Well Testing Fundamentals

SUPERPOSITION

Unit Rate Function Superposition-in-Time
Derivative N UNIT RATE FUNCTION D,
. o ' 30000 T T A TR,
What is a test” ) Transient Tests mmms) Reservoir Characterization « Derivative (DER) e Unit Rate Function, P,, is defined as the pressure
Measurement of rate, time and pressure under is the s| fth > ) P —(Ap/ Ap, =(q,).P,(7)
controlled conditions RFT®, WFT®, MDT® ... i k, fluid samples is the slope of the J < drop per unit constant flow rate : P, =(Ap/q) I
: DST & o semilog plot. e Itis the fundamental solution of the Diffusivity
R — Pi K fluid samples drp  dap & - Equation used in Well Test Interpretation R Ap, =(¢,-q,).B (t-1,)
Why test? Drawdown® / Injection k, s (often un-interpretable) DER = T = T M 7 e P, is often expressed in dimensionless form Ap:Zn:( q.—-q. )P (t—t, ) +
« Reservoir pressure  + Reservoir management Buildup® / Falloff ks, p, dlnt 4 o, — Apkh 2.637E—4 kt = Ap, =(0 S (1-1,)
+ Permeability * Reservoir description Interference/Pulse k, g, lateralivertical continuity . DIEt't? Ids USLI‘a”VI w and pp Po=141 248 Ih= der? B S
« Wellbore damage + Fluid samples — plotted on log-log s |have the same shape Type C L “qEH HELy
« Deliverability + Regulations PITA, PID, Minifrac, CCT | p;, k coordinates, = iy ype tury e ltis called a Type Curve when plotted on log-log q
Stabilized Tests mumsp Deliverability Forecasting combined with a ] ST il B i 2 DER / coordinates, and is usually presented with the - 4,
plot of Ap. [t ] ilog derivati _
) ) Q semilog derivative DER d(p ) d(lnt ) q,
+ Well testing theory is based on constant rate Drawdown tests. IPR Qstap e DERis used for SleMe_ /L. DE, ) . D bl 1
Drawdown tests are not very practical (due to poor data quality). AOF flow regime & * Iiver)'; reser\flc?lr r(;as. 1= .own lémt Ra':e Functlop, O O
Buildup tests are more common. Gstab diagnostics. [ tortp :nidselape of its derivative reflects the reservoir t t t,
Superposition-in-Space CONVOLUTION Buildup as Example of Superposition
e Superposition is also known as Convolution
CONSTANT RATE e In simple terms, the Principle of Superposition states
Early time Middle time Late time Boundaries that the total pressure drop is simply the summation of
(Near wellbore) (Reservoir) (Boundaries) FU N DAM E NTALS the individual pressure drops
« Wellbore storage -Homogenegus (radial flow) ' e Single/multiple ° Itis app"ed in time to account for rate changes, and
« Fracture! » Dual porosity « No-flow . . :
« Turbulence « Dual permeability « Constant-p Derivative| Time in space to account for multiple wells and boundaries
« Skin « Composite o Infinite / Flow regime SI F .. Result .
» Multi-layer ope |Function A well near a corner is SUPERPOSITION-IN-TIME
B = /§ Wellbore storage 1 ! GG modeled by adding the e  Superposition-in-time is used to convert the constant
& Bilinear flow 1/4 it k'/"\/ﬁ pressure drop of 3 AL I s rate solution (Pu) to a multi-rate solution
N / L g image wells AR 7 =7
] N Radial flow : i Linear flow fracture 12 Jr X Vi 3 e The rate used for each step is the difference between 1
5 — QUL horiz. well L \/k_ S Ap,=Ap,,+Ap,+Ap,+Ap, the current rate and the previous rate S 1 4 =0
/ Dual porosity Spherical flow -112 Ne | Rk, e Arate changing from ¢, to ¢, at time 7,, is treated as ¢, A Ar
Vertical radial flow in 0 log() | L, Jkk continuing forever plus (¢,-¢,) starting at 7,
horizontal wells N
CO"SSO ;g:;s”’e Radial flow (-acting) 0 log(7) kh
Linear flow — Channel 12 Ji Wk
t Boundary-Dominated Flow 1 t v, Direct and Inverse Processes DECONVOLUTION Deconvolution
P
* x-axis of specialized plots. CONVOLUTION (Direct) e Deconvolution is the reverse of superposition Test Data Unit Rate Function
INPUT n—} MODEL —} RESULTS . . ) . -
e Its purpose is to extract the Unit Rate Function from Non-unique?
N N pressure data in multi-rate tests a Deconvolve| User Beware!
Rate Data »y 6 1 4
FLOW R EG | M ES s ] e This Unit Rate Function is in fact the reservoir Type ﬁ
RESERVOIR Curve; it facilitates identification of the reservoir model
. ) ) =
Wellbore Storage - Unit Slope STORAGE Reservoir Storage (BDF) - Unit Slope SECONVOLUTION | ) e It does NOT require a pre-conceived reservoir model; _,_It
ime i i i nverse rather, it is used to determine what the reservoir model o
Storage Flow Regime is equivalent to emptying a tank (Drawdown only) m ) [ MODEL . . RESULTS 5 Limitations
1AV -1 gt EI e Very sensitive to data quality
c= ?_Ap = 75 Rate Data ) : Pressure e Itisused t°_ convert buildup or multi-rate data into the . phanging s.k.in, changing wellbore _storage, missing/
/ — corresponding constant rate Drawdown Type Curve incorrect initial pressure and gaps in data can have
o Early time: Wellbore Storage (WBS) & 7 RESERVOIR a significant effect on the shape of the deconvolved
E.} e Pressure and derivative have unit slope 1) — Type Curve
L . S / Increasing
N Late time: Boundary-Dominated Flow (BDF) - Reservoir Volume
S e Also known as: 5\
4 ncreasing € = Pseudo-steady state 1BDF—pV;
Sing o *  Stabilized j
1 WBS=b C = Tank-type behavior T T T P
1 P  Applies to Drawdown only — NOT Buildup Start of DER unit slope - used to derive  Tim = [T o S PEC IALIZE D PLOTS
e Derivative unit slope occurs much earlier than radius of investigation equation \ 948¢uc,
P pressure unit slope P Radial Flow Radial Flow - Horizontal Well Radial Flow - Dual Porosity
7
/ \\ l // Horizontal radial flow
\/ ya ——— 166 9BH il el
. B LINEAR FLOW - B —_— — T Pt AN 2 m; |Firstra flow is
Reservoir Linear Flow (Fracture) - Half Slope Reservoir Linear Flow (Channel) - Half Slope /I\ . //' 7 t N hykk, : often masked by LML ///
Early Time = fracture Increasing k I,' / wellbore storage L= e T /
*%#ﬁ:::}:%* e Infinite conductivity fracture 3 ® >l IW 7 L - B
| | e Pressure and derivative have slope of %2 > <« 2-‘ S T S // L 7 m=16 2,6u
X (Separated by a factor of 2) 4 / / //' | Vertical radial flow .~ 1 _4_:_ E6_-77 kh
e Equivalent to negative skin / P / 1.- g T e Equivalent to
Radial flow il A/f qBu - s B 1 homogeneous
g f—'l—_ 7 :x—f:> s=In 2r, 5 i i m=162.6 h /A m=162.6——— q[_’,u1 eservoir
Q“ "2 b Q %ng w yiel ) A T ///r 1 Fe Ty ]
2‘ e Fracture effectiveness may be reduced by: 5‘ __,—“ ______ -
1 Linear flow ==p xf\/z = Skin on fracture face ——— m— =
2 = Choke skin — o —— 2 ! ! !
Increasing x, = Finite conductivity S @ -
’ within the fracture Radial flow Wk
Late Time = channel (parallel boundaries)
t e Derivative has slope of % t Reservoir Linear Flow - Fracture or Channel Spherical Flow
O e A specialized plot is a plot of the pressure data on a _
*%:%—_::%1:%* = o > TW time axis that is specific to a particular flow regime:
Bilinear Flow - Quarter Slope BILINEAR FLOW Spherical Flow — Negative Half Slope X - - Flow Regime X-Axis Al
(Finite Conductivity Fracture) (Partial Penetration) T N ; ; 1
- . - Radial flow (horizontal) log(#
o Finite conductivity fracture == . .
k.w = * Radial flow (vertical) log(#
« Dimensionless Fracture Conductivity FCD =—/— % = * Linear flow (fracture) Ji %
// « Bilinear flow regime precedes linear flow 4 - ' Iéi.rll.ear f|<f3|W (channel) 4/\/—5
Radial fl infini o - L] ilinear flow t L
// adial flow| e FCD > 100 == infinite conductivity fracture / - " Sl G 1/\/; - - 2453gBu ,¢IIC,
= / (— o S - = Wellbore storage (afterflow) t - 1 - 53?2
E" W m = SPHERICAL FLOW E 15/:__, = Boundary-dominated flow t gl
- - e | J/ // .
2. e Partial Penetration or limited perforations 2. Increasing s or 1 il ® |t exhibits a straight line during that flow regime ~ el Increasing k.
L— e Slope of derivative is -2 &Decreasirg k. - ® The slope of the line gives the result of interest <
/7 e Component of total skin N\ Radial flow Jt I/J;
- e Magnitude of skin depends on vertical permeability %oy,
. and perforation interval N;f‘_k Tk
¥ Increasing FCD o Radial flow from completed interval may be il G

observed before spherical flow

t t
Pseudo-Pressure
Permeability RADIAL FLOW (INFINITE-ACTING) Skin y PSEUDO-PRESSURE (7))
o —o [\ PP o Welltest equations are based on liquid flow
e Derivative has a slope of zero P, tions:
e Used to obtain permeability " HL equations:
D d o Low pressure ; o High pressure * Constant
/ S k arzT:c?‘teheav:/ZTI . Ideatl)cgaszbehavior : . Liquéccl behavior »  Constant ¢ Liquid Gas
/ﬁ/ *p,xp i *P,*pP e Gas properties (1, ¢ and Z) vary with pressure o (p,. —pwf)L (ppi -p, Wf)L
X 1 *  Ap|,, =difference between ideal and measured & | «  Pseudo-pressure accounts for variations of zand Z 141.24By 1.417E64T
&5 L - skin 5 . P . P . 0.0002637kt 0.00026374t,
) owing pressure S < . . seudo-pressure is an exact transformation tn —_— —
- Radial flow wep k# -~ reasing s X 1 e Replacing p by p, makes Darcy’s Law applicable to gucr, Varl ¢(”,Cr'])i i
S wﬁrite-acﬁng) o« S§S= Akain expressed in dimensionless form S : gas (when expressed in terms of flow rate at . constant aries with pressure .
Nl : — k ) . /7( N ; / standard conditions) SyiCei T 50iCi +SuiCi +Cs |SeCs +5,6, 48,6, 4,46
—— ‘ e Skin s= —1)In—% does NOT account for variation in gas B,V
v skin K 4 ) {:’ch)mpressibility (cg) with pressure (seg pseudo-time) 7*CBM desorption compressibilty, ¢, = pB—ngiLz
Increasing k e Apparent wellbore radius #,, =r,e ; §s=In—- Radial flow 8 (pr+p)
s 3 constant , Vo (Infinite-acting) k = constant
¢ e Total Skin’ s = Sdamage + Sturbulencz + Spartial penetration ¢
sgeumetry +s fracture +...
Buildup Pseudo-Time PSEUDO-TIME (¢,) Drawdown Pseudo-Time
Horizontal Well HORIZONTAL WELL FLOW REGIMES Effective Well Length . dt ‘ - Fuia ‘ofp e Pseudo-time (t,) corrects for variation of gas P (see Rate Transient Analysis, Fekete Poster-2008)
< *  Vertical radial flow —; vertical permeabilty, [k k. =), | 0 (uc,) === | ot oo ey viscosity (ug) and compressibility (c,) with pressure N
— |]4_ skin around wellbore de g & * Atlow pressure ¢, varies significantly — ¢, z% s, ~
= li—— < | » Sdamage Pseudo-time transformation is not t "o
e Once linear flow is reached, horizontal well is / & drawdown and buildup °
= similar to vertical fractured well + Sconyergence & | —] orizontal fadial flow E’ . . : L N without pseudo-time
= / Grizontal e Horizontal radial flow = horizontal permeability, g N \ = In v_veII testing (buildup analysis) pseudo-time is
Q damage 1 radial flow \/ﬁ . ) ) e 2. defined in terms of pressure at the wellbore  dt
- i > ( Ky and skin equivalent to vertical well, Segecrive - - — R0 p =(,uc ) ar
2. ’\7 ‘h1 ’kxky 2‘ Vertical radial flow \;\(\e' " For ana|ysis of production data (|0ng a t)i Jo /7
Vertical radial flow=— L., \/kyTZ . l " v drawdowns) pseudo-time is defined in terms of « Basis of Rate Transient Analysis
o N « Increasing L the average reservoir pressure NOT the « Function of p,
P g i wellbore pressure o Dy unknown == iterative
T 7 T \'\ o Affects late time flow data
tort, t
t t
Pressure Drop due to Turbulence TURBULENCE Turbulence Factor D
== Laminar, s=0 ) LG TYEHOE T NONARRACHT SLO) Apparent skin (s') = damage skin (s) + turbulence skin (Dg)
Apyp =’f(q ) == LIT, s = constant, 5" = varies o Gas flow within the reservoir can be laminar or
DUAL POROSITY / PERMEABILITY Effect of Lambda (1) . Apr =/ (45) rbulent
Effect of Omega () & 8o =1 () G o Velocity increases as the wellbore is approached
o Storativity ratio (@) gives an indication of the N ﬂ o & e Turbulence near the wellbore area causes an
?/ fraction of the hydrocarbons stored in the fissures KZ\FAT additional pressure drop that is treated as skin
(porosity 1) e Skin due to turbulence is rate-dependent -
J_ e Multiple rates are required to quantify turbulence
D= (¢Cth)1 , typically 0.01to 0.1 o Positive skin usually means damage; however it
ac | Radial flo Radial flow (pe,h), +(de,h) < could represent a stimulated well with turbulence
g \ o n R ﬂ
S . - Q q
- \ e Interporosity Flow Coefficient (1) reflects the - = LAMINAR-INERTIAL-TURBULENT (LIT) FLOW TAurbuf?; 2
& @O = ORp contrast between matrix and fracture permeability; S ) ) P, =04
jiETs it also depends on matrix size and geometry Radial flo Radial flow p (Forchh;:qmer or H?upeurt Eguatlen) L
i Ap, =aq+bq” or sometimes Ap” ~a'q+b'q q
A =qa—2, typically 10™ to 10 =
A=1E6 k,
P e (s a shape factor that depends on the size and P
geometry of the matrix
e A1=0 = No crossflow in the reservoir Inflow Performance Relationship (IPR) - Oil Absolute Open Flow (AOF) - Gas
Matrix Element Shapes Homogeneous Dual Porosity Dual Permeability IPR FOR OIL .... AOF FOR GAS
¢ F_IOW Capacity. Ratio () i_s the contribution of the Pr Undersaturated Deliverability Tests : Evaluate deliverability, NOT
high permeability layer with respect to the total N q reservoir characteristics
T | Productivity Index=— = constant
kihy L Pe=Puy ionshi
K=——— ki ? Crossflow ? e IPR: Inflow Performance Relationship
\ k\hy+k,h, o Py = Flow potential of a well at any sandface pressure
I = Single point test
N\ e k,—0, x~1— dual porosity > Saturated (Vogel IPR) el
I— Test point
\— e Dual Porosity: Only porosity 1 is connected to the = ((as p0|)n _1-02(P2) _o.8(P ) e AOF : Absolute Open Flow
well, and porosity 2 acts like a source. Example: g Pwy “\z.) \5, = Maximum rate of a gas well when back pressure
naturally fractured reservoir: fissures (1); matrix (2) at sandface is zero Time to stabilization
L] i i 2
N = Multiple rates required to evaluate turbulence <1000 dur:
Cube Matchstick Slab e Dual Permeability: Each porosity is connected to the 9o (max) s —
well. Example: two layers commingled at the well. R
Crossflow in the reservoir may or may not exist q q
Vertical Well - Horizontal Anisotropy ANISOTROPY Horizontal Well - Vertical Anisotropy
I X - minor permeability axis e Anisotropy affects the drainage pattern o P E R FO RATI O N I N FLOW i )
o ky>kx v : major permeability axis e |t creates elliptical iso-potentials // Impulse Derivative (IDER) TEST ANALYSIS PITA PITA - Late Time Analysis
o L |=| Kk ° I]y « Coordinate transformation converts anisotropic /// ~dp,. ( ) Late time data plotted versus P
reservoir models to equivalent isotropic ones of IDER =(At) S 5 1/At vields permeabilityl and
/ I different dimensions m } Measured Pressure initialy ressgre Y
& ! =1k / k & .—-——7< Horizontal radial flow =At.DER 5 How to conduct a test analyzable by PITA? 3 /f/kh
= 3 * hi k=.kk N b 1. Instantaneously change wellbore pressure s\ope -
< Increasing ] =1 k/k TNy S / ~—— (perforation, minifrac ... ) Pl
> ky/kx AN Y y > R -“e‘a‘ 0 & . " "\ 2. Measure pressure recovery (Buildup, Falloff) /
=) / > e Horizontal anisotropy is important in certain & Vertital rM ks ‘g L Flow Rate calculated _
A% depositional environments; such as naturally v ~ = (NOT measured) ... )/
Radial flow fractured reservoirs or coals 4 24 % 141,2,uC(p, ~Pwo )
I \/ﬁ e Vertical anisotropy is common and affects skin Impulse derivative o e e L Pus T Pi 2khAt
Y whenever there is flow in the vertical direction, volume 't (IDER) identifies e Useful fg!’l_:ietirlmlnlng |n|t|al|)_?{essure ar_1d
: : pressure data that is permeability or low permeabllity reservoirs C=c,, V.
p such as partial penetration / R ecohve iDemiraicd . PITA IS cimiar o ofhor toste: / " wo
Slug, Surge®, Impulse®, Perforation Inflow At—>o
At Diagnostic (PID), Closed Chamber Test (CCT), 1/ Att 0
Flow Rate Tester (FRT®), DFIT®, Minifrac,
After-Closure-Analysis (ACA), ...
Copyrigh © 2018 IHS Markit | “®is atrademark, the property of its respective owners”, Halliburton, Schlumberger or Weatherford
NOMENCLATURE
a,a: constant !n LIT equat!on I, transformed reservoi.r length i.n X directipn wa  apparent wellbore radius Greek symbols Abbreviations
b,b’ constantin LIT equation I, transformed reservoir length in y direction N skin a shape factor )
B formation volume factor L. effective length of a horizontal well s’ total skin A difference ACA after closure analysis /
c compressibility m slope of the straight line on specialized plots S saturation ¢ porosity AOF absolute open flow /. -
Cdq desorption compressibility p pressure t time 8 flow capacity ratio BDF boundary-dominated flow ™
s formation compressibility Do reference pressure la pseudo-time A interporosity flow coefficient cer closed chamber test \
Ct total compressibility Db bubble point pressure 1, time to stabilization L viscosity DFIT®  diagnostic fracture injection test
Cwb  compressibility of wellbore fluids ~ pp  pseudo-pressure T temperature 0 wedge angle DST drill stem test
C wellbore storage Pr  average reservoir pressure V volume Ds bulk density FCD dimensionless fracture conductivity
D turbulence factor Pwo  perforation cushion pressure V1 Langmuir volume 1) storativity ratio FRT® flow rate tester
DER semilog derivative for drawdown P,  Langmuir pressure V,  pore volume Subscripts IDER impulse derivative
h formatlon _thlckness Pu unit rate function th wellbore volume D dimensionless IPR inflow performance relationship
k permeability q flowrate w fracture width o as MDT®  modular formation dynamic tester
/]?' permeag!:!ty in frzc;turg Go(maxymaximum oil flow rate W channel width H i%itial PID perforation inflow diagnostic
= permeability in x direction Gsiab  stabilized flow rate Xy fracture half length jn  variable counter PITA perforation inflow test analysis
v permeability in y direction Te external reservoir radius i . ‘ ®
5 permeability in z direction r(- i ‘i tigati VA compressibility factor 0 oil RFT repeat formation tester “ . d l
b pormeabily n; Tiny . radius ofinvestigation Af shutin time wrb  turbulence WBS  wellbore storage Well Testin g Fundamentals
" w water WFT wireline formation tester
Equations - oil field units wf flowing well

WS shutin vell All analyses described can be performed using IHS Markit’s Well Testing software WellTest.
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