Advanced Pressure Transient Analysis

Well Test Analysis of Hydraulically
Fractured Well

By: Shahab Gerami



Hydraulic Fracturing

O Often newly drilled wells do not flow satisfactorily and stimulation is required.
A popular and effective stimulation practice is hydraulic fracturing. The objective
of this technique is to provide a greatly increased surface for the reservoir fluid
to enter the wellbore. In order for this to be effective the pressure drop along the
fracture needs to be small, requiring a high fracture conductivity (defined by the
product of fracture width and fracture permeability).

O A fracture is defined as a single crack initiated from the wellbore by hydraulic
fracturing. It should be noted that fractures are different from “fissures,” which
are the formation of natural fractures.
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Hydraulic Fracturing

d Massive hydraulic fracturing (MHF) stimulation treatments are
extensively used in tight reservoirs to boost the reservoir performance.

d A good fractured well surveillance is essential for optimal reservoir
exploitation and long-term strategic plan development.
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Depth >3000 ft: It is believed that the hydraulic fracturing results in the
formation of vertical fractures.

Depth< 3000 ft: The likelihood is that horizontal fractures will be induced.
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Characterization of Hydraulic Fractures

dThe fracture has a much greater permeability than the formation it
penetrates; hence it influences the pressure response of a well test
significantly.

Q fracture half-length x; , ft; v S — /

Q r,p, where 1,5 = r./x; a8

Q fracture height # , which is often o
assumed equal to the formation |
thickness, ft;

4 fracture permeability & , md,;

Q fracture width w; , ft; AL

Q fracture conductivity ~,, where F. S T —

FIGURE 1. Schematic illustration of a vertical fracture in a closed square reservoir

dThe fractured well has unknown geometric features, i.e., X , w , A , and
unknown conductivity properties.
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Pressure Response in a Hydraulic Fractured Well

eThe fracture has a much greater permeability than the formation it penetrates; hence
it influences the pressure response of a well test significantly.

*The following dimensionless groups are used when analyzing pressure transient data in
a hydraulically fractured well:

_— kb , where
Diffusivity group nm = m [1.5.14] # = fracture halflength, fi
wy = fracture width, ft
00002637k Eal ki = fracture permeability, md
Time group tp = [T} t=1Ip ( J* ) k = pre-frac formation permeability, md
PROT M tpy = dimensionless time based on the fracture
[1.5.20] halFlength x;
p P t = ﬂuw'm;{ time in drawdown, At or Af in buildup,
. T _ Ry e = OUrs
Conductivity group  Fep = ™ [1.5.21] T — Temperature, °R
0.8037C Fr = t'r_m:turre: 1‘{mtlmj[[v[l}'_ md ft o
Storage group Cpy = — [15.22 Fep = dimensionless fracture conductivity
' perhay 1 = hydraulic diffusivity
cp = total compressibility of the fracture, psi™
e o _ RRAp . o
Pressure group pp = T4 208 for oil [1.5.23] .
Tiest FPressure Time
Drawdown  Ap = — i t
Buildup AP = fus — Pwi at at=n At or Ate

. ¥a
Fracture group #ep = -
Ll
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Hydraulic Fractures Models

O Gringarten et al. (1974) and Cinco and Samaniego (1981), among
others, proposed three transient flow models to consider when
analyzing transient pressure data from vertically fractured wells.
These are:

(1)infinite conductivity vertical fractures: A very high conductivity,
which for all practical purposes can be considered as infinite (No
significant pressure drop from the tip of the fracture to the wellbore)

(2) finite conductivity vertical fractures: These are very long fractures
created by massive hydraulic fracture (MHF). These types of
fractures need large quantities of propping agent to keep them
open and, as a result, the fracture permeability & is reduced as
compared to that of the infinite conductivity fractures.



Hydraulic Fractures Models

(3) uniform flux fractures.

« Auniform flux fracture is one in which the reservoir fluid flow rate
from the formation into the fracture is uniform along the entire
fracture length.

» This model is similar to the infinite conductivity vertical fracture in
several aspects. The difference between these two systems occurs
at the boundary of the fracture. The system is characterized by a
variable pressure along the fracture.




Flow Periods for Vertically Fractured Well

Several flow regimes are observed in fractured wells. One of the
responsibilities of the well test analyst is to use the appropriate tools to
predict the type of flow regime that may develop in the fracture around
the wellbore.

Wall

/— { \ .L/{_---\ r; ¥ W
— 3 === wal e

—\\ / T / I[ ‘ A& k.".\h__-.__/l L& 4 4 A

Fractura

(a) {b)
FRACTURE LINEAR FLOW BILINEAR FLOW

Fracture
¥ ¥ ¥ ¥ ¥ ¥ 1r¥_/J Fracture

o Well .

(c)
(ch)
FORMATION LINEAR FLOW PSEUDO RADIAL FLOW

8 Figure 1.71 Flow parods for a vartically fractured wall (Aftar Cinco and Samaniego, JPT, 1087).



Hydraulic Fractures Flow Periods

(1) infinite conductivity vertical fractures;

1. fracture linear flow period; —_—
2. formation linear flow period,;
3. Infinite-acting pseudo-radial flow period. | |, 11 11111
. ’ . .‘ . + .
EEREE R
(2) finite conductivity vertical fractures;
1. initially “linear flow within the fracture”;
., v v v b vy by
. followed by “bilinear flow”; W

2
3. then “linear flow in the formation”; and
4. eventually “infinite acting pseudo-radial flow.”

\\I//

(3) uniform flux fractures. l | l /
1. linear flow:;
2. Infinite-acting pseudo-radial flow. // /[\\i\



-~ Fracture Linear Flow

dThe first flow period, there is negligible fluid coming from the formation, flow
within the fracture during this time period is linear.

The flow in this period can be described by the linear diffusivity equation and
is applied to both the fracture linear flow and formation linear flow periods.
The pressure transient test data during the linear flow period can be analyzed
with a graph of pvs (time)%>

dUnfortunately, the fracture linear flow occurs at very early time to be of
practical use in well test analysis.

dThe fracture linear flow exists for fractures with £, >300.

QThe duration of the fracture linear flow period is short, as it often is in finite
conductivity fractures with £,_<300, and care must be taken not to misinterpret
the early pressure data. -

In some situations the linear flow straight line is not recognized from well test
analysis due to the skin effects or wellbore storage effects.

End of fracture linear flow can be estimated from the following relation.
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Fracture Linear Flow

0.01(Fp)® ke —

Iy == )2 Mo = H’ffﬂ ) — .

(a)
FRACTURE LINEAR FLOW

[1.5.21]

Conductivity group  Fep = %

AP o vt

&P/T

og 5o, | =T > ar|

Qof - f
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TTT4t0T ELTTTE] Bilinear flow

UThe pressure drop through the fracture is significant for the finite
conductivity case and the bilinear flow behavior is observed; however,
the infinite conductivity case does not exhibit bilinear flow behavior
because the pressure drop in the fracture is negligible.

U Two types of linear flow occur simultaneously.

One flow is a linear incompressible flow within the fracture and the
other is a linear incompressible flow in the formation.

U Most of the fluid which enters the wellbore during this flow period
comes from the formation.

UFracture tip effects do not affect well behavior during bilinear flow and,
accordingly, it will not be possible to determine the fracture length from
the well bilinear flow period data.

dThe actual value of the fracture conductivity F. can be determined
during this flow period.
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log AP |—
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Estimation Fracture Conductivity

2.451 2.451 1
— tps.) log (p )zlﬂg[ ]+—10g(u)
O R Vo) T o8t

C Ap = st
B |: 44. 1QB ]
e hFc(puedk)l/s

g Fe = kiw

Ap = [ 44.1QB :|t1”{4 ‘ <

h«.;’ F{: (Q’);{tﬁtk) 1/4

AP a
Quad - root - t plot

Der| & - —> AP //
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dWhen the bilinear flow ends, the plot will exhibit curvature which could
concave upwards or downwards depending upon the value of the

dimensionless fracture conductivity F-p

Qif the test is not run sufficiently long for
bilinear flow to end when F-; > 1.6, it is
NOT possible to determine the length of
the fracture.

dF.p <1.6, curvature concave downward,
it indicates that the fluid flow /in the
reservoir has  changed  from a
predominantly one-dimensional linear flow
to a two-dimensional flow regime.

dF-, > 1.6, curvature concave upward,
fracture tip begins to affect wellbore
behavior. If the test is not run sufficiently
long for bilinear flow to end when F.p >
1.6, /it /s not possible to determine the
length ofthe fracture.

The fracture tip begins to
affect wellbore behavior.

FCD= R }fl RX{ = 1.5\
End of bilinear flow
\ FCcD<=18
M
1
V1
194.9QB 14 F¢
Ch = X = o
kh Apept b

@ = flow rate, STB/day or Mscf/day
T = temperature, °R



Estimation Fracture Conductivity

Cinco and Samaniego pointed out that . 194.9QBu

. ) . Foroil Fop =
the dimensionless fracture conductivity kh A peng
FCD can be estimated from the 1965. 1QT

bilinear flow straight line, i.e., p vs. Forgas Feo = 2o o
(time)*?, by reading the value of the  here:

pressure difference p at which the line
ends p.,; and applying the following
approximation:

@ = flow rate, STB/day or Msct/day
T = temperature, °R

The end of the bilinear flow, “t,;,”~ straight line depends on the
fracture conductivity and can be estimated from the following
relationships (Cinco and Samaniego; 1981):

- 0.1
For Fcp = 3 f ~
Ch =9 Debf Fop)?
For 1.6 < Fep <3 tpeps =~ 0.0205[Fcp — 1.5]71%
4.55 1™
For Fcp < 1.6 IDebf = [ — 2. 5]
VFep



Bilinear Flow Equations Oil &Gas

Test Pressure Time
Drawdown  Ap = p; — pug t
Buildup Ap = Pws — Pwi at ar=0 At or Af,

o

44 . 1QB -
mych (pcik) 1/

For oil F¢ = (kfws) = [

2

444. 60T
For gas Fe = (k) :[ o ]

muth (¢ rieek) 1/
94. 9 )
For oil F{*[]. = 194 QBH
khﬂ‘pf‘]}f F{-
. o _ 196517 | > = Tk
or gas Fep =
R b khAm (p) ebf
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Example 1.36 A buildup test was conducted on a frac-
tured well producing from a tight gas reservoir. The follow-
ing reservolr and well parameters are available:

¢ = 7350 Mscf/day, {, = 2640 hours

h=118 ft $ =0.10
k= 0.025 md, w=10.0252
T = 690°R, et = 0.129 x 107 psi~!

Pt at Ar=0 = 1320 1)514":]., Yoy = 0.28 ft

The graphical presentation of the buildup data 1s given in
terms of the log=log plot of Am(p) vs. (AHY4, as shown in
Figure 1.73.

Calculate the fracture and reservoir parameters by per-
forming conventional well testing analysis.
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Solution

Step 1. From the plot of Am(p) vs. (Af)Y*, in Figure 1.73,
determine:

mp; = 1.6 x 10° psi/cphr’
tsbf 7= 0. 35 hours (start of bilinear flow)
teni A= 2.9 hours (end of bilinear flow)
Am(P)ent = 2.05 % 10° psi®/cp

Step 2. Perform the bilinear flow analysis, as follows:

¢ Using Equation 1.5.34, calculate fracture conduc-
tivity F:

i _{ 444 6QT T
— Lmpih (ppuek) /4

{ 444.6(7350) (690)
(1.62 % 108) (118)[(0.1) (0.0252) (0.129 x 10-3) (0.025)]1/4

154 md ft

|

3
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¢ (alculate the dimensionless conductivity Fcp by using
Equation 1.5.36:

1965.1QT
kl Am (D) vy
1965. 1(7350) (690)
~ (0.025) (118) (2. 02 x 10%)

Fep =

= 16.7

¢ [Estimate the fracture half-length from Equation 1.5.21:
~ Fepk

B 154

~ (16.7)(0.025)

Xf

= 368 ft
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Figure 1.73 Bilinear flow graph for data of Example 1.36 (After Sabet, M. A. Well Test Analysis 1991, Gulf Publishing
Company).
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t1+1t11114+  Formation linear flow

LAt the end of the bilinear flow, there is a transition period after which
the fracture tips begin to affect the pressure behavior at the wellbore
and a linear flow period might develop.

dThis linear flow period is exhibited by vertical fractures whose
dimensionless conductivity is greater that 300, i.e., F-p > 300.

UAs in the case of fracture linear flow, the formation linear flow
pressure data collected during this period is a function of the fracture
length x and fracture conductivity F.

UThe pressure behavior during this linear flow period can be described
by the diffusivity equation as expressed in linear form:

Fraciure ]
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Formation linear flow

Fpo pue  @p
ax2  0.002637k ot - >

4.06408B
For oil fractured wells ﬁp:[ @ \/ " \;NE
th ke

or in simplified form as  Ap=myiv't

925
For gas fractured wells Am (p) = 4092507 1 11/2
hxs ko e

or equivalently as  Am (p) =m V't

{E




Formation Linear Flow

4.06408B [
Myh V ke

Oil fractured well x; = [

. 40.925QT 7 | 1 y
Gas fractured well xf = [ @ } [1.5.38]
myth \ ke
where:
@ = flow rate, STB/day or Mscf/day
T = temperature, °R
my = slope, psi/~vhr or psi/cpvhr
k = permeability, md
¢ = total compressibility, psi™
The beginning of formation linear The end of this linear flow period,
flow, “blf,” depends on F., and can “elf,” occurs at approximately:
be approximated from the following
relationship:
100 .
tpbif A fone == 0. 016

(Fep)?



Formation Linear Flow
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Figure 1.74 Pressure data for a 15—31’0;:)6 straignt Tine in a rog—iog grapn (After Cinco and Samaniego, 19817). é
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o 100 —
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24 Figure 1.75 Square-root data plot for buildup test.
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During this period, the flow behavior is similar to the radial reservoir flow with
a negative skin effect caused by the fracture. The traditional semilog and log—
log plots of transient pressure data can be used during this period.

162.6Q,B
but = i — ;i’” - \\l /

\‘-llll

Infinite-Acting Pseudoradial Flow

k
* [lﬂg (t) + log ( . ) —-3.23+ D.STS}

pucry

,/TT

or in a linear form as: // l \\

Di — pwt = Ap = a+ mlog(t)

162.6Q, B, 1o b — 162. 6Q,B, 11, s=1.151 {Aﬁ hr log ( k : ) . 3.23}
m = h = 7] Ed PLC e

For drawdown fis; = 108

25 For buildup Aty = 10A e
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Example 1.37 The drawdown test data for an infinite
conductivity fractured well is tabulated below:
Additional reservoir parameters are:

b = 82 ft, ¢ =0.12

cg =21 x 1075 psi~!, u =0.65¢cp

B, =1.26 bbl/STB, r, =0.281ft

@ = 419 STE/day, = 3770 ps

Estimate:

¢ permeability, k;
¢ fracture half-length, z;;
e skin factor, s.



t (hr) pui (si) AP (psi) Vi (hr'?)
0.0833 3709.0 11.00 (0,259
0.1670 3700.0 15.0 (b, 40
(0.2500 3752.0 18.0 (3. D00
(. 5000 2744.5 20.5 0.707
0.7500 3741.0 29.0 ().866
1.0000 3738.0 32.0 1.000)
2.0000 3727.0 43.0) 1.414
3.0000 3719.0 01.0 1.732
40000 3713.0 7.0 2,000
2.0000 3708.0 62,0 2.236
6.0000 3704.0 66.0 2.449
7.0000 3700.0 70.0 2.646
3.0000 3695.0 70.0 2.828
9.0000 3692.0 78.0 3.000

10,0000 3690.0 80.0) 3.162
12.0000 3684.0 86.0) 3.464
240000 3662.0 108.0 4,899
48.0000 3635.0 135.0 6.928
96.0000 2608.0 162.0 9,798
240,0000 3070.0 200,00 14.142

27
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Solution

Step 1. Plot:
e Ap vs. t on a log-log scale, as shown in
Figure 1.77;
e Ap vs. 4/t on a Cartesian scale, as shown in
Figure 1.78;

e Ap vs. t on a semilog scale, as shown in
Figure 1.79.
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Figure 1.77 Log-log plot, drawdown test data of Example 1.37 (After Sabet, M. A. Well Test Analysis 1991, Gulf
Publishing Company).
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Figure 1.78 Linear plot, drawdown test data of Example 1.37 (After Sabet, M. A. Well Test Analysis 1991, Gulf
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Figure 1.79 Semilog plot, drawdown test data from Example 1.37.
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Step 2. Draw a straight line through the early points rep-

resenting log(Ap) vs. log(f), as shown in Figure
1.77, and determine the slope of the line. Figure 1.77
shows a slope of 1 (not 45° angle) indicating lin-
ear flow with no weilbm'e storage effects. This linear
flow lasted for approximately 0.6 hours. That 1s:

taqr = 0.6 hours

Apeai = 30 psi

and therefore the begmning of the infinite-acting
pseudoradial tlow can be approximated by the “dou-
ble Ap rule” or “one log cycle rule,” i.e., Equations

1.5.40 and 1.5.41, to give:
thei = 10f5 = 6 hours

Aprst = 2Apeys = 60 psi
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Step 3. From the Cartesian scale plot of Ap vs. /t, draw a
straight line through the early pressure data points
representing the first 0.3 hours of the test (as shown

in Figure 1.79) and determine the slope of the line,
to give:

1 ,-3

miyi = 36 psi/hr

Step 4. Determine the slope of the semilog straight line rep-

resenting the unsteady-state radial flow in Figure
1.79, to give:

m = 94,1 psi/cycle
Step 5. Calculate the permeability & from the slope:
~ 162.6Q,B,p, 162, 6(419)(1.26)(0.65)

mh B (94.1) (82)

= 7.23 md

k




Step 6. Estimate the length of the fracture half-length from
Equation 1.5.37, to give:

[ 4. 06408 } [
\ ke

X =
vk

[4.064(419) (1. 26) ,n'l 0. 65

“ L (36)(82) L (7.23)(0.12) (21 x 1075

= 137.3 1t

Step 7. From the semilog straight line of Figure 1.78, deter-
mine Ap att = 10 hours, to give:

Apat ar=10 = 71.7 psi
Step 8. Calculate Apqy, by applying Equation 1.5.39:
APt = APat ar=10 —m=71.7T—94.1 = —-22.4 ps1
Step 9. Solve for the “total” skin factor s, to give

(A k
s =1.151 p”“—lng( 2)+3.23}
L |??’.it| ﬁﬁﬂflfw
F_92.4
~1.151
e AT
7.23
-1 , 3.23
o8 (0, 12(0.65) (21 x 1G—v)(0.28)2) + }

34 = —0.0
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with an apparent we]lbﬂre ratio of:
re = rye™ =0.28e" = 68.5ft

Notice that the “total” skin factor 1s a composite of effects
that include:

§ =351 +Sf + 5 + 5y + Sew + 5¢

where:
sq = skin due to formation and fracture damage
si = skin due to the fracture, large negative value s; < 0
st = skin due to turbulence flow
sp = skin due to perforations
sw = skin due to slanted well

skin due to restricted flow

@
|



Pressure Response in a Hydraulic Fractured Well

e|n general, a fracture could be classified as an infinite conductivity fracture when

the dimensionless fracture conductivity is greater than 300, i.e., £, >300. Fep = "‘_If;‘_' - E_“
3 Ui

Specialized graphs for analysis of the start and end of each flow period:

pvs. (time)°-2> for bilinear flow

pvs. (time)°-> for linear flow \/__ o J [ l

| | 2 e - \
¢ —= | | = . ||—;%[ Well | T

_/ 1 ‘ ‘ [\___.

a) ib)
FRACTURE LINEAR FLOW BILINEAR FLOW

[T =l

)

pvs. (time)?> for linear flow

i)

pvs. log(time) for infinite acting FORMATION LINEAR FLOW PSEUDO RADIAL FLOW
pse u do_ rad ia' fl OW Figure 1.71 Fow penods for a vertically fractured well {After Cinco and Samaniego, JPT, 1987)
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Ap , DER
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Finite Conductivity Fracture

Wellbore storage + Fracture IS = el

+ SKIN

Had ial_

Wellbore storage + Fracture
(NO SKIN)

t, At




Infinite Conductivity Fracture

Wellbore storage + Fracture
+ SKIN

e
:'I'-"'-"r'.-
.-,|.-""'-.
.
-

Increasing by =

Ap , DER

il £
2 Wellbore storage + Fracture
(NO SKIN)

t, At
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Hydraulic Fractured Well

* Hydraulic Fracture (Vertical Well):
= Bilinear flow === Finite conductivity fracture
= Linear flow === Infinite conductivity fracture

= Wellbore storage hump is evident when fracture has
a skin (choke skin or fracture-face skin). Easily
misinterpreted as radial flow with complex reservoir

geometry

= Sometimes difficult to differentiate between infinite
and finite conductivity when skin is present



