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POWDER BED ADDITIVE MANUFACTURING:
A GLOBAL BIBLIOMETRIC PERSPECTIVE
(2021-2026)

Caner BULUT!?
Mustafa OCAL?

1. INTRODUCTION

Manufacturing technologies, one of the fundamental
driving forces of human history, have continuously evolved since
the industrial revolutions. Increasing design complexity, high
performance expectations, and the need for flexibility in
production have made the limitations of traditional manufacturing
methods more apparent. With advances in digitalization,
automation, and materials science, manufacturing processes have
evolved into a design and optimization-oriented structure. This
transformation has highlighted new approaches offering shorter
development times, less material loss, and greater geometric
freedom. In this context, additive manufacturing technologies,
based on the principle of layered production, offer the possibility
of producing complex geometries and lightweight structures by
directly transforming digital designs into physical parts, thus
providing a strong alternative to traditional methods (Solberg and
Berto 2019). According to ISO/ASTM 52900:2021 2021 additive
manufacturing is the production of three- dimensional objects by
adding material layer by layer using computer-controlled
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systems. In recent years, academic and industrial interest in this
field has intensified significantly (Fig.1).
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Fig. 1. Distribution of scientific studies on additive manufacturing
by year

Additive manufacturing technologies are classified as
solid extrusion or wire extrusion (melt deposition modeling, wire
arc additive manufacturing, electron beam freeform), powder bed
systems (selective laser melting, selective laser sintering, direct
metal laser sintering, laser powder bed fusion and electron beam
melting), and liquid-based systems (liquid-based system,
stereolithography, direct light processing, inkjet printing)
(Rajaguru et al. 2020). Powder bed-based (PBF) additive
manufacturing methods, included in this classification, are based
on the controlled liquefaction of metal powders with high-energy
heat sources such as lasers or electron beams and the layer-by-
layer solidification of molten or semi-molten material. The most
important advantage of these methods is that complex geometries
can be produced with high precision without the need for
traditional molding and shaping processes (Frazier 2014). This
study will address research using powder bed fusion additive
manufacturing techniques. These methods, which have similar
manufacturing principles, stand out because they offer high
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design freedom, superior geometric accuracy and the ability to
produce near-final shapes (Zhou et al. 2018).

PBF additive manufacturing methods have created a
significant body of knowledge that expands the field through
ongoing research, and although many illuminating review articles
have been published about material manufacturing with these
methods, studies using bibliometric analysis to systematically
compile data and visualize trends are limited. In this context,
throughout the subsequent sections of the study, these methods
are classified under the heading of powder bed fusion/PBF, and
the data analyzed using bibliometric analysis techniques (Studio
R and VOSviewer programs) are evaluated within this
framework. This study uses bibliometric methods to analyze the
literature of studies conducted with PBF methods published in the
Scopus database between January 1, 2021, and February 1, 2026.
Using a data-driven approach and dimensionality reduction
techniques, the aim is to map the research environment, identify
key trends, and evaluate active researchers, frequently used
keywords, prominent institutions, top-publishing journals, and
relevant countries.

2. RESULTS AND DISCUSSION
2.1. Descriptive Analysis

Bibliometric analysis is a systematic approach that uses
text mining techniques to evaluate and visualize various types of
bibliometric networks based on the results of academic research
in a specific scientific field (Eck and Waltman 2010).
Bibliometric and VOSviewer software allow for the analysis of
documents retrieved from SCOPUS, Web of Science, or PubMed.
SCOPUS is preferred due to its comprehensive data, which
generally contains more scientific publication data than Web of
Science and PubMed. With an index containing 49,401 sources
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(journals, books, etc.) in various scientific fields, SCOPUS is
considered one of the most comprehensive and reliable
bibliographic sources. Many studies in the literature have used
this database in bibliometric analyses.

In our study, a search was performed in the Scopus
database using a query string for "Article Title, Abstract, and
Keywords," and a total of 41,822 scientific publication data points
of all types were found in all languages and time periods related
to PBF. Between January 1, 2021, and February 1, 2026, a total
of 25,944 scientific publication data points were found in all
languages and for all scientific documents. These documents
include 21,119 articles, 1,207 reviews, 2,714 conference
proceedings, 585 book chapters, and 16 books. In addition to
these documents, there are 303 other scientific studies in the form
of documents such as conference reviews, letters, notes, reports,
etc. While scientific data published in English is the most
prevalent, publications in Chinese (1091), Russian (58), Japanese
(99), and German (46) are also prominent, and many other
scientific publication documents related to the subject are
available in different other languages.

Before statistical analysis, abstracts were manually
reviewed to remove irrelevant titles and keywords, and only
publications in English and of the original research paper type
were filtered. Bibliometric analysis was performed on original
research papers, which are considered to best represent the
scientific output of the field. Accordingly, a total of 19881
documents were recorded between January 1, 2021, and February
1, 2026, using the specified query string and filtering for original
research papers in English, and this data was used for
visualizations, interpretations, and analyses in the bibliometric
study. Table 1 presents the basic details regarding these scientific
publications obtained from the Scopus database. According to the
data in Table 1, the annual growth rate of documents globally was
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observed to be 23.77%. A total of 23303 authors contributed to
1439 sources, with an average of 11.7 co-authors and an average
of 14.61 citations per document. These results demonstrate that
researchers' interest in PBF additive manufacturing technologies
is steadily increasing.

Table 1. Basic data obtained regarding PBF additive
manufacturing

Definition Result
Timespan 2021-2026
Sources (Journal, etc.) 1439
Documents/Article 19881
Annual growth rate (%) 23.77
Average Document Age 2.64
Average number of citations per document 14.61
References 85680
Keyword Plus (ID) 46128
Author's Keywords (DE) 26902
Authors 23303
Number of co-authors per document 11.7
International co-authorships (%) 25.55
Document Types (Article) 19881
Language English

Fig.2 shows the annual scientific publication trend data for
powder bed-based additive manufacturing methods for the period
January 1, 2021 - February 1, 2026. According to the data in
Figure 2, a steady annual increase in publication output has been
observed since 2021. This significant increase in both annual and
cumulative publications reveals the rapidly growing interest of
researchers in this field, especially in recent years. A literature
review also confirms that scientific studies on material production
using additive manufacturing and powder bed-based additive
manufacturing methods have increased significantly compared to
previous years. Therefore, it is predicted that the current growth
trend will continue in the coming years with the development of
new application areas for PBF-based additive manufacturing
technologies.
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Fig. 2. Distribution of original research articles on PBF methods
by year

2.2. Author, Country, and Institutional Analysis

Analyzing  inter-institutional  collaboration  using
bibliometric methods is a valuable approach to evaluating the
effectiveness of research partnerships between institutions and
countries. This analysis helps researchers identify reputable
institutions for potential collaboration, facilitating faster
development and commercialization of innovative outputs,
documents, and products from both industry and laboratories.
Fig.3 visually illustrates the author-based time trend of relevant
studies on materials produced using PBF-additive manufacturing
methods. The publication distribution reveals that some
researchers stand out in terms of the number of publications.
However, the field has generally developed with moderate
contributions from numerous researchers. Researchers have
shown significant interest in this field since 2021 and have
regularly contributed to scientific studies on the subject in 2022
and beyond. The prevalence of multi-authored and
interdisciplinary studies indicates that the field has a collaborative
structure. Researchers have generally conducted studies on many
materials using PBF-additive manufacturing methods, such as
Aluminum (Al) matrix composites, IN718 superalloys, 316L
stainless steels, NiTi alloy, Ti6Al4V alloy, and high-entropy
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alloys. The data shows that not only leading researchers but also
other researchers in the dataset have shown interest in this field
and that studies are ongoing.
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Fig. 3. Most relevant authors in the PBF field.

Fig.4 illustrates the global scientific collaboration network
between countries based on the number of publications in PBF-
based studies. The size of the nodes represents the total number
of published scientific articles. However, when examining the
geographical distribution of publications in this field, the analysis
of the world map/collaboration network reveals strong
collaborative ties between authors from various countries. For
example, in research conducted in China, co-authors may be from
different countries, and their institutional connections may reflect
multiple countries. This dynamic affects the number of
publications for each country involved in the research. Similarly,
this scenario applies to other countries that have submitted
documents on the subject. China stands out as the most productive
country with the largest node in the scientific collaboration
network, with 7555 documents. China is followed by the USA
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and Germany, respectively. The figure shows that other countries
and research groups based on each continent have formed
intensive and multifaceted joint publication networks, and that
these core regions play a decisive role in the development of the
field by establishing strong scientific interactions with other
countries.
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Fig. 4. PBF is a network for international scientific cooperation in
additive manufacturing research

Table 2 shows the number of documents and average
citations for some countries. China, the USA, and Germany rank
in the top three in terms of the number of articles and citations,
and these three countries also rank first among important
institutions such as universities and institutes. This is among the
important factors affecting the production of scientific
documents. In addition, China's leading position in output related
to this subject can be attributed to factors such as the strong
infrastructure and support they need in this field, their interest and
approach to the subject, and their sufficient human resources in
this field.
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Table 2. Number of publications and citations by country

Document/ o .Av_erage
No Country Article Citations Cltatlo_ns Per
Avrticle
1 China 7555 122860 16.26
2 USA 2798 49423 17.67
3 Germany 1826 27348 14.98
4 India 1198 12003 10.02
S United Kingdom 1114 21592 19.38
6 Italy 1088 14255 13.10
7 Australia 699 19103 27.33
8 Japan 694 9505 13.70
9 Canada 627 11178 17.83
10 France 603 8480 14.06
11 Russia 587 4638 7.90
12 Singapore 568 15791 27.80
13 South Korea 546 8545 15.65
14 Turkiye 482 5749 11.93
15 Sweden 451 6704 14.86
2.3. Sources

The most influential research publications are discussed
under these headings. Fig.5 shows the top 10 most active
publication sources (journals). “Additive Manufacturing” ranks
first with 1075 documents (Elsevier), followed by “Materials
Science and Engineering A” with 1062 documents (Elsevier) and
“Materials” (MDPI) with 860 documents. All three journals offer
peer-reviewed and open-access publications focusing on
materials science, metallurgy, and interdisciplinary studies.
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Fig. 5. Most Relevant Publication Sources/Journals

In addition to the original research articles (total 1439)
included in the current data package as of 2021, review articles
published in English during this period (total 1126) were also
considered. Review articles are important resources that help new
researchers understand the field and enable established groups to
stay informed with current data. By examining these articles in
detail, researchers can better contextualize their studies within the
existing literature (Palmatier et al. 2018). In this context, the most
cited studies and the journals in which they were published within
the current data package are listed in Table 3, and the most cited
review articles in the journals in which they were published are
listed in Table 4. These articles are coded as “Study 1”, “Study
2”, etc. for each table. The article titled “Strong Yet Ductile
Nanolamellar High-Entropy Alloys By Additive Manufacturing”
by Ren et al. (Study 1) ranks first with a total of 587 citations (Ren
et al. 2022). This study highlights that high yield strength (~1.3
GPa) and good ductility (14% elongation) can be achieved
simultaneously in AICoCrFeNi21 high-entropy alloys produced
by the L-PBF method thanks to their dual-phase nanolamellar
microstructure. Tang et al.’s article *“Alloys-by-Design:
Application to New Superalloys for Additive Manufacturing”
(Study 2) ranks second with a total of 532 citations (Tang et al.
2021). In this study, the process-microstructure-property
relationships were systematically addressed using the alloy-
design approach in the development of new superalloys designed

10
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for additive manufacturing, and a framework for high-
performance  superalloy design suitable for additive
manufacturing was presented. When other highly cited studies in
Table 3 are examined, it is seen that microstructure, mechanical
properties, heat treatment effects, alloy design and performance
relationships are systematically addressed in L-PBF and general
PBF processes. Some of these studies detail microstructure
investigations and thermal stability, while others focus on
optimizing critical mechanical performance parameters such as
high strength, ductility, and fatigue behavior.

Table 3. Most cited review studies globally within the data
package of PBF methods

Total

Study Journal Citations Ref.
“Study 1” Nature 587 (Ren et al. 2022)
“Study 2” Acta Materialia 532 (Tang et al. 2021).
“Study 3” Acta Materialia 475 (Voisin et al. 2021)
“Study 4”  Nature Communications 379 (Huang et al. 2022)
. . . (Gokcekaya et al.

Study 5 Acta Materialia 342 2021)
“Study 6” Science 341 (Zhang et al. 2021)
w . Engineering Fracture

Study 7 Mechanics 289 (Bao et al. 2021)
. . Journal of Materials .

Study 8 Processing Technology 262 (Cai et al. 2021)
“Study 9” Internatlongl Journal of 258 (Wu et al. 2021)

Fatigue
“Study . . (Serrano-Munoz et
10” Additive Manufacturing 257 al. 2020)

11
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Table 4. Table 4. Most cited review studies on PBF

Total

Study Journal Citations Ref.
w " . . (Blakey-Milner et al.
Study 1 Materials & Design 1824 2021)
“Study 2” Additive Manufacturing 575 (Kong et al. 2021)
w ,Journal of Materials Research
Study 3 and Technology 531 (Chowdhury et al. 2022)
“Study 4” Additive Manufacturing 510 (Kotadia et al. 2021)
“Study 5” Journal of Materials Science 509 (Haghdadi et al. 2021)
“Study 6”  Progress in Materials Science 494 (du Plessis et al. 2022)
w . Journal of Materials Research
Study 7 and Technology 485 (Nguyen et al. 2022)
International Journal of
“Study 8” Machine Tools and 431 (Sanchez et al. 2021)
Manufacture
“Study 9” Advanced Powder Materials 409 (Wang et al. 2023)
“Study Journal of Materials Science .
4 1. 2021
10” & Technology 39 (Ostovari et al. 2021)

In Table 4, the article titled “Metal Additive
Manufacturing in Aerospace: A Review” by Milner et al.
(Blakey-Milner et al. 2021) ranks first with a total of 1824
citations. With an average annual citation rate of approximately
429 as of the publication date, this article demonstrates a high
level of impact in the literature. This study is the most cited
review article in the field, comprehensively addressing metal
additive manufacturing technologies for aerospace applications in
terms of processes, materials used, mechanical performance,
quality control, and industrial application challenges. It is evident
that other review articles listed in Table 4 have also received
considerable attention from researchers. These review articles
comprehensively evaluate key themes in the PBF and metal
additive manufacturing literature, such as microstructure-
property relationships, the effects of process defects and flaws,
thermal behavior and heat treatments, surface engineering
applications, and machine process optimization.

12
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2.4. Keyword Cloud Analysis

Word cloud analysis provides insight into common topics
and keywords in a given field by visually representing the most
frequently used words in documents (Atenstaedt 2012). In this
context, a Word Cloud analysis was performed using the “Author
Keywords” and “Abstract” factors from the existing data
package. Fig. 6 shows the most frequently used keywords by the
authors in the generated Word Cloud. Prominent keywords
include additive manufacturing, laser powder bed fusion,
selective laser melting, 3D printing, selective laser sintering,
microstructure, mechanical properties, heat treatment, powder
bed fusion corrosion, surface treatments, and fatigue. The
materials produced include titanium and titanium alloys,
aluminum alloys, superalloys (IN718, IN625), Ti6Al4V, 316L
stainless steel, high-entropy alloys, copper and its alloys, which
are the prominent keywords of the author. Based on this data, it
is observed that significant studies on these and other materials
produced by PBF methods generally focus on determining
structural, microstructural, mechanical, surface treatment,
fatigue, and corrosion properties. The analysis also shows that
research aimed at improving materials produced by the PBF
method through additional alloying elements, additives, and
process parameters also holds a significant place. These findings
are in good agreement with the main theme of the current
research. Word cloud analysis reveals that authors use appropriate
and highly representative keywords in their studies that reflect the
core issues and research trends of the field.

13
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Fig. 6. Word cloud of keywords
2.5. Co-word Analysis

Multiple Correlation Analysis (MCA) was performed to
reveal the conceptual structure of this study, and two main
clusters were identified as shown in Fig 7. The MCA map shows
that the prominent concepts in the literature are grouped under
two main clusters. The first dimension (Dim 1) explains 36.34%
of the total variance, while the second dimension (Dim 2)
contributes 26.18%, and the first two dimensions together
represent 62.52% of the conceptual structure. The red cluster
mainly consists of concepts related to material types, alloy
systems, and powder bed fusion processes. In this cluster, terms
such as Ti-6Al-4V, aluminum, nickel, cobalt, chromium, copper
and iron-based alloys, binary and ternary alloy systems, grain
boundaries, powder bed, laser powder bed fusion, melting pool,
laser material interaction, and heat treatment stand out. This
conceptual integrity demonstrates that the literature heavily

14
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researches the relationships between production parameters,
microstructure formation, and material performance of metallic
alloys produced by PBF processes. The blue cluster, while
containing a more limited number of concepts, focuses on terms
such as selective laser sintering, laser heating, sintering, X-3D
printing, and 316L stainless steel. This cluster represents studies
focusing on sintering-based production processes and specific
material systems within PBF-based approaches. Overall, the
MCA results reveal that research in the PBF literature largely
focuses on laser powder bed fusion processes, alloy systems, and
their microstructure-process relationships; conversely, sintering-
based approaches are positioned as a more limited but distinct
sub-theme. These findings are consistent with the bibliometric
and thematic analysis results of the study and comprehensively
reflect the conceptual framework of the field.

Conceptual Structure Map - method: MCA
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Fig. 7. Conceptual Factor Analysis of the Documents

3. LIMITATIONS

In this study, an initial pool of over 40,000 documents
related to additive manufacturing methods in PBF between

15
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January 1, 2021, and February 1, 2026, was reduced to a total of
19,881 documents after necessary filtering. To perform the
analysis, we used Bibliometrix software, which facilitates the
reduction of the size of main themes within the topics and critical
categorization, and in some sections, the VOSviewer application.
However, a major limitation of the study is that the analysis was
restricted to the WOS Core Collection, excluding other online
databases such as Web of Science and PubMed. Therefore, we
refrain from making definitive conclusions or strong claims.
Instead, we suggest research gaps and future directions based on
the frequency of co-occurrence of author keywords. Furthermore,
the fact that the analyses are limited to studies published in
English and specific databases is among the main limitations of
this study. Our observations relate to terms extracted from
documents in SCOPUS-indexed journals.

4. CONCLUSION

This study examines published articles on additive
manufacturing technologies based on PBF from a holistic
perspective, analyzing current developments and limitations.
Literature on PBF additive manufacturing research was evaluated
using bibliometric analysis (RStudio) and VOSviewer software
between January 1, 2021, and February 1, 2026. A total of 19,881
documents were analyzed globally to create a comprehensive
bibliometric map revealing the structure, trends, and research
focuses of the field. The research findings indicate that additive
manufacturing research related to PBF technologies has gained
significant momentum and experienced a considerable increase in
the number of publications in the post-2021 period. When
evaluated on a country basis, China ranks first in terms of the
number of publications, followed by the United States and
Germany. Prominent journals in this field include *“Additive
Manufacturing”, “Materials Science and Engineering A”,

16
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“Materials”, and “Journal of Materials Research and
Technology”. According to subject area distribution, the vast
majority of studies are concentrated in Materials Science and
Engineering, followed by Physics, Chemistry and Chemical
Engineering. This study provides a guiding framework for
researchers by revealing research trends, collaborations, and
prominent themes in PBF-based additive manufacturing.

Acknowledgements

The Bibliometric and VOSviewer-based R-Studio
software used in this study are freely available. Both software
programs have a user-friendly interface, and the figures presented
in the study were automatically generated by the software. The
relevant images were derived from keywords used in data
searches performed in the SCOPUS database. We would like to
thank the developers of these software programs for their
significant contributions to the analysis and management of large-
scale data.

17



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

REFERENCES

Atenstaedt, R. 2012. Word cloud analysis of the BJGP. The
British journal of general practice: the journal of the
Royal College of General Practitioners, 62(596), 148.

Bao, H., Wu, S., Wu, Z., Kang, G., Peng, X. and Withers, P. J.
2021. A machine-learning fatigue life prediction approach
of additively manufactured metals. Engineering Fracture
Mechanics, 242, 107508.

Blakey-Milner, B., Gradl, P., Snedden, G., Brooks, M., Pitot, J.,
Lopez, E., Leary, M., Berto, F. and du Plessis, A. 2021.
Metal additive manufacturing in aerospace: A review.
Materials & Design, 209, 110008.

Cai, C,, Tey, W. S,, Chen, J., Zhu, W., Liu, X., Liu, T., Zhao, L.
and Zhou, K. 2021. Comparative study on 3D printing of
polyamide 12 by selective laser sintering and multi jet
fusion. Journal of Materials Processing Technology, 288,
116882.

Chowdhury, S., Yadaiah, N., Prakash, C., Ramakrishna, S., Dixit,
S., Gupta, L. R. and Buddhi, D. 2022. Laser powder bed
fusion: a state-of-the-art review of the technology,
materials, properties & defects, and numerical modelling.
Journal of Materials Research and Technology, 20, 2109-
2172,

du Plessis, A., Razavi, N., Benedetti, M., Murchio, S., Leary, M.,
Watson, M., Bhate, D. and Berto, F. 2022. Properties and
applications of additively manufactured metallic cellular
materials: A review. Progress in Materials Science, 125,
100918.

Eck, N. J. van and Waltman, L. 2010. Software survey:
VOSviewer, a computer program for bibliometric
mapping. Scientometrics, 84(2), 523-538.

18



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

Frazier, W. E. 2014. Metal Additive Manufacturing: A Review.
Journal of Materials Engineering and Performance, 23(6),
1917-1928.

Gokcekaya, O., Ishimoto, T., Hibino, S., Yasutomi, J.,
Narushima, T. and Nakano, T. 2021. Unique
crystallographic texture formation in Inconel 718 by laser
powder bed fusion and its effect on mechanical
anisotropy. Acta Materialia, 212, 116876.

Haghdadi, N., Laleh, M., Moyle, M. and Primig, S. 2021.
Additive manufacturing of steels: a review of
achievements and challenges. Journal of Materials
Science, 56(1), 64-107.

Huang, Y., Fleming, T. G, Clark, S. J., Marussi, S., Fezzaa, K.,
Thiyagalingam, J., Leung, C. L. A. and Lee, P. D. 2022.
Keyhole fluctuation and pore formation mechanisms
during laser powder bed fusion additive manufacturing.
Nature Communications, 13(1), 1170.

ISO/ASTM 52900:2021. 2021. Additive manufacturing —
General principles — Terminology, International
Organization for Standardization / ASTM International.

Kong, D., Dong, C., Wei, S., Ni, X., Zhang, L., Li, R., Wang, L.,
Man, C. and Li, X. 2021. About metastable cellular
structure in additively manufactured austenitic stainless
steels. Additive Manufacturing, 38, 101804.

Kotadia, H. R., Gibbons, G., Das, A. and Howes, P. D. 2021. A
review of Laser Powder Bed Fusion Additive
Manufacturing of aluminium alloys: Microstructure and
properties. Additive Manufacturing, 46, 102155.

Nguyen, H. D., Pramanik, A., Basak, A. K., Dong, Y., Prakash,
C., Debnath, S., Shankar, S., Jawahir, I. S., Dixit, S. and
Buddhi, D. 2022. A critical review on additive

19



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

manufacturing of Ti-6Al-4V alloy: microstructure and
mechanical properties. Journal of Materials Research and
Technology, 18, 4641-4661.

Ostovari, Ahmad, M., Shaburova, N. A., Samodurova, M. N.,
Abdollahzadeh, A. and Trofimov, E. A. 2021. Additive
manufacturing of high entropy alloys: A practical review.
Journal of Materials Science and Technology, 77, 131-
162.

Palmatier, R. W., Houston, M. B. and Hulland, J. 2018. Review
articles: purpose, process, and structure. Journal of the
Academy of Marketing Science, 46(1), 1-5.

Rajaguru, K., Karthikeyan, T. and Vijayan, V. 2020. Additive
manufacturing - State of art. Materials Today:
Proceedings, 21, 628-633.

Ren, J., Zhang, Y., Zhao, D., Chen, Y., Guan, S., Liu, Y., Liu, L.,
Peng, S., Kong, F., Poplawsky, J. D., Gao, G., Voisin, T.,
An, K., Wang, Y. M., Xie, K. Y., ... Chen, W. 2022.
Strong yet ductile nanolamellar high-entropy alloys by
additive manufacturing. Nature, 608(7921), 62—68.

Sanchez, S., Smith, P., Xu, Z., Gaspard, G., Hyde, C. J., Wits, W.
W., Ashcroft, I. A., Chen, H. and Clare, A. T. 2021.
Powder Bed Fusion of nickel-based superalloys: A
review. International Journal of Machine Tools and
Manufacture, 165, 103729.

Serrano-Munoz, I., Mishurova, T., Thiede, T., Sprengel, M.,
Kromm, A., Nadammal, N., Nolze, G., Saliwan-
Neumann, R., Evans, A. and Bruno, G. 2020. The residual
stress in as-built Laser Powder Bed Fusion IN718 alloy as
a consequence of the scanning strategy induced
microstructure. Scientific Reports, 10(1), 14645.

20



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

Solberg, K. and Berto, F. 2019. What is going on with fatigue of
additively manufactured metals? Material Design &
Processing Communications, 1(5), e84.

Tang, Y. T., Panwisawas, C., Ghoussoub, J. N., Gong, Y., Clark,
J. W. G., Németh, A. A. N., McCartney, D. G. and Reed,
R. C. 2021. Alloys-by-design: Application to new
superalloys for additive manufacturing. Acta Materialia,
202, 417-436.

Voisin, T., Forien, J.-B., Perron, A., Aubry, S., Bertin, N.,
Samanta, A., Baker, A. and Wang, Y. M. 2021. New
insights on cellular structures strengthening mechanisms
and thermal stability of an austenitic stainless steel
fabricated by laser powder-bed-fusion. Acta Materialia,
203, 116476.

Wang, J., Zhu, R., Liu, Y. and Zhang, L. 2023. Understanding
melt pool characteristics in laser powder bed fusion: An
overview of single- and multi-track melt pools for process
optimization. Advanced Powder Materials, 2(4), 100137.

Wu, Z., Wu, S., Bao, J., Qian, W., Karabal, S., Sun, W. and
Withers, P. J. 2021. The effect of defect population on the
anisotropic fatigue resistance of AISil0Mg alloy
fabricated by laser powder bed fusion. International
Journal of Fatigue, 151, 106317.

Zhang, T., Huang, Z., Yang, T., Kong, H., Luan, J., Wang, A.,
Wang, D., Kuo, W., Wang, Y. and Liu, C.-T. 2021. In situ
design of advanced titanium alloy with concentration
modulations by additive manufacturing. Science,
374(6566), 478-482.

Zhou, Y., Zeng, X., Yang, Z. and Wu, H. 2018. Effect of
crystallographic textures on thermal anisotropy of
selective laser melted Cu-2.4Ni-0.7Si alloy. Journal of
Alloys and Compounds, 743, 258-261.

21



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

PANEL EGIiM ACISINA BAGLI GUNES
RADYASYONU EKSERJISININ TEORIK
MODELLERLE ANALIZi: iZMiR iLi ORNEGI

Ali Serkan AVCI!

1. GIRIS

Kiiresel niifus artis1, sanayilesme ve teknolojik gelismeler,
diinya genelinde enerjiye olan talebi giin gectik¢e artirmaktadir.
Giliniimiizde bu enerji talebinin biiyiik bir kismi fosil yakitlardan
karsilantyor olsa da, bu durumun yol agtig1 ¢cevresel problemler
(sera gaz1 emisyonlari, kiiresel 1sinma vb.) ve fosil kaynaklarin
tikenme riski, insanoglunu temiz, giivenilir ve siirdiiriilebilir
yenilenebilir enerji kaynaklarina yoneltmistir (Ozalp, 2025). Bu
baglamda giines enerjisi, temiz, ¢evre dostu ve tiikkenmez bir
enerji kaynagi olmasi sebebiyle en ¢ok tercih edilen alternatiflerin
baginda gelmektedir (Luo ve ark., 2025). Giines enerjisi
sistemlerinden elde edilen verimi maksimum diizeye ¢ikarmak
i¢in, yiizeye diisen giines 1s1inimi1 miktarinin dogru hesaplanmasi
ve sistem tasariminin bu dogrultuda optimize edilmesi biiytlik
Oonem tagir. Giines panellerinin {izerine diisen 1smim miktarini
etkileyen en kritik parametrelerden biri, panelin yatay dizlemle
yaptig1 egim (tilt) ac¢isidir (Yadav ve Chandel, 2013). Panellerin
giines 1sinlarini en dik acgiyla alacak sekilde konumlandirilmast,
y1l boyunca elde edilecek toplam enerjiyi dogrudan artirmaktadir
(Benghanem, 2011). Giines takip sistemleri bu agiy1 dinamik
olarak optimize etse de yuksek maliyetleri nedeniyle genellikle
sabit egim agili sistemler tercih edilmektedir; bu nedenle,

L Dr. Ogr. Uyesi, Batman Universitesi, Besiri OSB Meslek Yiiksek Okulu, ORCID:
0000-0002-0761-8642.
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panellerin kurulacagi cografi konuma 6zgii en uygun sabit egim
acisinin belirlenmesi zorunludur. Ote yandan, enerji sistemlerinin
performans degerlendirmesinde yalnizca enerji analizi yapmak
yeterli olmamakta, enerjinin ise donilisebilme kalitesini
(maksimum faydali is potansiyelini) ifade eden ekserji analizinin
de yapilmasi gerekmektedir (Caliskan, 2017). Giines enerjisi
belirli bir entropi barindirdigindan gelen radyasyonun tamamu ige
doniistiirilemez, bu nedenle termodinamik agidan elde
edilebilecek maksimum faydali isin dogru modellenmesi verimli
sistem tasarimlari igin vazgecilmezdir (Saidur ve ark., 2012).

Gilines 1smmmm1  ekserji  modelleri  incelendiginde,
radyasyonun termodinamik kalitesini belirlemek amaciyla
literatiirde ¢esitli teorik denklemlerin gelistirildigi goriilmektedir
(Bayrak ve ark., 2017). Bu modellerin temelini, radyasyonun
ekserjisini Carnot etkinligine veya idealize edilmis termodinamik
cevrimlere dayandiran Petela, Spanner ve Jeter gibi
arastirmacilarin ¢aligmalar1 olusturmaktadir (Rodriguez ve ark.,
2022). Petela, 1s1 1siniminin ekserjisinin hesaplanmasina yonelik
termodinamik temelli bir baginti sunmus (Petela, 2003); Spanner,
bu yaklagimi sadelestirerek dogrudan giines 1s1n1imi i¢in yaklagik
bir ifade onermis (Spanner, 1964); Jeter ise radyasyonu bir 1s1
kaynagi olarak ele alarak Carnot verimine dayali farkli bir
degerlendirme gelistirmistir (Jeter, 1981). Turkiye ekseninde
yapilan  glincel aragtirmalarda bu  modellerin  giines
radyasyonunun ekserji potansiyelini belirlemede yaygin olarak
kullanildig1 goriilmektedir. Bu i¢ modele ek olarak, Mohammed
ve Mengiic (2018) tarafindan gelistirilen yaklagim, giines
radyasyonu ekserji hesabina yerel meteorolojik degiskenleri ve
geometrik etkileri birlikte dahil ederek, ¢cevresel kosullar1 gbzeten
daha kapsamli bir degerlendirme sunmaktadir (Mohammed ve
Menglic, 2018). Ornegin, Beyazit ve ark. (2019) Diyarbakir ili
icin yaptiklari uzun donemli analizde Jeter, Petela ve Spanner
modellerini kiyaslamis; tic modelin de birbirine yakin sonuglar
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verdigini ancak Jeter modelinin gilines 1s1nim ekserji degerini
digerlerine gore bir miktar daha yiliksek hesapladigini
saptamiglardir (Beyazit ve ark., 2019). Benzer sckilde,
Kaltakkiran (2023) Erzurum verileriyle yaptigi analizde Jeter
modelinin en yiiksek degerleri sundugunu, Spanner ve Petela
modellerinin sonuglarinin ise birbiriyle ayni hesaplandigini
ortaya koymustur (Kaltakkiran, 2023). Uckan (2017) tarafindan
Van ili i¢in ger¢eklestirilen uzun donemli calismada da Petela ve
Spanner modellerinin  ekserji—enerji oranlarinin neredeyse
cakistigi, Jeter modelinin ise yaklasik %1.7 oraninda daha yiiksek
ekserji degerleri verdigi rapor edilmistir (Ugkan, 2017). Cevik
(2021) ise Tiirkiye'deki 8 farkli istasyon igin ekserji modellerini
incelemis ve oOzellikle direkt ile difiiz radyasyonu ayr1 ayri ele
alan Onyegegbu-Morhenne modelini de degerlendirerek,
istatistiksel tahmin yontemlerinin ekserji analizlerinde basarili bir
sekilde kullanilabilecegini  kanitlamistir  (Cevik, 2021).
Uluslararas: literatiirde de yapilan kapsamli incelemeler, bu
modellerin yillar iginde en ¢ok kabul goren ve dogrulugu
kanitlanan  teorik modeller oldugunu  desteklemektedir
(Rodriguez ve ark., 2022).

Teorik  modellerle radyasyonun is  potansiyeli
hesaplanirken, bu potansiyeli uygulamada maksimize etmeyi
amagclayan egim agis1 optimizasyonu lizerine ¢alismalar, panel
performansimi artirmak igin kritik bir rol oynamaktadir. Egim
acisinin cografi konuma ve mevsime gore biiylik degiskenlik
gosterdigi bircok ¢aligmayla ortaya konmustur. Bakirct (2012),
Tiirkiye'deki ¢esitli iller i¢in optimum egim agilarinm
matematiksel modellerle incelemis; Izmir icin bu acinin Haziran
ayinda 0°'ye kadar diistiigiinii, Aralik ayinda ise 61°'ye kadar
ciktigini tespit etmistir (Bakirci, 2012). Yakin donemde Giirfidan
ve ark. (2025), yapay zeka tabanli bir modelle Tiirkiye geneli i¢in
optimizasyon yapmis ve yil boyu sabit tutulacak paneller i¢in
ortalama 29°'lik bir egim agisinin optimum oldugunu belirterek,
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bu a¢min ekserji verimi iizerindeki dogrudan etkisini
vurgulamislardir (Girfidan ve ark., 2025). Bir baska c¢alismada
Kabul ve ark. (2024), Tiirkiye genelinde farkli egim agilarinin
(21°, 30°, 39°, 48°, 57°) giines ekserji potansiyeli iizerindeki
etkisini arastirmig; yillikk ortalamada en yiiksek ekser;ji
potansiyelinin 30° egimli yiizeylerde elde edildigini ve bu ag¢inin
yatay diizleme kiyasla yaklasik %10 daha fazla ekserji sagladigini
saptamiglardir (Kabul ve ark., 2024). Bu calismalar, sabit agili
panellerde dogru egim acisinin se¢ilmesinin, enerji kazanimini ve
ekserji verimini belirgin diizeyde artirdigin1 gostermektedir.

Literatlirdeki mevcut ¢alismalarin ¢ogunlukla ya yatay
ylzeylere odaklanmasi ya da enerji temelli egim agisi
degerlendirmeleriyle sinirli kalmasi, belirli bir cografya igin
panel egim acisina baglh ekserji degisimlerinin ayrintili olarak
incelenmesini gerekli kilmaktadir. Bu kitap béliimiinde, Izmir ili
icin farkli panel egim agilar1 altinda gilines radyasyonunun ekserji
potansiyeli; Petela, Spanner, Jeter ve Mohammed—-Mengli¢ teorik
modelleri kullanilarak karsilagtirmali bigimde analiz edilmistir.
Calisma kapsaminda, egik yiizeylere ulasan dogrudan, difiiz ve
yansiyan radyasyon bilesenleri dikkate alinmig; panel egim
acisina bagh aylik ekserji degisimleri belirlenmis ve maksimum
kullanilabilir is potansiyelini saglayan egim acgilar1 ortaya
konulmustur. Elde edilen bulgularm, izmir 6zelinde ve benzer
iklim kosullarina sahip bolgelerde kurulacak giines enerjisi
sistemlerinin  termodinamik temelli tasarimi, performans
degerlendirmesi ve optimizasyonu i¢in yol gosterici bir ¢ergeve
sunmasi amaglanmaktadir.

2. MATERYAL-YONTEM
2.1. Calisma Alammin Cografi ve iklimsel Ozellikleri

Bu ¢alismada ele alan Izmir ili, Tiirkiye’nin batisinda,
Ege Bolgesi sinirlari igerisinde yer almakta olup yaklagik olarak
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38.42° kuzey enlemi ve 27.14° dogu boylami koordinatlarinda
konumlanmaktadir. Calisma alaninin Tiirkiye ve Avrupa
Olcegindeki cografi konumu ile il smirlar1 igerisindeki idari
dagilimi Sekil 1°de sunulmustur. Izmir’in sahip oldugu kiyi
seridi, topografik cesitlilik ve denizel etki, bolgenin iklimsel
ozelliklerini  ve  gilineslenme  potansiyelini  dogrudan
etkilemektedir. Analizlerde kullanilan uzun dénemli meteorolojik
veriler; aylik ortalama kiiresel giines 1s1nimi, glineslenme siiresi
ve gevre sicakligi degerlerini kapsamakta olup, Meteoroloji
Genel Miidiirligii tarafindan saglanan 6l¢iim kayitlarindan elde
edilmistir. Caligmada, bdlgenin iklim karakteristiklerini giivenilir
bicimde temsil edebilmek amaciyla 1991-2020 yillar1 arasindaki
30 yillik veri seti esas alinmistir. Bu uzun donemli yaklagim, hem
mevsimsel degiskenligin hem de iklimsel egilimlerin dogru
sekilde yansitilmasina olanak saglamaktadir.

Sekil 1. izmir ilinin cografi konumu ve yilhik giines 151n1mi
dagilimi.

i

Koppen-Geiger iklim siniflandirmasma gore Izmir ili,
Csa (sicak yazli Akdeniz iklimi) sinifinda yer almakta olup, yaz
aylarinin sicak ve kurak, kis aylarinin ise 1lik ve yagisl gectigi bir
iklim yapisina sahiptir. Y1l boyunca yiiksek giineslenme siiresi ve
gorece diisiik bulutluluk orani, bolgeyi giines enerjisi
uygulamalar1 agisindan avantajli kilmaktadir. Sekil 2’de
goriildiigii {izere, izmir ili icin aylik ortalama giinliik kiiresel
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giines radyasyonu degerleri kis aylarinda yaklasik 1.5-2.5
kWh/m?-giin araliginda seyrederken, yaz aylarinda bu degerler
6.0-7.0 kWh/m?-giin seviyelerine ulagsmaktadir. Bu iklimsel
kosullar, yalnizca toplam giines radyasyonu miktar1 bakimindan
degil, aynm1 zamanda giines enerjisinin termodinamik a¢idan
kullanilabilirlik diizeyi (ekserji potansiyeli) acisindan da izmir’i
onemli bir ¢caligma alan1 haline getirmektedir. Bolgeye ulasan
yiiksek diizeydeki giines radyasyonu, hem fotovoltaik hem de
giines termal sistemlerin performansin1  olumlu yonde
etkilemekte; ozellikle egik yiizeylerde yapilan ekserji temelli
degerlendirmeler i¢in uygun bir aragtirma ortami sunmaktadir.

Sekil 2. izmir ili i¢in ayhk ortalama Kiiresel giines 1ismnim (W/h-
m2-giin) ve cevre sicakhgl (K) degisimi.
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2.2. Giines Radyasyonu Ekserjisinin Matematiksel
Modellenmesi

Bu  caligmada, glines radyasyonunun  ekserji
potansiyelinin belirlenmesi amaciyla literatiirde yaygin olarak
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kullanilan {i¢ klasik model ile daha giincel bir yaklasim olmak
tizere toplam dort farkli teorik model dikkate alinmistir. Bu
modellere ait matematiksel ifadeler Denklem (1)—(4) arasinda
sunulmustur. Denklemlerde yer alan T, giinesin etkin yiizey
sicakligini temsil etmekte olup literatiirde yaygin kabul goren
sekilde yaklasik 6000 K olarak alinmistir. T, ise ¢calisma alanina
ait aylik ortalama gevre sicakligmni ifade etmekte ve giines
radyasyonu ile ¢evre arasindaki termodinamik etkilesimi temsil
eden temel bir degisken olarak kullanilmaktadir (Hepbasli, 2008).
Bu iki sicaklik arasindaki fark, giines radyasyonundan elde
edilebilecek maksimum teorik is potansiyelinin belirlenmesinde
kritik bir rol oynamakta ve ekserji hesaplarinin temelini
olusturmaktadir.

Klasik modellerden ilki olan Petela modeli, giines
isiniminin termodinamik dogasini dikkate alarak ekserji—enerji
oranini tanimlamakta olup, bu modele ait ifade Denklem (1)’de
verilmistir (Petela, 2003). Spanner modeli ise radyasyonun is
potansiyelini farkli bir termodinamik bakis agisiyla ele almakta
ve bu yaklasimin matematiksel ifadesi Denklem (2)’de
sunulmaktadir ~ (Spanner, 1964). Jeter modeli, giines
radyasyonunu yiiksek sicaklikli  bir 1s1  kaynagi olarak
degerlendirerek ideal Carnot ¢cevrimi prensibine dayali bir ekserji
tanim1 yapmakta olup, bu modele ait ifade Denklem (3)’te
verilmistir (Jeter, 1981). Bu ¢ klasik modele ek olarak,
Mohammed-Mengu¢ modeli, sabit hacimli (izokorik) bir kontrol
hacmi yaklagimi benimseyerek, giines ve ¢evre arasindaki
radyatif enerji etkilesimini daha gercekg¢i sinir kosullar altinda
degerlendirmekte ve ilgili ekserji ifadesi Denklem (4)’te
sunulmaktadir (Mohammed ve Mengig, 2018). Bu model,
ozellikle yiiksek sicaklik farklarmmin s6z konusu oldugu
uygulamalarda daha temkinli ve fiziksel agidan gergekei sonuglar
tiretmesi bakimindan literatiirde dikkat ¢ekmektedir.
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nei- 3
v =1 _% )
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2.3. Panel Egim Acisinin Giines Radyasyonu
Uzerindeki Etkisi

Egik bir ylizeye ulasan toplam giines radyasyonunun
ekserji igerigi, yiizeye gelen toplam radyasyon bilesenleri ile
sistemin ekserji—enerji oraninin ¢arpimi olarak tanimlanmaktadir.
Bu kapsamda, egik yiizeye gelen toplam radyasyon (Hrotar);
dogrudan (Hgeam), difiiz (Hpiffuse) ve yerden yansiyan (HReflected)
bilesenlerin toplam1 seklinde ifade edilmekte olup, ilgili iliski
Denklem (5)’te sunulmustur. Toplam radyasyon degeri
belirlendikten sonra, secilen teorik modele bagli olarak
hesaplanan ekserji—enerji oran1 (W) ile garpilarak sistemin net
ekserji degeri elde edilmektedir. Bu yaklasim, giines
radyasyonunun yalnizca miktarii degil, aym1 zamanda
termodinamik kalitesini ve maksimum faydali is potansiyelini de
dikkate alan daha gergek¢i bir degerlendirme sunmaktadir
(Muneer ve Saluja, 1985).

Hrotal = LI'lexergy ratio (HBeam + Hgeflected + HDiffuse) (5)

Egik yiizeye gelen toplam giines radyasyonunun dogru bir
sekilde hesaplanabilmesi icin, literatiirde giivenilirligi ve
hesaplama kolaylig1 nedeniyle yaygin olarak kullanilan Liu ve
Jordan (1960) izotropik modeli tercih edilmistir (Liu ve Jordan,
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1960). Bu yaklasimda, yatay diizlem igin verilen aylik ortalama
kiiresel gilines radyasyonu; panel egim agisi, cografi konum ve
temel gilines geometrisi parametreleri dikkate alinarak egik ylizey
tizerindeki dogrudan, yayili ve yerden yansiyan bilesenlerine
ayristirllmaktadir. Hesaplama siireci; deklinasyon agisi, saat agisi
ve giin batimi saat agis1 gibi temel giines geometrisi
parametrelerinin belirlenmesi, geometrik doniisiim katsayilarinin
hesaplanmast ve radyasyon bilesenlerinin ayristirilmasini
kapsamakta olup, kullanilan temel matematiksel bagintilar Duffie
ve Beckman (2020) tarafindan onerilen standart analiz yontemleri
izlenerek Denklem (6)—(16) arasinda sunulmustur (Duffie ve ark.,
2020). Bu kapsamda, yayili radyasyonun gokyiizii kubbesi
boyunca esit olarak dagildigimi varsayan izotropik model
yaklagimi benimsenmis (Cooper, 1969; Muneer, 2007); yizey
yansitirligini temsil eden albedo katsayisi (p) ise ¢aligma alaninin
arazi Ozelliklerini yansitacak sekilde ve glincel literatiire uygun
olarak 0.26 alinmistir (Gonzélez-Rodriguez ve ark., 2025).

Hg = (H —HgRy, (6)

cos(@ — B) cos(8) sin(wg) + wg (T) sin(@ — B) sin(8) .
R, =
b cos(@) cos(8) sin(wg) + wg (%) sin(@) sin(6) 0

Hp (1 —cosp) 8)
Hp=—————
2
Hg = Hq Rq ©)
H
Hq =H (1 - 1.13—) (10)
Hy
Ho = (23) 6, k 8 si 8 11)
0 = (?> sc [cos @ cos & sin wg + (180) sin @ sin oos]
k = 1+ 0.033 cos (360 %) (12)
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n + 284
— 2345°] 13
§ = 23.45 sm(360 T ) (13)
ws = cos~ ! (—tan @. tan §) (14)
, . [w =cos™* (—tan@ tan §)
@s = i [cos‘l(— tan(@ — B) tan 8] (15)
R, = (1 +¥) (16)

Denklem (6)—(16)’da kullanilan parametreler su sekilde
tanimlanmaktadir: H, yatay diizlemde olgiilen aylik ortalama
kiiresel gilines radyasyonunu; Hs, egik yilizeye gelen yayil
radyasyon bilesenini ifade etmektedir. Rp, egik diizlem iizerine
gelen direkt 1smmiminin yatay diizlem {izerine gelen 1sinim
miktarina oranidir; Rq, yayili radyasyon i¢in egik yiizey doniisiim
katsayisini temsil etmektedir. @, calisma alaninin enlemini; f3,
panel egim acisini; o, gilines deklinasyon agisini; ®s Ve w's,
sirastyla yatay ve egik ylizeyler i¢in giin batimi saat agilarini
gostermektedir. Ho, atmosfer dis1 giines radyasyonunu; Gsc, giines
sabitini; k, Dlnya—Giines mesafesine bagl diizeltme katsayisini
ve n, yilin giin numarasini ifade etmektedir.

3. ARASTIRMA BULGULARI

3.1. Giines Radyasyonunun Ekserji Modelleri
Acisindan Karsilastirilmasi

Aylik ortalama ¢evre sicakliklari ile ekserji/enerji oranlari
birlikte degerlendirildiginde, tiim modeller igin hesaplanan
oranlarin yil i¢inde sicakliktaki degisime duyarli bir davranis
sergiledigi goriilmektedir. Cevre sicakliginin artis gosterdigi yaz
aylarinda ekserji/enerji oranlar1 kademeli olarak azalirken, kis
aylarinda sicakligin diismesiyle birlikte bu oranlarin arttig
belirlenmistir. Ozellikle Temmuz ve Agustos aylarinda minimum
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degerlere ulasilmasi, ekserji olusumunun giines ile ¢evre
arasindaki  sicaklikk  farkina dogrudan baghi  oldugunu
gostermektedir. Bu durum, g¢evre sicakligmin yiikselmesinin
glines radyasyonunun maksimum faydali is potansiyelini
sinirlayan temel etkenlerden biri oldugunu ortaya koymaktadir.

Tablo 1’de verildigi lizere model bazli karsilastirma
yapildiginda, Petela ve Spanner yaklagimlarinin yilin tim
aylarinda tamamen Ortlisen sonuglar iirettigi goriillmektedir. Bu
uyum, her iki modelin de benzer termodinamik varsayimlara
dayanmasiyla agiklanabilir. Mohammed—Mengi¢ modeli ise
farkli bir teorik cerceveye sahip olmasina ragmen klasik
modellerle olduk¢a yakin sonuglar vermis ve ekserji/enerji
oranlar1 yaklasik 0.9330-0.9373 araliginda hesaplanmistir. Buna
karsilik, Jeter modeliyle elde edilen oranlar diger modellere
kiyasla belirgin bicimde daha yiiksek gerceklesmis olup, degerler
yaklagik  0.9497-0.9530 araliginda degismektedir. Jeter
modelinin daha yiiksek ekserji tahminleri {retmesi, giines
radyasyonunu yliksek sicaklikli bir 1s1 kaynagi olarak ele alan ve
Carnot verimine dayanan yaklagimimin dogal bir sonucudur.
Genel olarak degerlendirildiginde, modeller arasindaki farklarin
sinirlt  oldugu, ancak kullanilan termodinamik kabullerin
ekserji/enerji oranlarinin mutlak seviyesini etkiledigi agikca
gorulmektedir.

Tablo 1. Farkh ekserji modelleri icin ayhk ekserji/enerji
oranlarimin degisimi

Aylar Sicakhik (K) Ekserji/Enerji Oram
Yp ¥s Y, h VIV

Ocak 282 0.9373 0.9373 0.9530 0.9373
Subat 2829 0.9371 0.9371 0.9529 0.9371
Mart 285.4 0.9366 0.9366 0.9524 0.9366
Nisan 289.2 0.9357 0.9357 0.9518 0.9357
Mayis 294.1 0.9346 0.9346 0.9510 0.9347
Haziran 299 0.9336 0.9336 0.9502 0.9336
Temmuz 301.6 0.9330 0.9330 0.9497 0.9330
Agustos 301.5 0.9330 0.9330 0.9498 0.9330
Eylul 297.2 0.9340 0.9340 0.9505 0.9340
Ekim 2925 0.9350 0.9350 0.9513 0.9350
Kasim 287.4 0.9361 0.9361 0.9521 0.9361
Arahk 283.5 0.9370 0.9370 0.9528 0.9370
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3.2. Panel Egim Acisinin Egik Yiizeydeki Giines
Radyasyonu Ekserjisi Uzerindeki Etkisi

Sekil 3’te, Petela ekserji modeli kullanilarak hesaplanan
egik yiizeye gelen giinliik ortalama giines 1siniminin, panel egim
acist ve aylar boyunca gosterdigi degisim kontur diyagrami
biciminde  sunulmaktadir.  Dagilim  desenleri,  giines
geometrisindeki mevsimsel degisimlerin panel egim agisi ile
birlikte degerlendirildiginde 1s1mnim  biiytikliigiini  belirgin
bicimde etkiledigini ortaya koymaktadir. Sayisal sonuglar, yaz
aylarinda maksimum 1smim degerlerinin diisiik egim agilarinda
yogunlastigini géstermektedir. Haziran ayinda 0° egim agis1 igin
hesaplanan giinliik ortalama 1s1nim degeri 6068 Wh/m?- giin olup,
ayn1 ayda egim agisinin 45°’ye c¢ikarilmasiyla bu deger 4911
Wh/m?-giin seviyesine gerilemektedir. Temmuz ayinda da benzer
bir egilim gdzlenmis; 0° egimde 5850 Wh/m?-giin olan 1smim
degeri, 45° egimde 4863 Wh/m?*-giin olarak hesaplanmistir. Bu
durum, yaz déneminde giines 1sinlariin yataya yakin yiizeylere
daha elverisli bir gelis agisiyla ulagsmasiyla iligkilendirilebilir.

Kis aylarinda ise 1ginimin panel egim agisina duyarlilig
ters yonde gelismektedir. Ocak ayinda 0° egim i¢in hesaplanan
1isitnim degeri 1697 Wh/m?-giin iken, egim agisimnin 55°-56°
araligina artirilmasiyla maksimum deger olan 2468 Wh/m?-giin
elde edilmistir. Aralik ayinda da benzer bir davranis s6z konusu
olup, 0° egimde 1518 Wh/m?-giin olan 1s1n1im degeri, 56° egimde
2288 Wh/m?-giin seviyesine ylikselmektedir. Bu sonuglar, kis
aylarinda giinesin diisiik yiikseklik acisina sahip olmasi nedeniyle
daha dik panel egimlerinin yiizeye ulagan iginimi artirdigini
gostermektedir. Ara mevsimlerde ise maksimum 1sinim
degerlerinin orta egim agilarinda olustugu belirlenmistir. Ornegin
Nisan ayinda en yiiksek giinliik ortalama i1sinim degeri 4839
Wh/m?-giin ile yaklagik 13° egim agisinda hesaplanmustir. Sekil
3’te gozlenen bu mevsimsel egim kaymasi, panel egim agisinin
sabit tutulmasinin yil boyunca maksimum i1smmim kazanimi
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saglamadigin1 ve giines enerjisi sistemlerinin tasariminda egim
acisinin kritik bir parametre oldugunu ortaya koymaktadir.

Sekil 3. Petela modeline gore panel egim acis1 ve aylara bagh
olarak giines 1s51n1m1 ekserjisinin degisimi

Gineg Iginim Degerleri
(W/h-m?-glin)

Aralik 5080

Kasim

5508
Ekim

Eyll I 4935

Adustos | 4363

Temmuz
3790
Haziran

- 3218

2645

2073

1500

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Panel Egim Agisi (B%)

Sekil 4, Spanner ekserji modeli kullanilarak egik bir
yiizeye gelen giines 1s1n1mi ekserjisinin, panel egim agis1 (0°-90°)
ve yil igerisindeki aylara bagli olarak nasil degistigini
gostermektedir. Spanner modelinde ekserji hesabi, 1smimMIn
“mutlak 1s potansiyeli” kavramina dayanmakta olup, panel
geometrisinin etkisi 6zellikle efim acgisina bagli doniisiim
katsayilar1 araciligiyla daha belirgin bi¢gimde yansimaktadir.
Sonuglar, diisiik egim agilarinda (0°-20°) 6zellikle ilkbahar ve
yaz aylarinda yiiksek ekserji degerlerinin elde edildigini
gostermektedir. Sayisal olarak, Haziran ayinda 0° egim agisinda
ekserjiye karsilik gelen 1sinim degeri yaklasik 6068 Wh/m?-giin
diizeyine ulagmakta, ayn1 ay i¢in egim agis1 45°’ye ¢ikarildiginda
bu deger yaklasik 4911 Wh/m?-giin seviyelerine gerilemektedir.
Egimin 90°’ye yaklasmasiyla birlikte yaz aylarinda ekserjiye
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karsilik gelen 1s1mim degerleri belirgin bigimde azalarak 2300—
2400 Wh/m?-glin bandma diismektedir. Bu durum, yaz
doneminde giines 1s1nlarinin yataya yakin yiizeylerde daha etkin
degerlendirildigini gostermektedir.

Buna karsilik, kis aylarinda egim agisinin artmasi ekserji
acisindan daha avantajli bir davranig sergilemektedir. Ocak ay1
icin 0° egim agisinda yaklasik 1697 Wh/m?-giin olan deger,
egimin 50°-55° araligma c¢ikarilmasiyla 2450 Wh/m?-giin
seviyelerine ylkselmektedir. Bu egilim, diisiik giines yiikseklik
acilarinin  hakim oldugu kis kosullarinda, daha dik panel
yerlesimlerinin radyasyonun kullanilabilir i3 potansiyelini
artirdigin1 ortaya koymaktadir. Spanner modeline dayali bu
sonuglar, panel egim agisinin yalnizca enerji miktarini degil, ayni
zamanda 1simimmin ekserjetik kalitesini de dogrudan etkileyen
kritik bir tasarim parametresi oldugunu gostermektedir.

Sekil 4. Spanner modeline gore panel egim acis1 ve aylara bagh
olarak giines 151n1m ekserjisinin degisimi
Glnes Isinim Degerleri
(W/h-m2-giin)
6080
5508
- 4935
- 4363

- 3790

- 3218

2645

2073

1500

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Panel Egim Agisi (B°)
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Sekil 5, Jeter ekserji modeli ile hesaplanan egik yiizey
giines 15111 ekserjisinin panel egim acist  ve aylara bagh
degisimini gostermektedir. Sayisal olarak, yaz doneminde yataya
yakin yiizeylerin tistlinliigii belirgindir: Haziran ayinda = 0° i¢in
6176 Wh/m?-giin degerine karsilik, panelin diiseye yaklastig
durumda (B = 90°) ayn1 ay i¢in deger 2344 Wh/m?-giin seviyesine
gerilemektedir. Bu fark, yiiksek giines yiiksekligi kosullarinda
151n1m geometrisinin yataya yakin yiizeylerde daha elverisli hale
gelmesi ve egimin artmasiyla etkin izdiigiimiin zayiflamasi ile
iliskilidir.

Kis aylarinda ise optimum egimin daha yiiksek degerlere
kaydig1 goriilmektedir. Ornegin Ocak aymda p = 0° i¢in 1725
Wh/m?-giin iken, ekserji degeri B = 55° civarinda 2509
Wh/m?-giin diizeyine ulagsmaktadir. Bu davranis, giinesin kisin
daha diisiik yiikseklikte seyretmesi nedeniyle egik ylizeyin
isintm1 daha etkin  bir sekilde sogurmasi gerekliligiyle
uyumludur. Jeter modelinin Carnot verimi temelli yaklagimi
nedeniyle, elde edilen ekserji dagilimi Petela ve Spanner
modellerine kiyasla sistematik olarak daha yiiksek degerlere
sahiptir; ancak mevsimsel ve agisal egilimler bakimindan benzer
bir fiziksel davranmis sergilemektedir. Bu durum, model
farkliliklarina ragmen egik yiizey ekserji analizlerinde temel
belirleyicinin giines geometrisi ve panel egimi oldugunu
gostermektedir.
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Sekil 5. Jeter modeline gore panel egim acis1 ve aylara bagh
olarak giines 151n1m1 ekserjisinin degisimi

Gunesg Igimim Degerleri
(W/h-m?2-giin)

Aralik 6180

Kasim
5600
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Eylil 4" -

Adustos L 4440
Temmuz
r 3860
Haziran

Mayis + 3280

Nisan — 2700

Mart 4 -
2120

Subat

sk 1540

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Panel Egim Agisi (B°)

Mohammed-Mengiic modeli kullanilarak hesaplanan
glines 1smimi1  ekserjisi, panel egim acis1 ve mevsimsel
degiskenlige duyarli bir dagilim sergilemektedir. Sekil 6'da
sunulan sonuglar, yaz aylarinda diisiik ve orta egim agilarinda
belirgin bir ekserji yogunlasmasina isaret etmektedir. Ozellikle
Haziran aymda, 0-10° egim aralifinda ekserji degerleri yaklasik
6.06-6.07 kWh m™2 giin?' seviyelerine ulasarak yillik
maksimumlara yaklagmaktadir. Buna karsilik, kis aylarinda
(Aralik—Ocak) yiiksek egim acgilarinda (70-90°) ekserji
degerlerinin 1.5-2.0 kWh m™2 gin"' bandina geriledigi
gorulmektedir.

Mohammed-Mengiu¢ ~ modelinin  formulasyonunda
cevresel sicaklik etkisinin daha siirlt ve dolayli bicimde temsil
edilmesi, elde edilen ekserji dagiliminin Petela ve Spanner
modelleriyle biiyiik dl¢iide benzer mevsimsel ve agisal egilimler
gostermesine neden olmaktadir. Bununla birlikte, egim agisina
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bagli degisimlerin daha yumusak bir gradyan ile gerceklestigi ve
ozellikle gecis mevsimlerinde (Nisan ve Eyliil) maksimum ekserji
bolgelerinin daha genis bir egim araligina yayildigi dikkat
cekmektedir. Bu 0zellik, Mohammed-Mengii¢ modelinin aylik
1s1nim bilesenleri arasindaki dengeyi daha homojen bir bicimde
yansittigini ve sistem tasarimi agisindan daha esnek bir egim
se¢cimine olanak tamidigim1  gostermektedir. Ote yandan,
Mohammed-Mengiic modeliyle elde edilen ekserji degerleri,
Carnot verimi temelli Jeter modeline kiyasla sistematik olarak
daha diisiik seviyelerde kalmaktadir. Bu fark, Jeter modelinin
teorik iist sinir1 temsil eden yaklagimina karsilik, Mohammed-—
Mengii¢ modelinin 1smim—¢evre etkilesimini daha temkinli bir
cercevede ele almasiyla aciklanabilir. Buna ragmen, maksimum
ve minimum ekserji bolgelerinin y1l i¢indeki konumu ile egim
acisina bagli dagilim karakteri bakimindan her iki modelin benzer
fiziksel davranislar sergiledigi goriilmektedir.

Sekil 6. Mohammed Mengli¢c modeline gore panel egim agisi ve
aylara bagh olarak giines 1s1n1m1 ekserjisinin degisimi

Gunes Isinim Degerleri
(W/h-m2-giin)
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- 3790
Haziran
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— 2073

1500
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Panel Egim Agisi (B°)
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4. SONUC

Bu c¢alismada elde edilen sonuglar, giines 1sinimi
ekserjisinin hem mevsimsel degiskenlikten hem de panel egim
acisindan belirgin bigimde etkilendigini gostermektedir. Yaz
aylarinda yataya yakin yiizeylerde ekserji degerleri en yliksek
seviyelere ulasirken, Haziran aymnda 0-10° egim araliginda
hesaplanan ekserji potansiyeli yaklasik 6.0-6.1 kWh m™ giin!
diizeylerine c¢ikmaktadir. Buna karsilik, kis aylarinda giines
isinlarinin - diisiik  gelis agis1 nedeniyle maksimum ekserji
kazanim1 daha dik yilizeylerde gerg¢eklesmekte ve Aralik—Ocak
doneminde 70-90° egimlerde ekserji degerleri yaklasik 1.5-2.0
kWh m™ giin! araliginda kalmaktadir.

Model karsilastirmalari, Petela ve Spanner
yaklagimlarinin  neredeyse cakisan sonuglar iirettigini,
Mohammed-Mengii¢ modelinin bu iki modele ¢ok yakin ancak
egim agisina bagli degisimleri daha yumusak bir dagilimla temsil
ettigini ortaya koymustur. Buna karsin, Carnot verimi temelli
Jeter modeli, tiim aylar ve egim agilar1 boyunca diger modellere
kiyasla yaklasik %1.5-2.0 daha yiiksek ekserji degerleri sunarak
teorik list st temsil etmistir. Genel olarak sonuglar, giines
enerjisi sistemlerinin degerlendirilmesinde yalnizca toplam enerji
miktarina dayali yaklasimlarin yetersiz kaldigini; panel yonelimi
ve cevresel kosullar1 dikkate alan ekserji temelli analizlerin
sistem tasarimi ve optimizasyonu agisindan daha gercekci ve
giivenilir bir ¢cergceve sundugunu gostermektedir.
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HYBRID ADDITIVE MANUFACTURING: AN
INTEGRATED APPROACH TO ADVANCED
MANUFACTURING

Nafel DOGDU!

1. INTRODUCTION

Additive manufacturing (AM) is an innovative
manufacturing approach based on the layer-by-layer
transformation of computer aided three dimensional designs
(CAD) into physical objects. This technology fundamentally
differs from conventional manufacturing methods by
eliminating the need for molds and offering a high degree of
geometric freedom [1]. First introduced in the 1980s through
polymer based rapid prototyping techniques such as
stereolithography, AM was initially used solely for design
verification and conceptual modeling. However, with the
development of laser and arc based metal additive
manufacturing processes, the technology rapidly evolved toward
the production of functional and structural components [2]. This
transformation strengthened digital design manufacturing
integration and established AM as a strategic manufacturing
technology for high performance sectors such as aerospace,
defense, and biomedical applications [3].

Despite these advantages, standalone AM processes face
fundamental technical limitations, including surface roughness,
limited dimensional accuracy, residual stresses, and
microstructural anisotropy [4-6]. In particular, crack formation,

1 Lecturer, PhD, Vocational School of Technical Sciences, Akdeniz University,
ORCID: 0000-0001-8172-0832.
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porosity, and reproducibility issues in mechanical properties
reported for high strength aluminum and titanium alloys
constitute major factors limiting the industrial reliability of these
processes [7,8]. These challenges have also been clearly
emphasized in comprehensive review studies assessing the
current state of metal additive manufacturing [9,10].

To overcome these limitations, Hybrid Additive
Manufacturing (HAM) approaches have been developed. HAM
aims to establish more controlled and integrated production
chains by combining the geometric freedom of AM with
machining, metal forming, surface treatment, and secondary
energy fields that is, energy sources integrated into the AM
process to enable surface, quality, and microstructural control
[11-13]. While early HAM systems relied on sequential
subtractive machining applied after AM, modern systems enable
conventional and advanced material removal processes to be
performed alternately or simultaneously on the same platform
during the production process [14,15].

The historical development of HAM has not been limited
to metallic structures but has expanded toward biomedical,
electronic, and functional systems. In particular, multi material
biofabrication approaches have enabled the integration of
mechanical load bearing capacity and biological functionality
within a single structure [16,17]. Similarly, in aerospace and
space applications, hybrid manufacturing has been reported to
successfully produce components with complex geometries and
high surface quality requirements [18].

From the perspective of functional systems, hybrid
manufacturing approaches offer significant opportunities for
microstructural control and performance optimization in
chemical and biosensor applications [19,20]. Especially through
the integration of printing, sintering, and laser based processes,
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advanced functional components such as flexible radio
frequency (RF) electronics and hybrid circuits can be produced
[21]. These developments transform HAM from a purely
structural manufacturing method into an engineering platform
that enables multifunctional system design [22].

Multi energy field processes such as laser-arc hybrid
additive manufacturing have gained prominence in large scale
metal part production by balancing high deposition rates with
acceptable surface quality [23,24]. In addition, hybrid process
chains that combine metal additive manufacturing with forming
processes have created new scientific research areas focused on
controlling microstructure, residual stresses, and formability
behavior in transition regions [25,26].

The environmental and economic impacts of HAM have
also been increasingly discussed in the literature. Additive and
hybrid manufacturing approaches have been shown to possess
significant potential for reducing material waste and improving
energy efficiency [27]. Particularly in biomedical applications,
hybrid manufactured meta biomaterials have been reported to
offer superior mechanical performance and biocompatibility
[28-31].

Recent studies demonstrate that HAM systems not only
improve geometric accuracy but also enable advanced
manufacturing concepts such as multi physical lattice structures,
functional gradients, and digital twin assisted process control
[32,33]. Mechanism based studies aimed at explaining the
physical fundamentals of these processes contribute to making
hybrid manufacturing more predictable and repeatable [34].

Nevertheless, significant technical and operational
challenges still hinder the widespread industrial adoption of
hybrid additive manufacturing. Although porosity, surface
roughness, and variability in mechanical properties can be
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substantially reduced through hybrid process planning [35],
controlling material gradients and ensuring seamless process
integration in transition regions remain active research topics
[36,37]. In engineering alloys such as titanium and stainless
steel, residual stresses, microstructural evolution, and corrosion
behavior continue to represent critical challenges for hybrid
manufacturing [38-42].

Recent studies in pharmaceutical and dental applications
further demonstrate that hybrid additive manufacturing offers
significant advantages in personalized production, functional
performance, and clinical accuracy [43,44].

In addition, recent studies on advanced powder
processing and alloy design have shown that powder preparation
techniques can significantly influence phase transformation
behavior and microstructural stability. Investigations on
mechanically —alloyed Zr-doped NiTi powders have
demonstrated that alloying strategies can strongly affect R-phase
formation and austenitic transformation characteristics,
highlighting the importance of material design in advanced
manufacturing systems [45].

In this section, the fundamental limitations encountered
when additive manufacturing is applied as a standalone process
in industrial production have been identified, and the ways in
which hybrid additive manufacturing addresses these limitations
have been explained from a holistic perspective. Hybrid additive
manufacturing is considered as an approach in which additive
and conventional manufacturing methods are systematically
integrated within a single production chain, and the historical
development, current industrial maturity level, and key
advantages of the technology are summarized based on the
literature. This framework provides the foundation for the
following section, which examines the industrial applications of
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hybrid additive manufacturing, the challenges encountered, and
future development trends in greater detail.

2. INDUSTRIAL APPLICATIONS OF HYBRID
ADDITIVE MANUFACTURING

HAM is a multi component manufacturing approach
developed to overcome the limitations of conventional
manufacturing methods and to extend the design freedom and
functional production capabilities offered by AM. This
technology enables the production of highly complex,
customized, structural, and functional components, while
simultaneously providing significant advantages in areas where
AM alone remains limited, such as dimensional accuracy,
surface quality, and microstructural control [18], [25], [33]. The
fundamental manufacturing logic of this approach and the
interactions between process stages are summarized through the
simplified production workflow presented in Figure 1.

10N & REQUIREMENT DEFINITION
[Function { Loads / Standards)
4
MATERIAL & PROCFSS SELECTION
(AM Methed / Machining / Heat Ireatment)
+
DESIGN {CAD)
4
DESIGN FOR HYBRID MANLFACTURING {DEHAN)
+
IDITIVE MANUFACTURING
(AM / 3D Printing}
<+
MACHINING
(CNC Processing)
4
HEAT TREATMENT

(If Necassa )

FINISHED PART

Figure 1. Workflow of hybrid additive manufacturing including
pre-design, material selection, and post-processing stages.
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The schematic illustrates the planned and integrated
combination of the geometric freedom provided by additive
manufacturing with the dimensional precision offered by
machining within a single production chain.

2.1. Aerospace and Medical Applications

One of the most prominent application areas of HAM
technology is the aerospace and space industry. In this sector,
high cost materials such as titanium and nickel based
superalloys lead to substantial material waste when processed
using conventional methods. By reducing buy-to-fly ratios,
HAM improves material utilization efficiency and consequently
enables a reduction in production costs [26, 27], [33]. In
applications such as turbine blade repair, integral impeller
manufacturing, and the production of structural brackets, the
design flexibility, customization capability, and ability to meet
strength requirements provided by hybrid systems stand out
[21], [33].

In the medical sector, hybrid additive manufacturing is
effectively used in the production of patient specific orthopedic
implants, biocompatible vascular stents, and high precision
dental prostheses [31], [37], [43]. Particularly in biomedical
applications where individualized design is of critical
importance, the ability of hybrid processes to create complex
geometries while improving surface quality plays a key role.

Similarly, in the tooling industry, which constitutes a
fundamental component of manufacturing infrastructure, hybrid
additive manufacturing systems offer significant advantages.
Complex features such as internal cavities and conformal
cooling channels can be produced with high efficiency and
precision using HAM systems [16], [17].
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2.2. Process Integration in Hybrid Manufacturing
Systems

The rapid heating cooling cycles occurring during the
AM stage lead to high levels of residual stresses within the part.
This results in risks such as crack formation, geometric
distortion, and reduced fatigue life [38]. For this reason, it has
been reported that by integrating subtractive operations such as
milling into HAM systems, tensile residual stresses can be
reduced by up to 90%, while compressive stresses are
introduced at the surface, thereby increasing the service life of
the component [34], [38]. The anisotropic microstructures
formed as a result of AM processes cause components to exhibit
different mechanical behaviors in different directions.
Secondary operations such as interlayer laser shock peening [30]
or rolling [40] have been shown to render the microstructure
more homogeneous and isotropic. However, such integrations
also give rise to new technical challenges at the system level. In
particular, the risk of damage to laser optical systems due to
cooling fluids [34], tool wear [36], and microstructural
incompatibilities occurring in transition zones [28] emerge as
critical issues requiring careful design of HAM process chains.

In addition, the high initial investment costs of HAM
machines, complex process planning requirements, the risk of
contamination during powder recovery, and the lack of
sufficient standardization of production processes [22], [24]
constitute major barriers to the widespread industrial adoption of
HAM. This indicates that HAM should be addressed not only in
terms of its technical aspects but also from operational and
organizational perspectives.

Nevertheless, the improvements achieved by HAM in
areas where AM remains limited such as dimensional tolerances,
surface quality, and porosity control are highly significant. It has
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been reported that porosity can be substantially reduced through
interlayer processing strategies [35], [39], surface quality can be
improved, and the resulting mechanical strength can approach
that of forged components [28], [38]. These improvements
demonstrate that HAM plays not merely a complementary role,
but a decisive role in determining overall production quality.

In this context, Table 1 presents a comparative
assessment of conventional manufacturing methods, AM, and
HAM based on fundamental industrial production criteria. The
comparison highlights the advantages provided by HAM in
terms of geometric complexity, material utilization efficiency,
surface quality, microstructure control, and part repair, while
also reflecting limitations related to investment cost and process
complexity in a balanced manner. This evaluation enables a
holistic assessment of the position of HAM among existing
manufacturing approaches.

Tablel. Comparison of Conventional, Additive, and Hybrid
Additive Manufacturing Approaches

Criterion / Evaluation
Metric

Conventional
Manufacturing
Methods

Additive Manufacturing
(AM)

Hybrid Additive Manufacturing
(HAM)

Geometric Complexity

Low limited design
freedom

High complex geometries
can be produced

Very high design freedom
combined with precision
machining

Material Utilization
Efficiency (Buy-to-Fly)

Low (up to 10:1)

Moderate (3:1 - 1.5:1)

High (can be reduced to ~1.2:1)

Surface Quality and

High (process

Low post processing

High controlled through

control

Tolerances dependent) often required interlayer or in process
machining
Microstructure Control Good homogeneous Anisotropic Optimizable improved via
microstructure microstructure limited secondary processes

subtractive processes)

Design Flexibility Limited tool High Integrated design and
accessibility required manufacturing considered
simultaneously
Energy Consumption High (especially in Moderate Relatively low reduced number

of processing steps

Part Repair and
Remanufacturing

Difficult or not feasible

Possible (especially with
DED based processes)

Highly effective repair and
remanufacturing combined

Industrial Certification
Compatibility

Compliant with
existing standards

Developing varies by
sector

Subject to emerging standards —
increasing industrial adoption

Investment Cost

Moderate

Moderate to high

High complex equipment and
software requirements

Application Areas

Automotive, aerospace,

heavy industry

Medical, space, defense,
dentistry

Aerospace, medical, tooling,
energy, electronics

The comparison presented in Table 1 clearly
demonstrates that hybrid additive manufacturing is not merely
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an approach in which additive and conventional methods are
used sequentially; rather, it offers a holistic manufacturing
approach that integrates geometric freedom, dimensional
accuracy, and microstructure control within a single production
chain. In particular, the gains achieved in terms of material
utilization efficiency, surface quality/tolerances, and part repair
elevate HAM to a strategic position in industrial manufacturing.

2.3. Why Hybrid Additive Manufacturing Matters in
Industrial Production

At present, the development of hybrid additive
manufacturing (HAM) technology is not limited solely to
improving production efficiency; it also demonstrates significant
progress in the areas of intelligent manufacturing systems,
sustainability, and standardization. The literature indicates that
future research and application trends related to HAM are
concentrated around  specific technical, digital, and
organizational themes.

In this context, artificial intelligence and machine
learning—based approaches are gaining increasing importance
for real time monitoring of process data and the implementation
of adaptive production control [36]. Similarly, digital twin and
loT based integrations enable virtual modeling of manufacturing
processes, allowing potential defects to be predicted in advance
and process optimization to be carried out more effectively [40].

Another key area of future research concerns the control
of transition regions in hybrid structures involving multi
material usage. Ensuring mechanical and microstructural
continuity in these regions is regarded as a critical objective in
terms of both structural integrity and long term service
performance [28], [31].

From the perspective of standardization and industrial
integration, international organizations such as ASTM, 1SO, and
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the FDA have begun to develop testing protocols and
certification ~ frameworks specific to hybrid additive
manufacturing processes [43], [44]. These developments play a
fundamental role in accelerating industrial adoption and
enhancing the reliability of HAM based production, particularly
in the aerospace and medical sectors.

3. CONCLUSION

This book chapter demonstrates that hybrid additive
manufacturing is not merely a technique aimed at improving
specific manufacturing steps; rather, it offers a holistic
manufacturing approach that spans the entire production chain,
from design and manufacturing to quality control and part
performance. It provides the reader with a clear and systematic
framework to understand where the limitations of standalone
additive manufacturing become evident and how hybrid
approaches can overcome these limitations through specific
mechanisms.

The historical development, industrial applications, and
technical challenges discussed throughout the chapter indicate
that hybrid additive manufacturing is not simply an emerging
technology, but a rational response to contemporary
manufacturing needs. In particular, the explanation of how
fundamental challenges of modern manufacturing such as
dimensional accuracy, microstructure control, part repair, and
sustainability can be addressed through hybrid approaches
enhances the practical relevance of this chapter.

Readers who benefit from this chapter will be able to
more consciously assess in which application areas hybrid
additive manufacturing provides a genuine advantage, under
which conditions it still presents limitations, and in which
directions the technology is expected to evolve in the future.
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Such an assessment contributes to the formulation of more
targeted research questions in academic studies and supports
more informed technology selection in industrial applications.

In conclusion, this chapter serves as a guiding resource
for anyone seeking to approach hybrid additive manufacturing
not only from a technical perspective, but also as a strategic,
systematic, and long-term manufacturing approach. The ability
of readers to adapt this knowledge to their own research, design,
or production processes stands out as the most significant
outcome in terms of understanding the true value of hybrid
additive manufacturing.
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NUMERICAL INVESTIGATION OF
MARANGONI CONVECTION UNDER
VARYING ASPECT RATIOS AND GRAVITY
CONDITIONS

Ela KATI SUNAY!

1. INTRODUCTION

Marangoni (thermocapillary) convection is a transport
mechanism that occurs as a result of tangential shear stresses
acting on a fluid due to surface tension gradients formed along a
free surface. The formation of Marangoni convection is directly
related to temperature differences occurring along the free
surface. In most liquids, surface tension decreases with increasing
temperature; therefore, in systems where temperature variations
exist along the free surface, the surface tension distribution loses
its uniformity. The resulting surface tension gradient causes the
fluid to move from regions of lower surface tension (higher
temperature) toward regions of higher surface tension (lower
temperature). This motion initiated along the surface leads to the
formation of closed circulation cells within the fluid volume.

Marangoni convection becomes particularly significant in
small-scale systems, in fluids with high Prandtl numbers, and in
configurations where free-surface effects dominate. In such
systems, Marangoni-driven flows strongly influence heat and
mass transfer mechanisms. Consequently, Marangoni convection
is of great importance not only from the standpoint of

1 Asst. Prof. Dr., Stileyman Demirel University, Faculty of Engineering and Natural
Sciences, Department of Mechanical Engineering, ORCID: 0000-0002-4135-5241.
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fundamental fluid mechanics but also in many engineering and
scientific applications.

Marangoni convection is encountered in a wide range of
applications, including flow control in microfluidic systems, thin-
film coating and drying processes, crystal growth and
semiconductor manufacturing, as well as space engineering and
microgravity experiments.

The characteristics of the flow structure formed in
Marangoni convection depend on several parameters such as the
geometric aspect ratio (Ar), temperature difference,
thermophysical properties of the fluid, gravity conditions, and
boundary conditions. Among these parameters, the aspect ratio
(Ar) is one of the key factors determining the development of the
flow structure in Marangoni convection. Variations in the aspect
ratio directly influence the geometric distribution of circulation
cells and the interaction between Marangoni convection and
natural convection. In this context, the comparative investigation
of Marangoni convection under different aspect ratios is
important for revealing the role of this mechanism on the flow
structure more clearly.

Under normal gravity conditions, Marangoni convection
always occurs together with natural convection arising from
density variations due to temperature differences. The buoyancy
force generated by natural convection may modify the flow
structure produced by surface tension gradients; in some
configurations it may weaken Marangoni-induced circulation or
influence the stability of the flow. Therefore, the flow structure
observed under normal gravity conditions is not only a result of
the Marangoni mechanism but also of natural convection effects.
In contrast, under microgravity conditions, buoyancy forces
become negligible and the flow structure is largely determined by
surface tension gradients. This situation enables Marangoni
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convection to be examined more clearly. In the literature,
experimental and numerical studies conducted in microgravity
environments have special importance in terms of isolating and
understanding the fundamental physical mechanisms of
Marangoni convection. In particular, studies carried out in space
environments reveal that the suppression of buoyancy forces
allows surface-tension-driven flows to be observed in a purer
form, and therefore microgravity studies occupy an important
place in academic research. For this reason, in order to reveal the
interaction between Marangoni convection and natural
convection and to better evaluate the fundamental behavior of the
mechanism, analyses were carried out under both normal gravity
and microgravity conditions in this study.

Studies investigating surface-tension-driven convection
mechanisms and their effects on sensitive manufacturing
applications such as semiconductor crystal growth have
contributed significantly to the understanding of the fundamental
physical principles of Marangoni convection. Ostrach (1982)
examined  surface-tension-driven  flows in  low-gravity
environments and emphasized the importance of space research.

Wang et al. (1991) analytically investigated natural
convection and Marangoni convection in a two-layer fluid system
without mass transfer at the interface. In analyses based on the
assumption of parallel flow, cases with horizontal and vertical
heat fluxes were evaluated, and it was shown that four different
convection patterns could occur in the system. The results
revealed that these patterns depend on dimensionless parameters
and that the interaction between buoyancy forces and surface
tension effects determines the flow structure.

Sasmal and Hochstein (1994) developed a finite-volume-
based numerical model to investigate Marangoni convection in a
cavity with a curved and deforming free surface. In their study,

63



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

the effects of Marangoni and capillary numbers as well as the
contact angle on the flow structure and heat transfer were
analyzed, and the results were evaluated through streamlines,
isotherms, and local Nusselt number distributions.

Zeng et al. (1999) numerically investigated the variation
of the oscillation radial frequency with aspect ratio in a half-
floating-zone configuration using silicone oil.

Hamed and Floryan (2000) examined Marangoni
convection in a cavity with differentially heated sidewalls while
considering interface deformation. Their results showed that the
interface becoming tangent to the hot wall is the main mechanism
limiting system stability.

Lai (2004) demonstrated that each of the dimensionless
parameters appearing in the continuity, Navier-Stokes, and
energy equations affects the flow behavior of high-Prandtl-
number  fluids undergoing oscillatory  thermocapillary
convection.

Peng et al. (2008) numerically investigated Marangoni
convection under microgravity conditions using the finite
difference method. The results showed that the flow remains
steady at low Marangoni numbers and is confined near the free
surface. As the Marangoni number increases, the flow extends
into the liquid volume and the surface velocity increases;
however, once a critical value is exceeded, the flow becomes
unstable.

Selver et al. (2013) numerically investigated the
interaction between surface-tension-driven flow and natural
convection in silicone oil with a viscosity of 5 ¢St under normal
and reduced gravity conditions. The results showed that
variations in gravity level significantly affect the flow
characteristics and revealed the determining role of buoyancy
forces in Marangoni convection.
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Mielniczuk et al. (2018) investigated capillary
interactions in a floating-zone configuration using an analytical
model. Their results showed that gravitational effects cause a loss
of symmetry in the system, leading to undesirable deformations.
In order to reduce this deformation, additional tests were
conducted under microgravity conditions, and more stable and
symmetric structures were observed compared to those obtained
under normal gravity.

Weerakoon Rathnayake et al. (2024) investigated the
effect of volume ratio on the flow dynamics of fluids with
different Prandtl (Pr) and Schmidt (Sc) numbers under steady and
unsteady Marangoni conditions using three-dimensional
numerical simulations. The results showed that, at low Prandtl
numbers, the effect of volume ratio on temperature distribution is
limited under steady conditions but becomes more significant
under unsteady conditions. At high Prandtl numbers, however,
the volume ratio significantly affects both temperature and
velocity distributions. In addition, for high Schmidt and low
Prandtl numbers, the concentration distribution was found to be
more affected by the volume ratio, and oscillatory and irregular
flow structures were observed under unstable regimes.

In the present study, the open-cavity configuration
commonly used in the investigation of Marangoni convection was
modeled in two dimensions, and numerical simulations were
performed using the ANSYS Fluent software. In order to
determine the effects of the aspect ratio (Ar) on flow velocity,
stability, and structural characteristics, eight different aspect
ratios were considered. Furthermore, to evaluate the interaction
between Marangoni convection and natural convection, the
analyses were conducted under both normal gravity and
microgravity conditions.
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2. NUMERICAL MODEL AND METHOD

The open-cavity configuration used in the model consists
of a container in which one of the opposing long vertical walls is
heated and the other is cooled, while the remaining walls and the
bottom surface are insulated (Figure 1).

Silicone o

/

\'\Ho: fluid inlet pipe Cold fluid outlet pipe

Hot fluid outlet pipe

Figure 1. Open-cavity configuration (Selver et al., 2013)

As shown in Figure 1, one of the two opposing long
vertical walls is defined as the heated wall, while the other is
defined as the cooled wall. In this configuration, the silicone oil
is heated from one side wall and cooled from the opposite wall.
Due to the temperature difference, the surface tension distribution
along the free surface becomes non-uniform, resulting in the
formation of a surface tension gradient. This condition generates
tangential stresses along the free surface and leads to the
development of Marangoni convection.

In order to investigate this flow structure numerically, the
ANSYS Fluent software was employed. In the study, eight
different aspect ratios (Ar) were considered, and a two-
dimensional geometrical model was defined for each ratio. The
numerical analyses were carried out using these models. An
example of the geometrical model used in the numerical
simulations and its corresponding mesh structure is presented in
Figure 2.
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Figure 2. Geometrical model and mesh structure for Ar = 0.25

In the geometrical model shown in Figure 2, the left
vertical boundary represents the heated wall, the right vertical
boundary represents the cooled wall, the upper horizontal
boundary represents the free surface of the silicone oil, and the
lower horizontal boundary represents the bottom surface of the
container. For the example model presented in Figure 2, the
aspect ratio is defined as Ar = 0.25, where Ar = H/L. Here, H
represents the height of the silicone oil, and L denotes the distance
between the heated and cooled walls.

In the numerical simulations, the physical properties of
silicone oil with a viscosity of 2 cSt were used (Masud, 1997). In
order to ensure that the flow remained within the steady
Marangoni convection regime, the temperature of the heated wall
was maintained at Ty = 298 K, while the temperature of the
cooled wall was fixed at Tc = 288 K.

In this study, eight different aspect ratios were considered:
Ar =0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2. In all models, the
distance L was kept constant at 0.01 m, while the value of H was
varied to obtain different aspect ratios.

Since the surface tension gradient responsible for
Marangoni convection acts along the free surface of the liquid,
this region is of critical importance for the numerical analysis.
Therefore, particular attention was paid to the quality of the
generated mesh and to the resolution near the free-surface region.
The flow was assumed to be laminar, and the simulations were
performed using the SIMPLER algorithm. It was assumed that the
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free surface remained flat and horizontal, that no heat transfer
occurred between the free surface and the surrounding
environment (adiabatic condition), and that radiation effects were
negligible. Under these conditions, a total of sixteen numerical
simulations were carried out for eight different aspect ratios under
normal gravity (9.81 m/s?) and microgravity (1.0x107¢ m/s?)
conditions.

3. RESULTS AND DISCUSSION

Marangoni convection arises as a result of temperature
differences along the free surface that modify the surface tension.
In most fluids, surface tension decreases with increasing
temperature, which leads to the formation of a surface tension
gradient along the free surface. This gradient induces a flow along
the free surface from the hotter region toward the colder region.

|
i
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Figure 3. Streamline patterns of silicone oil undergoing
Marangoni convection under normal gravity conditions for
Ar=0.25,0.5,0.75, and 1
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The streamline patterns obtained under normal gravity
conditions for silicone oil configurations with aspect ratios
Ar=0.25, 0.5, 0.75 and 1 are presented in Figure 3. In the
geometrical model, the left vertical wall is defined as the heated
wall, whereas the right vertical wall is defined as the cooled wall.
Under these conditions, fluid particles move along the free
surface from the hot region toward the cold region due to the
surface tension effect. Examination of Figure 3 shows that, in all
configurations, the convection circulation develops in such a way
that it occupies a large portion of the cavity, and a second vortex
cell begins to form. In the configuration with Ar=0.25 the second
vortex cell appears near the center of the cavity, whereas for
Ar=0.5, 0.75 and 1, the second vortex cell is observed to form
closer to the cold wall.

Under normal gravity conditions, Marangoni convection
generally occurs together with natural convection. Natural
convection induced by density differences may influence the flow
structure of Marangoni convection and, in some cases, may alter
the characteristics of the surface-tension-driven flow. Therefore,
studies conducted under microgravity conditions are of great
importance for observing Marangoni convection more clearly and
for reducing the influence of natural convection. For this reason,
the numerical analyses in the present study were performed under
both normal gravity and microgravity conditions.

Figure 4 presents the streamline patterns of silicone oil
with a viscosity of 2 ¢St undergoing Marangoni convection under
microgravity conditions for configurations with aspect ratios
Ar=0.25, 0.5, 0.75 and 1.

69



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

Figure 4. Streamline patterns of silicone oil undergoing
Marangoni convection under microgravity conditions for
Ar=0.25,0.5,0.75, and 1

An examination of Figure 4 shows that a second vortex
cell forms only in the configuration with an aspect ratio of
Ar=0.25, whereas a single vortex cell is observed for Ar=0.5, 0.75
and 1. A comparison between Figures 3 and 4 reveals significant
differences in terms of the shape of the convection circulation and
its distribution within the cavity.

Figure 5 presents the streamline patterns of silicone oil
with a viscosity of 2 ¢St undergoing Marangoni convection under
normal gravity conditions for configurations with aspect ratios
Ar=1.25,1.5, 1.75 and 2.
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Figure 5. Streamline patterns of silicone oil undergoing
Marangoni convection under normal gravity conditions for
Ar=1.25,15,1.75,and 2

An examination of Figure 5 shows that, similar to Figure
3, the convection circulation develops in such a way that it
occupies a large portion of the cavity in all configurations. In
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addition, multiple vortex cells are observed in all configurations.
It is also observed that as the aspect ratio increases, the structure
of the convection circulation changes and the irregularity within
the flow gradually increases.
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Figure 6. Streamline patterns of silicone oil undergoing
Marangoni convection under microgravity conditions for Ar=1.25,
1.5,1.75,and 2
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In order to examine Marangoni convection more clearly
and to reduce the influence of natural convection, numerical
analyses were also performed under microgravity conditions for
aspect ratios Ar = 1.25, 1.5, 1.75 and 2. Figure 6 presents the
streamline patterns of silicone oil with a viscosity of 2 cSt
undergoing Marangoni convection under microgravity conditions
for configurations with these aspect ratios.

An examination of Figure 6 shows that a single vortex cell
forms in all configurations, and the structure of the convection
circulation remains largely unchanged while the overall flow
pattern is preserved. As the aspect ratio increases, the convection
circulation becomes concentrated near the upper region of the
cavity and the flow does not penetrate into the deeper regions of
the cavity. As a result, a stagnant flow region forms in the lower
part of the cavity.

Under normal gravity conditions, a temperature gradient
develops from the bottom toward the top of the configuration due
to the effect of natural convection. For this reason, in all
configurations presented in Figures 3 and 5, the convection
circulation develops in such a way that it occupies the entire
cavity. In contrast, in the analyses performed under microgravity
conditions (Figures 4 and 6), the buoyancy effect is largely
eliminated and the flow is governed only by surface-tension-
driven Marangoni forces. In this case, since the temperatures in
the regions where vortex cells exist are higher than those in the
stagnant region below, the fluid density in the stagnant region
becomes greater. Consequently, this limits the penetration depth
of the vortex cells into the fluid.

The temperature distributions of silicone oil undergoing
Marangoni convection inside the configuration under normal
gravity conditions for aspect ratios Ar = 0.25, 0.5, 0.75, 1, 1.25,
1.5, 1.75 and 2 are presented in Figures 7 and 8.
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Figure 7. Isotherm patterns of silicone oil undergoing Marangoni
convection under normal gravity conditions for Ar =0.25, 0.5,
0.75and 1

An examination of Figures 7 and 8 shows that, in all
configurations, the isotherms become denser near the heated wall,
indicating that the temperature gradient is more pronounced in
this region. As the aspect ratio increases, the isotherms within the
configuration exhibit a more regular and nearly parallel structure.
In addition, under normal gravity conditions, the temperature
distribution is not confined only to the region near the free surface
due to the influence of natural convection, but also extends
toward the lower regions of the configuration. This indicates that
buoyancy forces and Marangoni convection develop
simultaneously, causing the convection circulation to spread over
a larger portion of the configuration volume. Therefore, under
normal gravity conditions, heat transfer occurs under the
combined influence of surface-tension-driven Marangoni flow
and natural convection induced by density differences.
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Figure 8. Isotherm patterns of silicone oil undergoing Marangoni

convection under normal gravity conditions for Ar =1.25, 1.5,
1.75and 2

Figures 9 and 10 present the temperature distributions of
silicone oil undergoing Marangoni convection within the
configuration under microgravity conditions for aspect ratios
Ar=0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2.
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Figure 9. Isotherm patterns of silicone oil undergoing Marangoni
convection under microgravity conditions for Ar = 0.25, 0.5, 0.75
and 1

An examination of Figures 9 and 10 shows that, in all
configurations, a distinct temperature distribution forming a
semicircular pattern near the free surface of the liquid is observed.
At smaller aspect ratios, the temperature distribution appears as
more horizontally oriented isotherms extending downward from
the free surface. As the aspect ratio increases, the isotherms in the
regions located beneath the semicircular temperature field formed
near the free surface tend to extend in a more vertical direction.
This behavior is associated with the fact that, under microgravity
conditions, the flow is largely governed by the surface tension
gradient and the Marangoni-driven surface flow becomes
concentrated in the upper regions. As a result, the flow weakens
in the lower regions of the configuration, and this behavior can be
clearly observed in the streamline patterns presented in Figures 4
and 6.

76



Makine Miihendisligi Alaninda Bilimsel Arastirmalar

2986402
Static Tem perature I 297e+02
1K)
2980002 2966402
2978402 2951402
2960402 294e+02
e 290e402
2948402
292402
293es02
2920402 291e+02
2816402 290e+02
2900402 289e402
2892402 3 288e+02
2882402 /

Static Tem peraturt

[K]
2988402
Static Tem perature 297402
[K]
298e402 2968402
297e+02 295240 2
BELEe 2948402
29%402
2893e+02
2948402
292402
293e+02
i 291e+02
S 2902402
2908402 2898402
289e402 2882402
28Be+02

Figure 10. Isotherm patterns of silicone oil undergoing Marangoni
convection under microgravity conditions for Ar =1.25, 1.5, 1.75
and 2

A comparison of Figures 7, 8, 9 and 10 shows that, under
microgravity conditions, the isotherms differ significantly from
those obtained under normal gravity conditions due to the
elimination of the buoyancy force associated with natural
convection.
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4. CONCLUSION

In this study, Marangoni convection occurring in silicone
oil with a viscosity of 2 cSt inside an open cavity configuration
was investigated using numerical analysis. In order to examine
the effect of the aspect ratio on flow behavior and temperature
distributions, numerical analyses were performed for eight
different aspect ratios: Ar =0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and
2. These analyses were carried out under both normal gravity and
microgravity conditions, and the obtained results were evaluated
based on streamline patterns and isotherm distributions.

An examination of the results obtained under normal
gravity conditions indicates that Marangoni convection develops
together with natural convection. Due to the buoyancy force
arising from density differences, the convection circulation
develops in such a way that it occupies a large portion of the
configuration. As the aspect ratio increases, changes occur in the
structure of the convection cells, and multiple vortex cells are
observed particularly at higher aspect ratios. In addition, it was
determined that the convection circulation is significantly
influenced by the geometry and that the irregularity of the flow
field increases as the aspect ratio becomes larger.

In the analyses performed under microgravity conditions,
the elimination of buoyancy forces associated with natural
convection results in flow behavior that is largely governed by the
Marangoni convection mechanism driven by surface tension
gradients. Under these conditions, the convection cells exhibit a
more regular structure and a single vortex cell is formed in most
configurations. Furthermore, as the aspect ratio increases, the
convection circulation becomes concentrated in regions closer to
the free surface and the penetration depth of the flow into the
lower regions of the configuration decreases. As a result, more
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stagnant flow regions develop in the lower part of the
configuration.

An examination of the isotherm distributions shows that
under normal gravity conditions the temperature distribution is
not confined only to the region near the free surface; due to the
effect of natural convection, it extends toward the lower regions
of the configuration and forms a more regular layered structure.
In contrast, under microgravity conditions a distinct temperature
distribution forming a semicircular pattern near the free surface is
observed. In the regions below this zone, the isotherms tend to be
oriented more vertically. This behavior indicates that, with the
elimination of natural convection under microgravity conditions,
the flow is largely controlled by Marangoni convection governed
by surface tension gradients.

The obtained results demonstrate that both the aspect ratio
and gravity conditions have a determining influence on the flow
structure and temperature distribution.
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ADVANCED SOLAR TECHNOLOGIES:
GLOBAL TRENDS AND TECHNO-ECONOMIC
ANALYSIS

Tugba GURLER!
Safiullah SHIRZAD?

1. INTRODUCTION

All renewable energies ultimately derive from the sun,
including such as wind, wave, hydro, or biomass energy sources,
which can be called indirect solar energy or secondar energy
sources. For example, the earth’s surface has an uneven
distribution of the light coming from the sun; this causes
differences in pressure which are the main reason for wind
energy. Unbalanced evaporation and precipitation on the earth
cause the hydrological cycle, and the process of the
photosynthesis of biomass resources also depends on the level of
light coming from the sun, Direct solar energy, harvested by PV
cells to generate electricity (explained in more detail below), is a
clean and inexhaustible form of energy which can make a
significant contribution to global energy problems

The first significant attempts to convert solar energy into
mechanical power were made in the 19th century, mainly to
produce low-pressure steam for motors. Augustin Mouchot, a
French pioneer in this field, constructed and ran a number of
solar-powered steam engines throughout Europe and North
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Africa between 1864 and 1878 ( See in Figure 1) . A printing
machine was successfully driven by one of his engines, which he
prominently showed at the 1878 International Exhibition in Paris
(see Figure 1) (Mouchot, 1878; 1880 as cited in Kalogirou, 2009).

Figure 1. A printing press at the 1878 Paris exposition powered by
a parabolic collector (Mouchot, 1878; 1880 as cited in Kalogirou,
2009)

However, a model constructed in Tours was found to be
economically unfeasible by the French government due to its high
expenditures. In Algeria, a later version was installed. Mouchot
created a solar collector in the form of a truncated cone in 1875,
which was a significant advancement in solar collector
technology. With a diameter of 5.4 meters, a collection area of
18.6 m?, and moving parts weighing a considerable 1400 kg, this
collector was constructed from silver-plated metal plates. Abel
Pifre, a contemporary of Mouchot, was creating his own solar
engines at about the same time (Meinel and Meinel, 1976; Kreider
and Kreith, 1977 as cited in Kalogirou, 2009). Pifre's collectors
resembled Mouchot's truncated cone designs because they were
parabolic reflectors made of several tiny mirrors.
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Innovation quickly made its way to the US from across the
Atlantic. The first steam engine to run entirely on solar power is
claimed to American engineer John Ericsson. He went on to build
eight distinct systems, all of which employed air or water as the
working fluid and parabolic troughs (Jordan and Ibele, 1956 as
cited in Kalogirou, 2009).

In 1901, A. G. Eneas built a large-scale solar-powered
water pump for a farm in California. The system featured a 10-
meter-wide focusing collector, which was essentially a large,
inverted umbrella-like structure. 1,788 mirrors on its inner
surface were angled to capture the sun's full energy and focus the
rays onto a boiler at the focal point. A traditional compound
engine and centrifugal pump were subsequently powered by the
resultant steam (Kreith and Kreider, 1978 as cited in
Kalogirou,2009). At the St. Louis World's Fair in 1904, a
Portuguese priest by the name of Father Himalaya unveiled a
massive solar furnace. For its time, its design—which resembled
a big, off-axis parabolic horn—was seen as fairly modern (Meinel
and Meinel, 1976) as cited in Kalogirou, 2009. Frank Shuman and
C. V. Boys collaborated on what may have been the most
complex effort of this era in 1912. In Meadi, Egypt, they set out
to construct the biggest solar-powered irrigation facility in the
world.

The equipment, which was operational by 1913, focused
sunlight onto absorber tubes using long parabolic cylinders. Each
cylinder measured 62 meters in length, and the overall surface of
the several banks was an astounding 1200 square meters.
According to Kreith & Kreider (1978) as cited in Kalogirou,
2009, the plant could produce 37 to 45 kW continuously for up to
five hours. Despite its technical achievements, the plant was shut
down in 1915 as a result of World War I's economic turmoil and
the declining cost of fossil fuels.
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Over the subsequent 50 years, engineers and scientists
continued to refine focusing collector technology to heat working
fluids and power machinery. These efforts have largely
converged on two main technological paths: central receiver
systems and distributed receiver systems. Both use various optical
configurations, such as point-focus and line-focus concentrators,
to capture and intensify sunlight. Central receiver systems, for
instance, utilize vast fields of The operating temperature of solar
receivers can vary widely, from around 100°C in low-temperature
trough systems to nearly 1500°C in more advanced dish and
central receiver designs (SERI, 1987 as cited in Kalogirou, 2009).

Megawatt-scale power is produced by several large-scale
solar plants in the modern period, either for industrial process heat
or electricity. In 1979, Albuquerque, New Mexico, saw the start
of the first commercial solar facility in history. This plant
produced 5 MW of power using 220 heliostats. Later, a second,
bigger facility with a 35 MW thermal output was built near
Barstow, California. The majority of solar thermal plants
nowadays are built to generate electricity or heat for industrial
uses; they frequently produce superheated steam at temperatures
of 673 K, or roughly 400°C. Small-scale, traditional desalination
plants that run on thermal or electrical energy can be powered by
this steam since it can be utilized directly or to produce electricity.

A parallel area of solar application, focused on residential
hot water and space heating, first emerged in the mid-1930s but
only gained significant traction in the late 1940s. At that time, the
vast majority of homes relied on coal-fired boilers for heating.
The initial concept was straightforward: to use solar energy to
heat water that could then be circulated through existing radiator
systems (Kalogirou, 2009).

During the earl 1960s commercial manufacturing of solar
water heaters began and quickly expanded into a global industry.
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The most common configuration for these systems is the
thermosiphon type. An insulated storage tank with a capacity of
150 to 180 liters and two flat-plate solar collectors with a
combined absorber area of 3 to 4 m2 make up a typical device,
which is supported by a frame. These systems frequently include
a heat exchanger connected to a central heating system or an
additional electric immersion heater to provide a steady supply of
hot water during times of low sunlight.
The forced circulation system is another well-liked concept. Only
the solar collectors on the roof are visible in this configuration.
The system is completed with a network of pipes, a circulation
pump, and a differential thermostat to regulate operation. The hot
water storage tank is situated indoors, usually in a utility room.

While this type is often preferred for its cleaner
architectural appearance, it is generally more expensive to install
than a thermosiphon system, particularly for smaller residential
applications (Kalogirou, 1997 as cited in Kalogirou, 2009).

2. SOLAR PHOTOVOLTAIC (PV)
TECHNOLOGIES: MATERIAL
ADVANCEMENTS

The photovoltaic (PV) effect was first observed in
selenium by the French physicist Edmond Becquerel in 1839.
More than a century later, in 1958, the development of silicon
solar cells achieved a conversion efficiency of 11%, though their
astronomical cost—around $1,000 per watt—made them
impractical for most applications. Their first practical use was in
the space program, where the premium on a reliable power source
outweighed the expense. Alternative photovoltaic materials, such
gallium arsenide (GaAs), were discovered as a result of research
conducted throughout the 1960s. These materials were far more
costly than silicon, even though they could tolerate higher
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operating temperatures. Global installed solar capacity peaked at
around two gigawatts by the end of 2002 (Lysen, 2003).
Semiconductors, which transmit electricity more effectively than
insulators but not as well as metals, are used to make photovoltaic
cells.

The most widely used semiconductor for this purpose is
silicon (Si), along with compounds such as cadmium sulphide
(CdS), cuprous sulphide (Cu2S), and gallium arsenide (GaAs).

A distinct category is amorphous silicon (a-Si) cells.
Unlike traditional crystalline cells, these are made from a thin,
homogeneous layer of silicon atoms without a regular crystal
structure. This material absorbs light far more efficiently than
crystalline silicon, allowing the cells to be much thinner. For this
reason, amorphous silicon is classified as a thin-film PV
technology. It can be deposited onto a variety of substrates, both
rigid (like glass) and flexible (like plastic or steel), making it well-
suited for curved surfaces or foldable modules. The main trade-
off is efficiency; amorphous cells typically achieve only about
6%, which is lower than their crystalline counterparts. However,
their simpler manufacturing process makes them significantly
cheaper to produce, making them ideal for cost-sensitive
applications where top-tier efficiency is not a priority.

Amorphous silicon is essentially a glassy alloy composed
of silicon and approximately 10% hydrogen. Its appeal for thin-
film solar cells stems from several key properties:

1. Material Abundance: Silicon is one of the most
common elements on Earth and is non-toxic.

2. High Light Absorption: It absorbs sunlight so
effectively that the active layer needs to be only about
1 micrometer thick. This is a fraction of the 100
micrometers or more required for crystalline silicon
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cells, drastically reducing the amount of material
needed.

3. Substrate Versatility: It is possible to directly apply
thin films of a-Si on low-cost supporting materials like
glass, sheet steel, or even plastic foil.

Other potential materials are gaining pace in the PV
business in addition to silicon-based solutions. Among them are
copper indium di selenide (CIS) and cadmium telluride (CdTe).
These technologies' primary benefit is that, in contrast to
crystalline silicon, they can be produced using comparatively
inexpensive industrial techniques, and they usually provide
greater module efficiencies than amorphous silicon. In addition to
that, crystalline silicon panels continue to be expensive.

To further decrease the levelized cost of electricity
generated by photovoltaics, there is a strong need for multi-
junction architectures that can surpass the fundamental efficiency
ceiling of single-junction devices (Aydin et al., 2024). A
particularly promising approach to achieving this is the use of all-
perovskite tandem solar cells. These devices exploit the unique
ability of perovskite materials to have their bandgaps precisely
tuned (Marti & Aradjo, 1996). This tunability makes it possible
to stack two or more sub cells, each with complementary
bandgaps, within a single device. The key advantage of this
configuration is a significant reduction in energy losses from
photon thermalization. As a result, all-perovskite tandems have
achieved record certified power conversion efficiencies (PCEs)
exceeding 30%, thus outperforming both single-junction silicon
cells, which peak at 27.4%, and single-junction perovskite cells,
which max out at 26.7% (Green et al., 2025). Furthermore,
certified efficiencies for all-perovskite tandem mini-modules
have reached 24.8%, a notable improvement over the 23.2%
efficiency of single-junction perovskite modules (Green et al.,
2025). Individual PV cells are put together into modules that are
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intended to generate a particular voltage and current when
exposed to light in order to provide a workable power source.
After that, these modules can be joined in parallel to increase
current or in series to raise voltage. Because of their great
versatility, photovoltaic systems can be connected with other
electrical power sources or run independently (off-grid).
Photovoltaic (PV) systems fall into two basic categories: stand-
alone (off-grid) and grid-connected systems. They are used for a
wide range of purposes, such as powering communications
equipment on Earth and in space.

Stand-alone PV systems are designed for locations that are
difficult to access or simply not served by the main electricity
grid. Operating independently, these systems typically store the
energy they generate in batteries for later use. A standard
configuration include one or more PV modules to generate
power, a bank of batteries for storage, and a charge controller to
manage the flow of electricity and protect the batteries. Often, an
inverter is also incorporated to convert the direct current (DC)
produced by the modules into the alternating current (AC)
required by standard household appliances.

In contrast, grid-connected PV systems are integrated
directly with the local electricity network. This connection allows
for two-way energy exchange. The PV system's electricity can be
used right away to power the building during the day, which is a
typical situation for offices and commercial buildings.

Alternatively, particularly for residential systems where
the occupants might be away during the day, the excess power
can be sold back to an electricity supply company. Then, during
the evening or at times when the solar system isn't producing
enough power, electricity can be purchased from the network as
usual. In this setup, the electrical grid itself effectively acts as an
unlimited storage system, eliminating the need for on-site battery
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banks. Beside all those, recent developments shows the
integration of these systems togethers, as PVT (photovoltaic
thermal systems), (Gurler et al., 2018).

When photovoltaic technology began to be deployed in
large-scale commercial applications around two decades ago,
typical system efficiencies were below 10%. Today, commercial
module efficiencies have improved significantly, reaching
approximately 23%. In laboratory settings, experimental cells
have achieved efficiencies exceeding 30%, although these high-
performance units are not yet commercially available.

3. REGIONAL TRENDS AND BIBLIOGRAPHIC
ANALYSIS

The rapid development of photovoltaic (PV) technologies
has resulted in a substantial increase in scientific publications
addressing various aspects of solar energy systems, including
materials,  system  optimization, artificial intelligence
applications, and energy management strategies. In order to
understand the structure and evolution of this research field,
bibliographic and keyword-based analyses have become essential
tools for identifying dominant research themes, emerging
technological directions, and potential knowledge gaps.

In this study, a comprehensive bibliographic dataset
consisting of 900 research articles published in 2026 was
collected from the ScienceDirect database. The selection of
articles was based on keywords related to photovoltaic
technologies, solar energy systems, optimization techniques,
machine learning, and intelligent energy management. The
bibliographic data were analyzed using VOSviewer software, a
widely used bibliometric visualization tool that enables the
mapping of relationships between keywords, research themes,
and scientific clusters through co-occurrence analysis.
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The visualization produced by VOSviewer illustrates the
relationships among keywords extracted from the analyzed
publications. In these maps, each node represents a keyword,
while the size of the node reflects the frequency of its occurrence
within the dataset. Links between nodes indicate co-occurrence
relationships, meaning that the connected keywords frequently
appear together in the same research articles. Additionally, the
spatial distribution of nodes and their clustering provide insights
into the structure of the research field and the interaction between
different research themes.

Figure 2 presents the keyword co-occurrence network
derived from the dataset. The figure shows that several keywords
form central nodes within the network, including “photovoltaic,”
“solar energy,” and “photovoltaic systems.” These keywords
represent the core themes of contemporary solar energy research.
Surrounding these central nodes are several thematic clusters that
highlight major research directions. One prominent cluster relates
to artificial intelligence and data-driven methods, including
keywords such as machine learning, deep learning, photovoltaic
power forecasting, and fault detection. This indicates the
increasing role of Al-based techniques for performance
prediction, system monitoring, and intelligent control of
photovoltaic systems.

Another important cluster observed in the network relates
to advanced photovoltaic materials and emerging technologies,
including keywords such as organic solar cells, perovskites, and
flexible photovoltaic devices. These topics reflect ongoing efforts
to improve solar cell efficiency, reduce production costs, and
develop lightweight or flexible solar modules suitable for diverse
applications. Additional keywords such as computational fluid
dynamics (CFD) highlight research focused on system
performance optimization and energy harvesting efficiency.
Overall, the network demonstrates that modern photovoltaic
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research is increasingly interdisciplinary, combining material
science, energy engineering, computational modeling, and
artificial intelligence.
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Figure 2. Keyword co-occurrence network of photovoltaic
research topics generated using VOSviewer based on 900 articles
from the ScienceDirect database (2026).

To further examine the intensity of research activity
within different thematic areas, a density visualization map was
generated, as shown in Figure 3 In this visualization, the color
gradient represents the concentration of research topics based on
keyword frequency and co-occurrence intensity. Areas with
brighter colors indicate higher research density, while darker
regions represent relatively lower research activity. The density
map clearly shows that the highest concentration of research is
centered around photovoltaic technologies, solar energy systems,
and machine learning applications, indicating that these topics are
currently the most extensively investigated in the field.

The strong presence of keywords related to deep learning,
photovoltaic power forecasting, and fault detection suggests that
data-driven optimization techniques are becoming increasingly
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important for improving the reliability and operational efficiency
of solar energy systems. Meanwhile, emerging topics such as
perovskite solar cells, flexible photovoltaics, and organic solar
cells appear in regions of lower density, indicating that although
these areas are gaining increasing attention, they still represent
developing research domains with considerable potential for
future investigation.
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Figure 3. Density visualization of photovoltaic research topics
generated using VOSviewer from keyword co-occurrence data.

Despite the significant growth in photovoltaic research,
the bibliographic analysis highlights several important research
needs and gaps. First, many existing studies tend to focus on
either photovoltaic material development or system-level
optimization separately, with limited integration between these
domains. A more comprehensive approach that simultaneously
considers advanced photovoltaic materials, intelligent control
strategies, and system performance optimization remains
necessary.

Second, although machine learning and deep learning
techniques are increasingly applied for photovoltaic power
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forecasting and fault detection, their practical integration into
real-time photovoltaic system management and energy
optimization frameworks is still relatively limited. Many studies
remain theoretical or simulation-based, leaving opportunities for
further research on real-world implementation and operational
integration.

Furthermore, the bibliographic results reveal that
emerging technologies such as perovskite solar cells and flexible
photovoltaic systems are still underrepresented compared to
traditional photovoltaic technologies. These technologies have
the potential to significantly improve solar energy deployment in
applications such as building-integrated photovoltaics (BIPV),
portable energy systems, and lightweight solar installations.
Therefore, further research is required to address issues related to
long-term stability, scalability, and commercial feasibility of
these advanced materials.

Finally, although photovoltaic research has expanded
globally, there remains a need for more region-specific analyses
that consider geographical, climatic, and policy-related factors
influencing solar energy adoption. Regional studies are
particularly important for optimizing photovoltaic system design,
improving energy planning strategies, and supporting sustainable
energy transitions in different parts of the world.

In this context, the present bibliographic analysis provides
valuable insights into current research trends, emerging
technologies, and potential research opportunities in the
photovoltaic sector. By analyzing a large dataset of 900 scientific
articles using VOSviewer, the study contributes to a better
understanding of the evolving knowledge structure of
photovoltaic research and highlights key areas that require further
investigation.
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4. TECHNOECONOMIC ANALYSIS

Techno-economic analysis is a comprehensive evaluation
method that integrates both the technical performance and the
economic feasibility of a project. It is widely used in energy
system planning, particularly in renewable energy technologies
such as solar photovoltaic (PV), wind, and hybrid energy systems.
The purpose of techno-economic analysis is to determine whether
a project is technically viable and economically profitable under
given operating conditions (Short et al., 1995; IRENA, 2012).

The technical analysis focuses on the design,
configuration, and operational performance of the energy system.
In solar photovoltaic applications, this includes the selection and
evaluation of different system configurations such as fixed PV
systems, single-axis or dual-axis tracking systems, and floating
photovoltaic systems, as well as the assessment of their electrical
and mechanical components, energy production potential, and
system efficiency. Technical performance is usually simulated
using specialized software tools such as PVsyst, HOMER Pro,
and the System Advisor Model (SAM), which allow researchers
to estimate system output under different environmental and
operational conditions.

While PVs were once considered a prohibitively
expensive solar technology, the costs have dropped considerably.
Based on the recent datas the cost of the solar pv technologies
have dropped considerably, as shown in table.1 (IRENA, 2025).
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Table 1. Total installed cost, capacity factor and LCOE trends by
technology, 2010 and 2024

Total installed costs Capacity factor Levelized cost of electricity
(2023 USD/KW) (2023 USD/KWHh)
Percent Percent Percent
Bioenergy 3010 730 -9% 0% 0.084  0.072 -14%
Geothermal 3011 539 52% 87 82 6% 0054 0071 31%
Hydropower 1459 836 92% 44 53 20% 0043  0.057 33%
Solar PV 5310 758 -86% 14 16 14% 046  0.044 -90%
10 6
csp o o -37% 30 55 83% 0393 0117 -70%
Qi 2272 e -49% 27 36 33% 0111  0.033 -70%
wind 160
Ot Tor= R Vi ~48% 8 4 8% 0203 0075 -63%
wind 800

Source: (International Renewable Energy Agency(IRENA), 2025)

The economic analysis, on the other hand, evaluates the
financial feasibility of the project by estimating investment costs,
operational and maintenance costs, system lifetime, and the
overall economic return of the system. Several economic
indicators are commonly used in techno-economic studies to
assess project profitability and financial sustainability. These
indicators are ;

Net Present Value (NPV) represents the difference
between the present value of the project's revenues and the
present value of its costs over the system lifetime. A positive NPV
indicates that the project is economically feasible.

n

NPV = Ce 1
" L Ty @

t=0

Where: C.= net cash flow at year t ; r= discount rate; t= time
period; n= project lifetime
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Levelized Cost of Energy (LCOE) represents the average cost of
producing electricity over the entire lifetime of the system. It is
widely used to compare the economic competitiveness of
different energy technologies.

n
I + O, + M,
(14+7r)t

LCOE = =0 (2)

E E
(1+r)t
t=0

Where: I,= investment expenditures in year t; O,= operation
costs; M= maintenance costs; E,= electricity generated in year t;
r= discount rate; n= system lifetime

Internal Rate of Return (IRR) is the discount rate that makes the
net present value equal to zero. It represents the expected rate of
return of the investment.

n

Ct
0= 2(1+I—RR)t 3)

t=0

A project is generally considered attractive if the IRR is greater
than the required rate of return.

Payback Period (PP) is the time required for the project to recover
its initial investment from the generated cash flows. The payback
period provides a simple measure of how quickly the investment
becomes profitable.

Investment

PP = 4
Annual Net Cash FlowlInitial (4)

In modern renewable energy studies, these techno-
economic evaluations are frequently conducted using advanced
simulation tools such as HOMER Pro, PVsyst, and SAM, which
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integrate technical system modeling with financial analysis to
support decision-making for energy planning and investment.

5. CONCLUSION

This chapter has provided a comprehensive overview of
advanced photovoltaic technologies, their evolution from early
historical applications of solar concentration to modern high-
efficiency systems. The fundamental principles of photovoltaic
energy conversion were examined alongside the diverse range of
PV technologies currently available, including crystalline silicon,
thin-film, and emerging material systems. The bibliographic
analysis of 900 research articles using VOSviewer revealed the
evolving structure of photovoltaic research. Keyword co-
occurrence networks demonstrated that artificial intelligence and
machine learning techniques have become increasingly integrated
into PV research, particularly for power forecasting, fault
detection, and system optimization. The density visualization
confirmed that while traditional PV materials remain heavily
investigated, emerging topics such as perovskite solar cells,
flexible photovoltaics, and organic solar cells represent growing
research frontiers with substantial future potential. Notably, the
analysis identified a persistent gap between materials-focused
research and system-level optimization studies, suggesting
opportunities for more integrated approaches that simultaneously
address efficiency enhancement and practical implementation
challenges.

In addition to technological advancements, the practical
implementation of photovoltaic systems also requires careful
techno-economic evaluation to ensure their feasibility and long-
term sustainability. While high efficiency remains a critical
parameter in PV development, the economic viability of solar
technologies depends on factors such as installation cost,
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operational and maintenance expenses, system lifetime, and
overall energy yield. Therefore, techno-economic indicators such
as the Levelized Cost of Energy (LCOE), Net Present Value
(NPV), Internal Rate of Return (IRR), and Payback Period are
commonly used to assess the financial performance of
photovoltaic systems. As PV technologies continue to evolve
toward higher efficiencies and improved materials, integrating
technical performance with economic assessment will remain
essential for guiding future deployment strategies and supporting
the global transition toward sustainable energy systems.
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ADDITIVE MANUFACTURING OF
SANDWICH STRUCTURES: PROCESSES AND
CORE ARCHITECTURES

Neslihan TOP!?

1. INTRODUCTION

Sandwich structures are multilayered structural systems
created by placing a lightweight core material between two thin,
rigid surface layers (Kamble, 2024; Ma et al., 2021a). In this
configuration, the surface layers carry bending and in-plane
loads, while the core layer resists shear stresses, providing the
structure with high bending rigidity, buckling resistance, and
energy absorption capacity (Sarvestani et al., 2018). Therefore,
sandwich structures stand out as structural solutions offering high
mechanical performance with low weight. In sandwich structures,
surface layers can be made of metal or composite materials. Steel
and aluminum alloys are commonly used for metal surfaces,
while glass, carbon, and aramid fiber-reinforced polymer
composites are widely used for composite surfaces due to their
high strength and rigidity properties (Sahu et al., 2022). Core
structures typically consist of foam or cellular geometries, with
honeycomb and corrugated core structures being among the most
common architectures. Due to their high specific rigidities,
energy absorption capacities, and thermal insulation properties,
sandwich structures are widely used in the aerospace, automotive,
marine, and construction industries (Ma et al., 2021b; Top et al.,
2025; Sahib et al., 2023). However, conventional manufacturing

L Assist. Prof. Dr., Gazi University, Faculty of Technology, Dept. of Industrial
Design Engineering, ORCID: 0000-0002-0771-6963.
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methods often require multi-stage production processes, and core
geometries are generally limited to simple structures.

In  recent years, additive manufacturing (AM)
technologies have emerged as a significant alternative method in
sandwich structure production. This approach, encompassing
technologies such as photopolymerization, material extrusion,
and powder-bed fusion, allows for the production of complex
core geometries, offering significant design freedom in sandwich
structure design. These advancements have enabled the creation
of sophisticated structural configurations such as complex
cellular core architectures, TPMS-based surfaces, and biomimetic
core designs. In this context, examining the fundamental
principles and manufacturing methods of sandwich structures
becomes increasingly important. In this context, it is important to
examine the fundamental structural principles, manufacturing
methods, and core architectures of sandwich structures. This
section first introduces the basic structural principles and material
systems used in sandwich structures, followed by a discussion of
manufacturing methods and core architectures, and finally
reviews the role of additive manufacturing technologies in the
design and production of sandwich structures based on the
existing literature.

2. FUNDAMENTALS OF SANDWICH
STRUCTURES

Sandwich structures are multilayer structural systems
consisting of two thin, high-rigidity surface layers with a
lightweight core layer in between (Figure 1a). This configuration
offers significant advantages in engineering applications by
providing high flexural rigidity and strength with low mass.
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Upper and lower
in

Figure 1. (a) A typical sandwich panel (Sadig and Kovacs, 2025)
(b) Schematic representation of sandwich structure (Mirzaei et al.,
2025)

The mechanical behavior of sandwich structures largely
depends on the functional load sharing between the surface layers
and the core. The surface layers increase the bending rigidity and
moment-carrying capacity of the structure, while the core layer,
by creating a distance between the two surfaces, carries shear
stresses and prevents local buckling, thereby increasing the
stability of the structure. The thickness of the core affects energy
absorption and allows it to withstand high compressive stress
under constant stress. (Gibson & Ashby, 1997). Load transfer
between the surface layers and the core is typically achieved
through epoxy-based adhesives or resin systems (Figure 1b). This
structure is often used in applications subjected to compressive or
aerodynamic loads due to its high flexural rigidity and buckling
resistance.

In structural sandwich applications, the thickness of the
surface layers is typically around a few millimeters, while the
core layer exhibits a significantly thicker structure in comparison,
sometimes exceeding 50 mm in some applications (Birman and
Kardomateas, 2018). However, in most practical engineering
applications, the core thickness remains below this value. These
aspect ratios constitute the characteristic geometric feature of
sandwich structures and reveal the classic sandwich structure
behavior where the surface layers carry bending loads and the
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core layer carries shear stresses. The surface layers and core
materials of sandwich structures may not always be
homogeneous. Surface layers are often made of fiber-reinforced
composites such as carbon fiber reinforced polymer, glass fiber,
aluminum alloys, carbon or kevlar fiber, and aramid fiber
composites, while metallic materials such as aluminum and steel
are also used in some applications(Castanie et al., 2020; Junaedi
et al., 2024; Sun et al., 2026). Surface layers can consist of a
single metal layer, or they can be made of multilayered
(laminated) or woven composite materials. Core materials, on the
other hand, mostly consist of lightweight and cellular structures
such as low-density foams, honeycomb structures, or metal foams
(Sadiq & Kovacs, 2025). In conventional manufacturing
methods, sandwich panels are typically obtained by bonding
surface layers to a core; this process is usually accomplished
using methods such as vacuum bagging, hot pressing, or
autoclave curing. However, these methods limit the production of
complex internal geometries, add extra weight to the structure due
to additional adhesive layers, and can prolong production time.
These limitations have increased interest in additive
manufacturing (AM) technologies for the production of sandwich
structures in recent years. Thanks to its layered manufacturing
principle, AM allows for the direct production of complex
cellular core geometries without the need for molds, enabling the
production of designs such as TPMS-based surfaces, biomimetic
architectures, and advanced cellular structures. This makes it
possible to enhance the mechanical performance and energy
absorption capacity of sandwich structures, thereby expanding
their potential for use as lightweight, high-performance
structures, particularly in the aerospace, automotive and energy
sectors.
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3. ADDITIVE MANUFACTURING TECHNIQUES
FOR SANDWICH STRUCTURES

Additive manufacturing technologies offer more
integrated production approaches compared to conventional
methods in the production of sandwich structures. In conventional
manufacturing processes, the surface layers and core are typically
prepared in separate production stages and then joined together
using adhesives or mechanical fasteners. This multi-stage
manufacturing approach both complicates the production process
and can lead to the formation of weak junction regions,
particularly at the interface between the surface layer and the
core. Thanks to the layered manufacturing principle, in additive
manufacturing processes, the surface layers and core region of
sandwich structures can be produced integrally in a single
production process. This provides better structural continuity
between the different components of the structure and reduces
mechanical weaknesses arising from interfaces. (Figure 2a).
However, hybrid manufacturing strategies are also used in some
applications (Hou et al., 2013). In this approach, the core structure
is produced using additive manufacturing methods, while the
surface layers are prepared using traditional composite or metal
manufacturing techniques and then bonded to the core via
adhesive or mechanical connections (Figure 2b). Hybrid
manufacturing approaches are preferred, particularly for
industrial engineering applications requiring segmented
composite surface layers with high strength and high rigidity.
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Figure 2. 3B baskil sandwich yapilar: (a) core and skins are
integrally (Faidallah et al., 2023) (b) Hybrid sandwich structures
(Hou et al., 2013)

One of the most important advantages of additive
manufacturing (AM) technologies is that they enable the direct
fabrication of core structures with complex internal geometries.
Thanks to AM, complex core geometries, advanced core designs
such as TPMS-based structures and biomimetic architectures can
be produced. Such architectures offer significant structural
advantages such as high specific rigidity, improved energy
absorption capacity, and more efficient load-carrying behavior. In
addition, AM processes contribute to the performance-oriented
optimization of sandwich structures by enabling the design and
production of functionally stepped core structures (Birman and
Kardomateas, 2018). Because of these characteristics, additive
manufacturing technologies play a significant role in the
development of lightweight and high-performance sandwich
structures, particularly for use in the aerospace, automotive, and
energy sectors (Castanie et al., 2020; Sarvestani et al., 2018; Ma
et al., 2021b). The main AM methods commonly used in
sandwich structure production include material extrusion
(FDM/FFF), VAT photopolymerization (SLA/DLP), and powder
bed fusion (SLM/SLS) technologies. These methods offer a wide
range of applications in the design and production of sandwich
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structures by providing different material systems and
manufacturing capabilities.

3.1. Material Extrusion (MEX/FDM / FFF)

Material extrusion (MEX), also known in the literature as
Fused Deposition Modeling (FDM) or Fused Filament
Fabrication (FFF), is one of the most widely used methods among
polymer-based additive manufacturing technologies. This
process is based on the principle of melting thermoplastic
filaments and depositing them in layers onto the printing plate
through a nozzle (Figure 3). Common materials used in the MEX
process include Acrylonitrile Butadiene Styrene (ABS) and
Polylactic Acid (PLA). PLA is frequently preferred for its good
printability, suitable mechanical properties, and biodegradability
(Faidallah et al., 2023). The selection of materials and the
optimization of production parameters can significantly improve
the mechanical performance of structures produced using MEX
(Pollard et al., 2017). However, the microstructure resulting from
the AM process can lead to disadvantages such as mechanical
anisotropy, weak interlayer bonding, and internal porosity not
found in cast polymers (Lesniowski et al., 2025). While
parameters such as layer height, printing direction, infill pattern,
and nozzle characteristics play a decisive role in the production
of sandwich core structures, anisotropy resulting from layer
direction and thermal residual stresses generated during printing
are among the important factors to be considered in evaluating the
energy absorption behavior (Mirzaei et al., 2025).

Thaat bt

Figure 3. Schematic representation of MEX process (Mirzaei et
al., 2025).
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There are numerous studies in the literature on the use of
MEX-based layered manufacturing methods in the production of
sandwich structures, and a significant proportion of these studies
focus on the effect of different core geometries on mechanical
behaviour. Faidallah et al. (2023) demonstrated that rhombus
geometry offers higher mechanical performance in one-piece
rhombus and honeycomb core sandwich structures made of PLA
material. Similarly, Sugiyama et al. (2018) reported that rhombus
core design provides the highest strength and stiffness values in
sandwich structures fabricated by continuous carbon fiber
reinforced 3D printing. Brejcha et al. (2025) reported that
structures with flax fiber-reinforced face sheets and a foamed
PLA core exhibited good flexural performance, while Mirzaei et
al. (2025) showed that core orientation plays a decisive role in the
energy absorption capacity of sandwich structures with carbon
fiber face sheets. Furthermore, in studies combining different
manufacturing approaches, Dikshit et al. (2016) revealed that
core geometry significantly affects external plane compressive
strength and damage behavior, while Vellaisamy and Munusamy
(2024) and Haldar et al. (2021) reported that cell size, core
thickness, and core-surface layer interaction are determining
factors in the energy absorption capacity and compressive
strength of sandwich structures.

Various studies exist that utilize different material systems
and core topologies in MEX-based additive manufacturing
processes. Bharath et al. (2021) produced sandwich structures
with one-piece HDPE surface layers and a glass microballoon-
reinforced synthetic foam core using the FFF method and showed
that the microballoon ratio increased the specific modulus and
strength. Tiirkoglu et al. (2023) reported that auxetic core designs
offer higher load-carrying and energy absorption capacities
compared to honeycomb geometry. Zaharia et al. (2020) and
Junaedi et al. (2024) demonstrated that core topology and density
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significantly affect mechanical performance in sandwich
structures with biopolymer and gyroid cores. In recent years,
research on the use of 3D-printed sandwich structures in
advanced engineering applications has increased. In this context,
Yazdi et al. (2024) investigated the behavior under explosive
loading, while de Castro et al. (2021) developed PLA-based
sandwich panels in which both the face sheets and the core were
produced in a single manufacturing step.

Studies in the literature show that the MEX method
provides high design flexibility in sandwich structure
manufacturing and that the mechanical performance of sandwich
structures can be significantly improved, especially by optimizing
the core geometry.

3.2. VAT Photopolymerization (SLA / DLP)

Photopolymerization is an additive manufacturing method
based on the principle of curing liquid photopolymer resins layer
by layer with the help of a light source. This manufacturing
approach, encompassing technologies such as stereolithography
(SLA) and digital light processing (DLP), is widely used in the
production of sandwich structures, particularly those with
complex geometries, due to its high surface quality and
dimensional accuracy (Figure 4). Thanks to these technologies,
complex core architectures that are difficult to produce with
conventional manufacturing methods can be manufactured with
high precision, and new design possibilities are emerging to
improve the mechanical performance of sandwich structures.
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Figure 4. VAT Polimerization method: (a) SLA (b) DLP (Lee et
al., 2018)

The literature shows that additive manufacturing methods
based on VAT photopolymerization are increasingly used in
sandwich structure production. Yildiz et al. (2024) produced
Al:Os honeycomb sandwich structures using an SLA based
additive manufacturing method and investigated the effects of
debinding atmosphere on condensation and mechanical
properties. Williams et al. (2011) demonstrated that cores
produced by the SLA method provide higher flexural rigidity and
load-carrying capacity in carbon-epoxy sandwich structures.
Similarly, Ma et al. (2021) investigated the compressive behavior
of sandwich panels produced by the SLA method and reported
that core wall thickness significantly increased energy absorption
capacity and mechanical performance.

In recent years, studies on cellular and metamaterial core
structures have increased significantly. Vasile et al. (2024)
investigated the mechanical behavior of different TPMS-based
thin-walled metamaterial core structures produced by the SLA
method and showed that some new TPMS geometries offer higher
mechanical performance compared to the gyroid structure. Yazici
et al. (2024) investigated auxetic and honeycomb core sandwich
beams produced with SLA and showed that the arrowhead-
shaped auxetic geometry offers higher load carrying and energy
absorption capacity. Furthermore, Challapalli and Li (2021)
designed novel geometric structures that can be used in sandwich
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structure cores using machine learning and showed that these
structures, produced by the SLA method, exhibit higher buckling
and bending strength compared to the classical eight-cell
structure. However, Gao et al. (2020) fabricated 3Y-TZP ceramic
honeycomb sandwich structures using a DLP-based additive
manufacturing method and showed that core geometry has a
significant effect on bending performance, with square
honeycomb cores providing higher bending strength compared to
hexagonal cores.

These studies demonstrate that VAT
photopolymerization-based AM methods have significant
potential in the design and production of sandwich structures, and
contribute to improving structural performance, particularly by
enabling the development of complex core geometries.

3.3. Powder Bed Fusion (SLM / SLS)

Powder Bed Fusion (PBF) based AM methods rely on the
principle of sintering or melting metal or polymer powders in
layers using an energy source (usually a laser). (Figure 5). This
manufacturing approach enables the high-precision fabrication of
cellular and lattice core architectures with complex internal
geometries, offering significant advantages in sandwich structure
design. Among PBF methods, Selective Laser Melting (SLM)
and Selective Laser Sintering (SLS) are particularly widely used
in the production of sandwich structures made from metal and
high-performance polymer materials.
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Fig 5. Representation of the PBF process (Datsiou and Ashcroft,
2024)

3.3.1. Selective Laser Melting (SLM)

SLM method is a PBF technique that allows for the
complete melting of metal powders using laser energy, thus
enabling the creation of dense and high-strength structures. This
method is widely used, especially in the production of sandwich
structures with metallic lattice cores. Yao et al. (2026) fabricated
gradian-thickness TPMS core sandwich structures using the SLM
method and showed that this design improved the bending
stiffness, peak load capacity, and energy absorption performance
through three-point bending tests and finite element analyses.

SLM technology has been shown to be effectively used in
applications requiring high strength. Huang et al. (2026)
investigated the near-field explosion behavior of 316L stainless
steel honeycomb core sandwich structures produced by the SLM
method using experimental and numerical methods and showed
that filling the core with PVC foam improved the explosion
resistance by increasing the energy absorption capacity of the
structure. Similarly, Zhang et al. (2025) fabricated plate-
reinforced X-lattice core sandwich structures and reported that
these structures had high specific strength, but their compressive
strength decreased significantly with increasing temperature.
SLM technology is also being investigated for sandwich
structures operating in high-temperature environments. Wen et al.
(2026) developed a theoretical model to predict the equivalent
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thermal conductivity of sandwich structures made of Ti600 alloy
and validated this model with experimental and numerical
analyses. The study results showed that significantly improved
thermal insulation performance at high temperatures can be
achieved by filling the core structure with aerogel and using a low
relative density design.

3.3.2. Selective Laser Sintering (SLS)

The SLS method relies on creating layered structures by
sintering polymer or ceramic powders with laser energy, and
provides significant flexibility, especially in the production of
lightweight cellular structures. This method allows the production
of sandwich structures with different core architectures. For
example, Li et al. (2021) developed meta-lattice sandwich panels
by integrating the local resonance principle with cellular core
sandwich structures. The results showed that these structures
exhibit broadband low-frequency vibration damping capability.
Similarly, Xu et al. (2025) reported that cellular sandwich panels
produced by SLS method using glass fiber reinforced nylon
composite have both high load carrying capacity and effective
vibration damping performance. The SLS method is also used in
the production of ceramic composite sandwich structures that
require high temperature resistance. Zhang et al. (2020)
fabricated SiCp/SiC composite sandwich panels using the SLS
method and reinforced them with the PIP process. Compression
tests showed that the elastic modulus and compressive strength
decreased with increasing temperature, and the damage
mechanisms changed at different temperatures.

Advanced core architectures that can be produced with
SLS technology include cellular structures with porosity
gradients. Fan et al. (2025) fabricated sandwich structures with a
core architecture having a porosity gradient using the SLS method
and investigated the bending behavior of these structures with
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analytical models, experiments and numerical analyses. PBF
methods are not limited to structural applications but are also used
in functional material systems. Yang et al. (2019) developed a
sandwich-structured nanocomposite consisting of
NasV2(PO4)s/N-doped carbon layers and showed that this
structure provides high capacity and long cycle life as a cathode
material for sodium ion batteries.

PBF-based additive manufacturing methods offer
significant advantages, particularly in producing complex core
architectures, utilizing high-performance materials, and
designing functional sandwich structures. Therefore, techniques
such as SLM and SLS make significant contributions to
improving sandwich structure design in engineering applications
requiring high strength, energy absorption, and vibration damping
performance.

4. CORE ARCHITECTURES

One of the most important contributions of additive
manufacturing technologies to sandwich structure design is that
they enable the direct production of complex core architectures
that are difficult or uneconomical to produce with traditional
manufacturing methods. In sandwich building design, the core
architecture is one of the fundamental elements that defines the
internal geometry of the structure and determines the overall
structural organization. The core structure not only forms an
interlayer between two surface layers but also determines the
mechanical behavior and structural character of the sandwich
panel through properties such as cell shape, connection pattern,
pore distribution, and topological continuity. While traditional
sandwich structure designs have been largely limited to relatively
simple cellular geometries such as foam, honeycomb, and
corrugated, the development of additive manufacturing
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technologies has made it possible to develop much more complex
basic architectures in this field (Birman & Kardomateas, 2018).

i<l idy

Figure 6. Typical core configurations: (a) Honeycomb, (b) foam,
(c) 2D auxetic architecture, and (d) Bio inspired architecture
(Sadig & Kovacs, 2025).

Thanks to the additive manufacturing principle, advanced
internal geometries such as three-dimensional cellular networks,
topologies composed of continuous surfaces, and biomimetic
structures can be produced, thus moving beyond classical cell-
based approaches in nuclear design. In this context, the main
architectural approaches that stand out with the design freedom
provided by additive manufacturing include lattice structures,
triple periodic minimal surface (TPMS) based cores, biomimetic
architectures, and functional gradient core designs (Al-Khazraji
et al., 2022). Among traditional core architectures, honeycomb
structures are among the most commonly used designs, and in
addition to hexagonal cell arrangements, square, triangular,
circular, and auxetic variations also exist (Choudhari et al., 2022).
More advanced architectures, such as TPMS-based cores, offer
homogeneous pore distribution and a highly customizable
internal cavity architecture thanks to seamless surface networks
based on continuous and periodic surface geometries such as
gyroid, diamond, and Schwarz (Figure 7a) (Vasile et al., 2024).
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Furthermore, since these structures can be easily modified
parametrically, they allow for controlled design of architectural
parameters such as cell size, surface thickness, and internal
channel continuity.

Biomimetic core architectures are designs developed by
drawing inspiration from structural organisations found in nature
(Figure 7b). The biomimetic approach enables the transfer of
biological structures and functions from nature into sandwich
composite design, improving interface compatibility and
structural performance between heterogeneous materials (Che et
al., 2024). From an architectural perspective, the most striking
feature of the biomimetic approach is that it typically presents
geometric patterns that are hierarchical, directional or locally
differentiated (Figure 7b). Therefore, unlike classical periodic
structures, biomimetic cores can incorporate more organic,
disordered, or multiscale topologies. Additive manufacturing
technologies have made it possible to produce such complex
geometries, leading to biomimetic core designs becoming more
visible in the sandwich structure literature.

Gyroid  Diamond 1-WP  Primitive

Figure 7. (a) TPMS core architectures for sandwich panels (Mo et
al., 2026) (b) Bio-inspired sinusoidal sandwich structure (Yang et
al., 2017)

Core architectures such as honeycomb, TPMS, and bio-
inspired structures exhibit different geometric configurations,
each offering distinct topological and morphological
characteristics. Additive manufacturing technologies have not
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only facilitated the production of these structures but also enabled
the development of hybrid, graded, and application-specific core
designs. Therefore, in modern sandwich structure design, the core
architecture is considered not merely an internal filling form but
a key design parameter that defines the geometric character of the
structure.

5. CONCLUSIONS AND FUTURE
PERSPECTIVES

Sandwich structures hold a significant place among
engineering solutions that can provide high structural efficiency
with low weight. Thanks to their lightweight core structure
located between two thin surface layers, these systems are widely
used, especially in the aerospace, automotive, and energy sectors.
While traditional manufacturing methods have mostly been
limited to simple basic geometries, the development of additive
manufacturing technologies has led to a significant
transformation in sandwich structure design. Additive
manufacturing processes allow for the direct production of
complex internal geometries without the need for molds, offering
significant design freedom in sandwich structure design. This
allows for the creation of more complex designs, including
advanced cellular structures, TPMS-based geometries, and
biomimetic core architectures, in addition to traditional
honeycomb core structures. This architectural diversity makes it
possible to optimize sandwich structures for different engineering
applications.

Sandwich structure research is expected to increasingly
focus on functionally graded core architectures, multi-material
additive manufacturing strategies, and artificial intelligence—
assisted design methodologies. In addition, the integration of
sustainable and recyclable materials is anticipated to become a
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key component of future developments in this field. With
continued advances in additive manufacturing technologies,
sandwich structures are likely to evolve toward lighter, more
complex, and application-specific designs with enhanced
structural and functional performance.
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UCAK KANAT RIBLERINDE UYGULANAN
BOSALTMA GEOMETRILERINDE GERINIM
ENERJI DAVRANISLARININ KIYASLANMASI?

Oguzhan ERTAS?
Firat KAFKAS?®

1. GIRIS

Havacilik endiistrisinde hava aract yapisal tasarim
srecleri, hava aracinin ugus zarflari igerisinde emniyetli bir
sekilde gorev icrasindan Odin vermeksizin operasyonel
verimliligi maksimize edecek hafif, yiiksek performansh ve
istenen  fonksiyonlar1  yerine  getirecek  tasarimlarin
gerceklestirilmesi ve gelistirilmesi iizerine kurgulanmaktadir.
Yapisal kiitlenin minimize edilmesi, dogrudan bir agirlik avantaji
saglamasinin yani sira, yakit verimliliginin artirtlmasi, ihtiyag
olan gii¢ ihtiyacinin diisiiriilmesi ve dolayisiyla itki sistemlerinin
optimize edilmesini saglamaktadir. Bunun yaninda aerodinamik
tasarim parametrelerinin idealize edilmesi tizerinde de dogrudan
pozitif etkiler yaratmaktadir (Niu, 2002).

Bir hava aracini olusturan gévde, kanat ve kuyruk gibi ana
bilesenler arasinda kanatlar, aerodinamik tagima Kkuvvetinin
tiretildigi merkez olmasi sebebiyle kritik bir dneme sahiptir.

1 Bu kitap bolimi, “Ugak Yapisal Elemanlarinda Bosaltma Geometrilerinin Sonlu
Elemanlar Analizi ile Karsilastirilmasi ve Optimizasyonu” isimli tez ¢alismasindan
retilmistir.

2 Gazi Universitesi, Fen Bilimleri Enstitiisti, Imalat Miihendisligi Ana Bilim Dal,
ORCID: 0009-0007-4662-3157.

3 Gazi Universitesi, Teknoloji Fakiiltesi, Imalat Miihendisligi, ORCID: 0000-0003-
3257-7413.
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Hava aracinin havada tutunmasini saglayan ve ugus
performansini  dogrudan belirleyen bu yapilar, tasarim
stireclerinde en fazla hassasiyet gosterilen boliimlerin basinda
gelmektedir (Leishman, 2025).

Bu nedenle, kanat yapisinin mekanik biitiinligiini
korurken ayni zamanda fonksiyonel bir agirlik azaltma stratejisi
izlemek, havacilik miihendisliginin temel onceligidir.

Yapisal optimizasyon caligmalari, yalnizca rastgele bir
hafifletme islemi degil; emniyet katsayilarin1 ve yiik aktarim
yollarin1 bozmadan gergeklestirilen, stratejik onemi yiiksek bir
disiplindir. Bu siiregte tasarimin basarisi, dis yiikler altinda
yapida depolanan gerinim enerjisinin nasil dagildigi ve
malzemenin bu enerjiyi ne kadar verimli tasidigiyla dogrudan
iliskilidir. Belirlenen hacim kisitlar1 i¢erisinde kalarak agirlik ve
yapisal rijitlik arasinda en ideal dengeyi kurabilmektir. Gerinim
enerjisi verileri, ugak bilesenlerinin hem kiitle verimliligini hem
de mekanik biitiinliiglinii dogrulamak icin kritik bir cerceve
sunmaktadir. Bu baglamda, hava araci bilesenlerinin tasariminda
agirhk verimliligini artiracak her tiirli miidahale ve gerinim
enerjisi odakli analizler, ucagin genel operasyonel basarisi icin
onemli bir gerekliliktir (Brink, 2024).

Hava araci yapisal elemant, iizerine etki eden bir P yiikii
altinda deformasyona ugradiginda bu yiik fiziksel bir is
yapmaktadir. Gergeklestirilen bu is yapisal sistem igerisinde
kaybolmamakta ve yapi biinyesinde elastik gerinim enerjisi
olarak depolanmaktadir. Analiz edilen bu enerji miktari, yapinin
dis yiiklere karsi gosterdigi direncin ve dolayisiyla yapisal

2007).
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Gerinim Enerjisinin matematiksel gosteri Esitlik 1°de
gosterilmigtir. Gerinim enerjisi degeri, kuvvet — yerdegistirme
grafiginin altinda kalan alana esittir (Yao, 2021).

U= f*Pdy )
(U: Gerinim Enerjisi(J), Ya: Deformasyon Miktariy(m), P: Yiik(N))

Literatiir incelemeleri sonucunda goriilmektedir ki agirlik
azaltma ve yapisal dayamim arasindaki bu denge, tasarim
streclerinde dikkatle 6nemsenmesi gerekmektedir. Bu noktada
0zgiil gerinim enerjisi kavrami, hafifletme calismalari sirasinda
en uygun geometrinin belirlenmesinde ve farkli bosaltma
sekillerinin verimliligini kiyaslamaya olanak tanir.

Esitlik 2°de gosterilen 6zgul gerinim enerjisi, gerinim
enerjisinin yapisal eleman kiitlesine oranlanmasiyla elde edilir
(Shuguang Yao, 2021).

Vg = — (2)

m

(vs: Ozgll Gerinim Enerjisi(J/kg), U: Gerinim Enerijisi(J), m:
Kutle(kg))

Bir geometrinin yiksek 6zgul gerinim enerjisine sahip
olmasi, malzemenin dis yiikleri karsilamada c¢ok daha etkin
kullanildigini ve birim kiitle basina en iyi performansi sundugunu
ifade eder. Dolayisiyla bu caligma, kanat riblerinde yapilacak
agirhk azaltma islemlerinde hangi geometrik formun daha
avantajlt oldugunu bu verimlilik degeri {iizerinden analiz
etmektedir.
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2. YAPISAL YUKLERIN HESAPLANMASI

Kanat tarafindan iiretilen aerodinamik yiikler, yiizeyler
tizerindeki basing degisimlerinin bir bileskesi olarak ortaya cikar.
Genis kanat alani sayesinde bu basing farklari, u¢agin havada
tutunmasini saglayan toplam tasima kuvvetini meydana getirir.
Olusan bileske aerodinamik kuvvet, serbest akis dogrultusuna dik
yondeki tasima ve akisla aymi dogrultudaki siiriikleme
bilesenlerine ayrilarak analiz edilir (Sadrehaghighi, 2023).

Hava araci kanat bileseni, gorev suregleri boyunca
karsilastiklar1 yUKler agisindan {i¢ temel siifta degerlendirilir. Bu
yiik gruplari; ugus esnasinda yapiyi etkileyen aerodinamik yiikler,
atalet yikleri ve ugagin pist tizerindeki hareketleri sirasinda
olusan yer yukleridir (Gudmundsson, 2022).

Kanat yapilarinin tasarim asamasina gegilebilmesi igin
oncelikle etki eden yiiklerin kesin bir sekilde tanimlanmasi
gerekir. Bir hava aracma ait temel tasarim senaryolari;
operasyonel hiz limitleri ve ivme degerleri esas alinarak
belirlenir. Bu yapisal gereksinimler, ugus hiz1 ile yiik faktorii
arasindaki iligkiyi ortaya koyan ve literatiirde V-n diyagrami
olarak tanmimlanan grafiksel gosterimden elde edilir (S6kmen,
2006).

Maksimum kalkis agirligi 150 kg’1 asan agir sinif insansiz
Hava Araglart (IHA) icin operasyonel ucus limitleri, sivil
havacilik sertifikasyonlarin1 (CS-23) temel alan STANAG 4671
standardi ¢er¢evesinde tanimlanir. S6z konusu yonerge uyarinca,
standart bir hava aracinin ugus zarfi kisitlamalar1 tipik olarak
+3.8g st smirt ile -1.5g alt smir1 arasinda belirlenmektedir
(NATO, 2007).

Yapisal analiz asamasinin en kritik basamaklarindan biri,
kanat tzerindeki aerodinamik yuklerin, yani kanat yiiklemesinin
dogru bir sekilde belirlenmesidir. Bu yiiklemenin tahmin
edilmesine yonelik literatiirde farkli metodolojiler yer almaktadir.
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Bunlar arasinda Schrenk Yaklasimi, karmasik CFD akis
analizlerine ihtiya¢ duymadan kanat a¢ikligi boyunca tasima
kuvveti dagilimini hesaplamaya imkan tanidigi icin literatiirde
kendini kanitlamis ve havacilik otoriteleri tarafindan kabul
gbrmiis bir yontemdir (Soemaryanto, 2018).

Schrenk Yaklagimi: yontemi, kanat 0zerindeki yuk
dagilimini, ideal eliptik tasima karakteristigi ile kanadin fiziksel
formuna dayanan tasima dagiliminin aritmetik ortalamasi
tizerinden modellemektedir. Bu yaklagim, teorik beklenti ile
gercek geometri arasindaki iligkiyi basit ama etkili bir
matematiksel kabulle birlestirir (Kamal, 2019).

Yapisal analiz siireclerinde, hava aracinin kalkis agirhig
ve geometrik formu, iizerine etki edecek yiiklerin karakteristigini
dogrudan belirleyen unsurlardir. Bu c¢alismada incelenen hava
aract, NATO IHA smiflandirma kriterleri baz alinarak, kalkis
agirhig1 600 kg’dan yiiksek hava araglari i¢in gecerli olan Stuf 111
kategorisindeki standartlara uygun olarak kalkis agirhgi
belirlenmistir. Analiz edilen modele ait kalkis agirlig1 degeri ve
referans kabul edilen kanat geometrisine dair teknik veriler Tablo
2.1'de verilmistir (KGtuk, 2025).

Tablo 2.1. Hava Araci Tasarim Degerleri

Maksimum Kalkig Agirlig: 1250 kg
Yar1 Kanat Aciklig1 (by) 55m
Kok Veter Uzunlugu (Cy) 1.2m
Ug Veter Uzunlugu (Cy) 0.6 m
Sivrilik Orani1 (A) 0.5
Ok Agisi (A) 0°
Burulma Agis1 (o) 0°

Kabul edilen referans degerlere gore Schrenk Yaklagimi
ile kanat {izerine etki eden yiikler hesaplanmis ve yapisal analiz
stirecinde bu yiikler kanada etki ettirilmistir.
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Schrenk Yaklasiminda girdi olarak kullanilmak {izere hava
aracinin ucus zarfi boyunca maruz kalacagi maksimum YUk
degeri Esitlik 3’deki esitlige gore hesaplanmustir.

LT: WTA.n.GK (3)
Ly =(1250x9.81)x3.8x 1.5

Ly = 69896.25 N

(Lt: Toplam Etki Edebilecek YUk(N), Wra: Toplam Kalkis
YUKU(N), n: Limit Yiik Faktori, GK: Giivenlik Katsayist)

Analizlerde yar1 kanat modelinin kullanilmasi sebebiyle Esitlik 3
ile elde edilen tiimlesik kanat yiikii, Esitlik 4 kullanilarak yar
kanat modeline etki edecek yiik degerine doniistiiriilmiistiir.

L= 4)

L = 39948.125 N
(L: Toplam Etki Edebilecek Yar Yiik(N))

Kanat yukleri, Schrenk Yaklasimi kullanilarak Esitlik 5, Esitlik 6
ve Esitlik 7°de gosterilen formilizasyonlar ile hesaplanir.

Le+ Ly

2 )

(Ls: Schrenk Yaklagimi Yiikii(N/m), Le: Eliptik Kanat YUk
Dagilimi(N/m), Lp: Trapez Kanat Yiik Dagilimi(N/m))

Ly =—L 1—(2—y)2 (6)

Thyk by

LS:

(v: Kanat A¢ikligit Boyunca Belirlenen Mesafe(m))

[1 2 a- 1)] )

Lp (1+l)byk
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Yukarida belirtilen hesaplamalar ile kanat agiklig1 boyunca her
0.1 m araliklarda Schrenk Yaklagimi yiikleri hesaplanmistir.
Hesaplanan Schrenk Yaklasimi yiikleri, Esitlik 8’de ifade edildigi
gibi belirlenen araliklardaki kanat veter uzunluguna boliinerek,
uygulanan yiikler basing degerlerine cevrilmistir. Hesaplanan bu
basing degerleri sonlu elemanlar analizinde degigsken yayili ytlik
olarak smir sartlara girdi yapilmistir.

p=1 ®)

Cy
(P: Kanat Acikligi Boyunca Etki Eden Basing(N/m?),
Cy: Belirlenen Araliklardaki Veter Uzunlugu(m)

Basing yiiklerinin hesaplanmig ve Sekil 2.1.°de grafiksel
gosterimi yapilmistir.

Kanat Yiizey Basing Grafigi
7500

7090909 __— ™

GO81.818 \
6272.727

5863.636 “\\
5454.545 \'\.
5045.455 \
4636.364 |
4227273 '

3818.182 '

3409.091

3000
0

Sekil 2.1. Kanat A¢ikhg1 Boyunca Etki Eden Basing Yiikii
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3. YAPISAL TASARIM

Daha onceden belirlenen geometrik parametrelere gore
kanat yapisal tasarimi yapilmistir. Kanat tasariminda, literatiirde
“Wingbox” olarak tabir edilen tasarim geometrisi segilmistir. Bu
tasarim yaklasimina gore kanat veterinin %20 konumuna “C”
kesit geometrili On spar, kanat veterinin %65 konumuna da yine
aynt kesit geometrili arka spar yerlestirilmistir. Birbiri igine
bakan 6n ve arka sparin i¢ine kanat kokiinden kanat ucuna dogru
artan araliklarla “C” kesit geometrili 12 adet rib yerlestirilmistir.
Kanat komplesinin tasarimi sonrasi, kanat kokiinde ve kanat
ucunda yer alan riblerin disinda kalan diger riblerin duvarlarinda
4 farkli geometride bosaltma islemi uygulanmistir. Airfoil Offset,
Dortgensel, Dairesel ve Ucgensel olmak uzere Sekil 3.1.°de
gosterilen 4 farkli geometride tasarim meydana gelmistir.

(a) (b)
© (d)

Sekil 3.1. Kanat Rib Tasarimlari (a): Airfoil Offset Bosaltma
Geometrili Rib, (b): Dortgensel Bosaltma Geometrili Rib, (c):
Dairesel Bosaltma Geometrili Rib, (d): Ucgensel Bosaltma
Geometrili Rib
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Uygulanan bosaltma isleri sonrasi kanat tasarimlar1 Sekil
3.2.’deki hali almastir.

(@) (b)

(©) (d)

Sekil 3.2. Kanat Yapisal Tasarimm (a): Airfoil Offset Bosaltma
Geometrili Tasarim, (b): Dortgensel Bosaltma Geometrili
Tasarim, (c): Dairesel Bosaltma Geometrili Tasarim, (d):

Ucgensel Bosaltma Geometrili Tasarim

Kanat tasarimda yer alan Kanat Alt Kabuk, Kanat Ust
Kabuk, Spar ve Riblerin kalmliklar1 kabul yapilarak belirlenmis
olup, On ve Arka Sparlar 8 mm, Kabuklar ve Ribler 2mm olarak
belirlenmistir. Yapilan sonlu elemanlar analizleri kabul edilen bu
kalinlik degerlerine gore yapilmistir.

Yapilan tasarim ¢aligmas1 sonunda bosaltmasiz ve diger 4
bosaltmali geometri olmak tizere 5 farkli konfigilirasyonda analiz
geometrisi ortaya c¢ikmigtir. Ortaya ¢ikan bu geometrilerin
eleman bazinda agirlik kiyaslamalar1 Tablo 3.1.’de gosterilmistir.

Tablo 3.1.’deki degerlere bakildiginda referans kabul
edilen bosaltma uygulanmadan tasarlanan kanat geometrisine
gore rib agirliklarinda, airfoil offset bosaltma geometrisi ile
%20.56, dortgensel bosaltma geometrisi ile %14.75, dairesel
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bosaltma geometrisi ile %12.72, licgensel bosaltma geometrisi ile
%12.76 agirlik azaltimi saglanmustir.

Tablo 3.1. Yapisal Elemanlarin Tasarimsal Agirhik Degerleri

£ = = -
S g 5 = s
g 5 = @ o
s & 8 5 5
o @
> 3 3 ¢ 9
@ = 17} D ©
= 3 = T 2
z € =5 48 3
o <
Yapisal Eleman Agirlik  (kg)
Ust Kabuk 14.803 14.803 14.803 14.803 14.803
Alt Kabuk 14.269 14.269 14.269 14.269 14.269
On Spar 16.903 16.903 16.903 16.903 16.903
Arka Spar 14.194 14.194 14194 14194 14.194
Toplam Rib Agirligr | 3.166 2515 2.699 2763 2.762
Toplam Agirlik 63.335 62.684 62.868 62.932 62.931

4. SONLU ELEMANLAR ANALIiZi

Kanat tasarimlar1 sonrasinda sonlu elemanlar analizine
gecilmis olup ANSYS Workbench platformunda analizler
yapilmistir.  Sonlu elemanlar analizinin  baslangicindan,
sonuclarin alinmasina kadar ki siirecte takip edilen asamalar Sekil
4.1.”deki akis semasinda gosterilmistir.

[ Malzeme Secimi Geomeiri Hazuhii I;M'dmn:
AE Yapim Kalite | A Yapizmm
Kontroli ~ Olusturulmans [ Temas Tanmmlamas)

N A

Eompozit Malzeme
Modelleme

Sekil 4.1. Sonlu Elemanlar Analizi islem Asamalar:
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Sonlu elemanlar analizine ilk olarak malzeme secimi ile
baslanmis olup ANSY'S Workbech kiitiiphanesinde yer alan 6rgii
yapili Karbon Epoksi (230 GPa) Pre-preg malzeme secilmistir.

Malzeme se¢imi sonrasinda 5 farkli konfigiirasyonda
hazirlanan kanat tasarimlar1 ANSYS Workbench’e yiliklenmistir.

Sonrasinda analiz asamasinda ihtiya¢ duyulacak
yiizeylere ve elemanlara isimlendirmeler yapilarak Isimlendirme
Tanimlamas1 asamasi tamamlanmistir. Y(lzey ve eleman
isimlendirmelerinden sonra Temas Tanimlamasi asamasina
gecilmis  olup, analiz c¢alistinldiginda yiik aktarimimin
gerceklesebilmesi i¢in kanat tasariminda birbiri ile temas kuran
elemanlar arasina temaslar tanimlanmustir.

Bir diger asama olarak, sayisal ¢oziimlemenin temelini
olusturan ag (mesh) yapisinin kurgulanmasi siirecine gegilmistir.
Bu asama, analiz geometrileri kiiclik elemanlara bdliinerek
matematiksel bir modele donistiriilmesi ve c¢oziimleyici
tarafindan analizin calistirilabilmesi saglanmistir. Ag olusturma
sirecinde, yapmin genelinde wuygulanan boyutlandirma
stratejisine ek olarak, riblerin iizerindeki kritik detaylarin ve
geometrik sireksizliklerin modellenebilmesi igin yerel ag
yogunlastirma islemleri gergeklestirilmistir. Son asamada ise,
iretilen ag yapisinin eleman kalite metrikleri denetlenmis, ag
kalitesinin optimizasyonu ve ¢6ziim dogrulugunun artirilmasi
amaciyla gerekli bolgelerde eleman boyutlari revize edilerek
ideal ag formuna ulasiimistir.

Ag yapismm  olusturulmast  sonrasinda  ANSYS
Workbench icerisinde yer alan ACP-Pre modiilii kullanilarak
kanat yapisallarinin kompozit elyaf dizilimleri ve modellemesi
yaptlmigtir. Daha Once kabulii yapilan yapisal eleman
kaliliklarina ve se¢imi yapilan elyafin kalinlik degerine gore her
bir yapisal elemana uygun sayida elyaf dizilimleri yapilarak
hedeflenen kalinlik saglanmustir. Elyaf dizilimlerinde secilen pre-
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preg elyafin 6rgii yapili olmasi sebebiyle 0°/90° agilarda serimi
gergeklestirilmistir.

[lgil tiim hazirliklar tamamlandiktan sonra smir sartlarinin
hazirligma baslanmistir. Sekil 4.2.”de goriildiigii gibi 6n ve arka
sparlarin hava arac1 govdesine girdigi ve govdeye sabitlendigi
ylizeylerden sabit mesnet verilmistir.

Sekil 4.2. Kanat Yapisali Sabitleme Sinir Sartt Gosterimi

o0 150000 300000 (rm)
— —

Schrenk Yaklasimi ile hesaplanan ve Sekil 2.1.°de
grafiksel gosterimi yapilan kanat basing yiikii, kanat alt kabuk
ylizeyine etki ettirilmistir. Kanat agikligi boyunca belirlenen
araliklarda hesaplanan basing degerleri ANSYS Workbench
ortamma tablo verisi halinde eklenerek uygulanmistir. Etki
ettirilen degisken basing yiikii Sekil 4.3.’de gosterilmistir.

2
o a3 200000 () £
— —
0 T

Sekil 4.3. Kanat Basing Yiikii

Smir sartlarmin  tanimlanmasi  sonrasinda  analiz
¢Ozdiiriilmiis ve bosaltma uygulanan Rib-2 ile Rib-11 arasindaki
10 rib icin Toplam Gerinim Enerjisi degerleri ve her bir ribin
Gerinim Enerji degerleri sonuglart alinmistir. Analiz sonuglarina
gore, Toplam Gerinim Enerji degerleri Sekil 4.4.’de
kiyaslanmistir.
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(Ut: Toplam Gerinim Enerji Degeri, T1: Bosaltmasiz Geometrili
Tasarim, T»: Airfoil Offset Geometrili Tasarim, T3: Dortgensel
Geometrili Tasarim, Ta: Dairesel Geometrili Tasarim, Ts:
Ucgensel Geometrili Tasarim)

E
&
¢
—

118000.0001
117000.0001
116000.000
115000.000
114000.0001
113000.0001
112000.000r

115940 mJ

115080 mJ

111020 mJ

T T, Ty T, Ts

Sekil 4.4. Analiz Konfigiirasyonlar1 Toplam Gerinim Enerji
Degerleri

Her bir ribde meydana gelen toplam gerinim enerji
miktarlart ayr1 ayr1 analiz sonucu almarak alinmis olup grafiksel
olarak Sekil 4.5.”de gosterilmistir.
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180007
16769.231T
15538.4621
14307.6921
13076.923
11846.154
10615.385

9384.615

8153.846

csc c{c%c
- [} ] ) =

6923.077

5692.308

4461.538]

3230.769

2000 - : t t - - - t
Rib2 Rib3 Rib4 Rib5 Rib6 Rib7 Rib8 Rib9 Ribl0 Ribll

Sekil 4.5. Rib Bazli Gerinim Enerji Degerleri

(Un: Bosaltmasiz Geometrili Tasarim Gerinim Enerjisi, Ua:
Airfoil Offset Geometrili Tasarim Gerinim Enerjisi, Uy:
Dortgensel Geometrili Tasarim Gerinim Enerjisi, U¢: Dairesel
Geometrili Tasarim Gerinim Enerjisi, Ui: Uggensel Geometrili
Tasarim Gerinim Enerjisi)

Sekil 4.4.”de gosterilen Rib-2 ile Rib-11 arasinda yer alan
riblerde meydana gelen toplam gerinim enerji degerleri mlJ
biriminden J birimine ¢evrilmis, Rib-2 ile Rib-11 arasindaki
riblerin toplam kiitlesine boliinerek Esitlik 2°de gdsterildigi gibi
0zgul gerinim enerji degerleri hesaplanmistir. Hesaplanan 6zgiil
gerinim enerji degerleri Sekil 4.6’ da gosterilmistir.
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58.360 J/kg
53.232 J/kg

51.329 J/kg

49.540 J/kg

41.822 J/kg

T, T, T T T

Sekil 4.6. Analiz Konfigiirasyonlarin Ozgiil Gerinim Enerji
Degerleri

(vr: Ozgiil Gerinim Enerji Degeri)

5. SONUC

Bu boliimde, kanat ribleri iizerinde uygulanan farklh
bosaltma geometrilerinin yapisal agirlik verimliligi ve gerinim
enerji kapasiteleri tizerindeki etkileri karsilagtirmali olarak analiz
edilmistir. Elde edilen veriler, agirlik tasarrufu, toplam gerinim
enerjisi ve 06zgul gerinim enerjisi kriterleri c¢ercevesinde
degerlendirilmistir.

Airfoil Offset Bosaltmali Tasarim konfigiirasyonu,
62.684 kg’lik toplam kanat agirhigr ile en hafif tasarmu
sunmaktadir.

Toplam gerinim enerjisi degerleri kiyaslandiginda, en
yiiksek enerji depolamasi 116370 m] ile Airfoil Offset Bosaltmali
Tasarim geometrisinde gergeklesmistir. Bu durum, riblerin yiik
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altinda en fazla deformasyonu bu konfigiirasyonda sergiledigini,
dolayisiyla digerlerine gore daha esnek bir davranis sergilemistir.
Buna karsm Uggensel Bosaltmali Tasarim geometrisi, 111020 mJ
ile bosaltmasiz tasarima en yakin rijitligi sergilemistir.

Sadece agirhik veya sadece gerinim enerji degerleri,
tasarimin verimliligini tam olarak yansitmamaktadir. Bu noktada,
birim kiitle basina depolanan enerjiyi ifade eden Ozgiil Gerinim
Enerjisi en belirleyici performans parametresidir. Bosaltmasiz
tasarimda 41.822 J/kg olan 6zgiil gerinim enerji degeri, tim
bosaltmali geometrilerde artis gdstermistir. Airfoil Offset
Bosaltmal1 Tasarim konfigiirasyonu, 58.360 J/kg ile en yiiksek
0zgiil gerinim enerjisi degerine ulagsmistir. Bu deger, malzemenin
yapisal 13 yapma kapasitesinin en yiiksek oldugunun
gostergesidir.

Yapilan degerlendirme sonucunda, Airfoil Offset
Bosaltmali Tasarim geometrisi en avantajli tasarim olarak
belirlenmistir.

Secimin temel gerekgeleri su sekildedir:

e Maksimum Hafifleme: Toplam kanat agirhiginda en
yiiksek tasarrufu saglayarak ugus verimliligine dogrudan
katk1 sunmaktadir.

e En Yiksek Ozgiil Verimlilik: 58.360 J/kg’lik 6zgiil
gerinim enerjisi degeri ile malzemenin en verimli sekilde
kullanildig1 konfiglirasyondur.

Sonu¢ olarak; rijitlikten bir miktar 6din verilmesine
ragmen, 6zgiil enerji verimliligi ve agirlik kazanimi kriterleri goz
Oniine alindiginda, Airfoil Offset Bosaltmali Tasarim havacilik
tasarim prensiplerine en uygun yapisal ¢oziimii sunmaktadir.
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