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Chapter 1

Introduction
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“Basic Definition & Concepts

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

v The well response is usually monitored during a relatively
short period of time compared to the life of the reservoir.

v In most cases, the flow rate is measured at surface while the
pressure is recorded down-hole.

D >
1

Pressure, p
[,
g g
ki
I'L'.!
’é} \
-
>
z
S
g

‘ drawdown ‘ build-up

Rate, g

Time, t



" Forward Solution -

Input = v |:>

Backward Solution :

Rate =v /)
Change

System = v/

Well + Reservoir

——> Output=?

=v
:>Pressure

Response
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— I« Reservoir evaluation

The Objectives of Well Test II. ¢ Reservoir management

L.

II1. » Reservoir description

Reservoir evaluation

ﬂ)eliverability (conductivity; kh)
* Design of well spacing

e Number of wells * Wellbore stimulation

— Properties (initial reservoir pressure)
* Potential energy of the reservoir

— Size (reservoir limits)

kNear well conditions (skin, storage and turbulence)

~

* Closed or open (with aquifer support) reservoir boundaries

/




eservoir management

-

— Monitoring performance and well conditions

II1. * Reservoir description

-

\_

— Fault, Barriers
— Estimation of bulk reservoir properties




Type of tests is governed by the test objective.

* Transient tests which are relatively short term tests are used to

define reservoir characteristics.
/ — Drawdown Test \

— Build-up Test

— Injection Test
— Falloff Test

— Interference Test

\— Drill Stem Test /
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e Stabilized tests which are relatively long duration tests are used to
define long term production performance.

4 )

— Reservoir limit test

— AOF (single point and multi point)

\ — IPR (Inflow Performance Relationship)

)




| Types of TeSt%Drawdown' Test

— Conditions Production

* An static, stable and shut-in is opened to flow

e flow rate is supposed to be constant
(for using traditional analysis)

Rate——

Time ——»
— Objective
* To obtain average permeability of the reservoir
rock within the drainage area of the well
* To assess the degree of damage or stimulation

* To obtain pore volume of the reservoir

Pressure =—p

* To detect reservoir in homogeneity within the Time ——

drainage area of the well.



~_— Types of Test-Buildup Test

— Conditions

e A well which is already flowing (ideally constant
rate) is shut-in

* Down hole pressure measured as the pressure
builds up

— Objective

* To obtain average permeability of the reservoir
rock within the drainage area of the well

* To assess the degree of damage or stimulation

* To obtain initial reservoir pressure during the
transient state

* To obtain the average reservoir pressure over
the drainage area of the well during pseudo steady
state

Rate e

Pressure ——p

‘ Shut-In

Time ——

Time —»



——— Typesof Test-Inj“éEfi'on Test

— Conditions

* An injection test is conceptually identical to
a drawdown test, except flow is into the

well rather than out of it.

= Rate——p

Time —»

injection

— Objective

e Injection well testing has its application in
water flooding, pressure maintenance by
water or gas injection, gas recycling and
EOR operations.

e In most cases the objective of the injection
test is the same as those of production test
(k,S,Pavg).

* Determination of reservoir heterogeneity
and front tracing.

Pressure ——p

a

Time —»




Types of Test —

=

e Falloff Test:

— A pressure falloff test is usually proceeded by an injectivity test of a long
duration. Injection then is stopped while recording the pressure. Thus, the
pressure falloff test is similar to the pressure buildup test.

 Interference Test:

— In an interference test one well is produced and pressure is observed in a
different wells.

— To test reservoir continuity

— To detect directional permeability and other major reservoir heterogeneity
— Determination of reservoir volume

e Drill Stem Test (DST):

— It is a test commonly used to test a newly drilled well (since it can only be
carried out while a rig is over the hole.

— In a DST, the well is opened to flow by a valve at the base of the test tool,
and reservoir fluid flows up the drill string.

— Analysis of the DST requires the special techniques, since the flow rate is
not constant as the fluid rises in the drill string.



—s Flow-After-Flow Test: aa
| :
A2
— In this testing method, a well flows at qg q
a selected constant rate until pressure
stabilizes - i.e., pseudo steady state is t.-l {2 ':3 la

reached.

— The stabilized rate and pressure are
recorded; rate is then changed and the
well flows until the pressure stabilizes
again at the new rate. The process is
repeated for a total of three or four wf
rates.




~_ *TIsechronal Test : S

— An isochronal test is conducted by flowing a well at a fixed rate, then
shutting it in until the pressure builds

up to an unchanging (or almost unchanging) value, P .

— The well then is flowed at a second rate for the same length of time,
followed by another shut-in, etc.

— If possible. the final
flow period should be
long enough to achieve
stabilized flow.

&
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e Modified Isochronal Test :

— The objective of modified isochronal tests is to obtain the same data as in
an isochronal test without using the sometimes lengthy shut-in periods
required for pressure to stabilize completely before each flow test is run.

— In the modified isochronal test shut-in periods of the same duration as
the flow periods are used. and the final shut-in BHP (Pws) before the
beginning of a new

flow period is used .T, dac, | EXTENDED
. . = FLOW RATE
as an approximation x; dacs, -
— . . [
to P in the test analysis £ o Qacs !
2 1
procedure. - At At At At At ALt At

STABILIZED
PRESSURE

D (pela) =+ 5




Primary reservoir characteristics

\

_+ Types of fluids in the reservoir

— Incompressible fluids
— Slightly compressible fluids
— Compressible fluids

* Flow regimes

— Steady-state flow

— Unsteady-state flow

— Pseudosteady-state flow

* Reservoir geometry

— Radial flow

— Linear flow

— Spherical and hemispherical flow

e Number of flowing fluids in the reservoir.

— Single-phase flow (oil, water, or gas)

— Two-phase flow (oil-water, oil-gas, or gas—water)
— Three-phase flow (oil, water, and gas)




Flow Regimes

Prassure
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Chapter 2

Fluid Flow in Porous Media



+ The Ideal Reservoir Model

» To develop analysis and design techniques for well testing. we
first must make several simplifying assumptions about the well and
reservoir that we are modeling.

100 % saturated with single fluid \
Flow is radial

Homogenous & Isotropic (¢=cte & k =cte ) reservoir

Infinite acting reservoir

Constant rate

Fully penetrated

Isothermal

/\\\\\\\‘\
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» These assumptions are introduced as needed. to combine

(1) The law of conservation of mass.
(2) Darcy's law
(3) Equations of state

If we combine the law of conservation of mass and Darcy's law,
we obtain a partial differential equation that simplifies to

d’p ldp  uC,p dp

dr*  rdr 0.000264k dt

t = time, hr k = permeability, md



d’p ldp  ouC, dp
dr’  rdr 0.006328k dt

t = time, day k = permeability, md

»The assumptions and limitations used in developing diffusivity equation :

@ )

1. Homogeneous and isotropic porous medium

2. Uniform thickness

3. Single phase flow

4. Laminar flow

5. Rock and fluid properties independent of pressure




" >When the reservoir contains more than one fluid, total compressibility
should be computed as :

Ct = Codp T CySy, + €S, + C;

»The term [0.006328k/ opc, |]and [0.000264 k/@uc,] in previous equations
are called the diffusivity constant and is denoted by the symbol 1, or:

n = 0.006328k n = 0.000264k
¢ILlCt (DIUCt
k: milli darcy k: milli darcy

t :day t thr
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‘Solution to the diffusivity equation :

»To obtain a solution to the diffusivity equation it is necessary to specify an
initial condition and impose two boundary conditions.

»The initial condition simply states that the reservoir is at a uniform pressure
p; when production begins.

Initial condition
pP=p, =0 raep

»The two boundary conditions require that the well is producing at a constant
production rate and that the reservoir behaves as if it were infinite in size,

i.e., r,= oo, Boundary conditions

(»). =p.,

2} =p.
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» There are four solutions to diffusivity equation that are particularly
useful in well testing:

A. The solution for a bounded cylindrical reservoir

B. The solution for an infinite reservoir with a well considered to be a
line source with zero well bore radius

C. The pseudo steady state solution

D. The solution that includes well bore storage for a well in an infinite
reservoir.



o

~A. The solution for a bounded cylindrical reservoir

> A

realistic and practical solution is obtained if we assume that :

"

rate in STB/D, and B is FVF in RB/STB).

2) the well, with wellbore radius r , ' is centered in a cylindrical

reservoir of radius, r . and that there is no flow across this outer
boundary.

3) before production begins, the reservoir is at uniform pressure, P, .

/ 1) a well produces at constant rate, qB, into the wellbore (q flow \

/
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» By previous assumptions the most useful form of solution that

relates flowing pressure, P . to time and to reservoir rock and fluid
properties is :

e )

qub | 2, 3 & eI (arn,)
p.,, =p, —141.2 3 +Inr, ——+2 >
/ kh reDz ? 4 ;anz["llz (c{nreD)_"]l2 (an ):|
v" In this formula v 0.000264kt
reD - tD = 2
rw ¢ﬂct rw

o, aretherootsof  J, (Otnl’eD )Y1 (an )—J1 ((Zn )Y1 (OtnreD ) =(

and where J | and Y, are Bessel functions.



» The most important fact about previous equation is that, under
the assumptions made in its development, it is an exact solution.

» It sometimes is called the van Everdingen-Hurst constant-
terminal rate solution.

» It will not be necessary to use this equation in its complete form to

calculate numerical values of P

» Instead, we will use limiting forms of the solution in most
computations.



B. The solution for an infinite reservoir with line source well

> assume that :

& )

) a well produces at constant rate, qB,
2) The well has zero radius.

3) The reservoir is at uniform pressure, P, before production begins .

4) The well drains an infinite area (ie., that P = P,; asr =00 ).

\_ J
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o / —_—
> Under these conditions, the solution to diffusivity equation is :

—948¢/JC a ? k: milli darcy
kl‘ t chr

P(r.t)=P +7o.6‘12‘50 E,

2

B
P(r)=P +7O.6q;§h0 E, —:—t
7

» Where P is the pressure (psi) at distance r (feet) from the well at
time t (hours),



"

> E. -function solution is an accurate approximation to the more exact
solution for time:
5
3.79x10" ouC,r, ouC 1.’
( (948
k
(For times less than , the R (At times greater than, the reservoir's

boundaries begin to affect the pressure
distribution in the reservoir. so that the
reservoir is no longer infinite acting. y

y N\

assumption of zero well size
limits the accuracy of the
equation;

N\




The mathematical function, E,, is called the exponential integral andis defined by:

oo a—l 2 3
Ei(—x):—j e du: lnx—i+ i +eftc.
X U 1! 22D 3(3)

- a)x<0.02> E, (—x)=Inx+0.5772
E(x)=? | b)x>10—>E (—x)
c)x=0.02 > E, (—x)=-3.3

d)0.02 < x <10 — Use table 7.1 Or fig 7.11 Craft

~
I

0




Values of the —E; (-x) as a function of x
(After Craft, Hawkins, and Terry, 1991)

x —E-x x -Eif-x) x -Efx)
0.1 1.82292 43 0.00263 85 0.00002
0.2 1.22265 4.4 0.00234 8.6 0.00002
0.3 0.90568 45 0.00207 8.7 0.00002
0.4 0.70238 4.6 0.00184 8.8 0.00002
0.5 0.55977 4.7 0.00164 8.9 0.00001
0.6 0.45438 48 0.00145 9.0 0.00001
0.7 037377 4.9 0.00129 9.1 0.00001
0.8 031060 50 0.00115 9.2 0.00001
0.9 0.26018 5.1 0.00102 9.3 0.00001
1.0 0.21938 52 0.00091 9.4 0.00001
1.1 0.18599 53 0.00081 9.5 0.00001
12 0.15841 5.4 0.00072 9.6 0.00001
1.3 0.13545 55 0.00064 9.7 0.00001
1.4 0.11622 5.6 0.00057 9.8 0.00001
1.5 0.10002 5.7 0.00051 9.9 0.00000
1.6 008631 58 0.00045 10.0 0.00000
1.7 007465 59 0.00040
1.8 006471 6.0 0.00036
1.9 005620 6.1 0.00032
20 0.04890 6.2 0.00029
2.1 0.04261 6.3 0.00026
22 003719 6.4 0.00023
23 0.03250 6.5 0.00020
2.4 002844 6.6 0.00018
2.5 002491 6.7 0.00016
2.6 002185 6.8 0.00014
2.7 001918 6.9 0.00013
2.8 001686 70 0.00012
29 001482 7.1 0.00010
3.0 001305 72 0.00009
EN | 001149 73 0.00008
32 001013 7.4 0.00007
33 0.00894 75 0.00007
34 0.00789 7.6 0.00006
35 0.00697 7.7 0.00005
36 000616 7.8 0.00005
37 0.00545 79 0.00004
38 0.00482 80 0.00004
39 0.00427 8.1 0.00003
4.0 0.00378 82 0.00003
4.1 000335 83 0.00003
42 0.00297 8.4 0.00002
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" ?MfFor the damaged or stimulated zone the additional pressure drop
( APg ) across this zone can be modeled by :

f B N O B
AP, =141.2q:h XS Skinz{lni[i—lﬂ
- J U o Y,

> So the total pressure drop at the well bore is

P-P, =706 F
kh

_ 70698 | g

kh ’

~948¢uC. 7.,

kt

~948¢uC. 1 2
kt

2
j+AP




——

> Forr = r,, the argument of the Ei function is sufficiently small after a
short time that we can use the logarithmic approximation; thus,

B C 2
P-P,=-70.6172 | In 1688puC 1,
o kh

And
i 2 i
P -P, 70,6948 |1, | 16880uC, R T ] g
kh | kt _

v" This equation is used only for calculation of pressures at the
sandface of a well .



_

" /\/ For r=r

v For r <r<r,

v" For

W

l's< Ie

Previous equation

No simple equation

Use first equation (E. —function )

/

U H.W ) Read the Example 1.1 John Lee on page 5
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-C. The Pseudo steady-State Solution :

» The summation involving exponentials and Bessel functions is

2
negligible for this solution, after this time 048 P Ct Ve <t

qub
P, =P -141.2 D tInr, ——

kh |r,
Or

uB | 0.000527kt

P, =P —14129

kh | ouC,r’

k
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:

v During this time period we find, by differentiating previous

equation op _ ot

and it is :
ot
N
If ¢:hr op,, _ 0.07444B
ot (D,UCth,,ez )
If t:day op,, _ 1.87qB
o QUCth,.ez




» Since the liquid-filled pore volume of the reservoir, Vp (cubic feet),
is

V :mfezhgp | > =— t :hr

» Thus, during this time period, the rate of pressure decline is inversely
proportional to the liquid-filled pore volume Vp.

» This result leads to a form of well testing sometimes called reservoir
limits testing, which seeks to determine reservoir size from the rate
of pressure decline in a well bore with time.



> Another useful form of equation is achieved by replacing P, with P
and including skin factor

P, =P-14129%% |1n%e 3 g
kh r, 4

v" Further, we can define an average permeability, k]-

k lnre —3

r., 4
k. =——= =

J
lnr—e—§+S
| rW 4 |

v Kk is reservoir permeability without damage



» Since we sometimes estimate the permeability of a well from
productivity-index (PI) measurements, and since the productivity
index J (STB/D/psi), of an oil well is defined as

k. h
pl=j=—9 _ J

P-P, 141.23;{111’”@—3}
r 4

w

v This method does not necessarily provide a good estimate of
formation permeability, k.

d HW) Read example 1.2-Analysis of Well From PI Test on
page 7 John lee



“* Flow Equations for Generalized Reservoir Geometry

> Previous equation is limited to a well centered in a circular drainage
area.

v Pseudo steady- state flow in more general reservoir shapes:

p, =p-14129#5 | 1, 199041 3 ¢
kh | 2 C,r, 4
where

A = drainage area, sq ft,
Ca = shape factor for specific drainage-area shape and well location,
dimensionless.



o

>~Pmivity index, J, can be expressed for general drainage-area
geometry as

Pr=j=-—9 _ 0.00708k#
P-P, By 1 10.06,24 3
2 \C,r, 4

» Other numerical constants tabulated in following table allow us to
calculate

( the maximum elapsed time during which a reservoir is infinite acti@

(So that the Ei-function solution can be used)

il. the time required for the pseudo steady-state solution to predict
pressure drawdown within 1% accuracy

\Q time required for the pseudo steady-state solution to be exact.

J




Use Infinite System

2.2458 Less Than Solution With Less
o.u_:A v Exact 1% Error Than 1% Error
nBounded Reservoirs Ca InC, Ca for tps > for tps > for tpa <
@ 31.62 3.4538 1.3224 0.1 0.06 0.10
@ 316 3.4532 -1.3220 0.1 0.06 0.10
D 276 3.3178 - 1.2544 0.2 0.07 0.09
h 27.1 3.2995 -1.2452 02 0.07 0.09
o
21.9 3.0865 -1.1387 0.4 0.12 008
v
1
) * W . 0088  -2.3227 1.5659 09 0.60 0.015
. 308828  3.4302 -1.3106 0.1 0.0 0.09
- 129851 25638 -0.8774 0.7 0.25 0.03
L
45132 15070 -0.3490 06 0.30 0.025
33351  1.2045 -0.1977 0.7 0.25 0.01
v
Ld
. 218369 30836 -1.1373 0.3 0.15 0025
2
W 10.8374 2.3830 -0.7870 0.4 0.15 0.025
2
. 45141 15072 - 0.3491 15 0.50 0.06
2
© 20769  0.7309 0.0391 17 0.50 0.02
2
= 31573 11497 -0.1703 04 0.15 0.005
.
2




In vertically fractured reservoirs: use (r./L;)? in place of A/r2 for fractured sysiems

In Bounded Reservoirs Ca InC,
! 0.5813 -0.5425
2
4+ 0.1109  —2.1991
2
* 1 53790 1.6825
a4
w ' 2689 0.9894
r ]
+—{1 02318 -1.4619
q
® I 01155 -21585
a
® , 23606  0.8589
5
o
1| @ |=X//X, 2.6541 0.9761
1
02
1| - 2.0348 0.7104
]
03
1| - 1.9886 0.6924
1
05
1| —-— 1.6620 0.5080
1
0.2
1| —— 1.3127 0.2721
i
10
1 —e— 0.7887 —0.2374

1
In waler-drive reservoirs

19.1 295

In reservoirs of unknown production character

25.0 3.22

2.2458
0.5 _:A .1M|.l
A

0.6758

1.5041
—0.4367
- 0.0902

1.1355

1.4838

- 0.0249

-0.0835
0.0493
0.0583
0.1505
0.2685
0.5232

-1.07

-120

Exact
for ~°) >

20

3.0

0.8

0.8

40

4.0

1.0

0.175

0.175

0.175

0.175

0.175

0.175

Less Than
1% Error
fortps >

0.60

0.60

0.30

0.30

2.00

2.00

0.40

0.08

0.09

0.09

0.09

0.09

0.09

Use Infinite System
Solution With Less
Than 1% Error
for toa <

0.02

0.005

0.01

0.01

0.03

0.01

0.025

cannot use

cannot use

cannot use

cannot use

cannot use

cannot use



% Fora given reservoir geometry, the maximum time a reservoir is
infinite acting can be determined using the entry in the column
"Use Infinite-System Solution With Less Than 1% Error for toa <

0.000264kt
> Since, 1, = this means that the time in hours is

ouC,A4

calculated from

{ < (DﬂCtA ZLDA
0.00264k




—

5 Time required for the pseudo steady-state equation to be accurate
within 1 % can be found from the entry in the column headed "Less
Than 1% Error for tba>" and the relationship

¢ > ¢lLlCtA tDA
0.00264k%

> Finally, time required for the pseudo steady-state equation to be
exact is found from the entry in the column "Exact for toa >."



—————

Flow regimes that occur in different time ranges.

Flow regions on semi
logarithmic paper

=

Flow regions on
Cartesian coordinate
graph.

=

P

wi

wi

TRANSIENT
REGION

LATE - TRANSIENT

REGION
PSEUDOSTE .\DY - STATE
REGION
logt.
TRANSENT
REGION

PSEUDOSTEADY-STATE

LATE - TRANSIENT REGION

REGION

(d HW) Read Example 1.3 - Flow Analysis in Generalized t

Reservoir Geometry (on page 8)



~D. Radial Flow in infinite reservoir With- Wéll -l_)o-re_storage

Wellbore Storage

> Distortions in the reservoir response due to the volume of wellbore.

» A crucial part of the transient analysis is to distinguish the effects of
wellbore storage from the interpretable reservoir response .



In Drawdown test

* On opening the valve at surface, the initial flow rate is due to
wellbore unloading

* As wellbore unloading gradually decreases to zero, the flow from the
formation increases from zero to qwn

In Build up test

e After shut-in at the surface, flow from the formation does not stop
immediately.

* Flow of fluid into the well persists for some time after shut-in due to
compressibility of the fluid.

* The rate of flow changes gradually from qwh at the time of shut-in to
zero during a certain time period.



~“Well bore storage coefficient, C, :
- Av,

~ AP

C, : Well bore storage coefficient,(bbl/Psi)

C

Av, . :Volume change in well bore (bbl)

A P :Pressure change (Psi)

CS :CFE +CFL

|



~Well bore storage effect due to fluid expansion :

C.. =V xC,

V.1, = Volume of fluid in well bore (bbl)

C,, = Average fluid compressibility in well bore Psi -!



~ Well bore storage effect due to change of fluid level in annulus

4 )
1444 A
C, = 5 615“ =25.64x—
N\ ooF -
4 )
K[DC T (ODt ﬂ I
A =x — —
: 2 2 ) |144
(U J

A, : Areaof annulus (ft?)

ID, :Inner diameter of casing (in)
OD, : Outer diameter of tubing ( in)
p : Density of fluid in well bore (Ibm/ft?)



Telate sand face flow rate to well head flow
rate we can use :

vwb
. =q. + 24C dp,
st dwh
BO dt qsf
q.n: Flow rate at well head (STB/Day) Rate Surface Rate

q,: Flow rate at sand face (STB/Day)

Wellbore rate & ':I
af

B : Formation volume factor ( bbl/STB) o

Cq : Well bore storage coefficient (bbl/psi) O @




Derivation :

/f”““\ In=q,Bp

In — Out = Accumulati Out =45p
n — Out = Accumulation
Accum. = d(24"{;‘:5’ Vo)
dp |
q,Bp—qBp =24V, —
dt
We can write
C = ld_p dp wb dp wb dp wb dpwb
- d = — pwbcwb T
P ap dt dp dt dt
st 24c V.. [ p.., \dp..
pB = - — g wb” wb wb W
i B ( PR J di

Define C = & V1m

- — i 24(11&') dpu‘
o =1 B dt

Assume pwb ~ pR



" > To determine the duration of well bore storage effect it is better
the well bore storage constant (Coefficient ) is defined as a
dimensionless variable :

- 0.8936C  0.8936¢,,V,,

(=
° o ge,hr] ge,hr,




» Dimensionless time and dimensionless pressure are :




,-«C;ﬁi/m/ensionless well bore storage constant

C, :Well bore storage constant bbl/psi
h : Formation thickness ft

¢ : porosity, fraction

: total compressibility, psi!

r : Well bore radius ft

q :oil flow rate STB/day

tp : Dimensionless time

k : permeability, md

t : test time hr

1L : viscosity, cp

P, : Dimensionless pressure

B : formation volume factor bbl /psi



et

» For constant-rate production

9y —1 _CSD a’p D
qwh dtD

v" Previous Eq is the inner boundary condition for the problem of
constant-rate flow of a slightly compressible liquid with well bore
storage.
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4_/ ° °
—Presence of unit slope line :

> At the earliest time for a given value of Cg;, and for most value of S,
a unit slope line (i.e., line with 45° slope ) is present on the graph.

» This line appears and remains as long as all production comes from
the well bore and none comes from the formation.

q, dp
45 =0 :> q—L:O — I_CSD dtD =0
wh D

= dt, =C, xdp,,



~_>Integrating from t,=0 (Where p,=0) to t,and p,, the result is

Cop Xpp =t

» Taking logarithms of both side of the equation,

logC,, +logp, =logt,

» Thus a graph of log po vs.
log to will have a slope of
unity.

| WELLBORE STORAGE -

’_.l",”

LOG Ap

LOG At



» Any point on (pp,ty) on this unit slope line must satisfy the
following relation

v" For any point of this line (unit slope line ) with its appropriate
time and pressure we can find C; from following equation




Ehd of Wellbore Storage Distortion :

» One useful empirical observation is that end of well bore storage

distortion (t,,,) occurs approximately one and half log cycle
after disappearance of the unit slope line.

g lag
10.00
/r' 31 Bl e gy =
R ne 25 A
w T
2 /|
-
g e
é /
' 5'
1.5 -cy:le""
o aaa he
inlinity acting
.10 *w 7

L 1

Pl tirne s



> Another useful observation is that the dimensionless time at which
well bore storage distortion ceases is given by:

v" For positive skin

t, =(60+3.55)Cy,

(200000+12000s )
twbs — kh

u

v" For negative skin and No skin

£,360C,,
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“Example :

The following data are available for an oil well under draw down test.
If the well produces with constant rate, calculate the well bore storage
constant and End of Wellbore Storage distortion .

V., = 180 bbl o 0.25f¢
OD,:2 in ¢, 120 x 10 psi-
ID, : 7.675 in K :30 md

p, : 45 Ibm/ft3 w2 cp

h :50 ft s :0

¢ :15% ¢ :10x 10 psi!



“Well bore storage constant due to fluid expansion :

Cpp =V, xC,, =180(10x10)

bbl

=0.0018 —

pSi

Well bore storage constant due to change of fluid level in annulus

|

D,
2

1444,

JH

- 5.615p

oD,
2

!

= 25.64 x

1

144

Aa
yo,

= 25.64 x

T

|

7.675

2

JH

2

2

jz

0.2995

45

|
—— =0.2995ft"
144 fi
_0.170722L
psi



The total well bore storage constant

C,=C,, +C,, =0.0018+0.1707 = 0.1725ﬂ
pSsi
Dimensionless well bore storage constant
o - 0.894C, 0.894x0.1725 1607

g, hr,® 0.15%(20 x 10°)x50x0.25”



==

p /End of Wellbore Storage Distortion :

. (200000+ 12000s )CS (200000 +12000x O) 0.1725

b " = 30550 =46hr
Y7 2
~0.000264kt 0.000264x 301
Or o= pue, ., _0.15><2><(20>< 10°)x0.25”
t, =(60+3.55)Cy, =(60+3.5%0)16271=976260
- 0.000264kt 0.000264 x 30 x ) t=46hr

[p

puc,r,”  0.15x2x(20 x 10°)x0.25”
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—Radius of investigation

> By radius of investigation r; we mean the distance that a pressure
transient has moved into a formation.

» This distance is related to formation rock and fluid properties and
time elapsed since the rate change. The rate affects only the magnitude
of the pressure response.

f ) \ | Pressure Profile
kt ) ’
]/'i o
948¢ﬂct Pressure Boundary
\_ J
k:millid
mitit darcy Tw Distance e

t :hr Center of
n:cp Wellbore



The effect-of-mobility ratio:
(the radius investigation versus flow time during a drawdown test).

—_—_—

> If the mobility of one reservoir is five
times less than that of another, the
former must be tested five times
longer if the same radius is to be
investigated in both cases.

Base Case

» This assumes, of course, that the
porosity and fluid compressibility are
the same in both cases.

Radius of Interpretation (r;)

A (k

5\l
Constant - & and ¢
Flow Tima (1)




/

o

U Read Example 1.4 -

Calculation of Radius

of Investigation on page 15

\

J

Pressure ———»

Pressiire —=

Original Reservoir Pressure fpi‘.l

{E_IB-} N Higher Rate
gt 2({qg)

e e

——
-—
I

S

Constant - kK, I, mc t

Radius From Wellbore —

Original Reservoir Pressure -:pi'_l

5(1%)

" Lower Mobility
(8

Higher Mobility

Constant - &, cy and t

Radius From Wellbore

-
-




— Principle of Sﬂb;rposition

» The superposition concept states that the total pressure drop at any
point in the reservoir is the sum of the pressure changes at that point
caused by flow in each of the wells in the reservoir.

» This concept can be applied to account for the following effects on the
transient flow solution:

Effects of multiple wells

Effects of rate change

Effects of shut-in after a flow period
Effects of the boundary

—

W=



~—1.Effects of Multiple Wells :

> Wells A, B, and C, start to produce at the same time from an infinite

reservoir
Well A

Well C Well B

(’}i =P u:f) total at Well A = (2 =) ducioWeit A+ (2, = P) due to Well B

+ (p; -P) dueto Well C -



““% In terms of Ei functions and logarithmic approximations,

(Pi —Pws)iotalat Well A = —70.6

qa Bu 1,688 duc,ryq° |
- 25
kh l'“( ki ) A

-70.6

2
apBy . ~ 948 4uC,ap
P i( ki )

qtﬂﬂ. W G 948 ¢pc,rhcz
-70.6 —— [
0.8~ Ei( e )

v Note that this equation includes a skin factor for Well A, but does

not include skin factors for Wells Band C. Because most wells have a nonzero
skin factor and because we are modeling pressure inside the zone of altered
permeability near Well A, we must include its skin factor.



»Every flow rate change in a well
will result in a pressure response
which is independent of the
pressure responses caused by
other previous rate changes.

»The total pressure drop that has
occurred at any time is the
summation of pressure changes
caused separately by each net
flow rate change.

15

=15  Time, hr

13

=15  Time, hr






L —

Pi—Pwr= (Ap)  + (Ap), + (Ap);

= -70.6——
kh

pqlﬂll lﬂBBtﬁm‘, “) Z-‘FII

ulqy-q)B { 1,688 duc, r2, I
"""?ﬂ.ﬁ * e
kh n k(—1,) -2

-*'?06”(‘?3 ‘?Z}B [ ‘l ,688 ‘ﬁ‘c: w] ZSI

k(t— !2}



AP = AP, + AP,

kh

_ 70,6080 h{

70,6008,

ects of shut-in after a flbw pefio'd"' e

q1
:
3
Qz-00
© fe At
*  Time, t
1688 . )
¢ll’lctrw _2S
kt ]
2
[ 1688pue,r,* |
k (t _tl)

\




4 FEffects of the boundary Image Actual
Well Well
> The effect of the L. L
boundary on the pressure Ce > ¥
behavior of a well would be q q
the same as the effect from
an image well located a
distance 2L from the actual No Flow
well. Boundary
2
gBu s, 1,688 duc,ry,
—Puy==70.6="=(In - 2s)
.pl plll'f kh kf
qBu s —948 dpuc,(2L)*
~70.6 =~ Ei( .
kh kt

(d HW ) Read example 1.5 — on page 18 John lee



__Horner's Approximation

» In 1951, Horner reported an approximation that can be used in
many cases to avoid the use of superposition in modeling the
production history of a variable-rate well.

» With this approximation, we can replace the sequence of Ei
functions, reflecting rate changes, with a single Ei function that
contains a single producing time and a single producing rate.

» The single rate is the most recent nonzero rate at which the well
was produced; we call this rate q,,,, for now.



> The single producing time is found by dividing cumulative
production from the well by the most recent rate; we call this
producing time tp or pseudo producing time

cumulative production from well, N,(STB)

{,(hours)= 24
most recent rate, G, (STB/D)

v Then, to model pressure behavior at any point in a reservoir, we
can use the simple equation

70.6 pqiaq B ../ — 948 ¢uc,r?
Pi—p=r h E!( e, )
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* when is the approximation adequate?

4 N

v' If the most recent rate is maintained sufficiently long for the
radius of investigation achieved at this rate to reach the drainage
radius of the tested well, then Horner's approximation is always
sufficiently accurate.

v" If the last constant rate for at least twice as long as the previous
rate.

\ /
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xample : Application of Horner's Approximation

—

v Following completion, a well is produced for a short time and
then shut in for a buildup test. The production history was as

follows.
Production Time Total Production
(hours) (STB)
25 52
12 0
26 ' 46
72 68

1. Calculate the pseudo producing time, t ¢

2. Is Horner's approximation adequate for thiscase?
If not, how should the production history for this well be simulated?



68 STHB 24 hours

Gy = - =22.7 /D.
L. s 72 hours X day Sl

—

— 24 (cumulative production, ST (24)(166)

If’ f— - - mew -

Giauts STB/D (22.7)

=176 hours.

2. - ﬁrlaﬂ 12

=—=271>2,
al next-1o-last 26

v Thus, Horner's approximation is probably adequate for this case.

v" It should not be necessary to use superposition, which is required when
Horner‘s approximation is not adequate.
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Chapter 3

Pressure Buildup Tests



et

,,_,ﬂ.»ﬁ'/- ——
> Basically, the test is conducted by

C producing a well at constant rate for some time, \
v" shutting the well in (usually at the surface),
v' allowing the pressure to build up in the well bore,

v" and recording the pressure(usually down hole) in the well bore as a
function of time.

N J

» From these data, it is frequently possible to estimate

\

C formation permeability

v'  current drainage-area pressure,

v" characterize damage or stimulation
( and reservoir heterogeneities or boundaries.

J




: Methods of analysis: e

eHorner plot (1951):
Infinite acting reservoir

Matthews-Brons-Hazebroek(MBH,1954):
Extension of Horner plot to finite reservoir.

*Miller-Dyes-Hutchinson (MDH plot, 1950):
Analysis of P.S.S. flow conditions.

S
m
14
0
0 i
t
-~
=
n
W
a
L
o
0 o o i AR

time

time
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The Ideal Buildup Tes @

(D By ideal test we mean

> a test in an infinite, homogeneous, isotropic reservoir
containing a slightly compressible, single-phase fluid with
constant fluid properties.

» Any well bore damage or stimulation is considered to be
concentrated in a skin of zero thickness at the well bore; at the
instant of shut-in, flow into the well bore ceases totally.




Assume that i, .
1) A well is producing from an infinite-acting reservoir

2) The formation and fluids have uniform properties,

3) Horner's pseudo producing time approximation is applicable.

q
By using superposition for following Fig ,
we find that : ’
_ _ 0 AL =0
TIME
B 1688¢puC r *
P -P, =—=70.615= | In| =2l |_og
kh k(t,+At)

_ B 2
06 HB || (1688uC,r ) ¢
kh k x At




“which becomes

or

t + At
[1nx :2.303logx] = P, =P —162.661:; 1og[ PA j
t

» The form of above equation suggests that shut-in BHP, P
recorded during a pressure buildup test should plot as a
straight-line function of log [(t, + At) / At].



=T Ty

_/Myf*//)/’/x- —_—
> Further, the slope m of this straight line should be

kh

» It is convenient to use the absolute value of m in test analysis;
accordingly, we will use the convention that m is considered a
positive number and that

: STB/day
: bbl/STB
: md
: Cp
: ft

m=162.6148
i

T



'>/Tlius, formation permeability, k, can be determined from a buildup
test by measuring the slope m.

> If we extrapolate this straight line to infinite shut-in time

[i.e., (t, + At) / At =1] the pressure at this time will be the original
formation pressure P, .

4 P*
e P
P
1000 100 10 1
< t+ At At=CO




» Conventional practice in the industry is to plot P, vs (t, +At) /At

on semilogarithmic paper.

» The slope m on such a plot is found by simply subtracting the
pressures at any two points on the straight line that are one cycle
(i.e., a factor of 10) apart on the semi log paper.



~_Calculation of skin factor-s—

» Buildup test does NOT allow
for skin calculation. Skin is
obtained from FLOWING
pressure before shut-in.

|

o Buildup data
independent of skin

o Flowing Pressure

F == - At
t

v' At the instant a well is shut in, the flowing BHP, P_.' is

P, =P +70.624%
kh

_p +162.6142
kh

2
1n£1688goy(7trw }—25

k(tp+At)

2
log 1688puC 1,
k (tp +At)

j—0.869S
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2
_ P +m|log| O88PHCN T 1 8605
k (tp +At)

» At shut-in time At in the buildup test,

(tp+At)
At

P =P —mlog

» Combining these equations and solving for the skin factor S, we have

— 2 t + At
s:1.151(PWS owj+1og(1688¢”cf’”w j+1.151><10g(p J

m k At {

p



» It is conventional practice in the petroleum industry to choose a fixed
shut-in time, At, of 1 hour and the corresponding shut-in pressure, P,
hr , to use in this equation.

v" (although any shut-in time and the corresponding pressure would
work just as well).

» The pressure, P, hr must be on the straight line or its extrapolation.

» We usually can assume further that log [(t, + At) / t | is negligible.

t +1
log[p ):O
tp




(Plh a PWf ) k
s =1.151 ’ —log = |+3.23
m ouC' 1,
800 1 ‘T 1!(!]m‘-£-. ms;& 1;::0 sto -
P : The last pressure before shut-in ~
P, : The BHP 1hour after shut-in -7
7 ro.-f’
- 1 o
é';BOO ,,o"f
% j/o"d\ Slope = —m
g P4 b \.\-r f‘
% " o
2 __
IE o
v Note again that the slope m is 8 "0 °
° o 0 o
considered to be a positive number n e s e
° ° ° CAUSED BY WELLBORE STORAGE
in this equation. 5/ AND SKIN
soolo i loeva o leva o i
6 4 2 6 4 6 4 6 4 2
104 103 102 10

{ fp +Af /AL




AP =141 th‘l‘(BS — AP, =0.87|m|S




/// =
= / a

xaﬁiple - Analysis of Ideal Pressu_rme“BL;il;lub_i"est

Time After

»> A new oil well produced 500 STB/D for 3 days; it Srhu;:p;! {g;i-g ]
then was shut in for a pressure buildup test, during 0 1,150
which the data in following table were recorded. 3 :,;g;

8 1,850
16 1,876
24 1,890
48 1,910

v For this well, net sand thickness, is 22 ft; formation volume factor, is 1.3
RB/STB; porosity, is 0.2; total compressibility, is 20x 10-; oil viscosity
is 1.0 cp; and well bore radius is 0.3 ft.

1 From these data, estimate formation permeability, k, initial reservoir
pressure, P, and skin factor, s.



- SOlution At "p + At Puws
(hours) 2 (psig)
v' Producing time, t_, is given to be 3 2 37.0 1,794
days, or 72 hours thus, we develop 4 18.0 1,823
] 8 10.0 1,850
fOllOWlng Table . 16 55 1876
24 40 1,890
48 2.5 1,910

v" We plot these data, and they fall along a straight line suggested by
ideal theory.

v" The slope m of the siraight line is 1,950 - 1,850 = 100 psi (units are actually
psi/cycle).

m=tang=—21"F2 _100.] £~
log10—logl cycle



Shut-in pressure, p__(psi)

1900

1800

1700

1600

1500

1400

p,=1950 psia

p,, = 1764 psia
P, (ar=0)= 1150 psig P, =176
k= 48 mD

= & = e S g S SR S e

5= 1.43

4 psia

- R e e (R RE L1 N LR

|
: Slope, m=100 psi/cycle

1

................................................. s s S
|
|
|

.................................................... O ————
|
|
4

100 I

rp+é.t

At




' :162.6q’UB g 162.6x500x1.3x1 ok = 4%md
mh 100x 22

v" The skin factor s is found from

P -P
s =1.151 ( - Wf)—log( k 2j+3.23
m ouC,r,

v" The value for P is P, on the ideal straight line

at (t, + At) / At =(72+ 1)/1 =73; this value is P, ,, = 1,764 psig. Thus,



s =1.151

(1764 -1150)

100

—log

48

(0.2)(1.0)(2x107*)(0.3)’

+3.23

=1.43

v From extrapolation of the buildup curve to [(t, +At) /t,] =1, Pi=1950

psig.



=3

At(hr)  ty+At(hr) &+ AtAE Py (psig) -

Example 1.27¢ Table 1.5 shows the pressure buildup data

from an oil well with an estimated drainage radius of 2640 ft. 0.0 = & 2761
Before shut-in, the well had produced at a stabilized rate of gég g%gg? ﬂg% gi’g
4900 STB/day for 310 hours. Known reservoir data is: 031 31031 1001 3934
‘ -8 -1 0.52 310.52 597 3249

depth = 10476 ft, ry = 0.3541ft, o = 22.6 x 10~ psi 063 31063 193 3956
o Sl i s, i 0.73 310,73 426 3260

Qo = 4900 STB/D, h=4821t, pwr(At=10) = 2761 psig B Mot e o
ito =0.20cp, B, =1.55bbl/STB, ¢ =0.09 094 31094 331 3266
1.05 311.05 296 3267

fo = 310 hours, r. = 2640 fi 115 31115 271 3268
1.36 311.36 229 3271

Calculate; 1.68  311.68 186 3274
~ 199 31199 157 3276

¢ the average permeability &; 251 31251 125 3280
¢ the skin factor; 3.4 313.04 103 3283
e the additional pressure drop due to skin, 346 31346 90.6 3286
4.08 314.08 77.0 3289

5.03 315.03 62.6 3293

5.97 315.97 52.9 3297

6.07 216.07 52.1 3297

7.01 317.01 45.2 3300

8.06 318.06 39.5 3303

9.00 319.00 35.4 3305

10.05 320.05 31.8 3306

13.09 223.09 24.7 3310

16.02 326.02 20.4 3313

20.00 330.00 16.5 3317

26.07 336.07 12.9 3320

31.03 341.03 11.0 3322

34.98 344.98 9.9 3323

37.54 347.54 9.3 3323




. Shut-In Time, Af, hr
Solution 0.1 i 10 20 40
Step 1. Plot pws vs. (f, + At) /At on a semilog scale as shown Sl I I LA
in Figure 1.38). B
Step 2. Identify the correct straight-line portion of the curve 300 —
and determine the slope m: | pyy=3266P3IG ..
~40 PSIG/CYCLE
s H 250 -l
w =40 pu/cycle END OF STORAGE |
Step 3. Calculate the average permeability by using Equa- 200 [— =
tion 1.3.8: - Y
b= 162.6Q,B, 1o 150 |— o —
mh N il
(162. 6) (4900) (1. 55) (0. 22) 100 |— -
-— - = 15 . S
(40) (482) o L !
Step 4. Determine pyy after 1 hour from the straight-line 3050 LA Ly v IR f
portion of the curve: BEOE GRS B P EERR &
Prne = 9966 psi (f,+Af fat
Step 5. Calculate the skin factor by applying Equation 1.3.9 Step 6.  Calculate the additional pressure drop by using:
G Apain = 0.87 |m|s
s=1.151 | Pitr ’o“‘“=“-—log —_}.ug.03 : .
| i pucyrs = (). 87(40)(8.6) = 299. 3 psi
~ 18 [ 3266 — 2761
- i 40

( (12.8) ) ]
_log =) +3.23
(0.09) (0.20) (22.6 x 10-5) (0.354)

=8.6




Actual Buildup Tests

» In this case instead of a single straight line for all times, we obtain a
curve with a complicated shape.

> Based on radius-of-investigation concept, we logically can divide
a buildup curve into three regions :

EARLY
TIMES

TIMES

MIDDLE | LATE

TIMES

--"'"_-_-




\

(1) An early-time region during which a pressure transient is
moving through the formation nearest the well bore;

(2) A middle-time region during which the pressure transient has
moved away from the wellbore and into the bulk formation; and

(3) A late-time region, in which the radius of investigation has reached
the well's drainage boundaries.

Reflects the effects
Reflects “kh of boundaries.
R . L S —

LATE TIME

EARLY TIME

Reflects the wellbore
storage (afterflow)




_Peviations From Assumptions in Ideal Test Theory

1. The infinite-reservoir assumption
2. The single-phase liquid assumption
3. The homogeneous reservoir assumption

A

1. The infinite-reservoir assumption

» Frequently, the reservoir is at pseudo steady-state before shut-in; if
so, neither the Ei-function solution nor its logarithmic approximation
should be used :

2
(P -P 2706112 | 1n| 10850LC .,

i Twf )Prod.well h I (tp +At) —25




‘el

> Instead, if the well is centered in a cylindrical reservoir

v" Thus, the Horner plot is incorrect when the reservoir is not infinite
acting during the flow period preceding the buildup test.

» This difficulty is resolved in different ways by different analysts. In
this course, we will use a method supported by the research of Cobb
and Smith.



=

» We will use the Horner plot for all tests (even when the reservoir has
reached pseudo steady-state during the production period preceding
the test) for the following reasons.

ﬁ This method of plotting is correct theoretically for an inﬁnite-actin}
reservoir (i.e., at time tp + At, r; <r,).

2. The Horner plot offers a convenient means of extrapolating to At—oo
not found in some other plots.

3. For finite-acting reservoirs, formation permeability can be determined
accurately at even greater shut-in times than from a plotting method
Qveloped specifically for reservoirs at pseudo steady state at shut-in./




\
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» Other analysis methods for finite-acting reservoirs are discussed by
Miller, Dyes, and Hutchinson (MDH) and Slider.

» Many analysts use the data plotting method suggested by MDH
because it is simpler than the Horner method.

» Consider a buildup test with a middle-time region

(tp+At)
At

P =P —mlog

P =P —m log(tp +At)+m log At



Ift p ¥ At during the range of shut-in time values, then

[log (tp + At ) =logt, = constant ]

And

ws

[ P, = constant + m logAt ]

» This leads to the plotting technique suggested by MDH: P, vs. logAt

> It has the same slope m as the Horner plot (in the time range of
applicability).



—\________‘“%1— ) — — :7/7/'

—

=2. The single-phase liquid assumption

» The assumption that a petroleum reservoir contains only a single-
phase liquid must be modified.

» Even reservoirs in which only oil flows contain an immobile water
saturation; many also contain an immobile gas saturation.

» These factors are taken into account if we use total compressibility, Ct

[ct =5,¢, +5,¢, +5,¢, +cf]




3. The homogeneous reservoir assumption

» No reservoir is homogeneous, yet solutions to the flow equations are
valid only for homogeneous reservoirs.

» The solutions prove to be adequate for most real reservoirs,
particularly early in time while conditions nearest the tested well
dominate test behavior.

» Modifications to the simple reservoir models have been developed
for some important reservoir heterogeneities.
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> For a well bore containing only single-phase fluid(liquid or gas)
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JH.W )Read the Example 2.2 on page 29 john lee
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" Determination of Permeability

> Because bulk-formation permeability is obtained from the slope of
the MTR line, correct selection of this region is critical.

» Average permeability ,kis , also can be estimated from information
available in buildup tests.

Predicting the time at which the MTR ends is more difficult than \
predicting when it begins.

Basically, the middle-time line ends when the radius of investigation
begins to detect drainage boundaries of the tested well; at this time,
\the pressure buildup curve begins to bend. /




/ -

—

~5 The time at which the middle region ends depends oh

(1) The distance from the tested well to the reservoir boundaries
(2) The geometry of the area drained by the well
(3) The duration of the flow period as well as the shut-in period.

> If a well was at pseudo steady-state before shut-in, the time At at
which the L TR begins for a well centered in a square or circular
drainage area is approximately:

 380¢uc, 4
K

At A : the drainage area of the tested well ft*
L

v" If the well was not at pseudo steady-state, At; is larger than calculated by
the rule above.



> Average permeability, k; from data obtained in a buildup test.
(is valid only if pseudo steady-state is reached during the production period)

4 )

141.2qB,u[lnre—3}
P r, 4

J h(P—PWf) )

g




-{ -/For a well that is neither damaged nor stimulated k;=k
For a damaged well k;<k
For a stimulated well k;>k

k : bulk-formation permeability, k, determined from the slope of the MTR

H.W ) Read the Example 2.3 on page 30 john lee



stimation of Effective (Apparent ) Well bore Radius

_ -5
[Vwa =€ J

Pi=P,=-10. 6q3” [t 1638;”0"2) 25]
= —~70. 6£§ﬁ|| lﬁaaiﬂf"r ) +1n (e ~%%)
B lﬁaw rle-2s
--ros it o MR

= —70.6

qBu aBu ( 1,688 ¢uc,r2,, )
kh kt '




‘Calculation of effective well bore radius is of special value for
analyzing wells with vertical fractures.

» Model studies have shown that for highly conductive vertical
fractures with two equal-length wings of length L

v Thus, calculation of skin factor from a pressure buildup or
falloff test can lead to an estimate of fracture length - useful
in a post fracture analysis.



4 )
J=pl=—2 :{STB_D}
P-P Pt
\ Y Y
Specific Productivity Index (J)) :
[
Pl. =J = H = 2
P-P

\



ficiency (FE) =Pmti(r(PR)-:----~---—"'”‘ :

O ]
])i o Pw j [Pr B Pw j B A])S
FE — PR — Jact — Pl _PWf act — ( / ideal _ 4 act

J itea 0 ( P-P, j (f; -P, j
P.—F wf/ ideal : .
s )
(P P wf )_ AP
PR = .
(P -P,)
\_ /

» For a damaged well, flow efficiency is less than one; for a stimulated
well, flow efficiency is greater than one.



mage Ratio (DR ):
: S
1 J'd ] r wf t
DR — — __laeai __ ac
FE J_ (B—ow) AP
- y
Damage Factor (DF ):
a _
(B_ow ) Y
DF =1-FE=1- act _ >

.

H.W )Read the Example 2.4 on page 32 john lee



\

-f-/"Mgdiﬁcations for Gases

» Wattenbarger and Ramey have shown that for some gases at
pressures above 3,000 psi, flow in an infinite-acting reservoir can be
modeled accurately by the equation

162.6g_wu.B . C S +D
b _p 16264,48, log[1688w,cn)_( 4,)

R kh kt, 1.151

» This equation has the same form as the equation for a slightly
compressible liquid, but there are some important differences:



1) q, is expressed in (Msct/ D), and B, in (RB/Mscf), so the product

q,B, in (RB/D) as in the equation for slightly compressible liquids.

2) All gas properties (B, , 1, and C, ) are evaluated at original
reservoir pressure, Pi.

178.12;T]
= i P (RB/Msch), i ={'gt'3g +[‘H'SH‘ ”f ﬂgﬁ Sp'
PiT

By

3)The factor D is a measure of non-Darcy or turbulent pressure loss
(i.e., a pressure drop in addition to that predicted by Darcy's law).



~ v D cannot be calculated separately from the skin factor from a
single buildup or drawdown test; thus, the concept of apparent skin
factor, s"=s+Dgq," is sometimes convenient since it can be determined

from a single test.

»> For p > 3000 psi,

/ 162.6g u B | (t +At)
Pws :Pi _ Qe HeD log p
kh I At )
(P, -R,) .
S':S+D(qg):1.151 - —log - |+3.23
m ngLllCti

~




~ > For p <2000 psi,
/ z.T t + At
P2 =P’ -16372L21 joq) 2
kh At
(Plhr2 B Wf2)

s'=s+D(g,)=1.151

\

v' where m" is the slope of the plot P * vs. log [(t, + At) / At]

lel’liZiT
kh

which is 1637




d what technique should be used to analyze gas reservoirs with
pressures in the range 2,000 <p < 3,000 psi ?

v One approach is to use equations written in terms of the gas
pseudo pressure instead of either pressure or pressure squared.

» This is at least somewhat inconvenient, so an alternative approach is
to use equations written in terms of either P or P2 and accept the
resultant inaccuracies,

1 Read example 2. 10- Gas Well Buildup Test Analysis on page 45

v" Modifications for Multiphase Flow
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Chapter 4

Average Reservoir Pressure



Oggm//zll/ Reservoir Pressure e
ETR | MTR _Jl+p
Puws
tp, + At
16g == i

» This technique is possible only for a well in a new reservoir (ie .one in
which there has been negligible pressure depletion).

» Strictly speaking, this is true only for tests in which the radius of
investigation does not encounter any reservoir boundary during
production.



P
— ETR MTR LTR ~ |
”

tp + At
LN

» For a reservoir with one or more boundaries relatively near a tested
well the late-time line must be extrapolated

o

log

Note that our discussion is still restricted to reservoirs in which there
has been negligible pressure depletion.



atic Drainage-Area Pressure

» For a well in a reservoir in which there has been some pressure
depletion, we do not obtain an estimate of original reservoir pressure
from extrapolation of a buildup curve.

» For wells with partial pressure depletion, extrapolation of a buildup
test to infinite shut-in time provides an estimate of p*, which is related
to, but is not equal to, current average drainage-area pressure.

» Our usual objective is to estimate the average pressure in the drainage
area of the well; we will call this pressure static drainage-area pressure.
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We will examine four useful methods for making these estimw;/ :

— ( )

1) The Mallhews-Brons-Hazebrock (MBH) p* method
2) The modified Muskat method.

3) The Ramey—Cobb method

4) The Dietz method

S /

1) the Mallhews-Brons-Hazebrock (MBH) p* method

» In this method series of buildup curves were computed for wells at
various positions in drainage areas of various shapes using imaging
techniques and the principle of Superposition.

» The results of the investigation are summarized in a series of plots

kh(p"—P) 0.000264k,
70.69 1B puc, 4

of




—

g
kch (p* —ﬁ) ) 2.303(p* —ﬁ)

70.6g uB m
\_ 4 Y,

A: drainage area of the tested well expressed in square feet



» To increase the accuracy of the p* method use t, (producing time
required to achieved pseudo steady state) in Horner plot and
abscissa the MBH figures.

» For calculation of producing time to achieved pseudo steady state
t s we can use following relation

4 ™
puc, A
I = X\

71 0.000264k (51),.
\_ Y,




The following steps summarize the procedure for applying
the MBH method:

Step 1.
Step 2.

Step 3.
Step 4.

Step 5.

Step 6.

Step 7.

Make a Horner plot.

Extrapolate the semilog straight line to the value of
p*at (tp 4+ At)/At = 1.0.

Evaluate the slope of the semilog straight line .
Calculate the MBH dimensionless producing time
tona from Equation 1.3.14:

¢ [ 0.0002637k ;
e @A =
Find the closest approximation to the shape of the

well drainage area in Figures 1.41 through 1.44 and
identify the correction curve.

Read the value of ppppy from the correction curve

at tpDA B
Calculate the value of p from Equation 1.3.13:

|22

p=p*— (m)ﬁnma&r



where Nj i1s the cumulative volume produced since the /ast
pressure buildup test and @, is the constant flow rate just
before shutin. Pinson (1972) and Kazemi (1974) indicate
that #; should be compared with the time required to reach
the pseudosteady state, f,ss:

0. 0002367k

For a symmetric closed or circular drainage area, (fpq)ps =
(. 1 as given in Table 1.4 and listed in the fifth column.

If t, > 1y, then f should ideally replace t; in both
the Horner plot and for use with the MBH dimensionless
pressure curves,

A
fpss = [ ot :| (fDA) pss [1.3.15]
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Table 1.4 Shape factors for various single-wefl drainage areas (After Earlougher, R, Advances in Well Test Analysis,
permission to publish by the SPE, copyright SPE, 1977)

In bounded Ca In C4 1o A u!muv FExact Less than Use infinite system
reservoirs 2 Ca Jor tna > 1% ervor solution witk less
Jor o > than 1% error
Jor tpy >
() 362 34538 13224 0.1 0.06 0.10
@ 316 3.4532 —1.3220 0.1 0.06 0.10
/\ 276 33178 —1.2544 02 0.07 0.09
L/ 27.1 3.2005 —1.2452 02 0.07 0.09
» W 219 30865  —11387 04 0.12 0.08
I Al 0.008 —2.3227 +1.5659 09 0.60 0.015
_H_ 30.8828 3.4302 —1.3106 0.1 0.05 0.09
mm 12.9851 2.5638 —0.8774 0.7 0.25 0.03
mm 10132 1.5070 —0.3490 0.6 0.30 0.025
0.25 0.01
% 3.3351 1.2045 —0.1977 0.7
L1 216369  3.08% ~1.1373 03 0.15 0.025
==} 10.8374 23830 —0.7870 0.4 0.15 0.025
== 10141 1.5072 —03401 L5 0.50 0.06
sl 2.0769 0.7309 —0.0391 1.7 0.50 0.02
== 3.1573 1.1497 —0.1703 04 0.15 0.005
252, 0.5813 —0.5425 +0.6758 2.0 0.60 0.02
mmmm‘ 01109  —219%1 415041 3.0 0.60 0.005
H. 5.3790 1.6825 —0.4267 0.8 0.30 0.01
— 2.6396 09854 —0.0902 0.8 0.30 0.01
% 0.2318 —1.4619 +1.1355 40 2.00 0.03
=== 0.1155 —2.1585 +1.4538 4.0 2.00 0.01
b 2.3606 0.8589 —0.0249 1.0 0.40 0.025
In vertically fractured reservoirs use (x./x¢)° in place of A/rZ, for fractured systems
1 =age,
m_l._ 2.6541 0.9761 —0.0835 0.175 0.08 cannot use
@ 2.0348 0.7104 +0.0493 0.175 0.00 cannot use
._u.u 1.9986 0.6924 +0.0583 0.175 0.09 cannot use
.mu 1.6520 0.5080 4+0.1505 0.175 0.09 cannot use
.@ 1.3127 02721 +0.2685 0.175 0.0 cannot use
In water-drive reservoirs
.m.ql._ 07887 —0.2374 +0.5232 0.175 0.09 cannot use
19.1 295 -1.07 - - -
€ @ In reservoirs of unknown production character
O, 25.0 3.22 —1.20 - - -




1§ 1 8
e =

-The Hurner semllug straight-line plut slupe

H I | | | :.;. ;. Jl.::l F i E JITH: 1 I ;_.. {4445 Er :.u b -;j:-! E-h- - u .: 1 = i
5 F 2. 305" - ,M 1 ikl S -
b PoMER = - O OO0 OO OO [TEE]
o] EEREEEI LR It IR
T T THIH
GON A g i
18 (K000601 {1 | |
.-;S £

T SQUARE e
10 0013 5 ]
RIANG LE

e

[==af= o=

=)

T
X

_;f;.=p*—( I )pumm 11331 FF

b
| |

ES

P
|
_—-—.n.—.i.—

=
r--
]
2

= -
= -

TSl
e
S ' RHDMEUSE

[WETHRIRY RN

7 RIGHT TRIANGLE {1}

e ]
===
g =t
EE=S=EE|E=SEEEEEE

= [u.hﬂtr.éﬁa?k' :

whers:!

=

==

i i i
=== ======
1
N =

EESSEEE
1
e
=F

Ppmay = 2.303 (0"—p)/'m
)

— = llowing time before shul-n, hours il . } LI
— A =drainage area, fit’ TR T T !! IR
P AN 83 B N O O - R AT
— & = permeability, md I B , 1l Tl
= total compressibility, psi—* maLARIINLF = (R RIRERIERARN 11911 S WA A R NIR I ,'::F
2 11 Tttt t it TN 1 N li 'I.tg.: || :|_
, ., At - IL ' - Ip ' . |- . ERNT o r._T _ '. i.i ...._ Ta.. X
SEmRARRERRT IR R El i;i.ilff‘ifrl;;-ﬂ. EHEH
i e _ | gl_* = HHH
AEee it < e el = HHHHH
I T EE. ;I'!" i T 1 T i |
NENEN] I T T i
1 - L L L L L E!_ LU |1 | I.
TN il e N( T
1 ll S R il sefeles]: CLA% pes 1 I e
T T n i ] :H ’I 1] 11 : 1l
| [ 1 L | || 1 N 1 111 | | i
mEE I. Hth : HIHHE ! 1 : l:LI Ei'i'lgglz:-?-n BE I Ii:':'el-
O L T Tt I T

PLgs ==

2 3 56789 2 3 4 56780 2 3 4
1072 101 1
Dimensionless Production Time, rpD y

0

Figure 1.42 Matthews-Brons-Hazebroek dimensionless pressure for a well in the center of equilateral drainage areas
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Example 1.28 Using the information given in Example
1.27 and pressure buildup data listed in Table 1.5, calcu-
late the average pressure in the well drainage area and the
drainage area by applying Equation 1.3.11. The data is listed
below for convenience:

re =26401t, », =0.354ft, ¢ =22.6 x 10-° psi-!
Q, = 4,900STB/D, k=4821t,

Pwiat ar=0 = 2761 psig

o = 0.20cp, B, = 155bbl/STB, ¢ =0.09
fo = 310 hours, depth = 10476 ft,

reported average pressure = 3323 psi

Table 1.5 Earlougher’s pressure buildup data
(Permission to publish by the SPE, copyright

SPE, 1977.)

At(hr)  t,+ At(hr)  t, + ATAL  pu (psig)
0.0 = - 2761
0.10  310.30 3101 3057
0.21 310.21 1477 3153
0.31 310.31 1001 3234
0.52 310.52 597 3249
0.63 310.63 493 3256
0.73 310.73 426 3260
0.84 310.84 370 3263
0.94 310.94 331 3266
1.05 31105 206 3267
1.15 31115 271 3268
1.36  311.36 229 3271
1.68 311.68 186 3274
1.99 31199 157 3276
2.51 312.51 125 3280
3.04 313.04 103 3283
3.46 31346 90.6 3286
4.08 314.08 77.0 3289
5.03 315.03 62.6 3203
5.97 315.97 52.9 3297
6.07 316.07 52.1 3207
7.01 317.01 45.2 3300
8.06  318.06 39.5 3303
9.00  319.00 35.4 3305

10.05  320.05 31.8 3306

13.09  323.09 24.7 3310

16.02 326.02 20.4 3313

20.00  330.00 16.5 3317

26.07 336.07 12,9 3320

31.03 341.03 11.0 3322

34.98 344 98 9.9 3323

37.54 347.54 9.3 3323




Solution

Step 1. Calculate the drainage area of the well:
A= 72 = 7(2640)*

Step 2. Compare the production time f,, i.e., 310 hours, with
the time required to reach the pseudosteady state
foss by applying Equation 1.3.15. Estimate f5 using
(tpa)pss = 0.1 to give:

pucA
= | 77 0
B [{ﬁ. 09)(0.2)(22.6 x 10“'5}{:r}(2640}2:| 01
N (0.0002637) (12.8) ‘

= 264 hours

Thus, we could replace f, by 264 hours in our analy-
515 because f, > 1, owever. since f, is only about

, we use LEE actual pmductwn time of 310
hﬂurs in the calculation.

Step 3. Figure 1.38 does not show p* since the semilog
straight line is not extended to (f, + Af)/Af = 1.0,
However, p* can be calculated from pyws at (f; +
At) /At = 10.0 by extrapolating one cvcle, That is:

p* = 3325 4+ (1 cycle) (40 psi/cycle) = 3365 psig

Step 4. Calculate f;p4 by applying Equation 1.3.14 to give:
o o [0_““’353“] ;

e PueA g

_ [ 0.0002637 (12. 8) ] 210

(0. 09)(0.2)(22. 6 x 10-%) () (2640)*

=0.117

Step 5. From the curve of the circle in Figure 1.42, obtain
the value of ppmpn at fopa = 0. 117, to give:

pomen = 1. M4

Shut-In Time, A, br
1 10 20 40

Bettom-Hole Prassurs, p,,.. psl

| T 11 I| T I LI II L] . |
P = S2ERIG SLOPE = -m=
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W"ESHN.-L'-’J’E{I! ]
END OF STORAGE

I 1 kI 1 1 1 I 1 LL [ 1 1 I
8 654 3 =2 B 654 3 =2 |

102 10!

(tpmr}mr

RN
e —

A

IR RIN
IR
4 Ellllll
w1

~rpm —0.117

;l X

100E
3 4 56789

- 12 - Illlli!l
3 4 50780 2 3 4 56789

Dimensiontess Production TIme, £,



2) The modified Muskat method.

> The modified Muskat method is based on solution to the flow
equations for a well producing from a closed, cylindrical reservoir at
constant rate.

» Using superposition to simulate a buildup following stabilized
flow (depth of investigation has reached reservoir boundaries), the
equation can be approximated as

5 —1186148 exp(—o.omsgécmj
kh Quc, T,



_\_I_"—‘—-——_..,__F_ZV_N_J___ o = = / .

log(7-p,. )= log(l 18.64:}? j_ 0.00168% A
gDILlCt re
S J

v Note that above equation has the form

[log(ﬁ—pws)zA +BAt]

v where A and B are constants. v log ( D — D, ) versus At is linear

» Approximations used in developing this equation are valid in the
shut-in time range.

4 )
2 2
230¢uc,r,” _ . . 190¢uc,r,

k k
- Y




1. Assume a value for p-.

2. Plot log (p™- p,,,) versus At
3. Is it a straight line?

4. If the answer is yes, the
assumed value is the average
reservoir pressure

otherwise go to 1.

ASSUMED P

= TOO HIGH
a

|
o \\qﬁlSSUMED =
=4 CORRECT

ASSUMED P 1
TOO LOW
At
lo g[}_}— p,.) Assumed p,,, too high

Assumed p,,, too low

U H.W) Read the Example 2.7 on page 40 john lee



Advantages

1.1t requires no estimate no estimates of reservoir properties when it is used
to establish Pavg.

2. It provide satisfactory estimates of Pavg for hydraulically fractured wells
and layered reservoirs.

Disadvantages

1. It fails when the tested well is not reasonably centered in its drainage
area.

2. The required shut-in times are frequently impractically long, particularly
in low permeability reservoirs.



_\_.__,_____*—h‘?c’;ﬂ_ = m—— /

""S)The Ramey—Cobb method

Ramey and Cobb (1971) proposed that the average pressure in the
well drainage area can be read directly from the Horner semi log
straight line if

the following data is available:

e shape of the well drainage area;
e location of the well within the drainage area;

e size of the drainage area.



The proposed methodology is based on calculating the
dimensionless producing time #;p4 as defined by Equation
1.3.14:

o — 0. 0002637k .
- PucA v
where:

fp = producing time since the last shut-in, hours
A = drainage area, ft®

Knowing the shape of the drainage area and well location,
determine the dimensionless time to reach pseudosteady
state (fp4)pss. as given in Table 1.4 in the fifth column.
Compare f;n,4 with (fp4)pes:

® Iffypa < (fpa)pss. then read the average pressure p from
the Horner semilog straight line at:

(r,, LM) = exp (47typ4) [1.3.18]
or use the following expression to estimate p:
b =p* — mlog [exp (4xtgpa) ] [1.3.19]

® Iffyna > (fpa)pss. then read the average pressure p from
the Horner semilog straight-line plot at:

(rp-j-m

+ ) o Catiaia [1.3.20]

where C4 is the shape factor as determined from
Table 1.4.s Equivalently, the average pressure can be

estimated from:

p=p*—mlog(Catypa)

where:

[1.3.21]

m = absolute value of the semilog straight-line slope,
psi/cycle

p* = false pressure, psia

C4= shape factor, from Table 1.4

Example 1.29 Using the data given in Example 1.27,
recalculate the average pressure using the Ramey and Cobb
method.
Solution
Step 1. Calculate f5p4 by applying Equation (1.3.14):
[0, {IJO‘ZGE?k] ;

pucd J°
[ 0. 0002637 (12. 8)
L (0.09)(0.2)(22.6 x 10-5) () (2640)%
=0.1175

Step 2. Determine Cy and (fp4)pss from Table 1.4 for a well
located in the centre of a circle, to give:

Ca = 31.62
(tpa)pss = 0.1

} (310)

Step 3. Since fgpa > (fpa)pss, calculate p from Equation
1.3.21:

p =p* —mlog(Catypa)
= 3365 — 401og[31. 62(0. 1175)] = 3342 psi

This value is identical to that obtained from the MBH
method.



4)“:1:11(3 Dietz method

> Dietz (1965) indicated that if the test well has been producing
long enough to reach the pseudo steady state before shut-in, the
average pressure can be read directly from the MDH semilog
straight-line plot, i.e.,

Pws vs. log(?), at the following shut-in time:

'::} L [A
0. 0002637 C4k

(AD)5 =

where:

At = shutin time, hours
A = drainage area, ft*
C4 = shape factor

k = permeability, md

¢, = total compressibility, psi~?



Example 1.30 Using the Dietz method and the buildup
data given in Example 1.27, calculate the average pressure:

Solution

Step 1. Using the buildup data given in Table 1.5, construct
the MDH plot of p,. vs. log(Af) as shown in Figure
1.40. From the plot, read the following values:

m = 40 psi/cycle
Prne = 3266 psig

Step 2. Calculate false pressure p* from Equation 1.3.12 to
give:

p* =pine+mlog(ty + 1)

= 3266 4+ 40log (310 + 1) = 3365. 7 psi

Step 3. Calculate the shut-in time (Af); from Equation
1.3.20:

(0.09) (0. 2) (22. 6 x 10-5) () (2640)2
(0.0002637) (12. 8) (31.62)

= 83. 5 hours

Step 4. Since the MDH plot does not extend to 8.5 hours,
the average pressure can be calculated from the
semilog straight-line equation as given by:

P = pine +mlog(Af —1) [1.3.23]
or:

(A =

p = 3266 4+ 40log(83.5 — 1) = 3343 psi

3350

3300 I~
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Chapter 5

Flow Tests



» A pressure drawdown test is conducted by producing a well,
starting ideally with uniform pressure in the reservoir.

» Rate and pressure are recorded as functions of time.

These tests are particularly applicable to

(1) New wells

(2) Wells that have been shut in sufficiently long to allow the pressure to
stabilize

(3) Wells in which loss of revenue incurred in a buildup test would be
difficult to accept

J
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» An idealized constant-rate drawdown test in an infinite-acting
reservoir is modeled by the logarithmic approximation to the
Ei-function solution:

2
p. —p 1020048\ [16380uC 1" 6 0860s
W kh kt

» Like buildup tests, drawdown tests are more complex than suggested
by simple equations.

» The usual test has an ETR, an
MTR, and an LTR. Rvf

log t



\
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» Duration of wellbore unloading can be estimated by qualitative
comparison of a log-log plot of (P, - P_,) vs. t or with the empirical

equation
4 )
(200000 +12000s )C 5
tD 2(6O+35S)CSD or twbs — kh
\_ H Y

> In the MTR, a plot of P_, vs. log t is a straight line with slope, m,
give', by

m =162.61HE.
kh



» PSI

pwf

0
9]
0
_— EARLY DEVIATION CAUSED
0“ BY WELLBORE EFFECTS
62.6quB
SLOPE =
kh
BEGINNING OF DEVIATION AT -~
AT END OF TRANSIENT PERIOD B
0
| I
0l 10 10 100

FLOW TIME, t, hrs



4 )

(P-P,) k
s =1.151 —~ —log ~[+3.23
ouC .,

\_ - —

» The LTR begins when the radius of investigation reaches a portion
of the reservoir influenced by reservoir boundaries or massive
heterogeneities.



> For a well centered in a square or circular drainage area, LTR occurs
at a time given approximately by

f

\_

It

_ 380¢uC, A

k

~

J

A ft?

> For more general drainage-area shapes, t;, can be calculated from
the number in the column '"Use Infinite System Solution With Less
Than 1% Error for t,, <" .

[

-

3800puC, At

It

k

~







» Example - Constant-Rate Drawdown TestAnalysis

~V The data in table were recorded during a constant-rate pressure drawdown
test. The wellbore had a falling liquid/gas interface throughout the
drawdown test. Other pertinent data include the following.

q = 250STB/D, h = 69,
B = 1.136 bbl/STB, ¢ = 0.039, and
p = 0.8cp, ¢, = 17x10 % psi-1,
r. = 0.198 ft,
. P, *P,f . P, = Puwr ’ P, = Put
H!’!?J_Jrgj P.: (psia) (psia) I{hours) p.,(psia) {(psia) {(hours) p.,ipsia) (psia)
0 4412 0 14 4 3573 839 89.1 3515 897
0.12 3812 600 17.3 3,567 B45 107 3,509 903
1.94 3,699 713 20.7 3,561 851 128 3,503 909
2.79 3,653 759 249 3,555 857 154 3,497 915
4.01 3,636 776 29.8 3,549 863 185 3,490 922
482 3616 796 35.8 3,544 868 222 3,481 931
578 3607 805 430 3,537 875 266 3.472 940
6.94 3,600 812 51.5 3532 880 319 3.460 952
B8.32 3,583 819 61.8 3,526 886 383 3,446 - 966
9.99 3,586 826 742 3,521 891 460 3,429 983

v The tubing areas is 0.0218 sq ft; the density of the liquid in the well bore is
53 Ibm/cu ft. Determine the formation permeability and skin factor.



V" We first plot
% flowing BHP. P_, vs. t on semilog paper

J/

** and (P, - P ) vs. t on log-log paper.

v" Then we determine when well bore effects ceased distorting the curve.

FLOWING TIME, hr

v From the shape of the semilog graph, this appears to be at about 12 hours;
however, we can check this assumption with the log-log graph,



//__ e

v For several values of C, (e.g., 10° to 10%), the graph shows well bore
storage distortion ends at At=S5 hours,

POUNDNY
0. ++8
WOLLAON STORMLNE DI TORTION
¥ ; J
._ +
] [ - -]
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4_/ e

> The boundary effects begin when the drawdown curve begins to
deviate from the established straight line on the semi log graph at a
flowing time of 150 hours.

» This is confirmed qualitatively on the less sensitive log-log graph by
noticeable deviation beginning at ¢ = 260 hours.

» The slope of the middle-time line is

/ m=3652 — 3582 =70 psi / cycle

162.6quB  (162.6)(250)(1.136)(0.8)
- mh (70)(69)

N J

k =7.65md
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_ v -We next calculate the skin factor s.

P —P
NI
" ¢ﬂctrw
(44123652 . )
=1.151 ( )—log 1.442)(1(2) 393
70 (0.198)
Cy =224 _0.0106[bbl / psi
o,
. _(200000+120005)C; _ (200000 +12000(6.37))(0.0106)
C i ) (7.65)(69)
. 0.8

= 4.44

=6.37

[ hrs |

/

v" This closely agrees with the result from the log-log curve fit.
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~Estimation of reservoir pore volume, Vp

» Itis possible when the radius of investigation reaches all boundaries
during a test so that pseudo steady-state flow is achieved.

> In pseudo steady- state flow, P . is related linearly to time and
the rate of change in P, with time is related to the reservoir pore
volume.

g 023408 |
y, =—2

e[ %)
N ot ) )

Py : The slope of the straight-line P ; vs. t plot on ordinary Cartesian
Ot graph paper.
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FLOWING TIME, hr

v The graph of P, vs. t is a straight line once pseudo steady-
state is achieved



\

» It is important to remember, that these equations apply only to
closed. or volumetric, reservoirs (i.e. they are not valid if
there is water influx or gas-cap expansion).

» Further they are limited to reservoirs in which total com-

pressibility Ct is constant (and, specifically. in-dependent of
pressure).

L H.W ) Read the Example 3.2 on page 53 john lee



= ﬁal_ySis of Drawdown Test with Varying Rate

» An analysis method that leads to proper interpretation is available.

but it can be used only if the producing rate is changing
slowly and smothly.

» Winestock and Colpitts show that when rate is changing slowly

and smoothly. the equation modeling the MTR of the drawdown
test becomes

2
b -F, 162.6uB log 1688¢puC, 1,
q kh kt

j +0.0869s } + negligible terms
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" The analysis technique is

= Plot (P,-P, ) /q vs. t onsemilog paper

* [dentify the middle-time straight line

= Measure the slope m' in psi/STB/D/cycle;
= (Calculate kh from

(

§

kh =162.642
m

\_ J

and

4 — _

s =1.151 (R'_owj 1,—1og[ k 2]+3.23
q M puC,T,

\ | —




m Analysis of Drawdown Test with Varying Rate

—
=

(d The data in Table were obtained in a drawdown test in which
the rate q was measured as a function of time.

I{hours) D ey (PSH) g (STB/D) f (hours) D i (DS} g {STB/D)
(] 4. 472 250 8 32 3.927 147
o OS5 4 332 180 g 99 3.928 145
D151 4 302 177 14 4 3.931 143
o217 a4 264 174 20.7 3.934 140
0313 4. 216 172 29 8 3.937 137
0 450 4 160 169 43 0O 3,941 134
0. &548 <& 099 166 61.8 3.944 132
0 934 4 039 163 7d_2 3.946 130
1 34 3.987 161 891 3.948 129
T 94 3.952 158 107 3.95%0 127
2.79 3.933 155 128 3.952 126
4 01 3.926 152 154 3.954 125
5.78 3.926 150D 185 3.956 123

1 Other data include the following

B = 1.136 bbl/STB, A, = 0.0218 sq ft,

u = 0.8 cp, ¢ = 0.039,

h = 69 ft, ¢, = 17%x1078 psi~!
p = 53 Ib/cu ft, r, = 0.198 ft.

v Determine formation permeability and skin factor.



v" Pressures for now times greater than about 6 hours are increasing
even though production continues for another 179 hours and even
though the rate decline from this time to the end of the test is

only 27 STB/D (from 150 to 123 STB/D).
Thus, we must use the variable-rate analysis technique;

v’ the first step is to tabulate (P,-P,)/q asin Table.

_r [hours'! "

0.105
0.151
0.217
0.313
0.450
0.648
0.934
1.34

Sl
O ~Ww
D=0 a

AP, —Pwi)/q

0.444
0.621
0.851
1.140
1.491
1.886
2.288
2.640
2.911
3.090
3.197
3.240

r*[hc_:-u_r_g_]
8.32

P, -

- g —




AN

(P, - Vq . psi/STE/D

I-. A Ji
! D - oo

FLOWING TIME, hr

v" On the basis of curve shape, wellbore storage appears to end at
approximately 6 hours;

v" There is no deviation from the straight line for t > 6 hours;
accordingly, we assume the MTR spans the time range
6 hours < t <185 hours.



m' = 3.616 - 3.328 = 0.288

(162.6)(0.8)(1.136)

kh =162.62 =
m
and
Sszl[R_%f
q

=1.151 ﬁ—log
0.288

j 1
1hr m’

(0.288)(69)

( k
—log
ouC,r,

7.44

2j+323

+3.23
(O.O39)(O.8)(17><106)(0.198)2}

=7.44md

=6.02



Since Cs = 0.0106 bbl/psi, as in previous Example ,

. _ (200000+120005)C,

whbs @
H
200000+12000(6.02))(0.0106
= ( i ( ))( ) = 4.5[hrs]
(7.42)(69)
0.8

v This qualitatively confirms the choice of well bore storage
distortion end.



Iultirate Tests

> We develop a general theory for behavior of multirate tests in
infinite-acting reservoirs for slightly compressible liquids.

» Consider a well with n rate changes during its production

history,
1 2, .
q q ' ds
]
q
E 1 =]
1 ]
! 4 :
0 L, t L3 La Ln-i



5 We use superposition of the logarithmic approximation to the

E.-function solution; to simplify the algebra.

2
p_p 162.6q uB log 1688¢puC, 1, — 0.0860s
. kh kt

1026948 1ot tlog— X 32340.0869s
kh ouC,r,

=m'q (logt +5)

where

m’:162.6% & § = log— 1 ~323+0.0869%

wﬂct rw
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-' >F0rn rates and fort >t applica;ioﬁ of supel-‘po.si'ti(.)n leads to
P -P, =mYq, (logt +S_)+m'(q2 —ql)[log(t —t1)+S_]
er’(qr3 —qz)[log(t —t2)+S_]+...

+m’(qn —qn_l)[log(t —tn_1)+S_}

» This can be written more compactly as

5 =By :m’i (qj _qjl)log(t —tj_1)+m'S_,qn # 0
j=1

9. q,

In which q, =0 and t,= 0.



of more fundamenta ities, =~

P —P v (q,-q,.) k
1 w — ! J J —t ! -3, )
—an m JZ; " log(t—t,,)+m {logwc’,rwz 3.23+0 0869s}

> For the special case q , = 0 (a pressure buildup test).
P -P, =mly, (logt +S_)+m'(q2 —ql)[log(t —t1)+s_]
+---+m'(qn_1 —qn_z)[log(t —tn_2)+S_]

-m'q, [log (t—t,.,) -I—S_]

= 162.6£Zn:(qj _q]'—l)log(t _tj—l)

J=l
v The reservoir must be infinite acting for the total time elapsed t since
the well began producing at rate q; .



uild up Test Preceded by
- Two Different flow Rates T

ty =1, +1,, t=t, +t,,+Al




» We can use this equation when the production rate is changed
a short time before a buildup test begins, so that there is
not sufficient time for, Horner's approximation to be valid,
we frequent can consider all production before time t; to
have been at rate q, for time t,, and production just before
the test to have been at rate q, for time t ,’



ff/me such a test, we plot

q;Bu
m=162.6——.
kh
Note that semi log paper is not be used; instead, two logarithms is plotted
on an ordinary Cartesian axis.

_ Pihr —Pwf k
S—IISI( - “Iﬂgm+3.23),



Two-Rate Flow Test -~ : 1

~TFhis type of test can be used when
estimates of permeability, skin q 12

factor, or reservoir pressure are
needed but when the well cannot be

P TS TIRy

shut in because ‘
loss of income cannot be tolerated. t —
qB,u 1 q (9 -q) k
—p.=162.632E[ N 105 14 log (1 ~1 )+:ng(—-——f) ~3.23+0.869 s
& L?z 9, | uc,ry,
[lf [t =t,, |&[t -1, =At"] ]
T q: F C?| Pl pl + Al’
Py =pi—162.6 [lug( #wr“) 3.23 +0.869s| - 162.6 = Ilng( — )

ﬂlug(ﬁf’)l.

q



{1, + At
I. Plotp,, vs. [lﬂs( E )+ Iﬂs(ﬁf )] On Cartesian paper

2. Determine the slope m from the plot and use it
to calculate permeability, k, from the relationship
qyBp

k=162.6
mh

3. Calculate the skin factor, s, from the equation

s=1.184| {ql"_'qz)("““;‘“ﬂ] —lng(;;;?)+3.23].

I"w

v' In above Eq. P, ,, is the flowing pressure at At'=1 hour on
the MTR line and P, is the tflowing pressure at the time
the rate is changed (At'=0).



Rut - psi

st

ks g

M e w8 20 22 24 2= 2s
tptAU . qp ,
( Al }+ql log (AtL')

4. p, (or, more generally, p*) is obtained by
solving for p, (p*) from the drawdown equation
written to model conditions at the time of the rate
change. (It is implied that s and m are known at this

point.) ;
:f

lo LI . .

E(m) 3.23+0.869s

Pi=Puyn+m

U H.W) Read the Example 3.4 on page 59 john lee






Chapter 6

Gas Well Testing
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"’6’vﬂ§;""t—ests conducted on gas wellg

1. Tests designed to yield knowledge of reservoir

e Drawdown

—

e Buildup

2. Tests designed to measure the deliverability (down hole deliverability)

: * Back pressure tests

 Isochronal type tests



= -/‘"'“]')”é'liverability Tests

> Deliverability tests have conventionally been called back pressure
tests because they make possible the prediction of well flow rates
against any particular “back pressure” .

» Since most flowing well tests are performed to determine the
deliverability of a well, the term “deliverability tests * is used
rather than “back pressure tests” .

» The purpose of these tests is to predict the manner in which the
flow rate will decline with reservoir depletion



\

~_Various deliverability tests of gas well —

-Flow-after-flow (Conventional Back Pressure Test)

4 )
*Flowing the well at several different flow rates
eEach flow rate being continued to pressure stabilization

_ Y,
e[sochronal

4 )
A series flow tests at different rates for equal periods of time
eAlternately closing in the well until a stabilized flow (last flow rate is
. long enough to achieve stabilization)

\_ J

*Modified isochronal deliverability tests

* A series tests at different rates for equal periods of flow-time and
shut-in times




EXTEMDED FLOW RATE

B

ISOCHRONAL TEST— FLOW RATE AND PRESSURE DIAGRAMS

EXTENDED FLOW RATE

A

COMVEMTIONAL TEST— FLOW RATE AND PRESSURE DIAGRAMS
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MODIFIED ISOCHRONAL TEST—FLOW RATE AND PRESSURE DIAGRAMS




Classificarions and Limirations of
Deliverability Tests

Conventional
backpressure lests

v

High permeability
formations

-

Siow stabilization

:

These tests wasted valuable
natural gas, and usaally
caused troublesome caving
and waler coning

v

The drainage radwus evelves
quickly to the boundaries of
the drainage area and only a
shon period of time is
required lor steady-state
Movey conditioms

l

‘ I=achronal tests

’

Low permeability
formatons

v

Modeled exact
solution, but takes
long time for
stabihzation

A 4

Minimize flaring and
the time reguinred to
obtain stabilized
flow conditions

Modified isochronal tests

:

Extremeciy low
permeabiliny
formanons

v

Procedures use excellent
approximation and are
widely used because they
save time and money

.

Difficult to attmen
completely

stabihized Mow
conditions




Stabilized Flow Equations; r.> r,

lm#, ¢
kPg

[’—

The approximate time to stabilization

x(r(p..;}"'ﬂpn}-lmxlo‘q” [fn( ) n.75+s+n;q}

|

‘J’{PH} e ‘Hpuf) =

Agw + B

where

E

T
B=142x10°—D
\ Tt

A= 1422 x 100 fn(’—') —0.75+5
kh K

Qe IT \
(@:;.},-1.422 1= [(rw) 015+:+qu¢|]
‘pi—pifﬂ'qﬁﬂ’fﬁ |

where

.zl
A = 1422 x 10022 [IH(E) -0.75-{-5]
kh Fy

/

, T
\3-1422:-:106 ™

The constants A, B, A’, and B’ can be determined from flow tests for at least
two rates in which g,. and the corresponding value of p,, are measured; pp

also must be known.
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.b_ Transient Flow Equations; r,<r,

w(

Pup) = W(pg) — 1.422 x Iﬂ‘%“%[fn(?) — 07545+ qu,,|\]

‘ Vipr) — ¥(pw) = Agee + qu: ‘

A = 1.637 x 10°T [lug( ke

T
B = 1422 x IU‘HD

o /

/ Qn'ﬁ ET T,
Phy=pk — 1422 x 10° k; [Ju(i) —075+s+ Diq.rl]

pi— Piy= Al + B'q’,

- il [1 ke )
Al = 1.422 x 1[1‘%———‘,“'lr [2’"( L688071,Cr2 +s

T
B = 1422 x mﬂ“;i D

\ /




\_ﬂ'&_\__ : /

» In this testing method, a well flows at a selected constant rate
until pressure stabilizes - i.e., pseudo steady state is reached.

fter-Flow Tests

» The stabilized rate and pressure are recorded; rate is then changed
and the well flows until the pressure stabilizes again at the new
rate. The process is repeated for a total of three or four rates.

qp F‘,ﬂ'f.z




"% Two different techniques can be used to analyze these test data.

I. Empirical Method
II. Theoretical Method

I. Empirical Method

> Aplot of A" =p"—p," vs. q, on log-log paper is approximately
a straight line for many wells in which the pseudo steady state
is reached at each rate in a flow-after-flow test sequence.



> The equation of the line in this plot is

Where :

=

flow rate at standard conditions, MMscfd

(14.65 psia, 60YF)
average reservoir pressure obtained by shut-in
of the well to complete stabilization, psia
flowing sandface pressure, psia

my ol

PR ™ Pyt

a coefficient which describes the position of the
stabilized deliverability line

an exponent which describes the inverse of the slope
of the stabilized deliverability line.



Stabilized deliverability

Zero pressure
N £~ ‘
E_‘ Pressure related to a
‘E‘ - particular T T i : Potential at the particular
) backpressure ; = backpressure
&g
S

Absolute open flow
potential (40OF)

v v
Log gas flow rate, mmscfd

v An AOF determined from such a lengthy extrapolation may be incorrect.
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> The constants C and n in are not constants at all. They depend
on fluid properties that are pressure (and, thus, time) dependent.

» Accordingly, if this type of deliverability curve is used, periodic
retesting of the well will show changes in C and perhaps in n.

» We must emphasize that deliverability estimates based on this
plot assume that pressures were stabilized (r;>r,) during the
testing period used to construct the plot.



vs. (, the result (for pseudo steady-state

flow) should be a straight line with slope b and intercept a.

> Because this line has theoretical basis than the log -log plot, it
should be possible to extrapolate it to determine AOF with less

error.



o

Example-:- B e e T e

The data in following Table were reported for a flow-after-flow (or four-
point) test . At each rate, pseudo steady state was reached. Initial (i.e.,
before the test) shut-in BHP, p , was determined to be 408.2 psia.

Estimate the AOF of the tested well using
(1) the empirical plot and
(2) the theoretical flow equation.

In addition plot deliver abilities estimated using the theoretical equation
on the empirical curve plot.

Test p.s(psia) q_g(MMscf!D)

1 403.1 4.288
2 394.0 9.265
3 378.5 15.552
4 362.6 20.177



_Soluftion :

We prepare a table of data to be plotted for both empirical and
theoretical analyses.

Pt Qg P2 =D’ (02 - P2r) /G,
(psta)  (MMscf/D) (psia®) (psiaZ/MMsct/D)
408.2 0 - -

403.1 4.288 4,138 964.9
394.0 9.265 11,391 1,229
378.5 15.552 23.365 1,502
362.6 20.177 35,148 1.742

14.7 AQOF 166.411 -



1. Empirical Method. From a plotof (p 2_ P2 ) vs. q, on log-lTog
paper, and extrapolation of this plot to P2 P2 =166,411
(where P .= 0 psig or 14.7 psia). AOF =60 MMsct/D.

The slope of the curve, I/n, is

log (5% ~p.r?)s —log (52 —pus?))

1/n=
log g, > —log g,
103
log ( ——103 )
= BT " 1.449.
og (177)



| Thus, n = 0.690. Then,

4

q _ o .

C=—
(P° = Dys®)"

Thus. the empirical deliverability equation is

g, =0.01508(5% —p,,*)%5%
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Stabilized gas well deliverability test.
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/2"'."T'he.0retical Method.

The theoretical deliverability equation is

(ﬁz _puj'z)/qg =a+bqg

Next figure. is a plotof (p 2_ P ;2 )/q, , vs. q, for the test
data. Two points on the best straight line through the data are
(2.75900) and (23.9; 1900). Thus,



\\

'
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| ~ ;
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e W :
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=
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6 4 8 2 = 2 24
qg.MMSCF/D

Stabilized deliverability test. theoretical flow equation.



= 900 =a+2.7b,

1,900=a+23.9 5.

v" Solving for a and b, we find that a =773 and b = 47.17. Thus,
the theoretical deliverability equation is

2 _— 2
47.17 gg©+773 qg = (p* —Pwsr”)-
v" We can solve this quadratic equation for the AOF:

47.17q,* + 773 q, —166,411=0.

v’ The solution is g, =AOF =51.8 MMscf/D.
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= Ig;)chronal Tests

» The objective of isochronal testing is to establish a stabilized
deliverability curve for a gas well without flowing the well for
sufficiently long to achieve stabilized conditions (r; > r,) at each
rate.

»> An isochronal test is conducted by flowing a well at a fixed rate,
then shutting it in until the pressure builds up to an unchanging (or
almost unchanging) value, p .

» The well then is flowed at a second rate for the same length of
time, followed by another shut-in, etc.

» If possible. the final flow period should be long enough to achieve
stabilized flow.



Wt points

L

1. Flow periods, excepting the final one, are of
equal length [i.e., 1) =(r3 —12) =(ts — 14) < (17 — 1)].

2. Shut-in periods have the objective of letting
p = p rather than the objective of equal length. Thus,
in general, (fy—1))#= (14 —13)# (15 —1s).

3. A final flow period in which the well stabilizes
(i.e., r; reaches r, at time f;) is desirable but not

essential.
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~—> The most general theory of isochronal tests is based on
equations using pseudo pressure.

» However, we will once again present the theory in terms of the
low-pressure approximations to these equations (p? equations)
because

/(1) They are somewhat simpler and less abstract than equations\
in pseudo pressure

(2) They allow direct comparison with more conventional analysis
methods based on plots of (p?-p,) vs.q on log-log paper. y

N




“> We observed previously that the radius of investigation achieved
at a given time in a flow test is independent of flow rate and,
thus

V at a given time, the same portion of the reservoir is A
being drained at each rate in isochronal test and, as a good
approximation, stabilized flow conditions exist to a point

% just beyond r=r; y

» Two different techniques can be used to analyze these test data.

I. Empirical Method
II. Theoretical Method
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coretical Method

The theoretical method for analyzing isochronal test data is
based on the theoretical equations for stabilized flow and
transient flow .

For stabilized flow

a=1,4zzféfé£-7:[ln(-’3—)-o.?s +sJ
) 5 kh I
pl _pwf2=a‘qS+bq§ C

rizr, b=1,422" ﬁzf;

D

=



= For transient flow :

ﬁ: -pwfz . ﬂ:Qg + ngz"

= -z.
i~1e b=1,422 58788 2




(J Read example 5.2 on page 82 John Lee.
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» Since an isochronal test consists of a series of draw down and
buildup tests. kh and s usually can be determined from them.

» .Recall that a single test provides only an estimate of s' =s + Dq,

> To determine s, we must analyze at least two tests: eithe drawdown
tests run at different rates or buildup tests following drawdown
tests at different rates.

» We can then plot s'vs. q,;
extrapolation to q, =0 provides S’ R
an estimate of true skin factor s “~g'z- g
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‘Moditied Isochronal Tests

» The objective of modified isochronal tests is to obtain the
same data as in an isochronal test without lengthy shut-in
periods required for pressure to stabilize completely .

» In the modified isochronal test , shut-in periods of the same
duration as the flow periods are used.

» The final shut-in BHP (P,) before the beginning of a new
flow period is used as an approximation top in the test

analysis procedure.

Qe EXTENDED
FLOW PERIOD

S ——————— — T — ———— — —— —

Rvse

\‘\k B, ts(STABLE)

TIME
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for the second flow period, use (P

ws,2

For the first flow period, use (p > P> )=(P? - P ?)
2 <P ;,? ). Otherwise, the
analysis procedure is the same as for the "true" isochronal

test.
10.0
o | ]
P - ———1——11 T ——1—
Stabilized Point ==
2 2 | |
(Pur— Pwt ) Stabilized ! I
{Pliﬂ}z 1.0}—— Deliverability ﬁ’l =
{imtkow Rata) Ling s ] -
Transient |
- Deliverability {
— I:tﬂnapt | Limne i '
i r""' Slope = 1/n i i
b v I I i| lacF
0.1 1% AN
1 10 100

(1 Read example 5.3 on page 84 John Lee .
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Chapter 7

Software Review



* In well testing-in general-and in well test interpretation s

software there are several emerging trends:

-

N

— This market segment is very competitive.

— Popular software are easy to use and follow a common integrated

interpretation methodology.
— Ease of use at the expense of functionality (and vice versa) is not
tolerated for long.

~

J

* The technical community is up to date with state-of the- art technology
- demands/needs the latest to be incorporated.

* Numerical well testing is becoming popular.

* Integrated interpretation methodology incorporating both analytical
and numerical techniques is required.
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“Interpret 2000 (Baker Hughes)
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7Zodiac (Schlumberger)

e Has a long history, and has been around since 1992 when it replace}
earlier software called Star. Now linked to GeoFrame , and in
maintenance mode only.

e Consists of two separate programs: test design and test interpretation.
Each of these is divided into a number of sub-modules.

e Has a useful section for layered reservoir tests and selective inflow
performance (SIP) analysis.

* Does provide good analytical techniques for interpreting well tests, and
has some functionality which is still absent in many well test analysis

{Ckages. /
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_Welltest 200 (Schlumberger)




