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Abstract
The accurate prediction of Laminar Separation Bubbles (LSBs) is crucial for understanding 
transition mechanisms and aerodynamic performance of airfoils operating at low Reynolds 
numbers. This study employs the Linearized and Segregated Variational Multiscale (VMS) 
Method to simulate LSB formation and development on airfoils. The methodology is vali-
dated against two well-documented test cases: SD7003 airfoil Re = 60 000, AoA = 4◦ 
and the E387 airfoil at Re = 3 × 105, AoA = 1◦. The results demonstrate strong agree-
ment with reference data from the literature, accurately capturing pressure and skin fric-
tion distributions as well as velocity profiles associated with LSB dynamics. To further 
assess the method’s predictive capability, simulations are performed on a DU89-134 air-
foil, designed for High Altitude Pseudo Satellites (HAPS) applications at Re = 5 × 105, 
AoA = 1◦, 5∘. Comparisons with experimental vertical velocity profiles - obtained with 
hot-wires anemometry - show excellent agreement, confirming the method’s robustness in 
transitional flow modelling. These findings highlight the effectiveness of the Linearized 
and Segregated VMS approach for Large Eddy Simulations of LSBs. The method provides 
a reliable tool for aerodynamic analysis of low-Reynolds-number airfoils, with potential 
applications in next-generation high-altitude flight vehicles.

Keywords  Laminar separation bubble · Variational multiscale method · Implicit LES

1  Introduction

Over the last decade, low-Reynolds number flows have attracted significant attention, 
especially in the context of emerging High-Altitude Pseudo-Satellites (HAPS) and other 
aerospace applications. Operating at low Reynolds numbers - in the range 104 − 106 (Gar-
cía-Gutiérrez et al. 2020) - these vehicles present unique aerodynamic phenomena and 
engineering challenges. HAPS usually operate in the stratosphere at altitudes between 17 
and 22 km and serve as innovative devices for various purposes, including surveillance, 
telecommunications, and environmental monitoring. They fly at altitudes with low air den-
sity and low cruise speeds. These two elements combined with a small chord result in a 
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low-Reynolds number regime. In these conditions, the operating Reynolds number lies 
within the range where the transition from laminar to turbulent flow has strong implications 
for airfoil performance, and viscous forces become significant in determining the flow’s 
characteristics. Laminar boundary layers can separate so the Laminar Separation Bubble 
(LSB) forms as long as flow does not transition upstream of separation. LSBs are regions of 
reversed flow on an airfoil’s surface that can severely affect lift, drag, and overall aerody-
namic performance. Accurately predicting the formation of LSB is essential for maintaining 
the efficiency and stability of operational vehicles. At high altitudes, the harsh environment 
makes in-flight experiments testing particularly challenging. Wind tunnel testing facilities 
with low speeds and low turbulence levels are required for meaningful experiments. There-
fore, reliable numerical methods are indispensable for simulating and predicting perfor-
mance. In this context, airfoils like the DU89-134 (Boermans and Garrel 1997), originally 
designed for sailplanes, are an example of designs engineered to achieve a high lift-to-drag 
ratio required for prolonged high-altitude missions. Currently, different methods are avail-
able to study low-Reynolds airfoils flows including two-dimensional laminar simulations 
(Lee et al. 2017), and RANS simulations with k − ω SST  turbulence model coupled with 
transition models (Carreño Ruiz and D’Ambrosio 2022; Windte et al. 2006; Mourousias 
et al. 2023), LES (Wiart and Hillewaert 2012; Garmann et al. 2013), wall-resolved LES 
(wrLES) (Frère et al. 2018), implicit LES (iLES) using Galerkin based methods (Uranga 
et al. 2011; Beck et al. 2014). On the other hand, 2-D simulations have moderate computa-
tional cost, but they can be used to evaluate only qualitatively the aerodynamic characteris-
tics for low angle of attack, (Lee et al. 2017; Windte et al. 2006; Gunel et al. 2016; Morgado 
et al. 2016). 2-D simulations also lead to spurious effects in the pressure distribution where 
the LSB develops (Koning et al. 2023).

In the context of iLES, a Linearized and Segregated version of the original Variational 
MultiScale Method (LS-VMS), has been used in (Brunelli et al. 2025) to study passive 
flow control on the DU89-134 airfoil. Traditional LES models typically rely on explicit 
subgrid-scale (SGS) models-such as Smagorinsky or dynamic models-to approximate the 
effect of unresolved turbulence. These models often require heuristic assumptions, and tun-
ing parameters (Sagaut 2006). In contrast, the VMS introduces a mathematically consistent 
separation of resolved and unresolved scales within the finite element formulation (Hughes 
et al. 2000). This built-in scale separation naturally leads to residual-based modeling of the 
subgrid scales, avoiding ad hoc turbulence models and allowing the method to act as an 
implicit LES (iLES). As a result, VMS provides improved robustness and accuracy, espe-
cially in transitional and wall-bounded flows, and offers a unified framework for stabiliza-
tion and turbulence modeling (Bazilevs et al. 2007).

The present research intends to provide additional detailed insights into the applicability, 
numerical accuracy and robustness of LS-VMS for aerodynamic analysis of airfoils designed 
for HAPS, demonstrating its capability in predicting transition mechanisms, focusing on 
the prediction of the LSB, in high-altitude flight conditions. In this paper, the LS-VMS 
approach for airfoils at low Reynolds numbers is successfully validated using the standard 
case of the SD7003 and E387 airfoils. The research aims to compare the results obtained 
with the k − ω SST  turbulence model coupled with the γ − Reθ transition model, wind 
tunnel experiments, and the LS-VMS. The comparison includes data from infrared ther-
mography and hot-wire analysis, in addition to RANS modeling, establishing the validity 
of the method for airfoils designed for HAPS applications. To further assess the robustness 
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of the LS-VMS method for low-Reynolds-number airfoils, a detailed analysis is performed, 
including grid and time-step dependence studies. Additionally, the turbulent kinetic energy 
spectra, obtained at various chordwise locations on the suction side of the DU89-134 airfoil.

2  LS-VMS Numerical Model

The three-dimensional unsteady incompressible flow above the aerofoil is solved using the 
LS-VMS method. This scheme is a linearized and segregated version of the variational mul-
tiscale (VMS) method, originally formulated in the two-scale (Hughes 1995; Hughes et al. 
1998) and later extended to a three-scale framework particularly aimed at Large Eddy simu-
lation of turbulent flows (Hughes et al. 2000). The LS-VMS implementation employed here 
was first presented in (Brunelli et al. 2024) and is openly available as a software package 
described in (Brunelli 2025). It has already been applied to study, for example, the effects of 
passive flow control devices on low-Reynolds-number airfoils (Brunelli et al. 2025, 2024). 
For a comprehensive overview of the different variants and developments within the VMS 
framework, we refer the reader to the recent reviews (Rasthofer and Gravemeier 2018; 
Ahmed et al. 2017).

The linearization technique improves computational efficiency by avoiding the need to 
solve a non-linear system at each time step and enabling independent solutions for the veloc-
ity and pressure systems. The VMS method can be catalogued as an implicit LES method 
and is based on the principle of scale separation between resolved and unresolved scales. We 
consider the following notation: u is the velocity, p the kinematic pressure, ν the kinematic 
viscosity, and f the volume force. The weak form of the Navier-Stokes equations is given by: 

	

BG =
ˆ

Ω

∂u
∂t

· v dΩ +
ˆ

Ω
(u · ∇)u · v dΩ +

ˆ

Ω
∇p · v dΩ

+
ˆ

Ω
ν∇u · ∇v dΩ −

ˆ

Ω
f · v dΩ +

ˆ

Ω
q(∇ · u) dΩ = 0

� (1)

where v ∈ V and q ∈ Q are test functions for velocity and pressure; V = {v⃗: Ω → R3|v⃗ 
is a continuous over Ω} for a 3D simualtion, and Q = {q: Ω → R|q is a continuous over Ω}

The VMS method introduces new terms to the formulation and they contain the residuals 
of the continuity and momentum equations: 

	 Rc = ∇ · u� (2)

	
Rm = ∂u

∂t + (u · ∇)u + ∇p − ν∆u − f � (3)

The first set of terms are classical residual-based stabilization: Streamline Upwind Petrov-
Galerkin (SUPG), Pressure-Stabilizing Petrov-Galerkin (PSPG), and Least-Squares Incom-
pressibility Constraint (LSIC) (Hughes et al. 1986; Franca and Hughes 1988). From this 
viewpoint, classical stabilization methods serve as an intermediate step toward the compre-
hensive framework of VMS. 

1 3

Page 3 of 29     27 



Flow, Turbulence and Combustion          (2026) 116:27 

	

Bstab =
ˆ

Ω
τm (u·∇v) · Rm dΩ

︸ ︷︷ ︸
SUPG

+
ˆ

Ω
τm (∇q) · Rm dΩ

︸ ︷︷ ︸
PSPG

+
ˆ

Ω
τc (∇·v) Rc dΩ

︸ ︷︷ ︸
LSIC

� (4)

where τm and τc are stabilization parameters defined as: 

	
τm =

(
4

∆t2 + u · Gu + CIν
2G : G

)−1/2
� (5)

	 τc = (τcg · g)−1� (6)

and Δt is the time-step, CI is a positive constant, independent of the mesh size (John 2016). 
In all the cases presented CI = 36 as used in (Evans et al. 2020; Janssens 2014; Trofi-
mova et al. 2009). G and g depend on the local element size and orientation, more detail 
in (Bazilevs et al. 2007). The additional terms produced by the VMS introduce additional 
scale-separating effects, ensuring that unresolved scales contribute effectively to turbulence 
modelling, making it a more generalized and physically motivated approach compared to 
classical stabilization methods. 

	
BV MS1 =

ˆ

Ω
(u · ∇vT) · (τmRm) dΩ� (7)

	
BV MS2 = −

ˆ

Ω
(∇v ⊙ τmRm ⊗ τmRm) dΩ� (8)

The final stabilized equation is: 

	 BG + Bstab + BV MS1 + BV MS2 = 0� (9)

The non-linear term u · (∇u) can be linearized as uadv · (∇u), where uadv is an approxi-
mation approximation of the velocity field, in the present method, the velocity field at the 
previous time-step.

The original VMS formulation involves solving a fully coupled system for velocity and 
pressure, which can be computationally expensive due to the nonlinear nature of the equa-
tions and the large system size (Bazilevs et al. 2007). To reduce this cost, LS-VMS approach 
decouples the velocity and pressure fields, allowing for their independent resolution - itera-
tively - within each time step. This results in a sequence of smaller, more efficient linear 
systems rather than a single large nonlinear system.

For an incompressible flow governed by the Navier-Stokes equations, the semi-discrete 
form after applying time integration using the θ-method (with θ = 0.5, corresponding to the 
Crank-Nicolson scheme). 

	
T

xn+1 − xn

∆t
= −(Axn+1θ + Axn(1 − θ)),
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where: x represents the unknowns (velocity or pressure fields), T is the matrix accounting 
for time-dependent terms, A is the matrix incorporating spatial operators. 

	
Tu

un+1 − un

∆t
= −θAuun+1 − (1 − θ)Auun + Auppn + fu,� (11)

	
Tp

pn+1 − pn

∆t
= −θAppn+1 − (1 − θ)Appn + Apuun+1 + fp.� (12)

This formulation ensures that each sub-system is smaller enabling more efficient iterative 
solvers while maintaining accuracy. The decoupling of velocity and pressure provides sig-
nificant computational savings compared to the monolithic approach (Brooks and Hughes 
1982).

The LS-VMS formulation employed here was previously presented in (Brunelli 2025), 
where the method and its implementation were described. In (Brunelli 2025) three-dimen-
sional Taylor-Green vortex (TGV3D) is used as a benchmark to assess discretization and 
time-integration errors.

However, the primary focus of this work is not on computational efficiency, but rather 
on assessing the applicability of the method for the accurate prediction of the LSB, an area 
where VMS-based approaches have been comparatively less explored.

3  VMS Set-Up

The method has been tested on three different airfoils: the SD7003, the E387, and the DU89-
134. The SD7003 airfoil, from (Selig et al. 1989), at Re = 60 000 and AoA = 4◦ is an obvi-
ous choice due to its popularity in studying the formation of the LSB (Wiart and Hillewaert 
2012), (Calderer and Masud 2013; Schmidt and Breuer 2017; Galbraith et al. 2008; Ol et al. 
2012). The DU89-134, introduced in (Boermans and Garrel 1997), is a high L/D airfoil. It 
was originally designed for sailplanes while today it is used for HAPS applications. For this 
airfoil, the simulations are performed at Reynolds number of Re = 500 000, with an angle 
of attack 1∘ and 5∘. We are using an incompressible model, kinematic viscosity is calculated 
from Reynolds ν = (U∞c)/Re. The time step Δt is non-dimensionalized using the flow-
through time (ftt = c/U∞). It is fixed at ∆t/ftt = 1.0 × 10−3 for the case at Reynolds 
number 60 000, and at ∆t/ftt = 5.0 × 10−4 when the Reynolds number is Re = 500 000. 
For studying the LSB at Re 60 000 over the airfoil SD7003 (Calderer and Masud 2013) use 
a time step of ∆t/ftt = 2.5 × 10−3, Schmidt and Breuer (Schmidt and Breuer 2017) use 
∆t/ftt = 3.0 × 10−4, and both are using an airfoil with unitary chord length. Employing a 
time step of ∆t/ftt = 5.0 × 10−4, 2000 time-steps are needed for one flow-over.

The domain dimensions are a trade-off between simulating far-field conditions and con-
sequently not altering the flow past the airfoil, and having limited computational resources, 
which means having a feasible number of cells. VMS and RANS simulations are performed 
on a C-type domain with the same dimensions. The domain extends for 6c in front and 6c 
behind the airfoil, and is extruded by 0.2c (for the SD7003 airfoil analysis) in the spanwise 
direction, Fig. 1. The dimensions of the fluid domain are the same as the one used by (Cal-
derer and Masud 2013) who tested the 2-scale VMS on the SD7003 at Reynolds 60 000 
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and 4∘. Other authors proposed different domain sizes, see Table 1 for a comparison. (Kenji 
Takizawa and Tezduyar 2013) fixed the upper and lower boundaries of the mesh at 5c, the 
farfield at 10.5c from the midpoint of the airfoil together with an extension in the span direc-
tion of 0.1c for applying the Space-Time VMS. However, they studied near-stall conditions 
up to 18∘ and at a Reynolds number of 3 × 106. In (Frère et al. 2018) and (Schmidt et al. 
2012), wrLES are performed at Reynolds number 1.64 × 106, and the extensions in the span 
direction are much lower, respectively: 0.01c and 0.05c. 

No turbulence is introduced at the inlet, as done in (Wiart and Hillewaert 2012; Garmann 
et al. 2013; Frère et al. 2018). The far-field consists of a uniform inflow velocity [U∞, 0, 0] 
prescribed on the outer boundary. The geometry and the 2D grid were created using Gmsh 
(Geuzaine and Remacle 2009). The 2D grid consists of a C-type mesh, see the mesh in 
Fig. 2. The 2D mesh is extruded and divided into 22 layers to obtain the 3D mesh. On the 
airfoil, a wall-normal mesh growth rate of about 1.12 is used. The wall-refinement in the 
streamwise (∆x+), normal (∆y+) and spanwise (∆z+) directions are presented in Fig. 3, 
they are computed using in each point the time-averaged friction velocity uτ. These refine-
ments agree with Choi and Moin’s guidelines (Choi and Moin 2012): i.e. ∆x+ ≈ 50 − 130, 
∆y+ ≈ 1, ∆z+ ≈ 15 − 30. These conditions apply to a fully developed boundary layer in 
the presence of a zero-pressure gradient and should be considered as general guidelines. 
They are followed as a widely accepted reference for wall-resolved LES resolution require-
ments, similarly as in (Frère et al. 2018). The spatial resolutions employed in the simula-
tions for all three airfoils, are summarized in Table 2. We rely on the comparison between 
experiments and numerical results to actually ensure that transition is captured. Further-
more, at the leading edge, near the stagnation point, a singularity occurs. Increasing the 
resolution in this region amplifies the peak observed in Fig. 3, making it impossible to 
strictly satisfy these conditions there. The simulation ends after 20 ftt, corresponding to 
4 × 105 time steps. Time-average is performed between 10ftt and 20ftt, along with an 
averaging in the z direction. 

3.1  Computational Cost Considerations

Direct Numerical Simulation (DNS) provides an essentially modelling-free numerical refer-
ence. However, its computational cost is prohibitive at the Reynolds numbers considered 
here, in particular at Re = O(105). The number of grid points required for DNS of wall-

Fig. 1  Airfoil domain scheme 

1 3

   27   Page 6 of 29



Flow, Turbulence and Combustion          (2026) 116:27 

Ta
bl

e 
1 

C
-m

es
h 

do
m

ai
n 

di
m

en
si

on
 a

nd
 ti

m
e-

st
ep

 c
om

pa
ris

on
 fo

r L
ES

 si
m

ul
at

io
ns

A
ut

ho
r

ha
lf-

ci
rc

le
 ra

di
us

 [c
]

fa
rfi

el
d 

be
hi

nd
 th

e 
ai

rf
oi

l [
c]

sp
an

w
is

e 
[c

]
A

irf
oi

l
∆

t/
f

tt
R

ey
no

ld
s

Pr
es

en
t r

es
ea

rc
h

6
6

0.
2

SD
70

03
1.

0
×

10
−

3
6

×
10

4

Pr
es

en
t r

es
ea

rc
h

6
6

-
E3

87
1.

0
×

10
−

3
3

×
10

5

Pr
es

en
t r

es
ea

rc
h

6
6

0.
05

D
U

89
-1

34
5.

0
×

10
−

4
5

×
10

5

C
al

de
re

r a
nd

 M
as

ud
 (2

01
3)

6
6

0.
2

SD
70

03
2.

5
×

10
−

3
6

×
10

4

Sc
hm

id
t a

nd
 B

re
ue

r (
20

17
)

7
5

0.
25

SD
70

03
3.

0
×

10
−

4
6

×
10

4

K
en

ji 
Ta

ki
za

w
a 

an
d 

Te
zd

uy
a 

(2
01

3)
5

10
.5

0.
1

N
A

C
A

 6
4–

61
8

3.
0

×
10

−
3

3
×

10
6

Fr
ér

e 
et

 a
l. 

(2
01

8)
10

10
0.

01
N

A
C

A
44

12
2.

2
×

10
−

4
1.

64
×

10
6

1 3

Page 7 of 29     27 



Flow, Turbulence and Combustion          (2026) 116:27 

bounded turbulence scales approximately as Re9/4 (Choi and Moin 2012), while the total 
cost, including time stepping, grows even faster, typically as Re3 (Piomelli 2008).

For illustration, (Wiart and Hillewaert 2012) reported that DNS of the SD7003 airfoil 
at Re = 6 × 104 required roughly ten times the resolution of their corresponding LES (see 
their Table 1). The DNS of the NACA4412 airfoil at Re = 4 × 105 by (Hosseini et al. 
2016) employed nearly two orders of magnitude more grid points than the meshes used 
in the present LS-VMS simulations, far exceeding our available computational resources. 
These examples highlight that DNS is not a viable option for our target Reynolds number 
and geometric configuration.

4  RANS Set-Up

The RANS simulations are performed using STARCCM+ and are computed at the same 
Reynolds numbers and angles of attack as for the VMS. The fundamental difference between 
the two numerical solutions is the method. STARCCM+ solves the problem using the steady 
k − ω − SST  model coupled with the γ − Reθ transitional model. Different calibrations 
are available (Suluksna et al. 2009; Langtry et al. 2006), by default (Suluksna et al. 2009) 
is used. In (Carreño Ruiz and D’Ambrosio 2022) has been pointed out that the coefficient 
s1 can play a key role in determining the reattachment point, so different values are tested 
(s1 = 2 and s1 = 6).

The method requires a field function called free-stream-edge-function. It defines where 
the boundary layer is, with a value of 0 inside the boundary layer and a value of 1 outside, 
in the free stream. However, it is not easy to precisely know the thickness of the boundary-
layer, δ99, before running the simulation. A good estimation for turbulent boundary layer 
height it is provided by Eq. (13) as suggested by (Schlichting and Gersten 2016). 

	
δ99 = 0.37 x

Re
1/5
x

� (13)

It is worth noting that the correlation (13) is derived for fully turbulent, zero-pressure-gra-
dient flat-plate boundary layers. It is used as a practical estimate of the boundary-layer 
thickness for communication with the RANS solver. Since a turbulent boundary layer is 
always thicker than a laminar one at the same Reynolds number and streamwise location, 
this correlation provides a conservative upper bound.

Regarding the freestream value of turbulence intensity, (Schlichting and Gersten 2016) 
suggest that, based on experimental evidence, the effect for Turbulence Intensity TI < 0.1% 
is insignificant. On the other hand, (Langtry et al. 2006) sets TI = 0.027% as the mini-
mum for numerical stability. Consequently, selecting 0.027% ≤ TI ≤ 0.1% at freestream 
appears to be a sensible option for comparisons with LES simulations that use an ideal 
freestream to reduce computational costs. Following the decision taken by (Carreño Ruiz 
and D’Ambrosio 2022), the simulations use a freestream turbulence intensity of 0.03%. At 
the inlet and outlet, turbulence intensity is set equal to 0.03%, to ensure numerical stability, 
as is also done by (Carreño Ruiz and D’Ambrosio 2022).

To capture the LSB in RANS simulations, it is necessary to employ a dense mesh with 
a minimum of 100 divisions along the airfoil chord and a first cell height that allows for a 
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Fig. 3  Chordwise wall-refinement in the streamwise (∆x+), normal (∆y+) and spanwise (∆z+) direc-
tions. DU89-134, Reynolds 500 000 AoA 5∘, LS-VMS results are compared to Choi and Moin guidelines 
(Choi and Moin 2012) (gray area). The suction side data are highlighted by using a thicker line

 

Fig. 2  Mesh airfoil DU89-134 
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y+ ≤ 1, as recommended by (Menter et al. 2015). The mesh convergence study for the case 
of the DU89-134, Reynolds 500 000 AoA 5∘ are presented in Table 3 and Fig. 4. 

5  Results

5.1  SD7003 Validation

The SD7003 airfoil at Reynolds 60 000 and AoA 4∘ is one of the most popular airfoils 
for studying LSB and the capability of the numerical method of capturing it. In Fig. 5a, 
the Cf and Cp results obtained with the LS-VMS are compared with the LES proposed by 
(Galbraith et al. 2008), the two-scale VMS (Calderer and Masud 2013), DNS performed 
in (Wiart and Hillewaert 2012; Carreño Ruiz and D’Ambrosio 2022), PIV measurements 
(Ol et al. 2012; Tangermann et al. 2017), pressure taps and Oil Film Interferometry (OFI) 
(Sutton 2015). RANS simulations have been carried out using the Suluksna-Juntasaro cali-
bration, (Suluksna et al. 2009) with the standard value s1 = 6. As noted in (Carreño Ruiz 

Table 2  Mesh characteristics for les case of SD7003, E387, and DU89-134
Case ∆y0/c (wall-normal) ∆x/c (curvilinear coordinates) ∆z/c

SD7003 1.5 × 10−4 6.7 × 10−3 9.1 × 10−3

E387 2.5 × 10−5 6.7 × 10−3 -

DU89-134 (M) 1.7 × 10−5 5.0 × 10−3 3.1 × 10−3

Table 3  DU89-134, Reynolds 500 000 at 5∘ RANS convergence analysis
Mesh Setting Coarse Medium Fine Very Fine
Number of Cells 4.51 × 104 1.88 × 105 8.90 × 105 1.15 × 106

Number of Prism Layers 25 30 35 38
Divisions along the airfoil chord 50 100 200 225
Average y+ 0.46 0.57 0.27 0.25

Fig. 4  RANS convergence analysis
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and D’Ambrosio 2022), the RANS solution strongly depends on the parameter s1. It can be 
changed to move the reattachment point, Fig. 6a, so, also use the value s1 = 2 is used, since 
it leads to a better prediction for this specific case. 

All the numerical methods identify the separation point at the same location: xsep

c ≈ 0.2. 
Different experimental techniques, PIV (Ol et al. 2012), and OFI (Sutton 2015), locate it in 
two different positions, 4, where the PIV result is closer to the numerical results. 

Fig. 5  Pressure and friction coefficients for SD7003 at Reynolds 60 000 and 4∘
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The main discrepancies arise in the location of the transition and reattachment point. 
Galbraith tends to predict reattachment too close to the leading edge, while VMS predicts 
reattachment closer to the trailing edge than DNS. It is reassuring that two independent 
VMS implementations derived from the VMS locate the reattachment precisely at the same 
spot. The differences are in the transition point and the bubble length.

Analyzing the overall aerodynamic performances CL and CD, Table 4 the differences 
between all the methods are limited, proving that the VMS can be used on transitional 
airfoils to predict aerodynamic performances. The CL is calculated correctly and perfectly 
aligned with the DNS results. The CD is overestimated compared to both LES and VMS. In 
conclusion, LS-VMS can detect the LSB on the suction on the airfoil and provide an estima-
tion of the aerodynamic coefficients. The pressure distribution curves, Fig. 5b, are in general 
agreement with each other. The experimental values from pressure taps (Sutton 2015) reveal 
a less steep pressure decrease after the bubble reattaches, and numerical methods tend to 
predict a stronger suction peak in the proximity of the leading edge. It is important to note 
that discrepancies between experimental and computational results do not necessarily indi-
cate that the measurements are inaccurate. Instead, obtaining reliable experimental data for 
this case is inherently challenging due to its strong dependence on the experimental setup. 
Similarly, computational results are highly sensitive to numerical and modeling choices, as 
evident from the observed variations. The overall sensitivity of the case leads to a significant 
spread in results, highlighting the difficulty of achieving consistent agreement between dif-
ferent approaches.

RANS models need to be calibrated using LES and DNS, or experiments where avail-
able, to obtain better results. For example, (Carreño Ruiz and D’Ambrosio 2022) showed 
how a value of s1 = 6 causes the reattachment point to retract and be closer to the location 
predicted with the LES and VMS.

Lastly, the velocity profiles in vertical planes at different locations on the top side of the 
airfoil are extracted and compared with published results. Figure 6 shows the comparison 
between the velocity obtained with the LS-VMS and the wrLES published by (Schmidt and 
Breuer 2017), showing a very close agreement. 

The profiles of the Reynolds stress tensor (u′ u′)/U2
∞ are reported in Fig. 7 for 

x/c = [0.40, 0.44, 0.48, 0.52, 0.56, 0.60]. The results are compared with the WR-LES sim-
ulation of (Schmidt and Breuer 2017) as well as experimental measurements of (Windte et 
al. 2006) (WIW) and (Hain et al. 2009) (WAH). Overall, both the shape and magnitude of 
the profiles agree well. However, the LS-VMS tends to predict larger off-wall stress levels, 
which may reflect differences in the reference conditions. In particular, Hain 2009 report a 

xsep

c

xreatt

c
CL CD

LS-VMS (present study) 0.23 0.690 0.601 0.0236
Suluksna-Juntasaro 0.184 0.743 0.600 0.0257
LES (Galbraith et al. 2008) 0.23 0.65 0.59 0.021
VMS (Calderer and Masud 2013) 0.222 0.665 - -
DNS (Wiart and Hillewaert 2012) 0.209 0.654 0.602 0.0196
PIV (Tangermann et al. 2017) 0.286 0.783 - -
PIV (Ol et al. 2012) 0.18 0.58 - -
Experiments: pressure taps and 
OFI (Sutton 2015)

- - 0.57 -

Table 4  Aerodynamic coef-
ficients and LSB characteristics 
for different models, SD7003 
Reynolds 60 000 and 4∘
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higher Reynolds number (Re = 66 000), and Schmidt 2017 employ an incoming turbulence 
intensity of TI = 0.28%. 

Figure 8a shows the iso-surfaces of the Q-criterion, which highlight the vortical struc-
tures forming in the separated shear layer over the suction side of the SD7003 airfoil. The 
roll-up of the shear layer into coherent vortices and their subsequent breakdown into smaller 
scales can be clearly identified, marking the transition from laminar to turbulent flow above 

Fig. 7  SD7003 at Reynolds 60 000 and 4∘ total Reynolds stress, comparison with WR-LES simulation 
of (Schmidt and Breuer 2017), experimental measurements of (Windte et al. 2006) (WIW) and (Hain et 
al. 2009) (WAH)

 

Fig. 6  SD7003 at Reynolds 60 000 and 4∘ velocity profiles compared to WR-LES results (Schmidt and 
Breuer 2017)
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the LSB. Extremely similar structures have been published by (Uranga et al. 2011; Calderer 
and Masud 2013; Galbraith et al. 2008). Figure 8b presents the instantaneous spanwise vor-
ticity field ωz, similarly as in (Uranga et al. 2011; Galbraith et al. 2008). The separated shear 
layer is visible as a region of concentrated vorticity just above the suction surface, with 
alternating bands indicating the presence of Kelvin–Helmholtz instabilities. Downstream 
of reattachment, the vorticity field becomes increasingly irregular, confirming the develop-
ment of a turbulent boundary layer. Together, the Q-criterion and ωz visualizations provide 
qualitative evidence of the transition process across the LSB. 

5.2  E387 Validation

The Eppler 387 airfoil coordinates have been taken from (McGhee et al. 1988) and this 
airfoil has been chosen as further validation due to its well-documented LSB. The simula-
tions are performed at Reynolds number 3 × 105 and AoA = 1◦ as in (Carreño Ruiz and 
D’Ambrosio 2022; Catalano and De Rosa 2020). The time-averaged Cp distribution is com-
pared with experimental results from (McGhee et al. 1988), and it assess further the ability 
of iLES to predict the formation of the LSB, Fig. 9. Both 2D and 3D simulations are con-
ducted. The final time-step solution of the 2D simulation has been used to initialize the 3D 
simulation. The 3D computation is initialized by extruding the converged 2D solution in the 
spanwise direction. No artificial 3D perturbation is added: the initial spanwise velocity com-
ponent is set to zero. After a short initial transient, during which the intrinsic instability of 

Fig. 8  Instantaneous Q-criterion iso-surfaces and wz display for SD7003 at Reynolds 60 000 and 4∘
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the separated shear layer grow, the flow becomes fully three-dimensional. This transient is 
discarded when collecting statistics. Both for 2D and 3D simulations the time-step adopted 
is ∆t = 0.001 Figure 1.5 shows a generally good agreement in the Cp distribution between 
the 2D and 3D simulations. However, notable differences arise due to the absence of span-
wise effects in the 2D simulations. It is well established that 2D unsteady NS simulations 
are often considered inadequate, as the spanwise component plays a crucial role in flow 
development. In the case of the LSB, the primary differences between 2D and 3D simula-
tions could derive from the influence of spanwise flow structures, which affect transition and 
reattachment mechanisms. A key feature in the 2D Cp distribution is the plateau followed by 
a localized pressure suction peak at x/c ≈ 0.7. This peak is a characteristic artifact of purely 
2D simulations, as previously observed in (Koning et al. 2023), and is attributed to the 
lack of spanwise breakdown of vortical structures. Without the third dimension, the vertical 
structures in 2D have no means to diffuse into 3D structures, resulting in prolonged vortex 
convection compared to the 3D case. By contrast, the 3D simulation captures a smoother 
transition, with the characteristic pressure plateau followed by a more gradual drop, which 
is an indication of the development of an LSB. The ability of the 3D simulation to correctly 
predict this feature highlights the importance of resolving spanwise instabilities in capturing 
the true physics of transitional flows. These differences further emphasize the limitations of 
purely 2D approaches for flows involving separation, transition, and reattachment. 

5.3  DU89-134

This research aims to use VMS to investigate the performance of high L/D ratio airfoil, test-
ing specifically the DU89-134 (Boermans and Garrel 1997). The testing conditions are at 

Fig. 9  Time averaged Cp on the E387 airfoil at Reynolds number 3 × 105 and AoA = 1◦ 2D and 3D 
simulations. Comparison with experimental results from (McGhee et al. 1988)
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Re = 500 000 at AoA = 1◦, 5◦. Figure 10 shows the average velocity field and the detail of 
the recirculating bubble on the suction side, and Fig. 11 shows the instantaneous spanwise 
vorticity and average velocity profiles. 

5.3.1  CL, CD, Separation, and Reattachment

As can be seen in Figs. 12 and 13, the average pressure and shear stress distributions obtained 
with the LS-VMS are compared to those obtained with RANS coupled with the transitional 
model using the Suluksna-Juntasaro correlation (Suluksna et al. 2009), the RANS results 
obtained with ANSYS in (Avirovic et al. 2023), XFOIL simulations. In Fig. 12 are also 
marked the separation and reattachment point detected experimentally using InfraRed Ther-
mography (IRT) (Avirovic et al. 2024). Experiments are carried out in the Royal Military 
Academy open-circuit low-speed and low-turbulence wind tunnel. More details about the 
wind tunnel facility can be found in (Avirovic et al. 2023). Table 5 presents a comparison of 

Fig. 11  DU89-134 at Re = 500 000, AoA 5∘ instantaneous spanwise vorticity and average velocity 
profiles

 

Fig. 10  DU89-134 at Re = 500 000, AoA 5∘ time-averaged velocity field
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CL, CD, and the locations of separation and reattachment points at angles of attack 1∘ and 5∘, 
for all the aforementioned numerical and experimental methods. 

Both at 1∘ and 5∘, XFOIL fails in predicting separation and reattachment. While the 
XFOIL solution shows a slightly negative skin–friction coefficient on the upper surface, 
the values remain extremely small (of order 10−4) and nearly flat. Such behaviour does not 
represent a resolved separation bubble: XFOIL does not predict a meaningful separation 
or reattachment point for this case. This is a direct consequence of its formulation: XFOIL 
couples a linear-vorticity panel method with an integral boundary-layer solver and an eN 
transition criterion, and is therefore limited to a two-dimensional viscous–inviscid interac-
tion framework (Drela 1989). While it has proven effective for rapid analysis and design of 
low Reynolds number airfoils (Drela 1988), it cannot capture the inherently three-dimen-
sional mechanisms involved in the breakdown of a LSB, such as spanwise instabilities, 
vortex roll-up, and secondary flows. These processes strongly influence transition onset and 
reattachment, and their absence in XFOIL often leads to discrepancies with experimental 
measurements or high-fidelity CFD simulations (Gunel et al. 2016; Morgado et al. 2016).

An additional aspect to consider is the choice of the transition amplification factor ncrit, 
which directly relates to the free-stream turbulence intensity of the environment where the 
airfoil is tested. In XFOIL, ncrit effectively sets the receptivity of the boundary layer to 

Fig. 12  DU89-134, Reynolds 
500 000 AoA 1∘, STARCCM+ and 
VMS
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external disturbances. Using the relation presented in (Van Ingen 2008), ncrit = 10 cor-
responds to a turbulence intensity of approximately 0.11%, which is close to the value of 
wind tunnel facility used for experiments. Therefore, the selection of ncrit is fundamental to 
ensure consistency between numerical predictions and experimental conditions. The XFOIL 
computations were carried out using 400 surface panels, with additional refinement applied 

Table 5  DU89-134, Reynolds 500 000 VMS and RANS results
AoA [∘] xsep

c

xreatt

c
CL CD

XFOIL 1 - - 0.34 0.0119
RANS (STARCCM+) 1 0.60 0.72 0.342 0.0102
RANS (Avirovic et al. 2023) 1 0.60 0.72 0.41 0.0108
VMS 1 0.60 0.76 0.351 0.0095
Experimental (Avirovic et al. 2024) 1 0.63 0.77 - -
XFOIL 5 - - 0.992 0.00959
RANS (STARCCM+) 5 0.58 0.67 0.776 0.0146
RANS (Avirovic et al. 2023) 5 0.55 0.69 0.79 0.013
VMS 5 0.57 0.80 0.789 0.0127
Experimental (Avirovic et al. 2024) 5 0.61 0.74 - -

Fig. 13  DU89-134, Reynolds 
500 000 AoA 5∘, STARCCM+ and 
VMS
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along the upper surface. For the DU89-134 airfoil, LS-VMS is proven to be capable of pre-
dicting the LSB on the suction side of the airfoil. Separation points location do not appear 
to vary significantly with different methods. In general, its locations vary with respect to 
the IRT results by less than 5%. In the specific case of DU89-134, the main differences 
arise after the transition point. RANS anticipates the location of the reattachment compared 
to VMS and experiments, leading to a shorter LSB. This effect translates into a higher 
CD. For the 5∘ case, RANS predicts a reattachment followed by another separation. Using 
the Suluksna-Juntasaro correlation method and not modifying the RANS parameters in the 
γ − Reθ model the reattachment point could be shifted downstream, as in the SD7003, or 

upstream, in this case. The derivative 
dCf

dx
 at reattachment location is higher in RANS than 

in LS-VMS for both cases. For 1∘ the LS-VMS is predicting reattachment within 1% error 
compared with IRT experiments. For the 5∘ the reattachment point for LS-VMS is delayed 
by 6% in the LS-VMS prediction in comparison with the IRT location. The main explana-

tion can be that, as mentioned before, the 
dCf

dx
 is approaching zero between 0.75c − 0.85c.

In consideration of the cases seen and viewed, numerical methods (VMS, RANS, LES) 
do not encounter specific difficulties in predicting the separation point, for all the cases 
there is always a substantial agreement. The main difference between the methods is in the 
identification of the reattachment location.

RANS models struggle fundamentally with LSBs due to their closure assumptions and 
empirical basis. Even transition-sensitive RANS formulations, such as the γ–Reθ model, 
rely on empirical correlations for the transition onset and length based on flat-plate or 
attached boundary-layer data (Langtry et al. 2006). When applied to separated transitional 
flows, these correlations can become unreliable, often leading to inaccurate predictions of 
bubble length, reattachment location, and pressure recovery (Celik et al. 2008). By con-
struction, therefore, RANS are not able to always resolve accurately the underlying insta-
bility mechanisms. This motivates the use of higher-fidelity approaches such as LES or 
LS-VMS, which explicitly resolve the shear-layer instabilities and their nonlinear break-
down into turbulence.

5.3.2  Velocity Profiles and Hot-Wires Anemometry

The velocities in the x direction along vertical planes at different locations on the upper side 
of the airfoil are extracted, time and span averaged, and compared with the experimental 
results obtained with the hot-wire anemometry technique.

The results in Fig. 14 show close agreement between the experimental and the numeri-
cal data. However, in practice, with hot-wire anemometry, it is challenging to have the first 
measuring point exactly attached to the wall, especially in the transitional/turbulent region. 
Furthermore, the hot wire is an intrusive technique, which alters the flow, and this can be 
a reason of the minor discrepancies with the LES results. Despite these challenges, the 
strong agreement between the LES and experimental profiles outside the near-wall region 
reinforces the accuracy and reliability of the numerical method in capturing key flow char-
acteristics. The ability of LES to resolve the near-wall dynamics without experimental intru-
siveness further highlights its advantage in studying complex boundary layer phenomena. 
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Fig. 14  Comparison of the velocity profiles at several chordwise positions on the suction side between the 
present VMS and hot-wire measurement
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5.3.3  Kinetic Energy Spectra

The turbulent kinetic energy spectra in Figs. 15 and 16 are obtained at different chord-
length locations. For each, the analysis is performed by collecting data at multiple points 
aligned along the spanwise direction (z-axis) and averaging these measurements to obtain 
representative energy spectra. Four distinct spectra are reported for the 2 configurations of 
the DU89-134 airfoil. The spectrum at x/c = 0.6 has a turbulent kinetic energy of 6 order 
of magnitude less than the others, clearly indicating laminar flow. 

The spectra at x/c = [0.7, 0.8, 0.9] are computed at y+ ≈ 220. They do not yet display a 
fully developed −5/3 inertial subrange; however, the broadening of energy towards higher 
frequencies and the steepening of the decay are clear indicators of a flow undergoing transi-

Fig. 15  DU89-134, Reynolds 500 0001◦ kinetic energy spectra. The spectrum serves as a diagnostic of 
flow state and numerical dissipation; the −5/3 slope is shown as a reference. (a) Turbulent kinetic energy 
on the suction side of the airfoil and spectra locations. (b) TKE spectra
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tion. Our intent is to use the spectra primarily to discriminate between laminar and turbulent 
regions across the LSB. Similarly to the observations of (Garmann et al. 2013), a limited 
−5/3 trend can be identified downstream of reattachment, whereas upstream, in the lami-
nar portion of the flow, no such scaling appears. The spanwise averaging of the measure-
ments enhances the statistical reliability of the results and provides a robust validation of 
the numerical approach.

Fig. 16  DU89-134, Reynolds 500 0005◦ kinetic energy spectra. The spectrum serves as a diagnostic of 
flow state and numerical dissipation; the −5/3 slope is shown as a reference
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6  Mesh and Time Sensitivity

Mesh and time sensitivity have been performed for Re = 500000 AoA = 1◦, 5◦. A slight 
dependence of CL and CD on mesh resolution and time step is observed, but the overall 
trends remain consistent, suggesting that the solution is nearly grid- and time-converged. 
Figure 17 reports the Q-criterion isosurfaces for different mesh resolution. 

6.1  Mesh Independence Study

M - medium, C - coarse, F  - fine, SF  - super fine - meshes have been tested, Table 6. Mesh 
sensitivity analysis has been studied for the case Reynolds number 500 000, AoA 1∘. In all 
cases, the condition y+ < 1 over the airfoil is ensured. 

6.2  Time Independence Study

The same case used for mesh independence has been used for studying the dependence 
of the results on the time step using the M mesh. At higher Reynolds numbers, the char-

Fig. 17  DU89-134, Reynolds 500 000 5◦ Q-criterion isosurface for Q = 500 for different meshes
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acteristic time scale reduces, so it is worth testing it. Results are shown in Table 7 where 
∆t > 1 10−3 simulations are diverging. 

Although time integration is implicit, practical stability and accuracy constraints still 
apply due to the finite element spatial discretization and flow physics. Classical von Neu-
mann stability analysis holds only in idealized cases (linear PDEs, uniform grids, periodic 
boundaries) and does not extend to realistic finite element schemes and unsteady nonlinear 
flows. Moreover, stability remains closely tied to dimensionless parameters such as the 
Courant and the local Péclet number. For example, (Bazilevs et al. 2007) uses a very small 
time-step, of the order of 0.2 the adective Courant number.

It is likely due to a violation of the CFL, even though iLES employs an implicit time-
stepping, which relaxes the strict CFL constraint that explicit schemes have, the numerical 
stability is still affected when Δt is too large.

It is also investigated whether the time interval of 10ftt is enough to obtain conver-
gent results, Table 8. Aerodynamic coefficients and the separation point location converge 
quickly, as the results are also averaged in the spanwise direction. 

The sensitivity analysis shows that as the mesh is refined, CD varies by approximately 
2–3%, while CL and the separation point location remain largely unchanged.

Table 7  Time sensitivity analysis DU89, Reynolds 500 000, AoA 1∘

dt[s] 2.0 × 10−3 1.0 × 10−3 5.0 × 10−4

CL diverged 0.3514 0.3511
CD diverged 0.00950 0.00911
Separation [x/c] diverged 0.60 0.60
Reattachment [x/c] diverged 0.76 0.73

C C M M
ftt 10 20 10 20
CL 0.3538 0.3539 0.3516 0.3514
CD 0.00910 0.00915 0.00939 0.00950
Separation [x/c] 0.60 0.60 0.60 0.60

Table 8  Time average sensitiv-
ity analysis DU89, Reynolds 
500 000, AoA 1∘

 

Mesh settings C M F SF
Airfoil divisions 150 200 200 300
Z divisions 12 16 22 16
First cell height [m] 4.8e-6 2.8e-6 1.6e-6 1.6e-6
CL 0.3539 0.3514 0.3504 0.3519
CD 0.00915 0.00950 0.00929 0.00947
Separation [x/c] 0.60 0.60 0.60 0.60
Reattachment [x/c] 0.77 0.76 0.76 0.75

Table 6  Mesh sensitivity analy-
sis DU89, Reynolds 500 000, 
AoA 1∘
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7  Conclusion

This study investigated the feasibility and accuracy of predicting the development of LSB 
on airfoils at low-Reynolds-number using the LS-VMS, in comparison with traditional 
approaches (RANS). The numerical method was validated against experimental data for 
well-known airfoils, specifically the SD7003 and E387, demonstrating its capability to 
accurately predict the LSB creation and transition phenomena and highlight the limits of 
simple and fast 2D approaches.

The main novelty of this study was focusing on the DU89-134 airfoil, which is of inter-
est for HAPS applications. The numerical results, compared with experiments, confirm that 
the VMS method effectively predicts the separation and reattachment locations, aerody-
namic coefficients, and boundary layer characteristics, strengthening its applicability for 
airfoil analysis in this context. The spectral analysis of the turbulent kinetic energy shows an 
approximate −5/3 trend over a limited range of frequencies after the reattachment point, in 
agreement with earlier investigations (Garmann et al. 2013). While not indicative of a fully 
developed inertial subrange, this behaviour is consistent with the expected dynamics of the 
transitional shear layer and lends confidence to the robustness of the method. Additionally, 
the mesh and time sensitivity analysis revealed that the aerodynamic coefficients and sepa-
ration point location remain largely stable under refinement, with CD varying within 2–3%. 
These findings suggest that the linearized VMS method provides an efficient and accurate 
alternative to traditional methods for studying low-Reynolds-number airfoils.

As a future direction, the adjoint method could be integrated into the framework to 
enable aerodynamic shape optimization, improving the design of airfoils for HAPS appli-
cations. Additionally, extending the approach to fully three-dimensional simulations and 
investigating its performance under freestream turbulence conditions would further enhance 
its applicability.
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