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Abstract. This study presents a numerical investigation of the acrodynamic behavior of the three-
element high-lift airfoil 30P30N under low-speed flow conditions relevant to takeoff and landing
operations. The analysis is performed using the Reynolds-averaged Navier-Stokes (RANS)
equations coupled with the Shear Stress Transport (SST) turbulence model, implemented within
a finite-element framework. The primary objective of the work is to assess the capability and
limitations of a two-dimensional steady RANS-SST approach for modeling complex
multi-element airfoil flows. Numerical simulations are conducted for several discrete angles of
attack, and the resulting flow fields and pressure coefficient distributions on all airfoil elements
are analyzed in detail. The numerical model used was validated by comparing the obtained results
with experimental data obtained in a wind tunnel for the 30P30N configuration. A comparative
analysis revealed satisfactory agreement between the calculated and experimental pressure
coefficient distributions, particularly at low and moderate angles of attack. This demonstrates the
ability of the SST model to accurately describe key aecrodynamic processes, including boundary
layer formation and development, the influence of adverse pressure gradients, and the interaction
of flows between airfoil elements. As the angle of attack increases, localized discrepancies are
revealed in zones with pronounced pressure gradients and the potential onset of flow separation.
Such deviations are likely due to limitations of the stationary two-dimensional formulation of the
problem, which does not take into account spatial and unsteady flow characteristics, the role of
which increases as more intense aerodynamic regimes are approached. Despite these limitations,
the study provides a systematic evaluation of the finite-element RANS—SST methodology for
high-lift airfoil analysis and offers insights into its applicability as a computationally efficient tool
for preliminary aerodynamic assessment and validation of multi-element wing configurations.

Keywords: Navier-Stokes equations, SST model, Comsol Multiphysics, Airfoil 30P30N.
1. Introduction

Aerodynamic design remains one of the most complex and multiparameter problems in fluid
mechanics, as the aerodynamic characteristics of aircraft are determined by the complex
interaction of viscous, inertial, and turbulent flow effects. Since its inception, computational fluid
dynamics (CFD) has significantly influenced the development of aerodynamic analysis methods,
providing researchers and engineers with effective tools for the detailed study of flow structures,
pressure distribution, and aerodynamic loads.

In the early stages of CFD’s development, its application was primarily limited to the analysis
of existing aerodynamic configurations and was considered a complement to experimental
research. However, in recent decades, thanks to the rapid development of high-performance
computing systems, as well as the refinement of numerical methods for discretization and solving
fluid equations, there has been a steady shift toward the active use of CFD in aerodynamic design
and geometry optimization. Currently, numerical methods are increasingly used not only as a
verification tool but also as an independent stage in the development and formulation of an
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aerodynamic concept. In particular, the integration of CFD models with variational and gradient
optimization methods has significantly improved the efficiency of design solutions and expanded
the capabilities for targeted shaping of acrodynamic characteristics [1-5].

Problems related to the analysis of high-lift and multi-element wings occupy a special place in
modern aerodynamics, as these configurations determine the lift, drag, and performance
characteristics of aircraft during takeoff and landing. The use of slats and flaps results in the
formation of a complex flow structure characterized by intense jet interaction in the gaps between
the elements, boundary layer development, and the emergence of localized separation zones. The
three-element 30P30N airfoil, comprising a slat, main element, and flap, is a benchmark high-lift
configuration and is widely used in both experimental and numerical studies. Experimental studies
have shown that the flow around this configuration is characterized by pronounced spatial
non-uniformity and a complex vortex structure. The interaction of flows between airfoil elements,
particularly in the gap channels and in areas of potential separation, has a significant impact on
pressure distribution and aerodynamic coefficients [1, 6, 7].

Along with experimental studies, the literature contains a significant body of work devoted to
the numerical analysis of multi-element and slotted wing airfoils. These studies have demonstrated
that steady-state RANS approaches, with the correct selection of a turbulence model, can provide
satisfactory accuracy in predicting the distributions of the pressure coefficient, lift, and drag for
high-lift configurations [5, 8-10]. It is emphasized that adequate reproduction of the boundary
layer, as well as a correct description of the flow separation and reattachment zones, are critical
factors for obtaining reliable aecrodynamic characteristics.

The choice of turbulence model is one of the determining factors in the numerical simulation
of complex aerodynamic flows. Among two-parameter models, the shear stress transport (SST)
model has become particularly popular, combining the advantages of the k-w and k-& models.
Using the k-w formulation in the near-wall region ensures accurate reproduction of the boundary
layer structure without the use of wall functions, while switching to the k-& formulation in the
outer flow region reduces the sensitivity of the solution to conditions at the inlet boundary. Thanks
to this combined approach, the SST model demonstrates increased stability and satisfactory
accuracy when calculating flows with unfavorable pressure gradients, as well as in the presence
of separation zones. These properties make it particularly useful for analyzing high-lift devices
and multi-element airfoils, which are characterized by complex interelement interactions and
developed turbulent structures [11-15].

Despite the existence of a significant number of publications devoted to the CFD analysis of
multi-element airfoils, an analysis of the current literature reveals that the vast majority of such
studies are based on finite-volume implementations of RANS approaches and specialized
aerodynamic CFD codes. At the same time, the application of finite-element implementations of
RANS-SST models for the numerical analysis of complex multi-element aerodynamic
configurations has been covered in the literature to a significantly lesser extent. In recent years,
several studies have been published aimed at validating turbulent models and CFD approaches in
the COMSOL Multiphysics software environment for airfoil flow problems [16-18]. However,
their application to high-lift multi-element configurations, such as the 30P30N airfoil, requires
further systematic analysis and comparison with experimental data. This paper presents a
numerical study of the flow past a three-element 30P30N airfoil using the Reynolds-averaged
Navier-Stokes equations in conjunction with the SST turbulence model implemented in the
COMSOL Multiphysics software environment based on the finite element method. Although the
RANS approach and the k-w SST model are well-studied and widely used in aerodynamic
research, the scientific novelty of this work lies not in the development of a new turbulence model,
but in its systematic application, verification, and critical analysis to a complex multi-element
aerodynamic configuration. The numerical results obtained are consistently compared with
available experimental data, allowing for an objective assessment of the accuracy and applicability
of the chosen numerical modeling strategy. Special attention is paid to the analysis of interelement
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flow interactions between the slat, main element, and flap, the structure of the velocity field, the
distribution of turbulent stresses, and their influence on lift and drag generation. The paper
examines the distribution of the airfoil pressure coefficient, integrated aerodynamic
characteristics, including lift and drag coefficients, and key flow features such as separation zones
and recirculation regions. Based on the analysis, both the capabilities and limitations of
steady-state two-dimensional RANS-SST modeling for multi-element high-lift airfoils are
identified, allowing for the formulation of practical recommendations and the identification of
areas for further development of the methodology, including the transition to three-dimensional
and non-stationary calculations.

2. Physical and mathematical formulation of the problem

This section describes the physical and mathematical formulation of the problem of flow
around a three-element 30P30N airfoil, and also analyzes the statistics of velocity and surface
pressure and compares them with experimental data [6]. The wing profile geometry shown in
Fig. 1.
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Fig. 1. 30P30N airfoil geometry

The geometric model of the wing airfoil under study is based on a three-element high-lift
30P30N configuration, including a slat, main element, and flap. The airfoil chord length is
assumed to be 18 inches. The slat and flap occupy 0.15C and 0.3C of the chord length,
respectively, and are deflected at an angle of 30°, which corresponds to the classic 30P30N
configuration widely used in experimental studies (Fig. 1). Numerical calculations are performed
within a two-dimensional aerodynamic formulation, implemented by extruding the computational
domain in a third direction (along the wing span) by a unit thickness. The third dimension is
introduced solely for the purpose of correct numerical implementation of the computational
domain and does not assume the modeling of three-dimensional flow effects. Periodic boundary
conditions are used to eliminate the influence of edge effects and simulate an infinite wing span
along this direction. The use of periodic boundary conditions in the spanwise direction allows us
to reproduce a quasi-two-dimensional flow and ensure homogeneity of the aerodynamic
characteristics along the entire airfoil length, which is standard practice in numerical modeling of
wing airfoils within the two-dimensional RANS approach. The free-stream conditions correspond
to the parameters given in [6] and are characterized by a Mach number M = 0.2 and a Reynolds
number calculated along the chord length, Re = 1.7x10°. The calculations are performed for
angles of attack of 3°, 5.5° and 8.5°. Non-reflecting boundary conditions are specified at the
boundaries of the far-field region of the computational domain in accordance with the
recommendations of [1], which minimizes the influence of the outer boundaries on the flow
formation near the wing airfoil. It should be noted that a full-scale three-dimensional numerical
analysis would allow for a more detailed consideration of spatial flow characteristics, including
the formation of tip vortices and possible uneven distribution of flow parameters along the wing
span. However, these effects are beyond the scope of this study, as the work focuses on analyzing
the aerodynamic characteristics of the airfoil within a steady-state two-dimensional problem
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formulation. The study of three-dimensional and unsteady effects is considered a promising
direction for future research aimed at in-depth understanding of the spatial structure of the flow
and refining the integral aerodynamic characteristics of a multi-element configuration. The
computational mesh corresponding to the airfoil geometry shown in Fig. 2 consists of 260,909
nodes, which provides sufficient spatial resolution to accurately reproduce the flow structure,
boundary layer, and flow separation zones.

30P30N 3-element wing section alpha=3, 5.5
and 8.5 deg, M= Re=1.71 million.

Fig. 2. Non-structural computational mesh

To further validate the numerical strategy used, the quality of the wall mesh, and the
applicability of the SST turbulence model, a classical benchmark problem of flow past a flat plate
with zero pressure gradient (2D Zero Pressure Gradient Flat Plate) was considered. This problem
is widely used to validate RANS models and assess the influence of the y* parameter on the
reproduction of turbulent boundary layer structure (Fig. 3).
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Fig. 3. The influence of the parameter y* on the profile of the dimensionless
velocity U™ in the near-wall region

Calculations were performed using the SST model for various values of the y* parameter at
the first wall node (y* = 0.1, 1, 5, and 10). Fig. 3 compares the dimensionless velocity profiles u*
as a function of Ig(y*) with the reference logarithmic wall law.

As can be seen from the results, for y* < 1, the numerical solution demonstrates good
agreement with the theoretical logarithmic velocity profile, correctly reproducing both the viscous
sublayer and the logarithmic boundary layer region. As y* increases to 5 and 10, a noticeable
deviation of the numerical profiles from the reference law is observed, indicating a decrease in the
accuracy of the description of the near-wall region and confirming the need to use a fine wall grid
for the correct operation of the SST model. The obtained results confirm that the numerical
implementation of the SST model and the chosen strategy for generating a wall grid with y* < 1
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ensure the correct reproduction of the turbulent boundary layer structure. This serves as further
justification for the validity of the applied grid resolution and numerical approach used in the flow
calculations around the multi-element airfoil. In the flow calculations around the three-element
30P30N airfoil in this study, the value of the y* parameter for the first node near the wall was
taken to be y* = 1, which meets the requirements of the SST turbulence model and ensures the
correct reproduction of the near-wall flow region.

2.1. Mathematical model

Turbulent flow around a three-element 30P30N airfoil is described using the
Reynolds-averaged Navier-Stokes (RANS) equations. This approach provides a time-averaged
representation of incompressible fluid motion, enabling efficient numerical modeling of velocity
and pressure fields under developed turbulence [16-18]. The use of the Reynolds-averaging
procedure results in the introduction of additional terms in the equations of motion — the Reynolds
stress tensor, which reflects the influence of turbulent fluctuations on momentum transfer. The
introduction of closure relations for these stresses allows for the main effects of turbulence to be
taken into account within a simplified computational model, while maintaining acceptable
computational efficiency and stability.

The resulting mathematical model consists of a coupled set of partial differential equations,
including the continuity equation, which enforces mass conservation Eq. (1) throughout the
computational domain:

on;
axi B

0. (1

The momentum conservation equation Eq. (2), which describes the change in fluid velocity
under the influence of external and internal forces:

ou; _ 0w\  0p *w; 0
p<¥+”"a_xj> ox; Tox

T o Mo o @

where i1; — components of the mean velocity field, p — average pressure, v — kinematic viscosity,

fj = —pu';u'; — stress tensor components, p — density.

Before closing the Reynolds-averaged Navier-Stokes (RANS) equations, it is necessary to
model additional unknown terms associated with turbulent velocity fluctuations. As a result of
averaging, a Reynolds stress tensor appears in the equations of motion, reflecting the influence of
turbulent eddies on momentum transfer in the flow. This tensor contains correlations of velocity
fluctuations and cannot be determined directly from the governing equations, leading to the
so-called turbulence closure problem.

To overcome this difficulty, the Boussinesq hypothesis Eq. (3), based on the analogy between
molecular and turbulent viscosity, is widely used:

T

— aai+aaj 2 - 3
puu; = U ox, T ox, 3 Pkoyj. 3)

Substituting the expression for Reynolds stresses derived from the Boussinesq hypothesis into
the equations of motion allows one to take into account the effect of turbulence on momentum
transfer in the averaged flow. As a result of this transformation, the Navier-Stokes equations take
on a closed form Eq. (4), taking into account the effective (molecular and turbulent) viscosity,
making it possible to solve them numerically using standard computational fluid dynamics
methods:
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To describe the influence of turbulence on the flow field around the 30P30N airfoil, a
Reynolds-averaged Navier-Stokes equation model is used. The equations are discretized using the
finite element method and solved in COMSOL Multiphysics. This numerical strategy allows for
a detailed evaluation of the flow structure and aerodynamic characteristics associated with the
airfoil’s multi-element configuration.

3. Turbulence models.

To close the RANS equations, the two-parameter Shear Stress Transport (SST) turbulence
model is used Eq. (5). This model combines the advantages of two widely used turbulent models
— k-w and k-¢ — and is based on the use of special mixing functions that provide a smooth
transition between the respective formulations depending on the distance to the wall. In the
near-wall region, the k-w model is used, allowing for the accurate reproduction of the boundary
layer structure without the use of wall functions. In the outer part of the flow, a transition to the
k- formulation is made, which is less sensitive to the boundary conditions at the entrance to the
computational domain. A key feature of the SST model is the introduction of a shear stress limiter,
which prevents overestimation of turbulent viscosity in zones with an unfavorable pressure
gradient and possible flow separation. This provides a more realistic description of flows with
pronounced separation effects. These properties make the SST model particularly effective in
analyzing high-lift wing profiles and multi-element configurations, which are characterized by
intense inter-element interaction of jets, complex development of the boundary layer and local
separation zones, which have a significant impact on the formation of aerodynamic characteristics
[19-21]:

2ok , 0(puh)

=P-p k+a + Ok
= B pw ox; (u + oxie) ox, |’

a(pw) a(pu,-w) _Yp 2, d s )aw 21— )Pz ok dw ®)
ot ax; v Bpw 0x; KT 0wk 0x; Yow ax;0x’

where k is the specific turbulent kinetic energy (m? s?), w is the specific rate of turbulent
dissipation (s™):

ou; 2 duy 2 1(0y du;
P =Tija_xj, Tij = (Zslj_ga_xké‘u)_gpk&]' Sl] ax] +a_xl . (6)
And the turbulent eddy viscosity is calculated using the following formula:
pa.k
He = - ™)

max(a,w, QOF,) "
Each of the constants is a combination of internal (1) and external (2) constants mixed by:

¢ =Fip1 + (1 —F)op,, ®

where ¢, denotes constant 1, ¢, denotes constant 2. Additional functions are defined as follows:
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F, = tanh(arg}), F, = tanh(arg3),
vk 500v\ 4po,,k B 2Vk 500v
Bwd d?w ) CDydz|" 282~ M\ Bud dze )
1 0k dw
— IR -20
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arg,; = min [max( ©)

and p is the density, v, = u;/p is the turbulent kinematic viscosity, u is the molecular dynamic

viscosity, d is the distance from the field point to the nearest wall, and Q = /(ZWL Wi j) is the

magnitude of the vortex motion, while:

g 2 ax] 6xl- ' ( )

The constants are:

_ B 01k’ Yy = B2 Gu2K? oo = 0.85
= % S’ 2 = s <’ k1 — VY- ]
R R o
Op1 = 05, ﬁl = 00750—](2 = 10, Ouy2 = 0856,
B, = 00828, B*=0.09, k=041, a,=03L

V1

Other values are presented in [19, 20].

The SST turbulence model effectively accounts for the effect of turbulent stress on airflow
around a wing and provides accurate predictions of airfoil aerodynamic characteristics. This model
is particularly important for analyzing multi-component wings, where the flow pattern is complex
due to the interaction of multiple wing elements [21].

COMSOL Multiphysics software was used for the numerical simulations. This software
platform provides powerful tools for solving CFD problems and allows for flexible configuration
of model parameters. COMSOL Multiphysics supports the solution of RANS equations and the
application of the SST model, delivering highly accurate results for analyzing the aerodynamic
characteristics of the 30P30N airfoil.

4. Solution method

To simulate turbulent flows using the SST turbulence model, the commercial CFD software
COMSOL Multiphysics was employed. The numerical formulation implemented in COMSOL
Multiphysics is based on the finite element method (FEM), which is used consistently for the
spatial discretization of the Reynolds-averaged Navier-Stokes equations as well as for the
turbulence transport equations. No alternative numerical discretization methods were applied in
the present study. The governing equations were solved in a steady-state (stationary) formulation
using a segregated solution strategy. In this approach, the velocity and pressure fields were solved
in a coupled segregated step, followed by a separate solution step for the turbulence variables,
namely the turbulent kinetic energy k and the specific dissipation rate ®. Such a segregated
strategy improves numerical stability and computational efficiency for steady RANS simulations.
For the nonlinear problem, a Newton-based method with constant damping was employed.
Additional numerical stabilization was achieved using pseudo-time stepping with a PID controller,
which allows gradual convergence toward the steady-state solution. The initial
Courant-Friedrichs-Lewy (CFL) number was set to 2 and adaptively increased up to a target value
of 10%, ensuring robust convergence for the considered flow conditions. The linear systems arising
from the finite element discretization were solved using the direct sparse solver PARDISO,
applied separately to the fluid flow variables and the turbulence variables. Automatic matrix
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reordering, row equilibration, and adaptive scaling of the linear equations were enabled to enhance
numerical robustness. Parallel direct sparse solver options were activated to efficiently handle the
large number of degrees of freedom. Convergence of the numerical solution was controlled using
a relative tolerance of 10~ for the stationary solver. The convergence criterion was based on the
reduction of either the solution increment or the residual norm. Iterations were continued until the
specified tolerance was satisfied for all solved variables, ensuring that a steady and converged
solution was obtained. The described numerical setup and convergence strategy were verified
through additional validation tests and provided stable and reproducible solutions for all simulated
cases [22-26].

5. Results and discussion

Fig. 4 shows speed contours.

A boundary layer forms near the surface of all elements, the thickness of which increases
toward the trailing edge. In the gap between the slat and the main element, flow acceleration is
observed, accompanied by an increase in the kinetic energy of the jet, which contributes to a delay
in separation on the upper surface of the main element. As the angle of attack increases, increased
velocity gradients and localized areas of flow deceleration are clearly visible in the aft section of
the flap, indicating an approach to regimes with intense separation flow development. These
features directly influence pressure redistribution and lift generation in a multi-element airfoil.
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Fig. 4. Flow velocity contours around the 30P30N airfoil

In Fig. 5 shows isolines of the Reynolds stress field around the 30P30N airfoil.

Reynolds stress distributions allow us to estimate the intensity of turbulent fluctuations and
zones of increased turbulent momentum transfer. Maximum values are observed in areas with
strong velocity gradients, particularly near gaps between wing elements and in jet interaction
zones. Increasing the angle of attack leads to increased turbulent stress in the flap aft section, due
to a thicker boundary layer and enhanced separation processes. These zones of increased
turbulence have a significant impact on viscous drag and the overall acrodynamic efficiency of
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the airfoil.

0.25 0.25
02 0.2 8
6 0.15
01 0.1

0.05 0.05 4

0.05

0.15 0.15

02 0.2

0.25 0.25

03 0.3

0.35 L L L " L L L L 035 L L L L
0.1 0 0.1 0.2 03 04 05 06 m 0.1 o 0.1 02

' o) a = 8.50°
Fig. 5. Isolines of the Reynolds stress field around the 30P30N airfoil

Figs 6-8 shows a comparison of the surface pressure coefficient of the 30P30N profile. The
pressure coefficient is a value characterizing the pressure distribution along the surface of the
wing. Visualizing this value allows you to evaluate the aerodynamic characteristics of the airfoil,
such as lift, drag and stability.

As can be seen from Fig. 6 of the presented results, the numerical predictions obtained using
the SST turbulence model demonstrate very good agreement with the experimental data on both
the upper and lower surfaces of all airfoil elements. In particular, the rarefaction peaks in the slat
and main element leading edge areas, as well as the characteristic pressure redistribution in the
interaction zone between the wing elements, are correctly reproduced. Minor discrepancies
between the numerical and experimental C, values are observed in localized areas with sharp
pressure gradients, in particular near the gaps between the elements and in the aft part of the flap.
These differences may be due to simplifications in the steady-state two-dimensional RANS
formulation, as well as the failure to take into account three-dimensional effects and experimental
pressure measurement errors. It should be noted that experimental data for the 30P30N airfoil are
a widely used benchmark for validating numerical models; however, published measurements are
limited in the number of available angles of attack and are not always accompanied by error
information. Nevertheless, the achieved agreement in the shape of the C, distributions and in the
level of extreme values indicates a high reliability of the numerical results.

With an increase in the angle of attack compared to the @ = 3° regime, a general increase in
the vacuum on the upper surfaces of all airfoil elements is observed, which is correctly reproduced
by the SST numerical model. In particular, the peak values of C,, in the leading region of the slat
and main element, as well as the pressure redistribution in the interaction zone between the main
element and the flap, are well predicted. The numerical results demonstrate good agreement with

116 ISSN PRINT 2351-5279, ISSN ONLINE 2424-4627



AERODYNAMIC PERFORMANCE OF A 30P30N THREE-ELEMENT AIRFOIL USING THE RANS-SST TURBULENCE MODEL.
MURODIL MADALIEV, JAMOLDIN AKHMEDOV, AKHROR AKRAMOV, ISLOMION TOHIROV, ODILION ODILOV, ULUGBEK ABDURAKHMONOV

the experimental data both in the shape of the C, distributions and in the level of extreme values.
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Fig. 7. Surface pressure coefficient of coal attack profiles & = 5.50°

This demonstrates the ability of the stationary two-dimensional RANS-SST model to
adequately describe the increase in aerodynamic effects with a moderate increase in the angle of

MATHEMATICAL MODELS IN ENGINEERING. JUNE 2026, VOLUME 12, ISSUE 2 1 1 7



AERODYNAMIC PERFORMANCE OF A 30P30N THREE-ELEMENT AIRFOIL USING THE RANS-SST TURBULENCE MODEL.
MURODIL MADALIEV, JAMOLDIN AKHMEDOV, AKHROR AKRAMOV, ISLOMION TOHIROV, ODILION ODILOV, ULUGBEK ABDURAKHMONOV

attack. At the same time, in certain local areas, primarily near the gaps between the elements and
in the rear part of the flap, small discrepancies between the calculated and experimental C, values
are observed. These differences become more noticeable with an increase in the angle of attack
and are likely associated with the increasing influence of three-dimensional effects, as well as with
the limitations of the stationary two-dimensional formulation, which does not take into account
the unsteady and spatial features of the flow. It should be noted that experimental data for an angle
of attack of @ = 5.5° remain a reliable benchmark for validating numerical models; however, the
available information is limited to pressure coefficient distributions (Fig. 7). The lack of additional
experimental data, such as detailed velocity fields or flow unsteadiness characteristics, limits the
possibilities for a more in-depth quantitative analysis. Nevertheless, the achieved agreement
between the numerical and experimental results confirms the validity of the chosen numerical
approach and the applicability of the SST model to the flow regimes under consideration.

Cp

SST model | |
6 & Exp

0 0.2 0.4 0.6 0.8 1

ST model E
o Exp rS o B

0.1 0.08 0.06 0.04 0.02 0 0.02 0.9 0.95 1 1.05 11 115
xlc 7

Fig. 8. Surface pressure coefficient of coal attack profiles & = 8.5°

Compared to the « = 3° and a = 5.5° modes, at « = 8.5°, a further increase in the vacuum on
the upper surfaces of the slat and main element is observed, as well as more pronounced pressure
gradients in the gap zone and in the flap trailing edge. The SST numerical model generally
correctly reproduces the main features of the C,, distribution, including the position and level of
the vacuum peaks, as well as the general pressure redistribution along the airfoil chord. At the
same time, as the angle of attack increases, local discrepancies between the numerical and
experimental data become more noticeable, primarily in areas with strong pressure gradients and
the possible development of separated flows, in particular near the flap trailing edge. These
discrepancies are likely due to the limitations of the stationary two-dimensional RANS-SST
formulation, which does not take into account the unsteady effects and three-dimensional flow
structure, which intensify at high angles of attack. It should be noted that experimental data for an
angle of attack of @ = 8.5° remain a reliable source for validation; however, under these
conditions, pressure measurement errors and the influence of three-dimensional effects increase
(Fig. 8). The lack of additional experimental data, such as temporal flow characteristics or spatial
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velocity distributions, in open sources limits the possibilities for a more detailed quantitative
analysis. Overall, the achieved agreement between the numerical and experimental pressure
coefficient distributions at @ = 8.5° indicates that the numerical approach and the SST turbulence
model used provide a satisfactory description of the aerodynamic characteristics of the
multi-element airfoil over a wide range of angles of attack. However, the identified discrepancies
indicate the need to consider three-dimensional and unsteady effects in further model
development.

The Fig. 9 illustrates the detailed flow structure in the slat-main element gap (upper row) and
in the main element-flap region (lower row) for four angles of attack: « = 0°, 3°, 5.5°, and 8.5°.
The contour plots combined with streamline patterns allow for a qualitative assessment of
boundary-layer behavior, separation zones, and recirculation development as the angle of attack
increases.

a)a =0° b)a =3° c)a =5.5° d) a =8.5°
Fig. 9. Flow structure evolution in the slat and flap regions at different angles of attack

At a = 0°, the flow remains largely attached over all elements. In the slat cove region, a
compact recirculation zone is observed, which is typical for multi-element high-lift configurations.
This localized vortex is relatively small and stable, indicating limited separation effects. In the
flap region, the flow is smoothly guided through the slot, and only a weak separation bubble is
visible near the trailing edge. When the angle of attack increases to @ = 3°, the suction on the
upper surfaces intensifies, leading to stronger acceleration through the slat gap. The recirculation
region within the slat cove becomes more pronounced and slightly elongated. In the flap region,
the velocity gradients increase, and the separation bubble along the flap surface grows moderately
in size. However, the flow remains predominantly attached, and no large-scale stall features are
observed. At a = 5.5°, further strengthening of adverse pressure gradients can be identified. The
slat cove vortex expands and shifts slightly downstream, reflecting intensified shear-layer
interaction between the accelerated jet and the recirculating flow. In the flap region, the separation
zone becomes more elongated, and the shear layer above the recirculation bubble becomes
sharper, indicating increased turbulent mixing and momentum exchange. Despite these changes,
the slot flow continues to re-energize the boundary layer over the main element and flap. For
a = 8.5° the flow structure exhibits clear signs of approaching more critical aerodynamic
conditions. The recirculation region in the slat cove becomes larger and more vertically stretched,
while the shear layer thickens. In the flap region, the separation bubble significantly enlarges and
extends further downstream. The stronger adverse pressure gradient and intensified turbulence
lead to more complex vortex structures, suggesting that three-dimensional and unsteady effects
may become increasingly important at this angle of attack.

In Fig. 10 presents the variation of the lift coefficient (CL) with respect to the angle of attack
() for the 30P30N three-element high-lift airfoil configuration. The results include both the total
lift coefficient and the individual contributions of the main element, slat, and flap. Numerical
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predictions obtained using the steady two-dimensional RANS-SST turbulence model are
compared with available experimental measurements [27].

A clear monotonic increase in the total lift coefficient is observed as the angle of attack
increases within the considered range. This behavior is consistent with the expected aerodynamic
response of a multi-element high-lift configuration operating at low and moderate angles of attack,
where stall effects have not yet developed. The SST-based numerical results reproduce the overall
linear trend of CL growth with increasing a, demonstrating that the applied modeling approach
captures the primary lift-generation mechanisms of the configuration. Quantitatively, small
discrepancies between numerical and experimental values can be observed, particularly at higher
angles of attack. Nevertheless, the deviation remains moderate, and the model correctly predicts
the slope of the lift curve. This indicates that the SST turbulence model, combined with the finite
element discretization, provides a sufficiently accurate description of the pressure redistribution
and boundary-layer behavior responsible for lift production. An analysis of the individual element
contributions reveals that the main element generates the dominant portion of the total lift across
all examined angles of attack. Its lift contribution increases steadily with a, reflecting intensified
suction on the upper surface and enhanced pressure difference between the suction and pressure
sides. The slat contribution, although smaller in magnitude, shows a noticeable increase with
increasing angle of attack. This behavior confirms its aerodynamic role in energizing the boundary
layer and delaying flow separation on the main element. The flap contribution remains relatively
stable within the investigated range, providing an additional lift increment that enhances the
overall aerodynamic efficiency of the configuration. The comparison between numerical and
experimental data suggests that the steady two-dimensional RANS-SST approach adequately
represents the aerodynamic interaction between the three elements, including jet effects in the slot
regions and pressure coupling between surfaces. However, the slight increase in discrepancy at
higher angles of attack may be attributed to the inherent limitations of the modeling strategy.
Specifically, the present formulation does not account for three-dimensional flow structures,
spanwise non-uniformities, or unsteady separation phenomena, which tend to become more
pronounced as a increases. Overall, the results presented in Fig. 10 confirm that the applied
SST-based numerical framework provides a reliable prediction of lift characteristics for the
30P30N multi-element airfoil within the low-to-moderate angle-of-attack regime. The agreement
with experimental data supports the suitability of this approach for preliminary aerodynamic
analysis and performance assessment of high-lift wing configurations.

4 .
35 o
—Total SST model
3 * ——Main element SST model
25 * —— Slat SST model
> ——Flat SST model
d 2 & Total Exp
& Main element Exp
L5 + SlatExp
+ Flat Exp
1
s b B

Fig. 10. Wing lift coefficient
6. Conclusions

This paper presents a numerical study of the flow past a three-element high-lift 30P30N airfoil
using the Reynolds-averaged Navier-Stokes equations in conjunction with the Shear Stress
Transport (SST) turbulence model implemented in the COMSOL Multiphysics software
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environment based on the finite element method. The main scientific contribution of the study is
a systematic assessment of the applicability of the finite element implementation of the
steady-state two-dimensional RANS—SST model for describing the complex aerodynamics of a
multi-element airfoil. Validation using experimental data demonstrated that the chosen numerical
approach is capable of satisfactorily reproducing the pressure coefficient distributions on all airfoil
elements and correctly reflecting the nature of lift coefficient changes in the range of low and
moderate angles of attack. Analysis of the velocity fields, turbulent stress distributions, and flow
interactions between the slat, main element, and flap allowed us to identify the key mechanisms
shaping the aerodynamic characteristics of a multi-element configuration. The obtained results
confirm that the SST model accurately reproduces the boundary layer structure and zones with
elevated pressure gradients, which play a decisive role in shaping the aerodynamic characteristics
of high-lift airfoils. However, the study has several limitations. The calculations were conducted
within a stationary two-dimensional problem formulation, which does not allow for consideration
of spatial and transient flow features, the influence of which increases with increasing angle of
attack, as well as in areas of intense interelement interaction. Furthermore, quantitative
verification of the model was limited by available experimental data on the pressure coefficient
distribution. Information on total aerodynamic drag and the lift-to-drag ratio is insufficiently
presented in open sources, limiting the possibilities for a more detailed comparison of the
integrated characteristics. Given these limitations, further research should be focused on
three-dimensional and transient calculations, expanding the range of angles of attack studied, and
conducting a more in-depth analysis of the aerodynamic efficiency of multi-element airfoils using
additional experimental data. At the same time, the results of this work show that the finite element
implementation of the RANS-SST model is an effective and computationally feasible tool for
preliminary analysis and verification of the aerodynamic characteristics of high-lift wings.
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