
22nd Australasian Fluid Mechanics Conference AFMC2020 
Brisbane, Australia, 7–10 December 2020
https://doi.org/10.14264/f70a023

Automotive Aerodynamics Prediction using a Fast Transient Solver for
Low-Mach Number Compressible Flow

L. Yu1, S. Diasinos2 and B. Thornber1

1 School of Aerospace, Mechanical and Mechatronics Engineering
University of Sydney, Sydney, Australia

2 School of Engineering
Macquarie University, Sydney, Australia

Abstract

This paper presents a fractional step time stepping scheme for
low-Mach number compressible flow. The advantage of the
proposed scheme compared to the iterative SIMPLEC is sig-
nificant saving in computation effort while preserving second-
order accuracy. The proposed scheme and a transient SIMPLEC
algorithm are verified and validated using a 2D convective isen-
tropic vortex to qualitatively evaluate their convergence prop-
erties. Both schemes are stable at convective Co number equal
one, and acoustic CFL greater than one. The L2 error norms
of both schemes show second order accuracy, but the proposed
scheme uses significantly less computation effort. Next, the
aerodynamics of flow past a SAE 20◦ Notchback Model is pre-
dicted using the proposed scheme. Results of the SAE Model
show good grid convergence, and good agreement in surface
pressure coefficients with experimental measurement.
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Introduction

Reliable CFD simulations of the complex separated turbulent
flow around vehicles is a crucial goal to increase fuel efficiency
and reduce noise emissions [1]. Using 100 million cells on the
DrivAer model, the high resolution DDES has shown significant
advantage in predicting flow separation and surface pressure
over RANS [2]. However, even the finest mesh of 300 million
cells can not correctly capture the flow over the realistic vehicle
geometry, which suggests a finer mesh may be required [1]. It
is desirable to reduce the computation effort, while preserving
the accuracy of the prediction when a very fine mesh is used.
This paper presents a fractional step time stepping scheme that
is second order accurate and significantly faster than an existing
transient SIMPLEC (denoted SC) algorithm in OpenFOAM.

The fractional step method for unsteady incompressible flow
has been successfully applied to compute turbulent flow at
various Reynolds number. One may refer to the work by
Chorin [3], and Choi and Moin [4]. The fractional step method
has also been extended to compute low-Mach number com-
pressible flow. Wall et al [5] proposed a semi-implicit scheme
on staggered grid arrangement, where velocity components and
pressure were staggered in time by one-half time step with re-
spect to the scalar variables. Thermodynamic properties are
calculated before the momentum predictor, and the density is
updated again after the pressure equation that solves a pres-
sure variance. The scheme also uses one to two global itera-
tions. Lappa [6] presented a fractional step scheme for high-
temperature gases also on staggered grid arrangement. The
scheme explicitly calculates the thermodynamic properties, and
then implicitly updates the intermediate velocity without the
pressure gradient. The pressure is also split into two parts -

a hydrodynamic component and a thermodynamic component.
A difference between Lappa [6] and Wall et al [5] is that the
Lappa’s scheme directly solves the pressure field instead of a
pressure variance. Liu and Pletcher [7] presented an implicit
scheme that combines pressure-based and density-based meth-
ods to improve its convergence behaviour for flows involving
large amplitude of acoustic waves and strong heat transfer. The
scheme uses pseudo-time steps, and solves a variance for pres-
sure, velocity and temperature.

The proposed scheme in this study (denoted FS) is developed
by extending the method of Choi and Moin [4] to weakly com-
pressible flow, and shares similarities to the existing compress-
ible schemes. However, it is also different to the existing meth-
ods in that it uses no global iterations; uses only pressure-based
methods; uses no pseudo-time steps; directly solves the pressure
field; suitable for collocated grids

Numerical Scheme

The governing equations for compressible flow can be written
as:
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where ρ is the density, ui the velocity components, xi the three
directions in space, τi j the shear stress tensor, P the pressure,
h the enthalpy, α the thermal diffusivity, and K = 0.5|U |2 the
kinetic energy.

The integration method used to solve equations (1-3) is a fully
implicit fractional step method:
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Figure 1. L2 error norm of vortex convected at 0 degree at Co= 1 pre-
dicted by FS and SC for the first period versus grid size
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The discrete temporal operator represented by T is an implicit
backward differencing. The discrete divergence operator by D
and the discrete gradient operator G are both central differenc-
ing. The variable ψn+1 in equation (7) is the compressibility
defined as

ψ =
ρ

P
(9)

The velocity is firstly marched in time by equation (4). Equa-
tion (5) is added here so that the pressure Laplacian in equa-
tion (7) is the full pressure instead of a variance. The added
pressure dissipation also couples pressure and velocity at the
grid scale on collocated grids. The discretised energy equation
does not have the mechanical source ∂(τi ju j)

∂xi
, because it is neg-

ligible in low-Mach number compressible flow. The enthalpy at
the current time level hn+1 is calculated by equation (6). Then
the temperature at the current time level T n+1 is obtained us-
ing Newton iterations. The pressure field at the current time
level Pn+1 is computed by the pressure corrector (equation (7)).
Finally, the velocity at the current time level is updated by equa-
tion (8).

Numerical Test Cases

Isentropic Vortex Convection

This test case has an initial vortex convected in a computation
domain with periodic boundary conditions. The test assesses
the ability of a scheme to maintain turbulence over distance.
The vortex of Problem C1.6 by Wang et al [8] is recreated and
is allowed to transport at a 0◦ angle (parallel to mesh direction).
The initial conditions of the vortex are:
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Figure 2. L2 error norm of vortex convected at 0 degree at Co= 1 pre-
dicted by FS and SC for the first period versus computation effort

ux,o =U∞sin(a)+dux (13)

uy,o =U∞cos(a)+duy (14)

where dux and duy are initial velocity profiles of the vortex,
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The test conditions are P∞ = 105 N/m2, T∞ = 300 K, M∞ =
0.05, β = 1/50, and R = 0.005. The initial vortex is imposed on
a rectangular computation domain of Lx = Ly = [0,0.1] m, with
periodic boundary conditions on xmin,xmax,ymin, and ymax faces.
The mesh resolutions used include Lx/64, Lx/128, Lx/256, and
Lx/512. The initial vortex is allowed to transport for one period.
The velocity field at the cell centres is sampled at the end of the
period and compared to the initial condition.

Both schemes are investigated at C0 = 1 and CFL=20. The re-
sults for 0 degree convection are reported in Figure 1. While
both schemes show second order accuracy, the values of L2 er-
ror norms of velocity calculated by FS are smaller than SC. The
computation effort by SC is three times more than FS on the
same grid (Figure 2).

SAE Notchback Model

The SAE 20◦ Notchback Model is a useful test case for valida-
tion and verification of applied aerodynamics problems in engi-
neering. The reference to the experiment is Wood et al [9]. The
experimental wind tunnel has a 3.2m long working section with
a 1.92m wide x 1.32m high cross section expanding to 1.94m
wide x 1.32m high at the end of the section. There is no moving
ground plane and so boundary layers grow along the walls and it
is estimated that a 99% boundary layer thickness of 40−60mm
is at the model location. The model is positioned in the domain
so that there are five car lengths (4.2m) forward of the nose and
eight car lengths (6.72m) downstream giving a total length of
14L (11.76m). The cross-section of the domain is 1.94m wide
and 1.32m high. Only the ground plane is treated as non-slip.
The simulations use a coarse mesh (6 million cells), a medium
mesh (9 million cells), and a fine mesh (12 million cells). The
grids are generated using snappyHexMesh. A section of the
mesh is shown in Figure 3. A non-dimensional wall distance
(y+) less than one is maintained for the three grid sizes.



Figure 3. The mesh prism layers on non-slip walls

The inlet velocity is 40m/s, so the Reynolds number based on
the vehicle length is 2.3× 106. The turbulent intensity mea-
sured in the experiment at the test section inlet is 0.2%, so this is
the same in the simulation. The turbulence model used is SST-
DDES [10]. A turbulent viscosity ratio of 1 is used at the inlet
so the turbulent variables can be calculated for the simulation.
The temperature (T ) and the density (ρ) at the inlet are 300K
and 1.2kg/m3, respectively. The characteristic time scale, cal-
culated as (vehicle length)/(freestream speed), is 0.021s. There-
fore, a time step size of 1.0×10−5s is chosen so that there are
2100 time steps in one characteristic time scale. The flow is
solved for a total of 2s, and the pressure field is averaged be-
tween 1s and 2s.

The SST-DDES model computes near wall regions using
URANS, and switches to a LES-like solution away from the
wall. The resolved turbulence scales are a function of the local
mesh sizing. Therefore, broad turbulence scales can be pre-
dicted in the near wake region. The mesh sizing becomes in-
creasingly large away from the LES-like region, so the turbu-
lence scales are dissipated by the grids. The discretisation of
the convective term in the momentum predictor is a zonal hy-
brid scheme that blends second order central differencing and
second order upwind, which takes advantage of the grid size
distribution based on the flow regions [11]. The convective
terms in turbulence transport equations are discretised by sec-
ond order upwind, and the convective and diffusive terms in the
momentum predictor are advanced in time implicitly with back-
ward differencing. The zonal hybrid scheme for the convective
term can be written as:

Fc = (1−σupw)Fctr +σupwFupw (15)
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The free stream velocity is U0, the characteristic object size L0,
the characteristic convective time of the flow τ0 = L0/U0, and
Ωmin = 10−3/τ0. The empirical constants used are CH1 = 3,
CH2 = 1, CH3 = 2, and CDES = 0.65. In this case, the blending

Figure 4. Instantaneous Q-isosurface = 100000−s

Figure 5. Pressure coefficients along the upper surface

factor σupw is bounded by σmin = 0 and σmax = 1. This σmin en-
sures the LES-like region is calculated by second order central
differencing, and second order upwind away from this region
where σupw quickly increases to 1.

SAE Notchback

Cd Cl Cm

Coarse 0.197 -0.076 -0.102
Medium 0.194 -0.075 -0.115

Fine 0.195 -0.079 -0.114
Experiment 0.207 0.054 -0.073

Table 1. Predicted drag coefficients, lift coefficients, and pitch moment
coefficients by three grid densities versus experimental data

The instantaneous Q-isosurface of 100000−s is shown in Figure
4. The predicted flow stays mostly attached on the backlight
surface, except for the flow separation represented by a pair of
counter-rotating vortices on the C-pillars.

The force and moment coefficients predicted by three mesh den-
sities versus the experimental data [9] are presented in Table 1.
The drag coefficient is under-predicted by 5%, but it is con-
sistent with mesh refinement. The predicted lift coefficient is
consistent with mesh refinement, but has a different sign to the
experiment. There are two possible explanations to the differ-
ence. The first explanation is the inflow boundary layer in the



Figure 6. Pressure coefficients over the backlight surface

simulation is thinner than the experiment. This would cause
higher velocity between the car and the non-slip ground, which
could reduce the pressure values on the underbody of the car
and hence a negative lift. The other explanation is leakage be-
tween the legs and the ground in the experiment. This would
change the pressure values between the legs and the ground. If
the pressure is small enough, a negative lift can be generated.
The predicted and measured pitch moment coefficients, how-
ever, have the same sign, and have much smaller difference.
The pressure coefficients along the centreline of the upper sur-
face of the car show very good grid convergence and agreement
with the experiment (Figure 5). The pressure coefficients over
the backlight surface are not in perfect agreement with the ex-
periment, but show convergence as the mesh is refined (Figure
6).

Conclusions

A fractional step time advancement scheme for low-Mach num-
ber compressible flow is proposed. The scheme is second-order
accurate, and stable at convective Co = 1 and acoustic CFL >1
as demonstrated in the isentropic vortex convection problem.
The benefit of the new scheme is three times the speed up com-
pared to the existing best SIMPLEC solver in OpenFOAM on
the same grid. The SAE 20◦ Notchback Model shows that the
scheme is able to predict the aerodynamics of low speed com-
pressible flow in engineering applications. The results show
good grid convergence of force coefficients and surface pres-
sure coefficients. While the predicted lift and moment coef-
ficients show large difference from the measurement, the drag
and surface pressure coefficients are in good agreement with the
experiment.
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