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1. INTRODUCTION 

High-lift systems constitute essential aerodynamic 
elements that facilitate the creation of a required 
level of lift in commercial aeroplanes in crucial 
periods of the flight process, i.e., takeoff and landing, 
when flying at rather low speeds. Through viable 
adjustment of camber and surface area of the wing, 
high-lift mechanisms decrease stall speed and increase 
manoeuvrability, and hence ensure the safety of 

operations and flexibility of performance. Modern 
transport aircraft have long been using conventional 
devices, like Krueger flaps, slats and Fowler flaps, 
which have their own inherent trade-offs, such as 
excessive drag, extra structural complexity, and higher 
noise levels during operation. With the emergence of 
novel issues of efficiency, environmental concern and 
social acceptability in the aviation industry, the 
optimization of high-lift systems has become an 
important research area. 
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but also make operations efficient. Conventional mechanisms, such as slats, Krueger 

and Fowler flaps, though efficient have high drag penalty and produce unwanted noise 
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conformity of the community. As the international regulations are tightening and the 

move towards aviation that is more greener, next-generation high-lift systems are 

forced to be designed in a way that ensures their desired aerodynamic performance not 

simply should render them less intrusion into the acoustic environment but also should 

be able to integrate easily with advanced wing architectures like natural laminar-flow 

wings and morphing wings. The presented paper builds and tests a complete 

aerodynamic optimization model that unites the high-fidelity calculation fluid dynamics 

(CFD) simulations, surrogate based multi-objective optimization, and the experiment 

supporting a wind-tunnel test. It is a systematic investigation of the design space of 

hybrid high-lift designs, including leading-edge Krueger-slat designs and morphing 

trailing-edge flaps, in order to trade-off the competing aims of maximising the lift 

augmentation, decreasing the drag penalty, and lowering the noise emission. Adjoin-

based solvers and Pareto-front analysis are used in the optimization process to 

determine the trade-offs between aerodynamic efficiency and acoustic performance 

and reduced-order surrogate models are used to speed up convergence. Scaled wind-

tunnel testing is used to confirm the computational results and to check that optimized 

configurations result in an increase in the lift-to-drag ratio of up to 12% on takeoff and 

of 6 dB reduction of the noise levels compared to conventional Fowler flap systems. 

Flow visualisation also shows that delayed separation and easier reattachment were 

found in the improved designs, which made them more useful to improve the 

performance of low speeds without negatively affecting the cruise efficiency. The 

findings demonstrate the potential of hybrid morphing high-lift architectures in 

assisting future sustainable commercial aircraft to provide a scalable approach which 

can lead to future generation of airframe design and help significantly in fuel savings, 

reduction of emissions and in observing the change in the current noise regulations. 
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The new trends in the world today emphasise on the 
importance of redesigning high-lift designs to 
accommodate more than one and in some cases, 
competing goals. The Chapter 14 standards established 
by the International Civil Aviation Organisation (ICAO) 
set strict boundaries on noise emissions by aircraft, 
whereas the overall initiatives of the aviation industry 
to reduce net-zero carbon emission levels to 2050 
require increasingly fuel-efficient operation. The high 
lift systems, which have been in use traditionally, are 
not designed to suit these changing needs. They may 
contain unreasonable penalties on drag, complicate 
the maintenance of laminar flow in sophisticated and 
advanced wing designs, and also add greatly to noise 
pollution during approach and landing  Figure 1. 
Consequently, future aeroplane requirements are 
unlike in the past where new solutions that would 
meet the aerodynamic efficiency, acoustic, structural 
workability, and system reliability are required. 
 

 
Fig. 1. Overview of next-generation high-lift systems 

highlighting aerodynamic efficiency, noise reduction, and 
environmental compliance in commercial aircraft. 

 
Some recent studies have also proposed promising 
alternatives, like morphing trailing-edge flaps, 
compliant and gapless high-lift interaction and hybrid 
mechanisms, which linearly combine changes in 
passive geometry with active flow control methods in 
the form of synthetic jets or plasma actuators. The 
morphing devices and in particular the capability of 
the wing geometry to dynamically respond to mission 
requirements has the potential to achieve 
performance benefits at a small drag penalty. 
Likewise, active flow control can eliminate separation 
and noise and be of structural simplicity. Such 
strategies however present novel complications in 
modelling, optimization, and validation necessitating 
concerted models that connect high-fidelity 
simulations to optimization models to experimental 
testing. 

The paper will fill these gaps with an aerodynamic 
optimization model of next-generation high-lift 
configurations of commercial aircrafts. The 
architecture takes advantage of the computational 
fluid dynamics (CFD), multi-objective, and surrogate 

optimization, and wind-tunnel confirmation by 
systematically fluctuating the trade-offs between the 
lift augmentation, minimum drag, and the noise 
reduction. The study shows how new high-lift 
technologies can serve two masters by addressing the 
current needs of performance improvement and lower-
environmental emissions by using a hybrid combination 
of leading-edge Kruegers and morphing trailing-edge 
flaps. The findings present practical solution to the 
aerospace sector that could be used to create a high-
lift system efficient, quiet and sustainable to meet the 
demand of the air transport in the future. 
 

2. RELATED WORK 

Aerodynamic design and optimization of high-lift 
devices has undergone great research, owing to the 
fact that they play a critical part in increasing aircraft 
performance at low speed flight. The study of the 
performance of conventional devices including slats 
and Fowler flaps was established at an early level, 
along with highlighting the inherent shortcomings of 
these devices, including drag penalty or complex flow 
interactions [1]. To overcome these concerns, NASA 
developed the High-lift common Research model (HL-
CRM) that offered benchmark setup of computational 
fluid dynamics validation and comparison on several 
high-lift device experiments [2]. The HL-CRM has 
continued to find extensive application in industry and 
academia to be a test in numerical simulations of 
multi-element wing configurations. 

In recent times research took a better step forward 
with more developed ideas of morphing of trailing-
edge flaps, where the wing geometry is changed 
dynamically to achieve the optimal values of lift and 
drag at different flight conditions. The type of 
morphing flaps has been experimentally and 
numerically demonstrated to lower the aerodynamic 
efficiency through improving lift performance without 
decrease and can substitute traditional flaps, which is 
more sustainable [3], [4]. Similar to the morphing 
directions, compliant and gapless structures have been 
investigated to minimise flow separation and noise, 
and make mechanical design simpler [5]. These 
strategies will help in the production of low-noise 
efficient aircrafts in line with the new environmental 
regulations. 

A developing technology that has been seen to promise 
the performance of high-lift systems is that of active 
flow control (AFC). Synthetic jets, pulsed blowing, and 
plasma actuators techniques have proven to cause a 
postponement in the formation of the separation of 
the boundary layer, improved lift and by up to 6 dB 
noise emissions minimised in controlled tests [6], [7]. 
These strategies indicate possibilities of 
supplementing passive high-lifting equipments with 
little structural changes. There is however a problem 
as their incorporation into full sized aircraft is limited 
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by reliability, energy demands and complexity of the 
system. 

Optimization structures have been the key driver in 
enhancing high lift design. Multi-objective problems 
with lift, drag and acoustic constraints have been 
solved using pareto-based genetic algorithms, 
surrogate-assisted design algorithms, and adjoint-
based solvers [8], [9]. Gradually, the combination of 
artificial intelligence (AI) and data-driven approaches 
has boosted the optimization process in that it 
increases converging speed, and adaptability in 
nonlinear aerodynamic design spaces. To illustrate this 
point, AI-based optimization models with applications 
in power electronics and smart grid are found to 
exhibit the same multi-objective trade-offs which are 
generalizable to aerospace systems [11], [12]. 
Similarly, massive systems integration in healthcare 
monitoring [13] and IoT-based-communication 
protocols [14] provide analogies on real-time flexibility 
and power efficiency, and guide upcoming morphing 
wing control designs. Moreover, the development of 
reconfigurable hardware in fault detection sensors and 
reliability [15] can help in revelation of the design of 
robust and adaptive control architectures to suit 
safety aeronautical systems. 

Although this has been done well, there is still a lack 
of systematic optimization model which integrates the 
forces of aerodynamic efficiency, minimising of drag, 
and validating acoustical performance. Specifically, 
previous research has very few studies that combined 
the CFD-based optimization with the experimental 
wind-tunnel validation to confirm the hybrid high-lift 
configurations. This study fills this gap by considering 
a holistic methodology that combines a numerical 
model with the use of a surrogate-assisted 
optimization and experimental validation to assess 
hybrid Krueger -slat leading -edge system with 
morphing trailing-edge flaps. This framework is a part 
of the further optimization of the next-generation 
high-lift designs which are environmentally-friendly 
and aerodynamically efficient [10]. 
 

3. METHODOLOGY 

3.1 Computational Model 

Wing -geometry and High-lift-structure. 

The computational domain was built based on an 
example mid-range commercial wing aircraft wing 
section of a next-generation natural laminar flow 
(NLF) airfoil. The airfoil of interest was selected due 
to its capability to sustain a long time of laminar flow 
at cruise without compromising flexibility to the 
deployment of high-lift. The geometry was made up of 
two main high-lift devices (i) a leading-edge Krueger-
slat hybrid, which is meant to delay the separation of 
flows and enhance stalls margins and (ii) a morphing 
trailing-edge Fowler flap to offer variable camber with 

minimal drag penalty. A smooth deformation was 
modelled as the morphing mechanism in order to 
prevent geometric discontinuities that may cause early 
tripping by the boundary layer. Computational domain 
of interest was expanded by 15 and 10 chord lengths in 
the upstream and downstream directions respectively, 
and 10 chord lengths in the vertical direction to 
minimize interference by the boundaries. 
 

Governing Equations 

The flow field at the wing with high-lift devices was 
modelled using the unsteady incompressible Reynolds-
Averaged Navier-stokes (RANS) equations. The law of 
conservation of mass and momentum takes the form: 

 Continuity equation: 

∇. u = 0___________(1) 
 Momentum equation: 

∂ ρu 

∂t
+ ∇.  ρuu 

= −∇p

+ ∇.   μ + μ
t
  ∇u + ∇uT  ________(2) 

Whereρ is the air density, uis the velocity vector, p is 
the pressure, μ is the molecular viscosity, and μ

t
 is the 

turbulent eddy viscosity. 

The turbulence closure was modeled using the Shear 
Stress Transport (SST) k–ω model, which combines the 
near-wall accuracy of the k–ω formulation with the 
robustness of the k–ε model in free shear regions. The 

transport equations for turbulent kinetic energy k  
and specific dissipation rate  ω  are given by: 

∂ ρk 

∂t
+ ∇.  ρku 

= Pk − β
∗
ρkω

+ ∇.   μ + σkμ
t
 ∇k _________(3) 

∂ ρω 

∂t
+ ∇.  ρωu 

= α
ω

k
Pk − βρω

2

+ ∇.   μ + σωμ
t
 ∇ω _________(4) 

WherePk  denotes turbulence production and 

α, β, σk , σωare empirical constants. 
 

Grid Independence and Boundary Conditions 

A structured multi-block mesh with local refinement at 
the slat and flap junctions was generated to capture 
flow separation, wake development, and vortex 
interactions. Grid independence tests were conducted 
using meshes ranging from 5 million to 20 million cells. 
Lift and drag coefficients  CL , CD were monitored, and 
convergence was considered achieved when variations 
were less than 1% between successive refinements. 
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The boundary conditions were applied as follows: 

 Inlet: Uniform velocity corresponding to Reynolds 

numberRe = 2 × 106. 
 Outlet: Static pressure fixed at free stream value. 
 Walls: No-slip condition on wing and flap surfaces. 
 Far-field: Symmetry condition to mimic open-air 

environment. 

The resulting computational setup ensured accurate 
resolution of boundary-layer development, flow 
separation phenomena, and wake structures critical 
for high-lift performance evaluation Figure 2. 
 

 
Fig. 2. Computational domain and boundary conditions for 

the wing–flap configuration 

 

3.2 Optimization Framework 

Multi-Objective Formulation 

The aerodynamic optimization problem was 
formulated as a multi-objective optimization (MOO) 
task to balance aerodynamic efficiency and acoustic 
performance. The three objectives considered were: 

1. Maximize lift coefficient CL for enhanced low-
speed performance. 

2. Minimize drag coefficient CD to reduce fuel burn. 
3. Minimize acoustic signature (Sound Pressure 

Level, SPL) at a 50 m observer location to comply 
with ICAO noise standards. 

The optimization problem can be expressed as: 

Minimize: F x =  −CL x , CD x , SPL x  _________(5) 

Subject to aerodynamic and structural feasibility 
constraints: 

g x ≤ 0,   h x = 0_________(6) 

Wherex = δs , δf , cf/c, k is the vector of design variables: 

slat deflection angle δs , flap deflection angle δf , 
flap chord ratio cf/c , and morphing camber 

parameter  k . 

 

Surrogate-Assisted Optimization 

Direct CFD-driven optimization is computationally 
expensive due to the large number of required 
evaluations. To accelerate convergence, surrogate 
models (reduced-order models) were employed. A 
Kriging-based metamodel was constructed to 
approximate the nonlinear relationships between input 
design variables and objective functions. The 
surrogate model was iteratively updated using an 
adaptive sampling strategy. 

The prediction of the Kriging surrogate is expressed as: 

y  x = μ + r x TR−1 y − μ1 ____________(7) 

whereμ is the estimated global mean, r x is the 
correlation vector between the prediction point and 

sampled points, R is the correlation matrix, and y is 
the vector of CFD-evaluated responses. This surrogate 
significantly reduced the computational burden while 
preserving solution accuracy. 
 

Genetic Algorithm Implementation 

The optimization was executed using a Multi-Objective 
Genetic Algorithm (MOGA) integrated with the 
surrogate model. The algorithm employed a 
population-based search strategy with selection, 
crossover, and mutation operators to explore the 
design space. The fitness of each candidate solution 
was evaluated on the Pareto front, ensuring diversity 
and convergence toward optimal trade-offs between 
objectives. 

The genetic algorithm procedure can be summarized 
as: 

 Initialize population P0 with random design 

variables 𝑥. 
 Evaluate objective functionsF(x) using the 

surrogate model. 
 Rank solutions using Pareto dominance and 

crowding distance. 
 Apply crossover and mutation to generate 

offspring. 
 Update surrogate model with new CFD evaluations 

at promising points. 
 Repeat until convergence criteria are met (max 

generations or Pareto stability). 

The optimization process produced a Pareto-optimal 
set of configurations, from which balanced solutions 
with improved CL/CD  ratio and reduced SPL were 
selected for experimental validation Figure 3. 
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Fig. 3. Workflow of surrogate-assisted optimization using 

Kriging metamodel. 

 

3.3 Experimental Validation 

Scaled Model Fabrication 

To verify the computational and optimization 
methodology, a physical model of the optimised high-
lift configuration at the 1:8 geometrical scale, 
compared to the reference aircraft wing section was 
built. A Krueger slat hybrid leading edge was included 
in the model, as well as a morphing trailing-edge 
Fowler flap, to give perfect geometric fidelity to the 
optimised CFD design. Rapid prototyping (additive 
manufacturing) was used to get a high level of 
accuracy in reproducing the morphing curvature as 
well as the flap deflections. In maintaining 
aerodynamic analogue, scaling laws which are similar 
in Reynolds number were used in the development of 
the prototype so that the boundary-layer and flow 
separation properties could be similar to those in the 
full scale configuration. 
 

Wind Tunnel Testing 

The experiments were carried out in an enclosed 
subsonic wind tunnel 2 m x 2 m of dimension, that had 
a test section with a speed of 80 m/s. The model was 
placed on a six components balance apparatus to 
measure aerodynamic loads to enable the 
determination of the forces of lift and drag. 
Measurements were conducted at Reynolds number Re 
= 2 x 10 -6, which is the average take-off and landing 
parameters that a mid-range transport aircraft 
operates. The angle of attack (AoA) was adjusted 
between -4 0 and 20 0 to record pre-stall and post-
stall behaviour. The wing surface pressure-sensitive 
taps were used to obtain minute distributions of 
surface pressure as well as smoke visualisation and 

particle image velocimetry (PIV) were applied to the 
view of flow separation and wake structures Figure 4. 
 

 
Fig. 4. Scaled 1:8 model of optimized high-lift configuration 

fabricated for wind tunnel testing. 

 

4. RESULTS AND DISCUSSION 

The aerodynamic performance beaming discovered 
that there is a strong improvement in the optimised 
high-lift configurations over the baseline model. 
Monitored numerical and experimental data all showed 
that the maximum lift coefficient (CL) rose by 18 
percent during takeoff, guaranteeing improved 
performance at low speeds and better stall margins. 
Moreover, under approach conditions, the morphing 
trailing-edge flap was optimised, resulting in the drag 
penalty with an 8 percentage point decrease, which 
had a direct impact on the minimization of fuel 
consumption and efficiency as well. These 
improvements led to 12% better aerodynamic 
efficiency as the lift to drag ratio (CL/CD) was 
increased, which verified that the optimization 
framework managed to balance the lift augmentation 
with aerodynamic efficiency. 

It offered more detailed information on the 
aerodynamic mechanisms underlying flow-field studies 
based on CFD visualisations and wind-tunnel 
diagnostics. The optimized designs exhibited slow 
separation of the boundary-layers and smoother 
reattaching at the flap surface because of the 
adaptive morphing camber. This strongly destabilised 
the trailing-edge vortex structures causing the wake 
turbulence to reduce. In addition to improving the 
aerodynamic stability, the enhanced flow attachment 
also gave the wing span a more uniform pressure 
distribution. These measures can demonstrate the 
effectiveness of morphing flaps and hybrid Krueger-
slat systems in reducing the effects of a flow 
separation that usually limits the performance of 
traditional high-lift systems. 

The acoustic performance of the optimised designs 
was also tangibly improved in addition to the 
aerodynamic gains. The results of phased microphone 
array measurements supported a reduction in the 
overall sound pressure level (OASPL) of 6 dB at critical 
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angles of observer, and significant suppression of tonal 
noise, which is known to be caused by vortex 
shedding. This is in line with the ICAO Chapter 14 noise 
compliance and denotes the environmental advantage 
of next generation high lift configurations. 
Nonetheless, analysis of multi-objective Pareto-front 
demonstrated the trade-off between aerodynamic and 
acoustic performance: designs in the CL-maximising 
regime were more likely to produce a slight increase in 
noise levels, and balanced design was in the objective 
multi-objective design to generate a large increase in 
both indicators Figure 5. These results indicate the 
need to take a multi-objective optimization approach 
where Aerospace systems of the future must achieve 
both the challenge of ensuring aerodynamic efficiency 
and noise alleviation to ensure sustainable commercial 
aviation Table 1. 
 

 
Fig. 5. Performance improvements of the optimized high-lift 

configuration compared to the baseline 

Table 1. Comparative performance metrics of baseline and optimized high-lift configurations 

Performance Metric Baseline Configuration Optimized Configuration Improvement 

Maximum Lift Coefficient 
(CLC_LCL) 

Reference Value +18% higher +18% 

Drag Penalty at Approach 
(CDC_DCD) 

Reference Value −8% lower −8% 

Lift-to-Drag Ratio 
(CL/CDC_L/C_DCL/CD) 

Reference Value +12% higher +12% 

Overall Sound Pressure Level 
(OASPL) 

Reference Value −6 dB reduction −6 dB 

Flow Separation & Vortex 
Intensity 

High separation & strong 
vortices 

Delayed separation & 
weaker vortices 

Significant 
improvement 

 

5. CONCLUSION 

The paper formulated and tested a complete 
aerodynamic optimization scheme of next-generation 
high-lift designs in the commercial aircraft, that uses 
high-fidelity CFD simulations, surrogate-based multi-
objective optimization, and wind-tunnel experiments. 
These findings established that hybrid Krueger-slat 
lead edge designs with morphing trailing-end flaps 
have substantial aerodynamic and acoustic advantages 
and yield over 18 percentage of higher lift and 8 
percentage of reduced drag penalty and a 6 dB 
decreased overall sound pressure level than traditional 
high-lift designs. The flow analysis showed that there 
is delayed separation, and the intensity of the vortices 
is less, which indicates that morphing geometries can 
be used efficiently to stabilize the low-speed 
aerodynamics. Notably, Pareto-front analysis placed 
great importance on the necessity of making balanced 
designs that focus on maximising performance as well 
as noise suppression instead of focusing on any one of 
the objectives. The results serve as a scaling approach 
to future high-lift device design, which benefits the 
aviation sector in endeavouring to develop quiet 
environmental-sustainable and fuel-efficient aircrafts 
that meet the changing performance and noise 
standards across the world. 
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