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()

Figure 5. Comparison between monthly mean wind speed data and the scale parameter (c) over 3 years
period at sites (a) Mersing, (b) Kudat, and (c) Kuala Terengganu.
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Figure 6. Monthly and annual mean wind speeds at sites (a) Mersing, (b) Kudat, and (c)
Kuala Terengganu.

4.2. Estimation of Wind Power Density and Energy Density at Different Heights

The observed wind speed data at the station were converted to 100 m height wind speed data
using Equation (9), and then the converted data were used to determine the wind potential. The scale c
and shape k Weibull parameters were estimated using the EM. The wind power and energy density
were measured, respectively, by Equations (5) and (6) at heights of (43.6 m) and (100 m) in Mersing,
as shown in Table 3. The rest of the calculations for wind power and energy density at heights of 3.5 and
100 m and 5.2 and 100 m in Kudat and Kuala Terengganu, respectively, can be found in Appendix B.

From Table 3, it is observed that the maximum power density from the actual wind speed of
Mersing, Kudat, and Kuala Terengganu was found to be 52 W/m2, 19 W/m?2, and 20 W/m?, respectively.
However, the maximum power density of Mersing, Kudat, and Kuala Terengganu, when the actual
wind speed data was converted to 100 m height, was calculated to be 180 W/m2, 80 W/mZ2, and 72 W/m?2,
respectively. Here, it is evident that the Mersing site has a higher mean monthly power density
compared to Kudat and Kala Terengganu under various heights.
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The annual mean power density of Mersing, Kudat, and Kuala Terengganu varies between
84.59 W/m?, 79.28 W/m?, and 33.36 W/m? at a height of 100 m. The annual power density is also less
than 100 W/m? for all the locations, and, therefore, these locations can be categorized as a class 1 wind
energy resource. This wind energy resource class, in general, is inappropriate for large-scale wind
turbine applications. Nevertheless, the generation of small-scale wind energy at a turbine height of
100 m [6] is viable. However, for small-scale applications, and in the long-term with the development
of wind turbine technology, the use of wind energy continues to hold great promise.

4.3. Estimation of the Suitable Wind Turbine Units at Malaysia Sites

The selection of the wind turbine should be made with a rated wind speed that corresponds to
the maximum energy wind speed in order to maximize energy output. For the annual energy output,
the selected wind turbine will have the maximum capacity factor, defined by the ratio of the actual
power generated to the rated power output [30]. The average power output values, Pe 4., and Cf,
are crucial performance factors of the wind energy conversion system (WECS).

The technical data of six differently sized wind turbines are summarized in Table 4.
The summarized information in Table 4 is obtained from [13,19]. The cut-in wind speed, or the
speed at which the turbine commences power production, is 2.7 m/s for four of the six turbines, while
for the other two turbines, the cut-in wind speed values are 2 and 3.5 m/s, respectively. The cut-out
wind speed of 25 m/s applies to all the turbines. Table 4 represents the information pertaining to the
rated speed, rated output power, hub height, and rotor diameter of the wind turbines analyzed.

Table 4. The technical data of wind turbines.

Characteristics P10-20 591672E P12-25 G-3120 P15-50 P25-100
Rated power (kw) 20 22 25 35 50 100
Hub height (m) - 30 - 427 - -
Rotor diameter (m) 10 15 12 19.2 15.2 25
Cut-in wind speed (m/s) 2.7 2 2.7 35 2.7 2.7
Rated wind speed (m/s) 10 10 10 8 12 10
Cut-off wind speed (m/s) 25 25 25 25 25 25

Depending on the turbine’s characteristics in Table 4, and the Weibull parameters derived from
applying EM using the Matlab toolbox, the electrical output of the wind turbines can be made available
by using the formulation earlier defined in Equation (7).

Knowing the output power of the wind turbines, it is then possible to obtain a computation of the
average output power value of each wind turbine. As the capacity factor of a wind turbine is the ratio
of its average output power to its rated power, the energy output data are employed in calculating the
capacity factor of the wind turbines, which are of sizes 20, 22, 25, 35, 50, and 100 kW. A comparison of
the capacity factors computed for various wind turbines at different heights is presented in Figure 7.

From Figure 7, it can be seen that the capacity factor goes up as the hub height increases. Moreover,
the capacity factor increases for wind turbines of a size of 35 kW. In Mersing, the maximum capacity
factor is achieved as about 23.66% for the Endurance America model of the G-3120 kW wind turbine,
whereas in Kuala Terengganu, the lowest capacity factor is achieved as approximately 7.82% for the
Endurance America model of the G-3120 kW wind turbine. Kudat, with about 19.21%, ranks second in
terms of capacity factors compared to the regions.
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Figure 7. Comparison of the capacity factors obtained for different wind turbines at various heights for
sites (a) Mersing, (b) Kudat, and (c) Kuala Terengganu.

The G-3120 (35 kW) wind turbine has the highest capacity factors of 23.66%, 19.21%, and 7.82%,
at suggested heights of 100 m for Mersing, Kudat, and Kuala Terengganu, respectively, among the
models considered. Therefore, the reliability analysis was carried out only for Mersing and Kudat,
which have high capacity factors, whereas Kuala Terengganu was not considered as it has low
capacity factors.



Processes 2019, 7, 399

5. Results and Discussion

In this section, the reliability indices evaluation of generating systems for wind power generation
using a sequential Monte Carlo simulation (SMCS) is presented. In addition, the strategies for wind
farm operation at Malaysian sites (Mersing and Kudat) are presented and compared by assessing the
reliability of wind energy generation when adding to the RBTS test system [31].

5.1. Case Studies

As reported in the literature, two wind generating stations suggested at the specific sites in
Malaysia, Mersing and Kudatas, have low wind speed and thus require small-scale rated power wind
turbines of around 35 kW for installation in two selected locations for reliability analysis.

Reliability analysis using the simulation technique suggested in this paper is applied to the
RBTS, which contains the WECS. The hourly wind data obtained from the two locations—Mersing
and Kudat—atre used for studying the hourly wind speed of the Weibull model considered for
the simulation. Then, the Weibull parameters ¢ and the k are obtained by the empirical method.
The obtained values were used to generate hourly wind speed data for deducing the available wind
power from the wind turbine generators (WTG) chosen for both of the sites for reliability assessment.

The values of c are around 4.88 and 4.46 m/s, and the values of k for wind speed distribution are
2.25 and 1.84 for Mersing and Kudat at the proposed height of 100 m, respectively; these values were
obtained by simulation. The WTG unit that is selected for installation in the farm has the following
specifications: Vci = 3.5 m/s, Vr = 8 m/s, and Vco = 25 m/s, and the rated power output of every WTG
unit is Pr = 35 kW [19]. Figures 8 and 9 show the simulated output power with 35 kW for each WTG in
the sampling year, and the simulation of the farm with output power is 1.85 MW for 53 WTG units
in Mersing.
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Figure 8. Simulation of the output power from WTG for the sampling year.
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Figure 9. Simulation of the output power from wind farm for the sampling year.

The RBTS was simulated for 600 trials using the SMCS method. The simulation proceeded in
chronological order from one hour to the next, repeatedly, using yearly samples until the specified
convergence criteria were met. Figure 10 shows the available capacity for the power system containing
wind power generation from the wind farm in Mersing during the simulated process for yearly
samples and the superimposition of the available capacity with the chronological load model. It can be
seen from this state of the system that the available capacity of the power generating system is not
sufficient to meet the load demands. Thus, there are some intersections that are seen in the diagram.
Figure 11 represents the reliability indices for simulation with (600) sampling years. The values of
LOLE, the amount of the LOEE, and the frequency of losing a load during the simulation process are
depicted in Figure 11 for wind power in the Mersing site.

Available capacity of the generation system
260 T T

|
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Figure 10. The available capacity of the generation system which is superimposed with the
chronologically available load model.
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Figure 11. Simulation of reliability indices with (600) sampling years.
5.2. Calculated Reliability Indices for RBTS Including Wind Power Generation

To evaluate the contribution of wind energy to the overall reliability of the generating systems,
Table 5 compares the reliability indices before and after adding the 53 WTGs and 106 WTGs to the
conventional units of RBTS. The results obtained were compared with the results obtained from the
SMCS method reported in [32]. The simulation process was terminated after a set number of samples
(600 times) had been achieved. The results show that the reliability indices demonstrate a distinguished
and slightly improved reliability of RBTS, including wind power from both locations (Mersing and
Kudat) by the addition of 1.85 MW and 3.71 MW from the proposed wind farms. The LOLE and
LOEE indices are typically employed to gauge the extent of benefits in assessing the wind energy of
generating systems. Therefore, after adding the wind generating 1.85 MW to the system, the LOLE
index was reduced to 1.115 and 1.131 h/year for Mersing and Kudat, respectively, when compared with
the results from the base case, which shows the reliability assessment of the power generation system.
Additionally, after adding the wind generating 3.71 MW to the system, the LOLE index wass reduced
to 0.987 and 1.128 h/year for Mersing and Kudat, respectively, when compared with the results from
the base case, which shows the reliability assessment of the power generation system.

Table 5. Reliability indices at various sites in Malaysia.

Reliability Indices
Name of Site LOLE LOEE LOLF LOLD
(hrs/year) (MWh/year) (occ/year) (hrs/occ)
Basic RBTS system without wind generation 1152 11.78 0.229 4856
(published) : ) : )
Basic RBTS system without wind generation 1161 10.191 0230 505
(computed) ’ ’ ’ ’
Basic RBTS system and (53 x 0.035 = 1.85 MW) 1115 9744 0225 4944
wind generators at Mersing site ’ ’ ’ :
Basic RBTS system and (106 x 0.035 = 3.71 MW)
wind generators at Mersing site 0.987 7:357 0.220 4.486
Basic RBTS system and (53 x 0.035 MW) wind 1131 10.948 0225 5012
generators at Kudat site ’ ’ ’ :
Basic RBTS system and (106 x 0.035 = 3.71 MW) 1128 10.018 0236 4779

wind generators at Kudat site

Loss of Load Expectation (LOLE)/ LOLE (hour/year); Loss of Energy Expectation (LOEE)/ LOEE (MWh/year); Loss of
Load Frequency (LOLF)/ LOLF (occurrence/year); Loss of Load Duration (LOLD)/ LOLD (hour/occurrence).
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Further, it can be observed that this study was done with a small percentage of peak load reduction
at around 1% and a small number of wind turbines, to demonstrate the primary effect of wind energy
penetration from selected locations in Malaysia in the reliability of the generation system for the RBTS.

6. Conclusions

In this paper, analyses of the wind speed data characteristics and wind power potential assessment
at three given locations in Malaysia were done. In addition, this study tests the effects of the potential
wind power from different locations. An SMCS technique is used to show the effects of wind energy for
the RBTS test system by a set of reliability indices. The results reveal that the wind power connected
to the RBTS test system is only from two locations in Malaysia. Further, the reliability indices are
compared prior to and after the addition of the two farms to the considered system. The results
show that the reliability indices are slightly improved for RBTS, including wind power from both
locations, as suggested. Moreover, the wind resources at specific sites in Malaysia are more suitable for
small-scale standalone energy conversion systems and could also be hybrid energy systems.

Recommendations for future studies include extending the statistical analysis model used for
different sites in Malaysia to include more relevant factors for wind farms and evaluating their impact
on wind power potential for these sites, such as wind speeds at the installation site, types of wind
turbine offshore and onshore, and numbers of wind turbines installed, according to the size of the farm.

Author Contributions: This work was part of the Ph.D. research carried out by A.A K. The research is supervised
by N.LA.W. and A.N.A. The project administration and funding acquisition by University Putra Malaysia.
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Appendix A
Table Al. The RBTS generating unit ratings and reliability data.
Units No.  Unit Size (MW) FOR MTTF (Hours) MTTR (Hours)
1 5 0.01 4380 45
2 5 0.01 4380 45
3 10 0.02 2190 45
4 20 0.02 3650 55
5 20 0.02 3650 55
6 20 0.02 3650 55
7 20 0.02 3650 55
8 20 0.03 1752 45
9 40 0.02 2920 60
10 40 0.03 1460 45
11 40 0.03 1460 45

Forced outage rate (FOR); Mean time to failure (MTTF); Mean time to repair (MTTR).
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Abstract: In addition to its potential for wave power, wind power, hydropower, and solar power, it
can be said that Vietnam is a country with great potential for biomass energy derived from agricultural
waste, garbage, and urban wastewater, which are resources widely available across the country. This
huge amount of biomass, however, if left untreated, could become a major source of pollution and
cause serious impacts on ecosystems (soil, water, and air), as well as on human health. In this research,
the authors present a fuzzy multicriteria decision-making model (FMCDM) for optimizing the site
selection process for biomass power plants. All of the criteria affecting location selection are identified
by experts and literature reviews; in addition, the fuzzy analytic hierarchy process (FAHP) method
was utilized so as to identify the weight of all of the criteria in the second stage. Furthermore, the
Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) is applied for ranking
potential locations in the final stage of this research. As a result, Long An (DMU/005) was found to be
the best location for building biomass energy in Vietnam. The main contributions of this work include
modeling the site selection decision process under fuzzy environment conditions. The proposed
approaches also can address the complex problems in site selection; it is also a flexible design model
for considering the evaluation criteria, and is applicable to location selection for other industries.

Keywords: biomass energy; site selection; optimization, MCDM; FMCDM; FAHP; TOPSIS

1. Introduction

In the context of increasingly depleting domestic fossil fuels, rising world oil prices, and increasing
reliance on world energy prices, the ability to meet energy requirements for domestic demand is
increasingly becoming difficult, as well as a major challenge. Thus, considering that the exploitation of
clean renewable energy (RE) has important meaning in terms of economy, society, food security, and
sustainable development, the energy demand in Vietnam has increased at twice the rate of the gross
domestic product (GDP) growth, while this rate is only approximately 1% in developed countries.
Vietnam’s energy consumption has increased four times since 2005. From 1998 to 2008, the total
electricity consumption demand in Vietnam increased by about 400% compared with the prior period.
If this trend continues, Vietnam will become an energy importer in the future [1]. Vietnam’s power
transmission system includes voltage levels of 500, 220, and 110 kV. A power transmission system of
500 KV with a total length of 4670 km from north to south facilitates the transmission of electricity
exchange among the north, central, and south of Vietnam. Circuit 1 of the 500-kV line was put
into operation in September 1994, while Circuit 2 was put into operation in late 2005. Although the
power distribution system is in relatively good condition, it still has high power loss. Overloaded
lines, transformers operating with low efficiency, and poor-quality cables are the main causes of high
losses [2].

In addition to the potential for wave power, wind power, hydropower, and solar power, it can be
said that Vietnam is a country with great potential for creating biomass energy from agricultural waste,
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garbage, and urban wastewater, which are widely distributed across the country. This huge amount of
biomass, however, if left untreated, will become a major source of pollution and continue to cause
serious impacts on ecosystems (soil, water, and air), as well as on human health [1].

In recent years, interest in developing renewable energy technologies to replace fossil energy
sources has increased globally, as fossil energy sources are in danger of depletion and fuel costs
are increasing. Vietnam is a long-term agricultural country; furthermore, raw materials needed
for producing biomass energy are about 118 million tons/year [3]. Vietnam has favorable natural
conditions, such as a hot and humid climate, heavy rain, and fertile land; as a result, biomass grows
quickly. Byproducts from agriculture and forestry are abundant and constantly increasing. However,
these byproducts are typically considered natural waste, thus becoming more dangerous and causing
environmental pollution. Therefore, Vietham has many favorable conditions for developing biomass
energy. Taking advantage of biomass energy will simultaneously provide energy for economic
development and ensure environmental protection [3].

Vietnam’s impressive economic reform over the past two decades has been accompanied by a
sharp increase in energy demand. The Vietnamese government’s strategy is to ensure sustainable
economic growth in the future. Therefore, the Vietnamese government has set renewable energy
development targets, including those for solar energy, wind energy, and biomass energy. Biomass
energy is targeted to achieve 2.1% of the total electricity output by 2030 [4].

As an agricultural country, Vietnam has great potential to develop biomass energy. Accordingly,
the ability to sustainably exploit biomass for energy production in Vietnam is about 150 million
tons/year [5]. The main types of energy biomass include wood, waste byproducts from crops, livestock
waste, municipal waste, and other organic waste. Sources of renewable energy can be burned directly
or be used to create biomass fuel pellets [5]. Currently, on the global scale, biomass is the fourth-largest
energy resource, accounting for 14%-15% of the world’s total energy consumption. In developing
countries, biomass is often the largest energy resource, averaging about 35% of the total energy
supply [6].

One of the most important activities of the biomass energy project is site selection for building
plants. A good location of a biomass plant is of vital importance for the project’s economic survival,
and it includes solving complex location and transportation problems. In this research, we propose
an MCDM model for biomass power plant location selection in Vietnam. All of the criteria affecting
the location selection are identified by experts and literature reviews; furthermore, the fuzzy analytic
hierarchy process (FAHP) method was utilized in order to identify the weight of all of the criteria in the
second stage. TOPSIS was applied for ranking the potential locations in the final stage of this research.
The general flow of the MCDM model is shown in Figure 1.

Attach numerical

measures to the .
: Do Process the numerical
Determine the relative importance of

values to determine a
relevant criteria and the criteria and to the 5
i . ranking of each
alternatives impacts of the :
alternative.
alternatives on these
criteria.

Figure 1. General flow of multicriteria decision-making model (MCDM) model [7,8].

The primary goal of this research is to propose a useful fuzzy MCDM model for biomass power
plant location selection. The proposed approaches can also address different complex problems in site
selection; in addition, it is also a flexible design model for considering the evaluation criteria, and it is
applicable to location selection for other industries.

The remainder of the research is to provide background to assist the authors in building the fuzzy
MCDM model. Then, an integrated model using the FAHP-TOPSIS approach is introduced so as to
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select the best site for biomass power plant from eight potential locations in Vietnam. The results and
contributions will be presented at the end of this paper.

2. Literature Review

Nowadays, there are many studies that have applied the MCDM model to select locations in
the energy sector and some other industries, such as Roghayeh Ghasempour et al. [9], who have
reviewed an application of the MCDM model for solar plant location selection and technology. In this
paper, a wide variety MCDM methods, investigated by various researchers, are presented so as to
obtain effective criteria for selecting solar plant sites and solar plant technologies. C. Chen et al. [10]
proposed an optimization model for biomass location selection. In this research, the number of biomass
power plants, optimum site, and transportation schemes were obtained with minimum cost, minimum
energy consumption, and the lowest effect on the environment. Jakkawan Patomtummakan et al. [11]
presented a mixed-integer linear programming for biomass power plant location selection. The
objective of the optimization model is to minimize the total cost at selected bio-power plants by
considering four cost components, namely, the fixed opening of the proposed bio-power plants, the
material cost from purchasing biomass, the transportation cost between suppliers and bio-power
plants, and the inventory holding cost.

Massimiliano Cattafi et al. [12] proposed an integer linear programming approach for defining the
energy and cost-efficient biomass plant location, along with the corresponding provisioning basin. This
optimization tool is just a small part of a wider perspective that is aimed at defining the decision support
tools for the improvement of regional planning and its precise strategic environmental assessment.
Heesung Woo et al. [13] integrated a multi-criteria analysis (MCA) and geographical information
systems (GIS) for optimizing the site of the biomass energy plants. The research results show that land
use, resource availability, and supply chain cost data can be integrated and mapped using GIS, in order
to facilitate the determination of different sustainable factors weightings, and to ultimately generate
optimal candidate sites for biomass energy plants.

Hao Lv et al. [14] proposed a multi-objective mixed-integer programming approach to solve the
location selection issue for a straw-based power generation plant with CO, emissions. It is anticipated
that this paper will make a contribution to the current scientific knowledge by presenting innovative
approaches for the sustainable utilization of forest harvest residues as a resource for the generation
of bioenergy in Tasmania. Wang et al. [15] applied an MCDM model for solid waste to energy plant
location selection. Jin Su Jeong et al. [16] proposed a multicriteria GIS assessment with a weighted linear
combination (WLC) to various disciplines, using suitable criteria to optimize a biomass facility location.
This assessment could be used in studies to verify suitable biomass plant sites with corresponding
geographical and spatial circumstances and available spatial data necessary in various governmental
and industrial sectors. Ali Asghar Isalou et al. [17] proposed an integrated fuzzy logic and analytic
network process (FANP) to locate a suitable location for the landfilling municipal solid waste generated
in Iran. Their findings revealed that the integration of fuzzy logic and ANP can give a better idea
compared with other models like AHP, fuzzy logic, and ANP (individually). Therefore, this model can
be applied in site selection for landfill of other similar places.

Wang et al. [18] proposed an MCDM model for solar panel site selection in Vietnam. In this work,
the authors applied a data envelopment analysis (DEA) model for the selection of potential locations,
FAHP was used for determining the weight of sub-factors, and TOPSIS was applied for ranking
potential options. Wang et al. [19] proposed an MCDM model for wind power plant location selection.
This study resided in the evolution of a new model that is flexible and practical for a decision-maker
for site selection in the energy sector. Abdolvahhab Fetanat et al. [20] proposed a hybrid MCDM model
for offshore wind power plants location selection in Iran. The evaluation factors and this model could
be used in other coastal cities for promoting the progress of integrated coastal management (ICM),
towards the goal of sustainability. Mostafa Rezaei-Shouroki [21] proposed an MCDM model by using
a hybrid data envelopment analysis (DEA), AHP, and fuzzy TOPSIS model for wind farm location
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selection. The purpose of this study is to prioritize and rank 13 cities of the Fars province in Iran in
terms of their suitability for the construction of a wind farm.

Fahime Heidarzade et al. [22] applied a MCDM model for wind farm site selection in Iran. In this
research, a step-wise weight assessment ratio analysis (SWARA) is employed to rank factor affects to
wind power plant site, and the weighted aggregates sum product assessment (WASPAS) is utilized
to evaluate the decision-making unit (DMU). Halil Ibrahim Cobuloglu et al. [23] proposed a MCDM
model for biomass location selection. In this work, the authors used an FANP for identifying the weight
of all of the criteria. Yasir Ahmed Solangi et al. [24] integrated Delphi and AHP and fuzzy TOPSIS
for the ranking and selection of renewable energy resources. The study provides important insights
related to the prioritizing of RE resources for electricity generation, and can be used to undertake policy
decisions toward sustainable energy planning in Pakistan. Mohammad Alhuyi Nazari et al. [25] used
a TOPSIS model for analyzing solar farm location selection. The primary aim of this paper is to select
suitable sites for photovoltaic installation in Iran. S. Saelee et al. [26] applied a TOPSIS multi-criteria
approach for biomass type selection for boilers. Babak Daneshvar Rouyendegh et al. [27] applied
intuitionistic fuzzy TOPSIS in the location selection of wind power plants in Turkey. The main purpose
of the TOPSIS method is to rank the alternatives in the worst way. The intuitionistic fuzzy set (IFS)
is used to reflect the approval, rejection, and hesitation of decision makers by dealing with real life
uncertainty, imprecision, vagueness, and linguistic human decisions. Choudhary et al. [28] used a
hybrid MCDM model including a social, technical, economic, environmental, and political (STEEP),
fuzzy AHP and TOPSIS model for thermal power plant location selection in India. The paper presents
a more accurate, effective, and systematic decision support tool for decision makers to conduct the
evaluation process and to select optimal locations for TPPs.

Based on the literature review and experts’” opinion, there are some factors that must be considered
in the biomass power plant location selection process, such as economic, environmental, technical,
and social-political factors, and there are many researchers who have applied the MCDM model to
various fields of science and engineering—a trend that has been increasing for many years—but very
few works have focused on this problem in a fuzzy environment.

3. Methodology

3.1. Research Development

Many researchers have applied the MCDM model to various fields of science and engineering,
more so over the last few years. One field in the MCDM approach has identified location selection
problems; thus, especially in the renewable energy sector, decision-makers have to evaluate both
qualitative and quantitative criteria. Although some studies have reviewed applications of MCDM
approaches in biomass power plant location selection, to the best of our knowledge, few works have
focused on this problem in a fuzzy environment. This is why the authors proposed an MCDM model
for optimizing location selection for biomass energy power plants in this study. There are three main
steps in this research.

Step1: All of the criteria and subcriteria affecting the site evaluation and selection processes are
determined based on experts and literature reviews.

The processes of the selection criteria are shown in Figure 2.
Step2: The FAHP model was utilized to identify the weight of all of the subcriteria in the second stage.

The FAHP method has many advantages compared with other multi-objective decision-making
methods. First, many multicriteria decision-making methods face difficulties in determining the
importance of each criterion, while FAHP is a well-known method of determining these weights.
Therefore, FAHP can be combined with other easy methods to take advantage of each method in
problem-solving. In addition, FAHP can check consistency in decision-makers’ judgment. Moreover,

368



Processes 2019, 7, 353

the hierarchical analysis process is easy to understand, considering many small criteria and analyzing
all of the qualitative and quantitative factors.

! |
Exvertsdl ‘ Literature- ‘

Criteria-affects-to-

biomass-plant-

Figure 2. Processes of selection criteria.
Step3: The TOPSIS model is used for ranking potential locations in the final stage.

The advantages of the TOPSIS methods are simplicity, rationality, comprehensibility, good
computational efficiency, and the ability to measure the relative performance for each alternative in a
simple mathematical form. TOPSIS is based on the concept that the chosen alternative should have the
shortest geometric distance from the positive ideal solution (PIS) and the longest geometric distance
from the negative ideal solution (NIS). Diagram of research as shown in Figure 3.

Determining a research goal

Determining factors based on Experts and
Literature review

Identifying the weight by FAHP Model

Using TOPSIS Model
1

Satisfactory results

1
Results and Discussion

Figure 3. Diagram of research. FAHP—fuzzy analytic hierarchy process.
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3.2. Fuzzy Sets, AHP, and TOPSIS Model

3.2.1. Fuzzy Sets and Fuzzy Number

In 1965, Lotfi A. Zadeh published the article with the title “Fuzzy Set”, which describes the
mathematics of “fuzzy set” and “fuzzy logic” theory. The triangular fuzzy number (TEN) can be
defined as (g, p, s). TENs are shown in Figure 4.

A
1
o(y)
M i(y)
0 g P S -
Figure 4. Traingular fuzzy number.
TEN also can be defined as follows:
0, x<o,
x-g
(é): -3 g<x<p,
M ﬁ p<x<s, (1)
g, xX>s,
u

The representatives of each level of membership give a fuzzy number, as follows:
M= MW,MY) =g+ (p-Ky, s+ (p-s)yly €[01] 2
o(y), i(y) indicates both the left side and the right side of a fuzzy number, respectively, as follows:

(81, 1, 81) + (82, P2, 52) = (81 + 82, p1+p2,81 +52)

(81, p1, 51) = (82, P2, 82) = (81— 82, P1 = P2,51 —52) 3
(81, p1, 51) X (82, P2, 52) = (81X g2, P1 X P2,51 X 52) ©)
% = (k1/ka, p1/p2,51/52)

3.2.2. Analytic Hierarchy Process (AHP) Model

AHP is presented by Saaty. AHP is an MCDM that simplifies complex problems by sorting
criteria and options in a hierarchical structure. Let F = {F;la = 1,2, ..., m} is a factor set. The pairwise
comparison metrics on m criteria will be presented in an m X m evaluation matric (D). Every element,
hap, is the quotient of the weights of the factors, as follows:

D= (hg),a,b=1,...,m )

The relative priorities are given by the Eigenvector (1) corresponding to the largest eigenvector
(Amax ), as follows:
Dl = /\muxl (5)
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The consistency is determined by the relation between the entries of D and CI, as follows:

(/\mux - m)
Cl=——"—+= 6
m-1) (6)
CR s calculated as the ratio of the CI and the RI, as shown in Equation (7):
CI
CR = i (7)

CR value must less than (or equal) 0.1. If the CR >0.1, the evaluation needs to be repeated again

for improving consistency.

3.2.3. Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS)

TOPSIS assumes that we have m alternatives (options) and # attributes/criteria, and we have the

score of each option with respect to each criterion.

Construct the normalized decision matrix

X;i
]
i=1 Xij
withi=1,2,...,mandj=1,2,...,n.
Construct the weighted normalized decision matrix

Sij =Wieij. ©)

withi=1,2,...,mandj=1,2,...,1n.
Determine the ideal and negative ideal solutions

+ o+ +.
A+:s1, Sy seeesSys

- s - (10)
AT = S1s SyseeesSui
Calculate the separation measures for each alternative
1 2
D} = \Z(sf—sij);izl,z,...,m. (11)
j=1

options to NIS.

D; = \i(sij—si‘)z; i=1,2,...,m. (12)

j=1
Calculate the relative closeness to the ideal solution (G;)
D7

=1 =12 .., m 13)
— 2,
D; +D;

i

4. Case Study

The total potential of Vietnam’s biomass energy source is more than 99 million tons/year,

corresponding to the electric energy source of more than 340,000 GWh, of which the largest is the

371



Processes 2019, 7, 353

Mekong River Delta (Mekong Delta), accounting for 33.4%, followed by the North Central Coast and
South Central Coast with 21.8% [29].

According to the Vietnam Institute of Energy, agricultural byproducts from the Mekong Delta
amount for about 23 million tons/year, which includes about 3.8 million tons of rice husk, nearly
17 million tons of rice straw, over 372,000 tons of corn, and nearly 1.4 million tons of bagasse [30]. Thus,
the authors proposed an MCDM model for optimizing location selection for biomass energy power
plants in the Mekong Delta. In a renewable energy project, selecting a location to build a power plant
includes complex decision-making, which includes economic, natural, and social factors. The material
source of this project is rice husk. After preliminary studies, eight potential locations in the Mekong
Delta (DMUs) were selected (see Table 1 and Figure 5).

Table 1. A potential locations list. DMU—decision making unit.

No. Location’s Name Symbol
1 Kien Giang DMU/001
2 An Giang DMU/002
3 Dong Thap DMU/003
4 Soc Trang DMU/004
5 Long An DMU/005
6 Tra Vinh DMU/006
7 Tien Giang DMU/007
8 Can Tho DMU/008

Kién Giang

[ &

Figure 5. Mekong Delta map.

In the first stage of this work, the main factors and subcriteria affects on location selection are
identified by experts and literature reviews. The general hierarchy structure of the proposed model is
shown in Figure 6.

The fuzzy analytic hierarchy process (FAHP) method was utilized to identify the weight of all of
the criteria in the second stage. The results are shown in Table 2.

The TOPSIS is applied for ranking potential locations in the final stage of this research. The
normalized matrix and normalized weight matrix are shown in Tables 3 and 4, respectively.
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Figure 6. General hierarchy structure of proposed model.

Table 2. Weight of all of the subcriteria. ECO—economic; EVN—environmental; TEC—technical;
SOP—socio-political.

No. Criteria Weight

1 ECO1 0.1650

2 ECO2 0.1042

3 ECO3 0.1968

4 EVN1 0.0589

5 EVN2 0.0572

6 EVN3 0.0404

7 TEC1 0.0547

8 TEC2 0.1283

9 TEC3 0.1163

10 SOP1 0.0236

11 SOP1 0.0210

12 SOP3 0.0144

13 SOP4 0.0193

Table 3. Normalized matrix.

DMU/001 DMU/002 DMU/003 DMU/004 DMU/005 DMU/006 DMU/007 DMU/008
ECO1 0.2851 0.3326 0.3801 0.3801 0.4276 0.3326 0.2851 0.3801
ECO2 0.3567 0.3567 0.3121 0.4013 0.3567 0.2675 0.3567 0.4013
ECO3 0.3472 0.3038 0.3472 0.3906 0.3472 0.3472 0.3906 0.3472
EVN1 0.3845 0.3417 0.3417 0.2990 0.3845 0.3417 0.3845 0.3417
EVN2 0.3636 0.3636 0.3182 0.4091 0.3636 0.3182 0.3182 0.3636
EVN3 0.3219 0.3219 0.3678 0.4138 0.3219 0.2759 0.3678 0.4138
TEC1 0.3845 0.3417 0.3417 0.3417 0.2990 0.3417 0.3845 0.3845
TEC1 0.3786 0.3366 0.3786 0.2945 0.3786 0.3366 0.3786 0.3366
TEC3 0.3522 0.3522 0.3082 0.3962 0.3962 0.3522 0.3522 0.3082
SOP1 0.3581 0.3134 0.4029 0.3581 0.3581 0.3134 0.3581 0.3581
SOP2 0.3038 0.3472 0.3472 0.3906 0.3472 0.3906 0.3472 0.3472
SOPr3 0.3581 0.3581 0.4029 0.3581 0.3581 0.3581 0.3134 0.3134
SOr4 0.3465 0.3898 0.3465 0.3898 0.3032 0.3465 0.3898 0.3032
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Table 4. Normalized weight matrix.

DMU/001 DMU/002 DMU/003 DMU/004 DMU/005 DMU/006 DMU/007 DMU/008

ECO1 0.0470 0.0549 0.0627 0.0627 0.0706 0.0549 0.0470 0.0627
ECO2 0.0372 0.0372 0.0325 0.0418 0.0372 0.0279 0.0372 0.0418
ECO3 0.0683 0.0598 0.0683 0.0769 0.0683 0.0683 0.0769 0.0683
EVN1 0.0226 0.0201 0.0201 0.0176 0.0226 0.0201 0.0226 0.0201
EVN2 0.0208 0.0208 0.0182 0.0234 0.0208 0.0182 0.0182 0.0208
EVN3 0.0130 0.0130 0.0149 0.0167 0.0130 0.0111 0.0149 0.0167
TEC1 0.0210 0.0187 0.0187 0.0187 0.0164 0.0187 0.0210 0.0210
TEC1 0.0486 0.0432 0.0486 0.0378 0.0486 0.0432 0.0486 0.0432
TEC3 0.0410 0.0410 0.0358 0.0461 0.0461 0.0410 0.0410 0.0358
SOP1 0.0085 0.0074 0.0095 0.0085 0.0085 0.0074 0.0085 0.0085
SOP2 0.0064 0.0073 0.0073 0.0082 0.0073 0.0082 0.0073 0.0073
SOP3 0.0052 0.0052 0.0058 0.0052 0.0052 0.0052 0.0045 0.0045
SOP4 0.0067 0.0075 0.0067 0.0075 0.0059 0.0067 0.0075 0.0059

Vietnam is a developing agricultural country and has great potential to create biomass sources for
energy production. If effectively exploited, biomass energy will help reduce dependence on traditional
power sources, reduce carbon emissions, reduce pollution, and bring direct profits to establishments;
furthermore, farmers can participate in the biomass fuels supply chain via selling waste and agricultural
byproducts. According to the calculation theory, the total potential of Vietnam’s biomass energy source
is more than 99 million tons/year, corresponding to the electric energy source of more than 340,000
GWHh, of which the Mekong River Delta (Mekong Delta) accounts for 33.4%, followed by the North
Central Coast and Central Coast with 21.8% [31]. The primary goal of this research is to propose a
useful fuzzy MCDM model for biomass power plant location selection. In the first stage of this work,
all of the criteria affecting the location selection are identified by experts and literature reviews; in
addition, the FAHP method was utilized to identify the weight of all of the criteria in the second stage.
The TOPSIS is applied for ranking the potential locations in the final stage of this research; furthermore,
TOPSIS is based on the concept that the chosen alternative should have the shortest geometric distance
from the PIS and the longest geometric distance from the NIS. As per the results shown in Figure 7 and
Table 5, Long An (DMU/005) is found to be the best location for building biomass energy in Vietnam.

04000 04182

03721

3000

Figure 7. Final ranking list.

Table 5. Negative ideal solution (NIS) and positive ideal solution (PIS) values in the Technique for
Order Preference by Similarity to an Ideal Solution (TOPSIS) model.

DMU Di+ Di—
DMU/001 0.0265 0.0190
DMU/002 0.0255 0.0151
DMU/003 0.0192 0.0221
DMU/004 0.0145 0.0301
DMU/005 0.0119 0.0312
DMU/006 0.0254 0.0144
DMU/007 0.0252 0.0242
DMU/008 0.0170 0.0247
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5. Conclusions

As an agricultural country, Vietnam is an ideal place for producing biomass energy. Agricultural
waste is the most abundant in the Mekong Delta region, which makes up about 50% of the country.
Major biomass resources include straw, rice husks from rice mills, bagasse from sugar mills, coffee
husks from coffee-processing plants, and wood chips from wood-processing industries. Vietnam has
set a target of a combined capacity of 500 MW of biomass energy by 2020, rising to 2000 MW by
2030 [32].

Therefore, Vietham has many favorable conditions for developing biomass energy. Taking
advantage of biomass energy will simultaneously provide energy for economic development, and
ensure environmental protection. Although there are many studies in regard to developing methods
and using different criteria for evaluating renewable energy location, research on biomass location
evaluation and selection remains limited, especially in regard to the use of integrating economic and
environmental criteria. In this research, the authors presented a fuzzy multicriteria decision-making
model (FMCDM) for optimizing the site selection process for biomass power plants under fuzzy
environment conditions. All of the criteria affecting location selection are identified by experts and
literature reviews; in addition, the fuzzy analytic hierarchy process (FAHP) method was utilized to
identify the weight of all of the criteria in the second stage. As a result, Long An (DMU/005) was found
to be the best location for building biomass energy plants in Vietnam.

The main contribution of this work includes modeling the site selection decision process under
fuzzy environment conditions. This paper also considers the evolution of a new model that is flexible
and practicable to the decision-maker. This research also provides a useful guideline for biomass
power plant location selection in many countries, as well as providing a guideline for location selection
in related industries. Furthermore, for future research, the application of other MCDM approaches can
be utilized so as to compare the results in the search of any changes.
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Abstract: Coast-down characteristics are the crucial safety evaluation factors of nuclear reactor
coolant pumps. The energy stored at the highest moment of inertia of the reactor coolant pump unit is
utilized to maintain a normal coolant supply to the core of the cooling loop system for a short period
of time during the coast-down transition. As a result of the high inertia moment of the rotor system,
the unit requires a high reliability of the nuclear reactor coolant pump and consumes considerable
energy in the start-up and normal operation. This paper considers the operational characteristics
of the coast-down transition process based on the existing hydraulic model of the nuclear reactor
coolant pump. With the implementation of an orthogonal test, the hydraulic performance of the
nuclear reactor coolant pump was optimized, and the optimal combination of impeller geometrical
parameters was selected using multivariate linear regression to prolong the coast-down time of the
reactor coolant pump and to avoid serious nuclear accidents.

Keywords: reactor coolant pump; coast-down characteristics; geometrical parameters; multiple linear
regression; transition process

1. Introduction

The nuclear reactor coolant pump is the only rotating piece of equipment in the primary loop
cooling system, and thus can be called the ‘heart’ of the nuclear power plant. In the unfortunate event
of a power failure at the nuclear power plant, the reactor coolant pump loses its power source and it
will enter a coast-down state. For a short period of time, the inertia of the inert wheel provides power
for the reactor coolant pump and the coolant continues to cool the reactor core. The coast-down process
of the nuclear reactor coolant pump can be seen as a typical transient process. The nuclear reactor
has a short coast-down transient process and cooling circuit working time. As the heat of the reactor
cannot be discharged in a short time the temperature tends to rise sharply, leading to the potential
decomposition of the coolant and generating a large amount of hydrogen, which is not at all conducive
to the safety of the system [1]. Hence, the study of the effect of dynamic characteristics on the nuclear
reactor coolant pump during the coast-down transient process becomes imperative.

Very limited literature is available related to the transient process of domestic and foreign nuclear
reactor coolant pumps. Nevertheless, the transient processes of the centrifugal pumps and the mixed
flow pumps have been widely studied. The transient characteristics of the centrifugal pump in its
acceleration and deceleration process were determined by Tsukamoto et al. [2] using a theoretical
analysis. Wu and Li et al. [3,4] examined the starting and stopping transients of the centrifugal pumps
and mixed flow pumps by combining experimental and numerical calculations. A systematic study
on the start-up process of centrifugal pumps with different valve opening degrees, different impeller
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outside diameters, different blade widths, and different starting descending speeds was conducted
by Elaoud et al. [5,6]. By establishing a mathematical start-up model for the primary circuit cooling
system, Farhadi et al. [7-9] studied the effects of the ratio between the inertial energy of the unit and the
fluid mass inertia energy of the pipe coolant during the start-up process of the nuclear reactor coolant
pump. Whether the pumping capability meets the coast-down half time requirement as prescribed by
safety analyses during the coast-down period was studied by Alatrash et al. [10] using experiments.
Yonggang [11-13] studied the third and fourth generation nuclear main pumps, including gas-liquid
two-phase flow and structural optimization. There have been numerous valuable studies on the
coast-down characteristics of nuclear reactor coolant pumps, but comparatively little research details
are available on the factors that affect the coast-down characteristics.

Geometric parameters of the impeller are one of the main factors affecting pump performance.
Based on a numerical analysis of a 3D viscous flow, Hyuk et al. [14] designed a high-efficiency
mixed-flow pump and the results suggested that the hydraulic efficiency of a mixed-flow pump at the
design level can be improved by modifying its geometry. The impact of the geometry parameters of
the impeller on the hydraulic performance of mixed flow pumps was studied by Varchola et al. [15],
and several different designs were also compared. Long et al. [16] studied how the blade numbers of
the impeller and the diffuser influence the reactor coolant pump performances using the numerical
simulation method. The effect of the blade stacking lean angle on the hydraulic performance of a
1400 MW nuclear reactor coolant pump was studied by Zhou et al. [17], and it was determined that the
geometric parameters such as the blade stacking lean angle highly influences the hydraulic efficiency
of different flow intervals. Evidently, although the influence of the geometrical parameters on the
pump has been studied, the research on the coupling effect of the nuclear reactor coolant pump has
been very limited.

With regards to the factors influencing the coast-down characteristics of reactor coolant pumps,
the indirect coupling effects between the different geometric parameters and combinations have been
examined in depth by this paper. Changing the pump performance by changing the size of a certain
geometric parameter virtually changes the direct impact of this parameter on performance, with an
indirect impact on the performance of the other parameters simultaneously. This paper employs the
multiple linear regression to analyze the optimal geometrical parameters of the impeller, based on the
relationship between geometric parameters of the impeller and its efficiency, and the head.

2. Research Method

In the event of an unfortunate loss of power source to the nuclear reactor coolant pump, the unit
utilizes its own moment of inertia to store energy to ultimately maintain the operation of the reactor
coolant pump for a longer stretch of period, this phenomenon is known as the coast-down characteristic
of the nuclear reactor coolant pumps [18]. In the coast-down transition process, the energy stored by
the flywheel ensures that the time of the nuclear reactor coolant pump flow decreases by half within
the specified safe time margin. The flywheel of an AP1000 nuclear reactor coolant pump is usually
split into the upper flywheel and the lower flywheel while being fixed on the main shaft. To maximize
improvement in the moments of inertia at a limited volume to maintain the coast-down characteristics
of the reactor coolant pump, the flywheels were usually encompassed with high-density heavy metal
tungsten alloy blocks and high-quality stainless-steel wheels. With respect to the issue of energy
consumption, the main function of the flywheel was to provide energy to keep the nuclear reactor
coolant pump running during the coast-down transition, and the flywheel should consume enough
amounts of energy to maintain the start-up process and normal operation. It was suggested in the
combination of Equations (1) and (2) that the time of coast-down was not only affected by the moment
of inertia, but the efficiency of the rated operating point and the energy loss of the coast-down transition
were also significant factors. As the rotational inertia of the impeller was obviously smaller than that
of the flywheel, the moment of inertia of the rotor basically remains unchanged when the geometric
parameters of the impeller were changed [18-20]. Accordingly, this study endeavors to increase the
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efficiency of the hydraulic model rated point by optimizing the impeller geometric parameters to
reduce any extra energy loss in the coast-down transition, to extend the time of coast-down transition,
to increase the system reliability, and to reduce the cost thereon.

Er = anf (Sgpnz(t)Adz)dt +Ef 1)

Py

t= 70
4 Inon

(G~ 0]

In Equations (1) and (2), Er = %I pw% + % j; pw%Adz denotes the total energy stored by the moment
of inertia of the unit and the inertia of the conveying liquid, Ey refers to the energy of various losses
in the coast-down transition, p represents the density of the conveying liquid with units in kg/m?,
A denotes the average sectional area of the loop pipe with the unit of m?, z refers to the effective
pipeline length for the whole circuit with the unit of m, ¢ represents the time since the outage began
with the unit of s, and I refers to the total moment of inertia of the unit. With the unit of kg m?, Py, 1o,
and 1y are the effective power, efficiency, and rated speed of the nuclear reactor coolant pump under
rated conditions, respectively, n(t) refers to the rotational speed at different points in the coast-down
transition with the unit of r/min.

Figure 1 shows the three-dimensional fluid calculation domain of the reactor coolant pump. In
Figure 2, vy denotes the outlet inclination of the impeller, f, denotes the outlet angle of the impeller,
@ denotes the wrap angle of the impeller, Z denotes the blade numbers of the impeller, D, denotes
the outlet diameter of the impeller in mm, b, denotes the outlet width of the impeller in mm, and D;
denotes the inlet diameter in mm. Area ratio Y represents the ratio of the impeller outlet area to the
volute throat area.

Figure 1. Three-dimensional fluid calculation domain of reactor coolant pump.
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Figure 2. Schematic diagram of the main structural parameters of the impeller.

Table 1 presents that the efficiencies and heads obtained by the different combinations of eight
different impeller geometric parameters, which suggest the influence of the different geometric
parameters, parameter combination on efficiency, and the difference in the head [21]. Multiple linear
regression was selected by this paper to analyze the relationship among each parameter, efficiency, and

the head.
Table 1. Test scheme and performance calculation results.
o ° o . Index
ve o B @f Z Dy/mm bymm Dj/mm  Area RatioY
m H
1 20 20 115 4 760 190 555 0.927 79.45  94.89
2 20 25 120 5 765 190 560 0.916 81.09 109.48
3 20 30 125 6 770 195 550 0.916 82.76 13433
4 23 30 125 5 765 195 550 0.932 84.38  111.69
5 23 25 120 6 760 200 560 1.002 84.70  138.02
6 23 20 115 4 760 200 555 0.952 84.04 100.39
7 26 20 115 4 770 190 555 0.914 8224 101.80
8 26 25 120 5 765 190 560 0.925 82.16  112.89
9 26 30 120 6 765 195 550 0.935 82.32  136.20
100 20 20 125 6 770 195 550 0.916 80.67 101.59
1 23 30 125 4 770 200 560 0.931 83.10 9547
12 26 25 115 5 760 200 555 0.956 8290 119.49
13 20 30 115 6 770 190 555 0.905 84.22  137.83
14 23 30 120 5 765 190 560 0.921 83.69  124.90
15 26 25 120 6 760 195 550 0.946 8227 120.81
16 20 20 115 4 770 195 550 0.916 83.98 101.89
17 23 20 125 5 765 200 560 0.941 83.11  100.60
18 26 25 125 4 760 200 555 0.956 81.31 103.49

2.1. Data Normalization

Data normalization was an important step in multiple linear regression. Given that each variable
was different in the physical properties, they usually have different orders of magnitude and dimensions.
When the regression equation was established directly, the regression coefficient was very often not
directly comparable [21]. When variables vary largely in level, the role of the value of the higher
numerical variable in the comprehensive analysis shall be highlighted, and the role of the comparatively
lower numerical variable will be weakened if the raw data is directly used for analysis. Accordingly, to
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ensure the reliability of the results, it was imperative for standardizing the table and simulation data to
eliminate the dimensional influence between variables so that the data could be comparable. Data
normalization involved the centralization and compression processing of the data simultaneously, the
specific principles were as follows

_oXij—X i=1,23,...,n
,

i s i=123,...,p

%

©)

where, x;; represents the value of the i-th row and the j-th column, x;; * represents the normalized data
of x;j, i refers to the i-th row, and j refers to the j-th column, s; represents the normalized parameter of
column j.

2.2. Path Analysis

Path analysis was conducted to analyze the direct relationship between the impeller geometrical
parameters and the pump performance, as well as the indirect coupling relationship between the
parameters. Assuming that the p independent variable can be established, x1, x2, ... , xp, the simple
correlation coefficients between each of the two variables and the dependent variable i were capable
of forming the normalized normal equation to solve the path coefficient:

r1p1 +riep2 + .+ rppp = 11y
12101 +122p2 + ...+ 12ppp = T2y @)
Tp1P1+ Tpap2 + .o+ TpppPp = Tpy

where, p1, p2, ..., pp was the direct path coefficient. The direct path coefficient represented the
direct effect size of the independent variable, while the indirect path coefficient suggested that the
independent variable influences the dependent variable by impacting other independent variables.
Besides, such coefficients could be calculated using the correlation coefficient rij and the direct path
coefficient p;. The direct path coefficient can be obtained by calculating the inverse matrix of the noted
correlation matrix. With the assumption that B;; was the inverse matrix of the correlation matrix r;,
and then the direct path coefficient p; (i=1, 2, ..., p) was expressed as follows

p1 Biy Bz Biz ... By || ny
P2 | _| B B By ... By || 12y 5)
Pp Bpl sz Bp3 . Bpp }’py

The path coefficient py. of the remaining term is as expressed in Equation (6). In case the
path coefficient py, of the remaining term was smaller, the impeller geometrical parameters and the
performance would be well satisfied with the linear relation. Conversely, when the path coefficient Pye
of the remaining term was larger, it suggested that the test error was larger or other important factors
were not introduced.

Pye = (6)

By path analyzing the impeller geometrical parameters and the pump head and the efficiency
performance, the results were as listed in Table 2.

383



Processes 2019, 7, 327

Table 2. Path analysis results between impeller geometric parameters and performance.

Direct Indirect Effect
Factor
Effet y>H p->H ¢->H Z->H Dy»H b—»H Dy»H Y-H
b4 0.0076 0.0424 0.0000  —0.0502 —0.0748 —0.0365 —0.0031 0.1825
B2 0.5091 0.0006 -0.1244  0.2510 0.0299 0.0122 0.0000 —0.0349
% —-0.3731  0.0000 0.1697 0.1506 0.0299 —0.0487 0.0000 0.0295
Z 0.6025 —0.0006 0.2121 —0.1041 0.015 0.0122 0.0092 0.0322
D, 0.1795  -0.0032  0.0849  -0.0622  0.0502 0.0487 0.0061 —0.3235
by —0.1461  0.0019  —-0.0424 -0.1244 —0.0502 —0.0598 0.0000 0.3087
Dy —0.0368  0.0006 0.0000 0.0000  —0.1506 —-0.0299 0.0000 0.1007
Y 0.4401 0.0032 —0.0404 -0.0250 0.0441 —-0.1320 —0.1025 —0.0084
Direct Indirect Effect
Factor
Effect yom Pom e-om Z-m Dy->m brom Dp-om Yom
y —0.0528 0.0400 0.0000 0.0001 -0.2726 0.1070 0.0040 0.2509
B2 0.4803 —0.0044 —-0.1636  —0.0005 0.1090 —-0.0269 0.0000 —-0.048
[ —0.4908 0.0000 0.1601 —-0.0003 0.1090 0.1076 0.0000 0.0406
VA —0.0011 0.0044 0.2001 -0.1227 0.0545 —-0.0269 -0.0120 0.0443
Dy 0.6542 0.022 0.0800 -0.0818  —0.0001 —-0.1076 —0.0080 —0.4445
by 0.3228 -0.0132  -0.0400 -0.1636 0.0001 -0.2181 0.0000 0.4242
Dy 0.0480 —0.0044 0.000 0.0000 0.0003 —0.1090 0.0000 0.1383
Y 0.6047 -0.0219 -0.0381 —-0.0329  —0.0001 —0.4809 0.2265 0.0110
3. Results

3.1. The Direct Impact Analysis of the Main Geometric Parameters of Nuclear Reactor Coolant Pump on
Its Performance

As is evident from Table 2 the blade number, blade outlet angle, blade wrap angle, area ratio,
impeller outlet diameter, and the blade outlet width in the eight impeller geometrical parameters had a
large direct impact on the design point head of the nuclear reactor coolant pump, and the other two
parameters had very little impact on the head. Among the six parameters with larger direct impact, the
blade numbers were the largest; the blade outlet angle, blade wrap angle, area ratio, and impeller outlet
diameter were ranked second; and the blade outlet width was the smallest. The direct path coefficient
of the impeller blade number was 0.6025, suggesting that the blade number was the most critical in the
geometrical parameters of the reactor coolant pump. When blade numbers were changed, the work
efficiency of the impeller changed greatly, and its head also changed significantly. In a particular range,
the head of the pump would definitely rise with the increase in the blade numbers. The direct path
coefficients of the impeller blade outlet angle and area ratio were 0.5091 and 0.4401, respectively, which
confirmed that the blade outlet angle and the area ratio on the head of the nuclear reactor coolant pump
also had a major role. When the blade outlet angle was changed, the circumferential component of the
absolute velocity at the impeller outlet was also changed. Thereafter, the circumferential component
of the absolute velocity at the impeller outlet increased, while the head of the pump increased with
the increase of blade outlet angle. As for area ratio the reaction of impeller and guide vane matching
relationship, one of the important physical quantities, the performance of the pump was not unilaterally
decided by the impeller but by the impeller, guide blade, and volute both (in this study, the volute
remains the same, so it need not be considered). In the design process, the inlet area of the guide vane
had hardly changed; hence the increase of area ratio in a certain scope was equivalent to the reduction
in the impact loss and made the head increase. For the change of the blade wrap angle, the binding
force of the fluid in the impeller channel was changed, and the relative velocity liquid angle of the
impeller outlet was also changed. In a specific range, the restraint of the fluid in the impeller channel
increased, while the blade wrap angle increased, however, the relative flow angle of the impeller outlet
decreased, with the head. The direct path coefficient of the impeller outlet diameter was 0.1795, which
indicated that in a certain range, the energy of the fluid increases, and the head also rises. The direct
path coefficient of impeller outlet width minimum was —0.1461, which suggested that within a certain
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range, an increase of blade outlet width can make the impeller outlet edge overtilted, and a larger
secondary flow would appear, resulting in the head decrease.

From Table 1, it can be observed that amongst the eight impeller geometric parameters, the blade
outlet angle, blade wrap angle, blade outlet width, impeller outlet diameter, and area ratio had a
greater direct impact on the efficiency performance of nuclear reactor coolant pump design point,
while the other three parameters had a relatively smaller impact on its efficiency. Among the five
parameters with larger direct impact, the impeller outlet diameter was the largest; the blade outlet
angle, blade wrap angle, and area ratio ranked second; and blade outlet width was the smallest. The
direct path coefficient of impeller outlet diameter reached 0.6542, which confirmed that impeller outlet
diameter was the most critical of all the geometrical parameters of the nuclear reactor coolant pump.

The efficiency of nuclear reactor coolant pump varies with the impeller outlet diameter and the
flow condition of the impeller outlet. This indicated that, within a certain range, with the increase of
the impeller outlet diameter the impeller outlet speed is reduced, the impact loss between the blade
wheel and guide vane decreases, and the hydraulic efficiency of the pump increases. The direct path
coefficient of the area ratio between the impeller and the guide vane was 0.6047, which substantiated
that increasing the impeller outlet area in a certain range makes the impeller and guide vane match
better, reducing the impact loss and increasing the efficiency. The direct path coefficient of the impeller
blade outlet angle and the blade wrap angle were 0.4803 and —0.4908, respectively, which confirmed
that the blade angle and the blade wrap angle exert the main impact on the design point efficiency of
the nuclear reactor coolant pump. Additionally, within a certain range, with the increase in the blade
outlet angle, the circumferential component of the absolute speed at the impeller outlet increases, and
the efficiency also increases. With the increase of the blade wrap angle, the fluid in the flow channel [22]
gets restrained by the stronger blades, while the excessive flow channel increases the friction loss and
decreases the efficiency of the pump. The direct path coefficient of the blade outlet width reached
0.3228, which suggested that in a particular range, with the increase of the blade outlet width, the
pump can increase the efficiency.

3.2. Indirect Effect Analysis of the Geometric Parameters of the Nuclear Reactor Coolant Pump on
Its Performance

Besides the direct impact on pump performance, the impeller geometry parameters have different
degrees of mutual influence. The principle of path analysis is Correlation coefficient = direct path
coefficient + indirect path coefficient, i.e., when a parameter changes, it not only has a direct impact
on the performance, but also exerts an indirect impact on the performance by changing the other
geometric parameters.

From the indirect path coefficient listed in Table 2, it is evident that for the head index, the indirect
path coefficient of the outlet lean angle and the impeller inlet diameter were 0.0603 and —0.0792,
respectively. This indicates that the outlet lean angle and the impeller inlet diameter exerted little
indirect impact on the head by changing the other geometrical parameters, primarily by changing the
area ratio (y - Y — H = 0.1825, Dy — Y — H = 0.1007). The indirect path coefficient of the blade
outlet angle was 0.1344, indicating that blade outlet angle indirectly strengthens the head by changing
the other geometrical parameters, and the outlet lean angle had the effect of reducing the head by
changing the blade wrap angle (8, — ¢ — H = —0.1244). However, the outlet lean angle reinforced
the head by blade numbers (8, — Z — H = 0.251). The indirect path coefficient of the blade wrap
angle was 0.311, indicating that the blade wrap angle had an indirect strengthening effect on the head
by changing the other geometrical parameters, and the blade wrap angle strengthens the head by
changing the blade outlet angle and the blade numbers (¢ — f» — H =0.1697, ¢ — Z — H = 0.1506).
The indirect path coefficient of the impeller blade numbers was 0.1868, suggesting that the impeller
blade numbers exerted little indirect impact on the head by changing the other geometrical parameters,
and the impeller blade numbers strengthened the head by changing the blade outlet angle (Z — , — H
= 0.2121), and yet the impeller blade numbers reduced the head by the blade wrap angle (Z — ¢ — H
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= —0.1041). The indirect path coefficient of the blade outlet width was 0.0338, indicating that the blade
outlet width had slightly enhanced the indirect impact on the head by changing the other geometrical
parameters, and the blade outlet width reduced the head by changing blade wrap angle (b, — ¢ — H
= —0.1244), and yet the blade outlet width had the effect of reinforcing the head by area ratio (b, — Y
— H =0.3087). The indirect path coefficient of the impeller outlet diameter was —0.199, which implied
that the impeller outlet diameter had an abridged indirect effect on the head by changing the other
geometrical parameters, and the impeller outlet diameter reduced the head by changing area ratio
(Dy = Y — H =-0.3235). The indirect path coefficient of the area ratio was —0.261, which suggests that
the area ratio had an abridged effect on the head, and the area ratio reduced the head by changing the
impeller outlet diameter and the blade outlet width (Y = D, - H=-0.132, Y — b, — H = —0.3235).

For the efficiency index, the indirect path coefficient of impeller outlet diameter was 0.0252, which
proved that the impeller inlet diameter had a small indirect impact on the efficiency by changing the
other geometrical parameters. The impeller inlet diameter impacted the efficiency by the impeller
outlet diameter and the area ratio, while the impeller inlet diameter reduced the efficiency by changing
the impeller outlet diameter (Dy — Dy — 11 = —0.109), the impeller inlet diameter increased the
efficiency by the area ratio (Dy — Y — 1y = 0.1383). The indirect path coefficient of the outlet lean angle
was 0.1031, which indicated that the outlet lean angle had little indirect impact on the increase of the
efficiency by changing the other geometrical parameters, the outlet lean angle increased the efficiency
by the blade outlet width and the area ratio (y — by — 11 = 0.107, y = Y — 1; = 0.2509), while it
decreased the efficiency by area ratio (y — Dy — m; = —0.2726). The indirect path coefficient of the
blade outlet angle was —0.1344, showing that blade outlet angle had an indirect impact on the decrease
of the efficiency by changing the other geometrical parameters, and the blade outlet angle decreased
the efficiency by the blade wrap angle (8, — ¢ — 11 = —0.1636); the blade outlet angle decreased the
efficiency by the impeller outlet diameter (8, — Dy — 11 = 0.109). The indirect path coefficient of the
blade wrap angle was —0.417, hinting that the blade wrap angle had an indirect impact on the increase
of the efficiency by changing the other geometrical parameters, and the blade wrap angle increased the
efficiency by blade outlet angle, impeller outlet diameter, and the blade outlet width (p — 2 — 11 =
0.1601, ¢ — by — 11 =0.109, ¢ — by — 11 = 0.1076). The indirect path coefficient of the impeller blade
numbers was 0.1417, which demonstrated that the impeller blade numbers had an indirect impact on
the increase of the efficiency by changing the other geometrical parameters and the impeller blade
numbers increased the efficiency by the blade outlet angle (Z — B, — 11 = 0.2001), while the impeller
blade numbers decreased the efficiency by the blade wrap angle (Z — ¢ — 17 = —0.1227). The indirect
path coefficient of the impeller outlet diameter was —0.54, denoting that the impeller outlet diameter
had an indirect impact on the decrease of the efficiency by changing the other geometrical parameters,
and then it decreased the efficiency by the blade outlet width and the area ratio (D — by —» m =
—0.1076, D, — Y — 11 = —0.4445). The indirect path coefficient of the blade outlet width was —0.0106,
which implied that the blade outlet width had an indirect impact on the decrease of the efficiency by
changing the other geometrical parameters, and the blade outlet width decreased the efficiency by the
area ratio (b, — Y — 11 = 0.4242), while it decreased the efficiency by the blade wrap angle and the
impeller outlet diameter (by — ¢ — 1 = =0.1636, by — Dy — 1 = —0.2181).

It was acquired by analyzing the indirect path coefficient between the different geometric
parameters that the influence weight of each parameter was different when the different performances
served as the index (f, = Z — H = 0.251, $; = Z — 13 = —0.0005). Under the index of the same
performance, the influence weight of each parameter was directional (8, — ¢ — H = -0.1244, ¢ —
B2 — H = 0.1697). Under the small indirect path coefficient, it did not mean that there was little
interaction between the factor and other factors (the indirect path coefficient of the impeller outlet
diameter reaches —0.0252, Dg — D, — 11 = —=0.109, Dy — Y — 1; = 0.1383), which neutralized the
indirect effect on each parameter.
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3.3. Analysis of Residual Path Coefficient

The residual path coefficient is a critical value that determines the satisfaction of the linear relation
between parameters and performances. In this paper, the determined path coefficients and the residual
path coefficients between the eight geometrical parameters of the impeller and the performance of the
nuclear reactor coolant pump are listed in Table 3.

Table 3. Residual path coefficient between impeller geometric parameters and performance.

Performance Determine Path Coefficient Residual Path Coefficient
H 0.8421 0.2909
m 0.6678 0.5541

It can be seen from the table that the determined path coefficient between the head and the
performance reached 0.8421, which indicated that the eight parameters selected could calculate it
accurately through the linear relationship, while the path coefficient of efficiency was determined
as 0.6678. This proved that selecting the eight parameters and efficiency cannot satisfy the linear
relationship, there may be larger errors, or the main parameter was not selected. However, according
to the actual situation, as the flow of the components of nuclear reactor coolant pump, the impeller
was employed to convert mechanical energy into potential energy, so that the head primarily becomes
dependent on the impeller geometric parameters. For efficiency, the impeller was only a part of the
nuclear main pump flow components, and the influence of the impeller geometry on the efficiency was
greater than the selected seven. Thus, the determined path coefficient was normally not large, and
hence the calculation process was accurate. The eight parameters selected could have been used as
a representation of efficiency by linear. To visually represent the relationship between the efficiency
index, the lift index, and the parameters, please refer the path diagram (shown in Figure 3).

(a) The path diagram between the impeller geometrical parameters and the
efficiency.

Figure 3. Cont.
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(b) The path diagram between the impeller geometrical parameters and the head
Figure 3. The path diagram between the impeller geometrical parameters and the performance.

3.4. Optimal Parameter Selection

By selecting the eight major parameters of the impeller, efficiency, and the head, respectively, as
the performance evaluation indices, the geometrical parameters of the different indices have proved to
have different effect sizes. When efficiency was the performance index, five geometrical parameters
exerted the greatest influence on efficiency in line with the size of influence weight: blade outlet angle
> impeller outlet diameter > blade wrap angle > area ratio > blade outlet width. When the head was
the performance index, the six geometric parameters had the greatest impact on efficiency; according
to influence weight: impeller blade numbers > blade outlet angle > blade wrap angle > area ratio >
impeller outlet diameter > blade outlet width. This paper considers efficiency as the main performance
index, the optimal parameters were selected in line with the results of partial correlation analysis and
path analysis, and the results were as listed under Table 4.

Table 4. Optimal combination of impeller geometrical parameters.

Factor Y B2 @ V4 D, by Dy Y
Optimal results 23° 30° 115° 5 770mm  200mm  555mm  1.002

4. Experiment Verification

To verify the effectiveness of this optimization method, the model pump, developed as per the
specified parameters, was tested and verified. The model pump had the following specifications;
design flow Qy = 104 m3/h, head Hy = 3.6 m, rotating speed n = 1480 r/min, and specific speed
ns = 351. The model pump and the reactor coolant pump size had a ratio of 5.56. The transient
performance testbed for reactor coolant pump was presented in Figure 4. To complete the collection,
the flow measurement used the LWGY-type turbine flow sensor instrument supplied by the Nanjing
Ditai Electromechanical Equipment Co. Ltd (Nanjing, China), turbine flow meter diameter of DN125,
output current signal of 4-20 mA, and acquisition accuracy of 0.5 grade. The instantaneous flow signal
was acquired from Beijing Altai Technology Development Co., Ltd. We used a production USB3200
type data acquisition card with rotating speed function and a moment sensor: ZJ-type rotating speed
and the moment sensor supporting WJCG dynamometer acquisition pump shaft speed, moment, and
other data; its working principle was magnetoelectric conversion and electric phase difference, the
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measurement range of the moment was 0-50 NM, the number of teeth was 180, the precision was 0.2%,
and the speed range was 0-5000 r/min. In the test process, the model pump was first, and then the
outlet valve was adjusted after its operations were stabilized so that the pump could be shut down
under the rated working condition. The start-up curves of the three groups with starting time of
approximately 2s, 4.5 s, and 8.5 s, respectively, were obtained through the coupling to connect the
flywheels with different moments of inertia to reduce the starting acceleration of the unit. Through
the similar conversion of the model pump, the starting characteristic curves of the three groups of
different starting accelerations of the nuclear reactor coolant pump were determined as in Figure 5.

Figure 4. Test device for the coast-down transition process of the nuclear reactor coolant pump.
10+

0.8+

—a— Before optimization
—e— After optimization

Figure 5. Change of rotational speed before and after the optimization of the nuclear reactor coolant
pump during the coast-down transition process.

A dimensionless conversion was carried out with the optimized coast-down time of the pump
as a cycle. From Figure 5, it is evident that the optimization had a great influence on the change of
the rotation speed [23] in the coast-down transition of the reactor coolant pump. Because of the small
moment of inertia of the impeller itself, the small changes in the impeller geometrical parameters and
the amount of change in the moment of inertia can be neglected. Figure 3 illustrates that the curves of
speed variations in the coast-down transition were different before and after the optimization. The
preoptimization speed decreased to zero at nearly 0.8 T, and the optimized speed dropped to zero
at nearly 1 T;. Throughout the coast-down transition, the size of the speed before optimization was
greater than the size of the speed of coast-down after optimization. This proved that almost the entire
coast-down characteristics had been improved through the structural optimization of the nuclear
reactor coolant pump.
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5. Conclusions

The inertia moment energy stored in the rotor system was utilized to keep the nuclear reactor
coolant pump running during coast-down transition. Considering the additional losses of the impeller
were primarily caused by the nuclear reactor coolant pump under the off-design condition, the energy
loss was reduced and the time of coast-down was delayed by optimizing the main structural parameters
of the impeller.

(1)  According to the energy conservation law, the calculation equation of coast-down time and
the energy utilization of the inertia moment storage were listed, and the basis of coast-down
optimization was given based on the reducing energy loss in the coast-down transition. Hydraulic
optimization design of the reactor coolant pump impeller was carried out by combining orthogonal
optimization test and CFD simulation software, while the hydraulic characteristics of the
calculation model were also completed.

(2) The correlation between the impeller geometric parameters and efficiency, head, and different
geometric parameters was computed, and the main parameters affecting efficiency and the
pressure head were determined. By the path analysis on the results of hydraulic characteristics,
the direct influence of geometric parameters on efficiency and head and the indirect influence of the
geometric parameters on other parameters that changed the efficiency and head were ascertained.

(3) The efficiency of the pump was the target, the head was the constraint condition, and, combined
with the calculation results of the partial correlation analysis and path analysis, the optimal
parameters were selected as y = 23° p = 30°, ¢ = 115°, Z = 5, by = 200 mm, D, = 770 mm,
Dy =555 mm, and Y = 1.002, respectively.
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Abstract: The mathematical models of productivity calculation for complex structural wells mainly
focus on the single well or the regular well pattern. Previous research on the seepage theory of complex
structural wells and vertical wells in mixed well pattern is greatly insufficient. Accordingly, this article
presents a methodology of evaluating the productivity of infill complex structural wells in mixed
well patterns. On the basis of the mirror-image method and source-sink theory, two semi-analytical
models are established. These models are applied to the productivity prediction of an infill horizontal
well inhorizontal-vertical well pattern and an infill multilateral well inmultilateral-vertical well
pattern, respectively, in which the interference of other wells, the randomicity of well patterns, and the
pressure drawdown along the horizontal laterals are taken into account. The semi-analytical models’
results are consistent with those calculated by the Eclipse reservoir simulator with the relative error
of less than 15%. Results indicate that the bottom hole flowing pressure decreases logarithmically
while the wellbore flow rate increases monotonically from the toe to the heel of the horizontal well.
Due to the pseudo-hemispherical flow at each endpoint and the pseudo-linear flow at the center
of the horizontal well, the drainage area at each endpoint is relatively larger than that at the center.
The radial inflow at each endpoint of the horizontal segment is considerably greater than that at the
center, which presents the U-shape distribution. The proposed methodology enhances and promotes
the theory of productivity evaluation for complex structural wells in mixed well patterns.

Keywords: complex structural well; mixed well pattern; productivity evaluation; semi-analytical
model; well location optimization

1. Introduction

Complex structural wells including horizontal wells and multilateral wells have become a popular
alternative for the development of oil and gas fields around the world because of their high flow
efficiency due to larger contact area made with the reservoir and lower pressure drawdown at the
same liquid volume [1]. As the process of oilfield development enters into the intermediary and
later phase, the mixed well patterns of complex structural wells and conventional vertical wells have
been widely applied to the implementation of adjustment plans [2]. The infilling horizontal wells
or multilateral wells in mixed well patterns are of great significance to optimization of development
strategies. Due to the complexity of seepage mechanism near the horizontal wellbore, the coupling
between reservoir flow and wellbore conduit flow, and the interference of other wells in mixed well
patterns [3], the original mathematical models based on time invariant flow are no longer applicable as
a result of the change of flow regimes. Therefore, it is necessary to establish new productivity models
of infill complex structural wells in mixed well patterns.
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The productivity evaluation of complex structural wells under different reservoir conditions is
an important topic in the field of complex structural wells. At present, studies have been conducted
on the methods of production calculation for horizontal wells [4-18] and multilateral wells [19-23],
which are mainly divided into analytical methods and semi-analytical methods. The analytical model
aims to directly build a calculation formula based on ideal assumptions. In the semi-analytical model,
each branch of the complex structural well is divided into several infinitesimal sections, thus the
productivity can be obtained by solving the system of linear equations combined with fluid flow rate
and pressure drawdown for each infinitesimal in the wellbore. However, these methods mainly focus
on building models of single well or regular well patterns, and little research has been conducted on the
seepage theory of mixed well patterns of vertical wells and complex structural wells [24-30]. In view
of the field problems involving the productivity prediction of infill wells in irregular well patterns,
there are limitations in current mathematical models [31-35]. On the one hand, they are only suitable
for the productivity calculation of the entire well pattern not for single infill wells; on the other hand,
they are merely applied to the regular five-spot pattern, seven-spot pattern, and nine-spot pattern not
for the irregularly mixed well pattern. More importantly, the pressure drop caused by wall friction
and fluid acceleration along the horizontal lateral is not comprehensively taken into account during
the coupling of reservoir seepage and wellbore conduit flow. In order to overcome the deficiencies
of the existing models, Ye et al. [36] presented a productivity evaluation model for infill horizontal
wells considering the interference of other wells and the wellbore friction, which is suitable for mixed
horizontal injection and production patterns. Although this method did not take into consideration
more complicated conditions, such as the mixed well pattern including multilateral-vertical wells,
it provides us with an effective approach to solve these problems.

The objective of this article here is to present two semi-analytical models for the productivity
evaluation of infill complex structural wells in mixed well patterns on the basis of the mirror-image
method and source-sink theory. The first model is suitable for the infill horizontal well in
horizontal-vertical well pattern, and the other for the infill multilateral well in multilateral-vertical
well pattern. Then, the two models are applied to the study the seepage mechanism in terms of the
bottom hole flowing pressure and the distribution of wellbore flow and radial flow along the horizontal
segment. The main feature of this methodology is that the models take into account the interference of
other wells, the randomicity of well patterns, and the pressure drawdown along the horizontal laterals.
The application in the optimization of infill well location also indicates the significant practical value of
the proposed models.

2. Productivity Model
2.1. Productivity Model of Mixed Horizontal-Vertical Well Pattern

2.1.1. Reservoir Flow Model

As is shown in Figure 1, in the deployment of mixed horizontal-vertical well pattern, we assume
that the number of vertical producers including Pi, P';, .-+, P% is m*, the number of horizontal producer
including Pi, P;, .-+, Py, is m®, the number of vertical injectors including I?, I;, -+, I%Z is n*, the number
of horizontal injectors including I3, I;, -+, I} is n°, and Py is the infill horizontal producer. The top
and bottom boundaries of the reservoir are both closed, and the surrounding area is infinite. In order
to analyze the well performance, the vertical interval and horizontal interval are both divided into N

segments (Figure 2) [2,36].
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Figure 1. The deployment of mixed horizontal-vertical well pattern.
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Figure 2. Schematic of the segmented horizontal well.

The coordinates of an arbitrary point M in the vertical segment k (1 < k < N) of the uth vertical
producer can be expressed as follows:

xZ(u,k,t) :xg,
P(u,k,t) =
yz(ul ) =, M
2k t) =20+ (k+t-1)L/N, 0<t<1

The coordinates of an arbitrary point M in the horizontal segment k (1 < k < N) of the uth horizontal
producer can be expressed as follows:

Lk t) = + (k+t-1)L/N,
y?(urkrt) = Ys, (2)

2 (u,k,t) =2, 0<t<1
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The coordinates of an arbitrary point M in the vertical segment k (1 < k < N) of the vth vertical
injector can be expressed as follows:

xk(v,k,t) = xi,

Lo,k t) =y,
y( )=y )

zi(v,kt) =zt + (k+t-1)L/N, 0<t<1

The coordinates of an arbitrary point M in the horizontal segment k (1 < k < N) of the vth horizontal
injector can be expressed as follows:

xi(v,k t) = xL + (k+t—1)L/N,

Lo,k t) =y,
ys(v ) =Y. @

Z(v,k,t) =2, 0<t<1

The coordinates of an arbitrary point M in the horizontal segment k (1 < k < N) of the infill
horizontal producer can be expressed as follows [37]:

x(new, k,t) = 0., + (k+t—1)L/N,
y(’VlEZU, k,t) = yZewf

z(new, k,t) = 25, 0<t<1

where x’; (u,k, t), y’; (u,k, t), ZZ (u, k, t) are the coordinates of an arbitrary point in the segment k of the uth
vertical producer; 1%, 7, 2! are the coordinates of the left end (well heel) of the uth vertical producer;
*F (u,k,t), y (u,k, 1), 28 (u,k, t) are the coordinates of an arbitrary point in the segment k of the uth
horizontal producer; !, 4,2 are the coordinates of the left end (well heel) of the uth horizontal
producer; xé(v, k,t), y;(v, k, t),zé(v, k,t) are the coordinates of an arbitrary point in the segment k of
the oth vertical injector; xi, .,z are the coordinates of the left end (well heel) of the vth vertical
injector; x4 (v, k, t), yi (v, k, t), 2L (0, k, t) are the coordinates of an arbitrary point in the segment k of the
oth horizontal injector; xi, yi, zi are the coordinates of the left end (well heel) of the vth horizontal
injector; x(new, k, t), y(new, k, t), z(new, k, t) are the coordinates of an arbitrary point in the segment k of
the infill horizontal producer; ¥}, hwws Zhew are the coordinates of the left end (well heel) of the infill
horizontal producer. L is the length of the entire horizontal section, m; N is the total number of the
segments, dimensionless.

The mirror-image method and source-sink theory have been widely applied to the boundary
effect reduction. As is shown in Figure 3a, assuming the constant pressure boundary is a mirror, we
can project the producer (we call sink in the method) into an image injector (we call source in the
method) at the symmetric coordinate to counteract the constant pressure boundary effect. As is shown
in Figure 3b, in the same way, we can project the producer into an image producer at the symmetric
coordinate to counteract the closed boundary effect [2].
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Figure 3. The mirror-image method and source-sink theory applied in different boundaries: (a) constant
pressure boundary; (b) closed boundary.

On the basis of the method of images and the principle of superposition, we take the closed
boundaries of the top and the bottom of the reservoir as mirrors. Thus, it is transformed into the
problem of infinite well rows for horizontal producers, which is easy to solve. The potential of the
producing segments of the infill horizontal well at any point M (x, y, z) in the infinite formation is:

N

N
P 5,2) = Y Bl y2) = ) 1K)l 2)] + . ©)
k=1

k=1

With:

“+o00
ei(x,y,z) = Y, {&(x(new, k,t), y(new, k, t),2nh + z(new, k, t)]+
n=-—oo
ék[x(new, k,t), y(new,k, t), 2nh — z(new, k, t))+

Z q”z Ek[xp(u K, t), yo(u,k,t), 2nh + 25 (u, k, 1))+

'{ %z gk[xl’(u,k B, yo(u,k, t),2nh — 2 (u, k, )]+

o
L q; ?k Lol (ko 1), 1 K, ), 20+ 2 )]+
U=

@)

"i q“ S0 (1), o (1, K, 1), 20l — 28 (1, K, £)]—
nZ

L ";j(( )) &l 0,k £), v (0, 1), 2nh + 2L (0, k, 1)) -
v:

"Z quk &l (v, k, ), i (v, k, t), 2nh — 2L (v, k, )]~

n‘ . . .
L q;im Sl (v,k, 1), yi (v, k, £), 20 + 2L (v, K, £)]—
o=

% q,;”"‘((kI;) &k [x;'(v, k,t), yé(v, k,t),2nh — zé(v, k, t)}}, n=0,+1,+2,---
v=1 "

where g}, (k) ~ QI(‘,Z, . (k) = QI(’]Z, ahs(k) ~ Qli}s, s (k) = Q’“ ; Q. is the production of the uth vertical
producer, m®/d; Qi . is the injection rate of the vth Vertlcal injector; Qﬁ/s is the production of the uth
horizontal producer, m%/d; Qi,ys is the injection rate of the vth horizontal injector, m%/d.

For:
r1(new, k) + ro(new, k) + &

x(new, k, t), y(new, k,t),z(new, k,t)] = In ,
Suls(ne, ),y b ), (e )] = In 2 CEES R
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r1(new, k) = \/[x(new,k,t = 0) —x]* + [y(new, k,t = 0) — y|* + [z(new, k, t = 0) —z)?,

1o (new, k) = \/[x(new,k,t =1)-x*+ ly(new, k,t =1) — y]z + [z(new, k,t = 1) — 2.

In the same way, we can obtain the expressions of &[x(u,k, t),y(u,k, t),z(u,kt)] and
Eklx(v,k,t),y(v,k,t),z(v, k, 1)].

Once the distributions of the flow rates of g, (k), qﬁrz k), g5 (k), qﬁrs (k), q,(k) are known, all terms
of flow pressure p,r(k) of the infill horizontal producer can be calculated. Hence Equation (6) is
simplified to a linear equation system, and can be arranged in the form as follows:

P e e o e || (1) Pe = Pur(1)

P21 P2 @3 - e || 9-(2) A KAL Pe = Puwf(2)

P31 P2 @ o ean || 9/3) | = ny Pe—Par(3) |, (8)
. . . . . . 0 .

oN1 on2 enz o onn L gr(N) Pe = Puf(N)

where ¢;; is the value of @; at the midpoint of the segment 7 of the infill horizontal producer,
dimensionless; g,(i) is the radial flow rate of the segment 7 of the infill horizontal producer, m3/d;
Pe is the reservoir pressure, MPa; py(i) is the flowing pressure of the segment i of the infill horizontal
producer, MPa; K is the reservoir permeability, 1073 pm?; Lo is the oil viscosity, mPa-s; h is the net pay
thickness, m.

The wellbore flow rate along the horizontal well can be expressed as follows:

N
k) =Y a:(i), ©
=k

where g;(k) is the wellbore flow rate of the segment k of the infill horizontal producer, md/d.

2.1.2. Wellbore Flow Model

The wellbore pressures of each segment along the horizontal segment are not independent of each
other, instead, they are related to each other via wellbore hydraulics. More specifically, the pressure
difference between two adjacent segment midpoints is dependent on the radial flow into the two
segments, the local pressure, and the fluid property [2,36].

The pressure drop along the horizontal well is caused by the wall friction and the fluid
acceleration [3,11,12,38], and can be calculated by the correlation of pressure drop in the horizontal
interval under the condition of open-hole completion proposed by Liu et al. [12]:

Aprf(i) = %{ 202 [201(i) - 4,(1) 5| + 250 [ 29,() - qr(i)%]},

(10)
pwf(i) = quf(i— 1) +O‘5(prf(i_ 1) + prf(l))f (l <i<N+ 1)

where pyy is the flowing pressure of the well heel, p(0) = puy, Apuf(0) = Apy(N + 1) = 0, MPa; p is the
fluid density, g/cm3; f is the wall friction factor, and can be calculated as follows:

f= 13:; Nge < 2100

1 _ T, 2125
v 1.14 - 21g(% + g ), Nge > 2100

By combing Equations (9) and (10), the following system of equations can be obtained:

flar(@), pur(i)] = 0. (11)
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As expected, the total number of Equations (8) and (11) is equal to 2N, which is the same as that of
unknowns. Thus, the model has a unique solution.

2.1.3. Solution Procedure

The iterative algorithm is an efficient way to solve this problem, and the solution procedure is
shown in Figure 4.

| Assume initial value of py(i) |4—

!

| Substitute p,{i) into Equation (8) to calculate g,(i) |

|

| Substitute q,(i) into Equation (11) to update pi) |

!

| Substitute new pq(i) into Equation (11) to update g,(i) |

‘ max(abs[ps* (1) — ity (0], abs[qF* (1) — g ()]) < &

No

Converge?

l Yes

| Output the calculation results

Figure 4. The flow chart of solution procedure.

2.2. Productivity Model of Mixed Multilateral-Vertical Well Pattern

2.2.1. Reservoir Flow Model

As is shown in Figure 5, in the deployment of mixed multilateral-vertical well pattern, we assume
that the number of vertical producers including Pi, P;, -+, P% is m*, the number of vertical injectors
including I%, I;, -+, IZ is n*, and Py is the infill multilateral well. The top and bottom boundaries
of the reservoir are both closed, and the surrounding area is infinite. In order to analyze the well
performance, the vertical interval is divided into N segments.

1Z
1 127
p7
®
P:lz Pnew Pnzl
i ®
Py
®

Figure 5. The mixed well pattern of multilateral-vertical wells.
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The coordinates of an arbitrary point M in the vertical segment k (1 < k < N) of the uth vertical
producer can be expressed as follows:

(12)
2k t) =20 +(k+t-1)L/N, 0<t<1

The coordinates of an arbitrary point M in the vertical segment k (1 < k < N) of the vth vertical
injector can be expressed as follows:

x(v,k,t) = «i,

Lok t) =y,
yz Yz 13
Zi(v,kt) =z + (k+t-1)L/N, 0<t<1

where (1, k, 1), y£ (u,k, t), 2 (1, k, t) are the coordinates of an arbitrary point in the segment k of the uth
vertical producer; xf , yf , zZ are the coordinates of the left end (well heel) of the uth vertical producer;
x(v,k, 1), 4L (v, k, 1), zL (0, k, t) are the coordinates of an arbitrary point in the segment k of the vth vertical
injector; x%, y., z_. are the coordinates of the left end (well heel) of the vth vertical injector.

Figure 6 is the three-dimensional (3D) schematic of the infill multilateral well, we assume that
each branch is symmetrically distributed on the same horizontal plane, the length of which is identical.
The xoy coordinate system is established by taking the subpoint of the main hole in the xoy plane as
the origin of coordinates, and the direction of the main hole as the z axis. Each branch is distributed
counterclockwise around the z axis with the x axis as the starting direction.

N
.

PafN1)  eee e e Payl1:1) \EEEEEEEEEI

Figure 6. 3D schematic of infill multilateral well.

My(x, y, zp) is the bottom-hole coordinate of the main wellbore, and M;(x; o, Vi 0, zi ) is the starting
coordinate of the ith branch with the length of L; (1 < i < M). M is the number of branches. The ith
branch of the infill multilateral well is divided into N; (1 < i < M) segments, thus the infinitesimal
length of the ith branch is AL; = Li/N;.
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Accordingly, the coordinates of an arbitrary point M in the horizontal segment i (1 < i < M) of the
infill multilateral well can be expressed as follows:

j-1
x(i, j) = xip + AL[ X (sin 0; - cosajx) + tsin 0; ;- cos ajx],
k=1

j-1
y(i,j) = yio + AL;[ ¥ (sin Oy - sina;y) +tsin 0; ;- sina;y], (14)
k=1
-1
z(i,j) = zip + AL;[ X cos O;x +tcos0;;], (1<i<M,0<j<N;,0<t<1)
k=1

where x(i, j), y(i, ), z(i, j) are the coordinates of an arbitrary point in the ith branch of the infill multilateral
producer; x; o, ¥io, zip are the coordinates of the left end (well heel) in the ith branch of the infill
multilateral producer; 6 is the deviation angle of the ith segment of the infill multilateral producer; o is
the azimuth angle of the ith segment of the infill multilateral producer.

As mentioned above, we can also transform this problem into the one of infinite well rows by
using the method of images and the principle of superposition. Thus the potential of the producing
segments of the infill multilateral well at any point M(x, y, z) in the infinite formation is:

M 1M Nj
foyz) =) fivya) =3 ) [ati Doy 2)]+C (15)
i=1 i=1 j=1

With:

Pij(x,y,z) = ; [AL & ;(Xz irYij, 2nh + Zi,j) + ﬁéi,j(xi,j, Yij, 2nh —Zi,j)+

u,z k
i z Thell) g o 1, 1), o, 1), 208+ 2 0, 1))

Z quz k ék[x (ll k t) yz(u k t) 27’[]’[ ZZ(M k t)] (16)

I

AL z e ”) Y el (0,k ), yi (0, k, 1), 2nh + 2 (0,k, )] -

7z (k)
Z 14

el &l (v, k, t), yi (v, K, £), 2nh — 2L (0, k, 1))

where q’Z,z(k) ~ QI}(‘,Z g, (k) ~ % ; Qﬁ,z is the production of the uth vertical producer, m3/d; Qi _ is the

injection rate of the vth vertical injector, m3/d.

Once the distributions of the flow rates of g,(i, j), 4l,.(k), q..(k) are known, all terms of flow
pressure py (i, j) of the infill multilateral producer can be calculated. Hence Equation (15) is simplified
to a linear equation system, and can be arranged in the form as follows:

q,(1,1) P, —ow(l,l)
q:(1,2) Pe = Pyr(1,2)
4n khkv
A =t . 17
Qr(llNl) Ho Pe_ow(erl) (17)
q:(M,Ny) Pe = Py(1,Npm)
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With:
Py ~ ey ¢(1,1)(1,N1) — Pe(1,N) b (21 — P2y Panm, NM — Pe(MNy)
A= danya) ~ Py PaN)AN) T Pe1N) ¢(1N,)21 —Pe21) v PANDMNy) T Pe(MNy)
D111 ‘Pe Ly PNy T PN 1) (21 — o2y P 21)(MNM — Pe(MNy)
¢(M,NM)(1,1) —Qe11) T PMNM(LND) T Pe(IN) PN T Pe21) T PNy (MNy) ~ Pe(MNy)

where ¢,(i, j) is the radial flow rate of the ith branch of the infill multilateral producer, 1 <i < M,
1<j<N; m?3/d; P, is the reservoir pressure, MPa; Py(i, j) is the flow pressure of the ith branch of
the infill multilateral producer, 1 <i <M, 1 <j < N;, MPa; kj, is the reservoir horizontal permeability,
1073 um?; k, is the reservoir vertical permeability, 1073 um?; g, is the oil viscosity, mPa-s.

2.2.2. Wellbore Flow Model
1. Pressure drop model of the horizontal lateral

The pressure drop along the horizontal interval is caused by the wall friction and the fluid
acceleration. According to Equation (11), the pressure drop of the ith branch of the multilateral well
along the horizontal interval can be calculated by:

Fy {4, 1), pug (i )] = 0. (18)

2. Pressure drop model of the deviated segment

The branch holes enter the reservoir through the deviated segment. Although each deviated
segment does not contribute to the production, the pressure drop in the deviated segments cannot be
ignored. According to fluid seepage theory in the elbow, the pressure drop can be calculated by the
following formula:
4x107°pARQ%,  pgR.
B R

Aps =Cyp (19)

where AP; the pressure drop along the deviated segment, MPa; R, is curvature radius of the deviated
segment, m; p is the fluid density, kg/m3 ; dy is the wellbore diameter of the deviated segment, m; Cy, is
the similarity factor of the wellbore and deviated segment, dimensionless; A, is the friction factor of
the deviated segment, dimensionless.

3. Pressure drop model of the vertical segment

According to the law of conservation of energy, the equation of pressure gradient in the pipe with
inclination can be expressed as follows:

dP

= = pgsin6 + pv f (20)

where dP/dz is the pressure loss per unit length, MPa/m; pgsin0 is the pressure drop caused by the fluid
gravity, MPa/m; pv X du/dz is the pressure drop caused by the fluid acceleration, MPa/m; f X pvz/Zd is
the pressure drop caused by the friction, MPa/m; p is the fluid density, kg/m3; d is the pipe diameter, m
The friction factor f can be calculated by:

f= A?Ti,NRe <2100
1 21.25
i 1.14 - 21g(% + 212, Nge > 2100

0.9
NRe
where N, is the Reynolds number, dimensionless.
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4. Internal pressure drop model of the branch hole

The flowing pressure at the heel of the ith branch can be calculated by simultaneous Equations (19)
and (20):
ow(l) :Plnb_APvi_Aqui(1§iSM)/ (21)

where P, is the flowing pressure of the main wellbore, MPa; AP,; is the pressure drop of the vertical
segment of the ith branch, MPa; AP, is the pressure drop of the deviated segment of the ith branch, MPa.
By combining Equations (20) and (24), the following system of equations can be obtained:

Fijlar(i i) o)) = 0,(1 i <M1 < j < Ny). 22)

As expected, the total number of equations of Equations (17) and (22) is equal to 2(M x N;), which
is the same as that of unknowns. Therefore, the solution of the coupling model is unique.

2.2.3. Solution Procedure

The coupling model can also be solved by using the iterative algorithm, and the solution procedure
is shown in Figure 7.

| Input parameter P, |4—

|

| Assume initial value of p.(ij) |

v

| Substitute p(i,j) into Equation (17) to calculate q,(i.j) |

l

| Substitute g,(i.j) into Equation (22) to update p,Ai.f) |

|

Substitute new p,i.j) into Equation (22) to update q,(i.j) |

l

max(abs[p{f,}l(i,j) — pfuf(i,j)], abs[qF* (i) — gt D) < e

Converge?

l Yes

Output the calculation results

Figure 7. The flow chart of solution procedure.
3. Results and Discussion

3.1. Model Validation

The semi-analytical models can be applied to the productivity prediction of the infill horizontal
well and the multilateral well in mixed well patterns. In order to verify the reliability of the models,
two cases are considered, and the results calculated by the semi-analytical models are compared with
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those calculated by the Eclipse software (Schlumberger). In the first case, we selected a typical mixed
well pattern of horizontal-vertical wells from a thin carbonate reservoir in the Middle East. There are
three vertical producers (P11, P12, and Pi3), one horizontal producer (Py4), one vertical injector (I11),
one horizontal injector (I12), and P1 is the infill horizontal producer. In the other case, the reservoir is
a thick, multi-layer reservoir in the Middle East, multilateral wells are adopted to improve the degree of
the reservoir development. The mixed well pattern of multilateral-vertical well includes two vertical
producers (P51 and Py;), one vertical injector (I21), and Py, is the infill multilateral producer with two
branch holes.

The productivity models can be solved by VB modular programming of the object-oriented
technology. The reservoir properties and wellbore geometry are listed in Tables 1 and 2. By inputting
the same model parameters, the productivity evaluation of the two wells were conducted respectively
with the semi-analytical models and the Eclipse simulator. The calculation results are shown in Table 3.

Table 1. Productivity calculation parameters of P1;e;,.

Parameters (Unit) Value
Net thickness (m) 6.0
Porosity (%) 15.3
Permeability (1073 um?) 88.5
Reservoir pressure (MPa) 38.6
Qil viscosity (mPa-s) 8.1
Horizontal length of Pipey (m) 335
Wellbore radius of Pypeyw (m) 0.1
Bottom hole flowing pressure (MPa) 36.6
Production rate of P11 (m3/d) 18.5
Production rate of P15 (m3/d) 21.6
Production rate of Py3 (m3/d) 243
Production rate of P14 (m3/d) 56.8
Injection rate of I11 (m3/d) 68.5
Injection rate of Iy (m3/d) 79.2

Table 2. Productivity calculation parameters of Py;e;,.

Parameters (Unit) Value
Net thickness-the 1st branch of Pypey, (M) 5.1
Net thickness-the 2nd branch of Pppeyy (M) 94
Porosity (%) 22.1
Ratio of vertical to horizontal permeability (-) 0.1
Reservoir pressure (MPa) 20.3
Qil viscosity (mPa-s) 6.2
Length of the 1st branch of Py, (m) 200
Length of the 2nd branch of Py,., (m) 140
Bottom hole flowing pressure (MPa) 10.0
Production rate of Py (m3/d) 52.9
Production rate of Py, (m3/d) 67.8
Injection rate of I; (m3/d) 125.5

Table 3 indicates that the semi-analytical models have a high accuracy with the relative error of
less than 15%. The results calculated by the models are consistent with those by the Eclipse numerical
simulator, which verify the reliability of the productivity models. By taking into account the actual
conditions, namely the interference of other wells in the well pattern, the coupling between the
reservoir flow and wellbore flow, and the pressure drop along the horizontal lateral, the accuracy of
the productivity prediction by the semi-analytical models is greatly improved.
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Table 3. Results comparison of two methods.

The Semi-Analytical

Well Name Prol?iit:t?‘l/ity Model The Eclipse Simulator
(m3/d) Productivity =~ Relative = Productivity  Relative
(m3/d) Error (%) (m3/d) Error (%)
Plyew 25.0 27.3 9.1 272 8.8
1st branch 197.7 220.7 11.7 221.3 11.9
Popew 2nd branch 147.1 166.5 13.2 168.0 14.2
Total 3447 387.2 12.3 389.3 12.9

3.2. Model Application

3.2.1. Study on Seepage Mechanism of Horizontal Well

In the first case of model validation, we can further analyze the bottom hole flowing pressure,
the distribution of wellbore flow rate and radial flow rate along the horizontal segment. Figures 8
and 9 show that the bottom hole flowing pressure decreases logarithmically while the wellbore flow
rate increases monotonically from the toe to the heel of the horizontal well. The reservoir flow coupled
with variable mass wellbore flow results in this near wellbore dynamics. On one hand, the mass flow
rate of fluid from the toe to the heel increases gradually. In this case, the fluid velocity along the
main flow direction also increases with an accelerating pressure drop. The radial inflow of reservoir
fluid along the horizontal wellbore disturbs the boundary layer of the main stream tube and affects
its velocity profile, thus altering the wall friction resistance determined by the velocity distribution.
These factors lead to the bottom hole flowing pressure decreasing in the form of logarithmic function.
On the other hand, the radial inflow performance affects the distribution of pressure and pressure drop,
and vice versa. Due to the pseudo-hemispherical flow at each endpoint (well heel and well toe) and
the pseudo-linear flow at the center of the horizontal segment, the drainage area at each endpoint is
relatively larger than that at the center. The radial flow rate at each endpoint of the horizontal segment
is considerably greater than that at the center, and decreases quickly toward the intermediate section,
which generally presents a U-shape distribution.

37.16
37.14
37.12
37.10
37.08
37.06

37.04

Bottom hole flowing
pressure (MPa)

37.02

37.00 : : - . - . ;
0 50 100 150 200 250 300 350
Distance from the heel (m)

Figure 8. Distribution of bottom hole flowing pressure along the horizontal lateral.
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Figure 9. Distribution of wellbore flow and radial flow along the horizontal lateral.

3.2.2. Optimization of Infilling Well Location

In the intermediary and later phase of oilfield development, infill wells are usually needed to
improve the well pattern and the effect of tapping potential of remaining oil. Therefore, the key is
the optimization of infill well location. The productivity models provide a shortcut for this target.
Based on the understanding of geological conditions and development status, the productivity of infill
well can be accurately predicted, and in combination with the findings of remaining oil distribution,
the infill well location could be optimized.

Taking the mixed five-spot well pattern of vertical injectors and horizontal producer as an example,
we conducted a study on the productivity variation of horizontal well at different locations in the
well pattern (Figure 10). The basic reservoir parameters refer to the first case of model validation.
Figure 11 shows that the lateral shifting of horizontal well has some effects on the productivity, and the
productivity at the center of the well pattern is relatively higher than that at other locations. However,
this does not mean that the central location is the optimum selection for the horizontal well. In the
adjustment of well pattern, geological condition and development factors, such as the distribution of
flow field and remaining oil, should also be considered.

Figure 10. Mixed five-spot well pattern of vertical-injectors and horizontal producer (D~ show the
code of different horizontal locations).
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Figure 11. Productivity variation of horizontal well in mixed well pattern.

We made further study on the flow field distribution in the mixed well pattern so as to provide
references for the optimization of infilling well location. Figures 12 and 13 indicate that the equipotential
lines and stream lines are symmetrically distributed along the x-axis as the horizontal well moves
laterally. When the horizontal well is located at the center of the well pattern, both the equipotential
lines and stream lines present a uniform distribution; when the horizontal well moves toward the
right side, both of the two types of the lines on the right side become dense, while those on the left
side are sparsely distributed, and vice versa. The more the horizontal well location changes, the more
obvious this phenomenon is. The flow pattern almost presents a linear flow as the horizontal well
locates at the line of the two vertical wells on the same side, which indicates a relatively higher
swept efficiency. Therefore, in combination with the findings of productivity variation and flow fluid
distribution, the infilling well location could be optimized. This improves the effect of well pattern
adjustment considerably.

@ ®) ©

Figure 12. Equipotential line pattern for lateral shifting of the horizontal well. ((a—c) show the
equipotential line pattern of different lateral location.)
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Figure 13. Stream line pattern for lateral shifting of the horizontal well. ((a-c) show the stream line
pattern of different lateral location.)

3.3. Discussion

In this study, the semi-analytical models for productivity evaluation of infill complex structural
wells are built with the method of images and source-sink theory. Compared with the existing models,
the advantages of the semi-analytical model lie in the following three aspects. Firstly, the models
are suitable for mixed well patterns of vertical wells and complex structure wells; Secondly, both the
interference of other wells in the well pattern and the pressure drawdown along the horizontal segment
are taken into account, which makes the models more reliable. In addition, the models provide some
insight into the seepage mechanism of complex structural wells such as the distribution of wellbore
flow and radial flow along the horizontal segment. However, the semi-analytical models also have
some limitations, the basic assumptions of the models are steady-state flow and closed top and bottom
boundaries, and the productivity evaluation of different reservoir boundaries under the condition of
unsteady-state flow still needs to be further studied.

4. Conclusions

In this paper, on the basis of the mirror-image method and the source-sink theory, two
semi-analytical models are established to predict the productivity of infill horizontal wells and
multilateral wells in mixed well patterns respectively, in which the interference of other wells,
the randomicity of well pattern, and the pressure drawdown along the horizontal lateral are taken
into account.

The application of the productivity models verifies the reliability and practicability. The results
calculated by the models are consistent with those by the Eclipse numerical simulator, and the
semi-analytical models have a high accuracy with the relative error of less than 15%.

The results indicate that the bottom hole flowing pressure decreases logarithmically while the
wellbore flow rate increases monotonically from the toe to the heel of the horizontal segment. Due to the
pseudo-hemispherical flow at each endpoint and the pseudo-linear flow at the center of the horizontal
segment, the drainage area at each endpoint is relatively larger than that at the center. The radial flow
rate at each endpoint of the horizontal segment is considerably greater than that at the center, which
generally presents a U-shape distribution.

This study also proposes a practical and efficient approach for the study on the horizontal seepage
mechanism, and the optimization of infilling well locations.
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