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1 Abstract

In the present work the aerodynamic forces on trucks driving in so-called platoon are
investigated in a numerical fashion. Driving in platoon, or convoy, refers to in an orderly
manner driving in a line, one truck after the other, taking advantage of the unrecovered
�ow behind each truck. The phenomenon is called slipstreaming or drafting. The Compu-
tational Fluid Dynamics (CFD) software STAR-CCM+ is used to calculate the �ow �eld
around a platoon consisting of two and three trucks at di�erent distances, ranging from 5
to 70 m. Two numerical approaches are used, one is the Reynolds�Averaged Navier�Stokes
based (RANS) two-equation turbulence model k − ε realizable model with a two-layer
treatment. The second one is the Menter's Shear Stress Transport (SST) k − ω Detached
Eddy Simulation (DES) model. The �rst one is time independent, so-called steady-state,
where platoons consisting of two and three trucks are used in the simulations. However,
the nature of the �ow �eld around vehicles is inherently time-dependent, which makes
it di�cult to receive a steady-state solution and thus, the reliability of the result is neg-
atively a�ected. The second model is time dependent and much more computationally
expensive, where only a platoon consisting of two trucks is simulated. Addition to this,
simulations with an isolated truck will be conducted in order to make a relative study for
both turbulence models. Since numerous of errors are introduced when approaching the
problem numerically, it is important to have a reference case to compare with, set under
the same conditions. Also, comparisons with other studies are done. A mesh independent
study is conducted with the function of investigating how the mesh density in�uences the
result, together with a mesh quality study, both helpful when assessing the credibility of
the results.

For the RANS approach, it is shown that for the 2-truck platoon, drag reductions
are the greatest at the closest distance, 5 m, with 26.9 and 28.1 % reductions in drag
for the leading and trailing vehicle, respectively, compared to the isolated case. There is
an increase in drag for both vehicles with increasing distance, however, the trend turns
around at 10 m for the trailing vehicle, where it also reaches its maximum, 5.5 % larger
drag than that of the reference case's. Then a reduction is seen for all distances greater
than 11 m. For the leading truck, the drag coe�cient CD is equal to the reference case's
around 18 m, with an overshoot of 2− 3 % afterward, which may be a result of numerical
errors. The same trend is seen for the 3-truck platoon, with largest reductions at the
closest distance 5 m, with the reductions 31.5 %, 48.5 % and 33.2 % for truck one, two
and three, respectively. At 10 m, there is also an abrupt increase in drag for the trailing
trucks, however, the drag never reaches over the drag of an isolated truck. An overshoot
is also seen for the �rst vehicle in the 3-truck platoon and it stops bene�ting from platoon
driving around 22 m. It was found that at 10, thick low-velocity boundary layers were
formed on the leading trucks, which may be one of the reasons for the increase in drag.

For the time-dependent approach, the drag behavior is similar to the RANS cases for
the leading vehicle, but no overshoot is seen, instead the drag is always smaller than the
reference case's. The maximum reduction is also found at 5 m, with the value 31.7 %. A
completely di�erent trend is found for the second vehicle, where the drag decreases with
increasing distance, where there is a minimum reduction at 5 m (4.0 %) and a maximum
reduction at the largest investigated distance 50 m (24.3 %). This kind of trend is also
seen for the RANS-based simulation in the interval 10− 50 m, but the reductions are not
as large. After 12 m, the trailing truck bene�ts the most.

It was found that the vortices and the time dependence of the �ow �eld are important
features. The RANS-based model produced poor results in region of strong swirl and
therefore it is not a suitable model for the �ows of this type. Also, based on the good
agreement with PowerFlow VLES (Very Large Eddy Simulation) simulations with the
DES ones even further puts great distrust on the RANS simulations. The k − ε realizable
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model with a two-layer treatment has also shown de�ciencies in predicting the downstream
e�ects (over predicts) and the size and intensity of recirculation areas (for instance, the
wake) as shown in the work of P.L. Davis, A.T. Rinehimer and M. Uddin, 20th Annual
Conference of the CFD Society of Canada.
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3 Introduction

As the earth population is growing, one would expect an increase of consumption world-
wide, which in turn would result in an increase of transportation of goods; a portion from
trucks on highways. Consequently, one would expect an increase in fuel consumption
and therefore an increase in pollution. On highways, aerodynamic forces dominate the
overall resistance on vehicles; for an approximately 36 ton Class 8 tractor-trailer at 110
km/h, 65 % of the total energy expenditure corresponds to overcoming the aerodynamic
drag (aerodynamic resistance) [16]. Another study shows that at 90 km/h approximately
62 % of the total fuel consumption is due to aerodynamic drag [6]. At 110 km/h, it is
estimated that a 25 % reduction in aerodynamic drag would correspond to approximately
8 % reduction in fuel consumption [16].

A way to decrease the aerodynamic drag would be to modify the shape of the vehicle;
making it more aerodynamic or to attach devices which reduce the resistance, as done in
[5]. However, this approach is very time consuming due to the whole design process for
each vehicle model or producing new devices which have to be mounted on the vehicle.
There is another option which no major modi�cation is necessary; platooning.

Platooning refers to in an orderly manner driving in a platoon or caravan, taking
advantage of the unrecovered �ow behind each vehicle; in the wake of the vehicle. This
phenomenon is called slipstream or drafting. Some modi�cations have to be done in order
to accomplish this, that is, installing wireless communication, sensors and other necessary
devices in order to keep desired distances. Also, only the lead truck should have control
while the others automatically follow with help from control systems. One can image how
di�cult it is to hold a constant distance in a long platoon, which may lead to unnecessary
stress on the drivers. Moreover, if one has to frequently brake and accelerate in order
to keep a constant distance, emission would increase. Experiments have shown that for
two platooning trucks driving at 80 km/h, where the lead truck weighs 14.5 ton and the
rear truck 28 ton, a 7 and 21 % fuel reduction is observed at 10 meter spacing (which is
roughly half the truck length), respectively [4]. Another experimental study has shown
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a maximum fuel reduction of 3.8�7.7 % for platooning trucks at 70 km/h, with di�erent
combinations of truck weights [3]. Thus, in an energy consumption point of view, it is
favorable to drive in platoons.

In this Master thesis, the �ow �eld around one isolated and several generic truck
models in platoon will be analyzed at a constant velocity of 25 m/s (90 km/h) using the
Computational Fluid Dynamics (CFD) software STAR-CCM+ (version 8.02.008). The
isolated truck simulations will be used as references in order to be able to make relative
studies. A focus will be set on the aerodynamic parameters, such as drag coe�cient,
pressure coe�cient, velocity and also the general structure of the �ow. A parameter
study will be done, which consists of changing the separation distance of the trucks, i.e.
distance between the vehicles, with the same amount for every truck. The general idea
is to investigate how the drag changes with distance for all trucks and then compare it
with the drag of an isolated truck.

To begin with, a steady-state approach will be adopted, that is, the mean �ow �eld
is considered independent of time. This may not be an accurate description of the real
�ow �eld around vehicles, which is highly time dependent; especially in the wake region.
However, studies have shown that a steady-state Reynolds�Averaged Navier�Stokes mod-
eling (RANS) approach gives similar accuracy compared with the time-dependent URANS
(Unsteady Reynolds�Averaged Navier�Stokes) approach [9] (the same turbulence model
has been used for the steady and unsteady calculations). More elaborate time-dependent
approaches, like Detached Eddy Simulation (DES), have shown to give more accurate
results [8], but require more time and computational power. For some �ow cases, a
steady-state approach is a good compromise between accuracy and cost. In other cases
the RANS approach fails to give adequately accurate results. As a second part of the
thesis, time-dependent simulations will be conducted with the DES method. With the
RANS approach, the turbulence model k − ε realizable with the two-layer formulation
will be used and simulations with one, two and three trucks will be conducted. The tur-
bulence model Menter's SST k − ω DES will be used for the time-dependent simulations
and only simulations with one and two trucks will be conducted.

With today's fast development in computational power, CFD is becoming more fre-
quently used because of its economical and practical bene�ts. Other options available for
investigation of �ow �eld structures are wind tunnel tests or �eld experiments. These are
generally more expensive compared with CFD, both in terms of time consumption and
running costs. However, when using CFD, one has to be aware of the di�erent sources of
error introduced when addressing the problem in a computational manner. Discretization
errors, round-o� errors, errors introduced because of too coarse grid density or/and grid
quality and di�erent modeling approaches which may also give inaccurate results. That
is the reason why it is important to validate di�erent modeling set-ups with experiments
and perform error analysis in order to know how reliable the results are.

Unfortunately, no experiments have been conducted with the model used in the present
study, which is impossible since it does not exist; it is only a generic model. Therefore no
direct comparison can be made. However, comparisons will still be made with the studies
[17] and [4] in order to have some relation to other studies. Also, the DES results will be
compared with PowerFLOW simulations with the Very Large Eddy Simulation (VLES)
turbulence model conducted at Scania. A grid re�nement study will be executed in order
to verify a su�ciently �ne mesh which has no or little impact on the results. The mesh
quality is also assessed.

3



4 Background and theory

4.1 Drafting

As mentioned before, the main idea with platooning is to take advantage of the unrecov-
ered �ow behind each vehicle, i.e. drafting or slipstreaming. In this way the vehicle do not
face as high pressure in the front as it would without platooning. Figure 1 illustrates the
pressure di�erence between the front and back of the vehicle, where red color corresponds
to high pressure. With higher pressure di�erence you would have higher drag force. In
Figure 1, the low pressure area behind the truck is not visible because of the color scale;
it is too close to ambient pressure.

Figure 1: Pressure contour plot illustrating pressure di�erence between front and back.

When drafting you do not only decrease the drag force for vehicle located behind
another, but you also decrease the drag force for the leading vehicle. This is because of
the presence of the following vehicle in the leading vehicle's wake, which results in an
increase of pressure there; the pressure di�erence between the front and the back of the
leading vehicle decreases and therefore the drag force too. How far the following vehicle
could stay and still have this e�ect on the leading one depends on the size of the wake.
An aerodynamically designed car would not have such a large wake and thus, one would
need to stay at very short distances in order to receive this e�ect.

4.2 Reynolds number

There is an important dimensionless variable frequently used in �uid dynamics/mechanics
called the Reynolds number. It is de�ned as:

Re =
ρV l

µ
=
V l

ν
, (1)

where V is the mean velocity of the object relative to the �uid (or conversely, the mean
�uid �ow velocity if one consider the object stationary), l is the characteristic length
scale, which, for instance, could be the pipe diameter in pipe �ow or the car length in
external �ow, ρ is the �uid density, µ is the �uid's dynamic viscosity and ν = µ/ρ is the
kinematic viscosity.

The Reynolds number shows the ratio between inertial � and viscous forces; if the
number is high, inertial forces dominate and viscous forces may usually be neglected, and
vica versa. The number shows dynamic similarity between �ows. For instance, consider
two �ow cases around two airfoils, one which has a velocity of 50 m/s and a cord length of
1 m (which is the l in equation 1), and another one with a velocity of 25 m/s and a cord
length of 2 m. Both have the same kinematic viscosity ν. In both cases the Reynolds
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number will be the same, and hence, the �ows will behave dynamically similar [10, p.
279�290].

In this study the Re is approximately 3.7 · 106 based on the width of the truck.
Because a blu� body's wake structure is more dependent on the width and height, it is
more appropriate to express the Reynolds number in this sense instead of in terms of the
length [8, 21].

4.3 Force coe�cients

4.3.1 Drag equation and drag coe�cient

Ground vehicles have mainly two major resistances to overcome: friction (internal and
external) and air resistance. At lower velocities frictional forces dominate, however, with
increasing velocity the aerodynamic e�ects become more important. The drag force,
which refers to the force acting on a moving body in the �uid �ow direction (that is, the
opposite direction of motion of the body), is de�ned as:

D =
1

2
ρV 2CDA, (2)

where D is the drag force, A is the reference area of the object and CD is the drag
coe�cient of the object. In vehicle aerodynamics, the reference area A is usually de�ned
as the area of the orthographic projection of the object in the plane perpendicular to the
direction of motion. The quantity ρV 2/2 is called the dynamic pressure; thus, the drag
coe�cient CD is the ratio of drag per unit area to dynamic pressure.

Equation (2) is called the drag equation and is only accurate for objects with a blunt
form factor and in �ow cases where the Reynolds number Re is large enough to form
turbulence behind the body. Usually one divides the drag into two components: frictional
and form (or pressure) drag. When �uid hits a surface it exerts a force on it, which could
be divided into two components; one perpendicular to the surface and one tangential to
it. Frictional drag refers to the surface integrated tangential forces projected in the free
stream (undisturbed �ow) direction; simply, the drag produced because of the presence of
skin friction. As one may expect, form drag refers to the surface integrated perpendicular
forces projected in the free stream direction; simply, the drag produced because of surface
pressure di�erences. The drag coe�cient CD is not a constant, but is dependent on the
�ow velocity, object positioning and size, �uid density and �uid viscosity. Some of these
quantities form the Reynolds number, hence, the drag coe�cient is dependent on the
Reynolds number. In some �ow cases the drag coe�cient becomes independent of Re as
Re→∞ [10, p. 279�290].

4.3.2 Lift coe�cient

The lift coe�cient is de�ned as:

CL =
L

1

2
ρV 2A

, (3)

where L is the lift force. The lift coe�cient is the ratio of lift per unit area to the dynamic
pressure and the lift force L is de�ned as the sum of the surface integrated forces (pressure
and friction) projected in the direction perpendicular to the free stream. Positive values
of L are directed upwards. The total aerodynamic force acting on a body is the sum of
the drag force D and the lift force L (if no side force exists) [10, p. 684].
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4.3.3 Side force coe�cient

The side force coe�cient is de�ned as:

CS =
S

1

2
ρV 2A

, (4)

where S is the side force. The side force S is de�ned as the sum of the surface integrated
forces (pressure and friction) projected in the direction perpendicular to the free stream;
in the sideways direction. As with the other aerodynamic coe�cients, the side force
coe�cient is the ratio of side force per unit area to the dynamic pressure. The drag, lift
and side forces are all surface integrated forces, but projected in di�erent directions. The
sum of these is the total aerodynamic force acting on a body.

4.3.4 Pressure coe�cient

Another interesting quantity in �uid dynamics is the pressure coe�cient. It is a dimen-
sionless number which describes the pressure at a point relative to the free stream dynamic
and static pressure:

CP =
p− p∞
1

2
ρ∞V 2

∞

, (5)

where p∞ is the free stream static pressure, p is the static pressure at a point, ρ∞ is the
free stream density and V∞ is the free stream velocity.

Equation (5) can further be simpli�ed if one applies the Bernoulli's equation (see [10,
p. 118�120]) to

CP = 1−
(
V

V∞

)2

, (6)

Here it is easily illustrated that at the stagnation point, the pressure coe�cient is equal 1
(�uid velocity V is zero) and in the free stream it is equal zero (V = V∞). However, this
simpli�ed version of the pressure coe�cient is only valid for �ows with no energy losses,
which means that it is not valid in wakes and boundary layers, but it serves as a good
example for how to interpret pressure plots later on in the present work [10, p. 177, 283].

4.4 Reynolds�Averaged Navier�Stokes

In the present study two turbulent modeling approaches are used. One of them is based
on the RANS equations. Therefore, it is natural to cover a bit of the background of the
averaged equations and associated matters.

The RANS equations represent only the mean �ow quantities and are derived from the
Navier�Stokes equations by using Reynolds decomposition and then taking the average of
every term. In tensor form, for an incompressible �uid and under the Boussinesq approx-
imation (see equation (26)), the equations of motion are (excluding energy equation):

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

+ gi, (7)

∂ui
∂xi

= 0, (8)

where ui is the velocity, p is the pressure, t is the time, xi is the spatial parameter (i de�nes
in which direction, in cartesian coordinates i = [1, 2, 3] = [x, y, z]), ρ is the density, ν is the

6



kinematic viscosity and gi is the body force, e.g. gravity or electrical �eld. Equations (7)
and (8), together with the energy equation, are usually called the Navier�Stokes equations,
where the �rst equation is the momentum equation for a Newtonian �uid under Stokes
assumption ([10, p. 102�104]) and (8) is called the continuity equation, which is the
incompressible form of the mass conservation equation.

It is important to note that in turbulent �ows variables are not deterministic in details
and must be treated as stochastic variables. Average is usually regarded as an ensemble
average, which is the average of a collection of experiments, performed under an identical
set of experimental conditions, for instance, recording the velocity ui(t) (i denotes the
i:th set of experimental data) at location X between time 10:00�12:00 on di�erent days
under identical experimental conditions. Then the ensemble average at time t = t1 would
be:

u(t = t1) =
1

N

N∑
i=1

ui(t = t1). (9)

However, in reality it is very hard to have identical experimental conditions, which is why
the average is often taken as:

ui =
1

t0

ˆ t+t0

t

ui(t)dt, (10)

where t0 is chosen large enough compared to the time during which the turbulent �uc-
tuations vary appreciably and small compared to the time during which the average
properties vary. This kind of averaging is sometimes called Reynolds averaging. For a
stationary process the ensemble average is the same as the time average [10, p. 541�543].

The Reynolds decomposition for an instantaneous variable q is:

qi = Qi + q
′

i, (11)

where qi is the instantaneous part, Qi is the mean part (denoting with large letter) and
q
′

i is the deviation from the mean or turbulent �uctuations (denoting with prime). After
using (11) on (7) and time-averaging you receive:

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1

ρ

∂P

∂xi
+

∂

∂xj

[
ν
∂Ui
∂xj
− u′iu

′
j

]
+ gi, (12)

where the overbar indicates time-averaging (averaging in the sense explained above). If

the �ow is stationary, i.e. independent of time, and using Sij = 1
2

(
∂Ui

∂xj
+

∂Uj

∂xi

)
, which is

the mean strain rate tensor, (12) becomes:

ρUj
∂Ui
∂xj

=
∂

∂xj

[
−Pδij + 2µSij − ρu

′
iu
′
j

]
+ ρgi, (13)

where µ is the dynamic viscosity and δij is the Kronecker delta (δij = 0 if i 6= j and δij = 1

if i = j). Reference for full derivation of RANS: [10, p. 547�553]. The tensor ρu
′
iu
′
j is

called the Reyonolds stress tensor or turbulent stress tensor (or just Reynolds/turbulent
stresses) and makes the problem underdetermined. In order to close the problem one
needs to model the Reynolds stresses. Two di�erent approaches are used in the present
study, see sections 5.6.1 and 5.6.3.
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4.5 Turbulent boundary layer

In this section a bit of the theory of turbulent boundary layers is explained. The main
reason for this section is to give the reader a little bit of background of what y+ is and
how it is related to CFD. For now, it can be said that it is of importance when creating
the near-wall mesh (grid) in order to receive correctly calculated �ow parameters.

The concept of y+ derives from theory of wall-bounded turbulent shear �ows; where
it was found that there exists an universal nondimensional function such that:

U

u∗
= f(

yu∗
ν

) = f(y+), (14)

where U is the averaged velocity tangential to the surface, y is the distance normal to
the surface, ν is the kinematic viscosity and u∗is the friction velocity, which is de�ned as:

u∗ ≡
√
τw
ρ
, (15)

where τw is the shear stress at the wall and ρ is the �uid density.
Equation (14) is called Law of the wall, and states that the nondimensional aver-

aged velocity U/u∗ must be a universal function of the nondimensional wall distance
y+ = yu∗/ν, i.e. this behavior is found in every wall-bounded turbulent shear �ow. It
only holds in the innermost part of the boundary layer at smooth walls, where the �ow
does not get a�ected by the height of the surface roughness elements.

The equation was derived by physically considering that near the wall the velocity
pro�le only depends on parameters relevant there and not on the free stream velocity
nor boundary layer thickness. Then the velocity was expected to depend on ρ, ν, τw
and y. Furthermore, it is convenient to express equations in a nondimensional form,
then dynamic similarity may be used (ref. for dynamic similarity: [10, p. 279] ). By
expressing friction velocity u∗ in terms of the dependent variables ρ and τw, one may form
two nondimensional groups according to the Buckingham's Pi Theorem ([10, p. 285] ),
i.e. U/u∗ and yu∗/ν. These are then related as shown above.

In the layer next to the wall, viscous e�ects dominate, which is why this layer is
called the viscous sublayer. Because of the thinness of the layer, one may take the stress
uniform across the layer (and equal to the wall shear stress). Then the velocity gradient
is expressed as:

µ
dU

dy
= τw. (16)

By integrating and using the no-slip boundary condition (zero velocity at surfaces), equa-
tion (16) becomes:

U =
yτw
µ
, (17)

then noting that ν = µ/ρ, dividing by u∗ and using equation (15), this evolves to:

U

u∗
= y+, (18)

which shows that stress distribution is linear across the viscous sublayer. Experiments
have shown that this holds up to y+ ∼ 5. Now, consider the outer region of the turbulent
boundary layer, just before entering the free stream. Here, the main characteristics of
the turbulence are inviscid and because of the presence of Reynolds stresses, a drag is
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formed on the �ow, which results in a velocity defect U∞ − U , where U∞ is the free
stream velocity. By normalizing the velocity U∞ − U with the wall friction velocity u∗
the following equation is de�ned:

U − U∞
u∗

= F (
y

δ
) = F (ξ), (19)

where δ is the boundary layer thickness and ξ =
y

δ
is a nondimensional surface distance.

Equation (19) is called the velocity defect law. The layer before the region governed by the
velocity defect law is called the logarithmic layer (also called the overlap layer or inertial
sublayer), where the origin of the name will be apparent soon. The inner most region is
scaled with ν/u∗ and thus governed by y+ and the outer most region is scaled with δ and
governed by ξ. By taking the limits y+→∞ and ξ→0 simultaneously one may derive an
expression governing the logarithmic layer. This is conveniently done by matching the
velocity gradients of equations (14) and (19):

dU

dy
=
u2∗
ν

df

dy+
, (20)

dU

dy
=
u∗
δ

dF

dξ
, (21)

equating (20) and (21) and multiplying by y/u∗ you receive:

ξ
dF

dξ
= y+

df

dy+
=

1

k
, (22)

which is valid for large y+ and small ξ. The constant k has been introduced and is called
the von Karman constant. Equation (22) is equal to a constant because the left hand
side can only be a function of ξ and the right hand side can only be a function of y+ and
therefore they can only be equal to a constant, which is chosen to be the von Karman
constant. Integrating equation (22) one gets a logarithmic function, hence the name of
the layer. Using y+ as the wall distance the integrated equation becomes:

f(y+) =
U

u∗
=

1

k
lny+ +B, (23)

where B is a constant. This equation is valid for large y+ and for small ξ for the function
F . The logarithmic velocity pro�le is valid for 30 < y+, where the upper limit depends
on the Reynolds number and increases with it; but generally it is taken to be 300 for
most wall functions in CFD softwares. Wall functions are functions based on the law of
the wall and are implemented in CFD software in order to avoid resolving the complete
boundary layer, which is computationally expensive. Equation (23) is usually called the
log law and the value of the constant depends on the type of �ow and also on which
of the scaling parameters is used; one can express the equation with other parameters
than y+, for instance, for a �ow over a smooth �at plate, expressed with parameter ξ the
constant is taken to −1.0 and to 5.0 when y+ is used ([10, p. 574]). Physically, in this

region there is little dissipation or production (turbulence production P = −u′iu
′
j

∂uj
∂xi

);

the region is controlled by nonlinear inviscid processes, and that is why it is also called
the inertial sublayer. One interesting point noticed when plotting the logarithmic velocity
distribution in terms of the outer parameters ξ and (U − U∞)/u∗ is that it shows that
the log law only holds up to ξ = y/δ ∼ 0.2, i.e. to around 20 % of the total boundary
layer thickness. Figure 2 below illustrates the law of the wall; the blue line indicates the
viscous sublayer, and the red indicates the logarithmic region.
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Figure 2: Law of the wall; blue line indicates the viscous sublayer and the red line indicates
the log-law region. Source: CFD Online [1].

So far the regions y+< 5 (viscous sublayer) and 30 < y+< y+(Re) (logarithmic layer)
have been covered (also the outer region, governed by the velocity defect law), but not
the layer in between, at 5 < y+ < 30. This region is called the bu�er layer and is neither
logarithmic nor linear. Unlike the viscous and logarithmic layer, both the Reynolds and
viscous stresses are of importance here and dynamically, this region is of great importance
because the turbulence production reaches a maximum here due to the high velocity
gradients [10, p. 570�575].

In CFD the wall y+, as it is commonly known in most softwares, is the thickness
of the �rst mesh cell in the wall normal direction, and depending on choice of method,
it needs to be within a speci�c range in order to receive a correctly calculated velocity
distribution within the boundary layer. The wall y+ is used to check if the mesh near
the wall is constructed in a correct way. Wall functions are usually created in such way
that the �rst wall cell must lie within the log law layer (logarithmic layer) in order to
function properly. Meshes which use wall functions are usually coarse and the advantage
with this approach is the cost; it takes less time and computer resources but may not
give as accurate results as when resolving the entire boundary layer. In such �ne meshes,
where the entire boundary layer is resolved (no wall functions are used), the �rst wall
cell should normally lie around y+ ∼ 1. As seen, the choice of y+ depends on the method
adopted and one should refer to the CFD software's help section in order to correctly
build a mesh.

5 Method

5.1 Overview of the procedure

In the present work, large computational domains are created (mesh sizes around 90− 190
million cells) and simulated using large parallel computer clusters. Therefore, no Graphi-
cal User Interface (GUI) can be used in the post-processing part, since the local computer
is too weak to handle such large �les. Instead, Java scripts are used to process the data.
Not only in the post-process, where the computational power matters considerably, but
also throughout the whole procedure. This facilitates and accelerates the whole procedure.

When creating a simulation case a Java macro is run in STAR-CCM+. Then the
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macro sets up the whole pre-processing part by reading settings from an excel �le. The
con�guration in the directory where the pre-process is made, is required to have a certain
structure in order for the macro to �nd all �les it needs (such as CAD �les). The next
step is meshing, which is done on the cluster Ellen (see Section 5.2.3) in a serial manner.
After that, it is time to run the simulation and this is done in a parallel manner on the
cluster Lindgren (see Section 5.2.2). Sometimes, modi�cations must be done in order to
record some data required before running the simulation, such as the force coe�cients for
the second and third truck. These are not created through the excel �le and must be set
up before the simulation is started, otherwise no results are created. After the simulation
is done it is time for extraction of plots, data and graphics, where the Java scripts come
into play again. In short the procedure is:

� Creating simulation case with Java macro reading from an excel �le

� Meshing on Ellen in serial

� Con�guring additional probes, if necessary

� Running simulation in parallel on Lindgren

� Obtaining results using macros

5.2 Computer resources

Two computer clusters were used in the present study, one for simulations and one for
meshing, data extraction and other macro operations. All other operations were done on
the local computer.

5.2.1 Local computer

The local computer consists of 8 2.67 GHz Intel Core i7 CPU cores, equipped with 24
GB memory and additional 24 GB of swap memory. It is used for everything except
large operations such as meshing, running simulations and performing macro operations
on simulation �les which require large amount of memory.

5.2.2 Lindgren

The computer cluster Lindgren is a Cray XE6 system, based on AMD Opteron 12-core
�Magny-Cours� processors (2.1GHz) and Cray Gemini interconnect technology. It was
designed to run large parallel jobs with an usage average of at least 512 cores. Lindgren
was used for running all simulations in the present work.

It was named after the Swedish children author Astrid Lindgren and it is worth noting
that Lindgren was ranked 31st place among the 500 most powerful computer in the world
in June 2011, when the computer was inaugurated (see http://www.top500.org/).

5.2.3 Ellen

Ellen is a shared-memory multiprocessing system (SMP) named after Ellen Key, a Swedish
19th century author. It consists of 32 Intel Xeon cores with 2.31 GHz and a total main
memory of 1TB. In the present study, it was used for meshing, performing macros; for
instance, adding plots/monitors for force coe�cients, creating and extracting graphics,
data and performing other operations.
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5.3 Software

STAR-CCM+ version 8.02.008 is used in the present work. It is a CFD software made by
CD-adapco and is based on the �nite volume method (FVM). It includes all the aspects
of the CFD process; CAD creation, meshing, solving and post-processing.

5.4 Investigated cases

In Table 1 all investigated cases are shown except for the reference cases for each tur-
bulence model, namely two simulations. The �x� indicated conducted simulation and �-�
means the opposite. It should be noted that during this Master Thesis several versions
of the computational settings were used, which lead to more simulations than presented
in the work. Some of the early versions resulted in de�ciencies as wrong wheel rotation
or no rotation at all. The reason for the de�ciencies are Java code related, which is out
of my knowledge.

Turbulence model: RANS DES
No. of trucks in platoon:

2 3 2
Separation distance [m]

5 x x x
6 x - -
8 x - -
9 x - -
10 x x x
11 x - -
15 x x -
19 x - -
20 - x x
21 x - -
25 x x -
50 x x x
70 x x -

Table 1: Investigated cases.

5.5 Computational setup

5.5.1 Truck geometry

The CAD geometry is created in the software ANSA, which is a computer-aided engi-
neering (CAE) tool for Finite Element (FE) and CFD analysis, developed by BETA CAE
Systems S.A., Greece. One unique feature with ANSA is that it always keeps the relations
between CAD geometry and mesh. Then if changes are made in only some parts of the
CAD geometry, the mesh is updated in those parts, instead of creating the whole mesh
from scratch, which is the common procedure of similar software. ANSA is widely used
in the automotive industry and the abbreviation stands for Automatic Net generation for
Structural Analysis.

In the present work, ANSA is not directly used, only the �nal surface representation is
exported. Since no exact measurements are given, the following dimensions are obtained
by the measuring tool in STAR-CCM+. It should be noted that the engine room is
asymmetric.
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Figure 3: Truck dimensions.

5.5.2 Computational domain

The computational domain is 30 m in width, approximately 19.6 m in height and 220
m in length with a coordinate system positioned 40 m from the inlet boundary below
ground level. The �rst truck is positioned 0.5 m in front of it, see Figure 4.

Figure 4: Computational domain.

There are 16 mesh re�nement boxes in the vicinity of the truck in order to resolve
the most important �ow structures, as depicted in Figure 5. In this way one may locally
control the mesh after demands.
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Figure 5: Re�nement boxes.

The domain should be created in such way that the imposed boundary conditions
should not disturb the �ow �eld around the vehicles. Otherwise one may receive unrealis-
tic �ow conditions, and therefore erroneously calculated �ow parameters. Also, numerical
instability may occur. Therefore, the in and outlets should be extended far enough from
the vehicle(s) to have no in�uence on the �ow �eld. In literature, the recommended
lengths between the inlet and outlet boundaries and the object vary, which really is a
question about the structure of the �ow �eld. Two sources using two types of generic
trucks, the recommendation is to set the inlet and outlet boundaries from 15w to 18w and
25w to 40w from the truck(s), respectively, where the w is the width of the vehicle [8, 21].
In the present study, when only considering the case for a single truck, the inlet and outlet
boundaries are set approximately to 17w and 72w from the vehicle, respectively. With a
second truck with 70 m from the �rst, the outlet is approximately 33w from the last truck,
which is enough according to the recommendations. For a case with three trucks with 50
m distance apart, the outlet is approximately 13w from the last truck, which is smaller
than the recommendations in literature, but the domain length was kept for economical
reasons. However, later on, after the 50 m case was done, there was a change of plans
and a simulation with 70 m separation distance was conducted. For this simulation, a
domain length of 220 m would not su�ce and therefore the domain was extended to 290
m, 70 m longer than the original domain length, giving a 26w distance from the last truck
to the outlet boundary. With this said, one should be aware that the reliability of the 50
m case for the 3-truck platoon is not as good as the other cases.

5.5.3 Boundary conditions

Figure 6 shows the boundary names and Table 2 the boundary conditions (BC) for the
computational domain. Wall type boundary means that the no-slip condition applies (zero
velocity). The ground is moving with the same velocity as the incoming �uid �ow in order
to imitate real �ow conditions. Using symmetry BC for the top and side walls allows the
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�ow not to be a�ected as it would if they were of the type wall BC. This is important in
order to replicate realistic �ow conditions. The ground in front of the truck(s) has also
the symmetry BC in order to prevent boundary layer growth, this corresponds to a slip
surface, where there is no shear stress. Setting a velocity inlet and pressure outlet is a
numerically stable con�guration which prevents back�ow and a diverging solution. This
is a common setup for incompressible �ow simulations.

Figure 6: Boundary names.

Almost all truck surfaces are wall type boundaries. The exception is the Charge Air
Cooler (CAC) and Radiator (RAD), see Figure 7, which are porous type boundaries.
Also, the wheels have a rotating BC which is consistent with the moving ground velocity
(no slipping).

Boundary Type Value
Inlet Velocity 25 m/s
Outlet Pressure 0 Pa (gauge)
Sides Symmetry -
Top Symmetry -

Ground (front) Symmetry -
Ground (back) Moving wall 25 m/s
Truck surfaces Wall -
Chassis wheels Rotating wall 50.3 rad/s
Trailer wheels Rotating wall 51.28 rad/s

CAC Porous -
RAD Porous -

Table 2: Boundary conditions.
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Figure 7: Porous boundaries. These are the charge air cooler and radiator.

5.5.4 Solver type

An Algebraic Multigrid (AMG) linear segregated solver is used for the �ow parameters,
i.e. velocity and pressure. With a segregated solver the equations for each parameter
are solved uncoupled, in contrast to the coupled solver, where the conservation equations
for mass and momentum are solved simultaneously with a time or pseudo-time approach.
The segregated solver lets mass and momentum iterate independently with a predictor-
corrector linkage approach combined with the SIMPLE algorithm for solution update.

The velocity solver solves the discretized momentum equation to receive an inter-
mediate velocity �eld. Within the solver settings, the under-relaxation factor can be
controlled as well as algebraic multigrid parameters. An under-relaxation factor is a pa-
rameter which controls how large portion of the old solution should be used in the next
iteration. It ranges from > 0 to 1, where if set to 1, there is no usage of the old solution and
only the newly computed solution is used. This means that with larger under-relaxation
factors the solution changes more between iterations and thus, the solution converges
faster (if not divergence occurs). However, sometimes numerical instability occurs and
under-relaxation factors are introduced to stabilize the solution.

The pressure solver solves the pressure correction equation and updates the pressure
�eld. As with the velocity solver, the under-relaxation factor and algebraic multigrid
parameters can be set [2, p. 2569, 2623, 2630�2631].

5.5.5 Stopping criteria and temporal speci�cation

The nature of the �ow �eld is unsteady and thus, there will be �uctuations in the force
coe�cients. In order to receive a statistical correct value, there must be su�ciently many
data points to average over. For the RANS approach 7000 iterations are run and the last
5000 data points are used to calculate a mean value, which is su�ciently many data points
to get a representative value of the main resistance on the truck. Since the calculations
are of an iterative nature, the 2000 �rst iterations are excluded to avoid the transients,
which would contribute to a false result.
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In the time-dependent analysis an implicit solver is used with second order accuracy
for the temporal calculation. The time step must be chosen such that the length scales
of the turbulence are captured, but �rst the grid size needs to be �ne enough to be able
to resolve these scales. In turbulent �ows there is a large spectrum of length scales,
ranging from the Kolmogorov scale to the large eddies, which are around the same size
as the length scale of the problem, for instance, the diameter of the pipe in pipe �ow
or the width of the truck. Depending on the �ow �eld characteristics and the purpose
of the simulation, a su�ciently �ne length scale may be chosen to receive su�ciently
accurate results. In the present study, the main resistance on the vehicle is of interest
and resolving very small length scales have been proven redundant for these kind of �ow
types. In aerodynamics the large eddies are usually resolved for drag calculations [2, p.
5796].

The time step is calculated using the cell sizes in the wake and the convective speed.
In the wake, the cell size lc range from 20 to 80 mm and the convective speed UC is 25
m/s, and thus, the time step ∆t is:

∆tmin =
lc,20mm
UC

= 8.0 · 10−4 s,

∆tmax =
lc,80mm
UC

= 3.2 · 10−3 s,
(24)

where the time step ∆t = 10−3 s has been chosen to be su�ciently small for the purpose
of the present study. In the STAR-CCM+ user guide v. 8.02, p. 5796, the time step for
drag calculations are recommended to be calculated according to:

∆t =
Vehicle length

100 ·Vehicle speed
=

16.3m

100 · 25m/s
= 6.52 · 10−3 s. (25)

However, the cell size is not taken into account and thus, the time step is calculated ac-
cording to Equation 24. When conducting unsteady simulations, the steady-state RANS
solution is used as initial �ow �eld in order to achieve a converging solution. Since un-
steady simulations are more sensitive to initial conditions, starting from constant �ow
parameters � as done with the RANS method � would most probably not give any
converging solution in the present case. Even if it did, initiating with a steady �ow �eld
reduces the run time.

All unsteady simulations are run for 6 s except for two cases, which is 30000 iterations;
�ve inner iterations at every time step to converge the solution for that given instant of
time. The cases which were run less than 6 s su�ered from convergence problems and were
run for 5 and 5.448 s. However, it was found that the number of iterations were su�cient
to calculate a statistically correct drag coe�cient. This is case dependent, some cases
need more solution history in order to receive a statistically correct value. The number
of inner iterations is not crucial for the overall drag calculation and choosing fewer just
decrease the turnaround time, but there must be convergence at every time step [2, p.
5796]. The force coe�cients are averaged over the last 4 s, where the 2 �rst seconds are
omitted to avoid the transients in the beginning.

5.5.6 Mesh generation

The same mesh settings are used for both modeling approaches since it is su�ciently
dense and structured to be able to be used with a DES approach, which will be explained
in section 5.6.3. The mesh consists mainly of hexahedral cells, with prismatic cells at
surfaces, such as the truck surfaces and the ground. As mentioned, there are 16 re�nement
boxes close to the truck surfaces where cells are smaller, growing larger towards the free
stream, see Figure 8. Using larger cells far away from the truck and smaller at high
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gradient areas is common practice in the CFD community. The reason for doing so is to
save computational resources. It is unnecessary to have a high grid density in the free
stream, since there are no or small gradients there, and therefore the �ow �eld can be
captured correctly with a coarser mesh. On the contrary, in the vicinity of the truck and
also in the wake areas, where vorticity and large gradients exist, there is a need for a high
grid density in order to correctly capture the �ow structures.

Figure 8: Mesh at right front part of the truck.

Figure 9 shows a global view and a close up of the mesh, here one may observe the
high grid density on the truck surface and larger cells in the far �eld.
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Figure 9: Global and local view of mesh.

The size of the mesh highly depends on the case. For the single truck case, the mesh
consists of 86 105 885 cells and 89 466 044 vertices. As mentioned, at the surfaces there
are a number of prismatic layers for the purpose of correctly capturing the boundary layer
�ow using either wall functions or resolving the entire layer with the turbulent model, see
Section 5.6.4. In the current model, the number of layers depends on location ranging
from one to eight with a total layer thickness ranging from 2 to 60 mm and with a �rst
prismatic layer thickness ranging from 0.1 to 10 mm growing larger further away from
the wall, see Figure 8.

In Table 3 the number of cells in every mesh is shown, varying between 86.1 and 191.6
million cells.

Relative distance [m] RANS DES
- Reference 2 Trucks 3 Trucks Reference 2 Trucks
- 86 105 885 - - 96 205 313 -
5 - 155 517 929 188 075 578 - 190 433 719
6 - 155 596 593 - - -
8 - 155 674 769 - - -
9 - 155 644 849 - - -
10 - 155 949 856 188 400 900 - 190 916 424
11 - 155 919 848 - - -
15 - 156 102 939 188 686 614 - -
19 - 156 285 438 - - -
20 - - 189 051 580 - 191 274 493
21 - 156 546 884 - - -
25 - 156 674 617 189 259 380 - -
50 - 157 706 538 189 367 150 - 191 563 993
70 - 157 815 378 189 628 744 - -

Table 3: Mesh sizes for every simulation shown in number of cells.

5.5.7 Mesh quality

The mesh has a great impact on the solution and must be carefully constructed if one
strives to receive accurate results. In many �ow simulations, a poorly constructed mesh
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is mainly the cause of divergence. STAR-CCM+ has several tools to detect bad quality
cells. Skewness angle (interior and boundary), face validity and volume change metric
are the measures taken into account in this study. Skewness angle θ shows the angle
between the face area vector, a, and the vector connecting the two cell centroids, ds, see
Figure 10. The purpose of the skewness angle measure is to show if di�usion of quantities
are permitted through one cell to another without these quantities becoming unbounded.
For a perfect orthogonal mesh the skewness angle is 0°, and for angles of 90° or greater
could lead to convergence problem. This is because the di�usion term has a denominator
which will become zero when the angle is 90°. However, STAR-CCM+ can handle such
cases, but the accuracy of the di�usion calculation and the robustness of the numerical
calculation will be negatively a�ected. Angles over 85° are recommended to be avoided
in order to reduce the impact on the robustness [2, p. 2093�2094].

Figure 10: Two neighbor cells. Skewness angle θ, face area vector a and the vector
connecting the two cell centroids, ds. Source: STAR-CCM+ User guide [2, p. 2093].

The boundary skewness angle is the same as the interior skewness angle explained
above, but at interfaces, see Figure 11. Instead of measuring the angle between the
vector connecting two cell centroids, ds, and the face area vector, a, the angle between
the vector connecting the cell centroid with the face centroid, and the face area vector, a,
is measured. This value is as important as the interior skewness angle except when using
wall functions in turbulent �ows. Because then, a di�erent formulation for the di�usion
term is used, which is not as critical as the aforementioned at angles of 90° or greater. In
the present study, a two-layer approach is used for the wall treatment (see section 5.6.4),
which, depending on the y+ value, may or may not use wall functions [2, p. 2094].
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Figure 11: Boundary skewness angle. Source: STAR-CCM+ User guide [2, p. 2094].

Table 4 shows statistics of the skewness angle for the mesh of an isolated truck; for
both the interior and the boundaries. There is a maximum skewness angle of 165.36°
and 8911 cells have a larger value than 85°, which comprise 0.01 % of the total cell count
(total cell count: 86 105 885 cells). Since there are very few cells, compared to the total
cell count, which have larger value than 85°, the in�uence on the numerical robustness,
accuracy of the di�usion calculation and convergence capability is small.

Maximum Cells > 85° Percentage of total cell count
Skewness angle 165.36° 8911 0.01 %

Table 4: Statistics of skewness angle for the mesh of an isolated truck.

Face validity is a measure which re�ects how well the faces of a cell are orientated
relative to their cell centroid, see Figure 12. If the cell face normals are pointed outwards,
the face validity is 1, which is the desired value. Between 1 and 0.5, some of the face
normals are pointed inwards towards the cell centroid. A value below 0.5 indicates a
negative cell volume [2, p. 2096�2097].
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Figure 12: Illustration of good and bad face validity. Source: STAR-CCM+ User guide
[2, p. 2096].

Table 5 shows the face validity for the mesh of an isolated truck. The face validity is
very good, where the majority of the cells have a face validity of 1. Only 219 cells have a
smaller value, which comprise only 2.54 · 10−4 % of the total cell count, with a minimum
value of 0.9872. For hexahedral dominant meshes, the face validity is usually excellent.

Minimum Cells = 1.0 0.95 ≤ Cells< 1.00
Face validity 0.9872 86 105 666 219

Percentage of total cell count - 99.99 % 2.54 · 10−4 %

Table 5: Face validity for the mesh of an isolated truck.

Volume change metric shows the ratio of the volume of a cell to its largest neighbor,
see Figure 13. A value of 1 indicates an equally large or larger cell compared to the
largest neighbor. Drastic change in cell volume could lead to numerical instability and
inaccuracy. It is recommended to change cells which have values of 1 · 10−5 or below [2,
p. 2098].

22



Figure 13: Illustration of good and bad volume change metric. Source: STAR-CCM+
User guide [2, p. 2098].

Table 6 shows the volume change metric for the mesh of an isolated truck. The
minimum value is 1.26 · 10−5 and 98.973 % of the cells have a value between 1.00 and
0.1. No cell is below or equal to the critical value (1 · 10−5); the mesh is approved in this
aspect.

Volume change No. of cells Percentage of total cell count

1 · 10−1 ≤ Cells ≤ 1.00 85 221 414 98.973 %

1 · 10−2 ≤ Cells < 1 · 10−1 856 866 0.995 %

1 · 10−3 ≤ Cells < 1 · 10−2 27 241 0.032 %

1 · 10−4 ≤ Cells < 1 · 10−3 350 4.06 · 10−4 %

1 · 10−5 ≤ Cells < 1 · 10−4 14 1.63 · 10−5 %

Table 6: Volume change for the mesh of an isolated truck.

The overall mesh quality is fairly good; the skewness may be improved, but since there
were quite a few cells compared to the whole cell count which had high skewness angle,
the in�uence will not be great. The mesh settings are identical for the multiple truck
cases and therefore the mesh quality will be approximately the same.

5.5.8 Mesh independence study

In order to have con�dence in the obtained results, one must check how the mesh in�uences
the solution. One aspect is the grid density. How �ne grid is needed in order to receive
results which one could rely on? A common practice in CFD is to conduct a mesh
independence study. The purpose is to investigate how large mesh size is needed to receive
a mesh independent solution. For instance, for a coarse mesh, all the small �ow structures
may not be resolved. As the cell density increases, more and more �ow structures are
resolved; the solution is changing with increasing number of cells. At what point does it
not change anymore?

The procedure is simple; a number of di�erent mesh sizes are used to calculate the
drag coe�cient. Then the coe�cient is plotted against the mesh size. At the mesh level
where the solution has stopped changing is the optimal one. To increase the mesh size
beyond this value is unnecessary since the same results will be obtained. Seven meshes
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have been used ranging from approximately 11.5 to 215.3 Millions cells, see Table 7. The
changes are made near surfaces, where the grid density matters signi�cantly. It is done
by changing the size of the �rst surface cell and the number of prismatic layers and for
the most coarsest meshes even the overall grid size is increased. Every case is run for
1500 iterations and the drag coe�cient is averaged over 1000 iterations.

Mesh No. of cells
1 11 459 209
2 34 198 913
3 97 466 358
4 108 876 427
5 126 449 028
6 131 793 050
7 215 287 786

Table 7: Meshes used in the mesh independence study.

Figure 14 shows the trend of the drag coe�cient for di�erent mesh sizes. Relative to
the largest grid, the percentage di�erence for Mesh 1 (coarsest) is 12.3 % and for Mesh 6,
0.77 % (second �nest). For this study, a grid density corresponding to Mesh 3 was found
su�cient, with a 1.4 % di�erence relative to the �nest grid. It is also a question about
computational resources. The study was conducted with a single truck and because the
majority of the cells are in the vicinity of the truck(s), the mesh size will increase almost
linearly with increasing number of trucks. In order to constrain the mesh size under 300
Million cells (for three trucks), Mesh 3 was chosen; it is a good compromise between cost
and accuracy.
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Figure 14: Mesh convergence; average CD plotted against mesh size.

5.6 Modeling approaches

Two turbulent models are used in the present study; a time dependent and a time inde-
pendent. The time independent (steady-state) model is an incompressible, Reynolds�
Averaged Navier�Stokes (RANS) model with the k − ε realizable two-layer approach
[18, 15]. For unsteady calculations the Menter's Shear Stress Transport (SST) k − ω
Detached Eddy Simulation (DES) model is used [20, 12]. In both approaches the all y+

wall formulation is selected.

5.6.1 Turbulence model: k − ε realizable

The time independent turbulence model used in the present work is the k − ε realizable
two-layer turbulence model with a two-layer all y+ wall treatment. The model k − ε is a
semi-empirical two-equation model which solves the transport equations for the turbulent
kinetic energy k and the turbulent dissipation rate ε. The Reynolds stresses are modeled
with the Boussinesq's concept of turbulent viscosity. It was proposed that the momentum
transfer caused by turbulent eddies could be modeled with a turbulent viscosity µt, or
also known as eddy viscosity. A linear relationship between the turbulent stresses and
the trace-less mean strain rate tensor was suggested, which is in analogy with how the
momentum is transferred by molecular motion with a molecular viscosity µ (dynamic
viscosity). The trace-less mean strain rate tensor represents the shearing deformation
without any change in volume. Boussinesq's assumption of eddy viscosity is often called
Boussinesq hypothesis or Boussinesq approximation and it is de�ned as:

− ρu′iu
′
j = µt

(
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂uk
∂xk

δij

)
− 2

3
ρkδij , (26)
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Note that u is the mean velocity here (denoted as U in Section 4.4), not the instantaneous
[1, Wiki section: "Boussinesq eddy viscosity assumption"].

The k − ε models are one of the most frequently used group of models within engi-
neering applications and there are several improved versions of the standard one, and
still development is under progress of improving k − ε and other two-equation models.
One of these is the realizable k − ε model [18]. The problem with the standard model is
that it shows unrealistic behavior for the shear stresses in rapidly sheared �ows due to
a constant Cµ. To overcome this, the realizable model de�nes Cµ as a function of mean
�ow and turbulence properties, which makes it more consistent with reality, hence the
name realizable. Also, the realizable approach adopted a new transport equation for the
turbulent dissipation rate ε. The transport equations for the realizable k − ε model as
implemented in STAR-CCM+ are:

∂

∂t
(ρk) +

∂

∂xj
(ρkuj) =

∂

∂xj

[(
µ+

µt
σk

)
∂k

∂xj

]
+ Pk + Pb − ρε− ρYM + Sk, (27)

∂

∂t
(ρε) +

∂

∂xj
(ρεuj) =

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
+ ρC1εS− ρC2

ε2

k +
√
νε

+C1ε
ε

k
C3εPb +Sε,

(28)

C1 = max

[
0.43,

η

η + 5

]
, η = S

k

ε
, S =

√
2SijSij ,

where 
k =

u
′
iu
′
i

2 ,

µt = ρCµ
k2

ε ,

YM = CMkε
c2 ,

Sij = 1
2

(
∂ui

∂xj
+

∂uj

∂xi

)
,

(29)

and where c is the speed of sound, CM = 2 is the Sarkar coe�cient, Sij is the mean strain
rate tensor and YM represents the contribution of �uctuating dilation in compressible
turbulence to the overall dissipation rate. The terms Sk and Sε are user-speci�ed source
terms and C3ε is de�ned di�erently depending on the problem, in the present study it is
de�ned as:

C3ε =

{
1 for Pb ≥ 0,

0 for Pb < 0.
(30)

In the standard model Cµ is a constant but in the realizable it is de�ned as:

Cµ =
1

A0 +As
kU∗

ε

, (31)

where A0 = 4.04 and As =
√

6 cos(φ); φ = 1
3 cos−1(

√
6W ),W =

SijSjkSki

S̃3
, S̃ =

√
SijSij .

The variable U∗ is de�ned as:

U∗ ≡
√
SijSij + Ω̃ijΩ̃ij , Ω̃ij = Ωij − 2εijkωk, Ωij = Ωij − εijkωk, (32)

where Ωij is the mean rate of rotation tensor viewed in a rotating reference frame with
angular velocity ωk and εijk is the Levi�Civita symbol.
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The variables Pk and Pb are the production terms which represents generation of tur-
bulent kinetic energy due to the mean velocity gradients and buoyancy, respectively.
They are de�ned as: {

Pk = −ρu′iu
′
j
∂uj

∂xi
,

Pb = βgi
µt

Prt
∂T
∂xi

,
(33)

where β = −1

ρ

(
∂ρ

∂T

)
p

is the thermal expansion and Prt the turbulent Prandlt number,

default set to 0.85, gi is the gravitational vector and T is the temperature.
The model constants are: 

C1ε = 1.44,

C2 = 1.9,

σk = 1.0,

σε = 1.2,

(34)

which have been re�ned over several years to agree with the physics of several �ow situ-
ations [2, 3045�3053][1, Wiki section].

5.6.2 Two-layer approach for k − ε realizable

A two-layer approach is used for the k − ε turbulent model, which means that the compu-
tational domain is divided into two layers: one next to the wall and one in the remaining
outer region. In layer next to the wall, the turbulent dissipation rate ε and turbulent
viscosity µt are functions of the wall distance and are smoothly blended with the values
of the solution from the outer region. The turbulent kinetic energy k is calculated in the
same way in the two layers [2, p. 3007�3008].

5.6.3 Turbulent model: SST Menter k − ω Detached Eddy Simulation

In the unsteady approach the Menter's Shear Stress Transport (SST) k − ω Detached
Eddy Simulation (DES) is used. It combines two methods; the RANS based Menter's
SST k − ω formulation and the Large Eddy Simulation (LES) formulation. The equations
solved with the LES method are derived using a �ltering process instead of an averaging
process. These equations can be rearranged to look exactly like the unsteady RANS
equations. In this manner, the two formulations can be combined. With the LES approach
the large scales of the turbulence are solved for while the small scales are modeled using
a subgrid scale model, which also uses the Boussinesq approximation (see equation (26))
for the turbulent stress tensor to close the problem. In this way, the error introduced by
the turbulence modeling assumptions is not as consequential.

LES is very computationally expensive, in particular when resolving thin boundary
layers, and needs a very �ne uniform grid in order to work. With the DES approach, one
saves computational cost, since the cheap RANS approach is used to solve for boundary
layers and the LES approach only for unsteady separated regions, as the wake formed
behind the truck in the present study. Depending on the grid size the solver switches
between the methods. If the grid size is small enough the LES approach is activated.
First, the SST Menterk − ω model will be explained followed by the DES approach of it.

Menter 's SST k − ω model [14] is a two-equation model which solves the transport
equations for the turbulent kinetic energy k and the speci�c dissipation rate ω, which can
be related to the k − ε model as ω ∼ ε/k. Menter's version of the k − ω solves the issue
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with the original form [23], which is that boundary layer computations are sensitive to the
value of the speci�c dissipation rate ω in the free stream, which becomes even a greater
problem for the inlet boundary condition for internal �ows. This sensitivity is not found
in the k − ε model and by transforming the ε equation to an ω equation by variable
substitution the problem vanished. The result was an equation similar to the original
k − ω, but with an additional term; the cross-di�usion term (the last term on the r.h.s.
in equation (36)). With the new term the SST gives identical results to the k − ε model,
but not everywhere, since there is a blending function in the formulation which makes
the model behave as a k − ω in the near-wall region and as a k − ε in the far �eld. The
advantages with all k − ω models over k − ε ones are improved performance for boundary
layers under adverse pressure gradients, applicability to the whole boundary layer without
any modi�cations (no need for wall functions) and when resolving the whole boundary
layer, there is no requirement to compute the wall distance. Menter combined the best
out of two worlds. However, there are arguments that the blending function crossover
location is arbitrary and could negatively a�ect the capturing of important turbulence
features [2, p. 2944�2945, 2955, 3073�3074, 3077�3078].

In the following, the implementation of the transport equations in STAR-CCM+ is
described, which slightly deviates from the original Menter formulation:

∂

∂t
(ρk) +

∂

∂xj
(ρkuj) =

∂

∂xj

[
(µ+ σkµt)

∂k

∂xj

]
+ γeffPk − γ

′
ρβ∗fβ∗ (ωk − ω0k0) + Sk,

(35)

∂

∂t
(ρω) +

∂

∂xj
(ρωuj) =

∂

∂xj

[
(µ+ σωµt)

∂ω

∂xj

]
+ Pω − ρβfβ(ω2 − ω2

0) + 2(1− F1)ρσω2
1

ω

∂k

∂xi

∂ω

∂xi
,

(36)
where u is the mean velocity, ν the kinematic viscosity, S is the modulus of the mean
strain rate tensor, Sk and Sω are user-speci�ed source terms, k0 and ω0 are ambient
turbulence values in the source terms that counteract turbulence decay. The variable
γeff is the e�ective intermittency provided by the Gamma ReTheta Transition model

[11, 13] and γ
′
is de�ned as:

γ
′

= min [max(γeff , 0.1), 1]. (37)

The function fβ is used to overcome the round-jet/plane-jet anomaly [23] and is de�ned
as:

fβ =
1 + 70χω
1 + 80χω

, (38)

where:

χω =
(W ·W) : S

(β∗ω)
3 , (39)

where W is the mean rotation rate tensor, which is de�ned as:

W = Wij =
1

2

(
∂ui
∂xj
− ∂uj
∂xi

)
. (40)

If no vortex-stretching modi�cation is needed, fβ is set to unity. The function fβ∗ is used
to ameliorate the dependence of the model on the free stream boundary conditions and
is set to unity if not required. It is de�ned as:
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fβ∗ =

{
1 for χk ≤ 0,
1+680χ2

k

1+400χ2
k

for χk > 0,
(41)

where χk is de�ned as:

χk =
1

ω3

∂k

∂xi

∂ω

∂xi
. (42)

The eddy viscosity, µt is de�ned as:

µt = ρk ·min

(
1

max(ω/α∗, (SF2/a1))
,
CT√
3S

)
. (43)

With two-equation models, an unrealistic growth of turbulent kinetic energy in stagnation
point �ows have been observed. The realizability option prevents this de�ciency. The
coe�cient CT is the realizable time scale coe�cient and has a default value of 0.6 and a1
is a constant with the value 0.31. F1 and F2 are de�ned as:

F1 = tanh


{

min

[
max

( √
k

0.09ωy
,

500ν

y2ω

)
,

2k

CDkωy2

]}4
, (44)

F2 = tanh


(

max

(
2
√
k

β∗ωy
,

500ν

y2ω

))2
 , (45)

where y is the distance from the �eld point to the nearest wall and CDkω is related to
the cross-di�usion term. It is de�ned as:

CDkω = max

(
1

ω

∂k

∂xi

∂ω

∂xi
, 10−20

)
. (46)

The production terms Pk and Pω are de�ned as:

Pk = µtfCS
2 − 2

3
ρk∇ · u− 2

3
µt (∇ · u)

2
, (47)

Pω = ργ

(
S2 − 2

3
(∇ · u)

2 − 2

3
ω∇ · u

)
, (48)

where fC is related to the curvature correction and u is the velocity vector. The model co-
e�cients are calculated using the blending function F1. For a coe�cient φ, it is calculated
by:

φ = F1φ1 + (1− F1)φ2. (49)

For set 1 the coe�cients are:
β1 = 0.075,

σk1 = 0.85,

σω1 = 0.5,

γ1 = β1

β∗ − σω1
κ2
√
β∗
≈ 0.55.

(50)

For set 2 the coe�cients are:
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β2 = 0.0828,

σk2 = 1.0,

σω2 = 0.856,

γ2 = β2

β∗ − σω2
κ2
√
β∗
≈ 0.44.

(51)

In both groups β∗ = 0.09, α∗ = 1 and κ = 0.41 [2, p. 3092�3093, 3099�3107][1, Wiki
section].

There are two formulation options for the DES approach of the SST Menter's k − ω,
namely, the DDES [12] and the IDDES [19]. The default approach is the IDDES method,
which is used in the present study. However, both methods will be explained.

In the DDES method, the dissipation term in the transport equation for k is modi�ed
to:

Dk = ρβ∗fβ∗kωφ, (52)

where φ controls whether RANS or LES will be used. It is de�ned as:

φ = max

[
lt

Cdes∆
F, 1

]
, (53)

F = 1− F2, (54)

lt =

√
k

β∗ω
. (55)

This implies that:

φ =

{
1 if lt < Cdes∆↔ RANS mode,

> 1 if lt > Cdes∆↔ LES mode.
(56)

The variable ∆ is the largest distance from the cell center under consideration to the
neighboring cells' centers, and the model constant Cdes is de�ned as:

Cdes = Cdes,k−ωF1 + Cdes,k−ε(1− F1), (57)

where Cdes,k−ω and Cdes,k−ε are independent calibration model constants obtained from
the two subsections in the SST formulation.

In the IDDES formulation the dissipation term is de�ned as:

Dk =
ρk3/2

lHYBRID
, (58)

lHYBRID = fd(1 + fe)lt + (1− fd)Cdes∆IDDES, (59)

where

∆IDDES = min [max (0.15d, 0.15∆, ∆min) , ∆], (60)

where d is the distance from the �eld point to the nearest wall and ∆min is the smallest
distance between the cell center under consideration to the cell centers of the neighboring
cells.

With the IDDES formulation, there are additional functions added to the length scale
calculation in order to use a Wall�Modeled LES (WMLES) method. These functions are
the blending function fB and the �elevating� function fe:
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fB = min
[
2 exp(−9α2), 1.0

]
,

α = 0.25− d

∆
,

(61)

fe = max [(fe1 − 1), 0] Ψfe2, (62)

where Ψ is an empirical correction function. Functions fe1 and fe2 are de�ned as:

fe1 =

{
2 exp(−11.09α2) ifα ≥ 0,

2 exp(−9.0α2) ifα < 0,
(63)

fe2 = 1.0−max(ft, fl), (64)

where ft and fl are de�ned as:

ft = tanh
[(
C2
t rdt

)3]
, (65)

fl = tanh
[(
C2
l rdl

)10]
, (66)

where Ct and Cl are model constants, with default values of 1.87 and 5.0, respectively.
rdt and rdl are de�ned as:

rdt =
νT√

∇ū : ∇ūTκ2d2
, (67)

rdl =
ν√

∇ū : ∇ūTκ2d2
. (68)

The subscripts l and t stand for laminar and turbulent, respectively and ū is the velocity
vector, ∇ is the gradient operator and the : is the inner double dot product. The function
fd used in equation 59 is de�ned as:

fd = max [(1− fdt) , fB ], (69)

fdt = 1− tanh
[
(8rdt)

3
]
, (70)

[2, p. 3107�3109].

5.6.4 Two-layer all y+ approach

If one likes to know where the concept of y+ derives from, one is advised to read the
section 4.5. Here, the two-layer all y+ approach will be explained.

The two-layer all y+ approach combines the two wall treatment methods used for
low-Re and wall function meshes. Depending on the y+ value, there is a switch between
the two wall treatments. For low-Re meshes, the near wall cell lies within the viscous
sublayer (y+ < 5) (see Section 4.5), which means that there is a small distance between
the near wall cell and the wall, with y+ values around ∼ 1. No wall functions are used
and the whole boundary layer is resolved.

For wall function meshes, the near wall cell lies within the log-law layer, which ranges
from y+ > 30 to a value dependent on the Reynolds number. This makes the mesh coarser
in the boundary layer and the simulation computationally cheaper, since there is no need
for resolving the whole boundary layer. In between the validity of these two methods,
where 5 < y+ < 30 (bu�er layer), the two-layer all y+ approach gives reasonable results
[2, p. 3132].
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With any of the two methods (for low-Re and wall functions meshes) one may receive
erroneous results if the y+ falls out from the valid range. Unlike these, the approach
adopted here is not as strict; there is room for variation of y+. This facilitates the
whole meshing procedure. One should still be cautious when constructing the mesh. A
well-constructed boundary layer mesh should have su�ciently many prismatic layers to
capture �ow changes and a well-chosen growth rate such that the last cell is approximately
the size of the cells next to the boundary layer.

5.7 Scalability study

A scalability study has been done with STAR-CCM+ on the computer cluster Lindgren,
see section 5.2.2. The purpose with study is to investigate how e�cient the cluster runs
parallel jobs with STAR-CCM+. With increasing number of cores more communication
is needed, which means that some of the resources are allocated for this purpose. Thus,
not the entire amount of resources available are used for the core task. Also, how the
code of the program used (here, STAR-CCM+) is constructed a�ects the result.

Speed-up is a measure how many times faster it would take compared with a single core
process. Unfortunately, a single core could not be used because of too large simulation
cases. Instead reference values are used; 96 and 144 CPU cores were used for the 32
and 132 Million cells cases, respectively. The scalability and Speed-up are plotted for
respective case in Figures 15 and 16 along with the ideal behavior. Six and seven runs
with 500 iterations each were conducted and one could see by observing the �gures that
Lindgren is indeed designed for large jobs; the scalability and Speed-up are much better
on the larger case.
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Figure 15: Scalability and speed-up with a small mesh case (appr. 32 M cells).
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Figure 16: Scalability and speed-up with a large mesh case (appr. 132 M cells).

6 Results

6.1 Single truck cases: RANS approach

Because approaching the problem numerically, the result may not re�ect reality for several
reasons, such as accuracy of the numerical method, model errors, round-o� errors or/and
errors introduced from too coarse grid or/and bad quality grid. That is why it is important
to have a reference case, which is the reason for this section and the corresponding section
for the DES method. If one investigates the �ow �eld around a single truck one may make
a relative comparison of the drag reduction without having to consider other aspects,
because the studies of a single truck and platoon are set under the same conditions.
Nevertheless, the result from the platooning trucks will be compared with other studies,
both experimental and CFD.

6.1.1 Convergence

Figure 17 shows the residuals for the single truck case. These are used to con�rm if the
solution has converged. They show simply the di�erence between some quantity from one
iteration to another globally. In STAR-CCM+ the displayed residual is the root mean
squared (RMS) value of the absolute error of some variable, normalized with the largest
value from the last �ve iterations:

Rpres =
Rrsm

Rnorm
, (71)

Rrsm =

√
1

n

∑
n

r2, (72)

Rnorm = max {|R1|, |R2|, |R3|, |R4|, |R5|} , (73)

where Rpres is the presented residual, r is the absolute error and n is the number of cells
[2, p. 5864�5865].

It is not su�cient to only examine the residuals when deciding if the solution has con-
verged. The evolution of the force coe�cients is also checked. As seen in Figure 17, there
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are large �uctuations, which may be an indication of an unsteady state of the �ow �eld,
which it is in this case (see section 6.2). It could also depend on method, boundary/initial
conditions, mesh, geometrical and physical aspects and numerically induced instability.
One could speculate that the large �uctuations could depend on the �ne mesh density.
Because then vortices and other small �ow structures are resolved, which would not be
the case with a coarser one, and a�ect the �ow in an unstable way, giving it more vari-
ation throughout the �ow �eld and hence, making it more di�cult to reach a converged
solution with a steady-state method.

The continuity and momentum residuals oscillate around 3.5 · 10−3 whereas for the
turbulent kinetic energy k (TKE in plot) and turbulent dissipation rate ε (TDR in plot),
the residuals have values of approximately 5 · 10−5 and 1 · 10−5, respectively. The simula-
tion was run for 7000 iterations, which is a good compromise between computational cost
and amount of iterations to average over. In order to receive a representative statistical
value of the force coe�cients, it is required that there are su�ciently many data points
to average over, otherwise the results could be misleading.
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Figure 17: Residuals convergence for single truck case.

Again, in addition from examination of the residuals, the force coe�cients are plotted
in order to con�rm convergence, see Figure 18. For steady types of �ows, these settle to
one value each. But that also depends on the Reynolds number (Re); for blu� bodies,
if the Reynolds number is su�ciently high, the force coe�cient does not change with
increasing Re (usually called Reynolds independence). By examine Figure 18, one may
observe �uctuations. The cause of this may be of several reasons. Such as explained
above, it may indicate time-dependent behavior. One may also receive more detailed
information by observing the coe�cients, for instance, if they �uctuate in a periodic
fashion, one may have a vortex shedding in the wake. It should be emphasized that the
method used is of a steady-state type, and that the observed �uctuations in residuals and
force coe�cients are not physical, and are only indications of time dependent behavior.
Hence, the obtained averages should be interpreted with some caution.

Averaged over 5000 iterations, the drag coe�cient CD is 0.325, the lift coe�cient CL
is −0.116 and the side force coe�cient CS is 0.0119. The result is tabulated below in
Table 8.
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Drag coe�cient CD 0.325
Lift coe�cient CL −0.116

Side force coe�cient CS 0.012

Table 8: Averaged force coe�cients for single truck case (averaged over 5000 iterations).
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Figure 18: Force coe�cients convergence for single truck case.

In Figure 19 the percentage �uctuations in CD from the mean value is displayed. It
is the di�erence between each value and the mean value, divided by the mean value.
Investigating the �uctuations may give hints about the reliability of the result or physical
aspects. The maximum deviation from the mean value is 2.5 % and the mean absolute
value of the �uctuations is 0.9 %, which shows the averaged absolute size of the deviations
from the mean. Simply taking the mean of the �uctuations would give values close to
zero and would not give any useful information. That is the reason for taking the mean
of the absolute value.

It is also good practice to calculate the standard deviation in order to examine the
variability in the data. Here, the relative standard deviation is used since a percentage
value is more comprehensible. The relative standard deviation is de�ned as the standard
deviation divided by the mean value and multiplied with hundred, and for CD it is 1.1
%.
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Figure 19: Percentage �uctuations in CD from mean value.

6.1.2 Velocity �eld

Figure 20 shows contours of the velocity magnitude �eld at symmetry plane (y = 0). The
scale is set from 0 to 30 m/s in order to see velocity di�erences clearer, but at the front
top curvature the �ow reaches a maximum velocity of 42 m/s. From the stagnation point
(at the front) to the top curvature of the truck, there is a rapid acceleration leading
to a separated �ow (blue-turquois-green area on top of cab). The �ow also accelerates
underneath the truck because of the curvature and a decrease in area. Because of the
blunt geometry of the truck, separation at the rear end is inevitable and a large turbulent
wake is formed, stretching as far as approximately two truck lengths (around 35 m) and
a�ecting the �ow �eld even further downstream. However, the strong e�ects are con�ned
within approximately one truck length, seen in blue, turquoise and green in Figure 20. It
should be noted that since the top and side boundaries of the domain are of a symmetry
type and that the distances to the truck are rather short, the e�ect will be such that the
�ow �eld accelerates above and beside the vehicle(s) because of the contraction of the cross
section area. Ideally, the domain should be extended with such distance that this e�ect is
eliminated. However, then the domain would be enormous. By extending the distance by
a factor of ten would reduce the e�ect considerably and this is also achievable. The cells
far from the truck can be very large and still not a�ect the accuracy of the simulation
and thus, the computational cost of the simulation is almost the same.

Figure 20: Velocity �eld at symmetry plane.

36



Figure 21 shows the tangential velocity at the top of the cab. The tangential velocity
is the component of the velocity perpendicular to the plane's normal of Figure 21, i.e.
the velocity in the xz-plane. The boundary layer separates and a circulation bubble is
formed in front of the roof de�ector. Separation is not desirable since it increases the
drag.

Figure 21: Formation of circulation bubble. View at top front of truck, in the symmetry
plane.

Figure 22 also shows the circulation bubble. Here, one may observe how the �ow
de�ects to the right, into the free stream. However, this e�ect is time dependent and if
the picture was taken at another number of iterations, the �ow �eld would look di�erent.

Figure 22: Streamlines of circulation bubble. Colors indicate velocity.

In Figure 23 the velocity magnitude �eld from an above view is displayed. The cross
section is taken at z = 1 m, which is at the upper part of the tires. To clearly see
di�erences, the color bar range is set from 0 to 30 m/s, where values o� the scale are
shown in end colors, such as at the front curvatures, where the maximum is found at 46
m/s. The velocity distribution is quite symmetric except for the wake �ow, where smaller
velocities are found on the left side, seen from the driver's view (looking in the negative
x-direction), which results in a somewhat de�ected wake. This asymmetry is most likely
induced by the asymmetrical engine room and it results in a small side force, as seen
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previously on the side force coe�cient; Cs = 0.012. However, as noted, the �ow �eld is
unsteady in nature and the wake structure will look di�erent if the simulation stopped at
any other number of iterations (if not the �ow is periodic, then it would look like Figure
23 after a period).

Figure 23: Velocity magnitude �eld from above view.

Figure 24 shows the velocity in six di�erent locations along the streamwise direction.
The top left picture shows a cross section of the engine, approximately around 1.2 m into
the truck (in the coordinate system: x ≈ 1.76 m and location of the front of truck x ≈ 0.53
m) and the following pictures are taken with a 3 m interval. The scale is con�gured in
the same manner as previous picture. Around the outer part of the wheels speeds of 44
m/s are encountered (top left picture) but in order to show the �ow �eld � especially the
vortices � in a more illustrative manner, the range of the scale was set narrower.
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Figure 24: Velocity magnitude �eld in the yz-plane, going from front to back of the truck.
Scale ranges from 0 to 30 m/s.

Observing the top left picture in Figure 24, one may see an asymmetrical separation
area (blue-green area). This is the separation area seen in Figure 22 and Figure 21. The
e�ect of this separation is seen in all downstream pictures. Notice the two small round
green areas in x = 1.76 m near the ground, one on the each side of the truck; here, vortices
are starting to form. Following the pictures one may see how the vortices become more
concentrated and de�ected down and into the free stream. The last picture (x = 16.76 m)
is near the base. Here, the �ow accelerates (darker orange area) because of the curvatures
of the trailer edges.

Figure 25 shows the tangential velocity in the wake area at symmetry plane (y = 0).
The scale is set from 0 to 10 m/s in order to easily see the velocity di�erences within the
wake. From underneath the truck the �ow turns upwards, forming a counterclockwise
(CCW) rotating eddy. The �ow reaches the top of the base, where it meets the �ow
coming from the roof of the truck. There is quite a large area of opposite directed �ow
meeting each other at the upper part, which forces a part of the roof �ow to move back
into the large eddy. The main bulk of the CCW rotating eddy is rotating around an area
located at the lower part of the base. Back�ow occurs beneath the truck, near its surface,
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as an e�ect of blockage in that area. Further downstream, between the most upper and
lower part of the �ow, back�ow occurs, joining the CCW rotating eddy. Around that
area, the �ow stagnates, resulting in an increase in pressure.

Figure 25: Tangential velocity vectors in wake area at symmetry plane (y = 0).

Figure 26 shows three di�erent locations of yz-planes where all components of the
velocity are plotted, see the following Figures 27, 28, 29, 30 and 31. The �rst plane at
x = 16.95 m is 6 mm from the base of the truck (x-coordinate for base: 16.944 m) and
the following are placed with 2 m interval.
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Figure 26: Planes in wake where velocities are plotted.

Figures 27 and Figure 28 show the streamwise velocity at the three yz-planes shown
in Figure 26, where plane section one, x = 16.95 m is plotted with blue stars, plane
section two, x = 18.95 m is plotted with green rings and plane section three, x = 20.95
m is plotted with red triangles. Negative y-coordinates correspond to the right hand
side of the truck (as seen from the driver's view). In Figure 27, the streamwise velocity
at eight di�erent vertical position has been plotted, starting at z = 0.6 m, and moving
with 0.6 m steps until z = 4.8 m. Here, it is clearly seen how the velocity magnitude
recovers to the free stream value at large enough y-values (except for the top left �gure).
At z = 0.6 m, which is under the truck, the velocity distribution is quite chaotic, with
almost symmetrical variation in velocity at the sides (from y ≈ ±0.5 to y ≈ ±1.5, best
seen at plane section one), which may indicate the vortices found in Figure 24. Moving
upwards to z = 1.2 m, back�ow occurs at the �rst and third plane sections (x = 16.95
and x = 20.95 m), where for the latter one, back�ow occurs at one place, namely the
right hand side in the �gure. At z = 1.8 m, back�ow occurs almost symmetrically at the
third plane (m-shaped distribution), whereas at the second plane (x = 18.95 m) there is
back�ow at the right hand side, as with the third plane at z = 1.2 m. At the �rst plane,
there are very low velocities since it is located near the base of the truck.

At the next step, z = 2.4 m, the velocity distribution at the second plane resembles
that for the third, at the previous step, but here, it is not as symmetrical, with a shift to
the left for the global minimum value (�the middle leg of the m�). Further downstream,
at the third plane, the wake is narrowing down; the two local minima at each side, found
earlier, have vanished and there is only one area of back�ow at the same cross-stream
position y as for the second plane's global minimum value. Moving further up to z = 3.0
m, there is a large area of back�ow at the second plane, from y ≈ −0.7 to y = 1 m. There
is still an m-shape, although a deformed one. At the next position, z = 3.6 m, an even
larger back�ow area is observed at the second plane, but here, the m-shape has been
smeared out to a quite uniform velocity distribution. A shift of the global minimum has
occurred at the third plane, from the left to the right side. Getting closer to the free
stream, the velocity distribution at the second and third plane is starting to even out to a
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constant velocity pro�le, with the exception of the separation bubble formed on the roof
of the cab, as seen in Figure 24. This is also seen in the bottom right �gure, where a
small velocity defect reveals it.
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Figure 27: Streamwise velocity vs cross-stream direction y, at planes x = 16.95, x = 18.95
and x = 20.95 m for di�erent vertical positions z.

Figure 28 also shows the streamwise velocity distribution, but instead of traveling in
the vertical direction from one �gure to another, a movement in the cross-stream direction
is made, from y = −1.5 to y = 1.81 m. At y = ±1.5 (top and bottom left �gures), the
vortices are shown as a velocity defect, and moving even further into the free stream in
the y-direction to y = 1.81 m, one may observe how the velocity defect slowly recovers
to the free stream (comparing the three lines at the bottom right �gure). This is not
seen at y = ±1.5, where the velocity defect is still as strong 2 and 4 m downstream from
the base. Concentrating at y = 1 m, for the �rst plane section, one may see a zero or
almost zero velocity distribution from z ≈ 1.7 to z = 4 m; this is just behind the base of
the truck. The interesting point is how the �ow interacts with the two bars located just
under the main body of the truck, see Figure 26, (the two squares). Wakes are formed,
which a�ect the shape of the velocity distribution downstream; at x = 18.95 m, this is
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shown as the two local minima between z ≈ 1 and z ≈ 2 m, and at x = 20.95 m, the two
velocity defects have merged to one larger, located at z ≈ 1.5.

Comparing this with the velocity distribution on the opposite side, at the same dis-
tance, namely at y = −1 m, the patterns at plane sections two and three are not the same;
the �ow is asymmetrical. The main di�erence is that at y = 1 m, there is an area of much
lower velocity at the upper part of the truck compared to y = −1 m. At x = 18.95 m,
back�ow occurs, while at the same x-position, at the opposite side, no such behavior is
found. More variation in the streamwise velocity is found at y = −1 m, where the wakes
from the two bars have already smeared out to one velocity defect at plane two (the curve
around z ≈ 1.2 m).

Now, comparing the two sides at closer distance to the symmetry plane, at y = ±0.5 m.
At x = 18.95 m, the velocity distribution is more alike for the two sides, with the largest
di�erence being two areas of back�ow at y = 0.5 m. Two minima located at z ≈ 2.5 and
z ≈ 3.5 m, are squeezed together at y = −0.5 m (located at z ≈ 3 and z ≈ 3.5 m). From
z ≈ 2.7 m going downwards in z, the velocity is positive at y = −0.5 m, while for the
opposite side, two additional small areas of back�ow are found, located at z ≈ 0.9 and
z ≈ 1.8 m .

At plane section three, there is a larger di�erence in velocity pro�le between the sides
(y = ±0.5), compared to the previous plane. They have the same S-shape at the upper
part, however at y = 0.5 m, back�ow occurs and the magnitude is larger for the positive
velocity (�the last bend of the S�), approximately U = 8 m/s compared to U = 5 m/s.
Back�ow occurs at both sides around z ≈ 2 m. At the lower part (from z ≈ 1.8 to z ≈ 0.3
m), the velocity magnitude is positive at y = −0.5 m, with variations, probably derived
from the two bars. At y = 0.5 m, an area of back�ow is found at z ≈ 1.1 m.

At the symmetry plane, y = 0 m, no back�ow is found below y ≈ 1 m, which is below
the truck �oor. The �gure can be compared to the Figure 26, which is also taken at the
symmetry plane. However, in Figure 26, the tangential velocity to the plane is shown, and
in Figure 28, only the streamwise velocity is illustrated. There is a large area of back�ow
for both plane sections two and three, from z ≈ 2.3 to z ≈ 4.0 m and z ≈ 1.7 to z ≈ 3.8
m, respectively. This is clearly shown in Figure 26. The maximum velocity magnitude
at x = 20.95 m (at z ≈ 2.0 m), is also clearly seen in Figure 26, where the �ow is almost
horizontal.

As previously noted, the �ow �eld is unsteady, however, some main behaviors still
remain fairly steady, such as the large CCW rotating eddy, fed by the �ow coming from
underneath the truck, or the two wakes formed behind the bars underneath the base.
Therefore, explaining the wake in more detail might give one a better view or under-
standing about the structure of the wake.
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Figure 28: Streamwise velocity vs vertical direction z, at planes x = 16.95, x = 18.95 and
x = 20.95 m for di�erent cross-stream positions y.

Figures 29, 30 and 31 show contour plots of the cross-stream and vertical velocity at
the three plane sections shown in Figure 26, together with a vector plot at each plane
section. For �ow visualization, the vector plots are most helpful, while the contour plots
give more exact information about magnitude. The color bar is scaled from −9 to 8 m/s
for the contour plots and 0 to 5 m/s for the vector plots. Negative y-values correspond
to the right hand side, from the driver's point of view. The cross-stream velocity is
the velocity in the y-direction, which means that colors representing negative values are
velocities directed to the right, from the driver's point of view (left in �gure). Vertical
velocity is the velocity in the z-direction.

Observing Figure 29, the cross-stream velocity at the edges (around y = ±1.3 m) is
directed inwards, towards the symmetry plane. This is just behind the base of the truck
and the �ow closes the region behind it, forming a wake. Closer to the symmetry plane at
the upper part, there is an inverse e�ect compared to that on the edges, where the main
bulk of the �ow on right hand side is positive and the opposite on the left hand side; the
�ow is directed outwards, from the symmetry plane towards the free stream. At the lower
part, the �ow pattern is more chaotic with lots of variations. Further down, below truck
�oor level (z < 1.5), there are two distinct strong areas moving inwards on each side.
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For the vertical velocity, at the most upper part, there are strong upward �uxes;
strongest at the center and weakest at the left hand side (left in �gure). The main bulk of
the �ow has a downward motion, where the lower part the �ow is more chaotic, as with
the cross-stream velocity. This is clearly seen on the vector plot. Below the truck �oor
level (z < 1.5), there are some upward �uxes closer to the symmetry plane.

At X = 16.95 m
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Figure 29: Top �gures: contour plot of cross-stream and vertical velocity at yz-plane
section at streamwise position x = 16.95 m. Bottom �gure: vector plot at same plane
section.

Moving further downstream (see Figure 30), the cross-stream velocity pattern is now
dominated by the closing streams coming from the truck sides. At �oor level, there are
two �ow structures, which are generated by the inwardly directed �uid, moving up when
meeting around the middle. It is from this source the strong upward �uxes derive from.
From the sides, �uid joins the upward motion, which meets the downward �uxes at the
very top, stagnating the �uid and creating a pocket which a vortex is starting to form
in, located between two high-velocity up and downward �uxes, shifted slightly to the left
from the center. It can be seen on the vertical velocity that the upward �uxes are the
strongest in the �eld. On the sides, the downward �uxes interact with the upward ones,
creating shear layers, which develop to swirls/vortices in some places.
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At X = 18.95 m
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Figure 30: Top �gures: contour plot of cross-stream and vertical velocity at yz-plane
section at streamwise position x = 18.95 m. Bottom �gure: vector plot at same plane
section.

Concentrating on Figure 31; broadly, not much has happened for the cross-stream
velocity. Still there are two areas of inward �owing �uid, where the small negative velocity
region found at y = 1 and z = 2.25 m in Figure 30, is now a bit larger in size and smaller
in magnitude, found a bit higher up now, around y = 1 and z = 2.5. Observing the vector
plot, the vortex which was in the early stage in Figure 30 has now evolved to a larger,
more easily detected one. The �eld has become more structured, where the small �ow
structures have died out or joined the dominating ones.

For the vertical velocity, the centrally positioned bulk of upward �ux, seen in Figure
30, is now divided into two weaker areas. In the vector plot it is seen that the �ow �eld
is mostly dominated by three main structures; the vortex in the upper, left region and
two �ow structures at the very bottom, where �uid is coming from both sides and moves
upwards, feeding the vortex. On the way to the vortex, the up�owing �uid interacts with
the �uid coming from the sides, creating an unordered �eld, which stagnates a bit.
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At X = 20.95 m
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Figure 31: Top �gures: contour plot of cross-stream and vertical velocity at yz-plane
section at streamwise position x = 20.95 m. Bottom �gure: vector plot at same plane
section.

6.1.3 Pressure �eld

Another interesting coe�cient to investigate is the pressure coe�cient. Figure 32 shows
the pressure coe�cient on the surface of the truck in a symmetry plane perpendicular to
the free stream. It is di�cult to interpret the �gure because of the complicated geometry
of the truck, but the interesting part comes when comparing it with the pressure plots for
platooning trucks. In Figure 32, the stagnation point is located at 1 (see Section 4.3.4),
where the top and bottom sides meet, and the smallest value corresponds to where the
velocity magnitude is the greatest. At CP = 0 the local pressure is the same as the free
stream and at the base (around x = 17) the pressure is lower than zero and lower than
the pressure at the trailer surfaces (horizontal lines before x = 17), which results in an
increase in drag (the truck is sucked back). The lowest point corresponds to the upper
front curvature of the truck; there is a large acceleration from the stagnation point to
the curvature. Flow separation occurs after the curvature, which leads to a circulation
bubble just in front of the roof de�ector (see Figure 21).
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Figure 32: Pressure coe�cient on truck surface in symmetry plane.

Figure 33 shows the pressure distribution on the truck's surface. At the front curva-
tures a lower pressure is exhibited, where the �ow accelerates. The e�ect of the asym-
metrical separation is also seen here, where there is higher pressure on the left side of
the roof de�ector compared to the right. This e�ect is time dependent; the high pressure
area switches sides with time, which may be an e�ect of asymmetrical �ow in the engine
room which a�ects the �ow over the roof. Even though a steady-state solver is used, the
natural behavior of the �ow is time dependent, which makes it di�cult to �nd a steady-
state solution. This is seen on the �uctuations in the residuals and force coe�cients, see
Figures 17 and 18. Therefore, if the solution was run for any other number of iterations,
the high pressure zone may not be located as in Figure 33.
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Figure 33: Pressure on surface of truck.

The pressure coe�cient contour is displayed in Figure 34, with a scale ranging from
−1 to 1 in order to see di�erences clearer, where a value of −1.93 is found on the top
front curvature of the cab. In pascal, the lowest and highest pressures are −714.36 and
372.42 Pa (gauge pressure). High pressure at the front and low at the back causes a net
force in the opposite direction of motion. In the top right corner a close-up of the the
wake pressure is shown with a scale ranging from −55 to 0 Pa. Here it is shown that
the pressure in the wake is lower than that in the free stream, causing drag on the body.
With cars, one usually tries to decrease the wake size in order to reduce the pressure
di�erence between the front and back, and thus, reducing the drag force. However, this
cannot be done with trucks because of load capacity, if not other devices are attached.
Retractable boat-tail has shown promising results in terms of reduced fuel consumption.
The di�erence in pressure in the wake and free stream is around 50 Pa. Further down
the wake the �ow stagnates and thus, the pressure increases. In the region between this
high pressure and the wake, the �ow behaves as a source; �uid �owing in every direction,
where a large part of it �ows back into the large circulation in the wake.
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Figure 34: Pressure contour at symmetry plane.

The front and base pressure coe�cient is shown in Figure 35, where the scales are
con�gured to see di�erences clearer. On the side curvatures of the front surface, the
minimum is found with the value −3.2. The largest acceleration occurs here and on the
top curvature in the dark blue area values around −2 are found.

On the base, low pressure is found around the location of the center point of the
large CCW rotating eddy previously discussed, see for instance Figures 25 or 26. The
distribution is irregular but the high pressure area is mainly located on the upper surface.
In the present case, stopped at 7000 iterations, the highest pressure is found in the top
left corner.

Figure 35: Front and base pressure coe�cient.

In Figure 36 the pressure coe�cient from an above view is displayed with the same
range on the color scale as in Figure 34. The distribution is almost symmetric with some
small variations between the sides, such as lower pressure on the right side (seen from the
driver's view) adjacent to the trailer surface, which slightly a�ects the wake �ow. Around
the front curvatures the minimum is found at −2.56 and the maximum is found at the
front surface with the value 0.99. Because of the presence of the truck, the streamlines
convergence and thus, the �ow accelerates, resulting in lower pressure around the truck.
As the distance grows from the truck sides, the pressure recovers to the free stream value.
The high pressure zone is also seen here, as previously discussed.
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Figure 36: Pressure coe�cient �eld from above view.

6.2 Single truck cases: DES approach

6.2.1 Convergence

The residuals for the unsteady approach are plotted in Figure 37. The simulation was
run for 6 s, with the time step ∆t = 0.001 s, where at every time step there are �ve inner
iterations in order to converge the solution for that given instant of time, which is the
reason for the appearance with large vertical changes. The residuals drop two orders of
magnitude at every time step for the momentum and one order for the turbulent kinetic
energy (TKE in Figure 37) and less than one order for the speci�c dissipation rate (SDR
in Figure 37) and the continuity. The magnitude of the momentum residuals are of
order 10−4 and the continuity 10−3, while TKE and SDR are of orders 10−8 and 10−9,
respectively. However, the magnitude is not of great importance since the residuals are
normalized. The initial conditions are received from the RANS simulation, hence the
large jump in the beginning in Figure 37.
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Figure 37: Residuals for the DES simulation.
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As previously done, the force coe�cients are monitored in order to con�rm conver-
gence, see Figure 38. There is no up or downward trend; the CD, CL and CS �uctuate
around approximately 0.4, −0.15 and zero, respectively.
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Figure 38: Force coe�cients convergence with DES method.

In Table 9 the averaged force coe�cients are shown. They are averaged over the last
four seconds in order to avoid the transients in the beginning, which would contribute to a
misleading and false result. In comparison with the RANS simulation, where the averaged
coe�cients were 0.325, −0.116 and 0.012 for CD, CL and CS , respectively, the DES case
has larger drag and downforce but smaller side force. Neglecting the direction, the side
force coe�cient is approximately 58 % smaller, the drag coe�cient is approximately 22
% larger and the lift coe�cient is approximately 35 % smaller (greater negative value,
which gives larger downforce).

Drag coe�cient CD 0.397
Lift coe�cient CL −0.157

Side force coe�cient CS −0.005

Table 9: Force coe�cient averaged over the last 4 s.

In order to con�rm the statistical correctness of averaging the drag coe�cient over
4 seconds (4000 time steps or 20000 iterations), the backward averaged CD has been
calculated, see Figure 39. The backward averaged CD is the averaged CD starting at the
end iteration and gradually including former iterations. To clarify; for instance, at time
t = 5 s in Figure 39, the CD is averaged over 1 s, including iterations between 5− 6 s,
and at t = 2 s, then the CD is averaged over 4 s, including iterations between 2− 6 s.
As more points are included in the averaging process, less variation is seen; there is only
0.0018 di�erence in backward averaged CD between time t = 2 s and t = 4 s, which is less
than 0.5 % di�erence.

The maximum percentage deviation from the mean value is 5.3 %, where the mean
absolute value of the �uctuations is 1.4 % and the relative standard deviation is 1.7
%. This means that there is more variation and larger overall �uctuations in the data
compared to the steady case, where the maximum percentage deviation is 2.5 %, the
mean absolute value of the �uctuations is 0.9 % and the relative standard deviation is 1.1
%. This is to be expected since the temporal variable is taken under consideration.
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Figure 39: Drag coe�cient CD and backward averaged CD.

Additional monitors are used in the DES approach to con�rm convergence. Pressure
probes are set in the tire and vehicle wakes, see Figures 40 and 41, where the pressure
is plotted. In STAR-CCM+ the �eld function Field Max has been used to monitor the
pressure, which is the reason for the titles of plots, but it is only the pressure in one point
which makes the maximum pressure simply the pressure. For drag prediction only 80 %
convergence to the �nal value is needed [2, p. 5797]. In the present case the solution is
fully converged, since the gross behavior is not changing.
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Figure 40: Pressure in wake at three locations; symmetry plane, right and left hand sides.
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Figure 41: Pressure in tire wakes at right and left hand sides.

6.2.2 Velocity �eld

In Figure 42 the mean velocity magnitude �eld is displayed in symmetry plane. It is
the instantaneous velocity magnitude �eld averaged from t = 2 s to the end iteration (at
t = 6 s). Every mean value in the DES approach is averaged over this interval if not
otherwise speci�ed. The x-coordinate is directed along the free stream (in the opposite
direction of the motion of the truck), the y-coordinate shows the cross-stream position,
where the origo is positioned in the middle of the truck, with positive values on the right
hand side of the truck (as seen from the driver's view) and the z-coordinate is the vertical
coordinate. As previously, the color bar ranges from 0 to 30 m/s, where values o� the
scale are shown in end colors, which occur at the top front curvature of the cab where
the maximum velocity is found; 36.7 m/s, which is approximately 5 m/s less compared
to the RANS result at the same location. The velocity defect above the trailer is larger
for the DES case and there is less variation in the wake. It is not entirely correct to call
the whole region of velocity defect above the trailer boundary layer in the present case
since vortices are present there, which are smeared out by the averaging process. Also,
comparing the steady-state variables to the mean of the unsteady variables is not entirely
compatible, since in the RANS approach, the solution is a �snap shot� and the �eld would
look di�erently if any other number of iterations was run. On the other hand, the mean
of velocity �eld is simply the average of the instantaneous �eld and would vary much
slower with increasing number of iterations.
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Figure 42: Mean of velocity magnitude in symmetry plane.

The instantaneous velocity magnitude �eld in symmetry plane is shown in Figure 43 at
time t = 4 s. From the picture, it is apparent that the �ow is highly unsteady as predicted.
There are vortices formed on the top front end of the truck, traveling down along the
truck surface. Since the formation of the vortices is a time dependent phenomena the
RANS based simulations are not capable of capturing this.

Figure 43: Instantaneous velocity magnitude in symmetry plane at t = 4 s.

In Figure 44 the mean velocity magnitude from an above view is displayed. As previ-
ously done, the scale is taken from 0 to 30 m/s, where the maximum velocity is 46.1 m/s
at the front curvatures. It is at the side curvatures the maximum velocity is found, where
the magnitude is 9.4 m/s (∼ 34 km/h) larger than that at the top front curvature of the
cab. The �ow �eld is symmetric which is also indicated by the side force coe�cient CS ,
which is almost zero. An increase of the BL thickness is seen after the second wheel pair,
which most likely generate vortices, resulting in the increase.
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Figure 44: Mean velocity magnitude �eld from above view.

In Figure 45 the instantaneous velocity magnitude �eld is displayed at time t = 4 s.
From the front curvatures, vortices are formed and as they convect downstream they grow
in size until the wake, where they seem to break up or merge and interact with the �ow.
The growth of the BL thickness after the second wheel pair in Figure 44 is seen as an
increase in size of the vortices in Figure 45. One may speculate if the rotating wheels are
the cause of the growth or not, or just a contribution to additional growth, but it is an
intuitive and probable scenario since the wheels most likely generate vortices of its own.
These may interact with the incoming vortices and thus, merge to larger ones. The mean
�eld is quite di�erent in comparison, because the vortices have been smeared out by the
averaging process.

Figure 45: Instantaneous velocity magnitude �eld from above view at time t = 4 s.

6.2.3 Pressure �eld

The averaged pressure coe�cient in symmetry plane is displayed in Figure 46, where the
color bar ranges from −1 to 1. A magnitude of −1.24 is found at the front top curvature
of the cab. Also a close-up of the wake pressure is shown in the right top corner with
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a scale chosen that the di�erences are clearly seen, ranging from −95 to 0 Pa (gauge
pressure). The main di�erences compared to the RANS �eld are lower pressure in the
wake and circulation bubble. In fact, the RANS simulations do not show any considerably
decrease in pressure in the circulation bubble. The di�erence in pressure in the wake is
approximately 40 Pa between the cases. Likewise the steady �eld, a high pressure zone
is formed further down the wake.

Figure 46: Mean of pressure coe�cient in symmetry plane.

In Figure 47 the mean pressure coe�cient on the front and base is shown. The scale
is con�gured in order that the di�erences are clearly seen. Unlike the RANS case, there
is not only one high pressure zone on one side on the roof de�ector, instead high pressure
is seen on both sides, which proves that the high pressure area switches sides with time.
The minimum is found on the side curvatures of the front surface, with the value −3.1.
The acceleration on the top curvature is smaller and thus, the pressure is higher, with
a minimum value of −1.35. The values for the RANS simulation are −3.2 on the side
curvatures and −2 on the top. It is in quite good agreement, and the larger di�erence
on the top curvature is a result of the averaging process. The instantaneous �eld would
have larger acceleration on one of the sides, which is apparent from the switching of the
high pressure zone on the roof de�ector.

On the base, the pressure is lowest around the large CCW rotating eddy's center point
and increases with height. Comparing with the steady �eld, the base pressure is lower
in the DES approach, where the di�erence is approximately 0.09 between the two base
minimums, which is 33.3 Pa (static gauge pressure). The even distribution of the mean
base pressure implies that the wake �ow is quite periodic or that the variations are small.
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Figure 47: Mean front and base pressure coe�cient.

The instantaneous pressure coe�cient �eld in symmetry plane at time t = 4 s is shown
in Figure 48. Low pressure vortices are formed on the top and bottom curvatures of the
cab, which are convected downstream while decreasing in intensity. The main structure
of the wake is quite similar to the mean �eld, with two distinct low pressure regions; at
the lower part of the base and at the same height as the trailer, further away from the
base. In the region of the low pressure at the same height as the trailer, the vorticity
magnitude is large, which could be explained by the two layers of opposite directed �ow
there, creating vortices. Also, the convected vortices from the cab's curvature contribute,
as well as the curvature of the trailer edge.

Figure 48: Pressure coe�cient in symmetry plane at t = 4 s.

In Figure 49 the mean pressure coe�cient contour is shown. The �eld is almost
completely symmetric, with large front pressure and lower in the vicinity of the truck, in
the wake and in the engine room. At the curvatures the minimum is found with the value
−2.56 and the high pressure zone downstream from the wake is also seen here.
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Figure 49: Mean pressure coe�cient from above view.

The instantaneous pressure coe�cient �eld at time t = 4 s is displayed in Figure 50.
Compared to the mean �eld, the main features are the same. The di�erence is that the
convecting low pressure vortices are now visible.

Figure 50: Instantaneous pressure �eld from above view at time t = 4 s.
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6.3 Two truck cases: RANS approach

6.3.1 Convergence

Figure 51 shows the residuals for the simulation case with a platoon consisting of two
trucks with 15 m separation. As with the single truck case, the residuals �uctuate
considerably, where the momentum and continuity are oscillating around approximately
4 · 10−3and the turbulent kinetic energy around 1.3 · 10−4. The smallest residual is that
for the turbulent dissipation rate with the least �uctuations around 1 · 10−5. The simu-
lation was also run for 7000 iterations to be able to compare with the reference case.

Figure 51: Residuals convergence for a 2-truck platoon with 15 m distance apart.

Figure 52 shows the force coe�cients convergence for the case with two platooning
truck with 15 m relative distance. The �uctuations are larger for the rear truck, with
a maximum deviation of 16 % from the mean CD, and for the �rst truck a maximum
deviation of 3.8 % from the mean CD. An explanation for the larger �uctuations for the
second truck is that it is contained within the wake of the �rst truck, which is turbulent,
highly oscillatory and complex, with a lots of di�erent scales varying in time. This results
in a di�culty for the steady-state solver to �nd a steady solution. It is important to not
constantly interpret the results physically, since the numerical inaccuracy and de�ciencies
of the turbulence models contribute to errors. The errors may be so great that the result
is completely false or misleading. By verifying with experiments and simulations with
other turbulence models one may have greater con�dence in the obtained results. Also
comparisons with simulations with the same turbulence model would be useful, since
then, causative aspects, e.g. mesh type/density etc. could be ruled out of the equation,
narrowing down the actual cause of the behavior. Although the large �uctuations, there
is no rising or falling trend of the force coe�cients, indicating a statistically converged
solution, and that the number of iterations is su�cient.
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Figure 52: Force coe�cients convergence for 2-truck platoon with 15 m apart.

The mean absolute value of the �uctuations of CD is plotted in Table 10, together
with the maximum deviation from the mean value and the relative standard deviation.
These quantities are examine in order to compare the magnitude of the �uctuations and
the variability in the data between the di�erent separation distances. They give hints
about the physical aspects or/and an estimate of the credibility of the result.

In the present study, there is strong belief that the reason for the the larger �uctua-
tions of CD for the second truck is that the incoming �ow is more turbulent. However,
numerical aspects may also contribute to the �uctuations. The mean absolute value of
the �uctuations for the leading vehicle varies between 0.8 and 1.8 %, where the larger
values are exhibited at close to intermediate distances, 8− 15 m, and 25 m. There are
also larger �uctuations at 25 m for the trailing vehicle. Otherwise, the mean absolute
�uctuations are close to 4 %, with the least �uctuations at 70 m, which may indicate that
the �ow is more stabilized since there is more space for it to �calm down�.

The relative standard deviation shows that there is clearly more variation in the data
for the trailing truck, with values close to 5 %, where the maximum is found at 25 m,
with the value 7.0 %. Since the de�nitions of the mean absolute �uctuations and the
relative standard deviation are quite similar the trends will also be similar. However, for
relative standard deviation, �uctuations are ampli�ed and thus, the variations in CD are
more easily detected, while for the mean absolute �uctuations, a quantitative value for
the overall �uctuations is given. For instance, compare the distances 50 and 70 m for the
leading truck, where the mean absolute �uctuations is larger for the 50 m case, but there
is less variation in the data, which is indicated by the relative standard deviation. This
means that at 50 m, the overall �uctuations are larger but there is less variation in the
�uctuations compared to the 70 m case.
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Separation distance [m] Mean abs. �uc. [%] Max. dev. [%] Rel. std. [%]
5 0.8 3.8 3.2 13.2 1.0 4.7
8 1.2 3.7 3.8 12.9 1.5 4.6
9 1.8 4.0 5.7 14.5 2.1 5.0
10 1.4 3.6 5.6 14.8 1.8 4.6
11 1.7 4.1 5.1 18.4 2.2 5.1
15 1.4 4.2 4.8 16.1 1.7 5.3
19 0.9 3.9 3.5 16.3 1.2 4.9
21 0.9 4.5 2.8 17.9 1.2 5.7
25 1.3 5.7 6.5 21.8 1.6 7.0
50 1.0 3.7 2.9 12.1 1.1 4.7
70 0.9 3.2 3.5 10.4 1.2 3.9

Table 10: Mean absolute value of the �uctuations of CD, the maximum percentage devi-
ation from the mean value and the relative standard deviation. The two values for each
property represent the �rst and second truck, respectively.

6.3.2 Drag reduction

Figure 53 shows the normalized drag coe�cient for a platoon consisting of two trucks at
di�erent relative distances. The drag coe�cient CD is normalized with the the drag coef-
�cient for an isolated truck, CD Isolated. At 5 m the largest reduction is found with a 26.9
% reduction for the lead truck and 28.1 % for the rear. Intuitively, one would expect high
reduction at short distances and as the distance increases, eventually CD → CD Isolated.
This is not what is shown; it starts as one would expect, but surprisingly at and around 10
m there is an increase in drag for the rear vehicle; as much as 5.5 % increase at 10 m com-
pared to the drag of an isolated truck. One could speculate about numerous reasons for
this result; maybe a numerical error, or the incapability of the steady-state solver to �nd a
physical realistic solution; it found a solution, but not a physical one. Or on the contrary,
the solution is physically realistic; geometrical aspects give rise to �ow structures which
have great impact on distances around 10 m. Most probably, the steady-state RANS
approach cannot captures the important �ow behavior, which is highly time dependent.
To verify that the 10 m case was not a incorrect one time occurrence, simulations around
10 m were executed, at 8, 9 and 11 m. It was shown that at these distances CD was also
high; but the maximum was found at 10 m.

Another unexpected trend is that the normalized drag coe�cient for the lead vehicle
becomes larger than 1 after a large enough distance (around 18 m). One would expect
it to reach 1. Even more peculiar is that it increases between 50 and 70 m. One could
argue that the distance from the rear truck to the outlet boundary is smaller, and thus
a�ecting the simulation more, giving rise to larger numerical errors or/and an unrealistic
�ow �eld.

For the rear truck, the drag at 50 m is smaller than that between 8− 25 m. Also,
there is a sudden increase from 19 to 21 m, which declines when reaching 25 m. The mean
value has also been plotted, where it is shown that there is a reduction at every distance,
with the largest reduction at 5 m (27.5 %) and smallest at 70 m (2.2 %), followed by 21
m (4.3 %) and 10 m (5.1 %).
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Figure 53: Drag reduction for 2-truck platoon; the vertical axis shows the normalized
drag coe�cient and the horizontal axis the relative distance between the trucks.

For the experimental study [4] the drag behavior is very di�erent for the trailing vehi-
cle. The study is conducted with two electronically coupled DaimlerChrystler CHAUF-
FEUR trucks driving at 80 km/h. The Reynolds number based on the length of the truck
is 2.3 · 107. In the present study, Re is 2.6 · 107 also based on the length. Ideally, one
should calculate the Reynolds number based on the width of the truck since that governs
the �ow structures more than the length. However, no width was presented in [4]. In the
study, the behavior is such that the drag of the second vehicle increases with increasing
distance. The investigated distances are 6.7, 7, 8, 10, 12, 14 and 16 m, where a maximum
reduction is found at 8 m, with a value of approximately 44 % compared to an isolated
truck. At 6.7 and 7 m the drag is slightly smaller, around 43 % and the minimum is found
at the largest distance 16 m, with the value 33 %. Compared to the present study the
drag trend is di�erent, with a minimum at 5 m, a radical increase at 10 m and decreasing
drag with increasing distance until 50 m, whereafter an increase is seen. The di�erence
in reduction is large between the trailing trucks, for instance at 10 m, the reduction in
the experimental study [4] is 43 % and in the present study there is an increase of 5.5
% in drag. For the leading truck there is a better agreement in the results between the
studies, where there is a rising trend in drag with increasing separation distance. The
magnitudes of the normalized drag coe�cients are quite similar, with larger discrepancies
in the interval 8− 10 m, and for every larger distance the di�erence is around 0.5− 1.9
%, where the larger reduction is found in the present study.

One section of the numerical part of the study [17] presents results of the drag of
platoons consisting of simpli�ed geometrical shapes of vans, with no details, rear view
mirrors, wheels or open internal areas, with other words, the van is a shaped block. It does
have a straight vertical base, with a ninety degree angle which makes the �ow separate
unconditionally. A URANS (unsteady RANS) k − ε realizable model has been used and
the mean of the complete platoon has been reported for platoons up to six vehicles. For
the 2-truck platoon at distances of 0.5, 0.75 and 1 vehicle lengths, the mean reductions
for the platoon are 28, 25 and 24 %, compared to 15.3, 6.0 and 6.7 % in the present study.
It should be noted that at these lengths, no simulation has been conducted in the present
study, and the data is received from the linear line created between data points.

The result of the present study match the studies poorly, especially for the trailing
truck. However, it should be stressed that the �ow �eld is highly dependent on the
geometry of the vehicle, which makes the comparison between the studies somewhat
incompatible, especially for the study [17], where van is one of the vehicle shapes used,
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whose geometry is very di�erent from a truck's. It is still interesting to see how the
drag behaves for di�erently shaped vehicles. Connections might be found, which could
be used to further investigate the �ow �eld around platoons in order to receive a better
understanding of it.

6.3.3 Pressure at symmetry plane

Figure 54 shows the pressure coe�cient at symmetry plane for the isolated truck and
the �rst truck in the 2-truck platoon at six di�erent separation lengths. The red line
represents the truck in the platoon and the blue represents the isolated truck. There is
not much di�erence in pressure; especially at large distances. At close distances, at 5
and 10 m, the platooning truck experiences higher pressure at the rear part of the truck,
which is a result of the trailing truck's presence in the �rst truck's wake. Comparing with
Figure 53, where the lead truck has as large drag coe�cient as an isolated truck around
18 m, there is no indication in Figure 54 of this switch.

Figure 54: Comparison of pressure coe�cient at symmetry plane between isolated truck
and �rst truck in 2-truck platoon.

The same quantity is plotted for the trailing truck in Figure 55. Observing Figure 55,
one notices a major di�erence in pressure between the isolated and platooning vehicle. At
5 m, the pressure is almost constant along the whole truck for the platooning truck. The
e�ect of the �rst truck is clearly seen here. As the separation distance grows the pressure
distribution for the trailing truck begins to look more like the distribution for the isolated
case. This is what you would expect. At 10 m, where the trailing truck experience an
approximately 5.5 % larger drag than the isolated truck, the pressure distribution in the
symmetry plane does not give any indication of this. Observing the isolated case, from
the lowest pressure point on the top curvature on the cab (CP ≈ −2), there is a rapid
deceleration until CP ≈ −0.5 around x = 0.8 m. From there, the �ow decelerates in a
slower pace. The behavior from that point until x ≈ 2 m is exponential, while for the
platooning vehicle it is di�erent. The separation bubble occupies this range (x = 0.8− 2
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m), which is illustrated in Figure 21.
Comparing the same range for the trailing truck, there is higher pressure for every

case except for the last (70 m). For separation distances 10, 15 and 21 m, the pressure
distribution looks similar to each other between x = 0.8− 2 m. Instead of a sudden change
in the pressure gradient around x = 0.8 m as seen for the isolated case, the curvature
continues with a steep slope until x ≈ 2 m, where a dip in pressure occurs. It can be
seen that the peak around x ≈ 2 m is located a short distance before the isolated case's
peak. The peak is where the �uid hits the roof de�ector, after separating on the front
curvature of the cab. Because the incoming stream for the platooning trucks is slower, the
separation area becomes smaller, and thus, it reattaches sooner, hitting the roof de�ector
earlier, which is the reason for the earlier peak around x ≈ 2 m compared to the reference
case's. It can then be seen on larger separation distances that the distribution is similar
to the reference case's, since the �ow �eld has had more time and space to recover towards
free stream conditions.

Figure 55: Comparison of pressure coe�cient at symmetry plane between isolated truck
and second truck in 2-truck platoon.

6.3.4 Front and base pressure

First truck

In Figure 56 the front pressure coe�cient is shown for the leading vehicle at 5 and 10 m
relative distances, together with the reference case to compare with. The color scale is set
from −2 to 1 in order to see di�erences clearer, but the minimum value is approximately
−3 at the side curvatures. Also, on the top curvature, in the dark blue areas, values just
below −2 are found and at the stagnation point the maximum value is slightly larger
than 1. The pressure distributions are very much alike with the exception of the high
pressure zone on the roof de�ector, which is located on the left side for the reference case
and right side for the other two.
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Figure 56: Front pressure for leading vehicle at relative distances 5 and 10 m.

In Figure 57 the base pressure coe�cient is displayed for the same distances as the
previous �gure, together with the reference case's. The scale is set from −0.15 to 0.03 in
order to clearly see di�erences, but no major areas are outside this range. It is clearly
seen that at closer distances, the base pressure is raised. There is lots of variation in the
distribution but the main behavior is that there is low pressure around the lower parts, at
the same height as the circulation point of the large circulation in the wake, and higher
pressure at the top. For each case there is a high pressure zone in either the right och
left corner, which indicates asymmetrical wake �ow.

Figure 57: Base pressure for leading vehicle at relative distances 5 and 10 m.

In Figure 58 the front pressure coe�cient is displayed for the relative distances 25, 50
and 70 m. The con�guration is the same as in Figure 56 and the same values are found
around top and side curvatures except at 25 m, which has a symmetrical distribution,
causing a larger acceleration on the top curvature, where the minimum is around −2.5.
The stagnation pressure is also around the same value as the previous cases'.
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Figure 58: Front pressure for leading vehicle at relative distances 25, 50 and 70 m.

In Figure 59 the base pressure coe�cient is displayed for the same distances as the
previous �gure. For every case, the same low pressure zone is seen on the lower parts.
At 25 m, the distribution is almost symmetric and the magnitude of the low pressure
area is smaller than that at 50 m, which is not intuitive. However, this is in agreement
with the drag reduction, which reaches a local maximum at 50 m. A larger base pressure
contributes to a decrease in drag, since it is not sucked back as much. For the 70 m case,
by examine the distribution, there seems to be rather many �ow structures in the wake,
indicated by the variety in the distribution. On the contrary, at 50 m, the distribution is
the most homogeneous, indicating that the variation in wake is smaller in comparison.

Figure 59: Base pressure for leading vehicle at relative distances 25, 50 and 70 m.

Second truck

In Figure 60 the front pressure coe�cient is displayed for the trailing truck, together
with the reference case. The same scale is used as for the �rst truck. Intuitively, the front
pressure is lower at closer distances, since the wake �ow has less space to recover over.
Because the edges on base are curved, the �ow will accelerate, giving a velocity pro�le
with larger magnitude around these edges when leaving the �rst truck. This results in
two high pressure zones on each side of the trailing trucks, as seen in Figure 60, which
are derived from the acceleration on the side curvatures of the �rst truck's trailer.
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Figure 60: Front pressure for trailing vehicle at relative distances 5 and 10 m.

In Figure 61 the base pressure coe�cient is shown for the 5 and 10 m cases. Since
no vehicle is behind these, there is no increase in pressure and broadly, the magnitude is
almost the same as the reference case's, with some exceptions, such as the low pressure
zone at 10 m. There is variation in the distribution as previously seen, but this changes
between iterations because of the unsteady nature of the �ow �eld. At 10 m, there is
an abrupt increase in drag, 5.5 % larger than the reference case's. The base pressure is
a bit lower compared to the reference case's, which contributes to increase in drag, but
the front pressure is considerably lower, which decreases the drag. Intuitively, the area
of low pressure should not have such impact on the drag increase, especially when the
front pressure is much lower. The maximum di�erence in pressure between the reference
case and 10 m case is only 15 Pa, which is equivalent to putting 15.3 g on an 1 dm2 area.
However, one cannot just compare on small area and must take the whole base under
consideration, but the example shows how small the di�erences are. Other aspects must
be taken under consideration in order to �nd the source(s) of drag increase.

Figure 61: Base pressure for trailing vehicle at relative distances 5 and 10 m.

Front pressure coe�cient is displayed in Figure 62 for distances 25, 50 and 70 m.
The two high pressure zones are now gone and the single one present is located at the
upper parts, where the maximum is higher located than the maximum for the reference.
Velocity defects created behind the truck a�ect the magnitude downstream, leading to
smaller magnitudes in regions horizontally aligned with the base. The �uid in the upper
part of the wake is closer to the free stream, which a�ects the �uid, increasing the velocity
magnitude and thus, the pressure becomes higher where the �uid hits the front surface
of the second truck. Then it is expected that the high pressure zone must be located at
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the upper part on the front surface as observed. Out of these three distances, at 50 m,
the drag reduction is largest, followed by 25 m and lastly 70 m, with the reductions in
the same order; 14.2, 12.9 and 7.6 %.

The pressure on the curvatures becomes lower with increasing distance, since the
wake decreases in size and the facing stream grows stronger, resulting in larger velocity
magnitudes and hence, larger acceleration on the curvatures. Still at 70 m, there is a
decrease in front pressure. The question is, how far away does this e�ect hold? Around
18 m, the leading truck does not gain anything by driving in platoon, but for the trailing
truck, the drag reduction is seen for every distance except around 10 m.

Figure 62: Front pressure for trailing vehicle at relative distances 25, 50 and 70 m.

Base pressure coe�cient for the same distances as the previous �gure is displayed
in Figure 63. The low pressure area on the lower base is smaller in magnitude for three
distances compared to the reference case's. Main features are the same as the other trucks,
with higher pressure on the upper base and lower at the bottom part. The distributions
are asymmetrical, but as previously noted, this changes with iterations.

Figure 63: Base pressure for trailing vehicle at relative distances 25, 50 and 70 m.

6.3.5 Pressure �eld

In Figure 64 the pressure coe�cient is displayed in symmetry plane for the 5 and 10 m
cases, with the percentage reduction in drag, where negative values means reduction in
drag. The scale is set from −1 to 1 but at the top front curvature of the cab the magnitude
is−1.9 and at the front stagnation point of the leading vehicles the magnitude is just above
1. Starting with the leading vehicles, the most distinct di�erence is the wake pressure,
which is higher at 5 m, caused by the vicinity of the trailing truck. The minimum is
found in the 5 m case's wake in the small spot at the same height as the trailer (only
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considering the leading trucks), with the value −50.7 Pa (gauge pressure). But the size
of the low pressure area is much larger for the 10 m case, resulting in a larger force in the
opposite direction of motion. The pressure underneath the trailer is also raised at 5 m.
Otherwise, the pressure �eld is quite similar between the leading vehicles.

The trailing vehicles' pressure �elds are more dissimilar, where it is seen that the
front pressure is higher at the larger distance, as expected. At 10 m, it is seen that
the largest pressure point is located further up compared to the leading vehicles, which
was explained in the previous section. The �ow needs to accelerate around the top front
curvature, which it does not have to do for the sheltered truck at 5 m. The wake pressure
is quite similar between the cases, with a greater zone of low pressure at 10 m.

Figure 64: Pressure coe�cient in symmetry plane for 5 and 10 m cases.

For the 25, 50 and 70 m cases, the pressure coe�cient is displayed in Figure 65
in symmetry plane, with the same color scale as the previous �gure. There is a clear
di�erence on top of the cab for the leading truck for 25 m case, namely the high pressure
on the roof de�ector. This is not seen for the other two distances. The di�erence is
that the �ow does not separate at the curvature and thus, an attached �ow causes the
high pressure zone on the roof de�ector. Magnitudes on the curvatures are −2.6, −1.9
and −1.9 for 25, 50 and 70 m cases, respectively, which means that the acceleration and
velocity magnitude is larger for the 25 m case. Broadly, there is not too much di�erence
in wake pressure between the leading trucks. At 25 and 70 m, the pressure in the lower
part of the wake is smaller in magnitude, but there is no small low-pressure spot at the
same height as the trailer, as seen in the 50 case. This spot is a vortex or vortices with
large vorticity magnitude.

Concentrating on the trailing trucks, it is seen that the front pressure increases with
distance, as already noted. The same �ow behavior is seen on top of the cab at 25 m as
with the leading vehicle, i.e. attached �ow. In the wake, the pressure is around the same
magnitude between the cases and the low-pressure vortex is also present for the trailing
truck at 50 m. This vortex is also visible for the 70 m case, but it is not as strong, and
at 25 m, there may be a vortex closer to the base. It should be noted that the wake
�ow is dominated by swirling motion and this vortex is not special, although it has large
vorticity magnitude and is detached from the main low pressure zone. Opposite directed
�ows in the upper region of the wake create these high-vorticity vortices.

In some of the �gures it is seen that there is a high pressure zone downstream the
wake. It is present in every case, just not visible in some of the �gures. As discussed
earlier; the �ow stagnated a bit here, and therefore the pressure increases. A large portion
of the �ow streams back into the wake and join the large CCW rotating circulation.
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Figure 65: Pressure coe�cient in symmetry plane for 25, 50 and 70 m cases.

6.3.6 Velocity �eld

The velocity magnitude in symmetry plane is displayed in Figure 66 for the 5 and 10 m
cases, with a scale ranging from 0 to 30 m/s, where the maximum velocity is 42 m/s at
the front curvature of the cab. Percentage reduction in CD is also displayed. There is a
large change between the two cases, especially for the second truck, which receive an 33.6
% increase in drag in just 5 m with respect to (w.r.t.) the reference case (w.r.t. the drag
at 5 m, the increase is 46.9 %). For the �rst vehicle, the di�erence is 11.2 % between the
cases, and the increase from 5 to 10 m w.r.t. the 5 m case is 15.4 %. Flow interaction
with the �rst vehicles creates turbulence and generates a thicker boundary layer (BL) for
the trailing trucks. There is no obvious reason for the large increase in drag at 10 m for
the trailing truck. One small di�erence between the trailing trucks is an acceleration seen
on the top front curvature at 10 m.

Figure 66: Velocity magnitude in symmetry plane for 5 and 10 m cases.

In Figure 67 the velocity magnitude in symmetry plane is shown for the larger distances
25, 50 and 70 m. All leading trucks su�ers an increase in drag compared to the reference
case. However, this might be a result of numerical error. The distributions for the
leading vehicles are similar, where at 25 m, the two high velocity zones on top of the
cab and trailer are more separated and the BL is thicker. Speculating, the di�erence in
thickness of the BL might be a cause of the �ow behavior in the region occupied by high
velocity areas. For the 25 m case, it is seen that the �ow �rst accelerates rapidly and
then decelerates more quickly compared to the others, until the end of roof de�ector and
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trailer edge, where another acceleration is seen. The fast shifting between acceleration
and deceleration might give rise to instability and turbulence to the �ow, and thus, also
an increase of the BL thickness; it is well-known that turbulent BLs grow much faster.
Also, the velocity magnitude at the front top curvature is around 5 m/s larger for the 25
m case, almost 47 m/s compared to 42 m/s, which also contributes to larger BL thickness
growth.

There are large velocity defects above the trailing trucks, greatest at 25 m. Still
speculating; since the velocity �eld around the �rst vehicle at 25 m is more turbulence
generating, it is not strange to see the largest �ow structures around the second vehicle
at 25 m. It is also the shortest distance out of the present ones in Figure 67, which means
that the �ow structures have not as much space to break down over. These might be the
reasons for the smaller decrease in drag compared to 50 m, which does not su�er from
such turbulence.

Figure 67: Velocity magnitude in symmetry plane for 25, 50 and 70 m cases.

6.4 Two truck cases: DES approach

6.4.1 Convergence

The residuals are plotted against the number of iterations in Figure 68 for all platooning
DES cases. There are �ve sub-iterations at each time step, which is the reason for the
strange appearance; the residuals fall about two orders of magnitude every time step
for the momentum, about one order of magnitude for the continuity and the turbulent
kinetic energy (TKE) and less than that for the speci�c dissipation rate (SDR). Every
case, except for the 5 and 50 m cases, were run for 6 s, which is 30000 iterations, with
the time step 0.001 s. Initial �eld conditions are the steady �eld which reduce the total
turn-around time compared to if constant �eld conditions were used (as with the RANS
cases). Due to convergence problems the 5 and 50 m cases were only run for 5.448 and 5 s,
respectively. It can be seen for the 5 m case that there are two spikes in the residuals. The
reason for this is that another method in the AMG solver was used after some iterations
due to convergence problems and thus, the initial values di�ered much from the previous
ones, indicated by the later spike.
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Figure 68: Residuals for all platooning DES cases.

In Figure 69 the force coe�cients are plotted against the number of iterations in
order to assess convergence of the solution. For all cases, there are �uctuations and the
most clear di�erence between the cases is the large �uctuations of the CS2 (side force
coe�cient for the second truck) for the three �rst distances compared to the 50 m case.
These �uctuations are greatest for the 10 and 20 m cases. This may indicate a wake
shedding behavior of some kind.

Figure 69: Force coe�cients convergence.

Addition to the residuals and force coe�cients, pressure probes are placed in the tire
and base wakes in order to con�rm a converged solution. In Figure 70 the pressure in
the base wakes is plotted for every platooning case with the DES method. There are no
trends indicating a non-converged solution, and based on the residuals, force coe�cients
and the pressure in the wakes, the solution is considered converged. For pressure plots in
the tire wakes, see Appendix A.
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Figure 70: Pressure in the base wakes.

In Table 11 the mean of the absolute value of the �uctuations, the maximum percent-
age deviation from the mean and the relative deviation of CD are displayed. At 50 m,
the trailing truck exhibits smaller �uctuations and there is less variation in data, which
may be explained by the large distance; the turbulence created by the �rst vehicle has
died out. At 5 m, there are larger �uctuations in comparison to the other cases for the
leading vehicle, and there is also more variation in the data. This might be because the
e�ects of the trailing vehicle on the leading is stronger, since it is closer.

Separation distance [m] Mean abs. �uc. [%] Max. dev. [%] Rel. std. [%]
5 2.6 3.5 10.6 12.0 3.1 4.3
10 1.7 3.3 6.5 14.5 2.1 4.2
20 1.5 3.4 6.3 12.9 1.9 4.2
50 1.3 2.4 5.4 7.1 1.6 2.9

Table 11: Mean absolute value of the �uctuations of CD, the maximum percentage devi-
ation from the mean value and the relative standard deviation.

In Figure 71 the CD and the backward averaged CD are plotted. The backward
averaged CD is used to validate the correctness of the averaging process, more precisely,
to investigate if the number of iterations used is su�cient for a correct statistical mean
value. All subplots have the same scale, but are shown at di�erent ranges in CD for a
clear view of the �uctuations. At time t = 2 s, the CD is averaged over 4 s, from t = 6
to t = 2 s, meaning that the reading of the plots are done backwards, starting at the end
time and as following the red line, more data points are included.

Starting with the leading truck, which is shown in all �gures on the left hand side,
the maximum percentage di�erence in backward averaged CD in the last second (between
t = 2 and t = 3 s in �gure) is 0.24, 0.10, 0.09 and 0.16 % for the 5, 10, 20 and 50 m cases,
respectively. For the trailing truck, the �uctuations in CD is considerably larger for most
cases, where the maximum percentage di�erence in backward averaged CD in the last
second is 0.30, 0.43, 0.17 and 0.98 % for the 5, 10, 20 and 50 m cases, respectively. Note
that even though the 5 and 50 m cases were run less than 6 s, there are no large variations
in the backward averaged CD in the last second, with the exception for the last truck
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in the 50 m case, which di�ers almost 1 % compared to value at t = 2 s in the �gure.
However, with that in mind, the result will still be used.

Figure 71: Drag coe�cient and backward averaged drag coe�cient for the 2-truck DES
cases.

6.4.2 Drag reduction

In Figure 72 the drag reduction is displayed for the convoy with the DES approach. The
�rst truck's drag increases with increasing separation distance, but it never reaches the
drag of the reference case for the investigated distances. On the contrary, the trailing
vehicle's drag decreases with increasing distance, with a maximum reduction of 24.3 %
at 50 m and only a 4 % reduction at 5 m. All reductions are summarized in Table 12.
Considering the mean value of the two trucks, a maximum is found at 20 m with a 8.1 %
reduction and a minimum at 5 m with a 17.8 % reduction.
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Figure 72: Drag reduction for the 2-truck platoon.
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Separation distance [m] 1st truck [%] 2nd truck [%]
5 −31.7 −4.0
10 −12.6 −10.4
20 −1.2 −15.0
50 −1.8 −24.3

Table 12: Drag reduction with the DES approach.

In Figure 73 the drag reduction for the 2-truck platoon with the two di�erent models,
DES and RANS, is shown. For every separation distance, the DES simulation shows
larger reduction with the exception for the 10 and 5 m cases, for the �rst and second
vehicle, respectively. The same trend in drag for both models is shown for the leading
truck. This is not seen for the second vehicle. The �rst discrepancy is seen at 5 m, where
the results are completely contrariwise, with the largest reduction for the RANS case and
the smallest reduction for the DES case. Secondly, the large increase in drag at 10 m is
not seen for the DES case. However, in both models, between 10 and 50 m, the trend is
similar for the trailing trucks. In the same interval, the quantitative agreement is worst
at 10 and 50 m, with a 15.9 and 10.2 % di�erence, respectively.

Figure 73: Comparison of drag reduction between RANS and DES studies.

PowerFLOW Very Large Eddy Simulation (VLES) results have also been compared
with, see Figure 74. The same generic model has been used and the simulations have been
run for 12 s, where the last 4.5 s are used to calculate the averaged properties. The volume
mesh sizes vary between 0.5 to 1 billion cells and surface mesh is around 300 million cells
large. PowerFLOW uses a di�erent method where the discrete Boltzmann equations are
solved for instead of the altered versions of the Navier�Stokes equations. Observing the
�gure, the main behavior is the same between the methods, with discrepancies at almost
every separation distance. There is larger reduction for the leading truck at almost every
separation distance for the PowerFLOW results. For the trailing vehicle, the di�erence
is largest at 10 m, with a 4.4 % di�erence.

The agreement of the results between the DES and VLES simulations puts a distrust
on the RANS results, especially at distances up to 10 m. Also, both VLES and DES
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are more elaborate methods, where some of the turbulence is resolved for instead of
completely modeling it, and also, the temporal dimension is taken into account. This
further strengthens the trust on DES and VLES results compared to the RANS results.
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Figure 74: Comparison of drag reduction between PowerFLOW VLES and DES studies.

In comparison with the experimental study [4] the results deviate considerably. At 10
m it is shown that the reductions are around 10 and 43 % for the leading and trailing
trucks, respectively. Compared to the present study (DES approach only, see RANS
sections 6.3.2 and 6.5.2 for comparison with RANS results) at the same distance, the
reductions are 12.6 and 10.4 %, for the leading and trailing trucks, respectively. The
deviation in the results between the studies is greatest for the trailing truck, where great
reductions are found for the experimental study at every investigated distance, 6.7, 7, 8,
10, 12, 14 and 16 m. At 8 m, the reduction is largest, with a 44 % reduction and with
increasing distance the reduction declines to a minimum at 16 m, with a reduction of
approximately 33 %. A completely di�erent behavior is exhibited in the present study,
with increasing reduction with increasing distance. For the leading truck, there is a
greater consistency in the results between the studies, with a similar trend in drag, where
larger reductions are found in the present study.

A part of another study, [17], simulations with the URANS (unsteady RANS) k − ε
realizable model have been run. The mean value of the complete platoon consisting of
vans has been investigated. The geometry of the van is greatly simpli�ed, with no intake
to the engine, no rear view mirrors or wheels. There is a great deviation in the results
between the studies, with twice the reduction for the whole platoon in [17] at a separation
distance of 0.5 vehicle lengths, namely 28 % compared to 14 %. Two other distances are
investigated, at 0.75 and 1 vehicle lengths, where the reductions were approximately 25
and 24 % compared to the DES results 11 and 9 %.

As already noted in the RANS section, the �ow �eld is highly dependent on the
geometry, which makes it incompatible to compare the di�erent studies. However, it is
interesting to see how the drag behaves for di�erent geometries at di�erent lengths. Then
one may �nd relations and from there investigate the underlying reasons.

6.4.3 Pressure in symmetry plane

In Figure 75 the mean of pressure coe�cient in symmetry plane is shown for the 5 and 10 m
cases, including the reference case to compare with. The top �gure displays the reference
case and each column corresponds to the vehicle number and each row corresponds to
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di�erent separation distance, where the second row shows the 5 m case and the last row,
the 10 m case. Top and bottom sides of the truck meet at the front stagnation point, which
is the reason for both occupying the vertical line from 1 and downwards. Concentrating
on the �rst vehicle, it is seen that the base pressure, which is the vertical line around
x ≈ 17 m, is raised, more for the 5 m case than for the 10 m case. Also, the pressure
on the bottom side is also raised. Apart from those features, the pressure distribution is
similar to the reference case's.

The second vehicle exhibits a decrease in front pressure, most at 5 m, and pressure
distribution on the rear part of the truck is similar to the reference case's. At 10 m,
there is higher pressure on the roof de�ector in comparison with the other distance. This
distribution is commonly seen for the RANS simulations. Shortly, the leading vehicle
bene�ts of pressure advantages on the rear part and the trailing vehicle bene�ts of pressure
advantages on the front part.

The peak at x ≈ 3.5 m for the leading truck and reference case is where the �ow �eld
hits the trailer top curvature. For the RANS simulations, this peak is not as high. The
region of the circulation bubble, x ≈ 0.8− 2 m, the pressure distribution is also quite
dissimilar between the turbulence models. Both di�erences in the peak and the pressure
in the circulation bubble between the models are clearly illustrated in Figure 76, where
the pressure coe�cient (ranging from −1 to 1) and velocity magnitude (ranging from 0 to
30 m/s) are displayed for both methods in symmetry plane. The �gure shows the leading
truck in the 5 m case, however the distribution in that region is very alike for every case.
It is shown that for the RANS approach, the circulation area is smaller, leading to a �ow
which hits the front part of roof de�ector, indicated by the pressure contour plot. Here,
the pressure gradient is favorable, leading to an accelerating �ow over the roof de�ector
and the trailer curvature, resulting in low pressure there.

In comparison with the DES result, the �ow behaves di�erently, with a larger sepa-
ration area, leading to a �ow which passes the entire roof de�ector and hits the trailer
curvature instead. This is where the high peak at x ≈ 3.5 m derives from. In the region of
the circulation area, x ≈ 0.8− 2 m, the pressure behavior for the RANS is almost linear,
where it increases until the high pressure on the roof de�ector. For the DES simulations,
there is a dip in pressure, revealing the low pressure in the circulation bubble, clearly
shown in Figure 76.

Even though it is clear from the vector plot, Figure 21, that there is a circulation for the
RANS simulations, the pressure is quite una�ected. The direct reason for this is unclear,
however, the fact that the k − ε model uses the eddy-viscosity assumption (Boussinesq
approximation), where the turbulence is considered isotropic, results in falsely computed
Reynolds stresses in regions of this kind (separation, recirculation). This may in�uence
the pressure calculations, but no information has been found about this. It should also be
noted that the small-scaled �ow structures in the DES approach are also modeled using
the Boussinesq approximation, however, the e�ect is not as severe since a large part of
the turbulence is resolved.
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Figure 75: Mean of pressure coe�cient in symmetry plane. Columns correspond to vehicle
number. Top �gure: reference case. Second row: 5 m case. Third row: 10 m case. Left:
�rst truck. Right: second truck.

Figure 76: Comparison between the RANS and DES results in pressure and velocity in
the separation region. Left pictures: RANS. Right pictures: DES. Top pictures: Pressure
coe�cient. Bottom pictures: Velocity magnitude. The �gures show the �rst truck in the
5 m case.

In Figure 77 the mean of pressure coe�cient in symmetry plane is shown for the 20
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and 50 m cases, together with the reference case's CP distribution, shown in the top
�gure. The low pressure in the tire wakes is clearly shown by the vertical lines on the
bottom side (one at x ≈ 3 m, three between 11− 15 m). In the same regions for the
RANS cases, the pressure is much higher. The e�ect of platooning is still seen at 50 m,
with slightly increased base pressure and increased pressure on the bottom, rear part of
the leading truck and slightly lower front pressure for the trailing truck compared to the
reference case's. These e�ects are stronger at 20 m distance.

Figure 77: Mean of pressure coe�cient in symmetry plane. Columns correspond to vehicle
number. Top �gure: reference case. Second row: 20 m case. Third row: 50 m case.

6.4.4 Front and base pressure

In Figure 78 the front mean pressure coe�cient is displayed for the leading trucks in the 5
and 10 m cases, together with the reference case to compare with. The mean is calculated
over the last 4 s using the instantaneous �eld. As previously done, the scale is set from
−2 to 1, where the minimum is found around the side curvatures with the values −3.1
for the reference and 5 m cases, and −3.2 for the 10 m case. At the stagnation point,
which is located slightly below the center point, the value is just above 1. The pressure
coe�cient on the top curvature is around −1.4 for the reference and 5 m cases, and −1.5
for the 10 m case. This means that the acceleration around the trucks is greatest for the
10 m case.

In comparison with the RANS cases, the acceleration on the top curvatures is not as
large. Also, the high pressure area located either on the left and right side on the roof
de�ector for the steady cases, is located on both sides here. These di�erences are directly
related to each other. By observing the front pressure pictures of the steady �eld, it is
seen that the low pressure on the top curvature switches sides, just like the high pressure
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on the roof de�ector does. The reason is simply that the incoming stream has largest
velocity on one of the sides, leading to larger acceleration and higher pressure on that
side of the roof de�ector.

Figure 78 proves what have been speculated about, that the �ow �eld has a periodic
behavior, shifting from one side to another. It may not be perfectly periodic, but at least
the behavior is repeated with time, perhaps with small variations between the periods.
The proof of the periodicity is seen by the symmetric appearance of the high-pressure
zones on the roof de�ector, derived by the averaging process. Since it was already shown
that the high-pressure point is located on one of the sides in the RANS results and the
fact that it is symmetric in the time-averaged �eld, the conclusion must be that it is a
time-dependent, periodic phenomena.

Figure 78: Front pressure for the �rst truck for the 5 and 10 m cases, together with the
reference case.

First truck The mean base pressure coe�cient for the same cases is displayed in Figure
79. Ranging from −0.225 to 0.015, the interval of the scale is larger than that for the
steady cases, meaning that there is more variation. Only very small areas are outside the
interval, as with the lowest plank in the reference case. The mean of the base pressure
shows that the at closer distances, the pressure is raised, as previous results have shown.
As a result of the averaging process, the distribution is more symmetric compared to the
steady cases.

Figure 79: Base pressure for the �rst truck for the 5 and 10 m cases, together with the
reference case.

Mean of front pressure coe�cient for the �rst truck at 20 and 50 m is shown in Figure
80. The same distribution is seen as previous cases, with a slightly more asymmetric
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appearance for the 50 m case. Values on the side curvatures are −3.1 and −3.2, and on
the top curvatures, −1.4 and −1.6, for 20 and 50 m cases, respectively.

Figure 80: Front pressure for the �rst truck for the 20 and 50 m cases, together with the
reference case.

The mean base pressure coe�cient is displayed in Figure 81 for the 20 and 50 m cases.
It is seen that the pressure has not completely recovered to reference values. Other than
that the cases are quite alike.

Figure 81: Base pressure for the �rst truck for the 20 and 50 m cases, together with the
reference case.

Second truck The mean of front pressure coe�cient is shown in Figure 82 for the
trailing trucks at 5 and 10 m. Lower front pressure at 5 m with two high-pressure
zones on each side, resulted from the larger velocity generated by the side curvatures of
the leading truck's trailer, as previously discussed. Logically, the pressure is raised the
further away the trailing truck is. The two divided high pressure areas on each side seen
for the steady case at 10 m is not present here. Instead the pressure is more centered,
with a slight de�ection to the left. This indicates that the wake closes faster, which can
also be seen on the side curvatures, where the pressure is lower than that of the steady
case.
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Figure 82: Front pressure for the last truck for the 5 and 10 m cases, together with the
reference case.

In Figure 83 the mean of base pressure coe�cient for the trailing truck is displayed
for the same distances as the previous ones. The asymmetry of the distribution at 10 m
is also seen here. Both platooning truck still have slightly raised pressure compared to
the reference case.

Figure 83: Base pressure for the last truck for the 5 and 10 m cases, together with the
reference case.

In Figure 84 the mean front pressure coe�cient of the trailing truck is shown for the
two last cases, 20 and 50 m. Not much happens other than the increase of the front
pressure with increasing separation distance. The 50 m case may need more data in the
averaging process, indicated by the backward averaged CD. The fact that the distance
is much larger between the trucks means that the �ow needs to travel further and thus,
a longer period of time is needed when averaging in order to receive the same periodic
behavior as in the other cases.
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Figure 84: Front pressure for the last truck for the 20 and 50 m cases, together with the
reference case.

The mean base pressure for the trailing trucks is shown in Figure 85 for the last cases.
Surprisingly, the base pressure is higher at 50 m than at 20 m and for the isolated truck.
This is also re�ected in the CD reduction, where the reduction is 24.3 % for the 50 m
case and 15.0 % at 20 m. One might argue that the distance between the outlet and the
base of the second truck is shorter for the 50 m case, and thus, a�ects the result in such
way observed here. However, the recommended distances in literature between the last
truck and the outlet is held and should not in�uence the solution in such extent. But
one should not completely rely on references since the structure of the �ow �eld might be
very di�erent and therefore, the recommendations might not hold here. The di�erence
between the reference and 20 m cases is negligible.

Figure 85: Base pressure for the last truck for the 20 and 50 m cases, together with the
reference case.

6.4.5 Mean pressure �eld

In Figure 86 the mean of pressure coe�cient is displayed in symmetry plane for the trucks
in the 5 and 10 m cases. The scale is set from −1 to 1, where minimum values are found
at the top front curvature of the leading vehicles, −1.3 and −1.4 for the 5 and 10 m cases,
respectively. Maximum value is slightly over 1 at the stagnation point. Drag reductions
are shown in percentage for each vehicle.

Largest reduction is found for the �rst vehicle at 5 m, where the raised back pressure
is the most signi�cant (and maybe only) reason for it. Strangely enough, there is a larger
reduction for the trailing vehicle at 10 m than at 5 m. There is no indication in the
pressure �eld that this should be the case. One should note that the turbulence models
are indeed models and may give unrealistic results.
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Figure 86: Mean of pressure coe�cient in symmetry plane for the 5 and 10 m cases.

In Figure 87 the mean of pressure coe�cient is displayed for the 20 and 50 m cases.
Comparing the leading trucks, there is no large di�erence in the distribution and this is
also re�ected in the drag, with only 0.6 % di�erence between the cases. For the trailing
trucks it is a complete di�erent situation, with a 9.3 % di�erence between the cases,
where the di�erence in pressure is seen most clearly in the wake, where larger magnitudes
are found for the 50 m case. It can also be seen that the low pressure in the circulation
bubble on top of the cab's roof is lower for the 20 m case, indicating a stronger circulation
bubble, which steals more energy from the system. Although the front pressure is higher
at 50 m, the reduction is greater, most logically explained by the raised wake pressure.
Again, one should remember that the result may not be physical.

Figure 87: Mean of pressure coe�cient in symmetry plane for the 20 and 50 m cases.

6.4.6 Instantaneous pressure �eld

In Figure 88 the instantaneous pressure �eld is shown for the 5 m case in symmetry plane
at time t = 4 s. The scale is set from −1 to 1. Unlike the mean �eld, the vortices are
now visible, formed at the front curvature and convected downstream. Apart from that,
the �elds do not show any distinct dissimilarities.
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Figure 88: Instantaneous pressure coe�cient in symmetry plane at time t = 4 s for the 5
m case. Top �gure: leading truck. Bottom �gure: trailing truck.

From viewing above, Figure 89 shows the instantaneous pressure coe�cient for the 5
m case for both trucks. As previously noted for the reference case, vortices are formed
at the side curvatures of the cab and convected downstream, most likely interacting with
the rotating wheels causing a growth in size.

Figure 89: Instantaneous pressure coe�cient from an above view at time t = 4 s for the
5 m case. Top �gure: leading vehicle. Bottom �gure: trailing vehicle.

In Figure 90 the instantaneous pressure coe�cient at time t = 4 s is shown for the 10
m case in the symmetry plane and from an above view. A di�erence compared to the 5
m case is larger side forces on the trailing truck, which may be explained by the larger
space between the trucks, allowing a shedding wake to be formed. This can be seen on
the force coe�cient in Figure 69. The drag is smaller for the trailing truck than for that
at 5 m distance and this might be explained by the low-velocity vortices above the trailer
surface at 5 m, which will be further explained in section 6.4.8.
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Figure 90: Instantaneous pressure coe�cient for the 10 m case at time t = 4 s. Top �gure:
symmetry plane. Bottom �gure: view from above.

In Figure 91 the instantaneous pressure coe�cient in symmetry plane at time t = 4
s for the 20 m case is shown for both trucks. It can be see that the front pressure of
the trailing truck is higher than previous separation distances. Compared to the RANS
simulations, the front pressure is considerably higher for every case for the trailing truck.
The wake �ow does not recover as fast in the RANS simulations and therefore the size
of the wake is larger. This is in agreement with the study [7], where the �ow over a
wall-mounted cylinder is investigated. Comparisons between an experiment and CFD
simulations were conducted. The k − ε realizable model with the two-layer treatment
was one of the turbulence models used and it was shown that it computes a larger wake
area compared to the experiment. This is what is shown in the present study, when
comparing the RANS and DES results. Another de�ciency of the k − ε realizable model
found by P.L. Davis et al. [7] is the results of the recirculation area behind the cylinder,
i.e. the wake. The computed wake size and intensity were too large compared to the
experiment.

Figure 91: Instantaneous pressure coe�cient in symmetry plane at time t = 4 s for the
20 m case. Top �gure: leading truck. Bottom �gure: trailing truck.

From an above view, the instantaneous pressure coe�cient is show for the 20 m case
at time t = 4 s in Figure 92. The pressure is raised on the front of the second vehicle and
like the 10 m, the side forces are strong here as well. The drag is smaller than for the
previous distances and it continues to decrease with increasing distance.
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Figure 92: Instantaneous pressure coe�cient from an above view at time t = 4 s for the
20 m case. Top �gure: leading vehicle. Bottom �gure: trailing vehicle.

6.4.7 Mean velocity �eld

The mean of the velocity magnitude at 5 and 10 m is shown in Figure 93, where the
scale is set from 0 to 30 m/s and the maximum velocity at the top curvature of the cab
is around 37 m/s. Compared with the RANS cases, where the maximum velocity was
around 42 m/s at the same location, the di�erence is 5 m/s (18 km/h). For the leading
vehicles, the velocity �eld does not reveal much in terms of reduction in drag. However, it
was already seen on the pressure distribution what contributed to the greater decrease at
5 m (raised wake pressure). Still concentrating on the leading vehicles, if comparing with
the RANS cases, a larger area of velocity defect above the trucks is seen in the present
cases. It is not entirely correct to call the complete region of velocity defect boundary
layer since a mean is taken and that includes the vortices present there. These vortices
will soon be displayed in the instantaneous �ow �eld. In the RANS cases, the velocity
distribution around the front parts were divided in two distinct accelerating areas, one
at the top front curvature of the cab and one above the front trailer curvature. Here, the
acceleration is occurring only at the cab's curvature, which contributes to a larger area
of separation on the cab's roof.

The trailing trucks' distributions in comparison with the RANS cases are quite dif-
ferent. Large low-velocity boundary layer is not seen here. Instead, there are smeared
out regions of velocity defects derived from the vortices, where the di�erence in thickness
of the defects between the leading and trailing trucks is not huge, which was the case
with the steady �eld. Just by observing the �gure, there is no indication for the larger
reduction at 10 m.
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Figure 93: Mean of velocity magnitude in symmetry plane for the 5 and 10 m cases.

In Figure 94 the mean of the velocity magnitude in symmetry plane is displayed for
the two last cases, 20 and 50 m. There is no large di�erence between the �rst trucks.
The main di�erence for the trailing trucks is the angle which the separation occurs, which
a�ects the thickness of the boundary layer and related separated structures. At 50 m, this
angle is smaller, giving a thinner separation area and thinner regions of velocity defects.

Figure 94: Mean of velocity magnitude in symmetry plane for the 20 and 50 m cases.

6.4.8 Instantaneous velocity �eld

In Figure 95 the instantaneous velocity magnitude at time t = 4 s is shown for the 5 m
case. At the front top curvature of the �rst truck's cab separation occurs, which results
in generation of vortices. These vortices are convected downstream, where they along
the path decrease in intensity and are smeared out (di�used and dissipated). It can also
be seen that vortices are formed on the bottom curvature of the cab. The pressure in
the vortices is lower for those located above the second vehicle's trailer, which indicates
that the strength of the vortices is greater which in turn leads to a greater loss of energy
and momentum from the system, which may increase the drag. Also, the lower velocity
magnitude of the structures above the trailing truck may contribute to the increase of
pressure drag. Since the incoming �uid is decelerated, a force is exerted on it, from which
a counterforce is produced on the truck.
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Figure 95: Instantaneous velocity magnitude in symmetry plane at time t = 4 s for the 5
m case. Top �gure: leading truck. Bottom �gure: trailing truck.

The same quantity for the same case is displayed in Figure 96 from an above view at
the same time t = 4 s. It is apparent from the �gure that vortices are also formed at the
sides curvatures as already noted, which grow in size as they are convected downstream,
where the rotating tires may have a part to do with the growth of these.

Figure 96: Instantaneous velocity magnitude from an above view at time t = 4 s for the
5 m case. Top �gure: leading vehicle. Bottom �gure: trailing vehicle.

In Figure 97 the instantaneous velocity magnitude at time t = 4 s is shown for the 10
m case from two di�erent views; in the symmetry plane and from an above view. The
drag is largest for the second vehicle at 5 m, which may be explained by large low-velocity
structures which are formed on top of the cab. These structures are displayed in Figure
95, although they are not present in every time step. For the 10 m case, the structures
separate and break up, forming smaller structures with larger magnitude.
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Figure 97: Instantaneous velocity magnitude for the 10 m case at time t = 4 s. Top �gure:
symmetry plane. Bottom �gure: view from above.

In Figures 98 and 99 the instantaneous velocity magnitude in symmetry plane and
from an above view at time t = 4 s for the 20 m case is shown for both trucks. The trend
continues in the same direction for the second truck, namely, as the separation distance
increases the size of the structures/vortices becomes smaller and they have a slightly
larger magnitude. Figure 98 does not clearly illustrate this, but when the complete time
lapse is observed the trend is clear. This may also be seen on the mean �eld, but not
clearly. It is seen that the velocity magnitude is smaller within the velocity defect layer at
shorter separation distances, and also, the layer is slightly thicker. It is possible that the
structures have a direct connection with the drag, where larger low-velocity structures
result in larger drag, but one should be careful to interpret every result physically due to
numerical and modeling errors.

Figure 98: Instantaneous velocity magnitude in symmetry plane at time t = 4 s for the
20 m case. Top �gure: leading truck. Bottom �gure: trailing truck.
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Figure 99: Instantaneous velocity magnitude from an above view at time t = 4 s for the
20 m case. Top �gure: leading vehicle. Bottom �gure: trailing vehicle.

6.5 Three truck cases: RANS approach

6.5.1 Convergence

Figure 100 shows the residuals for the 3-truck platoon case with a separation distance of
70 m. For the momentum, the value of the residuals are approximately the same as for
those for the 2-truck cases. Since the residuals are normalized, the values do not matter
as much; if the initial conditions are close to the end solution, the residuals will be near 1.
The interesting point to make is that the continuity is larger than the momentum. This is
not seen for separation distances below 50 m. One explanation could be that the distance
from the last truck and the outlet boundary is smaller and thus, in�uencing the solution.
As noted before, the distance between the last truck and outlet boundary is indeed below
recommended lengths. Apart from that, the behavior of the residuals is similar to the
2-truck cases, with signi�cant oscillations for the momentum and continuity and smaller
for the turbulent kinetic energy k and turbulent dissipation rate ε.
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Figure 100: Residuals for 3-truck case at 70 m relative distance.

Figure 101 shows the drag coe�cient convergence for all relative distances for the
3-truck cases. Each column shows each truck position and each row shows di�erent
separation distances. The oscillations are smallest for the leading vehicle and depending
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on the distance, the oscillations are largest either for the second or third vehicle. No up or
downward trends are observed in the residuals or drag coe�cients and thus, the solution
is considered converged, although speculations can be made about the accuracy.
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Figure 101: Drag coe�cient convergence for all 3-truck cases. Each column corresponds
to truck position and each row to the relative distance.

The mean absolute value of the �uctuations of CD is tabulated in Table 13, together
with the maximum percentage deviation from the mean value and the relative standard
deviation. There are three columns for every parameter, one for each truck. Only the
last 5000 iterations are used to calculate these quantities. For all cases, the magnitude
of the �uctuations is smallest for the leading truck, while the trailing trucks have larger
values, where the maximum, 7.8 %, is found for the second truck at 5 m.

The most variations in the data are found at 5 m for the second vehicle, which is
indicated by the relative standard deviation, with the value 9.8 %. This is clearly seen in
Figure 101 too (blue line in middle top �gure), where the �uctuations are more irregular
in comparison to the other data. Excluding the 5 m distance, the trend for the second
vehicle is that the variation increases until 25 m, whereafter it declines. There is also an
increase in the variability for the last vehicle until 20 m, thereafter a decline. As previously
discussed, the least variations are found for the �rst vehicle, which is expected, since it
faces a low turbulence free stream.
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Separation distance [m] Mean abs. �uc. [%] Max. dev. [%] Rel. std. [%]
5 1.2 7.8 4.9 5.7 27.4 16.0 1.6 9.8 6.0
10 1.6 4.8 4.7 5.3 15.6 20.1 2.0 5.8 6.1
15 1.2 5.0 5.6 3.3 16.7 21.7 1.5 6.4 7.1
20 1.3 5.4 6.1 4.0 19.4 25.6 1.6 6.6 7.4
25 1.5 5.5 5.4 4.9 20.6 26.6 1.8 6.8 6.9
50 1.1 3.4 4.5 5.0 11.9 16.8 1.4 4.2 5.6
70 1.1 3.3 4.9 3.3 13.3 15.6 1.3 4.1 6.0

Table 13: Mean absolute value of the �uctuations of CD, the maximum percentage devi-
ation from the mean value and the relative standard deviation. The mean absolute value
of the �uctuations is the averaged absolute value of the deviations from the mean value
of CD divided by the mean CD and the maximum percentage deviation from the mean
value is the largest deviation from the mean CD divided by the mean CD. Each column
displays the property for each truck, where columns one, two and three represent the �rst,
second and third truck, respectively.

6.5.2 Drag reduction

The normalized drag coe�cient is shown in Figure 102 plotted against the separation
distance. Like the 2-truck case, there is a peak at 10 m distance for the trailing trucks,
but unlike the former case, the drag does not exceed the drag of the reference case and
thus, there is a reduction in drag; 9.3 % and 7.0 % for truck two and three, respectively.
The largest reduction for all distances and for every truck is found at 5 m, where the
reductions are 31.5 %, 48.5 % and 33.2 % for truck one, two and three, respectively and
the mean value is 37.7 %. It is expected that the largest reduction is found for the middle
vehicle since it is �sheltered� against high pressure at the front and low at the back; the
high pressure is avoided since it stays in the �rst truck's wake and the pressure in the
wake is higher than it would be without the presence of the last vehicle there. Thus, the
net force is decreased. However, at distances greater than 20 m, the drag on the second
vehicle becomes larger than the drag on the last.

Between 10− 25 m, there is an increase in drag on the middle truck and after that,
a decrease, giving a local maximum at 25 m. The reason is unclear just by looking at
Figure 102. The behavior for the last vehicle is di�erent, with a decrease in drag from
10 to 50 m, and an increase when reaching 70 m. This behavior is found for the second
truck in the 2-truck platoon (see Figure 53), which is not strange since in both cases, the
trucks are positioned last, which implies that the �ow �eld is quite similar and thus, the
drag behavior too. Taking the whole platoon as one unit, that is, looking at the mean
value, the drag reduction is almost constant after 5 m, with a slight increase at 25 m and
dips between 10− 25 and at 50 m.

94



0 10 20 30 40 50 60 70
0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

Relative distance [m]

C
D

/C
D

S
in

gl
e

Normalized drag coefficient

 

 

1st truck
2nd truck
3rd truck
Mean

Figure 102: Normalized drag coe�cient plotted against the relative distances for the
3-truck case. Normalized with the reference value CD,Isolated.

The behavior of the �rst truck's drag between the two convoys of two and three
vehicles is compared in Figure 103. Both overshoot 1, which sets doubt over the reference
case. It is unlikely that the drag coe�cient should increase beyond an isolated truck's
drag coe�cient. However, one should not make any hasty conclusion without data that
support it. The curves are similar in shape, where for the 3-truck platoon the lead vehicle
has lower values at almost every separation distance. It also reaches 1 later, around 22 m,
compared to 18 m. After that it almost keeps the same value, slightly varying between 25,
50 and 70 m. Comparing the overshoot values from 25 to 70 m; they are 2.7, 2.3 and 3.2
% over the reference value for the 2-truck case and 0.9, 1.6 and 1.5 % for the 3-truck case,
which is an average di�erence of 1.4 % less increase over 1 for the 3-truck case compared
to the 2-truck case. The increase for the �rst vehicle in the 2-truck platoon between 50
and 70 m is most likely due to numerical errors.
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Figure 103: Normalized drag coe�cient for the �rst vehicle in a platoon of two and three
vehicles.

Since the behavior of the last-positioned trucks' drag coe�cients is similar, a more
detailed comparison is made, see Figure 104. The curves are very similar in shape if one
takes into account that there are more data points for the 2-truck case. One interesting
question is why there is such a large di�erence at 10 m, where the di�erence is 12.5 % in
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CD, taking the isolated truck as reference (just the di�erence in Figure 104). The answer
might be seen in Figure 105, where the front and base pressures are plotted for the two
last-positioned trucks at 10 m relative distance. The main di�erence is that the base
pressure is lower for the second truck and thus, the net force is greater. However, there
are very small di�erences in base pressure and this might not be entirely the answer for
the large di�erence between the cases.
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Figure 104: Normalized drag coe�cient for the last-positioned vehicles in the platoons
consisting of two and three vehicles.

Figure 105: Front and base pressure for the last-positioned trucks in the 2 and 3-truck
platoons at 10 m relative distance.

In Figure 106 the velocity magnitude in symmetry plane is displayed for the two
last trucks in the 2 and 3-truck platoons. One similarity between the cases is the thick
boundary layer, where the magnitudes are smaller for the 3-truck case. Based on the
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�gure, there is no direct indication that the truck in the 2-truck platoon should have
larger drag.

Figure 106: Velocity magnitude in symmetry plane for the last trucks in 2 and 3-truck
platoons.

It is more clearly seen in Figure 107 that the truck in the 2-truck platoon should have
larger drag. All values o� the scales are shown in white. The top �gures illustrate the
2-truck platoon case, where it is seen that the pressure in the wake and between the cab
and trailer is slightly lower and that the high pressure area in the front is larger in size;
together resulting in larger drag. Although the maximum front pressure is higher for the
3-truck case, the exerted force is larger for the other.

Figure 107: Pressure coe�cient in symmetry plane for the last trucks in 2 and 3-truck
platoons. Above pictures: last truck in 2-truck platoon. Bottom pictures: last truck in
3-truck platoon.

The numerical part of the study [17], where URANS (unsteady RANS) k − ε realizable
model has been used for platoons consisting of simpli�ed geometrical shapes of vans,
presents drag reductions at the distances of 0.5, 0.75 and 1 vehicle lengths. For the
3-truck platoon, the reductions are around 41, 36 and 34 %, compared to the present
case with the values 20.5, 10.9 and 11.3 %. There is a large deviation in reduction and
as stated previously, the shape of the vehicle has an enormous impact on the �ow �eld
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and thus the drag. In the present study, no data are present at these distances and it is
extracted from the line in between drag values.

6.5.3 Pressure at symmetry plane

Figure 108 shows the pressure coe�cient CP on the truck surfaces in the symmetry plane
plotted against the stream-wise position for the leading truck and the reference case. At
small separation distances the base pressure (see x ≈ 17 m) and the pressure on the trailer
are raised for the platooning truck, clearly seen in the top left picture from x ≈ 10 m to
the end of the truck. Otherwise, there are no large di�erences.
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Figure 108: Pressure coe�cient CP for the leading truck in the 3-truck platoon and the
reference case to compare with.

Figure 109 shows CP on the surface of the middle vehicle at the same distances
shown in Figure 108, along with the reference case. At close distances the pressure is
quite constant, with no rapid acceleration or deceleration. With increasing distance the
platooning truck's CP distribution is becoming increasingly similar to the reference case's.
Between x = 0.8− 2 m, excluding the 5 m case, the distribution looks di�erent for the
10 to 20 m separation distances compared to the larger distances and similar to the the
trailing truck in the 2-truck platoon at 15 and 21 m separation distances, see Figure 55.
Already explained, the �ow at that range has smaller velocity magnitude, leading to a
smaller separation and thus, the �ow hits the roof de�ector earlier, hence the earlier peak
around x ≈ 2 compared to the reference. Another point to make is that the e�ect of
slipstreaming is still seen at 70 m distance, where the front pressure is lower than the
reference case's.
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Figure 109: Pressure coe�cient CP for the middle truck in the 3-truck platoon and the
reference case to compare with.

Figure 110 shows CP on the surface of the last-positioned vehicle. Comparing with
the middle truck case, there is lower front pressure for the separation distances 5 and 10
m for the third truck. After that the opposite is seen. However, these plots illustrate the
pressure only in the symmetry plane and therefore the information received from them
are quite limited. The pressure on the roof de�ector is higher for the two trailing trucks
at 70 m than for the reference case (the local maximum at x = 2 m). For the third truck,
the pressure on the surface stretching from 0.8 to 2 m is similar in shape to the reference
case but higher in every point and it also has a steeper slope, which means there is a
larger deceleration.
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Figure 110: Pressure coe�cient CP for the third truck in the 3-truck platoon and the
reference case to compare with.

6.5.4 Front and base pressure

First truck

In Figure 111 the pressure coe�cient for the front surface of the truck is shown for
the leading vehicles in the cases with 5, 10 and 15 m relative distance together with the
reference case to compare with. The color bar range is limited from −2 to 1 in order
to see the di�erences clearer, but there are only small areas where the pressure falls out
from the range. Those locations are in the center, slightly below the middle line, where it
exceeds 1 and at the dark blue areas, the tip of the curvatures, where the pressure drops
under −2.

There are no large di�erences between the cases. On the roof de�ector there is a high
pressure area on either the right or left side depending on the case. This was discussed
before, that the solver could not �nd a steady-state solution since the problem is unsteady
(time-dependent) in nature and thus, the high pressure area may switch sides if any other
number of iterations was run. The reason why there is a di�erence between the cases even
if the same number of iterations was run depends on the convergence rate and history. In
some cases, the physics may be more complex and it is more di�cult to �nd a solution,
which a�ects the convergence, or/and that in some areas bad cells cause problems for a
quick converging solution.
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Figure 111: Front pressure for the leading vehicle at 5, 10 and 15 m relative distances.

Figure 112 shows the base pressure coe�cient for the leading vehicles in the same
distances as in Figure 111. Likewise the former case, the scale is limited in order to
receive a clearer view of the di�erences, ranging from −0.15 to 0.03. It is chosen that
no major areas are outside the range. Unlike the front pressure, the base pressure varies
considerably between the distances. At close distance, the base pressure is higher, and
decreases with distance. The lowest pressure point is located in the lower part, around
the same height as the circulation point of the large CCW eddy in the wake, which can
be seen in Figures 25 and 26. It is clearer seen in the reference case and the 10 and 15
m cases, where it is displayed as a dark blue or turquoise area. The di�erence of this low
pressure zone between the platooning truck and the isolated is that for the isolated truck,
there are two divided areas of low pressure while for the other cases, there is only one. For
the 5 m case, the distribution is quite di�erent compared to the others', with the lower
pressure area reaching up, slightly to the left. The reductions in drag in comparison to
the reference case are 31.5, 15.0 and 3.9 %, for the 5, 10 and 15 m cases, respectively.

Another feature observed is the asymmetrical appearance. For the reference case, the
higher pressure is found at the left top corner and the opposite is true for the 5 and 15
m cases, with larger pressure areas around the right top corner instead. At 10 m, the
base pressure is more symmetric with two distinct low and high pressure areas in the
center and two smaller high pressure zones on the sides. All these small variations are, as
already noted, an e�ect of unsteady behavior. This does not mean that the bulk of the
�ow structures in the wake may change abruptly, for instance, it is not likely that the low
pressure zone in the lower part wanders to the top if no other large changes are done to
the �ow �eld.

Figure 112: Base pressure for the leading vehicle at 5, 10 and 15 m relative distances.

The front pressure coe�cient at relative distances 20 and 25 m for the front vehicles
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is shown in Figure 113. As with the former cases at shorter distances, there are no large
di�erences compared to the reference case or to each other; only the shift of the high
pressure zone on the roof de�ector between the cases.

Figure 113: Front pressure for the leading vehicle at 20 and 25 m relative distances.

The base pressure coe�cient is shown in Figure 114 for the leading vehicle at 20 and
25 m relative distances. In both cases, the base pressure is quite similar to the reference
case's. At 20 m there is a distinct area of low pressure around the same locations as the
former cases. For the 25 m case, the lower pressure area is also located around the lower
parts, but the distribution is more homogeneous, with a small spot of lower pressure, in
comparison to the surrounding, shifted to the left. For the 20 m case, the drag coe�cient
is smaller than the reference case's while for the 25 m case, it is larger; in both cases
the deviation is approximately 1 %. Just by observing Figures 113 and 114, one would
expect larger drag for the 20 m case, since the base pressure seems to be lower and the
front pressure is quite the same. But one may be fooled by just looking at base and front
pressure and must take every surface into account. However, investigating these surfaces
reveals a lot of information and the pressure over these surfaces are normally the greatest
contributors to drag. Surely, the result may su�er from large numerical and modeling
errors, giving an unphysical solution, but that is very di�cult to assess just by looking
at the trucks in between with the same turbulence model. Experiments and simulations
with other models would be useful to compare with in order to receive more con�dence
in the results.

Figure 114: Base pressure for the leading vehicle at 20 and 25 m relative distances.

Continuing with the 50 and 70 m relative distance cases, where the front pressure
coe�cient is displayed in Figure 115. The pressure distribution is almost identical to the
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other cases' and the reference case's, with exception of the location of the high pressure
on the roof de�ector.

Figure 115: Front pressure for the leading vehicle at 50 and 70 m relative distances.

The base pressure coe�cient for the 50 and 70 m cases is plotted in Figure 116 along
with the reference case's. In agreement with all of the cases, the lowest pressure area is
found at the lower part. This area is smaller in magnitude for the 70 m case compared to
the other two cases, with a shift of the lowest pressure point to the left. The distribution
is more symmetric for the 50 m case, with two spots of high pressure on each side on the
upper part. This is not seen for the 70 m case, where there is one high pressure point
on the left upper side and one lower pressure point on the right upper side. The base
pressure distribution is similar for all cases with a relative distance greater than 15 m. It
is seen in Figure 102 that the drag coe�cient CD for the leading truck is as large as the
reference case around 22 m, which implies that the �ow �eld around the �rst vehicle is
not a�ected (not greatly at least) by the trailing truck anymore and no energy savings
are done beyond this distance (for the �rst truck). There is a 1.6 and 1.5 % increase in
drag at 50 and 70 m, respectively. However, this may be due to numerical errors and
intuitively the drag should land on the same value as for an isolated truck.

Figure 116: Base pressure for the leading vehicle at 50 and 70 m relative distances.

Second truck

The front pressure coe�cient for the second truck is shown in Figure 117 together with
the reference case. The same interval of the color bar is used as for the �rst vehicle. At
smaller distances the front pressure is lower and it increases with distance, as previously
observed. There are four high pressure areas at 5 m relative distance, all on the vertical
edges, asymmetrical positioned, with one on the lower left side and three on the right.
Further away, at 10 m, the pressure is higher and now there is a high pressure area on the
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top, positioned little to the right side, maybe from the �ow coming from the roof. There
are two other high pressure zones on each side, but at di�erent heights. One observation
is that in the 5 m case there is no suction e�ect; no acceleration around the curvatures,
which is seen in the other cases in Figure 117. This is because the truck is within the
unrecovered �ow. At 15 m, the magnitude of the high pressure zones is greater than for
the previous distances' and also, the acceleration is larger, especially on the top right side
(dark blue area). The high pressure areas are divided into each corner, one in the top left
and one in the bottom right.

Figure 117: Front pressure for the second vehicle at 5, 10 and 15 m relative distances.

The contour plots of the pressure coe�cient on the base is shown in Figure 118 for the
second truck. The trend is the same as for the �rst vehicle, with decreasing pressure with
increasing distance. However, the pressure change is not as rapid, which is clearly seen
by comparing the 10 and 15 m cases in Figures 112 and 118. At 5 m relative distance, the
leading vehicle's base pressure on the upper part is higher than the second vehicle's, and
the opposite scenario is seen on the lower part. Thus, there is a larger pressure di�erence
on the surface for the leading truck and a more even distribution for the second. There
is a similarity of the contours between the �rst and second vehicle, where the low and
high pressure zones are more sharp and distinct for the �rst vehicle and more smeared
and evened out for the second. Speculating, this might be a cause of the �ow �eld being
more turbulent when reaching the second vehicle. There is more mixing in turbulent �ow
and hence, the distribution might become more homogeneous as seen in Figure 118.

The drag coe�cient of the second vehicle is larger at 10 m than at 15 m, which is not
distinctly seen here. One could speculate that the three high pressure zones contributes
to the increase in CD, seen in Figure 117. However, they are not as high as the pressure
zones located at the front surface of the truck in the 15 m case and also the base pressure
is lower for the 15 m case in comparison with the 10 m case, which contributes to increase
in drag. The reductions in drag are 48.5, 9.3 and 18.5 %, for the 5, 10 and 15 m cases,
respectively.
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Figure 118: Base pressure for the second vehicle at 5, 10 and 15 m relative distances.

The front pressure coe�cient for the second vehicle at relative distances 20 and 25 m
is displayed in Figure 119. The magnitude of the front pressure is quite similar between
the two cases, where the high pressure zone is located to the left for the 20 m case and to
the right for the 25 m case. At 25 m distance the second truck reaches its second largest
drag, where it is approximately 3.9 % larger compared to that at 20 m. Only at 10 m
the drag is larger for the second truck. Observing Figure 119, the increase in drag makes
sense since the base pressure at 25 m is low in comparison to the other distances. The
acceleration around the curvatures are greatest near the high pressure zone; at the left
side and top left side for the 20 m case and at the lower right side for the 25 m case.

Figure 119: Front pressure for the second vehicle at 20 and 25 m relative distances.

Figure 120 shows the base pressure coe�cient for the middle positioned vehicle at 20
and 25 m distances. At 20 m distance the base pressure is higher than at 25 m. The
distribution is quite homogeneous at 20 m, with higher pressure on the top, just like
the other cases. In comparison with the reference case, the base pressure is higher, and
almost symmetric, with a 16.5 % reduction in CD. There is a 12.6 % reduction at the
local maximum 25 m. The base pressure distribution is quite symmetric for the 25 m case
too, with a larger magnitude at the center lower part, surrounded by lower pressure areas,
lowest at four spots on the edges. Although, the top surface exhibits the higher pressure.
The overall magnitude of the base pressure is smaller than for the isolated truck's, but
the front pressure is lower, which contributes to a decrease in drag.
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Figure 120: Base pressure for the second vehicle at 20 and 25 m relative distances.

There is still a reduction in pressure on the front surface at 50 and 70 m, which is
displayed in Figure 121. Actually, the trend in drag is a decrease with distance from 25
m, with a 13.9 % and 15.0 % reduction in comparison with the reference case's, for the
50 and 70 m cases, respectively. The distribution starts to look like the reference case's,
with one large pressure zone in the middle.

Figure 121: Front pressure for the second vehicle at 50 and 70 m relative distances.

The base pressure also looks similar to the reference case's, at least in magnitude, seen
in Figure 122. At 50 m, there is still an increase in base pressure, with two low pressure
areas on each side on the lower part, but these results are not as reliable as the other.
These areas are connected at 70 m and also a bit smaller in magnitude and around the
same as for the reference case's. But the lower pressure area is more con�ned to the lower
part than the reference case's. Just by observing Figures 121 and 122, the conclusion
would be that there is a larger reduction at 50 m, since the front pressure is lower and
the base pressure higher. This is not what is shown, however, one should be critical when
examining the results since the turbulence is indeed modeled, which mean that there may
be unphysical tendencies.
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Figure 122: Base pressure for the second vehicle at 50 and 70 m relative distances.

Third truck

The front pressure coe�cient for the last positioned truck is displayed in Figure 123
for the three �rst distance, 5, 10 and 15 m together with the reference case's. At 5 m,
the third truck has lower front pressure than the other trucks, with one area of higher
pressure on the right side. There is no great acceleration around the curvature too, just
like the second truck. The same trend is seen at 10 m distance, where the last-positioned
truck has lower pressure on the majority of the front surface. The maximum magnitude
exceeds that of the second truck, which is located at the right side. Another di�erence is
the decrease from three high pressure areas to two, located on each side, the one on the
right side stretching upwards while the other stretches downwards. The truck at 15 m
has now a more concentrated distribution, where the high pressure is found around the
center, spreading over larger areas on the sides, with its maximum of magnitude on the
right side. Larger accelerations over the curvatures are found here compared to the other
two distances.

Figure 123: Front pressure for the third vehicle at 5, 10 and 15 m relative distances.

In Figure 124 the base pressure coe�cient is shown for the 5, 10 and 15 m relative
distances. Broadly, the base pressure is quite the same between the cases. At 15 m, the
base pressure is the most di�erent, where the horizontally positioned low pressure zone
found in the other cases is con�ned to an area on the right side. Also, the high pressure
area on the top is smaller in magnitude and stretches down in the middle and also to the
left bottom side, but there the magnitude is smaller. In comparison with the other two
vehicles, the base pressure is lower, since it does not have any truck behind it to raise
its pressure. The 5 and 10 m cases are more alike in appearance with the distinct low
pressure area found on the lower part, smaller in magnitude for the 5 m case, with the
minimum de�ected to the left. This distribution is found for the reference case apart from
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that the low pressure zones are divided into two and there are more spreading of them.
The highest pressure is found at 10 m, on the right side. Likewise the middle positioned
truck at 10 m, the third truck has an abrupt increase in drag at this distance. The
drag reductions are 33.2, 7.0 and 11.8 % for the 5, 10 and 15 m cases, respectively. The
reductions are greatest for the second truck at these three distances with the exception
of 10 m, where the leading vehicle saves the most.

Figure 124: Base pressure for the third vehicle at 5, 10 and 15 m relative distances.

The front pressure coe�cient for the third truck is displayed in Figure 125 for distances
20 and 25 m. Comparing with the second truck at the same distances, the maximum
pressure is larger for the third truck. At 20 m, the maximum is found at the lower right
side and at 25 m, it is found at the upper left. There is not much di�erence in drag
between the two distances, with just a 0.3 % di�erence, where at 25 m the truck has
smaller CD. The reductions in drag are 16.1 and 16.4 % for the 20 and 25 m cases,
respectively.

Figure 125: Front pressure for the third vehicle at 20 and 25 m relative distances.

In Figure 126 the base pressure is shown for the third truck at the same distances
as above. There is a center positioned high pressure on the base of the truck at 20
m, surrounded by two low pressures on the top and bottom, the one on the top is not
commonly seen in the other cases. The low pressure area at the lower part at 25 m
is much smaller compared to most cases and there is a higher pressure area next to it.
Concentrating on the 20 m case, the third truck has a 15.3 % larger reduction in drag
than the leading vehicle and a 0.35 % smaller reduction than the middle positioned truck.
For the 25 m case, the third truck has the lowest drag, where the di�erences are 17.3 and
3.9 % between the third and the �rst and second truck, respectively.
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Figure 126: Base pressure for the third vehicle at 20 and 25 m relative distances.

The base pressure is shown for the third truck in Figure 127 for distances 50 and 70
m. There is yet no full recovery to the reference pressure, and thus, the e�ect of the other
vehicles is still present. The distribution is quite similar between the distances, where the
maximum at 50 m is greater than at 70 m.

Figure 127: Front pressure for the third vehicle at 50 and 70 m relative distances.

In Figure 128 the base pressure is shown for the third vehicle at 50 and 70 m. For
both cases, there is lower pressure at the bottom parts and higher on the upper. At 50
m, the pressure distribution is quite similar to the reference case's. The minimum in base
pressure is found at 70 m, on the right side, and at this distance the truck has larger
drag; 2.9 % greater than that at 50 m. There are still reductions in comparison with the
isolated truck, 20.3 and 17.4 % at 50 and 70 m, respectively. At these two distances, the
drag reduction is the greatest for the last positioned vehicle, where the di�erences are 21.9
and 6.5 % at 50 m between the vehicle in question and the �rst and second, respectively,
and at 70 m the di�erences are 18.9 and 2.4 %.
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Figure 128: Base pressure for the third vehicle at 50 and 70 m relative distances.

6.5.5 Pressure �eld

In Figure 129 the pressure coe�cient CP is displayed at symmetry plane for every truck
at relative distances 5 and 10 m together with the percentage reduction in CD. The color
scale is set from −1 to 1 but values of approximately−1.8 are found around the top front
curvature of the cab, shown in dark blue. The restriction of the scale is done in order to
see di�erences clearer. Also, values of approximately 1.015 are found on the front surface
of the �rst vehicle, shown in white.

The highest pressure is found on the front of the leading vehicles. At 5 m, the second
truck has around the same pressure in the wake as the free stream and considerably lower
front pressure than the leading one, hence there is a great reduction in CD. There is even
lower front pressure for the third truck, however, the wake pressure is lower and therefore
the drag increases. Since the presence of a vehicle near the base of the truck in question
raises the base pressure of that truck, one may observe a decrease in the wake pressure for
the two �rst vehicles at 10 m compared to those in the 5 m case, because of the increased
separation distance. Also, the wake has more room to �recover�, i.e. turn into surrounding
conditions since there is no active source of energy keeping it alive, which results in larger
frontal pressure for the trailing trucks. This is seen comparing the trailing trucks of the
10 m case with those of the 5 m case. The lowest pressure point in the wake for the last
trucks is located around the center point of the large CCW rotating eddy, seen previously,
for instance in Figures 25 and 26. Another behavior found in both cases is that the front
pressure decreases with vehicle number.

Figure 129: Pressure coe�cient contours at symmetry plane for 5 and 10 m cases.
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The pressure coe�cient contours for the 15 and 20 m cases are shown in Figure 130
with the same color bar scale as the previous picture. In comparison with the two previous
cases the front pressure is much larger for the trailing trucks and the stagnation point
has moved down. The wake pressure is highest for the middle positioned trucks in both
cases, which was also the case for the previous distances. Almost everywhere around the
vehicles the pressure is lower than the free stream pressure, except at some locations for
some of the trucks; above the trailer in the middle section (and of course at the front
surface). The two trailing trucks at 15 m relative distance have lower pressure above
the center of the trailer. It will later be seen in Figure 133 that at those locations there
are large �ow structures present there, possibly derived from separation on the second
vehicle.

Figure 130: Pressure coe�cient contours at symmetry plane for 15 and 20 m cases.

In Figure 131 the pressure coe�cient contours are displayed for the 25 and 50 m cases.
Now the wake pressure has decreased for every truck and the distribution of the front
pressure starts to resemble that of the �rst vehicle. In both cases, the last truck has
higher front pressure than the second, but larger drag reduction. The second vehicle has
larger drag reduction until around 20 m, where the trailing trucks almost have the same
reduction, see the right hand side of Figure 130. After that the reversed e�ect is observed;
larger drag reduction for the last vehicle, as seen here (Figure 131). Also, around 20 m,
the leading vehicle stops bene�ting of driving in platoon.
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Figure 131: Pressure coe�cient contours at symmetry plane for 15 and 20 m cases.

6.5.6 Velocity �eld

Figures 132, 133 and 134 show the velocity magnitude at symmetry plane for di�erent
relative distances together with the percentage reduction of CD for every truck. The
range of the color bar is 0− 30 m/s, where values o� the range are shown in end colors,
which is only at the top curvature on the cab of the leading vehicle, where velocities of
approximately 40 m/s are found.

Concentrating on Figure 132, there are large di�erences in reductions between the
relative distances, where the �rst vehicle in the 5 m case receives more than twice the
reduction compared to the 10 m distance. The velocity �eld is similar in appearance
with the exception of the �ow under the end of the trailer and the wake. For the middle
positioned vehicle the boundary layer (BL) has grown in size, where it is thickest at the
middle at 5 m. At 10 m, the BL seems to partially separate, which can be seen on the
yellow stripe above the truck, and the thickness does not diminish when arriving to the
wake, as it does in the 5 m case. Another di�erence is the facing stream, where the
wake of the �rst vehicle at 5 m distance does not have time to recover and thus, the
second vehicle is within the low velocity area. The height of the wake is approximately
the height of truck, leading to no large accelerations around the curvatures of the cab.
This is not seen at 10 m distance, where the wake has had time to decrease in size and
when facing the front of the second truck, it needs to accelerate more abruptly around
the top curvature, which most likely results in the partially separated BL.

The BL thickness on top of the third vehicle at 5 m is smaller than that of the previous
truck, with less variations in velocity around the top curvature of the cab; it is as the
�ow stabilizes and thus, becomes less sensitive to changes in the surrounding. This can
also be seen in the 10 m case, where the last positioned truck's front is more sheltered in
the wake �ow than the second truck is. The BL thickness is greater here, with smaller
velocity magnitudes across the layer. The 10 m case is special in the sense that there is
an abrupt increase in drag and the reason for that might be the thick low velocity BL.
Note that the BL does not directly raise the drag, but it is an e�ect of the de�ection of
the �ow as if the truck was taller, resulting in an increase in pressure drag.
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Figure 132: Velocity magnitude �eld for relative distances 5 and 10 m.

There is a decrease in drag for the two trailing vehicles when passing 10 m, as seen
in Figure 133. Looking at the 15 m case, there is a large portion of �uid which separates
at the front curvature of the second truck. It can also be seen that for every trailing
truck, the acceleration at the front top curvature is larger than that of the previous cases,
which is natural since the wake �ow has even more time to recover. There are large �ow
structures above the two last trucks, which possibly derive from the interaction which the
second truck. This can also be seen at larger distances in Figure 134. In the 10 m case,
these structures do not break up as much as here, and thus a very large BL is formed,
which, as already noted, may be the cause of the increase in drag. Since the wake �ow is
highly time dependent it is not appropriate to discuss it in detail. It can be seen in some
of the cases the center point of the large CCW rotating eddy near the base on the lower
part, colored in dark blue. One remarkable result is that the decrease in CD is larger for
the last truck at 20 m than at 15 m; 4.3 % larger decrease. But the result should not be
taken too seriously since the usage of the steady-state RANS approach.

Figure 133: Velocity magnitude �eld for relative distances 15 and 20 m.

The �ow �eld around the second trucks starts to resemble the �rst's now at larger
distance, see Figure 134, but there is still a breakup of the BL or other disparities in the
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�ow �eld above the trailer. For the trailing trucks, the thickness of the BL is not as large
as those at smaller distances, since those structures � possibly creating the thick BL at
smaller distances � breakup and disperse.

Figure 134: Velocity magnitude �eld for relative distances 25 and 50 m.

7 Conclusion

Shortly put, the drag reduction for the leading truck is caused by the raised back pressure,
induced by the trailing truck's presence. Therefore, at closer distances, the e�ect from
the trailing truck is stronger, hence the larger decrease. Intuitively, one would expect
that the decreased front pressure for the trailing vehicle is the key role for reduced drag.
Simply, the truck is sheltered by the incoming high-velocity stream. However, in the
present study, large reductions are found at large separation distances for the trailing
vehicle with both turbulence models, although the maximum is found at 5 m for the
RANS simulations.

The trend in drag with separation distance is similar for the platoons with the steady-
state RANS-based turbulence model k − ε realizable with the two-layer treatment. All
trailing trucks exhibit a sudden drag increase at 10 m, where the 2-truck platoon's trailing
truck has a 5.5 % increase in drag relative to the reference and the trailing trucks in
the 3-truck platoon show a 9.3 and 7.0 % reduction, for the second and third truck,
respectively. The largest reductions for all RANS simulations and for all vehicles are seen
at a separation distance of 5 m, where the reductions are 26.9 and 28.1 %, for the �rst
and last vehicle in the 2-truck platoon, and 31.5, 48.5 and 33.2 % for the �rst, second
and last truck in the 3-truck platoon, respectively. There is an immense growth in drag
for the trailing trucks between 5 and 10 m; 46.9 % for the 2-truck platoon and 76.1 and
39.2 % for the 3-truck platoon. One prominent characteristic of the �ow �eld around the
trailing trucks at 10 m is a very thick boundary layer, which might be related to the local
peak in drag for that particular distance. Although there is also a thick boundary layer
at 5 m, the magnitude in the region next to the trailer surface is considerably larger.

The behaviors of CD for the leading trucks are very alike, with increasing drag with
increasing separation distance, where the vehicle in the 3-truck platoon exhibits the largest
reduction at every investigated distance except at 10 m, where the di�erence is only 0.7
%. At 18 and 22 m the leading trucks stop to bene�t from platoon driving, in the 2 and 3-
truck platoon, respectively. There is an overshoot for both leading trucks, approximately
2.7 and 1.3 % (shown in same order as previous) compared to the reference case. This is
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most likely due to numerical errors.
The last-positioned trucks' drag forces are also in good agreement in terms of qual-

itative behavior. Both experience the same trends at the same distances, where a local
minimum is found at 50 m. It should be noted that the result at 50 m for the 3-truck
platoon is not as reliable as the other since the outlet boundary is too close to the last
truck according to recommended settings in literature [8, 21]. In spite of that, the same
behavior is observed for the di�erent platoons. The middle-positioned truck exhibits the
largest reduction until 20 m, whereafter the last truck has the largest reductions.

The second part of the Thesis comprised of simulations with the Menter's SST k − ω
DES (Detached Eddy Simulation) model. It was shown that the drag trend was similar
for the leading trucks comparing the di�erent turbulence models, where larger reductions
were found for the DES approach at every distance except for at 10 m, where the di�erence
is 3.2 %. The maximum drag reduction is 31.7 % at 5 m.

One of the most interesting parts of the present work is the discrepancy in drag
behavior for the trailing trucks between the turbulence models. Unlike the RANS case,
the drag in the DES simulations decreases with increasing distance in the whole interval.
The largest reduction is found at the largest investigated distance, 50 m, with the value
24.3 %. There are two intuitive reasons for this large reduction and one of them is the
raised base pressure. However, this might not be true because of the numerous errors
introduced in the process. The fact that the distance between the constant pressure
outlet boundary and the last vehicle is shortest for this case, a�ecting the pressure on the
vehicle more, makes the result less reliable. The second reason for the large reduction in
drag is the low pressure on the front curvatures. Since the incoming stream is stronger
at larger separation distances for the trailing truck, the acceleration is larger around the
curvatures and thus, the pressure is lower compared to those trucks which are contained
within a low-velocity wake area. This suction e�ect has a crucial impact on the drag.
Another correlation between drag increase and the �ow �eld is large low-pressure and
low-velocity vortices/�ow structures near the truck surface. These are clearly seen on the
trailer surface of the trailing truck at 5 m. With increasing separation distance, these
structures decrease in size and increase in pressure and velocity magnitude; they break
up and act more independently of each other.

It should be noted that two simulations su�ered from convergence problems, namely
the 5 and 50 m cases, which were run for 5.448 and 5 s, respectively, instead of 6 s.
Because of this, the reliability of those simulations is decreased. Even more for the 50
m case, since the distance is larger between the trucks, more data points are needed in
the averaging process in order to receive statistical convergence. This has to do with the
fact that a �uid parcel needs to travel much further to reach the second truck and thus,
the interaction between the trucks happens in a slower pace (time dependent e�ects),
meaning that more time is needed to reach a time-averaged �steady-state� con�guration
of the drag.

A study which is consistent with the DES results is PowerFLOW VLES (Very Large
Eddy Simulation) simulations conducted at Scania with the same generic truck model.
The drag trend is very similar, with di�erences of 1− 5 % in drag, where the largest
di�erences are found at 5 and 10 m, for the �rst and second truck, respectively. Together
with the VLES results, the DES simulations put a distrust on the RANS results. Not only
the agreement between the simulations, but also the fact that the vortices may play a key
role in the structure of the �ow �eld. The RANS approach behaves badly in region of
strong swirl, a key feature of the �ow �eld here. This is because the RANS-based models
use the eddy-viscosity assumption, which considers the turbulence to be isotropic, which
is not true in �ow regions with strong swirl (recirculation, separation). Also, the k − ε
model does not perform well under adverse pressure gradients [22], which is present in the
�ow �eld. However, the latter statement may be incorrect since lots of improvements have
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been made through the years of 2-equation models. Also, the standard k − εmodel is used
in the paper [22]. Once again, it should be stressed that the results may not be physically
realistic and one should always have that in mind when conducting CFD simulations.
Validation with experiments and agreement in results between other turbulence models
gives more con�dence in the obtained results.

The belief was that the �ow �eld was highly time dependent, which was proven to be
correct by the DES simulations. Indications of this was already presented in the RANS
study. One of the key features of the �ow �eld is the separation of the boundary layer
on the cab roof, and also the generation of vortices induced by the cab curvatures. This
is not desirable since it increases the drag. To avoid this, the radius of the curvatures
could be made larger, resulting in smaller pressure gradients, which the �uid is less prone
to separate under. This might dramatically change the drag behavior, especially for the
trailing truck where the low pressure on the cab curvatures was a prominent reason for the
drag reduction. The roof de�ector could be taken into play when reducing the pressure
gradient at the top, by using it to create a gentler change in the curvature. Also for drag
reduction, devices could be attached in order to reduce the wake area, however, then the
positive e�ects of platooning may decrease.

As a �nal remark, it should be said that the �ow �eld is highly dependent on the
geometry. Small geometrical changes could give large functional changes. Therefore,
no universal behavior might be found, however, similarities in the �ow �eld might be.
Compared to other studies, such as the experimental study of [4] or the CFD study of
[17] the results deviated greatly for the trailing trucks and there was a better agreement
between the leading ones.
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A Appendix A

A.1 Residual plots for 2-truck platoon: RANS
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Figure 135: Residuals for two truck platoon. From top to bottom: 5, 6 and 8 m.
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Figure 136: Residuals for two truck platoon. From top to bottom: 9, 10 and 11 m.

ii



0 1000 2000 3000 4000 5000 6000 7000
2

3

4

5

6

7

8

9

10
x 10

−3

No. of iterations

R
es

id
ua

ls

Residuals convergence for 15 m case

 

 
Continuity
X−momentum
Y−momentum
Z−momentum

0 1000 2000 3000 4000 5000 6000 7000
0

0.5

1

1.5

2

2.5

3

3.5
x 10

−4

No. of iterations

R
es

id
ua

ls

 

 
TKE
TDR

0 1000 2000 3000 4000 5000 6000 7000
2

3

4

5

6

7

8

9

10
x 10

−3

No. of iterations

R
es

id
ua

ls

Residuals convergence for 19 m case

 

 
Continuity
X−momentum
Y−momentum
Z−momentum

0 1000 2000 3000 4000 5000 6000 7000
0

1

x 10
−4

No. of iterations

R
es

id
ua

ls

 

 
TKE
TDR

0 1000 2000 3000 4000 5000 6000 7000
1

2

3

4

5

6

7

8

9
x 10

−3

No. of iterations

R
es

id
ua

ls

Residuals convergence for 21 m case

 

 
Continuity
X−momentum
Y−momentum
Z−momentum

0 1000 2000 3000 4000 5000 6000 7000
0

1

2

x 10
−4

No. of iterations

R
es

id
ua

ls

 

 
TKE
TDR

Figure 137: Residuals for two truck platoon. From top to bottom: 15, 19 and 21 m.
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Figure 138: Residuals for two truck platoon. From top to bottom: 25, 50 and 70 m.
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A.2 Force coe�cients plots for 2-truck platoon: RANS
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Figure 139: Force coe�cients convergence for two truck platoon. From top to bottom: 5,
6 and 8 m.
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Figure 140: Force coe�cients convergence for two truck platoon. From top to bottom: 9,
10 and 11 m.
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Figure 141: Force coe�cients convergence for two truck platoon. From top to bottom:
15, 19 and 21 m.
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Figure 142: Force coe�cients convergence for two truck platoon. From top to bottom:
25, 50 and 70 m.
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A.3 Residual plots for 2-truck platoon: DES

Figure 143: Residuals for the 2-truck platoon for the DES cases.

A.4 Force coe�cients plots for 2-truck platoon: DES

Figure 144: Force coe�cients convergence for the 2-truck platoon for the DES cases.
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A.5 Pressure in tire wakes for 2-truck platoon: DES
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Figure 145: Pressure in left and right tire wakes of the leading vehicle in the 5 m case.
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Figure 146: Pressure in left and right tire wakes of the trailing vehicle in the 5 m case.
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Figure 147: Pressure in tire wakes for the 10 m case.
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Figure 148: Pressure in tire wakes for the 20 m case.

xi



0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

x 10
4

−400

−200

0

No. of iterations

P
re

ss
ur

e 
[P

a]

Maximum pressure in front tire wakes for trailing vehicle 50 m case

 

 

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

x 10
4

−400

−200

0

No. of iterations

P
re

ss
ur

e 
[P

a]

Maximum pressure in middle tire wakes for trailing vehicle 50 m case

 

 

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

x 10
4

−400

−200

0

No. of iterations

P
re

ss
ur

e 
[P

a]

Maximum pressure in rear tire wakes for trailing vehicle 50 m case

 

 

LHS wake RHS wake

Figure 150: Pressure in left and right tire wakes of the trailing vehicle in the 50 m case.
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Figure 149: Pressure in left and right tire wakes of the leading vehicle in the 50 m case.
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A.6 Residuals for the 3-truck platoon
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Figure 151: Residuals for 5, 10, 15 and 20 m cases in the 3-truck platoon.
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Figure 152: Residuals for 25, 50 and 70 m cases in the 3-truck platoon.
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A.7 Force coe�cients plots for 3-truck platoon
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Figure 153: Force coe�cients convergence for 5, 10, 15 and 20 m cases in the 3-truck
platoon.
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Figure 154: Force coe�cients convergence for 25, 50 and 70 m cases in the 3-truck platoon.
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