Geofluids

CO2 Geological Storage and

Enhanced Oil/Gas Recovery in
Unconventional Reservoirs

Lead Guest Editor: Shuyang Liu
Guest Editors: Bin Wang and Kai Zhang




CO2 Geological Storage and Enhanced Oil/Gas
Recovery in Unconventional Reservoirs



Geofluids

CO2 Geological Storage and Enhanced
Oil/Gas Recovery in Unconventional
Reservoirs

Lead Guest Editor: Shuyang Liu
Guest Editors: Bin Wang and Kai Zhang



Copyright © 2022 Hindawi Limited. All rights reserved.

This is a special issue published in “Geofluids” All articles are open access articles distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Chief Editor

Umberta Tinivella, Italy

Associate Editors

Paolo Fulignati(), Italy
Huazhou Li("), Canada
Stefano Lo Russo (1), Italy
Julie K. Pearce ("), Australia

Academic Editors

Basim Abu-Jdayil (2), United Arab Emirates
Hasan Alsaedi(), USA
Carmine Apollaro (), Italy
Baojun Bai, USA

Marino Domenico Barberio (), Italy
Andrea Brogi (19, Italy
Shengnan Nancy Chen (%), Canada
Tao Chen (), Germany
Jianwei Cheng (), China

Paola Cianfarra (), Italy
Daniele Cinti(?), Italy
Timothy S. Collett (), USA
Nicol6 Colombani (), Italy
Merce Corbella (), Spain
David Cruset, Spain

Jun Dong(»), China

Henrik Drake (%), Sweden
Farhad Ehya (), Iran

Lionel Esteban (), Australia
Zhiqiang Fan (), China
Francesco Frondini, Italy

Ilaria Fuoco, Italy

Paola Gattinoni (1), Italy

Amin Gholami (), Iran
Michela Giustiniani, Italy
Naser Golsanami, China
Fausto Grassa ("), Italy
Jianyong Han (), China

Chris Harris (), South Africa
Liang He(®), China

Sampath Hewage (), Sri Lanka
Jian Hou, China

Guozhong Hu (), China
Lanxiao Hu (), China
Francesco Italiano (), Italy
Azizollah Khormali (), Iran
Hailing Kong, China

Karsten Kroeger, New Zealand
Cornelius Langenbruch, USA
Peter Leary (), USA

Guangquan Li(®), China
Qingchao Li(®, China

Qibin Lin %), China

Marecello Liotta (), Italy

Shuyang Liu (%), China

Yong Liu, China

Yueliang Liu (%), China
Constantinos Loupasakis (), Greece
Shougqing Lu, China

Tian-Shou Ma, China

Judit Madl-Szonyi, Hungary

Paolo Madonia (), Italy

Fabien Magri ("), Germany

Micol Mastrocicco (), Italy

Agnes Mazot (), New Zealand
Yuan Mei (), Australia

Evgeniy M. Myshakin (), USA
Muhammad Tayyab Naseer, Pakistan
Michele Paternoster (), Italy
Mandadige S. A. Perera, Australia
Marco Petitta (), Italy
Chao-Zhong Qin, China
Qingdong Qu, Australia

Reza Rezaee (), Australia

Eliahu Rosenthal (), Israel

Gernot Rother, USA

Edgar Santoyo (), Mexico
Mohammad Sarmadivaleh, Australia
Venkatramanan Senapathi (), India
Amin Shokrollahi, Australia

Rosa Sinisi (), Italy

Zhao-Jie Song (), China

Ondra Sracek (), Czech Republic
Andri Stefansson (1), Iceland

Bailu Teng (), China

Tivadar M. T6th (), Hungary
Orlando Vaselli(), Italy

Benfeng Wang (), China

Hetang Wang (%), China

Wensong Wang (), China
Zhiyuan Wang(2), China

Ruud Weijermars (%), Saudi Arabia



https://orcid.org/0000-0001-6751-5795
https://orcid.org/0000-0002-4541-670X
https://orcid.org/0000-0002-5298-6655
https://orcid.org/0000-0002-1459-639X
https://orcid.org/0000-0001-9467-2016
https://orcid.org/0000-0002-1053-807X
https://orcid.org/0000-0002-4295-1897
https://orcid.org/0000-0003-3319-2355
https://orcid.org/0000-0002-3386-3609
https://orcid.org/0000-0002-1704-1007
https://orcid.org/0000-0002-5439-7280
https://orcid.org/0000-0003-4915-6295
https://orcid.org/0000-0001-9396-4519
https://orcid.org/0000-0002-8995-3312
https://orcid.org/0000-0002-7598-4708
https://orcid.org/0000-0002-6593-8505
https://orcid.org/0000-0002-8622-2442
https://orcid.org/0000-0002-7172-7827
https://orcid.org/0000-0001-7230-6509
https://orcid.org/0000-0002-0474-3958
https://orcid.org/0000-0003-1066-8146
https://orcid.org/0000-0001-5132-9162
https://orcid.org/0000-0002-0520-5780
https://orcid.org/0000-0003-0053-4566
https://orcid.org/0000-0001-5043-792X
https://orcid.org/%200000-0001-6719-2519
https://orcid.org/0000-0003-0340-6674
https://orcid.org/0000-0002-6384-8493
https://orcid.org/0000-0003-3605-4281
https://orcid.org/0000-0003-0752-3667
https://orcid.org/0000-0001-9884-5543
https://orcid.org/0000-0002-9465-6398
https://orcid.org/0000-0002-9100-2604
https://orcid.org/0000-0002-6485-9768
https://orcid.org/0000-0002-4144-5634
https://orcid.org/0000-0001-7373-4046
https://orcid.org/0000-0001-7916-2739
https://orcid.org/0000-0002-7203-1565
https://orcid.org/0000-0002-2678-0979
https://orcid.org/0000-0002-1041-8377
https://orcid.org/0000-0003-1822-6510
https://orcid.org/0000-0002-0949-9691
https://orcid.org/0000-0002-3201-9115
https://orcid.org/0000-0003-3251-9117
https://orcid.org/0000-0002-4419-5618
https://orcid.org/0000-0001-6251-3483
https://orcid.org/0000-0002-5806-1338
https://orcid.org/0000-0003-0212-0949
https://orcid.org/0000-0003-1137-6137
https://orcid.org/0000-0001-9342-8214
https://orcid.org/0000-0003-4859-8235
https://orcid.org/0000-0001-5198-0940
https://orcid.org/0000-0002-1698-1101
https://orcid.org/0000-0003-4439-3419
https://orcid.org/0000-0003-1390-5653
https://orcid.org/0000-0002-3085-6358
https://orcid.org/0000-0002-0439-193X
https://orcid.org/0000-0001-9161-4152
https://orcid.org/0000-0003-1012-1095
https://orcid.org/0000-0001-8121-4438
https://orcid.org/0000-0002-5743-0664
https://orcid.org/0000-0002-0713-5835
https://orcid.org/0000-0002-0091-0536
https://orcid.org/0000-0001-6642-957X
https://orcid.org/0000-0002-0884-385X

Bisheng Wu((2), China
Da-yang Xuan (%), China

Yi Xue (2, China

HE YONGLIANG, China

Fan Yang (), China

Zhenyuan Yin (), China
Sohrab Zendehboudi, Canada
Zhixiong Zeng (), Hong Kong
Yuanyuan Zha(), China

Keni Zhang, China

Mingjie Zhang ("), China
Rongging Zhang, China
Xianwei Zhang (), China

Ye Zhang (), USA

Zetian Zhang (2, China
Ling-Li Zhou (), Ireland
Yingfang Zhou (), United Kingdom
Daoyi Zhu (), China

Quanle Zou, China

Martina Zucchi, Italy


https://orcid.org/0000-0002-8579-2136
https://orcid.org/0000-0003-1720-589X
https://orcid.org/0000-0001-7728-1531
https://orcid.org/0000-0002-1518-2527
https://orcid.org/0000-0003-0255-4421
https://orcid.org/0000-0003-4255-8267
https://orcid.org/0000-0003-4323-0730
https://orcid.org/0000-0003-1267-876X
https://orcid.org/0000-0002-0283-4493
https://orcid.org/0000-0003-0709-3767
https://orcid.org/0000-0002-7182-2787
https://orcid.org/0000-0003-1265-5517
https://orcid.org/0000-0002-7753-3249
https://orcid.org/0000-0002-6041-2037

Contents

Well Pattern and Well Spacing Optimization of Large Volume Water Injection in a Low-Permeability
Reservoir with Pressure Sensitivity

Jie Zhan (1), Yafei Tian (), Chao Fan (%), Xianlin Ma(]), Ren-Shi Nie (), Dongqi Ji(®), Teng Li(}5), and
Hongyan Yu

Research Article (9 pages), Article ID 8215223, Volume 2022 (2022)

Tripability Analysis of Casing Strings in Directional Wells Using the Continuous Beam-Column and
Buckling Theory

Gang Wang (), Gang Liu (%), Kai Wang, Yichen Li, and Yinan Hu

Research Article (15 pages), Article ID 9728261, Volume 2022 (2022)

Pressure Performance Analysis of Inclined Well under Multiple-Well Interference in Offshore Heavy
Oil Reservoir

Kuiqian Ma, Gongchang Wang (), Yue Gao (1), Meinan Wang, and Jianguo Liu

Research Article (13 pages), Article ID 3700109, Volume 2022 (2022)

Experimental Study on Production Characteristics of Bottom Water Fractured-Vuggy Reservoir
Hong Cheng(}»), Lin Jiang, and Chenggang Li
Research Article (22 pages), Article ID 7456697, Volume 2022 (2022)

Study on Reasonable Formation Pressure Maintenance Level for Middle-Deep Reservoirs in the Bohai
Sea

Cai Hui(®, Yang Xiaoyan (), Xie Shujian{©), Zhang Zhanhua (%), Wang Long (), and Gao Yue

Research Article (9 pages), Article ID 7983330, Volume 2022 (2022)

Well Placement Optimization for Fractured Reservoirs: Coupling StoSAG and EDFM
Jianchun Xu(®), Wanhang Guo (), and Wenxin Zhou
Research Article (16 pages), Article ID 5912732, Volume 2022 (2022)

Production Behavior Analysis of Multibranched Horizontal Oil Well considering Reservoir and Well-
Type Factors

Shukai Tang, Xiaoxiao Sun, Kai Zheng, Liangbin Xu (%), and Qingwen Kong

Research Article (18 pages), Article ID 4859240, Volume 2022 (2022)

Well Interference Analysis of Shale Gas Wells Based on Embedded Discrete Fracture Model
Qing Zhang
Research Article (13 pages), Article ID 1795369, Volume 2022 (2022)



https://orcid.org/0000-0001-6487-344X
https://orcid.org/0000-0003-1640-0722
https://orcid.org/0000-0003-0060-9759
https://orcid.org/0000-0001-7918-2908
https://orcid.org/0000-0003-2711-3948
https://orcid.org/0000-0002-7988-7390
https://orcid.org/0000-0001-9379-8733
https://orcid.org/0000-0002-1159-5447
https://orcid.org/0000-0003-0527-1718
https://orcid.org/0000-0003-0640-851X
https://orcid.org/0000-0002-8933-0721
https://orcid.org/0000-0001-5310-4389
https://orcid.org/0000-0003-3615-0476
https://orcid.org/0000-0003-0267-5733
https://orcid.org/0000-0002-1520-6779
https://orcid.org/0000-0003-2781-3944
https://orcid.org/0000-0002-3309-6999
https://orcid.org/0000-0003-3799-6270
https://orcid.org/0000-0001-5310-4389
https://orcid.org/0000-0002-1213-0756
https://orcid.org/0000-0001-6073-8435
https://orcid.org/0000-0003-4535-7305
https://orcid.org/0000-0002-8182-4460
https://orcid.org/0000-0002-2151-4604

Hindawi

Geofluds WILEY | Q@) Hindawi

Volume 2022, Article ID 8215223, 9 pages
https://doi.org/10.1155/2022/8215223

Research Article

Well Pattern and Well Spacing Optimization of Large Volume
Water Injection in a Low-Permeability Reservoir with
Pressure Sensitivity

Jie Zhan ©,"? Yafei Tian ©,> Chao Fan (,"? Xianlin Ma ©®,"> Ren-Shi Nie ©,> Donggqi Ji , 55
Teng Li®,"* and Hongyan Yu®°®

!School of Petroleum Engineering, Xi'an Shiyou University, Xi'an 710065, China

“Engineering Research Center of Development and Management for Low to Ultra-Low Permeability Oil & Gas Reservoirs in
West China, Ministry of Education, Xi’an Shiyou University, Xi’an 710065, China

3State Key Laboratory of Oil & Gas Reservoir Geology and Exploitation, Southwest Petroleum University, Chengdu 610500, China

*Research Institute of Petroleum Exploration and Development, PetroChina, Beijing 100083, China

*School of Energy Resources, China University of Geosciences (Beijing), Beijing 100083, China

%State Key Laboratory of Continental Dynamics, Department of Geology, Northwest University, Xi’an 710065, China

Correspondence should be addressed to Jie Zhan; zhanjie@xsyu.edu.cn and Xianlin Ma; xianlinm@126.com
Received 20 June 2022; Accepted 30 July 2022; Published 19 August 2022
Academic Editor: Shuyang Liu

Copyright © 2022 Jie Zhan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Even with the fractured wells, the primary oil recovery of low-permeability reservoirs is still poor in Block X of Shengli Oilfield. To
further enhance the oil recovery, water is injected into the reservoir. Different from the conventional injection scheme, the
maximum daily injection rate of the proposed scheme by Shengli Qilfield reaches 2000 m>, and the average daily injection rate
is around 1500 m>. Thus, the conventional well spacing of certain well pattern is not suitable for the novel injection scheme. In
the paper, the optimal well pattern and well spacing for the large volume water injection scheme to develop a pressure-
sensitive low-permeability reservoir is investigated. Firstly, the CMG is employed to build the basic reservoir model developed
by fractured vertical wells. To finely depict the pressure sensitivity, the dilation-recompaction geomechanical model is
introduced to couple with the basic reservoir model. Based on the established coupled model, the optimal well spacing for the
inverted 5-spot well pattern and the inverted 9-spot well pattern is investigated with a total of 80 sets of numerical
experiments. The numerical experiments indicate that the optimal well spacing for the inverted 5-spot well pattern is 850 m/
350 m and the optimal well spacing for the inverted 9-spot well pattern is 550 m/450 m. To further screen the well pattern, the
normalized index of oil production per unit area of each well pattern is proposed. And it is found that the oil production per
unit area of the inverted 5-spot well pattern is higher than the inverted 9-spot well pattern. For the reservoir developed with
fractured vertical wells coupled with large volume water injection, compared with the inverted 9-spot well pattern, the inverted
5-spot well pattern is better, and the corresponding optimal well spacing is 850 m/350m. The paper proposes an efficient
simulation and optimization workflow for the development of pressure-sensitive low-permeability reservoirs with fractured
vertical wells coupled with large volume water injection, providing practical guidance for the efficient and sustainable
development of pressure-sensitive low-permeability reservoirs.

1. Introduction and gas resources are of low quality, which are mostly low-

permeability reservoirs [1-4]. Due to the nature of the low-
There are abundant low-permeability reservoirs in China  permeability reservoir, the reservoir does not perform well
and worldwide, which have become a key component in  if the EOR/EGR technology, such as fracking and acidizing,
the global energy system. For instance, 46% of China’s oil ~ has not been applied. Over the years, the technology of
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developing low-permeability reservoirs has been signifi-
cantly improved. But water injection is still the primary
method to improve the performance of low-permeability
reservoirs [5-8]. Shengli Oilfield proposes an innovative
waterflooding scheme with large volume injection to further
improve the low-permeability reservoir performance in
Block X, which has been depleted for years with low produc-
tivity [9]. There are two factors accounting for the improve-
ment of reservoir performance. On one hand, the large
volume injection will increase the swept volume. On the
other hand, the residual oil located in the region with high
seepage resistance can be further mobilized due to the estab-
lished high-pressure driven system induced by the large vol-
ume of injected water so that the displacement efficiency can
be further improved. To some extent, the reservoir is rejuve-
nated due to the novel injection scheme. Different from the
conventional injection scheme, the maximum daily injection
rate of the proposed scheme by Shengli Oilfield reaches 2000
m?, and the average daily injection rate is around 1500 m”.
Therefore, the conventional well spacing of certain well pat-
tern is not suitable for the novel scheme, large volume water
injection coupled with fractured vertical producers. The
inverted 5-spot well pattern and the inverted 9-spot well pat-
tern are widely implemented in the field. Meanwhile, the
optimal well pattern and well spacing under different field
conditions have been investigated based on machine learn-
ing (data-driven modeling) and numerical simulation
[10-13]. But few studies have been reported on the optimi-
zation of well pattern and well spacing of the novel scheme
proposed by Shengli Oilfield to develop the pressure-
sensitive low-permeability. In the paper, we build up the
coupled reservoir models to represent different scenarios
(different well spacing for both the inverted 5-spot well pat-
tern and inverted 9-spot well pattern of the novel scheme to
develop a pressure-sensitive low-permeability reservoir) via
the advanced reservoir simulator, CMG. With a total of 80
sets of numerical experiments, the optimal well spacing for
both the inverted 5-spot well pattern and inverted 9-spot
well pattern of the novel scheme is quantified. Then, with
the proposed normalized index of oil production per unit
area of each well pattern, the optimal well pattern between
the inverted 5-spot well pattern and inverted 9-spot well pat-
tern for the novel scheme is studied, as shown in the follow-
ing flowchart (Figure 1). The study proposes an efficient
simulation and optimization workflow for the development
of pressure-sensitive low-permeability reservoirs with frac-
tured vertical wells coupled with large volume water injec-
tion. With the methodology presented in the study, not
only the field test can be further optimized, leading to more
efficient and sustainable development, but also the novel
scheme proposed by Shengli Oilfield can be promoted and
widely applied in China and worldwide.

2. Simulation Methodology and
Integrated Workflow

The governing equations of the numerical model are the
mass balance equations, including accumulation term and
convection term and sink/source term [14, 15]. Darcy’s
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law, which states that fluid flow rate is directly proportional
to the pressure gradient, is applied to the fluid flow in the
matrix of the model. As to the fluid flow within the hydraulic
fracture, the Forchheimer model with the non-Darcy coef-
ficient is implemented to simulate a turbulent flow,
accounting for the inertial effects [16-18]. Meanwhile,
local grid refinement with logarithmic spacing, discretizing
the reservoir to a finer degree region around hydraulic
fractures and more coarsely further away from the hydrau-
lic fractures, is coupled with the Forchheimer model to
accurately depict the detailed transient fluid flow around
the hydraulic fractures [19-21]. To obtain the fluid prop-
erties, the Peng-Robinson equation of state is employed.
And the oil-water relative permeability of the model is
generated by the analytical correlation using the endpoint
data [14].

To meet the needs of finely simulating the dynamic
evolution of reservoir properties for the pressure-sensitive
low-permeability reservoirs, the dilation-recompaction geo-
mechanical model is introduced to couple with the basic
reservoir model. Compared with conventional flow-
geomechanical coupling models [22], where complex cou-
pling schemes, expensive computational cost, and massive
input data, such as rock mechanical data and in situ stress
data, get involved, the methodology employed in the study
characterizes the dominating mechanism of the physical
process while keeping the modeling and computational
cost low. The methodology has been applied and validated
by previous work to both accurately and efficiently simu-
late the process [9, 23-26].

The dilation-recompaction model finely depicts the rela-
tion between the porosity and reservoir pressure as a piece-
wise and path-dependent function, illustrated in Figure 2
[9, 27-29]. Different value is given to the compressibility
according to the range of reservoir pressure. For instance,
small compressibility is given to the line segment ab. With
the gentle slope, from point a to point b, the rock experi-
ences an elastic small change of porosity due to the change
of pressure, which is reversible. As to the steep line segment
be, big compressibility is assigned, leading to the intense
change of porosity induced by reservoir pressure, which
indicates that the reservoir undergoes irreversible dilation,
usually accompanied by the opening of fissures. If the pres-
sure drops at some point during the dilation phase, two
phases of compaction will occur. If the pressure remains
above the recompaction pressure (Pg), reversible elastic
compaction occurs in the reservoir. If the pressure continues
to drop until it is below the recompaction pressure (Py), the
reservoir enters the irreversible recompaction phase, which
has a larger slope than the elastic compaction. In other
words, significant compaction occurs in the reservoir during
the recompaction phase. The maximum porosity (¢, ) in
the dilation-recompaction model is correlated with the r,,
which is the maximum proportional increase allowed in
porosity. The residual dilation fraction (f,) accounts for
the proportion of the total dilation which is permanent
and irreversible. If the lower limit of 0 is assigned to the
residual dilation fraction, the increase in pore volume as a
result of dilation can be fully removed. Conversely, the
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Coupled reservoir model

l Orthogonal numerical experiments

A total of 80 sets of numerical experiments
for inverted 5-spot well pattern and inverted
9-spot well pattern (40 sets for each)

|

v

Optimal well spacing of
inverted 5-spot well pattern

v

Optimal well spacing of
inverted 9-spot well pattern

l Normalized index

Oil production per unit area of
each well pattern

l

Optimal well pattern and
corresponding well spacing

FiGure 1: Flowchart of the study.

¢max = f; = B/A

Recompaction

Porosity

Initial
reservoir
condition !

Elastic c!

Dilation

Py Py

Pressure

FiGgure 2: Dilation-recompaction model [9].

increase in pore volume induced by dilation is permanently
preserved if the residual dilation fraction takes its maximum
value of 1.

There is a correlation between porosity and permeability.
Since the porosity evolves with the pressure, so does the per-
meability, which is also the feature of the low-permeability
reservoir with pressure sensitivity [30, 31]. The analytical
correlations for the dynamic porosity and permeability are
as follows:

= ¢re[c(P_PR)]’ (1)

where ¢ is the compressibility; P, is reference pressure; and
¢, is the porosity at the reference pressure.

K= Koe[KMUL(¢_¢O)/(1_¢O)], (2)

where K|, is the original permeability; Ky, is a user-defined
permeability multiplier; and ¢, is the original porosity.
Based on the above simulation methodology, orthogonal
numerical experiments can be conducted to obtain the opti-
mal well spacing of each well pattern. Comparison between
two types of objects (different well patterns) cannot be per-
formed directly by the numerical simulation. To obtain the
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FIGURE 4: Three-dimensional reservoir model of inverted 9-spot well pattern.

optimal well pattern, the analytical method of reservoir engi-
neering is introduced to couple with the numerical simula-
tion to normalize the performance of each well pattern
with optimal well spacing. That is why the normalized index
is developed. The process of the analytical calculation of the
normalized index is as follows. Firstly, based on the reservoir
engineering method, the actual cumulative oil production of
each well pattern can be determined with different weighting
factors assigned to the corner well and side well, indicating
the actual contribution of each well to the group [32]. Then,
with the optimal spacing of each well pattern, the corre-
sponding area of each well pattern can be acquired, which
is also the area controlled by the injector. Thus, the proposed
normalized index of oil production of each well pattern over
the corresponding area is quantified so that the optimal well
pattern can be determined. With the integrated workflow,
combining the analytical method of reservoir engineering
with numerical simulation, the well pattern and well spacing
can be optimized simultaneously. The detailed analytical
calculation will be presented in the results and discussion
part.

3. Reservoir Model

Based on the CMG, the reservoir model is developed with
the data of Block X. The dimensions of the numerical model
are 1750 m x 1450 m x 8 m, corresponding to the length,
width, and thickness of the reservoir, respectively. For the
inverted 5-spot well pattern, there are one vertical injector
and four vertical fractured producers, as shown in
Figure 3. For the inverted 9-spot well pattern, there are
one vertical injector and eight vertical fractured producers,
as shown in Figure 4. d stands for the distance between wells.
b stands for the distance between each row. All the wells are
perforated from the top to the bottom of the reservoir. The
half-length of the hydraulic fracture of the corner producer
is 125m, and the half-length of the hydraulic fracture of
the side producer is 75m. The conductivity of hydraulic
fracture is 3.05 mD-m. And the cumulative water injection
is 6.0 x 10*m®. The detailed injection scheme is shown in
Figure 5, which is the constraint for the injector of the
numerical model. The producer is operated with a minimum
bottom-hole pressure of 200kPa, to fully harness the
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TaBLE 1: List of model parameters.
Parameters Value Unit
Model dimensions 1750 x 1450 x 8 m
Thickness 8 m
Depth 3200 m
Porosity 0.13 /
Permeability 5 mD
Initial reservoir pressure 28 MPa
Reservoir temperature 123 °C
Hydraulic fracture conductivity 3.05 mD-m
Half-length of hydraulic fracture(corner well) 125 m
Half-length of hydraulic fracture(side well) 75 m

formation energy. Due to the large volume of injected water
in each slug within a few days, the bottom-hole pressure is
built up rapidly, leading to the increase of the injection pres-
sure. To stabilize the injection pressure at the wellhead
within the safe operation limit, the injection is terminated
for several days between each slug to facilitate the pressure
diffusion outward from the injection spot. Instead of contin-
uous injection, the water slug injection mode is employed in
the field. The specific parameters used in the models are
listed in Tables 1 and 2.

4. Results and Discussion

Based on the above established model, 40 simulation scenar-
ios are developed with different well spacing for each well

pattern, respectively, as shown in Tables 3 and 4. There is
a total of 80 sets of numerical experiments. The simulation
outcomes are illustrated in Figures 6 and 7, generated with
MATLAB.

If the well spacing is too small, it will lead to higher water
production with lower oil production. If the well spacing is
too large, the supplemental energy by the injection cannot
be utilized efficiently to improve the reservoir performance.
Based on the cumulative oil production of the well group
with different well spacing, the optimal well spacing for the
inverted 5-spot well pattern is 850 m/350 m, and the optimal
well spacing for the inverted 9-spot well pattern is 550 m/
450 m, as shown in the following figures.

With the above optimal well spacing of each well pattern,
the optimal well pattern will be determined between the
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TaBLE 2: Parameters used in the dilation-recompaction model.

Parameters Value Unit
Compressibility coefficient (C,) 9.5x 1076 1/kPa
Dilation compressibility coefficient (Cy,) 8x107* 1/kPa
Residual dilation fraction (f,) 0.1 /
Recompaction pressure (Py) 30 MPa
Maximum allowed proportional increase in porosity (r,,) 1.3 /
Dilation pressure (Pp) 50 MPa
Initial reservoir pressure (P;) 28 MPa
Permeability multipliers (I/J/K) (Ky) 50 /

TaBLE 3: Orthogonal experiment design of well spacing (inverted 5-spot well pattern).

b (m) d (m)

600 650 700 750 800 850 900 950
250 250 x 600 250 x 650 250 x 700 250 x 750 250 x 800 250 x 850 250 x 900 250 x 950
300 300 x 600 300 x 650 300 x 700 300 x 750 300 x 800 300 x 850 300 x 900 300 x 950
350 350 x 600 350 x 650 350 x 700 350 x 750 350 x 800 350 x 850 350 x 900 350 x 950
400 400 x 600 400 x 650 400 x 700 400 x 750 400 x 800 400 x 850 400 x 900 400 x 950
450 450 x 600 450 x 650 450 x 700 450 x 750 450 x 800 450 x 850 450 x 900 450 x 950

TaBLE 4: Orthogonal experiment design of well spacing (inverted 9-spot well pattern).

b (m) 300 350 400 450 dm 500 550 600 650
300 300 x 300 300 x 350 300 x 400 300 x 450 300 x 500 300 x 550 300 x 600 300 x 650
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400 400 x 300 400 x 350 400 x 400 400 x 450 400 x 500 400 x 550 400 x 600 400 x 650
450 450 x 300 450 x 350 450 x 400 450 x 450 450 x 500 450 x 550 450 x 600 450 x 650
500 500 x 300 500 x 350 500 x 400 500 x 450 500 x 500 500 x 550 500 x 600 500 x 650
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Figure 6: Cumulative oil production for the scenarios with different well spacing (inverted 5-spot well pattern).
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TABLE 5: Evaluation of optimal well pattern.

Parameters Notation

Inverted 5-spot well pattern  Inverted 9-spot well pattern

Area of well group (m?)

Oil production-corner well (m?) Ny

Weighting factor-corner well

Oil production-side well (m?) Ny,

Weighting factor-side well
Oil production per unit area of each well pattern (m’/m?)

Number of producers

A

N
N
N
N

pel
pc2
pc3

pc4

N
N
N

N, ps4

psl
ps2

ps3

595000 990000
3405.21 1867.67
3330.72 1723.95
3330.72 1723.95
3405.24 1867.67

1/4 1/4
1809.67
1721.00
! 1869.24
1809.67
/ 1/2
5.66x107° 5.45x% 1073
4 8

inverted 5-spot well pattern and the inverted 9-spot well pat-
tern with the proposed normalized index of oil production
per unit area. The normalized index is determined based
on the actual cumulative oil production of a well group
and the area of a well group. As to the actual cumulative
oil production of each well group, different weighting factors
will be assigned to the different wells of the group. 1/4 will be
the weighting factor of the corner well to account for the oil
production contribution to the group. And 1/2 will be
assigned to the side well. The analytical correlation for the
normalized index is as follows. The detailed info is listed in
Table 5. The oil production per unit area of the inverted 5-
spot well pattern is higher than the inverted 9-spot well pat-
tern. For the reservoir developed with fractured vertical wells
coupled with large volume water injection, based on the nor-
malized index, the inverted 5-spot well pattern is better.

Inverted 5-spot well pattern:

No 1/4( Npet + Npeo + Npes + Ny )
A bl

A=2bd.

Inverted 9-spot well pattern:

psl

No 1/4(Npcl +Npea + Npes +NPC4) +172(N, + Ny + Npgs +NPS4)

A

A=4bd.

>

(5)

(6)



5. Conclusion

In the study, based on the eflicient modeling method, the
numerical model of pressure-sensitive low-permeability res-
ervoirs developed with fractured vertical wells coupled with
large volume water injection is established. With the coupled
model, the well pattern and well spacing optimization work-
flow is developed with the proposed normalized index, oil
production per unit area of a certain well pattern. Based on
the integrated optimization workflow, with a total of 80 sets
of numerical experiments, it is found that the reservoir
developed with fractured vertical wells is coupled with large
volume water injection; compared with the inverted 9-spot
well pattern, the inverted 5-spot well pattern is better, and
the corresponding optimal well spacing is 850 m/350 m.
The insights obtained from the paper will shed light on the
development of low-permeability reservoirs with the novel
scheme proposed by Shengli Oilfield.
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Hindered casing strings are often encountered in unconventional oil and gas exploration during the casing running process. This
not only increases the operating costs and time but can also lead to downhole accidents and even abandonment in serious cases.
Due to various assumptions, the calculation results of the existing soft models and hard models are different, which causes
confusion for field operators when taking friction reduction measures. Moreover, a lowering force is often applied to assist
hindered casing string running in a drilling field. However, its application is mainly based on work experience and lacks
mechanistic analysis and theoretical guidance. Thus, in this study, a simulation model for the analysis of casing string
tripability in a directional well was established and the model was combined with the continuous beam-column theory and
buckling theory. The model was used to study how various factors including the friction coefficient, drilling fluid density, and
casing diameter could affect the lowering force required when a casing string was hindered by buckling. The results showed
that the maximum lowering force and the maximum effective lowering force decreased with the increase in the friction
coefficient and the performance of the drilling fluid could be adjusted rapidly, which would be beneficial for ensuring that the
casing string could be tripped smoothly by applying a lowering force. The increase in the drilling fluid density caused the
maximum lowering force and the maximum effective lowering force to decrease, which was not conducive to hindered casing
string running. The larger the casing diameter was, the greater the maximum lowering force and the maximum effective
lowering force were. It was more convenient to apply a lowering force for a casing with a large diameter. In addition, the
improved model could identify whether the casing string was in contact with the upper or lower borehole walls. Through finite
element method verification, the prediction was in line with the actual casing running operation and the improved model has
the smallest prediction error, ie., 6.58%, compared with the existing models. Therefore, the improved model might provide
necessary theoretical guidance for casing running operations in directional wells.

the casing string reaches the target depth smoothly, it is
necessary to predict the friction and applied lowering force.
At present, several models have been established for

Unconventional oil and gas exploration and development
have entered an active period. Directional well technologies
such as horizontal wells, extended reach wells, and cluster
wells have been widely applied in unconventional oil and
gas exploration. Casing strings cannot be tripped at the tar-
get depth due to the influence of the formation lithology,
well trajectory, and casing running technology. Once the
casing string running is hindered, it increases the operating
cost and time and can lead to downhole accidents and even
abandonment in serious cases [1]. Therefore, to ensure that

calculating the drag and torque of a tubular string. The
soft-string torque and drag model was initially developed by
Johancsik et al. [2] and later put in a standard differential form
by Sheppard et al. [3]. This model assumed that the string was
in continuous contact with the borehole wall and did not
consider the string stiffness [4-7]. It is generally believed that
the soft string model sometimes provides poor results for stift
tubular strings, high dogleg severity (small radius of
curvature), or narrow radial clearance in the annulus [8].
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Because the soft-string model does not consider the
influence of the string stiffness, Ho. [9] established a stiff-
string model for drag and torque based on the theory of
large deformation for a drill string. Mitchell et al. [10]
established a differential form that was easy to understand.
However, many factors, including the variable stiffness of
the tubular strings, the shape of the wellbore, and the clear-
ance, can influence the contact state of the tubular strings
and the value of the contact force on the tubular strings.
The present stiff string models do not consider these factors,
making it difficult to predict accurate results [11-13].

To improve the agreement between the calculation
results and the real situation of a casing string running in a
wellbore, 3D finite element models have been established
to analyze the friction, stress, and deformation of the string
in the build-up section and the horizontal section during
the tubular string running process [14-20]. The well depth
is generally several thousand meters. With the increase of
the size of the 3D model, it is necessary to take a long time
to complete calculations. The results are difficult to apply
in real time in the field; it is often used to provide a reference
for the optimal design of the wellbore trajectory and tubular
string assembly and verify the accuracy of the new model for
prediction drag and torque [21].

The continuous beam-column theory has been increas-
ingly recognized because of its clear physical meaning and
relatively simple algorithm [22-24]. When calculating the
contact force between the string and the borehole wall in
the traditional continuous beam-column theory, the contact
point between the string and the borehole wall is first speci-
fied but one must generally be very cautious when specifying
the contact point. As a result, some real contact points are
missed, and in order to find these contact points, it is neces-
sary to judge whether the deflection of the string between the
two contact points exceeds the wellbore clearance. However,
the traditional model does not consider the effect of a curved
borehole on the deflection of the casing string, which cannot
be ignored in the curved section.

Therefore, to identify the contact point between the pipe
string and the well wall and ensure that the casing string
runs smoothly in the directional well, the influence of the
initial bending of the casing string on the deflection and
deformation of the casing string was considered in this study
using the improved continuous beam-column model. In
addition, based on buckling theory, a prediction model of
the maximum effective lowering force required during
hindered casing string running was established. Using the
existing friction model for tubular strings and field data
verification, the model prediction results were proven to
match the actual field data well.

2. Casing String Tripability Analysis Model

A model was established to predict whether a casing string
could be run smoothly during the casing running process
in a directional well. The primary reason that casing strings
cannot be tripped in is the friction force. When the total fric-
tion of casing strings is greater than the floating weight of
the casing strings above the stuck point, the casing strings

Geofluids

are hindered during the casing running process. The friction
force is generated by the contact between the casing strings
and the wellbore wall. Therefore, the contact force is
required to be analyzed first.

2.1. Basic Assumptions

(a) The string, which was composed of a casing, cou-
pling, and centralizer, was regarded as an elastic
beam column, and its deformation was within the
linear elastic range

(b) The wellbore had a uniform circular cross-section
without enlargement or hole shrinkage

(c) The coupling, centralizers, and other parts with rela-
tively large diameters on the string or specified
points of a certain length were taken as supports that
were in contact with the borehole wall

(d) The casing string rotation and vibration were
neglected

2.2.  Three-Dimensional ~ Wellbore  Trajectory  Plane
Decomposition. The three-dimensional wellbore could be
approximately represented in two dimensions by decompos-
ing it into two planes, plane P and plane Q [25], as shown in
Figure 1. The lateral force and deflection of the string were
calculated on the two planes separately. Then, the lateral
force and deflection of the string in space could be obtained
after the corresponding superposition.

2.3. Establishing a Bottom-Hole Coordinate System. Based on
the unit vector of the three coordinate axes in the bottom-
hole coordinate system [26], the coordinate transformation
matrix [M] of the vector from the wellhead coordinate sys-
tem to the bottom-hole coordinate system could be obtained
as follows:

COs a, cos ¢,  cos a, sin ¢,
cos ¢, 0 , (D)

—sin ay, sin ¢,

—sin a,

[M] = —sin ¢,

—sin a;, cos ¢, —Cos a,

where a, and ¢, are the well inclination and the azimuth at
the casing shoe, respectively. The coordinate transformation
was as follows:

X N—Nb
y p=M-{ E-E o (2)
z H-H,

where H,, N, and E, are the H, N, and E coordinates of the
casing shoe, respectively. H, N, and E are the coordinates of
any point in the wellhead coordinate system, and x, y, and z
are the x, y, and z coordinates of the corresponding points in
the bottom-hole coordinate system, respectively.
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FiGure 1: Three-dimensional plane decomposition of borehole
trajectory.

2.4. Continuous Beam-Column Model

2.4.1. Three-Moment Equations in Plane P. With the casing
string runs in plane P (well inclination plane) as an example,
the casing string combination of any number (n) of central-
izers was taken as the analysis object. As shown in Figure 2,
the centralizers divided the whole casing string into N span
beams and the transverse load g;, bending moments M;_,
and M;, and the axial force F; acted on the ith span beam.
The right deflection angle of the ith span beam was 6%, the
shear force was QF, the transverse load was g, ,, the bending
moments were M; and M,,,, and the axial force F,,; acted
on the (i + 1)th span beam. The right rotation angle of the
(i +1)th span beam was 6%, |, and the shear force was Q..

The deflection curves of the two adjacent spans had a
common tangent line at the support of the string. Therefore,
the rotation angles on both sides of the support were equal:

pr = _91‘L+1,P- (3)

The rotation angle at the support could be obtained from
the formula of the end rotation angle and the deformation
superposition principle of continuous beam-column theory
(Appendix A):

R _ dipli M;pL; M, pL;
= o)t —=—Y(u;p)+ —="Z(u;p),
WP D4E], (#ir) 3EI, (#:p) 6EI, (#:p)

3
Gir1.pLin M, pLicy M1 pLicy
OF, p= L gy )+ Py )+ L 7 ),
i+1,P 24Eli+l (uxﬂ,P) 3E1i+1 (MHI,P) GEIH] (uz+l,P)
Qusrplie M, pLni M, pLna
O p= 2L X + Y + 7 ,
wLP = D4R (Unirp) 3EL, (Ups1,p) 6EI, (tpi1,p)

(4)

where L; is the length of the ith span beam (m), g;, is the
component of the transverse load of the ith span beam in

the P plane (N), g; is the well inclination angle at the ith sup-
port (°), w; is the weight per meter of the ith span beam in
mud (kg/m), F; is the average axial force on the ith span
beam (N), E is the elastic modulus of the string (Pa), and
I, is the section moment of inertia of the ith span beam (m%).

2.4.2. Initial Rotation Angle. For the actual string combina-
tion, the diameter of the centralizer was smaller than the
diameter of the borehole. Therefore, when the string was
tripped in the borehole, the centralizer might have been
close to a side of the wellbore wall, which would have caused
the displacement of the support due to the elimination of
clearance. Therefore, several supports were not in a straight
line. This resulted in an additional rotation angle at the end
of the beam column due to the displacement of the supports,
as shown in Figure 3.

In plane P, the initial additional rotation angle generated
by the initial relative displacement of the supports at both
ends of the ith span beam was

Ox9 — 5x0
867, = arctan <M> : (5)

Zi=Zi

In plane Q, the initial additional rotation angle generated
by the initial relative displacement of the supports at both
ends of the ith span beam was

s
SO?Q = arctan (M) . (6)
' Zi=Zi

2.4.3. Three-Moment Equations. Considering the initial
additional rotation angle generated by the displacement of
the support, the corresponding three-moment equation of
the (n + 1)th span continuous beam-column in the plane P
could be obtained:

o LiZ(uip) [EY (i) N Liny Y(t4i11,p)

FLPUGELL "1 3ELL 3EI,,

M. Liy\ Z(ti1p) _ _qi,PLi}X(ui,P)
HLPTGED 24E],

i+1

3
Qi1 pLini X (Ui p) 0 0
- > 400, p — 80,

24EI,
qn+1,PX(uﬂ+1,P)LZ+1 + Y(unJrl,P)LnJrl
24FI, ., mLPTSEL

(7)

Z(ty11,p) R 0
+ Mn,P ﬁl‘nﬂ = 9n+1,P - Sen,P'

The boundary conditions at the casing shoe and the
upper tangent point in plane P were

M,yp=0,
Mn,P =E- In : kaT’

(8)

where k,; is the rate of well inclination change at the
tangent point.
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FIGURE 2: Force and deformation of casing string running in a curved section. (a) Schematic diagram of casing string running in a curved
section. (b) Force and deformation of the ith span beam. (c) Force and deformation of the (i + 1)th span beam.

FIGURE 3: Schematic diagram of beam supports not in a straight line under the combined force.

There were n+1 equations for the three bending
moments, in which the n + 1 unknowns were M, ~ M, and
L,.,- Thus, there was a definite solution. For the ith beam
support in plane Q, the left and right sides were the ith
and (i + 1)th span beams, respectively. Based on the contin-
uous condition that the rotation angle of the beams on both
sides of the support were equal, the three bending moment
equations in plane Q were obtained.

v LiZ(u;q) . LY ()
FYQTGEL M 3EL

Li+1Z(”i+l,Q) - 50°
- i+1,Q
6EI;,,

+ Li+1Y(ui+1,Q)
3EI;,

- 669

+ Mi+ 1,Q ,Q’

Y(un+1,Q)Ln+1 +M Z(un+1,Q) L

M
n+1,Q 3E1n+1 n,Q 6E1n+1 n+1 (9)

0
= n+1,Q ~ 89n,Q’

TaBLE 1: Critical load for the helical buckling of the string in
different well sections, where F,, is the critical load of helical
buckling (N), r is the borehole annulus clearance (m), and R is
the string radius (m).

Well section Critical load for helical buckling

Vertical Fpy = 5.55V Elw?

Fyq =2.83VEIw sin a/r

Straight inclined

Curved Fy = 12EI/rR {1 /(14 rR2w sin a/8EI)}
Horizontal Fg=2 (2\/5 - 1) VEIw/r
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FIGURE 4: Flowchart of the solution procedure.

where the meanings of the parameters are the same as those
above discussed.The boundary conditions at the casing shoe
and the upper tangent point in plane Q were as follows:

M, o=0,

(10)

M,o=E-1, kg sinar,

where k7 is the rate of azimuth change at the tangent point
and ay is the well inclination at the tangent point.

2.4.4. Contact Force. The relationship between the force and
deformation of the string is given. An iterative method could
be used to solve the deflection function of each span to
obtain the deflection, rotation angle, and bending moment
of the string after deformation. Combined with
Figures 2(b) and 2(c), the contact force at each support in
plane P could be calculated:

. M p—M,;p + D1 pLlin .

i=lton-1).
2 L 2

i+1

Then, the contact force at each support in plane Q was

i+1,Q Mi,Q

i+1

, (i=lton-1).

(12)

2.5. Effect of Initial Bending on Casing Deflection. When the
casing string was tripped in the curved section of a wellbore,
the deformation of the entire casing string had to be gener-
ally consistent with the wellbore axis. Therefore, the maxi-
mum deflection of the casing string caused by the initial
bending could be obtained [27] (Appendix B):

2. 1 K. ,EI. 1
X xi>0+xi)1:ﬁ )= 2 ).
u; \cCos u; F. oS u;

| (13)

2.6. Judgment of Contact Points. Considering the influence of
the borehole bending on the casing string deformation, the
improved maximum deflection x;,, in plane P and the



improved maximum deflection y;, in plane Q of the ith
span string were calculated as follows:

X, = LALZ‘L ; —-1- 112
MM 16ELu* \ cos u; 2

N M\, +M;, 1 1
2F; cos (Aa;/2) cos u;
€iLp T Eip

KpL? [ 1
+— -1)+ —=,
4u; \ cos u; 2

yoo Mg+ Mg () 1
MM 2F; cos (A¢,/2) COS U;

2
N KQLi 1 1) 4 €10t ein.
4u? \ cos u; 2

(14)

Therefore, the criterion for generating the new contact

points was
- _ D,—-D,y
xi,m2+yi,m2> wf” (15)

where K, is the curvature on the azimuth plane of the well
section where the string is located (*/30m), D, is the
borehole diameter (m), D, is the centralizer diameter (m),
D, is the casing diameter (m), e, ; = (D, - D,_;)/2, and
e;= (D, — D,;)/2.0nce the maximum deflection of the cas-
ing string between the two supports exceeded the wellbore
clearance, there was a new contact point and new support
needed to be added to perform the recalculation.

2.7. Tripability Judgment of the Casing String. The contact
force and the friction at each contact point could be obtained

as follows:
N;=/N;,2+ N, g%
P Q (16)

Fy=uN;

where p is the friction coefficient. When the total friction of
the casing string was greater than the floating weight of the
casing string above the stuck point, the casing string could
be considered hindered during the casing running process:

YFi>w-L, (17)

where L, is the length of the casing string above the stuck
point (m).

At that time, it was difficult for the casing string to run
with its own floating weight and it was possible to run the
casing string with the help of the other processes. For exam-
ple, a lowering force, a pick-up and release technique, and
casing floating could be applied. Since the casing string
buckled during the running process, it was also necessary
to consider the case in which the casing string was hindered
by buckling.
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FIGURE 5: Finite element model of the casing string.

TABLE 2: Basic calculation parameters.

Name Value
Well depth 4558 m
Kickoff point 1267 m
Build-up rate 4°/30 m
Radius of curvature, R 430 m
Vertical section, L, 100 m
Build-up section, L, 100 m
Diameter (borehole), D, 215.9mm
Diameter (casing), Dp 177.8 mm
Diameter (coupling), D, 200.03 mm
Wall thickness (coupling), D, 11.12mm
Young’s modulus, E 2.1x10° MPa
Poisson’s ratio, & 0.3
Friction coeflicient 0.2

2.8. Critical Load for Helical Buckling of the String. Many
scholars have obtained the critical load when a string is sub-
jected to spiral buckling in different well sections through
theoretical derivations or experiments, as shown in
Table 1. Additional friction should be considered when a
casing string is spirally buckling and in contact with a
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Mises (MPa)

I 426.58

—319.94

30m
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FIGURE 6: (a) Schematic diagram of casing string combination. (b) Cloud map of contact between the casing string and the wellbore wall.
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Fi1GURE 7: Contact force when the casing string was running in the wellbore.

borehole wall to determine whether the casing string can be
successfully tripped in.

2.9. Determine the Maximum Lowering Force. Due to the
restrictions of a wellbore, a string will undergo multiple
deformation processes with the increase in the lowering
force after string buckling. With the combined action of
the string weight and the buoyancy of the drilling fluid, the
string buckling becomes a spatial spiral shape with a varying
pitch. The bending of the string causes contact with the
borehole wall, resulting in increased friction, which offsets
some of the lowering force and reduces the effective lowering
force on the stuck point [28]. Therefore, how to determine

the maximum lowering force when applying a load to push
down the casing is very important for casing running.

The maximum lowering force F,, can be obtained as
follows (Appendix C):

w, EI

F_ = Ll — 1
=\ (18)

The maximum effective lowering force F, . can be

obtained as follows:

ax

Py = Foe — HC 2

max

(19)

max”’
w,,E
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FIGURE 10: Axial load on the casing string using different models.

2.10. Solution Method. An iterative method [23, 24] was used
to apply the simulation model in actual wellbores. The flow-
chart of the procedure is shown in Figure 4.

3. Model Validation

An example was adapted from an actual FX160 directional
well in China. The finite element method was used for veri-
fication. Due to the large size of the actual borehole, the
establishment of a full-size three-dimensional finite element
model of the borehole trajectory and casing string combina-
tion required not only a high amount of computational
resources but also a long time to perform the calculations.
It was believed that the mechanical behavior of a point in
the structure would have no effect on the point in space
beyond 15m [29]. Therefore, the well section at 1210-
1410m was selected. This section included the vertical sec-
tion and the curved section. Considering the influence of
the casing string coupling, the deformation and the contact
force when the casing string was tripped in were simulated
and calculated. The three-dimensional finite element model
is shown in Figure 5. The relevant parameters in the model
are shown in Table 2.

The dynamic explicit analysis method was used, and the
casing running speed was 0.8 m/s. When the casing string
was tripped in the wellbore, it deformed and came into
contact with the borehole wall due to the influence of the
curved borehole. Because the model size was large, the
contact state of the entire casing string and the wellbore
wall could not be clearly displayed. Therefore, only the con-
tact cloud map of the casing string and the wellbore wall in
the 1257-1287m well section is illustrated in Figure 6.
Figure 6(a) shows the schematic diagram of the casing
string combination in this well section, and Figure 6(b)
shows the corresponding cloud map of the contact between
the 30m casing string and the wellbore wall. As shown in
Figure 6(b), the first and fourth couplings were in contact
with the downhole wall and the second and third couplings
were in contact with the upper wellbore wall. The simula-
tion showed that due to the influence of the curved well-
bore, the casing string occasionally came into contact with
the upper or lower hole walls of the wellbore during the
running process. The calculation results are illustrated in
Figure 7. The magnitude and the direction of the contact
force were constantly changing when the casing string
was tripped in the 1210-1410m well section.
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TaBLE 3: Comparison of model prediction errors.
o 0y
Wellbore Johancsik’s model Huang’s mf){gleitwe o (lf):n’s model This paper’s model
33.22 31.64 15.98 15.94
Vertical section 25.08 23.50 15.87 14.09
13.81 10.56 -191 4.60
17.10 9.01 —-2.54 7.80
Build-up section 4.63 -1.92 -5.56 1.33
9.20 2.70 0.03 7.34
2.81 -1.70 -2.01 3.97
Sail section -1.34 -5.16 -2.56 2.80
-5.08 -8.38 -4.70 0.21
-6.31 -9.40 -4.27 0.52
Drop-oft section -10.70 —-15.04 -8.34 -2.72
-16.18 -19.14 -10.58 -5.25
-10.43 -14.64 -3.75 0.02
Inclined section -10.43 -14.54 -3.83 -0.33
-10.21 -14.18 -3.70 -0.61
Root mean square error (%) 14.36 14.52 7.41 6.58
The contact force when the casing string was tripped in TaBLE 4: Casing string combination parameters.
the wellbore using the improved continuous beam-column
model is shown in Figure 8. The casing strings are in contact Name Value
with the upper or lower borehole wall in the curved section, Casing diameter 0.1778 m
resulting in changes in the direction and magnitude of Wall thickness 0.0115m
the contact force. For the casing strings at 1257-1287m, Unit weight 466.676 N/m
the direction of the contact force also changed, similar - 5 4
to the results in Figure 6(b). Moment of inertia 2091077 m
The comparison of the results in Figures 7 and 8 Borehole diameter 0.2159m
showed that the magnitude of the contact force using the Young’s modulus, E 2.1x 10" Pa

improved continuous beam-column model was different
from that of the finite element simulation. The magnitude
of the contact force calculated using the improved continu-
ous beam-column model represented the contact force of
each contact point between the casing string and the bore-
hole wall, while the result of the finite element method was
the resultant force of all contact points between the entire
casing string and the borehole wall at a certain time.
Although the contact force values calculated with the two
methods were different, the direction of the contact force
reflected the contact state between the casing strings and
the wellbore wall when casing strings were tripped in the
wellbore, which was more consistent with the actual run-
ning operation of the casing strings.

4. Field Applications

With the wellbore trajectory in Section 3 taken as an exam-
ple, the established tripability analysis model of the casing
string was used to calculate the contact force, hook load,
and maximum lowering force required during the casing
running in the wellbore. The proposed model was compared
with the existing friction model of the string and the field
drilling data.

4.1. Contact Force on the Casing String. Figure 9 shows that
the contact force calculated with the soft model was signifi-
cantly greater than that of the stiff model. The reason for this
was that the soft model assumed that the casing string was in
continuous contact with the borehole wall, while the stiff
model assumed point contact with the borehole wall. How-
ever, the contact force calculated based on the improved
continuous beam-column model was also greater than that
of Fan’s model. The reason for this was that the new model
considered the influence of the curved wellbore on the defor-
mation of the casing string. When the string made new con-
tact with the borehole wall due to the initial bending
deformation, the additional contact force was included in
the total contact force.

4.2. Hook Load of Casing Running. When the casing string
was tripped in, its axial load was mainly affected by the float-
ing weight of the string and the friction between the string
and the borehole wall. The hook loads calculated by the four
models are shown in Figure 10. The hook load calculated by
the soft model was less than that calculated by the stiff model
in the bottom hole. The reason for this was that the friction
calculated by the soft model was larger than that of the stiff
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F1GURE 12: Lowering force on the casing string for different drilling fluid densities.

model and the friction direction was opposite to the move-
ment direction of the casing string, which offset part of the
floating weight of the casing string.

The measured hook load was highly affected and sensi-
tive to any change in the drilling operation such as the drill
string material gradient, outer diameter, inner diameter,
bottom hole assembly, drilling fluid, drilling path, drilling

trajectory, or dynamics of the hook. These made the mea-
sured hook load data points fluctuate greatly, which was
inconvenient for the model verification. Therefore, the hook
load data points were fitted with a polynomial function
before validation and a fitting curve representing the hook
load was obtained, as shown in Figure 10. The accuracies
of the four models were verified by comparison with the
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fitted curves. As shown in Table 3, 15 sets of large hook load
data points were randomly selected from different well sec-
tions for comparison. It can be seen that the improved
model had the smallest prediction error, i.e., 6.58%, com-
pared with the existing models.

4.3. Maximum Lowering Force on the Casing String. With
the 7-inch (177.8 mm) casing as an example, the parameters
are shown in Table 4. The maximum lowering force and the
maximum effective lowering force required for the buckled
casing string to run in the wellbore were calculated.

Figure 11 shows that the maximum lowering force and
the maximum effective lowering force decreased with the
increase in the friction coefficient. Adjusting the perfor-
mance of the drilling fluid at the appropriate time and
reducing the friction coeflicient increased the maximum
lowering force and the maximum effective lowering force,
which was conducive to applying a lowering force to the
buckled casing during the casing running process.

As shown in Figure 12, the maximum lowering force and
the maximum effective running force gradually decreased when
the drilling fluid density increased from 1.0 to 2.0 g/cm’, that s,

increasing the drilling fluid density was not conducive to
applying a lowering force to the buckled casing during the
casing running process.

As shown in Figure 13, with the increase in the casing
diameter, the maximum lowering force and the maximum
effective lowering force increased and the difference between
them also increased. The smaller the casing diameter was,
the smaller the maximum lowering force and the maximum
effective lowering force were. Therefore, the effect of apply-
ing the lowering force to the buckled casing with a smaller
diameter was not as good as that for the buckled casing with
a larger diameter.

5. Conclusions

(1) The casing string was hindered by buckling during
the casing string running process. Improving the
performance of the drilling fluid, reducing the fric-
tion coefficient, and reducing the drilling fluid den-
sity were conducive to applying a lowering force to
the casing. The effect of applying the lowering force
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to the casing with a smaller diameter was not as good
as that for a casing with a larger diameter

(2) Compared with the existing models, the proposed
model was no longer limited to the specified point
contact range between the casing strings and the well-
bore wall. Influenced by factors such as the well trajec-
tory, string assembly, and drilling fluid performance,
based on the specified point contact, newly added con-
tact points were dynamically identified. The contact
point might include contact with the upper or lower
wellbore wall, which was close to the actual working
conditions of casing strings running in the wellbore

(3) To account for the influence of the curved wellbore on
the initial deformation of the casing strings, based on
continuous beam-column theory and buckling theory,
a comprehensive model for predicting the friction
during casing string running and the lowering force
required for hindered casing string running was
established. A corresponding computer program was
developed. Based on the field data verification, the
improved model has the smallest prediction error,
ie., 6.58%, compared with the existing model. There-
fore, the comprehensive model could be used for
predicting the tripability of casing strings and the con-
clusions provided necessary theoretical guidance for
casing running operations in directional wells

Appendix
A. Three-Moment Equations in Plane P

The rotation angle of the string at the upper tangent point is

YL
0§+1,P = pl : (20)

The three-moment equations in plane P are

3
q;pL; M;pL; M;_, pL;
Of = P iy )+ Py () + — P ),
i,P 24E1i (”z,P) 3EIi (ul,P) 6EI,~ (ul,P)
L3 M. L.
QL — qz+1,P z+1X ) + i+1,P~i+1 Y(u.
i+1,P 24Eli+1 (uz+1,P) 3E1i+1 (ul+l,P)
Mi+1PLi+1
T 7. N
6EIi+1 ( l+l,P)
L3 M, . oL
R Api1,p ntl + Mns1plnsl 3
n+1,P 24E1n+1 (un+1,P) 3EI,H_1 (un+1,P) (21)
M L
+ n+1,P~n+1 7z ,
6EIn+1 (un+1,P)
where
3
X(u,;) = ﬁ(tan u-u),

Y( ) 3 1 1
u. = — _ - 5
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3 1 1
Z(u)= —[— — ),
() 2u (sinZu Zu)

i-1

a._,+a; 1 a. . +a;
Fi:—Z[ijLj cos ( ! 5 J)} - JwAL cos( ! 12 ’).

=

B. Effect of Initial Bending on
Casing Deflection

The initial bending of the casing could be approximately
considered to be consistent with the borehole curvature. If
the deflection curve of the casing between the two central-
izers was assumed to be a quadratic parabola, the approxi-
mate value of the maximum initial bending deflection was

2
Ki,PLi
b

Ci,P = ) (23)

where K , is the borehole curvature when the ith span beam
was located in plane P (°/30 m).With the action of axial and
transverse forces, the initial bending of the casing string had
a significant influence on the deformation of the casing
string after being stressed. The most common method used
to correct the effect of the initial bending is to replace the
effect of the initial bending on the deflection with an equiv-
alent transverse load and require the bending moment dia-
gram of the transverse load to be the same as that of the
axial force with initial bending. A schematic diagram of the
string with initial bending is shown in Figure 14.

In Figure 14, x;, is the initial bending deflection and x;,
is the bending deflection with the influence of the initial
bending in Figure 14. It was assumed that the initial bending
deflection curve was a quadratic parabola, namely,

e
Xio = Lilz)PZi(Li -z (24)

i

where (;  is the maximum deflection of the initial bending
and M; , = F; px; . The equivalent lateral load was
2
g, =— d"M;, - dz(Fi,Pxi,O)
' dz; dz;

1 1

=K, ,F;.

1

(25)

By substituting the lateral load into the bending defor-
mation equation with the simultaneous action of a uniform
load and an axial force, the maximum deflection of the cas-
ing string caused by the initial bending could be obtained:

Wl 1 KB [ 1
X =Xiqgt X3 = —— -1)=- - -1).
i,max 1,0 1,1 MZ oS u; Fi COS U;

| (26)
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C. Determination of the Maximum
Lowering Force

The contact force per unit length generated by the casing
buckling on the borehole wall is

P=6—. (27)

When the casing is bent in space, the total length of the
deformed casing in contact with the borehole wall is

F
= (28)

The friction between the deformed casing and the
borehole wall is

Sur
w,,El

m

f=Plu= F. (29)

The actual effective lowering force on the casing is

Sur
w,,EI

m

F,=F-f=F- P, (30)

where F is the casing lowering force (N), F, is the actual
effective lowering force of the casing (N), and § is a positive
pressure coefficient.Part of the lowering force F applied on
the casing is used to overcome the frictional force. It is not
difficult to find that when the lowering force F increases,
the effective lowering force F, also increases. When the low-
ering force increases to a certain value, the effective lowering
force has a maximum value. The derivative of the effective
lowering force with respect to the lowering force is

dF 3dur _,
f=1- F*. 1
dF w,, ET (31)

m

The maximum lowering force F,,, can be obtained as

follows:
Fmax = meI' (32)
\/ 38ur

The maximum effective lowering force F, .. can be
obtained as follows:
Sur
Fymax = Frnax = meIFrsnax' (33)
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Offshore heavy oil reservoirs are developed mainly by inclined wells, and the well distance has been constantly reduced after
several well network adjustments. The well test data are often interfered by adjacent wells, resulting in unsatisfactory well test
interpretation results, so it is necessary to conduct studies on the multiwell interference well test problem for inclined wells. In
this paper, the threshold pressure gradient of heavy oil and the stress sensitive to permeability are considered comprehensively,
and a well test model of inclined wells in dual-media reservoirs under multiwell interference is established. The analytical
solution in Laplace space is obtained by using Green function and superposition principle. The results show that the typical
pressure dynamic curve can be divided into 12 flow regions, and the pressure derivative curve of the central inclined well is
upturned and forms multiple “platforms” under the interference of adjacent wells; the adjacent well interference will aggravate
the upward of pressure derivative curve; a critical well inclination angle of the inclined well is 40°. When the well inclination
angle is greater than 40°, vertical radial flow similar to horizontal wells will appear. The new model is well matched and
interpreted in the application of BZ oil field in Bohai Bay, which provides theoretical guidance for multiwell interference test

wells in the similar reservoir.

1. Introduction

Currently common well test interpretation methods assume
that only one central test well exists in the reservoir. As the
field is developed to a later stage, reservoir connectivity
becomes more complex, and interference between adjacent
wells becomes more pronounced. The test well pressure
dynamic curve is often interfered by adjacent wells, causing
the late radial flow section to “upturn,” which is often treated
as a boundary influence in common single-well test models,
leading to mishandling of well test data [1-3]. Onur et al.
proposed a pressure recovery model including multiproduc-
tion well system [4]. Marhaendrajana et al. developed a
method to explain the pressure in a multiwell system by con-
sidering the “disturbance effect” as a regional pressure drop
[5]. Adewole evaluated the connectivity between wells based
on the pressure data of test wells under interference [6].
Deng et al. established an interpretation method for pressure
recovery under multiple well interference [7]. Cheng et al.
used the multiwell interference method to judge the water

inflow direction of horizontal wells [8]. Yang et al. developed
a novel interference testing model of a multisegment hori-
zontal well (MSHW) to better understand the interference
of injection wells when the horizon observation well is open
to produce [9]. Kumar et al. established a mathematical
interference testing model of the fractured vuggy carbonate
reservoirs that then used to test an observation well and
two interfering wells in Tarim oilfield [10]. Han et al. pre-
sented an integrated approach based on the analysis of tracer
and pressure interference data to obtain the degree of inter-
ference between fractured horizontal wells in a multiwell pad
[11]. Shiqing et al. plotted the type curve of pressure and the
pressure derivative of an interference test of wells connected
by a large fracture and verified against interference test
data [12].

Due to the special characteristics of offshore platforms,
inclined wells can adapt to complex geological problems
and increase oil seepage area to improve well production
and are now widely used in offshore oil fields. Cinco et al.
first analyzed and plotted the pressure dynamics of an
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inclined well by building an up-and-down closed test well
model [13]. Zhang et al. studied the effect of formation het-
erogeneity on the pressure of inclined wells [14]. Sousa stud-
ied the pressure dynamics of inclined wells in homogeneous
reservoirs [15]. Li et al. established which belongs to the
inclined well in the composite gas reservoir with a conven-
tional internal zone and low-permeability external zone,
which comprehensively considered characteristics of stress
sensitivity and non-Darcy flow for low-permeability com-
posite gas reservoirs [16].

In summary, there has been no study on the interference
of adjacent wells on the pressure dynamic of inclined well.
However, as inclined wells are currently the most dominant
development method in offshore oil fields, it is important to
study an adjacent well interference well test model applicable
to inclined wells. In this paper, considering the stress sensi-
tivity to permeability and the threshold pressure gradient
of heavy oil, an inclined well test model under multiwell
interference in offshore heavy oil reservoirs is established,
and the effects of multiple types of sensitive parameters are
analyzed. Finally, the model is well applied in the SZ oil field
of Bohai Bay.

2. Model Development

2.1. Nonlinear Seepage of Heavy Oil. Heavy oil has high vis-
cosity, large seepage resistance, and large interaction force
between liquid-solid interface and liquid-liquid interface
[17-19]. Therefore, the seepage characteristics in porous
media are different from those of conventional thin oil and
generally show nonlinear seepage characteristics (threshold
pressure gradient) [20-23]. Only when the displacement
pressure gradient exceeds the threshold pressure gradient
does the heavy oil begin to flow, and its seepage characteris-
tics are shown in Figure 1.

The core displacement experiments in Bohai SZ oilfield
show that the threshold pressure gradient and mobility of
heavy oil in porous media conform to the nonlinear relation-
ship, as shown in Figure 2. When the mobility is small, the
pressure gradient decreases rapidly with the increase of
mobility. With the continuous increase of mobility, the
decline of threshold pressure gradient slows down and is
matched by exponential function, as shown in Equation
(1). The reason for this phenomenon is that with the
decrease of viscosity of heavy oil, the content of gum, asphal-
tene, and high molecular hydrocarbons in heavy oil
decreases, resulting in the weakening of structural character-
istics of heavy oil, the reduction of intermolecular force dur-
ing flow, and the reduction of flow resistance. With the
increase of permeability, the faster the resistance decreases,
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FIGURE 1: Heavy oil seepage characteristics dynamic curve.

resulting in the gradual decrease of heavy oil threshold pres-
sure gradient with the increase of mobility.

/\B:a<M—KO>h. (1)

2.2. Physical Model. As is shown in Figure 3, there is a cen-
tral test inclined well in infinite outer boundary reservoir,
and the surrounding adjacent wells have good connectivity
with it:

(1) The Warren-Root model is adopted to describe the
dual-porosity formation

(2) The interporosity flow is calculated through the
pseudo-steady-state model

(3) Stress sensitivity of permeability is considered

(4) Heavy oil in porous media has the property of
threshold pressure gradient

2.3. Mathematical Model. Considering the permeability
stress-sensitive of reservoir and the threshold pressure gradi-
ent of heavy oil fluid, the fluid motion equation is improved
as follows:

Vg = ﬁe—y@ ~Pr) (apf -2 > (2)
Y or
Ke ~pp0) (0P
= -A 3
sz ‘H e ar B ( )

By virtue of Equation (1) and Equation (2), the seepage
differential equation of central test inclined well describing
the threshold pressure gradient of heavy oil in stress sensi-
tive reservoir is obtained:
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The following is the differential equation of adjacent
interference wells:

Kalo [ oy /0 0 aK
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(@CV)m—3; 7( m = Pr) =0.
Since the values of (0p;/0r) x Ay and (0p;/0z) x Ay are Central test inclined well:
small, they can be rounded off and the above equation can
be simplified as follows.
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Dimensionless quantities are defined as follows:
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) to = (K tlur 3,(VEC,) pim)w = ((V C)/(VEC) t1m)Am
=ar, (Kn/Ky)yp= (quB/Kyh)yrgy = (Kghr,/quB) Ay

ap mD

w
ot
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Central test inclined well is as follows:
Initial condition

P (D> 0) = Pryp (D> 0) = 0. (10)

lim
e—0 | rp—0
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Substituting the above dimensionless quantities into for-
mulas (5) and (6), the dimensionless seepage differential
equation is obtained:

9z,
(8)
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Outer boundary condition
pr|rD—>oo=me|rD—>oo=0‘ (11)

Inner boundary condition

€

3 (12)
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Adjacent interference well (j=1,2,3---) is as follows.

Initial condition

P (70> 0) = Prap (7jp> 0) =0. (13)

Outer boundary condition

P rjp——00 =Pmp rjp——00 =0. (14)
Inner boundary condition
0P
b5 arJD rip=1 ~Agp = —4ip- (15)

Top and bottom conditions for

%Pm = 9P =0, (16)
0zp |, o 9Zp |,
%P = %P =0. (17)
aZD zp=hp aZD zp=hp

3. Model Solution

In order to eliminate the quadratic term in the above dimen-
sionless equation, Pedrosa variable substitution and regular
perturbation method are used:

P == In (1= ppép). (18)
Yp

Because y, < 1, the zero order perturbation solution is
taken, and then, Laplace transform is performed on it.
Finally, equations (5) and (6) become as follows:

Central test inclined well:
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Zyp+(€/2)

lim { lim J rDeVDPfD( oo +ABD> dzD} =—hp, |zp — Zyp| < £

&—0 | rp—0 Zup—el2 2
(22)

Adjacent interference well (j=1,2,3---):
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According to the superposition principle, the finite
cosine integral transform of the model under Laplace space
with respect to zp, and then using the Green function and
the zero-order regenerative solution, the point source solu-
tion of the model can be found as

(29)

Assuming that the flow in the wellbore of the central
inclined well is evenly inferenced, according to the point
source theory, the point source solution is integrated along
the wellbore direction, and the bottom hole pressure solu-
tion of the central inclined well under multiwell interference
can be obtained.

_ 1 Lp/2 5
N Ko[rpsf(s)]ldn
SLp ) 1,
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(30)

rp= \/(xD —Xyp =180 0,)% + (yp = Yyp)s (31)

Zwp = Zyp + 1 cOs 0, (32)
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Duhamel principle and pressure drop superposition
principle are used to solve the bottom hole pressure solution
of the central inclined well under the interference of multi-
wells.

SEWDN +S

s+ Cps? (SEWDN + S) . )

EWD =

Through Stehfest numerical inversion, the bottom hole
pressure solution in real space can be obtained [24, 25]:

Pwp = _% In (1 - YDEWD)' (36)

4. Results and Discussion

4.1. Model Verification. When dimensionless threshold pres-
sure gradient (App), dimensionless stress sensitivity coeffi-
cients (yp), and well inclination angle (0) are taken as
zero, as well there is no interference from adjacent wells,
the model is the same as the conventional vertical well pres-
sure drawdown well test model of dual media reservoir. In
order to verify the model in the paper, the type curve
obtained by the numerical method is compared with the
conventional dual media reservoir well test curve obtained
by the analytical solution shown in Figure 4.

As shown in Figure 4, the type curve of pressure draw-
down well test obtained by the numerical solution and the
analytical solution are the same when dimensionless thresh-
old pressure gradient (Agp), dimensionless stress sensitivity
coefficients (yp,), and well inclination angle (0) are taken as
zero, as well there is no interference from adjacent wells.
Thus, the numerical solution in the paper is reliable.

4.2. Type Curves. The pressure solution in real space is
obtained by numerical inversion. Taking the existence of
three adjacent wells around the central inclined well as an
example, its pressure curve and pressure derivative curve
are plotted as shown in Figures 5-12; flow regions are
identified.

Region 1. The early wellbore storage period: the pressure
curve and pressure derivative curve are line segments with a
slope equal to “1,” reflecting the effect of wellbore reservoir
effects

Region 2. The skin effect period: the major influential
factor in this period is the skin factor effect, and the pressure
derivative curve presents the shape of “hump”

Region 3. Well inclination angle influence period: the
pressure derivative curve presents the shape of “concavity,”
which reflects the influence of well inclination angle. When
the well inclination angle is large, it shows the characteristics

Geofluids

of vertical radial flow in horizontal wells; when the well incli-
nation angle is small, it shows the characteristics of radial
flow for vertical wells

Region 4. Fracture radial flow period: the major influen-
tial factor in this period is the flow of fluid from fracture to
bottom hole, and the pressure derivative curve is a straight
horizontal line

Region 5. Leakage period: the major influential factor in
this period is the leakage capacity of matrix to fracture, and
the pressure derivative curve presents the shape of
“concavity”

Region 6. First radial flow period: the major influential
factor in this period is the late radial flow of the central
inclined well, and the pressure derivative curve is a straight
horizontal line

Region 7. Transitional flow period: transition period
between radial flows

Region 8. Second radial flow period: it reflects the radial
flow characteristics of the central inclined well interfered by
the nearest adjacent well, and the pressure derivative curve is
a straight horizontal line

Region 9. Transitional flow period: transition period
between radial flows

Region 10. Third radial flow period: it reflects the radial
flow characteristics of the central inclined well interfered by
the two nearest adjacent well, and the pressure derivative
curve is a straight horizontal line

Region 11. Transitional flow period: transition period
between radial flows

Region 12. Fourth radial flow period: it reflects the radial
flow characteristics of the central inclined well interfered by
the three nearest adjacent well, and the pressure derivative
curve is a straight horizontal line

4.3. Sensitivity Analysis

4.3.1. Permeability Modulus. As shown in Figure 6, with the
increase of permeability modulus, the pressure dynamic
curve is gradually upward after region 7, and the larger the
permeability modulus is, the greater the degree of upward.
The reason for the above phenomenon is that the larger
the permeability modulus is, the greater the decrease of per-
meability with the increase of pressure; therefore, the resis-
tance of fluid flow becomes larger and the pressure
required for flow is also larger. When the permeability mod-
ulus is large, the reservoir permeability decreases sharply
under higher pressure in the late stage of seepage, and the
pressure dynamic curve reflects a characteristic similar to a
closed outer boundary.

4.3.2. Threshold Pressure Gradient. As shown in Figure 7, the
higher the threshold pressure gradient of heavy oil, the
greater the upward warping degree of pressure dynamic
curve, and the upward warping is obvious after region 7.
This is because heavy oil has threshold pressure gradient,
the flow capacity of heavy oil in pores is weakened, and
the displacement pressure difference required for heavy oil
flow is also larger.
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FiGure 5: Typical pressure dynamic curves.

4.3.3. Production of Adjacent Wells. As shown in Figure 8,
taking the example of the presence of three connected adja-
cent wells around the central inclined well, the pressure
dynamic profile of the central inclined well has four late
radial flow stages and the ratio of the N th (N > 2) radial flow
value to the first radial flow value is equal to 1 + ij:lqu (kis
the number of adjacent wells that have an influence on the N
™ radial flow stage). Taking q,p, = qp = qsp = 1 as an exam-
ple, the third radial flow stage is the result of the joint influ-
ence of the test well and the two adjacent wells, so the value
of the third radial flow is 0.5 % (1 +2) =1.5.

4.3.4. Well Inclination Angle. As shown in Figure 9, the
greater the well inclination angle, the greater the wellbore
pressure drop and the lower the pressure dynamic curve.
Because the inclined well completely penetrates the forma-
tion, the larger well inclination angle is, the longer the well-
bore length is. Under the assumption of equal flow in the
wellbore, the longer the wellbore length L, the greater the
pressure drop in the wellbore. And the well inclination angle
mainly affects the flow near the well, when well inclination
angle is large (6 > 40°), the curve will show an early vertical
radial flow similar to that of a horizontal well, and when
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Ficure 7: Influence of threshold pressure gradient on pressure dynamic curve.

the well inclination angle is relatively small (6 <40°), the
characteristics of vertical radial flow disappear, which is sim-
ilar to the radial flow of vertical wells.

4.3.5. Adjacent Well Distance. As shown in Figure 10, as the
distance between the adjacent well and the central inclined
well increases, the start time of the second radial flow is
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FiGUre 11: Well location diagram.

delayed and the shift duration becomes shorter. When the
distance is short, the second radial flow section gradually
disappears and integrates into the third radial flow section.

5. Field Application

5.1. Field Test Data Matching Method. In order to reduce the
nonuniqueness, the following steps should be followed when
applying the model to well test interpretation of field test
data:

(1) Using the actual pressure recovery data, draw the
pressure curve and pressure derivative curve. Judg-
ing whether there are multiple radial flow period in
the later stage of the pressure response curve, if it

conforms to the interference well test curve of adja-
cent wells, the adjacent well interference model is
used for parameter interpretation; otherwise, the
ordinary single well model is adopted

(2) According to the selected well test interpretation
model (without considering the influence of stress
sensitivity and threshold pressure gradient), the ini-
tial pressure response curve is matched by changing
wellbore storage coeflicient, skin coeflicient, inter-
porosity flow coeflicient, and elastic storativity ratio

(3) Input the distance between adjacent wells and the
production of adjacent wells to match the multistage
radial flow section in the later stage

(4) The interpretation result parameters of adjacent
wells in conventional reservoir are taken as the initial
parameters and input into the interference well test
model of adjacent wells in dual media reservoir con-
sidering stress sensitivity and threshold pressure gra-
dient. The pressure response curve is further
matched and interpreted by changing the stress sen-
sitivity coefficient and start-up pressure gradient.
Finally, the relevant parameters are obtained

5.2. Example Explanation. SZ reservoir is located in Bohai
Bay, China. It is a heavy oil reservoir with an average oil vis-
cosity of 320 mPa-s. X2 well is an inclined well in SZ reser-
voir, with an inclination angle of 73°, and effective
thickness of the reservoir is 31.5m, porosity of 13.5%, and
volume coefficient of 1.06. Through the reservoir sand
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TaBLE 1: The basic parameters for the investigated reservoir.

Well name Distance (m) Daily liquid production (m*/d)
X1 173 200
X3 162 150
X4 218 200

TaBLE 2: The interpretation results.
Parameters Value
Wellbore storage coefhicient 0.17 m*/MPa
Skin factor 0.09
Interporosity flow coefficient 5.7x1077
Permeability 1420 mD
Storativity ratio 54x107*
Threshold pressure gradient 2.4% 107" MPa/m
Permeability modulus 1.5% 102 MPa™!
Interference quantity of X1 72m’/d
Interference quantity of X3 10m’/d
Interference quantity of X4 0m’/d

connectivity analysis, three adjacent wells have good con-
nectivity with it (X1/X3/X4), as shown in Figure 11. When
the X2 pressure build-up test was conducted, adjacent
wells (X1/X3/X4) were also shut in at the same time,
and the locations and parameters of the three interfering
wells around the X2 are shown in Table 1. The model
proposed in this paper was chosen to match the pressure
dynamic curve, as shown in Figure 12. This model was
matched with good accuracy, especially for the later stages
of the pressure dynamic curve. Table 2 manifests the inter-
pretation results.

6. Conclusion

(1) Aiming at the problem of inclined well test in off-
shore heavy oil reservoir under multiple well inter-
ference, this paper comprehensively considers the
permeability stress sensitivity of the reservoir and
the threshold pressure gradient of heavy oil and
establishes the inclined well test model for dual
medium heavy oil reservoir under multiple well
interference. And using Green function and super-
position principle, the analytical solution under
Laplace space is obtained. Finally, the test inclined
well pressure dynamic curve is plotted by numerical
inversion and with three adjacent wells as an
example

(2) The influence law of permeability modulus, thresh-
old pressure gradient, multiwell production, well
inclination angle, and well distance for pressure
dynamic curve are analyzed in this paper. Under
the influence of adjacent wells, the pressure deriva-
tive curve of the test inclined well in the later stage
warps up and produces multiple “platforms.”
Through sensitivity analysis, there is a critical well
inclination angle of 40° for inclined wells. When
the well inclination angle is greater than 40°, verti-
cal radial flow similar to horizontal wells will
appear

(3) The new model is applied to the well test interpreta-
tion of SZ oilfield in Bohai Bay, and high matching
accuracy is obtained. This model not only provides
theoretical guidance for multiwell interference well
test of the similar type of reservoir but also provides
a basis for quantitative characterization of inter well
connectivity
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Nomenclature

Pr: Fracture system pressure (MPa)

Vi Radial velocity of fluid in fracture (m/s)

Kg: Fracture horizontal permeability (mD)

Vg, Vertical velocity of fluid in fracture (m/s)

w: Oil apparent viscosity (mPa-s)

Ky Fracture vertical permeability

Ag: Threshold pressure gradient of heavy oil (MPa/
m)

P Initial formation pressure (MPa)

r: Distance (m)

o Fracture porosity (dimensionless)

Cy: Fracture compressibility (MPa™)

Con: Matrix compressibility (MPa™")

Ve Fracture volume ratio (dimensionless)

K. Matrix permeability (mD)

P Matrix system pressure (MPa)

a Matrix block shape factor (dimensionless)

t: Time (s)

z: Distance (m)

4ip: Dimensionless production of adjacent wells
(dimensionless)

rip: Adjacent well distance (dimensionless)

&n: Perturbation deformation function

s Laplace factor

Eno: Zero order perturbation solution of central
inclined well

Epoj Zero order perturbation solution of adjacent
well

m Number of adjacent wells causing interference

n: Wellbore integral factor

0: Well inclination angle

L Length of inclined well in reservoir

Xp»Y p>2p: Coordinate

S: Skin factor.
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To assess the high-pressure production characteristics of double-vug reservoirs with bottom water in the Tahe Oilfield, in this
study, a high-pressure physical simulation experiment apparatus is built for double-vug reservoirs with bottom water. The
high-pressure production characteristics of “vug-fracture-vug” reservoirs under different bottom water characteristics are
studied experimentally, and fracture-vug relationship and oil recovery rates are explored. According to the findings, the oil
recovery rate significantly affects the development effect of double-vug reservoirs with bottom water, and bottom water
provides sufficient energy for reservoir development. Furthermore, considering the possible occurrence of water invasions, the
production rate control must receive close attention in the development process to avoid strong water channeling. Constant-
pressure bottom water has sufficient energy and can quickly replenish vug energy. Therefore, the recovery percentage and
bottom water invasion and retention volume of fractured-vuggy reservoirs with constant-pressure bottom water are higher
than those of fractured-vuggy reservoirs with constant-volume bottom water. Under the appropriate control of production
factors, the presence of bottom water can noticeably improve the development effect of fractured-vuggy reservoirs.

1. Introduction

Carbonate reservoirs in the Tahe Oilfield are typical fractured-
vuggy reservoirs, which generally contain edge and bottom
water. In the development process of such reservoirs, prema-
ture water breakthrough often causes an excessively fast
increasing water content and a precipitously declining produc-
tion [1, 2]. Moreover, in the Tahe Oilfield, vuggy carbonate
reservoirs with bottom water are buried in deep strata with a
formation pressure of about 50 MPa and a formation temper-
ature above 120°C [3, 4]. To study the high-pressure physical
properties of vuggy reservoirs with bottom water, laboratory
high-pressure experimental models must be built, as ordinary
experimental models (such as ordinary glass etching models)
cannot endure high-temperature or high-pressure environ-
ments [5-7].

So far, few experiments have conducted physical simula-
tions of fractured-vuggy reservoirs. Existing studies on
fractured-vuggy reservoirs (both in China and internationally)
mostly focused on their production performance characteris-
tics. Ozkan et al. [8] explored the single-well production char-

acteristics of naturally fractured reservoirs under constant-
pressure boundary conditions. Olarewaju et al. [9] built a
mathematical model suitable for naturally fractured or vugular
reservoirs with a radial discontinuity around the wellbore,
with which they analyzed the production performance of res-
ervoirs. Guo et al. [10] conducted a case study on the Campe-
che Bay, Mexico, and modeled it theoretically. Goudarzi et al.
[11] built physical models for fracture networks using sand-
stone cores, and studied the laws of fluid exchange between
matrix blocks and fractures as well as the parameters influenc-
ing the mechanism of fracture permeability. Li et al. [12] pre-
pared a large-sized porous physical model suitable for the
heterogeneity of carbonates and examined oil displacement
by water in cores using visualization technology.

Chinese scholars attach great importance to the physical
simulation of fractured-vuggy reservoirs through experiments
and have developed physical models for both fractured-vuggy
and vuggy carbonate reservoirs. Zheng et al. [13, 14] per-
formed physical experiments using carbonate cores, conclud-
ing that the recovery efficiency of fractured-vuggy reservoirs
with bottom water is related to the bottom water volume.
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FIGURE 1: Schematic diagram of the high-pressure physical simulation experiment model for (a) bottom water connected to the large vug

and (b) bottom water connected to the small vug.
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FIGURE 2: Pictures of high-pressure physical simulation experiment model for (a) bottom water connected to the large vug and (b) bottom

water connected to the small vug.

Liu et al. [15] carried out two-dimensional physical simulation
experiments on the production performance of vuggy reser-
voirs with bottom water and found it to be closely related to
the connection type and energy of bottom water. Wang et al.
[16] performed visual physical simulation experiments on
fractured-vuggy reservoirs and found that injecting water into
the bottom of a reservoir effectively improves the development
effect of the reservoir; moreover, the intensity of water injec-
tion affects both water breakthrough time and recovery per-
centage. Rong et al. [17] studied fractured-vuggy reservoirs
with different interwell connection types using tracers, charac-

terizing fracture-vug connection structures, and improving
the water drive effect of fractured-vuggy reservoirs. Zhao
et al. [18] probed into the fluid production characteristics
and laws of fractured-vuggy reservoirs. Qian et al. [19]
explored how the salinity and ion content of injected water
affect the recovery efficiency of reservoirs based on carbonate
core displacement tests. They reached the conclusion that
low-salinity water drive modifies the surface wettability of car-
bonates, thus increasing recovery efficiency.

Generally, physical simulation experiments are per-
formed on fractured-vuggy reservoirs using physical
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modeling methods such as all-straight well core samples, [20-23]. With regard to carbonate reservoirs with developed
simulation of fracture generation with unconsolidated sand ~ vugs, mainly full-diameter cores are used for physical simu-
pack, fracture generation with cores, and vug modeling  lation [24-26]. In apparatus modeling, similarities in
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production rate and bottom water type are considered, to
ensure comparability real reservoirs [27-29].

Based on conventional models for fractured-vuggy res-
ervoirs, in this paper, a high-pressure physical simulation
experiment model for double-vug reservoirs with bottom
water is designed. This model can be used for both sim-
ulating the bottom water conditions of real reservoirs
and equating basic fracture-vug structures, reservoir char-
acteristics, and field working systems of formations. The
model is then used to test pressure variation curves and
oil/water production variation curves under different bot-
tom water types and production conditions, thus laying
a foundation for clarifying development laws and calculat-
ing dynamic reserves of fractured-vuggy reservoirs with
bottom water.

2. Experiments

2.1.  Building a High-Pressure Physical Simulation
Experiment Model for Double-Vug Reservoirs with Bottom
Water. A 24L high-pressure intermediate container was
used to simulate bottom water. A 1L intermediate container
and a 0.5L intermediate container (filled with carbonate

cores and sediment) were used to simulate two vugs. Relying
on simulated fracture generation with an unconsolidated
sand pack, a high-pressure physical simulation experiment
model was built for double-vug reservoirs with bottom
water. The purpose was to explore how bottom water and
fracture-vug relationship affect the characteristics of the
“vug-fracture-vug” system in high-pressure physical prop-
erty experiments. The permeability of the unconsolidated
sand pack was 0.8-0.9D, and the initial pressure of the
model was 40 MPa. The schematic diagram of the connec-
tion relationship between vugs is shown in Figure 1. The pic-
tures of high-pressure physical simulation experiment model
for double-vug reservoirs with bottom water are shown in
Figure 2. The difference between connection type I and II
is the volume of the vug connected to the bottom water.

2.2. Experimental Methods. Experiments were performed to
simulate a “vug-fracture-vug” double-vug reservoir with bot-
tom water. Furthermore, the effects of bottom water,
fracture-vug relationship, and oil recovery rate on the char-
acteristics of the reservoir were explored in high-pressure
physical property experiments.
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2.2.1. Experiments on Reservoirs with Constant-Volume
Bottom Water

(1) The 24 L intermediate container was filled with high-
pressure water to simulate bottom water. The 1L
and 0.5 L intermediate containers were filled to sim-
ulate vugs. The 30 cm unconsolidated sand pack was
filled for fracture simulation

(2) Model Filling and Crude Oil Saturation. After com-
pleting the model filling step, a vacuum pump was
connected to evacuate the intermediate containers
to a pressure of -0.09 MPa. Crude oil was connected
to the containers at the bottom for oil saturation
through self-priming until outflow of oil from the
top. An ISCO pump was used to inject oil into the
containers until a pressure of 25MPa was reached.
The containers were left to settle for 5h for pressur-
ized saturation. After pressure relief and discharge of
bubbles, intermediate containers were separately
injected with oil and pressurized to 40 MPa. The oil
consumption of each process was recorded to calcu-
late the initial crude oil saturation capacity of each
vug. The original capacities of the 1L and 0.5L vugs
in the experiments were 752.5mL and 368.5mL,
respectively

(3) Connection type I was adopted to build the high-
pressure physical simulation experiment model for
double-vug reservoirs with bottom water. Reduced-

pressure production was conducted at the top of
the 1L intermediate container. Production pro-
ceeded at rates of 1mL/min, 10mL/min, 20 mL/
min, and 30 mL/min and stopped when the pressure
declined to 25 MPa. The variations of pressure, oil
production, and water production in the production
process were recorded. For connection type II,
reduced-pressure production was conducted at the
top of the 0.5L intermediate container

(4) When the pressure had decreased to 25 MPa, the pro-

duction valve was quickly closed, and the variations of
the pressure buildups of the 24L, 1L, and 0.5 L inter-
mediate containers were recorded over time

(5) Steps (1)-(3) were repeated. When the production

pressure had decreased to 25 MPa, the valves at the
two ends of the intermediate containers and the
unconsolidated sand pack were closed, and the two
immediate containers emptied. The residual oil con-
tents in the containers were recorded to calculate the
contributions of the two vugs to recovery percentage

2.2.2. Experiments on Reservoirs with Constant-Pressure
Bottom Water. The same apparatus was used for experi-
ments on reservoirs with constant-pressure bottom water
and experiments on reservoirs with constant-volume bottom
water. The difference between the two groups of experiments
was that a constant-pressure pump was connected with a
24 L intermediate container containing bottom water to
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FIGURE 8: Pressure variation curves in high-pressure physical property experiments under connection type II (different production rates

with (a) 1 mL/min, (b) 10 mL/min, and (c) 30 mL/min).

create the source of constant-pressure bottom water in (3) Connection type I was adopted to build the high-

experiments on reservoirs with constant-pressure bottom
water.

(1) The 24L intermediate container was filled with
high-pressure water and connected to a 40 MPa
constant-pressure pump to simulate constant-
pressure bottom water. The 1L and 0.5L interme-
diate containers were filled to simulate vugs. The
30 cm unconsolidated sand pack was filled for frac-
ture simulation

(2) Model Filling and Crude Oil Saturation. After com-

pressure physical simulation experiment model for
double-vug reservoirs with bottom water. Reduced-
pressure production was conducted at the top of the
1L intermediate container. Production proceeded at
rates of 1 mL/min, 10 mL/min, and 20 mL/min and
stopped when the water productivity of the outlet
reached 98%. The variations of pressure, oil produc-
tion, and water production in the production process
were recorded. For connection type II, reduced-
pressure production was conducted at the top of the
0.5L intermediate container

pletion of model filling, a vacuum pump was con- (4) At the end of production, the valves at both ends of

nected to evacuate the intermediate containers to a
pressure of -0.09 MPa. Crude oil was connected to
containers at the bottom for oil saturation through
self-priming until outflow of oil at the top. An ISCO
pump was used to inject oil into the containers until
a pressure of 25 MPa was reached. The containers
were left to settle for 5h for pressurized saturation.
After pressure relief and discharge of bubbles, inter-
mediate containers were separately injected with oil
and pressurized to 40 MPa. The oil consumption of
each process was recorded to calculate the initial

intermediate containers and the unconsolidated sand
pack were closed, and the two vugs were emptied.
The residual oil contents in the vugs were recorded
to calculate the contributions of the two vugs to
recovery percentage

3. Results and Discussions

3.1. High-Pressure Physical Property Experiments on
Reservoirs with Constant-Volume Bottom Water

crude oil saturation capacity of each vug. The origi-  3.1.1. Production Characteristics under Connection Type I. A
nal capacities of the 1L and 0.5L vugs in the exper-  high-pressure physical simulation experiment model was
iments were 834 mL and 413 mL, respectively built for “vug-fracture-vug” reservoirs with bottom water
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according to connection type I. Different production rates
were adopted to assess the production characteristics of
double-vug reservoirs with bottom water under different
production rates, as shown in Figure 3.

Under connection type I, bottom water exerted a clear
effect on the production pressure characteristics of double-
vug reservoirs. Compared with vuggy reservoirs without bot-
tom water, double-vug reservoirs with bottom water pre-
sented a clearly extended pressure drop time, suggesting
that bottom water can significantly increase the natural
energy of double-vug reservoir systems.

In addition, the production rate also affected the pro-
duction characteristics of double-vug reservoirs with bottom
water. At a production rate of <20 mL/min, the pressures of
the 0.5 L vug, the 1 L vug, and the 24 L intermediate container
containing bottom water all showed linear decreases. Pro-
duction pressure differed little between various moments.
When the production rate reached 30 mL/min, the pressure
variation of the 0.5 L vug clearly differed from pressure vari-
ations of the 1 L vug and the 24 L intermediate container con-
taining bottom water, showing a clearly moderated trend of
pressure drop. Analysis showed that this phenomenon was
mainly attributable to insufficient fracture flow capacity.
That is, when the production rate exceeded 30 mL/min, the
feed flow from the 0.5 L container to the output end was lim-
ited by the fracture, resulting in differences in pressure drop.

Figures 4 and 5 show that bottom water significantly
affected the recovery percentage of double-vug reservoirs.
Under connection type I, the recovery percentage of reser-
voirs with bottom water could reach about 16%, which is
clearly higher than that of reservoirs without bottom water.
Notably, no free water was produced at any stage of reservoir
development. Therefore, under circumstances where the
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F1GURE 10: Column chart of cumulative water production in high-
pressure physical property experiments under connection type II
(different production rates).

structural environment of the reservoir is not liable to water
invasion or where there is no apparent water channeling
under proper development, the presence of bottom water is
conducive to reservoir development. Furthermore, it can
provide sufficient energy for the development of fractured-
Vuggy reservoirs.
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FiGurg 11: Column chart of cumulative recovery percent in high-pressure physical property experiments (different production rates).
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FI1GURE 12: Column chart of bottom water invasion and retention in high-pressure physical property experiments under connection type II

(different production rates).
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FIGURE 13: Pressure variation curves for high-pressure physical property experiments on reservoirs with constant-pressure bottom water
and production rate of 20 mL/min ((a) production well linked with 1L vug and (b) production well linked with 0.5 L vug).

Within the range of assessed production rates, recovery
percentages differed little between different experiments.
This indicated that before water channeling, the production

ing of producing wells, and compromised the overall
development effect of reservoirs.

According to Figure 6, bottom water mainly invaded the

rate exerted little effect on the production of fractured-vuggy
reservoirs. However, increasing production rate made it eas-
ier for bottom water to occur, which caused the rapid flood-

1L vug but did not intrude into the 0.5L vug, which was
consistent with the difference in oil production between both
vugs. The 1L vug experienced severe bottom water invasion,
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F1Gure 15: Column chart of crude oil recovery percent in high-pressure physical property experiments under connection type I (different

production rates).

and its oil production was also significantly higher than that
of the 0.5L vug. Prior to water breakthrough at the output
end, the bottom water invading vuggy reservoirs could dis-
place crude oil and increase the production degree of crude
oil in vugs. Therefore, bottom water can increase the natural
energy of vuggy reservoirs and can be properly utilized to

substantially improve the development effect of fractured-
vuggy reservoirs.

Figure 7 shows the depletion pressure drop, pressure
buildup, and injection pressure buildup curves of double-vug
reservoirs with bottom water under connection type I. Here,
production rate and injection rates were set to 20 mL/min.
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FIGURE 17: Column chart of bottom water invasion and retention in high-pressure physical property experiments under connection type I

(different production rates).

The depletion pressure drop and injection pressure
buildup curves both presented linear variations, implying
that the fractures did not adversely impact fluid flow and
that the fractured-vuggy reservoir could be put into stable
production.

3.1.2. Production Characteristics under Connection Type II.
A high-pressure physical simulation experiment model was
built for “vug-fracture-vug” reservoirs with bottom water
according to connection type II. Different production rates
were adopted to assess the production characteristics of
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Figure 20: Column chart of cumulative water production in high-pressure physical property experiments under connection type II
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double-vug reservoirs with bottom water under different  voirs with bottom water. At a production rate of 1 mL/min,

production rates, as shown in Figure 8.

the pressures of the 0.5 L vug, the 1 L vug, and the 24 L inter-

Under connection type II, production proceeded at the = mediate container containing bottom water all showed lin-
top of the 0.5L vug, and the production rate clearly affected =~ ear decreased. Production pressures differed little between
the production pressure characteristics of double-vug reser-  various moments. When the production rate reached
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10 mL/min, the pressure variation of the 1L vug began to
deviate from the pressure variations of the 1L vug and the
24 L intermediate container containing bottom water, show-
ing a clear moderated trend of pressure drop after 14 min of
production. When the production rate reached 30 mL/min,
the pressure variation of the 1L vug clearly differed from
the pressure variations of the 1L vug and the 24 L interme-
diate container containing bottom water. Analysis showed
that this phenomenon was mainly attributable to insufficient
fracture flow capacity. That is, when the production rate
exceeded 10 mL/min, the feed flow from the 1L container
to the output end was limited by the fracture, resulting in
differences in pressure drop.

Figures 9-11 show that bottom water significantly
affected the recovery percent of double-vug reservoirs.
Under connection type II, the recovery percent of reser-
voirs with bottom water uniformly exceeded 10%, which
is higher than that of reservoirs without bottom water.
Moreover, bottom water channeling occurred in the pro-
duction process of the 0.5L vug at all three production
rates, and increasing production rate led to higher water
channeling volume and lower cumulative oil production
of fractured-vuggy reservoirs. At a production rate of
I mL/min, the water channeling volume was 15mL, and
the recovery percentage of the vug system was 14.5%.
When the production rate increased to 10mL/min, the
water channeling volume was 32 mL, and the recovery per-
centage of the system was 13.2%. When the production
rate further increased to 30 mL/min, the water channeling
volume increased to 65mL, and the recovery percentage
of the system decreased to 10.1%. Thus, for reservoirs with

bottom water which are susceptible to water channeling,
the production rate should be properly controlled in the
development process to avoid strong water channeling
and fully utilize the elastic energy of bottom water for
developing fractured-vuggy reservoirs.

According to Figure 12, bottom water mainly invaded
the 0.5L vug but did not intrude into the 1L vug, which
was consistent with the difference in oil production between
the two vugs. The 0.5L vug experienced substantial bottom
water invasion, and its oil production was also significantly
higher than that of the 1L vug. With worsening bottom
water channeling, the bottom water retention in vugs
decreased, and the recovery percentage of reservoirs with
bottom water decreased.

3.2. High-Pressure Physical Property Experiments on
Reservoirs with Constant-Pressure Bottom Water

3.2.1. Production Pressure Variations. Figure 13 shows the
pressure variation curves of high-pressure physical property
experiments on reservoirs with constant-pressure bottom
water under connection types I and II at a production rate
of 20 mL/min.

In experiments on reservoirs with constant-pressure bot-
tom water, production pressure remained around 38-
39 MPa with only slight fluctuation. Neither the production
rate nor the fracture-vug relationship exerted any apparent
effects on production pressure characteristics. Compared
with reservoirs with constant-volume bottom water vuggy
reservoir, vuggy reservoirs with constant-pressure bottom
water had sufficient natural energy.
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3.2.2. Production Characteristics under Connection Type I.
Figures 14-16 show that constant-pressure bottom water
significantly affected the recovery percentage of double-vug
reservoirs. Under connection type I, the recovery percentage
of fractured-vuggy reservoirs with constant-pressure bottom
water could uniformly exceed 17% at all three production
rates. This is higher than that of fractured-vuggy reservoirs
without bottom water and that of fractured-vuggy reservoirs
with constant-volume bottom water. In particular, the
recovery percentage of fractured-vuggy reservoirs with
constant-pressure bottom water reached 54% at a produc-
tion rate of 1 mL/min. The production rate significantly
affected the development effect of fractured-vuggy reservoirs
with constant-pressure bottom water. The recovery percent-
age at 1 mL/min was 3.13 times of that at 20 mL/min. The
cumulative water production rates at 10mL/min and
20mL/min were far higher than that at 1 mL/min. Thus,
given reasonable production systems, bottom water can pro-
vide sufficient energy for the development of fractured-
vuggy reservoirs with constant-pressure bottom water, thus
greatly improving their development effect. Under connec-
tion type I, most crude oil production was contributed by
the 1L vug, while the crude oil recovery percentage of the
0.5L vug was uniformly lower than 1.7%.

According to Figure 17, bottom water mainly invaded
the 1L vug but only slightly intruded into the 0.5L vug,
which was consistent with the difference in oil production
between these two vugs. The 1L vug experienced substan-

tial bottom water invasion and retention, and its oil pro-
duction was significantly higher than that of the 0.5L vug.

Figure 18 shows oil/water production variations over
time for these experiments. After water breakthrough at
the output end in case of fractured-vuggy reservoirs with
constant-pressure bottom water, water productivity quickly
increased to 100%, and further production basically pro-
duced no oil. Increasing the production rate led to shorter
water breakthrough time and lower oil production upon
water breakthrough.

3.2.3. Production Characteristics under Connection Type II.
Figures 19-21 show that constant-pressure bottom water sig-
nificantly affected the recovery percentage of double-vug res-
ervoirs. Under connection type II, the recovery percentage of
reservoirs with bottom water uniformly exceeded 14%.

From this figure, this is clearly higher than that of reser-
voirs without bottom water and reservoirs with constant-
volume bottom water. Moreover, bottom water channeling
occurred in the production process of the 0.5L vug at all
three production rates, and increasing the production rate
led to higher water channeling volume and lower cumulative
oil production of fractured-vuggy reservoirs. At a produc-
tion rate of 1 mL/min, the water channeling volume was
50 mL, and the recovery percentage of the vug system was
32.2%. When the production rate increased to 10 mL/min,
the water channeling volume increased to 225mL, and the
recovery percent of the system was 17.5%. When the
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production rate further increased to 20 mL/min, the water
channeling volume was 270 mL, and the recovery percentage
of the system decreased to 14.3%. Thus, regarding reservoirs
with constant-pressure bottom water and sufficient energy,
close attention should be paid to production rate control in
the development process as this can avoid strong water
channeling and fully utilize the elastic energy of bottom
water for developing fractured-vuggy reservoirs.

According to Figure 22, bottom water mainly invaded
the 0.5L vug but only slightly intruded into the 1L vug,
which was consistent with the difference in oil production
between both vugs. The 0.5L vug experienced substantial
bottom water invasion and retention, and its oil production
was significantly higher than that of the 1L vug. Moreover,
with worsening bottom water channeling, the bottom water
retention in vugs decreased, and the recovery percentage of
reservoirs with bottom also water decreased.

Figure 23 shows oil/water production variations over time
in experiments. A comprehensive analysis indicates that, com-
pared with fractured-vuggy reservoirs with constant-volume
bottom water, those with constant-pressure bottom water
have more sufficient natural energy and greater development
potentials. However, in practical development, reasonable
production systems should be established to fully utilize the
elastic energy of bottom water for developing fractured-
Vuggy reservoirs.

3.3. Comparison between High-Pressure Physical Property
Experiments. For double-vug reservoirs with constant-
pressure bottom water, the bottom water supplied during
production can sustain energy supply to double-vug produc-
tion, and pressure variations tend to be consistent. In the
case of connection type I, the recovery percentage is higher,
and bottom water mainly invades and retains in vugs based
on open-well production. Because of water invasion and
fracture limitation, production of distal reserves is restricted.

Compared with constant-volume bottom water,
constant-pressure bottom water has sufficient energy and
can quickly replenish vug energy. Therefore, the recovery
percentage and bottom water invasion and retention volume
of fractured-vuggy reservoirs with constant-pressure bottom
water are both higher than those of fractured-vuggy reser-
voirs with constant-volume bottom water.

4. Conclusions

(1) Bottom water clearly affects the production pressure
characteristics of double-vug reservoirs. Compared
with vuggy reservoirs without bottom water,
double-vug reservoirs with bottom water have a
clearly extended pressure drop time, suggesting that
bottom water can significantly increase the natural
energy of double-vug reservoir systems

(2) In circumstances where the structural environment
of the reservoir is not liable to water invasion or
where there is no obvious water channeling under
proper development, the presence of bottom water
is conducive to reservoir development and can pro-
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vide sufficient energy for the development of
fractured-vuggy reservoirs. Bottom water can be uti-
lized to substantially improve the development effect
of fractured-vuggy reservoirs

(3) Worsened bottom water channeling leads to less bot-
tom water retention in vugs and a lower recovery
percentage of reservoirs with bottom water. For res-
ervoirs with bottom water which are susceptible to
water channeling, the production rate should be
appropriately controlled in the development process
to avoid strong water channeling. Furthermore, the
elastic energy of bottom water should be fully uti-
lized for developing fractured-vuggy reservoirs

(4) For double-vug reservoirs with constant-pressure
bottom water, the bottom water supplied during
production can sustain energy supply to double-
vug production, and pressure variations tend to be
consistent. In the case of large vugs, the recovery per-
centage is higher, and bottom water mainly invades
and retains in vugs based on open-well production.
Because of water invasion and fracture limitation,
production of distal reserves is restricted

(5) Compared with constant-volume bottom water,
constant-pressure bottom water has sufficient energy
and can quickly replenish vug energy. Therefore, the
recovery percentage and bottom water invasion and
retention volume of fractured-vuggy reservoirs with
constant-pressure bottom water are both higher than
those of fractured-vuggy reservoirs with constant-
volume bottom water
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1. Introduction
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permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Reasonable formation pressure maintenance level is significant to high-efficient development of oilfields. In order to study the
effects of overlying strata pressure on permeability, oil-water phase permeability curve, and oil displacement efficiency, a
physical simulation experiment is designed. Based on the experimental results and the oil-water phase flow theory, the
production equation and the mathematical model of oil displacement efficiency considering stress sensitivity are established.
And the productivity changes with pressure drop under different permeability are plotted. Then, the permeability coefficients
calculated by quantitative characterization of stress sensitivity under different formation pressures are introduced into the
numerical simulation model to quantitatively determine the reasonable formation pressure maintenance level of different
reservoir properties. Experimental and theoretical studies show that the permeability decreases continuously with the increase
in effective overlying strata pressure. In a low permeability reservoir, the more permeability decrease is caused by the increase
in effective overlying strata pressure. When reservoir pressure is restored by water injection, the permeability loss is
irreversible. With the increase in effective overlying strata pressure, the producer productivity decreases obviously, and the
effective seepage capacity and oil displacement efficiency decrease. For reservoirs with permeability below 100 mD and high
stress sensitivity, high formation pressure level should be maintained. For reservoirs with permeability of more than 300 mD,
lower formation pressure is acceptable in the initial stage. The results are consistent with the actual production characteristics,
which effectively guide the establishing of reasonable oilfield development strategy. It has important guiding significance to the
oilfield development plans and development of the middle-deep oilfields.

high requirements for wellhead equipment will greatly
increase the cost while the formation pressure is too high.
At the same time, the contradiction between the horizontal

Pressure is the soul of the oilfield development process. Rea-
sonable formation pressure maintenance is the key to the
entire pressure system [1-4]. It not only determines the injec-
tion pressure and formation pressure of the injector but also
restricts the flow conditions of the producer. Maintaining a
reasonable formation pressure is the foundation for achiev-
ing stable production in the oilfield. The production pressure
difference of the producer is reduced with a low formation
pressure, while the seepage capacity is reduced, the energy
is insufficient, the productivity of the producer is reduced,
and the production cannot meet the demand. However, the

and vertical of the oilfield is aggravating. The predecessors
[5-9] used an empirical formula method, minimum flow
pressure method, reasonable injection-production pressure
system method, crude oil loss function method, material bal-
ance method, injection-production balance method, and
other methods to study the reasonable maintenance level of
formation pressure and get some remarkable achievement.
But there is no research considering the pressure-sensitive
effect caused by the formation pressure drop yet. It is pro-
posed for the first time that the influence of the pressure-
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TaBLE 1: Table of core parameters.

Well Layer Core depth (m) Core length (cm) Core diameter (cm) Gas permeability (mD)
3 E,s; 2569.40 5.58 2.54 10

3 E,s, 2563.40 5.52 2.54 30

5 E,s, 2491.5 6.48 2.54 100

2 E,s, 2554.26 5.37 2.54 300

2 E;s, 2454.26 5.37 2.54 1000

sensitive effect is caused by the decrease in formation pres-
sure through physical simulation experiments, reservoir
engineering methods, and numerical simulation technology.
And then, determine pressure maintenance level under dif-
ferent reservoir conditions.

2. The Impact of Formation Pressure
Maintenance Level on Productivity

When the reservoir is not developed, the reservoir rock is in
a state of static equilibrium under the combined action of
the pressure of the overlying strata, the pore fluid pressure,
and the supporting force of the rock skeleton. During the
reservoir developing, as the fluid is produced, the pore fluid
pressure gradually decreases. With the pressure of the over-
lying strata unchanged, the supporting force of the rock skel-
eton continues to increase and the pore throats and
microcracks of the rock are compressed, which lead to
changing the physical properties of rocks [10-13]. There-
fore, the influence of rock stress sensitivity should be consid-
ered in the development process.

2.1. Stress Sensitivity Test. The basic principle of the stress
sensitivity test is to simulate the effective overlying strata
pressure of the oil and gas reservoir [14-16]. Pressurize the
rock core to a certain value andthen gradually reduce the
pressure to return to the initial overburden pressure. Study
the non-steady state of permeability changing with the over-
burden pressure process [17, 18]. Approximately take the
difference between the overlying strata pressure and the
pressure of the pore fluid in the rock as the effective overbur-
den pressure, use the confining pressure to simulate the
pressure of the overlying formation, and increase the confin-
ing pressure to simulate the continuous decrease in the pore
pressure of the formation and cause the effective pressure of
the rock skeleton to gradually increase.

(1) Number of cores and basic conditions: select cores
with a permeability of 10~1000 mD (Table 1), which
can better reflect 5 sets of cores with different phys-
ical properties for experiment

(2) The conditions of the gas used in the experiment:
this experiment uses nitrogen for displacement, the
displacement pressure is set to 2 MPa, the tempera-
ture is 20°C (room temperature), and the nitrogen
viscosity is 0.018 mPa-s

(3) Experimental instruments: the main instruments
used in this experimental design are nitrogen bot-
tles, core holders, hand pumps, gasflowmeters, and
pressure gauges. The design drawing of the experi-
mental instrument is shown in Figure 1, and the
physical photo of the experimental instrument is
shown in Figure 2

Experimental process: (1) put the measuring core in the
core holder, adopt the gas permeability method, and set the
driving pressure to 2 MPa; (2) after the gas flowmeter read-
ing is stable, change the effective stress of the core through
the confining pressure pump to simulate formation stress-
sensitive environment, and record the experimental data
after the gas flowmeter reading is stable; (3) continuously
increase the confining pressure with a change of 2 MPa,
record the flowmeter reading, and stop after the confining
pressure rises to 25 MPa. Then, enter the pressure reduction
process.Decrease the confining pressure with a change
of2MPa and record the gas flowmeter reading. Repeat the
process of lifting andlowering pressure three times to reduce
experimental error; (4) after completing three times of lifting
and lowering pressure process, relieve the confining pressure
pump, turn off the air pump, remove the core holder, replace
the core, and repeat the above process.

2.2. Analysis and Quantitative Characterization of Stress-
Sensitive Experiment Results. The experimental research
results show that with the increase in the effective overbur-
den pressure, the permeability continues to decrease, and
the lower the core permeability, the greater the drop in per-
meability caused by the increase in the effective overburden
pressure (Figure 3). Generally speaking, the changes can be
divided into two stages. In the first stage, the effective over-
burden pressure is less than 10 MPa, and the decline is rela-
tively large. Due to the overburden pressure, the rock
skeleton is deformed, resulting in a rapid decrease in perme-
ability. In the second stage, the overlying pressure is 10-
25 MPa, and the decrease is relatively slow. With the increase
in the overlying pressure, the pore structure changes very lit-
tle, and the drop in permeability is not obvious.

As the effective overburden pressure decreases, the per-
meability gradually recovers. The lower the core permeabil-
ity, the greater the permeability loss. Therefore, even if the
reservoir pressure is restored by water injection during
oilfield development, the permeability can only partially
recover, and the permeability loss is irreversible.

Experimental results show that cores with different per-
meability levels are stress-sensitive, and the difference in
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FIGURE 2: Object pictures of experimental instruments.
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permeability determines the degree of stress sensitivity. As a
whole, the permeability under different effective overburden
pressures has a power relationship with the effective over-
burden pressure:

K.
—L=axo. (1)

In the formula, K|, is the initial permeability (mD), K; is
the permeability under effective overburden pressure (mD),
0 is the effective overburden pressure (MPa), s is the stress
sensitivity coefficient, and a is the regression coefficient.

In order to quantitatively characterize the stress sensi-
tivity under different permeability conditions, a quantita-
tive relationship between the stress sensitivity coefficients
regressed from 5 sets of data and the initial permeability
of the core is established (Figure 4).

Considering that the regression coefficient a is around 1,
the quantitative expression of reservoir stress sensitivity is
simplified as

K, =K, x O,—(O.4237><K0’°'352) (2)
; .

According to the similarity between the increase in
effective overburden pressure (increasing confining pres-
sure) and the actual pore pressure drop in the oilfield,
the relationship between the permeability and the pressure
in the actual production process of the oilfield can be fur-
ther obtained:

K;=Kyx (P, - Pi)7(0‘4237XK°70A352). 6)

In the formula, P, is the original formation pressure
(MPa) and P; is the current formation pressure (MPa).
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different permeability.

Further establish the productivity equation considering
the stress sensitivity. The producer plane radial stable seep-
age equation [19] is formula (4).

2meK;oh
pyoBe(In (r,/r,) +S)

Q= «AP. (4)

In the formula, Q is the production (m>/d), h is the res-
ervoir thickness (m), y, is the oil viscosity, mPa-s, B is the oil
volume coefficient, r, is the supply radius (m), r,, is the well
radius (m), AP is the production pressure differential (MPa),
and S is the skin factors.

Considering the stress sensitivity caused by the drop in
formation pressure during the production process of a pro-
ducer, substituting formula (3) into (4) .

271eh

Q= peBe(In (r,ir,) +9S)

x Ko x (P, — P;) (*4237K ") o Ap,
(5)

Incorporate the basic parameters of the oilfield into for-
mula (5), and plot the change of productivity with pressure
drop under different permeability of the oilfield (Figure 5).
It can be seen that the formation pressure drop has a greater
impact on the productivity. At the initial stage of the forma-
tion pressuredrop, the large productivity drop is mainly due
to the deformation of the rockskeleton and even closure of
the pore throats, resulting in a rapid decrease inpermeability.
When the pressure of a low-permeability reservoir drops by
5MPa, the productivity loss exceeds 20%. In the medium
permeability reservoir, when thepressure drops by 10MPa,
the productivity loss exceeds 10%.And when the pressure
in the high-permeability reservoir drops by 15 MPa, the pro-
ductivity loss exceeds 10%. In general, as the formation pres-
sure decreases, the productivity gradually decreases. The
lower the permeability, the greater the productivity loss.
The reasonable pressure levels should be determinedaccord-
ing to the different physical properties of reservoirs.

In order to ensure the long-term stable development of the
oilfield, the maximum pressure drop of middle-deep reser-
voirs in the Bohai Sea is generally controlled below 5MPa
for reservoirs with permeability less than 50 mD. The maxi-
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mum pressure drop is generally controlled at 8~9 MPa for res-
ervoirs with permeability between 50mD and 500 mD. The
maximum pressure drop can be widened to 12~15MPa for
reservoirs with permeability greater than 500 mD.

3. The Influence of Formation Pressure
Maintenance Level on Oil-Water Two-
Phase Seepage

Design five sets of water flooding experiments under dif-
ferent formation pressure conditions (5MPa, 10MPa,
15MPa, 20 MPa, and 25MPa) to obtain oil-water phase
permeation curves under different pressure conditions.
Using the JBN method to process the relative permeability
data. The experimental results (Figures 6 and 7) show that
the stress sensitivity has a great impact on the oil-water rela-
tive permeability curve. (1) As the formation pressure
decreases, the irreduciblewater saturation increases. The
main reason is that the core permeabilitydecreases due to
stress sensitivity. And during the process of saturating oil,it
is difficult for oil to drive water out of the hydrophilic rock.
The resistanceof oil-water flow is increasing, which also leads
to the increase ofirreducible water saturation.(2) As the for-
mation pressure decreases, the overall permeability of the
core decreases, and the relative permeability of the oil phase
and the water phase decreases. The oil phase permeability
decreases significantly, which leads to a decrease in producer
productivity and an increase in productivity decline. (3) As
the formation pressure decreases, the isotonic point
decreases, and the overall oil-waterphase permeation curves
shift to the left, the oil-water two-phase permeation zone nar-
rows. It is mainly because that the stress sensitivityleads to
the narrowing of the pore throats and the reduction of effec-
tiveseepage capacity, which further reduces the oil displace-
ment efficiency. (4) The decrease of formation pressure
increases theresidual oil saturation small.

The core water drive efficiency can be expressed as [20]

_ 1_Swi_sor

Er
1-S

(6)

wi

In the formula, E, is the oil displacement efficiency, S,,; is
the bound water saturation, and S,, is the residual oil
saturation.

According to the experimental results, a mathematical
model of formation pressure, bound water saturation, and
remaining oil saturation is established:

S, = bl x P; + b2, (7)

Sor = €1 X P; + 2. (8)

In the formula, b1, b2, c1, and ¢2 are fitting coefhicients
and bl and cl are negative.

Incorporating equations (7) and (8) into equation (6)
and combined with experimental fitting data, the oil dis-
placement efficiency equation under different formation
pressures can be established.
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And the relationship between formation pressureand oil
displacement efficiency can be drawn.The lower the forma-
tion pressure maintenance level is, the lower the oil displace-
ment efficiency becomes (Figure 8). It is mainly caused by
the formation pressure decreases. When the supporting
force of the rock skeleton increases, the rock compression
is serious, the pore structure is deformed, and the pore space
and permeability change. Some parts of the flow channel are
even closed, forming dead pores, and the oil stored in the
dead pores cannot be displaced effectively.

4. Determination of Reasonable Formation
Pressure Maintenance Level considering
Stress Sensitivity

Based on experimental results, we interpolated the phase
permeation curve in the keyword ROCKTAB and modified
it corresponding to different formation pressures by setting
the relevant parameters of the keyword ROCKCOMP in
the oilfield simulation model, so that the influence of stress
sensitivity was considered in the model.

The actual model of KLA oilfield uses the five-point
method to deploy wells with a well spacing of 300 x 300 m.
The simulation considers the seepage field and production
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characteristics of different development stages under stress
sensitivity and clarifies the reasonable formation pressure
maintenance level of reservoirs with different permeability
levels (Figure 9). For reservoirs with a permeability lower
than 100mD and strong stress sensitivity, high pressure
levels should be maintained. This is of great significance
for protecting reservoirs near the wellbore, increasing single
well production of producers and maintaining efficient and
reasonable development of oilfields. For reservoirs with a
permeabilityabove 300mD, under the premise that the for-
mation pressure is higher than thesaturation pressure, the
pressure can be appropriately reduced.

5. Instance Verification and Application

5.1. Instance Verification. KLA is a complex thin interbed
reservoir. The existing seismic data has difficulty identifying
the reservoir connectivity and the production capacity. It
is necessary to test production, further access information
to deepen reservoir understanding, and further identify
potential reserves, productivity, and reservoir connectivity.
In the marginal part of the well 2 block, the producer A24
encountered an oil layer with a thickness of 50 m and a

Swi> Sor» and formation pressure.

permeability of 70 mD. A24 works well after it was put
into production. The injector A23, which corresponding
to A24, encountered an oil layer bottom, and the reserve
scale was unclear. In the plan, A23 drains fluid at first
and transfers to injection in time after A23 confirms the
reserve scale. Since there is no injector in this block
before, the formation pressure around A24 drops by 11
MPa, which leads to reservoir stress sensitivity, permeabil-
ity reduction, and productivity decline. After the A23
transferring to injection in the later period, the productiv-
ity of A24 recovered gradually. However, the production
capacity is much lower than the initial level (Figure 10).
In the well 3 block with a permeability of about 300 mD,
the marginal injector B14 drainages to verify the produc-
tivity at first. During the drainage, the corresponding pro-
ducer B12 showed a stable initial liquid volume. After the
formation pressure dropped significantly, the production
capacity of B12 gradually decreased. And when the Bl4
transferring to injection in the later period, the production
capacity of well B12 rebounded significantly. The actual pro-
duction is consistent with the theoretical research results. For
the wells in the areas with poor permeability, it is recom-
mended to inject water synchronously to maintain the origi-
nal formation pressure. In the areas with higher permeability,
short-term formation pressure drops will not cause reservoir
stress sensitivity. And if there is an evaluation requirement,
the formation pressure can be appropriately reduced. After
the evaluation task was completed, the injectors should
recover water injection in time.

5.2. Guide the Preparation of the New Oilfield. The KLB oil-
field is divided into multiple well blocks on the plane by the
fault. In the ODP plan preparation process, in order to
determine the reasonable water injection time of each well
block, the stress-sensitive influence is characterized in the
numerical model., and the physical properties of the differ-
ent blocks are determined. Characteristics and natural
energy conditions determine the timing of water injection
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TaBLE 2: Comparison table of oil recovery under different pressure maintenance levels in different well areas.
Pressure maintenance levels Well 1 area Well 2 area Well 3 area Well 5 area Well 6 area Well 8Sa area
100% 29.8 32.6 20.8 31.8 31.2 30.0
95% 30.2 32.0 20.2 32.3 314 29.8
90% 29.5 30.5 19.5 314 30.5 29.0
85% 27.8 28.0 18.0 29.5 29.0 27.6
in each well area (Table 2). For the well 1/5/6 area with ares-  a year after draining fluid from the injector; that is, when

ervoir property of 200~300 mD, considering that the ground  the formation pressure is maintained at 95%, perform water
saturation pressure difference is large and it has a certain  injection. For the 8Sa well area with reservoir physical prop-
natural energy, it is recommended to inject water after half  erties below 100mD, considering that the formation



pressure drops, the reservoir stress will be sensitive, which
will have a greater impact on productivity and seepage
capacity. The program recommends that the production
wells are injected immediately after commissioning to main-
tain the original formation pressure. For the 2/3 well area,
considering that the ground saturation pressure difference
is small and the natural energy is insufficient, the program
recommends that the production well is put into production
and injected immediately to maintain the original formation
pressure. The oilfield was put into production in March
2019. After it was put into production, water injection was
implemented in accordance with the recommended plan.
In the two years since it was put into production, the oil-
field’s natural decline rate and water cut increase rate have
maintained relatively good development indicators.

6. Conclusion

(1) As the formation pressure decreases, the reservoir
will become stress-sensitive, resulting in a decrease
in permeability and porosity. Under laboratory con-
ditions, the formation pressure decreased by 25 MPa,
the permeability of the 10 mD reservoir decreased by
46%, and the permeability of the 300 mD reservoir
decreased by 17%. And the loss is irreversible. Even
if the pressure returns to the original formation pres-
sure, the permeability of the 10mD reservoir still
drops by 21%, and the permeability of the 300 mD
reservoir drops by 5% which leads to a decrease in
the productivity of the producers, a greater lapse
rate, and a greater impact on the development effect

(2) With the decrease in formation pressure, the oil
phase permeability curve is obviously concave, the
point of equal permeability moves left, and the irre-
ducible oil saturation increases. Under laboratory
conditions, when the pressure decreases by 15 MPa,
the irreducible oil saturation increases by 9%. And
the effective seepage capacity will decrease, resulting
in a decrease in oil displacement efficiency

(3) During the development of middle-deep oilfields, it
is necessary to grasp a reasonable timing of water
injection to ensure a higher pressure maintenance
level to achieve better development results. The
research results have a good guiding role in the for-
mulation of KLB oilfield development strategies
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Well placement optimization is a significant task in oil field development which aims to find the optimal well locations by
maximizing the net present value (NPV) or other objective function. It is a highly nonlinear problem involving large number
of variables. Despite lots of work has been done on conventional reservoirs, the optimization tool for naturally fractured
reservoir (NFR) is still rare. Naturally fractured reservoirs represent significant amounts of oil reserves. The well placement
optimization for NFR is challenging due to the high heterogeneity of matrix and fracture system. In this work, a computer-
aided well placement optimization method is established for NFR based on the recent advances. The two phases flow discrete
fracture numerical simulation model, i.e., the embedded discrete fracture method (EDFM) is used to model the natural
fractures as its computational efficiency and flexibility to handle fracture. Then, stochastic simplex approximate gradient
(StoSAG) is employed to obtain the approximate gradient by combing the EDEM. The steepest ascent algorithm is used to find
the optimal well placement. A series of numerical case studies are set up to examine the performance of the proposed
approach. The NPV for water flooding naturally fractured reservoir production optimization substantially increased by using

StoSAG.

1. Introduction

Determining the location of wells is crucial during field devel-
opment process because it can affect the final NPV signifi-
cantly [1]. Lots of automated well placement optimization
methods has been investigated in previous studies [2-5]. How-
ever, little has suggested an effective way to assess the well
location optimization for naturally fractured reservoir. In
recent years, naturally fractured reservoirs receive great atten-
tion as its significant amounts of oil reserves [6]. In order to
improve the efficiency of reservoir development and enhance
oil recovery, well location for NFR should be carefully
arranged and optimized.

Well placement optimization is a highly nonlinear prob-
lem involving the reservoir response. Reservoir simulation
simulators are the common tools to achieve the rates of oil
and water. In the optimization process, the reservoir simula-
tion model may require thousands of runs. Thus, the simula-
tor should be computational efficiency. For NFR, simulators
are developed based on two classical types of fracture models:

dual-continuum method and explicit discrete-fracture and
matrix model. Dual-continuum method is widely used in most
commercial reservoir simulators such as Eclipse and CMG.
Dual-continuum method divides the reservoir domain into
fracture and matrix [7-9]. Commonly, it can keep applicabil-
ity when the fractures are denser and the representative ele-
mentary volume (REV) exists [10]. It also loses accuracy in
flow calculation when a number of large fractures locates in
the reservoir [11]. The fracture and matrix system are coupled
by transfer functions. Fracture-matrix flow is controlled
mainly by matrix propertied, and the shape factor needs to
be determined. Unfortunately, the shape factor is difficult to
calculate when considering capillarity, gravity [12]. Explicit
discrete-fracture and matrix model or discrete fracture-
matrix (DFM) has grown in popularity during recent years.
The model deals with every fracture explicitly. Thus, it can
capture the fracture geometries and accurately characterize
the flow exchange between fracture and matrix. Many DFMs
have been developed [13-18]. The unstructured grid is always
chosen to discrete the calculation domain. The grid size near
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the fractures should keep small to exactly simulate the flow
between matrix and fracture. However, the local grid refine-
ment leads to large computational load. A recently popular
DFM—embedded discrete fracture model (EDFM)—attracts
much attention and shows some advantages. The EDFM is
firstly proposed as a hierarchical modeling method to deal
with multiple length scales in naturally fractured formations
[19-21]. Then, it is extended to the flow performance analysis
of both naturally fracture reservoirs and hydraulic fractured
tight oil reservoirs [22-24]. Some applications of EDFM have
been reported. Yao et al. coupled the EDFM and dual-
continuum method to inverse multiscale fractures hierarchi-
cally using dynamic production data [25, 26]. Yao et al. [27]
optimized the fracturing parameters in shale gas reservoir.
Yu et al. [28] simulated the pressure response of well interfer-
ence in tight oil reservoirs with complex—fracture geometries.
Alessio et al. [29] employed the EDFM for computing
fracture-fracture and matrix-fracture transmissibilities as an
upscaling tool. In this study, the EDFM will be used as the sim-
ulating tool.

Another important issue for well placement optimization
is the chosen of optimization algorithm. Two kinds of optimi-
zation algorithms are implemented to find the optimal well
placement: (1) gradient-based methods and (2) gradient-free
methods. Gradient-based methods mainly include SPSA,
finite difference, adjoint method, and descent method. These
gradient-based techniques are easy to trap in local optima,
and the gradient is difficult to calculate. On the other hand,
derivative-free techniques do not require the calculation of
derivatives, and they can achieve global search. Many
gradient-free methods are used like particle swarm optimiza-
tion (PSO), genetic algorithm (GA), differential evolution
(DE), and covariance matrix adaptation evolution strategy
(CMA-ES). Ensemble-based optimization increases popular-
ity recently due to its ability to capture uncertainty of multiple
reservoir realizations [30]. Ensemble-based optimization
(EnOpt) was first introduced by Lorentzen et al. [31] and
Nwaozo [32]. Then, this method is greatly improved and used
in reservoir development field [33-35]. In 2017, Fonseca et al.
[36] found that not all cases can get the optimal value in the
process of robust optimization using this method. Based on
this observation, a stochastic simplex approximate gradient
(StoSAG) method was proposed. StoSAG improves the EnOpt
gradient formula in two aspects, using the initial variable and
initial function value to replace the average value of random
perturbation position and corresponding function value,
respectively. After that, the method is widely used in the field
of well location optimization and injection production optimi-
zation [37, 38]. In 2019, the researchers of Alamos National
Laboratory of the United States proved the advantages of Sto-
SAG in robust optimization theoretically, and the optimal
value obtained by StoSAG was significantly higher than that
obtained by EnOpt, which provided a strict theoretical basis
for the popularization and application of StoSAG. Four kinds
of stochastic gradient calculation criteria, which are StoSAG, f-
StoSAG, sf-StoSAG, and ss-StoSAG, are proposed. The results
show that the optimal injection production control variables
can be obtained by using four kinds of gradients. The NPV
calculated is greatly improved than EnOpt method [39].
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F1Gure 3: Illustration of well placement optimization for a reservoir with or without fracture.
20
19
18 4 350
17
16 300
15
14 4
13 250
12
114 200
10
9 4
8 150
7
6 4
s 100
1 4 o
0 T T T T T T T T T T | | T T T T T T | 0
01234567 8 91011121314151617181920 0 50 100 150 200 250 300 350
FIGURE 4: Log-permeability distribution for example 1.
TaBLE 1: Result of optimal well locations.
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Perturbation size 0.1 1 1.414 1 1 1
Initial step size 1 1 1 1 2 3
Optimal injection well location (19,10) (19,10) (20,3) (19,10) (18,4) (16,3)
Optimal production well location (3,11) (6,15) (5,10) (6,15) (6,11) (7,20)

Here, we developed the well placement optimization tool
for naturally fractured reservoirs by coupling the EDFM and
StoSAG. As far as we know, this is the first well placement opti-
mization tool by introducing the EDFM method. It has broad
application prospects. In the tool, the classical EDEM of two-
phase flow problem is adopted to simulate the naturally frac-
tures. The detailed geological characteristics of each fracture is

kept. The pressure and saturation are solved by Newton-
Raphson iteration by carefully setting the time steps to guaran-
tee the convergence. The standard StoSAG is chosen as the opti-
mization algorithm to search for the optimization well
placements. The well can connect with the fracture and matrix
domain freely. A series of example are test from simple to com-
plex to show the validation of the workflow. Specially, the
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robust optimization results are presented. This is the first tool to
optimize the well placement by coupling the StoSAG and
EDFM. The paper is organized as follows. In Section 2, the the-
oretical model for well placement optimization is presented.
Then, we show the optimization model and results. Finally, dis-
cussion is given.

2. Methodology

2.1. Numerical Simulation Model. In order to perform the
well placement optimization for naturally fractured reser-

voir, the numerical simulation model should be carefully
prepared. In this work, the embedded discrete fracture
method (EDFM) is adopted as the numerical simulation
tool for well placement optimization. Figure 1 shows four
kinds of connections when using EDFM. The three kinds
of NNCs are the fracture-matrix connection in the same
matrix grid, the fracture-fracture connection in the same
matrix grid, and fracture-fracture connection in different
matrix grids. By defining three kinds of NNC in prepro-
cessing program, the in-house numerical simulation code
can be called to perform the calculation. Previous research
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FIGURE 7: The optimal well locations plotted on the water saturation field.
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FIGURE 8: Log-permeability distribution example 2.
TABLE 2: Result of optimal well locations.
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Perturbation size 0.1 1 1.414 1 1 1
Initial step size 1 1 1 1 2 3
Optimal injection well location (17,11) (19,11) (17,11) (19,11) (17,11) (16,3)
Optimal production well location (6,11) (4,10) (4,10) (4,10) (4,10) (7,20)




Geofluids

3.00E + 07

2.50E + 07

2.00E + 07 —

1.50E + 07

NPV (%)

1.00E + 07 -

5.00E + 06

0.00E + 00

e e Casel
——— Case2
——- Case3

Case4
——— Case5
——— Case6

Iterations

FIGURE 9: The NPV with respect to number of iteration based on six cases.

29200000

28700000 — -

28200000 ~ -

27700000 ~ -

27200000 ~ -

NPV (%)

26700000 — -

26200000 — -

25700000 ~ -

25200000 -

2 3 4 5 6

Six test cases
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results show that pressure distribution, saturation distribu-
tion, and the well flow response agree with each other for
EDFM, DFM, and LGR. Easy implementation, general
applicability, and high computational efficiency are also
demonstrated compared to DFM and LGR.

2.2. Optimization Algorithm. Ensemble-based methods show
advantages in gradient-based optimization. The motivation
is that the real gradient is not always available. The general

formulation for StoSAG search direction is given by the fol-
lowing equation [39, 40]:

1N

dy=V,Jp(u)= ﬁzvu](”’ m;), (1)

i=1

where N, is the geological model realization number to
describe the reservoir uncertainty. ucontains the placement
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information for all wells. V,,J(u, m;) is the stochastic approx- Then, the gradient becomes
imation of the simplex gradient. V,J(u, m;) is obtained by
1N N, .
4=, J5u) = 53 (Niz (Sﬁl’j(aal,j)T) Sty (1 (@ my) = T (wp mi))),
LN e eiz1 \'Vs j=1
V. J(u, m;) = ﬁs}el (Sﬁ,,j((?ﬁ,’j) ) oty (](u,’j, m;) =] (u, m;)). (3)

« »

2) The superscript sign “+” on a matrix denotes the Moore-
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Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Perturbation size 0.1 1 1414 1 1 1
Initial step size 1 1 1 1 2 3
(17,10) (11,15) (5,18) (11,15) (3,20) (9,20)
Optimal injection well location (3,19) (6,19) (10,16) (6,19) (9,20) (5,20)
(17,11) (18,4) (18,2) (18,4) (19,3) (18,2)
(2:4) (2,5) (8,6) (2,5) (1,4) (2:4)
Optimal production well location (10,18) (18,19) (20,18) (18,19) (19,17) (19,17)
(5,10) (3,11) (1,3) (3,11) (4,5) (5,6)
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FIGURE 15: The optimal well locations plotted on the water saturation field.
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FIGURE 16: The log-permeability distribution in the horizontal direction for ten realizations.

TABLE 4: Result of optimal well locations.

Ln (k)

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Perturbation size 0.1 1 1.414 1 1 1
Initial step size 1 1 1 1 2 3
(8,12) (8,12) (2,19) (8,12) (6,20) (17,16)
Optimal injection well location (19,3) (3,13) (7,16) (3,13) (9,13) (2,13)
(19,9) (19,3) (19,2) (19,3) (20,3) (14,13)
(5,20) (3,1 (3,1 (3,1) (3,2) (8,4)
Optimal production well location (4,2) (18,18) (17,20) (18,18) (20,17) (16,1)
(15,19) (4,19) (8,7) (4,19) (1,13) (8,20)
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Penrose pseudo-inverse, where
5ul)j = ul,j — ul. (4)

N, represents the number of control perturbations. Each
control perturbation #; j,j = 1,2, ---N; at iteration [ is gener-
ated from the distribution N(u;, C); Cy is a predefined
covariance matrix.

2.3. Well Placement Optimization Tool. The objective func-
tion commonly used in well placement optimization prob-

lem is the NPV, which is defined as

N, Ny o . N -
J (u,m;) = Z (1+b)" t/365 Z( "o, _Cwq:#i) - Z(Cwi'qgi,k) >
n=1 j=1 k=1

(5)

where u is a N ,-dimensional column vector which contains
all well placement information; ndenotes the n,, time step
for the reservoir simulation; N, is the total number of time
steps; the time at the end of the n,, time step is denoted by
t,; t, is the n,, time step size; b is the annual discount rate;
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N, and N; denote the number of producers and injectors,
respectively; r, is the oil revenue, in $/STB; ¢, and c,; denote
the disposal cost of produced water and the cost of water
injection in units of $/STB, respectively; g, ; and g, ;, respec-
tively, denote the average oil production rate and the average
water production rate for the n,, time step, in units of STB/
day; and g, denote the average water injection rate at the
k,, injector for the n,;, time step, in units of STB/day.

To account for geological uncertainty, robust optimiza-
tion is performed. The problem is to maximize the expecta-
tion for life cycle NPV which is approximated by the average
NPV over N, geological realizations:

(6)

We consider only bound constraints and let 4% and u*
denote the lower bound and upper bound for the well place-
ment variable, respectively. Then, the problem can be
expressed as

N
1 e
mfx]E(u) = mfxﬁz J(u, m;),

e i=1

(7)

st <u<ut?.

The logarithm transformation to each element of the
control vector is used to search the solution of the well place-
ment optimization problem. The steepest descent optimiza-
tion algorithm is used in which the new search position is
updated as

dy

' Idillco)”

(8)

for k=0,1,2 - until convergence, where x, is the initial
guess and x; is the estimate of the optimal control parameter
at the k,, iteration; oy is the step size.

2.4. Workflow. The workflow of well placement optimization
using StoSAG and EDFM is shown in Figure 2. Firstly, N,
geological realizations should be generated. In robust opti-
mization, N, is commonly set to be bigger than 1. The initial
well placement u, is used to calculate the initial objective
function value J(u,). In order to compute the objective
function, the EDFM simulator is called. Then, the iteration
step is performed. For a certain iteration k, the stochastic
simplex approximate gradient is calculated using the search
direction. In our work, the ensemble size is set to be 10 for
all cases. Figure 3 shows the reservoir model with three wells.
The number of grids is 100 for the reservoir without frac-
ture, while the number of grids is 119 for the reservoir with
fracture. Note that if there is no fracture in the reservoir, the
well placement is located at the center of the matrix grid.
However, when fractures exist, the well placements can
locate at the centers for both matrix and fracture grids.

3. Case Study

In this section, some synthetic cases are presented to test the
new workflow. The examples are set from simply to com-
plex. The 2D models are firstly discussed. Then, the 3D
model is presented. A number of wells and fractures also
increase for different examples which can test the perfor-
mance of the new workflow.

3.1. Example 1: 2D Model with Inclined Single Fracture. A
water flooding example is considered which is a 2D hetero-
geneous model. The model size is 400 m x400 m x10 m with
20x20x1 uniform grid. The size for each grid is
20mx20mx10m. The horizontal log-permeability
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FIGURE 20: Fracture distribution of different layers for egg model.

distribution is presented in Figure 4. the fracture width is set
to be 0.001 m. The matrix porosity is homogenous and equal
to 0.1. The initial pressure is set to be 30 MPa. The reservoir
lifetime is 2000 days. One production wells and one injec-
tion wells are placed in the reservoir. The production well
is operated at fixed bottom hole pressure of 10 MPa, and
the injection wells are operated with BHP of 40 MPa. To
optimize the NPV, the oil price is set equal to USD 60/stb;
the water injection cost is USD 5/stb; the cost of disposing
produced water is USD 5/stb; the annual discount rate is
0.1. The maximum number of step size cuts is set to be 5.
The total maximum allowable iteration is 50.

The performance of the optimization algorithm is always
dependent on the setting parameters. In the optimization
process, different value of perturbation size and initial step
size are taken to examine their effect on the objective func-
tion value and optimal placement. Six test cases are con-
ducted, and the optimization results are also presented in
Table 1(case 1 and case 4 have the same setting parameters).
Figure 5 shows the NPVs after 50 iterations. It can be seen
that all cases converge to a steady NPV value after a series
of exploring. Compared the initial well placement and the
final solution, the NPV increases substantially. At the initial
iterations, the NPV increases rapidly, and then the NPV
increases slowly. Lastly, the NPV trends to be a constant
for different cases. Figure 6 shows the final converged
NPV. The highest NPV is $2.66 x 107 for case 5, and the
lowest NPV is $2.6 x 107 for case 2. Despite that the final
converged NPV value is different, the difference is very
small. The NPV evaluation curves follow similar paths
which start from small to large value monotonously. Taking
a closer look at the six curves calculated from different cases
in Figure 5, we can observe that the red curve shows a rela-
tively high converged performance than other for curves. In
the initial iteration stage, case 5 has a rapid search efficiency
and converges to the highest NPV finally. Though case 6 has
a slow search efficiency during the first 25 iterations, it finds

a relatively high local optimum. Observing the curves of case
1, case 2, and case 3, the initial stage search efficiency
becomes higher if we set a smaller perturbation size. On
the other hand, by comparing case 4, case 5, and case 6, we
can see that the initial step size also has great effect for the
search path. Overall, the results demonstrate that StoSAG
generates optimal well placement, so the stochastic simplex
approximate gradient can be used in well placement optimi-
zation problem. Figure 7 shows the optimal well placement
overlapped on water saturation field in 2000 days. The injec-
tion well moves along the +x and -y direction, and the pro-
duction well moves along -x and + y from the initial position.
The line connecting two wells trends to be perpendicular to
the fracture. The distance between two wells is very close for
different cases.

3.2. Example 2: 2D Model with Vertical Single Fracture. A
water flooding example is considered shown in Figure 8.
The basic model parameter is the same as example 1 except
the fracture. A fracture is located at the center of the reser-
voir. The length of the fracture is 200 m. The fracture width
is set to be 0.001 m. Six test cases are conducted, and the
optimization results are presented in Table 2. Figure 9 shows
the NPV after 50 iterations. It can be seen that the first five
cases are converged to a steady NPV value after 50 iteration.
Case 6 is trapped to a local optimum. In this example, case 1
demonstrated an extraordinary ability in research efficiency.
For most of the iteration, its NPV is higher than others.
Figure 10 is the maximum NPV after 50 iterations. The
highest NPV is $2.85 x 107 for case 1, and the lowest NPV
is $2.55 x 107 for case 6. Figure 11 shows the optimal well
placement overlapped on water saturation field in 2000 days.
The injection well moves along the x direction, and the pro-
duction well moves along -x from the initial position. The
line connecting two wells trends to be perpendicular to the
fracture for the first five cases. The distance between two
wells is very close for the first five cases.
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3.3. Example 3: 2D Model with Multiple Fractures. In exam-
ple 3, we set 12 fractures in the reservoir. The position is
shown in Figure 12. The orientation of the fractures keeps
consistent. The other parameters are the same as example
1. Three injection wells and production wells are arranged
in the reservoir. Note that in this model, the number of
whole optimization variables is 12 considering the well loca-
tion coordinates in (x, y)-plane. Six test cases are conducted,
and the optimization results are presented in Table 3.
Figure 13 shows the NPV after 50 iterations. It can be seen
that the first five cases are converged to a steady NPV value
after 50 iteration. In this example, case 6 demonstrated an
extraordinary ability in search efficiency. For most of the
iteration, its NPV is higher than others. Figure 14 is the
maximum NPV after 50 iterations. The highest NPV is $
4.03 x 107 for case 6 and the lowest NPV is $3.89 x 107 for

case 1. Figure 15 shows the optimal well placement over-
lapped on water saturation field in 2000 days. The three pro-
duction wells are located along the diagonal of the reservoir.
Two production wells are located at the zone where the per-
meability is relatively high.

3.4. Example 4: Robust Optimization. In example 4, we con-
sider the robust production optimization. Here, 10 reservoir
realizations are randomly chosen, which is used to charac-
terize the reservoir geological uncertainty. Figure 16 shows
the log-permeability distribution in the horizontal direction
of 10 reservoir models. Like example 3, we set 12 fractures
in the reservoir. Three injection wells and production wells
are arranged in the reservoir. Table 4 shows the optimal well
location. Figure 17 shows the NPVs after 50 iterations.
Figure 18 is the maximum NPV after 50 iterations. It can
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be seen that the highest NPV is $3.54 x 107 for case 4 and
the lowest NPV is $3.44 x 107 for case 3. Compared with
the results of example 3, the uncertainty decreases the
NPV greatly. On the other hand, four types of search
methods (f-StoSAG, sf-StoSAG, StoSAG, and ss-StoSAG)
for the steepest ascent optimization algorithm are used to
optimize the well placement. Figure 19 presents the expected
NPV of different methods. As expected, the average NPV
generated from different search methods is higher than the
initial average NPV. The f-StoSAG obtains a relatively high
average NPV.

3.5. Example 5: Modified Egg Model. The egg model has been
widely used for well placement and control optimization.
The geological parameters, fluids parameters, and produc-
tion control parameters can be found in Jansen et al.
(2014) [41]. The number of gridblocks is 25200 for which
(60,60,7) is used to discretize the reservoir in x, y, and z
directions, respectively. In this study, all grids are set to be

active and will be considered in the simulation runs. The
grid block size is set to 8 m x8 m x 4 m. There are eight injec-
tion wells and four production wells. Because the model has
no aquifer and no gas cap, primary production is almost
negligible. The production wells are operated at fixed bottom
hole pressure (BHP) with 39.5 MPa, and the injection wells
are operated under a BHP constraint of 42 MPa. Total pro-
duction time is 7200 days. We seek to optimize the well loca-
tions of 8 injection wells and 4 production wells. Figure 20
shows the fracture distribution for each layer. Figure 21
shows the permeability distribution of seven layers for egg
model. After defining connections and calculating transmis-
sibility in preprocessing code, the simulation is simple to
performance using in-house simulators. Two other typical
algorithms, particle-swarm optimization (PSO) and
ensemble-based optimization (EnOpt), are both used to
study their performance on well placement optimization.
Figure 22 shows the NPVs with respect to number of itera-
tions for different methods. Figure 23 shows the oil
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saturation (first layer) at the final simulation time for differ-
ent optimization method. Figure 24 shows the cumulative oil
production and water cut for different optimization method.
As can be seen, the highest NPV is $1.02 x 10® for by using
StoSAG. The final NPV for EnOpt and PSO is $9.56 x 107
and $9.65 x 107, respectively. Also, when using StoSAG,
the highest cumulative oil production can be achieved in
7200 days.

4. Conclusions

In this work, we use StoSAG for the well placement optimi-
zation. The computer-aided well placement optimization
method is established for naturally fractured reservoirs
based on the recent advances. The embedded discrete frac-
ture method (EDFM) is used to model the natural fractures
as its computational efficiency and flexibility. The stochastic
simplex approximate gradient (StoSAG) is employed to
obtain the approximate gradient by combing the EDFM.
The steepest ascent algorithm is used to find the optimal well
placement. A series of numerical case studies are set up to
examine the performance of the proposed approach. We
also demonstrate that f-StoSAG and StoSAG and sf-
StoSAG and ss-StoSAG can achieve fairly close results. The
workflow can be taken as an effective tool in well placement
optimization for naturally fractured reservoirs.
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Multibranched horizontal well is an important means to develop low permeability reservoirs. Fishbone multibranched horizontal
well has the advantages of increasing drainage area, reducing drilling number, utilizing existing wells, and saving oilfield
development cost, especially for marginal oilfield exploitation. The morphological structure of fishbone multibranched
horizontal well is very complex, so the numerical simulation study is of great significance to guide the production of fishbone
multibranched horizontal well. In this paper, the numerical model is established for fishbone multibranched horizontal well in
the oil reservoir. The finite element method is used to numerically solve the mathematic model. The oil well production can be
achieved by using the material balance method. Sensitivity analysis is made on the important reservoir and well-type factors
that affect the production behavior and transient pressure distribution of fishbone multibranched horizontal well. It is
concluded that the effective reservoir thickness and flowing bottomhole pressure have great influence on the productivity, but
the influence of heterogeneity is not obvious. The length of main wellbore has great effect on the productivity in the early
stage. Fishbone multibranched horizontal wells should be placed in the middle of the reservoir to increase productivity. Branch
length, branch angle, branch number, and branch spacing are important parameters affecting the productivity of fishbone
multibranched horizontal well. The variation of these parameters has obvious influence on the stimulation effect in the early
stage of production, but the influence degree is different. Under the premise of drilling technology and drilling safety, the
comprehensive impact of these four factors on productivity should be considered simultaneously. The presented model and
obtained results not only enrich production behavior analysis of fishbone multibranched horizontal well but also have
significance on formulation of stimulation measures and efficient low permeability reservoir development.

1. Introduction

Multibranch horizontal well refers to one horizontal well as
the main borehole, and two or more branch boreholes into
oil and gas reservoir are drilled in each part of the horizontal
well, which can give play to the advantages of high efficiency
and high production of horizontal wells, increase the drain-
age area, tap the remaining oil potential, increase the recov-
ery rate, and improve the field development effect and is
widely used in low-permeability reservoirs, thick oil reser-
voirs, thin reservoirs, and multilayer reservoirs [1-8]. Multi-
branch horizontal wells have become an important way to
develop low-permeability oil and gas reservoirs, and it is of

great significance to study the capacity of multibranch hori-
zontal wells and its influencing factors in depth [9-12]. Each
branch of a multibranch horizontal well can be regarded as a
horizontal well, and there are more factors affecting the pro-
ductivity of a multibranch horizontal well than a normal
horizontal well. The numerical simulation model can pro-
vide an important basis for the determination of the reser-
voir exploitation plan, especially for the understanding of
the sensitivity of various factors in the development process
and the environmental impact [13, 14]. Many scholars have
already conducted studies on the sensitivity analysis of each
influencing factor of multibranch horizontal wells and have
preliminary experiences and conclusions.
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Fishbone spur horizontal wells are one kind of multibranch
horizontal wells, the current research ideas and methods are
based on the conventional black oil model, and the numerical
solutions are all finite difference method. Due to the limitation
of finite difference method, the description of fishbone spur
horizontal wells by this method has a large gap with the actual
conditions, which is one of the difficulties in the current numer-
ical simulation theory research of fishbone spur horizontal wells
[15]. Hu et al. studied the effects of structural parameters such
as branch symmetry, number of branches, branch angle, and
branch length on the productivity of horizontal wells with fish-
bone spurs [16]. Ozkan et al. proposed a mathematical model
for a two-branch horizontal well and gave an analytical solution
based on the branch length, angle, vertical distance, and longi-
tudinal distance of the two branches [17]. Wu et al. established
a set of semianalytical capacity prediction model for multi-
branch horizontal wells. The results of the study indicated that
the largest possible branch length, the number of branches with
more than three branches, and a branch angle of not less than
30" should be selected [18]. Huang et al. studied the effects of
uneven flow density distribution in branch wells and main well-
bore and uneven skin distribution in each production section
on the bottomhole pressure in herringbone multibranch hori-
zontal wells [19].

In terms of benefits and costs, Ren et al. established a
numerical simulation model of coal reservoir. The productivity
of different well types is predicted and compared with field data
[20]. With the development of numerical simulation software,
Dai et al. established a variety of geological models by using
ECLIPSE numerical simulation software based on the steady-
state productivity calculation formula of horizontal and branch
wells and physical property parameters of a domestic oil field
[1]. Lv et al. conducted a numerical simulation study on hori-
zontal wells with different branch angles and branch lengths.
This study showed that the increase of branch angle has little
effect on the time to water and water content of horizontal wells
with fishbone spur. The increase of the number of branches has
a great effect on the production of horizontal wells with fish-
bone spur in the early stage of exploitation. The longer the
branches, the longer the time to water [21-23]. Duan et al.
[24] used the mutual coupling of wellbore flow and reservoir
inflow to obtain several multibranched well pressure instability
curves and delineate the characteristic sections of seepage flow
in different multibranch wells.

In this paper, the numerical model of fishbone multi-
branch horizontal well in reservoir is established to evaluate
the effect of reservoir and well-type factors on well produc-
tion. To numerically solve the mathematic model, the finite
element method is employed. The production rate of fish-
bone multibranch horizontal well is calculated by using the
material balance method. The effects of formation thickness,
heterogeneity, production pressure differential, main well-
bore length and position, branch length, branch angle,
branch numbers, and branch spacing on production behav-
ior and transient pressure distribution characteristics are
analyzed. The paper is organized as follows: Section 1 is
the introduction; Section 2 is the physics and mathematical
model; Section 3 is the solution workflow; Section 4 is the
sensitivity analysis; Section 5 is the conclusions.

Geofluids

2. System Description

2.1. Physical Model. There are many forms of multibranched
horizontal well, among which fishbone branch well is the
most representative one, which can reflect all the character-
istics of branch well. Therefore, this paper takes fishbone
multibranched horizontal well as an example to study the
influence of different factors on productivity. The schematic
diagram for the physical model of fishbone multibranched
horizontal well in reservoir is shown in Figure 1. In this
paper, we consider a fishbone multibranched horizontal well
with n branch wells in a reservoir with closed top and bot-
tom, where both the main horizontal well and branch wells
are perpendicular to the Z axis. The branch wellbore is at a
specific angle to the main wellbore in the XY plane (shown
in Figure 1(c)), with single-phase fluid (oil) flowing to both
main horizontal and branch wells. It is assumed that the
branch wellbores are staggered and evenly distributed on
both sides of the main wellbore. In addition, there are some
parameters that need to be described: (1) the radius of reser-
voir can be assumed to be r; (2) the reservoir is horizontal
with uniform thickness of /& and original pressure p; (3)
the horizontal permeability is K,,, the vertical permeability
is K,, the comprehensive compressibility is C,, and the
porosity is ¢; (4) the influence of gravity and capillary forces
is ignored. As shown in Figure 1(b), the length of the main
wellbore is L, the main wellbore center coordinate is (x, y,
z), the length of each branch wellbore is J, the branch angle
between branch wellbore and main wellbore is «, and the
branch spacing between two branch wellbores is d.

2.2. Mathematical Model. With orthogonal coordinate sys-
tem, the flow equation can be expressed as follows.
Flow equation in the reservoir is

0 (K, op 0 (K,op o0 (K,op\ . 0p
i nn) 5 () ae Cra) =9 +o
(1)
If the sink or source is ignored, Equation (1) can be sim-

plified into the following.
Flow equation in the reservoir is

0 (K, op 0 (K, op d (K,op\ _ op
() "5 Cay) * 32 (re) ~9Sr- @

Initial condition:

p(xy 2t =0)=p;. (3)
Outer boundary:
op

5—0, z=0orh, (4)

p=0,r=o00,

where x, y, and z are the directional coordinates, m; K,
and K, are horizontal permeability and vertical permeability
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FIGURE 1: Physical model of fishbone multibranched horizontal well in oil reservoir.

at any point in reservoir, respectively, m?; p is reservoir pres-
sure, Pa; p, is reference pressure, Pa; y is viscosity of oil, Pa-s;
t is time, sec; C, is comprehensive compressibility factor, 1/
Pa; and ¢ are the formation porosity, fraction.

3. Model Solution

In this study, we use finite element method to solve the
equation system. The basic function is defined as

N=(N;, Ny, -5 N,). (5)

500
1 m
0
-500
[ 100
0
500
0
m
The displacement function is
n
p=Y Nip; (6)

Il
—

We can get the integrating form for reservoir:

Mo (sn) 55 (an) 5 o)
= {11 ($CoN 2 av.
(7)
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The final equation form is:
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The production rate can be obtained by material balance
method.

4. Discussion and Analysis
4.1. Effect of Reservoir Properties

4.1.1. Effect of Formation Thickness (h). The effect of forma-
tion thickness on production behavior is discussed in this
section. The reservoir properties and main well parameters
are shown in Table 1. Basic parameters of branch well to
be paid attention to are n=3, «=90°, [=100m, and d =
100 m.

The effect of formation thickness on transient pressure
distribution and oil production of fishbone multibranched
horizontal well is presented in Figure 2. Figure 2(a) describes
the transient pressure distributions characteristics at 5000 d
considering different formation thickness. As shown in
Figures 2(b) and 2(d), the oil production rate for 30 m of for-
mation thickness is higher than that of the other two scenar-
ios in the early stage of production. However, the influence
of formation thickness on production rate can be ignored
in the later stage of production. This is because in the late
stage of production, the oil production capacity of the for-
mation is close to the limit, the remaining oil around the
well is less, and the water cut is too high. The cumulative
production for 30m of formation thickness is higher than
that of the other two scenarios in the whole process of pro-
duction. Figure 2(c) shows that for different time at initial
stage of production, oil production rate increases linearly
with increasing formation thickness. The formation thick-
ness can be considered as the effective thickness. This indi-
cates that with the increase of effective thickness, oil
reserves increase and multibranched well recovery capacity
increases.

4.1.2. Effect of Formation Heterogeneity (K,/K,). The effect
of formation heterogeneity on production behavior is dis-
cussed in this section. The reservoir properties and main

well parameters are shown in Table 2. It should be noted
that the well structure used here is the same as that used in
Section 4.1.1.

The effect of formation heterogeneity on production
behavior of fishbone multibranched horizontal well is pre-
sented in Figure 3. The effect of formation heterogeneity
on transient pressure distribution at 5000 d for 100 m of for-
mation thickness is presented in Figure 4. As shown in
Figure 3, the effect of K,/K}, on oil production behavior is
sensitive to the formation thickness. In the formation with
large h, the difference of oil production behavior is more
obvious due to the difference of formation heterogeneity.
Figures 3(d) and 3(e) show that with the increase of K, /K,
value, that is, with the increase of vertical permeability, ver-
tical seepage resistance decreases and productivity increases
in the early stage of production. In the later stage of produc-
tion, the influence of K, /K, on production rate can be basi-
cally ignored, but a there are some differences in cumulative
production. In addition, as shown in Figures 3(c) and 3(f),
the production rate at the initial stage of production
increases with the decrease of reservoir heterogeneity, but
the increase rate gradually decreases. The gradual decrease
in the growth rate is mainly due to the existence of the limit
oil production capacity of the formation. Figure 4 shows that
the pressure drop propagation is slowly due to the small
K, /K, that is, the strong heterogeneity of formation. Differ-
ent K, /K, have different effect on area and shape of control
area. The vertical permeability of reservoirs has an impor-
tant influence on the productivity of multibranched hori-
zontal well. When using multibranched horizontal well to
develop oil reservoirs with the same other conditions, reser-
voirs with higher vertical permeability should be given
priority.

4.2. Effect of Flowing Bottomhole Pressure (FBHP). The effect
of FBHP on production behavior is discussed in this section.
The reservoir properties and main well parameters are
shown in Table 3. Basic parameters of branch well to be paid
attention to are n =3, a=90°, [=100m, and d = 100 m.
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TaBLE 1: Input parameters of simulation for considering different formation thickness.
Parameter Value Parameter Value
Formation thickness, h (m) 10, 20, 30 Initial reservoir pressure, p, (MPa) 20
Porosity, ¢ 0.4 Flowing bottomhole pressure, p, (MPa) 10
Permeability, K;, (um?) 0.005 Formation heterogeneity, K, /K, 1
Formation rock compressibility, C; (1/MPa) 2x10™ Formation fluid compressibility, C; (1/MPa) 10x 107
Formation fluid viscosity, ¢ (mP-s) 5 Formation fluid density, p (kg/m?) 1000
Reservoir radius, r; (m) 600 Main horizontal well length, L (m) 400
Main horizontal well center coordinates (x, y, z) (0,0,5)
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Ficure 2: Effect of formation thickness on transient pressure distribution and production behavior.

The effect of FBHP on production behavior of fishbone
multibranched horizontal well is presented in Figure 5. The
effect of FBHP on transient pressure distribution at 5000 d
is presented in Figure 6. It should be noted that different
FBHPs represent different production pressure differentials.
As shown in Figure 5, as the FBHP decreases (i.e., the pro-
duction pressure differential increases), the production rate
and cumulative production increase in early stage of produc-
tion, indicating that lower bottom hole pressure (i.e., the

larger production pressure differential) results in greater
elastic productivity. Figure 5(a) shows that the influence of
FBHP on production rate can be ignored in the later stage
of production. The cumulative production for 8 MPa of
FBHP is higher than that of the other two scenarios in the
whole process of production. Figure 5(c) shows that for dif-
ferent times at the initial stage of production, oil production
rate increases linearly with increasing production pressure
differential. However, the oil production rate increases
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TaBLE 2: Input parameters of simulation for considering different formation heterogeneity.

Parameter Value Parameter Value
Formation thickness, h (m) 10,100 Initial reservoir pressure, p, (MPa) 20
Porosity, ¢ 0.4 Flowing bottomhole pressure, p,, (MPa) 10
. o1e 2 . .
Horizontal permeability, K, (ym®) 0.005 Formation heterogeneity, K, /K, 1,0.5,0.1,0.05
. e 4 . . e 4
Formation rock compressibility, C; (1/MPa) 2x10 Formation fluid compressibility, C; (1/MPa) 10 x 10
Formation fluid viscosity, ¢ (mP-s) 5 Formation fluid density, p (kg/m”) 1000
Reservoir radius, r; (m) 600 Main horizontal well length, L (m) 400
Main horizontal well center coordinates (x, y, z) (0,0,5)
1000 600000
K,=K,=0.0054m”
h: 10m
= B h ber: 3 &~ 500000
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Ficure 3: Effect of formation heterogeneity on production behavior.

slowly with increasing production time. Figure 6 shows that  4.3. Effects of Well-Type Factors. Compared with traditional
the pressure drop propagation is slowly due to the small pro-  vertical and horizontal well, fishbone multibranched hori-
duction pressure differential, that is, the large FBHP. zontal well has complex well structure and complex seepage
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FI1GURE 4: Effect of formation heterogeneity on transient pressure distribution.
TaBLE 3: Input parameters of simulation for considering different FBHP.
Parameter Value Parameter Value
Formation thickness, h (m) 10 Initial reservoir pressure, p; (MPa) 20
Porosity, ¢ 0.4 Flowing bottomhole pressure, p,, (MPa) 8,10,12
Horizontal permeability, K, (um?) 0.005 Formation heterogeneity, K, /K, 1
Formation rock compressibility, Cs (1/MPa) 2x107 Formation fluid compressibility, C; (1/MPa) 10x 107
Formation fluid viscosity, g (mP-s) 5 Formation fluid density, p (kg/m®) 1000
Reservoir radius, r; (m) 600 Main horizontal well length, L (m) 400

Main horizontal well center coordinates (x, y, z)
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FiGure 5: Effect of FBHP on production behavior.

law in the formation near the wellbore. In this section, the
effects that various well-type factors on the transient pres-
sure distribution and production behavior in an oil reservoir
described mathematically in the previous section are dis-

cussed. The well-type factors include the length of main hor-
izontal wellbore, L; the location of main horizontal wellbore
in reservoir, (x,y,z); the length of branch wellbore, I; the
number of branch wellbore, n; the branch angle between
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FicUre 6: Effect of production pressure differential on transient pressure distribution.
TaBLE 4: Input parameters of simulation for considering different L.
Parameter Value Parameter Value
Formation thickness, h (m) 10 Initial reservoir pressure, p; (MPa) 20
Porosity, ¢ 0.4 Flowing bottomhole pressure, p,, (MPa) 10
Horizontal permeability, K, (um?) 0.005 Formation heterogeneity, K,/K, 1
Formation rock compressibility, C '+ (1/MPa) 2x107* Formation fluid compressibility, C; (1/MPa) 10x 107
Formation fluid viscosity, ¢ (mP-s) 5 Formation fluid density, p (kg/m?) 1000
Reservoir radius, r; (m) 600 Main horizontal well length, L (m) 400,600,800
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Ficure 7: Effect of main wellbore length on production behavior.

branch wellbore and main wellbore, a; and the branch spac-
ing between two branch wellbores, d. Sensitivity analysis of

different factors is as follows.

4.3.1. Effect of the Length of Main Horizontal Wellbore (L).
The effect of L on production behavior is discussed in this
section. The reservoir properties and main well parameters
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FiGure 8: Effect of main wellbore length on transient pressure distribution.
TaBLE 5: Input parameters of simulation for considering different locations of the main horizontal wellbore.

Parameter Value Parameter Value
Formation thickness, & (m) 10,100 Initial reservoir pressure, p; (MPa) 20
Porosity, ¢ 0.4 Flowing bottomhole pressure, p,, (MPa) 10
Horizontal permeability, K, (4m?) 0.005 Formation heterogeneity, K,/K, 1
Formation rock compressibility, C; (1/MPa) 2x107 Formation fluid compressibility, C; (1/MPa) 10x 107
Formation fluid viscosity, y (mP-s) 5 Formation fluid density, p (kg/m) 1000
Reservoir radius, r; (m) 600 Main horizontal well length, L (m) 400
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F1GURrE 9: Effect of vertical height of the main wellbore on production behavior.
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FIGURE 10: Effect of vertical height of the main wellbore on transient pressure distribution.
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FiGure 11: Effect of location of the main wellbore in horizontal plane on production behavior.
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FIGURre 12: Effect of location of the main wellbore in horizontal plane on transient pressure distribution.
TAaBLE 6: Input parameters of simulation for considering different branch well structure.
Parameter Value Parameter Value
Formation thickness, h (m) 10 Initial reservoir pressure, p; (MPa) 20
Porosity, ¢ 0.4 Flowing bottomhole pressure, p,, (MPa) 10
Horizontal permeability, K, (um?) 0.005 Formation heterogeneity, K, /K, 1
Formation rock compressibility, Cy (1/MPa) 2x 1074 Formation fluid compressibility, C; (1/MPa) 10x 107
Formation fluid viscosity, g (mP-s) 5 Formation fluid density, p (kg/m?) 1000
Reservoir radius, r; (m) 600 Main horizontal well length, L (m) 400

Main horizontal well center coordinates (x, y, z)

(0,0,5)

are shown in Table 4. Basic parameters of branch well to be
paid attention to are n =3, =90°, =100 m, and d = 100 m.

The effect of L on production behavior of fishbone mul-
tibranched horizontal well is presented in Figure 7. The
effect of L on transient pressure distribution at 5000d is pre-
sented in Figure 8. As shown in Figure 7, as L decreases, both
the production rate and cumulative production of multi-
branch well increase at the early stage of production. It indi-
cates that large length of the main wellbore results in the
increase of the initial production capacity. Figure 7(b) shows
that the influence of L on cumulative production can be
ignored in the later stage of production, but a there are some
differences in production rate. Figure 7(c) shows that for dif-
ferent times at the initial stage of production, oil production
rate increases linearly with increasing production pressure
differential. Figure 8 shows that the contact area (i.e., drain-
age area) with reservoir can be increased by increasing the

length of the main wellbore, and the pressure propagation
can quickly spread to the boundary and provide a stable
energy supply, which helps to increase the productivity.

4.3.2. Effect of the Location of Main Horizontal Wellbore in
Reservoir (x,y, z). The effect of location of main horizontal
wellbore in reservoir on production behavior is discussed
in this section. The reservoir properties and main well
parameters are shown in Table 5. It should be noted that
the well structure used here is the same as that used in Sec-
tion 4.3.1.

(1) Effect of Vertical Height of the Main Wellbore (z). The
effect of vertical height of the main wellbore (z) on produc-
tion behavior of fishbone multibranched horizontal well for
100m of formation thickness is presented in Figure 9. The
effect of vertical height on transient pressure distribution at
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FIGURE 14: Effect of branch angle on production rate.

5000d for 100m of formation thickness is presented in
Figure 10. As shown in Figures 9(a) and 9(b), as z increases
from 10 to 50, both the production rate and cumulative pro-
duction increase at initial stage of production. That indicates
that well locating in the middle of the reservoir results in
higher early production. In the later stage of production,
the influence of vertical height on production rate can be
basically ignored, but a there are some differences in cumu-
lative production. In addition, as shown in Figure 9(c), the
production rate at the initial stage of production increases
with increasing z, but the increase rate gradually decreases.
Figure 10 shows that the pressure drop propagation is slowly
due to the small z (i.e., the closer the well is to the bottom
boundary), thus leading to the relatively weak productivity.

(2) Effect of Location of the Main Wellbore in Horizontal
Plane (x and y). The effect of location of the main wellbore
in horizontal plane on production behavior for 10m of 4 is
presented in Figure 11. The effect of location in horizontal

Geofluids

plane on transient pressure distribution at 5000d for 10 m
of formation thickness is presented in Figure 12. As shown
in Figures 11(a), 11(b), 11(d), and 11(e), as the x or y
decreases, both the production rate and cumulative produc-
tion increase at the early stage of production. That indicates
that well located in the middle of the reservoir resulted in
higher early production. In the later stage of production,
the influence of x or y on production rate can be basically
ignored, but there are some differences in cumulative pro-
duction. In addition, as shown in Figures 11(c) and 11(f),
the production rate for y = 200 or x = 150 at 10d are higher
than other two scenarios, respectively. However, at 50d, the
production rate for y =0 and 200 are equal, as well as or x
=0 and 150, and the production rate for y =400 or x=
300 are the lowest. Figure 12 shows that the pressure drop
propagation is slowly due to the big y or x (i.e., the closer
the well is to the vertical boundary), thus leading to the rel-
atively weak productivity.

4.3.3. Effect of the Branch Well Structure. The effect of
branch well structure on production behavior is discussed
in this section. The reservoir properties and main well
parameters are shown in Table 6.

(1) Effect of the Length of Branch Well (1). The effect of [ on
production behavior is discussed in this section. Basic
parameters of branch well to be paid attention to are n=3
and d=100m. The initial production rate at production
time of 50d was taken as the comparison target. The effect
of different branch lengths on production rate of multi-
branched horizontal well is shown in Figure 13. The produc-
tion rate of multibranched horizontal well increases
approximately linearly with the increase of branch length,
and the increase rate gradually increases. The reason for this
is that the larger the branch length, the less the increase in
the length of the branch is affected by the main wellbore,
and the greater the stimulation effect for each additional
length of the branch. It can also be seen from Figure 13 that
the effect of increasing branch length is different with differ-
ent branch angles. The larger the branch angle is, the longer
the branch length is, which makes the control area of the
multilateral horizontal wells larger, the mutual interference
between the lateral wells is weakened, the influence of the
main well on the lateral wells is weakened, and the growth
rate of the production rate is greater.

(2) Effect of the Branch Angles (). The effect of & on produc-
tion behavior is discussed in this section. Basic parameters of
branch well to be paid attention to are n=3 and d = 100 m.
The initial production rate at production time of 50d was
taken as the comparison target. The effect of the number
of branches on the production rate of multibranched hori-
zontal well is shown in Figure 14. The production rate of
multibranched horizontal well increases approximately line-
arly with the increase of branch angle, and the increase rate
gradually decreases. The angle at which the increase rate
slows down is generally around 45°. The larger the branch
length, the greater the effect of the branch angle on produc-
tion rate. The reason is that when the branch angle is small,
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Ficure 15: Effect of branch length and angle on transient pressure distribution at 5000 d.

the effect of the main wellbore on the branch wellbores
decreases rapidly with each additional angle, and the contri-
bution of the branch well to production rate increases rap-
idly. However, when the branch angle is large, the effect of
the branch wellbores on the main wellbore becomes less
obvious every time the angle increases, and the contribution
of the branch well to the production rate is relatively small.
Therefore, with the increase of the branch angle, the increase
rate of production rate of the multibranched horizontal well
gradually decreases. In the design of multibranched well, the
angle between the branch wellbore and the main wellbore
should be larger as far as possible.

The effects of branch length and angle on transient pres-
sure distribution at 5000d are presented in Figure 15. We
can find that at a given branch length, with the increase of
branch angle, the control area of fishbone multibranched
horizontal well increases, and the interference between
branch wellbore and main wellbore decreases. Similarly, at
a given branch angle, with the increase of branch length,
the control area increases, and the interference between
branch wellbore and main wellbore decreases. It can also
be seen that the increase of branch angle has different effects
on the shape and area of control area of fishbone multi-
branched horizontal well under different branch lengths.
The longer the branch length, the greater the influence of
branch angle on the shape and area of control area.

After comparison, it can be concluded that the increase
of branch length has a greater effect on the increase of con-

trol area (drainage area) of fishbone multibranched horizon-
tal well than the increase of branch angle, thus resulting in
the greater stimulation effect on production rate. Therefore,
under the premise of drilling technology and drilling safety,
the influence of branch length should be given priority, and
longer branch length and larger branch angle should be
selected.

The effect of branch angle on evolution of transient
pressure distribution for different production stage is pre-
sented in Figure 16. At 10d, the initial stage of produc-
tion, the low-pressure area rapidly diffused outward.
With further production, the low-pressure area begins to
increase gradually. With the increase of branch angle, the
change trend of the pressure field is similar to that of
the branch angle of 30°, but the diffusion speed of the
low-pressure area gradually becomes faster, and the area
of the low-pressure area gradually becomes larger. In the
late production period, the area of low-pressure area grad-
ually tends to be stable, and the area of low-pressure area
of the fishbone multibranched horizontal well with larger
branch angle is larger.

(3) Effect of the Numbers of Branch Well (n). The effect of n
on production behavior is discussed in this section. Basic
parameters of branch well to be paid attention to are o=
45° and d = 100 m. The initial production rate at production
time of 50 d was taken as the comparison target. The effect of
the number of branches on the production rate of multi-
branched horizontal well is shown in Figure 17. With the
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FiGurek 16: Effect of branch angle on evolution of transient pressure distribution.

1000

& 900 -

3

&

S 800 -

]

=

2

S 700 -

=]

2

=%}

=

35 600
500

FiGure 17: Effect of branch numbers on production rate.

FBHP: 10 MPa; Horizontal well length: 400m;
Horizontal well center coordinate-(0,0

//o

Kh=Kv=0.005pm2; h: 10m; Branch angle: 45° Branch gpacing: 100m

50d

1 2 3

Branch number

—e— [=100m
—=— [=200m
—A— 1=300m

4




Geofluids 15

Branch number variation

—

2 3 4

Pa
x10]

1.02|

100m
- 1.01]

x107

200m

Branch length variation

x107

300m

-

FiGure 18: Effect of branch numbers on transient pressure distribution at 5000 d.

1000
Kh=Kv=0.005p.mZ; h: 10m; Branch number: 3; Branch angle: 45°
FBHP: 10 MPa; Horizontal well length: 400m;
’% 900 - Horizontal well center coordinate-(0,0,5)
S
o
g
L 800 A
e
=
2
g 700 - '/./.
=]
I
oy
) 600 -
b - 50d
500 r T T T T
70 80 90 100 110 120 130

Branch spacing (m)

—e— |=100m
—=&— |=200m
—A— [=300m

FiGURE 19: Effect of branch spacing on production rate.

increase of the numbers of branch well, the total production ~ under the condition of different branch lengths. When the
rate of multibranched well increases approximately linearly, ~ branch length is 100 m, the increase of the branch numbers
but the effect of increasing branch numbers varies greatly — causes a slight increase in total production rate, while when
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the branch length is 300 m, the increase of branch numbers
can significantly increase the total production rate of the
multibranched horizontal well.

The effects of branch numbers and length on transient
pressure distribution at 5000d are presented in Figure 18.
We can find that at a given branch length, with the increase
of branch numbers, the control area of fishbone multi-
branched horizontal well increases, but the interference
between branch wellbore and main wellbore increases. Sim-
ilarly, at given branch numbers, with the increase of branch
length, the control area increases, and the interference
between branch wellbore and main wellbore decreases. It
can also be seen that the increase of branch numbers has dif-
ferent effects on the shape and area of control area of fish-
bone multibranched horizontal well under different branch
lengths. The longer the branch length, the greater the influ-
ence of branch numbers on the shape and area of control
area.

(4) Effect of the Spacing between Two Branch Wells (d). The
effect of d on production behavior is discussed in this sec-

tion. Basic parameters of branch well to be paid attention
to are n =3 and a =45°. The initial production rate at pro-
duction time of 50d was taken as the comparison target.
The effect of the branch spacing on the production rate of
multibranched horizontal well is shown in Figure 19. With
the increase of the branch spacing, the total production rate
of multibranched well increases linearly, but the effect of
increasing branch spacing varies greatly under the condition
of different branch lengths. When the branch length is
100m, the increase of the branch spacing causes a slight
increase in total production rate, while when the branch
length is 300 m, the increase of branch spacing can signifi-
cantly increase the total production rate of the multi-
branched horizontal well.

On the one hand, the reason is that when the branch
length is small, the effect of the main wellbore on the branch
wellbores decreases slowly with each additional spacing, and
the contribution of the branch well to production rate
increases slowly. On the other hand, when the branch spac-
ing is large, the interference between branch wellbores
becomes less obvious, and the contribution of the branch
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well to the production rate is relatively big. Therefore, the
influence of branch length should also be considered when
choosing proper branch spacing.

The effects of branch spacing and length on transient
pressure distribution at 5000 d are presented in Figure 20.
We can find that at a given branch length, with the increase
of branch spacing, the control area of fishbone multi-
branched horizontal well increases, and the interference
between branch wellbore and main wellbore decreases. Sim-
ilarly, at a given branch spacing, with the increase of branch
length, the control area increases, and the interference
between branch wellbore and main wellbore decreases. It
can also be seen that the increase of branch length has differ-
ent effects on the shape and area of control area of fishbone
multibranched horizontal well under different branch spac-
ing. The larger the branch spacing, the greater the influence
of branch length on the shape and area of control area.

5. Conclusions

In this paper, we investigated the production behavior and
transient pressure distribution characteristics of fishbone
multibranched horizontal well in an oil reservoir by numer-
ical simulation considering different reservoir and well-type
factors. From the above analysis, the following conclusions
can be drawn:

(1) The numerical model of fishbone multibranched
horizontal oil well is established. The mathematical
model is numerically solved by finite element
method, and oil production rate is calculated using
material balance method. The different transient
pressure distribution characteristics and production
behavior are caused by various reservoir and well-
type factors

(2) The reservoir properties, as well as FBHP, have
important effect on the production behavior and
transient pressure distribution. With the increase of
effective thickness, oil reserves increase and multi-
branched well recovery capacity increases. With the
increase of heterogeneity, vertical seepage resistance
increases and productivity decreases. Different het-
erogeneity has different effect on area and shape of
control area, and the vertical permeability has an
important influence on the productivity. Lower
FBHP results in greater elastic productivity. The
pressure drop propagation is slowly due to the large
FBHP

(3) The length and location of the main wellbore have
an important effect on the production behavior and
transient pressure distribution. The large length of
the main wellbore results in the increase of the pro-
duction capacity. When the horizontal section of
the multibranched well is located in the middle of
the reservoir, the daily production and cumulative
oil production of the multibranched well are the
largest under any circumstances. In addition, at the
horizontal plane, deviating from the middle of the
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reservoir perpendicular to the main well has a
greater impact on productivity

(4) The branch well structure which is an important fac-
tor affecting the productivity of fishbone multi-
branched horizontal well includes branch length,
branch numbers, branch angle, and branch spacing.
With the increase of branch length, the production
rate increases more obviously with large branch
angle, and the increase rate gradually increases. With
the increase of branch angle, the production rate
increases more obviously with large branch length,
but the increase rate gradually decreases. With the
increase of branch numbers, the production rate
increases more obviously with large branch length.
With the increase of branch spacing, the production
rate increases more obviously with large branch
length. The increase of branch length has a greater
effect on the increase of production rate and control
area than the effect of other factors. Hence, a longer
branch length should be selected under the premise
of drilling technology and drilling safety

(5) The analysis results show that the new method and
model in this study have important significance to
production behavior analysis for practical applica-
tion. The new method not only enriches production
analysis of fishbone multibranched horizontal well in
reservoir considering different influencing factors
and provides some valuable advice for drilling but
also provided a useful tool in performance analysis
of other multibranched well with complex structure
in two-region composite reservoirs
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Well interference is commonly observed in shale gas reservoirs due to the small well spacing, and it significantly affects the shale
gas production. Effective evaluation of well interference is important to increase the gas production of shale gas wells. Previous
researches mainly focus on the well interference phenomenon and production optimization using numerical simulation so that
the quantitative analysis of shale gas well interference is rare. Therefore, this paper is aimed at analyzing the well interference
of shale gas wells through production type curves. First, the complex fracture networks are described by using the embedded
discrete fracture model (EDFM). Second, different cases are designed to characterize different types and degrees of well
interference in shale gas reservoirs. Third, numerical modelling is conducted to simulate the well interference and its effect on
gas production. Fourth, the type curves are obtained to quantitatively analyze and compare the impact of well interference on
shale gas production. Results show that well interference caused by hydraulic fractures mainly reduce the gas production of the
parent well while the gas production of child well can be increased owing to the larger equivalent stimulated area. The pressure
depletion is obvious when the well communication degree becomes higher. Differences can be found from early to late periods
by the combination of log-log and Blasingame type curves. This work provides a method for well interference evaluation, and

it can be used to obtain well spacing and adjust fracturing parameter in shale gas reservoirs.

1. Introduction

The permeability and porosity of shale gas reservoirs are
ultralow due to abundant nanopores [1-5]. Stimulation
technology is required to obtain commercial productivity
[6]. Horizontal well drilling and hydraulic fracturing
technologies have been commonly used to generate high-
permeability fracture networks [7-11]. Multiwell pad is
further introduced to decrease the drilling and fracturing
costs, and each well pad is usually composed of six to eight
horizontal wells [12, 13]. However, well interference is
observed in shale gas reservoirs due to the small well spacing
(e.g., 300 m to 500 m). How to characterize and analyze the
well performance in shale gas reservoirs is important for
enhancing the ultimate shale gas production [14].

In recent years, the well interference phenomena in
unconventional oil and gas reservoirs have attracted much
research interest [15-17]. The well interference is modelled

using different methods. Lawal et al. simulated and forecasted
frac hits in shale gas wells and indicated that the gas
production reduction was caused by the flow resistance due
to the multiphase flow in the fracture network or the perme-
ability decrease around the wells [18]. Moradi and Angus
modelled the frac hits by using dynamic microseismicity-
constrained enhanced fracture regions [19]. Guo et al. con-
ducted numerical investigation about the effects of subsequent
parent well injection on interwell fracturing interference using
reservoir-geomechanics-fracturing modelling approaches
[20]. Mohaghegh presented dynamic simulation of frac hit
based on artificial intelligence and machine learning methods
[21]. The impact of fracturing interference on gas production
performance is also analyzed [22]. The mechanisms of well
interference and different types of well interference types in
shale reservoirs are further investigated [23-25]. Various
methods are developed to evaluate the well interference caused
by hydraulic fracturing in the shale reservoirs. Sardinha et al.
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applied frac pressure hits and production interference analysis
to estimate the well connectivity [26]. Gupta et al. focused on
identifying the well interference by forecasting long-term
production and residual analysis [27]. Molina established an
analytical model to assess the fraction of frac fits in multiwell
pads [28]. Kumar et al. performed integrated analysis of tracer
and pressure-interference tests to identify well interference
[29]. Arman et al. forecasted the mid and far field frac hits at
an Eagle Ford and Wolfcamp well based on shale pressure
depletion and well performance using geomechanical con-
straints [30]. GIS Platform was used to evaluate the risks of
frac hits in the Aishwarya Barmer-Hill Field [31]. Magneres
et al. developed a workflow to estimate the well interferences
and its maximum expected well head pressure using magni-
tude forecast methodology [32]. To enhance the shale gas pro-
duction, well spacing needs to be optimized to decrease well
interference [33-35]. Except for well spacing, the stimulation
design also needs to be optimized [36]. Different fracturing
technologies are applied to prevent well interference, including
fracture geometry control technology [37] and adaptive frac-
turing [38]. Other prevention methods are also proposed to
mitigate the well interference especially the frac hits, including
preloading depleted parent wells or fluid injection [39-41],
chemical or mechanical treatments such as refracturing or sol-
vent/surfactant chemistry blend [42-44]. Also, there are some
filed case studies about the mitigation measures for well inter-
ference [45, 46]. However, the remedial costs are huge and the
recovering effect is uncertain by the prevention measures. A
quick and accurate evaluation of well interference is important
for selecting measures to reduce the effect of well interference
on shale gas production. Exact characterization of complex
fracture networks is required for shale gas wells, especially
for the multiple wells with fracture interference [47-49]. The
embedded discrete fracture model (EDFM) is able to accu-
rately and efficiently deal with both natural fractures and
hydraulic fractures, which does not require local grid refine-
ment nearby fractures through nonneighboring connections
[50-53]. PTA and RTA are methods to analyze well interfer-
ence, which can identify the characteristics of well interference
in some specific periods [54-59].

The current research mainly focuses on the phenome-
non, reason, mechanism, and mitigation suggestions for well
interference. The quantitative analysis method for shale gas
well interference evaluation needs to be further investigated.
Thus, this paper tries to analyze the well interference of shale
gas wells through production type curves based on numeri-
cal simulation using EDFM technology.

2. Fracture Characterization and Calculation

Complex fracture networks are generated through large-
scale hydraulic fracturing in shale gas formations. How to
characterize and calculate the formed fracture networks
including both hydraulic and natural fractures becomes a
crucial issue for efficient development of shale gas resources.
The dual porosity and dual permeability models belong to
the continuum media, which is unavailable for the fracture
description in shale gas reservoirs [60]. A discrete fracture
model is more accurate to characterize the hydraulic frac-
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tures and natural fractures [61]. Although the discrete
fracture model based on unstructured grids shows good per-
formance in representing complex fracture geometries, the
huge number of grids and big differences among grid scale
result in high computation costs and poor convergence as
well as difficulty on gridding [62]. Therefore, it is hard to
efficiently handle the complex fractures by using the discrete
fracture model based on unstructured grids. In recent years,
the EDFM was developed to meet the accuracy of discrete
fracture models with structured gridding especially in the
unconventional oil and gas reservoirs [63]. The grid number
is significantly reduced since the refinement near the frac-
tures is not required compare to the discrete fracture model
with unstructured gridding. Furthermore, the gridding is
easier and the convergence is better based on EDFM.

2.1. Nonneighboring Connections. The nonneighboring
connections (NNCs) are proposed to handle the different
intersections among natural fractures, hydraulic fractures,
and matrices [62]. The fracture can be divided into multiple
segments through matrix cells and generate NNCs. The fluid
flow between the fracture and matrix can be efficiently
modelled using the transmissibility of NNCs [63].

The NNCs can be divided into three categories (see
Figure 1), including the connection between the matrix grid
and fracture segment, connection between different fracture
segments within the same fracture, and connection between
different fractures.

2.1.1. Transmissibility of Connection between Matrix Grid
and Fracture Segment. The schematic of fracture-matrix
connection can be found in Figure 1(a). Its transmissibility
can be calculated by [62]

T —m = . > (1)
f i

[, X,dv )

e (2)

where A is the area of the fracture plane. i’ denotes the per-

—

meability tensor. ,— is the normal vector of the fracture
plane. d;_,, represents the distance between the matrix and
fracture segment. V means the fracture volume. X, denotes
the distance from the matrix unit to the fracture segment.

2.1.2. Transmissibility of Connection between Fracture
Segments within the Same Fracture. The connection between
fracture segments from the same fracture is shown in
Figure 1(b). Its transmissibility can be obtained and
expressed as [62]

T,T
T = 1°2 , 3
seg T1+T2 ()
kA kA
T =L 1,= "¢, (4)
' dsegl 2 dsegZ

where k; is the fracture permeability. A. means the common
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(a) Connection between the matrix grid and fracture segment

(b) Connection between fracture segments within the same fracture

(c) Connection between different fractures

FiGure 1: Three kinds of connections between the fracture and matrix.

denotes the dis-

tance from the center of fracture segment 1 to the common
plane. d,,, denotes the distance from the center of fracture

plane area of two fracture segments. d.,

seg2
segment 2 to the common plane.

2.1.3. Transmissibility of Connection between Different
Fractures. Figure 1(c) shows the intersection between two
different fractures. The transmissibility between them can
be calculated by [62]

T, T
T =_12 5
int T1+T2 ( )
kpwe L krpwe, L,
le fldfl 1nt’T2= f2df2 mt’ (6)
11 12

where L;, is the length of the intersection line. ks, and kg,

represent the permeability of fracture 1 and fracture 2,
respectively. dj; and dj, denote the weighted average dis-

tance from the intersection line to the fracture 1 and fracture
2, respectively. wy, and wy, are the fracture aperture of frac-

ture 1 and fracture 2, respectively.

2.2. Well Index. The well index in EDFM can be calculated
through the effective well index of the fracture segment
intersecting with the horizontal wellbore, as shown in [62]

WI, =717 7
T n (r,iry) @)

r,=0.14VL2 + W2, (8)

where k; and w; are the permeability and aperture of the frac-
ture. r, and r,, represent the supply radius and well radius. L
means the fracture length, and W is the fracture height.

After the calculation of transmissibility of different
NNCs and the well index, the EDFM model can be coupled
with commercial reservoir simulators for numerical simula-
tion efficiently [64].

3. Well Interference Modelling

3.1. Model Design. Based on the well distribution and
fracture features in shale gas reservoirs, six physical models
are designed to analyze the effect of well interference on pro-
duction performance. The distribution of horizontal well,
hydraulic fractures, and natural fractures of two MFHWs
are presented in Figure 2.
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F1GURE 2: Distribution of horizontal wells and hydraulic fractures as well as natural fractures. (a) Two horizontal wells are not directly
connected. (b) Two horizontal wells are connected through partial hydraulic fractures. (c) Two horizontal wells are connected through
all hydraulic fractures. (d) Two horizontal wells are connected through partial natural fractures. (e) Two horizontal wells are connected
through both hydraulic fractures and natural fractures. (f) Two horizontal wells are connected through numerous natural fractures.

Case 1. Two horizontal wells are not directly connected
(see Figure 2(a)). Pressure interference is dominated
through matrix.

Case 2. Two horizontal wells are connected through 50%
hydraulic fractures (see Figure 2(b)). And well interference
is composed of fracturing interference and pressure interfer-
ence through hydraulic fractures and matrix.

Case 3. Two horizontal wells are connected through all
hydraulic fractures (see Figure 2(c)). And well interference
is composed of fracturing interference and pressure interfer-
ence through all hydraulic fractures and matrix.

Case 4. Two horizontal wells are connected through partial
natural fractures (see Figure 2(d)). And well interference is
composed of fracturing interference and pressure interfer-
ence through natural fractures and matrix.

Case 5. Two horizontal wells are connected through both
hydraulic fractures and natural fractures (see Figure 2(e)).
Well interference is caused by fracturing interference and
pressure interference through hydraulic, natural fractures,
and matrix.

Case 6. Two horizontal wells are connected through lots of
natural fractures (see Figure 2(f)). The well interference is
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TaBLE 1: Basic parameters of formation, horizontal wells, and fractures.
Parameters Value Parameters Value
Formation permeability 0.0001 mD Well length 1460 m
Porosity 0.06 Number of hydraulic fractures 50
Formation height 35m Hydraulic fracture conductivity 20mD m
Compressibility coefficient 1.0e —7 1/kPa Natural fracture conductivity 2mDm
Initial pressure 60000 kPa Well radius 0.1m
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FIGURE 3: Pressure distribution of two MFHW:S considering only hydraulic fractures in different time steps. (a) Two horizontal wells are not
directly connected. (b) Two horizontal wells are connected through partial hydraulic fractures. (c) Two horizontal wells are connected

through all hydraulic fractures.

caused by fracturing interference and pressure interference
through lots of natural fractures and matrix.

The basic parameters of shale gas reservoirs, horizontal
wells, and fractures can be seen in Table 1.

3.2. Pressure Distribution. To consider the effect of fractur-
ing fluid on gas production, fluids are injected into the par-

ent well from Jan 2, 2020 to Jan 20, 2020, and the well was
further shut in for 11 days. From Feb 1, 2020, the parent well
was put into production. The designed gas production is
250000m°/d and the minimum bottom-hole pressure
(BHP) is set as 5 MPa. After about two years, the child well
was fractured beginning from Jan 1, 2022 to Jan 20, 2022.
The child well began to produce gas and water from Feb 1,
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FIGURE 4: Pressure distribution of two MFHW:s considering both hydraulic fractures and natural fractures. (a) Two horizontal wells are
connected through partial natural fractures. (b) Two horizontal wells are connected through both hydraulic fractures and natural
fractures. (c) Two horizontal wells are connected through numerous natural fractures.

2022. For the child well, the gas production is also set as
250000m°/d and the minimum bottom-hole pressure
(BHP) is 5 MPa.

To compare the well interference of different cases, the
pressure distribution in different time steps (Mar 2022 and
Dec 2025) of two MFHWSs considering only hydraulic frac-
tures (Cases 1 to 3) are obtained as shown in Figure 3. In
the early period, the difference of pressure distribution
between Case 1 and Case 2 is not obvious as shown in
Figures 3(a) and 3(b). However, the difference gradually
becomes bigger since the well interference becomes stronger
when two horizontal wells are connected with partial
hydraulic fractures. If the two wells are totally connected
through all hydraulic fractures (see Figure 3(c)), the well
interference is obvious and the impact of well interference
on the pressure distribution is significant. The pressure
depletion is obvious when the well communication degree

becomes higher, which can provide guidance for well spac-
ing optimization.

Except for the effect of hydraulic fractures on well inter-
ference and pressure distribution, the impact of natural frac-
tures also needs to be investigated. The pressure distribution
of two MFHWs considering hydraulic fractures and natural
fractures under three kinds of well connection conditions are
shown in Figure 4. Firstly, the pressure distribution of Case 4
(see Figure 4(a)) is quite different with Case 1 (see Figures 3
(a)). It indicates that well interference is obvious when two
horizontal wells are directly connected through hydraulic
fractures or natural fractures. In addition, the impact of
natural fractures on pressure distribution is relatively weaker
than hydraulic fractures especially for the late period (see
Figures 4(b) and 4(c)). However, it is hard to quantitatively
evaluate the well interference and its impact on gas produc-
tion only based on the pressure distribution.



Geofluids

300000
5 250000 \
£ 200000 y
o
§§ 150000
I
o
2" 100000
© \\ \

50000

0 .
0 500 1000 1500 2000

—— Child well (Disconnection)
Parent well (Disconnection)

Time (days)

—— Parent well (Connection_50% hfs)
—— Child well (Connection_100% hfs)

Child well (Connection_50% hfs) —— Parent well (Connection_100% hfs)

FIGURE 5: Production curves of two MFHWSs considering only hydraulic fractures.

4. Well Interference Analysis

Type cures are developed to further quantitatively analyze
the well interference, including the log-log type curve and
Blasingame type curve. The feature on log-log type curve
and Blasingame type curve under different well connections
are identified to evaluate well interference.

4.1. Log-Log Type Curve. The log-log type curve is composed

of the rate normalized pressure integral and rate normalized

pressure integral derivative. The rate normalized pressure

integral can be defined as

1 (tep.— T

rni: _J pl pwf( )dT. (9)

te 0 q(T)

On the basis of Equation (9), the rate normalized

pressure integral derivative can be obtained shown as

Equation (10).

d [1 rpf ~ Pug(7) d,], (10)

“P " 3nt, |1, ), q(t)

where p,. and p ., represent the rate normalized pressure
integral and its derivative, respectively. P; is the initial forma-
tion pressure. P, is the bottom-hole pressure. q is the gas pro-
duction. ¢, is the equivalent time, and ¢, = Q(¢)/(24(¢)).

4.2. Blasingame Type Curve. The Blasingame type curves are

proposed to handle the production data under changeable

pressure and production rate [65]. It is composed of pres-

sure normalized rate, pressure normalized rate integral,

and pressure normalized rate integral derivative curves.
The pressure normalized rate is defined as

q(7)

™ o pug (D) (1)

The pressure normalized rate integral can be calculated

3

eﬂdt

pni = lJ’ (12)
teJo Pi = Pus(7)

Based on Equation (12), the pressure normalized rate
integral be expressed as

t

c ‘Z(T) (T> dT] , (13)

e _ 0 1
PniD_alntc ZJOpi_pwf

where R, R, and R,;, represent the pressure normalized
rate, pressure normalized rate integral, and its derivative,
respectively. P; is the initial formation pressure. f, means

the material balanced time, and ¢, = Q(t)/q(t).

4.3. Well Interference Type Curve. To compare the impact of
hydraulic fractures and natural fractures, we separate the six
cases into two groups. The first group consists of Cases 1, 2,
and 3. The second group is composed of Case 1, 4, 5, and 6.

Firstly, the production data needs to be analyzed and
compared. The production curves of two MFHW3s consider-
ing only hydraulic fractures under three kinds of well con-
nection conditions (Cases 1 to 3) are shown in Figure 5.
After the wells are connected through hydraulic fractures,
the gas production of the parent well decreases rapidly and
the water production increases quickly. Bigger decline of
gas production for the parent well can be identified with
the increase of well communication degree (e.g., from Case
2 to Case 3). Although it begins to recover in the later stage,
it is still lower than that of parent wells with lower well com-
munication degree. However, the gas production of child
well shows the opposite characteristics. Higher communica-
tion degree between wells through hydraulic fractures results
in the stimulation area or degree for the child well so that the
gas production is slightly higher than that with lower com-
munication degree or even disconnection. It indicates that
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well interference caused by hydraulic fractures mainly
reduce the gas production of the parent well while the gas
production of child well can be increased owing to the larger
equivalent stimulation area and degree.

Then, the production and pressure data can be processed
by using the Equations (9) and (10). The log-log type curves
are generated for the MFHWSs considering only hydraulic
fractures under three different well connection conditions
(Cases 1 to 3), shown in Figure 6. Obvious differences can
be found from early to late periods in the log-log type curves
when two horizontal wells are connected with hydraulic

fractures (Cases 2 and 3) or two wells are not directly
connected with hydraulic factures (Case 1). Especially,
the distinctions during early period are more obvious.
The rate normalized pressure integral derivative drops a
lot with the increase of well connectivity, while it becomes
larger under late period with the increase of well connec-
tivity. Therefore, well interference can be identified using
the log-log type curves.

Furthermore, the Blasingame type curves can also be
obtained using the Equations (11) and (13) based on the pro-
duction and pressure data. Figure 7 shows the Blasingame type
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curves for the MFHWSs considering only hydraulic frac-
tures under three different well connection conditions
(Cases 1 to 3). Distinctions can be observed on the type
curves among different well connection conditions by the
combination of pressure normalized rate, pressure normalized
rate integral, and pressure normalized rate integral derivative,
especially during early and late periods. When two wells are
communicated directly through hydraulic fractures, the pres-
sure normalized rate integral derivative drops a lot during
the early stage with the increase of well connectivity, while it
moves up under late period with the increase of well connec-
tivity. The differences during the late period on the Blasingame
type curves among three cases are bigger than that on the log-

log type curves, while the features during early period on the
log-log type curves are clearer. Thus, the well interference of
shale gas reservoirs can be identified by the combination of
the log-log and Blasingame type curves.

In this part, the impact of natural fractures on the pro-
duction data and type curves will be analyzed. The produc-
tion curves of two MFHWs considering both hydraulic
fractures and natural fractures under three kinds of well
connection conditions (Cases 4 to 6) are shown in
Figure 8. Case 1 was included in this part to show the com-
parison. Compared to Case 1, more fractures are added in to
Cases 4 to 6 so that the gas production is improved owing to
bigger simulated area. When the fracturing interference
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FIGURE 10: Blasingame type curves of different well connection conditions considering both hydraulic fractures and natural fractures.

occurs, the gas production of the parent well decreases due
to the impact of fracturing fluids from the child well. Differ-
ent from Figure 5, the decline degree of gas production is
minor when child well is connecting parent well only
through natural fractures (Cases 4 and 6). But, if two wells
are communicated with natural and hydraulic fractures,
the gas production of the parent well decline a lot (Case 5).
We can conclude that well interference caused by natural
fractures is much weaker compared to hydraulic fractures.

To identify the impact of well interference caused by nat-
ural fractures, log-log type curves are generated as shown in
Figure 9. On the one hand, differences can be observed
between Case 1 and Cases 4 to 6, especially on the rate nor-
malized pressure integral derivative curves. On the other
hand, the distinctions are minor if the parent well and child
well are communicated with only natural fractures (Cases 4
and 6). Additionally, the impact of fracturing interference
caused by hydraulic fractures or numerous natural fractures
can be identified using the rate normalized pressure integral
derivative curve (Case 5 and 6).

The feature of fracturing interference is not obvious
enough on the log-log type curves so that the Blasingame
type curves are developed based on the production and pres-
sure data of Cases 1, 4, 5, and 6 (see Figure 10). It is obvious
that major differences during early, middle, and late periods
can be found on the Blasingame type curves under different
well communication degrees. And the signal of fracturing
interference caused by the natural fractures is more obvious.

5. Conclusions

This paper focuses on the well interference analysis of shale
gas wells. EDFM technology is introduced to deal with the

hydraulic fractures and natural fractures as well as model the
well interference caused by hydraulic and natural fractures.

(1) After the wells are communicated through hydraulic
fractures, the gas production of the parent well
declines a lot due to the fracturing fluids from the
child well. However, if two wells are connected only
through natural fractures, the decline degree of gas
production is much minor. Well interference caused
by natural fractures is much weaker compared to
hydraulic fractures

(2) For wells connected through hydraulic fractures, the
differences during the late period on the Blasingame
type curves are clearer than that on the log-log type
curves, while the features during early period on
the log-log type curves are easier to distinguish

(3) For wells connected through only natural fractures,
the distinctions are minor if the parent well and
child well are communicated with only natural frac-
tures, the signal of fracturing interference caused by
the natural fractures are more obvious on the
Blasingame type curves

Thus, the well interference of shale gas reservoirs can be
identified by the combination of log-log and Blasingame type
curves. This work can be helpful for understanding the well
interference feature and its impact on shale gas production.

Data Availability
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