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ABSTRACT

According to the European Commission, heavy trucks are responsible for about 4% of total European CO4
emissions. One way to lower emissions is to reduce aerodynamic drag. In order to effectively design low drag
trucks, computational fluid dynamics (CFD) simulations are used for the analysis of aerodynamic performance.
This thesis consists of three parts that investigate CFD simulations for truck aerodynamics in three areas.
Firstly, differences appearing between parallel simulations are investigated. As truck aerodynamics is very
computationally expensive, simulations are run on parallel computer clusters. It has been seen that running
simulations on different clusters may cause differences in simulation results, which should not should not
occur according to theory. In the second part two bi-stable flow states that appear in steady simulations are
investigated. Small geometrical variations cause the solution to enter one of two modes, with no clear pattern.
Lastly, real trucks will deviate from the nominal geometry to some degree, due to natural variation. Simulations
are however mostly performed on nominal geometry, which leaves some uncertainty regarding the performance
of real vehicles. Therefore the effects of split-line variation on drag are investigated.

A design of experiment (DOE) approach was used to identify which parallel parameters were affecting results,
both in parallel meshing and parallel simulations. It was found that parallel effects on the meshing was
negligible. The differences were found to appear when running simulations on different clusters and different
number of processors. The cause for the difference was an underlying instability in the form of the bi-stable
flow states. Differences in the algebraic multigrid (AMG) linear solver or in floating point errors caused
sensitive simulations to change mode. Differences between clusters could be eliminated using the command
-mppflags "-e MPI_COLL_FORCE_CONSTANTORDER=1" in Star-CCM+ for clusters with Platform MPI (Message
Passing Interface).

The bi-stable modes were investigated for some different cases. The flow fields, solution development, lo-
cal convergence and streamwise pressure gradient were investigated. A mesh study was performed, and a
turbulence model study with both Reynolds-averaged Navier-Stokes (RANS) models and a detached eddy
simulation (DES) model. The modes were partially explained by interaction with the front door split-line.
One of the modes, Mode 1, was found to be most probably physical. The physicality of the other mode
could not be determined with certainty. It was however found not to be the dominant mode. A possible
solution to the problem is to use the realizable k — ¢ model, which was most consistent with the modes pre-
dicted by the DES. Alternatively a more accurate transient model such as DES can be used, if it can be afforded.

Split-lines in four different areas of the truck cab were investigated using a design of experiment approach.
Gap and flush at minimum and maximum tolerance values were considered for the split-lines of the selected
areas. It was found that the impact on drag is within £5 DC (drag counts), and that most trucks will be
within +£3 DC of nominal Cp. The most important of the investigated areas are the front corners corners of the
cab. It was furthermore found that gap has a larger effect on drag than flush, for the split-lines and tolerances
considered.

Keywords: CFD, Commercial Vehicles, Aerodynamics
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NOMENCLATURE

Abbreviations and Acronyms

CFD
DOE
FFA
RFA
OVAT
HPC
MPI
RANS
SKE
RKE
SKO
SST
LES
DES
TKE
TDR
SDR
YWA
APG
FPG
FVM
SOU
ILU
AMG
PIV

Definitions

drag count

Symbols and Constants
(V]

D
Cp
Cp
Cp,tot
cr

€ o

[DC]

}
}
}
}

Computational Fluid Dynamics
Design of Experiments

Full Factorial

Reduced Factorial

One variable at a time

High Performance Computing/Computer/Computations
Message Passing Interface
Reynods Averaged Navier-Stokes
Standard k — ¢ model

Realizable k — ¢ model

Standard k — w model

Shear Stess Transport k£ — w model
Large Eddy Simulation
Detached Eddy Simulation
Turbulent kinetic energy
Turbulent dissipation rate
Specific dissipation rate

Yaw weighted average

Adverse pressure gradient
Adverse pressure gradient

Finite Volume Method

Second Order Upwind
Incomplete LU

Algebraic Multigrid

Particle Image Velocimetry

Drag force unit: 1 DC := 0.001Cp

Aerodynamic Drag Force; Drag
Drag coefficient

Pressure coefficient

Total pressure coefficient
Durbin time scale limiter
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1 Introduction

The motivation for this project is the ongoing effort to reduce CO5 emissions for commercial road transports.
According to the European Commission, heavy trucks are responsible for about 4% of the total COs emissions
in the EU. In order to reduce emissions from heavy vehicles, an EU regulation was passed in 2019, which states
that the levels must be reduced by 15% from 2025 and by 30% from 2030, compared to a reference period
(2019-07-01 to 2020-06-30). [7]

Aerodynamic drag, from now on referred to as drag, is one of the main resisting forces of trucks driving at
highway cruise speed. Drag consequently has a direct impact on fuel consumption, and in extension COq
emissions. Lower drag will also improve the viability of electric and hybrid trucks by increasing their range,
and benefit the customers using combustion engine trucks by reducing fuel costs. To reduce drag, new trucks
must be designed with aerodynamic performance in mind. Currently one of the most efficient ways to evaluate
the aerodynamic performance is by computer simulation using computational fluid dynamics (CFD).

The Volvo brand trucks are developed at Volvo Group Trucks Technology, from now on referred to as Volvo.
This includes CFD analysis for the development of aerodynamic features. In order for the results to be useful
in the design process the results need to be comparable and accurate. The workflow also needs to be efficient,
so that the best concept from a large number of possible candidates can be selected. In this project the
comparability and accuracy of CFD simulation results will be investigated in three areas.

CFD simulations for vehicle aerodynamics are very computationally heavy. Because of this, simulations are run
on parallel high performance computing (HPC) clusters. In some cases, the same steady simulation run on
different computer clusters have been discovered to yield different results, although the simulation settings
were identical. This is a problem that affects the comparability of results, and will therefore to be investigated.
The use of HPC clusters also significantly affect meshing and simulation time. An investigation of parallel
HPC effects can therefore give additional information to help decrease simulation time, and thereby increase
workflow efficiency.

It has also been seen that small geometry changes on a model will cause the result to enter one of two bi-stable
flow states in steady simulations, without a clear pattern. The difference in results is significant, so that the
comparison between results is affected. This problem also affects accuracy, as it is not clear whether either of
the solution modes exists in reality. Because of this, the bi-stability problem will also be investigated.

Lastly, nominal CAD geometry is generally used for simulations. In reality there is however a natural variation
in geometry, for example deviations in the gap and flush of split-lines caused in the production of the product.
This causes an uncertainty in the accuracy of the simulation results compared to the performance of real vehicles.
The variation in simulation drag results caused by geometrical variation in production will therefore also be
investigated. Information from this investigation may also prove helpful in determining areas where geometrical
deviations have a large impact on drag, and where it therefore is important to limit such deviations.

1.1 Aim and Objective

The project is divided into three parts that will investigate the three problems presented above. The main
aim of all parts of the project is to improve the comparability and accuracy of the simulation results. For the
first part of the project, a secondary aim is to improve efficiency. For the third part the aim is also to find
which split-line deviations have the most impact on drag, to provide information to help reduce drag of real trucks.

In order to reach these aims, the objective is to answer the following questions for each part of the project.
Part 1: HPC effects on Simulation Results

e Can the problem be recreated?



e Why and when does HPC effects impact simulation results?
e How can the problem be solved or avoided?

The questions to answer for the secondary aim of improving efficiency are:
e Which HPC parameters affect meshing and simulation time?

e How do HPC parameters affect meshing and simulation time?

Part 2: Bi-stable Flow States
e What is the difference between the modes and how are the results affected?
e What is the cause for the difference between the modes?
e Does any of the modes reflect the true physical behavior?

e What can be done to predict the mode or modes best reflecting reality in the simulations?

Part 3: Impact of Geometrical Variation on Drag
e How large is the variation in drag caused by variations in split-line gap and flush?
e How do the investigated areas affect drag, and which areas have the largest impact?

e How do gap and flush deviations affect drag, and which has the largest impact?

1.2 Limitations

Because of the project time frame and the limit on computational resources the project has been delimited. In
general a limited number of trucks and a few selected side wind yaw angles are investigated. The CFD software
used is Star-CCM+. Both Star-CCM+ version 9.06 and version 19.1 (14.02 using the old release numbering)
are used in the project. The versions will from now on be referred to as Star-1 and Star-2 respectively.

Part 1: HPC effects on Simulation Results
e All simulations are steady.
e An optimal combination of HPC parameters for short simulation times is not pursued.

e Both Star-1 and Star-2 are investigated.

Part 2: Bi-stable Flow States
e No real world test data exist. Simulations are correlated with more accurate simulation methods.

e The investigations are primarily performed in Star-1.

Part 3: Impact of Geometrical Variation on Drag
e Only one truck is investigated.

Complete areas are investigated; not individual split-lines.

e The geometrical deviations are implemented by rigid body translations of involved components.

An optimal configuration for low drag is not pursued.

All simulations are steady.

e All simulations are performed in Star-2.



1.3 Thesis Outline

This thesis is divided into an introductory chapter, a theory chapter, one chapter describing each part of the
project, and finally a chapter with concluding remarks. The method, results and discussion of the parts of the
project are treated separately in the chapter of each, to avoid confusion. The subject of the chapters are listed
in short below.

Chapter 1 presents the problem and its background as well as the project objectives and limitations.

Chapter 2 provides a theoretical background to the problems to be solved and methods used. The areas
covered are the aerodynamics of commercial road vehicles, CFD analysis and some related topics, and
design of experiment methodology.

Chapter 3 describes the investigation of the effects of partitioning on simulation results.
Chapter 4 describes the investigation of the bi-stable flow states appearing in steady simulations.
Chapter 5 describes the investigation of the effects of split-line variation on the drag of the vehicle.

Chapter 6 summarizes and concludes the project, and gives some suggestions for future work.






2 Theory Overview

In this chapter the basics of road vehicle aerodynamics are covered. Some of the concepts in Computational
Fluid Dynamics (CFD), commonly used for the analysis of vehicle aerodynamics, are also described. The last
topic of the chapter is Design of Experiment (DOE), the statistical methodology for planning, performing and
analyzing experimental studies.

2.1 Aerodynamics of road vehicles

Aerodynamics of road vehicles is the study of the external flow of air around the body of a vehicle traveling on
the ground. This field has many applications, such as the aerodynamic forces on the vehicle, aeroacoustics
(wind noise), soiling, and underhood cooling. The present work is mainly concerned with the air resistance,
referred to as aerodynamic drag, of heavy trucks.

2.1.1 Aerodynamic drag

Aerodynamic drag, drag in short, is the resisting force that the flow of air exerts on the vehicle in its traveling
direction. The drag Fp is given by the expression

1
FD = §pU2ACD, (21)
where p is the air density, V' is the speed of the vehicle relative to the flow, A is the projected frontal area of
the vehicle, and Cp is the dimensionless drag coefficient. Density and speed is out of control of the vehicle
designer, and the area is mostly determined by functional requirements such as maximizing the transported
volume. The designer is therefore generally restricted to lower drag by reducing Cp. [1, 11, 35]

The drag coefficient is sometimes expressed in drag counts (DC), especially differences in C'p between different
concepts. One drag count is defined as

1 DC := 0.001Cp. (2.2)

The total drag is the sum of two contributions, friction drag and pressure drag. Both friction drag and pressure
drag depends on the shape of the vehicle. This is because the geometry affects the friction and pressure
distribution by its influence on the flow field. The friction distribution is mainly decided by the location of
the transition point from laminar to turbulent boundary layer. Surface roughness and geometrical features
cause earlier transition, resulting in increased friction drag as a larger part of the boundary layer is turbulent.
The pressure distribution is mostly decided by the separation of the flow. A larger separation gives increased
pressure drag, as the pressure in the separated wake is lower than the stagnation pressure at the front of the
vehicle. Vortices generated by the body may also affect the pressure distribution and increase drag. [1, 11,
35]

Separation

Separation is a very important phenomenon in vehicle aerodynamics. The flow is said to separate when it can
no longer stay attached to the vehicle surface. This occurs when the air flows against increasing pressure in a
boundary layer. This is commonly known as an adverse pressure gradient (APG), because the flow is retarded by
the APG. If the APG is strong enough, the air does not have enough momentum to continue its path along the
surface. Instead the air is forced to leave the surface, and the flow separates. Between the separated streamlines
and the surface a low velocity recirculation region is formed. Between the fast flowing free stream and the low
velocity region there is a separation shear layer with large velocity gradients. If the pressure gradient is negative,
called favorable pressure gradient, separation is suppressed instead. A turbulent boundary layer is more resistant
to separation than a laminar, since the increased mixing due to turbulent motion will transfer more momentum
from the free stream. This decreases the retardation caused by the APG, and therefore delays the separation or
prevents it entirely. The flow is said to reattach if the flow returns to the surface further downstream. This can
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Figure 2.1: Schematic illustration of the flow separation for a square body.

7 Yaw angle

Wind Relative wind

Figure 2.2: Schematic illustration of side wind yaw angle.

occur if the pressure condition is more favorable, or if new momentum is added from the free stream. [1, 11, 35, 4]

For external aerodynamics the pressure reaches its maximum in the stagnation region at the front of the body,
and decreases downstream as the air is deflected and accelerated around the body. When the flow follows
around the body the boundary layer slows down and the pressure rises again. If the body shape is not very
streamlined, the resulting APG will be too strong and the flow will separate. The separated low velocity region
extending behind the body is called wake. There may also be local separations that reattach to the body further
downstream. A local separation may also be caused by the increased pressure in the stagnation region in front
of a geometric protrusion. Because of the separation, the pressure in the wake cannot return to the value at the
front of the body, which as mentioned above is the main contribution to pressure drag. The pressure difference
between the free stream and a separated region may also create vortices, which lead to further losses. Blunt
bodies, such as square blocks, are far from streamline shaped, and will therefore cause massive separation with
a large low pressure wake, as illustrated in Figure 2.1. [1, 11, 35, 4]

Vortices

A vortex is a flow structure where the flow rotates around an axis line, and is an important feature of
vehicle aerodynamics. Especially strong vortices are created in the wake of a blunt body. These are roughly
perpendicular to the flow, and are called standing vortices. Geometric protrusions may cause vortices roughly
aligned with the flow, called trailing vortices. Vortices created by separation become unsteady for higher flow
velocities, due to vortex shedding. This makes blunt body flow at higher velocity highly unsteady in nature. [1,
11, 35, 4]

2.1.2 Ambient wind - yaw

In real driving conditions, there is often some ambient wind present. In that case the resulting relative velocity
of the air flow will come at an angle to the vehicle driving direction, as is illustrated in Figure 2.2. This angle
is called the yaw angle. The drag of a vehicle, especially heavy trucks, often becomes larger as the yaw angle is
increased. This is because the flow separates earlier at the front, and because the less aerodynamically shaped
underbody and trailer are more exposed to the flow. It is therefore important to take drag performance under
yawed conditions into consideration when designing a vehicle. This is often done by calculating a yaw weighted
average (YWA) for Cp evaluated at some representative yaw angles. [1, 11, 14]



(a) FH high cab tractor-trailer truck. (b) FM medium cab rigid truck.

Figure 2.3: Truck types. The the FH truck is the baseline or reference for Part 2 and Part 8 of this project.
Both trucks are investigated in Part 1. Note that a longer, three-wheel trailer is used for the FH in the
1nvestigations.

2.1.3 Truck aerodynamics

The body of a truck consists of a chassis, cab and trailer. European trucks are usually of cab-over-engine (COE)
type, which means that the front is basically flat. Trucks can be of tractor-trailer or rigid type, see Figure
2.3. A tractor-trailer type has a pulling unit, the tractor, and a semi-trailer mounted on a turntable on the
tractor chassis. The gap between the cab and the trailer is quite large to allow for rotation of the trailer on
the turntable. On a rigid type truck the trailer is mounted directly on the truck chassis, and does not move
independently. Because of this the gap between cab and trailer is smaller. On both types the trailer is typically
taller than the cab, if it is a box trailer. [1, 11]

Modern trucks are fitted with some aerodynamic devices in order to reduce drag. The most important is the
roof and side deflectors, mounted on the cab roof and rear. The purpose of the roof deflector is to lead the flow
smoothly over the cab roof past the leading edge of the trailer. Otherwise the flow can impact the exposed
trailer front, which will cause a separation there. This is often the single most effective measure to reduce drag
of trucks. The side deflectors come into play when the air stream is yawed, as it hinders the flow from entering
the gap between the cab and trailer. [1, 11]

Although the aerodynamic development of trucks has come a long way, a truck is still an inherently blunt
body. The nature of truck aerodynamics is therefore highly unsteady in nature. Several studies on simplified
vehicle shapes have been performed, both experimental and numerical, to learn more about the characteristics
of road vehicle aerodynamics [9, 21, 15, 20, 22]. Here different bi-stable states have been observed, where
body shape and yaw angle are important factors. In one study on a square body shape with rounded front
edges, the wake was found to switch between two bi-stable states, at a long timescale T' = 103H /Uy for a body
height H and free-stream velocity Uy [9]. These studies have however only investigated the transient wakes of
simplified vehicle shapes. Bi-stability in local separations caused by geometrical detail have not been studied.
The experimental studies have used particle image velocimetry (PIV) to aid the identification of the flow states.
In PIV, small particles are released and photographed to visualize the flow field. The velocity field can then be
calculated on a computer, from the images. The numerical studies have only been transient simulations, so no
precedence has been found for bi-stability in steady simulations.

Due to functional requirement, requirements for production and assembly, and other non-aerodynamic consider-
ations there is a number of geometrical features on real vehicles. These both affect the flow field shape and
contribute to flow unsteadiness. The vorticity and turbulence generated by the blunt shape and geometrical
features makes truck aerodynamics highly unsteady. One typical feature is split-lines between body panels
and components. Split-lines introduce roughness that trigger separation or turbulent transition. [1, 11] The
width of the split-line is called gap, and the levelness of the two components is called flush. This is illustrated
in Figure 2.4. Furthermore, if the downstream component is offset under the upstream component (like a
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(a) Gap: split-line width. (b) Under-flush: downstep offset. (c) Owver-flush: upstep offset.

Figure 2.4: Schematic illustration of gap and flush, as seen from the side.

backwards facing step) it is here termed as under-flush, whereas if it is offset over the upstream component
(like a forwards facing step) it is termed as over-flush. Wider gaps and greater flush offset generally increase
drag by disturbing the flow more.

2.2 Computational Fluid Dynamics

One way to analyze vehicle aerodynamics is to simulate the flow field using CFD analysis. In CFD the
computational domain is divided into a mesh, and the governing equations are discretized into a system of
algebraic equations which are solved iteratively on a computer. Because the large scale of vehicle aerodynamics
simulations it is extremely computationally intensive to solve the turbulent flow field directly. Instead turbulence
modeling is used to decrease the computational cost. Even with turbulence modeling vehicle aerodynamics is
expensive to simulate, so HPC clusters using multiple processors in parallel for computations, are used to run
simulations.

The general workflow of CFD analysis consists of the three consecutive steps, preprocessing, running the
simulation and postprocessing. In the preprocessing step, the computational domain is set up and meshed,
boundary conditions are defined and the physics to be included in the simulation is selected. In the simulation
step, the computer calculates and solves the discretized system of equations. In the postprocessing step, the
results are prepared for analysis, for example calculating the quantities of interest, such as drag, and visualizing
the flow field. The post-processing can also be carried one step further, for example by using the adjoint
method to analyze the sensitivity of the vehicle geometry with respect to drag. In the industry commercial
softwares are often used, such as Star-CCM+ by Siemens, which contains tools for all three steps above.

2.2.1 Governing equations of fluid dynamics

In road vehicle aerodynamics compressibility effects are neglected due to the low velocity, and the fluid is air,
which is regarded as a Newtonian fluid. The governing equations for incompressible, Newtonian flow, expressed
on tensor notation, are

8’Ui

p@xi =0 (2.3)
Bvi 8vivj - 8]7 82'01'
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where (2.3) is the continuity equation which describes the transport of fluid mass and (2.4) are the momentum
equations, which describe the transport of fluid momentum. Together these are called the Navier-Stokes (NS)
equations. Here x; , with ¢ = 1,2, 3, are the cardinal directions, v; is the velocity, p is the pressure, and p is the
dynamic viscosity of the fluid. Sometimes the energy equation is included, but usually for external road vehicle
aerodynamics it is excluded.

2.2.2 Turbulence modeling

The governing equations can be considered to provide the exact solution to a given flow case. However, in
turbulent flow, the enormous computational effort required to resolve the physics correctly makes an exact
solution for engineering applications unattainable at this point. In order to decrease the computational cost
some of the physics is modeled instead. One approach is to model all of the turbulent fluctuations, solving for



a time-averaged, steady solution. Another approach is to model only the smaller turbulent fluctuations, and
resolving the larger turbulent motions. [5]

Time-averaged models - RANS

In the first approach, where all turbulence is modeled, the flow variables are split using Reynolds decomposition,
¢ = ¢+ ¢', where ¢ is the time-averaged part of some variable ¢, and ¢’ is the fluctuating part. Applying
the decomposition to the governing equations and then time-averaging yields the so called Reynolds Averaged
Navier-Stokes (RANS) equations [5]

0v;
5 =0 (2.5)
8@1'@]‘ 81’9 0 0v;
ity _ 9 ). 2.
p 8xj 8.’1% + aa:j <’u8$]‘ +T]) ( 6)

As RANS models are commonly used for the steady, time-averaged flow solution, the transient term is left
out here. The new term 7;; = fpvgv;- is the turbulent stress tensor that appears from the derivation. These
stresses are new unknowns without equations. Although new equations can be introduced for the stresses, they
are most commonly modeled using the Boussinesq assumption

—— 2
—’UZ{U; = 2Vt§ij - 55”]{ (27)

where v, is the so called eddy viscosity, 5;; = %(gﬁ; + g%) is the mean strain rate tensor and k = %vgvg is the

turbulent kinetic energy (TKE) usually calculated from a turbulent velocity scale ¢ and turbulent length scale
£ or turbulent velocity scale and turbulent time scale T

v oc UL =UT. (2.8)

Some commonly used RANS models are different variants of the k — ¢ model and the k — w model. Both are
so called two-equation models, which solve for two quantities used to calculate the turbulent scales. [5]

The standard k-¢ model (SKE) uses the TKE k and the turbulent dissipation rate (TDR) € to calculate
the turbulent scales for the turbulent viscosity

k k2
U=k T=2 = vy=c—. (2.9)
€ €
The equations for the TKE and the TDR are
ok 0 vy \ Ok
Vi — = P, — — — | =— 2.10
vj@:cj F €+8xj [(V—Fak)@x]} ( )
Oe € 0 vy \ Oe
Vj=— =—|CaP,—C — — =1, 2.11
v oz; k { stk 626} + Oz {<V+ 05> 8%} ( )
where P, = fwgz is the production of TKE and ¢, the TDR, is the destruction term in the k-equation.

The model constants are determined experimentally, or may be tuned for the application. The standard values
are [5]

¢, =009, Coq =144, Cy =192 op=1, o0.=13 (2.12)



The standard k — ¢ model is widely used in the industry, as it is very stable and reasonably accurate for many
flows. However, due to the nature of the equations, special treatment is needed in the near wall region to
improve the prediction of the inner boundary layer. It has furthermore some disadvantages that may impact
accuracy for external aerodynamics applications, namely the overprediction of turbulent activity in stagnation
regions and difficulties in predicting separation on curved walls. [5, 34]

These problems stem in part from the fact that the Boussinesq assumption in combination with the definition
of the turbulent viscosity may violate the two realizability constraints

w2 >0, (2.13)
viv'
~2 - < 1(no summation over i, j), (2.14)
(1}/-21)/42)
iV

which can lead to unphysical results. [5]

The issue with prediction in stagnation regions is caused by an overproduction of TKE, which results in negative
normal stresses, see (2.13). That is for the normal stress v/?

— 2 2 k?
1)/1 = gk‘ - 21/,5511 = gk - QC#?gll. (215)

A way to remediate this is to implement a realizability constraint on the turbulent time scale

T = min () (2.16)

where Cr is the so called Durbin scale limiter (DSL), with a standard value of Cp = 0.6, and [3| = (25;;5;)"/2.
For road vehicle aerodynamics Cr = 1.2 is recommended [27]. The Durbin realizability condition will increase
the dissipation in (2.11), which limits the production of TKE in (2.10). [6]

The realizable k-¢ model (RKE) is based on SKE, but uses a variable coefficient for ¢, to satisfy both
realizability constraints of (2.13) and (2.14). It also uses a new equation for the TDR, derived from the
transport equation for vorticity fluctuations, instead of repurposing the k-equation. The new definition of the
coefficient ¢, is given by

1

cu = Ao+ AR (2.17)
Ag =4, A,=6Y%cos [; cos™* (61/2m>], U* = (54515 + @iwij) "/ (2.18)
where w;; = %(gz - gi;i) is the mean vorticity rate tensor. [26]
The model equations are
a;;f Pk5+£j{(u+;i>§fj] (2.19)
‘?gj _ C1|s|5—C2k+(€V2€)1/2 + aij{(”* ?) a‘ifj], (2.20)
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with the standard coefficients [26]

C.; = max <0.43, 427]> Cory =19, op=1, o0.=12, (2.21)

n = [3|k/e. (2.22)

The standard k-w model (SKO) uses the TKE and the specific dissipation rate (SDR) w x £/k to calculate
the turbulent scales and the turbulent viscosity

1/2
U=k, é:ﬂ = yt:f (2.23)
w w
The model has the advantage of not needing any special wall treatment, as opposed to the k — ¢ models, and
it also performs better in APG flows than SKE. It still overpredicts the shear stress however, and has the
disadvantage of being dependent of the conditions in the free-stream, resulting in sensitivity to boundary
conditions. [5]

The Shear Stress Transport k-w model (SST) improves the shear stress prediction in APG flow compared
to the SKO model by limiting the turbulent viscosity. The model furthermore combines the SKO in the inner
boundary layer to remove the need for wall treatment with the SKE model in the outer boundary layer and
free-stream to avoid the free-stream sensitivity. The new turbulent viscosity is given by [5]

k alk
— i n 2.24
Vi min <w7 SFQ)’ ( )

. Crk
V¢, DSL = 1mMin (Vty 31/2|§| >7 (225)
2k1/2 500v

_ 2 _

F, = tanh(£%),{ = max (B*wd’ e >, (2.26)

where the Durbin realizability condition is applied in (2.25) to the original SST turbulent viscosity in (2.24),
and d is the wall distance. The model equations are

vk . 0 ok

a; Py — Bwk + oz, |:<Z/ + O'kl/t> axj] (2.27)
Ivjw _ 2 20k 0w O Ow

or; v P —=pu”+ (1 FI)U“’ww Oxj Ox; + Ox; [(V + UwUt) 8%}’ (228)

where the blending function F} = 0 by the wall and F} = 1 in the outer boundary layer, is used to smoothly
switch between the k — ¢ and k — w behavior by

o= Fip, + (1 - F1)p. (2.29)

for the model coefficients ¢ = «, 8, o, 0. The standard coefficient values are [32, 23]

ar =031, B*=0.09, (2.30)
0, =5/9, Bu=3/40, 0w =085 0, =0.5, (2.31)
a. =044, B.=0.0828, op.=1, 0,.=0.856. (2.32)

However, for vehicle aecrodynamics it is recommend to use a1 = 1 [27].
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Scale resolving models

The second approach resolves the larger turbulent scales, whereas the turbulent motions smaller than the mesh
size are modeled. The flow variables are therefore divided into ¢ = ¢ + ¢”, where ¢ is the space filtered part
corresponding to the larger scales, and ¢" is the sub-grid part corresponding to the small scales. Applying this
decomposition and space filtering to the governing equations yields

o
p@xi -0 (2.33)
= =_ — ) 2.34

where 7;; = p(v;v; — U;0;) is the subgrid stress tensor. Note that scale resolving models are transient, hence
the transient term in (2.34). [5]

Large Eddy Simulation (LES) resolves the large scales everywhere in the domain, which requires a very
fine mesh resolution near the wall to predict the boundary layer accurately. Because of this LES is still too
expensive for most engineering applications. [32, 5]

Detached Eddy Simulation (DES) combines unsteady RANS (URANS) in the boundary layer to keep an
affordable mesh resolution in near wall regions, and LES in the rest of the domain to resolve the large eddies
there. DES uses the LES equations, (2.33) and (2.34), which can be seen to be mathematically identical to the
URANS equations ((2.5) and (2.6) with the transient term included). The turbulent stresses can be modeled
for example using a modified version of the SST model. The modification consists of replacing w with wFpgg
in the SST k-equation, (2.27), with

I k1/2
F = —F 1), Ly = — 2.35
DES maX<CDESA7 >a t ﬂ*w’ ( )

where A is the distance to the farthest neighbor, and the coefficient Cpgg = 0.61. The purpose of the Fpgs
parameter is to switch between RANS and LES behaviour; when Fpgg > 1 the TKE and in extension turbulent
viscosity and modeled stresses decreases, which leads to less damping of (2.34), so that the flow may go unsteady
and the turbulent eddies are resolved. [5]

Since less modeling is used in scale resolving models, the accuracy is better than for RANS models, especially
in bluff body flow, such as vehicle aerodynamics, where large turbulent structures play an important role.
However, since the simulation is transient it is more expensive than steady RANS. [5, 34]

2.2.3 Numerical Solution

In order to solve a fluid flow problem numerically, the governing equations need to be discretized into a system
of algebraic equations that can be solved on a computer. A widely used method for discretization is the finite
volume method (FVM), which is based on a control volume approach to the cells of the mesh. The governing
equations are therefore first integrated, after which Gauss divergence theorem is applied. The integral equations
are then discretized. [34]

For the solution of the discretized equation system a linear solver is needed. Due to the size of the equation
system, and the non-linear nature of the governing equations, an iterative direct solver such as Gauss elimination
cannot be used. Instead an iterative solver is employed, often combined with a multigrid technique to improve
the convergence rate of the solution.[34]
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Finite Volume Discretization

The discretization of the integral equations comes in three parts. The first step is the approximation of the
integrals as [ ®dV =~ @AV, [ PndA =~ > ;(®n;AA)y for some function @, where AV is the cell volume, >, is
the sum over all cell faces, n; is the outwards facing normal and A A is the face area. The steady transport
equation for a flow variable ¢ then becomes

Z(pvi¢niAA)f = Z (Fg;anAA> ; + S¢A‘/, (236)
f f !

where the term on the left hand side is the convective flux, and on the right hand side is the diffusive flux,
with diffusion coefficient I', and the source term for some source Sgs. The next parts of the discretization is the
approximation of the convective and diffusive fluxes. [34]

The next steps are to discretize the convective and diffusive flux. The convective flux is discretized using one of
several discretization schemes, for example the second order upwind (SOU) scheme. In SOU the face value of
¢y is calculated using linear interpolation from the values of the adjacent cell center points, with respect to
flow direction at the face. That gives the convective flux at the face

n; if v; fmi ¢ >0
(iig)y = § "I O8P Vg (2.37)
i posN it vi iy <0,
A¢ Ag
or.p =¢p+ (if — Tip) (A%)P, by N = ON + (Tif — 25 N) (Aﬂci)N’ (2.38)

where P denotes the current cell center and N the cell center of the neighboring cell opposite the face f, and
m; = pv; is the mass flux. [34]

The diffusive flux is discretized using central differencing for the face gradient, giving [34]

(r 09 niAA) S on — dp (niniAA)f. (2.39)
i f nj,f

Ox; (zj,n —T5pP)

After inserting the discretized fluxes into (2.36) and grouping the terms by the cell values at the current cell
center, ¢p, and by the values at all neighboring cells, ¢, the final algebraic equation becomes

apdp + Z an®N = Sy.p, (2.40)
N

where ap and ay are the algebraic coefficients resulting from the discretization. By extending (2.40) to all
cells of the computational domain, the complete system of equations can be written as

Ax = b, (2.41)

where A is the matrix containing the coefficients ap and apy, x is the vector of unknowns, and b is the vector
of sources and boundary conditions. Note that A is sparse since only the nearby cells affect the current cell
[34].
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Solving the Algebraic equations: Iterative Solvers

To get the solution to the flow problem, the equation system in (2.41) has to be solved. A direct method, such as
Gauss elimination, would require a number of operations of the order of n? to solve an n X n system of equations,
and the storage of all n? coefficients of A. Because the number of unknowns in a typical CFD simulation is very
large, this makes a direct method too computationally expensive. Iterative methods on the other hand are more
cost efficient, requiring only operations in the order of n per iteration to solve, and storage capacity in the order
of n, as only the non-zero elements of the sparse A matrix are needed. The non-linear nature of the equations
is a second reason for using an iterative solver, as the coefficient matrix A needs to be updated repeatedly. [34, 8]

The concept of an iterative method is to calculate a better solution z(*+1) =S acgkﬂ) from the values z(¥) of

the previous iteration k, until the final solution is found. If the discretized problem is well behaved, the process
will converge to the true solution, 2*+1) — & of (2.41). [34]

The Jacobi method is a simple iterative method in which the solution for the current iteration is calculated
from

n
aii$§k+l) = bl — Z aijx§k), (242)
J#i

with only the values a?;k) from the previous iteration. [34]

The Gauss-Seidel method is similar to the Jacobi method, but instead of only using the values x§-k) from
the previous iteration, the most recent values

k+1 ep. .
o _ [ < (2.43)
J e i >

are used. This increases the convergence rate, and therefore Gauss-Seidel is commonly used in CFD. [34]

Incomplete Lower Upper method (ILU) uses incomplete LU factorization to calculate the current iteration
solution from

LU (z*) — ™) = b — Az®), (2.44)
LU =A+R, (2.45)

where L and U are the incomplete upper and lower triangular matrices of A, calculated so that the difference
R is small. In Star-CCM+ the MILU(0) method is used, meaning that all non-zero elements of L and U that
are zero in A are dropped, and that the dropped terms are compensated for in the diagonals of L and U. [32,
24]

Increasing Convergence: Multigrid Techniques

As the iterative solution progresses there will be a remaining, iterative, error at each iteration. This error is
said to have different wavelengths; it is made up of local errors and errors spanning larger distances. One
drawback of the iterative methods above is that they are not so effective at reducing the longer wavelength
errors. This causes a strong decline in convergence rate as the mesh resolution is increased. [34]

This can be amended by using Multigrid Techniques, which are based on the fact that the relative wavelength
of the error is shorter on a coarse mesh, and therefore can be reduced more effectively. A common version is
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Figure 2.5: Schematic illustration of the multigrid restriction and prolongation concept. In the restriction
cells are combined to form a coarser mesh; in the prolongation the coarse correction are returned to the finer
mesh. In AMG, these steps are disconnected from the mesh to decrease problems arising in complex geometries,
and are instead based on the coefficients of the A matriz.

the Algebraic Multigrid technique (AMG), in which the coarse level equation system A is based on arithmetic
combinations of the fine level coefficients of A, rather than on the geometrical mesh. [32] On the coarse levels
a correction equation system

Ae’ =r° (2.46)

is solved instead of (2.41), where e = 2 — 2(®) is the iterative error, 7 = Az®b is the residual for the current
iteration and c denotes the coarse level. [34]

The multigrid method is built on a basic cycle that is nested and repeated into a complete multigrid cycle. The
basic cycle consist of the steps [34, 8]

1. Pre-relaxation: application of iterative solver to finer level to smooth local errors

2. Restriction: transferring the equation system A and the residuals 7 to the coarser level
3. Coarse relaxation: application of iterative solver to the correction equation system (2.46)
4. Nested cycles

5. Prolongation: transferring the correction e“(®) back to the finer level

6. Post-relaxation: smoothing out any local errors introduced in the cycling

The concept of restriction and prolongation is illustrated in Figure 2.5. In the prolongation step the fine level
correction is calculated by interpolation and used to correct the pre-cycle solution by [34]

2+ — (k) 4 o(k) (2.47)
for the finest level, or for coarse levels

c __c cc
€corrected — € + eprolonged' (248)

Either of the solvers in subsection 2.2.3 can be used for the relaxation and solving in the restriction steps. The
ILU method, although more expensive, has the advantage of being more efficient. This is because it is more
robust, so more equations can be agglomerated when generating A€, resulting in more efficient cycles. The
ILU method in Star-CCM+ for 3D simulations can handle an agglomeration group size of eight, whereas the
Gauss-Seidel method is limited to four. The ILU method also scales well for parallel computations. [32]
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Figure 2.6: Schematic illustration of an HPC cluster layout with two nodes and a total of eight processors

(CPUs).

2.2.4 Parallelization for High Performance Computing

Today the most cost effective method for High Performance Computing is using a network of parallel processors.
Such a network is called a compute cluster, and the processors are grouped in nodes, as illustrated in Figure 2.6.
The cluster can either be of shared memory type, in which processors communicate via the shared memory, or
of distributed memory type, in which processors have individual local memories and communicate by sending
and receiving messages. These messages follow a standard called Message Passing Interface (MPI). Only the
distributed memory cluster is considered here. The processors in a distributed network are grouped into nodes,
and each node is connected by a network forming the cluster. Communication within a node usually has lower
latency, leading to faster communication, than between nodes. On the other hand, in some cases performance
can increase by not assigning processes to all processors on a node, leaving one or more free for communication
and other tasks. [10]

The motivation for HPC lies in the high demands for computational power that CFD simulations for engineering
applications pose. Accurate simulations of realistic cases require larger meshes and more complex models to
resolve the physics to a satisfactorily level. This both increases the simulation overturn time and simulation
size. In order to keep simulation time within an acceptable limit and satisfy memory requirements a HPC
cluster can be used to solve the problem divided into smaller parts.[2, 8]

In CFD parallel computing is implemented by dividing the computational domain into subdomains using domain
decomposition, as illustrated in Figure 2.7, and assigning the corresponding partitioned problem to separate
processors of the computer cluster. Because cells on the interfaces between sub-domains need information
about the values of cells across the interface, communication between processors is required. Parallel efficiency
is increased by a partitioning that minimizes communication requirements between processors and balances the
computational load on each processor as far as possible. [3, 8] In Star-CCM+ the partitioning is performed by
a cell connectivity graph. Load balancing is done by partitioning the graph so that the number of cells and cell
faces per partition are balanced, and communication is minimized by minimizing the number of cut edges in
the graph. [32]

As the algebraic solver is applied per partition in Star-CCM+, using the AMG solver will result in differences
in the restriction and prolongation steps depending on the partitioning of the simulation, as illustrated in
Figure 2.8. The results after one AMG cycle will therefore not be independent of the number of processors
used. If the complete multigrid process for one linear solve is not run until convergence this can lead to small
errors. In most cases, this should not be enough to affect the results of a well converged steady simulation; the
results should be independent of the partitioning, although the path to the solution may have been different.
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Figure 2.7: Schematic illustration of domain decomposition. FEach subdomain is solved on a separate processor,
so information about interface cells must be communicated between processors with adjacent subdomains to
propagate the solution through the whole domain.

Figure 2.8: Schematic illustration of differences in the restriction and prolongation process caused by different
partitioning. Different colored fields mark different partitions: to the left 8 partitions, to the right 4 partitions.

However, because of the non-linearity of the governing equations these small errors may cause the solution to
take a different path. [28, 31]

The solution may also choose a different path due to floating point errors, mentioned in Section 2.2.5 below.
This can be because an operation such as calculating the global residual R oc > r; is dependent on the order
of execution due to the non-associative nature of floating point arithmetic, as (z +y) + z = + (y + 2) is not
necessarily true due to the truncation. Therefore if the order of a reduction operation, such as the summing of
residuals, is not constant for different partitions, the result of the operation will differ slightly, which may in a
kind of butterfly effect cause the simulation to enter a different solution if it is unstable. A reduction operation
is an operation that reduces an array to a scalar value, such as a vector sum. [13]

Meshing can also be done in parallel in Star-CCM+. The volume to be meshed is split up into subvolumes
assigned to each processor. The subvolume meshes are then stitched together to form the complete mesh. For
the trimmed mesher the mesh generated in each subvolume should be almost identical to a corresponding serial
mesh. Differences can appear in the stitching however, because the stitching is heuristic. The difference in cell
count should however be small, less than 3% compared to a serially created mesh. [30]

2.2.5 Errors in CFD

As CFD is a simulation of real flows it is unavoidable that the final simulation result will differ to some extent
from the real world behaviour. This difference enters in the different steps of the simulation method as errors
and uncertainties. Uncertainties are sources of difference that stem from a lack of knowledge. This can be
uncertainties in the simulation inputs, or deficiencies in the physics models. Errors can either be numerical or
caused by human mistakes, such as bugs in the simulation software or user errors. Only numerical errors are of
interest here, and can be classified as computer round-off error, iterative convergence error and discretization
error. [34]

Input uncertainties are for example geometrical uncertainties. These can be caused by the inability to
capture geometrical features due to simplification of the CAD geometry to aid simulation convergence or lack
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of resolution of the mesh representation. They can also stem from differences in the CAD model compared
to the real world geometry, for example due to natural geometrical variation appearing in production and
manufacturing. [34]

Model uncertainties come from the approximation of real world phenomena as mathematical models. A
typical example is the simplifications and assumptions involved in turbulence modeling. This uncertainty can
be quantified by comparing the results of different models. [34, 33]

Round-off errors are caused by the truncation of floating point numbers on computers. A floating point
number is limited by the number of bits in its binary representation, and all digits exceeding that number will
be dropped in a form of Taylor series truncation. Round-off errors are usually negligible in comparison to other
errors. [33]

Iterative convergence errors come from stopping the iterating the solution before it is fully converged.
Usually it is enough to finish iterating when the residuals have dropped by some orders of magnitude, and
stabilized. [34, 32]

Discretization errors come from the discretization in space, and time, of the governing equations. The
spatial discretization is governed by the computational mesh used, and decreasing the mesh cell size towards
zero will lead to a discretized solution tending to the continuum solution of the model equations. With higher
mesh resolution the dependence on cell size decreases however, so that the results on finer meshes converges to
the continuous solution. [33]

2.2.6 The Adjoint Method for Surface Sensitivity Analysis

The adjoint method is an efficient way of evaluating the sensitivity of some objective with respect to a large
amount of input parameters, since only one solution is required per objective. The objective can for example be
drag, and the input parameters can be the CAD geometry surface. The adjoint is calculated from the solution
of the flow problem under consideration, called primal solution. Because the primal solution is already on
discretized form in CFD, the discrete adjoint method is used. [32, 29|

In Star-CCM+ the sensitivity of the objective with respect to the model geometry can be evaluated in two ways,
using the adjoint method. The first method, mesh deformation, is mainly used for automatic shape optimization.
The second method, surface sensitivity, is computationally less expensive, and is primarily used to identify
areas of the model with large impact on the objective. Only the surface sensitivity is explored in this project. [32]

To calculate the surface sensitivity, the sensitivity of the objective L with respect to the mesh is calculated

dL 9L | OL oW

X~ ox T owox’ (2.49)

where X is the mesh and W is the primal solution. Because the derivative matrix OW /90X in (2.49) is
computationally expensive to calculate, the derivative of the residuals R

dR OR OROW

ax “ox tawax (2:50)
is used to substitute OW /90X with
oW OR\ '0R
X ‘(aw) X (2:51)

A prerequisite for this is that the primal solution is well converged, so that (2.50) holds true. Inserting (2.51)
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into (2.49) gives

dL _ 9L 0L (OR\"'OR _ 0L 7 0OR (2.52)
dX 90X oOwW\ow ) 09X 0X 0xX’ '
| —
AT
where A is the so called adjoint vector. The adjoint solution is achieved by solving the equation system
oRT oL "
— A= — . (2.53)
ow ow

Once the adjoint in (2.53) is solved, the mesh sensitivity in (2.52) can be calculated. Lastly the surface sensitivity
is calculated as the sensitivity of the objective with respect to boundary displacements day: dL/d(dxp). [32, 12]

As mentioned, a well converged steady primal solution is a prerequisite for the adjoint method. In Star-CCM+,
adjoint analysis furthermore requires a coupled flow primal solution. In the version of Star-CCM+ used in
this project, no turbulence models are implemented in the adjoint method, so the effect of turbulence is only
indirectly included by its impact on the primal solution. [32]

2.3 Design of Experiment

Design of Experiment (DOE) is a methodology for planning, conducting and analyzing experiments to make
objective and valid conclusions. An experiment is a series of tests in which some input variables are varied to
observe changes in the output variables of the studied process. The input variables that are controlled are
called factors, and the output variables of interest are called responses.[16]

There are many types of DOE designs. The simplest design is the one-variable-at-a-time (OVAT) approach
in which one factor is varied while the others are held constant, as illustrated in Figure 2.9. A more refined
type of design is the factorial design. The choice of design depends on the objective of the experiment. A
common objective of a DOE is to determine which factors are most important for the process outcome, and
which effects they have. For this objective, a factorial design type of DOE is suitable. [16]

The field of DOE was originally developed for physical experiments, which are subject to random effects. This
is taken into consideration in a few different ways, such as random run order and replication of tests. Computer
experiments such as steady CFD simulations are deterministic however, and not subject to randomness. This
makes procedures such as randomization and replication unnecessary. [25, 16]

ST V. S ¢ . |
* o | e d ¢t—q |
af | e |
g Q
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L/ . P A ® & pe
Factor A

Figure 2.9: Schematic illustration of three factor experimental designs. The axes illustrate the design space
for the three factors A, B and C. The filled corner dots mark the factor level combinations tested in the design,
empty corner dots mark not tested combinations.
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Table 2.1: Design table for a 22 FFA design.
Test A B C AB AC BC ABC

I - - -+ T+ + -
2+ - - - - 4+ o+
3 - o+ - - -+
4+ 4+ -+ - - -
5 - - 4+ 4+ - -+
6 + - + - + - -
T - o+ + - -+ -
8 + + + + 4+ 4+

2.3.1 Full Factorial Design

In a full factorial design (FFA) the factor values are set to some levels and tests are carried out for each
combination of factor levels. FFA are useful for determining the main effects of the factors on the response,
and also interaction effect between the factors, which the OVAT approach cannot predict. Most common is
the 2-level FFA, with a high (+) and a low (-) level for the factor values, denoted a 2¥ design where k is the
number of factors. The factor levels should span a large range of the factor values, so that any effects on the
response are easier to observe. [16]

A 23 design, forming a cube in the design space, is illustrated in Figure 2.9, and its design table is shown in
Table 2.1. Here A, B and C are the three factors. There are also the interactions between the factors, three
2-factor interactions AB, AC, BC and one 3-factor interaction ABC.[16]

A main effect is the direct effect of a factor and an interaction effect is an effect caused by a combination of
factors. A main effect F4 and interaction effect E4p are defined as

EAZRA+—RA,7 (2.54)
Eap = Rap)+ — Rap)—, (2.55)

where R4 is the average response at the high level of a factor A and R,_ the average response at the low
level of A, and R(apy+ and R(4p)— is the average response at the high and low level respectively of a factor
combination AB. [16]

2.3.2 Reduced Factorial Design

For moderate to large numbers of factors the number of tests needed for an FFA can be inhibitive. In that case
a reduced factorial design (RFA) can be used, in which only a fraction of the tests of an FFA are performed. A
two level RFA is denoted 2F~P, where k as before is the number of factors, p is the degree of the fraction. For
example a 237! RFA design is the 27! = 1/2 fraction of a 23 FFA design, and consists of 2371 = 4 tests. This
is illustrated in Figure 2.9 [16]

An RFA design is derived from the corresponding FFA design, but only uses the first 2877 tests. Just reducing
the number of tests will mean that some factors are only tested at one level, for example factor C' the design in
Table 2.2a, which is only set to the low level. In order to account for this the levels of these factors are set to
those of a combination of the k first factors. In this case factor C' is defined as the combination AB, as shown
in Table 2.2b, so that there are test combinations with C' at both levels. [16]

Reducing the number of tests means that all main effects and interactions cannot be independently determined.
In the 23~! RFA example this means that when the effect of C is calculated it is in fact the combined effect of
C + AB that is calculated. The effects of C' and AB are said to be confounded. In the 23~ case A and BC,
and B and AC are also confounded. This means that main effects are confounded with 2-factor interactions in
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Table 2.2: Construction of a 23~! RFA design.
(a) Half of the 22 FFA design. Factor C is only at (b) The 23~ design table. The factor C' levels are

the low level. set to those of the combination AB.
Test A B C AB AC BC ABC Test A B C=AB AC BC ABC
1 - - - + + + - 1 - - + - - +
2 + - - - - + + 2 + - - - + +
3 - 4+ - -+ -+ 3 -+ - + -+
4 + + - o+ - - - 4+ + + + o+ o+

this design. This is often expressed using a measure called resolution, denoted by a Roman numeral subscript,
in this case 207", The meaning of the most important resolutions are [16]:

Resolution III design: main effects are confounded with 2-factor interactions.

Resolution IV design: main effects are confounded with 3-factor interactions; 2-factor interactions are
confounded with other 2-factor interactions.

Resolution V design: main effects are confounded with 4-factor interactions; 2-factor interactions are
confounded with 3-factor interactions.

A higher resolution design requires more tests, but can estimate a larger number of effects. Usually, according
to the Principle of Scarcity of Effects, the main effects and some low order interactions dominate a process, so
the effects of higher order interactions can be neglected. Therefore a lower resolution design with fewer tests
are often adequate to determine the most important effects. [16]
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3 Part 1: HPC Effects on Simulation Results

Vehicle aerodynamics simulations require a very large mesh in order to accurately predict the flow. To be able
to run such large simulations parallel HPC clusters are used. There are several such clusters at Volvo, where
some have different hardware, and they are set up so that a simulation can only be run exclusively on one
cluster. It was discovered that running two almost identical simulations on two different clusters could result in
significant differences in the solutions. It was found that the differences were most apparent at higher yaw
angles. The two geometries where this was discovered will be called Case X and Case Y. These differences
prompted the current investigations, since what cluster the simulation is run on should not affect the results of
a well converged steady simulation.

3.1 Method

A preliminary investigation of Case X and Y was conducted. After this, a factorial design investigation was set
up to identify which parallel parameters had an effect on the differences in results. Both the parallel meshing
and the parallel simulations were investigated for several trucks models, in both Star-1 and Star-2. Lastly, two
measures to address the parallel differences discovered were tested: forcing the cluster MPI implementation to
perform reduction operations in a fixed order, and changing the AMG solver settings.

3.1.1 Preliminary Investigation

The objective of the preliminary study was to gain some more information about the problem and determine if
the difference in results was in fact caused by which cluster the simulation was run on. Case X and Y were
therefore investigated and compared thoroughly to find any potential differences is geometry or settings.

An OVAT type study was also performed, for Case X and Y. The factors considered were
e simulation cluster
e volume mesh cluster
e Case (X and Y)

In Star-CCM+ both volume meshing and simulation can be done in parallel, so both steps were included to
identify if the difference appeared in either the meshing step or simulation step.

First the simulations were run on different clusters for the same volume mesh (and hence build) of Case X. Then
Case X was volume meshed on different clusters, while the simulation was run on the same cluster. Lastly Case
Y was run once. The simulations were only run at a higher yaw angle, since the differences were more apparent
there. This investigation was performed in Star-1, since it was in this version the problem first appeared.

3.1.2 DOE Investigation

The preliminary investigation was followed by a larger investigation using factorial design. Both the volume
meshing step and the simulation step were investigated in order to verify in which step any differences would
appear. Both Star-1 and Star-2 were investigated. Star-2 was investigated to determine if the problem would
appear in a newer version of the software. Several different truck geometries were investigated to see if the
problem was a one-time occurrence, or if it is more wide-spread. The trucks investigated were

1. FM
2. FH-1

3. FH-2

4. FH-3 - Case X
5. FH4

6. FH-5
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Table 3.1: The factors tested in the volume mesh investigation, with their corresponding code and level values,
as well as the level values of the baseline case.

Factor Code Low level (-) High level (+) Baseline level

Processor count P 224 448 1

Cluster C Cluster A Cluster E Cluster A (larger memory)
Node fill N 50% 100% N/A

where the FM truck has a medium sized cab with rigid trailer, and the FH trucks have a large sized cab and
semi-trailer. The FH trucks are largely similar, but with some differences in geometrical detail. All trucks were
investigated in Star-2, but in order to save time and computational resource only FH-1, FH-3 and FH-5 were
tested in Star-1.

Volume Mesh DOE Study

The volume mesh DOE study focused on three factors that the user can control when submitting a parallel
job, and which were assumed to potentially affect the simulation results or computation time. The processor
count factor (factor P) was chosen because of the effects reported in the theory, Section 2.2.4, and because
of scalability effects on cluster time. The levels were chosen as 224 and 448 processors, to give a large span
for estimating the effect. A larger count would have been chosen for the high level (896 processors) if not for
stability issues. The cluster factor (factor C) was selected because differences in hardware were assumed to
affect results by different round-off error, and cluster time by different processor performance. The levels were
chosen as cluster A and E, because the difference between the hardwares is significant. The node fill (factor N),
that is the percentage of the processors used by the job, was chosen mainly because the assumed impact on
cluster time due to more efficient communication. The levels were chosen as half (50%) and full nodes (100%)
to give a large span for the effect. The response variable for mesh differences was chosen to be difference in
total cell count compared to a baseline case. The baseline case was run in serial on a cluster A node with larger
memory. The response for the cluster time was simply chosen to be the computational time of the cluster job.
The factors and their levels are shown in Table 3.1.

A 23 FFA design was chosen, which resulted in 9 test runs per truck, including the baseline test. The tests
were run and then the results analyzed.

Simulation DOE Study

The simulation DOE study was performed with the same parallel parameter factors as the mesh study, processor
count (P), cluster (C) and node fill (N), with the addition of the factors yaw angle (factor Y) and mesh (factor
M). The yaw angle was included to see if the problem was present for other yaw angles, and the mesh factor was
included to see if the parallel meshing effects had any influence on the problem. The factor P levels were changed
to 224 and 896 processors, and the factor N levels were changed to 75% and 100%. The change to 896 processors
was made simply because the stability issues with 896 cores for the mesh DOE study were not present here. The
change to 75% was made because it was deemed wasteful and no benefit was seen in only running on half nodes.
The levels of factor Y were chosen as 0.0° and —7.5°, where the difference was first discovered. The levels of
factor M were chosen as one mesh created in serial and one in parallel from the mesh study. The parallel mesh
was created on cluster D with 224 cores and full (100%) nodes. The factors and their levels are shown in Table 3.2.

The response variables were chosen to be difference in Cp, and simulation time. The difference in Cp was
measured compared to one baseline test for each yaw angle. The baselines could not be run in serial, both
because of time and memory requirements, and were therefore run on 112 cores on cluster A, with full nodes
and serial mesh. They were run on 112 processors because that was the least number of processors that would
not cause a memory crash during the simulation. The baseline factor levels are shown in Table 3.2.

The 2$’ Y RFA design of [17], shown in Table 3.3, was selected to reduce the number of simulations to a tolerable
number. The number of tests is 18, including the 2 baseline tests. A 2%151_2) design with 10 tests, including
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Table 3.2: The factors tested in the simulation investigation, with their corresponding code and level values,
as well as the level values of the baseline case.

Factor Code Low level (-) High level (+) Baseline level(s)
Yaw angle Y 0.0° —7.5° 0.0° & —7.5°
Volume mesh M Serial (S) Parallel (P) Serial
Processor count P 224 896 112

Cluster C Cluster A Cluster E Cluster A

Node fill N 75% 100% 100%

Table 3.3: Design table for the 23,‘1 design.

Testno. Y M P C N
1 3 4 5=1234

1 - - - -
2 + - - - -
3 -+ - - -
4 + 4+ - - +
5 - -+ - -
6 + - o+ - -
7 -+ o+ - -
8 + + + - -
9 - - -+ +
0+ - - 4+ -
11 -+ -+ -
12 + + - + +
13 - -+ + -
14 + - + + +
15 -+ o+ A +
6+ + + + -

baselines, was also considered, but dismissed since main effects are confounded with 2-factor interactions. The
tests were run and then analyzed, including visual analysis of relevant flow field images.

3.1.3 Investigations Regarding Solution of Problem

Once the DOE investigation was done, one case from Star-1 and one from Star-2 with significant differences in
results were identified. The next step was to find a solution to the dependency on parallel parameters. Two
possible measures were identified in the theory, Section 2.2.4: forcing a constant order on reduction operations
of the MPI, and changing the AMG solver settings.

Constant Order of MPI Reduction Operations

After contact with Star-CCM+ support, [13], the difference in results between clusters was judged to be caused
by round-off errors due to differing order of reduction operations in the MPI implementation. In order to
resolve this it was proposed to force a constant order of the operations. If the default MPI implementation in
Star-CCM+, Platform MPI, is used a flag can be added when launching a simulation from the command line.
The flag is:

-mppflags "-e MPI_COLL_FORCE_CONSTANTORDER=1"
The simulations for the two cases were run again with the constant order MPI reduction, and the results

evaluated to see if the measure was effective. The run time was also considered, to determine if the solution
would increase computational time.
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Changing AMG Solver Settings

In order to find out if the parallel difference, mainly between different processor counts, was caused by insufficient
convergence of the AMG solver, the effects of changing the AMG settings was investigated. Two different
settings were tested

1. Reducing convergence tolerance by a factor 103 and increasing max cycles to 100; Iterative solver:
Gauss-Seidel with group size 4 (default)

2. Reducing convergence tolerance by a factor 10? and increasing max cycles to 100; Iterative solver: ILU
with group size 8 (7)

In Star-1, ILU with group size 7 was used since using group size 8 caused the simulation to crash.

The simulations for the two cases were run again with the new AMG settings, without the MPI flag, and the
results evaluated to see if the measure was effective. The run time was also considered, to determine if the
solution would increase computational time.
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3.2 Results and Discussion

Here the results from the preliminary investigation and the DOE investigations are presented, as well as the
effect of the proposed solutions.

3.2.1 Case X and Y Findings

The results of the preliminary OVAT style investigation is shown in Table 3.4. As can be seen, no significant
difference can be observed in Case X for change of either mesh or simulation cluster, but the difference between
Case X and Y can be replicated. The difference between the cases was later identified to be caused by the
bi-stable modes investigated in Part 2, Chapter 4.

In the investigation and comparison of both cases, no difference was found in either the mesh or simulation
settings, but there was a small difference in cell count in the mesh. The CAD files were identical, apart from
one single component, a chassis rear side panel, which had a slightly coarser surface mesh in one case. It could
not be verified that this was the sole cause for the difference, but it may contribute to the problem. This
indicates that the problem is highly mesh dependent. Since the difference in mesh was so small, and in a region
not nearby the largest difference in the flow field, the effect of some parallel parameter could not be ruled
out.

3.2.2 Impact on Mesh

The impact on the mesh of the HPC factors was judged by visually inspecting section planes of the mesh in
critical areas, and by comparing the total cell count and some mesh quality metrics. Among the trucks tested
in Star-1, the parallel meshing of FH-2, FH-3 and FH-5 failed for all tests. The visual inspection did not reveal
any significant differences in the mesh for the trucks that were successfully meshed. This is supported by the
comparison of the mesh size and quality metrics. The difference in cell count compared to the serially created
mesh is shown for all test in Figure 3.1. As can be seen the difference is in the order of 1073% in Star-2, and
about the order of 1072% in Star-1, with the exception of FH-5, which deviates with almost 1%. Also the
difference in the number of bad aspect ratio cells, shown in Figure 3.2, is small, about the order of 10~2 and
10! for the new and old version respectively, again with the exception of FH-5 at about 1.5%. Lastly, the
difference in the number of highly skewed cells is shown in Figure 3.3. Here the difference is significant, but the
effect of the difference may be small as the number of cells with high skewness angle still only amount to about
1073% of the total cell count. So, the overall impact on the mesh from parallel execution is seen to be very low,
even lower than the 3% estimated by Star-CCM+ [30]. In most cases the resulting effects on the simulation
results would be expected to be negligible, unless there is a very strong sensitivity to the mesh. FH-5 is the
truck with the largest difference, so if the mesh difference affects the simulation results, it should show for this
truck.

3.2.3 Impact on Simulation Results

Of all the trucks tested in the simulation DOE investigation, only the FM in the Star-2 and FH-3 in Star-1 did
show any differences between the tests. The difference only appeared for —7.5° yaw. In both these cases the
difference was found to be that the solution entered one of the two bi-stable modes in Part 2, Chapter 4. The

Table 3.4: Test matrix for OVAT-experiment of the preliminary investigation. “(X1)” denotes that the same
mesh file was used as a previous test.

Test no. Case Mesh cluster Simulation cluster ACp [%]

1 X A A -

2 X (X1) C 0.03
3 X (X1) D 0.03
4 X (X1) A 0.00
7 X B A 0.05
8 Y A A 1.79
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Figure 3.1: Relative difference in total cell count compared to the serial mesh.
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Figure 3.2: Relative difference in the number of cells with bad aspect ratio (< 0.01) compared to the serial
mesh.

differences from HPC effects is thus caused by an underlying bi-stability in the simulated case, in which the
solution is highly sensitive to perturbations that otherwise would be negligible. The differences are therefore
not continuous, but discrete: Mode 1 or Mode 2. This supports the theory in that differences due to HPC
effects should not normally occur for steady simulations.

The mode observed for each test combination for the affected trucks are shown in Tables 3.5a and 3.5b. The
FM can be seen to enter Mode 2 in the baseline test, and for 896 processors on cluster A, and for the parallel
mesh test with 224 processors and full nodes on cluster E. The FH-3 only shows Mode 2 for 896 processors on
cluster A. These results show that the most important HPC factors that may cause a change of mode are the
simulation cluster and the processor count. Test number 12 for the FM, in Table 3.5a, indicate an interaction
effect with either the mesh or the node fill. It is most probably a mesh effect, since the node fill should not
affect the partitioning. In that case it seems that differences from parallel meshing may affect the results.
This is probably more due to a strong mesh sensitivity of that case than significant differences in the parallel
meshing, since the mesh differences for the FM was found to be very small. This further supports the theory in
that the differences arise in the AMG solver, Section 2.2.4, either because of partitioning differences or floating
point errors.
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Figure 3.3: Relative difference in the number of cells with bad skewness angle (> 85°) compared to the serial
mesh.

Table 3.5: The factor level combination for each test with —7.5° yaw, and the resulting bi-stable mode for
the two trucks with observed differences. The bi-stable flow states are investigated in Chapter 4

(a) FM truck, Star-2. (b) FH-3 truck, Star-1.

Testno. M P C N Mode Testnoo. M P C N Mode

Baseline S 112 A 100% 2 Baseline S 112 A 100% 1
2 S 224 A 75% 1 2 S 224 A 75% 1
4 P 224 A 100% 1 4 P 224 A 100% 1
6 S 8% A 100% 2 6 S 86 A 100% 2
8 P 896 A 75% 2 8 P 896 A 75% 2
10 S 224 E 5% 1 10 S 224 E 5% 1
12 P 224 E 100% 2 12 P 224 E 100% 1
14 S 896 E 100% 1 14 S 896 E 100% 1
16 P 896 E 75% 1 16 P 86 E 7% 1

3.2.4 Effects of Solution Measures

The differences between clusters can be avoided by always using the same cluster. However, that would limit
analysis capacity and be wasteful of resources if several clusters are available. Another solution is to force a
constant order of reduction operations, thus eliminating round-off error differences. The modes resulting from
this solution measure is shown in Table 3.6. As can be seen, this caused the FM to only enter Mode 2, for all test
combinations. This implies that the reduction order affects not only differences between clusters, but to some ex-
tent also other differences. For FH-3 all simulations with the same number of processors entered the same mode,
which was Mode 1 for the baseline and 224 core tests, and Mode 2 for the 896 core tests. This shows that using
constant order MPI reduction operations is effective at eliminating the differences between simulation clusters.
It also indicates that the partitioning also can affect reduction operation order, causing round-off error differences.

The solution to eliminate differences caused by HPC effects in general is to run the AMG solver until convergence
in each iteration. The modes resulting from decreasing the AMG convergence tolerance to 10~* are shown in
Table 3.7, using both the Gauss-Seidel and the ILU iterative solvers. As can be seen, decreasing the tolerance
resulted in the FM only choosing Mode 2, except for in test 2 for the Gauss-Seidel solver, and the FH-3 only
choosing Mode 1. This shows that reducing the convergence tolerance can be used to eliminate the differences,
and that the ILU is possibly more efficient in this. Both differences caused by simulation cluster and number of
processors are eliminated. This confirms that the problem is caused by insufficient convergence in the AMG
solver. As the FM chooses Mode 2 and FH-3 chooses Mode 1, it appears that increasing the AMG convergence
is not a solution to the underlying bi-stability problem however. Using a lower AMG convergence tolerance is
therefore not a solution for the bi-stability problem.
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Table 3.6: The bi-stable modes resulting from using constant order MPI reduction operations for the two
trucks with observed differences.

(a) FM. (b) FH-3.

Testno. M P C N Mode Testno. M P C N Mode

Baseline S 112 A 100% 2 Baseline S 112 A 100% 1
2 S 224 A 5% 2 2 S 224 A 5% 1
4 P 224 A 100% 2 4 P 224 A 100% 1
6 S 896 A 100% 2 6 S 896 A 100% 2
8 P 896 A 75% 2 8 P 896 A 75% 2
10 S 224 E 75% 2 10 S 224 E 75% 1
12 P 224 E 100% 2 12 P 224 E 100% 1
14 S 86 E 100% 2 14 S 896 E 100% 2
16 P 896 E 75% 2 16 P 896 E 75% 2

Table 3.7: The bi-stable modes resulting from lowering the AMG convergence tolerance to 10™4, using the
Gauss-Seidel (G-S) scheme and using the ILU scheme.

(a) FM. (b) FH-3.

Testnoo. M P C N G-S ILU Testnoo. M P C N G-S ILU

Baseline S 112 A 100% 2 2 Baseline S 112 A 100% 1 1
2 S 224 A 5% 1 2 2 S 224 A 5% 1 1
4 P 224 A 100% 2 2 4 P 224 A 100% 1 1
6 S 8% A 100% 2 2 6 S 86 A 100% 1 1
8 P 86 A 7% 2 2 8 P 89%6 A 75% 1 1
10 S 224 E 5% 2 2 10 S 224 E 75% 1 1
12 P 224 E 100% 2 2 12 P 224 E 100% 1 1
14 S 86 E 100% 2 2 14 S 896 E 100% 1 1
16 P 896 E 75% 2 2 16 P 896 E 75% 1 1

If the proposed solution measure is to be feasible to implement, it cannot increase the simulation time too
much. The simulation times for the proposed measures are shown in Figure 3.4. As can be seen, the simulation
time is approximately the same using the constant MPI reduction order solution, making it a feasible solution.
Lowering the AMG tolerance on the other hand can be seen to increase simulation time by a factor 2 to 4,
making it too expensive to justify implementation. The proposed order of action to avoid impact of parallel
parameters on results is therefore to use a standard number of processors for simulations, and thereby avoiding
differences between processor counts, and implementing the constant MPI reduction order to avoid differences
between clusters. Ideally the underlying problem with the instability of the simulations would be addressed
first. This is the objective of the next part of the project, Chapter 4.

3.2.5 Impact on Computational Time

Only the computational times for Star-2 are considered here. The main effects of HPC effects on meshing time
are shown in Figure 3.5. The meshing time can be seen to be only about 3.3% of the time of the serial meshing.
The effect of the most important factor, the meshing cluster, is about 0.5 pp (percentage points), with cluster
E being faster than cluster A. The next most important factor is the processor count, with a higher number of
processors resulting in faster meshing by about 0.4 pp. The effect of node fill is insignificant. The interaction
effects on meshing time are negligible and are not reported here.

From an efficiency point of view it is not only the absolute time that is interesting, but also the total time all
nodes are occupied, defined as Total number of nodes x Total job time. This is shown in Figure 3.6. Here
it can be seen that the occupied node time lies at about 55% of the serial occupied node time, and that the
effects are larger. The most important factor here is the node fill, which shows a decrease of about 35 pp going
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Figure 3.5: Main effects plot of meshing time relative to the serial baseline.

from half nodes to full nodes. The effect of processor count on the other hand shows an increase of about 30 pp
using 448 processors compared to 224, as opposed to the decrease in absolute time. Cluster E can be seen to
be moderately more efficient than cluster A, about 8 pp faster.

These results show that the benefit in absolute time of going from 224 to 448 processors is small, and the
occupied node time in fact increases significantly. Therefore it is considered better use of computational
resources to volume mesh using 224 processors in this case. This may also decrease cluster waiting time, as it
is easier to allocate a smaller number of cores. Using cluster E is slightly faster than cluster A, so it could
be advantageous to prefer using cluster E, but only marginally. The node fill has no significant effect on the
absolute time, but significantly lowers efficiency by increasing occupied node time. This is probably so because
there is less communication involved in the meshing compared to the simulation. It is therefore best to always
use full nodes when meshing.

The main effects on simulation time are presented in Figure 3.7. The simulation time lies at about 20% of
the baseline simulation time, using 112 processors. The most important effect is the processor count, which
decreases from about 33% to 9%, going from 224 to 896 processors. This means that doubling the number
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Figure 3.6: Main effects plot of total node meshing time relative to the serial baseline. The total node time is
the total time the compute nodes are occupied (total number of nodes x total job time).

of processors from 112 to 224 gives a 3 times faster simulation: a 2/3 relation. Increasing from 224 to 896
processors gives a 4/3.67 = 12/11 relation. So there is a trend diminishing returns for increasing the number of
processors, with the breaking point somewhere between 224 and 896. Cluster E can furthermore be seen to be
about 5 pp faster than cluster A. The effect of node fill shows an increase of about 3 pp in simulation time,
going from 3/4 full nodes to full nodes. The interaction effects on simulation time are negligible and are not
reported here.

Looking at the efficiency, the effects of total occupied node time for the simulations are shown in Figure 3.8.
Occupied node time is seen to increase by 8 pp for 896 processors. The effect of both cluster and node fill is a
decrease of about 17 pp.

These results show that increasing the processor count will significantly decrease simulation time, although at
diminishing returns from number between 224 and 896 processors. This makes it less efficient to run simulations
with 896 cores, but not by much. If the computational resource is available, the higher number of processors
can definitely be used to get results faster. Cluster E is slightly faster and more efficient than cluster A, so it
should be used as the first choice. This is the case also for the meshing, but as the meshing is much faster than
the simulation, it can be beneficial to primarily use cluster E for simulations and cluster A for meshing. Full
nodes should always be used, as it is significantly less efficient leave processors idle.
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3.3 Conclusion

The conclusion of this part of the project is that the difference in results due to HPC effects can be repli-
cated, and that it only appears for certain cases with an underlying instability. The issue is an exception
rather than the norm, and steady simulations should normally not be affected by HPC effects. The problem
arises in the simulation step, although differences from parallel meshing may have a small effect. The par-
allel meshing differences are otherwise negligible. The factors that affect the difference is the HPC cluster
and the number of processors used for the simulations. The problem stems from the instability of the case,
but is affected by HPC parameters because of insufficient convergence in the AMG solver at each solver iteration.

The differences can be eliminated by decreasing the AMG convergence tolerance to a sufficiently low value, but
this severely impairs performance. Differences caused by different cluster hardware can instead be avoided by
forcing a constant MPI reduction operation order. If Platform MPI is used, which is standard for Star-CCM+,
this can be done using the command -mppflags "-e MPI_COLL_FORCE_CONSTANTORDER=1" when launching
a simulation from the command line. Differences caused by running on different processor counts are most
easily avoided by simply always using the same number of processors for simulations. The best course of action
however would be to investigate the underlying stability issue and solve it if possible. This is the objective of
the next part of the project, Chapter 4.

The effects of HPC parameters on the volume meshing and simulation time were also investigated, for Star-2.
It was found that it is most efficient to volume mesh using 224 processors. The meshing time can be decreased
by using more processors, but only marginally. Regarding simulations it is only slightly less efficient to use
896 processors than 224, so the choice depends on how fast the results are needed. In both cases cluster E is
slightly more efficient than cluster A. As the simulation time is significantly longer than the meshing time it is
recommended to run simulations primarily on cluster E and meshing on cluster A, but the difference is not
large. Full nodes should always be used, as there is no benefit in efficiency in doing otherwise.
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4 Part 2: Bi-stable Flow States

A part of aerodynamic development is the evaluation and comparison of different concepts. Geometrical
differences can often be quite small, so the resulting flow fields are expected to be mostly similar. It was
however discovered that small differences in geometry caused the solution to enter one of two bi-stable states,
with significant differences in results. There was furthermore no predictable connection between geometry
change and the resulting flow state. In some cases both flow states could occur for the same geometry, and the
resulting state was affected by which cluster the simulation was run on, which was the topic of the previous
part, Chapter 3. The bi-stable flow states were discovered in Star-1.

4.1 Method

The majority of the investigations was performed in Star-1. In order to save computational resources, these
investigations are primarily performed on a few yaw angles from one side, where the differences between the
modes were the largest.

A preliminary investigation of multiple cases of the affected project was investigated to gain more information
about the phenomenon. The characteristics of the modes were studied, the geometry for which they appeared,
dependence on side wind yaw angle, and differences in mesh and solver settings. Five cases were selected for
further investigations to represent different combinations of the modes, based on the original simulations:

1. “Baseline case”: only Mode 1
only Mode 1
both modes

both modes

o N

“Extreme case”: only Mode 2 except for 0.0° yaw

Case 1 is the baseline model, shown in Figure 2.3a. Case 2-5 all have some geometry modifications compared
to the baseline. Case 3 and 4 have both modes, but for different yaw angles. The selected cases were run for
yaw angles covering both sides, from 10.0° to —10.0°, to see if both modes were present on both sides. In
Star-2, the yaw angles on one side, from 0.0° to —10.0° were run, to see if the problem was present in the newer
versions of the software as well.

The preliminary investigations also included investigations of local convergence and monitoring the solution
development. This led to an investigation of the effects of changing the initial and inlet conditions. A geometric
modification was also tested, to see if the solution could be forced into one mode and to learn more about the
modes. The preliminary investigation was followed by a mesh study and a study of turbulence models, in which
both RANS models and a DES model was tested.

4.1.1 Study of Local Convergence

In order to see if there were any areas of interest that had a high remaining error, which could potentially affect
the global solution, the local convergence was investigated.

4.1.2 Solution Development and Effect of Initial and Inlet Conditions

Images of the flow field were exported during the solution process to observe any instabilities in the development
of the solution. This lead to a small investigation of the effects of changing the initial conditions for the
simulations. This was done in two ways, both only for Case 1 and Case 5. The first way was to initiate the
simulation with the solution from a simulation of another yaw angle. A 0.0° and a —15° initial were tested.
The other way to change the initial conditions was to ramp the inlet velocity over the first 100 and the first
1000 iterations. Changing the inlet velocity to 80 and 100 kph was also tested.
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(a) Small refinement region. (b) Large refinement region.

Figure 4.1: The refinement regions used in the mesh study.

4.1.3 Effect of Geometric Modification

Based on the observations from the previous studies a geometrical addition in the form of seal was investigated
to prevent Mode 2, under the assumption that Mode 2 may be physical. The seal was placed between the front
panel and the door to close off the split-line between them.

4.1.4 Mesh Study

In order to determine if either of the modes is non physical, by increasing the resolution of the flow in the
region where difference originated, a local mesh study was performed. A small and a large region of refinement
were studied, shown in Figure 4.1, with three levels of refinement, in percentage of cell base size:

1. 25%
2. 12.5%
3. 6.25%

4.1.5 Study of Turbulence Models

A study of turbulence models was performed to investigate if both modes appeared also for other models. Four
RANS models were investigated, and one DES. The RANS models were

1. SKE DSL=1.2: Standard k¥ — € model with Durbin realizability limit Cp = 1.2

2. SKE DSL=2.4: Standard k — e model with Durbin realizability limit C'r = 2.4

3. SST: Standard SST k — w model with coefficients recommended for vehicle aerodynamics
4. RKE: Realizable k — ¢ model with standard coeflicients

The SKE DSL=1.2 is the recommended model for road vehicle aerodynamics according to Siemens [27].
The SKE DSL=2.4 model was tested because of the effects of the DSL on the separation. The RKE and
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SST models were tested for their increased capability in predicting separation, which should give some more
information on the physicality of the modes.

The DES was run with a SKE DSL=1.2 precursor, to initiate the flow field. The SST model was used for the
RANS layer. The objective was only to observe which if the modes were also present in a transient solution, and
not to get accurate results statistics. Because of this, and to save computational expense, a shorter simulation
time of 2 s was chosen for the DES. Two longer simulations were run: Case 1 —5.0° yaw was run for 30 s, and
Case 5 —7.5° yaw was run for 60 s. This was to observe any mode switches during the simulation time. Ideally
even longer simulations would be run, corresponding to the 7' = 103 H /U, timescale reported in [9]. This would
require a simulation time of 7" ~120 s, which could not be afforded.
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4.2 Results and Discussion

Here the results of the investigations are presented and discussed. An xy-section plane through the upper cab
will be used to present the flow field differences between the modes.

4.2.1 Description of the Flow States

The two bi-stable modes are referred to as Mode 1 and Mode 2. They are mostly similar, but with one large
difference that appear for larger yaw angles. The difference in the velocity field is shown in Figure 4.2. As
can be seen, the difference appear by the lee-side upper front corner, where there is a separation bubble. In
Mode 1 that separation bubble is quite small, and almost reattaches to the door side, before it joins the larger
total lee-side separation. This can be seen as the blue shape in the velocity difference field. In Mode 2 the
separation bubble instead is much larger, and does not reattach, but instead joins the total lee-side separation.
This can be seen as the union of the blue and red shape in the velocity difference field. The red area clearly
shows the difference, as the velocity in Mode 1 is much faster here because the flow has not yet separated.

The pressure field difference in the front corner area is shown in Figure 4.3a. It can be seen that the pressure
around the corner is lower for Mode 1. It can also be seen that in Mode 1, there is first one local pressure
minimum by the front corner. After this the pressure increases slightly, followed by a second local minimum
by the front door split-line. This results in a smaller APG, followed by a second FPG, which suppresses the
separation bubble in Mode 1. In Mode 2 there is only a single strong APG by the front corner, causing the
larger separation. Looking at the difference in TKE in Figure 4.3b it can be seen that the TKE is higher in
Mode 1 in the door split-line. This further shows that this is a sensitive area. It also indicates that turbulence
modeling is of great importance for correctly predicting the separation.

The investigation of the local convergence also showed that there were areas with high remaining residuals in
this region, particularly the turbulence residuals. The momentum and pressure residuals did not show such a
clear pattern. This indicates that there may be some discretization error causing the bi-stability.

Yaw Dependence and Impact on Drag

Investigating several cases with similar geometry it was seen that Mode 2 is present for almost all cases,
with only a few exceptions. The modes for the five selected cases are shown in Figure 4.4. The dotted
columns signify that the simulation for that yaw angle was very sensitive and was discovered to enter different
modes when simulated on different clusters. It can be seen that Mode 2 appears at about £5.0° yaw and
transitions back to Mode 1 at about £7.5° to £10° yaw. The difference increases with the yaw angle, as the
separation bubble in Mode 2 grows with increasing yaw. Figure 4.4 also shows that both modes appear for side
wind from both sides of the truck. It however seems that Mode 2 is more rare on the right hand side of the truck.

The impact on Cp increases as the bubble grows. This can be seen in Figure 4.5, which shows the average
difference in C'p between the negative yaw values and the positive yaw values of Case 2 and 5 in Figure 4.4.
Because both these cases have Mode 2 for all negative yaw angles and Mode 1 for all positive yaw angles, they
can be used can be used to estimate the impact on C'p. This shows that the effect on Cp in fact is lower for
Mode 2 for —5.0° yaw, by about 9 DC. For —7.5° Mode 2 instead gives about 15 DC higher Cp, and for —10.0
it is almost 35 DC higher. The impact on drag is therefore significant, especially at higher yaw angles, although
it is interesting to note that at lower yaw the effect is negative. The lower drag for —5.0° was found to be
caused by the Mode 2 larger separation bubble suppressing another separation bubble, decreasing the size of
the total separation.

In Figure 4.6 the modes resulting from simulations in Star-2 are shown. It can be seen that both modes are
still present, but that Mode 2 only occurs for —5.0° yaw. Mode 2 has however been seen for higher yaw in
Star-2 in some simulations in Part 1, Chapter 3, so Mode 2 can still appear for larger yaw. It can also be seen
in Figure 4.6 that Mode 2 does not show for Case 2, as opposed to Star-1. These results show that Mode 2
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appears also in Star-2, but it also indicates that Mode 2 is less common and does not appear as often for higher

yaw-angles.

4.2.2 Effects of Changing Initial Conditions

It was seen in the monitoring of the solution development during the simulations that all cases experienced a
form of “splash” effect in the first 100 iterations, with a large separation bubble such as the one seen in Mode 2,
which by 200 iterations changed more or less into the final Mode 2. After 200 iterations the separation bubble
starts to recede for the cases which end up in Mode 1. From this it is clear that the final mode is determined

Velocity Magnitude Difference (m/s)
-30.000 -18.000 -6.0000 6.0000 18.000 30.000

Figure 4.2: Difference in velocity magnitude between the two modes, Virode 1 — Viode 2- The flow conditions
are yawed, with the side wind coming from the right side of the truck, or top in the image.

TKE Difference (I/kg)
0t 6.0000 18.000 30.000

Cp Difference
-1.0000 -0.60000  -0.20000 0.20000 0.60000 1.0000 -30.000 -18.000 -6.0000

(a) Pressure coefficient. (b) TKE.

Figure 4.3: Zoomed in view of differences in pressure and in turbulence between the modes. Mode 1 - Mode 2.
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Figure 4.4: The recreated modes for the chosen cases, from —10° yaw to the left to +10° yaw to the right. The
dotted columns in Case 2 signify that different resulting mode was different because of a negligible difference in
the mesh. The dotted columns in Case 3 and 4 signify that mode differences appeared between different clusters.

40 T

1 1
0° -2.5° -5° -7.5° -10°

-10 ‘

Yaw

Figure 4.5: The impact of the modes on Cp. Mode 2 minus Mode 1 Cp estimated by the mean difference in
Cp between the negative yaw angles and positive yaw angles for Case 2 and 5.

very early in the solution process. It is considered possible that Mode 2 is the result of the solution locking into
the initial flow state.

In order to avoid the splash effect and maybe avoid erroneously locking into Mode 2, it was tried to gradually
increase the inlet velocity in the beginning of the simulation. The results from this are shown in Figure 4.7a.
The 100 iteration inlet velocity ramp did not have any effect on the final mode, whereas the 1000 iteration inlet
velocity ramp changed the final solution significantly. For both cases an extreme version of Mode 2 was entered.
It is assumed that the gradual increase over 1000 iterations interfered with the solution process in some way,
and the final results are not considered to be correct. The gradual increase of inlet velocity therefore did not
have the intended effect. It was also investigated if changing the inlet velocity would affect the modes. As seen
in Figure 4.7a this did however not change the mode for the tested cases.

Using a solution from a lower and a higher yaw angle as initial condition was also tested. The resulting modes
from this investigation are shown Figure 4.7b. As can be seen, changing the initial conditions can have an
effect on the final mode. However, the 0.0° yaw initial resulted in a new mode, which was mostly similar to
Mode 2, but still not the same. It can also be seen that using an initial solution is not effective for selecting
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Figure 4.6: The modes resulting from simulations in Star-2 for the selected cases.
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(a) Changes to initial conditions. (b) Modes resulting from initial fields from 0.0° and —15.0°

yaw simulations.

Figure 4.7: Modes resulting from changes to inlet and initial conditions, —7.5° yaw.

which mode to enter, as the —15° yaw initial resulted in different modes for the tested cases. Because of this,
and because of the risk of locking in new, unwanted modes as seen for the 0.0° yaw initial, this solution can not
be used.

4.2.3 Effect of Sealing Door Split-line

Sealing the split-line between the door and the front panel proved to eliminate the separation bubble by the
mirror foot entirely, and thereby prevents Mode 2 for all cases. This is of course not a solution to the simulation
problem, but it further proves that the split-line plays an important role in the phenomenon. It would however
be beneficial to seal the split-line in future truck models, to remove ambiguity of results.

4.2.4 Effects of Mesh Refinement

The modes resulting from the mesh study are shown in Figure 4.8. The dotted columns again signify cases
where the solution is in such a sensitive position that different modes were entered using different clusters. The
dashed columns for the small refinement region signify that those simulations did not converge. The reason for
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Figure 4.9: The modes resulting from the turbulence model study.

this was not found. Case 1 can be seen to remain in Mode 1 for all refinements, while Case 2 to 5 seem to
converge to Mode 2 as the mesh is refined. This shows that the problem is very mesh sensitive, which was also
seen in Part 1, Chapter 3. The fact that both modes appear for the finest mesh indicates that neither is caused
by discretization error.

4.2.5 Effects of Turbulence Modeling

The modes resulting from the turbulence model study are shown in Figure 4.9. It can be seen that Case 1
remains in Mode 1 for all models. For the SKE model with DSL=1.2, however Mode 2 is entered for all the
other cases. Increasing the DSL suppresses the separation in some of the cases, resulting in Mode 1, but not
for all cases. This is caused by an increased build-up of TKE just in front of the front panel, suppressing the
separation. The SST model predicts Mode 2 for all cases at —5.0° yaw, but only the extreme case for —7.5°
yaw. The RKE model only predicts Mode 1.

The fact that only the SKE and the SST models, which is closely related to the SKE, predict Mode 2, whereas
RKE does not indicates that Mode 2 is caused by modeling error. Something in the SKE model, that also
partly affect the SST model, causes the solution to enter Mode 2.

Because no test data is available, the physicality of the modes cannot be verified. The next best approach is to
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Figure 4.10: The modes resulting from the DES study, and the mode of the initial field from the precursor
simulations.

compare the RANS results with more accurate simulations. The results of the DES simulations are shown in
Figure 4.10, together with the mode of the initial field from the SKE precursor. As can be seen, the initial
flow field from the precursor is again in Mode 1 only for Case 1, and Mode 2 for the other cases. As the
DES develops, however, the solution switches to Mode 1 for all simulations, except Case 1 —5.0° yaw. Note
that the flow field shape of the DES is somewhat different compared to the RANS simulations, but that the
modes can still be clearly identified. The DES separation in the region of interest had the general shape of the
corresponding RANS mode, but with small high-frequency oscillations about that shape. The longer simulations
are Case 1 —5.0° yaw, which was run for 30 s, and Case 5 —7.5° yaw, which was run for 60 s. No mode
switches were seen in either of these two cases, but maybe that would have required even longer simulation times.

DES simulations, although more accurate than RANS, are not perfect physical representations, so it is possible
that in reality the flow oscillates between Mode 1 and Mode 2, and that the DES simulation locks in on one
of the modes. If this was the case, one would however expect that it would lock in on the mode present in
the precursor. The fact that this does not happen is further indication that Mode 1 is the physical normal
behavior, and that Mode 2 only occurs rarely, or not at all.

The mode preference of the DES may also be caused by the model used in the RANS layer, in this case SST.
The SST model was shown to favor Mode 1 for —7.5° yaw and Mode 2 for —5.0° yaw however, so the DES
simulations would be expected to predict Mode 2 more for —5.0° yaw. As this is not the case, it seems like
the DES is not biased by the RANS layer model employed. It would however be interesting to see how the
behavior changed if the RANS layer model was changed.

All in all, judging by the results from the DES simulations, Mode 1 appears to best reflect the true behavior, and
Mode 2 does only occur rarely, for lower yaw angles, or not at all. The RANS model that performs best in this
case is the RKE model. This is not surprising since RKE is formulated to predict separation better. Changing
to the RKE model would however need some more model validation. The SST model performs better than the
SKE, and may not be such a big change in practice compared to the SKE. Adjusting the DSL for the SKE
may also improve performance, but at the risk of worse prediction in other areas of the flow as the realizability
constraint is relaxed. If it can be afforded the best way may however be to use DES simulations, which should
improve accuracy in other areas as well. Ideally, wind tunnel tests would be performed to determine the true
behavior. However, most wind tunnels too small to test a full-size truck without significantly affecting the flow
field. Blockage effects may suppress larger separations, so it is possible that the bi-stability will not appear
in a test on a full-size truck. A scale-model can be used to avoid some of the blockage effects, but other
problems will appear instead. For example difficulties with the scaling of the velocity and capturing important
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geometrical details. Because measurements in experiments are limited to probes there may also be difficulties
in detecting the flow states, although techniques such as PIV may improve this situation. Considering the
challenges of experimentally investigating the flow, it may be advantageous to extend the turbulence model
study. Firstly it would be interesting to perform an LES, which has minimal modeling, to get an simulation as
accurate as possible. DES with other models in the RANS layer would also be of interest, to avoid any bias
from the SST model. Other RANS models may also give some insight into the modeling aspect. For example
models with more or fewer equations for the turbulence closure, to significantly change the modeling.
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4.3 Conclusions

The conclusion of the second part of this project is that the bi-stable modes are mostly similar, but with a
significant difference that appear by the upper front corner. Here Mode 1 has a small separation bubble, which
in Mode 2 is much larger. The difference in C'p between the modes is significant and varies with drag. For 5.0°
yaw, Mode 2 predicts about 9 DC lower than Mode 1, whereas for 7.5° and 10.0° yaw, Mode 2 predicts about
15 DC and 35 DC higher drag respectively. A part of the explanation to the bi-stability seems to be a strong
interaction with front door split-line. A complete explanation for the bi-stability has not been found.

The mesh study shows that the modes are not caused by discretization error. The turbulence model study shows
that Mode 1 is most probably physical. The physicality of Mode 2 could not be determined with certainty, as
there is indications that it may be caused by modeling error in the SKE model. There is weak support for
Mode 2 in the DES study that indicates that Mode 2 is physical, but that Mode 1 definitely is the dominant
mode. Since some uncertainty remains as to the physicality of Mode 2, further investigations are recommended,
for example LES.

In the meantime the best solution to minimize the bi-stability problem is to use DES if it can be afforded.
Otherwise the RKE model is recommended, since it’s predictions are most consistent with the DES.
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5 Part 3: Effects of Geometrical Variation on Drag

There will always be some variation in the geometry of real trucks. Some of the variation occur in the production
of components and in the different stages of assembly of the vehicle. This can appear as variation in split-line
gap and flush compared to the nominal geometry.Gap and flush deviation is generally regulated by tolerance
requirements, often for functionality, safety and appearance reasons.

There is also reason to suspect that variation in gap and flush may cause variation in drag, because of the
role split-lines play in triggering transition to turbulence and separation. CFD simulations are however almost
exlusively made with nominal CAD geometry, so the variation in drag is often unknown. This part of the
project will therefore investigate the impact of gap and flush variation on drag, both to quantify the effect
and to determine if there are some areas where tolerance requirements can be restricted in order to reduce
drag.

5.1 Method

An initial investigation of the sensitivity of the drag with respect to the geometry was performed to identify
which areas had the greatest impact on drag. This was followed by discussion with geometrical engineers, to
learn more about geometrical variation and tolerances. A study visit was also made to the Tuve assembly plant,
to learn more about geometrical variation in production. Based on these preparatory investigations, as well as
experience from the aerodynamics engineers at Volvo, the tolerance areas to be investigated were chosen. The
geometrical changes were implemented in ANSA. An initial investigation was then conducted to estimate the
impact on drag. A more thorough DOE investigation was then performed to identify which areas affect drag
and how large the effects are.

All simulations in this part of the project were performed in Star-2. The investigations were performed on the
truck in Figure 2.3a. Note however that the trailer used in the simulations was longer, with three wheel-pairs,
and not the one shown in the figure. All investigations were performed on five yaw angles, from 0.0° to
—10.0°.

5.1.1 Adjoint Investigation of Surface Sensitivity

An adjoint analysis was performed using the surface sensitivity model in Star-CCM+, to determine which areas
were important for drag. In order to run an adjoint analysis in Star-CCM+ a well converged, coupled, primal
solution is required. The coupled implicit solver was used with the standard k — € model with coefficients recom-
mended for vehicle aerodynamics. The drag force was set as the adjoint cost function. The settings in Table 5.1
were found to yield a converged adjoint solution, but may not be the most efficient settings. Other settings were
also tried out, such as 2nd order discretization, higher CFL numbers, the Restarted GMRES accelerator, fewer
Krylov dimensions and fewer correction sweeps were tried out to yield a more accurate solution (discretization)
and faster convergence (CFL number and accelerator settings) or lower computational cost (accelerator settings).

When the adjoint solution had converged, a surface sensitivity analysis was run for the boundaries corresponding
to external cab surfaces. A 2% (0.02) sensitivity smoothing factor was used to avoid spikes in the result, as
recommended by the documentation, [32].

Table 5.1: Adjoint settings.

Discretization ~CFL number  Accelerator Krylov dimensions  Correction sweeps Iterations
1st order 40 Flexible GMRES 150 10 15
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5.1.2 Selection or Areas and Tolerances

Discussions were held with engineers from Geometrical Architecture, Geometrical Assurance and lead engineer
for air deflectors, to decide which areas are of interest, what tolerances apply there and what the actual
geometrical deviations are. A study visit to Tuve assembly plant was also made to hear the perspective from
quality engineering, assembly and audit, and learn more about geometrical deviation in production. The
tolerance requirements and measurements of geometrical deviations on real trucks were studied, and the relevant
data was extracted. The deviations from the measurements were almost completely within tolerance. The
measurements were performed on pre-production vehicles, when tools and processes are still being tuned and
practiced. Trucks in ordinary production are therefore expected to deviate even less. Because of this it was
decided to use the tolerance requirements for the preliminary study. Based on the engineering experience,
surface sensitivity results and the tolerance requirements, the areas to investigate were decided.

The four areas that were decided upon are shown in Figure 5.1 with the selected split-lines marked out. The
lower front (LF) and upper front (UF) were chosen because the flow separates in these areas, so they were
anticipated to have a large impact on drag by affecting the point of separation. The door split-line was chosen
for the same reason, although it is slightly more shielded from the flow. The air deflectors were chosen because
of their importance as aerodynamic devices for reducing drag, and because the tolerances are larger for these
parts. Because of the large number of split-lines, and because both gap and flush were considered, studying the
individual effects of the split-lines would require a much larger number of tests than could be performed in this
project. Therefore it was decided to study the effects of the complete areas instead.

5.1.3 Implementation of Geometry Changes in ANSA

The geometry variations were implemented in ANSA version 19.1.1, by moving geometry parts in the CAD
file using the “Transform>>Move” function. In order to reduce complexity, it was decided to implement the
split-line deviations by rigid body translations of the components forming the split-line. Furthermore, all
deviations were made symmetrical about the xz-center plane, so that a component on both the left hand and
right hand side was moved in a mirrored fashion.

For the preliminary investigation of the impact on drag the transformations were done manually. For the DOE
investigation the operations were automated using an ANSA script written in Python for the purpose, which
moved the parts to positions determined in an Excel sheet.

5.1.4 Estimation of Impact on Drag

A smaller, preliminary study was performed to get an estimation of how large the impact of tolerance deviations
on drag is. If the impact was significant, the following investigation would also use the tolerance deviations.
Therefore, for each area a combination of gap and flush deviations was composed to give a large impact on
drag. This meant maximum gap and over-flush where possible. Six tests were then performed in which all
areas except the listed had nominal positions:

1. LF
UF
DO
AD

ANl S

All areas

5.1.5 DOE investigation

A factorial design investigation was conducted to investigate the effects of gap and flush variation in the
considered areas. The factors considered were therefore gap and flush variation respectively for each area, and
a 287" RFA design with 16 tests was chosen, [18]. The factors that were considered were:

e GL & FL: Gap & Flush lower front
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Figure 5.1: The split-lines of the areas investigated. Vertical split-lines are denoted by “V” and marked in
orange; horizontal split-lines are denoted by “H” and marked in blue or green.
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Table 5.2: Design table for the 2?\7 * design. The design was selected from the NIST e-Handbook of Statistical
Methods [19, 18].

Test noo. GL FL GU FU GD FD GA FA
1 2 3 4  5=234 6=134 7=123 8=124

1 _ N N N N N N
2 + - - - - + - -
3 -+ - - + - - -
4 + o+ - - + + - -
5 - -+ - + + -
6 + -+ - + - - +
7 -+ o+ - - + - -
8 + o+ o+ - - - - -
9 - - -+ o+ + - -
10 e - + -
11 -+ -+ - + + -
12 + o+ -+ - - - +
13 - -+ o+ - - + +
14 + -+ o+ - + - -
15 -+ o+ o+ o+ - - -
16 + 0+ o+ o+ 4+ + + +

e GU & FU: Gap & Flush upper front
e GD & FD: Gap & Flush door
e GA & FA: Gap & Flush air deflectors

In the chosen design 2-factor interactions were confounded with other 2-factor interactions, in groups of four.
For example GLxFL is confounded with GUxGA, FUXFA and GDxFD. In order to avoid confounding of
2-factor interactions a 64 test design would be required, which could not be afforded.

Because the preliminary study did show a significant impact on drag for tolerance based deviations, the levels of
this investigation were also based on the tolerance values. The levels for the gap factors were therefore chosen
to be maximum and minimum possible gap according to tolerances. The levels for the flush factors were chosen
to be maximum possible over-flush and under-flush according to tolerances. Because of the implementation by
rigid body motion, some combinations of maximum or minimum gap and flush for different split lines were not
possible to achieve while adhering to the specified tolerance values. For example, the horizontal split-lines in
the upper front cannot all be over-flush, or the flush deviation of the UH1 split-line will be too large. Instead,
some split-lines were prioritized. For the upper front factors alternative combinations were composed. The
split-lines that were not controlled directly are marked in green in Figure 5.1.
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5.2 Results and Discussion

Here the results are presented and discussed.

5.2.1 Surface sensitivity

The surface sensitivity analysis did show that no split-line areas are particularly sensitive to drag at 0.0° yaw.
As the yaw angle increases, however, so does the surface sensitivity. The shape of the lee-side corner has great
impact on drag. Particularly the lower front area, but the outer part of the upper front area and the front part
of the door also impacts drag significantly. The air deflectors have a moderate impact, mainly on the windward
side-deflector and on the top of the roof deflector.

It is expected that the front corner has a large impact on drag, because the flow separates here. The velocity
is also high and there are a lot of surface roughness in the form of split-lines, so that friction drag should be
high also. The door is more shielded from the flow, so it is expected to give a lower contribution. Also the air
deflectors are more shielded, except for the windward side-deflector in yawed conditions and the roof deflector.
The results of this analysis therefore supports the selection of the investigated areas.

5.2.2 Estimation of Impact on Drag

The impact on Cp from the preliminary tests are shown in Figure 5.2, as the difference in Cp compared to the
baseline. Here it can be seen that the impact on drag is dependent on both area and yaw angle. The areas with
the largest impact are the lower front and the upper front, both with an YWA impact of about +3 DC. Both
the door and the air deflectors have a smaller impact at less than +1 DC. If all areas are modified, the impact
is larger, at about +5 DC. The larger impact is expected, because the flow is disturbed in more areas.

5.2.3 DOE Results

In Figure 5.3 the impact on Cp for the DOE investigation is shown. The impact can be seen to be almost
centered about the baseline value, ranging from circa —0.1 DC for 0.0° yaw to +1.4 DC at —10.0° yaw. This
results in a small bias towards increased drag, by about 0.4 DC for the YWA. The total variation is similar for
all angles, about £3 DC for YWA, which is significant.
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Figure 5.2: The impact on drag in the preliminary investigation, measured as the difference in Cp from the
baseline for each experiment and yaw angle.
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Figure 5.3: The impact on drag for the DOE investigation, measured by the difference in C'p from the baseline.
The mean, minimum and mazimum impact of all tests for each yaw angle.

As seen from the results in the previous section, the impact on drag can be larger than +3 DC. A value of +5
DC was reported. This study furthermore only covered split-line variation in some areas, so the impact could
be larger if more areas are included. Based on engineering experience and the surface sensitivity study, the most
important areas were selected however, so the added impact should not be too large. Furthermore, most trucks
are expected to be within the tolerance requirements, so it is very unlikely that any truck should have deviations
at either minimum or maximum tolerances for all split-lines. Therefore it is expected that most trucks will be
within the +£3 DC bounds, but to cover extreme cases a more conservative limit of £5 DC could also be considered.

The main effects of the factors in the DOE, gap and flush for the considered areas, are shown in Figure
5.4. The most important factors are lower front gap, Figure 5.4a and upper front gap, Figure 5.4c. Both
can be seen to go from —0.5 YWA DC for minimum gap to 1.5 YWA DC at maximum gap, a 2 DC differ-
ence. For the lower front it is the medium yaw angles that increase drag the most, while for upper front
all yaw angles contribute to the increase. The next most important effect is upper front flush, shown in
Figure 5.4d, which shows a decrease from 1 DC to about —0.2 DC going from the low to the high level.
Door gap also shows a decrease, Figure 5.4e, from 0.8 to 0 DC going from minimum to maximum gap,
whereas air deflector gap goes from 0 to 0.7 DC, shown in Figure 5.4g. All other factors, lower front flush
in Figure 5.4b, door flush in Figure 5.4f and air deflector flush in Figure 5.4h, show negligible effects on YWA Cp.

The main effects results show that the most important areas are the upper and lower front. This is expected,
and supported by the results of the previous investigations. In the front corner the air velocity is high, making
this region more sensitive. There are also more split-lines interfering with the flow, causing disturbances that
can affect turbulence and separation. Furthermore gap is shown to have a greater impact than flush. This was
not entirely expected, because flush are generally thought to upset the flow more than gap. This may however
be explained by the fact that increased gap causes more leakage behind the exterior component, which may
cause more disturbance.

Interaction effects between factors could not be independently determined in this investigation, because the design
had too few tests. The combined effects can however be determined, to set a bound for the effect of the interac-
tions. This is shown in Figure 5.5. As can be seen, the combined effect of GLXFL4+GUxGA+FUxFA+GDxFD
is —1.2 DC. The individual interaction effects of any of these will therefore be less than this, which is still less
than the most important main effect. The next largest combined interaction effect is 0.3 drag counts, which is
insignificant in comparison with the more important effects. No interaction effects are therefore more important
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Figure 5.4: Effects of the factors in the DOFE investigation. The average

and the low level of the factor. The difference is the main effect.

than the most important main effects.

53

value of AC'D plotted for the high



GLxFL + GUxGA + FUxFA + GDxFD: -1.2
GLxFD + FLxGD + GUxFU + GAxFA: -0.3
GLxFA + FLxFU + GUxGD + FDxGA: -0.2
GLxGD + FLxFD + GUxFA + FUxGA: -0.2
GLxGU + FLxGA + FUxFD + GDxFA: 0.1
GLxGA + FLxGU + FUxGD + FDxFA: -0.1
GLxFU + FLxFA + GUxFD + GDxGA: 0.0

0 0:5 1
ACp [DC]

Figure 5.5: The 2-factor interaction effects of the DOFE investigation, ordered by magnitude. Because of
confounding in the design no 2-factor effect can be determined independently. For example, the largest effect
here is the combined effect of the interactions GLXFL,GUX GA,FUXx FA,GDx FD, that is the sum of their
individual contributions, as shown by the y-axis labels.
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5.3 Conclusions

The variation of drag caused by split-line variation was seen to be almost centered about the baseline value,
and for most cases to be in the £3 DC range. For more extreme cases the impact was seen to be larger however,
so a conservative limit of +5 can also be considered. Because most trucks are expected to be within tolerance
this limit should cover the majority of the produced vehicles.

The areas that are most important for drag are the upper and lower front corner, where the effect is an increase
of 2 DC between minimum gap and maximum gap. The door and air deflectors are less important. Gap was
found to be more important than flush in all investigated areas.
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6 Conclusion

The problem with differences in steady simulation results because of parallelization was shown to be caused
by an underlying instability in the solution, combined with the AMG-solver not being run to convergence at
each solver iteration. The solution to this is using a constant order for MPI reduction operations, to avoid
differences between clusters, and to use a standard number of processors for simulations. The best option is
however to address the underlying instability.

The underlying instability appears in the shape of two bi-stable modes, that are mostly similar, but with a
significant difference in the separation shape by the front corner. This difference in separation also produces a
significant difference in drag, which grows with the yaw angle. Neither Mode 1 or Mode 2 was found to be
caused by discretization error, but Mode 2 could possibly be caused by modeling error from the SKE turbulence
model. The fact that Mode 2 appears in one out of 10 DES simulations complicates this conclusion, indicating
that Mode 2 may be physical. In any case there is considered to be sufficient evidence to conclude that Mode
1 is physical and the dominant mode. If Mode 2 should be physical, as indicated by the DES simulations,
it seems to appear only rarely. More testing is needed to determine the physicality of Mode 2 with greater
certainty. With the current information it is recommended to use DES it if can be afforded, as it is a more
accurate model. If not the RKE model is recommended, as it is most consistent with the DES predictions
among the tested RANS models.

The variation on drag caused by geometrical variation of split-lines was also investigated. It was found that
the maximum bound on effects on Cp was +5 DC, and that most trucks in production likely will fall within
43 DC from the nominal value. The areas with greatest effect are split-line gap on the upper and lower front
corner and split-line flush on the upper front corner. To decrease drag it is therefore recommended to decrease
gap in these areas and make the upper front panels as flush as possible.

6.1 Future Work

Because the differences in results that appeared for some parallel simulations was caused by an underlying
problem in the simulation cases, it is considered that no further investigations are necessary for this issue.

Regarding bi-stable flow states, it would of course be best if the correct flow behavior could be determined
experimentally. There are however some challenges that must be considered for such a experiment. For example
the possibility of suppression of separation due to blockage effects, and difficulties in detecting different flow
states. Therefore it would also be interesting to investigate some more turbulence models. For example LES,
with minimal modeling, DES with different RANS layer models, to avoid bias from the SST model. It may also
be interesting to test other RANS models, that are more different than the SKE and RKE models.

On a more general note it should be investigated further how to predict and represent bi-stability in steady
simulations. Vehicle aerodynamics are clearly subject to bi-stabilities of different scales. Because of the high
computational cost required to capture especially the longer scales in transient simulations, a method for
predicting such behavior in steady simulations may be attractive. This is of course no easy task, and toes the
border between transient and steady simulations.

Regarding the effect of geometrical variation on flow properties, geometrical variation may appear in many
other areas than in split-lines. For example deformed parts, such as warped and skewed body panels may affect
the flow by changing the curvature of the surface and causing more leakage. Different mirror settings, roof
deflector settings, riding height may also have significant effects. It is furthermore popular among some truck
drivers to fit their trucks with exterior ornamentation. It could be of interest to investigate how much that
affects drag, and in extension fuel consumption and CO5 emissions.
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