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Orientation

Production Analysis:

® Arps:
B Exponential, Hyperbolic and Harmonic time-rate relations,
H Early correlation of EUR and initial production (from exponential relation), and
H Arps "hyperbolic” type curve solution.

® Fetkovich Type Curve (Radial Flow — Liquid Case).

® Carter Type Curve (Radial Flow — Gas Case).

SPE 004629: Fetkovich

® Introduced "decline type curve" analysis.

® Mostly focused on liquid cases.

® Had a few rate models that did not pass the test of time.

® Showed that you could estimate reservoir properties from production data.

SPE 013169: Fetkovich

® "Case Histories" paper.

® West Virginia Well A will be a focus for us.

® Monterey well overlay concept may be useful for any play.
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Production Analysis (PA) — Arps

Q. Theory for Arps’ relations?
A. Arps derived the exponential and hyperbolic relations from loss ratio.
C

ase Rate Relation Cumulative Relation

Exponential: (b=0) g = qg,exp(—D;t) N, = i[1 —exp(—D;t)]

P .
l
: _ di qi 1-(1/b)
Hyperbolic: (0<b<1) g = N, = 1-(1+bD;t)
(+bD,)D P (1-b)D; :
i qi qi
Harmonic: (b=1 = N, =—In(1+ D;t
(=1) 4 (1+ D;t) P p, S
Arps' observations: Loss Ratio:
b=0 — Reservoir is highly undersaturated (p>p,). 1 q Theory???
b=0 — Gravity drainage and no free surface. a= ) =- dg/dt

b=0.5 — Gravity drainage with free surface. ) . ]
b=0.667 — Soln. gas-drive reservoir (p vs. N, — linear).|| Loss Ratio Derivative:
b=0.333 — Soln. gas-drive reservow(p VS. N — linear).

2272 b==fa]= 2| |= -2 | L
Theory??: “d N dl\ D dt| dgldi

Discussion: History — Production Analysis (PA) — Arps

B “Theory” for the Arps’ relations?  (loss ratio (exp) and its derivative (hyp))
B Validity of the Arps' observations? (only qualitative (except for p>p, case))
B Graphical analysis using the hyperbolic relation? (only using Fetkovich TC)

(1945) 160, 228-247.

. — From: Arps, J.J: "Analysis of Decline Curves," Trans., AIME
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Production Analysis (PA)

Lecture 18 — Fetkovich Method for Production Analysis

— EUR Vvs. q, 4,

Q. Origin and purpose of the EUR versus q,, 4, correlation?
A. Potential value as a correlation, but must quantify theory (N, k, s, etc).

— From: Manual for The Oil and Gas Industry Under The
Revenue Act of 1918, Treasury Department — United States

Internal Revenue Service (1919).

Estimated Ultimate Oil Recovery (EUR), STB
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Correlation of Reserves Versus First Year Production
US Treasury Department — Internal Revenue Service (1919)

Decline" »

A(¥¥77)~ Therefore, a plot of EUR versus q, ; should yield a straight
line of slope 1/D; and an intercept of 0. Using g, 4y as a
surrogate for 9o,i is a reasonable approximation.

. ./
_/ ,/ /e
w [ )/

+@/®@ / /

"High
Decline"

¢ Theory: (Constant p, s case)
9o =Goi-D;N,

Atq, =0 (ie., t— ), N may = EUR=(1D) q,,;

o o o =] o o o (=] o
= =] o =] (= = (= (=4 o
W\ 9@ Wm 9 mnm o wn.<a
wn I~ = ™~ wn ~ o o™ o

- - - - o~ o o~

Oil Production in the First Year, g, 1y, STB/Yr

/DzlSYr
/&£

27,500

30,000

"Ancient" Technique:

The proposed correla-
tion of EUR vs. q, 4, was
used to estimate oil re-
serves from initial pro-
duction performance
data.

Modern Application:

Approach is based in
theory — EUR =k, s, X;
... and contacted fluids
in-place (i.e., N or G)].

Could be used as a "re-
servoir characterization”
tool to classify well per-
formance.

®Discussion: History — Production Analysis (PA) — EUR vs. q, 4,

(1919 — production data correlation (>85 years old)!)
(Constant p ., (liquid) boundary-dominated flow conditions)
B Rationale? (Correlate reserves versus production (or reservoir properties))

W Origin?
B Theory?
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Hyperbolic EUR Methods (Type Curves)

Q. Straight-line or characteristic behavior for Arps hyperbolic relation?
A. Rate-cumulative ratios used to define "type curve” behavior.

Specialized Hyperbolic "Rate-Cumulative" Type Curve (Arps' Relations) Specialized Hyperbolic "Rate-Cumulative” Type Curve (Arps’ Relations)
Normalized Gas Flowrate (qg/q,) Versus Normalized Gas Flowrate (qg/qy,) Versus
1 - Normalized Cumulative Gas Production [1 -(GPIG)] Normalized Cumulative Gas Production (GPIG)
-4 -3 -2 -1 0
Jo 10 10 10 10° | 00 01 02 03 04 05 06 07 08 09 10
10 : 10 10 IIIIIIII 'IIII'IIII!IIII"IIIIIIII"IIIIIIII 10
F Hyperbolic Trend: (G = qg,/[(1-b)D;]) < Hyperbolic Trend: (G = qg;/[(1-b)D;])

| 11(1-b ]
T (—) agldgi = [1-(GEN 10.9
) ( @ ) qylqy; data (Fetkovich Well A SPE 13169)
0.8 s ‘ 10.8

10_1? 7 ” 07 \\‘g& ‘ o

f B AN
% _z \\\g

L 1/(1-b
[ (—) aglagi=[14Gen"" 0.9
| (® )qglqg,-data (Fetkovich Well A SPE 13169)

Qg’ 9gi
=)
Ag/9gi

2R AN\ N &
Y7 7 A BRI NG
A7 7 G IANANANE\ SN\
| //// /// 0.9 0.15 - 0'9\ O-Q\\ E\ 50.1
104/1:‘0 /01 IOiZ }33})405?621 0.8 0.9 104 00:. -‘ . ; :00
10 10 1-(‘:;),6) 10 10 GPIG
®Discussion: Modern PA — Hyperbolic EUR Methods (Type Curves)
B Example gas case from Fetkovich (SPE 13169)? ("typical” gas case)
B log[(q/q,)] versus log[1-(G,/G)]? (straight-line characteristic behavior)
W Cartesian (q,/q,;) versus (G,/G)? (note that 0.4<b<0.5)
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Production Analysis (PA) — Fetkovich

Q. What is the "Fetkovich” Decline Type Curve, and how is it used?

A. A composite of analytical (p,/~con) and empirical (Arps) solutions —
used as a "type curve” (data overlay) to estimate reservoir properties.

Fetkovich "Composite” Rate Type Curve (Includes b>1 cases) § .
(Unfractured Well Centered in a Bounded Circular Reservoir) TramLtStems (Ieﬁ:)

10™ 10° 107 10" 10° 10’ 10° ® Infinite-acting radial
5 flow model (p ;= con).
® g(t) is concave up.

"Decline Curve Analysis Using Type

B ransient "Stems" . -
r?- (Tr;nsiesnt I:IovsvtRegion) Degletlon Stems: (rlght)
0 -
K g ® Bounded circular re-
E _g Depletion "Stems"” Sel’V.OH’ (pr= con)'
g 3 ™ ® q(t) is concave down.
§ ; Variables for the Fetkovich Decline Type Curve - 3 s - .b=0: pr = Con.
Lo i, 2000633kt 1 S b , @ h= . = : .
; v % M A 7 . e b=1 : qo c_on (qO/Ap)
S5 2 3] H— p t ® b>1: transient flow or
22 5 ’ o ' external drive energy.
,.-% % § kh(pi — pwr) = Arps Rate | ; ] .
gz, B s M[mr_g ToRm s \ . Reservoir Properties:
E? o1 \ 04\ o8 ® k — y-axis match.
= Ay ¥ -,
w O p . ] ® N — x&y-axis matches.
| 10™ 107 107 10™ 10° 10" 10 y

Dimensionless Decline Time, tpgy ®s — r,p, match.

®Discussion: History — Production Analysis (PA) — Fetkovich
B An original purpose of the Fetkovich TC? (graphical solution of Arps Egs.)
B Use of "transient” stems? (estimate reservoir properties — k and s)
B Use of "depletion” stems? (estimate reservoir volume, predict rate)
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linear Gas Flow Systems: Constant Terminal Pressure
SPEJ (October 1985) 719-728.

— From: Carter, R.D.: "Type Curves for Finite Radial and
Case,"”

Dimensionless Decline Rate, gpy

Lecture 18 — Fetkovich Method for Production Analysis

Production Analysis (PA) — Carter

Q. What is the "Carter” Decline Type Curve, and how is it used?

A. A numerically-generated gas rate solution (p,/~con) — used as a "type
curve” (data overlay) to estimate reservoir properties.

Fetkovich-Carter "Composite" Rate Type Curve (Gas cases)
(Unfractured Well Centered in a Bounded Circular Reservoir)

T

(Transient Flow Region)

ransient "Stems"

Depletion "Stems"
(Boundary-Dominated o
Flow Region)

|
Variables for the Carter Decline Type Curve
0.00633 kt

...............
-
.......

-------
- .~y

1

4Dd =

- ﬁjﬂgiftirwz 1| # 2 1l ¥ T . SN
3w el 2 - 1
4(t) _ : 10
kh(pi = Pyf) va
P [N R Arps Rate
1 2ugte |3 il
11 l"H L1l ' 1 0-2
-3 -2 -1 0 1 2
10 10 10 10 10 10

Dimensionless Decline Time, tpy

Transient Stems: (left)

® Numerical flow model

(Pwr= con).
® g(t) is concave up.

Depletion Stems: (right)

® g(t) is concave down.

®b=0: p,,= con.

®b=1: q, = con. (q,/Ap).

® b>1: transient flow or
external drive energy.

® A: numerical gas flow
cases (A =p,4(p))-
Reservoir Properties:

® k — y-axis match.
® G — x&y-axis matches.
®s — r_, match.

® Discussion: History — Production Analysis (PA) — Carter

B Genisis of the Carter TC?
B Use of "transient” stems?
B Use of "depletion” stems?

Tom BLASINGAME | t-blasingame@tamu.edu | Texas A&M U.
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(estimate reservoir volume, predict rate)
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Fetkovich Papers

Tom BLASINGAME | t-blasingame@tamu.edu | Texas A&M U. Slide — 8



Petroleum Engineering 648 — Pressure Transient Testing Lecture 18 — Fetkovich Method for Production Analysis

SPE 4629

Decline Curve Analysis Using Type Curves

M.J. Fetkovich, SPE, Phillips Petroleum Co.

This paper demonstrates that decline curve analysis not only has a solid fundamental
base but also provides a tool with more diagnostic power than has been suspected
previously. The type curve approach provzdes unique solutions on which engmeers can
agree or shows when a unique solution is not possible with a type curve only.

JUNE 1980 1065
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Fetkovich Decline Type Curve

- v > —p——— oy ‘l v L d
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== - Lo ! FORR2>O |
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ANALYTICAL TYPE CURVE SOLUTION
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"Decline Curve Analysis Using Type Curves," JPT (March 1980) 1065-1077.

D¢ —
1
p

2}
o_mlL.*J.-\ b Bl i n o P——— - il -k

W4 2 24568WY 2 3456007 2 345608107 2 D esE W)
Da

Fetkovich, M.J.:
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Petroleum Engineering 648 — Pressure Transient Testing

TABLE 3 — COMPARISONS OF kh DETERMINED FROM BUILDUP AND DECLINE CURVE ANALYSIS

Lecture 18 — Fetkovich Method for Production Analysis

Fetkovich Example Cases (SPE 004629)

FIELD A (SANDSTONE RESERVOIR);

160-ACRE SPACING,r, = 1,490 ft,r,

= 0.25 ft

‘g Pressure Buildup Results Decline Curve Analysis Results

2 well b 6 S, Skin 1, kh fo/lw’ Gpd Pi—Pwt kh K
= No. (ft) (%) (%) s (ft) (md-ft) Matched (10,000 BOPM) (po Bo) (md-ft) (md)
> 1 34 94 329 -0.23 03 120.5 * 0.52 6658 108 = 3.18
= 2 126 105 183 -—-2.65 35 56.7 * 0.68 7979 48 0.38
= 3 32 99 204 -~3.71 103 63.0 . 0.43 8048 60 1.88
2 4 63 95 186 -—3.41 7.6 28.5 40 0.58 8273 31 0.49
e 5 67 102 151 —-4.29 183 44 4 20 0.57 6296 32 0.48
2 6 28 103 126 -2.07 20 57.9 - 0.60 7624 62 2.21
g 7 17 10,0 175 -3.41 7.6 16.8 10 1.30 7781 8.3 0.49
c 8 47 9.1 242 -3.74 106 16.6 10 1.14 7375 10 0.21
© 9 87 10.2 180 —4.19 165 104.7 i 0.435 5642 76 0.87
e 10 40 104 217 -5.80 829 363.2 % 0.36 1211 255 - 6.38
e 11 29 1.5 192 -~-100 20 59.9 " 0.56 7669 66 2.28
£ 12 19 11.1 170 -3.97 133 8.9 50 3.30 5045 9.5 0.50
=1 13 121 101 188 -3.85 11.8 47.5 50 0.54 7259 40.5 0.33
'3 16 74 94 204 -4.10 15.0 2248 - 0.32 5737 104 1.41
3 15 49 109 286 -3.59 9.1 101.9 . 0.43 4312 115 2.35
< 16 35 100 256 —4.57 24.2 14.3 20 0.96 5110 24 0.69
g 17 62 88 224 -3.12 57 27.2 . 0.82 8198 35 0.56
a 18 75 94 181 -150 1.2 65.1 * 0.52 6344 93 1.24
o 19 38 89 192 -2.11 21 40.5 20 0.54 6728 32 0.84
35 20 60 96 246 - -5.48 60.1 88.1 © 0.345 5690 64 - 1.07
a 21 56 11.1 165 -2.19 22 39.1 20 0.72 5428 30 0.54
_’ 22 40 89 225 -3.79 111 116.0 100 0.46 8114 51 1.28
z‘ *ry’ used from buildup analysis with rg of 1,490 ft.

g

e

Tom BLASINGAME | t-blasingame@tamu.edu | Texas A&M U. Slide — 11



Petroleum Engineering 648 — Pressure Transient Testing Lecture 18 — Fetkovich Method for Production Analysis

Fetkovich Well 13 (SPE 004629)
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Fetkovich, M.J.:
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Fetkovich Decline Time and Rate Functions (SPE 004629)

0.00634 kt
¢"’Cf rwz

fDd“——"

1

Sy fm(2)-1]

_ q(t)
Dd = " kh(D;—Puy)

141.3;;3[1:1(:—“)— %]

"Decline Curve Analysis Using Type Curves," JPT (March 1980) 1065-1077.

Fetkovich, M.J.:
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Decline-Curve Analysis Using Type
Curves—Case Histories

M.J. Fetkovich, SPE, Phillips Petroleum Co.
M.E. Vienot, SPE, Phillips Petroleum Co.
M.D. Bradley, SPE, Phillips Petroleum Co.
U.G. Kiesow, SPE, Phillips Petroleum Co.

Copyright 1887 Socisty of Pelroleum Engineers

SPE Formation Evaluation, December 1987 637
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Fetkovich West Virginia Well A (SPE 013169)

g
2
S 1
g 10000 —
E’ MATCH POINT
= g = 1000 Mct/d: qe =0.58
é Qg = 2400 Mci/d t =100 DAYS: t, =0.128
5 : ONSET OF k=0.0700 md
> o ; DEPLETION fwa™82.1 ft
o > Qg= 1400 Mcf/d gz ~5.17
g o re= 1242 1t
Z._i i "/t a > 50
g £ 1000 7
> & - MATCH POINT
2
2 i q = 1000 Mcf/d; e =0.62 |
5 t = 100 DAYS; to=0.075.
gg k=0,085 md 8 YEARS
T8 fwa™ 77.4 {t
3 s re ™ 1547 11
G v b=.5
S ]
w o
= 10045 100 1000 10000
B TIME, DAYS
5o
>0
{-"; 4 - » » -
=< Fig. 17—West Virginia Gas Well A type-curve fit of 8 years
S L]
sz of production data fit to a b=0 and b=0.5.
7]
&S
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Fetkovich West Virginia Well A (SPE 013169)

I

(7]

(4

2

=]
(&] : ‘

§ TABLE 3—WEST VIRGINIA GAS WELL A TABLE 5—WEST VIRGINIA GAS WELL A: SUMMARY OF RATE-TIME ANALYSIS RESULTS
-
2 Reservoir and Fluid Properties Match Points
g Gas specific gravity 0.57 (air=1.00) Composite Type Curve Composite Type Curve Carter Type Curve
» Porosity 0.06 b=0 b=05 . A=0.55 (b=0.5)
7 Water saturation 0.35
A . Qo 062 Qg 058 qpp 0.24

= Original pressure, psia _ 4,175 b 0.075  typ 0126  tpr 80
g Pressure at start of decline, psia 3,268 q(t), Mscf/D 1,000  q(t), Mscf/D 1,000  q(t), Mscf/D 1,000
0 Viscosity at 3,268 psia, ¢p S 0.0171 t, days 100  t, days 100  t, days 100
S System compressibility at 3,268 psia, psi ~' 177% 10 -6 _
3 Thickness, ft 70 ro/twa =10 ro/r wa =20 re/r e =50 Horner Analysis
@ Temperature, °F 160 b=0 Evaluation
= Wellbore radius, ft 0.354

S Rate before 106-day pressure buildup, Mscf/D 2,181 kh, ma-ft 3.292 4.558 6.231
a A o 6 k, md 0.047 0.065 0.089 0.0805
[« ; p,, psiclcp 774x10 i ) :
:. | B, at 3,268 psia, scf/ft? 208.8 Fwas 154.7 roR 0.9

. g ’ il
1) B, at 4,175 psia, scf/ft? 253.9 8 ~6.08 -5.38 ~4.47 -5.52
S g ' ! re, ft 1,547 1,547 1,547

g b=0.5 Evaluation
3 kh, mid-ft 3.542 4.902 6.705
X k, md 0.0506 0.0700 0.0958

: Fuas ft 124.2 62.1 24.8
()
s s -5.86 -5.17 ~4.25
> re, ft ' 1,242 1,242 1,242

c ;

NG Carter’s A =0.55 Evaluation
% ~ kh, md-ft 3.451 4.746 6.699

® k, md : 0.0493 0.0678 - 0.0957
) Fwa» ft 126.4 62.6 24.8
Lu-“ s -5.88 -5.17 . —425
s re, ft 1,264 1,252 - 1,240
B

c
2
>
=
=
<

(&)
S

)
=

(V]
(I8

Case Histories," SPEFE (Dec. 1987) 637-656.
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Fetkovich Monterey Wells (SPE 013169)
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¥ Fig. 42—Overlay of log-rate-vs.-log-time production data of
2§ five California Monterey producing fields.
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Plots for Well 13
SPE 004629 (Fetkovich)
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Fetkovich West Virginia Well A (SPE 013169)

Fetkovich-Carter "Composite” Rate Type Curve (Gas cases)
(Unfractured Well Centered in a Bounded Circular Reservoir)

;o‘ 10° 10~ 10" 10° 10’ 10° )
e oo e oo oo T TTITN 10
Unfractured Well in =
a Bounded Circular _]

Reservoir -

Transient "Stems” i
(Transient Flow Region)
1

10

Depletion "Stems"
{Boundary-Dominated
egion)

10

'
-

-
o

10

Arps Raté
Type Curves

-2 L L LLLll L L LLLLl L L LLLll L L LLLLl Ll 1 -2

10" 10° 102 10™ 10° 10" 107

Dimensionless Decline Time, {py

10

"Decline Curve Analysis Using Type Curves," JPT (March 1980) 1065-1077.
Dimensionless Decline Rate, gpg
)

Decline Type Curve
Dimensionless Decline Rate versus Dimensionless Decline Time

Fetkovich, M.J.:
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Fetkovich West Virginia Well A (SPE 013169)

Graph Paper for Decline Type Curve Matching (1x1 inch scaling)

',:' SPE 004629 Fetkovich — "Fetkovich™ Decline Curve Plot (Constant p,, 5
° - -
= 4102 10” 10° 10’ 10° 10° 10" 10° \
8 10 1 T T T T T T rrrrg 10
= = !
<]
2 L
L
L
©
=S 10° : : : ! — : g 10°
& @@ = =
>’ = Do
_u; ? (J@
4 3 fecc
2 ] kt%
5 =
(&) " 2 9 | 2
o ~ 10 == 10
& g |
= 2
[v]
g &
3 o
Q2
2 10’ \ 10"
g ]
<
[}
<
=
(&)
a:’ 0 [ | [ | [} [0} [0} [ | i 111 [ | LRILL 0
S 10 10
2 107 10" 10° 10’ 10° 10° 10" 10°

Production Time (t), days

Oil Rate versus Time
Fetkovich Well 13 (SPE 004629)

Fetkovich, M.J.:
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"Decline Curve Analysis Using Type Curves," JPT (March 1980) 1065-1077.

Fetkovich, M.J.:

Pressure Drop Normalized Rate,
_ qol(p; - pwy) (STBIday/psi)

Lecture 18 — Fetkovich Method for Production Analysis

Fetkovich West Virginia Well A (SPE 013169)

Graph PaBeridpBdtnsermysdicuirmiteiad 31 28R caliing) har Format
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Fetkovich West Virginia Well A (SPE 013169)

Graph Paper for Decline Type Curve Matching (1x1 inch scaling)
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Plots for West Virginia Well A
SPE 013160 (Fetkovich, et al)

Tom BLASINGAME | t-blasingame@tamu.edu | Texas A&M U. Slide — 23



Petroleum Engineering 648 — Pressure Transient Testing Lecture 18 — Fetkovich Method for Production Analysis

Fetkovich West Virginia Well A (SPE 013169)
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Fetkovich West Virginia Well A (SPE 013169)
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Fetkovich West Virginia Well A (SPE 013169)

"Doublet” Rate Function Type Curve (SPE 28688} — tpq par Format
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Fetkovich West Virginia Well A (SPE 013169)
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ABSTRACT

This paper shows that the decline-surve
analysis approaczh does have a solid fundamental
besis, The exronential decline is shown to
be a longtime soluticn of the constant-pressure
case, The constant-pressure infinite and
finite reservcir solutions are placed on a
sommon dimensionless curve with all the standard
"empirical" exponential, hyperbolic, and
harmoniz desline-curve equations. Simple com-
binations of material balanze eguations and
new forms of oil well rate equaticns for
solutlion-gas drive reservoirs illustrate under
what eircumstances spesific values of the
hyprerbolic dezline exponent {1/b) or "b" should
result.

Log-log type curve analysis can be per-
formed on declining rate data (econstant-terminal
pressure case) completely analogous to the log-
log type curve matching procedure presently
teing employed with constant-rate case pressure
transient data. Production forecasting is done
by extending a line drawn through the rate-time
data cverlain along the uniquely matched or best
theoretizal type surve, Future rates are then
simply read from the real time scale on which
the rate-time data is plotted. The ability
to calzulate kh from decline-curve data by type

Neferenzes and 11lustrations at end of rarer,

curve matching is demonstrated,

This paper demonstrates that decline-curve
analysis not only has a solid fundamental base,
but provides a tool with more diagnostic power
than has previously been suspected, The type
curve appreach provides unique solutions upon
whizh engineers can agree, or shows when a
unique solution is not possible with a type
curve only,

INTRODUCTION

Rate-time decline-curve extrapolation is
one of ths oldest and most often used tools
of the petroleum engineer. The various methods
used have always been regarded as strictly
empirical and not very scientific. Results
obtained for a well or lease are subject to a
wide range of alternate interrretations, mostly
as a function of the sxperience and objectives
of the evaluator, Recent efforts in the area
of desline-curve analysis have been directed
towards a purely computerized statistizal
approach, Its basic objective being to arrive
at a unique "unbiased" interpretation. As
pointed out in a comprehensive review of the
literature by Mmsag, "in the period from
1964 to date, (1968), several additioral papers
were published which contribute to the under-
standing of decline-curves but add little new

Tom BLASINGAME | t-blasingame@tamu.edu | Texas A&M U.

technology".

A new direction for decline-curve analysis
was given by Slider< with his development of an
overlay method to analyze rate-time data.
Because his method was rapid and easily applied,
it was used extensively by Ramsay in his evalu-
ation of some 200 wells to determine the distri-
bution of the decline-curve exponent term "b",
Gentry's” Fig. 1 displaying the Arps'4s expo-
nential, hyperbolic, and harmoniz solutions all
on one curve gould also be used as an overlay
to mateh all of a wells' decline data. He did
not, however, illustrate this in his example
application of the curve.

The overlay method of Slider is similar in
principal to the log-log tyre zurve matching
procedure presently being smployed to analyze
constant-rate pressure build-up and drawdown
data 5-9, The exponential decline, often used
in decline curve analysis, san be readily
shown to be a long-time selution of the

gonstant-rressure zasel0-13, 1t followed then
that a log-log type curve -nat'-hing procedure
could be develered to analyze decline-curve
data,

This parer demonstrates that both the
analytical zonstant-pressure infinite (early
transient pericd for finite systems) and finite
reservolr solutions 2an be placed on a common
dimensionless log-log type surve with all the
standard "empirical" exponential, hyperbolie,
and haimoniz decline curve equations develeped
by Arps. Simple combinations of material
balance equations and new forms of oil well rate
equations from the resent work of Fetkovichlk
illustrate under what c¢ircumstances specifie
values of the hyperbolic decline exponent "b"
should result in dissolved-gas drive reservoirs,
Log-log type curve analysls is then performed
using these curves with declining rate data
completely analogous to the log-log type curve
matching procedure presently being employed
with constant-rate sase pressure transient data,

BASIC EQUATIONS

ARPS' RATE-TIME EQUATIONS

Hearly all conventional decline-curve
analysis is basad on the empirical rate-time
squations given by Arpsh as

alt) _ 1 P ¢

Y L
[1+0D,t] b ’
For b = U, we san obtain the exponential decline
szquation from Eq. 1

aqlt) . _1 e e e e e e

9 Dyt

. (2)

and for b = 1, referred tc as harmonic decline,
we have

a(t) . __1 e e e e e oa (3)
9 [1+D,1]

A unit solution (D, = 1) of Eq, 1 was
developed for values ofi"b" between 0 and 1
in 0.1 increments. The results are

a set of log-log type curves (Fig. 1
of a decline-curve dimensionless rate

_oalw)

q,
o T ey

lotted as
in terms

. )

and a decline-curve dimensionless time

tpg = Dyt ¢ > 5w o o & ¢ L5)

From Fig, 1 we see that when all the basic
decline-zurves and normal ranges of "b" are
displayed on a single graph, all curves coincide
and become indistinguishabls at t,, = 0.3. &ny
data existing prior to a t,. of ODg will aprear
to be an exponential decline regardless of the
true value of b and thus plot as a straight line
on semi-log paper, 4 statistical or least-
squares approach could calculate any value of
b betwsen O and 1,

ANALYTICAL SOLUTIONS (CONSTANT-PPESSURE T
INNER BOUNDARY

Constant well pressure solutions to prediect
declining producticn rates with time were first
published in 1933 b{ Moore, Schilthuis and
Hu::stlo, and Hurstll, Kesults were rresented
for infinite and finite, slightly compressible,
single-phase plane radial flow systems. The
results were presented in graphical form in
terms of a dimensionless flow rate and a
dimensionless tima. The dimensionless flow rate
qp an be expressed as

ngl.agm,ujs B ()
D khpi-pwf

and the dimensionless time t, as

b = 0.0063L kt o b e
D 2
¢p:tr

. (7

The original pubhﬂations did not inelude
tabular values of q For use in this
paper infinite solugion vaEues were obtained
from Ref, 15, while the finite values were
obtained from Ref, 16, The infinite solution,
and finite soluticns for r_/r from 10 to
100,000, are rlotted on Fifs,"2-2 and 2-b,

Fetkovich, M.J.: "Decline Curve Analysis Using Type Curves," Paper SPE 4629
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Most engineers utilize the constant-
pressure solution not in a single sonstant-
rressure problem but as a series of constant-
pressure step functions to sclve water influx
preblems using the dimensionless sumulative
production Q (13). The relationship between
QD and ap is

deD)_
dt,

P € )

=°‘D

Fetkcvichl7 rresented a simplified approach
to water influx calsulations for finite systems
that gave results whizh compared favorably
with the more rigorous analytical sonstant-
pressure solutions. Equation 3 of his rparer,
for a constant-pressure Pyps 020 be written as

I, (py = Be)
alt) = —2 q:. wf .o (9)
[:i:ma.x t
N .
e B
but
qQ =9, {pi-pwf) e e e . (10)
and g = (qi)ma.x e e e .. (11)
o }',i

Substituting Eo, 11 into 10 we can write

(a.) _ e .. . (12)

1" max [1 ) EEE'!
J
Now substituting Eq, 10 and 12 into 9 we obtain

Q. t

[ S
j2
1 ,_"1_) N
a(t) = e ( By Py

a, .. (13)

Equation 13 can be considered as a deri-
vation of the exponential decline equation in
terms of reservoir variables and the constant-
rressure imposed on the well, For the same
well, different values of a single constant
oazk~pressure p_. will always result in an
exponential dee'ﬁne i.e., the level of back-
pressure does not change the type of decline.
For p =0, a more realistic assumption for
a welf'on true wide-cpen decline, we have

[ () ]
at) _ o M

q. .

1

In terms of the empirical exponential
decline-curve, Eq. 2, Di is then defined as

(gy)
=__N_max__ P ¢ £

pi

In terms cf a dimensionless time for
decline-curve analysis we have from Egs, 5 and

15
(q,)

o [gne ]
=

Dafining N_, and (q,) in terms of reservoir
ve.‘.riableﬁ,l:tl 1 max

(16)

2 2
MR . LIRS 6
pi 5.615 B
and
Kkhpy .. (18)
(qi)m.a.x

Li1.3 uB [m(:—e)- %]
w

The decline-curve dimensionless time, in terms
of raservoir variables, becomes

" 0,006}5 kt

Dd ¢“°t rw2
) — 1 . .. (19)
1[G o[ (-4
or t‘D

. -

© @) () - 3]
e . s e (20)

To obtain a decline-curve dimensionless
rate qu in terms of q

- ). 1
g = Tq 9 [ln(rw) 2]. .. (21)

or _ a(t) . (22)
9pq kh (p; - B,
3 Ta)_ 1
el [l“ (?{3) 2 }

The published values of g, and t, for the
infinite and finite constant-pressure soutions
were thus transformed into a deeline-curve
dimensionless rate and time, gq_. and t. .,
using Eqs, 20 and 21. Fig. 3 M. plagdof
the newly defined dimensionless rate and time,
Qpq and ty,, for various values of re/rw.

At the onset of depletion, {(a type of
pseudo-steady state) all solutions for various
values of r /rw develop exponential decline
and convergé to a single curve. Figure L4 is
a combination of the constant-pressure
analytical soiutions and the standard "empiri-
cal" exponential, hyperbolic, and harmonic
decline~curve solutions on a single dimension-
less curve., The exponential decline is
common to both the analytical and empirical
solutions, Note from the compusite curve
that rate data existing only in the transient
period of the constant terminal pressure
solution, if analyzed by the empirical Arps
approach, would require values of "b" much
greater than 1 to fit the data,

SOLUTIONS FROM RATE 4ND MATERIAL BALANCE
EQUATIONS

The method of combining a rate equation
and material balance equation for finite
systems to obtain a rate-time equation was
outlined in Ref. 17, The rate-time equation
obtained using this simple approach, whizh
neglects early transient effects, yielded
surprisingly good results when compared to
those obtained using more rigorous analytical
solutions for finite aquifer systems, This
rate-equation material-balance approach was
used to derive some useful and instructive
decline-curve equations for solution-gas drive
reservoirs and gas reservoirs.

KATE EQUATIONS

Until recently, no simple form of a rate
equation existed for solution-gas drive reser-
voir shut-in pressure. Fetkovichll has
proposed a simple empirical rate equation for
solution-gas drive reservoirs that yields
results which compare favorably with computer
results obtained using two-phase flow theory.
The proposed rate equation was given as

P,
a, = dyy (i) (Bg" - B . . (23)

where n will be assumed to lie between 0.5 and

A:\lthough the above eguation has not been
verified by field results, it offers the
opportunity to defina tha dealins axponeni.

(1/b} in terms of the back pressure curve
slope (n) and to study its range of expested
values., Also, the initial decline rate D,

can be expressed in terms of reservoir
variables, One further simplification used

in the derivations is that p . =0. For s
well on decline, p . will usuilly be maintained
at or near zero to maintain maximum flow rates.
Equation 23 then becomes

a, = Iy (;ﬁm} B o e . . (230)

The form of Eqs. 23 and 234 could also
be used to represent gas well behavior with
a pressure dependent interwell permeability
affect defined by the ratio (P-/Es.). The
standard form of the gas well Tate equation
is usually given as

-2 2
a, = C, (B - Ry )"

" ¢ . (24)

MATERIAL BALANCE EQUATIO" 3

Two basic forms or a material balance
equation are investigatsd in this siudy,
pp is linear with N_or G , and Ei‘? is lipear
with N or Gp (See Prigs.P5a and L). The

linearP ER relationship for oil is

Pry

By = - (Npi) N+ By .o - o (29)

Pry
and for gas
By = _(Egi) G+ By oo+ o+ (26)

Equation 25 is a good approximation for
totally undersaturated oil reservoirs, or
is simply assuming that during the decline

period vs. N_ can be approximated by
a straight line.P For gas reservoirs, Eq. 26

is correct for the assumption of gas com~
pressibility (2) = 1.

In terms of F, A being linear with cumu-
lative production, we would have

..22_(_1}?;_1?_) N+§ai2

Py e (27)

. s s

This form of equation results in the typieal
shape of the pressure (p,) vs. cumulative
rrodustion (Mp) relaticnshir of a selution-pas
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drive reservoir as depicted in Fig. 5-b.
Applicaticns would be more appropriate in non-
prorated fields, i.e., wells are produced wide-
open and go on decline from initial production.
This would more likely be the case for much 18
of the decline-curve data analyzed by Cutler
obtained in the early years of the oil industry
before proration.

RATE-TIME BQUATIONS, OIL WELLS

Rate-time equations using various combi-
nations of material balance and rate equations
were derived as outlined in Appendix B of Ref.
17. Using Eq. 23A and Eq. 25 the resulting
rate-tims equation is

3,0 1
q_. 2ntl

ol
q 2n
[211("2;) t + 1}

. . (28)

B

A unit solution, (qoj./N i) =1, of Eq, 28
is plotted as a log-log tyBe curve for
various values of n, Fig., 6, in terms of the
dezline-curve dimensionless ltime t .( (Fc):r
these derivations withp . =0, q .= (q "
For the limiting range o‘.'t‘fback-prgssure g?ir!vnféx
slopes (n) of 0.5 and 1,0, the Arps empirical
decline-curve exponent (1/b) is 2.0 and 1.5
respectively or "b" = 0,500 and 0.667-
respectively a surprisingly naryow range.
To azhieve an exponential decline, n must

be equal to zero, and a harmonic decline
requires n*e, In practical applications,

if we assume an n of 1,0 dominates in solution-
gas (dissolved-gas) drive reservoirs and b,

vs, N_ is linear for non-uniquely defined
rate-Bime data, we would simply fit the rate-
time data to the n = 1,0 curve, On the Arps'
solution type curves, Fig., 1, we would use
(1/b) =2 or b = 0.667.

The rate-time equatior obtained using
Eq, 23A and Eq. 27 is

%) . . . (29)

q 2nt+l
ol q
o.s(.ii) t o+ ﬁ
pi

The unit solution of Eq, 29 is plotted
as a log-log type curve for various valuss
of n, Fig. 7. This solution results in a
complete reversal from that of the previous
one, n = 0 ylelds the harmonic decline and
n => e gjves the exponential decline. For
the limiting range of back-pressure zurve

slopes (n) of 0.5 and 1.0, the decline-zurve

exponent. (1/b) is 2.0 and 3.0 or b = 0.500 and
0.333 respectively. This range of "b" values
fits Arps' findings using Cutler's deeline-
curve data. He found that over 90 percent

of the values of "b! lie in the range

0<b < 0,5, Ramsay™ found a different
distribution of the value of "b" analyzing
modern rate decline data from some 202 lsases.
His distribution may be more a funzticn of
analyzing wells that have been subject to
proration and ars better represented by the
assumptions underlying the rate-tims solution
given by Eq, 28, i.e., P, vs. N_was linear
over the decline period. P

DECLINE-CURVE ANALYSIS OF GAS WELLS

Decline-curve analysis of rate-time data
obtuined from gas wells has been reported in
only a few instances 19, 20, Using Eq. 24
with p . = 0, and Eq. 26, the rate-time
eguation for a gas well is

qg(t) _ 1

Uy ] o _2n_
[(2;1-1)(—'51) b+ 1} il

. (30)

. .

for all back-pressure curve slcpes whers
n > 0.5,

For n = 0,5, the exponential decline is

obtained
(et
t) &
%Y e B 5]
qgi

The unit solutions of Egs. 30 and 31 are
plctted as a log-log type curve cn Fig, 8. For
the limiting range of back-pressure curve
slopes (n) of 0.5 and 1,0, the Arps decline-
curve exponent (1/b) is ee and 2, or b =0
(exponential) and 0.500 respectively.

The effact of back-pressure on a gas well
is demonstrated for a back-pressure curve
slope n = 1,0 on Fig. 9. The back-pressure
is expressed as a ratio of p /pi. Note that
as poe > Py (Ap=>0) the type cu¥ve approaches
expongntial decline, the liquid case solution.
Whereas back-prassure does not change the type
of decline for the liquid-case solution it
does change the type of decline in this case,

Using the more familiar rate and material
balance equations for gas wells, we can obtain
the cumulative-time relationshir by integrating
the rate-time equations 30 and 31 with

G =

t
o S e L G2)

For n > 0,5 we okttain

1
G q G-y P
£ 1-[+ (1) (-gi) t] . .(33)
and n = 0,5

G N <}

F-1-€ (G)t. e .. (34)

Log-log type curves of Egs. 33 and 34 could
be prepared for convenience in obtaining
cwnulative production.

TYPE CURVE ANALYSIS

Recent, papers by Agarwal, Ms ) Hameyﬁ,
Raghavan, st.al.! and Gringarten, %3,
have demonstrated or discussed the application
and usefulness of a type-curve matching
pro.edure to interpret constant-rate pressure
bvild-up and drawdown data., van Poolen
demonstrated the application of the type-
curve procedure in analyzing flow-rate data
obtained from an oil well producing with a
constant pressure at the well bore, All of his
data, hcwever, were in the early transient
period. No depletion was evident in his
examples. This same type-curve matching
procedure can be used for decline-curve
analysis,

The basic steps used in type-curve matching
declining rate-time data is as follows:

1. Plot the actual rate versus time data
in any convenient units on log-log tracing
paper of the same size cycle as the type curve
to be used. (For convenience all type curves
should be plotted on the same log-log scale so
that various solutions can be tried.

2. The tracing paper data curve is
placed over a tyre curve, the coordinate axes
of the twe curves being kept parallel and
shifted to a position which represents the
best fit of the data to a type curve, More
than one of the type curves presented in this
paper may have to be tried to obtain a best
fit of all the data.

3. Draw a line through and extending
beyond the rate~time data overlain along the
uniquely matched type curve. Future rates are
then simply read from the real-time scale on
which the rate data is plotted.

L. To evaluate decline~curve constants
or reservoir variables, a match point is
selezted anywhere on the overlapping portion
of the curves and the coordirnates of this

SPE 4629

common point on both sheets are recorded.

5., 1f none of the type curves will
reasonably fit all the data, the departure
curve method 15, 22 ghould be attempted.
This method assumes that the datza is a com~
posite of two or more different decline-
curves. After a match of the late time data
has been made, the matched curve is extra-
polated backwards in time and the departure,
or difference, between the actual rates and
rates determined from the extrapolated curve
at corresponding times is replotted on the
same log-log scale. An attempt is then made
to match the departure curve with one of the
type curves. (A% all times some consideration
of the tyre of reservoir producing meck2nism
should be considered.) Future predictions
should then be made as the sum of the rates
determined from the two (or more if neceded)
e’ trapelated curves,

TYPE CURVE MATCHING EXAMPLES

Several asxamples will be presented to
illustrate the method of using type curve
matching to analyze typical declining rate-~
time data, The tyre curve aprroach provides
unique sclutions upon which engineers :an
agree, or shows when a unique solution is not
possible with a type curve only. In the event
of a non-unique solution, a most probable
solution can be obtained if the producing
meshanism is known or indicated.

LRPS' HYPERBOLIC DECLIN: EXAMPLE

Fig. 10 illustrates a type curve match
of Arps' example of hyperbolie declineh,
Every single data point falls on the b = 0,5
type curve. This mateh was found to be unique
in that the data would not fit any other value
of "b", Future producing rates can be read
directly from the real-time scale on which
the data is plotted. If we wish to determine
q, and Dy, use the match points indicated on
Fig. 10 as follows

t 1000 BOPM
Q.. =0.33 = alt) . 2000 BOPM
& 9 Y
_ 1000 BOPM  _
Y= G330 - 30,303 BOPM

th =12.0 = Dit o Di 100 MO,

12,0 _ -1
Di m = (0,12 MO-.
The data could have also been matched
nusing the trrs Jurves on igs, 6 and 7. In

both cases the matzh would have peen obtained
with a vack-pressure curve slore n = C.5 which
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is equivalent to b = 0.,5. Match points
determined from these curves could have been
ﬁsed to calculate 9y and 9 /N i and finally

pl’

The fact that this example was for a lease,

a group of wells, and not an individual well
raises an impertunt question. Should there be
a differénce in results between analyzing eazh
well individually and summing the results,
or simply adding all wells production and
analyzing the total lease production rate?
Consider a leas2 or field with fairly uniform
reservoir properties, "b" or n is similar fur
eash well, and all wells have been cn dezline
at a similar terminal wellbore pressure, p )
for a sufficient period of time to reach r‘geudc-
steady state. According tb Matthews ot,al,?
"at (r.seudo) steady state the drainage volumes
in a bounded reservoir are proportional to the
rates of withdrawal from each drainage volume,"
It follows then that the ratio q,/N . will
be identical for each well and thiis E;ia sum of
the results from each well will give the same
results as analyzing the total lease or field
production rate, Some rather dramatic illus-
trations of how rapidly a readjustment in
drainage volumes can take place by changing
the produztion rate of an offset well or
drilling an offset well is illustrated in a
paper oy Marsh?t, Similar drainage volume
readjustments in gas reservoirs have alsc been
demonstrated by Stewart?>,

For the case where some wells are in
different portions of a field separated by a
fault or a drastic permeability change,
readjustment of drainage volumes proporticnal
to rate cannot take place among all wells., The
ratio q%/N may then be different for different
group of 'Rglls. A total lease or field
production analysis would then give different
results than sumnming the results fron individual
well analysis, A similar situation can also
exist for production from stratified reservoirs
26, 275 (no-crossflow).

ARPS' EXPONENTIAL DECLINE EXAMPLE

Fig. 11 shows the results of a type curve
analysis of Arps' example of a well with an
apparent exponential decline. In this cass,
there is not suffieient data to uniquely
establish a value of "b", The data essentially
fall in the region cf the type curves where all
curves coincide with the exponential solution,
As shown on Fig, 1l a value of b =0,
(exponential) or b = 1,0 (harmonic) appear to
fit the data equally well, (Of course all
values in between would also fit the data.)

The difference in forezasted results from the
two extreme interpretations would be great in
later years. For an economic limit of 20 BOPM,

the exponential interpretation gives a total
life of 285 MONTHS, the harmonic 1480 MONTHS,
This points out yet a further advantage of
the type curve approash, all possible alternate
interpretations zan be conveniently placed on
one curve and forecasts made from them. A
statistical analysis would of course yield a
single answer, but it would not necessarily be
the correct or most probable solution, Con-
sidering the various producing mechanisms we
sould select.

a) b =0, (exponential), if the reservoir is
highly undersaturated.

b) b =0, (exponential), gravity drainage with
no free surface28,

e} b= 0'52 gravity drainage with a free
surface<t,

d) b = 0,667, solution-gas drive reservoir,
(n=1,0) if Py vs. N_ is linear.

e) b = 0,333, solution-gas drive reservoir,
(n = 1,0) if 51.‘2 vs. N_ is approximately
linear, F

FRACTURED WLl EXAMPLE

Fig, 12 is an example of type curve
matehing for a well with declining rate data
available both before and after stimulation,
(The data was obtained from Ref, 1,) This
type problem usually presents some difficulties
in analysis. Both before and after frac. log-
log plots are shown on Fig. 12 with the after
frac. data reinitialized in time, These before
and after log-log plots will exactly overlay
sash other indlcating that the value of "b"
did not change for the well after the fracture
treatment. (The before frac. plot can be
zonsidered as a type curve itself and the
after frac. data overlayed and matched on it.)
Thus all the data were used in an attempt
to define "b", When a match is attempted on the
Arps unit solution type curves, it was found
that a "b" of between 0.6 and 1,0 could fit
the data, Assuming a solution-gas drive, a
match of the data was made on the Fig. 6
type curve with n = 1,0, b = 0,667,

Using the match points for the before
frac, data we have from the rate match point,

t 1000 BOPM
Qn, = 0,243 = g (t) . 1000 BOPM
od 91 %1

_ 1000 BORM _
9 203 4115 BOPM

From the time match point,

= 0.60 = (:_op_i_) t

t

= (4115 BOPM) (100 MO

Dd
Npi

. %i 4115 BOPM

-1
2L - = ,006000 MO
A . .
" 85,833

Now using the match points for the after
frac. data we have from the rate matsh point,

- a (1) 1000 BOPM
apy = 0.134 3 a
oi ol
9)

From the time match peint

b =1.23 =( qoi) + = 7463 BOPM) (100 10, )
na " e ] N
pi

pi
Npi - (1@3]‘3?;4) (100 MO,) = 660,442 BBL
then
a .
Joi _ 7463 BOPM  _ -1
" 660,442 BBL .011300 MC,

We can now check the two limiting condi-
tions to be zonsidered following an insrease
in rate after a well stimulation. They are:

1, Did we simply Pbtain an acceleration
of preduction, the wells reserves remaining
the same?

2. Did the reserves increase in direzt
proportion to the increase in producing rate
as a rsss%t of a radius of drainage read-
justment<?7 Before treatment, N_, was found
to be 685,833 BBL, Cumilative pFeduction
determined from the rate data prior to stim-
ulation was 223,500 BBL. N_, then at the
time of the frasture treatm&%t is

Npi = 685,833 EBL - 223,500 BBL = 462,333 BBL,

If only accelerated prodution was _cbtained and
the reservee remained the same, 4 arter

N
pi
the fracture treatment should have been

BOFM

3 oy ~L
62,333 BBL 0.016142 MO,

Aetual (q oi/Npi) after treatment was 0,011300

M0,™L, If the ressrves incressed in direct
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_ (4115 BOPM) (10C MO.) _ proportion to the flow-rate, the ratio q /K
Mp:!. - 0.60 = 685,833 BBL should have remained the same as that O- _{i
obtained prior to treatment or 0,006000 MO,”",
then This then would have indicated an Npi of

N - Zh63 BOPM _

i T 006000 MO,~ T 1,243,833 BBL

Actual in:rease in reserves as a result
of the frasture treatment appears to lie
between ths two sxtremes., Based on ths
method of analysis used, the aztual insrease
in reserves attributable to the fracture treat-
ment is 198,109 BBL, (660,442 BBL - 462,333 BBL)

STRATIFIED LESZRVOIR EXAMFLE

This example illustrates a method of
analyzing decline-curve data foi a layered
(no-srossflow) or stratified reserveir using
tvpe surves., The aata is taken from Lief. 18
and is for the East Side Colinga Fizsld.
Ambrose?? rresented a cross seztion of the field
showing an urrer and lower oil sand serarated
by a continuous blazk shale. This layered
deseription for the field along with the
prediztive equation for stratified reservoir
presented in Ref. 2G led to the idea of using
the departure curve method (differencing) to
analyzed dezline-curve data,

After Russell and Fratsz?, the produztion
rate of a well (or field) at pseudo-steady
state producing a single phase liguid at
the same constant wellbore pressure, (;.w =0
for simplicity), from two stratified layérs is

9 g
G .
ar(t) =q5, e VY1 +aq,e VP2

... J(35)
or
ap(t) =q; (1) +g, () . . . . (36)

The total produstion from both layers then
is simply the sum of two separate forecasts.
Except for the special case of the ratio
a, /N 4 being equal for ioth layers, the sum
o} tWo exponentials will not in general result
in another exponential, .

In attempting to match the rate-time data
to. a type curve, it was found that the late
time data can be matched to the exponential
(b = 0} type surve. Fig. 13 shows this match
of the late time data designated as layer l.
With this match, the curve was extrapolated
backwards in time and the departure, or
differance, between the actual rates determined
from the extrapolated curve was replotted on
the same log-log scale. See TABIE 1 for a
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summary of the departure curve results, The or back-pressure, The departure curve representad | wellbore radius r ' (obtained from the build-
differenze or first departure curve, layer by q, on Fig. 14 should exactly overlay the up analysis) is used to obtair a good match

2, itself resulted in a unique fit of the kh (p; - p.o) curveé represented by q%. If it does in an between build-up anc decline-zurve calculated
exponential type surve, thus satisfying Eq. 35 q (t) = i wfl actual field example, the future forecast is kh. -

which ean now be used to forecast the future
production. Using the match points indizated
on Fig. 13 to evaluate g, and D, for each
layer the predictive equ%tion b%comes

- (0.200)t

aplt) = 58,824 BOPY e +

50,000 BOPY e = (0+535)t
where t is in years.

Higgins and lachtenbergjo named the sum
of two exponentials the double semilog, They
reasoned that the degree of fit of empirical
data to an equation insreases with the number
of constants.

This interpretation is not claimed to be
the only interpretation possible for this set
of data., A match with b = 0,2 can be obtained
fitting nearly all of the data points but can
not be explained by any of the drive mezhanisms
so far discussed. The layered concept fits
the geologi> descrirtion and also offered the
opportunity to demonstrate the departure curve
method, The departure curve method essentially
places an infinite amcunt of combinations of
type curves at the disposal of the engineer
with which to evaluate rate-time data.

EFFECT OF A CHANGE IN BACK-PRESSURE

The effeat of a change in back-pressure
is best illustrated by a hypothetical single
well problem. The reservoir variables and
conditions used for this example are given
i Table 2, The analytical single-phase
1liquid solution of Fig, 3 is used to illu-
strate a simple graphical forezasting super-
position procedure. The inverse proc :dure,
the departure or differencing method can be
used to analyze decline-curve data affected
by back-pressurs changes.

After Hurst.lz, suparrosition for the
sonstant-pressure case for a simple single
pressure change can be expressed by

kh (pi " pwfl)

q (1) = < qm(tm)
141,3(:B) [1n (;ﬂ) - %}
W
kb (g, = Pypo)

141,3(pB) [m(;;‘-) -

apq(tpg=tpgr)

lI\JII—"

11.3(uB) [m (;i)- %]

B - F

apg(tny) + [ sl wfz] apg(tpg — togy)
Py = Py

. (3

. ¢ &+ s e s .

Up te the time of the pressure change
Pyp2 8t thl the well production is simply

q, a® deplcted on Fig, 14, The g, forecast
a& a function of time is simply m&de by
evaluating a single set of mateh points using
the reservoir variables given in Table 2,

1=
At p o and r'a/r-w 100

t =1 DAY; t_ . = 0.006967

Dd

ql(t) = 697 BOPD; A = 2,02

Flot the rate €97 BOPD and time of 1 day

on log-log tracing paper on the same size
cycle as Fig., 3. locate the real-time
points over the dimensionless time points on
Fig. 3 and draw in the r_/r' curve of 100 on
the tracing paper, Read flow rates as a
function of time directly from the real time
scale.

When a change in pressure is made to Py2
at t., t equal zero for the accompanying
change in rate 95, (really a 4g for super-
postion), this rfte change retraces the q

vs. t., curve and is simply a constant frggtion
of ql
P, = Pup2
9, =4q, wfl_ wi
Py " Furl
or q, at ¢t - 1 day after the rate change is
equal to
a, = 697 BoPD 130-PEL= SR8l = 221 BOPD

The total rate Ap alter the pressure
zhange is g, = a 4 q, as depicted in Fig. 14.
All rates c}‘ flow for“this example were read
directly from the curves on Fig, 1k and summed

at times past the pressure change p_..

The practical application of this example
in decline-curve analysis is that the
departure or difference method can be used
on rate-time data affected by a change in

correctly made by extending both curves and
summing them at times beyond the pressure
change.

CALCULATION OF kh FROM DECLINE-CURVE DATA

Pressure build-up and decline-czurve data
were available from a high-pressure, highly
undersaturated, low-permeability sandstone
reservoir. Initial reservoir pressure was
estimated to be 5790 psia at -9300 ft. with
a bubble-roint pressure of 2841 psia. Two
rield-wide rressure surveys were conduzted while|
the reservoir was still undersaturated., Table
3 summarizes une reservoir prorerties and
basic results obtained from the rressure tuild-
ur analysis on sach well, Note that nearly
all wells had negative skins as a result of
hydrauliz fracture treatments. Also,
arrearing on this table are results obtained
from an attempt to calsulate kh using decline-
curve data available for eazh of the wells,

Ten of the twenty-two wells started on
dezline when they were first placed on
rroduction, As a result, the early production
dezline data existed in the transient period
and a tyre curve analysis using Fig, 3 was
matched to one of the r_/r stams, Other wells
listed on the table, whdrs'an r_/r mat:h is
not indicated, were rrorated wells"and began
their de:line several montks after they were
first put on produstion. For the d22line~
surve determination cf kh, the reservoir pres-
sure existing at the beginning of decline for
each well was taken from the pressure history
match of the two field-wide pressure surveys,
The zonstant bottom hole flowing pressurs for
the wells ranged between 80C and 900 psia.

A tyre curve matzh using de:line-zurve
data to zalzulate kh for well No, 13 is illu-
strated on Fig., 15. A type curve match using
pressure build-up data obtained on this same
well is illustrated on Fig, 16. The constant-
rate type curve of Gringartan et,al.® for
fractured wells was used for matzhing the pres-
sure build-up data, The build-up kh of 47,5
md.~ft. compares very well with the kh of 40.5
MD-FT determined by using the rate-time dezline-
curve data.

In general, the comparison of kh determined
from decline-surve data and pressure build-uj
data tabulated on Table 3 is surprisingly good.
(The pressure build-up analysis was performed
independently by another engineer.) One
fundamental observation to be made from the
results obtained on wells where a match of

re/rw was not possible is that the effective

TYPE CURVES FOR KNOWN RESERVOIR AND FIUID
PROPERTIES

All the type zurves so far discussed wers
developed for decline-curve analysis using
some necessary simplifying assumrtions. For
specific reservoirs, when PVT data, reservoir
variables, and back-pressure tests are
available, type curves could be generated fcr
various relative permeability zurves and
bask-pressures. These curves developes: for
a given field would be more accurate for
analyzing Aacline data in that field, Con~
ventional material balance programs or more
sophisticated simulation models could be used
to develop dimensionless zonstant~pressure 31
type surves as was done by Levine and Fratts
(See their Fip. 11),

CONCIUSIONS

Decline~zurve analysis not only has a
solid fundamental base, but providses a tool
with more diagnostiz power than has previously
been susrested., The type zurve aryroath pro-
vidas unique solutions uyon whizh engineers
can agree, or shows when a unique solution is
not possible with a tyre surve orly. Iln ths
event of a non-unique sclution, e most yrobable
solution zan be obtained if the yroduzing
mezhanism is known or indi-zated.

NOMENCLATURE

b = lisziprozal of dezline surve exponent
(1/b

B = Formation volume factor, res, vol./

surface vol,

ims -1
= Total compressibility, psi

e
C; = Gas well back-pressure curve coeffliclent
Y = Initial Dezline rate, ¢t
€ = Natural logarithm base 2,71828
G = Initial pas-in-plaze, surface measure
G = Cumulative gas production, surface

P measure

= Thiskness, ft.

gy = Productivity index, STK BBL/DAY/PSI
J! = Produstivity index (back-rressure surve
® z0efficient) UTK BBL/UAY/(psi)en
ke = Effective permeability, md.
n = Exponent of back-pressure curve

N = Cumulative oil production, STK BBL
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1‘1Fi = Cumulative oil produstion to a 7. Raghavan, R., Cady, G. V. and Ramey,
reservoir shut-in pressurs of 0, STK H, J., Jr.: '"Well-Test Analysis for
Vertically Fractured Wells", J. Pet. Tazh,
Fy = Initial pressure, psia (hug. 1972) 1014,
By = Reservoir averags pressure (shut-in 8. Gringarten, A. C., Ramey, H. J., Jr. ang
pressure), psia Raghavan, éi.: "Fre;sure Analysis for
_ Fractured Wells", Paper OPE 4051 presentad
Pur = Bottom-hols flowing pressure, psia at the 47th Annual rapn Meethi ,FSa.n
ay = Initial surface rate of flow at t =0 Antonto, Texas, (02t 8-11, 1972).
(a4)ay = Initial wide-open surface flow rate G. MeKinley, R, M.: '"Wellbore Transmissibility
at p . =0 from Afterflcw-Dominated Pressurs Buildup
wi Data", J, Pet, Tezh. (July, 1971) 863,
q(t) = Surface rate of flow at time t
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Decline Curve Analysis Using Type Curves

M.J. Fetkovich, SPE, Phillips Petroleum Co.

Introduction

Rate-time decline curve extrapolation is one of the
oldest and most often used tools of the petroleum
engineer. The various methods used always have
been regarded as strictly empirical and generally not
scientific. Results obtained for a well or lease are
subject to a wide range of alternate interpretations,
mostly as a function of the experience and objectives
of the evaluator, Recent efforts in the area of decline
curve analysis have been directed toward a purely
computerized statistical approach, its basic objective
being to arrive at a unjque ““unbiased’” in-
terpretatnon As pointed out in a comprehensive
review of the literature by Ramsay,! *‘In the period
from 1964 to date (1968), several additional papers
were published which contribute to the un-
derstanding of decline curves but add little new
technology.””

A new d:recuon for decline curve analysis was
given by Slider? with his development of an overlay
method to analyze rate-time data. Because his
method was rapid and easily applied, it was used
extensively by Ramsay in his evaluation of some 200
wells to determine the distribution of the decline
curve exponent b. Gentry’s? Fig. 1 displaying the
Arps® exponential, hyperbolic, and harmonic
solutions all on one curve also could be used as an
overlay to match all of a well’s decline data.

0149-2136/B0/0006-4629300.25
Copyright 1880 Society of Peiroleum Engineers

However, he did not illustrate this in his example
application of the curve.

The overlay method of Slider is similar in principle
to the log-log type curve matching procedure
presently being employed to analyze constam—rme
pressure buildup and drawdown data.’® The ex-
ponential decline, often used in decline curve
analysis, readily can be shown to be a long-time
solution of the constant-pressure case.'013 ¢
followed then that a log-log type curve matching
procedure could be developed to analyze decline
curve data.

This paper demonstrates that both the analytical
constant-pressure infinite (early transient period for
finite systems) and finite reservoir solutions can be
placed on a common dimensionless log-log type
curve with all the standard *‘empirical’ exponential,
hyperbolic, and harmonic decline curve equations
developed by Arps. Simple combinations of material
balance equations and new forms of oilwell rate
equations from the recent work of Fetkovich!*
illustrate under what circumstances specific values of
the hyperbolic decline exponent & should result in
dissolved-gas-drive reservoirs. Log-log type curve
analysis then is performed using these curves with
declining rate data completely analogous to the log-

Note: The suthor's full-size typs curves with grid suitabls for actual use ara
available on written request from SPE Book Crder Dept., 6200 N. Central Ex-
pwy., Dallas, TX 75208, Specify SPE 5085 and include $3 propayment for each
order of “Types Curves for Decli Analysis Using Typ

This paper demonstrates that decline curve analysis not only has a solid fundamental
base but also provides a tool with more diagnostic power than has been suspected
previously. The type curve approach provides unique solutions on which engineers can
agree or shows when a unigue solution is not possible with a type curve only.

JUNE 1980
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e

Fig. 1 — Type curves for Arps' empirical rate-time decline
equations, unit solution (D; = 1).

s

T Ta: nr-r.-l'

Fig. 2A ~ Dimensioniess flow rate functions for plnnc
radial system, infinite and finite outer bound:
constant pressure at inner boundary. '0.11.15.18

Fig. 2B — Dimensionless flow rate functions for plane
radial system, infinite and finite outer boundary
constant pressure at inner boundary. 10.11.15.16

log type curve matching procedure presently being
employed with constant-rate case pressure transient
data.

Arps’ Rate-Time Equations

Nearly all conventional decline curve analysts is
b&wd on the empirical rate-time equations given by
Arps as

q(r) 1
. T T )

[1+6D41] e
For b = 0, we can obtain the exponential decline
equation from Eq. 1,
g(r) 1
qi ot
and for b = 1, referred to as harmonic decline, we
have
q() 1
N TEY -
A unit solution (D; = 1) of Eq. 1 was developed for

values of b between 0 and 1 in 0.1 increments. The
results are plolled as a set of log log type curves (Fig,

.................... @

1) in terms of a decline curve d rate,
g(n
e N )]
qi
and a decline curve dimensionless time,
Fpa M.k e omsnsaiiamessasse (5)

From Fig. | we see that when all the basic decling
curves and normal ranges of b are displayed on a
single graph, all curves coincide and become in-
distinguishable at 75, = 0.3. Any data existing
before a 1p,; of 0.3 will appear to be an exponential
decline regardless of the true value of b and, thus
plot as a straight line on semilog paper. A stausucai
or least-squares approach could calculate any value
of b between Oand 1.

Analytical Solutions

(Constant-Pressure at Inner Boundary)
Constant well pressure solutions to predict declmmg
producnon rates with time were published first in
1933 F Moore, Schilthuis and Hurst,!® and
Hurst.'l Results were presented for infinite and
finite, slightly compressible, single-phase plane

- radial flow systems. The results were presented in

graphical form in terms of a dimensionless flow rate
and a dimensionless time. The dimensionless flow
rate g can be expressed as

141.3 (1) uB_

e e 6
4D KA Br—Pup) (6)
and the dimensionless time ¢ as
g = 0.00634 k¢ o
D = W A oraaraaraasr e

The original publications did not include tabular
values of gy, and r5,. For use in this paper infinite
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solution values were obtained from Ref. 15, while the
finite values were obtained from Ref. 16. The infinite
solution and finite solutions for r,/r,, from 10 to
100,000 are plotted in Figs. 2a and 2b.

Most engineers utilize the constant-pressure
solution not in a single constant-pressure problem
but as a series of constant-pressure step functions to
solve water influx problems using the dimensionless
cumulative production Qp.'* The relationship

between Qp and g is
d(Qp)
— c cessiuas tessasannes P |
dtp qp @)

Fetkovich!? presented a simplified approach to water
influx calculations for finite systems that gave results
that compared favorably with the more rigorous
analytical constant-pressure solutions. Eq. 3 of his
paper, for a constant-pressure p,,r, can be written as

J ~Pyy)
i R, ©
[Eqi'.!‘._ ]
N,
but € "
G =g Pi=Duf) seeeeniaann 10)
and
Jp = @dwax (n
P
Substituting Eq. 11 into Eq. 10 we can write
@ max = — e i, 12)
[, _ Pw
pi

Now substituting Eqs. 10 and 12 into Eq. 9 we obtain

_[ at }
aw _, LO-F]

q;

........... (13)

Eq. 13 can be considered as a derivation of the ex-
ponential decline equation in terms of reservoir
variables and the constant-pressure imposed on the
well. For the same well, different values of a single
constant backpressure p, - always will result in an
exponential decline — i.e., the level of backpressure
does not change the type of decline. For Puwr=0,2
more realistic assumption for a well on true wide-
open decline, we have

_ [ ('ﬂ)-u]’
q(1) Noi
—_— = .

di

In terms of the empirical exponential decline curve,
Eq. 2, D; isthen defined as

(9;) max
Dj= ———— . it
i Ny (15)

In terms of a dimensionless time for decline curve

JUNE 1980
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Fig.3 - D flow rate fi for plane radial
system, infinite and finite outer boundary, con-
stant pressure at inner boundary.

analysis we have from Egs. 5 and 15

(Q.F)mlx]
lm=[--—~— Povesanans verscenesa(16)
Npi

Defining Npy; and (g;)max in terms of reservoir
variables

_ wr2-r,2)échp;

Ny = = RO an
and
khp;
(@) max = ——p————3
ey _ l] & nsaens (18)
MlJu.B[ln(rw) 3
The decline curve di ionl time, in terms of
reservoir variables, becomes
(o 0-00634 ki
Dd ducry,
1
[/ ren2 T B
= ol ) ) &
1G] mGe) -]
or
Ipg = 'p 20
o 1[(2)2_1][111(’—')—1] SR
20L\r, P 2
To obtain a decline curve di ionless rate g py in
terms of g,
g AR
9pg = qu' = qD[ln(r')— 2], ....... @n
or
q(n)
e LR (22)

4 = i —puy)
141.3,‘3[|n(:—')— %]

Thus, the published values of gp and ¢ for the
infinite and finite constant-pressure solutions were
transformed into a decline curve dimensionless rate
and time, ¢y and ¢y, using Egs. 20 and 21. Fig. 3
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Flg. 4 — Composite of analyti

1 and empiri
of Figs. 1 and 3.

| type curves
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Fig. 5A — Graphical representation of material balance
equation.
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Fig. 5B — Graphical representation of material balance
equation.
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is a plot of the newly defined dimensionless rate and
time, g4 and ¢, , for various valuesof r, /r,,.

At the onset of depletion (a type of pseudosteady
state), all solutions for various values of r,/r,,
develop exponential decline and converge to a single
curve. Fig. 4 is a combination of the constant-
pressure analytical solutions and the standard
“‘empirical’’ exponential, hyperbolic, and harmonic
decline curve solutions on a single dimensionless
curve. The exponential decline is common to both the
analytical and empirical solutions. Note from the
composite curve that rate data existing only in the
transient period of the constant terminal pressure
solution, if analyzed by the empirical Arps approach,
would require values of & much greater than 1 to fit
the data.

Soli:tions From Rate
and Material Balance Equations

The method of combining a rate equation and
material balance equation for finite systems to obtain
a rate-time equation was outlined in Ref. 17. The
rate-time equation obtained using this simple ap-
proach, which neglects early transient effects, yielded
surprisingly good results when compared with those
obtained using more rigorous analytical solutions for
finite aquifer systems. This rate-equation material
balance approach was used to derive some useful and
instructive decline curve equations for solution-gas-
drive reservoirs and gas reservoirs.

Rate Equations

Until recently, no simple form of a rate equation
existed for solution-gas-drive reservoirs with which
to predict rate of flow as a function of both flowing
pressure and declining reservoir shut-in pressure.
Fetkovich'® has proposed a simple empirical rate
equation for solution-gas-drive reservoirs that yields
results that compare favorably with computer results
obtained using two-phase flow theory. The proposed
rate equation was given as

where n will be assumed to lie between 0.5 and 1.0.

Although the above equation has not been verified
by field results, it offers the opportunity to define the
decline exponent (1/b) in terms of the backpressure
curve slope (n) and to study its range of expected
values. Also, the initial decline rate D; can be ex-
pressed in terms of reservoir variables. One further
simplification used in the derivations is that p,,, = 0.
For a well on decline, p, , usually will be maintained
at or near zero to maintain maximum flow rates. Eq.
23a then becomes

90 = Joi (‘?“&)(ﬁlizn)-
Pri

The form of Eqs. 23a and 23b also could be used to
represent gas-well behavior with a pressure depen-
dent interwell permeability effect defined by the ratio
(BRr/Pgi)- The standard form of the gas-well rate
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Fig. 8 — Dissclved-gas-drive reservoir rate decline type
curves for finite system with constant pressure at
inner boundary (p,, = 0 @ r,); early transient
effects not included.

equation usually is given as
@ =C (ﬁf —pwf)". ................ 24

Material Balance Equations

Two basic forms of 2 material balance equation are
mvesugaled in this study: pp is linear w1thN or G,
and pR is linear with Np or G, (Figs. 5A and Sé’)
The linear pg relationship for oil is

br= —( 2 )prm, ............. (25)
and for gas
Pr = (5’)6 FPRI e 26)

Eq. 25 is a good approximation for totally un-
dersaturated oil reservoirs or is simply assuming that
during the decline period pr vs. N can be ap-
proximated by a straight line. For gas reservoirs, Eq.
26 is correct for the assumption of gas com-
pressibility Z = 1.,

In terms of pRZ being linear with cumulative
production, we would have

] 2%
R = - \= )N FBRE . e, @n

This form of equation results in the typical shape of
the pressure pp vs. cumulative production N,
relationship of a solution-gas-drive reservoir as
depicted in Fig. 5B. Applications would be more
appropriate in nonprorated fields — i.e., wells are
produced wide open and go on decline from initial
production. This more likely would be the case for
much of the decline curve data analyzed by Cutler!®
obtained in the early years before proration.

Rate-Time Equations for Qil Wells

Rate-time equations using various combinations of
material balance and rate equations were derived as
outlined in Appendix B of Ref. 17. Using Egs. 23b
and 25, the resulting rate-time equation is

JUNE 1980
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Fig. 7 ~ Dissolved-gas-drive reservoir rate dectine type
curves for finlte system with constant pressure at
inner boundary (p,, = 0 @ r,); early transient
effects not included.

50 () 1

= e i 28).

- [2n( doi )r+l] Z:l

A unit solution, go;/Np; = 1, of Eq. 28 is plotted as
a log-log type curve for various values of n (Fig. 6) in
terms of the decline curve dimensionless time fpy.
For these derivations with p,, 0, g5 = (o) max-
For the limiting range of bac{pressure curve slopes n
of 0.5 and 1.0, the Arps empirical decline curve
exponent 1/b is 2.0 and 1.5, respectively, or b =
0.500 and 0.667, respectively — & surprisingly
narrow range. To achieve an exponential decline, n
must be equal to zero, and a harmonic decline
requires # — co. In practical applications, if we
assume an n of 1.0 dominates in solution-gas
{dissolved-gas) drive reservoirs and pp vs. Nis linear
for nonuniquely defined rate-time data, we simply
would fit the rate-time data to the n = 1.0 curve. On
the Arps’ solution type curves (Fig. 1), we would use
(1/b) =3/20r b = 0.667.

The rate-time equation obtained using Egs. 23b
and 27 is

LO Y 29)

Qi [ dai ]mﬂ !
O.S(N:"_)rﬂ

The unit solution of Eq. 29 is plotted as a log-log type
curve for various values of n (Fig. 7). This solution
results in a complete reversal from that of the
previous one; n = 0 yields the harmonic decline and
n — o= gives the exponential decline. For the limiting
range of backpressure curve slopes n of 0.5 and 1.0,
the decline curve exponent 1/bis2.0and 3.0 or b =
0.500 and 0.333, respectively. This range of b values
fits Arps’ findings using Cutler’s decline curve data.
He found that more than 90% of the values of b lie in
the range 0 < b = 0.5. Ramsay' found a different
distribution of the value of b analyzing modern rate
decline data from some 202 leases. His distribution
may be more a function of analyzing wells that have
been subject to proration and are better represented
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Fig.9 - Gas reservoir rate decline type curves with

system with at inner b d
P =0@r,) early transient effects not m-
cluded.

by the assumptions underlying the rate-time solution
given by Eq. 28 — i.e., pg vs. N, was linear over the
decline period.

Decline Curve Analysis of Gas Wells

Decline curve analysis of rate-time data obtained
from gas wells has been reported in only a few in-
stances. %20 Using Eq. 24 with p,,c = 0 and Eq. 26,
the rate-time equation for a gas well is

a0 _ 1

e [(Zn— 1)(%1)r+ 1] BT

for all backpressure curve slopes where n > 0.5.
For n = 0.5, the exponential decline is obtained:

49 _ " () 61

Qei
The unit solutions of Eqs. 30 and 31 are plotted as a
log-log type curve in Fig. 8. For the limiting range of
backpressure curve slopes n of 0.5 and 1.0, the Arps
decline curve exponent (1/5) is @ and 2, or b = 0
(exponential) and 0.500, respectively.

The effect of backpressure on a gas well is
demonstrated for a backpressure curve slope n = 1.0
in Fig. 9. The backpressure is expressed as a ratio of
Pywy/p;. Note that as p,,r — p; (Ap — 0), the type
curve approaches exponential decline, the liquid case
solution. Whereas backpressure does not change the
type of decline for the liquid case solution, it does
change the type of decline in this case.

Using the more familiar rate and material balance
equations for gas wells, we can obtain the
cumulative-time relationship by integrating the rate-
time Eqs. 30 and 31 with

o eeeas(30)

14
G, =[ qgttyar. ....... R—
0
For n > 0.5 we obtain 1
G q (-2
P &
= = [|+(zn—1)( )] Ve 33)
1070

for finite syst with constant
pressum at inner boundary (p,, = constant
@ 1w ), early transient effects not included and
Z = 1 (based on gas well backpressure curve

slope,n = 1).
and forn = 0.5,
(%
G, (G )'
— =1-e S 34)

Log-log type curves of Eqs. 33 and 34 could be
prepared for convenience in obtaining cumulative
production.

Type Curve Analysis

Recent papers by Agarwal et al.,> Ramey,5
Raghavan et al.,” and Gringarten e al.,% have
demonstrated or discussed the application and
usefulness of a type curve matching procedure to
interpret  constant-rate pressure buildup and
drawdown data. Van Poollen?! demonstrated the
application of the type curve procedure in analyzing
flow-rate data obtained from an oil well producing
with a constant pressure at the wellbore. All of his
data, however, were in the early transient period. No
depletion was evident in his examples. This same type
curve matching procedure can be used for decline
curve analysis.

The basic steps used in type curve matching of
declining rate-time data are as follows.

1. Plot the actual rate vs. time data in any con-
venient units on log-log tracing paper of the same size
cycle as the type curve to be used. (For convenience
all type curves should be plotted on the same log-log
scale so that various solutions can be tried.)

2. The tracing paper data curve is placed over a
type curve, the coordinate axes of the two curves
being kept parallel and shifted to a position that
represents the best fit of the data to a type curve.
More than one of the type curves presented in this
paper may have to be tried to obtain a best fit of all
the data.

3. Draw a line through and extending beyond the
rate-time data overlain along the uniquely matched
type curves. Future rates then simply are read from
the real-time scale on which the rate data is plotted.

4. To evaluate decline curve constants or reservoir
variables, a match point is selected anywhere on the
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Fig.10 — Type curve match of Arps' hyperbolic decline
example* (unique match).

overlapping portion of the curves, and the coor-
dinates of this common point on both sheets are
recorded.

5. If none of the type curves will fit all the data
reasonably, the departure curve method!>% should
be attempted. This method assumes that the data is a
composite of two or more different decline curves.
After a match of the late time data has been made,
the matched curve is extrapolated backward in time
and the departure, or difference, between the actual
rates and rates determined from the extrapolated
curve at corresponding times is replotted on the same
log-log scale. An attempt then is made to match the
departure curve with one of the type curves. (At all
times some consideration of the type of reservoir
prod hanism should be considered.) Future
predictions then should be made as the sum of the
rates determined from the two (or more if needed)

extrapolated curves.
Type Curve Matching Examples
Several ples will be p d to illustrate the

method of using type curve matching to analyze
typical declining rate-time data. The type curve
approach provides solutions on which engineers can
agree or shows when a unique solution is not possible
with a type curve only. In the event of a nonunique
solution, a most probable solution can be obtained if
the producing mechanism is known or indicated.

Arps’ Hyperbolic Decline Example

Fig. 10 illustrates a type curve match of Arps’
example of hyperbolic decline.® Every single data
point falls on the b = 0.5 type curve. This match was
found to be unique in that the data would not fit any
other value of b. Future producing rates can be read
directly from the real-time scale on which the data is
plotted. If we wish to determine g; and D;, use the
match points indicated on Fig. 10 as follows.

g(r) _ 1,000BOPM

=003 =
. 4 a
1,000 BOPM
gi = oo = 30,303BOPM .
JUNE 1980

v -~
Ll e e R agyAM

Lo

Fig. 11 — Type curve ysis of Arps” decline
example.*
= 12.0 = D;t = D; 100 months .
12.0 §
D;= ————— = 0.12months ™!,
Y 100 months

The data also could have been matched using the type
curves in Figs. 6 and 7. In both cases the match
would have been obtained with a backpressure curve
slope n = 0.5, which is equivalent to & = 0.5. Match
points determined from these curves could have been
used to calculate g; and g;/N; and finally N;,

The fact that this example was for a lease, a group
of wells, and not an individual well raises an im-
portant question. Should there be a difference in
results between analyzing each well individually and
summing the results or simply adding all wells’
production and analyzing the total lease production
rate? Consider a lease or field with fairly uniform
reservoir properties, b or n is similar for each well,
and all wells have been on decline at a similar ter-
minal wellbore pressure p,,c for a sufficient period of
time to reach p dy state. A ding to
Matthews ef al., 3 “at (pseudo) steady state the
drainage volumcs in a bounded reservoir are
proportional to the rates of withdrawal from each
drainage volume.”’ It follows then that the ratio
q,—/N,,- will be identical for each well and, thus, the
sum of the results from each well will give the same
results as analyzing the total lease or field production
rate. Some rather dramatic illustrations of how
rapidly a readjustment in drainage volumes can take
place by changing the production rate of an offset
well or drilling an offset well is illustrated i in a paper
by Marsh.?# Similar drainage vol
in gas reservoirs also have been demon.slrated by
Stewart.

For the case where some wells are in different
portions of a field separated by a fault or a drastic
permeability change, readjustment of drainage
volumes proportional to rate cannot take place
among all wells. The ratio §;/Np then may be
different for different groups of wells. A total lease
or field production analysis then would give different
results than summing the results from individual well
analysis. A similar situation also can _exist for
production from stratified reservoirs?®?7 (no
crossflow).
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Fig. 12 ~ Type curve analysis of a stimulated well before
and after fracture treatment.

Arps’ Exponential Decline Example

Fig. 11 shows the results of a type curve analysis of
Arps’ example of a well with an apparent exponential
decline. In this case, there are not sufficient data to
establish uniquely a value of b. The data essentially
fall in the region of the type curves where all curves
coincide with the exponential solution. As shown in
Fig. 11, a value of b = 0 (exponential) or b = 1.0
(harmonic) appear to fit the data equally well. (Of
course all values in between also would fit the data.)
The difference in forecasted results from the two
extreme interpretations would be great in later years.
For an economic limit of 20 BOPM, the exponential
interpretation gives a total life of 285 months, the
harmonic 1,480 months. This points out yet a further
advantage of the type curve approach; all possible
alternate interpretations conveniently can be placed
on one curve and forecasts made from them. A
statistical analysis, of course, would yield a single
answer, but it would not be necessarily the correct or
most probable solution. Considering the various
producing mechanisms, we could select (1) & = 0
(exponential) if the reservoir is highly un-
dersaturated, (2) & = 0 (exponential) for gravity
drainage with no free surface,® (3) b = 0.5 for
gravity drainage with a free surface, (4) b = 0.667
for a solution-gas-drive reservoir (n = 1.0) if pp vs.

N is linear, or (5) & = 0.333 forasoiuuon-gas«invc
rcscrvmr (n = L0) if pg* vs. N, is approximately
linear.

Fractured Well Example

Fig. 12 is an example of type curve matching for a
well with declining rate data available both before
and after stimulation. (The data were obtained from
Ref. 1.) This type problem usually presents some
difficulties in analysis. Both before- and after-
fracture log-log plots are shown in Fig. 12 with the
after-fracture data reinitialized in time. These before
and after log-log plots will overlie each other exactly,
indicating that the value of b did not change for the
well after the fracture treatment. (The before-
fracture plot can be considered as a type curve itself,
with the after-fracture data overlaid and matched on
it.) Thus, all the data were used in an attempt to
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define b. When a match is attempted on the Arps unit
solution type curves, it was found that a b of between
0.6 and 1.0 could fit the data. Assuming a solution-
gas drive, a match of the data was made on the Fig. 6
type curve with n = 1.0 and b = 0.667.

Using the match points for the before-fracture
data, we have from the rate match point

{ , PM
qwzo,u3=‘l;u=m._‘

anii oi Goi
1,000 BOPM
oi = "33~ = “115BOPM.

From the time match point,
- — (9
Ipg = 0.60 = (Np;)'

_ (4,115 BOPM)(100months)

Npi
and
_ (4,115 BOPM)(100 months)
Ll 0.60
= 685,833 bbl.
Then,
Goi _ 4,115 BOPM .
2 = ——— = 0.006000 ths ~ " .
Ny - essgm 0 .

Now using the match points for the after-fracture
data, we have from the rate match point

t 1,000 BOPM
aoa = 0134 = 90 _ L0 BOPM
Qoi Doi
and
1,000 BOPM
L= T - 7,463 BOPM .
ol 0.134
From the time match point,
- = (92
tpg = 113 = (Npa):

_ (7,463 BOPM)(100 months)
= 5 i

pi
and
N = 7,463 BOPM)(100 months)
L 113
= 660,442 bbl .
Then,

40i _ 1,463 BOPM

Npi 660,442 bbl
We now can check the two limiting conditions to be
considered following an increase in rate after a well
stimulation:

1. Did we simply obtain an acceleration of
production, the well’s reserves rernnining the same?

2. Did the reserves increase in direct proportion to
the increase in producing rate as a result of a radius
of drainage readjustment??? Before treatment, Ny

= 0.011300 months ™! .
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was found to be 685,833 bbl. Cumulative production
determined from the rate data before stimulation was
223,500 bbl. Then Ny, at the time of the fracture
treatment is

Npi = 685,833 bbl — 223,500 bbl
= 462,333 bbl .

If only accelerated production was obtained and the
reserves remained the same, qi/Np; ; after the fracture
treatment should have been

7,463 BOPM
462,333 bbl

Actual qo,/ after treatment was 0.011300
months ~ IfP' the reserves increased in direct
proportion to the flow rate, the ratio qo,/Np, should
have remained the same as that obtained before
treatment or 0.006000 months ~!. This then would
have indicated that

7,463 BOPM
Np= ————— 1 = 1,3, .
ol = monins =1 = 1,243,833 bbl

Actual increase in reserves as a result of the fracture
treatment appears to lie between the two extremes.
Based on the method of analysis used, the actual
increase in reserves attributable to the fracture
treatment is 198,109 bbl (660,442 bbl — 462,333 bbl).

Stratified Reservoir Example

This example illustrates a method of analyzing
decline curve data for a layered (no crossflow) or
stratified reservoir using type curves. The data are
taken from Ref. 18 and are for the East Side
Coalinga field. Ambrose?® presented a cross section
of the field, showing an upper and lower oil sand
separated by a continuous black shale. This layered
description for the field along with the predictive
equation for stratified reservoir presented in Ref. 27
led to the idea of using the departure curve method

= 0.016142 months ~!.

(diff ing) to analyze decline curve data.
After Russell and Prats,?’ the production rate ofa
well (or field) at pseud dy state prod

a
single-phase liquid at the same constant wellbore
pressure (p,,, = 0 for simplicity) from two stratified

layers is
ar() =g e (_) _(Nﬂ)‘
.............................. (35)
or
g =q (1) +q(0) . ool (36)

The total production from both layers then is simply
the sum of two separate forecasts. Except for the
special case of the ratio g;/N,,; being equal for both
layers, the sum of two exponenuals will not result, in
general, in another exponential.

In attempting to match the rate-time data to a type
curve, it was found that the late time data can be

tched to the expc ial (b = 0) type curve. Fig.
13 shows this match of the late time data designated
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Fig. 13 — Type curve analysis of a layered reservoir (no
crossflow) by differencing.

TABLE1 — SUMMARY OF RATE-TIME DATA FROM
EAST SIDE COALINGA FIELD'™® WITH THE RESULTS
FROM THE DEPARTURE CURVE METHOD

(1) ) m-@
Total Field Layer 1 Layer 2
Time Rale, g7 Rate, q, Rate, q;
(years) (BOPY) (BOPY) (BOPY)
0.5 60,000 52,000* 38,000
15 64,000 42,500* 21,500
25 48,000 34,500 13,500
35 36,000 28,500° 7,500
45 27,500 23,000* 4,500
55 21,250 18,600* 2,650
65 16,250 15,000° 1,250
75 13,000 12,500* 500
85 10,500 10,500 0
9.5 8,500 8,500
105 6,900 6,900
1.5 5,600 5,600
125 4,550 4,550
135 3,800 3,800
14.5 3,200 3,200
15.5 2,750 2,750

*Taken from Layer 1 curve in Fig. 13.

as Layer 1. With this match, the curve was ex-
trapolated backward in time, and the departure, or
difference between the actual rates determined from
the extrapolated curve was replotted on the same log-
log scale. See Table 1 for a summary of the departure
curve results. The difference or first departure curve,
Layer 2, itself resulted in a unique fit of the ex-
ponential type curve, thus satisfying Eq. 35, which
now can be used to forecast the future production.
Using the match points indicated in Fig. 13 to
evaluate g; and D; for each layer, the predictive
equation becomes

gr(f) = 58,824 BOPY ¢~ (02001
+ 50,000 BOPY ¢~ (0:535) |

where £ is in years.

Higgins and Lechtenberg®® named the sum of two
exponentials the double semilog. They reasoned that
the degree of fit of empirical data to an equation
increases with the number of constants.

This interpretation is not claimed to be the only
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TABLE 2 — DATA FOR EXAMPLE PROBLEM OF A CHANGE IN BACKPRESSURE

p; = 4,000 psia
Pury = 1,000 psia
Pwiz = S0 psia

k=1md
h = 1001t
Mo = 1p

B, = 1.50RBISTB
=20x 10"®psi~*
re = 1,053 ft (80 acres)
ry’ = 10.53 ft (stimulated well)

. 0.00634 kt 0.00634 (1) t G
DT suciry 2 {0.20)(1.0§20 x 10~ 5)(10.53) i
1430
AN ... S 1 " -
foa %[(100)7 = 1]{in{100) - 0.5] g deys
Tl q(n - i iU
e K {(p; =P ) 100 (3,000) 5

q{t) = 697 BOPD

wsenfo()-]]

G(t) = Gpg(tpg) 3450rq(t) = 2.02(345)at t = 1day

v O - ]
o

Fig. 14 — Effect of a change in backpressure on decline
using graphical superposition.

interpretation possible for this set of data. A match
with b = 0.2 can be obtained fitting nearly all of the
data points bul cannot be explained by any of the
drive h so far di i. The layered
concept fits the geologic description and offered the
opportunity to demonstrate the departure curve
method. The departure curve method essentially
places an infinite amount of combinations of type
curves at the disposal of the engineer with which to
evaluate rate-time data.

Effect of a Change in Backpressure

The effect of a change in backpressure is illustrated
best by a hypothetical single-well problem. The
reservoir variables and conditions used for this
example are given in Table 2. The analytical single-
phase liquid solution of Fig. 3 is used to illustrate a
simple graphical forecasting superposition
procedure, The inverse procedure, the departure or
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differencing method, can be used to analyze decline-
curve data affected by backpressure changes.

After Hurst,'? superposition for the constant-
pressure case for a simple single-pressure change can
be expressed by

q(1) =

kh(pi—pun)
v, i pa (tpg)
141.3(uB) ln(r—)— 3

w

PR et 77
:41.3@3)[};; Tey_ !]
(rw) 2
kh(p; — pup)
141.3(uB) [m(:i)_ %]

-{apd(tm) + [—"‘—""‘E]qm(rm—tm)}

nd(tpa—Ipa1) »

or

q(n =

Up to the time of the pressure change Puwp 2t tpgi,
the well production is simply g, as depicfed on Fig.
14. The g, forecast as a function of time is made
simply by evaluating a single set of match points
using the reservoir variables given in Table 2. At p,,
and r,/r,, = 100: t = 1day, fpy; = 0.006967, g, (1)
= 697 BOPD, and gpg = 2.02.

Plot the rate 697 BOPD and time of 1 day on log-
log tracing paper on the same size cycle as Fig. 3.
Locate the real-time points over the dimensionless
time points in Fig. 3 and draw in the r, /r,; curve of
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TABLE 3 — COMPARISONS OF kh DETERMINED FROM BUILDUP AND DECLINE CURVE ANALYSIS,
FIELD A(SANDSTONE RESERVOIR);
160-ACRE SPACING,r, = 1,490 ft,r, = 0.25H

Pressure Buildup Results

Decline Curve Analysis Results

Lecture 18 — Fetkovich Method for Production Analysis

psia at —9,300 ft with a bubble-point pressure of
2,841 psia. Two fieldwide pressure surveys were
conducted while the reservoir was still un-
dersaturated. Table 3 summarizes the reservoir

diagnostic power than has been suspected previously.
The type curve approach provides unique solutions
upon which engineers can agree or shows when a
unique solution is not possible with a type curve only.

well é  Swe Skin 1.’ Kh ot Qoq Pi=Pwi kh P properties and basic r.csults obtained from the In the event of a nonunique solution, a most
No. (i) (%) (%) s (ft) (md-ft)  Matched (10,000 BOPM)  (po Bo) (md-ft)  (md) pressure buildup analysis on each well. Note that  probable solution can be obtained if the producing
1 3 94 329 023 03 1205 -+ 052 6658 108 318 nearly all wells had negative skins as a result of  mechanism is known or indicated.
2 128 105 183 -2.65 35 56.7 . 068 7979 48 0.38 hydraulic fracture treatments. Also appearing in this
3 3 99 204 -3.71 103 63.0 - 0.43 8048 60 1.88 table are results obtained from an attempt to
4 & 95 186 -341 78 285 4 058 8273 a1 o4 lonlate kh wsing decline curve. data available for Dummpmcyinee
5 67 102 151 -4.29 183 44.4 20 057 6296 32 0.48 b = reciprocal of decline curve exponent
6 28 103 126 -207 20 579 . 0.60 7624 62 2.21 each of the wells. . (1/b)
7 17 100 175 341 16 16.8 10 1.30 7781 8.3 0.49 Ten of the 22 wells started on decline when they - ¢ 1 P
8 47 81 242 -374 106 16.6 10 1.14 7375 10 .21 first were placed on production. As a result, the early B = formation volume factor, res
g 87 102 180 -4.19 165 104.7 s 0.435 5642 76 0.87 production decline data existed in the vol/surface vol
7 =5, . . M - ibili i=1 (g =1
N 3 b VO By S . oa8 Yoo 2 598 period, and a type curve analysis using Fig. 3 was ¢, = total compressibility, psi~" (pa” ")
1219 111 170 -3.97 133 89 50 3.30 5045 95 050 matched to one of the r,/r,, stems. Other wells listed C, = gas-well backpressure curve coefficient
13 121 13,1 188 -3.85 1;.3 47.: 50 353; ggg ;2 5 (1)::3 on the table, where an r, /r,, match is not indicated, D; = initial decline rate, £~ !
1B 74 4 204 -4.10 150 224, * 1 1 i i I _ fi
15 49 109 286 -359 91 1019 - 0.43 4312 115 2.35 bt ‘;’r‘::du:‘f]"?r‘;f‘:v;“&‘gﬁ" fﬁﬂ;ﬁ::";’; e = natural logarithm base 2.71828
18 35 100 256 —4.57 242 14.3 20 096 5110 24 0.69 5 ¥ Sbel e P B G = initial gas-in-place, surface measure
17 62 88 224 -312 &7 272 . 0.82 8198 35 0.56 the decline curve determination of kh, the reservoir G. = ki oduicti .
18 75 94 181 -150 12 65.1 . 0.52 93 1.24 pressure existing at the beginning of decline for each p = cumulative gas production, surface
% o sl e b 20 o5 6728 a2 0.64 well was taken from the pressure history match of the P him:a"’“'ef i
- . g : 5690 two fieldwide pressure surveys. The constant bot- = thickness, ft (m
21 5 111 185 -219 22 39.1 20 072 5428 30 0.54 : _
2 M 89 225 -379 111 116.0 100 0.48 8114 51 1.28 tomhole flowing pressure for the wells ranged bet- Jo = productwuy index, STB/D/psi (stock-

*fyy’ used from buildup analysis with rg of 1,480 ft

100 on the tracing paper. Read flow rates as a
function of time directly from the real-time scale.

ween 800 and 900 psia.

A type curve match using decline curve data to
calculate k# for Well 13 is illustrated in Fig. 15. A
type curve match using pressure buildup data ob-
tained on this same well is illustrated in Fig. 16. The
constant-rate type curve of Gringarten et al.® for
fractured wells was used for matching the pressure

tank m?/d/kPa)

J; = productivity index (backpressure curve
coefficient) STB/D/(psn)?-" [stock-
tank m3/d/(kPa)"]

effective permeability, md

n = exponent of backpressure curve

When a change in pressure is made to p,,p; at £y, £ buildup data. The buildup k# of 47.5 md-ft compares Ny, = cumulanve oil productive, STB (stock-
= 0 for the accompanying change in rate g; (reallya very well with the kh of 40.5 md-ft determined by tank m?)
Ag for superposition), this rate change retraces the using the rate-time decline curve data. '»i = cumulative oil production to a reservoir

G py ¥8. tpg curve and is simply a constant fraction of
q1:
Pwn —Pup
qz = ql[ Pi—p ] ’
i TPwfl
orat t — 1 day after the rate change,
1,000 psi — 50 psi
= 697 BOPD| —————

K [4.000 psi — 1,000 psl]
221 BOPD
The total rate gy after the pressure change is gy =
g, + g, as depicted in Fig. 14. Flow rates for this
example were read directly from the curves in Fig. 14

It

L n
Seseand 3 3 sssawr
-l

Fig. 15 — Type curve matching example for calculating ki
using decline curve data, Well 13, Field A.

In general, the comparison of kh determined from
decline curve data and pressure buildup data
tabulated in Table 3 is surprisingly good. (The
pressure buildup analysis was performed in-
dependently by another engineer.) One fundamental
observation to be made from the results obtained on
wells where a match of r,/r,, was not possible is that
the effective wellboore radius r;, (obtained from the
buildup analysis) is used to obtain a good match
between buildup and decline curve calculated kh.

Type Curves for Known
Reservoir and Fluid Properties

shut-in pressure of 0, STB (stock-tank
m3)
p; = initial pressure, psia (kPa)
Pg = reservoir average pressure (shut-in
pressure), psia (kPa)
P,y = bottomhole flowing pressure, psia (kPa)
qp = dimensionless rate (Eq. 6)
gpq = decline curve di ionless rate (Eq. 4)
g; = initial surface rate of flowat s = 0
(i) max = initial wide-open surface flow rate at
Py =0
g(t) = surface rate of flow at time ¢

and summed at times past the pressure change Pwp All the type curves discussed so far were developed - g % .

The practical applmauon of this example in dcclmc for decline curve analysis using some necessary Qp = dimensionless cumulative production
curve analysis is that the departure or difference simplifying assumptions. For specific reservoirs, r, = external boundary radius, ft (m)
method can be used on rate-time data affected by a r where PVT data, reservoir variables, and back- r,, = wellbore radius, ft (m)
change in backpressure. The departure curve . pressure tests are available, type curves could be r,’ = effective wellbore radius, ft (m)
represented by g, in Fig. 14 should overlieexactly the = 4 generated for various relative permeability curves £ = tiriie, days for ¢
curve represented by g, . If it does in an actual field 4 and backpressure. These curves developed for a given i b i D .
example, the future forecast is made correctly by . & field would be more accurate for analyzing decline ip = "“_‘“5"’“‘“‘_""5(?“'- ) .
extending both curves and summing them at times 3 data in that field. Conventional material balance tpg = decline curve dimensionless time (Eq. 5)
beyond the pressure change. ] |7 programs or more sophisticated simulation models Z = gas compressibility factor

. - : Id be used to develop dimensionless constant- = viscosity, cp (Pa.s)

Calculation of kh g ’"Wl}; R ccr):ssure t cu: was done by Levine and i ISL‘OS.I ¥, P .
From Decline Curve Data | PR S J,“ Pratts)| (s:ep:helrr;f: ﬁ) ® ’ E=RED R
Pressure buildup and decline curve data were Conclusions Acknowledgment

available from a high-pressure, highly un-
dersaturated, low-permeability sandstone reservoir.
Initial reservoir pressure was estimated to be 5,790
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Fig. 16 ~ Type curve matching example for calculating kh
from pressure buildup data, Well 13, Field A (type
curve from Ref. 8).
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Decline curve analysis not only has a solid fun-
damental base but provides a tool with more
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publish this paper.
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Summary. Case-history studies demonstrate methods of analyzing raic-time data to determine reservoir variables and to predict

future production. Co: lIbore-p analysis technigt

from actual ficld data.

use eXisting g p-fyp type curves and new g p-Tup type curves

Introduction

Since Fetkovich’s! original presentation in 1973, many success-
ful applications have been made with declining rate-time data using
the type-curve approach. Case-history studies of individual 0il and
gas wells, groups of wells in a field, and total fields are presented
in this follow-up paper. Additional papers?” dealing with the
constant-wellbore-pressure solution (which also include the deple-
tion period) have since been published to zid analysis and under-
standing of what is now called “‘advanced decline-curve analysis.”

In essence, decline-curve analysis is a forecasting technique: rate-
time data are history-matched on an appropriate type curve. and
then a forecast is made. Compiex simulation studies proceed simi-
larly. By using basic reservoir engincering concepts and knowl-
edge, we know what direction to take, what type curve(s) to choose,
and where the rate-time data should fit.

Decline-curve analysis must work because it is founded on basic
fluid-flow principles—the same principles used in pressure-transient
analysis. The problem most engineers have had and will continue
to have with decline-curve analysis is bad, erranc, or insufficient
data. Careful atiention to obtaining accurate flow rates, flowing pres-
sures, and downtime should help solve the problem. A good rate-
time analysis not only will give the same results as conventional
pressure-transient analysis, but also will allow a forecast 1o be made
directly at no cost in lost production. For low-permeability stimu-
lated wells, in particular, pressure-buildup testing could be climi-
nated in many cases as being of linle value or economically
unjustifiable because of the resulting production loss when com-
pared with what can be obtained from properly conducted constant-
wellbore-pressure drawdown tests.

Rate-Time Type-Curve Analysis Concepts

The Radial Flow Solution. The fundamental basis of advanced
dec]mc—cuwc analysis is an understandmg of the constant-wellbore-
ions and their corresp g log-log type-curve plots,
whlch are the inverse of the constant-rate soluuon Fig. 1 is acom-
posite of the analytic constant-welibore-pressure solution and the
Arps® exponential, hyperbolic, and harmonic decline-curve solu-
tions on a single dimensionless type curve. The depletion stem values
of b range between O (exponential) and 1 (harmonic), which are
the normally accepted limits. The exponcntial-depletion stem (b=0)
is common to ihc analvh: solution and to the Arps cqu.xhon
Decline-curve d rate and d less time in terms
of reservoir variables are defined for the type curve as

Yo ]
Qap=qp|In\ — =i ... AD
[ i
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Published values of gy and tp, for the infinite and finite constant-
pressure solutions for single-phase radial flow were transformed
into a defined decline-curve dimensionless rate and time, ¢4p and
74p. by Egs. 1 and 4. The values in Fig. 2 were used 10 generate
Fig. 3, which is a plot of the decline-curve dimensionless rate and
time, gp and #gp, for various values of r,/r,, down to 10.

The constant Y4 was used in the final equations with p; (after %,
%. and % were tried), because a better correlation was obtained.
paricularly at small r./r, stems; the constant-pressure-outer-
houndary case during the transient period also overlies the closed-
outer-boundary-case type curve.

The plotted upecurvcﬁ (Figs. 1 and 3) generated from the exact
4p-lp vellbore-p lution are also exact by defi-
nition, although they were generated with the ¥ value. The curves
cannot be used by simply changing % to %. One can only back-
calculate the correct gp-tp from these curves with the value of '4.
The r,/r,. stems were discontinued at a value of 10 because the
carrelation begins to break down as linear instead of radial flow
develops—i.e., as r, approaches r,,.

In Fig. 1, note that a t;; between 0.2 and 0.3 separates the tran-
sient period from the depletion period. Fitting rate-time data to the
Arps equation is valid only when depletion sets in and the transient
period is over. If flowing pressures are available and are not reason-
ably copstant but smooth and monotonically decreasing, the
pressure-normalized rate. log ¢/Ap vs. log . should be used for
analysis.

Rapidly decluung mle data ﬁmng the early transient r,./r,,. stems
are ch of bility d wells and often
result in a unique fit. Snmnlanon causes the rate data to appear
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Fig. 1—Composite of analylic and empirical type curves (after Fetkovich? )

on a small r,/r,, stem, and the low permeability then allows them
to remain on the stem for real-time periods. Data for high-
permeability stimulated wells leave the transient stems and go (o
pseudosteady state almost immediately. Conversely, a well with
a large positive skin producing at a truly constant wellbore pressure
will yield very flat rate declines, indistinguishable from &=0 to
oo, and will also look like a constant-rate situation. Just as we make
alog Ap-log At type-curve plot 1o find the semilog straight line in
pressure-buildup analysis, in decline-curve analysis we must make
a log g-log Ar type-curve plot of rate-time data to see whether the
data are transient.

With regard to the r,/r,, transient stems, we will repeat a state-
ment from the original paper!: ‘‘Note from the composite curve
[Fig. 1] that rate data existing only in the transient period of the
constant terminal pressure solution, if analyzed by the empirical
Arps approach, would require values of # much greater than 1 to
fit the data.” The principal objective of that paper was the devel-
opment of Fig. 1. which provided a method of analysis for tran-
sient data. Transient data should not be interpreted by the Arps
equation.

Fig. 4 illustrates the effect of transposing the r,/r,, stem of 10,
indicative of a low-permeability stimulated well response, and the
refry stem of 10,000, indicative of a large positive skin or
damaged well, to the depletion statc where the Arps equation is
applicable. An equivalent Arps b= 10 approximates the r,/r,, stem
of 10,000; a =3 approximates the r,/r,. stem of 10, They appear
equivalent and on log-log type-curve matching would be

indistinguishable if the Arps exponent b were left unbounded. The
same dlata, if fit on the transient portion to the left of £;5=0.2 and
then extrapolated, must ultimately go down a depletion stem. The:
same data fit 10 an Arps equation with &> ] will extrapolate 1o in-
finity with no rational basis of terminating the forecast. The expo-
nent £ must be bound between 0 and 1.

If we rearrange Eq. 2, we can evaluate the productivity factor
from the gp-q(r) match point:

Kk [ 141248 1[4(1)1

l‘rln(—r"—), .,vj :[ (Pi=Puy) !
L |

Twa

-4up

where r,,, is the effective wellbore radius determined from the skin
effect, i, =r.e ™. The skin term can also include the effect of
the shape factor C, (see Ref. 0).

Assuming that (r,/r,)? is large compared with 1 in the term
{(r,/r,,)2 —1], reintroducing thickness, A, in the t4p equation, Eq.
3, thus (kh/¢h), and substituting Eq. 5 imo Eq. 3. we can obtain
the following equation in terms of the match poim g,p-g(r) and
Lap-t:

uB 17 ¢ N[ gt
| ()
(uedi(pi—pugd 1\ tgp /L gap

This equation gives the PV at the start of the decline analysis.
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It must be pointed out that Eg. 6 is valid only for closed-outer-
boundary situations when the onset of depletion is indicated by the
data showing evidence of starting down one of the depletion stenis.
In the case of water-drive reservoirs, there might be a sufficient
delay in aquifer movement to detect depletion. which could then
be evaluated. Transient data alone with no indication of depletion
are not unique on the g p-Lap type curve of Fig. 1 or 3. Data only
in the transient stage couid fit on every stem. This is more easily
seen if transient data were fit only on the gp-1p type curve (Fig.
2) to the left of r./r,,=10. Clearly, this portion of the curve is
common to all r,/r,, depletion stems from 10 to infinity.

Single-Vertical-Fracture Solution. The 1975 Locke and Sawyer
constant-wellbore-pressure., infinite-conductivity, vertical-fracture
solution type curve (Fig. 5) begins, with regard to depletion stems,
where the radial-flow solutions illustrated in Figs. 1 through 3 leave
off. In terms of effective wellbore radius (ry, =L, /2), r/ry, of
10 approximately equals Ly /L =5, where the single-vertical-
fracture solution more LlOSny represents the physical situation.

W:zh improved stimulation techniques, hydraulic fracture lengths,

, can and do start approaching L, for 5- and 10-acre [2- and

4-] ﬁa] spacings—i.c.. L, /L, —1. The r./r,, stems could easily be
extended to include valucs Jess than 10 \M!h little loss in the type-
curve evaluation accuracy: see Ref. 10 for gp-fp values of r,/r,,
less than 10.

In our experience, the basic type curves of Figs. 1 through 3 and
5 have solved most of our decline-curve analysis problems.

to
1
0001 .001 .01 21 1 9,000

=== INFIMTE CONDUGTIVITY VERTICAL FRACTURE
CONSTANT PRESSURE SOLUTION

-1100

With regard to the early transient period, the dashed line of Fig.
6 illustrates the infinite-conductivity, vertical-fracture solution ex-
pressed in terms of r, =L, /2—i.e.. typ converted (0 Zngp bY
the following equation:  ~

Prna =ALGDE oo )

Rate-time data for a stimulated well can be matched and forecast
on either the infinite-conductivity, vertical-fracture solution or the
plane-radial-flow solution with 7, or effective wellbore radius for
skin, with little practical difference in the resulting forecast. A rapid
decline in rate with time usually identifies a stimulated low-
permeability well. Data fit on a single-vertical-fracture solution do
not identify fracture volume depletion or a naturally fractured reser-
voir. Whether or not an induced stimulation fracture is propag:
down a natural fracture is irrelevant in wdentifying a naturally frac-
tured system.
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(a) intense natural fracturing and magri{: acid
effect; (b) induced single vertical fracture from acid fracture.
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——— NATURALLY FRACTURED RESEAVOIR
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| ==-- HOMOGENEOUS RESEAVOIR (W=

i

Fig. 8—q vs. t, for constant-pressure production (after Da

Prat et al. ).

The question of whether naturally fractured reservoirs can ini-
tially have negative values of skin without stimulation needs to be
addressed because the rapid decay in rate resulting from a nega-
tive skin effect can be and has-been misinterpreted as identifying
a naturally fractured reservoir. We will discuss this again later with

les. If we inc Fig. 7a, rep 2 an intenscly natur-
ally fractured reservoir (similar to the Warren and Root 2 model).
we see from the definition of skin thar for a well drilled in a natur-
ally fractured reservoir to have a negative skin, it must penetrate
a region near the wellbore that has a permeability greater than that
in the interwell region. The likelihood is remote that we could be
so fortunate every time we drill a well in a naturally fractured
hydrocarbon reservoir. Cutting a single vertical natural fracture with
a vertical or subvertical well is equally remote. Wells drilled in
a naturally fractured reservoir will initially have large positive skins
because of heavy mud losses around the wellbore into the natural
fractures. In an intensely naturally fractured limestone reservoir,
an acid treatment generally removes the mud damage and results
in good negative skins, Pressure-transient data obtained after such
a stimulation fit the van Everdingen and Meyer!! matrix-acid so-
lution (a situation where the permeability near the wellbore is truly
altered) as oppused to the single-vertical-fracture solution based on
the model shown in Fig. 7b. In the case of the Greater Ekofisk de-
velopment, the type-curve characteristics are noticeably different
after stimulation. Data fit to the single-vertical-fracture solution
usually result in a low fracture intensity index (FI), whereas data
fit to the matrix-acid solution result in a high FL. The fracture volume
associated with Fig. 7a will be connected to the wellbore; in con-
trast, any fracture volume associated with Fig. 7b may not be con-
nected. In our experience, wells have never obtained a negative
skin in a naturally fractured reservoir except after a stimulation
treatment.

Naturally Fractured Reservoir (Warren and Root Model) Type
Curves. Dual-porosity or naturally-fractured-reservoir type curves
developed by Da Prat er al.® were a significant and timely contri-
bution to decline-curve analysis concepts. The unsupported state-
ment *“fracture depletion” with rapidly deciining rate-time data is
widely used. Careless use of the word ““fractured’” when dealing
with hydraulically fractured wells and the corresponding rapid
decline in rate associated with these successful fracture jobs have
helped perpetuate the fracture-volume-depletion myth.

On the basis of the Da Prat er al. naturally fractured (Warren
and Root model), dual-poresity, constant-wellbore-pressure type
curves, the only identifying characteristic is the double-exponential
decline: depletion of the fracture volume followed by depletion of
the matrix volume. Segments A to B in Fig. 8 repvescm fracture
depletion, and S Bio Crep matrix depl . This
behavior is not equwalcm to the two parallel straight lines from
the constant-rate solution of Warren and Root 2 because theirs was
an infinite-reservoir solution, Two semilog force-fits (double ex-
ponential) of early-time data can be and have been manufactured
by unsuspecting engincers trying to smooth the rate-time data. There
is no indication from the dual-porosity type curves of a #>> 1 any-

640

FRODUCTION
HIBTORY

oL wate

Fig. 9—Overlay of log-rats .-log-time data for individual
Wells A, B, C, and D.

where, except again in the transient portion, which is identical in
character to the homogeneous-reservoir solution. The transient por-
tion can yield only apparen: values of h> 1. Also, the matrix-
depletion stem cun be so flat as to be easily misinterpreted as having
a b much greater than | (see the misplaced r,/r,, stem of 10,000
in Fig. 4). Gas saturations within the matrix block for solution-
gas-drive systems along wiih end effects (little or no oil flow from
the matrix blocks) would appear as large positive skins with respect
to oil flow, further creating long, flat, transient r./r,, stems. Stimu-
lation or removal of matrix skins is not possible.

Log-Log Decline-Curve Plot. If we closely examine Egs. 2 and
3 expressing g1 and consider the nature of the log gn-log r,p
plot, we should recognize that real rate-time data, in any convenient
units, when plotted as log g-log 7 can look exactly like onc of the
qap-typ type-curve plots previously discussed. The data in rate and
time will be shifted from the unit solution only by the coefficient
of g and 7 in ggp and 1,p, respectively. Some basic reservoir
knowledge usually suggests with which type curve, and where on
the curve, we should expect to obtain a-match. By overlaying rate-
time data on Fig. 1 or 3, for example, we can obtain a match of
44D, 1D, TelTiy» and b and evaluate reservoir variables kh, r./r..
5, T, oF PV In 2 given field, all wells should normally be expected
to match the same depletion type curve, although skins could be
different; the axis will be shifted in time and rate for each well only
by the coefficient of g5 and tyn. For gup. the coefficient is

f 7 r ]
141.2;@3{14—‘) -~

Fiva <

ki pi—pug)

and for #;p, the coefficient is

[ 0.00634k 1 1

G2) o))

Fya

[qs(umr»& o,

The overlaying technique is a fundamental concept that leads to
the idea of developing a field type curve from rate-time data alone.
The type curve s¢ developed may or may not appear anything like
an existing solution. Fig. 9 is the log g-log  plots of Wells A through
D in the same field; the match results are given in Table 3 of Ref.
1. First, note that the data from the four weils overlie each other
and have developed a single log-log type curve at least to the range
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of existing data. Essentially, the shift in the rate axis reflects a differ-
ent kh, while the shift in the time axis reflects a different k and
T'wq- We could match and have matched this curve to a known ana-
Iytic solution (Fig, 3). By knowing or cstimating reservoir varia-
bles from some source, such as a complete buildup analysis or
early-time rate-time decline analysis on at least one of the wells,
we can back-calculate vilues of g, and ¢4p. Slight differences in
re/fyq stems appear to be reflected in the carly transient period.
‘The significance of the collapsed g4n-145 plot (Fig. 3) is illustrat-
ed by this example.

The next logical step in the use of type curve and log-log plot
concepts is the development of the total field type curve. Toral field
production can be considered as an ‘‘average well™ times the num-
ber of wells. Wells overlie wells within a field with the same drive
mechanism, so why shouldn’t field rate-time production data from
the same formation with similar drive mechanisms overlie other
fields in the same formation? The reservoir and fluid variables [k,
h, 1, (spacing), Fr,. pos By i oy @, 8, and ¢,] can be differ-
ent for all fields. This concept will be demonstrated with the de-
velopment of the Monterey type curve from historical production
data from several Monterey fields in California.

Arps Limits of b. The Arps stems in Fig. 1, 5=0 to 1, combined
with the analytic transient stems, deserve some discussion. First,

TABLE 1—EDDA 10X WELL: DST 2 SUMMARY OF
ANALYSIS RESULTS (POSTACID) AND RESERVOIR DATA

go-tp
Constant p,,,
Plane Radial
Horner System

k, md 0.95 0.89

s -48 -51

Faas It 40 54

Reservoir Data

¢ 025

S, 0.35

K, €p '0.167

p.. psia 7.043

B,, RBISTB 1,992

h ft 50

ey, psi! 21.6x10-%

while the depletion stems increase from =0 for A=1to b=0.3
for A=0.75. and b=0.5 for A=0.55. Carter’s X is defined as

_ Blpaeg(p)

the data used by Arps to develop and test his original eq

were from real fields and wells. They indicate that real-world data
most often do not follow the single-phase analytic solution for deple-
tion, the »=0 solution. The limits to & that he found by use of Cut-
ler’s data were between 0 and 0.7, with over 90% of the cases having
values less than 0.5: no case was found with a & in excess of 0.7.
Arps’ own experience, however, indicated that 5=1 did occur, but
only rarely.

If we consider the initial declining-rate period as nothing more
than an extended drawdown test, then matching the earfy-time data
on the rate-time type curve for reservoir paramelter evaluation yields
initial permeability, &;, and (uc,); at r==0, the start of the decline
analysis. A value of >0 reflects changing values of (k,,/k,8,)p,
and (u),(c,), during reservoir depletion. For a given drive mech-
anism, &;, (;LL‘,),, and & should be sufficient to describe a type
curve fora g1vsn fii eld or ﬁmmm\)n Theoretically, an oil pseado-

3 Pps» AN di less time, 1,5, could be de-
veloped from a h;alory-mau:hcd kyo-ky, relationship to drive the
rate-time data to the analytic solution b=0: hawever, this is too
complex a procedure and will find little practical use. Neverthe-
less, the pursuit may be worthwhile, perhaps leading to a better
understanding of what causes the different values of b.

Carter'sS study of the effect of pressure level and drawdown on
gas well rate-time behavior provides some insight into what causes
b values to be greater than 0. Examination of his Fig. 1 shows that
the early transient period is unaffected by a variation in (uc,),.
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One could interpolate between his A values by interpolating between
the approximate b values.
A b>0 for solution-gas-drive reservoirs should reflect an increas-
mg total compressibility with increasing gas saturation, Later de-
of other suppl l drives—such as gravity segrega-
tion, limited water movement, late-time crossflow from nonwell-
bore productive layers, and hydrocarbon influx from the periphery
of the reservoir--would tend to increase the vahe of 5.

Decline-Curve Analysis Using Type Curves—
Individual Well Cases

Well M-4X. Well M-4X was the fourth of five appraisal wells
drilled on a carbonate Middle Cretaceous Mishrif structure in the
Middle East. In Jan. 1974, data for production rate vs. time, ob-
tained on a long-duration production test after two separate acid
treatments totaling 14,000 gal [53 m?] 20% HCL. indicated a
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Fig. 13—MHF Well A—type-curve match comparison of data
fit on both the radial-flow, constant-wellbore-pressure solu-
tion and the infinite-conductivity, vertical-fracture solution.

severe decline in production rate. The initial rate declined steadily
from 2,361 to 1.045 BOPD [375 10 166 m*/d oil] after only 160
hours (6.7 days) of testing (see Fig. 10). This high initial decline
rate was generally interpreted to be depletion. More specifically,
it was interpreted as fracture and vug porosity depletion because
some vugs and fractures were identified in the initial core
description.

First and foremost about the test is that it was recognized as a
true constant-wellbore-pressure test where the rate must necessarily
decline with time. The constant welthead flowing pressure observed
during the test of 53 to 55 psi [365.4 to 379.2 kPal, coupled with
the fact that the reservoir fluid was highly undersaturated and should
then have an essentially constant oil head, resulted in a constant
bottomhole flowing pressure (BHFP) during the entire test. A
constant-wellbore-flowing-pressure analysis was made by type-curve
matching the rate-time data on Fig. 2. The match shown in Fig.
10 was unique and conclusively established that the rate-time decline
was a transient ph and not depletion; i.e., the rate-time
data fit the transient portion of the analytic type curve. Depletion
would be |de|mﬁed by the rate-time data overlymg an r./r,

ion stem 10 the reservoir limit test).

Because Ih!: identifying mark of dual-porosity depletion is an
letion stem (d ion of the fracture/vugs) followed
lajerbyammcr ial-depletion stem (depletion of the matrix),

we clearly cannot attribute the well’s rapid decline in rate to the
reservoir’s being naturally fractured or vuggy. The rapid transient
decline rate of the well is the expected behavior of a successfully

imulated well of mod to low p ability. One should look
at the ratio &/u to see what is moderate or low permeability. For
this well,

k, 51 md
—= =25 md/ep |~ 25,000 md/Pa-s].
Bo 23cp
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For a gas reservoir of (.02 cp [0.02 mPa- s}, the same ratio of 25

“would yield a permeability of 0.5 md. Both would exhibit similar

transient behavior.

Using the rate-time data from the 7-day production test, we fore-
cast the well's furure production rate as a function of time by drawing
a line through the rate-time data overlaid on the uniquely matched
portion of the type curve and down a premised r./r,,, stem for an
assumed spacing, r,. At an appropriate rate, the BHFP was low-
ered 10 500 psia [3447.4 kPa] by use of the superposition method
given in Ref. 1.

Well Edda 10X. Well Edda 10X rate-time data taken in Nov. 1973
were obtained on the second appraisal well drilled in the Upper
Cretaceous chalk reservoir of the Edda field, one of several fields
located in the Greater Ekofisk development of the Norwegian North
Sea. A drillstem test taken in Nov. 1973 after an acid fracture treat-
ment, without the use of proppants, indicated a very severe decline
in production rate during the drawdown test. The rate declined from
9,500 BOPD [1510 m3/d oil] at 1 hour to 4,600 BOPD [731 m¥/d
oil] after only 10 hours. The flowing tubing pressure varied from
896 psia [6177.9 kPa] at the beginning of the test to 751 psia [5178.1
kPa] at the end, essentially a constant-wellbore-pressure condition.
Again, as in the Well M-4X test, the rate decline was incorrectly
assumed to be either natural fracture volume depletion, because
the Greater Ekofisk development reservoirs are known to be natur-
ally fractured, or closure of the induced fracture as a result of pres-
sure drawdown—both exotic and simplistic explanations.

Fig. 11 illustrates the type-curve match on the plane-radial-flow,
constant-wellbore-pressure solution with another unique match on
the transient or infinitc-acting period. No exponential depletion,
fracture volume depletion, or any other type of depletion is indi-
cated. It is not possible to determine whether the reservoir is natur-
ally fractured from the rate-time decline. Again, the rapid decline
in rate is the expected behavior of a successfully stimulated low-
permeability well.

An Arps depletion stem match of the data gives an apparent
bh=2.5, which, of course, is invalid.

An evaluation of the gp-fp match and the results obtained from
the pressure-buildup analysis are summarized in Table 1. The values
of pérmeability and skin obtained from the rate-time drawdown anal-
yses and the Horner buildup are essentially the same. To deter-
mine whether the reservoir was naturally fractured, a fracture index,
Jf, was calculated from a permeability value obtained from a
matrix-plug permezability-porosity plot compared with a buildup or
drawdown calculated permeability: '

kgy or kpp 0.9 md
kig—p 0.66 md
For this well, there appears 1o be little natural fracturing at this
location because the index is 1.4. This is not the case. however,
for most of the development wells drilled later in this field. We
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TABLE 2—MHF GAS WELL A: COMPARISON OF PRODUCTION FORECASTS
Infinite-Conductivity
Constant-Pressure  Vertical-Fracture Ref. 13
- Time Solution Solution Simulator Results
(months) (Msci/D) (Msci/D) (Msci/D)
12 182 182 190
18 157 157 1865
24 140 136 150
30 130 128 140
36 122 120 135
42 117 112 130
48 110 108 120
54 108 103 110
80 104 100 105
(years)

B 100 95

7 96 89

8 92 86

9 89 83
10 86 80
11 84 78
12 82 75
13 80 73
14 79 71
15 77 89
16 76 68
17 74 67
18 73 66
19 72 65
20 Fal 64

will demonstrate this in a full-field rate-time analysis of the total
field production.

Fig. 12 illustrates a onc-well forecast that was made before any
development drilling by extrapolating down an r,/r,, stem for the
premised well spacing. Future rates were read from the real-time
scale on which the rate data were plotted. Also shown in Fig. 12
is an extrapolation of the same data fit on an Arps »=2.5, which
is clearly incorrect. Although one would not attempt an Arps equa-
tion fit and extrapolation on only 10 hours of production data, it
serves as the only example in which, using transiem data, false
values of b>1 would severely underestimate production.

To summarize, this example illustrated the ability to develop a
sound technical dectine-curve analysis prediction with basic reser-
voir enginecring principles and only 10 hours of rate-time data.

MHF Well A. Agarwal ef al.'? presented 300 days of rate-time
data for a massive hydraulically fractured (MHF) well. Fig. 13 illus-

trates & type-curve match of their data on the radial-flow, constant-
welibore-pressure solution and the. infinite-conductivity, single-
vertical-fracture, constant-wellbore-pressure solution. Clearly, all
the data lie on the transient or infinite-acting period, and there is
no evidence of depletion. An evaluation of the match points on the
basic radial-flow, constant-wellbore-pressure solution yields
k=0.0081 md. This value is identical to the Agarwal et al. prefrac-
ture test result and is the same value obtained from matching on
the vertical-fracture, constant-wellbore-pressure solution. Calcu-
lated values of skin or Ly, are reasonably close. Table 2 lists the
Agarwal er al. forecast results obtained when their fype-curve anal-
ysis and reservoir and fluid properties were entered into their MHF
simulator. Listed on the far left is the forecast read directly from
the match on the basic radial-flow, constant-wellbore-pressure so-
lution. The middle column is the forecast read directly from the
match on the infinite-conductivity, vertical-fracture, constant-
wellbore-pressure solution. Note the good agreement between the
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Fig. 14—MHF Well A graphic production forecast.
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Fig, 17—West Virginia Gas Well A type-curve fit of 8 years
of production data fit to a b=0 and b=0.5.

graphical lation with the radial-flow, c -wellbore-
pressure solution and their simutator results. Our extended forecasts
from the type-curve matches are, for practical purposes. the same.

Fimting the transient data to the Arps equation resulted in an ap-
parent value of b=2.2; in this case, for the 20-year forecast pcnod
it would not have resulted in as severcly different a forecast as in
the previous Well Edda 10X example.

TABLE 3—WEST VIRGINIA GAS WELL A

Reservoir and Fluid Properties

Gas specific gravity 0.57 (air=1.00)
Porosity 0.06
Waler saturation 035
Qriginal pressure, psia 4,175
Pressure at start of decline, psia 3,268
Viscosity at 3,268 psia. cp 00171
System compressibility at 3,268 osia, psi-'  177x10-%
Thickness, ft 70
Temperature, °F 160
Wellbore radius, ft 0.354
Rate before 106-day pressure buildup, MscliD 2,181
Ap,, psiticp 774x10%
B, at 3,268 psia, sci/ft? 208.8
B at 4,175 psia, scfift® 253.9

casting of rate-time decline would be grossly in error, even if we
correctly estimated a stabilized backpressure curve position from
reservoir variables. On the curve of Fig. 14, note the point at which
the rate departs from the transient siem and starts down the depletion
stem. This point represents the stabilized backpressure curve posi-
tion. The raie at the given Ap? would establish a point on the stabi-
lized backpressure curve.

All early transient production higher than this stabilized rate would
be completely ignored ina cmw_n(mnal deliverability rate-time fore-
cast. Further a com d vility approach
is the inability to get valid reservoir pressures from reasonable-
duration pressure-buildup tests in such a low-permeability well to
determine original gas in place from a p/z-vs.-G,, graph. Additional
discussion of this point occurs later in the San Juan example.

To illustrate more ¢learly the shifting of the backpressure curve
with time to the stabilized curve position, Cullender’s ' Gas Well
No. 3 backpressure curve coefficients—C values for a 214-hour
flow and C values from a four-point isochronal test and 72-hour
deliverability 1ests covering a period of 9 years——were plotted and
matched on the infinite-conductivity, vertical-fracture, constant-
wellbore-pressure solution (Fig. 15). Fig. 16 shows these same data
plotied as a series of backpressure curves shifting with time. (See
Table 3 of Ref. 14 for the complete set of the data.y This well was
initially acid-fractured. Note the near-perfeet fit of all the data on
the infinite-conductivity, vertical-fracture, constant-wellbore-
pressure solution with no indication of wellbore performance de-
terioration. Even after 9 years of production and a 106-psi
[730.9-kPa] reservoir shut-in pressure decline, the 72-hour values
of C fall on the original curve trace.

West Virginia Gas Well A. Well A is a tow-permeability gas well
located in West Virginia. It produces from the Onondaga chert that
has been hydraulically fractured with 50.000 gal [189 m3] of 3%
gelled acid and 30.000 tbm [13 608 kg) of sand. After initial com-
pletion, the well was placed on production for 200 days and then
shut in for a 106-day pressure buildup in an attempt to obtain reser-

This example further serves as a classic graphical il) ion of
a case for infill drilling—closer apacing than an r, =2,000 fi [610
m]—to increase recoverable reserves in 2 n:a!.onab!: lim period.

voir p A co | Horner analysis of the buildup data
gave p,;=3,268 psia |22 532 kPa), k=0.082 md. and s=-5.4.
A type-curve analysis of the same data indicated that the correct

This le also il that bility fore- semilog straight line started at about 600 hours (25 days).
TABLE 4—WEST VIRGINIA GAS WELL A: SENSITIVITY TO r/r,,
Horner Analysis
Toffya =10 T g =20 T o/ e =50 P, Basis
kh, md-ft 3.542 4.902 6.705 5.635
k, md 0.0508 0.0700 0.0958 0.0805
Vo, 108 1t3 20.36 20.36 20.36
re, ft 1,242 1,242 1,242
Tug T 124.2 62.1 248
s -5.86 -5.17 -4.25 -5.52
G at 3,268 psia, Bscf 2.763 2.763 2.763
G; at 4,175 psia, Bscf 3.360 3.360 3.360
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Fig. 17 is a log-log plot of monthly production data. These are
raw monthly production data obtained directly from production files,
not data from special tests. The 8 years of rate-time data were
matched on the radial-flow, constant-wellbore-pressure solution
(dashed line), the r,/r,,, cxponential stem of 20, and b=0 to yield
k=0.,0651 md, s=~5.38, and r,=1,547 ft [472 m]. The solid line
through the same data shows a fit on the =05 and Carter's A=0.55
constani-wellbore-pressure solution on the r,/r,,, stem of 20. Re-
sults from the match on a b=0.5 resulted in a k=0.0700 md,
s==5.17, and r,=1,242 ft [379 m]. These results compare close-
1y with those obtained from the match on Carter’s type curve, which
gave k=0.0678 md, 5=-5.17, and r,=1,252 i {382 m]. Cart-
er’s A was calculated to be 0.553 for this example. For the pressure
ratio . /pgr="500 psi/3.268 psi=0.15 [3447 kPa/22 532 kPa],
Figs. 8 and 9 of Ref, 1 also indicate that the expected depletion
stem should have a #=0.5 for this gas well.

Oceasional shut-ins and blows o the atmosphere for dewatering
the wetlbore did occor during the normal production of the well.
One would expect a £=0.5 situation gradually to approach a b=0
performance because liquid loading occurs when the flow rate
declines and the wellbore deteriorates with time,

Evaluating the Match. The previous discussion of the match to
the r,/r,, stem of 20 leaves some doubt as to whether the match
to the 20 stem is unique or the best answer. We will investigate
the sensitivity of results to stems of 10, 20, and 50 for the b=0
and £=0.5 match. To illustrate the complete evaluation of the match-
ing technique, we will use the b=0.5 match (Fig. 17) to the com-
posite type curve as an example. Table 3 lists all the pertinent
reservoir variables for the well. For the match point of 5=0.5,
§ap=0.58, ¢()= 1,000 Mscf/D [28103 std m3/d), 14p=0.126,
and r=100 days.

When Eq. 5 is expressed in terms of gas units and pseudopressure,
Py the productivity factor is

K _ 4(t)ps T
{,n( e )M %] (19.87X 1054 Toc g —Pug?
’M\'A

‘ 1,000(14.7)(620)
(19.87 106)(0.58)(520)(7,948 x 10° 208 x 10%)

=1.965 md-ft {0.599 md-m].

Also expressing Eq. 6 in terms of gas units and pseudopressure,

Pp, we have
' 2,000p,,. T A\ g
V= r, 2| 2200 (_){ il
WeDiToel Ppi=Ppig) I\ tap 7L qup

r 2.000(14.7)(620) 1
_’ 0.0172()77 X 10 ~)(520)(7.948 x 10° ~ 208 x 10%) |

( 100 )(1.000)

)| e [ —-

0.126 /1 0.58

=20.36x 10% ft? [0.5765x 10° m3].

and

v, 20,36 108
rema| s = 242 A 379 M), .. (12)
whé Y 3.1416(0)(0.06)
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Fig. 18—West Virginia Gas Well B comparison of rate-time

plot and pressure-normalized, rate-time plot of same data. 15

The gas in place, G, at p; =3,268 psia [22 533 kPa), with p;
being the pressure at the start of the decline analysis. is then

G=V,(1=5)B; ............ B (13)
=20.36%105(1 ~0.35)(208.8)
=2.763 Bscf [78.2% 106 sid m?].

For comparison purposes, G at p;=3.268 psia [22 533 kPa]
from the Carter type-curve match on A=0.55 is 2.807 Bscf
[79.4 105 std m?], while that obtained from the »=0 match is
4.286 Bscf [121.3x 108 std m’].

Assuming little or no PV change resulting from rock and water
cxpansion, at the original reservoir pressure of 4,175 psia [28 787
kPa], B, =253.9 scf/ft? [std m3/m?], an original gas in place, G;.
was then calculated to be 3.360 Bscf [95.1x 106 sid m*]. The
difference of 0.597 Bscf [17 < 10¢ std m*] compares well with the

d lati duction of 0.580 Bscf [ 16 106 std m?]
between the two average reservoir pressure intervals.

With the productivity factor calculated as 1.965 md-ft [0.599
md-m} and r, calculated as 1,242 ft {379 m), we can now inves-
tigate the sensitivity of & and s to r,/r,,, stems (Table 4). Regard-
less of the r,/r, stem chosen, once the depletion stem is
established by the rate-time data (the maich points from the com-
posite type curve Fig. 1). g4p-q(r) and 1;p-¢ are fixed and the PV
is then fixed. The calculated initial permeability and skin are in-
sensitive to the r,/r,, stem selection. In this case, we have the
106-day pressure-buildup analysis run just before the start of the
decline-curve analysis with which 10 compare. From the Horner
results, the correct r,/r,,,, stem appears to be ~20. If at early time
we had taken more frequent, precise rates and flowing pressures,
then we could have uniquely fit the stem. At the very least, kk and
5 could have been calculated from a short-duration, constant-
wellbore-p test, as opp to calculating k# and s from a
long-duration buildup test. This was done for West Virginia Gas
Well B.'>* Fig. 18 compares the p ornalized, constant-
wellbore-pressure analysis (the rate data alone had no character)
and the corresponding Horner analysis resulls for this well, There-
fore. one need not have shut in Gas Well A for 106 days to obtain
kh and s for selecting the proper r./r,, stem.

Table 5 summarizes the pertinent results of matching the rate-
time data on b=0, b=0.5, and Carter’s A=0.55. By comparing
the difference of 0.91 Bsef [25.8 X 10° std m?] between a calcu-
lated G;=5.20 Bscf [147.2x10% std m3) at 4,175 psia [28 787
kPua| and the G=4.29 Bscf [121.5x 105 std m?] at 3,268 psia
(22 533 kPa] with the real cumulative production of 0.58 Bscf
[16.4x10% std m?] between the two shut-in pressures, the b=0
as a match is ruled out and the 5=0.5 must be selected.

*Fetkovich, M.J. and Thrasher, T.5.: “Constant Wall Pressure Testing and Analysis in Low
Permeability Reservoirs.” paper 7928 presented at the 1873 SPE Symposium on Low-
Permeabllity Reserveirs, Denver. May 20-22 (avaiiable from author).
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TABLE 5—WEST VIRGINIA GAS WELL A: SUMMARY OF RATE-TIME ANALYSIS RESULTS

Match Points
Composite Type Curve Composite Type Curve Carter Type Curve
b=0 b=05 A=0.55 (b=0.5)
a 062 Gu 0.58  qon 0.24
twn 0075  tup 0126  tpe 60
q(t), MscfiD 1,000 qft). Mset/D 1,000  qt), Msct/D 1,000
1, days 100 ¢, days 100 ¢ days 100

T o/l g = 10 Fo/Tws =20 I o/fa =50 Horner Analysis

b=0 Evaluaticn

kh, mo-ft 3.202 4.558 6231
k, md 0.047 0.065 0.089 0.0805
Fgs 1 154.7 774 30.8
s -6.08 -5.38 -4.47° -5.52
Far ft 1,547 1,547 1,547
b=0.5 Evaluation
kh, md-ft 3.542 4.902 6.705
k, md 0.0506 0.0700 0.0958
Fua it 124.2 62.1 24.8
t s -5.86 -5.17 -425
| o ft 1,242 1,242 1,242
Carter's A=0.55
kh, md-ft 3.451 4.746 6.699
k, md - 0.0493 0.0678 0.0957
P Tt 126.4 62.6 24.8
s -5.88 -5.47 -4.25
ro. ft 1,264 1,252 1,240

San Juan Example, Early in 1982, a reservoir study of all wells
completed in the Blanco Mesaverde pool in one entire township
in Rio Arriba County, NM (San Juan basin), was initiated to quantify
the reserve increase resulting from the infill drilling program be-
gun in 1975. The initial spacing of 320 acres [130 haj was halved
through infill drilling.

The San Juan basin is located in northwestern New Mexico and
extends into southwestern Colorado. The gas-producing formations
in the basin are sandstones of Upper Cretaceous Age. The Mesa-
verde ranges in gross thickness from a few hundred 1o almost 1,800
ft [S50 m]. Average porosity in the Mesaverde is about 10%, and
the permeability ranges from 0.02 to 1.0 md. Initial pressure in
the study area was about 1,200 psi [8274 kPal.

The area we investigated had 72 original wells, drilled two per
section, plus 72 infill wells. Initial pressure for a majority of the
infill wells was some 30 t0 40% less than original reservoir pressure,
indicating that drainage was occurring. A limited number of infill

wells had initial pressures essentially equal to original pressure,
indicating that drainage was not occurring at thesc locations.

The reserve determination method used in the past was the p/z
plot. This method consisted of plotting annual 7-day shut-in pres-
sures vs. cumulative gas produced: Although annual 7-day shut-
ins were taken, the final shut-in pressure was well below the true
static reservoir pressure. Becausc of the low-permeability stimu-
lated character of the wells, the semilog straight line was seldom
reached, making the determination of average reservoir pressure
difficult. This essentially negated the p/z plot as a useful reservoir
analysis tool until infill welis were drilled. Trend plotting of the
short-duration shut-in and its corresponding p/z was used without
recognizing the need 1o pass through the initial p/z value (sce Fig.
19). The initial p/z valuc was ignored to prevent an apparent yearly
INCTCASE In as rescrves.

A ‘majority of the infill wells came in at pressures about 30 to
40% lower than the original reservoir pressure. In these cases, the

1500
+ ANMUAL 7 DAY SHUT~IN PRESSURE.
* INITIAL (NFILL SUT-IN PRESSURE
< oo
&£ N
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I
&
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TREND LINE ——"
:
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Fig. 19—Trend plot of p/z-vs.-cumulative-gas-production data
for San Juan Gas Well 36.
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Fig. 20—San Juan Gas Well 58 rate-time type-curve match
of production data on the radial-flow, constant-wellbore-
pressure solution.
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1
|
of production data on the Locke and Sawyer type curve. |

infill original pressure could be used to provide a pressure point
on the plot of p/z vs. cumulative gas produced of the original well.
A reserve figure was determined for the original well by passing
4 line from the initial p/z through the infill-well p/z value with an
abandonment pressure of 100 psi (690 kPa] assumed. This method
could not be used, however, when the infill initial pressure essen-
tially equaled the original reservoir pressure. In such cases, the most
practical method available to determine the reserve was decline-
curve analysis.

Figs. 20 and 21 present the rate-time data and type-curve match
of the original well, Well 58, and the offset infill well. Well 58A.
The latter came in at near-original pressure. Data for both wells
(as for all wells in the study arca) were obtained from a commer-
cially available data base. The character of the monthly rate-time
data was erratic—a problem not uncommon in rate-time analysis—
and average 6-month rates available from the data base were plot-
ted at midpoint intervals as a form of data smoothing. The average
6-month data points appear as solid squares on the type-curve match-
cs. Notice how the of the ion profile was enhanced
by this smoothing technique.

A type-curve match of the rate-time data for Well 58 indicates
the well to be on decline and going down a depletion stern. The
calculated & and s are 0.36 md and —4.3, respectively, with a cal-
culated drainage arca of 225 acres [91 ha]. Although not apparent,
a match on different r,/r,,, stems would result in essentially the
same calculated value of r,. The drainage radius is fixed once
depletion is evident. Table 6 illustrates this point for Well 58
matched on r,/r,, stems of 100 and 200. The rate-time data of
Well 58A were matched to the Locke and Sawyer type curve and
found 1o be entirely transient. The & and 5 were calculated to be
0.07 md and —-6.4, respectively.

These results are consistent in that one would expect the infill
well permeabifity to be less than the original well permeability. when
the infill location had not been drained. The more negative skin

Petroleum Engineering 648 — Pressure Transient Testing

TABLE 6—SAN JUAN WELL 58: SENSITIVITY TO r /r,,

T o/l wa =100 T /T g =200

k. md 0.34 040
s -43 ~36
Fou B 1,765 1,776
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Fig. 22—Single-well simulation study of rate reduction effect
on 7-day annual shut-in pressures.

factor for the infill well represents the improvement in hydraulic
fracturing technology and design, because the original well was
stimulated in the late 1950s, A production forecast for the infill
well was developed by forecasting down a depletion stem of
Ly /Ly,=3.2. This stem corresponds to the skin of ~6.4 and a
drainage area of 95 acres {38 ha] to keep the total drainage area
of 320 acres [130 ha] whole.

A reserve forecast for all wells on decling in the study area was
made from a rate-time anatysis. These calculated reserves are within
9% of the p/z reserve determined with the infill-well original pres-
sure. The reserve study of the township indicated that infill drill-
ing resulted in an average reserve increase of 11%.

Reserve increases resulting from infill drilling have been postu-
lated as a resuit of the flattening observed in the p/z trend after in-
fill drilling. If total field production remains essentially constant
(fixed market demand) before and after infill drilling, a reduction
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Fig. 23—San Juan field—well example of rate reduction ef- ! Fig. 24 itog plot of p history of Gentry and
fect on 7-day annual shut-in pressures. McCray's Oil Welt Example No. 2 data.
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McCray's Oil Well Example No. 2 data. ample No. 2 data at 3 years matched to an exponential, b=0.

in some of the original wells’ flow rates will occur after the start
of infill drilling. This reduction in flow rate will cause a correspond-
ing increase in flowing pressure. When the well is next shut in for
an annual 7-day test, the final buildup pressure will automatically

reflect a higher final shut-in pressure than when the well was pro-

duced at the previously higher rate. The obvious limiting case is
when a well is cut back to zero flow rate, and only then will 7-day
shut-ins reflect true reservoir pressure. The rate-reduction effect
is de strated by a two-di ional (2D}, single-well, transient
gas model simulation and actual ficld data. Also, examination of
pressure production data fromi low-permeability gas wells in fields
not subject to infill drilling shows the same increased shut-in pres-
sure trend as a result of reduction in takes resuiting from the cur-
reni oversupply of gas. .

The single-well simulation is based on an area of 320 acres [130
ha), a permeability of 0.05 md, and a 500-ft [152-m] infinite-
conductivity vertical fracture corresponding to a —6.5 skin. Inthe
sinulation, the well produced at a copstant rate of 240 Mscf/D
[6.80%10% std m?/d} for 10 years and then at 160 Mscf/D
14.53%10% std m3/d] for 10 years. Annual 7-day shut-ins were
simulated. and Fig. 22 presents the resulting plot of p/z vs. cumula-
tive gas produced. Note the rise in 7-day p/z values when the rate
reduction took effect. It is this rise that can be misinterpreted as
a reserve increase. Fig. 23'is an actual well example illustrating
the same probiem. In this instance, the flow rates of the original
wells were reduced because of the production of infill wells. Notice
the effect of the reduced flow rate on the p/z plot, which is identi-
cal to that shown by the 2D, single-well model study.

In low-permeability reservoirs, transient effects may last for sever-
al years. Coupled with this problem are the extreme shut-in times
required to establish usable average reservoir pressures and the
difficulty in determining the stabilized backpressure curve. Decline
type-curve analysis provides a reserve estimate and a production
forecast, which can easily be updated without knowledge of reservoir
pressures or the stabilized curve.

Reported Cases of b> 1, Gentry and McCray '® made a study at-
tempting io determine why some wells exhibit decline-curve values
of b> 1. The reservoir model described in their study did not in-
clude the effects of transient flow behavior.

The rate-time data presented as Field Example No, 2 (Fig. 24)
were plotted as log g-log r and yielded an almost perfect type-curve
match of all the data on the Locke and Sawyer infinite-conductivity,
single-vertical-fracture, constant-wellbore-pressure solution (see.
Fig. 25). Note that the first year of data is in the transient or infinite-
acting period.

All the dara were expected to match this type curve hecause the
well was described as being completed in the Mississippi limestone
and the producing formation was stated to be fractured, with a tight
matrix. No evidence of a double-depletion exponential decline in-
dicative of a naturally fracwred reservoir appears in the log-log
data plot. **Fractured”’ may have simply meant hydraulically frac-
tred. In any case. a well completed in a limestone reservoir would
probably have been stimulated. Because oil wells are generally
drilled on small spacing. and because improved stimulation tech-
niques result in hydraulic fracture lengths beginning to approach
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Fig. 29—Production performance of Field E.

spacing, L /L, o 1. In the unique match of Fig. 25, L, /L, =1.5.
Fig. 26 shows a Umatch of the 2- to 6-year data, but they ‘are reinitial-
ized in time after depletion has clearly set in, at about 2 vears. The
data fit a decline with h=0 and can even be recognized as such
on their original semilog plot. Fig. 27 shows the same rate-time
data and their use of the Arps equation in a different form, leading
to implied values of b between 1 and infinity. Once again. an at-
tempt to fit transient-dominated data to the Arps depletion equa-
tion leads to apparent values of &> 1.

One further example from the literature Hlustrates a fit of transient
data to the Arps equation with a least-sq p model ro
““precisely determine optimum values for the coefficients a, b, and
¢,.”"17 Fig. 28 is a log g-log 7 plot and match of Well No. 2, Wat-
tenberg field, an example from Ref. 17. The match is again made
on the infinite-conductivity, vertical-fracture, constant-wellbore-
pressure-solution type curve. The Wattenberg ficld produces from
a tight gas sand and is developed on 160-acre [65-ha] spacing with
hydraulic fracture lengths averaging at least 1,500 fi [457 m].!%
Good engincering judgment indicates that with an L, =1,320 ft
1402 m] and a fracture leagth of 1,500 ft {457 mj, the data should de-

‘cline down an L, /L, =1.0 stem on the type-curve match, which
it does after a nearly 5-year-long transient flow period. The “‘unique
and unibiased™ 7 statistical extrapolation of the Arps equation fit
of the data with b=2.29 yields a life of 1,042 years 10 an economic
limit of 200 Mscf/month [5.66x 10° std m?®/month}, which is un-
reasonable. The extrapolation of the vertical-fracture-solution type
curve on-the basis of basic reservoir information with spacing and
fracture lengths gives a rational answer.

According to Ref. 17, this application of the regression approach
by use of the Arps equation was used on some 200 tight-gas welis.
A correlation of & with fracture fluid volume on about 50 Wattenberg
wells indicated that in nearly all cases. b> | and was as high as
3.5 in one instance.

All cases we have seen where 6> | have been shown to be ran-
sient rate-time decline of low-permeability stimelated wells. Statisti-
cal approaches to decline-curve analysis that permit 5> 1, the
recognized upper limit to the Arps equation, can lead to bad re-
sults and bad decisions. The normal range of apparent b, from force
fits of transient data to the Arps equation, appears w be between
2.2 and 2.5. To identify transient data and their end, a log-log plot
of rate-time data must be made.

Decline-Curve Analysis Using Type-Curves—
Field Cases

Field E. Onc of our carliest field type-curve analysis cases was
a one-well field. The depletion mechanism was virtually a full bot-

tomwater drive or, more specifically, a constant-pressure-outer- -
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TABLE 7—FIELD E: RESERVOIR DATA AND COMPARISON
OF ANALYSIS RESULTS
P, psia 2,921
Py PSIA 2,760
B, cp 0.615
B,. RB/ST8 1 06
Cpopsit! 12. 7x‘JD
& B
Sw 0 26
h, ft 100
o 0.258
Early Gapton
i Well Test Type-Curve Match
i k, md 143 152

l s -39 -4.1

boundary case. To date, no analytic work concerning the expected
value of & with water displacement processes has been done,

Field E is located in the Far East and produces from a carbonate
Upper Miocene Kais recf. The reservoir is highly undersaturated
with a producing gas/oil ratio (GOR) of ~3 scf/bbl [ ~0.54 std
m*/m?| and a gravity of 47°API [0.79 g/em?|. and is more than
likely to be naturaily fractured—a typical situation for developing
a strong waterdrive. Only the upper 50% of the producing interval
was perforated 1o avoid early water coning. The well was iaitially
completed with 4 shots/ft [13 shots/m] and acidized with 6,100 gul
123 m?*) 30% HCI staged with ball scalers, The initial reservoir
pressure was 2,921 psia [20 140 kPa). As with most of the reef
reservoirs in the area, later shut-in pressures refurn to within 10
to 20 psi [68.9 10 137.9 kPa) of the original reservoir pressure after
a 24-hour shut-in.

Fig. 29 is a semilog plot ill ing the produc
of the field in terms of oil production. totai fluid pmducuun and
WOR. Gas rates were 5o small that the GOR is not plotied. The
initial oil rate decline basically coincides with increasing water pro-
duction when, after | year, gas-lift facilities were inswlied for all
fields in the area. Successful gas lifting in this field began in July
1979 and resulted in the first BHFP change and another decline
period. Gas injection rates were increased twice more to lower the
BHFP, resulting in yet two more decline periods.

Fig. 30 is the same oil production rate data now placed on a log
qo-log 1 plot in preparation for type-curve analysis- Each of the
three additional decline periods following increased gas injection
rates were reinitialized in time and log g-log £ plots made for each
one. They all exactly overlie the initial decline esiablished during
the natural-flow period. This should be expected from superposition
principles; i.e., every new transicnt introduced into the well or field
must go back and retrace the original g p-tgp curve (Fig. 31).
{Referring back to the Cullender Gas Well No. 3 data log ¢-log
t plot in Fig. 15, note that the ten 72-hour annual tests taken be-
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TABLE 8—EDDA RESERVOIR DATA AND TYPE-CURVE
MATCHING RESULTS (r,/r,, =50; b=0.6)

Total Hennmalnzed Relmllahzed

Period Psnod 3 Penod [

kh, md-ft 202 178 127
k, md 20 1.8 1.3
Fuas ft 29862 28.53 29.21
s -4.4 -4.4 -4.4
Fouft 1,481 1,427 1.461
Vp. MMbbI 29.0 270 28.0
é 0.236 0.236 0.236
3, 0.365 0.365 0.365
s CP 0.185 0.17 0.255
B,, RB/STB - 182 1.98 1.67
B, cp-RB/STB 0.416 044 0.50
cp, psi! 27x10-%  35x10°%  105x10°%
p,. psia 6,300 5,200 3,800
P psia 1,500 1,500 1,500
h 100 100 100
T 0.354 0.354 0.354
Reservoir Data at
Discovery

p,, psia 7,115

Py, psia 5.045

Feorr CP 0.2

B,.RBISTE 1.895

Cy. psi~! 24%x10-%

<] 0.236

S. 0.365

h, ft 100

tween 19435 and 1953 with up to 106 psi [730.9 kPa] of pressure
depletion cxactly overlic the original type-curve match.)

A match was made with the composite g p/4p type curve (Fig.
1) on a value of b=0.5, Evaluation of the match point yielded k=152
md and s=-4.1. This compares well with the initial well test
Horner analysis of £=143 md and s=—3.9. Table 7 compares the
results and lists the reservoir and fluid properties used for the well.

Fig. 31 shows the log g-log r match on the g p-1,p type curve,
If we now transfer the g p-r,p axes onto the tracing paper of the
real-time plot, we have a Kais Reef full waterdrive type curve that
could be used to predict -future performance with backpressure
changes for any set of reservoir (k, ¢, h, p;) and fluid (i, B. c,)
parameters with any weil spacing (r,) and any skin effect (r, ;) of

. 630

another Kais Reef reservoir having no performance data atall. This
grid transfer is equivalent 1 back-caleulating g p-tp values for
each of the plotted rate-time data from the known reservoir varia-
bles listed in Table 7 and the results obtained from ihe pressure-
buildup analysis.

Edda Field. The Edda field is the smallest of four overpressured
volatile oil reservoirs within the Greater Ekofisk development in
the Norwegian Sector of the North Sea. Table 8 fists the basic reser-
voir and fluid properties. Production is from seven wells complet-
ed in the Upper Cretaceobs chalk (Maastrichtian) or Tor formation.
Slight to moderate natural fracturing is indicated from the FI de-
rived from the pressure-buildup analysis (sec Table 9). Note that
Well C-5 indicates no natural fracturing while Well C-2 has the
highest /; of 28. All wells were acid-fractured without proppants
on completion. As indicated by the skin values listed in Table 9,
all wells appear to have been successfully stimulated.

Fig. 32 illustrates the production performance of the field with
time in terms of monthly average oil and gas production and GOR.
Note that the field fairly rapidly, ing in a classic field
decline curve. The surface flowing pressurc after the first fow
months has been virtually constant throughout the field's produc-
tion history. The slight dips in production are a result of field shut-
ins. Note also the slight production peaks that follow. discussed
in detail later. Of special note is the flattening of the GOR curve
starting in about mid-1982.

Fig. 33 is the total field oil production rate plotted in terms of
measured daily production rate vs. time on a log ¢-log 1 basis. To
the best of our knowledge, this is the first time that daily production
for z field was measured and available for decline-curve analysn
over a 4-year period. Transient spikes after shut-ins are clearly visi-
ble and significant on this plot and are used in the decline analysis.
There were several field shutdowns followed by an initial transient
spike (flush production). as expected for such a low-perme- ability
field with successfully stimulated wells. Theoreticatly. cach of the
transicnt spikes (if reinitialized in time) should retrace the field’s
initial ggp-t,;p transient decline. Fig. 34 is a plor of two of the tran-
sient spikes obtained after extended shut-ins, and indeed they both
virtually overlie the original field transient decline. The rate and
time scales shown in Fig. 34 are for the initial production period
only; the rate and time scales for Periods A and B have been omitted
for clarity of presentation. Note that the field transient appears to
end after about 100 days of production. Permeability, skin, and
reservoir volumes were calculated for the total field match and each
of the two production transients on an average-well basis also—
i.e., g7 divided by the number of wells. Table 8 summarizes the
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TABLE 9—EDDA: INITIAL—CbMPLETIO_N-WELL TEST RESULTS
AND FRACTURE INTENSITY INDICES
k matrix
kb n ok % (¢k ployy K well test.
Well {md-ft) (fty  (md) s (%) (mdj k matrix (¢-k)
c2 2028 110 184 -49 253 0.66 28
C-5 50 70 0.7 -4.0 238 0.50 1
[o2] 1,118 120 93 ~-45 246 0.58 16
c-10 218 82 27 -4.7 240 0.50 5
Gt 510 90 5.7 -4.6 24.1 0.52 n"
C-14 288 114 26 -3.0 2286 0.40 7
C-15 201 15 1.7 -3.7 20.8 028 6
Total 4,424 701 411 -29.4 185.2 3.44 74
Arithmetic
Average
Value™ 632 100 59 -42 236 0.49 11
*k =632 md.

match resulis for r,/r,, =50 and b=0.6. Reservoir pressures and
gas saturations for total-compressibility calculations for the decline
analysis of the transient spikes following shut-ins were estimated
from a total field pressure, GOR, and a figld-deli ility-

match. Al-Kasim,'® using data we furnished and a one-dimen-
sional radial mode! matched to the most current field performance
data, also found an carly 5=0.3, but 5=0.7 most of the time. Clear-

compositional material-balance study that is normally updated year-
ly. Note from the table the slightly. declining values of effective
permeability to oil values as a result of increasing gas saturation
in the reservoir. The calculated reservoir PV’s from all three
matches ‘are about the same.

A comparison of the calculated PV from the initial match of the
total field rate-time data of 202.8x 10° res bbl [32.2 X 10¢ res m}
with that obtained from the total field compositional material-balance
performance-matched PV of 201.1%10% res bbl [32.0x 105 res
m?] is excellent.

Material-balance matching of the reserveir consisted of two dis-
tinct periods of interest with respect to the decline-curve analysis.
The period before the GOR flattened out when forecasted gave rate-
time data that fit a 5=0.3. The period after the flattening, because
of more cfficient indicated recovery (less gas voidage), now results
in a b=0.6; the same value of b indicated from the decline-curve

10° [
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Fig. 32—Edda field production performance.
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ly, no doubl ion stems indicative of a dual-porosity, naturally
fractured reservoir can be observed in the rate-time decline data.

Evaluating the Match. We will again illustrate the evaluation of
the matching technique and imvestigate the sensitivity of results to
ro/ry stems of 20, 50, and 100 for 5=0.6, now for an cilfield
case. For a match point of 5=0.6, g(t)=10,000 STB/D [1590 stock-
tank m3/d] oil, g4p=0.295, =100 days. and 14p=0.29.

With Eq. 5, the field productivity factor is

kh { 141.2(,;01;”)}( q(r)] ©
['In(i)_d i=pep) gl T
L ru'n j’.’

[ 141.2(0.416) '3(10.000)
=] ——————

| (6,300-1,500) 1\ 020
=414.82 md-ft {126.43 md-m].

Because there are seven wells, g(f) is divided by seven and the
average well productivity factor is

kit

(o),

wa

=59.26 md-ft {18.1 md-m].

- WATCH POBIY

£ g=10000 90PD; 50=0.295
12100 OAYS; e =0.29

ro/ff oS0

=086
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Fig. 33—Edda field type-curve match of daily oil production
data on the qp-typ type curve.
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Eg. 6 will yield the total field PV:

f
Vor=|

(1.B,)

(el pi=pogp)

L[ (0.416)
(01852710~ 8)(6,300--1,500) 110.29

Il

tep

=202.8x 105 res bbl [3.22%107 res m?].

202.8% 108(5.615)

=

652

=3,919 ft [1195 m].

G

Then the oil in place, N, at the start of the decline analysis when
Pp;=6,300 psia [43 439 kPaj and B,=1.92 iy

Vur(l=5,)
B,

202.8%10% bbl(1 ~0.365)
1.92

=67.08 MMSTB {10.7x 10% stock-tank m?].

Because 1.2x10% STB [0.191 %106 stock-tank m3] had been
produced before the start of the decline analysis, the original oil
in place, N, is indicated to be 68.3 MMSTB [10.910° stock-
tank m?}]. The pressure and GOR history-matched compositional
materiai-balance program obtained an Nj; of 67.4 MMSTB
[10.7x 108 stock-tank m3]. The comparison is good.

Using the decline-curve analysis, N;=68.3 MMSTB [10.9% 100
stock-tank m?], and the cumulative recovery of 6.6 MMSTB

#100(9.236) [2.64%10¢ stock-tank m?] to Jan. 1, 1984, results in a 24.3%
recovery to date. From the decline-curve projection to an econom-
TABLE 10—EDDA SENSITIVITY TO r /r,, ]
Fo/lus =20 Fo/f e =50 Fo/f s =100
Toal  Average Total  Average  Total  Average
Field Well Field Wel Field Well
kh, md-ft 10352 14790 14154 202.2 1,702.9 243.3
k. md 10.35 1.48 14.15 2.02 17.03 243
V. 10° bbl 2028 29.0 202.8 29.0 202.8 29.0
fo 3919 1,481 3,919 1,481 3,919 1,481
[ Y 195.95 74.05 78.38 29.62 39.19 14.81
s¢ -5.34 p -4,43 — -3.73 -
s - -5.34 - -4.43 — -3.73
N,. MMSTB B7.1 9.6 87.1 9.6 67.1 .96
Ny, MMSTB 68.3 9.8 68.3 9.8 68.3 9.8
i Material-Balance )
{ Ny, MMSTB 67.4 9.6 67.4 9.3 67.4 9.6
1 o T
= N O wells xr.7
=7(0.354 )?
=0.9365 .
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TABLE 2—MHF GAS WELL A: COMPARISON OF PRODUCTION FORECASTS
Infinite-Conductivity
Constant-Pressure  Vertical-Fracture Ref. 13
Time Solution Solution Simulator Results
(months) (Mscf/iD) (Mscf/D) (MscfiD)
12 182 182 190
18 157 157 185
24 140 136 150
30 130 128 140
36 122 120 1356
42 17 112 130
48 110 108 120
54 108 108 110
80 104 100 105
(years)

6 100 95

7 96 89

8 92 86

9 89 83
10 86 80
11 84 78
12 82 75
13 80 73
14 7% 71
15 77 69
16 76 68
17 74 87
18 73 66
19 72 65
20 71 64

will demonstrate this in a full-field rate-time analysis of the total
field production.

Fig. 12 illustrates a one-well forecast that was made before any
development drilling by extrapolating down an r,./r,,, stem for the
premised well spacing. Future rates were read from the real-time
scale on which the ratc data were plotted. Also shown in Fig. 12
is an extrapolation of the same data fit on an Arps b=2.5, which
is clearly incorrect. Although one would not attempt an Arps equa-
tion fit and extrapolation on orﬂy 10 hours of production data, it
serves as the only example i ln which, usma 1r.m:.1em dam false
values of b>1 would d n

To summarize, this cxamp]e illustrated the abﬂﬂy to develop a
sound technical decline-curve analysis prediction with basic reser-
voir enginecring principles and only 10 hours of rate-time data.

MHF Well A. Agarwal ef al.'* presented 300 days of rate-time
data for a massive hydraulically fractured (MHF) well. Fig. 13 illus-

trates a type-curve match of their data on the radial-flow, constant-
wellbore-pressure solution and the infinite-conductivity, single-
vertical-fracture, constant-wellbore-pressure solution. Clearly. all
the data lie on the transient or infinite-acting period, and there is
no evidence of depletion. An evaluation of the match points on the
basic radiaf-flow, constant-wellbore-pressure solution yields
k=0.0081 md. This value is identical to the Agarwal ef al. prefrac-
ture test result and is the same value obtained from matching on
the vertical-fracture, constant-wellbore-pressure solution. Calcu-
lated values of skin or L, are reasunably close. Table 2 lists the
Agarwal er al. forecast results obtained when their fype-curve anal-
ysis and reservoir and fluid propcmes were entered into their MHF
simulator. Listed on the far lefi is the forecast read directly from
the match on the basic radial-flow, constant-wellbore-pressure so-
lution. The middle column is the forecast read directly from the
match on the infinite-conductivity, vertical-fracture, constant-
wellbore-pressure solution. Note the good agreement between the
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Fig. 15—Type-curve fit of all Cullender’s Gas Well 3 data in
terms of C, pressure-normalized rate, on tholnﬂnllo-comuc-
tivity, vertical-f t 1ibs
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TABLE 11—CLYDE COWDEN: RESERVOIR AND WELL DATA

Clyde Cowden: Analysis Results, Average Weli
From Primary Decline Period Match

Maich Point
q(t), bbifmonth oil 10,000
, months 10
Tolf ua 1,000
Jao 0.11
tap 0.135
b 0.3
Average Well
kh, md-ft 1,519
, md 32
V. 10° res bbl 207
To, ft 717
Twa : 0.717
s ) -08
N, (average well), MMSTB 0.97
N, (base), MMSTB 485
Produced before decline, MMSTB 1.3
Ny, MMSTB 49.8
N, (material-balance caiculation), MMSTB 50

p; (at discovery), psig 2,250 I l
p; (match), psig 1,900 H——— T
B 1800 psig, 10-¢ psi-* g hijmm
p @l psig, 107" psi~™ casion RELD
1o @t 1,900 psig, cp 0.9 % SATA ama VALLEY P
8, at 1,800 psig, RB/STB 1.43 " A DR
uB at 1,250 psig, cp-RB/STB 1.2 3 LY.
& 0.15 2
Su 0.33 -
hft 48 -
Ty ft 0.33

Fig. 42—Overlay of log-rate-vs.-log-time production data of
five California Monterey producing fields.

incremental recovery of 8.6 MMSTB [1.37x 10° stock-tank m?]
resulting from waterflooding represents 88% of primary recovery.

That the primary decline and the waterflood decline appear to
fall on the same decline stem, #=0.3, may be coincidental. While
we can think of some possible explanation why this should occur,
we can think of none why this must occur. As such, one of the
main reasons for ing this ple is to ge others
to examine primary and waterflood histories for their decline ex-
ponents. We suppose that if we were asked to produce a water-
flood forecast in { day given primary production history, we would
as a first approximation forecast a waterflood decline on the same
value of b as that established during primary recovery.

Munterey Tgpe Curve. In an effort 1o determine the production

o
0.0% [ o 1 )
Fig. 41—M; Y libore- type curve.

The results of type-curve analysis and relevant reservoir data are
summarized in Table 11. The match-calculated average well per-
meability of 32 md is in good agreement with the permeability range
of 20 to 30 md repaorted for the Upper Clearfork, and the negative
skin of —0.8 is consistent with the perhaps only moderately effec-
tive acid treatment at completion.

‘With the method detailed earlier for Edda, the match-derived Ny
value of 49.8 MMSTR [7.92 X 106 stock-tank m3] agrees well with
the 48 to 52 MMSTB [7.63 x 106 t0 8.27x 106 stock-tank m3] N
estimates from earlier material-balance calculations.2®

Production forecasts were made for the primary decline and for
‘Waterflood Period 2 on the basis of the decline match of #=0.3
for both. A recovery of 9.8 MMSTB [1.56x 108 stock-tank m?]
(or 20% of 49.8 MMSTB N, 17.92x 10 stock-tank m?)) is fore-
cast for primary recovery: the primary-plus-waterflood forecast is
8.4 MMSTB [2.93 % 10° stock-tank m?] (or 37% of N). The

654

istics of fields producing from the Monterey
formxtmn in California, production data from the Lompoc and Or-
cutt fields were obtained. and an average well rate-time curve was
established for each field.2!-22

A log g-log  tracing-paper plot was made from the data for cach
of the fields. If these two scparate log g-log ¢ plots are overlaid
and the vertical and horizontal axes shifted as required, they exactly
overlie. This was a surprise at first, yet was consistent with type-
curve theory in that the plots should differ only by the coefficients
involved in the definition of g p-gp—i.¢., reservoir and fluid vari-
ablr.s Further, the drive mechanisms, relative permeability rela-

ips, and nataral fracturi istics also must be similar.

The question of the correctness of the representative average well
‘was immediately raised. Good-guality, vnambiguous data available
on a single lease within the Creutt ficld were also plotted log g-log
1, and that plot also exactly overlaid both of the field plots. This
appeared to verify the total-field-averaging technigue used to ob-
tain our average well plot for each field. Each plot by itself was
limited in range; however, all three plots combined virtually dou-
bled the total range of data.

Although suggested by theory, this was the first test of the concept
that fields within the same formation having similar drive mecha-
nisms should overlic each other, regardless of the fact that they
may have totally different fiuid and rock properties, well spacing,
stimulation response, and Teservoir pressures.

Fluid and rock propertics, spacing, and reservoir and flowing
pressures were then estimated for the Lompoc and Orcutt fields
and a ggp-t4p was calculaied for each of the rate-time points to
establish a dimensionless type curve for the Monterey formation.
Our final dimensionless type curve, which we refer to as the Mon-
terey type curve, is shown in Fig. 41. We further confirmed the
type curve with the addition of rate-time data from the West Cat
Canyon. the Santa Maria Valley, and the Zaca fields. Fig. 42 shows
the complete five-field overlay. This type curve essentially matches
the harmonic decline stem b=1.
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Fig. 44—Semilog plot of the Y libore-
pressure type curve.

The ggp-1gp type curve developed for the Monterey formation
was converied 10 a pgp-tzp type curve Lo enable us to calculate how
long a well or ficld could produce at a constant rate to a fixed flowing
pressure before going on decline (see Fig. 43). The late-time portion
of the pgp-t4p type curve appears to be a '2 slope, a +r  rela-
tionship, which may or may not be significant. It is unlikely that
linear flow is from the matrix blocks because the apparent linear
flow period is top long and the matrix blocks are considered very
smali. The Monterey Lhcrt is gcnerally overlain with a thick, very-
low-permeability . crossflow down from it
could be a possible explananun,

The field or formation type curve represents the ultimate use of
reservoir or field analogy. The g4p-f4p Monterey type curve is
readily applied on an average well basis to-develop forecasts for
varying reservoir properties and fluid properties, spacing, flowing
pressure, and stimulation. Several wells with differing productivities
could be used by proportioning total reservoir volume to correspond
with each individual wetl productivity factor to arrive at an average
well. Summing each well’s forecast developed from the Monterey
type curve would result in a more siraightforward total field forecast.

Still further fexibility can be added by the usc of two conventional
one-cell, material-balance forecasts, which when combined maich
the Monterey type curve. Each material balance allows the inclusion
of a drilling schedule, downtime, a relative permeability curve to
predict gas rates, and oil and gas production limits. Two forecasts
were generated with such a simple model, assuming there exists
an intensely fractured arca, or volume, and a slightly fractured or
nonfractured area or volume with very contrasting deliverabilities.
The contrasting deliverability areas can exist areally or vertically.
(See Ref. 23 for the effect of hydrocarbon influx of various degrecs
from a low-permeability outer-boundary region.) The percentage
of fractured-area volume to nonfractured-area volume was arrived
at by trial and error to get a composite decline rate-time data match
of the Monterey type curve. Each separate forecast had the typicat
solution-gas drive of b=0.3.

If one were to develop a sophisticated three-dimensional fracture
model, it should first be history-matched to the Monterey type curve
before being used to make production forecasts.

Fig. 44 is a semilog plot of the Monterey type curve. Of special
note is the precipitous earty decline, which later flattens. This be-
havior can easily be misinterpreted as indicating depletion of the
fracture volume followed by flow from only the matrix blocks. The
log-log plot of the Monterey type curve does not exhibit in any way
the double depletion stems characteristic of the constant-wellbore-
pressure solution of the dual-porosity Warren and Root model.

Conclusions
1. For decline-curve analysis, a log g-log { ptot should be made
to identify transient data and/or depletion data. The plot should be
reinitialized in time to eliminate any constant-rate production period.
2. The Arps equation must be applied only to rate-time data that
indicate depletion. The limits of the value of &, when the Arps equa-
tion applies, are between 0 (exponential) and 1 (barmonic). A forced
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fit of transient data to the Arps equation results in apparent values
of b>>1; generally, these false values of b fall in the range of 2.2
to 2.5. Further, rapidly declining rate data are characteristic of low-
p bility stimulated wells (app b>1). Often a unique fit
of such data can be obtained on the transient portion of a type curve.
The misuse of Ihe Arps equation with transient data generally results
in overly opti ic and is techmically incorrect.

3. With rate-time data, the double-depletion decline is the only
indication of a dual-porosity system. The dual-porosity, constant-
wellbore-pressure solution (Warren and Root model) does net any-
where indicate 5> 1, except for the apparent b values from the early
transient period; the character of this period is identical to the
homogeneous-reservoir solution.

4. The pore volume and reservoir parameters kh and s at me start
of decline analysis can be calculated from a type-curve match once
depletion is indicated by the data and the decline exponent b is de-
fined or reascnably estimated.

5.In 1nw-pc_n-ncah1hty gas reservoirs, reserve estimates and pro-
duction d from ime dara would be more ap-
propriate than mnvr,nunna] curves of p/z vs. cumulative production
used with the calculated stabilized backpressure curve approach.

6. Superposition with g -t with values of >0 can be suc-
cessfully applied to ficld problems.

7. Field or formation g p-f4p type curves can be developed from
basic reservoir data and declining rate-time production data.

8. Advanced decline-curve analysis should always be supported
by and checked against already existing well and reservoir infor-
mation.

Recommendations

An effort should be made (o obtain accurate rate and surface flowing
pressure data to improve the reliability of decline-curve analysis.
If these data are taken frequently at early times while producing
wide open, if possible, or at a fixed choke setting, then an evalua-
tion of such initial reservoir parameters as ki and s can be made
to assist in fixing the r,/r,, decline-curve stem once depletion sets
in. The Edda case history is a classic example of what can be done
with good-quality data taken frequently.

Dimensionless type curves to characterize the more important
producing formations should be developed from the vast amount
of existing field data.

Finally, some analytic work nceds to be done with regard to de-
termining what values of b should result from a water displace-
ment process. We need a stronger theoretical basis for waterflood
decline-curve analysis.

Nomenclature

* b = reciprocal of decline-curve exponent
= gas FVF, surface volires vol
B, = FVF, res vol/surface vol
¢y = gas compressibility, psi~! [kPa~1]
¢, = total compressibility, psi—! [kPa~']
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C = gas-well backpressure-curve coefficient
D; = initial decline rate, 1!
e = namral logarithm base, 2.71828
G = gas in place at start of decline analysis,
surface-measured
G; = initial gas in place, surface-measured

G, = cumulative gas production, surface-measured
h = thickness, fi fm]

Ip = fracture index (Eq. 8)

k = effective permeability, md

L,, = reservoir half-length, it [m]
Ly, = fracture half-length, ft [m]
n = exponent of backpressure curve

N, = cumulative oil production, STB [stock-tank m?]
=-0il in place-at start of decline analysis,
STB [stock-tank m?)

Ny = original oil in place, STB [stock-tank m3]
pi = initial pressure, at start of decline, psia [kPa]
Pp = gas pseudopressure, psiZ/cp [kPa?/mPa-s]
Ppo = oil pseudopressure, psi/cp |kPa/mPa-s]

Puy = bottomhole flowing pressure, psia [kPa]
q4p = decline-curve dimensionless rate (Eq. 4)

qp = dimensienless rate
g(r) = surface rate of flow at time 7

r, = external-boundary radius, ft fm]

ry, = wellbore radius, ft fm]

T = effective wellbore radius, ft {m]

-5 = skin

8, = water saturation

¢ = time, days for rp

typ = decline-curve dimensionless time

1p = dimensionless time

T = reservoir temperature, °R [K]

¥, = reservoir PV, ft* or bbl (consistent units on

=
f

gand B)
z = gas pressibility factor, din 1
A = change
- A = type-curve parameter used to characterize gas well
drawdown, dimensionless
= viscosity, cp [Pa-s]
@& = porosity, fraction of bulk volume
Subscripts
BU = buildup
DD = drawdown
F = field
8 = gas

i = initial
o = oil
p = production

Superscript
= average
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Sl Metric Conversion Factors

]

cp % 1.0% E+00 = mPa-s

ft x 3.048*% E-0l = m

fi’ % 2.831 685 E-02 = m?

°F  (°F-32)/1.8 = °C
md-ft x 3.008 142 E-03 = md'm

psi X 6.894 757 E+00 = kPa
psi—! x 1450377 E-01 = kPa~!

“Conversion factor is exact SPEFE
Original SPE manuscript receivd for review Sept. 16, 1884. Papar accapted for publication

Jan. 6, 1986, Revised manuscript received May 21, 1987, Paper (SPE 13188) first presented
at the 1984 SPE Annual Tochnical Canference and Exhibition held in Houston, Sept. 16-13.
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