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Pressure, p

Rate, q
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Description of a well test

Flow rate @ Surface
Pressure @ Down-hole
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Schlumberger 2002
APyp =R - P(t)

AR, =P(t)-P(At=0)

1. During a well test, a transient pressure response is created by
a temporary change in production rate.

2. For well evaluation—> less than two days.

reservoir limit testing > several months of pressure data
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Well test objectives

* Exploration well

— On initial well, confirm HC existence, predict a first
production forecast (DST: fluid nature, Pi, reservoir
properties

e Appraisal well

— Refine previous interpretation, PVT sampling, (longer
test: production testing)

 Development well

— On production well, satisfy need for well treatment,
interference testing, P,
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Well test Types

e Draw down

— Open the well with constant rate—> decreasing bottom hole pressure
Build Up test

— Shut-in the well = increasing bottom hole pressure

Injection/ fall-off test ( different fluid type)

— The fluid is injected = increasing Bottom hole pressure

— Shut-in the well = decreasing the bottom hole pressure
Interference test / pulse test

— Producing well 2 measure pressure in another shut-in well away from
the producer-> communication test

e @Gas well test

— Back pressure , Isochronal test , modified isochronal test 2 well
productivity, AOFP, Non-Darcian skin.
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Information obtained from well k&
testing

 Well Description
— For completion interval (s),
— Production potential (Pl), and skin
* Reservoir Description
— “Average” permeability (horizontal and vertical)
— Heterogeneities(fractures, layering, change of Prop.)
— Boundaries (distance and “shape”)
— Pressure (initial and average)
 Note: Well Description and Reservoir Description
— May be separate objectives
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Methodology

 The inverse problem
—

Qvst || => | S|=>0|Pvst

input system output

 —
Reservoir

 Model recognition (S)

— Well test models are different from the geomodels
in the sense that they are dynamic models and
also it’s an average model.
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Example: Interference test

108

1. Create signal at producing well

Producing well

5 2. Measure the signal at both wells

25 10 Observation well:

20 Observation . . . .

£ el 1. The signal will be received with a delay

2. The response is smaller
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concepts

Permeability and porosity
Storativity and Transmissibility
Skin

Wellbore storage

Radius of investigation
Superposition theory

Flow regimes

Productivity index (P1)

HERIOT
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= Concepts-Definitions

 Permeability:

— The absolute permeability is a measure of the capacity of
the medium to transmit fluids. Unit: md (1012 m?)

. . oo Kh
 Transmissibility T:7

* Storativity S =¢ch
o Diffusivity (Hydraulic diffusivity) » =

o AOF
o PI

T
S

11



HERIOT

AFES

IIIIIIIIIIIII

==Fluid flow equation: ingredient

e Conservation of mass ( continuity equation)
-9
V(pev)= —E(P@

e EOS, defining the density and changes in density with

pressure _1op

C=
p ot

* Transport equation ( Darcy’s law: experimental, or
Navier-Stoke)

V=— KeVP

1
U

12
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== Fluid flow equation: radial cas

* Continuity + Darcy: in radial coordinate (isotropic)

10 (rpk oP 0

ror U or at(

 Assumptions:

Radial flow into a well opened over entire thickness, single
phase, slightly compressible fluid, constant viscosity,
ignoring the gravity, constant permeability and porosity

16 raP _ @uc P
ror\ or k ot
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Solution to radial diffusivity equation

* Inner/outer Boundary conditions:

op, _ _quB
or = anhrw‘
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. Constant Pressure

boundary, p=pi @re
Infinite reservoir
p=pi @ o=

No flow boundary

Op/or =0 @ re

14
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Ansteady- Infinit acting reservoirs(radiglts
flow regime): DD

e Finite diameter well without WBS- infinite acting reservoir

Jl(u)Yo (UF) _Yl(u)‘]o(UF) du
0 (37 (u)+ Y/ (u))

B(1_( puor’ : T
P(rlt) = F)| _qL _EI _ngLl 4 \ Forx < 0.02
27kh | 2 4kt |

\
PR, () =—2209B g M| 32310875 Sy
Kh oucr,

AP(I’,t):%%I(l_euztD)

USS,PSS,SS?
dP/dt=f(x,t) D USS (Well test) ce
0P/dt=cte—> PSS (boundary)
0P/0t=0 = SS( aquifer)

15



Radius of investigation

The radius of investigation ri tentatively
describes the distance that the pressure
transient has moved into the formation.

r =0.032 /ﬂ
PUC,

Or it’s the radius beyond which the flux
should not exceed a specified fraction
or percentage of the well bore flow rate

Can we use the radius of investigation to
calculate the pore volume and reserve?

P
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Logr

o uhewWwN

Based on radial homogeneous—> if
fracture ?

Is it a radius or volume?

How about gauge resolution?
Which time we are talking about?
How about a close system?

How about the velocity of front?

16



Rate

Q=0, T-dt

Radius of investigation

Rate
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Q, T-dt

time

Injection  Observation

AP,. =AP,. + AP,
—70.6(—gB —948pul, r*
_ (=aB)r C248enCr

AFre, kh ' kt
AP —706(gB)u _ —948¢puC,r?
= L
12 kh k(t — At)
—1694.4u —HMBoucr’
ﬂ.P(T’, t] = TE kt
948puC,r°
ax = k

fime

Pressure drop, at “r’

time
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pressure, psi

Skin Pressure Drop

Pressure Profile

\

i Improved \
! Lk
P T
ap<o ] /'A _(_QoBono [L 1} (l)
i }F Pskin (0.00703 kh) kon MU
Ap=>0 E v g Reduced
! . k
! APskin = [gngggj(h} s
;_’rw
r = Tgkin
6000 - _
no skin r(’
4000 -
moderate skin
2000 -
D T T T
0 10 20 a0 40
time, hours
Bourdet 2002
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Skin Pressure drop: higher pressure drop
near the well bore due to mud filtrate,
reduced K, improved K, change of flow
streamlines, fluid composition change,....
It is one of the most important parameter
used in production engineering as it could
refer to a sick or excited well and leads to
additional work-over operations.

pressure change, psi

3000
moderate skin
2000 - e
1000 no skin
G T T T T
0.001 0.01 0.1 1 10 100
time, hours
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Q(surface)

I

Q(Sand face
| I
J Q(wellborel
> t
| |
%D °Qc,,l |
S
) 3 |
(-
?; |
Pure Transition Radial FR

WBS

In surface production or shut in the surface rate is controlled
However due to compressibility of oil inside the well bore we have difference
between sandface production and surface production

It can affect the inner boundary condition and make the solution more
complicated

_ gB
c__ AV .y AP(At) = ac M

Pure WBS
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— Superposition

o Effect of multiple well

— Aptot@weul:zAPwells @welll
o Effect of rate change

ARy =AFq10) TAFg2qy t -+ AR qnem
Sn(At)= Em log[ {E At — Ar] —log /\IJ
i=1 qn _(1"!: 1 j=1 .
e Effect of boundary - e
APtOt - APaCt + APimage NDFlm':Eoundarv

o Effect of pressure change

20



=== Radius of investigation:superposition

Injection
AP,

AI:)r tl

AI:)r,’[z =

AP

rt

t

max
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Rate

Q=0, T-dt
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time

Observation

=AP ,+AP ,

rtl

_ ~70.6(-quB) _.( -948pucr’
kh kt

~70.6(quB) . ~948puc,r’
kh k(t—At)

M

 —1694.4y 0o
kht

_ 948puc,r?

k

Pressure drop, at “r"

time
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Fluid flow equation : complexity

e Linear, bilinear, radial, spherical

e Depends on the well geometry, and reservoir
heterogeneities

 Change the fluid flow equation and the solution

 The fluid heterogeneities affect the diffusivity
equation and the solution ( non linearity—> gas res)

-
b
.

—» o= <« an Phy A
RIS Poom v

— QY ey Y ty :

—» \ s <+ .‘1.\ ffff /

_h' S "_ * {22'

- -
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Quick Match Results
Dual-porosity (Pseudo steady state)

9 [N Infinitely acting
_‘g JPe Constant compressibility
= e Cs =0.0024 bbl/psi
m . K =10 md
o 4 ¢ B ~ kh =600 md.ft
- . e s =4

© . w =0.013

o . : Lam = 3.600e-006

. Pi =7161.7664 psia

o P

)

= -

a

Z o1 . of

o W

o .

=

[T}

(m]

0.01
0.01 0.1 1 10 100 1000

Equivalent Time (hours)

Derivative Plots
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Derivative plot

Outer

Well Reservoir B jaries
Vertical Homogeneous infinite

1 1
1 1
1 1
1 1
1 1
i i
.
i c i Horizontal Heterogeneous Rectangular
Transient i ;f;.’ i Storage —i Composite — Circular
- Constant Multilayer No-flow
P8 changing Dual porosity Constant-
i b= Ss Completion (fissured) Dressure
i | i damaged
i i : . fractured
: : ; PSS acidized
- } } >
0 5 10 25 50 100
v . _
i, — 500
‘ i i i
& i i 5! T
0 : : N
! Transient ! ‘3 | pss o)
1 1 S sl
1 1 @© 1 ,
i . BV Reservolr Porems
ng i i ! i volume %
¥ 1
o L wss o
v 1 L]
T : : >
4
/ <> ‘ . i
WERS- Radius

Transttlon Matter 2004
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Derivative plot : Examplel

o 10
& S
Structure effect on well testing e .
< 10 A =
oo
I AN
(5] o
8 05
g A
5 10
101 1 100 102 102 10f 105 106
Dimensionless time, t,/C,
Double porosity, restricted
interporosity flow (4.2)
)
1 Radial fissures, & 32
2 Transition (storativity N, @ < v
and A

3 Radial fissures + matrix, k%

Partial penetration (3.4)
j= 4
|
1 Radial, 4, and S,, fi
2 Spherical (mobility T), & < T
3 Radial, k% and S; i

' 25
Bourdet 2002 At
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Derivative plot
Example2 : Radial Composite

4 Equivalent
AP & Homogeneous
AP’
A
AP Composite

26
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Derivative plot : Example3 :
Horizontal Well Testing

=9
<]
3
-2
<]
. } . . - At

Elapsed tima (hri Elapzad tima (hr} Elapsed time (hr)

—— Prezzure B Early-tima pssudoradial flow

—— Prezssure dervative  C Intermediate-time linear flow . - \

A Wellbore storage [ Late-time pseudoradial flow 1 Radlal Vertlcal, kV and. kSW

2 Linear (mobility 1), L
3  Radial, £/ and St

Example: Linear flow: Vertical radial> S,,

1
2  Linear flow->
8128¢B | uAf 141.29gBu . 1412qBu €a O SDP’ SW
Ap = + Sy +— S. 3 Later radial flow =
S1=(SuwrSpp:SwrSc -+

27
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Some sensitivities!

Log-Log plot

ppap TR P R b T [
C T FVRBRRREESSL A
Lt
st +
i |
i
JEURSTREEE L S R L S

s bR T

Log-Leg plot

T L o
q B = B00 BEL/T

+ qB =100 D fref)
qB-12088LD
q.B - 1400 BLI

PR

PURTITINERE TR, L

RIS TR

TR

Houze et al. 2007
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Practical Issues

Inaccurate rate history
Shut-in times

Gauge resolution

Gauge drift

Changing wellbore storage
Phase segregation
Neighbouring well effect
Interference

Tidal effects

Mechanical noise
Perforation misties

29
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Uncertain parameters

Complex permeability / porosity (higher order of heterogeneities)
Complex thickness

Complex fluid

Wellbore effect?

Any deviation from assumption

New phenomena ?

Gauge resolution

Measurements? Correct rate history
Numerical- Analytical

Core-Log values ? Seismic?

Averaging process?

Layering response?

Test design? Sensitivities? Multiple models ?

How to make decision?

30
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Rock Description

31
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Core data evaluation

[ . . GS Ty

e Summary numbers
(statistics) for comparison
with well tests

e Variability measures

e How do the numbers
relate to the geology

e How good are the
summary numbers

* How representative are
the numbers

|
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Measures of Central Tendency

Mean - population parameter
Average - the estimator of the population mean

_ 1
ar :Nzkl

=1

Arithmetic average

Geometric average 1

e (H k,j S0

i=1

Harmonic average

33
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Differences between averages

Measures of heterogeneity

K<k, <k

har — "“geo

Each permeability average has a different application in
reservoir engineering

34
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= Averages in reservoir engineering

e Used to estimate effective property for
certain arrangements of permeability

kar e Horizontal (bed parallel flow)

geom| e Vertical and Horizontal (random)

e Vertical (bed series flow)

Remember these assumptions....

35

not the application!!
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Comparing the well test and core perms.

e Needto
consider the
nature and
scale of the
layering in the
volume of
investigation of
a well test

36
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Well test comparison example

= 2 & 858 8 3
l

Well A Well B

Core plug data

o Well A: Kar =400md ktest = 43md kgeom = 44md
 Well B: Kar =600md ktest = 1000md

Toro-Rivera et al,, 1994 5
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Well A Well B
ur?_ ' i
e
- Minjor
- channels <~
- == Major
- T channels
{md) <G==——oxxm
e I =T | | " = e

 NB: K data plotted on log AND linear scales
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Well test comparison example

WELL A

S WELL B

XX20 %
~ — =
| E=
/ | LeTe—

XX10

/'/

k)

§ XX55- A?. Link
|

L Kz 'g LinK

il I Sl

Triassic Sherwood Sandstone

Braided fluvial system
(Toro Rivera, 1994,SPE 28828, Dialog article)

39
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Core plug petrophysics

WELL A WELL B

Count

10
0

6 -4-20 2 4 6 8 1012

Permeability distributions similar
Permeability averages similar

Effective permeability similar?

40
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WT log-log plot

WELL A WELL B
WELL A// —
. e " ) :.. ETR , MTR :LTR
| ~ N T e
‘w. ETR EMTRE LTR WELL B r
ETR: Linear flow ETR: Radial flow?
MTR: Radial flow (44mD) MTR: Radial flow (1024 mD)
Negative skin Small positive skin
LTR: OWC effect LTR: Fault?

Well test response very different
Geological interpretation?

41
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Well Test Informed Geological Interpretation

| = |
= WELL A — WELLB ——
—S?%r ; _
— 1 ﬁl — L

= = LinK
LogK — In

—_—

Few large channels
Many small channels More extensive

Limited extent “Channel effective flow”
“Floodplain effective flow”

INTERFLUVE INCISED VALLEY

42




‘Well B’

D ARNAW |

Y

Two different well test responses - same formation
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Coefficient of variation

e Normalised

measure of

variability
SD

CV:E_

dr

0<Cv<0.5 Homogeneous
0.5 <Cv <1 Heterogeneous
1< Cv Very Heterogeneous

Carbonate (mix pore type) (4)
S.North Sea Rotliegendes Fm (6)
Crevasse splay sst (5)
Sh. mar.rippled micaceous sst
Fluv lateral accretion sst (5)

Dist/tidal channel Etive ssts

Beach/stacked tidal Etive Fm.
Heterolithic channel fill
Shallow marine HCS

Shall. mar. high contrast lam.
Shallow mar. Lochaline Sst (3)
Shallow marine Rannoch Fm
Aeolian interdune (1)

Shallow marine SCS

Lrge scale x-bed dist chan (5)
Mixd aeol. wind rip/grainf.(1)
Fluvial trough-cross beds (5)
Fluvial trough-cross beds (2)

Shallow mar. low contrast lam.
Aeolian grainflow (1)

Aeolian wind ripple (1)
Homogeneous core plugs
Synthetic core plugs

Very heterogeneous

Heterogeneous

Homogeneous

0

44

Cv < 0.5 for a normal distribution
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Sample sufficiency

e Representivity of sample sets

. for a tolerance (P) of 20% 2
@ (P) of 20% N, = (10 Cv)

. and 95% confidence level

* N,.,or N, =optimum no. of data points

* Where N, = actual no. of data points P =

S
* P, gives the tolerance V N,

45
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Sample sufficiency

e Representivity of sample sets

. for a tolerance (P) of 20% 2
@ (P) of 20% N, = (10 Cv)
. and 95% confidence level
* N,.,or N, =optimum no. of data points
2000 Cv
* Where N, = actual no. of data points P = ( 00« C )
* P, gives the tolerance V N,

For carbonates (high variability P=50%) N, = (. 4 ¢ Cv)’
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omparison of Core and Test Per

|8E 349 km NN WEW 3.1 km EME
30/6-25 aC/B-18 30/6-22
; Tarbert
= ... . VDT
[ —— B Tarbert

? Heather

™

o
I
:

1w

. Elive

! |
TiE Fluvial Ghannals g | 2 1 ® ﬁgeg:i Sit;?ctlntest
R Co ;7; 750 - ! versus core plug
(For detailed core pho o l average
] % o] o e
a . /23
Zheng et aI., 2000 § 550 4 : T +——+ 95% Confidence estimate
2 | 4—53 © 4
5 : Un;}erlaint\_,-' in well te_s_t
0 | | | estimate of permeability
0 250 500 750 1000 _:_ due to uncertainty in h

Core permeability (mD) a7
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Lorenz plot

e Orderdatain 1
decreasing k/¢ and
calculate partial .
SUms Transmissivity

ZJlJJ

Z,lll 0
D

Z ] ¢ " Storativity
=171 ]
CJ = J Z I h

i:1¢I i | = no. of data points

48
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Lorenz plot

e Orderdatain 1
decreasing k/¢ and
calculate partial

F)
SUms Transmissivity
Lc=0
Z Homogeneity
j=1] J
Z, 1 | O
0 D) 1

J Storativity
>4 V
Cj="1" ,
Zizlﬁ hi

49
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Lorenz plot >> Lorenz Coefficient

e Order datain 1
decreasing k/¢ and
calculate partial =
sums Transmissivity

zJlJJ
2k
D

ZJ ) ¢J / Storativity
24N

Lc =0.6

Heterogeneity

50
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Unordered Lorenz Plot

Fraction of total

flow capacity F.

(permeability x
thickness)

0 G

Fraction of fotal

storage capacity
(porosity x thickness)

Reveals stratigraphic layering
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Example Lorenz Plots

Lorenz Plot Modified Lorenz Plot
1.00 /‘_,..-.—-F-—_ 1.00 —,7
0.90 / 0.90 //"
0.80 // 0.80 /
0.70

0.70 /
0.60 0.60
c
= < 050 7 A

0.50 /

0.40 / 0.40 / SPEED ZONES

0.30 ﬂ
0.30 A

0.20 -
0.20
0.10 - | —— Seriesl ‘ .
0.10 —Series
0.00 -f /A |
0.00 0.20 0.40 0.60 0.80 1.00 0.00
Phih 0.00 0.20 0.40 0.60 0.80 1.00

Phih

Use them together
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Hydraulic Units and Heterogeneity

k'h

Crossplot of k vs. Phi for different
Hydraulic Units

1000
100
10
o
E 4
B4
0.1
0.01
0.001
0.0001 U
0.000 0.050 0.100 0.150 0.200 0.250
Phi, frac.
Larenz Plot, Well X7
1.0 -
0.9 ff'
0.8 é :
0.7 f:
0.6 =
-
05| o
04| *
-
0.3  HU1
» o HU2
0.2 HU3
HU4
.
0.1 + HUS
0.0
0.0 0.2 0.4 0.6 08 1.0
Phi, frac.

12220

12240

12260

12280

12300

12320

12340

12360

12380

12400

Cum. kh vs. Depth for the cored
interval along with the Normalised
Production Log (PLT)

Flow Capacity, (kh)
0.0 0.2 0.4 0.6 0.8 1.0

—ag— Perforated
interval

n HU

. & Hu;z

Rotated Modified :Hi
Lorenz Plot = HUS

( Ellabed et al., 2001) -
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Heterogeneity and Anisotropy

Increasing
®  Heterogeneity

k=constant Cvg05 05<Cv<1.0 Cv=>1
""‘J’El’}f
"Uniform" "Homogeneous" | "Heterogeneous" | Heterogeneous"
Ky = Kn K ~constant | Kv = variable
(ky = kyr =k;) Kn Kh
"Isotropic” "Uniformly "Variably
Anisotropic” Anisotropic”

ki, = horizontal permeability h,, = vertical permeability
Ky, Ky, kz = orthogonal permeabilities in a simulater

Cv = permeability coefficient of variation o
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Scale dependant anisotropy

Rannoch anisotropy

Grain Lamina Bed Parasequence

|
m 11
— 1

kv/kh
Ml
i
I
I T I B
T YAl
I
| i
|44
Al
N
P AL 1
|r:':|||—|

_|\_ . —
- il
o1 1 e 1
e
Sntinindais Baih el il
001
1076 1074 102 100 102 104
* T Sample volume (m3) * *
A}
Probe 1 Plug averages
Plug Probe average

Estimate of kv/kh anisotropy depends on the
scale of application
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(a) (b)
Ebadi et al., 2008

ICV — Interval Control Valve
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1:5369 1:6369

Putting it all together
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. Conclusions

e Well testing
— Model driven

Delta P/ Delta Q (psi | STB/day)

— Simple Models

— Averaging process

e Reservoir Description
— Heterogeneous
— Scale dependant
— Upscaling challenge

58
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