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Abstract

Unconventional energy resources have been characterized as those with large
scale geometry and reserve, poor reservoir quality, which are difficult to evaluate and
to apply the traditional techniques to develop for economic production.
Unconventional oil and gas migration and flow mechanism dominate its exploration
and development mode, which potentials are largely formation controlled. Very often,
formation stimulation in unlocking the reservoir potential, such as fracturing
technique is the key to develop unconventional reservoirs, such as the shale oil and
gas, as well as the tight gas reservoirs. The state-of-art technology for tight oil and gas

development is through long horizontal well with multi-stage fracturing.

Presented in this study, based on the thorough study of unconventional reservoirs
matrix and fracture seepage mechanism, and considering the finite conductivity and
infinite conductivity fractures; as well as the parameters such as fracturing completely
penetrating or partially penetrating; perforation in the fractures and between fractures,
fracture half length, fracture dipping, fracture spacing etc., the multi-stage fracturing
horizontal well test interpretation models are established. The model takes into
account broader factors and wide field application conditions, therefore, more robust

than other published fractured horizontal well test models.



The current model for well test interpretation was solved using modern mathematical
analysis methods. The type curves of multistage fracturing horizontal wells were
generated. These type curves reflect the reservoir dynamic responses including those
due to the main flow stage; the seepage flow characteristics of each stage, as well as
the number of fractures, fracture half length, fracture conductivity, fracture inclination
angle and other response characteristics. These type curves were then used by type
curve matching methods to the well testing data from a field case, to calculate the

reservoir and fracture parameters.

The field application and case study have shown that the developed well testing
model can meet the actual production evaluation requirements, and the results are in
good agreement with those published for unconventional tight oil and gas reservoir

evaluation.

Keywords: unconventional, multi-stage fracturing, horizontal well, interpretation

model, well test interpretation
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Chapter 1

Introduction
Research on well test interpretation

Model for unconventional tight oil and gas reservoirs

Unconventional oil and gas resources include heavy oil, tight sandstone gas,
coal-bed methane, shale gas and natural gas hydrate. Due to the huge amount of
unconventional oil and gas, and as techniques become more and more economic in
accordance to high international oil prices, making the unconventional oil and gas
resources full of great development value. However, it is much more difficult in the
method and techniques for exploration and development on unconventional oil and
gas than that in conventional oil and gas, therefore, strengthening the research for the
development of technology for oil and gas exploration of unconventional oil and gas,
is the inevitable choice for sustainable development on tight oil and gas in twenty-first
Century.

The tight sandstone oil and gas reserves of unconventional oil and gas reserves
are huge, and the exploration and development techniques are the most mature in
unconventional reservoirs, especially in the US, Canada, and China. All have made
great economic benefits, and currently accounting for the first place of all global
production in unconventional oil and gas.

Unconventional reservoir characteristics and hydrocarbon accumulation
mechanism are different from the conventional oil and gas reservoirs, such as the
large scale, poor reservoir properties, generally less than 10% porosity, and
permeability less than 1 x10°um?, therefore, the traditional production techniques
usually cannot obtain the economic production.

Unconventional oil and gas migration and seepage mechanism determine its
exploration and development mode, and fracturing technology is the key to shale oil
and gas, tight oil (gas) and other unconventional oil and gas development. The long
horizontal well multi-stage fracturing is the main development technique for
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unconventional oil and gas reservoirs.

Multistage fracturing horizontal wells technology can effectively improve the
near-wellbore flow conditions compared with vertical wells, so as to improve the well
production; and it can effectively solve the problems such as multiple layers and thin
beds; moreover, the multi-stage fracturing is equivalent to multiple straight well, and
capable of greatly improving the controllable reserves. Currently, the multistage
horizontal well fracturing technology on tight sandstone reservoirs has been
successful, but the research on the multi stage fracturing of horizontal well testing
model is still left behind. How many real effective fractures, after the completion of
production are? How long is the actual effective fracture half-length? How about the
actual conductivity of each fracture? How about the pollution situation around each
fracture in the reservoir? and more other problems are all concerned by the developers.
The well test analysis and interpretation can provide answers to these questions, in
addition to the reservoir performance parameters.

This dissertation presents the study results of the well test interpretation model of
tight sandstone reservoirs in unconventional reservoirs, giving full consideration on
the actual situation of tight sandstone reservoir geological characteristics and fluid
properties and other relevant characteristics. Through the test model of staged
fracturing for horizontal wells, all kinds of external boundary conditions were
considered, and the test analysis were conducted using field well testing data, so as to
obtain the accurate formation parameters, and then provide a reasonable basis and
solid foundation for the tight oil and gas field exploration and development.



Chapter 2

Study of multi-stage fracturing horizontal well

Physical model and flow regimes

2.1 The fracture formation mechanism

Horizontal well hydraulic fracturing has certain relationship between the
reservoir and formation rock around the reservoir, mainly due to the properties of the
rock mechanics. At first, the formation mechanism of fractures/fractures should be
investigated.

Horizontal wellbore is controlled by three in-situ formation stress components,
that is, the overburden pressure o,. , maximum horizontal stress ¢, minimum
horizontal stress o,

For the horizontal well fracturing system, artificial fracturing is generally divided
into 3 kinds, transverse fracture, longitudinal fracture, horizontal fracture, as shown in
Figure 1.

Longitudinal fracture Transverse fracture

Fig. 1 Schematic diagram of horizontal well fracture shape, where two type of likely
combinations occurs in practice — cross-intersected fractures with horizontal well path (on
the left), and parallel-intersected fractures with horizontal well path (on the right).

Transverse fractures are the fractures that are perpendicular to the horizontal well
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bore, generally produce multiple transverse fractures; and longitudinal fractures are
the fractures that are parallel to the horizontal well bore. For a horizontal well, what
kind of actual fracturing will be produced is dependent on the formation stress.

Generally speaking, the minimum in-situ stress is in the horizontal direction, so
the situation encountered in most is the transverse joint and longitudinal joint. If the
wellbore is parallel to the minimum horizontal stress direction (i.e., along the
direction of the minimum horizontal permeability), the transverse joints occur; if the
horizontal wellbore crack perpendicular to the longitudinal direction of the minimum
horizontal stress (i.e., along the direction of maximum horizontal permeability), then
longitudinal fractures occur. Theoretical research and practical application show that
the transvers fractures are better for production, than the longitudinal fractures. (Chen
Wei et al., 2000).

Hydraulic fracturing is the process of generating artificially tensile failures along
the wellbore wall/formation. The purpose is to expand the area of fluid flow region,
and increase the oil production. The fracture initiation and fracture orientation depend
on the order of the overburden pressure ¢,, maximum horizontal stress o, and
minimum horizontal stress on. As well as the horizontal well borehole
axis position and rock mechanical properties. For the average reservoir depth, the

general scale order of the stress component is “+ =~ @v = @ OF 0, > Oy >0}y

Experimental studies and field tests yielded the following conclusions:

a. When the wellbore azimuth of horizontal wells and the principal stress
direction are consistent, axial fracture will be produced; there may be horizontal
fractures or vertical fractures, mainly depending on the size and the order of three
stresses discussed above.

b. When the horizontal wellbore azimuth orientation oblique to the main ground
stress, the space fracture is formed, and may give rise to complex fracture geometry.

c. Field test showed that the perforated section of the well that is four times less
than the well borehole fracturing can generate transverse fractures; when the

perforated interval is four times greater than borehole diameter, the fractures will be
10



multi-axial fracture group. In this study, the reason is given below for this
phenomenon (Li Yongming et al., 2012).

The rock mechanics and reservoir engineering are combined to optimize the
horizontal well fracturing program. For anisotropic permeability formations and
low-permeability formations, the horizontal well fracturing is a good stimulation
measure to increase production. Theoretical research and practical application show
that the lateral fracture production is higher than the longitudinal fracture. Therefore,
this dissertation mainly studies the well testing model for transverse fractures of a
horizontal well.

2.2 The seepage mechanism of multistage fracturing horizontal wells

Horizontal well fracturing is the common means to change the fluid radial flow model
of horizontal well to linear flow pattern. The characteristics of radial flow pattern are
flow streamline converge to the well and highly concentrated along wellbore, and the
bottom hole flow resistance is large. The characteristics of linear flow is a flow line
parallel to the fractures in the formation walls, the flow resistance is much smaller.

Horizontal wells provide more drainage area for the implementation of low
permeability reservoir stimulation technology. Through the implementation of
multi-stage hydraulic fracturing horizontal wells, it is expected to further reduce the
formation energy loss, and improve the productivity of the well.

For the uniform flow distribution assumption adopted in the fracture inflow, only
accommodate the convenience of mathematical analysis, and inconsistent with the
in-situ inflow of non-uniform distribution of fractures. Therefore, for the multiple
fractures system in horizontal well, the fracturing should be studied and considered by
taking into account of two most common situations, the infinite conductivity fractures
and finite conductivity fractures. When small-scale fracturing produce short fracture
or artificial fracture, the conductivity is high and the infinite conductivity fracture
model can be approximately used (FAN Dong-yan et al., 2009).

The mechanism of fracturing seepage flow to increase production is explained by:
changing from the radial flow of the formation fluid to the linear seepage. Radial flow
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model is characterized by a streamline to well height concentration, and the bottom
hole flow resistance is large, however, the characteristics of linear flow is a flow line
parallel to the fractures in the formation walls, therefore, the flow resistance is
relatively much smaller. After fracturing horizontal wells, their fluid flow process is
divided into the following five stages:

2.2.1 The fracture linear flow

When the well is opened for a short time, the fluid flow direction is along the
fracture towards the wellbore, the wellbore fluid is completely from the fractures, the
layer outside of the fractures does not contribute to the fluid flow, the flow named the
fracture linear flow, and this flow process is shown in Figure 2.

1

\/
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Fig. 2 Fracture linear flow — the cross-sectional view showing stream line of flow from

formation matrix towards the horizontal well path.

2.2.2 The fracture formation of bilinear flow
Since the fluid within fractures storage is limited, and the fluid within the matrix
perpendicular to the fracture gradually flows into the fractures, the fluid flows into
the wellbore include that from fractures and that from the matrix flowing
perpendicular to the fracture formation. Because the two linear flows exist at the
same time, the flow is called the bilinear flow within fracture and formation, as
shown in Figure 3.

12



ANAIAAA
AAW/I\/I\

Fig. 3 fracture formation of bilinear flow, where linear flows in the fractures as well as from

the formation matrix happened at the same time.

2.2.3 The fracture pseudo radial flow

With the expansion of the fluid flow ends within the fracture rock matrix system,
the range of each fracture pressure is approximately circular, various fractures
together intend to give rise to radial flow at later time, which is nhamed pseudo-radial
flow. However the interference between the fractures in the system is yet to come,
depending on the flow at the fracture length and fracture spatial distribution. The
fracture pseudo radial flow pattern is shown in Figure 4 below:

Fig. 4, Fracture pseudo radial flow, where flows from matrix towards horizontal well as well

as converged to the tips of the fractures are shown.
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2.2.4 The formation linear flow

After the production for a period of time, the matrix fractures for liquid can
maintain stability, namely the fracture effect will gradually weaken after fracture
linear flow and fracture of pseudo radial flow, the wellbore fluid seeps completely
from the formation, then the formation fluid will flow in a linear fashion with major
flows into the fractures, and forming the formation strata linear flow. This flow
pattern is shown in Figure 5.

Figure 5, Formation linear flows, where in the region beyond the tips of the fractured zones,

linear flows towards the region are shown with arrows.

2.2.5 The formation pseudo radial flow

With the further extension of the production time, the pressure wave is gradually
extending outwards, a radial flow pattern, which is a little farther away from the
horizontal well bore, is called formation pseudo radial flow. If the reservoir
boundaries outside is infinite, pseudo-radial flow will form, as shown in Figure 6
(Sheng Ruyan et al.., 2003).

14



Figure 6 Formation pseudo radial flow, where far beyond the fractured regions, in a infinite
acting reservoir, pseudo-radial flow towards the horizontal well as well as the fractured

regions are shown.
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Chapter 3

Research on well testing model for horizontal well with

multiple fractures

For the thin interbedded reservoir of low permeability, it usually cannot reach the
expected development performance by using only horizontal wells. Therefore, we
often use the method of multiple hydraulic fracturing to increase the productivity of
horizontal wells. The domestic scholars have grasped the flow characteristic of the
fractured horizontal well with the application of the fractured horizontal well
technology in the reservoirs.

On the basis of deep study on unconventional reservoir matrix and fracture flow
mechanism, and considering the factors such as finite conductivity and infinite
conductivity fractures percolation mode, fractures completely penetrating or partial
penetrating, perforation in the fractures and between the fractures, fracture half length,
tilting angle of the crack, crack spacing, etc. infinite acting, reservoir with closed
rectangular boundary, constant pressure boundary, the bottom water support reservoir
of multistage fracturing horizontal well test interpretation models are established.

This dissertation mainly introduces the finite conductivity and infinite

conductivity fractures in infinite acting reservoir of multistage fracturing horizontal
well test interpretation models (Zerzar et al., 2003).
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3.1 Well testing model for horizontal well with multiple fractures of

Infinite conductivity

3.1.1 Physical model

The schematic diagram of the model for the multi-stage fracturing horizontal
well is shown in Figure 7, assuming that:

(1) The reservoir thickness is h, the wellbore position to the upper and lower
boundaries is Zw, and the horizontal well length is L.

(2) The reservoir is homogeneous, anisotropic and infinite size. The thickness is
uniform. The top surface and the bottom surface are closed, no-flow boundaries.

(3) The horizontal well is penetrated by m longitudinal fractures that are
non-deformable (Figures 8 and 9). The fracture half-length is ys. The fracture height is
h:. The angle between the fracture plane and the horizontal plane of the wellbore is a;.
The fluid flows into the wellbore from the fracture surface only (y-z plane). No fluid
flows through the end of the fractures.

(4) The flow rate is constant in the bottom of the horizontal well, but the flow
rate gj of each crack is not necessarily equal (the horizontal well produces at constant
production rate of q).

(5) The formation rock and fluid are slightly compressible, and the compression
coefficient is constant, the crude oil viscosity is constant.

(6) The fluid flow is infinite conductivity in the horizontal wellbore and the
fractures. The fluid flows into the fractures once and instantaneously flows into the
wellbore.

(7) The fluid flows under Darcy law in reservoir.

(8) Ignore the effect of gravity and capillary force, and considering the effect of
wellbore storage and skin (Zheng, 1998).

17



Figure7, Schematic diagram of flow model for multi-stage fracturing horizontal well, with

no-flow boundaries at the top and bottom of the reservoir.
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Figure 8, X-Z plane front views of ideal horizontal well path with a length of L, with

intersected fractures at different angles.
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Figure 9, Y-Z plane side views showing the horizontal well (in a circle), intersected by the
fracture plane (brown colour). Z, denotes the horizontal well position between formation

layers with a thickness of h.
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3.1.2 Mathematical model

In the three-dimensional Cartesian coordinates, the control differential equation
is given below (Brown et al., 2009):

K, 82p+K 62p K, &’p

=¢C, — X, ¥,2)eQ,t>0
AT A ¢t (x,¥,2)
Initial condition:
p(x,y,2,0)=p,
Outer boundary conditions:
p
| >
|1|I—r>]jop p"|1|Im oX 0 t=0
. . op
| =p, lim—=0 t>0
o P P oy

Closed bottom surface:

op(x,y,z,t
p( ay )Iz:o=0
A

Closed top surface:
6p X,V,z,t
( y ) Iz:h 0

oz
Where:
4 point source output, m¥/d 8 () —— & function
Ky, Ky, K, X, y, zdirection of permeability, um* P —— for pressure, Mpa
p;i— for initial formation pressure, Mpa, t——time, h
1 —— viscosity, mPas @ —— porosity
MPa®  h—— formation thickness, m

3.1.3 Dimensionless mathematical model
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For the convenience of type curve generation and analysis, math model and solutions in

dimensionless form are often used. The dimensionless parameters are defined as followings (hang
Ziming, 2009):

The dimensionless pressure is defined as:

hJK.K,
P

T 1.842x10°quB (P =P)

The dimensionless time is defined as:

3.6K.t
o= ch
Pu t
The dimensionless distance is defined as:
X 5 & y X KZ Vi E
> h\K,"7® hyK,"° h’
X —X_W & y y_W KZ Z —Z_W
'wD h X’ wD h Ky’ wD h 1
N KZ Yaj KZ Zpj
XAjD:TJ1’K_X’yAJD Tj K_y’ZAjD:TJ’
B,D—ﬁ Koy =Y K, e
h K, ! h Ky ! h
Vi K, h
ijD:TfJ K ’hij_ﬁ'
y
AL, K L [K
AL =—21 [—=, — z
P h (K" hy\K

The dimensionless wellbore storage coefficient is defined as:
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where:
Pp dimensionless pressure tp dimensionless time
Ojp dimensionless rate of the j fracture
Xps Yp» Ip dimensionless distance of a point on (X, y, z) in the space in X, y, z direction

Xwps Ywbs ZwD dimensionless distance of a point on (Xy» Yws Zw) On the wellbore in X, y,

z direction

XajD> YADs ZAD dimensionless distance of A point on (Xaj» Yaj» Za) in X, Y, z direction

XBjps YBjD» ZBjD dimensionless distance of B point on (Xgj» Ygj» zs) in X, Y, z direction

il fracture half length of the j fracture, m

Yfip dimensionless fracture half length of the j fracture

hg; —— fracture half height of the j fracture, m

htip dimensionless fracture half height of the j fracture

ALj—— distance between the j fracture and the (j+1) fracture, m

ALjp dimensionless distance between the j fracture and the (j+1) fracture
L ——length of the horizontal well, m

Lo —— dimensionless length of the horizontal well

C ——wellbore storage coefficient, m*’MPa

Cp—— dimensionless wellbore storage coefficient

In the three-dimensional Cartesian coordinates, the dimensionless control differential

equation of the point source of the multi-stage fracturing horizontal well flow is written as:
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0°pp , O°Pp 0P, ap
aXDlzj + ayDzD + GZDZ +qD5(XD_XwD1yD_wa’ZD_ZWD):at_DD

Initial condition:

pD(XD’yDlzD;O):O

Outer boundary conditions:

lim p, =0, lim Po_

[Xp | Xpl=% OX

lim p, =0, lim Po._g

[Yp|—> [Ypl|—>

Closed bottom surface:

apD(XDvYD’ZD’tD)

=0
GZD |zD70
Closed top surface:
Bl Yo 20 bo) |
oz, o=t

3.1.4 Mathematical model analytical solution

In the multistage fracturing horizontal well, according to the characteristics of
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the dimensionless point source seepage of the differential equation, and the boundary
conditions, the mathematical problem is to solve the partial differential equations.
Using the orthogonal transformation, the problem can be converted to the initial value
problems of ordinary differential equations, and then based on the basic theory of
matrix differential equation; we can calculate the exact solution of the problem.
Considering the three-dimensional characteristic values, the converted equations are

shown as follows (Roumboutsos et al., 1988):

2 2 2
0 Ez 9 I52 + 9 EZ =-1E,(X,,Yp) e R?,0< 7, <1
oXy~ 0OYp~ Oz,

Po (X5, Y, Zp,0) =0
B _E
oz, °° oz, T

lim E=0, lim E:O
[xp|—>0 [Xp[—>o0 aXD

lim E =0, lim 2E —0
|yp|—w |yp|—>w ayD

Exact solution is introduced for the dimensionless orthogonal transformation,
and the multi-stage fracturing horizontal wells bottomhole pressure, that is, the whole

point of the space Q source solution is:

tpb 1 _%(XWD_XD)Z —%(ywn—)’o)z
J‘ Ze 4 e 4

pD(XD’yD1ZD’tD):;:I_D

0 T

=1
> = cos(nnz,,,) cos(nmzy e ™ “dz
n=0

A

Any influence of fracture j (as shown in Figure 10) on the target point (Xp,Yp,Zp)
pressure influence, is obtained by the point source solution must be extended to the
whole fracture plane, that's the type of point source solution for fracture plane (X,z

plane) integral, the target pressure expression is:
23



Pio (X5, Vo1 Zp:tp)

_(Yap+20¥5ip—¥p)" +25ij0 ¥p)’

qJD o1 .[ do

2
© 1 1 (Xajp +2&hgp COS@j—Xp )

ZK{J‘O e 4z cos[Nm(z,yp + ENyp Sina)]dE}

n=0

cos(nmz,)e ™ Tdr

Where: the pjp (Xp, Y, Zp) is only the first j fractures, pressure point (Xp, Yo, Zp).

7,0,& 1S the integral variables.

According to the physical model assumption, horizontal well fracturing have m
fractures, the target (Xp, Yp, Zp) should be affected by pressure of the m fractures, strict
expression for its target is:

pD(XD’ yD’ ZD’tD)

q (VA,D+2<TnyD ¥o)

iD

J J‘O J. d °
T

(Xajp +&hep COS -Xp)?

i%{ﬁe 4r cos[Nm(z,, +Shyp Sina;)]d S

n=0

cos(nmz,)e ™ "dr
Where: pp (Xp,Yp,Zp) is the point (Xp,yp,zp) pressure when there are m fractures.
For each of the fractures that have different production g;, the pressure from
cross point of j" fractures with horizontal intersection at B; (Xgjp, Yajo, Zgjp) iS:

Peip (XBjD » Yeipr Zgjp 15)

(yA]D +20—nyD yB]D)

q,D Tofefe do
07
o 1 (Xajo +Ehgp COS e ~Xgip )2
ZK{J'Oe e cos[nm(z,p + Ehyp Sine;)]dE}
n=0

2
cos(nnzg,)e ™ Tdr
24



Where: pgjp (Xp,Yp,Zp) is the Bj(Xgjp, Ysjp, Zgjp) pressure when there are m
fractures.

Assuming that the wellbore and fracture are infinite seepage, the pressure of each
point in the wellbore and fracture is equal everywhere, so:

Puwo (tD) = ijD (XBjD , yBjD | ZBjD ’tD)
_(VAjD+ZGijD—YBjD)2

A O A

2
(Xajp +&hp COSaj—Xgjp )

i%{ e 4r cos[Nm(z,, +Ehyp Siner;)1d &}

cos(Nzgp)e ™ “dz

Where: the pup is bottom hole pressure of multi-segment fracturing horizontal
well.

In the equations above, there are m+1lunknown parameters: m gjp and pwp. TO
solve the m+1 question, we must add an equation, according to the assumption of
horizontal wells for production output at g, so:

0p=1
=

Solving the equations above together with a total of m+1 equations and m+1
unknowns, we can get more exact solutions for pressure response from fracturing
horizontal well.

Solutions obtained above have not considered the wellbore storage effect and
skin effect, if we take account of the wellbore storage effect and skin factor (total skin
factor), it is necessary to take the following steps: first, finding out the exact solution
of bottom hole pressure, and then transformation to the Laplace space under the
bottom hole pressure according to the principle of superposition of Duhamel:
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_wa (U) +
uC,S

D

2nul,

_wa(CD’S7u) =

1+ +UC, P, (U)

Where: p,,(u)is the exact solution of bottom-hole pressure as a function of

transformation.

p.5(Cy.S,u) is the function of bottom-hole pressure in Laplace space.

Finally, using Stehfest numerical inversion method, the Laplace space under the

bottom-hole pressure p,,(C,.S,u)is transformed to real space to give dimensionless

bottom hole pressure p,,(C,.S,t,) of multi-stage fractured horizontal well.

3.1.5 Type curves

Figure 10 is the multi-segment fracturing horizontal well dimensionless bottom
hole pressure and pressure derivatives double logarithm plot; Figure 11 shows the
flow patterns/forms diagram of multi-stage fracturing horizontal well. (Stehfest, H,
1970)

It can be seen from the Figure 10 that, the double logarithm diagnostic plot is
mainly divided into five segments (the fluid flow in formation is mainly divided into
following several stages):

(D The first stage, mainly due to the impact of wellbore storage, the overlap of
the pressure and pressure derivative straight lines’ slope is 1, and then the
pressure derivative with a “hump” characteristics.

2 The second stage, which is early fracture linear flow, the main features of
the pressure derivative curve slope is 0.5, the fluid along the fractures
surface with a linear flow regime, various fractures flow independently, and
the fluid flow configuration diagram is shown in Figure 11 (a).

3 The third stage, which is the early fractures of radial flow period, the
pressure derivative curve is the horizontal line, along with the extension
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fracture tip flow, the pressure of formation fractures in various extents is
approximately circular, and characterized by a radial fluid flow, however,
the interference between fractures does not occur. If the fracture spacing is
short, or fractures are high, the response with interference would be very
different. The flow pattern without interference is shown in Figure 11 (b).

@ The fourth stage, which is the linear flow section in formation, the pressure
derivative curve slope is 0.36, and flow interference occurs, the fluid flow is
shown in Figure 11 (c).

® The fifth stage, which is a composite/pseudo- radial flow stage, the pressure
derivative is horizontal line at 0.5, the flow is shown in Figure 11 (d).

F — /)‘.\n
E—D. ::w' ’n‘;(‘n : 5

10'F  C,=0.5,5=1 i i34
. s L=1200m,h=20m 4 - =
;- 10" Slope=0. 36

1 -

.:: P secend linear flow

10° F Slope=0.5 i

G i m=12,y=50m,
h=10m,a=90",AL=100m

l()l | 1 | 1 1 1 1 1 1 |

0" 10° 10" 100 10 10: 10" 10 10° 100 10

Figure 10 Type curves of multistage fracturing horizontal well. Horizontal axis is

dimensionless time, tp/Cp, while the vertical axis denotes the dimensionless pressure and

logarithmic derivatives, i.e. Pyp and Pup.
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Figure 11, the flow patterns/forms diagram of multi-stage fracturing horizontal well, where
fracture linear flow, radial flow as well as formation linear flow and composite/pseudo-radial

flow are shown.

3.1.6 Sensitivity analysis

Figure 12 is the well test Type curves considering the effect of fracture numbers
on multistage fracturing horizontal well. It can be seen that with the increase of the
fracture numbers, the double logarithmic graph of pressure and pressure derivative
curve shows downward trend, and the impact on the pressure derivative curve occurs
mainly in the early fracture linear flow.

The Figure 13 shows that the longer the fracture half length, the longer the stage
of fracture linear flow, the earlier the interference between the fractures occurs, and
when the fracture half length increases to a certain length, the fracture formation
pseudo radial flow cannot be formed.

It can be seen from the Figure 14 that, in early fracture linear flow and radial
flow stage, with the increase of the fracture height, and fracturing pressure derivative

curve tends to drop downward.
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It can be seen in Figure 15 that, with the decrease of fracture dip angle, the
pressure and pressure derivative curve drops as well, the pressure derivative curve in
fracture linear flow and fracture radial flow periods are more sensitive.

Figure 16 is the effect of fracture spacing on multistage fracturing horizontal
well test Type curves, the influence is mainly in the phase of fracture pseudo radial
flow and formation fracture linear flow. When the fracture spacing is smaller than a
certain value, the fracture radial flow stage cannot be reflected in the derivative curve.
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Figure 12, Effect of fracture numbers on multistage fracturing horizontal well test Type

curves, where the arrow on the derivative curve shows the trend of changes of flow with the

increase of the fracture numbers (n: 4, 8 and 12).
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Figure 13, Effect of fracture half length on multistage fracturing horizontal well test Type

curves, where half length (y; ) changed from 25m; 50m and 100m.
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Figure 14, Effect of fracture height on multistage fracturing horizontal well test Type curves,

where fracture height (h; ) changed from 2.5m; 5m and 10m respectively.
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Figure 15, Effect of fracture dip on multistage fracturing horizontal well test Type Curves,

which was changed from 90° — 30° degrees.
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Figure 16, Effect of fracture spacing on multistage fracturing horizontal well test Type

curves, which was changed from 50m to 100m.
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3.2 Model of finite conductivity fractures

3.2.1 Physical model

We assume a multi-stage fractured horizontal well with (n) finite conductivity
fractures lying in a homogeneous reservoir. The physical model is depicted as follows
(Lee Shengtai, 1986);

(1) Flow only exists in fractures into the wellbore, flow from the reservoir to the
wellbore sections is negligible

(2)The flow from fractures to the wellbore is instantaneous. Flow along the
fracture produces pressure drop

(3) Other assumptions are the same with chapter 2.1.1 (Zheng, 1998)

3.2.2 Mathematical model and solutions

During the building process of mathematical model, we assume the unsteady
state flow mathematical model of finite conductivity vertical fractures, which is
composed of two parts: formation flow and fracture flow. Fractures are assumed as a
sink area during formation flow, while the internal flow in the fractures is assumed as
one-dimensional flow.

(1) Fracture flow model
The rigorous description of control equations of fracture flow can be written as

azR‘ +62Pf _ ¢ 14:Cyq %
ox* oy’ 3.6k, ot

, OSXSXf,OSyS%

Initial condition:
R(r,0)=R

Fracture symmetry condition:

0P,
—L(x,0,t)=0
8y(x )

Fracture end closure condition:
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R
Zt(x.,0,t)=0
™ (%,0,t)

The flow equal condition of the fracture and formation at the fracture surface:

K, 6P( Wf t)_KG_P( Wf 0
oy oy
Down hole flow conditions:
kh 3 oP
4-—— [ —=L(0,y,t)dy=qB
Moy OX

Considering the fracture volume is small, the pressure conductivity coefficient in
the fracture is usually 10°" times bigger than the value in the formation. Neglecting
fracture elastic effect, the fracture flow control equation can be simplified as a
steady-state form. Using the flow equal equation of the fracture and formation at the
fracture surface, get the integration average of fracture control equation, then the
control equation of fracture flow is obtained.

Reuse in the fracture surface, fracture and formation flow under the conditions of
the same type of fracture control equation, integral average, get the control equations
of fluid seepage problem in the fracture:

2
aF:er 2k_op w =0, 0£x£xf,O£ys%
ox* KW oy |v=5 2

The above equations constitute all the equations of the fracture flow. We
introduce several dimensionless variables such as the followings:

kh
Dimensionless fracture pressure: Pp = 184210 °quB (R-F) :
Dimensionless bottom hol ; Pio = n (R-PR,):
imensionless bottom hole pressure: " =1 842x10°quB | )
. . . Wf
Dimensionless fracture width: W, = X—: (40)
f
Dimensionless fracture height: heo = % ;
. : . K W,
Dimensionless fracture conductivity: Co= o
f

Using the dimensionless form of the fracture flow equations, we can get:
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2
8Pf§+ 2 8PD| =0, OSXDSLOSyD_%
OXp CthfD Vp |yD:W7D 2
Initial condition:
Po |tD:O= 0
Inner boundary condition:
Py _m
aXD ¥5=0 CthfD
Fracture end closure condition:
Pl g
OXp ot

The relationship equation of the linear flow and the perpendicular flow from the
formation to the fracture surface:

2 P,
Orp (Xp,2) =———=

m 0y,

VDZWTD
Double integral the flow control equation we can get:

Xp Vv

Puo — Pro(Xo) = ﬁ(xt, - j j O (U)dudv)

(2) Coupling model of reservoir and fracture
The reservoir pressure and fracture pressure are equal at j fracture surface. Inlet
the bottom hole pressure pp of infinite conductivity multi-fractured horizontal wells
we obtained in section 2.1:

PfD (XD) = PD (XD’O’ Z) + qufD (Xm Z)

Inlet (47) into the fracture pressure equation:

Xp V

C:hm (% — J j O (U)dudv)

In addition, for constant production wells, the fracture flow integral normalized
relations are:

Puwo _[PD (XD’O’ Z) + qufD (XD’ Z)] =

ZJ:? quD(u)du =1
=17

In addition, the final pressure equation obtained is the Fredholm integral
equation, which is difficult to get the analytic solution and can only be solved
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discretely by numerical method.

As shown in Figure 17, we divided the half wing of fracture j into N sections
equally, with a length of x, /N for each section. So, the 1% section is from 0 to

x /N, the 2", from x, /N to2x /N ; the i section is from (i—1)x, /N to ix. /N,
the last section, from (N -1)x./N to x;. And we assume the rate at fracture i is
q; (=1, 2, ..., N).

v
MN-1 M
1 2 3 B
S S ., N S ) ) e . B
2y - =
w8
ZH.Section

Figure 17 Sketch map of the fracture piecewise discretation

After equation discretization, we can get a linear equation group of mxN+1 order
about p,andqy,, i=1,2...N, from which we can get the bottom hole pressure Puo

after considering the wellbore storage of a multi-stage horizontal well with finite
conductivity fractures in a homogeneous reservoir.

Finally we inlet Puwo into Duhamel superposition formula and get the
bottomhole pressure equation considering the wellbore storage of a multi-stage
horizontal well with finite conductivity fractures in a homogeneous reservoir.

3.2.3 Type curves

In the infinite conductivity model, we have discussed the influence of the skin
factor, wellbore storage coefficient, fracture numbers, fracture half length, fracture
space and other factors. In the following we will specially discuss the effects of
dimensionless fracture conductivity.

Figure 18 is the theoretical pressure and derivative type curves as fracture
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conductivity varies from 5; 10; 50 to 100. As can be seen from the Figure, in case of
other parameters are not changed, the smaller the dimensionless fracture conductivity
is, the more obvious the bilinear flow period shows. This is mainly caused by the
linear flow from formation to fractures that are more obvious than inside fractures as
the dimensionless fracture conductivity is getting smaller.

e

e
-----

1 1 1 1 1 1 1 1 |
100 100 100 10" 10 10-‘ 10° 10* 100 10° 10
Iy Cl)

Figure1l8, Influence of fracture conductivity, dimensionless Fc, to the
multi-fracture type curves, which was changed from 25m; 50m and 100m.

3.3 The general principle of type curve match

In well test analysis, there is a quantitative proportional relationship between
dimensionless and dimension parameters. And the coefficient of proportionality
only refers to several reservoir and logging parameters. Such as:

Dimensionless pressure:

kh
Fo = 0.001842qu(Pi =)

Dimensionless time:

3.6k

=——t
? PuC, rvf

Dimensionless wellbore storage:
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C

C.=——

° 27mgC,r’h

b 22.61947@ s
Co u C

Where: C—Wellbore storage, m*/MPa;
g—oil rate, m%d.
The meaning and unit of other parameters are the same as those defined in the
previous section.

By the definition of dimensionless parameters above, the dimensional
equations and the boundary conditions of well test analysis can be turned into
dimensionless equations, which will have no relation with reservoir characteristics.
In other words, it is a generic model.

Dimensionless parameters on a log scale:

kh

logP, =logAP +log ———MM——
9% =10 90.001842qu

Iogt—D:Iogt+Iog 22.6194@.1
CD y7i C

where: AP =P -P,

As we can see from the two equations above, the practical and theoretical
curve shape is exactly the same when using the correct model. As can be seen from
the equation above, the two curves should match completely through coordinate
transformation, which reflects some important characteristic parameters of the
formation and well and therefore we can get all reservoir parameters in this way.

Since
Ps kh
log— =log——————
AP 0.001842qBu
Iogt—D = log 26K 5
t WJCt Iy

Then, we can get the match value: AP=(P,/AP),,,(t,/t),, : So the

permeability is:
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‘= 0.0018420B ( Py j
h AP/,
If the type curves also considering other parameters, such as S, C etc., their
values can be calculated in the same way.
Calculation of reservoir parameters:
(O By pressure match, we can get k:

_ 0.001842(:]8,[1( PD)
M

h AP

@ By time match, we can get wellbore storage C:

C= 22.61947@- 1

p (to /CylAL),

(® By type curve match, we can get Skin:

First:
C, = 0.15922
¢C,hr,;
C eZS

D

By type curve matching, we can get radial flow straight line between starting
and end point. In the dimensionless derivative curve, when the measured
derivative points just turns to Pp equals 0.5, the radial flow starting point begins.
When it leaves the 0.5 line, the radial flow ends.

Through type curve match interpretation and parameter adjustment, we can
complete well test interpretation work. As the summary, the match interpretation
procedures are shown in Figure 19 below:
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Figurel9, Multi fractured horizontal well test interpretation procedures/flowchart.

Chapter 4

Field application
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Field example: Well 1 well testing and data interpretation

(1) The well profile and basic data
Well 1 is a long well section horizontal well with successfully multistage
subsection fracturing in low permeability reservoir. With the production close to
3000m?®. The barefoot interval is 2850-4014m, Horizontal section length is 1221m,
which was fractured in 12 sections.
Production with 9mm flow choke, the tubing pressure is 3.8MPa, with water

content of 57.5%, the daily fluid production rate is 183.6m°.

Table 1 listed the basic data of Well 1, Figure 20 shows the fracturing pipe string
structure/completion, Figure 21-22 is the well 1 plan view showing horizontal well
path with fracture sections, and Micro fracture seismic image monitoring results of
Well 1, the microscopic fracture image monitoring results include the fracture azimuth.
the main fracture length and the main fracture height of total 12 sections, which are

listed in table 2.

Table 1Basic data table of Well 1

well pattern: production well well type: horizontal well

Technology casing size and depth:

177.8mmx2842.86m

structural location: /

Max hole deviation and depth: o ]
hole deviation location: 337.10°

92.60°%3399.83m

well completion method: open hole slant depth of finishing drilling: 4066.00m
horizon: Es3 well section: 2850.000~4014.00m
thickness: 15m porosity: 14.9%

permeability: 1.1x107° pm?
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Figure 20, Fracturing pipe string construction/completion of Well 1, where packers
separated sections, which are due to be fractured (12 sections in total).
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Figure 21, The well 1 plan view showing horizontal well path with fractures sections, where
the solid black line denotes the horizontal well path, along with the fractured sections
denoted in solid red lines and circles (1-12). The well testing model developed was applied to
interpret the testing pressure data from this well, and proved to be applicable.
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Figure 22, Micro crack seismic image monitoring results - well test Type curves of Well 1,
where effectively fractured sections and less fractured sections are clearly shown, as
consistently marked in the previous Figure 21. Clearly the developed math model treated
both horizontal well path and fractures, on average, “ideal”, but the analysis on testing data
produced good matching results as shown in Figs 23 - 24 respectively.

Table 2 Micro crack image monitoring results of Well 1

During fracture The main crack | The main crack
) ) ) shape remark
fracturing | azimuth length(m) height(m)
Including
1 NE120° 300 20 multi-blade pressure
test
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Multiple
2 NE65° 450 25
branch Wing
3 NE40° 250 25 two flanks
4 NE70° 230 20 multi-blade
5 NE150° 350 40 single-blade
6 NE90° 270 40 multi-blade
Multiple
7 NE125° 350 35
branch Wing
8 NE20° 300 35 multi-blade
9 NE35° 480 35 two flanks
Multiple
10 NE85° 200 35
branch Wing
Multiple
1 NE100° 230 30
branch Wing
12 NE50° 200 30 two flanks

(2) Well test interpretation results

Based on the basic reservoir data and pressure testing data of Well 1, using the
model of homogeneous infinite-conductivity multi fractured horizontal well with
closed top and bottom boundaries, the analysis results from the interpretation are
shown in Figure 23-24, the well test interpretation results are listed intable 3,
derived parameters of fractures are listed in table 4.
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Figure 23, Matching/fitting a double logarithmic graph of Well 1. The blue solid and circle
lines denote both pressure and associated logarithmic derivatives of the field test data, while
the red solid and dotted lines denote both pressure and logarithmic derivatives from the
developed math model analytical solution. The matching of the two sets is fairly good enough
to justify the derived results as listed in Table 3. The “sharp” drop on both pressure and the
associated derivatives are more likely the mechanic “noise” from test operation, rather than
reservoir behavior. This phenomenon is rather common with the field data.
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Figure 24, Matching/fitting a semi logarithmic graph of Well 1. This is standard Horner time
plot showing a match between filed data (blue) and analytical solution (red). The mechanic
“noise” observed from the previous Figure 23 is still visible here at the 4™ log cycle of time
between 107 - 10

Table 3 Well test interpretation results table of Well 1

) infinite-conductivity the ratio of horizontal
reservoir model 10
multi fractured permeability to verticalky/ky,
well bore vertical permeabilityk,
Well  model ) _— 0.165
storage—skin (x10™°um®)
Outer Boundary o )
infinite formation pressureP;(MPa) 32.15
model
error function
internal boundary effective length of horizontal
changing well bore 1224
model well(m)
storage
permeability
- 1.65 Flow pressure P,(MPa) 26.71
(x10™um°)
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formation

0.026 pressure difference (MPa) 5.44
factor(/kh)

flow coefficient(/p) 0.0371 flow efficiency 1.992

) pressure conductivity coefficient
Skin  factor 1.166 ) 16.64
(um”.MPa/mPa.s)

well bore storage

. 3.855
factor (m°*/MPa)

Table 4 parameters of fractures results table of Well 1

fl:::;::e crack fracture Half length Upper part Lower part
0 spacingD(m) dipa(®) X¢ (M) height h(m) | height hg(m)
1 300 60 85 75 75
2 200 65 70 75 - s
3 200 50 65 7.5 75
4 200 70 70 7.5 75
S 200 60 80 75 e
6 100 90 100 7.5 7.5

This well was fractured to 12 sections, by model discrimination, we found that,
the best fitting result is the case when the number of fractures is six. With this in
mind, considering the communication between micro fractures, the 12 fractures
series were connected to each other, that has formed 6 main fracture zone, each of
which shows a fracture characteristics on the double logarithmic pressure derivative
curve. The micro seismic monitoring results graph also shows that the hydraulic
fracturing formed several high density fractured zones (Figure 21-22) .
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Chapter 5

Conclusions and Future work

(1) Considering the condition that fracture flow pattern with uniform flow,
finite-conductivity and infinite-conductivity, the condition that fracture fully penetrated
or partly penetrated, the condition that perforation on fractures or between fractures,
considered the fracture dip and different attributes of each fracture etc., We build
the well test interpretation model for multi-fractured horizontal well. The model
considers more variable factors which can be used in a more comprehensive
applicable range of field conditions. So it has an obvious advantage when interpreting
the fractured horizontal well test data.
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(2) Multi stage fractured horizontal well type curves reflect 5 main flow regimes,
where the fracture linear flow and fracture pseudo-radial flow are mainly controlled
by several parameters such as the fracture height, fracture half length and fracture dip
angle. Besides, the parameters such as arbitrary angle fracture, fracture spacing,
partially perforated reservoir, asymmetrical fracture half length, etc. also have obvious
influence on the well test response and should not be ignored. The longer the fracture
half length is, or the shorter the fracture spacing, the earlier the interference between
fractures shows, and the shorter the fracture pseudo radial flow section lasts, or even
disappear.

(3) With the established well test interpretation model of multi-stage fractured
horizontal well, we have taken a field data sets for application and obtained the
characteristic parameters of the reservoir and fractures. Field application shows that,
developed well testing model can meet the actual production requirement. The
interpretation result meets the demand of the evaluation of the unconventional tight
oil and gas reservoirs.

(4) The current developed model and solutions are limited to the ideal

assumptions, more realistic approaches should be made further, when more field data
are available in the future.
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Nomenclature

a1, az, by, by = distance from the well to
the Boundary, m

C = well bore storage factor, m°/MPa
Cp=dimensionless well bore storage factor
Crp = dimension less perveance

C: =composite compressibility, MPa™*

E( )=characteristic function

F( )=orthogonal transformation

h = reservoir thickness, m

htg = Lower part height of fracture, m

ht,= Upper part height of fracture, m

hw= height from the horizontal well to the
bottom surface, m

htgp = dimensionless Lower part height of
fracture

htyo = dimensionless Upper part height of
fracture

J = productivity index,m*/(MPa.d)

ke, ky, k; = permeability of X, y, z
direction, pm?

L= horizontal well length, m

Lp= dimensionless horizontal well
length

p = pressure, MPa

p; = initial formation pressure, MPa

pw= bottom hole pressure, MPa

pp= dimensionless pressure

pwo= dimensionless bottom hole

pressure

q = point source production, m*/d

q = total production, m®/d
q;= production of the fracture j, m*/d

gpo= dimensionless production,

goj= dimensionless production of the
fracture j,

rw= well radius, m

s= Laplace variables

S = skin factor

St = skin factor of the fracture

t=time, h

tp= dimensionless time

yi=half length of the fracture, m

AL; =distance from the fracture j-1 to
the fracture j, m

ALp; = dimensionless distance from the
fracture j-1 to the fracture j

X, Y, Z = three dimensional coordinate, m
Xw» Yw, Zw= three dimensional point
source coordinate

Xmjp — Ymis
coordinate of the horizontal well and

Zmj= intersection  point
fracture |

Xoj, Yoj, Zoj= endpoint coordinate of the
fracture |

a= fracture dip, °

a;= fracture dip of the fracture J, °

o( )=0 function

= viscosity, mPa-s

@ = porosity

Ag, Ay, An = characteristic value of the
direction x, y, z

Asm = three dimensional characteristic
va
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