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1
Introduction

The 𝐶𝑂Ꮄ emissions from Heavy Duty Vehicles (HDVs) rose by 36% between 1990 and 2010
[1]. Projections indicate that without policy action, total HDV emissions would increase by
78.5% in 2030 (figure 1.1). With the currently adopted policy and regulations it can be brought
down to a 67% increase while the current technology potential can bring it down to a 46%
increase in 𝐶𝑂Ꮄ emissions (Miller and Façanha [10]).

The importance of aerodynamics in fuel consumption reduction is illustrated in figure 1.2.
Norris et al. [12] suggest that, by 2030, technology can bring about 33% reduction in fuel
consumption in HDVs. In that 33%, 10% of reduction comes from aerodynamic devices. Thus
improvement in current aerodynamic devices is crucial. Truck aerodynamic devices usually
come as add-ons and they have been classified into gap, underbody, rear devices as shown in
figure 1.3. The gap devices include extended roof over the tractor, gap reducers on the side.
Underbody devices include Side-skirts and fairings while rear devices include extended tail. A
study conducted by Mihelic et al. [9] for NACFE 1 is presented in figure 3.4a. The organization
conducted research by structured interviews with major OEMs and many trailer aerodynamic
device manufacturers in North America. It can be noted from figure 3.4a that adoption of trailer
skirts in fleets has been increasing since 2009. This can be attributed to its high fuel savings
(7%, highest among other aerodynamic add-ons) and least payback time (<1 year) (Mihelic
et al. [9]) .

This thesis is aimed at improving WABCO-OptiFlow’s trailer side-skirt named SideWing™.
Side-skirt’s performance is crucial for both fleet owners and emission regulation agencies.
Along with reduction in fuel consumption of 1.5𝑙/100𝑘𝑚 2, WABCO’s side-skirt also provides
emission reduction of 3.8 tonnes of 𝐶𝑂Ꮄ per truck per year. Recent customer reviews, track
data and on board systems suggest that Side-skirt is underperforming when mounted on a
dual rear axle tractor-trailer combination (6𝑋4 𝑡𝑟𝑎𝑐𝑡𝑜𝑟). Going by data collected by WABCO,
the performance has dropped to 1𝐿/100𝑘𝑚. The goal of this thesis is to identify the root cause
of this problem by comparing single and dual axle cases with and without side-skirt.

Before moving forward, it is necessary to understand the difference between single and
dual axle tractor models. A truck usually has two main components, the tractor and the trailer.
Tractors haul the trailers and both have their own aerodynamic devices. Side-skirt is a trailer
aerodynamic device which is placed along the sides of the trailer. The tractors come in many

1North American Council for Freight Efficiency
2Average Fuel Consumption at 85kmph
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Figure 1.1: ፂፎᎴ emissions of Tractor-Trailer by Miller and Façanha [10]

Figure 1.2: Fuel consumption reduction potential in 2030 [12]

Figure 1.3: Add-on devices classification
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Figure 1.4: Add-on devices adoption comparison

configurations, out of them the ones studied in thesis are 4𝑋2 (single rear axle or simply single
axle) (figure 1.5a) and 6𝑋4 (dual rear axle or simply dual axle)(figure 1.5b). The additional axle
is also powered in this dual axle variant or in other words the both the rear axles power the
vehicle.

(a) ኾፗኼ Single Axle
Courtesy Volvo (b) ዀፗኾ Dual Axle

Courtesy Autoline

Figure 1.5: Tractor configurations

1.1. Research Goals
• Understand the working principle of a trailer side-skirt through literature. Isolate the
parameters the responsible for drag reduction in single axle case.

• Quantify the underperformance in terms of fuel savings or drag.

• Relate the changes observed in parameters influencing the performance of side-skirt
when in dual axle condition (6X4). Correlate the changes in parameters to hindered
performance of side-skirt.

http://images.volvotrucks.com
https://autoline.info/-/tractor-units/VOLVO-FH16-580-6x4-Heavy-Haulage-Tractor--17120713020353634000


4 1. Introduction

Side-skirt basically prevents high momentum fluid flowing from side of trailer into the un-
derbody of the vehicle in the upper region while in the lower region it is vice versa [20]. Since
in this case the problem arises with the addition of an axle to tractor, it is reasonable to look
into flow coming off the wheels/wheelhouse and underbody of truck. Regert and Lajos [15]
have identified six vortices leaving the front wheel. The same has been proven by Krajnović
et al. [8] . Investigation of propagation of these vortices downstream and their interactions with
other elements like fuel tank, side pod and rear wheel is primary objective of this thesis. Along
with this the influence of underbody flow on Side-skirt’s performance must be first investigated.
This allows us to isolate flow structures responsible for Side-skirt’s enhanced performance in
single axle condition. Later, this can be extended to dual axle condition.
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Aerodynamic Background

2.1. Flow Physics
Side-skirts are in the wake of tractor rear wheel. More importantly, they experience flow ema-
nating from the wheel patch and tractor underbody. Also, in the context of this thesis it is im-
portant to learn about flow features emanating from the wheelhouse which eventually seems
to influence the side-skirt. The following sections discuss wheelhouse flow and some aspects
of underbody flow. Due to limited research in this area, literature on rear wheelhouse flows
is not found. Nevertheless, literature available on front wheelhouse is discussed hereinafter.
Furthermore, some aspects of side-skirt and its behaviour is also discussed towards the end
of this chapter.

2.1.1. Wheelhouse Flow
In this section the understanding of the flow coming off front wheel is highlighted and an
overview of previous studies is given. Since the side-skirt is situated in the wake of the rear
wheels as shown in figure 2.1 , it is assumed that the flow is influenced by both the front and
rear wheel and also by some part of front bumper, headlamp cover and by some underbody
elements. The presence of wheelhouse has a significant influence on direction and structure
of the vortices leaving the wheels [15]. Figure 2.2a is the LES simulations conducted by Kra-
jnović et al. [8] which gives an idea about vortex structures leaving wheelhouse. Figure 2.2b
is the RANS simulations conducted by Regert and Lajos [15] and gives a much more compre-
hensive view (mention of direction of rotation of wheel vortices) of all the vortex structures.

Furthermore, the above figures represent vortices originating from front wheels but fur-
ther investigations will be conducted during the thesis period on propagation of these vortices
downstream and their interaction with vortices originating from rear wheels. Also, the influ-
ence of other elements such as sidepods,fuel tank and certain other bodies lying downstream
of these vortices will also be investigated. An important point to be considered here is that all
the above simulations were conducted on a simplified model as shown in figure 2.4 but in order
to understand the cause of under-performing side-skirt CFD simulation must be conducted on
a more realistic truck model.

A study was conducted by Hobeika [7] on different rim configurations and tyre patterns
(figure 2.3a). It was found that rim and spoke design influence drag significantly. Hobeika [7]
also validated his CFD simulations experimentally on one of their rim configurations. Vdovin
[23] also conducted accurate wind tunnel experiments with five belt system on different rim
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Figure 2.1: Region of Flow Investigation highlighted

(a) Vortex cores and time averaged
streamlines by [8]

(b) Vortex structures as found by [15]
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(a) Rim configurations studied by
[7]

(b) Normalized drag coefficient of rim configurations by [23]

Figure 2.4: Simplified truck model used by [15]

configurations. It was again proven that there is significant drag difference between basic fully
covered rims (almost cylindrical wheel) and regular rims used on cars (figure 2.3b).

From Figure 2.2b it can be noticed that six vortices emerge out of wheelhouse. According
to Scheeve [17] these dominant six vortices are qualitatively independent of grid, numerical
scheme and shape of body. Whereas the strength and size vary with changing geometry but
their presence remains. So, this will serve as a good first check in future simulations.

2.1.2. Underbody Flow
Another important region of flow which might influence the performance of Sidewing is under-
body flow. It is also a region which has inevitable bodies which produce a lot of disturbance in
flow. The wake of underbody elements which are in close proximity of side-skirt (rear wheel
cover, transmission system etc,.) can also interact with side-skirt’s flow and influence its per-
formance. This fact must be investigated as there is no specific literature that could be found
on it (in dual rear axle condition). Figure 2.5 shows the underbody flow as investigated by van
Raemdonck [22] on a single axle condition. It is evident that a large recirculation region exists
behind the rear axle and rear wheels.van Raemdonck [22] also stresses on the contribution of
underbody drag relative to the total drag experienced by tractor-trailer combination. It is stated
that tractor underbody contributes to 26% of the total drag of truck and the underbody of trailer
contributes to 6% of total drag of truck [22]. So more than 30% of the total drag experienced
by the truck is from underbody flow [22]. Since this low momentum region interacts with free
stream on the sides of trailer, it disturbs the flow. Thus enclosing this region reduces drag.
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This is achieved by side-skirts.

Figure 2.5: Underbody flow simulated by [22]

Furthermore, Scheeve [17] gave insights about the unsteadiness of the underbody/trailer
side flow. This is the region involving the propagation of six vortices mentioned in the previ-
ous section. Figure 2.6 shows the variation of 𝐶𝑝ᑥᑠᑥ at 𝑍/𝐷 = 0.5, where D is the diameter
of the wheel over two different iterations using RANS. It can be seen that there is not much
variation in the flow beside the front wheel whereas there is large variation in front of the trailer
wheel between two iterations. We can also observe a large variation in flow in the wake of the
rear wheel. This shows that six primary vortices and underbody wakes are highly unsteady.
Interestingly, Scheeve [17] did not recommend Unsteady simulations using URANS, as the
unsteadiness in turbulence is not deterministic. Instead, he recommends DES simulations if
computational resources are available.

Furthermore, it is worth discussing Stephens and Babinsky [20]’s results.They conducted
PIV experiments on an 1:10 scale European truck model with side-skirts in a water tunnel.
Stereoscopic and planar PIV were used in their experiments. Though their aim was to investi-
gate flow around a side-skirt on a single rear axle (4X2) truck, they provided some qualitative
results which can be expected in dual axle condition too.

It can be seen from figures 2.7 and 2.8 that side-skirt prevents the underbody flow from
entering the freestream flow. This prevents the wake originating from the wheels to slow down
further (as in no side-skirt case). Thus preventing the increase in velocity deficit along the sides
of truck. This is substantiated by the velocity contour plot shown in figure 2.9a and 2.9b in a
streamwise plane (x/b=2.51 plane,b-width of vehicle).

Figure 2.6: Underbody flow by Scheeve [17] (steady state) at two different iterations. Plots of ፂᑡᑥ at ፙ/ፃ  ኺ.
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Figure 2.7: Underbody normalized Velocity contour for no side-skirt case by Stephens and Babinsky [20], Z/b =
0.16, horizontal plane

Figure 2.8: Underbody normalized Velocity contour for side-skirt case by Stephens and Babinsky [20], Z/b =
0.16 (b=width of truck), horizontal plane

(a) No side-skirt (b) side-skirt

Figure 2.9: Velocity Contour in x/b=2.51
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2.1.3. Performance Study of WABCO-OptiFlow’s SideWing™
To understand the performance of side-skirts better van Raemdonck [22]’s work was studied.
Various shapes of straight skirt were studied by van Raemdonck [22]. All the shapes were
simulated in Low Turbulence tunnel at different yaw angles on a stationary ground plate. The
different shapes tested are shown in figure 2.10a.

(a) Different shapes of straight skirt tested by
[22]

(b) Drag reduction results of skirts ([22])

𝑃𝑟𝑜𝑓𝑖𝑙𝑒𝑑 𝑖𝑛𝑠𝑖𝑑𝑒 𝑓𝑟𝑜𝑛𝑡 𝑒𝑑𝑔𝑒 is currently SideWing™. It has an airfoil profile at the begin-
ning of the skirt to avoid flow separation at high yaw angles. All the shapes were tested at
different yaw angles.

From figure 2.10b where change in wind averaged drag coefficient (Δ𝐶ᑋ) with respect to
reference trailer case is plotted, it can be understood that the airfoil profiled skirt performs well
at all yaw angles while providing a drag reduction of 14% at zero deg yaw angle.

2.1.4. Full Scale tests with Side-skirts
To further validate the design, side-skirts were tested by van Raemdonck [22] on both track
and road. The road test was a four week road test on selected routes. During these tests fuel
consumption was measured. The track test results showed that side-skirt reduced the fuel
consumption by 4.6% in tail wind and by 13.6% in head wind. Furthermore, the road tests
also confirmed this where a 9.29% fuel consumption reduction is observed over the entire trip.

2.2. Research question, aims and objectives
The main research questions that can be formulated after last section are,

1. What is the influence of six vortices coming off the front wheelhouse and underbody flow
on side-skirt’s performance?

2. How are the six principle vortices affected by rear wheelhouse flow?

3. What are the flow features originating from the rear wheelhouse and what is their influ-
ence on side-skirt’s performance?

4. What is/are major flow feature differences between single (4X2) and dual(6X4) axle con-
dition? Which of them really affect the performance of side-skirt? How do these flow
features change in the presence of side-skirt in the respective configurations (single and
dual rear axle configurations)?
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Theoretical Methodology

Due to complexities involved in the region of interest (figure 2.1), it was decided very early in
this project to not resort to any experimental methods. This decision was taken as the complex
wind tunnel models required would be expensive. For example, the main difficulty in this case
is arranging a moving belt for the length of the truck. At T U Delft, there are no moving belt wind
tunnels of the scale that can accommodate a scaled model of truck. Secondly, the amount of
pressure taps required on this model would make it even more expensive. Thus, only CFD is
used in this project to evaluate the flow field between the rear wheel and the side-skirt. The
following section describes the numerical set-up

3.1. Numerical Set-up
In this section a brief review of CFD preparation and turbulence model used will be discussed.
Furthermore, the capabilities of RANS1 and DES2 will be evaluated in this section to under-
stand their ability to predict local separation accurately. Finally, choice of cell type, wall mod-
elling and rotation flow modelling will be discussed towards the end of this section.

3.1.1. CFD Approach
Going by Scheeve [17]’s recommendations, it is evident that the region of interest we are
looking at is highly unsteady because of numerous separated regions. Thus a deeper look
into CFD approaches which can predict separation better is conducted in this section. Two
approaches RANS and DES are discussed here.

Sreenivas et al. [19] conducted simulation using 𝑘 − 𝜖 and 𝑘 − 𝜔 models with and without
DES modifications on a GTS (Generic Transport System) model. Overall drag was within
10% of experimental value for both models but the DES model predicted asymmetric vortices
in the wake of the truck (closer to experimental result). Figure 3.1 shows the results obtained
by them. Sreenivas et al. [19] also suggest that with further fine tuning DES approach can
produce even accurate results.

1Reynolds Averaged Navier Stokes
2Detached Eddy Simulation

11
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Figure 3.1: DES/RANS base wake prediction (Baseline refers to RANS)

Figure 3.2: DES/RANS wake prediction behind a cube cube

Furthermore, Nichols et al. [11] conducted similar studies on a surface mounted cube.
They too found out that DES model predicts flow structures well in the separated region. They
compared axial velocity in the center plane (figure 3.2). It can be noticed that although DES
is more accurate than RANS, the RANS approach is not quite far from experimental value.
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SinceDES approach requires highermesh resolution away from thewall (to resolve smaller
scales via LES approach), it will be computationally expensive to simulate our region of interest
behind the rear wheel of tractor with a complex, reasonably detailed model. Although RANS
is inaccurate in the base wake region it is still preferred over DES approach in this thesis.
This is based on a trade-off between accuracy and computational effort. This decision is also
motivated by the fact that the highly influential flow features around a truck are characterised
by large time-scales and length scale comparable with the length of the truck. RANS is capable
of predicting such flow features with reasonable accuracy as long as the time-step is greater
than mean turbulent time-scale and less than time-scale of one cycle of oscillation.

3.1.2. Reynolds Averaged Navier Stokes (RANS)
Reynolds Averaged Navier Stokes approach considers the decomposition of flow quantities
into mean and fluctuating componentsequation 3.1. The mean components (�̄�) are computed
while the fluctuating components (𝑢ᖤ) are modelled.

𝑢ᑚ = 𝑢ᑚ + 𝑢ᖤᑚ . (3.1)

substituting this decomposition in the incompressible Navier Stokes equation and taking
time average, we get continuity and momentum equations which are similar to incompressible
NS equations with some additional terms that needs modelling.

𝜕𝑢ᑚ
𝜕𝑥ᑚ

= 0, (3.2)

𝜌𝜕𝑢ᑚ𝜕𝑡 + 𝜌
𝜕(𝑢ᑚ𝑢ᑛ)
𝜕𝑥ᑛ

= − 𝜕𝑝𝜕𝑥ᑛ
+
𝜕𝜏ᑚᑛ
𝜕𝑥ᑛ

−
𝜕(𝜌𝑢ᖤᑚ𝑢ᖤᑛ)
𝜕𝑥ᑛ

, (3.3)

where 𝜏ᑚᑛ and 𝑢ᖤᑚ𝑢ᖤᑛ are mean stress tensor and Reynolds stress tensor respectively. The
latter is the one that needs to be modelled. In ANSYS Fluent, Boussinessq approximation is
used to obtain relation between Reynolds Stress and mean velocity gradients and turbulent
kinetic energy (𝜅)

− 𝜌𝑢ᖤᑚ𝑢ᖤᑛ = 𝜇ᑥ(
𝜕𝑢ᑚ
𝜕𝑥ᑛ

+
𝜕𝑢ᑛ
𝜕𝑥ᑚ

) − 23(𝜌𝜅 + 𝜇ᑥ
𝜕𝑢ᑜ
𝜕𝑥ᑜ

)𝛿ᑚᑛ. (3.4)

3.1.3. Turbulence Modelling
According to Scheeve [17] the 𝑘−𝜔 SST turbulence model seems to be the appropriate choice
for this kind of flow as it behaves well in adverse pressure gradient and in predicting local sep-
aration. Even SAE Standard J2966 on heavy vehicles CFD[16] suggests the same. Scheeve
[17] suggested that 𝑘 −𝜔 SST model had excellent agreement of drag coefficient with exper-
imental values. Also the wall function approach in 𝑘 − 𝜔 SST model saves computation time.

Furthermore, as there was no experimental data to compare the vortex structures results,
Scheeve [17] plotted isosurfaces of Q-criterion and total pressure of different turbulence mod-
els simulated on same geometry and compared the results. It was found that 𝑘−𝜔 SST model
predicted the vortex structures reasonably well.
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𝜅 − 𝜔 SST
In this section the formulation of 𝑘 − 𝜔𝑆𝑆𝑇 will be discussed. Firstly, the 𝜅 and 𝜔 transport
equations are as follows,

𝜕𝜌𝜅
𝜕𝑡 +

(𝜌𝜅𝑢ᑚ)
𝜕𝑥ᑚ

= 𝜕
𝜕𝑥ᑛ

(Γᒏ
𝜕𝜅
𝜕𝑥ᑛ

) + 𝐺ᒏ − 𝑌ᒏ + 𝑆ᒏ, (3.5)

𝜕𝜌𝜔
𝜕𝑡 + (𝜌𝜔𝑢ᑚ)𝜕𝑥ᑚ

= 𝜕
𝜕𝑥ᑛ

(Γᒞ
𝜕𝜔
𝜕𝑥ᑛ

) + 𝐺ᒞ − 𝑌ᒞ + 𝑆ᒞ. (3.6)

where G , Y and S are corresponding Production, Dissipation and Source terms while Γ
represents effective diffusivity of 𝜅 and 𝜔. They are further elaborated in Appendix A.

3.1.4. Wall Modeling
From the law of wall it is understood that the non-dimensionalized velocity 𝑢Ꮌ behaves dif-
ferently with non-dimensionalized 𝑦Ꮌ in different regions of viscous layer. For 𝑦Ꮌ<5 (laminar
sublayer),𝑢Ꮌ varies linearly with 𝑦Ꮌ, whereas for 𝑦Ꮌ>30,𝑢Ꮌ varies logarithamically with 𝑦Ꮌ. It
is advised that resolving the region 𝑦Ꮌ <5 gives better results [25].

Figure 3.3: Behaviour of the boundary layer in the vicinity of the wall[24]

ANSYS Fluent two equation RANS models the flow near the wall based on wall function
approach. The wall function approach does not resolve viscous sub-layer instead it models it
based on empirical relations as given below,

The specific dissipation rate (SDR) at the wall is specified by equation,

𝜔ᑨ =
𝜌(𝑢∗)Ꮄ
𝜇 𝜔Ꮌ, (3.7)

The above equation is computed by the following 𝜔Ꮌ definitions which are based on viscus
sublayer and logarithmic layer. One of these formulations is chosen based on the first grid point
off the wall[2].

𝜔Ꮌ = 6
𝛽ᑚ(𝑦Ꮌ)Ꮄ

, (3.8)

𝜔Ꮌ = 1
√0.09

𝑑𝑢Ꮌᑥᑦᑣᑓ
𝑑𝑦Ꮌ . (3.9)
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3.1.5. General Scalar Transport Equation
In this section a general scalar transport equation and its discretised version are introduced in
order to explain discretisation scheme in the following sections.

∫
ᑍ

𝜕𝜌𝜙
𝜕𝑡 𝑑𝑉 + ∮𝜌𝜙⃗⃗⃗𝑣.𝑑

⃗⃗𝐴 = ∮Γᒣ∇𝜙.𝑑 ⃗⃗𝐴 + ∫
ᑍ
𝑆ᒣ𝑑𝑉. (3.10)

Discretised Version for a cell

𝜕𝜌𝜙
𝜕𝑡 𝑉 +

ᑅᑗᑒᑔᑖᑤ

∑
ᑗ

𝜌𝜙ᑗ ⃗⃗⃗𝑣ᑗ. ⃗⃗𝐴ᑗ =
ᑅᑗᑒᑔᑖᑤ

∑
ᑗ

Γᒣ∇𝜙ᑗ.⃗⃗ ⃗⃗ ⃗𝐴ᑗ + 𝑆ᒣ𝑉, (3.11)

Reducing the equation 3.11 into steady state incompressible form,

ᑅᑗᑒᑔᑖᑤ

∑
ᑗ
(𝜌⃗⃗⃗𝑣ᑗ𝜙ᑗ − Γᒣ∇𝜙). ⃗⃗𝐴ᑗ = 𝑆ᒣ𝑉, (3.12)

Linearized Version
In Fluent, the non-linear discretised transport equation is linearized so that it can be solved
using linear system of equations involving sparse matrices.

𝑎ᑡ𝜙 =∑
ᑟᑓ
𝑎ᑟᑓ𝜙ᑟᑓ + 𝑏. (3.13)

where subscript nb refers to neighbour cells and 𝑎ᑡ and 𝑎ᑟᑓ are linearized coefficients
of 𝜙 and 𝜙ᑟᑓ. For more information on the coefficients and the linearization please refer to
Appendix B

3.2. Discretisation Schemes
3.2.1. Spatial Discretisation
In a finite volume method like the one used in ANSYS Fluent, cell values are stored at the
centroid of the cell but to compute convective terms, face values are required. In order to do
so, cell values are interpolated using discretisation schemes. In this thesis, the author used
second order upwind schme for all terms except diffusive terms in the discretised equation. As
diffusive terms are discretised using central-differencing scheme by default. Although, at the
beginning of the simulation, first order upwind scheme is employed and later switched after
few iterations.

Second Order Upwind (SOU)
In this scheme, face values are interpolated from the cell values using a Taylor’s series ex-
pansion.

𝜙ᑗ = 𝜙 + ∇𝜙.⃗⃗𝑟 (3.14)

where,
• 𝜙ᑗ face value of the corresponding cell.
• 𝜙 cell centre value
• ∇𝜙 gradient computed in one of the upstream cells
• ⃗⃗𝑟 position vector from cell centroid to face centroid.
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Central-Differencing Scheme
As discussed earlier, diffusive terms are discretised using this scheme, hence its formulation
is discussed here. Furthermore, even face values of Pressure are also computed from their
cell centered values using the same scheme.

𝜙ᑗ =
1
2(𝜙Ꮂ + 𝜙Ꮃ) +

1
2(∇𝜙Ꮂ.⃗⃗⃗⃗𝑟Ꮂ + ∇𝜙Ꮃ.⃗⃗⃗⃗𝑟Ꮃ), (3.15)

Where, all the quantities have similar definition as prescribed in the last section except that
the subscripts ”0” ”1” indicate quantities from face sharing cells. The main difference in this
scheme is the evaluation of gradients, here gradients are reconstructed using cell centered
values of face sharing cells whereas in SOU, Least square cell based gradient evaluation
scheme is used which will be discussed later in next section .

3.2.2. Gradient and Derivative Evaluation
Least Square cell based gradient In this method, the relation between gradient of a cell and
its cell values with respect to one of the neighbouring cells is expressed as,

(∇𝜙)ᑠ.Δ𝑟ᑚ = 𝜙Ꮂ − 𝜙Ꮃ, (3.16)

Writing the above equation for each neighbouring cell (each face), we get a system of
linear equations,

[𝐽][∇𝜙]Ꮂ = Δ𝜙. (3.17)

Solving the above system of equation in a least square sense yields the derivative at cell
centers. Furthermore, least square cell based gradient method is accurate on irregular meshes
(skewed and distorted) and it’s accuracy is comparable with node-based gradient method
which is considered to be most accurate.

3.2.3. Temporal Discretisation
The time term in discretised general transport equation must be discretised just like the other
terms. In this thesis, a first order implicit scheme is used. This backward difference scheme
is implicit in nature and thus the RHS (𝐹(𝜙)) is evaluated at the future time level 𝑛+1. Implicit
schemes are unconditionally stable when compared to explicit schemes.

𝜙ᑟᎼᎳ − 𝜙ᑟ
Δ𝑡 = 𝐹(𝜙ᑟᎼᎳ). (3.18)

This scheme was used because it allows large timesteps by running at high Courant numbers
(200). This allows large physical time runs (> 10s) with fewer timesteps as most of the flow
features around the truck have large time scales.

3.2.4. Final Discretised System (Linearized)
The linearized momentum equation can be obtained by substituting 𝜙 = 𝑢 in equation 3.13,

𝑎ᑡ𝑢 =∑
ᑟᑓ
𝑎ᑟᑓ𝑢ᑟᑓ + ∑

ᑟᑓᎾᑗ
𝑃ᑗ𝐴. ̂𝑖 + 𝑆. (3.19)

Furthermore, the discretised continuity equation is defined as follows, where 𝐽ᑗ is the mass
flux through face 𝑓.
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ᑅᑗᑒᑔᑖᑤ

∑
ᑗ

𝐽ᑗ𝐴ᑗ = 0. (3.20)

3.3. Solver Algorithm
A Coupled Algorithm is used in this thesis. In this algorithm momemtum and pressure-based
continuity are solves simultaneously in a full implicit way unlike other segregated algorithms
like 𝑆𝐼𝑀𝑃𝐿𝐸 and 𝑆𝐼𝑀𝑃𝐿𝐸𝐶. The main idea behind choosing this algorithm is that it allows
large time steps and can treat skewed cells appropriately[2]. Furthermore, in steady state
simulations (used to initiate unsteady simulations) it allows faster convergence. For more in-
formation about this algorithm refer to Appendix B

The algorithm is outlined as follows,

• Starting with 𝑛ᑥᑙ iteration values (�̇�(ᑟ)ᑗ ,𝑣(ᑟ),𝑝(ᑟ)).

• Solve momentum and continuity equations for v* and p*.

• Compute the corrected mass flow rate (�̇�∗ᑗ) (or flux) using Rhie-Chow interpolation.

• Compute other scalar quantities like 𝜅 and 𝜔.

• Return to first step and iterate until convergence.

3.4. Truck Model Profile
This section introduces the truck model used in this thesis and the modifications made to it
in the process of simplifying it. For example, Mirrors are eliminated as they are away from
the region of interest and they simply add to the complexity. Both models are illustrated in
figures 3.4a and 3.4b. Some underbody components like suspension are simplified as shown
in figures E.1a and E.1b. The simplification was an intuitive process where small elements
whose width in the streamwise direction was not significant are eliminated. Furthermore, the
dimensions of 4𝑋2 and 6𝑋4 configurations studied in this thesis are depicted in figures 3.5a
and 3.5b. The total wheelbase of both the configurations is kept at 3.8𝑚 and the additional
axle is added in front the pre-existing one. The distance between these axles is about 1.3𝑚.
These are dimensions commonly seen with many truck manufacturers.

Table 3.1: Truck Dimensions

Dimension Length (𝑚)
Truck Length,𝐿 16.5
Height of Truck,𝐻 4.0
Width of Truck,𝑊 2.55

Distance between front and rear axles axles,𝐿ᑒᑩᑝᑖᑤ 3.8
Distance between rearmost wheel and side wing,𝐿ᑉᑎᎽᑊᑎ 1.0
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(a) Volvo FH-13

(b) Simplified Volvo FH-13(half model)

Figure 3.4: Truck Model

3.8m

1m

(a) ኾፗኼ

3.8m

1.3m

(b) ዀፗኾ

Figure 3.5: Configuration Studied
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Experiment

Rotating wall MRF-I

MRF-II
Sliding

Figure 3.6: Coefficient of total pressure in a plane located 100 mm behind the wheel axle. From top left: Location
of measurement plane, experimental results, Rotating Wall, MRF I, MRF II and Sliding Mesh.

3.5. Rotating Flow Modeling
As our region on interest is profoundly affected by rotating wheels, modelling them appro-
priately is important. Söderblom et al. [18] conducted simulations on wheelhouse flow using
different methods to model rotating flows. They compared Rotating Wall, Moving Reference
Frame 3 and Sliding mesh (unsteady simulation). The authors compared pressure coefficient
on inner, mid and outer planes of wheelhouse with experiment. All techniques had good
agreement with experiment in inner plane while some techniques were way off in mid plane
and outer plane. Although all the techniques were quite close in pressure prediction. A large
difference was seen between them in total pressure coefficient plots on a plane right behind
the wheel as shown in figure 3.6.

All techniques have their own flaws in predicting the flow features, ultimately the choice
comes down to ease of use. Rotating wall seems to be the easiest since it does not re-
quire multiple domain meshing like in other techniques. This eventually reduces meshing and
3Stationary and moving parts are meshed as separate domains
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Figure 3.7: Rotating Wheel Implementation. Wheel cut off ኼ፦፦ at the bottom to emulate wheel patch. The
cut-off edges are joined with ground plane

turnaround times. Thus, rotating wall technique is used in this thesis as shown in figure 3.7

3.6. Domain Sizing and Boundary Conditions
The dimension of the domain are chosen based on the recommendation by SAE standard
J2966[16] on truck aerodynamics. They suggested a downstream length of 5 − 8 times the
length of the truck. This smaller domain resulted in unstable simulations due to reverse flow.
This meant that the outlet is too close to the wake box of the truck. Thus a longer domain
is chosen for future simulations whose dimensions are based on the ones used by Scheeve
[17]. The domain ultimately used in this thesis are shown in figure 3.8.

Furthermore, the boundary conditions used on this domain are given in table 3.2. The Inlet
is defined by a constant velocity of 25𝑚/𝑠 and the outlet was kept at atmospheric pressure
(101325Pa). The mid-plane is given the symmetry boundary condition as only the half model
is studied in this thesis. The rest of the domain’s walls including the ground plane are defined
asmoving walls with tangential velocity of 25𝑚/𝑠. This condition eliminated any gradients near
these walls if a stationary wall is used. All the surfaces of the truck are stationary except the
wheels. the wheels are given an angular velocity of 50𝑟𝑎𝑑/𝑠, this meant that the linear velocity
at the periphery of the wheels is 25𝑚/𝑠. This ensured a nice flush of boundary conditions
avoiding any redundant or multiple velocity definitions at the intersection of wheels and ground
plane.

Table 3.2: Overview of Boundary Conditions

Boundary Value
Inlet 𝑉 = 25𝑚/𝑠 (normal)
Outlet 𝑃 = 101325𝑃𝑎
Wheels 𝜔 = 50𝑟𝑎𝑑/𝑠

Ground Plane 𝑉 = 25𝑚/𝑠 (tangential)
Bounding Box Walls V =25 m/s
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Figure 3.8: Domain size, ፋ  ኻዀ.፦

3.7. Type of Cells
Scheeve [17] compared tetrahedral and polyhedron cells. Tetrahedrons are best suited for
rotating flows or flow where main direction of flow is not orthogonal to faces of cells. The
comparison between these two cells suggests that polyhedron cells yield results with similar
accuracy for a lesser number of cells but are computationally expensive. This is because
each polyhedron element has more neighbouring cells compared to tetrahedrons. But in our
case since a lot of intricate features had to be captured in the region of interest, tetrahedrons
seem expensive and thus keeping in mind the computational resources available at TU Delft
Cluster polyhedron cells are chosen. Due to the limited computational power Scheeve [17]
chose hexahedral cells for his simulations.

3.7.1. Polyhedron Cells
Peric and Ferguson [14] (main article Peric [13]) of 𝐶𝑑−𝑎𝑑𝑎𝑝𝑐𝑜 in one of their articles suggests
that the major advantage of polyhedron cells is that they have many neighbours, so gradients
can be much better approximated (using linear shape functions and the information from near-
est neighbours only) than in the case with tetrahedron cells. Polyhedron cells are also less
sensitive to stretching than tetrahedrons. Furthermore, they mention that polyhedrons are es-
pecially beneficial for handling recirculating flows. Since most of the flow phenomena that we
are expecting in our case involves recirculating flows, it is suitable to use polyhedrons.

The reason behind choosing polyhedron cells at this stage is well explained by Symscape
[21]’s case study on polyhedron, tetrahedral and hexahedral cells. The study was conducted
on 𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 𝑓𝑎𝑐𝑖𝑛𝑔 𝑠𝑡𝑒𝑝 as shown in figure 3.9. They compared the volume element count,
convergence, accuracy and runtime of all three types of cells.

Figure 3.9: 3D model as used by simscape
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Tetrahedral cells needed the highest number of volume cells to fill the whole volume fol-
lowed by hexahedral and polyhedron cells as shown in figure 3.10a. The reason for least poly-
hedron cells is because they are formed from tetrahedral mesh by forming polygons around
each node in the tetrahedral mesh. Thus a polyhedron element is basically a combination of
several tetrahedrons. Hence, the reduction in number of cells.

Furthermore, polyhedrons also showed a very high order of convergence compared to
other two cell types. Simscape compared the pressure residuals of each type of element in
the figure 3.10b. Polyhedrons have a higher order of convergence than tetrahedrons and a
similar convergence rate with hexahedrons. Symscape [21] also compared the number of it-
erations needed by each element type to reach an absolute residual of 1𝑋10ᎽᎶ in figure 3.10c.
It again gives a solid proof that polyhedrons require least iterations to reach that residual value.

(a) Cell count (b) Residual comparison

(c) Convergence comparison

Figure 3.10: Cell Type Comparison-I

The accuracy of the simulations was compared by Symscape [21] by comparing the pres-
sure drop between front and back of the step model. From figure 3.11a it can be noticed that
all three cells reach a steady state value. A plot of number of iterations required by each cell
type to reach the steady state value is given in figure 3.11c. Polyhedrons seem to reach the
steady value with least number of iterations. Thus a faster convergence can be achieved with
no compromise in accuracy. Final comparison included the runtime of simulations of each
type of cells. Going by above data it is evident that polyhedrons take the least amount of time
to reach convergence. This is illustrated in figure 3.11b where runtime are scaled with tetra-
hedron element runtime. Polyhedrons astonishingly take 70% less time to reach convergence
compared to tetrahedrons. This is a major factor for choosing them.
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(a) Pressure convergence (b) Runtime comparison

(c) Iterations to reach the steady state
value

Figure 3.11: Cell Type Comparison-II

3.8. Physcial Run Time
During grid convergence study (Chapter 4) using steady state simulations, abrupt or no con-
vergence was found. In other words the results obtained did not show any convergence. Thus,
at this point it was decided to switch to unsteady simulations. Since Unsteady simulations will
be run for four principal cases (single and dual axle with and without side-skirt), it necessary
to know what should be the time-step and what is the physical run time required to capture
all the flow features. Elofsson et al. [6] conducted simulations on realistic model (in yaw) and
simplistic model (no-yaw) conditions. They suggested that in yawed case one complete os-
cillation spans for about 4𝑠 whereas in no-yaw condition it is about 10𝑠. Running a simulation
for 5 convective cycles of 10𝑠 each is an impossible task considering the limited capabilities of
TU Delft Cluster. Thus averaging techniques are looked into. The important technique used
to average unsteady simulations is moving average, wherein only certain number of samples
are considered out of pool of samples to compute the mean. Elofsson et al. [6] suggested
that 4𝑠 of averaging window is good enough to obtain a drag coefficient within a confidence
range of ±0.002. This seems to be an acceptable accuracy since we are expecting a drag
difference of about 14%(±0.1)(van Raemdonck [22]) between side-skirted and baseline (non
side-skirted) cases. Thus, a 4𝑠 averaging window is chosen, the implications of this choice
are further discussed in section 5.3.

Furthermore, the time step is chosen to be 0.15𝑚𝑠 (milli seconds) as the constant size
with a maximum Flow Courant number of 200. This allows larger time steps and hence, large
physical runtime with fewer time steps. An adaptive time stepping algorithm is also used in
order to obtain larger physical run time wherein the timestep is adapted based on a tolerance
set for truncation error(ANSYS [2]). The timestep is allowed to vary between 0.1𝑚𝑠 to 0.4𝑚𝑠.
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Using these settings a physcial runtime of 11𝑠 was achieved for each simulation.

3.9. Summary of Numerical Set-up
• The four principal configurations (single and dual axle with and without side-skirt) are
simulated in an unsteady manner using URANS approach.

• All simulations are conducted in no-yaw condition with a freestream velocity of 25𝑚/𝑠.
This is the highway speeds achieved by trucks.

• The rotating wheel is modelled by assigning rotational velocity to the wheel surface. The
intersection of wheel and ground have similar velocity.

• All simulations are conducted using ANSYS Fluent in parallel combination using at least
200 Intel Xeon processors.



4
Mesh Sensitivity

In this section the surface mesh sizing of different components along with refinement box
sizing for volume cells is discussed. Towards the end of the chapter a grid convergence study
is also presented.

4.1. Meshing Strategy
The surface mesh is initially generated using appropriate size controls namely curvature, prox-
imity and soft in order to ensure that geometric features are accurately represented. The sim-
plified model from 𝑅ℎ𝑖𝑛𝑜𝑐𝑒𝑟𝑜𝑠™ is imported into 𝐹𝑙𝑢𝑒𝑛𝑡 𝑇𝐺𝑟𝑖𝑑 𝑀𝑒𝑠ℎ𝑖𝑛𝑔 in Rhinoceros native
format called .3𝑑𝑚. Furthermore, a thorough geometry cleaning is conducted in order to ob-
tain a water-tight model. Later, a surface mesh is obtained using the different size controls
which are elaborated in Appendix C. During the surface mesh process shrink wrap technique
is extensively used to obtain the water-tight model from CAD import. This surface mesh is
later re-meshed using a coarser size field as shrink wrapping requires finer mesh resolution
in order to capture intricate geometric features.

Furthermore, polyhedral volume cells are generated using appropriate refinement boxes
around the truck model to capture flow features appropriately. Along with polyhedral cells,
prism layers are also grown close to the wall. Prism layers are cells laid normal to wall in order
to model boundary layer. Since in this thesis wall functions are utilised, the first point off the
wall can be placed in such a way that it lies in logarithmic region. In other words, the maximum
𝑦Ꮌ on the truck is kept within 100 [16].

4.1.1. Mesh constraints
In order to obtain high quality mesh, certain size constraints are imposed. Firstly, in order to
limit 𝑦Ꮌ of 100 on the truck surface (figure 4.1). The first-off grid point was placed at 1𝑚𝑚
from the wall. This size was decided after iterating with certain steady state runs. Another
constraint laid on the first cell off the wall is the aspect ratio requirement. The aspect ratio of
prism layers is kept at around 50 for mid-layers while layers close to wall had higher aspect
ratio. This limited the maximum surface edge length to 50𝑚𝑚 on truck components. This
especially had an impact on the surface edge length size of trailer faces.

The number of prism layers needed is decided based on the flat plate theory. The truck is
considered to be a flat plate of equivalent length and the flat plate boundary layer thickness
equation is employed to compute the height of boundary layer at the end of the truck. Since

25
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trailer top surface is in direction of free stream flow and there are no obstructing elements,
it can be deduced that the maximum boundary can be seen on trailer top surface. Hence,
maximum layers are needed on top surface of trailer.

𝛿 = 0.16𝑥

𝑅𝑒
Ꮃ
Ꮉᑩ

(4.1)

For turbulent BL on a flat plate, Prandtl’s (1/7)ᑥᑙ Power law expressions is generally rec-
ommended [24]. Equation 4.1 predicted the boundary layer height of ≈228𝑚𝑚 for Reynolds
number of 27.5 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 based on truck length. Laying Prism layers for that height resulted in
more than 70 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 cells. Thus a trade-off is made between BL accuracy and computational
time. This trade-off resulted in prism layers upto 60𝑚𝑚 and there onwards the polyhedral cells
are laid and their size (height) is controlled using appropriate growth rate. In order to prove
that this trade-off did not impact the solution a lot, 𝑢 − 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 in the wall normal direction is
plotted in 4.2a. Figure 4.2a shows the extent of full BL at the end of trailer (𝛿ᑥᑣᑒᑚᑝᑖᑣᑖᑟᑕ = 1) is 1
𝑚. This is also the height until which the growth rate control is acting (figure 4.2b). Above this
growth rate control cell size is rapidly increasing with distance from the wall (4.2b). It can also
be noticed that Prandtl’s analytical solution predicts the boundary layer height 5 times lesser
than what CFD predicts.

Figure 4.1: ፲Ꮌ contour over truck

(a) Boundary layer profile on top surface of
trailer

(b) X-velocity contour showing extent of Full
boundary layer

Figure 4.2: Boundary layer at the end of trailer, (ፗ/ፃ  ኻኺ, measured from trailer leading edge)

In the volumemesh process, certain refinement boxes are defined around the truck in order
to capture flow features accurately. Although most of the wheelhouse flow features are mesh
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Table 4.1: Refinement Box Sizing in different grids

Box Color Finest (𝑚𝑚) Fine (𝑚𝑚) Medium (𝑚𝑚) Coarse (𝑚𝑚)
40 50 50 180
50 50 N/A 150
40 50 50 150
40 60 70 350
130 130 130 350

Number of Cells (millions) 49 45 38 22

independent [17] this is necessary to achieve drag convergence. This is of utmost importance
as total and component drag is what that sets apart different configurations. The refinement
boxes used are depicted in the figures 4.3a and 4.3b and they are further discussed in the
next section on Mesh Sensitivity Analysis.

(a) Refinement boxes

(b) Refinement boxes with
wake box

Figure 4.3: Refinement Regions

4.2. Mesh Sensitivity Analysis
The boxes are employed in such a way that they encompass underbody of the drag completely
and wheelhouse flow features leaving the wheel. This meant extending the refinement boxes
at least a meter away from the truck to capture the separated regions. Furthermore, four rep-
resentative grids are used for mesh sensitivity analysis as mentioned in table 4.1. The study
was based on the guidelines stated by Celik et al. [3] which will be discussed in detail in next
section.
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Figure 4.4: Overview of Mesh
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As part of this study drag coefficient of the entire truck is monitored for all grids obtained
from Unsteady RANS simulations. The unsteady simulations were run for around 20, 000
timesteps until the drag coefficient converged to value with high frequency oscillations. The
four representative grids had 22(𝑐𝑜𝑎𝑟𝑠𝑒), 38(𝑚𝑒𝑑𝑖𝑢𝑚), 45(𝐹𝑖𝑛𝑒) and 49(𝐹𝑖𝑛𝑒𝑠𝑡) million cells
respectively. Figure 4.5a shows the convergence of drag with respect to number of cells.
An oscillatory convergence is observed in this flow problem. As the Finest mesh had 49
million cells it was impossible to get finer mesh owing to limitations of TU Delft hpc12 Cluster
capabilities. Due to oscillatory convergence it was difficult to decide on representative grid
based on figure 4.5a so Grid Convergence Index of drag coefficient is looked into in figure
4.5b.

4.2.1. GCI study
According to Celik et al. [3] the convergence and discretisation error are represented by a
parameter called 𝐺𝑟𝑖𝑑 𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝐼𝑛𝑑𝑒𝑥 (𝐺𝐶𝐼). GCI is proportional to relative error between
grids. It is defined in equation 4.2. For more information about the parameters in equation 4.2
see Appendix C. The study stipulates that the the refinement ratio of finer and coarse grids
must be ≥ 1.3. This is one of the driving factors in refining the mesh and is indicated in the
table C.1 in Appendix C.

𝐺𝐶𝐼(%) = 1.25𝑒ᑚᑛᑒ
𝑟ᑚᑛ − 1

(4.2)

where,
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• 𝑒ᑚᑛᑒ - relative error between grids 𝑖 and 𝑗.

• 𝑟ᑚᑛ - refinement ratio between grids 𝑖 and 𝑗.

So, according to GCI study (figure 4.5b) the fine grid (45 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑐𝑒𝑙𝑙𝑠) has the least
discretisation error (𝐺𝐶𝐼 = 1.72%) and least approximate relative error (0.61%). Hence, 𝐹𝑖𝑛𝑒
grid was chosen as the representative grid for further simulations.





5
Results

In this chapter, the results obtained are compared with literature. Initially flow features are
compared and then some spectral analysis validation is done. After the validation, the side-
skirt behaviour is explained. Furthermore, the no-side-skirt cases are first discussed and then
the side-skirted cases. Amidst these results the mass flow rate analysis crucial to this thesis
is presented. Lastly, the steady state simulations conducted on some modifications is also
presented. At the end of the chapter, all the flow dynamics is also summarised.

5.1. Validation
The flow features are confirmed by comparing single axle case (4𝑋2) with the results of lit-
erature. Specifically, the results are compared with Regert and Lajos [15] and Scheeve [17]
for vortices coming off the front wheelhouse while results of Stephens and Babinsky [20] are
used for flow topology around the side-skirt.

The first validation starts with vortices coming off the front wheel. Vortices L, E and R are
found in the lower wake of the front wheel (figure 5.1a). Furthermore, L and R vortices origi-
nating from the two ends of wheel patch are counter-rotating while E rotates opposite to vortex
L. All three rotation direction conform with the results of Regert and Lajos [15] (figure 5.1c).

Looking at the upper wake of front wheel certain differences are found. These can be at-
tributed to geometry since the model used by Regert and Lajos [15] was very simple. Firstly,
Vortex C (figure 5.1c compare with figure 5.2a ) as observed by Regert and Lajos [15] is a bit
different. The observation made over different time shots suggests that it changes position
with time by moving (origin) from the leading edge of wheelhouse to front portion of truck.
Thus, here it is referred as FB owing to its origin, the Foot Board (figure 5.2a). Furthermore,
in the same figure, a new vortex originating from the front curve is recognized and is named
as FMG owing to its close proximity to Front Mud Guard (figure5.2a). Vortex FMG is not a na-
tive wheelhouse vortex and is not recognised in any literature. Lastly, Vortex B (figure 5.2b) is
found at exact angular position with respect to wheel but its behaviour out of the wheelhouse is
quite erratic. Instead of being washed away from free stream flow like in figure 5.1c, it moves
in a direction opposite to freestream flow before being washed away by freestream flow.
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(a) L,E,R Vortices,perpendicular to streamwise
direction looking from the back of the front wheel,

X/D = 0.2, wheel center being the origin

(b) L,E,R Vortices (Scheeve [17])

(c) Vortex structure by Regert and Lajos [15]

Figure 5.1: L,E,R Vortices Validation

(a) FMG,FB vortices (b) Vortex B

Figure 5.2: Vortex Profile, X/D = 0.2
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Now, the validation is done downstream of the front wheel especially below the trailer.
This is also the position where side-skirt is positioned in side-skirted cases. Stephens and
Babinsky [20] concluded that side-skirt prevents high momentum fluid ( from freestream) from
being mixed with low momentum fluid (in the underbody) at the top and prevents viceversa at
the bottom. This is confirmed by tracking stream traces in the Z-plane (figure 5.3). In figure
5.3, it is clear that flow tends to move out of underbody at/near the ground plane while it is
opposite as we move away from ground plane. This can be attributed to pressure depression
which will be explained in the following sections. In figure 5.3, the size of the wake behind the
rear wheel grows as we move away from the ground plane (blue region becomes bigger). This
already hints at the fact that there exists a low pressure region behind the rear wheels. The
low pressure region grows bigger as move away from the ground. This is possibly the reason
for the flow to enter trailer underbody as we move away from the ground plane. Nevertheless,
at the ground plane the flow leaves the underbody (close to trailer wheel), this is due to the
stagnation point formed at the first trailer wheel and also due to the blockage offered by the
trailer wheel axles.

Figure 5.3: Downstream validation with Stephens and Babinsky [20] on no-side-skirt case.Z/D=0.01
(top),Z/D=0.2 (middle),Z/D=0.5(bottom)

5.1.1. Spectral Validation
In this section, the standard deviation spectrum of drag coefficient is evaluated with results of
Elofsson et al. [6]. Elofsson et al. [6] conducted simulations on a realistic Scania truck model
and a simplistic model(similar to the one used in thesis). They ran their simulations for about
60s in both yaw and no-yaw condition. They suggest that one complete cycle of oscillations on
a truck spans around 4s. This translates to lowest dominant frequency of 0.25𝐻𝑧. Figures 5.4a
and 5.4b show the comparison between simulations conducted by them and the simulation
(4𝑋2) in this thesis. It can be noticed that in no-yaw condition, there is a shift in dominant



34 5. Results

frequency from 0.1𝐻𝑧 to 0.25𝐻𝑧 (current thesis) while the levels of standard deviation are very
close. One more observation in figure 5.4b that can be made here is that the current thesis
spectrum is very close to yawed case spectrum of Elofsson et al. [6] with dominant frequency
at 0.25𝐻𝑧. Nevertheless, though there is a discrepancy in the lowest dominant frequency, it
can be concluded that the longest flow feature has a timescale in the range 4 − 10𝑠.

(a) Elofsson et al. [6]

0 0.5 1 1.5 2 2.5 3 3.5 4

f (Hz)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

S
ta

nd
ar

d 
D

ev
ia

tio
n

10-3 Standard Deviation Spectrum

(b) Current thesis

Figure 5.4: Standard Deviation Spectrum

5.1.2. Downstream Behaviour
This section throws some light on downstream behaviour of the front-wheelhouse vortices and
other vortices originating from front and cabin of the truck. Firstly, Vortices L,E and R merge
downstream (figure 5.5). This happens because there is a strong yawed flow (bleed flow)
emerging from the underbody washing away all vortices in the lower-wake of the front wheel.
In the absence of the bleed flow, they would still merge but further downstream. The strong
yawed flow or side flow emanating from underbody is due to blockage experienced by flow
due to underbody components like shaft assembly, rear wheels.

Figure 5.5: L,E,R vortices (Only E & R merging is shown in this image, L merges further downstream)

Furthermore, as we are interested in downstream behaviour of vortices identified in figure
5.2a, a different approach is devised in figure 5.6 to understand them. Figure 5.6 shows the iso
surfaces of total pressure coefficient coloured by x-vorticity. The individual vortices identified
in figure 5.2a can now be seen as blobs of large separated region. Especially, the FB vortex,
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though it originates as a vortex at the foot board immediately breaks apart into smaller vortices
(small red regions of similar vorticity). Nevertheless, these smaller vortices eventually join the
other vortices originating from wheelhouse to form a large separated region as shown in figure
5.6. The large blob originating from FB vortex, is the one influenced by rear wheel low pressure
regions and the low pressure region in the wake of the rear wheel. This will be explained in
the following sections with streamlines.

Figure 5.6: All vortices coalesced as large blobs of separated region. The original positions of vortices observed
in figure 5.2a is also highlighted, Isosurfaces of ፂᑇᑥ  ዅኻ.ኼ coloured by X-vorticity

5.2. Side-skirt Behaviour
The behaviour of side-skirt must be understood in single axle configuration before doing any
analysis on dual axle configuration. Stephens and Babinsky [20] have clearly stated that side-
skirt prevents flow mixing along the sides of trailer near the underbody. Thereby restricting
any momentum losses which eventually increases drag. This behaviour is confirmed in figure
5.7, side-skirt separates the region of low (𝑢𝑛𝑑𝑒𝑟𝑏𝑜𝑑𝑦) and high (𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡𝑟𝑢𝑐𝑘) momentum.
Side-skirt in this case is performing the function of and air-dam separating these two regions
of varied velocity. At this point, a parameter is defined to understand the performance of side-
skirt (𝜂ᑊᑊ). It is defined as the ratio between mass flow into the underbody in side-skirt case
to mass flow into the underbody no-side-skirt case (equation 5.1).

𝜂ᑊᑊ =
(�̇�ᑌᐹ)ᑊᑊ

(�̇�ᑌᐹ)ᑟᑠᎽᑊᑊ
(5.1)

Furthermore, validation of the side-skirt’s performance with literature must be done. van
Raemdonck [22] tested side-skirt in a wind tunnel and predicted a drag reduction of 14% in no
yaw condition while only 5.86% was predicted in this thesis for single axle case. van Raem-
donck [22]’s tests were conducted with stationary elevated ground plane. This discrepancy
comes from the windtunnel setup used by van Raemdonck (figure 5.9). Firstly, the absence
of moving ground makes a huge difference in this case. The performance of the side-skirt is
dictated by the flow dynamics close to the ground. A stationary ground implies more momen-
tum losses and the entire side-skirt might be submerged in a thicker boundary layer than in
reality. Secondly, the RANS approach used in this thesis models the turbulence. These two
factors might be the cause of the discrepancy.

Furthermore, as the side-skirt does not extend all the way to the ground, the flow escaping
beneath it is examined to gain deeper insights. In Figure 5.10, Y-momentum is plotted on a
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Figure 5.7: Side-skirt restricting flow, Z/D=0.52
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Figure 5.8: Side-skirt performance in 4X2 (single axle condition)

(a) Isometric View (no side-skirt) (b) Isometric view rear (side-skirt)

Figure 5.9: Windtunnel setup of van Raemdonck
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y-plane close to the truck surface. A positive y-momentum represents inflow (𝑟𝑒𝑑) into the
underbody while a negative y-momentum represents outflow (𝑏𝑙𝑢𝑒) from the underbody. It
can be noticed that there is an outflow from 𝑋/𝐷 = 0 to 𝑋/𝐷 = 7. These positions correspond
to tractor front wheel up until mid-side-skirt. From 𝑋/𝐷 = 7 to 𝑋/𝐷 = 11 there is an acute
inflow (opposite to no-side-skirt case (figure 5.3). These positions correspond to mid-side-
skirt to first trailer wheel. Thus, it can be concluded that the side-skirt although is restricting
flow mixing at the top, it is ineffective at the bottom, close to the ground. Nevertheless, the
fact that CFD is showing the right trends is already quite promising.

Figure 5.10: Y-momemtum analysis, outflow (፥፮፞),inflow (፫፞፝), slice ፘ/ፃ  ዅኺ.ኺኻ

5.3. Averaging Window Analysis
As indicated in section 3.8, the implications of averaging window will be shown in this section.
In figure 5.11a the average drag coefficient is plotted against averaging window size (in sec-
onds). Although the average varies with window size, the variation is in the order of 0.001 drag
count (𝐶ᐻ = 0.00001) which is very insignificant to our analysis. In figure 5.11b, the standard
deviation observed while averaging over each window size is plotted. The standard deviation
varies from 0.0052 to 0.0054 with different window sizes. This confirms that averaging window
does have some influence over the drag coefficient but it can be ignored. To be more accurate
the averaging window was chosen as 4𝑠.
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Figure 5.11: Averaging window analysis
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5.4. Underperformance Quantification
Simulations were conducted on the four principal configurations. The drag difference between
the side-skirt fitted case and baseline case (no side-skirt) is compared in this section (table
5.1). In 6X4 case the side-skirt is underperforming by little margin in terms of drag. Further-
more, as the function of side-skirt is to restrict mass flow in and out of underbody, the mass
flow rate monitors are investigated.

Table 5.1: Massflow rates and side-skirt efficiency and drag coefficients

Configuration �̇�ᑌᐹ(𝐾𝑔/𝑠) 𝜂ᑊᑊ 𝐶ᐻ Δ𝐶ᐻ
4𝑋2 4.506 - 0.5301 -

4𝑋2 − 𝑆𝑆 0.5303 0.8823 0.4990 -0.0311 (-5.86%)
6𝑋4 8.07 - 0.5266 -

6𝑋4 − 𝑆𝑆 4.51 0.4411 0.5023 -0.0243 (-4.61%))

Table 5.1 suggests that in single axle case side-skirt is able to restrict 88% of mass flowing
into the underbody compared to no-side-skrit case while in dual axle case it drops to 44%.
This steep drop in ability to restrict mass entering/leaving the underbody of trailer is the main
cause of reduced fuel savings as seen in dual axle cases.

5.4.1. Fuel Savings
Understanding the above mentioned scenario in terms of fuel savings gives a better perspec-
tive about the savings/losses occuring in this case. Also, it allows an easy comparison with
WABCO-OptiFlow’s track test data. In this section, the drag reductions as predicted by CFD
simulations is converted into fuel savings using an empirical formula (equation 5.2) (derivation
Appendix D).

Δ𝐹𝐶
𝐹𝐶 = 𝜂ᑖᑟᑘᑚᑟᑖ

Δ𝐶ᐻ
𝐶ᐻ

(5.2)

where,

• FC- Fuel consumption

• 𝜂ᑖᑟᑘᑚᑟᑖ - Thermal efficiency of the engine
The thermal efficiency of the diesel engines used in HDV was studied by Delgado and

Lutsey [5] (figure 5.12). An engine efficiency of 45% can be used from this distribution.

Table 5.2: Fuel Savings (normalized)

Configuration 𝐶𝐹𝐷(%) Track test data (%)
4X2-SS 1 1
6X4-SS 0.79 0.49

In table 5.2 a similar trend can be seen both in track test results (obtained from WABCO-
OptiFlow) and CFD results. In 6𝑋4 condition the fuel saving drops. Although the drastic drop
in fuel savings is only seen in track test, CFD still predicts a smaller drop in fuel savings. This
inaccuracy can be attributed to capabilities of RANS turbulence model. Also, the track tests
were conducted on a highly detailed real life model in realistic wind conditions whereas the
CFD model is simplified and tested only on no-yaw condition. The drop in fuel efficiency with
respect to single axle case in CFD is around 21% while track test shows a drop of 51%.
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Figure 5.12: Brake thermal efficiency distribution of engines based on certified model year [5]

5.5. Cause of underperformance
The underperformance was quantified in last section. In this section, the drop in drag reduc-
tion in dual axle case will be related to flow features and other flow parameters. In order to
investigate the source of the problem, a simple approach is designed. Since, the performance
of side-skirt is entirely dependent on its ability to restrict mass entering the underbody, mon-
itoring mass flow rates at different planes along the sides of the truck seemed a reasonable
approach. The mass flow is monitored across the planes as shown in the figure 5.14 . The
corresponding mass flow rates are represented in table 5.3. The negative mass flow rates in
the table are leaving the underbody and the positive ones are entering the underbody.

Figure 5.13: Underbody bleed

Table 5.3: Massflow rates (፤፠/፬)

Position FW FUEL TANK RW1 GAP RW2 RW_SS_GAP SS

4X2 -2,77 -2,26 -1,31 -0,32 -1,294 0,20 4,50

6X4 -3,10 -3,15 -2,83 -0,44 -1,47 0,22 8,07

4X2_SS -2,08 -2,72 -1,29 -0,31 -1,19 -0,06 0,53

6X4_SS -2,65 -3,31 -2,72 -0,41 -1,14 0,19 4,51

It is evident from table 5.3 that the addition of a tractor axle bleeds more air towards the
sides. In figure 5.13 it can been seen that the flow escapes onto the sides, starting beneath
the fuel tank and even figure 5.10 represents the bleed flow through negative y-momentum
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Figure 5.14: Massflow rate plane positions

regions. This is because of the blockage introduced by shaft and other underbody compo-
nents. Even in the single axle case(4𝑋2) a significant amount of air is bled onto the sides from
the underbody. Table 5.4 represents the mass flow rates at the UB entry front (below front
mudguard), side bleed (flow escaping onto the sides from the tractor), UB in (flow entering the
trailer underbody). The 𝑈𝐵 𝑖𝑛 mass flow rate is considered only until the leading edge of first
trailer wheel not until the entire length of the trailer. In the single axle cases about 70% of the
flow entering is bled through the sides whereas in dual axle cases the behaviour is different.
As there is more blockage introduced by the additional wheel and its shaft components, more
flow is bled through the sides in 6𝑋4 case. Furthermore, there is an acute increase in inflow
into the trailer underbody in 6𝑋4 case, almost double than that of single axle case 4𝑋2. These
statistical data suggest that the additional inflow into the trailer underbody might be because
of the additional bleed introduced because of the additional wheel/axle. In other words, the
increased bleed rate is the one entering the trailer underbody.

Table 5.4: Bleed rates (፤፠/፬)

Position UB entry front Side Bleed UB in (below trailer)

4X2 10,679 -7,96 4,7

6X4 10,439 -11,02 8,29

4X2_SS 10,598 -7,6 0,46

6X4_SS 10,49 -10,24 4,7

There is an influx of mass into the trailer underbody in no-side-skirt cases. The majority of
mass influx is originating at Foot Board (figure 5.15a). In other words, majority of streamlines
entering the trailer underbody are from foot board. The streamlines in figure 5.15a curl around
the rear wheel due to the low pressure region present behind the rear wheel, in it’s wake.
Furthermore, a low pressure region not only exists behind the rear wheel but starts inside the
wheel-well (figure 5.15b). The low momentum fluid inside the wheel-well is ejected out into
the side flow (figure 5.16 ) further adding to momentum losses in the side flow. Wheel-well
low pressure region is also equally drawing the bleed-flow beneath the fuel tank towards the
trailer underbody along with the low pressure region in the wake of wheel. Interestingly, only
some of the streamlines originating from bleed-flow beneath the fuel tank are ingested into the
trailer underbody while majority of 𝐹𝐵 vortex is ingested into the trailer underbody. The rest of
the fuel tank bleed-flow eventually joins the freestream.
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(a) Inflow into trailer underbody, ፗ/ፃ  ኾ.
(b) Low pressure region inside wheel-well,

ፗ/ፃ  ኽ.ዂ

Figure 5.15: Inflow and low pressure regions

Figure 5.16: Low momemtum fluid ejection from rear wheel-well. Streamlines emanating from Wheel-well and
joining the freestream
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5.5.1. No side-skirt cases
As mentioned in the previous section, a higher bleed rate is seen in dual axle case. The
changes in flow features originating due to this higher bleed rate are discussed in this section
in comparison with single axle case. The additional wheel increases suction behind the rear
wheels (figure 5.17b) thereby increasing mass influx into the trailer underbody (table 5.4). To
understand the extent of the low pressure suction region, isosurface of 𝐶ᑇ = −0.16 is given
in figure 5.18 for both cases. Furthermore, in figure 5.18 the isosurfaces are coloured by
𝐶ᑇᑥ to understand the energy content in the flow as total pressure is reminiscent of energy in
incompressible flows. A close comparison of these iso-surfaces reveal that in 6𝑋4 case there
is a larger suction region behind the wheels and this region also has lower 𝐶ᑇᑥ value implying
that there is larger region with momentum loss.

(a) Influx 4X2 (b) Influx 6X4

Figure 5.17: Influx at ፗ/ፃ  ኾ.

(a) 4X2 (b) 6X4

Figure 5.18: Suction region, isosurfaces of ፂᑇ  ዅኺ.ኻዀ colored by ፂᑇᑥ

5.5.2. Side-skirt cases
In the side-skirt cases, the 𝐹𝐵 vortex is restricted from entering the trailer underbody whereas
it still finds a way to enter by curling up around the lower edge of side-skirt. This effectively
means that there is an acceleration of flow at the lower edge of side-skirt and hence suc-
tion region. This suction region along with the low pressure region created by additional axle
draws more flow into the underbody in 6X4 case than 4X2 case (figure 5.19). The bleed-flow
beneath the fuel tank remains similar to no side-skirt cases, here too they join free stream
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Figure 5.19: Influx difference in side-skirt cases, slice ፙ/ፃ  ኺ.ኽ

after separating from rear wheels. The most interesting observation that can be made here is
the interaction between bleed flow, the wheel-well flow and the flow entering the underbody.
In figure 5.20, the point of entry of the flow into the underbody is marked, right in front of the
marker there exists a pressure ripple in both cases. This is a high pressure ripple emanating
from separation point on the leading edge of the first rear wheel. The high pressure ripple acts
as a trigger for the flow close to the side-skirt/truck surface in being pushed beneath the un-
derbody where there already exists a low pressure region (due to wake of the rear wheels). In
the absence of these high pressure ripples there may not be any flow entering the underbody
or there will be lesser mass entering the underbody because in that the case the pressure
difference on both the sides of the side-skirt might be zero or less drastic resulting in lesser
mass flow into the underbody (this is the behaviour seen in 4𝑋2 − 𝑆𝑆 case too).

The increased suction behind 6𝑋4 rear wheels explains more influx into the underbody but
it does not clearly tell us why the FB vortex-blob is pulled downwards towards the ground.
This action is very important as this aids the streamlines to enter the underbody beneath the
side-skirt. To understand this, streamlines emanating from the front portion (mainly FB vortex-
blob and its free shear layer downstream) along with 𝐶ᑇ are plotted in figure 5.21. In the first
streamwise plane plotted in figure 5.21 there exists a low pressure region that is pulling the the
streamlines above it towards the ground in 6𝑋4 − 𝑆𝑆 case in comparison with 4𝑋2 − 𝑆𝑆 case.
This behaviour continues until those streamlines reach the entry point (into the underbody)
in the 6𝑋4 − 𝑆𝑆 case. It must be noticed that this behaviour is absent in 4𝑋2 side-skirt case
where the streamlines take a more curved path moving upwards away from the ground. This
acute low pressure region right off the first rear wheel-well in 6𝑋4 − 𝑆𝑆 case is the combined
effect of bleed flow exiting beneath the fuel tank, the low momentum fluid ejected from the first
wheel-well and some low momentum fluid emanating from the gap between two rear wheels.
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Figure 5.20: Ripples emerging from rear wheels, along with inflow entry marked, ፙ/ፃ  ኺ.ኽ

Figure 5.21: Bleed flow, wheel-well flow, inflow interaction
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Figure 5.22: Y-momemtum analysis, outflow (፥፮፞),inflow (፫፞፝), slice ፘ/ፃ  ዅኺ.ኺኻ

To further substantiate mass flow rate analysis, Y-momentum analysis is done on both
single and dual axle cases. Figure 5.22 shows that in 6𝑋4 − 𝑆𝑆 case there is strong inflow
beneath the side-skirt, for almost the entire length unlike 4𝑋2−𝑆𝑆 case where inflow was seen
only close to the first trailer wheel.

The trend seen in Y-momentum analysis can be explained by pressure difference plot
in figure 5.23. It represents the pressure difference between the inside (trailer underbody)
and outside (sides) with respect to the inside of the trailer. The pressure difference were
taken along the line as shown in figure 5.20. In figure 5.23, the negative peaks correspond to
𝑜𝑢𝑡𝑓𝑙𝑜𝑤 because the pressure on the outside is lower than the pressure on the inside while
positive peaks refer to 𝑖𝑛𝑓𝑙𝑜𝑤 as the pressure on the outside is higher than the pressure
on the inside. In 4𝑋2 − 𝑆𝑆 case, it can be noticed that from 𝑋/𝐷 = 4.5 to 𝑋/𝐷 = 6 there
are negative peaks implying 𝑜𝑢𝑡𝑓𝑙𝑜𝑤. This results corresponds with Y-momentum analysis
(figure 5.22). Further downstream positive peaks can be found which imply 𝑖𝑛𝑓𝑙𝑜𝑤, again
going with the Y-momentum analysis. In 6𝑋4 − 𝑆𝑆 case, there is negative peak at around
𝑋/𝐷 = 5 implying 𝑜𝑢𝑡𝑓𝑙𝑜𝑤. There is region right behind the last rear wheel. The positive
peak at around 𝑋/𝐷 = 6 is also the entry point of the flow entering the underbody. The peaks
downstream in both single and dual axle cases arise due to presence of first trailer wheel
but these do not influence the flow too much. In other words one can expect an outflow in
these regions but it is not seen probably because of 𝑓𝑙𝑜𝑤 𝑖𝑛𝑒𝑟𝑡𝑖𝑎. This is so because the
streamwise momentum might outweigh the pressure forces acting in a direction perpendicular
to streamwise direction.
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Figure 5.23: Pressure difference between inside of trailer and outside along the length of the side-skirt

5.6. Instantaneous and Time averaged solution
The conclusions drawn in the previous sections were based on instantaneous results. Limited
samples obtained during the simulations were used to come up with those conclusions. It must
be noted here that the behaviour observed in the above instantaneous plots was observed
in other time samples too. In order to ensure that the behaviour observed above is time
independent, time averaging is done for 4𝑋2 case. In this case a single-axle-no-side-skirt case
was simulated for one full cycle (4𝑠). For the mean solution 25 samples were used in this cycle
corresponding to sampling frequency of 6.25𝐻𝑧. A sample was taken every 0.16𝑠. From figure
5.24 it can be deduced that the instantaneous and time averaged mostly match with certain
differences. The small scale ripples disappear while overall pressure layout remains mostly
the same. Especially the inflow hypothesis still holds good. in figure 5.24a, the 𝑡𝑖𝑚𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑
plots indicate that the entry point inflow streamlines is right infront the high pressure region.
More instantaneous plots are provided in D figure D.4. Furthermore, it can be concluded
that there is close correlation between the shedding frequency of these ripples (from first rear
wheel) and the mass entering the underbody beneath the side-skirt. Lastly, the MFR validation
is done with respect to the values found earlier in table 5.3 where only 4 time samples were
considered. In table 5.5, the comparison between MFR (5 sampels) and MFR (full cycle) is
presented and are in good agreement.

Table 5.5: Mass flow rate (kg/s)

Position FW FUEL TANK RW1 GAP RW2 RW_SS_GAP SS

4X2 -2,77 -2,26 -1,31 -0,32 -1,29 0,20 4,50

4X2_mean_1cycle -2,84 -2,72 -1,12 -0,31 -1,28 0,11 3,95
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(a) ፈ፧፬፭ፚ፧፭ፚ፧፞፨፮፬

(b) ፓ።፦፞ ፚ፯፞፫ፚ፠፞፝

Figure 5.24: Instantaneous and Time averaged

5.7. Summary of all dynamics
• In the single axle case, side-skirt is able to restrict majority (88%) of mass flowing into the
underbody. The bleed flow beneath fuel tank conveniently leaves the underbody without
much restriction and separation. Eventually, majority of bleed flow joins the free stream
without having to curl around the rear wheels and end up in the underbody.

• The addition of one more axle results in higher suction in the wake of last rear wheel,
the extent and size in space of this low pressure region is quite large compared to single
axle case. This region extends from wake of the wheel to the sides along the width of
the truck. This potentially acts like a larger vacuum cleaner right behind the wheel which
increases the bleed rate from all components especially the one beneath fuel tank.

• The additional axle also creates a larger separated region when they leave tractor un-
derbody around the first rear wheel. The underbody bleed now escapes around it. A
larger separated region induces a low pressure region in and around the rear wheel-
wells drawing more flow closer to the trailer underbody and towards the ground. The
half of wheel-well are below the side-skirt coverage area, the additional suction makes
it easier for the flow to escape below the side-skirt into the underbody.

• The correlation between the high pressure ripple and the entry point of the flow entering
the underbody is quite interesting. The high pressure ripples are emanating from the
free shear layers separated from the first rear wheel in both single and dual axle cases.
It was also observed that the mass flowing into the underbody beneath the side-skirt is
highly influenced by the position of high pressure ripple with respect to side-skirt. In other
words, the closer the ripple to the side-skirt, the more mass flow into the underbody.
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5.8. Modifications
The motivation for modifications are discussed in this section. Within the given time frame of
this thesis only two modifications were tried and tested and that too only steady state simula-
tions were conducted. Based on previous sections it can be concluded that the low pressure
region behind the rear wheels in 6X4 condition is cause for higher bleed rates in underbody
flow and eventually more mass flow into trailer underbody. Furthermore, closing off the wheel-
wells or wheel houses cuts-off the low momentum ejection which was pulling the streamlines
down towards the wall. Thus it is beneficial to avoid this low pressure region and excessive
bleed and ejection. One way to achieve this would be to reduce the extent or completely elim-
inate the low pressure region. Since it is the wake of wheels, it is not possible to completely
eliminate low pressure region. Reducing the extent can be achieved by blocking any source
that aggravates the existing low pressure region. This means avoid any acceleration of flow in
and around the wheels. This is achieved by simply blocking bleed flow. Two important regions
of bleed flow are the one beneath the fuel tank and the wheelhouses themselves. The final
modifications are extended sidepod (figure 5.25b ) and wheelhouse cover (figure 5.25c ). Both
these modifications include gap cover which covers the gap between the two rear wheels.

5.8.1. Evaluation of modifications
The drag coefficients of MODs and 6X4-SS are compared in this section. Firstly, the steady
and unsteady state results of 6X4-SS must be compared. Figure 5.26 shows that the steady
state simulation under-predicts the drag coefficient. Furthermore, the drag coefficients of
MODs are compared with steady state result of 6X4-SS. Both the modifications exhibit higher
drag. In order to further understand the increase in drag, MFR analysis is again conducted
on 6X4-SS steady and MOD cases (table 5.6). Table 5.6 clearly sets apart unsteady simula-
tions from steady simulations and highlights the unreliable results obtained from steady state
simulations. Firstly, in 6𝑋4 − 𝑆𝑆 case, there is no underbody flow. This is a big deviation
from the hypothesis that was suggested in earlier sections. The MOD MFR’s are also quite
inconsistent, in that the MOD2 shows significant underbody flow while MOD1 shows no UB
flow. These anomalies led to the conclusion that steady state results are highly unreliable and
must not be considered for any evaluation of problems.

Table 5.6: Mass Flow Rates (፤፠/፬)

Position FW FUEL TANK RW1 GAP RW2 RW_SS_GAP SS

6X4_SS -2,65 -3,31 -2,72 -0,4124 -1,149 0,1919 4,51

6X4_SS_Steady -2,73 -1,931 -2,12 0,0085 0,596 -0,172 -0,01

MOD1 -0,03 -1,22 -4,56 -1,79 -0,88 -0,07 -0,3

MOD2 -4,56 -1,79 -0,88 -0,07 -0,3 0,073 5,48

5.8.2. More insights into MODs
Although the steady state simulations on MODs were not fruitful, some insights were devel-
oped by looking at the results and contemplating on the ideas of MODs. The idea to cut-off
the bleed seems straight forward but it has its own consequences. Since, bleed cut-off implies
that the flow now has to take the path where there is more blockage, it is highly possible that
the drag may increase. The bleed cut-off must be carefully done in order to obtain drag re-
duction or in this case restore side-skirt efficiency. The balance between increase in drag due
to forcing the flow to take the path of more blockage and drag reduction obtained in avoiding



5.8. Modifications 49

(a) ዀፗኾ ዅ ፒፒ

(b) ፌፎፃኻ (c) ፌፎፃኼ

Figure 5.25: Modifications
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Figure 5.26: ፂᐻ comparison of MODS

more mass flowing into the underbody is very crucial. Furthermore, a better solution would
be to use vanes to divert the flow as needed, but since we are dealing with underbody having
delicate structures like vanes is not recommended from a structural point of view.

5.9. Geometry Simplification
The truck model used in this thesis is quite amplified yet very detailed in some areas. It has
accurately modelled wheels with grooves and wheel-wells. During post-processing it was ob-
served that the grooves in the wheels did not actively influence the performance in that no
significant flow features originated from them. On the other hand wheel-wells of rear wheels
proved to be quite influencing in that they give rise to a low pressure region as explained
earlier. So, it can suggested from this thesis that wheel grooves can be dropped in future
simulations while wheel-wells must be reasonably modelled in terms their depth.

It is also important to discuss here about the addition of more underbody components
like suspension, battery box etc. Adding more components means more blockage, so this
means they might aggravate the bleed rate and worsen the situation. More bleed implies
more underbody flow.
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Conclusions and Recommendations

The research objectives (sec 2.2) formulated are concluded in this chapter along with some
recommendations for future work.

1. What is the influence of six vortices coming off the front wheelhouse and underbody flow
on side-skirt’s performance?

Among the six vortices identified in literature (figure 2.2b), the three vortices L,E,R em-
anating from the wheel-patch are swept away from the bleed flow escaping from the
underbody. These three have no influence on the side-skirt performance. In fact, they
are washed away from bleed flow and do not enter the trailer underbody. Furthermore, in
the upper portion of the front wheel, the other vortices, A,B,S and C as identified in liter-
ature, coalesce and form one big separated region which is identified as FB in this thesis
(figure 5.2a). Although signs of existence of vortex B alone was found. Nevertheless,
the combined separated region has profound influence on the side-skirt performance
than individual vortices. The combined separated region is the one which enters the
trailer underbdody and is responsible for inflow and hence the momentum exchange
and eventually increased drag.

2. How are the six principle vortices affected by rear wheelhouse flow?

The combined separated region moves downstream but unlike other surrounding sep-
arated regions, this region does not expand towards the free stream. Instead they are
drawn more towards the truck due to the low pressure region present on the sides of
the truck. The rear wheel and wheelhouse has low pressure region behind them, in its
wake. Additionally the wheel-well itself acts as a cavity for the oncoming flow and there
exists a low pressure region inside it too. Both these low pressure regions draw more
flow into the trailer underbody. Furthermore, the concept of bleed is also influenced by
these low pressure regions. Firstly, the underbody shaft components offer a resistance
to the flow beneath the truck. It escapes from the sides, which offers least resistance
due to the low pressure regions mentioned earlier. Thus, bleed flow is a consequence
of higher blockage in the underbody and low pressure regions.

3. What are the flow features originating from the rear wheelhouse and what is their influ-
ence on side-skirt’s performance?

51
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The ejection hypothesis can be attributed to wheelhouse flow. The cavity or the wheel-
well entraps fluid in it and ejects it out because of rotation of the wheel. This is analogical
to washing machine where there is no lid and all the fluid is ejected out. The low mo-
mentum fluid ejected from the wheel-well adds to the momentum losses and eventually
contributed to the drag. The important flow feature affecting the side-skirt performance is
the flow escaping into the trailer underbody beneath the side-skirt. This is due to the low
pressure region existing behind the rear wheels, in their wake. Mixing of low and high
momentum fluid in this manner is detrimental to side-skirt’s performance as the function
of side-skirt is to prevent this mixing by acting like an air dam.

4. What is/are major flow feature differences between single (4X2) and dual(6X4) axle con-
dition? Which of them really affect the performance of side-skirt? How do these flow
features change in the presence of side-skirt in the respective configurations (single and
dual rear axle configurations)?

The major difference seen between the single and dual axle cases is the low pressure
region behind the last rear wheel. In dual axle case (6X4), the low pressure region is
bigger than compared to single axle case. The additional axle imposes more blockage
to underbody flow which eventually separates at the leading edge of the first rear wheel.
This is analogical to adding a bluff body like cylinder in front of pre-existing cylinder
in yawed flow. The additional cylinder/axle gives rise to a bigger separation region on
leeward side. This is one of the causes for the increased bleed rates in dual axle case.
Furthermore, the ripples emanating from first rear wheel, also aid the flow in entering the
trailer underbody. Their correlation is established in instantaneous results.

6.1. Recommendations
CFD Approach- One of the strongest recommendations from Scheeve [17] was not to use
URANS as the unsteadiness is indeterministic. The results of this thesis done using URANS
approach have given excellent results both in terms of validation with Scheeve [17]’s results
and grid convergence. Scheeve [17] used steady state simulations to evaluate wheel-house
modification whereas in this thesis steady state results predicted different trends compared
to Unsteady RANS. Thus, the author of this thesis recommends URANS for this kind cases
where there are large regions of separation. Unsteady simulations give better understanding
of flow field than steady state. Furthermore, it is recommended to use DES or LES approach
for these cases to gain better insights into spectral nature of the flow. These insights might
help us in choosing the right modification in future to rectify this problem.

Domain Sizing- The SAE J2966 standard[16] recommendation of downstream length (8𝐿)
for the fluid domain resulted in reverse flow during initial simulations. It is recommended to
use a longer fluid domain of about (15−17𝐿) while keeping the length of the wake refinement
box the same. This would not impact the number of cells too much because the region of
extended length is already quite coarse.

Truck CAD Model- The geometry simplification as described in section (sec 5.9) must be
implemented in future simulations as they can reduce the number of cells required to a certain
extent. This might be helpful for DES/LES simulations as they have higher spatial and tem-
poral requirements.

Extension to single axle case- The ripple hypothesis is also seen in single axle case.
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This means if the separation of the bleed flow is controlled at the rear wheel in single axle
case, there is scope for improving the efficiency of side-skirt in this case too.

Boundary layer height- The commonly used flat plate theory to estimate boundary layer
height on top of the trailer-end is flawed. As seen in this thesis the boundary layer height is at
least 5 times larger than what is predicted by flat plate theory.

Ripple Correlation The correlation between the the high pressure ripples emanating from
first rear wheel and the variation of mass flow entering the trailer underbody will be crucial to
future simulations. This gives confirms contribution of ripples to increase mass flow into the
underbody. It can also be deciding factor whether to block the bleed beneath the fuel-tank or
block wheelhouses.

Yawed Simulations All the simulations in this thesis were conducted in no-yaw condition
but for truck’s aerodynamic performance, yawed simulations are crucial. In fact the side-skirt
is highly susceptible to wind direction as seen from WABCO’s track test data.
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Some of the terms 𝜅-𝜔 transport equations are elaborated in this section.

Effective Diffusivity
Γᒏ/ᒞ = 𝜇 + 𝜇ᑥ (A.1)

The eddy viscosity is modelled based on the following equation,

𝜇ᑥ =
𝜌𝜅
𝜔

1

𝑚𝑎𝑥[ Ꮃᒆ∗ ,
ᑊᐽᎴ
ᑒᎳᒞ

]
(A.2)

where,
𝐹Ꮄ = tanh(𝜙ᎴᎴ) (A.3)

𝜙Ꮄ = 𝑚𝑎𝑥[
2√𝜅
0.09𝜔𝑦 ,

500𝜇
𝜌𝑦Ꮄ𝜔] (A.4)

y-distance from the wall (A.5)

Production Terms

𝐺ᒏ = 𝜇ᑥ𝑆Ꮄ (A.6)

where 𝑆 = √2𝑆ᑚᑛ𝑆ᑚᑛ, (A.7)

𝐺ᒞ =
𝛼𝛼∗
𝜈ᑥ
𝐺ᒏ (A.8)

𝛼 = 1 High for Reynolds number flows (A.9)

and blending function is used to vary 𝛼ᐴ to comply with viscous sublayer and logarithmic
law formulation. 𝛼ᐴ is a constant in Standard 𝜅 − 𝜔 model

𝛼ᐴ = 𝐹Ꮃ𝛼ᐴ,Ꮃ + (1 − 𝐹Ꮃ)𝛼ᐴ,Ꮄ (A.10)
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𝛼ᐴ,Ꮃ =
𝛽ᑚ,Ꮃ
𝛽∗ᐴ

− 𝜅Ꮄ

𝜎ᒞ,Ꮃ√𝛽∗ᐴ
(A.11)

𝛼ᐴ,Ꮄ =
𝛽ᑚ,Ꮄ
𝛽∗ᐴ

− 𝜅Ꮄ

𝜎ᒞ,Ꮄ√𝛽∗ᐴ
(A.12)

Dissipation Terms
𝑌ᒏ = 𝜌𝛽∗𝜅𝜔 (A.13)

𝛽∗ᑚ = 𝛽∗ᐴ(
Ꮆ

ᎳᎷᎼ(ᑉᑖᑥ/ᑉᒇ)Ꮆ

1 + (𝑅𝑒ᑥ/𝑅ᒇ)Ꮆ
) (A.14)

with 𝑅ᒇ = 8 and 𝛽∗ᐴ = 0.09.

𝑌ᒞ = 𝜌𝛽𝜔Ꮄ (A.15)

Instead of having a constant 𝛽 like in Standard 𝜅 − 𝜔 model,again a blending function is
used,

𝛽ᑚ = 𝐹Ꮃ𝛽ᑚ,Ꮃ + (1 − 𝐹Ꮃ)𝛽ᑚ,Ꮃ (A.16)

𝐹Ꮃ = tanh(𝜙Ꮆ) (A.17)

𝜙Ꮃ = 𝑚𝑖𝑛[𝑚𝑎𝑥(
√𝜅

0.09𝜔𝑦 ,
500𝜇
𝜌𝑦Ꮄ𝜔),

4𝜌𝜅
𝜎ᒞ,Ꮄ𝐷Ꮌᒞ𝑦Ꮄ

] (A.18)

where 𝐷Ꮌᒞ is related to positive portion of cross-diffusion term.

𝐷Ꮌᒞ = 𝑚𝑎𝑥[
2𝜌
𝜎ᒞ,Ꮄ𝜔

𝜕𝜅
𝜕𝑥ᑛ

𝜕𝜔
𝜕𝑥ᑛ

, 10ᎽᎳᎲ] (A.19)

Model Constants
Some of the model constants exculsive to 𝜅 −𝜔𝑆𝑆𝑇 model are mentioned here, the values of
all constants can be referred from [2]

Table A.1: Model Constants

Constant Value
𝜎ᒏ,Ꮃ 1.176
𝜎ᒞ,Ꮃ 2.0
𝜎ᒏ,Ꮄ 1.0
𝜎ᒞ,Ꮄ 1.168
𝑎Ꮃ 0.31
𝛽ᑚ,Ꮃ 0.075
𝛽ᑚ,Ꮄ 0.0828
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B.1. Linearized Equation Coefficients
This appendix explains about the linearization of momemtum equation. The idea and equa-
tions presented in this section are from Darwish et al. [4]. Some of the notations of Darwish
et al. [4] are altered here in order to be consistent with ANSYS [2] notations.

The coefficients of 3.13 for an upwind scheme are as follows,

𝑎ᑡ =∑
ᑟᑓ
(Γᑗ

⃗⃗𝐴ᑗ. ⃗⃗𝐴ᑗ
⃗⃗𝐴ᑗ. ⃗⃗⃗𝑑

+ ||�̇�ᑗ, 0||) (B.1)

𝑎ᑟᑓ = −(Γᑗ
⃗⃗𝐴ᑗ. ⃗⃗𝐴ᑗ
⃗⃗𝐴ᑗ. ⃗⃗⃗𝑑

+ ||�̇�ᑗ, 0||) (B.2)

where ⃗⃗⃗𝑑 is the vector joining adjacent cell centers.

B.2. Coupled Solver Algorithm
The linearized momentum equation in x-direction 3.19 is expanded as follows,

𝑎ᑦᑦᑡ 𝑢ᑡ+𝑎ᑦᑧᑡ 𝑣ᑡ+𝑎ᑦᑨᑡ 𝑤ᑡ+𝑎ᑦᑡᑡ 𝑃ᑡ−∑
ᑟᑓ
𝑎ᑦᑦᑟᑓ𝑢ᑟᑓ−∑

ᑟᑓ
𝑎ᑦᑧᑟᑓ𝑣ᑟᑓ−∑

ᑟᑓ
𝑎ᑦᑨᑟᑓ 𝑤ᑟᑓ+∑

ᑟᑓ
𝑎ᑦᑡᑟᑓ𝑃ᑟᑓ = 𝑏ᑦ (B.3)

And in the other two directions,

𝑎ᑧᑦᑡ 𝑢ᑡ+𝑎ᑧᑧᑡ 𝑣ᑡ+𝑎ᑧᑨᑡ 𝑤ᑡ+𝑎ᑧᑡᑡ 𝑃ᑡ−∑
ᑟᑓ
𝑎ᑧᑦᑟᑓ𝑢ᑟᑓ−∑

ᑟᑓ
𝑎ᑧᑧᑟᑓ𝑣ᑟᑓ−∑

ᑟᑓ
𝑎ᑧᑨᑟᑓ𝑤ᑟᑓ+∑

ᑟᑓ
𝑎ᑧᑡᑟᑓ𝑃ᑟᑓ = 𝑏ᑧ (B.4)

𝑎ᑨᑦᑡ 𝑢ᑡ+𝑎ᑨᑧᑡ 𝑣ᑡ+𝑎ᑨᑨᑡ 𝑤ᑡ+𝑎ᑨᑡᑡ 𝑃ᑡ−∑
ᑟᑓ
𝑎ᑨᑦᑟᑓ 𝑢ᑟᑓ−∑

ᑟᑓ
𝑎ᑨᑧᑟᑓ𝑣ᑟᑓ−∑

ᑟᑓ
𝑎ᑨᑨᑟᑓ 𝑤ᑟᑓ+∑

ᑟᑓ
𝑎ᑨᑡᑟᑓ 𝑃ᑟᑓ = 𝑏ᑨ

(B.5)
Final form of continuity or pressure equation after Rhie-Chow interpolation is,

𝑎ᑡᑡᑡ 𝑝ᑡ + 𝑎ᑡᑦᑡ + 𝑎ᑡᑧᑡ + 𝑎ᑡᑨᑡ +∑
ᑟᑓ
𝑎ᑡᑡᑟᑓ𝑝ᑟᑓ +∑

ᑟᑓ
𝑎ᑡᑦᑟᑓ𝑢ᑟᑓ +∑

ᑟᑓ
𝑎ᑡᑧᑟᑓ𝑣ᑟᑓ +∑

ᑟᑓ
𝑎ᑡᑨᑟᑓ𝑤ᑟᑓ = 𝑏

ᑡ
ᑡ (B.6)
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The above equations can be arranged in matrix form as follows. It must be noticed that
the following equations are for a given cell.

⎡
⎢
⎢
⎢
⎣

𝑎ᑦᑦᑡ 𝑎ᑦᑧᑡ 𝑎ᑦᑨᑡ 𝑎ᑦᑡᑡ
𝑎ᑧᑦᑡ 𝑎ᑧᑧᑡ 𝑎ᑧᑨᑡ 𝑎ᑧᑡᑡ
𝑎ᑨᑦᑡ 𝑎ᑨᑧᑡ 𝑎ᑨᑨᑡ 𝑎ᑨᑡᑡ
𝑎ᑡᑦᑡ 𝑎ᑡᑧᑡ 𝑎ᑡᑨᑡ 𝑎ᑡᑡᑡ

⎤
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎣

𝑢ᑡ
𝑣ᑡ
𝑤ᑡ
𝑝ᑡ

⎤
⎥
⎥
⎦

+∑
ᑟᑓ

⎡
⎢
⎢
⎢
⎣

𝑎ᑦᑦᑟᑓ 𝑎ᑦᑧᑟᑓ 𝑎ᑦᑨᑟᑓ 𝑎ᑦᑡᑟᑓ
𝑎ᑧᑦᑟᑓ 𝑎ᑧᑧᑟᑓ 𝑎ᑧᑨᑟᑓ 𝑎ᑧᑡᑟᑓ
𝑎ᑨᑦᑟᑓ 𝑎ᑨᑧᑟᑓ 𝑎ᑨᑨᑟᑓ 𝑎ᑨᑡᑟᑓ
𝑎ᑡᑦᑟᑓ 𝑎ᑡᑧᑟᑓ 𝑎ᑡᑨᑟᑓ 𝑎ᑡᑡᑟᑓ

⎤
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎣

𝑢ᑟᑓ
𝑣ᑟᑓ
𝑤ᑟᑓ
𝑝ᑟᑓ

⎤
⎥
⎥
⎦

=
⎡
⎢
⎢
⎣

𝑏ᑦᑡ
𝑏ᑧᑡ
𝑏ᑨᑡ
𝑏ᑡᑡ

⎤
⎥
⎥
⎦

(B.7)

The above system of equations can be written for each cell in the domain and a global
matrix system of equation is formed. This equation is solved every iteration. Since each
variable in the global equations are treated implicitly, this is the main reason behind rapid
convergence [4].
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Table C.1: GCI study based on [3]

Grid Convergence Index Calculations (based on Celik, B. I., et.al., 2008)
Finer Mesh Fine Mesh Medium Course Mesh

Vehicle size (HxWxL) [m3] 84,15 84,15 84,15 84,15
Number of cells (N) 49000000 45000000 38000000 22000000
Representative mesh height (h) [m] 0,012 0,012 0,013 0,016
Drag Coefficient 0,5329 0,5287 0,5319 0,5186
Mesh Refinement Ratio ( r ) 1.33 1,03 1,20 1,27
epsilon Convergence OK -0,0042 -0,0133 -0,0101
Order of Convergence, P 4
Error for P 56,19227
Initial Guess for P 30,91147
Extrapolated Drag Force (F) [N] 0,57
Approximate Relative Error 0,79% 0,61% 2,50% N/A
Extrapolated Relative Error 6,15% 6,89% 6,33% 8,67%
Grid Convergence Index (GCI) 16,87% 1,72% 5,11% N/A

𝑒ᑚᑛᑒ =
𝑐ᑛᐻ − 𝑐ᑚᐻ
𝑐ᑛᐻ

(C.1)

𝑟ᑚᑛ =
ℎᑚ
ℎᑛ

(C.2)

ℎᑚ =
Vehicle Volume

Number of cells in grid i (C.3)
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Appendix D

D.1. Drag-Fuel formula derivation
We know that the fuel energy input into to a engine is spent on overcoming drag, the rolling
resistance and auxillary power. Writing these in a equation form,

𝑃 = 𝜂ᑖᑟᑘᑚᑟᑖ(
1
2𝜌𝑉

Ꮅ𝑆𝐶ᐻ + 𝐶ᑉᑉ𝑊𝑉 + 𝑎𝑢𝑥𝑖𝑙𝑙𝑎𝑟𝑦𝑝𝑜𝑤𝑒𝑟) (D.1)

In our case, the only change between principal configuration is the drag force, thus, study-
ing the fractional change of the above equation gives us,

Δ𝑃
𝑃 = 𝜂ᑖᑟᑘᑚᑟᑖ

Δ𝐶ᐻ
𝐶ᐻ

(D.2)

Since the power consumed is directly proportional to fuel consumed

Δ𝐹𝐶
𝐹𝐶 = 𝜂ᑖᑟᑘᑚᑟᑖ

Δ𝐶ᐻ
𝐶ᐻ

(D.3)

Figure D.1: flow entering trailer underbody
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Figure D.2: ዀፗኾ ዅ ፒፒ Instantaneous Y-momemtum, outflow (፥፮፞),inflow (፫፞፝), slice ፘ/ፃ  ዅኺ.ኺኻ
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Figure D.3: Inflow and high pressure ripple correspondence
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Figure D.4: Instantaneous and Time average plots
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(a) Volvo FH-13 Underbody

(b) Simplified Volvo FH-13 Underbody (half model)

Figure E.1: Underbody
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Figure E.2: Underbody with engine block, shaft components, axle, wheels cut-off to emulated wheel patch
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