
Fourth International Symposium on Marine Propulsors 
smp’15, Austin, Texas, USA, June 2015 

 

Direct Numerical Simulation of the laminar to turbulent transition on a 
hydrofoil  

 

A. Ducoin1*, J.C. Loiseau2 and J.C. Robinet2 
 

1
LHEEA laboratory, Ecole Centrale de Nantes, 44300 Nantes, France 

2
DynFluid laboratory, ENSAM ParisTech, 75013 Paris, France 

 

ABSTRACT  
The laminar-turbulent transition on a hydrofoil is 
investigated using a spectral element, incompressible code. 
A SD7003 foil section was chosen to compare with 
experimental measurements for validation of the overall 
characteristics of the Laminar Separation Bubble (LSB). 
The Reynolds number is increased from a fully laminar case 
(Re=5,000), to a partially transitional case (Re=20,000) and 
up to a fully transitionnal case (Re=60,000). The physical 
mechanism that leads to transition is investigated, and the 
hydrofoil characteristics are then analyzed through the 
evolutions of the lift and drag coefficients. The aim of this 
work is to get a better knowledge on the prediction of 
laminar separation induced transition for model testing of 
hydrofoil and propeller geometries.  
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1 INTRODUCTION 
 

The transition to turbulence on marine structures such as 
propellers and control surfaces mainly occurs in the case of 
model testing, where reduced scale geometries and 
operating conditions in experimental facilities lead to lower 
Reynolds number between the prototype and the model 
scales. At real scale, transition has been mostly investigated 
in aerodynamic with Micro Air Vehicles because it can 
takes place on more than 50% of the wing, hence have a 
direct key role in the flight [1]. However, this phenomenon 
can also appears at higher Reynolds numbers on laminar 
sections, designed in the marine industry for the propeller 
blades, which promote a laminar boundary-layer flow along 
the chord [2].  
 

Typically, this transition occurs at low to moderate 
Reynolds numbers and is triggered by a laminar separation 
and a reversed flow, due to an adverse pressure gradient. 
The development of the turbulent flow, which causes a 

momentum transfer in the wall normal direction, allows the 
flow to reattach, to form a so called laminar separation 
bubble (LSB) [3]. Downstream of the LSB, the flow is 
usually highly unsteady and is governed by several complex 
mechanisms that lead to transition to turbulence. It has been 
shown that such transitional region can significantly reduces 
the hydrodynamic performances and be responsible for 
noises and vibrations [3]. This region can also promote 
cavitation inception and development, thus further reducing 
the performances. For higher Reynolds numbers (i.e. 
laminar propellers sections), it was shown that a very strong 
and localized vortex region may occur and affect the 
pressure distribution [4]. 

The objectives of the paper are to investigate 
numerically the different physical mechanisms responsible 
for transition to turbulence of a separated boundary layer 
flow around a hydrofoil, and to analyze the modification of 
hydrodynamic characteristics due to the presence of the 
laminar separation and associated fluctuations. A SD7003 
hydrofoil is chosen because it has been investigated in detail 
in aerodynamics for a range of Reynolds numbers inducing 
transitional flows (20 000<Re<66 000). The angle of 
incidence is α=4°, which indicates a recirculation zone and 
a turbulent reattachment near the trailing edge. Three-
dimensional direct numerical simulations (DNS) are 
performed with the Nek5000 code, solving the 
incompressible Navier-Stokes equations by a spectral 
elements method.  

The computations are first validated for 2D laminar 
cases (2 000<Re<10 000). A gradual increase of the 
Reynolds number is then used to study first a partially 
transitional case at Re = 20 000, where the transition is 
observed at the hydrofoil trailing edge. A fully transitionnal 
case is then investigated at Re=60,000. The computations 
are compared with experimental results. The LSB is 
characterized and the unsteady behavior downstream the 
bubble is analyzed using λ2 vizualization to identify the 
coherent vortex structures.  Finally, the hydrodynamic 



characteristics are analyzed and the influence of the laminar 
separation bubble is discussed at the end of the paper. 

2 Numerical methods 
 

This section provides the general governing 
equations used to predict the transitionnal flow, followed by 
a presentation of the spectral element method.  

 

2.1 Governing equations 
 

The flow is considered as three-dimensional and 
incompressible and is described by the Navier-Stokes 
equations: 

U �	��� ⋅ �	� � �
 � 	�	��Δ� 

                          � ⋅ � � 0   

where � � ��, �,�	� is the velocity vector and 
 the 
pressure term. In the equations, the SD7003 foil dimensions 
are made nondimensional using the chord length �. The 
velocity is non-dimensionnalized by the upstream velocity 
�� and the flow conditions are set according to the 
Reynolds number � � ���/�, where � is the kinematic 
viscosity. 

 

2.2 Direct Numerical Simulation method 
 

The DNS code used in this study is Nek5000. It 
has been developped at Argonne National Laboratory [5]. It 
is based on the spectral elements method (SEM). The 
physical domain is discretized into spectral elements, and 
the velocity is defined on Gauss-Lobatto-Legendre  nodes 
whereas the pressure field on Gauss-Legendre nodes. The 
solution to the Navier-Stokes equations is then 
approximated in each element as a sum of Lagrange 
interpolants defined by an orthogonal basis of Legendre 
polynomials up to degree �.  The computations are 
performed with elements order from � � 4 up to 8, 
depending on the Reynolds number considered. Since a 
staggered grid is use for the pressure, no pressure boundary 
condition is set, which is referred to as a ℙ� � ℙ��� 
discretization. The time-discretization is semi-implicit: the 
convection terms use a third order extrapolation, while the 
viscous terms are discretized using a third order backward 
Euler. Nek5000 uses a standard MPI for parallelism and the 
calculations are performed on up to 1024 processors. 

 

3 Numerical setup  
 

3.1 Computational domain 
 

As shown by figure 1, two computational domains 
are considered, both being of C-type. A non-confined 2D 
mesh, characterized by a height of 12c and a length of 15c, 
is used for the validation of laminar cases (5,000 ! � !

10,000). The Reynolds number � � ���/� is obtained by 
changing the upstream velocity �� . A three dimensional 
mesh with confinement is used to study the transitional 
cases (� � 20,000	and	60,000, see figure 2), where the 
height of the tunnel section is 1.2�. It represents a blocking 
effect of 10% at ) � 4∘ angle of attack. The domain length 
is 9� and the span is 0.2�, which is found to be sufficient to 
take into account the 3D effects, as observed numerically by 
[6]. These dimensions are set in order  to compare with the 
experimental works of [7]. A velocity condition is set at the 
inlet, and �� ⋅ , � 0 is set at the outlet. To reduce the CPU 
time, symmetries are set on the horizontal walls, whereas a 
no-slip condition is set on the wing surface. A periodic 
boundary condition is set on the vertical side planes of the 
3D domain.  

To capture the physic of transition and the 
corresponding vortex flow, refinements are performed at the 
leading edge, the trailing edge and in the close wake. It has 
to be noted that the DNS code is semi-implicit. It then 
requires the CFL number to be strictly inferior to 0.78. 
Consequently, we have set CFL ~ 0.5. 

 

 

 

 

 

 

 

 

 

 

  

Figure  1: Computational domain of the SD7003 wing. 

   

 

 

 

 

 

Figure 2: 3D confined mesh, order 4 

Table 1 summarizes the different meshes tested. 
The mesh is modified according to the number of elements 
along the hydrofoil chord �-, and in the wake �.. The finer 



2D laminar case mesh is composed by 70 spectral elements 
along the suction and pressure sides of the wing, 100 
elements in the wake and 45 elements are set between the 
wing and the horizontal walls. The 3D mesh is finer, where 
100 elements are set on the suction and pressure sides and 
130 elements are set in the wake. The span is discretized 
with 10 spectral elements, which are set in order to obtain 
Δ,/Δ/ 0 1 along most of the wing surface. The boundary 
layer mesh is kept constant and is composed of 25 elements 
in the wall-normal direction. The first cell size has been set 
in order to obtain 12 � 134/� 0 1 for � � 60,000. The 
mesh parameters for the DNS calculation at � � 60,000 
are 12 ! 1, ,2 0 /2 0 5 with about 78 millions degrees of 
freedom.  

 

Mesh  Nh Nw Ne Order DOF 

2D 50 50 6400 4         

6 

102,400 

230,400 

2D 70 100 11500 4         

6 

184,000 

414,000 

3D 

confined 

100 130 153000 4              

6         

8 

9,792,000 

33,048,000 

78,336,000 

Table  1: Parameters of the 7 different meshes tested 

 

3.2 Sensivity analysis 
 

Based on this set up, a mesh sensitivity analysis is 
performed for the 2D case. The influence of the number of 
elements and of the order of Legendre polynomials used is 
investigated for a laminar Reynolds number � � 5,000. 
The objective is to set a mesh that is able to simulate 
accurately the flow at the lower Reynolds number (� �

5,000 with 45- order), which can be used as an input of the 
transitional Reynolds number cases where the element order 
is increased accordingly (65- order then 8th order for the 
higher Reyolds number). As an example, Figure 2 shows 
the mesh used for the 3D, confined case with 4th order 
elements. 

Figure 3 shows the velocity field for some of the meshes 
reported in table 1. The flow is quasi-stationary around the 
wing and detaches around 0.35c from the leading edge in all 
cases. von Kármán vortices are observed in the wake, and 
are not correctly captured by the coarser mesh at the 45- 
order as can be seen on figure 3(a). This figure 
demonstrates that an increase of the order of the Legendre 
polynomials results in a better prediction of the vortex flow, 
as highlighted in figure 3(b) and (c). The fine mesh provides 
an accurate prediction of the velocity field for each order 
tested. 

 

 

 

 

 

 

 

 

 

 

Figure  3: Mesh convergence study: effect of number of 
elements and of the confinement on the velocity field at 

� � 5000. 

A mesh sensitivity analysis is performed for the boundary 
layer characteristics, as shown in figure 4. The results are 
compared with the potential flow code Xfoil [8]. The 
momentum and displacement thickness are accurately 
predicted for the generated meshes up to 6/� � 0.7, and 
some errors are observed for the coarse mesh due to the 
wrong prediction of the wake (see figure 3).  

 

 

 

 

 

 

 

 

 

Figure  4: Effect of number of elements on boundary layer 
characteristics � � 5000. 

 

4. Results 
 

4.1 Laminar case, 89 � :;, ;;; 
 

The spectral element method is first validated for a laminar 
case (� � 10,000) for which LES results are available in 
the litterature [6], where a high order numerical method 
based on Galerking interpolation with finite elements 
discretization has been used.. The mesh used for the LES 
was 2D and made of 4,400 elements of 3rd order, resulting 
39,600 high order nodes. As a comparison, the present 2D 
mesh of the DNS calculation is made of 11,500 elements of 
order 6, resulting in a total of 414,000 degrees of freedom.  

The hydrofoil performances are first validated. Figure 5 
shows that the lift coefficient compares well with the LES 



calcculations. The amplitudes and the period of von- 
Kármán vortex sheddings are almost the same. 

Comparison of the boundary layer characteristics are shown 
in figure 6. A very good agreement is observed between the 
current DNS computation and the LES computations of [6], 
in particular the non-linearities near the trailing edge due to 
boundary layer unsteadiness, where the potential code Xfoil 
becomes less accurate because of boundary layer 
separation. 

 

 

 

 

 

 

 

 

Figure  5: Lift coefficient, (a) present computation with 
Nek5000, (b) LES computation of [6] at � � 10,000  

 

 

 

 

 

 

 

 

 

 

Figure  6: Comparison of boundary layer characteristics (a) 
and skin friction coefficient (b), at � � 10000 in the 

infinite domain. 

 

4.2 Characterization of transition, 89 � =;,;;; � >;, ;;; 
 

Three-dimensional computations are carried out for two 
transitional Reynolds number in a confined domain. The 
Reynolds number is increased progressively in order to 
observe 3D effects and the development of turbulent flow. 
The � � 5,000 case is used as an input for the � �

10,000 case, which in turn is used as an input of the 
� � 20,000 case, as for the case Re=60,000. The non 
dimensional spanwise vorticity (?@�A � ?B�/��) is shown 
on figure 7. The flow is the same between 2D and 3D 
calculations for � � 5,000 as shown by figure 7(a). As a 
consequence, at this Reynolds number, the von Kármán 

vortices are fully two-dimensional, as shown by the 
spanwise plane taken at 1 � 0.05�. The � � 10,000 case 
is also similar to the 2D case, but small three-dimensional 
effects can be observed in the wake in the spanwise 
direction as illustrated on figure 7(b). For � � 20,000 
(figure 7(c)), the flow is significantly different. Three-
dimensional effects are observed at 6/� � 0.7. A complex, 
multi-scaled flow then occurs that is the consequence of 
transition near the trailing edge and of the progressive 
breakdown to turbulence in the wake. We can also observe 
that the vortical structures convecting down to the trailing 
edge are still coherent enough to form von Kármán vortices 
in the wake by the interaction with a trailing edge vortex. At 
Re=60,000 (Figure 7 (d)), the flow transitions at about the 
mid chord and small scales are observed that are the 
consequence of the development of turbulent boundary 
layer flow. The wake is not organized anymore, meaning 
that the interaction with the trailing edge is reduced. 

Table 2 summarises the global LSB characteristics that are 
compared with two sets of measurements taken from [7]. 
Separation (,C) and reattachment (,D) points are taken with 
the null skin friction coefficient, the LSB length (EF) is 
defined as the distance between those two points and the 
LSB height (GC) is the maximum height obtained by the HII 
criterion. The present computation agrees well with the 
experiments. The separation and reattachment points are 
slightly advanced for the two Reynolds considered, and the 
LSB length compares well with experiments. The LSB 
height is within the range of the experimental values as 
well. It has to be noted that the higher differences are 
observed for Re=20,000, where the transition and 
reattachment are not clearly identified along the chord. 

 
Parameters DNS Exp. [7] DNS Exp. [7] 

Re=20,000 Re=60,000 

Separation 

point 

0.39c 0.4c 0.36 0.390 

Reattachment 0.75c 0.775c 0.52 0.515 

LSB length 0.36c 0.375c 0.16 0.13 

LSB height 0.062c 0.0735c 0.023 0.0235 

Table  2: LSB characteristics, comparison with PIV 
measurements 

4.3 Physical analysis of laminar to turbulent transition, 
89 � =;, ;;; � >;, ;;; 

 

The scenario of laminar-turbulent transition is detailed in 
Figure 8 and 9 for the two transitionnal cases. The 
instantaneous non-dimensional spanwise vorticity (?@�A), 
together with the velocity streamlines from 6/� � 0.4 to 
6/� � 1 are depicted. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

                                     

    

 

  

Figure 7 Effect of Reynolds number on vorticity field, 3D computations, confined domain 

  

 

 

 

 

 

 

 

 

Figure 8 Instantaneous vorticity field, ∆t=0.13s 
Re=20,000 

 

 

 

 

 

 

 

 

Figure 9 Instantaneous vorticity field, ∆t=0.03s, , 
Re=60,000 

For the case Re=20,000 in Figure 8 , four events 
can be observed: 

    1.  A long Laminar Separation Bubble exist 
between 6/� � 0.4 and 6/� � 0.7. It is composed by a 
dead region that is stationary up to the vortex core, and a 
region of reattachment exhibiting low frequency 
fluctuations from 6/� � 0.65 to 6/� � 0.8 which are 
associated with the bubble oscillation.  

    2.  LSB vortex shedding is then observed, and a 
vortex associated with a Kelvin Helmholtz instability 
convects downstream of the LSB.  

    3.  Because of the foil geometry (curvature and 
angle of attack) , the vortex stretch in the wall-normal 
direction. Smaller scales can also be observed, and the flow 
starts to transition to turbulence.  

    4.  The vortex structure is still coherent at the  
trailing edge and interacts with a trailing edge vortex to 
form von Kármán vortices combined with the transition to 
turbulence process.  

For the case Re=60,000 in Figure 9, three events are 
observed:  

1. A laminar separation bubble with a similar shape 
to the case Re=20,000 is observed. Laminar 
separation is observed around the same location, 
and reattachment occurs earlier that shorten the 
LSB. A stable, dead region is still observed 

LSB sheddings 



between X/c=0.37 and X/c=0.5. The reattachment 
region oscillates between X/c=0.5 and X/c=0.55. 

2. The LSB vortex shedding is still observed. The 
vortex starts to shed around  X/c=0.55 with the 
development of smaller scales that tends to blow 
up this vortex along one wave length. The authors 
relate this to a LSB bursting. The flow is then fully 
turbulent after X/c=0.6. 

3. When the turbulent structures reach the trailing 
edge, the flow is not coherent anymore and the 
interaction with the trailing edge vortex is weak. 
 

Figures 8 and 9 show that there is a major difference 
between the transition process between Re=20,000 and 
Re=60,000. On one hand, the lower Reynlods number is 
characterized by the slow transition to turbulence that 
maintain coherent structures up to trailing edge. At the 
trailing edge, the LSB vortex that shed has the same scale as 
the trailing edge pressure side  boundary layer thickness that 
allow von Kármán instability to form (see Figure 8 (d)).  On 
the other hand, the case Re=60,000 has a sharper transition 
to turbulence and small scales/turbulent structures are 
established rapidly downstream the LSB. A weak 
interaction with the trailing edge is observed. 

To analyze the transition mechanism, three dimensionnal 
view of the iso λ2  criterion are shown in Figure 10.  For 
Re=20,000 (Figure 10 (a)), it is observed that the Kelvin-
Helmholtz istability occurs 0.1c before the reattachment and 
form a two dimensionnal vortex (1) that progessively 
deform to shed around X/c=0.8 into a C-shape structure (2) 
. This vortex is then convected and is still coherent when it 
reaching the trailing edge (3) so that it strongly interacts 
with the trailing edge vortex. 

For Re=60,000 (Figure 10 (b)), two Kelvin-Helmholtz 
vortices are observed because the shedding period is 
significantly reduced. The first 2D vortex is still observed 
before the reattachment of the LSB (1*), whereas the second 
vortex is brutally disturbed and exhibit a three dimensionnal 
behavior (2*). The resulting LSB vortex shedding (3*) is 
then already fully turbulent downstream of the LSB. We 
can also observe that the turbulence length scale is quite 
constant from X/c=0.9 down to far wake, meaning that 
turbulent gets established on the hydrofoil.  

4.4 Performance Analysis 
The average lift coefficients are first shown in 

Table 3 for Re=10,000, 20,000 and 60,000, and compared 
with experiments ad computations taken from the litterature 
for unconfined cases. The present DNS correctly predict the 
hydrodynamic coefficients. The small difference is 
attributed to confinment effects (10% of blockage) which 
are not taken into account in the reported works . It is also 
observed that the case Re=20,000 has almost the same drag 
coefficient as the case Re=10,000, while the lift has 

increase. This is due to the presence of von-Karman 
vortices that are still observed and keep a high level of 
pressure drag on the hydrofoil. As a consequence, the drag 
drastically decreases for Re=60,000 as the von-Karman 
vortex shedding disappears.  

The instantaneous lift and drag coefficients are finally 
shown in Figures 11 and 12 . The lower Reynolds number 
has the lower lift and higher drag, and the amplitudes are 
not completely constant due to 3D effetcs in the wake. For 
the case Re=20,000, the von-Karman vortex shedding still 
partially governs the lift and drag behavior. The amplitude 
and periods are almost the same when von-Karman 
shedding occurs, however the physics of transition is seen 
to disturb the drag coefficient. In the mean time, the lift 
coefficient significantly increases. This case shows that 
because transition is close to the trailing edge, the 
hydrodynammic coefficients are sequentially governed by 
two distincts physics that strongly interacting with each 
other. Finally, the higher Reynolds number presents higher 
frequency components for both the lift and the drag. The 
LSB shedding frequency is clearly observed, but the higher 
frequencies associated with turbulent structures are still to 
be analyzed. 

 

Re 10,000 20,000 60,000 

 DNS Num 
[6] 

DNS DNS Exp  

[10] 

Num  

[6] 

CD 0.046 0.050 0.045 0.021 0.018 0.022 

CL 0.380 0.383 0.554 0.620 0.600 0.603 

Table 3 Hydrodynamic coefficients for 3 different Reynolds 
numbers 

Conclusion 
 

In this paper, the mechanism of transition to turbulence and 
its direct effect on hydrodynamic coefficients are 
investigated numerically using DNS calculations based on 
high order, spectral element method. An increase of the 
element order alowed to obtain accurate description of the 
flow field from a laminar regime at Re=10,000 up to a fully 
transitionnal regime at Re= 60,000. 

The fully laminar case (Re=10,000) is characterized by low 
lift coefficient and high drag coefficient associated with 
thick boundary layer development and classic von Karman 
instability in the wake. The fully transitionnal case 
(Re=60,000) is characterized by a Laminar Separation 
Bubble that takes approximately 0.15c, where Kelvin 
Helmholtz instability occurs. The resulting vortex shed and 
blows up rapidly, which is responsible for a relatively brutal 
transition to turbulence that may be due to a bursting  



 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 transition scenarion for (a) Re=20, 000 ant (b) Re=60,000, iso contour of λ2 and velocity contours. 

 

phenomenon. However, because the wake is significantly 
reduced, the drag is reduced and the lift increases. The LSB 
shedding characterizes the main fluctuation period of the lift 
and drag behavior, whereas smaller periods still have to be 
analyzed.  

The moderate transitional case (Re=20,000) shows a strong 
interaction between the von-Karman instability and the 
transition to turbulence induced by LSB. The unsteady 
region of the LSB is close enough from the trailing edge so 
that the Kelvin Helmholtz vortices that deform and shed 
downstream are still coherent when reaching the wake. It 
interacts with trailing edge vortices to form von-Karman 
instability. As the boundary layer is getting thinner, the lift 
coefficient increases compared to the lower Reynolds 
number case, however the mean drag coefficient hasn’t 
decrease as for the higher Reynolds number case because 
the wake is still very large and characterized by von-
Karman vortices. 

The physics that leads to transition to turbulence on foil 
section is still to be investigated, in particular the general 
instabilitiy mechanism has not been clearly identify yet in 
the case of natural transition.  It requires advanced 
techniques like LES or DNS simulation to capture 
accurately the unsteady flow that govern this type of 
transition. The advantage of the present DNS code is that it 
has high performance for large parallel computations, and it 
is very accurate because of the high order, spectral element 
method.  In this context, higher Reynolds number flows can 
be investigated using DNS, where complex Laminar to 
turbulent transition has already been analyzed 
experimentally inside hydrodynamics tunnels, in particular 
for laminar propeller section where a different process of 
transition to turbulence is often seen.  
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Figure 11 Lift coefficients for different Reynolds numbers 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Drag coefficient for different Reynolds numbers 
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