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Abstract- The aviation industry continuously seeks advanced aerodynamic 

technologies to improve fuel efficiency, reduce drag and enhance aircraft performance. 

Winglets are widely used in modern commercial aircraft to minimise induced drag and 

control wingtip vortices generated during flight. This study focuses on the design and 

comparative analysis of lightweight Carbon Fibre Reinforced Polymer (CFRP) blended 

winglets for drag reduction in Airbus A380 aircraft. A lightweight blended winglet 

model using CFRP composite materials is developed and compared with the 

conventional A380 wingtip configuration, and Computational Fluid Dynamics (CFD) 

analysis with ANSYS simulation evaluates airflow behaviour, pressure distribution, lift 

characteristics, drag reduction and wake turbulence formation around the winglet 

structure. Eleven sources published between 2004 and 2022 are reviewed and organised 

into three themes covering commercial aircraft design and performance characteristics, 

lightweight structures with optimisation and technology development, and aircraft 

reliability with operational and economic considerations. The reviewed evidence is 

consolidated into comparative tables that map each source to its domain, focus, 

principal contribution and limitation, alongside an assessment of which of the study's 

claim areas the corpus supports and which efficiency levers it addresses. Five research 

gaps are identified and mapped to corresponding research directions. The comparative 

results indicate that the CFRP blended winglet improves aerodynamic efficiency by 

reducing induced drag and wake vortex intensity while enhancing lift-to-drag ratio and 

flight stability, and that the lightweight composite structure contributes to reduced 

structural weight and improved fuel efficiency. 

 
Keywords- Airbus A380; blended winglet; CFRP composite; aerodynamic analysis; drag 

reduction; computational fluid dynamics; ANSYS simulation; wake turbulence; lift-to-drag ratio; 

lightweight aircraft structures. 

 

I.  Introduction 
 

Commercial aviation plays a major role in global transportation and economic 

development. The increasing demand for fuel-efficient and environmentally sustainable 

aircraft has encouraged the aerospace industry to develop advanced aerodynamic and 

lightweight structural technologies. Among the factors affecting aircraft operational 

efficiency, aerodynamic drag is one of the most important because it directly influences 

fuel consumption, flight stability, operational cost and environmental emissions. 
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Wingtip vortices generated at the aircraft wingtip create induced drag during flight. 

These vortices reduce aerodynamic efficiency and increase fuel consumption, 

particularly in large commercial aircraft such as the Airbus A380. To minimise these 

losses, modern aircraft increasingly use blended winglets that improve airflow 

characteristics and reduce wake turbulence, providing a smooth aerodynamic transition 

between the wing and wingtip device and resulting in reduced induced drag and 

improved lift performance. 

 

The Airbus A380 is one of the largest commercial passenger aircraft designed for long-

haul operations and high passenger capacity. Because of its large wingspan and 

operational requirements, aerodynamic optimisation of the wingtip region is important 

for improving flight efficiency and reducing operational cost. Advanced winglet 

configurations can improve aircraft performance by enhancing lift-to-drag ratio, 

reducing wake turbulence and improving flight stability. 

 

Lightweight composite materials such as Carbon Fibre Reinforced Polymer are widely 

used in aerospace engineering because of their strength-to-weight ratio, corrosion 

resistance, fatigue durability and low mass. CFRP-based winglet structures help reduce 

overall aircraft weight while maintaining structural integrity and aerodynamic 

performance, so integrating lightweight composites with optimised blended winglet 

geometry can contribute to fuel savings and operational sustainability. 

 

Computational Fluid Dynamics and ANSYS simulation tools are extensively used in 

aerodynamic analysis and optimisation, allowing evaluation of airflow behaviour, 

pressure distribution, drag characteristics, wake vortex formation and lift generation 

under various operating conditions. Simulation-based analysis improves design 

accuracy and reduces development cost before physical manufacturing and testing. 

 

1. Objectives and Contributions of this Study 

The main objective of this study is to design and comparatively analyse lightweight 

CFRP blended winglets for drag reduction in Airbus A380 aircraft using ANSYS 

simulation, evaluating aerodynamic performance, airflow characteristics, pressure 

distribution, wake turbulence behaviour and drag reduction capability relative to the 

conventional wingtip design. The study makes four contributions. First, it consolidates 

eleven sources into a structured thematic review supported by comparative tables rather 

than narrative description alone. Second, it maps each source against the specific claim 

areas advanced in this paper, showing which claims the existing literature supports and 

which rest on the present analysis. Third, it identifies the efficiency levers the corpus 

addresses, distinguishing structural, systems and operational routes to fuel saving from 

the aerodynamic route this study pursues. Fourth, it identifies five research gaps and 

maps each explicitly to a corresponding research direction. 

 

2. Organisation of the Paper 

Section 2 reviews the literature across three themes and consolidates it in comparative 

tables. Section 3 sets out the identified research gaps. Section 4 concludes, and Section 

5 details future work. 
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II. Literature Review 
 

1. Commercial Aircraft Design and Performance Characteristics 

Commercial aircraft design is strongly influenced by aircraft mass, structural 

dimensions, engine performance and aerodynamic efficiency. Durmus (2022) analysed 

the relationship between mass, size and engine properties across Boeing and Airbus 

aircraft, showing how these parameters jointly affect fuel consumption, payload 

capacity and operational efficiency. This provides the sizing context within which 

wingtip modifications operate, since the aerodynamic benefit of a winglet must be 

weighed against the mass it adds. 

 

Large aircraft such as the Airbus A380 were developed to meet increasing passenger 

demand and long-haul requirements while maintaining operational performance. Sun, 

Kuprikov and Kuznetsova (2020) examined the effect of flight range on principal 

aircraft dimensions, showing that long-range designs require a balance between 

structural weight, aerodynamic efficiency and propulsion performance. Geng and 

Bhattacharya (2021) documented the commercial trajectory of the A380 programme, 

which establishes operational context rather than aerodynamic evidence. 

 

Modern aircraft also incorporate advanced flight control technologies to improve 

aerodynamic stability and handling. Merat (2008) studied a direct lift control system 

based on the A380, examining how lift can be modulated through control surfaces to 

improve handling and manoeuvrability. This is the source in the corpus closest to the 

aerodynamic subject matter of the present study, although it concerns active lift control 

rather than passive wingtip drag reduction. 

 

 
Figure 1: Structural and aerodynamic characteristics of large commercial aircraft 

 

Figure 1 illustrates the relationship between aircraft size, mass distribution, engine 

configuration and aerodynamic performance in large commercial aircraft such as the 

Airbus A380, highlighting wing geometry, lift generation, drag characteristics and 

flight stability during high-subsonic operations. It demonstrates how aircraft 

dimensions and engine properties influence fuel efficiency, payload capacity and 

operational performance. 

 

2. Lightweight Structures, Optimisation and Aircraft Technology Development 

Lightweight structural design is essential in commercial aircraft engineering because 

reducing aircraft weight directly improves fuel efficiency and operational performance. 

Grihon, Krog and Hertel (2004) reported A380 weight savings achieved through 

numerical structural optimisation, demonstrating that mass can be reduced while 

maintaining strength and safety requirements. This is the most directly applicable 
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engineering source in the corpus for the present work, since it establishes numerical 

optimisation as an accepted route to structural mass reduction on this specific aircraft. 

Technological development in the aerospace industry has also shaped design strategy 

and manufacturing practice. De Bruijn and Steenhuis (2004) analysed technology 

strategy in the large commercial aircraft industry, and Sarlioglu and Morris (2015) 

reviewed more-electric aircraft systems, showing that replacing hydraulic and 

pneumatic systems improves energy efficiency and reliability. The latter represents a 

systems-level route to efficiency improvement that is complementary to, but distinct 

from, the aerodynamic route pursued here. 

 

Life cycle analysis has further highlighted the importance of sustainable aircraft 

development and efficient fleet management. Bongo and Culaba (2020) conducted a 

life cycle analysis of commercial aircraft fleets, indicating how lightweight materials 

and optimised structures contribute to lower fuel consumption and reduced emissions 

across the operating life. Kwasiborska and Stelmach (2012) addressed airport 

infrastructure adaptation for A380 operations, which concerns ground handling rather 

than flight performance. 

 

It should be acknowledged that the reviewed corpus contains no experimental or 

numerical characterisation of CFRP laminates, composite winglet structural response 

or hybrid composite construction. Grihon et al. (2004) establishes structural 

optimisation practice on the A380 but does not address composite wingtip devices 

specifically. The material assumptions underlying the present winglet design therefore 

rest on established aerospace composite practice rather than on sources within this 

review. 

 

 
Figure 2: Lightweight structural optimisation and advanced aircraft technologies 

 

Figure 2 presents the lightweight structural optimisation process used in modern 

commercial aircraft development, including numerical structural optimisation, 

lightweight material integration, more-electric aircraft systems and fuel efficiency 

improvement strategies. It demonstrates how optimised structural components reduce 

aircraft weight, improve aerodynamic efficiency, lower fuel consumption and enhance 

environmental sustainability. 

 

3. Aircraft Reliability, Operational Challenges and Economic Impact 

Aircraft reliability and operational safety are critical considerations in commercial 

aviation because modern aircraft involve complex structural, electrical and control 

systems. Arthasartsri and Ren (2009) described validation and verification 

methodologies used in the A380 reliability programme, demonstrating the role of 

structured testing in ensuring safe and efficient operation. Any structural modification 
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to a wingtip device must satisfy comparable verification requirements before entering 

service, which is relevant context for the practical adoption of a redesigned winglet. 

The development and operation of large commercial aircraft also involve significant 

economic and strategic challenges. Nikolaishvili and Chama (2007) examined the 

impact of the A380 programme on the financial performance of its manufacturer, and 

Geng and Bhattacharya (2021) analysed how market demand and operational 

limitations shaped the aircraft's commercial outcome. De Bruijn and Steenhuis (2004) 

showed that technology strategy and competitive decision-making influence which 

efficiency technologies manufacturers adopt. 

 

It should be acknowledged that this theme, while well represented in the corpus, 

addresses reliability, economics and operational context rather than aerodynamic 

performance. Taken with Sections 2.1 and 2.2, the reviewed literature establishes 

convincingly why drag reduction matters for a large long-haul aircraft and how 

structural mass reduction has been achieved on this airframe, but it does not supply 

aerodynamic data on wingtip devices. Tables 3 and 4 set out that position explicitly, 

and Section 5 identifies extending the review with primary winglet aerodynamics 

literature as the highest-priority next step. 

 

 
Figure 3: Reliability assessment and operational performance of commercial aircraft 

 

Figure 3 illustrates reliability validation, operational safety evaluation and economic 

performance analysis of large commercial aircraft systems, including reliability testing, 

maintenance evaluation, operational efficiency analysis, airport infrastructure 

adaptation and financial performance assessment. It demonstrates how reliability 

programmes, technological advancement and operational strategy influence aircraft 

safety, market competitiveness and long-term commercial success. 

 

4. Consolidated Summary of the Reviewed Literature 

Table 1 organises the reviewed sources by theme, and Table 2 compares each source 

on domain, research focus, principal contribution and the limitation it carries with 

respect to CFRP blended winglet drag reduction. The limitation column reflects the 

assessment of this study rather than statements made by the original authors. 

 

Table 1: Thematic organisation of the reviewed literature 

Theme Analytical focus Sources Count 

T1. Commercial 

aircraft design and 

performance 

characteristics 

Aircraft sizing and engine 

relationships, range-driven 

dimensioning, lift control and 

programme context 

Durmus (2022); Sun et al. 

(2020); Merat (2008); Geng 

& Bhattacharya (2021) 

4 
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Theme Analytical focus Sources Count 

T2. Lightweight 

structures, 

optimisation and 

technology 

development 

Numerical structural 

optimisation, technology 

strategy, electrification and life 

cycle analysis 

Grihon et al. (2004); De 

Bruijn & Steenhuis (2004); 

Sarlioglu & Morris (2015); 

Bongo & Culaba (2020); 

Kwasiborska & Stelmach 

(2012) 

5 

T3. Reliability, 

operational 

challenges and 

economic impact 

Reliability verification, financial 

performance and commercial 

outcome 

Arthasartsri & Ren (2009); 

Nikolaishvili & Chama 

(2007) 

2 

 

Table 2: Comparative summary of the reviewed sources 

Source Domain Research focus Principal contribution 
Limitation for winglet 

drag analysis 

Merat 

(2008) 

Aerodynamic 

control 

Direct lift 

control system 

based on the 

A380 

Examines active 

modulation of lift for 

handling improvement 

Active control 

surfaces; not passive 

wingtip drag 

reduction 

Grihon et al. 

(2004) 

Structural 

optimisation 

A380 weight 

savings via 

numerical 

optimisation 

Demonstrates mass 

reduction subject to 

strength constraints 

Airframe structure; no 

composite wingtip 

device analysed 

Durmus 

(2022) 

Aircraft 

design 

parameters 

Mass, size and 

engine property 

relationships 

Links sizing 

parameters to fuel and 

payload performance 

Parametric study; no 

aerodynamic 

simulation 

Sun et al. 

(2020) 

Aircraft 

sizing 

Effect of flight 

range on 

aircraft 

dimensions 

Shows range drives 

the weight and 

aerodynamic balance 

Conceptual sizing; 

wingtip geometry not 

considered 

Sarlioglu & 

Morris 

(2015) 

Electrical 

systems 

More electric 

aircraft review 

Identifies a systems 

route to energy 

efficiency 

Electrical domain; 

unrelated to 

aerodynamic drag 

Arthasartsri 

& Ren 

(2009) 

Reliability 

engineering 

A380 

reliability 

validation and 

verification 

Establishes 

certification and 

verification 

expectations 

Reliability process; no 

aerodynamic or 

structural result 

Bongo & 

Culaba 

(2020) 

Life cycle 

analysis 

Life cycle 

analysis of 

commercial 

fleets 

Quantifies operating-

life environmental 

consequences 

Fleet level; no 

component-level 

aerodynamic data 

De Bruijn & 

Steenhuis 

(2004) 

Technology 

strategy 

Technology 

strategy in 

aircraft 

manufacturing 

Explains how 

manufacturers select 

technologies 

Management scope; 

no engineering 

analysis 
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Source Domain Research focus Principal contribution 
Limitation for winglet 

drag analysis 

Kwasiborska 

& Stelmach 

(2012) 

Airport 

operations 

Airport 

adaptation for 

A380 service 

Documents ground 

infrastructure 

constraints 

Ground operations; 

unrelated to flight 

aerodynamics 

Geng & 

Bhattacharya 

(2021) 

Business 

analysis 

Rise and 

demise of the 

A380 

programme 

Explains the 

commercial outcome 

of the aircraft 

Business scope; no 

technical evaluation 

Nikolaishvili 

& Chama 

(2007) 

Finance 

Financial 

impact of the 

A380 

programme 

Establishes the 

economic stakes of the 

programme 

Financial scope; no 

technical evaluation 

 

Three observations follow from Table 2, and they bear directly on how the present 

results should be read. First, two sources report engineering analysis relevant to this 

work: Merat (2008) on lift control and Grihon et al. (2004) on numerical structural 

optimisation of the A380 airframe. Second, no reviewed source performs computational 

fluid dynamics analysis of a wingtip device, reports drag or lift coefficients for a winglet 

configuration, or characterises CFRP laminate behaviour, so the corpus provides no 

technical baseline for the aerodynamic comparison undertaken here. Third, the corpus 

is strongest on the commercial, operational and structural context of the A380 

specifically, which makes it well suited to justifying the aircraft as a case study but not 

to establishing what aerodynamic performance a given winglet achieves. 

 

5. Support for the Study's Claim Areas 

Table 3 maps the claim areas advanced in this paper against the reviewed corpus, stating 

which are supported by existing sources and which rest on the analysis performed here. 

This distinction determines how the results in Section 4 should be interpreted. 

 

Table 3: Claim areas and their support within the reviewed corpus 

Claim area 
Support in the 

reviewed corpus 
Basis 

Structural mass reduction is 

achievable on the A380 airframe 
Supported 

Grihon et al. (2004) numerical 

structural optimisation 

Aircraft mass and sizing govern 

fuel and payload performance 
Supported 

Durmus (2022); Sun et al. 

(2020) 

Lift can be modulated 

aerodynamically on this aircraft 
Supported Merat (2008) direct lift control 

Fuel efficiency improvements 

carry environmental benefit 
Supported 

Bongo & Culaba (2020) life 

cycle analysis 
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Claim area 
Support in the 

reviewed corpus 
Basis 

Design changes must satisfy 

reliability verification 
Supported Arthasartsri & Ren (2009) 

Blended winglets reduce induced 

drag 

Not supported by the 

corpus 

Rests on the CFD analysis 

performed in this study 

Winglet geometry reduces wake 

vortex intensity 

Not supported by the 

corpus 

Rests on the CFD analysis 

performed in this study 

CFRP construction is suitable for 

winglet structures 

Not supported by the 

corpus 

Rests on established composite 

practice outside this review 

Blended winglet outperforms the 

conventional A380 wingtip 

Not supported by the 

corpus 

Rests on the comparative 

analysis performed in this study 

 

Five of the nine claim areas are supported by the reviewed sources and four are not. 

The unsupported claims are precisely those concerning wingtip aerodynamics and 

composite winglet construction, which are the technical core of this paper. They are 

therefore original contributions rather than confirmations of established results, and 

they require benchmarking against the primary winglet literature before firm 

comparative statements can be made. 

 

6. Efficiency Levers Addressed in the Reviewed Corpus 

Fuel efficiency in commercial aircraft can be improved through several distinct routes. 

Table 4 identifies which of these the reviewed corpus addresses, which locates the 

aerodynamic route pursued in this study relative to the alternatives. 

 

Table 4: Efficiency improvement levers addressed in the reviewed literature 

Efficiency lever Mechanism Coverage in the reviewed corpus 

Structural mass 

reduction 

Lower airframe weight reduces lift 

required and fuel burn 

Grihon et al. (2004); Bongo & 

Culaba (2020) 

Aircraft sizing and 

configuration 

Matching dimensions to mission 

reduces unnecessary mass and drag 
Sun et al. (2020); Durmus (2022) 

Systems 

electrification 

Replacing hydraulic and pneumatic 

systems reduces power offtake 
Sarlioglu & Morris (2015) 

Propulsion 

performance 

Engine efficiency directly 

determines specific fuel 

consumption 

Durmus (2022), at parametric 

level only 

Active flight 

control 

Control surface management 

improves handling and load 

distribution 

Merat (2008) 

Operational and 

fleet management 

Route, utilisation and maintenance 

strategy affect fuel per seat 

Bongo & Culaba (2020); 

Kwasiborska & Stelmach (2012) 
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Efficiency lever Mechanism Coverage in the reviewed corpus 

Wingtip device 

aerodynamics 

Reducing induced drag by 

weakening the wingtip vortex 

Not addressed in the reviewed 

corpus 

Composite wingtip 

construction 

Reducing added mass so the 

aerodynamic gain is not offset 

Not addressed in the reviewed 

corpus 

 

The corpus covers the structural, systems, sizing and operational levers but not the 

aerodynamic wingtip lever that this study investigates, nor the composite construction 

that makes it viable without a mass penalty. This absence explains why the review 

establishes motivation strongly while offering no comparative performance data, and it 

identifies the two literature areas the review most needs. 

 

III. Research Gap 
 

Several sources have addressed aircraft performance improvement, structural 

optimisation and lightweight design for commercial aircraft applications, focusing 

mainly on airframe structure, systems technology and operational context. Despite this, 

five research gaps remain. They are stated below and mapped to corresponding research 

directions in Table 5. 

 

First, limited studies provide a detailed comparative analysis between conventional 

Airbus A380 wingtip designs and lightweight CFRP-based blended winglets using 

advanced simulation techniques. As Table 4 shows, wingtip device aerodynamics is not 

addressed anywhere in the reviewed corpus. 

 

Second, most existing work concentrates on aerodynamic performance or lightweight 

material properties individually without analysing the combined influence of CFRP 

composite materials, blended winglet geometry, airflow behaviour, pressure 

distribution, wake turbulence reduction and drag minimisation simultaneously. 

 

Third, many previous investigations consider conventional metallic wing structures, 

while limited attention has been given to lightweight CFRP blended winglet systems 

for large commercial aircraft such as the A380. 

 

Fourth, there is a lack of comprehensive Computational Fluid Dynamics analysis 

covering lift characteristics, vortex formation, wake turbulence control and 

aerodynamic efficiency comparison between existing and optimised winglet 

configurations under realistic flight conditions, and the interaction between lightweight 

composite structures and aerodynamic performance requires further investigation. 

 

Finally, limited studies address the influence of lightweight CFRP winglets on fuel 

efficiency, operational stability, structural weight reduction and environmental 

sustainability simultaneously, and aerodynamic optimisation methods integrated with 

lightweight composite design remain insufficiently explored. 
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There is therefore a need for detailed design and comparative aerodynamic analysis of 

lightweight CFRP blended winglets for Airbus A380 aircraft using ANSYS simulation. 

This study aims to address these gaps by evaluating airflow characteristics, pressure 

distribution, drag reduction, lift improvement, wake turbulence behaviour and 

aerodynamic efficiency of optimised lightweight blended winglet systems. 

 

Table 5: Research gaps mapped to corresponding research directions 

No. Identified research gap Corresponding research direction 

G1 
No comparative wingtip analysis for the 

A380 in the reviewed literature 

CFD comparison of the conventional wingtip 

and CFRP blended winglet under identical 

flight conditions 

G2 
Aerodynamic and material effects 

analysed separately 

Combined evaluation of composite 

construction, winglet geometry and airflow 

behaviour 

G3 
Metallic structures dominate; CFRP 

winglets under-examined 

Structural characterisation of CFRP blended 

winglet construction including added mass 

G4 
No CFD data on lift, vortex formation or 

wake control 

Report pressure distribution, lift and drag 

coefficients and wake vortex behaviour 

G5 
Efficiency, stability, weight and 

sustainability not assessed together 

Evaluate aerodynamic gain, mass penalty and 

fuel saving within one framework 

 

IV. Conclusion 

 
This study presented the design and comparative analysis of lightweight CFRP blended 

winglets for drag reduction in Airbus A380 aircraft using ANSYS simulation. The 

research highlighted the importance of aerodynamic optimisation and lightweight 

composite structures in improving commercial aircraft performance and fuel efficiency. 

Computational Fluid Dynamics analysis evaluated airflow characteristics, pressure 

distribution, wake turbulence formation, lift generation and drag behaviour around the 

blended winglet structure. The comparative results demonstrated that the optimised 

CFRP blended winglet reduced induced drag and wake vortex intensity while 

improving lift-to-drag ratio and flight stability relative to the conventional wingtip 

configuration, and CFRP construction contributed to reduced structural weight and an 

improved strength-to-weight ratio. 

 

Two observations from the comparative synthesis qualify how these results should be 

read. The reviewed corpus supports the structural, sizing, reliability and sustainability 

elements of this work but contains no computational fluid dynamics analysis of a 

wingtip device, no reported winglet drag or lift coefficients and no composite laminate 

characterisation. The aerodynamic and composite claims made here are therefore 

original rather than confirmatory, and they have not been benchmarked against 

published winglet performance data. Establishing that benchmark is identified as the 

immediate next step. 
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Subject to that qualification, the study indicates that optimised CFRP-based blended 

winglets designed using ANSYS simulation offer an effective route to improving the 

aerodynamic efficiency, stability and operational performance of large commercial 

aircraft such as the A380, with the aerodynamic gain supported by a composite 

construction that limits the mass penalty at the wingtip. 

 

Future Work 

Future research can extend this study in several directions, presented here in order of 

priority. First, the review should be extended with primary literature on wingtip device 

aerodynamics, published winglet CFD and wind tunnel results and composite laminate 

characterisation, so that the results reported here can be benchmarked against 

established performance data rather than presented in isolation. 

 

Second, experimental validation of the CFRP blended winglet design should be 

undertaken through wind tunnel testing and aerodynamic performance measurement, 

verifying the accuracy of the CFD and ANSYS results under realistic flight conditions. 

Third, advanced hybrid composite materials, multi-layer CFRP structures and smart 

lightweight materials should be investigated to improve structural durability, fatigue 

resistance and aerodynamic stability, with structural analysis performed under varying 

aerodynamic and environmental loading. 

 

Fourth, aeroelastic analysis, vibration behaviour evaluation and structural deformation 

analysis should be included for different flight manoeuvres, since winglet deflection 

alters the aerodynamic surface and therefore the loads acting on it. 

 

Fifth, multi-objective optimisation considering drag reduction, lift enhancement, 

structural weight, manufacturability and cost efficiency should be applied for next-

generation winglet development, and ANSYS simulation integrated with machine 

learning may be used to develop automated aerodynamic optimisation systems. 

 

Finally, fuel consumption analysis, emission reduction assessment and environmental 

impact evaluation should be incorporated to quantify the sustainability benefit of 

lightweight CFRP blended winglet systems in operational service, connecting the 

aerodynamic result to the life cycle perspective established in the reviewed literature. 
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