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Abstract: Unconventional well technology is often used as one of the most important means to reduce
costs and increase efficiency in oil fields. There are many methods for unconventional well type
optimization, but there are relatively few studies on whether the well type is suitable for the reservoir.
In this paper, a method for matching unconventional wells and reservoirs is established. In our
method, we first simplify the reservoir and choose initial suitable well types based on experience and
then use a semi-analytical model to calculate the production rate in different producing sections. After
that, we define some parameters to evaluate the matching degree of well types and reservoirs. Finally,
we determine whether these well types are suitable for the reservoir based on these parameters.
At the end of the paper, we apply the method to a specific case. The result shows that a stepped
well is suitable for exploiting thin interbed reservoirs, but it is necessary that the permeability and
fluid viscosity in different layers are within a certain range, and the shape of the stepped well is also
limited. This paper gives a specific value for this range and limitation. The method for matching
unconventional wells and reservoirs proposed in this paper is helpful for guiding the selection of
unconventional well types before drilling.

Keywords: unconventional wells; reservoir; matching; semi-analytic models

1. Introduction

Unconventional wells refer to all wells with complex structure or process features,
excluding vertical wells and including horizontal wells, stepped wells, multilateral wells,
and other types of wells [1]. With the current maturity of drilling technology [2–6], uncon-
ventional wells account for more than half of the total number of wells drilled worldwide
at present [7], and the use of unconventional wells for exploitation has become an essential
method to reduce costs and increase efficiency in oilfield development.

Choosing the appropriate unconventional well type to match it with the reservoir
is important to increase the production rate of a single well, improve the recovery of the
reservoir and reduce the costs. At present, the research methods for this problem mainly
include the empirical method, modeling method and statistical method. The indicators
for evaluating the degree of matching mainly include economic indicators, production
rate indicators, and drilling indicators. Scholars have searched for ways to make a better
match between unconventional wells and reservoirs by combining multiple methods and
selecting different evaluation indicators.

Most research studies in the field take the characteristics of their respective reservoirs
into consideration, and carry out specific studies to select a reasonable well type using
economic indicators according to experience, field tests or numerical simulations [8–13]
From the perspective of the method, the empirical method requires a high level of skill
from the engineer. The period of oilfield tests is long, and the cost is relatively high. The
numerical simulation method is relatively simple and rapid, but its accuracy is seriously
influenced by reservoir parameters. From the perspective of indicators, the use of economic
indicators is not conducive to the continuous and stable production of oil fields.
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In addition to the mainstream methods mentioned above, there are some other meth-
ods that are very useful. Some scholars use several engineering-related parameters such as
drilling and reservoirs, as indicators to build a comprehensive model and adopt intelligent
algorithms to optimize well types [14–17]. However, this comprehensive numerical simula-
tion model still requires a large number of field parameters and is therefore very sensitive
to data, and even if intelligent algorithms are used to improve the model performance,
the reliability of the model cannot be guaranteed. In addition, the excessive amount of
data required makes it difficult to perform sensitivity analysis with this type of method.
There are also some scholars using statistical laws to optimize unconventional wells [18–20].
However, this method requires a large amount of data analysis for a specific oilfield block,
and the selected early production characteristic indicators need to be representative, which
makes the analysis difficult and less generalizable.

This paper proposes a simple and systematic analysis method for the matching of
unconventional wells and reservoirs. The method first simplifies the reservoir within
reasonable limits, selects suitable initial well types by checking the table proposed in this
paper, and then calculates the production rate in different producing sections of the wells
through a semi-analytical model, and finally takes the production rate difference of each
producing section as the judgment criterion to determine the matching of selected well
type and reservoir. In order to demonstrate the workflow of this method, we provide a case
at the end of the paper.

Compared to comprehensive numerical simulation models, the semi-analytical model
requires very few parameters, which makes it easier to perform sensitivity analysis and the
arithmetic results are less affected by data errors. In addition, in terms of evaluation indica-
tors, production is the comprehensive result of implementing various engineering measures,
which is more comprehensive than drilling indicators, reservoir parameter indicators, eco-
nomic indicators, etc. Therefore, the model is simple, fast, comprehensive and stable, which
can be used as guidance for the preference and optimization of unconventional wells.

2. Production Model for Unconventional Wells

At present, production models for unconventional wells include three types: analytical
models, semi-analytical models, and numerical models [21,22]. Among them, semi-analytic
methods have unique advantages. On the one hand, because of the discrete features,
the semi-analytic model can describe the complex shape and properties of the wellbore
or fracture more accurately than the analytical model. On the other hand, because the
discretization is only used for wellbore or fracture and not for reservoirs, the semi-analytic
model is faster to compute and requires fewer reservoir parameters compared to the
numerical model.

The semi-analytical model in this paper simplifies the reservoir as a box, discretizes the
wellbore into segments and superimposes the segments using Green’s function method [23–25]
to obtain the semi-analytical solution [26].

2.1. Selecting Model

The main indicator for the matching between unconventional well types and reservoirs
in this paper depends on the production rate in different producing sections. The producing
sections are the part of wellbore where fluid can flow in or out, such as a branch or a step
in unconventional wells, as shown in Figure 1.

There are many factors affecting the production rate of producing sections, including
wellbore flow pressure drop, permeability difference, and viscosity difference between
each layer when developing a multilayer reservoir. Therefore, we should choose a suitable
model to calculate the production rate of each producing section, which can consider these
factors. Han [27] presented a semi-analytical model, which describes the well shape by
discretizing the producing section into segments (as shown in Figure 2), treats the reservoir
as a box that can be layered (as shown in Figure 3), and considers the coupling between the
reservoir and the well.
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We assume that there are nw wells in the reservoir, and for a certain well, iw has nl
branches, with each branch numbered il . We discretize each branch into ns segments, and
each segment is numbered is. The nw, nl , and ns of the different well types mentioned in
this paper are shown in Table 1.
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Table 1. The method of discretization for different unconventional wells.

Unconventional Well Type nw nl ns

Horizontal Wells 1 1 10
Stepped Wells 1 1 10

Multilateral Wells 1 2 10
Fish-bone Wells 1 Arbitrary Arbitrary

2.2. Modeling

In the physical model, we simplify the reservoir as a homogeneous and anisotropic
box that can be layered. The fluid in the whole reservoir is simplified to be single-phase
and micro-compressible, and the seepage of the fluid follows Darcy’s law. A single uncon-
ventional well that has an arbitrary shape and has nl branches (as shown in Figure 3) is
produced in the reservoir. The discrete rule for each branch obeys Table 1.

(1) Seepage equation

The partial differential equation describing the fluid adiabatic flow is

kx
∂2 ϕ

∂x2 + ky
∂2 ϕ

∂y2 + kz
∂2 ϕ

∂z2 = φµct
∂ϕ

∂t
(1)

where ϕ= p + ρgh. Using potential instead of pressure is included to account for the effect
of gravity.

Converting anisotropic reservoirs to isotropic reservoirs using Besson coordinate
transformation [28], Equation (1) is rewritten as

∂2 ϕ

∂x2 +
∂2 ϕ

∂y2 +
∂2 ϕ

∂z2 =
φµct

k
∂ϕ

∂t
(2)

Using the instantaneous point source solution method intends to obtain a continuous
line source solution for line source named M0Ml . Appendix A provides the process of the
instantaneous point source solution method.

(2) Variable mass flow equation in wellbore

Adiabatic momentum equation for single-phase incompressible fluids is

dp
dx

= −2ρq
U
A
− τw

S
A
− ρg sin θ (3)

Figure 4 shows the variable mass flow and Equation (3) shows that the pressure drops
∆P in the wellbore is composed of three components:
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• ∆Pa: pressure drop caused by acceleration;
• ∆Pf : pressure drop caused by friction;
• ∆Pg: pressure drop caused by gravity.
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∆Pα = 10−2 · 3v2

2g
sin
(α

2

)
(4)
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(3) Coupling model

The coupling model takes each segment as the target, performs a coupled calculation
by considering both reservoir seepage and wellbore flow.

We define dimensionless variables as
tD = kt

φµctx2
e

qD = qBµ
kxe ϕi

ϕD = ϕi−ϕ
ϕi

(5)
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As shown in Figure 2, there are 2× nw × nl × ns unknown variables in the model,
including nw× nl × ns inflow and outflow rate qID(iw, il , is) and nw× nl × ns dimensionless
potential difference ϕwD(iw, il , is). Thus, 2× nw × nl × ns equations are needed. These
equations can be obtained based on mass conservation, potential difference, and flow in
the wellbore.

The conservation of mass equation is

nl(iw)

∑
il=1

ns(iw ,il)

∑
is=1

qID(iw, il , is) = qD(iw) (iw = 1, 2, · · · · · · .nw) (6)

The potential difference equation is

ϕwD(iw, il , is) = ϕi−ϕw(iw ,il ,is)
ϕi

=
nw
∑

jw=1

nl(jw)
∑

jl=1

ns(jw ,jl)
∑

js=1
qID(jw, jl , js)ϕD(jw, jl , js)[M(iw, il , is)]

+qD(iw, iι, is)s(iw, iι, is)

(7)

The potential difference equation comes from the solution of the seepage equation by
using the instantaneous point source solution method, and we can consider the effect of
well completion by introducing a skin factor s in the potential difference equation [32,33]. In
addition, Han turned the problem of reservoir heterogeneity into the problem of calculating
skin factors near wellbores [34–36].

The wellbore flow equation is

ϕw(iw, il , is + 1) = ϕw(iw, il , is) + ∆p f (iw, il , is + 1) + ∆pa(iw, il , ls + 1)
+∆pg(iw, il , is + 1)

(8)

where

∆p f (iw, ib, is, is + 1) =
4τw(iw, ib, is, is + 1)

D
∆L(iw, ib, is, is + 1) (9)

∆pa(iw, il , is + 1) =
2
A

ρUqI∆L(iw, il , is + 1) (10)

∆pg(iw, il , is + 1) = ρgA∆L(iw, il , is + 1) (11)

Then, we can rewrite Equation (8) in a dimensionless form and combine Equations (7)
and (8) to find

ϕwD(iw, il , is + 1) = ϕwD(iw, il,is) +
1
ϕi

ib−1
∑

ib=1

is−1
∑

is=1

(
∆p f + ∆pa + ∆pg

)
(iw, ib,is, is + 1)

=
nw
∑

jw=1

nl(jw)
∑

jl=1

ns I jw ,jl)
∑

js=1
qID(jw, jl , js)ϕD(jw, jl , js)[M(iw, il , is)]

(12)
For the three types of equations mentioned above, there is one mass conservation

equation, M×N + 1 potential difference equations, and M×N− 1 wellbore flow equations.
The number of equations is equal to the number of unknown variables, so the equations
are an evenly determined system of equations, and the solution is unique.

2.3. Solving the Model

The model is solved using Ouyang’s method [37]. After obtaining the flow rate in each
segment, the potential difference in each segment can be obtained by using Equation (12).
Equation (12) can be written in the following form:

A
→
x =

→
d (13)
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The unknowns vector
→
x is defined as:

→
x = [qID(1, 1, 1), · · · · · · , qID(nw, nl , ns), ϕwD(1, 1, 1), · · · · · · , ϕwD(nw, 1, 1)]T (14)

The vector
→
d is defined as:

→
d = [T(1, 1, 1), · · · · · · , T(nw, nl , ns), qD(1), · · · · · · , qD(nw)]

T (15)

where

T(iw, il , is) = −
1
ϕi

is−1

∑
i=1

(
∆p f + ∆pa

)
(iw, il , i; i + 1) (16)

The kernel matrix A is

A =

[
A11 A12
A21 A22

]
(17)

where

A11 =



φD(1, 1, 1)[M(1, 1, 1)] φD(1, 1, 2)[M(1, 1, 1)] · · · φD(nw, nl , ns)[M(1, 1, 1)]
φD(1, 1, 1)[M(1, 1, 2)] φD(1, 1, 2)[M(1, 1, 2)] · · · φD(nw, nl , ns)[M(1, 1, 2)]

· · · · · · · · · · · ·
φD(1, 1, 1)[M(1, nl , ns)] φD(1, 1, 2)[M(1, nl , ns)] · · · φD(1, 1, 1)[M(1, nl , ns)]
φD(1, 1, 1)[M(2, 1, 1)] φD(1, 1, 2)[M(2, 1, 1)] · · · φD(nw, nl , ns)[M(2, 1, 1)]

· · · · · · · · · · · ·
φD(1, 1, 1)[M(2, nl , ns)] φD(1, 1, 2)[M(2, nl , ns)] · · · φD(nw, nl , ns)[M(2, nl , ns)]

· · · · · · · · · · · ·
· · · · · · · · · · · ·

φD(1, 1, 1)[M(nw, nl , ns)] φD(1, 1, 2)[M(nw, nl , ns)] · · · φD(nw, nl , ns)[M(nw, nl , ns)]


(18)

A12 =



−1 0 0 · · · 0 0
−1 0 0 · · · 0 0
· · · · · · · · · · · · · · · · · ·
−1 0 0 · · · 0 0
0 −1 0 · · · 0 0
· · · · · · · · · · · · · · · · · ·
0 −1 0 · · · 0 0
· · · · · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · · · · ·
0 0 0 · · · 0 −1


(19)

A21 =


1 · · · 1 0 · · · 0 0 · · · 0 0 · · · 0
0 · · · 0 1 · · · 1 0 · · · 0 0 · · · 0
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
0 · · · 0 0 · · · 0 0 · · · 0 1 · · · 1

 (20)

The procedure of solving is as follows:

1. Solve the conservation of mass equation and potential difference equation ignoring
flow in wellbore to obtain the flow rate in each segment.

2. Use the result in step 1 and repeat step 1 to calculate the potential difference in
each segment.

3. Compare the results of each iteration (flow rate and potential difference), stop the
iteration if accuracy is sufficient, but otherwise continue iteration.

2.4. Validation of the Model

Validation of the semi-analytical model was performed based on the electrical simula-
tion experimental data and reservoir simulation data from Han’s study [27].
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The electrical simulation experiment is a simple and effective method to simulate the
seepage in reservoir, which uses brine as a conductive medium, uses the electric field to
simulate the seepage field, and uses different shapes and sizes of copper rods to simulate
different well types. The theoretical basis of the electrical simulation experiment is the
theory of water and electricity similarity [38–40]. Figures 6 and 7 show the installation for
an electric simulation experiment.
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The experimental model and the corresponding actual model parameters are shown
in Table 2.

Table 2. Comparison between the experimental model and the corresponding actual model parameters.

Name Parameters of Experimental Model (mm) Parameters of Actual Model (m)

Reservoir Size 740 (Radius) 103.6 (Edge length)
Thickness 109.5 7.66

Well Diameter 2.6/3.0/4.0 0.182/0.21/0.28
Length of Main Wellbore 600 42

We define the dimensionless production rate, which means the ratio of the production
rate between an actual unconventional well and a vertical well under the same conditions
at unit pressure difference, and define the dimensionless current, which means the ratio of
current between the experimental model of an unconventional well and vertical well under
the same conditions at unit voltage difference. A partial comparison of the experimental
results with the semi-analytical model calculations is shown in Tables 3 and 4.
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Table 3. Comparison of the results between experimental model and semi-analytical model for
horizontal wells.

Well Type Length of Experimental
Model Well (m)

Diameter of Experimental
Model Well (mm) Dimensionless Current Dimensionless

Production Rate
Relative Deviation

(%)

Horizontal Wells
0.6 4.0 2.73 2.90 6.40
0.6 2.6 2.61 2.79 7.02

Table 4. Comparison of results between experimental model and semi-analytical model for multilat-
eral wells.

Well Type
Branch Length of

Experimental
Model Well (m)

Diameter of
Experimental

Model Well (mm)

Angle of
Experimental

Model Well (◦)

Dimensionless
Current

Dimensionless
Production Rate

Relative
Deviation (%)

Multilateral Wells

0.6 4.0 45 3.93 3.99 1.38
0.4 2.6 90 3.05 3.21 5.13
0.4 2.6 45 2.76 2.91 5.51
0.4 2.6 30 2.66 2.78 4.60
0.4 2.6 10 2.46 2.54 3.21

Reservoir simulation can also validate the model. Han used Eclipse as the reservoir
simulation software and the semi-analytical model to obtain the inflow profile of wellbore,
respectively. The basic parameters are shown in Table 5.

Table 5. Basic parameters.

Basic Parameters Values

Reservoir Size (m) 1500 × 1950 × 90
Permeability (mD) 136.25 × 135.33 × 11.74
Porosity (fraction) 25

Initial Pressure (MPa) 25
Fluid Density (kg/m3) 961.5

Fluid Viscosity (cp) 20
Volume Factor (m3/m3) 1.05

Wellbore Radius (m) 0.1
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The comparison of wellbore inflow profile obtained by reservoir simulation and the
semi-analytical model is shown in Figure 8.
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The results of experiment and reservoir simulation agree well with the predicted
results of the semi-analytical model, so the calculation of the semi-analytical model can be
considered accurate.

3. The Method for Matching Unconventional Wells to Reservoirs

In this section, we propose a new method for matching unconventional wells to
reservoirs. First, we simplify the reservoir to a box that can be layered, and perform an
initial adaptation of unconventional wells and reservoirs. Second, we introduce the concept
of matching degree curve and matching interval to provide a quantitative criterion for
matching the well type to the reservoir. Next, we introduce some parameters for sensitivity
analysis to match the well type and reservoir based on matching degree curve and matching
interval. Finally, we make a conclusion and provide a workflow to help readers understand
the procedure of this method.

3.1. Reservoir Simplification and Initial Adaptation

In different reservoirs, different well types have different levels of adaption. For
example, stepped wells are more suitable for thin interbed reservoirs or massive thick
heterogeneous reservoirs because they have two or more horizontal producing sections in
different planes as shown in Figure 9. Multilateral wells are more suitable for exploiting
single-layer reservoirs spread over a large area because they have two or more branches in
the same plane, which can increase the drainage area, as shown in Figure 10.
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First, we should simplify the reservoir as a box that can be layered. This reservoir
box is rectangular in shape and meets the basic requirements of the model in the previous
sections. Then, we propose an initial adaptation for different well types and reservoirs
based on Table 6.

Table 6. Initial adaptation table.

Unconventional Well Type Reservoir

Horizontal wells Single thin-layer reservoir

Stepped wells thin interbed reservoir
Massive thick-layer reservoir with strongly heterogeneous

Porosity (fraction) Single thin-layer reservoir with large area
Multilateral wells

(Branches in the same plane)
Thin interbed reservoir

Massive thick-layer reservoir with strongly heterogeneous

Multilateral wells
(Branches in the different plane)

Single thin-layer reservoir with large area
Thin interbed reservoir

Massive thick-layer reservoir with strongly heterogeneous

3.2. Judgement of Matching

There are often two or more producing sections in unconventional wells. Due to a
series of factors such as fluid and formation properties in different layers, the production
rate in some producing sections may be low, which means that drilling these producing
sections is a waste of cost. Therefore, guaranteeing that the inflow differences of each
producing section are within an acceptable range is an important indicator to evaluate
the degree of matching between well type and reservoir. Based on this, we propose some
definitions to measure the difference of production rate in different producing section
as follows.

qns =
q1

q2
(21)

Cr1 =
q1

qall
(22)

Cr2 =
q2

qall
(23)

Among them, q1, q2, and qall denote the production rate in different producing sections
and the total production rate, respectively. qns is the dimensionless production rate, which
indicates the ratio of the production rate in adjacent producing sections and reflects the
coordinated production degree of each producing section. Cr1 and Cr2 are the contribution
rates of different producing sections.

With modifying parameters of reservoir or fluid, the value of qns, Cr1, and Cr2 will
change, and then we can obtain a curve named the matching degree curve. We set an upper
boundary and lower boundary when Cr1 or Cr2 are equal to 1/3, and at the same time qns
equals 200% or 50%, as shown in Figure 11. The lower and upper boundaries divide the
curve into three intervals, as follows:
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(1) When qns is less than the value of upper boundary and greater than the value of lower
boundary, the unconventional well is considered to be well matched to the reservoir,
and this interval is named the effective interval.

(2) When qns is greater than the upper boundary, the unconventional well is considered
to be poorly matched to the reservoir, and this interval is named the upper inefficient
interval.

(3) When qns is less than the lower boundary, the unconventional well is also considered
to be poorly matched with the reservoir, and this interval is named the lower inefficient
interval.
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It should be noted that only two adjacent producing sections are considered here. For
the case of multiple producing sections, the dimensionless production rate of adjacent
producing sections can be calculated two by two, and the smallest group is considered as
the dimensionless production rate in this case.

3.2.1. Sensitivity Analysis of Matching

We define some parameters called impact parameters, which represent the property
of the reservoir, fluid or wellbore that can affect the production rate in each producing
section, and we can conduct a sensitivity analysis of matching by setting different impact
parameters and using semi-analytical model to calculate. There are two categories of impact
parameters: the impact parameters related to reservoir and fluid properties and the impact
parameters related to wellbore characteristics.

The impact parameters related to reservoir and fluid properties include permeability
difference and viscosity difference, which mainly involve two reservoir characteristics: thin
interbed reservoir and massive thick reservoir with strongly heterogeneous features, as
shown in Figure 12.

As seen in Figure 12, if the reservoir is a thin interbed reservoir, ku is the permeability
in the upper layer, kd is the permeability in the lower layer, µu is the viscosity in the upper
layer, and µd is the viscosity in the lower layer. If the reservoir is a massive thick reservoir,
ku is the permeability in the upper region, kd is the permeability in the lower region, µu is
the viscosity in the upper region, and µd is the viscosity in the lower region.
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Figure 12. Two simplified reservoir characteristics and corresponding parameters.

(1) Permeability difference

A permeability difference in different layers for thin interbed reservoirs or heterogene-
ity for massive thick reservoir may lead to different production rates in different producing
sections. When we set different permeability differences, qns, Cr1, and Cr2 will be changed.
Therefore, we can obtain a matching degree curve and make a judgement between reservoir
and wellbore by the upper boundary and the lower boundary in Figure 11.

We can define permeability differences as follows:

kD =
ku

kd
(24)

where kD is the permeability difference, ku is the permeability of the upper layer (or the
upper region of one layer), and kd is the permeability of the lower layer (or the lower region
of one layer).

(2) Viscosity ratio

Like permeability, viscosity is an equally important factor affecting the production
rate of producing sections. Similarly, the viscosity ratio is defined as

µns = ±
µmax

µmin
(25)

where µns is the viscosity ratio and µmax and µmin are the fluid viscosities in different layers,
and µmax is greater than µmin.

Due to the effect of pressure drop along the wellbore, the value of the viscosity ratio
when the fluid viscosity in the upper layer is greater than the lower layer and when the fluid
viscosity in the lower layer is greater than the upper layer are not equivalent. Therefore,
when the fluid viscosity in the lower layer is greater than in the upper layer, the viscosity
ratio is defined as a negative value. Conversely, when the fluid viscosity in the lower layer
is smaller than in the upper layer, we define the viscosity ratio as a positive value.

The impact parameters related to wellbore characteristics mainly include height dis-
tance, horizontal distance, and branching angle, as shown in Figure 13.
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(1) Height distance

For unconventional wells whose producing sections are not in the same plane, such as
stepped wells, the greater the vertical distance between the two producing sections, the
greater the pressure drop in the wellbore caused by friction and gravity, which will result in
a producing pressure difference in different producing sections, and the producing section
in deeper planes may be inefficient or even non-productive. Therefore, the vertical distance
between the two producing sections needs to be considered when we decide to use an
unconventional well whose producing sections are not in the same plane. In this paper, the
vertical distance between the two producing sections is named as height distance, which is
one of the impact parameters for well type and reservoir matching.

(2) Horizontal distance

Similar to the height distance, the greater horizontal distance between the two produc-
ing sections, the greater the pressure drop in the wellbore. However, since the increase in
horizontal distance only increases the pressure drop caused by friction and has no effect on
the pressure drop caused by gravity, the effect of horizontal distance on the matching of
well type and reservoirs is not obvious and even negligible when the well production is
low.

(3) Branching angle

When an unconventional well has branches and whose branches are producing in the
same layer, interference of the seepage field will exist. The interference will lead to the
production rate when these branches develop together being smaller than the sum of the
production rate when these branches develop separately. In addition to the matching curve,
the analysis of matching for the branching angle also takes the ratio of the production rate
when the branches develop together and separately into account. This impact parameter
is mainly applicable to multilateral wells and fishbone wells whose branches exploit the
same layer.

The list of all impact parameters is shown in Table 7.

Table 7. The list of all impact parameters.

Impact Parameter Type Equation or Diagram

Impact parameter related to
reservoir

Permeability difference Kns =
Ku
Kd

Viscosity ratio µns = ± µmax
µmin

Impact parameter related to
wellbore characteristics

Height distance
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3.2.2. Workflow

(1) Take the reservoir as the object of study and simplify the reservoir as a rectangular box
with a single layer or multiple layers. Make an initial adaptation combing reservoir
characteristics and referring to Table 6.

(2) Establish the semi-analytical model for unconventional wells combining reservoir
physical properties, fluid properties, and production parameters.

(3) Controlling the other impact parameters, change a certain impact parameter and
substitute it into the semi-analytical model to calculate the production rate of each
producing section, further obtaining the matching degree curve.

(4) Use the matching degree curve based on judgement of the matching we presented
above to find the applicable range of the impact parameters. When the matching de-
gree curves are within the “effective interval”, the unconventional wells and reservoirs
are considered to be well matched. On the contrary, when the matching degree curve
is within the upper inefficient interval or lower inefficient interval, the unconventional
well and the reservoir are considered to be poorly matched.

The workflow mentioned above is summarized in Figure 14.
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4. Case Analysis
4.1. Reservoir Simplification and Initial Adaptation

We simplify a real thin interbed reservoir as a box-shaped reservoir, which is divided
into three layers: an upper layer, middle layer and lower layer. Among them, the middle
layer is an impermeable barrier. According to the principle of initial adaptation, stepped
wells or multilateral wells whose producing sections are not in the same plane can be
selected for exploitation. In this case, we choose the stepped well to exploit the reser-
voir, and put the producing sections in the upper layer and lower layer, separately. The
two producing sections are connected by a blind pipe.

The basic data of the simplified reservoir and well are shown in Tables 8–10.
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Table 8. The basic data of reservoir.

Upper Layer Middle Layer Lower Layer

Layer size (m ) 2000 × 2000 × 10 2000 × 2000 × 10 2000 × 2000 × 10
Top depth (m ) 1000 1010 1020

Permeability in x-direction (mD ) 1500 10 1500
Permeability in y-direction (mD ) 1500 10 1500
Permeability in z-direction (mD ) 150 10 150

Porosity 0.3 / 0.3
Initial formation pressure (MPa) 10.1 / 10.3

Rock compressibility
(MPa−1.) 0.32 × 10−4 / 0.32 × 10−4

Fluid compressibility
(MPa−1.) 0.002 / 0.002

Fluid density
(
g/cm3 ) 0.925 / 0.925

Fluid viscosity (mPa·s ) 30 / 30

Table 9. The basic data of stepped well.

Producing Section in Upper Layer Producing Section in Lower Layer

Length (m ) 200 200
Tubing radius (m ) 0.06 0.06

Table 10. The basic data of production.

Value

Bottom hole pressure (MPa ) 9
Production time (d ) 200

Based on the reservoir and the wellbore description, a semi-analytical model can be
developed. The model discretizes each of the two producing sections into ten segments,
and the blind tubing section is not discretized. This is shown in Figure 15.
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Based on the characteristics of this stepped well and the reservoir, the matching
analysis includes four impact parameters: permeability difference, viscosity ratio, height
distance, and horizontal distance. The angle between the producing sections is not consid-
ered because they are in the same longitudinal plane and do not exploit the same layer.

4.2. Permeability Difference Analysis

Fixing the permeability in the upper layer and changing the permeability in the lower
layer, we can obtain a series of dimensionless production rates. Taking the permeability dif-
ference as the X axis and dimensionless production rate as the Y axis, we can obtain a series
of points. In this paper, the matching degree curve for the permeability difference is plotted
by connecting these points through cubic spline interpolation. Given the dimensionless
production rates of 50% and 200%, with substitution into the matching degree curve, we
can obtain the matching degree limit of permeability difference. In the image analysis, we
use red background and green background to indicate beyond and within matching limits,
respectively. Replacing the value of the permeability in the upper layer and repeating the
above operation, multiple sets of matching degree curves for the permeability difference
can be obtained, as shown in Figure 16.
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As shown in Figure 16, the dimensionless production rate shows a decreasing trend as
the permeability difference increases, i.e., the greater permeability difference between the
lower layer and the upper layer, the worse the matching degree is between the stepped
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well and the reservoir, and this decreasing trend tends to slow down gradually as the
permeability difference increases. The reason is that when the upper layer permeability
is fixed, the lower the permeability in the lower layer and the worse the flow ability of
fluid is from the lower layer to the wellbore, resulting in a low production contribution
from the lower producing section. In addition, the dimensionless production rate is the
ratio of two production rates, and when the denominator tends to infinity, the value of the
dimensionless production rate will converge to 0. Therefore, as the permeability difference
becomes larger, the trend of decreasing the dimensionless production rate becomes slower.
Similarly, when the permeability of the lower layer is fixed. The matching degree curves for
different permeability values in the upper layer are plotted in the same coordinate system
as in Figure 17.
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Observing Figure 17, it can be found that the different value of permeability in the
upper layer has almost no effect on the shape of the matching degree curve for a certain
permeability difference. Therefore, it can be considered that under the current reservoir
conditions, regardless of the specific values taken for the permeability in the upper and
lower layers, if the value of the permeability difference between the adjacent upper and
lower layers is between 0.6 and 3.0, the stepped well can be used for exploitation, i.e., the
stepped well is well matched with this thin interbed reservoir in terms of permeability
difference. If the permeability difference is not within the effective interval, we think the
stepped well is poorly matched with this thin interbed reservoir, and the stepped well is
not recommended for exploitation. Since the permeability of the upper and lower layers in
this case are equal, i.e., the value of the permeability difference is 1, it can be considered
that the stepped well is suitable for the reservoir in the case from the perspective of the
permeability difference.

4.3. Viscosity Ratio Analysis

Since the relative values of fluid viscosity in the upper and lower layer directly affect
whether the viscosity ratio defined in this paper is positive or negative, only two cases are
selected for the analysis of the viscosity ratio in order to unify the positive and negative
signs, i.e., the case where the fluid viscosity in the upper layer is less than that in the lower
layer (for convenience, we name such reservoirs as ULL) and the case where the fluid
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viscosity in the upper layer is greater than that in the lower layer (we name such reservoir
as UGL).

In this case, the fluid viscosity is 30 mPa·s, so the fluid viscosity in the upper layer is
fixed at 30 mPa·s, and the fluid viscosity in the lower layer is set as follows: 30, 40, 50, 60,
70, 80, 90, 100, and 110 mPa·s. We can obtain a series of dimensionless production rates by
using the semi-analytical model. Taking the viscosity ratio as the X axis and dimensionless
production rate as the Y axis, we can obtain a series of points. Because the fluid viscosity
in the upper layer is smaller than or equal to the fluid viscosity in the lower layer at this
time, the reservoir in this case is ULL, and the value of the viscosity ratio is specified to be
negative in accordance with the viscosity ratio concept mentioned earlier. By connecting
these points through cubic spline interpolation, a matching degree curve for the viscosity
ratio can be plotted. Given a dimensionless production rate of 50% and 200%, the boundary
of the viscosity ratio can be obtained by substituting into the matching degree curve. This
is shown in the left panel of Figure 18. Similarly, we can fix the fluid viscosity in the lower
layer as 30 mPa·s, take the fluid viscosity in upper layer as 30, 40, 50, 60, 70, 80, 90, 100, and
110 mPa·s and repeat the above operation, and we can acquire a matching degree curve for
fluid viscosity in UGL. It should be noted that the value of the viscosity ratio is positive, as
shown in the right panel of Figure 18.
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Figure 18. Matching degree curve about viscosity ratio.

As shown in Figure 18, the shape and the boundary of the matching degree curve
between the ULL reservoir (left figure) and the UGL reservoir (right figure) are different.
The former has a larger viscosity ratio threshold. This is because the frictional pressure
drop in the producing section in the upper layer is larger than in the lower layer when
developing the UGL reservoir, resulting in the producing section in lower layer not having
enough production pressure difference to help the fluid flow into the wellbore. Therefore,
stepped wells impose higher requirements for UGL reservoirs.

Observing the boundaries in Figure 18, we can conclude that for the reservoir in
this case, the viscosity ratio should not exceed 3.03 for the ULL reservoir, i.e., if the fluid
viscosity in the upper layer is 30 mPa·s, the fluid viscosity in the lower layer should not
exceed 91 mPa·s; otherwise, we consider that the stepped well and the reservoir are not
well matched, so it is not recommended to use the stepped well to develop this reservoir.
Similarly, the viscosity ratio should not exceed 1.56 for the UGL reservoir, i.e., if the fluid
viscosity in the lower layer is 30 mPa·s, the fluid viscosity in the upper layer should not
exceed 47 mPa·s.
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Since the fluid viscosity in the upper layer and lower layer are the same in this case,
the stepped well is suitable for developing this thin interbed reservoir from the perspective
of the viscosity ratio.

4.4. Analysis of Height Distance and Horizontal Distance

Keeping the other parameters constant, we change the thickness of the compartment
and ensure the two producing sections are in the middle depth of the upper and lower
layers. The production rate of the producing sections in the upper and lower layers
are calculated by the semi-analytical model, and then the matching degree curve and
boundaries related to height distance are obtained, as shown in the left panel of Figure 19.
Similarly, keeping the other parameters constant and changing the horizontal distance
of the two producing sections, we can obtain the matching degree curve and boundaries
related to the horizontal distance, as shown in the right panel of Figure 19.
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Figure 19 shows that when the height distance does not exceed 23.4 m and the hori-
zontal distance does not exceed 146 m, the stepped well and reservoir are well matched. In
this case, the height distance is 20 m and the horizontal distance is 0 m, so we think the
stepped well and the reservoir in this case are well matched from the perspective of height
distance and horizontal distance. It can also be seen that the height distance between the
two producing sections has a much greater effect on the matching of well type and reservoir
compared to the horizontal distance. This is because height distance directly affects the
gravity pressure drop in the wellbore, which is often much larger than the friction and
acceleration pressure drops. Therefore, the height distance of the stepped well needs to be
a key consideration.

From the right graph of Figure 19, it can be seen that as the horizontal distance
increases, the dimensionless production rate decreases gently at first and rapidly later.
This is because horizontal distance directly affects the frictional pressure drop, which is
proportional to the along-range distance under certain other conditions. We can define x as
the horizontal distance, y as the height distance, and z as the along-range distance. The
relationship among x, y, and z is

z =
√

x2 + y2 (26)

Equation (26) is a circular system equation, and the radius of the circle is z. Keeping y
constant, we can obtain a line that is parallel to the x axis, as shown in Figure 20.
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Figure 20 shows when x is small, z is mainly influenced by y. Since y remains constant,
the change in z is not obvious. As x increases, the influence of y on z gradually decreases
and the trend of z gradually becomes similar to x. It can be imagined easily that when x
tends to infinity, the value of z will be almost equal to x, and at this time the along-range
distance can be approximated as the horizontal distance. The horizontal distance increases,
which means that the along-range distance increases identically, and the frictional resistance
increases.

4.5. Result

In this case, a thin interbed reservoir is studied for the optimization of unconventional
well types, and a stepped well is selected to exploit this reservoir. The degree of matching
between the stepped well and reservoir is investigated using the methods proposed in this
paper. In summary, the result of this case can be concluded as follows.

• In this method, thin interbed reservoirs need to be simplified as box-shaped reservoirs,
which can be layered.

• According to initial adaption, the stepped well is suitable to exploit thin inter-
bed reservoirs;

• Under current reservoir conditions, stepped wells can be used if the permeability
difference between the adjacent upper and lower layers is between 0.6 and 3.0. In this
case, the permeability difference between the adjacent upper and lower layers is 1, so
the stepped well is applicable;

• When the upper fluid viscosity is 30 mPa·s, the lower fluid viscosity should not exceed
91 mPa·s, and when the lower fluid viscosity is 30 mPa·s, the upper fluid viscosity
should not exceed 47 mPa·s. In this case, the fluid viscosity in the upper layer and
lower layer are equal to 30 mPa·s, so the stepped well is applicable;

• When the height distance does not exceed 23.4 m and the horizontal distance does not
exceed 146 m, the stepped well and reservoir are well matched. In this case, the height
distance is 20 m and the horizontal distance is 0 m, so the stepped well is applicable.

5. Discussion
5.1. Discussion on Model

In this paper, a semi-analytical model is established to calculate the production rate
of unconventional wells under different reservoir conditions. The characteristics of this
model are summarized as follows:
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• Considering the pressure drop in the wellbore and the local resistance in intersections;
• Considering the coupling between the wellbore and reservoir;
• Able to describe the thin interbed and heterogeneous reservoir;
• Able to describe the wellbore with arbitrary shape;
• Considering the effect of well completion.

Using the semi-analytical model for matching unconventional wells and reservoirs is a
good idea. On the one hand, we do not need too many parameters to describe the reservoirs
and wellbores, and the result is relatively convincing. On the other hand, compared to
the numerical model, the semi-analytical model more easily performs sensitivity analysis.
However, if we want to describe reservoirs or wellbores more accurately, or describe more
complex physical models, we need to conduct more work on modeling. For instance, this
model cannot describe reservoirs with arbitrary boundary shapes, multi-media reservoirs,
or multi-phase flow in reservoirs or wellbores. We can take a lesson from other research
and take more factors into consideration, such as boundary shape [41–43], multi-media [44],
multi-phase flow [45–48], temperature distribution in wellbore [49], and other completion
methods [50].

5.2. Discussion on the Method for Matching Unconventional Wells to Reservoirs

The method for matching unconventional wells and reservoirs can be divided into
two important steps. In the first step, we simplify the reservoir as a box, which can be
layered to describe thin interbed reservoirs. Then, we make an initial adaptation between
the wellbore and simplified reservoir. In the second step, we build the semi-analytical
model based on the first step and define several parameters as quantitative indicators
to describe the matching degree between unconventional wells and reservoirs. These
quantitative indicators relate to the characteristics of the reservoir and wellbore.

However, if the geological characteristics of a reservoir or the structure of uncon-
ventional wells are more complex, the method needs to be expanded further. First, from
the perspective of the model, a more comprehensive semi-analytical model needs to be
established. Then, we should propose more quantitative indicators as the judgement of
matching to analyze the matching degree comprehensively. Finally, some impact parameters
involved in this paper need to be modified according to the actual situation.

6. Conclusions

This paper presents a complete analysis method for matching unconventional wells
and reservoirs based on semi-analytical models. The method is able to provide a quantita-
tive indicator to describe the matching degree between unconventional wells and reservoirs
and is applied to a case. The contributions of this paper are summarized as follows.

• A semi-analytical model is established. This model can describe the shape of well by
discretizing the wellbore into segments. A discretization method for some common
unconventional wells is provided in this paper, including horizontal wells, stepped
wells, multilateral wells, and fishbone wells. In addition, this model takes anisotropic
information of reservoirs, variable mass flow in wellbores, and the local resistance at
intersections into consideration.

• An initial adaptation reference table for matching unconventional wells and reservoirs
is given, which can help engineers to choose a suitable type of unconventional wells
for different reservoirs quickly and easily.

• For stepped wells, the height distance has a greater effect on the matching degree than
the horizontal distance because of gravity pressure drops. Therefore, we should pay
more attention to the height distance when considering using stepped wells.

• When the horizontal distance of the stepped well is short, the pressure drop between
the two producing sections is dominated by gravity pressure drop, so the degree
of matching is less influenced by horizontal distance. When the horizontal distance
is long, the pressure drop between two producing sections is dominated by along-
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range frictional pressure drop, so the matching degree is more influenced by the
horizontal distance.
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Nomenclature

A cross-sectional area, m2

B volume factor, m3/m3

ct compressibility, Pa−1

il branch number
is segment number
iw well number
jl branch number not equal to il
js segment number not equal to is
jw well number not equal to iw
k permeability, md
kx permeability in x-direction, md
ky permeability in y-direction, md

kz
permeability in z-direction, md M(iw, il, is) = the midpoint of the
segment numbered as (iw, il, is)

M0 the starting endpoint of line source
Ml the ending endpoint of line source
nw the number of wells
nl the number of branches
ns the number of segments
N the number of all segments in the model
q production rate, m3/d

qD(iw)
dimensionless production rate of well numbered as
iw, dimensionless

qID(iw, il, is)
dimensionless inflow/outflow of the segment numbered as (iw, il, is),
dimensionless

s skin factor
S circumference of pipe, m
t time, s
T a certain moment, s
T0 initial moment, s
U in situ speed, m/s
∆L(iw, il, is, is + 1) the distance from point M(iw, il, is) to point M(iw, il, is, is + 1), m
θ angle, ◦

µ viscosity, Pa·s

τw(iw, il, is, is + 1)
tangential friction in the wellbore from point M(iw, il, is) to point
M(iw, il, is, is + 1), N

ρ density, kg/m3

ϕ potential, J/kg
ϕi initial reservoir potential, J/kg
ϕw(iw, il, is) potential at point M, J/kg
ϕwD(iw, il, is) dimensionless potential difference at point M, dimensionless
φ porosity, fraction



Energies 2023, 16, 3207 24 of 26

Subscripts
d down
D dimensionless
i initial
I inflow
l branch
u up
w well
s segment
t total
x, y, z coordinates

Appendix A

The process of instantaneous point source solution method has four steps [37,48], as
shown in Figure A1.

1. Deal with boundary effects using superposition principle and mirror reflection method.
2. Derivate 3D transient point source solutions in parallel flat reservoirs using New-

man integral.
3. Integrate over the time period to obtain 3D point source continuum solution.
4. Integrate 3D point source continuum solutions along the wellbore to obtain the actual

well pressure distribution.
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