my}, 1 b
Em pl rlcal methOds Ealculation of Slope: Fsy Taking the natural logarithm In{x) of this T
a ' mm = = Im{10) log{[179.92 MSCHD)|1340.26 MSCHL)W expression gives:
. i 104 E\. . {(500,000 hr) - (0 hr)) Inigg) = Inlbgjy) - Mgy t 3
Type curves ana lys IS &y = - (2.303) (-0.8721)/(500,000 ) Substituting the logarithm to base 10 3
E;w i = i xio T 1he (logix)), as given by the rule above:
o o . T In(10) loglgg) = In(10) logbsy,) - t ]
Finite difference methods g PR raneen ) o)~ T el el
W& Flow Region aing two valuea ((ty.qg 1) and (£, 2)) |
g -;'i-'r'f ¥ ey : and subtracting, we abtain:
. . a B =
Analytical solutions 5 4 oy om0 0540
[
8 .
rve fitting Ggmasr 134035 SCED SR ]
) " At r-mh
Standard decline curve analysis o = (1340.28 MSCFID) sxpl (1.01621x10™ 41) g modes = 175,92 MSCHD
1D2.= I A B i i Lia il

50,000
100,000 =
150,000 |-
200,000 -
250,000 |-
300,000 -

150,000 |-
400,000 |-
450,000 —
500,000

Advanced decline curve analysis

Production Time, hr

History matching using analytical models

Graph from: Production Analysis Notes. Tom Blasingame.

Derived originally for single layer reservoirs TAM-2009

Expanded for applications to TG reservoirs
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Gas in Place (GIP) ENERGY
/ S
+ Volumetric methods for conventional reservoirs
+ Subsurface maps (structural, cross-sectional, isopach)
+ Availability of sufficient information (extension and variation of pay thickness)

+ Least accurate at early stage of field development (scarce data)
+ Drainage area and recovery factor hard to estimate in tight reservoirs

+ Mass balance methods

+ Allow analyzing past performance and forecasting future behavior

+ Require to shut-in the well for a while to estimate a representative value of the
reservoir pressure. In tight gas reservoirs, it could take from weeks to years

+ From economic perspective, nobody wants a production loss for testing
purposes if other methods could provide same or even better information

+ Intight gas reservoirs, it is almost impossible to obtain accurate estimates of
average reservoir pressure

+ Conventional mass balance (P/Z) does not provide reliable values of
recoverable reserves

10



Arp’s Method
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m&ﬁme Relation Cumulative-Time Relation

+ Utilization

+ Analyze production data
+ Predict future well performance
+ Estimate ultimate reserves (EUR)

+ Assumptions

+ Future behavior of the well would
be governed and characterized by
any trend of its past performance

+ Those trends remain unchanged
during well life

+ Completely empirical. No physical
basis. Highly unlikely in nature

+ BDF
+ Math behind

+ Exponential decline
+ Hyperbolic decline
+ Harmonic decline

Table & Graph from: Production Analysis Notes. Tom Blasingame.

987 1) exp[-Dut]]
p, -eel=D;

Exponential: (b=0) 9o = qgieXp[-Djt] G, =

Hyperbolic: (0<b<1) 1g ———£—— G, ——&_[1-(1+bD;n'" /D))
. g = 1/ - i
; (l+bDf-r)‘~l"i’-' ? (1-b)D;
Joi dei
ic: = Jo=—" G, =——1In(1+ Djr)
Harmonic: (b=1) de (1+D,1) p D, i
Fetkovich "Empirical” Rate Type Curve
(Unfractured Well Centered in a Bounded Circular Reservoir)
;I()" 10° 10? 10™ 10° 10’ 10° ,
10 : LR LR L Ty IIIII L] L IIIIIII IE 10
Fetkovich Empirical Type Curve: 7
— Unfractured Well Centered in |+
a Bounded Circular Reservior. |7
3 — Empirical Rate Functions Only. |7
o 1 01 Legend: gpg vs. tpg 41 01
= E Rate Function Curves ;
£ ]
2 )
E 4
o 0 Depletion "Stems™ __| . .0
0 10°F (Boundary-Dominated 3 10
2 Flow Region) ]
< ]
o
T 4
=
Q@ K]
E‘lﬂ T———r 310
e Sircular Arps Rate | 3
iy Type Curves 4
0.2\ 0.6\ _bh=1.0 ]
] b=0 \ICR 0.8 ]
10‘1 L AL L LILL 1 L L LiLul 1 L1 Liiul L L L L1ill 1 il Ihl 1 1 1 h.ll] 10“
10" 10° 10° 10" 10° 10' 10°
Dimensionless Decline Time, 5,
11

TAM - 2009



Arp’s Method
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= . . True production
+ Limitations lysarhm,
= = = =20 year HM

+ Typically production data is not o 1000 |

stabilized therefore G

=

+ “b” parameter is not constantover ¢

time. Decreases with depletion 2 1004

o

+ Itis not uncommon to see “b” > 1
+ Overestimation of reserves and

future performance 10 - . . .

0 2,000 6,000 8,000 10,000 12,000
+ Enhancements Time, days
Graph from: SPE 108176
v Use an average “be” CoefﬁCient as ® Observed Behavior of Decline Parameter (D):
i 1 d A (1—

described by Chen on SPE n=_-949 _ D, +nDy1 (1-n)

108176. During entire depletion q dr

“be” Wl" be Iess than 1 ® Solving for Flowrate:

+ Find a function that describes “b”
behavior as stated by T.

g =q; exp[—Dy, 1 — [.H)i,- 1"

@ Solving for the b-Parameter:

Blasingame work =

[Nf),- + D r“_”)]“

nD;(1—n) m

9
12

Equations from: Production Analysis Notes. Tom Blasingame. TAM - 2009
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Fetkovich’s Composite Method ENERGY

/ I
+ Utilization
+ Analyze production data
+ Predict future well performance
+ Estimate ultimate reserves (EUR)
+ Allows analyzing well
performance not only during BDF Fetkovich "Composite” Rate Type Curve
. . {Unfractured Well Centered in a Bounded Circular Reservoir)
but also during transient flow 10" 10° 107 10" 10° 10’ 107
‘* Assumptions 10 E T T T T T T T T T lF;tL:E:‘:::ihc;:?g%’%&élivmé;n;glnu 10
- — Unfractu ell Cente in
[(rep=roirwg=a | Transient "Stems" — Composite Rate Functions Only.
+ Constant bottom hole pressure ENN (Translent jlow Realon Legend: 9pq¥s. oo ol
. . . g 10 m& _qu Rate Function Curves 10
+ Derived for liquids 2 M%\ :
: . : . IS ]
+ Radial flow in a circular drainage § ,[Cixi'= Depletion "Stems" 0
area w 10 F {Boundary-Dominated 3 10
E Flow Region) E
E ]
+ Transient and BDF Z 1
.g 10-1 E  Unéracturad Wall in \ 3 10_1
° =] C & Bounded Sirsular rps Rate 3
+ Math behind =S i 054“‘_'\\& 5
i 0.2\ 0.6 %\ h=10 |
* Analytical SOIUtion for tranSient 10'2 1 L1 1111 1 L L LILLL A L1 1111l L L L LLLLL 1 lb=1!ul.l IGI'Q | ?-?\II] 10'2
period 107 10° 10° 10" 10° 10’ 10°

Dimensionless Decline Time, {5,

’ .
v Arp s solution for BDF Graph from: Production Analysis Notes. Tom Blasingame. TAM - 2009 13
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Fetkovich’s Composite Method ENERGY

+ Limitations

+ Only valid for liquids

Pwi/A =00

qDd

+ Well produced at constant bottom
hole pressure

0.01 4

0.001

+ Enhancements

+ Combination of back pressure gas | o

: H Graph from: Using Multi Layer Models to Forecast Gas flow Rates in
rate eq uation and material Tight Gas Reservoirs — Sergio Armando Jerez Vera - MsC - TAM

balance. Replaces Arp’s section Ut W el el i B oo ot
. . . . ot 10° 10° 10" 10° 10’ 10° 10°
+ Introduction of derivative function § 10 ey v 10°
[ eI N -
epg o i e ml'.l . ..
<+ Additional features 85 (oo eoon ettt ||
£83 b
+ Allow estimating not only EUR but Eg £ .
also permeability, hydraulic g%i il R sl
. . . L T B B
fracture dimensions, skin factor i ;§ S ey S S
, 0| 2 S
and drainage area 53% e Ay Ll L
[ ’ !
. R . = s l,:_m.lm
+ Derivative allows better matching °§ w0l Ga S AN i
*° " " Dimensionleas Deciine Time, fp,4
Graph from: Analysis of Long Term Behavior in Tight Gas 14

Reservoirs — Jorge Alberto Arevalo Villagran — PhD - TAM
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Fetkovich-McCray Rate Function Type Curve--tpg s Format
(Unfractured Well Centered in a Bounded Circular Reservoir)
0! 10° 10? 10" 10° 10" 10 10°

Sa

= . o i £ N T Ty T TTTTTRRY T TR Ty 10°
+ Limitations 27 PTI e rsteme P e e ke ancton Type Curve
2 ‘~ (Transient Flow Reglon) Circular Reservior,
. . (& - - B R g, syt et
+ Bounded circular reservoir SEg 10 Legend: a0g doaand douiave. oo (310
—Enh ¢ it =- e negral Funclon Cuves - curves|
nnancements £QE i
.ﬁlr [ 100 —=ielte 109
[= -] ‘6 ~ ™
- S A N £ 4., & epletion "Stems"
+ Introduction of derivative function %g E eI m’l"E:‘:,:'ﬂ;‘:;sﬁ",“” ]
° . ° 8 _____ H l‘h
and integral derivative. Better E % g 10 E e 2525 rorctay, 'n'::’;..‘ 10"
H H HY H [l = EEEL’:,E@:‘:"F“‘E -------- nre?lDTlncI::’:; \I'NII
matching and identification ° Eg : O o o aav.Tossr N ¥,
%] equivalent to Arps b=1.0 trends. a |
M -2 Liuiin A ERTIT [ ERRIT AN EETIT PR | L1 a1l 1 ||*ﬂ_|,|_ -2
+ Use of MBT. All solutions converge § 107 b o v 0 e 10
Fetkovich-McCray Rate Function Type Curve—-tp, p,,, Format
to acommon stem. Strong a{Fractured;‘lell Centere:l in a Bounded Circular Reservoir)
. . 1 L S L S L A LA,
conflrmat|on Of BDF . Transient "Stems" Fetk:widl-MCCr Riate Function T:rpe Curve g
. 9 (Translent Flow Region) - Elirwlaréa":grrl\r‘;or iinaB ded :
H oy Legend: dpa dparand ApaiaVs. toa,bar 1
+ Additional features o oo Cungs -

===~ Rate Integral-Derivative Function Curves
Correlating Equation:
bppss = In(rep) - 0.049298 + 0.4346451,5

..

e T —— Rate Function Curves
S -
el

po vl

+ One curve for unfractured wells

Dimensionless Decline Rate, g,
Dimensionless Decline Rate Integral, gpg, and
Dimensionless Decline Rate Integral-Derivative, Qpgq

o a 3 0
and other for stimulated wells 10 - 10
~] i‘;‘ Depletion "Stems” 3
-] ij (Boundary-Dominated
T== o |l‘ Flow Region) 4
== i : ‘;l‘ . B
-1 b N -1
10 F For clarity, the LT Q0 3 10
£ Fractured Well In AmpsT urves 'y 3
[ @ Botnded Ciraular are NOT Included, . \, 3
C qDa Gpdi and Gpaja VS. IDd, bar N g
@ late time behavior Is AN i
equivalent to Arps b=1.0 trends. N
10—2 N T PSRRI ERRTIT] o1 vl w1 vaanul AT Y n*nu 10—2
10 10° 107 10" 10° 10' 10? 10°
Dimensionless Material Balance Decline Time, tpg pa=Nppd/dpa (Fractured Well)
P ey

Graphs from: Production Analysis Notes. Tom Blasingame. TAM - 2009



Material Balance Time (MBT)
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/

+ Weakness of traditional methods

v
v
v

Loq@)
o4 (P)eg (D)

HgiCgi

Unreliable average reservoir pressure imba.gas =~ oy

dt

Variations in rate

Different solutions for constant rate and constant pressure using
chronological time. Confusion and misinterpretation

+ Approaches and benefits f =&

4
v
v

Use of superposition for accounting varying flowing gas rates ‘Ig
Chronological time is converted into Material Balance Time

Same t|me used by Agarwa' and Lee to Equivalence of Dimensional and Dimensionless Systems

time (days)

100

linearize transient analysis of gas wells 00001 0001 001 01 i 10 100 1000 10000

m 100000000

Agarwal later confirmed that constant rate
and constant pressure solutions were
equivalents if MBT is used

3

Vast well known analytical solutions for
constant rate can be used for constant
pressure cases

pwd or td*d(Inpwd)/dtd

I
+
|

0.1

1E-07 1E-06 1E-05 0.0001 0.001 0.01

MBT yields reservoir volume "

0.1

il 10000000
[T

=+ 1000000
s

100000

td(Inpwh/dt

Graph from: Production Data Analysis of Shale Gas Reservoirs - Adam

Michael Lewis - BsC - LSU




Normalized P & T Drop Functions "ENERGY
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Normalized Rate and Pressure Drop Functions Versus Material Balance Time [Log-Log Format)
Exploration Well — Southeast Asia

+ Utilization ' :

TBID

10 10 10’ 10 10° )
L] T T Trryy Ll Ll L] Ty L] Ll IIIIIII L] T IIIIIE 10

-

=k
=

L Legend: /
L Rate Normalized Pressure Drop Fon (Apigg), psUSTB/D .
® Pressure Drop Normalized Rate Fen (gg/ap), STE/D/psi /

A

+ Analyze production data

Frmiabam Taw a0
'l A0 L L iLil 'l L I!IIIII L L II.iII.I i LA L i 14l 1‘]-2

—
=

2
° g
E &
s 3
E ‘-g-b L0 & G, L f
+ Predict future well performance g g ' [ao/tp] | gy s L
- . = £ ol _ Transient Radial _ el Boundary-Domi dd .0
+ Estimate ultimate reserves (EUR) £ % 0 g 2 Flow Benavior 3 '°
= C o O
+ Allows analyzing well ey [ 4 S O 1
. a7 = et et — Bt RN |
performance not only during BDF § g PEEEEENERREN N,
. . s £ y T -} N\
but also during transient flow g E.m‘-: A = A A
. EEIE \
+ Assumptions $ ¢ | = =] ‘
2 = ®
+ Transient and BDF = -E SRR ERERREEE
FAN

+ Use of MBT 10" 10° 10’ 10" 10°
. Material Balance Time (Npig), hr [t = ‘\.}) 9o
+ Math behind N,
+ Simple linear function between h= E
MBT and general BDF relation Ap _
=bo, pss + Mo, pss t
do
9o _ 1

Ap by pss +Mg psst

Graph and equation from: Production Analysis Notes. Tom Blasingame.1 7
TAM - 2009
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Normalized P & T Drop Aux Functions ENERGY

Rate Nurmalizod-Flossum Drop Fum:tb_nns Versus Material Balance Time (Log-Log Format)
Exploration Well — Southeast Asia

— . 10" 10° 10° 10" 10°
+ Utilization 8 10— 10
% | Lesend: . ]
. - [ @ (Apig,), psVSTBID  (base function) | * 7 ]
+ Analyze production data - i 4 ;/2],
S [ ® (e “integral” s
+ Predict future well performance % it il i ’f, '
. . 5 10°F = 4 10°
+ Estimate ultimate reserves (EUR) é [Ap/g,] e itegra”
+ Allows analyzing well a @ L.;:L_fa ]
o Q P'do il - Boundary-Dominated
performance not only during BDF g roermten 0N 4P Flow Gohavior
but also during transient flow | & (AP/q0] d // 10’
. g e o A | Dtvasve:
+ Assumptions : TroaiondRadi * NF | Fumeton
. g Y (Apiao) i
+ Transient and BDF % ol el et ol vl g
10' 10’ 10° 10* 10°
+ Use of MBT Material Balance Time (NJa ). ht |1 = Np go]
o Normalized Pressure Drop: ® Normalized Flowrate:
* Math behlnd W "Pressure Derivatiive"i B "Rate Derivative"
. . _dl. (g1 ]
+ Normalized rate and pressure {2} =1 2 Qo | _; “'_{% l
. 9o 1g 1% | LAP 1g dr | Ap |
drop are funCtlons Of MBT u "Pressurelntegr_al" B "Rate Integral"
° . . . r 7 r | q — - . - _
+ Derivative, integral and integral A =LJ‘ A %o | _1 ’[ff_o g
. . ope . _Q’o_i ! O_QO_ _AP_,- {-'0 AAD_
derlvatlve aUX|||ary funCt|ons L Pressurelntegral -Derivative” M "Rate Integral-Derivative”
provide smooth data functions | _;d {_] 4] _:|d Hfi} }
. . ol, d Ap . i7 _
which should provide a better Lo dia A da |

Graph and equation from: Production Analysis Notes. Tom Blasingame.1 8

matching and interpretation TAM - 2009
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Normalized Productivity Index ENERGY

Type Curve for Dimensionless Pressure Integral-Derivative (ppgig) — tpd,bar Format
Various Reservoir Models and Well Configurations (as noted)
+ Utilization w0t w0t ' w0
10 T T T E
Leend: Podid V5. tnd bar I /
° w— Unfractured Well (Radial Flow, |rw=1xil'l‘3
Analyze production data T [ ot Wel gt P — /

| = Fracturaed Well :r,c,=1:!1ns. Fop=5) Flow Region

4

=
(=]

Predict future well performance T foreort en Lo ze=10) 4y
Estimate ultimate reserves (EUR) < ‘ — —_

[r— | Regien
Unfractured Well in

Fractured Well in
a Bounded Circular p—— a Eﬁ';l'::iﬂ'fum
Resenvoir Conllls
(Finite Conductivity Fep=5
, Vertical Fracture) pral
3 > N E
4
1
=)

Multiple well configurations
Allows analyzing well

¢ ¢ ¢ ¢

=5
=
N

Dimensionless Pressure Integral-Derivative, ppgig

performance not only during BDF —_ e
. . ’ L=LI[2h)=25 Lg=m1n5_i‘lﬂ=3 Fwa=Twe
but also during transient flow 0 F.u.:::,,..m”‘”“"” et Bounted S Rt
o 2 “._-.D"“J"f" :"rm:f‘}%%?ﬁ{:hr - LiZng)=1.0 rppei2r,iL=2x10™
* ASS u m pt' ons 10_3 @‘ Vanl:alFrnc!ut:;tv _ Zyp=2y =05 F’ﬂf‘[’:ﬂ"ﬂﬂ fuﬂz:.'-DFwt:-:'qu"ﬂ
10" 10" 10° 10’ 10° 10

‘* Tra ns i e nt an d B D F Dimensionless Material Balance Decline Time, fpg pa=Nppd/9Dd

Normalized Productivity Index Versus Material Balance Time (Log-Log Format)

+ U se Of M BT e {Mid-Continent Gas Well)

: . it | Vil ety oA
+ Material balance behavior is A R 2
independent of reservoir shape I IR RS .
5 fy ttiptrt :
+ Math behind 4 W R aragl Wl |
% ;.;.'10‘ (Apparent BJI!mrFIow?Lx" -.-;:-
+ Simple functions between MBT §3 © B -34@_
and general BDF relation W:ﬂm:w
10? MR T ] A4 s saassl A3 a3 iaaal

L o - 10 10° 10’ 10 10° 10°
T Material Balance Time (G, ). hr
A‘p | .ﬁp | 1 | .-':‘pr | p— eﬁp _d &p {first-order appr:x:m:tlon :'l:lm;hen;:q\'):'lancepsauMme}
— — |df — t | Graphs ana equatons Trom: Froaucton Analysis NOtes. 10m 19
o l;g I Blasingame. TAM - 2009

dr

do L901; tJ9l% |



Blasingame’s Plot

+ Utilization
Analyze production data

+

¢ ¢ 4+ ¢4

+ Assumptions

+ Transient and BDF
+ Use of dimensionless time

functions

+ Math behind

+ Simple functions between MBT
and general BDF relation

AT t
N do _ll' do

]
I

do Ap|; tJdglAp

Predict future well performance
Estimate ultimate reserves (EUR)
Multiple well configurations

Allows analyzing well
performance not only during BDF
but also during transient flow

dr || ap |,

il

Dimensionless Rate Integral-Derivative, q

Pan American
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Type Gurve for Dimensionless Rate Integral-Derivative (qpgjq) — tpg nar Format

Various Reservoir Models and Wall Configurations (as noted)

-5 -4 -3 -2 -1 (1] 9 2
;IO 10 10 10 10 10 10 10 10
107 T T T | J T E
P rogereee2 Fop=Fy% =1 Fractured Well in Leaend: dpgd V5. fpd bar .
b FeoS Fep=e= a Bﬂuzzﬂwcnllzﬁuhf == Unfractured Well (Radial Flow, (ryz=1x10")
F . W (Infinita Conductivity == Fractured Well {r,p=1x10° F_pmor)
101 E ‘mugangl?-r - Vertical Fracture) = Fractured Well ir.n.=1)t|1]a. Fop=5) —
E Cartcat Fractoref. = Horizontal Wall {Lp=3, L{2x,}=1.0}
N4 1 = Horizontal Well (L5=25, Li2x }=1.0)
1 Transient Flow
o \
0 ——
10 F Horizonial wall: T —
r [Early transiont -
E I:hmmhl.ull.‘\
[ ] Lol fle b, Transient linear flow behaviorH Boundsry-
L dioes not develop linear tramnds Dominated
F— g, -112) due o carlier regimes. Flow Region
s
A
10 F | — B o
F Unfractured Well in
a Bounded Circular
[—| o | Ressrvolr il
LeLi(2ph)=28  Lg=LI(2h)=3 1
1012 3 Li2xg)=1.0 Lif2xg)=1.0 \
Horizontal Well in a Bounded Square Reservoir:
4
JE— Lif2ag)m1.0 Fype(2r,)L=2%10 :.fr,lr.,.,=mu‘
Zypeeh=05 pesqrifkpk =1 repsLpfeoendnR !...fl"..ﬁ-s
103 - M um‘t P ..u.la il uz PR .“ul.1 .......1n i ...u.|1 -
10 10 10 107 10° 10 10 10 10
Dimensionless Material Balance Decline Time, tpy pa/"Nppd/dpg
Hiasnganme  rive
5 10° 10°% 10" 10° 10' 10
10" T LA00) e e i ) e i ) e e
g E Legend: Model Responses Analysis Results: East Tx Gas Well 3
“_-u L dod :m:;lll:'"ﬂt':’" (Bounded Circular Reservoir Case) ]
g L T el Fomctin k = 0.0554md
@ a s Apdia Model Function xp = 250ft
2., 10F F.p = 9.52 (dimensionless) E
2t E G = 1.586 BSCF E
2 H Feee re =339 ft
e LT
n{? -2 Qpdid T =~ Iod D:ata
2 1011 - al Funstion .
§ 3 F Data for East Tx Gas Well: E
= E [ Fluid Properties: A
o 7g = 0.7 (air=1) )
E b- T=300 Deg. F ) 9pgig Data Function
‘E“ . , | Formation Properties: &
= 10 F rw=0.333 ft 4
o E h=17T ft Legend: Data Functions =
g 4=0.0BB (fraction) gpd Data Function
o 5y=0.131 fraction gpgr Data Function
Pi= 9330 psia A 4pgig Data Function
102 FETIRTTITY BRI | T TR TTTY BRI |
- 10 10° 107? 10" 10’ 10’ 10
Dimensionless Decline Time Functions, tpy

Graph ana equations from: Production Analysis Notes. 2
Tom Blasingame. TAM - 2009

10°

v



Quadratic Model Method (QMM) "ENERGY "

F‘
ms from: SPE 98042
—— . Plotting Function Function Type Result
+ Utilization —
. q, vs.G Quadratic Root = G
+ Analyze production data £
+ Estimate gas in place (GIP) and (gg);6, ¥5:G, Quadratic Root=15G
ultimate reserves (EUR) q.—q
gT g 1 -
- TI’S- G, Linear Intercept, Gpmax=2 G
+ Assumptions ?
. . q,):6. — e
+ Volumetric dry gas reservoir ("E‘;—j“n G, Linear Intercept, Gpmax =3 G
r
+ Pseudo-steady state flow
e (4g)ic, —4
conditions s B S Linear Intercept, Gpmax= 1.5 G

P

+ Pwf, bottom= constant
+ Model includes pressure

dependent properties Method derived from rigorous coupling
+ Math behind of gas mgterlal balance equation for a
. volumetric dry gas system and a
¥+ Rate and time data matched modified version of the stabilized gas

simultaneously to five different flow equation for a gas well producing

plotting functions at constant bottom hole flowing
+ Quadratic rate-time / rate pressure

cumulative functions .

+ Better match than Arps’s method



Quadratic Model Method (QMM)

Pan American

ENERGY
F

Graphs from: SPE 98042

750,000 Frrrpre

N A0

Gas Flowrate "9 MSCFID

-250,000

dq Vs G, Model

Gas Flowrate {q'g} Versus Cumulative Gas Production :Gp}
Quadratic Rate-Cumulative Analysis

s

- S00, 000

L B B i A AR SR EE RS SRR R SRR
Linear Trend: Quadratic Trend:

g = Agi - DGy - :nl.rzapr;pz

&

9y = g - DGy

. FRysical meaning of q-, rena
Slopo= D :.:":“'--“--..____H__I:_T Zaro Is not claar,
___________________ L = B B & i o g i R -
Zero Line T L
. ‘
Gy, max n, Qu‘:;lrattc_ﬁuot.
{for linear pmax” G
extrapolation)

g

1.0C0,000
1,500,000
2,000,000
2,500,000
3,000,000
3,600,000
4,000,000
4,500,000
5,000,000
5.6C0,000
5,000,000

Cumulative Gas Production {Gp], MSCF

+ Interpretation

A 4

-

Curve trend above line of zero rate
reflects typical decline

Slope through q; is dimensionless decline
rate constant “D,”

Intercept of curve with zero rate line is
the maximum gas than can be produced
at initial conditions

Minimum point denotes actual value of
gas in place (GIP)

Gas Rate-Integral ((qgy); gp)» MSCFID

(Ag)i.cp VS G, Model

Gas Rate-Integral :{q'g},-_ﬁp} Versus Cumulative Gas Production [G‘P}
Quadratic Rate-Integral Cumulative Analysis

750,000 -
[ Gy Linear Trend: Quadratic Trend:
500000 f£ (@ghiap = Ggi- (DJ2)G, Ayl gp = Ug; -1DJ21G, - (DJ6GIG,
250,000 - ;
C =
F - slope=(D/2) s,
n HI"'III"III"III.'III'I""I‘: rI'I‘."‘.'I'I L 2 b & b 1 d L L B 1 L L B 4l L B 1 1]
- Zero Line f T,
- T Quadratic Root:
C G ., o
250,000 = pmax ‘a G max= LG
- (for linear P
L extrapolation)
500,000 L
"2 EgE8EEEgEEEEEEEEEEEEE
F S EEEEEEEEEEEEEEEEEE
I S B B B ™ R~ ™™ SR S S =1
Cumulative Gas Produstion (Gy), MECF

+ Interpretation

v

Similar quadratic behavior to g4 vs G,
model. Curve is never negative. Integral
function

Slope through q is dimensionless decline
rate constant “D,/2”

Intercept of curve with zero rate line is the
maximum gas than can be produced at
initial conditions

Minimum point has G,.,= 1.5 GIP 22
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Quadratic Model Method (QMM) ENERGY

(dgi —94)/G,, vs G, Model

{qgr-q'E.}JGp Versus Cumulative Gas Production {Gpj
Quadratic Rate-Cumulative Production Analysis

045 F
040
0as
030
02s
020
D18
D10
.08

(991~ 9g)/5p

=k L

=
-

E D,
E

oo

e
Linear Trend: E

£ (dgi- 9gi'Gp = O; - (028)Gp, E

Nur (0426) E
- Extrapolation: E

R L LR LR LR AL LERS Ll LELRN L) RLERY LAY LLRLN RULL) LEERS LR L=

\ Gpml-!:is 'T;

5/
i

516,000 b=

1,000,000 E

38
$88¢%

Cumulative Ges Production EGPL MEGCF

1,500,000 =
20,00
2,500,000 =

+ Interpretation

A 4

-

¢+ 4

Function not significantly affected by long
term transient flow

Initial gas flow rate (q) is the most
difficult parameter to match

Straight line. Intercepts Y axis at D,

Slope of straight line is dimensionless
decline rate constant “D,/2G”

Intercept X axis at G,,,,,= 2G

H'qgh,_-,"'p 3 qgl‘];cp

F

((dg)i.cp — dgi)/G, Vs G, Model

[{qg}f.ﬁ‘p - qgﬂ"'ﬁ'p vVersus Cumulative Gas Froduction {Gp:l
Guadratic Ratedntegral=Cumulative Production Analysis

b'm ETTTT I LILLJ
0.228 ?Lirmar Trand: E

0200 E_ HQQ'I‘GP' qglrmp = 'Dilz} b [D#EG}G;J _:

W

0475 -
a1nf (D2

0425 §
0.100
0.075
050
0026

LELE ]

1,000,000

2,000,000

LA LA AR AR LR RN R AL RN LA R RN LR AR LR~

Extrapclation:;

Gpma=3 6

0

3,000,000
8,000,010

g
:

5,000,000
7,000,000
8,000,0H0
40,000,000
41,000,000
14,000,000
16,000,000

&,000,000
2,000

13,000, 6H0

15,000,000

Gumulative Gas Production 1GP]. MEGC

+ Interpretation

v

Smoother function than previous one.
Occasionally affected by extended
transient flow behavior

Straight line. Integral function. Intercepts
Y axis at D;/2

Slope of straight line is dimensionless
decline rate constant “D,/6G”

Intercept X axis at G,,,,,= 3G
23



Quadratic Model Method (QMM)

0230
0235

0200

G

LET-]
0128
0,100
0.075
0.080

"nglj_ﬂp - q“]'r

L]

0.000

Graphs from: SPE 98042

((dg)i.cp — 9g)/G, vs G, Model

luglisp - "fﬂ‘"ﬂp Wersuz Cumulalive Gas Produclion [GPI
Guadratic Rate-integral-Cumulative Production Analysis

= 0175

RN R R R LR LR R LRl LR LR LR R RS LR

Linear Trend:
£ ((dg)i.ap * 99VG, = (072) - (D366,

E (D/2)
E

-“H‘q::“ {naes) -
i Extrapolation:

B, may® 312 G

E00,040

1,000,000
1,500,060
2,000,000
2,500,0¢0
1,000,000
3,500,000
4,000,000
4,500,000
5,000,020
§,500,0¢0
8,000,060
5,500,000
7,000,000
/500,040
B,000,000 M

Cumulative Gas Production I.Ejg, MSLr

+ Interpretation

¥ q, has been eliminated. An extended
transient flow period could affect the
integral function. Some distortion may

arise under certain conditions, so certain

caution must be exercised . Most
sensitive of the proposed functions

Straight line. Intercepts Y axis at D,/2

Slope of straight line is dimensionless
decline rate constant “D,/3G”

v+ Intercept X axis at G,,,,,= 3G/2

+ 4

Pan American

ENERGY

F

Quadratic Model Type Curve

Fathoviech/MeCray Type Curve — Rate versus Cumulative Production
Cas Case — Unfractured Well Centered in a Bewnded Circular Reservoir
10° 10" 10° 10'
10' ¢ — T e e SRS T [
Teanslant “Stors”
| Vrarvainil How Kagion —
" s Analyibaal Buluilenn)

_R‘fnr, \':‘\_r'ﬂ'f"‘

Legend: ]
= Ggpg FURCHONS ]
“2m2 Gapyy FURCHIONS ]

., DBoplation "Stoms” 1
‘gi R (Boandary-Cominated Flow Reghan —
i Volumatric Reserrel Belayion)
110"

e

10° P2 ebim a0

UnTraciured Wall in
o Rrandnd Miesale

Ratarvasii

[Tgoclq ™ 11dgi 9y
F dgoale ™ (g (G
F Buoda= (D)) G, D4, = (2aMM1-40,.01]
M Wgnel™ 1= Ganaly ™ L) ll.'.imlqll

Aellpual] .

(4goaly = (Vaydag and [aupg)e=(1igg) IG,

10" 10" 10 10
(Gppdlg = DG Gy
(whars (Djlq = (2g)[1<(Pyo) )

+ Interpretation

+ Dimensionless rate and time-averaged
rate vs dimensionless cumulative

production based on the quadratic model

24



Quadratic Model Method (QMM)
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ENERGY
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mnﬂrmatlon oot

Gas Flowrate (g} Versus Cumulative Gas Production {Gp}
Summary of Arps’ Cartesian "Rate-Cumulative™ Analysis
TS0 P T e T T T T T T
Qgi LinesrTrend: (===} Quadratic Trend: (==} ]
9" 9 - DG,

E -
{Ij RO AN p i ' qg' = qﬂi - DIGP - ‘DHEG}GP
g Hyperbolic Trend: (= ]
C 1{1-b ]
= 280000 - 4y = 4gi [1400N"""* Harmonic Trend: (—)
= L Slope=D; Wy = uyi AR O g Gpl |
z 4
5 Yoo e
E [ Hyparholic Casa: "~ Bomax Quadratic Reot ]
250,000 N - O K (for tuned uadratic Root: 7]
G ngi'r[{“"h]'Dﬂ [fﬂl‘ linaar h]l'pﬂ rbolic Gu,maf G
r extrapolation)  extrapolation)
-ml:r,un.""I""I“"I""‘I""I""""""'"" [ ealaaa sl sy
g &8 8 ] > & &8 8 &8 &8 & =8
§ & &8 & & 8 2 &8 & g8 g 8

Cumulative Gas Production {Gp]. MSCF

+ Comparison of methodologies

+ Tuned hyperbolic extrapolation matches
quadratic model

+ Harmonic model over-predicts results

Spacializad Hyperbalic "Rata-Cumulative™ Type Curve {Arps' Ralations)

Mormalized Gas Flowrate hgiqﬂl Warsus
Mormalized Cumulative Gas Production {Gpj'ﬁi

0.0 01 H2 03 04 05 05 0F 08 DO IL?II'I

Bposholc Treng (—— )
| 4= 0 (G610 " (where: Gm gy [(1-0)0)) 1 03

fos
NN\ T A Y

ns

LA ]

Qi

404

02

ol

nn
00 01 D02 03 04 O5 06 OF 0B 05 10

+ Interpretation

+ Redefined plot using an approach similar
to Arps’s curves to qualify hyperbolic
decline for analysis purposes
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QMM - Example Real Well "ENERGY "

F
Graphs from: SPE 98042
Example: Fatkovich — West Virginia Well A Example: Fetkovich — West Virginia Well A
Gas Flow Rate q,) and Calculated Bottomhole Gas Flowrate (q,) Versus Cumulative Gas Production (Gp)
Pressure (P4 Versus Production Time 3000 Quadratic Rate-Cumulative Production Analysis
‘ L] LI ) LI | L | LI | | LI LI LI LI | L] I LI | L] LI | L ) L | I LI L] T LI LI | L] i
10 1200 Results: Quadratic | ]
; Legend: 2 E A= 11 4 g;= 1920 MSCF/ID |
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e} '1l:li = 4 =2 L (quadratic medel) Uttt "
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0 500 10co 1500 2000 2500 3300 3500 Cumulative Gas Production (G,), MSCF
Froduction Time, Days
Example: Fetkovich — West Virginia Well A H
Gas Rate-Integral ((q,); g,) Versus Cumulative Gas Production (G, * l ntel"pretatlon
o som Quadratic Rate-Integral-Cumulative Production Analysis 3 First tWO funCtionS have an exce"ent
E Results: Quadratic match with well data
] i high= 1.1 g g;= 1920 MSCF/D . . . o
Z 2ol (auedratiomode) b~ 0.001a3 110 + Direct estimation of initial gas rate,
-3 Puwn =10 . . .
g ; G = 3.29 BSCF dimensionless decline rate parameter and
=]
ul .
= gas in place
5
-E i,correc 1.0 4;
< {quadratic model) Pl
- 0 =
Qi jow= 0.9 g;
@ (quadratic model) Quadratic Root:
] Gp, max= 312 G
I :
-1,000
0 1,000,000 2,000,000 3,000,000 4,000,000 5,000,000 6,000,000

Cumulative Gas Production ':GP:" MSCF
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I:':Qg:'f.ﬁp = qg]"‘Gp

QMM - Example Real Well
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Example: Fetkovich — West Virginia Well A
(9 - 94))/G,, Versus Cumulative Gas Production (G,)

Quadratic Rate-Cumulative Production Analysis

Results: Quadratic
g;= 1320 M3CF/D
0= 0.00133 1/D
Pun =035
G =3.29 BSCF

Qi pigh= 1.1 a;
/ (gquadratic model)

. Qicarrect= 1.0 g
/" (quadratic model)

Intercept= D; f
A

Extrapolation:

G fow™ OB g —
Gp,mar' 2G

(quadratic model) TR

Slope= {Dgzci

,,,,,,,

Graphs from: SPE 98042

[ia

Cumulative Gas Production IGP}. MSCF

Example: Fetkovich — West Virginia Well A
((gg)i,gp - 9g)/Gp Versus Cumulative Gas Production (Gp)
Quadratic Rate-Integral-Cumulative Production Analysis

}:—""I""|"''I'"'|""I""|""l""|""I""l""lIlII

Linear Trend: Results: Quadratic

_ q;= 1920 MSCF/D
b ((dg)i6p - 9g)/Gp = (Dy2) - (DFIG)Gp 1;5 = 0.00122 /D
® Pup =0.36

G =3.29 BSCF
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y Slope= (D{3G)

Extrapolation:
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ENERGY
F

Example: Fetkovich — West Virginia Well A
{(g9g)i,cp - 9gil/Gp Versus Cumulative Gas Production (Gp)

Quadratic Rate-Integral-Cumulative Production Analysis

LI L RN NLNLNL N LB L RN BN L NLELELEL A BLEL L BB LR L B

Linear Trend: Results: Quadratic |
) - i} g;= 1920 MSCF/D
((9g)i,cp - 9V Gp = (DF2) - (DJBG)G), D;=0.00133 1/D
Pup = 0.35
G = 3.29 BSCF

 Apgn™ 1A
J/ {quadratic model)

i correct™ 10 g
"---._.‘_/{quadraﬂc model)

Extrapolation:
G =3G

Slope= (D/66) ke

Gijow™ 0.9 §;
(quadratic model)

10,000,000 12,000,000

2,000,000

4,000,000
Cumulative Gas Production tGP}, MSCF

6,000,000 8,000,000

6,000,000

+ Interpretation

v

Special functions also have an excellent
match with well data. Last function as
previously mentioned is most noisy

Direct estimation of initial gas rate,
dimensionless decline rate parameter and
gas in place

Advantage: five different functions must
converge to similar estimations. Provides
additional strength to analysis
methodology
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F

Spacializad Hyparbolic “Rate-Cumulativa” Typa Curva (Arps' Relations)
Normalkized Gas Flowrate {g,/q,) Versus
Graphs from: SPE 98042 Mormalized Cumulative Gas Production IGPIGI
Example: Fetkovich — West Virginia Well A

Fathovich/MeCray Type Curie — Rate vorsus Cumulative Production Gas-in-Place o ﬁ:‘ 5:2 0;3 0;4 0;5 D;ﬁ D;T D;‘B D;'! LI
Gas Coase — Unfractured Well Centored in a Bounded Circular Reservoir Method B 9 sl
Exarmple: Fathavioh — West Wrginia Wall A eho (Beh) 0.9 N '%5;11"1'DEMMSG'Q¢FH1¢IMI J0s
107 10’ 10° 10° Quadratic Analysis ]
A 1 0.3 Jos
bt T R i e 1 Method 3.29 ;
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g Faa Tl NV % ® gpgLata 1 (SPE Form. Eval ., 0] Jos
[ ."a:;-:‘::._ :T!‘:‘.-‘ k"‘.‘ B q—mnm Dec. 1987) 3.36 E’E i f 1 -
%& E%‘;;\ "‘\‘ . o Bt 1 I;raim, ;ta:. (SPE = o ;N
= - " ' e . {Rnindsry Sreninated Flow Boging — orm. Eval ., Dec. L 0.
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_E .. 1 i NN
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-‘2_-_ 4 Pl = G BB ".i;-" ';tl 4 Gplc
g! iR - "Quadratic” Dimenalonleas Funotiona: ‘! T; i 4 |nterpretatl0n
) (95001q~ (4g) % a4 J + Modified Arps’ Iso help int
-g (Ggpalg™ [1g) (G il 4 ] odifie rps’s curves also help into
& 1Gppdy™ D) Ja) B iDjl, = (2M 0,01 14 1 matching process
m|a : 1 E 1 . . . .
R S o o + Confirmation plot provides direct
107 P Uik o u el 5 s 10% estimation of decline rate parameter
107 10" 10° 10’ . . .
(Gpodlq = (D)) G + For comparison purposes GIP estimation
(whare (D,)g = (24,11 Puot 1) from other Strong meth0d0|ogies are

presented to support the robustness of
this methodology
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Flow Patterns in a Fractured Well ENERGY

F

Drawing from: Well Test Analysis in Naturally
Fractured Reservoir Using Elliptical Flow — Alpheus

Olorunwa Igbokoyi - PhD - OSU

+ Fracture linear A~
+ Very short period. Fluid entering into the wellbore comes —:ti:g\f“ixiti
from fracture expansion
+ Bilinear

+ Only evolves in finite conductivity fractures as fluid from
surrounding formation flows linearly into the fracture
before tip effects begin to influence well behavior

+ Formation linear

+ Only occurs in highly conductive fractures. Slope "2 in log-
log plots

+ Elliptical

+ Transitional period that takes place at the end of the
bilinear flow pattern and / or formation linear flow pattern
and the onset of the pseudo radial flow pattern

+ Pseudo radial flow

+ Occurs in fractures of all conductivities, but it takes a long
time to reach this pattern in TG reservoirs

+ Fracture appears to the reservoir as an expanded wellbore

Drawings from: Pressure Transient Response of a Transverse Finite Conductivity
Fracture Intercepted by an Horizontal Well - Mohammed Saad Al-Kobaisi - MsC - OSU
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Elliptical Flow

/

+ Impact on TG reservoirs
+ Can dominate the well performance
+ Also visible in anisotropic reservoirs

+ Reservoir properties begin to dominate
well performance

It can last from months to years depending
on perm and hydraulic fracture properties
+ Math behind

+ Elliptical outer boundary has same length
as fracture so a single parameter can be
used to characterize many aspects of
drainage area

+ Type curves obtained from an analytical
solution. Curves are generated for
different fracture conductivities and
characterization parameter

+ Utilization
+ Optimum well spacing and aspect ratio
+ Estimate drainage area
+ Fracture and reservoir properties

v

Dimensionless Rate Functions (qp , qpj. and qpjq)

Pan American

ENERGY

closed reservoir
J/ boundary (ellipse)

wellbore

- T =

Drawing from: SPE 106308

a 3=

Cf=1,10,100 and 1000

Elliptical Flow Type Curve - Fractured Well Centered in a
Bounded Elliptical Reservoir (Finite Conductivity: F=1)
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Model Legend: Elliptical Flow Type Curve - Fractured
Well Centered in a ipti i
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Elliptical Flow - Example ENERGY

Example 1 - East Texas Gas Well (SPE 84287)

(Tight Gas Sand)
Plots f SPE 106308 107" 10° 10’ 10° 10° 10* 10°
Example 1 - East Texas Gas Well (SPE 84287) ots from: 10" p—r—rrrm—r—rrrm—r—rrT T —r—rrrmmy 10’
(Tight Gas Sand)
10° pr—rTTT T T T T T T 10000

T T T T T T
[ Legend: East Texas Gas Well (SPE 84287)
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Legend: Data Functions
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B (9gopy% Normalized Rate Integral F
A (qgn'App),d Normalized Rate Integral-Derivative Function

Pseudopressure-Drop Normalized
Rate Functions, MSCF/D/psi
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Multi Fractured Horizontal Wells in P Aiiicnn
ENERGY

Conventional Reservoi o

+ Characteristics

+ The purpose of an horizontal well is to create a system such that the long time
performance of the horizontal well will be equivalent to that of a fractured well
with a specific conductivity (preferably infinite) and a fracture length equal to
the distance between the two outermost fractures Diagrams from: SPE 121290

+ Equivalent fracture length = aggregate length

I
I

of the individual hydraulic fractures EJF::ThD,.{nF_U
+ Conductivity equivalent fracture = average of | ::
the conductivities of the individual fractures 1
+ Long term performance function of the effective ,,@szxm; onxy
fracture conductivity and fracture half-length o
+ Effective conductivity depends on the reservoir i’ I
permeability, number, distance between and IRIE | ::
conductivities of each individual fracture 1 Valva = |

+ The drainage area around the equivalent vrop s
fracture is a parallelepiped with the length of the equivalent fracture and the
with equal to the average hydraulic fracture spacing

+ All of this only valid if performance is governed by the long term productivity of
the reservoir beyond the tips of the fractures. Pseudo-radial flow must develop
around the system otherwise the concept of effective wellbore radius can not
be used 32
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Multi Fractured Horizontal Wells ENERGY

F

Interior Fracture i
Drawing from: SPE 123342 / Fracture Spacing

+ Transverse fractures (TF) | / | D |
+ Numerous studies prove TF are best option to : ' ! : : ;
drain horizontal wells in TG reservoirs . !
+ Not all fractures contribute equal
+ Small area of contact at wellbore (choked flow) ! i i
+ Q: How many hydraulic fractures ? — N i oy
+ Composite system behavior 1.14~ 10? de, ,m'j;:
+ Time for the start of pseudo-radial flow is even [ =
larger than for vertical wells F
+ Quite different flow geometry (3D) when
compared to vertical well (1D) But Xf,eff=D/2
+ Performance highly influenced by partial penetration and formation anisotropy
+ Wellbore storage is much more significant and can mask other flow regimes
+ Q: How long the horizontal section should be ?
+ Pressure drop inside the wellbore
+ Interaction of well, hydraulic fractures and natural fractures
+ Productivity is governed by linear flow perpendicular to the fracture faces

confined to the stimulated volume between fractures 33
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Transverse Fractures Behavior ENERGY

mcal et

System:
K=100 nD=0.0001 mD ]

F

+ Individual fractures start
cleaning up

Sx=25m ; Sx + Each one acts individually
t= 0.3 days + Effective length evolves in time
as fracture cleans up
|
<+ Transient behavior
+ Early time
Rate and Mormalized Rate Derivabive of A
TwoFracture System over Time + Fracture linear flow
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.
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Transverse Fractures Behavior ENERGY

mcal et

F

System: + Fractures continue cleaning up
K=100 nD=0.0001 mD e < Individual behavior
SO + Transient behavior
t= 0.5 days
I + Early time
| + Some fracture linear flow

+ Onset of formation bilinear flow

Rate and Hormalized Rate Derivative of
TwoFractre System over Time
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.



Pan American

Transverse Fractures Behavior ENERGY

mcal et

System:

K=100 nD=0.0001 mD

Sx=25m
t= 5 days

Fate, (MSCFD)

F

+ Clean up ends. Effective fracture
length fully developed

+ Individual behavior

+ Transient Behavior
+ Early time
+ Formation bilinear flow

+ More flow comes from zones

around wellbore
U 1w

Rate and Hormalized Rate Derivative of
TwoFracture System over Time
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.
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Transverse Fractures Behavior ENERGY

F

+ Physical effect
System: + Flow from reservoir in front of
K=100 nD=0.0001 mD fracture faces
Sx=25m + Each fractures behaves
t= 8 days individually

+ Transient Behavior

+ Early time

+ Formation bilinear flow
Rate and Mormalized Rate Derivative of

TwoFrachrs System over Time
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.
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Transverse Fractures Behavior ENERGY

F
+ Physical effect
System: + Flow comes mainly from zones in
K=100 nD=0.0001 mD front of fracture faces
Sx=25m + Still fractures acts a sole one
t= 33 days + Transient Behavior
+ Early time
+ Bilinear flow
Rate and Mormalized Rate Der|vabive of
TwoFrachmre System over Time
1w° T 10’ 18’ 1w 1w Ty 10" 1w =
1 e B e e W §
4 5
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.
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Transverse Fractures Behavior ENERGY
mcal roct
System: + Flow comes mainly from zones in
K=100 nD=0.0001 mD ' i front of fracture faces
Sx=25m + Pressure profile developed
t= 500 days around fractures
L + Individual behavior of fractures
4 + Transient Behavior
+ Early time

Rate and Normalized Rate Derivative of . oae
Two-Fractme System over Time + Formation bilinear flow
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.
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Transverse Fractures Behavior ENERGY
[ —
ml ot
System: ——= + Pressure envelope of each fracture

is close enough to each other,
excluding bounding fractures

K=100 nD=0.0001 mD
Sx=25m

t=9 years + Onset of interference

+ Fractures starts acting as a whole

+ Transient Behavior
+ Bilinear flow but early linear flow

Rate ang Mormalized Rate Derivative of

TwoFracture System over Time from fractures as a group
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.
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Transverse Fractures Behavior ENERGY

F
+ Physical effect
System: + Fractures act as a package
K=100 nD= 0.0001 mD ‘ [ TTITRM TR + Pressure front moves forward
Sx=25m | | l from line of fracture tips

Transient Behavior
+ Middle time
+ Inflow is linear

t=14 years ||._ ‘} | ||

Rate and Mormalized Rate Derjvabive of
TwoFractiure System over Time
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.
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Transverse Fractures Behavior ENERGY

mcal oot

F

System: + Pressure wave continue evolving
K=100 nD=0.0001 mD ‘ ‘ (il | ‘ ‘ | Jr around the fracture package
Sx=25m AT AL Transient Behavior

t=90 years Fant il

|
“::"';_-; /+ Onset of late time
WA + Onset of elliptical flow

e
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e e

Rate and Mormalized Rate Derivative of
TwoFracture Systam over Time
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.



Transverse Fractures Behavior "ENERCY

F
+ Physical effect
System: + Group of fractures act as a
K=100 nD=0.0001 mD | O LTI J single fracture
Sx=25m | R 1\l f f Contribution from the reservoir
t= 120 years VoL L | ‘ ) . f beyond the stimulated area is
Compound Linear Fiow Concept of Van Kruijsdijk \'\ \ I'x_ll -'_I l:l! Il , 'l_fl / )‘I negligible
Top View X ";.: g — s . .
i . % Transient Behavior
T . TT——— 3 Latetime
> T =2
ffif,\;\ A wmmmm;’;};ﬂm « ¥ Flow pattern in the systemis
T e e S Y Two-Fraciure System over Time elliptical
\ \ ’ [ ’ ' " w ' "' ' w o=
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Graphs from: Well Performance Analysis — Shale Gas Reservoirs. Tom Blasingame.



Horizontal Wells and Fractures: The  panAmerican
ENERGY
Real World s

/ Graphs from: SPE 110067
+ Reservoir N I I I
+ Heterogeneous

+ Zones with different rock properties

+ Pay zone height is variable along
wellbore

+ Wellbore
+ Crooked rather than straight

+ It has roughness and for instance there
is a pressure drop inside it

+ Transverse flowing area is not constant

+ Fractures
+ Different fracture design
+ Spacing between fractures is variable

Monitor Well #1
L

Distance South-North (ft)
H 8

§

g

200
3,500 -3,000 -2,500 -2,000 -1, L -500

Distance \West-East (ft)

+ Well & fractures performance o, e
+ Productivity index for pseudo steady state
flow. Pressure drop along the wellbore is not considered. Overestimation of PI.

+ For practical purposes multi-fractured horizontal wells do not drain the region
beyond the tips of the hydraulic fractures

+ Most of the well life, flow is transient. Economics dictate strategy

44



Horizontal Wells and Fractures: The  panAmerican
ENERGY
Real World s

Interior Fracture
[ 1 I
1 ! 1 !
1 ! 1 !
1 ! 1 !
1 ! 1 !
1 ! 1 !

+ Fracture spacing

+ Primary factors that govern are formation permeability
and the time to interference of the production
transients between the inner fractures

+ The outer reservoir boundaries impact the o

fractures o

Rate (mschiday)

+ Number of fractures

performance of outer fractures and define
the length of the drainage area of internal K
+ Adding more fractures to the same horizontal \

Production

length provides more initial rate but at the
same time interference is reached sooner and
rate from inner fractures will be reduced

+ Total reserves or ultimate recovery are not T T T e
enhanced placing more fractures

+ Drainage area of internal fractures is determined by
their spacing and by the length of the drainage channel
that can be contacted

+ Drainage area of external fractures is controlled by
reservoir architecture

From: SPE 123342

45
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Fracture Effectiveness and Spacing  ENERGY

F

G‘f h) horizontal
n G‘: h ) vertical

Fracture Efficiency =

+ Key strategy for developing

+ Drill a couple of vertical wells to gather as much information as possible for
reservoir engineering purposes and fracture design. It will save you nightmares

with horizontals Graphs from: SPE 123342

E Gas in Place = 2 80 BGF - Equivalent Area 44.48 acres - LW ratio 247 -
- Herizontal Well
e
.
120
o 10,
o "
o °,° "
o "o /o o®
ol 5 g
i % £
9 w o

27.22 acres - LW ratio 2.72 - Vertical

¥ & & B8 8
i 8 8 8 48 8

e
g B OB K OB OE

g 4B o8 B BB BB

e Rl £ ~
Vertical well Horizontal well
OGIP=1.77 Bscf OGIP=2.90 Bscf
Drainage area= 28 acres Drainage area= 44.5 acres
Aspect ratio=2.7:1 L=4000 ft; Frac’s= 12; Spacing= 363 ft

K= 0.03 mD; K-h=2.4 mD-ft; Xf=102 ft K-h=6.32 mD; Xf=135 ft

46
+FE= 21.9 %. Only 2.6 fractures would be necessary to drain this reservoir !




Multi Fractured Horizontal Wells in
Unconventional Reser

+ Characteristics
+ The system is made up of transverse hydraulic rracrure

[

HYDRAULIC

Fr W O, Cy

fractures, natural fracture network between

hydraulic fractures and an outer reservoir with *

i 1E+12
matrlx ﬂOW " Hydraulic Fractures Natural Fractures Matrix
y
— L]
& |k 1 me - o
[X] _ 5 = =
& qEen1 | k.= 10°md K, = 2000 md k, =1000 md r
a8 w_=102 1t =107 ft o, =0.05 .
s 4,.=038 4, =045 ¢, = 1u"psﬁ..
E 1E+10 — c = 1[l'spsi" ¢, = 10‘5|}si" ..
g ;sz_lj[]n p=081/1t ..
Z e d =500 ft .
5 s
w 1E+g —| Boundary Distance .l q. . =100 Mscf
X,ﬂl} '

@ e .. Re servoir

® 25E+2 P
E 1EH —| o 50E+6 . h=2501t
Q ® 5DE+7 . T=150F
=] o’ 1=0.55

1E+6 = = 4000 psi
o  esncemsasseoeesee R ps
o u=0.0184 cp
1E+5

1E3 1E2 1E1 1E+ 1E+1 1E+2 1E+3 1E+4 1E+5 1B+6 1E47 1E+8 1E+9

+ Conclusions

| | | | | | |
TIME, t, hr
A-k, = 2000 md

PSEUDOPRESSURE CHANGE, Am, , psi®icp

AL

\

Pan American

ENERGY
F

Diagram from: SPE 121290
™

Ye = dr2

-

OUTER RESERVOIR
ke, &, C,

LTI

INNER RESERVOIR

NATURALLY
FRACTURED

HORIZONTAL WELL

+ Support from outer reservoir becomes evident after 100 years !
+ This behavior supports the common practice of small well spacing to efficiently

drain tight gas reservoirs with multi-fractured horizontal wells

47

+ For practical matrix permeabilities, MFHW does not drain beyond fracture tips



Multi Fractured Horizontal Wells in

Unconventional Reser

1E+9

Hydrauli c Fractures Natural Fractures Mafrix . LA
-
g k_ = 105md k=2000md =005 o
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A - PSEUDOPRESSURE VS. TIME

+ Conclusions
+ Dense fracture network required to get sufficient effective permeability

+ Choking effect skin masks early time behavior. Derivative response is not
influenced, so it must be used for flow identification and analysis

+ When maximum flow capacity of natural fractures is reached, additional
productivity form the matrix can not utilized. This emphasizes the importance of
holding or improving the flow capacity of natural fractures

+ Density of natural fractures instead of natural fractures permeability is what

impacts productivity

PSEUDOPRESSURE DERVATIVE, dm  /din t, psi‘fcp

Pan American

ENERGY
F’

Diagram from: SPE 121290
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Natural & Hydraulic Fractures and Pan American

. ] ENERGY
Horizontal Wells’s Fr o

+ Impact of natural fractures in TG reservoirs

+ |If hydraulic fractures affect stress distribution whether creating or activating
natural fractures around wellbore, productivity is significantly improved

+ Butif there is no too much contrast between hydraulic and natural fractures,
the impact of hydraulic fractures on well productivity will be negligible

y 4 Top View 1.0E+10
—mi(p) HW 4 Hydraulic Fractures Width= 0.1 ft
k,=k,=k,=0.01 mD |2200ft 2 1.0E+09 | = = dm(p) HW Lo
&
n -
£ 1.0E+08 “ BRF |
2200 1 % ILF 200ft 200ft 200ft 200ft
Infinity conductivity 15 T ERF /f T 11 _ﬁ _ﬁ
wellbore < 1.0E+07 { » 4 Dual Porosity Regions
> ° . Width= 200 ft
- [ ERF: Early-Time Radial Flow
Lateral View 51 DE+DR | ILF :Intermediate-Time Linear Flow
2 | i PRF: Pseudo-Radial Flow
L r,= 031t BDF: Boundary Dominated Flow
100 ft
> 1.0E+05 T T T T
i ———— >
1000ft 800ft 1000 ft X 1.E03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07

Time, hours

Early radial flow (ERF): 4 days

Intermediate linear flow (ILF): 5§ months (slope %)

Pseudo-radial flow: 10 years

Boundary dominated flow (BDF): starts after 11.5
Diagram and graph from: SPE 108110 years (Slope 1) — wellin transient flow
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Horizontal Wells’s Fr —
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1.E+09
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1E+074

Am(p), dam(p)/dint, psi’lcp
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Time, hours
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Graph from: SPE 108110

+ Conclusions

1.E+07

Early radial linear flow (ERLF): flat
derivative behavior. Radial flow in the
fracture and linear flow in the reservoir
Intermediate linear flow (ILF):
derivative (slope 2)

Pseudo-radial flow: masked by fracture
interference and horizontal well
behavior.

Boundary dominated flow (BDF):
derivative (slope 1). Similar to the
unfractured well behavior

+ During the early time period (transient flow), productivity of the fractured well is

better than that of the unfractured well

+ After the BDF begins the productivities of both cases are essentially the same
as differences in pressure an derivative behavior became insignificant
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. ] ENERGY
Horizontal Wells’s Fr o

1'E+” Early radial linear flow (ERLF): flat

derivative behavior. Radial flow in the
fracture and linear flow in the natural
fractures. Also characteristics dip of

1.E+10 4

1.E+09 - <
e

1.E+08

Am{p), dam(p)'dint, psijrcp

---------- o dual porosity systems

1E+07 4 - ¥ —mio) Hw .

uuuuu mﬁﬁﬁ T Transitional flow
1.E+06 - Tigh™ 055 # o dm(p) HW+4TF i . q i

e o Pseudo-radial flow: in the reservoir.
e e L O HWeATRLNE Derivative (slope 1)

bl s dmip) HW+4TF+4NF . . .
e ——— Pseudo-radial flow: all flows are similar
Time, hours as those for an unfractured well

+ Conclusions

+ Except during the early time period (transient flow), productivity of the fractured
well is similar to that of the unfractured well

+ Productivity of the well with fractures surrounded by natural fractures is better
than the other previous cases

+ Despite transverse fractures do not substantially contribute to well productivity,
they are required to activate o create natural fractures

+ Fracture design must focus on creating or improving the natural fracture network.
If natural fractures have high permeability, addition of hydraulic fractures will not
provide significant improvement of well productivity
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Remarkable Conclusions ENERGY
/_ IER——
“...unconventional reservoirs behave well
different compared to conventional ones...”

“...limitations of every method before applying it
must be well understood, otherwise unexpected
results may arise and wrong decisions could be

taken...”

“...NEVER use a single methodology to estimate
reservoir or / and hydraulic fractures properties
as such methodology is near impossible to
provide sufficient strength in its physics,
ALWAYS use an integrated approach to validate

results from different methods...” 52
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