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Fundamentals of Rock Properties
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1. Routine Core analysis
o - Permeability (K : Kn=-Kv)

 Porosity (D)
* Lithology
* Density (p)

e Saturation (Sw, So, Sg)
www.Oilman.mihanblog.com :
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2. Special Core Analysis (SCAL) :
« \Wettability
* Relative Permeability (Ko, Kw, Krg)
 Residual Oil Saturation  ( Sor)
 Critical Saturation ((Sc)
« Connate Water Saturation ( Swi )
( Irreducible , Immobile’)
» Capillary pressure (Pc)
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Porosity :
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—> Grain space (V)

v&.“—b Void space (V)

o/— Bulk volume (V)

Pore volume
O =

Bulk volume
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Types of Porosity :

1. Absolute Porosity
2. Effective Porosity

» Absolute Porosity

Total Pore Volume (Vpt)

Pa = Bulk Volume (Vb)
or

Bulk Volume (VDb) - Grain Volume (V)
Pa =

Bulk Volume (Vb)
www.Oilman.mihanblog.com
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 Effective Porosity
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Interconnected Pore Volume (Vpe)
Pe =

Bulk Volume  (Vb)

Connected pore volume

Interconnected pore volume
-

FSGARMRGBHEH  '<o!:1cd pore volume
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& Interconnected Pore Volume (Vpe)
e =]

43560 Ah
PV =Vp=43560Ah® , ft

Interconnected Pore Volume  (Vpe)

Qe =
7758 Ah

PV =Vp=77/58 Ah ® , bbl

10



Example :

An olil reservoir exists at its bubble-point pressure of 3000 psia
and temperature of 160°F. The oil has an API gravity of 42° and
gas-oil ratio of 600 scf/STB. The specific gravity of the solution
gas is 0.65. The following

additional data are also available:

» Reservoir area = 640 acres

» Average thickness = 10 ft

 Connate water saturation = 0.25

« Effective porosity = 15%

Calculate the initial oil in place in STB.

Instructor: Elyas Golabi
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Saturated :
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Critical Saturation ;
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Residual Oil Saturation Sor
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Movable Oil Saturation som

cwu/lo,vdb/fdwﬁJOJ/AJ/JJ/}'L(/Z/}JVK;AU//

)/U/"ML/AJ/J

Som=1-Swc -Soc

Instructor: Elyas Golabi 17



Average Saturation
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Wettability
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Intermediate Wettability
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Solid Grain

O = Owo * COS O + G ° '

Water Sumrounds Qil Qil Contacts Rock
and Contacts Rock
C @ 0s0 — OSwW
et Water-Wet Syste . .
OS GWo ystem Oll -Wet System
vg ir_ -1
Cos© =a > ©=C0Ss ~da

Instructor: Elyas Golabi 21



Contact angle values  Wettablity preference

0-30 Strongly water wef
30-90 Preferentially water wef
| Neutral wettability

90 - 130 Preferentsally oil wef
150-180  Strongly ol wet

Instructor: Elyas Golabi
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Surface and Interfacial Tensions
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Capillary Pressure
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Air

BI

Water

Non wet

Water Wet system
I:)A > I:)B

(1) Pg = Pge

(2) Pg» = Pg + hgp,,

(3) Py = P+ hgp,

(4) Pa t hgp, = Pg * hgp,,
(5) Pa-Pg=hg (py, - pa)
(6) Pair — Pwater = NG Ap

Ap - (pwet — PNonwet )

—_— (s) ., (6) Pc = hg (pw~pa):thp

Engineering System

Pe=(257) (Pu = Pa)

Instructor: Elyas Golabi
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Air

Mercury

BH

wet

Non wet

Air Wet system
I:)A < I:)B

(1) Pg: = Pg:

(2) Pa = Pg-+hgp, Pg- = Pa—hgp,

(3) Pg = Pg +hgp,,  Pg =Pg-hgpy,

(4) Pa - hgp, = Pg — hgp,,

(5) Pg - Pa=hg (P pa)

(6) Prmercury — Pair = NG AP 5 Ap = (nonwet Puet )
(), (6)  Pc= NG (pm-ps)=hgAp
Engineering .System

pe = (z) (Pm = Pa)

nstructor: Elyas Golabi 28
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Example :

Calculate the pressure difference, i.e., capillary
pressure, and capillary rise in an oil-water system
from the following data:

O =30° Py = 1.0 gm/cm3
P, =0.75gm/cm3

r=10%cm s,, =25 dynes/cm

Instructor: Elyas Golabi



Swept Zone by Water
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Pc Curve Functions of Saturation

Drive Mechanisms : 1- Drainage 2- Imbibition
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Capillary pressure Hysteresis for Water Wet
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Capillary pressure Hysteresis for Oil Wet
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Capillary pressure Hysteresis for Intermediate Wet
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Capillary pressure Hysteresis for Assigning Wettability
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Capillary pressure Hysteresis for Water Wet

Ps

W >0 . Water wet W =1 o
W =0 ffforero
A2

Instructor: Elyas Golabi



Capillary pressure Hysteresis for Oil Wet
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Capillary pressure Hysteresis for Intermediate Wet
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Initial Saturation Distribution Iin a Reservolr
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Figure shows a plot of the water saturation distribution as a
function of distance from the free-water level in an oil-

water system.

It Is essential at this point to introduce and define four
Important concepts:

Transition zone e

Water-oil contact (WOC) 2100 TG

Gas-oil contact (GOC) /./W:IOO(Jﬂ_A)J/Cwu’;Ju”(u/#)uxwt

Free water level (FWL) =T

Instructor: Elyas Golabi
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Example: The reservoir capillary pressure-saturation data of the
Big Butte Oil reservoir is shown graphically in Figure 4-11.
Geophysical log interpretation sand core analysis establish the
WOC at 5023 ft. The following additional

data are available:

Oil density = 43.5 Ib/ft3
Water density = 64.1 Ib/ft3

Interfacial tension = 50 dynes/cm

Calculate:

«Connate water saturation (Swc)
*Depth to FWL

Thickness of the transition zone

Depth to reach 50% water saturation

Instructor: Elyas Golabi
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Layered Permeability
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Example

A four-layer oil reservoir is characterized by a set of reservoir capillary
Pressure-saturation curves as shown in Figure 4-16. The following additional
data are also available.

Layer Depth, ft Permeability, md
1 40004010 80

2 4010-4020 190

3 40204035 70

4 4035-4060 100

WOC = 4060 ft

Water density = 65.2 Ib/ft3
Oil density = 55.2 Ib/ft3

Calculate and plot water saturation versus depth for this reservoir.
Instructor: Elyas Golabi
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Figura 4-16. Variation of p, with k.
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Converting Laboratory Capillary Pressure Data
to the Reservoir Conditions

— O res
(PC) res (PC)Iab6 lab
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Permeability
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Flows
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Horizontal and Vertical permeability
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Absolute Permeability
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Average Absolute Permeabilities
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Weighted Average Permeability
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Figure 4-25. Linear flow threugh layersd beds.
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Harmonic Average Permeability
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Geometric Average Permeability
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Absolute Permeability Correlations

4.4
e The Timur equation K = 8.58102 % 7 Darcy
SWC‘
* The Morris - Biggs equation
3
1. For oil reservoir K =625(=)% , Darcy
SWC
@3
2. . For Gas Reservoir K. = 2,5(5 2. .Darcy
wc
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Effective Permeability and Relative Permeability
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Apparent Velocity
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Mobility (1)

Water Mobility
O1l Mobility

Gas Mobility
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Water — O1l Mobility Ratio (M)
Qw Krw U

M=2Y__.M=-22

Qo e T

7 A_w Sor,)_‘,TQ/.U//“éB}'J: Koy ®
Ao

SWC s (¢ (5707 K0 »

Instructor: Elyas Golabi



Instructor: Elyas Golabi



Example
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Kr Curves Functions of Water Saturation
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Compressibility

..“/UL'S&!/.:.'/, &!/.:.'j_“/‘/.)u') L )./(;/ Jé/!" G ®
S S e S
—1 0

* Rock Compressibility C =

V..oP
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Fundamental of Reservoir Fluid Flow
J!/'}/}’/Lj’(i(_},«/fu/!dl/u"id/u,dzuL/
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* Types of fluids in the reservoir

/U)}'F/J/,«UU} Jﬂo/ujwfﬁ/)uUUUL/ ¢

 Flow regimes
» Reservoir geometry

e Number of flowing fluids in the reservoir
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Type of Fluid

 Incompressible Fluid
* Slightly (Low) compressible Fluid (liquid)

» Compressible Fluid (gas)

Instructor: Elyas Golabi



Incompressible Fluid

= Slightly compressible Fluid
C=10°psi-t

Compressible Fluid
C=103psi-t

>

P

Instructor: Elyas Golabi %



Fluid Density —»

Compressible

Slightly Compressible

Incompressible

Pressurg —»

Figure 6-2. Fluid density versus pressure for ditferant uid types.

Instructor: Elyas Golabi
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Flow Regime

 Steady State (g_f)' =0

& & . S W -~ & A
VI N P By I S TR §

 Unsteady State a_ =-f (2, 1)
,v(zu./ﬁWuﬁ/,/u//!ﬁ/’)u’/Uu/JdL/
. OP
* Pseudo (Semi) Steady State (g)i = Constant

o ) Y 4 o ! USRS -~ at '"/{
e i i e g B s W S
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Steady State Flow

= Semi Steady State Flow

Unsteady State Flow

Instructor: Elyas Golabi 100



Reservoir Geometry

* Radial Flow

e LInear Flow

 Spherical and Hemispherical Flow

Instructor: Elyas Golabi
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Side View 3 Pt E Flow Lines
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Number of Flowing Fluids In the Reservoir

* Single-Phase Flow (oil, water, or gas)
« Two-Phase Flow (oil-water, oil-gas, or gas-water)

* Three-Phase Flow (oil, water, and gas)

Instructor: Elyas Golabi 105



Reservoir Unit System

 Darcys Unit System

q (cm?/s) , k (d) ,A(cm?), P (atm), u(cp), L (cm),
t (days)

* Oil Field Unit System

q (bbl/day) , k (mdor d), A (ft?) , P(psi), u (cp), L (ft),
t (days) , T (Fahrenheit)

 Laboratory Unit System

q (scc/hr) , k (md) , A(cm?), P (atm), u(cp), L (cm),
t (hrs), T (Centigrade )

Instructor: Elyas Golabi 106



Case 1:
Liner Flow of Incompressible Fluid , Steady State

P, ~AP=P,-P, P,
/
g | g
1) FIow) 2}
dx
€ L rq
—KA dP

* Darcys Law —
1 L dx
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e 1127KA dp A I dX-—llZ?KAd K:d
q = —1 Tﬁmq Foiengoli o p, (K:darcy)

/ L P> KA
womemensTE f qu=f gl ose—wmp

0 P, U
KA

=L KA (P, — P

oo q=—1.127ﬂ(2L1)
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X( - ) KA (Pl T1NE PZ )
. = .1.127 bbl
—_— q U T i ( /day)
9 (bl / day) = Q, (STB / day) B, (bbl / STB)
KA« (Py —Py)
go== 1:127 STB
—_— Q 'U.BO L ,( /dﬂy)
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Pressure Distribution in Liner Flow of Incompressible
Fluid , Steady State

Py P>

Joidb2 7 K4 dp
q =ghaen(ol PP P
g .|  Flow uodx
> X B KA
f quzf —1.127 — dp
% 0 P, U
KA
qX = —1.127 7 (P.— Py )
N qu
. P2 P—-—P, = —1127 KAX
q
L g P.=-P, —1.127K—
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Oil Field Law:

For Horizontal System

= -0 001127KA iaf
— [ o o
KA AP
g = —0.001127 y
For Inclined (Tilted) System
= -0 001127KA vl HPG

KA AP
/ q= ~0001127— (5~ + HPG)

—  PY' mstructor: Elyas Golabi 111




Fluid Potential (@)

For Horizontal Reservoir:

P, AP =P, —P, P,
ql FIow) q2

>

>

X

/ : «ghalehgolot
e Jo 251 5 (AP).Lw
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For Inclined (Tilted) Reservoir :

;(Gravitational Force) (* J/ z2;1.b15u‘ (AP)/&:JU; 20316
v ompocppaons 88 .
=t i

Instructor: Elyas Golabi '3
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dP AP

e — e — Pressure Gradient
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(Psi) , 1 &t :P;
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Ps. Pressure Static —and h :AZ Well 2
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Example

Assume that the porous media is tilted with a dip angle
of 5° as shown In Figure 6-12. The incompressible
fluid has a density of 42 Ib/ft3. Calculated flow rate,
apparent velocity and actual velocity. The following
additional data are also available.

L =2000ft h=20ft width = 300 ft
k=100md & =15% n=2cp
p, = 2000 psi  p, = 1990 psi

Instructor: Elyas Golabi



P2~

19320

B, = 2000

&

Figure &6-12. Examplk of a tilked layer.

Instructor: Elyas Golabi
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Case 2:
Radial Flow of Incompressible Fluid , Steady State

T, e 1, :Wellbore Redial , (ft)

/ \ - - -
~— | —1 * [I.: External (Drainage or Effective) Redial
h Pe

P, - Flowing Wellbore Pressure , (Psi)

W
Pt * P, : External (Drainage or Effective) Pressure
| N : Reservoir Thickness , (ft)
\r;\// * u:Viscosity, (cp)
r=r, and A=2nrh

Instructor: Elyas Golabi 121



KA dp Modification for KA dp

sengalai]i, 1P Fonsisssoiesi P gy amoicpao P Peudinenad
1 uodx Radial Case L. fonah uodr
xar K (2nrh
> qdr =1.127 ( ) dp
8 2x3.14x1.127=7.08
= r dr Kh
e o =0 7,08 AP
r U
' f dr fPe . Kn
> q — = 7.08 — dap
iy r ow U
Kh

T
— o LM (T_e) =engbl)8 v (Pe_ow)

W Instructor: Elyas Golabi 122



Kh (P )
—— q=7.08 P2 (0

b ( .

q (bl / day) = Q, (STB/ day) B, (bbl / STB)

Kh (P o wf)
MO Ln (5)
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Pressure Distribution in Radial Flow of
Incompressible Fluid , Steady State

dr_708 Khd
0 s gl 7 P
J“*’ dr_fp o6 Khd
P.1... . =
an( )—7087(}3 Pt )
P |-
= : qu
— ey e YT Lt {e
Mot P WI 708 Kh ( )
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Case 3.
Spherical Flow of Incompressible Fluid , Steady State

(PR * I, : Wellbore Redial , (ft)

~ | —F * I, . External (Drainage or Effective) Redial
h Pe

/‘ * P, : Flowing Wellbore Pressure , (Psi)
ow

° I:)e . External (Drainage or Effective) Pressure

* N : Reservoir Thickness , (ft)

* wu: Viscosity, (cp)

r=r, and A=4nr?

Instructor: Elyas Golabi 127



KA d'p
q =1a127o=—

U dr
K(4mr?) dp
= 1.127
1 u dr
= 14.16 Kr dp
q = " U dar
Kr?
qidr = 14.16 — dP
7
.o 14.16 i dP
q ?,,2 Vgl g u
e dr (P K
f q—2=f 14.16 — dp
Tw A ow K

Instructor: Elyas Golabi
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1. .1 K
q(——+—)=1416 — (P, — Pys)

T T u
K (Ps= P
q:14.16u( ‘91 b;f)
=)
(Pe_ow) bbl
G O eropsreror—apiramoer o0 Jogions)
Pbnaletgdabir Y
G 7o)
hal K (E‘ ow) STB
Qo = ~14.16 I-1 CT/ 40y
Te " Tw

Instructor: Elyas Golabi
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Pressure Distribution in Spherical Flow
of Incompressible Fluid , Steady State

j‘r dr J‘P K i
g — = 1416 — dp
P : - r? Puy U
Pe | 11 K
q(——+--)=1416— (P = Pyr )
P r U.e’ u
wf | qu
5 p=p —
' — Wio1416 K (7 71,_;)
Ff e I

, S i e vighdeng
;Ldu‘uﬁuu;;/uﬂd,d,uUuuwwﬁ/u,um}/wu; °
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KA dp
§5=ilqdoR 7 vt

u dr
K(4mr?) dp
= 1.127
q 1 7
=14.16 Kr dp
q = ' U dr
dp _ q¥
dr  14.16Kr?

Instructor: Elyas Golabi
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Case 4.

Liner Flow of Slightly (semi)compressible Fluid,
Steady State

Q4

D

AP zoP e PaerooonP s

> Flow
X=0 X=L
q1F 4>

Instructor: Elyas Golabi
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C = _V(aP)T

s 1 0V

TV 0P

X 1
ap» COP = —?av

/ h Vanioni wl
e f COP = f — =V
Pref Viyer 4
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P Vyey
ek VV = € (Pref—P)
et
— Varazsi/, o splrd Bre o)
L= - % (2—12)7* b e CAEEE)
= (a_q)T e e

q a P Instructor: Elyas Golabi 134



x2 x3 xn

X — —_— — e e na
e—1+x+2!+3!+ +n!

b oe 1 / » o 0/ »
&}‘//&/}"J/UU)PU'}’J%&AVO}(L/ C s tone i A C(Pros — P) bt X 27 L1 sl
Xehoalas
et =1+x

¢ (Pref =P) =1 4 (Pppp = P)

V=V, €€ Pres=2) =» V=V, ¢ [1+C (Prpr — P)]
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P = Pref eC(me_P)

l

P = Pref [1+C(Pref_P)]

d = Qrer eC(me_P)

4 = Qref [1+C(Pref_P)]

Instructor: Elyas Golabi 136




KA dp

= —1.127
1 u dX

{qZQTEf [1+Co (P*ref_P)]

KA dp
uodX

KA
Grop [LECo( Prap—PY|d%:= ~1.127 —dp

qref [1+ G, (P’ref gol P)] = —1.127

KA dp
U [1+C{] (Pref _P)]

Instructor: Elyas Golabi 137

Grep 0X = ~1.127



g i KA dp
Lqrede:f —1.127

P Fo L+ G, (‘D’ref—P)]
KA~ 14C,(Pres—Py)
Lrmrderlodef woensliy
oot HoCo ( Flp (Pref B Pl))
KA 1+C,(P..r=P
Gror = 1197 n ( 0 ( ref 2))
”G‘CGL 1 +C, (Prszf_Pl)

Instructor: Elyas Golabi 138



31 P2
U1 Clow 0>
Urer= U1 Urer= U2
I:)ref: Pl q1 + 4> I:)ref: |:)2
v
KA
ql = 1127 HGC{}L Ln (1 'I' CU (Pl - Pz))
v
KA 1

g, = 1.127

OR
Instructor: Elyas Golabi (2 = 41 Ex P [CO (P s P 2 1)9]

In (
ﬂGCﬂL 1+CD(P2_P1)
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fpz dP e
Py 1+C(Pref_P)

u=1+CPs—CP

du du

—= —C »>dP =—

dP —C

fpz dP fpz 1 du

p; 14 CPpgp=CP - Jpou=C c

jﬁldu 1 [%1d 1 : L .
shgotob = . dhaleradh = v il ilplo s+ LD
pu=C ~Clpu gt lnt)

O, = flow rate at a reference
pressure, (bbl/day)

P..s = reference pressure, (pst)

P, = upstream pressure (point
of flow in), (psi)

P, = downstream pressure
(point of flow out), (psi)

K = permeability, (md or d)
L = viscosity, (cp)

c = average liquid
compressibility, (psit)

Instructor: Elyas Golabi



Case 5:
Radial Flow of Slightly (Low)compressible Fluid

, Steady State

I

—_—

N
N~ | __—
h Pe

r=r, and A=2nrnh

e

e,
|~

fw

Instructor: Elyas Golabi 141



KA dp Modification for KA dp

=—-1127 — - > g =+1.127 — —
! podX Radial Case, A = 2xrh A wodr
K rh dp
g =7.08
w o dr
dr K h

— =708 — d
{qr P p

4 = Qref 1+ G, (P*ref_P)]

dr Kh
Gror [1 4 Co (Prof — P)]? =7.08 o dp

Instructor: Elyas Golabi 142



— =7.08
dref 7 i, [14C, (Pror = P)]
f"ﬂ dr fﬂmg Kh dp
e
Fip o r Py Ho [1 + (P*ref it P)]

r, Kh 14+C, (P..s—P
qTEan( ) ~7.08 Ln ( ﬂ( 2! E) )
& fobiyororatet G [Pegpon P

r, K h 1+C, (P - P:r‘Ef)

In
JUDC:J (1 T CD (ow W P?‘Ef))

Qrefln ( ) +7.08
rW

Instructor: Elyas Golabi
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Example :

The following data are available on a well in the Red River field:
P,=2506psi P,=1800ft r,=745ft r, = 0.25
B,=1.25 Wy = 2.5 C,=25x10"°psi?

K =0.12 Darcy h =25 ft.

Assuming a Radial flow and slightly compressible fluid, calculate
the oil flow rate.

Compare the result with that of incompressible fluid.

Instructor: Elyas Golabi



Case 6:
Spherical Flow of Slightly (Low)compressible Fluid ,

Steady State

h Pe

r=r, and A=4nr?

Instructor: Elyas Golabi 146



KA dp

= 1.127
1 Wo-dr
ot K(4nr?4) dp
q=1127 — — —
= 14.16 K. 8P
q = " 7 dr
Krs
gdr =14.16 — dP
U
ar = 14.16 & dP
oo o - E

Instructor: Elyas Golabi
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dr K

{qr—2= 14.16 - dP
0 = Yref [1+Co (Pref_P)]
* dr K

Gref [1+ C; (Pres = P)] = — = 1416 m dP
0

Instructor: Elyas Golabi



— = 14.16
Qref 12 U, [1 + C, (Pref 190 P)]
J’Tg " fpe 14 16 dp
3 Qref 2 P 5 11+C, (Pref o P)]
T K Lt Gl Proyep P
Qref (__.JF._) =-1416 — Ln( ﬂ( . E)
lgoody oLy 1+, (P?"E‘f _ow )
X (=) (1 1)_ K 1+Cn(Pref_PE)
———|=+1416 — In
—> lref To. Tw ol (1 G (P ref _PWf )]
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Grop = 14.16 Ln ( ' )
Tre l_i)#ﬂcg 1‘|‘Cﬂ (PT'E'_f_PL‘lff)
Ir-E' ?LL’
0‘44
o
9 4 Grer =Y K 1
;7 > (, =14.16 I ( )
P s %—%),UECG 1+C, (Pe_ow)
g W
v .
G = 1416 ——— In (14 C, (Pys —PF))

I C
?E‘ Tiu .I“’ﬂ 0

Instructor: Elyas Golabi 150



Case /.
Liner Flow of compressible Fluid (gas), Steady State

:)1 P2
U Clow Yo
e £ e ekeon

Instructor: Elyas Golabi 151



PV = ZnRT

PV PSCVSC PV PSCVSC
ovm— | T —_ — =
ZRT — 7. Rl ZT - Z..T.

Instructor: Elyas Golabi 152



PV 3 =/n Lbys
([];ny) ( dﬂ}"i) (dny) (

P_q b PSCqSC
ZT 7. Ts.

Pg X 5.615 P..qq. ( )
. , (9 bbr
ZT A day

Instructor: Elyas Golabi
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ZTPy.q.,

1 5 615P7..T.,
ey p B
B oo u o dx
ZTP KA d
scsc L 1127 P
S I5P7Ton 0 dX
ZTP. q.. KA
dX=21127 =g
5.615PZ. T, u ot

Instructor: Elyas Golabi
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AL cFron

dX = —6.328 Pd
T I P b
L dX = 5 6.328 KAZ“T“M
J{; dsc - -]:Dl U ﬂZTpsc p
5 KAZ..T.. (P? = P?)
g..L = —6.328 TP 5
go. = 16328 KAZSCTSC (Pf ot Pzz)
= e S R,

Instructor: Elyas Golabi 155



T,.=520R, P, = 14.7 psi and with Assuming Z = 1

g PPl
e e e 2

4 A
(’ b A2h s /(5/)’/@7/)(:/_"«/“ W uﬁiu’ /L'}.C’/L“Jb/ Z s .d 9

J
Z 7/ For Natural Gas system
Plz - P22 T,. =168 + 325y, — 12.5y7

Poe= Py =677 + 15y, —37.5y2

2

\ For Gas Condensate 'system
T,. =187 + 330y, — 71.5y;

. Pholeboggiy g gppehaolqbyr /2
Instructor: Elyas Golabi e Hhgoqg v




Pressure Distribution in Liner Flow of compressible
Fluid (gas), Steady State

:)1 P2
Uy Clow Yo
e £ e ekeon

Instructor: Elyas Golabi 157



ZTPy.q.,

1 5 615P7..T.,
ey p B
B oo u o dx
ZTP KA d
scsc L 1127 P
S I5P7Ton 0 dX
ZTP. q.. KA
dX=21127 =g
5.615PZ. T, u ot

Instructor: Elyas Golabi
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KAZ_ . .T..

qscdX = —6.328 7TP. Pdp

f x dX f : 6.328 KAZ“T“Pd
qscdX =] - —6. D

suoratrle b, uZTP,,

KAZ glopdP5—LF)
HZT P 2

;x> 6328

KAZ..T..(P{ = P#%)

_ 16328
s WZTP x 2

Instructor: Elyas Golabi 159



KA

=111.9 P fonassocfd e
qsc [ngTX( 1 )
(PZ . PZ) ol “gZquSc

e 111.9KA
P2 oir PZ ugZqucx
1 111.9K4
H,21q
P = P% — >C
\ 111.9KA
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Example :

A linear porous media is flowing a 0.72 Specific gravity gas at
140°F. The upstream and downstream pressures are 2100 psi
and 1894.73 psi, respectively. The cross-sectional area is
constant at 4500 ft2. The total length is 2500 feet with an
absolute permeability of 60 md. Calculate the gas flow rate in
scf/day ,(P,. = 14.7 psia, T,. = 520°R).

1.128C

Instructor: Elyas Golabi
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Case 8:
Radial Flow of compressible Fluid (gas), Steady State

I

—_—

N
N~ | __—
h Pe

r=r, and A=2nrnh

e

e,
|~

fw
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KA dp

q=+1.127

wodr
K (2ntrh) d
o (2mrh) ap
U dr
e ZTPscq...
PZ.S‘CTSC
Al Py K (2ntrh) d
sclse _ qqp KA2TTH) Op
PZSCTSC U dr
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Ll Plocg] v oragpe K (2mh) p

= 1.127
PZ T e
Tdr oo R 1A e

e o o A i

Kh r LP. U

Typn =02 0Ryibgoomil ana Pypo=il 447.P ST

ot Gorone 2P
P 703 ﬂg_de
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Te q T dr F’ e (ZP)d
( ) TgaTe o e P
potengoicfCify wvw Pu UgZ
g F Henyoiab. A
( Kh )Ln(rw 703f ( gZ) dp

2P)d B f’ (2p)d waf(
gl : o \HgZ C 0

Instructor: Elyas Golabi
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Real Gas Pseudo Pressure (Real Gas Potential )

m(P) = 1 = f ( )dp
(e T\ . 2P Puf (2P
o 2 [ 2

o qsc T r
T ey (a)
Kh (Y —vYy)

G = /103

(L)

Instructor: Elyas Golabi = 167



Kh () — )

q.. = 703 =
TLn (r_)
scfr Iy Lid
1000~ Ms<f
IS wappaniani buwogpeny
1000 7 il
Kh () —1,)
o = e Msf /day
1.422 T1n (—)
w
LIS s A e droengopy 4
1000 “wpggggentenlh GHLEY
Kh (= 1y,)
o = —= Msf [day
1422 T1n (—)
W

Instructor: Elyas Golabi
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Kh ()~ )
Tin ()

w, = real gas potential as evaluated from 0 to P,, psF/cp

qsc = 703

w,, = real gas potential as evaluated from 0 to P, , psF/cp
k = permeability, o or md

h = thickness, 1t

r, = dralnage radius, 1t

r,, = wellbore radius, 1t

q.. = 9as flow rate, scl/oay

Instructor: Elyas Golabi 169
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Approximation of the Gas Flow Rate

g hear 2
= Sor———=@P
Kh r UgZ

Assuming |1, and Z = Constant J}/wu'b@’cf /“f,g
/
re oo Pe 2P J Uw’ )
f el :f 703 Gy it
r Pury g (pressure Squred /)

Kh (P7— P2¢)O
sc = 703 T
by gy Zaw T (1)

w

Instructor: Elyas Golabi 171



.. — 703

el

Kh (P - PZp)
r
Ug avZ oo dfi] 9 (é)

wufc_w“ /s ugﬁ/f SIS AU
22512000 pSi 3 s
,«;u’ by /(5/)1.6/5/}’ S ’}Jv!‘/’ui:/

REA4-Ps

2

Instructor: Elyas Golabi
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Example

The following PVT data from a gas well in the Anaconda Gas Field is

P (pst) ng(ep) z

2800 0.02170 0.775
3600 0.02500 0.827
4400 0.02831 0.896

The well is producing at a stabilized bottom-hole flowing pressure of
3600 psi. The wellbore radius is 0.3 ft. The following additional data

Is available:
k=65md h=15ft T=600°R Pe=4400 psi re=1000 ft

Calculate the gas flow rate in Mscf/day by pressure square method.

173



Kh\(PZ - P2))

g.. = (703 S~
ﬂg qp’ av n (ED

& M P //0 e & /
l B w,ﬁmm/uf/u ﬁwwp}; .

C = constant = 703

T,
ZTLn|(-£
Hg (rw)
qsc =C (Pez _Pv%'f)
Log qsc = Log C+ Log (P = Py¢)

Instructor: Elyas Golabi
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Logq.. —LogC-I—Log (PF=P2p)
../ LLog qSC )fg” _/ﬂ_//p./t,bwybuu/duu,@}
uu‘// Log C J/AQ’_/,«_//PJ #4e0g:( P PW,?),
OFC : O’/b/o(p./f/(qmax) Ow/ d) f ’/u’u/ ! bt w|

wﬂ_/uwb/u_/tutwfbu’jppen Flow. Capacity
L:0G: (P Py ghaehgoibi

Log (P> —14.7%)

Log C

OFC > Log Osc 175
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Plably Wy ghalehgglb, 4 v o / / -~ ", é
yldﬁ/'ﬁ//}ﬂh{{/ﬁbobzdﬂ/obd OFC u)/}l&/,cu"/.ad°

STgesl Qo 2 (ack pressure test) 5

) , » PO . N P W N " & o / 0
l4.7pS| Ld/!/uu’j»’ﬂ{/f«rdm')dwé/b/'//U“/UJ_./:/cﬂ, e
e N & e / & .
s b TP ssna PAIT gt o2 ﬁylabd)/b’cjw vas($
-~ / Y o. Ld / » FA
.)/H&/,c'/o(auﬁ OPCJ.’U/A/}'J&/!U!/UW'/U A
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jegolabir - e

b7 (§i s e J6(Laminar) ATk Ayl 9. =C (P2 =Py f2) dolse @
N Jsbe 1 9 ,GSC: C (P2~ PWfZ)”///' U'/Jf L&, (Turbulent) e ﬁbf/
md ('/TUL/.;JL / /}J/ b § g (Turbulent Factor) r”tff 7=

Bhapiobie wwiiigitqehgsia® -~ agaldbir ./"' s <

s (S s ar b./::/u):ﬁ/(/ (('/! <o ($19) 29 45 /!27_.«;“,}'/ w ox(/}o})r’/
. (30 degree)

,:’.!U’&mUtéffd)}mu’f/&‘/)f/'b/d'/:;jrul/. o

e for laminar flow (. = C (P2 — P+)

S — 2 b.ir 2\Nn
for turbulent flow g, = C (P2 — P i)
Instructor: Elyas Golabi
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Log (P2 P ]
Log (P2 14.72) [rresssessesess iy
Log C / l
oi:-‘kc .00 %:
q..=OFC=C (P2 1472

For laminar flown =1
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Example

The back pressure data test in the well gas is following

avallable.

Calculated the n, C and OFC.

Osc (MSCf/day) ow (pSI)
0 408.2 = Pe= Pref
4.317 401.9
0.424 394.0
15.628 378.7
20.273 362.7

Instructor: Elyas Golabi

u///backpressure/utu//u,ldu
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Case 9:
Spherical Flow of compressible Fluid (gas) , Steady State

h Pe

r=r, and A=4nr?




KA dp

= +1.127
! ol s
ro=re and A = 4wr?
K (4mr?) d
g =1.127 Siida
u dr
S AR,
1 Loprclrgy:
- Py gpencocnr K (4nr?) dp
Pt At e

e Instructor: Elyas Golabi



ZTF’SCQSC dr K (4}T)

=wducbdrf d
PZ¢: T e U P
T dr Z..Ts. 2(2m)P
Abicacnic e 2127 selse 2(270)
K 7 ZP, p

B0 @2 0y Fganeotlr anveloPisho=obl 4279081

qsc T dr 2P
-> = 1406 —— dp
K r? ugZ
e qg T dr (" 2P
LV( ) T wa1406 (ﬂgz)dp

Instructor: Elyas Golabi 82



(QS“T)(I 1)—1406fp (Zp)d
K Kyy-ahalelt Pu; \Hg 7 p

IP (2p)d f’ (2p)d ff’wf (ZP)d
— |dp = — |dp — — | dp
Pyt HgZ 0o \HgZ 0 tgZ

o T 1 1
p— _|_ golab.r_
V= Ywt anek oo )

Instructor: E}yas Golabi




7, = 1406 KT(”{” : ui“)’)
r

v, = real gas potential as evaluated from 0 to P,, psi/cp

w,, = real gas potential as evaluated from 0to P, , psF/cp

K = permeability, d or mad

h = thickness, 1t

I, = drainage raaius, 1t

r,, = wellbore radius, 1t

qs. = gas flow rate, scl/day

Instructor: Elyas Golabi 184



Approximation of the Gas Flow Rate

ge T dr 2P
= 1406 —— d
R HyZ P

J}/g/ b/'b/Z})U‘j’ 1%
0‘/’/ ..0 ] :. ]
", 5 /D/}}J}/

(pressure-squared)

Assuming My and Z = Constant

: q
w Py Hg O
2 2 oO
K- (P2 P
(o = 1406 (e fwf)
1 1
“gavzav T(?_ g F)

Instructor: Elyas Golabi 185
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|

K (Pez_Pv%f)

g.. = 1406

1
Jugavzav T(Z_ F)

4 / . .
sl Lopg Jerrein sl
U’}%J)/!ZOOO pSl Jl - U’f/dd’/m
,«;u’ by’ /L'S/)/'E/A/;’ S ’i.'}o)}'/’)/i.'/

R
2

7

Instructor: Elyas Golabi
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& Y //0 . & /
w,ﬁmm»)uf/u ﬂuuwp»/n .

C = constant = 1406

qsc = C (Pez o Pxfff)

Log qe. = Log C-+ Log-(Pf-— Pgy)

Orax = OFC = C (P2 —14.72)"

Instructor: Elyas Golabi
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Horizontal Multiple-Phase Flow

fobir wegngholehgolobir vy gholehgolobir  wwvigd /. :
u’}"luﬁ'i’)//u’/,w“’ r/‘w/uw)"bfﬁdwb,&uwﬁutf/ﬁ o

o > » / o
b 25 (5 J)G/gf// Sz A .)ﬂb/!uﬁ’) Sl b

2mrh dP
q -]“127( ) 97
21rh dP
Qs == AordBoforf; o Yoo o
2ntrh dP
qw — 1127( MW )kwg

— !//.C.'a/}"f

K = permeability, d
.= aensity, co
q= flow rate, bbl/day

Instructor: Elyas Golabi 142



dP

K,=K, K > q, —708Krh( )dr

dP
K,=K. K- —> q,, —708Krh( )dr
Ky=KyK ———> 708th“”9 -

Instructor: Elyas Golabi 189



g len, 708thro (Pe _ow)
o = /- Te
ﬂoLn(r_)
w

q _708thrw (Pe_ow)
W_ ]

T.
qun(ﬁ)

Kh krg (we ibir lpwf)

g, =703
g TLn(-2)
TW

Instructor: Elyas Golabi
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Kh krg (lpe cleh 1/wa)
TLn(E)

q, = 703

Pressure Square Method

Kh krg (Pez jhol wfz)
Te
Z,ugTLn(rw)

T =03

Instructor: Elyas Golabi 191



WOR =q_W= Krwﬂo

» bbl
Qo Kro Hw  (Bp1)
QW Krw JuGBG
WOR T y STB
QO K‘m ﬂwa (ﬁ)
R;Q, +
GOR = ¢ Q‘g:RS& ) scf
Qo Oy 7B
K B
GOR =Ry + 9 o0 ) scf
K'ro .ung (ﬁ)
ZT
B, = 0,005035— , pbi
(ﬁ) Instructor: Elyas Golabi "’



GOR = Instantaneous gas-oil ratio, scf/STB
WOR = water-oll ratio, STB/STB or bbl/bbl
R. = gas solubility, scf/STB

Q, = free gas flow rate, scf/day

Q, = ol flow rates, sTB/day

Q,, = water flow rates, ste/day

Bo = oil formation volume factor, bbi/sTB
B,, = water formation volume factor, bbi/sTB

B, = gas formation volume factor, bbi/scf

Instructor: Elyas Golabi 193



Unsteady State Flow (Transient Flow)

o & / FA ° & . & & 5 . w0
SEI S e FE(Poyp) sbsZ 0 0I5 bsr sy Qad olaboiuld A7
:uujJVﬁ"»;dp/"m}’juﬁ Tcﬂ .»/U’fﬁb)
* Permeability

 Porosity

* Fluid viscosity
* Rock and fluid compressibilities
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Effective Parameter on Unsteady State Flow

« Time, (1)
* Porosity, (o)
» Total compressibility, (c,)

» ] 4 / P 3 .0. ) -,
)L/’ '/,«(yt/. AN IS b ;//))Lv.«./d! .
Continuity and Material Balance Equation

Transport Equation (Darcy law)

Compressibility Equation

M oo N o

Initial & Boundary Conditions
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* According Of the Material Balance Equations

Mass .. - Mass . = Accumulation

out
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Mass ;. - Mass ,, = Accumulation

out
Pe
(qp)r++:lr
Center
of the Well
|
: (qp)r
: Pt
i "
:
I
I
i
' h
! dr
| i
I
I
I
f N\ 4
I rW
P’ r
I |
l r+dr >

Figure 6-18. lllustration of radial flow.
Instructor: Elyas Golabi 200



MaSSin g £\t[AU}O]‘r+d'r
A=2n(r+dr)h
Mass;,, = -At2w(r +-dr)h [vpl, 4 4

Mass,,; = At2mwrh|vp],

Massg,ee = AV [(@P) xne — (@) ¢ ]

dVv
Voo BRI ¥ o 2mrh dV = (2mrh) dr

Mass, .. = (2mrh) dr [(@p)t+ﬂ.t - (@p)t |
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Mass;, = A2n(r +dr)h [vp],+ar

Mass,,; = At2nrh|vp],

Mass, .. = (2mrh) dr [(@p)thﬁt - (Qﬂp)t |

v

At2n(r + dr)h [Up]’r+dr — At2nrh [vpl,. = @rrh) dr [(9p)erae — (@P)e ]

~ (2mwAtrh)dr

>

% [(?" + d?ﬂ)(vp)r+dr —Tr (Up)r ] = % [(';DIO)E+,&E — ('@p)t]
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[+ YD)y sar — 7 0Py ] = (00 = ()]

1 0 o 0
;§[r(vp)] 5 (pp)

v = Velocity of flowing fluid, ft/day
p = Fluid density at (r + dr), Ib/ft?
A =Areaat (r +dr), ft?

At = Time interval, days

¢ = Porosity

p = Density, |b/ft*

Instructor: Elyas Golabi 203
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; q = 0 ,ft/day
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A K dp
U =05615%X1.127 — —
W odr
K dp
U= 6328 — =
w dr
= [r@p)] = 5 (o)
r\w
Ta’r P ot PP
16,328 6[ ] ( )
T = =
or p@r Wb

Instructor: Elyas Golabi

204



0 dp do
TR T P T @

1 ago
Cf T
¢ 0P L0 oP
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6.328K a\ IPT " dp 9P
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Radial Flow of Low Compressible Fluid, Unsteady

State
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,/

W

Pe

r=r,

and A =2nrh
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6.328K 6\ oP dp doP

ru or T'OE =@E+ WCfE

a( ap) 0P Or 0P~ dPadp
=p

—\rp— ———— 4Pt
ar\'’or oror P or2 or ar
0328K  OPdr . 0P OPdp. . 0p . .. OF
r_\'r,u (’Dﬁ‘r or - Farz " gy E)"r) ocbigr W PP gt
63281{ paP+ 82P+6‘P¢3p he ap+ - oP
' ,u:(’r'é”r' P or? ﬁra’r)_qﬂat PP
\ )
$la ./'J’“/
p-OP:: ..0%P.-OP.0p 0P dp OP 0P

K
6.328—(=— A
u(r§r+p6r2+arﬂraf3) Yt op
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pOP 0%P - QPOP dp 0P dp OP

6328 = C
e e S eyt X i R e
63281{ paP+ 62P+ 0P\~ 0p . . . (0P " oP
(’r' or P o7z (G’r) = ¢ (Gt)(aP)_l_ PP Bt
P
. —
o 62P+ ap)z 10p (ap)(la o oP
u T o2 (61’ pOP dt./. p oP Yo e
10
c="-2"
<o poP
K 10P 0%P oP OP oP
6BRG s C( ) _ (_) or
,u(’r or §r2+ or ) =Ce ot ety ot
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6328K 1ap+52p+c ap)Z C C
i i gpiehgeigyr wwwghpd (6?" i (P(E)J”P I ot

_ P\ >
Pl = C ( )

or
6328K 52P+1@P Ccr+ C (6P
' U (Grz T 6?") g ) 6t)
C; =.CprbC A sl

Diffusivity
Equation

K '0°P 10P (ap)
= QPL¢ at

6.328— (——+ ——
i (Grz T 6?")

O
0P 10P u@C, (61—"’) ®

9rz Ty or . 6.328K\at
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( ) t: day

PpRordergop e e op

0P 10P  ugcC, (@P)

ot o= t:hr
or2 -rdr - 0.264K \ 0t
6.328K Sonr A ‘ghalehgolabir
n = iffusivity Coefficient | i —
HpC; ! Yor

& Bbig 2 » ‘..,.0'0 0 /o & .
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0%p 19P _1 (ap) / 51

orz ror  p\ot Diffusivity Equation
aZP a 0P 1 /0P a = o : Linear flow jhalehgolg
= a = 1: Radial flow :J"’”:“."U/&f/
a’rz r-agr ot a = 2 : Spherical flow NG
! fof
90 oir
K = permeability, D S 2
r = radial position, ft
P = pressure, psia YAt
C, = total compressibility, psi* vahengp
t =time, day & hr o,

1ol . - 16l v / !
P por It BF gt
9
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A utqt{u'f/'{;u/&» .,/JwUo‘/b/ﬁ,,{,u/_/g/f}],wj g ®
/:J/“ _/'! O’J/éji/f]! ‘-{"if(Pi) u/’?{;uﬁ J;w{;dhi‘n,u{]ﬂ J’ el
.ﬂ?(l’e = oo)»A'_"uffu/"/bj r»b/jﬁﬁzfq)»o(j
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1. Constant-Terminal-Pressure Solution

2. Constant-Terminal-Rate Solution
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o Constant-Terminal-Pressure Solution
o 2(cumulative Flow) Fuighs ¢ 72 et s

27 S0l JTsbs 7 hd pebiawater FIuX glds” g Tiec 514

Constant-Terminal-Rate Solutlon

/@Iu}/ zu’)/u!)»/d/@(fb/(//)/u-a/u‘/d'/_/b U/"LLC}’J’/
/ L}
dl/ /U}o)/,di _/L d) J{ob J}/ UL mu’fpressure tranSIent test

”/U’”“/’J””/'U'JUA/ )/dd o/,du‘b,

* The E;-function solution
* The dimensionless pressure solution (Pp)
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The E;-Function Solution

LSl S A AN ] . 1967 J..Russell & Mathews -

ey vV
Gkngoigpir v
Sl st v
SN sl b7 o P v
s ” 3 //“ )
(s Ty Eluiecd o By fobole V.

Y, ',ui ’L;L/. 5t /bd f/'//) v
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P(r. 1) =Pe+( = —

70.6QG;,£GBD) o (—948@?;{@ Ctrz)

« P (r,t) = pressure at radius r from the well after t hours
e t:hrs

e k:md

* Q.. STB/day

B, bbl/STB

o r.ft

o Cipsit

* Mo CP

Instructor: Elyas 215



To Calculate E;(x):

1) Table X Ei(-x)
0.1 -1.82
w 70.6Q,1,B,\ .. 0.2 -1.22
P(r,t) = P, + ( — )Ea(—X) 03— 0905
i 0.5 -0.559
2) Figure
A
X
70.60,1,B
P(r,t) =PI-+( g;ﬂo G)Ei(—X)
>
Ei(-X)

3) Nisle Method

Instructor: Elyas Golabi 216



3) Nisle Method

2 3

il ]‘mexd;r , x_l_ X X .
untoaoicel wongroiersoi 1 wrderggigy mgan
9480, C,r?
o Kt - .
MRS I
If X<0.02 ) o

Ei(=x) = Ln(1.781x) = Lnx + Ln(1.781) = Lnx + 0.577

70.6@0%30) 948¢ u, C;r?
P(r,t). =P, Ln| 1.781 x
(T‘ ) E+( Kh n Kt
70.6@0%80) 948¢u, C,1?
P(r,t) = P, L 0.577
() f+( e i Kt u ]
IfX>0.02 ,/U'”é"/Um&’ja

217
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Craft, Hawkins and Terry Method:

a
Ei(—x) = a, + a, + Lnx + as[Lnx]? + as[Lnx]® + azx + agx* + a-x°> + f

0.01< X <3.00

10.9< X === Ei(-x) = 0

a, = 0.33153973
a, = —0.81512322

a, = 5.22123384x (1072)
a, = 5.9849819 x (103)
a. = 0.662318450

a, = —0.12333524

a, = 1.0832566x (10-2)
a, = 8.6709776x% (1074

Instructor: Elyas Golabi 218



1.C: P(r,0)=P,

0P 10P 1(?P)

_—l——_:— g ( p(mat):pe
or4 rodr n\ot
\ /0P quB
P&J):Fl+(Q&%BO)ﬂC—£i iﬁﬁpq ~ 7.08Khr
: 14.16Kh 4nt v
QoloBo )
P(r,t) =P, L . 0.577
) e P (rt) = pressure at radius r from the well after t hours
r

X = m « t.day

« k:darcy

« Q. STB/day

«“"B.'bbl/STB

o lohpft

« o Cpipsit

* Ko CP

~ 6.328K

| S | . . - 219
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Example

An oil well i1s producing at a constant flow rate of 400 STB/day

under unsteady-state flow conditions and infinite reservoir at
20day.

Following additional data is available. Calculate pressure in

wellbore radius is 1500ft.
P.=P,=2500psi B,=1.25 u, =0.65 cp d = 30%
K =0.12 Darcy h=25ft C,=8x 107 psi?

Instructor: Elyas Golab¥



' : — EXPONENTIAL INTEGRAL VALUES
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3 . os : : Eil=x)=In{x)+0Q.577
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?~ i g i e —
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06
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0q { i - I
03 = N
T 1
o2 ! N
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0l i | - -
(o] -0.5 =10 -l 2.0 -2.5 -3.0 =345

5
E;l-x) 2.4

lastructor: Elﬁ/as Golabi Figure 6-19. The E-function. (After Craff, Hawkins, and Terry, 1991.) 221



Example

An oil well is producing at a constant flow rate of 300 STB/day
under unsteady-state flow conditions. The rservoir has the following
rock and fluid properties:

B,=125bbl/STB ~ p,=15cp, C,=12x108psit

K=60mdh=15ft p,=4000psi_¢=15% r,=0.25 ft

1. Calculate pressure at radii of 0.25, 5, 10, 50, 100, 500, 1000, 1500,
and 2500 feet, for 1 hour.

Plot the results as:

a. Pressure versus logarithm of radius

b. Pressure versus radius

2. Repeat part 1 for t = 12 hours and 24 hours. Plot the results as

ressure versus logarithm of radius. .
A : Instructor: Elyas Golabi 222



Example

Calculate the time required to obtain a pressure drop of
227.5 psi and 600ft away from a well. The reservoir has

the following rock and fluid properties.

Q.= 18000 STB/day B, = 1.39 bbl/STB u, = 0.4 cp

C,=6x10°psit k=0.1d h =141 ft
p; = 3000 psi ¢ =6.95% r, =0.5ft
r, = 3000 ft

Instructor: Elyas Golabi 223



The Dimensionless Pressure Solution (Pp)

u)ﬂbdf';‘ojﬂur&/‘?!)o)/;&"/,wuuu’f/'&/}"),dunbgfa)’)/'}fr .
At (}"’ b f/.’.'/ Py ﬂﬁ«u)w
b Zo (Fl 7§ 335 B (5 Il S s L o))9 (S ’/,wu;,ufs(r;’ .

R DY) o
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Py for Radial Flow of Steady State

Piovic P
Qo = 7.08 Kh (P er) (STB/,
UBO. .. In (+2) 2
T'w L/./wuu,bww.//u/
(Pe e ow ) Te '//MLMUL&/LU’KU‘J&J/
MBO Qﬂ =Ln (a) MLU/UJ’/IJ/JVJV»/’
7.08Kh
Py = Ln(r,p)
(Pe i ow)
Pp
UB,Q,
7.08Kh
TE’
Tep = a
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P, for Radial Flow of Unsteady State

Prpo=oi Pyt
Ppy=
uB,Q,
7.08Kh
t 6.328Kt d t 0.264Kt "
— ’ fly — , TOUr
Lomcrgpppa @y 102 Rooob gy @parac?
engoo 6.328Kt . (r 2) o : 0.264Kt . %6 ¢
DA _(p#uCtA D ay 1ilpa _QDMDCtA D(A ), hour
o T ™ e
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KBTI IS LA ol oS f/’.’.'/ rﬂ;fﬂ 02611

aZP 1 ap 1 (dp) » A=total drainage area =7 r,?
—+———=— | —
7 LN Y AN W )

r, = drainage radius, ft
r,, = wellbore radius, ft

Pp = dimensionless pressure drop

r.p = dimensionless external radius

Pp .15, 1o
t, = dimensionless time
*  rp=dimensionless radius
t =time, hr and day

@ 2 PD 1 GPD 1 (@ PD) *  P(rt) = pressure at radius r and time t

_|___
0t

or 2 7 @T’D 7 K = permeability, darcy
D

u = viscosity, cp
Instructor: Elyas Golabi 227



Van Everdingen and Hurst Method:

0°P, 10P; (@PD)

01 ° +;% E

Van Everdingen and Hurst (1949) proposed an analytical solution
to the above equation by assuming:

1) Perfectly radial reservoir system
2) The producing well is in the center and producing at a
constant production rate of Q

3) Uniform pressure pi throughout the reservoir before

production,(at, t = 0) S ol

- Ji ’/L}i J’VJ{CJ/’L)}M’
4) No flow across the external radius re . :
A)
Instruetor: Elyas Golabi X



f -1 Van Everdingen & Hurst bod s Tt A1 oo St —7 Lee , Chater
:AB/JALL;/J."/‘W;‘;'/buﬁ;bldw

* Infinite-acting reservolr, (r,p =00)

- Finite-radial reservoir, (r,g="r./ry)

Instructor: Elyas Golabi 229



Infinite-acting reservolr, (r,p =00 )

X i & . & " "'“ &y y s * b . / R0
S S 7 9 3 Byt 3 S 2 J///Lf V)2 S pandis F L ies @

° / el o ® b ‘ & / »? o
;Lu’ u/"d(/)u‘/u’ 715 u/"/& 935 )/% WIS Al s,

* Pp=1(tp)

,of;/!//.dﬁ,w&/l",tD ‘.’//PD /)Cf .
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PD tp PD to PD
0 0 0.15 0.3750 60.0 2.4758
0.0005 0.0250 0.2 0.4241 70.0 2.5501
0.001 0.0352 0.3 0.5024 80.0 2.6147
0.002 0.0495 0.4 0.5645 90.0 2.6718
0.003 0.0603 0.5 0.6167 100.0 2.7233
0.004 0.0694 0.6 0.6622 150.0 2.9212
0.005 0.0774 0.7 0.7024 200.0 3.0636
0.006 0.0845 0.8 0.7387 250.0 3.1726
0.007 0.0911 0.9 0.7716 300.0 3.2630
0.008 0.0971 1.0 0.8019 350.0 3.3394
0.009 0.1028 1.2 0.8672 400.0 3.4057
0.01 0.1081 14 0.9160 450.0 3.4641
0.015 0.1312 2.0 1.0195 500.0 3.5164
0.02 0.1503 3.0 1.1665 550.0 3.5643
0.025 0.1669 4.0 1.2750 600.0 3.6076
0.03 0.1818 5.0 1.3625 650.0 3.6476
0.04 0.2077 6.0 1.4362 700.0 3.6842
0.05 0.2301 7.0 1.4997 750.0 3.7184
0.06 0.2500 8.0 1.5557 800.0 3.7505
0.07 0.2680 9.0 1.6057 850.0 3.7805
0.08 0.2845 10.0 1.6509 900.0 3.8088
0.09 (0.2999 15.0 1.8294 950.0 3.8355
0.1 0.3144 20.0 1.9601 1,000.0 3.8584
30.0 2.1470
40.0 2.2824

50.0 2.3884




/ . e . v
:))/G"/PD/',WQ'}‘U//JL;)Mo)b/!L

tD
For t5<0.01 N o
For t,> 100 Py = 0.5 (Lnt, + 0.80907)

Py =05 (-5 (7-)

For 0.02 < t, < 1000
el 2 3 4 3, 98
Pp =a; +a,Inty + as(Intp)* + a,(Lntp)” +atp +a,lp” +a,tp” + =
D
a;=0.8085064 a, =0.29302022 ay = 3.5264177(1072)
a,=+1.4036304(1073) - . ag=-4.7722225(1074) - as = 5.1240532(1077)

a;==2.3033017(1071% 1 ay=+2.6723117(107%)
Instructor: Elyas Golabi 232



Finite-radial reservoir, (r.p =r./ 1, )

00000 » 0000 »

/UL/" 2 v UAL/LJALUL/ 6T )GL/ 09U ’/&;’U&.‘”/J}JCJ’U//&.@/ /Li
gt sl 8 i A s ip

J/L J';/dw)u‘”fu’»iﬁu’/w ot/t/w)./tut/ut//w;'/L/u“u‘

» 00000

;uc'(Last Transient State )

Te
Po=1(ty, rep) Tep =

(6'3‘)}(),0./)70’&/,«'/&‘;&'3[) }tD }0)’)/“':‘/'/ reD J}/q'/)
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/ ° » ‘e ° & ° 0%
W) A998 7 1§ UP S en e s $ras sl sk ILCOALAS

For. tp>25and t;>0.25 rp?

U rp?o 1 4(r,p2 — 1)?

For r,p>>1

2t
Pp ==—=Ln (rep) —0.75
TED
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3 PD (”}’."’&'fd‘jsdf//&:""m/

Step 1. Calculate the dimensionless time

Step 2. Calculate the dimensionless radius

Step 3. Using the calculated values of t, and r.,, determine the corresponding
pressure function P, from the appropriate table or equation.

Step 4. Solve for the pressure at the desired radius, r,, by following Equation

ub,Q, .
7.08Kh’" P

P(ry, t) = i

Instructor: Elyas Golab¥ 235



Example

A well Is producing at a constant flow rate of 300
STB/day under unsteady-state flow condition. The

reservolr has the following rock and fluid properties:
By =125 bblSTBe: py=dabep: ry o= 0258t v oCp=d2x1050-psirt
K'=60 md h=15ft" P, =4000 psi" ®=15%

Assuming an infinite acting reservoir, r,5 = o, calculate
the bottom-hole flowing pressure after one hour of

production by using the dimensionless pressure approach.

Instructor: Elyas Golabi 236



Case 17:
Radial Flow of compressible Fluid , Unsteady State

I

—_—

N
N~ | __—
h Pe

r=r, and A=2nrnh

e

e,
|~

fw
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6.328K 6[ oP1 - Gp_l_ p oP @
ru - or m@‘r _(p@t Ientoioes ot
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0
r or

(r

t=Time, hr

PorgP

Wz or

_ou,C. P OP
1= 0.264K 1 Z Ot

K = Permeability, d

C, = Total isothermal compressibility, psi—

¢ = Porosity

Instructor: Elyas Golabi
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8ol QUTob AT 5l ,@b A#IAl-Hussainy, Ramey, and Crawford
STt g el f o g7 r SEEL A b S bk

0 » / / 0 /:.“.
Jale Lo 860 Sl

1. The m(P)-Solution Method (Exact Solution)
2. The Pressure-Squared Method (P2-Approximation Method)

3. -The Pressure Method (P-Approximation Method)

Instructor: Elyas Golabi 241



1.The m(P)-Solution Method (Exact Solution)

p (P.) — 57895.3 fic) (Yol L it 3.23
1 Pup). =1 CEe) = ' (Tsc)(f(h)[ ikt Ophgi CriTw? oot

T,. = 520 R and P,. = 14.7 psi

1637Q,T Kt
m(PWf) =m(P;) — ( 7 )[Log IR —3.23] =14
gi“ti

- 0.000264 KT

tp =

Dt giCrirw?

Euler’s constant y = e">77% = 1,781

m(Pur) = m() ~ (=) og (=21 72
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YO I ,U;:.’V it f/'b/:wuﬁ,ulg.j;’«/ /U’;U, / '/f/b/z.f dut{ i3 A dalee

() = m(e) = () hog (2]

Yp =05(Lnt, +0.80907)

1422Q,T
m(P,) = m(P) = ( H]?g )IlbD 3
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2.The Pressure-Squared Method (P2-pproximation Method)

2 P
m(P;) — m(ow) = f Pdp
uavzav ow
2 M - o
/
m(P;) = m(P,) = l,u ZW
av=av

Pi2 leh ow2 — [m(Pi) W, m(ow)]“avZav

e Jp; +p2,
2
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P, =Py " = [m(P;) = (P Nstaw s

1637Q, Tu,,7 Kt
P’ =P7 = ( Vi, K "“’) [Log — 3.23]
Kh G”gicﬁ.rwz

/éu’ '//(5/),2/ A{’u
,12000psii-

. & »
wMIF 2§ e

Kh

14220 Tu,,,7”
0.000264 Kt
= G Coor? Uy, = 0.5(Lnt, + 0.80907)
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3.The Pressure Method (P-Approximation Method)

Poiobir wT
By = ( )
5.615T,. P
p P, 1

7 (5.6157"5,:),5{g

Instructor: Elyas Golabi
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Fetkovich (1973) suggested that at high pressures (p > 3000), 1/uB; is

nearly constant as shown schematically in following Figure

1/uB

Pressure 3000 psi

Instructor: Elyas Golabi 247



2T P,

m(P)_m(ow) 56157 HB ( [ Wf)
SC

162.5 X 10°Q, TiaB
- (S

2
162.5 x 103Q . T[iB At
vaf:Pi_( K} Qg i g)[Log(_ﬂ
' 4 wu’,3000psu,;

3 S if —
141.2 X 10°Q TuB,

PWf = PT: o Kh PD
__ 0.000264Kt _ | 5 Pi+Pyr ZT
D~ Bityi Coirw? = 0.5(Lnt, +0.80907) P = B, = 0.00504F
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P.s = bottom-hole flowing pressure, psi

P¢ = initial reservoir pressure

Q, = gas flow rate, Mscf/day

t = time, hr

K = permeability, md

P.. = standard pressure, psi

T, = standard temperature, °R

T = reservoir temperature,°R

r,, = wellbore radius, ft

h = thickness, ft

L; = gas viscosity at the initial pressure, cp
C,; = total compressibility coefficient at pi, psi*
B, = gas formation volume factor, bbl/scf
Pp = dimensionless pressure drop

t, = dimensionless time

Instructer: Elyas Golabi
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Example

Reservoir pressure (shut-in pressure) is 4400 psi at 140°F. The formation
permeability and thickness are 65 md and 15 ft, respectively. The porosity Is
recorded as 15%. Example 6-7 documents the properties of the gas as well as
values of m(p) as a function of pressures. The table is reproduced below for
convenience:

p ug (cp) A m(p), psi2/cp
0.00  0.01270 1,000 0.000

400 0.01286 0.937 13.200 x 106
800 0.01390 0.882 52.00 0x 106
1200 0.01530 0:832 113.10 x 106
1600 0.01680 0.794 198.00 x 106
2000  0.01840 0.770 304.00 x 106
2400  0.02010 0.763 422.00 x 106
2800  0.02170 0.775 542.40 x 106
3200 0.02340 0.797 678.0 0x 106
3600 0.02500 0.827 816.00 x 106
4000 0.02660 0:860 950.00 x 106
4400  0.02831 0.896 1089.0 x 106

Assuming that the initial total isothermal  compressibility s
3 x 10—*psi—1, calculate, the bottom-hole flowing pressure after 1.5 hours.

Instructor: Elyas Golabi 250



Example

A gas well is producing at a constant rate of 7454.2 Mscf/day under transient
flow conditions. The following data are available:

K =50 md h=10ft d =20% P, = 1600 psi
T =600 °R r, = 0.3 ft C; = 6.25(10*) psit

The gas properties are tabulated below:

P ng.(cp) z m(p), psi2/cp

0 0.01270 1.000 0.000

400 0.01286 0.937 13.2 x 106

800 0.01390 0.882 52.0 x 106

1200  0.01530 0.832 113.1 x 106

1600 0.01680 0.794 198.0 x 106

Calculate the bottom-hole flowing pressure after 4 hours by using.
a. The m(p)-method

2
b. The p“-method Instructor: Elyas Golabi 251



Example

Reservoir pressure (shut-in pressure) is 4400 psi at 140°F. The formation permeability
and thickness are 65 md and 15 ft, respectively. The porosity is recorded as 15%.
Example 6-7 documents the properties of the gas as well as values of m(p) as a function
of pressures. The table is reproduced below for convenience:

p ug (cp) z m(p), psi2/cp
0.00 0.01270 1.000 0.000
400 - 0.01286 0.937 13.200 % 106
800  0.01390 0.882 52.00 0% 106
1200  0.01530 0.832 113.10 x 106
1600  0.01680 0.794 198.00 x 106
2000 0.01840 0.770 304.00 x 106
2400  0.02010 0.763 422.00 % 106
2800  0.02170 0.775 542.40 x 106
3200 0.02340 0.797 678.0 0% 106
3600  0.02500 0.827 816.00 x 106
4000  0.02660 0.860 950.00 x 106
4400  0.02831 0.896 1089.0 x 106

Assuming that the initial total isothermal compressibility is 3 x 10—4psi—1, calculate,
the bottom-hole flowing pressure after 1.5 hours by using the p-approximation method
and compare with the exact solution.

Instructor: Elyas Golabi 252



Pseudo (Semi) steady State Flow
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Figure 6-23. Semisteady-state flow regime.
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For Semi Steady State Flow

apP

— = constant
at

ﬂfé Sk OP 0V,

G ==

ot @ cnoienaor
aP

Y constant — q = constant and assuming C,Vp = constant

oP. —0QB, . —4
ot 24cy,  24cY,

(t:hr)
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Vi =@V,

5 3 nr2h
Vy = @ur<h, (ft) Vo = @z (bbD)
oP 0.23396 g 0.23396 g
ot . Comr,2h C.pAh
0.23396 Pr 0.23396
P = — Lot — O =.m qfaf
_0.23396 gt
Pi - P?’ —
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2 0.23396 gt
PT — Pi -
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Figure 6-24. Volumetric average reservoir pressure.
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Case 23:
Radial Flow of Slightly (Low)compressible Fluid
, Pseudo (Semi) steady State

I

—_—

N
N~ | __—
h Pe

r=r, and A=2nrh

e

e,
|~

fw

Instructor: Elyas Golabi 260



g R oo il @ onaendst @ R
VR | (ﬂt)
94P o 10P  ueC, oP
f 0r? ror 0.000264K(6t)
oP
—% E = constant

E" dP —0.23396 ¢q

_laZP 1 0P

ot C.0Ah

a2 ror 0.

wpC,  /—0.23396 ¢
0002641(( c,pAh )

Instructor: Elyas Golabi

DAV L
st br o f b
K,/;,d/uwuu

261



J%Pp o 10P  upC —0.23396 Q)
orZ .ror 0.0002641(( C.QAh

d%p o 1 dP —887qu
or?. ..ror .. . AhK

a(ap)1 1( d0°P arap) %P 5 1.0P

or T? ro T6r2+6fr or _?4_;5

ad ( 6}7') 1 —887qu X (r and or)

or \"ar)r = ARK e i
oP\  —887qu f
() Oy

Instructor: Elyas Golabi 262



6‘P_
T@'r_

6P_
Tﬁ'r_

()

or
6P_
or
6P_

i edan

J' 887q,u
TV aL

8871 /12
ab, q#(2)+61

AhK

887qur-

o nr,2hK 2

+ (3

141.2qu r*

hicienodiyf Tl

141.2qu 2 1

Al oienodely? v
141.2qu r
qu ok

hK 1,2 r

Instructor: Elyas Golabi  2¢3



- 0P . 1412
T_TE_}ﬁfr_ - C, = e

op  141.2qu r 1141.2qp
or hK 1,72 +r hK

oP  141.2qu Wbir wik
or hK

or T TR G .2
141.2qu 1 r f
0P = hWK (; — ?"9_2)6?

Instructor: Elyas Golabi

>

264



Py 141.2 e 1 T
f op =~ o
ow hK Tw 4 TE
141.2 e
Py Pieposiic o bo by Eunsona

0.00708hK (P; — Pyy)
q = 7 ,(bbl/day)
2 [;";r.t,r—":3 — 0.5]

w

. 0.00708hK (P; — Pyy)
i ghoienofbiBy [Ln1& - 0.5]

w

,(STB /day)

Instructor: Elyas Golabi

265



7.08hK (P; —P,f)  bbl
q 7= ,(=——,K:darcy)

] [Ln—— 0.5] day

W

7.08hK  (P; — Pyy)
Q, = ,(STB/day,K:darcy)

ww ahapghi [Ln——05]

qu
7.08hK

P=P,+ [Lni—OS( )2]
q = flow rate, bbl/day

dp/dt = pressure decline rate, psi/hr

V = pore volume, bbl

Q = flow rate, STB/day

B = formation volume factor, bbl/STB

K = permeability, md, Darcy Instructor: Elyas Golabi = 25
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Table 6-4
Shape Factors for Various Single-Well Drainage Areas
(After Earlougher, R., Advances in Well Test Analysis,
permission to publish by the SPE, copyright SPE, 1977)

Use Infinite System
) Less than  Solution with Less
In L 2.2458 1 Exact 1% Error Than 1% Error

fortpp > Fortps> for tpa <

In Bounded 1
Reservoirs Ca InCy, 2

31.62 3.4538 1.3224 0.1 0.06 0.10

316 3.4532 1.3220 0.1 0.06 0.10

27.6 3.3178 1.2544 0.2 0.07 0.09

27.1 3.2995 1.2452 0.2 0.07 0.09
£y
w{h
1

21.9 3.0865 1.1387 0.4 0.12 0.08

3{ 14 0.098 2.3227 +1.5659 0.9 0.60 0.015
J

. 30.8828  3.4302 1.3106 0.1 0.05 0.09

Instructor: Elyas Golabi 270



12.9851

4.5132

3.3351

21.8369

10.8374

45141

2.0769

3.1573

2.5638

1.5070

1.2045

3.0836

2.3830

1.5072

0.7309

1.1497

0.8774

0.3490

0.1977

1.1373

0.7870

0.3491

0.0391

0.1703

Instructer: Elyas Golabi
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0.25
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0.50

0.50

0.15

0.03

0.025

0.01

0.025

0.025

0.06

0.02

0.005
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]
IN VERTICALLY FRACTURED RESERVOIRS

1

aul
*  l=apfeg

0.5813

0.1109

5.3790

2.6896

0.2318

0.1155

123606

2.6541

2.0348

1.9986

0.5425 +0.6758 2.0 0.60
2.1991 +1.5041 3.0 0.60
1.6825 0.4367 0.8 0.30
0.9894 0.0902 0.8 0.30
1.4619 +1.1355 4.0 2.00
2.1585 +1.4838 4.0 2.00
0.8589 0.0249 1.0 0.40

Use (x/x;) in place of A/r2 for fractured systems

0.9761 0.0835 0.175 0.08
0.7104 +0.0493 0.175 0.09
0.6924 +0.0583 0.175 0.09

Instructor: Elyas Golabi

0.02

0.005

0.01

0.01
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0.01
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0.5080

0.2721

0.2374

3.22

+0.1505

+0.2685

+0.5232

1.07

1.20

0.175

0.175

0.175

0.09

0.09

0.09

cannot use

cannot use

cannot use
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Dimensionless Pressure P Solution

2t)
Pp = —Ln(rep) = 0.75
TeD
P, = Fuy
% HOBOQD
0.00708Kh
gl 0.000264KT
fonol @Juoctﬂvz
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Example

An oil well is developed on the center of a 40-acre square-drilling
pattern. The well is producing at a constant flow rate of 800
STB/day under a semi steady-state condition. The reservoir has the
following properties:

d =15% h = 30ft K =200 md
w==1.5cp B, =1.2bbl/STB C, =25 %106 psit
P; = 4500 psi r.=0.25 ft A =40 acres

a. Calculate and plot the bottom-hole flowing pressure as a function
of time.

b. Based on the plot, calculate the pressure decline rate. What is the
decline In the average reservoir pressure fromt=10tot = 200 hr ?

Instructor: Elyas Golabi 275



Table 6-4
Shape Factors for Various Single-Well Drainage Areas
(After Earlougher, R., Advances in Well Test Analysis,
permission to publish by the SPE, copyright SPE, 1977)

Use Infinite System
) Less than  Solution with Less
In L 2.2458 1 Exact 1% Error Than 1% Error

fortpp > Fortps> for tpa <

@ 31.62 3.4538 1.3224 0.1 0.06 0.10

In Bounded 1
Reservoirs Ca InCy, 2

316 3.4532 1.3220 0.1 0.06 0.10

A 27.6 3.3178 1.2544 0.2 0.07 0.09
27.1 3.2995 1.2452 0.2 0.07 0.09
£

W”[B 21.9 3.0865 1.1387 0.4 0.12 0.08
1

te 0.098 2.3227 +1.5659 0.9 0.60 0.015

*{é
\E 308828 34302 1.3106 0.1 0.05 0.09
v

Instructor: Elyas Golabi 276
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Example

An oil well Is producing under a constant bottom-hole flowing
pressure of 1500 psi. The current average reservoir pressure pr
IS 3200 psi.

The well is developed in the center of a 40-acre square drilling
pattern. Given the following additional information:

® =16% h=15ft K-=50 md
Lw=2.06cp B,=1.15bbl/STB C, =10 x10° psi-
1

ry = 0.25 ft A =140 acres

Calculate the flow rate.

Instructor: Elyas Golabi 278



Case 26:
Radial Flow of compressible Fluid , Pseudo (Semi)
steady State
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am(P)
ot

= constant

d4m(P) Lom(P) ... . .@usCe.. dm(P)

072 ror . 0.000264K 0Ot

Kh (mP, — mP,,¢)

1422 T [Ln ?—E — 0.75]
w
Q, = gas flow rate, Mscf/day

T = temperature, °r

K = permeability, md

Instructor: Elyas Golabi
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1. The Pressure-Squared Method (P?-Approximation Method)
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For (p > 3000)
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Skin Factor :
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Figure 6-26. Near wellbore skin effect.
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Pressure Profile
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Figure 6-27. Representation of positive and negative skin effects.
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Kh (P;—Pyr)

Q, = 0.00708
” KBO . In (%)
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Q, (B0 L (22)
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0.00708Kh
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AP, = 1412
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Steady-State Radial Flow

(P; — ow)actuai = AP, + (P; — ow)ideal

P Py [ Qe kB ] Qs 1BO
Lo twiJactual 0 00708K g h 0.00708Kh "

Kh' (P, = Py;)
HBO [ () +5

w

Q, = 0.00708
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Unsteady-State Radial Flow

1. For Low Compressible Fluid

QOMBOIS

— 3. 41.2
e e

QD,uBO) [ ( Kt
. — = 162.6 L
(PE ow)acrual ( Kh 0g Gﬂfrfﬁuz

Bo Kt
(Pi hal ow)acmal = 162.6((20“ )[Lﬂg (

q-—323+0£w§‘
Kh m@%J

2. For Compressible Fluid

(Pyr) = m(P) 1637@9 L i 3.23 + 0.875
m\tyyr) = mir;) — 0g @qu-TZ_' + 0.
1
10370, TZfi Kt
P, %= P2 — 7 [u:( )—323+mn4
wi v Kh J @HCHT 2
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Semi Steady-State Radial Flow

1. For Low Compressible Fluid

0.00708 kh (B. — P, f)

Qo = L
uBo [Ln?_,— —0.75+ 5]

W

2. For Compressible Fluid

Kh (B° = Pys?)

Qg = WS To
1422 TZjg [In—=% — 0.75 + S]

! w

Kh (mB. — mPy,¢)

Qg = I"g
1422 T [Lnr— —0.75 + 5]
W Instructor: Elyas Golabi %2



Productivity Index (Pl)
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Specific Productivity Index (Pl.)
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Flow Efficiency (FE) Or Productivity Ratio (PR)

2 ALAP A Lyl AP 24Skin Ju,f//,,./t Vi FE by @

7YY T N A A

()’/’d’/’ L,Skin JWK/‘/&)
1. For AP Constant

qg,c tual

FE — PI{ICIIH{IE holehgd BT  wwws Qactual
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AP idea
FE = Qactual “g
Qideal +S
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2. For g constant

q_ -
Pjactuai AP B ow,actuai
PIideaE rEtei
AP B = BPyfideal
P.—P, ¢
FE = 1 wf ideal

PT o ow,actual
&Ps = &Pactual o &Pideai
Pr WY ow,ideal o (Pr hg ow,actual) J0l &PS

(Pr Sla ow,actual) b ﬁ\PS

P'r K ow,actual

FE =
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Damage Factor (DF)

DE. 5o B FE =

x| =

Damage Ratio (DR)

1

DR = —
FE

Average Permeability ()

14LZQGuBO[

h(P; — Pyy) - 0'5] ;QUKS sK A/;’u!/:”f?

K=
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Apparent Wellbore Radius
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T,

7 o) sl S u)//%'!:)‘:/ﬁrwdt{;i;!,éi/ S Y I LY

P
SP

Foygypramndiggn @

Qoﬂﬁﬂ)[ ( G ) ]
P.— P, -=162.6 L 2) —.3:23
L Wf ( h {}g @# Cf ?I.il:' 1 o

Instructor: Elyas Golabi 298



Example

In a well evaluation Analysis, The following data are given.

h=11ft Q=33STBD K'=170 md r,= 0.25ft
w=3.5¢cp - By=1.4bbl/STB  Cy=25x10°psit P, =4500 psi
Pressure Drawdown. = 263.psi K¢=133md =283 ft

Calculated pressure drop due to skin, flow efficiency, Damage

Ratio, damage factor, Productivity Index and apparent

wellbore radius.

Instructor: Elyas Golabi 299



Inflow Performance Relationship (IPR)

q=T(P,,) = IPR

s S e
97 (Sl IPRAILP, i1 8L ,(ﬂ.w'/ °
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Choke

Outflow (Vertical lift)

/\/-
s 0
Pr Inflow Inflow Pr
— /\/-

P, Back Pressure
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Plo=: ——
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Turbulent Flow Factor
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For non-Darcy Gas
(ﬂlp)acmal s (&w)idem + (ﬂlyb)skin-l_ (ﬂl:b)nmz.—ﬂm'cy

(&lp)?mn—Da?‘cy o= FQZg

Tv
F'=31161x1071%( ik )
ﬂgw Tw

B — 1.88 x 10_6(K)_1'47((p)_0'53

Qg = gas flow rate, Mscf/day

Hqw = 0as Viscosity as evaluated at P, cp
Vg = gas specific gravity

h = thickness, ft

F = non-Darcy flow coefficient, psi?/cp/(Mscf/day)?

P = turbulence parameter Instructor: Elyas Golabi 39



For non-Darcy Gas, U/S/S Radial Flow

1637Q,T Kt
m(P) — m(P,;) = % [Log (

2
2) — 3.23 + 0.875] + FQ 3
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1422T o e
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For non-Darcy Gas, Semi/S/S Radial Flow

Kh (mP. —mP,, ;)

Qg 3 Ye
1422 T [Ln?,,—— 0.75 +8+DQy]

W

= 2
Kh (Pr _owz)

Qg = _ e
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For non-Darcy Gas, S/S Radial Flow

1422 T [Ln—=— 05+ 5 + DQ,]

w

g

2
_ Kh (P? = Pys")
1422 TZ0 [Ln;'—f’-‘ —05+5+D0Q,]

w

g

Q, = gas flow rate, Mscf/day
t=time, hr
K = permeability, md

W = gas viscosity as evaluated at P;, cp
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Example

A gas well has an estimated wellbore damage radius of 2
feet and an estimated reduced permeability of 30 md. The
formation has permeability and porosity of 55 md and
12%. The well Is producing at a rate of 20 MMscf/day
with a gas gravity of 0.6. The following additional data is

available:
r,=025 h=20"_ T=140% . p, =0.013cp

Calculate the apparent skin factor.

Instructor: Elyas Golabi



Principle of Superposition
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Effects of Multiple Wells
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ﬂPtDtal drop atwell1 — ﬂpdmp due towell 1 o0 ﬂpdrop due to well 2 +&Pdr0p dueto well 3
: C o

Qo1 UB Kt
(Pi = Pypdwennn = (AP)yenn = 162-6( DHh. D) [LD.Q’ (W) —3.23 + 0-875]

e

Qo115 Kt
(Pi e ow)mtal at welll — 162-6( Dﬁ’h. G) X [LOQ‘ (W) —3.23 + 0'87S]

(70-66202;189)? HOOUCI’) (70 OQul) SAOONC
Kh i Kt Kh : Kt
t = time, hrs

S = skin factor
K = permeability, md

Q, = oil flow rate from well Jastrictor: Elyas Golabi”*



Example

Assume that the three wells as shown in Figure 6-28 are

producing under a transient flow condition for 15 hours. The
following additional data is available:

Q;; =100 STBD +"“Q,,=160"STBD Q3 =200 STBD P. = 4500 psi
C,=20(10°) psit -, = 0.25ft - ®=15% B, =1.20bbl/STB" " pu,=2:0-cp
h=20ft  K=40md" " ~r;=400ft" " S ;=-05" r;=T00ft

well 1

If the three wells are producing at a constant flow rate,
calculate the sand face flowing pressure at Well 1.

Instructor: Elyas Golabi 318



Well 2 Well 3

Well 1

Figure 6-28. Well layout for Example 6-20.
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Values of the —E; (—x) as a function of x

(After Craft, Hawkins, and Terry, 1991)

Table 6-1

X —E(x) X —E(—x] b —E,(—x]
0.1 1.82292 4.3 0.00263 8.5 0.00002
0.2 1.22265 44 0.00234 8.6 0.00002
0.3 0.90568 4.5 0.00207 8.7 0.00002
0.4 0.70238 46 =—> 0.00184 8.8 0.00002
0.5 0.55977 4.7 0.00164 8.9 0.00001
0.6 0.45438 4.8 0.00145 9.0 0.00001
0.7 0.37377 49 0.00129 9.1 0.00001
0.8 0.31060 5.0 0.00115 9.2 0.00001
0.9 0.26018 5.1 0.00102 9.3 0.00001
1.0 0.21938 5.2 0.00091 94 0.00001
1.1 0.18599 53 0.00081 9.5 0.00001
1.2 0.15841 54 0.00072 9.6 0.00001
1.3 0.13545 5.5 0.00064 9.7 0.00001
1.4 0.11622 5.6 0.00057 9.8 0.00001
1.5 0.10002 5.7 0.00051 9.9 0.00000
1.6 0.08631 5.8 0.00045 10.0 0.00000
1.7 0.07465 59 0.00040
1.8 0.06471 6.0 0.00036
1.9 0.05620 6.1 0.00032
2.0 0.04890 6.2 0.00029
2.1 0.04261 6.3 0.00026
2.2 0.03719 6.4 0.00023
2.3 0.03250 6.5 0.00020
24 0.02844 6.6 0.00018
2.5 0.02491 6.7 0.00016
2.6 0.02185 6.8 0.00014
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Effects of Rate Change
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Figure 6-29. Production and pressure history of a well.
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(AP)¢otal = (AP) que to (Qoy1 — 0) + (AP)due to (Qoz2 = Qo1)

+(&P)dUE to (Qoz — Qo2)+(4AP)due to (Qps — Qo3)

162.6(Q, — 0)uB, Kt,

AP) . _n = ( L )[Lo ( ) —3.23 + 0.875‘]

( )Ql 0 R 9 OUC, 1,2
162.6(Q, = QB[ (K(t, — &)

25dQp ~Quuroe ( Kh )[Log ( OUC, T, ) gt~k 0'875]
1626(@3 e Qz)uBG h(tﬁ} AW EZ)

(254 ~Qaorie ( Kh )[Log ( OuC, T, )_ Pk 0'875]
162.6(Q, — Q,)uB, K(t,~ ts)

@)a, -0, = (P g (Gl 524007
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Example

Figure 6-29 shows the rate history of a well that Is
producing under transient flow condition for 15 hours.
Given the following data:

P. = 5000 psi C, ='20(10°) psit r, = 0.3ft  f="15%
B, =1.1bbl/STB" p,=25cp h=20ft " K=40md S=0

Calculate the sand face pressure after 15 hours.
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Figure 6-29. Production and pressure history of a well.
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Effects of the Boundary
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Figure 6-30. Method of images in solving boundary problems.
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Example

Figure 6-31 shows a well located between two sealing
faults at 200 and 100 feet from the two faults. The well Is
producing under a transient flow condition at a constant

flow rate of 200 STB/day.
Given the following data:

P. = 5000 psi....C, = 25(10°®) psit r, =0.3ft. ®=17% .S=0
Bo=1.1bbl/STB* p,=2.0cp ~h=25ft K=60md
Calculate the sand face pressure after 10 hours.
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£OIE Image Well
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Figure 6-31. Well layout for Example 6-31.
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Effects of Pressure Change

Superposition 1s also used in applying the constant-
pressure case. Pressure changes are accounted for in
this solution in much the same way that rate changes
are accounted for In the constant rate case. The
description of the superposition method to account
for the pressure-change effect is fully described in
the Well Testing Corse.

Instructor: Elyas Golabi 331
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