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Abstract
In this work wall interference effects, experienced during full scale wind tunnel testing of trucks, are investigated
through simulations. Three different truck models are used, and a number of blockage correction methods are
applied on drag results from simulations in a wind tunnel environment. These are compared with open road
reference simulations. The results indicate that the flow fields around the trucks need to be fairly similar, if the
same correction method is to be used.

Nomenclature

Name Description

CD0 Profile drag coefficient
CDcM Maskell corrected drag coefficient
Cdt Duplex test section area [m2]
CDuw Uncorrected wind axis drag coefficient
CDv Drag due to vortex flows (including CDi)
CDi Induced drag coefficient
CDw Corrected wind axis drag coefficient
CPb Base pressure coefficient
CYuw Uncorrected wind axis side force coefficient
CY w Corrected wind axis side force coefficient
hm Vehicle height [m]
ht Test section height [m]
lm Vehicle length [m]
q Uncorrected dynamic pressure [Pa]
qc Corrected dynamic pressure [Pa]
Sdm Duplex vehicle frontal area [m2]
Sdm,side Duplex vehicle side area [m2]
T Thompson’s tunnel shape factor
Vdm Duplex vehicle volume [m3]
wm Vehicle width
wt Test section width
β Yaw angle [deg]
∆CDM Drag increment due to wake distortion

Introduction
One of the most important objectives when developing new
truck models is to reduce the fuel consumption. This can be
accomplished by reducing the aerodynamic drag of the vehi-
cle. A typical long-haulage truck has a drag value CD of about
0.5−0.7. To predict the vehicle drag, simulations are made
during the development process using computational fluid
dynamics. Wind tunnel measurements are also used to get

aerodynamic drag data, and to validate the simulation results.
When conducting wind tunnel measurements, the measured
drag must be corrected due to the interference of the wind
tunnel walls.

To account for wind tunnel interference effects, a large
number of blockage correction methods have been developed
over the years. The first of these methods were primarily
focused on streamlined bodies for aeronautical applications,
some of which can be found in [1]. The aeronautical correc-
tion methods were later adapted to suit ground vehicle testing
conditions. The main alteration made was to compensate for
the location of the vehicle in the wind tunnel. To enable use of
aeronautical correction methods, the vehicle and tunnel cross
sections are mirrored about the ground plane. By regarding
the floor as a part of the model set-up, a duplex model is cre-
ated that is located in the centre of a duplex tunnel. Using this
approach the angle of attack usually measured for an aircraft,
is translated into the automobile yaw angle with respect to the
wind direction. The lift generated by a wing then correlates
to the side force felt by a ground vehicle during cross-wind
conditions [2].

In this work, a number of full-scale truck-trailer combina-
tions are simulated in a wind tunnel environment and in open
road conditions. The open road simulations are used to get
reference values, estimating what the vehicle drag would be
if the trucks were driven on regular roads. The wind tunnel
simulations are used to predict what the aerodynamic drag
of the vehicles would be if wind tunnel measurements were
performed. The drag results from the wind tunnel simulations
are corrected using a number of blockage correction methods.
The corrected drag values are then compared to the simulated
open road reference values. The aim of this is to provide
guidelines, regarding which correction methods that are suit-
able for real wind tunnel measurements of full-scale trucks.
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The wind tunnel models used during the simulations re-
sembles the German-Dutch Wind tunnel Large Low speed
Facility (DNW LLF), although certain aspects of the tunnel
geometries have been simplified. The vehicles simulated are
one Scania Streamline and two generalized Baseline truck
models provided by Scania CV AB. The CFD simulation tool
used was EXA PowerFLOW.

1. Theory
In this section, some important wind tunnel interference ef-
fects will be presented. Thereafter a number of blockage
correction methods, developed for bluff body applications,
will be outlined. These methods are later on used to correct
drag values from CFD simulations of trucks in wind tunnel
environments. Note that the methods discussed in this work
are aimed at closed test section applications.

1.1 Wind tunnel interference effects
Solid- and wake blockage
During wind tunnel testing, the tunnel walls restrict the flow
field around the vehicle and cause a local flow acceleration.
This effect is called solid blockage. It bring about a symmet-
ric pressure gradient and an increase in the measured drag.
The local flow acceleration also influences the boundary layer
around the vehicle, causing an increase of the boundary layer
thickness by the vehicle surfaces. The viscous wake devel-
oping behind the vehicle further restricts the effective tunnel
cross section, and causes an additional flow acceleration. This
effect is called wake blockage. It give rise to an asymmet-
ric pressure gradient, and a corresponding drag increment.
Together the solid and wake blockage generate velocity and
pressure fields that most classical correction methods take into
account [3, 4].

Horizontal buoyancy
The boundary layer generated at the wind tunnel walls grows
in magnitude along the test section length. The velocity in-
crement and pressure drop associated with this phenomena
is referred to as horizontal buoyancy. Wind tunnel test sec-
tions are usually constructed with a slightly increasing cross
section area to compensate for the horizontal buoyancy. Thus
the effect is commonly regarded as negligibly small [4]. To
account for the horizontal buoyancy effect, the DNW closed
test section wind tunnel has a geometric wall divergence of
0.2◦ along the test section length [5].

Wake buoyancy and wake induced drag increments
Several correction methods use potential flow theory when
modelling the wake in the test section. The vehicle is then
represented by a source and a sink of equal strength. Mean-
while the wake is described by a source with an image far
downstream of the vehicle. The underlying theory behind this
was presented by Glauert [6] and Lock [7]. It was previously
believed that the wake source-sink pair gave rise to a pres-
sure gradient around the model volume that lead to a drag

increment. This effect was denoted wake buoyancy, and it
introduced a volume dependency in the correction methods
developed at the time. Hackett [8] showed that the wake buoy-
ancy effect is cancelled out by the influence from the solid
body source-sink pair on the wake volume. In other words, the
influence of the wake source-sink pair on the body, is equal
and opposite to the body source-sink pair influence on the
wake. A purely wake related effect, called the wake induced
drag increment, remains after the described sink-source can-
cellation. This drag increment, relates how the wake boundary
layer and separation bubble is displaced due to the wind tunnel
walls, and how that in turn affect the pressure gradient around
the vehicle [3]. While wake buoyancy effects do not alter the
drag, as previously believed, methods including wake buoy-
ancy terms can be applied to correct tunnel induced pressure
gradients. Therefore volume dependent correction methods re-
main useful when regarding long vehicles with high blockage
ratios.

1.2 Blockage correction methods
For streamlined bodies with minor flow separation, correc-
tion methods have long since been developed for aeronautical
applications [1]. For stalled wings, or ground vehicles exhibit-
ing large areas of flow separation, the wind tunnel flow field
interference becomes increasingly difficult to describe. The
blockage correction methods discussed below assume that the
flow is invariant under constraint. This means that the point
of flow separation must be unchanged in the presence of wind
tunnel walls [3].

Maskell’s correction method for bluff bodies
Early on Maskell [9] conducted a study of flow separations
over flat plates. Based on his results, he developed one of
the first empirical blockage correction methods for separated
flows. This method was derived using momentum balance
in the flow outside the wake. It makes a correction to the
dynamic pressure, according to (1).
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The last term in this equation represents a correction due to
flow separation, removing it reduces (1) to a blockage cor-
rection form used for streamlined bodies. The base pressure
CPb is the static pressure measured over the base of the body
and over the surface of the wake. According to Maskell, the
inverse value of CPb can be estimated by an empirical block-
age factor θ =−5/2, for most practical purposes. Neglecting
influences from the induced drag and profile drag, equation (1)
can be simplified into what is often referred to as the Maskell
correction formula (2). Note that in conducting the simplifi-
cation, leading edge flow separation is assumed. This is not
appropriate for modern trucks and other long vehicles with a
significant profile drag generated by skin friction.
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After performing the dynamic pressure correction, the wind
axis drag- and side force coefficients are corrected using (3)
and (4) respectively.

CDw =
CDuw

qc/q
(3)

CY w =
CYuw

qc/q
(4)

The DNW Maskell-type method
Based on the original method by Maskell, DNW has devel-
oped a correction method that accounts for the vehicle length
[10]. In the DNW-Maskell method the dynamic pressure is
corrected according to (5).
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The length dependent term in (5) is comparable to the term
that accounts for the profile drag in (1). The introduced length
dependency is of particular importance when dealing with
long, high blockage vehicles such as trucks, since the profile
drag is high for these vehicles. The drag- and side force
coefficients are corrected using the same formulation as in (3)
and (4).

The extended Maskell III method
Maskell’s method [9] neglects to account for the wake distor-
tion occurring in the test section. Due to this the results are
insufficiently corrected. An extension of the method, called
Maskell III, is presented by Hackett and Cooper in [11]. Simi-
lar to the original method, Maskell III was developed using
flat plates with varying angle of attack. When applying the
method, the measured drag is corrected in two steps. Be-
fore conducting the dynamic pressure correction, the drag
increment due to the wake distortion ∆CDM is removed. This
increment is later added to the corrected drag coefficient CDw.
The Maskell III algorithm is outlined in equations (6) to (10).
In (6) an expression for the blockage factor θ , developed by
Maskell for finite-span wings, is presented in a form suitable
for ground vehicles.

θ = 0.96+1.94e(−0.12hm/wm) (6)

The drag increment due to wake distortion ∆CDM is given by
(7). In (8) this parameter has been subtracted from the drag
coefficient CDcM , which has been calculated using (2) and (3).
The dynamic pressure correction is performed as in (9).

∆CDM =CDuw

[
1

1+ x
+

1−
√

1+4x
2x

]
, x = θ

(
Sdm

Cdt

)
(7)

CDcM−∆CDM =
−1+

√
1+4CDuwθ(Sdm/Cdt)

2θ(Sdm/Cdt)
(8)

qc

q
= 1+θ

(
Sdm

Cdt

)
CDuw−∆CDM (9)

The total correction to the drag coefficient is shown in (10).
The side force coefficient can be corrected in a similar manner,
as seen in (11) and (12). This method was utilized in [2] for
automotive aerodynamic data. The Maskell III method was
also used in [12], for measurements on scaled tractor-trailer
combinations in the Canadian NRC wind tunnel.
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CDuw

1+θ(Sdm/Cdt)(CDcM−∆CDM)
+∆CDM (10)

∆CY M =
∆CDM

tanβ
(11)

CY w =
CYuw

qc/q
+∆CY M (12)

Thom and Herriot’s correction method
An additional method, based on the work by Glauert [6] and
Lock [7], was developed by Thom and Herriot [3]. Originally
developed for aeronautical applications, this method has been
adapted to suit automotive applications. It was derived using
potential flow theory; the wake was modelled using a source at
the vehicle base and a far downstream sink of equal strength,
while the wall blockage effect was introduced via an array of
source and sink images [13]. The dynamic pressure correction
using Thom and Herriot’s method is given by (13). Here the
second and third terms represent the solid- and wake blockage
corrections respectively. Since the drag due to vortex flows
CDv is hard to measure, the estimation (CDuw−CDv)≈CDuw
has been done in (13). Furthermore the tunnel shape factor
T = 0.36(wt/ht +ht/wt).
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Equation (14) and (15) are used to correct the drag- and side
force coefficients.
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Thom and Herriot’s method introduces volume dependent
terms in (14) and (15). These terms relate to the wake buoy-
ancy that Hackett [8] proved incorrect. However, (14) and
(15) are accurate to apply when correcting for tunnel induced
gradients. When dealing with long vehicles exhibiting large
blockage ratios, gradients of this kind become more important.
Since the original use of the method was for aeronautical appli-
cations, it might underestimate the drag due to flow separation
when applied to road vehicles [3].
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2. Methodology
In this section the CFD program used during the simulations
is shortly described. Thereafter the vehicle and wind tunnel
models are discussed. The wind tunnel configurations used
during the simulations will also be described at some length,
along with a description of the open road environment used
to get reference values. After that the analysis process is
outlined, giving the general steps of the CFD analysis. The
procedure used to correct the resulting drag values is also
discussed.

2.1 CFD program
The simulations made in this paper have been performed using
EXA PowerFLOW, a software that uses a Lattice-Boltzmann
type of flow solver to conduct transient simulations of com-
pressible flow fields. A Cartesian mesh with cubic cells of
variable resolution is utilized in the program. Within the cells,
a simplified microscopic description of the molecular dynam-
ics is described at a mesoscopic level. This level lies between
the microscopic level where particle motions are analysed,
and the macroscopic level where the fluid motion is governed
by the Navier-Stokes equations. The combined effect of the
cells generates a fluid flow field at the macroscopic level [14].
In a previous study, EXA PowerFLOW was used by Horrigan
et. al. [15] to simulate wind tunnel effects. In their study
20 % scale model trucks were simulated, and tested in the
University of Washington Aeronautical Laboratory.

2.2 Vehicle models
Two different Baseline truck-trailer combinations, provided
by Scania CV AB, were used during the main part of this
study. To decrease the required simulation time, the model
geometries were somewhat simplified. Some of the finer ge-
ometry details, such as the side mirrors and the door handles
of the trucks, were excluded from the simulations. Cells of
variable resolution were used to resolve the flow field during
simulations. The cells close to the vehicles were of a finer
resolution. This was to resolve the boundary layers around
the truck and the flow disturbance caused by the vehicle. The
cell resolution used followed guidelines developed through
extensive research at Scania CV AB.

The two truck models analysed had identical geometries
apart from the cabin corner side radius, which was 200 mm in
one and 85 mm in the other case. The trucks are referred to
as Baseline R200 and Baseline R85 respectively. The same
trailer was used in both cases. Basic dimensions of the truck-
trailer combinations are given in Table 1. The purpose of
choosing the above mentioned truck models was to study the

Table 1. Basic truck-trailer dimensions

Vehicle length 16.5 m
Vehicle width 2.55 m
Vehicle height 4 m

change in drag upon relatively small geometrical changes.
It was of interest to investigate how the environmental sur-
roundings influenced a perceived change in drag, since this
relates to the validity of the results during wind tunnel mea-
surements. When comparing two truck models it is important
that a change in drag seen in the wind tunnel after correction,
is close to the change in drag expected at open road conditions.
The method selected to correct the wind tunnel test results
should ideally alter the test results so that they come close to
the values anticipated during open road conditions.

At the end of the project additional simulations were per-
formed with a Scania Streamline truck model, with the same
trailer as before. For this vehicle the geometry was more
detailed than in the Baseline truck cases, including items like
side mirrors, a roof hatch and door handles. The finest fluid
cells close to the truck cabins had 2.5 mm sides, while the
cells near the side mirrors and the other finer details had 1.25
- 0.625 mm sides.

2.3 Wind tunnel models
When simulating the vehicles in wind tunnel conditions, it
was desirable to make the wind tunnel model geometry and
boundary conditions resemble the wind tunnel environment
at DNW. At the same time, the simulations were restricted
by the approximations necessary to reduce the model size
and simulation time. Additionally, the nature of the transient
simulations in the CFD program were such that initial pres-
sure oscillations occurred between the simulation boundaries.
A converged state was reached when the initial oscillations
had died out. The wind tunnel model configuration had to be
chosen so that the solution converged, in order to get reliable
simulation results.

It was also of interest to investigate whether the flow field
around the vehicle would be significantly influenced by the
changes made to the tunnel geometry. When a suitable repre-
sentation of the DNW tunnel had been found, it was therefore
compared to a straight wind tunnel. The DNW-resembling
tunnels were modelled with a 0.2◦ wall divergence at the test
section to prevent horizontal buoyancy effects. In contrast,
the straight tunnel was modelled with friction-less walls with
a constant cross-sectional area.

Wind tunnel models resembling DNW LLF
The geometry of the DNW-resembling tunnels were created
based on information found in [5], further information about
the DNW turning table was given in [16]. Complete drawings
of the DNW tunnel geometry were not available for the study,
therefore certain details of the tunnel geometry were simpli-
fied. Several wind tunnel model configurations were tested.
Changes in the tunnel geometry and boundary conditions were
made, in order to find a suitable model set-up that reached a
converged state during the simulations. Figure 1 shows the
different tunnel geometries tried during the simulations. The
standard shape tunnel was 113.5 m long with 20 m friction-
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Figure 1. DNW resembling tunnel geometries; upper:
standard shape, lower: without diffuser.

Table 2. General wind tunnel dimensions

Contraction length 22 m
Contraction initial width 24 m
Contraction initial height 18 m
Test section length 20 m
Test section initial width 9.54 m
Test section initial height 9.5 m
Test section wall divergence 0.2◦

Diffuser length 31.5 m
Diffuser wall divergence 4.1◦

less walls after the inlet and before the outlet. The tunnel
without diffuser was identical to the standard shape tunnel,
except for the part after the test section, were the diffuser was
removed. There the tunnel was modelled with friction-less
walls and constant cross-sectional area leading up to the outlet.
The distance from the analysed truck models to the beginning
of the test section was about 2.35 m. This is close to the actual
truck location when testing at DNW. Additional wind tunnel
dimensions are given in Table 2.

To resolve the flow field within the tunnel, cells of dif-
ferent sizes were specified in the model. An overview of the
cell resolution used in the DNW-resembling tunnel without
diffuser can be seen in Figure 2. The cells near the truck and

Figure 2. Cell resolution in DNW-resembling tunnel

the walls of the tunnel had higher resolution to resolve the
boundary layers. Due to restrictions in the model size, the wall
boundary layers could not be resolved with the same accuracy
as the boundary layers around the trucks. The cells near the
walls in the tunnel contraction, test section and diffuser were
better resolved than the cells by the friction-less walls.

The DNW tunnel features a turning table to imitate cross-
wind conditions. In the cases where side wind was simulated,
the vertical axis that the vehicle was yawed around, was placed
at the location of the turning table at DNW. There is no moving
belt in the DNW test section used for truck testing, therefore
the trucks were simulated without a moving floor and rotating
wheels in the wind tunnel simulations. According to a study
made on cars at DNW [16], the drag reduction seen with
rolling wheels depends strongly on the standing height of the
vehicle. Low vehicles that are close to the ground, are greater
influenced by the rotating wheels effect.

Straight wind tunnel model
The straight tunnel model was 170 m long, with the truck
placed 45.5 m from the inlet. Its cross-section was set to
the same dimensions as the DNW test section used for truck
testing, with a height of 9.5 m and a width of 9.54 m. The
tunnel was configured with a friction-less ceiling and walls.
The floor was modelled with friction in the vicinity of the
vehicle and the subsequent wake, the rest of the floor was
modelled as friction-less. The cell resolution in the straight
tunnel was chosen so that it resembled the other wind tunnel
simulation set-ups. The cells close to the floor-section with
friction had finer resolution to account for the boundary layer
build-up, see Figure 3.

Figure 3. Cell resolution in straight tunnel

Boundary conditions
The inlets to the wind tunnels were modelled with velocity
boundary conditions, such that the velocity at the beginning
of the test sections was 25 m/s. For the cases where a tunnel
contraction was used, the inlet velocity was found after some
iterations, using the conservation of mass flow principle over
the fluid volume. The final value used for the inlet velocity
was 5.042 m/s. The straight tunnel was modelled with an inlet
velocity of 25 m/s. When starting the transient simulations,
the fluid inside the tunnels were initiated with the specified
inlet velocity. During the simulations with a truck in the stan-
dard shape DNW-resembling tunnel, additional trials were
made where the fluid inside the tunnel was initiated with the
velocity field calculated from an empty tunnel simulation. In
all cases where one of the trucks were included, the fluid in-
side the engine compartment was initiated with zero velocity
to avoid initial fluid oscillations.

The outlets of the wind tunnels were modelled with a
pressure boundary condition, which was set to the ambient
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pressure 101325 Pa. To dampen the initial pressure fluctu-
ations between the tunnel boundaries, a reflection damping
surface was specified 125 m after the outlet.

When performing simulations in the straight tunnel, the
fluid in the tunnel interior was initiated with a linear pressure
gradient. The initial pressure at the inlet was set to 101375 Pa,
decreasing down to 101325 Pa at the tunnel outlet. This was
done to account for the presence of the truck in the tunnel,
and reduce the time required to reach simulation convergence.

A 10 m thick layer of fluid with increased viscosity was
set by the inlet and outlet of the wind tunnels. This was done
to avoid that small scale turbulent fluctuations, generated in
the wake behind the vehicle, interacted with the tunnel inlet
and outlet boundary conditions. Finally, the wheels were
modelled at rest at the wind tunnel simulations, since there is
no moving belt in the DNW LLF test section used for truck
testing.

2.4 Open road conditions
In the open road simulation models, the boundaries of the
fluid domain were moved far away from the truck, so that
their influence on the flow field around the vehicle was negli-
gible. Similar to the wind tunnel simulations, the inlet to the
simulation domain was modelled with a velocity boundary
condition, where the inlet velocity was set to 25 m/s. The
ground plane beneath the truck was modelled as a sliding wall,
moving with a speed of 25 m/s. The fluid inside the simula-
tion domain was initiated with the same speed. Meanwhile
the vehicle wheels were modelled as rotating walls, with an
angular velocity corresponding to a vehicle speed of 25 m/s.

As in the wind-tunnel cases, the outlet to the simulation
domain was modelled with a pressure boundary condition,
which was set to 101325 Pa. The simulation boundaries in
the open road simulations were much further apart than in
the wind tunnel simulations. Therefore no reflection damping
surface, or layers with increased viscosity, was needed to reach
simulation convergence. The cell resolutions in the vicinity
of the trucks were the same as in the wind tunnel simulations.
Since the ground plane was moving with the same speed as
the surrounding fluid, no boundary layer had to be resolved
at that surface. Layers with increasing cell sizes were placed
between the vehicle and the simulation boundaries.

2.5 Analysis
The first step of the analysis was to find a reasonable repre-
sentation of the DNW tunnel geometry. At first, the standard
shape DNW-resembling tunnel was simulated empty without
a truck. Several simulations were then made, modelling the
Baseline R85 truck in the different DNW-resembling tunnels,
see Figure 1. When choosing a model configuration for the
simulations it was important that the initial pressure oscil-
lations, occurring between the tunnel boundaries, died out
within a reasonable simulation time. The wind tunnel model

configuration deemed most suitable was selected for the con-
tinued analysis.

The second step in the analysis process, was to compare
results from a simulation performed with the Baseline R85
truck in the chosen DNW-resembling wind tunnel, with re-
sults from a simulation with the same truck in the straight
wind tunnel. An open road simulation was also made for the
Baseline R85 truck to use for comparison. After comparing
the results from the two wind tunnel simulations, keeping in
mind that the model should mimic the real DNW tunnel as
much as possible, the wind tunnel model believed to be the
best option was selected for further analysis.

The third step was to simulate the Baseline R200 truck
model in open road conditions and with the chosen wind
tunnel model configuration. Then, after applying a set of
blockage correction methods, the difference in drag between
the two truck models could be analysed. In a fourth step, the
two baseline truck models were re-simulated in the open road
and wind tunnel environments, with a 5◦ cross-wind angle.
Finally the Streamline truck model was simulated in the wind
tunnel environment. Results from the Streamline wind tunnel
simulations were compared to data from open road Streamline
simulations, and simulations with the Baseline R200 truck.

The blockage corrections made to the aerodynamic data
were done in the wind axis coordinate system. This was
required to apply the correction methods. When studying the
vehicle drag during cross-wind conditions, transformations to
the body axis coordinate system were made after correcting
the results.

3. Results and discussion
In this section, results connected to the selection of tunnel
set-up for the wind tunnel simulations, will first be presented.
Then the most important results found when comparing the
two Baseline truck models, with and without side-wind, will
be discussed. This is followed by a presentation of results
from the Streamline truck simulations. Finally, blockage
correction methods will be applied to drag results, from the
wind tunnel simulations with the different trucks.

3.1 Selection of tunnel geometry
When simulating the Baseline R85 truck in the standard shape
DNW-resembling tunnel, problems were experienced with
the transient solver. Low frequent static pressure oscillations,
with an amplitude of about 10-15 Pa and a period around
10 s, were propagating through the tunnel when running the
simulations. Figure 4 shows an example of these oscillations,
measured at the tunnel inlet during one of the simulations.
In this case the fluid inside the tunnel was initiated with an
empty tunnel velocity field. Other simulations were performed
without the empty tunnel seeding. That did not diminish the
observed pressure fluctuations. No physical explanation was
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Figure 4. Static pressure at inlet of standard shape
DNW-resembling tunnel, with Baseline R85 truck.

found to explain the oscillations, and no way was discovered
to dampen them within a reasonable simulation time. With
pressure oscillations of this magnitude propagating through
the tunnel, the vehicle drag could not be estimated with suf-
ficient accuracy. It is believed that the oscillations described
above were a sign that the transient simulations had failed to
converge. They were probably caused by a combined effect of
the increased blockage ratio seen with the truck in the tunnel,
the pressure gradient present at the diffuser and the outlet
boundary condition.

Several attempts were made to reach simulation conver-
gence. In one of the final trials with the Baseline R85 truck
in a DNW-resembling tunnel, the standard shape tunnel was
used with a reflection damping surface 125 m after the outlet;
10 m thick layers with increased viscosity were also used at
the tunnel inlet and outlet. In this case the simulation did
not converge. Then, all boundary conditions were held con-
stant and the tunnel diffuser was removed, see tunnel without
diffuser in Figure 1. By altering the tunnel geometry in this
manner, simulation convergence was reached.

The removal of the diffuser changes the flow field and the
pressure distribution in the tunnel. The static pressure distribu-
tion in the DNW-resembling tunnels with and without diffuser
can be seen in Figure 5. The results have been averaged over
10 s. A seen, the static pressure in the test section is lower in
the tunnel without diffuser. This will of course influence the
results. It is unfortunate that the simulations with the standard
shape tunnel did not converge within a reasonable simulation
time. If it would have been possible to include the diffuser,
the results would be more realistic. It is left to future work to
further investigate this.

Figure 5. Static pressure distribution in DNW-resembling
tunnels with Baseline R85 truck.

Comparison of DNW-resembling and straight tunnel
The simulations with the Baseline R85 truck in the straight
tunnel and in the DNW-resembling tunnel without diffuser
yielded quite similar results. However, there were certain
differences that distinguished the two cases. When regarding
the mean static pressure, at the locations where the test section
begun and ended in the DNW-resembling tunnel, the pressure
drop across the test section was about 12 Pa higher in the
straight tunnel case. This was probably due to the slight wall
divergence in the test section of the DNW-resembling tunnel.
More importantly, the simulation results indicated that the
tunnel contraction influenced the flow field over the truck.
Figure 6 shows the velocity field around the truck in the two
tunnels, at a plane 2 m above the test section floor.

Figure 6. Velocity field in DNW-resembling and straight
tunnel with Baseline R85 truck, 2 m from test section floor.

It is evident that the flow accelerating through the tunnel
contraction interacts with the fluid region that is displaced
by the truck. This indicates that the vehicle is too large for
conducting measurements in a tunnel with these dimensions.
The DNW-resembling tunnel without diffuser was chosen
when conducting the remaining wind tunnel simulations. This
was viewed as the best way to describe the flow field in front
of the truck in the DNW tunnel.
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3.2 Comparison of Baseline trucks
The results presented here for the Baseline truck models have
been averaged over the last 10 seconds of the transient simu-
lations. The simulations without side wind will be discussed
first, followed by a presentation of the alteration seen when
applying side wind.

Simulations without side wind
The different cabin corner side radius of the trucks affected the
flow fields around the vehicles. The Baseline R85 truck exhib-
ited large areas of separated flow around the truck cabin. This
can be seen in Figure 7. Note that the separated flow region at
the side of the cabin is compressed in the wind tunnel envi-
ronment. When comparing open road and wind tunnel sim-

Figure 7. Flow separation for Baseline R85 truck. Left: open
road simulation, right: wind tunnel simulation.

ulations for the Baseline R200 truck, the flow stays attached
along the cabin sides, but there is an increased boundary layer
thickness by the cabin sides in the wind tunnel simulation.
This can be seen in Figure 8. For both Baseline truck mod-

Figure 8. Flow separation for Baseline R200 truck. Left:
open road simulation, right: wind tunnel simulation.

els, the region of separated flow by the ground plane differed
when comparing the open road and wind tunnel simulations.
This was because the open road simulations included rotating
wheels and moving ground boundary conditions, while the
wheels and floor where held at rest in the wind tunnel simula-
tions to imitate the truck testing conditions at DNW.

The blockage from the wind tunnel walls causes a pressure
drop around the vehicle. This can be seen when studying the
static pressure at the surface of the trucks. Figure 9 shows the
static pressure distribution at the cabin of the Baseline R200

truck, at open road and wind tunnel conditions. Clearly, the
wind tunnel interference causes a stronger suction region at
the side and roof corners of the truck cabin during simulations.

Figure 9. Static pressure distribution at Baseline R200 truck.
Left: open road, right: wind tunnel simulation.

Simulations with 5 degrees side wind
When introducing a 5◦ side wind component, there is a grow-
ing region of separated flow by the lee-side of the vehicles.
This is particularly evident for the Baseline R85 truck, as
seen in Figure 10. The Baseline R200 truck is not as strongly
affected by the side wind, since the flow stays attached at a
larger portion of the vehicle lee-side, see Figure 11.

Figure 10. Flow separation at 5◦ yaw for Baseline R85 truck.
Left: open road, right: wind tunnel simulation.

Figure 11. Flow separation at 5◦ yaw for Baseline R200
truck. Left: open road, right: wind tunnel simulation.

Figure 10 and 11 show evidence that the wake is deformed
in the wind tunnel environment. It is furthermore clear that the
separated flow region by the ground-plane is larger in the wind
tunnel environment. The larger separated flow areas lead to
an increase in drag compared to the simulations without side
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wind. As the vehicle is yawed, its rear end will come closer
to one of the wind tunnel walls. This leads to a pressure drop,
and a subsequent drag increment, as the flow is accelerated
between the wall and the corner of the trailer. Figure 12 shows
the static pressure at the surface of the Baseline R200 truck
at open road and in the wind tunnel environment, with a 5◦

yaw angle. The vehicle base pressure can be seen by the
wall and at the floor in the wind tunnel simulation. Just as in
the simulations with no side wind, the static pressure by the
vehicle is lower in the wind tunnel due to the wall interference
effects.

Figure 12. Static pressure distribution for Baseline R200
truck with 5◦ yaw. Upper: wind tunnel simulation, lower:
open road simulation

3.3 Streamline truck simulations
The regions of separated flow by the Streamline truck cabin
are shown in Figure 13, the simulation results have been aver-
aged over 10 seconds. As seen, there is flow separation at the
truck instep and by the side mirror, but overall the flow stays
attached at a fairly large portion of the cabin side. This is
similar to the results from the Baseline R200 simulations. In
contrast, the flow separation regions by the cabin sides of the
Baseline R85 truck were much larger. Figure 13 also shows
regions with increasing boundary layer thickness in the wind
tunnel simulation. This phenomena, which appeared during
the Baseline truck simulations as well, is probably due to the
flow acceleration caused by the blockage from the wind tunnel
walls.

Figure 13. Flow separation at 0◦ yaw for Streamline truck.
Left: open road, right: wind tunnel simulation.

Figure 14. Static pressure distribution at Streamline truck
with 0◦ yaw. Left: open road, right: wind tunnel simulation.

Figure 14 shows the static pressure at the surface of the
Streamline truck. As in the Baseline truck cases, the suction
peaks by the corners of the cabin are larger in the wind tunnel
environment. At 5◦ yaw, the Streamline truck displays flow
separation regions similar to the Baseline R200 truck. This
can be seen in Figure 15.

Figure 15. Flow separation at 5◦ yaw for Streamline truck.
Left: open road, right: wind tunnel simulation.

3.4 Aerodynamic drag corrections
As mentioned before, the simulations in this work were made
to get a collection of results upon which blockage correction
methods could be applied. The open road simulations are used
to get reference values, under the assumption that the results
come close to what would be seen in a real open road situation.
Meanwhile, the results from the wind tunnel simulations are
meant to give an idea of the results that would be achieved
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during wind tunnel testing. Simplifications have been made,
which influence the results, but the results presented in this
section can serve as guidelines when selecting a method for
correcting aerodynamic drag data. All drag results are pre-
sented in drag counts (cts), where 1 cts equals a change in the
CD value by 0.001. Ideally, the corrected results should come
as close as possible to the open road values.

Table 3 presents the difference in drag between the open
road and wind tunnel simulations for the Baseline R200 truck,
after applying a set of blockage correction methods. The re-
sults indicate that the DNW-Maskell method and the method
by Thom and Herriot, are fairly good to apply. This is proba-
bly because both methods account for the vehicle length and
a quite large profile drag due to skin friction. The results
corrected with the Maskell and Maskell III methods, which
were developed for flat plates, have worse precision.

Table 3. Baseline R200, difference in drag after correction
∆CD =CD(Blockage corrected)−CD(Open road)

Correction method ∆CD, 0◦ yaw ∆CD, 5◦ yaw

Maskell 56.7 87.7
Maskell III 55.3 71.7
DNW-Maskell 17.2 25.5
Thom & Herroit -17.9 14.5

Uncorrected values 116.8 190.0

The Baseline R85 simulations give a different view over
which correction method that should be chosen, see Table 4.
The Baseline R85 truck exhibits extensive leading edge flow
separations by the cabin sides. Therefore the Maskell and
Maskell III methods yield better results for the R85 than for
the R200 Baseline truck. The DNW-Maskell method and the
method by Thom and Herriot over-corrects the results. For
the Thom and Herriot method in particular, this is probably
because the method was developed for streamlined bodies
with large areas of attached flow.

Table 4. Baseline R85, difference in drag after correction
∆CD =CD(Blockage corrected)−CD(Open road)

Correction method ∆CD, 0◦ yaw ∆CD, 5◦ yaw

Maskell 28.1 49.7
Maskell III 26.5 24.5
DNW-Maskell -17.0 -35.5
Thom & Herriot -48.8 -23.0

Uncorrected values 97.8 197.5

Since the flow fields around the two Baseline truck models
are quite different despite their geometrical resemblance, the
effectiveness of the correction methods differs between the
two cases. If the same correction method is applied, and the
difference in drag between the two trucks are studied, the
results differ excessively depending on the selected method,

see Table 5. When doing this comparison, the aim is to come
as close as possible to the difference in drag seen during open
road conditions. In this particular case it appears to be better
to avoid making any correction at all.

Table 5. Difference in drag between Baseline R85 and R200
∆CD =CD(Baseline R85)−CD(Baseline R200)

Correction method ∆CD, 0◦ yaw ∆CD, 5◦ yaw

Maskell 31.3 100.1
Maskell III 31.7 91.0
DNW-Maskell 25.7 77.2
Thom & Herriot 29.0 100.7

Open road values 59.9 138.2
Uncorrected values 41.0 145.6

The difference in drag between the open road and wind
tunnel simulations, for the Streamline truck, can be seen in
Table 6. These results follow the same trend as the Baseline
R200 results, where the results corrected by the DNW-Maskell
method and the method by Thom and Herriot come closest to
the open road simulated values. This is a plausible outcome
since both the Streamline and Baseline R200 trucks display
fairly large areas of attached flow along the cabin sides. The
pressure distribution at the front of the trucks are also similar.

Table 6. Streamline, difference in drag after correction
∆CD =CD(Blockage corrected)−CD(Open road)

Correction method ∆CD, 0◦ yaw ∆CD, 5◦ yaw

Maskell 65.8 87.9
Maskell III 63.8 63.8
DNW-Maskell 12.0 5.1
Thom & Herriot -13.6 14.4

Uncorrected values 150.8 230.7

The Streamline and Baseline R200 simulation results re-
spond in similar manners when applying the correction meth-
ods. This makes it more viable to study the resulting differ-
ence in drag between the two truck models after correction.
As seen in Table 7, the DNW-Maskell method and the method
by Thom and Herriot, come about 4-5 cts from the predicted
difference in drag (66.9 cts) at open conditions with 0◦ yaw.

In general, the results from the 5◦ side wind simulations
seem to follow the same pattern as the 0◦ yaw simulations. For
the Streamline truck, the DNW-Maskell method gives the best
results when comparing to open road simulated values. When
comparing the Streamline and the Baseline R200 truck at 5◦

yaw, the Thom and Herriot method has better performance.
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Table 7. Difference in drag between Streamline and Baseline
R200, ∆CD =CD(Streamline)−CD(Baseline R200)

Correction method ∆CD, 0◦ yaw ∆CD, 5◦ yaw

Maskell 76.0 91.9
Maskell III 75.4 83.9
DNW-Maskell 61.7 71.4
Thom & Herriot 71.2 91.7

Open road values 66.9 91.8
Uncorrected values 101.0 132.4

4. Conclusions
The results from this study indicate that the choice of correc-
tion method, for full-scale truck testing, is somewhat case
dependent. The DNW-Maskell method and the method by
Thom and Herriot, appear to give the best results, as long as
there is no massive flow separation region by the front of the
truck. If there are a large leading edge flow separation by the
vehicle, the Maskell III method could be considered. This
method seems to have a better performance than the original
Maskell method.

If the difference in drag between two trucks is to be stud-
ied, after correction with a specific method, it is important
that the flow fields over the vehicles are similar. If there are a
massive leading edge flow separations over one of the trucks
and not the other, the results indicate that none of the methods
treated in this work, will be able to accurately correct the re-
sults for the drag comparison. When comparing the difference
in drag between two trucks without large leading edge flow
separations, the DNW-Maskell method and the method by
Thom and Herriot, remain the best options.
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thanks to Dr. David Söderblom who supervised the project
at Scania and provided much help and support. Thank you
also to Guillaume Mercier at Scania who gave many valuable
advice, to Thibaut Bourbon at EXA for his help with simula-
tion scripts, and to Dr. David Eller at KTH who supervised
the project and provided useful feedback.

References
[1] W. H. Rae and A. Pope. Low-Speed Wind Tunnel Testing.

John Wiley & Sons, 2:nd edition, USA, 1984.
[2] K. R. Cooper, M. Mokry and M. Gleason. The Two-

Variable Boundary-Interference Correction applied to Au-
tomotive Aerodynamic Data. Society of Automotive En-
gineers Inc., (SAE 2008-01-1204), Detroit, Michigan,
2008.

[3] K. R. Cooper (Ed.). Closed-Test-Section Wind Tunnel
Blockage Corrections for Road Vehicles. Society of Auto-
motive Engineers Inc., (SP-1176), Warrendale, PA, 1996.

[4] W. H. Hucho (Ed.). Aerodynamics of Road Vehicles.
Number SAE R-177. Chapter 13.3.3. Society of Automo-
tive Engineers Inc., Warrendale, PA, USA, 4:th edition,
1998.

[5] J. C. A. van Ditshuizen and R. Ross. Aerodynamic and
Aeroacoustic Design Aspects. In Construction 1976-
1980, Design Manufacturing Calibration of the German-
Dutch Windtunnel (DNW), DNW, Germany, 1992.

[6] H. Glauert. Wind tunnel interference on wings, bodies
and airscrews. Aeronautical Research Council Reports
and Memoranda, (ARC R&M 1566), London 1933.

[7] C. N. H. Lock. The interference of a wind tunnel on a
symmetrical body. Aeronautical Research Council Re-
ports and Memoranda, (ARC R&M 1275), London 1929.

[8] J. E. Hackett. Tunnel induced gradients and their effect
on drag. AIAA 34th Aerospace Sciences Meeting and
Exhibit, Reno, NV, 1996.

[9] E. C. Maskell. A Theory of the Blockage Effects on
Bluff Bodies and Stalled Wings in a Closed Wind Tunnel.
Aeronautical Research Council Reports and Memoranda,
(ARC R&M No. 3400), London, 1963.

[10] W. Willemsen. Wind tunnel tests on three full scale trac-
tors with semi-trailer for Scania CV AB. DNW, (Project
number 2410.1313), 2005.

[11] J. E. Hackett and K. R. Cooper. Extensions to Maskell’s
theory for blockage effects on bluff bodies in a closed
wind tunnel. The Aeronautical Journal, pages 409–417,
August 2001.

[12] K. R. Cooper and J. Leuschen. Model and Full-Scale
Wind Tunnel Tests of Second-Generation Aerodynamic
Fuel Saving Devices for Tractor Trailers. Society of Au-
tomotive Engineers Inc., (SAE 2005-01-3512), Chicago,
Illinois, 2005.

[13] E. Mercker. A blockage correction for automotive testing
in a wind tunnel with closed test section. Journal of Wind
Engineering and Industrial Aerodynamics, (22):149–167,
Elsevier Science Publishers B.V., Amsterdam, 1986.

[14] N. Grün. Application of a Lattice-Boltzmann code in
automobile and motorcycle aerodynamics. In Lecture
Series on “Road Vehicle Aerodynamics”, Von Karman
Institute, Brussels, Belgium, 2005.

[15] K. Horrigan et. al. Aerodynamic Simulations of a Class
8 Heavy Truck: Comparison to Wind Tunnel Results and
Investigation of Blockage Influences. Society of Auto-
motive Engineers Inc., (SAE 2007-01-4295), Rosemont,
Illinos, 2007.

[16] W. H. Hucho. Vehicle Aerodynamics in the German-
Dutch Wind Tunnel (DNW). In DNW Automotive Testing
Facility, DNW, Germany.


	Introduction
	Theory
	Wind tunnel interference effects
	Blockage correction methods

	Methodology
	CFD program
	Vehicle models
	Wind tunnel models
	Open road conditions
	Analysis

	Results and discussion
	Selection of tunnel geometry
	Comparison of Baseline trucks
	Streamline truck simulations
	Aerodynamic drag corrections

	Conclusions
	Acknowledgements
	References

