WELL TEST INTERPRETATION MODELS

NEAR WELLBORE RESERVOIR BOUNDARY
EFFECTS BEHAVIOUR EFFECTS

Wellbore Storage

Skin

Fracture

Partial
Penetration

Horizontal Well

Homogeneous

Heterogeneous

Infinite extent

-2-Porosity

-2-Permeability

-Composite

Specified Rate
Specified Pressure

Leaky Boundary

EARLY TIMES MIDDLE TIMES LATE TIMES
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DOUBLE POROSITY BEHAVIOUR

Well

m)

f

—T—— Matrix

| ___—— Fissure

/
\
FISSURED LAYERED
matrix least permeable medium
fissures most permeable medium
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DOUBLE POROSITY BEHAVIOUR

Concentration of form: Vi(orV,)=

Porosity of for m: é (or ¢,,) =
FISSURED
[ | .
N I | o |
| - -
Y 115 11

“Fissure” porosity (<0.01%)

Volume of f (orm)

Total Bulk Volume

Pore Volume of f(orm)

k |h

Effective

VS

Volume of f (orm)

Vit V=1

b=0Vr+PuVn

LAYERED

M

~— f

h, - h
h,+h, h,+h, )
=
ke | Iy k= kfz = &Y o
- h ’
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DOUBLE POROSITY BEHAVIOUR

Storativity ratio w:

v, ~L  (c),=(c),

FISSURED
Ei==
h

1 1
vy A 1r 1l

V,=1 (V. << V)

vy . YL 0003
Vf+gom @

Single phase: ® = 0.01 - 0.02

Multiphase:

o= 01-0.2

0.01

(¢Vct )f

(¢Vct )f

(¢Vct)f +(¢Vct)m (¢Vct)f+m

k!

K’

LAYERED
<M
~— f
- h, ¢,
hf @, + hm @
o= 01-0.2
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DOUBLE POROSITY BEHAVIOUR

. . . 1= 2 k_m
Interporosity Flow Coefficient ) : =ary, kr
o.. geometric coefficient: o An(n+2)
-5
n: number of directions of planes defining a matrix block
| . characteristic length of a matrix block
60 12
n=3 <=7 n=2 n=1 “=E
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DOUBLE POROSITY BEHAVIOUR

(1) EARLY TIMES (2) TRANSITION (3) LATER TIMES

f f f
1 1

m m m
Flow from most Recharge from least Flow from both
permeable medium only permeable medium medium together
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Double Porosity Behaviour

1 1

1 N 1
| sl sC, + ]
e K T0]) :

TR 570 ) o i

ﬁwD(CDﬂm ,S,s)z

S[ SCDM +

1
s'=sCp (call it s) = waﬂgJ }: P (Schf+m) y Euler’s constant (e=1.78)
D f+m Df+m

B [(CDezskm )f+m ,S]:

s| s+ : ]
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Double Porosity Behaviour

Early times: f(S)%a) ﬁwp ~ ﬁwa - : 1
s| s+ ]
2
In
s
87\/%D62Skin )f
Late times: f(S)zl Pup * ﬁwa+m = : 1
s| s+ ]
2
In
s
67\/%1)825‘@1 )f+m
_ |
Intermediate times: Sf(S)z /ICDM Puwp 1
S[S+ ]

1

n 2 Ski
e’ \//1 e~

Pp>— > CD€2Skm , 0, e " Independent variables (Bourdet and Gringarten, 1980)
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DOUBLE POROSITY BEHAVIOUR

Parameter Early Times Later Times
Medium f ftm
Permeability-thickness kh kh
Storativity (Ve ) h (Ve ) pmh

o k
Dimensionless pressure p,=——"Ap Same
1412gBu
t 0.000264k / 0000264k,
. : : _ fpram = ,
Dimensionless time P gve, ), Prem = (4ve, L
Di on] - c. __08936C c _08936C
Df — o 5 D m —
imensionless wellbore storage S e ), i rem S e )i
Skin S S
Lo 'y 000205 <AL Loren _ or _ 00095 e AL
CD CD/‘ H CD_/'+ m CDf' H c
28 08936 Ce?’
28 C 28 _ 08936Ce C 28 — — C 28
CD e ( D€ )f‘ (¢ VCt)f/’lVMZ; ( D e )f+m (¢ Vct)ermh}")f CO( D e ),f,

p k. h
PM = [A—Dj — Same

p match 141.2qB/,l

D h 1
S (’/c J 0000295 %2 L Same

At match /’l C
2 2168 Same
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EARLY AND LATER TIMES DOUBLE POROSITY BEHAVIOUR:

Wellbore Storage and Skin Type curve

1 02 | | I | |
2S
Approximate start of semi-log radial rowN _ CD e > Aty
Q 'I 1030
Q. //,' 1020
qu 7 :" DAMAGED 11%11"; 1 7
> I 6
g 10 - ' 10311%4 101
’ e 102
O Approximate NORMAL 5
o end of S, ’ ACIDIZER =05  ,
3 wellbore S TFRACTUREE — oo
o storage o S . 0.001
c 1 N
O B 102 7
n
C
)
£
o
10" , |
®
101 1 10 102 103 104 10% £
Dimensionless time, t;/C, 2
Y. . Ip _ 0000205 pr et = 28230 08 s
1412AqBu D uC ¢ c,hr, ”
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INTERMEDIATE TIMES DOUBLE POROSITY BEHAVIOUR:
A e 25 Transition Type Curve

102 T T I | !
]
Q_ 10-30
- 10-20
o 1015
(:,S) 10 L 10-10 B
% 106
o 104
103
g 0.01
9 0.05
c 1 0.1
O B 0.2 —

(7) 0.3
3 05
g 0.7

10-1 ] ] | ] ]

10" 1 10 102 103 10 105
Dimensionless time, t;/Cy
_ fn -
py=—_ap 1D _ 0000205 pnr A€ = a2 fm e
1412Ag B o uC ks
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Drawdown Type Curve for a Well with Wellbore Storage & Skin, in a

Reservoir of Infinite Extent with Double Porosity Behaviour
(Restricted Interporosity Flow)

1 02 | | | | 1
2S
Approximate start of semi-log radial rowN _ CD e > Aty
] ! 4630 1030
O //,' oe— 102
qu 7 .': DAMAGED 11 g' g 11%11"; 1 7
: ) -10 6
g 10 - / I - 10311%4 10_1 —
/ e 102
O Approximate ' NORWAL — s,
o end of SEV ’ ACIDIZED =—=57705 ) |
2 wellbore . § //f@/ 0.01
D storage oS : Q05—  0.001
cC 1 NI :
Re) B 102
n
C
()
£
10" . | )
10 1 10 102 103 104 105 £
Dimensionless time, t;/C, 2
SPE 9293 Pp = h Ap b _ 0000295 oy Cpe™ = L9362cre25 2
1412AqBu Cp uC ¢ c,hr, ”
Type Curve
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Pressure Change, Ap ( psi)
o
[

—_—
|
I

101 | | | |
103 102 101 1 10 102

Elapsed time, At ( hours)
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Dimensionless pressure, Pp

103

102 I 1 1 I I
. . . C.e 28
Approximate start of semi-log radial flow ™ D
Y 4g20—  10%
B // 0 1018 ] 10“ -
10 - e 1o 2
/ 103 102 — (é)
Approxim 5 3
end of =05 g1 o
wellbore 00t 110| B
storage 0.001 %
e 0.3 >
]
]
0.7 7}
_——~ _ 1 ~
// Le 25
10-1l£ 1 I 1
10" 10 102 103 10% 10° ¢
Dimensionless time, t; /Cp O
| | | l 10-1 g
103 102 10" 1 10 102 2
Elapsed time, At ( hours) =
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PRESURE MATCH:
Start of radial flow C 25 PM = &
Start of transition i (Coe =) Ap) .
a C.e 28
3 lﬂ (Coe Sm TIME MATCH:
o)
t
0 §’ o o, TM = —%D
a o End of transition - At
"'6 gﬂ match
o o~ T Middle of transition
S i CURVE MATCHES:
Start of radial flow
Log of At (CD ezs)f
28
(C D ¢ )f+m
Log of t5/Cp
Z,e_ZS
kh({ 1
kh = 141.2AqgBuPM C=0.000295—| —
1 \N'TM
28
(CDe ) (C 25) ( 25)
e C. e
+m D D m -
= 2Sf S=05 ln/é—\f =051n 6\\f+ A= (/Ie ZS)eZS
/ \ ‘
(CD ‘ )f \ Y
089360 < 08936C 1
L _ : -
\,Df (¢ VCt)/ hr? J(¢ VC’)f - %wct)m CDf;’Q_ (¢ VCt)f+ hr2 /’(¢ VCI)“'" l1-w (¢C‘)m
T~ - o ~__ //
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102

Start of semi-log radial flow

-
o

&
| _ |

Dimensionless Pressure, pp

J !
g
11 //
re?s  Cpe?s  Cpe?s
10-1
101 1 10 102 103 104 10°

Dimensionless time, t;/C

l Start of radial flow on fissure medium (Cpe?S); curve

T Start of radial flow on total system (Cpe?S);,, curve

l Start of transition on fissure medium (Cpe?S); curve

T End of transition on total system (Cpe?®),,,,, curve
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Existence of double porosity semi-log straight lines (drawdown)

Ap Log of Ap

Log of Ap

15t line: Data must match (Cpe2S),

2"d |line: Data must match (Cpe?S),,,

POSSIBILITY OF:
2 straight lines

I

I

I

I

I I

I I

I I
| L

=T

Log of At

DEPENDING UPON:
(Cpe?S)
i.e.. S, (cy);

after the end of transition

after the start of radial flow on (f)
before the start of transition

after the start of radial flow on (f+m)

1 straight line

Log of Ap

Ap

.
]
—_—r e — — —_——— —_— el -
ol

Log of Ap

Log of At

condition of well & behaviour of fluid

(C Dezs)f+m
S! (ct)f+m

0 straight line

Log of Ap

Ap

Log of Ap

Y

Log of At

re2S
S, kn,
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10 T T T
MODEL
Wel Ibore Storage cond Sk fn
102 |- A e TS S
PRESSURE
107"
o
10 DERI VAT IVE
-1 [ total system
10 2 semt—Clog
J;yss-stuerme radtal flow
semz-log transttiton stabiZTliZzegat ZTon
10—2_ radtal flow
tab1l t 2
wellbore seta o en
storage
(untt slope)
1 0_3 — PARAMETERS
LOGCDS o,
OMEGA 1,E=-02
LCD S E-07
— 4 | | |
10
10°° 10" 10° 10°

Dtmenmns fToml es s

Time,

+tD/CD

Qd “@INsseud $Sa|UOISUBI(
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10 T T T
MODEL
Wel iIbore Storoge ond Sk on
102 - A R F N e et
PRESSURE
10"
o[
10 N DER I VAT IVE
— 1 total systemnm
10 [ semt—1log 7radZal flow
stabitlitegatZzon
transitTtZton
10"2
wellbore
storage
(untt slope)
1 0—3 | PARAME TERS
LoGCcDS o,
OMEGA 1‘5—02
LcD 1,E-04
-4 | ] ]
10
107> 170 170° 10°%

Dt menmns Toml ess

Time, tD/CD

Qd €@4Nnssald S$Sa|UOISUBWI(]
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Pressure change Ap and
pressure derivative Ap', psi

-
(==
N

-
o

-—

EXAMPLE OF DOUBLE POROSITY BEHAVIOUR

08::. Uy
\\ (4 ) -
¢ e ® .... ) u °
° o ':.0'0 o..:g.o " .~0~ o
o0 o
10-3 10-2 10-1 1 10

Elapsed time At, hours

102
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Pressure change Ap and
pressure derivative Ap', psi

-
(==
N

-
o

EXAMPLE OF DOUBLE POROSITY BEHAVIOUR

10-3 10-2 10-1 1 10

Elapsed time At, hours

102
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DOUBLE POROSITY SEMI-LOG Horner ANALYSIS

(P*)

l\/Iinge of tran§ition

(P")rm=(Pay) Radial flow (f) and (f+m) lines:

m 5p
P
e
<
N
o Transition line:

), W),

(t,+AL) Aty .
; £\
t Log of Horner time
(tp+Atf+m )/ Atf+m
kh =162.6 Aq B,u% 0=10""n
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ﬂ _ (¢Vct)flllr124} _ (¢Vct)f+m’ur‘2"/
0.000264 7k (At,)  0.000264 7k (Ai,.,)

v = 1.78 Exponential of Euler constant
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PRESSURE MATCH:

A 102 28 P

< - PM = 5’?

o matc.

5 .QC_‘ 100 TIME MATCH: o

® o 10 | 10% 10° ‘o

o > 1 Co
o (& . IM=| =2

§ GE, 105 . At match
=0a | CURVE MATCHES:

2 | : (c, e*)

é ) 0 —“::::5:‘;::‘—\ ’ /

— L%/O:\\z 28

O 10163 | ! o (CD € )f+m

101 1 10 102
Dimensionless time, t,/Cp, /1(CD )f+m A (CD )f+m
l-w w (1-w)
kh( 1
kh = 1412AqBuPM C =0.000295—| —
HNTM
1(C,),., /- l C,é C
) = P S > CDf+m = (1 - a)) CDm —_— S = 05 111( P )f+m = 0.5 ln—_( b )f
/1(CD )f+m/a)(1 B a)) CDf+m CDf
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102 T

presiure, pD
o

Dimensionless

2S
Cof:
/ +ge30 1030
// 05 1018
i ,/ 107 ] 1o
, el 1 0
Approximate o 51103
end of Q»@% N ——— 10" P o4 Y
wellbore SRV — =, T 001 ®
storage NV ' | . 0.001 &
I 0.3 (@)
, 102 Ej'
: 2t 07 “(g
| : Ae 28 1
% A ] 1 1 ;
107 1 10 102 o 103 184 @,
- : : : {10 =
Dimensionless time, t;/C
| Elapel‘.ed time, At ( hlours) | ’
102 10" 1 10 102 103

10°

$10T USMESULD D UIB[VQ

466



DOUBLE POROSITY BEHAVIOUR

Fissured | MultilayeredHomogeneous
C normal
DAMAGED C normal C normal 0.01 Bblps
(Cpe?®), > 103 S>-35 S$>-35 S>0
ACIDISED € 10-100 C normal C normal

0.5<(Coe%5);<5

Times normal

Saslowas -7

Saslowas -7

Saslowas -4

FRACTURED

(Cpe?®);< 0.5

C normal

C normal

C normal

S~-5.5

S~-55

S~-55
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DOUBLE POROSITY BEHAVIOUR

Damaged Acidised Fractured
=< =
= <
~ =
> -
. >
Fissures Fissures Fracture propagates
Plugged Cleaned Open along existing fissures
C normal C 10-100 normal C normal i
S$>-3.5 Saslowas -7 S~-5.5 £
Skin = -3.5 = “Geo-skin” Skin = Geoskin - 4 :
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Qinitial

innal

A

DOUBLE POROSITY BEHAVIOUR

Need to improve the least permeable medium:

No improvement

. Rate
Controlled p medium f
f(L) frac
Controlled by medium m S
Time

Pressure

2 o
G

5 <

Rate
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INFLUENCE OF o

©Alain C. Gringarten 2015

o0
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3 L 1|
o o
Al o
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3
—
o
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INFLUENCE OF A

©Alain C. Gringarten 2015

106 107

10°

A= 10
10

103

102

Dimensionless time, t;/C,

10

10-1

o -
-—

102
10-1
10-2

d d annpeauag pue
dd ¢ aunssaud ssajuoisuawiqg
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OR

TRIPLE POROSITY RESERVOIR BEHAVIOUR

fissure microfissure block 1
Fissured matrix blocks

\1.-.-.
i
A EEEEEE
M

fissure block1 block2

Two block sizes

£ 10
€ o
A=Y
g g 17~ 0.5
a s o
=0 fissure \ 7
_S - 107 ,7 total
[ N~ Block2  system
Q
£ 102
a 1 10 102 10° 10 105 108 107
Dimensionless time, t;/Cp
a
- 10
g a
p o /
S
E ‘g 1 4 0-5
(/)] _Z v-
N -
g3 ! T /.
c
10-1 =z
-% i fissure block 1  block 1 total 3
s © + fissures system | O
£ o
S 402 £
1 10 102 103 104 10° 106 107
Dimensionless time, t,/C, =
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FRACTURED WELL

©Alain C. Gringarten 2015

"

10 100 1000

Elapsed time (hrs)

0.1

0.01

Q

-—

<

©
o
2

Ay

o -
=

0.001

~ hum

: o
o ?
o

0.001

(g1S/qisd) aAneasq pue abueyn ainssald pasi|eWION 8jey
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RESTRICTED INTERPOROSITY FLOW

V shaped

2
o 10
(]
S _D
» 2 10 |
o S
| -
o
o2 1
Q0
= 0
QT
® g 107
(]
E
Q402
10-1
Pm
I 0Q
Ps

10 102 103 104  10° 106 107
Dimensionless time, t;/Cp

“Warren & Root” (Soc. Pet. Eng. J., Sept. 1963) or
“Pseudo-steady state interporosity flow” solution

o —ak’”(
1 7, Pn =Py Independent of block shape

Barenblatt and Zeltov Soviet Physics Doklady (1960) Vol.5

) Interporosity flow / unit interface area / unit time

$10T USMESULD D UIB[VQ

474



Dimensionless Pressure , p,

UNRESTRICTED INTERPOROSITY FLOW

-
o

and Derivative p'p

U shaped

0.25
10- - - -
10-1 1 10 102 103 104 10°
Dimensionless time, t;/C
“Transient interporosity g '§ i
flow” solution %,',, § . 05 ::
=0 sphere g
Dependent of matrix block shape B g 1 0.25 slab §
é b 10-1 10 102 103 104 105
Dimensionless time, t,/Cp 475



Dimensionless Pressure , pp

and Derivative p'p

INTERPOROSITY SKIN

Moench Water Resour. Res. 20(7) July 1984

Cinco-Ley, Samaniego V. and Kucuk SPE14168 60" ATCE Las Vegas (Sept 1985)

i L L L
i il
S ||||||::|:|:||:|:|I|:|:|: h ,k S:ﬁﬂ
" _f’ Y Y ¥ ¥V ¥ ¥ -__T- SR r, k,
TR R aRRaRRRRR]

-
(=}

Warren and Root
pseudo-steady-state
interporosity flow solution

-—

10-1
Transient interporosity flow solution
102 10 100
1 10 102 103  10¢ 105 108 107
Dimensionless time, t,/C, ®
>
2,k . . i
A = — . (does not give access to the matrix block size) :
h k z
f
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Dimensionless Pressure , pp

Dimensionless Pressure , pp

UNRESTRICTED INTERPOROSITY

10
.Q‘? unrestricted slab
lg 1 unrestricted sphere N 0.5
®
2
1
[
S10-
c
© restricted
102
10 1 10 102 103 104 105
Dimensionless time, t,/Cp
102
.0
.10 o= 103
2
S 1 0.5
2 0= 101
[<}]
-
310 0.25
c
(1]
102
10 10 102 103 104 105 106 107 108

Dimensionless time, t;/Cp

FLOW

Dimensionless Pressure , pp

and Derivative p'p

Dimensionless Pressure , pp

10
\o©°
Nﬁ
)
8 a(\.\a\’(\
6 e mi2 —_
TraﬂS‘ﬁon/S/ —~ -
4 -~
2
0
101 1 10 102 103 10 105 10° 107 108
Dimensionless time, t,/Cp
102
10 A=108
A=10%
1 A= 10% 107, 10% Q.5
S
101 3
- =
0.25 o
Q
102 £
101 1 10 102 103 104 105 106 107 1085
Dimensionless time, t;/Cp g
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Drawdown Type Curves for a Well with Wellbore Storage & Skin, in a
Reservoir of Infinite Extent with Double Porosity Behaviour
(Unrestricted Interporosity Flow)

a 102 Start of semi-log radial flo Cpe®s| =
e Y, 10%
o
28 7
(CDe §
ﬂv: S S+m g 10
e 28 @
e 2
c
9
2 1
(]
E
a
10-110-1 1 10 102 103 104
Dimensionless time, t;/Cp
Slab matrix blocks: o 107 Coe®| =
- 103
2.0
5'=1.89 5'3 L ooooomTmmnt ot B=100] 410
. e E 10 ,’, @ e —mm === 4010 103
?,; S g —" \. __ __—————---- 10° 051
. ) - 4 Bom—N === .
Sphere matrix blocks: g T N o | a0
o % e TN\ -2
.gg 1 ////’ : - - g—
— 3 z” < g
o =1.05 E 7"~ o
a A 7 / s 3
10" vt P £3a0e ACH(1- @) £
- =
10-1 1 10 102 103 104 2

Dimensionless time, t;/Cp
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WELL WITH LIMITED ENTRY

4
10
MODE L
Port\'o\.\y Penetrating Well
1()3 Tt imite Tatoral Extons T _
2
10 —
PRESSURE
;
10 sphertcal flow |
0 fissure
10 stabilization DERIVATIVE ]
corresponding
to IC?" . h,w total
-1 fissure system
10 stabilization —
qﬁiiﬁgiﬂf corresponding
(Slope 7) to ]CT.h
_2 PARAMETERS
10 HDacD. T Ei0e transition N
ZWD 0.5
HWD 0.2
OMEGA 5.E-02
LCD 1.E-10
- 2 6 10
10 10 10 10
DIMENS I ONLESS T IME, TD/CD

“3YNSSILd SSIINOISNINIA

dd
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HORIZONTAL WELL

3
10
MODEL
Horizontal Well
21 Infinite Lateral Extent & | o —
10 <
PRESSURE 3
Q)]
)]
] w
10 1 o
O
]
DERI VAT I VE o
w
ol total system _| vl
10 Lo .
stabrlization o
corresponding =
to k. .h Q)
r w
w
10—1__ total system — E
stabilrzatrzon )
corresponding -
to k k_ . L
. . m PARAMETERS _U
-2 transition Loccha . O
10 | HDH 0.5 7
wellbore HD2CD 1.E+06 ®
storage ng(EGA 2:2—02 z
(slope 1) Leb 1ETOS =
e
o
107° | ' | §
5 2 6 10 =
10 10 10 10 g
[\*]
(=

Dimensionless Time, tD/CD
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HORIZONTAL WELL

3
10
MODE L
Horizaontal Well
2 Porosity, Restr. Interp. Flow
'] 02 — Infinite yLotero\ Extent . —
PRESSURE
1
10 _
DERIVATIVE
0
10 total system
stabirlizatr1on
fissure corresponding
. . to k. .h
stabrlizati1on r
10—1__ corresponding |
to A/kvkr.L
transition
-2 wel lbore PARAMETERS
10 — storage LOGCD2 1. ]
(stope 1)
ZWD 0.5
OMEGA 2.E-02
LCD 1.E-07
10—3 | | |
-2 2 6 10
10 10 10 10
Dimensionless Time, tD/CD

‘aJdnssald SSo|UuolIsuUswI

dd
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HORIZONTAL WELL

3
10
MODE L
Hor\'zom.to\ Wel |
102 Intinite Lateral Extent |
PRESSURE
1
10 — —
sltope 1/2 DERIVATIVE
O
10°F | |
f?SSUTe, total system
stabilization stabilization
corresponding corresponding
to k. .h kr h
— fissure r to kr .
10 — stabilizati1on ]
corresponding
wellbore NA;:;—'L ..
storage transition
-2 (slope 1) PARAME TERS
1 O I LOGCD2 1. ]
HDH 0.5
HD2CD 1.E+06
ZWD 0.5
OMEGA 2.E-02
LCD 1.E-09
10—3 l l |
-2 2 6 10
10 10 10 10
Dimensionless Time, tD/CD

‘SJNSSSJd SSo|uolsuswlidg

dd
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COMPOSITE BEHAVIOUR

3
10 I I I
voDaL decreasing
Wellbore Storage and Skin 1
2 Composite, 2 P(g)rosA, Restr, Interp. Flow mOblhty
1 O — Infinite Lateral Extent
PRESSURE
decreasing
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