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3. DEFINITIONS AND ACRONYMS

AlAA: American Institute of Aeronautics and Astronautics.

ASME: American Society of Mechanical Engineers.

CAD: Computer-aided design.

CAE: Computer-aided engineering.

Cpb: Drag coefficient,

CFD: Computational

normalized drag force.

fluid dynamics.

CFL: Courant numbjar.

CGNS: CFD genera
DDES: Delayed detd
DES: Detached edd

DRAG: A force that ¢
drag component.

GCI: Grid converger
H: Vehicle height ba
IEE: Iteration error e
IGES: Initial graphic
ISO: International O

L: Length of the veh

LES: Large eddy sinpulation.

notation system.
ched eddy simulation.
simulation.

pposes the forward motion of the vehicle. The total force'is composed of a pressure drag and a viscous

ce index.

sed on projection plane in air flow direction:
Stimation.

5 exchange specification data format.
ganization for Standardization.

cle.

LIFT: The aerodynainic force that acts perpendicular in a vertical direction to the forward motion of the vehicle.

MODEL: Geometric

represéntation of a vehicle.

RANS: Reynolds-av

ragnd Navier-Stokes

SBES: Stress-blended eddy simulation.

SIDE FORCE: Aerodynamic force acts parallel to ground plane and perpendicular to the forward motion of the vehicle.

SIMULATION: Computer reproduction of a physical event.

STEP: Standard for the exchange of product model data (defined in ISO 10303 document).

W: Vehicle width based on projection plane in air flow direction.

y*: Non-dimensional

wall distance for a wall-bounded flow.

YAW ANGLE: Angle between the vehicle body longitudinal axis and the component of the relative air velocity vector in the

ground plane.
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4. CFD MODEL SETUP

As a general principle, numerical simulations should replicate the complete physical system under investigation. However,
modeling excessive vehicle geometric details does not necessarily improve the fidelity and quality of the aerodynamic
simulation, and it could increase simulation time. Therefore, the vehicle geometric features in an aerodynamic simulation
need to be selected carefully based on their relevance to the aerodynamic investigation. For example, simplifying underhood
components for an external aerodynamic simulation of a wind deflector can reduce the total mesh count and simulation time
without influencing the overall flow field. This section contains guidelines for the aerodynamic analysis of medium and heavy
commercial ground vehicles. Users of this document need to consider their own applications when using the guidelines.

The guidelines in this section are divided into two subsections according to the simulation environment. Requirements
related to general model setup are listed in 4.1. Specific items related to CFD simulations in a wind tunnel environment are
grouped in 4.2.

4.1 General On-Rpad Simulation and Wind Tunnel Simulations

Generic requiremen d under this section.

Wind tunnel simulati

s that could be relevant for either on-road or wind tunnel simulations are\gfoupe
bn specific items are listed in the next subsection.
4.1.1  The simulati

bn model shall include all aerodynamically significant physical characteristics of the subject test article.

parts such as rubber mud flaps, under-hood seals, and (recifculation shields ghall be modeled to

bir suitable shape in operating condition.

Deformable
represent th

Recommeng

noted that the values of W and H are to be calculated based on the vehicle geometric mode

flow directio
extended at

ed minimum computational domain size for on-road<simulations is depicted in F

nand G = VW x H. In order to minimize the influence of the domain boundaries,
a minimum 10xG upstream and 30xG downstream of the complete vehicle. The d

igure 1. It should be
s’ projection area in
the domain shall be
omain width shall be

at least 20x(
frontal area

5 and the height should be at least 10xGjresulting in no more than 0.5% blockageg (ratio of the vehicle
o the domain cross section). Each yaw¢dsimulation shall meet this maximum blockage requirement.

F—_‘—————i_____i’ﬂ(’; \V x H

20G

10 G

Figure 1 - Recommended minimum computational domain size
for on-road simulations; W and H are to be calculated based
on the vehicle projection area in wind direction (figure not drawn to scale)

Appropriate boundary conditions should be specified on the outer boundary surfaces of the computational domain.
In general, velocity inlet and zero-gradient pressure outlet are acceptable conditions for the inlet/outlet setup. The
domain sides and top can be modeled with opening, symmetry, or free-slip (sliding) wall boundary conditions to
minimize any far-field influence on the model for on-road simulations. Reynolds number for the numerical model
should match the physical model Reynolds number to ensure same environmental conditions.

The simulation model shall match the physical article under investigation and may include the open grill, the cooling
package, and detailed underhood components, where applicable. Pressure drop in porous media (cores) in the
cooling package can be represented with Darcy’s Law (DARCY 1856) or a polynomial function.
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4.1.6

417

It is recommended to consider the effect of the cooling fan. Stationary fan geometry or porous jump boundary
conditions are acceptable; however, modeling the fan as a rotating (or free-spinning) component is recommended.
If the CFD simulation is being done to replicate a wind tunnel test, the cooling fan modeling should be consistent
with the wind tunnel setup.

The numerical model shall represent physical system at the test condition for main features like ground clearance,
tractor-trailer gap, wheelbase, and roof fairing dimensions.

4.2  Wind Tunnel Simulation

4.2.1

422

423

424

425

4.2.6

427

428

The geometric model for wind tunnel simulation includes the vehicle model and the test section geometry including
test section walls, model support system and any pressure relief slots. A general wind tunnel configuration is

depicted in Figure 2.
Fan Turn{able V(7hicle /

Flow Direction Nozzle
<—

/< Diffuser y\ Side Walls \

Figure 2 - General view of a wind-tunnel test configuration

The vehicle geometric model shall accurately represent the physical properties of the vehicle|installed in the wind
tunnel to thg greatest extent possible. Examples.include ground clearance (at all four corners), tractor-trailer gap,
tire contact patch, wheelbase, roof fairing dimensions, etc.

Open jet wind tunnel simulations should.include upstream nozzle and downstream collector geometry of the wind
tunnel facility test section.

Boundary layer state and thickness on both the wind tunnel floor and on the vehicle modgl surface should be
modeled to replicate the tunngl condition. If boundary layer suction or blowing is employed for|the wind tunnel floor
boundary layer, an appropriate wall boundary condition should be applied into the same area tojaccurately represent
the wind tunnel operational conditions. If there is a moving belt present, moving wall boundafy condition needs to
be implemented at the same size and at the same location. It should be noted that most CFD] simulations assume
a fully turbulent flow;>therefore, if there is a requirement to model laminar boundary layer|or laminar-turbulent
transition, aftransition turbulence model needs to be selected in the solver setting and verified against wind tunnel
measuremepts-where possible.

Supporting structures such as mounting boards, support struts and air bearings shall be included to the geometric
model.

Comparisons between wind tunnel data and aerodynamic simulation force coefficients should be made using wind
tunnel aerodynamic data that have not been corrected for wind tunnel flow variations such as buoyancy.

An empty-domain CFD simulation should be performed based on the empty wind tunnel calibration when available
to adjust inlet velocity boundary condition for the CFD model. If an empty wind tunnel velocity calibration is not
available, then velocity measurements from at least one location should be taken during the wind tunnel test to
adjust the inlet velocity for the CFD simulation.

It is recommended to specify turbulence intensity and turbulence length scale in the CFD model to match the wind
tunnel condition.
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4.2.9 The wind tunnel aerodynamic simulation shall be performed with the vehicle model positioned at the same location
within the wind tunnel test section as that for the wind tunnel test.

5. SOLVER SETUP

The solver setup section covers topics related to appropriate solver selection and different options in turbulence modeling,
boundary layer representation, and discretization. In general, the flow field around medium and heavy commercial trucks is
unsteady, and unsteady CFD simulations better capture this feature. However, steady-state CFD simulations can also be
used successfully in many design iteration studies where short turn-around time is required and the design modifications
are not changing or interacting with the unsteady effects. It is recommended to follow published guidelines for solver setup,
unless different guidelines are specified in this document. In most cases, the flow field around the truck is assumed to be
fully turbulent in the CFD simulations. The guidelines listed in this section currently cover only Navier-Stokes and

Lattice-Boltzmann based solvers.

5.1 General Requ

5.1.1  The grid for
regions at hi
underbody,

separation s

All solver pa

For steady-s
ASME JFE
adequate gr
when there
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For unstead
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rements for Solvers
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gh flow gradient and wake regions (such as front and back of the vehicle,.around njirrors, grills, louvers,

tires, and leading and trailing edges, etc.). Including additional -fefinément reg
de of the vehicle when simulating at yaw conditions is also required.
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tate simulations, grid convergence index (GCI) and-jteration error estimation (I
.130) should be calculated at least once for the subjéct model, or representative
d refinement and comparable grid quality betweenthe projects. The calculations
is a change in the grid density, solver settings,"or software package. The GCI
1 the case results. Calculations procedure for*GCI and IEE are given in Attachme

y simulations, time averaging is necessary to obtain relevant aerodynamic propert
e of initial conditions, a sufficient duration of the initial transient data should

applied. A consistent methodolegy should be applied to determine this duratio
b simulation typically needs torun for at least four convective flow passes, define

for air at freq
the initial tr

associated

stream velocity to traverse-the vehicle length. Data should be collected every timg

ions along the flow

design evaluation.

FE) (as described in
geometry, to ensure
need to be repeated
and IEE results are
Nt A.

es. However, to limit
pe discarded before
N. Beyond this initial
1 as the time it takes
b step and other than

nsient, no data may be discarded, i.e., the time averaging window must extend to the end of the
simulation (¢r the end of recorded‘data). Figure 3 illustrates this time averaging procedure. $
as the 95% fponfidence interval)ymay be applied on the data inside the averaging window to 0

ith the average. Engineering judgment still applies since averaging times ¢

dependent. [Longer run times are recommended when force coefficient time history indi
oscillations ¢r when theuncertainty is too large.

Initialtransient |
. (discarded)
.- »le

.

Averaging window

tatistical tools (such
btain the uncertainty
an be highly model
ates low frequency

Drag coefficient (Cp)

Average Cp

Time

Figure 3 - Example analysis of an unsteady simulation


https://saenorm.com/api/?name=9e369f04f71613a8088f2226d1275c7e

SAE INTERNATIONAL J2966™ JUN2021 Page 8 of 15

5.1.5 It is recommended to use measured free-stream turbulence quantities for wind tunnel simulations. If they are
unavailable, use an inlet turbulence intensity between 0.2% and 1% along with a length scale equivalent to the
hydraulic diameter (if there is a mesh at the wind tunnel entrance), or along with a turbulence viscosity ratio between
200 and 500. Zero-pressure gradient is generally sufficient for the outlet boundary condition. For simulating on-road
conditions, higher turbulence intensities and length scales may be appropriate depending on the environment under
consideration.

5.2 Requirements for Navier-Stokes Based Solvers

Requirements listed in this section are applicable to the Navier-Stokes based solvers. Solver setting values given below are
for guidance only, and software vendors might be able to provide more specific values for their software packages.

5.2.1  Minimum second order discretization is required for all Navier-Stokes based solvers.

5.2.2 Appropriate |y* values depend on Reynolds number and selected wall treatment methad.-Ih general, y* should
remain below 300 on vehicle surfaces (between 30 and 100 is recommended for attached [flow on the external
surfaces of the vehicle) when a wall function is utilized. When wall functions are ngdt utilized| a y* value between
one and fivg is recommended to resolve the viscous sub-layer. General view of a near-wall grid is represented in
Figure 4. The y* value is determined by the cell height on the wall (H1). It is recomménded to keep the growth ratio
(H2/H1) belgw 1.2 in the boundary-layer region on the external surfaces of the,vehicle. In general, element aspect
ratio (cell width/cell height) should not be larger than 50 away from the walls. Elements close to walls could have
much highell aspect ratio (W1/H1) values, especially when the boundary-layer is meshed.

)

)
Q¢
)

)

((
)
(4
)
¢

< W1 H2

P T S

Figure 4 - General view of near wall grid distribution

5.2.3 When the bpundary-layer is resolved with meshing (i.e., no wall functions are used), the flpw field needs to be
checked to%wake Sure the boundary layer (H3) is covered with at least ten or more nodes in fhe normal direction.

This could He checked with plotting turbulence viscosity contours, which should show a peal in the middle of the
boundary layer.

5.2.4 Requirements for Steady-State Navier-Stokes Based Solvers
Requirements listed in this section are applicable to steady-state Navier-Stokes based solvers.

5.2.4.1 For steady-state calculations, using a coupled solver is recommended primarily for speeding up convergence.
For fastest convergence, it is recommended starting with a CFL value between 100 and 150. As the solution
progresses it may be possible to raise the CFL up to 250 to aid convergence speed up. If the case is showing
signs of convergence issues, lowering CFL <50 at the beginning of iterations or switching to a segregated solver
is recommended. Lowering the explicit relaxation factors between 0.25 and 0.5 may also help improve
convergence. Pseudo-transient under-relaxation can also be used with a coupled solver. A pseudo transient time-
step size equivalent to the characteristic time for the vehicle (vehicle length/ freestream velocity) is a good starting
point. This can be reduced or increased based on solution convergence behavior. For segregated solvers,
lowering the pressure relaxation factor improves stability. The pressure relaxation factor seldom needs to go
below 0.1. If the solution is still unstable, the grid quality should be checked.
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5242

5243

CFD uses an iterative-based solution process to balance the equations of mass, momentum, and energy in any
given model. The imbalance, or error, in each equation is assessed iteration to iteration until they drop below a
default threshold set by the software manufacturer or by the user. These errors are represented through residuals,
and how the residual value changes iteration to iteration is defined as convergence. The residual convergence is
usually plotted on a log scale, and the shape of the convergence plot gives a good indication of the quality of the
solution being calculated. A solution that is converging well should show decreasing residuals iteration to iteration,
asymptoting towards a value several orders of magnitude below its starting residual. Poor residual convergence
is characterized by the erratic increases and decreases in the residuals and/or the residuals dropping less than
three orders of magnitude. In extreme cases, the residuals increase iteration to iteration, if this continues and the
residual value raises above the initial residual the equations become unstable and the model becomes invalid.
This is termed divergence. An example figure of good and poor steady-state converge is presented in Figure 5.

- =p residual

e Ux residual

e Uy residual
=== Uz residual

Residuals

===k residual

omega residual

Residuals

==Uxresidual
===Uy residual

Uz residual
e ) residual

=—=kresidual
= omega'tesidual

In addition
interest fr
will allow
range or a
necessary
amplitude
solution.

Iterations Iterations

Figure 5 - An example for good (a) and poor (b) residual convergence

to looking at the convergence of the residuals, the convergence of the drag force
m the results) should also be monitored: Plotting the drag value with iteration n
he user to determine if the forces have reached a constant value, are oscillating
re showing large swings. Appropriate averaging range can also be determined fro
to run an unsteady simulation.to evaluate the drag value for steady-state simulg
of oscillations. Figure 6 presents different drag coefficient convergence behavio

(or the parameter of
umber (drag history)
within an acceptable
m this plot. It may be
tions that show high
rs for a steady-state

A el

il \
| \ \ w
Qeeaeest L L
\ / ——Fully converged

i \ /’ ——Not converged
"\r\-’/ Converged with low amplitude oscillations
——Converged with high amplitude oscillations
Not converged with low amplitude oscillations

Iteration Number

Figure 6 - Drag coefficient convergence examples
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5.2.4.4 In case of a convergence issue at the beginning of the iterations, verifying grid quality and boundary conditions
and initializing the model (where applicable) with a large turbulence dissipation rate (at least two orders of

magnitude larger than turbulence kinetic energy) may help to kick start the solution.
5.2.5 Requirements for Unsteady Navier-Stokes Based Solvers
Requirements listed in this section are applicable to unsteady Navier-Stokes based solvers.
5.2.5.1 For unsteady Reynolds-Averaged Navier-Stokes (as described in ASME AMR v.62.4) simulations, either
segregated or coupled solver can be used. For segregated solver, the relaxation factors for both momentum and
pressure should be increased (to 0.8 or higher) from default values used for the steady simulation. In doing so,
the flow field can be solved in as little as three to five sub-iterations, depending partly on the choice of the time

step used. If convergence issues prohibit increase of relaxation factors, and more sub-iterations are needed, the
coupled s

5.2.5.2 For highe
recommer
simulation|
relaxation
converget

SIMPLE (

accuracy modeling of wake flows, hybrid RANS-LES models such as/DES, DDES, or SBES are
ded. In general, large flow structures in the wake flow are more accurately\captured using DES or LES
5. Either segregated solver or coupled solver can be used for DES or SBES simuldtion. Vendor specific
factors for momentum and pressure with five to eight sub-iterations)can be utilized to improve both
ce rate and stability. If a segregated solver is chosen, pressure-velocity coupling §cheme can be either
HTMT, v15), SIMPLEC (as defined in NHT v.7) or PISO (JCP.v.62) is recommended.

5.2.5.3 Recommse¢

(Landanhl

nded grid sizing for a DES (AFOSR 1997) simulation is atound 50 to 100 times of
MS 199) length scale. For k-¢ turbulence models the )Kolmogorov length scal
where € is the average rate of dissipation of turbulence kinetic energy per uni
kinematic viscosity of the fluid. For k-w turbulence models,the Kolmogorov scale is defined
where B’ Is a constant given in the k-w model, w is the specific dissipation rate and k is
energy. The LES regions that require scale resolved.in ground vehicle aerodynamics are ty
wake of tHe wheels and vehicle body. For high fidelity and practical computational cost, to
commercigl vehicle, it is recommended that a maximum grid spacing of 6 mm should be
surfaces df the vehicle and outside of the boundary layer in regions of high flow gradients.
5.2.5.4 In general
models th

T, = W/B

time step for a DES run can be-set to 50 to 100 times the Kolmogorov time scal
e Kolmogorov time scale js defined as 7, = (v/e)/2 whilst for k-w turbulence
wk)/?. A more conventional approach is to assess the Courant-Friedrichs

he local Kolmogorov
e is defined as n =

mass, and v is the
ps n = (v3/B*wk)'/*
the turbulent kinetic
pically located in the
capture the drag of a
ised on the external

. For k-¢ turbulence
odel it is defined as
-Lewy condition by

evaluating
U*At/Ax, v
the timest

the CFL (Courant) number as a measure of how well the time scales are capturg
here Ax is the smallest cell size outside the boundary layers, and U is the free st

d. CFL is defined as
am speed and At is

bp size. Grid density variations on the model surface and in the boundary layer shpuld be minimized to
ergence andalse turbulence transition issues. Also, initial time step for DES can|be calculated based
sh size away from the boundary layer region (LES part of the flow). For an explicit solver, cell CFL
ould be less than one to match spatial and temporal resolutions in the model. However, for an implicit
en conducting design studies, a higher CFL number value can be used to reduce furn-around time. For
high fidelitly studies a CFL of 5 or lower is recommended to capture the drag of a vehicle. A ule of thumb for time
step is dt i i i is the free stream speed.
The time step value from the CFL equation above should be used as a baseline value for the DES time-step
selection process.

avoid con
on the me¢
number sl
solver, wh

5.3 Requirements for Lattice-Boltzmann Based Solvers

Requirements listed in this section are applicable to the Lattice-Boltzmann based solvers. Solver setting values given below
are for guidance only, and software vendors might be able to provide more specific values for their software package.

5.3.1 A minimum of 19 velocity state discretization is required for all Lattice-Boltzmann based solvers.

5.3.2 In general, near wall lattice size should not exceed 6 mm in regions of high flow gradients and smaller geometry
features when a wall function is utilized. It is recommended that this cell size is applied to regions including front
end tractor regions with high curvature, the a-pillar, the visor region, and the side mirrors.
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5.3.3

5.3.4

5.3.5

5.3.6

5.3.7

When the boundary layer is resolved with meshing (i.e., no wall functions are used), the near wall resolution needs
to be checked. A y* value between one and five is recommended to resolve the viscous sub-layer.

It is recommended that all geometry and wake region are contained within cells 24 mm in size or smaller. For
non-zero yaw angles, care should be taken to also include the leeward wake of the tractor and trailer.

The exterior surfaces should be facetized with an adequate number of triangular elements to preserve curvature
and details that are present on the test article being modeled. The chordal deviation along an edge, defined as the
distance from the edge to the original CAD curve, should be less than 0.1 mm for the entire full-scale vehicle. This
should be reduced to 0.05 mm for flow-critical areas, such as the leading edge of the hood and side mirror housings.
Under-hood parts may be facetized using a wrapping mesh algorithm; however, it is recommended that all
geometric details are preserved to achieve high accuracy in the prediction of underhood airflow resistance. For a
fully detailed model, the number of facets will typically be greater than 6 million.

Lattice Boltzimann simulations are inherently unsteady simulations. Identification of when manitored values have
reached a sfatistically stationary value should be performed using the time averaging proeedure outlined in 5.1.4.

In Lattice-B
Typically, a
on the road
incoming flo
number in th

bltzmann simulations, the air flow is usually simulated using a compressible
simulation will be run at an artificially high Mach number when comparéd to the pctual Mach number
to improve simulation performance. For aerodynamic simulations; the simulated [Mach number of the
v should not exceed 0.35 in order not to degrade aerodynamictesults. Similarly, tHe highest local Mach
e flow should not exceed approximately Mach 0.5.

flow approximation.

6. DATA PROCES

CFD simulations gg

SING AND COMMUNICATION

nerate substantial amounts of data. Extracting.the correct values using apprg

creating a standard
evaluation efforts. T

to compare CFD results from multiple resources reduces user error and img
is section talks about how results can be presented and interpreted. It also contai

priate methods and
roves confidence in
ns recommendations

on information colledtion and processing related to CFD simulations.

6.1

6.2

6.3

6.4

6.4.1

6.4.2

6.4.3

6.4.4

6.4.5

6.4.6

6.5

Aerodynamic simulations are dependent on an accurate representation of the test article ggometry. Acceptable
geometric sources include CAD/CAE files and scéanned 3D model data. The geometric resolutipn of the model shall
be reported with the CFD results. Models for deformable parts and add-on devices that miay influence vehicle
aerodynamics|shall be modeled in their intended design shape.

STEP and IGES are acceptable file formats to transfer CAD models between different source
model is not ajailable.

5 when original CAD

Vehicle geometric model sheuld be exported to the applicable CFD software package with highe$t accuracy possible.

Each report ng¢eds to inglude basic information about the simulation:

Vehicle makle, model, and year information, along with a description of geometry of the test arlticle.

Short description of the simulation.

Official nametltitle, date, version number, and vendor information of the software product.

Type of the software code (such as Navier-Stokes or Lattice-Boltzmann).

Description of simulation procedure.

Aerodynamic data along with reference values for frontal area and velocity used for normalizing the force data. If
wind averaged drag coefficient needs to be calculated according to the guidelines in SAE J1252, the effective

ground speed and wind speed shall be documented.

It is recommended to document the results in CGNS (as defined in AIAA 98-3007) compatible format where native
file formats are not readable.
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6.6 Certain variab

les are required to be reported with each simulation:

6.6.1 Averaged force and moment coefficients (drag, lift, side force, yaw moment, etc.) per case. For steady state
simulations, the number of iterations over which the data is averaged shall be stated. For unsteady simulations,
both the length of time discarded for the initial transient and the length of time over which the data is averaged shall
be stated. Where appropriate, the method used to determine the length of the initial transient shall be stated.

6.6.2 Contours, streamlines, vectors, and iso-surfaces for velocity and pressure as required. It is recommended to use
averaged values for creating plots for known unsteady flow regions (such as vehicle wake and tractor-trailer gap).

6.6.3 Report pressure and force coefficient development along the vehicle-model’s longitudinal axis. The maximum
pressure coefficient for the stagnation region should remain below 1.1.

6.6.4 Plot y* valugs on the model surface 1o confirm grid density and I1ts applicability on the selected turbulence model
and wall fungtion.

6.6.5 Report maximum turbulence viscosity ratio with an iso-surface plot. In general, turbulénce Yiscosity ratio values
may be aboye 1000, but they need to remain below 1000 in the free stream region.

6.6.6 Check and teport maximum velocity in the computational domain. In general) the maximum [velocity needs to be
below 150 ny/s in most cases.

7. NOTES
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