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The vehicle design process is an optimization that balances many factors including
aerodynamics, exterior styling, cabin space and cost. Aerodynamic drag is of growing
importance due to its impact on vehicle driving energy and ultimately fuel economy.
Computational fluid dynamics (CFD) simulation can be an effective tool for predicting
changes in drag due to changes in vehicle shape in the early stages of the design process.
Traditional Reynolds Averaged Navier-Stokes (RANS) approaches struggle, however, to
predict the impact on total drag due to design changes in certain vehicle parts such as front
bumpers. The flow in these regions is characterized by stagnation points, thin transitioning
boundary layers and separation. This paper explores the ability of Large-Eddy Simulation
(LES) to predict changes in aerodynamic drag over a series of 6 bumper modifications to
Honda's "N-ONE" compact car as a benchmark test. Two LES methodologies are compared
with wind tunnel measurements and a RANS approach: (1) a wall resolved computation in
ANSYS Fluent and (2) a dynamic slip wall-model (DSWM) approach in Cascade's CharLES
solver. Despite fine resolution in the front bumper region, the Fluent LES was not able to
capture the correct flow separation due to the cell distortion. Trade offs between cost and
accuracy in the automated meshing process required for industrial design use produced nonhex cells off the surface that impacted solution quality. Automated meshing in CharLES was
based on clipped Voronoi diagrams. Using the DSWM in the bumper region limited near wall
resolution to y+ ~10. CharLES was successful in predicting trends in aerodynamic drag to
within 2% of experiment and flow separation on the front bumper was also well predicted as
indicated by pressure tap measurements. Simulation cost was approximately 60,000 corehours per design iteration. This includes an acceleration in time to solution of approximately
20% using a geometric multigrid preconditioner to advance the simulation with a timestep
double the convective CFL limit.
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I. Introduction
With concern over environmental problems like global warming growing in recent years, nations around the world
are responding by stepping up fuel ecnomy regulations.
Automotive R&D focuses to a large extent on improving the efficiency of combustion engines and on reducing
driving energy in order to improve fuel economy. Aerodynamic drag (CD) due to pressure and shear forces acting on
the surface of a vehicle is a key contributor to driving energy and grows in proportion to the square of speed. When
moving at a speed of 100 km/h, aerodynamic drag is about 75% to 80% of the total running resistance[1, 2].
Although automakers have worked to optimize the design and configuration of a vehicle’s exterior and floor to
lower aerodynamic drag, aerodynamic performance must be balanced against other factors. These include, for example,
exterior styling design, cabin space restrictions, and cost.
Honda uses a Computational Fluid Dynamics(CFD) optimization tool[3] in the early stage of vehicle development
to determine the styling design direction while factoring in aerodynamic considerations. The optimization tool
calculates many styling modifications using geometric morphing technologies. The most important performance
criteria for this CFD tool is the turn-around time of the force prediction on each calculation. The optimization tool
computes the drag from a solution of the steady state Reynolds-averaged Navier-Stokes(RANS) using an eddyviscosity type closure for the turbulent Reynolds stresses. Implicit in the near-wall modeling approach used by this
tool is the assumption that the flow around the vehicle is predominantly turbulent. Therefore it is difficult to precisely
predict the aerodynamic drag around the front bumper where flow at the critical Reynolds number exhibits laminar
to turbulent transition. The low predictive accuracy in this region often misdirects the aerodynamic optimization. After
turn around time of a single computation, therefore, higher accuracy is essential to enable the optimization tool to
efficiently guide the development process towards reductions in aerodynamic drag.
This paper will focus on accurary improvements attainable moving from RANS to large-eddy simulation (LES)
with particular emphasis on the flow in the front bumper region and its relation to overall vehicle drag. The flow in
this region attaches at the stagnation point on the center of the front bumper and gradually develops from a laminar to
a turbulent boundary layer moving around the side of the bumper. Some vehicles, however, have short front overhangs.
Due to the shorter distance along the bumper surface, flow separation at the corner of the front bumper is affected by
the approaching boundary layer state at the separation point. When the approaching boundary layer flow is laminar,
an adverse pressure gradient exists at the bumper corner resulting in a rapid growth of the layer and large flow
separation. This flow phenomena drastically increases the aerodynamic drag. In contrast, when the incoming boundary
layer is turbulent, flow separation is delayed due to enhanced mixing. This results in smaller flow separation and
correspondingly reduced aerodynamic drag.
A key element of the LES methodology herein is the use of the dynamic-slip wall model (DSWM) of Bose and
Moin[4]. Resolution requirements for wall resolved LES (WRLES) suffer from a near quadratic increase in the number
of grid points with respect to the Reynolds number (N∼Re13/7) as compared to a linear scaling for wall modeled LES
(WMLES)[5]. Prediction of complex transition phenomena, as described previously on the front bumper, has been
challenging for traditional wall-modeling approaches that rely on assumptions about local flow conditions (e.g.
turbulent flow, profile shape, equilibrium conditions). In contrast, the DSWM derives the wall boundary condition
directly from the filtered LES governing equations. Previous simulations focused on the critical flow around a vehicle
side-mirror [6] used the DSWM implemented by Cascade Technologies, Inc. Comparable accuracy in pressure
coefficient profiles was obtained at a near wall resolution of y+~7 when compared to a fully resolved computation [7]
with y+<1. Prediction of local flow over the mirror was improved by applying the DSWM but overall vehicle drag
was not investigated.
In this paper, we examine the effectiveness in predicting trends in overall aerodynamic drag when utilizing the
DSWM, compared to the current Honda CFD approach of ANSYS Fluent RANS or wall-resolved LES. All the
simulations are performed on a 25% scale model “N-ONE” vehicle typical of those used in early stage vehicle
development. The model exhibits the aforementioned unsteady flow phenomena on the front bumper as well as a
complex mixing pattern in the rear wake. Predicting aerodynamic drag on the full vehicle is thus a particular challenge
since it requires accurate prediction of flow phenomena across many regimes. The paper is organized as follows:
Section II discusses Honda’s nominal optimization and simulation processes and an area for improvement. Section III
describes a new simulation methodology based on Cascade’s CharLES flow solver. In Section IV a suite of CharLES
results are presented that demonstrate the ability to predict bumper flow separation and trends in C D across vehicle
geometries.
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II. Challenges Predicting Boundary Layer Separation
A. 25% Scaled Vehicle Experiments
A wind tunnel test was conducted by using a 25% scaled model vehicle. Honda’s wind tunnel for a quarter-scale
model is a closed loop facility and has the 5 moving belt system shown as in Figure 1[8]. Boundary layer profiles in
the 5-belt wind tunnel system are complex due to the moving surfaces. A pitot probe was used to measure the wind
tunnel boundary layer at the locations shown in Figure 2, 3. Measurement points A to C were on the center belts. Point
D was on the front left wheel belt. Point E was midway between the left wheel belts. Point F was on the non-slip floor.
The inflow velocity was 100 km/h. There was no boundary layer thickness at locations A, B and C. In contrast,
locations D to F do show a velocity gradient.
The experimental model was a compact car named the “N-ONE” which is classified in the Japanese small car
category. The baseline specifications for this car are L × W × H = 3393mm × 1475mm × 1610mm with a wheel base
of 2520mm. Geometric modifications were made by varying the curvature of the side front bumper. In practice, the
wind tunnel test was conducted by changing parts attached to the front bumper. The angle θ was defined as shown in
Figure 4. Table 1 shows detailed angle variation information. The angle range is from 115 deg to 136 deg in 6
modifications.
Static pressure taps were installed to measure the surface pressure to illustrate the flow transition and separation
phenomena. Figure 5 shows the pressure tap location. The points 1 to 23 were located at the side front bumper, points
24 to 38 were located at the A-pillar, and points 39 to 63 were located at the rear. These pressure taps were connected
to ZOC33(64ch, Scanivalve corporation). The sampling time was 6.4×10-3 s, and the measurement time was 64 s. The
results of surface pressure distribution is shown in Figure 6. There is no difference around the A-pillar(24 to 38) and
rear surface(39 to 63), however the apparent difference is observed at the side front bumper. In all cases with front
bumper modifications, the pressure coefficient is lower than the baseline case. It is clear that changes in flow behavior
around the front bumper due to geometry changes were responsible for changes in aerodynamic drag for this model.
The prediction of the front bumper flow separation will therefore be important for calculation accuracy.

(a) 5Belts wind tunnel
(b) Evaluation model (N-ONE)
Fig. 1 5 Belts Wind tunnel and 25% scale model, Wind tunnel for scaled model owned by Honda (Left),
evaluation vehicle named “N-ONE”(right).
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(a) Pitot probe
(b) Measurement point on belts
Fig. 2 Velocity profiles at the each location on 5 belts system, Location A is on the center belt, x=-175mm,
y=0mm(a), Location B is on the center belt, x=0mm, y=0mm(b), Location C is on the center, x=312.5, y=0mm(c),
Location D is on the front left belt, x=-175mm, y=-190mm(d), Location E is midway between the left belts,
x=312.5mm, y=-190mm(e), Location F is out side of the belts system, x=-262mm, y=312.5mm(f).

Fig. 3 Velocity profiles at the each location on 5 belts system, Experimental results measured by pitot(black
circle dot).

(a) Side view
(b) Modification area
(c) Angle variation
Fig. 4 Modification of the front bumper, Side view indicates short overhang(a), Modification area around
front bumper(b), Angle variation, theta is modified to change the curvature(c).
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Case
𝐑, mm
𝛉, degree
Base
60
115
Case01
60
120
Case02
60
123
Case03
60
128
Case04
60
131
Case05
60
136
Case06
Table. 1 Angle variation of the fr bumper attachement

(a) Fr bumper
(b) A pillar
(c) Rear
Fig. 5 Pressure tap points, Front bumper side, point 1 to 23 (a), A pillar, point 24 to 38(b), and rear side, point
39 to 63(c).

Fig. 6 Cp distribution of pressure tap points, Front bumper side, point 1 to 23, A pillar point 24 to 38, and
rear side point 39 to 63.

B. ANSYS Fluent RANS and LES calculation results
Following Honda’s internal best practices, ANSYS Fluent RANS and LES calculations were conducted for
validation against the N-ONE aerodynamic drag wind tunnel data. The inflow velocity was 190 km/h. The RANS
calculation was conducted in accordance with the conditions used by the Honda CFD tools. The calculation used the
Realizable k-ε model for turbulent viscosity with the enhanced wall treatment applied in the near wall region. The
finest cell size was 1.0 mm for the tangential direction and 0.01 mm for the normal direction. The boundary layer
mesh was generated to satisfy the condition that the wall y plus is approximately 1. Because the N-ONE model used
non-deformable simple disk wheels, rotating wall boundary conditions could be applied for the tires and wheels.
Calculation settings and mesh information for the Fluent LES are shown in Table 2 and 3. The Wall-Adaptive Local
Eddy-Viscosity (WALE)[9] model was used with a time step of 6.00×10-7s to satisfy the CFL <= 1 condition. The
mesh was generated by an automatic mesh generator named NUMECA International’s “Hexpress/Hybrid”. The finest
cell resolution around the front bumper in the tangential direction was 0.0625 mm (𝑥 + ≤ 10), and in the normal
direction was 0.006 mm (𝑦 + ≤ 1). According to our previous investigation[7], the cell aspect ratio is crucial to capture
the boundary layer separation. Aspect ratio ~10 was applied to the fr bumper surface. The rest of the body was 1.0
5
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mm resolution for the tangential direction. Figure 7 shows the visualization area(b) and mesh transition(c). The
boundary layer mesh was inserted after the localization of the volumetric cells to match the specified setting of the
layer mesh. Because of cell distortion the number of layers was limited. In this case, five layers was the maximum
such that the mesh calculation did not diverge. At the transition area from boundary layer mesh to hexagonal mesh,
there were many tetra and pyramid cells stitching together the meshes.
The results of aerodynamic drag are shown in Figure 8. The horizontal axis is the bumper corner angle and the
vertical axis is delta CD. The delta CD is calculated by subtracting the baseline case value. The experimental data
indicate a large reduction as the corner angle increases beyond 115 deg. RANS results show CD increasing as corner
angle increases. In the LES cases, the results also indicated an increase of CD in spite of the appropriate cell resolution
being satisfied with wall y plus. However, Cp distributions of LES around the front bumper were improved compared
with those of RANS results (Figure 9).
Software
Length [mm]
Velocity [m/s]
Reynolds number
SGS turbulence model

ANSYS Fluent version 16.2
848.75
52.78 (190km/h)
3.0×106 (length based)
Wall-Adaptive Local Eddy-Viscosity(WALE)
model (Cw=0.325)
6.00×10-7
Time step [s]
2nd order Non-Iterative Time-Advancement
Time marching method
2nd order bounded central difference
Spatial discretization
Fractional step method
P-V coupling method
Vehicle body: non-slip wall
Boundary conditions
Tire and wheel: Rotational velocity wall
5Belts: velocity wall
Ground: Slip & non-slip wall
Table. 2 Simulation conditions of ANSYS Fluent LES, wall resolved large eddy simulation case

Boundary
Growth rate
Tangential Normal
min. cell
layer
min. cell
length
number
length
Hexpress/Hybrid Hexa,
0.0625mm 0.006mm 5
1.25
Fluent
version 5.2
Prism
LES
(𝑥 + ≤ 10) (𝑦 + ≤ 1)
Table. 3 Mesh condition, ANSYS Fluent LES (wall resolved LES around front bumper side)
Case

Mesher

Cell
element

(a) wall y-plus
(b) Mesh visualization area
(c) Mesh at z=75mm plane
Fig. 7 Mesh condition, Wall y-plus calculated by ANSYS Fluent(left), Mesh visualization area(center), Mesh at
z=75mm plane(right).
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Fig. 8 Delta CD against the base result, Dash-dotted lines are accuracy within 3% of the experimental results.

Fig. 9 Cp distribution of pressure tap location 1 to 23 on base case, Around fr bumper side.

C. Numerical experiments for the Reynolds number influence
Fluent LES results indicated an inaccurate CD prediction and Cp distribution. To assess the influence of Reynolds
number, calculations with an inflow of 30 km/h were performed on the same mesh. Figure 10 shows the flow
separation at the front bumper. In the 30 km/h case, a large separation was observed and the CD increased by a delta
of +0.027. At this reduced inflow velocity, Fluent LES predicts a Cp profile (fig 10c) similar to the wind tunnel
experiments at 190km/h.
On the other hand, the failure to capture the correct flow separation at 190km/h could be due to mesh cell quality.
Figure 11 (b) shows contours of velocity magnitude. The switching zone of the boundary layer mesh induced flow
fluctuations. This region used tetra and pyramid cells. The estimation of LES turbulent viscosity includes the cell
volume in its formula. It seems that the large expansion rate induces unphysical numerical oscillations around the cell
transition area. To avoid this issue, a taller height of the boundary layer mesh should be required such that the separting
flow is not influenced by numerical oscillations due to cell transition. This, however, is in tension with limitations on
the number of layers the automatic meshing tool can generate. At a higher operational cost, higher quality meshes can
be generated with additional manual intervention. We have confirmed this can lead to improved separation behavior.
For industrial use, a balance of meshing automation with smooth cell transition, and high accuracy is required for a
CFD system.
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(a) 190km/h

(b) 30km/h

(c) Cp around fr bumper
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Fig. 10 Reynolds number influence for the flow separation, LES 190km/h(a), LES 30km/h(b), and Cp
distribution(c)

Wrong predicted separation
Ideal separation

Fig. 11 Mean velocity magnitude around the fromt bumper at 75mm z-plane, The visualization of the
ANSYS Fluent LES result. Numerical oscillation is observed intersection area of the mesh transition.

III. Cascade solver and meshing methodology
A. Solver Formulation
Subsequent simulations are performed using a low-Mach, isentropic formulation of Cascade’s CharLES solver.
The solver uses 2nd-order central, conservative operators designed to preserve turbulence dynamics. A low-dissipation
scheme is essential for capturing the Reynolds number dependency of the boundary layer separation as numerical
viscosity can alter the flow regime. Accuracy is then managed through wall modeling (section III.B.) and by applying
appropriate mesh resolution (section III. C.). Efficient time advancement obtained through the solver’s isentropic
formulation and is discussed next.
Incompressible formulations of the Navier-Stokes equations are efficient for the time integration of low Mach
number flows by avoiding the time step (or stiffness) associated with the propagation of acoustic waves. The
attenuation of all acoustic waves has two immediate consequences. First and most obvious, it is often desirable to
compute the acoustic field, even in low speed flows. Second, the incompressible equations are limiting behavior where
the speed of sound is infinitely larger than the convective velocity making the governing equations elliptic in nature.
This yields a poorly conditioned system of governing equations that are difficult to solve.
We, then, seek a low Mach formulation that preserves a finite speed of sound and admits lower frequency acoustic
waves without sacrificing time steps that scale with the convective CFL limit. This is accomplished by approximating
the flow as isentropic to yield a coupling between the density and pressure perturbations in a variable density setting.
The introduction of a finite sound speed also results in a better conditioned set of governing equations allowing for
faster and more scalable solutions. A brief derivation of the formulation is presented below.
1. Low-Mach Governing Equations
We admit a two variable expansion of the density, ρ, of the fluid in terms of its entropy, s, and pressure, p
8
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𝑑𝜌 =

𝜕𝜌
𝜕𝜌
| 𝑑𝑠 +
| 𝑑𝑝
𝜕𝑠 𝑝
𝜕𝑝 𝑠

(1)

Assuming the flow is low-Mach, we will admit an approximation that the flow is isentropic. Then integrating Eq. 1
from a reference state, (sref, pref), to another thermodynamic state, (sref, p) yields (dropping the entropy argument)
𝑝

1
1
𝑑𝑝 = 2 (𝑝 − 𝑝𝑟𝑒𝑓 )
2
𝑐
𝑐
𝑝𝑟𝑒𝑓

𝜌(𝑝) − 𝜌𝑟𝑒𝑓 = ∫

(2)
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where c is the speed of sound. We can now derive a modified fractional step algorithm from the relationship in Eq. 2.
The continuity and momentum equations for a variable density flow are given by
𝜕𝜌 𝜕𝜌𝑢𝑗
+
= 0
𝜕𝑡
𝜕𝑥𝑗
𝜕𝜌𝑢𝑖 𝜕𝜌𝑢𝑖 𝑢𝑗
𝜕𝑝 𝜕𝜎𝑖𝑗
+
= −
+
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖 𝜕𝑥𝑗

(3)
(4)

where σij represents the viscous stresses. We assume a fractional step time advancement of Eqs. 3 and 4:
𝐴𝜌𝑢∗ = 𝑟 𝑛
𝜌𝑛+1 𝑢𝑛+1 − 𝜌𝑢 ∗ = −𝛼Δ𝑡𝐺𝑝

(5)
(6)

where A and G denote the discrete implicit time advancement operator and discrete gradient operator, respectively
and α is a coefficient relating to the particular choice of time advance scheme. Taking the discrete divergence, D, of
Eq. 6 and using Eq. 3 yields
𝜕𝜌 𝑛+1
− |
− 𝐷𝜌𝑢 ∗ = −𝛼Δ𝑡𝐷𝐺𝑝
(7)
𝜕𝑡
For simplicity, let us admit the following discretization of the density time derivative in Eq. 7
𝜕𝜌 𝑛+1
𝜌𝑛+1 + 𝜌𝑛
|
=
𝜕𝑡
Δ𝑡

(8)

We now use Eq. 2 in the above expression and substitute into Eq. 7 to yield a Helmholtz system for the pressure
−

𝜌𝑟𝑒𝑓 − 𝜌𝑛
1
𝑝 + 𝛼Δ𝑡𝐷𝐺𝑝 = 𝐷𝜌𝑢∗ +
𝑐Δ𝑡
Δ𝑡

(9)

The time step is completed using the relations in Eqs. 2 and 6 for ρn+1 and un+1, respectively.

B. Dynamic slip wall modeling
Wall modeling for large-eddy simulation is a necessity in order for calculations to be computationally tractable in
high Reynolds number wall bounded flows. Wall resolved LES suffers from a near quadratic increase in the number
of grid points with respect to the Reynolds number (N∼Re13/7) as compared with a linear scaling for wall modeled
LES[5]. Traditional wall modeling has computed the wall stress by solving thin boundary layer equations or other
near-wall RANS equations. These closures rely on a number of assumptions and empirical models: presumed shape
of the boundary layer profile, attached flow, no pressure gradient effects, turbulent flow, matching locations, and/or a
well-known mixing length controlled by tunable coefficients. While these models have had success in predicting a
number of flows (primarily, canonical attached boundary layers although there are applications to more complex
flows), the underlying empiricism limits its predictive capability.
The dynamic slip wall-modeling framework, instead, derives a wall boundary condition directly from the filtered
governing equations. The LES governing equations solve for the dynamics of filtered variables (e.g., velocity):
9
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u̅i (x) = ∫ 𝐺 (x ′ , x; Δ)u𝑖 (x ′ )dx ′

(10)

A wall boundary condition for the filtered variables is then derived from the filtered governing equations by
assuming a specific choice of the filter kernel in Eq. 10. This approach makes no assumptions about the state of the
local boundary layer. The remaining parameter in the wall boundary condition related to the near-wall filter width is
computed via a dynamic procedure making this approach free of any a priori specified coefficients. For a full
derivation please refer to Bose and Moin[4].
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C. Voronoi Diagram based Meshing
Honda N-ONE computational grids are constructed using a flexible Voronoi diagram based approach. Given a set
of mesh points distributed at the desired grid density, the Voronoi diagram uniquely defines the cell volumes and mesh
connectivity. Put more simply, in a Voronoi diagram each point “owns” the region of space closer to itself than any
other points. A Voronoi mesh is a natural generalization of a hexahedral mesh with localized hanging-node refinement.
Figure 12 shows a comparison of such a mesh with a Voronoi diagram based mesh built from the Cartesian mesh
nodes.

(a) Cartesian Mesh
(b) Voronoi Mesh
Fig. 12 Mesh Comparison, Illustration of the close relationship between a Cartesian adapted mesh (a) and a
Voronoi mesh generated using the nodes of the adapted Cartesian mesh (b).
The generation of a three-dimensional Voronoi mesh inside a complex fluid volume is essentially a three step
iterative process:
1.

2.
3.

Define the generating point set. These are coordinates of the Voronoi vertices that will eventually correspond
to the locations of unknowns in the flow solver. A valid Voronoi diagram exists for any set of points, however
the spacing and arrangement of these points will control the quality and topology of the resulting mesh,
Generate the Voronoi diagram, in parallel, from the generating point set.
If the mesh is not sufficiently accurate, or smooth, either enrich or smooth the locations of the generating
point set, and repeat step 2.

An extremely powerful aspect of using Voronoi diagrams to produce computational meshes is that the definition of
the Voronoi site locations uniquely describes the Voronoi mesh, including all geometric information (e.g. volumes,
face normals and areas), and connectivity (e.g. nearest neighbors). This deterministic connection between the point
locations and the resulting mesh dramatically simplifies the methodologies employed for mesh adaptation and
manipulation.
One import mesh manipulation in the context of LES is smoothing. Rapid grid transitions and highly skewed cells
can distort the turbulent structures being transported. Smoothing a Voronoi mesh reduces to smoothing a distribution
of points, free from the headaches of its impact on mesh connectivity. The Honda N-ONE grids use a smoothing
algorithm called Lloyd iteration. Lloyd iteration makes use of the fact that the Voronoi points and the centroids of the
resulting Voronoi cells are not necessarily coincident. When they are, the Voronoi mesh is called centroidal. In the
most basic implementation of Lloyd iteration, the generating points are moved to the centroids of their Voronoi cells,
and the Voronoi mesh is recomputed (Fig. 13).
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Fig. 13 Mesh Smoothing, Illustration of 2 Lloyd iterations, where the Voronoi points (red) are moved to the
Voronoi cell centroids (black +) and the Voronoi diagram is recomputed. Note how the mesh becomes more
uniform and centroidal.

D. Multigrid preconditioning
Time-to-solution is an important criteria when considering the simulation of a series of vehicle geometries in a
design process. While the CharLES low-mach isentropic solver’s governing equations were constructed to be wellconditioned at convective CFL numbers of order 1, as the CFL grows one expects the implicit system to become
increasingly stiff. Standard iterative and gradient decent type linear solvers require numerous iterations for
convergence thus offsetting any improvement in time-to-solution as larger time steps are employed. Using a time step
that leads to local convective CFL values that are greater than one is often desirable in multiscale, complex geometries
where fine features are present. Cascade developed a geometric multigrid preconditioner to address this issue.
While multigrid preconditioning is tradionally used to accelerate convergence of Poisson systems in fully
incompressible flow solvers, a couple factors motivated the geometric implementation persued by Cascade in the lowmach solver. First, the parallel Voronoi meshing infrastructure underlying CharLES was suitable for robust
construction of coarsened grids. The coarse grids are constructed by agglomerating cells from a parent mesh using
coordinate nested dissection (CND) [11]. CND recursively bisects the mesh along its longest dimension using the
projected cell centroids. The recursive procedure continues until it produces the requested cell agglomeration; e.g.
when each coarse cell consists of approximately 23 fine cells. Figure 14 illustrates level 2 and level 3 meshes
constructed from the N-ONE base geometry mesh. Notice that the CND algorithm produces cells that become increasing rectangular on ever coarser meshes.

(a) Grid Level 2
(b) Grid Level 3
Fig. 14 Coarsened geometric multigrid levels produced through coordinate nested dissection (CND) of the
primary voronoi mesh, Grid Level 2(a) and Grid Level 3(b).

Second, geometric multigrid offers advantages in the context of the CharLES low-mach governing equations that
tradional algebraic multigrid approaches do not. Both the Helmholtz and momentum systems described in section
III.A involve solution matrices with coefficients that vary in time. Algebraic based coarsenings would need to be
rebuilt each timestep at greater computational expense than the geometric coarsenings which are built once at
simulation startup.
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A basic V-cycle procedure is used and defined recursively in Alg. 1, where nlevel is the number of multigrid levels
(with nlevel = 1 the original method without multigrid can be recovered), l is the level, nprel/npostl is the number of
pre/post-smoothing steps, 𝒮𝑙 is the smoothing operator, 𝐴𝑙+1 is the linear operator, ℛ𝑙 is the restriction operator and
𝒫𝑙 is the prolongation operator. The number of smoothing steps and, under certain conditions, the smoother/solver can
be defined differently on each level. In the results to follow, two grid levels were employed with a conjugate-gradient
solver for the Helmholtz system and a Krylov subspace like solver for the momentum system.

IV. CharLES Bumper Flow Separation and Drag Predictions
A summary of CharLES simulation parameters is shown in Table 4 and the calculation domain is shown along
with a depiction of the floor boundary conditions in Figures 15(a) and 15(b), respectively. The five moving belts in
the floor were treated with a translating wall velocity boundary condition. The initial setup of the simulation ground
boundary condition (slip vs non-slip) and mesh resolution was adjusted to match experimental data of Figure 3. Part
A of this section will describe selection of the computational mesh resolution motivated by the front bumper flow
separation. Part B will describe selection of the computational timestep under similar accuracy considerations. Results
of the sweet of N-ONE drag computations are presented in Part C while Part D summarizes the computational cost.

(a) Calculation domain
(b) 5 belts geometry
Fig. 15 Calculation domain with 5 belts system, Calculation domain(left), 5 belts geometry and boundary
condition(right).
A. Mesh resolution study of base case
As described in Section II, mesh quality in the boundary layer region is important for accuracy. The point seeding
approach used to construct successively finer resolutions in the near-wall region of the Voronoi mesh was based on
an isotropic hexagonal-close pack (HCP) distribution. Near wall points are not seeded a fixed wall distance, but rather
only guaranteed to be located between zero and a user requested length scale from the wall. Subsequent Lloyd iteration
of near wall points is performed to naturally align the points with the boundary surface. This robustly builds a layer
of high-quality cells in the near wall region. Additional smoothing can be applied as point density (and hence the
number of Voronoi cells) is decreased moving away from the wall.
Figure 16 shows the mesh appearance of the y=0 mm plane and z=75mm planes. Local refinement resolution was
set at 4 mm in the wake of the car and 2 mm in the near ground region. 20 Lloyd smoothing iterations were performed.
12
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CharLES
52.78 (190km/h)
Vreman[10]
1.00×10-6
2nd order backward difference (BDF2)
2nd order central difference
Helmholtz fractional step
Vehicle body: non-slip wall
Tire and wheel: Rotational velocity wall
5Belts: Translating velocity wall
Ground: Slip & non-slip wall
Table. 4 Simulation conditions of CharLES, wall modeled large eddy simulation case
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Software
Velocity [m/s]
SGS turbulence model
Time step [s]
Time marching method
Spatial discretization
P-V coupling method
Boundary conditions

(a) y0mm plane
(b) z75mm plane
Fig. 16 Voronoi mesh, y0mm plane(left), and z75mm plane(right). Exterior vehicle surfaces in gray, interior
vehicle surfaces in gold.

(a)
(b)
Fig. 17 Surface resolution of the base case, Specified areas for surface refinement(a),Top down view of
refinement area(b).

Case
RUN00
RUN07
RUN08

Cells
Wall model A: Body B: Pillar C: Bumper
42million OFF
1.0mm
1.0mm
1.0mm
89million OFF
1.0mm
0.25mm 0.0625mm
89million ON
1.0mm
0.25mm 0.0625mm
Table. 5 Mesh resolution of each region, base case
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The nominal surface resolution around the full vehicle was 1 mm. To capture the expected flow separations in the
bumper and A-pillar regions, additional mesh resolution was applied. Figure 17 illustrates the surface regions (body,
A-pillar, and bumper) where different resolutions were applied. Table 5 summarizes the resolution levels for three
simulation configurations. RUN00 was a baseline computation performed on the baseline N-ONE geometry with 1mm resolution everywhere on the vehicle surface and no used of the DSWM. RUN07 and RUN08 were performed on
a finer mesh with 0.0625mm resolution on the bumper. The latter utilized the DSWM on the bumper region while the
former did not. Figure 18 shows the differences in surface resolution between RUN00 and RUN07/08. Changes in
flow phenomena across the three cases are described next.
Flow fields around the front bumper are shown in Figures 19 and 20. In the z=125mm plane, modest flow
separation in RUN00 is observed at the end of the front bumper. By contrast, the finer resolution of RUN07 showed
an earlier separation but not upstream as far as the bumper corner as indicated by experiment. Turning on the DSWM
at this resolution (RUN08) led to the expected flow separation at the bumper corner. Minimum y+ values in this region
were of order 10. Figure 21 adds the result from RUN08 to a comparison of the Cp distribution at the front bumper.
The trend in surface pressure on the bumper is well predicted by CharLES compared to prior simulation results.

(a) Run00
(b) Run07 and 08
Fig. 18 Mesh appearance around front bumper at z=75mm , Mesh appearance of Run00(a), mesh
appearance of Run07 and 08(b).

(a) Run00
(b) Run 07
(c) Run 08
Fig. 19 Flow field around fr bumper at z=125mm, Streamwise velocity of Run 00(a), Run 07(b), Run 08(c).
Range is from 0 to 70 m/s. Blue region indicates the velocity lower than 0.

(a) Run00
(b) Run 07
(c) Run 08
Fig. 20 Flow field around fr bumper at z=75mm, Streamwise velocity of Run 00(a), Run 07(b), Run 08(c).
Range is from 0 to 70 m/s. Blue region indicates the velocity lower than 0.
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Fig. 21 Cp distribution of pressure tap location 1 to 23 on base case, Comparison of Experiment, ANSYS
Fluent LES/RANS, and CharLES around fr bumper side.

B. Calculation speed up using large CFL number
With an eye towards accelerating drag computations of the series of N-ONE geometric configurations, a sensitivity
study was performed on the base geometry to assess the ability to preserve the prediction of pressure coefficient in
this region as the simulation timestep was increased. To limit the computational cost of this investigation, statistics
were collected for approximately 5 to 10 flow times based on the free stream velocity and the length along the front
bumper. Figure 22 reports the trend in mean pressure coefficient as the timestep is increased by a factor of four, thus
increasing the maximum simulation convective CFL from 1 to 4. At pressure tap locations 11 through 24 pressure
coefficient is insensitive to the increase in timestep. Pressure taps 1 through 10 both show some degradation in
pressure coefficient prediction at CFL~4. It is most apparent in taps 1 through 5 which corresponds to a profile along
Z=75mm. For CFL~2, where pressure coefficient predictions were preserved, computational cost per timestep
increased by approximately 60% compared to the nominal CFL~1 case. Factored in with the doubling of
computational timestep a net speedup of time to solution of approximately 20% is possible. Thus, a timestep of
1.0x10-6s (corresponding to CFL~2) was selected for the drag computions.

Fig. 22 Pressure coefficient, Cp, on the N-ONE base geometry front bumper. Sensitivity to increases in
simulation timestep are shown in terms of increasing convective CFL.

C. Evaluation of aerodynamic forces for the front bumper modifications
With mesh resolution requirements established for the baseline case, additional simulations were performed for
the front bumper curvature modifications. Figure 23 and 24 show the flow field around the front bumper for each of
the front bumper geometry modifications.
While flow separation at the bumper corner was observed in base case, the flow over the modified geometries, by
contrast, remained attached to the trailing edge of the bumper. As the bumper curvature increases, the flow direction
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of the shear layer aligns with the tire and wheel surfaces. This change in flow phenomena reduced the aerodynamic
drag. The same tendency was seen in the z=125mm plane.
The delta CD results are shown in Figure 25. CharLES results captured the delta CD tendency against the base case.
The prediction accuracy is within 2% of experimental values.

(a) Base

(b) Case01

(c) Case02

(e) Case04

(f) Case05

(g) Case06

(d) Case03

Fig. 23 Flow field around fr bumper at z=75mm, Streamwise velocity of bumper modification cases.Mesh
configuration is similar to Run08. Range is from 0 to 70 m/s. Blue region indicates the velocity lower than 0.

(a) Base

(b) Case01

(c) Case02

(e) Case04

(f) Case05

(g) Case06

(d) Case03

Fig. 24 Flow field around fr bumper at z=125mm, Streamwise velocity of bumper modification cases.Mesh
configuration is similar to Run08. Range is from 0 to 70 m/s. Blue region indicates the velocity lower than 0.

Fig. 25 Delta Cd against the base result, Comparison of experiment, ANSYS Fluent LES/RANS, and
CharLES with MG (CFL~2). Dash-dotted lines are accuracy within 2% of theexperimental results.
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D. Calculation cost
The estimated calculation cost of each simulation method described in this paper is shown in Table 6. Although
the cost of RANS is best for turnaround time, prediction accuracy is not always sufficient. Moreover, at high cost the
Fluent LES failed to accurately predict the drag trend due potentially in part to the Reynolds number effects described
in section IIC. Two costs have been quoted for the CharLES simulations to reflect the savings derived from multigrid
accelerated timestepping. A saving of roughly 15,000 cpu-hours was possible without sacrificing accuracy in the drag
and bumper pressure coefficient predictions.
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Software

Turbulent
Model

Cells

Time
step, s

Iteration

Calculation
cost,
𝐜𝐩𝐮 ∙ 𝐡𝐨𝐮𝐫

Normalized cost,
𝐜𝐩𝐮
∙ 𝐬/𝐌𝐜𝐞𝐥𝐥
/𝐢𝐭𝐞𝐫𝐚𝐭𝐢𝐨𝐧
24.8

1.0×10-6
100,000
61,160
(CFL~2)
Vreman
88,865,291 5.0×10-6
200,000
75,531
15.3
(CFL~1)
Realizable k-e 107,665,777
1,000
1,167
39.6
WALE
275,265,658 6.0×10-7
166,666
284,612
22.3
(CFL≤1)
Table. 6 Calculation costs for 0.1s duration, bold font indicate the result data of Section IV.

CharLES
(MG On)
CharLES
(MG Off)
Fluent RANS
Fluent LES

Vreman

88,865,291

V. Conclusion
The complex, unsteady flow phenomena found in the vicinity of the N-ONE front bumper makes accurate CFD
simulation a challenge. In the early stages of vehicle design, accurate predictions of changes in aerodynamic drag are
essential to guide the development process. It was shown that Honda's best-practice ANSYS Fluent RANS simulations
were unable to capture the subtle changes in drag due to a series of 6 front bumper modifications. Despite being
substantially more computationally expensive, a Fluent LES approach based on hex-dominant meshing was also
unable to predict the drag trend to the required accuracy. An examination of the flow over the front bumper of the
baseline N-ONE geometry indicated a delayed prediction of flow separation. Pressure profiles around the front bumper
compared to experiment also confirmed this. Poor grid cell quality in this region may have impacted solution quality.
Tetrahedral and pyramid cells that formed the transition between the hexahedral boundary layer and free stream
regions induced unphysical oscillations in the flow. Extending the thickness of the boundary layer mesh region is one
potential remedy; however, this has negative implications for both gridding robustness and simulation cost. Both
factors are important when considering use of simulation in a production design process.
Simulation in the low-mach, isentropic formulation of CharLES were able to predict the drag trend within 2% as
well as capture the separation behavior around the front bumper. A clipped Voronoi diagram based meshing approach
was used to generate a polyhedral type mesh with isotropic cells suitable for resolving unsteady turbulent structure.
Precise resolution control allowed refinement to be increased in geometric design areas of interest, i.e. the front
bumper where y+~10, while the full vehicle was resolved sufficiently to properly condition the flow. In the bumper
region where resolution of the boundary layer was required, the DSWM allowed for some coarsening as compared to
truly wall resolved LES. A novel geometric multigrid preconditioner was utilized to accelerate the time to solution.
Using the front bumper separation phenomena as a proxy for assessing time accuracy, it was observed the time
advancement was possible at double the convective CFL limit. This yield a total computational cost of 61,160 corehours per design iteration which was a savings of approximately 20% as compared to a run advanced at CFL~1. While
still more computationally expensive than the RANS simulation approach, CharLES provided predictions at the
desired accuracy. As the cost of computing continues to drop we expect LES to play a greater role in the vehicle design
process.
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