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1.Introduction

In the case of the world’s ever-increasing energy demand, the require-
ment for efficiency and sustainability in the energy systems is now a matter
of critical interest. Traditional systems of energy production have been de-
signed with single purposes in mind: generating either electricity or cooling.
Now, because of the limited resources of energy and because of ecological
sustainability issues, the development of hybrid energy systems has started.
In this context, the concept of the ORC-VCR system is the coupling of an Or-
ganic Rankine Cycle with a Vapour Compression Cycle system, which beco-
mes anovelty offering combined power generation and cooling possibilities.
The systems of ORC-VCR efficiently combine power generation with co-
oling by the use of low-and medium-temperature sources of waste heat.
Application areas of such systems are very important in situations related
to the recovery of industrial waste heat, geothermal energy, solar energy,
and other renewable energy sources. This chapter therefore will carry out
an extensive review, starting from basic concepts of ORC-VCR systems,
on thermodynamic evaluations, energy and exergy efficiencies, working
fluid selection, optimization methodologies, and real-world applications.

The literature review covers an in-depth study of the most recent rese-
arch concerning ORC and VCR integrated systems, within the framework
set by the cited literature. Most of these studies focused on performance,
energy, and exergy analysis of systems that were able to produce power
and provide cooling using low-temperature thermal sources.

Zhou et al. (2021) performed the thermodynamic analysis of OR-
C-VCR systems that assist the air compression system for cryogenic air
separation units. The study shows how these systems can be used to impro-
ve energy efficiency in low-temperature applications.

Zhar et al. (2021) examined parametric studies and multi-objective
optimizations related to Organic Rankine Cycle-Variable Refrigerant Flow
systems for improvements in various system parameters and performance
measures, focusing on energy inefficiencies and exergy losses reduction
strategies. It was noted that improvements of such integrated systems were
highlighted by the great improvements made in their energy efficiency and
ecological performance.

Zhao et al. (2024) performed a research study for improved solar-dri-
ven ORC-VCR-CCHP through a ternary refrigerant selection methodo-
logy. Therefore, the research was done to improve the energy and exergy
efficiency of the ORC-VCR systems in the applications of solar energies.
The authors also used the performance results from different combinations
of the refrigerants as one way to conduct an environmental and economic
feasibility assessment of the system.
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Xia et al. (2024b) investigated systems with two configurations of pure
and mixed working fluid ORC-VCR arrangements through multi-objective
optimization methods to maximize the performance of such systems. Re-
sults showed that mixed fluids were more advantageous in improving the
system’s efficiency.

Xia et al. (2023b) optimized multi-layer efficiency in the Organic Ran-
kine Cycle-Variable Compression Ratio system. Impacts that identifying
the concept may have on overall performances, influenced by operating
conditions, working fluids, and heat sources, are investigated. In this re-
gard, the authors were in a position to provide a fairly comprehensive re-
view of several optimization methodologies that have so far been applied
for promoting efficiency in energy systems. Accordingly, this paper pre-
sents the procedure carried out for the selection of optimal sets of parame-
ters in relation to performance enhancement of the system across a wide
operating range. This contribution is relevant when energy conversion and
improvement of effectiveness in systems employing ORC-VCR are at sta-
ke.

The thermoeconomic analysis by Xia et al. (2023a) for the ORC-VCR
systems of varied configurations estimated the optimum variable improve-
ment that can be effected in the performance of the systems through diffe-
rent zeotropic mixtures. It has also been contended that a zeotropic mixture
develops thermal efficiency and advances economic benefit privileges.

Tiwari and Soni (2024) performed multi-response optimization of
ORC-VCR systems with EDAS method. In this study, optimization of pa-
rameters to improve system performance was performed. The study aimed
to increase energy efficiency and exergy efficiency by considering various
optimization criteria.

The thermodynamic analysis of the ORC-VCR system driven by eva-
cuator and CPC was performed by Tiwari in the year 2024. In the above
study, different design and operating parameters have been analyzed for the
improvement in the efficiency of such a system. Their results showed that
a renewable energy-based ORC-VCR system can run with high efficiency.

Saleh (2018) focused on the analysis of energy and exergy for integra-
ted Organic Rankine Cycle and Vapor Compression Refrigeration systems.
The study showed that energy efficiency improvements in such integrated
systems can enable heat recovery and cooling applications. Saleh specifi-
cally points out that such systems may provide higher overall energy ef-
ficiency improvements by more effective use of low-temperature energy
sources.
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Qureshi et al. (2024) presented a thermal analysis of the integrated
solar-driven organic Rankine cycle coupled with a vapor-compression ref-
rigeration system in cascaded manner. The results of this study propose
designs that are capable of delivering energy generation and cooling by
optimizing the use of solar energy.

Patel et al. (2017) conducted thermoeconomic performance evaluation
of a new vapor-compression-absorption system integrated with Organic
Rankine Cycle (ORC). The study produced a conceptual analysis on the
role played by innovative design systems in achieving energy efficiency
and cost-effectiveness.

In the work of Molés et al. (2015), a thermodynamic analysis was
carried out on an integrated system of Organic Rankine Cycle and Vapor
Compression Refrigeration using low-temperature heat sources and low-
GWP fluids. The current paper discusses the results from which fluids give
better real performances to the systems while the environmental benefits
are outlined with the use of low-GWP fluids. The authors suggest this to be
utilized in the creation of energy production and cooling systems that are
environmentally acceptable.

The study by Malwe et al. (2022) on dynamic simulation and exergy
analyses for Organic Rankine Cycle and Vapor Compression in refrigera-
tion systems showed the integration of both technologies into one to im-
prove energy efficiency through a waste heat source. Therefore, it can be
said that the integration of the system enhances very huge gains in terms of
efficiency and conservation of energy.

Liang et al. (2021) carried out an experiment to prove refrigeration
from thermal sources. He has shown how the ORC can be integrated with
the vapor-compression cycles to achieve refrigeration. According to the
author, such a feature of the cycles is efficient, especially in heat recovery.

Kim and Perez-Blanco (2015) experimentally found the performance
of such integrated energy production and refrigeration systems with the
combination of an organic Rankine cycle and vapor-compression cycle.
This paper took a look at research pertaining to the effect of low-tempera-
ture heat sources on the energy efficiency of the functioning of such sys-
tems. The authors agreed with the conclusion that such an all-encompas-
sing approach could conserve energy, as more often than not, it caters to
power and cooling needs for a specific application at the same time.

Jiang et al. (2023) did a research to analyze the performance of the
ORC-VCR systems utilizing energy obtained from low-grade thermal
sources. Indeed, integrated systems adopted in low-temperature heat re-
covery compression showed higher efficiency than that of the traditional
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ones. From that, they had established a recommendation that such systems
had an enormous potential in industrial heat recovery and energy conser-
vation.

Grauberger et al. (2022) conducted an off-design analysis of an Orga-
nic Rankine-Vapor Compression Refrigeration Cycle using R1234ze (E)
as the refrigerant. As seen by these researchers, this system performs well
for a big span of operational conditions, showing the good influence of
low-GWP refrigerants on energy efficiency.

Grauberger, Young, and Bandhauer (2022) experimentally validated
an integrated organic Rankine and vapor compression refrigeration system
using R1234ze(E) working fluid, which is a low GWP substance. Such a
substance can only give positive results if the criteria of energy efficiency
and environmental sustainability are taken into consideration.

Bao et al. (2020) conducted a comparative study between single-flu-
id and dual-fluid systems. In this study, the thermodynamic efficiencies
of multiple fluids used in Organic Rankine Cycle - Vapor Compression
Refrigeration systems were compared in order to identify the most poten-
tial combinations of fluids regarding cooling and energy generation. Their
results concluded that, despite the simplicity of single-fluid systems, du-
al-fluid systems had better thermodynamic advantages.

Asim et al. (2017) reported the organic Rankine cycle-integrated Va-
riable Refrigerant Flow system, developed for waste heat recovery and
subjected to complete thermodynamic-thermoeconomic analysis, and furt-
her regards economic analysis of energy and cooling produced by the use
of waste heat, hence giving recommendations toward cost-effective use of
the system.

Alshammari et al. (2023) investigated the performance of integrated
Organic Rankine Cycle and Vapor Compression Refrigeration systems
using one rotor expander-compressor unit. This paper deals with the capa-
bility of such devices in achieving better efficiency from the system point
of view. Such technology, according to the authors, has the potential to
improve energy conservation for applications with low-temperature diffe-
rences.

2. Fundamentals of ORC-VCR Systems

The name comes from the so-called Rankine cycle; however, the main
distinction is that organic working fluids are employed instead of steam.
The traditional Rankine cycle is a high-temperature steam system general-
ly used in major power generation stations. Conversely, Organic Rankine
Cycle (ORC) technology facilitates the production of electricity, particu-
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larly utilizing low and medium temperature thermal sources such as geo-
thermal energy, biomass, solar energy, and industrial waste heat (Kim &
Perez-Blanco, 2015). The organic fluids employed possess lower boiling
points in comparison to water, thereby allowing for effective evaporation
even under reduced temperature conditions.

ORC consists of an evaporator, turbine (expansion device), condenser
and pump as the four major components. The heat source energy is consu-
med by the evaporator to vaporize the low boiling organic working fluid.
Expanded vapour generates energy in the turbine and is routed to the con-
denser to get back to liquid state. The liquid is returned back to the evapo-
rator by the pump in the process, and the cycle goes on, as shown Figure 1.
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Figure 1. Basic ORC (a) Schematic diagram (b) T-s diagram (Jiménez-Garcia et
al, 2023).

The VCR represents the most common mechanism in the systems of
refrigeration and air conditioning. Such a mechanism allows for the ext-
raction of the thermal energy from the environment that has to be cooled,
transformed into vapor at low temperature and pressure by the evapora-
tor, and then compressed by the compressor into a working fluid at higher
temperatures and pressures. The high-temperature and pressurized fluid,
passing to the condenser, gets condensed there, gives off heat to the at-
mosphere, and becomes liquid (Molés et al., 2015), as shown Figure 1.
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Figure 2. Basic VCR (a) Schematic diagram (b) P-h diagram (Saleh et al.,
2020).

The main elements that make up the VCR are the evaporator, comp-
ressor, condenser, and expansion valve. Its working principle is based on
the fact that the compressor compresses the working fluid with mechanical
energy. This way, cooling can be achieved in the evaporator and energy
conversions can take place between the condenser and expansion valve.

Hybrid ORC-VCR systems, created by combining ORC and VCR sys-
tems, offer both energy production and cooling functions simultaneously.
In this system, the electrical energy generated by the ORC is used to drive
the VCR compressor. Thus, energy recovery is achieved while at the same
time cooling is provided at low temperature and low pressure. ORC-VCR
systems offer an ideal solution especially for energy saving and environ-
mentally friendly applications (Saleh, 2018), as shown in Figure 3.
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Figure 3. Basic ORC-VCR (Saleh et al., 2020).

3. Thermodynamic Analysis and Performance Evaluation

It constitutes a measure of performance of energy conversion in the
system, which could also, in general, be expressed by the first law of ef-
ficiency. Such an analysis, however, would not account for the quality or
usability of energy during conversion; this is where exergy applies as a me-
asure of the potential of energy with respect to work and its recoverability.
Exergy analysis of ORC-VCR systems is the essence for loss identification
and thermodynamic recoverability optimization (Jiang et al., 2023).

Some performance parameters are exergy efficiency terms in OR-
C-VCR systems: Coefficient of Performance or COP, electricity generation
efficiency, and energy conversion ratios. Exergy efficiency, which quan-
tifies the thermodynamic losses, can stand for the second law efficiency.
For example, it was pointed out that “the decreasing exergy efficiency of
the system is influenced not only by exergy losses happening at the ORC
turbine outlet but also by energy losses occurring at the compressor inlet of
the VCR” (Bao et al., 2020).

Various thermodynamic optimization techniques to improve the per-
formance of Organic Rankine Cycle-Variable Compression Ratio systems
are targeted toward improving the energy conversion processes while tr-
ying to minimize losses. This usually involves optimum sizing of the com-
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ponents of the system, improvement in operational conditions, and use of
sophisticated thermodynamic analyses. In this regard, performing a para-
metric analysis becomes very necessary since, for instance, the optimizati-
on of temperature, pressure, and mass flow rates will directly relate to the
performance influence of the system as a whole (Zhar et al., 2021).

Actually, the performance of the ORC-VCR system takes into con-
sideration such various parameters as temperature, pressure, and a rate of
heat exchanges besides the thermophysical properties of the fluid. Organic
fluid critical temperature and pressure used in ORC, for instance, prede-
termine the value of energy efficiency at outlet of turbine, while in VCR
condensation and evaporation temperatures determine the value of COP.
According to Liang et al. (2021), a high-temperature and -pressure ratio
can further deteriorate the durability of equipment and operating costs whi-
le improving the overall performance of the system.

4. Working fluids - design of systems

The working fluids of choice strongly dictate the thermodynamic ef-
fectiveness and environmental impacts of the ORC-VCR systems. The
ideal working fluids selected must have a low Global Warming Potential
(GWP) and must also have zero Ozone Depletion Potential (ODP). New
generation fluids therefore carry the day in terms of reduced effects on the
environment and improved thermodynamic characteristics. R1234ze(E) is
one such fluid; it is widely accepted to be used as a refrigerant because of
its very low GWP value and high operation efficiency characteristics (Gra-
uberger et al., 2022).

The thermophysical characteristics of working fluids, including den-
sity, viscosity, and thermal capacity, are essential for the appropriate sizing
of system components and the establishment of operating conditions. Con-
sequently, factors such as exergy efficiency, environmental implications,
and safety considerations must be considered when selecting fluids (Saleh,
2016). The properties of the working fluids used in the literature are pre-
sented in Table 1 (Xia et al., 2023b)
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Table 1. The properties of the working fluids

Mole- Nor- Cri- Cri-
. cular mz}l tical tical Sa-
Nl;lel;l_ WFolrul;glg mass/ :)l(l)llg- tempe- | pres- | ODP | GWP tl'f?.l
kg-lf- po- ratu- | sure/ vel
mol™ int/K re/K kPa
1 R134a 102 247.1 | 3742 | 4059 0 1370 | Al
2 R245fa 134 288.3 | 427.2 | 3651 0 1030 | BI
3 R152a 66 249.1 | 386.4 | 4517 0 124 | A2
4 R123 153 301 456.8 | 3662 0 77 Bl
5 R236ea 152 279.3 | 4124 | 3502 0 710 | Bl
6 R245ca 134 298.4 | 436.2 | 3502 0 726 | Bl
7 R290 44 231 369.9 | 4251 0 3 A3
8 R600a 58 261.4 | 407.8 | 3650 0 ~20 | A3
9 R600 58 2727 | 425.1 | 3796 0 ~20 | A3
10 R601a 72 301 460.4 | 3378 0 ~20 | A3
11 R601 72 309.2 | 469.7 | 3370 0 ~20 | A3
12 R602 86 3419 | 507.8 | 3034 0 ~20 | Al
13 R1234yf 114 243.7 | 367.9 | 3382 0 4 | A2L
14 R1234ze 114 2542 | 3825 | 3640 0 7 | A2L
15 Rli?z- 131 291.5 | 438.8 | 3571 0 7 Al
16 R1336m- 164 306.6 | 444.5 | 2903 0 2 Al
7777
17 Rl%é4y- 148 287.8 | 428.7 | 3377 | 0.88 1 Al
18 R1243zf 96 247.7 | 3769 | 3518 0 1 A2L

ORC-VCR systems can be designed in single-fluid or dual-fluid con-
figurations. Single-fluid systems offer the advantage of simpler design and
operation, while dual-fluid systems can increase energy conversion effi-
ciency. In dual-fluid systems, thermodynamic compatibility can be achie-
ved in the ORC and VCR cycles by using two different fluids with different
thermophysical properties (Bao et al., 2020).

Much dependence in the design of ORC-VCR systems is based on
the available source of heat, energy, cooling requirements, and operating
conditions in addition to economic parameters. Thus, proper sizing and in-
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tegration is required for each module of the system, including evaporator,
turbine, compressor, and condenser. The typical configurations include an
integrated arrangement of primary heat exchangers, intercoolers, and was-
te heat recovery devices (Malwe et al. 2022).

5. Optimization and Advanced Design Techniques

Exergy analysis leads to basic tools for conducting optimization stu-
dies that would improve the operational efficiency of the ORC-VCR sys-
tem. Exergy analysis permits the calculation of energy losses and potential
recoveries in the different subsystem components. For instance, a redu-
ction in exergy loss at the exit of the turbine, and thus optimal utilizati-
on of energy at the entry to the compressor within the framework of the
ORC-VCR, will imply great efficiency development for the entire system
(Javanshir et al., 2019).

Such kinds of approaches in multi-objective optimization keep a ba-
lance between the indication of energy saving and exergoeconomic effecti-
veness against investments. Commonly used genetic algorithms, multi-cri-
teria decision-making approaches, and artificial intelligence strategies are
used in such cases (Zhao et al., 2024).

Advanced data analytics and machine learning methods do find their
applications in the performance optimization of ORC-VCR systems. These
techniques examine big datasets, make predictions on the performance of
such systems, and optimize the processes of energy conversion. Among
them, deep learning is important for predicting and optimizing artificial
neural network performance in various operating conditions (Xia et al.,
2024).

6. Environmental Impact and Sustainability Measures

The ecological impact analysis of the refrigerants used in the OR-
C-VCR systems is presented, focusing on its GWP and ODP. In this
context, the use of natural refrigerants with low GWP together with new
synthetic fluids of the latest generation becomes increasingly important
(Grauberger et al., 2022).

ORC-VCR system brings out the most viable path to carbon reducti-
on with efficiency improvements in recovering energy. The application of
these systems helps to provide a way toward sustainable energy solutions
concerning renewable energy sources coupled with industrial waste-heat
recovery (Sherwani and Tiwari, 2021).
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7. VCR-ORC system exergoeconomic analysis

Exergy-based economic analyses are imperative in designing the most
economical ORC-VCR systems. They help to quantify the energy loss and
the associated cost through every component of a system (Javanshir et al.,
2019).

The optimization strategies developed for the initial investments aga-
inst operating cost of the ORC-VCR systems are based on thermoecono-
mic analyses—that means balancing component costs against energy effi-
ciency (Sherwani and Tiwari, 2021).

8. Hybrid Systems: Integration and Energy Storage

Integration of Organic Rankine Cycle-Variable Compression Ra-
tio (ORC-VCR) systems together with storage mechanisms can equalize
energy supply and demand. Therefore, integrated configurations can act
in synergy with energy storage apparatuses, thereby multiplying the com-
prehensive energy efficiency and adaptiveness of the system (Malwe et al.,
2022).

Combined systems of hybrid ORC-VCR can be linked up with solar
power, geothermal power, along with other renewable sources. They might
also further enhance the general efficiency of energy by blending merits
provided from all the diverse sources of energy (Qureshi et al., 2024).

9. Use of non-conventional sources of energy

Solar energy can also be regarded as another clean and sustainable
thermal energy source for ORC-VCR systems. The opportunity for explo-
ring solar-driven ORC-VCR systems integrated with photovoltaic panels
and solar collectors could bring an opportunity for the generation of coo-
ling simultaneously with electricity generation. Efficient control strategies
with variable solar radiation should be accompanied by the optimum use of
high-efficiency heat exchangers in such systems (Zhao et al. 2024; Qureshi
et al. 2024).

This means that geothermal power is a renewable heat resource with,
at the least, an ORC-VCR temperature. One of the numerous variant ty-
pes of renewable resources proposed to enhance efficiency in energy use
and decrease carbon emissions includes organic geothermal power, done
through use with Organic Rankine Cycle and vapor-compression cycle by
utilizing heat taken out from low-temperature wells (Sabbaghi et al. 2024).
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10. Dual Purpose Energy Systems- ORC-VCR Integration

ORC-VCR systems are ideally very well suited for cogeneration app-
lications—by this, it is meant the simultaneous production of combined
heat and power—also for trigeneration, during which the generation of
heat, power, and cooling goes on simultaneously. It can be electric power
and refrigeration produced simultaneously from one heat source in these
novel-generation systems. This approach makes energy use in industrial
and commercial buildings very efficient and saves on resources (Patel et
al., 2017).

The use of ORC-VCR systems for recovering waste heat can also ef-
ficiently be produced through various industrial processes or energy pro-
duction units. The recent ones are designed specially in such a manner that
they may reduce energy consumption to its minimum with proper reducti-
on in operational cost as this specific cycle allows recovery and thereafter
reutilization of the produced waste heat (Asim et al., 2021).

11. Application in Regional and Small-Scale Energy Systems

Applying micro-cogeneration results in relatively high amounts of
electric and thermal energies when the basis of application is small-scale.
Besides other major contributions, innovation and construction related to
micro-cogeneration ORC-VCR systems are highly essential in finding and
utilizing the resources of energy efficiently. As a matter of fact, this is one
of the most sustainable ways through which energy demand can best be
met across any specific environment, such as urban and rural places alike
(Tashtoush et al., 2020).

12. Energy Polies and ORC-VCR Systems

Policies and regulations that are aimed at promoting energy efficiency
should be carefully designed for this kind of activity to make sure that the
proliferation of Organic Rankine Cycle - Vapor Compression Refrigerati-
on (ORC-VCR) systems is effectively supported and encouraged. In this
regard, energy-related policies have a tremendous potential to direct such
integrated energy systems’ development and implementation in endorsing
and promoting the use of a portable renewable source of energy. In so
doing, taxes reduction and other forms of incentives presented by the go-
vernment can be strong instruments for speeding the process of acceptance
and practical application of the system, resulting in a more sustainable ap-
proach to energy use (Tiwari, 2024).
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13. Future Directions and Implementation

ORC-VCR systems have achieved high utilization throughout most
industries in critical waste heat recovery while capturing geothermal ener-
gy, solar energy, and many other kinds of renewable energy. This innova-
tive system finds diversified applications, including the enhancement of
energy efficiency and effective reduction of carbon emission in various
cement, steel, chemical, and petrochemical industries, among others.

Future investigations will be focused on finding new working fluids
that may bring efficiency improvements with respect to different working
fluids and developing new system configurations to ensure overall per-
formance is improved. There also could be developed advanced control
strategies that will allow the optimization of these systems towards better
performances and there is a huge scope for the ORC-VCR system to find
its place in sustainable energy solutions. Moreover, low carbon footprint
technologies in this area of research are going to pay much more attention
to further development and advancement in this very field alone.

14. Conclusion

ORC-VCR systems combine into their construction both Organic Ran-
kine Cycle and Vapor Compression Cycle principles. They demonstrate
very high potentials for energy recovery and efficiency. It is really special,
taking into account that they are able to provide energy and cooling output
from hot sources at low and middle temperatures, which is usually the
temperature at which heat is lost. By using low heat temperatures, the OR-
C-VCR systems contribute state-of-the-art solutions not only to boosting
general efficiency related to energy production but also to alleviating envi-
ronmental impacts from energy production as well as from applications for
cooling. These systems help in sustainable energy management due to the
benefits of integration with renewable energy sources, recovery of waste
heat, and use of low-GWP fluids. Further improvement of performance in
ORC-VCR systems is also contributed to by the adoption and application
of advanced materials and technologies, intelligent control strategies, and
energy policy-compliant design. Due to their small-scale energetic solu-
tions and regional applications, their applicability and effectiveness have
increased under a wide range of scenarios. This is mainly attributed to the
fact that the application area and different technological innovations that
have been brought into the ORC-VCR system combine to give a good
approach toward energy efficiency maximization, economic cost, and en-
vironmental sustainability.
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1. Giris

Son yillarda havacilik, otomotiv ve denizcilik endiistrilerinde elyaf
takviyeli kompozitlere olan artan talep, bu malzemelerin
ozelliklerini daha iyi anlamak ve daha iyi miihendislik iiriinleri elde
etme icin bu malzemelerde artan bir arastirma ihtiyacina neden
olmustur (Peng ve ark. 2007, Khashaba ve ark. 2017, Biercuk ve ark.
2002, Dindar B., Bektas, N.B., 2018). Literatiirde nanokompozitler
ile ilgili ¢aligmalar siniridir bunlardan bazilari; Karbon/epoksi
kompozitlerde yorulma dayaniminin deleminasyon iizerindeki etkisi
incelenerek, deleminasyonun yorulma testi sirasinda ¢ekme oranin
arttirllmasiyla da etkili bir sekilde arttigini ifade etmislerdir (Khan
ve ark., 2010). Iki tiir cam elyaf/epoksi kompozitin, tek yonlii ve
rastgele elyaf astarli, biikiilme altidaki yorulma davranislari
karsilagtirmiglar ve cam elyaf takviyeli kompozitin ¢atlak yayilma
direncinin rastgele kompozisyondan iyi oldugunu ifade etmislerdir
(Selmy ve ark. 2013). Kemik kiriklarinin tedavisi igin
karbon/keten/epoksiden olusan yeni bir kompozite yorulma analizi
yapmislardir. Analizde numuneler cekme dayanimlarinin % 50’si ile
yiiklemisler ve arastirmanim sonunda 2 x 10° yiik tekrar sayisinda
kompozitin yalmizca % 0.48’i kadar bir catlak olusumu
gozlemiglerdir. Sonuglardan bu malzemenin kemik kirigi
tedavilerinde kullanilmak iizere yeterli yorulma dayanimina sahip
oldugu diisiincesi olusmustur (Bagheri ve ark 2014). Karbon/epoksi
kompozitlerin  farkli  yonlendirme  agilarindaki  yorulma
davraniglarini incelemisler ve eksenel yonlnedirmenin 45° agihi
yonlendirmeden daha iyi sonuglar verdigini ifade etmislerdir (Weiss
ve ark 2010).

Bu calismada kompozitler tek eksenli kumaslardan iiretilmis
[(0,+45,-45, 0,+45,- 45,-45,+45,0,-45,+45,-0)] oryantasyonda ve
aynt oryantasyonda TUi¢ eksenli kumaslardan {iretilmis olan
kompozitler [(0,+45,-45)(0,+45,-45)(- 45,+45,0)(-45,+45,-0)] olmak
tizere ve bunlarin karbon nanotiip (KNT) katkili ve katkisiz haldeki
numunelerinin ¢ekme dayanimlar1 belirlenerek devaminda yorulma
dayanimlar1 belirlenmistir. Calismada kompozit numuneler el
yatirmasi metodu kullanilarak dretilmistir. KNT partikiilleri ise
recineye sonikator kullanilarak homojen bir sekilde dagitilmistir.
KNT’ler regineye agirlikca %0,5 oraninda katilmistir. Literatiir
taramas1 sonucunda bu oranin en iyi faydayr sagladigi sonucuna
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varilmistir ve bu yiizden bu oran se¢ilmistir. Bunun nedeni KNT’ler
bu orana kadar dayanimi arttirmakta ve sonrasinda topaklanmalar
baglayarak kompozit malzemede gerilme yigilmalarina sebep olarak
kompozit malzemenin dayanimini azaltmaktadir. Bu c¢alismanin
literatiirden farki elyaf dizilimleri ve KNT modifiyesidir (Dindar
2019).

1.1 Yorulma Yiikleme Durumlari

Yorulma, malzemelerin ¢ekme dayanimlarinin  altindaki
dayanabildikleri yiik tekrar sayisi olarak tanimlanabilir. Yorulma
yiikleri grafikle gosterildiginde yiik degisimleri genellikle siniizoidal
olmaktadir. Tekrarli yiiklemeler; genel degisken sartlarda (R=0.1),
dalgal1 degisken sartlarda (R=0) ve tam degisken sartlarda (R=1)
yliklemeler olarak siiflandirilabilir. Bu ¢alismada yorulma
deneyleri Sekil 1°deki gibi genel degisken sartlarda yapilmistir.

Gerilme (O)

* Omax

Tort

Omin

Yk tekrar sayisi (S)
Sekil 1: Genel degisken yiikleme durumu

Burada gerilmeler omax. maksimum iist gerilme ve omin. minimum
alt gerilme arasindadir. Ortalama gerilme ise oort maks. ve min.
gerilmelerin ortalamasi alinarak bulunmaktadir. Ortalama gerilme
Denklem 1 kullanilarak hesaplanmaktadir.

Omax + Omin
Oort = - 2 (1)
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Gerilme aralig1 or; Denklem 2’ deki gosterildigi gibi maksimum ve
minimum gerilme arasindaki farktan hesaplanmaktadir.

Oy = Omax — Omin (2)

Gerilme genligi og; gerilme araliginin yarisidir. Denklem 3’deki gibi
hesaplanmaktadir.

o = Or _ Omax—9min (3)

9 2 2

Gerilme orani (R) ve genlik oran1 (A) olarak iki tiir tekrarl yorulma
yapilmaktadir ve Denklem 4’deki gibi hesaplanmaktadir.

Omin Gg

Gerilme orany; R =

(4)

,genlik orani ; A =
Gmax o-OT‘t

Ek olarak, Yiik frekansi= f=% (Hz), Yik tekrar sayi1si=N, Periyot
stiresi=T (s) seklinde ifade edilmektedir.

1.2 S-N Egrileri

S-N egrisi, malzemede yorulma hasarinin meydana geldigi yik
tekrar sayisina karsilik gelen gerilmeyi ifade etmektedir. S-N egrileri
elde edilirken gerilme ve yiik tekrar sayilar1 logaritmik olarak
hesaplanir. S-N  egrileri deneysel yada numerik olarak
olusturulabilmektedir. Genellikle deney cihazi metodu tercih
edilmektedir. Bu metod ile yorulma numunesi deney cihazina
baglanir ve numunede catlak yada hasar olusana kadar tekrarli bir
sekilde ylik uygulanmaktadir S-N egrileri genellikle grafigin sol iist
kosesinden baslayarak yiikiin azalmasi ile birlikte sag alt tarafa
dogru egimli bir sekilde ilerlemektedir. Bu, yiiksek gerilme
uygulanan yiiklemelerde, diisiik gerilme uygulanan yiiklemelere
nazaran yorulma hasarinin daha az c¢evrimde olustugunu
gostermektedir. Bu tip bir yorulma deneyinde, yiik tekrar sayilarinin
frekansi, hasar olusumunu meydana getiren yiik tekrar sayisini
degistirmez. Bir S-N egrisinin olusturulmasinda yorulma
numunelerinin farkli gerilme yiiklerinde test edilmesi ve sonuglarin
logaritmik  olarak  grafiginin  olusturulmas1  gerekmektedir
(serdarkarakurt.com, 2019). Baz1 metaller, sonsuz yorulma omriine
sahip olabilmektedir. Uygulanan gerilmeler bu malzemeleri hasara
ugratmak icin belirli bir seviyenin altinda kalirsa, hasar olusumu
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meydana gelmeden sonsuz sayida c¢evrime dayanabilmektedirler.
Kompozit malzemelerde ise yiik tekrar sayist 10%dan fazla ise
sonsuz omir kabul edilmektedir (serdarkarakurt.com, 2019).

2. MALZEME ve YONTEM

Bu boliim, kompozit numunelerin iiretimini, ¢ekme ve yorulma
deneylerini ve bu ¢aligmalardan elde edilen sonuclar1 icermektedir.
Bu calismada kompozitler tek eksenli kumaglardan {iretilmis
[(0,+45,-45, 0,+45,- 45,-45,+45,0,-45,+45,-0)] ve 1lic eksenli
kumaglardan iretilmis kompozitler [(0,+45,-45)(0,+45,-45)(-
45,+45,0)(-45,+45,-0)] olmak iizere ve bunlarin KNT (karbon
nanotiip) katkili ve katkisiz haldeki numunelerin ¢ekme dayanimlari
belirlenerek devaminda yorulma dayanimlari belirlenmistir.
Calismada kompozit numuneler el yatirmast metodu kullanilarak
iiretilmistir. KNT partikiilleri ise recineye sonikator kullanilarak
homojen bir sekilde dagitilmistir. KNT ler recineye agirlik¢a %0.5
oraninda katilmistir. Literatiir taramast sonucunda bu oranin en iyi
fayday1 sagladigi sonucuna varilmistir ve bu ylizden bu oran
secilmistir. Bunun nedeni KNT’ler bu orana kadar dayanimi
arttirmakta ve sonrasinda topaklanmalar baglayarak kompozit
malzemede gerilme yigilmalarina sebep olarak kompozit
malzemenin dayanimini azaltmaktadir. Bu caligmanin literatiirden
farki elyaf dizilimleri ve KNT modifiyesidir.

2.1. Malzeme

Kompozit numuneler takviye kumaslari, regine ve nanopartikiiller
olmak iizere li¢ kisimdan meydana gelmektedir. Bu kisimlarda
kullanilan malzemelerin genel bilgileri Tablo 1’de verilmistir.

Tablo 1: Kompozit iiretiminde kullanilan malzemelerin genel
ozellikleri.

Epoksi Kiirlest | Takv | Nanopart Kumaslarin Elyaf
Recine irici iye ikiil Oryantasyonlari
Elem
an1
Araldite | Aradur- | E- Ug eksenli (0,+45,-45) ve Tek

LY-1564 3487 Cam Karbon | eksenli (eksenel)
Karb | nanotiip
on




24 - Berkant DINDAR

Cok eksenli takviye kumaslarin uygulamalar1 son zamanlarda hizla
yayginlagsmaktadir. Sekil 2’de ii¢ eksenli takviye kumasinin
gorilintiisli yer almaktadir.

Sekil 2: Ug eksenli dikisli, kivrimsiz kumas yapist (Agir,
2012).

E-cam ve karbon kumaglar ii¢ eksenli (0,+45,-45) ve tek eksenli
olmak iizere iki farkli tipte temin edilmistir. Bu kumaslarin
ozellikleri Sekil 3°de verilmistir.
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Uc Eksenli E-Cam Kumas

Tabaka Fiber Turi Alan Agirhg:
1 0° 900+1200 Tex 413gr/ m2
2 +45° 300 Tex 200gr / m2
3 90° 200 Tex 12gr/ m2
4 -45° 300 Tex 200 gr / m2
5 Dikis 76 Dtex 10 gr / m2

Tek Eksenli E-Cam Kumas

Tabaka Fiber Tiirii Alan Agirhg:
1 0° 1200 Tex 283 gr/ m2
2 90° 68 Tex 37gr/m2
3 Dikis 76 Dtex 10gr/ m2

Ug Eksenli Karbon Kumas
_ Tabaka Fiber Turi Alan Agirhg:
1 0° 1600 Tex - 24K Carbon 300 gr / m2
2 45° 800 Tex - 12K Carbon 300 gr / m2
3 45° 800 Tex - 12K Carbon 300 gr/ m2
4 Dikis 76 DTex Sgr/m2
Tek Eksenli Karbon Kumas

Tabaka Fiber Tiiru Alan Agirhg:
1 0° 12K Carbon 317gr/ m2
2 Dikis 1100 DTex 17gr/ m2

Sekil 3: Takviye kumaglarinin yapilari.
2.2. Numunelerin Uretilmesi

Numuneleri tamami el yatirmasi metodu ve sicak presleme ile
dretilmistir. Nanokompozitlerin dayanimini etkileyen faktorlerin
basinda, partikiillerin matris i¢inde homojen dagilmasi1 ve
nanopartikiillerin matris ile elyaf arasinda ara yiizey bagi
olusturmas1 gelmektedir (Eskizeybek 2012). Bu ¢alismada
kullanilan -OH fonksiyonelli ¢ogul duvarli karbon nanotiip
(CDKNT) partikiilleri Ege Nanotek sirketinden tedarik edilmistir.
Bu partikiiller ultrasonikasyon metodu ile regineye uygulanmaigtir.
Dagitim (homojenizasyon) Hielscher UP 400 S sonikator ile 400
watt ¢ikis giliciinde, %70 genlik ile 0,6 frekans’ta 35 dk. ile karigimin
sicakligi kontrol edilerek yapilmistir. Regine 4/1 sertlestirici
oraninda ve agirlikca %0.5 KNT ilaveli olarak hazirlanmistir.
Uretimi yapilan kompozitlerin kumaslar1 ilgili elyaf rulolarindan
uygun oOlgiilerde kesilerek diizgiin bir masa iizerine yerlestirilmis ve
hazirlanan reg¢ine, nanopartikiil karisimi kumaslara emdirilmistir.
Epoksi regine emdirilmis bu kumasglar mikro hava baloncuklarinin
uzaklagarak epoksi re¢inenin kumaslara daha iyi emilmesi sebebiyle
on giin beklemeye alinmistir. Elde edilen re¢ine emdirilmis kumaslar
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mumlu kuse kagit ile sarilarak kiirlenmesi i¢in sicak presleme
yontemi ile preslenerek 6 bar basingta, 120 °C sicaklik ile iki saat
kiirlenmeye tabi tutulmustur.

Daha sonra Tablo 2’deki geometrik Olglilerde olacak sekilde
kompozit levhalardan su jeti ile kesim yapilmistir. Su jeti ile kesim
metodu kompozit numunelerde olusabilecek kesim hatalarin1 ve
kesim esnasinda olusabilecek 1sinmay1 onleyerek kaliteli bir kesim
saglamistir. Cekme ve yorulma deneyleri icin olusturulan
numunelerin yapis1 Sekil 4’de verilmistir (Dindar 2019).

La
2
-
Lz Numune Tab
- e/ =
AAAAAA
- LN
N QYA FAVAVAVAVAVAVAV.L
~
Ly ™~
// " Tabakalar ve oryantasyon agilan

Ao 45

Sekil 4: Deney numunesi sematik gdosterimi (Dindar 2019).

Tablo 2’de sematik gosterimi verilen numunenin ebatlar1 yer
almaktadir. Burada karbon elyaf takviyeli kompozitler ile E-cam
takviyeli numunelerin ebatlar1 farklidir. Bunun sebebi karbon elyaf
takviyeli numuneler yiiksek ¢ekme dayanimlarina sahip olmalari
sebebi ile test cihazinin yiikleme kapasitesinin yetersiz
kalmasindandir (Dindar 2019).



Makine Mithendisligi Alaninda Arastirmalar ve Degerlendirmeler - Ekim 2024 - 27

Tablo 2: Karbon/epoksi ve E-cam/epoksi numunelerin

boyutlar1 (Dindar 2019).
Sembol | Karbon/epoksi (mm) E-cam/Epoksi
(mm)
L 250 250
L 150 150
Lt 50 50
by 15 25
h 4 3
ht 3 3

3. BULGULAR

Kompozit numunelerin ¢ekme deneyleri oda sartlarinda ASTM
3039 D kompozit ¢ekme standardina referans alinarak 0.5
mm/dakika hizinda deplasman kontrollii gerceklestirilmistir.
Sekil 5’de deneyler sonrast numunelerde olusan hasarlar
gorlilmektedir.

Sekil 5: Hasarli deney numuneleri, (a) Tek yonlii kumaglt E—-
cam/Epoksi, (b) Ug eksen kumasl E-cam/Epoksi, (c) Tek yonlii
kumaslh Karbon/Epoksi, (d) Ug eksen kumasli Karbon/Epoksi.

(Dindar, 2019)

3.1 Cekme Deneyleri

Sekil 6’da E-cam takviyeli katkili ve katkisiz kompozitlerden elde
edilen ¢ekme grafikleri verilmistir. (Sekil 6 (a))’da ii¢ eksenli
kumaslardan olusturulmus E-cam/Epoksi’ye ait ¢ekme diyagrami,
(Sekil 6 (b))’de ii¢ eksenli kumaslar ile olusturulmus olan E-
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cam/Epoksi/KNT katkili numuneye ait diyagram, (Sekil 6 (c))’de tek
yonlii kumaglar ile olusturulmus olan E-cam/Epoksi’nin diyagrami
ve son olarak (6 (d))’de tek yonlii kumaslardan olusturulmus olan
E-cam/Epoksi/KNT katkili kompozitlere ait diyagram yer
almaktadir (Dindar 2019).
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Sekil 6: E-Cam ile takviye edilmis kompozi‘glerin ¢cekme
diyagramlari: U¢ eksenli E-Cam/Epoksi (a), U¢ eksenli E-
Cam/Epoksi/KNT (b), Tek eksenli E-Cam/Epoksi (c), Tek eksenli
E-Cam/Epoksi/KNT (d) (Dindar 2019).

Sekil 7°de Katkili ve katkisiz olarak deneyleri yapilmis olan karbon
elyaf takviyeli kompozitlerin ¢ekme deney grafikleri verilmistir.
(Sekil 7(a))’da Ug eksenli kumaslardan iiretilmis olan katkisiz
Karbon/Epoksi’nin ¢ekme diyagrami, (Sekil 7(b))’de ii¢ eksenli
kumagtan elde edilen Karbon/Epoksi/KNT katkili numunenin
diyagrami, (7(c))’de tek eksenli kumastan elde edilen
Karbon/Epoksi katkisiz numune ve (Sekil 7(d))’de yine tek yonlii
kumas ile takviyelendirilmis olan Karbon/Epoksi/KNT kompozite
ait cekme diyagrami goriilmektedir (Dindar 2019).
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Sekil 7: Karbon ile takviye edilmis kompozitlerin ¢gekme
diyagramlari: Ug eksenli Karbon/Epoksi (a), Ug eksenli
Karbon/Epoksi/KNT, Tek eksenli Karbon/Epoksi (c), Tek eksenli
Karbon/Epoksi/KNT (d) (Dindar 2019).

3.2 Yorulma Deneyleri

Yorulma deneyleri genel degisken sartlarda, ¢eki-¢eki yiikii altinda
R=0.1 ile yapilmistir. Karbon takviyeli kompozitler 3 Hz frekans ile
E-cam takviyeli kumaslar ise 10 Hz frekansta Instron 8801test
cihazinda yapilmistir. Karbon elyaf takviyeli kompozitlerin
frekansinin  diigiik tercih edilmesinin nedeni bu kompozitlerin
yiiksek yorulma mukavemetine sahip olmalar1 ve bundan dolay1
ylksek yorulma yiikleri uygulanmasidir. Test cihazit 3 Hz’in
iizerindeki frekanslarda bu yiikleri karbon takviyeli numunelere tam
anlami ile uygulayamamaktadir. Yapilan testler sonucunda katkili ve
katkisiz kompozit plakalarin S-N (Wdhler) egrileri olusturulmustur.
Testler yiiksek gerilme genliklerinde tigcer defa tekrar edilirken
zaman gereksiniminden dolayr sonsuz yorulma Omriine giden
numunelerin deneyleri birer kez yapilmistir.

Uc eksenli ve tek eksenli E-Cam takviyeli kompozitlerin (S-N)
diyagramlar1 Sekil 8’de verilmistir. Ug eksenli kumas takviyeli
katkili E-cam/Epoksi/KNT numuneler en iyi yorulma performansini
gostermis ve yorulma dayanimlar1 azalan sira ile ii¢ eksenli kumasg
takviyeli E-cam/Epoksi, tek yonlii kumas takviyeli katlkili E-
cam/Epoksi/KNT ve tek yonlii kumas takviyeli E-cam/Epoksi
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kompozitler seklindedir. KNT modifiyesinin kompozit plakanin
yorulma dayanimini arttirdigi gézlemlenmistir. Burada sonuglarin
iic eksenli kumas takviyelilerde, tek eksenli kumas takviyelerine
kiyasla yiiksek ¢ikmasinin sebebi kumas yapisidir. Kumas
ozelliklerine bakildiginda ii¢ eksenli E-Cam kumaslar (0° yonii 413
g/m?, 2100 TEX, 45° yénlii elyaflar, 200 g/m?, 300 TEX), tek eksenli
E-cam kumaslar ise 300 g/m? agirhigindadir. Kompozitlerin belirli
bir yondeki dayanimimi belirleyen kriterlerin basinda o yondeki
elyaflarin miktar1 6nemli rol oynar. Ug eksenli kumaslarin yapisi
geregi 0° yoniinde 413 g/m? agirhiginda elyaf bulunurken tek eksenli
kumasla takviyelendirilmis kompozitlerde 0° 300 g/m? agirliginda
elyaf bulunmaktadir. Kumaslarin bu yapilarindan dolay1 {i¢ eksenli
kumaglardan imal edilen kompozitlerin yorulma degerleri ¢ekme
degerlerine benzer olarak yiiksek ¢iktig1 goriilmiistiir (Dindar 2019).

Ug eksenli E-cam/Epoksi —— Ug eksenli E-cam/Epoksi/KNT
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Sekil 8: E-Cam ile takviye edilmis kompozitlerin S-N (Wdhler)
egrileri (Dindar 2019).

Sekil 9’da dikisli li¢ eksenli kumas ile takviyeli kompozitler ve tek
eksenli karbon kumaglarla takviyelendirilmis katkili ve katkisiz
kompozitlerin yorulma Wohler (S-N) grafikleri verilmistir. Burada
yorulma dayanimlari azalan sira ile tek yon katkili, tek yon katkisiz,
iic eksenli katkili, ii¢ eksenli katkisiz olarak siralanmistir. Cekme
deneylerindeki gibi yorulma deneylerinde de karbon kumaglar
cekme performanslarina benzer davranmislardir. Yorulma testleri
yiiksek tekrarli ¢ekme testleri olarak diislintildiiglinde ¢ekme ve
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yorulma testlerinin uyumlu olmasi gayet dogaldir. Yorulma
dayanimlarimin  tek  yonli kumas ile takviyelendirilmis
kompozitlerde yiiksek c¢ikmasimin sebebi recginenin tek yonli
kumaslarda ylizeylere iyi bir sekilde wuygulanmasi olarak
diisiiniilmektedir. Burada karbon nanotiip modifiyesi her iki kumas
tipinde de dayanimda artig saglamistir (Dindar 2019).

—— Ug eksen Karbon/Epoksi —— Ug eksen Karbon/Epoksi/KNT
Tek eksen Karbon/Epoksi Tek eksen Karbon/Epoksi/KNT
600 . ;
= 500 & ~ 1
o
= o :
= 400 ] L) T g oy
ES
£ b
g 300 mal A
K
&
2 200 ! | [
100
0
1000 10000 100000 1000000 10000000

Yiik tekrar sayisi (Log.) (N)

Sekil 9: Karbon ile takviye edilmis kompozitlerin S-N (Wohler)
egrileri (Dindar 2019).



32 * Berkant DINDAR

4. KAYNAKCA

Agir 1., (2012). “Kivrimsiz dikisli cam elyaf kumaslardan iiretilen
kompozit plaklarin darbe davranisinin incelenmesi”, Pamukkale
Universitesi, Fen bilimleri Enstitiisii, Makine Miihendisligi
Anabilim Dali1, Denizli.

Bagheri, Z.S., Sawi, L.LE., Bougherara, H., Zdero, J.R. (2014).
Biomechanical properties of anadvanced new carbon/flax/epoxy

composite material for bone plate applications, Mech. Behav.
Biomed. Mater. 35, 27.

Biercuk, M.J., Llaguno, M.C., Radosavljevic, M., Hyun, J.K,,
Johnson, A.T. (2002). Carbon nanotube composites for thermal
management, Appl. Phys. Lett. 80, 2767-2769.

Dindar B., Bektas, N.B., (2018) Experimental Investigation of
Fatigue and Mechanical Properties

of Unidirectional Composite Plates Filled Nanoparticles, Acta
Physica Polonica A, 134, 285-288.

Dindar B., (2019) “Elyaf Takviyeli Kompozitlerde Nanopartikiil
Katkisinin Yorulma, Burkulma ve Darbe Davranisina Etkisinin
Deneysel Olarak Incelenmesi”, Doktora Tezi, Pamukkale
Universitesi, Fen Bilimleri Enstitiisii, Makine Miihendisligi
Anabilim Dali, Denizli.

Eskizeybek V., (2012) “Yiizeylerine kimyasal olarak karbon
nanotiipler baglanmis 6rgii cam fiber/epoksi nanokompozitlerin
iretimi ve tabakalar arasi kirtlma davraniglarinin incelenmesi”,
Doktora Tezi, Selcuk Universitesi, Fen Bilimleri Enstitiisii, Makine
Miihendisligi Anabilim Dali, Konya.

ftp://ftp.serdarkorkut.com/2018/01/27/sn-wohler-egrisi-nedir/,
(2024)



Makine Mithendisligi Alaninda Aragtirmalar ve Degerlendirmeler - Ekim 2024 - 33

Khan, S.U., Munir, A., Hussain, R. (2010). Fatigue damage
behaviors of carbon fiber-reinforced epoxy composites containing
nanoclay, Compos. Sci. Technol. 70, 2077.

Khashaba, U.A., Aljinaidi, A.A., Hamed, M.A. (2017). Fatigue and
reliability analysis of nano-modified scarf adhesive joints in carbon
fiber composites, Composites Part B, 120, 103-117.

Peng, M.C., Kim, J.-K., Tang, B.Z. (2007). Effects of silane
functionalization on the properties of carbon nanotube/epoxy
nanocomposites, Compos. Sci. Technol. 67,2965-2972.

Selmy, A.L., Azab, A.N., Abd El-baky, M.A. (2013). Flexural
fatigue characteristics of two different types of glass fiber/epoxy
polymeric composite laminates with statistical analysis,
Composites Part B Eng. 45, 518-527.

Weiss, A., Trabelsi, W., Michel, L., Barrau, J.J., Mahdi, S., (2010).
Influence of ply-drop location on the fatigue behaviour of tapered
composites laminates, Proced. Eng. 2, 1105.



34 * Berkant DINDAR



DIGITAL MOCK-UP MANAGEMENT IN
AEROSPACE INDUSTRY

Dr. Burhan SAHIN'

1 Turkish Aerospace Indusrty, Chief of DMU Management, Ankara
Burhan-03@hotmail.com ORCID: 0000-0002-8777-7925



36 * Burhan SAHIN

Keywords: DMU (Digital Mock-Up), System Engineering, PLM,
CAD, Product Development

1. Introduction

Throughout the course of human history, the processes of product de-
velopment and design have undergone significant evolutionary changes,
particularly within the aviation sector over the past century. The transfor-
mation of business practices and their resultant impacts, coupled with the
remarkable innovations of this era, have brought the concept of complexity
to the forefront of academic inquiry. This complexity is characterized by
the often-unpredictable behaviors and outcomes associated with dyna-
mically evolving systems. Despite initial efforts to establish a sound fra-
mework and architecture, the development process has faced substantial
challenges due to both internal and external influences, as well as the scale
of the projects involved.

Subsequent technical advancements and development processes,
which include the identification of customer needs and requirements, have
been able to gain traction through the foundational drawing data that under-
pins design efforts. In particular, 2D technical drawings play a crucial role
during the early phases of design. These drawings, produced by engineers,
are essential for conveying ideas in the later stages of the design process
and serve as the groundwork for production. To ensure that these drawings
communicate effectively with a broader technical audience, establishing
standardized drawing conventions is vital. Consequently, a deeper under-
standing of drawing quality in the initial design stages enhances effective-
ness, as the transition from abstract concepts to concrete forms during the
design maturation and development phases necessitates a three-dimension-
al representation and a visual experience as defined at Sibois et.al., (2013).

The development of three-dimensional physical models has become a
crucial necessity for comprehending the visual aspects of design, the inter-
relationship of components, their arrangement, and their functional behav-
ior, irrespective of one’s awareness of the associated challenges. However,
the complexities involved in physical production, material sourcing, inter-
disciplinary collaboration, and change management have rendered physi-
cal prototype studies increasingly intricate. This situation has highlighted
the need for a more comprehensive preliminary design phase. It has be-
come essential to transform numerous two-dimensional technical drawings
into a coherent three-dimensional structure that can be interpreted across
various disciplines. At this juncture, Computer-Aided Design (CAD) tech-
nologies have been adopted, leading to the emergence of “Virtual Product
Development,” which represents a more advanced iteration of the tradi-
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tional two-dimensional approach. This advancement allows for the digital
simulation of physical prototyping, facilitating the resolution of numerous
issues more efficiently, with enhanced quality and reduced costs during
the stages of product development and innovation. Consequently, the es-
tablishment of a Digital Mock-Up and the foundational elements of the
Digital Mock-Up process within Product Data Management (PDM) and
Product Lifecycle Management (PLM) have arisen from this necessity as
mentioned in Dai et.al., (2020).

This discipline has been established to enhance the efficiency of De-
sign Model Utilization (DMU) processes within industrial contexts and
has nearly become a benchmark in advanced manufacturing sectors. Over
the past three to four decades, DMU has served as a foundational element
in the design processes of the aviation industry. It is essential to convey
information, processes, and methodologies that have not been adequately
documented in scientific literature but have evolved within organizations
into practical applications for future use. The primary aim of this research
is to refine the DMU design processes within the sector and analogous
industrial environments, to manage intricate systems more proficiently, to
boost operational efficiency, and to sustain activities in a controlled and
agile manner. Furthermore, it seeks to promote development through colla-
borative interactions, thereby fostering the dissemination of this discipline
and culture.

1.1. What is DMU

Numerous definitions of Digital Mock-Up (DMU) exist within the
academic literature. Garbade & Dolezal (2007) characterize a DMU as a
digital three-dimensional representation of a product, inclusive of its stru-
ctures and attributes. This digital model is enhanced by various activities
that contribute to the comprehensive description of the product. The DMU
facilitates engineers in the design and configuration of intricate products,
enabling them to validate their designs without the necessity of constru-
cting a physical prototype. In a different approach, Déllner et.al., (2000)
define DMU as a computer-based representation of a tangible product,
comprising documents, attributes, and structures. A DMU encapsulates a
well-defined dataset within the product model, while the term “product
model” encompasses all information accumulated throughout the product
development lifecycle. Gausemeier et.al., (2000) do not distinguish betwe-
en Digital Mock-Up and Virtual Prototype, asserting that the fundamental
concept is to develop computer models that address all pertinent aspects
of the product under development, thereby minimizing the time and costs
associated with creating physical prototypes. Berchtold, (2000) situates the
DMU within its developmental context, describing it as a comprehensive
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virtual working environment that supports the entire process chain of th-
ree-dimensional development and management of complex products, in-
corporating effectiveness and variant control.

Digital Mock-Up (DMU) refers to an extensive product depiction,
generally presented as a three-dimensional model in an engineering fra-
mework. Within the realm of complex development processes, DMU is
of great importance, as it ensures accurate visualization, encourages col-
laborative efforts, and allows for extensive analysis, which significantly
minimizes both costs and the time needed for development with innovative
approach.

Partname...
Number....
Version...

3D Geometry Product Structure Attributes

y

Figure 1 DMU of Gokbey helicopter

The application of various techniques and technologies supports the
use of lightweight 3D models that offer multiple levels of detail. By levera-
ging efficient data structures such as JT (NX data format) and CGR (Catia
data format), engineers are able to visualize, analyze, and interact with lar-
ge quantities of product data in real-time on standard desktop computers.
This framework establishes a direct interface between Digital Mock-Ups
and Product Data Management (PDM) systems. Moreover, Active Digital
Mock-Up technology combines the visualization of assembly mock-ups
with the capabilities to measure, analyze, simulate, design, and redesign.
The DMU department is responsible for coordinating all aspects of 3D
data, including the management of clashes, clearances, and the verification
of 3D data requirements across all relevant departments.

1.2. Why DMU is needed?

Inrecent years, the requirements for Sundays have evolved in response
to intensifying competition, necessitating innovation and variability. This
variability is influenced by various factors, including quality, innovation,
cost efficiency, and configuration. However, as noted by McLay, (2014),
such variability introduces complexity and challenges in management.

To address these issues, it has become essential to streamline design
processes, making them more agile and manageable in light of ongoing
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changes. This approach aims to reduce product costs and production time-
lines while enhancing quality and efficiency. Consequently, investments in
CAD and digital technologies have been prioritized to meet the evolving
demands for quality and innovation. During the development phase, com-
panies strive to sustain their knowledge by virtualizing different stages of
the product lifecycle, thereby increasing adaptability and establishing a
comprehensive data archive. Strategies that integrate various departments
and stakeholders around a shared knowledge base enhance the efficiency
of engineering processes.

Mengoni & Germani, (2006) assert that the economic benefits of cre-
ating and utilizing a Digital Mock-Up (DMU) and its associated processes
can be quantified and are evident in areas such as conceptual layout, com-
munication, decision-making, prototyping, installation, maintenance, and
certification. Therefore, a robust engineering and manufacturing DMU in-
frastructure is essential for effective collaboration with units and suppliers,
facilitating data exchange through a common language, methodology, and
processes that accommodate both internal and external influences.

1.3. DMU for Systems Engineering

Systems engineering functions as an efficient management paradigm
according to Vosgien, (2015) with a multidisciplinary orientation. The
DMU engages in a multitude of tasks relevant to the platform across dif-
ferent phases, intricately linked with systems engineering. It particularly
collaborates with various disciplines in accordance with the V-chart de-
picted in Figure 2.
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The DMU produces diverse outputs that illuminate systems engineer-
ing activities on the platform, especially concerning the arrangement and
spatial relationships of equipment, systems, and elements. It adopts vary-
ing roles across different regions and phases. A key output is the DMU
review report, which serves as a documentary record addressing various
Proof of Concept (PoC) issues as mentioned at Siboiset et.al., (2013). Fur-
thermore, the System Installation Requirement Document (SIRD) is re-
sponsible for ensuring that the model is developed in alignment with the
specified requirements.

1.4. DMU elements & processes

A DMU product structure is composed of both geometric data and as-
sociated metadata. This data is systematically recorded within the product
life cycle management system, which features an engineering and produ-
ctivity-oriented hierarchical assembly framework, collectively referred to
as the product structure. Each component of the product is represented
through CAD modeling, where each model serves as an individual ele-
ment. These elements are organized according to a specific hierarchical
arrangement—such as assembly order, system-based, or regional-based—
culminating in the formation of a product tree. The models are created in
CAD software in a one-to-one representation, capturing their geometric
characteristics and potentially indicating their spatial relationship to the
primary region within the design environment or on the platform. When
models are intended for holistic display, they are often simplified, which
may result in the loss of certain original data attributes, including featu-
res, design history, and color. Although this simplification reduces the disk
space required, it enhances the efficiency of automation processes due to
the ease of control. Geometric detail information is integrated within these
models, and a significant portion of their metadata is retained in the PLM
system as Figure 3. The management of these processes is illustrated in
Figure 3, with design units evolving from low to high maturity levels. At
the initial stages, design teams oversee individual designs, while the DMU
team is tasked with the overarching assembly, which includes the integ-
ration of the DMU model and ensuring the quality of the components as
mentioned in Riascos et.al., (2015).
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Figure 3 Evolution of Gokbey helicopter DMU CAD Model

1.5. PLM and DMU relationship

DMU serves as an essential element in product lifecycle management
(PLM). It functions as a critical component that captures a comprehensive
overview of the product lifecycle throughout all phases of development,
adopting a holistic perspective on PLM management from inception. Wit-
hin the framework of DMU, the maturity of the product is meticulous-
ly monitored throughout the entire lifecycle, facilitating analyses related
to clashes and clearances, maintenance considerations, holistic assembly
principles, production phases, and assembly scenarios, thereby enabling
comprehensive product oversight and design execution. Furthermore,
DMU plays a pivotal role in the archiving of various data within product
data management, encompassing data archiving, trade-off management,
change management, and revision tracking. All information pertinent to
PLM, including reporting, issue management, and resolution, is securely
maintained within the DMU. This data is also managed interactively on a
process-oriented basis within the PLM framework. DMU acts as both a
management and integration tool within PLM. By establishing an integra-
ted structure with CAD on the PLM platform, DMU facilitates a transpa-
rent view of the development project’s progress, effectively supporting the

+ 41
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interdisciplinary engineering process through the workflows designed in
various product structure techniques and tools. A PLM life cycle process
and DMU models are shared at Figure 4.

Feasibility Conceptual Preliminary Detail Development Z:f:is;;,i:m" Certificatiol
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P e — >
2

Master Geometry >

Figure 4 DMU studies at PLM phases.

2. Methodology

The field of Digital Mock-Up (DMU) includes various methodologies
that correspond to its goals and roles within a system. The core components
of this subject are well-defined. Unlike theoretical literature, this discussi-
on focuses on a practical, experience-based perspective. DMU application
fields and tools.

2.1. DMU collaborative working mentality

One of the primary goals of DMU is to enhance collaboration among
multidisciplinary teams. By providing a shared digital environment, DMU
enables engineers, designers, and project managers to work together more
efficiently, identifying potential issues early in the design process. This
collaborative approach not only streamlines communication but also fos-
ters innovation, as team members can explore various design alternatives
and assess their feasibility in real-time.
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Figure 5 Perspectives of DMU roles with different discipline

As illustrated in Figure 5, the Digital Mock-Up (DMU) engages with
various disciplines for distinct objectives and assumes multiple roles. It
is involved in the management of processes and complexity from an ad-
ministrative perspective. Within this framework, DMU conducts resear-
ch focused on the design of lean processes, the effective multidisciplinary
execution of these processes, and the sustainable management of data in
technical contexts, all while adhering to established rules aimed at mini-
mizing complexity. Regarding variant management, DMU adopts a com-
prehensive approach to the development of product structures and product
trees, coordinating configuration management with Product Lifecycle Ma-
nagement (PLM) to ensure team alignment. It oversees processes to ensure
that all requirements are addressed efficiently and collaborates with the
systems engineering discipline to lay the technical groundwork and estab-
lish the design infrastructure from the outset. In this regard, DMU is tasked
with ensuring that all models generated in Computer-Aided Design (CAD)
are accurately designed and positioned according to established guideli-
nes, conforming to the systematic nature of interdisciplinary collaboration
while facilitating the identification and resolution of inter-system issues. In

+ 43
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environments where the “As Designed as Built” principle is implemented,
it is the responsibility of DMU to guarantee that both assembly and produ-
ction processes are executed as specified, and that all data generated throu-
ghout the process is systematically archived. In terms of interdisciplinary
collaboration, DMU actively promotes the adoption of this mindset across
all involved disciplines.

2.2. SAM process

Space allocation models (SAM) are developed following the decom-
position of initial requirements and the establishment of master geometry
(March & Cangelir, 2013). These models provide fundamental geometric
references and define the product architecture within CAD, delineating es-
sential systemic and regional boundaries. The boundaries are established
by identifying the region, which is a three-dimensional volumetric area,
utilizing the “on-site design” methodology. This approach underpins the
three-dimensional CAD design process. An example of a SAM showed at
Figure 6.

Tail Fold and IGB

Figure 6 SAM preparation of a helicopter

Based on these references, the respective design teams recognize the-
ir interactions with other teams within the Digital Mock-Up (DMU) mo-
del hierarchy, allowing them to refine their design processes in alignment
with the defined volumetric limits and data references. The DMU model
also encompasses three-dimensional data related to kinematic mechanis-
ms, sweeping volumes, and dynamic equipment across various phases.
Furthermore, all models incorporate openings to facilitate the passage of
transmission equipment, such as harnesses and pipes, associated with the
systems. Symmetrical components are parametrically modeled in relation
to one another as required, for instance, in the case of left and right wings.
SAMs are capable of identifying conflicts, as they are not yet fully develo-
ped models; the primary objective is to validate system integration at the
earliest possible stage.
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2.3. BOM process

The responsibility for developing the top-level Bill of Materials
(BOM) tree lies with the Design Management Unit (DMU). This critical
task involves creating a comprehensive and organized representation of all
components, subassemblies, and materials required for the product. The
BOM serves as a foundational document that guides the entire product
development process, ensuring that all necessary elements are accounted
for and properly categorized.

Once the foundational product tree is established, designers proceed to
integrate their models into this structure as Figure 7. This integration pro-
cess involves aligning individual design components with the overarching
BOM framework, ensuring that each part is accurately represented and lin-
ked to its corresponding assembly. Designers must collaborate closely to
ensure that their contributions fit seamlessly into the established hierarchy,
maintaining consistency and clarity throughout the product development
lifecycle.
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Figure 7 BOM structure of platform

Oversight and administration of the Product Breakdown Structure
(PBS) are managed by both the DMU and Configuration teams. The PBS is
a critical tool that provides a visual representation of the product’s compo-
nents and their relationships, facilitating better understanding and commu-
nication among team members. The DMU plays a key role in ensuring that
the PBS aligns with the overall design objectives and requirements, while
the Configuration teams focus on maintaining the integrity of the product
structure throughout its development. Together, these teams work to ensure
that any changes or updates to the BOM and PBS are accurately reflected
and communicated, thereby supporting effective project management and
product delivery. This collaborative approach helps to mitigate risks, stre-
amline processes, and enhance the overall quality of the final product.
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2.4. DM (Definite Model) process

Following the establishment of the SAM (System Architecture Model)
and the BOM (Bill of Material) or PBS (Product Breakdown Structure)
frameworks within the DMU (Digital Mock-Up) context, designers em-
bark on a comprehensive journey to enhance the sophistication and fun-
ctionality of the model. This phase is critical as it lays the groundwork
for the subsequent stages of product development. To begin with, desig-
ners meticulously integrate detailed design elements into the DMU mo-
del. This includes the application of GD&T (Geometric Dimensioning and
Tolerancing), which provides a clear and precise method for defining the
allowable variations in the geometry of the components. By employing
GD&T, designers ensure that each part meets the necessary specifications
for fit, form, and function, thereby reducing the risk of errors during manu-
facturing and assembly. In addition to GD&T, material specifications are
carefully selected and documented. This involves choosing the appropriate
materials that not only meet the performance requirements of the product
but also align with cost, sustainability, and manufacturability considera-
tions. The inclusion of material specifications in the DMU model allows
for a more accurate representation of the product’s physical properties and
performance characteristics. Furthermore, assembly techniques are in-
corporated into the DMU model, detailing how various components will be
assembled into the final product. This includes considerations for tooling,
fastening methods, and assembly sequences, which are crucial for ensuring
efficient production processes and minimizing assembly errors.

As these detailed design elements are integrated, they are organized
into geometric reference sets and annotation notes within the PMI (Product
Manufacturing Information) data. This structured approach not only en-
hances the clarity of the design but also facilitates communication among
team members and stakeholders, ensuring that everyone has access to the
same information. The culmination of this intricate process is the creati-
on of the Definite Model (DM). This model represents a comprehensive
and finalized version of the product design, incorporating all the necessary
details and specifications. Once the DM is completed, it is published on
relevant platforms, making it accessible to all stakeholders involved in the
product development process as seen at Figure 8.
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Figure 8 DM model of Helicopter

Additionally, the DM is documented in the PLM (Product Lifecyc-
le Management) system. This documentation is vital for maintaining a
centralized repository of information that can be easily accessed and refe-
renced by engineers, designers, project managers, and other stakeholders
throughout the product lifecycle. By ensuring that the DM is integrated
into the PLM system, organizations can enhance collaboration, streamline
workflows, and improve overall project efficiency. In summary, the tran-
sition from the initial SAM and BOM/PBS frameworks to the creation of
the Definite Model involves a detailed and systematic approach to design
enhancement.

2.5. Clash/clearance & other analyses

Clash and clearance analyses are conducted utilizing the DM model
alongside CAD software programs, including NX and Catia. This met-
hodology involves performing analyses at various levels, specifically the
helicopter level, subsystem level, and regional level of the helicopter, as
illustrated in Figure 9.
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Figure 9 DMU problem detecting and solving methodology
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In addition to analyzing clash clearance, various issues that CAD prog-
rams are unable to identify are also examined. These include CAD data
inconsistencies, unique engineering challenges, maintenance and accessi-
bility concerns, as well as Bill of Materials (BOM) discrepancies. Such
issues are documented and communicated to the appropriate designers via
Product Lifecycle Management (PLM) systems like JIRA or Teamcenter.
Beyond clash and clearance issues, the analysis also encompasses routing
difficulties, unassigned element issues, completeness concerns, Zonal Sa-
fety Analysis challenges, and maintenance-related problems. For the dete-
ction of additional issues, a review of the Digital Mock-Up (DMU) CAD
model is conducted from an engineering standpoint. While clash analyses
are carried out on a regional basis, regional guide matrices, as illustrated in
Figure 10, are established to minimize workload and avoid redundant exa-
minations of the same areas. This approach has been previously showed as
the matrix of the aircraft section level MICM in the literature by Jian et.al.,
(2021).

| Center Fuselage |

Equpiment and Harness Fuselage
Structural aup! 9
bly

Doorsand | Windshieid and |  Center
ne: Furnishings (Center+Fuel) | Systems

Fairings Windows Avioncs

Figure 10 DMU clash & clearance analyze check matrix

After identifying the problem, it is reported to the appropriate design
unit as part of the process management implementation on the selected
platform. If deemed necessary, meetings are organized among the design
units to facilitate discussion. If the issue persists, a DMU Review Meeting
is scheduled, involving all designers to present the problem and notify ot-
her units about the situation. The action items are then addressed based on
the decisions made during the meeting. Once the problem is resolved, it is
documented and archived.

2.6. Integrating design teams

Monitoring the Digital Mock-Up (DMU) is an essential practice that
serves as a valuable metric for the coordination of multidisciplinary fra-
meworks within project management. The DMU acts as a comprehensive
representation of a product or system, integrating various elements such
as design, engineering, and manufacturing data. By closely monitoring the
DMU, organizations can assess critical factors such as quality, Compu-
ter-Aided Design (CAD) data accuracy, maturity levels of the design, and
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the achievement of DMU milestones. These factors collectively inform
both internal and external strategies, ensuring that all relevant stakeholders
are aligned and informed throughout the project lifecycle.

For example, when a significant number of DMU-related issues ari-
se—such as conflicts between design elements or a lack of completeness
in the deliverables from a specific design team—these issues can serve as
indicators of underlying problems. Such problems may stem from a defi-
ciency in the team’s experience, which can hinder their ability to navigate
complex design challenges effectively. Additionally, ineffective commu-
nication with other stakeholders can exacerbate these issues, leading to
misunderstandings and misalignments in project goals. An underestimati-
on of design complexity can also contribute to these challenges, as teams
may not allocate sufficient resources or time to address intricate design
requirements. Furthermore, inadequate staffing levels can strain the team’s
capacity to meet project demands, resulting in delays and increased costs.
The implications of these DMU-related issues are significant, as they can
ultimately lead to project delays and budget overruns. Therefore, it is cru-
cial for project managers and team leaders to proactively identify and add-
ress these challenges to maintain project momentum and ensure successful
outcomes. Moreover, the DMU provides management stakeholders with a
unique opportunity to engage in clear and effective communication with
clients.

By utilizing the DMU as a visual and interactive tool, stakeholders
can facilitate the acquisition of direct and precise feedback from clients
regarding their expectations and requirements. This feedback can then be
relayed to other stakeholders who may need to act, ensuring that everyone
involved is on the same page and working towards common objectives.
This process greatly enhances the transparency of project advancement,
allowing for real-time updates and insights into the project’s status. As
noted by Riascos et.al., (2015), early identification of potential issues is
critical for mitigating risks and ensuring that projects remain on track. By
leveraging the DMU as a central communication hub, organizations can
foster collaboration, streamline decision-making, and ultimately drive pro-
ject success. In summary, effective monitoring of the DMU not only serves
as a metric for assessing project health but also as a catalyst for improved
communication and coordination among all stakeholders involved.
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3. Results and Discussions

3.1. Clash & Clearance report

Clash & Clearance analysis identifies allocation errors in the Digital
Mock-Up (DMU) before assembly, often using brute force methods. It is
highly automatable, with most vendors offering collision detection modu-
les. This process involves analyzing the intersection of two planes within
triangles that represent the parts being examined, falling under computa-
tional geometry. The analysis starts with loading the DMU and calcula-
ting geometric intersections dynamically, considering various constraints
during part movement. Results are logged, detailing the colliding parts,
collision specifics, and intersection data. Experts review these findings to
assess their significance and decide on necessary redesigns, though not
all collisions require scrutiny. Certain collisions, such as those involving
screw threads, flexible components, or tightly fitting parts, can often be
disregarded or anticipated as Figure 11.

Figure 11 Clash samples of CAD data

After conducting a comprehensive analysis of clash & clearance, de-
tailed reports are generated and distributed to the design team. These re-
ports serve as a critical resource for the designers, who are tasked with
developing effective solutions to any identified issues. The clash analysis
component of this process is specifically aimed at identifying and preven-
ting overlaps between various elements within the design. This is crucial,
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as overlaps can lead to significant functional and structural problems in the
final product.

In addition to clash analysis, the clearance analysis plays a vital role
in ensuring that all components within the Computer-Aided Design (CAD)
data are positioned according to the specified spacing requirements out-
lined in the layout guidelines. This aspect of the analysis is essential for
maintaining the integrity of the design, as it ensures that there is adequate
space between components to allow for proper operation, maintenance,
and safety.

The reports generated from these analyses provide a clear overview of
any potential conflicts or spacing issues, allowing designers to prioritize
their efforts effectively. By addressing these concerns proactively, the de-
sign team can implement necessary adjustments and modifications to the
CAD models, thereby enhancing the overall quality and functionality of
the final product. This iterative process of analysis and solution develop-
ment is fundamental to achieving a successful design outcome, ultimately
leading to a more efficient and reliable product that meets all specified
requirements.

3.2. Managing problems

There are several widely recognized methodologies employed for
effectively managing problems across various fields and industries. One
such methodology, as depicted in Figure 12, is specifically crafted to stre-
amline the complexities associated with these issues. By simplifying the
problem-solving process, this approach not only makes it easier to identify
and address challenges but also enhances the overall implementation of
necessary actions. The primary focus of this methodology is on the De-
cision-Making Unit (DMU) problems, which are critical to ensuring that
these issues are managed appropriately. By concentrating on the intricacies
of DMU-related challenges, the methodology aims to facilitate a structu-
red approach to problem resolution. This structured approach is essential
for achieving effective outcomes, as it allows for a more organized and
systematic way of tackling issues that may arise during the design and
development phases.
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Figure 12 Problem management strategy of DMU

Moreover, this methodology promotes collaboration among design
teams, enabling them to work together in a coordinated manner. By foste-
ring an environment of teamwork and communication, the methodology
ensures that all team members are aligned in their objectives and strate-
gies. This collaborative effort not only enhances the quality of the soluti-
ons developed but also accelerates the decision-making process, leading
to timely and effective resolutions. The methodology illustrated in Figure
12 serves as a valuable tool for managing DMU problems. Its emphasis on
simplification, structured management, and collaborative teamwork ulti-
mately contributes to more successful outcomes in problem-solving endea-
vors. By adopting this approach, organizations can enhance their ability to
navigate challenges and drive innovation within their design teams.

3.3. Integration management

A Concurrent Engineering (CE) strategy is vital for enabling the si-
multaneous collaboration of multiple designers from diverse disciplines
on the same product within shared spatial environments. This approach
requires a Digital Mock-Up (DMU) to serve as the central hub for infor-
mation exchange. The DMU should be supported by primary Product Data
Management (PDM) systems that handle complementary geometric infor-
mation. It is essential to maintain continuous information sharing throu-
ghout the development stages of the DMU, from the initial design phase to
production, as this enhances coordination and improves team integration.
In this framework, the DMU integrator plays a crucial role in unifying the
teams involved in the product’s development and implementation across
various phases as mentioned at Herlem et.al., 2013. An example shared at
Figure 13 for integration management design to implementation.
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Figure 13 Integration Management of DMU

3.4. Solving problems

The responsibility of addressing problems within an organization is
not solely the duty of the Designated Management Unit (DMU). While
the DMU plays a crucial role in problem-solving, it is important to re-
cognize that effective resolution of issues often requires collaboration and
input from various stakeholders across different departments. To enhance
its effectiveness, the DMU employs a proactive and productive strategy
that involves organizing regular team meetings. These meetings serve as a
platform for open communication, allowing team members to share their
insights, experiences, and expertise. By fostering an environment of col-
laboration, the DMU encourages diverse perspectives, which can lead to
more innovative and comprehensive solutions.

In addition to facilitating discussions, the DMU also leverages advan-
ced tools such as Computer-Aided Design (CAD) data. This technology
enables the team to visualize complex problems and explore potential so-
lutions in a more interactive and detailed manner. The use of CAD data not
only aids in the identification of issues but also assists in the development
of practical solutions that can be implemented effectively. This approach is
particularly beneficial when the DMU collaborates with multidisciplinary
teams. By bringing together individuals with varied backgrounds and areas
of expertise, the DMU can tackle intricate challenges that may be beyond
the scope of any single discipline. The combination of diverse skill sets
and knowledge allows for a more holistic understanding of the problems
at hand, leading to more robust and sustainable solutions. While the DMU
has a significant role in addressing problems, it recognizes the importance
of collaboration and the value of utilizing advanced tools like CAD data.
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By organizing team meetings and working alongside multidisciplinary te-
ams, the DMU enhances its ability to navigate complex challenges and dri-
ve effective problem-solving initiatives within the organization. As shown
at Figure 14, a basic problem collecting and defining template had created
by DMU team.

Problem . Solution Problem Solution

Problem

Figure 14 DMU problem and solution view scheme

3.5. DMU review reports

DMU Team is responsible for creating DMU Review Report docu-
ments. There are 2 different type documents for DMU review report;

*  Certification DMU Review Report: The purpose of this document
is to show compliance with relevant CS 29 requirements that ne-
eds DMU Review, in each ATA chapters’ Certification Plan of
Helicopters. This document is created by DMU team and system
design engineer, published by DMU team.

*  Qualification DMU Review Report: The purpose of this document
is to show SIRD compliance with requirements that needs to be
verified by DMU Review, in each ATA Chapters for a Helicopter.
This document is created and published by DMU team.

Following contents must be included in DMU review report as also
shown at figure 15;



Makine Mithendisligi Alaninda Aragtirmalar ve Degerlendirmeler - Ekim 2024 - 55

5.1.8. THGMH_28_SIRD 58
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Figure 15 DMU Review Report sample for helicopter fuel requiement

*  Requirement

*  Verification Statement

*  Verification Figures

*  General view of helicopter with equipment
*  Flight direction

*  Detail view of parts

*  Name of detail parts

These documents provide to proof of concept which is an engineering
evolution.

4. Conclusion

Digital Mock-Up (DMU) serves as a highly effective tool for sta-
keholders to collaborate on product development and integration, centered
around a common objective of creating competitive products. By providing
a virtual representation of a product, DMU enables various teams—such
as design, engineering, manufacturing, and marketing—to work together
seamlessly, ensuring that all aspects of the product are considered from the
outset. This collaborative approach not only fosters innovation but also
helps to identify potential issues early in the development process, ultima-
tely leading to a more refined and market-ready product.

Looking ahead, the future integration of DMU with other advanced te-
chnologies, such as artificial intelligence, machine learning, and augmen-
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ted reality, will be crucial in enhancing its capabilities. As DMU evolves
into a central component of broader product lifecycle strategies, it will
play a pivotal role in streamlining processes from initial concept through
to production and beyond. The advancement of technology facilitates the
overcoming of barriers related to collaboration and communication needs
and objectives, allowing teams to share insights and feedback in real-time,
regardless of geographical location.

However, a significant challenge for DMU lies in its ability to effe-
ctively integrate these emerging technologies to enhance the design and
review processes. The integration of real-time design technologies can ge-
nerate valuable design information during the development phase, enab-
ling teams to make informed decisions quickly. Furthermore, collaborative
sessions can bridge gaps through subsequent design reviews, allowing for
both review and design to occur simultaneously. This iterative process not
only accelerates the development timeline but also ensures that all sta-
keholder perspectives are considered, leading to a more comprehensive
and successful product.

As DMU continues to evolve, it has the potential to become a widely
adopted tool in complex product development systems globally. Its ability
to enhance efficiency and collaboration will be invaluable, not only for
major innovations but also for smaller improvements that can significantly
impact a company’s competitive edge. By leveraging DMU effectively,
organizations can optimize their product development processes, reduce
time-to-market, and ultimately deliver higher-quality products that meet
the ever-changing demands of consumers. In this way, DMU stands to
transform the landscape of product development, making it more agile,
responsive, and aligned with market needs.
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