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Abstract

It is widely acknowledged (Slotnick et al., 2014)
that the prediction of turbulent flows in the presence
of separation is one of the most significant challenges
in fluid dynamics. Low cost simulation methods, such
as Reynolds-Averaged Navier-Stokes (RANS) or even
Wall-Modelled Large Eddy Simulations (WMLES) al-
low for an extensive exploration of the design space,
but suffer from lower reliability especially for sepa-
rated and secondary flows. Improving model relia-
bility will therefore have a major impact on energy
consumption, emission and noise of aircraft, cars, and
ships due to significant improvements in design. The
objective of this research is to generate a high-fidelity
database on a representative and challenging config-
uration featuring flow separation. The resulting data
can then be exploited to improve RANS and WMLES
through machine learning and data-driven methodolo-
gies. The considered configuration is the HiFi-TURB
DLR rounded step defined in Alaya, Grabe, and Eis-
feld (2022) and Alaya and Grabe (2023). It has been
designed to investigate the effect of an adverse pres-
sure gradient on a turbulent boundary layer, which is
relevant for many industrial flows. It features a sepa-
ration bubble of which the start and extent are highly
dependent on the correct capture of turbulent momen-
tum transfer upstream.

1 Introduction

The HiFi-TURB DLR rounded step benchmark,
developed within the European project HiFi-TURB
(grant agreement no.  814837), is inspired by
NASA’s Axisymmetric Afterbody geometry proposed
by Disotell and Rumsey (2017). This experimental
configuration was designed to study flow separation
over afterbodies, a phenomenon of critical relevance
to the aerospace industry. A planar variant of the ramp
was later investigated experimentally by (Simmons,
Thomas, & Corke, 2018) at higher Reynolds num-
bers, underlining the interest in such configurations.
From a numerical perspective, predicting flow separa-
tion remains particularly challenging for lower-fidelity
turbulence models such as RANS and Wall-Modelled

LES (WMLES). These ramp geometries therefore pro-
vide a discriminating benchmark for assessing turbu-
lence model performance in near- and post-separation
regimes.

2 Case Definition

The HiFi-TURB DLR rounded step features a pla-
nar design extruded in the spanwise direction, as illus-
trated in Figure 1, extracted from Alaya et al. (2022).
The geometry comprises three main sections: an up-
stream flat plate section, the curved-step section, and
a downstream flat plate section. The parametric ge-
ometry definition for the curved step sections is de-
rived from Disotell and Rumsey (2017) and is further
detailed for the proposed planar geometry in Alaya
and Grabe (2023). To investigate different separation
regimes, three ramp step heights of identical length
is proposed, representing incipient, medium, and full
separation. In all cases, the Reynolds number based
on the step length is Re; = 433761, whereas the
Reynolds number Rey based on the step height H
varies with geometry, taking values of 78490, 98113,
and 118768 respectively. In this work, the incipient
separation case is considered.

A quasi-incompressible Mach number Ma =
0.13455 and a Prandlt number Pr = 0.72 are also
imposed. The ratio between the step length L and
step height H is set to L/H = 5.5263 for the in-
cipient case. The target boundary layer at a refer-
ence point located 3.5H upstream the step is defined
by Re, = pud99 — 70, where p is a reference den-
sity taken at the inlet, u., is the friction velocity and
dgg, the boundary layer height.

3 Numerical Approach

The numerical simulations in this study are
performed using Argo, a high-order Discontinuous
Galerkin Method (DGM) flow solver developed at Ce-
naero (Hillewaert, 2013; Carton de Wiart, Hillewaert,
Bricteux, & Winckelmans, 2015). DGM combines
the high accuracy of the finite element method (FEM)
on unstructured meshes with the conservation prop-
erties of the finite volume method (FVM), making it
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Figure 1: HiFi-TURB DLR rounded step geometry setup
(Alaya et al., 2022).

particularly effective for convection-dominated prob-
lems. ArgoDG discretizes the compressible Navier-
Stokes equations and has been validated for Direct
Numerical Simulations (DNS) of transitional flows
in Carton de Wiart, Hillewaert, Duponcheel, and
Winckelmans (2014). It has also been employed to
investigate various complex flow regimes, including
transonic flows in Hillewaert ef al. (2016), transitional
turbomachinery flows in Rasquin, Thomas, Bechlars,
Franke, and Hillewaert (2023), and shock-dominated
turbomachinery flows in Cagnone, Rasquin, Hille-
waert, and Hiernaux (2017). This solver can handle
arbitrary unstructured hybrid curved meshes, allowing
elements of different topologies and accuracies. In this
work, fourth-order polynomials are employed within
the DGM framework to achieve fifth-order accuracy
in the simulations. An implicit time integrator based
on a Jacobian-free Newton-GMRES method, precon-
ditioned with block-Jacobi, is utilized for the temporal
discretization.

4 Numerical Setup

The flow separation at the step strongly depends
on the characteristics of the incoming turbulent bound-
ary layer. For that purpose, special attention is paid to
the calibration of a reproducible procedure for generat-
ing a physically coherent developing turbulent bound-
ary layer. The retained solution consists in prescrib-
ing first an incompressible laminar Blasius self-similar
velocity profile (Schlichting, 1979) at the inlet, along
with a uniform total temperature T} jnie: = 294.21 K.
This Blasius profile is characterized by Rey inier =
650,000. Then, a numerical tripping source term is
applied near the wall close to the inlet to trigger the
transition of the boundary layer on the flat plate up-
stream the step, as proposed in Schlatter and Orlii
(2010, 2012). The length of the flat plate region up-
stream of the step was primarily determined using a
precursor flat plate simulation and by calibrating the
tripping source term to achieve the target Re, at a ref-
erence point upstream of the step.

A static pressure Pyt = 89,593.58 Pa is pre-

Figure 2: Side view of the mesh.

scribed at the outlet and corresponds to the static pres-
sure deduced from the the total pressure P; jpier =
90,734.11 Pa and the Mach number Ma = 0.13455 at
the inlet (Alaya & Grabe, 2023). A no-slip adiabatic
wall condition is applied on the three main sections of
the rounded step. A free-stream boundary condition is
located at a distance of 180H in the normal direction
from the wall to avoid blockage effects. Lateral bound-
aries are periodic and a spanwise extension of 3H is
expected to be sufficient for the incipient configura-
tion to provide decorrelated statistics in the spanwise
direction. A 20H extension from the beginning of the
step to the pressure outlet boundary is prescribed. A
sponge layer near the outlet is finally activated to miti-
gate spurious oscillations and reflections at the bound-
aries of the computational domain.

The mesh is illustrated in Figure 2 and is composed
of 10.4 million fourth-order hexahedral elements, ex-
truded into 188 layers in the spanwise direction. This
results in roughly 1.3 billion degrees of freedom per
equation (dof/eq) in total, with 125 Dof/eq per hexahe-
dron. This mesh is partitioned in 65536 partitions and
simulations are performed on the Lumi supercomputer
hosted by CSC - IT Center For Science in Finland.

The effective mesh resolution at the wall, defined
as the distance between successive Lagrange points, is
shown in wall units in Figure 3. Upstream of the ramp,
the boundary layer is resolved with x+ = 20, y* =1,
and 2T = 13 at the reference point. Slightly upstream
of the ramp onset, the streamwise spacing is further
reduced to 1 = 11, yielding approximately isotropic
quadrangles on the wall surface.

5 High-fidelity database

The goal of these high-fidelity simulations is to
collect statistics for the improvement of both RANS
and LES wall models using data-driven techniques and
complement an existing database generated by Bassi,
Colombo, and Massa (2023) from the University of
Bergamo (UniBG) for the same case.

For RANS models, the simulations account for
all terms arising from three distinct equations: the
Favre-averaged Navier—Stokes, the Reynolds stress,
and the kinetic energy dissipation equations. The
Favre-averaged Navier—Stokes equations follow the
formulation of Knight (1997). For the Reynolds stress
equation, both the formulations of Knight (1997)
and Gerolymos and Vallet (2001) are considered. The
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Figure 3: Effective mesh resolution at the wall upstream the
ramp in wall units.

Figure 4: Instantaneous wall shear stress magnitude on the
wall of the ramp, and vorticity field on the periodic
plane for the incipient separation configuration of
the HiFi-TURB DLR rounded step.

turbulent kinetic energy (TKE) equation is obtained by
taking the trace of the Reynolds stress equations. Fur-
ther details on the Favre-averaged Navier—Stokes and
Reynolds stress formulations employed here are pro-
vided in Hillewaert and Rodi (2022). For the dissipa-
tion equation, we adopt the formulation of Kreuzinger,
Friedrich, and Gatski (2006), which identifies the
solenoidal component as the primary contributor in
moderately compressible flows. These three govern-
ing equations are summarized in Rasquin et al. (2023).
In addition, all intermediate quantities required for
their computation, such as the strain-rate and rotation-
rate tensors, are also collected.

To enhance the predictive capability of WMLES,
instantaneous quantities are sampled at various heights
above the step wall—including velocity, pressure,
their gradients, and wall shear stress on the surface,
following the strategy outlined in Boxho et al. (2022,
2025).

6 Results

The transient flow corresponding to the incipi-
ent separation configuration of the HiFi-TURB DLR
rounded step has been simulated, and statistical quan-
tities are currently being accumulated. Figure 4 illus-

trates this regime by showing the instantaneous wall-
shear-stress magnitude on the surface together with
the vorticity field on the periodic plane. This visual-
ization was generated with a dedicated ParaView plu-
gin capable of handling high-order polynomial solu-
tions (Rasquin, Bauer, & Hillewaert, 2019).

Characterization of the upstream boundary layer

In general, flow separation is highly sensitive to
the characteristics of the turbulent boundary layer
(TBL) which develops upstream. Before perform-
ing the rounded-step simulations, a precursor turbu-
lent boundary layer (TBL) simulation on a flat-plate
was carried out to determine both the required up-
stream plate length and the strength of the tripping
source term. The flat plate was then cut at the reference
streamwise location where the target friction Reynolds
number was achieved and connected to the remainder
of the rounded step domain.

The evolution of the non-dimensional boundary-
layer thickness, defined as 67 = pu,dgg/p, is of par-
ticular interest for characterizing the boundary layer.
The definition of dgg is however not straightforward
in the presence of pressure gradients. Three different
methods are employed to compute dgg in this work.
The first is the standard definition u(y = dg9) =
0.99u., which is highly sensitive to the far-field ve-
locity (or external velocity) u.. This velocity, to-
gether with dgg can be fitted using the composite pro-
file method originally proposed by Nickels (2004), al-
though this approach is not well suited to TBL sub-
ject to pressure-gradients. To address this limita-
tion, Vinuesa, Bobke, Orlii, and Schlatter (2016) pro-
posed an iterative diagnostic-plot method, more ro-
bust for pressure-gradient flows, in which u,. and dgg
are determined such that v'/(uv/Hi2) = 0.02 and
u/ue = 0.99 at y = dgg. The third method defines
dg9 from the integral of the vorticity norm:

599 o0
/ Jwlldy = 0.99 / llldy, ()
0 0

where w denotes the vorticity.

To further characterize the TBL upstream of the
rounded step, Figure 5 presents the evolution of the
friction coefficient as a function of the Reynolds num-
ber based on the momentum thickness Reg = pu.6/p.
The momentum thickness 6 is defined as in Schlatter
and Orlii (2010):

b(z) = /0‘599 u(z,y) (1 B U(x,y)> SIS

ue(x) ue(x)

where dgg is evaluated using the diagnostic-plot
method which provides the most robust estimate. In
Figure 5 and subsequent figures, the symbol colors in-
dicate the probe locations along the flat plate in the
streamwise direction (blue near the domain inlet, red
at the ramp start), while the red cross marks the TBL
state at the reference point located at —1.33 Ry ax.-
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Figure 5: Evolution of the friction coefficient C'y along the
flat plate upstream the rounded step.
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Figure 6: Evolution of the Reynolds number based on the
displacement thickness along the flat plate up-
stream the step.

Up to the reference point, C's agrees closely with
the flat-plate zero-pressure-gradient DNS of Schlatter
and Orlii (2010). Downstream of the reference lo-
cation, the combined effect of the rounded step and
the flow acceleration induced by the favorable pres-
sure gradient upstream of the ramp leads to a sharp
increase of C'; and a corresponding decrease of Reg
relative to the reference DNS. The Cf data from the
UniBG database confirm this observation and show
good agreement with our results.

The evolution of the Reynolds number based on
the TBL displacement thickness Res, = pu.d1 /p and
the shape factor H1o = d1/6 is shown in Figures 6
and 7 respectively. The displacement thickness d; is
also defined as in Schlatter and Orlii (2010):

51 (x) = /0 " (1 - '“;L(x(w y))> dy. 3)

Like in Figure 5, the displacement and momentum
thicknesses are evaluated using dgg obtained from the
diagnostic-plot method. Res, and Hp2 agrees well
with the DNS of Schlatter and Orlii (2010) up to the
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Figure 7: Evolution of the shape factor Hi> along the flat
plate upstream the step.

reference point, although a slight offset is observed be-
tween the DNS and the present results. The UniBG
data are also in close agreement with our results and
exhibit a similar offset relative to the DNS. Consider-
ing that the top boundary condition is located at a dis-
tance of 150H in the wall-normal direction to avoid
blockage effects, this offset is attributed to the mild
favorable pressure gradient upstream of the ramp.

Figure 8 shows the evolution of the TBL height in
wall units 87 = pu,dgg /11, where dog is evaluated us-
ing the three methods introduced in this section: the
standard approach based on a fixed value of u, (cir-
cles), the diagnostic plot method (triangles), and the
vorticity-integral method (squares). The momentum
thickness is then computed following Equation 2 with
the corresponding value of dgg.

All methods predict a higher value of §* on the flat
plate upstream of the ramp compared to the reference
DNS data, a trend also confirmed by the LES results
from UniBG (diamond markers). The diagnostic plot
method is applied to the LES-UniBG data to determine
Ue, 599, and 6.

Although g9 and 6 are generally expected to de-
crease in a TBL subject to a favorable pressure gradi-
ent relative to a zero-pressure-gradient case due to flow
acceleration, the larger value of 5+ and Rey observed
here are instead driven by higher friction velocity .,
and external velocity u, respectively.

Among the three methods for evaluating u., the
standard definition with a fixed u. produces a marked
reduction in both 1 and Reg in Figure 8, and conse-
quently in Jg9 and 6. In contrast, the diagnostic-plot
and vorticity-integral approaches adapt their external
velocity, yielding larger values of dgg and 6 until the
ramp effect becomes dominant and begins to influence
these quantities.

At the reference point, the resulting Re, = 766,
Reg = 1711 and d99/H = 0.185, which is aligned
with the target values defined in Alaya and Grabe
(2023). At the start of the step located at z/H = 0,
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Figure 8: Evolution of the friction Reynolds number Re,
along the flat plate upstream the rounded step.

7 Conclusions and perspectives

High-fidelity simulations of the incipient separa-
tion configuration of the HiFi-TURB DLR rounded
step have been carried out with the high-order discon-
tinuous Galerkin solver Argo. A detailed characteriza-
tion of the incoming turbulent boundary layer has been
presented, including friction coefficient, displacement
and momentum thicknesses, as well as shape factor
and friction Reynolds number. The analysis com-
pared three methods for evaluating the boundary-layer
thickness dgg and showed that approaches which adapt
the external velocity (diagnostic-plot and vorticity-
integral methods) provide more consistent trends than
the standard fixed-u, definition for turbulent boundary
layer subject to pressure gradients. The results agree
well with the LES database from UniBG and highlight
the sensitivity of 67 and Rey to the choice of external
velocity definition and to the mild favorable pressure
gradient upstream of the ramp.

Statistics and instantaneous quantities relevant to
the improvement of RANS models and WMLES via
data-driven and machine-learning approaches are cur-
rently being accumulated. Future work will provide
detailed budgets of the turbulent kinetic energy and
dissipation equations. The resulting datasets will be
shared with the community through the ERCOFTAC
Knowledge Base Wiki, complementing the existing
UniBG database and fostering collaborative progress
in turbulence modelling.
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