
In-situ analysis of backflow events and their
relation to separation in wings through
well-resolved LES

F. Mallor, J. Liu, A. Peplinski, R. Vinuesa, R. Örlü, T. Weinkauf, and P. Schlatter

1 Introduction

Wall-bounded turbulent flows as those occurring in transportation (e.g. aviation) or
industrial applications (e.g turbomachinery), are usually subjected to pressure gra-
dients (PGs). The presence of such PGs affects greatly the development and physics
of the turbulent boundary layer (TBL), making it an open research area. An im-
portant phenomena associated with the presence of strong adverse PGs (APGs) as
appearing in wings, is the separation of the boundary layer, which can lead to stall.
Moreover, recent and upcoming environmental restrictions have made drag reduc-
tion crucial in aviation. With a high proportion of the drag associated to the TBLs
developing over the wet surfaces of the aircraft, their study and understanding is of
paramount importance.

Initial research on TBLs in wings was conducted experimentally in wind tunnels,
such as the nominal study of the turbulent flow past a NACA 4412 wing profile [4].
In recent years, developments in high-performance computing (HPC) architectures
and numerical methods have enabled the study of these complex flows through accu-
rate numerical simulations. Some examples of these are the large-eddy simulations
(LES) of the turbulent flow around wing profiles [7, 6, 10]. However, the chord-
based Reynolds numbers (Rec) and angles of attach (AoA) achieved so far are still
moderate, and the computational domains small (particularly in the spanwise direc-
tion, a fact that can affect separation physics greatly).

One of the most prevalent features of TBLs under strong APGs is flow separa-
tion. Moreover, even in ZPGs, instantaneous structures of reversed flow (from here
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referred to interchangeably as backflow events or features in short) have been re-
ported. Previous work has characterised backflow events for a variety of flow cases
[3, ] and pressure gradient conditions (up to moderate pressure-gradient conditions)
and found that both the length (20l+) and life time (2t+) of these events scales in in-
ner units. Instead, merely the frequency of these events was found to increase with
increasing pressure-gradient conditions. With diminishing mean wall-shear stress,
when approaching mean separation, it is, however, known that inner scaling is des-
tined to break. Hence, a structural change in the size and life time of these events
is anticipated when going to strong pressure-gradient conditions and to mean flow
separation. This also explains the larger sizes and life times observed in stronger
APG TBLs as those by [2].

The current project leverages both the increase in availability of HPC resources,
as well as the improvements in simulation methods (such as the introduction of
adaptive mesh refinement and non-conformal meshing into the spectral-element
method code Nek5000), in order to increase the achievable Reynolds number and
angle of attack, while using a sufficiently large computational domain. Moreover,
Nek5000 is coupled to the visualization software Catalyst, allowing for the in-situ
analysis of backflow events and the turbulent structures associated with them. The
high-fidelity simulation data is then used to study the characteristics of such events,
and their relation with APGs and flow separation.

2 Methodology

Well-resolved (quasi-DNS) large-eddy simulations (using a relaxation-term filter-
ing, analogous to the one described in Ref. [8]) are carried out using the massively-
parallel spectral-element method code Nek5000 [5]. The case considered in this
work is the turbulent flow past a NACA 4412 wing profile, as in Refs. [4, 6, 10].
The Reynolds number based on the chord and inflow velocity (Re= cU∞/ν) is equal
to 400,000, and the angle of attack 11◦. The angle of attack chosen is close to the
maximum-lift condition, and the airfoil exhibits mean-flow separation near the trail-
ing edge (starting at x/c=0.85), as seen in the left subplot of Fig. 1. The introduction
of adaptive mesh refinement (AMR) and non-conformal meshing allows to over-
come some of the limitations faced in previous computational studies (such as in
Ref. [10]). Firstly, the domain size (Lx; Ly; Lz) is considerably larger: (50c; 40c;
0.6c) in the AMR case and (6c; 4c; 0.2c) in previous conformal cases. Secondly, the
boundary conditions in conformal cases have to be obtained from a precursor RANS
simulation due to the proximity of the domain boundaries to the wing. As this is not
an issue in the AMR case, a uniform Dirichlet boundary condition is imposed in the
inlet, top and bottom boundaries. The larger extent in the spanwise dimension is crit-
ical in the case presented here, as the separated region exhibits structures with large
spanwise correlation lengths. Moreover, having a large distance to the boundaries
is important, as possible interferences with the wake are avoided. Another advan-
tage of using AMR is that the elements are concentrated in areas in which a higher
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Fig. 1 Instantaneous contours of negative streamwise velocity, with the spectral element mesh in
the background (left), and instantaneous separated spots at the wall, in the wall-aligned reference
frame (right)

resolution is needed (based on a spectral error indicator as described in Ref. [9]),
allowing to reduce the overall computational cost of the simulation.

In-situ tracking of backflow events is carried out using the Catalyst adaptor for
Nek5000 [1]. The use of in-situ data analysis is paramount in this work: the high
level of refinement around the wing surface and the TBL, together with the time res-
olution needed to track backflow events makes the traditional offline post-processing
methods unfeasible. In this work, the focus is on separated regions at the wall. In or-
der to identify those negative skin friction (τw = µdU/dy) regions, the wall-normal
derivative of the streamwise velocity component is evaluated in Nek5000 (deriva-
tives are computed and then a tensor rotation is performed, obtaining a local wall-
aligned reference frame, as shown in the right panel of Fig. 1). The value of the skin
friction (together with the coordinates of the wall nodes) are then used in order to
identify the separated structures.

In order to find connected nodes forming single backflow structures, a triangu-
lated mesh is built from the wall nodes. This mesh, as in the simulation, is periodic
in the vertical direction. Nodes with negative scalar values (i.e. τw < 0) are consid-
ered feature nodes. A Breadth-first search (BFS) algorithm is performed on these
feature nodes to identify connected feature regions, each of which is given a unique
ID (as illustrated in the left panel of Fig. 2). The same processes is applied to the
data in the next time step (middle panel of Fig. 2). Subsequently, a tracking arc is
created between two feature regions if they overlap in consecutive time steps (right
panel of Fig. 2). This approach allows for the identification and tracking of complex-
shape structures in-situ. Moreover, thanks to the built-in capabilities of VTK, the
area (size) and centroid of the features is easily computed, which, together with the
tracking of features across different time steps, allows us to get a complete picture
on how reversed flow appears and evolves in time and space. The in-situ tracking de-
scribed in the previous section is applied every 4×10−4 flow-over times (i.e. c/U∞,
less than 0.5 inner-scaled time units t+). The main data processing of the features is
performed in-situ (feature identification, area and centroid calculation and tracking
to previous time step) and, therefore, the individual grid points are not stored. This
leads to the total disk memory used being less than 200 MB. This is a stark contrast
to the 44 GB needed to store in disk a single instantaneous flow-field (of which 1000
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Fig. 2 Tracking of backflow structures at the wall nodes. Identified structures at an initial (left)
and successive times (center) appear colored, while the rest of nodes are grey. The tracking result
is shown in the rightmost sketch

would be needed to perform the same analysis offline), highlighting the importance
of in-situ processing.

3 Results

Close to 3 million individual areas of negative wall-shear stress are identified in to-
tal in the suction side of the wing (with the area of interest starting at x/c=0.25 and
continuing up to the trailing edge, in order to avoid having influence of the TBL trip-
ping used at x/c=0.1). The distribution of size and position of all identified features
is shown as histograms in Fig. 3. Already in the area close to the leading edge a large
number of backflow events are identified. Their number increases rapidly as the flow
moves towards the trailing edge. In fact, the growth in number of backflow events
is exponential after the point of maximum thickness of the airfoil at x/c=0.4. This
is closely related to the growing adverse pressure gradient seen in this region (the
clauser-rotta pressure-gradient parameter β increases significantly in this region).
Nevertheless, the increase in the number of individual features does not continue all
the way to the trailing edge, not even up to the mean-flow separation point: there
is a region in between x/c = 0.67 and 0.77 in which a maximum is reached. After-
wards, their frequency decreases sharply (exponentially as well, but with a larger
slope than in the previous build-up phase). Therefore, we can identify two clearly
distinct regions from this analysis: A first part (from the leading edge up to around
x/c=0.7) in which the flow is attached but individual backflow events become more
prevalent (i.e. their frequency increases) driven by the increasing APG, followed by
a rapid transition to a second region in which the flow detaches and the number of
individual backflow events decreases sharply (only a few, but large regions of sep-
arated flow fill most of the wing span). This behaviour can be also observed in Fig.
1, in which an instantaneous snapshot of the backflow events is shown.

Feature tracking allows to study this transition in more detail. In order to do that,
newly appearing backflow events (those not related to any other event in a previ-
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Fig. 3 Histograms of the position (left) and area (right) of all the individual features identified
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Fig. 4 Histograms of the position (left) and area (right) of all newly appeared features (with the
contour of the histogram in blue color) and those formed after the merge of 2 or more features
(contour of histogram in salmon color)

ous time step) and merged events (those formed from two or more features in the
previous time step) are identified and their distributions in position and size studied
(shown in Fig. 4). It is clear that individual events spawn in the region closer to the
leading edge, and that they are less likely to appear as one moves towards the sepa-
rated flow region. The newly spawned events are all small in size, as seen in the right
plot of Fig. 4. As the flow moves downstream, merging activity increases, and with
it, the size of the backflow regions present. This continues until just before the point
where mean-flow separation appears, in which merging activity reaches its maxi-
mum. Later on, merging activity is also reduced, as the flow becomes completely
dominated by a few massive structures.

4 Conclusions

In this work, the relationship between backflow events and mean-flow separation
on a NACA 4412 wing profile has been studied by means of performing an in-situ
tracking analysis of backflow events. The use of AMR in Nek5000 allowed to carry
out a very well-resolved LES in which even the smallest backflow events appear-
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ing at the wall were captured and tracked. Two clearly differentiated regions were
found: A first region in which small individual backflow events spawn (with their
frequency increasing as the APG increases), and a second one, starting just before
the point of mean flow separation, in which the flow is dominated by a few, very
large structures. The transition between both regions occurs quite rapidly and is
driven by the merging of individual backflow events. As the number of mergings in-
creases, the regions of instantaneous separated flow become larger, leading to more
individual events being merged into larger ones. This takes place consecutively until
a few (very large) structures dominate the whole span. Therefore, a clear connection
between individual backflow events in the attached flow region and flow separation
has been established in the present work.
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