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Disclaimer
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This document has been prepared for use as a lecture note for the subject indicated above.
The contents have been complied from relevant text books and technical papers, with a main
emphasis on the teaching methodology and learning step on the subject. The author does not .
claim the originality of the presented materials {e.g., theories, formula, ilustrations &
tables). The document is not intended 1o be a technical publication. It serves as an internal
document, and hence should not be distributed nor sold to publics.
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. Displacement Efficiency(4 hrs)
9. Potential flow and Streamlines (4 hrs.)
10. Dynamics of Water Drive Reservoir. (6 hrs.)
11. Water and Gas Coning (4hrs.)
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13. Enhance Oil Recovery(2 hrs)
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Figure 1-1 is a graphical representation of the SPEWPGIAAPGISFEE resources classiical
system. The system defines the major recoverable resources classes: Production, Reserv
Contingent Resources, and Prospective Resources, as well as Unrecoverable petroleum.
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Figure 1-1: Resources Ciassification Framework,

As flustrated in Figure 2-1, development projects (and their associated recoverable quantities)
may be sub-classified according to project maturity levels and the associated actions (business
decisions) required fo move a project toward comstiercial production.
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Figure 2-1: Sub-classes based on Project Maturity.
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PROVED RESERVE

« Commercially Recoverable
— Geological, Engineering And Economic Data,
Rule & Regulation
- Operating Methods
- Developed/ Undeveloped
— Price, Cost, Time Span Of Development

- Deterministic (High Degree Of Confidence}
~ Probabilistic (90% Probability >= The
Estimate)

“Reserves ars estinaled remaining quantlies of off ard gas and
retaled substances anbipated o he econsmivally producilis,
as of @ given dals, by application of developrnent projects ia
known accumiiations.”
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PROBABLE RESERVE

« More Likely Than Not To Be Recoverabie

= Step-Out Drilling/ Inadequate
Subsurface Control

« Well Log/Mo Core Test/No Analogaus To
Proved Or Producing Area

« In Fill Which Can Be Proved If Approved

» Improved Recovery/Adjacent to Proved
‘Area/Workover/Incremental From
Volumetric Estimation

« 50-90% Confidence

Frobable reserves are those adiifional reserves that are less
eqrfaln lo be recovored than proved regerves but which,
fogether with proved reserves, arg ag ikaly as nol fo be
recaversd”
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PROBABLE RESERVE

* Separated From Proved Area By Faults
And In The Higher Structure

Ehganett of Remni Ensooening

Reserves staucturally lower than the Proved area are not
addrassed in the 2008 SEC Regulations

& Proed v Rrerdsonsbly Cetan

Lass Corthin than Prived, Hiore Gestain than Pousdie

FOREIA - Lo PRttty t exppbamy AP

The case where Proved Reserves alone are not
economicaily producible, bt the Proved plus Probabie
reserve case is economically producible, is not
specifically addressed In the 2009 SEC Regudations
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POSSIBLE RESERVE

tess Likely To Be Recoverable
10-50% Confidence

Supported By Geo/ Eng/ Eco Data But
Beyond Probable Areas '

Log /Core Not Pmducti\m @ Commercial
Rate

“Enfilt Drilling Subject To uncertamty
Improved Recouew '
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“Fossible ressives are those additional resesves that are less
certain o be recoversd han probable reserves.”
o8 Z04 10 {al £7 g, 2191

POSSIBLE RESERVE

» Adjacent To Proved Areas, Separated By
Faults But In Lower Structure
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The oil and gas reserves estimation methods can be grouped into the fallowing
categories: P g
L. fnalogy,
netric,
3. Recling analysis,
4. Material baly
5 Ma
6.

Reserves Estimation Methodology
Volumetrie Calculation

Reserves = Bulk Voleme , ¢ Sa. 8 . Rf

é = Prarosity

& = Suteration

Bo = Folume Foctor
Rf = Recoverp Factor

The provedimeniz el esibe g d ot fhaae Reserves (SCF}= Axhugn (L8 )uFp{ VB
- i 1 1
g D eclm of 10c), oomaining pasie pdbeerbo Som e Bk Rrerycir Vol vy
seocrsd o bopech s, Secmangmet Loy
(o) Detrming webd spscein cks 2xettge effictine {{ponosity} Font Vebime : )
(et Decarize sl reriring gt vk '
§

. Peidonotis 5,18,

Lis Valrrin Reserir
) Dipemize treoeemtle s for Bpdworbonsy by makpleg =

reouny iRy Reryverably Gae Vefume
o] Dctemrine sesenz vabme 1 emiisd condtion by didieg i g
$rtrision vl fanior (8, ) Revererabie Gas Vileme in SOF

SCE = Standand Cobic Feot { 2 sondodd ceonfian)
Axk =remdrviominai b
Q= porceity exraeesd 2.2 faccion of ulk vl
8 eumerenmrion ogeied Ka Bartie of ol space
Ex =Beceovmey oo exprund g4 Bacten of il i
By ~ ormaiim sabore Dstar s oo Reestrvele/ SCF nfoee
B A(idy exgemotin Ao fl. 22 cteve fesda ni b

Gas Volumetric
OIL Reserve= 7758Ah¢(1-S,)BF.

Reseeves(SCE)= 0360 A xkx g x (1-8) Fo WY

Estimalion of hydrocarbons in place

Thc tonls and motieds employed 3o inlicabed befaw:
RESERVOIR BOURDARIES
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TEsECERiT HC sefymes In ref surfaen

8
1 =
BASE(S) OF ACCUMULATION{S): BOAW apd OiG inarfmt(s} g P ;.
Well tedt, dogs, anatyshy of capittuy mechsaizms in corcs g 2 E¥
557
FRACTION OF ROCK VOLUME OCCUTIED BY FLUIDS g =
(parasity) sE=
g+ ¥
Core anslyis, foga % i
2 -4 a 2
PISTRIBUTION OF FLUIDS IN THE PORES Gaturition) g__, %
H o
Analysis of capiliory meckasiemy in ore, lags ?»'g .
. wE
DOWRHOLE / SURFACE RELATIONSIHID IC vetumes {x fafthat g B "
H 3
2
El

EVT Raboexioey avalysiz of represdanative amphed of Rsidy




sy

Volumetric Estimates

* Reserves = Reservoir Volume x Porsity x Ol Saturation x
Recovery Factor x Shrinkage to Surface Conditions

« In oilfield units:
Reserves =[T758 x Axhx ¢ x (1-5 ) x Rl/Be
where  Or 43560 for gas ar iy

7757 =hbbisfacre-ft

= area (sq. ft) or Acre

net thickness (ft)

porosity (fraction)

= water saturation (fraction)

= recovery factor {fraction)

. = formation volume factor

WWw
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s o

= (Gas formatiom volume factor
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Fig, &) fropay map for a hydrocarbon-bearing paol
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Simpson’s rale(if the numbers of contours are even)

Ve =W {yoty )+ riysttyugd Y20yt tpnn]

Trapezoidal rule(with some what less accuracy)
Ve =h{l/ 2y tyriyztetVorf
Pyramidal rule(if 4,./4,<0.5)

Vg =M(A4+Au+f+ VA,'A,H-})
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Reserves Estimation Methodology

Material Balance
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RESERVES ASSESSMENT METHODGLOGY
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“RISKED" RECOVERABLE RESERVES BANGE
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Wit Simsalaion is repmsanes e phasicl pmemenaofa sowraiy

o=, + Siemfie =mgiete o of BB s o - -
: + Sileion im@sm;t;::kmﬂmﬁwm Reservas Esfimofion Methodology: ™ Imitation
by $m ot o Y | .
BN ety ol ReereirSimutation M An attempt to duplicate the features,
Wadisti s appearance, and characteristics of a
” Sovbiar oo ok real system
1. Toesperiafion atodd ectwads : o . .
2 Skt 1. To imitate a real-world situation
3 Sg‘f;jft;i:;m | mathematically
5 b S : 2. To study its properties and operating
: characteristics
et g 3. To draw conclusions and make action
dedisions based on the results of the
Reservoir Simulation sifufation

Simutation-New Definition

« A simulation is a computer-based model used
to run experiments on a real system
- Typically done on a computer
- Determines reactions to different operating
rules or change in structure
~ A given system is copied and the variables and
constants associated with it are manipulated in
that artificial environment to examine the
behaviour of the system

What is Simulation?

As used here, the words petreleum reservoir
system include the reserveolr rock and fluids,
aquifer, and the surface and subsurface
facilities.




Fluid Flow Equations
Governing Equations

~ Mass Conservation {Material Batances)
- RDarcy’s Law

- for: oF B Sioks
— Cunuarvation of Encrgy (Fh-zt Laww of Thormsadynanics)

+ Equation of Stato

ﬂamy’s Lovwr

ot i weo redacing in angative sign
arch wer mwﬂm In a ﬁrn‘nmnﬁal eqiratian form. d

o

&
Ve 2B

Subntitute v in Mans Balance Equation
{(cansidaer oniy x-d[rection)

Wihat is reservoir simuiatlon?

- A raaantatr simuiaﬂon = o mathamatical
¥ i thrnt repr iyl
phanaomonag of o resesvolr.
YWhy do we neaesd o Reseorvoilr
Simalatory

~ Becauss & resaervolr siminiator Is a povwaeful
tool and ot expensive . VWa oan prodict
what is golng in the reservoir and o amownt
of producticn from allemative oporations.

Types of Reserveir Simulation

- Black OH Simuiation
= Compositional Biack O Simulation

- Caupled Fluld Flow /Geomechanic
Simutaticon
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aapragion and copsBany pressores of the cil-woter orf paeolf sysiem

B35, 45, 5 b, PauFrePy | Po= 8ol
For threg-dimensdonat sysiem shown ia Fig. 306

{fetnmmy, Htdion * ek 030
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Alt mathematical technlques are simply an

application of the three fundamental equations of
reservolr engineering

frarey’s Law

o+

Material Balance Equation

+ .

Fluid Properties {PVT or EOS}

- with varying boundary conditions

Modeling Methods g

Modeling Methads %ﬁ
Finite Bifference Process

Brivitle the reserveir into numerous blocks an
reprasents it with 2 mesh of points or grid blocks.

ey

fModeling Methods

Finite Difference 3 Step Process =

Sofve mathematical equations for each eell by nurerical

methods to obiain pressure, production and saturation
changes with time.

*Reserve Calculation

*Volumetric

e g vlavmiic okl e be perfiiod 24 flim Reserves 8CF) = AxAzgx (b S.%xle( 178y}
S

€l Thaeenies vadas of . omasiing gsior bnyGrotabmsd fom e 1

1 1
eservai ¥ . 5
st s T seaps. Bk w&’f:.—t f 13 f
% Mhserasie wid sgmo ok fFeetivit { (pomacityd Toer Ve ' i
o) Tisesmiar wpbirme pecemags meeing gasior uakecasbss) e et E i
B R R GarVelsow i Rraxeealr 1 '
i) Dasiine roovedie @ (¢ Dedroodoos by wullptng wib '
[ Reeywerabhs Gas Vel i
421 Buteming szamr vabme 1 vemind e by Ghifing atlh s
femricn ol froordB, | Regawvradls Gan Vednane i SO

SCF = Sondnd Cobic Fost (8 sndied oot
Axk oo inelishe
& =gy expessad 33 Bk of beRnalne
8y enperseto expewed zoa faction of v e
¥y = Reavery fictor exgerased asafction of senl inpizee
B, ~ Semotioos vohomne fer in puft seservaie: $CF srfice
B A¢E i expesued B Aol e cbovefnadawifite

Gas Volumetric
OIL Reserve= 7758Ah¢(1-S,,)B,F,

Reserees(SCF = 13368 4 nhowd (- B oFe (118

Reserves Estimation Methodology
Volumetric Calculation

Reserves = Buik Volume . ﬁ’ So.Be . Rf

¢ = Parosity

So = Satration

Bo = Volune Faetor
Rf = Recovery Factor




Volametric Estimates

* Reserves = Reservoir Volume x Porsity x Qi Saturation 2
Recovery Factor x Shrinkage to Surface Conditions

= In oilficld units: . :
Resewes»f?'lS& ZAX hxﬁ x (1»8 }xRI{Bo
whers - € 3364 for gas : ar Bg

“TI57 =Ublsfgcre-ft
A =area(sq. f) or Acie
h = niet thickness (ft)
@ = porosity (fraction)
5, = watersawration {fraction)
R =recavery factor (fraction) -
Bo . =formation velume factor
Bg = Gas formatiom volume factor

i

- The ma;;n?iud@ of uncertainty, however, decreases. with time untii the economiz |

Hiemit is reschod and the wiimats secovery s restized, sae Figure 1.

Fitemet
Bty

Hebry 14 Beriig Labbatin

A

Figtive 15 Mapnitide & ﬁc.;«gim\;'m:'ssewas-ssﬁmse@s :

The oif and gas restrves esi:matlm methods can be grm,;wd into ﬁ\e foliswing

categenes:

. xecling analyws,
4. Matatizl afance salsul a‘n"-'t.f £l FaaaIal ;
1atiang for gug reseryglrg,
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" éourse Contents

1. Optimization of Matersal_gaiance e

Equations (6 hrs.)
. Saturation and Relative Permeability Calculations (4 hrs.)
. Steady State Radial Flow (4 hrs.)
.-Unsteady State Flow and Superposition (4 hrs.)
. Pseudo-steady State
. Well Testing Pressure Drawdown and Build Up (3 hrs )
. Interference Test and Type Curve Analysus(Shrs)
. Displacement Efficiency(4 hrs) | o ’
. Potential flow and Streamlines (4 hrs )
10 Dynamics of Water Drive Reservoir. (6 hrs. 9
11. Water and Gas Coning (4hrs.)
12 Multi-Phase Flow and Introductlon to
13 Enhance Oil Recovery(z hrs) -

DN AWN

ir Simulation (4 hrs.)
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than the formaticn antd vates compressibilities, and the sewad e on gy
left-hand side of Eq. {2,.16) beeomes mglng\hlc .

ot . .
@&3 E‘:‘igﬁﬁf}zm,— )+ W G, B, B, W, (515

Wlsen ectervair pressuses are abnctmally high, tiis term s ot noglinibbe ang

should not be igroted. This sltuation b discussed in 3 Inter section of thi
ehapter.

Whan there is reither water encroadhment inte nor water prodaction

from a eercrvoir 4f interesi, the feservoir §s said to be volionorric, Fory
- volimetric gt resenvoir, Da. (3.13) seduces o

G{8, - B Y= G, (318

Using Eq. (1.16} and substituting cxpressions for #yand #,into Eq. (.16,

the Folfowing is ablained:
T) Mﬂ) ( ‘_.. .1

Noting ihat pfoduction is ity un isoth, i process fi.c., tha reserve
kmpera:urc temains con.slanl} I?sm Eq. (317} is reduced to:
sf-o-ol)
Reavcanging: i e "“ﬂ - i
G, + B a1,

Bectuse p;, 2;, and € are.constants fot a given reservoir, Eq. (3181 stzg;—:ﬁ”

“thata P’;mfuf. a3 saitdingte versus €, 25 the soscissa would mld;s:rm}ﬁ
" ling with: - . Bl X

. -3

shope = pry
& A 0] Es &
¥ inderecept P

“This plot iy shown in Fig. 3.6
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#4  THE GEMERAL MATERIAL BALANGSE FOR (i, RESERVOIRG

Haviena and Odehi (1963, 1964) intreduced the application of materisd balance to
wi suservaies that have initial oil-in-place N and a rario s relating the oitial hydrocarbon
veltie in the gaseap to the initial hydsocarbon vohane in Ve uil zomes

%4.f  The Genaralized Expreasion

The lized expenssion 28 p d by Dake (i978) (and ignoring water influx
wd prodaciion) is

Nl 4 4Ky — R o Mrd[ i
g2

+{f +m) (%sﬂiﬂ) Aﬂ]
- sk'(

In Ex; 17130, &, is the ive oif production, R, is the producing gas-oif ratio, and
Sow B the :nmsunsl waler saneasion, Al other vambies ace the usust thermodytamic
and pﬁzyszca! prupcmcs of & two-phase systesn, Growps of varables, as defined befow,
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EXAMPLE -3
Material balance for sawrsted reservoirs?

An ail field produced 3 In the schedule in Table 9-2. Fluid gwoperties are also given, The
feservair pressure in the ait and gas zones varicd somewhat, thevefore, fuid propenics are gihven

Tableg-2 :
Producilon and Fluld

Data for Example 3-3

Date - N, (5TB) G, (MSCE)

inme — —
151 49256 751,300
152 1015,700 1409600
53 1.322.500 3,901,600

, B oal j, Beatp,
Date B {psia} By (psia) {res bbi/STB) {ras YSCH)
51189 4415 4245 16291 000431
17191 8IS 4025 1.6839 (00445
7192 3315 3305 1.7835 (HLOGS50
17193 2R45 1985 13110 000556

pie == 4250 fria

Ry = 995 S5CFSTR

By = 1 G330 rey BLYSTH
By = 16291 yos bOUSTH

for the simultaneous pressures in the two zones, Caleolate the best value of the initial oil in
place (STB) and the initial roral gas in place (MM SCP.

The oil zone thickiess is 21 f1., the porosity is 0.17, and the water smiuration is 0 %I
Calculate the sreal extent of the initial gas cap and the feservoir pore volume.

Reservoir simulation has shown that a good time for 3 waterflood stam is when 16% of the
original oil-in-place is pmducc&. When will this happen if 2 constant flow rate is maintained?

Since B, data are given in this example. the already-developed cquattcmg fcr F,E,; and
E, sre developed below in terms of B, Becavse

B, = B, + (R~ RB, @31
then

By = By =~ (R~ R)By : 93
and therefore

F oo Np{B, + (R, — BR8] 93

Ey = B — By 93

E, = B, (-— - z) (9-35)
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y Mk Al Sorarlat Bem 788 Sottion  Tebis 9-3ontains the eafculared R, 2 5,/ ¥, ) anditer vorisblos F, B..and £, 33
given by Exs. (9-33) teroagh ($-35) Alse, in the mapner soggeseed by Eq. 92230, the watiables
Exaoeple 114 FE, 2k £y e tived
The productica history snd U PYT datx of 8 gas-cap-drive stservair Takda 0-9 o
am ghean befows
: for tha Materia! Batance Straight
] , 3 Line of Example 83
teta i i ] BhYST bt
Date &, (SCESTR) ¥ £, £, FiE, i,
s a3 - e 1.9 som
i 7 4925 5L sy o HIS 1SS AP ST EW k107 3T 096
U1k 3H5 1057 24706 47838 HOXET Mgy Bm ST x P IBAx 0T 23k 5w B4
s o843 s B0LE 20010 Q00053 AT M TS 1P 2SRRI AT 100 60 1T L6
Figure 94 2 st am g - o
PP, o ST, Estiute the faifial ofl and apictaf Froviding of§ 10 §TH = N, theimitiad
mwm satudiiity Ry is 775 the sl il odl-in-place) and 2 stope oqral 10 4 ® 107 (= M) Thiz om0 m = o, [ ot were
gasinp : &g&! s it s v, . e et b aqus o uoro. [ peacsel, v goe of Eg. (9-25) fmnsd of
LA Enq {52} s recammendad, siace the Yot is incladed in the fortner ]

Fotudian EYE e

Seepr 1. Caieulate e cumulative provucal gas-oil eatio R, 7

= /
B Ruif h&! ".fga ’ &
413 - ol - s 7’
w3 513 s w1
pLiLY 4NE fil = uwne e? .......
3218 N 13323 2959 [t A e
:s /fé v W mz
Step 2. Caleulats F, B, a0d B W fyle
I r E E /
z
7 208 10° ooy oo = Ly
s BT RIP o.15m o1z
2045 1705 x4 Q2820 DAY N *
Step 3. Caloulste I8, and BT, 0
o 1 2 3
® bl il LN
75 P s Figury 91
;:g ig " :gi :;; Marviat hakmoe ckulativn £ 2 twiv-phu TrTRE TR 30
Fhe porz volsne of off is then
AR Bertcrsides, M, s 1B 0. Poersiass radection Syaevss . ¥, AL e 0 % SEHLGION == 147 % 107 20 1A 938
5 FLrCRIt of Woll Prodmedion  LAnp. ¥

Solution  Tubie 9.3 connaing the cxlondated B, (1 65,/ M) and the vasiables F, £, a0 £, 25
given by Bqs. £9-33) throngh (9.35), Also, Inthe manser supgened by Eq. (0231, tha variables

FUE, 2l £, £, are v,

Tabla 83

Ealcuiated Virtables for tha Matsrin? Balance Stralght

Line ol Example 3-3

Date &, (SCESTE) F £ [ FIE, E,IF. o
VI 1535 204K I SAB (07 S010F M x107 606

i BR FI x4 LSXID! 22107 SEx10 L sdthe :

N1 /W . 105U 2m kM0 LM A0 60 x0T EST pce el clihe guccapiy

. Vi 1 02,  (RARLAD 5 1) = 80 3 10 ses b ¢
Figure $f-4 is 2 plot of the relts, providing anineceps of 9 x [0 STH (== N, the Inisaf .

aif-fn-place) and & stope squst 10 3.1 x 107 (= Nmi. ‘This beads (o 0t 37 334, {1 thore were Thedrzinage zva of the off rone i aaen s

s nitial gas e, ther slope wouth be aqual v exce. I penicral, e wse of By, 323 Hutond of v o
Eq. 1921} s recommandad, sines the btber is incladed i the farmer] : L. J— a
) FEReRG- S
a1 theenefore
T
(147 % 0%y
- [ Rvp—..L Lt
. / © G O e e 4
/?/ 16 of initial o-30-pltce is B0 be prodaced, ten e
5 / 1, 2 40.1610F x 16°) mm 159 x 107 10
=2 Froatt Teble %2 vhie flow raie betwren 1122 2nd 7195 bs apgonsimatcly 890 €
% 4 SIS rom 1A oosd the requived dite for wtter Rudag, Srere 77 be A peod o o4 a4
sek” oA B mmEmR LED kB STH of produstion, Wik the same produtica ke i woutd soquine 140 d]
N / a yﬂé aihiions] prodisctine. Thes wiser foring shoald bogim st 1500 My 1995,
® / = T4
1
e F E,
] H 2 3 . A g g -
i v N e N (9-23
B, E, E, N
Figue 84
Wlazriad Bk st For 1 Caes {easi bnsorvotr inample 35,
The pore woline of ot fe then
Vi 0 Ml o6 9 3 BVHLA291) = 147 % 167 cex Lt 936 -




L. The Ione Star D4 Co. producer SeB gave the foliowing

pressure~production data:

Ne  Gp

Tate Avy. Press, Can. 573 Tum. Gpw MCF
Initial | 240 ] g
©T/85 - 2685 IR [-4: & & S 37851

5766 2354 o B 1211 74137

5467 2238 - 15629 . e

7253 2375 83584 | 115236

37468 2305 95100 148200

the W data {5 as feliﬁ#_s: :

Pross 8, (3/3} B, (iolfvol) % {sez/e)
2540 1.528 - 877
2560 1.563 0, 00818 .77
2364 1.635 - 0.00688 a6
7328 1.588 0,06851 / S.61§?$
2378 J1.634 0 0. 00874 £85
2308 1.655 0.50702 565

netaraine the originzl ofl ih place by “‘3
{1} using material belance as a straight iine. §
(2} uning che last measured production,.

Assume: no gas fap &Y water inflex.
Applying the above conditions on Equation 11-32 gives:

2 Fa N, [B, +(], — R,) Bl + W, By
. F=N{En+ﬁl‘w) o (B, +(R, 1) Bg o
E,= B, — By

Ep =B [(By/By) ~ 1]

o san

aned Tl

fal s osiatar flaw ged ne

inflan

) wazer

R valathanship




& 3eaw.

12) A secopdary gun dndeckion projest was initfated afror A F: Np [854‘ (Rp haad Rsi) Bg} + wp Bw
vezrs ln a yolmmeeric oil Ieassrolz.  The followiag daty
E,=B,—By
=

deseribes the raservoiy:

7, = 429n R, " 97 mow 0,075
Eg = Boi [(Bg/Bg) — 1]
L) = 1.6330 3, = 1,825%1 B, = 1955 g BO! Bg/ng) 1
% 5t v .
¥ = 1,75 - 0,435 * 18 =3 3 ﬁ

* - B -B/rrcem i

fegzming ne water indlawx, wilzg MEE 43 a st. Xinas

F E
—=N+mN| -2
1. falealasa the eriginal eil in place E * E
ne o o
Triginal gan in piaon
3. vsing Pizson's fozm of [FENP’.BI+(R7 “Rn)Bs]*‘WrB-"Glﬂnw[
tha fallowing ak 1/63

fi Bepletion Mrive fndex F=N {Eo +m Eg]

{dis Gas brive Index

Dats follows: :

5 0oy S % A
ST <Y awr = FLEN
fit £3 13 {4) {5} {53
i PR
Th¥a | 2,573
2,508,150 nmi dosms | ey o
2,503, 40 Pnme ioa F
y | sem |z Lot i R a/s 615
TUUH | LG ;49,500 frame | ooamse oo *

FiEa va EQiEa PLOT

OG0
FHIEN0G +
F:1 100000 £ e 1 £ vs EiEe
E : wefie Sorins?
I Satiesd
@ HO0050E
w reimin Getiesd
emes | 08¢ € E0 vB EpEO}
. :
¢
06 150 1.50 200

EgrEs

Step 4. Plot (FIE,) versus (83!5';,)_ a5 shown in Fignre 11-22 to give:

*lnlercepta N = 18 MMSTB- =
_"Slope=Nm= y 354000 '

Step 3. Cafculate m: A
SR 30000 ESH00000=0,075

Srép 6. Calculate initial gas it place G:

B SO0TSAIHNLGILAO067T= 2 SSEMMMSCE
1




ey

pra,

En

9r & 25 raserve
C B+ B -W =
0% e ~ W, GE
Using the avove eduation
NATASTALY Lo obigin:
(1.} Gas in place
{2.) Gas in place
undar (a2}

(b} water infiux and wab

Sketch the re

iz oan e staved EE

ST up the s5t. ling aguation
and Inflex goastane
O water FIux and ne.ge roduction

2T Troduction,

lationship vou will [=:

i
o Rezeronir Bnginrcrivg Mool

M Ths cumulative gas-oil ratio at 1302 gei is recorded w1 953 sc&/STH.
Calcudate:
a O saturation =t 1362 psia
b. Violune of the free gas inthe reservalr ac 1362 psia
© Relative parmeabiiisy ratio (k/k,) e 1302 psin

4. Fhe Nameless Feld i an sad S-oil seservole, The cruds oif

systes and rock type indicates that the reservoir is highly compress.
ible. The avaitable reservoir snd production data zre given hefows

Sy (.25 ¢ =70% Aren = 1,000 diees
=T T« 1SPF
Bubble-poist pressuet = 3500 psia.

Ocigind condifisn oo carefions

Prosmere, psi 5008 4500
B TR 1005 L38
Fo sclfSTIE o) R

NP MSTB 1] 6le.2

Caleslate the cumulative ofl production a1 3900 psi, The PVT datz

show thal the il formation volume fctor is equal to 1.938 bBUSTD at
A0 pata,

iH 5, Toftowing data” is available on a gascup-drive messreoic

T wdm ulim miw i e

333 £251 50 00087
pAs] 3395 Lase 235y 417 Q0032
3003 55063 1,06 el 43 000036
TE 8452 L0 R A2 200
] HE 0 1235 12022 A6 COBIGT
255 451 1365 - a5 an ann ey
2.6 k] 1300 11802 352 080120

Caleulate the inmizf off amd free gas volumes,
6. The Wildear Reservolr was discovered i 1989 This ressrvnir bad an
initisl resexvoir pressure of 3,000 psda, ang icharstory dotn indicated a

bubble-poisst pressure of 2,500 psi. The following
available:

Arma . = TG eses

Thickness =356

TPorosity =20%

“Femperature = 1F

APL gravity =50°

Spocific gravity of gas =072

Enjtial water saturation = 25%

#Avesage inothermnd off comprewibilty abave the
10ré it

Calewinte the volume of oil initially in place st 3,
i STB.
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4. A saturated oil reserveir is believed to contain an initial gas cap with
m = {}.3. The initial pressure at the gas-oil contact, which is also a
convenient datum, is 5,909 psi. The PVT properties of the system at the

reservoir conditions are as foflows:

Pressure
psia
5.000
4,300
4,250
4,200
4,150
4100

R B
SCF/3TD  RB/STB
500 13050
338 1.2280
325 1.2200
310 125
295 1203
80 1.2

B,
RB./SCF
0.00065
0.00073
0.00076
000077
0.00078
0.00079

The unitorm initial water saturation is 30% and water { C,, Jand pore
volurne(Cr ) compressibility are each 3x10™ psi. The oil, gas and water
productions start at £/1/2004 ay follows. Water and gas injection started at
a constant rate of 23 MMSTB/vesr and 10 MMMSCFivear on
14172002012 months later). Assume B, far injection and produced water
are LG RB/STB., and B,; for infection gas is 0.00076 RB/SCF. And B,
for producing water is also 1.00 RB/STR. The cumulative Bas, water and
reservoir production pressure has been reported, and water invasion has
been estimated as follows:

DY P Np GP Wp We wi Gi
PSI  MMSTE MMMSCF MMBBL MMBBL MMBBL MMMSCF
1/1/2081 5000 0 .
31/12/2601 4360 25 10 1 5 ¢ 0
31/12/2002 4250 50 25 2 11 25 10
31/12/2003 4280 75 40 [ 20 50 20
331/12/2004 4150 100 60 10 30 75 30
31/12/2005 4100 125 80 1% 40 100 40
MATERIAL
1400
1200
B 1o
g 200 + MATERIAL
% 800 L inear (MATERIAL}
% 400
200
o
o 500 1000 1500
EXPANSION(MMMERL}




1. Optimization of Material Balance Equatlons (6hrs)
2. Saturation and Relative Permeability

Calculations (4 hrs.)
3. Steady State Radial Flow (4 hrs.)
4. Pseudo-steady State Flow and Superposition (4 hrs.)
5. Well Testing Pressure Drawdown and Build Up (3 hrs.)
6. Interference Test and Type Curve Analysis(3hrs)
7. Displacement Efficiency(4 hrs) .
8. Potential flow and Streamlines (4 hrs.)
9. Dynamics of Water Drive Reservoir, (6 hrs.)
10. Water and Gas Coning (4hrs.)
11. Multi-Phase Flow and Introduction to Reservoir Simulation (4 h

1. Porosity
A. Absolute porosity
B. Effective porosity -
1. Primary porosity
2. Secondary porosity

Figure 1,18 Effective, non-cffcetive and tetal porosity




" Qs Rate of Flow, ec/sec,
AP= Prassure Ditforential, Mmaspheres
-
Lz Fltd Viseosily, Centipoise
L1 Length, cm
I Permeatifity, Darcies

o
e

KAPA
Wl

Figure 1.24 Permeability &~

Size + shape
Arrangement (G
Compaction
Cementation
Grain kind

o 0 peERL
(F SHEES  ARRAENT OF SERES
8% SROTY 6% FROSTY

& VLot of 5t and areangeorent of sphores an poosity.

v Hgs deEffects of dhape wad sive of sasd greine an permenhity,

C.PERMEABILITY K= AL @
- Absolute - one fluid phase inpore =k =413 md ; k, @S,,=1.0

ork, @S,=1.0
- Effective 2-3 phases in pore;  k,, @ S, =0.7, k= 248 md, k
=50 md. k . k
- Relative: Krw=""7 Kro= __eo
k | k
D, SATURATION AND'WET'E‘AEELXTY
- Water wet | L
- Oil wet

E. FORMATIOM COMPRESSEBILKTY
Cf=1.87 X 106 X {243 by Hall Humble
= (1Y
%)
E. FORMATION FACTORS
F =Ro/Rw = a/¢™







L34 . ’ T Drapsndertsant o

Lasnniit i
o T the gesitabe wi .!~

Gt o

PRt

CHAFTER S

hm k, r::m!a‘.wepamml«y.tood
h:!eioﬁvcpemubﬂitymgaﬁ"
Fors == rifative pormesbifity to wafier |
- Joun abshlute peemenhitity
,-%imwmbﬂuymnﬂﬁmmmmtmm
K = eefective permeahitily o gas Fara pives gos srtunation.

F = ffiotive permeeabiilty tn waler at sorme given water -
sveution o

RELA‘B’!\!E PERMEABI&IW
coﬁcsm

wmmp[e,x[lhsmompm‘ﬁly of anwck ;’Dﬂmlm:ddm
affective potmeshility o 'of the mek at 2= oif migeation Mpuwd.:s e
ﬁﬁnn!,mmmiwmmmmykwu(}ma&,'_o

Sings the effentive perricnbitides

© Mumerous lshomeery sundies have conchuded it ghe olfective pomes-

ahility afany meeewoicflubd isa function of the rescrvole flid mmtion
and the welting ok intios of B formativn, Te & 3
ierefore, to-specify the Muid sataention when stating Ure effective pmm—

ability of any particular fudd in a given pormis mediinn. Fest a3 k is the:
accepted universat symbel for the absolule {Jcmmbﬂily, k,, kn' e
are. the vocepted symbols for S cffcclive perneability 5o vil, gas, and
water, respectively, The satumtion’, iz, S, Spand 8, inust b specified -
0 completely deﬂsc akccwrmim nmhmh a g;.wmc{!wivn pmsmbs!»
ity TREskT,
. Effeetive pcmmmmlcs amum:sally mamd nluecﬁy in the I&bom—
!«y e smafl core phugs, Qwing & many pussibe combinations of st
rution fisr 4 single mesthey, however, lnbamrg f
rfmd and repacied 35 relative permeability. B

e ammcgmmahﬁiiy is apm{nﬂyof&opﬁmﬂs mdimnms! isE

Poitiiel,
1z relative mmtnm {}-,, +

£es thnt oF i b M

o (aids Malummcnmthc relative pmmmbd:iynfm;i\m

: #ing phasm mlm ina msmosr.
vock, cach ofvn Follows sepsoe and distinet’ m;.mdkm‘bmm of -
lﬁu:‘;ﬁap&m =umﬂu:mm

At & speeific tturation i e milo of ke eirmﬁm mmay onm
pmmmmm @mhhty;

.
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P Betcruiv Etphuoritg Handiork
= Dralnnge
(CRTMEY, BT B (5-15)

where §,, = sanrstfon of the senwetting plizse
8y = water solpEtion
5y, =effective water ion as tefined by Equation 52

Example $-1

Uenermtn the drainage reintive peemenbility dits for ee unconsolidated
welbsieted sand by ustag the WylHe and Garduer sicthid, Assume the
Eallowing critical safuration valuos:

Sae=03. Sy, =025, S, =003
Solutien

Generate the ofl-water refative penueskility dxty by applying Eyuation
54 it conjunction with Equation 5.2, to giver

s sndipn Kymft =520 Lontill
235 0aR0 [ Lad 2000
430 0o66T a3ts i ss L]
&35 0.533F :1.573 a05M

f200
s oz o e
ga
oo B
N 05000 . 2054 A

Apply Equation 5-7 in confunction with E mation 5.1 to generate celx-
{tive peowocabiifity daty for the gag-oif systom,

L LGN 2366 a5

i

Belaive Peraeatifiy Cormeper e

5, Sy T By s;;i:s-sc: ko8P Eya[i-SP

205 03 073 a3y -_
Qa0 058 08457 114 Qa2
Q2 035 a7y M L3358
Q.5 045 QECD [-L213 GOsE
ads 03x 45T alm w152
050 azs 2333 (1L g 3195
ag} [cEh] 230 G008 G2
4 (53 Qe Q085 111
fxample 5.2

Resalve Bxample 5-§ by using Pirsen's convlation for the water-oil
sysieat.

Sofution

% kel kesfiosl DS TN e

025 GE0% ann (253
4w anssT 4007 - a3
835 o133 B{4 0575

T oo
oW o

4, Carey's Mothad

Copsy (1954) poopaeed a simple math icad ¢y for geseris-
ing e relative pormcabiliny data of the gzs-0l
tion is good for drainags PEESIRs, L.

where the cifective gassatsmtion Sy is Jofined in Enwation 5-3.
Example 5-3

Vst Corey'™s apprazinon to gorerte e gas-off relative pamaakili-
1y for 3 fovmation with 3 connats water satunstlon of (025

Salution
5 B ke -5 k= BP R -5}
5

s naeeT 0459 [T
010 043y 9564 . Ao
e Q265 [12:2] 0433
(1] 040 0,530 ey
a4 a1y andz [
a3t Q46T aq12 0395
055 5000 4902 24504
o7 CY5EE 0000 Ladd

5, Reketive Permecbiity fram Copilary Pretsurs Dete

Raose sl Bruce ([949) zhnwad um mpdlafy presture p. i & geasans
of the feud: om and couldd afso Be
userd 1o predicr the relative pmmbiiitics. B oes thes wmpts ofm-—
tmxsley, W‘yl!u-. and Gandner {1958} doveloped tha foll
cal expression for dettrmining the drainage wateroit ml:uw: poemcabili-
ty from cagillacy prossure dzka:

j: é‘inc

L___@ fed

1
2 | asafel

ko (Ez....s.] (5-18)

(5-19

ky, =(1-553° (5-163

193 Rmeronte Bnglreriog Maadiask Eokittive Fermcatilivg Cooerdt 294
P X s WylEie sud Gacdper aka g F two exprossas Tor g g the

byg A5 )25} 17 oif and gas refative pmmabzhtm T the poesence of the cobnate vl

Fhe antbors idored 1o commate water as part of ik rock
IR b give:

b g
. [ zj:ﬂdssll’c
LR T

£5-20}
[N
d5./p
ke [1 M} % 620
J dS,,fpg
whove 8, e critfea] gas satamtion
Bac=onapate waler saluration
See == residag) off sanuiion
Exumple 5-4
The btk ¥ capibiaty § : for 2 water-oif syster. Betwaeen

the cgiewale waldr satgtation 1ad & water saturntion of 10O i refreseat-
od by the foffowing liacar equation:

P.=12-208, .

The couraie water safuratio is 206 Esing Wylfte acd Ganfner metb-
ode, generate e rebaive pormenbilly dutz for the ofl-waier system.

Selution

S E the capillary qation, ta give

= ; (zz-dzsnf's,}l =[440-1-W°h] E«u-im]




754 Pestrvse Ecgiurrsing Hallinsk Bcumive Beomeakftiy Camsigts
Step 2. Evaluate the sbeve integral 3t the folfowing Wmies:
e = Wi [——smml "sw‘ x r (523
1 i t T Sheg ™ Yopw
J‘ P ¥ ={ ]uaezms : :
ay (23205, F 1490400 440-400(83)
P =0k A_‘_Sm] es-24)f
Sy b - ~Serm
_{ - [——L———- emazs]
(-5, )[40 - 005 Gas-Olf Systems:
| .
43, 1 .
11113 Y {5-25)
s—[(;u_ms,,f [ 44040051 = e [l Sy aj
Step 3. Coaviruct the fullowing working table: 5,5, [*
. ; g = Gyl | e 626
=
ke
5 &-@-’7543 Fquoticn 519 .
S,~8, F¢
.5} £.0000 1000 P e 2 5-27
84 | eou 07195 Pan = (e [lﬂ-Sg*Sg:} €
-0y 0059 04851
s ans? 03985 . :
7 ooiw 01874 with
2§t
&. R P bifity from Anytical Equati _Ss,; et Sy
where 8, = tofal eriticst Equid sefnration
Asalytical iep ons for individunpl nelnllv: 'Rmcx Do (e, @ oll clative permenhifity #t coomats wattr sshicativn
are y used in tcal simul The most freguently = il refative pormeabifity 8 exitical gay samsearinn
fonctional fonns for expressing the ot Mmbiﬂlrmﬂundw 5 e = resisiual ot saturation iz the water-off sysiem.
prmuu@mmgwmww' I snxmmmmmmem«hymn
‘ By = coltical gas sauration
Oit-Water Spstemns: ; m')hmwmmmﬂpummiﬁqmnmmmm
= ) | nmnmnvaxn‘c!mauwrdﬂmmmm
L [—-—"—-&'-_ss “Su-r R - - pmmmmqmmnfwm-odsysm
&
Faild Ruveeveis fimgineering Hamltark

Step 2. Evahuate the above integeat of the fllowing limite:

E
S (. VR N S U
5&(22—205.,)2 4H-400()  HD—A60¢0) 002188
S
43, I
. = - BO0313
£ (2~ Y [m_ms* ]
1
45,
0015 -
j. } (22108, [ a0~ 4905,,]
Stap 3. Censtsuct the follewing worling tabile
Ko [
& Equstinn 518 Equetion 19
43 000 £.000¢
od , 67195
03 amoy L4358
DIEST o298y
Q7 BIMGG 0.1574

6. folative P Hility fean: Analyticol Equgs

Arnalytical represetations fet lmﬁwdﬂal-phm relative pcmmﬁdshm

are fy e in The st lrequently used
fonal forems for expressing the relatt bitity and eupitlary-
pressere data are glven below:

G- Water Systems:

ool e

Relarive Permmealxlity Contzpte
. 8, ~8, -
Ko = Bl [1':”&::?"]:
ol

.
| T T

o= O3y, | g
=8, ~Sgu

Gas-Oil Systema:
= 155 |7
=( mls =545

)
= s
o = (i [""Sh S

L 5-5. I®
J I
1-5, -8,
with
LA TS
where 8y, = total eeitical Hquid sateration
: (Rl = ol petative permeabifity ot connats watec satuy
i . fiols_ = ot relative pemeatilisy o eritical g2 satmli
: 8 e = residund off smiucation in e water-oil systemt
sqtmndmiodsammmmmcwvoﬂaywm

P Sy caltied] gad SAMpaton

i Codsy muw!mmmcmm:yadsemmmm

; EREN . sumration; i .
L "wﬂw-”;-n,," oan:fahvu lmlgnmru .'

pm cnpiwy pmoa‘,wmﬂm




s Reworswir Eugluerieg ok

£pely, . = capiliary prOsVINC 3 CONRAIC waicT saturation
©, = gxponent of i capiltary pressure corve for the oil-
Waley sysiem
gy = copillary pressure of gas-il system
Ty =sxponeat of the capitlary prossure curve in gas-oil
sysEm

), = coplilary peeswmre arcritica linuid saturation.

The exponents md coelBcicats of Equations 5-22 Huough 5-26 are
usyally ditermined by the least-squarea method (o matsh (he sxperimen-
a1 o Redd relative perevealaility and capiflary pressum dat.

Figunes 5-4 und 5-3 schematically illustrfe the key critical ssturations
sl dhe corvsponding refative peomeability values st are ssed in Bqua-
tions 5-2F through 527,

Kcluive Ponoect By Cruepe ar

(£

0 T T T ]
(&“)s.' b o
£
H H
s ' 1. i
: £ . e Sy S Stl
: Moo {7 oy Srkeatine
: A Fggiree 55, Garro eofibon paonaalilty omver.
13 1 <45
i 1
i
L™ : ! Kew Exampic 5.5
T : : T Uing the analytical i "i‘. fonis 522557, peacrate the
: N relative namammymﬂmpiﬂmymtmmdammfollmmg informa-
' : tiom on the walerolf and greoll syseoms is svailshie:
- t E
2 : : 2 S =025 . S =033 Se=2005 Sp=2
1 N Tl 0B fedg,, =04 B g =2 psi
i H «0450 s, =095
S ¥ , . ¥ 8 R b, = 0% w, =15 n, =074
) = w ) [ w8 N =Ll n, =04 (s, = Hips
- tipg = 0.5
R o NVCppREE K S ——
4,
k.. 3 Beecponly Eagingerivg Havdiasd Raiatten Fermosdilily (ouprs 199,
Satution 1y W gas with mepoct 1o fhat 10 il asd kL fi, the relative pemieabllity to)

Stepr 1, Cotoalats restdual Hauld ossvation Sy

= 8o+ Sug
=025+ 0.3 =048

Stepr 2. Graterates refstive pevmeability and capiliary pressure date for od-
whler systens by applying Equations 522 theough 3-24,

*a Ko B
Sur Equetion 577 Fauation 523 Exgation 524
a1 ks ame 100
A1 B34 QHE 149
o 455 Y (2% ]
0sg 0352 e 97
040 L151} sy 457
1465 L Q40 [:3:1]

vapl Apply Equatioas 5-25 throagh 527 to determine U cofative per-
meability and capiliary data for the gas-oil system.

K Sy P
3 Espution 535 Sopation §4 Eqvakon 5.2V
085 6% ] e
w0 . % ey 855
aw 237 s 163
030 o1 L] A
240 a7 0T 331
es2 200 055 0%
BELATIVE PERMEARILITY RATIO

Angtfier uselil relatioeshiy that derives from the aekative penneability
caneopt is e relative (or effective} permeability o, This quentity frads
s enare readily to analygs 2ad to the correlation of flow performances
than dues refative pormaability itscll. The mistive permeability ratio
expresses the alility of a reservoir to pormiit Mow of eive fluid as rofates] ta
5 ability to perasit flow of anather fuid mider e same clcomdanoos.
Fhee two most usefud penmeabiliey tatdes ace kv, g rlative pormeabili-

seater with respeet b gt to vill it belng naderstood that botl quantitias in
the e e delormingd simufitneously on a given system. The relative
pmmiuﬁtgmommmwgnmiﬁe&mmainﬁnny

fwer-prhea: leally, it iy abwnys the eefative]
pmkiymo{cg,%u%)ﬂmxsminﬂxzﬂﬁwm
tions. Bermnes the wids ranpe of the refative pormesbility ratio valoss,|
ikcp:nmhsbtyrwuummllyymwdmmelogmefmbcgmp«

- as a function of the saturstion. Like muay reluive panntzxtnluy ratio]

cawves, the contral or e nain portion of the carve & quits Barse

Figure: 545 shows 3 plot of ki, vemo gas salueafion. 1t hue become)
mmmgamummmwmlzfu Jiase gryreion of e relation-
ship = the folfowing arafyicat form:

LIS (5-28)
£
Fhie constanis 3 aad b may be d ned by wloctieg Jie 3
Miwazmmmmmmmmoﬂmwmmdmb«
stitting in Bquation 5-28. The ing two equations can bo solved|
i by for the z end b, To find U eocfficients of

Equation 5-28  for the staaipht-ling podtion ofﬁgm: 56, selext the fol-|

. lowing two poinis:

Point 13 245, = IR, the vefaifee pernestitity ratde Lk = 0.07
Paint 2: a1.5; = 0.4, the relative penueakitity ratio kyfk,, =0.70

fmpasing the above polnis o B 5-28, gives:

OO w el -
D}t

Solviag Howhancousty gives:

Fheinererpt 1= 000/
*»Taeshpe b BL51S
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bt In = simitar mannes, Figure 57 shows 2 seasitog plot of &/, versus
b rdirag
= The usiddie senight-Fae portion of the curve is oxprossed by 2 rels-
\ tionship similar to thatof Equation §-28 .
“ e
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* where the slope & fus a negtive vatue. sonor
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Hx Feserilr Lrgirearing farlact

dhat is charscwerizad by 3 weighned-average parsity, alaokute proneabifity,
uﬂnmlnfdyﬁmp&wdo—vdmmwmtym These avemglng
P are cafeylated By spplying the Rollowing sat of

Average Porasily

»
E &y
b= e
Average Absolute Permeabillty
b
Gk
Fag = ’-ﬁ? (5-31)

Aserzge Relative Pecmeability for the Wotting Phase

H
2R
k= flg—— 5-39
3ty
(2]

Average Refative Pervicalility for the Nonwetting Phuse

H
Y UL 1L
Koy 2 Ao 5.33)
Foeny -
it
Tha average ions should b detecmined by usibg

Equaims‘( I6 limughd B4, These equations e piven bolow for con-

| wenienes;

- meeabifity corves ere then wezd in  dagle-Biyor model. Tie objective of

Iz‘t
dad

Biltior ermpabitiy Coaseper 63
Average Off Snforation

¥ sy o
[ L M- .
¥t

i=t

Average Water Safuratian

pOL I
Tz Al
E@iﬁi

Averege (zag Saturation
p o
¥ bkiSy,
k3 ,i-‘;.l.__._
P A

Eel

whete 1w lots] sunaber of Bayees .
¥ = ti§ckness of Tayer i U R
_ky = absqlute permeability of layer s ¥
k,,,=4m§emhhvcp¢nmh§ayo{uwmuwpm
k"wzammkuwmmmyd&caMmgm

In Bquations 5-22 s 5-23, the sobscripts w sad ,_ teprssent welting
2 Aomwering, , fespectively, The tonlting dyssmic pseedo-rehgive ger-

mcmgjrfhytrmodaluwpmkummnsmﬂummmefwm&cmb
uhymi,cmsuac:ioml rrodel.

I0d Prpaoir Sapinpeving Mok

el §s charactesized by a weighicd-average porasity, sbsolute periueabiliey,
anch 2 sek of dynaunic peeodo-refative permealnility cusves, These aversging
s are calcudated by applying e follows of relationste

Py L -3

Avxcrage Pocosily . -

H
E, by
b EY

Average Absolute Pornacability

i ki by
k:igmiiﬁ 30

Avcrage Relutive Permeabifity for the Wetting Phuse

H
Slkh) k)

Fow = Ble——— 5.3
Tty
It
Average Relntive Permeability for the Nonwetling Phase
M
pXLIT A
A —— (5.3%
¥ (i,
=l
The ponding aversse fans shoald b determincd by ueing

Lauations 4-16 through 4-18. These equations ane gives below for con-

Relasivg Permadire Caovpee
Average Olf Saturation
2 ihisa[
B ’
Zhh.
i=l
Avevags Waler Saturation
. .
zhhisﬂi
zﬁaht
in1
Amge@assmimﬁoa
Eﬁh-ss; .
T —
@ibi

imt s
where. ' n =tatal mumber of ayers
* §y =thiackuess of fayeri
_ky = absolute preomexbility of Taywe i,
K = e+ erage relative permeatilily of die wetting phasd
Koy & iverape relative permeshitity of i sonwetting p

In Equaunns S-ﬂand 5.23, mcﬂm mm A, represent
and y. The resulting dynamic psrudy-rela
nmfadﬁym are e used in. s sinphe-fayer moded, The obi{
the single-fayer model is to producs resnlts sinif to those from
litayered, eross.sectional madel.
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HORMALITATION AND AWMGING
RELATIVE PERMEARILITY DATA

Resples of obative permeshility tosts pecfrmed on seversd cone st
phes of a reservelr rock often vary. Thercfore, it is aceessary to average
the refative peneeabifity dua oltained on fndivivesl rock sumples. Pricy
to usage tor oil pecovery prediclion. the relarive permeabifity curves
shauldd fiest e pomslized o remave the offect of different inftial water
arsk ezizicat oil safwatons. The relative pemebility con Weo b de-ose
amlized and assdpned fo different ragions of te reservolr hased an the
<xiuing criicat fluid sataration for et reservair region.

The most geacraily used mothod adjucts afl datx ko relleet assignsd
end values, detesmings an average adiwsted cerve and finally constucts
an average curve be reflect reservaly conditions, These procedures are
cettitonty described as sormofising and de-tersalizing the rebative per-
mrenbility Gt

T pecform e narmatization proceduee, is is Belpll to sct op e cad
culution seeps Eor cach cors mmphe Ein o tubulated fom #s shawn below:

Refatirn Formeabiy Dot Eae Gooe Sasply ¢
" L3 o

ety K Ky

[

‘The folluwd Hizstion methedology duscriles the aecassary
stes e a watee-oil system. i hutlimed i U wievw Eabile,”

Step 1. Select saveral valoes of S, starting @ 5, footuma £, and Fst the
corssponing valess ol K, and ko cofomms 3 and 3.

Seep 2. Caleubate the aommlized waker sutaration Sy, fut cach sct of ol
tive geeoncalility enrves and Hst the calstlared values in cnhunn 4

Felatter Perowalaliny Conoapec 303

vhert S, = oritieaf ofl saburation
By = ONMRMES WL SUEalion
S = cooriatired water sabsralion

Swp 3. Calenlats the nomatired relative poemaabifity for the oil phase ot
ilTerent wassr setiration by wdng the refarios (eoluna 5k
o 535
Ky b
where ki, = refative permeability of off al differeat 5,
{hobs, = relutive permeatility of il af connate waer
saurmion
35, = nograatized relative penveabifity of aif

Frep 4. hmma{u.: Uiz | relsive ;xnucnhzhty of the warer plase by appiy-

ing the L and ¢ catl pesadts of the caleula-
rita in volwun 6
ke
;= e 15-3ay
L P
where l,k,..)h is B relative pormeability of waser af the criticat
ok vaturation.

Step 5. Using regolor Casiesian cosndinaie, plot the nomsizsd &7, aod
%7, veesus £, for et oore samples on the sime graph.

Step 6 Detepning the average aormatized melmive parmeability values
Fur cil and wase 25 a finction of the moneuli s warer simoion
by select sbitmy velues of 57 and esfenlate the avergs of k),
atuf ko, By spplving the Bllowing refefonships:

ixau;;,

R

by tesinng thee ﬁxl‘lwtngcxprcssm Fpdey™ .30
¥ sy,
(5.3 =
o T I L o7
“ ;
¥oehkkLy :
O by = £5-38 i el
-

2 thiy, :

whene e ol pumbee of anre srnples
#; = thicknass of sampla |
;= ahsolute pertnicabitity of satnple ©

Step 7. Tie L stegr by s methodoloyy involves de-mompalizing the
average curve ko teflect actual servolr and conditions of §,.,. and
B Thrrse prannbestors are thie most aeitical pert of e metiodology
aul, thorefore, & mafor effort should be spent in detonmining repre-
seegative values. The 8, and S, are usuatly determined by aver
aging the cone data, log nealy<ds, v comebasiang, verss graphs.
such 26 (Koly,, V5 Seer (Kmly,, Y5 oy a8 5 w5, 8, which
shauhd be constnuceed 10 determine i 2 significant coreelation
exists. Ofien, plats of S, and §,, versas fog VER may donoa-
strate 2 reliable cormetation to determing endhpoint sarations s
shawn schemaricatly i Figure 5-8. When reprosensative end val-
bes have bien exlaaned, it s agmis consaiant to pecfonm the d
rosmalization calcolasions in a tebular Form as ilfrdrated belows

™o 3 =4 ]

oMy a0, S eSS oS, KuEGil,dioh, Ye s ALl Hab

Where ﬂ\m}s and thiol, ane the average refativg peemeshility of oit
and water a1 axmaie: s\mcrand criticat il mpecmﬂg,. and given by:

}:[hk(k‘,‘,;s L
Koy, = —L;—w«—— S 5-371

2k,

-l

E[hkfkm ;g“j

e ' (5400

E(;m,
k=t

M EN

[ Bee
Figure 3-8, Critical soturation relofiormbips.

Example 56

Relative prrmaabifity measwrements are nude on three core samples.f

The measured data are summarsized below:

Cont Sonighs 81 Core Somple £3

L2511 h=ig

ke {00 md kw150 mt

5. =635 Soe D25

Sy =028 SuB

i o o e L= Yo

(1] - -_ - - LA B003
0L 5 qae —_ —_ HET2 HRIZ
a3e 0z 00k e £ aR¥? ol
047 0557 il it o 1y (20 ]
031 G351 0,153 ua H191 TS
agl oI 0337 e 2l £33 a2 .
(1L 00 Qa0 LXTH BIM el ot
[ — o Jia) 00 e -
T¥iaers prerdin ey

- It iz belioved ray 3 eonnate water satusation of Q.27 and a critical oif
. sameation of 30%. i:mr:r dmmbe the formation, Genenine e it a5d
i

et




srepasn

£ g Roseruris Engivcening fandnrd
Salution

Stepr £, Cateulus e notnwfieed water satueation For eech com sampla By
ysing Equarkus 5-36.

Comn Somglo 87 PP Core faregle 83

58 s, 5 4
nic m— - Eilvic]
a5 [T - oHI
[E] LX5- SR B 032
a8 a3 0238 L2
a5 9615 i 0667
@ 875 . v L1
oh 1222 - I ) nEsl . 10608
an — 1] -

Siep 2 Beermine relative penmesbility vatues at erifical saturation fise

Blzrier Prniatiy Cosigty 49

Stegr 5, Plat the normsabined vatues of ki, and k1, venass 5 B emcbrvome ‘\
e e regefar grapk paper zs shown iy t“@m'c 542

Step 6. Seloct arbiesasy valucs of S, pad cafoutats the menige kg oid Ry
by spplying Bquations 5-37 sod 5-38.

s, [ | [ Bler
tam  Coe (o {Gos  Caue Com
T 2 3 1 2

of foor oss @St ] 691 10838 069 T aom A5
o2 |ost  ew . RES  esN jAi0 038 A0 | G0
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04 { oAy B[ 0] 0433 FeXS . ant anb azst
05 {os 06 961 | OS5 (0360 . oS Q] AME
pe et 437 .05 0w 165 6515 RAN {03
07 053 631 04l | DaSe jOSES AN 6530 ] 0435

:_ S{qz 7 Esing the dcsimé fomﬁm S,, md S,,,t G By = QJD Sw =
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cach oans sanpie. TR T U S e B S )
R . a9 o120 018 0 o8 Ogw  9mS ] 083y
[ %] Cora 3 : :
FoFine -nssa S amK LOGT
s, [ -
- . 1 ¥ - ¢
Step 2. Caloutaie Ropley, 2nd (Kedy, by applying Bquutions 5-39 and i Pl (4
55010 gl N ;
o ar -:\ B o / t
Hads,, = OI6 N P, I Ty
i H (3]
(Ends, = 0402 ‘\\x\\\\ — AR WO s
- . i i .
Seapr 4. Calioulabe the vormalized ks, and 17, for alf cone xamglas: ";“ . w3 wl
o
[ o2 Contd sl W
U T S T U O T e N
. o T 3 B
P e o L o e N
0% {6AM Lo 0 | -~ - - [GHE OFT 0333 g i T
o | osm con lono 1w @ joam o aaw . e RN
oo {0175 0653 A0S0 02 07 RIS a4 O6s1 83 R T A I T A
e (0415 008 oM e B9l QAL LOSEY A3 BEW B .
Goo LOETS DUSE ORS5 |AJ15 0251 G645 |0SE) OIS 087 ing relative parmmach iy di
oss oo pow Leoo (o 01w ows |iawm QWA LG Figure 59, Auasing oy et
7z —  we o LEAGD QBG 1GBE . —

B, Mmhmlhndm&:gmmmﬁmmmdmkmmm— ey

R R s e e
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b mml symsasawmdmmww b Skaspded wa«wam&. .

Tbapcmxamh&e&ltﬂamn{m‘!a.cl i, b S an:!s:w
;E:npompas?ngm[ywmmmﬂkum;mmsmmlyps

e uaber of pomes occupied by oll iizpendds upow the panleular sz
_umb!.\téoucfmemhi!xemckﬁiwmdt g




e | Rerernny Shgicieering Fandat:

vmmuﬁﬁun
AYAVAVAYAA S\

IR0,
Anuvzmmm AR AN
4%uuszmummxhlan¢no¢ar -qr

AYAYA 'IVAYAVA‘I"\‘.I\YA‘!«"NE'IAV
AVAVAVAVAVAVAVAYA ! 4 ¥4 YA/ 4774V
AVAVAYAVAVAYAVAYAYAY (1AW AN 4! &"J’AYAY."A

SWfargiey o RBrox

Fignere 5140 Teowplote seksive permeabilty inbibiton. (Afis Honepowr of of, 1P03)

Theeo- B B afative T ohility Cacrelotis

Honampour, Keoderitr, and Hary (1988) provided a comprebeindve
treatman of the fwo- aﬁ&ﬂxmpzwulmw,ycmeamﬁna e authors.
Lested for i mlafive [ hitities. The
simplestapproach to predict the xdmv:.pummba(ly t.a ,hau:l phaoseind
three-phate sysinm i defined ax:

Xeo By 5-44)

A"’AVL"AVH) ﬂ.ﬂVAﬂ G AYA
AVAV'AYA ENA AVML S AVAYAY:)
FAYAYAVAVAYLY AV.Y) A‘ﬁ"&v‘v’ v YA ot
AYAYA V V Y AVAYAYAYAY)TAYA ¢ a
Au\zmu*iwmuvmfm AV
B s
A A i A A
lMﬂ&NK..A;&i!kiMﬂﬂlﬂb ﬁhuuaqgw o
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Figura 5. 31.1&%&@!&!%}7@“’@@ 1988§

Wllie's Correlations

Wyllie {1961} mr;'“ puations Tov die-phase mis-
tive permaabilities in a water-wet, mm

Tt i comenied sandstone, Vigolar rock, ar ealitic Smeatona:
S K-S (5,45, =5, ']

There o several practicad xad more accacate comelations that have k,l {E—Sw}‘ 5-45)
developed aver the years, fochading:
+ Wyllic's Coreelations 53(25 +5,~25,.} o iy
» Stune's Model T U-"‘;..J e
* Stans's Meedet it
= ¥ha Hastad-Tink Cormbsting
- 314 . Betttods Fingtnorring Hamibiok Refuasive Perrmabitior Crucepre
+ _' o 4 DA, § 5 o
% ={§i&.§§ﬁ] ’ ) (54T 5 (’E—Sk—s“)'fo' 5428, t
In unconsolidated, well-gorter. spwl: ¢ oo SwSar 65,
5o =S5 S 4
S Sme
e 4
= ( 1m5u; J &-48)

(A
k= 5.4
== _5“33 . {549}

¢ (525, 45,~25,
L[>
- (E=8.0"

(5-30)

Stono’s Modet §

- Sione ([975]) developed a probubility model 10 estimate tiee-phose
relative pamenbility data frone 1he Tabomtory-measured two-phase dita,
‘Tt model combings the chanel flow teory in poroes media with prol-
ability concegts to obtain 2 stple msult for detenyining the refative pee-

itity v oif in the p of water and pas fiow, The medel
acoouns r‘cr!:ysmms,.:-affem when water and gas saturations ase chang-
Iug in the sse directibn of e two sels of data,

Thee use of ¢he channzd Gow theory impiic.s et veatee-relative pere-
ability and water-oil capillzey pressire in e tueephase systom am fine.
tiars of water seiuration abone, irespective of the relative stumtions of
it pnd gas, Morcover, they are the same fumction i the thice-phase syz-
ter a4 in the te-phease water-off systont, Simituty, the gas-phase relative
pe:mcz:bt!xty and gas-vil capittary presaurs am e some functions of gas
satsrutfon'is the thve-plase systeem s in the two-phase gas-nilmem.

Sloae sugpested that a nourero risidual cit sahsration, called mirfaum
i setration. 3, exists when off i displaced smultenecusly by witer
teh o Elshould be poted that this minimum off saeursizon 5, ¥ dilfer-
cul than the cxitical olf saueion in the ofl Lwvater syt {Le., Syn) aod
the rexidust ofl satwration § i r.hs Ea30il system, i, Sey. Smm_ intro-
duced Ui foflowi

s;=—SL—m. " 1y
S5

Tt oib-relative pennesbitity ina thwee-phase system i hen fefing
k= 531-41; ]

e twvo mutipliess B, and b 2t detormined from:

k
[ . S p

wherm Sop = eninisnm oil ssteration
km =il relutive premeability as desenmined fron: e ail-
tvrp-phase rotative pecmentiiliey 3¢S,
T = ol mlative permeabifity 25 deteemised frorm the gas |
two-phane relntive permsndrifity 2t 5,

“The difficaey in'wsiogs Stone’s first mode! s sefecting the arind
saturation Sy, bwmmMaﬂm(lﬁs-q mgmanmpﬂ:xsc
) dcmmzimngsw .
R SCLE MY (B : I
with :

s .
PR S o

FSe S




s Reurvoir Englaroring thediraok

where Sy ot oit ion in the eil-water refative
germenbility systemn
5ypp =tesidual il sataration i the gas-of esbstive pooseabllity
sysem

Aziz und Suact (K579} poisted cuz that Stoe’s coreftion dould give
¥, values greater than enity. The avthors sugsested the following noc-
malized form of Stone’s madel:

’ 5 Ky Yo
i 1 "y e svw
Ty {(km)sm} L e

vebere {Rpglge. is the value of he sefative penmeability of tie oil 4t the
connate water sataration as determined from the oif-water refative per-
meabifity system. It shioukd be noted that It is usvally assumed dat b
and krog curves ar mossyred in the presanse of connate waler,

{Stone's Model §§
1t was the difficuléies in choosing S, @t lad to !hcdcwlomm u[

Stonc’s Madel 11 Stone {1373) proposed the folfowing
exprston:

e G
{(k:}w: * “'s]‘{“rj« +ky} -6

This reodel gives a seasanable sppeoxiantion o the tirec-phase iz
tive permeability.

[The Hustod-Hof Ceavelution
Hustad and Holt {1992} modificd Stoae’s Modt T by intraditing an

Jexponent term m b the nonnaiized sauradons i giver

Eatoztie Povmnebitity Corgien nr
oo I o
&g = e | ()% o {5-G1
wa[(km)s“ ](ﬁ S { }
whese
B oS Bnc e 15.62)
=553 0-55) v X
. 5,+5, S .
e eSSy i
-5,
55 R =
B G5y -6
5,8,

O, M. -S— . N -
S . S : R )
mﬂmnmyhmmmammumm-sbemmm

and one for low. and Kigh-oll juzhy, i the exp ]

kmm:m«mum@wm%ﬁmmtm:ngn
above unity caoses die ol hoperms at kw off seiursithns to spread from

+ ene anather. 0 vafues befow unity have the apposine effect,

Examp&ez.gj“\) - )
Twnmsnmhumpummiiymmmnmmmmpﬁa
5 g he p ittty duz for ofl-water snd oil-gas systons, The

: ﬁaﬂmag information is olitained from dhe test:

S=0.10 Sue=015
Sero 015 Seg =005
(e =088 .

[ - Mﬂwmmgmuﬁnnwmof&mms =30, mssxm

e fwe-phate plative mwahtﬁw.s are listed belw

w0403
T =0.030

s . eacrvsie e giaresing Hssuliviok

fp w0055
kg w475

Tions by usmg:

. Stowe’s Muddl
E. Stone’s kodel H

Solutien
@, Rona’s Mockd 1 .
Step 1. Caloulifia 5. by opplying Houations 5-53 sl 5.57, topive:

03
b s s D525
Rl

S = (LELSH OIS} {1 - BH25H DT = 0.TE25

Step 2. Caboutz the tiaed by =pplving B giosis 551
troagh 5-53.

040125

e (L1808
{-G15-0.H25

g

030-0.15

anun

Sz

a1 .
B 0
% i-RI5-04125 - o

Swepd Estimte o by waing Gquation 5-59.

ks 03898 [{DAOGI{O l'if;} 0467

Cstipans the &mp{mﬁc :g{mm ;rmmbnmy & lkc nxfsmag Salibrs« .,

1. Given:

L The eapiliy pﬁmm&ﬁﬁsrmaii—ummeﬂnmgim Belaw:

e ] 3T
khxﬂ,sﬂ[ %%mm}(ﬂ:’imms] mmwms;]a

PROBLEMS

5,030 5,=006  §,=D35 ,
* ﬂﬂmnmiidﬁzd«wd}wn:émnd . .
Guenarste the drainage refative poemaenbifiny doats by using

2. T Wyllic-Candner coerelution
b, Pinua’s cometatinn
<= Corcy’s mellisd

S Fa et
% 5
&30 s
a0 £S5
as0 5
10 ¢

3B ety e refarive peemenbiiity dataof ixample 55, genorte 52 rela-
tive permeability wafies S o Jayee B thee ecorvolr thay is dbaracter-
rend by the Fllowing eritical saturations:

S =02 =035

a.&nmd\cml;ﬁvc[;u;mﬂ;;ydmﬁumismm

b Using the rlative permeabitiny ratio coneept, plot &k, vemes S,
en a eawidoy séale and dotorniive tha oxfiliekoniz of ife Rollawing
expresion ’
bpfliy = a Sy

TETO R - 04068 0.88 4 Piepase & Yo, versins 5, plot for the followizg boratocy data:
. Stona"s Mool ¥ N ko 5, .
ion ty gives . : m 18 o
8 FEIRUTAE e three phase relative permeability for the-dati®in-exatiple 5.7 ...

At the exiting value of So= 45%, Sw=30% and Sg= 25%




LS had E]
PROBLEMS
L Givere

'Swﬁﬂéﬂ By =006 5 =035 \

wcll 1ortesf annd - *
[+ e drtinage relative hitity dats by ating:
:.‘Ik’&fvllm—ﬁmh::comiﬂkm
. Pl
&, Camy’s mutad

2 Fhe capiliary provame daa fue 4 oil-witer syston: sne gheca helows
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The Classification of Reservoir Flow System

fluids flow in reservoir may be categorized upon the characteristice
follows,

e TYPES OF FLUID
1. Incompressible Fluids Waten.
2. .Slightly Compressible Fluids (Qil,
3. .Compressible Fluids Gas,.
FLOW REGIMES (TIME DEPENDENCE)
1. u.Stead-State Flow
2. nUnstead-State Transient) Flow.
3. sPseudostead-State Flow
+ RESERVOIR GEOMETRY
1. LlLinearFlow

2 Radial FIOW LINEAR ) RAG:AL SPHERCAL
- Fig. 7.k Comggon flow geometricy,
3. Spherical and Hemispherical Flow
+ NUMBER OF FLUIDS IN RESERVOIR -

1. wSingle~-phaseFlowoil water or gas)
2. nTwo-phase Flowoil-water, oil-gas. or gas-waten,
3. sThreephase Flow oilwatergas.

VLY. 1ESTING ANALTES 17

i
g
1. Stead State Flow -5 o
2. Unstead-State/Transient Flow.

3. Pseudostead-State.Floiif .

13 Compryssitie
ap

Fisd Donsity -~

o0 B[ - €l Bl Stightty Comprosadia

EL
E

Pressure -

Figure L2 Fiod donsity verous pressure for witforent Suid types,

A fusertiors of itk position 7 asd fimve 1, e
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Pseudosteady-State Flow

When the pressure at different locations in the reservoir is declini

linearly as a function of time, i.e., at a constant declining rate, the
flowing condition is characterized as the pseudosteady-state
flow. Mathematically, this definition states that the rate of change
of pressure with respect o time at every position is constant, or

Ip @-3)
—_— == constant
- at ; o -

It should be pointed out that the pseudosteady-state flow is -
commonly referred to ds semisteady-state flow and
quasisteady-state flow.

Figure shows a schematic comparison of the pressure declines as
a function of time of the three flow regimes.

- t g
e —— | W
i - E .i_ i
I i L .
i i / b R
[ ——— % ) —
! — E ey
Figure.d.3 Linear tlow : -

PR Fa—
il 1Ain%
P L » Lo Waltmew .
parviens ; \\ ; o . o
g !; \‘j.“/ ) .. . B
[ P : ’ R
Vo /f-aj\‘ /i Bt Ve ::. Fur :.‘: . Fotinas'
\ ® A T m,,_h.
. S ._-,/ s . . . . Lo .
Figure 4.6 Spherieal flow
T o e T
Welney
|
pae R V——
o b —— Fimwlos - —
. - b L e v P
pbc WY St Vaw /fh\\ Figer Linas

Figure.4.5 Ideal radial flow into a weilbore

Figure 4. 7Hemispherial flow

Figure.d.4 Hdeal Enear flow inw vertical fraciure
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FLOW REGIMES

There are three flow regimes:
» Steady-state flow

* Unsteady-state flow

» Pseudosteady-state flow

Steady-State Flow

The flow regime is identified as a steady-state flow if the
pressure at every location in the reservoir remains
constant, i.e., does not change with time.
Mathematically, this condition is expressed as: -

(38)=e

The above equation states that the rate of change of pressure p
with respect to time t at any location i is zero. [n reservoirs, the
steady-state flow condition can only occur when the reservoir is,’;

m”m‘

completely recharged and supported by strong aquifer or R

pressure maintenance operations.

Unsteady-State Flow

The unsteady-state flow (frequently called transient flow) is defined
as the fiuid flowing condition at which the rate of change of
pressure with respect to time at any position in the reservoir is
not zero or constant.

This definition suggests that the pressure derivative with respect to
time is essentially a function of both position i and time ¢, thus

(4-2)
9p | _ F (b
at
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Linear Flow

Linear flow occurs when flow paths are paralle! and the Buid flows
ma

single direction. In addition, the cross seclional area to flow must "‘m.,,.“

be
constant, Figure 4-2 shows an idealized #near flow systam,

Figure 4-2 Ideal linear flow
into vartical fracture
Flan View PR—
——
<
—_—
Welthore
—_—
e — U
i H
Fraciure & H
| S|

Spherical and Hemispherical Flow
Depending upor the type of wellbore completion configuration,

it is possible fo have a spherical or hemispherical fow near ¥

the wellbore. Awell with a limited perforated interval could
result in sphencal Bow in the vicinity of the perforations as
ihestrated in Figure 4-3. Awell that oy partisfly penstrates
tha pay zone, as shown in Figure 4-4, could result in
hemispherical flow. The condition could arise where coning
of hottarn water is important.

Figure 4-3 Spherical flow due to limited entry

Wellbore

Side View

\W/

=
b Flow Lines
o

i

Flgure 4-4 Hemispherical flow in a partially penetrating well

Wellbore

Side View *\ Flow Lines
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The mass enteting the volume element dgnng Aris given b% = &‘f

Mass E‘*%W‘”(?:Bp),;ar‘-zri_r + 83 (s, 615r24)),d, 7.25)
The mass leaving the volume element during 423, given by

Wots clomnny gy prrn(ucs 6224, (7.26)
The rate at which mass accumulates during the interval A¢ is given by: B
Mars Ace. ZrATh (e s o)) G

Combinirg Eqs. (7.25), {7.26), and {7.27}, as suggested by the word “equa-
” written above,

; EurTeR — MADS LEAVING = MASS AcC,
2~r(r-l AN (5615280, o, — 20 {0 5,615/24)), ZﬂrArI;{([g.f:}'” m"'(@f«"hf

AT rh (@7 002Uy g ~ Mtk (orasy)y
1f both sides of this equation are dividgd'by 2ur vk and the lmit is taken in
exc’y {evm as Ar and At appm?ch zerd, the following is obtained:

2 o4 pu}+'§_~(0.23‘§ o) =2 (¢p)
maﬁ%(ng@m% + aTav{pv. 13q)=afs hfpvo.s3y),

ki
) e

Equation (7.28} s the continuity equation and is valid for any flow system of

reservoir pressure:

v= o027 X2
. i ar

.- SR ‘
Realix the sigh convention for fluid fow in ponaus media snd substituting Darcy's :yas equatidli because
gquation into Eq. (7.28): - R

9234 2 k
- (nﬁmm-—w ) == (p) (7.29)

e porosity from the partial derivative term on the right-haod side is efimi.
sted by expanding the dght-hand side by taking the indicated derivatives:

a,(ép)né— ool . (7,308

-gan be shown that parosity is related to the formation campress.lbﬂm i:y the

!!_ZGWIBE'
oL @;ﬁ = G
T 5 (7 31)

B8
w7
El'jg!;}. substitating ehis equation into q. (7.30} and the result into Eg,

%i(ﬂ SR1I7 '&pr*—)“péwf—“ ’réfe_ 7.3
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The meass entering the volume element dimng Ar is given bg
\4

Mass E:“‘!Tw*’(%sp),m-zf r + A (ps. 615:’24)),._;, (7.25)
The mass leaving the mlume etemcnt dunﬂg A gwcn by:
‘Mﬁ @Lg““"“‘) - (aBo). = el (S 6:3!24}), AT ?.6)
The rate at whlch mass accumhiates durmg !hc tmer\"al A: is gwen by. 4 ‘.
Mma ool 2urarkieh - o) g
) S 2 (?.27}

Combmlr"r Eqgs. (7.25), {7.26}, and {? 27, a8 suggested by the word “equa— st
77 written above,

L pAES EnTER—  MABS LEAVING = MASS ACC.
2+ A {oU(S. 6157245, T (5,514, 2“"“”’[(’*’%’& COT
aft’rh{,@w&w@fﬂ‘, Wigratg) e

it bath sides of this-equation are dividgd'by 2w & and the fimit is taken in
eac’s tecm as Ar and Ar appros:ch zerh, the following is obtained:

i {3_23¢pu) 4+ (0.234 v} =£ ; (9)

o28%h (@?3@ aax%:e» &ﬁ'@v&(@v &3% s g‘é" o34,

=

923 A g
ta P = 5 00) Cgam)

Equatmn (7 ?.8\ is thc contmuag eguatmn :md is valid for any ﬁmv system of

32 . Single-Prase Purd Fow it Retendits l‘ransientF!ewsymm EREE SR 33
Mass coering Mass boaving Bate at which e sign convention for ﬁmd flow in pomu-f mcdl:x #ud !ulmuatm Drarcy's)

wobame element ~  wnfume cdoent = mass accitirlates uatkan tnto Eq (7.28):
duting inteeval At <hasing iterval 3 during inteeval Ar
“Tha mass antariog e vokme cloiens durleg &t i givea by:

) 2l MR (S SR s {725}

ﬂ,_ll =
porosity from the pastlal derivative iem oil B rght-Fand side I elind-
sed By cxpanding the righthand side by taking the indicated detivatives:

o

The mass Ieaving the volume element during ¢ fs given by !
. ez(ép) "'«i’“' L 7.30}

(g8 p), = 2arAfpugS 61524, (7.25)
Tha rate o whith mass arcutitalates durieg the faenal Ar is giver by:
2rr3'il§(éu)u~ {a U—’-?I

Combinieg Bqu (7255 ¢7.26), and oM sogsestad by the serd equie
tion™ writicn a‘mw, .

wz«tn,.b m(mﬁ 615«'2451"#’—-—"”""—MWM""A{"P :

i bo stowen that parosity bs retatad o the Sormation mmpmn&duy by the
kmmg.

73

pL +.\r)h{m,56

H bath sides. of this cquatian are divided bgz:zr.!rﬁ and lh: hmrl i nkcn in
cuch tosm a3 A+ send AT 37 f zen, the ;

4
v:;(ﬂ.mpu} +.—_(a.234@3 =§(-hsl

of

- ' 0234 134 K e
a8 B LLatey W-P- pv:.c.—- +o 130
g ) = Gl A (, 2 ; !
- . ' o 7572 45 the genteat partial d‘w(remmi eigdttion yind 10 dincribe the
q £3.24) is the fon axd is valid fot any o systerm o of any fluid flowing in a rediat dircction in porows media. B addition fo

ke
sadisd geometiy. To obtzin the tadial differential equation that will e o
Tasis for time-depondent models, pressare must be Intreduced and & elinti-
adted foom the pastéal desivasive leem on the right-hand side of Eq. £7.28). T
o this, [)amy’.q\mm At be mnodumi w relaie !I;e Ruld ﬂmv pate 80

rRERIVIT W’SWN

it assumptions, Ty equation | hus Been addied, vl imphios thae

ot any mmw!ar hnu: n:gmn

mmmnmmm .

Ppbwg pprespriste hnum!aqr and initial mml::iom parimh: solutions
differentiat equation derived in tha
tiot obtuincd peetain to bhe Fnsient and p&wﬂmmdym?g faw

e —m:(suz?-“ﬁ

_m thw Ihz iy sign can he -!m;z;::d Eraim Darcy's cquzﬁon ot

423 ((mmmkw") &@p; U gl

o is laminar., COtherwise, the equatios & pt westricied to ny e off
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TesServolr yressure:

p—_—s 901127 kap

%

" Reéalizithe sigh convention for fluid fiow in poraus mediz and substitating Darcy’s 7¥'$ equation because

Qm'mn ine Eq. (7.28):

0.;34 a (ﬂ

G127 [—:pr &r} (@p} (7.29)

e por0sity fovm the partisl darivative term on the right-hand sidz is elimi.
ik by expanding the right-hend side by taking the indicated derivatives;

b :
g,(ép} =gl *"E {7.30)

can be shewn that porusﬂyls refated to lhz formation eumprcsﬂbﬂuy by the

amﬂg‘
: 5T - @@@%
&= é % "i‘}*’ é@ (7.3

o e
& dp ar

Ezﬁf—(ommvﬁm 2)e po L 26 20 o

\

N

e

- rnu-c—uu~u“m §oorneeree pres wseass

&p -y e

6.1, Padial Flew of Sllghtly gomgresmbta Fiulds, é & p &&4*? o

© Transiént Flow
mﬂwm

. HEq.{7.2) is éxpressed in torms of dcns:ty p, whu:h is thc inverse of spcmfzc
volume, then the fo![cwmg is obmmud . L4 .

o= preie : '(? 33)

L ABEE Py ds some rdm.nw prossure and oy 15 the densuy at that refcmncc
rressure Ipherent in this squation is *he st mpaicr thit the Combrassibility
of the fuid is tonstatit.: This is rearly always a good assumplion over the
prcssur;f range et’_q given application. Substituting E_q (7. ’B) “.'“" Eg. (‘f 32

C0.234 g

el (0 061127 -*fpke"ﬂ""a?]r—] Ip;;e"”‘ m?t‘b,_‘,..... .;.4,‘_{9“:::7—?.3; -

To simplify th:s equanon onie must make: :he assumptmﬁ that & aﬂd poare

“cohstanit over the pressure, time, and distance ranges jn our applications. This
% rarely true about k. However, if k is 8siumied 10 be a volurmctris aviTage

rmeability over these fanges, then the assumption is:good. In addition, it
cen found hilt viscosities of liquids do not change sighificantly over

o t}pxcal pressure ranges of interest. Making this assuniption'aliows ki to e .-
brought outside the demmnc. ‘Eaking the necessary derivatives and sim-.
plifying, : . :

?ggmﬂé”v!. lap [_2:__

o
ar”‘r ar ¢ ar] = Gom02637k 1T 0%

...,g I'?P c[ ]23 ‘!H-“k__ a
PR arl  0.0002637k ar”
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Ramlazt $hir Yhrwagh Foreio Modia
5 Radial Flow Through Porous Media:
Slightly Compressible Fluids
51 Istroductiop
£ rbommsinin £ e .
The furw patiern in the steata im the vicimity of 2 woll produsing vil or g can be . . N
coavidensl axeseniially bori st pdial (f we Hmit e Jieysdsn iitally (8 pear Pt S8 Bpiagrrm wbviiont 38 s isition of s in mBal pivn .
ertical wells and nondipping Rermatizas), M diotanding of hotizental radial
o i thenskors Bppurtant i we are 10 explais or proalict $he produstive perfie- Therefore,
ertance of 2 well, E
The belussious of shighsdy ivte fhuids (and d oif, wateri, mhow A iiks vz o Adek s Dmehdr hiapd .1
pearpertics ane litike sffeciad by changes in preswwrar ard Mgidy compressible fuids
ey and et pas, condemsated, which ar¢ o7y seasitivg fo the presire, wilt he whire 2neivadrt is e setime of tre increment. g is the density of the mobile fuid,
reated ey, @ ix the poresity, As was explaingd in Seet 343 ¢ is prossure-depetsdent. piven that
it abis chapter, s will evaaine e bollom-hole prossire hobavieur aburved ke genstatic siness & renming <omtant. [
daring the flow of the fudl theough the fornmtion wwands the well, or viar versa, Resalting thay
{iprodection o imfoetion wa1sk and donng e priod folloning 1he skyning in of ) [P 4 g,
(e twelt - 2 Use tormination of fva (betdeg of GF of 2eae) Wk, oo = far o
cegreztion £3.1} oo
51 Equatten for Single Phase Hadial Flew Elgpr Py Mui 52
e
The basde anarngrionn made i the theory of shigle phine Rorzontal sl fow For i eross-sactionsl arer 1o Ao of ek, and 4 pressure gradiont of fp/y, R
e {¥arey’s tave can be written ax
- the porous medin fa b ingsand L and ixharizomizt 2ad of uniferm
Unickawss, the penneanilay is fatropic 4, © kit 3.3
- Phete are o =ekalion gradienis i the cae of the fow of ol ity satdratoon 5
constant amd egual 104 - N fererywhere, the water phizee boing immobife in
e case of the fow of waler, its sagration 8 overywhere = (1 — 5,5 am ehe ol
phse 01 preieats B imabile, EREEY o
- dke prossure throughout The reasmvudr 1 above the bubbie point of Lhe Soid,
- toe thid progerties see uriferm over the whickamy of the rowtveir o that witle
praviatienat effecks can b ignoned, i dar & 1dp 1
- Vi welh s b perforated anver s sstite mer o thickams, w0 het iaflo s it gt 40 | 1de 1de ¢S]
bussidomaal ek “n dp Tdn 7 dp T
Comider the seprment ofa aylindrizal lescreolr thews i Pig A1 Anaoremen- 1 we defing the compressibitity of the pare thiid s
1al votume srhaded) 35 defined b} 11T At 3 Gl pcg ¢ e lh$ axnof the well, and LAY dn <3 o
s of thickness & with fuld fowing scree s indicated, Aprying she princphe of T dpt (S
the comoivazion of mass w0 this volame L N
“ RO L e R T vz s, by substitsting from Eq. [M8ek:
temass flaw raie fay o flass faw sudc onld - (ke of changs of muss in the .
ingremental volume). kT < ST £5.5a

0 of e Wby Equsticn - [t T3z

Here, o, represents the Ttaf sparem sompressibidity frouk + poe Ruidh I the porss Rearrunging:
comtain ety wates 45, & Mo m ey, Al we kave:
P T 3t ‘"( & )F 0
£ e -
1 anshe other hapdd, sheraix odl mlhnprcmmc ofim\!\mblc(au«iwﬂ ~ptadile) i
waler. we wm write the Sl ion whihe
B A [2a r_!S I3
! . oy etratilic difh 8.
v these (o e we i devive 3 mone gemerst fon 28 5 s, ¥ Ipdrastic diflvay SH
FAREF A Y (5.5 3 aEsimd o e constant far «ma" dmn-ggts ol‘ s, t-:na-c % <§ wind g incicayd —
- s €571 ¢S . S5 & . wizh p white ¢, deore: urr;;m:[l. [SREN
From Fags. €570 €531 ¢8431 and 15,500 & Sollons than Exuatiosn (5300 has maw bn.n ol b fydeaabc diffing
& Tarkd o Sritggie P can be comidered condant), amd is reforrad to m thie fum; 5 e radial iffiniirise
;,(” a7 j AR VA vquation.
which siniplies T This can now B sobved snalyticatly. One approach i 10 ake advantage of thy

shtdlarily Bedween it mad the thersoal diffusivity equation:

Pk fpy L dp a7 : -
St TeriEy e pvad 35 eSOy LT -
rcr(,; er I3 ‘_‘.a_{r;r & . 512
where j and g2 are the density and viseosity of the mobile single phuse Suid. v K o the R,
Exjuation 5,61 deseribes the presre at any time md al any pnt in i poroas where "; - :i‘;:’“;;:z;g“:‘,\‘;“ i,
medinm for & single phass floid in horizontal radtel dowr, 1 s calicd the gemirad s
diffsivity eqeatian. Solutions ta Ea 8512 for o wide vuricty of inktial and boundary somdtion
Thisba {i p.mul it H ec;m:'im et lxmw &k i have been publistd (v the defiaitivg work by Casshaw ardd Mgy, Condintion o
o and g ate alt & zo ical solution i Flear in Sodids? . N
pesssible withont i Baing” (he ﬂxﬂuunu SURALON K0 48 1 EEmove e presure Dtk and Quaa” have shown tha the b isation proces just Jescrit -
dependeiroe of the patmmeie, i anfy valid whew:
ap sl [E X
33 Lincurisation of the Diffmivity Equution for Horizontal Hadind
Flaw - Case Where the Roek-Fluid Diffusisity is [adependent . .
of the £ 54 Dimensionfess Form of the Radiad Diffusivity Eqreation
Tqation €561 ¢an by ergended ax T urcunres of 2 dimewsionten vorvicn of the mdiat ditlwivity equation will -
e o hesome apprent in Chaps. & aad 7.
.,-:) . A dp{‘ ' l- @5 In Rct, apy dimensioniess amely! :zcal sulmmu Fcr 4 particuiar et of witial zad
Ar ) R VO boundaty conditicns oan be into procticn} units fo v iy
. resl case in quresfion,
The dimenvioniess varables ire dafined a5 folfous,
55 - - N .
b Disvcusiontess radivee £y = 5 €544 —
. . " »
C¥moasinless time D> Eoe T, LR
S =7 uerd A ¢
. Ankh
Dhmersionfon pronsuns fadeg. 5 = s 1 N [BRES
< Tme .{mw'mm v et peceeanil) salsd dese e the wellhire, whons noghsetag the remriSpadn® where g, i (e il static revervair prossune g, 15 ke prossare at me ¢ and radi]

ey At criv's i e Jusd evibaiate of v 5L

¥4 Fx the Row rsle ot rescrenie condizionre and r,. is the welibore rading,




s

133
. =gk Yt Moy
From the definition of 1, 1hic comapands 1o 3 ol toe of
514 &
515 1 a“%_&; 154 15550}
whieh the ﬁ:‘:::{“;;’::;{"’;:’ e ‘;:“’;:i:}, e s L tor 1 ime, the prevsars disarbance invokad by Bowiag the well is contidaed
T 36 The BT ¢ HORIE PRSI 17 = T, T 1 e s within the draimags area of mdivs £, {Fig 521
Sih Buring thiz period, sivee pofrp.dud Bos 1o8 yet ban affeetd By the -
Pallitul = Puadint = Tl — pust {5 i pertnezible atpgr Bosndary o £ s org Th b volr s cfvetively infinite in vircar far
ap

apd, s 2he sbience elany sddionat prosuse deop dus 1o sLin ctfeat {10 be coverad
Tarerc
. ..

Pug % 1 ZEUJPQ‘-"“*' FRRES
This oquation shaws cizarly the ispaisapoo of hasing nailatic il splgiions
for the Raw of undorsatarated oif towatds The welhovs, =ith vasious initial sad
Foundary eonditions

45 Behaviar with Tine Under Flowing Conditions

Equations such a1 181600 ar (RS are always auockzied wilth a vat of fmithil and
poundary conditions.

S wilt first eonshder qualizarivety the kiestined case of 2 extindrizal recorvais of
eniform thickaes &, with 2 sealivg Cnadlow™ externat boundavy of radiver,. U i
mirially 0 = static condition, with 2 uniform prtssae p - p, throughout.

Thicre is 5 well of feits £y 21 #x contre. From Hme £ =@, o & fowed fram she
axdl a1 3 comstani rats ¢ fal mieqvair conditionsh

he T

Buedm Seet. 8.2 Siag b nature of the well snd zossrvalr

ape applisd here

The conclusians ve shall draw abost this siagle well wiil alo be va%id for the
emn where thete 512 orisee wells proseat i 1ha ravarvoir, pravides thelr pradudion
rates - which seay be differeat - do a0t change with time in this sitaation, thare i
a0 atea around each welf witlin which the Suid maverent is wonands that weik
Thiis is reforred 10 ax the draiaage area, A, Its shape and dee depend ena sumberof
factors, and the ridits of e cperafent cirealat srea is e drainage radivs 1, 07 EDs
=il

§ the predusiion rates frem sny of the wells chanpe itk me, el drainag:
arcas fand comequently these of nughbousiag wallsy will expand ef contract, and
the preste behaviour walf diflet from that predictad for a constant rate aase.

We will tee 14z dhmensionless form of Ui radial diffmdsity squation for
cenvanionen

Comida & cirenlar drainage ares, with pooduction statiing 51 WRs =0 and
comnising aatil

25 the pressave s concerned. Thic ic referred 1o a8 infimite arting,

COr Iy hetwwen sire anad I . She Baw rogime i suid 1o be et oF isfindse

it
SHIT in the same arculir gromeiry, I vy aow kok at the pavds

a m(:i}’ % rpiall (\::; . 153%

Tieis is o fransition goriod hotweo aady tramisnt ansd the el vode, and the Mo

regime i5 roferred o g late sronsiost.

Wore Hhat 1he 1 preiod daring which ke sansdent Row oot i dificent
Trth stast time and duratien - for d
ahe redevaal velves Jor ron-ciretdar st

%,

-in
i drtinage arca gromalnies Fig, 87 Bats

e
o 3 circular prometey, when &y o 6 ¢, [, he pressuce deomares 813 oo

sean £ate &1 ol poiue i the dyainage seck

v

o cotEEan for any a0 £y - FLatH

iz 3
1, X
o 3 5474}
oy -‘35’@(’ ] i, ST Durwesnd ifesiatt of & fer et disurfonies wromd 8 weid: ssacly framient v

Yirkavt wa 1hne Lvder Faiag Ll 513

& s ullm_(s.!! Vi Throagh Pusus Modn
AT 1he vun bowadary of the Srainage arca (za-fow condition| far sny ) we have

L3
L

[T}

I other wonds, 1hie pressses prafie polred koeps tha reme shape, and the whole
profte dsclims ai 8 irady rale with inceasing tine. Plaure 5.3 chows & wries wf
those paralicl peadiles carnesponding to diffetant dmes. in both real and dinension.
ks tormus. The Bt segime B aaw py steady srare aleo callod dr statel

1= ordar far mass to he conserved at aay sadivs ©

15.19a)

15196}

Equation (519} affows w ke caloskaze the prossuic distribntion plr) i dhe
reserseir for any valee of 13 2, provided we bave ene prosuie profife. sha
meacernd 3 A 1 > 7. 60 slaad ons

The vaviation of $ha battnm hols Aoning prosorne po during thove iree fow
regimic periods Is vhowa whomatically W Fig 54,

Pattideeateady state fow accurs whon we kave 2 “ne-fow™ {ic, non-pormesife,
ar denedy oster houndary cosdition. An alternative coudigion is the “cansfand
piewiure hovndary” e floid i eeplenishad scros fhe Bomdary, w0 ihat the
presvers p, Fonmins constantt i this ce the fous neginne gacs ke sacady sate afiet
he ke transicnr pariad.

Fip 83, Frswdsricudy state prexstc folta s 1 i
i vt of @ Foduii sl x 0k 5 ot bl
¢ wvatems

Powarg G
Denassimer

s

Figs Sl Heancess fale JERIg F2casuen pag 1eerit oo

From Bancy’™s oquation:

(5905
where Yad is the cravs-sccrionad e 10 fow.
Trpeating . (2204} from re 20 45
(52083
winich iv. in dimsoviontos form, far any value of £
Pl pefrat = g 1320}

whaes £ = 1 is by definition [

. 15.14a3 ] 1he Emensionless wellbore sudies
56 Solutions to the ftadial Diffudvity Equation for o Flaid

of Constant Cotmpeessibiliny
S48 Frausdeal Flow

56,20 Troanuens for au Eical Well

Fasrfer i s chapior it was shown thal doring a cortain ioitial poriod whea the
well s put en productian £ 5 1,8 $he tesctvadr B afinie acting amt the low regime

IS preaioTL,
Tha initial conditions are:

pepy ald =i allr (%202

The besttdbaey <omdizions s

poap atre wforalli G20

e
LY

r}n% constant For uff 1 . el ]
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B we 2siame that £, s nepBaibly sioall, By (583161 sdtaplifiss to:

fim
,'.o( &, j Izkh
Fhe sashietions b e gadio) ditfusdvity equation under 2l conditons i seferrad
1o 115 sha Hiwe siusree sathon Jor canstans eendnal rate.
Lhsing the Bolremans transform

= CONATEL . {520}

(5221

o that

2%
e Fadist diBmsivity sxpation:
$ 27y dpa iy
PR, E5 1
. & (’( ) I E

Beconies. thrvwgh transforming the independent vasisblen (e} 1o the fadependent
variable &
iy Gp O "

N il A 5.2 R
T 18

white p = pir.f b pow only 2 fonction of £ 5 el
Bubatituting from Egs (5220 and (820200 £, 15255 bocones

d fdunrt g . opert dp e

FYr e 2 dg) Tk 15203k
which, swibstitmiey Fom Egaation (5,22

: ﬁ st - 583

a( 4‘} s (R
on

dép A idp odp

"Y’dﬁ;(\dx)“ i Ce RS £

Esguatiin (100 which & a partal ditferential equation in r mmd 1, has boen
canveried by mesns of Hollsrmann's wnshirm o an andingry difervstis eqestion
which is eey 1o sodu, ¥ o Brite

<&

Fr

(L fasidid Fin h forous Mo

equation IR is now:

€524
5340
whicls, swhen integrated, renslts in the geoeral oxpastion
p = =~y + £5.25a)
o tha:
Py £6.25k)

where &y e
Far the calentution of €5, we peed o refer bo the bowbary comditions at the
wrll We alrcady have than

15.36)
and, fram Fq. 52145
TC e M0y e oy
l;mt L APT R R O M 1537)
et whan £ oo, x =t o w2,
stitutissg from Eg (52501 e Eq (527} we now have
PR e

4=kh

Eywation {5.38) f inttginisd, af radius r, Belwren e pressases gl o 49 and
P84 t5 at fie 1, The comnssponding values of + are [Eg. {5,234

sroBbe x

ane

sir) = SO
Thermfore

aros

L ey 2
Treem whigh:

Er ,u

e - pie rJJ-z] [LE

Fhe inrapral in 1he righe band 1o of Eg (S ﬁ;n the well-knonn exponensial
Bntaggeal ¢itsl, whese Behasionr is shown in

1y 10 thz R adeyt Dy Bgation s d L3

o g5y
a N wix) - Q57D - b ¥

,
. e

!
I/

19 -

23
",
28

oe

&z

q L LX) 13 2 X 30 EX)
wil=}

¥l A8 Jhe oxummtiat imtegeat Jomctieas e47 % 1. For Ve saree o 061 12 ¥ v £3

#iL%) g be developed as @ xories,
(-irat

cifx) # = WEFIE — iy ~ -}.:l W 15.Mar

For x (G, ignaring th ik ondya very souafl erron® st
1he equation mfucss so;

cifnp e o ST - HAx gy < DAL (5,345
where the (ST ix Enler's constant, and

FVTH T8 -

W cun eapress L 15.3b alicrmativedy ax

et = frudgal R X BOF {531

Rdiat

¢ Lozl Puni, el

Substiting thin into £q. (5,307 we obtain:

SR -lg::s'. n ;Y{u: - 3t
I dancasionioss s, $his is

Py m[ ( 0ty o Dl & BHER {$.32bt
whore: .

|nf = A 2246 = Dol 522

Al the wall, where r; = e = £, the rebationahip brtweon presaure and time
ghun by
Futlotgh = B8{ngy, » REE €533

wirich. i eaf term, i

3 - ".“.. t
Pag v Py ,_,,(imm
1004 improrint to fualiee that Egs. 13330 and (3,530 a5 fescd on an approa-
Fration § Eq. (5.3 ] which is oaly valid when « tor its equivalent iz the sorms of
the equations} = G531, jer

15330}

15.34s

uiherwite slated aw

£5.35b)

For values of ¢ lows than than required 0 satkdy Eag 65,348 the sodutéon
cunlaining the full exponendiat infepral should be ased,

T st entnes, i (534 6 wseeally satisfheed sfter o fow piintties, eroven seoonds,
after & well stz Qowdsg

26,82 Freunment for o Bead Wedd - 5is Effvet

Artoug the Blial aswumpiions upan which we Emw Batsard the dJesivarion of the
above % two e of

thi poeous dieditin is homogeteous and urropc in ponmrnlity,
s wll Is ogsin 10 prodocting over the catine thickeess of the reservolr,

These camBitions are mot met in 1he nllvning siuasions

- <famage to the senr-welibose Fonmition By tved firateidmshn, caing 4 tafade-
don i permetifity frein K L, oul k2 3 distance £u.

- owall paly driled dovgh o perics of the rewneir sthickoen fpastid
PanrtratianTy,
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Sartamiimes o the Rudiad Difarivity Pauaios. 3

well comptosad with coing amk eomant, hut only perforatad eaera povtian of the
teweivodr deral
e feveivesis interval consisis of 3 nember of biyers of difent permsabilites
shig sitastion is Girther complicated if B woll is anly palonated b otie of sme
of the lavers.
- peasence of faetires which iatersect the well, sealting 3 a foca) incrense B
permteabiily.
Each of hess faatars will modify the fovw patiern aronmd the wellbovs, b thar
Exp $5.55) will not be 3 1ene repressniation of the sitestion g, 560 Their influenee
15 aecouned far by inteoduciig a quanity S, the skin focrer. ota the oot

Putharol = 50T, + GE + ¥ 535
from which ¢ dariva 1he fofloning clasdeal equations:
Fotloo) = G5k, -+ 0209 + 25), §5. 355y
Por = By g 4908+ 255 {5 56k
Lixa @ less and thercfore just o mwnher, Brepemding en
conditions. e addiional pressire drop Ap, aused by the i
1537

may be posirive [ ~ pad i the reat well I3 groaner than {p, ~ Pard i1 s il
well}, aF sagarire 1, - o in the Tead well 5 Joss than (p, — ford i ke e wall].
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Fig. S The prswrs profif ot o wilfors m ke v of fensatin g

Sty v af papevced pre i sl b frnerag (V< 42

- S Radial Flaw Tizaupk Pasans Madiz

A, i padtive in the caas of Blockags by mnd Fltrate'™ pastiaf posctration of
the rerervoir interval,!® and paniad pofonition of the cusin
In the cose of filimne damage, we haver
ae &

Zakh Ok,

dp =

(5.3%a)

which means that:

Fhvix danape cim be reduced by means of sugfactant weatment, which falitues the
vl of the flirag

!n';\ Tesrdl 2ection eonsisting of pones of differing permealstition, only some
of whizh have heen perforated, Ap, may be povitive o nemative” elepomfing on
ﬁfr\cihcr the aonss opep do fow Tave 2 average persscab: weliich by Juwer or
highar 4han the aversge of 15e entize intersal,

Ap, B alwidys negative where the welt i intesvepied by Fractures®

Where the scll has hoon drilled through an vilbesting fomanion and an
anderlying aquifer, (he section will obvicudy beonly pastislly peforatal so o to
aveid produding water. We might sherelore oxpest the skin 1o be positive (£, > 0L

lt:mqu‘ we have bwe Buids paossan off (which Oows sowasds the well, and
water fwhich. alfthough il daes pot Fow, stll traasmits the peosmre distortaincel,

({ the aif has o higher viscosity than the water, Clicnial® has shows that # is
posdble 10 find & negadive skin factor Lip)

W shalt return 10 the in factor, and ity estimation from el festn fo Chap, 4.

562 Prcudo-Steady Stote Flow

Cner e prossurs diasrbases has feachal the outer fimits of 19e desinage ares of
[E% E‘k‘]l.‘:ml after a velatialy short “Tate transiemt™ periond which follvas this, the
fow wegime dnters preudoscndy staze, during whivh for g = consiant, dpidt i
condiam al i polnis i the dminage area (say Seer. 551

Teor sisthéy the svnscrration of M )

{mass of fluid Ia_xm‘ag 1l well por wil tmch - (chargs per wsll time of mass of
Baid in the drminage area of the weil)

we bave the following relzionsdip, which aio sllows for the tock eompressd

iy

g g Bk & &
op = — arfh [ T4 R PV} -
A wih = hbpc (5393
fravm whish i follows thatr
£5. 3%k
5400

Gaummy ta she Hadiat Dty dgusma ——t

and, afier Bral heprating with rospeet o £

E

AL £ =y (50000, = B 50 tiat:

P
&

7

em i {547
We therelare kava

IO

Sl ) bas

which whet ittegeated between r, and r foquivaleut o inegration borwaan pyg
amad 1) givex

an

L =t

(Sddai

Ths 1000 L 157 B moglipily sl xo thal we cam weite, ufter Inteoducing the
shin facter ¥ (s2¢ Seat. 56121

s
PR ::i;.(“‘: —i+5} (5448

Thix equation woukf mable us o caloulate the battom ok fowkag Frasane po in
a producing well sl any tina, given the ouwer bouadary prossued py al the wame
insiane This later tenm s Aol ssally kaowa, and it is moce wselbd o wrile the
wjuption in 1oms of the arerene sbtkiage 402 prossure i sinoe this can wmally e
esditautaed,
From the rdist synunctey af the systesn we iz

{0 Ankp e
2 S

[LX L8]

A

o, igmoring tha rf e fneglipble relative to w1 in the desominazon
2
fo | pras. 15:450)
7 e

Substinting fov p from S, (Sa4a)

et mr’dr]i- JEFER

TG
Pl e szl

whicls, whien we iptese vl bhocomes

2 N
A R (5451

. Lo
LA A S

Vinalfy, afies simpdifving and adding the 2kin factar we poi

. KON TR "
Fop gl 4+5‘}, 5481

Torsee Meda

R T T

Mow, Fg. (5460 can be esod 1o caliuline the awcmgs prosalrd in o cinsksr
Erainape arca in mendosteady siate fow, Other geomesties am b inodicd by
simriting, By {5460 i & more gemeral fvne

%m{(?‘]z - bt s]

|

whits A 3 the area of 2 gircle of adivs » and (he guuntiny 3162 s the vatuc of the
Liery shape facter U Tot 3 circular geametry.

We fow assume that 4 repeesents any dreimoze arca. tegandioss of shape. The
promatsy is Likes fate account via the shape faclon seme of the wlues of
¢ exleutated by Distz® for = wide range of peometsics ure Toted n Figr 27, lo the
same tahle fhere are also reported vahnes of to 1l =ty e dimenifortoss tite g
which, for @ given pecmetsy, paondastendy Gute fow can e mavawed o have
devalogied.

AWith T 45,97 we ara shic te calcutate 7 in fichds where walt phconzent keads 1o
son-cirentar drafmge srves, provided of course that we kaes § i the wall wuder
228t {ese Chope, 6L

§54Ty

2 X a

For any disiribuon afwells i field once g i
are wepbliched, the wre of the deainsge area of euch weall ix propartional o ity
production ofaks per unit pey thicknes, g% This ssumes dhat thers i 5o
sarialisn in perwahility baueen the wells

Consider the eave of 1wo wolls 2 diganes d apar: (Fig S8

EREEEY
by vtp =, (sar
itz
g TE . S
TR, ‘*'fi:?h'! (S
(5390

The average peossute of (he reerveit pe can b caicpizied ax the valumi|
weightos min of the average prosaies § of the dodnage arcas F the wells,
vetume heing e volume of aif £, ; poosend it cecle arss

(4.5

Fasg st approximation, the preducton sate ; from tha 2k a ol i proparions
o tie volume Gy, contiled in s drzinage are. w0 Tt we ot simpEly B £5.505
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l‘-‘ig. 1577' _i-’cafws' af the shupe facior for different drainage arca shapes, and the tme linifs o the calidity of Eys. (5.36§ end
{3475 Fram Ref. 6. 1963, Socicty of Petrolemn Enginecrs of AIME, reprinted by permvission of the SPE
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1.5y

563 Smady Stele Flow

Sready matg Bow conditions witl aceur in a reservair anly when thers is an mt of
wnter fram o flanking \quq sutficien 1o makniin the tuier boundary poesure
Feconstanl svith time; ov when the ressrvedr is Jevekopad with fnjection of water oi
other ftoid in such o way (ol the total solume of flesd (ol + I!'j:‘clal Ruidi is kept
constadi

The boundary conditions applicible ol the el of e (ransipn pesiod are

Pouep, o COMEANT A7, (55
,—;’ =€ o 2l rand 551k
When thuss corditions apply, Eq. (3460 broomon

{5523

5570}

Tntegeating, andg Irlradl.\"lllg Lhe skin tmal

1553

Py ,.,I(ht -+

Tollerainyg 1he same procedume as for prowdosteady stule fow i et 562,00
obtxin the fallowing equation:

. . ([ nl

ot gt — 5

Talle 58 fscs st radd Lxane forr sty snd prewnd ay
state Aow iatreduced in the preveding page ~;

Fhe C wmn on the sight-ham$ side s the units conmarsion coefficion, .

B e sdhons strictly o the SI umli wosisetian, with p i MPx gz i0 mllas, then
she valos of £ would be 167772 et metric 3wk mebd unity sysiems
1he values of £ ate Ented in Tah..e 5 i btz with the units for each pammenr

The Priveeple ot S AT ADERo 15 e Xabuzion 157

Tubbe A2, il o exgruptionrs

Chemerad sustion

Fapantios 1 denm of 5

Farotien in o of 5§

Paipmater Spuntad

Pracvical neasic CHifebt (U351
Eay thickios L3 smchivs Ay et 1hy
¥ 5 kg g mitiiargy sl
Bromaiote s rats 4 aubic mactioxadsy st barrehday Pt
Ratic (XN maties foxl ey [t
Winggnity P <entipaise raby womipess [
Prociure e Pon 3 hilograwiupae om (kgAY poumds squec el fes)

Llvendant < il 132

57 The Principte of Seperposition Applicd to ihe
Holution of the Diffinhity Hquation

The Hisearised diffusivity eqeakon, o130, and indeed &l difforontinl qguationy
with cenuant cocllciants, xre ammrable 1o 1ubamels thearen, which states that *a
Hasar of the b of 5 i 1 2gustion & ihadf o wolution
a2l eagiatien)”,

Tt ciher words, f we combing - in ¢ linsar fashion - solntisas to e diffadvity
euaion corres osding fo dillizent {nital and l‘uulsdar}‘ conditions, wo will shpin

another solution o the SO cpsation, This s i seadled primidple of

saperpession, which is so niday usad i mathemativoal ph;mm.

Consider the cuse of o well which & initially b in & = ¥ af [ G with
a conswnt prossuce p, over the whale of ds drainage aves,

The weliia now put on grodunion o rte g which b varied with time (Fig. 5591
imsiead of b heid comdan), The fow wohedule s as folkoen
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il

fe LR N

$in 5% Schearie prewstarses of fine il terationt wilh e for e with e g of
saperpstli

T seme information can be presented in a difforent wa;

Flivw sy

& sing Lhe geneml wolution of diffadsane oqeation [Bp (5363), writTn for
comenignee in dimendonless form, we bave ‘

Inik

;{-ir. — Parlfad] = Ly — DH Pa e - G+ 5]

€y = g Pl - i) + 3F
RRCTE 72E3 PR MR R

vy e s Poattn, — foy o) ©F]

L R o e T R 7

Teniny aml Enfoction Weliy 13

spplicable by usitg a segatine yi o the equivalont Infectivity amd prossare G-l
wiig in welle where water m being ivjestal for pressure malntiesdnee of war
flaading.

Eduatien (335 can tharcfore be wied Lo svaluate JHO¥ nod the drinage adies
401 1he diaance o xn impeensablic hamicnt from the homma-tx#c fawingshat-in
provsunT il Sedge of the rate vati

(‘hapl:réu.(!! deal exelusively with akix fopic. By way of an inradustdon to this,
wiz will sound aff die prevens chieptor with a summary of she mas camman types af
prodection and injection Lesds By coriend e

58 Testing Production and Tajection Wells

Production wells sre almost invariadly wated under Bowing assdithens o > )
xfy i the reservois presuzs is law enough for production ko requise axtificial K
idownhole pleonp. gas Btk axight iU be peaferabls ko conduct su lajeckion et dy < 01
Fhin wanld he in order 10 avoid mechanical difficudtion awsaciated with having thy)
prosvurs gargs it U welt while e aniicist HE i 1 35 a2l i
® pmcmlly achigved by pumping dowy diow] or ragevolr enude.

Water injoclion walls sre witadly tested by injeetion, althougly vory oncastanatiy
production Iback Aowd tests may he porformed.

Stasiing from stabiliced combithons {p = gy ower the whole dringge sreq)
a1 4= o =BL & well et will invebe pofting the wdi s prodection o1
injectiom cither 33 a comstant kate @ fat o i At as
condiions aften dictase. W & soguence ST fales o g oo Qe TOF tima rszrmd
EIS TP TN ey TS

Tha foemer case is relorrod So xx a conaant rafe Text, the Joter 25 3 mubti-nar
test,

With a welf an prodoction, the meassserment of the bomiisn hoke Mowis,
proveurs pallt - a decteaxing roml - constilutes 3 provare dravedinen tosd; whild
in the caxe of injectian. thi memsusimment < i this cas an Iperessing, bnond -
CORRIIILICL AR FRIVCHITIIY IOS

The wel} is pamaily shut in fg = 03 a1 the owd of the prodection or injoctior
pestad, and e bottom haole prossure mgsursaen! is contiiuad,

When a produciag weit is 3 in, the hotiom hole presagre p,,i2) tises and 1}
prossare tremsuremend is wefored 10 s 3 uildep e for FRUY while the & §
prevure rospeuse which follows she shoting in of an injection wel i el
A presry fell aff ted tor PEO)

The mathads of obtaining ke $ sed ¢, or the difanat o & pormabifing
beundsiy fhom prossane measuroments dedng prodoction oF fection o) and
during shol-dn (o, s deveribad m dotail in Chap. &

It is sden comaton pistion 1o atleulize abc foffowing three additional pas)

X amd|
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166 Radia} Flow Through Porous Media

so that, in this example:

{150 % L15% 39 4
= 33 S 5,84 = 7.7 kgiom” .
Ap, = 1905 830 % 130 63 . giom

Finally, we can calculate:

Broductivity index:

q 150 3
- = Do w954 :
I T T 556 dx kg/em
Completion factor:
Ap, A
PR (NS PV
CF=l-rn = s

Dramage ratio:
F,= 1 — CF = 49.6% .

Note that the productivity index could be almost doubled by eliminating the skin damage (e

surfactant treatment of the damaged zone). As a consequence, fwice the production rate could be

ebtained for the same bottom:hole flowing pressure.

Equation (7.38) can be used 10 find the pressuse drap { g, - p) that wil
have occurred &t any fadius about x flewing well after the well has fowed st
 mte, g, for s time. 1. For example, coasider a ressevoir wherg off &
flowing am(fii it 72 op; B 1475 DLUSTE; & = 100 md; k=15 f;
6= 13K 1870 pei & = 2345 pr= 3050 psiz. After & weli is praduced ar 200
$TBday for 10 days, the g:ssug: 5{ éga&us of 1600 fr will be:

e - . .o
o 0020808 0 475) [_ ?z‘ﬁ).m(o.?zjis{wrﬂ(mwg }
106(15) N u,amos(;m)(zu;{umv)

Then 8w

= 3000+ 10.8 £ (~0,18)

-,
Trom Fig. 111, EL~0.10) = ~L.82. Therefore

C 70,6405 { ( e, ]
- NEITE: I TN I v A
p =100+ 190 (X1a1) - 2981 8 nia PEO=p *h 0.00105 kf)-
r-zm.;?"‘ = 431

Figuse .12 sb w3 this pressure glotied on the I0:ay curve and shows fe
prossere distributions at 0.1, 1.8, vrd 190 days for 8 ¢ tan > How condigians.
Tt has been shows that for values of the E, function argument kess than

0.8 1he foliowing approximation can b sade: r=1000,{=100%24, x=0.001,E= -4.027970188
~E{~xj=~ln () -0.5T12 r=100,8=10%24, x=0.001,E= .5330555279

fmo,tmmo*m, x=0.0001,E= -8.833140372
o 2937=3000-63

2914=3000-36

A+ 0577
(Fet .50y

100 1000 2
Bannee ey 1000
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rearranging the equation and solving for ¢, the time requived to make this
aroximation valid for the pressure determination 1000 ft from the producing

1l can be found:

0.234(0.72)15(10) (1060)° - _
§.00105(100)(0.01) = 2400 hr = 100 days

, determine if the sppreximation to the £, function is valid when caloulating
¢ pressuré at the sandface of » producing well, it is necessary 19 assume a
sbore radiug, .., (0.25 ft) and to caleulate the time that would make the
.proxima:‘ian vaiid., The foliowing is obtained: . &faz i@@@g b
| 023HOYSAO QIS aElr 5T manse
0.00105(100H(0.1) )

is apparent from these caleulations that whether the approximation can be
sed i3 a strong function of the distarice from the pressure disturbaace to the
sint at which the pressure determination is desired or, in this case, {rom the

roducing well. For alt practical purposes, the assumption s valid when con-

desing pressares at the poiat of the disturbance. Therefore, at the weltbore
itten as:

ad wherever the assumption is valid, £q. (7.@)(& I)m rewft i osTra
H - o

‘iﬂ.@qmgﬂ.ir__ opLr y oo
= l (= 0574

pl =P 00103%!
itte...atuting the log base 10 into this cqpation for the In term, rearranging and -
implifying, one gets: 706 % 2.3 tnooeles = ~686 | “‘.‘._ﬁ;-—
: . = A
_ _162.6(;5.&3[ ( ko
pln O=p——g |t dw‘r:j s;| (.37

o

6.2. Radal Flow of Compressible Fluids, Translant Flow

In Sect. 5, Eq. (7.32) %;@?ﬁ;@é{%

0234 3 (4 001127 £ or 2] = e, 2+ o (7.32)
ar B Or ff " i 7 "kiﬁ_f“

was developed to describe the flow of any fluid flowing in a radial geomerry
in poraus media. To develop a solution 1o Eq. (7.32) for the compressible
fluid, or gas. case. two additional equations are required: (1) an equation of
state, usually the real gas law, which is Eq. (1.7); and {2} Eq. (1.19). which
deseribes how the gas isothermal compressibility varies with prcsgure.:

pV =o't w7
£ mi..li’i
fp o zdp (119

These three equations can be combined to yield

laj papl  dep o
Féry o pzoar

T 0002637z gt

(1.33)

AE-Hus.sam_v, Ramey, and Crawford and Russel, Goodrich, Pervy, and Brus
kotter :l}ll:?ducecﬁ a ransformation of variables to obtain 'a m!{u!ien 5] Fs‘
(7.3'58).“‘ [hq transformation involves the real gas pscudop‘ressure mi Ay
which has units of psiacp in standard ficld units and is defined 1s: o

mip)=1 j” Ly ' (7.39)
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where pg is a reterence pressure, usually chosen to be 14.7 psia, from which
the function is evaluated. Since p and z arc only functions of pressure for a
given reservoir system, which we have assumed (o be isothermal, Eq. (7.39)

“n be differentiated and the chain rute of differentiation applied to obtain the

. .allowing celationships:

am{py p

A (7.40)
5?5_3(?21 - :i’ﬂj(;&) & (7.42)

Substituting Eq. (7.40) into Eq. (7.41) and (7:42) yields
% _ ;;c_; ar_:gg (7.43}
ap g_g g;gf 2) (7.44)

Combining Eq. (7.43}, (7.44), and (7.38} yields

=&
Fmip) 1 ﬁm([’) dpe, _ dm(p) &g{%ﬁﬂ
ar Gy 0.0002637EF @ %

Fouation (7.43) is the diffusivity cquation for comprgssib!e {!u.icls,_aad. .it h.:s

ial equation because of the
depcndence of g and ¢ on pressuid Or the feal gas preudopressure. Thus,
there is no analytical solutmn for Eq (7. 4::} AL Tuseaing and Ramey, how.
ever, used fi diffi ¢ an approximate solution o
Eq. {7.45). ““The result of’ their studies for pressures at the weltbore (ie.,

where the logarithm approximation to the E; function can be made) is the
following eguation:

$63 ﬂlﬁ)‘q

= - ton ( 3 3 !7.5 S
m{p.) = mip) [ dm:f-‘n!" J ’ )
interest, p.. The value of m1{ p;) tha: corresponds with pressure, py. 18 given by:

.
m{pye 2 area,)

i3
el

Fig. 7.13. Graphicat determination of m{p).

where

#y p
ea =J’ e ofpy
ared, re T /
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7. PSEUDOSTEADY-STATE FLOW SYSTEMS

7.1. Radial Flow of Slightly Compresaible Fluids,
Pseudosteady-State Flow

condition used to find a solution to the radial diffusivity equation is that the
outer bouadary of the reservoir is 2 no-flow boundary In mathematical terms, <

Eq 735

iy iﬁp L bun &

5 e GORIATE B

Applying these conditions to Eq. {7.35), the solution for the pressure at the
wellbore becomes

[i}
“£=ﬂ atrer,

_ - 162.6qut { 44 } _0.2339Bs
L RTINS (747
where A is the drainuge ares of the well in squate feet and C, is a reservoir

«' oe factor. Values of the shape fact?r are given in Table 7.2 for several
After reachmg pseudosteady-state tlow, the pressure at every point in

the reservoir is chauging at the same rate, which suggests that the average
reservoie pressure is also changing at the same rate, The volumetric average
resetvoir pressure, which is usually designated as B and is the pressure used 10
caloulate fluid propergies in material balance cquations, is defined as:

peta
t
=

(7.48)

=
%

it
-
-
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‘For a well in the center of a circular reservoir with a distance {o the outer

where p;is the average pressure in the fth drainage volume and ¥ is the volume
of the jth drainage volume. It is useful to rewrite Eq. {7.47) in terms of the

average reservoir pressure, p: ‘g@ %
' ' éﬁﬁ‘@% T b

(7.49)

. 162.6quB { 34
Py=p T OB TTRICH

boundary of r,, Eq. (7.49) reduces to:

: {91
. _106quB [ (r}_ } = i (A
P =P T g ['“(ri) L5j=P= " “("@

w
if this equation is rearranged and solved for ¢,

T 000Tkh [ P p
4-aB {iu(,m'—o. |

7.2, Radlal Flow of Compressible Eluids,
Pseudosteady-State Flow »

{7.50)

The differential cquation for the How of compressible fluids in terms of the
real gas pscudopressure was derived in Eq. (7.45). When the appropriate
boundary conditions are applied to Eq. (7.45), the pseudasteady-state solu-
on rearranged and salved for ¢ vields Eq. (7.51):

_ 19.88(10) kAT, [m(p’} ~m (phf)}
1 T Lin(nin)-075

NS

Lot o A

4.5 GAS FLOW FOUATION SUMMARY

Writing ¢ = 0,703 &l’:i‘;‘_ﬂ’:‘;ﬂh(:@f‘m}]‘ and the power o i wrbalent How
offect in steady state gas tiow, Eguation {4.27) becomaes

0, =Cp, =, Y @44}

This equation is normatiy called the enspirical buck pressure equation,
The power s is the turbulent effect whinh is ranging fram low flow rate =
100 10 alaolutely turbulent = G300, Fine equatton s st capecislly
nelpful in predicting resernvolr characteristics or in anajyzing the
components of pressire drops, althowgh it may e wseful in
characterizing well perfornznce.

When multirate duta ase available it is more usefisl 10 severt 1o one
of the bagis flow equations in field units:

X fungpery (hy -]
plop o= Lt L 9508 s
B Py T }““,\ rwj ] (445)
Or
. 0 mry (o472 .
Bttt |3 e 14 8 BOF 4.
P, p?.,-{ P }}_“l . J _é Q (456}
(semi-sterdy siared
Or
. ( lazzzgim‘r}{ b )
P 1 Iy, + 0.809)+ 8 |« BO? ”
P, i"r\ T nlr, ) J o {447}

{transient}
Ap’) = A0 + B

Where

12/04/57




[ B20ET (0472, s|
i e + i-stendy sk
%\ Ll }L k - j,(scm: steady stile)

i

{142 20T
zkm e L In(z, +0.809) +S J(imnslem}

And B = non-Darey coefficient,

It is more appropelate to use the real gas pseudo- pressure mfp) equation:

] (1201 (1) o]
!?I(P’}«”:(p_!}-'i T Enk;;— =073+ S‘Jﬁ.FQ-’
A
g2

J
( 142207 m(
L Kk L

0,75+ 8+ f}QE (4_43}

!
Where

And D@ is known as the rate dependent skin factor

»u__ - T R T T T e 5 TERT R
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The ratio of the rate of prodizézion, expressed in STB/day for liquid flow, to
the pressure drawdown at the midpoint of the producing interval, is called the
productivity index, symbof 1. i

at increased rates of flow, (b} decrease in the permeability to ail
due to presence of free gas caused by the drop in pressure at the well bore,
(c) the increase in 0l viscosity with pressure drop below bubble point, and/or
(d} reduction in permeability due to for

Viscosity as g A

of the rock to o e
ail saturation decreases. Since each of these factors may change from a few to
several-fold during depletion, the PI may decline to a small fraction of the
initial value. Alse, as the permeability to oi. decreases, there is a correspond-
-ing increase in the permeability to gas, which results in rising gas-oil ratios.

600 | 12
%
500 . 108
3 >< |
o .
8400 % v \\ 08:5
v A =]
- ) 2

Wi 300 Ky 06
: 3 :
@ O L
200 q'vr 04>
"33:00 028
e 20
€
0 o0&

) 200 400 600

RRESSURE DRAWODOWN, PSI
Fig. 7.14. Decline in productivity index at lﬂght.:r flow rates,

Ine nyectivity index is used with salt water disposal wells and with
wection wells for secondary recovery or pressure maintenance. I is the ratio
of the injection rate in STB per day to the excess pressure sbove reservoir
pressure that causes that jnjectinn rate, or
: g G 0
coAEBRCTiviY

Injectivity index = F =

STB/davipsi 7.53
=7 y/psi (7.53)
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iy g 5
there is a variation in net productive thickness but when the other faciors
affecting the productivity index are essentially the sanse, the speeific praduce
ivity index J, is somefimes used, which is the productivity index diuid%{?&gﬁ s
net fect of pay, or, - w, SLOGT Pt

Specific productivity index = J,= % = W sz;éﬁuymané

by £ o |
8.1, Proguctivity Ratio (PR} 3 ¢

In evaluating weli pecformance, the standard usbally referred 1015 the produsc-
tivity index of ns open hole that eomplessly pongtratey a circular fonmation l
‘rmal to the straia, and in which no abieration in permeabifity bas occorred
the vicinity of the wellbere. Substituting Eq. (7.50) into Eq. (7.52} we got

J —0.00705 7,551

A {nkr i) — 0.75)

Ttw PR then is the satio of the PEof & weli in any conditian to the PI of this -

standard welf: R-Towiy
PR= BB e
‘" G0
Thus, the productivity mtio may be less than one, gieater th & BT -

ofie, Afthough the produstivily index of 1he standard weli'is generatly
«down, the refative eifcet of centain changds in the welf system may be evatu-
ated from theorcticil considerations, lboriory models, or well tests, For
example, the theoretizal productivity ratio of 5 well reamad from an &in
borehole diamater 1o 16 in. i derived by Eq. (7.55):

LB fn{n)333} - 0,95

PR = 06671 095

Assuming r, = 66 ft,

n (60,333} -0.73
o E

R = R =035

1.1

o. suremposmon - DUPERPOSITIO N

Ap.=Aap;+ ap;
Euch of the individual Ap terms is given by Eq. (7.36), or

WbguB [ 1 dpert )
el ﬂmmsmﬁ

Apsp - pir )=

To apply the method of superposition, prossure drops or changes are added.
It is not correet simply to add or subiract individual pressure terms. Tt s
obwious that if there are more than two flowing wells in the reservoir system,
the procedure i the same, ind the total pressure drop is given by the following,

ap.= 2 8p; (2.5,

™

Chservation Well

Vsl 2

Fig, 7.08, Two flovmgewelt roservolr sysions
sosition

o sijustrate the prindple of supers
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Fxample 7.1 For the welk lavont shown in Fig. 7.16, calowlate the 1ot
pressere drap as inessured i the observation welt fwell 3) eaused by the four .
fowing wells (wells L, 2, 4, and 3} after 10 days. The wells wero shes In for a g
long time before apering them 1o Bow, &

Ev = b

4, Transiend Fiozs Sysem,

Wk Gl Fonhion oo
&1 =

EOAAL WaAZE

. su
gt -0
8] f T

¥

Given: The following data spply to the reservoir systenms
2 Py ¥

For axD0y
fibluinlas QUETT

il viseosity = 140 cp Bo=1. 50 bUUSTD 3

k=47 md

formation thickness = 58 ft

porosity = 11,24 € = 15 1 pai?

Distancs 10
Féow Rate Olbservarion uyll
wen FET Rkt s
3 268 Son
2 9 2%
N 7 187
3 8 165

SOLTION: Fhe individual pressure draps cun b cateulated with Eq.
{7.36), md the tmalﬁc;urc drop is given by Ey. (7.57), For weif 1

- 1 (]
A _m.s?ms;(mu;(s.s:)[_ g [ S ERRHOADNS 2 1) _)_?)] -
1= EDIE il CO0I0STIAB)
Apy = L7R[-E(-0.164)]

£ Flaniog ek
@ Crnsrvation wie

Fin. 7.16. Well Leyous for Ex, Pron 7.3

EY & Grponodial in%nﬂ‘md‘{mﬁ»‘\flﬁw

6. Tamwisrd Fion Qe P =

From Fig. 7.1

TNFET PETERASL RCES

~E{~1163)=1.3
Therefore

493 (I ety 40877)

Apr=4T(L30) = 6.6 psi

Similarly, for wells 2, 4, and 5

AP; ‘*‘4.57{-5 -

Using !iq‘ {7.57) to finad the total pressure drop at the elservation well, Wel)
3, the individual pressure drops are added together to give the toral:

Ap:= dpy + dpet dpot Bpe
ar

Ap,=65+57+64466=253 i
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AT tlow rates. Lhe change in the low rate from ¢, to g2 oocurred at time
. t. Figure 707 shows that ine 10tal prosure g o gives By he 2 o

the pressure deop enused by the flow sate g, and the pressure drop cawsed b§
the change ‘o flow rate g; — g;. This new flow rate, g — g;, 5933 fowed Jor time

t—n.
The pressure drop for this flow rate, 41— g, i givc‘n‘ by

70.0(g; ~ g )b

. dper?

&p = po—pin 1=

kh [;E‘ (0.901 05k (: — :1})]

As the csse of the multivell system just described. superposition can also
be applied to muftirate systems as well as the two rate examples depicted in

Fig. 7.17. :
. ———,
g!
E o )
i i
H
> |
4 ¥
e 4
a T m—r——
3 l P&{-ﬂ:;rén:- ez b3
4 HEE T
;5: T ATt rran from e
% i T fioming 3L RIS &=t
L :%
s
Timg
= .
o Hingro-Phasa Fuid Flaee in Savgting Supapostes P
where N cquals the number of fiowing welk wt e sptem. Erantple 7.4 m Tig. 7.3
Herstrates tho coloslations involved whan more than ape weil affrarsiha pres, ~EL-g et L 39
wre of 3 point in = rigneain. i
Ruatugle 7.5, For he wel Jaysut shown i Fig. 7.1, caioulate the tong By = L TRELT) o &6 gt
wre dreqt as modsared 1 1he oservation »ell (uwell 33 cuncd hyl_hc four
fowing welid (weiSs 1, 2, 3, and 53 afey B0 days. She watls wime hut in for 3 ipely, for wells 2, £, 408 5

Tong time before epouing them 0 Flowe
Gévr: “The foflowing dzea apply (0 the rovcroif systen!
oil vissity =040 cp 80045 B STE

&= &7 md formstion ghickness = 5§
pormity - FL2% o =15% 10 psi”’

IHeance by
Flow Raw Obgervatinn well
welt iSTBAdeyi tfexr)
1 268 [hil
2 3] {94
4 o] W
i 0 150 "

Seriore The individual prosiere drops can be cdeptarcd with B
{7.36}, smd the totsd proswure drop is given by Bg. {757 Por el T

T mqﬂmu,sxi - g AN lufl;.“i}.}]

g [T O BOLAS(ATH{248)
Ap, w478 - E(~0.164Y]

G Fiowing med
& Qlnsivation e

¥ig T Wl byt fov fix. Prohs, 21

8,728~ E=0.00) = 5.7 psi
Apo= S L= B~ 0,098} = 6.4 psi
Apy L8] E L1160 = 6.6 pai

3 B €F,57) 10 find the total psiure drop 32 the ohsarvation aell, Wil
irehividoad prossurs drops ate sdded together to give e 1tk

Ap e dp + Aprt Apa+ Ao

Sp a6 45V v 64+ 065283

“The superposition principhe can alsa be applicd in the time Simeaiog,
Plostrated &s Fig. 7.57. In s case, one weil (which means the posidon

50 flow rates, The change in the flow rate fom ¢ %6 ¢ ocarsed at times
fgare %17 shaws that the 1ora! pressare drop is given by the su of
fremune deop cansed by the fow este 4 snd the pressare dup catsed by
‘ehange in Bow rate g; — ¢ This new foareate, g — .. Jos Sewed for dme

prevsune drop for 1his Daw rate, 43— ¢, B ghaa by

- Dl - el -11‘5{_ __duer ]
A pple [ &(nmsmunr,)!

e case of the anltinell sydtom jost i peTpRsition ¢at sl
icd to malrivate vyssems s well as tho fwe Tate capies depoed in
L1, .

1. Suparpaaition iy of ot Peetlaity

ngh Tip. (7,38) applies to infinite rcsctw%ﬁ.i( may be ased in e
Gl peipasition peinciphy & simulate b darics of demsd or
by closed resepvaies. The affict of bowsdarics is abesys 1 cause grontes

e 1he pressure distarhanoss aocer remains caizan) Les boen preduced §




7. Interference Test and Type Curve Analysis(3hrs)

- 434620,505653 ADVANCED RESERVOIR &%@GW%E‘-’%‘EN
2/2556(4 credits(4-0-8), Sep. 19-Dec. 23, 2013
Course Contents %ﬁ n

N

1. Optimization of Material Balance Equations (6 hrs.)
2. Saturation and Relative Permeability Calculations (4 hrs)
3. Steady State Radial Flow (4 hrs.)

4. Unsteady State Radial Flow (4 hrs.)

S. Pseudo-steady State Flow and
Superposition (4 hrs.)

6. Well Testing Pressure Drawdown and Build Up (3 hrs.)

8. Displacement Efficiency(4 hrs)

9. Potential flow and Streamlines (4 hrs.)

10. Dynamics of Water Drive Reservoir. (6 hrs.)
11. Water and Gas Coning (4hrs.)

PSE?
STATE FLOWS

OIL OR GAS OR WATER

12/04/57




i 9 17 e
4 ;Vzmémlmn,y f :

s gt 0 g ;}ﬁ{-“ﬁ.?l‘
o i ey 50 ppcirig m.ui, Wi i

5k ekt i raskial svetess it ~*¥ :
1 anovgh puricd s ovenmat
this samisie r.I;M-!;\%a“r!g!i
 Ssiony 3
gressune distriba

_J\nmgzng—;:

g s v;\v

Apva

Fxgum 4&"23. S "evﬂ\yﬁk&\ o g

[ ;5: i
1

i !mu»z uT e =m‘&m¥e dw.!e 3 R ; 4 & AL i Ly Banamtory §
Tk ;g,,w N . : AR L ehtt” willy, e b dondd » el L?;x

e emga_

fisie EEE

s i i

T Wit 2

SEviin wil

1} ‘si.l (*-.;M il [h(. Vit tatric 4 BVEIRET AT [

sttt B wnand i penform £ eylatians d :
fare, Bomwing constitiun, i 1 i ST
ik, Fgmation 6135 o B weid (et r2ate By pephion :

{20

apel timie Sn the BER I

batete culiasiad wm
¢ 4 it to g

IRES)

12/04/57




e

i,

i prastion; e
: thie flone

Ttk b

12

ot o 1 Yol :
ool o' ddtenine whd, thinelere

1 st tveghons the |
g e vuboulation of 1o volimetric

avprige

A

Testate flow condis

e

Furasdn g

- itadal fiows of Siightty Compressiila Fluids

caphoasis by ¥

" UForthe smeiitoady

wdf ¥

88722quf 112 ( P

G 2 )" )

Torerislary Codudi

{ Wiz ntegyidion shd e

A dk i!‘l!iv._

[

2

- = 14 2pu rr

- M Zan

' rrhk -

ik

s
S f it Thler 1
it Fndyen B, nfty B

: 1 b s
i bousiicd reservnie w
for w beunded sysiom s .

TR

12/04/57




s Haw cutus
g gromsities sk
s fow she ontine

Bt ot coshr peimatey., Hamey
SRWE &y andlad e shagn

.kEz(p',. -

G S

s -0 - rrssd

- s okt 644 S c
Shape Focroes for Vardous Single-Well Drolnags Arsas
{After Borlougher, 8., Advarzes in Wall Tost Analysis,

purmission to publish by tha SPE, copyright SPE, T977)

- Usn Infiodis Systern |
- fmysion | Sebutises it Lnsi.
[ESTRR E A FunpR TR

& oo
Y furbar oFatar o fbae

Heoins €y

Bt

N S S

Li53
L gtk S,
L beasthoan  Sehoion with e
e Vi Aoyl hen 1% Eree

latgga  Bar e fargg e

BT

it

v

disad

e

e

T e

12/04/57




i vester of
vt ek i
vpsdrvi by tha

el fn

atation -

.t ke

capdd i this T e §

Sty waded @ onian
et 2 i

e el o fi sha i
[CETEEE I T T

33!

REE T8

of i

1]

] e rate of Qs
& duoisanind Le

12/04/57




12/04/57

S

% _?:"m‘-.;e.a\!?r_g!ﬂa.- _ o
L N .

Gt b given by the

e S

H e
e
»Y

PRUTR A

Uﬂ_fi:ém:gfz:. Tang s oo

Feinat the desdnage

k

L aties diop o obse
Carod 150 wal Bore ds valind the 20
FALE
Tor thnge it

= Phist Cratoamnes - L
gy O it g sdditonal preses:
B2y R ;

s pome fa enizind I

" St 6 I o
willtawe, Aan gr welia A RS N
{ ety g
ear U wellbore
e i
o the physisal stenilicane of
by thres possible caieomes in
1 ety i L -
+ Pasitive Skin Prcton, 5 5 0
Whin n ditéigzed 2008 neat the
5 b3 4 grasitine st The i
Bt Koy dodrenscs nd i e depe e
* Megitlve Skin Pactor 5 <0 o
O o f Y anind 0 thay of s
supiation o posithva and b
o S DGR R
L e vzl L s
", oy preswre drameks.
TR S MECTL B B G Ml —
cene e Qeoeas
A %
formsatn, aud |
e, ] o
he what vomess
1 e previs

1 o



Fysgtive Sangrsiiag Sendbyst

tate Radind Flow | . * FOs Camprosid

A simitar spps

RN 21

Bagdsy L

s 5 i{ﬂyi?u’ﬁ{;?@iﬁi?#vl”lui«je:'__ e
i @ 3hisk fiefn it Bipudting (498

4

iy
Tl frprase i e vrlaed

3 rmiphd cinsd he deveivnnend
£ T

e
e addic

£ gt
iy 40

B i)

tavy ol appaient willisord radhish soa’ -
sl ahle Thelz Bofive v B e

it catl :
bk g Wty (g
auatlan & 14t

I T

’ _. o Hid T
iy

o i

Pt Erag 4]
e i ;

12/04/57




gy

it EEIG

sespreted sa the ek Jc;& whone i
RS mrrmﬂ €T u;zhu!‘w! mm Frgter .xm

i

s daroigs B stk
iw

dhethiy

" Bemistendy

= fow o Mt

s i by

Swt{f ¥y,

Erend

£t zarg,

-
{
i

i M\! sk b33 l i b mmhfe!«i o o S e e
5 t’(»m\\w

this

T |

BEERES!

oty Bomathons f-14 an

{687

R

e uh%em o 2 et
k & pEtme
o 3 rafe of

PERYS

il afatar §s

Wt Ak

i i

Fasdaorszdt of Reseount Flrid Hov..

solistion vy she tpesiont flew gqaw
o5 it Ay s ik g

ai;;x

Rtion: 10 that cz‘;\mt

Fiet ‘n#érmm;} Lm"{ 5.5t “f; Lm"




# 7. PSEUDOSTEADY-STATE FLOW SYSTEMS

7.1. Radinl Flow of Silghtly Compressible Flulds,
Paeudosteady-State Flow

condition used to find a solution to the radial diffusivity equation is that the '

cuter boundary of the reservolt is & no-flow boundary. In mathematical terms,-

%p;ﬂ(} atrmrt- ﬁ%a‘?}gg

Applying these conditions to Eq. (7.35), the solution for the pressure at the
wellbore becomes

162.6q;:31 [ 44 ] 0.2339g8r | (.47

Pr=P= ™" S TTBICy] ™ " Ande,

where A s the drainage area of the well in square feet and Cy is a reservoir

< =g factor. Values of the shape factor are given in Table 7.2 for several
After reaching pseudosteady-state flow, the pressure at every paint in
the reservoir is changing at the same rate, which suggests that the average
resecvoir pressure is also changing at the same rate. The volumetric average
reservolr pressure, which is usually designated as B and is the pressure used to
calculate fluid propesgies in material balance equations, is defined as:

where p; is the average pressure in the jih drainage volume and V15 the volume
of the jth drainage volume. It is useful to rewrite Eq. (7.47) in terms of the

average FESCIVOir pressure, p: 28 gﬁ P
. 162.6quB ! [ A ] ¢ {7‘%3’
Pu=P %h | TTRIC. ¥

"For 3 well in the center of a circular reservoir with a distance 1o the outer
‘boundary of r,, Eq. {(7.49) reduces to:

[TARY
- ToauB [, () |=%- AR reed
Pwy=p o In e 1L5{= ich oy
I this equation is rearranged and solved for g,

N 00008kh [ e py ]
T [tn%mfensl

7.2. Radial Flow of Compressible Fluids,
Pseudosteady-State Flow »

(7.50)

The differential equation for the flow of compressible fluids in terms of the
real gas pseudopressure was derived in Eq. (7.45). When the appropriate

t:iaundaxy conditions are applied to Eq. (7.45), the pseudosteady-state solu-
tion rearranged and solved for ¢ vields Eq. (7.51):

- 19.88@0}'5}'(}!?;‘.[??!({)') - m(p,ﬁ}
4 Tpe in(riry =075
R e

12104157
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TABLE 7.2 .
Shape faciors fur various single-wall drainage areas (afler Earlosyber”}

Cise Infiniz

Syatem —
Solution
witdr fosy -
Lexs than thart 1%
B Bowended V2 i ( 2«1458) Exaer ¥ Error ) Error
Ressrvoirs Ca inCa LoC, Jor tpa > forsoa ™ Jor tna "

@ 36z 3.4538 ~§.3225 0.1 a.06 R {]
O 318 3.4532 —1.33 &1 .06 G40

. .
//.\ \ 7.6 330 -1 2584 02 0.7 0.0

’ o 27.1 32095 - 12452 0.2 v.07 .69 §
219 " a0ms ~11387 .4 012 a.08
eSS

‘ é% 0058 ~2.3320 15659 08 060 . 0.015 .
3

4.5 GAS FLOW EQUATION SUMMARY

Wiiting € = 0.703 &/jufaingrir.y), and fhe power 1 is turbulent flow
effeet in steady stare yas flow, Equation {127} becornes

0, =Cp, ~p./ ) ¢140)

This equation is nemmally calied the empirical buck pressure cquation.
The paswer s is the turbulent effect which i ranging {fom low flow rare =
109 ta absolutely tarbulent = Q.500. The equasion is not espacially
helpful in predicting reservair choracteristics or i amiyvzing the
components of pressure deops, although it may be useful in
characterizing well performance.

* When multirate data sre available i is more useful to revert 1o one
of the basis flow equations in field units:

. ,r’nggzqg {el -
A L E (il = -0 754 8 5 e
P -Pu ' J (4.45)
Or
(2071 (0472r,) .
7lp Bl —ems e § 4 B 3.4
e T | 14 {4.16)
Comistendy state)
Qe
S, (W2 ETY . g -
B, —P?.,ﬂ{‘ T}}_B m("n v0.399)+3m!+3Q (147}
tiransient)
My A0+ B
Where -




. ~ -
(1200 mT (0472,
i J I {semi-steady state)

A s | e gy %JJ—S

|
L & \on

14220 BT\ 1
x[ﬁ}:—; jif_ii"(t” + _D..SD‘))-I-S }(mnsienﬂ

-

And 8 = non-Darey coelficient,
it is more appropriate 1o use the real was pseudo-pressure sfp) equation:

42200\ (rY

o P, yomip.g = {———’:};—m) %n{: )—0.7.3_»;-. S:; +FQ
7 :

[12er)

ki L,

) -0.754+.8+ I)Q} (4.48)

Where
A J"T.’f’*_}
D7 la2ar

And D@ is known as the rate dependent skin factor

= e
8. PRODUCTIVITY INDEX (Pi) s

The ratio of the rate of production, expressed in STB/day for liguid flow, to
the pressure drawdown at the midpoint of the producing ingerval, is called the
productivity index, symbol J, ’

g, 714,
At increased rates of flow, (b) decrease in the permeability (o il

due to presence of free gas caused by the drop in pressure at the well bore,

(c) the increase in ol viscosity with pressure drop below bubble point, and/or

(¢ reduction in permeability due to formation campressibility.

In depletion reservoirs, the productivi

@ ihe decrease in the permeability of The rock to oil asthe
oil saturation decreases. Since eacl of these factors may change from a few to
several-fold during depletion, the PI may decline to a small fraction of the
initial value. Also, as the permeability to oi. decreases, there is a correspond-
ing increase in the permeability to pas, which results in Tising gas-oil ratios.
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., the mjecrvity index is used with salt water disposal wells and with
#iection welfs for secondary recovery or pressure maimterance, It is the tatio
A the injection rate in STR per day to the excess pressure above reservoir
yessure that causes t!;%gﬁ;njec‘ii%yate, or

iy iy

Injectivity index = / _-.:;»-%% STB/day/psi G5

T e et

there s 2 varieton in net productive thickness but when the athee factors
affecting the productivity index ste essentiafly the sanie, the specific producs
tvity index J, is sometimes used, which is the productivity index divided ﬁ&h Ze
aet feet of pay, of, § o SOETRE t =

Spcﬁﬁc productivity index = [ = 3; - Pré?’fl-_“ipd S"fB!der\sim{» MTO‘W

P\i 5 b
B.1. Producilvity Rati (PR)
En evalunting wel pecf: + the standard ushnlly referred to 5 the produc-
tivity index of an apen hele thay complotely penetistes & diseular formation i
ranal te thie steata, and in which no alteration in permeabifity bas opcusted 0
the vicinity of the wellbore, Substinuting £g. {7.50) into Eq. (7.52) we get

. ki e
7 ')m"n‘?mmﬁ 17,55}

Ths PR then is the ratic of the PEof & well in any condition 1 the P1 of this -
standard well: T W

“‘ QLY
Thus, the productivity ratio may be less than one, greater th 8,0

ene. Although the productivity index of the standand weltls gen ;
attowa, the refative effect of certain changds in the well system may be evala.
ated from. theoretical considerations, laboratory models, or well tests. For
example, the theoretical productivity tatio of a well roamed from an 8-ia,
borehole diameter to 16 in. is derived by Eq. (7.55):

pr =de 10 (r0.338) - 0.75
AT RTY T

Asshming £, = 663 ft,

11} -
JIngEooay -ags

PR {600,667} - 975
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eoat lipfecaverstls for
{mm, whnt ane the

wher ts m md. a!, @ pet

5 and the nmn;; of 4he waler 3050 <p, what ate thie
£ emd mlmt Is ﬁm wiohifity istio of the water Lthind
Ak B, 15!‘ 0.%(‘5, 2.500; i
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B b isielo seate dnd Cantitd

2y Mo pacsinse versus nsdins o both finear and »c'mi%ég papc:r. arill. 19,
185, z2ad 100 days for p, = 2500 pais. ¢ = 30 STRAy: B, = 132 BOUSTH:
REREpi k= mbi kw33 fii e = 1B 18 psi Y w116,

) Assuming that a prossure diop of § peican by easily detected with  prossure
gsuge., hom long et the well be flawed to. produce this drop in a weil
Yesated 100 1t away?

e Sippase the Howing walt b locxted J0 R due st of 4 nortsaoath falt,
What pressure. diop wilk occur after 10 days of flow, in a shatia well Focated
B 1t due north of tie fowing weli?

CfF What will the pressure diop be i u shutin well 900 f from the Rowing well

: when the fiowing well has been ot in fos osg day following  flow poriod

of § days a1 300 STRAZy?

35 . Ashur-in wellis Josated 500 8 from one well and MO (L frace  seeond well. The

fire welf oy for 3 days at 250 STRAdsy, o which time the socond well teging

g0 flosw st $00 STBALay. What is the presswse drop in the shut-in well when the
sxeond well hus boen flowing for 3 days (.o, the Hirit has been flowissg 3 total

of § daysd? Lise the 1etenwse comtants of Prob! 709, .

T34 Dewiop an

P at wxil 1,

4 = 2356 w20 fe
auHHIB) "Rl p=OScp

& e 50 v B, = 132 50ETE
o 033 It o= 4000 psta

G SRE [ Sea premnise s ps e

Ak is producing al a constant flow e of S(}(}_'Sl'ﬂlelay
rnstont low condition. The following dats tre :wax!;.l_htc:

h=23ft
9, = A000 psi

i Eafunction a.i.[.)pm:sgh iind the pa-trethoid,

le flowing pressuve after 102,305, i 10 He
: % an gcale.

quati ardd thea the
iHusteated 7n Fig. 7.23, if tse well has flowed for 3 days at u fow vate of 200 ‘
g 133 A weltis flowing sader By state fToswing

B : . e 1.2 B
b"’mﬂ; R s o i ih’"

3.2 Unsteady state; %
Problem 7.20 and 7.24
Sand 13

Pue date; 8 Nov. 2013

Sithans for 3 daj
at J00-STIay, Fhe well is oeated at 350 ft and 420 f distance. front
1 scaling Taolis. Civenr e .

a=11% . £, = 163187 psi?
foe3000pE - - B,=13085TE
W =025 R U w=15R

Caleulate the presswrs i the welk afier § days.

The following data pertaim o 4 volamettic gas séseradi :
Net fosmation .l.bi_ckﬁéi& =150 :
" Hiydrocarbon porasity = 2%
Tnitin! eservoir pressure = 6000 pria
- Reservoir @mjserature = 19000
Gk veadity < ooy -
Chsing diametzr =6,
-Average formiation perméxbility 6 md

FEE—

2allE v

" of $00 paia?

pétaht fow rati of 300 STBA:

e permenbility
ity of the formation -

'HW no 4 Pseudo steady state;
Problem 7.22 and 9 Sog
-Due date; 8 Nov. 2013

centage of recovery from 680 ae Uit for 5 produding ¥ate of 4.00 Mg
SCFiday when the fowing well pressure reaches 500 puis. .

( . sois peimicabitity he instoad of & md. whiy

By 1F the sverage tescrvolr parmeability had been 60 md invea i, w

® FOCOVETY chffufd be obtined at 400 MM SCPday and a flowing well pressuse

&y Recafcnlate pant (5) for 'a_;mx_!'qgsi_ﬁn rate of zr{)ﬂ KM SCFiday.
{d) Suppose four wells are drilled on the 630 ac unit. and cach is produced &
2700 MM SCF/day. For 6 md and 500 pida minimum fiowing well pressuse,

wing andor, a-drawdown pressure of 350° i
W ) avs The et thi

g

i
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ey Singlo-FTass Fayd Flow i Reservie,

coentage of recovery frem 4 G a0 wpit for 2 Flodacing fuz of 300 My
SCPikey when the Mesing, well presans oeaches Heipaia.

o e . irity Bead 3§ iratead of 6 i, mbiat
resmeny woekd e obtzined a1 & ORI SCday and a fbpving well prowucs
o SR piad

. tese gt (o for & prival o 380 ML SCFIy,

d) Sepposc four wefs tre drilled on the 43 20 umit, apd eavh B produced
3458 MM SCESay Toor Snd amd 500 puia mimizia Sowing wall prevuig,

cabeuluts the recoicty, o
“93Y A stndimone resgrevir, producing mell 2be it bubble-poink geemute, ortaiay
osdy one producing weit. wbich i fewing onty ell & 3 st eAc <f 174
SEUaLry. Ten weeks afier this wstl hegan pradecing. ansther well wa e
Pherpd 960 fuvay B the veme formativg. 00 1o dasis of 1e FONCTYCL PYpRTine

Fau 1

e fellir, usimate the intial formation prevour it shouhd be exctentered tos
by ¥ sonowd wel] of the e <of conigpletion. <
Sa1s k=36 Figr. 725 Welt fayart for Prob. 734
CSIEME  pa uwilep
M) St & =3md
A EXI T el T i Hors urpsi
, % i B3 w57
3o N Vp,=~13§!)pu.l i bt
8, = 135 bsTH 15 529
106 0
2.4 Frevclop 22 equation (0 calpelate and ther ciloulate the peesre 23wl 1. m oo
uatratod in fip 72N I the wellhus Noned for § dags ol & G rate of 20 sa i
STHAly. Ie ik
a=2% RS 0 e
ai 24 oy
=3 TPHT ke0Sq prt fis
& = 50 wd &, = 152 b3kl o el
) sau s
0836 4000 pa g i
ST Ag dramidosi ferd wiss comsucted o v dsomery nell ina pok s i ey
it B0 patinate Whe dratsge wivme of the reseromc, The nell wn flowed ot £ s e
ot 7ate of 125 TRy The botonrheole proamms drta. o wefl as el - . ﬁ:}; 6F
vtk ared fuid pepetty dane, follrw, What oo the deainage vouns of the wef s\:lw ey
and the svetags soorcabily of B deainage wiimeY The @i reeeev™ t:u)_a 1318
frEhie v 900 i : - 1138 pad
L= LLBWSTE  w =0 e indtiad stctage renai pressar i tha vidisty of o now sl wan 419 prin.
e - duciend mhiie the el wirt ot 2 2 cymiant
e 28 o flre gate of $3 §T8ALry. Tl i fad 2 vissnity of 3.3 ep 20 3 farosion
5, =% 5. % vohame fackor of 33l STR. Orher data, sboug with o tottom-hat provs
I P Ot secnnded shomiig the i cost, Tolkrs. Assiatre tha welibore Sumpe
C BUBT T d e HI T carakdotstions may be segbeced, and detcemine e fodoniny:
Adfirimiee bl il
=% Singio-Physa Pyl Fow in Ravenoing Probfunts e

s [5%, The Bowing faid hus s formatios vlease factor of LI2W015TB and 5

sy of 1.5 g

<oy Cateulate e T e in §¥Rday. 77

@ Coloddate dhe prostyse in e reserveie 2t s distance of 305 0 from the ecmte;
of fie wellboee. P

1AL (2} A Kmesiona futusisn b 3 matrix {primery ot intcrgranutar) poarmeskding
of fiss than tand, Eloweer, it contains |4 otution chasnels per sqaure o,
cach 0.2 in, dn Gatnctar, 1 the <hannek hie b 12 divection of Hakd fiow,
what & the permeatiity of the ok !

) B the porosity of 4 iy nock i 0%, ahat pervenange of B1e fiuid i
veoead in the pricaty pates. and what i the seamday pores (. T
topes, 12y

veb H e secondary pore vyvemy s woll commacted Boughest 2 rovervedr, what
cotrchusinas mund be drann concermng the probeble reslt of gas or water
deive on the recosery of ither off, grs, or gasvondensane? What ten any
she mseas of Teosering S Bpdiosatbes fan the primary pons?

T TR Duiing 3 grevel sack epesation the Sin. B, Brer Tecame Glied with graned, and
& layer of mil seale and St seumolied to 2 ooy of L in, o 1op of the
grovel within the pipe. B O pefoseability of the srtvmvalation i 1000 md, what
Fditionsk pressare deog s phced au the sysigm when pamping a 1 op Ooid o0
the rue of 100 bhthr? B

£3 One humired capiliay bor of .02 &, §D) awd S8 cxpiliary tubes of ) D3, (D3,
0T gt oy, are ploced intide 3 pEpg of 20, e diamesze, The spacs

Betecn the dalos & flled wixk ey 5o thig Tow & only thesegh the apillay
tubee ¥What & the peemeatiibty of thii eack'? . :

4 Suppose, atber comeating, anopewming LG in, nide i A betwoen the coment

sk on 8 i dismester hale. 4 this cirCudar Frectare exsends from the produsiog
i 2tHee thieX o am undeslying water dandd,
gt what rate will warer cater the producing foraten {weB) undee o B0 pui
o prevsyng draadown? The water centaios 60,003 ppet 438 and e bosteme-hote
U lzmprraare i $E. . .
705 A high warer-olf sk is bring prodaced from a welt. H i thought thet the wter
Lo i cing Bromy an eaderyivg aquifer 28 | from the o) praduding reme. 19
bewoe the aguifcr aud the prodading roae & an dopermeatilc sk pand.
Asshirme that the water i1 coming op Thivegh 1z iotmplite coaredting job that
wpening GOLin. wide b f and the & . bate, The water
hss & visqaaty of 0.5 cp. Peteomine the cate 3t witich water i oering Bee s
2t e phaducing Soreation level (f the pressise in fae aguifer is 158 pyi groster
. than the prevars i the il & the prodeuteg Bemators ol
ST T Desive the equation far the sRadvakste, wesipherical Baw of an iR
o prossble a0 o - I e
T A wek bas a3hetda botem-boke prosare of 3306 pra sed e 215 ghtday of
o nder 3 Srawdown of §0) pi. The well produces from a Fohnation of 36 1
"t productive; hickne, Dse 7, = 6 ) w008} (oot g 58 ops 8,0 1 R
ATE, e ; . RN

St dihat i dhe peost: sl the wl ¥

(B} Whit  the avernge pormeshifity of the foresatie?
1] What ds 180 capacity of the Fortation?

perreability; dhe oihicr A thick and E0 md ia premeatiliyg,
G What i the Capacity of Bhe furmssion?

md oal to 4 dadius of 3 &, 20 the 400 med stranen § redeood 10 £F md ast
10 an b B radivg, what i5 the average permeatility after the wotkenet,
SMUMIRE RO crowine detecen beds? Usg £, o SO0 smd i, <8RS 8

r ‘];:‘-::! peecentagy f the orighne! produssivisy inder will e wel) be s
32 H N

Cek What is the cagucity of the dmaped formation?
€} Plot peemute veruss rediog en btk Encar andd seotilog A;at @1, 1.0,
0 0l 200 days for 1 590 o, = 308 ST Aboge Mg 09 WALl
BBk s nd A = B R 1 Mg QAL
[ Aﬁmj:f I’I’::‘:pmﬂur;dnmefswmbcmd!ykw withaproasurne
e B oay aved the well be Doscd T predice thes
x focated 1HER yoay? B e n 2wt
3] ‘S;D_:g:uc the ﬂ::;:)wgwl% i Tocted 2091t hoe cavt of £ nartaouh Gyalt
vaat presmire drop will omr siter (0 days of flow i £
0 e ot o e o e I s of flow it a daiz well locgted
(ﬂ)\’Jhauhiﬂﬂ!:pmurcs&t&plxhlihn\-iahnﬂm'iﬂffmlke.‘.‘m-' welf
=hien the Flowing e has beon sbat in 005 gc day Bowing e
of . doys a1 3 STHay? st by @ fowperind
A Kt el e ecmtiod R from o7 et 2t 200 oo 2 500 weik, Bl
o fieyt we flows for Sdagnay 25 STRiday, £t whtich ot the seovnd noll baging

i of 8 dags)? Use flie retenveis sonstants of Prob. 7,94 .

7 A woll s opened 10 flew a1 300 SHEy for 1 day. second day it i
""\tu:r:swei fo 405 STy xed the xb.afw X S‘I;i:!?;, What i??hcn;m:
sep catied b 3 whast-in manlh 500 18 amay affer e thind dey? L the reesve
nsTants of Fron. 7,19, R ’ o .

I_be Gollowing eiaty Prlain 1 x veRTRANIC g3 el -
51 formsadion thickngis = §5 1 B

Tydeacartion pascits = 3%

etial reservsit pretmn 5 6000 pua

Heservois Temmperatute = IF

Gas viseowity = 0,090 e

Cuslog dizmeter =B 1 | e

Averape fomaition permeabiity =6 rod

Awsuming ides) gt baboreae srd amfiem promastidin eato

A prncciog faunation comists of twn sirata: o 1S 0 fick wad 150 oo N “’é
kY
Gl What ks the averaps perealiding? ”‘é

Geh M duting 3 wel morkover the 150 md strsfor permeabitiy i eodud 10 25 b
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MY MO Selith bl PROALEN
CHE BN BP0 G 28 .00 Al
o TR P ¥l ‘fﬁiﬁﬁ‘ﬁi&ﬁ%ﬁﬁﬂ%

fowing pm{mtm%
1,_2500& L h =M

Fandanuraats of Reseoveir Flsid Flne o ¥ r A

Sl s flowing wnder 2 boton-hale ﬂuwmg g-nmsmc nf o0 -
TSR FESEIVORT preiiane is 1300 pst. The faﬂuwmg i :

ERS hant i are avatlablel
: E=50md o @=ITR woe L
""""" mkxprcmrc =20t Q= boliday g =065 r =036

=400 1, = 1000 &
Calcutah, anit plct tha prwmn: profiks lhmujshmlt ti;chms} :
2 Asstme the reservoir linear system as described in problem

with a dip nnglc of 7°. CaleuTate the fluid polcmml through

2 ifhe gas flow pate by using a
g,sm prouda-prossure approacts
sipuiared mothod, .

o Norw : !Ida witder |
3.A 0.7 specific gr.mty g&i is flowing; Tn'a Bncar tascivoir y\«:ll 8 Fm““"‘"‘g 3 ’“‘"‘“["‘“‘I i ""“‘ of 5.'30 ST 5' m .
FSUF The vy and de are 2000 : R .
i, respectively, 'ﬂm systei kas the rultowm;, prOpertics! 0 mm; pomdeap £ 5 - m& i "
. ) ta P51 ¢ =20%
L2000k - W=300k k=150 - 3500 psi
- K=d0md 4 =15% .
. tznenmlmot ehc:]m:ssurs peofife afier 1. 5, IB 15 ,aad,nhmrs .
ealeutaie tiw.gas ey yate.

vel is producing ata constant ﬁmv wale of 860 STy
4 Anoil welt is prodicing = ennle Gil sy%m at I{}(}O Smiéa figw candilioir. The fail wam v . o

- HKHY fisi of bottowm:hiate flowing prossure, The pay 2008 il

i uciing well tmrcdk. foilewsngcmmmucs' TN =_:€ o . = 155 m_‘“ pat"' :
........ T h=234 :}rnlir% R
NI rw =B8R dmmage ared = ) s = 4001 psi = {030 ﬁ )
APE =45 B B R I
Ck=80md = IFF - e r Anction :smm:sd\ and il prymethod, catirlate ihe !’ﬂl-

& Rowing peessure mitee 172, 3,5, and 10 hr 1’261 e msuhs
i-tog scaleand Cartesion yeabe. - 7
ﬂa\ung et # deawdoiri prosaure u{ ‘51 ps: ;md pm-
wnﬂ:mt ﬁrv-v ratc of WKy ‘“{Tﬂ!day.m net’ tlucum is 25

Awummg siesdy-ﬂate flowing comditions, cileulaie g
e, . pressure profile sround the wellbore,
- 5. Assuming steady-state flow and | iriconipress) bl ﬂux ]

il flow re s the foflowiag comi‘:imw -

e 0ps U 2000 =055 CRe=ile 'aun':,z_stsbys*m
e mO3f L T pemep SRR

. =30k k= somd wmnmlmy
. ! . Gy ol the formation

A shutin well is locatod $00 f fram one well s JO0 4 from a second well, The
" first well fows for 3 days ot 250 STB/day, ¢ which fime the sccond welk begins

to flaw at 303 STy, What is the pressure drop in the shutein well when the
sccond welf has been ?iw»'mg for § days {10 the first has Deen fowing 2 totad
Of 8 days)? Use the rasennir constants o:’ o, 739

T.2% Liesclop en o gl g then the at wed f,
iitmlraméml"g T.2E, I¥ the well has flowed for § days ataﬂnwnte af 00
STHiday.
= 259 Ee0f
o = N "° pad 2 r=8Scp
P & e 50 ol #, = 1.32 bbUSTR
ro L35 8 p. o XK psia




12/04/57

Cabeulate die ofl flow ete.

A shutin well is located at 2 distonce of 708 ft {rom one well and
1100 R feoen 2 second well. The first welt flows Tor 5 days at 149
STB/day, at which time the sceond well begias w flow at 280
SThiday. Caleulute the peessure dop in the shut-in well when the
secand well has been Dowing for 7 days. 'The foliowing additionat
dath ars given:

B, = L3 bblfSTH h=GAft

¢ = 15%

Po=312cp

pi = 3000 psi
i =45md

¢ = 15% 109 psi!

). A well is opencd to flow at 156 ST/day for 24 bours, The flaw el
is thei: increased to 360 STB/day and lasted for another 24 hours. The
well flow rate i then redwesd to 300 STBAJay for 16 hours. Caleulase
I pressure drop in o shist-in weli 700 ft away from the well glven:

§= 5% k=201t to = B0 nd
P =2cp B, = 1.2 bbI/STH t = 1L25 L
e = 3000 psi o= 12X W0 pstt

. A welk is fowing under ansteady-state flowing conditians for 5 days
at 30 STitAday. The welk is located at 350 ft and 420 & distance feem
two sealing Faults. Giver

¢ =17% ¢, = 6% 109 psi! K =8
;= 3000 pst B, = L3 BbUSTH o, = BRIl
£ =020 h=258

Cabeulate the peessuee in the welf after 5 days.

An oif well is producing feom the center of d0-acre square deilling -

pattem. Given:

& =M% h=150 k=60 md
i, =13cp B, = 1.4 bhISTH fe =023 |
P = 2600 pat Pag = 500 psi

AT

T

wing ro wellbore storage, calaulate:

Bgor.

are given botawr

PESTY

0 L R e

385 Mg

738 2937

LTV R .. agat

-oase W

5625 e

sS4 2848

11250 " g

1500 2799

22500 2763
00 pt o RS .. 43 = 300 STikday
XTI M= RBop By = b1 bBIESTR
O &= 125 ’ o

k‘xgs'pc;mqabi!ily_ P

sedaen test was :_:m;dgcléﬁ o # diseavery wall. The well was
at a constant flow tate of 175 STHAY. The fuid and resce-

o= 1S
ﬁ_:dﬁ&Qpﬁ

h=30 R R 15 % 1S pert
flo=1S5ecp B, =125 LHUSTR

g Prase i i i Pestrnds

tentzge of secowry fom 2 6% ac wit for 2 poodiing exe of 403 3
SCEay whiy e Bowing wel precure reaches S g,

) Hhe verage emeou ety bad boen 0 md itead of i, wht
escrey ool be ohiamed st 40 MM SCHoy and a B wel v
of 30 pea?

4o Recelodatepar (o fa 1 prodoction e of 00 MM SCHiy,

4 Seppone oo el ded e 680 ¢ wt nd e 5 prodcced
40NN SCRty. For 6 0 1nd 0 pia eimu Foing el prsme,
cafmste e ey,

133 Asuston v, prodocng el abone bl pint s, st
ml?'meﬁﬂn&zgidi,wﬁfhis{h‘ﬁﬂgwﬂﬁmmm&m
SThilay. Ten wechs after S well began produring, another woll was coe
e 667 vy thesaneEoomio. O the bl the e puoperis
i lolom, estinale She il ormoation presse tat shood Be emsommtened
B e secmad w2 the tme of completion.

§=15% h=34
ol "RT =g
T kBnd

i
fidt1
{
Ly
2]
i
By 124, Vel eyt or Fooh. 234,
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FAIRELINE

|
\

Fall

Em)

WIRELINE TEST

Fig.10.1 Test Techniques

-3
EMILLSTEM TEST

>
Iy
i
W
\ﬁ

"

|

[~
SRODVCTHGN TESYT

1. EXPENSIVE

2. SLOW

3. EXCELLENT RESULTS AND

INFORMATION

14.0PTIMUM WELL SAFETY

(PERMANENT) PACKER IS SET IN

CASING

TUBING STRING SELECTED FOR
HIGH GAS PRESSURE AND H2S

SERVICE
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2. Saturation and Relative Permeability Calculations (4 hrs.
3. Steady State Radial Flow (4 hrs.)

4. Unsteady State Radial Flow (4 hrs.)

5. Pseudo-steady State Flow and Superposition (4 hrs.)

6. Well Testing Pressure Drawdown and

Build Up (3 hrs.)
7. Interference Test and Type Curve

Analysis(3hrs)
8. Displacement Efficiency(4 hrs)
9. Potential flow and Streamlines (4 hrs.)
10. Dynamics of Water Drive Reservoir. (6 hrs.)
11. Water and Gas Coning (4hrs.) .
12, Multi-Phase Flow and Introduction to Reservoir Slmuiatton
hrs.)
13. Enhance Qil Recovery(2 hrs)

INTRODUCTION TO PRESSURE TRANSIENT

re trapsient testing is an important diagnostic tool that can provide valu-
formation for the reservoir engineer. A transient test is initiated by
ting a disturbance at a weilbore, (i.e., a change in the flow rate) and then
itoring the pressure as a function of time. An efficiently conducted test
clds good data can provide information such as average permeability,
fnage volume, wellbore damage or stimulation, and reservoir pressure.

A pressure transient test does not always yield a unique solution. There
afk:n anomalics associated with the reservoir system that yield pressure
hat could fead to multiple conclusions. In these cases, the strength of
Sient testing is realized only when the pmccdure is me:i 3] conju:tcuan _
her dingnostic tools or other’ information. L e
1t the next two subsections, the two most popiilar tests (x e, lhe draw- '
and buildup tests) are mtmduced Hm\ever, notice.that the matena! is
ds.d to be only an introduction. You must be aware of many other

crations in order to conduct a proper transient test. We refer you to
¢ excellent books in this grea by Eardougher, Matthews and Russell, and

X1 P . . . .

0.1, Introduction to Drawdown Testing . . .

drawdown test consists of flowing a well at a constant rate following a
period. The shut-in period should be sufficiently long for the reservoir
ure (o have stabilized. The basis for the drawdown test is found in Eq.

A8




SHORTEN TERM

« Initial Reservoir Pressure/Temperature

e Permeability

e Active Pay thickness

¢ Skin Factor

* Fluid Type and properties

e Type of Flow System

 Production Rate/Problems
LONG TERM

1. Volume proving

2. Extended Investigation Radius

3. Reservoir Limits

4. Relative Reservoir shape
5. Boundary Type

Driil Stem Test

~ HELATIVELY CHEAP AND FAST
= RESULTS MAY BE ADEQUAYE
- WELL SAFETY NOTY OPTIMUM

IPACKER PERFORMANCE [N OPEN HOLE NOT RELIABLE
[(CASED HOLE FLOATERS)

ORILLSTRENG UMSUITABLE FOR MIGH GAS PRESSURE AND HaS SERVICE
OFFSHORE VESSEL MOVEMERT INOUCES STRING MOVEMERT

—~ NO BST FROM FLOATERS WiTH OPEN HOLE PACKERS
—.HARRLY EVER USED IN GROUF QPRGOS 7

4L Well Tesring Objective

éﬂon*r TEHM "« initial Reservoir Pressure/Temperature

= Farmeahbilities

+ Active Fay Thickness

- Skirt Factor

» Fluid Type and Properties

- Type of Flow System

« Production Rate/Problems )

LONG TERM ., voume Praving

~ Extandad Investigation Radius
~ Reservair Limits
- Relative Reservoir Shape
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10.1. Infroduction to Diawdswn Testing

\ L6l

pir = T (7.30

which predicts the pressure at any radius, r, 25 a function of time for a givens
reservair flow system during the tmasient period. (r =, then p(r, ) will be
the pressure at the wellbore. For a given teservoir systens, p, ¢, ., B, &, 4,

Precsurg, Hut

&, ., aguf r, are constant, @nd Eg. (7.37) can be written as

P b + {10 (7.5
where, i
By = flowing well pressure in psia
b = coastant et l&& b

= gime in hes

¥4
m = constznt = —--E—é:f——w

LEA
1. Laminar, horizontal flow in 2 homogeneous reservoir.

2. Reservoir and fluid propertics. &, . &, ¢,. #. and 8 are independent of
pressure,

. Single-phase liquid flow in the transient time region.
. Negligible pressure gradients.

)

The expression for the slope, Eg. (7.59). can be reuranged to solve for the
capacity, kh, of the drainage area of the flowing well. ¥ the thickness fs
known, then ifre average permeability can be obrained by Eq. {7.60):

& = 162.6qu8 600

wth

fpicy T ™

3 4 i gHin prouping togethes the terms, that e COMTAn: fov 2 given rerervwin
18 r}’p;—"'—ﬂ?l—l’ {‘ﬂs T 313} SR €51 sston, Eq, (7.47) becomes
whichs predices the prosaene at any ridins, r, a8 2 fusition of time fof & given far=ht b m't (181}
sescryait flow system during the tmnsiont periad. 1r =, then p(r ) wiliie hete X
she pressuts a4 the wellbore. For 2 givin sescovois systeat, i o, BoER
<3, £, and r. axe cotsumt. amd Eq- {7.37) can be wiltten 23 ¢ = comstant
. Q233%H .
Py b o+ mloglt) (7.48 = gmstant = = =R N 252}
where,
ing, well snesszre ta ok e a plil of pressilts verws time on cegular cartesion graph paper yickds 2
p{:: ﬂawmg‘ ? = iraight kinc with sdope cqual tom ' tucagh the Inte dime data that conrespond
c.msml St the prowdesteady-stafe period. 1115, {76215 reartanged, an exprossica for
£ =gime in brs L drainage solume of (22 tost well can be abtigad: .-
) & "
2= comtant = s i'?:.?’.)p

&

Aho = ST
L,

(7.63}
Equation {1.59} s2ggests that a plot of puy verws ¢ on wmikyg graph paper
wolld vickd 2 straight Hine with dops m thoough the ealy time dota St
comespond with 13 transient tme period. This is providing that the assimp-
o inereat in e derivation of By, (7.37) are met. Thewe asunptions e
1t following: RS SR :

The drawdosn fest can shio yiols infonstion sbout dumtase thal may
acousred arcund the wellbore during the isitial ilfing or during sebeg-
ot prodection. We aow develap an equation that safons the calonlating o
hamage factor, using fsformation from the transeny fow rwgion,

A damsge zone yickis an additional preswire drop becaune of the to-

ar, Iorizovdal fiow in a b [ od permehility it that zone. Van Eventingen and Hurst doveloged an
; ss:?:“ and flaid progegic, &, 6. 8, ¢, . 300 B are independent of, merfmfﬁ :dw;:aad dfefined a dimensiontess domage Is:c_usr
3 Smgkpim: liquic flow in the ransien Ume regiom. . g ’ A\;,“w it .
4. Negligivle presscs gradicats. : ) . [
The exprewion fer the stope, Eq. {7.59), tan be rearrsoged 1 sobve for th? ;.
cng&}"‘.‘.ﬁ#r. of e dralaage ares of the Bowing welk. If the thickunewns B Apg 0SS o8

o then the tverage permeability cam be obtained 2y B, (1.69): s P PR
x R o ves sed oy B4, PR LEq. {7.65), a positive vidue of & cumses & pasiive gressure drop and
: 3 Jepresants & dunage sitgaiion. A negitive vilueof ¥ causes a tega-
pressues drop that repeesents 2 stimebated conditivs like & fracure. No-
At these pressure doops exused by the skin facter are compared to the
drop that woukt Aormally cecur thrsugh (56 affected zome 3y pre-
Eq. (7.37). Combiving Ex. (7.37) and {7.65%, the foliewing expres-
aiped For the pressure at the wellbors: .

P _lt§2,;m il ) . {740

L e drawadonnn st i coaducted long enangh for the promats _t:ans{cﬂ“s;z
rench the prendotendy-sate period, then Eql (747) & wsed t ‘describs B
provure bebavior: - . S I

| ideedl [ 4A ] oxnwgm 74T L ~lﬂ.§?£”[ & aes) ey
P "’ﬁ[lmcﬁ.l Frr { PR T (e AL

T
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* K thee drawdown test is conducted long enough for the pressure teansients o
reach the pseudosteady-state period, then Eq. (7.47) 5 used to dpse
BFetdo

vibe th
pressure behavior: e — iﬁﬁé‘y
. Stale
) _,_¥2GquB [ 4A ]_0.2339:;5: e
A 7 LG ™ Akde 747
W + .

o 16, Introduction 10 Presaure Transient Testing B V&WQ@M

Again grouping tugether the terms that are constant for a given reservoir

systemn, Eq. (7.47) becomes J. : E% ;& “
- Puy= BT+ m (7.61)
where _ %\ 3
caviet e
b* = constant \ﬁ’:(_\ v
- U.23394 8 1.62)

[ PR A it ol
e constant Ahde

Now a plot of pressure versus time on regular cartesian graph paper yields 2
straight fine with slope equal to ' through the late time data that ccrre:spoﬂd
‘0 the pseudosteady-state period I Eq. {7.62)is rearranged, an expression for

. ] “ohained:
slie drainage volumie of the test wall can be'o a“iﬁ fa mf@\‘ﬂ%.\iﬁ‘m‘i%

_0.2339g8 (7.63)
nm'e;

v sty e e g trtsgy T
quoed poracatainy 53 1hat Zone Vis Sverdinacn and Huest developed an
expression for 1his préssure trop 304 deiinsd 2 ﬁmcnﬁon!m damage sactor,
¥, catled tae skia faclor™ 7

)
e, L : AP ™ if%:g,?ﬂ g .64
.ﬂf
Apyn = —0.8%a8 {1.65)

e From Eq. (7,65}, 2 pusitive vatue of § cavses a positive pressure drop and
Co therefore represents = damage situation. Anegalive volue of § cauizes 2 nega-
tive § drag that repres a stimulated condition tike a fracture. No-
tice that these pressure drops caused by the skin factor are compared to the
pressure drop that would pormally ecour through 1his affected zone as pre-
dicted by Eq. (7.37), Combining Eq. (7.37} and (7,63}, the following expres-
sten is obtzined for the pressure at thé Willbore:

- ;@.equsl ke
L A P 7 o S rd

~ 3.23+ 0878 (7.54)

256 Singie-Phase Fiuid Fiow it Resavoirs

This equation can be rearranged and salved for the skin factor, §:

b~ Pus we
- § = 1151 TEEBadF — o o < 3.23
: e Sper]

The vajue of g, must be optained fron the straight line in the ransiont flow
region. Usually o time corresponding 10 § bir is used, and the corresponding
pressust is given by the designation, pu.. Substituting m into this cquation and
recognizing thaet the denowinator of the firdt form within the brackets is
actualiy —m,

ce 413 f£he T ko
§= }.I:*il " bgm 4-:.23} {747}




This equathnt con be reareenged smt salved for the skin factor, 51

il &
§ = L35 Hol e ~log mv}.ﬂ
oy =

The salue of gr,y must be obiainesd foom the stemight line in the transient it
reghon, Usially 4 time comesponding 10 | ke is ssed, and the comesponding
PTEsYRET i phven by the dosignati - Substituting m into Qs equation am
iring thas 1he o of the firss temmt within the brackels
actually —pr, :

- [0t ST 3]
§ = pa50 R g+ n

Eq. {7.67) cat be s ta caloutate 3 value foc ¥ fein she slope of the tramséent.
floe region and Gl value of pu., abwo (koo from the staight line ity
transient perad

A draswdown rest i often conducted daring the (nitiat producion fror
3 welt since the reservoit has obviously boen stabilized a1 the inital pressure
p.. Ve diffionle mpectof the st i maintxinimg a sonsant Gow rate, ¢, 1F e
florwr e s ot kept constant during the length of the test, chen the pressis
helaviue wifl reflec this sarying flow tate and the corrent iraight line regicad
on the semileg and regular canesiza ploms may not be idemitied. Other frctore
such as welibors starage (shat-in welf) ot wakasding (lowing wall) can in
fere with the anaiwsis. Wellbore totage and unleading are ph rhat
occuy it every well tn a cortain degree and cawsse anomaties in e press
befurvior. Wellbuoe storege & cnzsed by uid flowing {nto the wolibars altey
2 well has been shat in on the surface and by the pressusre in the welld
changing a4 the height of Gie Suid m the wallbore chatges. Welliore unlos
ing in a Gowing well Wil boad to more production a1 the suface thae W
actuatly oocurs down hole. The effects of weibors torage aad unfoading cafr
e 30 denutanng that they completely mask the wrassznt time date. I
frappens apd if 1he raginece does m know how: te axalvze Tor these eff
the prossuze dant smay be aisinterpreted and crmors i ctlcutsred valoes
permaability, skia. st the Fre may eccur. Welthore erage sad eaload
cffects are diransed in Setad by Exlougher. Theve offvcts shoold abwe
taken into consideration when you evaluate preswurs transient data.

The following exengle proldem i {hie amalysis vl deawd
fdata.

TE A 163T s d om & now oil weit
arge rescrvodt. At the time of the test, e well was the only well vhat i
dovelopedinthe Teeaitir. Analysivol the data imdi Hreal wallbore wox:
fboes vot affect {he prosure messucements. Elsy e data 10 ealeulatd

average permeability of the wres srnsd v well the kin Gerar, amd the .

druimsge aven of e well,
Ciiven:
P, = ) psir Siemagtinn thickmess = X0 ft
g = S0 NTHfay AR S TR
=15 cp pomnsity = 25%
#.~ 1.2 %0l8TH e, = 0333 0

Fliswing presise, fe, gime, ¥
s s
i) 2
267 . 5
Zasd 1
Aasy il
g Bl
3t ]
Azsy bl
Ak 1%
322 bl ]
3260 xR

SLToN: Figure 7.1 contains 3 semitog plot of the prewsure daty. The
sdape of the early time dta, which ane & e transient tme region, was foumt
tofie -840 peifeyels and the value of My, was found So be 3526 psia,
Equation {7.6) can pow e ised 10 cabaulate the peepeating:

_ el eqsamifSE 2

e —EO{20)

= &5 md

Tz skin facvor §s found foms By, €7.675

526 - 000 sia
Em1I5 { P {(u.zfm i m-';gﬂ.mf] * 3'23]
w10t .

" This positive value for the skin factor sgesty the well is sfighily samaged.

Feum the Afope of a plot of F versus time on regulsy cartesies graph
Faper, shiows in Fig. 7.20, and using Bq. (7.63), 2o ostémate for the detinzge
e of the well €aa be obtained. Frem the seomlog plot of pressune sers

tmc, the fiest sl dara paints Fell un the straight Fine region indicating they

drainage area of e well,

finample 7.2, A drawdown 1t was cundected on a rew ol well in g T - :
targe reservolr. A (the time of the tost, the well was the only well that had been

develtoped in the rostvoir. Anstysls of the data indi that
docs not affect 1he pressure messwrements, Hse the data o calevlate the

0, Iahcchon to Peassufe Transiont Teuting 87

average permesbifity of the area around the well the skin fastor, and the

Civen:
1™ 40K e foreaation thicknoes = 2G it
: g=50STBEEy  6=Mx10% pria™!
1 Ho s L5 op paresity = 25%
‘ B.=12W0USTE  n=0333 K
H Flowin) SEOE, P i, 3
! o o A%
: 03 2
23489 2
3441 10
- 2t i)
3383 5
2368 7
135 100
306 e
282 0
1250 300

somurise: Figar
{ shojte of the ealy

3528 - 4000

1% cantains 3 sepulop plot of the pretauns datz. The
v time data, witich are in the tranticat tnig region, was tound
to be 86 prifeysle and the valoe of By, was found to be 3526 gia.
Equmion {7.60) can now be wked 1o calzulate the persenbifity:

_le2s(omie 5510y
k= ] 851 md

The skin facior is found fram Eq. {7.67):

S E.ISI{

5. *"S[m.:ﬁxu;(an 16 )0, 309Y"

Surm 4 Bhs, me 807100 B

553 ), lﬁi
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Fisjure 1,46 Concent of lvpae cirves.
wiere;

time, hours
tatal compressibitity confficient, psi!
@ w EOrUSiy

Henwee, 2 graph of log(a) va. Topdty will have sn fdestivel
shape (Le., pavallel} toa graph of bop iy} ws, g {fy }, afthough
lhe ctrve will be shifted hy log R/ (111 208 vertiealvin
Presssre and h:sg{(} f}élﬂ..(ﬂ?‘{,r(z;;prirwnhmmmi.zﬂvm thse,
Thds convept is iHusirated In Flgoee 146
“of only do these twe curves have the same shape, bt
it they are smoved refative fa cach other untdl they colncide or
“matel”, the vertical asd horizoniad displacements required
Lo achieve the mateh are velated to these constants in Egus-

tiops A3 andd 144, Once these constints are dew; muwd
STt pnetiend anad brrtanet ol dies]

upuk:

(f‘fa/’rﬁ) 1 L

e

T subsoript WP derstess 5 mateh point,

A more practical sntetion then lo e JilR iy -}mﬁtmu
I o plat of the dimensiondogs p;; ws. fn/sf, w5 shown in
§:§f1m EAT that can be used o dudermine the prizgsuse at
sy sz and rasdivs from the producing well, Figure 147 is
basteatly a fype ctrve that ismostly usead in inferforence toste
whien analyzing peessuis responss dafi'in 2 shivtdn observs
tion well 6t a distance ¥ lroman dchvn prishicey or tijector
well

In general, the 25;10 m! ve approach vmp!u“a ther Dirving
procedure thai will be i1 urair*;l b thie uve of Figiere 147

Step 1 Select the proper 1pe curve, e, g.:..]"xmre] AT

Step 2. Place trackng paper over Finire 17 and construct a
fag-logy seale having the sime Simcnsiong as these
of the fvpe cazrve, This can be achioved by tracing
the ytior and minor grid lmes from the fipe cusve

’ ln the tracing paper

Slep 3 Pt the well test data Tn terms of ,ﬁ,{z ¥5. ¢ on the
tracing paper, P

Step 4, Onverlay e racing paperon the 1};1:" cayve and slide

Cihe setual data plot, keeping the ¥ and ¥ anes of
~both graphs pasaliel, srtid Be actuad dola [mu:smrw
cabiwides or witehes the fypo curve,

Slep . Sdect iy arbitrary poind match point ME such azim
iterseotion of major grid Encs, and record €apius
andd [y fom !l.l: achual datn plat and the corre
sponding vatnes of {pyiyp and {6/ rﬂ}.‘;p from the
g ey,

Stap o, {sw the nxtel point, caloudade the propertios of
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Figura 146 Concept of iype carves.
where:

irvie, howrs
& = w0t gornpressibiliy coelficient, ps ™!
4 = prarosiy

Henos, 1 graph of logd{ Ap) v, bgrérd will have an idetival
shage (Lo, paraledd to a geapl of fogdpnd ve Jur (), although
e cupve will be shilted by togi b1 1 E 20RO verticaliyin
pressureantt logid BURESTRS (oo 2 M horizoninlly in time, .
s concept s lustrated I Figure 146, I

Not saly o these twe curves have the sane shapm, hut
if they are mavad refutive te pach sther upii ey caineids or
“enatel”. the vertical and herizemtal displacements retjuired
Ler achiovie the match are refated to tese constints in Egue
tons LS and 144 Once tese constunts s shelermined
o the vopticat o d bewdegeaad droor iibe g5l et

14465

ined:

( 5935“;) 0,263
Xy

; il {1474

2o
“The subseript “MI™ desotes a mateh point.
A ore practivat selution then o the 4if Tusivily equation
oa plat of e dimenstonless g v, fndef as shown in
Flgure 147 that cun be wged W determine the pressure st
any finie and eadiug from e producing well, Figure 147 s
basically atype curve thid Is ostly wsed Buinter fevenee tosts
when analyzing pressure response data i 2 shutin olmservae
ton well at o distusey v from an active privdueer or injeclor
will,
in genernl, the type enrve approach vinplays the fowing
procedure that will be ilhestrated by the use of Figere £47:

Step L Select the preper type curve, v, Figure 147,

Step 2. Place tracing paper over Figure 147 and constructa
log-foy seale laving the same dmensions us thuse
of the iype curve, This ean be achioved by teaaing
the miedor sud minor guid Enes from the type curve
to the tracing paper,

Siepd. Plot the well e datn i terms of Ag vy toen the
tracing poper. .

Step 4. Overlay thetreing paper onthe type curve and slide
the setual data plot, keepitg the £ awl ¥ axes of
both graphs parallel, et the actual data point curee
colncidis or tiaties 2 Sypeaurye,

Sep 5. Beleciany avbitrary pointmaich polut ME sachasan
federsection of mdjer grid Hnes, wnd record (Aph
wnd (e from The witual data plot and the corre-
spanding vidues of (o and 0 1A rihus fraem the
IV carve,

Step 6. Using the mateh poing, eateulste the pruswriios of

| :

T TTICTTE T
i achieve the match are eelated to tiese constis in Equa.
tions LA% and 144, Onoe these constants are deterntined
from the vertieal and horizontal d Heemsits, His possible
to eslimate resereair progerties sucl) ag permeahifity and
poresity, This process of matching two curves thirtragh the
verfical and borizonsal displivenmats sl determining the
veservelr or well proporties is vatled type qurve matching,

Asshiown by Bquation 1283, the selution to {he diffusivity
cqwtion oan b expressed ) ferms of the dimensinnless
pressure deop as:

1. f #
oy == -'-:-;{‘.{ (A,

Eruation 1088 indicates that whes ¥ o U5, po can be
appraxinmied by

B g Iifiéfisfl?f;} -+ 4 (35¢

Notive thay

Tuking the tagarithun of Both sides of this wrpastion, gives:
| 1, O
g (") v ia;z( ! it ) + logesy {1851

I

L P
Houations LA43 ansd 145 indjeate that 2 graph of log{an
vs, logdi} will have an dbatical shape (Lo, purallel) to s
yoph af og{gsd ve !ﬁg(a’m’r;{), although the v Wi
b shillted By bog (hH 14 827608050 vertically in presaurs and
Tog {0, 00026374 fo pea™ burizostaliy in tme, When these
b cieves are maved relabee to each othier wiill they el
cide oy "nateh,” thi vertical and borizontal mavements, in
wmdientical lerms, are sthvei by:
T L] .

( Y T {1461

FThis e problom and e subtiion provedurs are §
&

I, VTes T LT nen vy Ther TG atp Frond e
fype eurve, -

Step 6. Using the saateh point, calouhite the roperiigs of
the revervoir.

Thefollowing example Hustrotes the convenionce of using
the sype curve approach g an iderferenoe test for 48 hotirs
Estlenwad by o fafoff porkod of 100 hours,

Exaungte 1.31° Duriag an intorference Lest, water wis
injected it » 17O LB day for 48 hours. The pressurs Tespohse
it an observation welt 119 f away from the ftiector i ghven
relow:

t Chesd & ipsiagd By, w0y~ plpsi)

B0

450 fgection eads
51.0 ] - 13
#0.4 &5 -

TAL 17

LKy a2 -3
1420 16 16
A 15 15

Other given data includes:
o= Opsl, By o LSO BhI/STR

e, R Advaawsd Bl T Anafsris, Motogeaph Sar
Prallus (1979,
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Figure 1,47 _Dimensionieds pressuf for a single well in an ifinite st i ivalbers storage, 19 Sk
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Exponantinf-integral solution (Atter Esriougher, B, Advantes it Wt Tost Analysis) (Pemrission to publish oy

the SPE, copyright SPE, T977),

g 00 M psitl, B ASH
s = LAep, g =~ 170 bhliday

Caleuinte the reserveir permenhility and %mrﬁs&}:

Sulufion

Siep 1. Figire 148 show a plof of the well st data goring
1lse injection period, L, 48 hours, in termnof S v
sty tracing paper swith fluy same soels dimenslons ag
i Figmare 147, Usiag the overlay technigue with tha
vertics! and horizontal movensents, find the segment
of the type curve that matches the achual datn.

Step 20 Select any point on twe praph that will be elefined as
4 raach Pt ME oo shiodks i Flrere 148, Reeord

(aphye and (i from the pelnst data ot and the
correspondingvatuss of (g dup atd (fo/ i from
ke iype curve, to give

Tyne cuyve suteh valoes:

i m 0O, (el e 0,88

Actund duta vintch valags:
{apip = —HD pag,  ATge w10 fols

Siep . Lidng Equations 1.46and 1.4.9, selve for the perme
ubitity antt potost

20 (1
’ A s

N (. 600237 (5, 1 -
P AT R0 Dy

3l

i

Fration 1257 shows that the dimeaionless p
velate to the imensiontess radios gl thoe by

Lo
B = oy

Al the wellbore rading whire 7 = Fe e, ran], and ple, 83 o
Pasa 1ls0 nbvve expression is veduced to!

LT

T o approskmation us given by Eguatinn 12580 can he
aphied it ubove selulion lo give:

P s ﬁﬂniﬁz} 4, BOHOTY
and, 1o nevowsd for the idn 8, by

1
Fo

il + 0. 80 s

[1in

o= ,—E%!nii»l L QB0 )
Natice that fhe dhove expressions aemine zovo wellbore
storage, 4, dimensioniess wellbore storage n Sharpe -
cral sethnrs Bave condusted detniled stadics on the effoas
and durstion ahwellhon SHFREZE o0 Presuiry wwrehorem il
Buitdup data. Results of these sindics wire pre st in e
sype ctirve Joratin s of the dimensaionioss prossars 5
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Figure 148 flustrat

-,,_n,
g

157

3

E
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s funetien of dinreasionless lise, xuslzm. and welllore sior
v B f i, 1. Gl The following tea msthads it
2o il%{ conEept m {hv l\gso iV A eoare bricfly
introtheced helow: :

U the Grirgnrien type curve; -
G the pressuse derivative methed

14,8 Gf{h(}a{'&{‘ :vpe cuwa
Thirtog the
tie welthore
Equalion L3

4§

Jagtead = legltn -~ log{Gy) -
This relutionsiip gives the charsoreristic signature of well
storme effects an wetl besting data which indivases thas
s Sy it okl wmg«wieWaITs’widdh?s.us'lu!m of
& unft stepe. A the ond of mv 'amﬁm affect, which ugml 3
thrk g of the infing X
it whavior prmiusgh

approact: ineell
s bore storage cogh
fmmi EH &xv abave reiau( mhu N Ad(h;zg ined subtracling

i) inwdde the brackets of the shove equation gives:
-1 . . - -
Pl - e (Cu¥ o+ 0800 5 In 33 4 25

it t_:quivuh:nuv:

1l

+ 53, BOERE -+ Tn (e

E!_“(_ &)

whese!

s dimension SEERSUTE

(oo dimeusionless welibore storage costficiont
dimensionless e

skin fm:wr :

Cejuation 148 deseribes e g st behaviss of a well
with & wellbore stopage and a skin fn o homepesesus
ervidr durisg e transiont Geliniieactingy P portod,
sercten efal: 1879 expressed the ahove eguation in the
gm;,lm wl l‘wi?" curve fovest shown i Figure 149, Ln dus
e, the ditensiontogs pe are fin b6 petded oo a log-iug
%ml;‘\vzxmmruemmnig s ilﬂ”é,{félkxpfgm{;,v The

5 iz by the dine

fifer
o hl% li‘liai(‘d widle, -

Figure LAY shaws it ol zlw CHrVEs ﬁmmv it oarly
shne, it g il \»ixqw straight lige Lef*ivxsweaa}mx ) e
\u!ii’nxf‘ ‘;Ni‘ {

5 e ze‘h‘,;m i 1o
ulle!iw.lal o mgil.!l vy, it & uvi!hurt’ storagre @
the start of islfi[%i tis tleg cibial floew are marked o the
Tyt cneves of Floere 1al Th ere arg thres dimensionless
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i "f)wj‘:dw * .

or
£n =l."f£”.r"& .

Then,
logrp=loge’ +1/2l0g 1oy,

2. Ahhough not apparent on a log-log plot, o~
semilog plot of the data in Fig. 4.1 (pp vs, fog.
1 ’i is a straight tine, signifying radial flaw when,
for'’x,/Ly>5, tp; =2, The straight-line ternyinates,
of coursé, when unidary effdcls became importan,
but & match of actual test darg with Fig, 4.1 can
. show the amount of data in the radial flow region

(und, thus, can be analyzed for permeability by the

conventional Purvs. log £ or Horner plots), Fig, 4.11
thus combinss, in a single graph, the linear flow and
radiat flow regions (and a region with neither),
boundary cffects, and the effect of various fruciure
lengths, If (eacture conduc ivity is high and constant
throughont the 1est and i wellbore storage has
negligible effect on earliest data, then this figure
allows a rather complete analyvsis of g Levdrautically
fractured \mllwspcciﬁcally. estimation of fracture
fength, Ly and formation permenbitity, & The
method is frequemtly superior to the BOYDe-curve
methods discussed in Chap., 2.

Steps in use of Fig. 4.11 as o type curve for 1o
anabyily include the following, ’

Lo Plot (p, TP} (eawdown rest) or [4- 3

Py} Cbuildup test) on the ordinate ve, & {drawdown
test) or A¢, (buildup test) on the abscisss on a 3% 5
cycle tog-tog paper if an undistorted version of the
typecurve is availabde. Otherwise, use tracing paper.
2. Select the best mawch by shiding the actual test
data plot both harizontalty and vertically,
3. Note the value of the match points {(ppn e,
P Puwr) mpland [rpy 3 pp s fygpl -
. 4. Estimate. formatioh permeability’ from  the
pressure match point: . ’

¢ fa141,2 700 Ml&‘i’.m

Pe=Burdap
5. Estimate fracture length from the time mach
P

.f[.f::[

0G.000264 ey Y2
00068 Kty ] (I8

e lpy Yap

Three useful checks are sometimes possible:

b it a half-stope (incar How) region appears on
the et data plot, replot data from the region as Py
{00 proc) vi VI (or VAT 3 from the stope m, and
Hinear flow theory,

L= 395008 [

farey 8
which should agres with the result from the type-
eurve analyvsis, -

21 a radial flow tegion appewss (before boup.
dary effects berome tnpotiant — that is, before the
data devinse from e v 2L e o curve), s plot ol p, ..

vs. log ¢ [P, vs. tog Af or log {4, + At} ad] should
shm::fhat kg 162.6 qByesinth, in agrecinent with type-
surve analysis, ! i i i

3. tf 2 well proves to be in a finite-acting reservoir,

it may be possible o estimate Xe from a matching
paramcter, x,fl,f. e compare with the lgnctwn {or
assuined) value of xe. 1o check the. quality of x.hc

maltch.

Example 4.3 — Buildup Test Analysis -
Jora Vertically Fractured Well :

Problem. Gringarten ef al.1¥ presented buildup test- -
data for a well believed to be feactured vertically.
From these data, presented below and in Table 4.4,
estimate fracture length and formation permeability. )
Producing time, r,, was significantly preater than

raximum shut-in ime. so that Ar=a1_.

g = 2,150 5T/,
= 023 cp,

B = .76 RB/STB,
o= 23001,

¢ = 0.3, and

£, = 30x107% psi—F,

Sefution. Fig. 4.12 is a plot of Ap=p .. —p.. vs. AL
An adequiate fit is characterized by the maw points
(r=0.062 hour, fp, =0.01) and (f‘.kp: 15.2 psi,
£p=0.1. Fromthe pgcﬁsufe match point,

qBu. {Pp)up -
e
ka2 nE Y-
{141,242, 7303(1.76)0. 2340, 1)
ST @mnasy
. =45 md.

TABLE 4.5 — CONSTANT.RATE DRAWDOWN TEST DATA

(hours)  Aw 050 Thaurs)  goy (psi)

0.0409 2976 0.218 24511
0.3164 2,564 0.273 2,536
o.p218 2,853 0.328 2,469
00273 2842 082 2408
0.0378 293¢ 0.437 2,352
G.0382 248 0,481 2,202
Q0437 2,908 6.546 2,258
0.0491 2897 169 1.852
005485 2E86 1.64 1,828
©.199 2,785 218 1768
0.164 2,633 273 1.734

tthours) B lpsd fthoursk  pu Eouh

328 L7112 328 1.543
382 1606 38,2 1533
4ar 1,634 437 1525
491 1674 49.9 1,517
546 4665 54.6 1.51¢
655 1.651 855 1,500
B.74 £638 867.4 1,482
09 514 3.2 1,458
16.4 1,587 161.8 1,440
218 1,566 218.4 1,418
23 1554 273.0 1,393

W6 1370
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Terierence Tos

L. Piot pressure drawdown in an observation well,
Apespio ., vs. clapsed tite { on the same size lop-
log paper as the full-scale, type-curve version of Fig.
6.3 using an undistorted curve (he reader can
peepare such a ctirve ensily); : .

2. Stide the plotted test dmig over the type curve
until & march is found. {Horizontal and verticn!
stiding both are tequired.)

3 Record pwessure and time mawh points,
(plyes dpwp and{{tnfribup. fupl.

4. Caleulate permcability X in the 1est region from
{he pressure march point; - -

Jos= 141‘23.‘?,’;%_ _
' (Apd e Co
3. Caloulate ¢r; from the time match poing:

0000268k o o
s B, )! (‘0;%’1»11' }‘ :

Example 6.1 — Interference Test
in Water Sand

Problem. An interference test was run in a shallow-
water sand, The active well, Well 13, produced. 466
STB/D water. Pressure response in shat-in Well 14,
which was 99 ft from Well 13, was measured as a
function of time elapsed since the drawdown in Well
13 began, Estimated rock and fuid properiics in-
clude . =1.0cp, B, =[O RB/STB, h=0 fi,r,.=3
in., and ¢=0.3. Total compressibility is unknown.
Pressure readings in Well 14 were as given in Table

6.1. Estimate formation permeability. and total.

compressibility.

Solution, We assume that  the aquifer - is
homogeneous, isotrapic, and infinite-acling; we use
the Ei-funciion type curves (o estimate & and . Daza
to be plotted are presemted in Table 6.2. The data fit -
the Ei-function type curve well, A pair of match
B - are  (Ars 128 minutes, fpfrie 103 and
{Ap=35.1 P = L)L (See Fig, 6.4.) Thus,
p=tap 20 _Polye

i (3 \ap

L (ML IME61.0)1 0 (1.0

2.0 (5.5
=1.433 md,
(000264}, 33326760
B T TR
m =&%ﬂ!(ﬂ _A‘ i‘.’z’i‘_‘i"@) e
T W Uity ST ps
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TYPES OF AQUIFERS

Water drives based on the geometry and
location of aquifer relative to the reservoir.

Peripheral water drive: Aquifer féncircﬁ@ﬁ the
reservoir fully or partially.

Edge water drive: Aquifer feeds only one
side or flank of the reservoir.

Bottom water drive: Aquifer underlies the
reservoir and feeds it from the bottom.
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SCHEMATIC DIAGRAM OF
PERIPHERAL PARTIAL WATER
DRIVE

* SCHEMATIC DIAGRAM OF PERIPHERAL
WATER DRIVE :

Gas Cap
. QOil Zone
<<<<<< Aquifer : .
Aquifer
SCHEMATIC DIAGRAM OF EDGE | SCHEMATIC DIAGRAM OF BOTTOM

WATER DRIVE , WATER DRIVE

MATHEMATICAL WATER INFLUX MODELS USED iN THE
PETROLEUM INDUSTRY

KEY AQUIFER PROPERTIES{%&

@ POT AQUIFER;

© SCHILTHUIS STEADY STATE;

¢ 1. 5ize and Shape o HURST MODIFIED STEADY STATE;

2. Permeab;llty i & VAN EVERDINGER AND HURSYT UNSTEADY STATE:
: 3. Porosity ~ EDGE-WATER DRIVE;
I ~ BOTTOM-WATER DRIVE;
4. Water compressibility
R o an o CARTER~TRACY UNSTEADY STATE;
. 5. Formation compressibility « FETKOVICH METHOD:

- RADIAL AQUIFER;

6. Water viscosity - LINEAR AQUIFER.
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-

simplest model used to estimate the water Influx
into a gas or oif reservoir

Based on the basic definition of compressibility,
Water influx = {(aquifer compressibility) = {initial
volume of water}{pressure drop)

or;

We = ctWi(pi - p}

Initial Volume Of Water

« knowledge of aguifer dimensions and properties.
i — FE B
W= [“""LW)““]
« where:
* ra = radius of the aguifer, ft
+ re = radius of the reservoir, ft
« h = thickness of the aquifer, ft
* @ = porosity of the aquifer

Encroachment angle f

* We = {cw + cf YWi f(pi- p)
« where the fractional encroachment angle fis
defined by:
_ {encroachment angle)” 1
N a60e 7360

R N R

The Schilthuls steady-state model

Rate of water influx “ew” can be determined by applying
Darcy’s equation

dW. [ O.00TOR Kl }
Al 4]

2 gy e |
P ETENTN

it

diWefdt = ew = Cipi - p)
where:

ew = rate of water influx, bbl/day
k= permeability ¢f the aquifer, md
h = thickness of the aquifer, ft

ra = radius of the aquifer, ft

re = radius of the reservair, ft
t=time, days
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Hurst {1943) proposed the “apparent” aquifer radius ra
would increase with time,

Dimensionless radius rafre may be replaced with a time-
dependent funiction as given belows:

°

*

Hurst modified steady-state

* it can be written in a more simplified form a‘\s:”
AW, T4

=T T Tintan

C=0.00708kh/Uw

In terms of the cumulative water
influx:

[ Thi—p
Jo Inlat)

Producing mechanisms

hased on dominant reservn![ energy boing released

;o Ve

[Gommon ]

[ T 1
|gravity ; llmb%bitjon Hcompactiun f

{ i
Depletion ! Gas cap Combination drive
drive

drive |,

Solution Full
Gas drive m

§ 1Edge LEdge
Segregating Nonsegregating I il.Bottom H.Bottoms
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Water influx Rate ew

During long production period rate and
reservoir pressure remain reasonably
constant,

Reservoir voidage rate = the water influx
rate:

waterinthigd  foil o] | [lroegm] \xﬁn:
tide b oemte [ lloweate] ;“Kr:rlm

o
S o B, + Gl LB

Cont’

oA,
s

Gl du,
Tdf

FIGOR — R) =28, + £

W e cnmttiative auter mfhax, Ll
¢ e Lty days

Ny = cumplamive oit production, ST
GOR o current gaseoil ratio, %78 TH

£, current gees wolubilivy, =751

By, o gras formition volutne factor, bbl/ sef

W s vumubative water production, S
ANl o daily oil low rate 44, STR day
dUb,/dt o datly water fow rate Q. STy

di. /s
{GOR - BadNL A -

chaity water infiux vitle o, bbl ey
<y freo gas mite, seffdmy

Example for influx rate

«  Exampie: Colartate the warter influx rute ew In o reservolr whose pressure Is
stobifized ot 3000 psl,

+  Given:

+  Inltgl reservolr prossure = 3500 psl,

* UNp/dt o 32 600 S1B/day

*  Bo=x= 14 bbi/STB, GOR =800 5cf/5TB, Rs = 700 scf/ST8
* By =0.00082 bbi/scf, dWn/dt =0, B 1.0 bbl/STB

i,
W f‘ I m!;f;.h JOR -2 ‘“"n ‘”:

En "}‘

+ a{L4)32000) + {500 - 700)32 O00XO. 0OORZ) +0
+ 50048 bhbifdey

. . &
Water influx calculation A
3

= Calcubate the cumulative water nflux that result from a pressure drn}&- g
200 pst at the ofi-water contatt with an encroachment angle of 50. The
reservoir-aguifer systom is charecterited hy the following propertles:

Beserreir Aguifr
i, i HaE REE]
Porusty {LER (2% F4
oo 40t KRS (e
gt S (i LR
il il ]
*  3ep-Di Calrulate inttial water vol Wi=?

= Step-02 cumulative water influx by eq. We =ct Wiipi —p)
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* Initial volume of the water in the aquifer
W {W}
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van everdingen and hurst
unsteady-state meodel
+  Van Everdingen and Hurst (1943} sotved the diffusivity equation for the agulfer- 2
resenvoir system
')Pg) GP:) ‘EPD
ag, o oory | afy

Estimated water influx in the following systems:
Edge-water dréive system {radial system);
Bottom-wates deive system;
Unear-vater drive system
* Van Everdlngnn and Hurst assumad that the aguifer is charmcierited by:
uniform thickness;

« constant permaability;

+ uniform porosity;

+  constant rock comprassibility;
- watar i ibility

3 UNSTRAGY-STATE HODELS

3. LAETEADY-STATE HODELE -
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* The water influx is then given by:

W, = BAapWion

B = 1.119¢cr"h

+ where:

* We = cumulative water influx, bbl

» B =water influx constant, bbl/psi

= p= pressure drop at the boundary, psi
+ WeD = dimensionless water influx
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Exampte 8.5, Bepeat the water influx calculations for the reservoir in
Ex. 8.3 usiog the Fetkavich approach.
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CHAPTER 8-2

Steady State fodel {Schilthuis)

The simplegt zathod for cheracterizing vater faflyx is fye e
Schilthuis *. It is ofrep good ides to £ry this gegel fiset
since  the caleulations are congideradly less invelved than with
either of the other tvo zetheds, .

The assuppions igherent in the Sehiltheis godel are nRNY.
First, it i3 sssuzed that the aguifer &5 pigantic and highly
permeable. In fact, the aguifer 1 taken te have peraeadilits so
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»WATER AND GAS
NING (4 hrs.)

434620,505653 &EWAS%@%EE RESERV@ER EN@EN%%RE
2L 2556(4 credits{4-0-83 o
@mm

1.  Optimization of Material Balance Equations (6 hrs.)

2. Saturation and Relative Permeability Calculations (4 hrs.)
3. Steady State Radial Flow (4 hrs.)

4, Pseudo-steady State Flow and Superposition (4 hrs.)

5. Well Testing Pressure Drawdown and Build Up (3 hrs.)

6. Interference Test and Type Curve Analysis(3hrs)

7. Displacement Efficiency(6 hrs)

8. Dynamics of Water Drive Reservoir. (6 hrs.)

9. Water and Gas Coning (4hrs.)

10. Multi-Phase Flow and Introduction to Reservoir Simulation (4 h{
11. Enhance Qil Recovery(2 hrs)




1.COSTLY ADDED WATER AND GAS HANDLING
2.GAS PRODUCTION WITHOUT OBTAINING
THE DISPLACEMENT EFFECT

3. REDUCED EFFICIENCY OF THE DEPLETION
MECHANISM

4, CORROSION DUE TO WATER
5. EARLY ABANDONMENT

6. LOSS OF OVERALL RECOVERY
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Caleaiate the eriticaf Bow rate by weing: -

4. Ch s aveihad
b. Efros’ earmclation

. Kaechier's equation -
<, Josti's methed

[, A 20000 foor-long horizontal well is praducing ot 1590 STB
follenwing date are quaifable: o 150 STRMy: The

h=600 h=Hed  ko=(5md B, = 1.2 bB31B
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Overview of Reservoir Simulation
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What Iz Simulation?

As used here, the words petroleum reservoir
system include the reservoir rock and fluids,
aquifer, and the surface and subsurface

facilities.

172 Resersolr Slations What Resorvair Somdion iy
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Reservoir Simulation

What Simulation is

o Simpfate = (o give the appearance of m a reservoir

* Simalation involves the utilization of a madel 1o
ehtain some insight info theé behavior of  physical process,

« Sipdation has long been recopnized in many appiled
science disciplines as the final resort; as Wagner aptly says: <
When all clse fails,... simulate, | °

= In operations rescarch, extensive use has been made of
simulation studies; some examples arer

1. Transpostation made! networks
2. Stock market performanee

3. Telephone system design

4. Supermarket checkout counter
5. Engine Simulation

6. Other Simulations

* A RESERVOIR Stinlation i 2 muathematical modet
that represents the physical pheaotiena of a veservoir

Why Do We Need Reservoir Simulation?

» What is the most efficient well spacing?

+ What are the optimum production strategies?
» Where are the external boundaries located?

« What are the intrinsic reservoir properties?

» What is the predominant recovery
mechanism?

» ‘What and how should we employ infil!
drilling? '

+ When and which improved recovery techmque
should we implement? :

. - e Maodeling Methods fhovres
Business Heasons for | : . s
: [ b

tiging Reservoir Simulation

B Economics and
{iming of
investments

2 Credibility and
Reliability

B pecision
Making

B Arbitration,
unitization, & -
Regulation

% performance
Monitoring

@ Any problem is solvable if you can make awumngzmﬂs -
the key is determining the right assumptions.

* rfutta e;lvery question demands in-depth modeling of every
etail.
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Reservoir Simulation

YWihat is resarvoir stmulation?

- A rascervolr slnvuiath i ar ¥ ]
mactal that reprosent-thie pl’wnleal
phuonomena of a resorvale.

Wirhy do we need a Reservoir
Sinuiator?

- Becautso a reservaelr simulator s a goweeful
tool and not expenaive . YWo can pradict
what ks going in the reservelr and a amouwnt
of production from altermative operations,

Tyvpoes of Reservolr Simulation

= Biack O Simufation .

- ful il § 3L fc OiF Simulation

= Couplod Fiuld Flow Aieomachanic
Slmulﬂ‘uon

Fluid Flow Equations
Governing Equations

- Mass Conservation (Materiat Salances)
» Rarcy's Law

- ticie aff b Btoks »
-~ Consorvafon oFf Ernaergy (Fzrat Lewr o mcmvodyrmfan)

- Eqguation of State

If)an:y "B Lawr

ar if we aanume o %3 i d oy : algn
Arct wa rewrite o a dil‘liamnﬁal aquatic,m form.

v RS

Frer

Gobstitute v i Mass Balaace Equation
{conakier only rediraction)

af w22
550 e

Modeiing Methods

All mathematical techniques are simply an
nppincai!aﬁ of the three {u ndamemal equations of

Ma“i:enai Eaianee Eguation
+ .
Fluid Properties (PYT or EOS)

with varying boundary conditions




Modeling Methods
Finite Difference Process

Divide the reservolt into numerous blocks and
represents It with a mesh of pointe or grid blocks.

Simulation Approaches

() Singe Woll Study {b) Fisid-Beale Study () Wintow Siudy

Lrawnan

Modeling Methods iiyeat
Finfte Difference B Biap Process

Solve mathematical equations for each cefl by numerfcal
methads to obtain pressure, production and saturation
changes with time.
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Simulation Model: Integrafing data
Outline

imudation Definit

gy Dials

« Simulation Model Structure

Simulation Model Structure

Define problermn dimension and fluid phases
Define grid and rock properties: volume
discretization

Define fluids properties and rock-fluids
relationships

Specify initial conditions in the reservoir
Specify data to be outputted at each timestep
Specify operations schedule:
s prod, inj, workover
* controls, targets, constraints

° timestepping (time discretization}

1. Define Problem Dimension & Phases|

= Type of simulation model:

- Sack 0il: 3 immiscible phases as mass
components {gas only can dissolve in water

and oil, Rs solution GOR}

* Primary Recovery {Fluld Expansion, Solution Gas Drive)

= Secondary Recovery (Waterflooding, Gas laj, WAG)

between each component

o explicit description of oil
and gas to account for mass transfer

* CO2 flooding, gas injection In near critical reservoirs
* Gas recyeling In condensate reservoirs
» Thermal: {steam injaction recovery fro heavy oil etc)




1. Define Problem Dimension & Phas

¢ Grid dimension (1, 2, 3D)
& Grid general geometry
- Areal, radial

- Carteslan, comer point,
Pebi

[T p—

Corm Fore Tmorwey

2. Define Grid and Rock Properties

* Define Discrete volume eiemenszREDBLQr‘_‘;";;

~ tanks of uniform properties {at a given timestep} with =
permeable sides.

Each block is connected to neighbors and fluids flow from one
to another depending on permeabhilities and pressure
difference. Generally wide and thin (laver cake)

il

distanco distance
4 gridblock waterflood moded

2. Define Grid and Rock Properties

s Grid fineness/coarseness:
- how many grid blocks are needed

- Local Grid Refinement :Enhance grid
definition around areas of Interest

~ Coarsening : Merge areas of little
interestfactivity into a single cell

e General Structure: Elevation, faults location,
displacement, fractures
> seismic

e Rock Properties: NTG thickness, Poro, Perm, Thickness <
core, well-logs

o Rock distribution in space: Faults positions, isotropy et
-> deposit, environment, well-test, geol studies, analogs,
a20astals
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ervoir Simudation Coneept -

o r\l‘plyt!zccmmpsm Ttk of mat feal mekdeling to the

‘m:iysu B['%Iw bubavior of mu!mm( ToFerveln systems,
- 1ofer caly fo the dynam ‘of Mo within the reserveir.

Cmrsm af the paydsl differential equations which govern the fows
ufai! ﬂmdphmtsk\mwus: mulmrn smmerical schones, and

f "mk-ﬂmsolveihm
~ - Reservolr dmud: i a colf ol conpter programs whick
implamens chid mmh oot mode] or o i

mathine,

At

Flgure .07 Mathematicat smodeling,
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« Decine Curea Analysis

- Sutizicst Apmesht B -
= Amlytital Mednds -

o Numeries Reacevoin Simulaion

BhE A

LA KR ErTon T n ey

memmumemdammw
g edesory i Brsrina v Frastser, 1977,
s agd Semsd, 197, 5 tomas i (abo 1979]. The conipctr simutation
mnmﬂymemwmmpﬂhp@mﬁmwﬂ&m

Ahis e, o
:mmmhuﬁdﬂxm\s&mﬁi

i dmlﬂhﬂ it A e iput s
T M ° precess, and
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physically simifar ta the original,
= Analog Moedels
® e similarities hetoeen he pher af fluid flowes
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siomlte reserveir perfosimances.,
= Afathenutical Modals
= Systems of mahamaticnt Fons describing the physienl
bebimvdor of the frocess crnler Irvestigation.

Application of Reservolr Stmalation

«  Evnhete ceservolt perfinmmmee
- Interpret/Undsrstond reserveir hodavior
»  Predies hydrocorbon recovery v lise
+  Fistimafe project (%
«  Mudst sonsitivity to estmoted data
- Dhcterming need for addiionad data
¢ Compree difleren secoveny prodess
+ [l developinent of operatiotal deages .
i

AP O RIS T SR e

» Evaluste reservelr performance.

- tnterpret/Undesstand resesvos belvior
Predict hydsoeacbon cocovery vs fiioe
Estimmate projest tife
Mudct sensitivity 1o cstinsted datx

- Briereine veed for additianat Jata
Coamyrare different recovery progesy
s D'lan desciapment or operitionad dianges
*  Select and optintlss project design

L]

Beaetits of Reservair Simulnfion

-

Compile all data pertinent to A eisetvair into s conipact database,
Provide appartunity to produce the reservair before comtmcncing
actal production. -

Can produce the reseovaic stveraf Eines to extfin siternives.
Capt be utilized 23 2 1 ol for selecting develop plan
and operationst ehanges

« Presenla ground b prattics md reguintory
agenies that deal with pefroloum resources.

.

-
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| -'_Adfyaﬁced Reservoir Engineering
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C@m‘se Can‘tmts '

1. Optimization of Material Balance Equati
2. Saturation and Relative Permeability Cal
3. Steady State Radial Flow (4 hrs.)

4. Pseudo-steady State Flow and Supeng
5

. Well Testing Pressure Drawdowrrand Build Up (3 hrs.) -
6. Type Curve Analysis AND Interference Test (3hrs) - o
7. Displacement Efficiency(4 hrs)

8. Dynamics of Water Drive Reservoir. (6 hrs.)
9. Water and Gas Coning (4hrs.)

1

0. Multi-Phase Flow and Introduction to Reservoir Slmulatlon (4h

11.Enhanced Oil Recovery(2 hrs)
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Optimization of Material Balance Equati
Saturation and Relative Permeability Cal
Steady State Radial Flow (4 hrs.)
Pseudo-steady Siate Flow and Supel
Well Testing Pressure Drawdowifand Build Up (3 hrs.)
Fype Curve Analysis AND Interference Test (3hrs)
Displacement Efficiency(4 hrs)

Dynamics of Water Drive Reservoir. {6 hrs.)

8. Water and Gas Coning (4hrs.)

10, Multi-Phase Flow and Introduction to Reservolr Simulation (4 b

11.Enhanced Oil Recovery(2 hrs)
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Tertiary Recovery

+ Producing the ol that remain in the part of the reservoir
already swept by the displacing.

+ A} Increasing the displacement efficiency -
{Part of the reservoir that was already swept in secondary
recovery)

+ B) Increasing the sweep efficiency -
{producing oif that remains in the part of the reservoir not
swept by displacing fluid)

+ C}Increasing both displacement and sweep efficiencies

4152014 1

Definition of EOR

EOR refers to any method used to
recover more oil from a reservoir than
would be produced by primary recovery
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TWO STAGES OF OIL
RECOVERY

1. PRIMARY RECOVERY

2. IOR (Improved Oil Recovery)

Definition of IOR

IOR refers to any process
which enhances the
production or recovers more
cil from a reservoir during
the life of the reservoir

A5 o

Definition of terms

Polymer
Microbig!
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Enhancesd Ol Recovery (EOR) Processes

Enhanced oil racovery {EOR) processes include all methods that use extemal
sources of energy and/or materials to recover olf that cannot be praduced,
economicalty by conventional means.

EOR methods include:
*  Water flooding

+  Thermal methods: steam stimulation, steam flooding, hot water drive, and in-situ
combustion

+  Chamical methods:polymersurfactant,causticand miscelfar /polymer Rooding.

*  Miscible methods: hydrocarbon gas,C02,and nitrogen (flue gas snd partlal
ible/imriscibla gas Inj mmay also be considerad)

Af5 2014 ]

Waterflood Thermal Chemicat dseible gas
Mainmins reservolr Regduces  Sorw Reduces Sorw
pressure Reduce Sorw by lowering water- | by developing
Bphysically by steam oif Intesfacial ntiscitility with the
displaces ofl with | distillation and tension, and ofl thraygh 3
water moving reciuces oil creases vaparizing o
through the viscosity. volumestric sweep | condensing gas
reservolr from efficiency by drive process.
injector reducing the
producer veater-off iobility
ratio.

The goal of any enhancod i Y precoss is lo T ingoll.

This is achiovad by enhancing oil displacoment and volumetric sweay officioncies,

« Qil displ icloncy Is Improved by roducing oll viscosity (.., thermat floods) or by

redhicing copiitary forcos or Intorfactal tanslon (p.g., Mscible Soods).

* Vol ic swoep oficloncy ks nproved by developing a more mobilily ratic

b the i B the ining of-in-place {o.g., polymor foods, waler alternating-gas

e ]




WATER FLOODING

Watar
jctien d Separation aod Pras ot
Wiall "‘E‘f“”"’“ Swrage Foulities radushon e

i it 2ona jection Wated

Challenges

Compatibility between the injected water and the reservolr may

cause formation damage.

Screening Parameters

Gravity >25 API

Lomposition nat ariticaf

Fermation type  sapdstons/carbonate
permeabifity aot eritical
Temperatute not criticef

Note: Mast EOR screening values are approximations based on
swecessful north American project,

415084

Visoosity <30cp
Ol saturation >10% mobile oil

Transmissibility not eritical Depth  not critical

Metthickness  notcritical  Aversge
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Polymer
Beipticn Irom
Aizimgy Plant

Description

Watarfloading consists of adding waler solutde pofymers te lhe water
bafore # Is injected into the reservolrn

Machanisms That improve Polymer auginent Recovery Sffictency
Mobiiity control{ inproves volumetric sweep efficiency)

Limitations

= High ofl viscosities reguire a higher golymear concentration.

» Results aze nornafly betler ¥ the polymer Rood is started bafore the
water-oll ratio becomes excessively high.

= Clays increase polymer adsorption.

= Somea heterogeneity is acceptable but svoid extensive fractunes. i
fraciures are present, the crosslinked or gelled polymer techniques may
be applicable.

AJlsro1t E:

Challenges

Lower injectivity than with water can adversely affect il
production rates In the early stages of the polymer flood.
Acrylamide-type polymers loose viscosity due to shear
degradation, or it increases in salinity and divalent ions.

Screening Parameters

Gravity »18 APL Viscosity  «200cp

Composition Mot Crithcal il saturation >10% PV mabife oll

Formation type sandstone /carbanate Net thickness not critical

Average permeability >20md Transmlssibility not eritieal  Depth
<5000ft Temperature <225

1501 k-




Polymers Commonly used are
Polyacrylamides & Polysaccharides

General Properties

PA:
Shoar thinning
Shear sensitive (degradable)
High adsorption/retention
Brin Sensitive
theap
PS5z
Sheor thinning
Less shear Sensitive
Less retentlon/adserption
Less retentlon to brine
Sensitive to bacteria
More expensive

Elt- 37

Surfactant/Polymer Flooding

§ Weatse
yasticn Saparaton B
wag Injectian Stmngs Fasines Progucien Wall
Fump
Lmfastant
Solution frow

Mg Plant 5 £
" AN

A5 3B

Description

Sufactantipolymer foading consists of injecting a stug that contains water
Ssufactant, electrolyte {xalt), usunlly 2 co-solvent [alcohal), and pusmbhfa hydracarbon
{oll) followed by polymer-thickened water,

Mechanisms That Improve Recovery

Interfacial tension redection {improves displacement sweep efficiency}
Mohility control

Limitations
An arest sweep of more ﬁmn Sﬂ% for vatedfiood Is desired.

Dolztivaty k

High amounts of anhv'dﬁte, gypsiimn; or days are undesirable,
Available systewis provids Gpﬁmum he!mwar within a narrow set of conditions.
Water chlurides shoutd be <2000 ppm and divalent ions<S00ppm

1512018 L
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Thermal Recovery Processes

Heat generated at the surface
Heat generated in-situ.
Group 1:

Hot water flood

Steam flood

L IR B I K]

Continuous

M . Huff and Puff
In-situ combustion

Forward ( Dry or Wiggr/Cold water
Reverse
Enriched air

e 8 9 0o »

H15231%

Mechanisms responsible for
enhanced recovery

Vaporization / condensation

Steam distillation

Catalytic and thermal cracking

Light hydrocarbon and / or CO2 dissolution

Swelling

A15fm18 47

Contributions of the different mechanisms to the EO

by thermal recovery methods

AYt5014 L]




Steam Injection Modes

*Hot Water Injection
° Huff and puff
*Continuous steam injection|

Hot Water Injection

* Same principle as Water flood
* Higher ﬁea_ti__trarsSpogt-c_apa'city

411512015 L 54 5
HUFF-SOAK-PUFF
steam ¢ /g ! ;Aﬁg‘ o = water; / \\g

Cyclic Steam Stimulation

{"Huff-and-Puff")
{A well-stimulation method)

15[ 51

4715004 s2

Steam injection Process

*in the flooding process, steam Is injected continuously into one or
more wells and oil Is driven to separate production wells,

Injector Chseration Proxfuction well
wl] well \
Steem X 0 and wiater

435214

Well Configuration in Steam Injection

Productizn . X Fradustion .
vedt  Ubseryation Tnjaater welf T
fe v vl Y well
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SAGD Process

SAGD - Going commercial after 20 years and 4
some 30 pilot projects

qsm&nunm oof 07 Linich, Moty

B e
4H1STENS 78

In-Situ Combustion Process

H15{aa84 7

Process Variations

* Dry
* Normal Wet

= Incomplete Wet

+ Super wet (Quenched)
* Reverse

+ Enriched Air

5014 78

In Situ Combustion

* In theory this is great!

+ minimal fuel requirement

* high recoveries

* no reservoir loss of pricier substance

415114 il




Why Should In Situ Combustion Be
Considered?

* Availability of air.
* Reduced water requirement compared to steam.

= Applicable to & wide range of reéservoirs and
fluid characteristics.

» No theoretical pressure limitation.

* Can be applied to deep reservoirs where lifting
costs make water flood unattractive.

+ Can be applied as a follow-up 10 steam-hased
processes.

+ Lack of obvious alternatives.

w18/2015 -]

in Situ Combustion Process

In Sitr Contbustion

2] Bumed Zoue Sream Zoae
Bl conostionZene Altered Saugation Zons
s m Eraekeng Vaponmtien Zone Faerve Reservon

22

in Situ Combustion Process
OifGases +

£ oas
4 AIfOxygen/Water

Y354 &2

eSO WELL PESPGTTEON WELE:

1312014

Distribution of Qil & Coke in A Typical
Combustion Experiment

Famire

Hanlx

alt

ik e84

Wet Combustion

Zome 1 : swept zone- ¥ below T, of
water

2 gas f vapor zone
3: combustion zone

4: vapgorization/ condensation

5: high back pressure

4157834




Zone 1:  original formation
% vaporization / distillation /
cracking f coke formation
3: ocombustion zone
4: bumed 2one :
condensation zone (if heat loss;

152019 L

Toe-to Heel Air Injection {THAI)

* Toe-to-Heel Air Injection, or THAL is a
proposed method of recovery that combines a
vertical air injection well with a horizontal
production well.

4srots a7

Toe-to Heel Air Injection

§{ AlrOxygenivater CiliGases ¢

Toe-to Heel Air Injection

IS4 ]

Start up: &

Ritaratl bl

Steady State:

a
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