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Abstract:

Pervious concrete is a special type of concrete designed to achieve better water flow
and ventilation properties compared to traditional concrete. This concrete is widely used in
various fields, such as storm water management and flood mitigation. In this research,
permeable concrete was produced without fine materials. The samples contained aggregates of
different gradations marked A, B, C, D and E with a fineness modulus of 3.21% . They were
tested for compressive strength, density, infiltration rate, and porosity. The results indicated that
the best mix of permeable concrete was obtained using the aggregate gradation from group E.
A good relationship was observed between the aggregate gradation and compressive strength,
density, infiltration rate, and porosity, as shown in the research. The average compressive
strength at 28 days for the pervious concrete was 12.01 Mpa, and the density obtained for the
gradation of group E was 1912 kg/m3, with an infiltration rate of 36474 mm/hr and a porosity
of 18.43%. Libya, located on the Mediterranean Sea, is a country susceptible to flooding in
certain areas, highlighting the importance of this research.

Keywords: Pervious concrete; compressive strength; infiltration rat.
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Abstract:

Resource allocation is the bedrock of a successful engineering project management, with
respect to effective usage of resources like labor, materials, and equipment. The traditional
methods that depend on static optimization and heuristic techniques are restricted in their
adaptability to real-time changes and result in inefficiencies, cost overruns, and missed
deadlines. These factors are increasingly necessary as modern engineering projects become
complex and large in scale. This research goes beyond the issues outlined above, instead
proposing a fully Al-driven framework to better allocate resources to bring about vastly
improved project outcomes. While traditional techniques will rely solely on predictive analytics
and advanced algorithms using machine learning techniques to evaluate immense amounts of
both historical and real-time data in order to create accurate demand for resources as well as to
do dynamic re-allocations. The proposed framework as illustrated in the case study performed
in Libya, can minimize resource wastage, enhance productivity, and respond to unforeseen
disruptions such as supply chain interruptions or labor shortages by integrating these capabilities
with optimization algorithms. The novelty in this approach is the integration of predictive
analytics with real-time decision-making within the constraint framework of meeting budgetary
and timeline limits without compromise to efficiency or quality. The study aims to design and
validate a robust resource allocation model for the purpose of forecasting an accuracy of 99.3%
and optimizing resource utilization. This study follows a hybrid Al system, where predictive
analytics are generating the forecast regarding demands on resources and optimization
algorithms dynamically allocating them. Simulations and case studies demonstrate that the
proposed framework does reduce idle time, minimize costs, and ensure timely project
completion. The results obtained show tremendous potential for Al-driven systems in shifting
the paradigm of engineering resource management.

Keywords: Artificial Intelligence, Efficiency, Optimization, Predictive Analytics, Resource
Allocation.
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1. Introduction

Resource allocation is considered to be an integral part of the successful realization of
engineering projects where tasks, budgets, people, and resources are managed well for the
execution of the objectives under the predefined constraints [1]. On the other hand, the
advancement of modern-day engineering activities increases complexity and magnitudes,
resulting in the vulnerabilities of traditional techniques that are heavily reliant on planning
techniques or simple heuristic methods [2]. These approaches usually fail to cope well with real-
time requirements of the projects, creating inefficiencies, delays, and cost overruns that
negatively affect project success|[3].

Artificial Intelligence (Al) is redefining the way resources are allocated, presenting
advanced tools and techniques that could handle complex decision-making processes [4]. Al
algorithms have the ability to analyze large quantities of data that would identify ideal allocation
strategies as well as the forecast of resources in demand for the future period [5], [6]. By infusing
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predictive analytics, machine learning, and optimization algorithms, Al allows project managers
to allocate their resources more efficiently, thereby lessening waste and increasing productivity
[7], [8], [9]. Al systems can also accommodate unforeseen issues, such as supply chain
interruptions or workforce shifts, by rebalancing resource plans in real time, as in Figure 1.

Engineering project applications have tremendous potential in Al to increase efficiency
and better outcome delivery [10]. With Al, a competitive advantage has been developed
regarding the reduction of material waste to the optimal use of labour schedule and on-time
delivery [11], [12]. In this paper, the methodology behind Al for the allocation of resources in
engineering projects is examined. The paper provides an understanding of the methodologies
applied, benefits received, and what the future might hold for the management of engineering
projects.
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& time projects
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Figure (1): Al-driven approaches to project management

1.1. Problem Statement:

In engineering projects, inefficient resource allocation has long been a huge problem and
often results in poor performance, budget invades, and delays [13]. Traditional approaches
strongly rely on the plans and static optimization techniques since the resource allocation
approaches would not adapt to the dynamic characteristics of modern engineering tasks [14].
With these constraints, as projects get larger, more resources go wasted, operational
inefficiencies arise, and deadlines are missed [15]. This necessitates innovative solutions that
can respond to changing conditions in the project and ensure efficient use of resources [16].

1.2. Research Motivation:

The integration of Artificial Intelligence in the management of engineering projects
holds the promise to be a panacea for the old problems of resource allocation [17]. It can
revolutionize project management through the handling of large data, prediction of the demand
for resources, and dynamic optimization of the distribution of resources. This research is
motivated by the desire to explore the possibilities of using Al to improve efficiency, reduce
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waste, and minimize risks in complex engineering environments. Data-driven decisions in the
project will enhance the outcome and help in bridging the limitations of traditional methods by
using Al.

1.3. Research Objective:

Discuss the role of Al in optimizing resource allocation for engineering projects.
Identify efficient techniques for Al techniques and their potential applications in reality.
Give actionable insights for better decision-making and more efficient projects.
Predictive analytics resource needs.

Design resource allocation models optimizing resources allocation without violating the
constraints of budgets and operation, and consider integrating Al-based solution in
actual projects workflows.

a N E

1.4. Research Contribution:

1. Extensive review of the Al-driven methodology for resource allocation in engineering
projects.

2. Suggestion of a visionary framework for bringing Al into Project Management.

Assessment through simulations or case studies on Al's efficiency.

4. ldentification of the adoption challenges and limitations, and recommendation for future
research and practical implementation.

5. This would bridge the gap between theoretically advancing Al and actually applying it
practically in engineering project management.

w

This study presents the application of Al-driven methodologies for engineering project
resource optimization. Section 1 discusses introduction of the inefficiencies and shortcomings
of traditional methods of resource allocation, including static planning and heuristic techniques,
which fail to adapt to the dynamic requirements of the project. Section 2 reviews work on the
advancement in Al technologies relating to predictive analytics and optimization algorithms
which would mitigate this shortcoming. Section 3 shows the proposed method, which comprises
predictive analytics techniques for forecasting and optimization algorithms techniques for real
time dynamic allocation. Section 4 presents an Evaluation of the approach, performance in
comparison with those of conventional techniques; Section 5 concludes with discussion on the
possible impact of the Al revolutionized resource management and opens up future scopes of
research.

2. Related Works:

Ruchit Parekh and Olivia Mitchell [18] provided in-depth review techniques on how to
transform resource-allocation processes by using Al for machine learning, optimization
algorithms. Focusing mainly on scheduling and estimation of cost through the research carried
out, there is evidence showing that Al methods improve the accuracy of resource allocation and
enhance overall project efficiency. These methodologies help project managers identify best
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strategies, reduce waste, and adapt to dynamic requirements in the projects. The study, however,
is dominated by several serious challenges, particularly in the training of Al models, where
access to quality data can influence the kind of data provided. Inability to generalize is also
common because of the absence of good datasets in most cases. Scaling Al solutions to larger
and more complex projects still remains a limitation for the computational demand and
integration complexity. The study highlighted the need for more robust and scalable data
collection frameworks for the full potential of Al to be realized in project management.

Soleymani, Bonyani, and Attarzadeh [19] investigated based on the scope of applying
artificial intelligence techniques into resource allocation of engineering projects and, therefore
applies machine learning techniques and optimization algorithms. In applying tasks like
scheduling and cost estimations, Al-driven approached enhance a project's effectiveness and
increase resource distribution accuracy considerably. These methods assist project managers in
identifying the optimal strategies, waste minimization, and dynamic requirements of a project.
However, the study underlined the following significant challenges: in the training phase of Al
models, availability and quality of data are highly crucial. Moreover, Al solutions to scale larger
and complex projects pose computational and integration-related challenges. This is yet another
limitation and underscores the requirement of having even stronger and more scalable data
gathering frameworks for making better use of Al in managing projects.

Kumar and Gore [20] evaluated whether artificial intelligence can be applied to the
management of resources as well as performance optimization in software systems. A
performance comparison of three mainstream Al techniques, namely reinforcement learning,
neural networks, and genetic algorithms, on the following parameters—resource utilization,
average response time, throughput, costs, prediction capability, stability, and convergence
time—is considered in the study. The findings show that the neural networks were the best for
acquiring resources and the response rates. Reinforcement learning was competitive in its
performance, whereas genetic algorithms presented a good approach in some contexts. The
paper does acknowledge some of the issues in scaling up these Al approaches to larger
applications with more varied usage patterns. Findings: This paper calls for scalable Al
approaches to be applied in managing software resources effectively within dynamic
environments.

Ferrera [21] explored the Impact of Artificial Intelligence on Project Management
Across the Manufacturing, Technology, and Construction Industries by this author is a
comprehensive investigation of how Al influences the management of projects in diverse
sectors. It attempts to analyze what benefits, drawbacks, and consequences Al would eventually
entail for such sectors. Key findings also show that it is mainly about automating work and
enhancing function areas such as brainstorming and communication, so efficiency and, by
extension, team productivity really increase. Thus, the article points out, although Al generally
brings much positive impact, there are always challenges associated with its implementation:
robust data collection frameworks and potentially complex integration. These findings indicate
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that challenges must be overcome to fully leverage the benefits of Al in project management,
and a strategic approach to the integration of Al is necessary for overcoming these barriers.

In Transforming Project Management with Al: Opportunities and Challenges, the Yadav
[22] introduced a systematic discussion on the opportunities and challenges offered by Al-based
techniques in the realm of project management. Such study identifies some Al applications
enhancing the processes for scheduling, risk assessment, resource allocation, etc., and mentions
benefits such as increased efficiency and accuracy and better capabilities in decision making.
The research also discussed the challenges with Al implementation such as data privacy,
specialized skill requirements, and resistance to organizational change. The authors propose that
there is a need for a strategic approach in managing these challenges properly through training,
change management, and investment in technology. The findings of the research conclude that
the opportunities offered by Al are highly significant, but the successful integration into the
project management practice requires careful consideration of these challenges.

Nicholas Dacre, Dacre, and Kockum [23] furnished new enlightenment on the nature of
artificial intelligence in project management. The study examined the extant applications in the
field. It discussed at length the nature of Al potentials to transform praxis in handling projects.
To this end, it underlined the utility in the automation of routine tasks or operations, enrichment
of decisional processes, as well as perfecting project performances. The study provided future
implications, indicating that Al might make management processes more efficient. However,
this is challenged by such factors as the limitation of access to skilled professionals who would
manage the Al tools and how data quality plays a great role in the effective implementation of
Al in project management. This suggests that further research, towards overcoming these
challenges, would be necessary in order to fully exploit its capabilities in project management.

Joloudari et al. [24] conversed the application of Al methods in resource allocation
across different computing paradigms, such as cloud computing, Internet of Things (loT), and
5G networks. The authors divide the resource allocation approaches into two categories:
auction-based and optimization-based methods. The latter uses Al techniques such as deep
learning, reinforcement learning, and Bayesian learning. The study has thoroughly portrayed
how Al can streamline resource allocation, thereby increase efficiency and save costs in various
computing environments. To this end, the paper identifies challenges; amongst which are high-
quality data and complexities involved in implementing Al solutions across different platforms.
From the findings, it was revealed that with such great advantages of Al, solving such problems
is essential for effective management of resources. The analysis argues for further research in
developing robust Al models that suit specific computing paradigms.

Egbedion [25] worked on integration in project management by the usage of artificial
intelligence with respect to augmenting the effectiveness of the outputs. Project management
has become more essential for a project's information system successfully. Non-adoption of
artificial intelligence adopters has often, scheduling and allocating resources that faced
difficulties of the complex, dynamic changes, as well as the uncertain nature. The study explores
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how Al can help deal with these challenges by offering more efficient and adaptive strategies
for scheduling and resource allocation. Authors make a case study to show how Al techniques
can be of practical relevance in real-world project cases. The result of the study indicates that
Al-driven approaches lead to improved project performance and better management of
resources. The study also focused on how Al can alter the conventional traditional project
management processes by providing effective solutions to issues that are very common.

Several researches have been conducted on Al in project management: some of them
dealt with issues regarding resource allocations, scheduling, cost estimations, and general
efficiency optimization. Techniques applied include machine learning, optimization algorithms,
neural networks, reinforcement learning, and genetic algorithms. It has been widely emphasized
that Al aids in automating routine tasks, optimizing resource usage, and adapting dynamically
to changing project requirements across industries such as manufacturing, technology, and
engineering. Common limitations include the demand for quality data, scaling Al solutions in
large projects, and complications of computational and integration complexity along with a
shortage of proper experts and technicians to manage these Al tools. Issues of data privacy,
resistance to change in organizations, and lack of strong frameworks all act as a barrier to the
effective implementation. However, studies together emphasize the need for scalable, adaptable
Al models and strategic approaches to make the most out of Al in project management.

3. Methodology: Al-Driven Predictive Analytics and Optimization
Framework for Efficient Resource Management in Construction Projects

This methodology addresses the challenges of resource management in construction
projects by combining predictive analytics and optimization techniques. It starts from
identifying material delays, misestimating of resources, and inefficiencies, leading to project
delay and cost overruns. The model predicts labor hours, material needs, and equipment usage
by applying multivariate linear regression to historical, real-time, and external data. Balancing
these, the optimization model of genetic algorithms provides resource allocation without
compromising constraints, such as budgets, availability of resources, and dependencies on
phase, ensuring efficiency, as depicted in Figure 2. Validating metrics, including MAE and
RMSE, will be followed with real-time monitoring via dashboards during implementation to
further iteratively adjust, resulting in streamlining resource utilization for better project
outcomes.
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Figure (2): Overall Methodology Framework
3.1. Case Study: Engineering Project in Libya

The research aims to optimize resource allocation for large-scale construction projects,
with the prime focus area currently being the Commercial complex in Libya. One of the
examples is a D.L1,650-crore commercial project where a 50-story building is to be constructed
within a time frame of 24 months. Civil engineering and project management have been merged
with artificial intelligence such that machine learning computes its predictive model and the
optimization of resource utilization. The two primary data sources for this research are:
historical project records and real-time monitoring systems. Historical data describes the
patterns developed in resource utilization, delays, and cost overrun, which in turn form a basis
for developing predictive models. Simultaneously, 10T sensors and project management
software enable current tracking of the consumption of materials, machinery use, labor
application, and even the progress on the project site. This dual-layered approach towards data
collection helps enhance predictive analytics and optimization models, ensuring the least
amount of resource wastage, idle time, and a strict adherence to project timelines and budgets.
Findings are supposed to be action-oriented and scalable, improving frameworks for decision-
making in resource management in engineering and construction, with a focus on large-scale
infrastructure development in, Libya.
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3.2. Data collection

Data collection will include both historical insight and real-time monitoring to help
analyse and develop the model for the Commercial complex in Libya. From other large
construction projects, it was possible to obtain historical data related to the large projects,
providing some records of the resource allocation, cost overruns, delay occurrences, and
outcomes of the project. These data sets serve as a base for the training of predictive models for
material usage, trends in labor allocation, and general project progression, as shown in Table 1.
I0T sensors also capture real-time data about equipment operation, material consumption, and
other activities at the site. Project management software tracks labor deployment and monitors
day-to-day progress while indicating any deviation from the main schedule of the project. The
model will be more accurate if there is integration of static historical data and dynamic real-time
inputs into the resource demands and optimization strategies in modeling, thereby ensuring
efficiency and sustainability in the development of the Commercial complex in Libya.

Table (1): Data Sources and Types

Data Source Type of Data Frequency of Collection Purpose
Historical Project Records | Resource usage, delays, outcomes | One-time extraction Training predictive models
loT Sensors Material consumption, machinery | Real-time monitoring Real-time updates for dynamic analysis
Project Management Tools | Labor allocation, progress Daily updates Tracking deviations and adjustments
Weather Data API Weather conditions Weekly updates Analyzing external environmental factors

3.3. Data Preprocessing

Data preprocessing is the critical step to prepare the dataset for the machine learning
model so that accuracy, consistency, and relevance are assured. For this project, the following
steps were followed in pre-processing historical and real-time data.

3.3.1. Data Cleaning

Handling Missing Values: Data gaps give a misplaced view of the population and can decrease
model fitness. Mean imputation is used for numeric data and mode imputation is applied to
categorical data.

Mean Imputation for Numeric Data is expressed in Eqgn. (1).

XX
Ximputed = T (1)

Where, x; are the observed data values, n is the number of observations taken.

Mode Imputation for Nominal Data: Missing values are replaced by the most frequently
occurring value, that is, mode.

Outlier Detection and Deletion: The Interquartile Range (IQR) method was used to detect
outliers which is represented in the Eqgn. (2).

IQR = Q3 — Q1 )
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3.3.2. Data Transformation

Standardization of units: Units are standardized to some common unit, since there are
varying units for one and the same variable (eg material usage 'in kg versus tons').

Example: Material usage in kilograms.
Encoding Categorical Variables: One-hot encoding was used to transform categorical variables.

One-hot encoding is the formula used in categorical variables in the process. It describes
how categorical data is encoded as a binary matrix, where each category is represented with its
own single feature with either 0 or 1 value.

Specifically, to a given categorical variable with k unique categories:

= In the case where any of the categories are present, they are encoded as 1.
= |f the category is missing, the data is coded as 0.

Example: Let the variable type be Categorical variable with variable name as Weather condition
and the categories in it are: Sunny, Rainy and Cloudy, which is represented in Table 2.

Table (2): Example for Weather Conditions

Weather Condition Sunny | Rainy | Cloudy
Sunny 1 0 0
Rainy 0 1 0
Cloudy 0 0 1

3.3.3. Feature Engineering

Feature engineering, more specifically one-hot encoding, means that categorical
variables are converted to binary. This approach has been to allot an independent binary feature
for every category in the categorical variable where 1 indicates a present category, while 0
reflects its absence. For instance, this encoding occurs by using categorical variable "Weather
Condition" such that it encompasses different values in this variable; like "Sunny," "Rainy," and
"Cloudy" being respectively encoded into [1, 0, O], [0, 1, O] as well as [0, O, 1]. This
transformation enables the machine learning models to process categorical data better, as they
can be treated as numerical features. This improves model accuracy and interpretability.

Resource Utilization Rate: A new index has been deployed in order to measure the effectiveness
of resource usage is in Eqgn. (3).

Active Resource Time
Total Available Time

Utilization Rate =

©)
Idle Time Ratio: Measures the proportion of wasted time to scheduled time, providing insights
into resources wastage. This represents idle time in Eqn. (4).

Idle Time
Total Scheduled Time

Idle Time ratio =

(4)
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Phase-Specific Metrics: Apart from that, historical data was pre-divided by construction phases
such as the foundation phase, the structural phase, etc., this is because to have as many
significant factors as possible to define the model required

3.3.4. Normalization

Normalization, with the most commonly used Min-Max scaling transforms numerical
features into a common range of 0 to 1, is measured by using the Eqgn. (5). It will rescale all
values to adjust between their minimum and maximum so that one feature is not overwhelming
the model by having extremely high and low values.

% = X—Xmin (5)

Xmax~Xmin

Here, x is the feature which is normalized, x,,4x, Xmin Means the lowest and the highest
value of the feature.

These preprocessing steps made sure the dataset was clean and consistent for developing
models that accurately enhance the allocation of resources and management of projects.

3.4. Identification of Challenges

1. Material Delays

= Material delays of important materials such as concrete or steel delay labor and
machinery, hence cost the project but with no useful output.

= Machinery hires expenses rise as the scheduled machinery like cranes or excavators do
not work because the materials have not arrived.

2. Incorrect Estimation or Underestimation of Resources:
Estimating incorrect labor hours or material quantities for certain phases waste resources
or leads to shortages

= Impact the following sequential phases, thus delaying project timelines and cost
escalation.

3. Inefficient Use of Resources

= Skilled manpower is utilized on low-skill tasks or highly expensive machinery
inappropriately and thus wastes the resources.

= Extremely costly to the projects where the budget has been tightly placed.

4. ldle Labor and Machinery Costs:
This compounded with idle labor and equipment increases overhead expenses without
any corresponding gain.

= Idle labor cost formula in shown in Eqgn. (6).

Idle Labor Cost = N X H x W (6)

Where, number of workers is N, idle hours= H, W=hour of wages.
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5. Sequential Dependence Risks:

= One delay, for example in foundation work, cascades into subsequent dependencies of
construction or finishing operations that will result in more inefficiency.

6. Budget Overruns from Inadequate Planning

= A good plan should take variability in supply for materials, labor availability, and
machinery use into account and stop having unplanned expense.

7. Lack of Predictive Insight

= Unlike the traditional approaches, adequate Al-based advanced forecasting and
optimization will be needed to predict the shifting trend of resource uses.

These problems emphasize the need for Al-based solutions, like regression models for
resource forecasting and genetic algorithms for optimization, which will increase efficiency
and decrease costs.

The Figure 3 represents the optimization of a project management structure by
overcoming drawbacks such as delayed materials, low resource utilization, idle labourers, and
increased budgets. A predictive analysis approach and a genetic algorithm-based model for
validation and testing are used for validation and testing. The whole process involves various
inputs such as historical data, real-time data, and variables from the environment, which employ
multivariate linear regression to achieve better predictive capability and efficient management
of the projects.
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Figure (3): Project Optimization Framework Using Predictive Analysis
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3.5. Development of Predictive Analytics Model

To precisely predict labor hours and material consumption at every stage of construction
based on historical and real-time data.

3.5.1. Inputs

= Historical Data: This is any record of past construction projects and their usage,
weather conditions, and progress metrics.

» Real-time data: Real-time tracking of project progress, equipment utilization, and
extraneous inputs, such as weather.

= External Variables: Weather patterns, project deadlines, and budget constraints.

3.5.2. Multivariate Linear Regression for Resource Prediction

The Multivariate Linear Regression model acts as a base for forecasting labor hours,
guantities of materials, and equipment use in different stages of construction. MLR is employed
in order to estimate the necessary resources for the subsequent stages of the project, for example,
the number of hours required for manpower and quantity of materials necessary. It also makes
planning and disbursement easier so that there is reduced wastage and time consumption.

This technique has been very successful in modeling the interrelation between two or
more independent variables (like weather, phase of construction, type of material) and a
dependent variable, such as the number of labor hours needed. The general equation for MLR
is in Eqgn. (7).

Y = Bo+ B1X1 + B2 Xy + +BpXn + € (7)

Where, Y is the dependent variable, independent variables are X;, X,. € is the variable
error term. S, is the intercept term. 5, are terms which quantify impact of each predictor
variable.

The Table 3 lists the relationship of construction phases and weather conditions along
with material and labor hours requirements. This data feeds into training the predictive model
that would forecast the resources used.

Table (3): Input Variables and Corresponding Resource Requirements Across Phases

Phase Weather Condition (X:) | Material Needs (Xz) | Labor Hours (Y)

Foundation Sunny (1) 500 kg steel 520 hours

Structural Rainy (0) 800 kg concrete 750 hours

Finishing Cloudy (1) 300 paint 380 hours
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3.6. Development of Optimization Model

To control time, money, human resource, equipment and all other resources in the most
optimal manner to meet the time constraints of a project while at the same time keeping costs
down.

3.6.1. Constraints

" Budget Constraints: Resource allocation for every construction phase should not
exceed pre-defined budget limits.

" Labor and Machinery Availability: Allocate the availability of skilled and
unskilled labor, along with the machines, like cranes and excavators.

. Phase Dependencies: The dependencies between phases are sequential, for
example, foundation must be completed before structural work.

3.6.2. Genetic Algorithms (GA)

This project utilizes the powerful optimization technique of Genetic Algorithms (GA),
which helps optimize resource allocation strategies iteratively. Inspired by natural selection
principles, GA generates a population of candidate solutions in which each candidate is a
particular plan for resource allocation. Solutions are then ranked through a fitness function that
evaluates each candidate according to criteria such as cost efficiency, resource utilization, and
compliance with project deadlines. For example, the fitness function can be given as a weighted
sum of these parameters to rank the solutions in terms of their effectiveness. Best solutions are
chosen for reproduction by crossover, combining their characteristics, and mutation for
introducing small variations to explore additional possibilities. The process continues with
multiple generations till an optimal or near-optimal solution is reached, as in Figure 4. GA is
especially well-suited for this problem because it can handle complex constraints such as budget
limits, resource availability, and phase dependencies to ensure an efficient allocation strategy
that minimizes costs and meets deadlines effectively.

The optimization fitness function can be represented in the Eqn. (8).

Fitness = X (1 — Completion Time) (8)

1+cost

Were,

. Expenses represent the cost which is the total amount of money spent on acquisition
of the resources.
. Completion Time is the time consumed in finishing this phase.
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Figure (4): Optimization Model
3.7. Integration with Project Management

The project management integrated into Al-driven resource allocation comes from the
necessity to create an encompassing graphical user interface visual of real-time prediction and
distribution insight into Al-based resource resources for the support project managers obtain
and make efficient critical decision-making toward finding potential problematic spots.

3.7.1. Dashboard Development

Dashboard is the central location to monitor how resources are utilized and allocated
over the course of the project. The dashboard uses dynamic displays in order to illustrate
resource utilization using graphs, from which material intake, machinery consumption, and
deployment of labor may be easily identified. Key Features of the dashboard:

. Resource Usage Visualization: Graphs show daily, weekly, or monthly resource
utilization. This enables easy identification of trends and discrepancies.

. Resource Allocation Insights: It will provide the distribution of resources across
the project phases and thus identify overused or underutilized resources.

. Progress Monitoring: Instant updates on each milestone and project phase ensure a
manager is conscious of the progress and any differences from the initial project
schedule.

3.7.2. Alerts and Notifications

Automated alerts and notifications are built into the system for proactive management
of project risks. Such notifications warn project managers if a shortage or delay is possible in
certain stages of the project. The machine learning models analyze historical and real-time data
to predict potential risks. For instance,

. Shortage Alerts: Whenever the material usage goes beyond pre-set thresholds or
labor availability is less than required, it sends out the alerts.

" Delay Notifications: The deviation from the timeline is notified to the project
manager, who can intervene and reallocate resources based on the requirements.
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These features enhance the early detection and mitigation of risks for smoother project
execution and better resource management. Project managers can then maintain better control
over the project, ensuring efficient use of resources and adherence to deadlines.

3.8. Implementation and Monitoring

The last stage of the Al implementation and monitor stage is an effective way of ensuring
that the models developed are implemented in the Commercial complex in Libya project. After
the pilot phase of the construction project and after fine-tuning of Al models, it is done gradually
— from the initial and the structural phases and only then for all phases of construction.

3.8.1. Pilot Phase

In the pilot phase, the Al models will be implemented on the foundational and structural
work phases of the Commercial complex in Libya project. It is during these phases that some
critical milestones for the overall construction process are experienced. Focusing on these
phases will allow testing the models in controlled conditions, giving a comprehensive judgment
of their performance before widespread usage.

In this stage, Al models predict the utilization of resources for labor, machinery, and
material usage in the execution of work items such as excavation, laying foundations, and
structural framing. These predictions are continuously monitored and compared with the actual
usage of resources. This is to ensure that the model provides the necessary insights into the
resource needs and minimizes the costs and the time required for the project execution.

3.8.2. Monitoring and Adjustments

The model's performance is evaluated by gathering real-time resource usage data from
IoT sensors, machinery logs, and project management tools. This data includes metrics such as
labor hours, material consumption, and machinery operation, which are then compared to Al
predictions to detect discrepancies.

For example, in case the volume of concrete usage forecasted by the model is surpassed,
adjustments are done. Such adjustments may include improving procurement processes,
reassigning labor, or realigning machinery towards more efficient operation to meet project
needs.

Continuous monitoring makes it possible for iterative improvements on the Al models.
When such discrepancies are spotted, feedback loops get established, allowing predictions to
get refined with the help of real-time data and so improve the future forecasts.

Table (4): Resource Comparison — Predicted vs. Actual

Phase Predicted Material Usage (kg) | Actual Material Usage (kg) | Discrepancy (%o)
Foundation 15,000 18,000 20% higher
Structural 25,000 23,000 8% lower
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In Table 4, the pilot phase allows for tuning of the models in that their utilization of
available resources is optimized in the actual project work in subsequent phases.

4. Results and Discussion

This section details the results of applying predictive analytics and optimization models
in different stages of the construction project. Through smart resource allocation, idle time
minimization, and cost management techniques, the models present a dramatic change in the
productivity, accuracy, and performance levels of the entire project. Outcomes of achieving the
proper predictions of the consumption of resources with minimum wastage of resources while
satisfying the required output to complete projects on time within high-quality delivery
standards.

4.1. Resource Allocation Prediction Accuracy

The Resource Usage Prediction Accuracy Figure 5 depicts the ability of the
methodology in predicting resource consumption at all the different construction phases such as
foundation, structural, and finishing. For each construction phase, the percentage difference
between the predicted resource usage and the actual usage is computed to bring into view the
accuracy percentage. For example, in the final phase, resource usage was expected to be 20,000
units, which was actually consumed as 19,000 units, with a high accuracy of 99.3%. Foundation
and structural phases showed 98.92% and 98.67% accuracy, respectively. It indicates the
consistency and reliability of the allocation of resources for the entire duration of the project.

Resource Allocation Prediction
Accuracy

99.50%

99.00%

|
‘ 98.50%
|

98.00%

97.50%
Foundation Structural Finishing

Predicted Resource Usage (Units) Actual Resource Usage (Units)

e Accuracy (%)

Figure (5): Accuracy of Resource Usage Predictions
4.2. Reduction in Idle Time

The Figure 6 shows the decline in idle time from one construction phase to another. It
indicates improvements in resource use efficiency at such a great rate. Predicted idle times for
labor and machinery are in line with actual results, showing 93.33% declines during the
foundation phase, 91.27% during the structural phase, and 95.20% during the finishing phase.
This implies that the predictive and optimization models work efficiently in reducing lost hours,
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so labor and machinery are used in a more productive manner, thereby saving costs and
improving project schedules. The trend is one of continuous decline in idle time because the
models have adjusted to project needs.

Idle Time Reduction
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2,000 95.00%

2000 1,800
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1000 / 92.00%
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Foundation Structural Finishing
Predicted Idle Time (Hours) Actual Idle Time (Hours) Reduction (%)

Figure (6): Idle Time Reduction Over Phases
4.3. Cost Savings

The savings Table 5 should indicate clearly the sizeable reduction across all phases.
Finishing stands out with the largest savings of 33.33%, closely followed by the foundation
phase with 30.00%, and then structural work with 28.89%. These values are proof of how
efficiently the Al-based optimization models are able to minimize wasteful spending without
jeopardizing the quality or timeline of the project. A high saving percentage is a reflection of
better procurement, labor allocation, and machinery utilization strategies that bring in maximum
financial benefits.

Table (5): Cost Savings by Phase

Phase Predicted Cost D.L | Actual Cost D.L | Cost Savings D.L | Savings (%)

Foundation 20,00,000 30,00,000 10,00,000 33.33%
Structural 32,00,000 45,00,000 13,00,000 28.89%
Finishing 28,00,000 40,00,000 12,00,000 30.00%

4.4. Project Completion Time

The optimized methodology provides the highest amount of time reductions in
completing projects. The foundation phase achieves the highest reduction, at 44%, while there
is significant saving of time in all phases. For instance, the finishing phase saves 41.67% and
the structural phase, 35.71%. The outcomes therefore represent efficiency in the predictive
planning and the allocation of resources, such that all phases will be completed before the
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stipulated time without reducing the quality of work. Figure 7 depicts a highly optimized and
accurate model that delivers superior project performance.

Project Completion Time Reduction
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Figure (7): Completion Time Reduction

4.5. Optimization Efficiency

Figure 8 shown in all the stages is very consistent and in the foundation stage the actual
efficiency is 94.8% and improvement 2.53% is because of the better labour and machinery
utilization. In the structural stage, it was recorded as 96.4% actual efficiency with an
improvement percentage of 1.97% because of proper prioritization of tasks and minimization of
inefficiencies. The finishing stage realized the maximum efficiency with actual values at 97.2%
and improvement at 1.75%, reflecting effective resource utilization with minimum delays. The

project performance is nearly optimum as predicted and actual efficiency values are very close,
reflecting high productivity.
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Figure (8): Optimization Efficiency

The Table 6 indicates how the projected and actual efficiency values are well within
each other with minimal deviations. This reflects uniform improvement at all stages.
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Table (6): Predicted and Actual efficiency values of Optimization

Predicted Actual Improvement

Phases e tiviency (04)) | Efficiency (%6) (%)

Explanation

High efficiency achieved due to
Foundation 97.2 94.8 2.53 optimized machinery usage and
labor allocation.

Significant  improvements  in
Structural 98.3 96.4 1.97 reducing waste and enhancing task
prioritization.

Efficient resource distribution and
Finishing 98.9 97.2 1.75 minimized delays result in top
performance.

4.6. Stakeholder Satisfaction

The Figure 9 very high stakeholder satisfaction, as all groups score almost at the top of
the 5.0 scale in the feedback. The percentages in improvement represent good execution with
on-time completion, effective resource utilization, and more effective project management
practices. Such changes would, therefore, offer a closer reflection, yet always ensuring the
contentment level among stakeholders, keeping in mind constant improvement.

Feedback Score (1-5)

Figure (9): Optimized Stakeholder Satisfaction
4.7. Mean Absolute Error (MAE) and Root Mean Square Error (RMSE) Results

Resource allocation can be evaluated through Mean Absolute Error (MAE) and Root
Mean Square Error (RMSE). Here are the results for different phases of the project along with
the best sample values.

4.7.1. Predictive Model VValidation

To validate the correctness of the optimization model, the model is applied to a small
subset of the historical data. The prediction power of the model is evaluated in terms of MAE
and RMSE, which are defined as follows in Eqgn. (9), (10).
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Mean Absolute Error (MAE): In the analysis carried out to build the optimization model,
allocation of resources in each of the phase is imitated. This simulation compares the results
generated by an Al system with actual results to assess resource consumption against project
schedules. To enable this comparison, statistical tools are applied including Mean Absolute
Error (MAE) as well as Root Mean Square Error (RMSE). For instance, MAE is calculated as
in Egn. (9)

1 .
MAE = —¥i1 |y = 9l (9)

Where, y; = Actual value, y;= Predicted value, n= number of data points.
Root Mean Square Error (RMSE):

RMSE = |2 (5 1yi - 911 (10)

The number of resources used in each phase is modeled, and the results are analyzed
against Al computed forecasts. This includes measurements against predetermined standards of
resource utilisation and time

4.7.2. MAE and RMSE for Resource Allocation

The optimized values for MAE, RMSE in resource allocation provide better accuracies
in terms of predicting resource usage. It assumes a high degree of precision as error margins are
minimized between the predicted resource usage and the actual usage, as in the Table 7. Values
reflect near-perfect alignment of the outcomes between predictions and reality; therefore, such
accuracy, on resource management, is considered efficient, and resource allocation results in
higher reliability in decisions.

Table (7): MAE and RMSE for Resource Allocation

Phase MA_\E RM_SE Predicted Res_ource Actual Reso_urce Error Margin
(Units) | (Units) Usage (Units) Usage (Units) (Units)
Foundation 300 500 15,000 15,300 300
Structural 400 600 25,000 25,400 400
Finishing 300 500 20,000 19,800 200

4.7.3. MAE and RMSE for Idle Time Reduction

The optimized values in the reduction of idle time MAE and RMSE provide a very
accurate prediction with minimal margins of error. It is through the adjustment that precision
between the actual and predicted idle times is enhanced, leading to improved resource
management and efficiency during operation, as shown in Figure 10.
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Idle Time Reduction

Figure (10): Idle Time Reduction in MAE and RMSE
4.7.4. MAE and RMSE for Project Completion Time

The Figure 11 represents MAE and RMSE for completion time of a project at the various
phases- Foundation, Structural, and Finishing. Here, the bars filled in blue denote MAE while
orange bars depict RMSE, where RMSE will describe the spread of errors while making
predictions on those phases. Green dashed line will indicate the duration for which one had
predicted; and red continuous line will depict actual durations. Lower MAE and RMSE values
together with the similarity in predicted and actual duration lengths stress good performance,
which the Foundation phase obtains with the least error and the Structural phase with the highest
deviation.
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Figure (11): MAE and RMSE for Project Completion Time
4.7.5. MAE and RMSE for Project Cost Prediction

The visualization in Figure 12 represents the performance of a cost prediction model in
project phases (Foundation, Structural, Finishing). It contains bar charts representing the
project's actual and predicted costs, along with lines representing the error metrics (MAE and
RMSE). The y-axis signifies costs in Indian Rupees, and the x-axis stands for the different
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project phases. This legend explains what each color is used for: green for the predicted cost,
red for the actual cost, blue for MAE, and orange for RMSE, thereby giving a clear picture of
the model's accuracy in predicting costs.
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Figure (12): MAE and RMSE for Project Cost Prediction
4.8. Comparison of the Proposed Method with Existing Models

The Table 8 tabulates the performance metrics of the proposed predictive and
optimization method using Genetic Algorithms (GA) compared with the models in the literature.
The proposed method is found to have better performance in essential areas such as resource
allocation accuracy (99.3%), reduction in idle time (93.27%), cost savings (30.74%), reduction
in completion time by 40.46%, and improved efficiency by 96.17%. It's clear that construction
resource management results in significant reductions in costs, avoidance of delays, and overall
benefits as a result of integrating predictive analytics and optimization.

Table (8): Comparison of the Proposed Method with Existing Models

Idle Time Cost Completion Time Efficiency
Method Accuracy . .
Reduction | Savings Improvement Improvement
Heuristic and Metaheuristic Techniques [26] 90% 75% 22% 33% 87%
Machine Learning Integration[27] 94% 82% 23% 32% 86%
Machine Learning Techniques[28] 93% 80% 21% 36% 88%
Proposed Method 99.3% 93.27% 30.74% 40.46% 96.17%

4.9. Discussion

Advanced resource allocation, idle time, and cost management through the thorough
analysis of the performance of the project. High accuracy in predictions made over all phases
regarding the use of resources during the finishing phase was confirmed to be at 99.3%. The
predictive models were proven to be very dependable for predicting the consumption of
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resources. Idle time reduced dramatically on average by as much as 95.20% in the finishing
phase. Substantial cost savings were realized, especially in the finishing phase, with a 33.33%
reduction. The project completion times were also optimized significantly, with phase
reductions up to 44% in the foundation phase. The MAE and RMSE evaluation indicated low
error margins, showing that the models were accurate in terms of resource allocation and idle
time reduction. Overall, the findings suggest the value of Al-driven optimization models for
improving project performance, minimizing waste, and delivering outputs on time and at the
right quality.

5. Conclusion and Future work

The project has clearly demonstrated the power of predictive analytics and optimization
techniques in streamlining resource utilization through all the different phases of construction.
It successfully used both historical and real-time data, hence making remarkable forecasts about
the amount of resources used, directly relating to huge cuts in idle time and huge cost cuts. These
findings support the notion of using sophisticated analytical techniques for improvement in the
construction management decision-making processes. Efficiency in the use of resources is
always coupled with effective performance, minimized waste, and general productivity. Project
completion time that has been optimized indicates meeting the deadlines appropriately with
high-quality outputs. Altogether, these results offer a robust foundation to propel the evolution
of construction management by continued use of data-driven insights into advancing practice
for innovative and sustainable solutions for future projects.

Future work will, therefore, improve the predictive models with more complex
algorithms in machine learning that would effectively address complicated cases. Adding the
monitoring of real-time data during construction projects enhances the responsiveness of the
models toward dynamic changes in the projects. Moreover, generalizing to phases that involve
greater scales and interaction with the supply chain as well as environmental issues could help
improve resource allocation even further. Further exploration of hybrid optimization techniques,
where genetic algorithms are combined with other methods, could further improve performance.
Further research into integrating advanced technologies will continue to spur innovation in
construction management. In the end, these advances will help create more sustainable and
efficient project execution.
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Abstract:

One of the simplest and most widely used methods of estimating the advance of a fluid
displacement front in an immiscible displacement process is the Buckley-Leverett method. The
Buckley-Leverett theory estimates the rate at which an injected water bank moves through a
porous medium. The approach uses fractional flow theory and is based on the following
assumptions and conditions: 1. D two-phase flow of incompressible fluids, e.g., Water
displacing oil. 2. Oil and water are immiscible. 3. Homogeneous reservoir with constant
properties. 4. Diffuse flow. 5. Gravity and capillary pressure effects are negligible. This method
is well known; you almost always encounter this method when waterfloods are the topic of
discussion. At many courses this method is taught as a general method for immiscible
displacement, and then the interest normally stops. This study described a method for calculating
saturation profiles when the effects of capillary pressure gradient and gravity are excluded.
Based upon the solution of the basic partial differential equation, they found that, as time
progresses, the saturation becomes a multiple-valued function of the distance coordinate X.
Therefore, a numerical reservoir simulation model ECLIPSE® Simulation Software and
analytical one has been developed for predicting the performance of two-phase fluid flow in a
one-dimensional synthetic reservoir system. The validity of this synthetic reservoir model has
been verified by comparing the solutions of numerical simulation with the analytical model from
the Buckley-Leverett theory.

Keywords: Buckley-Leverett equation, Fractional flow, Immiscible displacement, Relative
permeability, Reservoir simulation, Two-phase flow.

1padxlel!
Aaly) Cllee 8 AahY) dgan p38 o 8 Wladiad @ylall STy daal aal cujad= JSL gl el
Ll il giaal el dgun 4n @D (M) JRel) gl S Al 35 Gz O AL e
@3 (1) : a9 g yilly Ll i8Y) (he desana oy (el 38 Ayl o danylall 038 adiaty ¢ salosall
(3) celalls Jaiall = 15al pae (2) caiill elall daly) Jia ol DI ALGE je oo 2adll (galal okl L&
Aahall o2 LALE a5yl e ally Ludlal) il (5) ¢ dtie (385 (4) Ayl pailiad 5 Galaie o5
AW e dalPd dale Lokl danylall a3 (il Lolad) (380 Ad8lie aic Laalad Lo Wle ¢)aun ddg e

44



mailto:as.naas@uot.edu.ly

72-44 (22025 5093 ¢(1) 3dall - (6) clmall — 7B ynel? 38,01 jrlxe

Ll oy il alei ) g gl balal Gl Zak Gaad) 138 Caiag Lol Ly alaial (50 oz el
Ay gadill ramy Bl 950 e 4l dag Al Adkall Abalinll Alslaall o ) 13y L Audally (el
(ECLIPSE 8las galin alaat by (peSall pase 5las z3gai y3ha cclldl X 28 waall HanY adl 5200
e @i &3 g aed) (galal el o) paSa ol b pelal) L Jily ) 30 olab gl (s
Cl SSL Ak e el 2 3 gailly el B8 Jols Ajle DA (30 z35ell 138 A
Usbae (palall BlSLae cdasiaddl AahY) ¢y (3833 ¢ polal) LG @l e Linel | Olelssd!
Asaail) L3 e pid- N

1. Introduction

In day-to-day business the reservoir simulator is normally used for even the simplest
things. If you want to get a feeling of the performance of a waterflood, surfactant flood, or a
steam flood almost all people immediately go to complicated models. However, the Buckley-
Leverett method can in these situations also be used, it gives a good estimate of the best
performance that will ever be observed. If you can’t get it economical with these numbers, there
IS no need to try to do more complicated reservoir simulations since the performance will only
get worse.

Most of the oil and gas recovered from reservoirs is displaced immiscibly by water
and/or gas. The displacement could be in the form of solution gas drive, gas cap expansion,
water influx from aquifers or injection of water and/or gas. Solution-gas drive, gas cap
expansion, and water influx from aquifers are essentially natural processes that supply energy
to the reservoir for hydrocarbon recovery. Gas and water injections are designed and installed
to artificially supply energy to the reservoir and thereby improve hydrocarbon recovery.

It is important to understand the fundamental processes that occur when reservoir fluids
are displaced immiscibly by gas or water. The displacement process is affected by the wettability
of the rock, and the mobility ratio between the displaced and the displaced fluids. The total
efficiency of the displacement process is measured in terms of the effectiveness of water or gas
in displacing the reservoir fluids, and the proportion of the reservoir actually contacted by the
displacing fluids.

In this chapter, basic concepts in immiscible fluid displacement are presented. These are
then followed with the presentation of the fractional flow equation, the Buckley-Leverett!
equation, and the Welge!® method for estimating average water saturation in a water
displacement process. These equations are presented to familiarize the engineer with some of
the classical developments in the analysis of immiscible displacement processes before the
advent and widespread application of reservoir simulation techniques. This approach is intended
to enable the engineer to become conversant with some of the terms generally used in the
industry to analyze and discuss the results from reservoir simulation when applied to immiscible
displacement processes.
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The objective of the research program reported herein is to develop and describe
methods for reservoir simulation, including computer programs, to analyze two-phase fluid flow
in a one — dimensional reservoir system. Moreover, several tests will be presented to verify the
validity of the model.

The fundamental equations which are used to describe two-phase fluid flow in porous
media include Darcy's Law for each phase. The special case of one — dimensional,
incompressible, two-phase flow received much attention in the petroleum engineering literature
in the early years. The basic about the displacement of oil by an injected fluid is that of Buckley
and Leveret [1942]%. This study described a method for calculating saturation profiles when the
effects of capillary pressure gradient and gravity are excluded.

Based upon the solution of the basic partial differential equation, they found that, as time
progresses, the saturation becomes a multiple-valued function of the distance coordinate X.
Later, the one-dimensional displacement equation for a homogeneous permeable porous
medium, including the effects of capillary pressure and gravity forces, were solved?.

Most of the mathematical derivations of equations used in the numerical simulation
herein are adaptations and extensions of previous work on one-dimensional and two-phase flow.
This method excludes the effects of capillary pressure and gravity forces. However, the
compressibility of both oil and water is considered. In addition, pressure profiles are calculated
implicitly, and saturation profiles are calculated explicitly. Relative permeabilities required are
functions of saturation only.

2. Literature Review

Considerable progress has been made in the past few years for obtaining numerical
solutions of equations concerning two-phase flow and multiphase flow in porous media. Several
papers appeared in the literature describing the quantitative treatment of waterflood recovery
problems. A useful purpose may be served herein by outlining some of these significant papers.

Buckley and Leverett [1942]* established a theory of oil displacement based on the
relative permeability concept. They described the mechanism by which the displacement
occurred. Moreover, a method for calculating saturation profiles was developed when the effects
of capillary pressure gradient were ignored. In their original solution of the two-phase flow
problem, Buckley and Leverett observed that the solution of the two-phase flow equations
became multiple-valued in saturation, even though it is physically unrealistic for saturation to
have more than one value at a given position.

The Buckley and Leverett [1942]* analysis is the first pioneer work in the study of linear
displacement of a fluid by another fluid. The solution of their displacement study on two-phase
fluid excluded the effect of capillary and gave multiple results for saturation at a given position.
Holmgren and Morse [1951]° utilized the Buckley-Leverett theory to calculate the average water
saturation at breakthrough and explained dispersion because of capillary effects.

46




72-44 (22025 5093 ¢(1) 3dall - (6) clmall — 7B ynel? 38,01 jrlxe

West, Garvin, and Sheldon [1954]* presented a general discussion of the two-phase flow
problem and treated linear and radial systems with both capillary pressure and gravity with
consideration of the effects of compressibility.

Douglas, Blair, and Wagner [1958]° developed different methods for solving the one-
dimensional case for incompressible fluids with capillarity using finite difference methods.

To solve the displacement equation including capillary as well as gravity, Fayers and
Sheldon [1959]° failed to determine the time required to obtain a particular saturation, which
later was explained by Bentsen [1978] revealing the fact that the distance traveled by zero
saturation is governed by a separate equation.

Bentsen also noted that at slower injection rates, the input boundary condition of
constant normalized saturation that Fayers and Sheldon [1959]° used was incorrect in
formulation. Also, there have been numerical investigations in the past to solve the displacement
equation.

3. Study Objective

This study is directed towards to perform a comparison between the saturation profiles
from the numerical solution by using ECLIPSE® Simulation Software’ and the analytical
Solution of Buckley Leverett Equation, excluding the effect of capillary forces in both
imbibition and drainage process.

In addition, understanding the multiphase flow behavior in waterflood mechanisms and
investigate the factors that control the front displacement.

4. Methodology

There are two techniques for solving mathematical reservoir models: analytical and
numerical. Each of these has certain strengths and limitations.

4.1. Analytical Techniques

Analytical or closed-form techniques offer the advantage of providing exact solutions
(when they can be found); furthermore, those solutions are continuous throughout the system.
The types of problems that are amenable to analytical solution, however, are very limited.
Analytical methods fall short when we start dealing with varying formation thickness, non-
uniform porosity and permeability, and changing fluid properties, and other such conditions that
describe most real reservoirs. To find analytical solutions for the type of system that "Mother
Nature" generally provides, we have to modify the problem — sometimes quite drastically — to
make it plausible for handling analytically. What we end up doing is providing an exact solution
to an approximate problem (e.g., a classical well test analysis model).
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4.2. Numerical Solution

A numerical solution involves discretizing, or approximating the mathematical model -
that is, using a numerical tool such that continuous forms of the partial differential equations are
written in a discrete form. We perform this discretization process not only on the partial
differential equation, but also on the physical systems. This means that we divide the physical
system into a number of sub-domains that are coupled to one another.

The clear advantage of the numerical approach is that it allows us to assign representative
properties to as many parts of a system as we have information for. However, we must not forget
that we inevitably lose some measure of accuracy in discretizing the partial differential
equations. The net result is that in using a numerical approach, we are providing an approximate
solution to an exact problem.

5. Analytical Techniques

Most of the analytical methods estimate volume of cumulative oil recovery as a function
of cumulative water injection. They do so by:

1. Dividing the total reservoir thickness into the desired number of distinct permeability
layers (by various approaches) or flow zones (current approach), making sure that the
vertical permeability distribution is correctly mimicked.

2. Allocating the injected water rate at any time among the flow zones.

3. Calculating cumulative oil recovery as a function of cumulative water injection into each
flow zone.

4. At various times during the flood life, combining the zonal oil recovery and water
injection to obtain performance of the total reservoir.

5. Relating oil recovery to time by using the average injection rate estimated during that
time step.

Craig [1971]° has described all the methods and their strengths / shortcomings in his SPE
monograph. The biggest advantage of these analytical methods is that one can predict the
composite (gross) behavior - oil recovery, water requirements, water-cut - of the reservoir. The
biggest shortcoming is that they cannot predict the details on sector (areal or vertical) or
individual well basis.

These methods include:
1. 1-D Models for estimating Displacement Efficiency, Ep
» Buckley & Leverett method for Dispersed Flow.
= Dietz method for Segregated Flow.
2. 2-D Areal Models for estimating Areal Sweep Efficiency, Ea
3. Layered Models for estimating Vertical Sweep Efficiency, Ev

48




72-44 (22025 5093 ¢(1) 3dall - (6) clmall — 7B ynel? 38,01 jrlxe

= Stile's method.
» Dykstra and Parson's method.

4. Many methods incorporating all the above.

These methods are dated and are not often used these days for detailed analysis.
However, they were used extensively prior to the availability of reservoir simulation models.

The use of these methods is still recommended, as they provide:

= Insights into the mechanisms (physics) of the WF process.
= Approximate recovery estimates which could serve to judge the credibility of the
results of a simulation study.

5.1. BUCKLEY LEVERET (Basic Fractional Flow Procedure)

The Buckley-Leverett [1958]'° equation is based on the principle of conservation of
mass for linear flow of a fluid (water or gas) through a reservoir at constant total flow rate. It is
also the most common analytical procedures are tied to the Fractional Flow relationships.

To illustrate the derivation of the Buckley-Leverett equation, the case of water displacing
oil is used. Note that the same equation can be developed representing the case for gas displacing
oil.

The most common basis for these procedures was developed by Buckley & Leverett as
follows:

= How much oil and water are flowing at any point of interest in the reservoir
= How long does it take for the injected water to reach a point of interest (Producer)
= How does displacement efficiency relate to injection volume?

Consider a volume element of a linear reservoir model shown in Figure [3.1]. Let the
thickness of the element be represented as [Jx and located at a distance, X, from the inlet face of
the linear model.

i
Inlet

Figure (1): Linear reservoir model.™
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A volumetric balance in terms of the water phase (assuming density of water is constant)
for the element of the reservoir model can be written as:

Vol.of water flowing } {Vol.of water flowing }

Accumulation of water
intoelementintime, At | | out ofelementintime, At

inelementtime, At

The previous expression can be expressed algebraically as:

¢ AAX
[fw oh At]x - [fw 0 At]x+Ax :|: 5 615 ‘ASW} ......................................... 1)
Re-arranging Eq. [1] gives:
¢ AAX AS_W :_[fw]x+Ax _[fw]x 2)
56150, Al A e

Taking limits as At— 0and AX— 0 yields the continuity equation:

A .(8st __(%) ,
5615qt at X_ aX T ()

As stated, the fractional flow of water is a function of water saturation only if fluid
properties and total flow rate are constant. By application of chain rule fw = fuw(Sw) can be
expressed as:

(afWJ (4, _(aswj ;
o ) 3)

Substituting Eq. [4] into Eq. [3] and re-arranging gives:

[asw} _5.615q,|( f, (@swj 4
X B aSW : 6X | ( )

ot oA
Equation [5] gives water saturation as a function of time at a given location. A more
useful equation expressing water saturation as a function of location at a given time can be
developed from Eq.[ 5]. For any displacement, the distribution of water saturation is a function
of both location and time. This is represented as:

Sy = Sy (X,1) oo s (5)
The total derivative of is then:

ds,, :(as_wj dX+(aS—Wj O s (6)
ox ), at ),
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Since the focus is on a fixed water saturation, then dSw=0 . And Eq. [7] becomes:

0= (OS_WJ dx+(as—wj Ot e (7
oX ) ot ),

By re-arrangement, Eq. [8] becomes:

0S,,

dx)  _ (ﬂjx

[Ejsw ——W e e e e e ee—e e e e e e aaeeeteeearaeeas (8)
=)

(&) St .
dt ), P

Since the total flow rate is assumed to be constant, then fractional flow of water is
independent of time. Hence,

) _dy 0
R (10)

Equation [11] then becomes:

(%] _5615q, df,
dt)s, @A dS,

Equation [12] is the Buckley-Leverett equation. It is also called the frontal advance
equation. Integration of Eq. [12] yields a useful form of the Buckley-Leverett equation:

5.615q, t( df
X = R (12)
oA \dS, )

Equation [13] can be used to calculate the distribution of water saturation as a function
of time in a linear reservoir under water injection or aquifer influx. The distance travelled by a
given saturation in a specified time interval is proportional to the slope of the fractional flow
curve at that saturation assuming the total flow rate and reservoir properties are constant. Using
this approach, the distribution of water saturation in the reservoir as a function of time can be
calculated by determining the slope of the fractional flow curve at that saturation. However,
because of the shape of the fractional flow curve, it is possible that two slopes of equal value
can exist for two different water saturations. Appling Eq. [13], this is interpreted to indicate that
two different water saturations can exist at the same location in the reservoir at the same time.
The appearance of this contradiction in the application of the frontal advance equation is
illustrated in Figure [2].
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.. Oil Distribution.

B _Fﬁ)og Wat:rﬂi:__“ﬁ_‘ b TN
B I N 7\

Initial Water
Distribution

Distance, X ———»

Figure (2): Saturation distribution based on frontal advance equation.*

Buckley and Leverett [References] recognized that a portion of the saturation
distribution curve is imaginary and that the real curve is discontinuous at the flood front. The
location of the flood front as determined by material balance is represented in Figure [3] by a
solid line such that areas A and B are equal. Note the sharp discontinuity of the saturation curve
at the flood front as represented in Figure [3]. This is because capillary and gravity effects were
assumed to be negligible. If capillary and gravity effects are considered, the distribution of water

saturation at the flood front is more gradual as represented in Figure [4].

Sw(%)

50

Oil Distribution. .

Initial Water
Distribution
|

Distance, X —» X

Figure 0): Location of the flood front as determined by material balance.!!
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Figure (4): Location of the flood front with capillary and gravity effects. 1!
5.2. The Welge Method*?

Welge [1952]? proposed a method for computing oil recovery from gas or water drive
that simplified the application of the Buckley-Leverett method. The Welge [1952]*2 method is
presented with graphical illustrations for the case of water drive in a linear reservoir. The
graphical illustrations can be replicated for gas drive by simply replacing with respectively.

5.3. Water Saturation at the Flood Front

Water saturation at the flood front, can be determined graphically using the Welge
method by drawing a straight line from initial water saturation tangent to the fractional flow
curve as shown in Figure [5].

Tangent
Point

0.0

0 Suir Sy 100
S, (%)

Figure (5): Fractional flow curve with application of the Welge method.
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If the initial water saturation is greater than the irreducible water saturation, the tangent
line is drawn from the initial water saturation as shown in Figure [6].

1.0
fuut
Tangent
Point
fu
fwi
0.0 .
0 Swir Swi Swf 100

S (%)

Figure (6): Fractional flow curve with application of Welge method for Swi > Swir.
S
1.0 A

0.0 ‘
0 Suir 100
S,, (%)

Figure (7): Fractional flow curve with application of Welge method for average water saturation.
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5.4. Average Water Saturation behind the Flood Front

By extending the tangent line drawn to the fractional flow curve as shown in Figures [5]
or [6] to the point where f,=1.0, the average water saturation S, behind the flood front can be
determined as shown in Figure [7]. At water breakthrough, Sw = Sunt, Where Sy is the average
water saturation in the reservoir at water breakthrough.

5.5. Average Water Saturation after Water Breakthrough

The average water saturation after water breakthrough is determined as shown in Figure
[8] by drawing a tangent line to the fractional flow curve at water saturation, Swe, greater than
but less than the maximum water saturation, . The water saturation, is the saturation at the outlet
end of the linear system after water breakthrough with the corresponding fractional flow of
water denoted as. By extending the tangent line to the point where, the average water saturation,
in the system after water breakthrough is determined.

wat Swabt

1.0 /

f

wa Tangent

Line

fwf
fW

0.0 :

0 S St Suz 100
Sw(%)

Figure (8): Application of Welge method for average water saturation after water breakthrough.
5.6. Fractional Flow Equation

The fractional flow equation is used to calculate the flow rate of a fluid as a fraction of
the total fluid flow rate when only two fluids are flowing in the reservoir. The flow rate of the
fluid at any point in the reservoir depends on its saturation at that point. Since relative
permeability of the fluid is dependent on saturation, it follows then that the flow rate of the fluid
is dependent on its relative permeability at that point in the reservoir. Fractional flow of a fluid
in a reservoir is primarily dependent on its relative permeability but can be affected by capillary
and gravity forces. The fractional flow equations developed here assume of linear flow.
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The fractional flow equation developed in this section is for water displacing oil in an
oil-water reservoir.

5.7. Assumptions

The following assumptions are made:

1. The system is linear, horizontal and of constant thickness.

2. The flow is isothermal, incompressible, linear and obeys Darcy’s law.

3. Capillary and gravity forces are negligible.

4. The system is only one homogeneous layer with uniform thickness and constant
permeability.

5. The relative permeability characteristics are the same for all layers.

6. The initial fluid saturation is uniform at the irreducible water saturation.

7. The porosity is assumed constant.

A combination of the above is utilized for estimating the above-mentioned information.
Welge's simplified, graphical solution will be presented here.

5.8. Fractional Flow of Water Displacing Oil
1+0.001127 kk“’APIE—OA%Apsinad}

0
f, = T (13)
14 Hw Bro.

Ho Kpy

1 .
Viscous Force

\ 4

14 Hw Ko
Ho krw

0.001127 KK“)“VJ
Ho O
1 + ﬂk&

o Ky

Capillarity Force

“fro A0.433 4psiney, ] o
Hy G Gravitational Force
1+ﬂkﬂ

Ho krw

0.001127

\ 4
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4.9. Frontal Advance Equation

This equation relates the rate of advance of a known saturation to the total fluid velocity and
to the change of fractional flow caused by a small change in the saturation of water.

g - 5815Q At
W oA dS, |,

5.10. Procedure for Buckley-Leverett Method for Waterflood Prediction

= Step No. 1: Calculate fw as a function of Sw using the equation appropriate for the situation
and plot it on Cartesian paper.

fo 1

T

_SW_>

= Step No. 2: Draw tangent to fw — Sw curve from Sw-init value of Sy at initiation of waterflood.
Look up values of Swr, fwr and Sw.

SW SW m a.X

—

Sw init
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Calculate the slope of the tangent drawn from Sw.init.
f,{dfw}mwz 1
“olds, | 4S, (Sw-Sw,;)

= Step No. 3: Select 6 or 7 values of Sy in between Swr and Sw-max. Draw tangents to fw — Sw
plot from each of the selected Sw value. Look up corresponding values of f’w and Sy at each
point. Calculate slope of the tangents at each of the selected Sw value.

o)

" (Sw—-Sw)

\ \Sw max
Vﬁleeted Values

fw

Sw

6. Numerical Solution
6.1. General Structure of Reservoir Flow Models

The structures of input data in most reservoir flow simulators are remarkably similar.
The general structure of reservoir simulation models is described here to acquaint the reader
with sequence of data input in most simulators. Obviously, the structure of input data will vary
slightly between different simulators. But in many cases, the differences are minor and can be
quickly reconciled between simulators from different sources. The purpose of this section is to
familiarize the reader with a readily available data structure that can be used to transfer data
from one simulator to the other.

6.2. Definition of Model and Simulator

The entry of data into every simulator begins with definition of the size of the reservoir
model and the type of simulator to be used for modeling the reservoir. The key entry that defines
the size of the reservoir model is the number of grid blocks in the model. For instance, in the
Cartesian system, the number of grid blocks in the directions for a 3D model is specified. Also
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defined in this data entry section is the number of wells in the model, the number of tabular data
(PVT, relative permeability, equilibration regions, etc.), and the number of initialization regions,
etc. The type of simulator to be used including the formulation (solution) type is specified in
this section.

For instance, a black oil model based on the Implicit formulation may be selected. Most
important, the date for the start of simulation is specified. This section may be considered as the
section in which the scope of the simulation problem is specified for the simulator. In many
ways, this section defines the amount of computer memory that will be required to run the
reservoir model.

Our main concern (about the reservoir fluid model) was to select a simulator that best
represents the diffusion phenomena. In order to accomplish the objectives of this thesis;
ECLIPSE 100 (Finite Difference Numerical Simulator) was used.

6.3. Model Description

A synthetic linear reservoir model with a single injector and producer wells, the injector
is located at the first while the producer is located at the last cell in the X-direction. The wells
were assumed to be perforated across the height of the reservoir, Figure [9]. The bottom-hole
flowing pressure and production rates are specified.

ELL

_ T T T —
019898 0.34924 064975 0.80000

Figure (9): Schematic of the linear homogenous grid model.
6.4. Geologic Model Data

All the structural and petrophysical data in the geological model are typically assembled
as data input for the gridblocks in a section of the simulator. The structure of the geologic model
is represented by geometrical data on the gridblocks in terms of location and dimensions. This
is usually accompanied with separate specifications of the petrophysical data for each gridblock.
The petrophysical data usually specified for each gridblock include porosity, permeability, and
net sand thickness or net-to-gross ratio data. Initial fluid saturations for each gridblock may also
be specified in some models. These data are then followed with modifications to the grid system
(such as local grid refinement), and modifications to the petrophysical data specified for the
gridblocks.
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All cells have a uniform thickness of 1m. The assigned absolute permeability was
1 Darcy and the porosity of 0.20 (fraction). The simulation case was generated from an initial
reservoir pressure above the bubble-point pressure of the selected fluid, which means that,
initially, the only fluid in the reservoir was oil. Table [1] presents the reservoir properties.

Table (1): Basic reservoir parameters used in the compositional simulation model.

Water Compressibility, cw, psit 3.0 x 10®
Oil Compressibility, co, psi 3.0x10°
Rock Compressibility, cr, psi™ 6.0 x 10°
Core height, h, meter 1
Porosity, I, % 20
Absolute Permeability, k, md 1000
Core width, W, meter 1
Irreducible Water Saturation, Swi,

% 20
Reference Pressure, bar 1
Residual Oil Saturation, Ser, % 15

6.5. Fluid Properties Data

This section of the model data set contains data that represents the PVT properties of the
fluids present in the reservoir. The PVT data are usually presented in a tabular form for black
oil models. For compositional simulators, the PVT data are represented in a compatible form as
output generated with an equation of state.

Table (2): Basic PVT parameters used in the compositional simulation model.

Water Formation VVolume Factor, Bw, m3/Sm?3 1

Qil Formation Volume Factor, Bo, m3/Sm?3 1.1

Water Viscosity, [Jw, Pa s 0.001
Oil Viscosity, [1o, Pas 0.004
Water Density, (1w, kg/m? 1000

Qil Density, (1o, kg/m® 400
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6.6. Rock/Fluid Properties Data

Rock/fluid properties data in the form of relative permeability data and capillary pressure
data are represented in the model as functions of fluid saturations. These data are usually
presented in the simulator in a tabular form. Note that the data in these tables are sometimes
used by the simulator to establish initial conditions in the reservoir model, if the option for
simulator generated initial conditions is selected.

6.7. Relative Permeability Model

The relative permeability is an important input parameter for reservoir simulation studies
and provides a basic description of the movement of phases in the reservoir. It is also used to
describe multiphase flow in a porous media. A change in relative permeability has a significant
effect on the predicted hydrocarbon production rates and the overall recovery factor.

Typical curves suitable for an oil-water system with water displacing oil are presented
in Figure [10]. The value of Sw at which water starts to flow is termed the critical saturation,
Swe, and the value at which oil ceases to flow, Sy, is called the residual saturation. Analogously,
during a drainage cycle Snc and Swc are referred to as the critical and residual saturations,
respectively.

Two phase relative permeability is often represented with simple models such as
the Brooks-Corey model® and with the parameters end-point relative permeability and residual
fluid saturations. The residual oil saturation is clearly by far the most important of these
parameters and deserves special attention.

The relative permeabilities were estimated for a specific initial water saturation using
the standard Corey expressions following Liu et al. [2001]*® the resulting relative permeability
curves and the Corey function parameters are shown in Figure [10].

Ny
Kk, =K, [mJ ....................................................................... (15)
1_ch_sor
n
S, —S 9
Ko m KO |t e e e 16
w rW[l—SWC—SorJ ( )

Where no and ny are exponents of oil and water respectively.

Table [3], lists the relative permeability end-point values used in the Corey’s functions
of the base case.

Table (3): Relative permeability end-point parameters.

kromax krwmax
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Figure (10): Brooks-Corey relative permeabilities with different critical condensate saturations.
6.8. Model Equilibration Data

Model equilibration data include fluid contact depths (oil-water contact, gas-oil contact,
or gas-water contact), capillary pressures at the fluid contacts, and reservoir pressure at a
selected datum depth. The model equilibration data are in some cases used by the simulator to
establish initial reservoir conditions.

6.9. Well Data

In the section of the model data for wells, the locations of the wells in the grid system
are specified. Also, the grid blocks in which the wells are completed are specified. The
production or injection rates of the wells including the type of fluid produced or injected are
specified. The progression of the simulation in terms of time is defined in this section in the
form of time steps, cumulative time, or dates. These time-based data are very important because
the speed and duration of the simulation are controlled by these data. For reservoirs with
production history, the production data are provided at specific time intervals which could be
daily, monthly, quarterly, semi-annually, or annually. The frequency of production data entry is
totally at the discretion of the user. However, note that higher frequency of production data
specifications reduces the speed of the simulator during history match. Additional data that may
be specified at progressive time periods include introduction of new wells, recompletion of
existing wells, and changes to well fluid production or injection rates.
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6.10. Initialization

The reference pressure is 1 bar. The injection well considered in this study is operating
with a constraint of injection rate of 0.2 m*/day. The producer in this simulation was controlled
by an oil rate of 0.2 m3/day. The well was initially produced at the designated oil rate and
stooped to control when the oil rate dropped below the oil rate minimum limit.

6.11. Assumptions in the model:

A number of assumptions and simplifications have been made in order to make the
attempt to study the problem as following:

= Gravitational segregation of the condensate is not considered.
= No compositional gradient is considered.
= No irreducible water saturation.

7. Results and Discussion

To test the validity of the numerical solutions for the simulation model, it is necessary
to use data taken under the same conditions into computations using other methods.

In general, the one-dimensional, two-phase characteristics of the reservoir flow are
considered. Saturation is a function of reservoir pressure and flow distance. Relative
permeability is a function of saturation only.

7.1. Presentation of Analytical Solution

According to the Buckley-Leverett theory, water saturation is a function of both time
and position X. We have found that the water saturation at water (front) breakthrough and also
the average water saturation in the reservoir after water breakthrough.

A typical plot of variation of relative permeability to water, kw, relative permeability to
oil, kv, fractional flow curve, fy and its derivative, dfw/dSw are shown in Figure [11] to [13].
The capillary pressure data are neglected and assumed to be zero.

We need to construct a straight line from the (initial) connate water saturation (fu=0)
that is tangent to the fractional flow curve.

The point where this straight line and the fractional flow curve meet gives the water
saturation at waterfront breakthrough. Extrapolation of the line till f = 1 gives the average water
saturation behind the waterfront.
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Figure (13): Relative permeabilities curves versus water saturation.

Welge Method, Buckley-Leverett construction to find average water saturation and water saturation at

breakthrough
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Figure (12): Buckley-Leverett construction to find average water saturation and water
saturation at breakthrough.
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Graphically this is very simple to do, but in a spreadsheet the slope of the straight line
and the fractional flow curve have to be calculated and compared. The slope of the fractional
flow curve is calculated with:

1dkm(sw)(uw+u0)_uw(1dkrw(sw)+1dkro (SW)]

dfy, _ th S, My GdS, oy, dS,
_ . 0 W e, (18)
dSW (uw + uo)
With,
-1
dan (SW) 1 Sw — ch "
= Ny Ko (Sor ) veeeriieiiieecieens 19
dSw 1_ch_sor 1_ch_Sor ! nN( Or) ( )
no-1
dkro (SW) — 1 1- SW — Sor no kro (ch) ..................................... (20)
dSw 1- ch - Sor 1- ch - Sor

The slope of the straight line can be easily calculated. When both derivatives are plotted
in one single graph the tangent point is found.

Fractional Flow Derivative Curve

T T T T T T T T
0 0z 0.4 0é ns 1
Sw

Figure (13): Derivatives of fractional flow curve and tangent line.

The distribution of the water saturation along the reservoir is given in Figure [14]. The
results of the water saturation without the effect of the capillary pressure are depicted in the
same Figure.
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Saturation Profile of the Analytical Solution of Buckley Leverett Problem
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Figure (14): Saturation profile calculated from Buckley-Leverett analysis
7.2. Presentation of Numerical Calculation Results

To compare numerical solutions with the Buckley-Leverett results, a numerical
simulation model involving water displacing oil from a water-wet porous medium is presented
with the same considerations as in the Buckley-Leverett displacement theories. Moreover,
compressibilities of oil and water in the reservoir are also included in this simulation model.
The initial conditions include uniform saturation and pressure distributions. The grid spacing
(AX) for the numerical simulation is constant. It was noted that the saturation profiles computed
under these assumptions show water accumulating at the downstream end of the system, while
the fluid front proper is still traveling toward the outlet. The results based on the simulation
computation model are shown in the forms of Saturation profiles within the hypothetical
reservoir versus distance (along the X-direction).

The behavior of the linear, homogeneous reservoir is determined using the reservoir
simulator. To maintain the desired pressure in a reservoir, for any volume of water injected into
the upstream end of the system, an equivalent volume of oil is produced at the other end. The
fluid properties are functions of pressure for the model in this report. Viscosity is the dominant
factor in the system. The effects of capillary and gravity forces are negligible and are, therefore,
ignored. The initial conditions of the reservoir were taken to be 80 percent oil saturation and 20
percent water saturation.

Assumptions for the numerical model described in Chapter 3 are consistent with those
for the Buckley-Leverett analysis. The results calculated from the Buckley-Leverett technique
are presented in the Chapter. Consequently, the saturation profiles and all the results calculated
numerically are shown in Figure [4.5] and [4.6]. During computation procedures, 100 grids and
30 grids each are used to represent the total length of 100 meters for the system.
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Figure (15): Saturation Profiles Calculated from Numerical Computations by using Eclipse for
100 Cells after 30 days of Water Injection.
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Figure (16): Saturation Profiles Calculated from Numerical Computations by using Eclipse for
30 Cells after 30 days of Water Injection.

The water is injected into the reservoir with a linear flow rate of 1 m®day. The oil and
water viscosities are 0.001 (Pa s) and 0.004 (Pa s), respectively. The flow of the displaced phase
(oil) ceases at Sor of 0.15. The porosity of the medium is 20% with an absolute permeability of
k =1 Darcy.
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7.3. Grid Sensitivity

For the sake of brevity, we will show two runs that we have performed: fine —and coarse
grid runs. Fine grid runs are performed by using 100 grids while the coarse grid runs are
performed by using 30 grids, as shown in Figure [17].

For the sake of comparison, the figure below presents the Analytical and the Numerical
Solution of Buckley Leverett.

Amnalytical and Numerical Solation of The Frontal Advance in Linear Displacement by Using ECLIPSE after 30 days of Water
Injection

30 cells

awr

100 cells | =™ —— |

T T T T T T T T T T T
o 20 40 60 20 100
x — Direchion

|—Analyt1cal_Snlumnn == ["Eclipse-100 Cells"| == ["Eclipse-30 Cells"] |

Figure (17): Analytical and numerical solution of the frontal advance in linear displacement.

Comparison of the Numerical Solutions to Buckley-Leverett Results For the purpose of
convenience and easy comparison, the numerical solutions and Buckley-Leverett results, which
represent the saturation profiles along the distance X, are presented on the same plot for various
times.

Figures [18] through [20] contain the data curves separately for various times of water
injection (1 day, 5 days, 15 days, 30 days). With the exception of locations near the water
injection point and at the displacement front.

These comparisons show that the numerical solutions in each case are in good agreement
with solutions obtained from the Buckley-Leverett method. They are of satisfactory accuracy
for most engineering calculations. The only discrepancy in the numerical solutions is a very
slight smearing of the displacement front.
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Figure (18): Distribution of water saturation profile in the analytical solution at different times.

The numerical solutions were obtained with the single-point upstream method, where
the average forward fluid mobility is calculated from the relative permeability and viscosity data
computed using fluid saturation and pressure in block i (the upstream block).
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Figure (19): Distribution of water saturation profile in the numerical solution at different times.
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Figure (20): Analytical and Saturation Profiles Calculated from Numerical Computations by
using Eclipse for 100 Cells at different times.

8. Conclusion:

1.

In most cases, the fluid flow inside the porous rock is too complicated to solve analytically.
These methods can apply to some simplified models. However, this solution can be applied
as the benchmark solution to validate the numerical approaches.

The method represented here is limited to a one-dimensional, two-phase liquid reservoir
system. However, this is adequate for modeling many important mechanisms of reservoir
drive, or secondary recovery methods, such as waterflooding.

The numerical computation procedures for the analysis have been developed and
programmed by Eclipse 100 Model for 100 and 30 cells.

The treatment of immiscible displacement is by no means exhaustive. The main objective
was to introduce the engineer to basic concepts and some of the historical theoretical
developments in immiscible displacements. In the process, several important terms were
introduced in discussing the importance of rock wettability, capillary pressure, relative
permeability, mobility ratio, and displacement efficiency in immiscible displacements. The
fractional flow equation was developed to convey the impact of fluid and rock properties
and reservoir geometry on immiscible displacement. In fact, this relatively simple equation
can be used to discuss the fractional flow of water or gas in many waterflood or gasflood
projects.
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5.

The Welge method was introduced to illustrate determination of several terms, such as
saturations at the flood front, average saturations behind the flood front, saturations at
breakthrough, and saturations after breakthrough.

The analytical model is developed for applying the Buckley-Leverett frontal advance theory
to immiscible displacement in 1-Dimension for a length of 100 meter, neglecting the
capillary forces. The analytical model gives more accurate results as compared to
conventional models.

The saturation profiles, which were calculated, are shown to be in satisfactory agreement
with the Buckley-Leverett results. The fine model of 100 cells shows better results than the
30 cells in comparison with the analytical one, where the forward fluid mobility is based on
the relative permeability and viscosity data.

9. Recommendation:

Relative permeability curves are very significant in any study of fluid flow. Accordingly,

experimental measurement of relative permeability curves needs to be carried out.
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The performance production analysis of Gialo Paleocene

Ashraf Mohamed Naas

as.naas@uot.edu.ly
Department of Petroleum Engineering, University of Tripoli, Libya

Abstract:

Production performance analysis is considered of the important tools of oil reservoir
management. This can diagnosis many problems and obstacles early in time, which enable
curing then problem in proper time in order to optimize oil production and maximize oil
recovery. The performance production analysis of Gialo Paleocene reservoir is done through
two parts. The first part of this study attempts to predict critical rate and post-breakthrough
performance in vertical and horizontal wells as a result of water coning. The second part includes
post breakthrough performance analysis in terms of the Water Oil Ratio (WOR). Gialo
Paleocene reservoir studied to predict the oil critical rate, including the correlations of (Meyer-
Garder Method, Hoyland-Papatzacos-Skjaeveland Method, Schols Method and Craft and
Hawkins Method) in a vertical well and the correlations of (Efros Method, Karchers Method
and Joshis Method) in a horizontal well. PVT and Relative permeability data for reservoir were
used in the correlations. From result, the critical oil flow rate was calculated by four correlations
given different values due to effect of permeability and the pressure depletion effect was
neglected in three correlations (Meyer-Garder, Hoyland-Papatzacs-Skjaeveland, Schols). While
in horizontal well, the correlations where given small values or inaccurate values for the critical
oil rate due to the permeability effect and pressure depletion effect was neglected through the
calculations. Finally of this study considers the use of plots of water/oil ratio versus time to
diagnose excessive water production mechanisms. From result, Water production in all studied
wells was classified based on cause of problem such as coning, channeling.

Keywords: Critical Oil Rate, Empirical Correlations, Production Performance Analysis,
Water Channeling, Water Coning, WOR Diagnostic Plots.
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The performance production analysis of Gialo Paleocene
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1. Introduction

The Gialo Paleocene reservoir consists of three oil accumulations. The Main E Pool, the
largest of these oil accumulations, lies in the southeast and was discovered in 1961. Up to March
2004, 44 wells have penetrated the accumulation and 33 are still completed in the reservoir. The
second oil accumulation, the 4E Pool, was discovered in 1973. So far, only five wells have been
drilled into this accumulation. Of these, one was D&A and one has been plugged and re-
completed up-hole. A small accumulation between the Main E and the 4E Pools was discovered
in 1985 with the drilling of well E289. This well penetrated the formation, but it was plugged
back and re-completed up-hole after a short production period. This latter accumulation was not
part of the project scope and has not been studied.

The Main E Pool is a structural trap in the Zelten Formation (limestone). The reservoir
is delineated by faults and underlain by an aquifer that is believed to be common to all three oil
accumulations. The Main E Pool was put on production in 1964. The main production
mechanism is a bottom water drive with strong aquifer support. As of March 2004, a total of 27
wells were producing oil from within the Main E Pool at a rate of 17 MSTB/day and at a total
field water-cut of 75%. Cumulative oil production to March 2004 was 157.6 MMSTB. This
represents an overall recovery factor of 17.1% of the total OOIP of 923 MMSTB.

The 4E Pool was put on production in 1973. One well was a dry hole. Production from
the four pool wells peaked at an oil rate of about 10,000 BOPD in early 1974 and then declined
sharply to 500 BOPD in 1977 due to rapid water encroachment. As of March 2004, only 2 wells
within the 4E Pool were still producing at a rate of 820 STB oil per day at a total water-cut of
88%. Cumulative oil production had reached 16.8 MMSTB. The estimated OOIP is about 72.8
MMSTB, resulting in a current oil recovery factor of about 23%.

2. Objectives of the Study
The performance production analysis of Gialo Paleocene reservoir is done through two parts:

= The first part of this study attempts to predict critical rate and post-breakthrough
performance in vertical and horizontal wells as a result of water coning.
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= The second part includes post breakthrough performance analysis in terms of the Water
Oil Ratio (WOR).

3. Methodology of Study

= Reviewing Production history for each well in Gailo Paleocene reservoir.

= Calculate the Critical oil flow rate for each well.

= Compare between the critical oil flow rate and the actual oil rate for each well.

= Compare between WOR diagnostic plots and WOR plot for Chan. to determine the
mechanism for excessive water production.

4. Result and Discussion
4.1. Vertical well study's

This study's includes production performance analysis for oil wells from gialo Paleocene
reservoir concentrating on water production problem. The first step of this analysis was to
investigate the critical production rate for the studied wells. This was done using empirical
correlation as it has been mentioned in the following table 1;

Table (1): The calculating methodologies of critical production rate [1,2].

Methods Formula remark
Meyer . 4| Po—Pg ko N 2 . .
.= 0246 x 107* k hZ—(h-D,)" isotropic
Garder Qe Ln (1‘951‘“.-)}[%80][ t J P
51325
Hoyland- Qe = 0.924 x 107+ KolPw=Po) 1—["—1’] .
Papatzacs- U, Bo h isotropic

Skjaeveland % 22 [In ()] "%

- 2_4.2
ro=0,0?83x10_4{[p“’ Po) Ko (h hﬂ

u, Bo

Schols’ isotropic
X [0.432 +i} (h/r, )1
In(re/rw)
o 0.00708K kP, — P, }x PR
" {r)

Craft and S Ty isotropic

Hawkins r e 7

PR=b1+7,|—2—cos(b x90)

| \ 26 |

4.2. Well by Well Analysis:

The wells of Gialo Paleocene reservoir (E-85, E-89, E-93, E-192, E-209, E-210) were
all studied for critical rate analysis and diagnostic plots investigation.
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4.2.1. WELL E-85
4.2.1.1. Well Data

Table (2): shown well and reservoir data for well E-85.

Factor Symbol Value
Effective oil permeability Ko 61.3 md
Oil density po 51.9 Ib/ft3
Water density pW 68.7 Ib/ft3
Oil formation volume factor Bo 1.282 rbbl/stb
Oil viscosity no 0.68 cp
Oil column thickness h 80 ft
Perforated interval hp 31 ft
Well pore radius rw 0.292 ft
Drainage radius re

4.2.1.2. Production history of Well E-85

Well, E85 started production in July 1965 with good oil production rate 812 bbl/day and
start oil production up to 1600 BOPD in October 1977 as shown in figure (1) due to ESP pump
was installed in well, where in June 1981 the oil production decline to 900 BOPD due to
increasing water cut to 58 %. The oil rate subsequently declined until it reached 250 BOPD in
late 2010 due to increasing water cut to about 91% as shown in Figure (1).
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Fig (1): shows production history for well E-85.
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4.2.1.3. Calculate the Critical oil flow rate of Well E-85.
Table (3) Shows the critical oil rate for well E-85.

Method value
Meyer Garder Qoc=23 bbl/day
Hoyland-Papatzacs- Skjaeveland Qoc=37 bbl/day
Schols’ Qoc=33 bbl/day
Craft and Hawkins Qoc=1784 bbl/day

4.2.1.4. Results analysis of Well E-85.

This table 3 shows the results of the critical oil flow rate for well E-85 by four
correlations and illustrates the difference between the results due to effect of isotropic
permeability and neglected pressure depletion effect in three correlations (Meyer-Garder,
Hoyland-Papatzacs Skjaeveland and Schols). It is noted that the three correlations gave an
estimation of critical rate that is very low in range of (23 to 37) BOPD. These figures are
considered unrealistic due to the actual high productivity of this well where result of Craft and
Hawkins was considered good result compared with actual oil rate due to considering the
effect of pressure depletion in the calculation.

4.2.1.5. Compare between the critical rate and the actual liquid rate of Well E-85.

As it is shows in figure (2) comparison between the critical oil flow rate and the actual
liquid rate showed, at start of well production in 1965 rate was under the critical rate, at 1977
the actual liquid rate increased above the critical rate with increases in water cut, the actual
liquid rate decline at 1981 lower than critical rate with decreases in water cut and at 1986 the
actual liquid rate rise again above the critical rate with high water cut value and high water
production rate continues to 2010.

In general, well E-85 was produced most time with production rate that is higher than it
is critical rate.
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Fig (2): shows compare between the critical rate and actual liquid rate for well E-85.
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4.2.1.6. Compare between WOR diagnostic plots and WOR plot for chan of Well E-85.

In order to further investigate the water production problem in well E-85 the technique
of water diagnostic plots as presented by chan was applied.

The diagnostic plot fig (3) shows a jump from 100 to 7000 days (about from three month
to twenty-three years from start of well production) within a general upward trend on both WOR
and WOR". This was interpreted as rapid channeling with production changes through a
formation layer. And at 7000 to 10000 days (about from twenty-three to thirty-two years from
start of well production) a general downward on both WOR and WOR". This was interpreted as
coning through the well completion. And after 10000 to 14400 days (about from thirty-two years
to forty-five years from start of well production) was interpreted as rapid channeling through a
formation layer.

In general, the water production problem in this well appears as result of combination of
channeling and coning.
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Fig (3): shows (WOR) diagnostic plots for well E-85.

78




98-73 (42025 .03 ¢(1) 3cdalt - (6) lomalt — A2 ynall 18,0 rlxe

4.2.2. WELL E-89
4.2.2.1. Well Data

Table (4): shows well and reservoir data for well E-89.

Factor Symbol Value
Effective oil permeability Ko 42 md
Oil density po 51.9 Ib/ft3
Water density pPW 68.7 Ib/ft3
Oil formation volume factor Bo 1.282 rbbl/stb
Oil viscosity 1o 0.68 cp
Oil column thickness h o7 ft
Perforated interval hp 15 ft
Well pore radius rw 0.292 ft
Drainage radius re

4.2.2.2. Production history of Well E-89

Well E-89 was started production in June 1965 with good oil production rate 1100
BOPD and start oil production up to 4000 BOPD in December 1977 as shown in figure (5.4)
due to pump was installed in well, where oil production decline to 1600 BOPD due to increasing
water cut to 50 % in May 1990. The oil rate subsequently declined until it reached 500 BOPD
in late 2010 due to increasing water cut to about 78% as shown in (Figure (4)).
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Fig (4): shows production history for well E-89.
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4.2.2.3. Calculate the Critical oil flow rate of Well E-89.
Table (5): Shows the critical oil rate for well E-89.

Method value
Meyer Garder Qoc=27 bbl/day
Hoyland-Papatzacs- Skjaeveland Qoc=47 bbl/day
Schols’ Qoc=39 bbl/day
Craft and Hawkins Qoc=630 bbl/day

4.2.2.4. Results analysis of Well E-89

This table shows the results of the critical oil flow rate for well E-89 by four correlations
and illustrates the difference between the results due to effect of isotropic permeability and
neglected pressure depletion effect in three correlations (Meyer-Garder, Hoyland-Papatzacs
Skjaeveland and Schols). It is noted that the three correlations gave an estimation of critical rate
that is very low in range of (27 to 47) BOPD. These figures are considered unrealistic due to the
actual high productivity of this well where result of Craft and Hawkins was considered good
result compared with actual oil rate due to considering the effect of pressure depletion in the
calculation.

4.2.2.5. Compare between the critical oil rate and the actual liquid rate of Well E-89.

As it shows in figure (5) comparison between the critical oil rate and the actual liquid
rate showed, at start of well production in June 1965 rate was above the critical rate. The water
cut subsequently increased until it reached 76% in late 2010 due to increasing the water
production as shown in (Figure (5)).

In general, well E-89 was produced most time with production rate that is higher than it
is critical rate.
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Fig (5): shows compare between the critical rate and actual liquid rate for well E-89

80




98-73 (42025 .03 ¢(1) 3cdalt - (6) lomalt — A2 ynall 18,0 rlxe

4.2.2.6. Compare between WOR diagnostic plots and WOR plot for chan of Well
E-89

In order to further investigate the water production problem in well E-89 the technique
of water diagnostic plots as presented by chan was applied.

The diagnostic plot fig (6) shows bottom water drive coning problem in Well E89.

In general, the water production problem in this well appears as a result of coning.
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Fig (6): shows (WOR) diagnostic plots for well E-89.
4.2.3. WELL E-93
4.2.3.1. Well Data

Table (6): shows well and reservoir data for well E-93.

Factor Symbol Value
Effective oil permeability Ko 44 md
Oil density po 51.9 Ib/ft3
Water density pw 68.7 Ib/ftd
Oil formation volume factor Bo 1.282 rbbl/stb
Oil viscosity no 0.68 cp
Oil column thickness h 81 ft
Perforated interval hp 10 ft
Well pore radius rw 0.292 ft
Drainage radius re
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4.2.3.2. Production history of Well E-93

Well E-93 was started production in January 1966 with oil production rate 645 BOPD
and start oil production up to 2400 BOPD in February 1978, the oil rate subsequently declined
until it reached 100 bbl/day in late 2000 due to increasing water cut to about 94% as shown in
(Figure (7)). And production rate was shut in from may in 2000 to February in 2002. Oil
production rose again to 360 BOPD in 2003. The oil rate subsequently declined until it reached
75 BOPD in late 2010 due to increasing water cut to about78% as shown in (Figure (7)).
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Fig (7): shows production history for well E-93.
4.2.3.3. Calculate the Critical oil flow rate of Well E-93

Table (7): Shown the critical oil rate for well E-93.

Method value
Meyer Garder Qoc=20 bbl/day
Hoyland-Papatzacs- Skjaeveland Qoc=34 bbl/day
Schols’ Qoc=28 bbl/day
Craft and Hawkins Qoc=409 bbl/day

4.2.3.4. Results analysis of Well E-93

This table shows the results of the critical oil flow rate for well E-93 by four correlations
and illustrates the difference between the results due to effect of isotropic permeability and
neglected pressure depletion effect in three correlations (Meyer-Garder,Hoyland-Papatzacs
Skjaeveland and Schols). It is noted that the three correlations gave an estimation of critical rate
that is very low in range of (20 to 34) BOPD. These figures are considered unrealistic due to the
actual high productivity of this well where result of Craft and Hawkins was considered good
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result compared with actual oil rate due to considering the effect of pressure depletion in the
calculation.

4.2.3.5. Compare between the critical rate and the actual liquid rate of Well E-93

As it shows in figure (8) comparison between the critical oil rate and the actual liquid
rate showed, at start of well production in January 1966 rate was above the critical rate and from
2009 to 2010 the actual liquid rate decreased below the critical rate with decreasing water cut
to about 76% as shown in (Figure (8)).

In general, well E-93 was produced most time with production rate that is higher than it
is critical rate.
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Fig (8): shows compare between the critical rate and actual liquid rate for well E-93.

4.2.3.6. Compare between WOR diagnostic plots and WOR plot for chan of Well
E-93

In order to further investigate the water production problem in well E-93 the technique
of water diagnostic plots as presented by Chan was applied.

The diagnostic plot fig (5.9) shows a jump after 700 to 4000 days (about from two to
twelve years from start of well production) a general downward on both WOR and WOR". This
was interpreted as bottom water drive coning through the well completion. And after 4000 days
(about twelve years from start of well production) within a general upward trend on both WOR
and WOR". This was interpreted as rapid channeling through a formation layer. In general, the
water production problem in this well appears as result of combination of channeling and
coning.
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Fig (9): shows (WOR) diagnostic plots for well E-93.
4.24. WELL E-192
4.2.4.1. Well Data

Table (8): shows well and reservoir data for well E-192.

Factor Symbol Value
Effective oil permeability Ko 62 md
Oil density po 51.9 Ib/ft3
Water density pW 68.7 Ib/ft3
Oil formation volume factor Bo 1.282 rbbl/stb
Oil viscosity Ho 0.68 cp
Oil column thickness h 87 ft
Perforated interval hp 46 ft
Well pore radius rw 0.292 ft
Drainage radius re 1766 ft

4.2.4.2. Production history of Well E-192

Well E-192 was started production in November 1974 with good oil production rate
2000 BOPD and start oil production up to 3000 BOPD in May 1978.The oil rate subsequently
declined until it reached 680 BOPD in late 1992 With water cut about 34% as shown in (Figure

84




98-73 (42025 .03 ¢(1) 3cdalt - (6) lomalt — A2 ynall 18,0 rlxe

(5.10)). Oil production rose again to 1000 BOPD in 1996. The oil rate subsequently declined
until it reached 390 BOPD in late 2010 due to increasing water cut to about 81% as shown in
(Figure (10)).
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Fig (10): shows production history for well E-192.
4.2.4.3. Calculate the Critical oil flow rate of Well E-192
Table (9): Shows the critical oil rate for well E-192.
Method value

Meyer Garder Qoc=23 bbl/day
Hoyland-Papatzacs- Skjaeveland Qoc=36bbl/day
Schols’ Qoc=34 bbl/day
Craft and Hawkins Qoc=2044 bbl/day

4.2.4.4. Results analysis of Well E-192

This table shows the results of the critical oil flow rate for well E-192 by four correlations
and illustrates the difference between the results due to effect of isotropic permeability and
neglected pressure depletion effect in three correlations (Meyer-Garder, Hoyland-Papazians
Skateland and Schols). It is noted that the three correlations gave an estimation of critical rate
that is very low in range of (23 to 36) BOPD. These figures are considered unrealistic due to the
actual high productivity of this well where result of Craft and Hawkins was considered good
result compared with actual oil rate due to considering the effect of pressure depletion in the
calculation.
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4.2.4.5. Compare between the critical rate and the actual liquid rate of Well E-192

As it shows in figure (11) comparison between the critical rate and the actual liquid rate
showed, at start of well production in November 1974 rate was above the critical rate. The actual
liquid rate subsequently decreased below the critical rate until late 1995 as shown in (Figure
(11)). The actual liquid rate from 1995 until 2010 increased above the critical rate with high
water cut.

In general, well E-192 was produced most time with production rate that is lower than it
is critical rate.
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Fig (11): shows compare between the critical rate and actual liquid rate for well E-192.

4.2.4.6. Compare between WOR diagnostic plots and WOR plot for chan of Well
E-192

In order to further investigate the water production problem in well E-192 the technique
of water diagnostic plots as presented by Chan was applied.

The diagnostic plot fig (12) shows from 800 to 7000 days (about from two and halve to
twenty-two years from start of well production) was interpreted as bottom water drive coning,
and after 7000 to 12000 days (about from twenty-two to thirty-five years from start of well
production) was interpreted as rapid Channel through a formation layer.

In general, the water production problem in this well appears as result of combination of
channeling and coning.

86




98-73 ¢ 22025 .09 ¢(1) actalt - (6) Aomad! — A saell B2 31 Jlloxe

10
1
0.1 (3 +
&
o
= o001
-3
o
s
0.001 *
0.0001 .I
-
1E-05 L
1 10 100 1000 10000 100000
Time(day)
+ WOR ®= WOR"
WOR = water oil ratio
WOR" = water oil ratio derivative

Fig (12): shows (WOR) diagnostic plots for well E-192.
4.2.5. WELL E-209
4.2.5.1. Well Data

Table (10): shows well and reservoir data for well E-209.

Factor Symbol Value
Effective oil permeability Ko 114 md
Oil density po 51.9 Ib/ftd
Water density pW 68.7 Ib/ft3
Oil formation volume factor Bo 1.282 rbbl/stb
Oil viscosity Ho 0.68 cp
Oil column thickness h 113 ft
Perforated interval hp 42 ft
Well pore radius rw 0.292 ft
Drainage radius re 1766 ft
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4.2.5.2. Production history of Well E-209

Well, E209 was started production in April 1977 with good oil production rate 3530
BOPD, the oil rate subsequently declined until it reached 790 BOPD in late 1992 With water
cut about 46% as shown in (Figure (13)) and the Oil rate rose again to 3250 BOPD in 1993. The
oil rate subsequently declined until it reached 800 BOPD in late 2010 due to increasing water
cut to about 78% as shown in (Figure (13)).
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Fig (13): shows production history for well E-2009.
4.2.5.3. Calculate the Critical oil flow rate of Well E-209.
Table (11): Shows the critical oil rate for well E-209.

Method value
Meyer Garder Qoc=88 bbl/day
Hoyland-Papatzacs- Skjaeveland Qoc=153bbl/day
Schols’ Qoc=131 bbl/day
Craft and Hawkins Qoc=3576 bbl/day

4.2.5.4. Results analysis of Well E-209.

This table shows the results of the critical oil flow rate for well E-209 by four correlations
and illustrates the difference between the results due to effect of isotropic permeability and
neglected pressure depletion effect in three correlations (Meyer-Garder, Hoyland-Papatzacs
Skjaeveland and Schols). It is noted that the three correlations gave an estimation of critical rate
that is very low in range of (88 to 153) BOPD. These figures are considered unrealistic due to
the actual high productivity of this well where result of Craft and Hawkins was considered good
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result compared with actual oil rate due to considering the effect of pressure depletion in the
calculation.

4.2.5.5. Compare between the critical rate and the actual liquid rate of Well E-209

As it shows in figure (14), comparison between the critical rate and the actual liquid rate
showed, at start of well production in April 1977 rate was below the critical rate. The actual
liquid rate subsequently below the critical rate until late 1993 as shown in (Figure (14)). The
actual liquid rate from 1993 until 2010 increased above the critical rate with increasing water
cut to about 78%.

In general, well E-209 was produced most time with production rate that is higher than
it is critical rate.
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Fig (14): shows compare between the critical rate and actual liquid rate for well E-2009.

4.2.5.6. Compare between WOR diagnostic plots and WOR plot for chan of Well
E-209

In order to further investigate the water production problem in well E-209 the technique
of water diagnostic plots as presented by chan was applied.

The diagnostic plot fig (5.15) shows a jump after 100 to 7000 days (about from three
month to twenty-two years from start of well production) a general downward on both WOR
and WOR". This was interpreted as bottom water drive coning through the well completion.
And after 7000 to 11000 days (about from twenty-two to thirty-three years from start of well
production) within a general upward trend on both WOR and WOR". This was interpreted as
channeling.

&9




The performance production analysis of Gialo Paleocene

In general, the water production problem in this well appears as result of combination of
channeling and coning.
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Fig (15): shows (WOR) diagnostic plots for well E-209
4.2.6. WELL E-210
4.2.6.1. Well Data

Table (12): shows well and reservoir data for well E-210

Factor Symbol Value
Effective oil permeability Ko 57.5md
Oil density po 51.9 Ib/ftd
Water density pW 68.7 Ib/ftd
Oil formation volume factor Bo 1.282 rbbl/stb
Oil viscosity Lo 0.68 cp
Oil column thickness h 76 ft
Perforated interval hp 48 ft
Well pore radius rw 0.292 ft
Drainage radius re 1766 ft
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4.2.6.2. Production history of Well E-210

Well E210 was started production in October 1977 with good oil production rate 1220
BOPD and the Oil production rose again to 1670 BOPD in 1977. The oil rate subsequently
declined until it reached 100 BOPD in late 1991 With water cut about 92% as shown in (Figure
(16)). And oil production was shut-in in 1992. The oil rate subsequently declined until it is
reached to 220 BOPD in late 2010 due to increasing water cut to about 88% as shown in (Figure

(16)).
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Fig (16): shows production history for well E- 210
4.2.6.3. Calculate the Critical oil flow rate of Well E-210
Table (13): Shown the critical oil rate for well E-210

Method value
Meyer Garder Qoc=14 bbl/day
Hoyland-Papatzacs- Skjaeveland Qoc=20 bbl/day
Schols’ Qoc=20 bbl/day
Craft and Hawkins Qoc=2487 bbl/day

4.2.6.4. Results analysis of Well E-210

This table shows the results of the critical oil flow rate for well E-210 by four correlations
and illustrates the difference between the results due to effect of isotropic permeability and
neglected pressure depletion effect in three correlations (Meyer-Garder, Hoyland-Papatzacs
Skjaeveland and Schols). It is noted that the three correlations gave an estimation of critical rate
that is very low in range of (14 to 20) BOPD. These figures are considered unrealistic due to the
actual high productivity of this well where result of Craft and Hawkins was considered good
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result compared with actual oil rate due to considering the effect of pressure depletion in the
calculation.

4.2.6.5. Compare between the critical rate and the actual oil rate of Well E-210

As it shows in figure (17), comparison between the critical rate and the actual liquid rate
showed, at start of well production in October 1977 rate was under the critical rate. The actual
liquid rate subsequently below the critical rate until late 2010 with high water cut it is reached
to 88% as shown in (Figure (17)).

In general, well E-210 was produced most time with production rate that is lower than it
is critical rate.

10000
[
1000 =" qoc- meyer-garder
goc=14 bbl/d
100 AA\"F(\| (RERERER n goc-hoyland-papatzacos
goc=20 bbl/d
. . goc-schols goc=20 bbl/d
10

e craft and hawkins
goc=2487 bbl/d

: Ij _____ = e—liquid rate
01 /MV L ‘ | “ —water cut
0.01

28/08/76  14/11/84 31/01/93 19/04/01 06/07/09
Time(month)

flow rate(bbl/day),water cut%

oil rate

Fig (17): shows compare between the critical rate and actual liquid rate for well E-210

4.2.6.6. Compare between WOR diagnostic plots and WOR plot for Chan of Well
E-210

In order to further investigate the water production problem in well E-209 the technique
of water diagnostic plots as presented by Chan was applied.

The diagnostic plot fig (18) was interpreted as multi-layer channel with production
change in Well E210.

In general, the water production problem in this well appears as result of combination of
channeling and coning.
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Fig (18): shows (WOR) diagnostic plots for well E-210
4.3. Horizontal well study's

This study's includes production performance analysis for oil wells from Gialo
Paleocene reservoir, concentrating on water production problem. The first step of this analysis
was to investigate the critical production rate for the studied wells [3].

Table (14): The calculating methodologies of critical production rate [4], [5]

Methods Formula remark

4 kn (py—p,) [h=(h=D,)J*L
; Que = 0.0783 <1077 w_ o . :
1. Efros’ Method © Uy Bo | yoty2+ (b2 ,3)] Isotropic

Q. = 00783 x 104 Kn®u=Po) (1=B)* L
. Ho Bo (2¥e)

2. Karchers Method { hoB )\ } isotropic
bt l—{ } (1/24)

Je

o3 Pu=Py) kn [0~ (h-Dy)’]

= 00246 x 1
Qe My Bo In (ryy /1)

, 05
a=(L/2) [0‘5 +.025+ (2reh/L)4]

L
. I'eh 7a

Ly =

[1 + \.-"'1 —[L/ (2a)]2] [h/(2r) "'

3. Joshis Method isotropic
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4.3.1. WELL E 330
4.3.1.1. Well Data

Table (15): shows well and reservoir data for well E-330

Factor Symbol Value
Effective oil permeability Ko 40.2 md
Oil density po 51.9 Ib/ftd
Water density pwW 68.7 Ib/ftd
Oil formation volume factor Bo 1.282 rbbl/stb
Oil viscosity Ho 0.68 cp
Oil column thickness h 81 ft
Length of horizontal well 1686 ft
distance between the WOC and the horizontal well Dp 85 ft
half distance between two lines of horizontal wells ye 1766 ft
Horizontal drainage radius reh 2147 ft
Vertical drainage radius rev 1766 ft

4.3.1.2. Production history of well E330

Well E330 was started production in July 2007 with oil production rate 620 BOPD and
the oil rate subsequently decreased until it reached 504 BOPD in December 2008 With water
cut about 0.6 % as shown in (Figure (19). Oil well was shut-in through April in 2008 to
November in 2008. Well E330 again start of well production in January 2009 with good oil
production rate 1490 BOPD. The oil rate subsequently decreased until it reached 620 BOPD in

late 2010 due to increasing water cut to about 56 % as shown in (Figure (19)).
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1000

100 V—\—JAV s
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W\——/

flow rate(bbl/day),water cut%

1
S
0.1
0.01 —— —
0.001
28/04/07 09/09/08 22/01/10

Time(month)

06/06/11

= 0i| rate

water rate

= \Vater cut

Fig (19): shows production history for well E-330
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4.3.1.3. Calculate the Critical oil flow rate of Well E-330
Table (16): Shows the critical oil rate for well E-330

Method value
Efros’ Method Qoc=29 bbl/day
Karchers Method Qoc=29 bbl/day
Joshis Method Qoc=101 bbl/day

4.3.1.4. Results analysis of Well E-330

This table shows the results of the critical oil flow rate for well E-330 by three
correlations and illustrates the difference between the results due to effect of isotropic
permeability and neglected pressure depletion effect in three correlations (Efros Method,
Karchers Method and Joshis Method). It is noted that the three correlations gave an estimation
of critical rate that is very low in range of (29 to 101) BOPD. These figure are considered
unrealistic due to the actual high productivity of this well.

4.3.1.5. Compare between the critical rate and the actual liquid rate of Well E-330

As it is shows in figure (20) comparison between the critical rate and the actual liquid
rate showed, at start of well production in July 2007 rate was above the critical rate. The actual
liquid rate subsequently above the critical oil rate until late 2010 with water cut about 56% as
shown in (Figure (20)).

In general, well E-330 was produced all time with production rate that is higher than it
is critical rate.

10000
w2 1000 A 2
5 == .
(8)
E, 100 \ /
s qoc-efros goc=29 bbl/d
= 10
]
hJ === qoc-karchers qoc=29
s 1 bbl/d
< == O0C-joshis qoc=101
® 0.1 bbl/d
; liquid rate
2 g— l
= 001 ~J

0.001

10/10/06 22/02/08 06/07/09 18/11/10 01/04/12
Time(month)

Fig (20): shows compare between the critical rate and actual liquid rate for well E-330
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4.3.1.6. Compare between WOR diagnostic plots and WOR plot for chan of well E-
330

In order to further investigate the water production problem in well E-330 the technique

of water diagnostic plots as presented by chan was applied.

The diagnostic plot fig (21) does not show clear trend of water production performance,

and there for cannot be interpreted using chan plots. This is may be due to short production time
of this well, and not enough history of data to give conclusive results.
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o *¢ N
= o001 [t
e —
]
0.001 " .
T
||
0.0001
1 10 100 1000 10000
" Time(days)
¢ WOR EWOR
WOR = water oil ratio
WOR" = water oil ratio derivative
Fig (21): shows (WOR) diagnostic plots for well E330
Conclusion

Gialo Paleocene reservoir is very potential reservoir with oil reserves of 992.8 MMSTB and
daily production rate of 17.82 MSTB/day. The reservoir production performance has been
showing noticeable increasing trend of water production for individual wells and total
reservoir performance.

The production performance of vertical and horizontal wells of Gialo Paleocene reservoir
was studied for critical rate analysis and water production problem diagnosis.

The critical rate analysis using four empirical correlations (Meyer-Garder, Hoyland-
Papatzacs-Skjaeveland, Schols and Craft and Hawkins) was showed below the actual liquid
rate for all wells in gialo Paleocene reservoir.

The critical oil flow rate was calculated by four correlations given different values due to
effect of permeability and the pressure depletion effect was neglected in three correlations
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(Meyer-Garder, Hoyland-Papatzacs-Skjaeveland, Schols). This result is very small values
of critical rate. Which considered unrealistic compared to actual well production. Where
result of Craft and Hawkins was considered more representative result as compared with
actual oil rate due to the pressure depletion effect was taken in the critical oil rate calculation.
After the compare between the critical oil rate and the actual liquid rate for wells in Gialo
Paleocene reservoir was interpreted as all wells producing above the critical rate.

5. The performance of water production for Gialo Paleocene reservoir was studied using
diagnosis plot. Summary of analysis can be summarized in the following table:

Well .
NELT Well Location Well Problem
85 This well is located structurally | The water production problem in this well appears as
low in the east reservoir area | result of combination of channeling and coning
E£89 This well is located structurally | The water production problem in this well appears as
high in the east reservoir area | result of coning
£03 This well is located structurally | The water production problem in this well appears as
high in the east reservoir area | result of combination of rapid channeling and coning
This well is located structurally | The water production problem in this well appears as
E192 o . - . :
high in the east reservoir area | result of combination of channeling and coning
£209 This well is located structurally | The water production problem in this well appears as
high in the east reservoir area | result of combination of rapid channeling and coning
This well is located structurally | The water production problem in this well appears as
E210 - . : . . .
high in the east reservoir area | result of multilayer channeling with production change

6. The same steps that were applied to problem identification for three horizontal wells in Gialo
Paleocene reservoir. Where the correlations that was used to calculate the critical oil, rate
are different on vertical well correlations. This correlation includes Efros method, Karchers
method and Joshis method. The correlations were given small values or inaccurate values
for the critical oil rate due to the permeability effect and pressure depletion effect was
neglected through the calculations.

7. The analysis of water problem in horizontal wells may be insufficient analysis due to short
production period because the horizontal wells were all drilled and put on production after
2005.

6. Recommendation

Apply the "WOR" diagnostic plots for all wells in Gialo Paleocene reservoir to identity
water production problem and suggest the solution in proper time.
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Abstract:

This research examines the condition of exemption from contractual liability under the
Omani Civil Transactions Law, in comparison with the Egyptian Civil Law. An agreement to
exempt from contractual liability constitutes a departure from the general rules of liability.
Furthermore, the Omani legislator did not include an explicit text permitting an agreement to
exempt from contractual liability, unlike the Egyptian legislator, despite the fact that it included
numerous applications of such agreements. If the contracting parties agree to exempt from
contractual liability, this does not mean that the parties' will is absolute; rather, it is subject to a
set of restrictions that must be observed.
Keywords: Contractual Liability, Exemption from liability, Gross Negligence, Intentional

Negligence.
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Abstract:

Contracting parties usually resort to formality when they want to hide the truth of
what they have contracted for a reason they have. Hence, the apparent contract, which is
the formal contract, and the hidden contract, which is the real contract or what is known
in Islamic jurisprudence and judiciary as the counter-paper. The debtor often resorts, if
he senses the imminent execution of creditors on his money, to dispose of that money in
a formal, non-real manner. The principle is that this money remains his property while
it appears outwardly to be owned by others, with the intention of removing it from the
scope of the general guarantee of creditors. Therefore, the legislator has placed in the
hands of the creditor a formality suit to reveal the truth of his debtor's actions, and to
return the money disposed of in a formal manner to his financial liability, in order to
preserve the general guarantee established for creditors.

Keywords: Absolute Fictitiousness, Fictitious Claim, General Guarantee, Relative
Fictitiousness.
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Abstract:

The principle of suspending the execution of the penalty is one of the most important
topics in modern criminal legislation, as it is indispensable in any just legislative or judicial
system, which aims to reform and rehabilitate some perpetrators of crimes whose crimes were
not of grave danger, or who, by committing these minor crimes, do not constitute Dangerous to
law and society alike. The legal system for suspending execution aims to threaten the offender
with the sentence issued against him, by authorizing the judge to order the suspension of the
execution of the penalty for which his judgment is issued for a specific period of time stipulated
by law, and this period shall serve as a period of probation, during which the convict is required
not to commit a new crime If he wants to get rid of the sentence imposed on him, and consider
the ruling issued by it as if it had not been, otherwise the penalty will be carried out on him, in
addition to what he is sentenced to, as a result of committing another crime.

Keywords: Conditions of Suspension of Sentence, Effects of Suspension of Sentence,
Suspension of Sentence, Powers of Criminal Judge, Punishment.
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Abstract:

This comparative study aims to address the common confusion between the concepts of
cloud computing and cloud storage, and the lack of awareness regarding the comprehensive role
of cloud computing in enabling advanced technologies such as Artificial Intelligence and Big
Data, compared to the limited role of cloud storage, which is restricted to storing and sharing
data. The study highlights the importance of deepening the theoretical understanding of the
underlying infrastructure of cloud computing and the essential distinction between data
processing and data storage, which practically assists institutions in making informed investment
decisions and selecting the most appropriate services to increase productivity and reduce costs.
The study relied on a comparative methodology for analyzing and interpreting data related to
cloud computing and its role in technological development, through a comparison between the
two concepts, identifying the advantages, disadvantages, and challenges for each. The study
concluded that cloud computing represents the main nerve of the contemporary technological
revolution, providing a greater capacity for rapid response and automatic scaling, while cloud
storage plays a vital and complementary role by providing the data foundation upon which
innovations are built. The study recommends that institutions choose integrated cloud solutions
that combine both cloud computing and cloud storage to ensure an effective and advanced digital
environment.

Keywords: Cloud Computing, Cloud Storage, Infrastructure, Modern Technology.
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Abstract:

Python has become one of the most widely used programming languages worldwide,
valued for its simplicity, readability, and versatility. As a high-level, open-source language,
Python supports multiple programming paradigms and provides an extensive range of libraries
that enable its use across numerous domains, including web development, data analytics, artificial
intelligence, cybersecurity, and the Internet of Things (loT). This paper examines the factors
driving the widespread adoption of Python and its evolution as a general-purpose programming
language. It explores its principal areas of application, the innovations contributing to its growth,
and the key challenges, such as performance limitations, dependency management, and security
concerns that must be addressed to sustain its efficiency and relevance in the face of emerging
computational demands. By analysing these trends and challenges, this study offers insights into
how Python can continue to adapt and prosper within an ever-evolving technological landscape.

Keywords: Application, Challenges, High-Level Language, Open Source, Programming,
Python.
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1. Introduction

Python stands today as one of the most influential and widely adopted programming
languages in the world. It was originally conceived in the late 1980s by Guido van Rossum at
the Centrum Wiskunde & Informatica (CW1) in the Netherlands as an advancement of the ABC
programming language, which itself had been inspired by the concepts of SETL. Van Rossum
began implementing Python in 1989 to create a high-level, interpreted language that prioritised
readability, simplicity, and flexibility (Zelle and van Rossum, 2004). Over time, Python has
evolved from an academic experiment into a cornerstone of modern software engineering,
renowned for its clarity, accessibility, and community-driven development model (Hashmi,
2025). Since its early versions, Python has evolved into a versatile, general-purpose
programming language used in software engineering, web development, artificial intelligence,
scientific computing, and automation. Its interpreted nature, dynamic typing, and flexible
semantics make it ideal for rapid prototyping and iterative development (Thaker and Shukla,
2020). Python’s clear and intuitive syntax reduces programmers’ cognitive effort, improving
code readability and maintenance. This focus on simplicity has encouraged widespread use in
academia and industry, particularly for teaching, research, and practical applications (Guo,
2021). One of Python’s greatest strengths is itS vast ecosystem. The language features a
comprehensive range of built-in data structures and an extensive standard library that covers
networking, file handling, numerical computation, and system integration (Sanner, 1999).
According to Jaison and NM, Abdalkareem et al. (2020), third-party libraries available via the
Python Package Index (PyPl) have further expanded their versatility. Libraries such as Django,
Flask, NumPy, Pandas, TensorFlow, PyTorch, Scikit-learn, and Boto3 enable efficient
development across multiple domains, allowing Python to serve both lightweight scripting and
large-scale enterprise applications with equal effectiveness and flexibility. Python demonstrates
remarkable portability and cross-platform compatibility, running seamlessly on Windows,
Linux, macQOS, and various embedded systems, including the Raspberry Pi. Its flexibility and
open-source nature make it a unifying tool across diverse technological environments.
Supporting procedural, object-oriented, and functional paradigms, Python adapts easily to
various problem domains. Moreover, its modular design and package management encourage
reusability, collaboration, and long-term maintenance, promoting sustainable software
engineering practices (Srinath, 2017; Bansal and Srivastava, 2018). Python’s success stems
from its growth into new technological areas and the community’s efforts to overcome its
limitations. Despite its dominance in data science, machine learning, and automation, challenges
in speed, concurrency, and scalability persist. To stay competitive, improvements focus on
interpreter performance through Just-In-Time compilation, enhanced type checking, and
runtime optimization while preserving Python’s hallmark readability and usability (McKinney,
2012; Chai et al., 2022).

This paper examines Python’s evolution as a modern general-purpose language,
analysing the factors behind its widespread adoption and lasting relevance. It discusses key
application areas, including web development, data science, artificial intelligence, cloud
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computing, and the Internet of Things (l0T). Recent surveys and programming indices rank
Python as the world’s most used language, with the 2025 TIOBE Index placing it first at over
26% market share (Purdev (Purdev, 2024; Chaudhary et al., 2025).

The paper is structured as follows: Section 2 reviews Python’s main application
domains, Section 3 outlines challenges in performance, scalability, and security, Section 4
explores future directions, Section 5 and 6 compare Python’s advantages with other languages,
and Sections 7-9 cover discussion, recommendations, and conclusions.

According to Most Popular Programming Languages (Worldwide Oct 2025), Python
ranked as the number one programming language “Fig. 1,”

—— Python

—— PHP
/\\——IA CIC++

2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
Fig. (1): Programming Language Popularity, Oct 2025

2. Applications of Python

Python’s versatility and extensive ecosystem have made it a preferred programming
language across a wide array of domains. Its simplicity, readability, and comprehensive libraries
enable rapid development, seamless integration, and efficient execution in both research and
industrial settings. This section provides a detailed overview of Python’s principal application
areas, illustrating its adaptability and widespread adoption.

2.1 Web Development

Python offers powerful frameworks such as Django and Flask that support the
development of dynamic and scalable web applications(Jaison and NM; Abdalkareem et al.,
2020) . Django, a high-level framework, encourages rapid development with clean design
principles, while Flask provides a lightweight and flexible alternative suitable for smaller
projects. Both frameworks integrate easily with front-end technologies like HTML, CSS, and
JavaScript, as well as databases including PostgreSQL and MySQL, making Python a popular
choice for web development across diverse industries (Sahay et al., 2020).
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2.2 Data Analysis and Visualization

With the rise of data-driven decision-making, Python has become a cornerstone for data
analysis and visualization. Libraries such as Pandas and NumPy facilitate efficient data
manipulation, while Matplotlib, Seaborn, and Plotly provide tools for creating detailed,
interactive visualizations (Hunter, 2007; McKinney, 2010). Python can also interface with big
data platforms like Apache Spark and Hadoop through libraries such as PySpark, allowing
analysts to process large datasets efficiently. These capabilities have established Python as a
leading language in the fields of analytics, business intelligence, and scientific research.

2.3 Artificial Intelligence and Machine Learning (Al/ML)

Python is widely recognised as the primary language for artificial intelligence (Al) and
machine learning (ML). Libraries such as TensorFlow, Keras, and Scikit-learn provide robust
tools for developing complex models, including neural networks and predictive algorithms
(Abadi et al., 2016; Raschka et al., 2020). Its simplicity and extensive documentation make it
accessible for both beginners and experts, while its versatility supports the development of
applications in natural language processing, computer vision, and predictive analytics.

2.4 Game Development

Although not its primary domain, Python has a presence in game development. Libraries
such as Pygame enable the creation of engaging 2D games, and Python’s integration with
engines like Panda3D and Blender allows for 3D simulations and interactive environments
(Pratik P Patil and Alvares, 2015). Python’s approachable syntax and rapid prototyping
capabilities make it particularly suitable for educational games and smaller-scale game projects.

2.5 Internet of Things (l1oT)

Python is increasingly applied in loT systems, particularly through platforms like
Raspberry Pi and Arduino (using MicroPython). Libraries supporting communication protocols
such as MQTT and HTTP enables seamless device interaction and data collection(Gubbi et al.,
2013) . Python’s lightweight design and ease of integration make it ideal for developing smart
devices, home automation systems, and other embedded applications.

2.6 Cybersecurity

Python is frequently employed in cybersecurity for scripting, penetration testing, and
automation of security protocols. Libraries such as Scapy facilitate network analysis, while
Python’s readability and modularity allow rapid development of security tools (Alharthi et al.,
2023; Ranjan et al., 2023; Alzubaidi, 2025) . Its versatility has made Python a preferred
language for security professionals and ethical hackers.
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2.7 Scientific Computing

Python’s capabilities in scientific computing are widely acknowledged. Libraries such
as SciPy and SymPy offer advanced mathematical functions for engineering, physics, and
computational research(Mehta, 2015) . Interactive environments like Jupyter Notebook have
revolutionised scientific workflows, allowing researchers to integrate code, data, and
documentation in a single platform(Brewer et al., 2022) .

2.8 DevOps and Automation

Python supports automation and DevOps tasks, including scripting, continuous
integration/continuous deployment (CI/CD), and workflow orchestration. Libraries such as
Apache Airflow and Prefect streamline process management across industries, allowing the
automation of repetitive tasks and improving operational efficiency (Ugwueze and
Chukwunweike, 2024).

2.9 Blockchain and Cryptography

Python’s capabilities extend into blockchain development and cryptography. Libraries
such as Web3.py facilitate interaction with blockchain platforms like Ethereum, while
PyCryptodome enables secure encryption and decryption operations (Nielson and Monson,
2019). Python’s ease of use makes it suitable for developing secure applications and blockchain-
based systems.

2.10 Cloud Computing

Python is widely used in cloud computing for managing infrastructure, deploying
serverless functions, and integrating with cloud platforms. SDKs such as Boto3 for AWS,
Google Cloud Python for Google Cloud, and Azure SDK for Python for Microsoft Azure enable
developers to create, scale, and maintain cloud-based applications efficiently (Hassan, 2021).

2.11 Testing and Quality Assurance

Python provides frameworks like unittest and pytest for automated testing and quality
assurance. These tools integrate with CI/CD pipelines to ensure software reliability and
maintainability, allowing organisations to implement robust software development
practices(Jyoti et al., 2024).

2.12 Education

Python’s simplicity and readability make it an ideal language for teaching programming
and computational thinking. Its gentle learning curve, extensive documentation, and supportive
community ensure that beginners can quickly develop foundational coding skills, while
experienced programmers can leverage Python for advanced research and industrial applications
(Lvov and Kruglyk, 2014).
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3. Challenges Facing Python

Despite Python’s widespread adoption and versatility, the language faces several
challenges that could affect its future growth and sustainability. Addressing these challenges is
essential for maintaining Python’s relevance across scientific, industrial, and educational
domains. This section examines the principal technical, educational, and organizational
limitations of Python, highlighting areas for improvement and future research.

3.1 Performance Limitations

One of Python’s most frequently cited drawbacks is its performance. As an interpreted
language, Python generally executes more slowly than compiled languages such as C++ or Java.
Computationally intensive tasks, including large-scale simulations or real-time data processing,
can expose these limitations. Although tools like PyPy and Numba implement Just-In-Time
(JIT) compilation to enhance execution speed, Python’s performance remains a concern in CPU-
bound applications (Cutting and Stephen, 2021).

Solutions:

e Apply Cython or PyPy for performance-critical code.
e Use optimized libraries such as NumPy, Pandas, and TensorFlow.
e Use Pandas for efficient data manipulation.

3.2 Library and Version Management

Python’s extensive ecosystem, while a strength, can also introduce dependency and
version management challenges. Conflicting library versions and inconsistent package behavior
across environments may complicate development, deployment, and maintenance. Tools such
as pip, virtualenv, and Anaconda mitigate these issues, but dependency management remains a
common pain point, particularly in large-scale projects (Cao et al., 2022).

Solutions:

e Check for alternatives or wrappers around existing C/C++ libraries.
e Contribute to or encourage community efforts to port libraries to Python.

3.3 Integration with Emerging Technologies

As technologies such as quantum computing, edge computing, and advanced artificial
intelligence systems emerge, Python must adapt to remain compatible and efficient. Integrating
Python with highly specialised hardware and software environments presents technical
challenges, requiring continual updates to libraries, APIs, and runtime environments (Glisic and
Lorenzo, 2022).
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Solutions:

e Use Scikit-learn classical machine learning algorithms with a consistent API that makes
transitioning between different algorithms straightforward.

e Use natural language processing, transformers library enables access to state-of-the-art
models like BERT, GPT, and LLaMA.

e The integration of Python with OpenCV and torchvision libraries these technologies
make it possible for data scientists to prototype ideas quickly, with deploy models to
production.

3.4 Security Concerns

Python’s popularity in web applications and data processing exposes it to security
vulnerabilities. Ensuring secure coding practices, protecting against common threats, and
maintaining up-to-date libraries are crucial to safeguard applications. Python’s flexibility and
ease of scripting, while advantageous for rapid development, can inadvertently introduce
security risks if best practices are not rigorously followed (Ablahd, 2023).

Solutions:

e Development and performance enhancements (e.g., CPython optimizations).

e Using parameterized queries with libraries like SQLAlchemy to prevent SQL injection,
avoiding pickle for untrusted data (use JSON instead), and regularly auditing
dependencies with tools like Safety or pip-audit.

e Secrets module for cryptographic operations, keeping frameworks updated, and
following OWASP guidelines help build secure applications.

3.5 Educational Resources

While Python is considered beginner-friendly, the breadth of its ecosystem can
overwhelm new learners. The large number of libraries, frameworks, and paradigms may
confuse novices, highlighting the need for structured learning paths, clear documentation, and
accessible educational resources (Elhalid et al., 2023).

Solutions:

e Effective learning requires consistent practice, building real projects, and engaging with
the community.

e Enthusiastic community support, and the language's inherent expressiveness makes
Python an excellent programming or expanding their technical capabilities.

3.6 Global Interpreter Lock (GIL)

The Global Interpreter Lock (GIL) restricts Python’s ability to execute multiple threads
concurrently on multi-core processors. While Python supports multi-threading and
asynchronous programming via the asyncio library, true parallel execution in CPU-bound tasks
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remains limited. This constraint necessitates careful design considerations for developers
building high-performance, concurrent applications (Aziz et al., 2021).

Solutions:

e Use multiprocessing instead of multithreading.
e Delegate heavy computation to C/C++ extensions.
e Use asyncio for 1/0-bound tasks.

3.7 Mobile Computing

Python’s role in mobile application development is limited compared to languages such
as Java, Kotlin, and Swift. Although frameworks like Kivy and BeeWare exist, Python remains
less optimised for mobile environments, constraining its adoption for smartphone and tablet
applications (Wu et al., 2019).

Solutions:

e  Use frameworks like Kivy or BeeWare for building mobile applications with Python.
e Follow best practices for security in coding, and using secure libraries.

e Review security regularly and incorporate automated testing.

e Integrate Python backends with native mobile apps.

3.8 Dependency Management and Fragmentation

Python’s vast ecosystem, while powerful, often causes dependency conflicts and version
inconsistencies across environments. Tools like pip, virtualenv, and Anaconda help manage
packages and isolation, yet maintaining consistency across projects remains challenging. This
ongoing fragmentation underscores the need for more unified and dependable dependency
management solutions (Jolowicz, 2024).

Solutions:

e Use virtual environments (like venv, virtualenv, conda) to isolate dependencies.
e Maintain requirements.txt or pyproject.toml.
e Lock dependencies using tools like pip-tools or Poetry.

3.9 Type Checking and Static Analysis

Python’s dynamic typing is advantageous for rapid prototyping, but it may increase the
likelihood of runtime errors. While type hints and static analysis tools such as MyPy improve
code safety, inconsistencies and limitations in these tools present ongoing challenges for
ensuring code reliability in large-scale projects (Vitousek et al., 2014).

Solutions:

e Type hints (PEP 484), they document code intent, enable IDE support, and allow static
analysis tools to catch errors before execution.
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e Static Type Checkers: Tools like MyPy and Pyright analyze your code with type hints
without running it, catching potential type errors early in the development cycle.

e Linters and Formatters: Tools like Flake 8 and Pylint enforce coding standards (e.g.,
PEP 8), identify stylistic issues, and flag potential bugs. Black is an opinionated code
formatter that automatically formats your code.

e Use docstrings consistently. Documenting public is crucial for maintainability.

4. Future Technological Frontiers for Python

As technology continues to advance rapidly, Python must evolve to maintain its
relevance and effectiveness across emerging computing paradigms. Its open-source nature,
flexibility, and extensive ecosystem position as a central tool for future technological
innovations, with its trajectory likely shaped by developments in performance optimisation,
artificial intelligence, cloud and edge computing, quantum technologies, cybersecurity, and
sustainable software engineering (Harsha Patil et al., 2024). Performance improvements remain
a major focus, with initiatives such as Faster CPython and refinements to the Global Interpreter
Lock (GIL) aiming to enhance execution speed, concurrency, and memory management,
enabling Python to handle complex, large-scale, and real-time applications more efficiently. In
artificial intelligence and deep learning, frameworks such as TensorFlow, PyTorch, and Keras
continue to evolve to support larger models, distributed learning, and specialised hardware
including GPUs and TPUs, while high-performance numerical libraries such as JAX further
demonstrate Python’s adaptability in meeting growing computational demands (Sapunov,
2024). Python is increasingly employed in the development of ethical and transparent Al
systems, reflecting a shift towards responsible technology that prioritises fairness,
accountability, and inclusivity. In cloud and edge computing, its simplicity and versatility allow
developers to manage distributed infrastructures, building scalable, serverless, and automated
systems across platforms including AWS, Google Cloud, and Microsoft Azure, with lightweight
frameworks and microservice architectures reinforcing its role in decentralised, energy-efficient
computing (Aviv et al., 2023). Python is also expanding into quantum computing through
libraries such as Qiskit, Cirg, and Braket, which enable the design, simulation, and testing of
qguantum algorithms, while its influence in scientific research, automation, and sustainable
computing continues to grow (Markoska and Markoski, 2025). Collectively, these
advancements ensure Python remains a vital, adaptable, and forward-looking tool, capable of
supporting innovation, efficiency, and responsible technological development across diverse
fields, from enterprise applications to cutting-edge scientific research, positioning it as an
enduring cornerstone of modern computing.

5. Advantages of Python

Python’s remarkable success as a programming language can largely be attributed to its
combination of simplicity, flexibility, and broad applicability, making it a preferred choice for
developers, educators, and researchers due to its balance of ease of learning and the power
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required for advanced computing. Its design philosophy, emphasising readability, efficiency,
and minimalism, has enabled Python to transcend traditional programming boundaries and
thrive across software development, web applications, scientific computing, and artificial
intelligence. A key advantage lies in its concise and readable syntax, which allows complex
concepts to be expressed in fewer lines of code than languages such as Java or C++, accelerating
development, reducing errors, and improving maintainability, while also promoting
collaboration within diverse teams (Summerfield, 2010). Python’s open-source nature further
contributes to its success, encouraging widespread adoption and community-driven
development; the global Python community continually enhances features, maintains libraries,
and ensures compatibility with emerging technologies, fostering rapid innovation and providing
a dependable ecosystem that evolves alongside modern computational demands (Jaison and
NM). Its versatility is reinforced by support for multiple programming paradigms, including
object-oriented, functional, procedural, and imperative programming, allowing developers to
choose the most suitable approach, and by seamless interfacing with languages such as C, C++,
and Java, which facilitates system integration and software extension (Lee, 2019). The
language’s extensive standard library and third-party modules via the Python Package Index
(PyPI) cover virtually every computing domain, from web frameworks and data analysis to
artificial intelligence and automation, while dynamic typing, automatic memory management,
and an interactive environment simplify development, making Python ideal for rapid
prototyping, research, and educational purposes (Milje, 2022). In data science and visualisation,
libraries such as NumPy, Pandas, and Matplotlib enable efficient data manipulation, complex
analyses, and clear visual reporting. Combined with cross-platform compatibility across
Windows, macOS, and Linux, Python supports seamless deployment and scalability (Herath,
2024). Its clarity, adaptability, and strong community support ensure that Python remains an
enduring, forward-looking language, fostering innovation, collaboration, and technological
creativity across academic, industrial, and scientific domains, positioning it as a cornerstone of
modern computing for years to come.

6. Comparing Python to Other Languages

When comparing Python with other programming languages, its distinctive advantages
become particularly evident. While many languages occupy specialised niches, Python stands
out for its broad applicability, readability, and capacity to simplify complex programming tasks,
making it suitable across domains from education and research to enterprise systems and
artificial intelligence. Languages such as C and C++ are renowned for high performance and
low-level hardware interaction, ideal for systems programming and computationally intensive
applications, yet they require detailed knowledge of syntax and manual memory management,
which can slow development and increase errors. Python, by contrast, trades some execution
speed for maintainability and ease of use, allowing faster translation from concept to
implementation (Balogun, 2022). Java shares conceptual similarities with Python, including
object-oriented support and cross-platform functionality, but Python typically enables far
shorter and more expressive code; dynamic typing and high-level data structures often make
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Python programs three to five times more concise, enhancing productivity and iterative
experimentation, particularly in research contexts. Python’s open-source nature and powerful
numerical libraries, including NumPy, SciPy, and SymPy, have established it as a preferred
choice for modern research and high-performance computing (Mehta, 2015).

A number of specific criteria were considered to compare our selected programming
languages, as shown in “Table 1,”.This study has revealed that, due to their internal design and
structure, each language is best suited for a specific application domain. Python can be used as
a feeder language (scripting language) with other static typed programming languages to
develop enterprise application. It can also be used for rapid prototyping as, with python we can

achieve less code to task ratio.

Table (1): Comparing Python to Other Languages

Characteristic Python Java C++
Svntax Simple, readable, and | Verbose, similar to | Complex, combines features of
y concise C/IC++ C and low-level capabilities
Type System Dynamically typed Statically typed Statically  typed,  supports

multiple paradigms

Code Portability

Cross-platform

(JVM-based)

Automatic garbage | Automatic  garbage | Manual memory management
Memory Management collection collection (with RAII)
Performance Slower due to | Generally good | High performance, close to
interpreted nature performance hardware
I Compiled to bytecode . :
Compilation Interpreted Compiled to machine code
VM)
Object-Oriented Strongly supports OOP Strongly supports Suppqrts OOP, pro_cedural, and
OOP generic programming
Highly portable | Cross-platform,  but  may

require adjustments

Standard Library

Extensive libraries and
frameworks

Rich standard libraries

Rich libraries, though often
considered lower-level

Use Cases

Data science, web
development, artificial
intelligence

Enterprise
applications, Android,
distributed systems

System programming, game
development

Community & Support

Large, active

community

Strong corporate
support (Oracle)

Significant
especially in
critical areas

community,
performance-

Learning Curve

Gentle learning curve

Moderate

Steeper due to complexity

7. Discussion

Python’s continued success as a programming language can be attributed to its balanced
combination of simplicity, flexibility, and expressive power, bridging the gap between
accessibility for beginners and the technical sophistication required by experienced developers
and researchers. As a dynamically typed, high-level, and interpreted language, Python has
become indispensable across scientific, industrial, and educational domains, demonstrating
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adaptability for both rapid prototyping and large-scale software development. One of its
defining strengths lies in clarity and readability, which reduces cognitive load, lowers the entry
barrier for novices, and enhances collaboration and long-term maintainability for professional
teams, making it particularly attractive in academic research and open-source communities.
Python’s interactive nature and rapid “edit—test—debug” workflow further improve productivity,
allowing developers to experiment, test hypotheses, and correct errors immediately, fostering
iterative design and innovation, especially in artificial intelligence, data analysis, and
automation, where continuous model refinement is essential. Its modular architecture and
extensive package support facilitate scalable and maintainable systems, while seamless
integration with external libraries and languages such as C, Java, and .NET ensures
compatibility with existing infrastructures, strengthening Python’s dual role as both a primary
language and a “glue” language uniting diverse software components. The extensive standard
library and wide ecosystem of third-party modules further expand Python’s utility, providing
tools for web frameworks, scientific computing, cybersecurity, and cloud technologies, enabling
complex tasks to be solved efficiently without rebuilding functionality from scratch.
Educationally, Python’s straightforward syntax and broad applicability make it the language of
choice in schools and universities, fostering computational thinking, problem-solving, and
industry-relevant skills that bridge academia and professional practice. Despite its many
advantages, Python has limitations, including slower execution compared with compiled
languages and restricted parallelism due to the Global Interpreter Lock (GIL); however, ongoing
innovations such as Just-In-Time (JIT) compilation and multi-core support continue to improve
performance, ensuring that Python remains a versatile, practical, and essential tool in the
evolving technological landscape.

8. Recommendation

In light of the findings presented in this study, several key recommendations can be
made to support Python’s continued growth, sustainability, and relevance within a rapidly
evolving technological landscape. These recommendations focus on performance optimisation,
enhanced educational accessibility, strengthened security, interoperability, and sustainable
development.

Firstly, prioritising performance and scalability is essential. While Python’s interpreted nature
provides flexibility, it limits execution speed in performance-critical applications. Continued
support for initiatives such as PyPy, the Faster CPython project, and Just-In-Time (JIT)
compilation, alongside improvements in multi-threading and concurrency addressing the Global
Interpreter Lock (GIL), will enhance runtime efficiency and competitiveness in high-
performance and real-time computing environments.

Secondly, reinforcing Python’s security framework is vital as its use expands into sensitive
domains including finance, healthcare, and artificial intelligence. Developers and organisations
should adopt secure coding practices, perform vulnerability testing, and maintain up-to-date
libraries and dependencies. Collaboration between the Python Software Foundation (PSF) and
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the cybersecurity community can facilitate dedicated tools and guidelines to identify and
mitigate risks, safeguarding users and maintaining trust in the ecosystem.

Thirdly, sustained investment in education and training is crucial for ensuring Python’s long-
term relevance. Structured learning pathways should accommodate learners of all levels,
integrating Python into secondary in higher education institutions and universities. while
supporting accessible resources for self-learners, Open educational platforms and community-
driven initiatives, including free online courses and collaborative documentation projects, will
equip future programmers to contribute effectively to technological innovation.

equip future programmers to contribute effectively to technological innovation.

Fourthly, Python’s interoperability with emerging technologies should be a strategic priority.
As computing paradigms such as quantum computing, edge computing, and artificial
intelligence advance, frameworks and libraries must be developed to enable seamless
integration with specialised hardware and software environments. Collaborative efforts between
researchers, engineers, and the open-source community will be essential in achieving this goal.
Finally, promoting innovation through community engagement and sustainability is critical.
Encouraging global contributions, inclusive governance, and funding for community-led
projects will strengthen Python’s ecosystem. Simultaneously, optimising resource efficiency
and energy consumption, improving interpreter performance, and fostering sustainable
programming practices will help reduce the environmental impact of large-scale computational
systems, ensuring Python’s responsible and enduring development.
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