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Abstract: A spectral/hp element methodology is utilised to investigate the SAE Notchback geometry
with 20◦ backlight and 3◦ diffuser at Re = 2.3× 106. The study presented here considered two
different mesh approaches: one focusing on classical h-type refinement with standard solution
polynomial order (HFP3) and a second case considering relatively coarse mesh combined with high
solution polynomial order (HCP5). For the same targeted number of degrees of freedom in both
meshes, the results show significant differences in vorticity, flow structures and surface pressure. The
first guidelines for hp refinement strategy are deduced for complex industrial cases. Further work
on investigating the requirements for these hybrid techniques is required in order to maximize the
benefits of the solution and mesh refinements in spectral/hp element method simulations.

Keywords: spectral/hp element methods; implicit LES; vehicle aerodynamics; automotive aerody-
namics; high-order methods

1. Introduction

Automotive aerodynamics is an area of particular interest to researchers due to the
potential impact of drag reduction on fuel consumption and global emissions. The current
political climate and emphasis on reducing human impact on the environment has shifted
automotive perspective in recent times, with global emissions making up a key policy area
for many governments worldwide. With the shift to reducing emissions globally, including
the adoption of Battery Electric Vehicles highlighted in recent months with the COP26
summit in the UK—drag reduction is a key focus of the wider automotive industry.

Considering that vehicle shape is proprietary and varies significantly across the wider
automotive market, studies utilising bluff bodies that mimic key geometric features adopted
by market competitors is a necessity in order to study the fundamental physics and aero-
dynamics of each geometric feature. Various bodies such as the Ahmed Body [1] and
the Windsor Body [2] have proven to be efficient methods used to test numerical and
experimental techniques on representative and salient flow physiology with somewhat
reduced geometric complexity. A extensive array of literature on these bodies has been
generated, allowing authors and the industry to obtain greater insights into areas such as
drag reduction, vehicle stability and noise, vibration and harshness. Furthermore, these
geometries have also presented an opportunity for the industry and academia to validate
computational methodologies.

Whilst the Ahmed Body, which focuses mainly on the backlight or C-pillar characteris-
tics of automotive geometries, has been extensively studied, the interaction between the
front shield (A/B Pillar) and the backlight has been less documented in published literature.
One reference body that aims to demonstrate this particular interaction is the 20◦ SAE
Notchback body, based on a experimental research of Cogotti [3] using a 1/5 scale model.

Fluids 2022, 7, 106. https://doi.org/10.3390/fluids7030106 https://www.mdpi.com/journal/fluids

https://doi.org/10.3390/fluids7030106
https://doi.org/10.3390/fluids7030106
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0000-0002-7363-8502
https://orcid.org/0000-0001-7270-2296
https://orcid.org/0000-0002-7151-7571
https://orcid.org/0000-0001-7681-2820
https://doi.org/10.3390/fluids7030106
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids7030106?type=check_update&version=1


Fluids 2022, 7, 106 2 of 16

Based on Cogotti’s 1/5 scale model, the main dimensions of the the 20◦ SAE Notchback
body are a length c of 840 mm, a width of 320 mm and a height H of 240 mm without the
supports. The frontal area of the 1/5 scale model is defined as approximately 0.076 m2.
The frontal portion of the 20◦ SAE Notchback body has a 30◦ slant and a 20◦ backlight,
leading to the notchback at the rear. The underbody is fully flat, with a 6◦ diffuser starting
at the nominal location of the rear axle. The model is mounted in the wind tunnel with
four pins at a ground clearance of 40 mm and zero pitch. The 20◦ SAE Notchback body
geometry is presented in Figure 1.

Figure 1. Illustration of the main dimensions of the 20◦ SAE Notchback body geometry.

Basara et al. [4] performed RANS simulations on a full-scale SAE body model with
both the k− ε turbulence model and a Reynolds Stress Model (RSM) approach and assessed
the results against industrial experimental data. The pressure distribution over the vehicle
is reasonably well predicted over the vehicle up to the notch where the pressure build up
over the rear slant is minimised especially for the RSM case. The effect of vortices rolling-up
over the edges of the C-pillar driving the flow towards the centreplane is more visible in the
latter. Ishima et al. [5] used PIV to study the flow around a 25%-scale SAE body equipped
with wheels and compared longitudinal velocity profiles against RANS simulations. Good
agreement was obtained on the front half of the vehicle, but detachment overprediction
on the rear slant led to substantial differences in the notch region and overshooting of
the wake extent. In particular, the authors mention that small-scale motions completely
disappear due to the Reynolds-averaged approach. Nader et al. [6] performed both RANS
and Detached Eddy Simulations (DES) on the SAE body model experimentally studied
by Wood et al. [7] although at a lower Reynolds number value of 250,000 instead of the
2.3 million value used in the experiment. Once again, a more important separation has been
observed experimentally, with the flow severely detaching on the C-pillar and reattaching,
which causes a strong impingement on the bootdeck, leading to a pressure peak that is not
present in experiments. The base pressure is somewhat better predicted with the DES than
RANS modelling. The simulations show that the complex flow topology in the third notch
region remains challenging to correctly represent using numerical simulations.

An extensive set of data has been obtained recently with the experiments on the SAE
Notchback body performed by Wood et al. [7] in the Loughborough University wind
tunnel considering a working section of 1940 mm wide and 1320 mm high with static floor
conditions and Reynolds number based on a length of body of Re = 2.3× 106. The static
floor leads to the development of a boundary layer, where measurements indicated its
thickness to be 40–60 mm. This work was also used as a benchmark case for the 1st
Automotive CFD Prediction Workshop in order to pursue CFD validation studies.

During the 1st Automotive CFD Prediction Workshop, 34 CFD solutions were pre-
sented for the 20◦ SAE Notchback, compared against the experimental results of [7].
From the workshop summary, half of the solutions presented considered classical Reynolds-
Averaged Navier–Stokes (RANS) methods, while among the other half, only four Large
Eddy Simulation (LES) and implicit LES (iLES) methods were used. Most of the participants
decided to create their own meshes instead of using the three committee grids provided
by the workshop organisers. The main conclusions on the simulation results shows that
eddy-resolving methods, such as LES and iLES, presented better prediction of the drag
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coefficient while backlight centreline pressure coefficients predicted by RANS are more
consistent. This last point is one of the main motivations of this work, which investigates
the influence of mesh refinements over a high-fidelity CFD solution.

Due to the numerous studies, and extensive numerical and experimental databases
around these reference automotive bodies, the benchmarking of novel numerical techniques
for industrial flows utilising these geometries has become commonplace. Following the
trend, this study proposes to computationally evaluate the SAE Notchback using a novel
spectral/hp element method using under-resolved direct numerical simulation (uDNS),
also known as implicit large eddy simulation (iLES), and its sensitivity to different mesh
and solution refinements.

The spectral/hp element method is a high-order CFD methodology that combines the
flexibility of classical finite element meshes (h), and the higher accuracy and rapid conver-
gence of spectral solution (p) refinements to achieve high-fidelity results. This methodology
has been successfully applied to automotive cases such as the work of Buscariolo et al. [8,9]
and Mengaldo [10]. Low-order methods are now standard in the numerical development
process of car makers, and best practices for mesh generation have been developed over the
years. On the other hand, the application of high-order methods to complex configurations
is more limited, hence the lack of precise guidelines. In particular, discretisation in the
spectral/hp element method relies on both h and p, whereas h is the only parameter in
low-order mesh generation. In this study, we propose to compare the results obtained on
two meshes with different h-refinements and using different p-refinements for the solutions
while keeping the number of degrees of freedom consistent.

2. Spectral/hp Element Method iLES Simulations

We propose the use of a uDNS Spectral/hp Element code, Nektar++ [11], which
combines the spectral exponential convergence properties with the geometrically flexibility
of the Finite-Element Method, as proposed by Karniadakis and Sherwin [12]. The domain is
decomposed into discrete Finite-Elements of size h, with a projected high-order expansion
basis, p, usually either the Fourier, Chebyshev or Legrende bases. The high-order properties
give favourable diffusion characteristics in comparison with industry-favoured lower-
order methodologies such as Finite Volume Method. The high-order nature is favourable
for scale-resolving methodologies as numerical dissipation has been a limiting factor
utilising lower-order numerical techniques, as demonstrated in the research presented
by Vermiere et al. [13] and by Jiang and Cheng [14]. Additionally, given that automotive
geometries are intrinsically complex, the use of a higher-order expansion basis allows for
the relative reduction in h-mesh sizing, since these are set up at runtime, resulting in easier
mesh handling. A summary of the methods is illustrated in Figure 2.

Figure 2. Schematic explanation illustrating how finite element (h) and spectral methods (p) combine
to form the spectral/hp element method. Reprinted with permission from [15] 2022 Elsevier.

All simulations presented were performed using the incompressible Navier-Stokes
solver in Nektar++, which employs a velocity correction scheme proposed by [16], and the
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elliptic operators were discretised using a classical continuous Galerkin (CG) formulation.
Similar to [9], we adopt an equivalent of the Taylor Hood approximation, approximating
the velocity by continuous piecewise quadratic functions and the pressure by continuous
piecewise linear functions. Therefore, we consider a higher polynomial order for velocity
than for pressure. The polynomial order for velocity is also referred to as the simulation
expansion order in this study.

Due to the low-diffusion of these high-order methods at relatively high Reynolds
numbers (105 and above), a high-frequency stabilisation in the form of an additional
viscous operator in the Navier–Stokes Equations is necessary to prevent the high-energy
build-up of the Sub-Grid Scale (SGS) oscillations. The technique is called Spectral-Vanishing
Viscosity (SVV) and is described in-depth in [17].

The main idea of SVV consists in expanding the Navier-Stokes Equations to include
an artificial dissipation operator, leading to the following:

∂u
∂t

& = −(u · ∇)u−∇p + ν∇2u + SVV(u) (1)

∇ · u& = 0 (2)

and the original operator SVV is as follows:

SVV(u) = ε
Ndim

∑
i=1

∂

∂xi
[Qi ∗

∂u
∂xi

] (3)

with Ndim being the spatial dimension of the problem, ε being a constant coefficient and ∗
representing the application of the filter Qi through a convolution operation.

The SVV operator used in this study considers a CG-SVV scheme with a DG Kernel,
as proposed in [18], which was first verified and validated against experimental data for
3D simulations at high Reynolds number by [8]. The fundamental idea is based on fixing
the Péclet number, which can be understood as a numerical Reynolds number based on
local velocity and mesh spacing for the whole domain. This is achieved by making the
viscosity coefficient of the SVV operator proportional to both a representative velocity
and a local measure of mesh spacing. Once the Péclet number is the same for the domain,
Moura et al. [18] proposed an SVV kernel operator for CG methods that mimics the
properties of discontinuous Galerkin (DG) discretisations, which exhibits natural damping
of high frequencies and reflected waves. In this approach, the dissipation curves arising
from spatial eigenanalysis of CG of order p are matched to those of DG with order p− 2.
Matching both curves offers stabilization benefits for simulations at very high Péclet and
Reynolds number.

3. High-Order Meshing Generation for Spectral/hp Element Method Simulations

Given the larger relative size of the h-mesh compared with even the RANS techniques,
higher-order meshing through the tool NekMesh is also employed. From an initial linear
base mesh, the elements are projected onto the surface of the CAD model using a higher-
order polynomial expansion, resulting in a high-order mesh with curved elements.

The pipeline to create a high-order mesh starts by designing the geometries for the
computational simulations on a Computer Aided Design (CAD) software, usually exported
in STEP format. Following the produced geometry, the linear base mesh is generated with a
commercial finite volume (FV) mesher using a conformal hybrid tetrahedron/prism layout
with a single ‘macro’ prism layer. The linear base mesh and the CAD geometry are then
processed by Nekmesh, where the mesh elements meet the CAD surface and must be de-
formed in order to align with the CAD and thus faithfully represent the geometry, creating
a high-order curved element, which further composes the high-order mesh. The use of
NekMesh works in a manner that, when applying the surface curvature to the mesh, it
minimises the projection error.



Fluids 2022, 7, 106 5 of 16

After applying the curvature to the mesh elements, the latest step in creating the
high-order mesh in NekMesh is the prism layer splitting using an iso-parametric splitting
technique developed in [19]. The macro prism layer is divided into the number of layer
previously specified.

The use of Nektar++ also allows for increments in the solution resolution by employing
or changing the polynomial order of the simulation solution using the same high-order
mesh. This adds an additional number of DOFs to the same mesh by employing extra
interpolation points within the element without changing the structure of the mesh itself.
A comparison between a regular linear mesh and a high-order mesh with a fifth order
polynomial solution (P5) from Nektar++ is illustrated in Figure 3, where it is possible to
observe the additional solution interpolation points added to the surface elements.

Figure 3. Meshing approach. (Left) Linear base mesh (Right) High-order mesh.

The next section presents the proposed study in this work, where two different mesh-
ing approaches are considered to perform a comparative study on the 20◦ SAE Notchback.

4. Proposed Study

In this study, we propose two different high-order mesh strategies in order to reach
similar numbers of DOF. The first case considers a coarse h-type mesh with a solution of
the fifth polynomial order, which is referred to as HCP5. The second case focuses on a more
refined h-type mesh in comparison with P5 but using a solution with the third polynomial
order, referred to as HFP3.

As an initial estimation, this study aims to design a mesh with a similar number of
DOFs as proposed by the 1st Automotive CFD Prediction Workshop for the full-body
Detached Eddy Simulation (DES) case, which considers around 30M DOF. The length of the
proposed workshop domain, however, was reduced to improve the computational time,
but the cross section was kept similar.

The cross section of the outlined domain, shown in Figure 4, has a width of 2.31 c and
a height of 1.57 c, with c being the length of the vehicle, which is the same as that proposed
by the 1st Automotive CFD Prediction Workshop. The domain for the simulations has been
halved compared with the original domain designed for the workshop and is defined as
7 c, and the body is located at the centre of the domain, with a total length of 3 c from both
the inlet and outlet. The domain has been truncated to save computational time and two
solutions have been implemented to alleviate discrepancies. A logarithmic velocity profile
has been set at the inlet to recover the 60 mm boundary layer thickness claimed in the
experiment, and a high-order outflow boundary condition developed by Dong et al. [20]
has been imposed at the inlet, preventing energy build up at the outlet of the domain due
to energetic flow structures impacting it and thus allowing for shorter outlet distances.
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3c

3c

2.31c

1.57c

Figure 4. Computational domain.

The two proposed meshes HFP3 and HCP5 have refinement volumes of 0.5c ahead
of the body and 2.0c on the wake region and an additional 1.0c refinement on the back of
the vehicle.

The first case proposed is HFP3, which is mesh designed to be mostly refined by
classical h-type mesh in combination with a relatively standard solution of the third
polynomial order. For this case, the total number of elements is approximately 7.8 M,
with a boundary layer height of 10 mm, 10 layers and a growth rate of 1.5. Within this
setup, combined with a third order polynomial for the solution, the total number of DOF is
approximately 32 M, similar to that proposed by the workshop.

The second case is HCP5, which is mesh designed to be have a relatively coarse
and easy-to-handle h-type mesh but with an increment in resolution using a fifth order
polynomial for the solution. Different from the HFP3 case, the total number of elements
of the HCP5 is approximately 1.4 M, a reduction of 82% compared with the first case.
The boundary layer height considers the same 10 mm and a growth rate of 1.5 but now
with 6 layers instead of 10. The HCP5 mesh setup, combined with a fifth order polynomial
for the solution, presented a total number of DOF of approximately 35 M, slightly higher
than that of HFP3 but in the same range as those proposed by both the workshop and this
work. A first visual comparison between HFP3 and HCP5 meshes in the plane Y = 0 is
presented in Figure 5.

To summarize, we present the main characteristics of both meshes HFP3 and HCP5 in
Table 1.

Table 1. Summary of the main characteristics of meshes.

HFP3 HCP5

Number of Elements 7.8 M 1.4 M
Number of Surface Elements 16.6 M 2.9 M
Boundary Layer Height (mm) 10 10
Number of Boundary Layers 10 6

Growth Rate 1.5 1.5
Number of DOF 32 M 35 M
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Figure 5. Meshes at the centreline. (Top) HFP3 and (Bottom) HCP5 linear.

With the mesh parameters presented, we now introduce the initial settings for the
domain and boundary conditions defined for the computational study of the 20◦ SAE
Notchback body. The boundary conditions for the computational study were set as follows:

• 20◦ SAE Notchback surfaces are set as walls with no-slip condition;
• Free-slip condition imposed at tunnel walls;
• Log velocity profile at the inlet tuned to impose a boundary layer of similar thickness

as in the tunnel;
• High-order outflow condition at the outlet (as proposed by [20]);
• Static wall condition on the floor (no-slip), as used by [7];

The proposed boundary condition for the inlet velocity aims to match the experimental
Reynolds number and to reproduce the boundary layer of the wind tunnel test of [7]
as well as the static floor condition. This proposed log velocity profile and tunnel free-slip
wall conditions were used as input for the 1st Automotive CFD Prediction Workshop.
The high-order outflow condition aims to avoid wave reflections back to the domain
of high-frequency modes that might appear in the solution when using the spectral/hp
element method. For further details on this condition, please refer to [20].

The non-dimensional time step, based on the free stream velocity U∞ and the length
c of the body has been set to ∆t = 5× 10−5 for the HFP3 case and ∆t = 1× 10−5 for the
HCP5 case, both keeping the condition CFL = 1 considering the Reynolds number of
Re = 2.3× 106. The simulations have been run for 10 convective time units (CTU) based
on the same length c to let the flow develop before being averaged for more than 2 CTUs
for the HFP3 and HCP5.
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Different computational resources were required to run the HFP3 and HCP5 cases on
the cluster CSD3 due to the use of different polynomial orders for the solution. The com-
parison between the time steps required to keep the CFL condition around 1 indicates this
trend. For HFP3, 1280 Intel Skylake CPUs were used, with a walltime of 18,000 s per CTU,
and HCP5 was simulated using 1120 Intel Cascade Lake CPUs with walltime of 60,000 s
per CTU.

In the next section, we present comparative results of the two proposed cases with
both experiments from [7] as well as with a RANS simulation.

5. Results

This section outlines the results from the two Nektar++ simulations, and the compar-
isons against [7] and the RANS benchmark.

Starting from Figure 6, which shows a Cp plot along the centreline, the difference
between the simulations is fairly obvious. All simulations resolve the stagnation pressure
at the leading edge well, with all simulations agreeing on the negative pressure gradient
over the front shield and A-pillar. Separation followed by reattachment is observed directly
downstream from the nose, on the underfloor surface in all simulations, with HFP3 being
the case where detachment is the most severe, extending up to x/c = 0.25. Over the roof
and B-pillar, slight differences are seen, with HCP5 best agreeing with the experiment in
comparison with both HFP3 and RANS. Contrary to RANS, the HCP5 and HFP3 cases show
separation followed by reattachment over the backlight between x/c = 0.64 and x/c = 0.68,
with HFP3 showing more significant detachment. Although the separation/reattachment
flow pattern is also present in the HCP5 case at the top of the backlight x/c = 0.64, the size
of the separated zone is smaller compared with HFP3 and the recompression over the
backlight is in excellent agreement with the experiment on a large part of the slant up to
x/c = 0.8. On the other hand, the flow stays attached in the RANS simulation and the
pressure distribution is in total accordance with the experimental results downstream from
the roof. In higher-order simulations, the impingement on the bootlid is overpredicted,
resulting in pressure peaks over experimental results at x/c = 0.92 and, consequently,
higher Cp value in the bootlid region, particularly with HCP5. The RANS has the best agree-
ment among the spectral/hp element simulations in this region. However, an additional
resolution for pressure measurements, especially at the junctions between the A-pillar
and the roof and between the roof and the C-pillar, would be required to obtain more
insight into the flow behaviour in these very sensitive regions. On the under-side of the
body, HFP3 and HCP5 both predict lower magnitudes for the suction peak in the diffuser,
albeit at slightly different locations compared with RANS. With flow separation being the
major source of reduction in diffuser performances, reducing the pressure recovery process,
a more separated flow can be expected on the diffuser for high-order simulations.

Looking further at the U velocity on the centreplane, Figure 7 shows the difference
between the simulation and the experiments. The RANS correlates very well with the
experimental results over the backlight. The flow is mainly attached to the boundary layer
thickness increasing along the slant. In simulations with Nektar++, the flow separates at the
junction between the roof and the backlight with a smaller separation bubble for the HCP5
case. The thin boundary layer generated after reattachment grows thicker up to the bootlid
while remaining thinner than in RANS, which results in higher velocity flow impinging the
bootlid and hence a higher pressure coefficient peak in Figure 6 at x/c = 0.92 for the HCP5
mesh and, to a lower extent, for HFP3. The downwash at the bootlid is best predicted by
RANS, with a taller wake seen in both spectral/hp element simulations; however, the RANS
over-predicts the length of the wake with the best agreements in this region coming from
the spectral element simulations. On the underfloor of the vehicle, the high velocity flow
region exiting from the diffuser extends further downstream in RANS than in Nektar++.
Velocity levels and upwards motion are overall better predicted by HCP5.
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Figure 6. Comparative results between the Cp plot over the centrelines of HFP3, HCP5, RANS and
the experiments from [7].

(a)

(b)

Figure 7. Cont.
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(c)

(d)

Figure 7. Comparative contours of u
Uinf

velocity over the centrelines of HFP3, HCP5, RANS and the
re-scaled experiments from [7]: (a) experiment, (b) HFP3, (c) HCP5 and (d) RANS.

The results presented in Figure 8 show wall-shear stress contours on the upper-surface
of the SAE body. The presence of long streaks in the HCP5 case is possibly due to the shorter
averaging window. However, the separation and reattachment at the outboard edges of
both the B- and C-pillars clearly appears on both HCP5 and HFP3. In [7], Wood et al.
have visualised trailing pillar vortices convected towards the centreplane and resulting in
cross-flow towards the middleplane. The orientation of the high value trail of wall-shear
stress on the rear slant qualitatively agrees with the experimental observations. In HFP3,
the contours show more in-wash of the B- and C-pillar vortices with centreline convergence
over both the roof and backlight, which is less present in the HCP5 case. HCP5 confirms a
less separated backlight region, as discussed in the Cp plot, showing larger shear stress
peaks over the C-pillar and suggesting that a possibly more energetic C-pillar vortex could
contribute to the lesser backlight separation. Similarly, the wall-shear stress looks to be
greater in overall in the HCP5 case, suggesting less significant separation over the roof than
in HFP3. This as well could contribute to the less significant backlight separation in the
HCP5 case.



Fluids 2022, 7, 106 11 of 16

(a)

(b)

Figure 8. Wall-shear stress (0.5*Cf) contours. (a) HCP5 and (b) HFP3.

Figure 9 shows the backlight and base pressure for both HCP5 and HFP3 as well as a
comparison with the RANS values. The pressure distribution over the slant is perturbed
along a line of low-pressure values near the outboard edge, which is an effect of the
trailing vortex. This line of low-pressure values extends further downstream in the HFP3
case whereas the extent of the perturbation is more moderate in the RANS and HCP5
cases. As expected, the negative Cp region associated with the separation at the top of
the backlight is larger in the HFP3 case than both the RANS and HCP5. Both Cp peaks at
the base of the slant due to impingement on the bootlid are of a higher magnitude in the
spectral/hp element simulations than RANS. The spanwise expansion of this hig- pressure
zone is constrained by the low-pressure line of the C-pillar vortex and is furthermore
more limited in the HFP3 case. For this particular case, the pressure peak vanishes when
approaching the symmetry plane, leading to lower pressure values compared with HCP5
at the base of the backlight, already highlighted on Figure 6. HFP3 consequently better
agrees with the lower backlight Cp values with a higher value around the bootlid seen in
the HCP5 case. The base pressures in both cases are similar. The bottom region with lower-
pressure values corresponds to the diffuser. Lower Cp values over the diffuser indicate
a predominantly attached flow compared with higher values in high-order simulations.
The flow separates later on the diffuser in the HCP5 case compared with the HFP3 indicated
by the pressure recovery ending at a higher location.
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(a) (b) (c) (d)

Figure 9. Backlight Cp contours. (a) HCP5, (b) HFP3 and (c) RANS; (d) experiment.

The general flow structure for the three cases is compared using iso-surfaces of total
pressure coefficient on Figure 10. For the RANS simulation, the only visible flow features are
the wake and barely the pair of vortices over the C-pillar. All of the other coherent structures
are faded out. On the other hand, simulations based on the spectral/hp element method
distinctly resolve the wake and the vortices emanating from the A-pillar and the C-pillar.
The vortex originating from flow separation on the A-pillar are convected downstream
along the side surfaces of the body before being deflected towards the centreplane driven
by the low pressure wake. Although the resolution at which the vortices are captured
is higher for the HCP5 case, they are convected further downstream in the HFP3 case.
The pair of vortices generated at the top outboard edge of the slant and rolling over the
trailing pillars, which have been evidenced in the shear-stress contour in Figure 8 and
by Wood et al. [7], are well captured in high-order simulations in both cases. The same
difference on the two meshes is observed for the A-pillars, with the pair of vortices being
more finely resolved for the HCP5 mesh but extending further downstream for HFP3 where
they merge with the wake directly downstream from the base of the vehicle. The total
pressure coefficient iso-surface also confirms the larger separation on the centreplane at the
beginning of the slant for the HFP3 case, which was highlighted on Figure 6.

Figure 11 shows the progression of vorticity magnitude over the SAE body with
both the HCP5 and the HFP3 meshes. The results shown in the total pressure coefficient
iso-surfaces in Figure 10 are also confirmed by these vorticity contours. Looking at the
x/c = 0.4 planes, the HCP5 mesh looks asymmetric with additional vortex rollup over the
left-hand side of the body than the right, whilst the positioning of the rollup in HFP3 is
slightly asymmetric—the number and intensity of the roll-up look similar on both sides
of the car. The difference here can be due to the shorter averaging period for HCP5,
preventing the capture of low-frequency asymmetric vortex shedding from the left- and
right-hand sides of the vehicle. This trend also exists in the x/c = 0.5 plane. The layer of
high vorticity values near the surface on the top corners of the vehicle evolved in distinct
vortices. The strength of the vortices looks somewhat higher in HFP3 even if the vortices
can be distinguished with better resolution in the HCP5 case. Further downstream at
x/c = 0.7, most of the vortices generated at the A-pillar vanished in the HCP5 case, whereas
they are still visible on at this streamwise location for HFP3 with lower vorticity levels.
The asymmetry could point towards the possibly of bi-stability in the wake dynamics
of the SAE-body at this Reynolds number—however, the possibility of this is left for
further investigations.
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(a) (b)

(c)

Figure 10. Iso-surfaces of the total pressure coefficient representing the rear wake profile. (a) HCP5,
(b) HFP3 and (c) RANS.

Figure 11. Vorticity contour comparison along X-normal planes: (a) x/c = 0.4, (b) x/c = 0.5, (c)
x/c = 0.7 and (d) x/c = 0.8 . (Top) HCP5; (Bottom) HFP3.

The backlight dynamics mimic what was seen in Figure 10. The propagation of the
stronger A-pillar vortex results in the counter-rotating vortex pair that can be seen over
both C-pillars in the x/c = 0.8 plane in the HFP3 case. The system looks decidedly weaker
in the HCP5 case with no counter-rotating vortex core interaction with the diffusion of
the A-pillar vortex core upstream from the backlight. The pair of vortices rolling over the
trailing pillars are captured on both cases just above the backlight surface. Both wakes look
much more symmetric in both cases, suggesting that any bi-stability in the A-pillar vortex
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cores may have limited implications on the vortex system over the backlight and any wake
dynamics or overall forces.

6. Implications and Suggested Further Work

This study demonstrates the potential shortcomings of current mesh best practices
with regard to high-order methodologies and hybrid h/p-type approaches. Whilst retaining
a similar number of total degrees of freedom between the two meshes, fairly significant
differences in both general flow structures can be seen in the presented figures above.
In particular, the complex vortical interactions between the A- and C-pillars differ greatly
between the two different meshes.

The results show that RANS simulations perform very well on this simplified vehicle,
especially for time-averaged surface pressure distributions. However, it fails at accurately
resolving complex off-body flow structures such as the leading and trailing vortices, which
are captured by the scale resolving simulations with Nektar++. This is observed, to a lower
extent, on the wake length prediction, which is overestimated in the RANS simulation.
The curved junction between the roof and the backlight turns out to be the most problematic
region. The wall models of the RANS simulations accurately predict attached flow for this
particular situation, whereas separated flow appears in scale-resolving simulations. This
could partly be explained by the lack of turbulence in the incoming flow compared with
RANS modelling, which supposes a fixed amount on inlet turbulence. The difference in
the size of the separation bubble at the centreplane between HCP5 and HFP3 indicates that
h- and p-resolutions also have an influence over the flow pattern in this region. Accurate
prediction of the flow over this geometric feature requires fine resolution near the wall
to accurately predict the interaction between the boundary layer and pressure gradient.
Indeed, SGS are dampened by the SVV. The energy deficit coming from unresolved scales
causes early separation of the boundary layer by making it more difficult to withstand
adverse pressure gradients. The smaller separation over the top of the backlight obtained
with the HCP5 simulation at this location tends to indicate that p-type refinement is
to be favoured to increase the near-wall resolution. In fact, a previous Eigensolution
analysis performed on advection-diffusion equations by Moura et al. [17,18] showed that
the additional viscosity strongly impacts higher-order modes corresponding to small scales
while preserving smaller scales. Therefore, large and intermediate scales carrying the bulk
of the turbulent kinetic energy remain relatively less affected by the additional diffusion
introduced by the SVV in the HCP5 case than HFP3, which is of a lower order.

Whilst resolved structures seemed to be better defined in the case of higher polynomial
order simulation, the finer h mesh seemed to resolve overall more vorticity and allowed
vortices to be tracked over longer distances. This observation suggests that a trade-off
has to be found between h- and p-type refinements for off-body flow features. Indeed,
sufficient mesh refinement has to be prescribed for the linear mesh to be able to capture
flow features and to propagate them over a long distance. Once the linear mesh has been
set, the polynomial order can be gradually increased to improve their resolution. However,
it has to be kept in mind that raising the polynomial order is accompanied by a large
increase in the total number of degrees of freedom. For instance, going from a second order
polynomial approximation to a third order more than doubles the total number of degrees
of freedom, and a trade-off has to be made between computational resources and turbulent
scale resolutions. Some further work on hybrid meshes and meshing best practices are
needed to ensure the robustness of these methodologies. Further investigations with
regards to the boundary layer resolution and wider free-stream requirements could be
assessed in studies moving forward. For instance, canonical mesh sweeps of both differing
h- and p-strategies could lead to further insight with regards to the questions raised in this
report. Further simulations on complex geometries, such as the SAE body, could also be
conducted to ensure that these results are consistent with industrial geometries.
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7. Conclusions

Hybrid high-order approaches utilising both h- and p-type refinement show promise
in aerodynamic applications, particularly when discussing scale-resolving techniques such
as Large-Eddy Simulation and Direct Numerical Simulation. Due to these techniques
being in their infancy in comparison with more traditional and widely adopted approaches
such as Finite-Volume and linear Finite-Element, the accepted best-practices for traditional
techniques seem to be less applicable to high-order methods. The results above show
significant differences in the resolved vorticity, flow structures and surface pressure over
the 20◦ SAE body for the same targeted degrees of freedom. These results lay the basis
for the generation of high-order meshes for complex industrial cases and, as discussed,
show the need for further work investigating the requirements for these hybrid techniques
and briefly sets out how this could be achieved.
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