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About Journal

Emerging Trends in Engineering and Sustainability (ETES) is a peer-reviewed, open-
access scientific journal published by Al-Naji University in alignment with the academic
standards and publishing regulations of the Ministry of Higher Education and
Scientific Research in Iraq.

ETES is dedicated to the dissemination of high-impact research and the promotion of
innovative practices across all fields of engineering, with a strong emphasis on
sustainability. The journal welcomes original research articles and review papers that
contribute to advancing sustainable solutions, technologies, and methodologies relevant
to engineering disciplines.

To ensure academic rigor and scholarly integrity, ETES employs a double-blind peer
review process involving at least two independent external reviewers for each
submission. The journal adheres strictly to the ethical guidelines set forth by the
Committee on Publication Ethics (COPE).

As an open-access journal, ETES provides immediate and unrestricted access to all
published articles. Readers may freely read, download, and distribute full-text content
without requiring prior permission from authors or the publisher, supporting global
knowledge sharing.

ETES follows a quarterly publication schedule, with four issues released annually. The
journal is committed to becoming a reputable international platform for scholars and
researchers working at the intersection of engineering innovation and sustainable
development.

ETES published quarterly, with four regular issues released each year. The journal’s
long-term vision is to be widely indexed, cited, and read by a global scholarly community,
contributing meaningfully to the advancement of sustainable engineering solutions
worldwide.
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Aims

Emerging Trends in Engineering and Sustainability (ETES) is an international, open-access, peer-
reviewed journal committed to advancing innovation and sustainability across all disciplines of
engineering. The journal seeks to serve as a platform for disseminating high-quality, original
research and comprehensive reviews that address contemporary challenges and transformative
practices in engineering with a focus on sustainable development. ETES aims to foster intellectual
exchange among researchers, academics, professionals, and postgraduate students by promoting
interdisciplinary collaboration and publishing research that contributes to the evolution of
sustainable engineering practices worldwide.

Scope / Categories

ETES welcomes submissions of original research articles and scholarly review papers that
explore emerging concepts, methodologies, and technologies in the diverse fields of engineering,
particularly those that contribute to sustainability. The journal encourages contributions that
reflect rigorous scientific inquiry, innovative thinking, and practical applications.

Core areas of interest include, but are not limited to:

e Mechanical Engineering

e Petroleum Engineering

e Chemical Engineering

e Environmental Engineering

e Sustainability and Green Technologies

e FElectrical and Electronic Engineering

e Computer Science, Software Engineering, and Informatics

e Structural and Geotechnical Engineering

e Engineering Management and Decision-Making

e Transportation and Infrastructure Engineering

e  Water Resources and Hydraulic Engineering

e Architectural Design and Urban Sustainability

e Energy Systems and Power Engineering

e Advanced Materials and Materials Engineering

e Control Systems, Electronics, and Signal Processing

e Communication and Networking Technologies

e Renewable and Clean Energy Technologies

e Civil Engineering
ETES is committed to publishing research that bridges theory and practice, fosters
interdisciplinary solutions, and contributes to sustainable development goals (SDGs) in
engineering contexts.
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Publication Ethics

Emerging Trends in Engineering and Sustainability (ETES) is dedicated to maintaining the highest
standards of research integrity and academic publishing. As an adherent to the principles established by the
Committee on Publication Ethics (COPE), ETES strictly follows COPE’s guidelines in addressing ethical
concerns and potential misconduct.

Authors submitting to ETES are expected to uphold the principles of ethical research and responsible
authorship. Misrepresentation of data, results, or authorship undermines the credibility of the journal,
damages the scholarly record, and erodes public trust in science. To preserve the integrity of academic
publishing, authors must comply with the following ethical standards:

Originality and Exclusivity: Manuscripts must be original and should not be under review by another
journal simultaneously. Submissions must not have been previously published, either in part or in full, in
any language or format, unless the new manuscript represents a significant extension of prior work. In such
cases, authors must clearly disclose previous publications to avoid self-plagiarism and text recycling.

Justified Secondary Publication: In rare and justified cases, secondary or concurrent publication (e.g.,
translated work or work adapted for a distinct audience) may be permitted, provided that all conditions for
ethical secondary publication are met and transparent disclosure is made.

Avoidance of Redundant Publication: Fragmentation of a single research project into multiple submissions
("salami publishing") solely to increase publication count is discouraged and considered unethical.

Proper Attribution and Avoidance of Plagiarism: All sources, data, theories, and text derived from other
authors must be appropriately cited. Verbatim quotations must be placed within quotation marks and
accompanied by citations. Any reuse of copyrighted material must be supported by proper permission and
acknowledgment.

Accuracy and Transparency: Authors must present their findings clearly, accurately, and honestly, without
data fabrication, falsification, or inappropriate manipulation (including of images). Field-specific standards
for data collection and analysis should be rigorously followed.

By submitting a manuscript to ETES, authors affirm their commitment to ethical conduct in research and
publication. Non-compliance may result in manuscript rejection, retraction of published articles, or
notification of institutional misconduct boards, as deemed appropriate by the editorial team.

Plagiarism and Al Policy

Emerging Trends in Engineering and Sustainability (ETES) is committed to upholding the highest
standards of academic integrity, originality, and responsible authorship. All submitted manuscripts are
rigorously screened for plagiarism using Turnitin (https://www.turnitin.com/). Plagiarism—including
textual duplication, data fabrication or falsification, duplicate submissions, and improper attribution of
authorship—constitutes a serious breach of ethical publishing practices and will not be tolerated.
Concurrent submission of the same manuscript to multiple journals is also strictly prohibited.

To maintain scholarly integrity, manuscripts must have an overall similarity index below 20%, with no
more than 5% similarity from any single source. It is the responsibility of the author(s) to ensure these
thresholds are met and sustained throughout the review and publication process. While similarity reports
provide a quantitative measure of textual overlap, legitimate citations and common academic language may
contribute to the score. Therefore, editorial judgment is essential in interpreting these reports to determine
if ethical concerns are warranted.

ETES maintains strict guidelines regarding the use of artificial intelligence in scholarly writing. The use of
generative Al tools for drafting, composing, or editing the intellectual content of a manuscript is not
permitted. Manuscripts must reflect the original work and critical thinking of human authors. Authors are
required to confirm, upon submission, that the content has not been produced or substantively modified by
Al tools. Minor Al-assisted improvements for grammar or language clarity are acceptable, but their use
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should not compromise the authenticity or originality of the research. Al-generated images are generally
prohibited unless explicitly disclosed, clearly labeled, and appropriately cited.

Open Access

In alignment with the principles of transparency, accessibility, and knowledge dissemination
upheld by Emerging Trends in Engineering and Sustainability (ETES), all published articles are made freely
available to the public without any subscription or access fees. The journal operates under the Creative
Commons Attribution 4.0 International License (CC BY 4.0)
[https://creativecommons.org/licenses/by/4.0/legalcode], which permits users to freely access, download,
reproduce, distribute, and share the full content of the articles in any format or medium. Furthermore,
readers may link to, index, or utilize the articles for scholarly purposes, provided that appropriate credit is
given to the original author(s) through proper citation.

Authors retain full copyright of their published work, while ETES ensures that their intellectual
contributions receive due recognition in accordance with the licensing terms. This licensing framework
fosters open scientific communication and encourages the broad dissemination and reuse of research in
engineering and sustainability, supporting global efforts towards sustainable development and innovation.
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Guidelines for Authors

Manuscript Preparation

Emerging Trends in Engineering and Sustainability (ETES) is a multidisciplinary, double-blind, peer-
reviewed journal committed to publishing high-quality research that spans all areas of engineering, with a
particular emphasis on innovations that promote sustainability. The journal strictly adheres to the ethical
guidelines set forth by the Committee on Publication Ethics (COPE) to maintain the integrity of the
scholarly record. To ensure originality, all submissions undergo thorough screening using advanced
plagiarism detection software. Authors are expected to disclose any potential conflicts of interest in their
cover letter. Manuscripts that do not comply with the journal’s Instructions for Authors will not be
considered for further processing.

Submission Declaration and Verification

By submitting a manuscript to Emerging Trends in Engineering and Sustainability (ETES), authors affirm
that the work is original and has not been previously published, except in limited forms such as abstracts,
academic theses, or invited lectures. The submission must not be under review or consideration by any
other journal or publication outlet. Furthermore, all listed authors must have approved the submission, and,
where applicable, authorization must be granted by the relevant institutional or organizational authorities
where the research was conducted. Authors also agree that, if accepted, the manuscript will not be published
elsewhere in the same or substantially similar form, in English or any other language, including electronic
platforms. To ensure adherence to these standards, all submissions may be subjected to plagiarism and
duplication checks using Crossref Similarity Check and other recognized originality verification tools.

Language and Manuscript Submission

Manuscripts submitted to Emerging Trends in Engineering and Sustainability (ETES) must be written in
clear, high-quality English. Either American or British English is acceptable, but consistency in spelling
and usage must be maintained throughout the manuscript. Authors may use Al-assisted tools strictly to
enhance grammar and readability; however, the intellectual content, structure, and originality of the
manuscript must remain the authors’ own.

Peer Review Policy

Emerging Trends in Engineering and Sustainability (ETES) adheres to a double-blind peer review process
to ensure objectivity, fairness, and academic integrity. In this model, the identities of both authors and
reviewers are concealed throughout the review process. All submitted manuscripts are typically evaluated
by a minimum of two independent experts with relevant subject-matter expertise, who assess the originality,
scientific merit, methodological soundness, and relevance of the work.

The final decision regarding the acceptance, revision, or rejection of a manuscript lies solely with the
Editor, who considers reviewers’ feedback alongside the manuscript’s alignment with the journal’s scope
and quality standards. All editorial decisions are final.

To maintain transparency and avoid conflicts of interest, Editors are excluded from the review and decision-
making process for manuscripts in which they have a personal, professional, or financial interest—
including submissions authored by themselves, their colleagues, or family members. In such cases, an
independent editor will be assigned to oversee the peer review process to uphold the journal’s ethical
standards.

Template Compliance

All authors are required to prepare and submit their manuscripts in strict adherence to the Emerging Trends
in Engineering and Sustainability (ETES) manuscript template. The template has been designed to ensure
consistency, clarity, and a professional appearance across all submissions. Authors must carefully follow
all formatting guidelines, including the prescribed font styles, section headings, and layout specifications.

Under no circumstances should the template's header, footer, page size, or margin settings be altered. These
elements are essential for maintaining uniformity in the publication process.
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Additionally, all figures, tables, and equations are should be embedded appropriately within the template
and labeled according to the ETES style guide.

In addition to the manuscript, author(s) are required to submit the followings:

e Cover letter
e Title Page
e  Copyright Form.

Authors must ensure that their full names and institutional affiliations are presented accurately and
consistently in the manuscript, as specified in the ETES template. Affiliations should include the
department (if applicable), institution or university, city, and country. This information must appear directly
below each author's name as formatted in the template.

Generative Al Policy for Authors

Emerging Trends in Engineering and Sustainability (ETES) upholds the highest standards of research
integrity, originality, and authorship. In alignment with these principles, the use of generative Al or Al-
assisted technologies for drafting, writing, or substantively editing the content of a manuscript is strictly
prohibited. Authorship entails full intellectual responsibility for the work submitted, including its
conception, methodology, analysis, interpretation, and written expression—tresponsibilities that cannot be
delegated to non-human tools.

Manuscripts must be the product of human scholarly effort and critical thinking. Text generated by Al, even
when used for language refinement or content development, poses significant risks of inaccuracy, bias, lack
of originality, and potential plagiarism. Furthermore, reliance on such tools may obscure issues related to
authorship attribution and accountability.

Authors are required to affirm, upon submission, that the manuscript has been written entirely by the listed
authors without the use of generative Al tools. Failure to comply with this policy may result in the rejection
of the submission or retraction of the published article, in accordance with the journal’s ethical guidelines
and the standards of the Committee on Publication Ethics (COPE).

The use of Al-generated images is generally not allowed unless explicitly disclosed in the captions and
subject to thorough review. Authors must ensure that any such images are clearly identified and
accompanied by appropriate citations and permissions, as necessary.

Authors should only use the Al-assisted technologies for enhancing readability and language of their
manuscript.

Al Declaration Statement

The authors are responsible for completing the AI Declaration Statement in ETES word Template. The
statement is: “The authors confirm that the manuscript has been written without the assistance of
generative Al or Al-based writing tools.”
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ETES Copyright and License Agreement (Open Access — CC BY 4.0)

Title of Paper/Article:
Contributing Author(s):

i. License of Publishing Rights
I (we), the undersigned author(s), hereby grant to the Emerging Trends in Engineering and Sustainability
(ETES) an exclusive license to publish the above-titled article in all formats (print, electronic, and future
technologies), in all languages and media, worldwide, for the full duration of copyright. This includes the
right to reproduce, archive, disseminate, and distribute the Article, and to authorize others to do so for
scholarly purposes.
The author(s) retain full copyright in the Article.
ii. Open Access and Licensing
The Article will be published under the terms of the Creative Commons Attribution 4.0 International
License (CC BY 4.0).
This license permits others to:

e Share — copy and redistribute the material in any medium or format

e Adapt — remix, transform, and build upon the material for any purpose, including commercial

use

As long as appropriate credit is given to the original author(s), a link to the license is provided, and it is
clearly indicated if changes were made.
License link: https://creativecommons.org/licenses/by/4.0/
iii. Author Reuse Rights
The author(s) retain the right to:

e Reuse the Article in their own future works (books, compilations, theses, etc.)

e Deposit the Article in institutional or subject repositories

e Share the Article via personal websites or academic networks

e Use the Article for teaching, presentations, and other academic purposes
All reuse must credit the original publication in ETES and include a link to the published version and CC
BY license.
iv. Supplemental Materials
If any Supplemental Materials (e.g., data sets, videos, software, enhanced graphics) are submitted along
with the Article, ETES has the non-exclusive right to publish and link to these materials in any media or
format.
The author(s) confirm they have secured all necessary permissions for such materials.
v. Reversion of Rights
If the Article is not accepted for publication or is withdrawn prior to acceptance, this license agreement
becomes null and void. However, ETES may retain a non-public archival copy for record purposes.
vi. Revisions and Addenda
No changes to this License Agreement shall be valid unless confirmed in writing by ETES. This agreement
supersedes any prior agreements regarding the Article.
vii. Warranties and Author Declarations
The author(s) declare that:

e The work is original and has not been published elsewhere,

e All co-authors have reviewed and approved the manuscript,

e The Article does not infringe any copyright, patent, or other rights,

e Necessary permissions for third-party materials have been obtained,

e  There are no undisclosed conflicts of interest.
viii. Indemnification
The author(s) agree to indemnify and hold harmless ETES from any claims, damages, or expenses arising
from a breach of the above warranties.
ix. Joint Authorship
For jointly authored works, all authors must sign this agreement, or one author must sign with authority on
behalf of all listed authors.
Author's Name Signature Date
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IDEAL-CT;

LAS.

This comparative study systematically evaluated the fatigue and cracking
performance of asphalt binder and asphalt concrete mixtures, modified with
different dosages (2%, 4%, and 6% by binder weight) of Nano-Alumina (NA) and
Nano-Silica (NS). The experimental methodology involved binder testing,
including the evaluation of physical properties, rheological behaviour, and fatigue
characteristics using the Superpave parameter (G* sin 8) and Linear Amplitude
Sweep (LAS) test. Additionally, compatibility was assessed through storage
stability testing and Scanning Electron Microscopy (SEM). Mixture performance
was evaluated using Indirect Tensile Cracking Test (IDEAL-CT) to determine the
Cracking Tolerance Index (CT-Index), Flexibility Index (FI), and Crack
Resistance Index (CRI). The results showed that nanomaterials substantially
improved binder stiffness and thermal stability, with (NA) consistently causing the
strongest stiffening effect, indicating that NA provided a stable and gradual
improvement in fatigue life from 2% to 6%. (NS) showed a strong effect on
increasing viscosity, achieving better initial cracking tolerance and fatigue life at
low concentrations (2% to 4%). Notably, the study identified a narrow optimal
range for NS; at 6%. NA provided a balanced improvement, maximizing CT-Index
at 6% and CRI at 4%, while NS achieved very high CT-Index at 2% but decreased
at higher dosages. Collectively, an optimal practical dosage of 2—4% for NS and
4-6% for NA are recommended, highlighting the importance of material-specific
optimization to achieve better durability and fatigue life under repeated loading.

1. Introduction

Fatigue cracking, one of the principal

temperature, and the level of applied stress or
strain. At short loading times, the binder exhibits
largely elastic behavior, comparable to its
response at low temperatures, due to limited time

ISSN 3105-1723 (Print)
ISSN 3105-1731 (Online)

distresses affecting flexible pavements, where,
repeated traffic loading is identified as the primary
cause of fatigue damage and subsequent loss of
serviceability [1]. Fatigue distress in asphalt
cement (AC) generally occurs through two
mechanisms, cohesive failure within the mastic
phase and adhesive failure at the AC—aggregate
interface [2]. The mechanical response of asphalt

binder is governed by loading duration,

for molecular rearrangement. In contrast, elevated
temperatures or prolonged loading periods (or low
loading rates) promote a more viscous response
[3.4].

Fatigue life varies according to mixture
properties, asphalt layer thickness, loading mode
and frequency, rest periods between loads, and the
environmental conditions [5]. Laboratory methods

© 2026 The Author(s). Production and hosting by Al-Naji University.
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used to quantify fatigue performance may include
four-point bending beam fatigue test and the
indirect tensile fatigue test, conducted under either
stress- or strain-controlled mode [6,7]. Numerous
studies have confirmed a strong correlation
between  binder-level and  mixture-level
performance [8-10]. Additionally, extensive
research  demonstrated that  nanomaterial
modification of asphalt binders significantly
enhanced pavement performance [11].

Saltan et al. [12] reported that 0.3% NS
dosage produced the most favorable fatigue
performance in Dynamic Shear Rheometer (DSR)
testing, whereas lower or higher dosages resulted
in diminished benefits. Similarly, Leiva-Villacorta
et al. [13] concluded that adding (3—6% NS)
improved fatigue resistance, while 0.5% produced
adverse effects, highlighting the sensitivity of
binder behavior to NS content. Nazari et al. [14]
confirmed that (2—4% NS) extended fatigue life at
all shear strain levels due to the formation of a
reinforcing nano-network within the binder.
Complementary results were reported by
Shafabakhsh et al. [15], who found that (4-6%
NS) enhanced fatigue life in both LAS and four-
point bending tests, with performance declined at
8% under aging conditions. The findings designate
that fatigue performance of NS-modified asphalt is
highly dosage-dependent, with optimal contents
varying according to binder characteristics, nano-
silica properties, and the applied testing
methodology.

As for NA, Eghlim et al. [16] demonstrated
substantial improvements in fatigue life across a
wide temperature and stress range (2-8% NA),
with 8% providing the best performance due to
enhanced cohesion and adhesion at the binder—
aggregate interface. Karahancer et al. [17] also
observed consistent gains in fatigue performance
for mixtures modified with 3—7% NA, with an
optimum at 5%. Bhat et al. [18] showed that low
NA dosages (0.5-2%) improved fatigue response
at 25°C using Time Sweep Test, while Mamuye et
al. [19] reported increased CT Index values in
IDEAL-CT testing for binders modified with 1-
3% NA, with the highest enhancement at 3%.

The present study aims to systematically
evaluate and compare the fatigue performance of
asphalt binders and mixtures modified with nano-
silica (NS) and nano-alumina (NA). By
investigating the influence of these nanomaterials

on binder rheology and mixture cracking
resistance, the research seeks to identify the
optimal additive type and dosage for enhancing
durability and fatigue life under static loading.
Experimental procedure employed in this study is
summarized in the workflow presented in Figure
1.

Shear Mixer

ization: i
ductility tests

¥

tests: rotati ity, fatigue p:
(G*.sin 8), Linear Amplitude Sweep (LAS)

4

Compatibility evaluation: storage stability evaluation, scanning
electron microscopy (SEM)

4

Fatigue evaluation of asphalt mixture using IDEAL-CT J

[ Modification of Asphalt Binder (40-50) with NA and NS using High }

Physical point, and J

Figure 1. Workflow for Experimental Evaluation
of Nano-Modified Asphalt Binders and Mixtures.

2. Materials

2.1. Asphalt Binder

Asphalt binder with penetration grade 40-50
is implemented within the course of experimental
course for this study, its obtained from the Dora
refinery, south-west of Baghdad. The physical and
rheological properties as per the standard tests and
the Superpave PG system (AASHTO M320 [20])
are summarized in Table 1.

Table 1. Physical and Rheological Behavior of
40-50 Asphalt Binder.
Property Standard  Measured  Limit

value
Penetration AASHTO 44 (40—
(0.1 mm) T 49 50)
Ductility AASHTO +100 >100
(cm) T 51
Softening AASHTO 48.7 -
point (°C) T53
Rotational AASHTO 745 3000
Viscosity M 320 mPa-s
(mPa-s) (max)
G*/sin o AASHTO 1.45 and 1.00
(kPa) (70 °C M 320 0.70 kPa
and 76 °C) (min)
Mass loss AASHTO 0.254 1%
(%) M 320 (max)
G*. sin & AASHTO 6796 and 5000
(kPa) (22°C M 320 5019 kPa
and 25 °C) (max)
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2.2. Nanomaterials

Two inorganic nanomaterials are implanted
in this study, these are NS and NA. They were
added to asphalt binders to improve performance.
NS increases viscosity, stiffness, and fatigue
resistance due its fine, porous structure as well as
high surface area [24], in the other hand, NA
enhances stiffness, thermal stability, and crack
resistance via mechanical interlocking [25]. The
physical properties of NS and NA employed in this
study are summarized in Table 2. Scanning
Electron Microscopy (SEM) analysis (Figure 2)
revealed the distinct microstructural features of
NS and NA, providing a microstructural basis for
the observed improvements in rheological and
mechanical behavior of the modified asphalt
binders. In this study, both NS and NA were
incorporated at dosages ranging from 2% to 6% by
binder weight, which were selected to optimize the
balance between enhanced stiffness and fatigue
performance while maintaining acceptable
workability and minimizing the risk of particle
agglomeration.

Table 2. Physical Characteristics of Nano-Silica
and Nano-Alumina.

Proverti Nano- Nano-
operties Alumina Silica
Chemical formula AL0O3 SiO2
Appearance White White
PP Powder Powder
Average particle size 10-20 25.35
(nm)
Purity (%) 99.9 99.8
Specific gurface area 120-160 190-250
(m?*/gm)
Bulk Density (g/mL) 0.2 0.08
Nanomaterials Prices
(USD/ke) 28.5 26.8

Figure 2. SEM images of nanomaterials used in
asphalt modification at 8,000 magnification.

2.3 Aggregate Materials

The study used Type D5 aggregate gradation
per ASTM D3515 [26], ensuring dense-graded
mixtures with adequate durability, stability, and
resistance to traffic deformation. The gradation
and limits are shown in Figure 3

Spedification Limits (upper limit)

—— Selected Gradation
Spedification Limits (lower limit)

Passing by Weight (%)

0.075 0.3 2.36 475 12519
Sieve Size (mm)
Figure 3. Gradation and Specification Limits of
Surface Coarse Aggregates.

3. Preparation of Test Specimens

The selection of mixing and blending
procedures for nano-modified asphalt binders
therefore often depends on expert judgment.
Following this approach, Al-Bayati et al. [27]
incorporated nano-silica, titanium, and alumina at
dosages of 2%—8% by binder weight, employing a
dry mixing process at (140°C, 4000 rpm,
20 minutes) , with nanomaterials added at a rate of
4 g/min. In the present study, NS and NA were
added at 2%—6% by binder weight to 500 g of
asphalt. Initial blending was conducted using a
high-shear mixer at 400rpm, with 10g of
nanomaterials  introduced  gradually  over
4 minutes (2.5 g/min) at 140 °C, then subjected to
high-shear mixing (3000 rpm) at 140-150 °C for
20 minutes to ensure uniform dispersion.

4. Experimental Methodology for
Materials Testing

4.1 Evaluation of Physical Properties

In the scope of this research, a series of
standardized tests were performed on asphalt
binders to determine their performance
characteristics. To evaluate the consistency of the
binder, the Penetration Test was conducted in
accordance with ASTM D5-06. The binder's
thermal susceptibility, an indicator of its
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performance at high in-service temperatures, was
assessed using the Softening Point Test as
specified by ASTM D36-06. The binder tensile
deformation capacity for was evaluated using
ductility tests at 25 °C as per the ASTM DI113.
Collectively, these tests provide a comprehensive
characterization of modified binder fundamental
behavior.

4.2 Evaluation of Rheological Properties

4.2.1 Rotational viscosity (RV)

This parameter was measured to evaluate
flow behavior at elevated temperatures, which is
critical for mixing and compaction processes.
Testing was conducted according to AASHTO
T316, using a rotational viscometer at 135 °C.

4.2.2 Fatigue parameter assessment of asphalt
binders

For the Pressure Aging Vessel ( PAV) aged
which simulated asphalt binder field condition (
after placement) , fatigue parameter G* sin 6 was
assessed using the Anton Paar — Smart Pave 102e
Dynamic Shear Rheometer (DSR) system (figure
4), following the procedures outlined in AASHTO
T315. [28]. The assessment aimed to characterize
the viscoelastic response under repeated loading
and resistance to fatigue cracking. The fatigue
parameter (G*sind) was measured at 25°C,
specification limit of 5000 kPa was applied to
control fatigue susceptibility.

4.2.3 LAS test

Linear Amplitude Sweep (LAS) test on a
DSR with 8 mm parallel plates and a 2 mm gap
(figure 5) was conducted following AASHTO
T391 and T315. Binder samples were aged via
RTFOT (AASHTO T240) and PAV (AASHTO
R28) prior to testing. The test included a frequency
sweep at 0.1% strain 0.2—30 Hz (linear viscoelastic
behavior), followed by an amplitude sweep at
10 Hz with strain increasing from 0% to 30% over
3100 cycles. Shear strain, shear stress, phase angle
(8), and complex modulus (G*) were recorded,
and fatigue life (Nf) was predicted using the
VECD framework (Equation 1).

Nf = A(Ymax)™B Eq. (1)

Where: Ymax = estimated maximum strain
anticipated within the pavement structure, A =
describes the binder’s damage evolution behavior

and B = intrinsic property of the binder in its
undamaged state.

T‘.'F*nn 'IAS TEST

Figure 4. Smart Pave Figure 5. LAS test.

4.3 Compatibility Assessment

The asphalt binders’ storage stability was
assessed by placing the materials in aluminum
tubes (14 cm x 3.5 cm), sealing them, and storing
them vertically by conditioning at 163°C for
48 hours. After cooling, each tube was sectioned
into three equal parts, and the softening points of
the top and bottom segments were determined. A
temperature A stability difference of 2.5 °C or less
was regarded as acceptable, whereas larger
differences signaled phase separation [32,64].

Microstructural characterization was
performed using a VEGA- II apparatus (up to
2000%) to examine particle distribution and

dispersion within the binder.

4.4 Marshall Mix Design

The test was performed according to ASTM
D6926 [33]. Specimens were compacted with 75
blows per face. Stability, flow, air voids, and
VMA were determined following ASTM D6927,
D2726, and D2041 [34-36]. The control
mixture’s optimum asphalt content was
established at 5.0% and consistently applied to all
nano-modified mixtures, ensuring that
performance differences were exclusively due to
the type and concentration of nanomaterials.

4.5 Evaluation of Asphalt Mixture Fatigue
Performance

The Indirect Tensile Cracking Test (IDEAL-
CT) was conducted to evaluate the fatigue
resistance of asphalt concrete specimens with
dimensions of 101.6 mm (4 in.) in height and 63
mm (2.5 in.). This test, known for its simplicity
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and efficiency, involved subjecting the cylindrical
specimens to a consistent vertical load, recording
load and displacement data. The specimens were
compacted to an air void level of around (4 +
0.5%) using a Marshall compactor. The test was
conducted following ASTM D8225 [37], During
the test, specimens were loaded diametrically at 50
mm/min and tested at 25 °C using a 12.7 mm
loading strip. Each set of samples was tested in
triplicate, and the average results were reported.
CT Index was calculated using Equation (2).

bt U5 S 6
CT index = 2 X X X 10 Eq. (2)
Where: Gf = fracture energy, m75 = post-
peak slope at 75% of the peak load, i75 =
displacement at 75% of peak load during IDEAL-

CT test.

peak load
14 /

mzs = post-peak slope
 @75% peak load

Load (kN)

125 = post-peak displacement
@ 75% peak load

1
Gt = area under |

the curve /D X t :

01 2 3 4 5 6 7 8 9 1011 1213141516
Displacement (mm)

Figure 6. IDEAL-CT load—displacement curve.

The Flexibility Index (FI) and Crack
Resistance Index (CRI) were calculated to provide
a more comprehensive analysis of the fatigue
behavior of the asphalt mixtures [38]. The FI was
determined using Equation (3), while the CRI was
evaluated using Equation (4):

= Gr

FI = i x 0.01 Eq. 3)

Where: FI = flexibility index, Gf = fracture
energy (J/m2), m = post-peak slope (kN/mm),

Eq. (4

GF

CRI=

Pmax

Where: CRI = Crack Resistance Index, Gf =
fracture energy and p max = peak load.

5. Results and Discussion

5.1 physical test Results

The physical properties (figure 7-9)
demonstrate that incorporating NA and NS

noticeably enhanced binder consistency and
thermal stability relative to the neat asphalt.
Penetration decreased substantially with nano-
aluminum, falling from 44 to 22 (0.1 mm),
representing a 50% reduction, while nano-silica
produced decreases of 4.5% 2.3%, and 13.6% at
2%, 4%, and 6%, respectively confirming
increased hardness for both modifiers. Softening
point improved consistently, with nano-aluminum
increasing it by 11.3%, 11.0%, and 14.6%, and
nano-silica producing increases of 10.1%, 8.0%,
and 17.5%, reflecting enhanced high-temperature
stiffness. Ductility remained unchanged at 100 cm
for all nano-aluminum dosages and for nano-silica
up to 4%, while a slight decline to 95 cm (5%
decrease) at 6% nano-silica suggests a minor
reduction in elongation only at higher loading. The
improvement in softening point with nano-
aluminum is attributed to the formation of a
nanoparticle network that enhances thermal
stability [39], consistent with previous findings
[40,41]. For nano-silica, the increases in hardness
and softening point are related to its adsorption of
light volatiles, rise in asphaltene content, and
strong molecular interactions resulting from its
high surface area and reactive surface chemistry,
which enhance interaction with the asphalt matrix
[42,43], consistent with findings from previous
studies that reported similar improvements in
binder stiffness upon nanomaterial incorporation
[44,12,45].
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Figure 7. Penetration of nano-modified asphalt.
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Figure 8. Softening of nano-modified asphalt.
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Figure 9. Ductility of nano-modified asphalt.

5.2 Evaluation of Rheological Properties

5.2.1 Rotational Viscosity Assessment

The results of RV exhibited in Figure 10
show a clear stiffening effect resulted from the use
of both nanomaterials, i.e. nano-aluminum oxide
(AL:Os) and nano-silica (SiO:), as all modified
binders showed higher viscosity than the neat
asphalt (745 mPa-s). For nano-aluminum, RV
increased to 1112, 1214, and 1245 mPa-s at 2%,
4%, and 6%, corresponding to 49.2%, 62.9%, and
67.2% increases. NS displayed a similar pattern,
with RV rising to 1129, 1183, and 1368 mPa-s,
representing increases of 51.5%, 58.8%, and
83.6% of each dosage respectively. Strong
viscosity-building effect of nano-silica is
attributed to high surface area and reactivity [46],
absorption of maltene components which
increases asphaltene content [47], and the
diffusion of silica particles into the binder that
reduces oily fractions and introduces stiffer solid
phases [48]. Additionally, the hardening effect is
reinforced by improved dispersion of NS layers,
which could result in an improved bonding
strength via restricting binder flow [49]. For NA,
the viscosity increase arises from its stiffening
effect and high surface area that increases particle

interactions and promotes stronger attraction with
surrounding asphalt molecules [19], further
supported by better dispersion that limits binder
mobility and strengthens the matrix [50].
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Figure 10. Viscosity Behavior of Modified
Asphalt Binder

5.2.2 Results of the Rheological Fatigue
Indicator (G*sin o)

The G*-sin o fatigue parameter in Figure 11
reflects the influence of nano-aluminum oxide
(AlzOs) and nano-silica (SiO:2) on the binder’s
susceptibility to fatigue cracking. For NA, the 2%
dosage produced a slight increase (1.0%),
indicating no  improvement in  fatigue
performance, whereas the 4% and 6% dosages
resulted in substantial reductions of 28.2% and
15.2%, respectively. A notable enhancement in the
binder’s fatigue resistance at intermediate and
higher contents, is likely due to improved
viscoelastic balance and greater energy dissipation
capacity under repeated loading. NS at 2% and 4%
produced identical reductions (15.4%). The 6%
NS produced an increase of 11.4, possibly due to
particle agglomeration or excessive stiffening that
limits the binder’s ability to dissipate strain
energy. Both nanomaterials enhanced fatigue
performance at specific optimal dosages,
confirming their ability to improve the resistance
to microcrack initiation and propagation, findings
are consistent with the previous studies reporting
fatigue resistance improvements in nano-modified
asphalt binders [50, 51, 52].
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Figure 11. G*.sin § for Neat and Nano-Modified
Asphalt Binders (25 °C).

5.2.3 LAS Test Results

The incorporation of nanoparticles altered
the mechanical behavior and fatigue performance
of asphalt binders, with distinct effects observed
for NS and NA. When comparing the NEAT
binder which exhibited the highest ultimate shear
stress, modified binder with 2%, 4%, and 6% NS
showed slightly reduced peak stresses, with
corresponding strains at maximum stress of
19.1%, 20.1%, and 18.1%, respectively. The
reduction in ductility at higher NS dosages,
particularly at 6%, suggests that excessive
nanoparticle addition slightly stiffen the binder
matrix, restricting large deformations prior to
failure. Despite this modest reduction in peak
stress, fatigue life was substantially enhanced
across both 2.5% and 5% strain levels, with the
greatest improvement observed at 2% NS
(16.6x10° and 6.42x10° cycles), followed by
minor decreases at 4% (16.17x10° and 6.31x10°
cycles) and 6% (16.08x10° and 5.46x10° cycles).
This pattern emphasized the existence of an
optimal NS dosage, beyond which benefits plateau
or slightly diminishes. The improvements are
mostly attributed to high specific surface area,
which promotes uniform dispersion, strengthens
the internal microstructure, and delays microcrack
initiation [53, 54, 55].

For NA, the strain at ultimate stress
decreased with increased dosage, from 20.11% for
the NEAT binder to 19.10%, 18.09%, and 17.13%
for 2%, 4%, and 6% NA, respectively. Unlike NS,
the fatigue performance of NA-modified binders
exhibited a consistent, dose-dependent
improvement across both strain levels, with
fatigue life increasing from 9.64x10° and 3.84x10°
cycles for the NEAT binder to 1.59%107, 1.81x107,
and 2.08x107 cycles at 2.5% strain, and 5.80x103,
7.04x10%, and 8.35%10° cycles at 5% strain for 2%,

4%, and 6% NA, respectively. NA ability to
reinforce  the  binder matrix, improve
microstructural  integrity, enhance energy
dissipation, and delay crack nucleation and
propagation under repeated loading led to its
superior performance [56, 57]. While both NS and
NA improved fatigue resistance, NS showed better
performance at lower dosages due to potential
agglomeration at higher contents, whereas NA
provided consistent, dose-dependent
reinforcement, this emphasized the importance of
nanoparticle type and dosage optimization. Figure
12 depicts the stress—strain behavior of asphalt
binders modified with different nanoparticles,
whereas Figure 13 shows the corresponding
fatigue life curves.
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Figure 12. Characterization of Shear Stress—
Strain Performance in Nanomodified Asphalt

Binders
NEAT N§-2 NS-4 NS-6
......... NA-2 NA-4  ceessness NA-6
1.00E+10
1.00E+09

= 1.00E+08
Lr)
h=]
4 1.00E+07
2
5 1.00E+06
=

1 00E+05

1.00E+04

1.00E+03

1 Applied Shear Strain . % 10
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Binders Modified with Nanomaterials
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5.3 Results of the Compatibility Assessment

5.3.1 Findings of the Storage Stability Test

The storage-stability results (figure 14) show
that adding (NA) and (NS) increased softening-
point separation (ASP), indicating reduced thermal
stability compared with the neat binder (0.5°C).
For NA, ASP rose from about 0.8°C at 2%to 1.1°C
at 4% and 1.6°C at 6%, reflecting a clear decline
in stability with dosage. NS showed lower
separation, increasing from roughly 0.3°C at 2% to
0.8°C at both 4% and 6%, suggesting better
stability than NA at higher contents. Although
both nanomaterials exhibit some segregation, all
ASP values remain within an acceptable range.
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Figure 14. Variation in Asphalt Binder Softening
Point (ASP) with Different Nanomaterial
Dosages.

5.3.2 Microstructure Analysis of Nano-Modified
Asphalt Binder

The Scanning Electron Microscopy (SEM)
evaluation (Figure 15) demonstrated clear
variations in surface morphology between the neat
asphalt and the binders modified with nano-silica
(NS) and nano-alumina (NA) at concentrations of
2%, 4%, and 6%. The neat asphalt displayed a
typically smooth, amorphous, and mildly
undulating surface. Incorporation of NS produced
a gradual increase in surface roughness and
heterogeneity with rising dosage, with the 6% NS
sample exhibiting  pronounced  textural
irregularities, reflecting reduced uniformity in
particle distribution. In contrast, the NA-modified
binders showed more uniform dispersion at lower
dosages (2% and 4%). At 6% NA, the surface
appeared relatively smooth but characterized by
distinct, deeper wrinkle-like features, which may
indicate the development of an internal nanoscale
reinforcement network, suggesting enhanced
compatibility and potentially more favorable

implications for the structural integrity and
rheological behavior of the asphalt binder.

% NS 4% NS
Figure 15. SEM of NEAT and nano-modified
asphalt binder.

5.4.1 IDEAL CT Test Results

As presented in figure16-18, incorporation of
(NA) and (NS) induced notable variations in
fatigue performance of asphalt binder, which was
quantitatively assessed using the CT-Index,
Flexibility Index (FI), and Crack Resistance Index
(CRI). For NA modified binder, CT-Index
increased markedly from 35 in the NEAT binder
to 65, 78, and 84 for 2%, 4%, and 6%, respectively,
indicating improved resistance to fatigue
initiation. FI values exhibited a peak (21.77) at
2%, followed by a slight decline at higher
concentrations. This result may imply that
moderate NA dosages enhance binder flexibility,
whereas excessive addition may compromise
ductility. Similarly, CRI reached its maximum at
4% (604.81). Reducing the sensitivity of asphalt
mixtures to temperature and stress is an effective
approach to prolong their fatigue life, and the
application of NA achieves this purpose [58, 59].
In contrast, NS modified binders displayed a
distinct trend. The CT-Index attained its highest
value at 2% (105), substantially exceeding those of
NA modified and NEAT binders, superior initial
fatigue resistance at low NS content was observed.
However, further increases in NS concentration to
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4% and 6% resulted in reduced CT-Index values
(59 and 53, respectively), this shows the potential
detrimental effects of excessive NS on fatigue
performance. ~ When viewing figure 17, FI
parameter was decreased progressively with
increasing NS content, from 21.85 at 2% to 13.64
at 6%. CRI followed a similar pattern, peaking at
4% (615.53) before declining slightly at NS-6%,
suggesting the existence of an optimal NS
concentration for crack resistance enhancement.

After the viewing the results, it verified that
the incorporation of nanomaterials into asphalt
significantly enhances its mechanical performance
and durability [60]. Nanoparticles improve the
viscoelastic properties of bitumen, increase tensile
strain capacity, and delay micro-crack formation,
thereby extending fatigue life compared to
conventional binder [61,62]. Specifically, NS
reduces micro-crack growth and resists creep-
induced damage, resulting in higher fatigue life.
Similar to NS, the addition of NA also improves
fatigue performance and may enhance cohesion
and adhesion between the modified bitumen and
aggregates, minimizes relative aggregate
displacement, and slows down crack initiation and
propagation [16]. NA also reduces tensile strain
and significantly prolongs the fatigue life of
asphalt mixtures. Experimental results show that
fatigue life and cumulative dissipated energy
(CDE) increase with NS content across different
strain  levels, reflecting improved energy
absorption and cracking resistance [63].
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Figure 16. Cracking tolerance of modified
asphalt mixture.
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Figure 17. Flexibility Index of modified asphalt
mixture.
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Figure 18. Crack Resistance Index (modified
asphalt mixtures).

6. Conclusions

Within the limitations of materials and
testing program used in this work, the following
principal conclusions are made based on the
findings of the investigations:

1. Both of the implemented nanomaterials,
NS as well as NA. the physical,
rheological and the resistance to fatigue
cracking for the asphalt binder and hence
asphalt mixtures are substantially
improved. The improvement magnitude is
mainly dependent on nanomaterials
dosage.

2. Based on the physical tests, NA showed
the most significant stiffening effect,
reflected in a 50% reduction in penetration
at 6%, while NS exhibited a pronounced
increase in softening point at the same
dosage. Rotational viscosity increased
consistently for both modifiers, with NS
particularly at 6% exhibiting the highest
viscosity rise due to its superior surface
area and stronger interaction with the
binder matrix.
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3. The surface roughness of the modified
binder as evaluated based on the SEM
microstructural analysis showed that NS,
specifically at higher dosages is more
heterogeneous than those muddied with
NA. the latter promoted relatively uniform
dispersion and the formation of a
nanoscale reinforcement network at
higher contents

4. At 4 and 6% dosages, NA improved
fatigue resistance. In the other hand, NS
performed optimally at 2% and 4%, with
performance deterioration observed at 6%.
The LAS results support these trends

5. Based on the asphalt concrete mixture
performance against fatigue mode of
distress, NA progressive
improvements in CT-Index, FI, and CRI,
with CT-Index maximizing at 6%, FI at
2%, and CRI at 4%. NS, conversely,
exhibited exceptional fatigue tolerance at
low dosage (CT-Index = 105 at 2%), while
higher contents (4—6%) reduced flexibility
and post-peak ductility, though CRI
peaked at 4%, which indicates a narrow
optimum
performance.

6. The main findings which can be abstracted
from the obtained results revealed that the
optimal practical dosage for NS is
approximately (2—4%), with 2% being the
most effective for balanced fatigue and
mechanical performance. Whereas for

showed

window for effective

NA, the optimal dosage range lies between
(4-6%), with 6% offering the most
comprehensive  improvement
binder- and mixture-level.

across

During this study, the performance was
evaluated based on fatigue cracking. Other types
of distresses which associated with the high
environmental temperature, permanent
deformation (rutting) as well as poor water
drainage (moisture damage) should be further
investigated to prove the overall performance of
modified binder using the NS and NA. Also, the
synergic use of these two nanomaterials could be
further implemented. Also, assessing the
economic feasibility, workability implications,
and compatibility of these nanomaterials with
different binder grades and aggregate types will

support broader implementation in pavement
engineering practice.
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Nanoparticle additives emerge as a modern solution to eliminate the performance
gap between conventional water-based drilling fluids (WBDFs), and more
superior but environmentally challenging oil-based drilling fluids (OBDFs). This
study focuses on the enhancement of KCI polymer mud using nano-additives.
While nano-additives like copper oxide (CuO NPs) were studied and showed

Keywords: promising results, another form of copper (elemental copper nanoparticles, Cu
KCI Polymer Mud NPs) with a potential as a multifunction mud additive remains largely unexplored.
Copper Nanoparticles This research systematically investigates the impact of Cu NPs (0.04—0.8 wt%) on

o the lubricity, rheology, and filtration properties of KCl polymer mud. All the
Lubricity measurements were done in the lab at room temperature, using lubricity tester,
Rheology viscometer, and low-pressure filter press. Most additives tend to enhance one
Filtration property of the mud, but the Cu NPs acted as a more superior properties enhancer,

as it didn't enhance only one aspect of KCL polymer mud, but

drilling fluids systems.

acted as

multifunctional additive. For the lubricity, the effect of Cu NPs was significant on
the coefficient of friction (CoF), with maximum reduction of 41.68% observed at
0.8% concentration, however at the 0.2% concentration, a relatively similar result
of CoF reduction was observed with 39.78% making it the optimal concentration
for the lubricity aspect. For the rheological properties, the addition of Cu NPs to
the KCL polymer mud enhanced the overall rheological properties, increasing the
plastic viscosity (PV), yield point (YP), apparent viscosity (AV), and gel strength,
the highest values [PV (44.5 cP), YP (69.4 1b/100ft*), AV (77.35 cP)] were
observed at 0.2% concentration. Unlike its beneficial effects on lubricity and
rheology, the addition of Cu NPs to KCI polymer mud resulted in increased fluid
loss and thicker filter cakes. The study concludes that a concentration of 0.2 %wt
of Cu NPs is optimal for the simultaneous enhancement of lubricating and
rheological properties in KCI polymer mud. This study highlights the potential of
Cu NPs as a multifunctional additive that can be used in advanced water—based

1. Introduction

The drilling fluid has become an important
component in drilling operations, with several

functions that are to be optimized, such as

drill cuttings from the wellbore,

energy to downhole tools and bits,

controlling the formation pressures, the removal of

maintaining

stability of the wellbore, transmitting hydraulic

cooling and
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lubrication, and sealing permeable formations.
Failure in these functions leads to a major
economic impact, affecting resources and time,
compromising success, and causing major drilling
problems [1, 2].

While oil-based drilling fluids (OBDFs) give
superior performance, their high cost and
environmental challenges have pushed the
industry towards advanced water-based systems
(WBDFs). KCI polymer mud is key here for
inhibiting shale, but it still falls short of OBDFs in
lubricity, rheology and filtration control. This gap
is the reason for researching novel additives [3].

Nano-additives have emerged as a modern
solution here. Their high surface area and unique
properties can alter fluid behavior. Specifically,
copper oxide nanoparticles (CuO NPs) have been
widely studied. Previous works show they enhance
rheology [4-10], improve high-pressure high-
temperature (HPHT) filtration [6, 8, 11, 12], work
as shale inhibitors [11, 13], and boost thermal
stability [4, 8].

On the other hand, its elemental or metallic
counterpart, namely copper nanoparticles (Cu
NPs), is far less understood; the oxide usually
covers most of the literature landscape. Only one
previous study has been conducted on Cu NPs up
until now, to the best of our knowledge [14] , and
that too concerning extreme-pressure lubricity in
simple WBM.

This study directly targets that gap. Where
the prior work [14] focused on lubricity at
extreme-pressure conditions in simple WBM, we
provide a full, multi-functional evaluation of Cu
NPs in KCI polymer mud. We systematically test
their impact on lubricity, rheology, and filtration
together. This approach shows the broader
potential and the trade-offs. The novelty is in this
first integrated assessment of Cu NPs as a
multifunctional additive, establishing a foundation
for their optimized use in WBDFs.

2. Materials and Methods

2.1. Materials

Raw Materials. The additives used in the
preparation process of KCI polymer mud were the
following: Commercial Bentonite, Potassium
Chloride (KCl), Caustic Potash (KOH), Low
Viscous Poly Anionic Cellulose (PAC-LV),

Xanthan Gum (XC-Polymer), and Barite. All of
the above additives were provided by Oren
Hydrocarbons Middle East Incorporation.

Nanomaterials. The Nanomaterials that had
been used in this research was Cu NPs (10 — 30 nm
size, 99.99% purity, supplied by Nanjing Nano
Technology Co., Ltd.).

2.2. Drilling Fluid Preparation

The effect of Cu NPs with different
concentrations was explored in a water-based
drilling fluid system, namely KCIl polymer mud.
And to understand the behavioral changes of the
additive on the drilling fluid system, a blank
sample of KCI polymer mud was prepared using
the procedure described in Table 1, All mixing
was performed using a Hamilton Beach Mixer,
with rotational speeds of (13,000 RPM).

Table 1. The preparation of KCl polymer mud

blank sample.
Additives Concentration Mixing Procedure
Bentonite 8 gm/350ml of 20 minutes of
distilled water mixing, then the
suspension was
aged in a sealed
container for 16
hrs.
KCl 10 gm/350ml 2 minutes of
mixing
KOH 0.5 gm/350 ml 2 minutes of
mixing
PAC 2 gm/ 350ml 2 minutes of
polymer mixing
XC 1 gm/350ml 2 minutes of
polymer mixing
Barite 100 gm/350ml 2 minutes of

mixing, then after
the last additive,
the whole mixture
was mixed for 10
minutes.

The Cu NPs with concentrations of 0.04, 0.1,
0.2, 0.4, 0.8 %wt were added to blank sample of
KCI polymer mud, then each slurry was mixed for
10 minutes, to guarantee the homogenous
dispersion of the nano-additive within the sample,
an Ultrasonic Bath was used for another 10
minutes (the desperation was carried out at
frequency of 40 kHz and a power of 100 W, the
water bath temperature was monitored and
maintained below 35°C to prevent thermal

14
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degradation of drilling fluid components). Before
any testing, KCl polymer mud samples were
remixed for an extra period of time (5 - 15 min.).

2.3. Lubricity Measurements

The lubricating properties of the KCI
Polymer mud samples were measured using
OFITE EP and Lubricity Tester in the lab and as
following:

e To ensure the reliability of the
OFITE EP and
lubricity tester was calibrated with
distilled water before each test, in
accordance with the equipment's
standard calibration protocol, then the
correction factor (CF) was calculated
using Equation 1.

measurements,

34

" meter reading 0
where the constant 34 is defined by
the equipment manufacturer as the
reference meter reading for distilled
water under standard calibration
conditions [15].

e Then the coefficient of friction (CoF)
for each calculated
manually using the obtained values
for apparatus, using Equation 2.

sample was

CF * meter reading
CoF = 2
0 100 2

2.4. Rheology Measurements

Rheological properties of KCI Polymer mud
samples were measured using OFITE Model 900
viscometer, and the procedure of the test is as
follows:

e To ensure accurate results, the
apparatus was calibrated before each
test with a special calibration fluid
(provided by the device
manufacturer), to get offset values
that were ranging from 0 to +0.1.

e Plastic viscosity (PV), yield point
(YP), and gel strength values were
measured using OFITE Model 900
viscometer. But for the apparent

viscosity (AV), it was calculated

manually for each sample using

Equation 3.
9600
AV = —— 3

To ensure the repeatability and the accuracy
of the results, each test was repeated three times,
and the average values were taken into account to
ensure the reliability of the results.

2.5. Filtration Measurements

OFITE low-pressure filter press with dead
weight hydraulic assembly was used for the
filtration loss measurements. The filtrate loss
volume was measured at 7.5min (V7.5), and 30
min (V30).

All measurements (lubricity, rheology, and
filtration properties) were conducted at room
temperature (approximately 35°C).

The overall experimental procedure for
evaluating the effect of Cu NPs on KCI Polymer
mud is summarized in Error! Reference source not
found..

Preparation of

KCL polymer
mud
Base fluid mixing 20 min for 2 min for each
protocol bentonite additive

Nano additive
mixing protocol mm:r

Test at ambient
conditions

Mix 5~ 15 min
prior testing

10 min H. bu:h 10 min
Iu-wm: bath

Filtration test
(OFITE Low-Pressure
Filter Press)

!
Lubricity test
(OFITEEP &
Lubricity Tester)

[~ ]

Rheoclogy test
(OFITE Model
900 Viscometer)

Measured values PV, YP, and gel strength ]

E=
= [

Calculated values AV ]

[ Results analysis & interpretation ]

Figure 1. Experimental workflow for evaluating
the effect of Cu NPs on KCI polymer mud.

3. Results and Discussion

All the measurements in this study (lubricity,
rheology, and filtration) were conducted in
ambient temperature (approximately 35 C). This
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approach was used to understand the fundamentals
of how Cu NPs can affect KCl polymer mud
behavior without adding complex variables like
high temperature. Although this approach is
helpful to understand the base behavior of the
additive, it acts as a limitation for this study, where
the drilling fluid is subjected to a higher
temperature during drilling operations. The
observed behavior for (lubricity, rheology, and
filtration) are specific to the tested conditions of
this study, and future work should validate the
results in high temperature conditions.

3.1. Lubrication Behavior

The effect of Cu NPs addition to KCI
polymer mud across the selected concentrations
range on the CoF can be found in Table 2 and to
have a better view of the additive behaviors across
different concentrations, the results are illustrated
in Error! Reference source not found..

Table 2. Lubricity performance of KCl polymer
mud with varying concentrations of Cu NPs.

Cu NPs
. CoF
Concentration, CoF .
Reduction, %
wt%

0 0.367 ——--
0.04 0.235 35.96
0.1 0.221 39.78
0.2 0.221 39.78
0.4 0.25 31.88
0.8 0.214 41.68

Figure 1. Effect of Cu NPs concentration on CoF
of KCI polymer mud.

The addition of Cu NP caused a reduction in
the CoF value across all of the concentrations. A
reduction in CoF up to 35.96% was observed at the
lowest concentration of 0.04 wt%. The CoF
decreased further with increasing nanoparticle
concentration, reaching a minimum value of 0.221
(a 39.78% reduction) at concentrations between
0.1 and 0.2 wt%.

However, a non-regular behavior was
observed at a higher concentration (0.4 wt%)
where the CoF increased to a value of 0.25,
making it higher than the lower concentrations, but
still an enhanced value compared to the blank
sample. This behavior may be due to a process
known as nanoparticle agglomeration, where
individual nanoparticles, in some concentrations,
start to group together and form a large cluster of
particles that can change how the additive
behaves. At the highest concentration (0.8 wt%)
the CoF improved again, reaching the maximum
enhancement across all the concentrations, and
gave a CoF value of 0.214.

The mechanism behind the lubricity
improvement is attributed to the formation of soft
and low shear strength film on the metal surfaces.
This soft and low shear film separates the
contacting surfaces, thus reducing the frictional

forces between them [16-19].

3.2. Rheological Properties

Cu NPs additive had a significant effect on
the rheological properties of KCL polymer mud.
The results, including PV, YP, AV and gel
strength are presented in Table 3 and for better
understanding of how significant the change in
these properties across different concentrations,
the results are illustrated in Figure 2Figure
3Figure 4.
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Table 3. Rheological properties of KCl polymer mud with varying concentrations of Cu NPs.

Cu NPs Concentration, PV,  YP,Ib/100 AV, yeev, oo O Stre"fit . 1b/100
0 P fe P fee/cP

wt% ¢ ¢ ¢ 10 sec 10 min
0 14.6 279 29.65 1.91 64 19.2
0.04 327 4622 56.15 1.412 232 872
0.1 40.6 51.7 66.55 1273 279 128.2
0.2 445 69.4 7735 1559 25 52.9
0.4 416 58.2 70.45 1399 20 292
0.8 30.4 51.5 57.6 1.694 227 617

- 1 ° PV is an important property of drilling mud,

Cu NPs Concentration, wi%

Figure 2. Effect of Cu NPs concentration on PV
of KCI polymer mud.

Cu NPs Concentration, wi%

Figure 3. Effect of Cu NPs concentration on YP
of KCI polymer mud.

Figure 4. Effect of Cu NPs Concentration on Gel
Strength of KCl Polymer Mud.

The addition of Cu NPs to KCI polymer mud
results in enhanced rheological properties (PV,
YP, AV and gel strength) across all of the tested
concentrations compared to the blank sample. For
the tested range, the 0.2% concentration delivered
the optimal enhancement combination for the
rheological properties [PV (44.5 cP), YP (69.4
1b/100 ft?), and AV (77.35 cP)].

and can be defined as the resistance to flow in a
fluid, caused by the internal friction between
particles (solids and liquids) of drilling fluid, and
the increase of solids in the mud, will therefore
increase the PV. The addition of nanoparticles,
that are characterized with large surface area to
volume ratio (Cu NPs in our case), and this special
characterization of nanomaterials will cause an
increase in the interaction between the
nanoparticles and the drilling fluid particles, that
can cause increase in internal friction, leading to
an increase in PV [20-22].

YP is a measurement of the electrochemical
attraction forces between particles of the drilling
The addition of
nanoparticles (Cu NPs in our case) showed an
increase of yield point values, and this can be due
to fact that the nano-additives characterized by a
large surface area to volume ratio, which allow the
particles to carry more surface charges, making the
electrochemical attraction forces between nano-
particles and other drilling fluid particles stronger,
which directly increases the YP of the fluid.

fluid at low shear rates.

Gel strength is the ability of the drilling fluid
to form a network between particles when the mud
sits in static conditions, and this property is caused
because of the electrostatic forces between drilling
fluid particles. The nano-additives can form a
stronger network structure, increase surface
charges due to its large area to volume ratio, and it
may form a crosslink with the KCI1 polymer chains,
to thicken the structure of the mud at static
conditions. The 10-second gel strength of the
blank sample was 6.4 1b/100 ft*. The addition of
Cu NPs enhanced this property, with the highest
value of (27.9 1b/100 ft?) observed at 0.1% wt.
concentration. The 10-minute gel strength showed
a more dramatic increase, surging from 19.2
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1b/100 ft* for the blank to 128.2 1b/100 ft* at the
0.1% wt. concentration. The subsequent decrease
in 10-minute gel strength at higher concentrations
may be due to a repulsive force occurring between
the nanomaterials, water molecules, and bentonite
particles, or due to agglomeration which can
disrupt the fluid's microstructure [20, 23].

In conclusion, the addition of Cu NPs
enhanced the rheological properties of the KCl
polymer mud. The concentration of 0.2% by
weight can be considered an effective
concentration, providing high values of YP and
AV, which are essential for good hole cleaning.

3.3. Filtration Properties

Filtration measurements for KCI polymer
mud across the selected range of Cu NPs
concentrations are presented in Table 4 and
Figure 5 Figure 6.

Table 4. Filtration properties of KCI polymer
mud with varying concentrations of Cu NPs.

Cu NPs V7.5 Mud Cake
Concentration, ’ V30,ml  Thickness,
ml
wt% mm
0 4 8 0.622
0.04 4.4 8.8 0.71
0.1 5.4 10.8 0.712
0.2 6.6 13.2 0.814
0.4 6.2 12.4 0.8
0.8 5.8 11.6 0.872

0.1 0.2 03 0.4 05 0.6 0.7 08 09

Cu NPs Concentration, wt?

Figure 5. Effect of Cu NPs concentration on V30

of KCI polymer mud.
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Figure 6. Effect of Cu NPs concentration on mud
cake thickness of KCl polymer mud.
The addition of Cu NPs caused an increase in

both V30 and mud cake thickness compared to the
blank sample.

The blank sample had a V30 of 8 ml and a
mud cake thickness of 0.622 mm. With the
addition of 0.2 wt% Cu NP, the V30 increased to
13.2 ml and the mud cake thickness increased to
0.814 mm. This represents a 65% increase in V30
and a 30.9% increase in mud cake thickness.

Nano-additives in general, can increase the
filtrate loss volume of drilling fluid; this may be
explained due to solid accumulation which makes
the mud cake less stable, making it harder for the
mud with nano-additives to form an impermeable,
low porosity mud cake layer, that prevents more
filtrate to pass through [24, 25]. The increase in
mud cake thickness with the addition of Cu NPs
supports this explanation, indicating the formation
of a more permeable and less compact filter cake.

The non-regular response of the V30 to Cu
NPs concentration may be due to nanoparticle
agglomeration at higher concentrations, which can
disrupt the mud cake structure.

4. Conclusions

This study provides a comprehensive
evaluation of metallic Cu NPs on KCl polymer
mud. The key findings reveal Cu NPs as a
multifunctional additive for lubricity and rheology
enhancement, though with a negative impact on
filtration control.

The Cu NPs significantly enhanced lubricity,
reducing the CoF by up to 40%. The rheological
properties (PV, YP, AV, and gel strength) were
also enhanced, giving the mud superior lubricity
and improved hole cleaning capacity. However,
these enhancements came with increased filtration
volume and thicker filter cakes.

Within the tested concentration range (0.04—
0.8 wt%), the 0.2 wt% concentration is
recommended. This value delivered optimal
lubricity improvement and the peak rheological
properties increase, albeit alongside elevated fluid
loss. Therefore, using Cu NPs is highly
recommended in a careful and controlled way,
specifically for scenarios where lubricity and
cuttings lifting capacity are critical and where the
filtration increase can be managed.
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This work distinguishes the role of metallic
Cu NPs from the widely studied oxide form and
establishes a foundation for their application.
Future research must focus on validating these
findings under high-temperature conditions and
developing strategies to mitigate the filtration
drawback.

Abbreviations
AV Apparent viscosity
CF Correction factor
CoF Coefficient of friction
Cu Copper
CuO Copper oxide
KCl Potassium chloride
KOH Caustic potash
NPs Nanoparticles
OBDFs Oil-based drilling fluids
PAC Poly anionic cellulose
PV Plastic viscosity
V30 Filtrate loss volume at 30 min
V7.5 Filtrate loss volume at 7.5 min
WBDFs  Water-based drilling fluids
XC Xanthan Gum
YP Yield point
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Micro-management is a type of management in which the manager accurately
monitors and intervenes or regulates the work of his subordinates or his employees
in detail, and it is the attempt of managers to interfere, influence and control
anything in the team, situation or place, Everything in this world carries two
different directions, one negative and the other positive, and we aim in this
research to exploit the advantages of the method of micromanagement and prove
that it can be a successful tool if used correctly and at specific times and within
certain limits, in this research the factors affecting Applying this method in
construction contracting companies in Iraq to take advantage of this method in
identifying the most important problems leading to financial corruption in order to
eliminate or reduce them in order to advance the current reality of projects, so the
researcher reached the most important factors, including (administrative style,
organizational culture) and other factors that have been clarified in a way. In detail
in this research, the characteristics of the micromanager were also studied, which
represent the cornerstone of the success and failure of this technique, as the effect
of each characteristic and the possibility of its availability in the vicinity of
engineering companies was addressed.

1. Introduction

In response to

the micromanagement

customer requests or legal

micromanagement may become an exit vehicle.

requirements,

As a supervisor, if you are stuck with an

negativity, we want to study and prove that
micromanagement is not a unilateral bad, as is
shown in contemporary literature [1]. Goldsmith
concluded that Micromanagement is not a dirty
word if you do it right. Micro-management is not
always an option, but an industry standard, for
example during audits, investigations, problem
solving, document editing and policy review. So,
the question is not whether or not you are doing
micromanagement. It's how to do it right.
Moreover, Micro-management can be justified if
the task is new, complex, of great value and
requires great care and quality control. In the event
that there are time constraints in fulfilling

underperforming staff, then you have no choice
but to micromanage [2]. I believe micromanaging
is a skill (if done right) that not everyone can
master. Not everyone has the ability to monitor
and control every step of the process. Bosses who
stick their noses to every detail because they have
nothing smarter to do are the representatives of the
detail management that made a mistake. But heads
who watch closely, providing detailed guidance
and corrective feedback when needed, are
completely opposite [3].

Micromanagement means carefully
managing things and assessing or regulating the

procedures [4]. Compulsive, equivalent mental
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dysfunction may be micromanagement for addicts
and alcoholics. They all appear to lack the ability
to understand and have a degree of cynicism and
uncertainty  about  their own  actions.
Micromanagers are control freaks with an
obsession with meaningless data. Without excuse,
they may set deadlines, refuse to give loans to
subordinates, count the amount of paper used for
prints and other actions that indicate a major need
for supervision and control [5]. Micromanagement
now generally refers to the supervision of an
enterprise in every detail, with the effect of
obstructing change and neglecting larger, higher-
level policy problems Micromanagement was
practiced and understood long before we labeled it
as an organizational pathology, Despite all the
negative aspects that are said about it, it is not
devoid of positives that can be used to eliminate
some problems or reduce them, as careful
monitoring of all details will help in controlling
financial matters greatly through knowing the
things in which these funds are exploited, as well
as continuous monitoring It can help in diagnosing
weak sites at work and thus solutions will be
developed in order to address this, and other
matters that can be exploited to get the most out of
the features of this method,

An important contributing factor to low
employee  morale is  micromanagement.
Employees do not want to be micromanaged and
most employers don't want to treat them as
micromanagers. Micromanagement
disempowered, demotivated and disengaged

leaves

workers. This causes a rift between management
and staff, causing employees to resist any
administrative changes they want to make, leading
to discontent and stagnation as well. Staff has
regularly reported that the three most important
reasons for leaving the correctional service are
conflicts with co-workers, poor leadership and the
feeling that management does not value them, both
of which are significantly influenced by micro-
management [6].

1.1. Purpose

The purpose of micromanagement:

e Allows greater organizational power
e Makes reliable
awareness

metrics and minutia

e Can help workers on board (reach speed)

e Improves the efficiency of complex and
tailored operations

To avoid the negative effects of
micromanagement, Wright proposes four
suggestions: being flexible, setting smarter goals,
being outcome-oriented, and behaving like a
player/coach. As a boss, the use of these four
variables has a direct and beneficial effect on
productivity and job satisfaction, resulting in
lower turnover and higher benefit [7].

1.2. When is micro-management useful for the
work?

1. Hire new individuals

2. The start of new operations or initiatives
3. Confrontation with financial or legal
issues

Staff have a proven record of problems
Engaging in high-risk operations

Shift Policy Change Strategy

Changing top leadership [8]

Nk

1.3. We can identify research objectives as
follows:

1. Provide an overview of the characteristics
and advantages of the micro-management
methodology and identify deficiencies,
strengths and weaknesses and compare
them with other methodologies in order to
find a common bridge and promote a
better understanding of best practices and

of project management and
construction companies.

2. Study, analysis and evaluation the factors
and criteria affecting the application and
success of the micro-management

uses

methodology.

3. Study the possibility of adopting the
micro-management methodology for the
engineering companies in its various
operations.

Developing a framework for a micro-
management methodology that is easy to use in
managing engineering companies or in some
management functions in Iraq.
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1.4. Some Previous studies

No.

Author

Result

1

Jie Li & Umer Khalid
(china,Pakistan,Sweden)
(2015)

)

In this report, the researchers researched micro-management in the engineering
context, where a quantitative and statistical survey was carried out to assess the
effects of micro-management in the engineering environment. Where a study
was applied to a group of professional workers, and the findings were that some
executives were opposed to using this administrative approach and some of them
were supporters as well as staff, some of them opposed this technique and some
of them accepted it.

The weakness of managerial skills for engineers is the reason researchers resort
to studying the application of this system. The main goal of researchers is to
understand the administrative requirements in the engineering world, and the
following signs of micro-management have ultimately been established:

1-Control over methodology

2-Excessive reporting and updates
3-Control and manipulation of time
4-Failure to subordinate self
5-excessive approval requirement
The researchers defined the
most important micro-management characteristics:
(1) Rigorous attention to Detail & physical appearance
(2) Meticulous training,
implementation & follow-up
(3) Tight regulation of finance & logistics
(4) Testing & surveillance
(5) Rigorous preparation and never-ending learning

2

Petter Bergstrom, Lars
Peter Raknes, 2016
(Oslo, Norway) (1)

Supporting it with (6) social modeling and caregiving, and that these categories
are completed ,It will have the best effects and turn the concept of (micro-
management) into a positive one, away from the known negativity about it. And
the researchers said that (micro-management) should be used as a tool in the
manager's hands that he uses at particular times and not as a permanent
behavior. Thus the manager maintains a certain balance between
(micromanager's) actions and achieving a cohesive working atmosphere
characterized by intimacy and affection, such that a family relationship is
identical to the relationship between the manager and employees. It will be very
successful in doing so and the researchers pointed out that this technique's
success in places of study does not mean its success everywhere.

The researchers concluded that the excessive use of micromanaging actions on
the part of the employees contributed to general aversion and great
dissatisfaction. During the talk with them, The workers asked to dispense with
micromanagement behaviour because it caused them considerable stress and
stress during work and its consequences were also bad in organizational
management, and they wanted to be the manager A style that provides them with
positive input instead of managing them.

The researchers explored the Employers' Viewpoint analysis of
micromanagement. For them for their smooth and effective work, leadership is a
key element in every organization, And they suggested that micromanagement
leads to raising the level of employee skills and capabilities and allows them to
perform better, and that micromanagers are very coordinated and ideal leaders in
their opinion.

Regarding the previous studies, the Accordingly, the most important characteristics
researcher has benefited from them in determining that could lead to the progress of work without
what causes the most aversion to the employees alienating the employees were determined. The
regarding the behavior of the micromanager. researcher also concluded that the success of this
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method in one aspect does not mean its success in
every places.

The large number of financial corruption and
the use of traditional management led to the delay
of projects. The main problem was that managers
are far from the details of the project. Therefore it
is assumed that if (micro-management) is used in
project management and the manager becomes

close to the details, he will get rid of his problems
and obstacles.

2. The Research Methodology:

Figure 1 illustrates the methodology of the
current research.

Figure 1. Research methodology.

2.1 Data collection and analysis:

1. The researcher initially collected
information from previous studies about
the most important factors that could
affect the success or failure of applying
this administrative method, then these
factors and information were presented to
specialists in this field with a number of
not less than 15 experts in order to discuss
the question form and the extent of
understanding The question and the

importance and impact of each question,
and are these questions sufficient to cover
the topic or not. After that, a final version
of the questionnaire was reached.

2. After discussing the questionnaire with the
experts, and specifying the type of
construction projects that will be worked
on, which are building projects. the
researcher prepared a questionnaire form
that includes three axes, the first axis,
personal information about the sample to
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RII

Where:

know the size of its impact on the results,
the second axis includes the evaluation of
the explanatory information and the third
axis, questionnaire information to
determine the factors by the sample

The questionnaire was distributed to
samples of engineers in the engineering
companies of the public sector, engineers
in the Baghdad governorate building,
school buildings engineers of the Ministry
of Education in Baghdad and Kut, as well
as engineers in the Ministry of Higher
Education in Najaf and Karbala, and
engineers in other departments.

Due to the current circumstances, most of
the private sector engineering companies
stopped working, so it was difficult to
reach these companies, so an electronic
questionnaire was created and distributed
online to public sector engineers in
particular.

The sample contained
bachelors, masters and doctoral degrees,

questionnaire

and both male and female genders.

More than 125 questionnaire samples
were sent in, and only 98 samples were
received.

The central end theory was relied upon by
statistics, which indicates that the sample's
arrival of more than 30 gives an accuracy
of more than 99, so the sample size
consisting of 98 questionnaires was
considered sufficient to reach the required
accuracy

After receiving the samples, they were
analyzed using the IBM/ SPSS program,
and the results were obtained in the
following tables.

The significance of each element was
determined based on the (relative
importance index (RII)) When two factors
are similar with this value, we take the
value that is (Mean) higher.

IR o(XIXSI +X2xS2+X3XS3+-XnxSn))
- AXN

M

RII= the Relative Importance Index.

S = Weight gives to any factors by responders
and will rang (1 to 5) where ‘1’ is less
important and ‘5’ is high important. OR
range (1 to 3)

X=for each factor or choice, frequency of each
rating

N=Total number of responses for that factor or
option

A=the highest weights (i.e. in this case 5, or 3)

In case of 5-point Likert scale

RII values Importance level (RII-Level)
0.8<RII<1 High H
0.6 <RI <0.8 High - Medium H-M
0.4<RI[<0.6 Medium M
0.2<RII<04 Medium-Low M-L
0.0<RII<0.2 Low L

In case of 3-point Likert scale

RII values Importance level (RII-Level)
0.66 <RIl <1 High H
0.33 <RI £0.66 Medium M
0.0 <RI <0.33 Low L

10-After the analysis of the sample's
experiences, it was found that the sample's
experience rate is 16 years, and this means that the
sample has good experience and at the same time
it has youth energy, and thus an indication of the
possibility of community knowledge or
acquaintance with this technique as it is a modern
technology that has not been applied for a long
time.

3. Results and Discussion

Since micromanagement was previously
described, it depends heavily on the process, the
manager would follow in implementing this
technology, so micromanager must be identified
by a collection of descriptions to be able to
implement this technique. The most important
aspect is the micromanager's characteristics, so in
this table (1) the sample's opinion on the value of
each trait will be studied, while in Table (2) the
probability of each feature being met by the
current managers is studied.
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Table 1. Sample opinion on the importance of micromanager characteristics

No. Specifications :.;, i i g;, ‘é ? E § = i
EE TE 2 3 z
Proficient in task delegation 47 40 9 1 1 434 0.87 H
2 Possesses the ability to plan successfully 68 22 4 2 2 455 091 H
3 Has the capacity to understand and support the team's 64 24 10 4.55 0091 H
progress
4 Able to provide necessary management training to 30 45 18 5 4.02 0.8 M-H
employees
5 provides the necessary technical training to the staff to 13 40 15 5 413 0.83 H
support his management approach
6  Focus on a directive rather than a supervisory approach. 47 25 16 5 5 406 0.81 H
7  Proficient in managing project time and budget. 50 25 15 4 4 415 0.83 H
8  Capable of project quality control 45 36 10 5 2 419 0.84 H
9  Knowledge of risks affecting time, cost, or scope of work. 46 37 9 3 3 421 084 H
10  Excellent at delegating and assigning tasks. 44 35 14 5 420 0.84 H
11 Ability to monitor performance and motivate employees. 40 42 13 3 421 0.84 H

Regarding this Table 1, all the traits in it got high ratings of H with respect to RII except for the trait 4
that got the estimate of H-M and the sequence of traits was as follows:

- % =
No. Adjective I~ = éﬁ
-
&
1 2-Capable of successful planning 091 H 455
2 3- Knowing the team's ability and progress 091 H 455
3 1-He Is able to segment the work 0.87 H 434
4 9-Knowing all the risks that may affect time, cost, or scope 084 H 421
5 11-he is Skilled at performance monitoring and motivation 0.84 H 421
6 10-He is skilled in delegating work 084 H 4.20
7  8-Capable of project quality control 0.84 H 4.19
8  7-Capable of controlling project time and budget 0.83 H 4.5
9  5-provides the technical training necessary to the staff to support its management 0.83 H 4.13
approach
10 6-He uses the manner of guidance, not monitoring 0.81 H 4.06
Table 2. The possibility of availability of Micromanager Characteristics in the sample population
: Ex _z ?
No. Specifications % g E E E 5 E 2
> E g s = =
< S« < =4
1 HelIs able to segment the work 34 55 9 226 075 H
2 Capable of successful planning 30 50 18 212 0.7 H
3 Knowing the team's ability and progress 33 50 15 218 072 H
4 Provides the necessary training for employees in the management 28 45 25 203 067 M
approach
5 provides the technical training necessary to the staff to support its 28 48 22 206 0.68 H
management approach
6  He uses the manner of guidance, not monitoring 38 45 15 223 074 H
7  Capable of controlling project time and budget 28 50 20 2.08 0.69 H
8  Capable of project quality control 33 45 20 2.13 0.7 H
9  Knowing all the risks that may affect time, cost, or scope 28 52 18 210 069 H
10 Heis skilled in delegating work 35 48 15 220 073 H
11 heis Skilled at performance monitoring and motivation 35 47 16 219 072 H
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Table 2 is the possibility of the availability of each attribute, all the traits obtained RII-LEVEL = H except
for the trait (4) obtained the estimate of RII-LEVEL=M, so the sequence of traits became as follows:

o -k
No. Adjective = ; §
~
1 1- He Is able to segment the work 075 H 226
2 6- He uses the manner of guidance, not monitoring 074 H 223
3 10- He is skilled in delegating work 073 H 220
4 11- he is skilled at performance monitoring and motivation 072 H 219
5  3- Knowing the team's ability and progress 072 H 2.18
6 8- Capable of controlling project time and budget 07 H 213
7  2- Capable of successful planning 0.7 H 212
8  9- Knowing all the risks that may affect time, cost, or scope 0.69 H 2.10
9  7- Capable of controlling project time and budget 0.69 H 2.08
10 5- provides the technical training necessary to the staff to support its management 068 H 206
approach
Table 3. The main factors of Micromanagement and influencing its application.
® 2 =
2 2 E2 = o %
No. Factors % é qga % g = i
= 77} E
1 Administrative style 66 7 25 260 086 H
2 Organizational culture 49 20 29 230 076 H
3 good and sober micromanagement behavior 36 20 42 216 071 H
4 Micromanager and its aforementioned attributes 43 22 33 221 073 H
5 The employer's acceptance of the effects that occur in the following:
A The benefit derived from the project, which is affected by business 41 18 39 221 073 H
decisions and its results
B  the legal and moral rights of the employer 40 19 39 231 076 H
C  Specialized and organizational knowledge 45 15 38 220 073 H
D The time for providing resources, allocating and providing funding 40 20 38 227 075 H
E  His ownership of a specific property 43 17 38 219 072 H
6 micromanagement aligns with the company's projects methodology 39 20 39 221 073 H
7 Employees accept the micro-management methodology 40 19 39 260 086 H

The researcher studied the possibility of their availability in the sample community. The highest to the
lowest is as follows:

No. Factor I~ - b
= =
[~
1 1-Administrative style 086 H  2.60
2 7-Employees accept the micro-management methodology 086 H 2.60
3 (5-B)- the legal and moral rights of the employer 076 H 231
4 2-Organizational culture 076 H 230
5 (5-D)- The time for providing resources, allocating and providing funding 075 H 227
6 (5-A)- The benefit derived from the project, which is affected by business decisions and its results 073 H 221
7 4-Micromanager and its aforementioned attributes 073 H 221
8 6- micromanagement aligns with the company's projects methodology 073 H 221
9 (5-C)- Specialized and organizational knowledge 073 H 220
10 (5-E)- His ownership of a specific property 072 H 219
11 3-good and sober micromanagement behavior 0.71 H 216
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4. Conclusions

The researcher’s findings in this research of
factors differ from what the rest of the researchers
have found, since the aspects dealt with by the rest
of the researchers differ from what was dealt with
in this research if all previous research did not go
to the effect of micro-management in the
management of  construction  contracting
companies, where work was previously done on

companies Administrative but not constructional

From the research on the factors affecting the
application of micro-management, it was found
that:

Note that the RII range is very close,
meaning the researcher relied on factors used in
previous studies and research, all of which were
discussed with experts and have a high impact. It
is possible that most of the sample was influenced
by previous readings due to the novelty of the
methodology.

The that
important characteristic of a micromanager is the
ability to plan successfully and understand the
team's capabilities and progress..

researcher found the most

1. The most needed and common
micromanager trait in construction
companies is the ability to delegate work.

2. The success of a detail-oriented manager
is more crucial in financial management
than in technical management.

3. The absence of a manager during the
design phase, while their importance
increases during the implementation and
project financing phases.
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Received: 14 March 2026 | The aim of this study is to optimize ESP performance by evaluating the current
ﬁii;i‘:ﬁigﬁﬁ;ﬁ%;é conditions and the performance optimization of the electrical submersible pump
Available online: (ESP) for six oil wells in the Rmelan oil field. fluid and reservoir properties (API
31 March 2026 =23, T =78 C°, pressure of reservoir = 160 atm and the WC is 70%). This paper

presents a sensitivity assay conducted by Nodal Analysis (Using PIPESIM

Keywords: Software) on the pump frequency and wellhead pressure. The outflow tubing
Artificial lift; performance and inflow performance relationship were generated and plotted for
Electrical Submersible each well. The curves are investigated, indicating problems in some wells (W-
Pump; 12R, W-21KH, and W-21SH). The results of this study show that we can increase
;I:iil\faf;fzare; the flow rate by optimizin.g.the ESP performance by decreaﬁing the wellhead
Optimization: pressure to 71.58 psi and raising the frequency of ESP to a specific value of about

Rmelan ficld. 65 Hz based on the limites of production of each types pump capacity . Increasing
the frequency from 55 to 65 Hz resulted in increasing the production from 634 to
1092 bb/day for W-12R, from 1928 to 2806 bbl/day for W-21KH, and from 1722
to 2279 bbl/day for W-21SH.

surface. Bottom-hole pressure is overcome with
1. Introduction this technique. The new primary issue facing a
field is choosing the best lift technique for each
well or the field as a whole. A poor choice may
result in excessive production costs [3].

At first, natural flow of fluids occurring
hydrocarbons from the reservoir can flow toward
the surface without pumps (natural flow);

however, this state is not stable. There will come a Artificial lift is a crucial technique used in the
point in time when the reservoir pressure drops, oil and gas industry to maintain optimal
which may result in the well closing or producing hydrocarbon production as reservoirs mature [4].
less [1]. The production of oil wells frequently It involves employing various methods, such as
uses artificial lift techniques. It is applied to pumps and gas lift valves, to increase reservoir
maximize production [2]. For productivity to be pressure or reduce wellbore backpressure by
displayed effectively, production performance installing lift mechanisms down hole. Artificial lift
must be thoroughly understood. When the systems efficiently raise fluids to the surface,
reservoir driving energy is insufficient to produce counteracting declining flow rates. The choice of
oil to the surface, this technique decreases the artificial lift method depends on reservoir
bottom hole flowing pressure and increases the characteristics, well conditions, and production
pressure difference to bring the oil up to the requirements. Common  methods include
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Electrical Submersible Pump (ESP), Progressive
Cavity Pump (PCP), Sucker Rod Pump (SRP), Gas
Lift (GL), Plunger Lift (PL), and Hydraulic Jet
Pump (HJP) [5]. These systems play a vital role in
sustaining production rates from oil and gas fields.
This study mainly focuses on artificial lift using
ESP, which is introduced in detail in this chapter.
Other artificial lift methods are briefly reviewed.

2. Literature Review

Electric Submersible Pump (ESP) uses
multiple centrifugal pump stages mounted in
series within a housing mated closely to a
submersible electric motor on the end of the tubing
and connected to surface controls and electric
power by an arm or protected cable as shown in
Figure 1. Submersible systems have a wide
performance range and are one of the more
versatile lift methods. Standard surface electric
drives power outputs from 100 to 30,000 B/ D [16
to 4770 m*/ d] and variable-speed drives add pump
rate flexibility [6]. High GOR (Gas oil Ratio)
fluids can be handled, but large gas volumes can
lock up and destroy pumps.

The advantages are that high water cut is not
restricted, can lift extremely high volume, can
handle rates from 50 to 60.000 bbl/day, flexibility
quick restart after shutting down. The
disadvantages: not applicable in case of high GOR
and sand production, tubing has to be pulled to
replace the pump, high voltage (1000 V) electrical
powers required, no suitable for low volume wells:
<150 bbl/day, crude reduce pump
efficiency, and high temperature can degrade the
electrical motor. [7]

viscous

Pump intakes aiow Slids to enter the
pan of the gus separator.
———

Figure 1. Electric Submersible Pump [2]

Saurabh and Dr. Tej Singh studied artificial
lift to boost oil production [8]. Artificial lifts

improved profitability and efficiency by
improving the production cycle of oil and gas
reservoirs and raising flow rates. The purpose of
artificial lift solutions was to reduce bottom-hole
pressure and enable a well to produce at the
desired flow. Usually, this included pumping gas
or using a pump to decrease the hydrostatic
pressure to give more lift pressure downhole. The
authors of this study found that artificial lifts were
a practical way to increase oil production, and they
were also the most efficient by increasing the
natural well flow and allowing the reservoir to
accelerate  production while delaying the
operator's option to abandon a producing well,
artificial lifts offered a chance to decrease back
pressure on the well.

Hamdi Youcef studied an artificial lift ESP
well on the BRN field (a case study of SFNE 13
oil well in Algeria) to raise the production [7]
2018). The study has been separated into three
sections: the first discussed the advantages and
disadvantages of each artificial lift method as well
as the criteria to be used when choosing between
them; the second part gave general information
about ESP; and the last part focused on the design
investigation and action evaluation of ESP on oil
wells with high salinity and high WC using nodal
analysis software (Prosper). The work finished by
mentioning a few issues of ESP wells on BRN
fields. The results showed the ESP's flexibility
100% WC handling capacity, and it could be used
for both vertical and horizontal wells. It also
offered us roughly 60% of the oil rate from a single
well (SFNE 13). In addition, the disadvantage of
the ESP system was the significantly short-run life
(2 years) which made it the most cost-effective
artificial lift method.

Wang et al 2023. studied the optimization of
the well start-up procedure and operating
parameters for ESP gas well dewatering [9]. Two
gas wells had Electrical Submersible Pump (ESP)
systems installed in to remove the gas from the
wells. The well start-up operation recorded for the
first problem showed that the ESP noticed gas
locking. To prevent this, an accordingly suggested
optimization method for the ESP well's start-up
process with a check valve was designed. In the
second, a set of optimization techniques for ESP
operating parameter changes was provided in the
nodal analysis method. The results showed a new
well start-up technique for ESP removed the gas
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from wells by a check valve with the use of this
process, workover procedures can be avoided to
prevent ESP start-up failure, saving the operators
money, time, and effort. Furthermore, an
optimization technique for production rate and
ESP operating frequency was offered based on the
nodal analysis method. The well's production
capacity was increased through hydraulic
fracturing. In addition, the computation results
showed that the optimal pump efficiency might be
achieved by an increase of 12.2-33% over the
prior value.

Carlos Andrés et al studied the optimization
of an electrical submersible pump artificial lift
system for extra heavy oils through an analysis of
the bottom dilution scheme [10]. To analyze the
unknown behavior of the variables through their
responsiveness in the vertical flow modeling used
for a Chi Chimene Field well, this study presented
the analysis of the variables that had the greatest
effect on the energy requirements for an artificial
lift system applied to extra heavy crude oils. The
well depth, the flow rate of produced fluids, the
reduction percentage, the viscosity and fluid
density, and the necessary artificial lift system
pressure difference were the variables that had
been chosen. The results of this study showed that,
for the extra heavy oil, the Modified correlations
were more suitable for the calculations of the PVT
parameters. Representing the computation of the
GOR in solution and the bubble pressure, as well
as the adjusted Vazquez-Beggs for the calculation
of the oil compressibility including the adjustment
of the IPR curve had been studied. Additionally,
the oil had a high GOR value in solution when
compared to the forecast made using correlations
from traditional usage, suggesting that the oil
might supersaturating
Furthermore, the most important consideration in
estimating the system's energy need was the
dilution's effect on the oil density's drop. The
concept considers a primary system such as rod
pumping or ESP combined with gas lift as a

reach conditions.

secondary system. The design provided a wide
operating range, allowing individual operation of
the primary, the secondary, and the combined
system, reaching the optimal technical and
economic performance while the combined system
was operating. The operating envelope was framed
in terms of production rate and power
consumption.

Weny and Wahyu Tri investigated the
production optimization in well A and well B
using an electric submersible pump (ESP) in the
field of West Java, Indonesia [11]. Their research
discussed the optimization of production carried
out in Well A and Well B. The two wells were
production wells with three production layers
(multilayer) that had different characteristics for
each layer. Based on the performance evaluation
of the production well, well A and well B were no
longer able to produce naturally (natural flow).
They used an electric submersible pump. The
results showed that an electric submersible pump
was used for the two wells to achieve the
production target of 4088 stb/d for well A and
2712 stb/d for well B. In addition, the best scenario
for well A was to use the REDA D4300 pump
which was operated at a frequency of 60 Hz and
156 stages, while well B used the REDA DN3100
pump which was operated at a frequency of 70 Hz
and 188 stages. Furthermore, with the pump used,
well A could produce a liquid of 4087.42 stb/d
with a pump efficiency value of 70.04%. Then,
well B could produce a liquid of 3163.37 stb/d
with a pump efficiency value of 67.04%.

Dyah Rini R. researched the selection &
optimization of artificial lift using Delphi,
TOPSIS, and SAW methods for natural flow oil
wells at HAS Field 2022 [12]. The Reduced oil
production and increased water production were
detrimental to the HAS field. The increased
production of water is the cause of the production
decline. A higher water cut and a decrease in
reservoir pressure were the main causes of the
production decline. The Delphi methodology,
which merged the Topsis method with 21
screening characteristics, was employed in the
artificial lift selection process. The electrical
submersible pump (ESP) was the artificial lift
technique employed at the HAS Field. The result
showed that by optimizing the number of stages
and setting the frequency to 45 Hz, they achieved
an increase in production with the electric
submersible pump (ESP). The results were
encouraging. Another method of optimization
involved gradually increasing the pump frequency
to 60 Hz, without any modifications to the type of
pump. Also, the HAS field's economic analysis
determined that the most advantageous option was
to employ an ESP pump.
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Abbas Khaksar studied oil production
optimization via optimum artificial lift design
[13]etal. 2017). That study presented optimization
of the production conditions of three wells by
using artificial lift method ESPs (Electric
Submersible Pump). For that purpose, the single
model was created to predict future
production conditions in the well drainage area
and the recommended optimum production
conditions. According to the results of that study,
a total gas of 4.75 MMscf/day at a high pressure of
2000 psig could increase the total production of
these three wells from 1032 to 6000 stb/day.
Furthermore, the total power of 350 HP was
required to run ESP for these wells to achieve the
same oil production rate as that was considered in
the gas lift design. In addition, for the effect of gas
injection pressure and the gas specific gravity the
authors referred that an increase in the injection
pressure was not always beneficial for gas-lift
operation if it exceeded the limit wanted, it might
increase the compression cost and at a constant gas
injection rate, the higher the gas specific gravity

well

was not always good too, it might cause the lower
oil production rate if it exceeded the limit wanted
because it caused an increase in the bottom hole
pressure.

Agung Wahyudi and Bambang studied the
performance analysis of DN1750 and DN1800
electric submersible pumps for production
optimization on the oil well [14]. In their research,
an analysis of pump performance and optimization
of ESP pumps were carried out using the Nodal
Variable Speed Drive to determine the production
capacity of the oil well and the pump speed
according to the desired flow rate at frequency
changes. The results showed the DN1750 pump at
a frequency of 50 Hz with a pump speed of 3000
rpm and a frequency of 55 Hz with a pump speed
of 3300 rpm worked under the desired optimum
production rate. The DN1750 pump at a frequency
of 60 Hz with a pump speed of 3600 rpm, a
frequency of 65 Hz with a pump speed of 3900
rpm, and a frequency of 70 Hz with a pump speed
of 4200 rpm operating above the optimum limit of
the desired production rate. The DN 1750 Pump
was not good capability of the oil well because it
worked under conditions that were not optimal. In
addition, the DN 1800 Pump at a frequency of 55
Hz with a speed of 3300 rpm was in the range of
fluid flow rates desired by the oil well, which was
1936,698 Barrels Per Day (BPD) with a wellbore

pressure (PWF) of 629 psi by the production
capacity of the oil well so a suitable pump was
obtained and expected to work at optimum
conditions.

Mohammed A. Al-Hejjaj et al. studied a
review of the electrical submersible pump
development chronology [15]. The main objective
of this study was to deliver a general review of the
development of the ESP Optimization problem
and the available studies and applications to solve
the problem at hand. After reviewing a fair number
of studies and papers on the problem of ESP
Optimization the following conclusions were
made: The solutions available for the ESP
optimization problem evolved rationally with the
rising computational power and the computer
abilities that were available to be utilized to the
solution of the problem. Moreover, under gassy
flow conditions with different amounts of
surfactants, extensive experimental evaluations of
ESP stage pressure increment should be done.

Njeudjang studied the optimization of field
X's eruptive well X-1 by using the nodal analysis
and PIPESIM [16].
production rate that is profitable economically was
the aim of this article. The well X-1's production
was increased by using the nodal analysis and
PIPESIM software, completion data, pressure-
volume-temperature (PVT) data, and reservoir

software Achieving a

data. By making changes, several optimization
options were considered, including the tubing
diameter, wellhead pressure, water cut, and flow
line diameter. The main findings showed that by
raising the flow line's diameter from 2.5 to 4
inches and lowering the wellhead pressure from
350 to 100 psia, the production flow rate could
have increased from 850 to 2030.472 barrels per
day.

Mohammed Saeed Mohammed et al. studied
the comparison of the productivity of the gas lift
and Electrical submersible pump (ESP) in Mishrif
formation in Rami Ali Altam studied production
optimization by nodal analysis [17]. It was
important to make sure that every component of
the production system, from the separator to the
downhole completion, was running as efficiently
as possible given the high cost of developing gas
fields. Field optimization was intended to
determine the ranges of operational parameters
that would enable and help the operator reach the
desired result, such as maximizing the field's total
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production rate. Nodal analysis offered a practical
means of helping in the decision-making process
for optimization. The initial step was to optimize
each well's tubing size. After that, the wells and
surface facilities were integrated into a field-wide
network model. The "X" field was critically
analyzed using the available field data, and the
following reached when
modeling every well using nodal analysis using a
2.75-inch tubing size was less advantageous than
3.5" tubing size when reservoir pressure and flow
rate dropped; as a result, 3.5" tubing size was
suggested. The duration of the perfect gas rate
could also be extended by employing a compressor
to decrease the minimum allowed backpressure at
the wellhead. In addition, drilling new wells
increased the gas recovery factor by around 14%
and produced a longer and more stable production
rate.

conclusions were

Sardam Ahmed et al. studied the
optimization of oil and gas production using nodal
analysis techniques in the Kurdistan field [18].
The authors observed that the petroleum
production optimization was managed through
well deliverability analysis that was determined by
the combination of well inflow performance and
wellbore flow performance. Using nodal analysis
to find the effect of each parameter on the pressure
drop and flow rate at different nodes in the
production system. Examination of the inflow
performance relationship with vertical flow
performance will be carried out for steady-state
flow regimes. The results showed that increasing
the value of the reservoir temperature led to an
increase in the production rate. Moreover,
decreasing the value of the skin led to an increase
in the production rate, and having a higher tubing
diameter led to an increase in the production rate.
In addition, increasing the value of the reservoir
permeability led to an increase in the production
rate, and decreasing the value of the tubing
roughness led to an increase in the production rate.
Finally, increasing the value of the perforation
interval led to an increase in the production rate.

Muhab Abeed and Maamar Khalleefah
investigated Nodal analysis calculation for the
estimation of the best operating conditions using
two wells Z1&Z2 in Libya 2023 [19]. In that
study, two wells (Z1 and Z2) in the AL Nafoora
field in Libya were tested with a sensitivity
analysis to simulate the IPR and OPR model using

PIPESIM software. This enabled researchers to
determine the optimal operating conditions for
flow rate and flowing bottom hole pressure, the
maximum water cut ratio, and the maximum
wellhead pressure value that should not be
exceeded to preserve the natural flowing phase for
as long as possible. The findings demonstrated that
a higher productivity index, which raised the flow
rate, relates to a larger pressure differential
between the reservoir's pressure and the bottom
hole pressure. Additionally, the flow rate value
increases with decreasing pipe diameter for inner
diameters. Furthermore, the productivity value
increased with decreasing wellhead pressure.
Finally, a drop in flow rate results from a higher
bottom hole pressure value matching with a larger
water cut value.

The use of artificial lift techniques in an oil
field in the Rmelan field is examined in this study.
Electrical submersible pumps (ESP) are one useful
method in this field because of their high
production compared with other artificial lift
methods[4]. Six oil field wells are examined for
this purpose based on what is currently known in
this field. Water drive is the primary reservoir
energy source. Therefore, a quick pressure
reduction will take place in the well drainage area
as a result of oil production. Many parameters are
involved in a successful artificial lift operation.
This study uses the PIPESIM Software as an
attempt to specify these parameters in such a way
that the production and the operation’s net present
values are maximized by changing the frequency
of the ESP pump and decreasing the wellhead
pressure between the wells and the facilities to find
the best operating condition for each tested well.

3. Results and Discussion

3.1 The specification of ESP used in the
Rmelan field.

The use of artificial lift techniques in an oil
field in the Rmelan field is examined in this study.
Because the pressure in this field became less to
raise the fluid at the surface and the water cut is
large about 70%.

Electrical submersible pumps (ESP) are one
useful method in this field because of their high
production compared with other artificial lift
methods and useful for high water cut. In this
paper, we are trying to evaluate the current well
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performance of the tested wells operated by ESP
at 50 HZ and trying to optimize the flow rate of the
ESP pump through the sensitivity analysis on the
pump frequency and wellhead pressure using
PIPESIM Software version 2022.1. We selected
six wells artificially lifted and operated with ESP
pumps in the Rmelan field. The specification of
ESP used in the Rmelan field is not included in
PIPESIM software so, we selected the nearest
specifications of pumps in PIPESIM to represent,
evaluate, and optimize the ESP used in the Rmelan
field as presented in Table 1.

Table 1: Specifications of ESP used in the Rmelan field.

Pump in Rmelan field
H-300/167stages

Pump in PIPESIM software

(1500-2500 bhl/day) ODI-RA22/167stages

(600-1800 bbl/day) (Alkhorayef 'WG1600/) and (centre
1ift P16) (148 stages))

H-200/148stages

So, all tested runs on PIPESIM software
were carried out on the selected pumps from
PIPESIM manufacturers. The current operating
conditions for the tested wells are listed in Table
2. This table shows the tested wells operated at a
constant current pump frequency of 50 Hz,
wellhead pressure changed from one well to
another and the actual flow rate wasn’t constant for
the tested wells.

Table 2: Current Conditions for the Tested Wells

No. of Frequency wellhead Actual flow
Stages (Hz) pressure(psi) rate (bhl/day)
78V 167 50 14271 1228
12RV 167 50 17115 515
21KH 167 50 1853 2020
21SH 148 50 14271 1730
32KV 148 50 228.05 1375
135KV 148 50 100.6 1132

Well

3.2 Well Modelling.

Two  parameters control the well
performance: Inflow performance relationship
(IPR) and Vertical Lift Performance (VLP). IPR is
known as the relationship between well-flowing
bottom-hole pressure (Pwf) and production rate so
it represents the flow from the reservoir to the

inside wellbore[20].

Many correlations and methods can be used
to describe the reservoir performance. Each
correlation has specific conditions to be applied
according to reservoir characteristics and flow
type. The most important methods that could be
used for black oil reservoirs are Vogle, Darcy, and
Fetkovich methods. In this work, the productivity
index (PI) is already calculated from PLT data of

the tested wells, therefore it can be used directly in
Nodal analysis[21].

The VLP depends on many parameters such
as fluid PVT properties, tubing inside diameter,
surface pressure, well depth, water cut, and gas oil
ratio.

ESP components are key parameters in ESP
design. Any change in one or more of them will
affect the overall ESP performance. ESP
components are motor frequency which is the
system prime mover and electric motor with
different types and sizes of ESP motors that give
different values of horsepower required.

The objectives of well modeling & analysis
in this research are as follows:

1. To evaluate the current well conditions
and when it might be ceased to produce.
This could be due to the timing of
reservoir pressure depletion or ESP
problems such as up-thrust and down-
thrust conditions (the pump works outside
the range of pump performance).

2. To determine the optimum flow rate at
which the well will flow with known
wellbore conditions and completion.

3. To study the effect of changing the motor
frequency and wellhead pressure on the
well productivity.

4. To evaluate the well completion to
determine if there is any restriction to flow
unnecessarily.

5. To make a sensitivity analysis of motor
frequency and wellhead pressure and
choose the best controlling one for each
tested well.

3.3 Nodal analysis for the Current system

The systems analysis approach represents a
method for analysing the tested wells that allow
the determination of the producing capacity for
any combination of components (reservoir
pressure, well productivity, wellbore completion,
tubing string, surface choke. The essential
principle of this method is to determine the
location of the studying node. In this study, it is
preferred to select the bottom hole pressure (Pwf)
as the studying node to divide the production
system into two parts: the piping system as the
outflow curve and reservoir performance as the

inflow curve. The initial node is the reservoir, and
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the final node in this study is the wellhead pressure
(WHP).

Figures 2 to 7 illustrate the IPR (representing
what the reservoir can deliver in terms of oil
quantity) versus the VFD (Variable frequency
drive) relationship.

In these Figures, the blue line represents the
inflow performance, and the red one represents the
well vertical flow performance. The intersection
point of those two lines represents the operating
point for the tested well, which represents the flow
rate the well can deliver. The analysis shows that
well-7SV, well-12R, well-21Kh, well-21SH, well-
32K, and well-155K have production rates of
1228,515,2020,1730,1375 and 1139 STB/Day
respectively as presented in Table (2).

Figure 2: VLP/IPR relationship for the existing system for Well 7SV
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Figure 4: VLP/IPR relationship for the existing system for Well-21KH
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Figure §: VLP/IPR relationship for the existing system for Well-21SH
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Figure 7: VLP/IPR relationship for the existing system for Well 155K

Figures 4 and 5 show that the intersection
points (operating points) are close to the Y-axis.
This means that the tubing sizes in these wells are
too small to meet the reservoir production. Even
though the reservoir may be capable of producing
a large amount of fluid, if too much pressure drop
occurs in the tubing, the well performance suffers.
So, it is recommended to use PIPESIM software to
optimize the tubing size to a large one relative to
reservoir conductivity.

3.4 Sensitivity on Pump Frequency:

ESP is one of the artificial lift methods for
the production of large production rates as well as
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for deep wells. ESP regulates the production rate
by operating frequency of electricity supplied to
pump operation[22].

The frequency of electricity supplied can be
changed by VSD (Variable Speed Drive) or VFG
(Variable Frequency Drive) devices. Pump rate
and pump power are proportional to the operating
frequency[23]. When the operating frequency of
the pump increases, the pump rate and capacity
will also increase, which is clearly shown in the
equations. (1) and (2).

In addition, the decrease in pressure
discharge of the pump means that the pump power
is reduced, so the friction of the IPR curve or the
VLP curve depends on the selected node position
concerning the selected node intake or discharge
of the pump. Thus, determining the optimal
operating frequency is very important in order to
produce the maximum oil flow without affecting
the life cycle of the ESP and this section will detail
the optimization of operating frequency in this
section. The relationship between the well
production and the pump frequency may be

expressed as:

Q1 _Fq
=5 M
Q F

Qi (STB/D): Production well at frequency F;

(Hz)

Q> (STB/D): Production well at frequency F»
(Hz)

Figures 8 to 13 represent the relationship
between productivity and pressure at the point of
nodal analysis at different frequencies for the
tested wells. It is observed from these figures that,
in general, as the frequency increases, productivity
also increases. Also, the change in frequency has a
good influence on the productivity for all tested
wells except Well 21 SH as shown in Figure 11. It
is observed from this Figure that, the operating
points are close to each other this explains that the
change in frequency has little effect on the
productivity for this well.

W ., w

Opengpiet

FREL

OO0 0 W we @ am
Sncank it edal o TR

522 = e FELNCS5 e — Ostine FIEQUBNYS60 2

Qresame
Opetrgpeit

|1 REQUBNCY: 52+t ot 2263k

Figure 11: Sensitivity on pump frequency for well 21SH
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Figure 13: Sensitivity on pump frequency for well 155 KV

For the same number of stages of ESP, the
production frequency
increases this means that there is a direct relation

rate increases Wwhen
between production rate and pump frequency as
the pump will rotate more with high frequency.
For example, the well 7SV produced 1319
STB/Day with 50 Hz then the flow rate increased
t0 2041.76 STB/Day with 65 Hz (number of stages
equal to 167 stages). For the same frequency, well-
155KV produces less fluid when the number of
stages decreases. For the same frequency equal to
50Hz, the well produces 1448 STB/Day with 148
stages then the production rate increases to 1812
STB/Day with 65 Hz.

Increasing flow rate due to changing the
frequency calculated from Eq. (2) and illustrated
in Figure 14.

Q tested frequency —Qc urrent frequenc
IR = q y q y % (2)

Qcurrent frequency

Where:

IR: Percent in increasing flow Rate due to
change of frequency

Q tested frequency : Flow rate at tested
frequency, Hz
Qcurrent frequency : Flow rate at current

frequency, Hz

Figure 14 illustrates the relationship between
changing the frequency and increasing the
production rate for tested wells. It is noticed from
this figure that, the increasing flow rate for Well-
12RYV is the highest one for all tested frequencies.
This means that the productivity of the well is
affected more by changing the pump frequency.

80
70
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50

IR%

40

30

20

10

Well  Well Well 21 Well 21 Well 32 Well
78V 12RV KH SH KV 155 KV
Wells

55Hz m60Hz m65Hz

Figure 14. Effect of frequency change on
productivity

3.5 Sensitivity on wellhead pressure:

The wellhead pressure has a direct influence
on bottom hole pressure by the hydrostatic
pressure. Figures 15 to 20 showed the relationship
between the wellhead pressure and the well
productivity.

According to these Figures, it instantly
appears that the wellhead pressure is inversely
proportional to the overall production rate. This
can be explained by the fact that increasing
wellhead pressure implies an increase in bottom-
hole pressure. An optimal flow rate requires a
significant (difference
reservoir pressure and bottom-hole pressure). The
best value of interest on wellhead pressure here
differs from one well to another. Also, it is
observed that. The production rate decreases when
wellhead pressure increases and this is due to more
WHP, leading to more Pwf and less pressure drop
across the reservoir causing a low production rate.
The change in wellhead pressure has little effect
on the productivity of Well-7SV and Well-21KH.

drawdown between
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It is noticed also that, the operating point in
Figure 18 is the same for all tested wellhead
pressures this means that any change in wellhead
pressure does not affect the well productivity for
well-21SH.

It is obvious from these figures that, there is
an inverse relationship between the wellhead
pressure and IR. As the wellhead pressure
decreases, the IR increases. The percentage of IR
varies from one well to another as shown in these
tables. For example, for well-12RV the
production increased by 5.4 % when WHP
decreased to 128.41 psi then increased to 12.9 %
when WHP decreased to 71.58 psi. Well-21SH is
less influenced by the change in wellhead pressure
than the other wells. The increase in production
rate is expressed as equation 3:

IR = Qtested value(psi)_chrrent condition (psi) % (3)

chrrent condition (psi)

Where:

IR: Percent in increasing flow rate due to
change wellhead pressure %.

Q tested value (psi): Flow rate at tested wellhead

pressure, bbl/day.

Qcurrent condition (psi): Flow rate at the current

operating well head, bbl/day.
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ESP regulates the production rate by the
operating frequency of electricity supplied to
pump operation so this study suggests that the
operating company can install one of the following
devices to control the electricity to the pump and
consequently change the frequency:
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1- Variable frequency drive (VFD) device.
The pump rate and pump power are proportional
to the operating frequency. When the operating
frequency of the pump increases, the pump rate
and capacity will also increase.

2- Setting up a variable speed drive (VSD)
with the submersible pump (ESP) on the wellhead
to control the supply power to the motor and then
control the frequency and the revolution per
minute (RPM) of the pump [24].

Variable speed drives (VSDs) are used to
control electrical ESP systems. They enable
adjustments to be made to production parameters
and ESP output when downhole conditions
change. Increasing and decreasing motor speed
may be used to optimize the pump performance,
speed, or slow production, and avoid gas locking
and system cycling. VSDs setting up have another
advantage of protecting the pumps and motors by
reducing electrical stress on startup and by
adjusting to dynamic conditions as they change.

For this to be achieved, the operating
company must use the appropriate method for each
well according to the type of crude oil from the
methods mentioned in the literature review
(Section 2.5) to reduce the pressure drop in flow
lines and thus lead to reducing the wellhead
pressure for each well and consequently increasing

the production rate.

4. Conclusions

From this study, the following conclusions
may be drawn:

e The production rate increases when wellhead
pressure decreases for the most tested wells.

e The wellhead Pressure can be decreased to
the value that allows the fluid to flow through
the flow line to process facilities.

e For ESP well, the production rate increases
when ESP frequency increases and/or the
number of stages increases.

e The change in ESP frequency differs from
one well to another according to the well
conditions and number of stages of ESP and
the range between 55-65Hz.

e Some wells such as Well-21SH don’t
respond to changing pump frequency or the
reduction of wellhead pressure may be due to
any restrictions in well completion or organic
or inorganic deposits.
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Appendix A

A.1 Types of used pumps: H-300(1500-
2500STB/Day) (ODI RA22/167stages):

0DI RAZ2
167 Stages, 2916.7 RPM, 50 Hz

Figure A.1. Performance curve of the pump
H-200(600-
1800STB/Day)(WG1600/148stages):

Alkhorayef WG-1600
148 Stages, 9167 RPM, 50 Hz

800 1000 120 140 1600
Flowrate (bbi/d)

Figure A.2. Performance curve of the pump
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50W monocrystalline silicon solar module performance is tested with experimental
measurements conducted at Baghdad city /Al-Jaderia (33.26 N, 44.21E). Solar
irradiance striking is subjected to more losses which after the experiments
conducted resulted approximately in 15% of the total energy which is converted
into electric power energy. To study the effect of temperature variations on solar
performance, solar irradiance must be kept constant and vice versa. Therefore, to
have of the temperature range and for more accuracy, the measurements was done
for tested module with three solar radiations levels; 500, 750 and 1000 W/m?. The
maximum value of power (Pmax) at solar radiation intensity 1000W/m? was 46.34
W on January 2025 at cell temperature 24.1 °C, with the corresponding the
maximum open voltage, and open circuit current 18.28 V, and 2.944 A
respectively. The highest value of efficiency was 13.5 % January 2025 at solar
radiation 500W/m?. Consequently, the minimum value of power (Pmax) at solar
radiation intensity S00W/m? was 27.54 W on October 2024 at cell temperature
40.5 °C, with the corresponding the maximum open voltage, and open circuit
current 18.01 V, and 1.752 A respectively. The lowest value of efficiency was 6.9
% October 2024 at solar radiation 1000W/m?. In general, the results showed
slightly decrease in short circuit current with temperature increasing. With
temperatures change great influence on the output voltage especially on open
circuit voltage while very small decrease in the output current has been noticed.

1. Introduction

Solar energy is one of the major renewable
energy resources since it is silent and an
environmental-friendly
process. Solar module is a process to convert
solar energy to
semiconducting materials [1]. Solar module
power outlet is measured at room temperature
and pressure; irradiance 1000 W/m?2, temperature
25 °C, and standard earth spectrum AM 1.5 G,
where G stands for global and includes both
direct and diffuse radiation [2,3,4]. Actually, part
of incident light that falls on solar panel is
reflected or transmitted instead of being
absorbed. Such losses are referred to as optical

electrical power using

losses [5,6,7,8,9]. The reflection losses directly
reduce the I of solar cells. Similarly, the finite
thickness or geometry of the solar cell contributes
to transmission losses in a PV cell. Furthermore,
the application in this field need more work in
design, sizing and dimensions. This technology
needs more work and information on atmospheric
conditions and weather parameters; atmospheric
temperature, solar irradiance, and wind speed.
New research work concerned with improvement
of solar module performance and efficiency.

power-generating

These studies need more data about solar
radiation and solar module operating temperature,
were carried out by many researchers [10,11].
Operating solar module temperature is considered
a major parameter effect on solar cell
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performance [12]. They also stated that there is a
linear proportionality between outlet power and
solar module operating temperature. Previously,
researchers found that solar cells differed in
output depending on temperature changes.
Skoplaki et al. [13] stated that the power output
of PV modules was seen to lessen by 0.4 - 0.5%
for each degree Celsius increase in temperature
beyond the predetermined operational
temperature, depending on the temperature
coefficient of the power of the module. It was
also discovered that the desired efficiency of a
PV module could be influenced by varying the
temperature around it [14]. Bonkaney et al. [15]
studied the influence of ambient temperature over
PV efficiency and power production, the study
showed that when PV temperature raises by one
degree Celsius the electrical performance and
power output will reduce by 0.49% and 2.6 W
respectively. Al-Damook, et al.,2022 [16] Studied
the photovoltaic performance in Iraq under
hazardous weather, and the results showed that
with the lower ambient temperature would lead to
higher power production. In this paper, it will
review several important studies on the impact of
environmental effect on the photovoltaic cell
[17,18,19]. Operating solar module temperature
is considered a major parameter effect on solar
cell performance. Hashim, et al., 2016 [20] found
the four-parameter model using different
methods: slope method, and explicit simplified
method. The accuracy of these methods as it’s
compared with the measured data are 5%, 7.9%,
and 9.3% respectively An extensive work was
done on impact of temperature on solar panel
performance [21,22,23,24]. Many literatures
have been examined solar module performance
and power output [25,26,27,28,29]. They also
stated that there is a linear proportionality
between outlet power and solar module operating
temperature. Katee et al., 2022 [30] made
experimental measurements for current, voltage,
and power for two type of solar modules. These
data were used to extract four parameters model
using two different extracting methods. For
monocrystilline solar panel the percentage errors
5%, and 8% for iterative method and simplified
explicit, while for the corresponding copper
indium gallium di-selenide one are 10% and 9%.
More work concerned with modeling solar
module are available in these references [17,31].
More recent work was done by Abdulhadi et al.,

2025 [32] on floating Photovoltaic Solar System
of of some Iraq water infrastructure and also solar
photovoltaic Systems a 100 MW system done by
Faisal et al., 2025 [33]. The aim of this study is to
study the effect of operating solar temperature on
module electric parameters; open circuit voltage
and short circuit current.

2. Experimental work

Monocrystalline solar module had been
examined, which is from the first-generation solar
module family. Table 1 gives the panel properties
at reference Standard Test Conditions STC. The
solar module is calibrated in fixed procedure in
Energy Department Laboratory. The Wireless
Weather Sensor have 19 measurements; weather,
light, and GPS. More details for The Wireless
Weather Sensor are available in Figure 1 and
Table 2.

Table 1. Mono crystalline silicon solar panel

properties
Peak Peak Peak No.
Area, Voe, Ise, ea ea ea °
m? v A power, voltage, current, of
w v A cells
0.46 21.8 3.25 50 17.2 2.9 36
Measurements
"r 1. Ambient Temperature
QGPsS 2. Barometric Pressure
e 3. wind Speed
- - B - 4. Wind Direction (true}
et 5. Relative Humidity

6. Absolute Humidity
7. Dew Point
8. wind Chill
9. Heat Stress Index

10. Ambient Light (I
11. UV Index

12. PAR

18. Irradiance

it | ot

14. Latitude

15. Longitude

16. Altitude

17. Speed

18. Magnetic Direction
18. True Direction

Figure 1. Wireless Weather Sensor with 19
measurements.

Solar module analyzer PROVA 210A is
used to test the characteristics solar panel electric
parameters (V,., I .V, , L, and B,). PROVA
210A generates the I-V curve by variable internal
resistive load in ohm () (0 to oo)with time (
10sec) therefore for each value of load there is a
value for voltage and current from (0, I.) to
(V,¢,0). The device has an option to setup the
values of both solar radiation and the area of the
solar module (Figure 2).

44



Kadhum and Hashim

Emerging Trends in Engineering and Sustainability (ETES) Volume 02 (No. 01), 2026, pp. 43-50

QUL

PROVA

Figure 2. Prova 210A Solar Module Analyzer .

The present work was done during July
2024 to April 2025. The experimental work was
obtained under the outdoor exposure in Baghdad-
Al-Jaderia. The readings were taken in a selected
days, where the atmospheric conditions of clear
sky. To study the effect of temperature variations
on solar performance, solar irradiance must be
kept constant and vice versa. Therefore, to have
the temperature range and for more accuracy, the
measurements was done for tested module with
three solar radiations levels; 500, 750, and 1000
W/m2

The solar module is cleaned before the tests.
The solar module is fixed to the south direction
with tilted angle 330 then recording the
temperature of the back side of the module (using
thermocouple) and start the IV scanning process
which is done by the Solar Module Analyzer then
save the data in the computer (see Figure 3).

Figure 3. Setup of the experiment

3. Result and discussions

3.1 Solar module electrical parameters

Tables 2-4 show solar module parameters
(Te(®C),  Voe(V), Lie(A), Pumax(W),  Vmax(V),
Imax(A), m (%), and FF) with measured solar
module operation temperature for solar irradiance
of 500, 750 and 1000 W/m? respectively. Tables
3-5 also some contain environment conditions;
ambient temperature (T.) and wind velocity. The
module operating temperature is usually
determined by the heat balance between the heat
generated in the bulk material of the module and
the heat lost to the surrounding. The heat
generated in the module depends on the amount
of solar radiation incident on the module,
conversion efficiency.

The maximum value of power (Pmax) at solar
radiation intensity 1000W/m? was 46.34 W on
January 2025 at cell temperature 24.1 °C, with
the corresponding the maximum open voltage,
and open circuit current 18.28 V, and 2.944 A
respectively. The highest value of efficiency was
13.5 % January 2025 at solar radiation 500W/m?.
Consequently, The minimum value of power
(Pmax) at solar radiation intensity 500W/m? was
27.54 W on October 2024 at cell temperature
40.5 °C, with the corresponding the maximum
open voltage, and open circuit current 18.01 V,
and 1.752 A respectively. The lowest value of
efficiency was 6.9 % October 2024 at solar
radiation 1000W/m?.
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Table 2. Solar module parameters with module operation temperature for solar irradiance of 500 W/m?

Tam, v, Te, Voo, Tse, Ponaxy Vi, T, n

oC m/s oC v A w v A % Date
405 23 023 1801 1.752 2754 15.85 1.738 117 102024
247 41 25.8 1985  1.821 29.20 16.88 1.730 12.7 11/2024
18.6 3.6 20.4 2037 1.852 30.78 17.52 1.757 13.4 12/2024
15.9 15 18.7 2076 2.019 31.00 18.06 1.716 13.5 1/2025
232 22 24.0 2022 1.847 30.69 17.05 1.707 133 2/2025
27.0 5. 283 1962 1810 29.07 15.53 1.871 12,6 3/2025
285 45 30.8 1900  1.79 28.41 16.41 1.731 12.4 3/2025

Table 3. Solar module parameters with module operation temperature for solar irradiance of 750 W/m?

Tam, U, Te, Voo, Tse, Ponax, Vi, T, m

oC mis oC v A w v A % Date
405 23 439 19.04 2.188 31.76 1634 1.944 92 10/2024
247 41 28.0 19.96 2.192 35.83 17.59 2.037 10.4 11/2024
186 36 227 20.34 2200 36.22 17.88 2.025 105 12/2024
159 15 203 20.86 2220 36.36 18.30 1.987 105 1/2025
232 22 260 20.65 2.192 35.98 17.42 2.065 10.4 2/2025
270 52 30.4 20.11 2.171 35.78 17.22 2078 10.4 3/2025
285 45 32,9 20.20 2.179 32,52 16.76 1.940 9.4 3/2025

Table 4. Solar module parameters with module operation temperature for solar irradiance of 1000 W/m?

Tam L, Tc, Voc, Isc, Pmax, Vmax, Imax, n, Date

°C m/s °C v A w v A %

40.5 2.3 47.0 19.20 2.702 36.95 16.44 2.247 6.9 10/2024
24.7 4.1 31.1 20.83 2.811 43.86 17.62 2.489 9.5 11/2024
18.6 3.6 27.0 21.00 2.902 44.87 17.98 2.495 9.7 12/2024
15.9 1.5 24.1 21.64 2.944 46.34 18.28 2.535 10.1 1/2025
232 2.2 29.7 21.13 2.890 45.81 17.37 2.637 10.0 2/2025
27.0 5.2 32.9 20.31 2.785 43.20 17.25 2.504 9.4 3/2025
28.5 4.5 355 20.29 2.738 37.95 16.78 2.261 8.3 3/2025

3.2 Open circuit voltage and short circuit
current changes with temperature

Solar module operating temperature
sensitivity of photovoltaic panel is critical aspects
of module electric output performance. When
solar module operates a part of solar isolation
will be converted to useful electric power,
typically around 15%, and the remainder is
dissipated as heat. This dissipated heat will
increase module operating temperature, which in
turn affects the module's electrical parameters,
particularly the open-circuit voltage (Vo). An
elevated operating temperature can have
detrimental effects on the performance of PV
modules. Higher temperatures generally reduce
the Vo, which is an essential parameter for
optimizing the system's power output. A lower
Vo means that the module needs to apply more
voltage to initiate electricity generation, leading

to a decrease in overall power output. This
reduction in power output can significantly
impact the efficiency and profitability of solar
energy systems. Moreover, the temperature
variation also affects other electrical parameters
of monocrystalline silicon solar modules, such as

short-circuit current (Isc) and fill factor (FF).

To analyze the data a scatter plot used
between V,., and [,  for different solar
irradiances: 500, 750, and 1000 W/m? and the
corresponding module temperatures (available in
Figure 1 and 2). It will be seen that there is a
linear relation, so a linear regression was used to
find a relation between them and the temperature.

The open circuit voltage has a logarithmic
relationship with the solar radiation and has a
little change with radiation variation at high
radiation levels. The negative slope of the linear
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fitting in Figure 4 represents the temperature
coefficient (TCO) of V,.. In general, the results
showed decrease in short circuit current with
temperature increasing.

PROVA 210A measures the short circuit
current of a solar module at the beginning of the
I-V curve where the resistive load is zero. The
short circuit current is linearly proportional with
the solar radiation and occasionally it is
considered to be equal to the photo-generated
current. A scatter plot illustrates the linear
relationship represented by a linear regression
equation where the positive slope is TCO of
I;c(see Figure 5). In general, the results showed
slightly decrease in short circuit current with
temperature increasing.

22.00
=i—1000 w/m2
20.00 -
>
o)
]
>
18.00 —
16.00 T T 1
20.0 30.0 Tc, °C 40.0 50.0

Figure 4. Variation of open circuit voltage with
solar module operating temperature.

3.0 —
2.5 =B=1000W/m2
<
g A—t—dcdrte—te———p\
5 , =750 w/Mm?2
500w/m2
1.5 T T 1
20 30 Tc,°C 40 50

Figure 5. Variation of short circuit current with
solar module operating temperature.

With temperatures change great change on
the outlet voltage especially on open circuit
voltage while very small decrease in the outlet
current has been recognized . A plot is used to
analyze the practical measurements of the open
circuit voltage and short circuit current with panel
temperatures. A linear regression analysis
between V.. and I, with the corresponding
operating panel temperature. The major power
drop in voltage values had been happen with

increasing operating panel temperature. The
temperature coefficient (TCO) is defined as the
amount of change in, or with temperature. TCO
considered being equal to the slope of the linear
equation as given in Equations 1 and 2, the value
of the slope of each straight line equation is
calculated. The TCOs of, or are symbolized as the
following:

AVoc

TCOVOC = AT (1)
Alpc

TCO;oc = AT 2)

Where TCOvoc and TCOy are temperature
coefficients of open circuit voltage and short
circuit current respectively, AV, is the open
circuit voltage difference, Als: short circuit

current difference and AT: temperature
difference in °C.
The measured data  explain  that

monocrystalline module showed a decrease in
open circuit voltage by -0.1140 V/°C (average
value). The outlet results showed a slightly
decrease in short circuit current with temperature
increasing about -0.0065 A/°C (average value).

4. Conclusions

The temperature sensitivity of PV modules
is a critical aspect of their electrical output
performance. Higher temperatures
reduce the V., which is an essential parameter
for optimizing the system's power output. The
temperature variation also affects other electrical

generally

parameters of monocrystalline solar module, such
as short-circuit current (Isc) and fill factor (FF).
Reduction in power output can significantly
impact the efficiency and profitability of solar
energy systems, this reduction in outlet power of
solar module is function of decreasing of solar
irradiance values. It is proved that increasing
solar irradiance will increase module temperature
at constant ambient temperature and also
increased value of module temperature with
increasing ambient temperature at constant solar
irradiance.
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Polyurethane (PU) products enjoy remarkable versatility due to their tunable
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chemistry, segmented structure, and a wide range of mechanical properties,
making them useful in flexible foam products, structural systems, and biomedical
applications. However, the complex multiphase morphology and the strong
interaction between reaction and processing processes make experimental
characterization incomprehensible on its own. In turn, computational studies have
become essential to study and design PU systems at a range of spatial and temporal
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scales. The current review provides an overview of simulation methodologies that
are relevant to polyurethane, including atomistic molecular dynamics (MD),
coarse-grained (CG), and mesoscale simulations, including dissipative particle

dynamics (DPD), finite element method (FEM) modeling, and computational fluid
dynamics (CFD) simulations. Atomistic models provide data on molecular
interactions, hydrogen bonding, and thermomechanical behavior, and CG and
mesoscale methods on phase separation and morphological evolution. At the
bigger length scale, nonlinear mechanical response can be predicted using FEM,
whereas foaming and mold-filling processes can be predicted using CFD that is
coupled with reaction kinetics and population balance equations. Its focus is on
multiscale modeling strategies, which combine these apparently different
approaches, hence allowing the explanation of structure-property-process links.
New trends and modern issues, including the integration of machine learning and
tool models of digital twins, are also mentioned, highlighting new opportunities in
predictive design, based on simulations, of polyurethane materials.

and time scale: molecular dynamics (MD), coarse-
1. Introduction grained (CG) and mesoscale methods, finite
element modelling (FEM), and process-level
computational fluid dynamics (CFD) simulations,
and more importantly the strategies of multiscale
coupling methods that span between these scales.

[1-5]

Polyurethane (PU) is one of the most
universal families of polymer which is used in a
wide range of applications, including automotive
seating and insulation foams, biomedical devices
and structural composites. Due to its multi-phase

architecture, reaction chemistry and non-linear
behavior of mechanical response, computational
simulation has served to become an unavoidable
supplement to experiment in elucidating,
designing and optimization of PU systems. The
review is a survey of the major simulation
strategies used in polyurethane, based on length

The connectivity of different modeling
strategies at length and time scale is demonstrated
by a hierarchical multiscale simulation framework
of polyurethane materials. On a microscopic scale,
quantum chemical computations and atomistic
MD reaction captures the formation of bonds,
hydrogen bonding and segmental dynamics. The
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results guide CG and dissipative particle dynamics
(DPD) models, which are models of the separation
of the microphase and the mesoscale morphology.
Foaming, mold filling, and processing dynamics at
the macroscopic scale is modelled with CFD with
phase-field or population balance equation (PBE),
whereas the dynamics of global mechanical
behaviour of the system is predicted by FEM
simulations. The information enters the system
and spreads upwards by transfer of the parameters

by-parameter fields, constitutive laws and

downwards in terms of boundary conditions and
validation and allows an integrated design of
materials and processes. Table 1 provides a
comparative overview of the main simulation
techniques applied to the modeling of
polyurethane material, their descriptive length and
time scales, strengths and weaknesses. This review
is to guide selection of methodology and also to
contextualise the multiscale framework addressed
in this review.

Table 1. Comparison of simulation approaches for polyurethane materials across length and time scales

Ti Typical PU
Method tme Key Strengths Key Limitations ypl.ca .
Scale Applications
Atomistic ns—us High chemical fidelity; captures High computational cost; Tg prediction, HB
Molecular hydrogen bonding, chain dynamics, limited time/length scales analysis, diffusion,
Dynamics (MD) diffusion nanocomposites
Coarse-Grained — ps—ms Larger systems; captures phase Reduced chemical detail;  Microphase separation,
MD (CG) separation and morphology parameterization hysteresis, network
complexity formation
Dissipative pus—ms  Efficient mesoscale morphology Limited molecular Domain morphology,
Particle prediction; good for soft matter specificity; coarse shape-memory behavior
Dynamics (DPD) interactions
Monte Carlo Not Efficient equilibrium structure No real-time dynamics Phase diagrams,
MC) time- prediction thermodynamic studies
resolved
Finite Element ms—s  Accurate macroscopic mechanical Requires constitutive Foam mechanics,
Method (FEM) response; engineering relevance models and experimental elastomers, structural
calibration behavior
Computational ms—min Captures flow, heat transfer, and Highly sensitive to input ~ Foaming, mold filling,
Fluid Dynamics reaction coupling parameters; complex RIM processes
(CFD) coupling
Population ms—min Predicts bubble size distribution and  Requires coupling with  Foam structure prediction
Balance Equation evolution CFD; kernel assumptions
(PBE)
Multiscale ns—min  Bridges chemistry to processing;  Complex implementation; Integrated PU design and
Approaches predictive design data transfer challenges process optimization
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Quantum / DFT
Atomistic MD
Coarse-Grained MD / DPD
Mesoscale Morphology
FEM (Mechanical Behavior)
CFD + PBE (Processing)

Integrated PU Design Optimization

Figure 1. Multiscale simulation framework for
polyurethane materials.

2. Atomistic Molecular Dynamics
Simulations

Atomistic molecular dynamics (MD)
simulation forms the major computational
technique that has been used to study the
underlying structure-property relationship of
polyurethane at the molecular level. In such
simulations, explicit models are used to represent
individual atoms and their time evolution is
modeled by solving Newton equations of
movement in the presence of empirical force field
terms such as COMPASS, DREIDING or OPLS
[6, 7]. One of the main uses of atomistic MD is
prediction of thermomechanical properties. E.g.
Yeh and Hsieh (2023) used atomistic MD to study
HDI-PTMO and MDI-PTMO polyurethane
systems and again showed higher glass transition
temperatures (T g ) in MDI-PTMO, qualitatively
in agreement with experimental results. They
explained this trend by the fact that more rigid
chain structures are available, and differences in
hydrogen-bonding interactions occur. In the MDI-
PTMO systems, more hydrogen bonds were
identified between the amide-hydrogen atom and
ether-oxygen atom of PTMO, in contrast to the
HDI-PTMO in which more hydrogen bonds were
found to be persistent between the carbamate
groups. [6, &, 9]

Talapatra and Datta studied graphene-
reinforced thermoplastic polyurethane (Gr/TPU)
nanocomposites using the COMPASS force field
in Materials Studio, finding that MD simulations
could predict glass transition temperature,

coefficient of thermal expansion, heat capacity,
and thermal conductivity with results in
reasonable agreement with experimental values
[7]. Their work showed that the incorporation of
graphene into the TPU matrix increases the Tg due
to stronger interlocking between graphene and
TPU molecules, and volumetric coefficient of
thermal expansion ranged between 2.6x10-5 and
2.4x10-4 K-1[7]. MD simulations are also used to
study stress-strain behavior: Zhang et al. (2012)
simulated a shape memory polyurethane
(SMPU60) with 60 wt% hard segments, finding
the computed Tg of 328 K in good agreement with
the DMA-measured value of 316 K, and revealed
that hydrogen bond dissociation with increasing
temperature leads to decreased moduli [10]. Wang
(2022) further showed through MD
simulation that the content and strength of hard
segments directly govern the viscoelasticity of the
PU elastomer, with phase separation between hard
and soft segments being the mechanistic origin of
these effects. [11-13]

et al

Molecular dynamics has also been applied to
study diffusion phenomena within PU matrices.
Wang (2013) investigated the diffusion of
nitroglycerin (NG) in elastomeric polyurethane via
MD with the COMPASS force field, finding that
diffusion coefficients are on the order of 10-8
cm2/s in agreement with experiment, and increase
with chain flexibility and temperature above 308
K [14]. Pebdani and Miller (2021) used MD to
study pull-out of halloysite nanotubes (HNTSs)
from a PU matrix, employing machine learning
particle swarm optimization to parameterize the
force field from DFT data and demonstrating that
interfacial energy variation can serve as a cohesion
strength metric between matrix and nanoparticle
[15]. More recently, Pebdani (2022) applied MD
to study the Mullins effect in HNT-reinforced PU,
showing that residual strain increases with cyclic
stretch loading and that increasing hard segment
content or HNT volume fraction reduces
permanent set. [16-19]

3. Coarse-Grained and Mesoscale
Simulations

While atomistic MD captures molecular-
level detail, its computational cost limits
accessible length and time scales. Coarse-grained
(CG) models address this by replacing groups of
atoms with single interaction beads, enabling
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simulation of larger systems and longer
timescales[20]. Uddin and Ju (2017) proposed an
enhanced coarse-graining method for
thermoplastic polyurethane (TPU) using three
beads, incorporating pressure-correction to the
force field and demonstrating that the resulting CG
model captures bulk properties such as density
variation with temperature, phase separation, and
mechanical moduli, with bulk modulus
substantially exceeding shear modulus as expected
for elastomers[20]. In related work, Uddin and Ju
(2016) used coarse-grained MD to predict the
hysteresis of TPU by varying hard segment weight
% from 34.90% to 62.30%, correlating hysteresis
losses with bulk moduli and Poisson's ratios across
different
frequencies. [21]

strain  amplitudes and loading

The MARTINI force field has been applied
to polyurethane step-growth polymerization.
Ghermezcheshme et al. (2019) developed a fully
automated MARTINI-based CG simulation
method for cross-linked PU networks, capable of
simulating the cross-linking reactions up to very
high conversions and under complex conditions
such as non-stoichiometric reactant ratios, solvent
evaporation, and multi-step reactant addition [22].
They presented a new network-analysis paradigm
akin to size exclusion chromatography carried out
via graph theory, which observed that a two step
addition strategy gives the greatest integrated
network structure and that the dangling chains
repress the glass-transition temperature in
comparison with networks that exclude such
chains. Similarly, Wu et al. (2024) performed a
study to describe the three-dimensional cross-
linked network of foamed polyurethane by using
classical molecular dynamics and coarse-grained
modeling and graph-theoretical methods. Their
results point to the fact that the improved network
connectivity leads to the high rate of shorter simple
cycles that restrict the deformation and thus, gives
amore homogeneous strain field and higher tensile
strength of polyurethane closed cells. [23-26]

Mesoscale simulation methods such as
dissipative particle dynamics (DPD) have become
a formidable method of explaining phaseseparated
morphologies in segmented polyurethane (PU).
Hu et al. (2016) used DPD simulations in a recent
study to define the nanoscale unit-cell
morphological architecture of shape-memory
polyurethane in which 30 wt% content of hard

segment was used (HSC). Their analysis showed
that there was a linked-spherical netpoint structure
that consisted of diphenylmethane diisocyanate
(MDI) hard segments, a matrix-switch phase that
was dominated by polycaprolactone (PCL), and an
interphase that was connected and spider-like in
nature and composed of 1,4-butanediol (BDO).
[27]. Park et al. (2024) applied DPD to understand
the shape-memory mechanism of TPU, finding
that as hard segment content increases, the hard-
segment domain transitions from isolated to
lamellar to interconnected to continuous,
providing critical insights into how microstructure
governs macroscopic shape-memory behavior
[28]. Vakili et al. (2020) used CG-MD to
demonstrate microphase separation between
polycarbonate and polyethylene glycol soft
segments in segmented PUs, showing a core-shell
structure where hard segments are squeezed
between two incompatible soft segments. [29-32]

Shape-memory PU nanocomposites have
also been investigated by CG-MD. Park et al.
(2024) studied the thermo-mechanical behavior of
semicrystalline SMPU-silica nanocomposites,
revealing that elevated silica content triggers
nanoparticle clustering that degrades shape
recovery, and that HSC determines matrix-
nanoparticle compatibility

agglomeration . [33-36]

and nanoparticle

4. Reaction Kinetics and
Polymerization Simulations

Computational simulation of polyurethane
reaction kinetics addresses the complex thermoset
polymerization that involves dozens of degrees of
freedom. Al-Moameri et al. (2015) developed a
computer-based simulation framework for rigid
PU  foam-forming  reactions, comparing
predictions against experimental data for six
blowing agents including methyl formate and C5-
C6 hydrocarbons [37]. The evaporation of blowing
agents was modeled as an overall mass transfer
coefficient time the activity difference between
gas foam cells and resin walls, and successful
simulation required this coefficient to decrease to
near zero as foam approached its gel point. In
subsequent work, Al-Moameri et al. (2017) [38]
introduced a viscosity-dependent frequency factor
in the Arrhenius equation to account for the
increase in  viscosity during thermoset
polymerization, which can span several orders of
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magnitude, reducing the number of fitted
parameters required and improving the
transferability of kinetic models across different
polyol systems[38]. The simulation was based on
simultaneous solution of over two dozen ordinary
differential equations for the many reaction and
physical processes occurring during foaming. [39-
41]

Al-Moameri et al. [37] explored the effect of
maximum foam reaction temperature on
decreasing the percentage of shrinkage in rigid
polyurethane foams made out of soy based polyols
and, as such, demonstrated that simulation is an
enabling technology in green chemistry in the
polyurethane industry, as it enables the rapid
mapping of optimal formulations [42]. A new
approach to the simulation of polyurethane foam
in the form of a baseline model based on the
population balance equation (PBE) was proposed
by Karimi and Marchisio (2015), who follows the
distribution of bubble sizes (BSD) changes over
time as a fundamental determinant of the final
thermal and mechanical characteristics. The model
predictive results were compared to experimental
results based on twelve different chemical
formulations, with tolerable concordance found;
the next step is to make the PBE a part of a
computational fluid dynamics (CFD) program to
run the simulations of the mold-filling.[43-45]

5. Finite Element Method (FEM)
Simulations

The single most important numerical system
used to forecast the macroscopic mechanical
behavior of polyurethane (PU) materials is the
finite element method (FEM), especially foams
and elastomers that possess nonlinear viscoelastic
behavior. Petru and Novak (2017) provide a
detailed description of FEM-based models of PU
foams, but relations;
rheological models, such as the modified Kelvin
model and the Ogden-rubber model; and their
implementation into commercial ~modeling
platforms, such as PAM-CRASH, LS-Dyna,
Abaqus, and ANSYS. Their model of dynamically
compressed PU foam specimens illustrates the

include constitutive

high level of correlation with the experimental
data, which has a correlation coefficient of 0.961
up to 37.5% deformation, and the FEM method
allows  visualizing  the  contact-pressure

distributions and internal stresses that cannot be
measured directly. [46-48]

Widdle (2017) combined microstructural and
continuum approaches for modeling flexible PU
seating foam, representing microscopic structural
irregularity with Voronoi tessellations and
capturing the nonlinear elastic and linear
viscoelastic response through a hereditary-type
stress decomposition [46]. Mashhadi (2018)
developed a multiscale modeling strategy for rigid
PU foams wusing Laguerre tessellation of
representative volume elements (RVEs) to capture
cell size distributions, anisotropy, cell wall
thickness, and strut shape as determined by SEM
and X-ray microtomography, finding that elastic
modulus and critical stress at the onset of plastic
instability are predominantly controlled by relative
density, mass fraction in struts and walls, and cell
aspect ratio. [49]

For shape memory PU, Liang et al. (2019)
used ABAQUS to simulate the thermo-
mechanically coupled deformation of SMPU,
finding that the forming of localized plastic flow
and temperature rise originate from initial defects
and propagate outward, with simulated average
temperature rise curves in good agreement with
infrared thermometer measurements across
different loading rates[50]. Sheikhi et al. (2021)
evaluated four hyperelastic material models
(Mooney-Rivlin, Ogden, neo-Hookean, and Gent)
for FEM analysis of PU elastomers, using the
Valanis-Landel method to estimate biaxial and
shear data from uniaxial tests, and concluded that
the Gent model best described uniaxial stress
behavior while neo-Hookean performed optimally
for pure shear. [14, 51-53]

6. CFD and Process Simulation of
Polyurethane Foaming

Computational fluid dynamics (CFD)
simulation of the PU foaming and mold-filling
process is critical for reducing manufacturing
defects and cutting prototyping costs [54]. Geier
and Piesche (2014) developed a macro-scale
mold-filling simulation tool for PU foams in
complex geometries, coupling it with a micro-
scale bubble-growth model through tracer
particles that record local density, temperature,
and flow history along particle trajectories,
providing a foundation for predicting the evolution
of local foam microstructure [55]. Samkhaniani et
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al. (2013) implemented a numerical model for PU
foam reaction injection molding (RIM) in
OpenFOAM, treating the foam as a compressible
fluid with a volume-of-fluid (VOF) free-surface
tracker and incorporating chemical reaction, heat
generation, and blowing agent evaporation,
establishing a tool for reducing experimental runs
with expensive prototypes. [56]

Seo et al. (2003) developed a finite volume
method (FVM) for RIM of polymeric foam,
predicting mold filling with variable-density fluid,
and found that the expanding foam produces a
flatter flow front and more complex particle
trajectories compared to constant-density fluids
[57]. Karimi et al. (2016) further extended the
baseline PBE model into a full 3D CFD
framework using OpenFOAM, coupling PBE
solved by the quadrature method of moments
(QMOM) with a VOF solver, and applied the
model to predict apparent density and viscosity,
bubble size distributions, and polymerization
kinetics during mold filling[43]. Abdessalam et al.
(2016) employed the Finite Pointset Method
(FPM) for 3D mold-filling simulation of PU foam,
using an inverse analysis to identify model
parameters from FOAMAT system measurements
and validating against short-shot foams from both
a panel mold and an automotive underlay carpet
cavity.

Population balance modeling was advanced
by Ortiz et al. (2021), who coupled a pressure-
dependent growth kernel with a 3D CFD arbitrary
Lagrangian-Eulerian model to track bubble size
distributions  during  foaming, comparing
favorably with experimental data including
diffusion wave spectroscopy measurements and
post-test SEM analysis [58]. Hershey and
Jayaraman  (2020) demonstrated  through
simulation that the lag time introduced during
batch mold coating is significant: in molds with
complex geometries that force flow bifurcation,
different filling lag times predict significantly
different weld line locations that cannot be
captured by instantaneous-filling assumptions in
standard CFD codes. [59-62]

7. Reaction Injection Molding (RIM)
Simulation
Simulation of the RIM process for PU

requires coupling of reaction kinetics, heat
transfer, and rheology. Domine and Gogos (1980)

provided one of the earliest comprehensive
simulations of non-isothermal, transient reactive
flow in RIM molds, investigating the effects of
operating, chemical, and rheological variables on
process stability and product quality for linear PU
systems [63]. Kim and Kim (1987) developed a
computer simulation model for RIM of PU-
unsaturated polyester blends using reaction
kinetics and viscosity models in cylindrical
coordinates, demonstrating that feed temperature,
wall temperature, and catalyst level significantly
affect the maximum exothermic temperature and
demolding time [64]. Lee (1980) provided an early
and influential review of PU RIM processing,
emphasizing that mold filling is governed by the
coupled polymerization reactor analysis and melt
molding  dynamics, that
impingement mixing quality is critical to product
quality. [63, 65-67]

injection and

More recent CFD-based approaches use
finite volume methods with more sophisticated
constitutive descriptions. Wittemann et al. (2018)
proposed a finite volume method for reinforced
reactive thermoset injection molding using
OpenFOAM, modeling multiphase flow with
phase-dependent  boundary conditions and
incorporating fiber orientation,
viscosity models; the method showed high

potential

curing, and
compared to Finite-Element-based
approaches and agreed well with experimental
pressure data during mold filling [67]. Lee et al.
(2002) used a 2D control volume FEM analysis for
PU hybrid foam mold-filling, assuming creeping
flow and constant viscosity, with theoretical
predictions showing good agreement with digital
camcorder
advancement. [68]

observations of flow  front

8. Phase Separation and Morphology
Studies by Simulation

The unique properties of segmented PU
originate from microphase separation between
hard segments (HS) and soft segments (SS),
forming discrete hard domains dispersed in a soft
matrix. Molecular simulation has been used
extensively to quantify and understand this
phenomenon. Tao et al. (1994) applied a modified
Flory-Huggins Monte Carlo method incorporating
the orientational contribution of hard segment
rigidity to predict phase diagrams of model MDI-
PPG polyurethanes, showing that both chain
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rigidity and thermodynamic incompatibility
determine the degree of phase separation [69].
Sahebi Jouibari and Haddadi-Asl (2019) combined
MD simulation with spectroscopic, rheological,
thermal, and microscopic experiments to study
how soft segment molecular weight and molecular
architecture influence microphase separation in
TPUs, finding that high molecular weight
polyether-based TPUs exhibit the highest degree
of phase separation and that competition between
enthalpic and entropic factors produces different
results depending on the analytical method used.
[70]

Grujicic et al. (2013) used coarse-grained
MD to study shock-wave mitigation in polyurea
(PU), attributing its superior ability to attenuate
shock waves to shock-induced ordering and
crystallization of hard domains and coordinated
shuffle-like lateral motion of soft-matrix
segments. Zhou et al. (2018) investigated damping
property enhancement in TPU/phenolic resin
blends through MD simulation,
hydrogen bonds, binding energy, and fractional

quantifying

free volume, finding that at 40% phenolic resin
content the system exhibits the largest H-bond
number and highest binding energy, which
explains the experimentally
improvement in loss factor and broadening of the
effective damping temperature range. [71-74]

observed

9. Nanocomposite Polyurethane
Simulations

Simulation of PU-based nanocomposites has
become a growing research area as nanofiller
reinforcement offers a path to enhanced properties.
Pebdani et al. (2023) used MD with DREIDING
and Tersoff force fields to study PU-graphene
nanocomposites ~ with graphene
nanosheets, finding that the introduction of
defective nanosheets increases Young's modulus
to 22.00 MPa and ultimate tensile strength to 71.39
MPa[16]. Talapatra and Datta (2024) performed a
comprehensive MDD  study of Gr/TPU
nanocomposites, showing that  enhanced
mechanical properties depend on graphene
concentration, aspect ratio, orientation, and
clustering effects, and that interfacial mechanical
properties improve with higher aspect ratio due to
enlarged surface area[7]. Park et al. (2024)
provided a multiscale CG-MD study of
semicrystalline SMPU-silica nanocomposites,

defective

demonstrating how nanoparticle clustering at
elevated silica content degrades shape recovery,
and how HSC governs nanoparticle agglomeration
and, consequently, the shape-memory
performance. [28, 33]

Drug delivery matrices based on PU have
also been explored computationally. Campifiez et
al. (2017) used a 3D cellular automaton model to
simulate drug release from novel PU sustained-
release matrices, revealing that even at only 10%
w/w excipient concentration, the polymer creates
an almost continuous geometric barrier around the
drug particles comparable in efficacy to lipid or
waxy excipients, a mechanism undetectable
without in silico modeling. [66]

10. Multiscale Modeling Approaches

Single-scale simulations are inherently
limited—atomistic models cannot reach the length
scales of foam cells or the time scales of
processing, lack
molecular detail. Multiscale methods that bridge
these scales are therefore highly valued. Mashhadi
(2018) developed a multiscale strategy for rigid
PU foams that starts from nanoindentation-

while continuum models

measured solid PU properties, passes through
Laguerre-tessellated RVEs, and  delivers
macroscopic elastic moduli and critical stresses in
compression, capturing the large influence of cell
anisotropy on mechanical behavior [49]. Uddin
and Ju (2017) proposed a coarse-grained to
continuum bridge: by equating potential energy
densities of the CG model to strain energy
functions at volumetric and isochoric deformation
modes, bulk and shear moduli of TPU were
directly extracted and wused to estimate
macroscopic Young's modulus and Poisson's ratio
[20]. The coupled macro/micro approach of Geier
and Piesche (2014) links CFD mold-filling
simulation at the part level with bubble-scale
microstructure  simulation in representative
volumes, providing a path to predict local foam
microstructure  (and hence local thermal
conductivity and impact strength) throughout
complex mold geometries. [54, 55]

11. Challenges, Limitations, and
Future Directions

Irrespective of the significant progress, there
are still enduring issues that are prevalent at all the
levels of simulation. At the atomistic level, the
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mechanism of the dynamic formation of hard
domains during reactive polymerization remains a
difficult challenge to solve, since molecular
dynamics time scales (nanoseconds to
microseconds) are orders of magnitude lower than
phase separation kinetics [75]. The question of
transferability of force fields remains an issue:
force fields calculated with one polyurethane
chemistry will not necessarily be a good model of
other chemistries, and force fields calculated with
very polar wurethane bonds will have to
compromise between electrostatic interactions and
chain flexibility [6, 22]. The coarse-grained
models are bounded by the cost of chemical
specificity, and the process of inverting the model
to atomistic resolution is not yet a simple one when
trying to predict fine-sensitive properties [20,
21].At the macro scale, polyurethane foam
constitutive models would have to support the
large strains, viscoelastic model, rate dependence,
and densification, which would require a large
scale of experimental characterization in order to
parameterize it correctly [46]. Mould-filling
process-level computational fluid dynamics
models are highly sensitive to rheological and
kinetic model parameters, the computation of
which is an expensive undertaking. [29, 54, 55]

Looking forward, several directions appear
most promising. Machine learning interatomic
potentials parameterized on quantum chemical
data offer a path to more transferable and accurate
force fields for PU systems[15]. The combination
of DPD morphology predictions with atomistic
MD for property extraction provides a practical
route to structure-property design of segmented
PU at the mesoscale[28, 33]. The continued
development of PBE-CFD coupling for foam
process simulation, together with more refined
bubble nucleation and coalescence kernels, will
improve the predictive power for cell size
distributions  that  determine final foam
performance [58]. Finally, the integration of
digital twin frameworks—in which simulation
models are continuously updated by experimental
sensor data—represents an emerging opportunity
to bring polyurethane simulation from the research
environment into industrial process control.

12. Conclusions

Polyurethane  simulation  spans  an
exceptionally wide range of length and time

scales, from quantum chemical force field

parameterization through atomistic MD, coarse-
grained and mesoscale modeling, finite element
mechanical analysis, to CFD process simulation.
Atomistic MD has established quantitative links
between PU chemistry (isocyanate type, soft
segment molecular weight, hard segment content)
and thermomechanical properties, hydrogen
bonding, and diffusion. Coarse-grained methods,
particularly DPD  and  MARTINI-based
approaches, have illuminated the nanoscale
morphology of phase-separated PU and enabled
simulation of polymerization up to high
conversions. FEM has provided the engineering
community with tools to predict nonlinear
viscoelastic foam behavior, hyperelastic elastomer
response, and shape memory effects under
complex loading. CFD-based process simulation,
incorporating reaction kinetics, heat transfer, and
population balance equations, is increasingly
capable of predicting foam expansion, mold
filling, bubble size distribution, and density in
industrially realistic =~ geometries. Multiscale
methods that bridge these domains remain an
active frontier, with the ultimate goal of enabling
the computational design of PU formulations and
processes with predictive confidence across all
relevant scales.
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Abbreviations
Abbreviation Definition
PU Polyurethane
TPU Thermoplastic Polyurethane
SMPU Shape Memory Polyurethane
MD Molecular Dynamics
CG Coarse-Grained
DPD Dissipative Particle Dynamics
MC Monte Carlo
FEM Finite Element Method
CFD Computational Fluid Dynamics
RIM Reaction Injection Molding
PBE Population Balance Equation
QMOM Quadrature Method of Moments
VOF Volume of Fluid
FVM Finite Volume Method
FPM Finite Pointset Method
RVE Representative Volume Element
HB Hydrogen Bonding
Tg Glass Transition Temperature
HSC Hard Segment Content
HS Hard Segment
SS Soft Segment
DFT Density Functional Theory
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